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Spectra for the parent, 3*S, and deuterated forms of triflic acid (CF3SO3H) have been observed by chirped-pulse
and cavity Fourier transform microwave spectroscopy. The observation of a-, b-, and c-type transitions defini-
tively establishes that the molecule does not have C; symmetry, and M06-2X/6-311++G(3df,3pd) calculations
concur, yielding a structure in which the OH bond is nearly perpendicular to the C-S-O(H) plane. The rotational
spectrum for each isotopologue exhibits a pair of tunneling states resulting from large amplitude motion of the
hydroxyl hydrogen between two equivalent structures with opposite directions of the OH bond. The experi-
mentally determined tunneling energies, AE, for the parent and 34S species are 52.96784(65) MHz and
52.8761(16) MHz, respectively. For the -OD isotopologue, the tunneling energy decreases significantly, with a
value of only AE = 0.2460(20) MHz. Curiously, we observe that b-type transitions cross between tunneling states
in the parent and 3*S spectra, while c-type transitions cross in the spectra of the deuterated species. This likely
arises because the molecule is close to a symmetric top, with only the location of the hydrogen defining the
orientation of the b- and c-inertial axes, enabling slight structural changes to switch the axis orientations at the
transition state. Calculations at the M06-2X/6-311++G(3df,3pd) level of theory predict a 2.8 kcal/mol barrier
for the large amplitude motion of the hydroxyl hydrogen rotating around the S-O bond through a C; symmetric
transition state in which the O-H is oriented anti with respect to the S-C bond. A complete scan of the hydroxyl
proton around the S-O bond shows an additional transition state of C; symmetry in the syn orientation with a
6.2 kcal/mol barrier relative to the equilibrium configuration.

1. Introduction Complexes of triflic acid also serve as excellent venues for studying

proton transfer in the gas phase. Because of its superacidity, its complexes

Since their advent in the mid-20th century, the use of superacids has
become widespread in chemistry [1]. Relative to other strong acids and
superacids, triflic acid is particularly useful in many synthetic applica-
tions because it is non-oxidizing, stable at high temperatures, and forms
a conjugate base that is only weakly nucleophilic [2,3]. The properties of
triflic acid have also been exploited in the form of a key functional group
in the application of proton exchange membrane fuel cells which have
been studied extensively by computational and experimental methods
[4-10].

Triflic acid itself has been previously studied by various experi-
mental techniques. The gas-phase structure was determined from elec-
tron diffraction in 1981 [11] and the vibrational spectra in the gaseous,
liquid, and solid phases have been reported [12-14]. The vapor phase
-OH overtone spectrum has also been observed by cavity ring-down
spectroscopy [15].
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with bases such as water and amines offer the opportunity to observe ion
pair formation in species small enough to be studied by rotational spec-
troscopy. For example, the complex formed from trimethylamine and
triflic acid has recently been reported [16] and shown to be best described
as a trimethylammonium triflate ion pair, even without the stabilization
afforded by microsolvation. In contrast, a study of the first three hydrates
of the acid, CF3SO3H-(H30),—1.3, has demonstrated that three water
molecules are required for proton transfer [17]. In this work we report the
microwave spectrum of the triflic acid monomer, as well as its 3*S and
deuterated isotopologues. Tunneling states arising from hydroxyl torsion
are observed and in each case the energy separation between these states
has been experimentally determined. Computational work is also reported
which investigates the tunneling path and the barrier to the hydroxyl large
amplitude motion.
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2. Computational methods and results

The minimum energy structure of triflic acid was optimized at the
MO06-2X/6-311++G(3df,3pd) level of theory using the Gaussian16 suite
of programs [18] and is shown in Fig. 1. Following the atom labeling in
the figure, the predicted structure shows the hydroxyl group oriented
roughly along the S1=09 bond with a 09-S1-02-H3 dihedral angle of
19.1 deg. However an energetically equivalent structure with identical
rotational constants can be obtained when the hydroxyl group is instead
oriented along the S1=08 bond. A rotation of OH around the S1-02
bond would allow the interconversion between the two structures.
Several levels of theory, including MP2/aug-cc-pVDZ, B2PLYP-D3BJ/
jun-cc-pVTZ, and DSD-PBEP86-D3BJ/jun-cc-pVTZ, were also tested and
concur with these results. With these methods, the basis sets aug-cc-pV
(n + d)Z and jun-cc-pV(n + d)Z (n = T, D) were obtained from the Basis
Set Exchange library and used on the sulfur atom to include an addi-
tional set of tight d functions [19]. The corresponding calculated dihe-
dral angles and barriers are provided in the Supplementary Material.

To further explore the hydroxyl proton tunneling path, a computa-
tional scan of the C4-S1-02-H3 dihedral angle in 2 degree increments
was carried out at the M06-2X/6-311++G(3df,3pd) level with the result
shown in Fig. 2. The dihedral angles at the minimum energy structures
are 92.3 degrees and 267.7 degrees, and two barriers separate the
equivalent minima depending on whether the hydroxyl proton rotates
away from (180 degrees) or towards the CF3 group (0/360 degrees).
Using the energies from the optimized C; symmetric transition state
geometries, a barrier of 2.8 kcal/mol (2.2 kcal/mol with zero-point
corrections) is calculated when the hydroxyl proton rotates around the
S1-02 bond to pass through the transition state where the hydroxyl
group is oriented anti with respect to the S-C bond. When the hydroxyl
proton instead rotates through the syn transition state structure, the
height of the barrier is 6.2 kcal/mol (5.6 kcal/mol with zero-point
corrections).

3. Experimental methods and results

Rotational spectra of triflic acid were collected using a tandem cavity
and chirped-pulse Fourier transform microwave spectrometer, details of
which have been given elsewhere [20,21]. Estimated uncertainties for
the cavity measurements are about 3 kHz, while those obtained on the
chirped-pulse system are about 10 kHz. Argon was pulsed through the
0.8 mm orifice of a stainless steel cone nozzle at a stagnation pressure of
1.3 atm. Triflic acid vapor was introduced separately by flowing 0.5 atm
of argon through a reservoir of liquid triflic acid (Sigma Aldrich, 99%)
and injecting the vapor into the expansion about 5 mm downstream
from the nozzle orifice through a 0.016 in. inner diameter hypodermic
needle as described previously [22]. The 3*S species was observed in
natural abundance and a sample of isotopically enriched deuterated
triflic acid (CF3SO3D, Sigma Aldrich, 98%) was used to collect spectra

c (-OH)

Fig. 1. M06-2X/6-311++G(3df,3pd) minimum energy structure of triflic acid.
The principal axis system orientations for the -OH and -OD isotopologues are
shown with solid black and dashed grey axes, respectively.
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Fig. 2. A scan of potential energy as a function of the C-S-O-H dihedral angle
performed at the M06-2X/6-311++G(3df,3pd) level of theory. A 2.8 kcal/mol
barrier separates the equivalent minima when going through a transition state
geometry with a dihedral angle of 180 deg (hydroxyl oriented anti with respect
to the S-C bond). A 6.2 kcal/mol barrier separates the minima when going
through a transition state geometry at a 360 deg dihedral angle (hydroxyl
oriented syn with respect to the S-C bond). Structures shown with arrows
indicate the transition state geometries and their respective imaginary fre-
quencies. Dotted arrows indicate the OH unit swinging back. Solid arrows
indicate it swinging forward.

for the deuterated isotopologue. Because of its low vapor pressure as
well as its corrosivity, the reservoir of liquid triflic acid was located only
a few inches upstream from the injection needle to minimize the trav-
eling distance through the gas lines to the vacuum chamber.

Parent and 3*S Triflic Acid: A 6-18 GHz chirped-pulse spectrum of
triflic acid was collected in 3 GHz segments, each averaged between
170,000 and 900,000 free induction decay (FID) signals, with each FID
collected for 20 ps. The full spectrum is shown in Fig. 3. Dipole moment
components for the predicted structure occur along each of the inertial
axes, with the b-type spectrum expected to be the most intense
(J#a| = 0.5D, |up| =2.5D, |uc| = 1.3 D). All three transition types were
observed and each revealed the presence of a pair of tunneling states
(designated 0" and 0 for the ground and excited states, respectively),
presumably due to large amplitude motion of the hydroxyl group across
either side of the Cs; symmetric transition state. The a- and c-type tran-
sitions appeared as closely spaced pairs and were assigned as occurring
within the same tunneling state. The pairs of b-type transitions were
assigned as crossing between tunneling states (07 « 0%) and were
separated by 106-154 MHz with increasing J from J’ = 0 up to J” = 6.
(The variation with increasing J is due to rotation-vibration interactions
described below.) The separation of 106 MHz for the 1117 < Ogg transi-
tion is approximately twice the value of AE. Note that these assignments
were aided by closed loops and attempts to assign the cross-state tran-
sitions as c-type lines resulted in negative values of (B — C).

All fits were performed using Pickett’s SPFIT program [23]. After
achieving an initial fit from the chirped-pulse data, pairs of weaker
transitions were located using the cavity spectrometer. Additionally, for
the a-type spectra, several of the observed ground and excited state pairs
were unresolvable at low J for K, = 0 and K, = 2 but became resolvable
on the cavity spectrometer atJ” = 4, with small splittings on the order of
about 20 kHz. In contrast, the K, = 1 ground and excited state transitions
were separated by about 5 to 80 MHz, increasing with increasing J. Two
forbidden transitions (515, 0~ « 443, 07 and 514, 0" <44, 07) were
predicted and subsequently observed within a few kHz of their
calculated frequencies.

In total, 150 transitions were assigned to 129 distinct frequencies for
the parent species between 3 and 18 GHz ranging from J” =0toJ’ = 6
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Fig. 3. 6-18 GHz chirped-pulse spectrum of parent
triflic acid in argon resulting from the average of
170,000 free induction decay (FID) signals. Each FID was
collected for 20 ps. Instrument artifacts have been
removed from the spectrum. The prominent series of
lines highlighted in red and green are select c-type and b-
type transitions, respectively, mostly involving K,” =

J | \ | ‘ | I{ | 0 and 1 for the triflic acid monomer. Remaining lines in
IAJ ey ol |I | ) IIII o " . ] " Lol I| the spectrum are primarily additional triflic acid mono-
6 9 12 15 |g mer transitions with higher values of K,.

Frequency (GHz)
Table 1
Spectroscopic constants from the combined fits of lower and upper states for the parent and 34S isotopologues of triflic acid.?
CF3SO3H CF3%*S05H
ot 0 0" 0

A [MHz] 2669.06754(18) 2669.06740(17) 2668.69479(39) 2668.69467(25)

B [MHz] 1586.31446(17) 1586.31459(12) 1578.45686(30) 1578.45556(26)

C [MHz] 1582.53271(12) 1582.53242(13) 1574.85992(33) 1574.85936(32)

Ay [kHz] 0.1332(26) 0.1373(27) 0.1495(98) 0.124(10)

Ay [kHz] 0.0706(37) 0.0624(42) [0.0706] [0.0624]

Ag [kHz] —0.0609(90) —0.056(11) [-0.0609] [-0.056]

|Fpe|[MHz] b 4.016073(67) 3.99266(15)

AE [MHz] 52.96784(65) 52.8761(16)

N¢ 150 39

RMS [kHz]¢ 3.3 3.1

(a) Numbers in parentheses are one standard error in the least squares fit. Numbers in brackets in the CF334503H fit were held fixed to the values determined in the

parent fit.
(b) Sign cannot be determined in the fit.

(¢) Number of transitions included in the fit. For the parent, 150 transitions were assigned to 129 distinct frequencies. For the 3*S isotopologue, 39 transitions were

assigned to 36 frequencies.
(d) Root-mean square deviation of the residuals.

and up to K;” = 4 for R-branch transitions and from J’ = 4 to J”" = 11
with K" = 3 and 4 for Q-branch transitions. Cavity measurements were
obtained for 79 of the 129 observed frequencies. In the final fits, both
states were treated simultaneously with the following Hamiltonian for
the parent and 3*S species

H— [HW +H

rot c

1
1)+ 81 AE] + i M
n=0
Here, H,,; and H.q4 are the rigid rotor and centrifugal distortion Hamil-
tonians, respectively, n = 0 and 1 for the 0" and 0™ states, respectively,
6n,1 is the Kronecker delta, and AE is the energy separation between the
tunneling states. The Watson-A reduced Hamiltonian in the I" repre-
sentation [24] was used for the centrifugal distortion terms. (Attempts to
employ the S-reduction were also tried and had no effects on the results.)
Hiy is the interaction Hamiltonian coupling the tunneling states and is
given by [25]

Hiy = Fpe(PyP. + PcPy) 2

where Fy, is the interaction constant. The choice of Hj,; depends on the
symmetry of the molecule and of the vibrational motion corresponding
to the tunneling. For triflic acid, it is reasonable to assume that the
tunneling occurs between the two energy minima separated by the
transition states represented in Fig. 2 and that the dominant tunneling
path involves the one with the lower barrier, i.e., with the -OH pointed
away from the CF3. Both transition state structures of Fig. 2 belong to the
Cs symmetry point group and the tunneling motion belongs to the odd
symmetry species, A”, because it interconverts the two equivalent
minimum energy configurations on opposite sides of the oy plane.
Accordingly, terms with A” symmetry will connect the 0" and
0~ tunneling states. For the parent and >*S species, the spectra indicate

that the b-coordinate is inverted (because the b-type transitions cross
between tunneling states) and thus for these isotopologues, rotations
about the a- and c-axes (R, and R.) belong to the A” species. In the
formulation of the reduced axis system, these give rise to Fp. and Fgp
terms, respectively, but attempts to include the Fg term resulted in
highly correlated constants and did not provide a significantly better fit.
Therefore, F,. was the only interaction parameter used.

The fitted spectroscopic constants for parent triflic acid are given in
Table 1. Note that the sign of Fj,. cannot be determined since the rota-
tional energies depend on the square of the coupling constant. The sign
of the product of Fp.-up-u. does, however, affect the simulated relative
intensities of the lower and upper state transitions [26-29]. An example
of the observed and calculated relative intensities is shown for the 495 «
312 and 4,3 « 313 transitions in Fig. 4. As seen in the figure, approximate
relative intensities of the 0" and 0 transitions are more accurately
simulated when the sign of Fp.-up-y. is positive.

Interestingly, although the separation between ground and excited
state pairs generally increases with J across the different spectral types, a
noticeable deviation from the trend occurs with the c-type 514 < 494 and
b-type 515 < 404 lines. The ground state transitions of the (J'+1)1y «
J" oy series (of which 514 < 404 is the J” = 4 member) are located 5, 20,
and 48 MHz below their respective excited state partner for J' = 1
through J” = 3. For J’ = 4, however, the ground state transition is 32
MHz above its excited state analogue. In the case of the b-type
(J"4+1)1 741 « J'o v series, the 07 « 0" transitions are 111, 126, and
154 MHz above their respective 0"«<0~ partner for J’ = 1 through
J" =3, but the 515 « 494 0~ < 0" is only 74 MHz above the 515 « 404
0" < 0. This suggests a level crossing in the vicinity of J= 4 -6, K, = 1.
An energy level diagram constructed from the energies determined both
with and without coupling is shown in Fig. 5 and clearly displays the
near-resonances. Specifically, when the perturbations are not treated, it
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Fig. 4. (a) Excerpt of the chirped-pulse spectrum of triflic acid in argon from
15,860 — 16,000 MHz showing the 425 < 312 and 4,3 < 313 ground and excited
state transitions. Also shown are the 455 « 313 07 < 0~ and 493 « 312 07 «
0" transitions whose counterparts are displaced outside the given excerpt. (b)
Simulated spectrum using the fitted CF3SO3H rotational constants where the
sign of the product of Fyc-up-pi. is positive. (¢) Simulated spectrum using the
fitted CF3SO3H rotational constants where the sign of the product of Fycpip-pic
is negative.

can be seen that a level crossing occurs at 514,01/ 515,0” and that these
rotational states are separated by only about 4 MHz. The effect of the
perturbation also manifested as a sudden change in relative intensities of
the b- and c-type transitions near 17 GHz where the b-type 515 « 44,
0" « 0™ and 515 « 404, 070" transitions appear to be borrowing

CF,SO;H

. 5+ 615

L ———— 8\ 616

] 5* 514
: G+ 51s
121 MHz
4 MHz
43 4
414 0 - 07 44,
13 0° o —— () 4
4 "
Without F, With F,
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intensity from the nearby c-type 514 < 494, 0~ < 0~ and 514 < 4¢4, 01 «
0" lines.

Further indication of strong mixing is obtained from values of the
parameter (1 — Ppiy), which is produced by Pickett’s SPCAT program by
setting appropriate flags in the .int file to produce a .egy file. Py, is the
mixing coefficient for a given energy level when the effects of the
coupling are included, and (1 - Ppiy) indicates the degree to which a
rotational energy level is affected by perturbation. The value of (1 -
Pnix) ranges from zero to 0.5, where a value of zero indicates a pure state
that is free from perturbation and a value of 0.5 indicates complete two-
state mixing [30,31]. A list of the six largest values of (1 — Pp,;x) is given
in Table 2. The rotational energy levels for the parent that have the
highest calculated values are seen to be the 514,07 and 515,0" levels,
each with a value of 0.484, indicating that they are heavily affected by
perturbations.

Spectra for the 34S isotopologue were observed in natural abundance
using both chirped-pulse and cavity spectrometers, and a pair of
tunneling states was also identified. For CF334503H, 39 transitions were
assigned to 36 frequencies, and included a-, b-, and c-type transitions
from J” =1 up to J’ = 4 and up to K" = 2. The separation between the
ground and excited state transitions observed for CF33*S0sH were
approximately the same as for the parent species, and b-type transitions
were also found to cross tunneling states. Spectroscopic constants are
included in Table 1. It is satisfying to note that for both the parent and
34g species, the fitted values of A, B, and C are virtually identical for the
0" and 0~ states.

Deuterated Triflic Acid: A pair of states was also observed in the

Table 2

Highly mixed rotational states for CF3SO3H and CF3SO3D.
CF3S03H (1 - Pri) CF3S03D? (1 =P
540" 0.484398 53, F=60" 0.470009
5150~ 0.484398 533 F=60" 0.470009
615 0" 0.422553 43 F=50" 0.298555
6160~ 0.422552 43, F=50" 0.298555
41307 0.407339 330F=40" 0.259695
4140 0.407339 33 F=40" 0.259695

(a) Fis the total angular momentum quantum number (corresponding to F = J +
I, where I = 1 is the spin of the deuterium nucleus). The rotational states with
largest F values have similar mixing coefficients to those shown for the levels of
the same J, Kg, K, and tunneling state with smaller values of F. The energy levels
with smaller values of F have been excluded for clarity.

CF,SO,D

532 l 53

533 — =t 0" 93

53, 0 e 0" 53,

533 210 kHz 533

30 kHz
432, 43 8¢ S 6‘ 432, 43
331, 330 8‘ S ‘6‘ 331, 330
Without G, With G,

Fig. 5. Energy level diagrams for the parent and -OD triflic acid species calculated without and with a coupling constant. For visual clarity, only the rotational levels
of the largest F for each J are shown in the -OD energy diagram. The rotational states shown for both species are the most highly mixed according to their respective
calculated (1 — Py, values (see Table 2). For the parent species, a level crossing occurs at 515, 0" and 514, 0, which are separated by only about 4 MHz. For the -OD
species, the 535, 07 and 533, 0~ F = 6 levels are nearly degenerate and separated by only about 30 kHz.
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CF3SO3D spectra and the deuterium hyperfine structure for both ground
and excited state transitions was resolvable with the cavity spectrom-
eter. A total of 279 hyperfine components (103 rotational transitions)
were measured and assigned for CF3SO3D from 3 to 18 GHz ranging
from J” = 0 up to J’ = 4 and up to K,” = 4. Compared with the parent
and 34S species, the separation between the lower and upper state
transitions for CF3SOsD is significantly decreased. Specifically, the
separation of the pairs of states observed for the -OD species ranged only
up to ~500 kHz, at most, compared with values of up to 154 MHz for the
parent, as discussed above. The small splitting of the tunneling states
initially presented a challenge in distinguishing the assignments for
some ground and excited state transitions, particularly when combined
with closely spaced K, doublets of higher K|, transitions. But again, as for
the parent species, closed loops proved instrumental. Unlike for the
parent spectrum, however, a satisfactory fit could only be obtained by
allowing the c-type transitions to cross between the tunneling states
while assigning the b-type lines to transitions within each tunneling
state. Indeed, despite extensive efforts for both isotopologues, the
spectra could only be fit with b-type transitions crossing the tunneling
doublet for the -OH form and c-type lines crossing between tunneling
states for the -OD form. This reversal will be discussed further in the next
section.

The CF3SO3D spectra were analyzed with the addition of a term, Hy,
added to Equation (1) for each tunneling state in order to treat the
deuterium nuclear quadrupole coupling [32]. However, attempts to use
an interaction Hamiltonian of the form given in Equation (2) resulted in
highly correlated constants, and numerous attempts to include different
combinations of Fgp, Fyc, and F. proved similarly unsuccessful. The form
of Hjy that was found to provide a satisfactory fit was

H;,, = G,P, (3)

Because the c-component of the dipole moment appears to be
inverted for the -OD isotopologue (since the c-type transitions cross the
tunneling doublet), the rotations about the a- and b-axes belong to the
odd symmetry species A”. Thus, terms involving Fj. and Fg. would be
able to connect the 0" and 0~ tunneling states. A successful fit was
achieved, however, with only the G,P, term, which corresponds to an
instantaneous principal axis formulation and is analogous to the F. term
used to treat the parent in the reduced axis system [25,33]. The differ-
ence between the efficacy of the two treatments most likely arises from
differences in the couplings that are most strongly manifested in the
observed spectrum. (As seen in Fig. 5, near resonances in the -OD form
occur for K, = 3 states, whereas the near-degeneracies in the protonated
form occur for K, = 1 states.) The better success of G,Py terms compared
with the Fy,(JyJ; + JJy) type terms (x, y, 2, = a, b or ¢) has been
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previously noted in cases where the tunneling frequency is comparable
to the asymmetry splittings [34,35], which is indeed the case for
CF3SO3D. For example, the unperturbed asymmetry splitting of rota-
tional energy levels J” = 4 and K;” = 3 (432 and 43;) is only about 30
kHz, which is even smaller than the value of AE (246 kHz).

The addition of the interaction term was much less important for the
deuterated species than was the F, term for the protonated forms and
indeed provided only a small improvement in the fit. The results of two
fits for CF3SO3sD with and without G, are given in Table 3. Indeed, an
acceptable fit for CF3SOsD was initially obtained for transitions
involving only K,” = 0 and 1 using AE as an adjustable parameter,
without having to include the coupling term. This fit produced a pre-
liminary value for the tunneling energy of about 250 kHz, which is
almost identical to the final value of 246 kHz appearing in Table 3 [36].
However, adding transitions involving K, > 2 caused the fit to deterio-
rate and, although the G, term was determinable and lowered the RMS
value by a few kHz, Ax was found to provide the most significant benefit.
The frequencies assigned to the 435 < 321, 431 < 321, 432 < 322, and 431
« 395 quartet of transitions, which are included in the fits, could not be
fit within the estimated experimental accuracy, with residuals in the
11-23 kHz range in Fit #2, and were the main contributors to the
increased RMS. Attempts to expand G, with J- and/or K-dependent
distortion terms, as well as to include the other symmetry-allowed Co-
riolis coupling terms and their respective distortion terms, had little to
no effect on the fit.

It is interesting to note that the fitted values of Ag for the 0" and
0~ states are of approximately equal magnitude but opposite sign, sug-
gesting that they may be absorbing some additional untreated interac-
tion. Nevertheless, the residuals are by no means egregiously large
compared with the experimental uncertainties. The 433, 0~ and 431,
0" levels are among the rotational states for CF3SO3D that are highly
mixed based on their (1 - Pp,;x) values (see Table 2). The largest values of
(1 = Py are calculated for 533, 0~ and 53, 0" states which are sepa-
rated by only about 30 kHz, as indicated in the CF3SO3D energy level
diagram of K, = 3 states from J = 3 - 5 in Fig. 5. Although the coupling
term for CF3SO3D is small, its inclusion was necessary to approximately
simulate the relative intensities of the ground and excited state transi-
tions. As with Fp,, the sign of G, is not determinable, but the relative
intensities of the pairs of 01 and 0~ transitions are better reproduced
when the sign of the product Gg-up-u. is negative.

4. Discussion

The predicted and fitted constants for triflic acid are compared in
Table 4. Despite the presence of the hydroxyl large amplitude motion, it

Table 3
Spectroscopic constants from two combined fits of lower and upper states for deuterated triflic acid with and without the Coriolis coupling parameter G,.*
Fit #1 Fit #2
0" 0~ 0" 0
A [MHz] 2618.8990(10) 2618.6960(11) 2618.89472(64) 2618.70128(69)
B [MHz] 1577.45954(37) 1577.45900(37) 1577.45906(20) 1577.45914(20)
C [MHz] 1554.31449(43) 1554.31414(44) 1554.31439(22) 1554.31415(23)
Aj [kHz] 0.142(10) 0.122(10) 0.1310(55) 0.1303(57)
Ay [kHz] —0.019(45) 0.138(45) 0.094(27) 0.078(28)
Ay [kHz] 11.38(11) -11.43(11) 9.93(10) —10.01(10)
Xaa [MHZ] —0.1240(67) —0.1240(67) —0.1317(38) —0.1288(37)
Job-Yec [MHZ] 0.167(12) 0.165(12) 0.1552(64) 0.1556(60)
|Ga|[MHz]® 0.03575(67)
AE [MHz] 0.2516(36) 0.2460(20)
N¢ 279 279
RMS [kHz]¢ 10.2 5.4

(a) Numbers in parentheses are one standard error in the least squares fit.
(b) Sign cannot be determined in the fit.
(c) Number of assigned hyperfine components, which includes 245 distinct frequencies and 103 rotational transitions.
(d) Root-mean square deviation of the residuals.
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Table 4
Comparison of theoretical and experimental values for the triflic acid isotopologues.®
MO06-2X/6-311++G(3df,3pd) Experimental®
Parent CF3%*S0O3H CF3S03D Parent CF3%*S05H CF3S03D°
A [MHz] 2683.0 2682.6 2631.3 2669.06754(18) 2668.69479(39) 2618.89472(64)
B [MHz] 1599.5 1591.5 1588.0 1586.31446(17) 1578.45686(30) 1577.45906(20)
C [MHz] 1589.0 1581.2 1563.4 1582.53271(12) 1574.85992(33) 1554.31439(22)
Zaa [MHz] -0.152 ~0.1317(38)¢
ob-Zec [MHzZ] 0.184 0.1552(64)%
AA [MHz] -0.4 -51.7 —0.4 —50.2
AB [MHz] -8.0 -11.5 -7.9 -8.9
AC [MHz] -7.8 —25.6 -7.7 —28.2
1| DI 0.5 0.5 0.4 #0 #0 40
|up| [DIC 2.5 2.5 2.8 #0 40 #0
|ue| DI 1.3 1.3 0.4 #0 #0 £0

(a) Isotope shifts are the values of the isotopologue rotational constants minus those of the parent rotational constants.

(b) Fitted constants and the resulting isotope shifts for the lower state (0™) are shown. The observed isotope shifts using the fitted constants for the upper state values
are the same to within a few kHz except for the value AA for CF3SO3D, which is —50.4 MHz using the upper state values.

(c) Fitted constants from Fit #2 for CF3SO3D are shown here and were used to calculate the isotope shift. The values of the isotope shifts using the constants from Fit #1

are the same as those shown in the table.

(d) The upper state values of y,, and ypp-y.c obtained for CF3SO3D from Fit #2 are —0.1288(37) MHz and 0.1556(60) MHz, respectively.
(e) The “#0” entries in the experimental columns arise from the observation of a-, b-, and c-type transitions.

Gas-phase Electron Diffraction
$-0=1.557(2) A
2£(C-S-0) = 102.3(16) deg
£(C-5=0) = 105.3(8) deg
b

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

S-0=1.58 A
£(C-S-0) = 94.7 deg
£(C-S=0) =108.1 deg

£(C-S-0)
‘. +3 deg
.. £(C-S=0)
"4 -3 deg
-OH -0OD

I VR I O

Fig. 6. Triflic acid structure reported from gas-phase electron diffraction (left, Ref [11]) and transition state structure calculated at the M06-2X/6-311++G(3df,3pd)
level of theory (right). Both the -OH and -OD isotopologues are shown in their respective principal axis systems. The values of the S-O bond length as well as the C-S-O
and C-S=O0 angles are also shown. The orientation of the principal axis systems for -OH and -OD is also shown for the predicted transition state structure when the S-O
bond is decreased by 0.04 A and when both the C-S-O and C-S=0 angles are changed (increase of 3 degrees for C-S-O and decrease of 3 degrees for C-S=0).

can be seen that the experimental constants are in good agreement
(within 0.8%) of those calculated from the theoretical equilibrium
structure. Additionally, the observation of a-, b-, and c-type transitions
for all isotopologues is consistent with the prediction of non-vanishing
dipole moment components on all three inertial axes and precludes
the possibility of having observed a vibrationally averaged structure of
Cs symmetry for which one of the vibrationally averaged dipole moment
components would vanish. The shifts in the rotational constants upon
isotopic substitution are also given in Table 4 and, while the observed
343 shifts are in excellent agreement with the predicted values, there are
slight discrepancies of up to 2.6 MHz for CF3SO3D. This likely arises
because of (i) differences in vibrational averaging of the -OH and -OD
moieties and (ii) the larger magnitude of the shifts which amplifies
discrepancies due to the calculated structures. Overall, however, the

errors in the isotope shifts are sufficiently small as to cause no concern.

It is of interest to compare the present results with those previously
obtained from gas phase electron diffraction [11]. The reported struc-
ture from that work is shown in Fig. 6. Although this remains the best
experimental structure to date, the C-S-O-H dihedral angle could not be
determined and was fixed to 180 degrees for the analysis. This value not
only differs significantly from the 92 degrees predicted here for the
minimum energy structure but also corresponds to a transition state
structure, rather than an energy minimum (Fig. 2). The derived rota-
tional constants and Cartesian coordinates from the reported structure
are provided in the Supplementary Material.

An unexpected result from this study is the observation that b-type
transitions cross between tunneling states in the -OH species while
c-type transitions do so in the -OD species. In this regard, it is significant
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Table 5
Comparison of the tunneling energies determined for -OH and -OD species of various molecules.™
AE(-OH)/AE(-OD) AE(-OH) [MHz] AE(-OD) [MHz] Barrier height
[em ™"

Triflic acid® 215 52.96784(65) 0.2460(20) 980
4-chlorophenol® 211 79.496(11) 0.376(3) 1148
4-fluorophenol® 152 177.121(8) 1.165(6) 1006
2,Z,Z-triﬂuoroethaﬂolCl 28 5868.6952(16) 208.5037(43) 763
Cyclopropanol® 25 4115.26(42) 163.7(18) 660
Benzyl alcohol 4 492.816(2) 136.306(4) 280
Propargyl alcohol® 3 652389.42(21) 213480(31) 90

(a) The tunneling path for the molecules listed here is an internal rotation of the -OH or -OD hydroxyl group. Systems with significant V, and V3 barriers are not

included.

(b) This work.

(c) Reference [39].

(d) Reference [40], gauche conformer.

(e) Reference [41], gauche conformer.

(f) Reference [42].

(g) References [43,44], gauche conformer.

(h) In the few cases where the barrier was separately determined and reported for both the -OH and -OD species, only the value of the barrier for -OH is listed.

to note that in the absence of the hydrogen, the molecule is a symmetric
top and the orientation of the b- and c-axes is ill-defined. The presence of
the hydrogen pins the location of the axes but the value of (B — C) is very
small (only 3.8 MHz for the parent species). To determine which tran-
sition types cross the tunneling doublet, the dipole matrix elements can
be factored as follows:

(07, el (Q)cos0z|0%,J7) = (07|, (Q)[07)(/[costiz | ) )

where Q represents the tunneling coordinate. Note that for triflic acid,
the inertial axes rotate as the OH bond vector proceeds along the
tunneling coordinate. Thus, the most straightforward application of
symmetry arguments to evaluate (0| 4g(Q) |0") involves consideration
of the symmetry of u,(Q) in the same coordinate system in which
|0") and (0~ | have definite symmetry, i.e., the inertial axis system of the
C; transition state structure. This is the coordinate system of the sym-
metric double-well potential and hence of the one that defines “left” and
“right” states whose linear combinations form the 0" and 0~ tunneling
states. The current situation differs from other problems in which the
inertial axis system of the transition state coincides with that of either
equilibrium structure, thus allowing the selection rules to be determined
simply by inspecting the directions of dipole moment components in the
two potential energy minima.

At the calculated transition state structure for both the -OH and -OD
species, the c-axis is oriented such that the tunneling motion inverts . (i.
e., yic = 0 at the transition state). This is consistent with the observed
spectrum for the -OD species but not the parent, suggesting the possi-
bility that the orientation of the b- and c-axes differs between the two
isotopologues [37]. While this does not appear to be the case at either
the calculated equilibrium or transition state structures, it can be shown
that the axis definitions are, in fact, very sensitive to small changes in the
structure. For example, using the structure determined from electron
diffraction (with the C-S-O-H angle of 180 degrees, equivalent to the
transition state geometry), we find that u; = 0 for both the parent and
343 species while yi. becomes zero for the -OD species. Moreover, looking
specifically at individual structural parameters of the theoretical struc-
ture, if the S-O bond length is decreased by only 0.04 A from 1.58 A to
1.54 A the same axis definitions in the minimum energy structures for
-OH and -OD is maintained, but the transition state structure for -OH
becomes symmetric in the ac-plane (1, = 0) while the -OD transition
state structure stays symmetric in the ab-plane (y, = 0). This result of
different planes of symmetry in the -OH and -OD transition state struc-
tures can also be obtained by increasing the C-S-O angle by only 3 de-
grees (from 94.7 to 97.7 degrees) while decreasing the C-S=0 angles by
the same amount (from 108 to 105 degrees). A summary of the effects of
these changes on the orientation of the axis systems in the -OH and -OD

transition states is shown in Fig. 6. In light of these results, it seems
plausible that the combination of even smaller deviations from the
predicted equilibrium structures in both these structural parameters as
well as those not tested (and/or differences in vibrational averaging
between the parent and deuterated forms), could lead to the different
axis orientations in the vibrationally averaged transition state structures
and hence the isotopic dependence of the selection rules. Such a situa-
tion would be quite unusual, but likely arises in this case because the
molecule is so nearly a symmetric top.

Finally, it is apparent from Tables 1 and 3 that the tunneling split-
ting, AE, is highly sensitive to deuteration, with a value of AE(-OH)/AE
(-OD) equal to 215. While this ratio is large, however, it is not unprec-
edented. Table 5 compares several systems in the literature exhibiting a
simple, 1-dimensional hydroxyl tunneling motion in which tunneling
splittings for both the -OH and -OD species were determined. A similar
comparison of -OH and -OD tunneling energies and a correlation be-
tween them have been recently noted [38]. Here, it can be seen that
the AE(-OH)/AE(-OD) ratio for triflic acid is the largest among the sys-
tems listed, but comparable to that of 4-chlorophenol and only slightly
larger than that of 4-fluorophenol [39]. Also listed in the table are the
barriers to inversion, and it may be seen that there is a reasonable cor-
relation between AE(-OH)/AE(-OD) and the barrier height. Thus, the
observed ratio and the calculated barrier of height of 2.8 kcal/mol (980
em™) for triflic acid are fully consistent with the trend. Interestingly,
the molecules with a larger barrier and AE(-OH)/AE(-OD) are those with
electron-withdrawing substituents.

5. Conclusion

The microwave spectra for CF3SO3H, CF3%*SOsH, and CF3SO3D have
been recorded and assigned. As a result of large amplitude motion of the
hydroxyl group rotating about the S-O bond, a pair of tunneling states was
observed in the spectra for each isotopologue. The lowest barrier height to
this motion was calculated to be 2.8 kcal/mol at the M06-2X/6-311++G
(3df,3pd) level of theory and occurs at the transition state when the C-S-O-
H dihedral angle is 180 degrees (OH pointing away from the CF3 group).
The tunneling energy, AE, was determined to be 52.96784(65) MHz and
52.8761(16) MHz for CF3SOsH and CF33*SOsH, respectively, and upon
deuteration decreased significantly to 0.2460(20) MHz. Additionally, the
rotational transition type that crossed tunneling states changed from -OH
to -OD, with b-type transitions crossing the tunneling doublet in the -OH
species and c-type transitions crossing in the -OD species. This could be a
result of axis switching at the transition state structure from -OH to -OD
assuming the possibility of errors in the calculated structure and/or slight
deviations of the experimental structure from the predicted equilibrium
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structures due to the effects of vibrational averaging.
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