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ABSTRACT
The infrared (IR) spectrum of tert-butyl hydroperoxide (TBHP) in the region of the first OH-stretching overtone has been observed under
jet-cooled and thermal (300 K, 3 Torr) conditions at ∼7017 cm−1. The jet-cooled spectrum is recorded by IR multiphoton excitation with UV
laser-induced fluorescence detection of OH radical products, while direct IR absorption is utilized under thermal conditions. Prior spec-
troscopic studies of TBHP and other hydroperoxides have shown that the OH-stretch and XOOH (X = H or C) torsion vibrations are
strongly coupled, resulting in a double well potential associated with the torsional motion about the OO bond that is different for each
of the OH-stretching vibrational states. A low barrier between the wells on the torsional potential results in tunneling split energy lev-
els, which leads to four distinct transitions associated with excitation of the coupled OH-stretch-torsion states. In order to interpret the
experimental results, two theoretical models are used that include the OH-stretch-torsion coupling in TBHP. Both methods are utilized to
compute the vibrational transitions associated with the coupled OH-stretch-torsion states of TBHP, revealing the underlying transitions
that compose the experimentally observed features. A comparison between theory and experiment illustrates the necessity for treatments
that include OH-stretch and COOH torsion in order to unravel the spectral features observed in the first OH-stretching overtone region of
TBHP.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0048020., s

I. INTRODUCTION

Tert-butyl hydroperoxide [(CH3)3COOH, TBHP, Fig. 1] is a
model organic hydroperoxide that has been extensively investigated
in the gas phase by vibrational spectroscopy utilizing various experi-
mental and theoretical methods over the past 30 years.1–11 Observa-
tion and characterization of OH-stretch spectra in the fundamental
(ΔvOH = 1) region and third (ΔvOH = 4), fourth (ΔvOH = 5), and fifth

(ΔvOH = 6) overtone regions have been obtained by direct absorp-
tion spectroscopy, photoacoustic spectroscopy, and vibrationally
mediated photo-dissociation.1,4,6,11,12 This paper examines the first
overtone OH-stretching (ΔvOH = 2) region of TBHP for the first
time and utilizes two theoretical models involving coupled torsion
and OH-stretching vibrations to interpret the spectral data. Paper
II13 develops the theoretical models and extends the study of TBHP
to a broader range of OH-stretching regions (ΔvOH = 1–5).
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FIG. 1. Optimized structure of TBHP. The arrow illustrates the torsional motion
around the OO bond.

Initial studies by Crim and co-workers and later others used
the vibrationally mediated photodissociation technique to investi-
gate small molecules, including HOOH, H2O, NH3, HNO3, and
HNO4.3,9,14–24 These studies mapped out the overtone OH- or
NH-stretch regions and investigated the photodissociation dynam-
ics. More recently, this method has been used to investigate larger
molecules25 and has been extended to studies of the SH-stretch in
CH3SH.26

For TBHP, vibrationally mediated photodissociation results in
OO bond dissociation to form OH X2Π (v = 0) radical products
that are detected by laser-induced fluorescence (LIF). The ΔvOH = 5
or 6 excitation of TBHP provides sufficient energy to exceed the
threshold for direct OO bond fission (44.0–47.1 kcal mol−1; 15 390–
16 470 cm−1),5–8,27,28 producing OH radical products.3 For ΔvOH = 4
overtone spectra, absorption of a second photon of the same energy
results in dissociation to OH radical products.1 The vibrational
overtone spectroscopy studies have been extended to investigate
intramolecular vibrational energy redistribution and unimolecular
reaction following ΔvOH = 4, 5, and/or 6 excitation of TBHP.11,29,30

The experimental OH-stretching overtone spectra of TBHP in the
ΔvOH = 4–6 regions revealed transitions involving the OH-stretch
and the COOH torsion (Δntor = 0 or 1).1 Excitation from states with
ntor ≥ 1 results in hot band transitions that partially overlap with
the pure OH-stretching overtone transitions. In addition, combina-
tion bands involving excitation of both OH-stretch and torsion (e.g.,
ΔvOH = 4 + Δntor = 1) were observed.

The experimental vibrational overtone spectra of TBHP were
interpreted by Likar et al. with an empirical adiabatic two-
dimensional (2D) local mode (LM) model that includes the high
frequency OH-stretch and low frequency COOH torsion.1 The
model used for TBHP was analogous to a 2D model previously
used to explain the OH overtone spectra of HOOH in the ΔvOH
= 3–5 regions, which provided a consistent interpretation of the
observed spectra and predicted previously unobserved transitions.14

The picture that emerged based on the adiabatic model was that the
many features observed in OH overtone spectra of hydroperoxides
could be understood based on only these two vibrations, even for
TBHP that has 42 vibrational modes. The potential for the COOH
torsion of TBHP is a symmetric double well potential with two iden-
tical minimum energy configurations where the OH group points
toward one of the methyl hydrogens. The barrier separating the two
minima is sufficiently low (∼300 cm−1) to cause the torsional energy
levels to appear as doublets due to tunneling splittings.1 To repro-
duce spectral features across OH-stretching overtones, the height of
the barrier in the torsional potential was taken to be 275 cm−1 for the
OH-stretching vibrational ground state and successively increased
for OH-stretch excitations up to six quanta of OH-stretch with a bar-
rier of 680 cm−1 for vOH = 6, where the barrier height was adjusted
based on energy levels inferred through the assignment of the spec-
trum. The present study builds on the previous model to analyze the
coupled OH-stretch and COOH torsion vibrations observed in the
ΔvOH = 2 region.

In this work, the OH-stretching overtone spectrum of TBHP is
examined experimentally in the ΔvOH = 2 region under jet-cooled
(ca. 10 K) and thermal (300 K, 3 Torr) conditions. Under jet-cooled
conditions, OO bond breakage of TBHP is induced by multipho-
ton infrared (IR) excitation forming OH radical products detected
by LIF, while under thermal conditions, direct absorption of the
OH-stretch is detected. Two theoretical models are used to predict
transitions in the ΔvOH = 2 region. Both models focus on the cou-
pling between the OH-stretch and COOH torsion of TBHP while
introducing the contributions from other vibrations.13 Calculated
transition frequencies and relative intensities from the two models
are used to explain the underlying transitions of the features in the
experimental spectra.

II. EXPERIMENTAL
A. Jet cooled

A sample of TBHP (ACROS Organics, 30% water) is dried as
described in the supplementary material (see Fig. S1).31 TBHP vapor
is entrained in Ar carrier gas at a pressure of 15 psig. The gas mix-
ture is pulsed from a solenoid valve through an affixed quartz cap-
illary tube (∼25 mm length and 1 mm ID) into a vacuum chamber.
TBHP is cooled to a rotational temperature of ∼10 K upon super-
sonic jet expansion. The rotational temperature is estimated based
on the breadth of rotational band contours observed previously
for CH3CHOO and (CH3)2COO.32,33 We assume that vibrational
relaxation of TBHP occurs in the supersonic expansion and only
the lowest torsional states have significant population, as found in
a prior study of jet-cooled H2O2.9 Counterpropagating and spatially
overlapped IR and UV laser beams focused to ∼3 and 5 mm diam-
eters, respectively, intersect the gas mixture ∼1 cm downstream in
the collision free region. The tunable IR pump beam [∼15 mJ/pulse,
4.7 ns full width at half maximum (FWHM)] is the signal output of
an optical parametric oscillator/amplifier (OPO/OPA, LaserVision;
0.9 cm−1 bandwidth) pumped by a Nd:YAG laser (Continuum Sure-
lite EX, 5 Hz). For the IR power dependence, the output power
is changed by altering the pulse energy using a variable attenuator
within the OPA stage. The UV radiation (∼3 mJ/pulse, 5 ns FWHM)
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is obtained by frequency doubling the output of a Nd:YAG (Con-
tinuum 7020, 10 Hz) pumped dye laser (ND6000). The tunable IR
radiation pumps two quanta of OH-stretch into TBHP. The UV laser
probes OH X2Π3/2 (v = 0, N = 3) radical products by LIF on the
OH A2Σ+–X2Π3/2 (1,0) Q1(3) transition at 282 nm. The fluorescence
emitted on the OH A2Σ+–X2Π3/2 (1,1) transition is collected using
f/1 optics, passed through a 313 nm bandpass filter, and detected
with a gated photomultiplier tube (PMT) (Electron Tubes 9813QB
PMT). The LIF signal is preamplified and displayed on an oscillo-
scope (LeCroy WaveRunner 44Xi) interfaced with a computer for
processing. An active background subtraction scheme (IR on–IR off)
is used to remove the background OH LIF signal that is not induced
by IR excitation. Additional details of the experimental setup are
given in Refs. 32–35.

B. Room temperature
Samples of TBHP (Sigma Aldrich, ∼5.5M dissolved in decane),

tert-butanol (Sigma Aldrich, 99.5%), and decane (Sigma Aldrich,
>99%) are degassed from repeated freeze–pump–thaw cycles. TBHP
is photo-degradable, which results in a small impurity of tert-
butanol that is spectrally subtracted (Fig. S2). Vibrational spectra of
TBHP are recorded at room temperature (300–302 K, 0.5–3 Torr,
Fig. S3) with a Vertex 70 Fourier-transform infrared (FTIR) spec-
trometer (Bruker) using a CaF2 beamsplitter and a Blackman–
Harris-3-term apodization and averaged over 1500 scans with a
1.0 cm−1 resolution. The ΔvOH = 2 overtone spectrum of TBHP is
obtained with a near-infrared (NIR) light source and an indium gal-
lium arsenide detector (10 kHz scanning velocity, 2.5 mm aperture).
A fixed 16 m optical pathlength (l) white cell fitted with KCl windows
was used. See the supplementary material for more details.

III. THEORETICAL METHODS
A. Electronic structure calculations

Preliminary electronic structure calculations were performed
at the B2PLYP-D3/cc-pVTZ35 level of theory/basis using Gaus-
sian16.36 The structure of TBHP is optimized, and the vibrational
frequencies and IR absorption intensities are calculated at this geom-
etry using second-order vibrational perturbation (VPT2)37 theory as
implemented in Gaussian16.36 The coordinates associated with this
structure are provided in the supplementary material.

B. Reaction path model (RP model)
The Reaction Path model (RP model) focuses on the coupling

of the OH-stretch and COOH torsion while treating the remaining
vibrations as harmonic oscillators. In the RP approach, the one-
dimensional (1D) cut through the potential energy surface is calcu-
lated as a function of the COOH torsion at the B2PLYP-D3/cc-pVTZ
level of theory/basis using the Gaussian16 program package.36 In this
calculation, the other 41 internal coordinates are adjusted to mini-
mize the electronic energies. At each point in the scan, a harmonic
calculation is performed to obtain the Hessian of the potential, and
the reaction-path normal mode approach of Miller, Handy, and
Adams is used to obtain the harmonic zero-point energies in each of
the other degrees of freedom, with the exception of the OH-stretch.38

These zero-point energies are added to the electronic energies to
generate an effective torsional potential, and the remainder of the
calculation focuses on the OH-stretch and COOH torsion.

As the OH-stretching frequency is an order of magnitude larger
than that of the COOH torsion, a vibrational adiabatic separation
of these two motions is used to evaluate the energies and wave
functions.39 In this calculation, adiabatic surfaces corresponding to
the ground state (vOH = 0) and second excited state (vOH = 2) are
obtained using a discrete variable representation (DVR) based on an
evenly spaced grid of points on the −∞ to∞ interval40 to evaluate
energies of the vOH = 0 and 2 levels in the OH-stretch at each value
of the torsional angle (τ).

Torsional wave functions and energies are evaluated in a
particle-on-a-ring (POR) basis by fitting the adiabatic potential
energy surfaces (PESs) and the Wilson G-matrix element41,42 for the
torsion to an expansion in cos(kτ) for k ≤ 6, and 31 POR basis func-
tions are used in the representation of the Hamiltonian. Additional
details of these calculations are provided in Paper II.13

C. Local mode model (LM model)
The reduced dimensional LM model43 also focuses on the cou-

pling between the OH-stretch and COOH torsion. The LM model
is built on principles outlined in previous publications to explain
the influence of low frequency vibrations on transitions related to
high frequency modes, for, e.g., HOOH,44 2,6-difluorotoluene,45

toluene,46 xylene,47 and HOONO.48 The LM model used here
includes the OH-stretch, the OO-stretch, the OOH-bend, and the
low frequency COOH torsion. The first three modes are described
with internal curvilinear coordinates. The three-dimensional (3D)
LM Hamiltonian includes pairwise potential energy coupling and
an exact kinetic energy operator. We solve the associated 3D LM
Schrödinger equation with the variational method.49 The 3D LM
Schrödinger equation is only solved at the equilibrium value of
the torsion. The coupling of the OH-stretch and OO-stretch and
OOH-bend leads to torsionally independent energy shifts of the OH-
stretching energies. The COOH torsion is included through an adi-
abatic separation of the OH-stretch and the COOH torsion, similar
to the RP model and previous publications.1,44–48 The calculations of
the COOH torsional-dependent electronic energies are performed
in an analogous manner to that of the RP model, i.e., a displace-
ment is defined by changing the torsional angle and optimizing all
other coordinates. At each torsional angle, we calculate 1D potential
energy surfaces (PESs) of the OH-stretch. These PESs are interpo-
lated to a total of 720 points with cubic splines, and energies and
wave functions of the OH-stretch are then obtained with a DVR
approach.50 For each OH-stretching state (vOH), the effective adia-
batic torsional potential is defined as the sum of the electronic energy
and the energy of the OH-stretch, as a function of the torsional angle.
The torsional energies and wave functions, within each adiabatic
surface, are calculated with the same DVR approach used for the
OH-stretch.50

The optimizations, energy single points, and dipole moment
single points, used in the LM calculations, are all performed at the
CCSD(T)-F12a/cc-pVDZ-F12 level of theory/basis using the Mol-
pro 2012.1 program package.51 At each OH bond length (rOH) and
COOH torsional displacement, we calculate CCSD(T)-F12a/VDZ-
F12 dipole moments with a finite field approach, with an applied
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field strength of 0.0001 a.u. Additional details of this calculation are
provided in Paper II.13

D. Transition dipole moment calculations
To obtain the transition dipole moments, for all calculations,

the dipole moments at the geometries where electronic structure cal-
culations were performed are rotated to an Eckart frame52,53 based
on the optimized structure at τ = 180○. The matrix elements of the
A-, B-, and C-components of the dipole moments are obtained
between the wave functions for vOH = 0 and 2 at each torsion
angle. This provides the A-, B-, and C-transition moment func-
tions. Finally, these functions are fit to expansions in cos(kτ) and
sin(kτ) with k ≤ 6 before integrating the resulting functions over the
appropriate pair of torsional wave functions.

IV. RESULTS AND DISCUSSION
A. Experimental infrared spectra

The vibrational overtone spectrum of TBHP in the ΔvOH = 2
region is investigated under jet-cooled conditions (ca. 10 K) and
under thermal conditions (∼300 K). Figure 2 shows a comparison
of the IR overtone spectra observed under the two conditions. An
expanded view of the ΔvOH = 2 region under thermal conditions is
shown in Fig. S4.

The jet-cooled spectrum is obtained by scanning the OPO from
7000 to 7220 cm−1 at a power of 15 mJ/pulse and a scan speed of
0.05 cm−1/s, with UV LIF detection of the resultant OH radical prod-
ucts on the A2Σ+–X2Π (1,0) Q1(3) transition at an IR–UV time delay
of 660 ns. The IR–UV time delay is selected to obtain the maximum
LIF signal based on the experimental OH temporal profile (Fig. S5).
A single unstructured feature is observed with the peak centered at
7017.8 cm−1 and a FWHM of 12.2 cm−1.

FIG. 2. IR overtone spectrum of TBHP in the ΔvOH = 2 region. The room tempera-
ture (T = 301 K, 2.9 Torr, l = 16 m, top) spectrum is obtained by direct absorption,
while the jet-cooled IR action spectrum (10 K) is obtained with OH LIF detection at
a fixed IR–UV time delay of 660 ns.

Previously, ΔvOH = 5 and 6 excitation of TBHP (300 K; low
pressure) was shown to result in direct OO bond fission, permitting
LIF detection of OH X2Π (v = 0) radical products.1,3–8 By contrast,
ΔvOH = 4 excitation of TBHP required absorption of a second pho-
ton to promote the molecule above the OO dissociation limit and
enable OH LIF detection. In the present work, an IR power depen-
dence of the ΔvOH = 2 transition at 7017.8 cm−1, shown in Fig. 3,
reveals a slope of 2.7 ± 0.03 in a log10–log10 plot of OH LIF intensity
vs IR power (mJ/pulse). This indicates that three photons are likely
absorbed to promote TBHP above the dissociation limit, yielding the
OH X2Π (v = 0) radical products that are detected.

In addition to the IR multiphoton dissociation of TBHP that
yields OH X2Π radical products, the UV probe laser alone gener-
ates a weak UV-only background LIF signal that is removed by an
active background subtraction scheme (IR on–IR off). UV excita-
tion of TBHP at 282 nm induces a weak electronic absorption54–56

to a repulsive electronic state, resulting in rapid dissociation to OH
X2Π radical products.57 Due to the small UV absorption cross sec-
tion, this background OH LIF signal is ∼ten times smaller than the
IR enhanced signal (signal/background, S/B ∼ 10/1).

In the room temperature FTIR spectrum in the ΔvOH = 2
region, two distinct bands are observed: a strong feature at
7017 cm−1 and a significantly weaker feature at ∼7203 cm−1. The
band at 7017 cm−1 is assigned to the first overtone OH-stretch,
and the band maximum is close to that observed under jet-cooled
conditions (7017.8 cm−1). As expected, the feature in the room
temperature spectrum is broader (31.5 cm−1 FWHM) than that
obtained at 10 K (12.2 cm−1 FWHM). The breadth of the ΔvOH = 2

FIG. 3. (Left) Energy diagram illustrating the multi-photon dissociation of TBHP.
IR excitation of the first overtone OH-stretching vibration of TBHP (red arrow) fol-
lowed by absorption of additional photons induces dissociation to tert-butoxy and
OH X2Π radical products, the latter of which is detected by LIF on the OH A2Σ+

– X2Π3/2 (1,0) Q1(3) transition at 282 nm. The OO dissociation limit is indicated by
a dashed line. (Right) IR induced OH LIF signal at 7017.8 cm−1 (black points) as
a function of IR power (mJ/pulse). Both axes are log10. The data are analyzed with
linear regression (blue line) from which a slope of 2.7 ± 0.03 is obtained.

J. Chem. Phys. 154, 164306 (2021); doi: 10.1063/5.0048020 154, 164306-4

Published under license by AIP Publishing

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

feature of TBHP at room temperature is similar to that previously
obtained for higher vibrational overtone spectra of TBHP (298 K).
For example, a breadth of 30 cm−1 (FWHM) was reported in the
ΔvOH = 4 region.10,13 The breadth was attributed to the P-, Q-,
and R-rotational structure of four closely spaced transitions between
tunneling split torsional states with vOH = 0 and the excited state
vOH = 4 as well as hot band transitions originating from torsionally
excited states.

In previous work, a combination band involving OH-stretching
and torsional excitation was also observed ∼200–250 cm−1 higher
in energy than the pure ΔvOH = 4 and ΔvOH = 5 overtone transi-
tions of TBHP.1,4,6 In the ΔvOH = 2 region, a similar combination
band (ΔvOH = 2 + Δntor = 1) is observed at ∼7203 cm−1 (Fig. 2)
under thermal conditions, which is ∼185 cm−1 higher than the pure
ΔvOH = 2 overtone feature. In addition, we observe a difference band
(ΔvOH = 2 + Δntor = −1, see Fig. S4) located at ∼6863 cm−1, i.e.,
∼154 cm−1 lower than the pure OH-stretching feature. The appear-
ance of these bands confirms the contribution of torsional hot bands
to the OH-stretching region.

Based on the results of our calculations described above (RP
and LM models), the combination band is predicted to appear
∼200 cm−1 higher in frequency compared to the ΔvOH = 2 band
(Table I). The analogous combination band involving torsion
was not observed under jet-cooled conditions, indicating that the
combination band is at least an order of magnitude weaker than the
observed ΔvOH = 2 feature.

TABLE I. Calculated transition frequencies (ν̃), relative intensities (RI)a, and transition
types for the torsional transitions of TBHP in the ΔvOH = 2 region.

RP modelb LM modelc Transition
Transition ν̃/cm−1 RI ν̃/cm−1 RI type

∣0−⟩→ ∣0+⟩ 7053.6 0.48 7017.5 0.56 C
∣0−⟩→ ∣0−⟩ 7054.0 1.00 7018.4 1.00 A/B
∣0+⟩→ ∣0+⟩ 7055.5 1.00 7021.2 1.00 A/B
∣0+⟩→ ∣0−⟩ 7056.0 0.47 7022.1 0.54 C
∣0−⟩→ ∣1+⟩ 7268.8 0.0001 7216.2 0.000 2 C
∣0−⟩→ ∣1−⟩ 7285.0 0.09 7242.5 0.11 A/B
∣0+⟩→ ∣1+⟩ 7270.6 0.11 7220.0 0.14 A/B
∣0+⟩→ ∣1−⟩ 7286.8 0.0003 7246.3 0.000 07 C
∣1−⟩→ ∣1+⟩ 7042.2 0.29 6992.9 0.31 C
∣1−⟩→ ∣1−⟩ 7058.5 0.97 7019.2 0.96 A/B
∣1+⟩→ ∣1+⟩ 7083.1 1.00 7049.0 1.03 A/B
∣1+⟩→ ∣1−⟩ 7099.3 0.21 7075.3 0.21 C
∣1−⟩→ ∣2+⟩ 7193.8 0.03 7145.2 0.07 C
∣1−⟩→ ∣2−⟩ 7280.5 0.15 7245.6 0.16 A/B
∣1+⟩→ ∣2+⟩ 7234.6 0.25 7201.4 0.24 A/B
∣1+⟩→ ∣2−⟩ 7321.3 0.004 7301.7 0.004 C

aThe intensities are relative to ∣0+⟩ → ∣0+⟩ and are not Boltzmann weighted. See Table
SI for initial state energies.
bCalculations are performed using the reaction path model with electronic energies and
dipole moments obtained at the B2PLYP-D3/cc-pVTZ level of theory/basis.
cCalculations are performed using the local mode model with electronic energies
obtained at the CCSD(T)-F12a/VDZ-F12 level of theory/basis.

B. Torsion about the OO bond

A commonly used approach to calculate the vibrational spec-
trum is VPT2 theory. When this approach is used within a B2PLYP-
D3/cc-pVTZ calculation, as implemented in Gaussian,36 the ΔvOH
= 2 transition of TBHP is predicted at 7029 cm−1. This is 11.2
cm−1 higher than the observed ΔvOH = 2 feature at 7017.8 cm−1.
The breadth of the ΔvOH = 2 feature in the experimental spec-
trum is greater than that expected for the rovibrational band con-
tour of a single transition based on PGOPHER58 simulation using
the rotational constants and transition moments obtained from
this VPT2 calculation (FWHM of ∼5 cm−1 at 10 K, as described
in the supplementary material and shown in Fig. S6). The VPT2
calculation is based on a zero-order description of the molecu-
lar vibrations in which all of the vibrations are harmonic and the
ground state wave function is localized in a single minimum in the
potential.

The torsional potential about the OO bond of TBHP is a sym-
metric double well potential, containing two identical minimum
energy configurations (gauche) [see Fig. 4(a)]. In these geometries,
the OH group points toward one of the methyl hydrogens, which
correspond to COOH dihedral angles of ∼113○ and 247○. At the
transition state that separates these minima, the OH group is in
the COO plane (trans) with a COOH torsion angle of 180○.1 As
the trans-barrier for internal rotation of TBHP is roughly a fac-
tor of 1.5 larger than the frequency associated with the torsional
motion around the OO bond [Fig. 4(a)], we expect that the vibra-
tional energies associated with the torsion will exhibit tunneling
splittings, something that is not anticipated by the VPT2 approach.
Therefore, more sophisticated treatments are needed to describe the
vibrational spectrum of TBHP. Both theoretical models, described
above, include the torsional motion through adiabatic separations
of the high (OH-stretching) and low frequency vibrations in which
1D effective torsion potentials are developed by including the effect
of other vibrational modes. Based on these models, the calculated
barrier height for vOH = 0 is 335 cm−1 based on the RP model and
286 cm−1 based on the LM model. Most of the 49 cm−1 differ-
ence in the barrier heights obtained using the RP and LM models
reflects a 43 cm−1 difference in the barrier heights obtained from the
B2PLYP-D3 and CCSD(T) calculations used to develop the poten-
tial surfaces for the two models. Both values agree relatively well
with the fitted value of 275 ± 25 cm−1 from the earlier study of
Likar et al.1

The torsional barrier height increases with OH vibrational
excitation and results in an associated increase in the torsion fre-
quency.1 For vOH = 2, the barrier height is 432 cm−1 (RP model) and
370 cm−1 (LM model), which is ∼85 cm−1 larger than the barrier
for vOH = 0. This increase in barrier height can be attributed to
the ∼99 cm−1 higher wavenumber of the vOH = 2 state at the trans-
barrier compared to its value in the minimum energy configuration.
This increase in barrier height leads to a steeper potential in the tor-
sion, which is consistent with the increase in the torsion frequency
with excitation of the OH-stretch. Additionally, ⟨rOH⟩ increases with
increasing vOH, leading to an increase in the effective mass of the tor-
sion with OH-stretching excitation. Taken alone, this increase in the
effective mass would result in a decrease in the torsion frequency
by ∼5 cm−1, but when both the potential energy and the kinetic
energy variations are considered, the calculations show an overall
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FIG. 4. (a) Torsional potentials of TBHP for the vibrational ground (vOH = 0) and second excited OH-stretching states (vOH = 2) based on the result from the RP model. The
LM model gives nearly identical results. The ∣0±⟩ (red and blue), ∣1±⟩ (purple and green), and ∣2±⟩ (cyan and pink) tunneling doublets are shown. (b) The wave functions of
the lower energy torsion doublet in vOH = 0 and 2. The four transitions between these states are also shown.

increase in the torsion frequency by ∼30 cm−1 for vOH = 2 compared
to vOH = 0.

It is interesting to consider which other modes affect the OH-
stretch and the COOH torsion. In the RP model, the remaining 40
vibrations are considered at the harmonic zero-point level through
the RP treatment. Inclusion of these additional vibrations has only a
small effect on the shape of the potential (Fig. S7). For example, the
barrier height is increased by 4.9 cm−1 when the zero-point energy
of these 40 modes is added to the electronic energy. This obser-
vation partially validates the assumption of the RP model and the
semi-empirical model of Likar et al., namely, that the OH-stretch
and COOH torsion are the most important modes to consider in
order to capture the correct spectroscopic picture of TBHP. On the
other hand, a closer look at how each of the other harmonic fre-
quencies change with the displacement of the OH bond length or
the torsion angle shows that the harmonic OOH-bend frequency is
most sensitive to the OH bond length, while the OO-stretch shows
a weaker dependence on the OH bond length. This observation
supports the choice of the inclusion of these two vibrations in the
LM model. Further discussion of these couplings is provided in
Paper II.13

The barrier in the double well potential is sufficiently low to
cause the energy levels to appear in pairs with a small tunneling
splitting in the ground torsion level that increases with torsion exci-
tation. Figure 4(a) shows the lower and upper tunneling doublets
for both the OH-stretching vibrational ground state (vOH = 0) and
the second excited state (vOH = 2). The pair of states that corre-
spond to the ground torsional states are identified as ∣0+⟩ (red) and

∣0−⟩ (blue), abbreviated as ∣0±⟩, while the first excited torsional states
are identified as ∣1+⟩ (green) and ∣1−⟩ (purple), abbreviated as ∣1±⟩.
Transitions between the vibrational ground and second excited OH-
stretching states are referred to as ∣0+⟩ → ∣0+⟩, ∣0+⟩ → ∣0−⟩, etc.,
where the first ket represents the torsion level for vOH = 0 and the
second provides the torsion level for vOH = 2.

Based on the LM model, the ∣0±⟩ states are split by 3.7 cm−1

for vOH = 0, while the analogous pair of states for vOH = 2 have a
smaller tunneling splitting (0.9 cm−1) due to the higher torsional
barrier (see Table I and Fig. 4). The pair of states that correspond
to the first excited state in the torsion (∣1±⟩) lie close to the top of
the barrier on the corresponding adiabatic potential, shown as green
and purple energy levels in Fig. 4(a). The lower barrier on the vOH
= 0 potential leads to a larger tunneling splitting of ∼56 cm−1 for
∣1±⟩ compared to a tunneling splitting of ∼26 cm−1 when vOH = 2.
Finally, the second excited torsional states ∣2±⟩ (cyan and pink in
Fig. 4) are predicted to exhibit even larger tunneling splittings. The
two models predict slightly different tunneling splittings, where the
RP model predicts slightly smaller splittings than those listed above
based on the LM model (see Table I). These differences originate
predominantly from the ∼50 cm−1 difference in barrier heights in
the two calculations, with a larger barrier (and thus a smaller tun-
neling splitting) for the RP model compared with the LM model.
However, both models predict similar relative intensities and give
a consistent picture of the underlying transitions that make up the
observed feature.

Four spectroscopic transitions are predicted between the low-
est tunneling split torsional states of vOH = 0 and 2, which are shown
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in Fig. 4(b) and reported in Table I along with their relative inten-
sities and transition types. These four transitions contribute to the
ΔvOH = 2 vibrational overtone feature observed at 7017.8 cm−1 in
the cold spectrum (Fig. 2) and span a range of 4.6 cm−1 based on
the LM model calculations, which results in overlapping rotational
band contours (Fig. S6). At room temperature, excited torsional
states, specifically ∣1±⟩ for vOH = 0, will be significantly populated,
and additional transitions (e.g., ones to the ∣1±⟩ states with vOH = 2)
will contribute to the ΔvOH = 2 vibrational overtone feature shown
in the room temperature spectrum in Fig. 2. At room temperature,
states with ntor ≥ 2 account for less than ∼10% of the population.
Unlike the ∣0±⟩ states, which display a small tunneling splitting, the
splitting between the ∣1±⟩ states are 56 and 26 cm−1 for the vOH
= 0 and 2 levels, respectively. The four transitions associated with
ntor = 1 carry intensity and span around 80 cm−1 based on the LM
model. Their contribution to the ΔvOH = 2 feature at room temper-
ature will increase the breadth of the band profile compared to the
corresponding feature at 10 K.

The room temperature spectrum shows a second feature near
7203 cm−1, which is assigned to a OH-stretch-torsion combination
band with two quanta in the OH-stretch and an increase in the tor-
sional quantum number by one (i.e., ΔvOH = 2 + Δntor = 1, Fig. S8).
Since both the ∣0±⟩ and the ∣1±⟩ states with vOH = 0 are populated
at room temperature, the observed spectral feature at ∼7203 cm−1

includes contributions from transitions originating from both sets
of states. The energy differences associated with the four transitions
between the ∣0±⟩ states for vOH = 0 and the ∣1±⟩ states for vOH = 2
span a 30 cm−1 range based on the LM model calculations (Table I
and Fig. S8), which is significantly broader than for the ΔvOH = 2
feature (∼5 cm−1). The spectral breadth of the combination feature
compared to the pure OH-stretching (ΔvOH = 2) feature increases
because the torsional states with ntor = 1 display a larger tunnel-
ing splitting than the ntor = 0 states, as described above. As a result,
the four ∣0±⟩ → ∣0±⟩ transitions are all close in frequency, whereas
the ∣0±⟩ → ∣1±⟩ transitions are more spread out. This effect is even
larger when considering the ∣1±⟩ → ∣2±⟩ transitions as the sec-
ond excited torsional states are split even more than the states with
ntor = 0 or 1.

Under jet-cooled conditions, we anticipate that only the lowest
torsional states (∣0±⟩) will have significant population. As a result,
only two weak transitions (∣0−⟩ → ∣1−⟩ and ∣0+⟩ → ∣1+⟩), sepa-
rated by ∼20 cm−1, are predicted to contribute significantly to the
OH-stretch-torsion combination band (Table I). The predicted
intensities for each of these transitions is at least a factor of 20 weaker
than the combined intensity of the four closely spaced transitions
that give rise to the pure ΔvOH = 2 feature. Thus, these combination
bands are predicted to be too weak to be detected under jet-cooled
conditions, as found experimentally. In addition, the multiphoton
absorption leading to OH radical products could be less favor-
able at the combination band compared to the pure OH-stretching
overtone region.

Transitions between the ∣1±⟩ states for vOH = 0 and ∣2±⟩ states
for vOH = 2 also contribute to the ∼7203 cm−1 feature in the room
temperature spectrum. These four hot band transitions have tran-
sition intensities that are roughly twice as large as those for the
corresponding transitions from the ∣0±⟩ states. Accounting for the
relative thermal populations of these states, the contributions from
the ∣0±⟩ → ∣1±⟩ and ∣1±⟩ → ∣2±⟩ transitions are roughly equal in the

∼7203 cm−1 feature in the room temperature spectrum. The surpris-
ingly large intensities of these hot band transitions reflect the greater
delocalization of the torsion wave functions for the ∣1±⟩ and ∣2±⟩
states compared to the ∣0±⟩ states.13

C. Simulating experimental features
Likar et al. explored the breadth of the OH-stretching over-

tone feature using an adiabatic separation of the OH-stretch and the
COOH torsion followed by a calculation of the intensities based on a
Franck–Condon treatment.1 Within this approximation, four tran-
sitions predominantly contribute to the band of the OH-stretching
feature. These transitions are between the lowest four torsional states
(∣0±⟩ and ∣1±⟩) of vOH = 0 and the corresponding torsional states
with the same symmetry within the excited state (i.e., ∣0+⟩ → ∣0+⟩,
∣0−⟩ → ∣0−⟩, ∣1+⟩ → ∣1+⟩, and ∣1−⟩ → ∣1−⟩). However, as pointed
out by Matthews et al.59 for CH3OOH, although two of the com-
ponents of the torsional transition moment are symmetric about
τ = 180○, the third component is antisymmetric. In TBHP, transi-
tions between torsional states of the same symmetry will be a com-
bination of A- and B-type, and transitions between torsional states
of different symmetry will be purely C-type. The models used in
the present study include the torsional dependence of the dipole
moment function, and thus, the transitions between states of dif-
ferent symmetry [e.g., ∣1+⟩ → ∣1−⟩, Fig. 4(b)] carry intensity, and
unlike the ∣1+⟩ → ∣1+⟩ and ∣0−⟩ → ∣0−⟩ transitions, which occur at
roughly the same energy, ∣1+⟩ → ∣1−⟩ and ∣1−⟩ → ∣1+⟩ transitions
are shifted from the ∣1+⟩ → ∣1+⟩ by the tunneling splitting. As seen
in Table I, the transitions between torsional states of different sym-
metry carry enough intensity to affect the shape of the ΔvOH = 2
band.

Simulations in the ΔvOH = 2 region at 10 K are composed of
four overlapping contributions as shown in Fig. 5. Here, the calcu-
lated frequencies (shifted by −3.5 cm−1 to facilitate comparison with
experiment) and transition types obtained from the LM model are
used (Tables SI and SII). In the supplementary material, simulations
with both models are shown (Fig. S6), which qualitatively yield the
same picture. Each of the four transitions is composed of P-, Q-, and
R-branch structure at a rotational temperature of ∼10 K, which is
typical for the present jet-cooled conditions.32,33 The resultant rota-
tional band structure is then broadened to account for the IR laser
resolution (0.9 cm−1, Gaussian) in the blue traces. Adding an empir-
ical Lorentzian broadening of 6 cm−1 and summing the four com-
ponents yields a broadened feature (gray trace) that well represents
the experimental feature for the ΔvOH = 2 transition of TBHP. With-
out Lorentzian broadening, the four components together result in a
FWHM of ∼6 cm−1, which is only about half of that observed in the
experimental spectrum (12.2 cm−1).

The increased breadth of the experimental TBHP spectrum—
beyond that in the simulation of the four overlapping rotational
band contours at 10 K—likely arises from coupling between bright
and dark states. At vOH = 2, the density of TBHP states is already
quite high (∼4 × 107 states/cm−1 at ∼7017 cm−1), and intramolecu-
lar vibrational redistribution (IVR) will occur fast enough to result
in spectral broadening.32,33 Upon absorption of a second IR pho-
ton, a much higher density of TBHP states will be accessible by
IVR, enabling further coupling to a dense manifold of dark states
at ∼14 000 cm−1. More generally, the coupling matrix elements are
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FIG. 5. Infrared overtone spectrum of TBHP in the ΔvOH = 2 region (black
trace) recorded with OH LIF detection at a fixed IR–UV time delay of 660 ns.
A single unstructured feature is observed with the peak centered at 7017.8 and
a 12.2 cm−1 breadth (FWHM). Simulated rotational band contour (gray trace)
for TBHP is shown at a rotational temperature of 10 K. An empirical Lorentzian
broadening (6 cm−1) is added to the simulation to match the width of the exper-
imental spectrum. The simulated trace is based on parameters obtained with the
LM model. It includes the four transitions (∣0±⟩→ ∣0±⟩) in Table I shifted by
−3.5 cm−1. A comparison to the simulated spectrum obtained using parameters
from the RP model is provided in the supplementary material. The blue traces
(bold for C type and shaded for A/B type) represent each transition simulated with
a laser linewidth (Gaussian) of 0.9 cm−1.

expected to increase with the increasing OH-stretch quantum num-
ber, and low frequency torsional modes are known to accelerate
IVR.60 Thus, the observed Lorentzian broadening (6 cm−1) of the
experimental ΔvOH = 2 spectrum of jet-cooled TBHP is attributed
to the states accessed by IVR in the IR multiphoton excitation
process.

V. CONCLUSIONS
The IR spectrum of TBHP has been recorded in the ΔvOH

= 2 region under jet-cooled (10 K) and thermal (300 K, 3 Torr)
conditions. A strong feature is observed at ∼7017 cm−1 in both
experiments and assigned to the first overtone OH-stretching vibra-
tion of TBHP. Multiple transitions contribute to the ∼7017 cm−1

feature due to tunneling split energy levels within vOH = 0 and
2, which arise from the coupling of OH-stretch and COOH tor-
sional motions of TBHP. An additional weak feature is observed
at ∼7203 cm−1 under thermal conditions and is assigned to the
combined excitation of two quanta of OH-stretch and one quan-
tum of torsion. Two theoretical models are used that include the
essential coupling between the OH-stretch and COOH torsion of
TBHP. The RP model includes this coupling while incorporating
the zero-point energy from the remaining vibrations at the har-
monic level. The LM model is a reduced dimensional model that
includes a torsionally independent energy shift to the OH-stretching
energies that is due to coupling between the OH-stretch and the

OO-stretch and OOH-bend at a given torsional angle. Good agree-
ment is found between the two models. The inclusion of torsional
dependent zero-point effects is found to be relatively unimportant,
and the small differences observed between the torsional potentials
of the two models predominantly come from the different levels
of electronic structure theory used. Both models capture the spec-
troscopic picture for the ΔvOH = 2 transition under jet-cooled and
thermal conditions. The ΔvOH = 2 feature at 10 K is derived from
four transitions with overlapping rotational band contours. The
spectral broadening observed likely arises from IVR associated with
the IR multiphoton excitation process. The theoretical models also
agree with the relative intensities for the ΔvOH = 2 and ΔvOH = 2
+ Δntor = 1 transitions at 300 K. Transitions from thermally popu-
lated torsional states increase the breadth of the room temperature
spectrum.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional experimen-
tal details, including sample purification, temporal profile, spec-
tral simulations, computed spectroscopic properties, and optimized
structures.

AUTHORS’ CONTRIBUTIONS

A.S.H. and R.M.H. contributed equally to this work.

DEDICATION

The authors dedicate this paper in memory of Patricia A. Thiel,
Iowa State University, who was a brilliant scientist and served as
Associate Editor for the Journal of Chemical Physics for six years.

ACKNOWLEDGMENTS
The research at the University of Pennsylvania was primarily

supported through the National Science Foundation under Grant
No. CHE-1955068. A.S.H. gratefully acknowledges support from the
Carlsberg Foundation (Grant No. CF18-0614) and the Independent
Research Fund Denmark (Grant No. 9036-00016B). The research
at the University of Washington was primarily supported by the
U.S. Department of Energy—Basic Energy Sciences under Grant
No. FA187181/A154987 for scientific work and the National Sci-
ence Foundation (Grant No. OAC-1663636) for code development.
The research at the University of Copenhagen was primarily sup-
ported through the Independent Research Fund Denmark (Grant
No. 9040-00142B). Preliminary calculations utilized the Extreme
Science and Engineering Discovery Environment (XSEDE), which
is supported by the National Science Foundation (Grant No. ACI-
1548562) through Allocation No. TG-CHE190088.61 Additional cal-
culations were performed using (I) the Ilahie cluster, which was
purchased using funds from a MRI grant from the National Science
Foundation (Grant No. CHE-1624430); and (II) the High Perfor-
mance Computing center at the Faculty of Science at the Univer-
sity of Copenhagen. The authors also thank Jens W. Wallberg and
Camilla M. Tram for preliminary room temperature experiments in

J. Chem. Phys. 154, 164306 (2021); doi: 10.1063/5.0048020 154, 164306-8

Published under license by AIP Publishing

https://scitation.org/journal/jcp
https://www.scitation.org/doi/suppl/10.1063/5.0048020
https://www.scitation.org/doi/suppl/10.1063/5.0048020


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

Copenhagen and Ziao Liu for contributions to the experiments at
Penn.

DATA AVAILABILITY

The data that support the findings of this study are available
within the article, its supplementary material, and Paper II.13

REFERENCES
1M. D. Likar, J. E. Baggott, and F. F. Crim, J. Chem. Phys. 90, 6266 (1989).
2F. F. Crim, J. Phys. Chem. 100, 12725 (1996).
3M. D. Likar, J. E. Baggot, A. Sinha, T. M. Ticich, R. L. van der Wal, and F. F. Crim,
J. Chem. Soc., Faraday Trans. 2 84, 1483 (1988).
4S. C. Homitsky, S. M. Dragulin, L. M. Haynes, and S. Hsieh, J. Phys. Chem. A
108, 9492 (2004).
5J. A. Kerr, Chem. Rev. 66, 465 (1966).
6D. W. Chandler, W. E. Farneth, and R. N. Zare, J. Chem. Phys. 77, 4447 (1982).
7K. A. Sahetchian, R. Rigny, J. Tardieu de Maleissye, L. Batt, M. Anwar Khan, and
S. Mathews, Proc. Combust. Inst. 24, 637 (1992).
8C. D. Wijaya, R. Sumathi, and W. H. Green, J. Phys. Chem. A 107, 4908 (2003).
9L. J. Butler, T. M. Ticich, M. D. Likar, and F. F. Crim, J. Chem. Phys. 85, 2331
(1986).
10P. R. Fleming and T. R. Rizzo, J. Chem. Phys. 95, 1461 (1991).
11M.-C. Chuang, J. E. Baggott, D. W. Chandler, W. E. Farneth, and R. N. Zare,
Faraday Discuss. Chem. Soc. 75, 301 (1983).
12K. H. Møller, C. M. Tram, and H. G. Kjaergaard, J. Phys. Chem. A 121, 2951
(2017).
13E. Vogt, R. M. Huchmala, C. V. Jensen, M. A. Boyer, J. Wallberg, A. S. Hansen,
A. Kjærsgaard, M. I. Lester, A. B. McCoy, and H. G. Kjaergaard, J. Chem. Phys.
154, 164307 (2021).
14T. M. Ticich, M. D. Likar, H. R. Dübal, L. J. Butler, and F. F. Crim, J. Chem.
Phys. 87, 5820 (1987).
15M. Brouard, M. T. Martinez, J. O’Mahony, and J. P. Simons, Chem. Phys. Lett.
150, 6 (1988).
16M. Brouard and R. Mabbs, Chem. Phys. Lett. 204, 543 (1993).
17L. C. Dzugan, J. Matthews, A. Sinha, and A. B. McCoy, J. Phys. Chem. A 121,
9262 (2017).
18R. L. Vander Wal and F. F. Crim, J. Phys. Chem. 93, 5331 (1989).
19R. L. Vander Wal, J. L. Scott, and F. F. Crim, J. Chem. Phys. 92, 803 (1990).
20S. A. Nizkorodov, M. Ziemkiewicz, D. J. Nesbitt, and A. E. W. Knight, J. Chem.
Phys. 122, 194316 (2005).
21P. Avouris, M. M. T. Loy, and I. Y. Chan, Chem. Phys. Lett. 63, 624 (1979).
22A. Bach, J. M. Hutchison, R. J. Holiday, and F. F. Crim, J. Chem. Phys. 116, 4955
(2002).
23D. Bingemann, M. P. Gorman, A. M. King, and F. F. Crim, J. Chem. Phys. 107,
661 (1997).
24C. M. Roehl, S. A. Nizkorodov, H. Zhang, G. A. Blake, and P. O. Wennberg,
J. Phys. Chem. A 106, 3766 (2002).
25M. L. Hause, Y. Heidi Yoon, A. S. Case, and F. F. Crim, J. Chem. Phys. 128,
104307 (2008).
26H. Lee and S. K. Kim, Phys. Chem. Chem. Phys. 22, 19713 (2020).
27J. M. Simmie, G. Black, H. J. Curran, and J. P. Hinde, J. Phys. Chem. A 112, 5010
(2008).
28R. D. Bach and H. B. Schlegel, J. Phys. Chem. A 124, 4742 (2020).
29T. R. Rizzo and F. F. Crim, J. Chem. Phys. 76, 2754 (1982).
30J. H. Gutow, D. Klenerman, and R. N. Zare, J. Phys. Chem. 92, 172 (1988).
31J. Sharpless and T. R. Verhoeven, Aldrichim. Acta 12, 63 (1979).
32F. Liu, J. M. Beames, A. S. Petit, A. B. McCoy, and M. I. Lester, Science 345, 1596
(2014).

33F. Liu, J. M. Beames, and M. I. Lester, J. Chem. Phys. 141, 234312 (2014).
34Y. Fang, F. Liu, S. J. Klippenstein, and M. I. Lester, J. Chem. Phys. 145, 044312
(2016).
35Y. Fang, F. Liu, V. P. Barber, S. J. Klippenstein, A. B. McCoy, and M. I. Lester,
J. Chem. Phys. 144, 061102 (2016).
36M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R.
Cheeseman, G. Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X. Li, M.
Caricato, A. V. Marenich, J. Bloino, B. G. Janesko, R. Gomperts, B. Mennucci,
H. P. Hratchian, J. V. Ortiz, A. F. Izmaylov, J. L. Sonnenberg, D. Williams-Young,
F. Ding, F. Lipparini, F. Egidi, J. Goings, B. Peng, A. Petrone, T. Henderson,
D. Ranasinghe, V. G. Zakrzewski, J. Gao, N. Rega, G. Zheng, W. Liang, M. Hada,
M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, T. Vreven, K. Throssell, J. A. Montgomery, J. E. Peralta,
F. Ogliaro, M. J. Bearpark, J. J. Heyd, E. N. Brothers, K. N. Kudin, V. N. Staroverov,
T. A. Keith, R. Kobayashi, J. Normand, K. Raghavachari, A. P. Rendell, J. C.
Burant, S. S. Iyengar, J. Tomasi, M. Cossi, J. M. Millam, M. Klene, C. Adamo,
R. Cammi, J. W. Ochterski, R. L. Martin, K. Morokuma, O. Farkas, J. B. Foresman,
and D. J. Fox, Gaussian 16 Revision A.03, 2016.
37V. Barone, J. Chem. Phys. 120, 3059 (2004).
38W. H. Miller, N. C. Handy, and J. E. Adams, J. Chem. Phys. 72, 99 (1980).
39B. R. Johnson and W. P. Reinhardt, J. Chem. Phys. 85, 4538 (1986).
40D. T. Colbert and W. H. Miller, J. Chem. Phys. 96, 1982 (1992).
41J. E. B. Wilson, J. C. Decius, and P. C. Cross, Molecular Vibrations, The Theory
of Infrared and Raman Vibrational Spectra (McGraw-Hill, New York, 1955).
42J. H. Frederick and C. Woywod, J. Chem. Phys. 111, 7255 (1999).
43B. R. Henry, Acc. Chem. Res. 10, 207 (1977).
44H. R. Dübal and F. F. Crim, J. Chem. Phys. 83, 3863 (1985).
45C. Zhu, H. G. Kjaergaard, and B. R. Henry, J. Chem. Phys. 107, 691 (1997).
46D. Cavagnat and L. Lespade, J. Chem. Phys. 114, 6030 (2001).
47Z. Rong and H. G. Kjaergaard, J. Phys. Chem. A 106, 6242 (2002).
48D. P. Schofield and H. G. Kjaergaard, J. Phys. Chem. A 109, 1810 (2005).
49E. Vogt, P. Bertran Valls, and H. G. Kjaergaard, J. Phys. Chem. A 124, 932
(2020).
50R. Meyer, J. Chem. Phys. 52, 2053 (1970).
51H.-J. Werner, P. J. Knowles, G. Knizia, F. R. Manby, M. Schütz, P. Celani,
W. Györffy, D. Kats, T. Korona, R. Lindh, A. Mitrushenkov, G. Rauhut, K. R.
Shamasundar, T. B. Adler, R. D. Amos, A. Bernhardsson, A. Berning, D. L.
Cooper, M. J. O. Deegan, A. J. Dobbyn, F. Eckert, E. Goll, C. Hampel, A.
Hesselmann, G. Hetzer, T. Hrenar, G. Jansen, C. Köppl, Y. Liu, A. W. Lloyd,
R. A. Mata, A. J. May, S. J. McNicholas, W. Meyer, M. E. Mura, A. Nicklaß, D. P.
O’Neill, P. Palmieri, D. Peng, K. Pflüger, R. Pitzer, M. Reiher, T. Shiozaki, H. Stoll,
A. J. Stone, R. Tarroni, T. Thorsteinsson, M. Wang, and M. Welborn, MOLPRO
2012.1, a package of ab initio programs, see www.molpro.net.
52C. Eckart, Phys. Rev. 47, 552 (1935).
53S. V. Krasnoshchekov, E. V. Isayeva, and N. F. Stepanov, J. Chem. Phys. 140,
154104 (2014).
54K. S. Shin, C. H. Rhee, and H. L. Kim, Bull. Korean Chem. Soc. 19, 319 (1998).
55M. Baasandorj, D. K. Papanastasiou, R. K. Talukdar, A. S. Hasson, and J. B.
Burkholder, Phys. Chem. Chem. Phys. 12, 12101 (2010).
56S. Hsieh, R. Vushe, Y. T. Tun, and J. L. Vallejo, Chem. Phys. Lett. 591, 99
(2014).
57D.-C. Kim, K. W. Lee, K.-H. Jung, and J. W. Hahn, J. Chem. Phys. 109, 1698
(1998).
58PGOPHER, a Program for Simulating Rotational Structure, C. M. Western,
University of Bristol, http://pgopher.chm.bris.ac.uk.
59J. Matthews, M. Martínez-Avilés, J. S. Francisco, and A. Sinha, J. Chem. Phys.
129, 074316 (2008).
60V. P. Barber, S. Pandit, V. J. Esposito, A. B. McCoy, and M. I. Lester, J. Phys.
Chem. A 123, 2559 (2019).
61J. Towns, T. Cockerill, M. Dahan, I. Foster, K. Gaither, A. Grimshaw,
V. Hazlewood, S. Lathrop, D. Lifka, G. D. Peterson, R. Roskies, J. R. Scott, and
N. Wilkins-Diehr, Comput. Sci. Eng. 16, 62 (2014).

J. Chem. Phys. 154, 164306 (2021); doi: 10.1063/5.0048020 154, 164306-9

Published under license by AIP Publishing

https://scitation.org/journal/jcp
https://www.scitation.org/doi/suppl/10.1063/5.0048020
https://doi.org/10.1063/1.456343
https://doi.org/10.1021/jp9604812
https://doi.org/10.1039/f29888401483
https://doi.org/10.1021/jp047455l
https://doi.org/10.1021/cr60243a001
https://doi.org/10.1063/1.444447
https://doi.org/10.1016/s0082-0784(06)80078-0
https://doi.org/10.1021/jp027471n
https://doi.org/10.1063/1.451081
https://doi.org/10.1063/1.461060
https://doi.org/10.1039/dc9837500301
https://doi.org/10.1021/acs.jpca.7b01323
https://doi.org/10.1063/5.0048022
https://doi.org/10.1063/1.453735
https://doi.org/10.1063/1.453735
https://doi.org/10.1016/0009-2614(88)80388-9
https://doi.org/10.1016/0009-2614(93)89201-r
https://doi.org/10.1021/acs.jpca.7b09778
https://doi.org/10.1021/j100351a003
https://doi.org/10.1063/1.458383
https://doi.org/10.1063/1.1899157
https://doi.org/10.1063/1.1899157
https://doi.org/10.1016/0009-2614(79)80728-9
https://doi.org/10.1063/1.1450550
https://doi.org/10.1063/1.474443
https://doi.org/10.1021/jp013536v
https://doi.org/10.1063/1.2831512
https://doi.org/10.1039/d0cp03575k
https://doi.org/10.1021/jp711360z
https://doi.org/10.1021/acs.jpca.0c02859
https://doi.org/10.1063/1.443231
https://doi.org/10.1021/j100312a037
https://doi.org/10.1126/science.1257158
https://doi.org/10.1063/1.4903961
https://doi.org/10.1063/1.4958992
https://doi.org/10.1063/1.4941768
https://doi.org/10.1063/1.1637580
https://doi.org/10.1063/1.438959
https://doi.org/10.1063/1.451775
https://doi.org/10.1063/1.462100
https://doi.org/10.1063/1.480101
https://doi.org/10.1021/ar50114a003
https://doi.org/10.1063/1.449097
https://doi.org/10.1063/1.474434
https://doi.org/10.1063/1.1355313
https://doi.org/10.1021/jp013838x
https://doi.org/10.1021/jp0448999
https://doi.org/10.1021/acs.jpca.9b10682
https://doi.org/10.1063/1.1673259
http://www.molpro.net
https://doi.org/10.1103/physrev.47.552
https://doi.org/10.1063/1.4870936
https://doi.org/10.1039/c0cp00463d
https://doi.org/10.1016/j.cplett.2013.11.008
https://doi.org/10.1063/1.476716
http://pgopher.chm.bris.ac.uk
https://doi.org/10.1063/1.2967185
https://doi.org/10.1021/acs.jpca.8b12324
https://doi.org/10.1021/acs.jpca.8b12324
https://doi.org/10.1109/mcse.2014.80

