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ABSTRACT: The two lowest potential energy surfaces of cyclohexoxy which are
coupled by conical intersections and the spin−orbit interaction are determined in the
full 48-dimensional internal coordinate space using a feedforward neural network to fit a
diabatic potential energy matrix. The electronic structure data are obtained at the
multireference configuration interaction with single- and double-excitation level.
Underlying parallels between these coupled surfaces and those of the alkoxy radicals
methoxy and isopropoxy are established. Earlier work by Dillon and Yarkony is
extended. While the parallels would have been challenging to appreciate using the
concept of the Jahn−Teller active modes, they are readily seen in terms of two internal
modes centered at the conical intersection: g the energy difference gradient vector and h the interstate coupling gradient vector. In
other words, g and h vectors provide a unified description of the Jahn−Teller effect in molecules exhibiting C3v and quasi-C3v
symmetries. A spectral simulation in the full 48-vibrational-internal coordinate space is reported. This spectrum is obtained using
recently developed algorithms designed to increase the size of the systems that can be treated with a time-independent vibronic
coupling approach.

I. INTRODUCTION

The prevalence of cyclic hydrocarbons in nontraditional fuel
sources such as oil shales and oil sands has stimulated interest in
cyclic alkoxy radicals,1 which also play important roles in
atmospheric chemistry,2 combustion,3 and radiolysis.4 In this
work, we consider the electronic structure and the spectroscopy
of cyclohexoxy (C6H11O). Two factors guide our understanding
of the electronic structure of alkoxy radicals (R1R2R3CO):

(1) Alkoxy radicals are substitutional isomers of methoxy
(CH3O), one of the simplest molecules to exhibit a true
symmetry-required Jahn−Teller5 conical intersection6−9
(CI), which has been the subject of a great deal of
experimental and computational study.10−27 Alkoxy
radicals inherit an accidental CI from methoxy.

(2) Alkoxy radicals are substitutional isomers of hydroxy
(OH). An ∼65 cm−1 spin−orbit coupling splits the two-
fold degenerate OH(X̃2Π) state by ∼130 cm−1.28 Alkoxy
radicals inherit this spin−orbit coupling, but their CIs
reduce this fine-structure splitting reflecting the Ham
reduction.29

A key quantity in this work is the (electronic) X̃−Ã splitting,
the separation of the two electronic states derived from the
Jahn−Teller split 2E state in methoxy with the spin−orbit
interaction included. When the electronic energy separation is
small, molecular vibrations can couple the electronic states, so
the experimentally measured X̃−Ã splitting should be compared

to an X̃−Ã splitting, which includes the nonadiabatic nuclear
motion.
A fundamental issue addressed in this work is the size of X̃−Ã

splitting in alkoxy radicals. It is small (∼65 cm−1) for methoxy
(CH3O), isopropoxy (C3H7O), 2-butoxy (C4H9O), and
cyclohexoxy (C6H11O), but much larger for others including
ethoxy (C2H5O) at 355 cm

−1. These experimental results were
obtained from cryogenically cooled slow electron velocity-map
imaging (cryo-SEVI) anion photoelectron (APE) spectroscopy
in Neumark’s laboratory13,14,19 and jet-cooled laser-induced
fluorescence (jet-LIF) spectroscopy in Miller’s laboratory.30−34

Dillon and Yarkony’s (DY’s) computational study35 of C3H7O, a
double-methyl substituted methoxy, revealed the origin of the
CH3O−C3H7O similarity: the X̃−Ã splitting in C3H7O is
limited by its low-lying Cs

2A′−2A″ CI, which retains the
properties (see Section III) of a methoxy C3v

2E CI being split
only modestly by geometrical distortion along Jahn−Teller
active modes. To further test this idea, it is important to get
examples with larger spaces of Jahn−Teller active modes and
determine, accurately for low energies, the APE spectra. C6H11O
is an excellent candidate for this analysis with its 48 internal
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modes, but it has not been possible to carry out requisite
computations to validate this model until recent theoretical
advancements.36,37

Thus, in this work, we will investigate C6H11O to understand
the similarity of CH3O, C3H7O, and C6H11O X̃−Ã splittings.
The work is made challenging by the need to determine the APE
spectrum for a molecule with 48 internal coordinates. It is made
interesting by the use of an intersection adapted coordinate
system38 based on g the energy difference gradient vector and h
the interstate coupling gradient vector39 to provide a clear
description of the branching and the seam spaces near a CI. The
C3H7O−C6H11O similarity will be found to extend beyond the
low-energy portion of the APE spectra. Our atomistic analysis
will suggest that the local topography of a CI qualitatively shape
the vibronic structure despite the size of a molecule, leading to a
surprising vibronic spectra resemblance.
This paper is organized as follows. Section II briefly reviews

the algorithms used in this work to obtain the diabatic potential
energy matrix and to construct the vibrational Schro dinger
equation whose solution is used to construct the APE spectrum.
Section III presents the C6H11O minimum energy CI and
discusses its similarity to CH3O and C3H7O in molecular
structure, local CI topography, and the Mexican-hat coupled
potential energy surfaces. A systematic method of describing
molecular coordinates in the vicinity of a CI will help to
understand the quasi Jahn−Teller condition. Section III
discusses the existing experimental observables: the jet-LIF
spectra30−34 and the APE spectra27 and the comparable
computational results. Section IV summarizes and discusses

future directions. The CH3O (C3H7O) computational data used
for comparison herein are taken fromWeichman et al.19 (DY35).

II. METHODOLOGY
The vibronic spectrum simulation is accomplished in three
steps. In the first step, the requisite electronic structure data is
determined. The cold anion C6H11O

− is described by a single-
reference configuration interaction with single- and double-
excitation (CISD) wave function. It is the neutral radical
C6H11O that exhibits the conical intersection induced non-
adiabaticity, which in turn requires a multireference CISD
(MRCISD) description. All electronic structure calculations in
this work employ the COLUMBUS40−50 suite of programs.
In the second step, ab initio adiabatic electronic energies,

energy gradients, and derivative couplings determined in step 1
are accurately fit36,51,52 to a diabatic potential energy matrix
(DPEM) for use in the vibrational Schro dinger equation (VSE).
The elements of the two-state DPEM are expanded with
quadratic polynomials of normal coordinates, consisting of 1862
parameters in total. The training set of electronic structure data
contains 916 geometries, equivalent to 150 224 fitting equations.
The fit is excellent with the total root mean square deviation of
the energy being 7 cm−1. The fitting method-based artificial
intelligence concepts are described in detail in the Supporting
Information.
For the third step, we use a time-independent approach, the

Ko ppel−Domcke−Cederbaum53−56 (KDC) approach in which
the nonrelativistic VSE is constructed on a multimode basis and
solved using an iterative Lanczos procedure, to obtain

Figure 1. Cyclohexoxy and isopropoxy 2A′−2A″ minimum energy conical intersection structure, along with (a, b) normalized g, the A′ energy
difference gradient vector; (c, d) normalized h, the A″ interstate coupling gradient vector. Isopropoxy reproduced fromDillon and Yarkony,35 with the
permission of AIP Publishing.
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nonrelativistic vibronic wave functions. The intensities in the
APE spectroscopy are also determined during the Lanczos
iterations. The spin−orbit interaction is included in the spin-
diabatic approximation in a truncated eigenbasis of the
nonrelativistic VSE.57

Solving the nonrelativistic VSE is the bottleneck because the
curse of dimensionality gives rise to the exponential growth of
the requisite computational effort over the number of vibrational
modes. The size of the systems that can be treated is increased
using a continuum model37 to help reduce the size of the space
needed to solve the VSE. The convergence of the continuum-
model-based approach is established by a detailed comparison to
the standard energy-based approach, where both approaches
converge the lowest four vibronic states as required by the E⊗ e
Jahn−Teller problem, and the continuum-model-based ap-
proach outperforms the standard approach in faster convergence
of the low-energy portion and the ability to give the spectral
envelope. The detailed discussion can be found in the
Supporting Information.

III. RESULTS AND DISCUSSION

III.I. Conical Intersections and Quasi-C3v Symmetry.
We now turn to the electronic structure data required to
construct the DPEM. Since we will be particularly interested in
the low-energy portion of the APE spectrum, we begin our study
by locating the C6H11O minimum energy CI also referred to as
the minimum energy crossing (MEX). The MEX has Cs point
group symmetry and is a symmetry-allowed 2A′−2A″ CI with
chair conformation and the equatorial C−O bond.
Regardless of the size of a molecule, at a CI, the coordinate

system can be chosen so that the degeneracy is lifted linearly in
only one plane, the g−h39 or branching38 plane defined by the
energy difference gradient vector g, which carries the A′
irreducible representation, and the interstate coupling gradient
vector h, which carries the A″ irreducible representation. This
allows us to focus on two modes when analyzing the CI and its

consequences. Thus, using a coordinate system based on g and
h, we can consolidate the effects of the CI (see below).
We begin with the tell for the small X̃−Ã splitting, which is

obtained from g and h vectors. These vectors, with origins at the
CI, are found to have norms ||g|| = 0.0168 (0.0168) and ||h|| =
0.0184 (0.0177) for C6H11O (C3H7O) in atomic units. ||g|| = ||h||
is what we get for a true C3v molecule. g and h of C6H11O and
C3H7O share not only similar norms but also directions: the
principal component of g is the scissoring of O−C1−H1, while
the rocking of O−C1−H1 dominates h, as shown in Figure 1.
Fully∼80% (∼90%) of g (h) come from these methoxy internal
coordinates.
In methoxy, the g and h vectors carry an E irreducible

representation of C3v and can be chosen to carry A′ and A″
irreducible representations, respectively, in the Cs subgroup. As
a result, when g and h are the A′ scissoring and the A″ rocking of
O−C1−H1 as is the case for C6H11O and C3H7O, the A′ g and
the A″ h in a Cs system resemble ex and ey, the properly
symmetrized Jahn−Teller active modes in a C3v system. These
equivalences, which were reported for C3H7O by DY, are
reflected in near C3v energetics in the vicinity of CI. In particular,
the X̃−Ã splitting is small in C6H11O and C3H7O as a
consequence of it being small, actually 0 in the nonrelativistic
case, for CH3O. This observation for C6H11O is a prediction of
the DY analysis, and it is important to see that the prediction
survives the enormous increase in vibrational complexity. When
g and h do not resemble ex and ey as is the case of ethoxy

14,27,30,58

(C2H5O, see also the Supporting Information), the X̃−Ã
splitting is large, being 355 cm−1 for C2H5O, while it is only 62
cm−1 for CH3O. Although C2H5O, C3H7O, and C6H11O are all
Cs molecules, what C6H11O and C3H7O have in common which
C2H5O does not is the nature of mirror plane: O−αC−αH is the
mirror plane in C6H11O and C3H7O, while that in C2H5O is O-
αC-βC.
Thus, as originally explained by DY, g and h vectors tell us

whether the X̃−Ã splitting will be large or small. Thus, it is the
conical intersection that controls the size of the X̃−Ã splitting. In

Figure 2.Within the branching plane of cyclohexoxy/isopropoxy 2A′−2A″ minimum energy conical intersection (X) spanned by g and h, the (a, c)
lower state surface, with X and the approximate locations of the three minima (MIN) and the three saddle points (SP) marked; (b, d) coupled surfaces
illustrating the Mexican-hat topographies.
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other words, g and h vectors of a conical intersection provide a
unified description of the Jahn−Teller effect.
With the g−h determiner established, the consequent near CI

topographies are of interest. Figure 2 reports the Mexican-hat
coupled potential energy surfaces (CPES) of C6H11O and
C3H7O. They both have three minima and three saddle points
(SPs) on the CPES: one Cs local minimum, two C1 global
minima, one Cs SP separating two C1 minima, and two C1 SPs
separating adjacent Cs−C1 minima. The energies of these
extrema relative to the global minima can be found in Table 1. In

each case, the MEX is low, ∼0.03 eV. These CPES are largely
those of a C3v

2E Jahn−Teller system: if the 2E description was
exact, the three minima would have identical energies. This is
true for both C1 minima, although the Cs minimum is 34 cm−1

(22 cm−1) higher in C6H11O (C3H7O). In addition, Mexican
hats are slightly stretched along the g direction, as another subtle
deviation from a rigorous 2E Jahn−Teller model.
The importance of the g−h plane in this analysis is

emphasized in Figure 3, which reports the energies of the
1,22A states of C6H11O and C3H7O along two coordinates

whose only requirement is that they are orthogonal to the g and
h modes. The two potential energy surfaces are nested. The
Mexican-hat topography is completely absent.

III.II. Spectroscopy. In this section, we will compare our
calculations to two experiments: the C6H11O jet-LIF spec-
trum,33,34 which gives the X̃−Ã splitting, and the C3H7O

− APE
spectrum,27 which gives the envelope of all C3H7O vibronic
levels. The connection to the CH3O cryo-SEVI APE experi-
ment13,14,19 and C3H7O jet-LIF experiment30−32 is also
discussed.
The jet-LIF spectroscopy features high resolution (as accurate

as 1 cm−1), so it is an appropriate choice to study the fine-
structure splitting of pseudodegenerate vibronic levels. The
experimental X̃−Ã splitting of C6H11O is 62 cm−1. What is the
mechanism behind this splitting? From our nonrelativistic
simulation, the X̃−Ã splitting is 47 cm−1, so the spin−orbit effect
must come into play. The unquenched spin−orbit constant is
69.6 cm−1, which enlarges the nonrelativistic splitting to 70
cm−1, in good agreement with the experiment.
The experimental X̃−Ã splittings are 62/68/62 cm−1 for

CH3O/C3H7O/C6H11O. Why are they so close? The X̃−Ã
splitting is a combination of fine-structure splitting, mainly
determined by the px and the py atomic orbitals of oxygen and
the near degeneracy of two nonrelativistic electronic states. The
spin−orbit coupling is inherited from OH, so CH3O, C3H7O,
and C6H11O should all share a similar unquenched spin−orbit
constant. Indeed, the computed (unquenched) electronic spin−
orbit constants are 66.5/62.6/69.6 cm−1 for CH3O/C3H7O/
C6H11O, very close to the ∼65 cm−1 in OH.13,14,19,28,30−34 The
final splittings are half of that in OH due to the Ham reduction.
From the CH3O−C3H7O−C6H11O conical intersection sim-
ilarity discussed in Section III, the observed similarity in the
vibrational overlap that constitutes the Ham factor is not too
surprising.
In the APE spectroscopy simulated in this work, an electron is

detached from a cold anion, so the spectrum encodes all vibronic
levels of the neutral residual. Since only the C3H7O experimental

Table 1. Energies in cm−1 of Cyclohexoxy and Isopropoxy at
Critical Geometries Relative to Their Ground-State Global
Minimaa

cyclohexoxy isopropoxy

E1 E2 E1 E2

MIN C1 0.00 774.28 0.00 822.10
MIN Cs 34.16 756.15 22.60 833.60
SP C1 65.28 549.14 62.10 567.70
SP Cs 30.72 572.70 33.00 608.20
MEX 251.86 251.95 193.80 193.80

aThese geometries are C1 ground-state minima (MIN C1), Cs
ground-state minimum (MIN Cs), C1 ground-state saddle points
(SP C1), Cs ground-state saddle point (SP Cs), and 2A′−2A″
minimum energy crossing (MEX).

Figure 3. Arbitrary section arising from two pure seam space modes of cyclohexoxy/isopropoxy 2A′−2A″ minimum energy conical intersection
(MEX): (a, c) the lower state surface, with origin at theMEX; (b, d) coupled surfaces illustrating the nested potential energy surfaces and the complete
absence of Mexican-hat topographies.
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spectrum is available in the literature, here we study the C6H11O
spectrum exclusively from the computation. The quality of our
C6H11O computation is supported by its convergence discussed
in the Supporting Information and the comparison to the jet-LIF
experiment above.
Figure 4 reports the simulated C6H11O spectrum and

compares it to the C3H7O experiment.27 The agreement is
surprising for two quite different molecules. As we can see from
the spectra, they share a similar low-energy peak (the X̃−Ã
splittings) and the envelopes for the next peaks (position and
height) are also similar. Thus, this similarity extends from the
origin (discrete assignable lines) to the envelope region (where
the density of the states is too large to isolate individual lines).
This finding demonstrates the energetic range over which the
vibronic structure is qualitatively determined from the conical
intersection topography. For the higher-energy region, when
compared with the C3H7O spectrum, the C6H11O spectrum has
a longer tail, resulting from a larger number of states and a higher
density of states originated from the additional 21 vibrational
degrees of freedom.
It would be valuable to have a measured APE spectrum for

C6H11O. Based on the CH3O−C3H7O−C6H11O similarity, our

computation suggests that the locus and the local topography of
a conical intersection qualitatively shape the vibronic structure
despite the size of a molecule.

IV. CONCLUSIONS

To sum up, an unexpected similarity among the vibronic
structures of three disparate radicals, methoxy, isopropoxy, and
cyclohexoxy is found and explained. This similarity originates
from their conical intersections, extends to their molecular
structures, Mexican-hat coupled potential energy surfaces, and
low-lying vibronic levels. For isopropoxy and cyclohexoxy, this
similarity extends beyond the low-energy portion. These
findings demonstrate the importance of conical intersections
in shaping vibronic spectra. Our analysis suggests that not only
the locus but also the local topography of the branching plane as
described by the g and h vectors evince the role of conical
intersections in shaping vibronic structure. In other words, g and
h vectors of conical intersections provide a unified description of
the Jahn−Teller effect in molecules exhibiting C3v and quasi-
C3v symmetries. The spectral simulation in the full 48-
vibrational-internal coordinate space is empowered by our latest
algorithms designed to increase the size of the systems that can

Figure 4. Simulated cyclohexoxy anion photoelectron spectrum, in comparison to the isopropoxy computation and experiment. The similarity
between the spectra of these two disparate radicals is uncanny but requisite from their conical intersection similarity. Red and blue vertical lines
represent the A′ and the A″ vibronic levels, respectively. AGaussian with 0.01 eVwidth is adopted for convolution. Isopropoxy reproduced fromDillon
and Yarkony,35 with the permission of AIP Publishing.
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be treated with a time-independent vibronic coupling approach.
In the future, additional molecules that might have similar
conical intersections will be sought and studied.
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