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The tunnel effect in chemical reactions[1] is one prominent
example where it is obvious that the classical molecular
dynamics description for chemistry and biochemistry[2] has to
be amended by quantum dynamical effects. Some recent
prototypical and well-studied examples include tunneling in
(HF)2 rearrangements,[3, 4] mode selective control of stereo-
mutation kinetics in HOOH,[5] and further prototypical
reactions such as OH + CO[6] and kinetic control by tunneling
in methylhydroxycarbene.[7] A particularly intriguing recent
development is the theoretical prediction of tunneling switch-
ing in ClOOCl.[8, 9] Here, at low energy, tunneling is com-
pletely suppressed by a very slight but dominant asymmetry
arising from electroweak parity violation,[10] which effectively
localizes the molecular wavefunction at the structure of one
enantiomer at low energies. At higher energy, tunneling
becomes dominant, thus switching the dynamics to a delocal-
ized quantum wavefunction.[8, 9] Because of the extremely tiny
parity-violating asymmetry, the energy difference between
enantiomers is predicted to be on the order of 10�11 J mol�1 or
100 aeV (equivalent to 25 mHz[11]), depending upon the
molecule, and this effect has not yet been observed to date.
For that reason we have conducted a study of tunneling in
phenols, where, by means of isotopic substitution, a much
larger asymmetry can be induced in the effective potential,
but it is still small enough to observe tunneling switching at
higher torsional excitation. We report here the first rotation-
ally resolved Fourier transform infrared (FTIR) spectra of the
excited torsional states of ordinary phenol (C6H5OH) in the
THz domain. This has become possible by recent develop-
ments in FTIR spectroscopy using intense synchrotron
radiation with a prototype spectrometer built for our group
by Bruker.[12–14] In a second step these spectra are analyzed in

terms of a recent theory making use of the quasiadiabatic
channel reaction path Hamiltonian (RPH) approach[5, 9] (see
also references [15–17] for earlier developments). Finally, this
calibrated theoretical approach is then used to predict
tunneling switching for the ortho-deuterophenol isotopomer
2-C6H4DOH.

Ordinary phenol has a planar geometry with Cs point-
group symmetry.[18, 19] The tunneling barrier V/hc separating
the two symmetrically equivalent structures is about
1200 cm�1, and the tunneling between the two structures by
internal rotation or torsion of the OH group leads to a splitting
of 56 MHz in the vibrational ground state between the
sublevels s = 0 of A1 symmetry and s = 1 of B2 symmetry as
observed by microwave spectroscopy. This method also
provided an initial value of the splitting of 0.09 cm�1 in the
first torsional excited state as well as structural parame-
ters[19–22] (see Figure 1, which anticipates some of the results).
Low-resolution IR spectroscopy of phenol is also well
known.[23,24] When tunneling is included, the (“nonrigid”)
molecular symmetry group MS4 of order 4 can be used, which
is isomorphous to C2v, to classify the vibration–rotation–
tunneling (vrt) levels (Table 1).[24–26] Here E, C2, sxz, and syz

are the point-group elements of C2v, and J, Ka, Kc the
rotational quantum numbers of an asymmetric top molecule
for the ground state. E* is the inversion of the axis system at
the origin and (ab) the permutation of the symmetrically

Figure 1. Vibrational term value diagram of the torsional band of
phenol, including the electronic Born–Oppenheimer potential (dashed)
and the lowest adiabatic channel potential (bold), both shifted to E = 0
at the minimum. The analyzed bands are indicated by arrows. The
wavefunctions are delocalized.
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equivalent nuclei of the phenyl frame. The notation for
symmetry species of MS4 makes the parity explicit in the
exponent (+ ,�).[26, 27] The coordinate system for phenol was
chosen so that the z-axis lies in the plane of the molecule
along the CO bond, the y-axis perpendicular to the z-axis in
the plane of the molecule, and the x-axis perpendicular to the
plane of the molecule.[28, 29]

The FTIR spectra of phenol were recorded with the ETH-
SLS Bruker prototype 2009[12–14] using synchrotron radiation
in the range 200 to 340 cm�1 in a 3 m glass cell at 296 K. This
prototype spectrometer has an unapodized resolution corre-
sponding to an instrumental bandwidth of 0.00053 cm�1

(16 MHz), which is currently the highest for a FTIR spec-
trometer worldwide.[12–14] Figure 2 shows the torsional funda-
mental spectrum including the torsional hot bands. The
corresponding term value diagram is illustrated in Figure 1.
Apertures from 1.8 mm down to 0.8 mm, which allow an
effective instrumental resolution of 0.0007 cm�1, were
applied. The sample pressure was varied from 0.02 to
0.2 mbar excluding substantial pressure broadening. The
Doppler width of phenol is 0.0004 cm�1 at 300 cm�1 and
296 K.

The first hot band centers can be assigned as (v =

2s=0 !v = 1s=0) at 275.70 cm�1 and (v = 2s=1 !v = 1s=1) at
277.38 cm�1. These values are obtained from the Q-branch
heads but have been confirmed by a partial high resolution
line assignment. They agree with the low-resolution values
from Bist et al.[23] However, a detailed look at the Q branches
of the second torsional hot band shows three Q branches. The
Q branches at 254.12 cm�1 and at 244.32 cm�1 illustrate
a similar band shape as opposed to the shape of the Q
branch at 237 cm�1. For that reason the assignment 31 !21 at
254.12 cm�1 and 30 !20 at 237 cm�1 as described in refer-
ence [23] is questionable. For a more detailed analysis the P
and R branches have to be analyzed. The assignment of the
observed rovibrational transitions belonging to the two
torsional subbands consisting of P and R branches has been
carried out with a Loomis–Wood assignment program suc-
cessfully used so far for the analysis of the FTIR spectra of the
aromatic molecules pyridine[12, 14] and pyrimidine.[30] The
nuclear spin statistical weights for the subband s = 0 show
the intensity ratio ee :eo :oo :oe = 10:10:6:6 and for s = 1 the
intensity ratio ee :eo :oo :oe = 6:6:10:10 observed in each Kc

series as an alternation of the transition intensity depending
on the Ka value. Using this intensity alternation, it was
possible to assign the Kc subseries as s = 0 and s = 1.
Practically, for each J and Ka value two absorption lines are

found with an intensity ratio 10:6, which is reversed at the
next higher or lower J value. The advantage of c-type
transitions consists of the observation of nuclear spin
statistical weights even with a non-resolved asymmetry
splitting.

The rovibrational analysis was carried out with Watson�s
A reduced effective Hamiltonian[31–33] in the Ir representation
up to quartic centrifugal distortion constants for each tor-
sional subband. The spectroscopic data were analyzed using
the WANG program.[32, 33] The constants for the two torsional
sublevels were used as ground-state constants. However, only
the rotational constants A, B, C and the quartic constants DJ

and DJK of the two torsional levels in the ground state were
fixed to their values during the fitting procedure. The quartic
constants DK, dJ, and dK of the two torsional levels in the

Figure 2. Upper part: The SLS-FTIR survey spectrum of the torsional
fundamental of phenol (200–340 cm�1) taken at a temperature of
296 K, a pressure of 0.2 mbar and path length of 3 m. Lower part:
Comparison of part of the P-branch of the torsional fundamental of
phenol with a simulation. R-branch sections are shown in the Support-
ing Information.

Table 1: Character table for the C2v and MS4 symmetry groups of
phenol[25–29] with conventional definitions of the symbols. G(S*) gives the
symmetry species in the subgroup S* = (E,E*) isomorphous to Cs with
correlations (A’,A+) and (A’’,A�).

C2v E C2 sxz syz J KaKc

S2* MS4 E (ab) (ab)* E* G(S*)

A1 A+ 1 1 1 1 A+ z ee
A2 A� 1 1 �1 �1 A� Jz eo
B1 B� 1 �1 1 �1 A� x Jy oo
B2 B+ 1 �1 �1 1 A+ y Jx oe
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ground state as well as the rotational constants A, B, C and the
quartic constants DJ, DK, dJ, and dK of the two torsional
sublevels in the first torsional excited state were newly
determined. The values of the two quartic constants DJK were
held fixed to the values of the ground state. The constants of
the ground state are listed in the Supporting Information,
together with all assigned lines and those of the excited state
in Table 2. 2200 lines were used for the fitting procedure. The

rotational constants do not change dramatically upon excita-
tion of the torsional mode and the quartic constants change
only slightly. This is another indication that the rotational–
torsional interaction can be neglected in a first approxima-
tion, as the root-mean-square deviation of drms = 0.00014 cm�1

indicates. The torsional fundamental of phenol was simulated
using the constants derived here and including the nuclear
spin statistical weights. Figure 2 (lower part) shows a compar-
ison of a measured part of the P-branch regions of the
torsional fundamental (lower part, upper trace) with a simu-
lation (lower part, second trace). The simulation consists of
the two simulated torsional subbands shown in the third and
lower trace in the lower part of Figure 2. As can be seen, the
agreement between measured and simulated spectrum is
good considering the neglect of other hot bands and 13C
isotopomers.

Frequencies and torsional splittings were calculated using
our modified version of the quasiharmonic reaction path
Hamiltonian approach.[5, 34, 35] This method was already suc-
cessfully used for the description of the torsion in H2O2

[5,34]

and the inversion in aniline.[35] In this RPH approximation,
the torsion is treated exactly and is coupled to a bath of
harmonic oscillators. The torsional potential was calculated at
the CCSD(T) level of theory using the cc-pVTZ basis set at
geometries optimized at the B3LYP/6-311 ++ G** level of
theory. Starting from the optimized geometry, the dihedral C-
C-O-H angle was frozen every 5 degrees, while bond lengths,
angles, and harmonic normal mode frequencies were recalcu-
lated (clamped coordinate approach) using tight convergence
criteria; no empirical fitting is employed during any stage of

the calculation. Table 3 shows a comparison of the exper-
imental and calculated torsional transition wavenumbers and
splittings. As can be seen, the agreement between exper-
imental and calculated splittings is excellent given that the
potential was not empirically adjusted.

Finally, we show in Figure 3 the asymmetric lowest
adiabatic channel potential and the torsional levels for
ortho-deuterophenol. The asymmetry arises mainly from the
change of zero point energy along the reaction path leading to
a shift of 7.19 cm�1 in the quasiadiabatic channel minimum.
Although the calculations predict transition frequencies very
similar to those of the undeuterated species, the asymmetry
leads to qualitatively different molecular wavefunctions. For
lower energies (v=0,1) localized eigenstates are found,
whereas for higher torsional excitation (v = 3) the wave-
functions are delocalized eigenstates as in the undeuterated

Table 2: Experimental rovibrational parameters of the two tunneling
levels s = 0 (lower) and s= 1 (upper) of the first excited torsional state of
phenol from the analysis of high-resolution spectra.

Torsional state nt = 1[a] s =0 Torsional state
nt = 1[a] s = 1

ñ0 [cm�1] 309.174798 (11) 309.264360 (13)
A [cm�1] 0.188447370 (26) 0.188416923 (23)
B [cm�1] 0.08721326 (79) 0.08721315 (89)
C [cm�1] 0.0596832 (11) 0.0596831 (56)
DJ [� 10�9 cm�1] 4.830 (97) 4.679 (97)
DJK [� 10�9 cm�1] 3.9378 4.6562
DK [� 10�9 cm�1] 31.56 (11) 29.481 (99)
dJ [� 10�9 cm�1] 1.23 (56) 2.96 (56)
dk [� 10�9 cm�1] 20.1 (15) 13.6 (16)
Ndata 2200
drms [cm�1] 0.00014

[a] The uncertainties are given in terms of one sigma in parentheses.
Parameters without uncertainties are fixed to the values of[21] See also for
ground-state constants given in the Supporting Information.

Table 3: Comparison of the torsional transition wavenumbers, splittings,
and transition times t within the torsional polyad of phenol derived from
the experimental data with the calculated values using the RPH
approximation.

Assignment ñ(exp.)
[cm�1]

ñ(calc.)
[cm�1]

tcalc/ps =
h/(2DE)

01 !00 0.0019 0.0013 12829.39
10 !00 309.17 309.07
11 !10 0.0896 0.070 238.26
20 !10 275.70 273.58
21 !20 1.77 1.49 11.19
30 !20 [a] 230.91
31 !30 [a] 15.85 1.05

[a] Not yet clearly identified by experiment at high resolution.

Figure 3. The electronic Born–Oppenheimer potential (dashed) and
the lowest adiabatic channel potential (bold) for 2-C6H4DOH including
the excited torsional levels. The enlargement at the minimum illus-
trates the asymmetry of the double well potential arising from the
change in zero point energy. The lowest wavefunctions are each
localized in one of the wells.
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species. In the case of lower excitation, the absorption lines of
two slightly different rotamers that have already been
reported for the microwave region are found in the spec-
trum.[36, 37] In the case of higher excitations absorption lines for
the delocalized state should also be detected. Although the
predictions for ortho-deuterophenol might not be quantita-
tively accurate, they should be sufficient to derive the order of
magnitude, thus predicting definitely the possibility of
tunneling switching. According to our calculations, this
phenomenon can also be predicted for meta-deuterophenol
and even for phenol substituted with 13C in the ortho position,
although the zero-point energy effect is predicted to be
smaller in these two cases.

We have also studied the dependence of the torsional
tunneling upon excitation of other vibrational modes. The
situation seems to be more complex than in the case of H2O2

and aniline studied previously, and we shall report on these
results separately.

In summary, the use of bright synchrotron light in the THz
region in combination with a very highly resolving FTIR
interferometer made it possible to rotationally resolve the IR
spectrum of phenol. It was possible to identify the torsional
splitting of the torsional states confirmed by calculation using
the quasiadiabatic channel RPH method. The present work
demonstrates how to study a whole class of “chemical
reactions by tunneling switching” through high-resolution
IR spectroscopy.
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