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ABSTRACT

Weakly bound CO2-Rg2 trimers are studied by high-resolution (0.002 cm−1) infrared spectroscopy in the region of the CO2 ν3 fundamental
band (≈2350 cm−1), using a tunable optical parametric oscillator to probe a pulsed supersonic slit jet expansion with an effective rotational
temperature of about 2 K. CO2–Ar2 spectra have been reported previously, but they are extended here to include Rg = Ne, Kr, and Xe
as well as new combination and hot bands. For Kr and Xe, a unified scaled parameter scheme is used to account for the many possible
isotopic species. Vibrational shifts of CO2-Rg2 trimers are compared to those of CO2-Rg dimers, and in all cases the trimer shifts are slightly
more positive (blue-shifted) than expected on the basis of linear extrapolation from the dimer. Combination bands directly measure an
intermolecular vibrational mode (the CO2 rock) and give values of about 32.2, 33.8, and 34.7 cm−1 for CO2–Ar2, –Kr2, and –Xe2. Structural
parameters derived for CO2-Rg2 trimers are compared with those of CO2-Rg and Rg2 dimers. Spectra of the mixed trimers CO2-Rg-He are
also reported.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0128133

I. INTRODUCTION

Thanks to their fundamental nature and experimental acces-
sibility, CO2–rare gas (Rg) clusters serve as useful probes of inter-
molecular force effects to help improve theoretical modeling. The
CO2-Rg dimers have been extensively studied by high-resolution
spectroscopy, beginning with the 1979 work of Steed et al.1 on pure
rotational transitions of CO2–Ar. Some key experimental spectro-
scopic results in the microwave and infrared regions can be found in
Refs. 2–4 for CO2–He, Refs. 5–9 for CO2–Ne, Refs. 1, 5, 6, and 10–15
for CO2–Ar, Refs. 5, 6, and 16–18 for CO2–Kr, and Refs. 5, 8, 16,
and 19 for CO2–Xe. The equilibrium dimer structures were found to
be T-shaped, with the Rg atom located to the “side” of the CO2, adja-
cent to the C atom. Effective intermolecular distances (C-Rg) ranged
from 3.3 Å for CO2–Ne to 3.8 Å for CO2–Xe.

In a notable 1993 paper, Xu et al.20 observed microwave transi-
tions of the trimer CO2–Ar2, and this was followed up with infrared

observations of CO2–Ar2 by Sperhac et al.21 in 1996. As illustrated
in Fig. 1, the trimer structure places the second Ar atom in a “side”
position equivalent to that of the first, with an Ar–Ar distance of
about 3.8 Å, similar to that in the isolated Ar2 dimer. The trimer
is thus an asymmetric rotor with C2v point group symmetry, as is
CO2–Ar. Analogous trimer structures and infrared spectra have also
been observed for CO2–He2,22 N2O–Ar2, and N2O–Ne2.23 Other
weakly bound trimers containing a linear molecule plus two rare
gas atoms have also been studied, including OCS-Ar2,24 OCS-Ne2,25

HCN-Ar2,26 and HBr-Ar2.27

In the present paper, we extend the study of CO2-Rg2 to include
Ne, Kr, and Xe by observing infrared spectra in the region of
the ν3 fundamental band of CO2 (≈2350 cm−1), the same as for
CO2–Ar2 in Ref. 21. We also observe combination bands for Ar, Kr,
and Xe in addition to the fundamental band. These combinations
involve low-frequency (≈30 cm−1) intermolecular modes and thus
give new and direct information on trimer vibrational dynamics.
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FIG. 1. Illustration of the CO2-Rg2 trimer structure. The two Rg atoms at the
top in this picture occupy equivalent positions on the equatorial plane of the
CO2 molecule. The twofold rotational symmetry axis (vertical in this picture) is
the a-inertial axis for Rg = He and Ne, and it is the b axis for Rg = Ar, Kr, and Xe.

In addition, we observe (limited) trimer spectra corresponding to the
CO2 (v1, v2

l2, v3) = (0111)–(0110) hot band transition (≈2337 cm−1).
All the spectra are recorded using supersonic expansion gas mix-
tures with helium as the main component, and we are able to
observe spectra of the mixed trimers CO2-Rg-He (Rg = Ne, Ar,
Kr, and Xe). As mentioned, CO2-Rg dimers and CO2-Rg2 trimers
possess C2v symmetry. For the dimers, where the a-inertial axis is
the C2 symmetry axis, nuclear spin statistics dictate that only lev-
els with (Ka) = (even) are allowed in the ground vibrational state
(for 12C16O2). The same is true for CO2–Ne2, but for CO2–Ar2,
it turns out that b is the symmetry axis, so only levels with
(Ka, Kc) = (even, even) or (odd, odd) are allowed. For CO2–Kr2 and
CO2–Xe2 trimers, b is again the symmetry axis, but the multiplicity
of atomic isotopes means that spin statistics have less influence on
the spectra.

II. RESULTS
The spectra were recorded as described previously,9,19,28 using

a rapid-scan optical parametric oscillator source to probe a pulsed
supersonic slit jet expansion. The typical gas expansion mixture con-
tained about 0.04% carbon dioxide plus 0.8% neon, argon, krypton,
or xenon in helium carrier gas with a jet backing pressure of about
13 atm. Wavenumber calibration was carried out by simultaneously
recording signals from a fixed etalon and a CO2 reference gas cell.
Simulation and fitting were carried out using PGOPHER software,29

using the Mergeblend option to fit blended lines to an intensity
weighted average of their components.

A. CO2–Ne2

Part of the observed spectrum showing CO2–Ne2 is illustrated
in Fig. 2 (a broader view of the same spectrum is available in Fig. 1
of Ref. 9). Here, the strongest lines (and many of the weaker ones)
belong to CO2–Ne, CO2–He, and (CO2)2. In spite of these many
strong interfering lines, much of the relatively weak Q-branch of
CO2–Ne2 (2349.3–2349.45 cm−1) is fortunately clear of interference

FIG. 2. Observed and simulated spectra showing CO2–Ne2 and CO2–Ne–He
in the region of the CO2 ν3 fundamental band. The simulation shows only the
CO2–20Ne2 contribution, but transitions of CO2–20Ne–22Ne were also assigned.

from other species, and many P- and R-branch transitions were
also well resolved. This is a c-type perpendicular band (ΔKa = ±1,
ΔKc = 0) with Ka = even levels in the ground state and Ka = odd
in the excited state. The central Q-branch transitions noted in Fig. 2
have Ka = 1 ← 0, and we also assigned transitions with Ka = 5 ← 6,
3← 4, 1← 2, and 3← 2. Ultimately, 31 lines were assigned in terms
of 34 transitions (there were a few blends) and fitted to obtain the
parameters listed in Table I. The root mean square (rms) deviation
was 0.000 21 cm−1, approximately equal to our estimated experi-
mental precision. Detailed line positions and assignments are given
in the supplementary material. It was also possible to assign about
15 transitions to the mixed trimer CO2–20Ne–22Ne (the natural
abundance of 22Ne is about 9%), with results as shown in Table I.
For this species, there are of course no restrictions on the values of
Ka. The rms deviation was 0.000 19 cm−1.

B. CO2–Ar2

The lower panel of Fig. 3 shows the fundamental band of
CO2–Ar2, previously studied by Sperhac et al.21 This is a c-type
band like that of CO2–Ne2, but now the symmetry axis is b, so as
mentioned above the allowed levels in the lower state have (Ka, Kc)
= (even, even) and (odd, odd). Note the relatively prominent
Q-branch at 2348.24 cm−1. The upper panel of Fig. 3 shows the
new CO2–Ar2 combination band, which is a b-type band (ΔKa = ±1,
ΔKc = ±1, ±3) with a noticeable gap in the center. This band looks
complicated, but it was fairly easy to assign since we already had
good ground state rotational parameters.20,21 It has the advantage,
compared to the fundamental, of being free from interference from
stronger transitions due to other molecular species.

In order to analyze the spectra, we made a combined fit to
the two present infrared bands and the appropriately weighted
microwave data of Xu et al.,20 with results as shown in Table II. A
total of 52 lines were assigned in the fundamental and 105 in the
combination band, and they were fitted with rms errors of 0.000 25
and 0.000 27 cm−1, respectively. The 21 microwave transitions
had an rms error of 1.3 kHz. Upper state centrifugal distortion
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TABLE I. Molecular parameters for CO2–Ne2 (in cm−1).a

CO2–20Ne2
ground state

CO2–20Ne2
fundamental

CO2–20Ne–22Ne
ground state

CO2–20Ne–22Ne
fundamental

ν0 2349.420 1(1) 2349.421 5(3)
A 0.112 244(37) 0.111 971(28) 0.108 665(70) 0.108 197(99)
B 0.080 417(28) 0.080 118(26) 0.078 629(29) 0.078 321(43)
C 0.060 634(64) 0.060 548(63) 0.058 54(18) [0.058 45]
105 × ΔK 2.51(31) [2.51] [2.51] [2.51]
105 × ΔJK −1.66(39) [−1.66] [−1.66] [−1.66]
106 × ΔJ 5.4(12) [5.4] [5.4] [5.4]
106 × δJ −1.05(62) [−1.05] [−1.05] [−1.05]
aQuantities in parentheses are 1σ from the least-squares fit, in units of the last quoted digit. Centrifugal distortion parameters
were fixed to CO2–20Ne2 ground state values as indicated by square brackets. For CO2–20Ne–22Ne, (C′–C′′) was fixed to the
CO2–20Ne2 value.

FIG. 3. Observed and simulated spectra showing the fundamental bands of
CO2–Ar2 and CO2–Ar–He (lower panel) and the combination band of CO2–Ar2
(upper panel).

parameters were constrained to ground state values for the funda-
mental but not for the combination band. The rationale for this
was that the “vibrational environment” is similar for the ground
and excited fundamental states but different for the combination
state because of other nearby intermolecular modes, which affect the
distortion parameters.

The earlier CO2–Ar2 studies20,21 included sextic centrifugal
distortion terms in their analyses, but we felt that the slight improve-
ment of the fit was not worth the complication. Moreover, the earlier
studies used a IIIr representation, but CO2–Ar2 is not especially
close to the oblate limit, and we found that a Ir representation (as
used here) actually improves the fit (for example, by a factor of
about 2.3 for the sum of squares in both 8 and 11 parameter fits
to the microwave data20). This Ir vs IIIr difference is probably not
deeply meaningful, but the result encouraged us to stay with the
more common Ir scheme. The switch to Ir from IIIr explains the
differences between our distortion parameters and the previous ones
(e.g., the sign of δK ).

Part of the observed spectrum of CO2–Ar2 in the region of
the CO2 (0111) ← (0110) hot band is shown in Fig. 4. Its existence

TABLE II. Molecular parameters for CO2–Ar2 (in cm−1).a

Ground state Fundamental Combination

ν0 2348.244 5(1) 2380.490 4(1)
A 0.059 000 938(21) 0.058 894 7(20) 0.056 783 7(67)
B 0.050 120 164(16) 0.050 072 1(26) 0.050 486 4(27)
C 0.031 241 461(12) 0.031 225 5(57) 0.030 740 6(12)
107 × ΔK 7.769(11) [7.769]
107 × ΔJK −4.726(11) [−4.726] 5.76(81)
107 × ΔJ 3.471 6(28) [3.471 6]
107 × δK 0.283 8(87) [0.283 8]
107 × δJ 1.346 0(11) [1.346 0]
aQuantities in parentheses correspond to 1σ from the least-squares fit, in units of the last
quoted digit. Fit includes ground state microwave data of Ref. 20. Ground and excited
fundamental state centrifugal distortion parameters were constrained to be equal. This
analysis uses a Ir representation, while those in Refs. 20 and 21 use a IIIr representation.
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FIG. 4. Observed and simulated spectra of CO2–Ar2 in the region of the CO2
(0111)← (0110) hot band. Gaps in the observed spectrum correspond to regions
of CO2 monomer absorption. The simulated spectrum includes both the i-p and
o-p modes. The many observed lines not in the simulation are due to CO2–Ar.15

depends on the small fraction of CO2 molecules which remain
in the (0110) vibrational state following supersonic expansion. As
explained previously for the case of the dimer CO2–Ar,15 the pres-
ence of the nearby Ar atom(s) breaks the symmetry of the degenerate
CO2 (0110) bending mode into in-plane (i-p) and out-of-plane (o-p)
components. In the present case, the plane referred to is the sym-
metry plane containing CO2 and bisecting the angle between the
two Ar atoms. These i-p and o-p modes have A1 and B1 symme-
try, respectively, for the lower (0110) vibrational state and B2 and
A2 symmetry for the upper (0111) state. The hot band is c-type, the
same as the fundamental, with (Ka, Kc) = (even, even) and (odd,
odd) in the lower (0110) vibrational state for the i-p mode and
(Ka, Kc) = (even, odd) and (odd, even) for the o-p mode. From
previous studies,9,15,18,19 we expect strong Coriolis mixing (c-type
in this case) between the i-p and o-p modes. The unresolved
Q-branch of the CO2–Ar2 hot band at 2335.75 cm−1 is fairly strong,
but the individual resolved P- and R-branch transitions are weak,
as shown in Fig. 4. We assigned a total of 28 lines and fitted them
with an rms error of 0.000 27 cm−1 to obtain the parameters listed
in Table III. Due to the weakness of the spectrum and the rela-
tively few assigned lines, it was prudent to highly constrain the fit.
Thus, rotational constants were assumed to be the same for the i-p
and o-p modes, changes in rotational constants between (0110) and
(0111) were assumed to be the same as between (0000) and (0001)
(i.e., the fundamental band, Table II), C was fixed at fundamental
band values, and the Coriolis parameter, ξc, was assumed to equal
to 2C. These are all reasonable approximations, based on the case of
CO2–Ar.15 With these constraints, we obtained a value of 0.581(8)
cm−1 for the separation between the i-p and o-p modes, with o-p
lying above i-p. However, we feel that the real uncertainty in this
value is significantly larger, based on our experience of trying differ-
ent constraints in the fit. In the case of CO2–Ar, the separation of
0.8773(2) cm−1 was determined to much higher precision and had
the same sign.15

TABLE III. Molecular parameters for the (0111) ← (0110) hot band of CO2–Ar2
(in cm−1).a

(0110) (0111)

σ0 (i-p) Xb 2335.749 9(1) + X
σ0 (o-p) 0.581(8) + σ0 (i-p) 0.580(8) + σ0 (i-p)
A 0.058 920(16) [0.058 814]
B 0.050 142(20) [0.050 094]
C [0.031 241] [0.031 225]
ξc [0.062] [0.062]
aQuantities in parentheses correspond to 1σ from the least-squares fit, in units of the
last quoted digit. Quantities in square brackets were constrained at the indicated values
(see text).
bX is equal to the free CO2 ν2 frequency (667.380 cm−1) plus or minus a (small)
unknown vibrational shift.

Is it possible to relate the splitting in the trimer to that in the
dimer? If we denote the angle between the CO2 bending plane and
the CO2–Ar dimer plane as ϕ, then (1) for ϕ = 0○, the splitting
of the CO2 bending mode is the measured value of 0.877 cm−1,
(2) for ϕ = 45○, the splitting must be zero, and (3) for ϕ = 90○, it
is −0.877 cm−1. This dependence can be simply modeled as sinu-
soidal: (splitting) = 0.877 × cos(2ϕ). For the CO2–Ar2 trimer, the
angle between each C–Ar bond and the symmetry plane bisect-
ing the two bonds is ϕ = 33.2○,20 and the model would predict
(splitting) = 2 × 0.877 × cos(66.4○) = 0.702 cm−1. This does not
agree particularly well with the measured value of 0.59 cm−1, but the
splitting dependence is not necessarily sinusoidal (reality could be
more complicated), and, as mentioned, the experimental uncertainty
is large.

C. CO2–Kr2

The fundamental and combination bands of CO2–Kr2 are
illustrated in Fig. 5. The spectrum in the fundamental region is dis-
tinguished by a strong unresolved Q-branch feature at 2347.45 cm−1

surrounded by much weaker P- and R-branches, similar to CO2–Ar2
in Fig. 2 but with more structure. The added structure comes
from the greater mass of CO2–Kr2 and also from the presence of
more allowed rotational transitions due to the many trimers that
contain unlike Kr isotopes and thus have all values allowed for
(Ka, Kc). The weakness and complexity made assignment of the
c-type fundamental band spectrum somewhat challenging; for-
tunately, it was possible to predict good preliminary rotational
parameters in advance by assuming that the trimer structure was
analogous to that of CO2–Ar2.

Interpretation of the combination band (upper panel of Fig. 5)
posed further difficulties, in part because there is more Kr iso-
topic splitting here. To deal with this, we used a unified approach
with scaled vibrational and rotational parameters to include all Kr
isotopes, similar to the scheme developed previously for CO2–Kr
and CO2–Xe.18,19 The isotopic dependence of the rotational con-
stants A, B, and C was first calculated for all combinations of the
five most abundant Kr isotopes using a simple rigid model for
the trimer structure. There are 15 such combinations with abun-
dances ranging from 0.32 for CO2–84Kr2 to 0.0005 for CO2–80Kr2.
Ten of these are unlike combinations with no spin statistics and
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FIG. 5. Observed and simulated spectra showing the fundamental bands of
CO2–Kr2 and CO2–Kr–He (lower panel) and the combination band of CO2–Kr2
(upper panel). The simulations for CO2–Kr2 represent the sum of 15 isotopologues
with scaled rotational and (for the combination band) vibrational parameters. Lines
marked with an asterisk are due to CO2–He.

a total abundance of 0.61, four are like combinations with statisti-
cal weights of 1:0 for levels with (Ka, Kc) = (ee, oo): (eo, oe) and
a total abundance of 0.37, and one (CO2–83Kr2) is a like combi-
nation with statistical weight 9:11 and an abundance of 0.013. The
15 isotopologues, their statistical abundances, and their rotational
scaling factors are analogous to those described18 for CO2–Kr, and
more details are given in the supplementary material. The same rota-
tional scaling factors were used for all vibrational states. Previously
for the dimers CO2–Kr and –Xe, we introduced additional empirical
fitting parameters to further refine the rotational isotope depen-
dence, but this could not be done here because there are no precise
microwave results available for CO2–Kr2 (unlike CO2-Rg dimers
and CO2–Ar2).

The isotope dependence of the combination band origin was
modeled as

ν0(Na, Nb) = ν0(N0) +Offset × ((N a +Nb) − 2N0),

where Offset is an adjustable parameter, Na and Nb are the Kr atomic
mass numbers of a particular isotopologue, and N0 is the “standard”
mass number, taken to be 84, the most abundant. Atomic mass num-
bers were used for convenience rather than the actual atomic masses.
Of course, we know that vibrational frequencies do not scale lin-
early with Kr mass, rather (for example) as the square root of a
reduced mass, but the difference is negligible here. Possible isotope
dependence of the fundamental band origin seemed to be negli-
gible here (it was previously found to be very small for CO2–Kr
and –Xe). It must be acknowledged that including 15 CO2–Kr2
isotopologues with abundances as low as 0.0005 in our fitting pro-
cedure amounted to overkill! However, it was actually fairly easy to
do thanks to our previous experience with CO2–Kr and –Xe and to
the convenient features of the PGOPHER software, as highlighted
in Ref. 19.

The unified fitting procedure just described greatly improved
the fit and simulation of the combination band, as compared to
fitting to a single “average” isotopologue, and it introduced only
one additional variable (the Offset parameter). We also used the
unified procedure for the fundamental (though it was less nec-
essary) and analyzed both bands simultaneously. The results of
this fit are listed in Table IV and shown by the simulations in
Fig. 5. These parameters apply specifically to the “standard” species
CO2–84Kr2, and the scaled parameter values for the 14 other iso-
tope combinations are given in the supplementary material. For the
fundamental, 42 lines were fit with an rms error of 0.000 62 cm−1,
and for the combination band, 81 lines were fit with an error
of 0.000 48 cm−1. The Offset parameter in Table IV describes how
much the combination band origin shifts with Kr atomic mass.
Its value of −0.001 cm−1/Dalton implies a total shift of the origin
of only about 0.01 cm−1, from 2381.290 cm−1 for CO2–80Kr2 to
2381.276 cm−1 for CO2–86Kr2.

In the CO2 (0111)–(0110) hot band region, we observed a
Q-branch due to CO2–Kr2 at 2334.948 cm−1 (it is visible in Fig. 3 of
Ref. 18), analogous to that of CO2–Ar2 at 2335.750 cm−1 as described
above. However, it was not possible to reliably assign enough P- and
R-branch transitions to make a meaningful rotational analysis of the
CO2–Kr2 hot band.

TABLE IV. Molecular parameters for CO2–84Kr2 (in cm−1).a

Ground state Fundamental Combination

ν0 2347.452 2(2) 2381.280 7(1)
A 0.047 285(10) 0.047 228(12) 0.045 208(13)
B 0.022 930(11) 0.022 916(11) 0.022 927(11)
C 0.016 683 5(65) 0.016 679 6(93) 0.016 523 9(66)
Offset −0.001 14(15)
aQuantities in parentheses correspond to 1σ from the least-squares fit, in units of the
last quoted digit. The parameter Offset expresses the Kr isotope dependence of the
combination band origin and has effective units of cm−1/Da.
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D. CO2–Xe2

The fundamental and combination bands of CO2–Xe2 are illus-
trated in Fig. 6. The fundamental spectrum has a strong unresolved
Q-branch feature at 2346.34 cm−1. Line assignments in the weaker
P- and R-branches were, like CO2–Kr2, challenging but still pos-
sible. The b-type combination band (upper panel of Fig. 6) has a
central gap (like CO2–Ar2 and –Kr2), considerable rotational struc-
ture in the P-branch region, and more blended structure in the
R-branch.

To deal with Xe isotope effects, we used the unified scaled
approach as described above for CO2–Kr2. This included the six
most abundant Xe isotopes, giving a total of 21 isotopic combina-
tions ranging in mass from CO2–129Xe2 to CO2–136Xe2. Fifteen of
these are unlike combinations with no spin statistics and a total
abundance of 0.75, five are like combinations with statistical weights

FIG. 6. Observed and simulated spectra showing the fundamental bands of
CO2–Xe2 and CO2–Xe–He (lower and middle panels) and the combination band
of CO2–Xe2 (upper panel). The simulations for CO2–Xe2 represent the sum of
21 isotopologues with scaled rotational and (for the combination band) vibrational
parameters. Observed lines in the CO2–Xe2 fundamental region (middle panel)
not present in the simulation are due to CO2–Xe.

TABLE V. Molecular parameters for CO2–131Xe2 (in cm−1).a

Ground state Fundamental Combination

ν0 2346.335 5(2) 2381.038 5(5)
A 0.041 232(12) 0.041 205(12) 0.040 601(24)
B 0.012 773(10) 0.012 779(11) 0.012 777(12)
C 0.010 244(12) 0.010 242(12) 0.010 183(14)
Offset −0.000 78(20)
aQuantities in parentheses correspond to 1σ from the least-squares fit, in units of the
last quoted digit. The parameter Offset expresses the Xe isotope dependence of the
combination band origin and has effective units of cm−1/Da.

of 1:0 for levels with (Ka, Kc) = (ee, oo): (eo, oe) and a total abun-
dance of 0.16, and one (CO2–131Xe2) is a like combination with
statistical weight 3:5 and an abundance of 0.05. (Abundances do not
quite total to 1 because 128Xe was not included.) Further details are
given in the supplementary material.

The unified fit was especially useful for the CO2–Xe2 combi-
nation band (top of Fig. 6), where it enabled us to achieve a rather
good simulation that reproduces the dramatic difference between
the P- and R-branch regions. The results of the fit are given in
Table V. These parameters apply to CO2–131Xe2, which was the
“standard” species. Appropriately scaled values for the other iso-
topic species combinations are given in the supplementary material.
For the fundamental, 44 lines were fit with an rms error of
0.000 43 cm−1, and for the combination band, 31 lines were fit with
an error of 0.000 48 cm−1. The Offset parameter describing the shift
of the combination band origin with Xe atomic mass has a value
similar to that determined for CO2–Kr2. It represents a shift of
the origin from 2381.042 cm−1 for CO2–129Xe to 2381.031 cm−1

for CO2–136Xe.
As in the case of CO2–Kr2, we observed a CO2–Xe2 Q-branch

in the CO2 (0111)–(0110) hot band region but could not assign fur-
ther transitions sufficient for an analysis. The CO2–Xe2 Q-branch is
located at 2333.811 cm−1, and it may be seen in Fig. 4 of Ref. 19,
located in among K = 1← 2 sub-band transitions of CO2–Xe.

E. CO2–Ne–He, CO2–Ar–He, CO2–Kr–He, and CO2–Xe–He
Additional unexplained lines were observed in the fundamental

band region that we eventually realized must be due to trimers con-
taining CO2 and the Rg atom being studied plus He. Their possible
presence in the spectrum was not surprising since the supersonic
expansion mixtures were predominantly composed of the helium
carrier gas. Perhaps the most obvious of these new trimers was
CO2–Ne–He, which is the source of two noticeable lines located
close to the Q-branch of CO2–Ne2. These lines, at 2349.272 and
2349.518 cm−1 (see Fig. 2), turn out to be unresolved Q-branches
with Ka = 0 ← 1 and 1 ← 0, respectively. Parts of the spectra
due to CO2–Ar–He, CO2–Kr–He, and CO2–Xe–He can be seen
in Figs. 3, 5, and 6, respectively.

Continuing with CO2–Ne–He as the example, we were able to
assign about 18 lines, though some were very weak and perhaps a bit
uncertain. In trying to assign and fit the lines, we faced a challenge:
The light helium atom and its very weak interactions with CO2 and
Ne mean that we expect large-amplitude motions and significant
centrifugal distortion effects. However, allowing many distortion
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TABLE VI. Molecular parameters for CO2-Rg-He trimers (in cm−1).a

CO2–Ne–He
c-type

CO2–Ar–He
(c-type)

CO2–Kr–He
c-type

CO2–Xe–He
c-type

ν0 2349.397 5(4) 2348.787 7(4) 2348.375 0(5) 2347.788 9(2)
A′ 0.210 51(16) 0.203 92(10) 0.200 44(10) 0.197 344(61)
A′′ 0.214 90(18) 0.205 64(12) 0.202 26(14) 0.199 258(74)
(B + C)/2 0.089 301(61) 0.056 473(45) 0.039 68(11) 0.031 440(25)
(B − C) 0.000 42(9) 0.000 01(6) 0.000 05(12) 0.000 111(31)
n 18 33 13 32
rmsd 0.001 0 0.001 3 0.000 8 0.000 8
aQuantities in parentheses are 1σ from the least-squares fit, in units of the last quoted digit. n is the number of assigned lines
(some of which are blends of multiple transitions), and rmsd is the root mean square error of the fit.

parameters to vary in both the ground and excited states might be
dangerous, considering the limited number of assigned lines.

There is a further complication: the possibility of He atom
tunneling. In the case of CO2–He2,22 there is significant tunneling
involving motion of the He atoms around the “equator” of the CO2
through a transition state with a linear He–C–He configuration. The
tunneling barrier is not large since the He–He attraction is weak
and the He mass is small. The result is a relatively large tunneling
splitting, calculated to be about 0.50 cm−1 for CO2–He2.22 Rota-
tional levels of the ground tunneling state (vt = 0) have even values
of Ka

′′, while those of the first excited tunneling state (vt = 1, at
0.5 cm−1) have odd values of Ka

′′. The two tunneling states have sig-
nificantly different rotational constants (since their vibrational wave
functions are different), for example, A ≈ 0.30 cm−1 for vt = 0 and
A ≈ 0.21 cm−1 for vt = 1, so that different rotational constants are
needed for even and odd Ka

′′ transitions.22 Of course for the present
case of CO2–Ne–He, the tunneling barrier will certainly be larger.
However, the possibility of needing different rotational constants for
Ka
′′ = even and odd transitions further challenged our assignment

and fitting of the spectrum.
We tried including various centrifugal distortion parameters

as well as separately fitting Ka
′′ = even and odd transitions for

CO2–Ne–He and the other mixed trimers. Of course, the fits
improved as more parameters were varied, but at the same time our
confidence in the results diminished! So in the end, we decided to use
highly constrained fits with few parameters, and these are the results
given in Table VI. The values of (B + C)/2 and (B − C) were con-
strained to be equal in the ground and upper vibrational states,
while A was allowed to vary separately in the two states. The con-
straint is not unreasonable, as demonstrated in Tables I and III–V.
Interestingly, all the CO2-Rg-He trimers turn out to be (acciden-
tal) near-symmetric rotors. In all cases, the observed transitions
appeared to be c-type. However, since the values of (B − C) were
very small (insignificant for CO2–Ar–He and CO2–Kr–He), the
distinction between b- and c-type transitions is not very meaningful.

III. DISCUSSION
A. Combination bands

The combination bands observed here result in intermolecu-
lar mode frequency values for CO2–Ar2, –Kr2, and –Xe2 as given

in Table VII, where they are compared to the previously measured
intermolecular bending frequencies of the corresponding CO2-Rg
dimers. (When we say “intermolecular,” each Rg atom is consid-
ered to be a “molecule.”) Note that the trimer frequencies are
consistently about 15% larger than the dimer ones. The trimer
combination bands were observed to have b-type rotational selection
rules, which tells us that the combination mode has A1 symmetry (in
the C2v point group appropriate for trimers with indistinguishable
Rg atoms). Since the intramolecular fundamental (CO2 ν3) is B1, this
means that the intermolecular mode must also be B1 in order to get
the A1 combination band (B1 ⊗ B1 = A1).

CO2-Rg2 trimers have five intermolecular vibrational modes,
described as follows:

1. Rg2-CO2 van der Waals stretch (A1 symmetry);
2. Rg-Rg van der Waals stretch (A1);
3. torsion, or asymmetric Rg-C–O bend (A2);
4. CO2 rock, or “Rg2 flap,”20 or symmetric Rg-C-O bend (B1);
5. Rg2 rock, or asymmetric Rg-C stretch (B2).

In Ref. 20, these modes correspond to coordinates S3, S4,
S5, S7, and S9, and in Ref. 21 they correspond to R, ρ, θx, θy,
and χ, respectively. There is only one possible B1 mode, so it is
evident that our observed combination bands must involve the
CO2 rocking motion. This is not surprising since the trimer rock-
ing mode is analogous to the CO2-Rg dimer bending mode, and
they have similar values as noted above. Arguments based on C2v
symmetry do not strictly apply to trimers with inequivalent Rg
atoms, in which case the torsional mode could in principle also
cause the observed combination bands. However, there can be no

TABLE VII. Comparison of observed intermolecular bending frequencies for CO2-Rg2
trimers and CO2-Rg dimers (in cm−1).

Rg CO2-Rg2 CO2-Rga

Ne 17.716
Ar 32.246 27.818
Kr 33.829 29.429
Xe 34.703 30.574
aFrom Refs. 9, 12, 18, and 19, respectively.
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TABLE VIII. Vibrational frequency shifts in CO2-Rg dimers and CO2-Rg2 trimers
(in cm−1).

Rg
CO2-Rg

minus CO2

CO2-Rg2
minus CO2-Rg Difference

CO2-Rg-He
minus CO2-Rg

Ne +0.1364 +0.1405 +0.0041 +0.1179
Ar −0.4706 −0.4281 +0.0425 +0.1151
Kr −0.8847 −0.8063 +0.0784 +0.1165
Xe −1.4719 −1.3358 +0.1361 +0.1176

doubt that that the CO2 rock remains the real assignment. In the
case of CO2–Ne2, a combination band has not yet been observed.
Since the CO2–Ne2 a- and b-inertial axes are interchanged rela-
tive to the other trimers, we expect its analogous combination band
to be a-type.

B. Vibrational shifts
Vibrational shifts observed for CO2-Rg2 trimers relate directly

to the interesting question of non-additive intermolecular effects, as
was carefully analyzed in the CO2–Ar2 paper of Sperhac et al.21 The
present results are listed in Table VIII, where the first column gives
the Rg atom, the second column gives (previously known) shifts
for CO2-Rg dimers relative to the free CO2 molecule, and the third
column gives the additional shift induced by adding the second Rg
atom to form a trimer.

The shifts in columns two and three are similar as expected
since each Rg atom in a trimer occupies a position equivalent
(relative to CO2) to the position of the Rg atom in the dimer. The
notable trend in Table VIII is that the incremental shifts in column
three are always more positive (i.e., blue-shifted) compared to col-
umn two. This deviation from linearity (column three minus column
two) is shown in column four of Table VIII, and it is especially sig-
nificant since it is precisely (≈0.0002 cm−1) determined and has a
clear meaning. Sperhac et al.21 argued that this quantity (in their
case, the difference between the incremental shifts in CO2–Ar and
CO2–Ar2) is an essentially exact measure of differential three-body

effects (i.e., the change in three-body effects between the CO2 ground
state and excited ν3 state). Their model calculation suggested that
most of this effect was due to competing induced dipole–induced
dipole and exchange quadrupole terms. However, their quantita-
tive agreement with experiment was not very good, and the need
to integrate over the CO2 ν3 motion was emphasized. When this was
done in a subsequent ab initio calculation by Rak et al.,30 much bet-
ter agreement with experiment was indeed achieved. However, the
authors pointed out that the agreement might have been fortuitous
“in view of the fact that the effects of intermolecular vibrations were
not included.” In addition to these effects of zero-point intermolec-
ular motion, the effects of the other intramolecular (CO2) modes
could also be significant, as shown for ν1 in the case of CO2–He.31,32

In any case, the new results reported here for CO2–Ne2, –Kr2,
and –Xe2 provide further direct and straightforward tests for
these calculations.

The final column of Table VIII shows the incremental vibra-
tional shift resulting from addition of a helium atom to a CO2-Rg
dimer to form a CO2-Rg-He trimer, and we see that the shift is
almost the same (≈+0.117 cm−1) for all the mixed trimers. This
value is somewhat greater than the shift of +0.095 cm−1 reported by
Weida et al. for CO2–He relative to CO2 itself. However, in a reanal-
ysis (unpublished), we obtain a more similar shift of +0.116 cm−1

for 12C16O2–He (see also Ref. 4 for other CO2 isotopologues of
CO2–He).

C. Structures
Determining precise geometrical structures for weakly bound

molecular complexes can be a frustrating or even meaningless task
because of their large-amplitude intermolecular motions, but of
course we still like to try! Given the C2v symmetry of the CO2-Rg2
trimers, only two parameters are required to specify an equilib-
rium structure: the Rg-Rg distance, r(Rg-Rg), and the C-Rg distance,
r(C-Rg). Alternately, one can use the CO2 to Rg2 center of mass
distance, Rc.m., since r(C-Rg)2 = Rc.m.

2 + (r(Rg-Rg)/2)2. The trimer
structures are thus overdetermined since it is not possible to exactly
match three rotational parameters by varying two structural para-
meters. In Table IX, we show the results of two-parameter

TABLE IX. Comparison of structural parameters in CO2-Rg2, CO2-Rg, and Rg2 (lengths in Å, angles in degrees).

CO2-Rg2
r0(C-Rg)

CO2-Rg2
r0(Rg-Rg)

CO2-Rg2
r0(C-Rg)

CO2-Rg2
r0(Rg-Rg)

CO2-Rg2
θy

a

Rg 2 parameter 3 parameter
CO2-Rg

r0(C-Rg)b
Rg2

r0(Rg-Rg)
Rg2

re(Rg-Rg)c

Ne 3.276 3.295 3.268 3.307 11.5 3.290 3.337d 3.084
Ar 3.504 3.839 3.499 3.843 11.2 3.504 3.827e 3.755
Kr 3.629 4.066 3.623 4.069 13.2 3.624 4.059f 4.012
Xe 3.828 4.436 3.823 4.437 12.3 3.815 4.375
aDeviation from 90○ of the angle (Rg2c.m.-C-O); Rg2c.m. = Rg2 center of mass.
bExperimental r0 values from the work of Randall, Walsh, and Howard.5
cTheoretical re from the work of Deiters and Sadus.34

dExperimental r0 for Ne2 from the work of Wüest and Merkt.35

eExperimental r0 for Ar2 from the work of Mizuse et al.36

fExperimental r0 for Kr2 from the work of LaRocque et al.37
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least-squares fits to obtain r(Rg-Rg) and r(C-Rg), made using the
simple and effective strfit and pmifst programs of Kisiel.33 As
expected, the present structural parameters for CO2–Ar2 are very
similar to those of Refs. 20 and 21.

To extend their two-parameter CO2–Ar2 fit, Sperhac et al.21

proceeded to make an effective three-parameter fit by varying the
parameter χ in addition to r(Rg-Rg) and r(C-Rg). χ is the angle
describing the intermolecular Rg2 rocking mode, or, more precisely,
the deviation from 90○ of the angle subtended by an Ar atom, the
Ar2 center of mass, and the C atom. However, we think the descrip-
tion21 of their three-parameter fit must be incorrect. It is clear from
their Table III that varying χ affects only the Px and Py planar
moments. Px is also sensitive to r(Rg-Rg) and Py to r(C-Rg). Thus
χ cannot improve the result already achieved in a two-parameter
fit, since Pz is not influenced by r(Rg-Rg), r(C-Rg), or χ. Rather,
it is necessary to vary one of the remaining structural parameters:
θx (which we call torsion above) or θy (which we call CO2 rock). It
appears that Sperhac et al. actually varied θy in their three-parameter
fit, and this is also what we have varied for our three-parameter
fits (Table IX). Our θy value of 11.2○ for CO2–Ar2 is almost the
same as the 11.4○ value reported by Sperhac et al., which they
labeled as χ.

The angle θy is a logical choice for the third parameter, since
it is similar to the angle θ varied in two-parameter fits of CO2-
Rg dimers.5 We see in Table IX that θy has fairly similar values
(11.2○–13.2○) for all four CO2-Rg2 trimers and that r(Rg-Rg) and
r(C-Rg) do not change very much between the two- and three-
parameter fits. In the case of the CO2-Rg dimers, θ has values of
6.6○–8.6○.5 However, in a trimer, θ (deviation from 90○ of angle
Rg-C-O) and θy (deviation from 90○ of angle Rg2c.m.-C–O) are
not quite the same geometrically, with θ necessarily being smaller
than θy. So, the actual trimer θ-values range from about 9○ to 11○,
which is really quite similar to the dimer values. Of course, these
effective angles do not correspond to equilibrium structures (where
θ and θy equal zero). Rather, they provide measures of the rms
value of the particular coordinate averaged over its zero-point wave-
function. For CO2-Rg dimers, with just two intermolecular coor-
dinates, the effective values of R and θ are relatively meaningful
and easy to interpret. For CO2-Rg2 trimers with five intermolecu-
lar coordinates, the meaning of a three-parameter fit is not so clear
since the effects of the remaining two coordinates have necessarily
been ignored.

The r(C-Rg) bond length values for CO2-Rg2 trimers in
Table IX are very similar to the corresponding CO2-Rg dimer
values, as expected. For a comparison of Rg-Rg bond lengths,
we have experimental r0(Rg-Rg) (zero-point average) values from
rotationally resolved spectra of Ne2, Ar2, and Kr2, and these com-
pare quite well with our CO2-Rg2 trimer results. Rotationally
resolved Xe2 spectra are not available, so we only have theoret-
ical re(Rg-Rg) (equilibrium) values for comparison, and these of
course are systematically smaller than the CO2-Rg2 trimer r0(Rg-Rg)
results.

IV. CONCLUSIONS
We have studied high-resolution spectra of CO2-Rg2 trimers

(Rg = Ne, Ar, Kr, Xe) as observed in the CO2 ν3 fundamen-
tal band region (≈2350 cm−1), thus extending previous work on

CO2–Ar2.20,21 The precisely measured vibrational frequency shifts
and intermolecular CO2 rocking mode frequencies provide sensi-
tive new tests for intermolecular potential energy calculations. When
compared to the vibrational shifts in the CO2-Rg clusters, the mea-
sured vibrational shifts in the CO2-Rg2 clusters provide precise and
straightforward measure of nonadditive three-body effects. More-
over, the reported rotational constants should aid in the possible
detection of pure rotational microwave spectra for Rg = Ne, Kr,
and Xe, though the latter two will be complicated by the possibility
of many isotopic species. We are continuing to analyze the spectra
of larger CO2-Rgn clusters and have recently reported the observa-
tion of highly symmetric structures for CO2–Ar15 and CO2–Ar17,
with the latter marking the completion of the first solvation
shell for CO2 in Ar.38

SUPPLEMENTARY MATERIAL

The supplementary material includes tables giving the observed
and fitted line positions for CO2-Rg2 trimers and isotope specific
parameters for CO2–Kr2 and CO2–Xe2.
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