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ABSTRACT ARTICLE HISTORY

The valence shell electronically excited states of 1-phenylimidazole and 1-benzylimidazole have Received 7 February 2024
been studied by employing synchrotron radiation to measure the absolute photoabsorption cross- Accepted 6 May 2024
section of each molecule, from threshold up to an energy of 10.8 eV. Assignments have been KEYWORDS

proposed for some of the broad absorption bands using calculated transition energies and oscillator
strengths. Natural transition orbital plots have allowed the Rydberg and/or valence character of the
electronically excited states to be assessed. Some of the calculated transitions in 1-benzylimidazole
and 1-phenylimidazole have initial and final orbitals that are analogous to those of transitions in the
isolated constituent rings of imidazole and benzene. Other mixed Rydberg/valence transitions, espe-
cially those leading to some of the low energy electronically excited states in 1-phenylimidazole,
have an initial orbital located on the imidazole ring while valence character in the final orbital is
localised on the phenyl ring. Thus, photoexcitation results in charge transfer from the donor site
(imidazole) to the acceptor (the phenyl ring) in the nascent ion core of the Rydberg state. In both
1-benzylimidazole and 1-phenylimidazole the lowest energy excited state arises from a transition
analogous to the 1e1q — Tep, 1By, electric dipole-forbidden transition in benzene.

Photoabsorption spectra;
Rydberg states; charge
transfer processes; natural
transition orbitals; imidazoles
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1. Introduction excited state associated with a calculated transition. This

In a recent investigation [1], the valence shell electron- proved particularly useful in assigning electronic excited

ically excited states of imidazole (C3H4N;, Scheme 1)
were studied by measuring the absolute photoabsorp-
tion cross-section, and calculated transition energies and
oscillator strengths were used to assign the observed
structure. The broad bands appearing in the absorp-
tion spectrum were attributed to transitions into excited
valence states and the superimposed sharp structure was
associated with Rydberg states. An interesting aspect
of that work concerned the use of Natural Transition
Orbitals (NTOs) [2] to help confirm the character of the

states having a mixed Rydberg/valence character.

The same experimental and theoretical methods have
now been employed to study the valence shell electron-
ically excited states of 1-benzylimidazole (CijoHioNa,
Scheme 1) and 1-phenylimidazole (CoHgN3, Scheme 1).
Henceforth, 1-benzylimidazole and 1-phenylimidazole
will be referred to as bz-imid and ph-imid, respectively.
One of the aims of the present work on bz-imid and ph-
imid is to investigate the effect of the close proximity of
the two ring structures (benzene/phenyl and imidazole)

CONTACT |. Powis @ ivan.powis@nottingham.ac.uk @ School of Chemistry, The University of Nottingham, University Park, Nottingham NG7 2RD, UK
@ Supplemental data for this article can be accessed online at https://doi.org/10.1080/00268976.2024.2353878.

© 2024 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

Thisisan Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-nd/4.0/),
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in any
way. The terms on which this article has been published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.


http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/00268976.2024.2353878&domain=pdf&date_stamp=2024-06-12
mailto:ivan.powis@nottingham.ac.uk
https://doi.org/10.1080/00268976.2024.2353878
http://creativecommons.org/licenses/by-nc-nd/4.0/

2 (&) L.POWISETAL

1-phenylimidazole

ISy

imidazole

1-benzylimidazole

—

&

Scheme 1. Structures of title molecules and imidazole showing atom numbering.

on the electronic transitions. For example, do some of
the transitions in bz-imid or ph-imid have initial and
final orbitals that resemble those of an analogous transi-
tion in benzene or imidazole? Are the excitation energies
of such transitions, where the initial and final orbitals
are located on the same ring, shifted to higher or lower
energy compared to the excitation energy of the analo-
gous transition in the corresponding isolated molecule?
Alternatively, do some of the transitions in bz-imid or
ph-mid involve initial and/or final orbitals that are delo-
calised over the two constituents, that cannot therefore
be considered as simply associated to one of the isolated
molecule components? Our NTO plots, by providing a
simple visualisation of relevant orbitals, allow the nature
of the transition to be characterised. Thus, the locations
of the initial and final orbitals involved in a specific
transition can be determined.

As our results demonstrate, especially those for ph-
imid, a particularly interesting class of transition involves
an initial orbital located principally on the imidazole ring,
and a final orbital located primarily on the phenyl ring.
Thus, photoexcitation leads to charge transfer between
the two rings. Such intramolecular charge transfer pro-
cesses, which may occur in molecules sufficiently large to
contain two independent charge sites, are important in
many biological systems and in photosynthesis [3].

The valence shell photoabsorption spectra of bz-imid
and ph-imid, recorded in our study using synchrotron
radiation, exhibit several bands which resemble those
in the absorption spectra of benzene [4-7] (and refer-
ences therein) or imidazole [1]. An understanding of
the valence and Rydberg states in these two molecules
is therefore a prerequisite for an interpretation of the
absorption bands, and the associated excited states, in the

spectra of bz-imid and ph-imid. The low energy valence
excited states of benzene have been studied extensively
theoretically [8-12], and indeed have been used to per-
form benchmark calculations of vertical excitation ener-
gies and oscillator strengths using a variety of compu-
tational methods. However, theoretical predictions for
transitions into Rydberg states associated with series con-
verging onto the X ’Eq ionic state are very limited.
Therefore, the present theoretical studies were extended
to include the low energy valence and Rydberg states
in benzene. This effort proved worthwhile because it
allowed a detailed comparison to be made with the Ryd-
berg state excitation energies [13,14] determined with
resonantly-enhanced multi-photon-ionisation (REMPI)
techniques. For the valence and Rydberg states of imi-
dazole, we rely upon the experimental and theoretical
results reported by Holland et al. [1], and an earlier
examination of its ionisation energies [15].

Several computational approaches have been employed
to calculate vertical transition energies and properties
for the electronically excited states in bz-imid and ph-
imid, aiming to achieve a balanced representation of
valence and Rydberg states. This information, includ-
ing oscillator strengths, is used to determine possible
assignments for the observed absorption bands. Simple
visualisations of the principal NTO hole/electron pairs
for each transition [2] further assist in characterising the
Rydberg/valence character of the excited states.

More generally, study of the Rydberg-valence inter-
action in the excited states of small polyatomics, and
how any valence character can evolve along specific coor-
dinates, can help develop insight into a range of non-
adiabatic processes in Rydberg excited states of small to
medium sized polyatomic molecules [16].



2. Experimental apparatus and procedure

The absolute photoabsorption cross-sections of bz-imid
and ph-imid were measured using the same equipment
and procedure already described in relation to our work
on imidazole [1]. Briefly, a cell incorporating LiF win-
dows [17] was attached to a normal incidence monochro-
mator [18] at the Daresbury Laboratory synchrotron
radiation facility [19]. In the present experiment, a pho-
ton resolution of 0.1 nm FWHM (~5meV athv = 8¢eV)
was employed.

The photoabsorption cross-section was obtained
through application of the Beer-Lambert law:

I = Iy exp(—nol) (1)

where I is the intensity of the transmitted radiation after
passing through the gas column, Iy is the correspond-
ing incident intensity, » is the gas number density, ¢ is
the absorption cross-section and [ is the length of the
gas column. The absorption spectra of bz-imid and ph-
imid were recorded at a temperature of ~ 60° C, resulting
in a sample vapour pressure of 8-10 ubar. The entire
apparatus, comprising the cell, the sample and the bara-
tron used to measure the sample pressure, was enclosed
within an insulated box containing thermostatically con-
trolled heating. This arrangement circumvented ther-
mal transpiration effects [20]. The experimental uncer-
tainty associated with the determination of absolute pho-
toabsorption cross-sections using this cell is estimated
as ~5% [21]. The photon energy scale was calibrated
by recording high resolution spectra of a gas mixture
comprising bz-imid (ph-imid), nitrous oxide and nitric
oxide [21].

3. Computational details

All the calculations for benzene, ph-imid and bz-imid
presented in this paper were performed at molecu-
lar equilibrium geometries found from a MP2/Aug-
cc-pVTZ geometry optimisation. In the case of ben-
zene, the calculated geometry obtained at this level
(rcc = 1.394 A, rcy = 1.082 A) compares favourably
with the experimental geometry (rcc = 1.397 A reg =
1.084 A) [22].

Excitation energies and excited state properties,
including oscillator strengths, for the excited states of
these molecules were obtained from frozen core CCSD
coupled cluster calculations using the EOM formalism
[23], principally as implemented in Q-Chem 5.4 [24]. A
doubly augmented basis set, dAug-cc-pVTZ, was used
for the benzene calculations to ensure sufficient dif-
fuse functions for modelling the anticipated low-lying
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Rydberg states, but because of the N® basis size scal-
ing of the EOM-CCSD method this basis proved pro-
hibitively expensive for the larger substituted imidazoles
and consequently was reduced to the dAug-cc-pVDZ
basis in these calculations. Previous imidazole calcula-
tions [1] were also now extended to this same EOM-EE-
CCSD/dAug-cc-pVDZ level.

Subsequently, EOM-EE-CCSD(T) calculations were
performed, again using Q-Chem [24], for all four
molecules to obtain improved estimates of the verti-
cal excitation energies. This is accomplished by a non-
iterative perturbation treatment providing estimated cor-
rections for the contribution of triply excited determi-
nants in the coupled cluster treatment. In particular, we
chose to use the recommended fT variant perturbation
scheme for the excited states provided in Q-Chem [24]
which uses the Hartree-Fock orbital energy difference
for normalisation of the triples energy contribution. This
does not, however, provide a balanced treatment of any
additional correlation in the CCSD ground state refer-
ence and we omit any further ground state correction
beyond the CCSD model. This focus on the excited state
triples corrected energies may be justified since a primary
objective for spectroscopic assignment is to obtain all
excited state energies to comparable accuracy, and hence
achieve a reliable estimation of relative excitation energies
from the common ground state.

In what follows we will, for convenience, refer to these
two levels of calculation simply as CCSD and CCSD(T).

The dAug-cc-pVTZ basis was retained for benzene
but for the substituted imidazoles the N scaling of the
CCSD(T) treatment meant that even with the smaller
d-Aug-cc-pVDZ basis the computational requirements
exceeded the resources available. Hence, we adopted a
more compact hybrid basis set (which we designate cc-
pVDZ + R) consisting of un-augmented cc-pVDZ func-
tions on the atomic centres with a large set of diffuse
Rydberg-like functions placed at the molecular centre-
of-mass. For the latter, we used the prescription of Kauf-
mann et al. [25] to generate a set of s, p, d, and f Rydberg-
like functions ranging up to n = 51 (n = 43 for f). We
have previously benchmarked the performance of such
a hybrid cc-pVXZ+R basis against the corresponding
dAug-cc-pVXZ basis set in studies of fenchone [26] and
a-pinene [27] and find that for calculating the low-lying
Rydberg states (here 3p, 3s) the two basis sets yield nearly
identical results. In the present work a further com-
parison of the performance of dAug-cc-pVDZ and cc-
pVDZ+R EOM-CCSD calculations was made for these
substituted imidazoles (see for example Supplementary
Material, Table S1). This again reveals the equivalence
of results from these two basis choices, but with the lat-
ter achieving a > 25% reduction in the number of basis
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functions, with consequently significant computational
savings.

Prior to commencing with the EOM-CCSD calcu-
lations, a preliminary investigation of the excited state
landscape of ph-imid and bz-imid was made using more
economical time-dependent density functional (TD-
DFT) calculations. For these, the range-separated CAM-
B3LYP functional was selected with the dAug-cc-pVTZ
basis to help achieve the best estimation of Rydberg
excited states by this method.

For both TD-DFT and CCSD calculations the identi-
fication/characterisation of the excited states was aided
by visual examination of the NTOs [2]. These pro-
vide the simplest one-particle representation of an exci-
tation using unitary transformations of the canonical
HF orbitals to generate a single, or at least just a few,
hole/electron orbital pairs that carry the transition ampli-
tude. The leading hole/electron pair may thus be viewed
as, respectively, the initial and final orbital in a one-
electron promotion. Differences, A(R2>, between the
excited and ground state spatial extents (second moments
of the electron density) are further used to infer the
diffuseness (Rydberg/valence character) of the excited
state.

Vertical ionisation energies were estimated by Outer

Valence Green’s Function calculations (OVGF/cc-pVTZ).

These results are reported in Table S2, Supplementary
Material.

4, Results and discussion
4.1. Overview

The absolute photoabsorption cross-sections of bz-imid
and ph-imid (present work), imidazole [1] and benzene
[7], across the full energy range covered in this experi-
ment, (4.4-10.8 eV), are plotted in Figure 1. The sharp
structure observed in the absorption spectra of imida-
zole and much of that in benzene arises from transitions
into Rydberg states belonging to series converging onto
the relevant ionic ground state.

Figure 1 shows that the photoabsorption spectra of
bz-imid and ph-imid exhibit some features which resem-
ble those in the spectrum of benzene. For example,
the spectrum of each molecule contains a prominent
broad peak between 6.0 and 7.5 eV and another, much
weaker, feature close to threshold. Similarly, the spec-
tra of bz-imid, ph-imid and imidazole appear to contain
some bands in common. For example, the broad bands
around 5.3 eV in ph-imid and 6.0 eV in bz-imid seem
similar to the band around 6.5 eV in imidazole. These
spectroscopic similarities suggest that there may well be
somewhat analogous electronic structure associated with

LB L B L LR AL BEL L B AL LR
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Figure 1. The absolute photoabsorption cross-sections, o, of
benzene [7], imidazole [1], benzylimidazole (present work) and
phenylimidazole (present work).

these molecules. Plots of the highest occupied molecu-
lar orbitals of ph-imid and bz-imid are given in Figure 2
where similarities in the valence electronic structure of
these two molecules are immediately obvious, with a
majority of the outermost orbitals largely localised on
either the imidazole or phenyl rings. Moreover, these
localised orbitals are readily identified with the outer
occupied valence orbitals in the isolated molecular rings,
benzene and imidazole. (Plots of these latter orbitals are
provided for convenience in the Supplementary Material
as Figures S1 and S2, respectively.) The correspondence
between the outermost six orbitals of ph-imid and bz-
imid and those of either the benzene or imidazole con-
stituent rings is collected and listed in Table 1. It should
be noted, however, that the Cs-Ny = density in the imi-
dazole 3a” HOMO orbital shifts to the Cs—N; position in
the HOMOs of the substituted molecules (see Scheme 1
for numbering).

The ionisation energies (binding energies) of the outer
orbitals in ph-imid and bz-imid are only slightly shifted
compared to those of the corresponding orbitals in the
separated component ring molecules (Table S2). This
then underscores the likely parentage of the ph-imid and
bz-imid occupied valence orbitals in terms of the iso-
lated ring molecules, and our anticipation that transitions
from these substituted imidazoles may display character-
istics of the corresponding transitions in either benzene
or imidazole. It should, however, be noted that analo-
gous transitions to those that are symmetry forbidden in
the highly symmetric benzene molecule become allowed
in the absence of symmetry elements in the composite
molecules ph-imid and bz-imid.

In assigning some of the absorption bands in imida-
zole [1], use was made of excitation energies estimated
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Figure 2. The outermost occupied valence orbitals, starting
from the HOMO, of 1-benzylimidazole and 1-phenylimidazole,
obtained from HF/cc-pVTZ calculations. (Corresponding plots of
outer valence orbitals of benzene and imidazole may be found in
Supplementary Material Figures ST and S2.)

with experimentally derived quantum defects together
with the known ionisation energy. Such procedures work
well for isolated Rydberg states. However, our theo-
retical results for bz-imid and ph-imid indicate that
most of the electronically excited states possess a mixed
valence/Rydberg or Rydberg/Rydberg character. Hence,
the assignments proposed for the absorption bands in
bz-imid and ph-imid are based solely on our excited
state calculations. These calculated results for the excited
states of benzene, imidazole, ph-imid and bz-imid are
summarised in Tables 2-5, respectively. Alongside the
numerical results, a summary of the visual inspection
of the principal hole/electron NTO pairings for each
excitation is included in these tables. These are help-
ful in assessing the Rydberg, valence, or mixed Ryd-
berg/valence character of the excited state and are further
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discussed in the following sections. In the discussions
below we will denote specific states by their sequence
number, as it appears in the relevant table, preceded
by #.

4.2. Benzene

The photoabsorption spectrum of benzene, in the energy
range between threshold and the X E, state adiabatic
ionisation energy of 9.243 eV [28], has been studied
extensively [13,14]. A review of the early experimental
work has been given by Robin [29] and many of the spec-
tra are available in the MPI-Mainz UV/VIS Spectral Atlas
[30]. The ground state molecular orbital configuration of
benzene, in D¢, symmetry, is [28]

.. (Tazy)* (Bezg) *(lerg) *(1e2u) *(1bg)° 'Aig

Much attention has focussed on the valence 7 * states
due to the configurations

. (1azg)? (Bezg)* (leg)® (1e2u) ' (1b2g)° Bay, Biu, Eny
and ... (laZu)2(3eZg)4(lelg)3(leZu)O(leg)l E2g

In addition to these 71 — 7 * valence excited states,
transitions into Rydberg states may also occur. In the
energy range relevant to the present work, these Rydberg
states arise through excitation from the le;g; (HOMO)
orbital. Thus, the Rydberg state symmetries are as fol-
lows: s (Elg)§ Pz (Eu), Px Py (A1, A2us Eou)s dzz(Elg)a
dxz, dyz (Alg’ Azg, Ezg), dxz_yz, Xy (Blg’ Bzg, Elg)- For
single photon absorption, in the Dg}, point group, only
transitions into states of Ay, or Ej, symmetry are allowed
from an initial state of Ajg symmetry. However, structure
associated with electric-dipole forbidden electronic states
is observed in the single photon absorption spectrum of
benzene due to additional excitation of non-totally sym-
metric vibrational modes (see refs [10-12] for a detailed
discussion on this topic).

Our excited state calculations for benzene are
summarised in Table 2. This includes the classification of
the excited state character by a visual NTO analysis. States
#1 and #2 are characterised as pure 7 — z * valence exci-
tations, and this is strongly supported by the calculated
spatial extents which are barely increased from that of
the ground state (A <R?> ~0). Most other states are
identified as Rydberg states that show steadily increas-
ing A <R?> values, reflecting the increasingly diffuse
nature of the Rydberg orbital. However, the NTO analysis
ascribes a mixed Rydberg/valence character to states #6
and #8 and corroboration for this can be noted from their
reduced spatial extents compared to those of adjacent
pure Rydberg states.
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Table 1. Approximate correspondence between molecular orbitals in phenylimida-
zole or benzylimidazole, and those in benzene or imidazole.

Molecular orbital Orbital Number

Corresponding orbital in benzene or imidazole

Phenylimidazole

HOMO 38
HOMO-1 37
HOMO-2 36
HOMO-3 35
HOMO-4 34
HOMO-5 33
Benzylimidazole
HOMO 42
HOMO-1 4
HOMO-2 40
HOMO-3 39
HOMO-4 38
HOMO-5 37

Imidazole HOMO (3a") @

Benzene HOMO (1e1q) b (+ imidazole px orbitals)
Benzene HOMO (1e1q) b

Imidazole HOMO-1 (2a”) + Benzene px

Imidazole HOMO-2 (15a’)

Benzene HOMO-2 (3eyq)

Imidazole HOMO (3a”) 2
Benzene HOMO (1e1q) b
Benzene HOMO (1e;g) ®
Imidazole HOMO-1 (2a")
Imidazole HOMO-2 (15a’)
Benzene localised

#Note the imidazole 3a” = orbital density at the C; = Ny position shifts to the C5—N; position in the

substituted imidazole HOMOs.

bThe degenerate 1e1g HOMO pair in benzene is effectively split into doubly occupied HOMO-1 and
HOMO-2 orbitals in the lower symmetry environment found in these substituted imidazoles.

Table 2. Benzene EOM-CCSD/dAug-cc-pVTZ excited state calculations of vertical excitation energies, spatial extents, (RZ), and oscil-
lator strengths, f, for dipole allowed transitions from the ground state. Also included are improved EOM-CCSD(T) energies applying a

perturbative correction for triply excited determinants.

State Excitation Energy (eV) % double

Oscillator substitution NTO Transition
No. Symmetry Ccsb CCSD(T)? A (R?) (ag?)P Strength, f character, ()2 Character®
1 1Bag 7.75 7.47 104.6 6.4 T—>dyy, dy2_2
10 1B1g 7.74 7.46 101.6 6.4 n—)dxyl dxz_yz
9 2E4 g 7.62 7.34 62.5 6.2 T—d,
8 2E1y 7.49 7.12 37.6 0.3364 6.8 TP, T*
7 1Ay 7.25 6.96 80.9 6.8 T —>Px, Py
6 1E14 7.21 6.88 457 0.3625 6.6 T—pz, T
5 1Exy 7.16 6.87 75.8 6.5 T —> Px, Py
4 1Ay, 7.08 6.81 72.7 0.0618 6.1 T —>Px, Py
3 1E1q 6.55 6.26 49.1 6.5 T—3s
2 1By 6.48 6.08 4.0 59 ToT*
1 1B2, 5.19 4.70 1.8 10.0 T—on*

aDifference of the excited state spatial extent (second moment of the electron density) from that of the ground state calculated at the same theoretical level. Here,

a CCSD/dAug-cc-pVTZ calculation gives the ground state (R2, |} = 459.1 ap2.

byvertical excitation including non-iterative corrections for triply excited determinants in the excited states, but omitting any corresponding CCSD ground state

reference correction.

Obtained by visual inspection of the principal pair of hole/electron Natural Transition Orbitals (NTOs) for the transition (Refs [2]). The z axis (p, d,2) is the normal

to the molecular plane.

While preparing an initial theory-experiment com-
parison from Table 2, it was noted that several of the
key CCSD energies (states #1-#4, #6, #8) appeared ~ 0.3
eV too high. This discrepancy is at the upper end of
the expected error (more typically 0.1-0.2 eV) at this
level of computation for states that primarily result from
a single electron promotion. However, the norm of the
double excitation amplitudes, 7,2 (listed in Table 2) for
these CCSD excited states is around 6.5% (but rising to
10% for state #1). This degree of doubles character may
indicate that the truncation of the cluster operator at dou-
bly substituted determinants (as in CCSD) is too abrupt
to fully capture correlation energy effects in the excited
state. The description of these states can be most eco-
nomically improved by a perturbation treatment of the

triples excitations that is added to the CCSD results for
the excited states. Such improved excitation energies are
included in Table 2 and are henceforth used as the basis
for discussion.

A graphical comparison of the experimental absorp-
tion spectrum [7] and calculated oscillator strengths
using the CCSD(T) corrected excitation energies is pre-
sented in Figure 3. The experimental vacuum ultraviolet
(VUV) absorption spectrum is seen to be dominated
by an intense structured peak observed around 7 eV.
According to our CCSD(T)/dAug-cc-pVTZ theoretical
predictions (Table 2), this peak arises from contributions
associated with the three one-photon allowed 3p Ryd-
berg transitions: lejg — 3pxy 1Ay at 6.81 eV #4, leyg
— 3p,/n* 1E1y at 6.88 eV #6 and lejg — 3p,/7* 2Ey at
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Table 3. Imidazole excited state predictions. EOM—CCSD/dAug-cc-pVDZ calculations of vertical excitation energies, oscillator strengths
and size for singlet excited states.

State Natural Transition Orbitals
CCSD Energy Oscillator Spatial Extent 2 CCSD(T) Energy
No. Sym. (eV) Strength f A <R,2> (a0?) (ev)® Initial Final ¢
20 A 7.87 0.0183 188.7 7.66 3a” 4p,
19 A 7.82 0.0051 71.7 7.67 152’ locHl/pxyy
18 A" 7.79 0.0005 275.0 7.59 33" "Apyy’
17 A 7.75 0.0263 64.9 7.60 15a’ [o ch*/onn*1/px/y
16 A’ 7.69 0.0059 280.1 7.50 2a" Px/y
15 A 7.53 0.0106 108.4 7.30 33" [C=Cxld
14 A" 7.44 0.0000 216.2 7.24 3a” [o'nn]/ ‘Rydberg’
13 A 739 0.0083 1127 7.19 3a"-like d
12 A" 7.31 0.0031 99.3 7.10 3a” d
1 A" 7.15 0.0026 92.8 6.93 3a” d
10 A 7.1 0.1005 35.0 6.84 33" 4152’ [onn*]1s+7* 3p;
9 A 7.03 0.0024 356 6.79 15a’ slony™
8 A" 7.01 0.0007 59.2 6.78 3a” d
7 A" 6.92 0.0022 10.9 6.60 152’ T*
6 A" 6.89 0.0046 355 6.69 2a"” 3pz/oNk*
5 A 6.81 0.0047 27.2 6.46 7 (similar to HOMO) 3p/Tc—N—C=N"*
4 A" 6.58 0.0005 64.3 6.37 3a” 3py
3 A 6.40 0.1194 359 6.10 3a” 3pz/mc—c—N*
2 A’ 6.36 0.0271 61.7 6.15 3a” 3py/loch*/oNn*]
1 A" 5.60 0.0006 41.0 536 7 (similar to HOMO) 3s/lony*]

2Difference of the excited state spatial extent (second moment of the electron density) from that of the ground state calculated at the same theoretical level. Here,
a CCSD/dAug-cc-pVTZ calculation gives the ground state (RZ ) = 287.03 ag2.

bvertical excitation including non-iterative corrections for triply excited determinants in the excited states, but omitting any corresponding CCSD ground state
reference correction.

CExcited 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 []. Ambiguous or uncertain descriptions are enclosed between single quotes.

7.12 eV #8. These excitation energies are broadly in line
with previous calculations [8], although lying ~0.1 eV
to lower energy. There is, however, no clear consensus in
the literature on individual assignments to noted exper-
imental features [4,14] in this band, although Hiraya
and Shobatake [6] assign a feature at 6.87 eV in their
jet cooled spectrum to an E;, state origin. While they
list this as the 2E;, state, this numbering relies on very
tentative attribution of nearby lower energy structure to
the (1Ej, + 1Byy) transitions; these calculations suggest
it should be assigned as the 1E;, transition. (It may be
noted that, as the triples CCSD(T) correction is non-
variational, the energetics are not constrained to be an
upper estimate.)

The influence of Jahn-Teller effects on the vibronic
structure in these 3p Rydberg states in benzene has been
investigated previously [31].

The absorption bands associated with the nominally
one-photon forbidden 1B, and 1By, states, arising from
the lejg — leyy valence transition, are mentioned only
briefly. Our vertical excitation energies of 4.70 and 6.08
eV for the 1By, #1 and 1B;, #2 states, are in reason-
able agreement the experimental values of 4.9 and 6.2 eV
[6]. The vibronic structure associated with these states
has been discussed previously [11,12]. Above these two
valence transitions we anticipate the first Rydberg state,
#3, arising from the lejg — 3s 1Ejg transition, with a
calculated excitation energy of 6.26 eV (Table 2). An

adiabatic 3s excitation energy of 6.334 eV was measured
by Johnson in a (2 + 1) REMPI study [26].

Turning attention to the remaining Rydberg states
predicted in Table 2, the lowest energy d-type Rydberg
state excitation is the lejg — 3d,2 2Ejg #9 transition,
with a calculated vertical excitation energy of 7.34 eV.
The origin of this state has been observed at 7.535 eV
in a REMPI study [28] and at 7.435 eV in an electron
impact investigation [9]. Our calculated vertical excita-
tion energies for the le;g — dxz_yz, dyy 1B1g and 1By,
transitionsare 7.46 eV #10 and 7.47 eV #11. An excitation
energy of 7.449 eV has been estimated for the 1B14/1B2g
states [30].

Overall, our theoretical predictions provide a satisfac-
tory description of the valence shell electronically excited
states of benzene up to an energy of ~8 eV and allow
an interpretation of the major features appearing in the
photoabsorption spectrum (Figure 3).

4.3. Imidazole

The valence shell photoabsorption spectrum of imida-
zole has been studied recently by Holland et al. [1]. For
the current work, the previous theoretical calculations
for imidazole excited states have been complemented
by a new EOM-CCSD(T) calculation to provide consis-
tent levels of treatment for the excited states in all four
molecules to be discussed (benzene, imidazole, phenyl-



8 . POWIS ET AL,

Table 4. Phenylimidazole excited state energy calculations, including oscillator strengths, f, and relative spatial extents, A (R?).

TD-DFT(CAM-B3LYP)/dAug-cc-pVTZ

EOM-CCSD/cc-pVDZ+R

CCsD(T) © Initial CCSD NTO Pair Analysis ©
E(eV) f A(R%) (a2)?  E(eV) f A(R?) (a?)  (r)? E(eV) Orbital ¢ Initial Final
25 725  0.0279 180.4 6.8 6.99 H, (H-2) H(Im ) old
24 723 0.0570 1724 7.2 6.98 H-2 Im 7 [Bzx] old
23 723 0.0595 101.9 7.2 6.96 H-1 Imz Bzx old
22 715 0.1431 137.7 74 6.85 H H(Im ) ol'd
21 7.08  0.2669 84.8 7.7 6.73 H, H-2 Imz (Bzx) Olz:'d
20 706  0.0226 122.0 75 6.74 H H(Im ) [l z]: ®I'd’
19 705  0.0279 131.7 74 6.76 H, H-1 Im 7 (Bzx) old
18 6.96  0.0394 83.4 7.3 6.64 H H(Imz) Bzz*: ®ld
17 692  0.1615 383 84 6.52 H-1,H-2 Bzw Imx Bzz*: ®dld
16 690  0.1200 62.0 74 6.58 H,H-1,H2  BzzxIm=x old
15 678  0.0453 56.9 6.85  0.0245 68.9 7.3 6.55 H-1 Bzw Imx Imz Bzz:p
14 677  0.1671 56.8 674  0.0060 81.3 7.0 6.47 H, H-1 Bzw Imm ®lp
13 674  0.1989 36.9 6.74  0.0071 64.7 7.2 6.47 H-1,H-2 Bzleigw Bzs
12 663  0.0027 86.4 670  0.0046 61.5 74 6.42 H-1,H-2 Imz Bzx Im 7 *:Bzs/p
11 654  0.2963 148 6.66  0.0105 435 7.7 6.32 H,H-1,H2 ImzBzzx Imx (Bzx): ®I'd’
10 645  0.1415 453 660 00114 83.4 74 6.31 H, [H-1] H(Imz) ®lp
9 6.42 0.2 195 6.56  0.0017 —8.2 9.7 6.14 H-4, [H-3] ImH-2 ¢ Im pz
8 629  0.0258 425 645  0.0293 46.9 8.0 6.08 H H(Im ) Bzz*: ®lp;
7 6.26  0.0015 21.1 638  0.0252 26.1 9.0 5.93 H H(Imz) Bzz*: ®lp;
6 622 00164 14.9 628  0.0007 385 8.0 5.91 H H(Im ) Bz*: ®lp;
5 591  0.0034 385 6.17  0.0063 58.9 7.0 5.91 H-1, (H) Bzx [Imx] Bzs
4 582 00108 8.7 6.13  0.1161 73 8.2 5.69 H-1, (H) Imz [Bzx] Dlr*
3 570  0.1009 2.1 582  0.0109 449 6.8 5.54 H H(Im ) Dls
2 531  0.1489 0.9 568  0.1864 0.7 8.8 5.21 H Im 7 [Bzx] Olr*
1 513 0.0039 —03 497  0.0012 -1 10.5 451 H-1,H-2 Bzlegw Bzz*

aDifference of the 2nd moment of the electronic state density, (R?), from that of the ground state, (Rgnq?), calculated at the same theoretical level: for CAM-B3LYP

(Rana®) = 1826.0 ag%; for CCSD (Rgng?) = 1836.6 ag?.
bThe % degree of doubles substitution in the CCSD wavefunction.

Vertical excitation with EOM—-CCSD(fT) corrected energy for the excited state, but omitting any corresponding ground state correction.

dInitial ph-imid canonical orbital in the leading transition amplitude to the excited state.

€Condensed descriptions of the principal NTO pair. Bz, Im indicate a localisation (centering) of valence (Rydberg) orbitals at a specific ring; alternatively, @l is used
to denote NTO orbitals that are either centred midway between the two ring structures or delocalised over the whole molecule. For those NTO orbitals judged
to be analogous to a canonical orbital of phenyl-imidazole H, H-1 are used to indicate a HOMO, HOMO-1 etc. Parentheses () are used to show an approximate
equivalence while [] are used to indicate a significant minor contribution to the transition amplitude. Ambiguous or uncertain descriptions are enclosed within

single quotes.

and benzyl-imidazole). The EOM/CCSD(T) results up
to state #20 are presented here in Table 3, and may be
directly compared with our earlier TD-DFT imidazole
results which may be found in Table 1 of Ref. [1].

To facilitate discussion on the electronically excited
states in ph-imid (section 4.4) and bz-imid (section 4.5),
the absorption spectrum of imidazole, up to an energy
of 9.0eV, is plotted in Figure 4. For comparison, the
CCSD(T) excitation energies from Table 3 are added
into the plot as a stick spectrum. As for benzene, an
explicit correction for the ground state’s triply excited
determinants is omitted from these numerical results,
and instead they are plotted with an empirically deter-
mined constant -0.125 eV offset to allow best comparison
of the relative separation energies of the states. Addi-
tionally, it was now possible to extend the CCSD(T)
results to more highly excited states, spanning energies
up to 8.5 eV. An overview of these additional EOM-
CCSD(T) calculations is provided by their inclusion in
the stick spectrum in Figure 4, and the extended numer-
ical results may be found in Table S3, Supplementary
Material.

While these new EOM-CCSD results reveal some defi-
ciencies in the more economical TD-DFT calculation,
the previous assignment did not rely only on these cal-
culations. For transitions into Rydberg states, the vibra-
tional structure appearing in the photoabsorption spec-
trum was compared to that observed in the X 2A” state
photoelectron band [15] and Rydberg structure was iden-
tified using excitation energies estimated using quantum
defect analyses. In general, the assignments for the imi-
dazole spectrum proposed by Holland et al. [1] are not
substantially affected by the availability of these new
calculations.

4.4. Phenylimidazole

Two sets of theoretical calculations, by TD-DFT and cou-
pled cluster methods, are shown in Table 4. A quick
way to obtain an overview of these theoretical predic-
tions is to plot them as spectral simulations, by folding
the stick spectra (energy vs. oscillator strength) with a
Gaussian broadening function to generate a realistic pro-
file for comparison with experiment. These are shown in
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Table 5. Benzylimidazole excited state energy calculations, including oscillator strengths, f, and relative spatial extents, A (R?).

TD-DFT(CAM-B3LYP)/dAug-cc-pVTZ

EOM-CCSD/cc-pVDZ+R

CCSD NTO Pair Analysis f

A(R%) A(R%) ccsp(m) @ Initial
E(eV) f (ag?)? E(eV) f (ag?)P (rp)% E(eV) Orbital € Initial Final
20 7.08 0.0542 89.6 7.2 6.819 H, H-1, H-2 Bl Bzz*:'d’
19 706 0.0177 114.5 7.0 6.78 H H(mz) d
18 705 0.0578 91.1 7.0 6.79 H, H-2 Bl = d:[Bz 7 *]
17 700 0.0875 782 6.9 6.72 H, (H-1), H-2 Bl Bz 7 *:Bld [p]
16 6.98 0.0246 68.2 74 6.69 H, H-1 Bl Bz p:‘d’
15 6.83 04637 84 6.97 0.0154 80.9 6.8 6.72 H,H-1 Blz (Bzz +Im3a” ) Bld[Imz]
14 682 0.1087 39.0 6.93 0.0023 744 7.5 6.66 H,H-1,H-3 H+H-1(Bzz +Im ) Blp, ‘d’
13 674 0.0746 35.1 6.89 0.0604 64.0 7.5 6.56 H H(Im ) Im pz*:‘p’
12 669 0.1148 25.0 6.87 0.0081 7.7 8.9 6.53 H-4 Im 152’ ¢ Im pr*
11 661 0.0429 394 6.83 0.0364 60.9 7.6 6.51 H,H-1 H-1Bzz)+Im3a" 7 Bzley n*:p/d
10 659 00113 -17.9 6.75 0.0088 57.7 74 6.45 H H(Im ) Bl‘d:Bzz*
9 654 0.0045 49.1 6.64  0.005 45.0 7.9 6.33 H, (H-3) H(Im ) ‘d": [Bl prr*]
8 645 00111 36.7 6.56 0.0032 453 7.5 6.27 H-2, (H) H-2(Bzz) [Imz ] Bz 3s: Bl ‘d’
7 639 0.0064 417 6.51 0.0251 416 6.5 6.21 H-1,H-2,(H) H-+H-1(Bzr +Imz) Bzley m*:Bz'p’
6 623 0.1092 —55 6.47  0.0007 36.0 6.8 6.16 H,H-1,H-2 H+4H-1(Bzz +Imz) Bzley z*:Bl'p’
5 614 00369 —-15 636  0.0006 57.2 6.8 6.12 H-1, (H) Bzlegx Bz3s
4 605 00334 0.2 6.25 0.0254 423 7.0 5.96 H H(Imz [Bzx]) Bl'p’
3 593 0.0071 —53 6.17 0.0374 437 7.0 5.88 H H(Im ) Im 3p
2 580 0.0231 173 581 0.0132 48.1 6.6 5.55 H H(Im ) Im 3s
1 536 0.0025 -16.9 5.17  0.0007 0.2 10.3 475 H-1,H-2 Bzleign Bzley 7*

aDifference of the spatial extent (second moment of the electron density) from that of the ground state obtained from a B3LYP/dAug-cc-pVTZ calculation, (Ran

2260.2 ag?.

)=

bDifference of the spatial extent from that of the CCSD/cc-pVDZ + R ground state calculated (Rénd) = 22442 ap?.

“The % degree of doubles substitution in the CCSD wavefunction.

dVertical excitation with EOM-CCSD(fT) corrected energy for the excited state, but omitting any corresponding ground state correction.
€lnitial ph-imid canonical orbital in the leading transition amplitude to the excited state.
fCondensed descriptions of the principal NTO pair as explained for Table 3. Here Bl is used to denote NTO orbitals that are either centred midway between the two

ring structures or delocalised over the whole molecule.

9We were unable, for technical reasons, to calculate a Triples correction in this case, and so this value was estimated from the observed correlation between (r2)2

and the correction terms calculated for the other states.
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Figure 3. CCSD/dAug-cc-pVTZ predictions for electronic transi-
tions of benzene and the experimental single-photon absolute
absorption cross-sections, o, from [7]. The calculated excited
states are numbered as specified in Table 2 and are shown for both
single-photon allowed (oscillator strength f > 0) and for single-
photon forbidden (f = 0) transitions. The state excitation ener-
gies are from the CCSD(T) calculation incorporating non-iterative
triples corrections and are plotted with an additional +0.03 eV
energy offset to best align with experiment.

Figure 5 together with the experimental absorption spec-
trum. The TD-DFT simulation reproduces the experi-
ment seemingly well, including perhaps the very weak

T T T T T T T
70 ) Jo.25
Imidazole
601 Expt. Jo20
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Figure 4. The single-photon absorption spectrum of imidazole
showing the absolute absorption cross-section, o (data taken
from Ref. [1]). This is compared with the theoretically predicted
vertical electronic transitions with oscillator strengths obtained by
EOM-CCSD/dAug-cc-pVDZ calculations, with excitation energies
obtained at the CCSD(T) level (Table 3). These values have been
plotted with a -0.125 eV offset to best align with experiment.

inflection at 5.7 eV. Note that because the calculation
of states is truncated at ~ 7 eV the folded simulation is
expected to fall too rapidly to high energy of the main
absorption band.
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Phenylimidazole
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Figure 5. Experimental absolute photoabsorption cross-section,
o, of phenylimidazole. The theoretical simulations of the spec-
trum are prepared by folding the calculated stick spectrum
(energy vs. oscillator strength, f) with a Gaussian broadening
function, here arbitrarily chosen as 450 meV FWHM in order to
achieve a realistic profile for the comparison. The top panel shows
the CAM-B3LYP/dAug-cc-pVTZ calculations while the lower panel
contains the CCSD(T)/cc-pVDZ+R results. The individual CCSD cal-
culated transitions have been colour coded to indicate a broad
classification as either Rydberg, valence, or mixed excitations by
inspection of the NTO results (Table 4). For clarity only the more
intense predicted transitions are numbered in the plots.

When following the same procedure for the CCSD
simulation it became apparent that the generated spec-
tral profile sat around 0.4 eV too high in energy. This is
analogous to the situation encountered with the CCSD
results for benzene, discussed in section 4.2. The per-
centage of double substituted character in the ph-imid
CCSD wavefunction is included in Table 4 and can be
seen to range from ~7 to 10.5%. As was done with
benzene, the excitation energies were recalculated at
the CCSD(T) level, including a perturbation treatment
for triple excitations in the excited states in an effort
to better capture electron correlation effects, and these
are used for the energies in the coupled cluster stick
spectrum and simulation in Figure 5. (The correlation

between the triples energy correction and the norm of
the double substitution amplitudes in the CCSD cal-
culation is examined in the Supplementary Material,
Figure S3).

Despite the TD-DFT and CCSD(T) simulations gen-
erating profiles matching the experimental spectrum
equally well, there are clear discrepancies at the level of
the stick spectra. The two prominent transitions seen
below 6 eV (Figure 5) that define the relative absorption
intensity predicted below the principal 6.7 eV peak are
in good agreement; the different numbering of the 5.7
eV excitation is rather trivially explained by the energetic
ordering of states #3, #4, #5 in the TD-DFT calculation;
state #5 evidently corresponds to state #3 in the CCSD
results, most clearly seen by comparing the A(R?) val-
ues (Table 4) in this region. Hence, the TD-DFT state #3
corresponds to CCSD state #4 etc.

Underneath the main experimental peak at 6.7 eV the
situation is much more complex. While the pattern of
the most intense quartet of coupled cluster peak predic-
tions — #17 #16 #21 #22 — is echoed in the TDDFT
spectrum — #9 #10 #11 #13/14 — the numbering dis-
crepancy suggests there are missing states in the TD-DFT
calculation. The ionisation energies of the five outermost
orbitals in ph-imid span an energy range of less than 2
eV (Table S2) so Rydberg states belonging to series con-
verging onto these limits would be expected to overlap
significantly. It is also apparent that resultant congestion
in the experimental spectrum precludes resolving dis-
crepancies between the calculations by a more direct
theory-experiment comparison.

TD-DFT has well-documented shortcomings when
calculating charge transfer and Rydberg states, although
we have tried to ameliorate these by using the CAM-
B3LYP range separated hybrid functional [32]. Never-
theless, the ph-imid excited states include both Ryd-
berg and valence charge-transfer character, and so is
a priori a challenge for TD-DFT. Of perhaps greater
concern, while TD-DFT inherently includes differential
correlation effects through the correlation functional, it
is a single reference method restricted to description of
single-excitations. Since the CCSD results indicate a sig-
nificant role for double excited determinants in ph-imid,
the reliability of TD-DFT is clearly in question. It may
be noted (Table 4) that the excitation energy for state
#1, a m — x* transition, is given as 5.13 eV by TD-
DFT, but 4.97 eV in the CCSD calculation (with an indi-
cated 10.5% doubles character) and falls further to 4.51
eV with the CCSD(T) perturbation treatment of triply
excited determinants. The following discussion is there-
fore framed in terms of the CCSD results (together with
the CCSD(T) corrected excitation energies) in Table 4,
as these are likely to be the more reliable for detail,
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Figure 6. Phenylimidazole NTO plots for the excited states #6—#8.
The top left panel shows the initial NTO for these transitions. These
initial orbital plots are indistinguishable for the three transitions
considered. The remaining panels are three-dimensional plots for
the labelled excited states. These reveal the inner orbital pz struc-
ture on the phenyl ring which is rendered as an opaque iso-surface
(value 0.035). In these plots, the more diffuse Rydberg p charac-
ter appears as a transparent iso-surface (value 0.005). Note the
imidazole — phenyl ring shift of the valence electron density.

despite the apparently successful replication by the TD-
DFT calculations of the overall experimental spectrum
profile.

Considering then the characterisation of the ph-imid
excited states, a first notable feature is the relatively small
increase (even decrease), in the size of the excited states
#1, #2, #4, and #9 compared to that of the ground state
(indicated by the A (R?) < 7 a.u. predictions in Table 4).
One may immediately infer these states to be valence
excitations. Conversely, the remaining states predicted to
have larger A (R?) must correspond to excitations having
a significant Rydberg character. From the NTO analy-
sis, states #3, #5 and #13 can be classed as 3s Rydberg
states (albeit having different molecular ion cores); states
#10 and #14 are p-type Rydbergs. The A (R?) values for
these essentially pure Rydberg states increase steadily
from 45 to 83 a.u. Falling energetically between these s
and p Rydberg states are the mixed Rydberg valence states
#6—#8 and these have correspondingly reduced A (R?)
values, that fall between the pure s and p Rydberg val-
ues. Figure 6 shows the excited NTO plots of the mixed
states #6—#8, and Figure 7 plots the orbital density of the
mixed Rydberg-valence state #18 and pure Rydberg state
#22. Other example ph-imid NTO plots may be found in
the Supplementary Material.

We now return to a comparison of the more sig-
nificant of these theoretically predicted states with the
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Figure 7. Phenylimidazole NTO plots for the excited states #18
and #22. The upper panels display a transparent isosurface (value
0.005) revealing the diffuse Rydberg d character of these states.
The #18 plot includes an inner, opaque surface (value 0.04) that
reveals its valence pz structure around the phenyl ring. Contour
plots of the electron density are provided in the lower panels. For
state #18 the contour plot has been constructed in a plane mid-
way along, and normal to, the C-C bond connecting the phenyl
and imidazole rings - that is approximately the central horizontal
plane, above the phenyl ring, in the upper 3-dimensional ren-
dered plot. The plane of the #22 contour plot contains the C-
C bond interconnecting the two ring systems and lies midway
between planes that are normal to the phenyl- and to the imida-
zole rings. In both cases, the plot region extends £22 ap along
each axis.

experimental spectrum (Figure 5). The state #1 transi-
tion, with a predicted CCSD(T) excitation energy of 4.51
eV, is firmly localised on the phenyl ring and is clearly
analogous to the lowest energy le;g — leyy 1By transi-
tion in benzene (experimental value of 4.9 eV [6]). In Dgp
benzene this transition only becomes allowed by vibronic
interaction, and while in the non-symmetrical ph-imid
the electronic transition is no longer symmetry forbidden
it has a very low predicted oscillator strength. Conse-
quently, it is no surprise that the calculated transition falls
in the very weak pedestal at the onset of the experimental
spectrum.

The second calculated excitation of state #2 is a
transition to a pure valence pzr NTO extending across
the whole ph-imid molecule. It coincides with the first
weaker band, peak ~5.25 eV, in the experimental spec-
trum. Perhaps because of the valence character, it has a
large oscillator strength, whereas the next state #3, an
excitation from the same imidazole localised = orbital
but now to a pure 3s Rydberg state is predicted to be an
order of magnitude weaker transition and cannot be dis-
cerned in the experimental spectrum. In imidazole the



12 (&) LPOWISETAL.

first excitation is of the 3s Rydberg falling at the weak
absorption onset around 5.5 eV.

State #4 is another pure valence state, this time the
result of a transition from an imidazole 7 orbital that is
now partially delocalised to include density around the
phenyl ring, into a ph-imid wide pz structured orbital. Its
predicted CCSD(T) energy of 5.69 eV seems to coincide
with a weak inflection that appears in the experimental
spectrum (Figure 5) below 6 eV. State #5 is a second 3s
Rydberg excitation (albeit with a different molecular ion
core) but again is expected to be too weak to significantly
influence the appearance of the experimental spectrum.

The mixed Rydberg-valence states #6, #7, #8 (shown
in Figure 6) have in common a transition from an imi-
dazole ring localised = orbital to one of the triple 3p
Rydberg orbitals, analogous to the 3a” excitations #2,
#3, #4 in imidazole (Table 3). In both molecules these
have also mixed valence character and calculated energies
5.91-6.08 eV (ph-imid) and 6.15-6.37 eV (imidazole). In
the imidazole spectrum (Figure 4) two of these states are
particularly intense and hence prominent; in the ph-imid
spectrum (Figure 5) the transitions #7 and #8, though
less prominent, may nevertheless importantly contribute
intensity in the valley between the two principal bands.

A particularly interesting feature of the ph-imid states
#6-#8 (Figure 6) is that the non-Rydberg part of the
excitation to a phenyl ring localised pz orbital, can be
considered a 7 -7 charge transfer process from an imi-
dazole ring donor to a phenyl ring acceptor within the
molecular jon core.

The remaining excitations listed in Table 4 fall under
the broad peak centred at 6.6 eV, with states #16, #17,
#21 and #22 being particularly prominent. The calculated
CCSD(T) excitation energies of #16 and #17, respec-
tively 6.58 and 6.52 eV, suggest that these two states
may be associated with the shoulder evident at ~ 6.5 eV
in the experimental spectrum (Figure 5), to low energy
of the peak maximum. Both are characterised by the
NTO analysis as excitations from a pz orbital structure
extending over the full molecule to d-type Rydbergs, but
while #16 is a pure Rydberg state, state #17 displays a
mixed Rydberg-valence (phenyl ring pz orbital) char-
acter resembling the benzene le;, virtual orbital. Hence
the valence part of this latter transition is loosely anal-
ogous to the one-photon allowed le;g — leyy Ey #6
transition in benzene (Table 2). Both are predicted as
relatively strong transitions contributing intensity to the
main experimental features in the respective absorption
spectra.

The next transition, to state #18, is predicted to lie
directly beneath the large peak in the absorption spec-
trum but because of a weaker oscillator strength plays
a less prominent role in the simulation (Figure 5) than

the immediately preceding states. Like #17, the excited
state is predicted to have mixed Rydberg-valence char-
acter (see Figure 7), the latter arising as another phenyl
pz structure, but unlike #17 the initial NTO ‘hole’ is
localised on the imidazole ring and resembles the imi-
dazole 3a” HOMO. Hence, like states #6-#8, the valence
contribution to the state #18 transition can be viewed as
a m-m charge transfer process from an imidazole ring
donor to a phenyl ring acceptor.

The strongest transition in the region being investi-
gated is #21, whose calculated excitation energy of 6.73
eV is close to the experimental peak maximum 6.65
eV. From the simulation (Figure 5) it is clear that this
transition significantly influences the appearance of the
absorption peak. The transition to #21 is evidently com-
plex and cannot be captured by just a single NTO transi-
tion pair. Nevertheless, a reasonable description appears
to have a transition from an initial pz structured orbital
on both the imidazole and, to a lesser extent, the phenyl
rings leading to a mixed state with pz valence char-
acter distributed over the full ph-imid molecule plus a
more diffuse character that only approximately resem-
bles a hydrogenic d orbital. These characteristics suggest
a unique ph-imid transition, with no close analogy in
either benzene or imidazole.

The last intense transition is that of #22. Its predicted
excitation energy of 6.85 eV closely aligns with the ~ 6.9
eV shoulder on the side of the absorption spectrum
(Figure 5), inviting an assignment of this experimental
feature. From our calculation the transition #22 arises
from the ph-imid HOMO, resembling the imidazole 3a”
HOMO, to a pure d Rydberg (see Figure 7). The anal-
ogous 3a” — d Rydberg transition in imidazole (#8)
has a CCSD(T) calculated excitation energy of 6.78 eV
(Table 3)

4.5. Benzylimidazole

Our calculated results for bz-imid are presented in
Table 5, and as in the preceding discussion of ph-imid,
simulated spectra have been prepared by generating stick
spectra (energy vs. oscillator strength, f) which are then
folded with a broadening function. These simulations
are compared with experiment in Figure 8. While the
profiles of the TD-DFT and coupled-cluster calculations
appear equally good in comparison with experiment, at
the level of individual transitions there are clear dis-
crepancies between the methods with potentially missing
states in the TD-DFT results. A priori, the coupled cluster
approach can be preferred as the likely more reliable. In
the coupled-cluster CCSD calculations the norm of the
amplitude vectors for double substitutions again ranges
between 6.5% and 10.3%, signalling a need to improve
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Figure 8. Theoretically predicted electronically excited states of
1-benzylimidazole (Table 5) and the absolute photoabsorption
cross-section, o, measured in the present study. Excited state
numbering, transition energies, oscillator strengths, f, and assign-
ments are given in Table 5. Other details as for Figure 5.

upon the CCSD calculated energies by adding a perturba-
tion correction term for triple substitutions in the excited
states. As with the ph-imid results, this also suggests a
reason for some apparent deficiencies in the TD-DFT
results. The corrected CCSD(T) energies are included in
Table 5 (and the simulation in Figure 8) and are used to
frame the following discussion.

The NTO analysis to identify the character of the
excited states is summarised in Table 5. In many cases
these descriptions are less definitive than was the case for
ph-imid. For several of the excited states no single NTO
hole-particle pair represents >50% of the transition
amplitude, and often two or even three NTO pairs need
to be considered. Secondly, because of the anisotropic
potential of the molecular core, the diffuse electron plots
may deviate from a simple hydrogenic form (s, p, etc.)
making them hard to describe. This appears to be a more
significant issue with bz-imid, possibly resulting from the
destruction of the quasi planar ph-imid structure (with
only a small twist angle between the two ring structures)
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caused by the incorporation of an additional linking C
atom in the bz-imid structure. In Table 5 the descrip-
tors of those Rydberg states that appear most distorted,
and so can only be described approximately, are quali-
fied by appearing in quotation marks. These problems
notwithstanding, the inferred classification of states as
essentially pure valence, pure Rydberg, or mixed Ryd-
berg-valence character is corroborated by variations in
the spatial extents, A (R?), that appear superimposed on
the expected trend of steady increase of Rydberg size with
increased excitation.

Considering now the interpretation of the experimen-
tal spectrum in terms of our theoretical coupled cluster
results (Table 5, Figure 8), it can be seen that the first
excitation, state #1 has a calculated CCSD(T) excitation
energy of 4.75 eV. From the NTO analysis it is clearly
analogous to the lejg # — leyy m* Byy transition in
benzene (and to the first excitation in ph-imid). In ben-
zene this transition has a calculated energy of 4.70 eV
and experimentally sits at 4.9 eV. While in the Dg}, sym-
metry of benzene this 7 -z * transition is one-photon
forbidden (it only acquires a low experimental intensity
through vibronic interaction), in bz-imid it is predicted
to have a weak dipole oscillator strength. From the simu-
lated and experimental bz-imid spectra in Figure 8 it can
be seen that this weak excitation #1 must contribute the
long but shallow onset in the 5 eV region of the bz-imid
spectrum.

The next three states in bz-imid (#2-#4) involve exci-
tation from the bz-imid HOMO, which is similar to
the 3a” HOMO in imidazole (Table 1). The excited
states are, respectively, 3s, and two 3p Rydberg states,
that are predominantly centred at the imidazole ring,
from where the transitions originate. As an example,
the excited NTO for #2 is shown in Figure 9. Thus,
states #2-#4 in bz-imid are loosely analogous to states
#1-#3 in imidazole (Table 3). Transitions to these three
states in bz-imid can convincingly account for the first,
smaller peak seen in the experimental spectrum ~ 6 eV
(Figure 8).

The next significant excitation in the simulation is
to state #7, which contributes intensity between the
first and second peaks of the spectrum. This transition
is not well described by a single NTO hole-electron
pair, but from the two leading pairs can be described
as excitation from an initial orbital with pz den-
sity over both rings to a mixed orbital/state display-
ing localised benzene pz (ey, symmetry) valence char-
acter plus a distorted p-type diffuse component (see
Figure 10).

Overall, states #11, #13, #17, #18 and #20, all of which
possess a significant oscillator strength and are predicted
to occur in the energy range ~6.51-6.81 eV, would
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Figure 9. The NTO plots for the 3s Rydberg excited states #2 and
#5 in 1-benzylimidazole. In the top row the 3-dimensional views
are rendered with a translucent isosurface, and this permits some
of theinternal radial nodal structure to be seen. Note the 3s orbital
is centred around the imidazole ring in #2, but the phenyl ring
#5. In the bottom row are contour plots for #2 and #5 drawn in
the plane of the imidazole and phenyl rings respectively, giving a
clearer view of the radial nodes appearing at the interior and exte-
rior of the respective ring. In both cases the plot region extends
422 ag along each axis.

Figure 10. Iso-surface plots for excited state #7 of 1-
benzylimidazole. The NTO analysis for the transition to #7
returns two leading hole—electron pairs, and both the excited
NTO orbitals are shown here. The inner surfaces (value 0.045) are
opaque and reveal the pz valence structure on the phenyl ring;
the outer surfaces (value 0.005) are rendered transparent to make
the molecular frame and valence features visible.

appear to form the dominant contributions to the broad
peak observed around 6.75 eV in the experimental spec-
trum.

Figure 11. NTO plots for excited states #11 and #13 of ben-
zylimidazole. The inner, opaque iso-surfaces (value 0.045) reveal
localised valence character around, respectively, the phenyl and
imidazole rings, while the transparent outer iso-surfaces (value
0.005) rather approximately resemble p type Rydberg orbitals.

States #11 and #13 both involve the excitation of mixed
Rydberg/valence character (see Figure 11). The transition
to state #11 is from an initial NTO pz orbital extend-
ing over the whole molecule (resembling a combination
of benzene and imidazole HOMO-like structure) to a
more localised valence pz structure on the phenyl ring
(approximating ey, symmetry) plus a diffuse Rydberg
state of non-hydrogenic appearance. The state #13 tran-
sition is from the bz-imid HOMO (imidazole pz orbital)
to a mixed state with pz valence density that remains
localised on the imidazole ring plus a diffuse p-type
Rydberg character.

The formation of states #17 to #20 can all be con-
sidered as d Rydberg excitations mixed with differing
pr valence excitation localised on the phenyl ring (see
Figure 12). However, the valence excitation is weaker in
#18 where it is evident only in the second NTO tran-
sition term. It may be noted that state #19 is a pure d
Rydberg excitation, as also evident in its larger (R?) value
(Table 5), and this would explain the much-reduced oscil-
lator strength for its transition compared to the other
excitations having d-Rydberg character.

In the foregoing discussion we have noted that the
valence component of the mixed states #7 and #11 dis-
plays a partial shift of the initial delocalised 7 electron
density towards the phenyl ring. While the transition #10
has too low an oscillator strength to significantly con-
tribute to the spectrum, it more clearly demonstrates the
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Figure 12. Benzylimidazole excited states: (top) the principle
NTO transition term for #17 and the second NTO transition term
for #18 showing only weak valence character for this latter exci-
tation. (bottom) State #19, essentially a pure Rydberg d excita-
tion, and state #20, another mixed Rydberg/pz valence excitation.

The inner (valence) iso-surfaces (value 0.03-0.04) are opaque, the
outer diffuse surfaces (value 0.005) are rendered transparent.

#10

initial

excited

Figure 13. Iso-surface plots of the hole—electron NTO pair for the
benzylimidazole transition to state #10. The valence iso-surfaces
(value 0.04) are opaque, the outer diffuse surface for the mixed
Rydberg/valence excited NTO (value 0.005) is transparently ren-
dered. The valence 7 density transfers from the imidazole ring to
the phenyl ring in this excitation.

valence charge transfer on excitation (see Figure 13). Its
initial NTO is the bz-imid HOMO, a = orbital on the
imidazole ring, while the mixed Rydberg valence excited
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state #10 has a valence 7 component that has been trans-
ferred onto the phenyl ring. Hence, its transition can be
viewed, like those for states #6—#8 in ph-imid (Figure 6),
as a w7 charge transfer processes from an imidazole
ring donor to a phenyl ring acceptor.

5. Summary

This paper reports a combined theoretical and exper-
imental investigation of the VUV absorption spec-
troscopy of two substituted imidazole molecules, 1-
phenylimidazole and 1-benzylimidazole, with a focus on
attributing valence, Rydberg, or mixed Rydberg-valence
character to their electronically excited states. In both
molecules a preliminary examination of the outermost
occupied valence orbitals has revealed some strong sim-
ilarities with the outermost orbitals of their isolated con-
stituent ring systems. Anticipating the possibility that
some electronic excitations may also resemble transi-
tions localised in one or other of the constituent rings
we have commenced the report by revisiting the elec-
tronic spectroscopy of benzene and imidazole. In the case
of benzene, EOM-CCSD(T) calculations have been used
to improve estimates of the 3p and 3d Rydberg excita-
tion energies, thereby providing clarity on the two broad
absorption bands recorded between 6.0 and 7.5€eV in
the VUV absorption spectrum. For imidazole, our earlier
reported TD-DFT electronic state calculations [1] have
been updated and extended with new EOM-CCSD(T)
results.

The experimental spectra of ph-imid and bz-imid
lacked the well-resolved structure seen in the imidazole
VUV absorption. Simulations of the absorption band
profiles were thus generated by folding a relatively broad
Gaussian shaping function into the calculated stick spec-
tra. The TD-DFT and EOM-CCSD simulation results
both provided rather convincing reproduction of the
experimental bands, but a more detailed state-by-state
comparison of these two methods revealed deficiencies
such as missed states in the TD-DFT case. Given well-
known difficulties of this method when two-electron
and charge transfer excitations may be involved, and its
increasing unreliability when pushed to higher excita-
tions, the higher-level EOM-CCSD results were preferred
as a basis for subsequent discussion.

The first excitation in both ph-imid and bz-imid shows
a clear resemblance to the first lejg— lezy Bay transi-
tion in benzene. Although no longer dipole forbidden in
the lowered symmetry of these substituted systems, they
remain very weak in the experimental spectra. Exper-
imentally, the two molecular spectra look very similar,
yet the calculations predict that the dominant transitions
under the first, weaker band (5.3 eV in ph-imid, ~6 eV
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in bz-imid) are valence # — 7™ excitations (#2, #4) in
ph-imid, but low-lying 3s, 3p Rydberg excitations (#2, #3,
#4) in bz-imid.

The larger of the two peaks in the ph-imid spec-
trum (~6.7 eV) results from a variety of Rydberg and
mixed Rydberg/valence transitions, but with the most
intense representing transitions with a diffuse 3d Ryd-
berg character. The corresponding experimental peak in
bz-imid (~6.75 eV) also spans several predicted Ryd-
berg and mixed Rydberg/valence excitations. Here the
diffuse character is not so readily describable by simple
hydrogenic orbital patterns but is of predominantly p/d
type.

Lying between the two experimental peaks in both
molecules are predicted transitions with much less oscil-
lator strength, but nevertheless that are worth noting. In
ph-imid, these are the mixed valence 7 /3p excitations
starting from ~5.9 eV (#6-#8) and these are particu-
larly interesting as the transitions are from the HOMO,
an imidazole ring localised # orbital, to phenyl ring
localised 7 orbitals mixed with a diffuse 3p contribu-
tion (Figure 6). Thus, it appears that there is an effective
intramolecular charge transfer from an imidazole ring
donor to the phenyl ring acceptor. Similar imidazole —
phenyl charge transfer characteristics were noted in the
ph-imid #18 and the bz-imid #10 mixed Rydberg/valence
excitations (Figures 7 and 13 respectively) with an ele-
ment of imidazole — phenyl charge transfer also having
been commented upon in the bz-imid states #7 and #11.
These states evidence a unique donor-acceptor prefer-
ence by that part of the excited Rydberg electron density
that is ‘recaptured’ within the nascent molecular ion core
of the Rydberg state, associating with the phenyl- rather
than the imidazole-ring. This may be part rationalised on
energetic grounds by noting that benzene has a greater
binding (ionisation) energy than imidazole (see Table S2,
Supplementary Material).
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