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Chiroptical spectroscopy exploring the interaction of matter
with polarized light provides many tools for molecular structure
and interaction studies. Here, some recent discoveries are
reviewed, primarily in the field of vibrational optical activity.
Technological advances results in the development of more
sensitive vibrational circular dichroism (VCD), Raman optical
activity (ROA) or circular polarized luminescence (CPL) spec-
trometers. Significant contributions to the field also come from
the light scattering and electronic structure theories, and their

Introduction

Chiroptical spectroscopy has many faces. One can mention the
almost metaphysical question why the life on Earth is based on
chiral (possessing the left- and right-hand symmetry) molecules,
how the symmetry was broken, and if other life forms were
possible.” This has clear implication for space exploration
research.” Deeply in fundamental physics, a fascinating fact
appeared in 1950s, when a weak preference of our universe for
particular enantiomeric forms was discovered.”

In a more applied vein, which we are more competent to
comment on, the spectroscopy is being constantly developed
by many researchers to tools useful, for example, in chemistry,
biology and medicine. Even though we would like to focus on
the present state, to understand the varieties of the experiment
one has to realize that the foundations were laid already by
people like Luis Pasteur,” who connected polarization of light
with molecular geometry properties, and Michael Faraday,”
who noticed that similar or additional effect can be achieved by
placing the sample in the magnetic field.

As of now, several spectroscopic techniques using the
polarized light exist, and several phenomena concerning
interaction of the light with matter are known, although some
of them are rarer and some are used more regularly (Table 1).
Of course, in the table, the list is quite simplified. For example,
some electronic transitions may lie in the “vibrational” region
and be measurable with the infrared optics, natural and
magnetic optical activity can be measured at the same time,
etc. Outside the scope of this review, but worthy to mention,
are detection techniques allowing to combine optical activity
with time resolution of very fast processes.”*”

We focus on the vibrational optical activity and associated
experiments, which are perhaps less known than the electronic
spectroscopy, in particular the omnipresent electronic circular
dichroism, but which have been very dynamically evolving in
the past years. Below, basic terms and quantities concerning
absorption, emission and scattering of polarized light are
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implementation in computer systems. Finally, new chiroptical
phenomena have been observed, such as enhanced circular
dichroism of biopolymers (protein fibrils, nucleic acids), plas-
monic and resonance chirality-transfer ROA experiments. Some
of them are not yet understood or attributed to instrumental
artifacts so far. Nevertheless, these unknown territories also
indicate the vast potential of the chiroptical spectroscopy, and
their investigation is even more challenging.

introduced, and selected recent discoveries concerning the
“classical” or newer chiroptical spectroscopies are discussed,
perhaps indicating future directions of the field.

Basic Terms and Quantities

Before going to particular examples, it may be useful to
mention the physical basis, such as that the simplest form of
polarized light is the plane wave. Alternatively, one can go to
more general description in quantum electrodynamics,"” not
needed, however, for the most common experiments. Propagat-
ing the wave along the z-direction, the light can be linearly
polarized so that the vector of electric intensity E oscillates, for
example, along the x and y-directions,

Table 1. Broad classes of chiroptical methods.

Electronic Transitions  Vibrational Transitions

Natural Chirality:

Optical rotatory
dispersion (ORD)

Circular
dichroism (CD)

Circularly polarized
luminescence (CPL)

Raman optical
activity (ROA)

Magnetic Analogues:

standard method,
now often replaced
by ECD

electronic CD (ECD),
a standard method,
commercialized

starting to be
commercially
available
unexplored

not much used,

may become

more common

in the future

vibrational CD (VCD),
observed in 1970s,®
commercial spectrometer®
from 1997

unknown

observed in 1973,1'%!
commercial apparatus
available from ~2005

(111

Magnetic ORD
Magnetic CD,
MCD
Magnetic CPL

Magnetic ROA

the Faraday effect
MCD, fairly
standard technique

fairly available,
rather rare
unexplored

unused

MVCD, observed in
1984,"? explained in
2018,""¥ rather rare
unknown

possible in resonance,™
even for gases'*'®
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where w is the angular frequency, t is time, k is the z-
component of the wave vector, ¢ is a phase delay, E; and E} are
constants. By combination of these two x and y components,
different elliptical polarizations arise. Special cases are left and
right circular polarizations, when the components have the
same amplitudes, but one is “delayed” by ¢ =m/2, providing
right and left-circularly polarized lights with electric intensities

cos(wt — kz)
Ef = | sin(wt—kz) |E,
0
cos(wt — kz) @)
E' = | sin(wt—kz2) |E,

0

The tips of the Ef and E' vectors follow a helix in space,
which is tremendously important for chemistry, because such
light may selectively interact with chiral molecules possessing
the “screw” or “hand” symmetry. We also see that the circular
polarization can be made from the linear polarization, and vice
versa, which is fairly easy to do with common optical elements.
This enhances making and detection of the polarization, keep-
ing the instrumentation relatively “cheap” and versatile,
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obviously in comparison to other more complicated techniques,
such as x-ray crystallography, NMR or transmission electron
cryomicroscopy.

Molecules “see” the light through the interaction potential
V. In the simplest form, we may consider

V=w-E-6 --VE—m-B, (3)

where u is the electric dipole, O is the electric quadrupole, m is
the magnetic dipole, and B is the magnetic field. One “weak
point” of chiroptical spectroscopy is that the last two terms
containing @ and m, sensitive to the chiral symmetry, are
usually much smaller than the first insensitive one. As a rule of
thumb, ratio of the chiral and achiral parts in a spectrum is
approximately proportional to a/A, where a is dimension of a
molecule, and 1 is wavelength of the light.

The “a/A” obstacle can be well-illustrated on circular
dichroism (CD), which measures difference of absorption indices
of left- and right circularly polarized light,

Ae(CD) = ¢, — &, (4)

or circular polarized luminescence (CPL), detecting correspond-
ing intensity differences,

AI(CPL) = I, — I )

For electronic transitions typically associated with big
energies and short wavelengths (4 ~200...1000 nm) the
“dissymmetry” factor

g =2(e, — &)/ (&L + &). (6)

relating Ag (electronic CD, ECD) to total absorption is about
1073 for common molecules.”™ For VCD, however, about ten-
times longer wavelengths are used, and g is often smaller than
107, requiring more elaborate detection."™ Even worse situa-
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tion is expected for microwave (rotational) CD, with expected
g~107-10"%, which is one of the reasons why rotational CD has
been explored only theoretically so far.*”

Vibrational Raman optical activity (ROA) is defined in an
opposite way to CPL (“right minus left”), as

Al (ROA) = Ip—I, (7)

and in analogy to the g-factor, circular intensity difference is
usually used, defined as

CD = (lg = 1)/ (g + 1) (8)

Unlike CD or CPL, Raman scattering is a two-photon process.
However, it is driven by the same interaction potential and we
can thus deduce that typical value of CID will be 107, similar to
the case of VCD.

The ROA measurement is facilitated by using the visible
light, but the underlying Raman signal is already much weaker
(~10° times!) than the input beam. VCD theory and experiment
are simpler, measurement of the unpolarized absorption is
relatively easy, but processing and detection of the infrared
light are difficult, which results to about the same signal to
noise (S/N) ratio for both techniques.

The weak signal in VCD and ROA typically requires
concentrated samples and long accumulation times, prohibitive
for many applications. Therefore, several enhancement mecha-
nisms, discovered relatively recently both for VCD and ROA,
acquired widespread attention.

Vibrational Circular Dichroism
Molecular Vibrational Circular Dichroism

The VCD technique is probably the most common vibrational
optical activity spectroscopy today, becoming a standard in
absolute configuration determination and molecular conforma-
tional studies. Also from the point of theory, the effect seems to
be well understood, in spite of initial problems related to the
description of VCD  within the Born-Oppenheimer
approximation.”" The first experiments® were followed by
many applications, such as those involving proteins and
peptides,”* or nucleic acids.B*>%

The experimental advances of VCD spectroscopy have been
encouraged by the possibility to calculate the spectra, in
particular using the density functional theory (DFT).2” Similarly
as for CPL or electronic CD, VCD band area is proportional to
the rotational strengths (R), whereas for plain absorption/
luminescence it is proportional to the dipole strength (D) for
each transition i—f,®

1

R = Imu; - my,

9)
D = wi - g

where w/m; are the transition electric/magnetic dipole mo-
ments.
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Relations (9) are valid for isotropic samples (liquids,
solutions). For some cases discussed below (condensation,
crystals) other terms may contribute to VCD and IR intensities,
which then become orientation-dependent.'

For vibrational transitions and the harmonic approximation,
the moments can be further elaborated to

mif,a =V 2ﬁ?’(’ul ZAUL./"L[)’SIJ,/%
1B
3 (10)
Uit =\ Z_w,z PospSiags
B

where h is the reduced Planck constant, w, is vibrational
frequency, S is the Cartesian-normal mode transformation
matrix, and A and P are atomic axial and polar tensors,
respectively. Different definitions of A and P exist in literature;
in any case all quantities in egs. (9) and (10) are available from
many computer programs. VCD can thus be today simulated
using accurate methods of quantum chemistry.

For bigger molecules, however, interpretation of VCD based
on the simulations may be problematic, because of an excessive
computational time. In this case, empirical models can be used,
but their accuracy is limited.®** As a better alternative, we
proposed the Cartesian coordinate-based tensor transfer
(“CCT"), where the vibrational parameters - force field, magnetic
and electric dipole derivatives (tensors A and P) - are calculated
for smaller fragments and transferred back on the molecule of
interest.”" This allowed for relatively precise”**! VCD simula-
tions on sizable polypeptides and proteins™®“* or nucleic
acids.*’#¥ Lately, technologically more advanced molecules-in-
molecules (MIM) method has been developed and applied on
several examples, although systems studied by it were still
smaller than allowed by CCT.#*"

In the computations, a realistic model of the solvent is
always beneficial. This is particularly true for VCD, because the
biggest signal usually comes from polar groups, very much
interacting with the environment”>*¥ The solvent can be
included as a polarizable continuum model (PCM)*>*® or by
“explicit” solvation, where studied molecule is surrounded by a
few solvent molecules. The latter case is sometimes referred to
as a combination of quantum mechanics and molecular
mechanics methods, QM/MM, or multi-scale approach.””*" The
“explicit” clusters can also be surrounded by a PCM continuum,
to account for longer-range solvent effects. Polarizable force
fields or three layer polarizable models further increase
precision of the calculations,*¥ similarly as for the fluctuating
point charge model.®” The explicit approach is usually based
on geometries obtained by molecular dynamics (MD) simula-
tions and many solute-solvent clusters (“snapshots”) need to be
averaged for realistic simulations.2%¢>-*")

Even more technologically advanced approach to the
condensed state modeling is ab initio molecular dynamics
(AIMD), where electrons in the solute and in the solvent are
treated at the same quantum-chemical level. The nuclei still
follow Newtonian mechanics, and the forces are usually
determined by DFT. Vibrational frequencies and IR and VCD
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intensities are obtained via Fourier transform and autocorrela-
tion functions. In this way, part of the anharmonic effects is
obtained as well.®® Interesting AIMD applications appeared for
solute-solvent chirality transfer® or modeling VCD spectra of a
flexible molecule, 2-butanol.”® The AIMD technique can also be
extended to Raman scattering and Raman optical activity
simulations.”""?

Vibrational Circular Dichroism Enhanced by Molecular
Condensation

Occasionally, observed CD intensity (the g-factor) is much larger
than expected from the simple estimations presented above.
Then we talk about “enhanced” CD. From electronic CD studies
of nucleic acids, such phenomenon is known from 1970s as -
CD (psi for “polymer and salt induced”). Under certain
conditions, such as the presence of polymers or salts of
multivalent metals, DNA molecules forms ordered aggregates
and measured CD significantly increases, typically about 10-
times.”” Unlike CD, unpolarized absorption remains almost
unchanged by the aggregation.

This phenomenon is not fully understood, and some
scientists even attribute it to some unknown measurement
artifacts. Nevertheless, it is generally accepted that at least
some of the enhancement comes from a long-range order and
coherent coupling of individual chromophores - bases in case
of nucleic acids, or amide groups in peptides.”*"® In any case,
the enhancement of CD through long-range order seems to be
a useful indicator of certain macromolecular chiral forms or
aggregates.

For VCD, the “y-effect” was first observed in 2002, when

DNA double strands further condensed in the presence of Cr’™*
ions.” The authors observed approximately 4-fold increase of
VCD intensity, and using atomic force microscopy they could
relate it to formation of larger DNA/metal aggregates. Soon
after, similar DNA condensation effect was observed for Mn?*
ions %
Somewhat later, even bigger enhancement was observed in
VCD spectra of protein fibrils.®"#? This generated considerable
interest in the scientific community, because these “misfolded”
insoluble protein and peptide forms, often referred to as
amyloid fibrils, accompany many animal or human diseases,
such as preliminary neurodegeneration (Alzheimer, Parkinson,
mad-cow, ...).B%#% The fibrils are difficult to study by NMR
or x-ray techniques, and in VCD the optical spectroscopy
provides an interesting alternative. Model systems in vitro can
be relatively easily prepared from various proteins and peptides,
for example, by pH and temperature variation.”¥ Typically, a
longer time (hours, days) is needed for a completed fibril
growth.

In 2007, enhanced VCD of insulin and hen egg-white
lysozyme was associated with a twisted/helical structure of the
fibrils.®" Empirically, five VCD signature bands in the amide |
(C=0 stretching, ~1650cm™") and amide Il (CN stretching,
~1530 cm™') regions were ascribed to amyloid fibril aggrega-
tion, but VCD patterns of different signs and shapes were found
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for various proteins and peptides.”*®¥ Even for the same

protein, a slight variation in fibril preparation may significantly
affect their morphology"® and VCD.!"*''%

For example, different polymorphic forms of hen egg-white
lysozyme, apo-a-lactalbumin, TTR peptide and HET-s prion
protein were formed at different pH.®® Figure 1 illustrates how
IR and VCD spectra of hen egg-white lysozyme fibrils grown at
various pH levels correlate with SEM and fluid-cell AFM micro-
scopy images for two fibril types. As usual, IR spectra of
different fibrils are similar. They are dominated by a split amide
I signal (1623/1663 cm™), typical for the B-sheet. The intensity
of the 1663 cm™' peak slightly increases with pH. The VCD
spectra vary more. At pH 2.7 (red line), a strong negative band
at 1610 cm™' appears, but fibrils grown at low pH (1.0 - blue,
1.5 - green) exhibit about opposite VCD signal. Needless to say,
the “enhanced” dissymmetry factor g ~107% is much larger
compared to the usual values (g~ 107°) for chiral molecules in
solutions. At pH 2.3, an equilibrium between the two fibril forms
provides much lower VCD intensity (black). This interpretation is
consistent with the SEM and ATM images - fibrils grown at
higher pH are narrow and exhibit a left-handed twist, while
fibrils grown at lower pH are flatter and not twisted.

A model designed to explain some characteristics of protein
fibrils was proposed by Measey and Schweitzer-Stenner."® |t
was based on helically propagated twisted three-dimensional
lattice of amide | groups represented by oscillators/transition
electric dipole moments, deviating by 20 degrees from the (=0
bond in the amide plane. Simulated VCD spectra provided
patterns that could be related to the experiment, however,
without significant enhancement. Similar results were achieved
by a more systematic study using the same simplified model,
where, however, 10-100x enhancements were observed for
certain arrangements of the amide chromophores.”® Never-

Absorbance

A

1800 1750 1700 1650 1600 1550 1500 1450 1400

Wavenumber (cm-1)

Figure 1. (Left) VCD (a) and IR (b) spectra of lysozyme fibrils grown at
different pH (1.0 - blue, 1.5 - green, 2.3 - black and 2.7 - red) and (right) SEM
(a, ¢) and fluid-cell AFM (b, d) images of fibrils grown at pH< 1.5 (a, b) and
pH>2.7 (c, d). Twisted parts are indicated by yellow arrows. Reproduced
from ref. [98] with permission from the American Chemical Society.
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theless, a credible theoretical basis for simulations of the
experimental spectra is still missing.

Vibrational Circular Dichroism of Crystals

In chiral crystals, which also attracted attention of the VCD
technique, molecules are even more regularly ordered than in
the fibrils. About 23% of all non-biological and 38% of all
known crystals are chiral." Enantiomerically pure chiral
molecules always form chiral crystals.'® But achiral molecules
can also form them, if the crystal space group contains at least
one screw axis other than 2,. Another possibility is a distortion/
defect of ideal crystal structure, disrupting a long-range transla-
tional order and causing or contributing to the chirality."*

Kurouski etal. compared microcrystal VCD of a short
peptide segment of human islet amyloid polypeptide (IAPP)
with the spectra of fibrils formed from the same peptide. Both
samples provided a significant enhancement, but the micro-
crystals gave a richer, more complex band structure."'” Two
polymorphic crystal forms of linezolid could be distinguished
by VCD due to the differences in the carbonyl absorption
spectral region.""" Relatively weak VCD spectra were reported
for several a''? and cyclic B-amino acids,""® and indazoles."”

AIMD simulations were conducted to understand VCD
spectra of L-alanine crystals (Figure 2).""™ An interesting
enhancement mechanism was identified, where molecular
vibrations with small VCD intensity in a molecule contribute to
the enhanced VCD signal due to a helical arrangement in the
crystal layers.

Vibrational Circular Dichroism Enhancement in Metal
Complexes

Unusually large VCD is also often observed for transition metal
complexes, containing Co?*,["'¢"18 Co?+ 191 Nj2+,1120121 and other
coordinating ions."?>'* Clearly, this effect must be different
than for the condensation-induced enhancement observed for

™

() /108 M em™!
» b Moo

14107 M em™!

i

& & b Mo w

aal

1800 1600 1400 1200 1000 800
wavenumber / cm’

Figure 2. IR (o) and VCD (Aa) spectra of L-alanine crystals. Experimental
spectra (black line) were measured in a form of nujol oil mull, calculated
spectra (with local/full model) are in red/blue. On the right, the arrangement
of alanine units in the crystal is plotted. Reproduced from ref. [115] with
permission from Wiley-VCH.
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the nucleic acids, fibrils and crystals. For some complexes, it has
been explained by interaction of the vibrational transitions with
low lying electronic states."*¥ Therefore, its explanation goes
beyond the Born-Oppenheimer approximation (In certain sense
twice, because already the “ordinary” vibrational CD does).

The enhancement by coordination of Co®>™ was explored for
enantiomeric excess determination of several amino acids."*
Enhanced monosignate and symmetry dependent VCD features
have been observed for Co®'/salicylaldiminato complexes.!*
Large VCD was reported for a tris(ethylenediaminato)(lll)"*” and
other Co®** complexes.['%'%]

In some cases, however, the enhancement was explained by
a charge transfer, that is within the Born-Oppenheimer
theory.'” In particular, the enhancement and shift of VCD N-H
stretching vibrational bands in a Co®" complex were attributed
to the charge transfer from CI™ ions to the N-H bond, symmetry
of the vibrational modes, and changes of the electric and
magnetic dipole transition moments. In Figure 3, experimental
and calculated VCD spectra of the [Co(en);** complex are
plotted. Both DFT functionals (OLYP, B3LYP) provide a reason-
able but not perfect agreement with the experimental data.
Similar analysis has been performed for VCD pattern in the
fingerprint frequency region.!*”

Vibrational Circular Dichroism Microsampling

Reduction of the sample size and mass is desirable for
application in imaging of biological objects, studies of inhomo-
geneous samples, such as the fibrils, and for expensive
compounds. Experimentally, this task is difficult because of the
weakness of the signal and limitations of the infrared optics.
Nevertheless, several studies appeared, such as that of Lu
et al.™" Using two additional fast-focusing lenses placed before
and after the sample on a micro-XY positioning stage, they
converted dual-PEM VCD instrument into a microsampling
device with a spatial resolution of about 1 mm, and used it to
assess the heterogeneity of insulin and hen egg-white lysozyme
amyloid fibril films.

An example of the spectra is plotted in Figure 4. The IR
intensity at different spots reflects the thickness of the film,
whereas the VCD differences suggest avery high chiral

L
3300 3200 3t 3000 2500
Frequency (1/em)

Figure 3. Experimental VCD spectrum of [Co(en);*" in a 10-fold excess of
chloride anion per complex (middle) and calculated spectra with two
different DFT functionals, OLYP and B3LYP. Reproduced from refs. [127] and
[130] with permission from the Royal Society of Chemistry.
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Figure 4. VCD (left) and IR (right) spectra of nine non-overlapping T mm big
spots across a film of hen egg-white lysozyme amyloid fibrils. Reproduced
from ref. [125] with permission from SAGE Publishing.

heterogeneity of the aggregates. In the future, this approach
can perhaps be used in medical diagnostics, such as in objective
evaluations of tissues in biopsies.

Vibrational Circular Dichroism of lonic Liquids

Salts that are liquid at temperatures below 100°C are called
ionic liquids. They are useful in organic synthesis or “green”
chemistry."**'3¥ Chiral ionic liquids may be used for asymmetric
synthesis"*™3” or analytical enantioseparations."**'* Although
they are natural targets for chiroptical spectroscopies, so far
they have been studied relatively rarely by these techniques.

Ouveley et al. used VCD and ROA to study alanine, valine or
leucine, with 1-ethyl-3-methylimidazolium as a counterion (Fig-
ure 5)."% Interestingly, VCD does not provide many character-
istic features to distinguish the three compounds; more marker
bands can be observed in the ROA spectrum. The 1-ethyl-3-
methylimidazolium heavily contributes to the Raman and ROA
spectra in 300-400 cm™" and 1300-1600 cm™, that means that
it also becomes chiral in the liquid. This interpretation of the
spectra was supported by computational modeling.

Chiral Memory

Induction of chirality in achiral material and related phenomena
attract attention both for applied chemistry and understanding
of intermolecular interactions. Quite often, polymers are
involved. An achiral polymer usually forms short helical seg-
ments. If it is doped with a small chiral molecule, the chirality
can be propagated in a non-linear way and the whole system
becomes optically active.'*? This was observed for poly(4-
carboxyphenyl)doped with chiral amines,"*"*¥ poly(2,6-dimeth-
yl-1,4-phenylene)doped ~ with  o-pinene,™ and  other
systems.** |n many cases, the optical activity remains even
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Figure 5. Raman, IR, ROA and VCD spectra of three ionic liquids, leucine,
valine or alanine, with 1-ethyl-3-methylimidazolium counterion. Reproduced
from ref. [140] with permission from Wiley-VCH.

after removal of the chiral dopant, i.e., the system “remembers”
the chiral perturbation.['**"?

As an example, syndiotactic polystyrene (s-PS) retains the
induced chirality in temperatures up to 240°C, which was
attributed to chiral supramolecular structure, rather than to
conformation of individual polymer chains."*¥ Chiral s-PS films
were also prepared with the presence of S and R carvone
enantiomers.™ As illustrated in Figure 6, both the host and
guest molecules provide “mirror image” VCD spectra for
opposite chirality, and the polymer optical activity remains
almost unaltered when the chiral molecule is removed. The
spectra suggest that molecular chirality of the guest molecule is
overruled by the supramolecular chirality of the host polymer.
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Magnetic Vibrational Circular Dichroism

MVCD was firstly reported in 1981 for CHsl and (CH,),Si."* On a
dedicated instrument,*® other measurements of many small
symmetric molecules followed soon, such as of methyl
halides,™” CH;OH and CH;SH.™*® Using the same “MVCD”
instrument, low-lying electronic transitions could be measured
as well, such as in organometallic compounds." Later, “true
vibrational” MVCD signals of porphyrins"® and Cg, fullerene!'®"
were obtained.

Interestingly, MVCD can also be measured for vibrational
transitions in gases. On a good spectrometer rotational lines
could be resolved and such spectra recorded, for example, for
methane,"®*'® ammonia,"*” carbon monoxide,"* hydrogen
chloride," and acetylene.'®”

At present, however, the MVCD technique does not seem to
be pursued further. One reason is its high cost, in particular of
liquid helium required to cool a superconductor magnet
providing magnetic field up to ~ 10 tesla. This is certainly a pity
because for the gaseous spectra, for example, the theory can
fully explain the experimental intensities and show that rota-
tionally resolved MVCD reflects the Zeeman splitting of rota-
tional energy levels and provides information on many
molecular properties."®®'® For example, for acetylene the
vibrational magnetic dipole moment can be determined from
MVCD,"" and for NO, coupling of angular momenta can be
studied."”"

Condensed phase MVCD for a long time resisted thorough
quantum chemical analysis, and available models explained it
only qualitatively."'"*'”¥ This changed in 2018 when MVCD
intensities could be reproduced using common quantum-
chemical software (Figure 7)." The MVCD theory, similarly as
for (electronic) MCD is based on the transition electric dipole
moments perturbed by the magnetic field."”” When worked
out for the vibrations, derivatives of the axial atomic tensor
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with respect to nuclear coordinates appear crucial for the
intensities."”
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Raman Optical Activity
Raman Optical Activity of Saccharides

For sugars and related compounds ROA is often the most
convenient technique. These molecules mostly lack a chromo-
phore suitable for ECD, are investigated in solutions or do not
provide crystals needed for x-ray crystallography, do not have
distinct VCD bands, etc. In ROA, however, specific spectral
features can usually be found, as shown, for example, for simple
monosaccharides,>'7® disaccharides,"”” ! polysaccharides,"”®
cyclodextrins,'”? or heparin.® ROA bands, such as those
around 430 and 917 cm™', were also found to be very sensitive
to the conformation.!'””

As usual in other cases, empirical analysis of the spectra
may not be reliable."® For a long time quantum-mechanical
spectral simulations have been complicated by saccharide
flexibility and strong polar interactions with the solvent. Even
for a simple sugar a large number of conformers including
solvent molecules of the first solvation shell should be included.
With improved computer hardware and programs, however,
such computations quickly became a standard. A simplified
energy weighting of pre-selected conformers was applied for a
pyranose."™ For gluconate, molecular dynamics and the
Cartesian coordinate tensor transfer were used;"® more
elaborate methods of conformer sampling were applied later
for methyl-B-D-glucose™ and similar monosaccharides."®
Lately, an optimized computational protocol was proposed,
balancing the accuracy and computational cost.®

ROA is also a promising technique to study the secondary
and tertiary structure of polysaccharides."®'®"! So far, however,
reliable computational methods are limited by molecular size,
and spectral interpretations often revert to empirical rules and
comparisons. These were used for the spectra of glycan and
yeast external invertase"®® or chondroitin sulfate.® Composed
glycoprotein molecules, such as mucin™® or chondroitin,®
remain a future challenge for the technique.

Raman Optical Activity of Nucleic Acids

Compared to most saccharides or proteins, ROA of nucleic acids
is more difficult to measure. The aromatic chromophores can
decompose in the laser beam. As a rule, DNA is more stable
than RNA. Also, the solubility is limited. Nevertheless, the first
ROA spectra of single-stranded polynucleotides were reported
already in 1997,"" followed by other molecules"? including
double-stranded DNA."¥ The spectra provided insight into
polynucleotide conformational dynamics.*” Theoretical studies
of the link between the spectra and the structure are rather rare
so far."

An interesting chapter in the spectroscopy was ROA
measurement of whole viruses. Viral particles are to a large
extent composed of nucleic acids, and viruses, such as
filamentous bacteriophages, provided many well-resolved spec-
tral features.""'*¥ Fingerprint ROA patterns could be assigned
to the GNRA tetraloop, pyrimidine-rich asymmetric bulge and a
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base mismatch in ribosomal RNA of the encephalomyocarditis
virus.2?" Unfortunately, no laboratory seems to continue the
virus ROA research today.

Protein Raman Optical Activity

Protein structure and dynamics are probably the most common
targets of ROA spectroscopy, because of the biological
implications, and relative simplicity of the ROA experiment.?*?
The spectroscopy was employed to study protein folding,'
dependence of the secondary structure on peptide chain
length,?® or the effect of protonation.”® Blood plasma'?%-2"®
and protein fibrils?®2'" were studied by ROA as well.

Early on, interpretation of the spectra was based on
empirical rules.”’” Later, more universal density functional
theory simulations provided insight, for example, into the ROA
signal of the whole [-domain of the rat metallothionein
protein.”"® For even bigger systems when the direct quantum-
chemical approach may be inefficient or impossible, the
Cartesian coordinate-based tensor transfer technique (“CCT")
can be used, similarly as for VCD."® Atomic property tensors
(force field, polarizability derivatives) are calculated for smaller
chunks of the protein and transferred back on the original
molecule. Usually, only very small error is introduced by this
procedure if compared to a full quantum-chemical
treatment.“>*?' This approach opens the combined ROA
experimental/theoretical structural studies to sizable molecules,
such as insulin®” or even larger globular proteins (Figure 8).2'
A similar approach was introduced by Johannessen et al., based
on oligopeptide fragment database.?'®'”!
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Figure 8. Example of ROA simulated and experimental spectra of a 3-sheet
(concanavalin A) and a-helical (human serum albumin) protein. The 1230-
1360 cm™' region seems to be the most indicative of the secondary
structure. Reproduced from ref. [215] with permission from the American
Chemical Society.
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Resonance Raman Optical Activity Techniques

To understand the concept of resonance, one has to realize the
intensity expressions, such as those for backscattered polarized
experiment,

3

3
AI(ROA) =k—1I= 6KZ Z (ai,aaa/’./}ﬁ + 7a/’.a/}ai.a/})
a=1

A=

I(Ram) = Iz + I, = a1

3 3 3 )

48K Z Z (3af,uﬂG/i,/1'u - a/ﬂaaGIi‘/f/l' + Z Z ga/iyaf,usAfﬂys>
p=10a=1 e=1y=1

where a, G’ and A are the electric, magnetic and quadrupole

polarizability (derivatives with respect to a normal mode i)."”

The electric dipole polarizability is

25 (Nt |f) Gltte N
:Zf< |t ) Gleta| )

2 2
pom h 0 —

Oap ) (12)

where n is molecular ground state, j is an excited state, u is the
electric dipole moment, h is the reduced Planck constant, w;, is
the transition frequency, and w is the excitation frequency.
Similar expressions hold for G’ and A. In the case that w is close
wj, the difference goes to zero and all polarizabilities, and
consequently also Raman and ROA intensities, significantly
grow.

As shown by Nafie,”"® in case of single electronic state
resonance, also the CID may grow because the ROA intensity
“borrows” the electronic transition momenta, usually bigger
than the vibrational ones, and the ROA intensity becomes just
proportional to the Raman signal,

218]

A1(RoA) = — 2 i(ram) (13)

N

where g is the dissymmetry factor of the electronic transition in
resonance, say . Experimentally, this situation is easy to verify as
we can obtain the g-factor from electronic CD signal measured
at the laser excitation wavelength.”’® More complicated
resonance Raman and ROA phenomena involving many elec-
tronic states are difficult to simulate. Time-dependent AIMD-
based simulations seem to be extremely useful for these
CaSeS.[Zw'ZZO]

In practice, the resonance can be both welcome because of
the signal increase, and unwanted because it can destroy the
sample or accompanying fluorescence can hide the desired
Raman/ROA signal. The single state resonance was encountered
in an europium complex,”®"" carotenoid dyes”? two state
resonance was reported for a copper complex,?? etc.

For the most common 532 nm laser excitation the reso-
nance occurs occasionally for color samples. For shorter UV
wavelengths (~200 nm) the resonance condition o ~w;, is met
for almost any molecule. Therefore “ultraviolet” ROA (UV ROA)
is sometimes used as a synonym for resonance ROA, although
practical realization of the experiment is rather different.
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Additional signal enhancement for the excitation with UV light
is achieved by increased scattering probability, proportional to
~A~*. Encouraging results were reported for an UVROA instru-
ment constructed in Glasgow.”?” In the future, exploration of
even wider range of excitation frequencies for ROA is expected.

Surface Enhanced Raman Optical Activity

Surface enhanced Raman scattering (SERS) is closely related to
the resonance phenomenon. When close to metal (Cu, Ag, Au)
surfaces, some molecules exhibit 10*-10" enhancement of the
Raman scattering cross section; even “single-molecule experi-
ments” were claimed.”* Therefore, it seems natural to explore
this phenomenon also for ROA.”* However, this brings about
many difficulties, such as polarization artifacts on the surface of
the metal, destroying molecular ROA.***' Another typical
problem is the instability of colloidal particles, hampering
accumulation of the spectra. Various ways were therefore
suggested to stabilize the colloids, such as by a permanent
coating or creating a protective polymer layer.??73"

Neither the theoretical approaches to model the SEROA and
SERS phenomena are fully developed yet. Observed enhance-
ments are assumed to be caused by a combination of large
evanescent electromagnetic fields at the metal surface,
enhancement by metal-molecule charge transfer and changes
in the ground-state electronic structure of the molecule.
Interesting results were obtained by simulation using clusters of
observed molecules and metal atoms of the surface.*4

In a phenomenological model, electromagnetic mutual
polarization of a colloid and molecule was considered. The
excitation laser light induces multipole moments in the
investigated molecule, which then polarizes the metal particles
(or metal surface extremities), and vice versa. The difficult
perturbational expressions can be solved using the matrix
polarization theory (MPT), which provides the total (effective)
polarizations in a well tractable form. The MPT approach was
applied to cysteine and ribose and provided realistic spectra.*

Raman Optical Activity of Gases without and with Magnetic
Field

Because the effect is so weak, ROA measurements are usually
confined to the condensed phase. Nevertheless, in special cases,
gaseous spectra were acquired as well, sometimes of surprising
strength.

The first “ordinary” natural vibrational ROA spectrum was
recorded for methyloxirane. The measurement was possible by
a high vapor pressure of this molecule, resulting from its low
boiling point (34°C). Even then, artifact signal from the cell
windows had to be very carefully subtracted, which was
achieved by methyloxirane evaporation after the measurement,
without moving the cell.”®” The experimental spectra were well
reproduced by simulations including the rotational temper-
ature-dependent line broadening. Having a molecule in vacuum
is quite useful in tests of ab initio computational methods;
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indeed, the experiment was soon referred to in a work dealing
with coupled cluster ROA simulations.”

Much stronger ROA signals were obtained from the gaseous
paramagnetic NO, molecule in a magnetic field of ~1.5 tesla.
Many phenomena contributed to the ROA intensity strength:
the large molecular magnetic moment, Zeeman splitting of the
rotational energy levels, strict selection rules of rotational/
angular momentum wavefunctions, and a resonance of the
532 nm excitation light with many NO, electronic transitions."
Further theoretical analysis showed that the paramagnetic ROA
could be used to determine molecular polarizability compo-
nents.

Even more unexpected was a similar observation for
diamagnetic halogen gases (Cl,, Br,, and 1,). Based on the NO,
experience, their ROA signal should be negligible, because their
magnetic moment is about 2000 times smaller. But one has to
realize that their excited states are paramagnetic, and hence
significantly split by the magnetic field as well. Raman
spectroscopy, as a two-photon process, probes both the ground
and excited state. Apart from the resonance, anharmonicity of
the nuclear potential and relativistic spin-orbit interaction also
contributed to the diamagnetic ROA of halogens, and simu-
lations reproduced the experiment at least at a semi-quantita-
tive level (Figure 9)." We also find the para and diamagnetic
ROA experiments very useful to understand molecular behavior
in more complicated situations, such as in resonance ROA of
biologically relevant larger molecules in the condense phase.

Resonance Raman Optical Activity Chirality Transfer and
“Ring of Fire”

Sometimes during a resonance ROA experiment ROA signal of
the solvent can be observed, even when the solvent itself is not
optically active. This “chirality transfer” from a chiral resonating
molecule to the non-chiral environment was described for the
“helquad” organic dye™® as well as for some transition metal
complexes.”® For a nickel complex, the transfer was attributed
to a “ring of fire”, a space around the resonating complex and
relatively far from it, where the solvent provides the biggest
Raman and ROA signal. For simple solvents, the signs of ROA
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bands could be even reproduced using a phenomenological
transition polarizability model (Figure 10).2*? However, the
model cannot explain the large CID ratios observed in the
experiments.

Aggregation-Induced Resonance Raman Optical Activity

Another example of the chirality transfer are carotenoid micro-
crystals/solutions, consisting mostly of achiral 3-carotene, with
a small amount of chiral a-carotene and lutein.**” The authors
of such studies recognized that ROA of the sample was caused
by a resonance of certain aggregated carotenoid complexes
with the laser radiation and introduced the term aggregation-
induced resonance Raman optical activity (AIRROA). In a typical
experiment in solution, one-sign ROA pattern is obtained for
the resonating carotenoid aggregates (for example, in an
acetone/water mixture) and additional weak solvent (e.g.,
acetone) ROA bands appear due to the chirality transfer. The
resonance can be conveniently monitored using UV absorption
and ECD spectroscopy. This phenomenon is quite difficult to
model computationally; nevertheless realistic aggregation and
ECD spectral properties could be obtained by a combination of
MD and DFT.?*"

—&— 261 cm!

0.2 <oodes 367 el
—A-- 665 cm-!
—#— 738 gl
4+—1249 cm-!

ROA Int.
o
L]
3

Resnna!ing Ni complex

CHCI, DCM
1 1 5 7
Te-4 3 4 L o
4 5
0 R —
2 TPM G
F e 3 PM 2 Be-T =
& ] n 1 3] 4 "eD TioM &
5 0
0 P
* = 1047
eté 3 Experiment 2 L xS Experiment |
400 800 1200 1600 400 800 1200 1600
DMSO DMSO-d,
2044 2 4 7 7 9f Se-4
L ¥
0 0
6 3 6
3 TPM TPM i
5 204 - e
& le+7{ 4o 4 7 12 45 7 8
0
0
» 3 8
5 6
~le+? 3 Experiment Experiment g 3e+T
400 800 1200 1600 400 800 1200 1600 2000 2400

Glem Slem

Figure 10. (Top) scheme of the “ring of fire” zone around the chiral complex
acting in a resonance ROA chirality transfer to the solvent, and simulated
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ref. [239] with permission from Wiley-VCH.
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Further Possibilities of ROA

All the examples mentioned above form only a tiny part of the
world of chiral phenomena; others have been predicted
theoretically"**¥ or may be expected in the future. One can
consider different polarization schemes, excitation not only
with visible and UV, but also red and near IR light,*****) or
combination of ROA with circular polarized luminescence
(CPL).2* In particular, induced or magnetic CPL of lanthanides
seem to be sensitively probing complex environment and well
suitable for measurements with common ROA
instruments.?**? Newest ROA spectrometers also measure as
down as to ~50cm™' or up to 4000 cm™', which brings new
information about the molecules as well as new challenges to
computational chemistry and theory.>*3-2>

Summary

We have briefly reviewed some results achieved in the field of
vibrational optical activity in our and other laboratories, to
illustrate the possibilities but also limits of the technique. We
hope that the examples show the richness and future potential
of the spectroscopic procedures. Chiroptical spectroscopy is a
multi-disciplinary field touching chemistry, biology, medicine,
mathematics, physics including light scattering theory and
instrument manufacturing. As such, it is both intellectually
challenging and useful, providing us with detailed insight into
the world of chiral molecules.
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