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Molecular spectroscopy measures transitions between discrete molecular energies which follow
quantum mechanics. Structural information of a molecule is encoded in the spectra, which can be only
decoded using quantum mechanics and therefore computational molecular spectroscopy becomes
essential. In this review perspective, the role evolution of computational molecular spectroscopy has
been discussed with several joint theory and experiment spectroscopic studies in the past decades,
which includes rotational (microwave), vibrational and electronic spectroscopy (valence and core) of
molecules. With the development in high resolution and computerized synchrotron sourced
spectroscopy, spectral measurements and computational molecular spectroscopy need to be integrated
for materials development. Contemporary computational molecular spectroscopy is, therefore, more
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than merely supporting interpretation but leading the innovation. Future development of molecular
spectroscopy lies to identify the niche to integrate experimental and computational molecular
spectroscopy. It also requires to engineer molecular spectroscopic databases that function according to
the universal approaches of computing, such as those in a Turing machine, to be realized in a chemical
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Introduction

Molecular spectroscopy is a non-invasive technique to measure
the electronic structure of a molecule through interactions that
occur between the molecule and electromagnetic radiation.
Structural elucidation of a new or known compound used to
be a long process.> With the development of high performance
computers, contemporary spectroscopic techniques have signifi-
cantly reduced the time and efforts required to determine
the structure of compounds. The perspective review article
will concentrate on small and medium sized organic and bio-
molecules including natural products (under 100 atoms) in gas
phase and solution. An integration of several spectroscopic
techniques, such as nuclear magnetic resonance (NMR), infrared
(IR) spectroscopy and ultraviolet and visible (UV-Vis) spectro-
scopy has been equipped in laboratories for structure determi-
nation. Yet, the structure elucidation of new compounds
synthesized, or natural products isolated still requires flow of
structural revisions when higher resolution spectroscopy or
more accurate computational methods (and high-performance
computers) become available. In this review perspective, I
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and/or spectroscopic programable manner (digital twinning research) in the future.

concentrate on small and medium sized organic (e.g., building
blocks of drugs), biomolecules (amino acids, DNA bases
and small molecule inhibitors) and ferrocene based organo-
metallic compounds, which were studied in the past decades
in close collaboration with experimental spectroscopy including
synchrotron-based spectroscopy. Computational molecular
spectroscopy (CMS) in this article is broadly defined as applica-
tions of quantum mechanics and digital technology to molecular
spectroscopy.

Molecular spectroscopy is measurable quantum mechanics.
Molecular spectroscopy is to measure transitions between
unique energy states and quantum mechanics calculates the
states through solving the Schrédinger equation. In quantum
mechanics, the molecular Hamiltonian of the Schrodinger
equation under Born-Oppenheimer approximation contains
molecular rotation, molecular vibration and electronic terms
(and their interactions). Molecular spectra can be obtained due
to transitions between rotational states, vibrational states and
electronic states of the molecule. Rotational spectroscopy (micro-
wave (MW) and millimeter wave region) provides accurate and
reliable information on the structures of polar molecules in gas
phase,’ more accurate in the region around bottom of the
potential energy well. Fig. 1 gives the composite spectrum of
the Jxaxe = 202 — 1o rotational transition of *°Ne-"*N, Van der
Waals (VdW) complex.® Rotational (MW) spectroscopy is useful

This journal is © the Owner Societies 2023


https://orcid.org/0000-0002-6584-0516
http://crossmark.crossref.org/dialog/?doi=10.1039/d3cp00192j&domain=pdf&date_stamp=2023-02-14
https://rsc.li/pccp
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp00192j
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP025010

Open Access Article. Published on 24 February 2023. Downloaded on 4/15/2026 11:38:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Perspective

to establish the approximate dimension of a compound from
three rotational constants of a molecule (A, B and C), energy
barriers to internal rotation such as conformers of a flexible
molecule, as well as hyperfine structure of molecules. Much of
the understanding of the nature of weak molecular interactions
such as VAW complexes,” interstellar molecules and hydrogen
bonding has been established through rotational spectroscopy.
“Molecular rotational spectra”® by the Nobel Laureate HW Kroto
details all aspects of the art of rotational spectroscopy. Rota-
tional spectrum, however, is tedious and requires significant
computer and CMS support and often needs to combine with
other techniques for structure determination. The 1998 Nobel
Prize in Chemistry was awarded to two computational chemists,
Walter Kohn “for his development of the density-functional
theory” and John A. Pople “for his development of computa-
tional methods in quantum chemistry”.

Molecular rotation and vibration are often compounded.
Transitions involving changes in both vibrational and rotational
states can be abbreviated as rovibrational (or ro-vibrational)
transitions. Vibrations are relative motions of the atomic nuclei
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Fig. 1 A composite spectrum of the Jya ke = 20,2 — 10,1 rotational transition
of 2°Ne-N, van der Waals complex showing complicated nuclear
hyperfine structure due to the ¥*N nuclei.®> The missing rotational transi-
tions were recovered from the new measurements guided by CMS.
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and are studied by both infrared (IR) and Raman spectroscopy.
The theory of rotational energy spectrum was developed to
account for observations of vibration-rotation spectra of gases
in IR (400-4000 cm ™) or far-IR (<400 cm™ ') spectroscopy (the
latter is in the region of Terahertz (THz) spectroscopy®). If
Coriolis coupling is very small, rotation and vibration can be
treated as separable (at first approximation), so that the energy
of rotation is added to the energy of vibration.” Vibrational
spectroscopy is useful for information about the presence or
absence of particular functional groups, and the IR molecular
fingerprint can be employed to identify samples.® Fig. 2 com-
pares the theoretically calculated IR spectra of the N,-Ar VAW
complex with measurements to test the accuracy of the potential
energy surface inversely.’” IR spectroscopy is accessible for
almost all materials, the measurements which require small
amount of sample are easy, fast and less expensive. IR spectro-
scopy is for polar compounds,”™" however. It does not provide
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Fig. 2 Comparisons between experiment® and simulated 77 K mid-IR
spectra of N,—Ar van der Waals complex generated using the MMSV mod®
and CPV* potential energy surfaces. The measured IR spectrum was
employed to validate model development.
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information for molecular formula and usually needs to be
employed in conjunction with other techniques."?

Transitions between electronic states are measured using
electron spectroscopy. Fig. 3 is a scheme for electronic pro-
cesses and their measurements using various electron spectro-
scopies. This perspective will concentrate on ionization and
excitation spectroscopy of a molecule as they closely relate to
the Fukui frontier molecular orbital theory and chemical
bonding."® If an electron is removed from valence orbitals of
a molecule (<30 eV), photoelectron spectroscopy (PES) is the
appropriate technique for binding energy spectral measurement,
or electron momentum spectroscopy (EMS) is more appropriate
if the shape of the Dyson orbital information is also needed."®
Combining PES and EMS with CMS will be able to reveal a
comprehensive picture of the ionization states of a molecule.
Such the combination provides the state of the art complementary
advantages for accurate binding energy spectrum and related
Dyson orbitals with conclusive structural information.”” On the
other hand, if a valence electron does not leave the molecule but is
excited into virtual unoccupied orbitals, such the electron excita-
tions are studied using UV-Vis spectroscopy (190-1000 nm) as well
as fluorescence spectroscopy (emission), which may be calculated
using time-dependent density functional theory (TD-DFT) in CMS.
UV-Vis spectroscopy is also called optical spectroscopy which is
sensitive to environment for optical reporting of chromophores
with applications in solar cell and drug research.

The 1901 Nobel Prize in Physics is to Wilhelm Conrad
Rontgen for his discovery of X-ray as the “magic ray”. For
ionization (excitation) spectroscopy in which an electron is
removed or excited from core orbitals of a compound, it
requires high energy source such as synchrotron sourced
spectroscopy. The former (core ionization) is measured using
for example, X-ray photoelectron spectroscopy (XPS) in the
energy range > ~180 eV for Bls (as H and He do not have
core electrons). The latter can be X-ray absorption spectroscopy
(XAS) or near edge X-ray absorption spectroscopy (NEXAS),
which approximately refer to C and D processes illustrated in
Fig. 3. XPS which is also called electron spectroscopy for
chemical analysis (ESCA), enables to explore the structure of
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Fig. 3 Electron spectroscopy of molecular processes (here the centre
configuration represents the electronic ground state of a molecule). (A)
PES/EMS (valence ionization); (B) UV-Vis (valence excitation); (C) XAS
(core-valence excitation) and (D) XPS/ESCA (Core ionization).
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an atom outside the nucleus locally. As a result, XPS also
determines the chemical state of elements including the nature
of chemical bonding, providing local information of a particu-
lar region in a molecule. Hence, XPS has wide applications in
organic molecules such as drugs and inorganic compounds
such as catalysts and other materials. Together with the infor-
mation about the valence energy levels as secured by the other
related spectroscopy, XPS provides localized picture of the atom
outside the nucleus of materials for chemical bonding and
oxidation."®

Another routine spectroscopic technique in laboratories is
NMR spectroscopy, which becomes a tool of choice to probe
chemical structures as NMR is fast, non-destructive, and non-
invasive means for the observation. A small variation in NMR
frequency (i.e., the chemical shift) is a result of a variation in
molecular electron distribution due to chemical environment
so that NMR is able to assign previously unknown molecular
structures. An important advantage of NMR is to provide atom
specific information which is useful to study chemical bonding
and impact of the local chemical environment. For these
reasons, when combining with CMS, NMR spectroscopy can
be applied to study stereochemistry such as conformation and
hydrogen bonding (HB) interactions. This perspective will dis-
cuss structure and property determination using rotational,
vibrational, electronic and nuclear magnetic resonance (NMR)
spectroscopy, their integration with CMS as well as the role
changing of CMS in the process.

Structural elucidation and revision

Molecular spectroscopy is an indirect technique for structure
elucidation. The structural information of a molecule is
encoded into often tedious spectroscopic information which
sometimes leads to ambiguous results. Errors in compound
structural determination are not uncommon when a compound
is flexible and engages with large number of conformers or
enantiomers such as bioactive compounds. This situation can be
more difficult if it is compounded with limitations of particular
spectroscopic techniques such as resolution and measurement
conditions such as dynamics, environment and temperature.
The sources of structural misassignment errors can be very
diverse. CMS has certainly more than merely three roles of
interpretation, complementarily, and prediction and support
experiments as summarized by a recent review." Rather, CMS
enables a flow of constant revision of results, guidance, sugges-
tion of new experiments and leading the innovation. As a result,
integration of several techniques guided by CMS is essential in
the structural determination of molecules.

Accuracy matters. It is critical to obtain accurate information
of the constitution, stereochemistry, and conformation of drug
candidates or bioactive compounds.” Spectroscopic methods
have been one of the major techniques for flexible drug-like
natural products.'® With the development of powerful high
resolution spectroscopic techniques such as computerized
synchrotron sourced spectrometers, more accurate information
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becomes available. Such information is able to reveal pitfalls
with incorrect structural elucidation and sometimes misleading
structures of often flexible bioactive compounds.” In some cases
more accurate measurements or information might change
earlier conclusions. For example, XPS studies revealed that intra-
molecular hydrogen bonding impacts on core electrons®*! and
significant differences appear in the core electrons for purine and
pyrimidine DNA bases even though adenine and purine share the
same molecule skeleton.?>2* Hence, there has been a constant
need to flow the structural revision and update. In a recent review,
Shen et al. surveyed the literature from the past decade (2010-
2020) and identified over 200 cases of misassigned natural
products.> Among the errors presented, NMR misassignment
errors are on the top (23%).” Fig. 4 reports the numbers of revised
and new natural products in the past decade. The advantages of
computer-assisted and theory supported structural revision
(broadly CMS) or a combination of methodologies (computer-
aided calculation, NMR spectroscopy, empirical rules, X-ray crys-
tallography, and biosynthetic studies) has been recognized.>

Joint CMS and experimental measurements, ie., synchrotron
sourced spectroscopy is critical as they act like the two wheels of
a bicycle. Often, spectroscopic measurements validate the quan-
tum mechanical models used in CMS which is able to provide
more insight beyond the measured spectra of the compounds,
enabling the result to achieve 1 + 1 > 2. In next sections, some
examples combining experimental measurements with CMS to
achieve deeper insight beyond spectroscopy are presented in the
order of (ro-vibrational) spectroscopy, electron spectroscopy,
NMR spectroscopy and optical (UV-Vis) spectroscopy.

Microwave and infrared spectroscopy

Vibrational spectroscopy such as (far) IR spectroscopy are often
used to identify functional groups such as -OH and C=O for
structural elucidation when oxygen atoms present in the molecule,
rather than in the determination of the backbone structure for
a compound. In early dates, experiments were largely relied on
the trial-and-error strategy so that search for spectroscopic
signals was a time consuming and tedious physical task. It
was not uncommon to miss some signals due to incomplete
prior estimated search range. In 1990s, for example, microwave
(MW) spectroscopy was the state-of-the-art technique to study
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Fig. 4 The numbers of revised and new natural products in the past
decade (2010-2020).2 Here MNPs refer to molecular natural products.
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and to validate potential energy surface and other properties of
diatom-noble gas atom Van der Waals (VdW) complexes such as
N,-RG (RG = He, Ar, Kr and Xe).?® The study of MW spectrum of
the N,-Ne VdW complex was not publicly available and Ne was
missed from the list of noble gas atoms. It was later revealed
by a joint CMS and experiment study that two of the lower
frequency signals of the **Ne-'*N, complex were missing in the
earlier FTMW measurement, as the estimate signal search
range was incomplete due to the unique reduced mass of N,—
Ne complex. A new measurement guided by CMS is achieved.?

When CMS and FTIR measurement work together, the
applications of vibrational spectroscopy can be extended. One
example is to use the measured far-IR spectra of N,-Ar to study
the theoretical models of the potential energy surface as shown
in Fig. 2,° and the theoretically developed dipole moment
function of the VAW complex.'® The nitrogen diatomic molecule
(N,) does not possess a permanent dipole moment, so that the IR
active spectral transitions of the complex are produced due to
small induction and dispersion effects of the Ar atom interacting
with the N, diatom.'® Another CMS leading innovation case is
the decade long theory guided (synchrotron sourced) spectro-
scopic study of ferrocene (Fc).””*” The theoretical IR spectral
discovery of the more stable Fc eclipsed conformer (Ds;,)*>” shed a
light on Fe studies, led and suggested several new measurements
of Fc and its derivatives.*® In the seminal theoretical IR study of
Fc, it conclusively revealed that Fc eclipsed (Ds;,) and staggered
(Dsq) conformers exhibit their unique IR fingerprints in the
region of 400-500 cm ™ ".>” That is, the IR band of Fc staggered
(Dsq) conformer does not split (the splitting of § = 2 em™* is
sufficiently small not to be measured), whereas the band splits
(6 =17 cm™ ") in the same region for Fc eclipsed (Ds},) conformer
is measurable in almost all IR spectral measurements available.
This includes the amazing IR measurement of Lippincott and
Nelson half century ago, the IR spectra were, unfortunately,
assigned to the less stable staggered (Dsq) Fc conformer®® due
to lack of accurate quantum mechanical support at spectro-
scopic accuracy. It was further discovered that any modifications
to the unsubstituted staggered Fc ((CsHs),Fe) result in such IR
band splitting.**™” The Fc IR spectral fingerprint is so far the
unique technique which conclusively differentiates Fc eclipsed
and staggered conformers.”” The Fc IR fingerprint band®” in
Fig. 5 further discovered that any vibrations involving the center
Fe atom of Fc are sensitive to the conformation, eclipsed or
staggered. This discovery of Fc has led to a decade long of study
of Fc and derivatives.”®™”

IR spectroscopy when integrating CMS with measurements
can also be used to reveal inter and intra molecular hydrogen
bonding through IR frequency red-shifts*® and blue shifts.** It
was found that the A-H stretch in an A-H- - -B complex redshifts
(Av) between 20 to 2500 cm ' relative to the free molecule
without such hydrogen bonding. The correlated hydrogen-
bond length (ry...5) increases between 0.28 and 0.12 nm.*® IR
frequency blue-shifted hydrogen bonding is also called improper
hydrogen bonding.*"*> When a molecule is involved in inter-
molecular bonding, the electric field from the hydrogen acceptor
is sufficiently strong at the intermolecular equilibrium distance

Phys. Chem. Chem. Phys., 2023, 25, 7090-7105 | 7093
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Fig. 5 The fingerprint IR spectral bands of the eclipsed (Ds;,) and stag-
gered (Dsg) ferrocene.?” The vibrations including the center Fe atom in Fc
are sensitive to the conformation of eclipsed or staggered.

and the chemical bonds are strengthened and shortened, the
stretching vibrational frequency will blue-shift (upshift).*> Often,
both IR frequency redshift and blueshift were studied related to
intermolecular hydrogen bonding interactions, in which the
monomers without such hydrogen bonding serve as the refer-
ence for the shift. However, hydrogen bonding redshift and
blueshift can also be employed to study intramolecular hydrogen
bonding—the isomers/conformers of a (larger) molecule without
local hydrogen bonding may serve as the reference.**** Fig. 6
reports the intramolecular hydrogen bonding blue shift due to
conformations of an anti-cancer drug zidovudine.**

In addition, if the vibrational spectroscopic technique is
able to detect differences in attenuation of left and right
circularly polarized light passing through a sample, it extends
to circular dichroism spectroscopy (in the infrared and near
infrared ranges). It is called vibrational circular dichroism
(VCD) spectroscopy which has applications for stereoisomers
such as chiral molecules. As the VCD signals are very weak, it
often requires CMS support.”> The VCD and Raman optical
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Fig. 6 Hydrogen bonding blue shift of the simulated IR spectra for
zidovudine conformers. The blue shifted C-H stretch frequencies of
AZT-B vCq—H).**
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activity (ROA) spectroscopy have applications in bioactive com-
pounds such as amino acids.*® Recent development into multi-
dimension and finer region such as two-dimensional (2D) IR
spectroscopy (2D IR)*” and terahertz (THz) technology based
on radiation between MW and IR,® requires more significant
computational molecule spectroscopy including modelling and
computer digital technology support.

Photoelectron spectroscopy and electron momentum
spectroscopy

In this section, valence electron ionization spectroscopy is dis-
cussed. As indicated in Fig. 3 valence electron processes are
indicated as A—PES/EMS (valence ionization) and B—UV-Vis
(valence excitation). Ionization process (A) is very important to
study electronic structure of a molecule and its oxidation, as it
well connects to molecular orbital theory. Kenichi Fukui shared
the 1981 Nobel Prize in Chemistry with Roald Hoffmann “for
their theories, developed independently, concerning the course
of chemical reactions.” The measurement of PES alone provides
the binding energy and their intensity of a molecule, which does
not provide a conclusive assignment for the binding energies
without CMS guidance and support. Often the assignment of
PES binding energies of a molecule depends on the accuracy of
quantum mechanical model for the calculation. For example,
the most recent synchrotron sourced PES measurements of
norbornadiene (NBD) and quadricyclane (QC)*® do not provide
assignment to the binding energy spectra. The theoretical PES
(dashed spectra) of NBD and QC in Fig. 7 are the early quantum
mechanical calculation of NBD,***° from which the same quan-
tum mechanical method was used to calculate the binding
energies for QC. For example, the PES in the low energy region
IP < 11 eV of NBD exhibits two spectral bands whereas the same
region of QC has three bands, both are contributions from four
outer valence orbitals of each isomer. The assignment of the PES
energies in the outer valence regions of NBD and QC is not
unique, however, as the energies of the outer valence orbitals
may change their configuration (energy order of valence orbi-
tals), depending on the accuracy of quantum mechanical meth-
ods in the calculation. Obviously, other techniques or properties
of the compounds are needed.

Electron momentum spectroscopy (EMS) is an (e, 2e) reac-
tion under binary encounter collision conditions.'® EMS effec-
tively probes valence electron (frontier orbital) transfer out of a
molecule, providing images of the spherically averaged Dyson
orbital electron momentum density distribution, ie., triple
differential cross sections (TDCS) corresponding to the ioniza-
tion process.'® Hence, EMS is capable of producing a series of
binding energy spectra (PES) under different azimuthal angle
¢’s, at ¢ = 0° (at momentum p =~ 0.0 au) and ¢ # 0°, say, ¢ =
10° (at p &~ 0.92 au),*® by sitting at the Sun paths (i.e., spherical
coordinates). The azimuthal angle ¢ is congruent with the solar
azimuth.'® As a result, EMS is the technique which measures both
binding energy and Dyson orbitals (in momentum space).'””"
Combining the information from PES, EMS and CMS, one may
determine the frontier Dyson orbitals conclusively."”” The combi-
nation of PES/EMS and CMS helps to elucidate the NBD & QC

This journal is © the Owner Societies 2023
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Fig. 7 Comparison of simulated (dashed line) and the recent synchrotron sourced measured*® (solid spectra) binding energy spectra of NBD (blue) and
QC (orange). The dashed spectra are calculated using the same method for NBD#*° and for QC.

isomerization information in energy storage which will be dis-
cussed elsewhere.

The EMS spectroscopy is developed from atomic applications."®
Atoms have a single spherical centre whereas molecules are
multiple centres and their properties can be very different.
Upon ionisation, the Dyson orbital momentum distributions
of an s-orbital and a p-orbital in an atom is observed in half-bell
shape and bell shape, respectively, such as the s- and p-Dyson
orbitals of neon.”® It was discovered in a theoretical EMS study
of diborane (B,Hg), that the shape of Dyson orbital TDCS for
s-dominant Dyson orbitals (1b,,, and 2b,,) is bell shape rather
than the expected half-bell shape for s-orbitals.>® Fig. 8 gives
the quantum mechanically calculated three s-dominant Dyson
orbital TDCS, 1b,,, 2by, and 2a, of diborane,* which exhibit
half bell shaped Dyson orbital (2a,) and bell shaped Dyson
orbitals (1b,,, and 2b,,). This discovery revealed that the shape,

(iva)ib,,

(va) 2b,,

2 (via)2a,
o.8
0.4
0.0
0.5 1.0 1.5 2.0

Momentum (a. u.)

half-bell or bell, of a Dyson orbital TDCS is not determined by s
or p orbitals but the orbital nodal point/plane of a Dyson
orbital. The TDCS of a Dyson orbital may exhibit a half-bell
shape if the orbital has no nodal planes such as the s-orbitals of
an atom; and a bell-shape if the orbital has a single nodal plane
such as the p-orbital of an atom or anti-bonding s-dominant
(o*-orbitals) of a diatomic molecule or polyatomic molecule
with high point group symmetry like diborane.>®

The unique advantages of EMS to probe Dyson orbitals of a
molecule make significant contributions to study anisotropic
properties related to orbitals of molecules. Quantum mechan-
ical methods often focus on energy such as the variational
methods, which treat anisotropic properties including orbitals
less important. Most post-Hartree-Fock (HF) methods such as
MP2 and CCSD(T) methods do not produce sufficiently accu-
rate information for orbitals (or wavefunctions) of the molecule

Fig. 8 Dyson orbital TDCS (left) of 1by,, 2bs, and 2aq4 of diborane in the ground electronic state.>® All three Dyson orbitals are dominated by s-electrons

but shape is different due to the number of nodal planes.

This journal is © the Owner Societies 2023

Phys. Chem. Chem. Phys., 2023, 25, 7090-7105 | 7095


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp00192j

Open Access Article. Published on 24 February 2023. Downloaded on 4/15/2026 11:38:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

at the same level of accuracy like energy. Post-HF methods
usually produce post-HF (more accurate) energies but HF
wavefunctions (orbitals) of a molecule. Density functional
theory (DFT) in this regard, is able to provide more accurate
information through the density of the Dyson orbitals (assum-
ing that Kohn-Sham orbitals are approximately Dyson orbitals).
As a result, the EMS technique is able to provide information of
both energy and wavefunction (Dyson) of a molecule.® It is,
therefore, a more appropriate technique to test quantum
mechanical methods in conjunction with CMS."” In addition,
when working with CMS, EMS is a unique method to study
anisotropic properties such as conformation and pseudorota-
tion of tetrahydrofuran (THF).>~>¢

X-Ray photoelectron spectroscopy and nuclear magnetic
resonance spectroscopy

Core electron processes of a molecule, which are indicated
as C—XAS (core-valence excitation) and D—XPS/ESCA (core ioni-
zation) in Fig. 3, require high energy sources such as synchrotron
sourced spectroscopy, and significant CMS and quantum
mechanical information. It is discovered that qualitative chemical
knowledge/intuition maybe applied to study molecules with ali-
phatic carbon framework such as aliphatic amino acids,””
whereas compounds with aromatic rings such as DNA/RNA bases
and their tautomerization must be analysed quantitatively using
quantum mechanics.>>*® The N1s XPS (nitrogen core electron
binding energy spectrum) of cytidine (CoH;3N;305) is an example
that CMS and measurements must work together.>**° Cytidine is
a nucleoside bioactive compound consisting of a cytosine (base)

(a) CMS simulated XPS spectra
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and deoxyribose (sugar). Using XPS to study cytidine provides
local atom specific information of oxidation for radiation
damages to bioactive molecule.>® Two of three N atoms of cytidine
locate on the aromatic cytosine ring and one N atom is outside the
ring connected through an N-C bond. The N1s XPS spectrum of
cytidine was measured for two signals with the 2:1 ratio.>® Two
N1s signals are closely located which was assigned to the Ns on
the cytosine ring qualitatively.”® However, a further CMS study
revealed that the positions of the N1s XPS signals are not
determined by the positions of the N atoms on or out of the
cytosine aromatic ring but the bonding—whether the Ns are in
saturated single bonds (N-C) or unsaturated double bond
(N:C).60'61

Bioactive compounds can be unstable at higher tempera-
tures (vaporisation) or experience chemical reactions during
measurements. It is critical to combine XPS measurements
with CMS. The analysis for the XPS measurements of a dipep-
tide, phenylalanyl-phenylalanine (PhePhe)®® demonstrated the
importance of support and guidance from CMS. The quantum
mechanically calculated XPS for the dimer (dipeptide PhePhe)
and monomer (phenylalanine) are shown in Fig. 9(a) and the
actual gas phase measured XPS spectra are given in Fig. 9(b).

The XPS spectra for PhePhe dipeptide sample in Fig. 9(a)
exhibit multiple bands for C1s spectrum, double bands with
approximately equal ratio (1:1) for N1s spectrum and two
bands with 1:2 ratio for O1s spectrum. If the sample, on the
other hand, were a monomer phenylalanine amino acid, the
XPS would exhibit multiple bands for Cl1s spectrum, single
band for N1s spectrum and double bands with equal 1:1 ratio
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| . ; N YA AV AN
! 1L I
(b) The actual measured XPS spectra
A‘ ". Doestise Mn
1 c1 S '! "‘ Joetce | /' \\ o | .." ~\ Doestoe
/" — d 4 — M, A

| 7\
—-/ \—

= Phenytsarwne
\

Fig. 9
measured XPS spectra.®?
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(a) The CMS simulated Cls, N1s and Ols spectra of phenylalanine monomer and linear phenylalanyl—phenylalanine (dipeptide) and (b) the actually

This journal is © the Owner Societies 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp00192j

Open Access Article. Published on 24 February 2023. Downloaded on 4/15/2026 11:38:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Perspective

for O1s spectrum. However, the measured XPS C1s, N1s and
O1s spectra in Fig. 9(b) are neither the spectra of phenylalanine
monomer nor the PhePhe dimer (the dipeptide). It was dis-
covered later that the sample PhePhe dipeptide experienced
dehydration in the vacuum chamber of the spectrometer dura-
tion vaporisation, resulted in cyclo-PhePhe dipeptide as such,

Phe-Phe

The above proposed dehydration process of PhePhe was
confirmed by joint CMS and measurement,®* as given in
Fig. 10.

It presents a challenge that spectroscopic results/databases
need to be reproducible and future verifiable, whereas informa-
tion is constantly improving and updating as the development
of the technique and our knowledge. Some early conclusions
made based on the available information at the time, which
limited our understanding, need updating, revision and even
overturning. Information provided by high resolution XPS of
molecules in gas phase disturbs the concept in chemistry that
core electrons do not participate in chemical bonding and
changes the concept that hydrogen bonding is a valence effect
for hydrogen atoms without core electrons. Recent joint CMS
and XPS studies reveal that intramolecular hydrogen bonding
(O- - -H) deeply impacts to core electrons (O1s) of molecules.®®
Combining the measured O1s XPS (for hydrogen acceptor) and
"H-NMR (for hydrogen donor) with quantum mechanics, intra-
molecular hydrogen bonding (O---H) of molecules can be
studied locally.®* In addition, XPS provides core electron ioni-
zation of a molecule which localised on specific atoms.
Although the mechanisms are different, the C1s (and/or N1s)
XPS can be combined with "*C-NMR (or N-NMR) chemical shift
for more comprehensive local chemical bonding information.
Comparing to XPS, C-NMR chemical shifts are less difficult to
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measure and to calculate quantum mechanically. For this
reason, computational XPS and NMR calculations can be
employed to study conformers and intramolecular hydrogen
bonding, which helps the determination of the conformer
distributions.®*®® In the NMR study of gallic acid conformers,
CMS calculated C-NMR chemical shifts of theoretically possible

KXLLE - A

cyclo (Phe-Phe) H,O

conformers indicate that the C-NMR chemical shifts can be
employed to study intramolecular hydrogen bonding of con-
formers, as indicated in Fig. 11.%° The conformers are formed
by rotations of the hydroxyl and carbonyl groups through the
C-0 and C-C bonds. As indicated by the colour scheme in this
figure, intramolecular hydrogen bonding interactions reveal by
the chemical shift with Ad # 0 of the carbon pairs §(C(7)) and
0(C(3)) and A’ Ad # 0 of the carbon pairs 6(C(4)) and 6(C(6)).
These carbons do not locate on the axis connecting C(1)-C(2)-
C(5)-O(D) as shown in the gallic acid structure in Fig. 11 (the
vertical dashed line).

The calculated and measured C-NMR spectra in Fig. 11 reveal
that the carbon chemical shifts of the gallic acid conformers are
not the same, reflecting their unique conformer chemical envir-
onments. Comparison of the CMS simulated C-NMR with the
measurement indicates approximately which gallic conformer
maybe dominant through, for example, the root-mean square
deviation (RMSD). However, the identical carbon chemical shifts
in §(C(7)) and 6(C(3)), and in 6(C(4)) and J(C(6)) given in the C-
NMR measurement,®” is untrue.®® This is due to the fact that NMR
spectroscopy associates with slower time scale than rotations
(flipping about the axis in Fig. 11). As suggested by Bryan when
interpretation NMR time scale, the phenol ring flipping process
is apparently faster than the chemical shift difference between
the two NMR resonances—for carbon NMR, it’s approximately
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Fig. 10 The Cls, Nis and Ols spectra of the measured and simulated spectra of the cyclo-dipeptide c(phenylalanyl-phenylalanine).®?
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Fig. 11 Comparison of calculated *C NMR spectra of gallic acid conformers®® with NMR experiment in dimethyl sulfoxide (DMSO) solvent.®” Note that
the vertical dashed line on the structure on the right represents the molecular axis of the gallic acid.

1.5 milliseconds (1 ms = 10> 5).°® The phenol ring flipping is
approximately in the time scale of femtosecond (1 fs = 10~ 5).%°
As a result, chemical shifts of atoms on the aromatic ring
symmetric to the axis of C(1)-C(2)-C(5)-O(D) are averaged in
the NMR measurements as also found in a study of an active
pharmaceutical ingredient resverotrol.”® Finally, care must be
taken in the assessment of the accuracy of calculated NMR
chemical shifts with respect to NMR measurement. Sometimes
the RMSD is not necessarily an appropriate indicator of the
accuracy of the calculations. For example, the C-NMR measure-
ment of gallic acid is unable to resolve the “equivalent” carbons.
Table 1 compares the calculated and measured C-NMR chemical
shifts in the same dimethyl sulfoxide (DMSO) solvent. In the
measurement, the chemical shifts of C(3) and C(7) are the same,
both 109.14 ppm; so do the chemical shifts of C(4) and C(6), both
144.94 ppm. To this end low temperature dynamic nuclear
polarization (DNP)-enhanced solid-state NMR supported by CMS
is required.”*

Optical (UV-Vis) spectroscopy

Perhaps pharmaceutical and energy materials studies are among
the most beneficial sectors from applications of computational
molecular spectroscopy (CMS). In recent years, computer-aided
drug design is of paramount significance to the design of lead
compounds and has achieved great progress in recent years in
small molecule drugs. When combining with digital technology,
CMS could increase efficiency in the various processes involved
and reduce barriers between the multiple research cultures in
the ecosystem to create new medicines.”” In addition to compu-
ter screening and machine learning (ML) in drug/materials
discoveries, optical (spectral) reporting for potency related drug
conformation and rational design of organic dye sensitised solar
cells (DSSC) are briefly discussed here.

7098 | Phys. Chem. Chem. Phys., 2023, 25, 7090-7105

Photophysical studies have recently received much attention,
since optical spectra are very sensitive to the changes in
microenvironment.”” A quarter of cancers links to mutation or
over-expression of protein tyrosine kinases such as the epidermal
growth factor receptor (EGFR). The functioning of many onco-
genic proteins depends on kinase-catalysed phosphorylation;
hence blocking tyrosine kinase activity in tumour cells has been
a promising strategy to halt tumour growth.”* As environment-
sensitive fluorophores, quinazoline derivatives are a special class
of chromophores that could allow for deeper understanding of
biological binding and function of candidate EGFR tyrosine

Table 1 Comparison of the calculated **C-NMR chemical shift of the
most stable gallic acid conformer in DMSO solvent®® with most recent
measurement (ppm)®

Atomic sites C-NMR(cal)/ppm C-NMR (expt)/ppm

C(7) 108.58° 109.14
c(3) 110.91° 109.14
c(2) 120.05 120.81
c(5) 138.23 137.77
C(4) 144.15° 144.94
C(6) 146.12° 144.94
c(1) 167.74 167.39

“ Calculations using B3PW91/6-311++G(d,p) method for the most stable
conformer of gallic acid. ? The averaged chemical shift of C(3) and C(7)
is 109.75 ppm, which is close the to the measured of 109.15 ppm
of Rajan et al® ° The averaged chemical shift of C(4) and C(6) is
145.14 ppm, which is close to the measured 144.94 ppm of Rajan et al.®’
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kinase inhibitors (TKI). The TKIs have different biological
activities when installing (click chemistry) various active groups
to the quinazoline core using synthetic methods, which have
potential applications in biology, pesticides and medicine.”®
Of the quinazoline derivatives, anilinoquinazolines are the
most developed class of drugs that inhibit EGFR kinase
intracellularly,”® and drug candidates in this class have already
reached various phases of clinical trials, such as Gefitinib,
Erlotinib, Lapatinib, Afatinib, Vandetanib, Icotinib, Dacomiti-
nib (PF-00299804), PD150335 and AG-1478.
Anilinoquinazolines can demonstrate changes in electronic
configuration upon binding to target proteins, hence acting as
biological marker for screening small molecule inhibitors.””
While these studies are very encouraging, some cancers appear
to develop resistance to long-term TKI treatment. Hence,
understanding the spatial and temporal distribution of TKI is
therefore of paramount importance to reveal whether and how
these drugs are binding to the target of interest. An important
step in this process is to first determine whether the inhibitors
have spectral signatures that might assist in determining the
relevant targets and interactions.”” It is discovered that the
measured UV-Vis spectra of an anilinoquinazoline TKI AG-1478
are sensitive to various solvents.”” A further CMS study reveals
that the measured optical spectra of AG-1478 were from con-
tribution of more than one conformers and a twist of the -NH-
bridge of AG-1479 contributes to the changes of the optical
spectra.”® Fig. 12 reports the measured UV-Vis spectra of an
anilinoquinazolines TKI AG-1478 in various solvents’”” and
conformation of AG-1478 contribution revealed by the optical
spectra in methanol solvent identified by CMS.”®
Computational molecular spectroscopy (CMS) plays a sig-
nificant role in the direction of drug conformation search.
There are three major challenges in drug development summarised
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Fig. 12
methanol (right).”®

This journal is © the Owner Societies 2023

View Article Online

PCCP

by Habgood et al.”® That is, (a) development of a good method
to generate ensembles of a molecule’s bioactive conformation;
(b) rational analysis and modification of a pre-established
bioactive conformation; and (c) approximation of real solution
phase conformational ensembles in tandem with spectroscopic
data such as IR, NMR and UV-Vis spectra. Further CMS studies
of anilinoquinazoline TKIs with high potency (PD150335)%°
reveal that optically reportable conformation of the TKI is often
more potent than the planar global minimum structure of the
TKI. It seems that a correlation with flexibility and potency of a
TKI exists, as flexible TKI conformers are able to fit and dock in
the TK domain of EGFR. To study flexibility of a drug requires
conformational search on the potential energy surface' and
molecular dynamics (MD) simulation.®” Conformational sam-
pling of drugs still represents major hurdles for effective drug
design methods in CMS approaches,’”*% which is a prerequi-
site for data-hungry machine learning algorithms such as
intelligent computing in drug development. A further challenge
in the case of the flexible anilinoquinazoline TKIs is that a large
number of preferred conformers needs to be considered. As a
result, a robust comprehensive conformational search with
high-quality results and computational efficiency is required.
The robust PreQMCom system is therefore developed.®” This
robust computer script PreQMCom reduces the period of
manual quantum mechanical calculations from years to weeks,
produces hundreds of conformers of AG-1478 in dimethyl
sulfoxide (DMSO) solvent and the low energy conformer clus-
ters of the AG-1478 TKI are given in Table 2.

As indicated in Table 2, at each strain energy (energy above
the global minimum energy conformer) cut-off, several AG-1478
conformers are degenerate or near-degenerate. The AG-1478
TKI is dominated by the lowest six clusters of AG-1478 con-
formers by Boltzmann weights (last column of Table 2) at given
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(a) The measured UV-Vis spectra of AG-1478 in various solvents (left).”” (b) Comparsion of measured and CMS calculated spectra of AG-1478 in
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Table 2 The top 12 clusters of preferred AG-1478 conformers in DMSO
solvent®?

Cluster Strain energy Dipole moment Cluster
(conformer) (kcal mol™")  (Debye) size Weight? (%)
1 0.000¢ 8.4504 10 67.646
2 0.594 3.6481 11 26.819
3 1.975 8.1783 17 3.871
4 2.570 5.3047 11 0.900
5 2.933 11.1002 9 0.395
6 3.516 5.812 19 0.306
7 4.567 3.3103 12 0.032
8 4.631 4.6733 10 0.024
9 5.373 9.2452 5 0.003
10 5.970 4.3828 5 0.001
11 6.884 4.1492 6 0.000
12 6.898 4.4065 14 0.001

% The calculated total energy of global minimum AG-1478 conformer is
—1392.755766 Ey,. ? Estimation of the probability distribution of a given
conformer is in %.

temperature.®* The simulated UV-Vis spectra of the lowest six
clusters of AG-1478 conformers which are robustly simulated
using the PreQMCom system® are given in Fig. 13.

Solar energy is the most promising renewable energy source
for large-scale global electricity production particularly in
Australia, which ships the sunshine to the world for clean energy
export.®?® Photovoltaic (PV) technology is one of the fastest
growing renewable energy technologies in the world. The third
generation of PVs includes organic solar cells and dye-sensitized
solar cells (DSSC) in which the maximum reported efficiency has
achieved 14.3% for DSSCs.®* Each component of the solar cell
device heavily determines the cost, stability, and efficiency of
DSSCs. Thus, in the past decade, almost all research efforts have
focused on the modification of each component for practical
applications. The sensitizers in DSSCs play a crucial role in
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gaining high solar-to-electricity conversion efficiency. Among a
number of factors determination of the performance of DSSCs,
two factors are critical, (a) wide absorption electromagnetic
wavelength in the visible to near-infrared region, and (b) appro-
priate energy levels of molecular frontier orbitals that influence
the thermodynamics in electron injection (from the excited state
of the dyes to the conduction band of the semiconductor) and
dye regeneration (from the redox mediator to the dye).®* CMS
enhanced organic solar cells have been an essential tool to
determine the rational and to guide further modification and
improvement of high efficiency organic dyes. As a result, CMS
UV-Vis spectroscopy represents the target properties for new
organic dye development.®**®” as shown in Fig. 14.

It has been a common practice in organic DSSC develop-
ment that once a high performance dye is identified, which is
often experimentally synthesized and confirmed, CMS com-
bined with quantum mechanics is critical to work out the
rational in structure-property relationship and to guide synth-
esis for new dyes in the class using click chemistry. The organic
synthesis chemistry strategy leads to the 2022 Nobel Prize in
Chemistry to Carolyn R. Bertozzi, Morten Meldal and K. Barry
Sharpless for their development of click chemistry and
bioorthogonal chemistry. In computational molecular spectro-
scopy, one can turn click chemistry from click “molecular
Legos” in synthesis into click “computer mouse” in digital
chemistry. Currently, the design of high-performance dye
(this is also similar to drug design) has still relied on two main
approaches: (a) conceptual ideas based on researchers’
chemical intuitions and (b) exploratory experiments based on
a trial-and-error approach which leads to optimise numerous
synthetic and spectroscopic parameters. The situation starts
to change. Hopefully, combination of data available from both
experiment and computation, application of the machine
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shows the splitting bands as measured.””

7100 | Phys. Chem. Chem. Phys., 2023, 25, 7090-7105

This journal is © the Owner Societies 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp00192j

Open Access Article. Published on 24 February 2023. Downloaded on 4/15/2026 11:38:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Perspective

r T spacers

'®

o
{‘!

D/ DCPA S

| vl il Sl Isanes S Ly anas] |

—

(el =N |

View Article Online

PCCP

Gp27o

T T T
100 200 300 400

T
500 600 700 800

Wavelength (nm)

Fig. 14 Design of high efficient organic dyes using nt-spacers in A—t—D dy:
and donor (D) of the dyes.

learning technique will accelerate the development in this
direction.®”®°

Conclusion and outlook

In this review perspective, the role evolution of computational
molecular spectroscopy has been illustrated with examples in
the past decades. Computational molecular spectroscopy plays
more and more important roles from assistance of experiment
for structure determination and interpretation to guiding
information analysis for insight and to leading innovations.
Structural information of a molecule is encoded in the proper-
ties and spectra, which can be only decoded using quantum
mechanics and therefore computational molecular spectro-
scopy becomes essential in this regard. Moreover, as the devel-
opment of high resolution and computerized synchrotron
sourced spectroscopy, spectroscopic measurements and com-
putational molecular spectroscopy must be an integrated tool
for materials development, which becomes the new norm. It is
often that the spectroscopic measurements take days and the
analysis and insight take months and years. Spectral measure-
ments and computational molecular spectroscopy (broadly
quantum mechanics) are like the two wheels of a bicycle, which
are essential to each other. Contemporary computational mole-
cular spectroscopy is, therefore, more than merely supporting
interpretation but leading new discoveries.

Theory does not need to always agree with experiment. It
took a long time for experiment to achieve the theoretical
ionization energy of hydrogen atom of 13.6 eV, for example.
In addition to the differences in methodology, such as experi-
mental error bars and quantum mechanical approximations,
experiment is a top down process (data and fit) and theoretical
method is a bottom-up process (concepts and predict). The gap
becomes smaller and smaller but will not disappear. Molecular
spectroscopy measures the properties at vibrational ground
state (7o), whereas the calculated properties are at the bottom
of the potential energy well (). The measurement conditions

This journal is © the Owner Societies 2023

es toward machine learning.8%®” This strategy can be applied to acceptor (A)

are often unable to be reproduced exactly in theory. Limitations
to specific spectroscopic measurements such as time scale of
NMR spectroscopy, the '"H-NMR chemical shifts of methyl
(-CH3) often result in an averaged single band although three
protons involve in different chemical environments.

Computational molecular spectroscopy should not be sepa-
rated from experimental spectroscopic measurement. Rather, it
is important to identify the niche to advance molecular spectro-
scopy from the development of quantum mechanics in a digital
era. A spectroscopic technique usually concentrates on a parti-
cular property of a molecule rather than providing the full
picture. One needs to avoid the trap of “six blind men and the
elephant”” due to the multi-dimensional and multi facets nature
of structural information. Nature is replete with examples where
the handling and storing of data occurs with high efficiencies,
low energy costs, and high-density information encoding. Com-
putational molecular spectroscopy takes the advantages of quan-
tum mechanics and recent development in digital technology
into the next stage of data base, digitalizing and machine
learning, which requires that the complex spectroscopic data
must be managed in a scalable, reproducible and future-proofed
environment. Combining with molecular spectroscopic data
science that function according to the universal approaches of
computing, such as those in a Turing machine, might be
realized in a chemically and/or spectroscopically programable
manner (digital twinning research) in the future.
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