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Vacuum ultraviolet (VUV) mass-analyzed threshold ionization (MATI) spectrum of supersonically cooled
methylcyclohexane has been obtained to give the precise adiabatic ionization energy of 9.6958 ±
0.0025 eV for the chair equatorial conformer. Vibrationally resolved MATI spectrum has been analyzed with
the aid of density functional theory and Franck–Condon calculations. The MATI spectrum reflects the struc-
tural change upon ionization and its origin is discussed by inspecting the shapes of the valence orbitals
involved in the ionization process. The spectroscopic implication of the structural interconversion above
the certain energy level is discussed with theoretical calculations of molecular structures and energetics.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Cyclohexane molecules have been intensively studied as a
prototypical model system for the conformational chemistry, and
a substantial experimental and theoretical effort has been given to
understand conformational interconversion processes of these
floppy molecules at the molecular level [1–6]. Mono-substituted
cyclohexane molecules have been particularly spotlighted as the
energetics and dynamics of their equatorial and axial conformers
may provide keys for the origin of anomeric and/or steric effects as
well as conformer-specific reactivity [7–14]. Methylcyclohexane
belongs to this case. In previous other studies, it has been found that
the equatorial conformer is more stable than the axial conformer for
methylcyclohexane, as revealed by NMR [15], electron diffraction
[16,17], or thermochemical studies [18]. The conformational prefer-
ence of methylcyclohexane had also been confirmed by theoretical
calculations [10]. However, the ionization of the title molecule, even
though it may provide essential information about the role of the va-
lence orbital in the chemical reactivity or thermodynamic stability,
has been little studied to date [19–23].

Mass-analyzed threshold ionization (MATI) or zero-electron
kinetic energy (ZEKE) spectroscopic technique combined with the
supersonic jet method has been widely used in many laboratories
since it provides the excellent energy resolution with a relatively
simple pulsed-field ionization scheme [24]. One-photon MATI spec-
troscopy using the vacuum ultraviolet (VUV) laser source is particu-
larly useful for molecular systems with no stable ladder in the two-
color ionization process, and has been employed for the ionization of
ll rights reserved.
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various biological building blocks [25–27] or molecular structural
isomers [28,29] to reveal the role of the valence electron in the
molecular structure and associated chemical reactivity. Here, photo-
ionization of methylcyclohexane has been investigated using the
VUV–MATI technique, providing the precise ionization energy of
the equatorial methylcyclohexane conformer and vibrational fre-
quencies of the cationic ground state. With the aid of density func-
tional theory (DFT) calculations, activated vibrational modes in the
MATI spectrum have been appropriately assigned. The structural
change upon ionization and conformational interconversion in the
cationic ground state are discussed with theoretical calculations.

2. Experiment

The detailed experimental setup had been reported in our previ-
ous report [30]. Briefly, methylcyclohexane (Aldrich, anhydrous
99 + %) was heated to 50 �C, seeded in Ar, and expanded into a
vacuum chamber through a nozzle orifice (General valve, 0.5 mm
diameter) with a backing pressure of 1 atm. The supersonic jet of
molecular beam was collimated through a 1 mm diameter skimmer
(Precision) before it was collinearly overlapped with the VUV laser
pulse. The background pressure of 10�7 Torr was maintained when
the nozzle was operated with a repetition rate of 10 Hz. The VUV
laser pulse was generated via four-wave mixing in a Kr gas cell by
combining the UV laser pulse fixed at 212.556 nm for the
Kr 5p[1/2]0-4p6 transition and a tunable VIS laser pulse in the
625–684 nm range. Then, the VUV pulse was spatially separated
from UV and VIS fundamentals using the edge of the calcium fluoride
(CaF2) collimating lens placed at the exit of the Kr cell where the
pressure was maintained at 1 Torr. The wavelength of VIS laser pulse
was calibrated with a wavemeter (Coherent; Wavemaster). High-n,l
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Figure 1. (a) The VUV–MATI spectrum of methylcyclohexane with (b) Franck–Condon simulation spectrum based on the B3LYP/6-311++G(d,p) calculations for the equatorial
conformer. The combination bands are represented in the parentheses. See Table 2 for the description of normal modes given by numbers.

Table 1
Relative stabilization energies (cm�1) of the optimized equatorial and axial conformers of methylcyclohexane in the neutral (S0) and
cationic (D0) ground states obtained from B3LYP/6-311++G(d,p) calculations. Zero-point energy corrected values are given in parentheses.

Conformer (point group) B3LYP/6-311++G(d,p)

S0 D0

Equatorial (C1) 0 (21.73) 0 (0)
Equatorial (CS) 4.39 (0) 1058.92 (813.81)a

Axial (CS) 762.57 (814.03) 1385.33 (896.99)

a This value is for the transition state structure.
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Rydberg states of molecules which were generated by the excitation
with VUV laser pulse were pulsed-field ionized (�10 V/cm) at the
delay time of �20 ls after the laser pulse excitation, which is long
enough for the complete separation of the MATI signal from prompt
ion signals along the time-of-flight tube. Thus no spoil field was nec-
essary in this scheme. Pulsed-field ionized species were repelled,
accelerated, drifted along the time-of-flight axis, and detected by
dual microchannel plates (MCP). Ion signals were digitized by an
oscilloscope (LeCroy, LT584M) and stored in a personal computer
that controlled all step motors to scan laser wavelengths for the mol-
ecule excitation.
3. Computational details

All calculations were carried out using the GAUSSIAN 03W pro-
gram package [31]. The minimum energy structures and normal
modes for ground neutral and cationic states were obtained with
the B3LYP/6-11++G(d,p) level of calculation [32,33]. The intrinsic
reaction coordinate (IRC) calculation for the cationic state was per-
formed at the same level, starting from the transition state with
the force constant calculations at each point. The Franck–Condon
analysis was done using the Duschinsky transformation [34] with
a code developed by Peluso and coworkers [35,36].



Table 2
Some of experimental and calculated vibrational frequencies (cm�1) of the equatorial conformer of methylcyclohexane in the cationic (D0) ground
states obtained at the B3LYP/6-311++G(d,p) level of calculation.

Equatorial

D0 Descriptiona

Calc. Expt.

mþ57 137 147 Ring puckering
mþ56 208 198 C(7)H3 rock

mþ55 219 213 Asym. C(2,3,5,6)H2 wag
mþ54 277 246 C(1)-C(7)H3 distortion
mþ53 298 293 Ring bend

mþ52 330 Asym. C(3,4,5)H2 wag
mþ51 344 335c C(1)-C(7)H3 distortion

mþ50 422 411c C(6)C(1)C(7) bend
mþ49 463 441 Ring distortion

481b 464 mþ57 þ mþ51

491b 505 mþ56 þ mþ53

mþ48 519 Sym. C(3,4,5)H2 wag
588b 598 mþ57 þ mþ49

628b 628 mþ53 þ mþ51

639b 663 mþ56 þ mþ49

687b 718 mþ54 þ mþ49

mþ47 729 Sym. C(2,3)H2 wag
734b 764 mþ53 þ mþ49

776b 783 mþ51 þ mþ49

mþ46 774 C(6)H2 wag

mþ45 808 Sym. C(3,5)H wag
mþ44 821 Asym. C(2,3,5,6)H2 wag

852b 835�874�884d mþ50 þ mþ49

mþ43 868 C(3,4,5)H wag
mþ42 872 C(4)H2 wag

mþ41 891 C(7)H2 rock
mþ40 937 922 Asym. C(1,2)H rock
mþ39 941 C(2,6,7)H2 wag

mþ38 982 C(1,2,5,6)H2 rock
mþ37 994 C(4)H2 rock
mþ36 1032 Asym. C(1,2,3,5,6,7)H wag

mþ35 1038 Sym. C(3,6)H rock
1069b 1050 mþ53 þ mþ51 þ mþ49

mþ34 1054 Asym. C(5,6)H wag
mþ33 1092 C(1)-C(7)H3 str.
mþ32 1129 Asym. C(4,5,6)H wag

mþ31 1188 C(1)H rock
mþ30 1213 C(2)H2 wag

mþ29 1228 Asym. C(2,5)H2 wag
mþ28 1245 Asym. C(2,4)H2 wag

a Refer Table 3 for the atomic labeling.
b Calculated based on the experimental values of fundamental modes.
c The most activated vibrational modes in the MATI spectrum.
d The broad energy range appeared in the MATI spectrum.
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4. Results and discussion

Whereas methylcyclohexane exists as one predominant stable
configuration of the chair form, the methyl group may adopt either
axial or equatorial position of the cyclohexane-like skeletal struc-
ture. The energy difference of axial and equatorial conformers of
the chair methylcyclohexane molecule had been estimated to be
1.75 ± 0.05 kcal/mol (612 cm�1) in solution [15] or 1.9–2.0 kcal/
mol (665–670 cm�1) in the gas phase. Accordingly, the relative
abundance of the equatorial conformer is estimated to be 96% at
19 �C in the gas phase [18], and thus the equatorial conformer may
be dominant in the molecular beam. The strongly observed peak at
78202 cm�1 in the VUV–MATI spectrum in Figure 1a, therefore,
should correspond to the adiabatic ionization energy of the chair
equatorial methylcyclohexane, giving IE = 9.6958 ± 0.0025 eV. This
value is most precise one to date as compared to previously reported
values. Our DFT calculations at the B3LYP/6-311++G(d,p) level also
predict that the equatorial conformer is more stable both in neutral
and cationic ground states (Table 1).

A number of vibrational bands of the cationic ground state have
been identified in the VUV–MATI spectrum, Figure 1. Low-frequency
vibrational bands with the energy less than 450 cm�1 are quite
active in the MATI spectrum, and these are appropriately assigned
based on the comparison with the theoretical prediction as
described in Table 2. The mþ54 mode assignment is rather tentative
as the experiment is off by�30 cm�1 from the theoretical value. This
discrepancy though is not surprising for the low-frequency vibra-
tional mode of the floppy molecule such as methylcyclohexane,
especially because the corresponding mode involves the entire
molecular skeletal distortion. The MATI band at 335 cm�1 is partic-
ularly intense, and this may be due to the mþ51 mode, corresponding to
the C(1)–C(7)H3 distortion, Figure 2. Combination bands associated
with the mþ51 band are found to be quite active, Figure 1 and
Table 2. The next strongest band at 411 cm�1 is assigned to mþ50,



Figure 2. Vector representations of (a) mþ53, (b) mþ51, (c) mþ50 and (d) mþ49 vibrational modes of the equatorial methylcyclohexane calculated by B3LYP/6-311++G(d,p). The upper
represents the top view while the bottom is the side view.
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corresponding to C(6)C(1)C(7) bend, and its combination bands are
quite evident in Figure 1 and Table 2. The bands at 293 and
441 cm�1 are ascribed to mþ53 ring bend and mþ49 ring distortion modes,
respectively. These spectroscopic characteristics of the VUV–MATI
spectrum reflect the structural change of the molecule upon ioniza-
tion. Our B3LYP/6-311++G(d,p) calculations (Table 3) show that
bond length of R(C(1)–C(2)) and angles of \C(2)C(1)C(7),\C(6)C(1)C(7),\
HC(1)C(7) and\C(2)C(1)C(6) change quite significantly as the molecule
is being ionized, and it explains why the mþ51 and mþ50 modes are acti-
vated in the MATI spectrum. The origin of the structural change upon
ionization can be found from the inspection of the molecular orbtials
before and after the ionization. For methylcyclohexane, electron
density of the highest-occupied molecular orbital (HOMO) is found
to be quite delocalized over the entire molecule, Figure 3. The re-
moval of an electron from HOMO upon ionization gives the unpaired
electron residing in the singly-occupied molecular orbital (SOMO).
The electron density of SOMO is also calculated to be almost evenly
distributed whereas the position of orbital node is quite asymmetric
compared to that of HOMO about the CS plane bisecting the angles of
\C(3)C(4)C(5) and\C(2)C(1)C(6). This small but critical difference in the
orbital shape of HOMO and SOMO seems to be responsible for the
activation of mþ51 and mþ50 modes in which the nuclear displacements
of the methyl moiety are quite dominant. Other low-frequency ring
skeletal modes in MATI seem to be also explainable by this orbital
shape difference.

Our DFT calculation predicts that the neutral ground methylcy-
clohexane adopts the CS geometry at the minimum energy. The C1

geometry in the ground state is only slightly different from the CS

geometry with a small energy difference of 22 cm�1 (Tables 1 and
3). On the other hand, the C1 and CS geometries become quite dis-
tinct upon ionization. The C1 geometry is calculated to be more sta-
ble than the CS geometry by 814 cm�1 in the cationic ground state.
The Franck–Condon simulated spectrum assuming C1 geometries
for both neutral and cationic ground states describes band intensi-
ties of the MATI spectrum rather poorly, particularly at the high
internal energy region, Figure 1. It is found that only weak and
broad bands are observed at the energy region higher than
�800 cm�1 above the ionization threshold in the MATI spectrum,



Table 3
The C1 geometrical parameters (Å, �) of the neutral and cationic ground states of the
equatorial methylcyclohexane calculated at the B3LYP/6-311++G(d,p) level.

Equatorial(C1)

S0 D0 Diffa

R(C(1)–C(7)H3) 1.53 1.50 �2.10
R(C(1)–C(2)) 1.54 1.81 17.76
R(C(2)–C(3)) 1.54 1.49 �3.23
R(C(3)–C(4)) 1.53 1.52 �0.74
R(C(4)–C(5)) 1.54 1.56 1.30
R(C(5)–C(6)) 1.54 1.52 �0.96
R(C(6)–C(1)) 1.54 1.50 �2.36
\C(2)C(1)C(7) 111.68 105.34 �5.68
\C(6)C(1)C(7) 111.74 118.83 6.34
\HC(1)C(7) 107.95 113.37 5.02
\C(2)C(1)C(6) 110.31 103.01 �6.61
\C(3)C(4)C(5) 111.34 108.43 �2.62
\C(1)C(2)C(3) 112.32 106.95 �4.78
\C(1)C(6)C(5) 112.37 116.29 3.49
\C(2)C(3)C(4) 111.60 115.31 3.33
\C(4)C(5)C(6) 111.55 110.02 �1.37
\C(3)C(2)C(1)C(7) �179.10 �179.22 0.07
\C(5)C(6)C(1)C(7) 179.07 174.11 �2.77

a Difference between geometrical parameters of neutral and cation, which is
based on the equation of (neutral-cation)/neutral � 100.
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whereas a number of strong vibrational bands are predicted to be
persistent in the simulation. This rather sharp decrease of the band
intensity in MATI suggests that the internal energy excitation may
induce the conformational change in the cationic ground state.
Actually, the calculated energy difference of 814 cm�1 between
Figure 3. (a) Highest-occupied molecular orbital (HOMO) and (b) singly-occupied molec
B3LYP/6-311++G(d,p) calculations. Top and bottom views are drawn in the upper and lo
C1 and CS geometries of the cationic ground state is close to the
ion internal energy where the MATI band intensity starts to de-
crease quite sharply.

The experimental fact that the most active MATI bands of mþ51 or
mþ50 are associated with the asymmetric swing motion of the methyl
group strongly supports that the CS ? C1 geometrical transition oc-
curs in the one-photon excitation from the neutral to the cationic
ground state. Naturally, above the barrier of the interconversion
between two equivalent C1 geometries, the density of states in-
creases, and the Franck–Condon factors should be distributed over
many quantum states, resulting in the decrease of the spectral
intensity. Intrinsic reaction coordinate (IRC) calculation confirms
this structural change and associated reaction coordinate, Figure 4.
A smooth energetic diagram is obtained as a function of the dihe-
dral angle between the plane of C(5)C(6)C(1) atoms and that of
C(6)C(1)C(7), respectively.
5. Summary

In summary, vacuum ultraviolet (VUV) mass-analyzed threshold
ionization (MATI) spectroscopy has been carried out to provide the
most accurate and precise adiabatic ionization energy of
9.6958 ± 0.0025 eV for the equatorial conformer of the chair methyl-
cyclohexane. Vibrational structures revealed in the MATI spectrum
are analyzed using DFT calculations at the B3LYP/6-311++G(d,p)
level. The electron deficiency in the highest-occupied molecular
orbital (HOMO) and the significant change of the orbital shape in
the singly-occupied molecular orbital (SOMO) in terms of the orbital
node position explain the structural change upon ionization quite
well at least qualitatively. Our calculations suggest that the mini-
mum energy structure of the cationic ground state adopts the C1

geometry and two equivalent C1 structures interconvert through
the CS transition state with a barrier of 814 cm�1. The MATI spectrum
showing a rather sharp decrease of the ion signal at�800 cm�1 of the
ion internal energy may indicate that the conformational intercon-
version really occurs in the cationic ground state. One-photon MATI
spectrum of the floppy methylcyclohexane molecule turns out to be
very useful not only in terms of the static information such as
ular orbital (SOMO) of the equatorial methylcyclohexane conformer obtained from
wer parts, respectively.



Figure 4. Schematic curve connecting the C1 and CS symmetry structures of the equatorial methylcyclohexane in the cationic ground state (D0) using IRC calculation as a
function of the conformational coordinate (square dots). The values in parentheses represent \C(7)C(1)C(6)C(5) dihedral angles for the C1 or CS structures in Table 3. The shaded
region represents the dihedral angles of the C1 or CS symmetry minimum energy structures in the neutral ground state (S0). Zero point energy corrected value of the barrier
height for the structural interconversion in the D0 state is�814 cm�1, and the one corresponding to the energy difference between C1 and CS symmetry structures in S0 state is
�22 cm�1,Table 1. The experimental value of IE is from this work.
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ionization energy and cationic vibrational frequencies but also
in terms of dynamic information such as the conformational
isomerism.
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