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ABSTRACT

The absolute photoabsorption cross section of imidazole, and that of 1-methylimidazole, have
been measured from threshold up to 10.8 eV using synchrotron radiation. For each molecule,
the absorption spectrum exhibits several broad bands due to transitions into excited valence
states and some sharp structure associated with Rydberg states. Assignments have been
proposed for some of the observed absorption bands using calculated transition energies and
oscillator strengths. Quantum defects have also helped guide these assignments. Natural
transition orbital plots indicate that many of the electronically excited states have a mixed
Rydberg/valence character. This mixing leads to irregularities in both the transition energies
and the relative intensities of the absorption bands ascribed to Rydberg states. The vibrational
progressions belonging to some of the Rydberg states have been interpreted using simulations
of the corresponding cation’s vibrational structure obtained within the Franck-Condon model

employing harmonic frequencies and normal modes.
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1. Introduction

The valence shell vertical excitation spectrum of imidazole (CsH4N2, Figure 1) has been studied
extensively [1-6] with most of the attention being focussed on the 1 — n*, 1 — 6*, n — n* and
n — o* transitions. Indeed, imidazole was selected as one of the molecules on which to perform
benchmark calculations of vertical excitation energies and oscillator strengths for electronically
excited states using a variety of computational methods [4]. Although these theoretical
investigations have improved our understanding of the low energy valence transitions, very

little information is available concerning transitions into Rydberg states.

The main obstacle in assessing the theoretical predictions for the excited state transition
energies and oscillator strengths is the lack of a gas phase absolute photoabsorption cross
section. Devine et al. [7] have measured a relative photoabsorption spectrum of gaseous
imidazole in the excitation range ~4.9 — 6.5 eV. Based upon previously reported theoretical
predictions for imidazole, and by analogy with the spectrum of the closely related pyrrole
molecule, a weak absorption band observed in that spectrum at low photon energies was
associated with the m(3a") — 3s(a’) transition, and the more intense absorption at energies above
~5.6 eV was attributed to one or more © — w* transitions [7]. The UV absorption spectrum of
aqueous imidazole has also been recorded and exhibits two broad bands with maxima around
6.0 and 6.5 eV [8,9]. Although the peak position and the relative intensity of the band observed
around 6.0 eV do not vary significantly with changes in the solvation conditions, variations

were observed for the band appearing at higher excitation energy [8].

Serrano-Andres et al. [3] employed the complete active space, self-consistent field
method and multireference second-order perturbation theory to study the valence shell
electronic spectrum of gaseous imidazole. Solvation effects were also investigated. The results
predicted that the most intense absorption bands should arise from the 1 — n* excitations but,
in addition, significant oscillator strengths were calculated for several transitions into Rydberg

states. More recent theoretical investigations [4-6] have concentrated on transitions into the o*
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and n* valence orbitals with the only Rydberg transition included in the calculations being that

due to the 3a” — 3s excitation.

Imidazole has also been chosen to test recent developments in non-adiabatic dynamics
simulations of ultrafast relaxation processes following UV excitation [10]. The decay dynamics
of UV excited imidazole have been investigated in several time-resolved, pump-probe
experiments [5-7, 10-12] but the interpretation of these results has been hampered by the

incomplete knowledge of the neutral excited states populated by the pump photon.

Imidazole has a planar (Cs) five-membered heteroaromatic ring structure and its valence
shell photoelectron spectrum has been studied recently, both experimentally and theoretically,
by Patanen et al. [13]. Calculations showed that the highest occupied molecular orbital in the
neutral ground state is 3a”, but the energies of the next two occupied orbitals (2a” and 15a’)
were predicted to be very similar to each other, and the energetic ordering of these two orbitals
was found to depend sensitively upon the computational method employed. The non-bonding
15a’ orbital may be considered as a o-type lone-pair located on the N3 atom (Figure 1) [13]. In
addition to the two occupied m-orbitals (3a” and 2a"), imidazole possesses two low-lying virtual

n* orbitals. Vibronic coupling may be affecting the valence ionic states of imidazole [13].

In the present work, the absolute photoabsorption cross section of imidazole, and that
of 1-methylimidazole (C4HsN2, Figure 2), have been measured from their onset up to an energy
of 10.8 eV. Several computational approaches have been employed to calculate vertical
transition energies and oscillator strengths for excited valence and Rydberg states. These
theoretical predictions have guided the assignments proposed for the observed absorption
bands. Identification of the specific character of the calculated excitations is aided by visual
examination of the Natural Transition Orbitals (NTOs) [14-16] that, following transformation
of the canonical orbitals, provide a simplified representation of the excitations as one-electron

transitions between an initial and final orbital.
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Extensive vibrational structure appears in the absorption spectra associated with
transitions into some of the Rydberg states. Franck-Condon simulations of the vibrational
spectra due to transitions into the ground ionic states of imidazole and 1-methylimidazole were
calculated using harmonic frequencies and normal modes. These vibrational simulations,
together with those measured previously for imidazole [13], provided useful information in the
identification of bands arising from transitions into Rydberg states. In addition, a threshold

photoelectron spectrum of 1-methylimidazole is reported.

2. Experimental apparatus and procedure
2.1. Absolute photoabsorption cross sections
The absolute photoabsorption cross sections of imidazole and 1-methylimidazole were
measured using a cell incorporating LiF windows [17] and synchrotron radiation emitted from
the Daresbury Laboratory storage ring [18]. The cell was attached to a 5 m normal incidence
monochromator which delivers radiation in the energy range of ~5 — 45 eV [19]. In the present

experiment a photon resolution of 0.1 nm FWHM (~5 meV at hv = 8 ¢V) was employed.

The photoabsorption cross section was obtained through application of the Beer-lambert

law:

I, =l,exp(—nol) (1)

where It is the intensity of the transmitted radiation after passing through the gas column, I is
the corresponding incident intensity, n is the gas number density, o is the absorption cross
section, and | is the length of the gas column. The spectrum of imidazole was recorded at a
temperature of 60°C, resulting in a sample pressure of 15 ubar, whilst that of 1-methylimidazole
was recorded at a temperature of 45°C, resulting in a sample pressure of 10 pbar. These slightly
elevated above-ambient temperatures are unlikely to significantly degrade the recorded detail,
and indeed we estimate that a much greater degree of cooling would be required before
observing a significant improvement in the thermal congestion present in the spectrum. The

experimental uncertainty associated with the determination of absolute photoabsorption cross

5
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sections using this cell is estimated as ~5% [17]. The photon energy scale was calibrated by
recording high resolution absorption spectra of a gas mixture comprising imidazole (1-

methylimidazole), nitrous oxide and nitric oxide [20].

2.1. Threshold photoelectron spectrum

The threshold photoelectron spectrum of 1-methylimidazole was recorded in the energy range
8 — 19 eV using the electron detection part of an electron-ion coincidence spectrometer [21,22],
attached to the same monochromator as used in the absorption measurements. The spectrum
was normalised to variations in the incident photon intensity using the signal from a
photomultiplier located behind the interaction region. The monochromator resolution was set
at 0.1 nm FWHM (~18 meV at hv = 15 eV). The energy scale was calibrated by recording a
threshold photoelectron spectrum of a gas mixture comprising 1-methylimidazole, argon and
xenon. Lithium fluoride or indium filters could be inserted into the photon beam exiting the

monochromator to help suppress higher order radiation.

3. Computational details

3.1. Excited state vertical transition energies and oscillator strengths

The principal excited state calculations were performed with the Gaussian 16 [23] and QChem
5.0 [24] packages using time-dependent density functional theory (TD-DFT). The reliable
estimation of Rydberg excited states requires use of a range-separated functional, and for this
we use the CAM-B3LYP functional with a d-Aug-cc-pVTZ basis. Alternatively, a hybrid basis
(which we designate cc-pVTZ+R5p5) consisting of unaugmented cc-pVTZ functions on atomic
centres with a large set of diffuse Rydberg-like functions placed at the molecular centre-of-
mass was used. For the latter, we used the prescription of Kaufmann et al. [25] to generate a set
of s, p, d, and f Rydberg-like functions ranging up to n = 5% (n = 4% for f). For the low-lying
Rydberg states (3p and below) the two basis sets yield nearly identical results. For both
molecules, the starting geometries for the ground state were obtained from MP2/cc-pVTZ

optimisations. In the calculations, the z-axis is set normal to the molecular plane, while the y
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axis is arbitrarily defined to be perpendicular to the line between positions 1 and 5 and passing

through position 3 (Figure 1).

The identification/characterisation of the excited states was aided by use of the one particle
density matrix (OPDM) analysis provided in QChem [15,16,24] to examine the transition
induced change in electron density. Each excitation is then characterised by the corresponding
electron-hole pair, with the OPDM electron size indicating the spatial extent of the excited
electron. The identification of the specific character of the calculated states is further assisted
by visual examination of the NTOs [14-16] that provide the simplest one-particle representation

of an excitation using unitary transformations of the occupied and virtual canonical orbitals.

3.2. Outer valence Green’s function calculations
Vertical ionisation energies were estimated by Outer Valence Green’s Function (OVGF)

calculations using Gaussian 16 [23] with a cc-pVTZ basis.

3.3. Franck-Condon simulations of cation vibrational spectra

Harmonic vibrational analyses for frequencies and normal modes were performed for the
ground state neutral and ground state cation of either molecule using B3LYP/cc-pVTZ and
MP2/cc-pVTZ calculations. The numbering of the vibrational modes follows the nomenclature
recommended by Herzberg [26]. Franck-Condon simulations of the vibrational structure in the
cation photoelectron spectrum (and by implication in the excitation spectra to pure Rydberg
states — vide infra) were then prepared. Franck-Condon factors were then calculated using the
adiabatic hessian model, including Duschinsky rotations, provided in Gaussian 16 [21], and
convoluted with a 240 cm™* FWHM Gaussian shaping function to generate realistic spectral

profiles.

In the case of 1-methylimidazole, the lowest frequency found (< 77 cm™) for both ion and
neutral can be assigned as a methyl torsional mode. This is likely far from harmonic in
character, and in fact the B3LYP calculation for the cation reports the frequency to be

imaginary, indicating a failure to locate a true potential minimum for this mode. Such a low

7
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frequency oscillation is, in any case, unlikely to contribute anything other than an underlying
continuum to an experimental spectrum recorded with the present resolution. Hence, given the

uncertainties, this low frequency oscillation has been omitted from the full simulations.

4. Results and discussion
4.1 Overview
The absolute photoabsorption cross sections of imidazole and 1-methylimidazole, across the
full energy range covered in the present experiment, are plotted in Figure 3. The threshold
regions are shown in greater detail in Figure S1 (Supplementary Information). In each molecule,
the absorption spectrum exhibits prominent sharp structure superimposed upon a continuum
containing several very broad bands. All of the sharp absorption bands will be shown to arise
from transitions in Rydberg states, with the underlying broad features attributed to valence
states.

A common, traditionally adopted procedure to help identify absorption bands associated

with Rydberg states is to consider the quantum defect of that band, through use of the formula:

E,=E,-13.606/(n-5,)’ (2)

where Ej is the transition energy for the promotion of an electron from a particular orbital into
a Rydberg orbital of principal number n, E. is the relevant ionisation energy, and o is the
quantum defect for the Ith series. For a given value of | (the orbital angular momentum), o
generally lies within a small range and is almost independent of n for an unperturbed series.
Typically, o lies within the ranges (0.8 to 1.0), (0.4 to 0.7), and (- 0.2 to +0.2) for ns, np and
nd series, respectively. For isolated Rydberg states, assignments based upon quantum defect
considerations work well. However, if a Rydberg state is perturbed through interactions with
an adjacent valence state, then the transition energy may be shifted from that predicted by Eq
(2) and the oscillator strength may be affected. Under such circumstances, the excited states

may no-longer be described adequately in terms of a predominantly one-electron excited
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configuration, but rather possess a mixed Rydberg/valence character. Regular Rydberg series

may not be observed when mixing occurs.

Table 1 summaries the properties of the excited states of imidazole derived from our
calculations. We use {} brackets, together with an included number, to denote a specific state
listed in Table 1. The symmetry, the orbital from which the transition originates, the calculated
transition energy, and the oscillator strength are listed for each state together with an assessment
of the Rydberg and/or valence character of the final orbital obtained from visual inspection of
the principal NTO plot for the excitation. The excited state characterisation is further supported
by three columns providing numerical indicators of the spatial extent or size of the excited state
or orbital. The first of these compares the conventional <R,?> expectation value (actually the
second cartesian moment of the electron density) of the excited state, y, relative to that of the
ground state. One may anticipate that <R,>> values for a pure Rydberg state will significantly
exceed those obtained for a valence state. Considering, for example, states {1}—{5} in Table 1,
it is readily seen from their A<R,?> values that states {2},{3}and{4} are significantly more
extensive than states {1} and {5}, whose values are barely increased from those of the ground
state, thus confirming a significant Rydberg character for states {2}—{4}. Conversely, states
{1} and {5} display a similar size to the ground state and so must share with it a dominantly
valence character. By the same token, the rather greater extent of states {2} and {4} (assigned
as the 3px and 3py states) as compared to the 3p; state {3}, suggests that symmetry allowed 3p;
coupling with the > orbitals may result in a more strongly mixed Rydberg/valence character

for the latter.

The density matrix analysis provides values for Re, the size of the excited electron
orbital, and Den, the RMS electron—hole separation. Noting that the majority of the transitions
originate from the same 3a" orbital, and hence that the ‘hole’ radius is effectively invariant, it
IS perhaps not surprising that trends in Re and De.n very closely parallel one another. Indeed, the
same trends are apparent in these density matrix estimators of the excited electron size, and the

A<R,%>> estimators of the final state size, whose interpretation hence appears to be
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corroborative. As noted above, a more diffuse character identified by the increasing size of any

of these measures can usefully aid an assessment of the Rydberg character of a given state.

Similar information concerning the excited states of 1-methylimidazole, their spatial

extents and assignments is given in Table 2.

In imidazole and 1-methylimidazole, many of the absorption bands associated with
Rydberg states display accompanying vibrational structure. Since the molecular geometry of a
Rydberg state is generally similar to that of the ionic state onto which the series converges, the
Franck-Condon factors connecting the ground and Rydberg state are expected to be similar to
those connecting the ground and corresponding ionic state. Thus, the assignments for the
vibrational structure appearing in the photoabsorption spectrum may be guided through

comparison with those for the associated photoelectron band.

The interpretation and proposed assignments of the structure observed in the
experimental absorption spectra of imidazole and 1-methylimidazole are based on our
calculated transition energies and oscillator strengths, and the information provided by viewing
the NTOs. For Rydberg states, the quantum defects and the comparison between the observed
and simulated vibrational progressions are also taken into account. In practice, the theoretical
results provide reliable assignments for the low-lying excited states but become more sensitive
to the details of the calculations with increasing excitation energy. Thus, at higher energies,

quantum defects are employed to predict the occurrence of Rydberg states.

4.2. Photoabsorption spectrum of imidazole

Our calculations predict that the lowest energy singlet excited state {1} is due to a transition
from the 3a” orbital into an orbital having a mixed ony* valence and 3s(a’) Rydberg character.
The inner valence ring density associated with state {1} is visually apparent in Figure 4,
enclosed within the spatially much larger Rydberg 3s contribution. This A” state, with a
calculated vertical transition energy of 5.515 eV and an oscillator strength of 0.0007, does not

appear to give rise to a distinct feature in the experimental spectrum. Instead, the absorption

10
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cross section gradually increases from an onset around 5.4 eV to reach a plateau value of ~20

Mb at 6 eV (Figure 3).

In the energy region between 6.2 and 6.9 eV, some sharp structure superimposed upon
a significant continuous intensity appears in the experimental absorption spectrum (Figure
5(a)). This structure, as discussed below, resembles that observed in the X 2A” state
photoelectron band [13]. Use of the Rydberg formula (Eq (2)), and the experimental ionisation
energy of 8.842 eV for the 3a” orbital [13], results in a quantum defect of 0.705 for the

absorption band at 6.258 eV. A quantum defect of this value is typical of a p-type state.

The second and third predicted states (Table 1) have similar calculated transition
energies in this region and both possess a mixed valence/Rydberg character. State {2} is
predicted at 6.259 eV, with an oscillator strength of 0.0241, and is due to a transition from the
3a” orbital into an orbital having och* (and possibly some onn*) valence character, together
with 3px Rydberg character. State {3} is predicted at 6.267 eV, with a much larger oscillator
strength of 0.1415, and is due to a transition from the same 3a” orbital into an orbital possessing
a 3p; Rydberg character (Figure 4), borrowing intensity from its more strongly mixed nc-c-n*
valence component. At slightly higher energy, the 3a” — 3py A" transition is predicted at 6.493

eV (state {4}) but with a very low oscillator strength (Table 1).

Taking into consideration the oscillator strengths, it seems reasonable to ascribe the
sharp absorption bands occurring between 6.2 and 6.9 eV to a single Rydberg state {3}, due to

the 3a” — 3p; A’ transition.

The X 2A" state photoelectron band of imidazole has been discussed in detail by Patanen
et al. [13]. A comparison between the experimental and the simulated spectra indicated that the
principal peaks were due to excitations involving the v7* and vi2* modes, either alone or in
various combinations with each other. In addition, smaller contributions arose from excitation
of the vi4" mode, either alone or in combination with the vz and v12* modes. The experimentally

derived vibrational energies for the v7* and vi2" modes were 170 and 124 meV, respectively.

11
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For convenience, the FC simulation of the (3a2”) X 2A” state [13], with the principal
vibrational excitations labelled, is plotted in Figure 5(b). Overall, the simulation reproduces the
main features appearing in the absorption spectrum, particularly in the lower energy region. In
the higher energy region, the observed absorption peaks are broader than predicted for the ionic
state, perhaps indicating additional rapid decay mechanisms available for the neutral state
[6,11,12]. Table 3 lists the excitation energies and proposed assignments of the structure
observed in the absorption spectrum due to the 3a” — 3p; A’ transition. The absorption spectrum
allows vibrational energies of 169, 129 and 113 meV to be derived for the v7, vi2 and vi4 modes,
respectively, using the bands in the Rydberg state around 6.3 eV. Our calculated (B3LYP/cc-
pVTZ) energies for the v7, vi2 and vi4 modes in the neutral (ionic) ground state (Table S1), after
applying an appropriate harmonic scaling of 0.968 [27], are 172 (170), 131(125) and 114(111)
meV, respectively. In comparison, the measured values in the neutral ground state are 174.4,

134.5 and 114.7 meV, respectively [28].

The results from the present work provide an explanation for the solvation-dependent
peak positions and relative intensity variations observed previously [8] in the two broad bands
occurring around 6.0 and 6.5 eV. Figures 3 and 5(a) show that the band around 6.5 eV would
have contained a significant contribution from transitions into a Rydberg state whereas that
around 6.0 eV is predominantly due to a valence state. Owing to the anticipated larger spatial
size of a Rydberg state compared to that of a compact valence state, solvation conditions are
known to affect Rydberg state absorption bands to a greater degree [29]. Thus, the large change
in the peak position and intensity of the higher energy band is consistent with the Rydberg

nature of the state.

In the energy range 6.0 to 7.3 eV, the experimental absorption spectrum seems to consist
of a continuum, having a value of ~20 Mb, together with the prominent bands due to the 3a” —
3pz Rydberg excitation discussed above. Our calculations predict various states in this region
(states {5}—{10}, excluding state {7}) which contain some valence character. Note that states

{5} and {10} involve transitions from the 15a’ and 2a” orbitals, respectively, whereas states

12
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{6}, {8} and {9} involve excitation from the 3a” orbital. It appears reasonable to attribute the
valence contributions associated with these states to the observed underlying continuum

intensity.

The absorption cross section (Figure 6) exhibits a distinct increase around 7.3 eV and,
in the region between 7.3 and 9.0 eV, contains extensive, complex structure due to transitions
into Rydberg states belonging to series converging onto the X 2A” state ionisation limit. The
high absorption cross section, and the width of the band maximum upon which the sharp
structure due to the Rydberg states is superimposed, suggest that this region also contains
numerous valence states. Our theoretical results are consistent with this interpretation although

ascribing predicted valence states to observed broad features is not feasible.

We use the absorption bands observed between 6.2 and 7.0 eV, probably due to
transitions into a single Rydberg state, as a model in attempting to assign the complicated
structure appearing at energies above 7.3 eV. Two sharp peaks are observed at 7.326 and 7.416
eV, both of which are likely to be associated with the adiabatic transitions into Rydberg states.
In both states, the three most prominent peaks due to transitions into vibrationally excited levels
can also be identified. The quantum defects derived from the peaks at 7.326 and 7.416 eV,
tentatively associated with adiabatic transitions, are 0.004 and —0.089 for n = 3, respectively.
These quantum defects suggest that both Rydberg states should be assigned as 3d. It is also
conceivable that the peak observed at 7.567 eV arises for the adiabatic transition into another

3d state.

According to our theoretical results, state {7}, with a calculated excitation energy of
6.918 eV, is due to a transition from the 3a” orbital into a pure d-type Rydberg orbital (Figure
4). At slightly higher excitation energies, states {8}, {9}, {11} and {13} also contain
contributions due to transitions into d-type orbitals, together with valence contributions.
Although the predicted excitation energies of these 3d states are a little lower than those of the

absorption bands tentatively ascribed to the corresponding states in the experimental spectrum,

13
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the theoretical results provide support for the proposed assignments. The excitation energies
and proposed assignments of the vibrational structure associated with the Rydberg states

marked in Figure 6 are listed in Table 3.

At energies above 7.6 eV, an examination of the vibrational structure appearing in the
experimental spectrum suggests that the peaks at 7.681, 7.832 and 7.939 eV correspond to
adiabatic transitions into Rydberg states. The resulting quantum defects are 6 = 0.577, 0.330
and 0.118, respectively, if we assume that n = 4 in all these states. Our calculations predict that
state {18}, with an excitation energy of 7.593 eV, arises from the 3a” — 4p, A’ transition. Thus,
state {18} belongs to the same Rydberg series as state {3}, which we have associated with the
absorption bands observed between 6.2 and 6.9 eV (Figure 5(a)). Based on our theoretical
results, and the derived quantum defect, the peak at 7.681 eV is ascribed to the adiabatic
transition into the 4p; A’ Rydberg state. The NTO plot for state {16} (Figure 4) indicates that
it contains a contribution from excitation into a 4d orbital. Although the calculated transition
energy for state {16} (and other nearby predominantly 4d states) are somewhat lower than that
for the experimental peak at 7.939 eV, we nevertheless associate this peak with the adiabatic
transition into a 4d orbital. The quantum defect for this peak suggests that it could be then =4
member of the same Rydberg series in which the peak at 7.326 eV corresponds to the n = 3
member. The assignment of the peak at 7.832 eV is more perplexing. The quantum defect of
0.330 suggests that the Rydberg state could be either p-type or d-type. However, all of the
predicted states in the relevant energy range have a mixed Rydberg/valence character, so

assignments based on quantum defect considerations may be unreliable.

A group of peaks having an average spacing of ~105 meV appears in the absorption
spectrum between 9.2 and 9.8 eV (Figure 3(a)). This spacing is similar to the vibrational spacing
(~108 meV) observed in the low binding energy region of the second photoelectron band of
imidazole [13]. The term value of the structure observed in the absorption spectrum suggests
that if it is associated with a Rydberg state belonging to a series converging onto the A state

ionisation limit, then the principal quantum number of that state would be n = 5. The lower

14
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members (n = 3, 4) of that series would probably be difficult to discern as they would be
predicted to occur within the complex absorption band containing numerous Rydberg states

belonging to series converging onto the X 2A” ionisation limit.

4.3. Photoabsorption spectrum of 1-methylimidazole

In general, the UV absorption spectrum of 1-methylimidazole (Figure 3(b)) resembles that of
imidazole (Figure 3(a)) but with the corresponding features shifted to lower energy by ~0.18
eV. A similar shift to lower energy (~0.16 eV) is observed for the absorption bands due to
valence transitions in toluene [30] compared to those in benzene [31]. This shift is a
consequence of the electron-donating properties of the CHz substituent which tend to stabilise
the molecular orbitals, thereby leading to lower excitation energies. Thus, it appears reasonable
to anticipate that the structure observed in the absorption spectrum of 1-methylimidazole may
be interpreted in a manner similar to that described for imidazole. The effects of the substituent
on molecular excitation energies have been observed in many molecules [29,32]. In general,
the raising or the lowering of the excitation energy in the substituted molecule, in relation to
that in the unsubstituted molecule, depends upon the electron-withdrawing, or electron-

donating, properties, respectively, of the substituent.

The assignment of the vibrational progressions associated with the absorption bands due
to Rydberg states in 1-methylimidazole is hampered by the lack of a high-resolution
photoelectron spectrum of the (4a”)™ X 2A” state. Klasinc et al. [33] have recorded Hel excited
photoelectron spectra of imidazole and several methylimidazoles and state that vibrational
progressions involving the excitation of modes having energies of ~87, 130 and 175 meV can
be observed, at high resolution, in the X state photoelectron bands of these compounds. An
inspection of their published X state photoelectron band of 1-methylimdazole indicates that the
main vibrational excitation involves the mode with an energy of ~170 meV. Klasinc et al. [33]
quote a vertical ionisation energy of 8.69 eV which seems to correspond to the second peak in

the X state band.
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The threshold photoelectron spectrum of 1-methylimidazole recorded in the present

study is plotted in Figure 7, together with the vertical ionisation energies (Table 4) calculated
using the OVGF approach. In a conventional electron energy resolved photoelectron spectrum,
such as a Hel excited spectrum, the signal arises predominantly through direct ionisation. In
contrast, in a threshold photoelectron spectrum resonant autoionisation of neutral (mainly
Rydberg) states can affect both the band profile and the relative intensity. These differences are
apparent when comparing the present threshold photoelectron spectrum of 1-methylimidazole
with the conventional, energy resolved, spectrum recorded by Klasinc et al. [33], and are typical

of those observed in small polyatomic molecules [22,34,35].

The X state threshold photoelectron band exhibits a peak at 8.537 eV, attributed to the
adiabatic ionisation energy, a shoulder at 8.664 eV, followed by another peak at 8.706 eV. The
energy intervals between the shoulder and the peak due to the adiabatic transition, and between
the first and second peaks, are 127 and 169 meV, respectively. We attribute the vibrational
energy of 169 meV to the vo" mode, whose theoretically predicted energies in the neutral and
ionic ground states are 175 and 172 meV, respectively (Table S2, Supplementary Information).
The shoulder experimentally observed at 8.664 eV probably arises from excitation of the vis*
and vie" modes. In the ground ionic state, the theoretically predicted vibrational energies of
modes vis* and vis" are 131 and 122 meV, respectively. Below, we will use the complete listing
of calculated vibrational energies for the neutral ground and X ionic states of 1-methylimidazole
presented in Table S2 to help identify the vibrational structure associated with Rydberg states

in the absorption spectra and to assign the excited modes.

According to our theoretical results for the excited electronic states of 1-
methylimidazole (Table 2), the lowest lying state has a mixed valence (ocnH) and Rydberg (3s)
character, a transition energy of 5.664 eV and an oscillator strength of 0.0076. The threshold
region of the absolute photoabsorption cross section of 1-methylimidazole is shown in Figure

S1. A distinct onset is not evident in the experimental spectrum, with the absorption gradually
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increasing from ~5.2 eV. Two very broad peaks are discernible around 5.69 and 5.83 eV (Figure

3(b)).

Figure 8 shows the photoabsorption spectrum of 1-methylimidazole in the energy range
6.0 — 6.8 eV. Inserting our experimental value of 8.537 eV for the adiabatic ionisation energy
of 1-methylimidazole into Eq (2), results in a quantum defect of 6 = 0.626 for the absorption
band at 6.123 eV, assuming n = 3. A quantum defect of this value is typical of a p-type Rydberg

state.

Our calculations predict that transitions from the outermost 4a” orbital into the three
Rydberg 3p orbitals fall within the lower energy portion of this range (Table 2). In each case,
the excited orbital possesses a mixed Rydberg 3p and valence character. State {2}, with a
calculated transition energy of 5.978 eV and a large oscillator strength of 0.122, has a mixed
valence ©* and Rydberg 3p, character, as is evident in the plot of the NTO (Figure 9). State
{3}, having a less strongly mixed valence ocH and Rydberg 3pxy character (Figure 9), has a
smaller oscillator strength (0.0148) and a calculated transition energy of 6.212 eV. The
oscillator strength of state {4}, having a mixed valence ocH* and Rydberg 3pyx character, is

negligible (0.001).

Our simulation of the X A" state photoelectron band of 1-methylimidazole is plotted in
Figure 8 and broadly reproduces the main features occurring in the photoabsorption spectrum.
Nevertheless, some discrepancies between the simulated and experimental spectra are evident,
particularly around 6.2 eV. In view of these discrepancies, we offer two possible interpretations

for the structure observed between 6.1 and 6.5 eV.

The first interpretation assumes that transitions into a single Rydberg state {2}, due to
the 4a” — 3p; A’ excitation, dominate this region of the spectrum. The vibrational simulation
suggests that peak C (Figure 8), observed at 6.293 eV, should be assigned to excitation of the
vg mode. Such an assignment results in a measured vibrational energy for this mode of 170

meV, in comparison with our calculated harmonic energies (scaled by a factor 0.97 as in Figure
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4) of 175 and 172 meV, in the neutral and ionic ground states, respectively. Peak B (Figure 8),
located at 6.202 eV in the experimental spectrum, with an experimental vibrational energy of
79 meV, might be due to excitation of mode vig, whose scaled calculated energy in the ionic
ground state is 77 meV. Table 5 provides a summary of the assignments based upon this
interpretation. The drawback with this interpretation is that there is little evidence, between
peaks B and C in the experimental spectrum, of the peak predicted to arise from excitation of

the vi5 and vis modes.

An alternative interpretation for the structure appearing between 6.1 and 6.5 eV involves
transitions into two Rydberg states. The excitation energy for the 4a” — 3pxy A” transition is
predicted to lie ~0.2 eV above that due to the 4a” — 3p; A’ transition (Table 2). The involvement
of two Rydberg states ({2} and {3}) would allow the peak (B) at 6.202 eV to be attributed to
the adiabatic transition into state {3}, with the peak (D) observed at 6.368 being assigned to
excitation of the vg mode. Table 5 also provides a summary of the assignments assuming that
excitations into two Rydberg states give rise to the absorption bands. The advantage with the
two-state interpretation is that most of the vibrational structure can be assigned to excitations
involving the v mode, which our simulations indicate should be the most strongly excited
mode. A high-resolution photoelectron spectrum of the X state of 1-methylimidazole is required
to clarify the assignments proposed for the peaks observed in the absorption spectrum and to
investigate the peak predicted to arise from excitation of the vis* and vi6” modes in the simulated

X 2A" state photoelectron spectrum.

The photoelectron band associated with the 18a’ orbital is broad and structureless [33].
Thus, the transition from the 18a’ orbital that has been ascribed to state {5} might be expected
to result in a similarly structureless absorption band. The very broad feature appearing around

6.71 eV in the absorption spectrum might be associated with state {5}.

A prominent absorption band occurs in the experimental spectrum at 7.103 eV, followed

by a doublet with peaks at 7.190 and 7.223 eV. It appears reasonable to ascribe the band at
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7.103 eV as being due to the adiabatic transition into a Rydberg state. It also seems likely that
the peaks at 7.190 and 7.223 eV arise from adiabatic transitions into Rydberg states. The energy
intervals between these two peaks, and the peak at 7.103 eV, suggest that an alternative
assignment as excited vibrational levels of the proposed Rydberg state having an origin at 7.103

eV seems less likely. The quantum defect for the band at 7.103 eV is —0.080, assuming n = 3.

Our theoretical results (Table 2) predict that state {6} (Figure 9), with a calculated
transition energy of 6.690 eV and an oscillator strength of 0.0177, has a mixed valence * and
Rydberg 3d character, while state {7}, at 6.719 eV, has a pure Rydberg 3d character and
significantly lower oscillator strength. Thus, it appears reasonable to ascribe the band observed

at 7.103 eV to state {6}, whose Rydberg character is 3d.

States {8}, {9}, {10} and {14} all have a reasonably high calculated oscillator strength
and the NTO plots for these states (only state {8} is shown in Figure 9) suggest that each
possesses a pure Rydberg, or mixed valence/Rydberg character. It is difficult, nonetheless, to
associate specific absorption bands with these states. The bands in the experimental spectrum
are broad and do not appear to form regular Rydberg series, probably as a result of strong

Rydberg/valence mixing.

5. Summary

The UV excited photoabsorption spectra of imidazole and 1-methylimidazole have been
measured from threshold up to 10.8 eV. For each molecule, the spectrum exhibits several broad
bands due to transitions into excited valence states and some sharp structure associated with
Rydberg states. Assignments for some of the observed bands have been proposed using
calculated transition energies and oscillator strengths. The NTO plots indicate that many of the

electronically excited states have a mixed Rydberg/valence character.

Particular attention has been paid to the identification and assignment of absorption
bands due to transitions into Rydberg states. For an unperturbed Rydberg state, the vibrational

structure appearing in the photoelectron spectrum should be similar to that observed in the
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photoelectron band associated with the ionic state onto which the Rydberg series converges.
Moreover, the transition energies for unperturbed Rydberg states can be estimated using the
Rydberg formula (Eq (2)), and the derived quantum defect may act as a guide to the
identification of the excited state. Assignments based on quantum defect considerations become
less reliable for states having a mixed Rydberg/valence character as the mixing may lead to
transition energies shifted from those predicted by the Rydberg formula, and to irregular

intensity distributions.

The absorption spectrum of imidazole exhibits several groups of peaks whose
vibrational structure resembles that observed in the X 2A” state photoelectron band [13], thereby
indicating that each group of peaks should be associated with a Rydberg state. In general, such
assignments are supported by our calculated transition energies and oscillator strengths, and by
the Rydberg character evident in the NTO plot. This procedure has resulted in a particularly
satisfactory interpretation of the absorption bands observed in the energy range 6.2 — 6.9 eV,
which appear to arise predominantly from the 3a” — 3p; A’ transition. At higher energy, some
of the absorption bands have been assigned to transitions into 3d and 4p Rydberg states, based

upon quantum defect considerations and calculated transition energies.

Assignments for the absorption bands observed in the spectrum of 1-methylimidazole
have been hampered by the lack of a high-resolution photoelectron spectrum of the X 2A” state.
Our simulations of the vibrational structure associated with this ionic state appear consistent
with the reported experimental results [33] but a detailed comparison could not be made. The
absorption spectrum of 1-methylimidazole exhibits several peaks in the energy range 6.1 — 6.5
eV which probably arise from excitations into one, or perhaps two, Rydberg states. Although
our simulated vibrational spectrum reproduces some of the observed absorption structure,
discrepancies are also apparent. This suggests that the absorption bands might arise from
transitions into more than one Rydberg state. The confirmation of these proposed assignments

requires further experimental work.
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The NTO plots, in allowing the Rydberg/valence character of the excited states to be
assessed, have contributed significantly to the understanding of the absorption spectra. Many
of the excited states have a mixed character. The appearance of absorption bands typical of
those expected for transitions into Rydberg states seems to correlate satisfactorily with the NTO

plots indicating a substantial Rydberg contribution.
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Tables
Table 1

TD-DFT CAM-B3LYP/d-Aug-cc-pVTZ calculations of vertical excitation energies, oscillator

strengths, and spatial extents for singlet excited states of imidazole.

State Energy | Oscillator Excited State Spatial Natural Transition Orbitals
(eV) Strength Properties @
No. | Symmetry f A<R,>> Re De-h Initial Final ©
@u)® | A | A
20 | A 7.616 0.0009 7.9 2.2 2.8 15a’ >
19 | A 7.596 0.0009 185.0 10.7 | 10.8 3a” d
18 | A’ 7.593 0.0082 321.0 7.8 8.1 3a" 4p;
17 | A 7.438 0.0002 284.7 9.8 10.0 3a” d
16 | A’ 7.376 0.0014 114.9 6.4 6.6 3a" 4d [1*]
15 | A 7.348 0.0009 297.0 9.2 10.0 3a” 4px
14 | A’ 7.229 0.0031 118.8 6.4 6.6 3a” 4d
13 | A 7.189 0.0021 172.3 7.0 7.2 3a”" d
12 | A 7.147 0.0421 45.1 3.9 4.7 15a’ 4s [o ne*]
11 | A 7.142 0.0007 175.4 7.3 8.2 3a”" d/4s
10 | A7 7.052 0.0027 59.4 4.2 4.8 2a" s/(d) [onn*]
9 A" 6.982 0.0001 94.4 5.7 5.8 3a” d [onn*/ocH™]
8 A’ 6.962 0.0342 25.0 3.2 3.6 3a” d me-cn*
7 A" 6.918 0.0016 714 5.0 5.2 3a” d
6 A’ 6.745 0.0284 50.9 4.2 4.5 3a”" 3pz [men-c=n*]
5 A" 6.702 0.0039 3.6 1.9 2.5 15a’ Te-N-c=N*
4 A" 6.493 0.0005 70.8 4.9 5.2 3a" 3py [ocr™]
3 A’ 6.267 0.1415 31.6 3.5 3.8 3a” 3Pz Tccn®
2 A" 6.259 0.0241 65.7 4.4 4.9 3a” 3px [och™ lone™]
1 A" 5.515 0.0007 14 3.3 4.3 3a" 3s [onn™*]

®@These are: <R,?> - spatial extent of state (2" moment of the electron density); Re — electron size;
De.n — electron-hole separation. Both of the latter properties were obtained from the OPDM analysis.

®Relative to the ground state value of <R,2> = 284.7 a.u.

©Excited state character denoted, as appropriate, in terms of Rydberg and valence contributions.
Relatively weak contributions to the overall final state character are denoted by inclusion within

square brackets [].
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Table 2
TD-DFT CAM-B3LYP/d-Aug-cc-pVTZ calculations of vertical excitation energies, oscillator

strengths, and spatial extents for singlet excited states of 1-methylimidazole.

State Energy | Oscillator | Excited State Spatial Properties Natural Transition
(eV) Strength @ Orbitals
No. | Symmetry f A<R?> (a.u.) | Re (A) | Den (A) | Initial | Final ©
®)
15 A’ 7.190 0.0167 49.0 4.4 4.9 183" |s
14 [ A’ 7.116 0.0443 101.2 6.1 6.4 4a" p/d ? [[7*]]
13 | A 7.116 0.0001 207.5 8.0 8.4 4a” d/p ? [[ocH]]
12 A’ 7.064 0.0122 143.4 6.8 7.3 4a" d
11 A" 7.025 0.0017 151.1 7.1 7.4 4a" d
10 |A” 6.913 0.0049 65.0 4.6 5.3 3a” S [ochs]
9 A" 6.851 0.0068 104.0 5.9 6.3 4a" 3d
8 A’ 6.793 0.0191 86.0 54 5.6 4a" 4p, [1*]
7 A" 6.719 0.0023 67.9 4.9 5.3 4a" 3d
6 A’ 6.690 0.0177 22.3 3.2 3.6 4a" 3d *
5 A" 6.620 0.0024 4.6 2.3 2.9 18a" | 3p, n*
4 A" 6.409 0.0010 79.1 5.2 5.6 4a" 3pyx [ocH™]
3 A" 6.212 0.0148 70.3 5.0 5.3 4a" 3pxy [ocH]
2 A’ 5.978 0.1218 26.6 3.4 3.9 4a" 3p, m*
1 A" 5.664 0.0076 45.2 4.0 4.6 4a" 3s [ocH]

@These are: <R,2> - spatial extent of state (2" moment of the electron density); R. — electron size;
De.n — electron-hole separation. Both of the latter properties were obtained from the OPDM analysis.

®Relative to the ground state value of <R,2> = 490.4 a.u.
©Excited state character denoted, as appropriate, in terms of Rydberg and valence contributions.

Relatively weak contributions to the overall final state character are denoted by inclusion within
square brackets [].
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Table 3

Proposed assignments and excitation energies of structure observed in the photoabsorption

spectrum of imidazole

Proposed assignment

Excitation energy (eV)

Proposed assignment

Excitation energy (eV)

3a"—3p, A" 0° 6.258 3a"—3d 0° 7.416
141 6.371 142 7.523
12* 6.387 121 7.541
7t 6.427 7 7.581
7114 | 6.540 3a"—4p Q° 7.681
7'12% | 6.557 141 7.794
7? 6.593 121 7.811
7°14* | 6.709 7 7.85
3a"—3d 0° 7.326 3a"—>3d/M4p  Q° 7.832
141 7.438 12! 7.958
121 7.454 2 7.980
7t 7.498 3a"—4d Q° 7.939
14 8.053
121 8.067
7t 8.111
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Table 4
lonisation energies of 1-methylimidazole calculated using the Outer Valence Green’s

Function method.

Orbital lonisation energy (eV)
13a’ 17.702
la” 16.090
14a’ 15.584
15a’ 14.558
16a’ 14.385
17a’ 13.919
2a" 13.766
18a’ 10.072
3a" 9.712
4a" 8.602

-29-



Table 5

Proposed assignments and excitation energies of structure observed in the photoabsorption

spectrum of 1-methylimidazole. Assignments are given for transitions into one (3p; A") or,

alternatively, two (3p, A" and 3p,y A”) Rydberg states.

Peak Proposed assignment
Label | Excitation energy (eV) | One Rydberg state Two Rydberg states
A 6.123 4a"—>3p, A’ (° 4a"—>3p, A’ (°
B 6.202 4a"—3p, A’ 19* 4a"—3py A" (°
C 6.293 4a"—3p, A’ 9* 4a"—3p, A’ 9?
D 6.368 4a"—>3p, A’ 91191 4a"—>3py A" 9*
E 6.425 4a"—>3p, A’ 9115'+9'16' | 4a">3p, A’ 915! + 916!
F 6.465 4a"—>3p, A’ 9? 4a"—>3p;, A’ 9?
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Figures

Figure 1

The three outermost molecular orbitals of imidazole (iso-surface Hartree-Fock density plots). The top
left panel indicates the molecular orientation used for these plots and the atomic numbering. The

nitrogen, carbon, and hydrogen atoms are coded blue, grey, and white, respectively.
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Figure 2

The outer valence molecular orbitals of 1-methylimidazole (iso-surface Hartree-Fock density plots).
The top left panel indicates the molecular orientation used for these plots. The nitrogen, carbon, and

hydrogen atoms are coded blue, grey, and white, respectively
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Figure 3

The absolute photoabsorption cross section of imidazole (a), and 1-methylimidazole (b).
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Figure 4

Selected excited NTO iso-surface density plots for imidazole. Electron density concentrations in the
molecular core region are represented (when they exist) by a solid (opague) surface with an iso value
of ~0.05, typical of valence electron density. At longer range an outer (transparent) surface is drawn
with a smaller iso value of 0.005 to capture the diffuse Rydberg character. These plots may be compared
with the Rydberg/valence character noted in Table 1. For states {1} to {3}, the bounding box
dimensions are set at +14 a.u. along each edge, increasing to +16 a.u for {7},{8} & {12}, and + 18 a.u.
for {9}, {14} & {16}. Notice the relatively greater valence density for states {3} and {8}. State {14}
has an imperceptible core-region valence intensity, while state {16} has a clear =* valence contribution.
For both of these states ({14} and {16}), the 4d orbital’s radial node pattern is clearly evident in the
outer, transparent, iso-surface plot near the molecular interior. Similar Rydberg and valence structure

is seen in state {1} (3a"— 3s/[onn™]) and state {12} (158" — 4s/[onH*]).
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Figure 5

(2)The photoabsorption spectrum of imidazole in the photon energy range containing structure due to
the 3a” — 3p, A’ transition. (b)The X 2A” state photoelectron spectrum (PES) of imidazole recorded
using a photon energy of 24 eV, and a 300 K Franck-Condon (FC) simulated spectrum with the
calculated B3LYP/cc-pVTZ harmonic frequencies scaled by a factor of 0.97 (reproduced from Patanen

et al. [13]).
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Figure 6

The absolute photoabsorption cross section of imidazole. Absorption bands tentatively assigned to
transitions into the 3d, 4p or 4d Rydberg states are marked. The excitation energies of these transitions

are given in Table 3.
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Figure 7

The valence shell threshold photoelectron spectrum of 1-methylimidazole. The OVGF ionisation

energies (Table 4) are marked.
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Figure 8

The photoabsorption spectrum of 1-methylimidazole in the 6 eV region, and a 300 K Franck-Condon
simulation for the cation X* 2A” state photoelectron spectrum, aligned to the origin (peak A) of the
experimental absorption spectrum. The simulation uses B3LYP/cc-pVTZ harmonic analyses for the
ground state neutral and cation vibrational modes (Table S2) with frequencies scaled by a factor 0.97
to improve correspondence with the experimental VUV absorption peak positions. Only the most
intense transitions from the vibrationless ground state are shown as a stick spectrum, but all calculated
transitions, including hot bands, have been convoluted with a Gaussian function of 240 cm™ to generate

a more realistic profile (blue line).
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Figure 9

Examples of the excited NTO iso-surface density plots for 1-methylimidazole. A general explanation
of these plots follows that accompanying Figure 4. The opaque interior surfaces (revealing valence
structure) were constructed with iso-surface values of 0.04, and the transparent outer surfaces to
examine the diffuse Rydberg structure were drawn for iso values of 0.005. The bounding boxes have
edges that range +15 a.u. for states {1} and {2}, increased to +18 a.u. for the remainder shown here.
The visual impression may be compared with the excited state characterisation listed for 1-

methylimidazole in Table 2.
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