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Correlation of Charge Resonance Interaction with Cluster Conformations 
Probed by Electronic Spectroscopy of Dimer Radical Cations of CO2 and 
CS2 in a Cryogenic Ion Trap 
Masahiro Koyama, Satoru Muramatsu*, Yasuaki Hirokawa, Jidai Iriguchi, Akihito Matsuyama, Yoshiya Inokuchi* 

Department of Chemistry, Graduate School of Advanced Science and Engineering, Hiroshima University, 1-3-1 Kagamiyama, Higashi-
Hiroshima-shi, Hiroshima 739-8526, Japan 
 

ABSTRACT: Radical cations of dimeric clusters of carbon dioxide/disulfide, [(CX2)2]+• (X = O, S), form strong intracluster bonds through 
charge resonance (CR) interactions. We herein performed electronic photodissociation spectroscopy of [(CX2)2]+• while regulating the 
temperature at ambient and cryogenic conditions using a quadrupole ion trap. Both ions exhibited broad band absorption in the near-infrared-
visible light region; it is called “CR band”, a measure of the strength of the CR interaction. Strikingly, this band underwent a noticeable blueshift 
upon cryogenic cooling for [(CS2)2]+•, while not for [(CO2)2]+•. Based on quantum chemical calculations with a coupled cluster method, the 
band shift was attributed to the variations in the relative population of two energetically-close conformers found for [(CS2)2]+•. This study 
highlights a strong correlation between CR interactions and conformation of the radical dimer cations, demonstrating the exceptional 
significance of cryogenic cooling in the chemistry of ionic molecular clusters. 
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Spectroscopic characterization of the electronic structures of 
molecular clusters is one of the most fundamental and intensively 
explored areas in cluster chemistry.1–5 The central focus of these 
investigations lies in understanding how intracluster 
(intermolecular) interactions are influenced by factors such as 
cluster size and constituent molecules. Of particular interest in this 
context is the charge resonance (CR) interaction, which is 
observed in a wide range of radical cations of molecular dimers. 
These ions exhibit a unique two-center three-electron (2c-3e) 
bond, where electrons fully and singly occupy the σ and σ* orbitals, 
respectively,	 formed by the overlap of HOMO orbitals of the 
constituent molecules (Scheme 1). In this bonding scheme, the 
total charge is distributed across the components. Since the formal 
bond order in this bonding mode is 0.5 (Scheme 1), such bonds 
are often referred to as semi-covalent bonds or hemibonds.6–13 
Remarkably, the electronic transition from σ to σ* orbitals in this 
bonding scheme, known as the CR transition, leads to a prominent 
absorption band in the near-infrared-visible region (CR band).14–

18 Consequently, the spectroscopic characterizations have 
attracted considerable attention.16–19 Particularly, when the 
corresponding electronic ground and excited states (Ψ±) are 
described as Ψ± = [ψ(MA

+)ψ(MB)±ψ(MA)ψ(MB
+)]/(2±2S)1/2, the 

CR transition energy (ET) is directly related to the binding energy 
between the component molecules in the dimer ions (EB), as 
illustrated in the following relationship (eq. 1):18 

ET = 
2EB

1 – S
																																											(1) 

Here, S represents the overlap integral between the constituent 
molecules. 

One of the gold standards for producing molecular cluster ions 
is by combining the generation of neutral clusters through 
supersonic expansion with the ionization by crossed electron 
beams, a method pioneered by Märk, Lineberger, and others.14,20,21 
The ionization step of this technique includes cluster heating via 
electron impact and subsequent cooling via evaporation of excess 
molecules, which are balanced to eventually achieve a typical 

Scheme 1. Schematic of Bonding and Anti-Bonding Orbitals of 2c-
3e Bond. 
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average internal temperature of ~100 K for the cluster ions.22–24 
Owing to the relatively weak intracluster interactions compared to 
the typical intramolecular chemical bonds, the clusters at this 
temperature range frequently exhibit high fluxionality—facile 
isomerization between energetically close conformers.25–28 Since 
the intracluster interactions are generally strongly correlated with 
the cluster conformations,26,27,29,30 regulation of the internal 
temperature of the clusters, particularly under cryogenic 
conditions, remains a significantly challenging aspect that has not 
been adequately addressed in the extensive research conducted 
over the decades. Indeed, a recent spectroscopic study utilizing 
superfluid helium nanodroplets at sub-Kelvin temperatures 
successfully identified the hemibonded isomer of [(H2O)2]+• 
formed through CR interactions.8 This is a notable achievement, 
as conventional methods typically yield the proton-transferred 
isomer ([H3O+–OH]).31 Thus, the study highlights the 
significance of cryogenic cooling for structural investigations of 
molecular cluster ions. 

In this study, we focused on the regulation of cluster ion 
temperatures through the implementation of a cryogenic ion trap, 
where the typical vibrational temperature of the stored ions has 
been estimated to be ~10 K.32 This technique has been recently 
utilized typically together with an electrospray ionization method 
for the structural analyses of a wide range of gaseous molecular 
ions.33–42 By combining the cryogenic ion trap with above-
described cluster ion source, the steps of the ion formation and the 
thermalization are separated and precise temperature regulation of 
molecular cluster ions, particularly under cryogenic conditions, 
will be achieved. In this sense, we expect this study would broaden 
the capability of this cryogenic ion trap-based spectroscopic 
techniques. Specifically, we herein focused on the radical cations 
of carbon dioxide and carbon disulfide dimers [(CX2)2]+• (X = O, 
S) as target clusters. They have been extensively examined for 
decades as prototypical examples of ions exhibiting the CR 
interaction.9,10,14,15,20,43–51 The dimer ions serve as highly stable ion 
cores in larger clusters, [(CX2)n]+• (n ≥ 3), as revealed by infrared 
photodissociation (IR-PD) spectroscopy.44,47 Regarding 
electronic spectroscopy, the broad CR band of [(CO2)2]+• at 
12500–25000 cm–1 has been reported under ambient temperature 
conditions.14,15 This study aims to investigate how the CR 
interaction in [(CX2)2]+• appear under temperature-regulated 
conditions using near-infrared-visible photodissociation (NIR-
Vis-PD) spectroscopy. We will establish how the band profile 
evolves with temperature change and discuss the correlation with 
the cluster conformations as well as the CR interactions. 

Figure 1 shows the schematic diagram of the 
photodissociation spectrometer that has been developed in this 
study. The spectrometer comprises a cluster ion source, an 
octupole ion guide (OPIG), a quadrupole ion trap (QIT), and a 
time-of-flight mass spectrometer (TOF-MS); details are provided 
in Supporting Information.32,44,47,52–55 Briefly, target clusters, 
[(CX2)2]+• (X = O, S), were generated by crossing neutral CO2 or 
CS2 clusters in a supersonic free jet with an electron beam. The 
generated ions were guided by the OPIG and introduced into the 
QIT (Figure S1) operating at ambient (295–300 K) or cryogenic 
(5 K) temperature. The thermalized [(CX2)2]+• ions, via collisions 
with He buffer gas in the QIT, were irradiated with a near-infrared-
visible laser light (10000–24000 cm–1; 1000–420 nm) using an 
optical parametric oscillator. The resulting photofragment ions 
and the remaining target ions were detected using the TOF-MS. 
The mass spectra obtained with and without photoirradiation at 
16130 cm–1 (620 nm) are shown in Figure S2. Depletion and 
appearance of the mass peaks of [(CX2)2]+• and (CX2)+•, 
respectively, indicated the photodissociation process described in 
reaction (2). The linearity against laser fluence was confirmed, as 
shown in Figure S3. 

 [(CX2)2]+• 
!"
"# (CX2)+• + CX2 (X = O, S)                      (2) 

Figure 2 shows the NIR-Vis-PD spectra of [(CX2)2]+• 
recorded by monitoring the fragment ion (CX2)+• as a function of 
the laser wavenumber. At ambient QIT temperature (295–300 K), 
a broad absorption band over the entire measurement region 
(10000–24000 cm–1) was observed for [(CO2)2]+•. This band was 
almost identical to that observed in a previous study in which the 
ions were thermalized at room temperature in a drift tube,15 and 
the observed band was identified as the CR band.49 Similarly, at 
ambient temperature, [(CS2)2]+• exhibited a broad absorption 
band with an apparent maximum at 12000–14000 cm–1, which was 
identified as the CR band. The overlap integral S in eq. 1 is often 
considered negligible for simple estimation of the CR interaction. 
Accordingly, the roughly estimated binding energy of [(CO2)2]+• 
and [(CS2)2]+• was ~7000 cm–1, which is significantly larger than 
that of heterodimeric radical cations such as [CO2–X]+ (X = H2O, 
CH3OH).7,57 This result reflects the degree of charge 
delocalization in the dimer cations—a smaller difference between 
the ionization potentials of two molecular components cause 
efficient charge delocalization and thus larger CR interactions.12 

Whereas the NIR-Vis-PD spectra of [(CO2)2]+• and [(CS2)2]+• 
at ambient temperature were similar, their behavior at a reduced 
QIT temperature of 5 K was totally different. In the case of 

 
Figure 1. Schematic diagram of the photodissociation spectrometer developed in this study. 
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[(CO2)2]+•, the CR band position was almost identical to that at 
ambient temperature (Figure 2a). Here, it should be noted that the 
broad profile was observed even under cryogenic conditions. This 
indicates that the bandwidths are intrinsically determined by the 
shape of the potential surface of the electronic excited state, rather 
than by the contribution from thermal effects. This is consistent 
with previous studies that have assumed a repulsive character of 
the potential surfaces for the excited states formed by CR 
transitions.46,51 In contrast to [(CO2)2]+•, [(CS2)2]+• exhibited a 
maximum at 15000–17000 cm–1 at QIT temperature of 5 K 
(Figure 2b), which was blueshifted relative to the band at ambient 
temperature (295–300 K). Based on eq. 1, this blueshift 
apparently indicates that the strength of the CR interaction in 
[(CS2)2]+• is sharply dependent on temperature, whereas that in 
[(CO2)2]+• was independent of the temperature.  

 To understand the cause of the temperature-dependent band 
shift of [(CS2)2]+•, we performed quantum chemical calculations 
using a coupled cluster method with the cluster operators of single 
and double excitations (CCSD) with basis sets of aug-cc-pVTZ 
(more details in Supporting Information; Table S1 presents a 
comparison with the DFT-calculated results).56 Extensive survey 
of the optimized structures at our computational level yielded a 
single isomer of [(CO2)2]+• (conformer S; Figure 3a) with a C2h 
symmetry and COOC dihedral angle of 180.0°. This corresponds 
to the commonly called “staggered” form and is consistent with 
previous theoretical studies.20,45–51 The O–O bond length, which 
was calculated to be 2.09 Å, was shorter than the sum of the van 
der Waals radii of O atoms (3.04 Å)58 and longer than the typical 
O–O single bond (1.48 Å).58 This qualitatively corresponds to a 
formal bond order of 0.5 in the 2c-3e bonding mode (Scheme 1). 
In contrast, two isomers were revealed for [(CS2)2]+• (Figure 3a). 
One of the isomers had a S–S bond distance of 2.69 Å and CSSC 
dihedral angle of 102.1° (conformer S’; C2), which was close to the 
dihedral angle in the staggered form. In the other isomer, two CS2 
units faced each other, with a CSSC dihedral angle of 0.0° 
(conformer F’; D2h). In this conformer, two S–S bonds were 
formed, but each bond (3.13 Å) is longer than that of conformer S’ 

(2.69 Å); this results in almost comparable total energy (higher 
stability of conformer S’ only by 20 cm–1 at our computational 
level). It should be noted that the previous theoretical studies on 
[(CS2)2]+•43,44 did not consider conformer F’ as it could not be 
obtained using the DFT calculations at the B3LYP/6-311+G(d) 
level. Figure 3b summarizes the electronic excitation energies, 
oscillator strengths, and related molecular orbitals of the D3 ← D0 

transitions of these isomers calculated using the equation-of-
motion (EOM)-CCSD method. The bands in the NIR-Vis-PD 
spectra (Figure 2) corresponded to these transitions, since the 
excitation energies of the other transitions were very different from 
the measurement window in this study (Table S2). Regardless of 
the isomers, the calculated D3 ← D0 excitations can be regarded as 
the transition from a bonding to an anti-bonding orbital of the 2c-
3e bond, consistent with the assignment as CR bands. Regarding 
[(CS2)2]+•, the conformer S’ has 160 cm–1 larger excitation energy 
(16670 cm–1) than the conformer F’ (16510 cm–1).  

The structural difference between [(CO2)2]+• and [(CS2)2]+• is 
associated with the two-dimensional relaxed potential energy 
surfaces (PESs) of the electronic ground (D0) states (Figure 4), 
where the X–X bond distances (R) and the CXXC dihedral angles 
(Φ) were selected as the representative geometrical parameters. 
Note that the PESs were calculated by using the double-zeta basis 
sets (CCSD/aug-cc-pVDZ) due to the computational costs; we 
found that the order of relative stability and excitation energy 
between conformers S’ and F’ are both inverted at this 
computational level (Figure S4), the overall discussions in this 
section remain valid. For [(CO2)2]+•, only one potential minimum 
was obtained, corresponding to conformer S (R = 2.1 Å, Φ = 180°). 
In contrast, two potential minima were found for [(CS2)2]+•, 
corresponding to conformer S’ (R = 2.8 Å	 and Φ = 100°) and 
conformer F’(R = 3.3 Å and Φ = 0°). This difference can be partly 

 
Figure 2. NIR-Vis-PD spectra of (a) [(CO2)2]+• and (b) 
[(CS2)2]+•. The blue and black spectra were recorded at QIT 
temperatures of 5 K and ambient temperature (295–300 K), 
respectively. The spectra in regions <14085 cm–1 and >14085 cm–

1 (710 nm) were recorded and plotted separately, because of the 
switching of the oscillation modes. The intensities are normalized 
at the band maximum (more details in Supporting Information). 

 
Figure 3. (a) Geometric structures of [(CX2)2]+• (X = O, S) 
optimized at the CCSD/aug-cc-pVTZ level. The XX bond lengths, 
the CXX angles, and the CXXC dihedral angles are indicated. 
Relative energy without vibrational zero-point corrections for 
[(CS2)2]+• (with respect to conformer S’) and binding energy (with 
respect to CX2 + (CX2)+•) are shown in tabular form. (b) Orbital 
energy and isodensity surface of molecular orbitals of [(CX2)2]+• (X 
= O, S) that contribute to D3 ← D0 transitions. Transition energy and 
oscillator strength are shown in tabular form. 
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described by the Φ-dependence of the σ and σ* orbitals in the 2c-
3e bond (Scheme 1), as discussed in detail in Figure S5; the σ 
orbitals of [(CS2)2]+• were sharply lowered at smaller Φ, possibly 
owing to the larger lobes that prevented steric repulsion between 
the C atoms of the two CS2 moieties. The PES of the D0 state 
indicates an isomerization barrier between the conformers of 
[(CS2)2]+•. The isomerization between S’ and F’ can be roughly 
considered as the rotation around the S–S bond associated with 
bond elongation, where the barrier was calculated to be as small as 
350 cm–1 with respect to that of conformer F’ at this computational 
level (further smaller barrier height of 150 cm–1 without zero-point 
corrections at full optimization at CCSD/aug-cc-pVTZ; Figure 
S6). On the other hand, the PESs of the photoexcited (D3) states 
of [(CO2)2]+• and [(CS2)2]+• were similar, with both species 
exhibiting repulsive profiles along the R axis (Figure S7).  

 The correspondence between the temperature-dependent 
spectral changes in the NIR-Vis-PD spectrum (Figure 2b) and the 
presence of the conformational isomers (Figure 3) suggest that the 
band shift for [(CS2)2]+• is attributable to the structural fluxionality, 
as schematically shown in Figure 5. At ambient temperature (295–
300 K), conformers F’ and S’ are considered to coexist, based on 
the small relative energy and isomerization barrier. Assuming a 
Boltzmann distribution while using the relative energy of 20 cm–1 
at the CCSD/aug-cc-pVTZ level, the relative population of 
conformers S’ and F’ is estimated to be 1:0.91 at 300 K.59 If the less 
stable conformer has a smaller excitation energy, the significant 
contribution of the both conformers results in the apparently 
intense absorption at a smaller wavenumber region (12000–14000 
cm–1). In our current computational level at CCSD/aug-cc-pVTZ, 

the conformer F’ was calculated to be less stable and to have a 
smaller D3-D0 transition energy (16510 cm–1). It should be noted 
that quantitative analyses on the precise experimental excitation 
energy and/or abundance ratio of isomers from this spectrum are 
difficult, because of the largely broad profile of the CR bands and 
the possible contributions from the hot bands. In contrast, under 
cryogenic conditions (QIT temperature: 5 K, typical ion 
vibrational temperature: ~10 K)32, only the more stable conformer 
is expected to be predominant; the estimated relative S’:F’ 
population by assuming the same relative energy (20 cm–1) at 10 K 
is 1:0.07. The more stable conformer S’ was calculated to have a 
higher excitation energy (16670 cm–1). Accordingly, the 
absorption band appeared in the higher wavenumber region. This 
result is partly consistent with the previous IR spectroscopy study 
of [(CS2)2]+• in cold Ar and Ne matrices; the study concluded the 
presence of a single conformer with a single anti-symmetric S–C–
S stretching vibration peak at 1360–1400 cm–1.43 Note that the 
structure of this conformer was considered to be that with Φ = 180°, 
rather than conformer F’ (Φ = 0°) or S’ (Φ = 100°). This 
discrepancy seems to be owing to the difference in computational 
levels. At the CCSD level in our current investigation, the 
conformer with Φ = 180°, which was predicted to be a local 
minimum structure at DFT calculations (B3LYP functional), was 
rather determined to be a transition state structure (Figure S6), 
while conformer S’ instead may account for the observed IR band. 
For [(CO2)2]+•, on the other hand, the absence of such 
temperature-dependent band shift corresponds to theoretical 
prediction of the single conformer S, where the observed band is 
exclusively attributed to it regardless of temperature. The 
significant spectral change of [(CS2)2]+• with isomer abundance 
demonstrates that the magnitude of the CR interaction is highly 
structure dependent. The apparently large band shift (>1000 cm–

1) despite the small difference in the relative energy of the two 
conformers (20 cm–1; Figure 3a) suggests that the eq. 1 seems to 
be no longer good estimation for describing the correlation 
between the CR transition energy and the binding energy of the 

 
Figure 4. (a, b) Relaxed D0-state PESs of (a) [(CO2)2]•+ and (b) 
[(CS2)2]•+ calculated at the CCSD/aug-cc-pVDZ level without 
vibrational zero-point corrections. The XX bond distances (R) 
and the CXXC dihedral angles (Φ) were scanned by 0.1 Å	and 
10°, respectively. The dotted and solid contours correspond to 
100 and 300 cm–1 intervals, respectively.  

 
Figure 5. Schematic diagram of temperature-dependent 
structural fluxionality of [(CS2)2]+•. (a) At ambient temperature 
(295–300 K), conformers S’ and F’ coexist because of the small 
isomerization barrier. (b) At 5 K, the structure “freezes” at the 
most stable conformer S’, causing apparent blueshift in the NIR-
Vis-PD spectra.  



 

 

 

5 

component molecules. Consequently, this study may serve as a 
valuable benchmark for exploring better quantitative model for the 
CR-interacting systems. In this regard, however, the difference 
between the calculated electronic transition energy of the two 
isomers at the CCSD/aug-cc-pVTZ level (160 cm–1; Figure 3b) 
itself does not quantitatively agree with the apparent experimental 
band shift. One of the possible causes for this discrepancy can be a 
still inadequate computational level with regard to the quite 
shallow potential profiles. Particularly, the large dependence of the 
calculated relative and excitation energies of the conformers on the 
basis sets (Figure 3 and S4) implies the necessity for careful 
handling of these cluster ions computationally. Further detailed 
investigations of these factors for a comprehensive understanding 
of this cluster system will be conducted in our future studies. 

In summary, we studied the correlation between the CR 
interaction in gas-phase radical cations of molecular dimers, 
[(CX2)2]+• (X = O, S), and their geometric structures by NIR-Vis-
PD spectroscopy at ambient and cryogenic temperatures. The 
absorption band of [(CS2)2]+•, attributed to CR transition, was 
apparently blueshifted upon cooling the ion trap from ambient 
temperature (295–300 K) to 5 K. In contrast, [(CO2)2]+• did not 
exhibit such temperature-dependent band shift. CCSD 
calculations revealed two isomers of [(CS2)2]+• characterized by 
the rotational angles around the S–S bond. The isomers had 
different CR transition energies, with a small energy barrier (in the 
order of ~100 cm–1). In contrast, a single isomer was identified for 
[(CO2)2]+•. Based on these results, we concluded that the 
temperature-dependent band shift of [(CS2)2]+• was caused by a 
change in the relative population of the two isomers. These results 
showed that the CR interaction energy is a sensitive reflection of 
the conformation of the radical cation of molecular dimers, 
demonstrating the exceptional ability of cryogenic ion-trap 
spectroscopy for molecular cluster ions that has a decades-long 
history of investigations. In other words, this study shed new light 
on unexplored frontiers at the interface of cluster chemistry and 
cryogenic science. 
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