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Structure and dynamics of the radical cation of ethane
arising from the Jahn-Teller and Pseudo-Jahn-Teller
effects

U. Jacovella?, C. J. Stein¢, M. Gratter?, L. Freitag®, C. Lauzin4, M. Reiher* and F. Merkt*

The pulsed-field-ionization zero-kinetic-energy photoelectron spectrum of C,Hg has been
recorded in the region of the adiabatic ionization threshold. The partially rotationally resolved
spectrum indicates the existence of several vibronic states of CzHg with less than 600 cm~! of
internal excitation. The analysis of the rotational structures assisted by ab initio calculations en-
abled the determination of the adiabatic ionization energy of C,Hg and the investigation of the
structure and dynamics of CgHg at low energies. The ground state of C,H{ is found to be a
2Ag state of diborane-like structure with strongly mixed (a;¢)~" and (eg)~! configurations. The
vibrational structure reveals the importance of large-amplitude nuclear motions involving the di-
borane distortion modes, the C—C stretching motion, and the internal rotation at elongated C-C
distances. The spectrum is analyzed in the light of the information obtained in earlier studies of

CzHg by ab initio quantum chemistry, EPR spectroscopy and photoelectron spectroscopy.

1 Introduction

The radical cation of ethane, C,H/, is a simple open-shell hydro-
carbon. Its low-lying electronic states, X ?Ey, A" 2Aj, and B*
2E,, can be qualitatively interpreted as arising upon removal of
an electron out of one of the three outer-valence-shell orbitals e,
(C-H bonds), ajg (C-C bond) and e, (C-H bonds) of the (1a1g)2
(1ap,)? (2a1)? (2a3,)? (ley)* (3ayy)? (leg)* X A4, ground elec-
tronic state of ethane, respectively. The CH3 moieties are stag-
gered in ethane, which has an equilibrium structure of D3y point-
group symmetry and high barriers for internal rotation. !

The X* ground electronic state of C,H{ is doubly degener-
ate for structures of D3y symmetry and therefore subject to the
Jahn-Teller (JT) effect®? along vibrational modes of aj, and e,
symmetry. The e, modes split the %E, into a ground A, and an
excited B, component and distort the structure from D34 to Cyp
symmetry. The structure and dynamics of CzHg is further com-
plicated by the small energy difference between the 3a;, and le,
orbitals of ethane, which implies a close energetic proximity of
the X* and A states.

Removal of an electron from the eg orbital of ethane (depicted
in Fig. 1) followed by JT distortion of the 2Eg state along the e,
CHj-rocking mode leads to an equilibrium structure of Cy;, point-
group symmetry similar to that of diborane, with two in-plane
H atoms on long C-H bond forming a CCH angle of only ~82°
and four out-of-plane H atoms on shorter C-H bonds and forming
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Fig. 1 Equilibrium structures of the X !A;, electronic ground state of
C2Hs (a), the diborane-like isomer of C;H; (b), and the long-bond
isomer of C,H (c) (see Section 3 for details). The e, and a;,
outer-valence-shell orbitals of C,Hg that play a role in the interpretation
of the photoelectron spectrum of C,Hg are drawn schematically on
either side of panel (a).

large CCH angles, see, e.g., Refs. 4-13 and Fig. 1b. This structure
is referred to as the diborane-like isomer (called DB structure or
DB isomer below). Removal of an electron from the a;, orbital
(also depicted in Fig. 1) leads to a second structure, of D34 sym-
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metry and 2A; ¢ €lectronic character, characterized by a long C-C
bond“#13 (see Fig. 1c). This structure is hence referred to as the
long-bond (LB) isomer.

The A, component of the Eg state and the Aj, state interact
through a pseudo Jahn-Teller (PJT) effect and their electronic
configurations are mixed at distorted geometries. Whereas early
calculations predicted the LB isomer of C,H{ to be more sta-
ble, 115 most calculations since the work of Richartz et al. 416
agree that the DB isomer is the more stable structure.>!3 There
are three equivalent structures corresponding to both the DB and
the LB isomers, which can be interconverted by a large-amplitude
pseudo-rotational motion and internal rotation, respectively (see
Fig. 7 below). Ioffe and Shaik’ concluded that the lowest en-
ergy path to interconvert two DB Cyy, structures is through a D3q
2A1g structure. Sulzbach et al. 19 came to a similar conclusion and
identified the interconversion path to be a change from the Cy,
%A, DB-like minimum to the D34 long-bond structure followed by
internal rotation around the C-C bond and a change back to an-
other of the three C,;, DB-like structures.

Ab initio quantum-chemical calculations have also been used
in combination with model vibronic-coupling Hamiltonians based
on the Koppel-Domcke-Cederbaum (KDC) approach to vibronic
coupling problems!” to characterize the JT and PJT effects in
C,H/ as observed by photoelectron spectroscopy. 11713 Venkate-
san and Mahapatrall considered linear and quadratic JT effects
in the X* 2E, state and the PJT effect coupling the X* and A*
states to calculate the intensity distribution of the photoelectron
spectrum for comparison with the He I photoelectron spectrum
reported in Ref. 18. They found qualitative agreement after
shifting the calculated spectrum by +0.1 eV.!! Kumar et al. 12
pointed at the need to include bilinear coupling terms (anhar-
monic coupling terms coupling different modes), higher-order
coupling terms and the PJT coupling to the Bt 2E, state. A
weakness of this approach in treating systems subject to large
JT distortions is the expansion of the potentials around the equi-
librium structure of the neutral molecule, because the expansion
may not converge rapidly. To overcome this problem, Lee et al. 13
calculated the photoelectron spectrum of ethane in the 11-15 eV
region using linear and full quadratic JT and PJT Hamiltonians
with up to 70 billion direct-product basis functions, in what they
described as the largest time-independent KDC-model calculation
ever performed. They found good to excellent agreement of the
calculated photoelectron spectrum with the experimental spec-
trum of Baker et al.,!® except perhaps in the immediate vicinity
of the adiabatic ionization threshold (see their Figure 2b). Under-
standing the photoelectron spectrum of ethane in this region is,
however, crucial to fully characterize the structure and dynamics
of C2H6+'

Iwasaki and coworkers concluded from their studies of
the EPR spectrum of Czng in solid matrices of SFg at 4.3 K and
77 K that the ground state of CzHgL has a Gy, DB-like structure,
with the electron-spin density localized on the two in-plane C-H
bonds. They indeed observed the hyperfine structure as a triplet
at 4.2 K, which evolved into a septet at 77 K. They interpreted
this spectral change as being caused by the rapid matrix-induced
interconversion (pseudorotation) of the C,, DB-like structures,

20,21
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which renders all six protons equivalent on the EPR measure-
ment timescale. Their conclusions were strengthened by a sub-
sequent investigation of the effects of partial deuteration on the
EPR spectra, 22 which indicated the preferential occupation of the
in-plane bond by H atoms and of the out-of-plane bonds by D
atoms through zero-point-energy effects. Such effects make the
three Gy, DB-like structures energetically inequivalent and hinder
the large-amplitude pseudorotation. The situation is thus similar
to that encountered in the radical cation of methane, which has a
fluxional ground state in CH; but is a rigid rotor in CH,D;, where
the protons (deuterons) occupy the long (short) bonds. 2329 This
similarity of behavior between CH, and C,H, is not accidental
because (i) CQH‘g can be thought of as a methane cation in which
an H atom has been replaced by a methyl group, and (ii) both
molecules are subject to a very strong JT effect in their electronic
ground state.

In the present article, we report on a measurement of the pho-
toelectron spectrum of C,Hg in the vicinity of the adiabatic ion-
ization threshold at high spectral resolution using the technique
of pulsed-field-ionization zero-kinetic-energy (PFI-ZEKE) photo-
electron spectroscopy; 3° with the goals of a) determining the adi-
abatic ionization energy of C,Hg, and b) studying the structure
and dynamics of C;H at low energies. The lowest bands we
observed are located below the first band seen in the He I photo-
electron spectrum, 18:19:31-34 i 3 region where the photoelectron
signal is extremely weak, making the recording of rotationally re-
solved spectra very challenging. The spectra turned out to also
be challenging to assign and their interpretation proposed here is
complementary to previous analyses of the JT effect. 11-13

2 Experimental procedure

The experiments were carried out using the techniques of PFI-
ZEKE photoelectron spectroscopy3? and the laser system and
spectrometer described in Ref. 35. The region around the adi-
abatic ionization threshold of the X* « X photoionizing tran-
sition of C,Hg was accessed using tunable vacuum-ultraviolet
(VUV) laser radiation generated by resonance-enhanced four-
wave mixing. Overview spectra of the wavenumber (Vyyy)
region between 92600 cm~! and 93350 cm~! were recorded
using VUV radiation produced by difference-frequency mixing
Yyuv = V1 + ¥, — 73 in Ar, exploiting the 3p°4p’[1/2]¢ + 3p°('Sy)
two-photon resonance (¥ + ¥, = 108722.65 cm~!) of Ar, which
was accessed using the main emission line of a F, excimer laser
(1 = 63439.3222(40) ecm~1)3¢ and the frequency-tripled out-
put of a commercial Nd:YAG-pumped pulsed dye laser (V, =
45283.33 cm™!). The VUV wavenumber was changed over the
desired spectral range by scanning the wavenumber ¥; of an-
other pulsed dye laser between 15375 and 16125 cm™'. Tun-
able VUV radiation in the same spectral range was also generated
by resonance-enhanced sum-frequency mixing (¥yyy = 2¥] + ¥5)
in Xe using the 5p°6p[1/2]¢ + 5p°['Sy] two photon resonance
(27} =80118.98 cm™!) by tuning the wavenumber ¥} of a pulsed
dye laser between 12475 and 13225 cm~!. This second method
of generating VUV radiation led to much larger VUV intensities
beyond 92800 cm~! but suffered from an intensity hole between
92650 and 92750 cm~!, which prevented the recording of PFI-
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ZEKE photoelectron spectra in this region. The VUV wavenum-
ber was calibrated with an accuracy of 0.3 cm~! by record-
ing optogalvanic spectra of Ar and Ne while scanning the dye-
laser wavenumbers. The repetition rate of the pulsed laser was
16.67 Hz for the experiments relying on the F, excimer laser and
25 Hz otherwise. In both cases, the bandwidth of the VUV laser
radiation was 0.5 cm ™!,

The VUV radiation was separated from the laser radiation of
other wavenumbers using a vacuum monochromator equipped
with a dispersion grating, as described in Ref. 35, and was di-
rected in the photoexcitation region of the spectrometer, where it
crossed a supersonic beam of a mixture of Ar and C,Hg in a pres-
sure ratio of 10:1. The photoionization spectra were recorded by
extracting the photoions using a pulsed field of 200 V/cm delayed
by 1 us with respect to the VUV laser pulse. The PFI-ZEKE pho-
toelectron spectra were obtained by monitoring the pulsed field
ionization of very high Rydberg states located in narrow, well-
defined energy ranges below the successive rovibrational ioniza-
tion thresholds of C;Hg as a function of the VUV wavenumber.
The strength of the electric field pulses was adjusted to achieve
the best compromise between high resolution and high sensitiv-
ity. To obtain the positions of the field-free ionization thresholds,
the shifts induced by the field-ionization were corrected for as ex-
plained in Ref. 37. The photoelectron signal near the adiabatic
ionization threshold was very weak and many recordings col-
lected under identical experimental conditions had to be added
to improve the signal-to-noise ratio of the photoelectron spectra.

3 Computational methods and results

The dependence of the energy and electronic character on the
C-C bond length rcc is crucial to understand the structure and
dynamics of CoH{ at low energies.”!0 Fig. 2 illustrates this
aspect for the electronic energy obtained with multiconfigura-
tional complete-active-space second-order perturbation theory
(CASPT2)38 as a function of roc obtained from constrained
complete-active-space self-consistent-field (CASSCF) 3942 struc-
ture optimizations. A full valence active space with 13 elec-
trons in 14 orbitals was applied in combination with a def2-
TZVP atomic orbital basis set4 for the calculation of the doublet
ground state.

The dashed black line represents results obtained without any
point-group symmetry restriction but constraining rcc, whereas
D34 symmetry was enforced to obtain the red circles, which cor-
respond to a state of A, symmetry. The latter restrictions were
enforced in a Z-matrix, where only the six identical CCH angles
and six identical CH bond distances were optimized for each value
of rcc. The electronic-energy curves in Fig. 2 describe the main
structural features of C2H6+, in particular the two minima corre-
sponding to the DB and LB isomers (black dashed line) and the
fact that the LB isomer is of almost pure (a;q)~
be concluded from the energy equality of the dashed black curve
and the red circles in the range rcc > 1.85 A. The figure also
illustrates that the Aj, (alg)*1 state is the ground state at large
C-C distances whereas the A; component of the Jahn-Teller-split
E, (eg)*1 state is the ground state at short C-C distances. This is
confirmed by the weights of the dominant CASSCF determinants

I character, as can
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that reveal an almost pure (ajg) ! character for the LB isomer
and a mixture of (ajy) ! and (ey) ! character for the DB isomer.
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Fig. 2 Relaxed CASPT2//CASSCF potential-energy surface scan along
the C-C stretch coordinate rcc. The dashed black curve was obtained
by constraining only the rcc coordinate whereas D3q symmetry was
enforced to calculate the red circles (see text for details).

In order to obtain a better value for the energy difference AE
between the DB and LB equilibrium structures, we carried out
explicitly correlated, *+4°> partially spin-restricted coupled-cluster
calculations with singles and doubles excitations and perturbative
inclusion of triples excitations (RCCSD(T)). 4647 We refined the
two CASSCF equilibrium structures with numerical gradients and
monitored the convergence with respect to the basis-set size by re-
peating all calculations with explicitly correlated valence double-
zeta (VDZ-F12), triple-zeta (VTZ-F12), and quadruple-zeta (VQZ-
F12) basis sets along with corresponding auxiliary basis sets. 48
The final values were obtained with the VQZ-F12 basis set and
all calculations were carried out with the Molpro suite of ab initio
programs. 4

The refined structures of the DB and LB isomers are depicted
in panels b and c of Fig. 1, respectively, where they are compared
to the equilibrium structure of the neutral ground state (panel
a) calculated in the same manner. Coupled-cluster calculations
were also performed to determine the adiabatic ionization en-
ergy, Ep,q4, which corresponds to the energy difference between
the ground vibrational levels of the DB isomer of CzHg and the
neutral ground state. E,‘u =92850 cm~! (=11.512 eV) was ob-
tained using Eq.(1)

Erad = E1go + Eo(C2HY ,DB) — Eo(C2Hg), (€]

where Ejpo/(hc) = 94170 cm™! is the energy difference between
the minima of the relevant potentials, and Ey(C,H.,DB)/(hc) =
15100 cm™! and Eq(CoHg)/(hc) = 16420 cm™! are the corre-
sponding zero-point vibrational energies calculated in the har-
monic approximation. The value of the adiabatic ionization en-
ergy is in agreement, within the expected accuracy of our calcu-
lation, with the value of 11.52(4) eV reported by Lee et al. 13 (see
Table 1 below). The energy difference between the DB and the
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LB isomer is determined to be 250 cm~! using
AE = AEgo + Eo(CoH{ ,LB) — Eo(CoH/ ,DB) 2

with AEpo/(hc) = 340 cm~! and Ey(CoH',LB)/(h¢) =
15010 cm™ .

Finally, coupled-cluster calculations were carried out to deter-
mine the difference in Born-Oppenheimer energy of C,H{ in the
Ag state at the equilibrium structures of neutral C,Hg and of the
DB isomer of C2H6+. We find a value of 8897 cm™!, which indi-
cates a very strong JT effect.

4 Experimental results

4.1 Overview of the photoelectron spectrum of C,Hy near
the adiabatic ionization threshold of the X* « X pho-
toionizing transition.

The photoionization and PFI-ZEKE photoelectron spectra of

ethane in the vicinity of the adiabatic ionization threshold of the

X* « X ionizing transition are displayed in panels a and b of

Fig. 3, respectively. The PFI-ZEKE photoelectron spectrum con-

sists of three main bands, labeled 1-3, with partially resolved

rotational structure, and of a very weak band located halfway

between Bands 2 and 3.

lon signal (arb. unit)

Electron signal (arb. unit)

Vbl RPETPY
T T T T T T T T
92600 92700 92800 92900 93000 93100 93200 93300

0.0

Wavenumber (cm™)

Fig. 3 Photoionization (a) and PFI-ZEKE photoelectron (b) spectra in
the region of the adiabatic ionization threshold of the X* 2E, « X 'Aj,
photoionizing transition of C,He. The thick marks given at the top of the
figure indicate the positions predicted by the simple effective tunneling
model presented in Section 5.

The spectrum was recorded under conditions where hardly any
clusters could be detected in the supersonic beam. We therefore
attribute all three main bands to C,Hg. This attribution is sup-
ported by the general appearance of the photoionization spec-
trum obtained by monitoring the C,H{ ion yield after mass se-
lection with a time-of-flight spectrometer. This spectrum has no
measurable intensity below the lowest band of the PFI-ZEKE pho-
toelectron spectrum, with center at about 92680 cm™!, but sev-
eral clear stepwise intensity increases at positions coinciding with
the three main bands of the photoelectron spectrum. The coin-
cidence of sharp steps in a photoionization spectrum with bands

4| Journal Name, [year], [vol.],1-10

of the corresponding photoelectron spectrum indicates that au-
toionization does not significantly contribute to the photoioniza-
tion yield, as is the case, e. g., when Rydberg states belonging to
series converging on excited ionic levels rapidly decay by predis-
sociation.>® The photoionization and photoelectron spectra thus
reveal the existence of at least two vibronic levels of C2H6+ located
within 600 cm~! of the lowest observed cationic level.

The large structure changes expected upon ionization of ethane
as a result of the strong JT distortion predicted theoretically make
the identification of the band origin and the determination of the
adiabatic ionization energy of the X* « X photoionizing transi-
tion of C,Hg challenging. There is indeed no guarantee that the
lowest band observed in the photoelectron spectrum corresponds
to the transition to the vibrationless ground ionic state. Moreover,
the large change of structure may favour the observation of hot
bands in the photoelectron spectrum.

The only vibrational level of C,Hg that may be significantly
populated in the supersonic expansion is the 4! level located
~ 290 cm~! above the ground state.! The separations of the low-
est observed band of the photoelectron spectrum from the next
ones, i.e., 370 cm~! for Band 2 and 530 cm~! for Band 3, are
different from the vibrational wavenumber of the 4! ground-state
level so that we can rule out that Band 1 is a hot band. Experi-
ments in which we changed the expansion conditions of the su-
personic beam by changing the nozzle stagnation pressure, the
carrier gas, and the relative timing of the nozzle opening time
and laser pulse consistently gave the same relative intensities for
Bands 1-3 and support this conclusion.

Although we cannot absolutely rule out that Band 1 corre-
sponds to a transition to an excited cationic state, we consider this
possibility to be unlikely. No photoionization signal could indeed
be detected below Band 1 (see Fig. 3a) despite considerable ef-
forts invested to detect one. Moreover, all high-level ab initio cal-
culations of the adiabatic ionization energy of ethane, 713 includ-
ing our own (see Section 3) give values located within 250 cm ™!
of Band 1.

Further information on the photoionization of ethane and on
the structure of CzHgL was obtained from the partially resolved
rotational structures of Bands 1-3, which are displayed on an en-
larged scale in panels a—c of Fig. 4, respectively. Whereas the in-
tensity distribution of Band 1 is dominated by a sharp central line
at 92675 cm™!, reminiscent of a Q-type branch in an optical spec-
trum with weaker lines on either side, Bands 2 and 3, which have
a very similar overall appearance, are characterized by broader
intensity distributions. These observations suggest that the ionic
level accessed through Band 1 has a different vibronic symmetry
and/or a different structure than those accessed through Bands 2
and 3.

4.2 Rotational structure of the first bands of the photoelec-
tron spectrum of the X* <« X transition.

To model the rotational structure of the bands depicted in Fig. 4,
we follow the general procedure outlined in Refs. 50,51. In the
present case, we first deduce the effective rotational Hamiltonian
and molecular symmetry group appropriate to describe the rota-

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 a—c) Rotational structures of the three main bands, labeled 1-3
in Fig. 3, respectively, of the PFI-ZEKE photoelectron spectrum of the
X+ < X photoionizing transition of C,Hs.

tional structure of C2H6+ from the knowledge of the structure and
dynamics of C;H, acquired in previous experimental and ab initio
quantum-chemical studies. +-15:18-20,22,31-34,52,53 We then derive
rovibrational photoionization selection rules taking into account
the possible vibronic symmetries of the ionic levels observed ex-
perimentally and apply them considering restrictions imposed by
the character of the molecular orbitals involved in the photoion-
ization of C,Hg and the JT effect in CzHg. Finally, we model the
rotational intensity distributions of selected bands of the photo-
electron spectrum and compare them to the structures observed
experimentally, and so restrict the range of possible assignments.
This procedure relies on a qualitative, simplified single-electron
description of the electronic structure and the photoionization
process.

The relevant cationic structures are either symmetric-top or
near-symmetric-top molecules (see Fig. 1) for which the differ-
ences between the values of the B and C rotational constants are
too small to be observed at the resolution of our experiment. The
rotational structures of the photoelectron spectra are thus mod-

This journal is © The Royal Society of Chemistry [year]

elled using the standard expression for rotational level energies
of a prolate symmetric top (A > B ~ ()

2

ENort) _ g N (v 4 1)+ (4 Bk (3)

hc

for both C,Hg and C,H;, where N(*) and K(*) are the quantum
numbers associated with the rotational angular momentum vec-
tor and its projection on the top axis, which is the a axis.

The relative intensities of the rotational lines are calculated us-
ing the expression®0->!

(o)
O(¢")By s 4

n
Ivgsnegr < p” Y,

Mrr‘g[ﬁ 2€” + 1

where the angular factor Q(¢”) is given by

Nt VZ N 2
( 7K+ A{// K// )
p" represents the product of the nuclear-spin-statistical weight
(i.e., 8 for K = 0, even-J levels; 16 for K = 0, odd-J levels; 20
for K =3n+1 levels with n =0,1,2,...; and 24 for K = 3n lev-

els with n = 1,2,...) and the Boltzmann factors of the vibronic
ground-state levels of CyHg. B'®) is a factor that includes radial

Q") =(2N"+1) 5)

o)
transition integrals connectingztﬁe molecular orbital (MO) out of
which the electron is ejected and the photoelectron partial wave.
¢" and A" in Egs. (4) and (5) represent the orbital angular mo-
mentum and projection quantum numbers, respectively, resulting
from a single-center expansion of the MO out of which the elec-
tron is ejected, i.e., either the ey or the a;, valence orbitals of
CyHg depicted in Fig. 1. Inspection of these orbitals and taking
the quantization axis to lie along the top axis leads to the con-
clusion that the a;; has dominant d,. (¢’=2, A”=0) and weaker
s (¢"=0, A”=0) character and that the e, orbital has dy, or dy,
(0"=2, A""=1) character.

The result of this procedure is illustrated in Fig. 5, which com-
pares the rotational structure of the origin band (Band 1, Fig.5a)
with the rotational structures predicted on the basis of different
hypotheses concerning the ground-state structure, as is now dis-
cussed in detail.

Assuming that the origin band corresponds to a transition to
the ground state of the long-bond isomer of D3y structure (see
Fig. 1c), Ajg electronic symmetry and a;, vibrational symme-
try implies ionization out of the aj, MO of C;Hs. From the s
(¢"=0, 1"=0) and d,. character (¢" =2, A" =0) of this orbital,
the dominant transitions are predicted to be those following the
selection rules AN = Nt —N"” = 0,£1,42 and AK = 0. If the in-
ternal rotation is assumed to be hindered, the rotational struc-
ture (see Fig. 5b) is predicted to consist of a dominant sharp
Q-type (AN = 0) branch with weaker and broader AN = +1 and
AN = +2 branches on either side. The B = C rotational constant of
the long-bond isomer (0.51 cm~! from the structure depicted in
Fig. 1c) is reduced compared to that of the neutral ground state
(0.66 cm™1) so that the AN = 1 and AN = 2 branches have band
heads on the high wavenumber side and the AN = —1 and —2
branches have a gradually decreasing intensity distribution on the
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Fig. 5 a) Rotational structure of the origin band of the PFI-ZEKE
photoelectron spectrum of the X* <« X ionizing transition of C,Hs and
model calculations of the contributions expected for b) a transition to the
LB isomer following ejection out of the a;; MO, ¢) a transition to the DB
isomer following ejection out of the e, MO, d) a transition to a
hypothetical ground state of E, vibronic symmetry with DB-like structure,
and e) a transition to the A, ground state of the DB isomer assuming a
5% s and a 25 % d,» contribution from (alg)—' ionization and a 70 %
contribution from (e,)~! ionization (see text for details).

low-wavenumber side, in contrast to the experimental spectrum.
Assuming free internal rotation of the methyl groups of the LB
isomer would lead to additional sharp structures separated from
the main Q-type branch by A*’Ki2 (K; =1,2,3,...) at the positions
marked by dashed vertical lines in Fig 5b, which is also incompat-
ible with the experimental spectrum. We thus rule out that Band
1 corresponds to a transition to the LB isomer.

Assuming that the origin band corresponds to a transition to
the DB isomer of Cy;, equilibrium structure resulting from the JT
effect in the E, cationic state implies ionization out of the e; MO
of C,Hg (This orbital is depicted in Fig. 1). This assumption re-
quires one to either work in the Gy, group if the three equivalent
Cyy, structures are separated by high pseudorotation barriers or in
the D34 group if the pseudorotation splitting into a tunneling pair
of levels of Aj, and Eg vibronic symmetry is resolved. In either
case, the dy, or dy, character of the e, MO (see Fig. 1) implies
|[A”] =1 in Eq. (5), which excludes a Q-type branch but favors
AK = =+1 and AN = +1,+2 branches. Because the Bt and C™ ro-
tational constants of the DB-like structure are almost identical,
the spectra we predict for the Ag (Cy,) and Ay (D3g) structures
(see Fig. 5¢) are almost identical but lack the sharp central line
characteristic of the experimental spectrum. The overall width of
the rotational distribution, however, corresponds well to that of
the experimental spectrum. The spectrum calculated for a ground
state of Eg (D34) vibronic symmetry has an even broader distribu-
tion (see Fig. 5d) and is also incompatible with the experimental
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spectrum. We therefore rule out that Band 1 corresponds to a
transition to a state formed by a pure (eg)*1 ionization.

From these considerations, we conclude that a contribution
from (alg)‘I ionization is necessary to account for the sharp
Q-type branch observed experimentally but that rotational con-
stants similar to those of the DB isomer are needed to account for
the overall extent of the band. Both conclusions indicate that
the ground state of C;H, results from the JT and PJT effects
and is a state of Ay electronic and A; vibronic symmetry (Cyp)
with a mixed electronic configuration consisting of A, (eg) ! and
(a]g)‘l contributions and an equilibrium structure similar to that
of the DB-like isomer. To obtain the model spectrum presented
in Fig. 5e, we assumed a 5 % s and 25 % d contributions of
the (ajy) ! component and a 70 % contribution of the (e,)~!
component and the rotational constants A* = 2.60 ecm~! and
Bt ~C* =0.59 cm~! that are close to those of the DB-like isomer
depicted in Fig. 1b. The overall appearance of the experimen-
tal spectrum is well reproduced by this model spectrum, which
enables us to attribute the central sharp line of the experimen-
tal spectrum to a AN = 0 Q-type branch arising from the (alg)*1
ionization contribution. This attribution enables us in turn to
determine the adiabatic ionization energy Ej,q of ethane to be
92675(2) cm™! or 11.4902(2) eV. Table 1 compares this new
value with earlier experimental and theoretical values of Ej,q.

Method Ef.q/ eV Ref.
ST4CCD/6-311G** 11.48 [ 7]
QCISD(T)/6-311G** 11.51 [ 71

HEAT 11.52(4) [ 13]
RCCSD(T)/VQZ-F12 11.512 this work

Hel 11.49 [ 31]

Hel 11.56 [ 19]
PFI-ZEKE 11.4902(2) this work

Table 1 Summary of calculated and measured adiabatic ionization
energies (Ej .q) of CoHg.

A similar procedure, applied to Bands 2 and 3, leads to the
conclusion that, in both cases, the ionic state has E; (D3zq) vi-
bronic symmetry and that the electronic state possesses mixed
Ay, ((a1g) " ionization) and A, ((eg) ! ionization) character. Be-
cause both bands have a similar rotational structure (see Fig. 4),
only Band 3 is depicted in Fig. 6 (panel a) because of its stronger
overall intensity and the resulting higher signal-to-noise ratio.
The main contributions to the overall intensity distribution of this
band are depicted in panels b and c of Fig. 6, which show re-
spectively, the spectra predicted for the (eg)~! component with
selection rules AN = +1, 42 and AK = =+1 as discussed above, and
for the (a; g)“ component with the selection rules AN =0,+1,+2
and AK = 0. This latter contribution is crucial to explain the fea-
ture indicated by the dashed vertical line in Fig. 6. Unexpectedly,
we also had to include a weak |AK| = 2 contribution (panel d)
to the spectrum, without which it is not possible to account for
the two features marked by dotted lines. This contribution may
originate from rovibrational interactions or internal rotation. Un-
fortunately, the overall weakness of the bands prevented us from

This journal is © The Royal Society of Chemistry [year]
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Fig. 6 a) Rotational structure of Band 3 of the PFI-ZEKE spectrum of
C,Hs and model calculations of the contributions predicted for b) the
(eg)~! component, c) the (a;,)~! component, d) the |AK| =2
contribution, and e) a weighted sum of these contributions (see text for
details).

recording spectra at higher resolution and better signal-to-noise
ratio to clarify the origin of this contribution. The spectrum de-
picted in the bottom panel of Fig. 6 represents the sum of these
three contributions weighted with the factors of 0.7 b), 0.2 ¢) and
0.1 d), respectively, and can be regarded to be in good agreement
with the experimental spectrum, especially if one considers its
weakness and low signal-to-noise ratio.

Table 2 summarizes our attributions of Bands 1-3 and the
molecular constants we used to model their rotational structures.
Given that we could not reach a quantitatively perfect agreement
between experimental and simulated spectra, some uncertainty
concerning these assignments persists. The low wavenumbers of

Band 1 Band 2 Band 3
T /cm™! 92675(2) 93042(2) 93202(2)
Tt /cm™! 0 367 527
At /cem™! 2.60 2.58 2.58
Bt ~C* /cm™! 0.59 0.61 0.61
Tyve A, E, E,

Table 2 Origins (T') of the main three bands of the photoelectron
spectrum of C,Hg near the adiabatic ionization threshold and
corresponding ion term values (7), rotational constants and vibronic
symmetries.

the two excited vibronic levels of CzHgr corresponding to Bands
2 and 3 suggest the importance of large amplitude motions in
C,H{ already at low energies, presumably taking place on a mul-
tidimensional subspace of the potential-energy surface. Their at-
tribution to specific vibrational levels would necessitate calcula-
tions of the vibrational motion on a multidimensional potential
surface, a task beyond the scope of this study.

This journal is © The Royal Society of Chemistry [year]

5 Discussion

The analysis of the PFI-ZEKE photoelectron spectrum presented
in Section 4 leads to the conclusion that the vibrationless ground
state of C,H/ has A, or Aj, vibronic symmetry and rotational
constants indicating a DB-like structure, which proves that the
electronic ground state of C,H{ has A, symmetry and confirms
the result of ab initio calculations.

The spectrum also reveals the existence of at least two excited
vibronic states of CZng within less than 600 cm~! of internal
excitation and which, accordingly to our analysis, have E vibra-
tional symmetry. The nature of the vibrational excitation could,
however, not be determined from the spectrum, and is now dis-
cussed in the context of the information obtained by EPR spec-
troscopy, 2022 ab initio calculations,”-%1%13 and photoelectron
spectroscopy.

According to ab initio calculations, the LB and DB isomers rep-
resent two distinct minima on the ground-state potential energy
surface (Ag) of CoHT, as represented in Fig. 2. The red dots in
Fig. 2 correspond to the results of a calculation of the A, state
(alg)*1 obtained by constraining the molecular structure to D3q
symmetry. The comparison of the two curves shows that the LB
isomer has an essentially pure (alg)*1 electronic configuration
whereas the DB isomer has mixed (alg)‘1 and (eg)‘l character,
consistent with the analysis of the rotational structure of Band
1. Inspection of the optimized geometries along the dashed black
line in Fig. 2 indicates a change of structure involving a substan-
tial deformation of the methyl groups (DB-distortion modes) from
the LB Dsq4 structure, where the coordinate is in good approxi-
mation a pure C-C stretching motion, to the DB structure. The
nuclear motion of C;H, at low energies is thus intrinsically mul-
timodal and involves the DB distortion e, modes, the C-C stretch-
ing mode, and, at large C-C distances, also the hindered internal
rotation.

There are three equivalent D34 LB structures connected by low
internal-rotation barriers at large C-C distances (see Fig. 7b).
There are also three equivalent DB structures connected by pseu-
dorotational barriers at short C-C distance (see Fig. 7a).”>10 The
latter barriers are known to be higher than the former.7-10

The three equivalent DB configurations labeled b, b’ and b” in
Fig. 8 of Ref. 7 and depicted schematically in Fig. 7a are con-
nected by a large-amplitude motion that exchanges the pairs of
labeled H atoms located on long C-H bonds from (1, 4) on the
top panel to (2, 5) on the middle panel, and to (3, 6) on the bot-
tom panel. The dynamics of the interconversion between these
structures has been characterized by analysing the temperature
dependence of the hyperfine structure of the EPR spectra.20-22
On the Ag potential, the electron-spin density corresponding to
the DB structures depicted in Fig. 7a is primarily located on the
two long, in-plane C-H bonds, which leads to an EPR triplet with
hyperfine coupling constant of ~ 150 G if the interconversion
by pseudorotation does not take place on the experimental time
scale, and to a septet with a three-times smaller hyperfine cou-
pling constant if it does. Indeed, in this case, the spin density
is equally shared by the six protons rather than by two protons
only. If the interaction between C,H, and the SFq matrix used in
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Fig. 7 Schematic representation of a) the three equivalent DB-like
structures of CZH:; and b) the three equivalent LB structures of CzHgr
connected by internal rotation.

the EPR experiments is assumed to be negligible, the EPR triplet
observed at 4.2 K proves that the pseudorotational exchange of
the protons does not occur in the ground state of C,H, . One can-
not, however, exclude the possibility that the matrix suppresses
the pseudorotation. The PFI-ZEKE photoelectron spectrum helps
clarifying this ambiguity. A rapid pseudorotation of the isolated
C,H{ molecules in the gas phase would necessitate the treatment
of the rotational structure in the D34 group and leads to a split-
ting of the ground state into an A;, and an E; component, which
should both be observable in the photoelectron spectrum as a re-
sult of vibronic interactions. We only observe an A; component
and thus can rule out significant pseudorotational tunnelling on
time scales faster than ~ 100 ps.

When the SFg matrix is held at 77 K, the EPR spectrum ap-
pears as a septet, which implies the equivalence of the six protons
and a rapid interconversion of the three DB structures. The EPR
spectrum is not the sum of a triplet and a septet contribution
and one must conclude that the thermal excitation in the matrix
induces the interconversion either by overcoming the transition
states separating the C,, minima or by causing rapid excitation
to, and deexcitation from, excited vibronic states with wavefunc-
tions delocalized over the Cy;, minima.

The interconversion mechanism proposed in Refs. 7,10 on the
basis of the relative energies of the stationary points of the A; po-
tential surface involves the reversible extension of the C-C bond,
followed by internal rotation of the D3q LB structures through low
internal rotation barriers, which effectively renders all protons
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equivalent. By providing information on the positions and sym-
metries of the low-lying vibronic states of C,H/, the PFI-ZEKE
photoelectron spectrum also helps clarifying the interconversion
mechanism.

1 5
6 c !
3y < > 30
2
! g, ! - Sl
SKZ
o o
3 LBi23 2
W W
2 1 ¢ 13

6

U/
\"
1
1

Fig. 8 Schematic representation of a effective coupling model to
describe the interconversion between the three equivalent LB isomers
and the three equivalent DB isomers of CzHg.

In analogy to the description of the fluxional behavior of
CHj(,z"”54 the interconversion model proposed for CH; in Ref.
29 can be expressed for C;H/ on the form of an effective tun-
nelling model represented schematically in Fig. 8. The three
equivalent LB and the three equivalent DB structures are de-
picted at the edges of the inner (within the circle) and outer tri-
angles, respectively, and the interconversion coupling elements
o, o’ and ¢” between the different structures are represented
by double-sided arrows. The effective tunnelling model involves
five parameters: the zero-order energy Epg and Epg of the DB
and LB structures, which can be taken from high-level calcula-
tions (RCCSD(T)/VQZ-F12, see Section 3) of the potential energy
along the C—C bond after correction for the zero-point vibrational
motion; the pseudorotation coupling element o, which intercon-
verts the three equivalent DB structures; the internal-rotation
coupling element ¢’, which interconverts the three equivalent LB
structures; and the coupling element ¢”, which interconverts the
LB and DB structures. The effective tunnelling Hamiltonian cor-
responding to this model is

7 I 7

Epp o o o (e o
o EDB c o o o
_ o o EpB o o o 6
Hye = " 1" " / / . ( )
c c (e Eig © c
O.ll G// G// G/ ELB O./
O.ll G” G// G/ 0./ ELB

Arbitrarily choosing the origin of the energy scale at Epg = 0,
fixing the value of Erg to the value calculated ab initio (E g =
250 em~!, see Section 3) and considering the pseudo-rotational

This journal is © The Royal Society of Chemistry [year]



tunnelling to be negligible (i.e., taking o = 0), in accord with the
analysis of Band 1 and the conclusions reached in Refs. 7,10, the
model involves only two parameters ¢’ and ¢”. The coupling
elements ¢’ and ¢” can be taken as all having the same phase
because of the significant PJT interaction, as explained in Refs.
29,55,56. Under these restrictions, the eigenvalues of Eq. (6) are

1

7
E, =E3 =EpB )

Ey=Es=Ep— o’

and include 2 nondegenerate (i.e., of Aj, vibronic symmetry) lev-
els E; ¢ and two pairs of degenerate (i.e., of E; vibronic sym-
metry) levels E;3 and Ess. With ¢/ = 0.1 cm~!, which corre-
sponds to the internal-rotation barrier of 370 cm ™! calculated by
Sulzbach et al. 19 (CCSD(T)/TZ(2df, 2pd)) and taking the rela-
tive positions of Bands 1, 2 and 3 to correspond to the energies of
Ey, E»3 and Ey 5, the ionic levels observed experimentally can be
reproduced qualitatively with a value ¢ of 160 cm~! (see thick
marks at the top of Fig. 3).

This model, though an obvious oversimplification of the vi-
bronic dynamics, yields results that lend support to the intercon-
version mechanisms proposed in Refs. 7,10 and offers an inter-
pretation of the first bands of the photoelectron spectrum that
is compatible with the EPR spectrum and the results of ab initio
calculations. The model also highlights the multimodal nature of
the nuclear motion of C,H, at low energies with large amplitude
motions involving the C-C bond length, the internal rotation and
the diborane distortion modes.

6 Conclusions

The study of the radical cation of ethane by high-resolution photo-
electron spectroscopy and ab initio quantum chemistry presented
in this article has enabled the characterization of several impor-
tant aspects of its structure and dynamics related to the Jahn-
Teller effect. The observation of several low-lying vibronic states
indicated the importance of large-amplitude nuclear motion on
a flat potential energy surface in the region of the two stable
ground-state structures. The more stable of these two structures
is diborane-like with C,}, point-group symmetry and lies energet-
ically less than 5 kJ/mol below the other structure, which has
an elongated C-C bond and D34 point-group symmetry. From an
analysis of the rotational structure of the photoelectron spectrum,
the ground vibronic state of CzHgL was found to be diborane-like
and have A, electronic character with a mixed (a;y) ! and (ey)~!
electronic configuration. The rotational structures of the photo-
electron spectra of the low-lying excited levels of C,H, are com-
plex and differ from that of the ground vibronic state. They in-
dicate the importance of multimodal large amplitude motions in
the dynamics of C2H6+. The new information obtained from the
high-resolution photoelectron spectrum has been combined with
the results of ab initio studies and earlier experimental studies of
the photoelectron spectrum of C;Hg and EPR spectra of CH/ in
matrices in an effort to derive a consistent picture of the structure

This journal is © The Royal Society of Chemistry [year]

and dynamics of C2H6+ at low energies.
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