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Anotace

Tato disertacni prace je zaméfena na rozvoj metodiky méieni a interpretace spekter Ramanovy
optické aktivity (ROA). V praci jsou uvedeny vysledky studia struktury a dynamického chovani
rtiznych chirdlnich latek v rozsifeném spektralni rozsahu od 50 do 4000 cm ™2, které jsou méteny
pomoci ROA spektrometru vyvinutého na Katedie optiky. Autor se podilel i na vyvoji piistroje.
Abychom piispéli k uzite¢nosti ROA techniky v analytické chemii, vypracovali jsme metodiku
presnéjSiho ur€ovani enantiomerniho prebytku u chiralnich vzorki. Také je prezentovan novy
pfistup ke konformacni analyze studovanych molekul. Ukazujeme, Ze oproti bézné
analyzovanému rozsahu 200-2400 cm ™! poskytuje rozsitena spektralni oblast navic informaci
0 dosud neprobadanych vibra¢nich pohybech molekul. Nedilnou souéasti prace je také
interpretace experimentalnich dat s pouzitim kvantové-chemickych a molekularné
dynamickych metod. Je piedstaven vypocetni protokol pouzitelny pro chirdlni kapaliny,
zalozeny na periodickém modelu kapaliny. S jeho pomoci je provedena podrobna analyza
nizkofrekvenénich vibra¢nich médi modelovych chiralnich molekul. Viibec poprvé byl zméten
ROA signal mnoha kombinac¢nich a vyssich harmonickych vibraénich médda, a ptislusné pasy

byly ptifazeny ke konkrétnim molekulovym vibracim.
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1. Introduction

The techniques of chiroptical spectroscopy are based on the different interactions of left- and
right-handed circularly polarized radiation with chiral molecules. According to the optical
phenomena reflecting this interaction, we recognize three main experimental branches of
chiroptical spectroscopy: optical rotatory dispersion (ORD), circular dichroism (CD), and
Raman optical activity (ROA). Exploring the unique equipment at the Department of Optics,
this thesis focuses predominantly on ROA spectroscopy. Other spectroscopic techniques are
briefly introduced in Subsection 2.1.3.

In recent years, ROA has become a quickly developing technique of vibrational
spectroscopy. ROA has been established as a powerful and noninvasive tool to analyze
molecular structures and interactions of chiral molecules in solution. One of the major
advantages of ROA is the ease of measuring samples in aqueous solution. Second, a larger
number of observable spectral bands compared to the complementary vibrational circular
dichroism (VCD) spectroscopy provides a better basis for the analysis of observed spectra.
A wide range of inorganic and organic molecules, including helicenes, peptides, proteins,

fibrils, sugars, nucleic acids, or even viruses, have already been studied by this technique.

ROA provides extremely useful information about chiral molecules, however, the ROA
signal is usually 4 to 5 orders of magnitude weaker than the already weak Raman scattering, so
the spectra are sensitive to experimental artifacts. The signal can be affected by intensity
fluctuations caused by the laser instability or by thermal fluctuations in the sample. Further, the
baseline in the parent Raman spectrum can be plagued by the fluorescent background from
impurities (e.g., dust) in the sample, which may change during the accumulation of the spectra.
Last but not least, an experimental obstacle is also the need of relatively large sample volumes
(~10 pL) and concentrations of at least 1 mg-mLt. In summary, ROA measurement is
demanding and at least basic knowledge in optics is needed for conducting and understanding
the experiment. So far, neither ROA nor VCD has been considered as a conventional tool for
large-output structural and dynamical studies of chiral molecules or in such analyses of the
optical purity — the relative amount of the opposite enantiomers contained in the sample. The
goal of this work was to advance instrumentation and applications so that the advantage of ROA

can be achieved.



The interpretation of experimental ROA spectra often relies on the comparison of the
measured and calculated spectra looking for agreement of signs, relative intensities, and spectral
shapes of the observed bands. Therefore, the development of simulation models is of particular
importance. The simulations used in the thesis are based on a combined molecular dynamics
and density functional theory approach. Simulations of large molecular complexes or solvent-
solute systems are often computationally demanding, and a feasible computational protocol is

required to overcome the computational limits.

The aim of our effort was to contribute to the development of experimental methodology
and interpretation of Raman and ROA spectra of various chiral substances. The work is focused
on unexplored spectral features within 50-4500 cm™, measured by a double-grating ROA
spectrometer developed at the Department of Optics, Faculty of Science, Palacky University
Olomouc. The thesis is based on four publications attached in the appendix, published in high

impact journals.
The thesis has the following structure:

Chapter 2 presents the methodology. Section 2.1 summarizes the necessary theoretical
basics from optics and quantum chemistry. Section 2.2 describes modern computational
approaches based on density functional theory in the harmonic approximation
(Subsection 2.2.1) and including anharmonic corrections (Subsection 2.2.2). Subsection
2.2.3 is dedicated to potential energy surface (PES) scanning and procedures that
incorporate more than one molecular conformation in the calculation. Approaches
comprising implicit and explicit solvent models to mimic the environment are
elaborated in Subsections 2.2.4 and 2.2.5. Tools useful for the optimization and spectra
calculation of large molecular complexes are explained in Subsections 2.2.6 and 2.2.7,
respectively. In Subsection 2.2.8, a new periodic crystal-like computational protocol to
better treat chiral samples in a liquid phase is proposed. For the purpose of studying
low-frequency vibrations, intermolecular coordinates are defined in Subsection 2.2.9.
The experimental details of the ROA measurement are outlined in Section 2.3.
Measured Raman spectra often exhibit an unstable baseline. In the upcoming
Section 2.4, we delve into the techniques used to address and correct this baseline issue.
This is followed by Section 2.5, which deals with the methods of comparison of
experimental and predicted spectra. In Section 2.6 a new methodology to accurate

enantiomeric excess determination using ROA is described.



A summary of the results discussed in Chapter 3 is arranged into three main
topics that do not simply following publications, but the attached publications provide
further details. The conformational analysis of flexible molecules is discussed in
Subsection 3.1.1. This is followed by Subsection 3.1.2, where the original approach to
the conformational analysis based on the similarity of the observed and calculated
spectra is introduced and demonstrated. The next Section 3.2 shows the results achieved
in the extended spectral range. In Subsection 3.2.1, the origin of the low-frequency ROA
signal is discussed based on the interpretation of ROA spectra by the new periodic
crystal-like model. Strong optical activity of several overtone and combination bands is
measured for the first time and successfully assigned based on the perturbation and
variational approaches described in Subsection 3.2.2. The last methodological project,
introduced in Section 3.3, demonstrates a novel approach to accurate determination of

the enantiomeric excess based on ROA measurement.



2. Methods

2.1. Theoretical basis

Chiroptical spectroscopy is based on the interaction of the electromagnetic radiation with chiral
molecules. Its theoretical basis comprises properties of electromagnetic radiation, quantum
molecular chemistry, chirality, and optical activity. In the beginning of this chapter, important
terms from electromagnetic optics and stereochemistry are summarized. Later, the chapter is

focused on the description of non-resonant Raman scattering and Raman optical activity.

2.1.1. Description of polarized light

The electromagnetic radiation is described by time-dependent electric and magnetic fields. For
plane waves, the field vectors are synchronized and orthogonal to each other. Assuming
a monochromatic plane wave which propagates through free space along the z direction, the

electric (E) and magnetic (H) field vectors are

E(z,t) = Re{Eoei(wt—kz)}, (2.1)

H(zt) = Re{Hge'(@t~kD}, (2.2)

where w = 2mv is the angular frequency, k=2m/An is the wave vector, t is time, and n is unit
vector in the direction of propagation. The wave vector k thus points to the propagation

direction and its squared length is related to ¢ through the dispersion relation

2 o @ (2.3)
-2

where c is the velocity of light. Since the magnetic field can be calculated from the electric one,
we just consider the complex envelope of the oscillating electric field Eq, which lies in x-y plane

as

Eo = xe,e'?x +ye,e'?y, (24)

where x and y are unit vectors along the coordinates, e, and e,, are constants and ¢, and ¢,,

are phases. Substituting (2.4) into (2.1), we obtain



E(z,t) =Ex+E)y= 25)

= Xe, Cos [Zm/ (t — ;) + <px] + ye, cos [Zm/ (t - g) + <py] .
The polarization of light is characterized by the particular field form and affects the interaction
of light with matter, such as reflection, absorption, scattering, or propagation in anisotropic
materials. The tip of the electric field vector of a general polarization state follows an ellipse in

the x-y plane (Figure 2.1). The general equation of a polarization ellipse is

E? E? E.E
—JZC+—32]— Y cos ¢ = sin? . (2.6)
es e; exey
Its spatial orientation in x-y plane y is called the azimuth and is defined as
2ey e, cos
tan 2y = = (p’ 2.7)

ef — e}
where the ¢ = ¢, — ¢, is the phase difference between the orthogonal components. sin ¢ in

(2.6) describes the sense of electric field rotation. The ratio of the principal axes of the

polarization ellipse

2eyey,sing (2.8)

sin2y =
e + e}

defines the ellipticity y.

Figure 2.1: Polarization ellipse.

Particularly important in chiral spectroscopy are the linear and circular polarizations.
The light is linearly polarized (LP) when one of the x-y components of the field is zero and

circularly polarized when e, and e,, are equal and the phase ¢ = (2k — 1)/2, k = 0,1,2 ...



For right or left circular polarization (RCP/LCP), the electric field rotates clockwise or
counterclockwise, respectively, if observed along the z axis facing the source (Figure 2.2)
(Michal, 2015).

A Y a
LP y Plane of polarization
, A/ /4
: B/ 4
oy A Y a X

N, (IECEEEED..
N/ R

A YA X

N, (B,
o ARG

Figure 2.2: The path of the electric field vector in the x-y plane and in space, for the z-direction

propagation, for linear, right circular and left circular polarization state.

2.1.2. Chirality

In chiroptical spectroscopy, three molecular symmetry operations are especially important —
reflection, improper rotation, and inversion. Atoms in a molecule possessing the reflection

symmetry are projected onto each other through a plane. If we obtain the same molecule after



rotation and subsequent reflection through a plane perpendicular to the rotation axis, the
molecule has improper rotation symmetry. Similarly, an inversion center defines the inversion

symmetry. Details are described elsewhere (Harris & Bertolucci, 1989; Polavarapu, 2016).

Molecules that do not possess one of these three symmetries are chiral and may be
optically active if they have spectroscopy to be probed. A chiral molecule and its mirror image
are called enantiomers. The spatial arrangement (configuration) of the enantiomer affects some
of its chemical and optical properties. In a presence of chiral center enantiomers may be labeled
as “R” (from Latin word rectus, right) or “S” (sinister, left), the assignment is handled by Cahn-
Ingold-Prelog (CIP) sequence rules (Cahn et al., 1966) followed by the viewing rule
(Figure 2.3). First, the priority of each atom attached to the central one is determined according
to their atomic numbers or mass in case of isotopes in descending order. If two atoms are same,
the priority is assigned according to the atom attached to them. In case of identical secondary
atoms, a triple bond is preferred over a double bond and a double bond over a single bond. After
the priority assignment, the molecule is oriented so that the lowest priority atom points out from
the observer. If the sense of rotation is a clockwise/counterclockwise by tracing the priority of

remaining atoms in descending order, the molecule is labeled as “R”/“S” enantiomer.

Figure 2.3: (R)-glyceraldehyde with assigned priorities according to the CIP sequence rules.
Central carbon atom is marked by “C*”. The priority of the attached atoms is labeled from the

highest (4) to the lowest (1).



An older configurational notation is still in use, especially for carbohydrates and amino
acids. This is referred to as the Fischer notation (Fischer, 1909). The molecule with a pyramidal
(sp®, carbon) chiral center is drawn in the plane according to the following rules. The main
carbon chain is vertically oriented and relevant bonds point behind the plane with the chiral
center, while other two bonds are plotted horizontally and point above the plane. The chiral
center is located at the intersection of the vertical and horizontal line. The first carbon atom
closest to the ketone group or its analogue is at the top (see Figure 2.4). Then if the OH group
is located on the right, while the H group on the left, the carbohydrate is labeled as “D”
enantiomer. The opposite orientation is labeled as “L” enantiomer. The “D”/“L” labels
correspond to “R”/“S” labels in CIP notation. The notation is similar for amino acids, where
COOH, R, and NH2 groups are substituted for OH, CHO, and CH>OH carbohydrate groups, in
this order connected to the central atom.

CHO

o OH

CH,OH

' cﬂ‘-o

Figure 2.4: D-glyceraldehyde in the Fisher projection, H and OH point towards the observer,
CHO and CH0H to the back.

In general, a molecule with N stereocenters may generate 2N different absolute
configurations. In addition, other types of the chirality, different from the central one described

above, such as axial, helical, or planar chirality, are possible.

Within one enantiomer many conformations may exist, differing by the spatial
orientation of ligands, by e.g. ring deformation (chair, boat, ...) in case of cyclic molecules.
This also affects measured chiroptical properties as they will be an average of the signals from
the different conformations present. Peptides and proteins possess not only the central chirality,
but also the structural chirality given by the secondary structure. Secondary structure is given

by the protein backbone, the usual regular forms are a-helix, -sheet, and polyproline-like helix.



2.1.3. Polarized light propagation in the optically active medium

The existence of optical activity was discovered by Frangois Arago in quartz which rotated the
plane of linear polarization of the light (Arago, 1812). Augustin-Jean Fresnel then suggested
that the origin of the optical activity is in the circular double refraction, i.e. circular
birefringence. Upon circular birefringence optical properties of such material are described by
different refractive indices for RCP and LCP (Fresnel, 1824).

The dielectric tensor determining the optical activity in anisotropic medium can be
defined as

g =¢e+igT, (2.9)

where & is isotropic part not contributing to optical activity, &, is the vacuum permittivity and

the matrix
0 -G, G,
r=(6, o -G (2.10)
G, G, 0

is the antisymmetric gyration tensor, where elements G, G,,, G, are components of the gyration
vector G = Gs, and s is the unit vector in the propagation direction. Solving the wave equation
using (2.9), we obtain a pair of orthogonal elliptically polarized waves with opposite sense of
rotation. The ellipticity of them is then given as

—G
Loz -ndx 2z -ty + 6

where ni1 and ny are refractive indices in the absence of optical activity (G = 0). The Fresnel

X:

(2.11)

equation for the eigen indices of refraction is

(n? —n})(n? —nj) = G2. (2.12)

In case of optically active isotropic medium (n, = n, = n) we obtain RCP and LCP with

refractive indices
G (2.13)

Therefore, the linear polarization of the incident beam is split into the superposition of two

circularly polarized orthogonal modes that are propagating independently with different



velocities through the optically active medium and the plane of the linear polarization of the
wave emerging from the medium is then rotated by angle Aa per unit length z:

A G w 2.14
- = 1 = 1 (MLcp — Nrep) ( )

Z
with regard to the plane of incident polarization. If ng.p < n,cp the sense of rotation is
clockwise and the chiral sample is labeled as right-handed and vice versa (Yariv & Yeh, 1984).
The spectroscopic method of measuring circular birefringence is referred to as optical rotation

(OR).

Optically active medium affects not only the orientation of the linear polarization but
also the ellipticity and total intensity of emerging wave, due to the difference in absorption of
RCP and LCP light. For small angles, the ellipticity is

X= % (Brcp — Brep)s (2.15)

where S,cp and Brcp are the absorption indices. This phenomenon is called circular dichroism
(CD). In the presence of both OR and CD, a linearly polarized incident light along the x axis is
transformed into an elliptically polarized light with its major ellipse axis rotated by angle (2.14)
from the x axis on the exit. CD and wavelength-dependent OR, known as optical rotation
dispersion (ORD), are related through the Kramers—Kronig dispersion relations. Hence, the

ORD spectrum can be calculated based on the CD spectrum and vice versa.

OR and CD signals are usually formed by electronic transitions of chiral molecules,
while the infrared form of CD, called vibrational circular dichroism (VCD), and ROA primarily
target molecular vibrations, as explained in the following Subsection 2.1.4. VCD and ROA are
complementary techniques and together they are referred to as vibrational optical activity
(VOA). In general, VOA spectroscopy is more focused on local conformational changes and
the analyzed signal is easier to interpret than in the case of electronic spectroscopic methods.
Unlike OR, CD or VCD, ROA is two-photon processes and will be described in
Subsection 2.1.5.

2.1.4. The nature of molecular vibrations

Fundamentals of vibrational spectroscopy comprise description of vibrational motions of

molecules (Kapitan, 2006; Nafie, 2011; Polavarapu, 1998). As the nuclei are much heavier than

10



electrons (M, > m,) the nuclear and electronic part of the molecular wavefunction ¥y ,, can

be separated as

Yy (1, R) = xR (R)YE(r, R). (2.16)

In this Born-Oppenheimer approximation, the application of the nuclear kinetic energy operator
to the electronic wavefunction is ignored and the nuclear and electronic part of the Schrodinger

equation of the molecule are solved separately. The electronic Schrédinger equation is

[T+ V(R = en (R (2.17)

with the Kkinetic energy of the electrons

. h?
Tel — _ Z V2, (2.18)

2m,

i
and the potential including the nuclear-nuclear repulsion energy, the electron-nuclear attraction

energy, and the electron-electron repulsion energy,

L D A e D D @19
4me, — £ Ry 4me Tai 47'[50 rU

where Z,, Zg are proton numbers, e is the electron charge, m,, is the mass of electrons located

V(r,R) =

in position r, M, is the mass of nucleus A at position Ry, # is the reduced Planck constant, and
&, IS the vacuum permittivity. Indices A, B denote the nuclei and i, j denote electrons. Once the
solution of (2.17) for the electronic state n with the fixed nuclear position is determined, the
corresponding electronic energy can be used in nuclear Hamiltonian operator as the potential

energy:

[Tz + £, (R) AT (R) = Ep, yx 2 (R), (2.20)

where the nuclear kinetic energy

2
Tnuc _ h 1 VZ (2-21)
2 MA

The Taylor expansion of the potential energy in (2.20) for small deviations of nuclear

coordinates from their equilibrium positions is

11



ds
g,(Ry, .., Ry) = £, (RY, ...,R%) + ZW(RM - Rjo,a) +
IS (2.22)

2

&
ZZGRT(R]“ Ra)(Rip = Ricp) +
JKk=1 1%

The first term may be set to zero. The gradient of the potential energy at a minimum is equal to
zero, since it is proportional to the force acting on the atoms and this force is zero in the
equilibrium. When higher order energy derivatives are neglected (the harmonic approximation),
the only non-zero term contains the matrix of the second derivatives known as the force field

or Hessian matrix.

For N atoms, the molecule described by equation (2.20) possesses 3N degrees of
freedom, of which 3 are translations and 3 for rotations of the whole molecule. Linear molecule
possesses only 2 rotational motions. Remaining 3N-6(5) degrees are the vibrational motions. In

the harmonic approximation the vibrational part of (2.20) becomes

3N-6 3N6

~ h? 1 0% n (2.23)

Ayisdn(®) = | == ﬁ—axﬁ fHAXAX; | $n(R) = Engn(R), &
i=1 i,j=1

where f;7 are elements of the force field matrix and X; = R, Cartesian coordinates. The

equation (2.23) can be solved by diagonalization of the force filed matrix in the normal mode

coordinates

A = STFS, (2.24)

which are defined by a transformation

fork =1,2,...,3N. Elements of the matrix Skj represent the contribution of each nucleus j to

the normal mode Q.. Once the force field matrix A is diagonalized, the transformation given
by (2.25) is known. The eigenvalues (diagonal elements) of A are squares of 3N normal mode
frequencies (A;; = Sijwizj). Normal coordinates for translations and rotations have zero

frequency. Transformation (2.25) eliminates all cross-terms from the vibrational Hamiltonian
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3N 3N

- 1/ 92 _
Hyp = Z > <6_Q2 + waf) = ) H;, (2.26)

j=1 J
which is now the sum of 3N harmonic oscillators. The vibrational wavefunction is a product of

one-dimensional wavefunctions

3N
j=1

The Schrodinger equation for each normal mode j with the angular frequency w; and a quantum

number n; is then given as

-~ 1 2.28

2.1.5. Raman optical activity

The scattering of light in a bulk with all its quantum-mechanical and relativistic aspects does
not yet have a consistent theory. Fortunately, the semiclassical approach based on
electromagnetic waves scattering by individual molecules appears to provide a reasonable
description of experimental data. The aim of this section is to provide the reader with a basic
theory of ROA. Details are already described in several good textbooks (Barron, 2004; Nafie,
2011; Polavarapu, 2016).

The light scattering is a two-photon process based on the interaction of incident
electromagnetic waves with individual molecules of the sample. The oscillating
electromagnetic field generates time-dependent electric dipole, magnetic dipole and electric
quadrupole moments in each affected molecule, which are the sources of the scattered radiation.
In case of Raman inelastic scattering, a quantum of a vibrational energy is gained (anti-Stokes)
or lost (Stokes) in the molecular system. The scattered intensity (Nafie & Che, 1994) is defined

as

. s 2
1(e9,6") = K(|ed a pep| ) (2.29)
with the Raman scattering tensor d, ;. For isotropic samples rotational average must be taken.

The incident and scattered radiation are represented by the polarization vectors e and e?,
respectively. Greek subscripts refer to the Cartesian components and the Einstein summation
convention is applied here and further in the text. The tilde over the symbol indicates a complex
quantity. The constant

13



2 (0)\ 2
K = <%> (2.30)

includes the incident electric field intensity E©), the scattered angular frequency w, magnetic
permeability p, for free space and the distance R travelled by scattered beam to the detector.

The scattering tensor

Aap = Qap + % I:gygﬁn(iséay + &y5an3Gyp + % (wonbdy,p — wn)‘?ﬂﬁ,ya)] (2.31)
consists of the electric dipole polarizability ., that is sufficient to describe Raman (and
Rayleigh) scattering, electric dipole-magnetic dipole (Gay,gy,;) and electric dipole-electric
quadrupole (Aa,y[;, c/iﬁ,ya) optical activity tensors. Higher order terms can be neglected because
molecular dimensions are usually smaller than the wavelength. ¢,55 and ¢, are components
of the Levi-Civita tensors, c is the velocity of light, w, is the incident light angular frequency

and n‘ and n¢ are propagation vectors of incident and scattered light, respectively.

Assuming the experiment is far from resonance, when energy of the incident radiation

is distinct from electronic transition energies, the far-from-resonance approximate tensors are

Agp = h};n pr Re{(m|aq|i){i|ag|n)}, (2.32)
Gap = th 7oz mlmlellmgln)), 239)
Aapy = hzm o7z Rellmlaal) 18y ), @30

where wj,, = w; — w, represents the angular frequency difference between the initial state n

and excited state j, m is the final state. The electric dipole, magnetic dipole and electric

quadrupole moment operators are given as

flo = Z exTkar (2.35)

k

. 1 %
My = EZ m_kgaﬁyrkﬁpky' (2.36)

k
) =1 ex(3TkaTip — ¥ 8ap)
af 2 k ka'kp kYap ) (2.37)
k
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where each particle k contributes with its mass my,, charge e, position r;, and momentum p,,.
qpy IS Levi-Civita tensor and &, is Kronecker delta. Vibrational difference in energies of the
initial or final state can be neglected in the far-from-resonance approximation. For Raman
scattering and ROA, we can employ the Placzek’s approximation (Placzek, 1934). For example,

the polarizability tensors can be expressed as

dag
(mvlaaﬁ (Q)lnv) = (aa,@)o6mvn,, + 2 ( a“Qpﬁ) (mleplnv>r (2.38)
P 0

i.e. using derivatives with respect to the normal mode coordinate Qp. For isotropic samples
measured in the back-scattering SCP ROA experiment, the unpolarized Raman and ROA

intensities are

I+, =K

0 g 6aﬁﬁ) <6aaﬁ> <6aaﬁ> 5
(52, (52 e ) \3e) | @39
8K Oaaa aGc,zﬁ 6aaa aGéﬁ)

3 —
(aQP )0<6QP >O (aQP )0<aQP 0

IR_IL:_
1 ada[g> <6Ay5ﬁ)
+-wo| —]| ¢ - .
3 °<an AT

The subscript 0 means that the derivatives are considered in equilibrium nuclear positions. The

(2.40)

mixed terms of the polarizability and the tensors of Raman optical activity in (2.40) thus
generate different response of a chiral molecule to unpolarized light in the form of different

Raman intensities for left and right circular polarizations.

2.2. Simulation methods of vibrational spectra

Quantum chemical calculations have become important parts of the interpretation of spectra.
With increasing computing power, the range of calculation methods expands. One of the most
popular modelling methods is the density functional theory (DFT). In this section are
summarized computational approaches based on the DFT and the harmonic approximation or
with the anharmonic corrections. Since vibrational optical activity is particularly sensitive to
intermolecular interactions, simulations done in vacuum are often not realistic. Therefore,
solvent models based on implicit (dielectric cavity based) or explicit (molecular dynamics)

inclusion of solvent molecules into the calculation are also introduced.
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2.2.1. Density functional theory

Kohn-Sham equations

The main principle of the DFT (Koch & Holthausen, 2001) is the substitution of the wave
function W of N electrons by the electron density defined as the multiple integral over the spin

coordinates of all electrons and over all but one of the spatial variables

p(r) = Nf ...fILIJ(rl,rZ, e, TY)|2d s1dr, ... dry. (2.41)

The electron density is non-negative function obeying
p(r - ) =0, (2.42)

fp(r)dr = N. (2.43)

The Hohenberg-Kohn (Hohenberg & Kohn, 1964) theorem justifies using the electron density
as the fundamental quantity instead of the wave function to unambiguously determine all
properties of the molecular system in the non-degenerated ground state. Levy generalized
Hohenberg-Kohn theorem also to degenerated ground states (Parr, 1980). Thus, the electron

density can be calculated by variation of the ground state energy

SE(p) _

. 2.44
5p 0 (2.44)

The energy can be written as

E(p) = T(p) + j POVEr + Voo (0), (2.45)

where T is the Kinetic energy operator, the second term contains the “external” potential due to
the nuclei and 1, contains the electron-electron interactions. Today’s DFT implementations
are most often based on the idea of Kohn and Sham (Kohn & Sham, 1965), who introduced

arbitrary orbitals (KS orbitals) and where the density is

N
p() = ) lou(m)I*. (2.46)
i=1
Then, (2.45) can be written as

p()p(r’)
Ir —r’|

1
E(p) = T5(p) + f pEE)r + j drdr’ + Exc (p),  (247)
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where Ts is the kinetic energy of the non-interacting reference system, the third term is the
Coulomb electron-electron repulsion and Ey is the exchange-correlation energy. The exact
Ex. form is unknown. By minimizing the energy in (2.47) as a function of the KS orbitals ¢X*
the KS one-electron equations are obtained as

h? 1 [ p)

A; +v(r) +
2m, v(r) Amtey ) |r—1'|

HKS(leS(r) = (‘ dr’ + UXC(r)> (PLKS(I') = ei(pf<5, (2.48)

where Hyg is KS Hamiltonian operator and the corresponding exchange-correlation potential is

0Exc (P)

5 (2.49)

vxc(r) =

Functionals

An important task of modern DFT is to develop better approximations to the exchange-
correlation potential, with the aim of getting as close as possible to the solution of the
Schrodinger equation. These efforts have resulted in several hundred different exchange-
correlation potentials. Some of them are customized for a specific type of molecules. Therefore,
it is important to make several benchmark tests to verify its appropriateness before drawing
conclusions of a study. DFT potentials are usually classified as pure potentials (functionals),
only dependent on the electron density or its derivatives, and hybrid functionals including the
Hartree-Fock (HF) exchange energy (Koch & Holthausen, 2001)

N

> N (@@ )|

i

1

EHF —
Ir —r'|

X =

— lors@er ). @50
Modern DFT functionals provide results in a qualitative agreement with the second-order
Moller—Plesset type perturbation theory (MP2) (Meller & Plesset, 1934), but are less
computationally demanding (Bout, 2000; Pai et al., 1996). Commonly used pure functional
BPWO91 combines Becke’s exchange energy functional (Becke, 1988) with the correlation
energy functional of Perdew and Wang (Burke et al., 1998; Perdew et al., 1996; Perdew et al.,
1992, 1993; Perdew et al., 1991). The hybrid functionals combine HF exchange energy with
empirically derived DFT exchange-correlation functionals. The most widespread hybrid
functionals with a remarkable universality are the Becke three-parameter hybrid functionals
B3LYP and B3PW91 (Becke, 1988, 1993; Lee et al., 1988).

However, the standard KS DFT approximations underestimate long-range dispersion

(van der Waals) interactions. They provide satisfactory results only for short range interactions
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of not too large molecules. A correction was proposed by Grimme (Schwabe & Grimme, 2007),

who added empirical dispersion term to the KS energy expression

EDFT-D _ _ S CLAB]" (R )
disp — nR‘le damp \*4B/J» (251)

AB n=6,8,10,...

where s, is the functional dependent scaling factor, CAZ is the dispersion coefficient for atom

pair AB (A # B) with a mutual distance R,z and fy.mp is @ damping function to avoid

singularities for small R,5z. Hence, the damping function converges to zero for R,z — O.

Alternative Eg;g, can be given as

Cn
E,. =— Z o 252
disp L R}y + const (2:52)

which is called Becke and Johnson (BJ)-damping (Becke & Johnson, 2005; Johnson & Becke,
2005, 2006) and may provide more accurate results by not including artificial repulsive forces
at small and medium distances (Grimme et al., 2011). The last common version of Grimme’s
correction is called DFT-D3 and includes sixth-order and eighth-order coefficients (Grimme et
al., 2010). Terms of the order n > 6 are found to be more suitable for short distances and also

strongly interfere with DFT exchange-correlation contribution (Grimme, 2011).
Basis sets

In practice, the KS orbitals can be expanded to a set of L predefined basis functions

L

¢{<5 = Z Cuin;u (2-53)

pn=1
which is referred to as linear combination of atomic orbitals (LCAQ) (Roothaan, 1951). Over
past decades, different sets of the basis functions were developed (Baerends et al., 1973,
Baerends & Ros, 1978; Blochl et al., 1996; Delley, 1990; Te Velde et al., 2001). Gaussian-type

orbitals (GTO) are a linear combination of so-called primitive Gaussian functions (p):

K
770 = >t (2.54)
i=1
pt = Pi(x,y,z) exp(—iar?), (2.55)

where P is a polynomial in the components X, y, and z of the position vector r,

r=4x%2+y2+z2 a € R. Asimple GTO basis is STO-3G (Collins et al., 1976; Hehre et al.,
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1969), which combines only three Gaussian type functions and is default option in Gaussian16
software (Frisch et al., 2016), but it is practically useless for accurate simulations of vibrational
spectra. It is necessary to choose sufficiently large basis sets so that the advantage of chosen
DFT functional has not been wasted because of the errors caused by the small number of atomic
orbitals included in the calculation. Routinely used split valence basis sets provide
a compromise between accuracy and efficiency. For example, the basis set 6-31G (Ditchfield
etal., 1971) combines six primitive Gaussian functions for each atomic orbital in the inner core
electron shell and outer valence orbitals are split into two parts, described by three and one
primitive Gaussian functions. The 6-311G is defined as 6-31G but with one more primitive
Gaussian function for valence orbitals. This basis set can be augmented by polarization
functions (indicated by stars, *) (Frisch et al., 1984), which possess higher sensitivity and better
adaptation of the orbitals to the molecular environment. By adding the diffuse functions
(indicated by plus, +) (Clark et al., 1983), the electrons further from the atomic core are better

described.
Rarefied basis set

Incorporating larger basis sets, such as 6-311++G** or aug-cc-pVDZ for Raman and ROA
intensity calculations is too cumbersome and computationally demanding, especially for large
molecular clusters. Therefore, G. Zuber and W. Hug introduced the rDP and rDPS basis sets,
which are the standard 3-21G and 3-21++G sets, respectively, augmented by diffuse p-type
polarization functions (“DP”) and a diffuse shell (“S”) applied only on hydrogen atoms (“r” -
reduced) (Thorvaldsen et al., 2012; Zuber & Hug, 2004). Performance of such basis sets in
Raman and ROA scattering tensors calculations was comparable to more elaborate basis sets
of Sadlej (Sadlej, 1988) and aug-cc-pVDZ (Kendall et al., 1992), but the calculations were 20
times faster. However, such rarefied basis sets are not convenient for molecular optimization

and force field calculations.

2.2.2. Beyond the harmonic approximation

The harmonic approximation usually provides sufficient accuracy for vibrational spectra
interpretation in the standard range of 200-2000 cm™*. However, the calculated frequencies for
high-frequency vibrations, such as CH, CN, or CO stretching, often deviate from the
experimental spectra by tens of cm™. As we are interested in unusually high energy vibrations

in this work, a treatment beyond the harmonic approximation is required.
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The energy levels of the harmonic oscillator are evenly spaced by fixed energy
difference hw. Transitions when the quantum number changes by one are called fundamentals,
others are overtones and combination transitions. For example, for two harmonic oscillators,
the first overtone (J00) — |02)) is a transition from the ground vibrational level to the second
excited vibrational state of the second oscillator, while combination mode (|00) — |11)) occurs

when two or more fundamental transitions are excited simultaneously (Figure 2.5).

Two-mode system
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ibrati 1st excited

e electronic
levels <tate
E ! 11 I virtual
nergy Y N N ;  energy
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vibration v Elegc:cr:]r;ic
levels v - gstate

00>~+[01) [00>—~[02) [00>—+[11)

Figure 2.5: Energy level diagram of two-mode system with example of fundamental (1),
overtone (1) and combination (I11) vibrational transition as seen by Raman spectroscopy.

The vibrational potential energy can be expanded further than in (2.22) as

V(Qq,....Qn) = %Z viQ7 + %ZN: i i CijkQiQ;Q
1 N N N N
+ﬁz Z Z Z dijiQiQ;Qk Q1

for N normal mode coordinates @, where f;; is the Hessian matrix with harmonic frequencies

,..
1]
Juy
~
Il
=
-
1]
[y
=
Il
=

(2.56)

V;, Ciji are cubic and d;j;, are quartic force constants corresponding to the third and fourth

potential energy derivatives, respectively. While second derivatives are calculated analytically,
cubic and semidiagonal quartic force constants are usually computed by two-point numerical

differentiation of the Hessian as
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KT 90,0000~ 00k 24 (&0
g = 0V _ 0%f; i Qi + 8) — fi;(Qr — A) + 2f;;(0) (2.58)
VKT 90,0000,0Q, ~ 0Q,0Q; A2 ’ '

where A is the differentiation step. Contrary to the fixed differentiation step used in Gaussian
16 (Frisch et al., 2016), the S4 program (Bouft, 2017) allows for differentiation with a variable
normal mode step of 1000/ vAQ, where v is the frequency in cm™ and AQ = 0.05 A. This
frequency dependent differentiation step keeps the average displacement approximately
constant for all normal modes. Off-diagonal quartic constants with all indices unique are
omitted. Analytical calculation of the cubic and quartic force constants at the DFT level was
introduced (Ringholm et al., 2014), but not yet been implemented into Gaussian16 (Frisch et

al., 2016) or S4 (Bouf, 2017) that were used for spectral simulations in the thesis.

Not surprisingly, the anharmonic frequency calculation is much more time demanding
than the harmonic calculation. Moreover, the separation of Schrodinger equation to a set of
independent harmonic oscillators (eq. (2.28)) cannot be used for the anharmonic potential.
Hence, perturbational or variational approaches are usually used, starting from the harmonic

approximation.
Second-order perturbation theory

As the cubic and quartic terms in equation (2.56) often have only small effect, they can be
treated as a perturbation. The vibrational second-order perturbation theory (VPT2) is very
efficient approach with regards to the accuracy and computational cost for small to large
molecules. Same as for the potential, intensity tensors at the VPT2 level are expanded up to the
third order as

N N

X 1 %X
XQP)=X(O)+ ) 55045 ) D 5oa5-0
i=1 <" =1 e

i=1j=1

(2.59)
3

1 N N N a X
+EZZZWQL'Q]' Qk

where X, for example, represents polarizability tensor a or optical activity tensors G’ and A.

X(0) is the equilibrium value. Raman and ROA transition tensors are then given as

(n|X|m)

(Xnm = N T (2.60)
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where the wavefunction norms are in the denominator because the perturbed wavefunctions for
initial n and final m vibrational states are not normalized. Using (2.59), analytic formulas for
intensities up to the three quanta transitions can be derived, as shown elsewhere (Barone, 2005;
Bloino, 2015; Bloino & Barone, 2012).

Resonances

The VPT2 anharmonic approach can suffer from resonance effects, i.e., coupling of modes

close in energy. Energies are mostly affected by the Fermi resonances (FR) of type I (v; = 2v;)
and type Il (v; = v; + vi). Their occurrence increases with the size of the molecule. Fermi
resonances are not the only source of errors in the perturbative calculus. Additional source of
singularities, particularly critical for intensity calculations, are present and referred as Darling-
Dennison resonances (DDR) (Darling & Dennison, 1940). DDR are categorized based on the
number of interacting quanta in the wave mixing. Mostly, two types are being recognized,

¢ = Vi” and “Vl = V; + Vj + Vk”.

Several modified VPT2 versions were introduced to effectively treat specifically the
Fermi and Darling—Dennison resonances. In the “deperturbed” VPT2 (DVPT2) case, the FR
are identified by one or more criteria (e.g. “Av = v; — (v; + v,)” or Martin test (Martin et al.,
1995)) and simply discarded from the calculation, whereas DDR are not corrected at all. This
deficiency can be subsequently corrected by variational treatment of the excluded FR terms and
reintroducing them back to the calculation. Only significant contribution of DDR, when
applying similar criteria as for FR, can be introduced into the variational correction due to large
computer memory cost of such procedure. This approach is referred to as the generalized VPT2
(GVPT2) and is based on diagonalization of the symmetry matrix, where diagonal elements
correspond to the anharmonic energies and off-diagonal terms describe the resonant terms
(Bloino et al., 2015).

Proposed tests for identification of resonance terms in the energy calculation can be
somehow adapted in similar form to the intensity calculation. Sufficiently small tolerances and
additional tests on the magnitude of the resonance terms must be applied because the intensity
coupling terms are different. Robust strategies to the best treatment of DDR are still under

investigation (Yang et al., 2021).
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Limited vibrational configuration interaction

Alternatively, a limited vibrational configuration interaction (LVCI) (Dané¢ek & Bouf, 2007;
Hudecova et al., 2013) is based on solving Schrodinger equation by diagonalization of a large
Hamiltonian matrix, where the vibrational wavefunction is expressed as a sum of many
harmonic oscillator functions. As the Hamiltonian diagonalization is too computationally
demanding, the number of harmonic states (matrix elements) must be restricted. Therefore, only
up to five times excited harmonic states are usually considered in LVCI approach. For example,
|500) or |221) excited states in a three-mode system, where |[000) — |001) represents one
fundamental transition, are included but not |600), |224), etc. Several restriction rules are

applied for selection of the most relevant Hamiltonian elements, such as

[nlVIm)| > n|Ey, — Enl, (2.61)
omitting states according to the parameter n for transition from the initial vibrational state n to

the final state m.

Indirect iterative diagonalization methods such as Mitin’s version (Mitin, 1994) of the
Davidson procedure (Davidson, 1975) are based on iterative calculation of eigenvalues and
eigenvectors. It is imperative that each new eigenvector be orthogonal to the previous ones. The
Mitin’s/Davidson procedure enables one to significantly increase Hamiltonian dimension

(~10°%), but quickly slows down when too many eigenstates are required.

2.2.3. Potential energy surface scan

The inhomogeneous spectral band broadening in solutions is usually caused by contributions
from many molecular conformers and solvent-solute configurations. Such species differ in
positions of the Raman bands or intensities and signs of ROA bands. The potential energy
surface (PES) scan is a useful tool to understand the multi-dimensional conformational space
of the studied molecule. The scanning procedure is usually based on increments of the analyzed
coordinates, while the remaining coordinates are fully optimized at each step of the scan
(“relaxed scan”) (Kapitan et al., 20006).

In common practice, the contributions of conformers up to 2-3 kcal-mol™ are
considered significant, contributing to the simulated spectra according to their Boltzmann

weights
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pi = —, (2.62)
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XY exp (— 7

where N is the number of conformers, k is the Boltzmann constant, and T is temperature.

2.2.4. Solvent modeling

Measured ROA signal reflects not only the molecular structure but may be also extraordinarily
sensitive to the environmental effects and dynamics. Insufficient inclusion of intermolecular
interactions into the ab initio calculations may lead to large errors in the interpretation of the
experimental spectra, especially for strong intermolecular interactions, such as hydrogen
bonding. Furthermore, it is difficult to distinguish between internal solute, solvent-solvent and
solute-solvent spectral bands in the low-frequency region. Hence, the solvent models play an
important role in correct Raman and ROA spectra interpretation. Incorporating solvent
corrections can improve vibrational frequencies, provide the spectral band broadening, and
more realistic intensities. The solvent can be included as a continuum or by explicitly

incorporated solvent molecules into the calculations.

Simple and widely used continuum (“implicit”) solvent models are continuum solvation
models (Mennucci & Cammi, 2008; Tomasi et al., 2005), namely the polarizable continuum
models (PCM) (Caricato et al., 2005; Lipparini et al., 2010; Scalmani & Frisch, 2010), where
the solute molecule is in a cavity surrounded by dielectric continuum. The Kohn-Sham
equations are solved based on a self-consistent reaction field (SCRF) iterative procedure. The
solute polarizes the continuum and the formed electrostatic field in turn affects the charge
distribution in the solute. The cavity is formed by overlapping van der Waals spheres centered
at the atomic positions. The sphere size depends on the atom type, connectivity, overall charge
of the molecule, and the number of attached hydrogen atoms. The surface of the solvent cavity
is divided into small shape segments (tesserae), in which the point charges of the reaction field
are calculated (see Figure 2.6b). Similar conductor-like screening model (COSMO) originally
treated the solvent as a perfect conductor (¢ = ), later a finite dielectric constant was included
via an empirically determined scaling function (Klamt & Schuurmann, 1993). The Gaussian16
(Frisch et al., 2016) implementation of COSMO uses the PCM cavity and is called the
conductor-like polarizable model (CPCM) (Barone & Cossi, 1998; Cossi et al., 2003). There
are currently 184 pre-defined solvents in Gaussian16. The major parameter characterizing the

solvent is the dielectric constant. In general, a custom solvent can be specified by its dielectric
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constant, but additional parameters, such as the refractive index or the surface tension at the
liquid-air interface, are needed to specify the solvent properly. Despite the complications
associated with these implicit models, the computational complexity (and computational time)

is only slightly increased compared to vacuum.

More realistic models include solvent molecules around the solute. The positions are
often based on the molecular dynamics (MD), introduced in the next Subsection 2.2.5
(see Figure 2.6¢). This is especially important for polar molecules in polar environments
(water, methanol) to accurately describe strongly directional interactions, such as the hydrogen
bonding. As shown in several studies, such computations usually yield the most accurate results
for simulations of spectroscopic properties of liquid systems (Hopmann et al., 2011; Cheeseman
et al., 2011; Jungwirth et al., 2017). However, the necessary averaging over an ensemble of
explicitly solvated geometries is more time-consuming than the implicit solvent corrections.
The size of the studied molecular systems is limited by the available computational resources.
Especially Raman and ROA intensity calculations require large basis sets to reliably predict
experimental spectra. At the time of writing this thesis and with our computational resources,
direct simulations of the vibrational spectra for molecular systems larger than about 200 with
reasonable accuracy were too computationally demanding. However, additional
approximations like ONIOM (short for 'Our own N-layered Integrated molecular Orbital and
Molecular mechanics') (Dapprich et al., 1999; Chung et al., 2015) or Cartesian tensor transfer
(CCT) (Bouf et al., 1997; Yamamoto et al., 2012) were developed. The latter approach is
described in Subsection 2.2.7.

The ONIOM approach enables one to treat different parts of molecular systems at
different computational levels. For instance, the solute can be treated quantum mechanically
(QM) in combination with the molecular mechanics (MM) applied to the solvent molecules.
Such calculations are referred to as QM/MM (Egidi et al., 2015).

The explicit and implicit solvent approaches can be combined (Figure 2.6d). In studied
molecular systems we explicitly included solvent from the first solvation shell within 4-5 A
from the solute. Such clusters were partially optimized (see Subsection 2.2.6), and longer-range

solvation effects taken into account using one of the dielectric continuum models.

To well represent the liquid, the clusters need to be in contact with the environment. As
a part of the cluster-based approaches we used a crystal-based model, which is introduced in
the Subsection 2.2.8.
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Figure 2.6: Example of the solvent models: molecule of camphor without solvent correction
(in vacuum) (a), conductor-like screening model (COSMO, the solute cavity surface is
displayed) (b), cluster of camphor and solvent molecules of the first solvation shell (33

methanol molecules on the picture) (c), and a combination of (b) and (c) = (d).

2.2.5. Molecular dynamics

Classical molecular dynamics is based on description of time evolution of the molecular system

according to basic Newton’s second law

0°r;
Fl.’ =m; le, (263)

where the force F; is applied to the i-th atom of mass m; and causes the motion in time described
by the second derivative of its position r;. The force F; can be calculated as the negative

gradient of the potential energy, which in MD may look like this
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The first term in the equation (2.64) is the Lennard-Jones potential (Jones & Chapman, 1924),
a simplified model of repulsive and attraction forces between two non-bonded atoms, where 7;;
is the distance of the atoms, ¢;; defines the depth of the potential well referred to as dispersion
energy and o;; describes equilibrium distance of the atoms. The repulsion is caused by the Pauli
exclusion principle, while attraction is caused by the London dispersion interactions. The
second non-bonding (intermolecular) term specifies the longer-distance Coulomb electrostatic
interactions between two charges g; and q;, where &, is the vacuum permittivity. Following
bonding (intramolecular) terms correspond in order to the harmonic potential between two
atoms with bond distance d; from the equilibrium d,; (Figure 2.7a), angle a; deformation
harmonic potential between two bonds from the equilibrium a,; (Figure 2.7b), proper dihedral
(torsion) angle t; deformation potential between two three-atom planes having two atoms in
common (Figure 2.7c) and out-of-plane deformation harmonic potential of the central atom
from the reference plane defined by three atoms (Figure 2.7d), where s; is the distance from
the plane. Parameters (k;, koi, Koopis Ais €i5), €quilibrium constants (dy;, 0y, ap;) and partial
charges g; are empirically determined to simulate target properties. A set of these parameters
is called force field (same name, but different meaning than the Hessian in equation (2.22)). To
improve description of the modeled system, several force fields were developed for different
kinds of molecules. The OPLSAA (Rizzo & Jorgensen, 1999) force field implemented into the
Tinker molecular modeling package (Ponder, 2000) or the GAFF2 (J. Wang et al., 2004) force
field used in the Amber 18 software (Case et al., 2018; Pearlman et al., 1995) are recommended
sets of parameters for many general classes of organic molecules and were used in the results
presented in Chapter 3. The TIP3P (Jorgensen et al., 1983) water model is simple and widely

used force field for water molecules.
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b) d)

Figure 2.7: lllustration of the covalent bond length deformation (a), angle deformation (b),

proper dihedral angle rotation (c) and out-of-plane deformation (d) used in equation (2.64).

To improve the potential (2.64) the bonding harmonic potential can be replaced by the

Morse potential defined as

— L 2
Vg = Z Deq[1 — e Tea], (2.65)
bonds

where 1, is the equilibrium distance between two atoms, D., is the dissociation energy
(potential in7;; — o) and a is the bond strength. The Morse potential better represents the force
as r;; gets bigger (Harris & Bertolucci, 1989; Morse, 1929).

Before starting MD, energy minimization is recommended. The steepest descent and
conjugate gradient are efficient minimization methods. The main idea of the steepest descent
algorithm is to iteratively follow the opposite direction of the gradient of the potential energy
up to a minimum using

riy1 =1 —yVE(R), (2.66)
where the parameter y represents the displacement step and r; is the position vector. The
conjugate gradient method uses the previous iteration step in the following search to limit
oscillations often present in the steepest descent algorithm. The conjugate gradient method is
faster than the steepest descent, especially for geometries closer to the energy minimum. The
convergence can be also improved by approximating the potential by a quadratic function,

where the exact (Newton methods) or approximated (Quasi-Newton methods) inverse Hessians
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are included. In the latter case, the Hessian is updated in each optimization. One of the most
popular Quasi-Newton method is the limited-memory Broyden-Fletcher-Goldfarb-Shanno
(L-BFGS) algorithm (Nocedal & Wright, 1999). In the software used by us, the L-BFGS was
the default method for Tinker, while the first-order optimization methods were chosen in
Amber 18. Another molecular optimization method using the BFGS Hessian is based on the
normal mode coordinates instead of Cartesian coordinates, which in certain cases may converge
more smoothly and is described in the next Subsection 2.2.6.

Newton's equations of motion (2.63) can be solved numerically even for large molecular
systems containing thousands of atoms. MD trajectories are propagated using the integration
Verlet algorithm (Verlet, 1967). Molecular coordinates and trajectories can be saved during
several nanoseconds long dynamical run of the molecular ensemble at the specific temperature
and volume (NVT ensemble) or pressure (NpT ensemble).

In simulations of continuum (solutions, liquids, crystals, gases) molecular systems are
usually confined to a small box, often rectangular, called the elementary cell, and the periodic
boundary conditions are applied. The elementary cell geometry and interactions are propagated
to all directions. For fluids, when molecule leaves of the cell on one side, it reappears on the

opposite side with the same velocity.

2.2.6. Geometry optimization in normal coordinates

Geometries exported during MD run significantly deviate from the equilibrium. It was found
that vibrational spectra generated from such raw cluster geometries possess unrealistic band
broadening, mostly due to the anharmonic nature of the potential and vibrational mode coupling
(Hudecova et al., 2012). Full optimization of the MD cluster geometries by the energy
minimization discussed earlier is out of the question here, as all geometries may end in the same
minimum and the structural information generated by MD would be lost. One solution to this
problem is partial optimization in the normal-mode coordinates proposed by P. Bouf and
T. Kiederling (Bout, 2005, 2006; Boui & Keiderling, 2002). This is particularly useful for the

constrained optimization of weakly bonded molecular clusters.

The normal mode coordinates were already introduced in Subsection 2.1.4 in equation
(2.25). The displacement in Cartesian coordinates AX is linked to the normal mode coordinates

via “S-matrix” transformation
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3N
AXy = Zskaj' (2.67)
j=1

fork = 1,2,...,3N. The S-matrix is estimated from an initial calculation of Hessian. After

that, the Hessian is continuously updated using iterative BFGS formula in the form

N ; : N 4 . i
i+1) o Ag ag®  (FD-ax®) ax®-FO
R =FO - (dx<i)-Ag(i> BRPFOETOFroR | (2.68)
where dx® = x® — x(=D are Cartesian displacements and Ag® = g — g are gradient

differences in iteration step i and i — 1. Next, the gradient is transformed to the normal mode

coordinates as

g =st.gl (2.69)
and if satisfies the convergence criterion, the procedure is terminated. Otherwise, a new

Cartesian coordinates are produced as

2g®

PN (2.70)
Aii + A%L + 4(g(l))2

where A;; = a)i26ij are diagonal elements of the transformed Hessian.

xtHD) = x® 4+ §

Usage of normal modes in the constrained optimization allows for a natural separation
of the low-frequency modes, such as molecular translations, rotations, or intermolecular
motions, from high-frequency intramolecular vibrational modes. In practice, such a separation
is achieved by setting the maximum wavenumber parameter, typically wyax < 200-250 cm™
in order to keep the molecular backbone coordinates fixed, while the coordinates corresponding

to the frequencies above the threshold are relaxed.

2.2.7. Cartesian coordinates transfer of molecular properties

Fairly accurate calculation of the vibrational spectra of large molecular complexes (e.g.
proteins, nucleic acids) or solvated flexible molecular systems (e.g. sugars, terpenes), which
exist in many stable conformations, are limited by the insufficient computational power. As
a useful workaround, the fragment methodology based on breaking a large molecular system
into a set of fragments was developed (Bouf et al., 1997; Yamamoto & Bout, 2018), in which
vibrational atomic properties (force field, Raman, and ROA intensity tensors) of each fragment

are calculated independently with acceptable accuracy and then transferred back on large
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molecular system. This procedure results in a drastic reduction of computational demands,

while the accuracy deteriorates only in a minor way.

The Cartesian transfer relies on finding the optimal topological overlap between part f
of the fragment xfx and the segment F of the large molecular system XXXFXXX. Let’s assume

that each fragment f and the segment F contains atom pair Az and m attached atoms (ai) and

(ai)' for f and F, respectively. The part f of the fragment xfx is then rotated to minimize
difference between part f and F given as
s(U) = (r'(F) = U-r'(f))> 2.71)
i=1,..,m
where ri(F) and ri(f) are the position vectors of atoms (a') and (a')’ with origin at the

geometric center T or T’ of the atom pair Au corresponding to fraction f and segment F

(see Figure 2.8).

a'
\

r ..“__
T = (4 )2
I

Figure 2.8: Illustration of the Cartesian coordinates transfer for a fragment f with atom pair 1u
(Bouf et al., 1997).

The unitary matrix U is defined in terms of the Euler angles. It transforms Cartesian force
constants obtained for the atom pair Au in fragment f to corresponding ones in the large segment

F as

0L =3 VU= ()
aro’}aré‘ B — & ¥ ﬁsarfarg ' (2.72)

fora,B,y,6 = 1...3. In order to estimate Raman and ROA intensities of the large system, the

Cartesian transfer of the derivatives of transition tensors defined in equations (2.32) — (2.34) is
required as well. Whereas the polarizability tensor is origin independent and can be easily

transferred using the rotation only, derivatives of the origin dependent electric dipole-magnetic
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dipole and electric dipole-electric quadrupole tensors are firstly expressed in a reference frame

(origin) on the moving atom 4 as

0Geg W) _%6ip(®) -, 0aas(0) 279
OR2 gRA 2 Fro Ty g '
0Anpy(R)  0Agp,(0) 3[ ,00qy(0) P datys5(0)
' =% ——|r A 4R, 2.74
R’ or:  2["P arZ 7 4RE gz e (70

I.e. using the distributed origin gauge (Barron, 2004). In these equations € is the coordinate of
moving atom A, R% is its equilibrium position vector referred to the common origin (marked by
“0”) and w denotes the frequency of light. The unitary matrix U is used to rotate to the local

tensors.

Each molecular fragment should be optimized before the force field and intensity
calculations. In order to prevent large fragment changes during the optimization, which could
subsequently cause problems with the fragment overlap, the partial optimization in normal

mode coordinates (see Subsection 2.2.6) is used.

The accuracy of the tensor transfer can be improved by averaging contributions from
multiple overlapping fragments a‘. Moreover, the method can be extended for the transfer of
cubic and higher anharmonic constants, that are described in Subsection 2.2.2 (Parchansky &
Bout, 2010).

2.2.8. Crystal-like computational protocol

In the attached publication (Appendix B), we introduced a new crystal-like computational
protocol, where the MD cluster-based approach is adapted to better correspond to the liquid
phase introducing a crystal-like periodicity in following steps. Based on the MD cluster of 10
molecules in the periodic elementary cell (cubic box, Figure 2.9a), smaller clusters were made
by default containing two close molecules, presumably comprising the strongest intermolecular
interaction within the periodic box and 26 neighboring boxes (Figure 2.9b).The geometries of
the pairs were partially optimized in the normal mode coordinates. The modes within
i100 — 225 cm* were fixed. The force field and polarizability derivatives obtained for the pairs
(Figure 2.9c) were transferred back to the 3x3x3 supercube using the Cartesian coordinate
transfer (CCT), see Figure 2.9d. Because of the periodicity, vibrational Hamiltonian can be

described as a sum over the wave vectors g and atoms i within one cell only,
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_ 1
A= Z 5 Z mix;, + Z Z xiDyx; | (2.75)
i i j

q

where m; are atomic masses and x; are atomic coordinates. The dynamic matrix for g = 0 is

Dy = 2 fi (2.76)
J

where index J run over the elementary cells containing the j-coordinate and fij is the force field
matrix. Since the Raman and ROA intensity tensors of symmetrical elementary cells (g # 0)
cancel out by the interference, only the basic elementary cell in the center (q = 0) produces non-

zero Raman and ROA signal (Figure 2.9¢).

MD run — cluster selection — DFT calculation — tensor transfer — spectra generation

a) b) c) d) e)

Figure 2.9: Simulations of the spectra by the default crystal-like model. Intermolecular
interactions within the periodic elementary cell (brown/middle cube) and towards its
environment were simulated for molecular pairs, in an arbitrary 27 cubes of the “supercube”.
The pair parameters (force field, intensity tensors) were transferred back to the supercube, and

the spectra were simulated using periodic boundary conditions.

2.2.9. Intermolecular coordinates

Same as for groups within one molecule, six coordinates describing the vibrational motions of
two molecules can be defined including distance of mass centers (d), angles between the axes
defined by moments of inertia and the distance vector (a1 and ), local rotation angles (/. and

/) and the torsion angle (z) , see Figure 2.10.
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Figure 2.10: Definition of the six coordinates used for the characterization of intermolecular
vibrational modes: (d) distance of the mass centers, (a1 and a2) angles between the largest
moments of inertia and the distance vector, (41 and /) rotation angles, and (z) the torsion angle.
For the rotation angles, arbitrary vectors e; and e1 were defined, using the largest (direction u;)
and second largest (w;) moments of inertia. Lengths of all vectors ui, wi, vi, €i, ri, and ro are

equal to one.

2.3. Measurement of Raman optical activity

2.3.1. Introduction to the measurement of vibrational optical activity

Vibrational optical activity (VOA) consists of two complementary techniques, vibrational
circular dichroism (VCD) and Raman optical activity (ROA). Both are based on detection of
different response of a chiral sample to LCP and RCP radiation. While VCD represents small
differences in IR absorption of the two polarization types, ROA is a difference in Raman
scattering on chiral molecules. As the VCD to IR absorption ratio is typically 10™-107°, and
ROA to Raman signal ratio is 107°°-107* many errors may arise from imperfect optical
components and instrumental noise. In comparison to the electronic techniques such as CD and
ORD, however, VOA provides more structural information. Also, Raman linear difference
(RLD) (Kowalska et al., 2012) and vibrational linear dichroism (VLD) (Buffeteau & Pézolet,
2006) are techniques based on the polarization modulation and detection. In these cases,

orthogonal linear polarizations are used instead of the circular polarization. Additional
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information about spatial orientation, bonding, or stacking of uniaxial molecular systems can

be obtained from the LD measurements (Rodger et al., 2016).

2.3.2. Overview of experimental configurations

Since the ROA measurement is a two-photon process, it can be realized in four different ways
regards to the polarization state of the exciting and scattered radiation, see Figure 2.11.
Historically first instrument measured in the incident circular polarization ICP-ROA form and
was based on the different Raman scattering response of the optically active sample to the
modulation by RCP and LCP laser radiation (Barron et al., 1973b). The intensity was detected
in fixed plane of linear polarization, defined by angle a, or unpolarized. Later, opposite to the
ICP, the scattered circular polarization SCP-ROA was introduced, in which the sample is
irradiated by effectively unpolarized or linearly polarized light and the RCP and LCP states of
the scattered radiation are detected (Spencer et al., 1988). The last two ROA forms were realized
by synchronous circular polarization modulation of the incident and scattered radiation. In in-
phase dual circular polarization DCP-ROA, the incident and scattered polarization are both
RCP or LCP, while in out-of-phase dual circular polarization DCP;;-ROA, the RCP and LCP
states alternate in each step of the measurement. The parent Raman signal is defined as the sum,
instead of difference, of the two orthogonal polarization measurements. The sum of DCP;-ROA
and DCP;-ROA is equal to the unpolarized version of the ICP-ROA. According to the theory,
DCPi-ROA signal vanishes in far-from-resonance approximation. However, parent ICP and
DCP; Raman spectra are not the same, because only anisotropic part of total Raman scattering

is measured in DCP; case, as the result polarized vibrational bands are missing.

Another important experimental parameter is the detection angle referred to the
direction of the incident radiation. This angle denotes the scattering geometry of the
experimental setup, and the scattering plane is defined by the propagating vector of the incident
and scattered radiation. The right-angle geometry was widely used until 1989, when the back-
scattering geometry was introduced (Hecht et al., 1989) and quickly became the preferred
experimental geometry, as it possess the best signal-to-noise ratio for ROA. The forward
scattering geometry is also possible, where the magnetic dipole contributions dominate in
Raman scattering and thus reveal further information about the vibrational structure (Barron et
al., 1990).

In the right-angle ICP experimental setup, if the plane of the incident linear polarization

is set perpendicular or parallel to the scattering plane, then any Raman scattering polarization
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state is parallel or perpendicular to the incident polarization and denoted as the polarized or

depolarized Raman intensity, respectively.
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Figure 2.11: Energy level diagram of four ROA modulation forms of the fundamental
vibrational transition, where the upper and lower indices denote the polarization state of the
incident and scattered radiation, respectively. Greek index o represents the plane of linear
polarization. Adapted from (Nafie, 2011).

2.3.3. Historical overview of ROA spectrometers

Early developments of the ROA instrumentation were performed by three research groups,
L. Barron’s group in Glasgow (UK) (Barron et al., 1973a; Barron et al., 1973b; Barron &
Buckingham, 1971; Barron et al., 1989; Hecht et al., 1999; Hecht et al., 1992), W. Hug’s group
in Fribourg (Switzerland) (Hug, 1982; Hug & Surbeck, 1979) and L. Nafie’s group in Syracuse
(USA). The most modular ROA spectrometer was the one built in Syracuse, which allowed to
measure all modulation forms in forward, backward and right-angle scattering (Hecht et al.,
1991; Che et al., 1991; Vargek et al., 1997).

So far, the only commercially available ROA instrument was ChiralRAMAN
spectrometer, that was introduced in 2003 by the company BioTools Inc. It is based on the
SCP-ROA modulation in the back-scattering geometry. The excitation wavelength is 532 nm
and the optical design originates from the W. Hug’s work, which overcomes the main
drawbacks of ROA measurement (Hug, 2003; Hug & Hangartner, 1999). At first, a flicker noise

reduction can be achieved by simultaneous detection of RCP and LCP scattered radiation on
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the upper and lower halves of the CCD detector. Reduced noise has origin in random
fluctuations in the measured optical power, flicker noise or thermal Schlieren fluctuation of the
sample. Residual noise is statistical and can be suppressed by mild Savitzky-Golay smoothing
procedure. Secondly, polarization artifacts and offset can be effectively reduced by
measurement of both enantiomers, where the opposite enantiomer can be created by purely

optical way (Hug, 2003).

In 2016 J. Kapitan developed a new back-scattering ROA instrument also based on the
W. Hug’s optical design, but with several novel features, such as additional use of the zero
order of the diffraction grating to extend the measurement to the high-frequency spectral region.
He also implemented a novel measurement algorithm of all ROA modulation forms
simultaneously into the spectrometer (Li & Nafie, 2012). The instrument was built at Palacky
University Olomouc and is commercially available since 2022 in collaboration with company
ZEBR and Meopta (Figure 2.12). Description of the experimental setup are outlined further in
this section.

Figure 2.12: Illustration of the commercial version of double-grating ROA spectrometer.
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2.3.4. Experimental setup of double-grating ROA spectrometer

The back-scattering ROA instrument, used in this thesis, in the most recent configuration is
depicted in Figure 2.13.

The excitation part consists of Nd:YAG laser and set of high precision polarization
optics to modulate the polarization state of the incident beam. The continuous laser beam (Laser
Quantum opus, 532 nm, power 2 W, output beam diameter ~2 mm) is reduced to the beam with
~1 mm in diameter by two lenses with a common focal plane between them. The exposition of
the sample is controlled by a shutter (Uniblitz-Vincent Associates). The degree of linear
horizontal polarization is increased by the prism polarizer of Glan-Taylor type. A pair of
counter-rotating linear rotators LR1 and LR2 consists of zero-order half-wave plates (Bernard
Halle, HWP = /2 retardation plate) mounted in the hollow shaft servomotors (ZEBR, position
accuracy + 0.02°) and generates effectively depolarized light in time from the horizontal linear
polarized light of the laser. The optimal rotating ratio 16:15 of the linear rotators was used in
order to compensate the imprecisions in the retardance and mechanical irregularities. Moreover,
the modulation rate of the linear polarization is two times higher (kilohertz range). The
modulation converter consists of the quarter-wave plate (Bernard Halle, QWP = A/4 retardation)
mounted in the swinging module (ZEBR) with the fast axis aligned to 45° with respect to the
orientation of the optical axis of prism polarizer in order to change the linear polarization of the
laser beam to the circular polarization. Two circular converters CCO and CC1 (Bernard Halle,
HWP) after linear rotators reverse the sense of circular polarization rotation. Thus, with the CC
in the beam path, the virtually opposite enantiomer with the corresponding ROA spectrum can

be created by purely optical means (Hug, 2003).

After the desired polarization state is generated, the laser beam is focused by a lens
(Meopta, f=150 mm) onto the rectangular cuvette (Starna, 3x4 mm, fused silica, antireflex
coating) with approximately 70 mL of the liquid sample. The sample is placed in the
temperature control cell developed in collaboration with the Institute of Scientific Instruments
of the CAS in Brno, that allow to set temperature of the sample within 0—100°C with accuracy
below 0.5°C. The transmitted laser power is measured by the integrating sphere (Thorlabs). In
case of sample burning, detected laser power drops down and the measurement can be stopped
immediately.
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Figure 2.13: Optical layout of the back-scattering ROA spectrometer at Palacky University

Olomouc.

Since the reflection efficiency of s- and p-polarized components is different and the
purity of the incident polarization is crucial, the polarization neutral redirection of the laser
beam by 90° is provided by the pair of same mirrors placed after the focusing lens. In two 45°
reflections of the incident light in orthogonal planes the s- and p-polarized components are
interchanged and the mutual difference in the intensity and phase shift is compensated (Hug &
Hangartner, 1999).

Emitted Raman scattering is collimated by a doublet (Meopta, =29 mm), in the
backward direction. The drilled hole ensures free space transmission of the counterpropagating
laser beam. The only task of the following linear rotator LR3 (HWP), mounted in the hollow
shaft servomotor (ZEBR), is to eliminate the remaining linear polarization produced by the
imprecision of the preceding optical components and the sample. Swinging circular converter
CC2 (Bernard Halle, HWP) is part of the polarization artifact elimination procedure and creates
the virtual enantiomer in the scattered radiation. The QWP (Bernard Halle) with the fast axis at
a 45° clamped in the hollow shaft servomotor (ZEBR) converts the RCP and LCP of scattered

radiation to the corresponding linear polarization. Precise rotation by 90° ensures interchanging
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the fast and slow axes of the QWP, thus the projections of the RCP and LCP to the orthogonal
linear polarizations are exchanged. This ensures balanced exposition of the optical branches
behind the polarizing beam splitter PBS (Meopta, extinction ratio in transition 1:1000, in
reflection 1:100). Alternatively, the liquid crystal retarder (LCR) can be used. Its advantage is
in the optical switching without moving mechanical parts is outweighed by the wavelength-
dependent difference in the transmission efficiency (~2:1000) for the fast and slow axes.
Rayleigh and anti-Stokes scattering are eliminated at the edge filter (Semrock, ~6 OD at
532 nm, see Figure 2.14), only Stokes scattering is analyzed. The PBS cube separates
orthogonal linear polarizations. Linear polarization parallel to the plane of reflection of two
optical prisms (p-polarized) is transmitted, while the perpendicular linear polarization
(s-polarized) is reflected at the interface of two optical prisms. The light is then focused for
each detection branch by focusing objective (Meopta, f=119 mm) on to the special fiber optics
(SQS). Each branch contains of 37 multimode fibers, that are arranged into hexagonal pattern
in the input cross-section and positioned to the one spectrograph slit-like shape at the exit cross-
section. The p-branch is routed to the upper half of the detector and the s-branch to the lower
part. The optical shutter (Uniblitz-Vincent Associates) in front of the entrance to each optical
fiber controls the CCD exposition by the Raman scattering light. In addition, the pair of
scattering shutters can be used during photobleaching to prevent long-time exposition of the
CCDs. In the process of photobleaching, the sample is continuously irradiated by the intense
laser beam in order to burn out the fluorescence background in the corresponding Raman

spectrum. The standard measurement is controlled only by the incident shutter.

A specially designed spectrograph is based on two holographic transmission diffraction
gratings (Kaiser Optical Systems, 2400 I/mm and 2200 I/mm), that allow to record Raman and
ROA spectra in the wide spectral range from 50 to 4500 cm™. The light diffracted in zero-order
of the first grating (direct transmission) is additionally diffracted by the second grating.
Diffracted light is then projected by the focusing objective (Meopta, f=85 mm) to the CCD
camera (Andor Newton). Due to relatively weak Raman scattering, the CCDs are cooled to

—65°C to minimize thermal noise.
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Figure 2.14: Absorption spectrum of the Semrock 532 nm razor edge filter (part. no. LP03-
532RE-25, adapted from the Semrock catalogue).

2.3.5. Polarization artifacts

Polarization artifacts do not depend on the chiroptical properties of the sample but arise from
the limited precision of the alignment and retardation of the polarizing optics. While typical
mirror image of the ROA spectrum is achieved by the measurement of opposite enantiomers,
the ROA signal of the polarization artifacts remains unchanged. In the ideal case, by subtracting
their spectra, the artifact-free ROA spectrum can be achieved. However, it is conditioned by
the availability of both physical enantiomers and their measurement under exactly the same
conditions. W. Hug introduced a more generalized concept of the elimination of polarization
artifacts based on generating the virtual enantiomer using the HWP as the circularity converter
(Hug, 2003).

In the case of the SCP modulation, the remaining circular component in the linearly
polarized excitation beam is the main source of systematic errors. On the other hand, the linearly
polarized component is undesirable in the measurement of the circular intensity difference in
Raman scattering. Incorporating linear rotators (LR1, LR2, LR3) into the experimental setup,
the unwanted linear polarization is significantly reduced. Somewhat higher level of the

polarization artifact correction can be achieved by adding two swinging circular convertors.
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The CC1 and CC2 generates virtual enantiomer in the excitation and scattered path,
respectively. In the four-phase correction scheme, it is recommended to move by the CC1 twice
as often as the CC2. The CC2 operating in the scattering path must address the polychromatic

and non-collimated radiation. Therefore, a zero-order or achromatic waveplates can be used.

Despite the high transmission efficiency of used waveplates, placing the CC1 into the
excitation beam path causes the intensity differences between RCP and LCP measurement
during the correction cycle. To avoid the intensity bias, the excitation path is equipped by
additional HWP CCO. If the CCO and CC1 are simultaneously placed into the beam path the
same circular polarization is produced as with both converters out of the beam path. Contrary,
when only one circular converter is on the place the reversed circular polarization is generated.
This leads to the balanced intensity for both circular polarizations and same acquisition times
for the circular polarization modulation with and without HWPs in the incident beam path
(Li & Nafie, 2012).

2.3.6. Data acquisition cycle

The data acquisition cycle of the instrument is synchronized to the motion of the rotators by
choosing the length of the exposure window (Hug, 2003). The standard cycle consists of
32 scans (expositions) divided into four repetitions of eight CCO, CC1, CC2 and rotating QWP
combinations. Each repetition has slightly different orientations of the LR1, LR2, LR3 rotators.
The purpose of the acquisition cycle is to suppress the polarization artifacts due to imperfections

in the optical system, as described above.

In the past, all four modulation forms (ICP, SCP, DCPI and DCPII) have been measured
independently using different experimental setups. By simple introducing the QWP as the
modulation converter into the excitation beam path all four modulation ROA forms can be
simultaneously measured within one acquisition cycle. Moreover, as a product of the same
measurement, the unpolarized, polarized and depolarized Raman spectra together with the
degree of circularity (DOC) (Hug & Hangartner, 1999) can be also obtained. Basically, only
four Raman intensity measurements are needed to extract all polarization information (Li &
Nafie, 2012).

2.3.7. Wavenumber calibration

Spectral lines of neon are used as a calibration standard for converting pixel number to

wavenumbers. The neon lamp is placed on the side of the PBS. The laser is turned off during
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the calibration procedure, and the incident shutter is opened. The recorded neon lamp spectrum
provides enough well-resolved narrow bands that can be fitted by a polynomial function of the
third order.

2.3.8. Intensity calibration

Raman signal is recorded in electrons by the CCD chip. The intensities are calibrated using
a tungsten-halogen calibration source (HL-3-CAL, Ocean Optics). The halogen spectra
(Figure 2.15a) were recorded in several positions shifting the halogen source out of the focus
+1.5 mm with increment 0.25 mm. The halogen calibration spectrum was then multiplied by
the spectral width of the spectrograph (Figure 2.15b) in order to obtain the multiplication factor
in reciprocal centimeters. Raman signal in electrons was then divided by the spectral width in
the minima of the calibration spectrum. Additionally, the experimental spectra are
automatically normalized to the excitation energy, which is the product of the accumulation
time and the laser power at the sample. Thus, the experimental spectra are in (€ "-cm-J™) unit

that allow to compare the spectra recorded under different experimental conditions.
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Figure 2.15: (a) Halogen calibration source HL-3-CAL by Ocean Optics. (b) Spectral width of
used spectrograph.

2.4. Raman baseline correction

Measured Raman spectra often exhibit an unstable baseline. The acquired spectrum contains

both the intended signal and unwanted elements, including background noise stemming from

43



various sources such as the sample holder, instrumentation, and the samples themselves
(e.g. impurities, chromophores, ...). The baseline may cause detection issues if the CCD reaches
its detection limits or prevent further data processing of useful signal. Therefore, the baseline

correction methods are routinely used.

Several methods have been suggested with regards to the baseline correction. Methods
can be considered more (interactive peak fitting, polynomial fitting) or less (rolling ball
algorithm, piece wise linear correction) manual in dependence on the level of human
intervention. A more detailed comparison of some of these methods can be found in the
literature (Schulze et al., 2005). In this work we used two different semi-manual methods of the

baseline estimation.

2.4.1. Asymmetric least squares smoothing

Asymmetric least squares smoothing (ALSS) (Eilers & Boelens, 2005) is based on Whittaker
smoother (Eilers, 2003), where ordinary least squares are penalized. Positive deviations with
respect to the baseline are weighted less than negative deviations. The baseline correction can

be controlled by two parameters, making ALSS completely reproducible.

The ALSS is defined by the following system of equations:

(W + AD'D)z = Wy, (2.77)
where y is measured signal of length m and z is smoothed signal faithful to y, W = diag(w)
is diagonal matrix of weights w;, Dz = A?z is a difference matrix and A%z; = (z; — z;_,). The
first term in (2.77) measures the fit to the data, while the second term is a penalty on non-smooth
behavior of z. The level of smoothing is controlled by a parameter known as the smoothing
parameter or lambda (4). The ALSS weights are controlled by asymmetry parameter p defined
as follows:

w; =pify; > z;, 2.78)

w;=1-pify; <z.
The iterative form of ALSS baseline estimation can be implemented in MATLAB, as the
following code fragment shows (adapted from (Eilers & Boelens, 2005)). In practice 5 to 10
iterations are sufficient for convergence. Parameters p and A need to be tuned by the analyst
according to the specific data being analyzed. In general, it is recommended to set

107*<p<10"% and 102<A1<10% but exceptions may occur. Parameters
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(p = 1.0 x 107%,1 = 8.5 x 10*) in the attached publication Appendix B, (p = 1.3 X 107%,
A = 3.2 x 10°) in publication Appendix D, were used.

function z = alss(y, lambda, p)

% Estimate baseline with asymmetric least squares
= length(y);

diff (speye(m), 2);

ones (m, 1);

for it = 1:10

m
D
W

W = spdiags(w, 0, m, m);
C = chol(W + lambda * D' * D);
z=C\ (C"\ (w .*y));
w=p?* (y>z)+ (1 -p) * (y <z);
end
end

2.4.2. lterative polynomial smoothing

The iterative polynomial smoothing algorithm (IPSA) (T. Wang & Dai, 2017) combines the
advantages of polynomial filter and iteration method. Hence, IPSA effectively addresses certain
limitations of conventional polynomial fitting algorithms, particularly their dependence on
spectral range selection and the fixed polynomial order throughout the process, that can make
the algorithm less robust when dealing with changes in the background in continuous

measurements.

In the IPSA three crucial parameters are introduced — the filter window width w/ (odd,
bigger than the filter order), the iteration accuracy f and the termination range 0, that includes
all necessary signal for background estimation. In the first step the input spectrum R,,.;, (V) is
smoothed by a 2" order Savitzky-Golay filter of window width wy (odd, bigger than the filter
order) in order to get broad background. The output is assigned to Ry, (V) and the residual

spectrum is calculated as follows:

Ryes(V) = Rorig ) — Ryg ). (2.79)

A crucial factor

. Imin (Rres(ﬁe))l
eRAtI0 = 1 ax Rros (To))] (2.80)

is then calculated, where 7 are wavenumbers from the termination range ©. If eRatio > f3,

the next iteration is initiated. The new input spectrum is formed as follows:
Rinp (@) = min (Rorig(7), Ryg (7)) (2:81)
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and inserted to the equation (2.79). When iteration is over, the last R, (¥) is the final
background spectrum. According to the reference the iteration process reasonably converges
when the filter window width wy is set between 100 and 200, the iteration accuracy § < 107°
and O is set as the minimum wavenumber range that includes all available signal for
backgrounds. If more accuracy is needed, the smaller filter window width must be set. However,
this can significantly increase the iteration number and computing time. When the IPSA was
tested in the data set of attached publication Appendix D, it led to similar results as for ALSS
but with a longer computing time. The IPSA can be implemented in MATLAB, as the following

fragment shows.

function Rbg final = ipsa(xdata,Rorig,beta,omega f,Theta,iterN)

% Original spectrum
Rinp = Rorig;
Initial smoothing
Rbg = sgolayfilt (Rinp,2,omega_ f);
Rres = Rorig - Rbg;
% Calculate eRatio
Rres_theta = Rres(Theta(l)<xdata & Theta(end)>xdata);
eRatio = abs (min(Rres_theta))./abs (max (Rres_theta));
Iteration part
for j = l:iterN
if eRatio > beta && j ~= iterN
Rinp = transpose (min (vertcat (Rorig',Rbg')));
Rbg = sgolayfilt (Rinp,2,omega f);
Rres = Rinp - Rbg;
Rres theta = Rres(Theta(l)<xdata & Theta (end)>xdata);
eRatio = abs(min(Rres_theta)) ./abs (max (Rres_theta));
Jj o= 3+L;
elseif eRatio < beta
Rbg final = Rbg;
disp('OK")
break
elseif j == iterN
Rout = NaN*ones (length (Rorig),1l);
error ('IPSA algorithm not converge! Try to increase
iterN or change parameters.')

oo

oo

end
end
end
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2.5. Comparison of experimental and calculated spectra

The efficiency of the molecular structural analysis from chiroptical spectra lies in the
comparison of experimental and predicted spectra. If the spectral pattern of the specific
predicted conformation meets the observed spectral pattern in the same wavenumber range,
then the conformation can be assigned to the measured sample. Analyzed spectra are usually

compared first qualitatively and then quantitatively.

2.5.1. Qualitative comparison

The aim of the qualitative analysis is the assignment of the most characteristic spectral patterns
in the experimental spectrum by visual comparison of band intensities and a sign pattern to the

reference. However, this procedure should be taken with caution due to its subjective nature.

2.5.2. Quantitative comparison

In recent years, several diverse metrics of similarity have been introduced to address

comparison of experimental and calculated spectra (Polavarapu, 2016).
Similarity factors

The similarity of the experimental and simulated experimental spectra can be quantitively

compared using similarity overlap integral (Kuppens et al., 2003)

__ Jrm»g@dv
VIF®)?2dv [ g(#)? dv

where f () and g(¥) represents calculated and experimental spectrum, respectively, and

- [ f@awas, (2.82)

1

the denominator implies normalization

ron . f(D)
f@) = —ff(ﬁ)z — (2.83)
g@) = g(%) (2.84)

VI g@?dv
In case of compared spectra possess zero intensity in analyzed region the denominator
in (2.82) would be also zero, which causes numerical problems. Therefore, an alternative

definition of similarity can be used as follows (Shen et al., 2010):
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Iyg
S, = , (2.85)
Iff + Igg - |Ifg|

where the overlap integrals are given as:

by = [ ror@as, (2.86)
lyg = fg(ﬁ)g(ﬁ)dﬁ, (2.87)
Irg = ff(ﬁ)g(fy)dﬁ, (2.88)
and f (%) and g(¥) are not normalized. For f(#) and §(#), the overlap integrals are
Iz = jf(ﬁ)f(ﬁ)dﬁ =1, (2.89)
Iyg = fg(i?)g(ﬁ)dﬁ =1, (2.90)
Irg = S1, (2.91)

and the similarity factor (2.85) is reduced to

2—18I

In the comparison of experimental and predicted Raman or ROA spectra, their

S (2.92)

magnitudes may not be on the same scale. Therefore, spectral normalization or multiplication
by a constant is necessary. The similarity values in (2.82) and (2.92) vary in a range from 0 to
1 for the Raman spectra and within —1 and 1 for chiroptical spectra (ROA and CID - ratio of
the ROA and Raman spectra). Calculated frequencies can be corrected introducing
frequency (wavenumber) scaling factor or function in order to match corresponding
experimental frequencies. By frequency scaling of the predicted spectra and calculating the
similarity factor, the maximum similarity can be determined. In present results we used and
compared similarity factors (2.82) and (2.92). Alternative criteria of the similarity factor exist

and can be used as long as it is consistent in all spectral comparisons.
Methods of conformational analysis based on the spectral comparison

As was recently confirmed, the conformational analysis based on calculated energies suffers
from large uncertainties (Bootsma & Wheeler, 2019; Koenis et al., 2019). The relative
conformational contribution may vary more than 2 kcal-mol™* based on the molecular structure,

the chosen DFT approximation and the size of used integration grid. The uncertainty in energy
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affects the predicted spectra and prevents reliable assignment of the absolute configuration. As
an alternative, methods that fit a set of calculated spectra in order to minimize the difference

with the experimental spectra were suggested.

Very first conformational analysis based on the linear fitting of calculated and
experimental dipole and rotational strengths of the methylcyclohexanone fundamental bands
was introduced by F. J. Devlin and P. J. Stephens (Devlin & Stephens, 1999). In the fitting
procedure experimental dipole or rotational strengths were plotted against the calculated values
of each available conformer. The ratio of two slopes of the fitted linear function for each
conformer determined the ratio of their populations.

Another approach is based on the genetic algorithms that continuously modify the
calculated conformational (Gibbs) energies according to the predefined mutation rules and
optimize Boltzmann weights to obtained the best possible similarity overlap of the predicted
spectrum and the experiment (2.85) (Koenis et al., 2019; Polavarapu et al., 2020). In one of
published approaches (Koenis et al., 2019), the starting energy set is based on the calculated
DFT energies for each conformer. Another energy sets are modification of the starting set by
randomized energy variation in specified energy range. For each energy set, the similarity factor
is calculated. If the similarity does not improve over 2000 generations, the convergence
criterium is achieved. Otherwise, the three best energy sets are used to generate the sets of
conformational energies for the next iteration. In order to explore the conformational space,
next iterations of the energies are forced to significantly differ, and many random new sets are
produced. Once the genetic algorithm starts to converge towards a specific similarity maximum,
the optimization conditions are changed to find the best similarity close to the specific maxima.
The substantial energy sets are allowed to change with much smaller energy mutations and only
few random population sets are employed. The algorithm is able to find the optimized weights
for less than 200 conformations in the set with significant differences in the compared spectral

range.

Conformational analysis based on the spectral decomposition of the observed spectrum
g () to the calculated N conformer subspectra f;(¥) was also proposed by P. Bouf. The

algorithm is based on the minimization of the function

N 2 N
A= (g(ﬁ) — Z cifl-(ﬁ)> + az (ci - %)2, (2.93)

i i
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where « is the bias factor and c¢; > 0 are coefficients of the decomposition with

a normalization condition

N

z ¢ =1 (2.94)

i

The algorithm is implemented in the Specomp program (Bout, 2023).

The original approach is introduced in the attached publication (Appendix C).
Conformational analysis is based on maximizing the similarity overlap of the weighted
conformer spectra with the experiment by employing a global minimization algorithm to
optimize the conformer populations and wavenumber scaling factor. The experimental and
simulated vibrational spectra were compared using introduced similarity factor (2.92). The real
chiral sample is considered to be a mixture of all possible conformers with a different
abundance. This can be specified by the normalized linear combination of all stable conformers
in the predicted spectrum

N

F@ = afi®), (295)

l

where each linear combination coefficient c¢; represents the relative abundance
of conformer i and N is the number of conformers. For a molecule with N conformations,
N—1 conformer populations c; in relation (2.95) and the scaling factor for predicted
wavenumbers is allowed to change towards maximizing similarity overlap.
The remaining conformer population is calculated as

N-1
cy=1— Z . (2.96)
L
The MATLAB implementation of the algorithm for estimating conformational populations is
exemplified in the following fragment, demonstrating reduced calculation for three conformers

for clarity purposes.
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% Spectral interval
IX = 300:1750;

% Linear combination of predicted spectra

f = @(P) (P(l).*interpl (P (3)*datal(:,1),datal(:,2),IX, " "'linear") +
P(2).*interpl (P(3) .*data2(:,1),data2(:,2),IX, " 'linear")+ (1-P(1)-
P(2)) .*interpl (P(3) .*data3(:,1),data3(:,2),IX, "linear'));

% Experiment
g = interpl (dataexp(:,1),dataexp(:,2),IX, " 'linear');

% Overlap integrals

I fg = @(P) trapz (f (P).*qg) ./sqrt (trapz (£ (P) .*f (P)) .*trapz (g.*qg));

I ff = @(P) trapz (£f(P).*f(P))./sqrt(trapz(£(P).*£(P)).*trapz(£(P).*£(P)));
I g9 trapz (g.*g) ./sqgrt (trapz (g.*qg) .*trapz (g.*qg)) ;

52 = @(P) -I fg(P)./(2 - abs(I _fg(P))).*((1-P(1)-P(2))>=0 && P(1)>0 &&
P(2)>0) + 1.*((1-P(1)-P(2))<0);

% Starting points
PO = [0.3;0.3;0.98]; % for Pl, P2 and wavenumber factor

% Minimization

opts = optimset('MaxIter',le8,'TolX',1e-8, 'TolFun',le-8, 'MaxFunEvals',1eb);
P = fminsearch (S2,P0,opts);

P3 = 1-P(1)-P(2); % P3

% Output
out = [P(3) P(1l) P(2) P3 =-S2([P(l) P(2) P(3)1)]l; % = [SCF Pl P2 P3 SIM];

As the complexity of conformational space increases with the flexibility of the studied
molecular system, careful selection of the starting points in the optimization procedure is
needed due to the tendency to slide down to the nearest local minimum. Therefore, a more
general two-step global optimization procedure can be applied. In the first step M sets of N—1
randomly distributed coefficients are generated as the starting points (Monte-Carlo method),
each satisfying condition

N-1
0< z ¢ <1, (2.97)
4
and the wavenumber scaling factor is left fixed in order to map the N—1 conformational space
and localize a global maximum of equation (2.92). In the second stage, the process of local
optimization is repeated, using the previously optimized N—1 set of coefficients as the new
starting points and the wavenumber scaling factor is allowed to be modified in order to achieve

the best possible similarity within the global maxima region.
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2.6. Procedure for determining the enantiomeric excess

One of the main applications of ROA is the measurement of optical purity of chiral samples. In
this work, we have demonstrated a new methodology of enantiomeric excess determination by
ROA (see Appendix D) as it is presented below. It is based on an effective algorithm that
includes Raman baseline correction, ROA intensity normalization, and systematic errors

elimination procedure applied to experimental ROA data.

2.6.1. Sample preparation

It is common practice to suppose the ideal purity (e, = —eg = 1) of the mixed chiral substances

A and B. Then the enantiomeric excess (EE) of the mixture is defined as

My; — Mp;
o0 = i —Mpi (2.98)
my; +Mp;

according to mass ratios m, and mg. However, for real samples, it is not possible to achieve
exactly unit enantiomeric excess. Additionally, the EE is always specified by the manufacturer
with a limited precision, and therefore it can be assumed not to be the same. Thus, the EE can

be expressed as
Mmy; — Cg1Mp;
eil — Al B1 Bl’ (299)
My; + Mp;
where the optical purity of the chiral substance A is assumed to be e, = 1 and the constant cp4

needs to be determined.

2.6.2. Sample measurement and ROA spectra normalization

At first, Raman and ROA spectra for N EE samples, containing M spectral points, are measured
and usually normalized to the used excitation energy. The dataset is a matrix of size NxM.
Secondly, the background in all Raman spectra must be subtracted according to the procedure
described in Section 2.4 in order to obtain the spectra S2%°. Because of the intensity fluctuations
caused by the laser instability or thermal fluctuations in the sample, the ROA spectra D;;** were
then normalized according to the parent baseline corrected Raman spectra as

bas
v YAy

bas
S v

_ praw
Div - Div

= DI™n, (2.100)

where the sum is performed over the selected spectral region, and index A denotes the Raman
spectrum of the reference. For diluted stock samples, a variation in the molar concentration of

analyzed mixtures must be taken into account.
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2.6.3. Enantiomeric excess determination

The most straightforward approach to calculate the enantiomeric excess involves solving
a system of overdetermined linear equations.

Dy = éP Dy, (2.101)
by the least squares method, where D;, is one element of the matrix NxM, ¢; is one element of
the column vector Nx1 representing unknown enantiomeric excess and D, is one element of
the row vector 1xM of ROA spectra of the reference A. The fundamental assumption of this
approach is that the enantiomeric excess of reference A is set to the unity (100%). Subsequently,
all spectra for which the enantiomeric excess is to be determined are compared to this
reference A. Since, the minimum of used spectra is N = 2, the equation (2.101) represents

overdetermined set of linear equations and can be solved by the least square method as follows:

M
min,, Z(Div — 8:D4)2. (2.102)
v=1

2.6.4. Performance of enantiomeric excess determination

The correctness of the EE determination can be defined as the standard deviation of the errors

o(p) = /%, (2.103)

Ai =€ — éi (2104)

is a difference of the EE determined from spectra é; and from the sample preparation e;

where

according to the equation (2.98). Alternatively considering the EE definition (2.99), the constant

cp, IS determined assuming that the sum of all errors is zero as follows:

N
A%(CBI) = eil(CBl) - éirz A%(CB1) = 0 (2105)
i=1

2.6.5. Correction of residual artifacts in ROA spectra

Despite the fact that polarization artifacts can be significantly reduced by W. Hug's proposed
concept of virtual enantiomers (Hug, 2003) generated during the measurement (see Subsection
2.3.5), residual artifacts that occur in ROA spectra are still proportional to the degree of
circularity. Thus, all ROA spectra of the enantiomeric mixtures of same compounds will be
affected by the same amount of artifacts. The accuracy of the EE determination can be further
improved reducing the artifacts in the post-processing procedure.
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The simplest method for determining artifacts is to sum the ROA spectra of the two

optically pure opposite enantiomers:

D D
adB = % (2.106)
On the contrary, by subtraction one can receive the artifact-free ROA spectrum:
pirueAB — Dav ; DBV__ (2.107)

If both pure enantiomeric forms are not available, an alternative and more universal approach
is proposed in the publication Appendix D, based on solving an overdetermined set of linear
equations for N > 2:

D;, = DirveNe, + al, (2.108)
for different enantiomeric measurements i by the least squares method, where e; is the known
enantiomeric excess from the sample preparation and variables are the ROA artifact-free
spectrum Df"%eN and artifact spectrum alY. The artifact spectrum determined by (2.108) possess

better signal-to-noise ratio then using only the sum of opposite enantiomers.
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3. Results

3.1. Conformational analysis

3.1.1. Conformational analysis based on the potential energy scan

The molecular flexibility of (R)-2-chloropropionitrile (nitrile) and three ethylbenzene
derivatives ((R)-(+)-1-phenylethanol, (R)-(+)-a-methylbenzylamine, (S)-(+)-a-
(trifluoromethyl)benzyl alcohol) was analyzed using potential energy surface scans (see
Subsection 2.2.3). The results are published in Appendix A for nitrile and Appendix B for
ethylbenzene derivatives, respectively.

Nitrile was selected as a small yet relatively inflexible molecule ideal for representing
amodel liquid. The methyl group (CHs) rotates freely within a limited range of 35°
(AE <2 kcal-mol™). The nitrile's C—C=N group is particularly well-suited for studying
two-dimensional conformational changes. The energy dependence of the selected nitrile angles
(®, o) is displayed in Figure 3.1 and overlayed by the distribution of 200 geometries of the
MD clusters partially optimized in normal modes (see Subsection 2.2.6) with fixed frequencies
of 1100225 cm™* (i = +/—1 for imaginary frequencies). Various values of the normal mode
frequency limit were tested. Reducing the upper frequency limit further would cause collapse
of the MD geometries toward the equilibrium geometry in the center (AE = 0 kcal-mol™2).
Surprisingly flexible C—C=N bending angle (w) was observed based on DFT calculation
(see Subsection 2.2.1), requiring to overcome energy barrier of 2 kcal-mol™ for deviation of

16° from the equilibrium angle o ~ 179°.
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AE (kcal/mol)

Figure 3.1: Dependence of (R)-2-chloropropionitrile (nitrile) electronic energy on selected
angles ® and 180° — w calculated at the B3PW91/6-311++G**/COSMO(ACN) level (contour
map) and coordinates of 200 MD clusters partially optimized with normal modes in range
i100 — 225 cm™ (red dots). Nitrile angular coordinates are defined as ® = C1-C2-C3-N4 and
® =C2-C3-N4. The energy scan was controlled by 49 combinations of @ and
155° < w < 180°, selected, so that the resultant nitrogen positions were evenly distributed on

a sphere around C3 atom.

Spectral parameters, such as the relative ROA intensity or the frequency of normal
modes, are to a large extent dependent on the selected angular coordinates, as can be seen for
example, for the nitrile C—C—C=N bending mode 561 cm™, C=N stretching mode 2356 cm™
or the intensity ratio of the 672 and 1003 cm™ in Figure 3.2. Modes 561 cm™* and 2356 cm™*
shifts in frequencies within ~ 10 cm™, while modes 672 and 1003 cm™ are less frequency
dependent. The corresponding C=N stretching mode possesses positive sign for ® ~ 90°, while
it is negative for other selected conformers in Figure 3.2d. The frequency shift of the C=N
stretching mode is consistent with its harmonic nature (cf. Figure 3.1 and Figure 3.2b).
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Figure 3.2: Frequency shift (Av / cm™) of selected nitrile normal modes 561 cm™ (a) and
2356 cm™* (b), from values for the equilibrium geometry, and (c) ROA intensity ratio of the
672 and 1003 cm™%, plotted as a function of the ® and 180° — w angles. Five ROA spectra of

analyzed bands (d) for selected conformers (a, color points) are depicted.

The conformational analysis of (R)-(+)-1-phenylethanol, (R)-(+)-a-methylbenzylamine
and (S)-(+)-a-(trifluoromethyl)benzyl alcohol is described by the rotation of the three functional
groups (methyl, phenyl an hydroxyl/amine). The methyl group employs similar energetical
barrier as for nitrile (~ 4 kcal-mol™?). Rotation of the methyl group isolated from rotation of
other groups has minor effect to resulting simulated spectra. Therefore, the conformational
analysis of the ethylbenzene derivatives could be limited to the 2D PES scan only (Kapitan et
al., 2009). The 2D PES scan as a function of the phenyl (¢), hydroxyl (w) and amine (y) groups
is shown in Figure 3.3 and Boltzmann-averaged Raman and ROA spectra are plotted in
Figure 3.4. The orientation of the polar OH or NH groups out of the phenyl plane
(@ ~ 100°) is preferred by each of the three molecules. The freely rotating NH and OH groups
give arise to three local minima (y = —60°, 60° and 180°) with small energy barrier up to
~2 kcal-mol™ (3 kcal:-mol™ for methylbenzylamine). Revised PES calculations at the
B3PW91/6-311++G**/COSMO(benzylalcohol) are consistent with the previous study of
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phenylethanol and methylbenzylamine at the B3LYP/6-311++G**/vacuum level (Kapitan et
al., 2009). 2D PES scans are overlayed by the conformer distribution from the MD models
(see Appendix B). The MD distributions differ from the PES scan because of hydrogen bonding
to the explicit solvent molecules in the cluster-based model (see Subsection 2.2.4). The effect
of the different computational models on the conformational preference is discussed further in
Subsection 3.1.2.

a) b) C)

Figure 3.3: Dependencies of the (R)-(+)-1-phenylethanol, (R)-(+)-a-methylbenzylamine, (S)-
(+)-a-(trifluoromethyl)benzyl alcohol electronic energy on selected torsion angles calculated at
the B3PW91/6-311++G**/COSMO(benzylalcohol) level (contour map) and coordinates from
200 MD snapshots (2000 black dots in total). The describe phenyl rotation, ¢ = C1-C2-C3-C4,
hydroxyl rotation, = C4-C3-05-H6, and amine rotation, y = C2-C3-N5-H6.

The Boltzmann averaging for conformers below 2 kcal-mol™ clearly reflects the
flexibility of studied molecules and improves single molecule Raman and ROA spectra

(Figure 3.4). Conformer averaging is especially important for interpretation of low-frequency
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modes (<400 cm™) but the experimental spectra are reproduced only partially as the

intermolecular interactions are not included in the 2D PES scan.
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Figure 3.4: Boltzmann-averaged Raman (left) and ROA (right) spectra of (R)-(+)-1-
phenylethanol (a), (R)-(+)-a-methylbenzylamine (b) and (S)-(+)-a-(trifluoromethyl)benzyl
alcohol (c) for conformers below 2 kcal'mol™ according to 2D PES scan. Black spectra
represent single molecule DFT (B3PW91/6-311++G**/COSMO) calculation.

3.1.2. Conformational analysis based on the spectral similarity

One of the main applications of ROA is the structural analysis of chiral molecules in a solution.
Therefore, a reliable methodology is required for the quantitative comparison of experimental
and calculated spectra and subsequent determination of conformer populations. The original
approach was applied to IR, Raman, VCD, and ROA spectra of amphetamine and
methamphetamine hydrochloride in an aqueous solution supplemented by corresponding
dimensionless quantities, dissymmetry factor (DF=VCD/IR) and normalized circular intensity
difference (CID=ROA/Raman). The findings have been published in the attached publication
(Appendix C). Conducting the PES-based conformational analysis is not within the scope of
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this study; however, given the flexibility of amphetamine derivatives, it presents

a multidimensional challenge.

The conformational analysis of amphetamine and its derivatives is complex because of
the flexibility of the alkyl chain and interactions with surrounding water molecules. Thus,
different computational models, namely, conformers derived from the single molecule (SM)
DFT calculations (see Subsection 2.2.1) using only the implicit solvent model (COSMO, ref.
Subsection 2.2.4), MD geometries with fixed selected torsion angles and excluded solvent
molecules, and partially optimized MD solute-solvent clusters (see Subsection 2.2.5) with

varying numbers of water molecules, were discussed.

The results of the conformational analysis for amphetamine hydrochloride are
summarized in Table 3.1 and the corresponding VCD and ROA spectra are depicted in
Figure 3.5 for all computational models and the experiment. Determined conformational ratios
are same for similarity factor defined by equation (2.82) and (2.92). Corresponding similarity
values are depicted in Table 3.1. The accuracy of the reliable conformer determination by the
similarity overlap mainly depends on the spectral range selection, the number of compared
vibrational bands, the band integral intensity, and the number of conformations taking into
account. Therefore, it is desirable to compare the experimental and calculated spectra in the
widest possible spectral range. The IR and VCD spectra were compared in the spectral range
from 1250 to 1700 cm™2, while the Raman, ROA and CID spectra made it possible to compare
them in a wider spectral range of 300-1750 cm™. The VCD spectral region was limited by the
D-0 absorption bands. Additionally, due to uncertain and large values caused by dividing VCD
signal by IR numbers close to zero, the dimensionless DF spectra were the most limited in the
compared spectral range of 1300-1550 cm 2, therefore the conformer populations based on the
DF similarity factor cannot be trusted. However, this is not the case for ROA and CID spectra,
where recording of the data in a wider spectral range is clearly beneficial (Figure 3.6). Although
the Raman and ROA measurements were conducted within the range of 50-4500 cm™2, the
spectral region utilized for analysis was limited to 3001800 cm ™. The CH stretching vibrations
are highly anharmonic with a relatively low ROA to Raman ratio, and a different scaling factor
is needed. The region below 300 cm™ is usually plagued by intermolecular vibrations

(described in Subsection 3.2.1) that can bias the conformer population determination.
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Table 3.1: Optimized conformer populations for (S)-amphetamine hydrochloride obtained
from the comparison of experimental spectra and different calculation models. The population

derived from the NMR study (Neville et al., 1971) is shown for reference.

Type Spectral Range SFC;:I:SE ) Cs cs Sy s
NMR - - 0.45 0.50 0.05 - -
Single molecule geometry
B3PW91/6-311++G**/COSMO

IR 1250-1700 0.98 0.70 0.09 0.20 0.85 0.75
VCD 1250-1700 0.98 0.36 0.60 0.04 0.67 0.50
DF 1300-1550 0.98 0.24 0.55 0.22 0.87 0.77
Raman 300-1750 0.99 0.35 0.41 0.24 0.80 0.68
ROA 300-1750 0.98 0.60 0.13 0.26 0.51 0.34
CID 300-1750 0.98 0.59 0.25 0.16 0.50 0.34

Geometries from MD, water molecules excluded,
B3PW91/6-311++G**/COSMO level with rDPS for Raman, ROA and CID

IR 1250-1700 0.98 0.96 0.00 0.04 0.88 0.79
VCD 1250-1700 0.98 0.52 0.32 0.15 0.70 0.54
DF 1300-1550 0.98 0.25 0.36 0.40 0.85 0.74
Raman 300-1750 0.99 0.25 0.61 0.14 0.80 0.67
ROA 300-1750 0.98 0.58 0.25 0.17 0.49 0.33
CID 300-1750 0.99 0.42 0.33 0.25 0.59 0.42

Geometries from MD with explicit 1% solvation shell,
B3PW91/6-31G**/GD3BJ/COSMO level with rDPS for Raman, ROA and CID

IR 1250-1700 0.97 0.80 0.00 0.20 0.90 0.82
VCD 1250-1700 0.97 0.40 0.47 0.13 0.90 0.82
DF 1300-1550 0.97 0.28 0.54 0.19 0.94 0.88
Raman 300-1750 0.98 0.70 0.09 0.21 0.80 0.66
ROA 300-1750 0.97 0.43 0.41 0.16 0.78 0.64
CID 300-1750 0.97 0.42 0.46 0.12 0.69 0.52

* According to equation (2.82).
1 According to equation (2.92).
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Figure 3.5: VCD (a) and ROA (b) spectra of (S)-amphetamine hydrochloride. Experimental
spectra (black, bottom) were compared to the single molecule geometry (red), MD cluster-based
models including only one (cyan), two (blue), or three (purple) closest water molecules, the
cluster of the first water shell (magenta) and without explicit water molecules (green). For all
MD cluster-based models 100 snapshots per conformer were averaged. The similarity factors
(S,) are given for individual spectra. Conformer populations and wavenumber scaling factors
for selected models (SM, MD no water and MD 1% shell) are listed in Table 1. The VCD
intensities are in epsilon units (L-mol™*-cm™), the ROA experiment in (e "-cm-J*-g7*-L) and

the ROA calculations are in arbitrary units.
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Figure 3.6: Experimental ROA (Ir—I.) spectra of both amphetamine hydrochloride enantiomers
(top), and CID ((Ir—I)/(Ir*I)) spectrum of (S)-amphetamine hydrochloride enantiomer

(bottom); the intensity is in (- cm J%).

Overall, the similarity of IR and Raman spectra obtained with optimized populations for
all different computational approaches are larger than for the corresponding chiroptical spectra
(except for the DF case). However, the determined conformer populations are burdened with
a large error, since the Raman and IR spectra reflect the conformations of chiral molecules only
partially and the optimization algorithm tends to favor one conformer if the conformers’ spectra

are nearly identical.

The comparison between VCD and ROA methods is intriguing. The achieved results
showed that both VCD and ROA give a significantly smaller similarity index for simpler
models, and with a more advanced model of the molecular system including more realistic
solvent and conformational effects, the similarity index increases substantially, and the
determination of the population of states thus better converges to reliable values (the NMR

values 0.45/0.50/0.05 from the previous study were taken as the reference (Neville etal., 1971)).

The simplified MD cluster models with different numbers of water molecules show that

ROA is even able to distinguish the influence of different numbers of solvent molecules. The
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closest water molecules are mainly bound to charged NH3" groups of amphetamines, see
Figure 3.7. The most significant improvement in similarity overlap with the experiment is
already achieved for the average spectra of the clusters with a single water molecule.
Subsequent improvement with increasing number of water molecules in the cluster is rather
minor but systematical, which can be demonstrated by the monotonously increasing similarity
factor and noticeable improvements for the ROA bands around 300-500, 800, 1000, 1200 and
1600 cm™t in Figure 3.5. On the opposite, VCD spectra of clusters with an increasing number

of water molecules are almost identical.
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Figure 3.7: MD distribution of three water molecules to the amphetamine (100 ns MD, 10000
snapshots). The blue bars mark the interaction with H-atom, while the red bars with O-atom of

H>O molecule.

With its broad spectral range and numerous compared bands, ROA proved to be the
most sensitive technique of vibrational optical activity for identifying the spatial arrangement
and dominant conformation of the amphetamine and its derivatives. The amphetamine
conformational ratio for the most advanced computational model determined from ROA spectra
(0.43/0.41/0.16), CID spectra (0.42/0.46/0.12) and also VCD spectra (0.40/0.47/0.13) in
Table 3.1 are in good agreement with the conformational ratio 0.45/0.50/0.05 determined by
NMR (Neville et al., 1971). According to the results, conformational averaging and the need
for explicit solvent models are essential for the interpretation of the amphetamine vibrational

spectra.
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The conformational analysis of methamphetamine hydrochloride is more complex as
the number of stable conformers increases due to a longer alkyl chain. Similarity overlaps for
different spectroscopic methods confirm the findings discussed for amphetamine
hydrochloride. Similarity overlaps with corresponding conformer populations are listed in
Table 3.2. The methamphetamine results are discussed in the attached publication
(Appendix C).

Table 3.2: Optimized conformer populations for (S)-methamphetamine hydrochloride obtained

from the comparison of experimental spectra and different calculation models.

Scaling

.l.
Factor (&1 C C3 Cq Cs Ce Si S,

Type Spectral Range

Single molecule geometry
B3PW91/6-311++G**/COSMO

IR 1250-1700 0.98 0.00 0.08 0.04 0.52 0.37 0.00 0.91 0.84
VCD 1250-1700 0.98 0.00 0.33 0.00 0.39 0.04 0.23 0.50 0.34
DF 1300-1700 0.98 0.83 0.00 0.00 0.08 0.00 0.08 0.60 0.43
Raman 300-1750 0.99 0.17 0.44 0.20 0.00 0.00 0.18 0.83 0.71
ROA 300-1750 0.98 0.21 0.16 0.07 0.11 0.36 0.08 0.58 0.41
CID 300-1750 0.99 0.32 0.40 0.08 0.06 0.10 0.05 0.57 0.40

Geometries from MD, water molecules excluded,
B3PW91/6-311++G**/COSMO level with rDPS for Raman, ROA and CID

IR 1250-1700 0.98 0.07 0.36 0.00 0.58 0.00 0.00 0.90 0.82
VCD 1250-1700 0.98 0.00 0.00 0.00 0.50 0.14 0.36 0.54 0.37
DF 1300-1700 0.98 0.00 0.39 0.00 0.61 0.00 0.00 0.63 0.46
Raman 300-1750 0.99 0.00 0.76 0.18 0.00 0.00 0.07 0.84 0.72
ROA 300-1750 0.99 0.43 0.00 0.00 0.00 0.49 0.08 0.62 0.45
CID 300-1750 0.99 0.40 0.26 0.00 0.00 0.21 0.13 0.60 0.43

Geometries from MD with explicit 1t solvation shell,
B3PW91/6-31G**/GD3BJ/COSMO level with rDPS for Raman, ROA and CID

IR 1250-1700 0.97 0.06 0.38 0.00 0.00 0.00 0.56 0.97 0.95
VCD 1250-1700 0.97 0.10 0.08 0.14 0.34 0.33 0.00 0.81 0.68
DF 1300-1700 0.97 0.00 0.00 0.15 0.51 0.34 0.00 0.67 0.50
Raman 300-1750 0.98 0.11 0.49 0.00 0.00 0.00 0.40 0.80 0.66
ROA 300-1750 0.98 0.37 0.29 0.05 0.00 0.26 0.03 0.77 0.63
CID 300-1750 0.98 0.40 0.27 0.00 0.00 0.27 0.07 0.68 0.52

* According to equation (2.82).
T According to equation (2.92).
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3.2. ROA in the extended spectral range

3.2.1. Low-frequency ROA

Vibrational frequencies of intermolecular modes in liquids are close to the excitation frequency.
The corresponding Raman signal is rather unstructured, unresolved, and quickly increases
towards the excitation line. On the other hand, ROA low-frequency spectra are more structured
and better reflect the conformational changes and intermolecular interactions in the studied
system. In publication Appendix A, an unexpectedly strong ROA signal of (R)-2-
chloropropionitrile (nitrile) has been observed (see Figure 3.8) within the low-frequency region
(50-150 cm™Y), carrying information about intermolecular interactions. On the basis of the
combined MD cluster model (see Subsection 2.2.5) and DFT theory (Subsection 2.2.1), the
signal was assigned to intermolecular vibrations. However, it remained unclear whether this
signal had a direct connection to particular intermolecular interactions, like a molecule's

capability to engage in hydrogen bonding.

I |
neat

5 in solution A

I+, (107 el)

Ig-ly (108 &)

200 400 600

Wavenumber (cm'1 )

Figure 3.8: Raman and ROA spectra of (R)-2-chloropropionitrile in the low-frequency region
for pure liquid (black) and its about 10 % solution in methanol (red). Clearly vanishing ROA

bands are marked by blue arrows.
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Ad hoc MD calculations of large clusters have been computationally demanding, and
the simulation of the first solvation shell did not correspond to the real situation. Hence, ROA
spectra of six chiral neat liquids’ were recorded and a crystal-like computational protocol (see
Subsection 2.2.8) that allowed us to analyze in detail the origin of the low-frequency modes

was developed. The results are more deeply explained in the publication (Appendix B).

Various computational strategies used for modeling nitrile spectra are demonstrated and
compared to the experiment in Figure 3.9. The low-frequency intermolecular signal is
obviously missing in the single molecule spectra. The periodic crystal-like model is technically
the most advanced one and avoids the surface cluster effects, but it comprises pair molecular
interactions only. Some experimental features, such as the relatively monotonic increase in
ROA intensity between 250 and 90 cm™?, are therefore better reproduced with smaller clusters
containing more intermolecular interactions. The large cluster model seems to give the worst
results. Increasing the number of molecules in one elementary cell (i.e., size of the MD box) or
including more than pairs interactions did not seem to bring improvement and is
computationally demanding. A serious problem limiting the precision of the all MD
computations is the large number of MD snapshots that need to be averaged for low-frequency
ROA. Even 10 molecules in the box were too many for the direct calculation of a large number
of snapshots needed for convergence, especially for larger molecules, such as phenylethanol or
a-pinene, in the cluster. The convergence problem makes the computation expensive. Thus, the
crystal-like approach is a useful alternative, providing satisfactory agreement with the

experiment.

+

(R)-2-chloropropionitrile  (nitrile), (R)-(+)-propylene oxide (methyloxirane), (R)-(+)-1-phenylethanol
(phenylethanol), (R)-(+)-a-methylbenzylamine (MBA), (S)-(+)-a-(trifluoromethyl)benzyl alcohol (TFB), and
(+)(1R,5R)-a-pinene (a-pinene)
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Figure 3.9: Raman and ROA nitrile spectra calculated with different models: (a) single
molecule, (b) small cluster of ~ 15 nitrile molecules/all interactions, (c) large cluster/pair
interactions (supercube), (d) periodic crystal/pair interactions, and (e) experimental spectrum.

For b —d 200 MD snapshots were averaged.
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Interestingly, neat methyloxirane gave nearly the same low-frequency ROA signal as its
water solution (Figure 3.10). This observation was successfully reproduced by the crystal-like

model and provided a phenomenological insight into the low-frequency chirality.
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Figure 3.10: Raman and ROA spectra of neat methyloxirane and its water solution (1:22
methyloxirane:H>O molar ratio): (a) single molecule computation, (b) crystal model, and (c)

experiment.

To understand the low-frequency vibrations introducing intermolecular coordinates, or
translations and rotations of one molecule, the potential energy distribution (PED) has been
used. Same as for groups within one molecule, six coordinates describing the molecular

positions were defined, see Subsection 2.2.9.

The low-frequency modes are not too specific; nevertheless, the PED analysis suggests
that for small rigid molecules (e.g. nitrile and methyloxirane) the low-frequency signal comes
primarily from translations and rotations of individual chiral molecules (Figure 3.11d, e). For

instance, the PED analysis of the methyloxirane (Figure 3.11a-c) reveals that intermolecular
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motions formally contribute differently to the vibrational energy in methyloxirane, water, and

the mixture. Obviously, a pure water band ~ 220 cm™ can be predominantly assigned to the

intermolecular stretching. The stretching modes of the neat methyloxirane start to contribute in
the lowest frequencies only, and the contribution is smoothed out in the mixture.

The contribution of bending and torsion modes is more structured, reflecting the more
complicated shape of the molecule.
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Figure 3.11: Relative vibrational potential energies of intermolecular motions related to two
(stretching (a), bending (b), torsion (c)) and one (translations (d), rotations (e)) molecule, for

neat methyloxirane, water and a mixture. Displayed PED values are averaged over the
snapshots and normal modes in a wavenumber interval.

70



For more flexible molecules (phenylethanol, MBA, TFB) the intermolecular low-
frequency modes are mixed with intramolecular motions, such as rotations of the phenyl,
methyl, hydroxyl, trifluoromethyl and amine groups. The interpretation of the phenylethanol
spectra is shown in Figure 3.12. Although the single molecule calculation reproduces some
main features of the low-frequency region reasonably well, the crystal-like model performs
better. Although the precision of used simulations is limited due to available computer power,
they provide a sound theoretical basis to interpret the observed spectra and can be systematically

improved in the future.
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Figure 3.12: Raman and ROA spectra of (R)-(+)-1-phenylethanol; (a) simulation of one
molecule (weighted average of 386 conformers < 2 kcal-mol™), (b) the crystal-like model, and

(c) the experiment.
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3.2.2. Anharmonic overtone and combination bands

The new double-grating ROA spectrometer exhibits a large signal-to-noise ratio and a flat
baseline. On the other edge of the spectrum, using this instrument we thus were able to measure
not only high-energy CH stretching fundamental transitions (2700-3300 cm™) but also a set of
almost two orders weaker overtone and combination bands, largely ignored in previous studies.
For the first time, many combination and overtone ROA bands have been observed for
2-chloropropionitrile and a-pinene, mostly within 1490-3800 cm™. Simulations of high-
frequency molecular vibrational properties in general require treatment beyond the harmonic
approximation (see Subsection 2.2.2). Using the 2nd order vibrational perturbation approach
(VPT2), its modification (GVPT2), better treating the Fermi and Darling—Dennison resonances,
and limited vibrational configuration interaction (LVCI), the most intense bands were
unambiguously assigned to double-excited overtone or combination transitions. The obtained

results are summarized in Appendix A.

For nitrile, the experimental and simulated Raman and ROA spectra within
1490-3800 cm™* are displayed in Figure 3.13. Only the fundamental modes comprising C=N
stretching and CH stretching are plotted scaled in the gray areas. The spectral shape of the
fundamentals was already reproduced by the harmonic level (B3PW91/6-
311++G**/COSMO(ACN)). However, both the VPT2 and LVCI anharmonic methods
significantly reduced the frequency error and provided nearly the experimental CH stretching
frequencies. For the C=N band, the error about 73 cm™* remains most probably due to an
inherent inaccuracy of the B3PW91 and similar functionals for molecular systems with triple

bonds.

Below 3100 cm™, the VPT2 and LVCI methods provide similar Raman shapes, whereas
for ROA, the VPT2 simulation looks more realistic when compared with experiment. The
GVPT2 introduced only minor corrections in this case, however, for larger molecules (a-pinene,
see Appendix A) provides a very good agreement with the experimental spectra, whereas the
VPT?2 failed in the entire spectral region. The VPT2 results diverge due to the higher number
of resonances in the molecule. Only LVCI includes up to five times excited modes. Based on
the similarity between LVCI and VPT2 simulations, we can conclude that double-excited
overtones and combination transitions dominate, while the contribution of higher excitations is

minor.
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Based on VPT2, many combination and overtone bands can be unambiguously assigned
to the experiment (see Table S2 and S3 in Appendix A). Moreover, the main contributions to
the overtone and combination bands can be classified, see the color legend at the top of
Figure 3.13. For example, within 1500—2220 cm ™, CH3 rocking and CC stretching seem to
generate most of the spectral intensities. In wavenumber regions closer to the fundamental CH
stretching bands (2600—2900 cm ), the CH bending modes, such as the CHz umbrella or CH3
scissoring, dominate. Above 3000 cm™, higher-energy fundamental modes, such as C=N
stretching, contribute more. In addition, the lower-frequency fundamental motions can combine

with the CH stretching modes.
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Figure 3.13: Raman and ROA spectra of (R)-2-chloropropionitrile, plotted within 1490—
3800 cm™?, as calculated using the limited vibrational configuration interaction (LVCI; a),
vibrational second-order perturbation calculus (VPT2; b), and the experiment (c). The
fundamental bands (scaled gray area) are compared to the harmonic approximation (red line).

At the top, main coordinate contributions to the overtone and combination bands are indicated.
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3.3. Enantiomeric excess determination

Another principal application of ROA spectroscopy is the measurement of optical purity of
chiral samples. To date, the most commonly employed approach for determining enantiomeric
excess involves chiral chromatography. However, this method is demanding from an
experimental perspective and necessitates the use of specialized columns designed for different
chiral substances. VOA spectroscopy in general, being a noninvasive technique, allows for the
observation of a significant number of vibrational bands. This feature proves valuable in
assessing enantiomeric excess (EE) while enhancing the ability to detect experimental artifacts
or impurities within the sample, thereby improving the reliability of EE. The EE determination
of a chiral sample is of particular importance, especially to the analytical chemistry and
pharmaceutical industries. With the aim of augmenting the utility of ROA spectroscopy in the
realm of chemical practice, we have proposed a new methodology for the precise assessment
of EE in chiral samples.

Conventional methods of EE determination from the VOA spectra were based on band-
to-band comparison or the partial least squares analysis (PLS) (Guo et al., 2004; Hecht et al.,
1995). However, published methods reported a relatively limited accuracy in the range of about
1-2 %, mostly caused by a limited statistical ensemble of the experimental data, spectral range
or insufficient data post-processing. Therefore, we have demonstrated a new methodology of
enantiomeric excess determination described in Section 2.6. It is based on an effective
algorithm that includes Raman baseline correction (see Section 2.4), ROA intensity
normalization (Subsection 2.6.2), and systematic errors elimination procedure (Subsection
2.6.5) applied to experimental ROA data.

In the attached publication (Appendix D) the new methodology is demonstrated on nine
approximately equally distributed enantiomeric mixtures of neat a-pinene and alanine in an
aqueous solution. Neat a-pinene is often used as a chiroptical calibration standard. Alanine was
chosen as representative of chiral sample in aqueous solution, which is difficult or nearly
impossible to measure by complementary VVCD technique. For both a-pinene enantiomers the
manufacturer states that the optical purity exceeding 97 % and for alanine the optical purity is
not declared. Analytical weights (Adam Equipment) with a 0.01 mg resolution were used for
the sample preparation. In order to reduce systematic errors in the EE determination caused by
weighing, a relatively large stock volumes of 0.75 mL and 0.50 mL had to be prepared for

a-pinene and alanine solution, respectively. The maximal error caused by weighing was
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estimated approximately to 0.02 % of the EE. Only volumes of 70 pL per sample were used for
the ROA measurement. Set of nine approximately equally distributed mixtures were prepared
and measured for both analyzed samples.

The Raman and ROA raw data within 100-2000 cm™* used for the further analysis of
a-pinene and alanine EE are presented in Figure 3.14 and Figure 3.15, respectively. Figure
3.14c and Figure 3.15c show the Raman spectrum after the ALSS baseline correction (see
Subsection 2.4.1). The aim of this procedure was not to make the baseline as flat as possible
but to unify Raman spectra in the data set before the ROA normalization. Even a relatively
minor baseline corrections as were applied for a-pinene have a crucial effect on the performance
of the EE determination. Clearly, the baseline correction procedure was essential for alanine
measurements, as the background exhibits substantial variability across each EE mixture.
Figure 3.14d and Figure 3.15d show the artifact ROA spectrum of a-pinene and alanine,
respectively, determined by equations (2.106) and (2.108) in Subsection 2.6.5. Strongly
polarized and also the most intense Raman bands, such as a-pinene breathing vibration
667 cm* are the most artifact prone. Their contribution to the relatively weak ROA signal is

approximately 10%.
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Figure 3.14: a) Raman and b) ROA spectra of neat liquid a-pinene enantiomeric mixtures after
5.5 hours of exposition time each. The legend shows EE determined from sample preparation.
¢) Raman spectra after baseline correction. d) ROA artifact spectrum calculated according to
Eq. (2.106) is depicted in orange and according to eq. (2.108) is red. All spectra were subjected

to third-order five-point Savitzky—Golay smoothing.
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Figure 3.15: a) Raman and b) ROA spectra of alanine enantiomeric mixtures in water solution
at a molar concentration ~1.2 M after 5.7 hours of exposition time each. The legend shows EE
determined from sample preparation. The Raman spectrum of the reference (black) was
multiplied by a factor of 0.2 in order to show strong low-wavenumber Raman scattering.
¢) Raman spectra after baseline correction. d) ROA artifact spectrum calculated according to
Eq. (2.106) is depicted in orange and according to eq. (2.108) is red. All spectra were subjected

to third-order five-point Savitzky—Golay smoothing.

The results of the EE analysis for a-pinene and alanine are summarized in Table 3.3
and Table 3.4, respectively. The columns in these tables represent the spectral range selection
for different steps of the EE determination routine (Raman baseline correction, ROA intensity
normalization, artifact correction and EE determination). For the evaluation, last two columns
show the standard deviation of the EE errors (o(4;)) and determined EE of enantiomer B
according to the reference enantiomer A (ég), calculated by equations (2.103) and (2.104).
Individual EE determination errors for options in the tables are depicted in Figure 3.16.

The importance of introduced post-processing procedure is supported by comparison of
the first and second row in the tables. The results show that, unless the baseline correction,
Raman normalization and the artifacts spectra subtraction is performed, it is not possible to
reduce the standard deviation of the EE errors below 0.26 % for a-pinene and approximately
1.72 % for alanine. The significant improvement in accuracy of the EE determination is mainly
caused by the subtraction of calculated artifacts. Alanine in Table 3.4 shows large deviations
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from —100 % of EE of reference B. Note that absolute values of EE determination for
enantiomer B above 100 % are possible, since it is a relative value to the reference enantiomer A.

The spectral range selection for Raman baseline correction, ROA normalization, artifact
correction and EE determination was also tested. These results confirmed that the appropriate
choice of spectral range especially for baseline correction and ROA normalization can lead to
a substantial reduction in EE determination errors. This is illustrated by examining option 2
and 3 in Table 3.3 and Table 3.4 in contrast to option 1, where a fixed spectral range was used
in the whole post-processing procedure. For example, if the spectral range used for ROA
normalization of a-pinene is limited around the relatively isolated C=C stretching band of
1660 cm?, the most accurate results can be achieved. However, two caveats must be noted.
Due to the oxidation of the a-pinene the relative Raman band intensities change, especially the
sideband 1622 cm™* appears in the presence of the oxidation products in the measured sample.
Despite that the region 1700 cm™ and above is free of fundamental vibrations, there are
numerous low-intensity anharmonic combination and overtone modes (see Appendix A), that
make proper baseline correction not an easy task. Not overly surprisingly, the exclusion of the
bands carrying the largest polarization artifacts (667 cm™ for a-pinene and 848 cm™ for
alanine) leads to an increase in the accuracy of the EE determination. For example, limiting the
EE determination of a-pinene to the 700-940 cm™! range, the outstanding accuracy of 0.05 %
was achieved. This can be explained by a large ROA to Raman ratio and minimal occurrence
of artifacts in the selected region.

Table 3.3: Enantiomeric excess analysis results of a-pinene for different spectral ranges in each

step of EE determination.

Ootion  Baseline Raman Artifact EE od) @&
P correction  normalization  correction  determination oy /%
0 - - - - - - 100 2000 0.26 -99.95

1 100 2000 100 2000 100 2000 100 2000 0.18 -99.65

2 100 2000 1500 1800 100 2000 100 2000 0.08 -99.92

3 100 2000 1500 1800 100 2000 700 940 0.05 -100.00
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Table 3.4: Enantiomeric excess analysis results of alanine for different spectral ranges in each

step of EE determination.

Option  Baseline Raman Avrtifact EE o(d) @&
P correction  normalization ~ correction  determination ;o  /op
0 - - - - - - 100 2000 172 -101.49

1 100 2000 100 2000 100 2000 100 2000 0.26 -99.87

2 100 2000 100 1500 100 2000 100 2000 0.25 -99.88

3 100 2000 100 1500 100 2000 900 1500 0.24 -99.77

opt O '

-100  -50 0 50 100 -100 -50 0 50 100
e, ! % € I %
Figure 3.16: Errors of EE determination A; for a) a-pinene and b) alanine for various options

in spectral range selection described in Table 3.3 and Table 3.4, respectively.

We also investigated dependence of accuracy of the EE determination on the
measurement time of the ROA spectra. Raman and ROA spectra were exported periodically
during the experiment and the time dependence is calculated for every cumulative step. The
results for different spectral range options from Table 3.3 and Table 3.4 are summarized in
Figure 3.17. Since the signal-to-noise ratio increases with a square root of the exposition time,
it is reasonable to fit datapoints of the standard deviation of EE determination errors by the

equation
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,\/E’

where g, is the standard deviation expected for the unit exposition time t and g, is the limit of

o(t) = 0w + (3.1)

standard deviation for infinite time measurement, which can be interpreted as a residual
systematic error. For a-pinene, the EE accuracy of 0.1 % was already achieved after 100
minutes of exposition time and accuracy of 0.05 % after 330 minutes of exposition time for the
best choice of parameters. Alanine in an aqueous solution exhibited a comparable convergence
pattern, albeit with lower precision, reaching approximately 0.22 % after 345 minutes. The
diminished accuracy of alanine can be attributed to its ROA signal being ten times weaker than

that of a-pinene.

a) b)
1 I 1 I I I I I I I I I
¢ option 1 ~ * option 1
06 —fit (¢,,=0.13, 7,=0.70) | —fit (¢ ,=-0.02, ¢,=5.02)
option 2 1+ option 2 -
= fit (¢,,=0.02, 7,=0.93) |.o | fit (o= -0.02, 7,= 5.05)
— 0.4 * option 3 1= \ * option 3
a fit (r_=-0.02, #,=1.32) |4 $
Y = f E
0.2 .
0 1 1 1 1 1 1 O | | | | | 1

0 50 100 150 200 250 300 350 O 50 100 150 200 250 300 350

time / min time / min
Figure 3.17: Dependence of standard deviation of the errors of EE determination o (4A;) on the
total exposition time of one mixture of a-pinene (a; 3.91 min per step) and alanine in aqueous
solution (b; 17.22 min per step). Selected options point to the parameters listed in Table 3.3

and Table 3.4, respectively. Data were fitted by the function in eq. (3.1).
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4. Conclusions

In our work we focused on the developing of experimental methodology for Raman and Raman
optical activity spectra (ROA). We also explored spectral interpretation and simulation
procedures, and the information we can get from measured spectra of various chiral substances.
An extended spectral range 50-4500 cm™* was reached by the unique double-grating ROA
spectrometer developed at the Department of Optics.

We explored the sensitivity of ROA to the geometry, absolute configuration, structure
and dynamic behavior on various chiral substances. Compounds, such as 2-chloropropionitrile,
methyloxirane and ethylbenzene derivatives were studied. The spectral range from 50 to
4000 cm™* was measured, although not all bands could be simulated with sufficient accuracy.
For 2-chloropropionitrile, a detailed dependence of the spectral parameters and potential energy
on selected coordinates was discussed. Rather surprising flexibility of the C—C=N group was
observed. The distribution of conformers obtained from molecular dynamics differed from that
obtained from DFT; the former one was more consistent with the spectroscopic data.

In other conformational analysis, we developed an approach maximizing the similarity
overlap of weighted conformer spectra with the experiment. Then IR, Raman, VCD, and ROA
spectra of amphetamine and methamphetamine hydrochlorides in aqueous solution were
interpreted, using DFT and molecular dynamics simulations. Relative populations of three and
six stable conformers of amphetamine and methamphetamine, respectively, were determined
and found consistent with a previous NMR study. Cluster-based simulations with different
number of water molecules also allowed us to track the solvation effects in ROA spectra, not
much seen in VCD.

The measurement in the broader vibrational range significantly extended the
information that could be obtained by optical spectroscopy from the spectra. For example, we
found that intermolecular interactions contribute to ROA in the wavenumber range lower than
150 cm™. To understand origin of this low-frequency ROA signal, we developed a crystal-like
computational protocol to model bulk liquids. For molecules like methyloxirane or a-pinene
the signal originates predominantly in molecular translations and rotations. For more flexible
and polar molecules, intramolecular motions, specific intramolecular interactions, such as
hydrogen bond stretching, also contribute.

Within 1490-3800 cm™* we observed for the first time a large set of overtone and

combination ROA bands in the spectra of 2-chloropropionitrile and a-pinene. Using various
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perturbation and variational approaches, the most intense bands were assigned, mostly to
double-excited overtone and combination transitions. The results were verified by comparison
of Raman, IR absorption and VCD measurements. The perturbational approach as implemented
in Gaussian 16 software appeared as more practical than the limited vibrational configuration
method.

We proposed accurate methodology for determining the enantiomeric excess (EE) of
chiral samples. The algorithm consists of the Raman baseline correction, ROA intensity
normalization and systematic error elimination procedures. It was applied to nine enantiomeric
mixtures of neat a-pinene and alanine in aqueous solutions. The enantiomeric excess was
determined by solving an overdetermined set of linear equations. The accuracy of the EE
determination was discussed with respect to the spectral range analyzed, purity of the reference,
and the accumulation time of the ROA spectra. After exclusion of the strongly polarized Raman
bands and with spectral range optimal for ROA normalization, accuracy of about 0.05 % and
0.22 % was achieved within reasonable accumulation times for o-pinene and alanine,
respectively. ROA spectroscopy can thus serve as a non-destructive and very accurate technique
for the enantiomeric excess determination. This may find applications in organic chemistry as
well as in the pharmaceutical industry, where the chiral purity is often a critical factor for
reactivity and biological activity.

Overall, the results indicate that the synergy of the experimental and computational
Raman and ROA methodologies may be useful to understand fundamental molecular

properties, with applications including analytical chemistry, biology, or medicine.

82



List of abbreviations

ALSS asymmetric least squares

BFGS Broyden-Fletcher-Goldfarb-Shanno

BJ Becke-Johnson

CcC circular convertor

CCD charge-coupled device

CCT Cartesian coordinate transfer

CD circular dichroism

CID circular intensity difference

CIP Cahn-Ingold-Prelog

COSMO conductor-like screening model

CPCM conductor-like polarizable continuum model
DCP, in-phase dual circular polarization

DCPy out-of-phase dual circular polarization
DDR Darling—Dennison resonances

DF dissymmetry factor

DFT density functional theory

DOC degree of circularity

DVPT2 deperturbed VPT2

EE enantiomeric excess

FR Fermi resonances

GTO Gaussian type orbitals

GVPT2 generalized VPT2

HWP half-wave plate

ICP incident circular polarization

IPSA iterative polynomial smoothing algorithm
L-BFGS limited-memory Broyden-Fletcher-Goldfarb-Shanno
LCAO linear combination of atomic orbitals
LCP left circular polarization

LCR liquid crystal retarder

LD linear dichroism
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LP linear polarization

LR linear rotator

LVCI limited vibrational configuration interaction
KS Kohn-Sham

MM molecular mechanics

MD molecular dynamics

oD optical density

ONIOM Our own N-layered Integrated molecular Orbital and molecular Mechanics
OR optical rotation

ORD optical rotation dispersion

PBS polarizing beam splitter

PCM polarizable continuum model

PES potential energy surface

PED potential energy distribution

QM quantum mechanics

QWP quarter-wave plate

ROA Raman optical activity

RCP right circular polarization

RLD Raman linear dichroism

SCP scattered circular polarization

SCRF self-consistent reaction field

Sim similarity factor

SM single molecule

VCD vibrational circular dichroism

VLD vibrational linear dichroism

VOA vibrational optical activity

VPT2 vibrational second-order perturbation theory
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ABSTRACT: Spectroscopy of vibrational optical activity has been 1
. ‘ Intermolecular
established as a powerful tool to study molecular structures and 1 Stretching oV W
interactions. In most cases, only fundamental molecular transitions are \
analyzed. In the present study, we analyze a broader range of vibrational v-¢
frequencies (40—4000 cm™'), which could be measured on a new Raman [[[’»
optical activity (ROA) instrument. An unexpectedly strong vibrational 00 150 Ihum

Raman optical activity of 2-chloropropionitrile has been observed within
the low-frequency region (40—150 cm™). On the basis of combined
molecular dynamics and density functional theory simulations, it could be
assigned to intermolecular vibrations. A detailed analysis also revealed
connection between spectral shapes and molecular structure and flexibility, 100 200 300 400 500 600
such as bending of the CCN group. At the other edge of the scale, within
~1500—4000 cm™, for the first time, many combination and overtone
ROA bands have been observed for 2-chloropropionitrile and a-pinene. These were also partially assigned, using quantum-
chemical computations. The band assignment was confirmed by a comparison with Raman, absorption, and vibrational circular
dichroism spectra. The measurement in the broader vibrational range thus significantly extends the information that can be
obtained by optical spectroscopy, including intermolecular interactions of chiral molecules and liquids.

ROA

Wavenumber (cm'1)

M INTRODUCTION and other effects not included in the usual harmonic
approximation.”**~**

In the present study, we show that some of these obstacles
can be overcome. We focus on new physical insight into
properties of two model molecules, which can be obtained by
measurement of the low- and high-frequency bands. Raman
and ROA data were recorded on a custom-built two-grid
spectrometer operating within 40—3800 cm™". The instrument
exhibits a large signal-to-noise ratio and a flat baseline. This
makes possible the measurement of even weak overtone and
combination bands, largely ignored in previous studies. ROA
spectra in the high-frequency region have been reported, but

Raman optical activity (ROA) is a quickly developing optical
spectroscopic technique that explores differential scattering of
left and right circularly polarized light by chiral molecules."”
Similar to vibrational circular dichroism (VCD),” it can not
only distinguish absolute configuration® but also provide
higher structural sensitivity than that from techniques using
unpolarized light. ROA bands carry information about
conformational states® and system dynamics,’ too. As one of
rather few methods, ROA spectroscopy is applicable for
molecules in solutions. It has been applied to a broad range of
inorganic, organic, and biomolecules, including helicenes,”*

peptides,” ™" proteins,'>'® fibrils,"*'> sugars,'®'” nucleic theyvc%mprised fundamental transitions (CH stretching)
acids,"® and even to whole viruses.'”*" only.”"

In the past, ROA spectra have been almost exclusively The first molecule, 2-chlor0pr0pionji§rile, is selected as a
analyzed with a limited spectral range. For example, the model liquid. As noticed already before,™ it is sufficiently small
commercial ROA spectrometer of Biotools operates within to allow for precise molecular mechanics and quantum
200—2450 cm™". The range is broader than for common VCD mechanics (MM/QM) computations. Surprisingly, we ob-
spectrometers,”’ for example, but important parts of the served a very large ROA signal within 40—150 cm™, carrying
spectra including hot, combination, and overtone bands are information about intermolecular interactions. At the high-
missing.

Further restrictions are imposed by difficult interpretation of Received: January 14, 2019
the “nonstandard” spectral regions. For example, high-energy Revised: ~ February 12, 2019

CH stretching modes (~3000 cm™) often exhibit resonance Published: February 13, 2019
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frequency part of the spectrum, ROAs of overtone and
combination transitions were detected. These were also
obtained for a-pinene, for which the first report indicating
their presence in infrared and Raman spectra appeared already
in 1976, followed by a series of other works.””** Both
molecules serve as convenient systems for testing the accuracy
of contemporary computational procedures, allowing to
simulate the “anharmonic” spectral features. To verify our
Raman and ROA results, VCD and IR intensities are measured
and compared with the simulated ones, too.

Analysis of the spectra provides interesting insight into
molecular behavior. Although there is no universal way to treat
the low-frequency vibrational transitions theoretically, experi-
ence shows that the conformer distribution can be obtained
using methods of classical molecular mechanics (MM) and
spectral properties can be calculated quantum-mechanically
(QM), which is sometimes referred to as the instantaneous
normal mode” or frozen field* approximation. The “multi-
scale” MM/QM methodology for vibrational optical activity
(VOA) has been elaborated by us and other authors in the
past.’' 7 Averaging of spectra from partially optimized
molecular dynamics (MD) clusters takes into consideration
both molecular flexibility and solvent—solute (or solvent—
solvent in our case) interactions. Dielectric solvent models,
such as the polarizable continuum model (PCM)*"** and
conductor-like screening model (COSMO),” are used to
account for longer-range solvent effects. For 2-chloropropioni-
trile, this procedure provided a satisfactory basis to understand
the intermolecular vibrations of the liquid.

Simulations of high-frequency molecular vibrational proper-
ties in general require treatment beyond the harmonic
approximation. This is a very difficult problem, accurately
solvable only for simple molecules.”””* Fortunately, for
semirigid molecules, perturbation approaches have been
developed in recent years that can be applied for larger
systems as well. They quite often fairly well explain the main
spectral features observed experimentally below about 4000
cm™!, that is, in the range of most fundamental transitions.***”
Obviously, they do not always provide a band-to-band
correspondence to the experiment and are not usable for
higher excitations. However, for the molecules studied here, a
second-order perturbation approach reproduced the most
prominent anharmonic features and made it possible to link
observed spectral shapes to the structure.

We find these observations also useful for future develop-
ments of vibrational optical activity (VOA) spectroscopy, in
particular Raman optical activity. The wavenumber extension
allows for better exploitations of the information available in
the vibrational spectra. In particular, the extreme chirality
observed for the lowest-frequency intermolecular modes of 2-
chloropropionitrile suggests that the ROA methodology may
become a useful tool to study solvent—solute and other weak
interactions of chiral molecules, similar to, for example, the
terahertz spectroscopy.**

B METHODS

Chemicals. Both enantiomers of a-pinene were purchased
from Sigma-Aldrich; (R)- and (S)-2-chloropropionitrile
(Figure 1) were prepared by a modified four-step synthesis
described elsewhere.” Briefly, L and p-alanine were converted
to (S)- and (R)-2-chloropropanoic acids, respectively.’’ Then,
the acids were converted to (S)- and (R)-ethyl-2-chloropro-
pionate by azeotropic esterification, using a mixture of
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HiC
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Figure 1. Studied molecules: (R)-2-chloropropionitrile (“nitrile”, I)
and (+)(1R,SR)-a-pinene (“a-pinene”, IT). On the left, characteristic
coordinates in I are defined ¥ = £(1,2,3,4), ® = £(2,3,4,5), and w =
£(3,4,5).

benzene/ethanol and a small amount of sulfuric acid. The
following reaction of the ester with cooled aqueous ammonia
solution led to (S)- or (R)-2-chloropropionamide.’® Final
dehydration of the amide with P,O,, provided the desired (R/
§)-2-chloropropionitriles. This reaction was carried out as a
bulb-to-bulb distillation using a Kugelrohr apparatus at 220 °C
(8 Torr), and the product was rapidly cooled down. (S)-2-
Chloropropionitrile: overall yield 13%. '"H NMR (400 MHz,
DMSO-dg) 6 5.27 (q, ] = 7.0 Hz, 1H, CHCl), 1.77 (d, ] = 7.0
Hz, 3H, CH,). *C NMR (100 MHz, DMSO) & 118.84 (CN),
38.70 (CHCI), 22.81 (CH;). EI-HRMS (m/z): For M*
C3H,NCI caled 89.0032, found 89.0028 (—4.5 ppm). (R)-2-
Chloropropionitrile: overall yield 13%. '"H NMR (400 MHg,
DMSO-dg) & 5.27 (q, ] = 7.0 Hz, 1H, CHCI), 1.77 (d, J = 7.0
Hz, 3H, CH,). '*C NMR (100 MHz, DMSO) 6 118.83 (CN),
38.69 (CHCI), 22.81 (CH,). ELHRMS (m/z): for M*
C3H,NCI calcd 89.0032, found 89.0031 (—1.1 ppm).

Spectra Measurement. Raman and ROA spectra were
acquired on an ROA instrument constructed at Palacky
University, Olomouc, largely based on the design of
Hug.>"** Neat-liquid chiral samples were measured in a
rectangular fused silica cell of 70 uL volume at room
temperature (298 K), using the back-scattering geometry,
scattered circular polarization (SCP) modulation scheme, and
Nd:YAG laser with $32 nm excitation wavelength. Laser
powers and accumulation times are listed in Table S1. R-
Enantiomer ROA spectra are presented as averages of both
enantiomers, “(R — §)/2”; unprocessed spectra can be found
in the Supporting Information (Figures SI and S2). IR and
VCD nitrile spectra were measured on a BioTools ChiralIR-2X
spectrometer for neat liquid, using a BaF, cell, 15 y#m spacer,
and 4 cm™ resolution. For a-pinene, the CH stretching and
the rest of the anharmonic region were measured using CaF,
cells with 6 and SO pm spacers, respectively. Experimental
Raman and ROA spectra are given as number of detected
electrons per excitation energy, e-J”', and IR and VCD are
expressed in L-mol™"-cm™.

Computations. Optimized geometries; harmonic frequen-
cies; and IR, VCD, Raman, and ROA intensities were
calculated at the B3PW91°*%*/6-311++G** level, using the
Gaussian 16™ program. The environment was mimicked by
the conductor-like screening model (COSMO) with parame-
ters for acetonitrile (ACN, mimicking compound I) and
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cyclohexane (in the case of I).*”*%%” Alternatively, the default

Gaussian polarizable continuum model (PCM)*’ was used,
which gave, however, very similar results, and is not discussed
further. Presented spectra are Boltzmann-corrected to account
for hot transitions in the lowest wavenumber regionss and are
given in arbitrary units (see also below, eq 5).

To understand the low-frequency vibrations of the nitrile, we
calculated the dependence of its energy on the ¥, @, and @
angles (see Figure 1 for their definition). The methyl group
(¥) was rotated by 2.5° increments, within 0—120°, and 49 ®
and @ combinations were created so that the resultant nitrogen
positions were evenly distributed on a sphere around C4 (ref
59, 155° < w < 180°).

For liquid nitrile, molecular dynamics (MD) simulations
were performed within Tinker software,”’ using the OPLSAA
force field,"" periodic boundary conditions, cubic box (16.9 A
per side), production run of 1 ns, 1 fs integration time, NVT
ensemble, and temperature of 298 K. From the snapshots
saved each S ps, 200 clusters were created, consisting of 12—19
nitrile molecules closer than 5 A to a central one. The cluster
geometries were partially optimized by the normal mode
optimization procedure’”®’ as implemented in the Qgrad®'
program. In the optimization algorithm, apart from using a
constant value,* the frequency cutoff limit was also distributed
within 50—-700 cm™ (using a product of random and
exponential functions, cf. Figure S3), which provided some-
what more realistic bandshapes. The B3PW91/6-31G*/
COSMO(ACN) computational level with Grimme’s disper-
sion correction with Becke—Johnson damping (GD3BJ)**%°
was used for the quantum chemistry.

Modes with a significant amount of the intermolecular
interactions were identified using the potential energy
distribution (PED).®” Same as for groups within one
molecule,”® six coordinates defining the molecular positions
were defined (Figure 2), and PED was calculated by our
Fortran programs.

Intermolecular interactions in nitrile were also inspected
using the quantum topological atom-in-molecule (AIM)
analysis. For 14 randomly selected dimers, noncovalent
interactions were recognized as saddle points of electron
density in space.””~"*

€=V XIy

€, = V) XI'y

V= Uy XI

Figure 2. Definition of the six coordinates used for characterization of
intermolecular vibrational modes: d, distance of the mass centers; a;
and @, angles between the largest moments of inertia and the
distance vector; f#; and f3,, rotation angles; and 7, the torsion angle.
For the rotation angles, arbitrary vectors e, and e, were defined, using
the largest (direction u;) and second largest (w;) moments of inertia.
Lengths of all vectors u, w;, v, e, r, and r, are equal to 1.
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Anharmonic constants (third and fourth energy derivatives,
second dipole moment, and polarizability derivatives) were
obtained using the Gaussian 16 and S4”* programs at the same
approximation level as for the harmonic ones. For Gaussian,
two-point numerical differentiation with a step of 0.01 A was
used (steps 0.001—0.08 A led to similar results, Figure S4). For
the S4 program, a variable normal mode step was used, g-
1000-1'%, where v is the frequency in cm™ and q = 0.05 A.

The usual Taylor-expanded nuclear vibrational potential V
was used as'®”*
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where Qs are the normal mode coordinates, v;’s are the
harmonic frequencies, N is the number of normal modes, c;;’s
are the cubic constants, and d;y/'s are the quartic constants.
Quartic constants where all indices are unique were neglected.

Using the potential (eq 1), anharmonic vibrational energies
and spectral intensities were calculated using the second-order
vibrational perturbation approach (VPT2)*®”* and its
modification (GVPT2) better treating the Fermi and
Darling—Dennison resonances’” as implemented in Gaussian.
Alternatively, limited vibrational configuration interaction
(LVCI) was applied as described in refs 46 and 23 using our
S4 software.

Same as for the potential, Raman and ROA polarizabilities
(o, G/, and A)”* and electric dipole moment (u) were
considered as Taylor expansions

oxX 1y X
X(Q P)=X(0) + X -=Q,+ -2 X QQ,
i=1 o i 2'j=1 i=1 inaQ !
N 3
1 X
hi= QQQ,
2 ZZ et

where X(0) is the equilibrium value of each electromagnetic
tensor. For the magnetic moment m, the expansion is slightly
different’” %7

P N N az
m
,P)=h) —P+h P
mQ ) =2, §§ apaQ, "
i= j=1i= j
N N N
h ’’m
+3 X 22 Q,Q
2.3 j=1 k=1 ()E()Qiko Pt (3)

where 7 is the reduced Planck constant and P, is the normal
mode momentum associated with Q,.

From the polarizabilities, Raman and SCP ROA intensities
for each transition i were calculated as'

Ii ,Raman

3 3
62 Z (@ @ gy + 7% 5% o)
=1 a=1 (4)
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Figure 3. Raman and ROA (R)-2-chloropropionitrile spectra calculated for the lowest-energy conformer (a), Boltzmann average of selected density
functional theory (DFT) conformers (b), and average of clusters obtained from molecular dynamics (c) and experiment (d, pure liquid).
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where @; = (Olali) (similarly for G’ and A) and [0) and li) are
the ground and excited vibrational states, respectively. From
these line intensities (in atomic units), theoretical spectra S(v)
dependent continuously on the frequency v were generated
using convolution with a Lorentzian function and multi-

plication by a Boltzmann factor
5
+1
= (s)

l/l.
el ZI‘[I exP( kT”
where v; is the transition frequency, k is the Boltzmann
constant, T is the temperature, and the full width at half-
maximum A = 10 cm™'. Note that the Boltzmann factor is
exactly valid for the harmonic approximation only.”® Also, if
polarizability derivatives are used instead of the transition

polarizabilities, as is the case of Gaussian output, a prefactor (=
bl

—1

in the harmonic limit) must be added to eq S.
Absorption and VCD intensities were obtained from the
dipole D; and rotational strength R, respectively

3
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where /A€ are in L'mol™"-cm™" and D,/R; are in debyez.—/s

Minor variation of computational parameters (basis sets,
functionals, omission of low-energy vibrations; see Figure SS)
did not lead to significantly different results.

B RESULTS AND DISCUSSION

Low-Frequency Vibrations of (R)-2-Chloropropioni-
trile Liquid. The calculated and experimental Raman and
ROA spectra are presented in Figure 3. The single-conformer
computation (Figure 3a) reasonably well approximates the
experimental Raman and ROA intensities within ~175—1600
cm™!. Nevertheless, within 176—324 cm™, we can see a
significant improvement when the Boltzmann-averaged spectra
are used (for one molecule, Figure 3b), using the scans over
the ¥, @, and @ angles. Detailed dependence of energy,
geometry, and spectral parameters on these coordinates can
also be seen in Figures S6—S10. Indeed, as follows from the
mode assignment in Table S2 (fundamental) and Table S3
(combinations and overtones), these three coordinates to a
large extent participate in the six lowest-frequency vibrations,
calculated within ~170—570 cm™". Thus, for example, the two
negative ROA peaks calculated for the equilibrium structure at
227 and 266 cm™' become broader and merge into a broad
negative signal, i.e., closer to the experimental shape (Figure
3d).

The monomolecular models a—b in Figure 3, however,
cannot explain the measured signal below 176 cm™. The
experimental Raman intensity rises sharply as the frequency
goes to zero, almost monotonically, with a shoulder at 81 cm™.
The ROA intensity is even more interesting, with a maximum
at 80 cm™!, and at about 62 cm™, changing its sign and
becoming negative up to the optical filter limit (~40 cm™).
This is to a large extent reproduced by the spectrum obtained
as an average from the MD clusters (Figure 3c). This most
advanced model also provides a broader and ROA-less intense
“monomolecular” band at 695 cm™' and minor changes in
other parts of the spectra, suggesting a coupling of
intermolecular and higher-frequency intramolecular vibrations.

The normal mode assignment is in agreement with the
detailed analysis reported previously.”® However, we would
like to mention a rather unexpected flexibility of the C—C=N
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bond system, seen, for example, during visualization of the
normal mode motion. Vibrational modes connected to the C—
C=N bending have relatively low harmonic frequencies (e.g,
modes 173—561 cm™, Table S2). The equilibrium angle is
calculated as @ ~ 179°, but it can easily change. For example, a
deviation of 16° requires energy of about 2 kcal'mol ™. Taking
into account other degrees of freedom, the most probable
value at room temperature is thus predicted as 177.4° (Figure
$10).

According to AIM analysis,” the nitrile—nitrile inter-
molecular interactions are rather nonspecific and weak,
including van der Waals dispersion and weak (aliphatic)
hydrogen bonds with participation of the electronegative
chlorine and nitrogen atoms (Table S4, Figure S11). Still, these
forces generate intermolecular vibrational modes containing
different contributions of the geometrical coordinates. The
assignment to intermolecular modes is also confirmed with the
ROA spectra obtained for a nitrile solution in methanol, where
some low-frequency bands nearly vanish (Figure S12).

According to the potential energy distribution, the
intermolecular stretching vibration (d, cf. Figure 2) is the
most probable for modes around 70 cm™" and the bending (a,
) and torsional (7) intermolecular motions are dominant for
even lower vibrational frequencies (Figure 4). Above about

9—72

Intermolecular Stretching

0.8
(d)

0.4

Intermolecular Bending
(o, B)

p (%)

Intermolecular Torsion

()

100
Wavenumber (cm")

150 200

Figure 4. Relative probabilities of intermolecular coordinates
(nitrile—nitrile) to the potential energy distribution, for the low-
frequency modes as obtained from 200 MD clusters (a B3PW91/
GD3BJ/6-31G*/COSMO(ACN) calculation).

180 cm™!, the intermolecular modes vanish. Interestingly, the
resultant spectra can, to a large extent, be thought of as
products of dimer—dimer interactions. At least in trial
computations, the ensemble of dimers obtained from the
MD snapshots provided Raman and ROA shapes very similar
to those obtained using the complete clusters.

To conclude this section, we could measure a strong nitrile
Raman optical activity in the low-frequency region and showed
that it is related to intermolecular interactions. These results
suggest that the ROA spectroscopy may find new applications
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in studies of solvent—solute and other weak interactions
including chiral discrimination. For a-pinene, a large monosign
ROA (positive for the + enantiomer) close to 40 ecm™ is
apparent as well. However, the intermolecular interactions are
weaker and most of the relevant transitions probably lie under
the instrumental limit.

Raman Optical Activity of Overtone and Combina-
tion Vibrations. On the other edge of the spectrum, the new
ROA instrument makes it possible to record the CH stretching
fundamental transitions, but also the weak overtone and
combination bands. The ROA measurement of the funda-
mental CH vibrations has been achieved previously by a
dedicated spectrometer™* or a combination of three different
interchangeable spectral gratings and intensity calibration using
a fluorescence standard.”*”’ The ROA bands, however, were
hampered by the strong underlying Raman scattering and were
prone to instrumental artifacts. As far as we know, the
overtones and combination bands have not been measured yet.
In our spectrometer, the possibility to measure the extended
range simultaneously is ensured by analysis of the zero-order
diffraction beam by an additional spectrograph and detector.
This arrangement also provides a good baseline stability and
detection sensitivity.

For nitrile, the experimental and simulated Raman and ROA
spectra within 1490—3800 cm™ are plotted in Figure 5. As
expected, the largest intensities are exhibited by the
fundamental modes comprising C=N stretching (experimen-
tally at 2252 cm™") and CH stretching (about 3000 cm™).
They are plotted within the gray areas in Figure 5. For this
molecule, relative Raman and ROA intensities of the
fundamental transitions seem to be fairly well modeled already
at the harmonic level (the red curve), although with a huge
frequency error of about 104 and 136 cm™ for CN and CH
stretching, respectively. Both the VPT2 and LVCI anharmonic
methods correct it and provide nearly the experimental CH
stretching frequencies. For the C=N band, however, a
significant energy error of 73 cm™' remains even after the
anharmonic corrections (cf. also Table S2). On the basis of
benchmark computations (CCSD(T), MP4) on smaller model
systems containing the triple bond, we can relate the remaining
deviation to an inherent inaccuracy of the B3PW91 and similar
functionals.

As discussed previously, the approximate anharmonic
approaches comprise many simplifications and may themselves
introduce errors comparable with the actual corrections.*®”®
For example, because the four lowest-frequency modes had to
be omitted from the LVCI computation, resultant intensities
above 3100 cm™ are significantly underestimated. Below 3100
cm™!, the VPT2 and LVCI methods provide similar Raman
shapes, whereas for ROA, the VPT2 simulation looks more
realistic when compared with experiment. Overall, the VPT2
procedure appears more practical than LVCI in this case.
Based on VPT2, many combination and overtone bands can be
unambiguously assigned (Figure S and Table S3). It is
interesting that the technically more advanced generalized
VPT2 variant (GVPT2), which includes corrections to Fermi
and Darling—Dennison resonances, does not perform so well,
although the differences are mostly minor (Figure SS). From
the similarity of LVCI and VPT2 simulations, we can deduce
that double-excited overtone and combination transitions
involved in VTP2 are dominating, whereas contributions of
higher excitations are much smaller. Higher excitations are
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Figure 5. Raman and ROA spectra of the nitrile, plotted within 1490—3800 cm™

!, as calculated using the limited vibrational configuration

interaction (a), vibrational second-order perturbation calculus (b), and the experiment (c). For the fundamental C=N and CH stretching signals,
spectral shapes calculated at the harmonic level are plotted by the red line. Spectral parts in the gray areas are plotted in a different scale. At the top,

main coordinate contributions to the overtone and combination bands are

indicated (see also Tables S2—S3).

included in the LVCI approach only, up to five times excited
modes.

Same as for the fundamental modes, overtone and
combination bands can also be vaguely related to chemical
groups, as indicated at the very top of Figure 5. For example,
within 1500—2220 cm™", CHj; rocking and CC stretching seem
to generate most of the spectral intensities. In wavenumber
regions closer to the fundamental CH stretching bands (2600—
2900 cm™"), the CH bending modes, such as the CH; umbrella
or CHj scissoring, contribute more. Below 1950 cm™', more
diverse patterns take place, including CC stretching, CHj
wagging, CCN bending, CH; scissoring, and CH bending.
Above 3000 cm™', higher-energy fundamental modes, such as
C=N stretching, contribute more. Also, the lower-frequency
fundamental motions can combine with the CH stretch.

The assignment based on the Raman and ROA bands can be
confirmed by a comparison of computed and experimental IR
and VCD spectra (Figure S13). The experimental VCD is
somewhat hampered by the noise, in particular, above 3000
cm™". It is interesting that, contrary to the Raman and ROA
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bands, the C=N stretching IR and VCD intensities (exp. 2252
cm™") are significantly overestimated by the simulations.
Analogously as for the nitrile in Figure 5, Raman and ROA
spectra of a-pinene with the emphasis on the overtone and
combination bands are plotted in Figure 6. Compared with the
nitrile, we see several differences. As discussed previously,” the
harmonic calculus is not adequate to reproduce the
fundamental CH stretching intensity of a-pinene (~2750—
3050 cm™). In addition, the bare VPT2 theory (Figure 6a)
failed for the entire spectral region. This can be explained by
the greater number of resonances in the molecule, which
causes a divergence of the VPT2 results. Also, the LVCI
method (Figure S14) did not reproduce the anharmonic
region well, in spite of the extensive computational time
required. Fortunately, the general GVPT2 approach (Figure
6b) gives a very good agreement with the experimental Raman
and ROA spectra. Within 1800—2800 cm™}, for example, the
GVPT2 simulation sometimes almost amazingly faithfully
reproduces the complicated ROA experimental pattern. The
VOA spectroscopy combined with the theory can thus well
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Figure 6. (+)-a-Pinene Raman and ROA spectra within 1490—3800 cm™ calculated using vibrational second-order perturbation without (a) and
with (b) the degeneracy correction and experiment (c). The signal of the fundamental C=C and CH stretching bands calculated at the harmonic
level is plotted by the red line. At the top, main coordinate contributions to the overtone and combination bands are indicated (for vibrational

normal mode assignment, see also refs 26 and 82).

complement, for example, the overtone and combination
vibrational band assignments based on the isotoge editing”” or
vibrational sum frequency generation studies.””"'

Still, inconsistencies between the simulation and experiment
are apparent even for GVPT2. Relative ROA intensities of
fundamental CH stretching bands are not much improved
when compared with the harmonic approximation, while they
grew about 3 times (cf. the multiplication factors in Figure 6).
Such intensity over-estimation was not observed for LVCI
(Figure S14) and can be attributed to the arbitrary wave
function normalization utilized in GVPT2. The theoretical and
experimental IR and VCD spectra (Figure S15) confirm that
the assignment and performance of the theoretical methods are
same as for the Raman and ROA data.

Bl CONCLUSIONS

On the two model molecules, we analyzed Raman and ROA
spectra obtained within the extended wavenumber range of
40—3800 cm™'. The measurement was made possible by using
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a new spectrometer based on two detection channels. For the
low-frequency region (40—150 cm™), we observed a strong
optical activity of 2-chloropropionitrile that could be assigned
to intermolecular vibrations. This rather surprising result
suggests that the ROA spectroscopy can provide valuable
information on interactions of chiral molecules and documents
the convenience of chiral spectroscopy against unpolarized
techniques. The underlying Raman signal was much less
structured. To decipher the signal, relatively complex
molecular mechanics/quantum mechanics computations were
necessary, which, however, are possible with contemporary
computational techniques and programs.

For the first time, we could also observe a large set of
overtone and combination ROA bands in the nitrile and a-
pinene spectra, mostly within 1490—3800 cm™'. The
experimental Raman and ROA intensities could be compared
with experimental IR and VCD intensities. On the basis of the
simulated spectra obtained by various perturbation and
variational approaches, most intense bands could be
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unambiguously assigned to double-excited overtone or double-
excited combination transitions.

We thus hope that the presented results will stimulate
further development of the ROA and VCD spectroscopies as
incisive probes of molecular structure and behavior.
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Figure S11. Example of the AIM analysis of nitrile-nitrile interactions (dimer number 9 in Table
S4). Top — reduced density gradient (RDG) in critical points, bottom — RDG vs. signed density AIM
graph.
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Figure S12. Nitrile ROA spectra in the low-frequency region, for pure liquid (top) and its about 10
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experiment (c). For the C=N and CH stretching spectra calculated at the harmonic level are plotted
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using the limited vibrational configuration interaction (a), generalized vibrational second order
perturbation calculus (b), and the experiment (c). For the fundamental C=N and CH stretching
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Table S1. Laser power on the sample (P) and total accumulation time (7) used for ROA
measurement. Weak combination and overtone bands of the nitrile were measured using different
conditions (P', 1'). Reported spectra are normalized to unit excitation energy obtained as a product
of the power and acquisition time.

solvent enantiomer P/ mW t/h P*/ mW {/h

R 83 9.7 340 29.7
2-chloropropionitrile
S 83 13.2 340 55.2
R 102 4.1 - -
a-pinene
S 68 9.8 - -
S16
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Table S2. Nitrile, assignment of fundamental modes, frequencies in cm™.

Anharmonic
Mode  Harmonic (VPT2) EXP Type
1 3159 3016 3013  asymmetric CHj stretching
2 3142 2995 2997  asymmetric CHj stretching
3 3115 2971 2976  oCH stretching
4 3059 2945 2943  symmetric CHj stretching
3 2356 2325 2252  CN stretching
6 1476 1438 1456  CHj; scissoring
7 1469 1439 1445  CHs scissoring
8 1403 1384 1383  CH; umbrella motion
9 1329 1300 1307 CH bending
10 1254 1264 1232 CH bending
11 1112 1104 1100 CC stretching
12 1091 1090 1077  CC stretching
13 1003 989 991  CC stretching
14 862 853 851  CHj; wagging, CCN bending
15 679 664 681  CH; wagging, CCN bending, CCl stretching
16 561 571 547  CCN bending to CHj
17 496 494 489  CCN bending perpendicular to CHj
18 317 313 324  CCCl bending, CCCN torsional twisting
19 266 273 250  CH; rotation
20 227 252 231 CHj3 rotation and, CCCN torsional twisting
21 173 176 181  CCN bending to CH3, CH3 rocking
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Table S3. Nitrile, frequencies (cm™") of combination modes and overtones.

Calculated Experimental
Modes (VPT2) (Raman)

21+8; 20+9; 16+13 1560 1530
16+11; 15+13; 16+12 1653 1630
20+6; 20+7; 18+8; 2x14; 19+6; 19+7 1704 1674; 1700
18+6; 18+7; 15+11; 15+12; 17+10 1754 1757
16+10; 14+13 1839 1840
15+10; 17+6; 17+7; 14+11; 14+12; 16+8; 15+9 1925; 1945 1912; 1931
2x13 1973 1978
13+11; 13+12 2077 2068
2x11;2x12; 11+12 2177 2155
13+6;13+7 2424 2385
11+8; 1248 2472 2453
12+46; 11+6; 11+7; 1247; 2x10 2527; 2540 2532
1049; 20+45; 19+5; 2x9 2583 2603
10+8; 9+8; 10+6; 10+7 2648; 2682; 2702 2685
2x8 2753 2745
8+6; 8+7 2820 2830
2x7; 2x6 2865 2877
21+2; 1445; 21+1; 20+4 3177 3100
19+4; 19+43; 19+42; 19+1; 20+3; 20+2; 20+1; 18+4;

18+3; 18+2; 18+1; 1345 3269 3238
11+5; 1245 3413 3351
9+5 3623 3358
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Table S4. AIM topological parameters of interacting atoms in 14 nitrile dimers. The inter-

molecular threshold was 0.01 kcal/mol, electron density () and Laplacian (Ap) are in atomic units.

Dimer Critical points (Vo = 0)
number .
Atoms Distance (A) ol Ap
c-Cl 1.8324 0.1653 -0.185
C-N 1.1526 0.4792 0.301
1 c-C 1.4908 0.2559 -0.648
C-H 1.0900 0.4792 -1.000
C5---H17 4.7417 1.76x10™ 7.57x10™
1 Cl9---H18 4.8686 1.67x10™ 6.54x10™
C19---H11 4.6185 1.91x10™ 7.01x10™
Cl14---H2 2.8821 6.00x10 2.10x107
2 H16---N4 3.3554 1.72x10° 5.76x107
HS---Cl14 2.9977 521107 1.77x107
3 H7---H16 2.7502 2.30x10° 7.87x107
H18:--Cl9 3.3750 2.14x107 7.67x107
4 Cl14---C19 4.1806 2.26x107 6.29x107
5 C19---Cl14 4.1894 1.83%x10° 5.39%x10°
6 N15---N4 4.8218 2.42x10™ 9.67x10™
C5---Cl14 4.0798 2.06x107 6.25x107
7 H2---Cl14 3.5624 1.74x107 5.66x107
8 N4---C12 3.2145 5.79x10 1.88x107
H11---N4 2.3913 1.08x107 3.40%x107
9 H16---Cl19 3.1998 3.90x10” 1.29%107
H18.--N4 3.7215 7.83x10™ 2.77x10°
10 N4---Cl14 4.6051 6.82x10™ 2.31x107°
11 Cl19---N15 4.4090 8.43x10™ 2.87x107
12 Cl9---N15 4.9235 3.43x10™ 1.24x10°
H6---H16 3.0306 1.32x107 4.43x10°
13 H7---Cl14 3.0265 4.95%x10° 1.65x10
N4-.-N15 3.5535 4.14x10° 1.27x107
N15---C19 3.5070 5.25%x107 1.61x107
14 H6---Cl14 2.6718 1.02x107 3.54x107
Cl9---Cl14 4.0496 3.05x10° 8.88x107
S19
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Low-frequency Raman optical activity provides
insight into the structure of chiral liquids¥

Pavel Michal, (2 ** Josef Kapitan, (2 Jifi Kessler ©° and Petr Bouf {2 *>¢

Vibrational frequencies of modes involving intermolecular motions in liquids are relatively small, in the
Raman scattering close to the excitation frequency, and the bands may merge into a diverging
uninterpretable signal. Raman optical activity (ROA) spectral shapes in this region, however, are
structured more and may better reflect the nature of the studied systems. To understand the origin of
the signal and its relation to the molecules, ROA spectra of six chiral neat liquids are recorded and
analyzed on the basis of molecular dynamics and density functional theory computations. The theory of
Raman scattering of liquids is discussed and adapted for modeling based on clusters and periodic
boundary conditions. A plain cluster approach is compared to a crystal-like model. The results show that
the low-frequency optical activity can be reliably modeled and related to the structure. However,
momentary arrangement of molecules leads to large variations of optical activity, and a relatively large
number of geometries need to be averaged for accurate simulations. The intermolecular modes are
intertwined with intramolecular ones and start to dominate as the frequency goes down. The low-
frequency ROA signal thus reflects the chemical composition and coupled with the modeling it provides

rsc.li/pccp

1. Introduction

Low-frequency Raman spectroscopy has been possible due to
the availability of narrow wavelength optical filters and stable
diode lasers, and is gaining popularity in chemical and
pharmaceutical analyses." It is also referred to as terahertz
(THz) or low-wavenumber Raman spectroscopy. In crystals and
crystalline-like polymers, it can reveal their structure, poly-
morphism and phonon dynamics.>? Both intra and intermole-
cular vibrational modes provide strong Raman signal.” On the
other hand, it is very difficult to obtain useful information from
the low-frequency Raman spectrum of a liquid, because the
signal is rather unstructured, unresolved, and quickly increases
when the frequencies approach the excitation line.” Better
results are obtained by optical Kerr spectroscopy exploring time
dependence of the liquid polarization induced by laser pulses.
In this case, low-frequency Raman spectra can be obtained by
Fourier transformation techniques.®™®
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a welcome means to study the structure and interactions of chiral liquids.

If we look at the differential scattering of the right and left
circularly polarized light, chiral liquids and solutions may
provide more diverse signals than for unpolarized Raman.
The bands can be both positive and negative, and are more
sensitive to chemical composition and conformation.’ Usually,
only the higher-frequency region (above ~400 cm™") is interpreted
in terms of band assighment to the molecular structure. For a
polyalanine solution in dichloroacetic acid, however, we observed a
Raman optical activity (ROA) signal at 128 cm™* that was about 10x
stronger than the one typical for this spectroscopy.'” Monosacchar-
ide solutions gave rather weak low-frequency ROA,"" whereas for
several globular proteins dissolved in water the relative signal
strength compared well to the big signal of polyalanine.'” For a
cryptophane molecule the intensity of the ROA band at 150 cm !
significantly decreased in the presence of xenon."? These observa-
tions suggest that the low-frequency ROA well reacts to the
structure and intermolecular interactions in the studied systems.

Also for a chiral neat liquid, 2-chloropropionitrile, we
identified a strong low-frequency ROA outside the region of
monomolecular fundamental modes."* On the basis of a cluster
model the signal was assigned to intermolecular motions
involving changing a distance (stretching) and mutual orienta-
tion between molecules. However, it was not clear if such a
signal is related to specific intermolecular interactions, such as
the ability of a molecule to make hydrogen bonds. Ad hoc
computations based on large clusters have been quite costly
in terms of computer time and memory. In the clusters most

This journal is © the Owner Societies 2022
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molecules remained at the surface, which did not correspond
to the real situation. Ab initio molecular dynamics suggested for
ROA relatively recently’™'® is probably technically the most
advanced way to simulate bulk phase spectra. However, it
currently appears too computationally demanding.

In the present study we therefore use the cluster approach
adapted to better correspond to the liquid phase, introducing a
crystal-like periodicity. This enables us to investigate the low-
frequency region more systematically. We also briefly review the
theory of Raman scattering on liquids, which we believe has not
been previously clearly linked to the cluster computational
modeling. High-quality Raman and ROA experimental spectra
were recorded for six chiral liquids of variable chemical struc-
tures, down to ~50 cm '. One of them, methyloxirane, was
also investigated as an aqueous solution. Molecular dynamics
is used to understand the structure of model liquids, and
density functional theory is utilized for the spectroscopic
properties. This computational approach seems to be fit to
explain the main spectral features including low-frequency ROA
signs and intensities, and thus to couple the chiral signals with
the liquid structure.

2. Methods

2.1 Theory of Raman scattering in liquids

While the Rayleigh scattering'” of gasses and liquids reflects
long-range inhomogeneities in the structure, such as the radial
distribution function,'® opalescence and density fluctuations,'**°
Raman scattering samples the structure more locally. This is
because non-interacting molecules scatter Raman light in an
incoherent way.*"**

As far as we know, there is no consistent theory comprising
all quantum-mechanical and relativistic aspects of light scattering
in bulk. Fortunately, the semiclassical approach based on the
scattering of electromagnetic waves on individual molecules
seems to provide a reasonable description of the experimental
data.®?' To illustrate the physical basis of scattering and to justify
our cluster approach, let us summarize some important relation-
ships for the backscattering intensities. The light passing through
the liquid induces time-dependent electric (u) and magnetic (m)
dipoles and electric quadrupoles (®) in individual molecules,
which then radiate part of the energy away. Higher moments
can be neglected, because molecular dimensions are usually
much smaller than the wavelength. The moments are related to
the electric intensity of light through molecular polarizabilities.
For example, x-polarized light of the electric field traveling along
the z-direction induces a dipole moment in each molecule m'®

Hinee = (1”’1" - 'i%(A””——‘f + "IEG:HIJ') Ey (1]
where & is the wave vector, w is the angular frequency, ¢ is time,
and o, A and G’ are the electric dipole-dipole, electric dipole-
quadrupole and electric dipole-magnetic dipole polarizabilities.

The induced moments are sources of scattered radiation.
For Raman scattering the incident and scattered frequencies
and wave vectors are close (v ~ ', k ~ k'), so that Ak=4k — k'

This journal is © the Owner Societies 2022
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~2k for backscattering. The electric field of light scattered
from N molecules is™*

2 N ;
@ o, - ik
.E'; = ﬁk—o Z C“AA"”' 61 [Wmn - §(Allln.,v: + Am,\xx:)

m=1

(2)
: (G:MII' Euzy G:n\"‘)
c = i

where 11, and p, are the vacuum and relative permeabilities, and
r is the distance. Unpolarized (total) Raman intensity can be
associated with the §, Stokes parameter,

IR + f]_ = S(] = b':z + E:Z =30K Zem*:"m (Irrr.\'.\"xn.\:\' + 3CHH'.\"7~'H1'.\')

mn

=30K E (xiii.\'.\'qﬂl’.\'\ + Ly Imj'.\')

m

(3)

1

where K = _((J)z,uo,u,

4nr

30
positions of molecules m and n, and Iy, is intensity of the right/
left circularly polarized light. The double sum in (3) disappears
because of different phase factors of transition vibrational
polarizabilities of different molecules.*”*! For isotropic samples
we can further average over molecular orientations, and express
S, with polarizabilities related to one molecule as follows:

KN
So=7

2
EO) y Zmn = Zm — 2y 18 the difference of

(Toraptag + oantpy)- @)

In (4) the Greek indices are related to a molecule-fixed
coordinate system and the Einstein summation convention is
applied here and further in the text. Adding the magnetic
dipolar and electric quadrupolar parts, we similarly get the
ROA intensity related to the S; Stokes parameter as**

I I = S — 8KN

= T(hiﬁG;ﬁ — o Gy
1 (5)
+ 5 w-:cx,g&:,,(sA-,.dsﬁ)
where c is the velocity of light and & is the antisymmetric tensor.
The single-molecule theory can be formally extended for
simulations based on molecular clusters if we consider the liquid
also as a sum of clusters. Any liquid volume V of N molecules can
be divided into a sum of one molecule volumes v;, volumes of
molecular pairs v; = v; + v, etc. (We do not consider the case when
the size of the volume approaches the wavelength of the light.) For
example, we can treat 3 molecules (N = 3) as monomers (m = 1)

. . . 1
with V= v, + v, + v3, dimers (m = 2) with V' = 5(»']2 + vz + v),
where vy; = v; + v, efc. In general, for clusters of m molecules,

_ (m—=T)(N —m)!

v (N — 1)! o ) Viyis v+ (6)
i <ir<..<iy
The total polarizability is then
~(m— 1N —m)!
T D i @
I <h<..<ip
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Fig. 1 Studied molecules: | (R)-2-chloropropionitrile (nitrile), 1l (R)-(+)-propylene oxide (methyloxirane,), lll (R)-(+)-1-phenylethanol, IV (R)-(+)-a-

methylbenzylamine, V (S)-(+)-a-(trifluoromethyl)benzyl alcohol, and VI (+)(1R,5R)-a-pinene.

where ;.. is the polarizability of a cluster containing mole-
cules i;...i,,. The exact result is obtained for m — N, when all
important intermolecular interactions are included. Note that
although eqn (6) and (7) may justify both the cluster and
crystal-cell approaches they were not directly used in any
calculation.

2.2 The periodic model

To well-represent the liquid, the clusters need to be in contact
with the environment. This can be achieved using a periodic
crystal-like model. Because of the periodicity, vibrational
Hamiltonian H can be written as a sum over the phonon (wave)
vectors q and atoms 7 within one cell only,*

H= Z % (Z mix; X + Z Z .\','* D,‘,‘.\',’) s (8)
q i i J

where m; and x; are atomic masses and coordinates, and D(q) is
the dynamic matrix. Only for q = 0 we get non-zero Raman and
ROA intensities. For other values signals of different elementary
cells cancel out by interference. For zero wave vector,

Dy=3_fy, )

where J runs over the elementary cells containing the j-
coordinate, f;; are the harmonic force constants (force field).
The Cartesian-normal mode transformation matrix S is
obtained by the force field diagonalization, and the transition
polarizabilities in (3) and (5) are obtained from the polariz-
ability derivatives.” For example, for a fundamental transition
involving the normal mode Q,, the transition polarizability
needed in eqn (4) and (5) for Raman scattering is’

h

a(w, ') = (0]&|1) = o
wy

S,'_/?!,‘.

(10)

where o is the normal mode frequency, 4 is the polarizability
dependent on atomic coordinates, «; is a derivative with respect
to coordinate i.
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2.3 Spectral measurement

The six molecules studied are summarized in Fig. 1. Experi-
mental spectra of nitrile I were already published.'® Its small
size, availability of both enantiomers, and relative rigidity make
it a convenient testing compound. Also methyloxirane II is used
as a convenient benchmark model for the theory.'>?'2®
A series of the ethylbenzene derivatives III, IV and V allows
one to evaluate the spectroscopic properties of similar mole-
cules with a mixture of inter and intramolecular low-frequency
vibrational modes. (For IIl and IV, the very first ROA spectra
were observed in 1973.27*%) Finally, a-pinene VI is an example
of a non-polar molecule with weak intermolecular interactions.

Raman and ROA spectra were acquired on a custom-made
ROA instrument made at Palacky University Olomouc.'* The
samples were measured in a rectangular fused silica cell of
70 ul volume, the temperature was stabilized at (20.0 & 0.1) °C,
and the back-scattering scattered circular polarization (SCP)
modulation scheme was used, with a 532 nm excitation wave-
length. All compounds were measured as neat liquids, and
methyloxirane was additionally measured in aqueous solution
at a 1:22 methyloxirane : H,O molar ratio. Lower temperature
(6.0 + 0.1) °C was used for the neat and dissolved methyloxir-
ane (boiling point at 34 °C), to prevent its evaporation. Laser
powers at the sample and accumulation times are listed in
Table S1 (ESIf). For V only one enantiomer was available,
otherwise both enantiomers were measured and idealized
“(R-S)/2” ROA spectra for the R-forms are presented. A fluores-
cence background in the Raman signal of V caused by impu-
rities was subtracted using the asymmetric least squares
algorithm,?>?° with the asymmetry parameter 1 x 10 * and
smoothness 8.5 x 10". Experimental intensities are given as the
number of detected electrons per excitation energy in a wave-
number interval (e~ cm J7Y).

2.4 Computations

Molecular dynamics (MD) was performed using the Tinker
program.®’ Some computations were repeated or complemen-
ted using the Amber software,®* which allowed for a more

This journal is © the Owner Societies 2022
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— cluster selection — DFT calculation — tensor transfer — spectra generation

Fig. 2 Simulations of the spectra by the default crystal-like model. Intermolecular interactions within the periodic elementary cell (the brown/middle
cube) and towards its environment were simulated for molecular pairs, in an arbitrary 27 cube “supercube”. The pair parameters (force field, intensity
tensors) were transferred back to the supercube, and the spectra were simulated using the periodic boundary conditions.

extensive parallelization and time saving, providing nearly
identical results to Tinker. The OPLSAA force field was
used,®® with periodic boundary conditions, production run of
10 ns, 1 fs integration time, NVT ensembles, and temperature of
298 K. For methyloxirane the OPLSAA force field was modified
to reproduce bond lengths and angles calculated by Gaussian®*
at the B3LYP/aug-cc-pVTZ/COSMO(THF) approximation level.
Bigger periodic cubic boxes (about 40 A a side) were used for
investigations of the radial distribution functions, smaller ones
(Table S2, ESIT containing 10 molecules) were used to generate
many snapshots and their spectra.

Vibrational frequencies and spectral intensities were calcu-
lated using the Gaussian program and the B3PW91%°/6-31G**/
COSMO**/GD3BJ*”** method. Even 10 molecules in the box
were too many for a direct calculation of a large number of
snapshots needed for convergence. Therefore, smaller clusters
were made, by default containing two close molecules,

g(n a/ deg
94
z H
HsCuf-CN 1 92
cl
1 9
88
8 9%
HSC-/,,. 94
2 N/ I
[¢] L an
1
il
0 v
1 el
OH 85
CHs it &)
75
0 70
0 10 20 30 40
rlA

presumably comprising the strongest intermolecular inter-
action within the periodic box and 26 neighboring boxes
(Fig. 2). The geometries of the pairs or larger clusters were
partially optimized in the normal mode coordinates.**™*!

Modes with frequencies below 225 em ™' (or below 100i cm ™"

when imaginary, i = v/—1) were fixed, and harmonic frequen-
cies were calculated at the same level as the geometries. For
Raman and ROA intensity tensors the rDPS"> basis set was
combined with the B3PW91/6-31G**/COSMO/GD3B]J force field.
The rDPS basis set has been recommended for ROA because of
a good balance between the computational demands and
quality of the results.">** For example, rDPS polarizability
derivatives were calculated about 2-3 times faster than for a
larger 6-31++G** basis set, giving almost identical results
(Fig. S1, ESIf). The rDPS basis set alone is not suitable for
the frequencies, underestimating them by about 40-50 em ™"
(¢f- Fig. S1c and d, ESIt). A simpler BPW91 functional was tried
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Fig. 3 Radial distribution functions g(r) (black line) and average angle « (red) between two molecules as a function of the distance. The angle is defined

according to the main moments of inertia as indicated in the inset.
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and gave qualitatively similar results to B3PW91; also the
influence of the GD3BJ dispersion correction was rather minor
(Fig. S2, ESI¥).

Vibrational parameters (force field and polarizability deriva-
tives) thus obtained for the smaller clusters were transferred
back to the 3 x 3 x 3 supercube (Fig. 2) using the Cartesian
coordinate transfer (CCT).**** From the resultant force field we
obtained the dynamic matrix (eqn (9)) and calculated the
Raman and ROA intensities for each transition 7 (I;, eqn (4)
and (5)). Smooth spectra were obtained as

-1

so) = L[t -ew(g)] (252 ]

i

(11)

where ; is the transition frequency, k is the Boltzmann
constant, 4 = 10 cm™ ', and temperature 7' = 298 K. The
magnitude of the bandwidth (4) approximately corresponds
to the experimental resolution and thus facilitates comparison
to the experiment.

Paper

For testing, as an alternative to the default crystal-like model
(part 2.2), larger clusters comprising one molecule and its first
solvation sphere were also used for spectral generation, following
ref. 14. Selected from MD with the bigger periodic boxes, the
clusters were partially optimized and the spectra calculated follow-
ing the procedure described above for the crystal model. Finally, we
also experimented with the supercube (Fig. 2), which we used not
only for the generation of the dynamic matrix in the crystal model,
but directly as a cluster. Although these two cluster models miss the
continuous character of the liquid, as shown below they also
reproduce some of the features observed experimentally.

3. Results and discussion
3.1 Molecular dynamics simulations

The radial distribution functions (RDFs) calculated from MD
provide insight into the range of intermolecular interactions in
the studied liquids (Fig. 3). All exhibit a clear maximum of the
first solvation sphere, at 5.6 A (1), 5.1 A (I1), 6.2 A (III), 6.5 A (IV),
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Fig. 4 Experimental Raman and ROA spectra of the six neat chiral liquids.
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6.0 A (V), and 6.5 A (VI). Other maxima associated with higher
solvation spheres are obviously less pronounced, although the
fifth solvation sphere maximum of o-pinene at ~30 A is still
visible. Also the RDFs of the other two “rigid” molecules,
methyloxirane and nitrile, are structured up to a relatively long
distance, whereas for the ethylbenzene derivatives the structure
is nearly destroyed after the second maximum.

The angle « between the main axes of molecular moments of
inertia (red lines in Fig. 3) averages to 90° for distant non-
interacting molecules. At shorter distances molecules interact
and adopt energetically favorable mutual orientations. The case
when o # 90° thus indicates that an additional source of
chirality in the solution exists, apart from the absolute configu-
ration of individual molecules. This can potentially contribute
to low-frequency ROA. We can see that for the rigid molecules
(nitrile, methyloxirane, and «-pinene) o does not deviate by
more than 3° from the 90° average, except for the closest
distance limit. Ethylbenzenes III-V adapt their shapes upon
more contact and the deviations from 90° are bigger, with an
extreme value of 15” for alcohol III.

PCCP

For III-V the molecular flexibility can also be judged from
the dependencies of the electronic energy (B3PW91/6-
311++G**/COSMO) on the conformation of the phenyl, hydroxy
and amine groups (Fig. S3, ESIT). All three molecules prefer the
polar OH or NH groups pointing out of the phenyl plane (¢ ~
100°). The OH/NH, groups are relatively freely rotating, with
energy minima with  at about £60° and 180°. The potential
energy barriers between the minima are within 1-2 keal mol ™
for Il and V, and higher (3 kcal mol ™) for IV. For Il and 1V, the
calculated potential energy surfaces are consistent with a
previous study.”® However, the distributions of MD conformers
(black dots in Fig. S3, ESIf) follow the DFT results only
approximately. We explain this by the possibility of the mole-
cules to form hydrogen bonds in MD, which is only partially
simulated by the COSMO continuum solvent model.*®

3.2 Experimental spectra

The experimental Raman and ROA spectra recorded in the
whole range (~50-3200 cm ') for the six compounds are
plotted in Fig. 4. When available, enantiomers gave opposite
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Fig. 5 Raman and ROA nitrile (I) spectra calculated with different models: (a) single molecule, (b) small cluster/all interactions, (c) large cluster/pair
interactions, (d) periodic crystal/pair interactions (cf. Fig. 2), and (e) experimental spectrum. For b—d 200 MD snapshots were averaged.

This journal is © the Owner Societies 2022

Phys. Chem. Chem. Phys., 2022, 24,19722-19733 | 19727

136



PCCP

ROA, suggesting a very low level of instrumental artifacts
(Fig. S4, ESIf). The region within 1800-2700 cm ™' is not
shown because there is only one fundamental band, nitrile
C=N stretching. ROA signal at the CH stretching region
(>2700 cm ') is relatively weak, but the shapes therein are
also characteristic for individual molecules. The strong “scis-
soring” signal of compounds containing methyl groups (£ROA
couplet at ~ 1450 cm ™ ') is missing for V. We also see the bigger
sensitivity of ROA spectra compared to Raman scattering;
compounds III-V have very similar Raman spectra, but only
some ROA features are alike.

Normalized circular intensity difference ratios (CID = ROA/
Raman, Fig. S5, ESI{) in the CH stretching region are rather
small (maximum of ~1 x 10 * for I, 3 x 10" for VI, etc.). In the
lower frequencies (<2000 cm ') CIDs are higher, up to ~9 x
10" for the smaller molecules and ~2 x 10 for VI. At the
50 cm ! instrumental limit CIDs are rather small again, II and
VI giving the highest values of 4 x 10" and 6 x 10°*,
respectively. The CID parameters are important, for example,
for determining the reliability of the measurement and for
comparison to the simulations. Note, however, that the experi-
mental values cannot be determined too accurately due to the
fluorescent background in the Raman spectrum.

Below we focus on the lowest-wavenumber region, where all
liquids have strong ROA even as the frequency approaches
50 cm™ . For I and II-V, there are also strong bands at ~90 cm™".
These have opposite sign to the intensity at the 50 em™" limit.
The six compounds studied suggest that the low frequency
signal is not related to a particular molecular property, such as
size, hydrophobicity, or the ability to make hydrogen bonds.
This was also observed for a few other chiral liquids not
shown here.

3.3 Strategies for spectra modeling

Fig. 5 compares spectra of I simulated with (a) one nitrile
molecule, (b) molecular clusters, (c) bigger cluster with pair
interactions only, and (d) the periodic crystal model; (e) is the
experimental spectrum. The low-frequency intermolecular
signal is obviously missing in the single molecule spectra (a).
Also the inhomogeneous broadening of the bands within 150-
350 em ' simulated by the arbitrary Lorentzian band is not
realistic. The other models based on MD do provide the
intermolecular signal with a correct ROA sign pattern, (positive
at ~80 cm ', negative close to 50 cm '). Minor spectral
features are difficult to judge due to the limited precision of
the calculations and limited experimental resolution.

The MD, however, except for the small cluster model (b),
overestimates the broadening of the 242 and 325 cm ' bands.
As discussed previously"” generation of the spectra using the
instantaneous normal mode approximation and partial
optimization®® of MD geometries is a rather empirical procedure,
which may contribute to this inconsistency. The widths of the
intramolecular bands within 150-300 cm ™' are simulated quali-
tatively correctly. The periodic crystal-like model (d) is technically
the most advanced one and avoids the surface cluster effects, but
it comprises pair molecular interactions only. Some experimental
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features, like the relatively monotonic increase of the ROA inten-
sity between 250 and 90 cm ™, are therefore better reproduced
with the smaller clusters containing more intermolecular inter-
actions (b). The large cluster model (c) seems to give the worst
results. Nevertheless, we see that all the cluster models are able to
reasonably well reproduce also the intermolecular low-frequency
ROA signal. Spectra simulated with the crystal-like model (d) for
all compounds in a broad wavenumber range are summarized in
Fig. S6 (ESIT). This model is also used as a default below, unless
said otherwise.

A serious problem limiting the precision of the computa-
tions is a large number of MD snapshots that need to be
averaged for low-frequency ROA. The convergence is documen-
ted at the top of Fig. 6. We can see the ROA spectral error as
dependent on the number of averaged snapshots, in the low
(0-600 cm '), middle (600-1600 cm ') and CH stretching
(2700-3200 cm ') regions. The 200-snapshot average is taken
as a reference. The low-frequency ROA signal converges more
slowly than within 600-1600 cm ™. About 100 snapshots need to
be averaged to push the error below 5%. For Raman (not shown)
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Fig. 7 Raman and ROA spectra of neat methyloxirane and its water solution: (a) single molecule computation, (b) crystal model, and (c) experiment.

about 10 snapshots would be enough. Somewhat surprising is a
slow convergence of the CH ROA signal, similar to that for the
low-frequency region. This can perhaps be explained by the
extended coupling of the CH stretching motion with other
modes.**

At the bottom of Fig. 6 Raman and ROA spectra of the nitrile
are plotted as calculated from 20 and 200 MD snapshots. About
20 snapshots already provide many spectral features observed
also experimentally, but the positive 80 em™" ROA maximum,
for example, appears only after the whole set is included. The
ROA sensitivity to a momentary MD geometry is also reflected
by the standard deviations plotted using red and orange lines
in Fig. 6. These clearly become extreme for low-frequency ROA.
For bands above 400 cm™' the 20 and 200 snapshot averages
are nearly the same. The convergence problem makes the
computation expensive. Note that one snapshot already
involves some averaging over molecular orientations. For exam-
ple, if there are 10 molecules in the elementary cell (Fig. 2) we
need to calculate force fields for about 50 different pairs of
molecules to comprise at least the main intermolecular inter-
actions within this cell and to neighboring ones.

On one nitrile snapshot, we also tested the convergence of
the spectra with respect to the number of molecules taken in
the clusters to calculate the force field (Fig. S7, ESIT). Increasing
this value is quite computationally demanding: one elementary
cell of 10 molecules provides 10 monomers, roughly 50 dimers
of close molecules, 390 trimers, 1300 tetramers, etc. In the trial
snapshot, accounting for three and four-molecule interactions
seems to produce some additional ROA features around
100 cm ™' compared to the pairs; however, this is not observed

This journal is © the Owner Societies 2022

experimentally and likely disappears during the averaging. The
low-frequency ROA signal for the monomers is caused by
differences of equilibrium and MD geometries, which is an
inherent restriction of our method, but may be significantly
reduced during further averaging. Increasing the number of
molecules in one elementary cell (i.e., size of the MD box) did
not seem to bring an improvement and 10 molecules in the box
thus seem to be sufficient for a converged result (Fig. S8, ESIT).

3.4 Methyloxirane solution and vibrational mode analysis

Interestingly, neat methyloxirane gave nearly the same low-
frequency ROA signal as its water solution, and this result could
be reproduced by the crystal model (Fig. 7). To achieve a
reasonable convergence, however, more MD snapshots (1000)
were needed for the solution than for the neat liquids (200). In
the experiment, compared to the neat liquid, the water solution
has an extra Raman and ROA signal around 180 cm ', most
probably originating in the methyl group rotation. Also the two
fundamental bands of skeletal/bending modes around 400 em™
are shifted by ~3 em ™' to the right. These details are partially
reproduced by the calculations (band shift by ~8 em ™), and
the overall reasonable agreement between the experiment and
the modeling allows us to better understand the low-frequency
ROA, primarily stemming from translational and rotational-like
motions of individual chiral molecules. This observation
is consistent with Fig. 3 showing that two methyloxirane
molecules are not much mutually oriented even at the closest
distances. In other words, a methyloxirane molecule senses the
neighboring one primarily as spheres, and their shape or
chirality plays a secondary role.

Phys. Chem. Chem. Phys., 2022, 24,19722-19733 | 19729

138



PCCP

methyloxirane

intermolecular coordinates

Paper

water methyloxirane in water

0.12} (@) 0.12} (@) 0.12} (@)
0.06 0.06 0.06
~0.00 ~0.00 t ~0.00 +
B & (b) B (b)
£0.15 £0.15 £0.15
Q Q Q
© (] ®
Qo Q Q
[< e o
2 0.00 2 0.00 = 20.00
c
0.04 0.04 1 0.04+
0 200 400 0 200 400 0 200 400
Wavenumber (cm") Wavenumber (cm'1) Wavenumber (cm‘1)
monomolecular motions
(d) I (d)
~0.10 ~0.10 ~0.10} 1
S 255 55
2 = =
Z0.00 + Z0.00 Z0.00 ! .
s (e) S s (
9015} {1 2015 £0.15
@ o a
0.00 L 0.00 0.00
0 200 400 0 200 400 0 200 400

Wavenumber (cm'1)

Wavenumber (cm'1)

Wavenumber (cm'1)
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rotations (e)) molecules, for neat methyloxirane, water and a mixture.

In a different way we try to understand the low-frequency
vibrations introducing intermolecular coordinates, or transla-
tions and rotations of one molecule.'® The corresponding
potential energy distributions (PEDs, see the definition in Fig.
S9, ESI¥) are plotted in Fig. 8. Note that redundant sets of the
coordinates were created automatically and their PEDs are not
unique. Nevertheless, in the current set we see that intermole-
cular motions formally contribute differently to the vibrational
energy in water, methyloxirane, and the mixture. In pure water,
a clear band around 220 cm ! for the stretching (a) is devel-
oped. In neat methyloxirane the stretching starts to contribute
in the lowest frequencies only, and the contribution is
smoothed out in the mixture. The bending (b) and twisting
(c) modes are most structured in neat methyloxirane, reflecting
the more complicated shape of the molecule. At this level, it is
difficult to interpret the histograms in more detail, but the
broadness of the probability distributions does not suggest that
a specific interaction would be responsible for the low-

19730 | Phys. Chem. Chem. Phys., 2022, 24,19722-19733

frequency ROA, and is thus consistent with the similarity of
the neat liquid and solution spectra.

3.5 MI-VI, theory vs. experiment

For the other molecules (III-VI) the vibrational potential energy
distributions (Fig. S9, ESIt) are more complex than for water or
methyloxirane. The intermolecular modes are more intertwined
with low-frequency intramolecular motions, such as rotations
of the phenyl, methyl, hydroxyl, trifluoromethyl and amine
groups (¢f: Table S3, ESIT with the normal mode assignment).
The histogram distributions for III-V are quite similar, showing
higher contributions of molecular translations, intermolecular
stretchings and rotations with decreasing frequency. For o-
pinene VI the stretching also becomes important for the lowest
frequencies, while the intermolecular bending and twisting
modes are more mixed with intramolecular ones and formally

thus contribute even close to 500 ecm .
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Fig. 9 Raman and ROA spectra of IlI=VI (a) simulation of one molecule (llI-V conformer averaging, VI — minimum only), (b) the crystal model, and (c)

the experiment.

Raman and ROA spectra of III-VI simulated with one
molecule including averaging over the potential energy surface
and the crystal-like approach are compared to those of the
experiment in Fig. 9. These ‘“more complicated” molecules
possess many low-frequency intra(mono)molecular fundamen-
tal vibrational modes, and the single molecule simulation
reasonably well describes some Raman and ROA spectral
features down to ~200 cm ™ '. However, in the lowest frequency
region the multimolecular crystal model performs better. In
particular, it correctly gives the ROA sign as the frequency
approaches 50 cm ™. Least satisfying is the simulation for the
fluorine-containing compound V, probably because of inaccu-
racy of the OPLSAA force field. For example, the crystal model
often gives the fundamental bands too broad and wrong signs
of the 507 and 528 cm ' ROA bands of V. In spite of these
minor inconsistencies, we find it important that we can at least
semi-quantitatively understand the observed data in terms of
molecular structure and interactions. The modeling technology

This journal is © the Owner Societies 2022

is also flexible and open to improvement when a bigger
computer power becomes available.

4. Conclusions

We developed a crystal-like computational protocol that
allowed us to analyze in detail low-frequency ROA spectra of
six example chiral liquids. The results show that the signal is a
complicated function of molecular structure that can be under-
stood only on the basis of spectral simulations. The low-
frequency modes are not too specific; nevertheless, the analysis
of the vibrational potential energy suggests that for small rigid
molecules (a-pinene, chloropropionitrile, and methyloxirane)
the low-frequency signal comes primarily from molecular
translations and rotations. For more flexible molecules the
molecular/intermolecular low-frequency modes are mixed with
monomolecular fundamentals. Very similar spectra were
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observed for neat methyloxirane and its water solution; this
rather surprising observation could be reproduced with the
crystal model and provided a phenomenological insight into
the low-frequency chirality. Although the precision of the
simulations is limited due to available computer power, they
provide a sound theoretical basis to interpret the observed
spectra and can be systematically improved in the future. The
low-frequency ROA spectroscopy thus provides an interesting
window into the world of chiral molecules, their structure and
interactions, and can bring about useful knowledge about their
behavior for biology and industry.
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Figure S1. Raman and ROA spectra simulated for one snapshot of nitrile and three basis sets. For
rDPS (d) the frequencies were calculated at the B3PW91/6-31++G**/COSMO(ACN)/GD3BJ level.

T T T T T T T T T T
BPW91/6-31G**/GD3BJ - -4 4

Io#, (10 arb. u.)
IR-IL (arb. u.)

: 43
el | i FANN /L 0

7

£

Q

‘o

) l N

Z

o L 4.3
T 0 N 1 ! 1 1 1 I

0 100 200 300 400 500 O 100 200 300 400 500
Wavenumber (cm") Wavenumber (cm")

3 - -1
IR-/L(10 e.cm-J)

Figure S2. Nitrile Raman and ROA spectra calculated with the B3PW91 and BPW91 functionals,
for B3PW91 with and without the GD3BJ dispersion correction, for the 6-31G** basis set and
COSMO(ACN) solvent model.
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Figure S9. Relative vibrational potential energy distribution (PED) of intermolecular motions

related to two (stretching (a), bending (b), torsion (c)) and one (translations (d), rotations (e))
molecule, for IT1-V,

PEDs of individual coordinates were calculated by the following procedure.
1) Transformation matrix B was defined, relating internal (/) and Cartesian (#1) coordinates,

I, =>B,r, . Using B, force field elements f, in the internal coordinates were calculated.
A

2) Within the harmonic approximation, Cartesian force field was normalized, so that the S matrix

relating Cartesian and normal mode (/) coordinates was obtained, () = ZS s

3) Relative energy contribution of coordinate /; in mode .J was calculated as

A
PED, =Z—j;><100%, where A, =b, f,@,', b, =Y, B,\/m,, a is the normal mode
Ji N

frequency, m. is atomic mass. In the graphs, PED values were averaged over the snapshots and

normal modes in a wavenumber interval.
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Table S1 Laser powers at the sample P and total accumulation times ¢ used in ROA measurements.

Compound Enantiomer P (mW) t (h)

I nitrile R 83 9.7
S 83 152

II methyloxirane R 540 34.6
R @ water 338 55

S 540 19.3

III phenylethanol R 86 1.9
S 82 29

IV benzylamine R 69 7.8
S 69 8.5

V 3F-benzyl S 114 11.4
R 266 55

VI a-pinene S 266 55

Table S2. Dimensions of the elementary cells (10 molecules in the box) and densities used in the

calculations
Liquid Box size (A) p(g/ml) COSMO Solvent
| nitrile 11.37 1.012 acetonitrile
I methyloxirane 10.39 0.859 tetrahydrofuran
111 phenylethanol 12.61 1.012 benzylalcohol
v benzylamine 12.89 0.940 benzylalcohol
\% 3F-benzyl 13.13 1.293 benzylalcohol
VI o-pinene 13.82 0.858 cyclohexane
10
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Table S3. Selected low-frequency fundamental modes in ITI-V.

v/ em-1 modes

III:

36 Phe rotation

128 Me and Phe wagging
212 Me and Phe scissoring
266 Me and OH rotation
283 Me and OH rotation
305 deloc. def.

372 deloc. def.

411 Phe out of plane

482 deloc. def.

Iv:

29 Phe rotation

129 Me and Phe wagging
214 Me and Phe scissoring
268 Me rotation

303 deloc. def., NH; rotation
360 deloc. def.

411 Phe out of plane

480 NH: and Me wagging
V:

27 Phe rotation

64 CF; rotation, Phe wagging
99 deloc. def.

199 OH rotation

233 deloc. def.

290 deloc. def.

308 deloc. def.

335 deloc. def.

412 Phe out of plane

428 deloc. def.

11
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Appendix C — Analyst, 148 (6), 1337-1348 (2023).
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Vibrational frequencies of modes involving intermolecular motions in liquids are relatively small, in the
Raman scattering close to the excitation frequency, and the bands may merge into a diverging
uninterpretable signal. Raman optical activity (ROA) spectral shapes in this region, however, are
structured more and may better reflect the nature of the studied systems. To understand the origin of
the signal and its relation to the molecules, ROA spectra of six chiral neat liquids are recorded and
analyzed on the basis of molecular dynamics and density functional theory computations. The theory of
Raman scattering of liquids is discussed and adapted for modeling based on clusters and periodic
boundary conditions. A plain cluster approach is compared to a crystal-like model. The results show that
the low-frequency optical activity can be reliably modeled and related to the structure. However,
momentary arrangement of molecules leads to large variations of optical activity, and a relatively large
number of geometries need to be averaged for accurate simulations. The intermolecular modes are
intertwined with intramolecular ones and start to dominate as the frequency goes down. The low-
frequency ROA signal thus reflects the chemical composition and coupled with the modeling it provides
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1. Introduction

Low-frequency Raman spectroscopy has been possible due to
the availability of narrow wavelength optical filters and stable
diode lasers, and is gaining popularity in chemical and
pharmaceutical analyses." It is also referred to as terahertz
(THz) or low-wavenumber Raman spectroscopy. In crystals and
crystalline-like polymers, it can reveal their structure, poly-
morphism and phonon dynamics.>* Both intra and intermole-
cular vibrational modes provide strong Raman signal.” On the
other hand, it is very difficult to obtain useful information from
the low-frequency Raman spectrum of a liquid, because the
signal is rather unstructured, unresolved, and quickly increases
when the frequencies approach the excitation line.” Better
results are obtained by optical Kerr spectroscopy exploring time
dependence of the liquid polarization induced by laser pulses.
In this case, low-frequency Raman spectra can be obtained by
Fourier transformation techniques.®™®
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a welcome means to study the structure and interactions of chiral liquids.

If we look at the differential scattering of the right and left
circularly polarized light, chiral liquids and solutions may
provide more diverse signals than for unpolarized Raman.
The bands can be both positive and negative, and are more
sensitive to chemical composition and conformation.’ Usually,
only the higher-frequency region (above ~400 cm™") is interpreted
in terms of band assignment to the molecular structure. For a
polyalanine solution in dichloroacetic acid, however, we observed a
Raman optical activity (ROA) signal at 128 cm ™ * that was about 10x
stronger than the one typical for this spectroscopy.'® Monosacchar-
ide solutions gave rather weak low-frequency ROA,"'" whereas for
several globular proteins dissolved in water the relative signal
strength compared well to the big signal of polyalanine.'” For a
cryptophane molecule the intensity of the ROA band at 150 cm ™!
significantly decreased in the presence of xenon."? These observa-
tions suggest that the low-frequency ROA well reacts to the
structure and intermolecular interactions in the studied systems.

Also for a chiral neat liquid, 2-chloropropionitrile, we
identified a strong low-frequency ROA outside the region of
monomolecular fundamental modes.'* On the basis of a cluster
model the signal was assigned to intermolecular motions
involving changing a distance (stretching) and mutual orienta-
tion between molecules. However, it was not clear if such a
signal is related to specific intermolecular interactions, such as
the ability of a molecule to make hydrogen bonds. Ad hoc
computations based on large clusters have been quite costly
in terms of computer time and memory. In the clusters most

This journal is © the Owner Societies 2022
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molecules remained at the surface, which did not correspond
to the real situation. Ab initio molecular dynamics suggested for
ROA relatively recently’™'® is probably technically the most
advanced way to simulate bulk phase spectra. However, it
currently appears too computationally demanding.

In the present study we therefore use the cluster approach
adapted to better correspond to the liquid phase, introducing a
crystal-like periodicity. This enables us to investigate the low-
frequency region more systematically. We also briefly review the
theory of Raman scattering on liquids, which we believe has not
been previously clearly linked to the cluster computational
modeling. High-quality Raman and ROA experimental spectra
were recorded for six chiral liquids of variable chemical struc-
tures, down to ~50 cm '. One of them, methyloxirane, was
also investigated as an aqueous solution. Molecular dynamics
is used to understand the structure of model liquids, and
density functional theory is utilized for the spectroscopic
properties. This computational approach seems to be fit to
explain the main spectral features including low-frequency ROA
signs and intensities, and thus to couple the chiral signals with
the liquid structure.

2. Methods

2.1 Theory of Raman scattering in liquids

While the Rayleigh scattering'” of gasses and liquids reflects
long-range inhomogeneities in the structure, such as the radial
distribution function,'® opalescence and density fluctuations,'**°
Raman scattering samples the structure more locally. This is
because non-interacting molecules scatter Raman light in an
incoherent way.*"**

As far as we know, there is no consistent theory comprising
all quantum-mechanical and relativistic aspects of light scattering
in bulk. Fortunately, the semiclassical approach based on the
scattering of electromagnetic waves on individual molecules
seems to provide a reasonable description of the experimental
data.®?' To illustrate the physical basis of scattering and to justify
our cluster approach, let us summarize some important relation-
ships for the backscattering intensities. The light passing through
the liquid induces time-dependent electric (u) and magnetic (m)
dipoles and electric quadrupoles (®) in individual molecules,
which then radiate part of the energy away. Higher moments
can be neglected, because molecular dimensions are usually
much smaller than the wavelength. The moments are related to
the electric intensity of light through molecular polarizabilities.
For example, x-polarized light of the electric field traveling along
the z-direction induces a dipole moment in each molecule m'®

Hinee = (1”’1" - 'i%(A””——‘f + "IEG:HIJ') Ey (1]
where & is the wave vector, w is the angular frequency, ¢ is time,
and o, A and G’ are the electric dipole-dipole, electric dipole-
quadrupole and electric dipole-magnetic dipole polarizabilities.

The induced moments are sources of scattered radiation.
For Raman scattering the incident and scattered frequencies
and wave vectors are close (v ~ ', k ~ k'), so that Ak=4k — k'

This journal is © the Owner Societies 2022
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~2k for backscattering. The electric field of light scattered
from N molecules is™*

2 N ;
@ o, - ik
.E'; = ﬁk—o Z C“AA"”' 61 [Wmn - §(Allln.,v: + Am,\xx:)

m=1

(2)
: (G:MII' Euzy G:n\"‘)
c = i

where 11, and p, are the vacuum and relative permeabilities, and
r is the distance. Unpolarized (total) Raman intensity can be
associated with the §, Stokes parameter,

IR + f]_ = S(] = b':z + E:Z =30K Zem*:"m (Irrr.\'.\"xn.\:\' + 3CHH'.\"7~'H1'.\')

mn

=30K E (xiii.\'.\'qﬂl’.\'\ + Ly Imj'.\')

m

(3)

1

where K = _((J)z,uo,u,

4nr

30
positions of molecules m and n, and Iy, is intensity of the right/
left circularly polarized light. The double sum in (3) disappears
because of different phase factors of transition vibrational
polarizabilities of different molecules.*”*! For isotropic samples
we can further average over molecular orientations, and express
S, with polarizabilities related to one molecule as follows:

KN
So=7

2
EO) y Zmn = Zm — 2y 18 the difference of

(Toraptag + oantpy)- @)

In (4) the Greek indices are related to a molecule-fixed
coordinate system and the Einstein summation convention is
applied here and further in the text. Adding the magnetic
dipolar and electric quadrupolar parts, we similarly get the
ROA intensity related to the S; Stokes parameter as**

I I = S — 8KN

= T(hiﬁG;ﬁ — o Gy
1 (5)
+ 5 w-:cx,g&:,,(sA-,.dsﬁ)
where c is the velocity of light and & is the antisymmetric tensor.
The single-molecule theory can be formally extended for
simulations based on molecular clusters if we consider the liquid
also as a sum of clusters. Any liquid volume V of N molecules can
be divided into a sum of one molecule volumes v;, volumes of
molecular pairs v; = v; + v, etc. (We do not consider the case when
the size of the volume approaches the wavelength of the light.) For
example, we can treat 3 molecules (N = 3) as monomers (m = 1)

. . . 1
with V= v, + v, + v3, dimers (m = 2) with V' = 5(»']2 + vz + v),
where vy; = v; + v, efc. In general, for clusters of m molecules,

_ (m—=T)(N —m)!

v (N — 1)! o ) Viyis v+ (6)
i <ir<..<iy
The total polarizability is then
~(m— 1N —m)!
T D i @
I <h<..<ip
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156



PCCP Paper
| 11
OH
H HsC.,,
HaC "--{—CN N7 CH,
o] O
v Vi
NH, OH H3C
H H H3C
CHj CF3
CHs
Fig. 1 Studied molecules: | (R)-2-chloropropionitrile (nitrile), 1l (R)-(+)-propylene oxide (methyloxirane,), lll (R)-(+)-1-phenylethanol, IV (R)-(+)-a-

methylbenzylamine, V (S)-(+)-a-(trifluoromethyl)benzyl alcohol, and VI (+)(1R,5R)-a-pinene.

where ;.. is the polarizability of a cluster containing mole-
cules i;...i,,. The exact result is obtained for m — N, when all
important intermolecular interactions are included. Note that
although eqn (6) and (7) may justify both the cluster and
crystal-cell approaches they were not directly used in any
calculation.

2.2 The periodic model

To well-represent the liquid, the clusters need to be in contact
with the environment. This can be achieved using a periodic
crystal-like model. Because of the periodicity, vibrational
Hamiltonian H can be written as a sum over the phonon (wave)
vectors q and atoms 7 within one cell only,*

H= Z % (Z mix; X + Z Z .\','* D,‘,‘.\',’) s (8)
q i i J

where m; and x; are atomic masses and coordinates, and D(q) is
the dynamic matrix. Only for q = 0 we get non-zero Raman and
ROA intensities. For other values signals of different elementary
cells cancel out by interference. For zero wave vector,

Dy=3_fy, )

where J runs over the elementary cells containing the j-
coordinate, f;; are the harmonic force constants (force field).
The Cartesian-normal mode transformation matrix S is
obtained by the force field diagonalization, and the transition
polarizabilities in (3) and (5) are obtained from the polariz-
ability derivatives.” For example, for a fundamental transition
involving the normal mode Q,, the transition polarizability
needed in eqn (4) and (5) for Raman scattering is’

h

a(w, ') = (0]&|1) = o
wy

S,'_/?!,‘.

(10)

where o is the normal mode frequency, 4 is the polarizability
dependent on atomic coordinates, «; is a derivative with respect
to coordinate i.

19724 | Phys. Chem. Chem. Phys., 2022, 24,19722-19733

2.3 Spectral measurement

The six molecules studied are summarized in Fig. 1. Experi-
mental spectra of nitrile I were already published.'® Its small
size, availability of both enantiomers, and relative rigidity make
it a convenient testing compound. Also methyloxirane II is used
as a convenient benchmark model for the theory.'>?'2®
A series of the ethylbenzene derivatives III, IV and V allows
one to evaluate the spectroscopic properties of similar mole-
cules with a mixture of inter and intramolecular low-frequency
vibrational modes. (For IIl and IV, the very first ROA spectra
were observed in 1973.27*%) Finally, a-pinene VI is an example
of a non-polar molecule with weak intermolecular interactions.

Raman and ROA spectra were acquired on a custom-made
ROA instrument made at Palacky University Olomouc.'* The
samples were measured in a rectangular fused silica cell of
70 ul volume, the temperature was stabilized at (20.0 & 0.1) °C,
and the back-scattering scattered circular polarization (SCP)
modulation scheme was used, with a 532 nm excitation wave-
length. All compounds were measured as neat liquids, and
methyloxirane was additionally measured in aqueous solution
at a 1:22 methyloxirane : H,O molar ratio. Lower temperature
(6.0 + 0.1) °C was used for the neat and dissolved methyloxir-
ane (boiling point at 34 °C), to prevent its evaporation. Laser
powers at the sample and accumulation times are listed in
Table S1 (ESIf). For V only one enantiomer was available,
otherwise both enantiomers were measured and idealized
“(R-S)/2” ROA spectra for the R-forms are presented. A fluores-
cence background in the Raman signal of V caused by impu-
rities was subtracted using the asymmetric least squares
algorithm,?>?° with the asymmetry parameter 1 x 10 * and
smoothness 8.5 x 10". Experimental intensities are given as the
number of detected electrons per excitation energy in a wave-
number interval (e~ cm J7Y).

2.4 Computations

Molecular dynamics (MD) was performed using the Tinker
program.®’ Some computations were repeated or complemen-
ted using the Amber software,®* which allowed for a more

This journal is © the Owner Societies 2022
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— cluster selection — DFT calculation — tensor transfer — spectra generation

Fig. 2 Simulations of the spectra by the default crystal-like model. Intermolecular interactions within the periodic elementary cell (the brown/middle
cube) and towards its environment were simulated for molecular pairs, in an arbitrary 27 cube “supercube”. The pair parameters (force field, intensity
tensors) were transferred back to the supercube, and the spectra were simulated using the periodic boundary conditions.

extensive parallelization and time saving, providing nearly
identical results to Tinker. The OPLSAA force field was
used,®® with periodic boundary conditions, production run of
10 ns, 1 fs integration time, NVT ensembles, and temperature of
298 K. For methyloxirane the OPLSAA force field was modified
to reproduce bond lengths and angles calculated by Gaussian®*
at the B3LYP/aug-cc-pVTZ/COSMO(THF) approximation level.
Bigger periodic cubic boxes (about 40 A a side) were used for
investigations of the radial distribution functions, smaller ones
(Table S2, ESIT containing 10 molecules) were used to generate
many snapshots and their spectra.

Vibrational frequencies and spectral intensities were calcu-
lated using the Gaussian program and the B3PW91%°/6-31G**/
COSMO**/GD3BJ*”** method. Even 10 molecules in the box
were too many for a direct calculation of a large number of
snapshots needed for convergence. Therefore, smaller clusters
were made, by default containing two close molecules,
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presumably comprising the strongest intermolecular inter-
action within the periodic box and 26 neighboring boxes
(Fig. 2). The geometries of the pairs or larger clusters were
partially optimized in the normal mode coordinates.**™*!

Modes with frequencies below 225 em ™' (or below 100i cm ™"

when imaginary, i = v/—1) were fixed, and harmonic frequen-
cies were calculated at the same level as the geometries. For
Raman and ROA intensity tensors the rDPS"> basis set was
combined with the B3PW91/6-31G**/COSMO/GD3B]J force field.
The rDPS basis set has been recommended for ROA because of
a good balance between the computational demands and
quality of the results.">** For example, rDPS polarizability
derivatives were calculated about 2-3 times faster than for a
larger 6-31++G** basis set, giving almost identical results
(Fig. S1, ESIf). The rDPS basis set alone is not suitable for
the frequencies, underestimating them by about 40-50 em ™"
(¢f- Fig. S1c and d, ESIt). A simpler BPW91 functional was tried
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Fig. 3 Radial distribution functions g(r) (black line) and average angle « (red) between two molecules as a function of the distance. The angle is defined

according to the main moments of inertia as indicated in the inset.

This journal is © the Owner Societies 2022

Phys. Chem. Chem. Phys., 2022, 24,19722-19733 | 19725

158



PCCP

and gave qualitatively similar results to B3PW91; also the
influence of the GD3BJ dispersion correction was rather minor
(Fig. S2, ESI¥).

Vibrational parameters (force field and polarizability deriva-
tives) thus obtained for the smaller clusters were transferred
back to the 3 x 3 x 3 supercube (Fig. 2) using the Cartesian
coordinate transfer (CCT).**** From the resultant force field we
obtained the dynamic matrix (eqn (9)) and calculated the
Raman and ROA intensities for each transition 7 (I;, eqn (4)
and (5)). Smooth spectra were obtained as

-1

so) = L[t -ew(g)] (252 ]

i

(11)

where ; is the transition frequency, k is the Boltzmann
constant, 4 = 10 cm™ ', and temperature 7' = 298 K. The
magnitude of the bandwidth (4) approximately corresponds
to the experimental resolution and thus facilitates comparison
to the experiment.

Paper

For testing, as an alternative to the default crystal-like model
(part 2.2), larger clusters comprising one molecule and its first
solvation sphere were also used for spectral generation, following
ref. 14. Selected from MD with the bigger periodic boxes, the
clusters were partially optimized and the spectra calculated follow-
ing the procedure described above for the crystal model. Finally, we
also experimented with the supercube (Fig. 2), which we used not
only for the generation of the dynamic matrix in the crystal model,
but directly as a cluster. Although these two cluster models miss the
continuous character of the liquid, as shown below they also
reproduce some of the features observed experimentally.

3. Results and discussion
3.1 Molecular dynamics simulations

The radial distribution functions (RDFs) calculated from MD
provide insight into the range of intermolecular interactions in
the studied liquids (Fig. 3). All exhibit a clear maximum of the
first solvation sphere, at 5.6 A (1), 5.1 A (I1), 6.2 A (III), 6.5 A (IV),
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Fig. 4 Experimental Raman and ROA spectra of the six neat chiral liquids.
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6.0 A (V), and 6.5 A (VI). Other maxima associated with higher
solvation spheres are obviously less pronounced, although the
fifth solvation sphere maximum of o-pinene at ~30 A is still
visible. Also the RDFs of the other two “rigid” molecules,
methyloxirane and nitrile, are structured up to a relatively long
distance, whereas for the ethylbenzene derivatives the structure
is nearly destroyed after the second maximum.

The angle « between the main axes of molecular moments of
inertia (red lines in Fig. 3) averages to 90° for distant non-
interacting molecules. At shorter distances molecules interact
and adopt energetically favorable mutual orientations. The case
when o # 90° thus indicates that an additional source of
chirality in the solution exists, apart from the absolute configu-
ration of individual molecules. This can potentially contribute
to low-frequency ROA. We can see that for the rigid molecules
(nitrile, methyloxirane, and «-pinene) o does not deviate by
more than 3° from the 90° average, except for the closest
distance limit. Ethylbenzenes III-V adapt their shapes upon
more contact and the deviations from 90° are bigger, with an
extreme value of 15” for alcohol III.

PCCP

For III-V the molecular flexibility can also be judged from
the dependencies of the electronic energy (B3PW91/6-
311++G**/COSMO) on the conformation of the phenyl, hydroxy
and amine groups (Fig. S3, ESIT). All three molecules prefer the
polar OH or NH groups pointing out of the phenyl plane (¢ ~
100°). The OH/NH, groups are relatively freely rotating, with
energy minima with  at about £60° and 180°. The potential
energy barriers between the minima are within 1-2 keal mol ™
for Il and V, and higher (3 kcal mol ™) for IV. For Il and 1V, the
calculated potential energy surfaces are consistent with a
previous study.”® However, the distributions of MD conformers
(black dots in Fig. S3, ESIf) follow the DFT results only
approximately. We explain this by the possibility of the mole-
cules to form hydrogen bonds in MD, which is only partially
simulated by the COSMO continuum solvent model.*®

3.2 Experimental spectra

The experimental Raman and ROA spectra recorded in the
whole range (~50-3200 cm ') for the six compounds are
plotted in Fig. 4. When available, enantiomers gave opposite

a)
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AN e w
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1 1
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=
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Fig. 5 Raman and ROA nitrile (I) spectra calculated with different models: (a) single molecule, (b) small cluster/all interactions, (c) large cluster/pair
interactions, (d) periodic crystal/pair interactions (cf. Fig. 2), and (e) experimental spectrum. For b—d 200 MD snapshots were averaged.
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ROA, suggesting a very low level of instrumental artifacts
(Fig. S4, ESIf). The region within 1800-2700 cm ™' is not
shown because there is only one fundamental band, nitrile
C=N stretching. ROA signal at the CH stretching region
(>2700 cm ') is relatively weak, but the shapes therein are
also characteristic for individual molecules. The strong “scis-
soring” signal of compounds containing methyl groups (£ROA
couplet at ~ 1450 cm ™ ') is missing for V. We also see the bigger
sensitivity of ROA spectra compared to Raman scattering;
compounds III-V have very similar Raman spectra, but only
some ROA features are alike.

Normalized circular intensity difference ratios (CID = ROA/
Raman, Fig. S5, ESI{) in the CH stretching region are rather
small (maximum of ~1 x 10 * for I, 3 x 10" for VI, etc.). In the
lower frequencies (<2000 cm ') CIDs are higher, up to ~9 x
10" for the smaller molecules and ~2 x 10 for VI. At the
50 cm ! instrumental limit CIDs are rather small again, II and
VI giving the highest values of 4 x 10" and 6 x 10°*,
respectively. The CID parameters are important, for example,
for determining the reliability of the measurement and for
comparison to the simulations. Note, however, that the experi-
mental values cannot be determined too accurately due to the
fluorescent background in the Raman spectrum.

Below we focus on the lowest-wavenumber region, where all
liquids have strong ROA even as the frequency approaches
50 cm™ . For I and II-V, there are also strong bands at ~90 cm™".
These have opposite sign to the intensity at the 50 em™" limit.
The six compounds studied suggest that the low frequency
signal is not related to a particular molecular property, such as
size, hydrophobicity, or the ability to make hydrogen bonds.
This was also observed for a few other chiral liquids not
shown here.

3.3 Strategies for spectra modeling

Fig. 5 compares spectra of I simulated with (a) one nitrile
molecule, (b) molecular clusters, (c) bigger cluster with pair
interactions only, and (d) the periodic crystal model; (e) is the
experimental spectrum. The low-frequency intermolecular
signal is obviously missing in the single molecule spectra (a).
Also the inhomogeneous broadening of the bands within 150-
350 em ' simulated by the arbitrary Lorentzian band is not
realistic. The other models based on MD do provide the
intermolecular signal with a correct ROA sign pattern, (positive
at ~80 cm ', negative close to 50 cm '). Minor spectral
features are difficult to judge due to the limited precision of
the calculations and limited experimental resolution.

The MD, however, except for the small cluster model (b),
overestimates the broadening of the 242 and 325 cm ' bands.
As discussed previously"” generation of the spectra using the
instantaneous normal mode approximation and partial
optimization®® of MD geometries is a rather empirical procedure,
which may contribute to this inconsistency. The widths of the
intramolecular bands within 150-300 cm ™' are simulated quali-
tatively correctly. The periodic crystal-like model (d) is technically
the most advanced one and avoids the surface cluster effects, but
it comprises pair molecular interactions only. Some experimental

19728 | Phys. Chem. Chem. Phys., 2022, 24,19722-19733
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features, like the relatively monotonic increase of the ROA inten-
sity between 250 and 90 cm ™, are therefore better reproduced
with the smaller clusters containing more intermolecular inter-
actions (b). The large cluster model (c) seems to give the worst
results. Nevertheless, we see that all the cluster models are able to
reasonably well reproduce also the intermolecular low-frequency
ROA signal. Spectra simulated with the crystal-like model (d) for
all compounds in a broad wavenumber range are summarized in
Fig. S6 (ESIT). This model is also used as a default below, unless
said otherwise.

A serious problem limiting the precision of the computa-
tions is a large number of MD snapshots that need to be
averaged for low-frequency ROA. The convergence is documen-
ted at the top of Fig. 6. We can see the ROA spectral error as
dependent on the number of averaged snapshots, in the low
(0-600 cm '), middle (600-1600 cm ') and CH stretching
(2700-3200 cm ') regions. The 200-snapshot average is taken
as a reference. The low-frequency ROA signal converges more
slowly than within 600-1600 cm ™. About 100 snapshots need to
be averaged to push the error below 5%. For Raman (not shown)
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Fig. 7 Raman and ROA spectra of neat methyloxirane and its water solution: (a) single molecule computation, (b) crystal model, and (c) experiment.

about 10 snapshots would be enough. Somewhat surprising is a
slow convergence of the CH ROA signal, similar to that for the
low-frequency region. This can perhaps be explained by the
extended coupling of the CH stretching motion with other
modes.**

At the bottom of Fig. 6 Raman and ROA spectra of the nitrile
are plotted as calculated from 20 and 200 MD snapshots. About
20 snapshots already provide many spectral features observed
also experimentally, but the positive 80 em™" ROA maximum,
for example, appears only after the whole set is included. The
ROA sensitivity to a momentary MD geometry is also reflected
by the standard deviations plotted using red and orange lines
in Fig. 6. These clearly become extreme for low-frequency ROA.
For bands above 400 cm™' the 20 and 200 snapshot averages
are nearly the same. The convergence problem makes the
computation expensive. Note that one snapshot already
involves some averaging over molecular orientations. For exam-
ple, if there are 10 molecules in the elementary cell (Fig. 2) we
need to calculate force fields for about 50 different pairs of
molecules to comprise at least the main intermolecular inter-
actions within this cell and to neighboring ones.

On one nitrile snapshot, we also tested the convergence of
the spectra with respect to the number of molecules taken in
the clusters to calculate the force field (Fig. S7, ESIT). Increasing
this value is quite computationally demanding: one elementary
cell of 10 molecules provides 10 monomers, roughly 50 dimers
of close molecules, 390 trimers, 1300 tetramers, etc. In the trial
snapshot, accounting for three and four-molecule interactions
seems to produce some additional ROA features around
100 cm ™' compared to the pairs; however, this is not observed

This journal is © the Owner Societies 2022

experimentally and likely disappears during the averaging. The
low-frequency ROA signal for the monomers is caused by
differences of equilibrium and MD geometries, which is an
inherent restriction of our method, but may be significantly
reduced during further averaging. Increasing the number of
molecules in one elementary cell (i.e., size of the MD box) did
not seem to bring an improvement and 10 molecules in the box
thus seem to be sufficient for a converged result (Fig. S8, ESIT).

3.4 Methyloxirane solution and vibrational mode analysis

Interestingly, neat methyloxirane gave nearly the same low-
frequency ROA signal as its water solution, and this result could
be reproduced by the crystal model (Fig. 7). To achieve a
reasonable convergence, however, more MD snapshots (1000)
were needed for the solution than for the neat liquids (200). In
the experiment, compared to the neat liquid, the water solution
has an extra Raman and ROA signal around 180 cm ', most
probably originating in the methyl group rotation. Also the two
fundamental bands of skeletal/bending modes around 400 em™
are shifted by ~3 em ™' to the right. These details are partially
reproduced by the calculations (band shift by ~8 em ™), and
the overall reasonable agreement between the experiment and
the modeling allows us to better understand the low-frequency
ROA, primarily stemming from translational and rotational-like
motions of individual chiral molecules. This observation
is consistent with Fig. 3 showing that two methyloxirane
molecules are not much mutually oriented even at the closest
distances. In other words, a methyloxirane molecule senses the
neighboring one primarily as spheres, and their shape or
chirality plays a secondary role.
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Fig. 8 Relative vibrational potential energies of intermolecular motions related to two (stretching (a), bending (b), torsion (c)) and one (translations (d),

rotations (e)) molecules, for neat methyloxirane, water and a mixture.

In a different way we try to understand the low-frequency
vibrations introducing intermolecular coordinates, or transla-
tions and rotations of one molecule.'® The corresponding
potential energy distributions (PEDs, see the definition in Fig.
S9, ESI¥) are plotted in Fig. 8. Note that redundant sets of the
coordinates were created automatically and their PEDs are not
unique. Nevertheless, in the current set we see that intermole-
cular motions formally contribute differently to the vibrational
energy in water, methyloxirane, and the mixture. In pure water,
a clear band around 220 cm ! for the stretching (a) is devel-
oped. In neat methyloxirane the stretching starts to contribute
in the lowest frequencies only, and the contribution is
smoothed out in the mixture. The bending (b) and twisting
(c) modes are most structured in neat methyloxirane, reflecting
the more complicated shape of the molecule. At this level, it is
difficult to interpret the histograms in more detail, but the
broadness of the probability distributions does not suggest that
a specific interaction would be responsible for the low-

19730 | Phys. Chem. Chem. Phys., 2022, 24,19722-19733

frequency ROA, and is thus consistent with the similarity of
the neat liquid and solution spectra.

3.5 MI-VI, theory vs. experiment

For the other molecules (III-VI) the vibrational potential energy
distributions (Fig. S9, ESIt) are more complex than for water or
methyloxirane. The intermolecular modes are more intertwined
with low-frequency intramolecular motions, such as rotations
of the phenyl, methyl, hydroxyl, trifluoromethyl and amine
groups (¢f: Table S3, ESIT with the normal mode assignment).
The histogram distributions for III-V are quite similar, showing
higher contributions of molecular translations, intermolecular
stretchings and rotations with decreasing frequency. For o-
pinene VI the stretching also becomes important for the lowest
frequencies, while the intermolecular bending and twisting
modes are more mixed with intramolecular ones and formally

thus contribute even close to 500 ecm .
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Fig. 9 Raman and ROA spectra of IlI=VI (a) simulation of one molecule (llI-V conformer averaging, VI — minimum only), (b) the crystal model, and (c)

the experiment.

Raman and ROA spectra of III-VI simulated with one
molecule including averaging over the potential energy surface
and the crystal-like approach are compared to those of the
experiment in Fig. 9. These ‘“more complicated” molecules
possess many low-frequency intra(mono)molecular fundamen-
tal vibrational modes, and the single molecule simulation
reasonably well describes some Raman and ROA spectral
features down to ~200 cm ™ '. However, in the lowest frequency
region the multimolecular crystal model performs better. In
particular, it correctly gives the ROA sign as the frequency
approaches 50 cm ™. Least satisfying is the simulation for the
fluorine-containing compound V, probably because of inaccu-
racy of the OPLSAA force field. For example, the crystal model
often gives the fundamental bands too broad and wrong signs
of the 507 and 528 cm ' ROA bands of V. In spite of these
minor inconsistencies, we find it important that we can at least
semi-quantitatively understand the observed data in terms of
molecular structure and interactions. The modeling technology

This journal is © the Owner Societies 2022

is also flexible and open to improvement when a bigger
computer power becomes available.

4. Conclusions

We developed a crystal-like computational protocol that
allowed us to analyze in detail low-frequency ROA spectra of
six example chiral liquids. The results show that the signal is a
complicated function of molecular structure that can be under-
stood only on the basis of spectral simulations. The low-
frequency modes are not too specific; nevertheless, the analysis
of the vibrational potential energy suggests that for small rigid
molecules (a-pinene, chloropropionitrile, and methyloxirane)
the low-frequency signal comes primarily from molecular
translations and rotations. For more flexible molecules the
molecular/intermolecular low-frequency modes are mixed with
monomolecular fundamentals. Very similar spectra were
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observed for neat methyloxirane and its water solution; this
rather surprising observation could be reproduced with the
crystal model and provided a phenomenological insight into
the low-frequency chirality. Although the precision of the
simulations is limited due to available computer power, they
provide a sound theoretical basis to interpret the observed
spectra and can be systematically improved in the future. The
low-frequency ROA spectroscopy thus provides an interesting
window into the world of chiral molecules, their structure and
interactions, and can bring about useful knowledge about their
behavior for biology and industry.

Conflicts of interest

J. Kapitan and P. Michal are involved in commercialization of
the ROA technique. The other authors have no interest to
declare.

Acknowledgements

This work was supported by the Czech Grant Agency (20-
101448, 22-04669S), the Ministry of Education (CZ.02.1.01/0.0/
0.0/16_019/0000729 and e-INFRA CZ LM2018140), and student
grant of the Palacky University Olomouc (IGA_PrF_2022_001).

References

1 K. Bérzins, S. ]. Fraser-Miller and K. C. Gordon, Int.
J. Pharm., 2021, 592, 120034.

2 P. Ranzieri, A. Girlando, S. Tavazzi, M. Campione,
L. Raimondo, 1. Bilotti, A. Brillante, R. G. Della valle and
E. Venuti, ChemPhysChem, 2009, 10, 657-663.

3 S. Yamamoto, Y. Morisawa, H. Sato, H. Hoshina and
Y. Ozaki, J. Phys. Chem. B, 2013, 117, 2180-2187.

4 J. J. Lazarevi¢, S. Uskokovi¢-Markovi¢, M. Jeliki¢-Stankov,

M. Radonji¢, D. Tanaskovi¢, N. Lazarevi¢ and Z. V. Popovic,

Spectrochim. Acta, Part A, 2014, 126, 301-305.

L. A. Blatz, in Raman Spectroscopy, ed. H. A. Szymanski,

Springer, Boston, MA, 1970, DOI: 10.1007/978-1-4684-3027-

1_4.

6 Q. Zhong and ]. T. Fourkas, J. Phys. Chem. B, 2008, 112,
15529-15539.

7 E.W. Castner and M. Maroncelli, J. Mol. Lig., 1998, 77, 1-36.

8 D. A. Turton, ]J. Hunger, A. Stoppa, A. Thoman,

M. Candelaresi, G. Hefter, M. Walther, R. Buchner and

K. Wynne, J. Mol. Lig., 2011, 159, 2-8.

L. Nafie, Vibrational optical activity: Principles and applica-

tions, Wiley, Chichester, 2011.

S. Yamamoto, S. Ishiro, J. Kessler and P. Bouf, Phys. Chem.

Chem. Phys., 2021, 23, 26501-26509.

V. Palivec, P. Michal, ]J. Kapitan, H. Martinez-Seara and

P. Bout, ChemPhysChem, 2020, 21, 1272-1279.

12 J. Kessler, J. Kapitan and P. Bouf, J. Phys. Chem. Lett., 2015,

6, 3314-3319.

wo

o

10

11

19732 | Phys. Chem. Chem. Phys., 2022, 24,19722-19733

14

15

16

17
18

19

20
21

22

23

24

25

26
27

28

29

30

31

32

33

34

35
36

37

38

165

Paper

T. Buffeteau, D. Pitrat, N. Daugey, N. Calin, M. Jean,
N. Vanthuyne, L. Ducasse, F. Wien and T. Brotin, Phys.
Chem. Chem. Phys., 2017, 19, 18303-18310.

P. Michal, R. Celechovsky, M. Dudka, J. Kapitan, M. Vijtek,
M. Beresova, J. Sebestik, K. Thangavel and P. Bouf, J. Phys.
Chem. B, 2019, 123, 2147-2156.

M. Brehm and M. Thomas, J. Phys. Chem. Lett., 2017, 8,
3409-3414.

Y. Yang, J. Cheramy, M. Brehm and Y. Xu, ChemPhysChem,
2022, 23, €202200161.

L. Rayleigh, Philos. Mag., 1899, 47, 375-384.

L. I. Komarov and I. Z. Fischer, Soviet Phys. JETP, 1963, 16,
1358-1361.

A. Einstein, in Collected Papers of Albert Einstein, The Swiss
Years: Writings 1909-1911, ed. M. ]. Klein, A. ]J. Kox, ]J. Renn
and R. Schulmann, Princeton U. P., Princeton, 1994, vol. 3,
pp. 231-249.

A. G. Rojo and P. R. Berman, Am. J. Phys., 2010, 78, 94-101.
L. D. Barron, Molecular Light Scattering and Optical Activity,
Cambridge University Press, Cambridge, UK, 2004.

D. Pestov, G. O. Ariunbold, X. Wang, R. K. Murawski,
V. A. Sautenkov, A. V. Sokolov and M. O. Scully, Opt. Lett.,
2007, 32, 1725-1727.

L. Piseri and G. Zerbi, J. Mol. Spectrosc., 1968, 26, 254-261.
F. Lipparini, F. Egidi, C. Cappelli and V. Barone, J. Chem.
Theory Comput., 2013, 9, 1880-1884.

T. D. Crawford and K. Ruud, ChemPhysChem, 2011, 12,
3442-3448.

J. Sebestik and P. Bout, J. Phys. Chem. Lett., 2011, 2, 498-502.
L. D. Barron, M. P. Bogaard and A. D. Buckingham, J. Am.
Chem. Soc., 1973, 95, 603-605.

J. Kapitdn, C. Johannessen, P. Bouf, L. Hecht and
L. D. Barron, Chirality, 2009, 21, E4-E12.

P. Eilers and H. Boelens, Leiden University Medical Centre
report, 2005.

S. Baek, A. Park, Y. Ahn and ]. Choo, Analyst, 2015, 140,
250-257.

J. W. Ponder, Tinker, Software Tools for Molecular Design,
Washington University School of Medicine, Saint Louis, 3.8
edn, 2000.

D. A. Pearlman, D. A. Case, J. W. Caldwell, W. S. Ross,
T. E. Cheatham, S. Debolt, D. M. Ferguson, G. Seibel and
P. A. Kollman, Comput. Phys. Commun., 1995, 91, 1-41.

R. C. Rizzo and W. L. Jorgensen, J. Am. Chem. Soc., 1999,
121, 4827-4836.

M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, ]J. R. Cheeseman, G. Scalmani, V. Barone,
G. A. Petersson and H. Nakatsuji, et al., Gaussian 16 Rev.
A.03, Gaussian, Inc., Wallingford, CT, 2016.

A. D. Becke, J. Chem. Phys., 1993, 98, 1372-1377.

A. Klamt, V. Jonas, T. Burger and ]. C. W. Lohrentz, J. Phys.
Chem. A, 1998, 102, 5074-5085.

S. Grimme, J. Antony, S. Ehrlich and H. Krieg, J. Chem. Phys.,
2010, 132, 154104,

S. Grimme, S. Ehrlich and L. Goerigk, J. Comput. Chem.,
2011, 32, 1456-14635.

This journal is © the Owner Societies 2022



Paper

39 P. Bour and T. A. Keiderling, . Chem. Phys., 2002, 117, 4126-4132.

40 P. Bouf, Collect. Czech. Chem. Commun., 2005, 70,
1315-1340.

41 P. Bouf, Qgrad, Academy of Sciences, Prague, 2006.

42 G. Zuber and W. Hug, J. Phys. Chem. A, 2004, 108,
2108-2118.

43 K. Ruud and J. Thorvaldsen, Chirality, 2009, 21, E54-E67.

44 P. Bouf, ]. Sopkova, L. Bedndrova, P. Malon and
T. A. Keiderling, J. Comput. Chem., 1997, 18, 646-659.

This journal is © the Owner Societies 2022

PCCP

45 S, Yamamoto, X. Li, K. Ruud and P. Bouf, J. Chem. Theory
Comput., 2012, 8, 977-985.

46 P. Bouf, D. Michalik and J. Kapitan, J. Chem. Phys., 2005,
122, 144501.

47 J. Hudecova, K. H. Hopmann and P. Bouf, J. Phys. Chem. B,
2012, 116, 336-342.

48 J. Hudecova, V. Profant, P. Novotna, V. Baumruk,
M. Urbanova and P. Bouf, J. Chem. Theory Comput., 2013,
9, 3096-3108.

Phys. Chem. Chem. Phys., 2022, 24,19722-19733 | 19733

166



Supporting Information

Low-frequency Raman Optical Activity Provides Insight into Structure of Chiral Liquids

Pavel Michal, Josef Kapitan, Jifi Kessler and Petr Bour

Contents

Figure S1. Nitrile Raman and ROA intensities simulated with three basis sets.
Figure S2. Nitrile Raman and ROA spectra calculated with two functionals.
Figure S3. Conformer energies of III-V.

Figure S4. Experimental ROA spectra for I-VI.

Figure S5. Experimental CID ratios.

Figure S6. Simulated Raman and ROA spectra, whole range.

Figure S7. Calculated nitrile spectra with dimer, trimer and tetramer force fields.
Figure S8. Calculated nitrile spectra, dependence on elementary cell size.
Figure S9. Vibrational potential energies for ITI-V.

Table S1. Laser powers and measurement times.

Table S2. Cells dimensions and densities for MD.

Table S3. Low-frequency fundamental modes in ITI-V.

167



T T T T I T T T T T

(a)

B3PW91/6-31G**/GD3BJ 1 n 14
AA .

Ip#, (10% arb. u.)
o
IR-IL (arb. u.)

-
—

0 | 1  » 1 1 1 L 1 1 1

0 100 200 300 400 500 O 100 200 300 400 500
Wavenumber (cm“) Wavenumber (cm"1)

Figure S1. Raman and ROA spectra simulated for one snapshot of nitrile and three basis sets. For
rDPS (d) the frequencies were calculated at the B3PW91/6-31++G**/COSMO(ACN)/GD3BJ level.
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Figure S2. Nitrile Raman and ROA spectra calculated with the B3PW91 and BPW91 functionals,
for B3PW91 with and without the GD3BJ dispersion correction, for the 6-31G** basis set and
COSMO(ACN) solvent model.
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snapshots (black dots). The describe phenyl rotation, ¢ = C1-C2-C3-C4, hydroxyl rotation, y = C4-
C3-05-H6, and amine rotation, x = C2-C3-N5-H6.
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Figure S9. Relative vibrational potential energy distribution (PED) of intermolecular motions

related to two (stretching (a), bending (b), torsion (c)) and one (translations (d), rotations (e))
molecule, for IT1-V,

PEDs of individual coordinates were calculated by the following procedure.
1) Transformation matrix B was defined, relating internal (/) and Cartesian (#1) coordinates,

I, =>B,r, . Using B, force field elements f, in the internal coordinates were calculated.
A

2) Within the harmonic approximation, Cartesian force field was normalized, so that the S matrix

relating Cartesian and normal mode (/) coordinates was obtained, () = ZS s

3) Relative energy contribution of coordinate /; in mode .J was calculated as

A
PED, =Z—j;><100%, where A, =b, f,@,', b, =Y, B,\/m,, a is the normal mode
Ji N

frequency, m. is atomic mass. In the graphs, PED values were averaged over the snapshots and

normal modes in a wavenumber interval.
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Table S1 Laser powers at the sample P and total accumulation times ¢ used in ROA measurements.

Compound Enantiomer P (mW) t (h)

I nitrile R 83 9.7
S 83 152

II methyloxirane R 540 34.6
R @ water 338 55

S 540 19.3

III phenylethanol R 86 1.9
S 82 29

IV benzylamine R 69 7.8
S 69 8.5

V 3F-benzyl S 114 11.4
R 266 55

VI a-pinene S 266 55

Table S2. Dimensions of the elementary cells (10 molecules in the box) and densities used in the

calculations
Liquid Box size (A) p(g/ml) COSMO Solvent
| nitrile 11.37 1.012 acetonitrile
I methyloxirane 10.39 0.859 tetrahydrofuran
111 phenylethanol 12.61 1.012 benzylalcohol
v benzylamine 12.89 0.940 benzylalcohol
\% 3F-benzyl 13.13 1.293 benzylalcohol
VI o-pinene 13.82 0.858 cyclohexane
10
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Table S3. Selected low-frequency fundamental modes in ITI-V.

v/ em-1 modes

III:

36 Phe rotation

128 Me and Phe wagging
212 Me and Phe scissoring
266 Me and OH rotation
283 Me and OH rotation
305 deloc. def.

372 deloc. def.

411 Phe out of plane

482 deloc. def.

Iv:

29 Phe rotation

129 Me and Phe wagging
214 Me and Phe scissoring
268 Me rotation

303 deloc. def., NH; rotation
360 deloc. def.

411 Phe out of plane

480 NH: and Me wagging
V:

27 Phe rotation

64 CF; rotation, Phe wagging
99 deloc. def.

199 OH rotation

233 deloc. def.

290 deloc. def.

308 deloc. def.

335 deloc. def.

412 Phe out of plane

428 deloc. def.

11
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Abstract: The optical purity of a chiral sample is of particular importance to the analytical chemistry
and pharmaceutical industries. In recent years, the vibrational optical activity (VOA) has become
established as a sensitive and nondestructive technique for the analysis of chiral molecules in solution.
However, the relatively limited accuracy in the range of about 1-2% reported in published papers and
the relatively small spread of experimental facilities to date have meant that vibrational spectroscopy
has not been considered a common method for determining enantiomeric excess. In this paper, we
attempt to describe, in detail, a methodology for the determination of enantiomeric excess using
Raman optical activity (ROA). This method achieved an accuracy of 0.05% for neat c-pinene and 0.22%
for alanine aqueous solution, after less than 6 h of signal accumulation for each enantiomeric mixture,
which we believe is the best result achieved to date using vibrational optical activity techniques.
An algorithm for the elimination of systematic errors (polarization artifacts) is proposed, and the
importance of normalizing ROA spectra to correct for fluctuations in excitation power is established.
Results comparable to those obtained with routinely used chemometric analysis by the partial least
squares (PLS) method were obtained. These findings show the great potential of ROA spectroscopy
for the quantitative analysis of enantiomeric mixtures.

Keywords: enantiomeric excess; Raman optical activity; Raman spectroscopy; vibrational optical
activity; vibrational circular dichroism; optical activity; optical purity; x-pinene; alanine

1. Introduction

Chiroptical spectroscopy involves spectroscopic techniques based on the differences
in the interactions of left- and right-handed circularly polarized radiation with chiral
molecules. In this article, we focus on vibrational Raman optical activity, which detects the
differential signal in Raman scattering [1,2] and its use to detect enantiomeric excess.

Since the 1970s, vibrational optical activity techniques have been constantly improved.
The first milestone for potential widespread use in this field was the first commercial
vibrational circular dichroism (VCD) spectrometer introduced in 1997, followed by a
commercial ROA spectrometer in 2005. As the VOA signal is usually four to five orders
weaker than the parent signal, spectra are somewhat susceptible to experimental artifacts.
In addition, relatively large sample volumes (usually tens of uL) and concentrations (usually
tens of mg/mL) are needed. The advantage of ROA is the ease of measuring samples in
aqueous solutions, while the advantage of VCD is less restrictions on sample fluorescence.

One of the main applications of VOA is the determination of the absolute configuration
and the measurement of optical purity of chiral samples. The optical purity of a chiral
sample can be characterized by the enantiomeric excess (EE) defined as

_nA—nB &
b= (x100%), 1)
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where 14 and ng are the molar amounts of each enantiomer A and B in the sample.
The absolute value of EE is 100% for the optically pure sample and 0% for the racemic
mixture [2].

Thus far, the most common method for the determination of enantiomeric excess is
chiral chromatography; however, this is a demanding experimental method, and special
columns must be used for different chiral substances. Furthermore, chiral capillary elec-
trophoresis (CE) is a promising method that allows enantioselective separation in a small
volume. It is suitable for nonvolatile compounds and provides a better separation of both
forms than does high-performance liquid chromatography (HPLC) [3].

Enantiomeric excess can be measured by optical rotation (OR) or optical rotary dis-
persion (ORD); however, the signals are often dependent on concentration and other
experimental parameters. VOA spectroscopy is a noninvasive method where a large num-
ber of vibrational bands can be observed and are useful for determining EE. This also
makes it possible to better identify experimental artifacts or other impurities present in the
sample that make the determination of EE more reliable.

The first EE determination with the VCD spectrometer was done in 1990 with a
remarkable accuracy of 1% measured for deuterated chiral hydrocarbons in the gas phase.
The main instrumental limitation was a long-term instrumental drift caused by changes
in temperature and humidity, small optical throughput and a low resolution around
14 cm~1 [4]. Five years later, the EE of x-pinene by ROA in the right-angle scattering
geometry has been recorded with accuracies of 0.1% for the one-component chiral sample
and 1.5% for the two-component chiral sample [5]. However, these results were based on a
limited statistical ensemble, and they were never verified or reproduced.

The accuracy of EE determination by Fourier-transform VCD for one chiral species
(x-pinene in CCl4) was found to be around 1% and for two chiral species (camphor and
borneol) to be around 2% in the mid-IR region and 2% and 3% in the near-IR region [6,7].

In recent years, efforts have been made to determine the EE of chiral compounds in
the solid state using VCD spectroscopy [8], which is important for compounds that are
insoluble in organic solvents or when the racemization process in the chiral sample is
too fast in the liquid phase; however, the solid sample required more care that the liquid
isotropic samples [9]. Based on a linear regression for selected VCD bands, the accuracy of
the EE determination was 2.4%. The study was supplemented by the EE determination of
camphor in CCly solution with an accuracy of 1.1% [4,6].

In this paper, we demonstrate the methodology of EE determination by the ROA
measurement of two test compounds, neat x-pinene and alanine in an aqueous solu-
tion. We discuss limits of the presented method and compare the results with alternative
statistical method known as partial least squares (PLS) [6,10]. An approach to effective
systematic artifact elimination based on discrepancies in a mirror image of the opposite
enantiomers is introduced, and a large improvement in the accuracy of the enantiomeric
excess determination is achieved.

2. Procedure for Determining the Enantiomeric Excess
2.1. Sample Preparation

Suppose that we have two samples A and B of the same chiral substance with enan-
tiomeric excesses ¢4 and ep (the most common situation is 1 = ¢4 = —ep). We will mix
these samples in mass ratios 1114 and mp to have a total of N different enantiomeric mixtures.
For the i-th enantiomeric mixture, the enantiomeric excess is then given by:
¢, — EAMMAi T+ €pMMipi Mai — CpallBi

=ea , i=1...,N )
' Mai + Mp; Ma; + Mp;

where cgq4 = —ep/es and ¢1 = e4 and ey = ep by definition (“pure” enantiomeric
forms are included in the set). For real samples, it is not possible to achieve exactly unit
enantiomeric excess. Moreover, the enantiomeric excesses of the two “pure” forms are
also often not precisely known. Thus, in practice, two approximations can be used: we
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declare both the enantiomeric excesses ¢4 and ep to be in absolute value unitary, and then

we can Wlite: ’
Ma; — Mp;
eO Ai Bi (3)

P ma + mp;”

or we declare the enantiomeric excess ¢4 to be unitary, and then the following approxima-

tion can be used: " e
1 Ai — CB1MBi
= 4

ei . .
Ma; + Mp;

where the constant cp; needs to be determined.

2.2. Raman and ROA Spectra Measurements and Normalization

We measure Raman spectra S[/* (circular intensity sums) and ROA spectra D}
(circular intensity differences) for N samples, all usually normalized to the used excitation
energy (laser power measured at the sample multiplied by the acquisition time). The
wavenumber index v varies from 1 to M (the number of spectral points). Therefore, the
dataset represents a matrix of size N x M.

The ROA signal can be easily affected by intensity fluctuations caused by the laser
instability or possibly also by thermal fluctuations in the sample. Therefore, the ROA
intensity normalization according to the parent Raman spectra was necessary. The situa-
tion is often complicated by the fact that, in addition to the Raman signal, a fluorescent
background from impurities in the sample is also detected in the spectrum. Moreover,
this background is not stable and changes during the measurement. Therefore, before
determining the Raman integral intensity, the background in all Raman spectra must first
be subtracted to obtain the spectra Sf’l’,’s. Normalized ROA spectra are then calculated as

Z Sbas
aw V ad a
/ )
D, = D,'ru UZSMS = D’(vu Mnorm, ()

w
v

where the sum (intensity integral) is performed over the selected spectral region. The
selection of the reference spectra from the set is arbitrary; however, we chose our reference
A for simplicity.

In the case of a chiral solute in solution, differences in the molar concentrations of
“pure” forms must also be included in the Raman intensity normalization.

2.3. Enantiomeric Excess Determination—Method 1

The simplest method for determining the enantiomeric excess is to solve the lin-
ear equation:
Dil' = é‘,D DAv/ (6)

where D, is one element of the matrix N x M of all ROA spectra, é,D is one element of the
column vector N x 1 representing the enantiomeric excesses that we want to determine
(note that EE determined from the spectra will be labelled with a hat, while EE determined
using weighed “pure” forms A and B will be labelled without a hat), and D4, is one
element of the row vector 1 x M representing the ROA spectra of reference A, which is
usually the first row of matrix D. This is a set of overdetermined linear equations that can
be solved by the least squares method as:

M
) 5 2

ming, Y (Djy — é;D ay) 7)

v=1
The basic assumption of this method is that the enantiomeric excess of reference A is
unity (100%). All spectra for which the enantiomeric excess is determined are compared
with reference A. The smallest number of spectra used is therefore N = 2. The resulting

enantiomeric excess is always determined relative to reference A.
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2.4. Enantiomeric Excess Determination—Method 2

As an alternative and often used method a partial least squares algorithm (PLS) with
five-fold cross-validation was used to construct predictive models for the EE determination
using leave-one-out procedure. In this procedure, N — 1 ROA spectra and EE determined
by weighting (¢}, k # i) were used as a training set and response to predict the EE of the
omitted ROA spectrum é"5. Only one PLS component was needed to adequately fit the
ROA data.

The implementation of PLS regression in the MATLAB software was used [6,7,10-12].
It can be shown that at least two spectra (usually two “pure” enantiomers A and B) must be
used for the training set of the PLS method; therefore, the minimum number of measured
spectra is three. The determination of the enantiomeric excess may be subject to systematic
error if the enantiomeric excesses in the training set are incorrectly determined, which may
be the case if the relative enantiomeric excesses of the reference pure forms A and B from
which the mixtures for the training set are prepared are not correctly determined.

2.5. Evaluation of Enantiomeric Excess Determination Errors

Enantiomeric excess determination errors are evaluated as differences between EE
determined from spectra ¢; and EE determined from the sample preparation e? (3):

AO = e‘-) —é;. (8)

The enantiomeric excess of “pure” forms A and B is always specified by the manu-
facturers only with some precision, and therefore it can be assumed not to be the same.
Therefore, we can try to determine the constant cp; by determining the relative enantiomeric
excess of form B according to relation (4) assuming that the average error (or sum of all
errors) is zero.

N
Aj(cp1) = €} (cp1) — &, )_ Al(cp1) =0. )

We can then find a general idea of the correctness of the determination of EE by
evaluating the standard deviation of the errors (from the assumed correct zero average
error value) as:

(10)

2.6. Correction of Artifacts in ROA Spectra

It is known that the artifacts occurring in ROA spectra are proportional to the degree
of circularity (ref. Hug and Hangartner [13]) or the difference of the orthogonally polarized
Raman spectra, and thus it is reasonable to assume that these artifacts will be the same in
all ROA spectra of the enantiomeric mixtures used. In our experience, this condition is well
satisfied in ROA spectrometers constructed according to the original work of W. Hug [14],
which have precisely synchronized all motorized linear rotators.

The simplest and universally used method for determining artifacts a is to sum the
ROA spectra of the two “pure” forms and similarly, by subtraction, receive the true ROA
spectrum D",

alB — Day + DBI” DirueAB _ Dyy — DBv. a1
2 2

However, if both “pure” forms are not available, or if we want to use all measured
ROA spectra with different enantiomeric excess to increase the signal-to-noise ratio in the
artifact spectrum, a set of linear equations can be used:

D =Di*Ney 40 (12)

iv

182



Symmetry 2022, 14,990

5of 14

with unknowns DY ueN and a{?’ . This set is overdetermined for N > 2, and, in this case, the

solution of ROA artifact-free spectrum D!**N and artifact spectrum aY can be found by

the method of least squares. It is also worth noting that known enantiomeric excesses can

be used from both sample preparation ¢; or measurements ¢;. However, these values are

usually a little different and have little effect on the resulting spectrum of artifacts a.).
Finally, the artifact spectra are subtracted from ROA spectra:

D?u = Dil/ — dy, (13)
and the corrected spectra are used for further improved calculation of the enantiomeric excess.

3. Materials and Methods
3.1. Chemicals and Sample Preparation

Both enantiomers of a-pinene were purchased from Sigma-Aldrich, specifically (1S)-
(—)-a-pinene (305715-5G) and (1R)-(+)-o-pinene (268070-5G), and the manufacturer states
that the optical purity exceeds 97% for both samples. A relatively large total volume
of 0.75 mL was used for each EE mixture of a-pinene, in order to reduce errors in the
EE determination caused by weighting: first, the prevailing enantiomer of x-pinene was
pipetted into a 1.5 mL glass vial and closed with a screw cap, which prevented evaporation
of the sample. After weighting, the second enantiomer was added, and the sample was
mildly stirred.

For alanine (Ala), aqueous stock solutions of both enantiomers L-Ala (Fluka 05129-25g,
molar concentration 1.204 M) and D-Ala (Fluka 05140-5g, molar concentration 1.208 M)
were prepared by adding deionized water to the weighted powder to match a 5 mL marker
of a volumetric flask with volume error of 0.025 mL. Stock solutions were filtered through
Millex-GV filters with PVDF membrane 0.22 um pore size. The total volume 0.5 mL of
solutions was then used for the final preparation of EE mixtures by weighting.

Analytical weights (Adam Equipment) with a 0.01 mg resolution were used in all
cases. The maximal error given by mass measurement fluctuations was estimated to be
0.1 mg, which corresponds to approx. 0.02% error of the enantiomeric excess ce! determined
according to Equation (3).

Nine samples of different EE (regularly distributed from —100% to 100%) were pre-
pared (N = 9) and measured in nonconsecutive order: the measurement orders of the
mixtures with approximate EEs for x-pinene and alanine were 100, —100, 0, 25, —25,
50, —50, 75 and —75 (see Table 1) and 100, —100, 75, 0, —75, 50, —50, 25 and —25 (see
Table 2), respectively.

3.2. Instrumentation

All presented Raman and ROA spectra were measured using a ROA spectrometer
developed by Palacky University Olomouc in collaboration with the companies ZEBR and
Meopta-optica [15]. The instrument is based on W. Hug’s design using back-scattering
geometry, a scattered circular polarization (SCP) modulation scheme and a Nd:YAG laser
with a 532 nm excitation wavelength [13,14]. The samples were measured in a rectangular
fused silica cell of 70 uL volume in the temperature cell, thus, ensuring a stable temperature
25.0 + 0.1 °C. The laser power at the sample was set to 266 mW for a-pinene and 772 mW
for alanine, which are the usual powers used for similar samples [14].

Raman and ROA spectra were simultaneously collected in the full range from
40 to 4000 cm ™. However, since the ROA:Raman ratio is small in the high-wavenumber spec-
tral range around 3000 cm !, only data from one camera in spectral range 40 to 2400 cm !
were used for further processing in all cases [15]. The spectral resolution was ~6 cm ™!,
and the spectra intensity is given as the number of detected electrons per excitation energy,
e-J 71, ie, the intensity correction procedure was not applied.
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3.3. Data Processing

Analyzed spectra were exported in 84 blocks (3.9 min per of accumulation time
per block) and 10 blocks (34 min per of accumulation time per block) for a-pinene and
alanine, respectively. The data were also smoothed with the Savitzky—Golay filter for
further processing. Various limited spectral ranges from the full dataset were tested for
Raman baseline correction, ROA intensity normalization (Equation (5)), EE determination
(Equation (7) or PLS) and artifact correction (Equations (12) and (13)), and these will be
discussed further.

The Raman baseline correction needed for ROA spectra normalization played a key
role in the performance of the EE determination. For the baseline correction, we used
asymmetric least square smoothing algorithm [16], where an optimal asymmetry parameter
1.3 x 10~* and smoothness parameter 3.2 x 10° were set both for a-pinene and alanine.
The chosen baseline parameters were relatively robust and, within one order of magnitude,
led to similar results. An alternative approach to effectively estimate the baseline is the
iterative polynomial smoothing method [17]. When applied to the presented data set, it led
to similar results but with a longer computing time. All data were processed and further
analyzed in MATLAB software.

4. Results and Discussion

Two samples were used to determine the enantiomeric excess: a-pinene, which occurs
as a liquid at room temperature and is often used as a chiroptical calibration standard.
Furthermore, alanine was used as a prototype chiral molecule investigated in aqueous
solution. Alanine is the simplest chiral amino acid, which is also readily available in
both enantiomers.

The procedure for processing the enantiomeric excess was first illustrated on spectra in
the basic setup (parameters for Savitzky-Golay smoothing, spectral range selection for Ra-
man baseline correction, ROA normalization, artifact correction and EE determination), and
the basic observed aspects of the EE determination and possible sources of measurement
errors will be explained by these results. Then, the refinement parameters for the spectra
processing will be discussed in order to obtain the most accurate and precise results. Finally,
we will discuss the question of how the overall accuracy of the EE determination (standard
deviation of errors of the EE determination) depends on the required measurement time.

4.1. Basic Processing Routine

The Raman and ROA raw data used for the further analysis of a-pinene and alanine
(nine enantiomeric mixtures) are presented in Figures la,b and 2ab. All spectra were
then subjected to third-order five-point Savitzky—Golay smoothing. The spectral region
100-2000 cm ™! was used in all mentioned aspects of data processing. Figures 1c and 2¢
show the Raman spectrum after baseline correction, and Figures 1d and 2d show the
spectrum of the ROA artifacts determined by Equations (11) and (12). The elevated Raman
baseline was effectively corrected by the asymmetric least squares smoothing algorithm
taken from [16]. The aim of this procedure was not to make the baseline as flat as possible
but to unify Raman spectra in the data set before the ROA normalization.

The results of the EE analysis for a-pinene and alanine aqueous solution are listed in
Tables 1 and 2, respectively. The columns in these tables have the following meanings: i is
the sample number (not in the order in which the spectra were measured; see Materials and
Methods), 1yorm is the ROA normalization factor determined according to Equation (5) after
the Raman baseline correction, e? is the EE calculated from sample preparation according
to Equation (3), ¢ is the EE determined from ROA spectra according to Equation (6),
A?D is the corresponding EE determination error according to Equation (8), B}D and A}D
are the recalculated EEs and corresponding errors calculated according to Equation (9)
based on the assumption that reference B has a different EE than reference A and that the
sum of errors A}D is zero. The following four columns @fD“, A?D“, e} Da and A} Da have the
same meaning; the artifact spectra according to Equation (13) were subtracted from the
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Figure 1. (a) Raman and (b) ROA spectra of neat liquid x-pinene enantiomeric mixtures after 5.5 h of
exposition time each. The legend shows EE determined from sample preparation. (¢) Raman spectra
after baseline correction. (d) ROA artifact spectrum calculated according to Equation (11) is depicted
in orange and calculated according to Equation (12) is red.

By comparing the standard deviations of the errors of EE determination ¢'(A??) and
a(AIP), it can be said that using the assumption that the EE of the “pure” forms A and B
need not be the same and that the sum of the errors is zero according to Equation (9) leads
to a significant increase in the precision of the EE determination (the standard deviations
of the errors of EE determination decreased roughly 1.6 x for «-pinene and 9x in the
case of alanine in aqueous solution) but not necessarily to improvement of the accuracy,
which can be demonstrated by large deviations from —100% of EE of reference B (row i =9,
especially for alanine). Note that absolute values of EE of reference B above 100% are
possible, since they are relative to reference A and indicate that reference B has a higher EE
than reference A.

The data presented in Tables 1 and 2 for the ROA spectra after subtraction of artifacts
and especially the values ¢(A?"?) and o(A!P?) do not suggest much improvement at first
glance. However, the results for the determination of EE (row i = 9) clearly indicate that
there has been a significant improvement in accuracy after artifact subtraction. The artifact
spectra of x-pinene and alanine are plotted in Figures 1d and 2d. Strongly polarized and
also the most intense Raman bands, such as a-pinene breathing vibration 667 cm™! or
alanine CN and CC stretching vibration 848 cm ! are the most artifact prone [13]. They
constitute approximately 10% of the measured ROA signal.
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Figure 2. (a) Raman and (b) ROA spectra of alanine enantiomeric mixtures in water solution at a
molar concentration cca 1.2 M after 5.7 h of exposition time each. The legend shows the EE determined
from the sample preparation. The Raman spectrum of the reference (black) was multiplied by a factor
of 0.2 in order to show strong low-wavenumber Raman scattering. (c) Raman spectra after baseline
correction. (d) ROA artifact spectrum calculated according to Equation (11) is depicted in orange and
calculated according to Equation (12) is red.

Table 1. Enantiomeric excess analysis of x-pinene spectra depicted in Figure 1. See text for de-

tailed descriptions.

i Muorm €% &P1%  A®I%  elPi%  AP1%  @P% A% elP%  APY%  ePLSI%  AIPLS/%
1 1.000  100.00  100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 10034  —0.34
2 1.005 75.49 75.32 0.17 75.52 0.21 75.28 0.21 75.49 0.21 75.43 0.06
3 1.004 52.79 52.69 0.11 52.86 0.17 52.62 0.18 52.79 0.18 52.72 0.07
4 0.997 25.28 25.21 0.07 25.38 0.17 2511 0.17 25.28 0.17 2515 0.13
5 0.994 0.59 0.64 —0.06 0.72 0.08 0.51 0.08 0.59 0.08 0.50 0.08
6 1.004 —-2639 -2622 017 —-2622  0.00 -2638 —0.01 —2639 001 2645  0.05
7 1.000  -53.28 -53.00 027 -53.07 —0.07 5321 —0.07 5328 007 5333  0.06
8 099  -7541 7496 045 7517 -021 -7519 021 7540 —-021 7534 —0.07
9 0995  —100.00 —99.39 —0.61 —99.73 —034 —-99.65 —035 —100.00 —034 —99.80 —0.20
a(A) 0.28 0.17 0.18 0.18 0.15

Table 2. Enantiomeric excess analysis results of the alanine spectra depicted in Figure 2. See text for

detailed descriptions.

i Mworm €% eP1%  A®I%  ePi%  API%  ePU% A% elP%  APY%  ePLSI%  AYPLSI%
1 1.000  100.00  100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 100.13  —0.13
2 1.021 75.23 74.24 0.99 74.74 0.51 74.73 0.50 75.23 0.50 74.78 0.45
3 1.009 50.08 48.84 1.23 49.09 0.25 49.78 0.30 50.08 0.30 49.89 0.19
4 1.028 24.37 23.13 1.24 22.87 —025  24.62 —025 2437 —025 2474 —0.38
B 1.003 0.08 —1.88 1.96 -189  —-0.01 0.20 —-0.12 0.08 —-0.12 0.23 —0.15
6 1.035 —2393 2633 241 —2637 —004 2383 005 —2393 —005 2391 —0.02
7 1.020 -50.12 5324  3.12 —53.08  0.16 -5024 012 -50.12  0.12 —5040  0.28
8 1.027  -7521 -7826  3.04 -78.67 —041 -7485 037 7521 037 7493 —0.29
9 1.022  —100.00 —103.74 3.74 -103.95 —-020 —-99.87 0.3 —100.00 -0.13 —100.09 0.09
a(A) 2.28 0.26 0.26 0.26 0.26
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The determination of EE by PLS is quite robust to artifacts in ROA spectra. ROA
artifact correction had minimal influence on the results obtained from the PLS method, and
therefore these results are not shown in the tables. The PLS method gives only slightly better
results than the simple artifact reduction method that we described. A major advantage of
our method may be that the stated accuracies are achieved for independent pairs of spectra
(only two spectra are needed), one of which was chosen as reference A.

Coincidentally, the determined EE of reference B for both a-pinene and alanine is
close to 100% within the error margin. Therefore, correction of the enantiomeric purity of
reference B according to Equation (9) does not yield a significant improvement. However,
if the EEs of the two “pure” forms were different, we believe that this correction may
represent a substantial improvement in the results.

The importance of Raman baseline correction and ROA normalization is described
by comparing Tables 1 and 2 with Tables 3 and 4, where the Raman baseline correction
and ROA normalization were not applied (1,0r, factor was set to unity). The results show
that, unless the baseline correction and the resulting normalization of the ROA spectra is
performed, it is not possible to reduce the standard deviation of the errors of EE below
0.26% for x-pinene and approximately 1% for alanine.

Table 3. Enantiomeric excess analysis results of «-pinene. This table has the same structure as Table 1,
only the ROA normalization factors i,,,., are set to unity.

i Miorm % eP1% A% ePrw AP ePun A% elPayse  APY%  @PLSin  AVPLSIe
1 1.000 100.00  100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 100.42 —0.42
2 1.000 75.49 74.93 0.57 75.49 0.56 74.93 0.57 75.49 0.57 75.00 0.49
3 1.000 52.79 52.46 0.34 52.79 0.33 52.46 0.34 52.79 0.34 52.56 0.24
kS 1.000 25.28 25.28 —0.01 25.27 —0.02 25.29 —0.02 25.28 —0.02 25.37 —0.10
5 1.000 0.59 0.65 —0.06 0.57 —0.07 0.66 —0.07 0.59 —0.07 0.67 —0.08
6 1.000 —-2639 -2613 026 2641 028 -2611 028 -2639 028 2615 —0.25
7 1.000 -5328 -53.00 -028 5329 —-030 5297 030 5328 030 5308 020
8 1.000 —-7541 -7527 014 7543 016 7525 —-0.16 7540 —-0.16 —7547 0.06
9 1.000 —100.00 -9995 -0.05 -100.02 -—0.07 —-9992 —-0.08 —100.00 -0.08 —100.31 031
r(A) 0.26 0.26 0.27 0.27 0.28
Table 4. Enantiomeric excess analysis results of alanine solutions. This table has the same structure
as Table 2, only the ROA normalization factors n,0ry are set to unity.
i Muorm  €21%  eP1% AP elPiv APfv ePuee AP elDajy AlPajy,  @PLSy,  AIPLSfY,
1 1.000 100.00  100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 102.09  —2.09
2 1.000 75.23 72.68 2.55 74.84 2.16 73.11 212 75.23 212 73.79 1.44
3 1.000 50.08 48.38 1.70 49.29 0.91 49.13 0.95 50.08 0.95 49.81 0.26
4 1.000 2437 22.49 1.87 23.18 0.68 23.71 0.65 24.37 0.65 24.03 0.34
5 1.000 0.08 —1.87 1.95 —1.49 0.38 —0.20 0.28 0.08 0.28 —0.23 0.31
6 1.000 —-2393 -25.44 1.51 —2588 044 2347 045 2393 046 2377 016
7 1.000  —-50.12 5218 2.06 —5248 030 —4979 032 5012 032 5058 0.47
8 1.000 -7521 7623 1.02 -7797 174 7354 167 7521 —1.67 7436 —0.85
9 1.000 —100.00 —101.49 149 -103.15 —166 —-9845 —-1.55 10000 -1.55 9971 —0.29
r(A) 172 116 1.13 113 0.93

4.2. Optimization of Parameters for EE Determination

The first of the parameters whose optimal values that we attempted to find were the
Savitzky—Golay smoothing parameters. The results of the determination of the standard
deviation of the EE determination errors after artifact correction J{A} Day, together with the
coefficient cp; indicating the determined EE of reference B, are shown in Table 5. Other
parameters were set as in the previous section.
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Table 5. Enantiomeric excess analysis results of a-pinene in the spectral range 100-2000 cm ™! for
different Savitzky—Golay smoothing parameters.

Order Window Size o (AP)/% cp1/% Order Window Size o (AP)% cp1/%
0 1 0.18 100.00 2 9 0.18 100.00
0 3 0.18 100.00 2 11 0.16 100.00
0 2 0.18 100.00 2 13 0.25 100.00
0 7 0.19 100.00 2 15 0.36 100.00
0 11 0.20 100.00 3 5 0.18 100.00
0 15 0.22 100.00 3 9 0.18 100.00
1 3 0.18 100.00 3 11 0.16 100.00
1 5 0.18 100.00 3 13 0.25 100.00
2 D, 0.18 100.00 3 15 0.36 100.00

The results show that a slight reduction in the standard deviation was achieved for
mild smoothing; however, the overall accuracy of the EE determination was not very de-
pendent on the smoothing parameters as long as the smoothing and subsequent resolution
degradation was not overly significant.

Another important set of parameters was the spectral range selection for Raman
baseline correction, ROA normalization, artifact correction and EE determination. For the
evaluations, we used the standard deviation of the EE determination errors after artifact
correction U(A}D“) again with the coefficient cp1, and the results are shown in Table 6 for
«-pinene and in Table 7 for alanine. Individual EE determination errors for options in
Tables 6 and 7 are depicted in Figure 3.

Table 6. Table for Figure 3a. Enantiomeric excess analysis results of a-pinene for different spectral
ranges in each step of the EE determination.

Option  Baseline Correction Raman Normalization Artifact Correction EE Determination (r(A}D")/% cp1/%
1 100 1500 100 1500 50 1700 100 1500 0.19 100.00
2 100 1500 1000 1500 50 1700 100 1500 0.15 100.00
3 100 1500 1300 1500 50 1700 100 1500 0.13 100.00
4 100 2000 100 1500 50 2000 100 1500 0.19 100.00
5 100 1700 1500 1800 50 2000 100 1500 0.08 100.00
6 100 2000 1500 1800 50 2000 100 1500 0.10 100.00
7 100 2000 1500 1800 50 2000 50 300 0.20 100.00
8 100 2000 1500 1800 50 2000 700 940 0.05 100.00
9 100 2000 1500 1800 50 2000 700 1500 0.06 100.00

Table 7. Table for Figure 3b. Enantiomeric excess analysis results of alanine for different spectral
ranges in each step of the EE determination.

Option  Baseline Correction Raman Normalization Artifact Correction EE Determination a'(A}D“)/% cp1/%
1 50 2000 100 1500 50 2000 50 1500 0.47 100.00
2 50 2000 100 1500 50 2000 100 1500 0.24 100.00
3 50 2000 100 1500 50 2000 100 750 1.80 100.00
4 50 2000 100 1500 50 2000 750 1500 0.34 100.00
5 50 2000 100 1500 50 2000 900 1500 0.22 100.00
6 50 2000 100 1500 50 2000 820 890 1.04 100.00
7 50 2000 100 1500 50 2000 750 1050 0.53 100.00
8 50 2000 100 1500 50 2000 1280 1490 0.46 100.00
9 50 2000 100 1500 50 2000 50 105 0.66 100.00
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Figure 3. Errors of EE determination A}D" for (a) a-pinene and (b) alanine for various options in
spectral range selection described in Tables 6 and 7, respectively.

The spectral ranges were chosen considering the presence of dominant artifacts at
667 cm ™! for a-pinene and 848 cm ! for alanine, which divide the spectrum into approx-
imately two halves. For a-pinene, it was also important to include a relatively isolated
polarized band around 1660 cm~! and a region towards 2000 cm~! where bands corre-
sponding to fundamental vibrations do not occur; however, this region can be important
for the correct determination of the background in Raman spectra.

These results confirm that the appropriate choice of spectral range for baseline correc-
tion and ROA normalization can lead to a substantial reduction in EE determination errors.
Table 6 shows that, if the spectral range used for normalization of x-pinene’s spectra is
limited to 1500-1800 cm ™}, i.e., around the relatively isolated spectral band of 1660 cm ™1,
the most accurate results can be obtained.

However, two caveats must be added. First, a-pinene is a substance that undergoes air
oxidation over longer time scales of weeks and one of the most pronounced changes is in
the vicinity of the 1660 cm~! band (see Figure A1). Second, the region 1700 cm~! and above,
while free of fundamental vibrations, contains a number of low-intensity but significant
bands from combinatorial vibrations (ref. [15]) that make proper baseline correction not an
easy task.

Not overly surprisingly, the exclusion of the bands carrying the largest artifacts leads
to an increase in the accuracy of the EE determination, for example, limiting the EE
determination to the 700-1500 cm ™! range for a-pinene. However, it was surprising
that even higher accuracy of EE determination for «-pinene was achieved for another
drastic reduction of the spectral range for EE determination to only a few bands in the
700-940 cm~! region. Admittedly, these bands achieve a large ROA to Raman ratio and are
little burdened by artifacts.

Therefore, the whole reliable spectral region 100-2000 cm ™! can be used as the first
choice; however, an appropriate choice of spectral ranges can lead to a substantial increase
in the accuracy of the EE determination.

4.3. Dependence of EE Determination Accuracy on Measurement Time

In the last section, we attempted to use the measured data to investigate how the
accuracy of the EE determination depends on the measurement time of the ROA spectra.
In other words, we try to answer the question of how long ROA measurements are needed
to be able to achieve a certain accuracy of EE determination.
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The ROA spectra are generally shot-noise limited [13]. As the signal-to-noise ratio
increases with a square root of the exposition time, it is reasonable to describe the standard
deviation of EE determination errors as:

!

o(t) = 0w + 7 (14)
where ¢ is the standard deviation expected for the unit exposition time t and ¢ is the
limit of the standard deviation for infinite time measurement, which can be interpreted as a
residual systematic error.

Raman and ROA spectra were exported periodically during the experiment, for -
pinene every 3.91 min and for alanine every 17.2 min. The time dependence of ¢(A!”) was
then calculated for every cumulative step for three different combinations of parameters
listed in Tables 6 and 7 and results are depicted in Figure 4.

T T T T 2 T T T T T T
® option 1 ® option 1
fit(o_=0.14, o,= 0.69) fit (= 0.04, 0, = 6.88)
* option 6 7 15k * option 2 _
——fit(o_=0.03, 0,= 0.92) : ——fit (o= ~0.03, 0,= 5.09)
® option 8 ® option 5

fit (o= ~0.02, 5,= 1.34) | fit (+ = ~0.06, #,= 5.00)

150 200 250 300 350 b 0 50 100 150 200 250 300 350
time / min (b) time / min

Figure 4. Dependence of U(A}D”) on the total exposition time of one mixture for a-pinene (a), 3.91 min
per step) and for alanine (b), 17.22 min per step). Selected options point to the parameters listed in
Tables 6 and 7, respectively. The data were fitted by the function in Equation (14).

In the case of x-pinene, the EE accuracy of 0.1% was already achieved after 100 min of
exposition time and accuracy of 0.05% after 330 min of exposition time for the best choice
of parameters (option 8 in Table 6). A similar convergence was confirmed by alanine in
aqueous solution but with a lower accuracy ~0.22% after 345 min. The worse accuracy for
alanine is caused by the ten-times weaker ROA signal in comparison to o-pinene in the
analyzed spectral region.

5. Conclusions

We demonstrated a new methodology of enantiomeric excess (EE) determination by
Raman optical activity (ROA). This method is based on an effective algorithm that includes
Raman baseline correction, ROA intensity normalization and a systematic error elimination
procedure applied to the experimental ROA data. A large improvement in the precision,
but not accuracy, was achieved when one of the reference samples was found to be less than
100% pure, and its enantiomeric purity was determined with respect to the zero-sum EE
error assumption. When experimental artifacts were subtracted from the ROA experimental
spectra, the accuracy of the EE determination was improved. Similarly, accurate predicted
enantiomeric excess determination was achieved using the PLS algorithm.

Nine approximately equally distributed mixtures of neat a-pinene were used as the
first chiral test. Special care had to be taken during the preparation as the at-pinene oxidation
decomposition could affect the measured relative Raman intensities and disrupt the EE
determination. An accuracy of 0.18% after 330 min of exposition was achieved when the
full spectral region (100-2000 cm 1) was chosen for normalization and EE determination.
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For carefully selected spectral regions for the ROA normalization and the EE analysis, a
higher accuracy of 0.05% could be achieved.

Another chiral sample often used for benchmark studies in vibrational spectroscopy
is alanine in an aqueous solution. It has an approximately order of magnitude weaker
ROA signal compared with a-pinene. The accuracy was determined to be 0.26% for nine
enantiomeric mixtures of L-Ala and D-Ala after a 345 min accumulation measurement. A
slightly better accuracy of 0.22% could be obtained for EE determination within a selected
spectral region with stronger bands and a better signal-to-noise ratio.

We conclude that ROA spectroscopy proved to be a valuable non-destructive technique
in the quantitative analysis of enantiomeric mixtures with an accuracy around 0.1% with
reasonable accumulation times.
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Appendix A
Appendix A.1 Note Regarding Oxidation of ec-Pinene

It must be noted that x-pinene oxidizes while exposed to the air. The main oxidation
products are x-pinene oxide, verbenyl hydroperoxide, verbenol and verbenone [18]. The
oxidization is faster for smaller volumes and larger size of the area exposed to the air.
Fortunately, Raman spectroscopy is a sensitive technique to monitor such changes as
shown in Figure A1l. Oxidization affects the relative Raman intensities and prevents the
correct enantiomeric excess determination. The sideband 1622 cm ™! of a-pinene C=C
stretching fundamental vibration 1660 cm™! is a good marker of the oxidation beginning
and the presence of oxidation products in the sample. Therefore, special care has to be
taken during the preparation and measurement of «-pinene enantiomeric mixtures and to
use a-pinene as a primary reference standard in general.

T T Tr< T T T T T
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L ——oxid. sample

1 I I AR -
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Figure Al. Raman spectrum of a-pinene as a fresh sample measured immediately after the bottle
opening (blue) and an old oxidized sample (red). The significant intensity changes are marked by
arrows. The most characteristic band is 1622 cm~! sideband of C=C stretching 1660 cm~1.
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Annotation

This thesis focuses on the development of experimental methodology and interpretation of
Raman and Raman optical activity (ROA) spectra. Results concerning absolute configuration,
structure and dynamic behavior of various chiral substances in the extended spectral range from
50 to 4000 cm™! are presented. Studied samples were measured on a Raman optical activity
spectrometer developed at the Department of Optics, Palacky University Olomouc. The author
of the thesis participated also in the instrumental development. In order to increase the potential
of ROA spectroscopy in chemical practice, we suggested a new methodology for accurate
determination of the enantiomeric excess of chiral samples. As another topic, a new approach
to the conformational analysis of model biomolecules is discussed. We show that compared to
the commonly analyzed range of 200-2400 cm™, the extended spectral region provides
information about to date unexplored vibrational modes. The experimental data could be
interpreted using quantum-chemical calculations and molecular dynamics. A crystal-like
computational protocol to treat bulk liquid was developed, and a detailed analysis of low-
frequency vibrational modes of small and medium-sized chiral molecules is performed. Some
combination and overtone ROA bands were observed and successfully assigned for the first

time.

Keywords: vibrational optical activity, Raman optical activity, quantum-chemical calculations,
conformational analysis, molecular interactions, molecular dynamics, anharmonic corrections,

enantiomeric excess



Anotace

Tato disertacni prace je zaméfena na rozvoj metodiky méieni a interpretace spekter Ramanovy
optické aktivity (ROA). V praci jsou uvedeny vysledky studia struktury a dynamického chovani
rtiznych chirdlnich latek v rozsifeném spektralni rozsahu od 50 do 4000 cm ™2, které jsou méteny
pomoci ROA spektrometru vyvinutého na Katedie optiky Univerzity Palackého v Olomouci.
Autor se podilel 1 na vyvoji pfistroje. Abychom pfispéli k uziteCnosti ROA techniky v
analytické chemii, vypracovali jsme metodiku pfesnéjSiho uréovani enantiomerniho piebytku
u chiralnich vzorkl. Také je prezentovan novy pfistup ke konformacni analyze studovanych
molekul. Ukazujeme, Ze oproti b&zné analyzovanému rozsahu 200-2400 cm™ poskytuje
rozSifend spektralni oblast navic informaci o dosud neprobadanych vibracnich pohybech
molekul. Nedilnou soucésti prace je také interpretace experimentalnich dat s pouzitim
kvantové-chemickych a molekularné¢ dynamickych metod. Je pfedstaven vypocetni protokol
pouzitelny pro chirdlni kapaliny, zalozeny na periodickém modelu kapaliny. S jeho pomoci je
provedena podrobna analyza nizkofrekvencnich vibracnich médi modelovych chirdlnich
molekul. Viibec poprvé byl zméfen ROA signal mnoha kombinacénich a vyssich harmonickych

vibra¢nich modu, a ptislusné pasy byly pfitazeny ke konkrétnim molekulovym vibracim.

Kli¢ova slova: vibra¢ni optickd aktivita, Ramanova opticka aktivita, kvantové-chemické
vypocty, konformac¢ni analyza, molekularni interakce, molekularni dynamika, anharmonické

korekce, enantiomerni Cistota/piebytek

Vi



Contents

IS 101 1 oo U1 [ ISR U USSP 1
N 1Y, 1= 1 [0 o PSPPSR 3
2.1, SOIVENt MOUEIING ... 3
2.1.1.  Crystal-like computational protocol .............ccccoviiiiiiiicicieceee e 3

2.2. Experimental setup of double-grating ROA Spectrometer ...........cccccevvvevveviesvesieennnn, 4
2.3.  Raman baseling COIMMECLION .........ciueiiieie ettt re e 5
2.4. Quantitative comparison of experimental and calculated spectra ..............ccccovevveenene. 6
2.4 1. SIMIALY TACTOIS ....eiiiiiiiiieee bbb 6
2.4.2.  Methods of conformational analysis based on the spectral comparison .............. 7

2.5.  Procedure for determining the enantiomeriC EXCESS ..........ccovrvrieeieiiereneniesie e 10
2.5.1.  Sample measurement and ROA spectra normalization .............cccccceeeenenirnnnnnn 10
2.5.2.  Enantiomeric excess determination...........cccevveieereiiese e 10
2.5.3.  Performance of enantiomeric excess determination.............ccccocvevviiereeseennenn, 11
2.5.4.  Correction of residual artifacts in ROA SPECIIa .........cccevveveeiieieeie e 11

B RESUILS . e e e et et e naeere e e 12
3.1, Conformational @NAIYSIS .......ccveieeieiiere e 12
3.1.1. Conformational analysis based on the potential energy scan............cccoceveennene. 12
3.1.2.  Conformational analysis based on the spectral similarity ............ccccccevovervnnnnne. 16

3.2.  ROA in the extended SPECLral FANGE ........ccoriiiiiiieee e 23
3.2.1.  Low-frequenCY ROA ..o 23
3.2.2.  Anharmonic overtone and combination bands..............cccccccvveiieii e 29

3.3.  Enantiomeric excess determination ..........cccccvevieieiieneeie e 32
O O] o] 1113 [0 1RSSR 38
5. Strucéné shrnuti v €esK€m JAZYCe ............cccooiiiiiiiiiiii 40
T B ] (=Y =] 1= P PSSP 42
7. List of Author’s Publications ...............cccccooiiiiiiiiii e 44

vii



1. Introduction

In recent years, ROA has become a quickly developing technique of vibrational spectroscopy.
ROA has been established as a powerful and noninvasive tool to analyze molecular structures
and interactions of chiral molecules in solution. One of the major advantages of ROA is the
ease of measuring samples in agueous solution. Second, a larger number of observable spectral
bands compared to the complementary vibrational circular dichroism (VCD) spectroscopy
provides a better basis for the analysis of observed spectra. A wide range of inorganic and
organic molecules, including helicenes, peptides, proteins, fibrils, sugars, nucleic acids, or even

viruses, have already been studied by this technique.

ROA provides extremely useful information about chiral molecules, however, the ROA
signal is usually 4 to 5 orders of magnitude weaker than the already weak Raman scattering, so
the spectra are sensitive to experimental artifacts. The signal can be affected by intensity
fluctuations caused by the laser instability or by thermal fluctuations in the sample. Further, the
baseline in the parent Raman spectrum can be plagued by the fluorescent background from
impurities (e.g., dust) in the sample, which may change during the accumulation of the spectra.
Last but not least, an experimental obstacle is also the need of relatively large sample volumes
(~10 pL) and concentrations of at least 1 mg-mLt. In summary, ROA measurement is
demanding and at least basic knowledge in optics is needed for conducting and understanding
the experiment. So far, neither ROA nor VCD has been considered as a conventional tool for
large-output structural and dynamical studies of chiral molecules or in such analyses of the
optical purity — the relative amount of the opposite enantiomers contained in the sample. The
goal of this work was to advance instrumentation and applications so that the advantage of ROA

can be achieved.

The interpretation of experimental ROA spectra often relies on the comparison of the
measured and calculated spectra looking for agreement of signs, relative intensities, and spectral
shapes of the observed bands. Therefore, the development of simulation models is of particular
importance. The simulations used in the thesis are based on a combined molecular dynamics
and density functional theory approach. Simulations of large molecular complexes or solvent-
solute systems are often computationally demanding, and a feasible computational protocol is

required to overcome the computational limits.



The aim of our effort was to contribute to the development of experimental methodology
and interpretation of Raman and ROA spectra of various chiral substances. The work is focused
on unexplored spectral features within 50-4500 cm™, measured by a double-grating ROA
spectrometer developed at the Department of Optics, Faculty of Science, Palacky University

Olomouc. The thesis is based on four publications, published in high impact journals.
The summary of the thesis has the following structure:

Chapter 2 provides a concise overview of the new methodology we introduced in the
publications presented. In Subsection 2.1.1, a new periodic crystal-like computational
protocol for improved treatment of chiral samples in a liquid phase is proposed. In
Section 2.2 the setup of a new double-grating ROA spectrometer is described.
Addressing the common issue of unstable baseline in measured Raman spectra,
Section 2.3 briefly introduces two baseline correction techniques. Section 2.4 focuses
on comparing experimental and predicted spectra. In Section 2.5 a novel methodology

to accurate enantiomeric excess determination using ROA is described.

The results discussed in Chapter 3 are grouped into three main topics. The
conformational analysis of flexible molecules is explored in Subsection 3.1.1.The
original approach to the conformational analysis based on the similarity of the observed
and calculated spectra is introduced and demonstrated in Subsection 3.1.2 . Section 3.2
shows the results achieved in the extended spectral range. In Subsection 3.2.1, the origin
of the low-frequency ROA signal is discussed based on the interpretation of ROA
spectra by the new periodic crystal-like model. Strong optical activity of several
overtone and combination bands described in Subsection 3.2.2 is measured for the first
time and successfully assigned based on the perturbation and variational approaches.
Finally, Section 3.3 demonstrates a novel approach to accurate determination of the

enantiomeric excess based on ROA measurement.



2. Methods

2.1.  Solvent modeling

Measured ROA signal reflects not only the molecular structure but may be also extraordinarily
sensitive to the environmental effects and dynamics. Insufficient inclusion of intermolecular
interactions into the ab initio calculations may lead to large errors in the interpretation of the
experimental spectra, especially for strong intermolecular interactions, such as hydrogen
bonding. Furthermore, it is difficult to distinguish between internal solute, solvent-solvent and
solute-solvent spectral bands in the low-frequency region. Hence, the solvent models play an
important role in correct Raman and ROA spectra interpretation. Incorporating solvent
corrections can improve vibrational frequencies, provide the spectral band broadening, and
more realistic intensities. The solvent can be included as a continuum (e.g. PCM, COSMO, ...)
or by explicitly incorporated solvent molecules into the calculations in a form of molecular

clusters based on the molecular dynamics (MD).

The clusters need to be in contact with the environment to better represent the liquid.
As a part of the cluster-based approaches we introduced a new crystal-like computational
protocol, where the MD cluster is adapted to better correspond to the liquid phase introducing

a crystal-like periodicity.

2.1.1. Crystal-like computational protocol

Based on the MD cluster of 10 molecules in the periodic elementary cell (cubic box, Figure
l1a), smaller clusters were made by default containing two close molecules, presumably
comprising the strongest intermolecular interaction within the periodic box and 26 neighboring
boxes (Figure 1b).The geometries of the pairs were partially optimized in the normal mode
coordinates (Bout, 2005, 2006; Boui & Keiderling, 2002). The modes within i100 — 225 cm™
were fixed. The force field and polarizability derivatives obtained for the pairs (Figure 1c) were
transferred back to the 3x3x3 supercube using the Cartesian coordinate transfer (CCT), see
Figure 1d (Bouf et al., 1997; Yamamoto & Bouf, 2018). Because of the periodicity, vibrational
Hamiltonian can be described as a sum over the wave vectors g and atoms i within one cell

only,
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where m; are atomic masses and x; are atomic coordinates. The dynamic matrix for g = 0 is

D = 2 fi 2.2)
J

where index J run over the elementary cells containing the j-coordinate and fij is the force field
matrix. Since the Raman and ROA intensity tensors of symmetrical elementary cells (g # 0)
cancel out by the interference, only the basic elementary cell in the center (q = 0) produces non-

zero Raman and ROA signal (Figure 1e).

MD run — cluster selection — DFT calculation — tensor transfer — spectra generation

a) b) c) d) e)

Figure 1: Simulations of the spectra by the default crystal-like model. Intermolecular
interactions within the periodic elementary cell (brown/middle cube) and towards its
environment were simulated for molecular pairs, in an arbitrary 27 cubes of the “supercube”.
The pair parameters (force field, intensity tensors) were transferred back to the supercube, and

the spectra were simulated using periodic boundary conditions.

2.2. Experimental setup of double-grating ROA spectrometer

In 2016 J. Kapitan developed a new back-scattering ROA instrument with the excitation
wavelength 532 nm based on the W. Hug’s optical design, but with several novel features, such
as additional use of the zero order of the diffraction grating to extend the measurement to the
high-frequency spectral region. He also implemented a novel measurement algorithm of all
ROA modulation forms simultaneously into the spectrometer (Li & Nafie, 2012). The

instrument was built at Palacky University Olomouc and is commercially available since 2022



in collaboration with company ZEBR and Meopta. The experimental setup in the most recent

configuration is depicted in Figure 2.
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Figure 2: Optical layout of the back-scattering ROA spectrometer at Palacky University

Olomouc.

2.3.  Raman baseline correction

Measured Raman spectra often exhibit an unstable baseline. The acquired spectrum contains
both the intended signal and unwanted elements, including background noise stemming from
various sources such as the sample holder, instrumentation, and the samples themselves
(e.g. impurities, chromophores, ...). The baseline may cause detection issues if the CCD reaches
its detection limits or prevent further data processing of useful signal. Several methods have
been suggested with regards to the baseline correction. In this work we used two different semi-

manual methods implemented in MATLAB.

Asymmetric least squares smoothing (ALSS) (Eilers & Boelens, 2005) is based on
Whittaker smoother (Eilers, 2003), where ordinary least squares are penalized. Positive

5



deviations with respect to the baseline are weighted less than negative deviations. The baseline

correction can be controlled by two parameters, making ALSS completely reproducible.

The iterative polynomial smoothing algorithm (IPSA) (Wang & Dai, 2017) combines
the advantages of polynomial filter and iteration method. Hence, IPSA effectively addresses
certain limitations of conventional polynomial fitting algorithms, particularly their dependence
on spectral range selection and the fixed polynomial order throughout the process, that can
make the algorithm less robust when dealing with changes in the background in continuous
measurements. Compared to ALSS method the IPSA led to similar results but with a longer

computing time.

2.4. Quantitative comparison of experimental and calculated

spectra

The efficiency of the molecular structural analysis from chiroptical spectra lies in the
comparison of experimental and predicted spectra. If the spectral pattern of the specific
predicted conformation meets the observed spectral pattern in the same wavenumber range,
then the conformation can be assigned to the measured sample. In recent years, several diverse
metrics of similarity have been introduced to address comparison of experimental and

calculated spectra (Polavarapu, 2016).

2.4.1. Similarity factors

The similarity of the experimental and simulated experimental spectra can be quantitively
compared using similarity overlap integral (Kuppens et al., 2003)

__ Jrm»g@dv
VIF@®)?do [ g(#)? dv

where f () and g(¥) represents calculated and experimental spectrum, respectively, and

1

- [ F@g@as, 2.3)

the denominator implies normalization

2o fD)
f@) = —ff(ﬁ)z - (2.4)
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In case of compared spectra possess zero intensity in analyzed region the denominator
in (2.3) would be also zero, which causes numerical problems. Therefore, an alternative

definition of similarity can be used as follows (Shen et al., 2010):

I
fg
S, = \ (2.6)
Iff + Igg - |Ifg|

where the overlap integrals are given as:

Iy = [ ro@as, @7)
lgg = jg(ﬁ)g(ﬁ)dﬁ, (2.8)
o = [ F 9@, 29)
and f (%) and g(¥) are not normalized. For f(#) and §(#), the overlap integrals are
Iz7 = jf(ﬁ)f(f;)df; =1, (2.10)
Iys = fg(ﬁ)g(ﬁ)dﬁ =1, (2.11)
Ipg =Sy, (2.12)

and the similarity factor (2.6) is reduced to

2 =18,
In the comparison of experimental and predicted Raman or ROA spectra, their

S, (2.13)

magnitudes may not be on the same scale. Therefore, spectral normalization or multiplication
by a constant is necessary. The similarity values in (2.3) and (2.13) vary in a range from 0 to 1
for the Raman spectra and within —1 and 1 for chiroptical spectra (ROA and CID - ratio of the
ROA and Raman spectra). Calculated frequencies can be corrected introducing frequency
(wavenumber) scaling factor or function in order to match corresponding experimental
frequencies. By frequency scaling of the predicted spectra and calculating the similarity factor,
the maximum similarity can be determined. Alternative criteria of the similarity factor exist and

can be used as long as it is consistent in all spectral comparisons.

2.4.2.  Methods of conformational analysis based on the spectral comparison

As was recently confirmed, the conformational analysis based on calculated energies suffers

from large uncertainties (Bootsma & Wheeler, 2019; Koenis et al., 2019). The relative



conformational contribution may vary more than 2 kcal-mol™ based on the molecular structure,
the chosen DFT approximation and the size of used integration grid. As an alternative, methods
that fit a set of calculated spectra in order to minimize the difference with the experimental

spectra were suggested.

The original approach to determine the conformer populations is based on maximizing
the similarity overlap of the weighted conformer spectra with the experiment by employing
a global minimization algorithm to optimize the conformer populations and wavenumber
scaling factor. The experimental and simulated vibrational spectra were compared using
introduced similarity factor (2.13). The real chiral sample is considered to be a mixture of all
possible conformers with a different abundance. This can be specified by the normalized linear

combination of all stable conformers in the predicted spectrum

N

F@ = afi®), 214)

l

where each linear combination coefficient c¢; represents the relative abundance
of conformer i and N is the number of conformers. For a molecule with N conformations,
N—1 conformer populations c; in relation (2.14) and the scaling factor for predicted
wavenumbers is allowed to change towards maximizing similarity overlap.
The remaining conformer population is calculated as

N-1
oy =1— Z e (2.15)
l
The MATLAB implementation of the algorithm for estimating conformational populations is
exemplified in the following fragment, demonstrating reduced calculation for three conformers

for clarity purposes.



% Spectral interval
IX = 300:1750;

% Linear combination of predicted spectra

f = @(P) (P(l).*interpl (P (3)*datal(:,1),datal(:,2),IX, " "'linear") +
P(2).*interpl (P(3) .*data2(:,1),data2(:,2),IX, " 'linear")+ (1-P(1)-
P(2)) .*interpl (P(3) .*data3(:,1),data3(:,2),IX, "linear'));

% Experiment
g = interpl (dataexp(:,1),dataexp(:,2),IX, " 'linear');

% Overlap integrals

I fg = @(P) trapz (f (P).*qg) ./sqrt (trapz (£ (P) .*f (P)) .*trapz (g.*qg));

I ff = @(P) trapz (£f(P).*f(P))./sqrt(trapz(£(P).*£(P)).*trapz(£(P).*£(P)));
I g9 trapz (g.*g) ./sqgrt (trapz (g.*qg) .*trapz (g.*qg)) ;

52 = @(P) -I fg(P)./(2 - abs(I _fg(P))).*((1-P(1)-P(2))>=0 && P(1)>0 &&
P(2)>0) + 1.*((1-P(1)-P(2))<0);

% Starting points
PO = [0.3;0.3;0.98]; % for Pl, P2 and wavenumber factor

% Minimization

opts = optimset('MaxIter',le8,'TolX',1e-8, 'TolFun',le-8, 'MaxFunEvals',1eb);
P = fminsearch (S2,P0,opts);

P3 = 1-P(1)-P(2); % P3

% Output
out = [P(3) P(1l) P(2) P3 =-S2([P(l) P(2) P(3)1)]l; % = [SCF Pl P2 P3 SIM];

As the complexity of conformational space increases with the flexibility of the studied
molecular system, careful selection of the starting points in the optimization procedure is
needed due to the tendency to slide down to the nearest local minimum. Therefore, a more
general two-step global optimization procedure can be applied. In the first step M sets of N—1
randomly distributed coefficients are generated as the starting points (Monte-Carlo method),
each satisfying condition

N-1
0< z ¢ <1, (2.16)
4
and the wavenumber scaling factor is left fixed in order to map the N—1 conformational space
and localize a global maximum of equation (2.13). In the second stage, the process of local
optimization is repeated, using the previously optimized N—1 set of coefficients as the new
starting points and the wavenumber scaling factor is allowed to be modified in order to achieve

the best possible similarity within the global maxima region.



2.5.  Procedure for determining the enantiomeric excess

One of the main applications of ROA is the measurement of optical purity of chiral samples.
In this work, we have demonstrated a new methodology of enantiomeric excess determination
by ROA. It is based on an effective algorithm that includes Raman baseline correction, ROA
intensity normalization, and systematic errors elimination procedure applied to experimental
ROA data.

2.5.1. Sample measurement and ROA spectra normalization

At first, Raman and ROA spectra for N EE samples, containing M spectral points, are measured
and usually normalized to the used excitation energy. The dataset is a matrix of size NxM.
Secondly, the background in all Raman spectra must be subtracted in order to obtain the spectra
5245, Because of the intensity fluctuations caused by the laser instability or thermal fluctuations

in the sample, the ROA spectra D;;*" were then normalized according to the parent baseline
corrected Raman spectra as
bas

A
Dy, = D" ;ba: = D" Nnorm) (2.17)
v

where the sum is performed over the selected spectral region, and index A denotes the Raman
spectrum of the reference. For diluted stock samples, a variation in the molar concentration of

analyzed mixtures must be taken into account.

2.5.2.  Enantiomeric excess determination

The most straightforward approach to calculate the enantiomeric excess involves solving
a system of overdetermined linear equations.

Dy = é7 Dy, (2.18)
by the least squares method, where D;, is one element of the matrix NxM, ¢&; is one element of
the column vector Nx1 representing unknown enantiomeric excess and Dy, is one element of
the row vector 1xM of ROA spectra of the reference A. The fundamental assumption of this
approach is that the enantiomeric excess of reference A is set to the unity (100%). Subsequently,
all spectra for which the enantiomeric excess is to be determined are compared to this
reference A. Since, the minimum of used spectra is N = 2, the equation (2.18) represents

overdetermined set of linear equations and can be solved by the least square method as follows:

M
min,, Z(Div — 8:D4)2. (2.19)
v=1
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2.5.3. Performance of enantiomeric excess determination

The correctness of the EE determination can be defined as the standard deviation of the errors

o(b) = /% (2.20)

Ai =€ — éi (221)
iIs a difference of the EE determined from spectra é; and from the sample preparation e;.

where

2.5.4. Correction of residual artifacts in ROA spectra

Despite the fact that polarization artifacts can be significantly reduced by W. Hug's proposed
concept of virtual enantiomers (Hug, 2003) generated during the measurement, residual
artifacts that occur in ROA spectra are still proportional to the degree of circularity. Thus, all
ROA spectra of the enantiomeric mixtures of same compounds will be affected by the same
amount of artifacts. The accuracy of the EE determination can be further improved reducing
the artifacts in the post-processing procedure.

The simplest method for determining artifacts is to sum the ROA spectra of the two

optically pure opposite enantiomers:

D D
alB = % (2.22)
On the contrary, by subtraction one can receive the artifact-free ROA spectrum:
DsrueAB — Dav ; DBV_ (2.23)

If both pure enantiomeric forms are not available, an alternative and more universal approach
is proposed, based on solving an overdetermined set of linear equations for N > 2:

D;, = DirveNe, 4 gl (2.24)
for different enantiomeric measurements i by the least squares method, where e; is the known
enantiomeric excess from the sample preparation and variables are the ROA artifact-free
spectrum DET#eN and artifact spectrum aX. The artifact spectrum determined by (2.24) possess

better signal-to-noise ratio then using only the sum of opposite enantiomers.
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3. Results

3.1. Conformational analysis

3.1.1. Conformational analysis based on the potential energy scan

The molecular flexibility of (R)-2-chloropropionitrile (nitrile) and three ethylbenzene
derivatives ((R)-(+)-1-phenylethanol, (R)-(+)-a-methylbenzylamine, (5)-(+)-a-
(trifluoromethyl)benzyl alcohol) was analyzed using potential energy surface scans. Nitrile was
selected as a small yet relatively inflexible molecule ideal for representing a model liquid. The
methyl group (CHs) rotates freely within a limited range of 35°
(AE <2 kcal-mol™). The nitrile's C—C=N group is particularly well-suited for studying
two-dimensional conformational changes. The energy dependence of the selected nitrile angles
(D, o) is displayed in Figure 3 and overlayed by the distribution of 200 geometries of the MD
clusters partially optimized in normal modes with fixed frequencies of i100-225cm™ (i = vV—1
for imaginary frequencies). Various values of the normal mode frequency limit were tested.
Reducing the upper frequency limit further would cause collapse of the MD geometries toward
the equilibrium geometry in the center (AE = 0 kcal-mol™). Surprisingly flexible C—C=N
bending angle (w) was observed based on DFT calculation, requiring to overcome energy

barrier of 2 kcal-mol™ for deviation of 16° from the equilibrium angle o ~ 179°.

Spectral parameters, such as the relative ROA intensity or the frequency of normal
modes, are to a large extent dependent on the selected angular coordinates, as can be seen for
example, for the nitrile C—C—C=N bending mode 561 cm ™%, C=N stretching mode 2356 cm™*
or the intensity ratio of the 672 and 1003 cm™ in Figure 4. Modes 561 cm™ and 2356 cm™
shifts in frequencies within ~ 10 cm™, while modes 672 and 1003 cm™ are less frequency
dependent. The corresponding C=N stretching mode possesses positive sign for @ ~ 90°, while
it is negative for other selected conformers in Figure 4d. The frequency shift of the C=N

stretching mode is consistent with its harmonic nature (cf. Figure 3 and Figure 4b).

12



AE (kcal/mol)

Figure 3: Dependence of nitrile electronic energy on selected angles ®@ and 180° — w calculated
at the B3PW91/6-311++G**/COSMO(ACN) level (contour map) and coordinates of 200 MD
clusters (red dots). Nitrile angular coordinates are defined as ® = C1-C2-C3-N4 and o = C2-
C3-N4. The energy scan was controlled by 49 combinations of ® and 155° < w < 180°, selected,

so that the resultant nitrogen positions were evenly distributed on a sphere around C3 atom.

1]
[=>]
ROA ratio (672/1003 cm™")

2356 cm™’ 672 cm™ 1003 cm™
10 — : 1000 ; 400 ’

=
g
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Figure 4: Frequency shift of selected nitrile normal modes 561 cm™ (a) and 2356 cm™ (b),
from values for the equilibrium geometry, and (c) ROA intensity ratio of the 672 and 1003
cm?, plotted as a function of the @ and 180° — w angles. Five ROA spectra of analyzed bands

(d) for selected conformers (a, color points) are depicted.
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The conformational analysis of (R)-(+)-1-phenylethanol, (R)-(+)-a-methylbenzylamine
and (S)-(+)-a-(trifluoromethyl)benzyl alcohol is described by the rotation of the three functional
groups (methyl, phenyl an hydroxyl/amine). The methyl group employs similar energetical
barrier as for nitrile (~ 4 kcal-mol™). Rotation of the methyl group isolated from rotation of
other groups has minor effect to resulting simulated spectra. Therefore, the conformational
analysis of the ethylbenzene derivatives could be limited to the 2D PES scan only (Kapitan et
al., 2009). The 2D PES scan as a function of the phenyl (¢), hydroxyl (w) and amine (y) groups
iIs shown in Figure 5 and Boltzmann-averaged Raman and ROA spectra are plotted in
Figure 6. The orientation of the polar OH or NH groups out of the phenyl plane
(@ ~100°) is preferred by each of the three molecules. The freely rotating NH and OH groups
give arise to three local minima (y =—60°, 60° and 180°) with small energy barrier up to
~2 kcal-mol™ (3 kcal-mol™ for methylbenzylamine). Revised PES calculations at the
B3PW91/6-311++G**/COSMO(benzylalcohol) are consistent with the previous study of
phenylethanol and methylbenzylamine at the B3LYP/6-311++G**/vacuum level (Kapitan et
al., 2009). 2D PES scans are overlayed by the conformer distribution from the MD models. The
MD distributions differ from the PES scan because of hydrogen bonding to the explicit solvent
molecules in the cluster-based model. The effect of the different computational models on the

conformational preference is discussed further in Subsection 3.1.2.
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Figure 5: Dependencies of the (R)-(+)-1-phenylethanol, (R)-(+)-a-methylbenzylamine, (S)-(+)-
a-(trifluoromethyl)benzyl alcohol electronic energy on selected torsion angles calculated at the
B3PW91/6-311++G**/COSMO(benzylalcohol) level (contour map) and coordinates from 200
MD snapshots (2000 black dots in total). The describe phenyl rotation, ¢ = C1-C2-C3-C4,
hydroxyl rotation, y = C4-C3-05-H6, and amine rotation, y = C2-C3-N5-H6.

The Boltzmann averaging for conformers below 2 kcal-mol™ clearly reflects the
flexibility of studied molecules and improves single molecule Raman and ROA spectra
(Figure 6). Conformer averaging is especially important for interpretation of low-frequency
modes (<400 cm™) but the experimental spectra are reproduced only partially as the
intermolecular interactions are not included in the 2D PES scan.
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Figure 6: Boltzmann-averaged Raman (left) and ROA (right) spectra of (R)-(+)-1-
phenylethanol (a), (R)-(+)-a-methylbenzylamine (b) and (S)-(+)-a-(trifluoromethyl)benzyl
alcohol (c) for conformers below 2 kcal-mol™ according to 2D PES scan. Black spectra
represent single molecule DFT (B3PW91/6-311++G**/COSMO) calculation.

3.1.2. Conformational analysis based on the spectral similarity

One of the main applications of ROA is the structural analysis of chiral molecules in a solution.
Therefore, a reliable methodology is required for the quantitative comparison of experimental
and calculated spectra and subsequent determination of conformer populations. The original
approach was applied to IR, Raman, VCD, and ROA spectra of amphetamine and
methamphetamine hydrochloride in an aqueous solution supplemented by corresponding
dimensionless quantities, dissymmetry factor (DF=VCD/IR) and normalized circular intensity
difference (CID=ROA/Raman). Conducting the PES-based conformational analysis is not
within the scope of this study; however, given the flexibility of amphetamine derivatives, it

presents a multidimensional challenge.

The conformational analysis of amphetamine and its derivatives is complex because of
the flexibility of the alkyl chain and interactions with surrounding water molecules. Thus,

different computational models, namely, conformers derived from the single molecule (SM)
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DFT calculations using only the implicit solvent model (COSMO), MD geometries with fixed
selected torsion angles and excluded solvent molecules, and partially optimized MD solute-

solvent clusters with varying numbers of water molecules, were discussed.

The results of the conformational analysis for amphetamine hydrochloride are
summarized in Table 1 and the corresponding VCD and ROA spectra are depicted in
Figure 7 for all computational models and the experiment. Determined conformational ratios
are same for similarity factor defined by equation (2.3) and (2.13). Corresponding similarity
values are depicted in Table 1. The accuracy of the reliable conformer determination by the
similarity overlap mainly depends on the spectral range selection, the number of compared
vibrational bands, the band integral intensity, and the number of conformations taking into
account. Therefore, it is desirable to compare the experimental and calculated spectra in the
widest possible spectral range. The IR and VCD spectra were compared in the spectral range
from 1250 to 1700 cm™2, while the Raman, ROA and CID spectra made it possible to compare
them in a wider spectral range of 300-1750 cm™. The VCD spectral region was limited by the
D-0 absorption bands. Additionally, due to uncertain and large values caused by dividing VCD
signal by IR numbers close to zero, the dimensionless DF spectra were the most limited in the
compared spectral range of 1300-1550 cm ™2, therefore the conformer populations based on the
DF similarity factor cannot be trusted. However, this is not the case for ROA and CID spectra,
where recording of the data in a wider spectral range is clearly beneficial (Figure 8). Although
the Raman and ROA measurements were conducted within the range of 50-4500 cm™2, the
spectral region utilized for analysis was limited to 300-1800 cm ™. The CH stretching vibrations
are highly anharmonic with a relatively low ROA to Raman ratio, and a different scaling factor
is needed. The region below 300 cm™ is usually plagued by intermolecular vibrations

(described in Subsection 3.2.1) that can bias the conformer population determination.
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Table 1: Optimized conformer populations for (S)-amphetamine hydrochloride obtained from
the comparison of experimental spectra and different calculation models. The population

derived from the NMR study (Neville et al., 1971) is shown for reference.

Type Spectral Range SFC;:I:SE ) Cs cs Sy s
NMR - - 0.45 0.50 0.05 - -
Single molecule geometry
B3PW91/6-311++G**/COSMO

IR 1250-1700 0.98 0.70 0.09 0.20 0.85 0.75
VCD 1250-1700 0.98 0.36 0.60 0.04 0.67 0.50
DF 1300-1550 0.98 0.24 0.55 0.22 0.87 0.77
Raman 300-1750 0.99 0.35 0.41 0.24 0.80 0.68
ROA 300-1750 0.98 0.60 0.13 0.26 0.51 0.34
CID 300-1750 0.98 0.59 0.25 0.16 0.50 0.34

Geometries from MD, water molecules excluded,
B3PW91/6-311++G**/COSMO level with rDPS for Raman, ROA and CID

IR 1250-1700 0.98 0.96 0.00 0.04 0.88 0.79
VCD 1250-1700 0.98 0.52 0.32 0.15 0.70 0.54
DF 1300-1550 0.98 0.25 0.36 0.40 0.85 0.74
Raman 300-1750 0.99 0.25 0.61 0.14 0.80 0.67
ROA 300-1750 0.98 0.58 0.25 0.17 0.49 0.33
CID 300-1750 0.99 0.42 0.33 0.25 0.59 0.42

Geometries from MD with explicit 1% solvation shell,
B3PW91/6-31G**/GD3BJ/COSMO level with rDPS for Raman, ROA and CID

IR 1250-1700 0.97 0.80 0.00 0.20 0.90 0.82
VCD 1250-1700 0.97 0.40 0.47 0.13 0.90 0.82
DF 1300-1550 0.97 0.28 0.54 0.19 0.94 0.88
Raman 300-1750 0.98 0.70 0.09 0.21 0.80 0.66
ROA 300-1750 0.97 0.43 0.41 0.16 0.78 0.64
CID 300-1750 0.97 0.42 0.46 0.12 0.69 0.52

* According to equation (2.3).
1 According to equation (2.13).
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Figure 7: VCD (a) and ROA (b) spectra of (S)-amphetamine hydrochloride. Experimental
spectra (black, bottom) were compared to the single molecule geometry (red), MD cluster-based
models including only one (cyan), two (blue), or three (purple) closest water molecules, the
cluster of the first water shell (magenta) and without explicit water molecules (green). For all
MD cluster-based models 100 snapshots per conformer were averaged. The similarity factors
(S,) are given for individual spectra. Conformer populations and wavenumber scaling factors
for selected models (SM, MD no water and MD 1% shell) are listed in Table 1. The VCD
intensities are in epsilon units (L-mol™*-cm™), the ROA experiment in (e "-cm-J*-g7*-L) and

the ROA calculations are in arbitrary units.
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Figure 8: Experimental ROA (Ir—1.) spectra of both amphetamine hydrochloride enantiomers
(top), and CID ((Ir—I)/(Ir*I)) spectrum of (S)-amphetamine hydrochloride enantiomer

(bottom); the intensity is in (- cm J%).

Overall, the similarity of IR and Raman spectra obtained with optimized populations for
all different computational approaches are larger than for the corresponding chiroptical spectra
(except for the DF case). However, the determined conformer populations are burdened with
a large error, since the Raman and IR spectra reflect the conformations of chiral molecules only
partially and the optimization algorithm tends to favor one conformer if the conformers’ spectra

are nearly identical.

The comparison between VCD and ROA methods is intriguing. The achieved results
showed that both VCD and ROA give a significantly smaller similarity index for simpler
models, and with a more advanced model of the molecular system including more realistic
solvent and conformational effects, the similarity index increases substantially, and the
determination of the population of states thus better converges to reliable values (the NMR

values 0.45/0.50/0.05 from the previous study were taken as the reference (Neville etal., 1971)).

The simplified MD cluster models with different numbers of water molecules show that

ROA is even able to distinguish the influence of different numbers of solvent molecules. The
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closest water molecules are mainly bound to charged NH3" groups of amphetamines, see
Figure 9. The most significant improvement in similarity overlap with the experiment is already
achieved for the average spectra of the clusters with a single water molecule. Subsequent
improvement with increasing number of water molecules in the cluster is rather minor but
systematical, which can be demonstrated by the monotonously increasing similarity factor and
noticeable improvements for the ROA bands around 300-500, 800, 1000, 1200 and 1600 cm™*
in Figure 7. On the opposite, VCD spectra of clusters with an increasing number of water

molecules are almost identical.
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Figure 9: MD distribution of three water molecules to the amphetamine (100 ns MD, 10000
snapshots). The blue bars mark the interaction with H-atom, while the red bars with O-atom of

H>O molecule.

With its broad spectral range and numerous compared bands, ROA proved to be the
most sensitive technique of vibrational optical activity for identifying the spatial arrangement
and dominant conformation of the amphetamine and its derivatives. The amphetamine
conformational ratio for the most advanced computational model determined from ROA spectra
(0.43/0.41/0.16), CID spectra (0.42/0.46/0.12) and also VCD spectra (0.40/0.47/0.13) in
Table 1 are in good agreement with the conformational ratio 0.45/0.50/0.05 determined by
NMR (Neville et al., 1971). According to the results, conformational averaging and the need
for explicit solvent models are essential for the interpretation of the amphetamine vibrational

spectra.
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The conformational analysis of methamphetamine hydrochloride is more complex as
the number of stable conformers increases due to a longer alkyl chain. Similarity overlaps for
different spectroscopic methods confirm the findings discussed for amphetamine
hydrochloride. Similarity overlaps with corresponding conformer populations are listed in
Table 2.

Table 2: Optimized conformer populations for (S)-methamphetamine hydrochloride obtained

from the comparison of experimental spectra and different calculation models.

Scaling

* +
Factor G C C3 Cq Cs Ce S1 S,

Type Spectral Range

Single molecule geometry
B3PW91/6-311++G**/COSMO

IR 1250-1700 0.98 0.00 0.08 0.04 0.52 0.37 0.00 0.91 0.84
VCD 1250-1700 0.98 0.00 0.33 0.00 0.39 0.04 0.23 0.50 0.34
DF 1300-1700 0.98 0.83 0.00 0.00 0.08 0.00 0.08 0.60 0.43
Raman 300-1750 0.99 0.17 0.44 0.20 0.00 0.00 0.18 0.83 0.71
ROA 300-1750 0.98 0.21 0.16 0.07 0.11 0.36 0.08 0.58 0.41
CID 300-1750 0.99 0.32 0.40 0.08 0.06 0.10 0.05 0.57 0.40

Geometries from MD, water molecules excluded,
B3PW91/6-311++G**/COSMO level with rDPS for Raman, ROA and CID

IR 1250-1700 0.98 0.07 0.36 0.00 0.58 0.00 0.00 0.90 0.82
VCD 1250-1700 0.98 0.00 0.00 0.00 0.50 0.14 0.36 0.54 0.37
DF 1300-1700 0.98 0.00 0.39 0.00 0.61 0.00 0.00 0.63 0.46
Raman 300-1750 0.99 0.00 0.76 0.18 0.00 0.00 0.07 0.84 0.72
ROA 300-1750 0.99 0.43 0.00 0.00 0.00 0.49 0.08 0.62 0.45
CID 300-1750 0.99 0.40 0.26 0.00 0.00 0.21 0.13 0.60 0.43

Geometries from MD with explicit 1t solvation shell,
B3PW91/6-31G**/GD3BJ/COSMO level with rDPS for Raman, ROA and CID

IR 1250-1700 0.97 0.06 0.38 0.00 0.00 0.00 0.56 0.97 0.95
VCD 1250-1700 0.97 0.10 0.08 0.14 0.34 0.33 0.00 0.81 0.68
DF 1300-1700 0.97 0.00 0.00 0.15 0.51 0.34 0.00 0.67 0.50
Raman 300-1750 0.98 0.11 0.49 0.00 0.00 0.00 0.40 0.80 0.66
ROA 300-1750 0.98 0.37 0.29 0.05 0.00 0.26 0.03 0.77 0.63
CID 300-1750 0.98 0.40 0.27 0.00 0.00 0.27 0.07 0.68 0.52

* According to equation (2.3).
1 According to equation (2.13).
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3.2. ROA in the extended spectral range

3.2.1. Low-frequency ROA

Vibrational frequencies of intermolecular modes in liquids are close to the excitation frequency.
The corresponding Raman signal is rather unstructured, unresolved, and quickly increases
towards the excitation line. On the other hand, ROA low-frequency spectra are more structured
and better reflect the conformational changes and intermolecular interactions in the studied
system. An unexpectedly strong ROA signal of (R)-2-chloropropionitrile (nitrile) has been
observed (see Figure 10) within the low-frequency region (50—150 cm ™), carrying information
about intermolecular interactions. On the basis of the combined MD cluster model and DFT
theory, the signal was assigned to intermolecular vibrations. However, it remained unclear
whether this signal had a direct connection to particular intermolecular interactions, like

a molecule's capability to engage in hydrogen bonding.

T T
neat

5 in solution A

I+, (107 el)

Ig-li (108 &)

200 400 600

Wavenumber (cm'1 )

Figure 10: Raman and ROA spectra of (R)-2-chloropropionitrile in the low-frequency region
for pure liquid (black) and its about 10 % solution in methanol (red). Clearly vanishing ROA

bands are marked by blue arrows.
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Ad hoc MD calculations of large clusters have been computationally demanding, and
the simulation of the first solvation shell did not correspond to the real situation. Hence, ROA
spectra of six chiral neat liquids’ were recorded and a crystal-like computational protocol (see
Subsection 2.1.1) that allowed us to analyze in detail the origin of the low-frequency modes

was developed.

Various computational strategies used for modeling nitrile spectra are demonstrated and
compared to the experiment in Figure 11. The low-frequency intermolecular signal is obviously
missing in the single molecule spectra. The periodic crystal-like model is technically the most
advanced one and avoids the surface cluster effects, but it comprises pair molecular interactions
only. Some experimental features, such as the relatively monotonic increase in ROA intensity
between 250 and 90 cm ™, are therefore better reproduced with smaller clusters containing more
intermolecular interactions. The large cluster model seems to give the worst results. Increasing
the number of molecules in one elementary cell (i.e., size of the MD box) or including more
than pairs interactions did not seem to bring improvement and is computationally demanding.
A serious problem limiting the precision of the all MD computations is the large number of MD
snapshots that need to be averaged for low-frequency ROA. Even 10 molecules in the box were
too many for the direct calculation of a large number of snapshots needed for convergence,
especially for larger molecules, such as phenylethanol or a-pinene, in the cluster. The
convergence problem makes the computation expensive. Thus, the crystal-like approach is

a useful alternative, providing satisfactory agreement with the experiment.

+

(R)-2-chloropropionitrile  (nitrile), (R)-(+)-propylene oxide (methyloxirane), (R)-(+)-1-phenylethanol
(phenylethanol), (R)-(+)-a-methylbenzylamine (MBA), (S)-(+)-a-(trifluoromethyl)benzyl alcohol (TFB), and
(+)(1R,5R)-a-pinene (a-pinene)
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Figure 11: Raman and ROA nitrile spectra calculated with different models: (a) single
molecule, (b) small cluster of ~ 15 nitrile molecules/all interactions, (c) large cluster/pair
interactions (supercube), (d) periodic crystal/pair interactions, and (e) experimental spectrum.

For b —d 200 MD snapshots were averaged.
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Interestingly, neat methyloxirane gave nearly the same low-frequency ROA signal as its
water solution (Figure 12). This observation was successfully reproduced by the crystal-like

model and provided a phenomenological insight into the low-frequency chirality.
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Figure 12: Raman and ROA spectra of neat methyloxirane and its water solution (1:22
methyloxirane:H>O molar ratio): (a) single molecule computation, (b) crystal model, and (c)

experiment.

To understand the low-frequency vibrations introducing intermolecular coordinates, or
translations and rotations of one molecule, the potential energy distribution (PED) has been
used. Same as for groups within one molecule, six coordinates describing the molecular

positions were defined, see Figure 13.

The low-frequency modes are not too specific; nevertheless, the PED analysis suggests
that for small rigid molecules (e.g. nitrile and methyloxirane) the low-frequency signal comes
primarily from translations and rotations of individual chiral molecules (Figure 14d, e). For
instance, the PED analysis of the methyloxirane (Figure 14a-c) reveals that intermolecular

motions formally contribute differently to the vibrational energy in methyloxirane, water, and
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the mixture. Obviously, a pure water band ~ 220 cm™ can be predominantly assigned to the
intermolecular stretching. The stretching modes of the neat methyloxirane start to contribute in
the lowest frequencies only, and the contribution is smoothed out in the mixture.
The contribution of bending and torsion modes is more structured, reflecting the more

complicated shape of the molecule.

€1 = V| XIp €2= V2 XI'¢

V2= U2 XX

V1= U] Xrp
Figure 13: Definition of the six coordinates used for the characterization of intermolecular
vibrational modes: (d) distance of the mass centers, (c1 and a2) angles between the largest
moments of inertia and the distance vector, (41 and £) rotation angles, and (z) the torsion angle.
For the rotation angles, arbitrary vectors e; and e1 were defined, using the largest (direction u;)
and second largest (w;) moments of inertia. Lengths of all vectors ui, wi, vi, €i, ri, and ro are

equal to one.
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Figure 14: Relative vibrational potential energies of intermolecular motions related to two
(stretching (a), bending (b), torsion (c)) and one (translations (d), rotations (e)) molecule, for

neat methyloxirane, water and a mixture. Displayed PED values are averaged over the
snapshots and normal modes in a wavenumber interval.

For more flexible molecules (phenylethanol, MBA, TFB) the intermolecular low-
frequency modes are mixed with intramolecular motions, such as rotations of the phenyl,
methyl, hydroxyl, trifluoromethyl and amine groups. The interpretation of the phenylethanol
spectra is shown in Figure 15. Although the single molecule calculation reproduces some main
features of the low-frequency region reasonably well, the crystal-like model performs better.

Although the precision of used simulations is limited due to available computer power, they
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provide a sound theoretical basis to interpret the observed spectra and can be systematically

improved in the future.
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Figure 15: Raman and ROA spectra of (R)-(+)-1-phenylethanol; (a) simulation of one molecule
(weighted average of 386 conformers < 2 kcal-mol™), (b) the crystal-like model, and (c) the

experiment.

3.2.2. Anharmonic overtone and combination bands

The new double-grating ROA spectrometer exhibits a large signal-to-noise ratio and a flat
baseline. On the other edge of the spectrum, using this instrument we thus were able to measure
not only high-energy CH stretching fundamental transitions (2700-3300 cm ™) but also a set of
almost two orders weaker overtone and combination bands, largely ignored in previous studies.
For the first time, many combination and overtone ROA bands have been observed for
2-chloropropionitrile and a-pinene, mostly within 1490-3800 cm™. Simulations of high-
frequency molecular vibrational properties in general require treatment beyond the harmonic
approximation. Using the 2nd order vibrational perturbation approach (VPT2), its modification

(GVPT2), better treating the Fermi and Darling—Dennison resonances (Bloino et al., 2015), and
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limited vibrational configuration interaction (LVCI) (Danécek & Bout, 2007), the most intense

bands were unambiguously assigned to double-excited overtone or combination transitions.

For nitrile, the experimental and simulated Raman and ROA spectra within
1490-3800 cm™* are displayed in Figure 16. Only the fundamental modes comprising C=N
stretching and CH stretching are plotted scaled in the gray areas. The spectral shape of the
fundamentals was already reproduced by the harmonic level (B3PW91/6-
311++G**/COSMO(ACN)). However, both the VPT2 and LVCI anharmonic methods
significantly reduced the frequency error and provided nearly the experimental CH stretching
frequencies. For the C=N band, the error about 73 cm™! remains most probably due to an
inherent inaccuracy of the B3PW91 and similar functionals for molecular systems with triple

bonds.

Below 3100 cm™, the VPT2 and LVCI methods provide similar Raman shapes, whereas
for ROA, the VPT2 simulation looks more realistic when compared with experiment. The
GVPT2 introduced only minor corrections in this case, however, for larger molecules
(o-pinene) provides a very good agreement with the experimental spectra, whereas the VPT2
failed in the entire spectral region. The VPT2 results diverge due to the higher number of
resonances in the molecule. Only LVCI includes up to five times excited modes. Based on the
similarity between LVCI and VPT2 simulations, we can conclude that double-excited overtones

and combination transitions dominate, while the contribution of higher excitations is minor.

Based on VPT2, many combination and overtone bands can be unambiguously assigned
to the experiment. Moreover, the main contributions to the overtone and combination bands can
be classified, see the color legend at the top of Figure 16. For example, within 1500—2220
cm™, CHs rocking and CC stretching seem to generate most of the spectral intensities. In
wavenumber regions closer to the fundamental CH stretching bands (2600—2900 cm ), the CH
bending modes, such as the CHs umbrella or CHs scissoring, dominate. Above 3000 cm™,
higher-energy fundamental modes, such as C=N stretching, contribute more. In addition, the

lower-frequency fundamental motions can combine with the CH stretching modes.
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Figure 16: Raman and ROA spectra of (R)-2-chloropropionitrile, plotted within 1490—
3800 cm™?, as calculated using the limited vibrational configuration interaction (LVCI; a),
vibrational second-order perturbation calculus (VPT2; b), and the experiment (c). The
fundamental bands (scaled gray area) are compared to the harmonic approximation (red line).

At the top, main coordinate contributions to the overtone and combination bands are indicated.
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3.3. Enantiomeric excess determination

Another principal application of ROA spectroscopy is the measurement of optical purity of
chiral samples. To date, the most commonly employed approach for determining enantiomeric
excess (EE) involves chiral chromatography. However, this method is demanding from an
experimental perspective and necessitates the use of specialized columns designed for different
chiral substances. VOA spectroscopy in general, being a noninvasive technique, allows for the
observation of a significant number of vibrational bands. This feature proves valuable in
assessing enantiomeric excess while enhancing the ability to detect experimental artifacts or
impurities within the sample, thereby improving the reliability of EE. The EE determination of
a chiral sample is of particular importance, especially to the analytical chemistry and
pharmaceutical industries. With the aim of augmenting the utility of ROA spectroscopy in the
realm of chemical practice, we have proposed a new methodology for the precise assessment
of EE in chiral samples.

Conventional methods of EE determination from the VOA spectra were based on band-
to-band comparison or the partial least squares analysis (PLS) (Guo et al., 2004; Hecht et al.,
1995). However, published methods reported a relatively limited accuracy in the range of about
1-2 %, mostly caused by a limited statistical ensemble of the experimental data, spectral range
or insufficient data post-processing. Therefore, we have demonstrated a new methodology of
enantiomeric excess determination described in Section 2.5. It is based on an effective
algorithm that includes Raman baseline correction (see Section 2.3), ROA intensity
normalization (Subsection 2.5.1), and systematic errors elimination procedure (Subsection
2.5.4) applied to experimental ROA data.

The new methodology is demonstrated on nine approximately equally distributed
enantiomeric mixtures of neat a-pinene and alanine in an aqueous solution. Neat a-pinene is
often used as a chiroptical calibration standard. Alanine was chosen as representative of chiral
sample in aqueous solution, which is difficult or nearly impossible to measure by
complementary VVCD technique. For both a-pinene enantiomers the manufacturer states that the
optical purity exceeding 97 % and for alanine the optical purity is not declared. Analytical
weights (Adam Equipment) with a 0.01 mg resolution were used for the sample preparation. In
order to reduce systematic errors in the EE determination caused by weighing, a relatively large
stock volumes of 0.75 mL and 0.50 mL had to be prepared for a-pinene and alanine solution,
respectively. The maximal error caused by weighing was estimated approximately to 0.02 % of

the EE. Only volumes of 70 pL per sample were used for the ROA measurement.
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The Raman and ROA raw data within 100-2000 cm™* used for the further analysis of
a-pinene and alanine EE are presented in Figure 17 and Figure 18, respectively. Figure 17c
and Figure 18c show the Raman spectrum after the ALSS baseline correction. The aim of this
procedure was not to make the baseline as flat as possible but to unify Raman spectra in the
data set before the ROA normalization. Even a relatively minor baseline corrections as were
applied for a-pinene have a crucial effect on the performance of the EE determination. Clearly,
the baseline correction procedure was essential for alanine measurements, as the background
exhibits substantial variability across each EE mixture. Figure 17d and Figure 18d show the
artifact ROA spectrum of a-pinene and alanine, respectively, determined by equations (2.22)
and (2.24) in Subsection 2.5.4. Strongly polarized and also the most intense Raman bands, such
as a-pinene breathing vibration 667 cm™ are the most artifact prone. Their contribution to the

relatively weak ROA signal is approximately 10%.

Q
=1

(2]
~

=
(¢}

— 000l 7 T 15T T T T T T T T T T

— 75.5
52.8

25.3

0.6

-26.4
-53.3
-75.4
—-100.0 1

-
o
T

(I*,) 1107 ey

z
(6,]
(1)1 10%ed™ & (1+1,)/10" ™"
(= [¢,]
g
-
1

4 -1
(Io=1,) 1 10% e

1 1 1 1 1 ] ] 1 1 1 ] 1 1 1 1 1 1 1 1
100 300 500 700 900 1100 1300 1500 1700 100 300 500 700 900 1100 1300 1500 1700 1900

Wavenumber / cm™’ Wavenumber / cm ™"

Figure 17: a) Raman and b) ROA spectra of neat liquid a-pinene enantiomeric mixtures after
5.5 hours of exposition time each. The legend shows EE determined from sample preparation.
¢) Raman spectra after baseline correction. d) ROA artifact spectrum calculated according to
Eqg. (2.22) is depicted in orange and according to eq. (2.24) is red. All spectra were subjected

to third-order five-point Savitzky—Golay smoothing.
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Figure 18: a) Raman and b) ROA spectra of alanine enantiomeric mixtures in water solution at
a molar concentration ~1.2 M after 5.7 hours of exposition time each. The legend shows EE
determined from sample preparation. The Raman spectrum of the reference (black) was
multiplied by a factor of 0.2 in order to show strong low-wavenumber Raman scattering.
¢) Raman spectra after baseline correction. d) ROA artifact spectrum calculated according to
Eq. (2.22) is depicted in orange and according to eq. (2.24) is red. All spectra were subjected

to third-order five-point Savitzky—Golay smoothing.

The results of the EE analysis for a-pinene and alanine are summarized in Table 3 and
Table 4, respectively. The columns in these tables represent the spectral range selection for
different steps of the EE determination routine (Raman baseline correction, ROA intensity
normalization, artifact correction and EE determination). For the evaluation, last two columns
show the standard deviation of the EE errors (o(4;)) and determined EE of enantiomer B
according to the reference enantiomer A (ép), calculated by equations (2.20) and (2.21).
Individual EE determination errors for options in the tables are depicted in Figure 19.

The importance of introduced post-processing procedure is supported by comparison of
the first and second row in the tables. The results show that, unless the baseline correction,
Raman normalization and the artifacts spectra subtraction is performed, it is not possible to
reduce the standard deviation of the EE errors below 0.26 % for a-pinene and approximately
1.72 % for alanine. The significant improvement in accuracy of the EE determination is mainly

caused by the subtraction of calculated artifacts. Alanine in Table 4 shows large deviations
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from —100 % of EE of reference B. Note that absolute values of EE determination for
enantiomer B above 100 % are possible, since it is a relative value to the reference enantiomer A.

The spectral range selection for Raman baseline correction, ROA normalization, artifact
correction and EE determination was also tested. These results confirmed that the appropriate
choice of spectral range especially for baseline correction and ROA normalization can lead to
a substantial reduction in EE determination errors. This is illustrated by examining option 2
and 3 in Table 3 and Table 4 in contrast to option 1, where a fixed spectral range was used in
the whole post-processing procedure. For example, if the spectral range used for ROA
normalization of a-pinene is limited around the relatively isolated C=C stretching band of
1660 cm?, the most accurate results can be achieved. However, two caveats must be noted.
Due to the oxidation of the a-pinene the relative Raman band intensities change, especially the
sideband 1622 cm™* appears in the presence of the oxidation products in the measured sample.
Despite that the region 1700 cm™ and above is free of fundamental vibrations, there are
numerous low-intensity anharmonic combination and overtone modes, that make proper
baseline correction not an easy task. Not overly surprisingly, the exclusion of the bands carrying
the largest polarization artifacts (667 cm™* for a-pinene and 848 cm™ for alanine) leads to an
increase in the accuracy of the EE determination. For example, limiting the EE determination
of a-pinene to the 700-940 cm ™ range, the outstanding accuracy of 0.05 % was achieved. This
can be explained by a large ROA to Raman ratio and minimal occurrence of artifacts in the

selected region.

Table 3: Enantiomeric excess analysis results of a-pinene for different spectral ranges in each

step of EE determination.

Ootion  Baseline Raman Artifact EE od) @&
P correction  normalization  correction  determination oy /%
0 - - - - - - 100 2000 0.26 -99.95

1 100 2000 100 2000 100 2000 100 2000 0.18 -99.65

2 100 2000 1500 1800 100 2000 100 2000 0.08 -99.92

3 100 2000 1500 1800 100 2000 700 940 0.05 -100.00
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Table 4: Enantiomeric excess analysis results of alanine for different spectral ranges in each

step of EE determination.

Option  Baseline Raman Avrtifact EE o(d) @&
P correction  normalization ~ correction  determination ;o  /op
0 - - - - - - 100 2000 172 -101.49

1 100 2000 100 2000 100 2000 100 2000 0.26 -99.87

2 100 2000 100 1500 100 2000 100 2000 0.25 -99.88

3 100 2000 100 1500 100 2000 900 1500 0.24 -99.77

opt O '

-100  -50 0 50 100 -100 -50 0 50 100
e, ! % € I %
Figure 19: Errors of EE determination A; for a) a-pinene and b) alanine for various options in

spectral range selection described in Table 3 and Table 4, respectively.

We also investigated dependence of accuracy of the EE determination on the
measurement time of the ROA spectra. Raman and ROA spectra were exported periodically
during the experiment and the time dependence is calculated for every cumulative step. The
results for different spectral range options from Table 3 and Table 4 are summarized in
Figure 20. Since the signal-to-noise ratio increases with a square root of the exposition time, it
is reasonable to fit datapoints of the standard deviation of EE determination errors by the

equation
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where g, is the standard deviation expected for the unit exposition time t and g, is the limit of

o(t) = 0w + (3.1)

standard deviation for infinite time measurement, which can be interpreted as a residual
systematic error. For a-pinene, the EE accuracy of 0.1 % was already achieved after 100
minutes of exposition time and accuracy of 0.05 % after 330 minutes of exposition time for the
best choice of parameters. Alanine in an aqueous solution exhibited a comparable convergence
pattern, albeit with lower precision, reaching approximately 0.22 % after 345 minutes. The
diminished accuracy of alanine can be attributed to its ROA signal being ten times weaker than

that of a-pinene.

a) b)
1 1 1 I I I I I I I I I
¢ option 1 ~ * option 1
0.6 —fit (¢,=0.13, #,=0.70) | —fit (7 =-0.02, 0= 5.02)
option 2 1+ option 2 -
2 fit (7,,=0.02, 7,=0.93) | fit (o =-0.02, 0= 5.05)
= 047 * option 3 1= \ * option 3
a fit (7, =-0.02, 7,=1.32) |2 $
\6’ =]
0.2 .
0 1 1 1 1 1 1 0 1 1 1 1 1 1
0 50 100 150 200 250 300 350 O 50 100 150 200 250 300 350
time / min time / min

Figure 20: Dependence of standard deviation of the errors of EE determination a(4;) on the
total exposition time of one mixture of a-pinene (a; 3.91 min per step) and alanine in aqueous
solution (b; 17.22 min per step). Selected options point to the parameters listed in Table 3 and

Table 4, respectively. Data were fitted by the function in eq. (3.1).
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4. Conclusions

In our work we focused on the developing of experimental methodology for Raman and Raman
optical activity spectra (ROA). We also explored spectral interpretation and simulation
procedures, and the information we can get from measured spectra of various chiral substances.
An extended spectral range 50-4500 cm™* was reached by the unique double-grating ROA
spectrometer developed at the Department of Optics Of Palacky University Olomouc.

We explored the sensitivity of ROA to the geometry, absolute configuration, structure
and dynamic behavior on various chiral substances. Compounds, such as 2-chloropropionitrile,
methyloxirane and ethylbenzene derivatives were studied. The full spectral range from 50 to
4000 cm™* was measured, although not all bands could be simulated with sufficient accuracy.
For 2-chloropropionitrile, a detailed dependence of the spectral parameters and potential energy
on selected coordinates was discussed. Rather surprising flexibility of the C—C=N group was
observed. The distribution of conformers obtained from molecular dynamics differed from that
obtained from DFT; the former one was more consistent with the spectroscopic data.

In other conformational analysis, we developed an approach maximizing the similarity
overlap of weighted conformer spectra with the experiment. Then IR, Raman, VCD, and ROA
spectra of amphetamine and methamphetamine hydrochlorides in aqueous solution were
interpreted, using DFT and molecular dynamics simulations. Relative populations of three and
six stable conformers of amphetamine and methamphetamine, respectively, were determined
and found consistent with a previous NMR study. Cluster-based simulations with different
number of water molecules also allowed us to track the solvation effects in ROA spectra, not
much seen in VCD.

The measurement in the broader vibrational range significantly extended the
information that could be obtained by optical spectroscopy from the spectra. For example, we
found that intermolecular interactions contribute to ROA in the wavenumber range lower than
150 cm™. To understand origin of this low-frequency ROA signal, we developed a crystal-like
computational protocol to model bulk liquids. For molecules like methyloxirane or a-pinene
the signal originates predominantly in molecular translations and rotations. For more flexible
and polar molecules, intramolecular motions, specific intramolecular interactions, such as
hydrogen bond stretching, also contribute.

Within 1490-3800 cm™* we observed for the first time a large set of overtone and

combination ROA bands in the spectra of 2-chloropropionitrile and a-pinene. Using various
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perturbation and variational approaches, the most intense bands were assigned, mostly to
double-excited overtone and combination transitions. The results were verified by comparison
of Raman, IR absorption and VCD measurements. The perturbational approach as implemented
in Gaussian 16 software appeared as more practical than the limited vibrational configuration
method.

We proposed accurate methodology for determining the enantiomeric excess (EE) of
chiral samples. The algorithm consists of the Raman baseline correction, ROA intensity
normalization and systematic error elimination procedures. It was applied to nine enantiomeric
mixtures of neat a-pinene and alanine in aqueous solutions. The enantiomeric excess was
determined by solving an overdetermined set of linear equations. The accuracy of the EE
determination was discussed with respect to the spectral range analyzed, purity of the reference,
and the accumulation time of the ROA spectra. After exclusion of the strongly polarized Raman
bands and with spectral range optimal for ROA normalization, accuracy of about 0.05 % and
0.22 % was achieved within reasonable accumulation times for o-pinene and alanine,
respectively. ROA spectroscopy can thus serve as a non-destructive and very accurate technique
for the enantiomeric excess determination. This may find applications in organic chemistry as
well as in the pharmaceutical industry, where the chiral purity is often a critical factor for
reactivity and biological activity.

Overall, the results indicate that the synergy of the experimental and computational
Raman and ROA methodologies may be useful to understand fundamental molecular

properties, with applications including analytical chemistry, biology, or medicine.
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5. Strucné shrnuti v ¢eském jazyce

Tato dizertacni prace byla zaméfena na vyvoj experimentalni metodiky pro Ramanova spektra
a spektra Ramanovy optické aktivity (ROA). Dale bylo vénovano usili metodam interpretace
spekter, jejich simulacim a nasledné analyze z experimentalnich spekter riznych chiralnich
latek. Rozsifeného spektralniho rozsahu 50-4500 cm™ bylo dosazeno za pomoci unikatniho
ROA spektrometru, vyvinutého na Katedie optiky Univerzity Palackého v Olomouci.

Podrobnéji byla studovana citlivost ROA na geometrii, absolutni konfiguraci, strukturu
a dynamické chovani raznych chiralnich latek, naptiklad molekuly 2-chloropropionitrilu,
methyloxiranu a derivatd ethylbenzenu. Experimentalni spektra byla méfena v rozsahu od 50
do 4000 cm™, i kdyz ne viechny pasy bylo mozné simulovat s dostate¢nou piesnosti.
U 2-chloropropionitrilu byla diskutovana detailni zavislost spektralnich parametri a potencialni
energie na vybranych thlech. Byla zjisténa pomérmné velka flexibilita C—C=N skupiny této
molekuly. Distribuce konformert, generovana molekulovou dynamikou, se lisila od distribuce
ziskané z DFT vypoctt, pficemz vysledky byly vice v souladu s experimentalnimi daty.

Pro ucely konformac¢ni analyzy byl vyvinut originalni algoritmus zalozeny na
podobnosti experimentalniho a simulovaného spektra, ktery byl nasledné vyuzit pii analyze IC,
Ramanovych, VCD a ROA spekter amfetaminu a jeho derivatl ve vodném prostiedi. Interakce
s prostfedim byla simulovéna za pomoci implicitnich modeli (PCM, COSMO) a explicitnim
zahrnutim modelt rozpoustédla do vypoctu. Ve shodé s ptedchozi NMR studii, bylo uspésné
stanoveno relativni zastoupeni tfi stabilnich konformerli amfetaminu a Sesti stabilnich
konformerti methamfetaminu. Systematickym zahrnutim molekul vody do vypoc¢tl bylo mozné
analyzovat vlivy jednotlivych mezimolekularnich interakci na ROA spektra, zatimco u VCD
spekter byl jejich vliv zanedbatelny.

ROA méfeni v rozsifeném spektralnim rozsahu vyznamné rozsifilo informace, které Ize
z vibracnich spekter ziskat prostfednictvim optické spektroskopie. Bylo zjisténo, ze
mezimolekularni interakce piispivaji k ROA signalu pod 150 cm™ . Pro pochopeni ptivodu
tohoto nizkofrekven¢niho ROA signalu byl vyvinut vypocetni protokol pro modelovani kapalin
s periodickou strukturou podobnou krystalu. Bylo zjisténo, Ze signal jednoduchych molekul,
jako je methyloxiran nebo a-pinen, ma puvod pfevazné v translacnich a rota¢nich pohybech
molekul. U vice flexibilnich molekul ptispivaji do této oblasti také intramolekularni interakce,

jako napftiklad protahovani vodikovych vazeb.

40



V rozsahu 1490-3800 cm* byly viibec poprvé pozorovany vyssi harmonické
a kombina¢ni mody v ROA spektrech 2-chloropropionitrilu a a-pinenu. Za pomoci rtznych
perturbacnich a varia¢nich modelt byly nejintenzivnéjsi pasy pfifazeny dvojité¢ excitovanym
prekryvovym a kombinaénim piechodim. Tyto vysledky byly rovnéz podpoteny porovnanim
Ramanovych, IC a VCD spekter. Perturbaéni piistup implementovany v softwaru Gaussian 16
poskytoval lepsi vysledky nez metoda omezené vibracni konfigurace.

Dale byla navrzena metodologie pro pfesné uréovani enantiomerniho piebytku (EE)
chiralnich vzorkt. Algoritmus zahrnujici korekci fluorescen¢niho pozadi v Ramanovych
spektrech, normalizaci intenzity ROA a proceduru systematické eliminace chyb byl aplikovan
na devét smési a-pinenu a alaninu ve vodnych roztocich o rizném enantiomernim sloZeni.
Enantiomerni pfebytek byl stanoven feSenim preurené soustavy linearnich rovnic. Presnost
urc¢eni EE byla diskutovana s ohledem na analyzovany spektralni rozsah, enantiomerni Cistotu
reference a dobu méfeni ROA spekter. Po vylouceni silné polarizovanych Ramanovych past
a s optimalnim spektralnim rozsahem pro normalizaci ROA byla dosazena pfesnost ptiblizné
0.05 % pro a-pinen a 0.22 % pro alanin v relativné kratkém case. ROA spektroskopie tak mtize
byt vyuzita jako nedestruktivni a velmi pfesna technika pro uréovani enantiomerniho ptebytku,
naptiklad v organické chemii nebo ve farmaceutickém priamyslu, kde je chiralni Cistota ¢asto
kritickym faktorem pro reaktivitu a biologickou aktivitu.

Celkové vysledky naznacuji, Ze synergie experimentdlnich a vypocetnich metodik
Ramanovy a ROA spektroskopie miize byt uzite¢na pro porozuméni zakladnim molekularnim

vlastnostem s aplikaci na poli analytické chemie, biologie nebo mediciny.
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