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ABSTRACT
The vibrational spectra of gas phase tert-butyl hydroperoxide have been recorded in the OH-stretching fundamental and overtone regions
(ΔvOH = 1–5) at room temperature using conventional Fourier transform infrared (ΔvOH = 1–3) and cavity ring-down (ΔvOH = 4–5) spec-
troscopy. In hydroperoxides, the OH-stretching and COOH torsion vibrations are strongly coupled. The double-well nature of the COOH
torsion potential leads to tunneling splitting of the energy levels and, combined with the low frequency of the torsional vibration, results in
spectra in the OH-stretching regions with multiple vibrational transitions. In each of the OH-stretching regions, both an OH-stretching and
a stretch–torsion combination feature are observed, and we show direct evidence for the tunneling splitting in the OH-stretching fundamen-
tal region. We have developed two complementary vibrational models to describe the spectra of the OH-stretching regions, a reaction path
model and a reduced dimensional local mode model, both of which describe the features of the vibrational spectra well. We also explore the
torsional dependence of the OH-stretching transition dipole moment and show that a Franck–Condon treatment fails to capture the intensity
in the region of the stretch–torsion combination features. The accuracy of the Franck–Condon treatment of these features improves with
increasing ΔvOH.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0048022., s

I. INTRODUCTION

Atmospheric oxidation of volatile organic compounds invari-
ably leads to formation of organic peroxy radicals. Under low NOx
conditions, bimolecular reactions with HO2 and autoxidation reac-
tions of these peroxy radicals lead to formation of large quantities of
hydroperoxides.1,2 These organic hydroperoxides are central to the
formation of highly oxygenated organic molecules that are known
to contribute to particle formation and growth.3–6 Direct atmo-
spheric spectroscopic observations of trace species such as hydroper-
oxides are difficult and rely on accurate laboratory reference spec-
tra.7,8 There have been a number of laboratory based measurements
of vibrational spectra of hydroperoxides in the fundamental and

overtone OH-stretching regions.9–16 From a theoretical perspective,
analysis of spectra of hydroperoxides has previously been largely
based on empirical models rather than ab initio calculations.12,14

Interpretation of experimental vibrational spectra can be dif-
ficult, and both empirical and ab initio models are often needed
to provide a coherent interpretation. Widely available approaches
for solving the vibrational Schrödinger equation, such as general-
ized second-order vibrational perturbation theory (GVPT2), have
been tremendously successful for rigid and semi-rigid molecules
of increasing dimension.17,18 However, for floppy molecules with
more than one low-energy minimum on the potential energy sur-
face connected by small barriers, the local polynomial expansions
of the potential energy surface used in most of these calculations
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are insufficient. Vibrational models specifically tailored to address
the encountered difficulties are needed for these systems. Histori-
cally, empirical models with parameters either directly derived or
fitted based on different spectroscopic regions have been used to
explain spectroscopic features that are otherwise inaccessible. For
example, the empirical model developed by Likar et al. for tert-butyl
hydroperoxide (TBHP),12 which is based on an adiabatic separation
of the OH-stretch and the COOH torsion, was used to explain spec-
troscopic features in the OH-stretching overtone regions. With this
model, Likar et al. were able to quantify the height of the barrier
that connects the two equivalent minima on the potential surface
that describes the COOH torsion in TBHP and its variation with
the OH-stretching quantum number, vOH. Similar empirical mod-
els have been successfully applied to other hydroperoxides such as
hydrogen peroxide, methyl hydroperoxide, and ethyl hydroperox-
ide.10,14,15,19 The fact that a single empirical model can explain a
range of spectroscopic features across a class of molecules gives
confidence in the validity of the underlying assumptions of the
model. Nevertheless, the model ignores the contributions from the
other degrees of freedom, as well as the coordinate dependence of
the dipole moment function. However, for hydroperoxides, there
is evidence that the dependence of the dipole moment on the tor-
sional angle needs to be included for more quantitative spectroscopic
predictions.15

Vibrational models based on an adiabatic separation of the
high-frequency XH-stretching (where X = O, C, N, etc.) modes
and low-frequency torsional modes have been successfully applied
to a range of molecules, e.g., toluenes,20–22 nitromethanes,23–25

2,6-difluorotoluene,26 xylene,27 2-methylpyridine,28 acetic acid,28

aniline,29 and HOONO.30,31 In general, the coupling between
the XH-stretching modes and the torsional mode leads to com-
plicated spectra that, at room temperature, consist of multiple
transitions from thermally excited torsional states. The spec-
tral complexity does not always decrease with increasing tor-
sional barrier, although the molecules become more rigid and
a local expansion of the potential energy surface becomes more
valid. For HOONO, the stretch–torsion coupling significantly
complicates the OH-stretching regions, and within each OH-
stretching region, multiple features of comparable intensity are
observed.30,31

Within the adiabatic approximation, the XH-stretching regions
can be explained based on the change in the torsional potential and
the shape of the dipole moment function. In Paper I, we showed
how two vibrational models built on different approximations pro-
vide a coherent interpretation of the ΔvOH = 2 region of TBHP with
results in good agreement with both jet-cooled and room temper-
ature experimental spectra.32 The first of these vibrational models
builds on the reaction path (RP) formalism.33 It includes one local
mode (LM) OH-stretching coordinate, one torsional RP coordinate,
and a harmonic treatment of the remaining 40 normal modes based
on a quadratic expansion of the potential surface along the RP. The
second model is a reduced dimensional anharmonic LM model,
which includes the COOH torsion, the OH-stretch, the OO-stretch,
and the OOH-bend with the latter three being explicitly coupled.
The RP treatment allows us to explore which modes affect the OH-
stretch and the torsion, thereby allowing us to validate the choice
of coordinates that are most important to include in the reduced
dimensional LM model.

In this paper, we present room temperature spectra for the
ΔvOH = 1–5 regions of TBHP and highlight features arising from
a breakdown of a Franck–Condon treatment. We find that inclu-
sion of the dipole moment function is important to describe the
relative intensity of the two major features observed within the OH-
stretching regions for ΔvOH ≤ 3 and show how the OH-stretching
regions of TBHP are complicated by multiple transitions at room
temperature.

II. EXPERIMENTAL
Samples of TBHP (Sigma Aldrich, ∼5.5M dissolved in decane),

tert-butanol (Sigma Aldrich, >99.5%), and decane (Sigma Aldrich,
>99%) are connected to a vacuum-line using UltraTorr fittings
(Swagelok) and are degassed by repeated freeze–pump–thaw cycles.
Photo-degradation of TBHP results in a small impurity of
tert-butanol, which has an OH-stretching frequency similar to that of
TBHP. To minimize the degradation by sunlight, the TBHP sample
holder is covered. Spectra of the fundamental and first two over-
tones, ΔvOH = 1–3, were recorded at room temperature (∼300 to
302 K) with a Vertex 70 FTIR-spectrometer (Bruker) using a CaF2
beamsplitter, 1.0 cm−1 resolution, a Blackman–Harris-three-term
apodization and averaged over 1500 scans for ΔvOH = 1–2 and 6500
scans for ΔvOH = 3. In the fundamental OH-stretching region, a
mercury–cadmium–tellurium detector with a scanning velocity of
40 kHz was used with a mid-infrared (MIR) light source at an aper-
ture of 4 mm. A 1 m optical pathlength White-cell (Tornado series
T5, Specac) with CaF2 windows and Au-coated internal and Al-
coated external mirrors was used. In the fundamental OH-stretching
region, a 0.25 cm−1 resolution spectrum was recorded using the
same experimental settings, except for a 2 mm aperture and aver-
aged over 3000 scans. To record spectra in the first and second OH-
stretching overtone regions, an indium–gallium–arsenide detector
with a scanning velocity of 10 kHz was used along with a near-
infrared (NIR) light source at an aperture of 2.5 mm. A 16 m optical
pathlength White-cell (16-PA, Infrared Analysis, Inc.) with KCl win-
dows and Au-coated internal and Al-coated external mirrors was
used. To minimize signals from ambient H2O and CO2, a contin-
uous flow of dry N2 was used in the sample compartment. The tem-
perature varied less than 0.8 K before and after recording each spec-
trum. When visible, spectral features arising from tert-butanol and
H2O were removed by subtraction of spectra of pure tert-butanol
and ambient air, respectively. The spectrum of decane is dominated
by CH-stretch and combination bands. Due to the low vapor pres-
sure of decane, these signals are weak. However, the lack of dis-
tinct features and the overlap with signals from the methyl groups
in TBHP prevent subtraction of the signals from decane. This will
mostly affect the ΔvOH = 2 region due to overlap with the CH-stretch
(ΔvCH = 2) + HCH-bend (ΔvHCH = 1) transitions and the ΔvOH = 4
region due to overlap with the ΔvCH = 5 transitions.34,35

The higher overtones, ΔvOH = 4 and 5, were recorded on a
custom built integrated FTIR and cavity ring-down setup, which
has been described in detail previously.36 Briefly, a flow of N2
is bubbled through a liquid sample of TBHP (or tert-butanol)
and flows into the FTIR-spectrometer and continues into the cav-
ity ring-down cell. A tunable Ekspla optical parametric oscillator
(OPO) laser (NT342B-20-SH/SFG-AW-H/2H) with 3–5 ns long
laser pulses and a linewidth less than 5 cm−1 is used. A set of coated
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mirrors is placed on each end of the cavity. Mirrors reflecting in the
735–790 nm (Layertec, coating No. 127183) or 590–625 nm (Lay-
ertec, coating No. 134700) range, corresponding to the ΔvOH = 4
and 5 regions, respectively, are used. The light escaping the cav-
ity is recorded (Hamamatsu, H9433-201), and the resulting ring-
down follows an exponential decay, from which ring-down times of
the sample (τ) or background (τ0) can be determined. A resulting
spectrum of the absorption coefficient (α) is then determined by

α(ν̃) =
Rl

c
(

1
τ(ν̃)

−
1

τ0(ν̃)
), (1)

where c is the speed of light and Rl = l/ls is the ratio of the actual
(l) and the effective (ls) cavity optical pathlength. For the flow rates
used, a value of Rl = 2.78 has been determined experimentally for our
setup.36 The spectra are averaged over 200 recordings with a step size
of 0.1 nm, corresponding to ∼1.8 cm−1 in the spectra of the ΔvOH = 4
region and ∼2.8 cm−1 in the spectra of the ΔvOH = 5 region.

III. VIBRATIONAL MODELS
At the heart of the vibrational models used in this study is the

adiabatic separation of the COOH torsional mode from the other
vibrational modes. Similar to previous 2D models, we write the
Hamiltonian for the OH-stretch and torsion as12

Ĥtor,OHΨvOH ,ntor(r, τ) = [
1
2
pτGττ(r, τ)pτ +

p2
r

2μOH

+V(r, τ) + V′(r, τ)]ΨvOH ,ntor(r, τ), (2)

where r is the OH bond length, τ is the torsional angle, pr = h̵
i
∂
∂r ,

pτ = h̵
i

∂
∂τ , μOH is the reduced mass for an OH group, and Gττ(r, τ)

is the coordinate-dependent Wilson G-matrix element for the tor-
sion.37,38 Finally, V(r, τ) is the potential energy surface and V′(r, τ)
is an additional coordinate-dependent contribution to the kinetic
energy, which results from the fact that the momentum operator
does not commute with the G-matrix elements. The latter term is
usually small and is not included in the models that are described in
this work.38–40 The order of magnitude difference between the OH-
stretching and COOH torsion frequencies motivates the use of an
adiabatic separation of these degrees of freedom, i.e., we write the
wave functions as

ΨvOH ,ntor(r, τ) = ϕvOH(r; τ)χ
(vOH)
ntor (τ), (3)

where the upper index on the torsional wave function specifies its
dependence on the OH-stretching quantum number, vOH. The num-
ber of quanta in the torsion is represented by ntor. This product
form is denoted by |vOH⟩|ntor⟩, while the (r; τ) notation indicates a
parametric dependence on τ. The OH-stretching wave functions and
energy levels for different torsional angles are obtained by solving

ĤOHϕvOH(r; τ) = [
p2
r

2μOH
+ V(r, τ)]ϕvOH(r; τ)

= Veff
vOH(τ)ϕvOH(r; τ), (4)

where Veff
vOH(τ) contains several contributions. The largest contribu-

tion is EvOH(τ), which is the vibrational energy in the OH-stretch

for the |vOH⟩ state [referenced to V(re(τ), τ)] that shows a weak,
but significant, dependence on τ. The leading contribution to the
torsion dependence of Veff

vOH(τ) comes from the τ-dependence of
the electronic energy, V(re(τ), τ). Inclusion of only EvOH(τ) and
V(re(τ), τ) in the definition of Veff

vOH(τ) leads to the approach that
will be referred to as the 2D model in the discussion that follows. The
reaction path (RP) model used in this study includes the harmonic
zero-point energies for the other degrees of freedom in Veff

vOH(τ),
while the local mode (LM) model considers anharmonic coupling
between the OO-stretch, the OOH-bend, and the OH-stretch. The
τ-dependent effective torsional potentials, Veff

vOH(τ), provide a set of
adiabatic potential curves, one for each of the OH-stretching vibra-
tional levels. The torsional energy levels and wave functions are
obtained by solving

⟨vOH∣Ĥtor,OH∣vOH⟩∣ntor⟩

= [
1
2
pτ⟨vOH∣Gττ(r, τ)∣vOH⟩pτ + Veff

vOH(τ)]∣ntor⟩

= EvOH ,ntor ∣ntor⟩, (5)

where EvOH ,ntor is the energy of the torsional state on a given effective
potential, including the energy of the associated OH-stretching state.

A. Reaction path (RP) model
For the RP model, all electronic structure calculations were per-

formed at the B2PLYP-D3/cc-pVTZ level of theory/basis as imple-
mented in Gaussian16.41 In the RP model, cuts through the potential
and dipole surfaces were evaluated as functions of the COOH tor-
sion angle, where the other 41 internal coordinates were relaxed to
minimize the electronic energy. The coordinates and energy were
collected at each point in the scan, and a harmonic calculation was
performed to obtain the gradient and Hessian at each geometry. In
addition, one-dimensional (1D) OH-stretching cuts in the poten-
tial around each of these geometries were evaluated. For these cuts,
the remaining 41 internal coordinates were constrained to the values
obtained in the original torsion scan.

The remaining 41 vibrations were accounted for by a RP anal-
ysis as described by Miller, Handy, and Adams.33 This approach
yields 3N-7 normal modes and corresponding frequencies. Within
this treatment, the excluded vibrational mode is defined by the nor-
malized gradient vector in mass-weighted coordinates and describes
the reaction coordinate at that geometry.33 It should be noted that
the vibration with the largest associated frequency is the OH-stretch,
and this mode is removed from the remainder of the RP analysis.
After removing the COOH torsion and OH-stretch, the remaining
40 harmonic frequencies were summed and divided by two to obtain
the harmonic zero-point energy of these vibrations [VZPVE(τ)]. This
zero-point vibrational energy was added to the electronic energy
[V(re(τ), τ)] leading to

Veff
vOH(τ) = EvOH(τ) + V(re(τ), τ) + VZPVE(τ). (6)

For each torsional angle, OH-stretching potentials were obtained by
displacing the OH bond length from the equilibrium bond length
[re(τ)] by −0.2 to 1.0 Å, in increments of 0.02 Å, at the given value
of τ. The OH vibrational energies and wave functions were evalu-
ated using 1D discrete variable representations (DVRs) as described
by Colbert and Miller42 to solve Eq. (4). A total of 2000 DVR points
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within the range of −0.35 to 1.15 Å were used, and a cubic spline
in r was used to obtain the values of V(r, τ) at the desired geome-
tries. The torsional wave functions were obtained by solving Eq. (5)
in a particle on a ring (POR) basis, where Gττ(r, τ) is the Wilson
G-matrix element for the COOH torsion.37 To facilitate this calcu-
lation, Veff

vOH(τ) and ⟨vOH|Gττ(r, τ)|vOH⟩ were fit to expansions in
cos(kτ) with k ≤ 6.

B. Local mode model
The single points and optimizations used in the LM calcula-

tions were all performed at the CCSD(T)-F12a/cc-pVDZ-F12 level
of theory/basis with the recommended CCSD(T)-F12 correlation
factor of β = 0.9 using the Molpro 2012.1 program.43–45 The model
includes a total of four vibrational modes: the COOH torsion, the
OH-stretch, the OO-stretch, and the OOH-bend. The latter three
modes were defined with internal curvilinear coordinates and with
a kinetic energy operator corresponding to the three-dimensional
(3D) contribution to the exact kinetic energy operator and pairwise
potential energy coupling.37,40,46 For the OH-stretch, single point
energies and dipole moments were calculated for a displacement
range of −0.4 to 0.9 Å in steps of 0.05 Å (see Sec. S1.3 for all dis-
placement ranges used in the LM model). For each of the modes,
the 1D LM Schrödinger equation was solved numerically with the
DVR method described by Meyer and a cubic spline interpolated
potential with a total of 720 points.47 The full 3D Hamiltonian was
subsequently constructed and diagonalized in a product basis of the
1D anharmonic eigenfunctions. The full 3D calculation was per-
formed only at the equilibrium value of the torsional angle (τe).
The COOH torsion potential energy surface and dipole moment
function were calculated by changing the torsional angle (the inter-
nal torsional coordinate) and adjusting all other 3N-7 coordinates
to minimize the electronic energy as described above for the RP
model. The OH-stretching potential energy and dipole moment
single points were calculated only at five unique torsional angles
(τ = 0.00○, 56.78○, 113.56○, 146.78○, 180.00○), giving eight points
due to symmetry. The dipole moment single points were calcu-
lated with a finite field approach, with a field strength of 0.0001
a.u., at the same values of r and τ as used for the potential energy
single points.

The effective torsional potential in the LM model is

Veff
vOH(τ) = E

LM
vOH(τ) + V(re(τ), τ), (7)

where ELM
vOH(τ) is the 1D EvOH(τ) energy but shifted by the differ-

ence between the full 3D and 1D OH-stretching energy levels eval-
uated at τe = 113.56○. The choice to use the 1D OH-stretch LM
wave function in place of the 3D wave function is justified by the
observation that the expansion coefficient that describes the con-
tribution from the state with excitation only in the OH-stretch to
the corresponding 3D OH-stretching state exceeds 0.93 for vOH
= 0–5. The torsion G-matrix element depends on the OH bond
length,12,37 and as for the RP model,Veff

vOH(τ) and ⟨vOH|Gττ(r, τ)|vOH⟩

were fit to expansions in cos(kτ), with k ≤ 3. The G-matrix sin-
gle points were calculated at the optimized structure for each
value of τ. These points were obtained from the mass matrix
and the full dimensional Jacobian for the Cartesian to internal
curvilinear coordinate transformation as defined by the Z-matrix
(see Table S18).

C. Determining intensities
The transition dipole moments were calculated by first embed-

ding the raw dipole moments from the respective calculations (RP or
LM model) in an Eckart frame with the τ = 180○ geometry as the ref-
erence structure.48,49 In this study, the τ = 180○ geometry was chosen
to capture the symmetry of the double-well potential along the tor-
sion coordinate.50,51 The intensity (oscillator strength) of a transition
(|vOH⟩|ntor⟩→ |v′OH⟩|n

′
tor⟩) is given by34,52

f = 4.702 ⋅ 10−7
[cm D−2

]ν̃vOH ,ntor→v′OH ,n′tor

× ∣⟨ntor∣M⃗vOH→v′OH
(τ)∣n′tor⟩∣

2, (8)

where

M⃗vOH→v′OH
(τ) = ⟨vOH∣μ⃗(r, τ)∣v′OH⟩ (9)

provides the transition dipole moment as a function of τ, μ⃗(r, τ)
is the dipole moment function, and ν̃vOH ,ntor→v′OH ,n′tor

is the transition
wavenumber. Within a Franck–Condon treatment, the components
of M⃗vOH→v′OH

(τe) depend only on the OH-stretching wave functions
associated with the transition, and the intensity is given by

fFC = 4.702 ⋅ 10−7
[cm D−2

]ν̃vOH ,ntor→v′OH ,n′tor

× ∣M⃗vOH→v′OH
(τe)⟨ntor ∣n′tor⟩∣

2. (10)

IV. RESULTS AND DISCUSSION
For hydroperoxides, the torsional barrier connecting the min-

ima on the potential energy surface, with torsion around the OO-
bond (C–O–O–H dihedral), is comparable to the torsional fre-
quency and the thermal energy at room temperature.10,12,14,15,19 As
a result, multiple torsional states will be populated and the associ-
ated wave functions will be delocalized among these minima. The
normal mode vibrational models that are implemented in quantum
chemistry programs are, in general, not expected to give an accurate
representation of such delocalized vibrations. In Fig. 1, we present
a torsion potential for TBHP with labeled energy levels. The TBHP
torsion potential is a symmetric double-well potential with a barrier
at τ = 180○ of around 300 cm−1, connecting two equivalent min-
ima at τ ∼ 113○ and 247○. The tunneling split torsional states are
either symmetric (+) or asymmetric (−) around τ = 180○, and mem-
bers of the pairs of torsional states (e.g., |0+⟩ and |0−⟩) have differ-
ent energies. The tunneling splitting becomes larger with increasing
excitation of the torsion, with the tunneling splitting of the tor-
sional ground state (TGS) pair being only a few cm−1, while the
pairs of torsional states above the barrier are significantly split. Pre-
viously, the accuracy of the adiabatic approximation with respect to
the tunneling splitting associated with the torsion has been investi-
gated for the simplest hydroperoxide, HOOH, by comparing results
obtained with a full-dimensional non-adiabatic model and an adi-
abatic model, in which the torsion was separated from all other
vibrational modes.53 In this case, good agreement between tunnel-
ing splittings for the fundamental states of the six different modes
was found.

Within this adiabatic model, the simplest approach to obtain
the intensities of OH-stretch–torsion transitions is to invoke an
approximation that is analogous to the Franck–Condon approxi-
mation used to describe electronic transitions [Eq. (10)]. Within
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FIG. 1. Effective potential as a function of the COOH torsion angle (τ) and energy
levels for the vOH = 0 state of TBHP. The effective potential is obtained from the
LM model, and shifted so the minimum in the potential is at 0.

this treatment, the relative intensities (RIs) of various transitions
with the same value of ΔvOH are proportional to |⟨ntor|n′tor⟩|2. While
the torsion levels that are based on the same effective potential
are orthogonal, this need not be the case for states with the same
symmetry that are evaluated from different Veff

vOH(τ). The Franck–
Condon approximation anticipates multiple torsion transitions for
a given ΔvOH, and the OH-stretching feature will be comprised
of several OH-stretch–torsion transitions. In particular, a combi-
nation feature (with the same quantum of excitation in the OH-
stretch and one additional quantum of excitation in the COOH
torsion) should appear at slightly higher wavenumbers than the
pure OH-stretching feature, depending on the frequency of the tor-
sional mode (∼200 cm−1 for TBHP). The relative intensity of this
combination feature and the OH-stretching feature will depend on
the change in the effective torsional potentials with vOH. Combina-
tion bands with additional quanta in the torsional mode are also
possible but are expected to decrease in intensity with increasing
torsional excitation.

Likar et al. successfully applied a 2D adiabatic empirical model,
which included the OH-stretch and the COOH torsion, and a
Franck–Condon treatment of transition intensities, to understand
the dominant features in the ΔvOH = 4–6 regions as well as to obtain
the torsional barrier on the effective torsional potentials for vOH = 0,
4, 5, and 6.12 The similarity of the experimental spectra and the cal-
culated transition wavenumbers and intensities from the empirical
model showed that the coarse spectral features could be accounted
for with a model based only on the OH-stretch and the COOH
torsion. Furthermore, the model clearly showed the importance of
transitions from excited torsional states to the features observed in
the different OH-stretching overtone regions.

In Fig. 2, we present measured room temperature gas phase
spectra of TBHP in the ΔvOH = 1–5 regions. Within each OH-
stretching region, a dominant OH-stretching feature is observed
along with a weaker OH-stretch–torsion combination feature ∼180
to 250 cm−1 higher in wavenumbers than the maximum of the
pure OH-stretching feature. There is good agreement between our
ΔvOH = 4 spectrum and the previously reported photoacoustic
spectrum (see Fig. S21).12

As seen in Fig. 2, the measured pure OH-stretching feature
has approximately the same width for the different OH-stretching
regions; however, the rotational fine structure is not observed for
ΔvOH > 1. This is due to both lower experimental resolution (ΔvOH
= 4–5) and the rapidly increasing density of states with increasing
vOH, which results in a more rapid intramolecular vibrational energy
redistribution (IVR).32 The combination feature is seen to blueshift
and increase in intensity relative to that of the pure OH-stretching
feature with increasing ΔvOH. Based on a Franck–Condon treatment
of intensities, the appearance of the combination feature suggests
that the effective torsion potentials are different, and the increasing
relative intensity suggests larger changes for higher vOH (vide infra).
This observation provided the basis of previous empirical models on
hydroperoxides.12,14

FIG. 2. Experimental room temperature spectra of TBHP in the ΔvOH = 1–5
regions. The maxima of the OH-stretching features (left features) have been
aligned, and the wavenumber range is equivalent for all spectra. The portions of
the spectra to the right of the red lines have been multiplied by the factors given in
the figure to show the structure of the OH-stretch–torsion combination feature.
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A. The 2D model
To begin this analysis, we calculated the OH-stretching and

torsional transitions with a 2D adiabatic Franck–Condon model
that considers only the OH-stretch and the COOH torsion. In
Table I, we present calculated and observed transition wavenum-
bers and relative intensities (combination feature compared to the
OH-stretching feature) for ΔvOH = 1–5, evaluated at the CCSD(T)-
F12a/cc-pVDZ-F12 and B2PLYP-D3/cc-pVTZ levels of electronic
structure theory/bases. As seen from Table I, the OH-stretching
transition wavenumbers calculated with both the CCSD(T)-F12a/cc-
pVDZ-F12 and B2PLYP-D3/cc-pVTZ surfaces are larger than the
corresponding experimental transition wavenumbers, with smaller
differences for the CCSD(T)-F12a potential. The smallest difference
between the OH-stretching transition wavenumbers is seen forΔvOH
= 1, and the difference increases with increasing ΔvOH. The relative
intensities, which are calculated using the Franck–Condon approach
described by Eq. (10), are denoted RIFC. This approach predicts an
increasing relative intensity of the combination feature with increas-
ing ΔvOH, in agreement with the experimental spectra in Fig. 2 and
the results of the 2D empirical model used by Likar et al.12 However,
the relative intensity of the stretch–torsion combination feature is
underestimated with the largest deviation of an order of magnitude
found for the ΔvOH = 1 transitions.

To understand the origins of the underestimation of the rela-
tive intensities at low ΔvOH based on the Franck–Condon treatment
[Eq. (10)], we next consider how the calculated relative intensi-
ties change when the full dipole surface is used in the calculations
[Eq. (8)]. As can be seen from the RIDMS values reported in Table I,
the agreement between the experiment and calculation is signifi-
cantly improved compared with the RIFC values. Interestingly, while
the use of the full transition dipole moment surface in the calcu-
lation of the intensities greatly increases the ratio of the intensities
of the transitions of the combination feature to the OH-stretching
feature for the ΔvOH = 1 region, the relative intensity for the ΔvOH
= 5 region displays only a modest change. The questions naturally
arise as to why the relative intensity for ΔvOH = 1 is most sensitive
to the shape of the transition dipole surface and why this sensi-
tivity decreases with OH-stretching excitation. To explore this, we

focus on the four transitions between the states with vOH = 0 and
ntor = 0± and the higher energy OH-stretching states with either
ntor = 0± or 1±. These are the dominant transitions in the
OH-stretching or combination feature, respectively, and the relative
intensities are provided in Table S2. While the intensities of individ-
ual transitions show substantial deviations, the sum of the intensities
of the transitions to the 0± levels (OH-stretching feature) differs by
less than 7% when calculated with or without the Franck–Condon
approximation. The total intensity of the transitions to the 1± lev-
els (combination feature) shows greater variation. The intensities of
transitions that do not change the value of ntor depend primarily on
the overlap of the torsional wave functions for the two vOH states,
with the magnitude of the intensity determined by ∣⟨0∣μ⃗(r, τe)∣vOH⟩∣

2

[see Eq. (10)]. The transitions that change ntor by one reflect both the
overlaps, which are captured in the Franck–Condon treatment, and
the slope of the transition dipole moment at τe that arises from the
next term in the expansion of ⟨ntor∣⟨0∣μ⃗(r, τ)∣vOH⟩∣n′tor⟩ in Eq. (8).

In Fig. 3, we report components of the torsion-dependent tran-
sition dipole moments for the ΔvOH = 1 and ΔvOH = 5 transi-
tions for the B2PLYP-D3/cc-pVTZ method, which has been eval-
uated at more torsional angles. The components calculated with the
CCSD(T)-F12a/cc-pVDZ-F12 method show similar angular depen-
dencies. Based on the symmetry of the components of the transition
dipole moment, transitions between states of the same symmetry
will be of A/B-type, whereas transitions between states of different
symmetry will be of C-type. The relative contribution of the Franck–
Condon term and the next term in the expansion of the transition
dipole moment depends on the ratio of the slope of the transition
dipole moment to its value. This ratio near τe (dashed vertical lines)
is larger for the ΔvOH = 1 than the ΔvOH = 5 transition for the
A-component, which dominates the intensity of the combination
feature (see Table S3).

B. The RP and LM models
While the above discussion explains the deviations in inten-

sities, there are also differences between the measured and calcu-
lated vibrational frequencies. This reflects the omission of 40 of

TABLE I. Experimental and calculated OH-stretching transition wavenumbers (ν̃ in cm−1) and relative intensities (RIs in %) of the combination feature, compared to the
OH-stretching feature. These are evaluated with the 2D model within the Franck–Condon approximation (RIFC) and using the full dipole moment surface (RIDMS).

ΔvOH ν̃OH (DFT)a,b ν̃OH (CC)a,b ν̃OH (expt.)c RIFC (DFT)b,d RIFC (CC)b,d RIDMS (DFT)b,d RIDMS (CC)b,d RI (expt.)c

1 3 615 3 611 3 597 0.84 0.83 13.3 12.9 11.0 ± 2.8
2 7 056 7 047 7 017e 4.05 4.23 9.96 10.6 13.3 ± 1.2f

3 10 323 10 307 10 246 10.8 11.8 15.6 17.0 16.8 ± 1.3
4 13 421 13 390 13 307e 21.2 24.3 24.3 28.3 47.4 ± 1.8f

5 16 356 16 292 16 145e 33.5 38.3 34.9 39.5 . . .

aThe calculated transition wavenumbers are for the |0⟩|0+⟩→ |vOH⟩|0+⟩ transition.
bCC = CCSD(T)-F12a/cc-pVDZ-F12 and DFT = B2PLYP-D3/cc-pVTZ.
cFrom this study (Fig. 2). The experimental transition wavenumbers are maxima of the OH-stretching features, and RI is the ratio of the integrated intensities (see Sec. S2).
dThe ratio is calculated from summations over all transitions that contribute to the two features at T = 300 K.
eThe ΔvOH = 2 feature has also been observed under jet-cooled conditions with a maximum at 7017.8 cm−1 .32 The ΔvOH = 4 and ΔvOH = 5 features have been observed at room
temperature at 13 300 and 16 155 cm−1 , respectively.11,12

fTransitions related to the CH-groups in both TBHP and decane likely cause an increase in the relative intensity due to absorption near the combination feature (see Sec. S2).
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FIG. 3. Components of the OH-stretching
transition dipole moment M⃗vOH→v′OH

(τ)
in Eq. (9) are plotted as functions of
the torsional angle for ΔvOH = 1 (left)
and 5 (right). The A-component and
B-component of the transition dipole
moment are symmetric around τ = 180○,
whereas the C-component is antisym-
metric. The inset in the right panel shows
the principal axis system. The OO bond
is rotated by roughly 30○ off of the A-axis
(blue axis).

the vibrational modes by the 2D treatment and/or deficiencies in
the electronic structure approaches. It is not obvious which of the
other vibrational modes to include to improve the 2D model. Intu-
itively, modes involving the atoms that comprise the OH bond likely
affect the OH-stretch. For alcohols (ROH), the inclusion of just
the CO-stretch and the COH-bend led to OH-stretching transition
wavenumbers and intensities in excellent agreement with experi-
ments for ΔvOH = 1–5.46 The RP results can be used to address the
question of which modes perturb the OH-stretch and the COOH
torsion. In Fig. 4, we show the changes in the harmonic zero-point
vibrational energies (ΔZPVEs) for selected local modes as functions
of the OH bond length (left panel) and torsion angle (right panel),
over the ranges sampled by the wave functions for the states of
interest.

From the left panel of Fig. 4, it is seen that the frequency of the
OOH-bend changes significantly as the OH bond length is extended.
A smaller but still noticeable change is also seen for the OO-stretch,
with the CO-stretch and CH-stretch being practically unaffected.
As can be seen from the right panel of Fig. 4, the frequency of the
OH-stretch is most sensitive to the value of τ. When we consider

VZPVE(τ) in Eq. (6) over the range plotted in Fig. 4, we find that
|ΔVZPVE| ≤ 7.5 cm−1. Based on this, VZPVE(τ) provides a small cor-
rection to the shape of the effective torsion potentials and the results
of the RP model should not deviate significantly from those obtained
with the 2D model.

In Table II, we present barrier heights, transition wavenum-
bers, and relative intensities calculated using the RP and LM models
with the full transition dipole moment included in the evaluation
of the intensities [Eq. (8)]. As expected, the transition wavenum-
bers and relative intensities obtained from the RP treatment are
nearly identical to those obtained from the 2D model. Compared
with the 2D model, OH-stretching transition wavenumbers calcu-
lated with the LM model are significantly improved by including the
effect of the OO-stretch and OOH-bend on the OH-stretching ener-
gies. It is clear from the left panel of Fig. 4 that the OH-stretch is
affected mostly by the OOH-bending mode, and to a lesser degree by
the OO-stretch. This is confirmed by the OH-stretching transition
wavenumbers calculated by including the OOH-bend and the OO-
stretch separately and together as shown in Table S17. Apart from
ΔvOH = 5, the calculated wavenumbers are within 20 cm−1 of the

FIG. 4. Variation of B2PLYP-D3/cc-pVTZ
local mode harmonic zero-point vibra-
tional energies plotted as functions of the
OH bond length (left) and torsional angle
(right).
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TABLE II. Calculated torsional barrier heights (Vτ in cm−1), calculated and experimental OH-stretching transition wavenumbers (ν̃ in cm−1), and relative intensities (RIs in %)
of the combination feature compared to the OH-stretching feature. The calculated values are presented for both the RP and LM models.

ΔvOH Vτ (RP)a Vτ (LM)a ν̃OH (RP)b ν̃OH (LM)b ν̃OH (expt.)c RIDMS (RP)d RIDMS (LM)d RI (expt.)c

1 377 323 3 615 3 597 3 597 13.7 12.9 11.0 ± 2.8
2 432 370 7 055 7 021 7 017e 9.92 10.6 13.3 ± 1.2f

3 505 430 10 322 10 261 10 246 15.5 17.0 16.8 ± 1.3
4 595 505 13 419 13 326 13 307e 24.0 28.3 47.4 ± 1.8f

5 704 600 16 354 16 208 16 145e 34.3 39.5 . . .

aThe ground state barrier calculated with the LM and RP models is 286 and 335 cm−1 , respectively.
bCalculated transition wavenumbers for the |0⟩|0+⟩→ |vOH⟩|0+⟩ transition.
cFrom this study (Fig. 2). The experimental transition wavenumbers are the maxima of the OH-stretching features, and RI is the ratio of the integrated intensities (see Sec. S2).
dThe ratio is calculated from summations over all transitions that contribute to the two features at T = 300 K.
eThe ΔvOH = 2 feature has also been observed under jet-cooled conditions with a maximum at 7017.8 cm−1 .32 The ΔvOH = 4 and ΔvOH = 5 features have been observed at room
temperature at 13 300 and 16 155 cm−1 , respectively.11,12

fTransitions related to the CH-groups in both TBHP and decane likely cause an increase in the relative intensity due to absorption near the combination feature (see Sec. S2).

corresponding experimental values. The larger discrepancy in this
region is not surprising as the states that are accessed by the ΔvOH
= 5 transitions have energies that likely exceed the energy needed for
direct OO bond fission.11,12,54–59 The relative intensity of the com-
bination feature compared to the OH-stretching feature is in good
agreement between the RP and LM models, and with the 2D model
(with both electronic structure methods) with inclusion of the full
dipole moment surface.

C. Modeled spectra
In Fig. 5, we show calculated spectra at T = 300 K in the

ΔvOH = 1–5 regions of TBHP, simulated with rigid-rotor profiles
obtained with PGOPHER and Boltzmann weighted torsional states
based on the results of the LM model.60 The RP model yields similar
spectra (Fig. S8), albeit shifted, as indicated by the results reported
in Table II. The individual rotational–vibrational lines are convo-
luted with Lorentzian profiles (with a full width at half maximum
that increases from 2 cm−1 at ΔvOH = 1 to 16 cm−1 at ΔvOH = 5)
with all parameters needed for the simulations given in Tables S19
and S21–S26. In addition, line parameters needed to simulate the
sub-mm and far-infrared regions are given in Tables S11 and S20,
for the RP and LM models, respectively. The eight lowest torsional
states (ntor ≤ 3) are included in the calculated spectra shown in the
figures. Vibrational–rotational band profiles depend on the direc-
tion of the transition dipole moment, which changes depending on
the torsional states involved in each transition. Features arising from
transitions from the lowest two, almost degenerate, torsional states
(|0+⟩ and |0−⟩) are plotted in green and are labeled the torsional
ground state (TGS) features. Features originating from transitions
from all other thermally populated torsional states are plotted in red
and are labeled the torsional excited state (TES) features. The sum of
the two spectra is the predicted room temperature spectrum shown
in blue.

Several general observations can be made based on the spec-
tral contribution from the TES features, compared with the TGS
features. For example, consistent with previous models,12 the high-
energy shoulder on the pure OH-stretching features comes from

TES bands and shifts to higher energies, compared with the max-
imum of the OH-stretching feature, with increasing ΔvOH. The
observed shoulders are part of much wider TES features that can
have most of their intensity hidden within the part of the OH-
stretching features that originate from TGS transitions. The TES
features within the OH-stretching feature consist predominantly
of the |0⟩|1±⟩ → |vOH⟩|1±⟩ transitions. Of these four transitions,
the |0⟩|1+⟩ → |vOH⟩|1+⟩ transition carries the largest intensity,
and for the ΔvOH = 1 transition, the intensity of this transition
is larger than that for the |0⟩|0+⟩ → |vOH⟩|0+⟩ transition before
the Boltzmann populations are taken into account. This can be
rationalized based on the transition dipole moment curves for the
ΔvOH = 1 transitions shown in Fig. 3 and Fig. S3 as described
in Sec. S1.2.

The calculated spectra (Fig. 5) are in excellent agreement with
the measured spectra (Fig. 2), with direct comparisons shown in
Fig. S11 for the OH-stretching features and in Fig. 6 for the combina-
tion features. In addition to the observed combination features, we
have also observed the corresponding stretch–torsion difference fea-
tures [∣0⟩∣ntor,±⟩ → ∣vOH⟩∣(ntor − 1)±⟩] in the ΔvOH = 1–4 regions. In
Fig. S13, direct comparisons between the calculated and experimen-
tal difference features are shown. The observation of the difference
features supports the assignment of the combination features and
confirms the presence of hot torsional transitions within the OH-
stretching regions. The OH-stretch–torsion combination feature is
observed in each OH-stretching region, about 200 cm−1 higher in
wavenumbers than the pure OH-stretching feature. As seen from
Fig. 5, the combination feature is generally much wider than the
pure OH-stretching feature in the OH-stretching fundamental and
first overtone region. The combination feature consists of transi-
tions of the type ∣0⟩∣ntor,±⟩ → ∣vOH⟩∣(ntor + 1)±⟩, with transitions
between torsional states of the same symmetry being stronger than
transitions between torsional states of different symmetry. The ori-
gin of this can be derived from the plots of the transition dipole
moments in Fig. 3 as well as Figs. S3–S7. For example, for ΔvOH = 1
we find that the C-component is at a maximum at τe (vertical dashed
lines), while the A-component and B-component have finite slopes.
At room temperature, the Boltzmann population of the four lowest
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FIG. 5. Calculated room temperature (T = 300 K) spectra of the ΔvOH = 1–5
regions of TBHP (blue trace) based on the parameters obtained from the LM
model. Transitions arising from the torsional ground state (|0±⟩), and excited
states, give rise to the torsional ground state (TGS, green trace) and torsional
excited state (TES, red trace) features, respectively. The maxima of the OH-
stretching features have been aligned, and the wavenumber range is equivalent
for all spectra. The individual vibrational bands are calculated with PGOPHER (see
the text).

torsional states (|0+⟩, |0−⟩, |1+⟩, and |1−⟩) is ∼90% of the total popu-
lation, and transitions from these states dominate and explain most
spectral features. The wavenumbers of the four transitions that dom-
inate the combination feature are shown as vertical sticks in Fig. 6 for
each successive OH-stretching transition region. Interestingly, for
all transitions, the intensity of the |1+⟩ → |2+⟩ transition is similar
to that of the corresponding |0+⟩ → |1+⟩ transition despite a Boltz-
mann population that is roughly 45% that of the ground state. This
transition is primarily of A-type, and the unexpectedly large inten-
sity reflects the fact that both the wave functions for the states |1+⟩

and |2+⟩ have significant amplitude near τ = 180○, where the tran-
sition dipole moment is large. In contrast, the wave function for the
|0+⟩ state has very little amplitude in this configuration. This can be
seen in the torsion wave functions, plotted in Figs. S3–S7. The com-
bination feature for ΔvOH = 1 shown in Fig. 6 clearly consists of two
distinct features. The splitting of the combination feature is a result
of the smaller splitting of the ∣0⟩∣(ntor)±⟩ states, compared with the
∣1⟩∣(ntor + 1)±⟩ states.

FIG. 6. Experimental room temperature and calculated (T = 300 K) combination
features (OH-stretch + torsion) in the ΔvOH = 1–5 regions (A)–(E). The calculated
spectra are based on parameters obtained from the LM model. In each combina-
tion feature, the four most dominant transitions are shown as vertical sticks (see
the text). The spectra have been aligned according to the maxima of the exper-
imental OH-stretching features, and the wavenumber range is equivalent for all
spectra. The individual vibrational bands are calculated with PGOPHER (see the
text).

The four calculated transitions shown in Fig. 6 are spread by
∼57 cm−1 in the ΔvOH = 1 region [panel (a)], but only by 2 cm−1 in
the ΔvOH = 4 region [(panel (d)]. The torsional barrier increases with
increasing vOH. This leads to a decrease in the tunneling splitting of
the ∣vOH⟩∣(ntor)±⟩ states as vOH is increased. The tunneling splitting
of the |0⟩|0±⟩ states is negligible compared to the width of the com-
bination feature, while the splitting of the |vOH⟩|1±⟩ states decreases
with vOH leading to the convergence of the two calculated transitions
(blue and orange sticks) that correspond to |0+⟩ → |1+⟩ and |0−⟩
→ |1−⟩ by ΔvOH = 4. Thus, at cold temperatures, where only the
|0⟩|0±⟩ levels are populated, one would expect the combination fea-
ture to narrow as ΔvOH increases. Similarly, the spacing between the
purple and dark red sticks that correspond to transitions originating
from the |0⟩|1±⟩ states comes closer together with increasing vOH up
to vOH = 4, where the two sticks are at nearly the same position. This
reflects the tunneling splitting for the |4⟩|2±⟩ states becoming nearly
the same as the |0⟩|1±⟩ states (55 cm−1 for the |4⟩|2±⟩ levels com-
pared to 56 cm−1 for the |0⟩|1±⟩ levels, based on the LM calculation).
When vOH = 5, the splitting of the |5⟩|2±⟩ states is smaller than that
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of the |0⟩|1±⟩ ones, leading to an increasing splitting between these
two transitions and a broadening of the feature. The simulated and
experimental combination bands are clearly different for ΔvOH = 4.
In this region, CH-stretching transitions (ΔvCH = 5) from the three
methyl groups of TBHP are expected to have a comparable intensity
to that of the stretch–torsion combination band and likely result in
the apparent tail of the feature extending toward higher wavenum-
bers.34,35,61 The intensity contribution from transitions not included
in the calculations likely causes the sudden change in the experimen-
tal RIs from ΔvOH = 1–3 to ΔvOH = 4 and is not reproduced in the
calculated intensities with our models (Table II). An important con-
clusion from the results shown in Fig. 6 is that these broad features
are convolutions of multiple bands, the band origins of which reflect
the large tunneling splittings of the states with ntor = 1 and 2.

D. Tunneling splitting in the OH-stretching
fundamental region

In Fig. 7, we show an expanded view of the pure OH-stretching
feature for ΔvOH = 1 (see S2.1.1 for further details). The calculated
feature is shown together with a stick spectrum of the transition
wavenumber and intensity of the individual vibrational transitions.
The sharp shoulder at ∼3609 cm−1 is from the Q-branch of the
|0⟩|1+⟩→ |1⟩|1+⟩ transition, which is located at higher energies than
the |0⟩|0+⟩→ |1⟩|0+⟩ transition. This is primarily due to the smaller
tunneling splitting of the |1⟩|1±⟩ states, compared with the |0⟩|1±⟩
states (Tables S19 and S21). The two Q-branches seen in the middle
of Fig. 7 arise from the |0⟩|0−⟩→ |1⟩|0−⟩ and |0⟩|0+⟩→ |1⟩|0+⟩ tran-
sitions. Due to the small difference between the tunneling splittings
for the |0⟩|0±⟩ and |1⟩|0±⟩ states, the transition wavenumbers of
these two transitions are slightly different. The calculated splitting of
the Q-branches based on the LM treatment is 1.7 cm−1 (1.0 cm−1 for
the RP model), which compares well with the observed splitting of

FIG. 7. Experimental room temperature and calculated (T = 300 K) fundamental
OH-stretching feature based on parameters obtained from the LM model. Differ-
ences in the tunneling splitting of the torsional states associated with vOH = 0 and
vOH = 1 give rise to an observable splitting of the central Q-branch. The individual
vibrational bands are calculated with PGOPHER (see the text).

0.9 ± 0.5 cm−1. The difference in the splitting of the Q-branches for
the two vibrational models reflects the strong sensitivity to changes
in the barrier height. The splitting of the Q-branches is a direct and
clear spectroscopic observation of the tunneling splitting in TBHP.

V. CONCLUSION
We have presented room temperature vibrational spectra of gas

phase tert-butyl hydroperoxide (TBHP) in the ΔvOH = 1–5 regions.
The ΔvOH = 1–3 regions were obtained with Fourier transform
infrared spectroscopy and the ΔvOH = 4–5 regions with cavity ring-
down spectroscopy. The features observed in the OH-stretching
regions originate from transitions involving the OH-stretch and the
COOH torsion. Based on the results of a reaction path model, we
found that the COOH torsion is most strongly affected by the OH-
stretch, which in turn is affected by the OOH-bend and to a lesser
extent by the OO-stretch. These findings validate previous empirical
models used to explain spectral features in the OH-stretching region
of TBHP and form the basis for the choice of modes used in our
reduced dimensional local mode model.

In each OH-stretching region, we observe two distinct features:
the OH-stretching feature and a combination feature with the OH-
stretch and one additional quantum of excitation in the COOH tor-
sion. The double-well nature of the COOH torsion potential leads
to tunneling splitting of the energy levels, and at room temperature,
several vibrational transitions contribute to each feature. Analysis
of the calculated spectra illustrates the importance of the torsion
dependence of the transition dipole moments in capturing the inten-
sities of the OH-stretch–torsion combination transitions, especially
for ΔvOH ≤ 3.

Based on the vibrational models, we predicted that the double-
well nature of the COOH torsion potential should lead to a split-
ting of the central Q-branches for each OH-stretching feature. In
the ΔvOH = 1 region, we observe a splitting of the strongest Q-
branches for the OH-stretching feature. The observed splitting of
the Q-branches is an unambiguous spectroscopic evidence for the
double-well nature of the COOH torsion and its strong coupling
with the OH-stretch.

SUPPLEMENTARY MATERIAL

See the supplementary material for the calculated transi-
tion wavenumbers, relative transition intensities, effective torsional
potentials, torsional energy levels, G-matrix elements, effective rota-
tional constants, additional analysis of the reaction path results,
further details on the local mode model, a description of the
applied spectral subtraction, baseline corrections, integration meth-
ods, uncertainty estimates, and a comparison with earlier spectro-
scopic work on tert-butyl hydroperoxide.
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