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ABSTRACT: Chirality plays a fundamental role in the molecular recognition processes. 

Molecular flexibility is also crucial in molecular recognition, allowing the interacting molecules 

to adjust their structures hence optimize the interaction. Methods probing simultaneously chirality 

and molecular conformation are therefore crucially needed. Taking advantage of a possible control 

in the gas phase of the conformational distribution between the equatorial and axial conformers 
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resulting from a ring inversion in jet-cooled 1-indanol, we demonstrate here the sensitivity of 

valence-shell photoelectron circular dichroism (PECD) to both chirality and subtle conformational 

changes, in a case where the photoelectron spectra of the two conformers are identical. For the 

highest occupied orbital, we observe a dramatic inversion of the PECD-induced photoelectron 

asymmetries, while the photoionization cross-section and usual anisotropy () parameter are 

completely insensitive to conformational isomerism. Such a sensitivity is a major asset for the 

ongoing developments of PECD-based techniques as a sensitive chiral (bio-)chemical analytical 

tool in the gas phase. 
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Chiroptical spectroscopy techniques, i.e. spectroscopy sensitive to chirality, are widely used to 

characterize the structure of biomolecules.1 Besides being a signature of the absolute configuration 

of a chiral molecule, they show in general a high sensitivity to molecular conformation. Thereby, 

electronic circular dichroism (ECD), the difference in absorption between left- and right-handed 

circular polarized light (CPL), is a powerful means for studying the secondary structure of 

biomolecules like proteins or DNA derivatives.2-3 In the IR range, its vibrational counterpart, 

vibrational circular dichroism (VCD), is strongly influenced by conformational isomerism and 

molecular interactions.4-10 

Despite their broad applications, these methods suffer from a lack of sensitivity and the measured 

effect is limited to ~10-3 of the total absorption for ECD and even less, down to 10-5, for VCD. In 

practice the weakness of ECD makes extremely challenging its application to dilute matter in the 

gas phase, in particular under jet-cooled or cryogenic ion trap conditions.11-13 

In contrast, the recently introduced Photoelectron Circular Dichroism (PECD) is ideally suited for 

studying gas-phase molecules.14-16 PECD is observed as a forward-backward asymmetry in the 

photoelectron angular distribution with respect to the light axis for randomly oriented chiral 

molecules photoionized by CPL. Unlike the abovementioned chiroptical spectroscopy methods, it 

is allowed in the electric dipole approximation, which explains its intense relative magnitude, 

reaching up to almost 40 % of the average photoelectron intensity obtained with left and right 

CPL.17 The normalized one-photon photoionization angular distribution function 𝐼{𝑝}(𝜃) is written 

as: 

𝐼{𝑝}(𝜃) = 1 + 𝑏1
{𝑝}

𝑃1 (cos 𝜃)  +  𝑏2
{𝑝}

𝑃2 (cos 𝜃)      (Eq 1) 

where P1 and P2 are the first and second Legendre polynomial, p is characteristic of the light 

polarization, with p= 0, +1, and -1 for linear, right- and left-handed circular polarizations, 
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respectively, and  is the angle of electron emission with respect to the photon axis. The 𝑏2
{±1}

 

coefficient equals − 1
2⁄ 𝛽, where 𝛽 = 𝑏2

{0}
  is the usual (achiral) anisotropy parameter in 

photoionization. The so-called dichroic 𝑏1 coefficient vanishes for linear polarization or non-chiral 

molecules. For chiral molecules,  𝑏1
{1}

= −𝑏1
{−1}

, so that opposite effects are observed for right- 

and left-handed CPL, as expected for all chiroptical spectroscopy techniques. Opposite effects are 

also observed for the two enantiomers of a chiral molecule. The sign and the magnitude of PECD 

depends on the orbital (highest occupied orbital (HOMO), HOMO -1 etc.) from which the 

photoelectron is ejected. It is also a final state dynamical effect (depending on the kinetic energy 

of the outgoing photoelectron) originating from the scattering of the photoelectron by an 

intrinsically asymmetric potential. PECD appears as a delicate probe of the molecular potential, 

very sensitive to static (isomers, conformers) and dynamic (vibrational) structural effects, as well 

as clustering.15-16 Besides its potential applications in astrochemistry,16, 18-19 analytical purposes,20-

23 or chemical dynamics,24-25 it is a powerful tool for probing molecular chirality and 

conformational flexibility at the same time26 as well as their interplay.27 The high sensitivity of 

PECD to conformational isomerism has been recently exemplified by the study of proline18 in 

which the steric bias induced by the pyrrolidine ring results in two families of conformers, differing 

in their H-bond pattern and related by the ring inversion motion. They strongly differ in their 

ionization energy of the highest occupied molecular orbital (HOMO). This difference allowed 

assessing directly the relative contribution of the two families by ionizing their HOMO orbital and 

comparing the b1 values extracted at different electron kinetic energies. A conformer-dependent 

PECD has also been reported from conformation-dependent dissociative ionization channels in 

gas phase serine.28 
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The present work focuses on the role of inversion motion on PECD, on the example of 1-indanol 

for which ring-inversion conformers can be advantageously isolated under supersonic expansion 

conditions. 1-indanol (Figure 1) is a chiral aromatic alcohol composed of a benzene ring fused 

with a five-membered alicyclic ring bearing the hydroxyl substituent. Under supersonic-jet 

conditions, its S0-S1 electronic spectrum strongly depends upon the carrier gas and shows an 

additional transition when helium or neon are used instead of argon.29-31 Conformer-specific 

vibrational spectroscopy clearly indicated that this additional transition is due to a higher-energy 

conformer. 32 The observed conformers were assigned to the equatorial and axial conformations of 

the hydroxyl substituent, based on the comparison between their experimental conformer-selective 

IR spectra and that simulated by quantum chemical calculations. The equatorial conformer, 

denoted as 1eq, indeed has a slightly lower (OH) stretch vibrational frequency than the axial 

form, denoted as 2ax.32 It is also more stable by a value ranging from 0.2 kJ/mol at the MP2/aug-

cc-pVTZ level to 1.3 kJ/mol at the CCSD(T)/aug-cc-pVTZ level. The proposed structures were 

recently confirmed by high-resolution spectroscopy.33 The barrier for interconversion was not 

determined for 1-indanol, but is calculated at 8 to 10 kJ/mol at the MP2/6-31G(d,p) level for the 

related molecules indan or 2-indanol, a value at the verge of what can be overcome under 

supersonic jet conditions.34 In helium, kinetic trapping results in separate trapping of each 

conformer in its own potential well, while relaxation towards the most stable form is favored in 

heavier carrier gases. As a result, the most stable equatorial form is the only one present in argon. 

Changing the carrier gas is therefore a means to control the ratio between the inversion isomers, 

with an experimentally observed axial/equatorial ratio varying from 0 in argon to ~ 1/3 in helium. 

This property offers the first opportunity of directly observing and controlling the PECD behavior 

of a flexible molecule in conditions where only one isomer or two are present. Here we show that 
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1-indanol is a perfect proxy to template the exquisite conformational sensitivity of PECD, in a case 

where, unlike proline, the photoelectron spectrum (PES) of the two conformers are genuinely 

superimposable. 

 

Chart 1. Structure of (S) (+) 1-indanol and carbon atoms numbering (left). Most stable equatorial 

(1eq) and axial (2ax) conformers (right) calculated at the MP2/6-31G++(d,p) level. 

Mass spectra 

The mass spectra, recorded at a photon energy of 9 and 12 eV, are shown in Figure S1 of the 

supporting information (SI). At 9 eV, only the parent molecule (m/z 134) is observed. The mass 

spectrum recorded at 12 eV shows the appearance of a fragment (m/z 133). It corresponds to 

hydrogen loss, a process frequently encountered in photo-generated cations of aromatic 

molecules.35 36  No other fragment than m/z 133 is detected between 9 and 12 eV. 
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Figure 1: PES (solid line) and b2 parameters (open circles) as a function of the ionization energy 

using helium (green) and argon (black) as a carrier gas, recorded at 12 eV photon energy and 

obtained by summing the signal at m/z 134 and m/z 133. KE is the kinetic energy of the electrons, 

defined as the difference between the photon energy and the ionization energy. The main peaks of 

the PES are denoted by X, A, B, C. The orbital energies are shown for the equatorial (black sticks) 

and axial (red sticks) conformers. The b2 values obtained for a PES intensity smaller than 10% of 

the maximum intensity are not shown. 

Photoelectron spectra 

Figure 1 displays the PES of the (S) enantiomer recorded at a photon energy of 12 eV, and obtained 

by summing the electrons in coincidence with the ions at m/z 134, i.e. the parent 1-indanol, and 

those at m/z 133, i.e. the fragment resulting from H loss. The PES obtained at 11 eV is shown in 

Figure S2 of the SI. The PES are strikingly identical within our resolution (~100 meV) whether 
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helium or argon is used as a carrier gas, as are the higher resolution (~20 meV) threshold 

photoelectron spectra (TPES) shown in Figure S3 of the SI. The TPES yields an experimental 

ionization energy of ~ 8.6 eV, in good agreement with the adiabatic ionization energy (IEad) 

calculated with the Outer Valence Green Functions (OVGF) method, namely, 8.74 and 8.76 eV 

for the equatorial and axial conformers, respectively. The values at the B3LYP-D3BJ/6-

31++G(d,p) and those at the MP2/6-31++G(d,p) levels are collected in Table S1 of the SI. Similar 

values of the adiabatic ionization energy have been measured for the related achiral molecule 2-

indanol, namely, 8.55 and 8.50 eV for the equatorial and axial conformers, respectively,37 which 

substantiates the theoretical values obtained here. The calculated vertical ionization energy (IEve) 

is ~0.5 eV higher than the adiabatic one (see Table S1), at both levels of theory. This is consistent 

with the measured width of the first PES band. Whatever the modelling, the energetics of the two 

conformers are very close. The similitude in both adiabatic and vertical calculated ionization 

energies at all levels of theory, and the overall PES shape as seen shown in Figure 1 and S3, clearly 

precludes the observation of any different signature for 1eq and 2ax by the sole PES observable. 

Four peaks appear below 12 eV in the PES, denoted as X, A, B, C in what follows. They were 

fitted by a set of Gaussian functions with peak maxima located at 8.91, 9.27, 10.26 and 11.41 eV, 

respectively (see Section 3 of the SI).  These peaks can be assigned to the three highest occupied 

orbitals, the OVGF calculated energy of which is also given in Figure 1 for the sake of comparison. 

Figure 2 shows the electron density distribution corresponding to the three highest occupied 

orbitals. In particular, the HOMO and HOMO-1 are described as  orbitals located on the aromatic 

ring, and both show little difference between the axial and equatorial conformers. The HOMO 

energy is calculated at 8.74 and 8.76 eV and that of the HOMO-1 at 9.03 and 9.09 eV for the 

equatorial and axial conformers, respectively, in good agreement with the experimental X and A 
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bands. Ionizing the  orbitals does not lead to fragmentation; only the parent at m/z 134 is observed 

below 9.7 eV. Peak B at 10.26 eV is assigned to the HOMO-2, corresponding to the ionization of 

the lone pair of the oxygen atom, with contribution of the C2C3  orbitals and the C1H  orbital. 

The calculated energies are again in satisfactory agreement with the experiment, at 10.36 and 10.55 

eV for 1eq and 2ax, respectively. Excitation of the HOMO-2 also corresponds to the onset for 

hydrogen loss at 9.7 eV (see the disappearance of the parent cations above this energy in Figure 

S4), which can be accounted for by the contribution of the C1H  orbital to HOMO-2. Peak C at 

11.41 eV is assigned to HOMO-3, which contains contributions of the oxygen lone pair nO as well 

as the C1C2 σ orbitals. Its calculated energy is similar for 1eq and 2ax (11.54 and 11.38 eV, 

respectively), and close to the value of Peak C. Despite a globally satisfactory agreement, the 

calculated and observed value slightly differ from each other. The vibrational spectrum of jet-

cooled radical cations of primary alcohols produced by VUV ionization has been interpreted in 

terms of strong hyperconjugation effects between the singly-occupied orbital nO and the adjacent 

CC and CH orbitals.38 Such an effect could be at play here as well and not well accounted for in 

the calculations, which would explain the slight difference between the experimental and 

calculated data. Comparison between the mass-selected PES recorded at m/z 134 and m/z 133 

indicates that the excited state of the ion achieved upon ionization of HOMO-3 is unstable and 

hydrogen loss becomes dominant at this energy (see Figure S4). 
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Figure 2: Electron density of the four highest occupied orbitals calculated at the MP2/6-

31G++(d,p) level. The orbital energies are those calculated at the OVGF/cc-pVTZ level using the 

MP2 geometries.  

Figure 1 also shows the b2 parameters across the PES, exhibiting, as expected, some variations 

with the binding energy, i.e. with the final electronic state of the cation. Like the PES (partial 

cross section), the b2 parameter (equivalent to ) is identical for the two conformations within the 

error bar across the four cation electronic states, reflecting the limited sensitivity of this 

observable to the molecular structure and the resulting electronic structure changes. 

Photoelectron Circular Dichroism (PECD) 

The PECD spectra have been recorded both in helium and in argon for photon energies between 9 

and 12 eV. We will discuss in detail the data recorded at a photon energy of 11 eV, which are the 
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most telling. Figures 3(a-d) show the parent mass-selected raw difference images, corresponding 

to the difference between left CPL (LCPL) and right CPL (LCPL), denoted as (LCPL-RCPL), as 

well as the Abel-inverted images recorded for both enantiomers seeded in each of the carrier gases, 

obtained at a photon energy of 11 eV. The images clearly show the forward/backward asymmetry 

in the angular distribution of the electron, which is proportional to cosine of the ejection angle and 

is the signature of PECD, as well as a mirroring between (R) and (S) enantiomers, as expected. 

The images already offer a visual overview of the marked disparities appearing when changing the 

carrier gas, which are quantified in the corresponding photoelectron (PES) and PECD spectra 

shown in Figures 3(e-f) as a function of the electron kinetic energy. The maximum magnitude of 

the PECD is of the order of 6 % (b1 =0.03). The measured PECD confirms the quasi-perfect 

mirroring within errors bars between the two enantiomers and exhibits a striking difference 

between He and Ar. In Ar, b1 is of constant sign up to 9.5 eV, i.e. for the ionization of the HOMO 

and HOMO-1, then changes sign upon ionization of HOMO-2. Moreover, it shows a clear electron 

kinetic energy dependence, in particular some oscillations within the same electronic band which 

could correspond to vibronic transitions, as evidenced for the showcase molecule methyloxirane.39 

This is consistent with the geometry change upon ionization, shown in Figure S8. 

The difference between the Ar and He cases is striking for the ionization of the HOMO, where a 

change in sign is observed when going from argon to helium. These results show that the b1 

parameters of the axial and equatorial conformers are opposite in sign. Moreover, the concentration 

of the equatorial conformer being larger than that of the axial conformer, the PECD of the latter 

must be larger in magnitude to account for the change in sign. In more quantitative terms, we can 

assume that the ratio 2ax/1eq is similar to that previously determined under similar experimental 

conditions using a continuous nozzle and amounts to 1/3 in helium.30 On the basis of this value, 
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the experimental results lead to the conclusion that the PECD of 2ax is about four time larger in 

magnitude than that of 1eq. Concerning the HOMO-1 orbital, the effect is less striking but still 

present. No change of sign is observed there, but the b1 parameter is weaker in He over the whole 

HOMO-1 energy range. This indicates again an opposite sign for the axial and equatorial 

conformers. The differences between Ar and He are more discrete in the region of the HOMO-2 

orbitals. The overall magnitude of b1 is similar with the two carrier gases, pointing towards similar 

properties of the two conformers in this binding energy range. 
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Figure 3: PES and dichroic parameter at 11 eV. Raw (half left) and Abel-inverted (half right) 

difference images (LCPL –RCPL), of the photoelectron distribution: data in argon for (R) 1-

indanol (a), (S) 1-indanol (b) and in helium for (R) 1-indanol (c) and (S) 1-indanol (d). The photon 

beam propagates from the top to the bottom of the images as indicated by the arrow. PES (solid 

lines) and PECD curves (solid circles) in Ar (e) and He (f) for the (S) (red) and (R) enantiomers 

(blue). 

 

The same experiment was performed at a photon energy of 12 eV (see Figure S5). The dependence 

of PECD upon conformation is much less striking at 12 eV and the signal shows identical sign and 

similar magnitude in helium and in argon, except in the region of the HOMO-2 where clear 

differences are observed. 

These results evidence the expected strong dependence of the PECD upon the ionized orbital and 

the electron kinetic energy. This is further highlighted in Figure 4, which displays the mean PECD 

values, recorded between 9 and 12 eV, of the (S) enantiomer for the three highest occupied orbitals 

as a function of the electron kinetic energy. The b1 values, obtained following the procedure 

described in the SI (Figures S6 and S7), depend on both the electron kinetic energy and the carrier 

gas (see Figure 4). At low electron kinetic energy (< 1.2 eV), b1
 is the same for the two carrier 

gases, whatever the orbital considered. A strong similitude between the two carrier gases is also 

observed at electron kinetic energy > 2.5 eV. This indicates that the PECD is not sensitive to 

conformational isomerism in these electron kinetic energy ranges. In contrast, the behavior of the 

PECD is dramatically different for intermediate electron kinetic energies, between 1.5 and 2.5 eV. 

There, the measured b1
 parameters clearly differ from each other. This observation holds for the 

three highest occupied orbitals. At 1.7 eV, the PECD is of identical sign for either of the carrier 
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gases, but of larger magnitude in argon. This indicates that the PECD of 2ax has opposite direction 

relative to that of 1eq, although not intense enough to counterbalance the effect of the latter and 

invert the sign of the total PECD. The most striking effect is observed for the HOMO at 2.1 eV, 

for which the PECD changes sign when changing the carrier gas, showing unambiguously that the 

PECD are opposite in sign for the two conformers. Moreover, the magnitude of the PECD of 2ax 

is large enough to counterbalance the opposite effect of the most abundant 1eq conformer, which 

results in an inversion in the sign of the total PECD. We can also observe in Figure 4 that the 

strongest PECDs are obtained for the HOMO-2 orbital localized on the oxygen lone pair in both 

carrier gases. This orbital is adjacent to the chiral center, which is also the locus of conformational 

isomerism. 

 

 

Figure 4: Mean values of the PECD weighed by the PES intensity over their respective FWHM, 

as described in the SI, of the three highest occupied orbitals HOMO to HOMO-2, corresponding 

to the X, A and B band, for (S) 1-indanol in helium (squares) and in argon (triangles) as a function 
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of the electron kinetic energy. The error bars are calculated using the maximum PECD error in the 

area corresponding to the X, A and B bands, according to the procedure described in the SI. These 

data have been obtained at 10, 11 and 12 eV photon energy (except for the HOMO-2 where they 

were obtained only at 11 and 12 eV). 

Overall, and in contrast to the photoelectron spectra and anisotropy parameter , the PECD is 

dramatically sensitive to minute differences in the molecular structure. Indeed, the outgoing 

photoelectron is represented as a linear combination of partial spherical waves that are scattered 

by the molecular potential, leading to changes in their relative amplitude and phases, which are 

eventually mapped into the photoionization observables written in equation 1. The orbital cross-

sections contributing to the PES (also known as 𝑏0) have no phase dependency while 𝑏2 is partially 

proportional to the cosine of the relative phase between every other partial waves. In contrast, 𝑏1  

is fully proportional to the sine of the phase differences between adjacent partial waves,14 and 

therefore will be more sensitive to small phase changes (in magnitude and sign) induced by subtle 

differences in the chiral molecular potential. The effect of conformational isomerism is evidenced 

for low, but non-zero, electron kinetic energy, between 1.5 and 2 eV. Typically in this slow 

electron energy range (0-4 eV), PECD has been shown experimentally and theoretically to be very 

sensitive to isomerism and chemical substitution20 40, as well as conformations.19 26 27 The strong 

sensitivity of PECD to structural parameters at low kinetic energy can be intuitively rationalized 

in the context of electron scattering, where slow photoelectrons will be more sensitive to the 

scattering potential and therefore to the fine details of the molecular structure.41 Also within this 

context, it has been shown that the chiral parameter b1, unlike β and the PES, is the only scattering 

parameter fully dependent on the phase shifts imprinted by the molecular potential onto the 

electronic outgoing partial waves.14 The sensitivity of PECD to conformation is especially 
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apparent for the ionization of the HOMO and an electron kinetic energy of 2.1 eV, where b1 is 

opposite in sign for 1eq and 2ax, with a four-fold larger value for the latter. Although the effect is 

especially pronounced for the HOMO, it appears also to a lesser extent for HOMO-1 and HOMO-

2. The strongest PECD is observed for the HOMO-2 orbital localized on the oxygen lone pair, 

which is adjacent to the chiral center. Despite the chiral center being also the locus of 

conformational isomerism, HOMO-2 is less sensitive to conformational isomerism than HOMO 

and HOMO-1, located on the aromatic ring, thus further from the chiral center. The larger 

sensitivity of the diffuse π orbitals demonstrates the non-local character of chirality and the subtle 

effect of both the initial state and the intrinsically chiral potential scattering off the departing 

electron. Other chiroptical spectroscopy methods, like vibrational circular dichroism (VCD), have 

proven the non-locality of chirality.42 In the case of 1-indanol in particular, a dramatic difference 

in magnitude and sign of the VCD signal has been observed for the equatorial and axial 

conformers, even for vibrations localized far from the chiral center. 6, 8  

The present results prove the exquisite conformational sensitivity of PECD, in a case where the 

PES as well as the  parameter, despite its reported sensitivity to the orbital character and 

hybridization,43 are genuinely superimposable. Such a situation is quite common, so that the 

outcome of this study may have strong consequences for the ongoing development on laser-based 

PECD techniques in an analytical context. The determination of enantiomeric excess of a given 

chiral species or mixture of species determined by such techniques might be skewed by the 

presence of several conformations.44 45 46 21-23 Special attention should thus be paid to the possible 

existence of conformers, and the conformational landscape should be carefully explored before 

applying PECD to analytical purposes and comparing experimental values to simulations.41  In 

this applied context, but for fundamental motivations as well, the present work paves the way for 
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conformer-selective PECD measurements. These measurements are based on a resonance-

enhanced multi-photon ionization (REMPI) scheme with high resolution ns lasers, currently in 

progress in our group, for which the effects of conformational isomerism on higher-order odd 

coefficients like b3
47 will also be explored, as well as the influence of the formation of diastereomer 

complexes on PECD.48-49 

Experimental Methods 

The experiments were performed at the beamline DESIRS of the French national synchrotron 

facility SOLEIL. This undulator-based beamline allows obtaining tuneable polarization-controlled 

vacuum ultraviolet (VUV) radiation, with an absolute circular polarization rate above 97%.50 It is 

equipped with the dedicated SAPHIRS set-up that encompasses a continuous supersonic expansion 

and the i2PEPICO DELICIOUS3 double imaging spectrometer, described earlier, which allows 

detection of electrons and ions in coincidence.51 

Commercially-available (Sigma-Aldrich) enantiopure samples of either (S)-(+) or (R)-(-)-1-

indanol were brought into the gas phase by resistive heating in an oven at 75 °C and expanded 

through a 200 µm nozzle, using either helium at a backing pressure of 0.5 bar or argon at a backing 

pressure of 0.1 bar as a carrier gas. The resulting supersonic expansion was passed through a 

double skimmer and crossed the synchrotron light in the spectrometer chamber. The formed ions 

and electrons were accelerated in opposite directions and detected in coincidence by a modified 

Wiley - McLaren imaging time of flight (TOF) spectrometer and a velocity map imaging (VMI) 

detector, respectively. 

For a given enantiomer seeded in a given carrier gas, between 20 and 50 successive files 

accumulated for 10 mn each were recorded with alternating light helicity, to minimize the effect 

of the long-term fluctuations on the signal. The corresponding raw electron images were filtered 
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for the mass of the parent (m/z 134) and that of the fragment resulting from hydrogen loss (m/z 

133). The sum (LCPL+RPCL) image file, after Abel-inversion via the pBasex software,52 provided 

the PES and the b2 parameter, while the difference image file (LCPL-RCPL) provided the b1 

parameter and therefore the PECD= 2b1, according to a procedure already described.53 The p-

Basex software is based on the Abel transform of the electron distribution and aims at 

reconstructing the three-dimensional Newton sphere of the expanding electrons from its two-

dimensional projection. It consists of fitting a set of polar basis functions with a known and exact 

inverse Abel function. The error bars were estimated assuming a Poisson distribution of the image 

pixel intensities and propagating the Poisson standard deviation through the image inversion 

transformation. The PES spectra were fitted by Gaussian functions to disentangle the contributions 

of the different highest occupied orbitals. The procedure is detailed in Figures 6 and 7 of the SI 

(Section 3). The dependence of PECD upon electron kinetic energy was deduced from the 

experimental data by integrating b1 over the simulated curve corresponding to each highest 

occupied orbital. Such experiments were performed at several photon energies between 9 and 12 

eV. Threshold-Photoelectron Spectra (TPES) and mass-selected TPES (TPEPICO) were also 

measured by recording the near zero kinetic energy electron counts at a typical electron resolution 

of 20 meV.54 

Theoretical methods 

The two most stable conformational isomers observed under supersonic jet conditions, namely, 

equatorial (1eq) and axial (2ax), were considered in the calculations.30 The used nomenclature is 

identical to that of former works.32-33 The structures previously obtained at the B3LYP-D3BJ/6-

31++G(d,p) level were re-optimized at the MP2/6-31++G(d,p) level. Both vertical and adiabatic 

ionization energies (IE) were determined. The electronic densities were calculated at the MP2 level 
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of theory and the cube files were generated using the cubegen facility implemented in the Gaussian 

software, version G16 B01.55 The isodensity was plotted for each occupied orbital from HOMO 

to HOMO-3 using the VMD software, with an isodensity value of 0.04.56 Energies of the valence 

orbitals were calculated using the outer valence Green’s function (OVGF) method and cc-pVTZ 

basis set, at the MP2/6-31G++(d,p) optimized geometries.57-58 
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