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Vapor-phase OH-stretching overtone spectra of methanesulfonic acid and trifluoromethanesulfonic acid were
recorded in the∆VOH ) 4 and 5 regions using cavity ring-down spectroscopy. We compare these spectra to
those of sulfuric acid to consider the effect on vibrational overtone spectra of replacing one of the OH groups
with a more or less electronegative group. We complement our experimental work with anharmonic oscillator
local mode calculations of the OH-stretching frequencies and intensities. The presence of a weak intramolecular
interaction between the hydrogen atom of the OH group and the oxygen atom of the adjacent SdO group in
methanesulfonic acid lowers its OH-stretching frequency from what would otherwise be predicted based on
the electronegativity of the methyl group.

Introduction

Sulfuric acid (H2SO4) and to a lesser extent methanesulfonic
acid (CH3SO3H), produced by atmospheric oxidation of dim-
ethylsulfide (CH3SCH3), are involved in important atmospheric
processes such as aerosol formation and acid rain.1-5 Interest
in H2SO4 and CH3SO3H has increased with the understanding
that these oxidized sulfur compounds are an important compo-
nent of aerosols and therefore have a significant effect on
climate.6 Large variations in H2SO4 and CH3SO3H budgets
between model simulations and observations are attributed to
the incomplete understanding of reaction mechanisms used in
parametrized schemes.7,8 The pursuit of such fundamental
information relevant to aerosol processes was an impetus for
studying the series of H2SO4, CH3SO3H, and trifluoromethane-
sulfonic acid (CF3SO3H).

The infrared spectrum of CH3SO3H has been previously
recorded in the vapor phase,9-11 liquid phase,9 and in an Ar
matrix.12 In addition, the molecular structure of CH3SO3H at
aqueous solution surfaces has been probed using vibrational sum
frequency spectroscopy.13 Previous investigations have focused
on changes in the absorption spectra between the liquid, vapor,
and saturated vapor phases. Hydrogen bonding has been
identified as an important intermolecular interaction that
provides structural stability to methanesulfonic acid in both the
liquid and saturated vapor phases.14 A range of theoretical
calculations have also been performed on CH3SO3H, CH3SO3H
dimer, and monohydrated CH3SO3H (CH3SO3H‚H2O) at the
Hartree-Fock, MP2, and B3LYP levels of theory.14-16

The infrared spectrum of CF3SO3H has been previously
recorded in the vapor phase, liquid phase and in an Ar
matrix.17,18 These infrared spectra, obtained under different
experimental conditions, reveal the presence of both monomer
and complexed features. CF3SO3H is thought to form strong
intermolecular hydrogen bonds in both the liquid and saturated

vapor phase.18 The molecular structure of CF3SO3H has been
studied by electron diffraction and X-ray crystallography.19,20

Previous ab initio studies of CF3SO3H were at the MP2, B3LYP,
and B88-LYP levels of theory with small basis sets.21,22

The atmospheric importance of H2SO4 has led to numerous
experimental and theoretical investigations. Low-resolution
vapor-phase infrared spectra of H2SO4 were recorded as early
as the 1960s.23,24 More recently, high-resolution vapor-phase
spectra in the infrared and near-infrared have been recorded.25-27

The OH-stretching overtone-induced dehydration of H2SO4 in
the stratosphere has been identified as an important process in
the generation of spring time sulfate aerosols.4,5,28,29 Subse-
quently, the overtone spectra were recorded in the∆VOH ) 4
and 5 regions to obtain measured absorption intensities in the
visible region at energies near the barrier to this vibrationally
mediated photochemistry.30 Very recently, the dynamics of this
overtone-induced dehydration for H2SO4 and H2SO4‚H2O have
been investigated by classical trajectory simulations.29 The
molecular structure of H2SO4 in the gas phase has been
determined by microwave spectroscopy.31 There have been
several theoretical studies of H2SO4 at the Hartree-Fock, MP2,
B3LYP, and QCISD levels of theory.4,25,26,32

In this work, we investigate the spectroscopic effect of the
substituent electronegativity using vibrational overtone spectra
of sulfonic acid (R-SO2-OH) derivatives. As the electrone-
gativity of the substituent R increases (CH3 < OH < CF3), the
amount of electron back-donation from the oxygens to the sulfur
increases. This effect has been previously observed from the
increasing fundamental SdO and S-O stretching wavenumbers
with increasing electronegativity of the substituent.9,18,23 An
increase in the electronegativity of R is also thought to decrease
the OH-stretching frequency, although this trend has not been
shown clearly.9 In the fundamental region, the observed OH-
stretching wavenumber of CH3SO3H and H2SO4 is essentially
the same (∼3609 cm-1), with that of CF3SO3H approximately
25 cm-1 lower in energy (3585 cm-1).11,18,25Overtone spectra
are very sensitive to bond properties and can be used to study
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subtle effects in molecular structure and molecular conforma-
tion.33 As higher regions of the potential are probed, even small
differences in frequency and anharmonicity of the potential
become apparent.

We have used cavity ring-down spectroscopy to measure the
vapor-phase OH-stretching overtone spectra of CH3SO3H and
CF3SO3H in the ∆VOH ) 4 and 5 regions. Both of these
compounds have low vapor pressure at room temperature and
are extremely corrosive, making them difficult to handle. In a
recent experimental study, Feierabend et al. used cavity ring-
down spectroscopy to record OH-stretching overtone spectra
of sulfuric acid and we compare our data with these spectra.30

Comparison of the spectra of these three compounds allows us
to investigate the effect of a more (R) CF3) or less (R) CH3)
electronegative substituent on the OH-stretching overtone
spectra.

We have calculated the OH-stretching transitions of CH3-
SO3H, H2SO4, and CF3SO3H to facilitate spectral interpretation.
We use an anharmonic oscillator local mode model with dipole
moment functions obtained from ab initio coupled cluster
calculations. The local mode model was developed in the 1970s
to describe the highly excited vibrational states of molecules.34

Since then it has been sucessfully used in the description and
analysis of XH-stretching overtone spectra (where X) C, N,
O, etc.).35-39 More recently, it has been used to calculate relative
and absolute intensities of CH- and OH-stretching overtone
transitions to high accuracy, often within experimental error.40-43

Experimental Section

The spectra of methanesulfonic and trifluoromethanesulfonic
acids were obtained using a pulsed cavity ring-down spectrom-
eter that was described previously30,44to complement the lower
energy FTIR spectra in the literature.11,18,25The samples, CH3-
SO3H (Aldrich, g99.5%) and CF3SO3H (Aldrich, 98%), were
used as received from the manufacturer. Because of the corrosive
nature of both acids, modifications were made to the original
cell.30,44 CH3SO3H was measured in a glass cell with Teflon
fittings to keep the acid from reacting with any available metal.
The increased reactivity and higher vapor pressure of CF3SO3H
made it more difficult to handle and required building another
cell made of Teflon. This Teflon cell is 79 cm long and fits
with the same mirror mounts as the original glass cell.30,44The
cell consists of1/2 in. inner diameter Teflon tubing connected
by Teflon tee junctions with a5/8 in. port on each end. The
Teflon cell rests snuggly inside a copper sheath for a more stable
and consistent temperature.

Both the glass and Teflon cells were wrapped in heating tape
to allow for easy heating and temperature control. The heating
system was calibrated by inserting a thermocouple into the cell
and measuring the internal temperature under experimental
conditions. CH3SO3H and CF3SO3H are hygroscopic and have
a tendency to form aerosols, which can scatter the laser beam
resulting in no signal. To prevent aerosol formation, the
compound’s vapor pressure was limited by recording at
relatively low temperatures with a constant purge gas flow rate.
For CH3SO3H, we found there to be sufficient number density
and negligible aerosol formation to record spectra at 371, 377,
and 388 K, which correspond to literature equilbrium vapor
pressures of 0.22, 0.32, and 0.63 Torr, respectively.45 For CF3-
SO3H, we found additional heating was not required and spectra
were recorded at room temperature (294 K) with a literature
equilibrium vapor pressure of 1.1 Torr.46

In the ∆VOH ) 4 region, the mirrors (Los Gatos Research
Inc.) have a diameter of 1 in., a 1 mradius of curvature, and a

peak in the reflectivity at 760 nm (R > 99.997%). The base
ring-down time constant with these mirrors is 103µs with the
glass cell and 135µs with the Teflon cell. In the∆VOH ) 5
region, the mirrors (Los Gatos Research Inc.) have a diameter
of 1 in. and a 1 mradius of curvature but a peak in the
reflectivity at 610 nm (R> 99.997%). The base ring-down time
constant with this second set of mirrors is∼100 µs with the
glass cell. There was no evident change in the observed ring-
down time constant over the course of the experiments.

To keep the mirrors clean and free from condensation, a purge
gas of helium was introduced directly in front of the mirrors.
This slightly reduces the path length of the sample within the
cell. A 100µs ring-down time constant creates an effective path
length of approximately 30 km, and the 135µs ring-down time
constant extends the effective path length to 40 km. All of the
spectra were obtained using a constant purge flow rate and at
local atmospheric pressure (∼0.8 atm).

The laser used for the absorption experiments was a tunable
dye laser (Northern Lights, NL-5-2-MF6) pumped by a fre-
quency doubled Nd:YAG laser (Big Sky). Spectra were recorded
with a 0.01 nm resolution (∼0.1 cm-1 for ∆VOH ) 4; ∼0.2 cm-1

for ∆VOH ) 5). The wavelength of the dye laser output was
calibrated by comparing a 0.01 nm resolution spectrum of H2O
vapor to published values.47 From the manufacturers specifica-
tions, the dye laser bandwidth was estimated to be 1 cm-1. The
pulse width from the Nd:YAG had a full width at half-maximum
(fwhm) of 7 ns. Two dyes were necessary to gather all of the
spectra, LDS 751 (range of 720-780 nm) and Kiton Red 620
(range of 585-615 nm). The laser pulses were directed out of
the dye laser in an isolator (Newport polarizer, 10GLO8AR.14,
and a Newport waveplate, 05RP), then through a 50 cm focusing
lens, and directed to two turning mirrors before entering the
previously described cells. The beam is focused to a spot size
comparable to the low-order transverse electric modes of the
optical resonator. Upon leaving the cell, the beam encounters a
turning mirror followed by a negative lens (50 cm focal length)
and expanded onto the photomultiplier tube (Hamamatsu,
R943-02). From the detector, the signal interfaces with the
commercially available data acquisition card (Gage Compuscope
1250). The interface software has been described pre-
viously.42 The card is sampled at 10 MHz for all of these
experiments.

Theory and Calculations

The vibrations of OH-stretching oscillators are highly anhar-
monic and can be described by a simple local mode model.35 If
we assume that the OH-stretching vibration is a Morse oscillator,
then the vibrational energy levels are given by

The Morse oscillator frequencyω̃ and anharmonicityω̃x are
found from the second, third, and fourth order derivatives of
the potential energy curve as described previously.48,49 These
derivatives are found by fitting an eighth order polynomial to
a nine point ab initio calculated potential energy curve, obtained
by displacing the OH bond from-0.2 to 0.2 Å in 0.05 Å steps
around equilibrium. This ensures converged derivatives.38,50

The dimensionless oscillator strengthf of a transition from
the vibrational ground state|0〉 to a vibrationally excited state
|V〉 is given by39,51

E(V)/(hc) ) (V + 1
2)ω̃ - (V + 1

2)2
ω̃x (1)

fV0 ) (4.702× 10-7 cm D-2)ṼV0|µV0|2 (2)
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where ν̃V0 is the vibrational wavenumber of the transition in
cm-1 andµV0 ) 〈V|µ|0〉 is the transition dipole moment matrix
element in Debye.

We can expand the transition dipole moment matrix element
as

whereq is the internal vibrational displacement coordinate. The
integrals〈V|qn|0〉 required for the transition dipole moment were
evaluated analytically.52 The dipole moment derivatives required
in eq 3 are found from a sixth order polynomial fit to a nine
point dipole moment curve calculated over the same range as
the potential.

We have optimized the geometry of CH3SO3H, H2SO4, and
CF3SO3H using B3LYP hybrid density functional and
CCSD(T) ab initio theories. The optimization threshold criteria
was set to gradient) 1 × 10-5 au, stepsize) 1 × 10-5 au,
energy ) 1 × 10-7 au. We have used the Dunning type
correlation consistent basis sets supplemented with additional
tight d basis functions on sulfur atoms, aug-cc-pV(D+d)Z and
aug-cc-pV(T+d)Z.53 These additional tight d functions have
been shown to significantly improve the geometries and energies
of sulfur-containing compounds.54 Normal mode harmonic
frequencies were calculated with the B3LYP/aug-cc-pV(T+d)Z
method and can be found in the Supporting Information.

The CCSD(T) dipole moment at each geometry was calcu-
lated using a finite field approach with a field strength of(0.025
au. The single point threshold criteria was set to energy) 1 ×
10-8 au, orbital) 1 × 10-8 au, coefficient) 1 × 10-8 au. All
calculations were performed with MOLPRO.55

Results and Discussion

Calculated Geometries.In Table 1 we compare selected
geometric parameters in CH3SO3H, H2SO4, and CF3SO3H
calculated with the B3LYP/aug-cc-pV(T+d)Z method. It was
not computationally feasible to optimize the geometry of CF3-
SO3H with the CCSD(T)/aug-cc-pV(T+d)Z method. For CH3-
SO3H and H2SO4, the results of the B3LYP/aug-cc-pV(T+d)Z
optimization are in very good agreement with the CCSD(T)/
aug-cc-pV(T+d)Z optimized geometry. The complete B3LYP/
aug-cc-pV(T+d)Z, CCSD(T)/aug-cc-pV(D+d)Z, and CCSD(T)/
aug-cc-pV(T+d)Z (where available) optimized structures are
given in the Supporting Information where we also list the
experimental structures.19,31

The B3LYP/aug-cc-pV(T+d)Z optimized geometries of H2-
SO4 and CF3SO3H are generally in good agreement with the
experimental geometries determined from microwave spectros-

copy31 and electron diffraction,19 respectively. However, the
CSOH dihedral angle in CF3SO3H could not be determined by
electron diffraction; so it was fixed to 180°,19 which is
significantly different from our calculated value of∼93°. We
are not aware of any experimental structures of CH3SO3H in
the literature.

CH3SO3H has the longest calculated SdO and S-O bond
lengths, followed by H2SO4, and finally CF3SO3H. This trend
supports the concept that as the electronegativity of the
subsituent increases (CH3 < OH < CF3), the amount of electron
back-donation from the oxygens to the sulfur increases, and
hence the SdO and S-O bond lengths decrease. IR spectra of
CH3SO3H, H2SO4, and CF3SO3H have previously been shown
to validate this concept, with the SdO and S-O stretching
frequencies increasing as the electronegativity of the substituent
increases.9,18,23

The effect of the substituent on the OH bond is less obvious
than that on the SdO and S-O bonds. As the electronegativity
of the subsituent increases, the OH bond length increases, with
ROH being the shortest in CH3SO3H and the longest in CF3-
SO3H. In Figure 1, the orientation of the OH group with respect
to the sulfonyl oxygen atoms is shown. In CH3SO3H, the
dihedral angle between OH and SdO (φHOSO) with the two
groups almost aligned is significantly smaller than in H2SO4

and CF3SO3H. This, in combination with the slightly decreased
θHOS angle, is perhaps a sign of a weak intramolecular
interaction betweeen the hydrogen atom of the OH group and
the oxygen atom of the adjacent SdO group. The distance
between the hydrogen atom of the OH group and the oxygen
atom of the closest SdO group (SdO‚‚‚HO) in CH3SO3H is
also somewhat shorter than in H2SO4 and CF3SO3H.

It is not clear why a stronger intramolecular interaction (Sd
O‚‚‚HO) is formed in CH3SO3H ahead of the other two sulfonic
acids. It is possible that the oxygen lone pairs of the OH group
interact favorably with the hydrogens of the CH3 group. CH3 is
also less electronegative than OH and CF3; hence, in CH3SO3H
the amount of electron back-donation from the oxygen atoms

TABLE 1: Selected Geometric Parameters (in Å and deg) of
CH3SO3H, H2SO4, and CF3SO3Ha

parameter CH3SO3H H2SO4 CF3SO3H

ROH 0.9679 0.9689 0.9699
θHOS 108.2 109.3 109.7
φHOSO 4.6 26.5 18.1
RS-O

b 1.6148 1.5958 1.5935
RSdO(1)

c 1.4373 1.4226 1.4283
RSdO(2)

d 1.4287 1.4226 1.4206
RO‚‚‚HO 2.3875 2.4642 2.4596

a Calculated at the B3LYP/aug-cc-pV(T+d)Z level of theory.b Re-
fers to the S-O bond length of the S-OH group(s).c Refers to the O
atom closest to the OH group.d Refers to the O atom furthest to the
OH group.

Figure 1. Left: B3LYP/aug-cc-pV(T+d)Z optimized geometry of CH3-
SO3H, H2SO4, and CF3SO3H. Right: orientation of the OH group
looking down the SO-H bond.

〈V|µ|0〉 ) ∂µ
∂q

〈V|q|0〉 + 1
2

∂
2µ

∂q2
〈V|q2|0〉 + 1

6
∂

3µ
∂q3

〈V|q3|0〉 + ...

(3)
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to the sulfur will be less. This will result in the oxygen atoms
of the SdO groups in CH3SO3H being more electronegative
and hence more attractive to the hydrogen atom of the OH
group.23 A natural bond orbital analysis at the B3LYP/AV-
(T+d)Z level supports this concept, with the oxygen atom of
CH3SO3H calculated to be more basic than those of H2SO4 and
CF3SO3H.

As seen in Figure 1, the global minimum structure of CH3-
SO3H has C1 symmetry with the OH group approximately
aligned with the adjacent SdO group. The energy of theCs

saddle point, with the OH group equidistant from each SdO
group and the CH3 group in the plane of symmetry, is calculated
to be∼250 cm-1 higher in energy at the B3LYP/aug-cc-pV-
(T+d)Z level of theory with one imaginary frequency. For CF3-
SO3H, the energy difference between theC1 global minimum
andCs saddlepoint is∼960 cm-1.

OH-Stretching Transitions. The vapor-phase OH-stretching
overtone spectra of CH3SO3H, H2SO4, and CF3SO3H in the
∆VOH ) 4 and 5 regions are presented in Figures 2 and 3,
respectively. In Table 2, we have tabulated the overtone peak
positions, bandwidths, and intensities for these transitions. The

overtone peak positions of CH3SO3H were determined by fitting
a Lorentzian function to experimental data, and for H2SO4 and
CF3SO3H, the clear Q-branch and the experimental band
maximum were used, respectively. In both the∆VOH ) 4 and 5
regions, the OH-stretching wavenumber of H2SO4 is highest in
energy followed by CH3SO3H and CF3SO3H. On the basis of
the electronegativity of the substituent, we would have expected
the OH-stretch overtones of CH3SO3H to lie to the blue of both
H2SO4 and CF3SO3H. This is clearly not the case, and we
suspect that a weak intramolecular interaction (SdO‚‚‚HO) in
CH3SO3H to be the cause.

The band profile of the OH-stretching overtones in CH3SO3H,
H2SO4, and CF3SO3H has been characterized using the orienta-
tion of the transition dipole moment (TDM) to the principal
rotation axes.56 For CH3SO3H and H2SO4, we use the CCSD-
(T)/AV(T+d)Z TDM and optimized geometry, for CF3SO3H
we are limited to the CCSD(T)/AV(D+d)Z results (vide infra).
The calculated TDM of the∆VOH ) 4 and 5 OH-stretching
transitions in H2SO4 approximately bisects thea and c axes,
giving rise to a clear Q-branch in the experimental spectra.30

For CF3SO3H, the calculated TDM of the∆VOH ) 4 and 5 OH-
stretching transitions is also more or less in theac plane but
with a small component in theb-axis. This orientation should
also give rise to a clear Q-branch in the experimental spectra;
however, the greater mass of CF3SO3H compared with H2SO4

reduces the observed bandwidth, making the Q-branch hard to
resolve. The calculated TDM of the∆VOH ) 4 and 5 OH-
stretching transitions in CH3SO3H is most closely orientated
along thea-axis but with significant components in theb and
c axes also. From this orientation we would expect to see some
form of Q-branch in the experimental spectra, which may
explain the sharp feature at the blue edge of the∆VOH ) 4 and
5 OH-stretching transitions in CH3SO3H.

The observed OH-stretching transitions in CH3SO3H are
further complicated by the appreciable population of several
low-energy OH and CH3 torsional states.12 The OH and CH3
torsional modes in CH3SO3H have a fundamental frequency of
203 and 226 cm-1, respectively, producing a symmetric double-
well potential. Along this torsional coordinate, the vibrational
ground state is approximately 100 cm-1 higher in energy than
theC1 global minimum and is below theCs saddle point, causing
a tunneling splitting of this torsional state. We have calculated
the ground state tunneling splitting within the Wentzel-
Kramers-Brillouin (WKB) approximation using a procedure
successfully employed for malonaldehyde and tropolone.57,58We
find the ground state tunneling splitting (T0 - T1) of CH3SO3H
to be∼5 cm-1. The second vibrational excited state (T2) along

Figure 2. The vapor phase overtone spectra of CH3SO3H (top, 388
K), H2SO4 (middle, 434 K), and CF3SO3H (bottom, 294 K) in the∆VOH

) 4 region. The spectrum of H2SO4 is from ref 30.

Figure 3. The vapor phase overtone spectra of CH3SO3H (top, 388
K), H2SO4 (middle, 434 K), and CF3SO3H (bottom, 294 K) in the∆VOH

) 5 region. The spectrum of H2SO4 is from ref 30.

TABLE 2: Observed ∆WOH ) 4 and 5 Overtone Peak
Positions, Bandwidths (in cm-1), and Oscillator Strengths of
CH3SO3H, H2SO4, and CF3SO3H

∆VOH ) 4 ∆VOH ) 5

molecule ν̃ fwhm f ν̃ fwhm f

CH3SO3Ha 13 470 55 1.4× 10-9 16 453 85 1.3× 10-10

H2SO4
b 13 490 43 3.3× 10-9 16 494 54 2.7× 10-10

CF3SO3Hc 13 403 27 1.3× 10-10 16 367 25 1.5× 10-11

a Experimental uncertainties in oscillator strength not including vapor
pressure errors are(0.2 × 10-9 and(0.2 × 10-10 for ∆VOH ) 4 and
5, respectively. Oscillator strengths measured at 388 K, 0.63 Torr.
b From ref 30. Uncertainties in oscillator strength are(0.7× 10-9 and
(0.6 × 10-10 for ∆VOH ) 4 and 5, respectively. Oscillator strengths
measured at 434 K, 1.37 Torr.c Experimental uncertainties in oscillator
strength not including vapor pressure errors are(0.3× 10-11 and(0.4
× 10-12 for ∆VOH ) 4 and 5, respectively. These intensities are likely
low due to an overestimate of the vapor pressure in our cell. See text
for details. Oscillator strengths measured at 294 K, 1.1 Torr.
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this torsional coordinate is likely to be above theCs saddle point.
The CH3SO3H spectra were recorded at 377-388 K, hence
several torsional states will have an appreciable population.
Excitation from these torsional states are not likely to be well
resolved, which will increase the apparent bandwidth of the OH-
stretching transitions in CH3SO3H. This is similar to the
increased width seen in methyl CH-stretching overtone spectra
of, e.g., the xylenes, where the relatively free rotation of the
methyl group gives rise to multiple transitions between internal
rotational states.59 From Figures 2 and 3 it is clear that the
bandwidths of the∆VOH ) 4 and 5 OH-stretching transitions in
CH3SO3H are significantly wider than those for H2SO4 and CF3-
SO3H.

While the peak position, line shape, and relative intensity
can be accurately determined from experiment, the oscillator
strengths depend on the accuracy of the vapor pressure. For
CH3SO3H and CF3SO3H, vapor pressure data were not available
at the temperatures that our spectra were recorded so we have
extrapolated using the following equation

whereT is the temperature in kelvin,A and B are constants
obtained by least-squares fitting to the available experimental
data. We have used a simple formula for extrapolation as there
are limited data points available in the literature. At low
temperatures, this equation is likely to slightly overestimate the
vapor pressure, while at high temperatures it is likely to slightly
underestimate the vapor pressure. This form of extrapolation
was used by Tang et al. to fit CH3SO3H vapor pressure data
measured by droplet evaporation kinetics at 313-328 K and a
high-temperature value at 440 K.45 The extrapolated vapor
pressure of CH3SO3H is 0.22, 0.32, and 0.63 Torr at 371, 377,
and 388 K, respectively.45 For CF3SO3H, we have extrapolated
vapor pressure data measured by ebuilliometry at 319-396 K
to give a vapor pressure of 1.1 Torr at 294 K.46 It is important
to note that eq 4 is purely empirical and that the extrapolated
vapor pressures possess a large degree of uncertainty.45,46 A
better defined vapor pressure would allow for a more precise
determination of the oscillator strength.

The observed OH-stretching oscillator strength of H2SO4 in
the ∆VOH ) 4 and 5 regions is more than twice that of CH3-
SO3H. If we compare the intensity on a per OH oscillator basis,
we find the OH-stretching transitions in H2SO4 to be 35% and
20% more intense than those of CH3SO3H in the ∆VOH ) 4
and 5 regions, respectively. The observed oscillator strength of
the OH-stretching overtones of CF3SO3H in the∆VOH ) 4 and
5 regions is significantly lower than those of CH3SO3H and
H2SO4. The experimental oscillator strength is dependent on
an accurate estimate of the vapor pressure of the sample in our
flow cell. There is limited vapor pressure data for CF3SO3H in

the literature; hence, we had to extrapolate the vapor pressure
to the temperature at which spectra were recorded (294 K).46 It
is likely that the low observed oscillator strengths for CF3SO3H
are due to an overestimate of the vapor pressure of the sample
in our cell at 294 K.

The observed local mode parameters,ω̃ andω̃x, of the OH
bonds in CH3SO3H, H2SO4, and CF3SO3H are given in Tables
3 and 4, respectively. For CH3SO3H and CF3SO3H, these
parameters were obtained from a Birge-Sponer fit of the∆VOH

) 1, 4, and 5 experimental OH-stretching transitions.11,18 For
H2SO4, the∆VOH ) 1-5 transitions were used.25,30The observed
local mode frequencyω̃ of CH3SO3H is 5 cm-1 higher than
that of H2SO4 and 28 cm-1 higher than that of CF3SO3H, which
supports the idea that as the electronegativity of the subsituent
increases, the OH-stretching frequency should decrease. It is
likely that the frequency of CH3SO3H would be even higher
without the presence of a weak intramolecular interaction (Sd
O‚‚‚HO), which is likely to reduce the frequency. For CH3-
SO3H, we find the observed anharmonicityω̃x to be 2 cm-1

higher than that of H2SO4 and CF3SO3H. As a result of the
slightly higher frequency and higher anharmonicity, the OH-
stretching wavenumber of CH3SO3H is lower than H2SO4 in
the ∆VOH ) 4 and 5 regions.

The CCSD(T) calculated local mode parameters for the OH-
stretching vibrations of CH3SO3H, H2SO4, and CF3SO3H are
presented in Tables 3 and 4. The cc-pV(D+d)Z calculations
overestimate the frequencyω̃ by 25-35 cm-1 and the anhar-
monicity ω̃x by 3-5 cm-1. The aug-cc-pV(D+d)Z results
underestimateω̃ by 5-15 cm-1 and overestimateω̃x by 6-8
cm-1. For CH3SO3H and H2SO4, the frequenciesω̃ obtained
with the aug-cc-pV(T+d)Z basis are overestimated by∼15 cm-1

and the anharmonicities by less than 2 cm-1. These errors are
similar to previous calculations at this level and suggest that
our experimental local mode parameters are reasonable.49

In Table 5, we present the anharmonic oscillator OH-
stretching wavenumbers and intensities for CH3SO3H, H2SO4,
and CF3SO3H calculated with experimental local mode param-

TABLE 3: Observed and CCSD(T) Calculated
OH-Stretching Local Mode Frequencies (in cm-1) of
CH3SO3H, H2SO4, and CF3SO3H

basis set CH3SO3H H2SO4 CF3SO3H

cc-pV(D+d)Z 3794.8 3789.5 3777.0
aug-cc-pV(D+d)Z 3757.9 3748.4 3736.6
aug-cc-pV(T+d)Z 3784.4 3778.5
observeda 3768.4( 2 3763.6( 2 3740.8( 0.4

a For CH3SO3H and CF3SO3H, the experimental frequencies are from
a Birge-Sponer fit of the∆VOH ) 1, 4, and 5 transitions. For H2SO4,
the experimental frequency is from a Birge-Sponer fit of the∆VOH )
1-5 transitions. The uncertainty is 1 standard deviation.

TABLE 4: Observed and CCSD(T) Calculated
OH-Stretching Local Mode Anharmonicities (in cm-1) of
CH3SO3H, H2SO4, and CF3SO3H

basis set CH3SO3H H2SO4 CF3SO3H

cc-pV(D+d)Z 82.82 83.04 82.83
aug-cc-pV(D+d)Z 85.74 85.88 85.62
aug-cc-pV(T+d)Z 79.57 79.71
observeda 79.8( 0.7 77.9( 0.7 77.9( 0.2

a For CH3SO3H and CF3SO3H, the experimental anharmonicities are
from a Birge-Sponer fit of the∆VOH ) 1, 4, and 5 transitions. For
H2SO4, the experimental anharmonicity is from a Birge-Sponer fit of
the ∆VOH ) 1-5 transitions. The uncertainty is 1 standard deviation.

TABLE 5: Calculated OH-Stretching Wavenumbers (in
cm-1) and Oscillator Strengths of CH3SO3H, H2SO4, and
CF3SO3H

CH3SO3Ha H2SO4
a CF3SO3Hb

V ν̃ f ν̃ f ν̃ f

1 3609 1.8× 10-5 3608 3.7× 10-5 3585 1.9× 10-5

2 7058 6.1× 10-7 7060 1.3× 10-6 7014 6.1× 10-7

3 10348 1.8× 10-8 10356 3.5× 10-8 10287 1.8× 10-8

4 13478 1.0× 10-9 13496 1.9× 10-9 13405 1.1× 10-9

5 16448 9.2× 10-11 16481 1.7× 10-10 16367 8.8× 10-11

a Calculated with experimental local mode parameters and a CCSD(T)/
aug-cc-pV(T+d)Z dipole moment function.b Calculated with experi-
mental local mode parameters and a CCSD(T)/aug-cc-pV(D+d)Z dipole
moment function.

ln(P) ) A + B
T

(4)
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eters and ab initio dipole moment functions. For CH3SO3H and
H2SO4, we have used dipole moment functions calculated with
the CCSD(T)/AV(T+d)Z method. As mentioned earlier, cal-
culations of CF3SO3H with the CCSD(T)/AV(T+d)Z method
are computationally prohibitive; hence, for CF3SO3H we have
used a CCSD(T)/AV(D+d)Z dipole moment function. For CH3-
SO3H and H2SO4, we find calculated oscillator strengths using
the aug-cc-pV(D+d)Z and aug-cc-pV(T+d)Z dipole moment
functions to differ by less than 10%. The agreement between
the calculated and experimental wavenumbers is excellent and
supports our modeling of the OH-stretching vibrations as
isolated local modes described by Morse oscillators. The
anharmonic oscillator local mode model has previously shown
to be successful in the calculation of absolute intensities of OH-
stretching overtones. For∆VOH ) 1 and 2, the calculated
oscillator strength of H2SO4 is in excellent agreement with
experiment and is within error of the observed intensities.25 For
the higher overtones, the agreement is also good, although the
calculated intensities are slightly below the lower limits of the
observed intensities.25,30Not suprisingly, the calculated oscillator
strength of H2SO4 is approximately twice that of CH3SO3H and
CF3SO3H. If we compare the intensity of a single OH oscillator
in each of the sulfonic acids, we find the calculated oscillator
strengths to vary by no more than 5%. In the fundamental region,
the calculated oscillator strength of CH3SO3H is ∼40% higher
than the experimentally determined intensity.11 The calculated
oscillator strength of CH3SO3H in the ∆VOH ) 4-5 regions is
in good agreement with experiment and is within error of the
observed intensities. The calculated oscillator strength of CF3-
SO3H is significantly higher than the experimentally determined
intensity in the∆VOH ) 4 and 5 regions. As discussed earlier,
this discrepancy is probably due to an overestimate of the vapor
pressure of CF3SO3H in our cell. We can estimate the vapor
pressure of CF3SO3H using the experimental integrated intensity
(cm-2) and our calculated oscillator strengths. For the∆VOH )
4 and 5 transitions, we derive a vapor pressure of 0.13 and 0.19
Torr, respectively. These values are likely to be slightly
overestimated given our calculated oscillator strengths for H2-
SO4 and CH3SO3H are∼30% lower than the absolute experi-
mental values for the∆VOH ) 4 and 5 transitions. Taking this
correction into account, we estimate the vapor pressure of CF3-
SO3H in our cell to be around 0.1 Torr at 294 K. This value is
an order of magnitude smaller than the extrapolated literature
value of 1.1 Torr at 294 K.46

Conclusions

We have measured the vapor-phase OH-stretching overtone
spectra of methanesulfonic acid and trifluoromethanesulfonic
acid in the∆VOH ) 4 and 5 regions using cavity ring-down
spectroscopy. Comparison of these spectra to our previous work
on H2SO4 suggests that as the electronegativity of R increases
(CH3 < OH < CF3), the frequency of the OH-stretching mode
decreases. In methanesulfonic acid, the anharmonicity of the
OH-stretching mode is greater, such that in the∆VOH ) 4 and
5 regions the OH-stretching wavenumber of CH3SO3H is lower
than H2SO4.

High level ab initio and density functional theory calculations
were performed to supplement the spectra. The geometry
optimizations show the OH group of CH3SO3H is better aligned
with the adjacent SdO group than in H2SO4 and CF3SO3H
allowing a more favorable intramolecular interaction (SdO‚‚‚
HO). We have calculated the OH-stretching wavenumbers and
intensities using the anharmonic oscillator local mode model
with experimental local mode parameters and CCSD(T) ab initio
dipole moment functions.
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