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Abstract
The exploration of Venus has received much attention in the past and will keep 

growing due to the starting of the NASA DAVINCI project. To explain the extremely 
low O2:CO ratio observed in Venus’ atmosphere, a chlorine-initiated CO oxidation 
catalytic cycle has been proposed. However, relevant studies on the key intermediates, 
such as the peroxychloroformyl radical (ClC(O)OO), are rare. In this study, the 
ClC(O)OO radical was observed using Fourier-Transform Microwave (FTMW) 
spectroscopy under the supersonic expansion condition. Two conformers, trans-
ClC(O)OO and cis-ClC(O)OO, and their chlorine isotopologues were detected. The 
molecular constants including the fine and hyperfine constants, were determined. Based 
on the experimental and the ab initio calculations, the unpaired electron is mostly 
located at the terminal oxygen atom, supported by the small magnetic hyperfine 
constants of chlorine. In addition, the angles between the Cl–C bond and the a-axis of 
the trans-35ClC(O)OO and trans-37ClC(O)OO are similar, but these angles are different 
for cis-ClC(O)OO, making the quadrupole coupling tensors in the inertial axes disagree 
with the ratio of the quadrupole moments of 35Cl and 37Cl. Finally, we concluded that 
the ClC(O)OO radicals should behave similarly to other peroxyl radicals, as assumed 
in the current photochemical model of Venus.
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Introduction

As one of the nearest planets from the Earth, observations of Venus have been 
ongoing for more than hundreds of years, from spectroscopic measurements by eye and 
telescope to physical probing by sending orbiters and probes that reach the Venusian 
atmosphere and surface.1 An understanding of the evolution of Venus in our solar 
system could help to elucidate the formation of exoplanetary systems and the 
habitability of exoplanets.2 The current atmospheric composition provides essential 
information to verify photochemical models of the Venusian atmosphere and to trace 
back its history.3 However, puzzles remain,4 leading to significant gaps between the 
results of model simulations and real-world observations.

Venus’ atmosphere consists of 96.5% CO2, 3.5% N2 and trace amounts of CO, 
H2O, Ar, SO2 and HCl.1, 5 The extremely low O2 level (< 3 ppm)6 contrasts with the 
observations of O2 night glow of the A1Δg-X3Σg

- transition.7 The O2 molecules, 
produced from the photolysis of CO2 to generate O atoms and the subsequent oxygen 
atom recombination (CO2 + hν  CO + O; O + O + M O2

* + M), could accumulate 
in the Venus mesosphere.

A chlorine atom initiated catalytic cycle of CO oxidation has been proposed to 
explain the low [O2] and [CO], and the high [CO2] through the formation of the 
chloroformyl radicals (ClCO, R1) and the peroxychloroformyl radical (ClC(O)OO, 
R2).8 The ClC(O)OO radical could react with either O atoms (R3) or itself (R4) to form 
CO2 and O2, releasing Cl atoms to complete the catalytic cycle (R3a and R4a).9 
However, the CO2/ClO product channels (R3b and R4b) reduces the active Cl atom 
concentration and are estimated to contribute as much of a chlorine reservoir as HCl,10  
decreasing the efficiency of the Cl catalytic effect. 

Cl + CO  ClCO (R1a)
ClCO  Cl + CO (R1b)

ClCO + O2  ClC(O)OO (R2)
O + ClC(O)OO  Cl + CO2 + O2 (R3a)

 ClO + CO2 + O (R3b)
2 ClC(O)OO  2 Cl + 2 CO2 + O2 (R4a)

 2 ClO + 2 CO2 (R4b)

To accurately model the Cl catalytic effect of CO oxidation, critical parameters 
including the ClCO equilibrium constant, the ClCO + O2 reaction rate coefficient, the 
reaction rate coefficients involving ClC(O)OO and the product branching ratios, are 
necessary. However, relevant kinetic studies are sparse. Current Venus photochemical 
models estimate these parameters by adopting the values of their isoelectronic analogs,5, 

11 e.g. ClSO by ClOO and ClC(O)OO by FC(O)OO, but recent results from the pure 
rotational spectrum of ClSO radicals have shown that the reactivities of ClOO and ClSO 
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are significantly different.12

In addition to kinetic data, spectroscopic measurements can provide hints to 
evaluate the reliability of the rate coefficients and the product branching ratio in model 
simulations. For the ClC(O)OO radical, Francisco and Williams13 investigated the 
ground and the first excited state via ab initio calculations and predicted the X2A” 
ground state character at the UHF/6-31G** level. Pernice et al.14 generated the 
ClC(O)OO radicals from pyrolysis of ClC(O)OONO2 and recorded infrared (IR) and 
UV-Vis spectra in Ar, Ne and O2 matrices. Recently, Bahera and Lee reported the gas 
phase IR spectrum of the ClC(O)OO radicals.15 They pointed out that the O–O 
stretching frequency is about 1100 cm-1, similar to those of other peroxyl radicals. 

The reactivity of the ClC(O)OO radical strongly depends on the distribution of the 
unpaired electron, i.e. the shape of the singly occupied molecular orbital (SOMO). High 
resolution spectroscopic measurements can provide the fine and hyperfine structure 
constants that elucidate the location of the unpaired electron. In this work, we 
investigated the high resolution pure rotational spectrum of the ClC(O)OO radical in 
the frequency range of 4 – 40 GHz using a Fourier-transform microwave (FTMW) 
spectrometer. The fine and hyperfine structures were analyzed to obtain molecular 
constants involving the unpaired electron spin and the nuclear spin of the chlorine atom. 
High level ab initio calculations were conducted for comparison, and insights obtained 
from the molecular constants were discussed.

Quantum Chemical Calculations

The ClC(O)OO radical is considered to have two conformers, trans-ClC(O)OO 
and cis-ClC(O)OO, depending on the direction of terminal OO. Geometries of the two 
conformers were optimized using the Molpro program package at the RCCSD(T)-
F12A/cc-pVTZ-f12 level of theory.16 Their optimized structures are shown in Fig. 1. 
The calculated molecular constants and dipole moments are summarized in Table 1.

As shown in Fig. 2, the energy of trans-35ClC(O)OO is 4.4 kJ mol–1 lower than 
that of cis-35ClC(O)OO with a barrier between both conformers about 22 kJ mol–1 by 
calculations at the RCCSD(T)/cc-pVTZ level of theory. The energy difference is 2.65 
kJ mol–1 at the RCCSD(T)-F12A/cc-pVTZ-f12 level of theory with the zero-point 
energy correction at the RCCSD(T)/cc-pVTZ level of theory. This barrier indicates that 
the interconversion between the trans- and cis- conformers is slow below room 
temperature, and the two conformers may therefore be observed. Indeed, the FTIR 
measurements under gas-phase flow cell conditions at 298 K have identified these two 
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conformers from the photolysis of the (ClCO)2/N2/O2 mixtures.15

For trans-35ClC(O)OO, the dipole moment along the a-axis (μa = 0.91 Debye) is 
close to that along the b-axis (μb =1.13 Debye). In contrast, for cis-35ClC(O)OO, the μa 
(0.27 Debye) is a factor of six smaller than the μb (1.83 Debye). Larger microwave 
power is required to polarize the a-type transitions of cis-35ClC(O)OO relative to the b-
type transitions. The calculated rotational constants are Ae = 9899.3 MHz, Be = 2871.9 
MHz, and Ce = 2226.1 MHz for trans-35ClC(O)OO, indicating that the trans conformer 
is close to a prolate top molecule (A > B  C,  = 0.83). On the other hand, the 
rotational constants of cis-35ClC(O)OO are Ae = 5629.7 MHz, Be = 4406.7 MHz, and 
Ce = 2471.8 MHz and the geometry is close to an oblate top molecule (A  B > C,  = 
0.22). The fine and hyperfine parameters required to assign the lines observed in this 
experiment were calculated using the Gaussian 16 program package.17 The calculations 
were carried out at the B3LYP/aug-cc-pVTZ level of theory at the geometry optimized 
by the Molpro program package.16 

The molecular constants of 37ClC(O)OO were calculated using the same method 
as that of 35ClC(O)OO. It is important to properly scale the calculated molecular 
constants of the 37Cl isotopologues to obtain accurate predictions since the intensities 
of the spectral lines are a factor of three weaker than those for the 35Cl isotopologue 
due to their natural abundances. The magnetic hyperfine constants and the quadrupole 
coupling constants were scaled using the ratios of the magnetic moments and the 
quadrupole moments of 35Cl and 37Cl.18 The scaled parameters for 37ClC(O)OO are 
shown in Table 2.

Experimental Methods

The ClC(O)OO radical was investigated using FTMW spectroscopy, which has 
been described in detail previously.19 The operating frequency of the spectrometer is 
4–40 GHz. In brief , a gas mixture with 0.2% CCl4, 2% CO, and 2% O2 diluted in Ne 
was flowed into the cavity as a supersonic expansion through a pulsed-solenoid valve, 
and its rotational temperature was cooled down to nearly 2.5 K with a backing pressure 
of 3 atm. After the exit of the valve, the gas passed through two electrodes, separated 
by a boron nitride insulator, where the ClC(O)OO radical was generated by a pulsed 
electronic discharge (~1.2 kV). The discharge nozzle was located at the center of one 
of the Fabry-Perot cavity mirrors, where the outer electrode is exposed on the mirror 
surface. During the experiment, the pressure of the vacuum chamber was about 8  105 
Torr. The microwave pulse was sent into the cavity and polarized the radical through 
rotational electric resonances. The microwave pulse, generated by a primary 
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synthesizer (Rohde & Schwarz, SMB 100A, 1 – 40 GHz) was emitted into the cavity 
by an antenna located at the center of the mirror opposite to the discharge nozzle. 

In this setup, the jet propagates along parallel and anti-parallel components of the 
microwave standing wave field in the cavity, resulting in the Doppler doubling for a 
transition line as shown in Fig. 3. The free induction decay signal emitted from the 
polarized radical was detected by the same antenna emitting the polarizing microwave 
pulse. A duration of 0.3 μs was required for the microwave pulse to detect the trans-
ClC(O)OO radical. However, about 0.7 μs of duration was required to detect a-type 
transitions of the cis-ClC(O)OO radical because of its small μa. Three sets of Helmholtz 
coils were utilized in the experiments to compensate the Earth’s magnetic field avoiding 
the energy level splitting of open-shell species due to the Zeeman effect.

Analysis

The Hamiltonian, H = Hrot + Hcd + Hnsr + Hsr + Hhf + HQ, was used to analyze the 
transition frequencies of the ClC(O)OO radical. The Hrot denotes the rotational 
Hamiltonian. The Hsr, Hhf, and HQ denote the electron spin-rotation interaction term 
(αβ), the magnetic hyperfine term (aF and T), and the nuclear quadrupole coupling term 
(αβ), respectively. In addition to the fine and hyperfine interactions, minor corrections 
(magnitude in a few kHz) from the centrifugal distortion term, Hcd in Watson’s A-
reduced form (N, NK, K, N and K), and the nuclear spin-rotation interaction term, 
Hnsr (Cαα), were considered. 

For a non-linear molecule, the orbital angular momentum, L, is usually quenched, 
leaving the electron spin-rotation interaction, Hsr, the most pronounced factor for the 
fine structure. The Hund’s case (b) formula was used to analyze the fine structure. In 
this approximation, the total angular momentum, J, can be expressed as J = N + S, 
where N denotes the sum of the rotational angular momentum and the orbital angular 
momentum, and S denotes the electron spin angular momentum. The magnitude of the 
electron spin-rotation constants ranges from a few tens of MHz to hundreds of MHz. 

The interactions involving the nuclear spin angular momentum, I, result in the 
hyperfine structures. Due to the lack of the orbital angular momentum, we can ignore 
the interaction between L and I. On the other hand, the magnetic hyperfine interaction 
between S and I have to be considered and can be expressed as

𝐇ℎ𝑓 = 𝑎𝐹𝐈 ∙ 𝐒 + 𝐈 ∙ 𝐓 ∙ 𝐒,         𝐓 =
𝑇𝑎𝑎 𝑇𝑎𝑏 0
𝑇𝑏𝑎 𝑇𝑏𝑏 0

0 0 𝑇𝑐𝑐
,
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where T denotes a second-rank traceless tensor with three independent components for 
planar radicals, and aF is the Fermi contact interaction constant. The total angular 
momentum including the nuclear spin angular momentum, F, is written as F = J + I. 
For the ClC(O)OO radicals, S = 1/2 and I(Cl) = 3/2; thus, each rotational level splits 
into 8 fine and hyperfine levels for most of the cases.

Results

Tests of the Gas Mixture Recipes

To detect the ClC(O)OO transitions, we tried a few different recipes for optimizing 
the a-type transition lines of the ClCO radical.20 Initially, a gas mixture with 10% of O2 
(0.2% CCl4, 2% CO) was tested. We observed very strong signals of the ClOO radical 
and the ClCO signals were hardly detected. Although the Cl-CO bond energy 
(ΔHCl+CO(0K) = 28  3 kJ mol1)21 is larger than the Cl-OO bond energy (HCl+OO(0K) 
=19.6  0.42 kJ mol1)22 and the energy of ClC(O)OO is about 138 kJ mol1 lower than 
that of ClOO + CO, most of the Cl atoms react with O2 and the ClC(O)OO radical is 
hardly formed. We also tested the gas mixture of CCl4:CO:O2 = 0.3%:2%:1% in Ne. 
As expected, we observed stronger ClCO signals and much weaker ClOO signals. In 
addition, the ClC(O)OO signals were observed for this mixture. Eventually, the gas 
mixture of 0.3% of CCl4, 2% of CO, and 2% of O2 balanced with Ne to 10 atm was 
used to get the optimized ClC(O)OO signals.

Microwave Spectral Measurements

We first searched for the a-type transitions for the trans-ClC(O)OO radical. 
Usually, the prediction of the Ka = 0 a-type transitions is more accurate than other 
transitions since the B and C rotational constants contribute the most. The calculated Be 
and Ce rotational constants are slightly (~ some tens MHz) larger than the measured 
values because the vibrationally averaged bond lengths are longer than the equilibrium 
bond lengths. By assigning the a-type transitions, better estimations of the B and C 
rotational constants and improved predictions of the b-type transition frequencies were 
obtained. For the cis-ClC(O)OO radicals, b-type transitions were searched for first since 
the calculated dipole moment μa is small. In this case we had to scan a wider region to 
detect the lines of cis-ClC(O)OO.

Fig. 3 shows the a-type 404-303 transition of the trans-35ClC(O)OO radical. The 
observed fine and hyperfine patterns agreed with the predictions being observed at 
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transition frequencies roughly 70 MHz lower. Intensities were usually stronger using 
Ne as the carrier gas than the intensities using Ar. For example, the 404-303 transition of 
trans-35ClC(O)OO was too weak to be observed when Ar was used as a carrier gas.

For the cis-ClC(O)OO radical, one a-type transition and two b-type transitions 
were observed in the 22190 – 22230 GHz window as shown in Fig. 4. Intensities of the 
404-303 and 220-111 transitions have different responses to the duration of the polarizing 
microwave pulse since |b| is about a factor of six larger than |a|. The transitions were 
assigned by comparing the predicted hyperfine patterns and the power dependence of 
each line. The relative intensities of the 414-303 hyperfine components agreed with the 
predicted pattern. However, the absolute intensities were larger than the 220-111 
transition. This discrepancy was probably caused by the instability of the experimental 
conditions since they were observed on different days.

We observed a total of 14 a-type and 8 b-type transitions (123 hyperfine 
components) for trans-35ClC(O)OO, and 10 a-type and 6 b-type transitions (116 
hyperfine components) for cis-35ClC(O)OO. These sets of data allowed us to determine 
totals of 17 and 18 molecular constants for trans-35ClC(O)OO and cis-35ClC(O)OO, 
respectively, where a few centrifugal distortion and nuclear spin-rotation constants 
were fixed to the calculated values in the fitting.

The pure rotational transitions for 37ClC(O)OO were also searched for. The 
calculated rotational constants of 37ClC(O)OO were scaled, based on the ratio of the 
calculated and measured 35ClC(O)OO rotational constants, for predicting the initial 
hyperfine transition frequencies. The observed fine and hyperfine structures for both 
trans-37ClC(O)OO and cis-37ClC(O)OO were similar to 35ClC(O)OO as expected. The 
relative intensities for 35ClC(O)OO and 37ClC(O)OO followed the 3:1 natural 
abundance ratio of the chlorine atoms. Due to the small signal intensities, only 43 and 
57 hyperfine components were observed for trans-37ClC(O)OO and cis-37ClC(O)OO, 
respectively. The determined molecular constants are summarized in Table 1 and 
Table 2, and the observed transitions frequencies are summarized in Tables S1-S4.

Discussions

In this study, two conformers of the ClC(O)OO radical and their chlorine 
isotopologues were observed by detecting their pure rotational transitions in a 
supersonic expansion of a gas mixture containing CCl4, CO and O2 diluted in Ne, from 
a discharge nozzle. Both cis-ClC(O)OO and trans-ClC(O)OO conformers were 
observed with similar intensities. This observation agrees with the insights obtained 
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from the ab initio calculations. First, the energy barrier between the cis- and trans-
conformers is indeed about ten times larger than the thermal energy at 298 K, and, 
therefore, the interconversion is slow below the room temperature. Second, both 
conformers have similar stability since the energy of trans-35ClC(O)OO is only 2.65 kJ 
mol1 lower than the energy of cis-35ClC(O)OO. Although the rotational temperature in 
the jet is only about 2.5 K, the two conformers are produced at much higher temperature. 
Both of the conformers are thus produced almost equally, and the population ratio is 
preserved even when they are cooled in the supersonic expansion.

The Electron Spin-Rotation Constants

As shown in Fig. 5 calculations predict that the unpaired electrons of the two 
conformers occupy the out-of-plane pc orbital of the terminal oxygen with the 2A” 
electronic ground states. Since the electron spin-rotation interaction is a second order 
term, the perturbational approach by the second order correction indicates that the first 
excited state contributes the most. For both conformers, the first excited state 
corresponds to a transition of the beta electron from the in-plane p orbital to the out-of-
plane pc orbital, corresponding to the negative εaa as shown in Table 1.

For the trans-ClC(O)OO, the direction of the orbital angular momentum produced 
by the electron excitation is almost parallel to the a-axis, resulting in a large 
contribution to the a-axis components for the spin-rotation interaction. On the other 
hand, for cis-ClC(O)OO, the direction of the induced orbital angular momentum upon 
the excitation of the unpaired electron is almost parallel to the b-axis, resulting in a 
large absolute value for εbb. 

The Magnetic Hyperfine Constants

The magnetic hyperfine constants (aF and T) of the two conformers are small since 
the unpaired electron is mainly located on the terminal oxygen atom of the COO moiety 
where the spin density on the chlorine atom is smaller than 1%. The small negative 
Fermi contact constants of the chlorine nucleus in both conformers could be 
rationalized by the spin polarization effect of the Cl–C bond from the unpaired electron 
on the central carbon atom. This contrasts with the case of the ClSO radicals, where 
some amount of the unpaired electron distributed in the out-of-plane -orbital on 
chlorine and the spin polarization effect of the ClS sigma bond results in a small 
positive Fermi contact constant.12 
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For the dipolar interaction constants, a radical with an unpaired electron in the out-
of-plane π radical usually satisfies a ratio Taa:Tbb:Tcc = 2/5:2/5:4/5.23 However, both 
the trans- and cis-ClC(O)OO radicals do not follow this relation due to the very weak 
interaction between the unpaired electron on the terminal oxygen nucleus and the Cl 
nuclear spin. The experimental results indicates that the Fermi contact constants and 
the dipolar interaction constants satisfy the ratio of the magnetic moments of the two 
isotopes 0.82:0.6818 for the two conformers and their 37Cl isotopologues. 

Quadrupole Coupling Constants

The quadrupole coupling constants of the trans-35ClC(O)OO and 37ClC(O)OO 
radicals satisfy the ratio of the quadrupole moment of the two isotopes, 8.24:6.49,18 
while in the case of the cis-ClC(O)OO radical, the constants do not agree with this 
relation. This discrepancy is due to a small change of the molecular axes between the 
two chlorine isotopologues. For trans-ClC(O)OO, ab initio calculations showed that 
the angles between the a-axis and the Cl–C bond are 21.7°and 21.3° for the 35Cl and 
37Cl isotopologues, respectively. On the other hand, the angles for the cis-35ClC(O)OO 
and 37ClC(O)OO radicals are 54.8° and 50.8°. The 4° difference indicates that the 
quadrupole coupling constants projected to the two different molecular axes are quite 
different for the cis-ClC(O)OO isotopologues and direct comparison becomes 
meaningless. 

By diagonalizing the fitted quadrupole coupling tensor as shown in Table 3, the 
rotational angle of the quadrupole interaction tensor between the a-axis and the x-axis 
in the principal axis system of the tensor is 20.8° and 51.5° for trans-35ClC(O)OO and 
cis-35ClC(O)OO, which are close to the angles between the a-axis and the Cl–C bond. 
This suggests that the principal axes of the quadrupole interactions are directing almost 
toward the Cl–C bond. The values for the principal axis system are almost axially 
symmetric, i. e. χxx ≈ -2χyy ≈ -2χzz.23  Furthermore the ratios of the principal axis system 
values for the two isotopologues of cis-ClC(O)OO satisfy the expected ratio for the 
quadrupole moments.

Since the x-axis lies close to the Cl–C bond, the ionic character (ic) of the Cl–C 
bond can be calculated from xx as below.

𝑖𝑐 = 1 +
𝜒𝑥𝑥

𝑒𝑄𝑞𝑛10
,  𝑒𝑄𝑞𝑛10 = 109.74 MHz for 35Cl.

Where, 𝑒𝑄𝑞𝑛10 is the coupling constant of an atomic p electron in the orbital 𝜓𝑛10. The 
χxx of the trans-ClC(O)OO and cis-ClC(O)OO radicals are 72.39 and 73.78 MHz as 
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shown in Table 3. The ionic characters of the Cl–C bond are thus 0.34 and 0.33 for 
trans-35ClC(O)OO and cis-35ClC(O)OO, respectively, suggesting that the Cl–C bonds 
possess stronger covalent character in both conformers. 

Insights from the Molecular Geometry

With very good agreement between the experimental results and the theoretical 
predictions for the molecular constants, we believe that the calculated geometries of the 
two conformers of the ClC(O)OO radical are very close to the true values. The OO 
bond lengths of trans- and cis-35ClC(O)OO are 1.326 Å and 1.318 Å, respectively. 
These bond length are similar to the O–O bond length of the HOO radical (1.329 Å)24 
and lie between the bond lengths of O2 (1.208 Å) and H2O2 (1.475 Å),25 suggesting that 
the O–O bonds of the ClC(O)OO radicals have similar reactivity as those of typical 
peroxyl radicals. The C=O bond lengths are 1.174 Å and 1.178 Å for the trans-
ClC(O)OO and cis-ClC(O)OO conformers, respectively, which are close to the  C=O 
bond of Cl2CO (1.177 Å)26 This fact indicates that the unpaired electron barely occupies 
the CO moiety of the ClC(O)OO radicals and suggests that the CO moiety is not the 
reactive center toward other species.  Thus, it is possible to say the ClC(O)OO radical 
is a -ClCO derivative of the HOO radical.

Conclusions

Pure rotational spectra of both trans-ClC(O)OO and cis-ClC(O)O conformers, and 
their 35Cl/37Cl isotopologues were observed using an FTMW spectrometer under 
supersonic expansion. The observed fine and hyperfine splittings were well-assigned 
and the molecular constants, including the electron spin-rotation constants, the Fermi 
contact constant, the dipolar interaction constants, the quadrupole coupling constants 
and the centrifugal distortion constants were determined precisely. 

The electron spin-rotation constants and the hyperfine constants agree well with 
the molecular orbital picture that the unpaired electron mainly occupies the out-of-plane 
pc orbital of the terminal oxygen atom of the COO moiety with a small distribution to 
the adjacent oxygen atom, making the terminal oxygen atom the reactive center with 
other species.

We also found that the C=O bond lengths of ClC(O)OO are very close to that of 
phosgene, indicating the unpaired electron is localized on the terminal oxygen and has 
little effect on the ClC(O) moiety. Indeed, the Cl–C bonds in the ClC(O) moiety have 
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large covalent characters for both cis- and trans-conformers, suggesting that the ClC(O) 
moiety possesses a small reactivity with other species in the gas phase. However, the 
reactivity with alkaline species, e.g. NH3, could still be strong because alkaline species 
tend to donate the lone pair electron to the C=O  anti-bonding orbital, especially to the 
central carbon.

The hyperfine structures of the 35Cl/37Cl isotopologues of trans-ClC(O)OO are 
similar; the values are proportional to the ratios of the magnetic moment and the 
quadrupole moment of the 35Cl/37Cl nuclei. However, in the case of the isotopologues 
of cis -ClC(O)OO, clear differences have been observed for their quadrupole coupling 
constants, which was attributed to the difference of the angles between the principal 
axes of the quadrupole tensor and the inertia axes. 

Supporting Materials
The Supporting Material, which contains the transition frequencies and the assignments 
of all the observed transitions, is available free of charge at the journal website.
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Fig. 1. Schematic pictures of the two conformers, (left) trans-ClC(O)OO and (right) 
cis-ClC(O)OO. The geometries were optimized at RCCSD(T)-F12A/cc-pVTZ-f12 
with the cis-conformer about 2.65 kJ mol–1 higher than the trans- conformer with the 
zero-point energy corrections at RCCSD(T)/cc-pVTZ.
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Fig. 2. The Potential Energy Surface rotating the OCOO dihedral angle, ϕ(ClCOO), calculated 
at the RCCSD(T)/cc-pVTZ level of theory. The energy shown in the parenthesis was calculated 
at the RCCSD(T)-F12A/cc-pVTZ-f12 level of theory with the zero-point energy correction 
calculated at RCCSD(T)/cc-pVTZ.
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Fig. 3. Representative microwave spectrum of the 404-303 transition of the trans-
35ClC(O)OO radical. The upper panel shows the predicted fine and hyperfine 
structures. The lower panel shows the experimental spectrum. The predictions are very 
close to the experimental result with only the 70 MHz frequency difference. The two 
colored regions mark the splitting due to the electron spin-rotation interaction. In each 
region, four transitions were observed due to the hyperfine splitting. Each hyperfine 
component has a doublet line shape due to Doppler splitting.
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Fig. 4. The observed spectral pattern of the cis-35ClC(O)OO radical in the 22190–22230 
MHz region. The upward black sticks are the observed spectral lines. The downward 
sticks are the predictions of 404-303 (red), 220-111 (green) and 414-303 (blue) transitions.
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Fig. 5. The singly occupied molecular orbitals of each conformer in its electronic 
ground state and the first excited state. The geometries of the radicals were optimized 
using the Molpro program package at the RCCSD(T)-F12A/cc-p-VTZ-f12 level of 
theory.
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Table 1. Molecular constants of 35ClC(O)OO. (in MHz)
trans-35ClC(O)OO cis-35ClC(O)OO

Experimetal Theoreticala Experimetal Theoretical
|μa| / Debye 0.91 0.27
|μb| / Debye 1.13 1.83
|μc| / Debye 0.00 0.00
E / Hartree -723.16487 -723.16382

ΔE / kJ mol-1 0.00b 2.65
A 9845.42070(44) 9899.27 5620.75213(56) 5629.72
B 2864.08677(19) 2871.94 4383.39228(58) 4406.68
C 2217.79780(15) 2226.11 2461.93103(21) 2471.84

ΔN / 10-3 0.3843(15) 0.38 1.857(23) 3.11
ΔNK /10-3 1.073(36) 1.16 -3.916(87) -7.77
ΔK / 10-3 16.59c 16.59 4.94 4.94
δN / 10-3 0.0962(14) 0.097 0.795(11) -0.21
δK / 10-3 1.688 1.688 0.644(56) -5.00

εaa -943.0312(24) -628.33 -119.33402(88) -98.78
εbb -31.4980(14) -28.48 -315.08782(77) -214.60
εcc -0.90782(91) 1.26 -0.70265(57) 1.97
εab 48.6318(39) 26.60 126.509(18) 82.41

aF (Cl) -0.6353(25) -0.23 -1.46513(82) -1.49
Taa (Cl) -2.5957(43) -3.09 0.8961(14) 1.27
Tbb (Cl) -0.9539(33) -1.63 -0.0310(13) 0.09
Tab (Cl) -0.113(17) -0.38 -0.329(14) -0.29
χaa (Cl) -57.6002(70) -54.50 -0.0084(26) -0.089
χbb (Cl) 29.3558(65) 29.34 -27.1927(25) -24.26
χab (Cl) 38.64(14) 36.44 -58.626(51) -56.53

Caa (Cl) / 10-3 1.6 1.6 1.9 1.9
Cbb (Cl) / 10-3 1.3 1.3 1.3 1.3
Ccc (Cl) / 10-3 0.9 0.9 0.8 0.8

σfit / 10-3 2.5 2.0
aThe rotational constants were derived from the geometry calculated at the RCCSD(T)-f12a/cc-pVTZ-f12 level 
of theory.  Other parameters were calculated at the B3LYP/cc-pVTZ level of theory at the optimized structures 
calculated by the Molpro program.
bThe zero-point energies of the two conformers were corrected at the RCCSD(T)/cc-pVTZ level of theory by 
the Molpro program.
cThe values in parentheses denote one standard deviation of the fit and apply to the last digits. The values 
without uncertainty are kept fixed to those obtained theoretically.
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Table 2. Molecular constants of 37ClC(O)OO. (in MHz)
trans-37ClC(O)OO cis-37ClC(O)OO

Experimetal Scaleda Experimetal Scaled
A 9816.4384(15) 9814.05 5554.96351(73) 5554.45
B 2787.75518(16) 2787.11 4292.30194(33) 4290.57
C 2170.32793(30) 2169.77 2420.49990(38) 2419.89

ΔN / 10-3 0.3708(74) 0.36 1.934(18) 3.00
ΔNK /10-3 0.970(85) 1.07 -4.338(74) -7.53
ΔK / 10-3 16.79b 16.79 4.80 4.80
δN / 10-3 0.09 0.09 -0.22 -0.22
δK / 10-3 1.62 1.62 1.18(16) -4.71

εaa -941.6597(71) -941.17 -101.3454(23) -104.91
εbb -30.2644(22) -30.45 -321.3447(31) -320.76
εcc -0.8966(15) -0.88 -0.6934(10) -0.69
εab 45.219(61) 43.92 108.179(56) 108.77

aF (Cl) -0.5274(17) -0.56 -1.2228(41) -1.22
Taa (Cl) -2.1510(47) -2.15 -0.6992(52) 0.75
Tbb (Cl) -0.8023(55) -0.79 0.0132(31) -0.03
Tab (Cl) -0.12* -0.09 -0.429(61) -0.27
χaa (Cl) -45.822(11) -45.39 -5.7959(86) -0.01
χbb (Cl) 23.5516(77) 23.14 -15.6387(71) -21.43
χab (Cl) 30.49(38) 30.45 -47.23(17) 7.09

Caa (Cl) / 10-3 1.3 1.3 1.5 1.5
Cbb (Cl) / 10-3 1.0 1.0 1.1 1.1
Ccc (Cl) / 10-3 0.7 0.7 0.7 0.7

σfit / 10-3 1.5 1.9
aAll parameters were scaled with the experimental and calculated values of 35ClC(O)OO, and the ratios of the 
magnetic moments, and the quadrupole moments of the isotopes for the hyperfine constants.
bThe values in parentheses denote one standard deviation of the fit and apply to the last digits. The values 
without uncertainty are kept fixed to those obtained theoretically.
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Table 3. Inertial axis and principal axis values of T and 𝜒 tensors of ClC(O)OO. (in 
MHz)

trans-35ClC(O)OO trans-37ClC(O)OO cis-35ClC(O)OO cis-37ClC(O)OO

aF(Cl) -0.64 -0.53 -1.46 -1.22

Taa(Cl) -2.60 -2.15 0.90 -0.70

Tbb(Cl) -0.95 -0.80 -0.03 0.01

Tab(Cl) -0.11 -0.12 -0.33 -0.43

θT
a/degree 3.80 5.04 17.68 25.23

Txx(Cl) -2.61 -2.16 -0.14 0.90

Tyy(Cl) -0.94 -0.79 1.01 0.21

Tzz(Cl) 3.55 2.95 -0.87 -1.11

𝜒aa(Cl) -57.60 -45.82 -0.01 -5.80

𝜒bb(Cl) 29.36 23.55 -27.19 -15.64

𝜒ab(Cl) 38.64 30.49 -58.63 -47.23

θχ
b/degree 20.81 20.66 51.53 47.97

𝜒xx(Cl) -72.39 -57.32 -73.78 -58.21

𝜒yy(Cl) 44.05 35.05 46.58 36.77

𝜒zz(Cl) 28.24 22.27 27.2 21.44
aThe rotation angle from Taa to Txx, in degree.
bThe rotation angle from χaa to χxx, in degree.
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