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The microwave spectrum of 2,2,2-trifluoroethanethiol, CF;CH,SH, and of one deuterated species, CFzCH,SD,
has been investigated in the 7—80 GHz spectral interval. The microwave spectra of the ground and three
vibrationally excited states belonging to three different normal modes of one conformer were assigned for
the parent species, and the vibrational frequencies of these fundamentals were determined by relative intensity
measurements. Only the ground vibrational state was assigned for the deuterated species. The identified form
has a synclinal arrangement for the H—S—C—C chain of atoms and the corresponding dihedral angle is
68(5)° from synperiplanar (0°). A weak intramolecular hydrogen bond formed between the thiol (SH) group
and one of the fluorine atoms is stabilizing this conformer. There is no evidence in the microwave spectrum
for the H—=S—C—C antiperiplanar form. The hydrogen atom of the thiol group should have the ability to
tunnel between two equivalent synclinal potential wells, but no splittings of spectral lines due to tunneling
were observed. The microwave work was augmented by quantum chemical calculations at the B3LYP/aug-

cc-pVTZ and MP2/aug-cc-pVTZ levels of theory.

Introduction

Intramolecular hydrogen (H) bonding has interested this
laboratory for years.! The thiol (SH) group is an interesting weak
proton donor capable of forming internal H bonds with a variety
of acceptor atoms or groups. 7 electrons are, for example,
acceptors in one of the assigned rotameric forms of propar-
gylthiol (HSCH,C=CH),? 2-propenethiol (H,C=CHCH,SH),*
3-mercaptopropionitrile (HSCH,CH,C=N),’> 3-butene-1-thiol
(HSCH,CH,CH=CH,),%” 3-butyne-1-thiol (HSCH,CH,C=
CH),? (Z)-3-mercapto-2-propenenitrile (HSCH=CHC=N),’ and
2-furanmethanethiol (C4;H;OCH,SH).!9 Pseudo-r electrons'! are
acceptor in the assigned conformer of cyclopropanemethanethiol
(C3HsCH,SH)'? and in two rotamers of thiiranemethanethiol
(C,H3SCH,SH).!3 An oxygen atom acts as acceptor in one of
the rotamers of C4H3;0CH,SH,!? and in the identified form of
methylthioglycolate (HSCH,COCH3),'* whereas a nitrogen atom
is acceptor in one of the conformers assigned for aminoet-
hanethiol (H,NCH,CH,SH).!>"!'7 In one rotamer of thi-
iranemethanethiol (C,H3SCH»SH)'® and one rotamer of 1,2-
ethanedithiol (HSCH,CH,SH),'8 a sulfur atom acts as acceptor
for the H atom of the thiol group.

2,2,2-Trifluoroethanethiol (CF;CH,SH) was chosen for the
present study because the thiol group may form an internal H
bond with one of the fluorine atoms. The S—H+-+F (dots indicate
nonbonded interaction) type of intramolecular H bond has not
previously been investigated by microwave (MW) spectroscopy.

Two rotameric forms, denoted sc and ap are possible for
2,2,2-trifluoroethanethiol. These forms are depicted in Figure
1, where the atom numbering is also given. The H7—S1—C2—C3
link of atoms is synclinal (obsolete “gauche”), roughly 60° from
the synperiplanar (0°) conformation, in sc, and anticlinal (180°;
obsolete “trans”) in ap. The H7 atom is brought into close
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contact with one of the fluorine atoms (F4) in sc, forming an
internal H bond.

Microwave (MW) spectroscopy was chosen as the experi-
mental method for the investigation of CF;CH,SH and its
isotopologue CF3CH,SD, because of it extreme accuracy and
resolution, which is ideal for conformational studies. The MW
investigation has been augmented by quantum chemical calcula-
tions performed at high levels of theory. The current calculations
were conducted to obtain information for use in assigning the
MW spectrum and investigating the properties of the potential-
energy hypersurface.

Experimental Section

A commercial sample of 2,2,2-trifluoroethanethiol was puri-
fied by preparative gas chromatography before use. The
spectrum was recorded in the 7—80 GHz frequency interval by
Stark-modulation spectroscopy, using the microwave spectrom-
eter of the University of Oslo, which measures the frequency
of individual transitions with an estimated accuracy (three
standard deviations) of ~0.10 MHz. Details of the construction
and operation of this spectrometer has been given elsewhere.!%20
Most of the spectra were recorded with the Stark cell cooled to
about —50 °C with solid COy, in an attempt to increase the
intensity. A few spectra were also taken at room temperature.
The deuterated species, CF;CH,SD, was produced by mixing
fumes of the parent species with fumes of heavy water in the
cell of the spectrometer. Roughly 30% deuteration was achieved
in this manner, according to rough relative intensity measurements.

Quantum-Chemical Calculations. The present ab initio and
density functional theory (DFT) calculations were conducted
employing the Gaussian 03 suite of programs,?' running on the
64 processor HP “superdome” computer in Oslo. Electron
correlation was taken into consideration in the ab initio
calculations using Mgller—Plesset second-order perturbation
calculations (MP2).”2 Becke’s three-parameter hybrid func-
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Figure 1. Models of two conformations of CF;CH,SH with atom
numbering. The H7—S1—C2—C3 dihedral angle is synclinal in the
conformer denoted sc, and antiperiplanar in the ap rotamer. The MW
spectrum of sc¢ was assigned in this work and ap is found to be a
transition state in the B3LYP calculations.

tional>* employing the Lee, Yang and Parr correlation func-
tional** (B3LYP) was employed in the DFT calculations. The
aug-cc-pVTZ basis set,”> which is of triple- quality and includes
polarization and diffuse functions, was used throughout the
calculations. This relatively large basis set was chosen because
it has been optimized for the atoms of the title compound.?
The MP2 and B3LYP procedures were employed because it is
our experience that they deal successfully with compounds
similar to CF3CH,SH. The default convergence criteria of
Gaussian 03 were employed.

Rotation about the C2—S1 bond (see Figure 1) may produce
rotational isomerism in this compound. B3LYP calculations
were performed first in an attempt to predict which rotameric
forms are minima (“stable” conformers) of the potential-energy
hypersurface. Calculations of energies were performed for the
0 to 180° interval in steps of 10° of the H7—S1—C2—C3
dihedral angle, employing the scan option of the Gaussian 03
program, allowing all remaining structural parameters to vary
freely. The resulting potential function, which is shown in Figure
2, has only one minimum at about 70° for the H7—S1—C2—C3
dihedral angle, and two maxima at about 0 and 180°. These
calculations therefore predict that there is only one “stable” form
of CF3CH,SH, namely sc.

Separate B3LYP calculations of the structures, energies,
dipole moments, vibrational frequencies, Watson’s S-reduction
centrifugal distortion constants,”® and the vibration—rotation
constants (the o’'s)?” were then performed for sc. The starting
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Figure 2. B3LYP/aug-cc-pVTZ potential function for torsion about
the C2—S1 bond. Values of the H7—S1—C2—C3 dihedral angle are
given on the abscissa. This function has a minimum at 70.2° from
synperiplanar (0°), and two maxima at 0° (10.08 kJ/mol above the
minimum) and at 180° (9.14 kJ/mol above the minimum).

values of the H7—S1—C2—C3 dihedral angles were chosen to
be close to 70°, respectively. Full geometry optimizations with
no symmetry restrictions were undertaken. The H7—S1—C2—C3
dihedral angle was found to be 70.2° for sc in these calculations.
Only positive values were found for the harmonic vibrational
frequencies of this conformer, as expected for a minimum on
the potential-energy hypersurface. The B3LYP structure of sc
is listed in Table 1 and parameters of spectroscopic interest are
displayed in Tables 2 and 5 where experimental results are also
included for convenient comparison with experiment. The
harmonic vibrational frequencies are listed in Table 6S in the
Supporting Information.

The two maxima of the potential function were explored next
using the transition state option of Gaussian 03. The first
transition state was found for a value of exactly 0° of the
H7—S1—C2—C3 dihedral angle and an electronic energy that
is 10.08 kJ/mol higher than the electronic energy of sc. The
second transition state was found at 180° (9.16 kJ/mol above
the energy of sc). Each of these maxima has one imaginary
vibrational frequency associated with the torsion about the
C2—S1 bond, which indicates that they are first-order transition
states. The full potential function for rotation about the C2—S9
bond not corrected for zero-point energies could now be
constructed, as shown in Figure 2.

MP2/aug-cc-pVTZ calculations of the structure of sc, its
dipole moment components, harmonic vibrational frequencies
and quartic centrifugal distortion constants were repeated,
because we wanted to compare the results obtained by the
B3LYP and MP2 methods with each other as well as with the
experimental results. MP2 results are therefore included in Table
1 and 2, and the vibrational frequencies are given in Table 6S
in the Supporting Information.

Comparison of the B3LYP and MP2 structures (Table 1)
reveals rather minor differences. It is noted that he B3LYP
S1—C2 bond length is 1.6 pm longer than the MP2 bond length,
whereas the other bond lengths agree to within less than 1 pm.
The bond angles are the same to within 1°. The dihedral angles
associated with the thiol group differ by less than about 2°. The
important H7—S1—C2—C3 dihedral angle is 68.5° in the MP2
calculations, compared to the B3LYP value of 70.2°.

Accurate experimental structures of related compounds are
available for comparison with the theoretical structures in Table
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TABLE 1: B3LYP** and MP2 Structure®* of the sc
Conformer of 2,2,2-Trifluoroethanethiol
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TABLE 3: Spectroscopic Constants® of the Ground
Vibrational State of the sc Conformer of CF;CH,SH? and

CF;CH,SD¢
CF;CH,SH CF;CH,SD

A (MHz) 5252.22429(99) 5163.4907(29)
B (MHz) 1778.2900(37) 1751.6029(69)
C (MHz) 1767.5476(40) 1738.0204(74)
D, (kHz) 0.26247(13) 0.2569(20)
Dyk (kHz) 2.3140(11) 2.1492(22)
Dy (kHz) —1.29260(60) —1.141(31)
d, (kHZ) 0.00346(44) 0.00346¢
d> (kHZ) —0.054(20) —0.0544
@, (Hz) —0.00113(40) f
rms? (MHz) 0.107 0.075
no. of transitions” 884 202

4 S-reduction

[I'-representation.

Uncertainties

represent one

standard deviation. ? Spectrum in Table 1S in the Supporting
Information. ¢ Spectrum in Table 5S in the Supporting Information.
4 Fixed. ¢Further sextic centrifugal distortion constants preset at
zero. /Not fitted. Preset at zero. ¢ Root-mean-square deviation.
"Number of transitions used in the least-sqaures fit.

TABLE 4: Spectroscopic Constants® of Vibrationally
Excited States of the sc Conformer of CF;CH,SH

C—C torsion”

lowest bending®

C—S torsion?

B3LYP MP2
Distance (pm)
S1—-C2 182.3 180.7
S1—H7 134.5 133.7
C2—C3 151.5 150.9
C2—H8 108.7 108.7
C2—H9 108.8 108.8
C3—F4 134.9 134.4
C3—F5 135.3 134.7
C3—F6 134.2 133.7
Angle (deg)
C2—S1—H7 96.6 95.8
S1-C2—-C3 114.7 113.7
S1—C2—H8 111.0 111.4
S1—-C2—H9 106.4 106.8
C3—C2—H8 108.2 108.2
C3—C2—H9 107.9 107.8
H8—C2—H9 108.4 108.8
C2—C3—-F4 112.0 111.8
C2—C3-F5 109.8 109.9
C2—-C3-F6 112.8 112.6
F4—C3—F5 107.0 107.2
F4—C3—F6 107.6 107.7
F5—C3—-F6 107.2 107.4
Dihedral Angle (deg)
H7-S1-C2—-C3 70.2 68.5
H7—S1—C2—H8 —52.8 —54.1
H7—-S1—C2—H9 —170.6 —172.7
S1-C2—C3—F4 —61.0 —60.7
S1-C2—C3—-F5 —179.8 —179.6
S1—-C2—C3—F6 60.6 60.7

“Basis set: aug-cc-pVTZ.25 ®Energy corrected for zero-point
vibrational energies: —2037 087.5 kJ/mol. ¢ Energy corrected for
zero-point vibrational energies: —2034 088.1 kJ/mol.

TABLE 2: B3LYP? and MP2% Parameters of Spectroscopic
Interest of the sc Conformer of CF;CH,SH

B3LYP MP2 experimental®
Rotational Constants (MHz)
A 5205.0 5247.6 5252.22429(99)
B 1746.4 1784.7 1778.2900(37)
C 1736.1 1774.4 1767.5476(40)
Quartic Centrifugal Distortion Constants® (kHz)
D, 0.261 0.261 0.26247(13)
Dk 243 221 2.3140(11)
Dx —1.41 —1.20 —1.29260(60)
d 0.000402 0.000346 0.00346(44)
d> —0.000167 —0.000202 —0.054(20)
Dipole Moment? (1073° C m)
Ua 32 33
Up 3.9 4.2
Ue 34 3.7
Uiot 6.0 6.5

@ Basis set: aug-cc-pVTZ. ? S-reduction.?® ¢ Uncertainties represent
one standard deviation. ¢ 1 debye = 3.33564 x 107 C m.

1. The C—S ro bond length is 181.9(5) pm in CH3SH,?® whereas
the r; bond length is 182.0(5) pm in the H—S—C—C anti-
periplanar conformer of CH;CH,SH,? and 181.4(9) pm in the
synclinal form of this compound.’® The S—H r; bond length is
133.6(10) pm in CH3SH,?® and the r, bond length is 132.2(6)
pm in antiperiplanar CH;CH,SH?® and 133.6(10) in synclinal
CH3CH,SH.?® These values are close to the theoretical coun-
terparts shown in Table 1.

A (MHz) 5243.8971(16) 5258.6331(14)  5253.7851(48)
B (MHz) 1775.809(12)  1777.0791(23)  1776.288(25)
C (MHz) 1766.840(12)  1765.4206(25)  1768.825(26)
D, (kHz) 0.26099(30) 0.26120(26) 0.2760(20)
Dk (kHz) 2.4335(16) 2.3213(12) 2.3200(47)
Dk (kHz) —1.4428(45)  —1.1099(30) —1.492(53)

d, (kHZ) 0.0115(58) 0.00346°¢ 0.00346¢

d> (kHZ) 0.26(12) —0.054¢ —0.054¢

rms’ (MHz) 0.100 0.075 0.149

no. of transitions$ 425 202 93

@ S-reduction  [-representation. Uncertainties represent one
standard deviation ° Spectrum in Table 2S in the Supporting
Information. ¢ Spectrum in Table 3S in the Supporting Information.
4 Spectrum in Table 4S in the Supporting Information. ¢ Fixed.
/Root-mean-square deviation. ¢ Number of transitions used in the
least-sqaures fit.

The theoretical C2—C3 bond length is calculated to be rather
short (151.5 (B3LYP) and 150.9 pm (MP2); Table 1). However,
the C—C distance in CF3CHj is even a bit shorter (r, = 150.0(5)
pm),?! whereas the C—F r, bond length is 135.3(4), which is
similar to the corresponding theoretical predictions in Table 1.
The good overall agreement with the structures of related
compounds for which accurate experimental values are available,
is an indication that the predictions of Table 1 are indeed
accurate.

Spectrum and Assignment. The quantum chemical calcula-
tions above indicate that only sc, which is a near-prolate rotor
(Ray’s asymmetry parameter’> x ~ —0.99), exists for
CF;CH,SH. All three dipole moment components of this rotamer
are approximately 3 x 1073 C m (Table 2). The rotational
constants are comparatively small and there are five fundamental
vibrational frequencies below 500 cm™!, according to the present
quantum chemical calculations (not given in Table 1 or 2). It
was expected that all this would lead to a very dense spectrum
with absorption lines occurring every few MHz throughout the
entire spectral region, and this was indeed observed.

The a- and b-type transitions are expected to follow the
ordinary rigid-rotor selection rules. However, u. is antisym-
metrical with respect to the torsion of the thiol group and c-type
rotational transitions therefore connect energy levels in torsional
states of opposite parity and will depend strongly on the energy
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TABLE 5: Vibration—Rotation Constants of the sc Conformer of CF;CH,SH
C2—C3 torsion lowest bending S1—C2 torsion
ex? theo® ex® theo? ex® theo?
a4 (MHz) 8.3271 (19) 8.16 —6.4088 (17) —9.57 —1.5608 (49) —1.73
o (MHz) 2.481 (13) 2.70 1.2109 (44) 0.58 2.002 (25) 242
ac (MHz) 0.708 (13) 0.82 2.1270 (47) 2.30 —1.277 (26) 0.57

“ From experimental rotational constants with ax = Xo — X, where X is a rotational constant; see text.

b From the B3LYP calculations.
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Figure 3. Spectrum of the a-type R-branch J = 19 — 18 transitions taken at a Stark field strength of approximately 22 V/cm showing the ground
(far right) and vibrationally excited states (middle and left). The values of the K- pseudo quantum numbers are indicated above several transitions

of the ground vibrational state.

of the separation, A (the “tunneling frequency”), of these states.
The selection rules of the c-type lines are therefore those of a
rigid rotor plus (+) < (—), or (—) — (+), whereas the a- and
b-type transitions occur between states of the same parity and
will therefore depend little on A.

A prediction of A of sc is not given by the Gaussian program
and a rough estimate of its value was therefore estimated as
follows using the potential curve shown in Figure 2, which was
fitted to the expression V(¢p) = 2 1/2Vi(1— cos(i¢)). Only the
three first terms of this expansion were retained and they were
found to be V; =296.5, V, = —668.7 and V3 = —375.1 cm™ !,
respectively. Following Lewis et al.,’ the energy levels, E, were
calculated from —B d*W/d¢? + V(¢) = EW, using a program
by Bjgrseth.>* The value of B was calculated as described by
Pitzer and Gwinn®’ to be 9.429 cm™~! for CF;CH,SH, and 4.748
cm™! for CF3CH,SD. In this manner, A was estimated to be 15
MHz for the parent species and 0.2 MHz for the deuterated
species. Similarly, the C2—S1 torsional frequency was estimated
to be 201 cm™!, compared to the B3LYP value of 219 cm™!
(Table 6S; Supporting Information).

Interestingly, the MW spectrum of the alcohol analogue
(CF3CH,0H) revealed that A = 5868.6952(16) MHz in this
compound.’® However, a large decrease in the tunneling
frequency on going from alcohols to their thiol analogues seems
to be the rule. For example, the tunneling frequency, which is
644319.69 MHz in HOCH,C=CH,?” is reduced to 6895 MHz
in HSCH,C=CH.?38 In the synclinal conformer of CH;CH,OH
it is 97734.3 MHz,,?° but in the similar rotamer of CH;CH,SH,
a much smaller value of 1753.84(29) has been determined.?”
Similarly, the reduction of A from 46798.50(11) MHz in
(CH3)>,CHOH* to 562.4 MHz was seen in (CH3),CHSH.*! The

tunneling frequency of 1.664(22) MHz in cyclopropanethiol,
C5HsSH,*? is much smaller than 4115.26(42) MHz in the oxygen
analogue cyclopropanol, C3HsOH.* A relatively small tunneling
frequency was therefore expected for sc.

Two types of pileups of spectral lines were predicted for sc
because it is nearly completely prolate (x &~ —0.99) and has
sizable dipole moment components along all three inertial axes
(Table 2). The pileups associated with the “R-lines should be
separated by almost exactly B + C, where B and C are rotational
constants. The ?Q-transitions should, on the other hand, have
band heads at frequencies, v, given by v &~ [A — (B + C)/
2]1(2K-; + 1), where A, B, and C are the rotational constants
and K-; is the lower pseudo quantum number of these
perpendicular transitions. Band heads similar to those of the
bQ-transitions were also expected to occur at v ~ [A — (B +
O)/2]1(2K-; + 1) £ A for the c-type Q-branch lines. Numerous
Q-branch transitions associated with low and intermediate values
of the principal quantum number J were expected to be seen
near the b- and c-type band heads.

~

The high-K_; a-type R-branch transitions are practically
degenerate and are therefore modulated at very low Stark
voltages. This simplifies this most complicated spectrum because
the majority of transitions are suppressed at low Stark voltages.
The pileup associated with the J = 19 < 18 “R-transition shown
in Figure 3 is typical. The coalescing K—;-pairs having values
between 7 and 18 are indicated on the ground vibrational state
in this figure. The different K_-pairs are separated from each
order owing to the effect of centrifugal distortion. This and other
4R-pileups were used to get the first determination of the B and
C rotational constants.
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Figure 4. Band-head regions of the ground and first excited state of the lowest bending vibration of the *Q-branch K-, = 9 < 8 series. The band
head of the ground vibrational state has a frequency of 59 148 MHz. The corresponding band head of the first excited state of the lowest bending
vibration occurs at 59 284 MHz. The values of the J quantum number of selected lines are indicated above the lines. This spectrum was recorded

using a Stark field strength of approximately 22 V/cm.

Different values of the B and C rotational constants of the
(+)- and of the (-)-states would lead to splittings of the “R-
lines. A large A normally results in noticeable differences
between the rotational constants belonging to the (+)- and (-)-
states. However, a resolution into lines belonging to these two
states was not observed for a-type lines of the title compound
and is presumably less the 0.5 MHz, which is the resolution of
our spectrometer. This was the first experimental indication that
the tunneling frequency, A, is indeed small in sc.

The spectroscopic constants in Table 2 predict that the low
and intermediate-J b- and c-type Q-branch lines will coalesce
into band heads, as noted above. However, separation between
the transitions increases with increasing values of the J quantum
number. Moreover, these transitions have rapid Stark effects.
The band head region associated with the K-y = 9 — 8
transitions is displayed in Figure 4. The frequencies of the band
heads were used to obtain the first estimate of all three rotational
constant.

bR-branch transitions having K—; > 3 consists of coalescing
pairs, which have rapid Stark effects. The preliminary spectro-
scopic constants obtained as outlined above were used to predict
the frequencies of transitions with J < 10, which were found
close to their predicted frequencies. New transitions involving
higher and higher values of J and K- = 3 were added
successively and fitted with Sgrensen’s program Rotfit** to
Watson’s S-reduction Hamiltonian using the I'-representation.?¢
The maximum value of J being 77 and K—; = 33. Finally, the
bQ-branch lines with K—; > 3 with a maximum of J = 69 were
assigned and included in the fit. A total of 884 transitions were
assigned in this manner. The spectrum is listed in Table 1S in
the Supporting Information and the spectroscopic constants are
displayed in Tables 2 and 3. The effect of centrifugal distortion
is relatively small, as can be seen from Table 1S, and only the
five quartic centrifugal distortion constants and one sextic
constant, P, were found to be sufficient to obtain a root-mean-
square deviation, which is similar to the accuracy of the spectral
measurements (+0.10 MHz). The accuracy of D;, Djk, and Dg

is high (Tables 2 and 3), but low for d; and d, for this
asymmetric top, whose k = —0.9938 (Table 1S). The low
accuracy of d; and d, was expected because the spectrum
depends little on these constants, which become exactly zero
for k = —1. None of the b-type lines used in the fit were split,
which is another indication that the tunneling frequency, A, is
indeed small.

Attempts were made to include b-type lines with K—; < 2,
but it was frequently found that they do not fit well to this
Hamiltonian but deviate in some cases by as much as a few
megahertz. Inclusion of additional sextic centrifugal distortion
constants other than @k resulted in no improvement of the fit.
It was therefore decided to exclude most of these lines from
the fit. The Watson Hamiltonian is therefore obviously insuf-
ficient for several of these low-K-; lines. Attempts were
consequently made to fit the K—; < 2 lines to the more advanced
Hamiltonian used by Nielsen, employing his computer program
Asmix,* but no significant improvements were seen using this
approach.

The c-type lines with K-y = 3 should coalesce with the
corresponding b-type lines, because sc is almost a prolate rotor
in the case of no tunneling, and should be split by £A from
these frequencies in the case of tunneling. No such splittings
were observed and no obvious broadening of lines was seen. It
is therefore concluded that the tunneling frequency in fact is
exceptionally small in this case and definitely less than the
resolution of our spectrometer (0.5 MHz). The estimate of A
= 15 MHz made from the model discussed above must be too
large.

Comparison of the rotational and centrifugal distortion
constants of the ground vibrational state and the theoretical
constants (Table 2) reveals that the MP2 constants are in very
good agreement with the experimental counterparts, and good
agreement is seen for the B3LYP constants.

Vibrationally Excited States. The ground state transitions
were accompanied by several series of satellite lines presumably
belonging to vibrationally excited states. Three excited states
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belonging to three different normal modes were assigned in a
manner similar to the one described for the ground vibrational
state. The spectra are listed in the Supporting Information,
Tables 2S—4S, and the spectroscopic constants are displayed
in Table 4. The vibration—rotation constants (the o’s) appearing
in Table 5 have been derived from a = X, — X;,2’ where X is
the rotational constants of the ground vibrational state and X,
is the corresponding rotational constant of the first excited state.
Their B3LYP/aug-cc-pVTZ counterparts have also been listed
in this table.

The strongest satellite spectrum has roughly 65% of the
intensity of the ground vibrational state at room temperature.
Relative intensity measurements performed as described else-
where*¢ yielded a vibrational frequency of 77(20) cm™! for this
normal mode. This satellite is assumed to be the first excited
state of the torsion about the C2—C3 bond. The harmonic
B3LYP vibrational frequency of this mode is 95 cm™! (Table
6s; Supporting Information). It is seen from Table 5 that there
is good agreement between the B3LYP vibration—rotation
constants (the a’s) and their experimental counterparts, which
supports this assignment.

The intensity of the second lowest excited state is roughly
50% of the intensity of the ground state at room temperature.
Relative intensity measurements yielded 152(25) cm™! for this
mode, which is assumed to be the first excited state of the lowest
bending vibration, whose harmonic B3LYP frequency is 182
cm™!. The experimental and theoretical o’s show only an order-
of-magnitude agreement in this case (Table 5).

Finally, the first excited state of the C—S torsion were
assigned and found to have a frequency of 165(30) cm™! by
relative intensity measurements, compared to 219 cm™! found
in the B3LYP calculations. The comments made for the a’s in
the previous section for the lowest bending vibration apply in
this case too. Interestingly, no indication of splittings due to
tunneling was observed for this excited state, which would be
expected to have a significantly lager splitting than that of the
ground vibrational state.

The next three fundamentals are calculated to occur at 350,
356, and 523 cm™! (not given in Tables 1 or 2) but none of the
corresponding excited state MW spectra were assigned, presum-
ably because of insufficient intensities.

CF3CH,SD Species. The MP2 structure was used to predict
the rotational constants of this species. The assignment of its
MW spectrum, which is listed in Table 5S in the Supporting
Information, was straightforward and the spectroscopic constants
obtained from 202 transitions are listed in Table 3. Kraitchman’s
equations*’ were employed to calculate the substitution coor-
dinates*® of the H atom of the thiol group as a = |193.7(16)|,
b =186.8(36)|, and a = 1197.0(32)l| pm, where the uncertainties
have been calculated as recommended by van Eijck.*® The MP2
structure (Table 2) yields a = |203.0], b = 1179.91l, ¢ = 1181.6ll
pm, respectively, for these coordinates. The agreement is not
perfect but allows one to conclude that the H7—S1—C2—C3
dihedral angle must be close to the theoretical values of 70.2°
(B3LYP; Table 1) and 68.5° (MP2). A value of 68(5)° with a
liberal uncertainty limit of +5° is estimated for this dihedral
angle by varying the H7—S1—C2—C3 dihedral angle in a
systematic manner, keeping the rest of the MP2 structure fixed.
The corresponding angle in CH3;CH,SH is 61.75(97)°.30

Discussion

There is no indication in the MW spectrum of the existence
of a second form (i.e., ap), which is in agreement with the
B3LYP prediction (see above). This behavior of CF;CH,SH
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contrasts with that of CH;CH,SH, where both a H-S—C—C
synclinal and an antiperiplanar form have been identified with
the synclinal rotamer more stable than the antiperiplanar
conformer by 1.69(18) kJ/mol.>

The conformational properties of CF3CH,SH are presumably
controlled by a variety of intramolecular forces. Internal H
bonding may presumably explain why the H—=S—C—C synclinal
conformer is more stable in CF;CH,SH than in CH3;CH,SH.
From the MP2 structure in Table 1, it is calculated that the
internal H bond in CF3CH,SH is characterized by a nonbonded
H7-++F4 distance of 271 pm, compared to the sum, 255 pm, of
the van der Waals radii’' of hydrogen (120 pm) and fluorine
(135 pm). The nonbonded S—H:+*F angle is 94.7°, far from
the ideal linear configuration (180°). Interestingly, the C3—F4
bond and S1—H7 bonds are 7.0° from being parallel. The
fluorine atom forms the negative end of the C3—F4 bond
moment,”> whereas the sulfur atom forms the negative end of
the S1—H7 bond moment.”> The C3—F4 and S1—H7 bond
moments are therefore almost antiparallel, which results in an
ideal electrostatic stabilizing effect.

The ap conformer of CF;CH,SH is a first-order transition
state according to the B3LYP calculations above, whereas the
corresponding rotamer of CH3CH,SH represents a minimum
on its potential energy hypersurface. The reason for this
difference is not clear, but it is possible that the lone-pair
electrons of the sulfur atom in ap are repelled by the strongly
electronegative fluorine atoms, resulting in a destabilization of
this rotamer. A similar repulsion is absent in the “stable”
antiperiplanar form of CH3CH,SH.
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