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ABSTRACT

The threshold photoelectron spectrum (TPES) of halocyclohexanes C¢H11X (X = Cl, Br, and I) was recorded at the Swiss Light Source and
assigned with the help of density functional theory and equation-of-motion ionization potential coupled cluster calculations. Dyson orbitals
show that the first two electronic states of the cation arise by symmetry breaking of the doubly degenerate e; orbitals in cyclohexane as
perturbed by the halogen or by perturbation of the halogen lone pair by the cyclohexane ring scaffold in the case of light and heavy halo-
gen substituents, respectively. When the resulting two states (A” and A’) are coupled via a conical intersection in Cs symmetry, they are
smoothly connected by molecular orbital rotation when the nuclear symmetry is relaxed. Even then, barriers at avoided crossings lead to
distinct A" and pseudo-A” minima, which contribute to the TPES separately. As axial and equatorial conformers are present in commen-
surate abundance at room temperature, four transitions are conceivable for each substituent in the low-energy range. Three of these could
be identified, and their energy could be determined for each sample. Transitions to A’ states are associated with a smaller geometry change
and exhibit stronger origin transitions. Yet, most notably in X = Br, they do not correspond to the adiabatic ionization energy, which is
indicated by a weak and broad band to the pseudo-A" state with a lower onset energy. Franck-Condon vibrational analysis of the TPES
coupled with quantum chemical calculations can provide insights into the behavior of conformers as well as strongly coupled electronic
states.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0018293

I. INTRODUCTION Constitutional isomers often have significantly different ion-

ization energies, which allows for their isomer-selective detec-

Molecular structure and isomerism have profound influence
on chemical reactivity. Perhaps surprisingly, photolysis products
of the 1-iodopropane ion,' the propanal ion,” and thiophenols,’
as well as the fragments in the dissociative photoionization of ala-
nine," are isomer-/conformer-dependent. At ambient conditions,
conformers usually interconvert quickly, which often blurs out
conformer-specific reactivity. However, for instance, in catalytic
semihydrogenation, which is a promising technique to yield alkenes
from alkynes,” the key to diastereomeric selectivity may lie with
the isomeric distribution of the reactive intermediates. This shows
why, besides of fundamental interest, understanding conformational
isomerism is also important in the context of applied research.

tion by photoionization mass spectrometry.”’ Diastereomers rou-
tinely exhibit at most slightly different spectral signatures, which
make their identification challenging without very high resolu-
tion techniques, such as ZEKE.® Substituted cyclohexanes are a
textbook example of conformational isomerism as they exhibit
intriguing conformational behavior.” Monosubstituted cyclohex-
anes have two distinctly different stable diastereomers: the equato-
rial (e-) and the axial (a-) chair structure, depending on whether
the substituent is in the ring plane or perpendicular to it,
respectively.

Photoelectron photoion coincidence (PEPICO) spectroscopy,
combined with tunable vacuum ultraviolet (VUV) synchrotron
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radiation,'’ ' can afford a detailed snapshot of photoionization to
investigate dissociative ionization mechanisms and energetics, """
thanks to its multiplexing advantages.”” By virtue of the coincident
photoion time-of-flight (TOF) analysis, photoion mass selected pho-
toelectron spectra can be plotted and combined with the Franck-
Condon (FC) vibrational structure analysis. This approach has
proven to be a powerful, isomer-selective analytical tool in the anal-
ysis of reactive mixtures.''” It has revealed the role of the electronic
state in fragmentation processes of small halogen-substituted molec-
ular ions,'”"” unveiled complex dissociation mechanisms with paral-
lel and sequential steps,”””" and delivered accurate thermochemistry
and energetics of elusive species.”” ** Furthermore, the two diastere-
omers, trans and cis, of the 1-methylallyl radical in pyrolysis” and
combustion”® environments could also be identified, similar to the
fingerprints of the axial and equatorial conformers of fluorocyclo-
hexane, C¢H11F, with only a few tens of meV ionization energy
difference.”

In C¢Hy F,” the equatorial and axial conformers were distin-
guished based on the room-temperature threshold photoelectron
spectrum (TPES) and Franck-Condon modeling. Geometry opti-
mization of the C¢H F' cation showed that the axial structure has
two, almost isoenergetic minima with C; (X" %A) and Cs (A+ 9]
symmetries, while only a C; minimum could be located for the equa-
torial conformer near the ionization onset. The first excited state of
the equatorial cation, of Cs (A+ ) symmetry, lies ~0.6 eV higher in
energy, although the conformers themselves are also almost isoen-
ergetic in the ground state. If ionization is thought of as removing
an electron from a molecular orbital, such differences between con-
former ionization energies indicate that—all similarities of the neu-
tral conformational isomers aside— profound electronic structure
differences may lurk beneath the surface, which can lead to different
chemical behaviors of the neutrals, as well.

Photoelectron spectroscopy combined with Franck-Condon
simulations can be used to characterize cation ground and excited
states.”” In previous experiments on monohalogenated silacyclohex-
anes,” trends could be established in the electronic and bonding
structure as a function of the halogen size. This motivated us to study
the photoelectron spectra of heavier halocyclohexanes (CsHi1X, X
= Cl, Br, and I) to gain insights into their electronic structure and
conformational behavior as a function of the halogen.

Neutral C¢H1;1X (X = Cl, Br, and I) has previously been
studied by, e.g., electron diffraction;’"”" nuclear magnetic reso-
nance (NMR);’U“U and microwave,””” Raman,”**’ and IR spectro-
scopies.”’ ** The conformational equilibrium was also investigated
computationally.”** These studies focused mainly on the confor-
mational energy and have shown that the population of axial con-
former is 23%-45% for CsH11Cl, 18%-30% for CsH11Br, and ~26%
for C¢HyiI at ambient temperature, meaning that the axial and equa-
torial conformers are nearly isoenergetic. As reported in the litera-
ture’” and confirmed by our preliminary calculations, the intercon-
version rate between the two conformers is on the order of 10° s~
at room temperature, meaning that thermal equilibrium is reached
within a few ys.

A handful of experiments have addressed the ionic states of
CeH X, Sergeev et al. 7 recorded the photoelectron spectrum of
C¢H11Cl and CgHiBr at 16.8 eV photon energy and reported
vertical ionization energies for the ground and excited electronic
states. Tian et al. used Hel photoelectron spectroscopy and Penning
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ionization to study the ionization of CsH;1Cl and CsHyiBr. They
assigned the bands, reported ionization energies, and discussed
spin-orbit coupling (SOC) based on the 300 meV splitting observed
for CgHy;Br.**" Due to limited spectral modeling possibilities and
insufficient resolution, the conformer-specific features were not
addressed in these works. The ionization energies for the equatorial
and axial bromocyclohexane conformers could first be determined
selectively by high resolution vacuum ultraviolet mass-analyzed
threshold ionization (VUV-MATI) as 9.8308 eV and 9.8409 eV,
respectively.”’ However, the authors only considered one cation
structure for each conformer to assign the spectra. As we have seen
in C¢Hy F,” the differences between the experimental spectrum and
the Franck-Condon simulation may indicate that there are multiple
close-lying cationic electronic states near the ionization threshold
in one or both conformers. A high-resolution TPES and Franck-
Condon simulations may help us address this issue also for CeH; 1 X*
(X=Cl, Br,and I).

Il. EXPERIMENTAL AND COMPUTATIONAL

Experiments were carried out at the VUV beamline of the
Swiss Light Source, Paul Scherrer Institute, using the double imag-
ing Photoelectron Photoion Coincidence (CRF-PEPICO) spectrom-
eter. The details of the beamline and the CRF-PEPICO spectrom-
eter were described elsewhere,””* and only a brief description is
included here. Synchrotron radiation was produced in a bending
magnet, collimated, dispersed by a grazing incidence monochroma-
tor with a 600 lines/mm laminar grating, and focused at the exit
slit in a differentially pumped gas filter at a photon energy resolu-
tion of 2 meV at 8 eV. To suppress higher-order radiation above
15.7 eV, a differentially pumped gas filter was filled with a mixture
of argon and neon at a pressure of 10 mbar over an optical length
of 10 cm. The photon energy was calibrated using the autoioniza-
tion lines of argon in the first and second diffraction orders of the
grating.

The halogenated cyclohexane samples (CsH11X, X = Cl, Br, I)
were purchased from Sigma-Aldrich, Inc. and used without further
purification. The sample vapors were introduced from the headspace
of a vial through a needle valve via 6-mm Teflon tubing directly
into the ionization region of the experiment at room temperature,
where they were intersected with the VUV beam. The photoelec-
trons and ions were extracted in opposite directions by a constant,
125V em™, electric field. Velocity map imaging and space focusing
conditions were maintained to collect electrons and ions, respec-
tively, as detected by position-sensitive delay-line anode detectors
(Roentdek, DLD40) at the respective end of the flight tubes. Thresh-
old electrons with less than 2 meV kinetic energy are imaged at the
center of the detector, together with energetic electrons without an
off-axis momentum component. The ensuing hot electron contami-
nation of the threshold signal was subtracted as proposed by Sztaray
and Baer.” As the electron TOF is negligible relative to the ion TOF,
the electron signal is used as the start signal to record the TOF of
the coincident cation.” Plotting the coincident threshold electron
signal with a cation in the TOF-range of an m/z of interest as a
function of photon energy yields the photoion mass-selected thresh-
old photoelectron spectrum (ms-TPES). At the ionization onset, in
the energy range in which the parent ion is stable, its ms-TPES
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agrees with the TPES. At higher photon energies, the sum of the
parent and fragment ion ms-TPES yields the TPES, as plotted later
herein.

Photoelectron spectra were simulated by calculating Franck-
Condon factors, i.e., the nuclear wave function overlaps between
the neutral molecule and the corresponding cation assuming a har-
monic potential for both and including Duschinsky rotations to
account for changes in the normal modes upon ionization,”” on the
basis of geometry optimizations and frequency analyses using den-
sity functional theory (DFT). The DFT level of theory was chosen
so that it reproduced the potential energy surface features deter-
mined by equation-of-motion ionization potential coupled cluster
calculations (EOM-IP-CCSD, see below). Namely, the B3LYP/6-
311++G(d,p) level was used for X = Cl and wB97X-D/def2-TZVPP
for X = Br and I. Ionization energies could then be accurately
obtained by shifting the simulated spectrum so that it reproduced
the vibrational fine structure of the first TPES band. These cal-
culations were performed using the Gaussian 16 A.03 program
package.” In addition, we also applied EOM-IP-CCSD to opti-
mize the geometries, calculate ionization energies, unveil the behav-
ior of the first two electronic states, and plot Dyson orbitals using
the Q-Chem 4.3 program package.”” Dyson orbitals represent the
overlap between an initial N-electron wave function of the neu-
tral and the N — 1-electron wave function of the cation,” i.e., the
molecular orbital of the leaving electron, which frequently agrees
with the Hartree-Fock highest occupied molecular orbital (HOMO)
for the ground electronic cation state, but often has contributions
from multiple molecular orbitals for electronically excited cation
states. Geometry optimizations were carried out using the 6-311G(d)
basis set, and ionization energies were calculated using the cc-
pVTZ basis set, in conjunction with the Stuttgart/Cologne effec-
tive core potential”’ for X = Br and I (cc-pVTZ-PP). Unrelaxed
potential energy curves were also obtained connecting the cation
stationary points on the potential energy surface by interpolation
in a redundant internal coordinate system“” in both Cs and C;
symmetries.

Inevitably, the magnitude of the error due to approximations
in our computational approach will change as a function of halo-
gen size. The triple-( basis sets used in both geometry optimizations
and energy calculations are not large enough to deliver chemical
accuracy. Yet, they allow us to have a balanced description of the
wave function across the series and are unlikely to be the biggest
source of error in the case of Br or I. Relativistic corrections includ-
ing spin-orbit splitting and the Born-Oppenheimer approximation
are justifiably neglected in fluorine, but may be quite significant in
iodine.”’ While some relativistic effects are addressed by the effective
core potential used for Br and I, we neglect the spin-orbit coupling
(SOCQ) in the calculations. As a matter of fact, as the character of the
electron hole in the cations becomes dominated by the halogen lone
pair as the halogen size increases (see below), the spin-orbit splitting
could be expected to converge to that observed in isolated halogen
atoms, i.e., 0.05 eV, 0.11 eV, 0.46 eV, and 0.94 eV for F, C], Br, and
I, respectively.’”” In the spectra analyzed herein, this only affects the
Franck-Condon fit to the X = Cl sample, in which the SOC may be
commensurate with the features of the vibrational fine structure at
the jonization onset. In X = Br and I, SOC is addressed experimen-
tally as the spin-orbit split states show up as separate bands in the
TPES.

ARTICLE scitation.org/journalljcp

Ill. RESULTS AND DISCUSSIONS
A. Threshold photoelectron spectra

Figures 1(b)-1(d) show the measured TPES of C¢HiCl,
CeH11Br, and CsHi1. For comparison, we also plot the TPES of
CeH11F in Fig. 1(a) recorded under analogous experimental condi-
tions.”” For C¢Hy; F and C¢Hi;Cl, very similar spectral contours are
observed in Figs. 1(a) and 1(b) with distinct vibrational fine struc-
ture at the ionization onset followed by several, mostly structureless
bands. Moreover, the maximum of the first TPE band is located at
~0.5 eV higher than the onset, which is indicative of a moderate
molecular geometry change upon ionization. The TPES of CsH11Br
and C¢Hy;I in Figs. 1(c) and 1(d) looks different, especially in the
region close to the ionization onset. Two much narrower bands can
be clearly observed with distinct vibrational structure. The first peak
in the vibrational progression has the maximal intensity, which is
indicative of a small geometry change and close to vertical origin
transition in ionization in X = Brand I.

In addition, the second TPE band has the same contour as the
first one for X = Br and I and rises in an energy range without ver-
tical transitions according to the EOM-IP-CCSD calculations. This
means that they can be readily assigned to the spin-orbit splitting
of the cation ground electronic state. For C¢Hy1Br, the energy gap
of 0.30 eV agrees exactly with the literature value,” as well as with
the SOC upon ionization of methyl bromide of 0.32 eV,” and is
about two thirds of the 0.46 eV splitting in the isolated bromine
atom. The 0.49 eV splitting in the C¢Hi1I TPES is, however, only
half the iodine splitting of 0.94 eV and also significantly smaller than
the SOC of 0.62 eV observed in the iodomethane cation.”* Extrap-
olating the magnitude of SOC to chlorine and fluorine is, therefore,
quite difficult. In the photoelectron spectrum of chloromethane and
fluoromethane, SOC is not readily identified and is also commensu-
rate with the Jahn-Teller coupling.“: All in all, SOC could account
for a splitting of max. 30 meV for X = Cl, which makes the assign-
ment of the corresponding TPES [see Fig. 1(b) below] less certain,
while it is only expected to contribute slightly to peak broadening in
the TPES of X = F.”/

After the vibrationally resolved rising edge in the TPES, there
is an almost constant TPE signal up to 14 eV photon energy. EOM-
IP-CCSD calculations were used to predict the vertical transitions at
the neutral geometries, which indicate the maximum of the corre-
sponding TPES band. The slight drops in intensity at around 13 eV
(CeHi F and C¢H;1Cl) and 14 eV (CsH11Br and C¢Hii1I) are quite
well reproduced by the absence of vertical transitions in this energy
range. Broadly speaking, the ionization energies and the geome-
try change upon ionization decrease with an increase in the halo-
gen atomic number as ionization occurs from the cyclohexane ring
molecular orbitals in the case of X = F and shifts progressively to the
halogen lone pair in X = Br and I (see below).

B. Franck-Condon spectral simulations

We observed a distinct vibrational fine structure at the onset
of each TPE spectrum in Fig. 1. In fluorocyclohexane, we previ-
ously found that transitions into an equatorial and two nearly isoen-
ergetic axial cation states were responsible for the vibrational fine
structure, and the spectra could only be reproduced by including all
three contributions in the Franck-Condon simulation.”” Based on
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FIG. 1. Threshold photoelectron spec-
tra of fluorocyclohexane (a), chlorocy-
clohexane (b), bromocyclohexane (c),

and iodocyclohexane (d). The sticks
show the vertical ionization energies cal-
culated at the EOM-IP-CCSD/cc-pVTZ
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the insights delivered by EOM-IP-CCSD calculations (see below),
we have generalized our approach to model the low-energy part
of TPES of the heavier halogen analogs reported in this paper.
As we will show later, a low barrier separates the two minima,
the X" pseudo-A” and A" A’ states in the axial fluorocyclohexane
cation. The vibrational degree(s) of freedom coupling to the inter-
nal conversion will be anharmonic as a result, which is not taken
into account in our harmonic Franck-Condon factor calculations.
Both direct and indirect ionization mechanisms may yield thresh-
old electrons,”® which may distort relative peak intensities if, e.g.,
autoionization cross sections vary.” Furthermore, low-lying conical
intersections may result in exceedingly short excited-state lifetimes
and, thus, natural peak broadening. Accounting for these effects

and spin-orbit coupling quantitatively lies beyond the capabilities
of standard quantum chemical approaches for mid-sized molecules.
Yet, we successfully modeled all three TPES by including all tran-
sitions to cation states our non-relativistic harmonic DFT calcu-
lations deemed important. By doing so over four spectra consis-
tently, we believe that the simulations and our approach are arguably
validated.

Similar to C¢Hy;F,” three cationic minima play a role at the
ionization onset of C¢H;1Cl, which are computed to be (1) a-
CsH11Cl (Cs, A") > a-CsHy; CI* (C1, X pseudo-A”") at 10.16 eV, (2)
a-CeH1Cl (Cs, A) - a-CeHy1CI" (Cs, A” A) at 10.27 eV, and (3)
e-CsH 1 Cl (Cs, A’) — e-CeH ,CI" (C1, X' pseudo-A”') at 10.12 eV
(see Table I). The transition to the equatorial A" A’ cationic state of

TABLE I. Vertical and adiabatic ionization energies to the A’ and A’ states in Cg and adiabatic ionization energy to the pseudo-A’" minimum for axial and equatorial CgH11 X (X
=F, Cl, Br, and I), calculated at the EOM-IP-CCSD/cc-pVTZ(-PP)//EOM-IP-CCSD/6-311G(d) level of theory and extracted from the FC simulation of the TPES. The positions of
two transitions for X = Br have been established accurately by VUV-MATI as 9.8308 eV (indicated by “a”) and 9.8409 eV (indicated by “b”).%

C6H11F C6H11C1 C6H11Br CﬁHllI
IE/eV Vertical ~ Adiabatic ~ Exp.  Vertical Adiabatic =~ Exp.  Vertical Adiabatic =~ Exp.  Vertical Adiabatic  Exp.
A 10.90 10.33 10.15 10.52 10.27 10.11 9.95 9.87 9.84° 9.19 9.12 8.98
a- A" 10.85 10.26 10.54 10.24 10.01 9.93 9.25 9.19
Pseudo-A" 10.19 10.12 10.16 10.06
A’ 11.29 10.83 10.62 10.52 10.03 9.95 9.85° 9.26 9.21 9.01
e- A" 10.86 10.25 10.49 10.21 9.97 9.89 9.24 9.18
Pseudo-A” 10.21 10.15 10.12 10.06 9.81 9.71 9.17 8.99
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FIG. 2. Experimental and simulated TPE spectra of C¢Hy(Cl near the ionization
onset. The FC model including three ionizing transitions is detailed in the text.

Cs symmetry is computed to lie at 10.52 eV and does not contribute
close to the ionization onset. Thus, one equatorial and two axial con-
former minima are produced in the ionic ground-state band and
contribute to the TPES in Fig. 1(b). The Franck-Condon simulated
line spectrum was convoluted with a Gaussian distribution with a
full width at half maximum (FWHM) of 160 cm™" (0.02 eV) to
account for the rotational envelope at the sample temperature of
298 K (Fig. 2). The overall simulated spectrum is the sum of the
three components, and only the ionization thresholds are shifted
slightly to fit to the experimental result. Based on recent experi-
mental results, the axial and equatorial conformer populations of
CeH11Cl are 34% and 66%." The weights of the three traces are
determined as their thermal population ratios at room tempera-
ture. However, we have found that the fit is quite insensitive to the
assumed population ratios. This is due to the contour of the equato-
rial and axial pseudo-A" state spectra being rather similar. Thus, the
relative conformational abundances are constrained by the sharper
A’ progression of the axial conformer. The Franck-Condon simu-
lation relies on the sudden approximation, i.e., on the absence of
intermediate states. Furthermore, we assume constant photoelectron
dipole matrix elements, i.e., the transition probability is independent
of the final cation electronic state. The involvement of intermediate
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neutral (mostly Rydberg) states in the ionization exacerbates the
errors due to the sudden approximation and cancels some due to
the second one. Finally, also because of the unresolved effect of
spin-orbit coupling, a conclusive assignment of the spectral features
would require a highly resolved pulsed-field ionization experiment
to identify rovibrational transition conformer and electronic state
selectively.

In the simulation in Fig. 2, the two transitions of e-CsH;;Cl
(Cs, A”) » e-CgHy, CI" (Cy1, X pseudo-A”") and a-CgHy; Cl (Cs, A”)
— a-CgH11Cl* (Cy, b'dl pseudo—A") have almost identical band ori-
gins at 10.05 + 0.01 eV, while the other transition of a-CsH1,ClI (Cs,
A’) - a-CsH;; CI* (Cs, A" A') starts from a slightly higher energy of
10.10 eV. Taking into account the Stark shift of 8 meV at the con-
stant 125 V cm™ " extraction field,”® the adiabatic ionization energies
to these final states are 10.06 + 0.01 eV, 10.06 + 0.01 eV, and 10.11 =
0.02 eV, respectively.

Compared with CsH ;X (X = F and Cl), the Dyson orbitals of
the first two cationic states of C¢H;1 X (X = Br and I) exhibit a more
pronounced non-bonding halogen lone-pair character (see below).
This diminishes the geometry change upon ionization and leads to a
more pronounced vibrational structure near the ionization thresh-
old, as seen in Fig. 1. Similar to X = F and Cl, three ionization
transitions were considered for CsHi1Br and CsHi11, but only one
for the axial and two for the equatorial conformer: a-CsH;;X(Cs,
A') > a-CeHu X" (Cs, X" A), e-CeHnX (Cs, A") > e-CsHuX! (Ci,
X" pseudo-A""), and e-C¢H, 1 X(Cs, A’) — e-CeHp X" (Cs, A™ A”).
There are significant differences between the contributing electronic
states when compared with X = F and Cl. As will be shown later,
the stability of the A’ state increases with the halogen size, and it
becomes more stable than the pseudo-A" state in the axial bromine
conformer. It is also associated with a less geometry change, which
is why the origin transition and the vibrational progression belong-
ing to the axial and equatorial A states dominate the spectrum. On
the other hand, the pseudo-A"" state is still considerably more sta-
ble in the bromine equatorial conformer, which is why it contributes
to a broadband with an onset markedly below the A’ origin tran-
sitions. The calculated line spectra were convoluted with 160 cm ™
FWHM Gaussian (Fig. 3) to account for rotational broadening as
inX=CL

In addition to the strong, albeit rather broad vibrational peak
near the threshold in the X = Br and I TPES, a shoulder is distinctly
visible at the lower energy side of the main peak of C¢HiI. This

(a) A ;f-?‘tllnhr (C,, pseudo-A" _(b)

——¢-CH, Br'(C,A) L
& —a-CH, Br(C,A)
’ Sum

1P Sum_SO

Intensity / a.u.
Intensity / a.u.

O Exp.
e-CH, I'(C,, pseudo-A")
e-CH, I'(C,, A"
a-CH, I'(C,, A)
_:j::_so FIG. 3. Experimental and simulated TPE

spectra of (a) CgH1Br and (b) CgHyql
near threshold photoionization, obtained
as a sum of the respective contributions
of the equatorial and axial conformers
(see text).

9.7 9.8 99 100 101 102 103 104 10.5
hv/eV
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wide spectral contour cannot be due to hot or sequence bands or
rotational broadening at room temperature, and transitions from
axial and equatorial conformers are, therefore, expected to overlap
in these peaks. As shown in Fig. 3(a), the e-C¢Hy1Br (Cs, A) > e-
C5H11B1‘+ (Cg, A+ A/) and a—C6H11Br (Cs, A/) - a-CsHllBr+ (Cs, X+
A") bands have similar spectral contours, only with slightly different
thresholds. Franck-Condon calculations predict no distinct vibra-
tional progression for e-CsHi1Br (Cs, A"y - e-C¢Hy Br* (Cy, X'
pseudo-A""), but only a broadband instead, which spans the 9.7 eV -
10.3 eV energy range. At first glance, the limited spectral complexity
of the X = Br TPES appears to be insufficient to argue for three
contributing transitions. However, if, as predicted, the main peak,
which gains a shoulder in X = 1, is due to the origin transition, its
large width strongly indicates a second contribution of a-CsHi;Br
(Cs, A) » a-CgHy1Br* (Cs, X A”). For the e-C¢Hy,Br (Cs, A)
— e-C¢H;1Br* (C), X' pseudo-A”) transition, its presence is
revealed by the TPES tail extending to below 9.8 eV. Thus, by mod-
eling the experimental TPES, the contributions of three ionization
transitions are clearly identified. The band origins are determined as
9.70 eV for e-C¢Hi1Br (Cs, A’) —» e-CgHyiBr* (C1, X pseudo-A""),
9.84 + 0.01 eV for e-CgH11Br (Cs, A’) — e-CsHy1Br* (Cs, AT A),
and 9.83 eV for a-CgH;;Br (Cs, A’) —» a-C¢H11 Br* (Cs, X" A”). Con-
sidering the Stark shift, the adiabatic ionization energies are 9.71 eV
for e-C¢Hy1Br* (C1, X pseudo-A""), 9.85 + 0.01 for e-C¢Hy; Br* (Cs,
A A’), and 9.84 eV for a-C¢H1Br* (Cs, X" A, respectively. The
latter two values are consistent with the vacuum ultraviolet mass-
analyzed threshold ionization (VUV-MATI) results, but Franck-
Condon calculations indicate that they were falsely assigned as the
ionization energies to e-CsHy Br' (C;) and a-C¢Hy1Br* (Cs).”’ The
true adiabatic ionization energy of e-CsHj1Br to the X* pseudo-
2A" state of C; symmetry lies below, and the VUV-MATI spec-
trum identified the transition to the A” 2A” state of Cs symmetry,
which involves less geometry relaxation and exhibits a strong 0-0
transition.

When the sum of the Franck-Condon spectral traces for the
9.8 eV-10.0 eV band is shifted by 0.30 eV, it reproduces the higher-
lying spin-orbit state with the dominant peak at 10.14 eV. As the
overall signal is dominated by the equatorial A" 27’ state, this shift
is most sensitive to its SOC constant. As mentioned previously, this
splitting agrees with the one observed in bromomethane and is about
two thirds of the spin-orbit splitting between the 2P3/2 and 2P1/2
states of the bromine atom.”***

Similarly, the first TPES band of CsH 11 is successfully modeled
assuming analogous contributions in the Franck-Condon simula-
tion, as shown in Fig. 3(b). The strongest vibrational peak is assigned
as the 0-0 transition of e-CgHy1I (Cs, A’) — e-CeHp It (Cs, A™ A),
at a peak position of 9.00 + 0.01 eV. The shoulder at lower energy
is due to the combined contribution of the a-C¢Hy,I (Cs, A’) —
a—CnglI+ (Cs, X+ A,) and e—CaHuI (Cs, A,) - e—C6H111+ (Cl,
X" pseudo-A") transitions, and the corresponding origins are sug-
gested at 8.97 eV and 8.98 eV, respectively. Considering the Stark
shift, the adiabatic ionization energies to these final ionic states are
9.01 £ 0.01 eV, 8.98 eV, and 8.99 eV, respectively, meaning that
the three electronic states are indeed very close in energy, and only
their spectral fingerprint differs greatly due to the different geome-
try change upon ionization (see below). Spin-orbit coupling is also
clearly observed in the TPES of Fig. 3(b). However, the 0.49 eV
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splitting, analogously determined for X = Br and dominated by SOC
in the equatorial A" 2A” state, is only half of the spin-orbit coupling
in the iodine atom and significantly smaller than what was observed
in iodomethane.®*”’ Additionally, the broadened and washed-out
vibrational structure in the *Pyj, spin-orbit band implies a short
lifetime of the spin—orbit excited state.

C. Dyson molecular orbital analysis

EOM-IP-CCSD Dyson orbital analysis confirmed that, regard-
less of the halogen substituent, vertical ionization of the equatorial
conformers e-CsH1 X and the axial conformer a-C¢H;, F takes place
by creating an electron hole of a”’ and @’ symmetry to the X" and A™
states, respectively (Fig. 4). Vertical ionization energies are swapped
for a-C¢H1, X (X = Cl, Br, and I), which show a more stable A’ state
than the A" state at the neutral geometry. However, since geometry
relaxation is more pronounced in the A" state, this does not neces-
sarily mean that the X" and A" state symmetries are swapped (see
Table I for more details). Moreover, the halogen lone-pair character
of the Dyson orbitals increases with an increase in the halogen size,
meaning that the charge is more and more located on the halogen,
as it plays a more prominent role in ionization as opposed to the
cyclohexane ring.

In the unsubstituted cyclohexane, C¢H)2, the HOMO is a dou-
bly degenerate eg orbital within the Ss point group. These two
orbitals mostly resemble the a” and a” Dyson orbitals shown for
axial fluorocyclohexane. The degeneracy is lifted upon halogen sub-
stitution, and the resulting splitting is much larger in the equatorial
conformer than in the axial one, with the totally symmetric A" state
destabilized (see X = F in Fig. 5). As the halogen size increases, the
Dyson orbitals shown in Fig. 4 and the HOMO and HOMO - 1
molecular orbitals become dominated by the halogen lone pair.

CH,F C,H,,Cl C,H,,Br CeH, 1
w B K X
a_m 10.85 eV 10.54 eV 10.01 eV 9.25 eV
<
10.90 eV 10.52 eV 9.95 eV 9.19 eV

8

10.49 eV 9.97eV

ofi

11.29 eV 10.62 eV 10.03 eV 9.26 eV

FIG. 4. Dyson orbitals in axial (a-) and equatorial (e-) halocyclohexane CgH11 X,
corresponding to vertical ionization to the lowest A” and A”” states. The vertical
ionization energies are shown with the lower one underlined. Because of a bug
in the cube file calculation, we could not plot the a’” Dyson orbital for equatorial
CeHyl.
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FIG. 5. Difference between the vertical ionization energy of the 2A” and 2A”” states
of CgH11 X in the axial and equatorial conformers.

Thus, the splitting between them is determined by the perturba-
tion of the differently oriented halogen lone pair hole with respect
to the cyclohexane ring. This slightly different type of perturbative
coupling stabilizes the A" cation state more than the A" state, and
the vertical transition to the A’ state energy is lower than that to the
A" state in the axial conformer of X = Cl. However, because of the
larger geometry relaxation of the A” state (see below), the ground
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state cation is still the X" pseudo-*A" state of C; symmetry in axial
X = Cl and only switches to the X *A” state in axial X = Br.

D. Geometry relaxation upon ionization

We optimized the geometries of axial and equatorial CeH1 X"
(X = Cl, Br, and I) cations in the two lowest-lying X" and A" elec-
tronic states while conserving Cs symmetry and also by allowing
the geometry to relax to C;. For completeness, we will also dis-
cuss X = F here, for which the experimental data analysis has been
reported before.”” Compared with the neutral geometry, the geom-
etry change upon ionization is similar in C¢H1 F and C¢H;1Cl and
mainly concerns the ring geometry. The C2-C3 and C5-C6 bond
lengths increase significantly in the A" 2A” state, while the C1-C2
and C1-C6 bond lengths increase significantly in the X" A" state of
the cation (Fig. 6). When the symmetry is relaxed in the X" pseudo-
2A" state, only the C1-C2 bond length increases markedly. In the
CsH11Br* and CgHj 1" cations’ 2A” and *A” states, the main geom-
etry change upon ionization is the increase in the C-X bond length
compared to the neutral structure. Furthermore, the relaxation into
the pseudo-A" state is associated with the halogen moving out of
the original symmetry plane of the molecule instead of C1-C2 bond
elongation. Some representative bond lengths are summarized for
the optimized C¢H11 F and C¢H,; Br neutrals and cations in Fig. 6.

Thus, the X" *A” state Cs symmetry is a transition state, as also
confirmed by the frequency analysis, and it relaxes to an asymmet-
ric C; structure when the symmetry is broken. Furthermore, in the
axial conformer of X = Br and I, the (pseudo-)?A”’ state becomes an

Axial Equatorial

1.40 1.10

CH,F o

1.49
1.53

1.10 1.76
0.00°
1.98 0.00°
Yoa Hy-C,CyoBr ) 1.10

1.10
1.09
1.09

CeHy,Br 1.54
155
1.55
158

1.52
1.10 153

H;-C,Cy-Br 0,00

FIG. 6. Representative bond lengths
in A in a-C5H11F(+), e-CsH11F(+), a-
CgHy1Br"), and e-CgH;Br*) in Cg and

1.77 C1 symmetries. A Br torsional angle is

also shown to illustrate its wagging out

0.00° of the symmetry plane of the molecule
0.00° in pseudo-A”" e-CgH11Br*. Values from

top to bottom correspond to the neutral
ground state, the A™ 2A’ state, the X"
2\’ state, and the relaxed X* pseudo-
2" state in Cy symmetry, respectively.

-16.12°
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excited state, and the ground state is the totally symmetric X* A’ DFT calculations could be used in the Franck-Condon simulation
state. of the spectra, thanks to the large geometry difference between the
Although the symmetry of the ground state changes as a func- A’ and (pseudo-)A" states, which also means that, at their respec-
tion of halogen substituent as well as the conformation, ground-state tive optimized geometry, the corresponding electronic state is often
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lowest in energy, and the excitation energy to the next state is, espe-
cially for X = F and Cl, quite large. The A’ state could also be
addressed by ground state DFT calculations by judicious choice of
functional for the equatorial conformers of X = Br and I, in which
EOM-IP-CCSD calculations predict the A" and A" states to be nearly
degenerate, especially in Cs symmetry.

E. Coupling between the A’ and A" states: A conical
intersection in Cg, avoided crossing in C,

Because of the diminishing energy differences between the A’
and A" states as a function of halogen size and the more pronounced
halogen lone-pair character of the Dyson orbitals for X = Br and
I, fluoro- and chlorocyclohexane cations can be thought of more
as a perturbed cyclohexane, whereas bromo- and iodocyclohexane
cations exhibit a halogen lone pair electron hole perturbed by the
carbon ring. Focusing on the former picture, the non-degenerate A’
and A" states arise from a degenerate pair of e; molecular orbitals in
cyclohexane by symmetry breaking due to the halogen substituent
and the interaction of the ring with the halogen lone pair, which
is reminiscent of Jahn-Teller coupling in the cyclohexane cation.”"
In Cs symmetry, the p-type halogen lone pair electron hole in the
cation may either be symmetric or antisymmetric, i.e., aligned per-
pendicular to or parallel with the Cs ring. This is also clearly seen
in the Dyson orbitals in Fig. 4 for vertical ionization at the neutral
geometry in Cs symmetry. However, this insight also offers a path
to connect these two states, namely, by interconverting a” and a” by
rotating the halogen lone pair along the C-X axis, which entails a
concurrent generalized rotation of the orbital on the carbon ring, as
well. This is only possible by breaking the symmetry, and the corre-
sponding nuclear geometries will also lose the mirror plane. Thus,
in a generic sense, each conformer cation (equatorial and axial) has
two electronic conformations depending on the orientation of the
electron hole.

Three stationary points are defined to help understand the
potential energy surface and the coupling between the A" and A”
states. First, ionization from the a’ Dyson orbital results in an A’
state, which optimizes to a Cs minimum, which is the most stable
structure in the axial conformer of X = Br and I. Ionization from
the a” Dyson orbital yields an A" state, which can be optimized
to a transition state in Cs, and relaxes by symmetry breaking to the
pseudo-A"’ global minimum in the axial conformer of X = F and Cl
and in the equatorial conformer of X = F, Cl, Br, and I. Because of
the near-degeneracy of electronic states, the C; pseudo-A" minima
could not be located in the axial conformer of X = Br and L.

Two paths were then defined, connecting the A’ minimum and
the A” transition states in Cs symmetry and the A’ and the pseudo-
A" minima in C; symmetry by interpolation in internal redundant
coordinates. The paths, shown in Fig. 7 for the equatorial and axial
isomers, include the Cs path in the left pane and the C, path at a
slight angle to it. What is visible in plots Figs. 7(a)-7(c) is a clas—
sic example of a diabolical conical intersection in Cs symmetry,
turning into an avoided crossing after symmetry breaking. The rota-
tion of the lowest-energy Dyson orbital in fluorocyclohexane along
the path shown in Fig. 7(a) is also readily seen in Fig. 8. Ground
and excited state potentlal energy curves are clearly distinct in C;
symmetry, although structure [1] is of A" symmetry and [5], i.e., the
pseudo-A" minimum, is barely separated from [0] of A” symmetry.
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FIG. 8. Dyson orbital rotation for ionization into the lowest energy pseudo-A’/A”
state in axial fluorocyclohexane. The structures [1-5] refer to the path shown in
Fig. 7(a) with [0] corresponding to the A"’ state and [1] to the A’ state.

As shown above, the spectral contributions and vibrational finger-
prints of the two states are also clearly distinguishable when there is
a barrier between the two.

IV. CONCLUSIONS

The threshold photoelectron spectra of CsH11X (X = Cl, Br,
and I) are reported and analyzed with the help of DFT Franck-
Condon factor simulations, EOM-IP-CCSD ionization energy, and
Dyson orbital calculations. The role of the axial and equatorial con-
formational isomerism is also discussed in the context of our recent
analysis of the C¢H11 F TPES. The geometry relaxation upon ioniza-
tion depends on the halogen size and the symmetry of the electron
hole. In X = F and Cl, the removal of an a’ electron, which corre-
sponds to a halogen lone pair along the symmetry plane, leads to an
elongation of the C2-C3 and C5-C6 bond lengths. In most halogens
and conformers, the ion state formed by the removal of an a” elec-
tron, i.e., the halogen lone pair perpendicular to the symmetry plane,
is more stable and can further relax by an elongation of the C1-C2
bond (X = F and Cl) or by wagging the halogen substituent out of the
symmetry plane (X = Br and I). This difference in behavior is due to
the HOMO being a ring orbital perturbed by the halogen lone pair
in X = F and Cl, as opposed to a halogen lone pair perturbed by
the carbon ring in X = Br and I. While the A" and A" states, dis-
tinguished by the orientation of the electron hole, are distinct in Cs
symmetry, which also contain the seam of the conical intersection
between them, they are smoothly and often barrierlessly connected
in C; symmetry. However, when there is an avoided crossing and a
barrier between them, we could identify the spectral contribution of
both states to the TPES.

Density functional theory Franck-Condon simulations were
guided by insights from the EOM-IP-CCSD results. For C¢H;1Cl,
three ionization transitions could be identified, analogously to
C5H11F: (l) e—C6H11C1 (Cs, A,) - e—C6H11Cl+ (C1, X+ pseudo—A"),
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(i) a-CsH11Cl (Cs, A") » a-CgHyiCI" (Cy, X" pseudo-A”), and
(ii)) a-CeH1Cl (Cs, A') — a-CeHyCl' (Cs, A" A') at 10.06
+ 0.01, 10.06, and 10.11, respectively. Franck-Condon simula-
tions of C¢H11Br and CgHiil also identified three, albeit differ-
ent transitions to contribute to the spectrum for both X = Br
and I (iv) e-C¢Hy1Br (Cs, A’) — e-CeHy Br* (C1, X pseudo-
A"), (v) a-CeHyiBr (Cs, A') — a-CeHpBr™ (Cs, X° A”), and
(vi) e-C¢HuBr (Cs, A') — e-C¢HuBr' (Cs, A" A') at 9.71,
9.84, and 9.85 + 0.01 eV, as well as (vii) a-CsHyI (Cs, A)
— a-CanI+ (Cs, X+ A,), (Viii) e-CeHpl (Cs, A/) — e—C6H111+ (Cl,
X" pseudo-A"), and (ix) e-C¢Hy11 (Cs, A’) - e-CeHy I (Cs, A™ A”)
at 8.98, 8.99, and 9.01 + 0.01 eV, respectively.

In light of these results, the origin transition was not seen in
the ionization of e-CsHi1Br to the lowest-lying pseudo-A” state,
and we revise the assignment of the previous VUV-MATI experi-
ment.”’ Although energy and spectral differences between the con-
formers decrease with an increase in the halogen size, the Franck-
Condon analysis also shows major differences between the ion-
ization mechanisms and active transitions of axial and equatorial
conformers.
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