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Abstract. FTIR spectra of the antisymmetric stretch ν3 and symmetric bending ν2 vibrational modes
of isotopic species of CO2 trapped in argon matrix are recorded at 5 K with a resolution of 0.15 cm−1.
A splitting of the ν2 mode is observed for the different species in the trapping site termed unstable.
Considering this splitting and the width of the ν3 line observed for this unstable site, one expects this site
to be larger than the stable one. A theoretical model is elaborated to interpret this splitting. Calculations
performed at harmonic level of approximation for vibrational modes in a single substitutional site (S1)
and a double substitutional one (S2) in a fcc distorted argon lattice to minimize the free energy of the
molecule-matrix system, show the splitting to occur in the larger site. The latter result leads us to invert
former attribution of the sites: the stable site is a single substitutional one, whereas the unstable site is a
double substitutional one.

PACS. 33.20.Tp Vibrational analysis – 33.70.Jg Line and band widths, shapes, and shifts –
78.30.-j Infrared and Raman spectra

1 Introduction

Collision-induced vibrational energy transfer of 13C16O2

in argon solid matrix has recently [1,2] been investigated
by laser induced fluorescence (LIF). Experiments were
performed on the heavier isotopic species to avoid diffi-
culties related to atmospheric absorption. After excita-
tion of the ν3 vibrational mode of the molecule, a strong
emission in the 16 µm spectral region is observed. This
emission exhibits a sharp threshold as a function of the
laser excitation and is interpreted as the signature of vi-
brational stimulated emission (VSE). The emission spec-
trum consists of 3 lines which are assigned to 1110(2) →
0220(1), 1110(2)→ 1000(2) and 1000(2)→ 0110(1) vibra-
tional transitions of 13C16O2. Site selective excitation (S1
and S2 to be described below) reveals marked differences
in threshold, temporal behavior and relative intensities of
VSE.

The time and temperature dependence of VSE gives
some insight on the vibrational dynamics of matrix iso-
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lated CO2. To interpret correctly the coupling scheme
leading to the observed LIF results, the nature of sites
S1 and S2 must be correctly determined. In this respect,
this work is devoted to the study of the sites, through
observed and calculated vibrational IR spectra of CO2.

Carbon dioxide is a linear triatomic molecule which
has been studied by infrared and Raman spectroscopy
[3–7] when isolated in inert matrices. For 12C16O2 in ar-
gon, the antisymmetric vibrational stretching mode ν3 is
observed as a doublet [3], a high frequency component
(HF at 2345.1 cm−1) separated by 6.1 cm−1 from the
low frequency (LF at 2339.0 cm−1) one. The ν2 sym-
metric bending mode also appears as a doublet, the LF
line (663.4 cm−1) being 1.6 cm−1 apart from the HF line
(665.0 cm−1) [3]. Guasti et al. [5] were the first to show
that these doublets are due to molecules trapped in two
sites of different stabilities. For each mode, one line dis-
appears after the matrix is strongly annealed above 35 K,
the HF line for ν2 and the LF line for ν3. This result
shows a correlation between the latter lines and the cor-
responding trapping site was termed unstable in opposi-
tion to stable for the other site. In a more detailed study,
these results were later confirmed by Irvine et al. [6], for
13C16O2, 12C16O18O and 13C16O18O. Moreover, by con-
sidering the distances between the oxygen atoms of CO2,
and the argon atoms of the matrix, in a single (S1) and
a double (S2) substitutional sites, they suggested, using
qualitative arguments, that S2 corresponds to the stable
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site and S1 to the unstable one. In S1, the molecular axis is
along the fourfold axis (the 100 or equivalent plane) of the
matrix and in S2, the center of mass of the molecule is at
the center of a nearest-neighbor double substitutional site.
In a recent publication, Nxumalo and Ford [7] who stud-
ied CO2 and N2O dimers in argon and nitrogen matrices
at 17 K, reported three frequencies from weak asymmet-
ric structures at the foot of a saturated line. The struc-
tures showing no intensity change after strong annealing,
they were attributed to site effects on the ν2 mode of the
monomer 12C16O2 without any other comments.

The experimental part of this work (Sect. 2) concerns
line positions of ν2 and ν3 modes of isotopic species, pre-
pared from 12C, 13C, 16O, 17O and 18O atoms, trapped
in argon matrix in sites S1 and S2. The aim is to study,
at high resolution, site effects on the degenerate ν2 vi-
brational mode of CO2. After a brief description of the
experimental method, we present results obtained at a res-
olution of 0.15 cm−1 at 5 K, followed by a discussion on
the possible trapping sites and their nature.

In Section 3, a theoretical model elaborated to cal-
culate the frequencies of low lying vibrational levels of
a linear triatomic molecule embedded in a matrix is de-
scribed and results of calculations carried at the harmonic
approximation level are given. In particular, we show that
the attribution of sites S1 and S2 of reference [6] ought to
be inverted.

2 Experimental

2.1 Set up and procedure

The experimental setup and cryogenic system has already
been described in reference [8]. The CO2:argon gas mix-
ture, at the required dilution (RG/M=Ar/CO2=1000, in
the present work) is prepared by standard manometric
techniques. It is then sprayed, at the rate of a few mil-
limoles per hour, on a gold-plated copper mirror kept at
the optimized deposition temperature of 20 K for argon
matrix. Infrared spectrum of the sample is recorded by
means of a FTIR spectrometer from Bruker (IFS 113V).
Spectra of 0.15 cm−1 resolution are collected at regular
intervals to check that absorption of CO2 remains linear
during the crystalline matrix growth. A DTGS detector is
used to collect data and software from Bruker allows for
spectrum analysis.

After deposition, the sample holder, fixed at the bot-
tom of a circulating liquid helium cryostat, is gradually
cooled to 5 K. The sample is then annealed at a tem-
perature lower than 35 K, before being cooled back to
5 K. A carbon sensor embedded within the mirror body
allows temperature measurements between 5 K and 20 K,
while temperatures above 20 K are measured by means
of a platinum resistance thermometer. For each dilution,
the deposited sample thickness is chosen so that the best
experimental conditions are achieved, that is good signal
to noise ratio and absorptions far from saturation (opti-
cal density lower than 0.4) to stay in the linear response
of the spectrometer and get reliable measurements of the

Fig. 1. Infrared absorption spectrum of CO2 in solid argon
(M/R = 1000, T = 5 K, resolution = 0.15 cm−1) in the ν3

stretching region (1 = stable site; 2 = unstable site; a = 626,
b = 627, c = 628, d = 727, e = 728).

line intensities and full widths at half maximum (FWHM).
Typically 100 scans are necessary.

2.2 Results and discussion

In Figures 1 and 2 are shown the spectra observed at 5 K,
in the ν3 and ν2 vibrational modes absorption domain
respectively, for five different isotopes. The sample dilu-
tion RG/M is 1000 and the sample’s thickness is 95 µm
(70 torr deposited). This thickness is determined from a
calibration obtained once for the argon matrix by counting
interference fringes of a He–Ne laser, recorded during de-
position. In Figure 1 one finds a series of doublets for the
ν3 mode corresponding to the absorption of the different
isotopic species, the HF line having a FWHM (0.39 cm−1)
is broader than the LF line (0.15 cm−1, the experimental
resolution). In the case of 13C16O2, this width has been
measured to be 0.13 cm−1 (0.03 cm−1 resolution) [9]. For
ν3 lines of optical density higher than 0.4, only 26 torr of
the sample was deposited. In Figure 2, instead of a series
of doublets, three lines can be attributed to the ν2 mode
of the monomer CO2 for each isotopic species. At the res-
olution of 0.15 cm−1, a splitting of the HF line is observed
for the five species.

Considering the results of Guasti et al. [5] and Irvine
et al. [6] about the unstable site, we checked on 13C16O2

isotopic species that the unstable site disappears after
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Fig. 2. Infrared absorption spectrum of CO2 in solid argon
(M/R = 1000, T = 5 K, resolution = 0.15 cm−1) in the ν2

bending region (1 = stable site; 2 = unstable site; a = 626,
b = 627, c = 628, d = 727, e = 728).

strong annealing. In contrast, if annealing is mild, no mea-
surable effect on the line intensities and widths are ob-
served for molecules absorbing in both sites. Moreover,
for temperatures ranging from 5 K to 25 K, the line width
of the ν3 mode remains unchanged for molecules absorbing
in the unstable site (0.13 cm−1) and varies only slightly
for those in the other site (0.35 cm−1 to 0.38 cm−1). So
if the temperature of the matrix is kept below 25 K the
two observed sites can be considered as being both stable.
One may note that when the deposition temperature is
decreased from 20 K (the optimum temperature for the
argon matrix) to 10 K, the intensity and the width of
the line corresponding to the unstable site increase. The
width decreases after mild matrix annealing showing that
other possible unstable sites can trap 13C16O2 under such
experimental conditions [9].

Spectra recorded for different RG/M ratio (200, 500,
1000, 2000, 3500, 5000) show dimers to be present in the
matrix for ratio smaller than one thousand. The lines cor-
responding to the absorption of the dimers appear on the
side of those pertaining to the monomers. For the latter,
the splitting of the ν2 mode in the unstable site is still ob-
served whatever the RG/M ratio. No other trapping site
is observed.

The frequencies observed at 5 K for the ν2 bending
and the ν3 antisymmetric vibrational modes are given in
Table 1. For simplification, instead of the full isotopic no-
tation, we use the short cut convention, 626 for 12C16O2,
636 for 13C16O2, 627 for 16O12C17O and so on. The re-

sults are compared to the most recent available ones for
isotopic species already studied [6].

To our knowledge, no splitting of the HF component
of the ν2 mode (unstable site), has been reported before.
It was probably not observed because of the lower reso-
lution (1 cm−1 to 0.5 cm−1) at which the spectra [3–7]
were recorded. Considering this splitting, it is reasonable
to assume that the interaction between the molecule and
the matrix atoms must be more anisotropic in the un-
stable site than in the stable one. Furthermore, the fact
that this line is correlated to the LF component of the
ν3 mode, which has a FWHM narrower than that of the
corresponding HF line (stable site), leads one to consider
an unstable site which is larger in size than the stable one.
Indeed, in a large site, the coupling of the vibrational de-
grees of freedom with the matrix atoms must be weaker
than in a small site, namely if one considers the repulsive
part of the interaction. This could explain why the line
widths of the ν3 mode are different by a factor of 3 in the
two trapping sites.

To determine the nature of these sites, we may refer
to the suggestion of Irvine et al. [6]. In S1 (single site) of
Oh symmetry, the molecule is along one of the fourfold
axes in a face-centered-cubic (fcc) lattice. In S2 (double
site), the molecule is at the center of a nearest-neighbor
double substitutional site which is now of D2h symmetry.
If we look at the degenerate bending ν2 mode as two vi-
brations occurring in two perpendicular planes containing
the molecular axis, then, in the perfect crystal, the matrix
effect should be the same for both vibrations in S1, owing
to its Oh symmetry. In contrast, because of the symmetry
of site S2, the matrix environment is not equivalent for
the two perpendicular ν2 mode vibrations and one there-
fore expects the degeneracy of the ν2 mode to be lifted.
Although the lattice distorts locally to minimize the total
energy of the crystal as CO2 replaces one or two argon
atoms, the matrix environment effect should not be too
different from that of the otherwise perfect crystal. So the
attribution of Irvine et al. [6] ought to be inverted: the
stable site in which no splitting is observed is S1, the sin-
gle substitutional one, whereas the unstable site, in which
ν2 mode splits and ν3 line is narrower, is S2, the double
substitutional one.

3 Theoretical model

To test the validity of this proposed attribution and to
calculate the vibrational energy of low lying levels of the
trapped molecule, we have elaborated a theoretical model
so as to allow an overall treatment of vibrational degrees
of freedom as it is done in gas phase [10,11].

This model (M2) is an extension of the site inclusion
model (M1) used to study O3 [12] and C3 [13] trapped
in rare gas matrices and which is built on the Born-
Oppenheimer approximation, allowing a decoupling of the
vibrational degrees of freedom (high frequency motions)
from orientational and translational degrees of freedom
(low frequency motions) of the molecule-matrix system.
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Table 1. Fundamental vibrational frequencies (in cm−1) of isotopic species of CO2 monomers in argon matrix (resolu-
tion = 0.15 cm−1, T = 5 K, RG/M = 1000).

Isotopic Site This work Reference [4]

speciesa S1 stable resolution = 0.15 cm−1 resolution = 0.5 cm−1

S2 unstable T = 5 K T < 10 K

ν2 ν3 ν2 ν3

626 S1 661.9 2345.1 661.8 2345.2

S2 663.4 2339.0 663.3 2339.1

S2 663.8 – – –

627 S1 659.2 2335.9 – –

S2 660.8 2330.0 – –

S2 661.2 – – –

628 S1 656.8 2328.0 657.1 2329.2

S2 658.9 2322.1 658.7 2323.3

S2 658.5 – – –

727 S1 656.6 2326.5 – –

S2 658.5 2320.6 – –

S2 658.2 – – –

728 S1 654.2 2318.4 – –

S2 655.9 2312.5 – –

S2 656.5 – – –

828 S1 – 2310.0 – –

S2 – 2304.2 – –

– – – –

636 S1 643.1 2279.6 643.2 2280.0

S2 644.5 2273.7 644.6 2273.9

S2 645.0 – – –

637 S1 – 2270.2 – –

S2 – 2264.3 – –

– – – –

638 S1 – – – 2256.4

S2 – – – 2262.3

– – – –

a Short cut notation: 626 =12C16O2; 627 =16O12C17O; 636 =13C16O2...

It has, however, the drawback that each vibrational level
has to be separately handled.

Moreover, in model M2, one can consider the ori-
entational and translational degrees of freedom of the
molecule-matrix system as a bath interacting with the vi-
brations of the trapped molecule. Non-radiative relaxation
rate constants for any vibrational level can be calculated
when the coupling of high frequency motions and low fre-
quency ones are taken into account.

The general formalism of the model is outlined in Sec-
tion 3.1, a comparison between M1 and M2 being made
when they differ. The main steps involved in the calcula-
tion are described in Sections 3.1 and 3.2 and for a linear
triatomic molecule such as CO2, the method elaborated
to handle the lifting of the degeneracy of the ν2 mode is

separately discussed in Section 3.3. Results are given in
Section 3.4.

3.1 Site inclusion model and interaction potential
energy

At cryogenic temperatures the argon matrix is a face-
centered-cubic (fcc) lattice with a primitive cell parameter
a equal to 3.75 Å (Tab. 2) the distance between two near-
est neighbor atoms. The inclusion of the linear molecule in
the matrix consists in the substitution of one atom (S1) or
two adjacent (S2) (or more SN) atoms of this matrix. In
practice, experiments are performed with highly diluted
samples with RG/M ratio greater than 1000. So, in our
calculations we assume that the trapped molecules are iso-
lated from each other (i.e. no interactions exist between
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Table 2. Atoms: cell parameter (a (Å)) in argon matrix,
polarizabilities (α (Å3)) and pure Lennard-Jones potential
parameters (ε (cm−1), σ (Å)) of argon, carbon and oxygen
atoms. Molecules: molecular internal characteristics of the rigid
molecule with respect to its frame. Bond length (qeM ), bond an-
gle (βeM ), dipole µeM and quadrupole Qzz moments.

Atoms

C O Ar

a (Å) 3.75

α (Å3) 1.64

ε (cm−1) 29.8 39.9 84.4

σ (Å) 3.21 2.88 3.45

Molecules
12C16O2

13C16O2

qeM (Å) 1.16 1.16

βeM (deg) 180 180

µeM (D) 0 0

Qzz (D Å) −4.3 −4.3

guests) and therefore, we will consider the trapping of only
one molecule in the matrix.

The total potential energy of such a trapped molecule-
matrix system is written as:

V =
∑
j

VMj(r0j) +
∑

jj′, j<j′

Vjj′ (rjj′ ) (1)

where the term VMj characterizes the molecule-matrix in-
teraction which is given in equation (3) below, with r0j

being the distance vector between the molecular center of
mass (c.m.) and the jth matrix atom. The second term
represents the matrix-matrix interaction where Vjj′ is the
potential energy between the jth and j′th RG atoms lo-
cated at the rj and rj′ positions with respect to the abso-
lute frame tied to the crystal as shown in Figure 3. This
last part consists of 12-6 Lennard-Jones (LJ) atom-atom
contributions, only, and is given by:

Vjj′ (rjj′) = 4εrg

(
σrg

rjj′

)6
{(

σrg

rjj′

)6

− 1

}
(2)

where εrg and σrg are the LJ parameters of argon [14],
given in Table 2.

The interaction potential energy between the trapped
triatomic linear molecule and a RG atom can be written
as the sum of 12-6 LJ atom-atom potentials characterizing
the repulsion-dispersion contributions and an induction
part due to the interaction between the permanent electric
multipoles of the molecule and the dipole induced at the
position of the RG atom. It can be written as:

VMj(r0j) =
3∑
i=1

4εij

{(
σij

rij

)12

−

(
σij

rij

)6
}
−

1

2
αjE

2
Mj

(3)

Fig. 3. Instantaneous geometrical characteristics of the vi-
brating (ν2 mode) CO2 in the argon matrix. (X,Y,Z) and
(x,y, z) are the absolute and molecular frames; (θ, ϕ, χ = 0)
are the Euler angles. ξl (l = 0 or j) are the vectors defining the
displacements of the center of mass or that of the argon atom
j. rij is the distance between the atom i of CO2 and the argon
atom j.

where i and j characterize the ith atom of the molecule
and the jth RG atom, respectively; εij and σij are the
mixed LJ potential parameters obtained by using the
usual Lorentz-Berthelot combination rules εij =

√
εiiεjj

and 2σij = σii+σjj and EMj is the field generated by the
molecular permanent electric multipoles (µM , ΘM , ...) on
the rare gas atom with isotropic polarizability αj . The dis-
tance vector rij between the ith atom of the molecule and
the jth RG atom, can be expressed in terms of the dis-
tance vector r0j between the molecular c.m. and the RG
atom and the position vector ri of the ith atom with re-
spect to the molecular frame (x, y, z). The orientational
degrees of freedom Ω of the molecule (Ω = (θ, ϕ)) and the
position vector of any RG atom j, are defined in the ab-
solutecrystal frame (X, Y, Z) as shown in Figure 3. The
rotational matrix transformation following Rose conven-
tion [15], is used to change from the crystal absolute frame
to the molecular frame. The LJ potential parameters and
isotropic polarizabilities for the carbon [16], oxygen [17]
atoms in CO2 and for the rare gas atoms are given in
Table 2 together with the internal characteristics for the
rigid linear molecule [18,19].

The incorporation of the guest molecule in a substi-
tutional site of the fcc host crystal is generally responsi-
ble for more or less important anisotropic distortions of
the atoms around their perfect crystal positions. These
distortions strongly depend on the size and shape of the
molecule and the site (single, double, ...), on the one hand,
and on the rigidity of the matrix and the experimental
preparation conditions of the sample, on the other hand.
They are expressed in terms of displacement vectors of the
molecular c.m. and of the matrix atoms corresponding to
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the distortion of the molecule-matrix system. The latter
vectors are calculated on the basis of the Green tensor of
the perfect crystal by solving a system of equations which
satisfy the minimum energy condition for the doped crys-
tal, following the method of Flinn and Maradudin [20]
developed to study impurities trapped in solids. With ξl
denoting the instantaneous displacement vector connected
to the lth particle (l = 0 for the molecular c.m. and j for
the matrix atoms), it can be expressed as

ξl = ξsl (Ω, {Q}) + ul (4)

where ξsl characterize the static displacement vectors
which depend on the molecular orientation Ω and inter-
nal vibration {Q} motions. However, as this dependence
remains weak when the molecule moves about its equi-
librium orientation Ωe and internal vibrations {Qe}, one
can replace ξsl (Ω, {Q}) by ξsl (Ωe, {Qe}) to determine the
interaction potential energy between the molecule and the
matrix. In equation (4) the u vectors define the dynamical
external motions of the lattice atoms and the molecular
c.m. They can be ignored for the calculations of the energy
levels and transition moments.

Considering the results obtained for O3 [12] and
C3 [13], we have tried various trapping sites and as for
these molecules the most probable sites corresponding to
a minimum in the evaluation of the energy of the molecule-
matrix system, are: (i) the single substitutional site (S1) in
which only the central RG atom of the crystal is replaced
by the molecule (see Fig. 4a) and (ii) the double substi-
tutional site (S2) where the central atom and one of the
nearest neighbor atoms are replaced by the molecule. For
this case the site center is located between these two atoms
(see Fig. 4b). One may note that these sites correspond
to those proposed by Irvine et al. [6]. Results concerning
these calculations are given below in Section 3.4.

In the rigid distorted crystal approximation, the po-
tential energy hypersurface experienced by the molecule
in its site n can then be written as:

V
(n)
M (ξs, Ω, {Q}) = V

(n)e
M (ξs) + V

(n)
M (ξs, {Q})

+ V
(n)
M (ξs, Ω) +∆V

(n)
M (ξs, Ω, {Q})

(5)

where:

– V
(n)e
M (ξs) is the minimum of the potential energy cor-

responding to the equilibrium configuration;

– V
(n)
M ((ξs), {Q}), is the vibrational dependence in terms

of normal coordinates {Q};

– V
(n)
M ((ξs), Ω), is the orientational dependence in terms

of Euler angles (Ω = (θ, ϕ, χ), χ = 0 for a linear
molecule);

– ∆V
(n)
M ((ξs), Ω, {Q}), is the vibration-orientation cou-

pling term, which induce the relaxation of vibrational
modes onto orientational modes;

– and n characterizes the trapping site (n = 1 for S1
and n = 2 for S2). The parameter ξs represents the

(a)

(b)

Fig. 4. Equilibrium characteristics of isolated CO2 in solid
argon. Molecular orientation and static displacements of the
molecular center of mass and the first shell matrix atoms in
S1, the single (a) and S2, the double (b) substitutional sites.

displacement vectors of the RG matrix atoms and the
center of mass of the trapped molecule, determined by
the Green functions of the perfect crystal (Eqs. (4, 5)
of Ref. [12]).

3.2 Molecular Hamiltonian of the trapped molecule

The rovibrational Hamiltonian H of the isolated molecule
in gas phase is generally expanded in terms of dimension-
less vibrational normal coordinates, their conjugate mo-
menta and rotational momenta and is written as shown
below:

H = H0 +H1 +H2 + ... (6)
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with H0, H1 and H2 given by (only vibrational terms are
given for orders higher than zero):

H0 =
1

2

∑
i

wi(p
2
i + q2

i ) +
∑
α

BαJ
2
α (7)

H1 =
∑
ijk

kijkqiqjqk + ... (8)

H2 =
∑
ijkl

kijklqiqjqkql + ... (9)

In the above expressions, the first term in H0 is the har-
monic contribution of the vibrational energy (the har-
monic oscillator operator) and the remaining term is the
rigid rotor operator. qi and pi are the ith vibrational nor-
mal coordinate and its conjugate momentum operator and
Jα is the angular momentum operator. ωi is the frequency
corresponding to the ith oscillator andBα is the rotational
constant corresponding to Jα, both expressed in cm−1. H1

andH2 describe the anharmonicities of vibrations with the
corresponding force constants kijk and kijkl. These con-
stants correspond to dimensionless normal coordinates qi
which are related to normal coordinates Qi by the follow-
ing expression:

qi =
λ

1/4
i

~1/2
Qi (10)

where
√
λi = 2πcωi is the frequency of the normal vi-

bration described by Qi. The normal coordinates allow
simultaneous diagonalization of the kinetic energy oper-
ator and the potential energy operator in the harmonic
approximation. They are related to

√
mkδαk, the mass

weighted Cartesian displacement of the kth atom of the
vibrating molecule by the following equation:

√
mkδαk =

∑
i

lαkiQi (11)

which can be written in matrix form as

δα = M−1/2lQ (12)

whereM is a 3N×3N diagonal matrix, l is the matrix used
by Nielsen et al. [11] and δα and Q are vectors with 3N
and 3N − 6 elements respectively. Note that this matrix
can be determined by standard Wilson’s GF method [20].

The rovibrational Hamiltonian of the molecule inside
the matrix in site S1 or S2, is thus written as the sum
of the Hamiltonian of the isolated molecule in gas phase

(Eqs. (6–9)) and the potential in equation (5). V
(n)e
M (ξs)

being a constant term, it can be omitted from the Hamil-
tonian expression as only energy difference of the vi-

brational levels are evaluated. V
(n)
M ((ξs), {Q}) is the vi-

brational part of the interaction potential which can be
expanded as a Taylor series in terms of dimensionless vi-

brational normal coordinates {q}. V (n)
M ((ξs), Ω) is the ori-

entational part which can also be expanded in terms of
adapted Euler angles dependent variables. The vibration-

orientation term ∆V
(n)
M (ξs, Ω, {Q}), is neglected in the

Born-Oppenheimer approximation. Since we are only in-
terested in the study of the vibrational degrees of freedom
of the trapped molecule, only the vibrational part of this
Hamiltonian will be considered in what follows.

As experiments shows vibrational shifts to be small,

V
(n)
M ((ξs), {Q}) is expanded up to second order only as:

V
(n)
M (ξs, {Q}) =

∑
i

βiqi +
∑
i

∑
j>i

βijqiqj (13)

where qi are dimensionless normal coordinates given by
equation (10) and βi and βij are first and second deriva-
tives of VM with respect to coordinates qi. Then the nuclei,
because of the matrix effect, are moving in a mean force
field, gradient of a perturbed potential given by:

U({q})=
∑
i

ωi

2
q2
i +H1+H2+

∑
i

βiqi+
∑
i

∑
i<j

βijqij

(14)

and whose minimum corresponds to a new stable equilib-
rium configuration of the nuclei.

In model M1, vibration-translation coupling is taken
into account and each vibrational state is separately
handled. The mean distances between the atoms in the
molecule are calculated and the equilibrium configuration
determined for each vibrational state. The various terms in
equation (13), which are different for each state, are then
incorporated in standard Rayleigh-Schrödinger perturba-
tion theory to determine the mean energy of the molecule
in each state. The energy differences between the calcu-
lated vibrational energy levels are then compared to the
corresponding observed transitions. For the three rare gas
matrices (argon, krypton and xenon), the relative shifts
are comparable for ν3 vibrational mode of O3 [12], but
this method is not convenient for calculating the energies
of low lying vibrational levels although site effects such as
the splitting of degenerate vibrational modes can be de-
termined by this model as it was shown for ν2 vibrational
mode of linear C3 in RG [13].

In the present model M2, we develop a different
method also based on the Born-Oppenheimer approxima-
tion which allows low frequency motions (orientational
and translational) to be separated from high frequency
ones (vibration). But the molecule is instead considered to
be moving in a cell under the influence of the electric field
due to the surrounding distorted polarized matrix atoms.
A global treatment of the vibrational degrees of freedom
can thus be undertaken. Defining the origin of U({q}) at
this minimum, and after applying an orthogonal transfor-
mation to the transformed Hamiltonian to eliminate cross
terms β′ij(i 6= j), the Hamiltonian of the trapped molecule
in its ground electronic state and in the new equilibrium
position of the vibrating nuclei is written as:

H ′0 =
1

2

∑
i

ω′i(p
′2
i + q′2i ) (15)

H ′a =
∑
ijk

k′ijkq
′
iq
′
jq
′
k +

∑
ijkl

k′ijklq
′
iq
′
jq
′
kq
′
l + ... (16)
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Perturbation theory can then be applied to H ′a using con-
tact transformation method [10,11].

The harmonic oscillator wavefunctions of H ′0 are used
as basis functions to calculate the energies in the zeroth
order. Higher orders are treated by application of succes-
sive unitary transformations Un = exp(iSn), where Sn is
a hermitian operator, to H ′ [22,23].

Up to second order, for an arbitrary number of non-
degenerate oscillators, the vibrational energy is written as:

G(v) =
∑
i

ω′i

(
vi +

1

2

)
+
∑
i≤j

xij

(
vi +

1

2

)(
vj +

1

2

)
(17)

where ωi are the zeroth order vibrational frequencies and
xij are the anharmonic constants expressed in terms of
cubic and quartic potential constants.

However as for model M1, only relative shifts and de-
generacy lifting are correctly reproduced for the different
rare gas matrices (Ar, Kr and Xe). This can be understood
if one admits that the matrix distortion as determined by
the Green functions of the perfect crystal is only approxi-
mate since it corresponds to the minimization of the inter-
nal energy of the molecule-matrix system instead of that
of the free energy. So, to at least determine the mean dis-
tortion around any one molecule trapped inside the solid
matrix, we use an iterative procedure using alternatively
FORTRAN and MAPLE code programs to adjust the ob-
served shift of the antisymmetric vibrational fundamental
mode (the strongest line in the absorption spectrum) and
the calculated one at the harmonic level. This iteration
starts with the initial matrix distortion as calculated by
the Green functions of the ideal matrix and is stopped
when the fit is achieved.

3.3 Vibrational frequencies of the ν2 degenerate mode

The eigenvalue equation for the vibrational Hamiltonian
in equations (7–9) may be solved using perturbation the-
ory in the frame of the contact transformation method,
but contrary to the gas phase triatomic case the ze-
roth order Hamiltonian contains four non degenerate nor-
mal vibrations (for molecules trapped in S2) yielding a
four dimensional harmonic basis |v1, v2, v3, v4〉. The cor-
responding zeroth order energies are given by the first
term in equation (17). For example the energies of the
|0, 1, 0, 0〉 and |0, 0, 1, 0〉 levels are respectively:

E0
2 = (1/2)(3ω′2 + ω′3) + (1/2)(ω′1 + ω′2),

E0
3 = (1/2)(3ω′3 + ω′2) + (1/2)(ω′1 + ω′4). (18)

It is easy to show that this result can be obtained through
degenerate perturbation theory using the three dimen-
sional Wang basis [24]

|v1, v2, |`|, v4〉± = (1/
√

2)
[
|v1, v2,+`, v4〉±|v1, v2,−`, v4〉

]
,

(19)

which splits the Hamiltonian matrix of linear molecules
into two blocks of so-called e and f parities [24].

The zeroth order Hamiltonian in equation (15) can be
rewritten as (in wavenumbers units)

H ′0 = (1/2)
[
ω′1(p′21 + q′21) + ω̄2(p′22 + p′23 + q′22 + q′23)

+ω′4(p′24 + p′24)
]

+ (1/2)δ2(p′22 − p
′2
3 + q′22 + q′23)

(20)

with

ω̄2 = (1/2)(ω′2 + ω′3); δ2 = (1/2)(ω′2 − ω
′
3). (21)

The first term in equation (20) is the zeroth order Hamil-
tonian H̄0 of the linear triatomic molecule having the de-
generate bending mode frequency ω̄2. Thus, this operator
is purely diagonal in the basis of equation (19) and the
corresponding zeroth order energies are:

Ē0(v1, v2, v4) =

ω′1(v1 + 1/2) + ω̄2(v2 + 1) + ω′4(v4 + 1/2). (22)

The second term in equation (20) may be considered as
a perturbation V ′0 . The non-vanishing matrix elements of
V ′0 in the Wang basis are :

〈v1, v2, 0, v4|V
′

0 |v1, v2, 2, v4〉+ = −δ2

√
v2(v2 + 2)

2
;

v2 even; (23)

±〈v1, v2, 1, v4|V
′
0 |v1, v2, 1, v4〉± = ∓

δ2

2
(v2 + 1);

v2 odd; (24)

±〈v1, v2, `, v4|V
′

0 |v1, v2, `+ 2, v4〉± =

−
δ2

2

√
(v2 − `)(v2 + `+ 2)

2
; ` > 1. (25)

Thus the degeneracy of the |0, 1, 1, 0〉± level is split by
the perturbation V ′0 , and the two corresponding ener-
gies are obtained by adding equations (22–24), which im-
mediately gives the result found in equation (18), the
|0, 1, 1, 0〉− and |0, 1, 1, 0〉+ levels having the energies E0

2

and E0
3 respectively.

3.4 Calculations and discussion

In this section, we give results obtained at zeroth order
for ν2 and ν3 modes. The model has been applied at the
harmonic approximation level for 12C16O2 and 13C16O2 in
argon. Only the equilibrium configuration of the molecules
in the different trapping sites (S1 and S2) and site effects
are presented in this work. Results of calculations of the
vibrational energies and the transition moments from ap-
plication of contact transformation method will be given
in a forthcoming paper for low lying levels of the molecules
trapped in argon, krypton and xenon matrices.
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Table 3. Equilibrium characteristics of CO2 molecule trapped
in sites S1 and S2 in argon matrix (S1 single substitutional and
S2 double substitutional sites).

Trapping Site n = 1 n = 2

S1 S2

ϕe 0 −π/4

θe 0 π/2

ξs1 (Å) 0.28 0.11

ξs0 (Å) 0.00 0.92

V
(n)e
M (cm−1) −1993 −2010

3.4.1 Equilibrium characteristics

The first step in the calculations consists in determining
the most probable trapping sites of the triatomic linear
molecule in the argon matrix. In the perfect face-centered-
cubic (fcc) structure of the matrix, two trapping sites have
been considered: the single S1 and double S2 substitu-
tional sites described above and which correspond to those
discussed by Irvine et al. [6].

To simulate dilute experimental conditions, 1060 RG
atoms around the trapped molecule, which corresponds
to 32 shells in the perfect crystals, have been taken in
account. For each molecule-matrix system (S1 and S2),
a set of different orientations Ω = (θ, ϕ) of the trapped
molecule is considered to determine the distortion vectors
(ξ0 and ξl for the molecular c.m. and every RG atoms given
in equation (4) which minimize the total potential energy
of the doped crystal and defined in equation (5). The cal-
culated distortion vectors are then used to determine the
potential energy surfaces experienced by the molecule in
its trapping site (see Eq. (5)).

In this preliminary study we find that the minimum
of the total potential energy is obtained for the S1 and
S2 substitutional sites with anisotropic distortions of the
argon atoms around the trapped molecule. In Table 3 we
give the equilibrium geometries and corresponding mini-
mum energies for 12C16O2, 13C16O2 molecules trapped in
the two most probable sites, S1 and S2 of the fcc argon
structure. The equilibrium orientations and displacement
vectors of the molecule and the distortion vectors of the
RG atoms of the first shell are schematized in Figure 4 for
S1 and S2 substitutional sites, respectively.

In S1 site the equilibrium geometry is obtained when
the molecular frame is identical to the crystal one i.e. the
molecule axis is along one of the C4 axis of the perfect
lattice. The molecular c.m. lies in the site center. The
maximum values of the distortion modulus of the ma-
trix atoms are about 0.28 Å (about 7% of the site di-
ameter). These values correspond to the displacement of
eight atoms of the first shell. These atoms lie in two per-
pendicular planes containing the molecular axis. For the
remaining four atoms of this shell which also lie in a plane
(perpendicular to the above two planes), the distortion is
smaller and is about 10% of the maximum values. Note
that all these distortions correspond to matrix dilatation

around the molecule as shown in Figure 4a. Moreover as
the distortion of the 2 groups of 4 atoms lying in two per-
pendicular planes containing the molecular axis are equiv-
alent, then it is easy to understand why, in this site (S1),
the ν2 vibrating mode is still degenerate in the matrix.

In the double substitutional site (S2) the Oz molecular
axis is collinear to the direction of the two substituted
matrix atoms (twofold crystal axis). The molecular c.m.
is free to move on both sides of the site center along the
twofold crystal axis by about 0.92 Å. The maximum values
of the distortion modulus of the matrix atoms are obtained
for the four nearest neighbor atoms around the site center
and are equal to 0.11 Å (about 1% of the site diameter).
The remaining atoms of the matrices undergo distortions
less than 0.03 Å. In this site, the distortions of atoms
lying in two perpendicular planes containing the molecular
axis are not equivalent and as anticipated (Sect. 2.2) in
the discussion concerning experimental results, a lifting of
the degeneracy of the ν2 vibrating mode should occur in
this site.

To fit experimental and calculated shift of ν3 vibra-
tional level (harmonic approximation) the first four shells
around the trapped molecule have been progressively dis-
torted. In S1, with respect to the site diameter, the matrix
dilates with the first shell displaced by 17%, the second
by 8%, the third by 4% and the fourth one by 2%. The
overall distortion remain isotropic around the molecule. In
S2, with respect to the mean site diameter (larger than for
S1), the first shell is displaced by 6%, the second by 3%,
the third by 1.5% and the fourth one by 0.7%. This time
the distortion is not isotropic and is rather of cylindri-
cal symmetry around the molecule. The matrix contracts
along the molecular axis (C2 axis) and dilates in the other
two perpendicular directions.

Finally, in contrast with the ozone molecule trapped
in rare gas matrices (8) for which the sites are equally
probable, the energy minima connected to the single and
double sites are different by about 20 cm−1 in Ar. This
indicates that, at a temperature of 0 K, the trapping of
the molecule in the double site is more probable than in
the single one.

3.4.2 Harmonic vibrational frequencies

To determine the frequency shift, due to the matrix sur-
roundings, of the fundamental vibrational modes of the
molecule the first (βi) and second derivative (βij) terms
of equation (13) are first calculated for the equilibrium
orientation of the trapped molecule and distortion of the
matrix atoms and the resulting expression is introduced
in equation (14). The new equilibrium configuration of the
nuclei of the trapped molecule and the frequencies corre-
sponding to the matrix distortion are then evaluated. The
distortion around the molecule is thereafter adjusted to
fit the observed and calculated (harmonic term) shift of
ν3. From the computed βi and βij values, the harmonic
and anharmonic vibrational potential constants are deter-
mined following the methods outlined above. The results
are summarized in Tables 4, 5 and 6. Tables 4 give the
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Table 4. First and second derivatives of the molecule-matrix
interaction potential and dipole moment of isotopic CO2 with
respect to adapted normal coordinates.

12C16O2/Ar fcc

S1 S2

(cm−1) 0.0% 17.0% 0.0% 6.0%

β1 −19.3887 4.5121 −0.8814 −2.3004

β2 0.0000 0.0000 0.0000 0.0000

β3 0.0000 0.0000 0.0000 0.0000

β4 0.0000 0.0000 −7.6463 −2.9170

β11 0.7140 −0.0296 0.1709 0.3080

β12 0.0000 0.0000 0.0000 0.0000

β13 0.0000 0.0000 0.0000 0.0000

β14 0.0000 0.0000 0.2633 0.2810

β22 0.2127 −0.6890 2.4935 −0.5641

β23 0.0000 0.0000 0.0000 0.0000

β24 0.0000 0.0000 0.0000 0.0000

β33 0.2127 −0.6890 0.8584 −0.7186

β34 0.0000 0.0000 0.0000 0.0000

β44 −6.3702 −3.0951 −6.1783 −4.6492
13C16O2/Ar fcc

S1 S2

(cm−1) 0.0% 17.0% 0.0% 6.0%

β1 −19.3849 4.5230 −0.8813 −2.3000

β2 0.0000 0.0000 0.0000 0.0000

β3 0.0000 0.0000 0.0000 0.0000

β4 0.0000 0.0000 −7.4853 −2.9073

β11 0.7137 −0.0311 0.1708 0.3078

β12 0.0000 0.0000 0.0000 0.0000

β13 0.0000 0.0000 0.0000 0.0000

β14 0.0000 0.0000 0.2747 0.2932

β22 0.2942 −0.6464 1.3400 −1.2394

β23 0.0000 0.0000 0.0000 0.0000

β24 0.0000 0.0000 0.0000 0.0000

β33 0.2942 −0.6464 −0.1707 −1.3895

β34 0.0000 0.0000 0.0000 0.0000

β44 −6.0008 −2.8939 −5.8314 −4.3837

first and second derivatives calculated before (βi and βij)
and after (β′i and β′ij) the fit of the ν3 shift. In Table 5
are given the frequencies calculated for the three (four in
site S2) vibrational modes of the molecule trapped in the
two substitutional sites and in Table 6, the corresponding
calculated shifts are compared to observed ones, the plus
and minus signs characterizing the blue and red shifts,
respectively.

We find by adjusting the shift of the strongest line, that
those of the other lines are close to the observed shifts
as shown in Table 6. For the ν2 line, the same value is
calculated for ω2 and ω3 for molecules in S1, but in S2 ω2

and ω3 differ by 0.34 cm−1. Calculations in the harmonic

Table 5. Fundamental vibrational frequencies (in cm−1) of
isotopic species of CO2 calculated at the harmonic approxima-
tion level in sites S1 and S2 before and after adjustment and
harmonic frequencies in gas phase.

Molecule 12C16O2
13C16O2

Gas 1353.96 1353.96

ω1 (cm−1) S1 1351.17 1354.39 1351.17 1354.39

S2 1353.73 1353.72 1353.73 1353.72

Gas 672.88 653.73

ω2 (cm−1) S1 675.45 671.00 656.40 651.94

S2 677.96 672.00 656.50 651.49

Gas 672.88 653.73

ω3 (cm−1) S1 675.45 671.00 656.40 651.94

S2 674.69 671.69 653.48 651.19

Gas 2396.34 2328.14

ω4 (cm−1) S1 2376.35 2391.84 2309.09 2323.99

S2 2383.65 2386.18 2316.15 2318.53

Table 6. Observed and calculated vibrational shifts frequen-
cies (in cm−1) of isotopic species of CO2.

Molecule 12C16O2
13C16O2

Exp. Cal. Exp. Cal.

∆ω1 (cm−1) S1 – +0.83 – +0.43

S2 – +0.16 – +0.16

∆ω2 (cm−1) S1 −5.41 −1.88 −5.40 −1.79

S2 −3.48 −0.88 −3.50 −2.24

∆ω3 (cm−1) S1 −5.41 −1.88 −5.40 −1.79

S2 −3.87 −1.19 −4.00 −2.54

∆ω4 (cm−1) S1 −4.25 −4.50 −3.90 −4.15

S2 −10.22 −10.16 −9.80 −9.61

approximation thus show, as expected that the splitting
occurs in S2, the double substitutional site.

4 Conclusion

The splitting of the ν2 vibrational mode has been ob-
served from high resolution spectroscopic study of iso-
topic species of CO2 trapped in argon. Line frequencies for
the ν2 and ν3 vibrational mode for species containing 17O
atoms have been measured for the first time. A theoretical
model is elaborated from a site inclusion model that allows
an overall treatment of vibrational energies of the trapped
molecule. Calculations show that CO2 can be trapped in
two different substitutional sites S1 and S2 as proposed by
Irvine et al. [6]. In S2, calculations show that a splitting
of the ν2 vibrational mode occurs, a result which lead us
to invert the attribution of reference [6]: the stable site is
a single substitutional site whereas the unstable one is a
double substitutional. Work is in progress concerning the
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determination of the vibrational energies and the corre-
sponding transition moments for 12C16O2, 13C16O2 and
14N2

16O trapped in argon, krypton and xenon matrices.
In its present form, the theoretical model presented in this
work can also be used to determine non-radiative relax-
ation rate constants of low-lying vibrational levels, by con-
sidering low frequency motions as a bath coupled to the
vibrational degrees of freedom of the trapped molecule.

We are indebted to D. Carrère and L. Manceron from the
Laboratoire de Spectrochimie Moléculaire, Université Pierre
et Marie Curie, for the preparation of CO2 isotopic species.
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