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ABSTRACT: Spectra of methanesulfonic acid (CH;SO;H, MSA) and its
complex with water have been studied by microwave spectroscopy and
density functional theory calculations. For the monomer, spectra were
obtained for both the parent and —OD isotopologues and, in each case,
revealed a pair of tunneling states that are attributed to large amplitude
motion of the hydroxyl hydrogen about the S—O(H) bond. Transitions
crossing between tunneling states were not found in the parent spectrum and
are estimated to be outside the range of the spectrometer, thus precluding the
direct determination of the tunneling energy. For the —OD form, however,
the tunneling energy was determined to be AE = 6471.9274(18) MHz from
direct measurement of the cross-state c-type transitions. In its complex with
water, the acidic hydrogen of the MSA forms a hydrogen bond with the water
oxygen. A secondary hydrogen bond involving the water hydrogen and an
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SO; oxygen completes a six-membered ring, forming a cyclic structure typical of hydrated oxyacids. No evidence of internal motion
was observed. Rotational spectra of the CH3;SO;H:--D,0 and CH;SO;D---D,0 isotopologues were also obtained and analyzed.
Comparison with theoretical calculations confirms the cyclic structure, though the orientation of the unbound water hydrogen is

ambiguous.

Bl INTRODUCTION

The role of methanesulfonic acid (CH;SO;H, MSA) in the
atmosphere has been a subject of continued interest because it
is one of the stable products resultin$ from the oxidation of
dimethyl sulfide emitted from oceans.' > Consequently, MSA
(or CH;S8057) is a common component found in marine
aerosols’~” and also has a measurable concentration in the gas
phase.'”"" Recently, experimental and theoretical studies have
examined the potential of MSA to not only enhance growth of
pre-existing mixed clusters of sulfuric acid, amines, and H,O
but also initiate new particle formation as well."”~"”

MSA has been characterized by many spectroscopic
techniques. Vibrational spectra have been reported for the
monomer in the liquid and vapor phases,lg_21 at the air—water
interface,””** and in an argon matrix for both the monomer
and its water complex.”” Cavity ring-down spectroscopy has
also been used to record the vapor-phase —OH overtone
spectrum of the free acid.”

Fundamental interest in MSA stems from its similarity to the
superacid, triflic acid (CF;SO3H). Microwave spectra of triflic
acid and its —OD isotopologue have been reported”® and
reveal a tunneling motion arising from the wagging of the
—OH(D) moiety between two equivalent minima on either
side of a C; symmetric transition state. The hydrates of triflic
acid, CF;SO;H-(H,0),_,_5° " as well as its complex with
trimethylamine,”® have also been investigated by microwave
techniques. These studies have shown that triflic acid
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undergoes proton transfer when complexed with only one
trimethylamine molecule but requires three water molecules to
realize proton transfer in a cold molecular complex. MSA,
though still a strong acid with a pK, of —1.9, is weaker than
triflic acid, whose pK, is —5.90.”” Thus, a comparison of triflic
acid with MSA provides an opportunity to explore the
differences in both the internal dynamics and the propensity
for proton transfer that arise from the replacement of the
electron-withdrawing CF; with the electron-donating CHj.

In this work, we report the microwave spectra of MSA and
its complex with one water molecule. In addition to the parent
species, spectra are also reported for the CH,;SO;D,
CH;SO;H---D,0, and CH;SO;D--D,O isotopologues. The
experimental work is supplemented by computations that help
to elucidate the tunneling path and barrier for hydroxyl torsion
in the monomer, as well as to aid in the structural

interpretation of the observed spectra of the monohydrate.
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B COMPUTATIONAL METHODS

Methanesulfonic Acid Monomer. The minimum energy
structure of methanesulfonic acid was optimized at the M06-
2X/6-311++G(3df,3pd) level of theory using the Gaussian16
suite of programs.’’ The resulting structure is shown in Figure

1. The hydroxyl group is closely aligned with the S1=06
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Figure 1. Computed structure of methanesulfonic acid in its
minimum energy configuration calculated at the M06-2X/6-311+
+G(3df,3pd) level of theory. The a-, b-, and c-axes are the principal
axes of the inertial tensor of the parent isotopologue.

bond, with a O6—S—08—H9 dihedral angle of only 4.5°. An
equivalent minimum energy geometry is found when the —OH
is instead aligned with the S1=O7 bond. Predicted
spectroscopic constants and dipole moment components are
given in Table 1. Cartesian coordinates for this and all
calculated structures reported in this work are given in the
Supporting Information.

Table 1. Theoretical Constants for Methanesulfonic Acid”

CH,SO;H CH,SO;D
A [MHz] 4940.1 4851.0
B [MHz] 4607.9 4505.1
C [MHz] 4516.5 4363.6
lu,| [D] 2.0 1.1
luyl [D] 3.1 3.7
luJ [D] 1.1 0.4
Yaa [MHz] 0.0708
b — Xee [MHz] —0.0750

“Obtained from M06-2X/6-311++G(3df,3pd) calculations.

A scan of the potential energy along the C—S—O-H
dihedral angle is shown in Figure 2 where it can be seen that
two distinct barriers separate the equivalent potential energy
minima. Two C, symmetric transition-state structures (both
with p_ = 0 D) were located, one in which the O—H is oriented
in a syn configuration relative to the S—C bond (0/360°) and
one in an anti configuration (180°). The transition-state
structure with the —OH in the syn orientation was calculated
to be 6.27 kcal mol™" (5.87 kcal mol™ with zero-point energy
(ZPE) corrections) above the minimum energy structure,
while that with the —OH oriented anti was only 0.69 kcal
mol™ (0.33 kcal mol™ with ZPE corrections) above the
minimum. The latter is virtually identical to the 0.71 kcal
mol™! barrier calculated by Lane et al. at the B3LYP/aug-cc-
pV(T+d)Z level of theory.”> Additionally, a transition state
corresponding to the internal rotation of the methyl group was
located after imposing a 60° rotation of the CH; from its
minimum energy orientation and optimizing the resulting
structure to a transition state. The optimized energy in this
case was 2.73 kcal mol™ (955 cm™) above that of the

minimum energy structure and this value is taken to be the
predicted V; internal rotation barrier of the methyl group.

Methanesulfonic Acid—Water. Extensive theoretical
work on hydrated clusters containing methanesulfonic acid
has been previously presented.'”**’'™*> The two lowest-
energy structures of the monohydrate have been recalculated
here to obtain information directly relevant to rotational
spectroscopy, though we note that the structural and energetic
results are generally in good agreement with the literature. As
above, calculations were performed at the M06-2X/6-311+
+G(3df,3pd) level of theory and the results are shown in
Figure 3. The lowest-lying structures display the typical®®
formation of a hydrogen-bonded ring, with a primary hydrogen
bond formed between the —OH hydrogen of MSA and water
oxygen, and a secondary hydrogen bond formed between a
water hydrogen and a S=O oxygen. As may be seen in the
figure, the two structures are very similar, differing mainly in
the orientation of the unbound H,0 hydrogen. In structure A,
the unbound hydrogen is oriented away from CHj;, while in
structure B it is tilted toward CH;. Structure A is the lower-
energy form by 0.68 kcal mol™" (0.61 kcal mol™" with ZPE
corrections) and is also consistently predicted to be the global
minimum energy structure from other levels of theory reported
in previous works noted above. At the level of theory employed
here, structure A lies 13.8 kcal mol™ (11.4 kcal mol™" with
ZPE corrections) below the sum of the free monomer energies
while structure B is only 13.1 kcal mol™" lower in energy (10.8
kcal mol ™" with ZPE corrections). The barrier to methyl group
internal rotation was calculated for both conformers as
described above for the monomer, with values of V3 = 1000
and 984 cm™! predicted for A and B, respectively. The relative
energies of the two conformers and their predicted
spectroscopic constants are summarized in Table 2.

Although the two conformers of the water complex differ in
energy by almost 0.7 kcal mol™', the hydrogen-bonded rings
themselves are very similar, consistent with previous
calculations. Using the atom numbering in Figure 3, the
hydrogen-bond interactions in the primary O8—H9---O10
hydrogen bond are almost identical, with values of 1.661 and
1.656 A for structures A and B, respectively. Likewise, for the
secondary hydrogen bond (O6---H12—010), the interaction
distances are 2.013 and 2.027 A. Slight differences in angles
accompany the change in conformation, but the two ring
structures are, for all practical purposes, the same.

B EXPERIMENTAL SECTION

Spectra of the MSA monomer were recorded in an initial series
of experiments, and spectra of the MSA—H,O complex were
subsequently obtained after adding water to the expansion and
applying some minor adjustments of experimental conditions.
Spectra were taken using a tandem cavity and chirped-pulse
Fourier transform microwave spectrometer, details of which
have been described previously.””** For both the monomer
and the complex, a small sample (~2 mL) of liquid
methanesulfonic acid (Sigma-Aldrich, 99.5%) was heated to
90—100 °C in a stainless steel reservoir to produce sufficient
vapor pressure to observe signal in the broadband spectrum.
The reservoir was located only a few inches upstream of the
nozzle in order to reduce the amount of gas line needed to be
heated and passivated. A continuous stream of 0.5 atm argon
was flowed over the liquid to entrain the vapor, whereupon it
was injected into a supersonic argon expansion about 5 mm
downstream from the nozzle orifice. The injection was
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Figure 2. Potential energy scan of the methanesulfonic acid C—S—O—H dihedral angle in 2° increments from M06-2X/6-311++G(3df,3pd)
calculations. The smallest barrier is 0.7 kcal mol™" and occurs when the hydroxyl hydrogen is oriented anti (180°) with respect to the S—C bond.
When the hydroxyl hydrogen is oriented syn (0/360°) with respect to the S—C bond, the barrier is 6.3 kcal mol™". Equivalent structures lie at the

potential minima at 110 and 250°.
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Figure 3. Two lowest-lying minimum energy structures of
CH,SO;H-H,0 from MO06-2X/6-311++G(3df,3pd) calculations
shown from (a) the front and (b) the top view of the complexes.
Structure A is predicted to be the global minimum, lying 0.68 kcal
mol™" (0.61 keal mol™" with zero-point corrections) lower in energy
than structure B.

accomplished through a 0.020 in. inner diameter hypodermic
needle, as described previously.” It was found necessary to use
a hypodermic needle made from 316 stainless steel (rather
than 304 stainless steel) to reduce corrosion and clogging. The
expansion itself was created by pulsing argon through the
0.8 mm orifice of a stainless steel cone nozzle at a stagnation
pressure of 1 atm. Spectra for CH;SO;D were observed by
passing 1 atm argon through liquid D,O (Cambridge Isotope
Laboratories, 99.9%) and creating CH;SO;D in situ from on-

Table 2. Theoretical Constants of the Two Lowest-Energy
Conformers of CH,SO,H—H,0""

CH,SO,H---H,0

A B
A [MHz] 4683.2 4725.8
B [MHz] 1896.1 1872.0
C [MHz] 1850.3 1833.9
) [D] 22 17
| [D] 23 47
luJ [D] 0.3 0.02
V, [em™1¢ 1000 984
rel. energy [keal mol™] -13.8 -13.1
rel. energy + ZPE [kcal mol™] —114 —-10.8

“Calculated at the M06-2X/6-311++G(3df,3pd) level of theory.
Complex energies are relative to the sum of the free monomer
energies. ZPE stands for zero-point energy. bThe predicted
equilibrium structures are shown in Figure 3. “Methyl group internal
rotation barrier.

the-fly H/D exchange between the CH;SO;H/D,0O vapors in
the supersonic jet.

For CH;SO;H:---H,O spectra, MSA was introduced under
the same conditions as described above for the monomer
except that a hypodermic needle with a 0.016 in. inner
diameter was found to optimize the signal of the complex
(instead of the 0.020 in. inner diameter needle used for the
monomer studies). H,O was introduced in the expansion by
bubbling argon through a reservoir of liquid water at a
stagnation pressure of about 1.3 atm and pulsing the Ar/H,O
gas mixture through the same nozzle described above. Spectra
for CH;SO;H--D,0 and CH;SO;D---D,O were collected by
seeding the argon with D,O instead of H,O. Observed
transition frequencies and assignments for both the monomer
and the monohydrate are provided in the Supporting
Information.
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B RESULTS

Methanesulfonic Acid Monomer. Chirped-pulse spectra
of MSA in argon were collected in 3 GHz segments between 6
and 18 GHz, with free-induction decay (FID) signals recorded
for 20 us. Each 3 GHz segment was the result of averaging
between 100,000 and 500,000 FIDs. Higher frequencies in the
18.4—21.4 GHz frequency range were also accessed using the
upper sideband mixing of the 3 GHz sweep with 18.2 GHz
(where the lower sideband mixing of the broadband sweep is
used to generate the 15—18 GHz spectrum). The simulated
semirigid rotor spectrum using the theoretical rotational
constants and dipole moment components (Table 1) shows
that a-, b-, and c-type transitions from only J” = 0 and 1 are
expected within the range of the broadband spectrometer and
indeed, only three strong lines were initially found. Three more
strong lines, however, were located at about 18.2 GHz using
the cavity spectrometer. Moreover, upon further scanning,
another set of much weaker transitions was located, each in the
vicinity of one of the observed stronger transitions. These
appeared within 0.3—6.9 MHz above or below their stronger
counterpart and had about one tenth the intensity. Eventually,
all 18 observed transitions were measured on the cavity
spectrometer and their frequencies are listed in Table 3.

Table 3. Observed Microwave Frequencies (in MHz) and
Rotational Assignments of CH;SO;H”

strong (0") weak (07)
1o < Ogp 9106.253 9105.496
1o < Ogp 9462.703 9465.062
2, « 1y 17,855.759 17,851.605
2, < 1y, 18,210.443 18,205.945
20, < 1y 18,212.209 18211.172
2, < 1y 18,213.467 18,217.033
2, < 1y 18,569.916 18,576.602
2« 1y 19,278.553 19,278.873
2, « 1, 19,279.772 19,284.645

“Lines at 18.2 GHz were only observed on the cavity instrument due
to the accessible frequency range. Lines at or above 18.5 GHz were
first seen on the chirped-pulse spectrometer and later remeasured on
the cavity system.

Uncertainties of these measurements were only 1—3 kHz for
most transitions but were up to 10 kHz for some lines near
19.3 GHz due to background noise in the cavity modes in this
spectral region.

The discovery of the second set of (weaker) transitions
indicates the presence of a pair of tunneling states (denoted 0"
and 07). As in previous work on triflic acid,* these states are
reasonably ascribed to hydroxyl torsion about the S—O(H)
bond (i, tunneling between the two potential minima in
Figure 2). Aided by closed loops, the best fits were obtained by
assigning only a- and c-type transitions within individual
tunneling states (i.e., 0" < 0" and 0~ « 07), with the ground-
and excited-state transitions assigned to the strong and weak
set of lines, respectively. For the parent, the correspondence
between the strong set of transitions and the ground state is
based on anticipated Boltzmann populations associated with
the large tunneling splitting, discussed below. For the —OD
isotopologue, the same argument applies and is strongly
supported by the positive value of AE = E(07) — E(0%)
obtained when the stronger set of lines is assigned to the
ground state.

A surprising feature of the spectra is that the c-type
transitions within each tunneling state were assigned to lines
that were at least two to three times stronger than the observed
a-type transitions, which initially seemed inconsistent with the
predicted magnitudes of the dipole moment components along
the a- and c-axes (ly,] = 2.0 D, luJ = 1.1 D). Indeed, the c-type
lines had initially been assigned as b-type transitions because
the largest predicted dipole component is along the b-axis (Il
= 3.1 D). However, attempts to fit the spectra with those
assignments resulted in negative values of (B — C). The
observed and predicted relative intensities are shown in the
broadband spectral excerpt in Figure 4a,c. Figure 4b shows a
simulated spectrum with swapped theoretical values of y, and
#o and clearly demonstrates a better reproduction of the
observed intensities. The origin of this apparent axis switching
is discussed in a later section.

The two states were initially fit separately to a semirigid
rotor Watson A-reduced Hamiltonian in the I' representation™
using Pickett’s SPFIT program.*’ The results are shown in
Table 4. Even with small line sets containing only nine
frequencies involving only J” = 0 and 1, the resulting RMS
values for the 0* and 0~ states are seen to be 152 and 129 kHz,
respectively, i.e.,, much higher than experimental uncertainty.
Interestingly, the values of (B — C) from these fits are only
about 1.5 and 4.5 MHz for the 0" and 0 states, respectively,
which are quite different than the computationally predicted
value 91 MHz.

No b-type lines at the locations predicted from the above fits
could be found during spectral searches on the cavity
spectrometer and no additional lines were observed in the
broadband spectrum. The assignment of a- and c-type lines to
intrastate transitions indicates that g, and y retain the same
sign upon hydroxyl tunneling between the two potential
minima. This leaves the b-type transitions to be the cross-state
transitions (0" < 0~ and 0~ « 0%). In other words, it is y,, that
is inverted by the tunneling motion. Accordingly, the b-type
lines are expected to be displaced from their rigid rotor
positions by an amount approximately equal to the tunneling
energy, AE = E(07) — E(0%). The lack of observable b-type
transitions in the broadband spectrum indicates that this
displacement moves them outside the operational range of the
spectrometer.

The somewhat large residuals in the individual semirigid
rotor fits of the 0" and 07 states suggest that these states are
coupled and need to be treated simultaneously. The following
Hamiltonian was used for a simultaneous fit of the ground (0%)
and excited (07) state transitions of the parent form using
Pickett’s SPFIT program™'

rot

1
H= )Y [HY+ HY + 6, ,AE] + H,, "
n=0 1

Here, H,, and H_q represent the rigid rotor Hamiltonian and
Watson A centrifugal distortion Hamiltonian in the I'
representation, respectively. The 0" and 0~ states are
represented by n = 0 and 1, respectively, and J,, is the
Kronecker delta. Each state has its own set of vibrationally
averaged rotational constants, and the correct set is used in the
sum when creating the matrix representation of H. H,, is the
interaction Hamiltonian coupling the tunneling states, given

by
H,, = F,(BP. + PP,) + E, (PP, + Pp,) (2)

https://doi.org/10.1021/acs.jpca.3c01395
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Figure 4. (a) Excerpt of the chirped-pulse broadband spectrum of
MSA and argon between 9000 and 9650 MHz. The assigned ground-
state partners of the 1y, < 0y and 1, <= Oy, transitions are labeled.
The excited-state partners of these transitions were located only 0.7
and 2.4 MHz below and above their ground-state counterparts in the
cavity spectra, respectively, but did not have sufficient S/N to be
observed in the broadband spectrum. The features labeled with an
asterisk (*) are known instrumental artifacts. (b) Simulated spectrum
at 3 K using fitted constants from the combined two-state fit with AE
= 150 GHz. The dipole moment components are the same as the
theoretical values except the values of i, and p. have been swapped.
The b-type transition is displaced by the tunneling energy. The
excited-state (07 « 07) transitions for the 1y, < 0y and 1,y < 0y
transitions were measured from cavity spectra and are 0.757 MHz
below and 2.359 MHz above their ground-state counterparts,
respectively. (c) Simulated spectrum at 3 K using the same fitted
constants as described for panel (b), but here using the dipole
moment components from the M06-2X/6-311++G(3df,3pd) level of
theory. The vertical scale is the same as on panel (b), but the relative
intensities of the transitions differ due to the switching of y, and f..

For CH;SO;H, both the F,, and F,;, coupling terms are allowed
by symmetry. Only a single A; parameter common to both
states was used and, interestingly, is determined to be close to
the average of the values obtained in the separate fits.
Because of the absence of cross-state transitions in the data
set, the value of the tunneling energy cannot be determined
from the spectrum. Nevertheless, the constraint of AE to a
reasonable value allows the interaction constants |F, | and IF |
to be incorporated. The constants obtained by fixing AE at
150 GHz are listed in Table 4 under “combined fit”. This
choice was made based on the estimate by Lane et al. of 5 cm™

calculated using a one-dimensional, semiclassical approxima-
tion.”> We note, however, that a range of fixed values from 20
to 250 GHz was tried in order to test the sensitivity of the fit.
As expected, the interaction constants varied depending on the
value of AE chosen, but the fitted rotational constants and
RMS residual remained unchanged. Moreover, although the
coupling constants themselves depended on the fixed value of
AE chosen, the ratio (F,* + F,;?)/AE remained the same. As
seen in Table 4, with the inclusion of the interaction terms, the
RMS residual decreased from 120—152 kHz to about 6 kHz.
Note that fitting the coupling terms individually with a fixed
AE resulted in a nonconverged fit in the case of F,. (and its
value was not determined). For F,, the value was determined
to be 69.2(14) MHz when AE was fixed to 150 GHz, but the
RMS residual (90 kHz) was significantly larger than the 6 kHz
value obtained in the fit employing both coupling constants.

A pair of states was also observed for CH;SO;D in the
broadband spectra, and the deuterium hyperfine structure was
resolvable in the cavity spectra for most transitions. The
hyperfine patterns were consistent for the ground- and excited-
state partners of any particular rotational transition, as seen in
the cavity spectra in Figure 5, and were used as an early aid in
matching and assigning tunneling state pairs.

In contrast to the assignments discussed above for the parent
species, a-, b-, and c-type transitions were all observed and
successful fits were achieved only when a- and b-type lines
were assigned as intrastate transitions while c-type transitions
were assigned as cross-state transitions. This reversal relative to
the parent exactly parallels that observed for triflic acid.*®
Additionally, although the excited-state transitions appeared at
somewhat lower intensities than their ground-state counter-
parts, unlike for the parent species they were generally
comparable in strength and, indeed, were often more than
half the signal intensity of the ground-state transitions.

In total, 103 hyperfine components were measured between
2.7 and 19.7 GHz and assigned to 31 rotational transitions
consisting of 25 R-branch and 6 Q-branch transitions. The R-
branch lines ranged from J” = 0 to J” = 2 with transitions
involving up to K,” = 1, and Q-branch transitions were all ¢-
type and ranged from J = 1 to J = 4 involving up to K" = 1.
The separation of the ground- and excited-state partners of the
a- and b-type transitions was as little as 1.5—4 MHz for the
J” = 0 lines and between 23 and 47 MHz for J” = 1 lines. The
higher-frequency partner (0~ < 0%) of the c-type 1,5 « 0Oy
transition was located about 6.4 GHz above its rigid rotor
position, which is approximately the value of AE. The
frequencies were fit to a Hamiltonian similar to that in eq 1
with the addition of an Hq, term for the deuterium quadrupole
coupling interaction. However, because the c-type transitions
were observed to cross tunneling states, the symmetry rules
change compared to the parent such that the F, and F,
coupling terms are allowed. Thus, H,, becomes the expression
given below in eq 3.

Hint = Fbc(Pch + PL‘Pb) + Elc(PaR: + Pcpa) (3)

The constants obtained from a combined two-state fit are
given in Table 5, where it may be seen that in this case,
independent values of A; for the two states were used.
Methanesulfonic Acid—Water. After averaging approx-
imately 200,000 FIDs (each collected for 20 ps), only a few
lines that were dependent on both MSA and H,O were found
in the broadband spectrum. Guided by the predicted constants
and dipole moment components for both conformers given in
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Table 4. Spectroscopic Constants of CH;SO;H”
separate fits combined fit
0* 0* 0"

A [MHz] 4908.810(76) 4909.527(77) 4908.8437(15) 4909.5223(17)

B [MHz] 4553.939(66) 4555.478(61) 4553.8856(12) 4555.5220(12)

C [MHz] 4552.443(60) 4549.925(60) 4552.4166(11) 4549.9351(13)

A [kHz] 21.9(70) —18.6(67) 1.20(10)

IF, | [MHz]" 58.43(31)

IF,| [MHz]® 80.32(17)

AE [MHz] [150000]

N° 9 9 18

RMS [kHz]? 152 129 5.8

“Numbers in parentheses are one standard error in the least-squares fit. bSign cannot be determined in the fit and the value is highly dependent on
the chosen fixed value of AE. For this fit, AE was fixed to 150.0 GHz. See text for discussion. “Number of transitions included in the fit. “Root-
mean-square deviation of the value of the observed frequencies minus the calculated frequencies from the least-squares fit.

111 Ogo
{ 0+(___ O+ \
F=2c1
F=1c1
F=0c1
9219.25 9219.75 9220.25 9220.8 92213 9221.8

[MHz]

Figure S. Cavity spectra of the CH;SO;D ground- (0* « 0, left) and
excited (07 « 07, right)-state b-type 1,; « 0y, transition resulting
from the average of 1000 and 4000 FID signals, respectively, where
each FID was collected for 140.8 us. The F = ] + I quantum number
assignments for the deuterium hyperfine components are also shown,
where the nuclear spin of deuterium is I = 1. The small features to the
left of the 9219.75 and 9221.3 MHz cavity frequencies are
instrumental artifacts.

Table S. Spectroscopic Constants of CH;SO;D“

CH,SO,D

0* 0"
A [MHz] 4803.80808(71) 4803.78759(78)
B [MHz] 4454.61687(90) 4454.34170(64)
C [MHz] 4416.67483(73) 4416.97431(80)
A, [kHz] 1.244(88) 1.508(85)
IF,| [MHz]? 63.2439(69)
IF,| [MHz]" 104.4014(61)
AE [MHz] 6471.9274(18)
Zew [MHz] —0.0339(30) —0.0443(30)
Gty = o) [MHz] —0.3028(64) —0.2976(44)
N¢ 103
RMS [kHz]? 42

“Numbers in parentheses are one standard error in the least-squares
fit. “Sign cannot be determined in the fit. “Number of deuterium
hyperfine components included in the fit. The 103 hyperfine
components were assigned to 31 rotational transitions. 9Root-mean-
square deviation of the value of the observed frequencies minus the
calculated frequencies from the least-squares fit.

Table 2, both a- and b-type transitions were then located and
measured from cavity spectra with uncertainties of less than
3 kHz. Once a successful fit was obtained, attempts were made
to locate c-type transitions on the cavity spectrometer.
However, none were observed even after significant spectral
averaging, likely due to the small predicted values of . (I =
0.3 and ~0.0 D for conformers A and B, respectively). In total,
31 lines were found and assigned to 16 a-type transitions and
1S b-type transitions (including 12 R-branch and 3 Q-branch
transitions) ranging from J” = 0 to J” = S and up to K,” = 3.
Although the significant dependence of cavity tuning across
different frequencies makes the direct comparison of transition
intensities difficult, the a- and b-type transitions appeared in
the spectra with approximately similar intensities.

For both deuterated isotopologues, CH;SO;H:--D,O and
CH,SO;D---D,0, 17 lines were measured and included 13 a-
type and 4 b-type transitions. For CH;SO;H---D,0, rotational
transitions ranged from J” = 1 to J” = 3 and included up to K,”
= 2. A similar set of transitions was obtained for CH3;SO;D---
D,O except the ] range increased up to J” = 4. Hyperfine
structure from the deuterium nuclei was too congested to
assign in almost all observed transitions and resulted in slightly
higher measurement uncertainties relative to the parent spectra
(3—6 kHz). Likely due to isotopic scrambling of CH;SO;H
with D,O, the intensities of the isotopologue transitions were
generally low. The observed frequencies for all species were fit
to a semirigid rotor Watson A-reduced Hamiltonian using
Pickett’s SPFIT program and the resulting spectroscopic
constants are given in Table 6. No additional lines were
observed for either A/E methyl internal rotor state pairs or
spectral pairs from internal H,O motion.

B DISCUSSION

Methanesulfonic Acid Monomer. The observed and
predicted spectroscopic constants of MSA as well as the
isotope shifts in the rotational constants are compared in Table
7. It can be seen that the calculated rotational constants for the
parent form are between 0.6 and 1.2% of the observed values.
The deuterium isotope shifts in the rotational constants are
somewhat worse, with agreement in the 3—15% range. Given
the presence of large amplitude —OH wagging, this may not be
too surprising. Overall, however, the agreement between the
observed and calculated rotational constants is quite
reasonable and leaves no doubt as to the identity of the
observed species. Interestingly, the calculated value of B is too
large while that of C is too small, resulting in a predicted
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Table 6. Spectroscopic Constants of Observed
Methanesulfonic Acid Monohydrate Isotopologues®

CH,SO,H-+H,0 CH,SO;H--D,0 CH,SO,D--D,0

A [MHz] 4673.1751(25) 4633.9789(23) 4593.2712(49)
B [MHZz] 1856.51551(64) 1745.60897(30) 1730.8673(10)
C [MHz] 1812.55884(66) 1708.69423(40) 1698.9973(10)
A; [kHz] 0.7160(82) 0.6400(97) 0.624(22)

Ay [kHz] 17.052(43) 15.817(50) 15.01(16)

Ay [kHz] —15.66(64)

&, [kHz] 0.0572(94)

N® 31 17 17

RMS [kHz]¢ 3.8 2.6 6.1

“Numbers in parentheses are one standard error in the least-squares
fit. *Number of transitions included in the fit. “Root-mean-square
deviation of the value of the observed frequencies minus the
calculated frequencies from the least-squares fit.

(B — C) which is much greater than the observed value (91.4
vs 1.469 MHz). This small actual value of (B — C) has
significance with regard to the switching of the b- and c-inertial
axes, as discussed below. In addition, we note a departure
between the observed and theoretical deuterium quadrupole
coupling constants, where the observed y,, is —0.0339(30)
MHz compared to a positive value of 0.0708 MHz from
theory. Somewhat similarly, the observed value of (y;;, — x..) is
a more negative value of —0.3028(64) MHz than the predicted
value of —0.075 MHz. The absolute magnitudes of these
discrepancies likely reflect the difficulty associated with
calculating a near-zero value and may be compounded by
the large amplitude wagging of the —OD moiety in the
vibrationally averaged structure.

An unusual feature of this system is that b-type transitions
cross between tunneling states for the —OH species but c-type
transitions cross in the —OD spectrum. This is exactly
analogous to the situation previously observed and discussed
at length for triflic acid.*® Briefly, as for triflic acid, the
predicted C; transition states for both isotopologues are
symmetric in the ab-plane (u. = 0), suggesting c-type
transitions would cross between the states in both cases
(since the c-component of the dipole moment would invert
upon hydroxyl torsion). However, without the —OH hydrogen,
the system is a symmetric top, with no unique orientation of
the b- and c-axes. The presence of the hydrogen breaks
symmetry, but the system is still sufficiently close to symmetric
that small changes in the structure can switch the definition of
the axes. Specifically for MSA, if the S—O bond in the

theoretical transition-state structure is decreased by only 0.04
A from 1.59 to 1.55 A, the —OH form switches to become
symmetric in the ac-plane (y, = 0) while the —OD form stays
symmetric in the ab-plane (st = 0). The same result can also
be achieved when the C—S—O angle is increased by 3° (from
97.3 to 100.3°) while the angles of the C—S=0 bonds are
decreased by 2° (from 110.1 to 108.1°). Moreover, it is
reasonable that the accumulation of even smaller deviations
from the theoretical structure could lead to similar effects. This
axis switching further accounts for the need to swap the values
of u, and p. to reasonably reproduce relative intensities
(Figure 4).

As noted above, the tunneling frequency for deuterated
MSA has been directly determined from the observed spectra
but the equivalent determination was not possible for the
parent form. This is consistent with the estimate of 150 GHz
by Lane et al.”* which places the b-type transitions outside the
range of the spectrometer. Alternate methods of estimating the
tunneling frequency for the parent form lead to the same
conclusion. Specifically, the breadth of experimental work on
systems with similar —OH torsional motion has led to the
development of empirical correlations between tunneling
frequency and barrier height. For example, in the study of
acetone cyanohydrin,”’ the authors used an apparent
logarithmic relationship between AE and the barrier to
—OH torsion to predict a value of AE when it also could
not be determined from the microwave spectra. Using the
smaller of the two predicted barrier heights for MSA of
0.69 kcal mol™" in the linear regression from ref 43 gives a
value of AE = 224 GHz. Additionally, Medel has described
various models that include correlating the tunneling energies
of the —OH and —OD isotopologues of a particular species.**
Using the observed value of the tunneling energy of CH;SO;D
and invoking the universal correlation of AE for —OH and
—OD species as described in ref 44 result in an estimation of
AE = 64 GHz for parent MSA. Finally, we note that, although
highly dependent on assumed temperature and consistency in
intensity measurements, the tunneling energy can also be
estimated through Boltzmann populations. For parent MSA,
testing a reasonable range of temperatures from 1.5 to 3.0 K
for J” = 0 transitions gives a rough range of AE = 62—158
GHz. Although the range in values of these approximations is
quite large, all arguments support the notion that b-type
transitions that cross the tunneling doublet are displaced
outside the range of the 3—18 GHz microwave spectrometer
used in these studies.

Table 7. Observed and Theoretical Constants and Isotope Shifts for CH;SO;H and CH;SO;D.“

MO06-2X/6-311++G(3df,3pd)

observed”

—OH )
A [MHz] 4940.1 4851.0

B [MHz] 4607.9 4505.1

C [MHz] 4516.5 4363.6
Xaa [MHZ]

Gty — 2) [MHz) —0.0750
AA [MHz] —89.1
AB [MHz] -102.8
AC [MHz) —152.9

0.0708

—OH
4908.8437(15)
4553.8856(12)
4552.4166(11)

-OD
4803.80808(71)
4454.61687(90)
4416.67483(73)

—0.0339(30)
—0.3028(64)
—105.0356(17)
—99.2687(15)
—135.7418(13)

“Isotope shifts of the rotational constants are calculated by subtracting the parent value from that of the isotopologue. YObserved constants in the

table are for the 0" state.
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Although the observation of a-, b-, and c-type spectra for the
—OD form clearly establishes a lack of C; symmetry, an
alternate explanation for the absence of b-type transitions in
the parent form involves a value of (41,) = 0 due to vibrational
averaging of the lighter —OH moiety over the barrier in the
double-well potential. However, while such a scenario provides
a possible alternate explanation, the above arguments
supporting the large tunneling splitting are strong. Searches
for b-type spectra at higher frequencies could provide the
spectroscopic evidence necessary to definitively distinguish
between these scenarios.

Finally, it is of interest to compare MSA with triflic acid.
Both exhibit a pair of tunneling states arising from hydroxyl
torsion. The barriers are quite different, however, with the
lower (anti) barrier in MSA of only 0.69 kcal mol™ (0.33 kcal
mol™" with ZPE corrections), compared to 2.8 kcal mol™ (2.2
kcal mol™" with ZPE corrections) for triflic acid. Although the
tunneling energy was not determined here for parent MSA,
estimated values are orders of magnitude larger than that the
52.96784(65) MHz value determined for triflic acid. For the
—OD isotopologues, the tunneling energies are again quite
different, with measured values of 6471.9274(18) and
0.2460(20) MHz for MSA and triflic acid, respectively. The
axis switching between the —OH and —OD forms is common
to both systems, with the cross-state b-type transitions of the
parent in an apparent departure from expectations based on
the structure at their C; symmetric transition state, as
calculated at the M06-2X/6-311++G(3df,3pd) level of theory.

Methanesulfonic Acid—Water. Table 8 compares the
observed spectroscopic constants for the MSA—H,0 complex

Table 8. Observed and Theoretical Constants of
CH,SO,H-+H,0*"

M06-2X/6-311++G(3df,3pd)

CH,;SO;H:--H,0 A % error B % error
A [MHz] 4673.1751(25) 4683.2 —-0.2 4725.8 -1.1
B[MHz]  1856.51551(64) 18961  —21 18720  —08
C [MHz] 1812.55884(66) 1850.3 -2.1 1833.9 —-1.2

“Numbers in parentheses are one standard error in the least-squares
fit. YPercent error is calculated as 100 X [(observed — predicted)/
observed].

with those obtained from the M06-2X/6-311++G(3df,3pd)
calculations. The two predicted conformers are clearly very
similar, differing only in the orientation of the unbound water
hydrogen. Thus, while the calculated constants are sufficiently
close to the observed values to confirm the overall ring
structure of the system, they are not sufficiently different to
identify which form was observed. (The A rotational constants
match somewhat better for conformer A while the B and C
constants are in better agreement for conformer B.) Similarly,
as seen in Table 9, the theoretical isotopic shifts in the
rotational constants for the deuterated isotopologues studied
are quite similar for the two forms. Once again, the shift in the
A rotational constant for both isotopologues somewhat favors
structure A while the shifts in the B and C rotational constants
somewhat favor structure B. However, the favorability is by a
rather narrow margin and the calculated isotope shifts are
generally within reason for either conformer. This, again, arises
from the very similar structures of the two forms. Thus, while
the rotational constants and isotope shifts confirm the identity
and the overall ring structure of the complex, they do not

Table 9. Observed and Theoretical Isotope Shifts for
Deuterated Species™

CH,SO,H--D,0 CH,S0,D--D,0

Observed

AA —39.1962(34) —79.9039(55)
AB —110.90654(71) —125.6482(12)
AC —103.86461(77) —113.5615(12)
Structure A

AA —40.1 —76.5
AB —115.2 -130.7
AC -107.7 -117.6
Structure B

AA -51.0 —87.6
AB —111.2 -126.5
AC —106.2 -115.9

“Isotope shifts of the rotational constants are calculated by
subtracting the parent value from that of the isotopologue. bPredicted
isotope shifts for structures A and B were calculated using the M06-
2X/6-311++G(3df,3pd) geometries.

provide clarity as to the orientation of the nonbonded water
hydrogen.

The observed relative intensities of the a- and b-type
transitions provide some limited insight into the identity of the
observed conformer. Referring to the predicted dipole moment
components in Table 2, the relative intensities of a- and b-type
spectra should be about equal for conformer A while b-type
spectra are predicted to be the more intense for conformer B.
Specifically, the predicted ratio of (u,/p,)* for conformer B is
about 7.6 compared to (u,/p,)* = 1.1 for conformer A. As
noted above, the a- and b-type spectra appeared to have similar
intensities. Thus, while comparing intensities in cavity spectra
can be unreliable due to the dependence on cavity mode power
at different frequencies, this suggests that the observed
conformer is more likely conformer A. This is consistent
with the calculated relative energies of the two forms. While
the measurement of c-type transitions would have more
definitively shown that the observed water complex is
conformer A (since y. = ~0.0 for conformer B), their absence
is also not entirely unexpected given the small predicted value
of lul =03 D.

Unsurprisingly, as for the MSA monomer, the A/E internal
rotor state pairs were not resolved in the spectrum of the water
complex. Indeed, the predicted V; barriers for the two
conformers (1000 and 984 cm™' for structures A and B,
respectively) were higher than that calculated for the monomer
(955 cm™) and should, therefore, give rise to small separations
between transitions within the A and E internal rotor states.
For the observed transitions, the predicted splitting of the A/E
pairs is typically less than 3 kHz and only 8—9 kHz for the a-
type K, = 3 transitions at J” = 4. The disappearance of the
hydroxyl torsion is expected since the water breaks the
symmetry of the MSA monomer.

It is again interesting to compare the results of the MSA—
water complex to the triflic acid analogue. Relative to the sum
of the respective free monomer energies, the calculated binding
energy of the MSA monohydrate at the global minimum
energy structure (—13.8 kcal mol™") is about 1.2 kcal mol™
smaller in magnitude than that of the equivalent conformer for
the triflic acid analogue (—15.0 kcal mol™). With ZPE
corrections, the MSA—water complex is about 1.4 kcal mol™
higher in energy (—11.4 vs —12.8 kcal mol™" for the MSA—
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and triflic acid—water complexes, respectively). These differ-
ences likely reflect the relative acidities of triflic acid and MSA.
In this regard, it is satisfying to note that, at the M06-2X/6-
311++G(3df,3pd) level of theory, the primary hydrogen bond
(09--*H10) in the triflic acid monohydrate is 1.58 A*” which
is somewhat shorter than the 1.66 A distance in MSA—water
obtained from the calculations reported here. The two lowest-
energy conformers for MSA—water and triflic acid—water are
very similar, structurally. However, for triflic acid, they were
effectively isoenergetic, differing in energy by only
0.05 kcal mol™ with ZPE corrections. Thus, in addition to
affecting the binding energy and hydrogen-bond length, the
replacement of CF; with CHj appears to create a preference
for the orientation of the unbound hydrogen.

B CONCLUSIONS

The microwave spectra of methanesulfonic acid and its water
complex have been assigned. A pair of tunneling states was
observed for MSA and its —OD isotopologue resulting from
large amplitude motion of the hydroxyl group. The tunneling
energy for parent MSA could not be determined, as it is likely
greater than 50 GHz and outside the range of the spectrometer
used in these studies. However, the tunneling energy of the
—OD form was determined by direct measurement to be AE =
6471.9274(18) MHz. As in the case of the related acid, triflic
acid, the b-type transitions are the cross-state transitions for
parent MSA while for the —OD isotopologue the c-type
transitions cross between tunneling states.

The two lowest-energy conformers of the MSA—water
complex are predicted, each forming a six-membered ring in
which the MSA acts as a hydrogen bond donor to the water
oxygen. One of the water hydrogens appears to form a
secondary hydrogen bond to an MSA oxygen. Calculations
indicate that the two conformers differ mainly in the
orientation of the unbound water hydrogen, but this
orientation could not be definitively established from the
spectra. The water breaks the symmetry of free MSA resulting
in the disappearance of a pair of tunneling states. Methyl group
internal rotation is not observed, as expected from the high
calculated barrier of 1000 cm™'. The monohydrates of triflic
acid and MSA show structural similarities, but the energetics
and primary hydrogen-bond lengths differ in a way that
sensibly reflects the difference in acidity between the two acids.
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