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Organic hydroperoxides (ROOH) are ubiquitous in the atmospheric oxidation of volatile organic
compounds (VOCs) as well as in low-temperature oxidation of hydrocarbon fuels. The present work
focuses on a prototypical cyclic hydroperoxide, cyclohexyl hydroperoxide (CHHP). The overtone OH
stretch (2von) spectrum of jet-cooled CHHP is recorded by IR multiphoton excitation with UV laser-
induced fluorescence detection of the resulting OH products. A distinctive IR feature is observed at
70125 cm™. Two conformers of CHHP are predicted to have similar stabilities (within 0.2 kcal mol™)
and overtone OH stretch transitions (2vop), yet are separated by a significant interconversion barrier. The
IR power dependence indicates that absorption of three or more IR photons is required for dissociation
of CHHP to cyclohexoxy (RO) and OH radical products. Accompanying high-level single- and multi-
reference electronic structure calculations quantitatively support the experimental results. Calculations
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1 Introduction

Organic hydroperoxides (ROOH) are formed in the oxidation of
volatile organic compounds (VOCs) in the atmosphere or during
combustion.™” The primary VOC generally reacts with hydroxyl
(OH) radicals to form an alkyl radical that promptly reacts with
O, to generate an alkylperoxy (RO,) radical.** The fate of the
nascent RO, is heavily dependent on its molecular structure as
well as the temperature and pressure of the surroundings.>*
In the atmosphere, the dominant removal of nascent RO,
radicals in pristine environments is by reaction with HO,, which
forms lower volatility ROOH compounds.”*® Alternatively, the
RO, radical may undergo hydrogen atom transfer (HAT) to form
a carbon-centered hydroperoxyalkyl radical (‘QOOH),>®**3
which generally undergoes unimolecular decay or reacts with O,
to form "OOQOOH. Sequential repetition of HAT and O, addi-
tion, termed autoxidation, may eventually form a highly
oxidized ROOH compound, which has lower volatility than the
precursor VOC.*™*° Such compounds are implicated in the
formation of secondary organic aerosols, which affect radiative
forcing in the atmosphere and impact public health.”*** In
contrast, reaction with HO, represents a minor sink for RO,
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associated with RO + OH formation and compared with prior theoretical results.

radicals formed during low temperature combustion (such as in
modern-day vehicle engines).>*?* Under these conditions, the
higher temperatures and pressures usually promote intra-
molecular HAT to form "“QOOH radicals which play a vital role in
fuel autoignition.'***-3¢

Given their significance in atmospheric and combustion
chemistry, a thorough understanding of spectroscopy and
dissociation dynamics of ROOH compounds is needed. Prior
studies have focused on the vibrationally mediated photodis-
sociation dynamics of hydrogen peroxide and simple organic
peroxides.>”** The fundamental OH stretch and various over-
tone OH stretch transitions of H,O, and its partially deuterated
analogue HOOD have been characterized with a variety of
techniques.*” Excitation at 6voy provides sufficient energy to
promote O-O bond dissociation to form OH X’II fragments.
These studies reveal that ca. 11% of the resulting OH fragments
formed are vibrationally excited. This is in stark contrast to near
UV photodissociation studies of H,O, and organic hydroper-
oxides, which predominantly yield rovibrationally cold OH
products.*>**

Studies have been extended to tert-butyl hydroperoxide
(TBHP), where a sequence of OH-stretch transitions from the
fundamental through the fifth overtone has been character-
ized.**** Recent work revealed a strong feature at ~7017 cm ™ *
arising from the first overtone OH stretch (2voy), which is
heavily coupled to COOH torsion.**** The voy = 0 and voy = 2
levels undergo tunneling splitting due to a double-minimum
potential energy well along the COOH torsional coordinate.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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OH radical products are detected following vy = 2 excitation of
TBHP, arising from the absorption of three or more photons of
the same wavelength to promote dissociation, while voy = 6
excitation results in single photon dissociation. The prevailing
mechanism for dissociation involves rapid intramolecular
vibrational energy redistribution (IVR) followed by O-O bond
fission to form OH + RO radical products. The timescale for
dissociation is controlled by unimolecular decay along a bar-
rierless potential. Analogous vibrationally activated dissociation
is expected for other ROOH compounds with greater molecular
complexity. Bach and Schlegel undertook a systematic compu-
tational study of various organic hydroperoxides, revealing
bond dissociation energies on the order of 45 kcal mol ", which
are consistent with experimental values for a range of
hydroperoxides.>>

This study characterizes the first overtone OH stretch (2vox)
of cyclohexyl hydroperoxide (cyc-C¢H;;0-OH, CHHP) and its
multiphoton dissociation dynamics with OH products. A new
synthetic approach is introduced to safely generate CHHP from
cyclohexene. The present work builds on a recently reported
high-resolution rotational spectroscopy study of the equatorial
and axial conformers of CHHP in a Ne expansion (CHHP 1 and
2, respectively), which determined their structures and mapped
out the conformational landscape involving torsional motions
of the -OOH group.®® Another recent study focused on the
synthesis of a wide range of organic hydroperoxides, including
CHHP, and determined their absolute photoionization cross
sections and resultant fragmentation (-OOH loss) channels.*
The present experimental study is complemented by high-level
single- and multi-reference electronic structure calculations for
CHHP and a range of other hydroperoxides.

2 Methods

2.1 Synthesis

A new synthetic approach was chosen for preparing cyclohexyl
hydroperoxide (CHHP) to avoid the storage of large quantities of
CHHP due to the explosive nature of organic hydroperoxides. It
was hypothesized that protecting the peroxide with an appro-
priate silane group would increase the molecular mass and
greatly decrease the risk of unexpected detonation of the
material.>® Specifically, as shown in Scheme 1, cobalt-catalyzed
silylperoxidation of cyclohexene directly yielded the triethylsilyl
protected peroxide, (cyclohexylperoxy) triethylsilane, in excel-
lent yields on a multigram scale.”® From (cyclohexylperoxy)
triethylsilane, conventional deprotection with pyridine-HF
yielded very pure cyclohexyl hydroperoxide in poor yields.

Co(modp), (5 mol%)

@ HSIEt; (2 equiv)
#-BUOOH (5 mol%), O,
DCE, rt, 48 h
90%

OOSiEt,
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However, the poor yields of this transformation were vastly
offset by rapid reaction times and more importantly the avoid-
ance of storing bulk quantities of organic hydroperoxide, thus
improving the safety of this approach. Extensive details on the
synthetic preparation and analytical characterization of CHHP
are presented in the ESI (ESI, see Section S1 and Fig. S1-S47).

2.2 Spectroscopic methods

The experimental method is similar to that used in a recent IR
spectroscopic study of TBHP.* Freshly synthesized CHHP is
seeded in Ar carrier gas at a pressure of 25 psig. The gas mixture
is pulsed through a solenoid valve and an affixed quartz capil-
lary tube (~25 mm length and 1 mm ID) into a vacuum
chamber. The resultant supersonic expansion cools CHHP to
a rotational temperature of ca. 10 K. Counter propagating IR
and UV beams are spatially overlapped and intersect the gas
mixture in the collision-free region ca. 1 cm downstream from
the exit of the capillary. Multiphoton IR excitation of jet-cooled
CHHP in the overtone OH stretch region (2voy) results in
dissociation to OH XII;, (v = 0) radical products that are
detected. The tunable IR beam (with powers up to ca. 28 m] per
pulse) is the signal output of an optical parametric oscillator/
amplifier (OPO/OPA, LaserVision; 0.9 cm ™' bandwidth) pum-
ped using an unseeded Nd:YAG laser (1064 nm, Continuum
Surelite EX, 5 Hz). The OH radical products are probed via laser-
induced fluorescence (LIF) on the A*=*-X*II;, (1,0) Q4(3.5)
transition at 282 nm utilizing UV radiation (ca. 1 m] per pulse)
generated with the frequency-doubled output of a Nd:YAG
(EKSPLA NL300; 532 nm, 10 Hz) pumped dye laser (Continuum
ND6000, Rhodamine 590 dye).

The fluorescence emitted on the OH A*Z*-X*TI;, (1,1) tran-
sition is detected using a gated photomultiplier tube (Electron
Tubes 9813QB) and preamplified. Data acquisition involves an
active background subtraction scheme (IR on - IR off) to remove
a weak OH LIF background signal that arises from UV photo-
dissociation of CHHP at 282 nm.

2.3 Computational methods

The ground state minimum energy geometry for a range of
ROOH compounds and their associated anharmonic normal
mode wavenumbers were computed at the B2PLYP-D3/cc-pVTZ
level of theory. Equivalent calculations were carried out for the
OH and RO radicals formed upon O-O bond fission. Single
point energies for the resultant optimized geometries were
calculated at the CCSD(T)-F12/cc-pVTZ-F12 level of theory. Bond
dissociation energies associated with RO + OH formation
(Do[RO-OH)) as well as the energy profile along the equatorial to

OOH
pyridine-HF (3.4 equiv)
THF, 0° C to rt, 30 min
20% CHHP

Scheme 1 Synthetic route to generate cyclohexyl hydroperoxide (CHHP).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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axial isomerization pathway were calculated using the CCSD(T)-
F12 energies and harmonic zero-point energies (ZPEs) from the
B2PLYP-D3/cc-pVTZ calculations described above. Additional
bond dissociation energies for CHHP and other organic
hydroperoxides were computed using the W1BD composite
method,”” which is known to provide highly accurate thermo-
chemical data within chemical accuracy (ca. 1 kecal mol ™).

The ground state relaxed potential energy (PE) profile of
CHHP along the O-O stretch coordinate (Ro_o) was calculated
with single-state complete active space second-order perturba-
tion theory (CASPT2) coupled to Dunning's aug-cc-pVTZ basis
set (henceforth CASPT2/AVTZ). This was achieved by fixing Ro_o
at various values across the range 1.0-5.6 A and allowing the
remainder of the nuclear frameworks to relax to their respective
minimum energy configurations. These were based on a 4-state
averaged complete active space self-consistent field (SA4-
CASSCF) wavefunction employing the same basis set. An
active space of 6 electrons in 4 orbitals was utilized to describe
all significance short- and long-range interactions of the system
while maintaining an appropriate computational expense. The
active orbitals are displayed in Fig. S5,f while the orbital occu-
pancies of the ground and excited electronic states of CHHP are
shown in Fig. S6 of the ESL.{ An imaginary level shift of 0.4 Ey
was used to aid convergence and to mitigate the involvement of
intruder states.

The B2PLYP-D3 and W1BD calculations were performed
using Gaussian 16 software suite®® while the CCSD(T)-F12 and
CASPT2 calculations were performed using the Molpro
computation package.>**

3 Results and discussion

Cyclohexyl hydroperoxide (CHHP) is predicted to have two
stable chair conformations with the -OOH group in an equa-
torial or axial position of the ring. The present calculations
indicate that the equatorial conformer is more stable by
0.2 kecal mol™*. A prior investigation of the conformational
landscape of CHHP (B3LYP-D3(BJ)/def2-TZVP) also found the
equatorial conformer to be lower in energy, although by ca.
1 kecal mol '.** As illustrated in Fig. 1, the interconversion
between equatorial and axial configurations involves a sequence
of geometry changes. The equatorial conformer initially trans-
forms into a twist-boat configuration through a half-chair
transition state (TS) barrier of 11.5 kcal mol™"' (Table S1t1).
Subsequently, interconversion between the two twist-boat
configurations occurs via a TS (ca. 1.5 keal mol ™) with a boat
geometry. The second twist-boat configuration converts into the
axial conformer through another half-chair TS.

The relative stability of the equatorial and axial conformers
suggests that both conformers will be populated with an esti-
mated 60 : 40 ratio in favor of the equatorial conformer based
on a room temperature Boltzmann population distribution. The
significant TS barriers separating the equatorial and axial
conformations indicate that both conformers will be populated
under jet-cooled conditions, as found in a recent rotational
spectroscopy study.”® In addition, the earlier study anticipated
a second equatorial conformer (0.67 kcal mol™' higher in
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half-chair half-chair

1

Energy (kcal mol ')

equatorial axial

Fig. 1 Energy profile connecting the equatorial and axial conformers

of CHHP calculated at the CCSD(T)-F12/cc-pVTZ-F12//B2PLYP-D3/
cc-pVTZ level of theory.

energy) associated with internal rotation about the C-O bond
(not shown in Fig. 1) that was not observed, presumably due to
relaxation via a low torsional barrier of only 4 kcal mol *.53

In this study, we examine the IR spectrum of CHHP in the
first overtone OH stretch region (2voy), guided by electronic
structure calculations performed at the B2PLYP-D3/cc-pVTZ
level of theory/basis. The equatorial and axial structures of
CHHP are optimized, and the anharmonic vibrational
frequencies and IR absorption intensities (Table S21) are
calculated at these geometries using second-order vibrational
perturbation theory (VPT2). The first overtone OH stretch for the
equatorial and axial conformers of CHHP is predicted at 7006
and 6999 cm™ ', respectively, as shown in Fig. 2. IR transitions
associated with both equatorial and axial conformers of CHHP
are anticipated based on the significant TS barrier separating
the two conformers (Fig. 1) and the observation of both
conformers in the recent rotational spectroscopy study.>

The IR action spectrum of CHHP was recorded by scanning
the OPO from 6990 to 7040 cm " at a scan speed of 0.1 cm ™' s *
in the first overtone OH stretch (2voy) region under jet-cooled
conditions, as shown in Fig. 2. The IR action spectrum is ob-
tained with LIF detection of OH products on the A-X (1,0) Q;(3.5)
transition at an IR-UV delay time of 700 ns (see Section S3 and
Fig. S7 of the ESIt). This requires IR multiphoton excitation,
which induces dissociation of CHHP and leads to formation of
cyclohexoxy (RO) and OH products. The IR action spectrum
exhibits a single prominent band at 7012.5 cm ™" with a full
width at half maximum (FWHM) of ca. 7.5 cm™". The breadth of
the observed feature is noticeably greater than the ca. 5 cm ™"
FWHM band contour expected for an isolated vibrational
overtone transition of CHHP under jet-cooled conditions. The

© 2024 The Author(s). Published by the Royal Society of Chemistry
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IR Wavenumber (cm')

7030

Fig. 2 Theoretically predicted 2voy transitions for the equatorial (red)
and axial (blue) conformers of CHHP at 7006 and 6999 cm™,
respectively, shown with relative intensities of 60:40 for a room
temperature Boltzmann distribution. The experimental IR action
spectrum (purple points) is overlaid with a simulated rotational band
contour (black) for a scenario of closely spaced 2voy transitions (ca.
3 cm~ ! apart) for equatorial and axial conformers. A nearly indistin-
guishable simulation results from an alternate limiting case with IR
power broadening of the 2voy transition for the equatorial conformer
that increases the homogeneous linewidth to 6.0 cm™ (see Fig. S8%).
The spectral shift of the observed feature (ca. 10 + 2 cm ™) is within the
accuracy of the theoretical predictions (10-20 cm™3).

anticipated breadth is based on simulations using experimental
rotational constants,” a rotational temperature of 10 K, the
OPO bandwidth (0.9 cm™"), and typical homogeneous broad-
ening (1.7 em™') associated with rapid (ps) intramolecular
vibrational energy redistribution."*>

The experimental observation of a single broadened feature
at 7012.5 cm™ ' can result from different population distribu-
tions for the equatorial and axial conformers of CHHP. One
limiting case is a 60 : 40 population ratio of equatorial to axial
conformers estimated for a Boltzmann distribution at 300 K and
assumed to be unchanged upon supersonic expansion. In this
case, the 2woy transitions for the equatorial and axial
conformers would need to be more closely spaced, e.g. ca.
3 cm ™! apart, than predicted theoretically such that the two
band contours merge into a single feature as shown in Fig. 2. An
alternative limiting scenario is that the observed 2vqy feature
originates primarily from the energy equatorial
conformer with IR power broadening increasing the homoge-
neous linewidth to 6.0 cm ™. The two limiting cases yield nearly
indistinguishable spectra as illustrated in Fig. S8.f The
observed feature appears at higher energy (ca. 10 2 cm ™) than
predicted for the equatorial and axial conformers (7006 and
6999 cm™ ", respectively), which is well within the accuracy of
the theoretical predictions (10-20 cm ™).

A previous study reported an extensively broadened 2oy
feature (12.2 cm™ ' FWHM) for TBHP under jet-cooled condi-
tions, which was attributed to tunneling across the symmetric

lower

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (Left) Energy diagram showing the multiphoton dissociation of

CHHP. IR excitation of the 2voy transition (black arrow) followed by
absorption of additional photon(s) provides sufficient energy to exceed
the O-0O bond dissociation limit of CHHP (dashed line), resulting in
cyclohexoxy and OH radicals. The OH radicals are detected using LIF
on the A’="—X?IIs;, (1,0) Q4(3.5) transition at 282 nm. (Right) IR-
induced OH LIF signal intensity at 7012.5 cm™ as a function of IR
power (mJ per pulse). Both axes are plotted on a log;o scale, yielding
a slope of 2.3 + 0.3. The nonlinear IR power dependence indicates
multiphoton excitation of CHHP.

double-well potential along the OH torsion coordinate.***® This
resulted in multiple transitions and associated inhomogeneous
broadening. Such broadening is not anticipated in CHHP since
the double-well potential associated with OH torsion is asym-
metric at the global minimum energy geometry of CHHP.

The IR power dependence of the 2voy transition of CHHP at
7012.5 cm™ ' is obtained by varying the output power of the OPO
from 13 to 28 m]J per pulse, as shown in Fig. 3 with both axes on
a logy, scale. The variation of the OH LIF signal with IR laser
power reveals a slope of 2.3 £ 0.3. The nonlinear dependence on
IR power implies that the dissociation process requires multi-
photon absorption of IR photons in the 2voy region. The slope
indicates that more than two photons are required to promote
CHHP above the dissociation limit, yielding the OH radicals
that are detected. The energies of the OH fundamental and first
overtone transitions are obtained from the VPT2 calculation,
while the higher OH overtone levels (3voy and 4voy) illustrated
in Fig. 3 are estimated from an anharmonic vibrational analysis.

Fig. 4 presents the CASPT2 relaxed potential energy (PE)
profile along the O-O stretch coordinate (Roo) for the equatorial
conformer of CHHP. The PE profile shows a weak saddle point
at Roo = 2.78 A followed by a shallow minimum at Roo = 2.8 A,
the latter of which arises from a hydrogen bonding interaction
between the O lone pair of the cyclohexoxy radical (RO) and the
H-atom of the OH unit. The energy profile along the O-O
coordinate beyond Rpo > 3.4 A proceeds smoothly to the RO +
OH asymptotic limit, which is consistent with earlier studies of
other hydroperoxides.®** The corresponding PE profile for the
axial conformer of CHHP is shown in Fig. S9.t1 Using the
asymptotic energies, bond dissociation energies (D.) of ca.

Chem. Sci., 2024, 15, 6160-6167 | 6163
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Fig. 4 Energy diagram for the equatorial conformer of CHHP (ROOH)
along the O-0O stretch coordinate (Roo) to form cyclohexoxy (RO) +
OH products. The potential is calculated at the CASPT2/aug-cc-pVTZ
level of theory. A bond dissociation energy (D.) of 46 kcal mol™?t is
obtained for the equatorial conformer of CHHP.

46 kcal mol™" are determined for both equatorial and axial
conformers. Upon ZPE correction, the resulting D, values for
both conformers are ca. 42 keal mol~'. The W1BD method
predicts a D, value of 43 kcal mol ™" (Table 1), which agrees well
with the ZPE-corrected CASPT2 energies. The W1BD method is
known to give thermochemical quantities that are within
chemical accuracy (1 keal mol™).

Given that the IR excitation is tuned to 7012.5 cm™ " (ca.
20 kcal mol™ '), which corresponds to the 2oy transition of
CHHP, multiphoton dissociation is required to initiate O-O
bond fission. With a W1BD derived D, value of 43 kcal mol™*, at
least three photons of the OH first overtone transition would be
required to promote O-O bond fission. The third photon would
impart an excess energy of ca. 17 kcal mol " into CHHP, which
upon intramolecular vibrational energy redistribution would
provide sufficient energy in O-O stretch to promote O-O bond
fission.

1

Table 1 Computed O-O dissociation energies (Dg, kcal mol™?) for
several hydroperoxides evaluated at various levels of theory and
comparison with experiment

This work Bach et al.”

CCSD(T)-F12/

W1BD cc—pVTZ—Flzb CBS-APNO G4 Expt.
HO-OH 48.4 48.1 50.2 49.0 50.30°
CH;0-OH 41.9 42.4 44.6 43.2  44.67°
(CH3);CO--OH 44.0 43.5 45.8 43.9 44.1¢
(CH3),CHO-OH  43.9 441 — — —
cyc-C¢H,;;O-OH 43.4 e — — —

@ Ref. 52. % ZPE corrected with vibrational wavenumbers derived at the
B2PLYP-D3/cc-pVTZ level. © Ref. 65. ¢ Ref. 66.
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The O-O bond dissociation energy (D,) for CHHP (cyc-
CeH1,0-0OH) is compared with those computed for four simpler
hydroperoxides (ROOH) using the same W1BD method in
Table 1. The D, values of the representative hydroperoxides are
also evaluated with the CCSD(T)-F12/cc-pVTZ-F12 method
(Table 1). The calculated dissociation energies using the W1BD
and CCSD(T)-F12 methods compare favorably with those
previously reported with the CBS-APNO and G4 methods.** Prior
theoretical studies of O-O bond dissociation energies for
ROOH with various substituents ranged from ca. 35 to
50 keal mol " with a typical 0-O bond dissociation energy of ca.
45 kecal mol .55

The present calculations, along with those conducted
previously,®** show that the organic hydroperoxides have
Dy(O-0) values that are ca. 4-7 keal mol~ " lower than that of
hydrogen peroxide. This can be qualitatively understood from
the relative stabilities of the OH vs. RO radical products. Alkyl
groups are well-known oc-electron donors and the H-atoms of
the CH; moiety participate in hyperconjugation. Both effects are
expected to stabilize the oxygen-centered odd-electron (the
electron deficient p-orbital) of the RO radical. Equivalent
stabilizations are not available for OH, resulting in more stable
OR radicals. Interestingly, the organic hydroperoxide with
a primary carbon-center (CH;0-OH) has a D, value that is ca. 1-
2 keal mol ™" lower than that of secondary [(CH;),CHO-OH and
cyc-CgH;,0-OH] and tertiary ((CH3);CO-OH) carbon-centered
hydroperoxides. The secondary and tertiary carbon-centers
are more electron-rich than primary carbon-centers due to the
+1 inductive effects imparted by the alkyl-substituents; this is
expected to increase the nucleophilicity of the carbon-center.
Additionally, hyperconjugation is not available in the
secondary and tertiary carbon centers. Both effects are expected
to destabilize secondary and tertiary carbon-centered organic
hydroperoxides, consistent with their higher bond dissociation
energies.

4 Conclusions

A new synthetic approach for generating CHHP is utilized in the
present study of its IR spectroscopy and multiphoton dissocia-
tion dynamics. The IR spectrum of jet-cooled CHHP has been
recorded in the first overtone OH stretch (2voy) region.
Quantum chemical studies reveal that the equatorial conformer
of CHHP is slightly more stable than the axial conformer (ca.
0.2 keal mol ™) and separated by a substantial TS barrier for
isomerization (ca. 11.5 kcal mol ™). As a result, both conformers
may be populated under jet-cooled conditions, in accord with
a recent rotational spectroscopy investigation.*® IR multiphoton
excitation promotes CHHP above the O-O dissociation limit,
resulting in OH X°II (v = 0) radical products that are detected
via UV-LIF. IR action spectroscopy yields a distinctive, yet
broadened, vibrational feature for CHHP at
7012.5 cm . This can be ascribed to various scenarios ranging
from a single homogeneously broadened feature dominated by
the equatorial conformer to overlapping band contours for the
equatorial and axial conformers that merge into a single
feature. The nonlinear IR power dependence of this spectral

overtone

© 2024 The Author(s). Published by the Royal Society of Chemistry
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feature confirms that a minimum of three photons with ener-
gies corresponding to 2voy are required to promote O-O bond
fission. This observation is confirmed by computation of
relaxed CASPT2 potential energy profiles along the O-O bond
stretch coordinate for the equatorial and axial conformers, and
determination of the O-O bond dissociation energy using the
W1BD method.

The present study adds to the small but growing body of
work on larger organic hydroperoxides. In the future, we
anticipate the emergence of synthetic procedures for laboratory
investigation of the spectroscopy and dissociation dynamics of
more complex and atmospherically relevant organic
hydroperoxides.
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