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Abstract: Cyclohexyl hydroperoxide was observed in the gas phase using a supersonic expansion coupled with broadband chirped-
pulse Fourier transform microwave spectroscopy. Cyclohexyl hydroperoxide is a simple but important organic peroxide due to its
rather high stability in solution and because of its applications in polymer industry. Furthermore, it is one of the products of the
oxidation process of cyclohexane. We detected this molecule in the spectrum of a complex non-commercial sample containing many
molecular species from the oxidation of cyclohexane. The peroxy group O-O-H gives flexibility to the molecule and results in different
stable conformations. Each of the conformations presents two equivalent forms due to the high symmetry of cyclohexane. From the
dataset of rotational constants observed, we determined a partial effective structure for cyclohexyl hydroperoxide and compared it
with other peroxides studied in the gas phase.

Introduction

Peroxides  (R-O-O-R’),  either  organic  or  inorganic,  are
one  of  the  most  important  family  of  compounds  for
chemistry.1 Due to the rather weak oxygen-oxygen (-O-
O-)  bond,  they  are  highly  reactive  and  decompose
spontaneously  to  more  stable  compounds.2 If  stored
under appropriate conditions, hydrogen peroxide (H2O2)
has a long shelf life. However, concentrated solutions of
H2O2 in  the  presence  of  certain  metals  can  undergo
explosive  decomposition.  Both  organic  and  inorganic
peroxides are hazardous substances, which have to be
handled  carefully.  They  are  highly  flammable,  and  if
mixed with reducing agents  will  react  violently.  Despite
their hazards, peroxides are commonly found in research
and industry due to their numerous applications. Organic
peroxides  are  important  as  radical  initiators  in  the
manufacture  of  polymers3,4 and  oxidation  processes.5

H2O2 and other organic peroxides play a key role in the
mechanism  of  oxidation  of  chemical  species  in  the
atmosphere.6-8  In addition to their interest in the polymer
industry and atmospheric processes, the peroxides have
other uses for food manufacture, treatment of diseases,9

or in biological processes.10 

One  of  the  simplest  and  most  important  organic
peroxides is cyclohexyl hydroperoxide (CHHP), in which
the hydroperoxide is attached to a cyclohexyl ring (Figure
1).  Since the 1950s, CHHP is known to be one of the
products  of  the  oxidation  of  cyclohexane.11 Like  most
peroxides,  CHHP  is  highly  reactive  and  decomposes
easily,  but  it  presents  a  striking  stability  in  solution

compared  to  other  peroxides.11,12 CHHP  has  been
described  to  be  an  extremely  good  catalyst  in

polymerization  reactions.11 In  the  liquid  phase,  the
reactivity of CHHP and its stability are influenced by the

solvent.11 The first step towards a better understanding of
the mechanism of action of CHHP and other peroxides is
to  have  an  accurate  characterization  of  their  inherent
structures  in  the  gas  phase.  However,  there  is  little
knowledge about the structure and interactions of these
types of molecules in isolated conditions.

Several peroxides (including H2O2,  CH3-O-O-CH3,  Me3-
C-O-O-C-Me3,  CF3-O-O-H,  or  CF3-O-O-Cl)  have  been
studied  in  the  gas  phase  by  gas  electron  diffraction

(GED),  providing  accurate  structures.1,13-16 Another
powerful  tool  to  determine  the  structures  of  molecules
and  complexes  in  an  isolated  environment,  is  high-
resolution  rotational  spectroscopy  coupled  with
supersonic  expansions.17 Nowadays,  most  of  the
characterizations  are  done  using  broadband  chirped-
pulse  Fourier  transform  microwave  spectrometers,18

which  allow  for  fast  experiments  keeping  the  high
resolution  of  rotational  spectroscopy.19 So  far,  the
characterization by rotational  spectroscopy is  limited to
H2O2 and  a  few  other  peroxides  (such  as  Cl-O-O-Cl,

HC(O)O-O-O-H, or CF3-O-O-F). 1,20-23

Figure 1. The chemical structure of cyclohexyl hydroperoxide
(CHHP).

In  this  work,  we  report  the  detection  of  CHHP  using
rotational  spectroscopy  in  the  gas  phase.  CHHP  was
found  in  non-commercial  samples  containing  products
from  the  oxidation  of  cyclohexane.  We  performed
quantum-chemical computations to guide the analysis of
the spectrum, predict the molecular structures, and model
the intramolecular dynamics of CHHP.

Experimental and theoretical methods

We used  a  non-commercial  sample  resulting  from the
(partial)  oxidation  of  cyclohexane  to  investigate
cyclohexyl  hydroperoxide.  The main  component  of  this
sample  is  cyclohexane,  which  cannot  be  detected  by
microwave  spectroscopy  due  to  the  lack  of  a  dipole
moment.  Minor  amounts of other  components,  such as
cyclohexanol, are also present (Figure 2). In this work, we
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are  focusing  on  CHHP,  while  the  spectroscopic
identification of the other components will be addressed
in a future publication.

The  sample  was  analyzed  using  chirped-pulse  Fourier

transform  microwave  (CP-FTMW)  spectroscopy.18 The
rotational  spectrum  was  recorded  in  the  18-26  GHz
region using our K-band spectrometer.24 The sample is a
liquid  at  standard  conditions.  It  was  held  in  a  metallic
reservoir with some glass wool and heated to ca. 45 °C to
increase  the vapor  pressure.  The vapor  was  diluted in
neon  as  a  carrier  gas  at  about  2  bars  of  backing
pressure.  The mixture  was  introduced into  the vacuum
chamber  of  the  K-band  spectrometer  through  a  small
diameter nozzle (1 mm), generating a pulsed supersonic
expansion. 

The K-band instrument is based on a combination of the
segmented  approach25 and  a  multi-train  setup.26 The
spectrum  between  18  and  26  GHz  is  divided  into
segments of 800 MHz each, which are concatenated in a
pulse train to produce the 8 GHz bandwidth. Such pulse
trains  are  replicated  to  obtain  a  multi-train,  which  is
applied on each supersonic expansion pulse. Three pulse
trains are applied per gas pulse, which gives an effective
repetition rate of 30 Hz combined with a repetition rate of
10  Hz  for  the  gas  pulses.  More  details  about  the

instrument  can  be  found  elsewhere.24 The  microwave
pulse is generated by an arbitrary waveform generator,
up-converted, amplified, and introduced into the vacuum
chamber  by  a  horn  antenna.  The  microwave  pulse
polarizes the molecular ensemble. The signal in form of a
free-induction decay (FID) is collected in the time domain
as the free-induction decay of the molecular ensemble,
down-converted,  averaged  in  the  time  domain,  and
converted into the frequency domain by the application of
the  Fourier  transformation.  A  total  of  2.0  million  FIDs
were  recorded.  The  spectrum  is  characterized  by  a
resolution of around 100 kHz and accuracy in frequency
measurement  better  than  15  kHz.  An  excerpt  of  the
recorded  spectrum  is  presented  in  Figure  2  showing
some  of  the  transitions  detected  for  cyclohexyl
hydroperoxide together with some nearby transitions from
cyclohexanol.

A  conformational  search  was  performed  to  obtain  the
possible minimum structures for CHHP, using the tight-
binding  method  GFN-xTB  from  the  CREST  program.27

The  geometries  were  optimized  at  the
B3LYP-D3(BJ)/def2-TZVP28-30 level  of  theory  using  the
ORCA software.31 Energy scans for certain motions were
also performed at B3LYP-D3(BJ)/def2-TZVP using ORCA
to compute their  barrier  heights.  In  addition,  frequency
calculations  were  done  at  the  same level  of  theory  to
confirm that all the structures were real minima, to obtain
the zero-point corrected relative energies, and to obtain
the  theoretical  values  of  the  centrifugal  distortion
constants. Those frequency calculations were performed
using  both  Orca  and  Gaussian.32 The  program
PGOPHER33 developed by Colin M. Western was used to
plot  the  experimental  spectrum,  simulate  the  rotational
transitions  based  on  the  theoretical  and  experimental
parameters,  and  provide  initial  fits.  Final  fits  were
achieved  by  applying  an  A-reduction  semirigid  rotor

Hamiltonian  in  the  Ir representation17,34 using  the
CALPGM suite,35  obtained from the PROSPE webpage.36

Finally,  we  also  performed  non-covalent  interactions
(NCI)  calculations  to  identify  and  visualize  the  weak
intramolecular interactions.37,38 To determine the type and
strength of non-covalent forces, the sign and value of the
Hessian of the electron density are evaluated and plotted.

Results and discussion
Conformational landscape and microwave spectrum

Three low-energy conformers of CHHP were predicted by
the combination of CREST with further optimization at the
B3LP-D3(BJ)/def2-TZVP level of theory. Some additional
structures were predicted, but all of their relative energies
are  higher  than  13  kJ/mol  after  the  optimization.  The
three  low-energy  structures  with  different  heavy-atom
backbone conformations were found to be within only 3
kJ/mol  of  relative  energy  (Table  1).  In  the  three
conformers,  the cyclohexane ring is  in the most  stable
chair  form  (Figure  3).  The  conformers  can  be
differentiated by the values of two dihedral angles; τ, C1-
C2-C3-C4,  and  φ,  C2-C1-O7-O8,  which  characterize  the
cyclohexane  backbone  and  the  hydroperoxide
orientation, respectively. CHHP 1 and CHHP 3 have the
same value for the τ dihedral angle, while this parameter
has  the  opposite  sign  for  CHHP  2,  reflecting  the  ring
flipping of cyclohexane in that conformation (Figure 3).39

The φ dihedral  angle takes different values for each of
the  conformers,  showing  the  flexibility  of  the  O-O-H
group. 

Figure  2. Excerpt  of  the rotational  spectrum of the sample
measured in this work. The top trace shows the experimental
spectrum. The bottom trace is the simulation for CHHP 1 and
CHHP 2 based on the fitted parameters. The marked lines (*)
belong to cyclohexanol.

The  experimental  spectrum  was  visualized  using
PGOPHER and  compared  against  simulations  for  the
rotational transitions based on the predicted parameters.
Although the spectrum is rather weak, it was possible to
detect  different  species.  After  several  fitting-plotting
iterations,  two  sets  of  rotational  constants  could  be
obtained,  which  were  later  refined  using  the  CALPGM
suite. CALPGM is composed of two programs, SPFIT and
SPCAT, which allow for fitting the rotational parameters

and simulating the microwave spectrum iteratively.35 Due
to the low intensity of the transitions, no lines belonging to
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13C isotopologues were observed in natural abundance,
and thus, we could not derive the experimental structure
of  CHHP.  The  assignment  of  the  observed  species  to
theoretical structures relies on a good agreement with the
predicted  parameters.  The  rotational  constants
determined  are  presented  in  Table  1  and  show  an
agreement  between  theory  and  experiment  with  a
deviation  of  less  than  1%.  In  the  case  of  the  quartic
centrifugal distortion constants, there is also an excellent
agreement  between  the  theoretical  values  and  those
obtained from the fit. The large difference in the distortion
constants  between  the  conformers  is  accurately
reproduced by the computations as well. 

The first  set of rotational constants can be assigned to
CHHP 1, the global minimum. It could also be attributed
to CHHP 1’ (vide infra),  however,  the intensities  of the
experimental  transitions  agree  better  with  the  dipole-
moment component values predicted for CHHP 1 than for
CHHP 1’ (Table S1 and Figure S1). The second set can
be correlated to CHHP 2 or CHHP 2’. Based on the good
agreement  of  the  rotational  constants  and  the  dipole-
moment  components,  we  can  identify  it  as  CHHP  2,
because  of  the  small  predicted  value  for  the  μa

component of the electric dipole moment (Table S1), in
agreement with the non-observation of  a-type transitions
in  the  spectrum.  No  rotational  transitions  that  could
correspond to CHHP 3 were observed although it should
be  present  in  the  supersonic  expansion  based  on  its

relative energy. The non-observation of CHHP 3 could be
due to the overall rather low intensity of the spectrum. For
CHHP  2,  the  second  conformer  in  energy,  only  32
rotational transitions were detected. Thus, it  is possible
that  even  though  CHHP 3  is  populated,  we would  not
observe  any  rotational  transitions  belonging  to  this
species due to the overall low number density. Another
factor  to  consider  is  possible  motions  that  result  in
relaxations,  as  described  below.  The  observed
frequencies for both CHHP 1 and CHHP 2 are collected
at the end of the supplementary material.

Intramolecular motions 

Most of the peroxides studied in the gas phase so far are
symmetric  with  identical  substituents  at  both  oxygen
atoms (R-O-O-R, with R being a substituent). In the case
of  CHHP, only one of  the peroxy atoms is substituted,
and  the  orientation  of  the  O-O-H  group  breaks  the
symmetry,  making  it  chiral.  We  can  consider  the
cyclohexane ring as a static part on the time scale of our
experiment and at the low temperatures in the supersonic
jet  due to the high barrier  for  chair-boat  isomerization,
with the much lighter O-O-H group resulting in different
conformations  (Figure  3).  In  addition,  due  to  the  high
symmetry  of  the  cyclohexane  backbone,  concerted
rotations  of  the  flexible  O-O-H  group  connect  pairs  of
enantiomers (Figure 4).

Figure  3. Three low-energy conformers of CHHP in a) side view and b) front view. The zero-point corrected relative energies are
given at the B3LYP-D3(BJ)/def2-TZVP (black) and MP2/aug-cc-pVTZ (red) levels of theory for those three conformers. The values
for the τ and φ dihedral angles are displayed to show the difference in the molecular structures.
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Table 1. Experimental and theoretical parameters (B3LYP-D3(BJ)/def2-TZVP) for the lowest energy structures of CHHP.

Experimental Theoretical

CHHP 1 CHHP 2 CHHP 1 CHHP 2 CHHP 3

A / MHza 3967.61978(53)b 3272.1609(37) 3985 3291 3660

B / MHz 1363.29303(31) 1619.7885(14) 1357 1609 1436

C / MHz 1091.97964(36) 1348.8634(13) 1089 1339 1204

ΔJ / kHz 0.0701(15) 0.354(13) 0.069c
0.354  0.103

ΔJK / kHz 0.1059(46) -1.139(85) 0.110 -1.149  0.080

ΔK / kHz 0.615(21) 2.198(91) 0.597 2.304  0.687

J / kHz 0.01789(64) 0.0306(43) 0.016 0.032  0.010

K / kHz 0.189(22) [0] 0.235 0.140 -0.066

a / D Y N -1.00 0.01 -1.36

b / D Y Y -0.52 0.84 1.37

c / D Y Y -1.44 -1.36 -0.22

n 105 32 - - -

σ / kHz 8.0 10.3 - - -

ΔE / kJ/mol - - 0.0 1.3 2.7

ΔEZPE / kJ/mol - - 0.0 1.5 2.8
a A, B, and C are the rotational constants in MHz. ΔJ, ΔJK, ΔK, J, and K are the quartic centrifugal distortion constants in kHz. a, b, and c are the

values of the electric dipole-moment components in Debye, the Y or N labels indicate whether such types of transitions have been observed

or not. n is the number of fitted transitions. σ is the root-mean-square deviation of the fit. ΔE is the theoretical relative energy at the B3LYP-

D3(BJ)/def2-TZVP level of theory in kJ/mol. ΔEZPE is the theoretical relative energy including the zero-point energy (ZPE) correction in kJ/mol . b

Standard error in parentheses in units of the last digit. c The values of the quartic centrifugal distortion constants were predicted using Gaussian.

Figure  4.  Schematic  representation  of  the  possible
conversion  pathways  between  the  two  mirror  images  of
CHHP 1 through two concerted motions.

The torsion of  the φ (C2-C1-O7-O8)  coordinate  connects
CHHP 1 with CHHP 1’, an almost isoenergetic structure,
in which the only difference is the orientation of the H9

atom  (Figure  4).  The  calculations  at  the

B3LYP-D3(BJ)/def2-TZVP level of  theory predict  CHHP
1’  to  be  slightly  lower  in  energy  than  CHHP  1,  both
considering the equilibrium and the zero-point corrected
energy (ΔE = 0.3 kJ/mol, Table S1). Calculations at the
MP2/aug-cc-pVTZ level of theory predict CHHP 1 to be
lower in energy than CHHP 1’ by 0.3 kJ/mol. According to
the MP2 calculations, CHHP 2 is also isoenergetic with
CHHP 1 (Table S1). The experimental intensities agree
much  better  with  the  prediction  of  the  dipole-moment
components of CHHP 1. For this reason, we identified the
experimental species as CHHP 1 and not CHHP 1’. 

We performed scans of the motions in CHHP to obtain
the  energy  barrier  heights  for  the  conversion  paths
(Figure 5). The conversion of CHHP 1’ to CHHP 1 by the
torsion of  the φ dihedral  angle  is hindered by a rather
high  energy  barrier  of  around  10  kJ/mol  (≈  850  cm-1),
however,  there is  a  second  motion that  connects  both
structures (Figures 4 and 5). The flipping of the H9 atom,
which can be described by the change of the Φ (C1-O7-
O8-H9)  coordinate,  converts  CHHP1  to  CHHP1’  by  a
potential energy curve with a barrier of less than 3 kJ/mol
(≈ 250 cm-1). This barrier is low enough to allow for the
relaxation of CHHP 1’ into CHHP 1 by collisions with the
carrier  gas  atoms.  To  complete  the  inversion  of  the
CHHP  1  structure  requires  a  concerted  torsion  of  φ,
followed by a flipping of the hydrogen atom, resulting in
two  structures  that  are  mirror  images  of  each  other
(Figures  4 and 5).  Such concerted motions have been
observed before in other molecular systems, evidenced
by  the  presence  of  splitting  in  the  experimental
spectrum.40,41 Despite  the  presence  of  two  equivalent
structures  for  CHHP  1,  no  splittings  attributed  to  a
tunneling  effect  have  been  observed,  because  of  the
barrier  height  of  the  torsion  motion,  which prevents  to
complete the inversion. The torsion of the φ (C2-C1-O7-O8)
coordinate also connects CHHP 1 with CHHP 3 (Figure
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5), across a high energy barrier of ≈19 kJ/mol (≈1600 cm-

1),  preventing  the  possible  relaxation  of  CHHP  3  into
CHHP  1.  To  obtain  a  more  complete  picture  of  the
landscape of CHHP 1 and CHHP 1’, we investigated the
two-dimensional  potential  energy surface  corresponding
to the φ torsion and Φ flipping (Figure 6). Additional views
of the two-dimensional surface are provided in Figure S2.

Figure  5. a) Potential  energy curve for the  φ (C2-C1-O7-O8)
torsion  showing  the  positions  of  CHHP  1,  CHHP 1’,  and
CHHP 3.  b)  Potential  energy  curve  for  the  flipping  of  the
hydrogen  along  the Φ (C1-O7-O8-H9)  coordinate  illustrating
the positions of the conformers CHHP 1 and CHHP 1’ (the
structure depicted is the mirror image of CHHP 1 in panel a)).
Both potential energy curves were calculated at the B3LYP-
D3(BJ)/def2-TZVP level of theory scanning in steps of 10°.

Similar  conclusions can be extracted for  CHHP 2. This
conformer  also presents  a  mirror  image structure.  The
inversion of the structure of CHHP 2 would require two
concerted  motions  (Figure  S3),  passing  by  a  structure
with a different orientation for H9, CHHP 2’. The change
of the φ coordinate connects CHHP 2 with CHHP 2’ and
with  another  conformation,  CHHP  4,  which  is  much
higher in energy by more than 14 kJ/mol (Figure S4). The
conversion of CHHP 2’ to CHHP 2 by the change of the
C2-C1-O7-O8 dihedral angle passes by an energy barrier
of around 10 kJ/mol (≈850 cm-1), while the flipping of the
H9 atom requires overcoming a barrier of only 1.5 kJ/mol
(≈120 cm-1), explaining the non-observation of CHHP 2’.

As previously described, it is possible to connect the two
pairs of equivalent forms by both motions, but the high
barrier  for  the  first  torsion  prevents  to  complete  the
inversion of the structure. The inversion of CHHP 3 is the
simplest since it would only require one motion, hindered
by a barrier of about 3 kJ/mol (Figures S5 and S6). In this
case, we could expect to observe some splittings of the
rotational  transitions, however,  conformer  CHHP 3 was
missing in our experimental  spectrum (vide supra). The
potential  splitting could be another reason for this non-
observation, because it further weakens the spectrum.

Figure  6.  Potential  energy  surface  for  the  conversion  of
CHHP 1 and CHHP 1’ at the B3LYP-D3(BJ)/def2-TZVP level
of theory. The surface was obtained by scanning the φ and Φ
coordinates in steps of 10°, from 50° to 190°, and from 0° to
360° for φ and Φ, respectively.  The conversion of CHHP1’
into CHHP 1 is possible by the motion of the Φ coordinate
passing by a low barrier of 3 kJ/mol (dashed yellow arrow).

It  is  worth  comparing  the  system  of  CHHP  with
cyclohexanol,  for which the gauche conformer presents
two equivalent structures. The barrier for the inversion of
the structure between two mirror images was determined
to  be about  4.5  kJ/mol  (377  cm-1)  from  the  splittings
observed experimentally.42 In cyclohexanol,  the rotation
of  the  O-H group  connects  both  equivalent  structures,
giving rise to tunneling splitting. The observed splittings of
less  than  0.5  MHz  were  associated  with  a  difference
between the two states ΔE0

+
0

-
 = 32.7(4) GHz and with a

barrier  for the motion of 4.5 kJ/mol. The splitting in the
experimental spectrum is inversely related to the barrier
height. The barrier for CHHP is predicted to be more than
twice that of cyclohexanol, thus, the possible splittings for
CHHP in the experimental  region investigated (18 -  26
GHz) could be much smaller than those of cyclohexanol,
not allowing us to resolve them, in agreement  with our
observations.

We  compared  the  width  of  several  lines  of  CHHP  1,
CHHP 2,  and the state 0+ from cyclohexanol,  which is
also  present  in  our  experimental  spectrum,  as  it  is
another  product  of  the  oxidation  of  cyclohexane.  The
rotational transitions of cyclohexanol are split, so the line
widths of the transitions corresponding to the 0+ state give
a  general  indication  of  the  width  of  “single”  lines.  The
width  was  measured  as  the  full-width  half  maximum
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(FWHM) for  four transitions for CHHP 1, CHHP 2, and
cyclohexanol.  The transitions were chosen to cover the
full range of the spectrum. The results, collected in Table
S2, show that the width of CHHP 1 and CHHP 2 (≈ 0.23
MHz) is very similar to that of cyclohexanol. Thus, if there
is any spitting in the conformers of CHHP, it  is smaller
than the FWHM in our experiment.

Molecular structure

A critical  parameter  for  peroxides  is  the  Φ (R-O-O-R’)
dihedral  angle,  which  is  determined  by  the  interplay
between two factors:  the attractive  interaction between
the lone pairs of  both oxygen atoms and the repulsion

between substituents.1,13 In condensed phase studies of
peroxides,  this  value  is  also  largely  affected  by  the
intermolecular  interactions,  highlighting  the  need  for
accurate gas-phase structures for valuable comparisons.

We  did  not  observe  any  isotopologues  in  natural
abundance  in  the  experimental  spectrum and  thus  we
could  not  determine  the  experimental  substitution
structure, rs,  limiting  the  structural  information  we  can
extract. However, we could determine a partial effective,
r0,  structure  using the STRFIT program,  available  from

the PROSPE webpage.36 For that, we performed a least-
squares  fit  floating  certain  bond  and  angle  values  to
reproduce  the  rotational  constants  in  the  vibrational
ground state. The rest of the molecular parameters were
kept fixed to the starting structure for the fit, taken from
the calculations at the B3LYP-D3(BJ)/def2-TZVP level of
theory.  The  number  of  parameters  that  can  be  fitted
depends on the number of rotational constants available.
For  CHHP  1,  we  determined  the  O7-O8 bond  distance
together with the C1-O7-O8 angle. For CHHP 2, we could
only  determine the O7-O8 distance,  no other  parameter
could be obtained with enough confidence, resulting in an
unsatisfactory fit. It is remarkable, that despite the O7-O8

bond distance being predicted to be the same for both
conformers (1.45 Å), the fitted parameters diverge from
CHHP 1 (1.471(4)) to CHHP 2 (1.418(8)). This could be
due to the poorer r0 fit achieved for CHHP 2, compared to
CHHP  1  (Table  S3).  The  r0 rotational  constants  and
coordinates are given in Tables S3-S5. The results of the
r0 structural parameters for CHHP are presented in Figure
7  together  with  the  same  parameters  from  equilibrium
structures, and Table 2 shows a comparison with other
peroxides. The O7-O8 distance of CHHP is similar to the
distances from literature to peroxides. For the Φ dihedral
angle of CHHP, it has an intermediate value between all
the cases reported so far.

In CHHP, only one of the peroxy oxygen atoms presents
a  substitution  group,  so  there  is  not  a  large  repulsion
effect  between  the  substituents.  We  performed  non-
covalent  interactions  (NCI)  calculations  to  plot  and
visualize the weak intramolecular interactions present in
this molecule. Only two intramolecular forces were found,
a repulsive one in the center of the cyclohexane ring, and
an attractive C-H···O interaction of around 2.5 Å in both of
the experimental conformations of CHHP. The result from
the NCI analysis is represented in Figure 7.

Figure  7.  The partial  effective structure,  r0,  determined for
the  experimentally  observed  conformations  of  CHHP,
together  with  the  same  parameters  predicted  from
calculations at the B3LYP-D3(BJ)/def2-TZVP level of theory.
The NCI is also plotted, showing an attractive C-H···O force.
For the NCI illustration, an isosurface cut-off value of 0.5 was
used.  λ2 is  the  second  eigenvalue  of  the  electron-density
Hessian, and ρ is the electron density. A negative value of λ2

indicates  a  strong  attractive  force,  values  of  λ2  close to  0
indicate the presence of weak attractive interaction, such as
van der Waals forces. Positive values of λ2 illustrate negative
forces in the molecule.

Table  2.  Molecular  parameters  for  CHHP  and  other
peroxides from literature. The values come from gas electron
diffraction (GED), microwave (MW), or theoretical data.

Molecule r O7-O8 /Å Φ R-O7-O8-R’ /°

H-O-O-H
1.467(5)a 120(2)a

1.452(4)b 119.1(18)b

CH3-O-O-CH3
c 1.457(12) 135(5)

CF3-O-O-CF3
d 1.419(20) 123(4)

Cl-O-O-Cle 1.426(2) 81.0(1)

F-O-O-Ff 1.217(5) 87.5(5)

CHHP 1 1.471(4)g 111h

CHHP 2 1.418(8)g 108h

a From GED study, reference 13. b From MW study, reference 43. c

From GED study, reference 14. d From GED study, reference 44.

e From MW study, reference 21. f From MW study, reference 45,
the atypical values were confirmed by GED study, reference 46. g

Present  MW  work,  experimentally  determined.  h  Present  MW
work, theoretically predicted.

Summary

We  have  observed  two  conformations  of  cyclohexyl
hydroperoxide  in  the  gas  phase  in  a  non-commercial
sample containing multiple products from the oxidation of

6



cyclohexane. The spectrum was recorded with a recently
built  chirped-pulse broadband Fourier  transform  K-band
spectrometer in the 18-26 GHz region. The rotation of the
flexible O-O-H group of  CHHP gives rise  to three low-
energy  conformers.  The  rotation  of  that  group  also
connects  each  conformer  with  its  mirror  image  and
another structure, almost isoenergetic, which only differs
in  the  orientation  of  the  hydrogen  atom  from  the
hydroperoxide  group.  We  investigated  the  conversion
pathways  and  the  energy  barriers  for  the  motions  of
CHHP and found that there is a possible mechanism to
convert CHHP 1’ and CHHP 2’ into CHHP 1 and CHHP 2,
respectively. The second motion, which will complete the
inversion,  seems  to  pass  by  a  rather  high  barrier,
preventing the tunneling effect  or  making the tunneling
splittings smaller than the resolution of the experimental
set-up. No evidence of line splittings has been observed
in the 18-26 GHz frequency range, which agrees with the
predicted  barriers  for  the  complete  inversion  of  the
structure.  Finally,  despite  the  limited  experimental
dataset,  we  were  able  to  apply  a  least-squares  fit  of
selected  structural  parameters  to  reproduce  the
experimental  rotational  constants  and  obtain  a  partial
effective  structure.  The  bond  distances  and  angles
determined  are  in  the  same  range  as  the  theoretical
calculations and are similar to other peroxides reported in
the gas phase.
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