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Conformer-Specific Ionization Spectroscopy of Bromocyclohexane: Equatorial versus Axial

Conformers
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Ionization of equatorial and axial conformational isomers of the chair-bromocyclohexane is investigated with
use of the vacuum ultraviolet mass-analyzed threshold ionization (MATTI) spectroscopic technique. Two distinct
ionization energies of 9.8308 £ 0.0025 and 9.8409 £ 0.0025 eV are determined for equatorial or axial
conformers, respectively. From the conformer-selective vibrational analysis, it is found that the equatorial
conformer undergoes a drastic structural change upon ionization especially along the C—Br distortion mode,
whereas the axial conformer shows the modest change along the ring-puckering mode with ionization,
corresponding to the reaction coordinate for the conformational interconversion. Density functional theory
(DFT) calculations with and without considering the spin—orbit coupling provide the appropriate mode
assignments for the vibrational bands active in the ionization spectra. Natural bond orbital (NBO) analysis is
carried out to give insights into the contribution of the anomeric effect to the structure—energy relationship

in each conformational isomer.

1. Introduction

Chemical reactivity is strongly dependent on the molecular
structure. The reaction outcomes can thus be manipulated if one
can select the specific molecular structure of the reactant by
any means. This structure-selective reaction control has become
reality as some successful experimental studies have been
reported recently. These include the conformer-specific photo-
dissociation dynamics of 1-iodopropane ion,' propanal ion,” and
thiophenols.® Dissociative ionization of some aliphatic amino
acids has also been found to be conformer-specific. In ambient
conditions, the molecular structure is often the mixture of many
possible structural isomers especially when the barrier for the
interconversion of different isomers is low. Conformational
isomers belong to this category since the conformational change
is induced by the internal rotation about the single bond.
Understanding the conformer-specific chemical reactivity is one
of the most important keys for unraveling the complex biological
problems such as enzyme reactions or protein folding. In the
supersonically cooled condition, conformers exist according to
their statistical thermodynamic properties, even though it seems
to be in controversy whether or not the relative population of
the conformers at room temperature remains constant in the
supersonic cooling process.’ In principle, different conforma-
tional isomers are separable according to their distinct physical
properties, and thereafter, one can further study the chemical
reactivity associated with the specific conformational structure.

Cyclohexane and monosubstituted cyclohexanes have long
been spotlighted as their equatorial or axial conformational
structures provide the prototypical model system for the
investigation of the conformer-specific reactivity.5'® Bromocy-
clohexane is a particularly interesting system, as the energy
difference between equatorial and axial conformers is small
enough for both isomers to coexist in significant amounts at
the ambient condition.!””2® In spite of many studies on the
conformational isomerism of bromocyclohexane, its conformer-
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specific ionization spectroscopy has been little investigated.
Recent applications of the vacuum ultraviolet mass-analyzed
threshold ionization (VUV-MATI) spectroscopic technique to
a number of systems have been very successful in identifying
and separating conformational isomers, and these include various
conformers of 1-iodopropane, propanal,® and alkanethiols.*
Here, equatorial and axial conformational isomers of the chair-
bromocyclohexane have been investigated with VUV-MATI
spectroscopy to give the accurate ionization energy of each
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Figure 1. (a) The VUV-MATI spectrum of bromocyclohexane.
Franck—Condon simulation spectra based on the B3LYP/6-
3114++G(3df,3pd) calculations for (b) equatorial and (c) axial confor-
mers.
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TABLE 1: Some of Vibrational Frequencies (cm™!) of Equatorial and Axial Conformers of the chair-Bromocyclohexane in the
Neutral and Cationic Ground States Calculated at the B3LYP/6-311++G(3df,3pd) Level. The Vibrational Frequencies Obtained
by the B3PW91 and PBEPBE Methods with 6-311++G(3df, 3pd) Basis Set are Given in Parentheses (Left: B3PW91, Right:

PBEPBE)
chair-equatorial chair-axial
So Dy So Dy
caled caled expt description caled caled expt description”
Va7 212 187 (179, 149) 145 C—Br distortion 175 163 (162, 154) C(3,5)H; rock
Vag 126 122 (123, 117) 122 ring puckering 114 90 (86, 87) 75 ring puckering
@ Refer to Table 3 for the atomic labeling.
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Figure 2. Schematic energetic diagram of axial (left) and equatorial (right) chair-bromocyclohexane conformers along the ring puckering
conformational angle (®). The energy difference between equilibrium structures of two conformers in cationic ground states is determined by using
the result of ref 24 for the neutral energy difference and experimental values of IEs from this work. The indicated structural ® values are determined
from the B3LYP/6-311++G(3df,3pd) level calculation. The v,4; or v44 normal mode is depicted for each conformer. The barrier height for the
conformational interconversion in the cationic ground state is estimated from the MATI spectrum (see the text).

conformer. The experimental result has been analyzed with the
aid of theoretical calculations to investigate the origin of the
conformational preference, which results from the interplay
between anomeric and steric effects.’!

2. Experimental Section

Bromocyclohexane (Aldrich, 98%) was used without further
purification, seeded in the Ar carrier gas, and expanded into
the vacuum chamber through a nozzle orifice (General valve,
0.5 mm diameter) with a backing pressure of 1 atm. The
resulting supersonic jet was collimated through a 1 mm diameter
skimmer (Precision) in a differentially pumped vacuum chamber
prior to being overlapped with the counter-propagating VUV
laser pulse, which was generated via the 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],—4p°® transition and the tunable visible
(VIS) laser pulse. The dye laser output (Lambda phisik,
Scanmate 2) pumped by the third harmonic of a Nd:YAG laser
(Continuum, Precision 2) was frequency doubled through a
KD*P crystal, rotated by 90° in the linear polarization axis
through a A/2 waveplate, and frequency-summed with the dye

laser fundamental on a BBO crystal to generate the UV laser
pulse at 212.556 nm. The VIS laser pulse in the 670—710 nm
range for the VUV wavelength tuning was generated by another
dye laser (Lumonics, HD-500) pumped by the same Nd:YAG
laser. The VUV pulse was spatially separated from UV and VIS
fundamentals using the edge of a calcium fluoride (CaF,)
collimating lens placed at the exit of the Kr cell in which the
pressure was maintained at ~1 Torr. High-n,l Rydberg states
of molecules generated by the VUV laser pulse were pulsed-
field ionized (~10 V/cm) after the delay time of ~20 us, which
is long enough for the complete separation of the MATI ions
from the prompt ions along the time-of-flight axis. Therefore,
no spoil field was used in this scheme. Generated ions were
repelled, accelerated, drifted along the time-of-flight axis, and
detected by MCP. Ion signals were digitized by an oscilloscope
(LeCroy, LT584M) and stored in a personal computer that was
also used for the remote control of all step motors in the
experimental setup.

Computational Details. All calculations were carried out
with the Gaussian 03W program package.’> The minimum
energy structures and normal modes for ground neutral and
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Figure 3. The (a) HOMO, (b) LUMO, and (c) singly occupied
molecular orbital (SOMO) of the equatorial conformer are shown with
(d) other orbitals showing significant hyperconjugation interactions in
the cationic ground state. The (e) HOMO, (f) LUMO, and (g) SOMO
of the axial conformer are depicted with (h) hyperconjugating orbitals
in the cationic ground state. All orbitals are obtained with NBO
calculations at the B3LYP level with the basis set of 6-311++G(3df,3pd).
The donor-to-acceptor charge delocalization directions are depicted as
arrows.

cationic states were calculated with the B3LYP,**** B3PW91,%
and PBEPBE* density functional theory (DFT)**3*+3637 methods
with a basis set of 6-311++G(3df,3pd). The Franck—Condon
analysis was carried out by using the Duschinsky transforma-
tion*® with a code developed by Peluso and co-workers.*>*
Natural bonding orbital (NBO) calculations*! were carried out
at the DFT and MP2* levels.

3. Results and Discussion

Bromocyclohexane adopts the fully staggered chair form in
the ground electronic state. It is well-known that there exist
two distinct conformational isomers of the chair-bromocyclo-
hexane: in the axial conformer, the Br atom is placed at the
axial position whereas it is attached at the equatorial position
in the equatorial conformer. Thermodynamic stabilities of these
conformers have been investigated in many different environ-
ments. In the gas-phase electron diffraction study, using the
relative abundance of two conformers, it has been found that
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the equatorial conformer is more stable than the axial conformer
by 176 + 18 cm™~1.2*? This energy difference is very low, and
thus it is nontrivial to separate out the specific conformer in
the ambient condition. In the supersonically cooled condition,
however, each conformer is populated with the minimum
internal energy, allowing the clear separation of the conformers.
The VUV-MATI spectrum of supersonically cooled bromocy-
clohexane in Figure 1(a) represents ionization dynamics of its
equatorial and axial isomers. Apparently, it seems to be not
straightforward to assign the observed bands in the VUV-MATI
spectrum to each conformer. The intensity of the origin band
alone cannot be used as a criterion for the judgment of the
conformational assignment, since the sum of all band intensities
belonging to each conformer should be compared for the
determination of different conformer populations. We have
carried out the Franck—Condon analysis based on DFT calcula-
tions using the B3LYP method with a 6-3114++G(3df,3pd) basis
set. The geometries and vibrational frequencies in the neutral
(Sp) and cationic (D) ground states for each conformer are used
for the calculation of Franck—Condon factors in the one-photon
ionization. From theory, it is predicted that the equatorial
conformer undergoes the large structural change upon ionization,
giving the small intensity for the ionization origin of the
equatorial conformer. On the other hand, the origin is expected
to be strongly observed for the axial conformer from the
Franck—Condon calculation. These Franck—Condon analyses
strongly indicate that the lowest ionization threshold found at
the VUV photon energy of 79 291 cm™! in Figure 1(a) should
be ascribed to the 0—07 origin of the equatorial conformer. The
intensity of this origin band is relatively weak, and this is
consistent with the large structural change of the equatorial
conformer upon ionization. The second lowest ionization
threshold observed at 79 372 cm™! is most likely due to the
0—07 origin of the axial conformer not only because the energy
difference of 81 cm™! is rather low for the vibrational frequency
of the equatorial conformer but also because the spectral bands
at the high energy region cannot be explainable otherwise. This
assignment for two different conformer origins makes perfect
sense in the further assignment of other vibrational modes
belonging to each conformer.

Accordingly, the ionization energies (IEs) of the equatorial
and axial conformers of bromocyclohexane are determined to
be 9.8308 £ 0.0025 and 9.8409 4 0.0025 eV, respectively.
Rather large uncertainties of IE values here are ascribed to the
broad ionization energy window, due to the strong electric field
of 10 V/cm employed in the pulsed field ionization.** These
values are higher than previously reported theoretical values of
9.75 and 9.78 eV, predicted for respective equatorial and axial
conformers.?® However, the higher IE of the axial conformer
than that of the equatorial conformer is consistent with the
current experiment. Assignments for vibrationally excited bands
are quite straightforward, Figure 1. The peaks located at 145
and 284 cm™! above the origin of 79 291 cm™! are assigned to
the fundamental and overtone bands of the C—Br distortion
mode (v47) of the equatorial conformer, respectively. It is quite
interesting to note that the B3LYP calculation predicts 187 cm™
for v4; whereas B3PW91 and PBEPBE methods give rise to
179 and 149 cm™', respectively (Table 1). The PBEPBE
calculation is especially in good agreement with the experiment,
and this should be the consequence of the inclusion of the
exchange-correlation energy in the corresponding functional.
This demonstrates that the spin—orbit coupling should be
carefully considered for the appropriate prediction of the vi-
brational frequency especially for the mode involving the heavy



10008 J. Phys. Chem. A, Vol. 114, No. 37, 2010 Han et al.

TABLE 2: Total Electronic and Deletion Energies (kcal/mol) for Equatorial and Axial Conformers of chair-Bromocyclohexane
in the Neutral and Cationic Ground States Obtained from the NBO Calculation at Different Levels of Theory with Electronic
Energy Differences (in cm™!) in Parentheses

So Dy
equatorial axial equatorial axial

B3LYP/6-311++G(3df,3pd) E° 0 0.99 (344.62) 0 1.90 (665.00)

E’ 0 1.04 (363.23) 0 1.78 (621.55)

EDete 15.16 18.74 31.29 24.45

Ed’? 7.65 1.46

En° 8.75 6.28
MP2/6-311++G(3df,3pd) E° 0 0.45 (156.70) 0 0.77 (268.64)

“ Relative electronic energies with respect to the equatorial conformer in the neutral and cationic ground states with the NBO analysis using
the B3LYP method. ® Relative electronic energies with respect to the equatorial conformer in the neutral and cationic ground states without the
NBO analysis, using the B3LYP method. ¢ The deletion energy defiend as the difference between the electronic energy before and after the
deletion of the ocp,* orbital. ¢ Hyperconjugation energies between the n*(Br) and ocg,* orbitals. ¢ Hyperconjugation energies of equatorial and

axial conformers considering the ociyce)y/Oca)p:—n*(Br) or ocayu/0cqs:—n*(Br) interactions, respectively.

TABLE 3: Minimum Energy Structural Parameters (1&, deg) of the Neutral and Cationic Ground States of
chair-Bromocyclohexane Conformers Calculated at the B3LYP/6-311++G(3df,3pd) Level

Chair-Equatorial

Chair-Axial

S Dy “Diff S Do “Diff
R(C(1)-Br) 2.00 1.99 0.47 2.01 1.97 2.10
£ C()C(1)Br 110.01 114.37 3.96
110.12 11254 220
£ C(6)C(1)Br 110.00 96.92 11.90
£ HC(1)Br 102.59 104.54 -1.90 10143 9555 5.80
£CG3)CQ)C(Br  -179.68 -171.76 441
73.37 77.32 -5.38
2 C(5)CE)C(Br  -180.27 -179.30 0.54

“ Differences between geometrical parameters of neutral and cation in each conformer according to the equation of (neutral-cation)/neutral x

100.

atom movement.** The band at 122 cm™! above the equatorial
conformer origin is assigned to the ring-puckering mode (vyg),
which matches well with the B3LYP value of 122 cm™!. The
262 cm™ ! is then ascribed to the v4g + 147 combinational mode
of the equatorial conformer. For the axial conformer with the
origin at 79 372 cm™!, the peak at 75 cm™! above the origin
should correspond to the ring-puckering mode (v45). This agrees
well with the B3LYP value of 90 cm™!, indicating that the
potential energy surface for the ring-puckering motion is
relatively loose for the axial conformer compared to that in the
equatorial conformer. The broad band centered at 152 c¢m™!
above the axial origin should then be due to the overtone of
V4g.

Although overall spectral features of the MATI spectrum in
the low internal energy region are quite well explainable by
the Franck—Condon analysis based on DFT calculations as
above, some experimental findings are very different from
theory, Figure 1. For instance, the Franck—Condon simulation
predicts a number of strong vibrational bands in the high internal
energy region whereas there is a sudden truncation of the signal
at ~400 cm™! above the ionization origin of the equatorial
conformer. This could be due to the complete neglect of the
conformational interconversion process in our Franck—Condon
simulation. Namely, since the barrier for interconversion

between equatorial and axial conformers in the cationic chair-
bromocyclohexane is low, the vibrational excitation above the
barrier may induce the conformational isomerization, which
could be responsible for the sudden truncation of the MATI
signal. Provided that this scenario works, the barrier height for
the conformational change from the equatorial to axial is
estimated to be ~400 cm™' whereas that from the axial to
equatorial conformers would be ~150 cm™! in the cationic state
(Figure 2).

The experimental finding that the IE of the equatorial
conformer is 81 cm™! lower than that of the axial conformer
indicates that the relative stabilization energy of the equatorial
conformer with respect to the axial conformer is larger in the
cationic state compared to that in the neutral ground state. This
observation is in good agreement with the theoretical values
predicted by B3LYP or MP2 methods. The extent of the charge
delocalization is closely related to the stabilization energy
induced by the so-called anomeric effect. This anomeric effect,
from our NBO analysis, is found to be mainly induced by the
charge delocalization into the C—Br antibonding orbital (ocg,*),
of which the spatial distribution is almost the same as that of
the lowest unoccupied molecular orbital (LUMO), Figure 3. For
the quantitative analysis, we calculated the deletion energies
(E,Ph), which represent the electronic total energies excluding
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the ocp,* orbital, for equatorial and axial conformers in neutral
and cationic ground states. The B3LYP value of EP with a
6-311++G(3df,3pd) basis set is smaller by 3.58 kcal/mol for
the equatorial conformer compared to that of the axial conformer
in the neutral ground state, whereas the deletion energy of the
equatorial conformer in the cationic ground state is calculated
to be quite larger than that of the axial conformer by 6.84 kcal/
mol (Table 2). This big difference of the deletion energy strongly
indicates that the anomeric effect through the charge delocal-
ization into the ocg,* orbital is mainly responsible for the larger
stabilization energy of the equatorial with respect to the axial
conformer in the cationic state, compared to that in the neutral
ground state, giving the smaller IE for the equatorial conformer.

The ionization-driven structural change is also conformer-
specific. As indicated in the MATI spectrum, the C—Br
distortion mode (v47) is strongly activated for the equatorial
conformer whereas the ring-puckering mode (v4s) is enhanced
as the axial conformer is ionized. This conformer-specificity is
relevant to the hyperconjugation energy (Eo”), of which the main
contribution is the anomeric interaction between n*(Br) and
ocp:* orbitals, Figure 3. The Eo’ value for the equatorial
conformer in the ground cationic state is calculated to be 7.65
kcal/mol, whereas the axial conformer cation is stabilized by
the hyperconjugation energy of 1.46 kcal/mol in terms of the
orbital overlap of n*(Br) and ocg,*, Table 2. It is interesting to
note that the n*(Br) orbital of the equatorial conformer is
asymmetrically oriented with respect to the C—Br bond axis,
and this is probably responsible for the strong activation of the
C—Br distortion mode in the corresponding MATI spectrum.

It is noteworthy that the C(1)—Br bond lengths are slightly
decreased upon ionization for both equatorial and axial con-
formers, Table 3. As depicted in Figure 3, the highest occupied
molecular orbital (HOMO) has a nodal plane along the C(1)—Br
bond and the deficiency of the electron in HOMO should result
in the decrease of the antibonding character, thus shortening
the C(1)—Br bond upon ionization for both conformers. The
HC(1)Br bent angle, ZHC(1)Br, is increased upon ionization
for the equatorial conformer whereas it is decreased as the axial
conformer is ionized. The hyperconjugation energy between o
bonding and n*(Br), En, seems to be most responsible for this
particular conformer-specific structural change. Namely, ac-
cording to our NBO analysis, the hyperconjugation energy due
to the interaction of OC(I)C(6)/0C(I)Br and n*(Br) is calculated to
be 8.75 kcal/mol for the equatorial conformer. On the other
hand, the hyperconjugation energy of the ocn/ Ocays: and
n*(Br) interaction is calculated to be 6.28 kcal/mol for the axial
conformer. This conformer-dependent hyperconjugation energy
difference suggests that the charge density localized in the
C(1)—Br bond might increase relatively more in the equatorial
conformer compared to that in the axial conformer. In this
respect, the ZHC(1)Br increases upon ionization for the
equatorial conformer due to the increased steric effect, whereas
it is the opposite case for the axial conformer ionization. From
our NBO analysis, it is found that the n*(Br) orbital plays an
important role in the structural change upon ionization with the
conformer-specificity in terms of the structure-sensitive anomeric
interaction.

4. Summary

In this work, using the VUV-MATI spectroscopic technique,
the ionization energies of equatorial and axial conformers of
the chair-bromocyclohexane are accurately determined to be
9.8308 % 0.0025 and 9.8409 £ 0.0025 eV, respectively. From
the vibrationally resolved MATI spectrum in which each band
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is classified into a specific conformer, it has been found that
the equatorial conformer undergoes a drastic structural change
upon ionization whereas only a modest structural distortion is
observed for the axial conformer. The detail NBO analysis
provides the quantitative explanation for the experiment in terms
of the anomeric and steric effects. Conformer-specific spectro-
scopic and dynamic features provide quite valuable information
for the understanding of the structure—reactivity relationship,
and need to be intensively investigated.
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