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A B S T R A C T   

The high-resolution rotational spectrum of chlorosulfonic acid (ClSO2OH) has been studied using both broad
band and cavity-based Fourier transform microwave spectrometers over the frequency range of 5–18 GHz. a-, b-, 
and c-type transitions have been recorded for both the 35Cl and 37Cl isotopologues. The observation of c-type 
lines establishes that the molecule lacks a plane of symmetry and suggests that the OH group can undergo large 
amplitude motion between equivalent structures. Interconversion between these structures can be achieved via 
internal rotation through two inequivalent barriers occurring at Cl-S-O-H torsional angles of 0 or 180 degrees. As 
in previous work on triflic and methanesulfonic acids, two states are observed and are treated as tunneling states 
which are presumed to arise primarily due to motion through the lower of the two barriers. The a- and c-type 
transitions occur within each of these states while the b-type transitions cross between them. Rotational, cen
trifugal distortion, and chlorine nuclear quadrupole coupling constants, as well as the energy difference between 
the two tunneling states and associated coupling constants, have been determined. The experimental tunneling 
energies, ΔE, for the 35Cl and 37Cl isotopologues are 52.6926(16) MHz and 52.6397(46) MHz, respectively. 
Quantum chemical calculations were carried out using MP2 and B3LYP density functional theory (DFT) methods 
with an aug-cc-pVTZ basis set. The rotational constants from the optimized structures were in good agreement 
with the experimental values. The lowest energy barrier for OH motion was calculated to be 2.63 kcal/mol at the 
B3LYP/aug-cc-pVTZ level. The effects of the large amplitude motion are similar to those recently reported for 
triflic acid (CF3SO2OH) and methanesulfonic acid (CH3SO2OH). However, while the tunneling splittings in 
chlorosulfonic and triflic acids are virtually identical, they differ significantly from that of methanesulfonic acid.   

1. Introduction 

Chlorosulfonic acid (ClSO2OH) is a superacid that is commonly used 
in a variety of reactions such as sulfonation, esterification, and dehy
dration. Industrially, it finds application in the synthesis of sulfonic acid 
derivatives and is widely used in the production of detergents, dyes, and 
pharmaceuticals. Reyes et al. [1], Lane and Kjaergaard [2], and Gupta et 
al. [3] have performed calculations on OH-stretching overtone-induced 
photodissociation, while Li et al. [4] have reported a computational 
study on the ionic dissociation of the acid in micro-solvated clusters. The 
infrared spectrum has been recorded [5], and Badawi [6] has presented 
a complete vibrational analysis based on computed frequencies. The 
deprotonation energy has also been calculated by ab initio methods [7]. 
Experimentally, Canagaratna et al. [8] have reported the microwave 
spectrum of the weakly bound complex HCl⋅SO3, which is the van der 

Waals isomer of ClSO2OH. 
In this work, we report a combined theoretical and rotational spec

troscopic study of the 35Cl and 37Cl isotopologues of chlorosulfonic acid. 
The acid is structurally similar to triflic [9] and methanesulfonic [10] 
acids, which have been previously studied by microwave techniques. 
Since the OH hydrogen does not lie on any symmetry plane, a particu
larly interesting feature of all of these systems is the torsional motion of 
the OH moiety. The resulting splittings (treated as tunneling splittings) 
have been measured for CF3SO2OH, CF3SO2OD, and CH3SO2OD, though 
that for CH3SO2OH has only been estimated, as it was likely outside the 
range of the spectrometer used in those studies. In this paper, the 
analogous tunneling splittings are measured for both 35ClSO2OH and 
37ClSO2OH, and complementary computational work investigating the 
tunneling path and the barrier to the hydroxyl large amplitude motion is 
reported. To the best of our knowledge, this study represents the first 
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report of a high-resolution spectroscopic investigation of this species. 

1.1. Computational methods and results 

Density functional theory and MP2 calculations were carried out by 
the Gaussian 16 program [11] using the cluster computers from the 
Texas Advanced Computing Center (TACC) to determine the confor
mations and structural parameters of chlorosulfonic acid. The B3LYP 
(Becke’s three-parameter hybrid functional using the LYP correlation 
functional) method [12,13] was implemented with the aug-cc-pVTZ 
basis set [14] to scan the dihedral angles of τ(Cl4-S1-O5-H6) for 36 
steps at 10◦ per step, to identify the stable configurations. See Fig. 1 for 
atom numbering and for the structure obtained after full optimization. 
The result of the potential energy scan at the B3LYP/aug-cc-pVTZ level 
is given in Fig. 2 where it may be seen that the calculated equilibrium 
values of τ are ± 86 deg. The two energetically equivalent forms have 
identical rotational constants and are obtained when the hydroxyl group 
is oriented roughly parallel to the S1=O2 or S1=O3 bond. A rotation of 
OH around the S1-O5 bond allows the interconversion between these 
two structures. After further optimization, the calculated energy barriers 
to this interconversion are at τ = 180◦ 2.63 kcal/mol (DFT) and 2.67 
kcal/mol (MP2) and, with the zero-point energy correction, 2.10 kcal/ 
mol (DFT) and 2.13 kcal/mol (MP2). At τ = 0◦, they are 3.12 kcal/mol 
(DFT) and 3.52 kcal/mol (MP2) and after zero-point energy correction, 
2.59 kcal/mol (DFT) and 2.97 kcal/mol (MP2). Thus, in cm−1, the lower 
barrier is in the 920–934 cm−1 range (735–745 cm−1 with zero-point 

corrections) and the higher barrier is in the 1090–1230 cm−1 range 
(906–1040 cm−1 with zero-point corrections). The calculated rotational 
constants, dipole moment components (μg, g = a, b, c), and nuclear 
quadrupole coupling constants at the optimized geometry of the 35Cl 
isotopologue are summarized in Table 1. 

1.2. Experimental methods and results 

Spectra were taken using a tandem cavity [15] and chirped-pulse 
[16] Fourier transform microwave spectrometer, details of which have 
been provided in prior publications [17,18]. Chlorosulfonic acid (Sigma 
Aldrich, 99 %) was placed in a reservoir and heated to approximately 
80 ◦C. The vapor was entrained in a flowing stream of argon at 0.5 atm 
and passed into a 0.016 in. inner diameter needle, as described else
where [19]. The outlet of the needle was positioned just below the 
nozzle orifice and bent to direct the flow along the axis of a pulsed argon 
expansion with the stagnation pressure held at ~ 1.1 atm. Due to the 
corrosive nature of chlorosulfonic acid, all metal surfaces in contact with 
liquid or vapor were made of 316 stainless steel. A 6–18 GHz chirped- 
pulse spectrum was collected in 3 GHz segments, with each segment 
the average of between 170,000 and 900,000 free induction decay (FID) 
signals, and each FID collected for 20 μs. Constants obtained from 
preliminary fits of the resulting spectrum enabled subsequent cavity 
measurements which targeted weaker transitions. Both 35Cl and 37Cl 
species were observed in natural abundance. Uncertainties in the 
measured transition frequencies are estimated to be 3 kHz and 15 kHz 

Fig. 1. Calculated geometry of chlorosulfonic acid at the MP2/aug-cc-pVTZ level of theory with atom labeling. This structure is one of two energetically equivalent 
configurations, the other having H6 pointed toward the right. 
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for the cavity measurements and the chirped-pulse system, respectively. 
Representative cavity spectra are shown in Fig. 3. 

The calculated dipole moment of the molecule has non-zero com
ponents along each of the inertial axes and thus, a-, b-, and c-type spectra 
were observable. The a-, and c-type transitions appeared as closely 
spaced pairs and were, therefore, assigned as occurring within tunneling 
states, while the b-type transitions were significantly displaced from 
their rigid rotor values and were assigned as crossing between them. The 
separation of 109 MHz for the strongest hyperfine component of the 111 
← 000 transition is approximately twice the value of the tunneling 
splitting, ΔE. The b-type and c-type transitions were relatively strong and 
a-type transitions were relatively weak, in agreement with the calcu
lated dipole moment components listed in Table 1. 

The following Hamiltonian was used to treat the observed spectrum: 

Fig. 2. The DFT potential energy scan at 10◦ intervals along Cl4-S1-O5-H6 dihedral angle for chlorosulfonic acid. Potential energy is given in kcal/mol and the 
dihedral angle is in degrees. The 2.6 kcal/mol barrier corresponding to rotation away from the S-Cl bond are seen at the far left and the far right. Rotation toward the 
S-Cl bond, through τ = 0, has a slightly higher barrier. Since the potential energy maxima do not exactly correspond to any of the dihedral angles of the grid, 
transition state energies were further optimized to give the numbers cited in the text. 

Table 1 
Calculated spectroscopic constants of chlorosulfonic acid at the B3LYP/aug-cc- 
pVTZ and MP2/aug-cc-pVTZ levels of theory.  

Parameters B3LYP/ aug-cc-pVTZ MP2/ aug-cc-pVTZ 

A (MHz)  4907.12  4928.69 
B (MHz)  2746.35  2824.43 
C (MHz)  2727.35  2795.87 
μa (Debye)  0.58  0.69 
μb (Debye)  2.21  1.88 
μc (Debye)  1.6  1.95 
χaa (MHz)  −72.84  −67.22 
(χbb – χcc) (MHz)  0.998  2.15  

Fig. 3. A sample spectrum of 35Cl chlorosulfonic acid. This spectrum is the result of stitching together several scans taken on the cavity spectrometer.  
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H =
∑1

n=0

[
H(n)

ROT + H(n)

CD + H(n)

NQC + δn,1ΔE
]

+ HINT (1)  

where HROT and HCD are the rigid rotor and centrifugal distortion 
Hamiltonians, respectively, and n = 0 and 1 for the two tunneling states, 
designated 0+ and 0-, respectively. HNQC is the Hamiltonian for the nu
clear quadrupole coupling for the I = 3/2 35Cl or 37Cl nucleus, δn,1 is the 
Kronecker delta, and ΔE is the energy separation between the tunneling 
states. The Watson-A reduced Hamiltonian in the Ir representation [20] 
was used for the centrifugal distortion terms. HINT, which is the 
Hamiltonian describing the interaction between the 0+ and 0- states, 
accounts for Coriolis coupling [21,22]. The following form was used: 

HINT = Fbc(PbPc + PcPb) + GaPa (2)  

In principle, both terms have the correct symmetry but it is unknown a 
priori whether one or the other or both are necessary to fit the observed 
data. After numerous attempts to determine the best form of HINT, it was 
found necessary to retain both terms in order to obtain an acceptable fit. 
It is noteworthy that in the case of triflic acid, the parent form could be 
fit using only the Fbc term while the deuterated form required only the Ga 
term [9]. This difference was attributed to the different selection rules 
for the matrix elements of (PbPc + PcPb) and Pa which, therefore, render 
the different operators best able to describe the strongest couplings that 
manifest in the spectrum. Evidentially, given the pairs of levels that 
interact in chlorosulfonic acid, the use of both terms provides the best 
description. Indeed, with only the Fbc term, the fits for the 35Cl iso
topologue achieved an rms residual of 50 kHz, which dropped to 10.7 
kHz after adding the GaPa term and its K-dependent correction, GK

a K2). 
Fits were performed using Pickett’s SPFIT program [23,24]. In total, 

215 hyperfine components between 5 and 18 GHz were included for the 
35Cl species and the fitted constants are summarized in Table 2. The rms 
error is seen to be 10.7 kHz, which is comparable to the frequency ac
curacy of the chirped-pulse spectrum. It is interesting to note that in the 
analysis of deuterated triflic acid, the fitted values of ΔK for the two 
tunneling states were of approximately equal magnitude but opposite 
signs. This is also the case for chlorosulfonic acid, and may result from 
some additional untreated interaction absorbed in these constants 
and/or neglect of the full 360 degree internal rotation through both 
potential energy barriers. Spectral frequencies, their assignments, and 
residuals from the least squares fits are given in the Supplementary 
Material. 

For the 37Cl isotopologue, a total of 76 hyperfine components be
tween 5 and 15 GHz were assigned and fit. Due to lower intensities, 
fewer hyperfine components were measured and two of the centrifugal 
distortion constants, ΔJK and ΔK, were not determinable from the data. 
Thus, they were constrained to their 35Cl values in the fit. The resulting 

spectroscopic parameters are listed in Table 3 and a table of the 
observed frequencies, assignments, and residuals is given in the Sup
plementary Material. Assuming identical electric field gradients around 
the 35Cl and 37Cl nuclei and the same location of the a-, b-, and c-inertial 
axes, the ratio of their nuclear quadrupole coupling constants should 
equal the nuclear quadrupole moment ratio of 35Cl and 37Cl. Indeed, the 
ratio of the fitted values of χaa is 1.268624(79), which agrees well with 
the literature value of 1.26878(15) [25]. For (χbb– χcc), the ratio is 
1.2751(34), which slightly outside the experimental uncertainties, but 
still acceptable given the rotation of the inertial axes upon substitution. 

2. Discussion 

The theoretical rotational constants for 35ClSO2OH are in good 
agreement with experiment, with the MP2 values within 2.8 % of the 
observed values. The B3LYP results are slightly worse, but still accept
able, with the calculated constants within 5 % of those observed. In 
making these comparisons, it should be noted that the calculated 
structural parameters reflect the equilibrium structure, whereas the 
experimental parameters correspond to the vibrationally averaged 
structure of the ground vibrational state. Interestingly, the B3LYP cal
culations show better agreement with experimental χaa, which is within 
0.3 % of the observed value (compared with the MP2 result which is only 
within 7.5 % of the measured value). The calculated values of (χbb − χcc) 
are significantly worse, with percent errors of 75 % and 46 % for the 
B3LYP and MP2 calculations, respectively. However, this may not be too 
surprising inasmuch as the values themselves are small and thus small 
absolute errors manifest as large percent errors. 

The results of this study show that chlorosulfonic acid is remarkably 
similar to triflic acid. The measured tunneling splittings are virtually 
identical, 52.6926(16) MHz and 52.96784(65) MHz for 35Cl32SO3H and 
CF3

32SO3H, respectively. The barrier interconnecting the two equivalent 
minima are also virtually identical, 2.6 and 2.8 kcal/mol for chlor
osulfonic and triflic acids, respectively. (We note however that slightly 
different methods were used to obtain these results: B3LYP/aug-cc-pVTZ 
for chlorosulfonic acid and M06-2X/6–311++G(3df,3pd) for triflic 
acid). In both systems, the b-type transitions cross between tunneling 
states. While, at first, this latter point may not seem surprising, the se
lection rules for the triflic acid spectrum were observed to change upon 
deuteration such that it was the c-type transitions that crossed between 
the tunneling states. This effect was attributed to subtle changes in the 
vibrationally averaged geometry upon deuterium substitution which 
gave rise to a switching of the definitions of the b- and c-inertial axes [9]. 
Thus, in this light, the exact parallel between the selection rules in 
chlorosulfonic and triflic acids seems not guaranteed, though it 

Table 2 
Experimental spectroscopic constants from the combined fit of the 0+ and 0- 

states for 35ClSO2OH.   

0+ 0- 

A (MHz) 5069.493(16) 5066.031(16) 
B (MHz) 2876.939(19) 2876.940(20) 
C (MHz) 2871.273(19) 2871.269(20) 
ΔJ (kHz) 0.536(49) 0.703(45) 
ΔJK (kHz) 2.31(28) 1.82(29) 
ΔK (kHz) 8.6(26) −12.0(21) 
χaa (MHz) −72.6350(27) −72.6399(25) 
(χbb – χcc) (MHz) 3.9856(68) 3.9788(52) 
ΔE (MHz) 52.6926(16) 
|Fbc|(MHz) 11.5273(48) 
|Ga| (MHz) 9.545(45) 
GK

a (MHz) −0.1845(47) 
Na 215 
σb (kHz) 10.7  

a Total number of transitions used in the fit. 
b Standard deviation of the fit. 

Table 3 
Experimental spectroscopic constants from the combined fit of the 0+ and 0- 

states for 37ClSO2OH.   

0+ 0- 

A (MHz) 5069.428(33) 5066.072(33) 
B (MHz) 2800.188(39) 2800.194(39) 
C (MHz) 2794.719(39) 2794.709(39) 
ΔJ (kHz) 0.68(14) 0.502(26) 
ΔJK (kHz) [2.31] c [1.82] c 

ΔK (kHz) [8.6] c [-12.0] c 

χaa (MHz) −57.2549(29) −57.2587(35) 
(χbb – χcc) (MHz) 3.1256(64) 3.112(10) 
ΔE (MHz) 52.6397(46) 
|Fbc|(MHz) 10.9044(99) 
|Ga| (MHz) 9.392(92) 
GK

a (MHz) −0.1748(53) 
Na 76 
σb (kHz) 10.4  

a Total number of transitions used in the fit. 
b Standard deviation of the fit. 
c Fixed at the corresponding values from 35Cl isotopologue fit. 
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apparently holds true. It would be interesting to know if it is the c-type 
transitions that cross between tunneling states in the ClSO2OD spectrum. 
Note that, as in the cases of triflic and methanesulfonic acids, the 
chlorosulfonic acid spectrum is treated here as a tunneling problem 
between two equivalent minima in which (presumably) only the lower 
of the two barriers in Fig. 2 is relevant. This approach has been quite 
successful in all three cases, but we note that it is possible that the 
spectra could be alternatively treated as an internal rotation problem 
involving a full 360 degree rotation through two inequivalent potential 
barriers. In light of the overall success of the tunneling approach, 
however, this possibility has not been pursued. 

In contrast with the similarities between chlorosulfonic and triflic 
acids, the substitution of Cl or CF3 with a CH3 group produces dramatic 
changes. The barrier to the torsional motion in methanesulfonic acid has 
been calculated to be only ~ 0.7 kcal/mol (245 cm−1) [10], and the 
tunneling splitting is, correspondingly, much larger. Indeed, the energy 
separation between the tunneling states for the CH3SO2OH has been 
estimated to be ~ 150 GHz [2] and was, therefore, too large to measure 
in previously reported microwave work [10]. The tunneling splitting for 
the OD species, however, was within the range of the spectrometer and 
was determined to be 6471.9274(18) MHz. Thus, it is safe to expect that 
the value for the OH form is much higher than that. Clearly, the 53 MHz 
tunneling splitting observed for both chlorosulfonic and triflic acids is 
extremely small in comparison. While Cl and CF3 are both electron 
withdrawing, the CH3 group is electron donating and this, evidently, has 
a profound effect on the torsional energy barrier and OH torsional 
frequency. 

3. Conclusions 

In this work, the first combined theoretical and high-resolution 
spectroscopic study on chlorosulfonic acid (ClSO2OH) has been con
ducted. Torsional motion of the OH group about the S-O bond in a 
double minimum potential results in the observation of a pair of 
tunneling states for both 35Cl and 37Cl isotopologues. Of the observed 
transitions, a-, and c-type transitions are within each of the tunneling 
states, while the b-type transitions cross between them. The lowest 
barrier height to this motion was calculated to be 2.63 kcal/mol (920 
cm−1) at the B3LYP/aug-cc-pVTZ level of theory and is surmounted 
along a path in which the O-H group rotates through a configuration in 
which the O-H bond is anti to the S-Cl bond. The experimentally deter
mined tunneling energies, ΔE, for the 35Cl and 37Cl isotopologues are 
52.6926(16) MHz and 52.6397(46) MHz, respectively. These values are 
nearly identical to those for triflic acid but strikingly different from those 
of methanesulfonic acid. Taken together, the results for chlorosulfonic, 
triflic, and methanesulfonic acids provide good benchmarks for calcu
lations aimed at predicting these tunneling splittings. 
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