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Preface 
 

Optical spectroscopic methods are based on interactions of molecules with 

electromagnetic radiation. Many different types of spectroscopic techniques have been 

developed and found numerous applications in biochemical and structural studies 

of peptides, proteins, nucleic acids and other natural compound. The determination of 

structure of biomolecules and consecutive clarification of the relation between their 

structure and functionality is one of the main tasks of biophysics. 

As many of biomolecules are chiral, chiroptical spectroscopic methods are 

being widely used for determining the structure (i.e., absolute configuration and 

preferred conformation in solution). Chiroptical spectroscopy explores the interaction 

of polarized light with a chiral sample. Differences in absorption, scattering, 

or dispersion of left- and right-circularly polarized light on molecules can be utilized. 

Two methods of vibrational optical activity, Raman optical activity (ROA) 

and vibrational circular dichroism (VCD), are used in this thesis. They combine the 

sensitivity of chiroptical methods to spatial arrangement of atoms in molecules with 

the richness of vibrational spectra. Vibrational spectroscopy can also be used to study 

dynamic structural changes. The time scale of vibrational transitions is shorter than 

for conformational changes and the vibrational spectrum represents a sum of the 

conformer spectra. We also used the electronic circular dichroism (ECD), circularly 

polarized luminescence (CPL) and chirality-insenitive nuclear magnetic resonance 

(NMR). A brief overview of the methods is in Chapter 1. 

It is important to understand the origin of measured spectra and physical 

principles behind them. Computational chemistry can help us with it. Quantum-

chemical computations on real systems require many approximations. New algorithms 

were developed in the last decade, for example an analytical derivative procedure 

for ROA tensors implemented into Gaussian09 enabled to efficiently compute ROA 

intensities. Especially accurate simulations, taking into account the solvent and many 

conformations of flexible molecules, are needed for chiroptical spectra. The methods, 

which we used, are summarized in Chapter 2.  

The objectives of the thesis are formulated in Chapter 3. Chapter 4 contains 

descriptions of the computational and experimental details. Achieved results, related 

to four publications that can be found as Attachments, are discussed in Chapter 5.  
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Averaging of many conformers and solvent configurations is necessary for 

flexible molecules to represent the investigated system more realistically. However, 

cluster geometries obtained directly from molecular dynamics often provide 

unrealistic vibrational band broadening. The normal mode optimization method was 

used to reduce this broadening in publication [I] (Chapter 5.1). 

Publication [II] (Chapter 5.2) represents another methodological study. The 

ability of several harmonic and anharmonic computational approaches to describe 

vibrations in the C-H stretching region (~3000 cm-1) is explored for three terpene 

molecules. Four spectroscopic methods (IR, VCD, Raman, ROA) are examined 

together in order to better assess the reliability of the simulations. 

The role of dispersion forces and influence of different organic solvents 

on conformer equilibria is examined for cyclic dipeptides with tryptophan by ECD, 

VCD, ROA and NMR spectroscopy in publication [III] (Chapter 5.3). 

The last project deals with lanthanide complexes that are used as convenient 

spectroscopic probes for many biomolecules. The lanthanide-peptide interaction and 

its effect on lanthanide spectroscopic properties was investigated systematically in 

a series of histidine-containing peptides and complexes of europium as described 

in publication [IV] (Chapter 5.4). CPL spectra sensitively reacted on the histidine 

position in the peptide chain, peptide length and pH. These findings were rationalized 

by molecular dynamics simulations. 

Common attributes of all papers included in this thesis are the technique of the 

Raman optical activity and interest in details that can affect the computed spectra. 
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1. Spectroscopic studies of chiral molecules 
 

1.1. Chirality 
 

Chirality is one of the fundamental principles in nature and describes the ability 

of an object to exist in two forms called enantiomers. They are “mirror images” to each 

other and cannot be superimposed (Fig. 1.1).1,2 Such objects do not have a plane 

or a centre of symmetry. The word chirality is derived from the Greek word “kheir” 

meaning hand. This term was suggested by Lord Kelvin in 1904. Human hands are 

perhaps the most universally recognized example of chirality.  For molecules, many 

chemical and physical properties (molecular formula, bonding arrangement, melting 

point, boiling point, density) are identical for both enantiomers.  

Enantiomers may interact in different ways with other chiral molecules and 

they can also be resolved by interaction with polarized light. As a linearly polarized 

light passes through an optical active system (a solution of chiral molecules), the plane 

of polarization, when viewed along the axis toward the source, may be rotated 

in a clockwise (to the right) or anticlockwise (to the left) direction. In 1848, Louis 

Pasteur discovered that mirror-image enantiomers generate equal but opposite optical-

rotation angles. Observation of this phenomenon3,4,5 started the chirality research. 

A right handed rotation is called dextrorotary (D-), a left handed rotation is levorotary 

(L-), according to the Fischer system.6 The Cahn-Ingold-Prelog system7 represents 

another way how to distinguish between two enantimers. It deals with a chiral center, 

which is the simplest molecular element that leads to chirality. Usually, it is a carbon 

with sp3 orbital hybridization forming four different bonds arranged in a tetrahedron. 

The configuration of the chiral center is specified by the letters R- for rectus (right) 

and S- for sinister (left) orientation. Apart from the chiral center, the chirality can be 

based on a helix, chiral axis, etc. 

Chirality is a crucial concept in chemistry of living organisms because many 

biologically important molecules are chiral. These molecules are often naturally 

present in one enantiomeric form only. D-saccharides are typically preferred in nucleic 

acids and L-amino acids are present in proteins. Chirality of biomolecules is related to 

biologically important processes. For example, proteins are often highly 

stereoselective towards their binding partners. For a molecule with n chiral centers, the 

maximum number of possible stereoisomers is 2n. Quite often, only one of the possible 

forms is biologically active.8 The enzymes are the most conspicuous examples of 
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chirality among biomolecules. All of them have many stereocenters (well-known 

example is a proteolytic enzyme chymotrypsin containing 251 stereocenters)9 but 

usually only one of these stereoisomers is produced and utilized in a given organism.  

 

Fig. 1.1: Two enantiomers of the simplest chiral aminoacid – alanine. 

 

1.2. Chiroptical spectroscopy 
 

Chiroptical spectroscopy probes interaction of polarized light with a chiral sample. It 

can explore differences in absorption, scattering, or dispersion of left- (LCP) and 

right- (RCP) circularly polarized light on molecules.10 The circularly polarized light, 

being intrinsically chiral itself, acts as a chiral probe.  

Historically, the first observation of molecular chirality was rotation of the 

plane of linearly polarized light, referred to as optical rotation (OR). OR or optical 

rotatory dispersion (ORD), which is OR as a function of wavelength, have been 

routinely used by synthetic chemists for compound characterization for more than 

100 years.11,12,13 Later, the absorption difference of LCP and RCP light, electronic 

circular dichroism (ECD), was observed as well. Both techniques typically use 

ultraviolet or visible light and explore the electronic transitions in molecules. The ECD 

and ORD spectra are related through the Kramers–Kronig transform relations.14
 As 

a result, an ECD spectrum can be converted into an ORD spectrum when a full ECD 

spectrum covering all electronic transitions is available and vice versa. Thus, ECD and 

ORD are not truly independent spectroscopic methods. Nevertheless, practical 

limitations (a full range ECD/ORD spectrum covering all electronic transitions is not 

measurable in practice) make these two methods complementary.15 ECD, however, is 

easier to interpret. 
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Another technique related to ECD, is the circularly polarized luminescence 

(CPL), that measures differences in emission of the LCP and RCP light, i.e. transitions 

from the excited states are detected.16,17  

The introduction of commercial instrumentation for measuring ORD in the 

1950s and ECD in the 1960s led to a rapid expansion of applications of chiroptical 

spectroscopy in organic and inorganic chemistry and biochemistry and, more recently, 

in supramolecular chemistry and chiral nanoscience.18,19 ECD is currently the most 

common chiroptical method. It is routinely used as a probe of the stereochemistry and 

behavior of chiral molecules in solutions, especially for proteins.  

In mid-1970's it was shown that the enantiomer selectivity can be incorporated 

into the vibrational spectroscopy, which led to the development of the new field of the 

vibrational optical activity (VOA). Similarly as the vibrational spectroscopy consists 

of two complementary techniques: Raman and infrared (IR) spectroscopy, VOA 

consists of their chiral variants: Raman optical activity (ROA) and vibrational circular 

dichroism (VCD). Many resolved vibrational bands (3N–6 vibrational modes for 

N-atomic molecule) can be distinguished in VOA spectra compared to few bands 

usually observable for electronic transitions. VOA is therefore more sensitive to 

structural details. ROA explores the same vibrational transitions as VCD, but the 

technique is more complex. 

The first ROA spectrum was reported in 1973 by Prof. Barron et al.20 measured 

for both enantiomers of 1-phenylethanol and 1-phenylethylamin from 300 to 400 cm-1. 

The reliability of the measured signal was confirmed by Prof. Hug.21 The first VCD 

spectra were measured in 1974 by Holzwarth et al.22 for C-H (2920 cm-1) and C-D 

(2204 cm-1) stretching modes of both enantiomers of 2,2,2,-trifluoro-1-phenylethanol. 

Thanks to the availability of commercial instruments (first VCD in 199723 and ROA 

in 200324), VOA is now more accessible to the wider scientific community. VOA was 

applied for many types of biomolecules:25 peptides,26 nucleic acids,27 sugars,28 

and viruses.29 

Also the level of analysis of chiroptical spectra is improving rapidly thanks to 

advances in computational chemistry,30 which has improved our understanding of the 

underlying principles behind these chiroptical techniques. The availability of fast 

computers with large memory allowed quantum-chemical calculations for larger 

molecules of synthetic, pharmaceutical and biological importance. Nowadays 
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calculations of chiroptical spectra are implemented into free and commercial computer 

programs (Gaussian,31 Dalton,32 ADF,33 CADPAC,34 etc.).  

A comparison of the chiroptical methods used in this thesis is in Table 1.1. 

Commercially available ECD spectrometers cover a broad range of wavelengths 

(~180–800 nm). This range may be severely restricted by the solvent transmission, 

material of the sample cell, etc. Below 180 nm, special vacuum techniques and 

synchrotron radiation can be used as the source of light.35 Low-lying electronic 

transitions, for example in lanthanide complexes, can be seen by extending the 

wavelength range to the near-infrared region (800–1100 nm). Many organic solvents 

enabling ECD measurement in a large part of the 180–800 nm intervals are available, 

the concentration can be lower and accumulation times shorter than for VOA. 

The electronic spectra, however, provide a limited number of features, not necessarily 

associated with local geometry. VOA spectroscopies are generally more sensitive to 

the local structure. Signals corresponding to distinct parts of the molecule are usually 

well separated in VOA spectra. 

 

Table 1.1: Comparison of chiroptical techniques. Modified from36 
 

 

Method CPL ECD VCD ROA 

Cost 0.3 0.1 0.1 0.2 

Usual detection range 

 

180-800 nm 

 

180-800 nm 

 

800-4000 cm-1 

 

100-2400 cm-1 

** 

Peak resolution 

 

Few bands 

 

Few bands 

 

Many 

transitions 

Many 

transitions 

Solid state measurement Possible Possible Possible Not known 

Typical concentration 0.1 mg/ml 0.1 mg/ml 10 mg/ml 30 mg/ml * 

Water as a solvent OK OK Problematic Ideal 

Organic solvents OK OK Acceptable Problematic 

Theoretical prediction 

(DFT/TD-DFT) 

Difficult 

 

Usually 

reliable 

Very reliable 

 

Very reliable 

 
 

* for many compounds the recommended concentration for ROA is not possible due 

to a limited solubility 

** shift from the laser radiation 

 

Other advantages of VOA (ROA and VCD) are inherited from the parent 

Raman and IR spectroscopies. The usual spectral range for VCD is from 800 to 

4 000 cm-1 but it is extensible up to 14 000 cm-1, where overtones and combination 

bands occur. ROA is usually measured from 200 to 2400 cm-1 (rarely 4000 cm-1).37 
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The low-frequency vibrational modes (amide modes IV–VII in proteins, helix 

breathing, torsions and skeletal deformations)38 accessible by ROA may be particularly 

sensitive to the conformation and dynamics of molecules. The ROA measurement 

requires even higher sample concentration than VCD. The most commonly used 

solvents represent another difference between ROA and VCD spectroscopy. Water has 

a weak Raman scattering, whereas a scattering from organic solvents often masks the 

ROA signal from the sample. Therefore, ROA spectroscopy is particularly well-suited 

for biomolecular applications like investigations of the secondary structures of 

peptides in the natural aqueous environment. Purification of samples in order to 

minimalize the fluorescence from impurities is often required for ROA spectroscopy. 

Water and other polar solvents have broad and intense absorption bands, so less polar 

solvents are preferred in the VCD spectroscopy. The ROA and VCD spectroscopies 

have different selection rules, consequently, they have different sensitivities towards 

distinct parts of biomolecules. 

A brief overview of common principles of ROA, VCD, ECD and CPL is 

presented in the following chapters. The quantum-chemical methods used for 

calculations of the spektra are introduced in Chapter 2 and discussed with the focus on 

computational aspects and investigation of flexibility of chiral molecules in solution. 

Other information can be found in books of Barron,2 Nafie,39
 and Polavarapu.40 

 

1.2.1. Raman optical activity 
 

Raman optical activity measures a small difference in Raman scattering of RCP and 

LCP light, either in the incident or scattered beams, or even in both2  

 
𝐼𝑅𝑂𝐴 = I(𝑅) − 𝐼(𝐿).                                                (1.1) 

                                           
 

A normalized circular intensity difference (CID) can be defined as41  
 

∆=
𝐼𝑅𝑂𝐴

𝐼𝑅𝐴𝑀
=

𝐼(𝑅) − 𝐼(𝐿)

𝐼(𝑅) + 𝐼(𝐿)
.                                               (1.2) 

 
 

ROA is a weak effect, ∆ ~10-3–10-5, and the parent Raman scattering is already 

a relatively weak phenomenon – only about one from 106 photons is scattered 

inelastically. A high experimental sensitivity is therefore required for ROA 

measurements and the technique is susceptible to artifacts. If both enantiomers are 



10 

 

measured, the mirror imaged signals should be obtained.42 These signals can be used 

to check the experimental reliability. 

There are several experimental configurations. First selectable parameter is the 

scattering anglebetween directions of the incident and scattered light. Three basic 

geometries are: the forward (0°), right-angle (90°) and backward (180°) scattering. The 

backscattering geometry is currently considered to be the best experimental strategy. 

Its main advantage is a high signal intensity and lower artifacts level.43  

Another parameter is the polarization of incident and scattered light. There are 

three basic circular polarization schemes:  

1. The incident circular polarisation (ICP),20  

where the incident laser beam is periodically switched between RCP and LCP 

states, and the detected scattered light is linearly polarized or unpolarized. 

2. The scattered circular polarisation (SCP),21  

where the incident light is linear or unpolarized and the difference in RCP and 

LCP Raman scattered light is detected. 

3. The combination of ICP and SCP called dual circular polarisation (DCP),44 

where both the incident and scattered light are circularly polarized, either 

in-phase (DCPI) or out-of-phase (DCPII) as summarized in Fig. 1.2. 

 

 

 

Fig. 1.2: Diagram of energetic levels of a molecule showing polarization states of the 

incident and scattered light for four experimental forms of ROA. Adapted from 45.  
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First ROA instruments of Prof. Barron in Glasgow laboratory were based on 

the ICP scheme and used the right-angle46 and backscattering geometry.47 The only 

one commercial ROA instrument so far was introduced by BioTools, Inc., USA in 

2003.24 This spectrometer is based on the design of Hug and Hangartner. It uses the 

SCP scheme and the backscattering geometry. Relatively easy ROA measurements 

with artifact reduction were enabled by two novel features:  

1. the RCP and LCP scattered radiation separated by a polarization beam splitter 

is measured simultaneously on the upper and lower halves of a multichannel 

charge-coupled device (CCD) detector. The ROA spectrum is obtained by 

subtracting the LCP intensity from the RCP intensity.  

2. the use of electronically controlled half-wave led to optical generation of 

virtual enantiomers and thus to elimination of the artifacts resulting from 

residual linear polarization components in RCP and LCP scattered light.48 

The simultaneous measurement of both states of circular polarization enabled 

elimination of the “flicker noise” (a random noise, which might be caused by 

fluctuations in the laser power, sample density, dust particles in the optical path or heat 

fluctuations of the detector) and speeded up the experiment. Theoretical aspects of 

ROA will be discussed in Chapter 2.2.3. 

 

1.2.2. Circular dichroism  
 

The circular dichroism (CD) intensity is defined as the difference in the absorbance 

for LCP and RCP (Fig. 1.3)39  

 
∆𝐴(𝑣) = 𝐴𝐿(𝑣) − 𝐴𝑅(𝑣)                                                (1.3) 

 

 

Fig. 1.3: Energy-level polarization diagram illustrating the photon transitions 

associated with CD. For VCD energetic levels 0 and 1 correspond to the zeroth and 

the first vibrational levels of the ground electronic state. For ECD energetic levels 0 

and 1 refer to the ground and the excited electronic state. Adapted from 45. 
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The corresponding absorption spectrum can be defined as the average 
 

𝐴(𝑣) =
1

2
[𝐴𝑅(𝑣) + 𝐴𝐿(𝑣)].                                             (1.4)                                        

 

The differential molar absorption coefficient defined by the Beer-Lambert law 

can be also used 
 

Δ휀(𝑣) = 휀𝐿(𝑣) − 휀𝑅(𝑣) =
Δ𝐴

𝑐𝑙
,                                         (1.5) 

                                                                   
where c is the molar concentration in mol.L-1 and l is the pathlength in cm. This 

definition of CD does not depend on the choice of sampling variables such as 

pathlength and concentration. Therefore it is useful for comparison of experimental 

and calculated CD spectra.                                                

Two spectral regions are the most frequent: ultraviolet-visible (UV/vis) and 

infrared (IR). CD measured in the UV/vis region is called electronic CD, because 

electronic transitions are involved. CD measured in the IR region is called vibrational 

CD as it mostly samples vibrational transitions. While ECD is more sensitive to 

molecular environment, VCD spectra provide more local information about the 

structure. The theoretical aspects will be discussed in Chapter 2.2.4. 

A dimensionless anisotropy ratio can be defined as41  
 

𝑔 =
𝛥𝐴

𝐴
=

2[𝐴𝐿 − 𝐴𝑅]

𝐴𝑅 + 𝐴𝐿
,                                               (1.6) 

                                                 

in analogy to ∆ (1.2) in ROA. 𝑔 is typically ~10-3 for ECD and 10-4 for VCD.49 A high 

stability of spectrometers is therefore required.  

Commercial instrumentation is available for both ECD and VCD. Two types of 

VCD spectrometers exist: dispersive and Fourier-transform (FT). The dispersive 

instruments50 use a grating monochromator to scan through the wavelength region of 

interest, recording the spectrum sequentially. The FT‐CD instruments use the 

Michelson interferometer and collect all wavenumbers simultaneously. The first 

FT-VCD spectrometer was constructed in 197951 and the first commercial instrument 

was offered in 1997 by BioTools.23 Shortly after, Bruker, Jasco and Thermo-Fisher 

also introduced the VCD accessories into their FT-IR spectrometers. Despite the 

different designs of VCD spectrometers, all of them use the photoelastic modulator 

(PEM) placed in front of the sample to modulate the IR beam.  
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The FT technique dominates the commercial market. It can produce 

high‐quality spectra over the entire mid‐IR, typically from ~600 to ~2000 cm−1 with 

a good resolution (typically 4 cm−1) and in a reasonable time. The dispersive VCD 

instruments are still used for measuring isolated bands, e.g., for biopolymers 

in aqueous solution in the midIR region, taking advantage of a stronger source and 

a narrower spectral region.26,52  

Samples suitable for VCD measurement should exhibit absorbance in 

a relatively narrow range of 0.1–1.0; the most desirable value is around 0.5. Too high 

absorption means the lack of incident light on the detector and sizable artifacts. For 

small absorptions, the noise level is increasing and birefringence in the optical material 

of optical lenses, filters, cells and other windows, and reflections may cause artifacts. 

The absorbance can be optimized by a combination of sample concentration, optical 

pathlength and choice of the solvent. Water and other polar solvents have broad and 

intense absorption bands, so less polar solvents are preferred. Deuterated organic 

solvents are frequently employed to reduce the absorbance within the spectroscopic 

window.  

 

1.2.3. Circularly polarized luminescence 
 

Circularly polarized luminescence can be viewed as the emission analogue of ECD, 

i.e. the light is emitted by an excited state and we measure the differences in emissions 

of the LCP and RCP light (Fig. 1.4).16 Another form of fluorescence optical activity, 

for which the total fluorescence is measured for absorption of LCP and RCP light, is 

called fluorescence detected circular dichroism (FDCD). 

 

 

Fig. 1.4: Energy-level polarization diagram illustrating definition of CPL. Adapted 

from 45. 𝑔 is the ground state, e is the excited electronic state.  
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 A normalized dissymmetry factor can be defined in analogy to ∆ (eq. 1.2) 

in ROA and 𝑔 (eq. 1.6) in VCD as 

𝑔 =
2[𝐹(𝑅) − 𝐹(𝐿)]

𝐹(𝑅) + 𝐹(𝐿)
,                                                 (1.7) 

 

For isolated organic molecules 𝑔~10-3–10-2.  

Custom-built instruments for measurement of CPL were designed, developed 

and improved by a limited number of research groups.17 CPL instruments contain 

a quarter-wave modulating circular polarization analyzer that converts alternately LCP 

and RCP light in a luminescence beam into a linear polarization. Nowadays, also 

commercial instruments are available. The first commercial CPL spectrometer from 

JASCO (CPL-200) consists of two CD spectrometers, with the second one used as the 

emission spectrometer.  

CPL spectroscopy has been useful for some organic molecules, liquid crystals 

and polymers. In the last 20 years, applications involving luminescent lanthanide (III) 

ions, particularly Eu(III) and Tb(III) also appeared. The Eu fluorescence bands are as 

narrow as the vibrational ones, and occur within the operational range of the SCP-ROA 

spectrometers, so CPL can be measured using this technique.53,54 Similarly, the 

ICP-ROA instrument can measure FDCD. In addition, the strong laser radiation source 

makes it possible to observe quite weak signals, undetectable on conventional CPL 

spectrometers.36,55 For example, the strongest Eu(III) signal, which can be measured 

on the SCP ROA spectrometer, belongs to the 5D0 → 7F1 transitions56,57 and appears as 

(“false”) Raman bands shifted by ~1700–2100 cm-1 from the 532 nm laser excitation. 

A weaker signal around 850 cm-1 belongs to the 5D1  7F2 transitions58 and is visible 

in the differential (CPL) spectrum only. The luminescence can be distinguished from 

the “true” Raman scattering.59  

Many of the applications of lanthanides (III) involve selective and sensitive 

probes of biomolecules,60 such as amino acids, peptides61,[IV] and sugars.62 However, 

modelling of the lanthanide complexes is not directly approachable by current 

computational tools as it often involves energy transfer between many molecular 

energy levels and excited state optimization, i.e. it is quite more complex than for ECD. 

The theoretical understanding of lanthanides and the fluorescence enhancement effects 

is rather poor as discussed in Chapter 5.4 (publication [IV]).   
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1.3. Applications of chiroptical spectroscopies 
 

Chiroptical spectroscopies are being used for determining the molecular structure (i.e., 

absolute configurations and conformations) in solution.42 They do not provide an 

atomic resolution, unlike the X-ray crystalography63 and nuclear magnetic resonance 

spectroscopy (NMR).64 These higher-resolution techniques dominate in structural 

biology, but methods of chiroptical spectroscopy are more convenient sometimes. 

For X-ray crystallography and similar diffraction techniques65 it is necessary 

to obtain a crystal structure of a studied system, which can change its native structure 

in some cases. The absolute configuration determination is possible only in the case of 

monocrystalline samples. The crystallization process may be rather problematic for 

some proteins (especially for short peptides or membrane proteins). Another limitation 

is that larger molecules must contain “heavy” atoms.  

The NMR spectroscopy measurements is limited by molecular size (molecular 

weight can not be usually larger than a few hundreds of kDa)66,67 and absolute 

configuration can be obtained from NMR only through an interaction with another 

system (solvent or reagent) of known chirality.68 NMR is able to probe the molecular 

motion over a wide range of timescales, ranging from picoseconds to tens of seconds.69 

Nevertheless, faster conformational changes are not detectable and only an average 

signal of conformer populations is obtained. For optical spectroscopies, a very fast 

optical response (absorption/emission of a photon ~3.10-14 s) enables to discriminate 

these conformers and the measured spectrum is an algebraic sum of the subspectra.  

Chiroptical spectroscopies are not only suitable for measurements in solutions, 

but they easily enable to study molecules under different experimental conditions 

including pH, temperature, concentration and/or chemical environment. It is therefore 

possible to study structural changes in various biomolecular processes including 

protein folding70,71 denaturation72 or interaction with ligands. Off all available 

chiroptical spectroscopic methods, VOA is by far the richest in the abilitity to reflect 

structural details. The main applications of VOA methods are described in the 

following chapters.  
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1.3.1. Determination of the absolute configuration  
 

This is a fundamental problem in stereochemistry encountered during organic 

synthesis, analysis, drug screening and natural product isolation, especially in the 

pharmaceutical industry.73 As the human body is amazingly chiral-selective, single-

enantiomer drugs are more efficient in binding to biological targets and have fewer 

side effects than the equivalent racemic drugs (which contain an equal mixture of the 

enantiomers). Nearly 50% of drugs are chiral; the pharmacological activity resides 

with the eutomer (pharmacologically active enantiomer) whereas the distomer 

(inactive or less potent or equally potent or different pharmacological activity or toxic 

enantiomer) metabolizes by a different pathway and can create unnecessary burden on 

the body. A notorious example is thalidomide that was used in 1960s to 

alleviate morning sickness in pregnant women and caused that between 5,000 and 

7,000 infants were born with phocomelia (malformation of the limbs).74  

Every chiral drug substance approved for sale by the US Food and Drug 

Administration (FDA) must have a known absolute configuration. The use of 

stereochemically pure drugs with specified level of the enantiomeric excess (EE), 

usually greater than 99%, was recommended in 1992. Recently, both ROA and VCD 

methods were approved as suitable quantitative tools for chiral active pharmaceutical 

ingredient tests as an alternative, or supplement, to the X-ray crystallography and 

NMR method. Structures of over 7000 molecules have been determined with VCD 

and over 150 patents for new drug applications have been filed, where the absolute 

configuration is proven with VCD.  

Currently, VCD is used more routinely than ROA. In some cases however, for 

example the (R)-[2H1, 
2H2,

 2H3]-neopentane,75,76 or bromochlorofluoromethane,77 ROA 

represents the only technique how to determine the absolute configuration. The focus 

is on simultaneous use of multiple methods.78 A combination of VCD and ROA 

methods with theoretical calculations (sometimes accompanied by ECD and NMR) 

was found to be the most useful for determination of the absolute configuration for 

molecules with two or three chiral centres.79,[III`],[IV`] 

  Many applications involve the measurement of the enantiomeric excess, which 

is the excess of one enantiomer over the other in the sample. In favorable 

circumstances, EE may be determined to an accuracy of ~0.1%.80 It is predominantly 

handled by VCD,81,82 but also ROA can be useful.83,84 

https://en.wikipedia.org/wiki/Morning_sickness
https://en.wikipedia.org/wiki/Phocomelia
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1.3.2. Structural studies of the biologically significant molecules 
 

Chiroptical methods, especially ROA spectroscopy measured in aqueous solution, are 

useful probes of the structure and behaviour of many biomolecules.43,85 As for the 

small molecules, ROA spectra provides valuable information on proteins,86 

carbohydrates,28,87 polypeptide and carbohydrate components of intact 

glycoproteins,88 and nucleic acids.27,89 The systems of biological interest are often large 

and complicated and their investigation represents a challenge at both experimental 

and theoretical levels. In biopolymers (peptides/proteins, nucleic acids), however, the 

more or less regular repetition of the chiral subunits provides intense and unique 

spectral patterns.90  

ECD was the first method that enabled determination of the secondary structure 

content in proteins.91,92,93 ECD is well-suited for the investigation of light-absorbing 

molecular subunits.94 The amides groups are the most active chromophores of protein 

backbone. Their different arrangement leads to characteristic ECD spectra of different 

secondary structures.95,96 Characteristic ECD bands can be found in the spectral region 

of amide group absorption (far-UV CD, below 250 nm). A typical protein spectrum 

contains n–* transitions (~220 nm) and –* transitions (~190 nm and ~140 nm). 

-helices have intense ECD signals and are easily detectable. ECD spectra of β-sheet 

or β-turn structures are not so characteristic. Signals from aromatic residues 

(phenylalanine, tyrosine and tryptophan) can be found in the spectral range of 250–

290 nm, which can contribute to the tertiary structure assessment.  

The most intense bands in ROA spectra of proteins are assigned to vibrations 

of the protein backbone. They are found in three main spectral regions:  

1. the backbone skeletal stretch region (~870–1150 cm-1), which is assigned 

mostly to C–C, C–C and C-N stretching vibrations,  

2. the extended amide III region (~1230–1350 cm-1) corresponding to the 

in-phase combination of the in-plane N-H deformation with the C-N stretch 

together with C-H deformations,  

3. the amide I region (1600–1700 cm-1), where C=O stretching bands can be 

found. The amide III region is supposed to be the most characteristic for 

the peptide backbone conformation, due to the coupling between N-H and 

Cα-H deformations.43   

https://en.wikipedia.org/wiki/Biomolecule
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-helices are characterized by a positive band at ~1340-1345 cm-1, 

a negative/positive couplet at ~1640 and 1660 cm-1 and a positive signal within ~870–

950 cm-1. -sheets have a negative band at ~1245 cm-1 and a negative/positive couplet 

at ~1650 and 1680 cm-1.97 The signal corresponding to β-turns also involves a positive 

band at ~1295 cm-1 and a negative band at ~1345 and 1375 cm-1. 

Side chain vibrations generate many characteristic Raman bands, but they are 

often less prominent in ROA spectra due to conformational freedom, which can 

suppress the ROA intensities. Only a few side chain vibrations generate strong ROA 

signals98,99 such as tryptophan (~1545–1560 cm-1 and ~1400–1480 cm-1), or 

phenylalanine and tyrosine (~1545–1560 cm-1).100 The tryptophan band ~1545–

1560 cm-1 which is assigned to the W3 vibration of the indole ring in tryptophan, can 

be used to determine the conformation of the tryptophan side chain. The wavenumber 

of this W3 vibration correlates with the magnitude of the torsion angle. While 

a positive W3 ROA signal corresponds to the positive  torsion angle, a negative 

signal corresponds to the negative one.101,102,[III] 

For VCD spectroscopy, the secondary structure can be derived from the 

patterns of the amide I and amide II regions.103,26,104 The following pattern is 

characteristic for -helical structure: a negative/positive couplet at ~1660 and 

1640 cm-1 and a negative band at ~1515 cm-1. Random coil proteins provide a positive/ 

negative couplet at ~1660 and 1640 cm-1 in amide I region together with a negative 

VCD band in the amide II region. The-sheet structures often have a characteristic 

negative band in the amide I and a positive/negative couplet in the amide II region.105 

VCD is also sensitive to aggregated supramolecular structures, such as protein 

fibrils.106 The VCD intensity is enhanced and characteristic spectral amide I 

patterns - either (+,+,–,+,+), or (–,–,+,–,–), correspond to the left- or right-handed 

supramolecular chirality.107,108  
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1.4. Interpretation of chiroptical spectra 
 

Reliable interpretation of the experimental data is essential for many applications. 

A few rules for the empirical correlation of VOA intensities and molecular structure 

are known today.102 Spectroscopic signatures of main structural motives (-helix and 

-sheet for proteins) as mentioned in the previous chapter have been revealed by the 

analysis of known structures.109 

A more general procedure is to analyze the experimental data using 

quantum-chemical predictions introduced in Chapter 2.110,111,112 Those are able to 

assign signals to appropriate vibrations and provide other stereochemical information. 

The absolute configuration or conformation is established by comparison of signs and 

relative intensities of bands in the measured and calculated VOA spectrum.113    

Simulations of vibrational spectra are generally more reliable than those for 

electronic ones, because the calculations involve molecules in their ground electronic 

states. However, interpretation of VOA spectra of even small molecules by 

computations can be still complicated. The molecules are often very flexible 

(not stabilized by intramolecular non-covalent bonding) and their interaction with the 

solvent has a profound effect on the vibrational modes. Molecular flexibility can 

modify Raman/ROA and IR/VCD spectral intensities, band positions and, 

in an extreme case, the signs of ROA/VCD bands. In general, flexibility makes the 

VOA signal weaker and causes a large inhomogeneous broadening of the spectral 

bands. It has been shown that ROA spectra of rigid molecules show sharper bands and 

more ROA features than of flexible molecules.114 
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2. Molecular spectroscopic properties 

 

Calculations have become an indispensable part of spectroscopic research. Simulated 

spectra can be used to confirm structural parameters, understand the vibrational nature 

of observed bands and give precious information on conformational dynamics. 

Methods of quantum chemistry are used in this thesis as well as molecular dynamics 

simulations with empirical force fields.  

 

2.1. Methods for simulations of the spectra  
 

2.1.1. Basics of quantum chemistry 
 

Molecular systems are described by the Schrödinger equation (SE)115    

  

 𝑖ℏ
𝜕𝜓

𝜕𝑡
= �̂�𝜓,                                                             (2.1) 

 

 

where ℏ is the reduced Planck constant, 𝜓 = 𝜓(𝒓, 𝑹, 𝑡) is the wave function for 

electrons and nuclei depedent on their positions 𝒓, 𝑹 and time 𝑡, �̂� is molecular 

Hamiltonian. For the time-independent Hamiltonian, SE can be transformed to 
 

�̂�𝜓 = 𝐸𝜓,                                                                  (2.2) 
                                    

 where 𝐸 is the energy. The Hamiltonian  

 

�̂� = �̂�𝑛 + �̂�𝑒 + �̂� (r, R),                                                   (2.3) 
 
 

consists of the nuclear kinetic energy operator 

�̂�𝑛 = − ∑
ℏ2

2𝑀𝐴
∑ ∇𝐴

2

𝐴𝐴

,                                                    (2.4) 

 

the electronic kinetic energy operator 

�̂�𝑒 = −
ℏ2

2𝑚𝑒
∑ ∇𝑖

2

𝑖

,                                                      (2.5) 

             

and the potential 

�̂� (r, R) =
𝑒2

4𝜋𝜖0
∑ ∑

𝑍𝐴𝑍𝐵

𝑅𝐴𝐵
𝐵>𝐴

−

𝐴

𝑒2

4𝜋𝜖0
∑ ∑

𝑍𝐴

𝑟𝐴𝑖
𝑖

+

𝐴

 
𝑒2

4𝜋𝜖0
∑ ∑

1

𝑟𝑖𝑗
𝑖>𝑗𝑖

,   (2.6) 
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which is determined by the nucleus-nucleus (distances 𝑅𝐴𝐵) and the electron-electron 

(distances 𝑟𝑖𝑗) repulsion terms and the electrostatic attraction between electrons and 

nuclei (distances 𝑟𝐴𝑖). Indexes A, B indicate nuclei and i, j specify electrons, 𝑀𝐴 and 

𝑍𝐴 are nuclear masses and atomic numbers, 𝑚𝑒 is the electron mass and e is the 

electron charge, 𝜖0 is the permittivity of the vacuum. The nuclear repulsion term, the 

first one in eq. 2.6, can be calculated most easily because it does not depend on 

coordinates of electrons. 

The Born-Oppenheimer approximation (B–O) is considered necessary in 

quantum chemistry in order to practically solve the SE for a molecule. The B–O wave 

function is assumed as a product of the electronic and nuclear parts  
 

𝜓(𝒓, 𝑹) = 𝜓𝑒(𝒓, 𝑹)Φ𝑛(𝑹).                                    (2.7) 
                                  

The electronic wave function 𝜓𝑒 implicitly depends not only on the positions 

of electrons 𝒓, but also on the positions of nuclei 𝑹. The B–O approximation is based 

on the fact that atomic nuclei are much heavier (>1800 times) than electrons. 

Therefore, the electrons are moving faster in the field of “fixed” nuclei. SE can be 

separated into two: 

one for electrons: 

�̂�𝑒𝜓𝑒(𝒓, 𝑹) = [�̂�𝑒 + �̂� (𝐫, 𝐑)]𝜓𝑒(𝒓, 𝑹) = 휀(𝑹)𝜓𝑒( 𝒓, 𝑹)        (2.8) 
 

and one for nuclei:   

        

(�̂�𝑛 + 휀(𝑹)) Φ𝑛(𝑹) = 𝐸Φ𝑛(𝑹).                                 (2.9) 

 
 

Thus in the B–O approximation, the nuclei move on the multidimensional 

“potential energy surface” (PES) 휀(𝑹) that is parametrically dependent on the 

coordinates of atomic nuclei 𝑹. In the SE for nuclei (eq. 2.9), 휀(𝑹) obtained by solving 

the electronic problem (eq. 2.8) serves as an effective potential. Many special 

mathematical routines and approximations are needed to solve the SE equation. 

 

2.1.2.  Ab-initio methods 

 

The SE for electrons (eq. 2.8) can not be solved analytically for most multi-electron 

systems. Approximate solutions were proposed.116 The Hartree-Fock (HF) method is 

the simplest reasonable approach that enables to calculate the molecular energy as 

a function of nuclear positions. The N-electron wave function 𝜓(𝒓, 𝑹) is assumed 
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in the form of antisymmetrized product of orthonormal one-electron spin orbitals, 

called the Slater determinant 

𝜓𝑒({𝑥𝑖}) =
1

√𝑁!
|

𝜒1(𝒙𝟏) ⋯ 𝜒𝑁(𝒙𝟏)
⋮          ⋱        ⋮

𝜒1(𝒙𝑵) ⋯ 𝜒𝑁(𝒙𝑵)
|,                              (2.10) 

    

where 𝜒(𝒙𝒊) is the spin-orbital of i-th electron defined as a product of a molecular 

orbital 𝜓(𝒓𝒊) (MO) and a spin function 𝜎(𝑠𝑖); 𝒙𝒊 is a generalized coordinate which 

includes a spatial (𝒓𝒊) and spin (𝑠𝑖) coordinate.  

Spin orbitals of the electronic ground state are found by applying the variational 

principle to minimize the energy 𝐸[𝜓𝑒
𝐻𝐹] = ⟨𝜓𝑒

𝐻𝐹|�̂�|𝜓𝑒
𝐻𝐹⟩ and the condition of 

orthonormality of spin orbitals ⟨𝜓𝑒
𝐻𝐹|𝜓𝑒

𝐻𝐹⟩ = 1. The HF approach leads to the set of 

N equations for N electrons. Simpler one-particle HF spin-orbitals 𝜓𝑖
𝐻𝐹 are found 

together with orbital energies 휀𝑖
𝐻𝐹 

 

𝑓𝐻𝐹𝜓𝑖
𝐻𝐹 = [−

ℏ2

2𝑚𝑒
∇2 −

𝑒2

4𝜋𝜖0
∑

𝑍𝐴

𝑟𝐴𝑖
+ ∑(𝐽𝑗 − �̂�𝑗)

𝑁

𝑗=1𝐴

] 𝜓𝑖
𝐻𝐹 = 휀𝑖

𝐻𝐹𝜓𝑖
𝐻𝐹 ,   (2.11) 

 

where the Fock operator 𝑓𝐻𝐹 consists of the electron kinetic energy term, the 

one-electron nuclear potential and two-electron Coulomb and exchange operators 𝐽𝑗 

and �̂�𝑗. 

The HF method can be characterized as a one-electron approximation for 

solving the general SE (eq. 2.8), since each electron is subjected to the mean field 

created by all other electrons. These equations are solved numerically by an expansion 

of the MOs into a set of k atomic orbitals 𝜙𝜇 (AO) centered on atoms, 

 

𝜓(𝒓𝒊) = ∑ 𝐶𝑖𝜇

𝐾

𝜇=1

𝜙𝜇                 𝑖 = 1, . . , 𝑁,    𝑁 ≤ 𝐾,                        (2.12) 

 
 

where 𝐶𝜇𝑖 are expansion coefficients. This leads to the Roothan equations117   

 

∑ 𝐹𝜈𝜇𝐶𝑖𝜇

𝑘

𝜇=1

= 휀𝑖 ∑ 𝑆𝜈𝜇𝐶𝑖𝜇         𝑖 = 1, . . , 𝑁,    𝜈 = 1, . . , 𝐾,             (2.13)

𝐾

𝜇=1

 

 
 

where 𝐹𝜈𝜇 = ⟨𝜙𝜈|𝑓|𝜙𝜇⟩ is the Fock matrix and 𝑆𝜈𝜇 = ⟨𝜙𝜈|𝜙𝜇⟩ is the overlap matrix. 

The HF solution is obtained iteratively using the self-consistent field (SCF) approach. 
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The usual form of AOs is based on real combinations of electron orbitals 

derived for hydrogen-like atoms, which are characterized by three quantum numbers 

n, l, m and formed by a product of angular part (spherical harmonic 𝑌𝑙𝑚) and radial 

part 𝑅𝑛𝑙(𝒓)  =  𝑃𝑛𝑙(𝒓) 𝑒𝑥𝑝(−𝛼𝑛𝑟), where 𝑃𝑛𝑙(𝒓) is the Laguerre polynomial and the 

exponential function describes Slater-type atomic orbitals (STOs). However, most 

quantum chemistry packages exploit Gaussian-type orbitals (GTOs) given by a linear 

combination of several Gaussian functions ∑ 𝑐𝜈 𝑒𝑥𝑝(−𝛼𝑣𝑟2)𝜈  instead of STOs. 

The accuracy of the expansion in eq. 2.12 and consequently the HF method can be 

systematically improved by increasing the size and quality of the used basis set.  

The Pople basis set 6-31G is assumed as a starting point. Each electron in the 

first shell is described by a contraction of 6 primitive Gaussian functions and each 

valence shell is split into the inner and outer part, expanded into three and one primitive 

Gaussian function, respectively. We usually used the 6-311++G** basis set118 with one 

more primitive Gaussian function for valence orbitals and extended by the polarization 

and diffuse functions as the most advanced and still computationally feasible basis set. 

Polarization functions (marked by *) give electrons the ability to respond to an electric 

field. The hydrogen and helium basis sets are enhanced by p basis functions and basis 

sets of first row atoms by d basis functions. The diffuse functions are important for 

anions and weakly bound complexes involving hydrogen bonding or cation-molecule 

interactions. A basis set with diffuse functions on heavy atoms and hydrogens is 

indicated by ++.  

The applicability of the HF approach for quantitative predictions is limited due 

to the lack of the correlation energy 
 

𝐸𝑐𝑜𝑟𝑟 = 𝐸 − 𝐸𝐻𝐹 ,                                                  (2.14) 

                                           
 

where E is the exact Schrödinger ground-state energy and the HF ground-state energy 

𝐸𝐻𝐹
 is obtained as 

 

𝐸𝐻𝐹 = ∑ 휀𝑖
𝐻𝐹 +

1

2

𝑁

𝑖=1

∑ ∑⟨𝜓𝑖
𝐻𝐹|𝐽𝑗 − �̂�𝑗|𝜓𝑖

𝐻𝐹⟩.  

𝑁

𝑗=1

𝑁

𝑖=1

                      (2.15) 

                      
 

The HF approach serves as a starting point for more sophisticated correlated 

ab-initio methods such as Møller-Plesset perturbation theory (MP),119 configurational 

interaction (CI) and coupled clusters theory (CC).116,120   
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In the MP approach, the system Hamiltonian is splitted into a part �̂�(0) of 

known exact solution (the HF reference) and a small perturbation 𝜆�̂� 

 

�̂� = �̂�(0) + 𝜆�̂�.                                                (2.16) 

                                              

We suppose that the energy and wave functions depend on the parameter 𝜆 as 
 

𝐸 = E(0) + 𝜆𝐸(1) + 𝜆2𝐸(2)+ ..                             (2.17) 
 

|𝜓⟩ = |𝜓(0)⟩ + 𝜆|𝜓(1)⟩ + 𝜆2|𝜓(2)⟩+ . . ,                      (2.18) 

 

where 𝐸(0) is the energy of the unperturbed system and 𝜓(0) is its wave function. The 

higher energy terms that improve the HF energy are obtained from the 

time-independent SE (eq. 2.2), eq. 2.17 and eq. 2.18 as 
 

𝐸𝑛
(1)

= ⟨𝜓𝑛
(0)

|�̂�|𝜓𝑛
(0)

⟩,                                          (2.19) 
                                        

   

𝐸𝑛
(2)

= ∑
|⟨𝜓𝑛

(0)
|�̂�|𝜓𝑚

(0)
⟩|

2

𝐸𝑛
(0)

− 𝐸𝑚
(0)

.                                  (2.20)

𝑛≠𝑚

 

 

 

Depending on the order of the correction, the MP methods are named as MPx. Usually, 

the MP2 method represents an efficient tool for obtaining correlation energy, geometry 

or molecular properties.  

The CI method uses for the wave function more variously configured Slater 

determinants. A limited number of occupied spin orbitals 𝜒𝑖 is replaced by virtual 

orbitals 𝜒𝑎 to form single, double, etc., excited determinants 𝜒𝑖𝑗𝑘…
𝑎𝑏𝑐.... The full CI 

includes infinite expansion and infinite basis set. Usually, the limited CI is used.  

The coupled clusters method, especially its variant assuming only single, 

double and partially triple excitations of the reference wave function, CCSD(T), is 

considered as a computational method providing almost experimental accuracy for 

molecular properties.  

While the time needed to calculate HF energies is O(𝑁4), the computational 

requirements grow rapidly with the increasing level of approximation. The MP2 scales 

as O(𝑁5)  and often gives results similar to the CCSD scaling as O(𝑁6). The full CI 

even exhibits an exponential scaling O(𝑒𝑁). The correlated ab-initio methods are 

therefore not often applicable to larger molecules. 
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2.1.3. Density functional theory 

 

The density functional theory (DFT)121,122 represents an alternative to wave function-

based ab-initio methods. DFT is currently the dominant quantum-chemical approach 

for spectroscopy of large molecules as it provides reasonably accurate calculations of 

geometry, force fields and intensities. The computational costs is usually comparable 

to the HF method (O(N3)- O(N4)). However, the quality of results achieved by DFT is 

often much better than HF and corresponds to about MP2.  

The idea of describing many-electron systems with one electron density  
 

𝜌(𝒓) = 𝑁 ∫. . ∫|𝜓(𝒓𝟏, 𝒓𝟐. . 𝒓𝑵)|2 𝑑𝒓𝟐. . 𝑑𝒓𝑵                   (2.21) 

 

depending only on three spatial coordinates instead of electronic wave function 

𝜓𝑒( 𝒓, 𝑹), originates in the works of Thomas,123 Fermi,124 and Dirac125 from late 

1920s. The electron density satisfies following conditions: 
 

∫ 𝜌(𝒓)𝑑𝒓 = 𝑁, where N is the number of electrons, 

𝜌(𝒓) ≥ 0. 

In molecules 𝜌(𝑟) exponentially decays for 𝒓 → ∞.                 (2.22) 

 

The accurate DFT theory applicable to molecular systems was developed in 

1960s by Hohenberg, Kohn and Sham.126,127 The electron density 𝜌(𝒓) is according to 

the Hohenberg–Kohn theorem uniquely related to the one-electron potential 𝑣(𝒓). 

It can be determined according to the second Hohenberg–Kohn theorem by the 

variation of energy in the ground state 

𝛿𝐸𝑔(𝜌)

𝛿𝜌
= 0.                                                      (2.23) 

The exact form of the ground state energy 𝐸𝑔(𝜌(𝒓)) is unknown. Kohn and 

Sham proposed a reference system of non-interacting electrons, which generates the 

same density as the system of interacting particles, and formulated Kohn–Sham 

equations in a similar way as HF equations (eq. 2.11)  

 

𝑓𝐾𝑆𝜓𝑖
𝐾𝑆 = [−

ℏ2

2𝑚𝑒
∇2 + 𝑣𝑒𝑓𝑓(𝒓)] 𝜓𝑖

𝐾𝑆 = 휀𝑖
𝐻𝐹𝜓𝑖

𝐾𝑆 .               (2.24) 
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Kohn–Sham equations correspond to a system of electrons moving in 

an effective potential 

𝑣𝑒𝑓𝑓(𝒓) =  
1

4𝜋𝜖0
∫

𝜌(𝒓′)

|𝒓 − 𝒓′|
𝑑𝒓′ +  𝑣(𝒓) + 𝑣𝑋𝐶(𝒓),                (2.25) 

 

where the exchange-correlation functional is obtained as 

 

𝑣𝑋𝐶(𝒓) =
𝛿𝐸𝑋𝐶

𝛿𝜌
.                                                    (2.26) 

  

As the 𝑣𝑒𝑓𝑓 depends on the orbitals through the density, these equations need 

to be solved by the SCF approach. A large number of empirically developed DFT 

functionals have been proposed.49 In the simplest case, the 𝐸𝑋𝐶  is a function of 𝜌(𝒓) 

(local spin density approximation),127 or eventually of density derivatives (e.g. ∇𝜌(𝒓); 

generalized gradient approximation, GGA). A commonly used GGA functional is 

BPW91, which combines the exchange energy functional of Becke128 and the 

correlation energy functional of Perdew and Wang.129 

  The performance of GGA functionals may be improved by including the HF 

exchange into 𝐸𝑋𝐶 . Such hybrid functionals are B3PW91 and B3LYP.130 The B3LYP 

functional contains three empirical parameters and consists of the HF exchange energy, 

the Becke exchange contribution128 and the LYP correlation named after its authors, 

Lee, Yang and Parr. 131 It is uniquely universal and it has been applied probably in all 

major fields of computational chemistry, providing acceptable results in most of the 

cases.  

The construction of the DFT functionals is not straightforward and there is no 

systematic way how to improve them. They are usually “benchmarked” on a set of 

molecules to optimize selected parameters, e.g., the total electronic energy, 

thermodynamic quantities, electric dipole polarizability or NMR shielding. Therefore, 

DFT functionals need to be carefully tested.  

Older semi-local or hybrid functionals are not able to describe long-range 

dispersion interactions.132 Their inclusion is extremely important for a correct 

description of many biomolecular systems. Grimme therefore proposed an empirical 

correction to DFT functionals133 
 

𝐸𝑑𝑖𝑠𝑝
𝐷𝐹𝑇−𝐷 = −

1

2
∑ ∑ 𝑠𝑛

𝐶𝑛
𝐴𝐵

𝑅𝐴𝐵
𝑛 𝑓𝑑𝑎𝑚𝑝(𝑅𝐴𝐵),                     (2.27)

𝑛=6,8..𝐴≠𝐵
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where 𝐶𝑛
𝐴𝐵

 denote the averaged (isotropic) n-order dispersion coefficient for the atom 

pair AB in the 𝑅𝐴𝐵 distance. Global (functional dependent) scaling factors 𝑠𝑛 are used 

for particular functional.134 The damping function 𝑓𝑑𝑎𝑚𝑝 determines the short-range 

behavior of the dispersion correction and several expressions have been 

suggested.135,136 Such an approach with n = 6 and 8 is referred to as DFT-D3 in 

Gaussian09, rev.D137 and Gaussian16.31 The addition of the dispersion forces to 

common DFT functionals significantly enhances their performance for systems with 

larger aromatic residues138 in particular and also for cyclic dipeptides with tryptophan 

or tyrosin (publications [IV] , [III`] and [IV`]) as it provides a better description of 

weak interactions. 

In addition to DFT, there also exists its time-dependent variant, TD-DFT.139,140 

It enables calculations of excited electronic states and can be used for modeling of UV 

and ECD spectra. The system is described by modified Kohn-Sham equations. The 

time dependence of electronic density is considered, i.e. electron density 𝜌(𝒓, 𝑡) is 

a function of three space coordinates and time. 

 

2.1.4. Harmonic approximation and anharmonic corrections 
 

 2.1.4.1 Nuclear motion and definition of normal modes 

 

The starting point for prediction of molecular vibrational properties is usually the 

harmonic approximation. It enables to split the multidimensional SE for nuclei 

(eq. 2.9) into a set of independent one-dimensional problems with an analytic solution. 

A molecule with N nuclei (with 3N nuclear coordinates) in the lowest point on the 

potential energy surface (ground state, 휀𝑔(𝑹)) is considered. The Taylor expansion of 

휀𝑔(𝑹) around the equilibrium nuclear positions 𝑹 0 is 

 

      휀𝑔(𝑹) = 휀𝑔(𝑹𝟎) + ∑ ∑
𝜕휀𝑔(𝑹)

𝜕∆𝑅𝐽,𝛼
𝛼

𝑁

𝐽=1

|

𝑅=𝑹𝟎

∆𝑅𝐽,𝛼+                                       

+
1

2
∑ ∑ ∑

𝜕2휀𝑔(𝑹)

𝜕∆𝑅𝐽,𝛼𝜕∆𝑅𝐾,𝛽
𝛽𝛼

N

𝐽,𝐾=1

|

𝑅=𝑹𝟎

∆𝑅𝐽,𝛼∆𝑅𝐾,𝛽 + ⋯,               (2.28) 

       

where the first term is a constant and can be eliminated by the appropriate choice of 

the zero energy level. Since 𝑹𝟎
 is at the minimum of the PES, the first derivatives in 
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the second term are equal to zero as well. The second derivatives in the third term are 

non-zero. They are also called the force field or force constants (Hessian matrix, FF)  

 

𝐹𝐽,𝛼,𝐾,𝛽 =
𝜕2휀𝑔(𝑹)

𝜕∆𝑅𝐽,𝛼𝜕∆𝑅𝐾,𝛽
                                           (2.29) 

 

and define the harmonic nuclear motion. With 𝑋𝑖 = 𝑅𝐽,𝛼, where 𝛼 marks three 

Cartesian coordinates of every 𝑹, the SE for nuclei (eq. 2.9) can be rewritten as 

 
 

�̂�𝑣𝑖𝑏Φ𝑔(𝑹) = ∑
1

2

3𝑁

𝑗,𝑘=1

[𝐹𝑗𝑘∆𝑋𝑗∆𝑋𝑘 −
ℏ2

𝑀𝑗

𝜕2

𝜕∆𝑋𝑗
2] Φ𝑔(𝑹) = 𝐸𝑔Φ𝑔(𝑹).       (2.30) 

                                                                                                          

This equation can be solved by a linear transformation of the Cartesian 

displacement coordinates into normal mode coordinates Qi given by 

    

𝑄𝑖 = ∑ 𝑠𝑖𝑗
−1∆𝑋𝑗

3𝑁

𝑗=1

√𝑀𝑗 = ∑ 𝑆𝑖𝑗
−1∆𝑋𝑗

3𝑁

𝑗=1

,                                 (2.31) 

 

 

where 𝑆𝑖𝑗  is called S-matrix. It satisfies the condition 𝑺𝒕𝑺 = 𝟏 (the unit matrix). The 

transformed force field is diagonalized 𝑺𝒕𝑭𝑺 = 𝚲, where 𝚲 is a diagonal matrix 

containing squares of the normal mode frequencies 𝜔𝑖 (Λ𝑖𝑗 = 𝜔𝑖
2𝛿𝑖𝑗). Then the 

resultant vibrational Hamiltonian does not contain any coupling between the normal 

mode coordinates. The splitting of the 3N-dimensional SE for nuclei leads to one-

dimensional SEs      

 

[−
ℏ2

2

𝜕2

𝜕𝑄𝑖
2 +

1

2
𝜔𝑖

2𝑄𝑖
2] Φ𝑔(𝑄𝑖) = 𝐸Φ𝑔(𝑄𝑖)                             (2.32) 

 

where i = 1 .. 3N. The vibrational wave function is a product of 3N individual wave 

functions 

Φ𝑔(𝑹) = ∏ Φ𝑔

3𝑁

𝑖=1

(𝑄𝑖)                                               (2.33) 

                                        

In fact, for nonlinear molecules, six from the total of 3N eigenvalues 𝜔𝑖 are 

equal to zero, or, due to errors in electronic calculations, close to zero. These modes 

correspond to translational and rotational motions. 
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The solution of eq. 2.32 is equal to that of the linear harmonic oscillator (HO) 
 

𝐸𝑖,𝑛 = (
1

2
+ 𝑛𝑖) ℏ𝜔𝑖                                                 (2.34) 

 
 

Φ𝑛𝑖
(𝜉) = 𝐴𝑛𝑖

𝐻𝑛𝑖
(𝜉)𝑒−

𝜉2

2 ,                                           (2.35)  

                                            
 

where  𝑛𝑖 = 0, 1 … is the quantum number of the normal mode coordinate 𝑄𝑖,

𝜉 = √𝜔/ℏ𝑄𝑖, 𝐴𝑛𝑖
 is a normalization constant and H𝑛𝑖

 are normalized Hermite 

polynomials.141 The accuracy of vibrational frequencies and normal modes within the 

harmonic approximation is determined by the accuracy of computations of the FF. 

 

2.1.4.2 Anharmonic corrections  

 

The harmonic approximation is useful but often overestimates the frequencies 

(especially the hydrogen stretching vibrations). The harmonic oscillator potential with 

a parabolic shape of the potential well differs from the real one (Fig. 2.1).142 While the 

energy levels of the harmonic oscillator potential are evenly spaced by ħω, the real 

spacing decreases as the energy approaches to the dissociation limit. To get a more 

correct potential, higher-order terms of the Taylor expansion (eq. 2.28) may be 

included. The vibrational SE (eq. 2.9) is not separable then and evaluation of 

anharmonic energies is computationally very demanding.  

 

Fig. 2. 1: Left: comparison of the harmonic and exact (CCSD/cc-pVTZ scan) potential 

of the symmetric C-H stretching vibration of formaldehyde. Right: semidiagonal 

quartic terms Viijk
143

 are added in the detail of the energy minimum. Redrawn from 141. 
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Various computational schemes,141 including vibrational self-consistent field 

(VSCF),144,145,146 vibrational configuration interaction (VCI),147,148,149 many-body 

perturbation theory (PT),150,151 contact transformation,152 and vibrational coupled 

cluster method,153 can be used. Some of them are analogical to the electronic 

approaches discussed in Chapter 2.1.2. Two of these procedures (PT and limited VCI) 

implemented within the S4 program154 were used in project [II] (Chapter 5.2). The 

anharmonic analysis via the PT and limited resonance approach is from 2017 available 

within the Gaussian1631 program for IR, Raman, VCD and ROA spectra.155 

 

2.2. Computational implementation 
 

Calculations of spectra consist of several steps (Fig. 2.2). Firstly, a suitable geometry 

and the right absolute configuration are chosen (usually the X-ray or NMR structure). 

Molecular flexibility should be taken into account and many conformers averaged. The 

searching over the conformational space can be done in several ways, described in 

Chapter 2.2.1. The proper involvement of the solvent (especially strongly polar 

solvents generating hydrogen bonds, e.g. water) into calculations is discussed in 

Chapter 2.2.2. 

 

  
 

Fig. 2. 2: Typical steps required for calculations of chiroptical spectra.  
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The calculations of chiroptical spectra are implemented into many computer 

programs (e.g. Gaussian,31,156 Dalton,32 ADF33 and CADPAC34). In equilibrium, 

the gradient 𝜕휀𝑔(𝑹)/𝜕∆𝑅𝐽,𝛼 is zero and the Hessian (eq. 2.29) has all eigenvalues 

positive. Vibrational simulations are done for the optimized molecular geometry and 

involve calculations of vibrational frequencies and spectral intensities. The frequency 

estimation is very computer memory and time consuming. 

Derivatives of the energy needed for spectroscopic properties can be obtained 

by numerical differentiation, but an analytical scheme is usually preferred since it 

provides reliable results with a well-defined accuracy.157 Theoretical aspects of 

calculations of ROA, VCD and ECD spectra are mentioned in Chapters 2.2.3 and 2.2.4. 

The choice of a functional and basis set is also discussed. The transfer of molecular 

properties tensors (CCTN)158,159 from smaller model molecules can be applied for 

larger molecules.160,161,162 Finally, the calculated spectra are compared with the 

measured ones and analyzed (Chapter 2.2.5). 

 

2.2.1. Conformational search 
 

Finding suitable geometry is always the first step in calculations of any molecular 

property. Most molecules are flexible and can exist in several conformations, which 

can have very different chiroptical properties. The total ROA spectrum is a weighted 

sum over individual conformers.114  

 

2.2.1.1. Potential energy surface searching 

 

The most energetically favored conformers can be identified by the PES scan, which 

is constructed in relevant molecular coordinates, such as dihedral angles. The 

“scanned” coordinates (usually in equidistant increments) are held constant during the 

molecular optimization at each PES point, while others can relax. The PES scan is 

a powerful tool especially for studies of small molecules with only a few relevant 

coordinates (used in publication [III], Chapter 5.3).  

Contributions of individual conformers to the final spectrum are obtained using 

their Boltzmann weights, e.g. based on sum of the electronic and zero point energy.  
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Spectral curve Sj for j-th conformer with relative energy Ej is multiplied by the 

Boltzmann factor                

𝐵𝑗 =
𝑒−  

Δ𝐸𝑗

𝑘𝑇

∑ 𝑒−   
Δ𝐸𝑗

𝑘𝑇𝑗

,                                                            (2.36) 

 

where k is the Boltzmann constant and T is temperature. 

Nowadays plenty of programs exist (Spartan,163 Conflex,164 Hyperchem165) 

that generate possible conformations via automated rotation of the atoms/groups 

around single bonds and optimize their energies using molecular mechanics force 

fields. For molecules containing rings, the conformational flexibility arises not only 

from rotation around single bonds but also from puckering of rings. The number of 

possible conformations grows rapidly for larger molecules and molecular dynamics 

simulations (MD) represent an efficient way of identifying the relevant conformations. 

 

2.2.1.2. Molecular dynamics simulations  

 

The MD method can be used not only to explore the molecular conformations,166 but 

it can provide many solute-solvent configurations (snapshots). The simple averaging 

of `snapshots` spectra is usually applied as the energy of conformers is reflected in 

their relative fractions. The molecule is allowed to explore all energetically favorable 

conformations in a sufficiently long MD simulation. 

In MD simulations,167 the system evolves in time according to the Newton 

equations of motions 
 

�̈�𝑖 =
𝒇𝒊

𝑚𝑖
, 𝑖 = 1. . 𝑁,                                                 (2.37) 

                                           
 

where the forces 𝒇𝑖  acting on the atoms can be derived from an empirical 

potential 𝑈(𝒓) (Fig. 2.3)   
 

𝒇𝑖 = −
𝜕𝑈(𝒓)

𝜕𝒓𝑖
,                                                       (2.38) 

                                              
 

𝑈 = 𝐸𝑖𝑛𝑡𝑟𝑎 + 𝐸𝑖𝑛𝑡𝑒𝑟 .                                                  (2.39) 
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The intramolecular (bonding) terms are the harmonic bond potential (the 

equilibrium distance is 𝑑0𝑙), harmonic bond angle potential around the equilibrium 

angle 𝛼0𝑙, out of plane deviations and torsion angles contributions 

 

𝐸𝑖𝑛𝑡𝑟𝑎 = ∑ 𝑘𝑙

𝑏𝑜𝑛𝑑𝑠,𝑙

(𝑑𝑙 − 𝑑0𝑙)2 + ∑ 𝑘𝛼𝑙

𝑎𝑛𝑔𝑙𝑒𝑠,𝑙

(𝛼𝑙 − 𝛼0𝑙)
2 + ∑ 𝑘𝑜𝑜𝑝𝑙

𝑜𝑜𝑝,𝑙

𝑠𝑙
2

+ ∑ [𝐴1𝑙𝑐𝑜𝑠(𝜏1) + 𝐴2𝑙𝑐𝑜𝑠(2𝜏1) + 𝐴3𝑙𝑐𝑜𝑠(3𝜏1)]

𝑡𝑜𝑟𝑠𝑖𝑜𝑛𝑠,𝑙

.             (2.40) 

                                                    

The intermolecular (non-bonding) interactions include electrostatic, dispersion and 

repulsion terms (e.g., Lennard-Jones potential) 
 

𝐸𝑖𝑛𝑡𝑒𝑟 = ∑
1

4𝜋𝜖

𝑁

𝑖,𝑗=1,𝑖<𝑗

𝑞𝑖𝑞𝑗

𝑟𝑖𝑗
+ ∑ 4휀𝑖𝑗

𝑁

𝑖,𝑗=1,𝑖<𝑗

[(
𝜎𝑖𝑗

𝑟𝑖𝑗
)

12

− (
𝜎𝑖𝑗

𝑟𝑖𝑗
)

6

].           (2.41) 

          

The parameters (𝑘𝑙 , 𝑘𝛼𝑙 , 𝑘𝑜𝑜𝑝𝑙, 𝐴𝑙, 휀𝑖𝑗, 𝜎𝑖𝑗) are optimized to reproduce target 

properties such as the enthalpy of solvation, the enthalpy of vaporization, dipole 

moment, spectroscopic data or electronic structure calculations. The set of these 

constants is also called the force field, similarly as the Hessian.  

The equations of motion (eq. 2.37) can be solved numerically. The most 

common integration algorithm is the Verlet method.168 The initial velocities and 

accelerations are set randomly according to the Maxwell-Boltzmann statistics for 

desired temperature.  

 

Figure 2.3: Intramolecular and intermolecular energy contributions described by 

molecular mechanics. Adapted from 169. 
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Classical MD simulations may be employed to study systems containing 

thousands of atoms in times up to hundreads of nanoseconds, while computationally 

more demanding ab-initio MD is limited to much smaller systems and shorter times. 

Periodic boundary conditions (PBC) are applied in order to remove surface effects for 

a description of a condensed phase. The systems are usually studied at constant 

temperature and volume or pressure constrained by additional algorithms, i.e. using 

the NVT or NpT ensembles.   

When converged results cannot be obtained in a limited simulation time, so 

called free energy methods can be applied. They enable better sampling of the 

molecular PES. The umbrella sampling method, in which the reaction coordinate is 

restrained with a biasing potential 𝑉𝑖(𝜉), usually in the harmonic form, was used in 

publication [IV] (Chapter 5.4) to obtain the profile of free energy along the reaction 

coordinate 𝜉 

 

𝐹(𝜉) = −𝑘𝐵𝑇𝑙𝑛𝑃𝑏(𝜉) − 𝑉(𝜉) + 𝐴,                              (2.42) 

 
 

where 𝑘𝐵 is the Boltzmann constant, T is temperature and 𝑃𝑏(𝜉) are the biased 

probability distributions, 𝐴 is a constant. 

  The protocol consists of a series of simulations sampling different areas of the 

reaction coordinate or PES. From each simulation window, biased probability 

distributions are obtained as 
 

𝑃𝑖
𝑏(𝜉) =

∫ 𝛿[𝜉′(𝑅) − 𝜉]𝑒−𝛽[𝜀(𝑅)+𝑉𝑖(𝜉(𝑅))]𝑑𝑅

∫ 𝑒−𝛽[𝜀(𝑅)+𝑉𝑖(𝜉(𝑅))]𝑑𝑅
,                        (2.43) 

 

where 휀(𝑅) is the energy of the system. The weighted histogram analysis method 

(WHAM)170,171 is used to calculate the unbiased probability distribution 𝑃
𝜇 (𝜉) from 

a weighted average of unbiased probability distributions 𝑃𝑖
𝜇(𝜉) over all windows 

 

𝑃
𝜇 (𝜉) = ∑ 𝑝𝑖

𝑛

𝑖=1

(𝜉)𝑃𝑖
𝜇(𝜉),    ∑ 𝑝𝑖

𝑛

𝑖=1

(𝜉) = 1.                           (2.44)  

                          
 

The weights 𝑝𝑖(𝜉) are determined in order to minimize a statistical error made 

on the unbiased distribution as 
 

𝑝𝑖(𝜉) =
𝑁𝑖𝑒

−𝛽[𝑉𝑖(𝜉)−𝐴𝑖]

∑ 𝑁𝑖𝑒−𝛽[𝑉𝑗(𝜉)−𝐴𝑗]𝑛
𝑗=1

,                                        (2.45) 
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where 𝐴𝑖 corresponds to an additional free energy coming from the bias potential 

𝑉𝑖(𝜉) and satisfies the relation 

 

𝑒−𝛽𝐴𝑖 = ∫ 𝑃
𝜇 (𝜉) 𝑒−𝛽𝑉𝑖(𝜉),                                           (2.46) 

 

The equations 2.44 - 2.46 are solved in an iterative way. An overlap between the 

neighboring biased probability distributions is required for the determination of these 

weights. 

 

2.2.2. Solvent models 
 

Chiroptical spectra reflect not only the molecular structure and conformation but also 

the dynamics and interactions with the solvent.172 An incomplete account of the solvent 

effects can cause large errors in simulated spectra and in the subsequent analysis of the 

experiment.173,42 When experimental data are obtained for samples in solution, the 

influence of the solvent on chiroptical properties can originate from different solvent–

mediated processes, including dielectric effect, hydrogen bonding and aggregation of 

the solute molecules (e.g. dimer formation). The solvent can be implicitly treated in 

quantum-chemical computations as a continuous medium, or some solvent molecules 

can be added into computations “explicitly”. 

Models of implicit solvatation are usually successful in case of weakly 

interacting solute–solvent systems, such as carbon tetrachloride (CCl4) or 

dichloromethane solutions. The conductor-like screening model (COSMO)174 is based 

on the assumption that the solvent may be represented by a conductor. The polarizable 

continuum model (PCM)175 represents the solvent by a polarizable medium 

characterized mainly by its dielectric constant. The cavity for the solute is formed by 

spheres centered on each atom and the surface of the cavity is divided into small 

regions (called tesserae) on which charges induced by the solute are evaluated. The 

conductor-like PCM (CPCM),176,177 an implementation of COSMO in the PCM 

framework, is used in all projects discussed in this thesis.   

Polar solvents, such as DMSO or water, generate hydrogen bonds and strongly 

interact with the amide groups or polar side chains, which affects the solute`s 

conformation, charge distribution and vibrational modes. Additionally, for some 

low-frequency modes, it is difficult to separate the solvent and solute spectral signal.178  
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The use of a hybrid model (explicit solvent molecules for the first solvation shell and 

polarizable continuum model for the remaining part of the solvent) seems to be the 

best approach to simulate the solvent effects on the VOA spectrum.179,180,181 Electronic 

spectra are even more problematic since solvent orbitals may participate in solute 

electronic transitions.182 Such methods are computationally more demanding as many 

clusters need to be considered. 

The clusters can be obtained ad hoc or generated from MD simulations 

(Chapter 2.2.1.2).183 As they can be far from energy minima on the PES, their direct 

use for simulations of vibrational spectra would lead to a very large number of 

imaginary frequencies and unphysical artifacts in the simulated spectra. Therefore, the 

geometry optimization should be carried out prior to calculation of vibrational 

frequencies. The clusters can be treated in the layered quantum mechanics/molecular 

mechanics (QM/MM)184,185 approach, where the solute molecule is described by QM, 

explicit solvent molecules create the MM part, and the whole system can be enclosed 

in a CPCM cavity. 

Another possibility is the normal mode optimization (NMO) technique, which 

was introduced to vibrational spectroscopy by Bouř and Keiderling in 2002.186,187 The 

NMO provides better numerical stability than the optimization in conventional 

redundant internal coordinates,188 especially for weakly bonded molecular complexes 

with noncovalent interactions such as solvent–solute clusters. Spectroscopically 

important coordinates (stretching and bending) are allowed to relax without 

unnecessary geometry deformation, while low-frequency modes (mostly torsional and 

solvent molecules movement) are constrained. The dynamical information obtained 

for the clusters from MD is not lost (publication [I]). 

 

2.2.3. Raman optical activity – theoretical aspects 
 

Molecular theory of ROA was introduced by Prof. Barron with Prof. Atkins 

(University of Oxford, UK)189 and further developed with Prof. Buckingham 

(University of Cambridge, UK).41 The following text represents just a short summary. 

Throughout this chapter Greek indices label Cartesian coordinates, Latin indices are 

used to number particles (nuclei, electrons), the Einstein summation convention is 

assumed for the Greek indices, 𝛿𝛼𝛽 is the Kronecker delta, and 휀𝛼𝛽𝛾 is the Levi-Civita 

symbol. 
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In a “semiclassical“ approach, the electromagnetic radiation is described 

classically, while molecules interacting with this radiation are described quantum 

mechanically. The oscillating electromagnetic field of the incident laser beam induces 

oscillating electric and magnetic multipoles in the molecules that are sources of the 

scattered light. Whereas the induced electric dipole is sufficient for the description of 

the Raman scattering, for ROA it is necessary to go beyond the dipole approximation 

and include also the magnetic dipole and electric quadrupole. These induced moments 

are defined as 

electric dipole 

𝜇𝛼 = 𝛼𝛼𝛽𝐸𝛽 +
1

𝜔
𝐺  𝛼𝛽

′  
∂B𝛽

∂t
+

1

3
𝐴𝛼,𝛽𝛾∇𝛽𝐸𝛾+. . ,                       (2.47) 

      

magnetic dipole  

𝑚𝛽 = −
1

𝜔
𝐺  𝛼𝛽

′ �̇�𝛼+ . . ,                                                (2.48) 

electric quadrupole 

𝜃𝛽𝛾 = 𝐴𝛼,𝛽𝛾𝐸𝛼,                                                           (2.49) 

         

 where 𝛼𝛼𝛽  is the electric-dipole–electric-dipole polarizability, 𝐺  𝛼𝛽
′  is the electric-

dipole–magnetic-dipole polarizability, 𝐴𝛼,𝛽𝛾 is the electric-dipole–electric-quadrupole 

polarizability, and  is the angular frequency of the incident laser beam.  

Quantum-mechanical expressions for these three polarizability tensors can be 

found from the time-dependent perturbation theory of the second order in the 

far-from-resonance approximation,39 assuming that the photon energy of the incident 

laser beam is far from any molecular transition energy. Then the transition 

polarizability tensors needed for computations of Raman/ROA spectra are43  
 

     

𝛼𝛼𝛽 =
2

ℏ
∑

𝜔𝑗𝑛

𝜔𝑗𝑛
2 −𝜔2

𝑅𝑒(〈n|�̂�𝛼|j〉〈j|�̂�𝛽|n`〉)𝑗≠𝑛 ,                      (2.50)                          

 

                     

𝐺𝛼𝛽
′ = −

2

ℏ
∑

𝜔

𝜔𝑗𝑛
2 − 𝜔2

𝐼𝑚(〈n|�̂�𝛼|j〉〈j|�̂�𝛽|n`〉)

𝑗≠𝑛

,                  (2.51) 

 

𝐴𝛼,𝛽𝛾 =
2

ℏ
∑

𝜔𝑗𝑛

𝜔𝑗𝑛
2 − 𝜔2

𝑅𝑒(〈n|�̂�𝛼|j〉〈j|�̂�𝛽𝛾|n`〉),

𝑗≠𝑛

                  (2.52) 
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where n, j and n` denote initial, excited and terminal state of a molecule, 

jn j n     is the angular frequency difference, �̂�𝛼, �̂�𝛼  and �̂�𝛼𝛽  are operators of 

electric dipole, magnetic dipole and electric quadrupole moments defined as 
 

 

�̂�𝛼 = ∑ 𝑒𝑖𝑖 𝑟𝑖𝛼,                                                            (2.53       

                                                 
 

�̂�𝛼 = ∑
𝑒𝑖

2𝑚𝑖
𝜖𝛼𝛽𝛾

𝑖

𝑟𝑖𝛽𝑝𝑖𝛾,                                                    (2.54) 

                                                  
 

�̂�𝛼𝛽 =
1

2
∑ 𝑒𝑖

𝑖

(3𝑟𝑖𝛼𝑟𝑖𝛽 − 𝑟𝑖
2𝛿𝛼𝛽),                                       (2.55) 

                                      

where a particle i has the position vector ri, charge ei, mass mi and momentum pi. 

The Placzek’s approximation190 may be employed for the evaluation of the 

polarizability tensors , G' and A for fundamental vibrational transitions (from the |0⟩ 

to the first excited state of p-th normal mode |1p⟩). The nuclear displacements are 

expressed in the normal mode coordinates 𝑄𝑖 (eq. 2.31). The quantities necessary for 

the determination of Raman and ROA intensity are  
 

𝛼𝑖
2 =

1

9
(

𝜕𝛼𝛼𝛼

𝜕𝑄𝑖
)|

0

(
𝜕𝛼𝛽𝛽

𝜕𝑄𝑖
)|

0

,                                       (2.56) 

                                                   
 

𝛽(𝛼𝑖)
2 =

1

2
[3 (

𝜕𝛼𝛼𝛽

𝜕𝑄𝑖
)|

0

(
𝜕𝛼𝛼𝛽

𝜕𝑄𝑖
)|

0

− (
𝜕𝛼𝛼𝛼

𝜕𝑄𝑖
)|

0

(
𝜕𝛼𝛽𝛽

𝜕𝑄𝑖
)|

0

],           (2.57)  

                         
 

𝛼𝐺𝑖
′ =

1

9
(

𝜕𝛼𝛼𝛼

𝜕𝑄𝑖
)|

0

(
𝜕𝐺𝛽𝛽

′

𝜕𝑄𝑖
)|

0

,                                     (2.58)  

                                                 
 

𝛽(𝐺𝑖
′)2 =

1

2
[3 (

𝜕𝛼𝛼𝛽

𝜕𝑄𝑖
)|

0

(
𝜕𝐺𝛼𝛽

′

𝜕𝑄𝑖
)|

0

− (
𝜕𝛼𝛼𝛼

𝜕𝑄𝑖
)|

0

(
𝜕𝐺𝛽𝛽

′

𝜕𝑄𝑖
)|

0

],         (2.59) 

 
 

𝛽(𝐴𝑖 )
2

=
𝜔

2
[(

𝜕𝛼𝛼𝛽

𝜕𝑄𝑖
)|

0
(

𝜀𝛼𝛾𝛿𝜕𝐴𝛾,𝛿𝛽

𝜕𝑄𝑖
)|

0
],                          (2.60)                               

              

where Qi is the normal mode of the i-th vibration. All derivatives are taken at the 

molecular equilibrium position, indicated by the subscript 0. 
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The Raman and ROA intensity terms191 can be expressed from these invariants 

as 
 

𝐼RAM = 𝐼(𝑅) + 𝐼(𝐿) = 4𝐾[𝐷1𝛼2 + 𝐷2𝛽(𝛼)2],                        (2.61) 
                             
 

𝐼𝑅𝑂𝐴 = 𝐼(𝑅) −  𝐼(𝐿) =
8𝐾

𝑐
[𝐷3𝛼𝐺′ + 𝐷4𝛽(𝐺′)2+𝐷5𝛽(𝐴)2],         (2.62)     

 

where the coefficients 𝐷1−5 depend on both the scattering geometry and used 

modulation scheme.192,193 

The same result is obtained for the ICP and SCP scheme in the backscattering 

geometry,  
 

∆(180°) =
𝐼𝑅𝑂𝐴

𝐼𝑅𝐴𝑀
=

24[𝛽(𝐺′)2 + 1/3𝛽(𝐴)2]

𝑐[45𝛼2 + 7𝛽(𝛼)2]
,                         (2.63) 

                   

so these measurements are equivalent. 

Relative Raman and ROA spectral S() profiles are obtained by convoluting 

the calculated intensities IRAM (eq. 2.61) and IROA (eq. 2.62) with Lorentzian bands 

with the bandwidth  and multiplying by a temperature-correction factor for 

T = 298 K, so that the spectrum from each mode i can be represented as 

   

𝑆(𝜔) = 𝐼 [1 − 𝑒𝑥𝑝 (−
𝜔𝑖

𝑘𝑇
)]

−1 1

𝜔𝑖
[4 (

𝜔 − 𝜔𝑖

Δ
)

2

+ 1]
−1

,        (2.64)  

                           

where k is the Boltzmann constant,  is the frequency of the incident laser beam and 

𝜔𝑖 is the vibrational frequency. Since absolute Raman and ROA intensities are usually 

not measured experimentally, the computed spectra are adjusted by one scaling factor. 

Calculations of the 𝛼𝛼𝛽 , 𝐺  𝛼𝛽 
′ and 𝐴𝛼,𝛽𝛾 tensor derivatives needed in 

eq. 2.56 - 2.60 are very demanding as these are third-order energy derivatives.194 The 

first ROA spectrum calculated ab-initio (methylthiirane, HF, 6-31G* basis set) 

appeared in 1989195,196 in the static limit of the 
1

𝜔
G′(𝜔) tensor.197 The implementation 

of ROA calculations within DFT via the response theory,198 leading to a large 

improvement in accuracy, was done by Ruud in 2002199 (methyloxirane, -pinene and 

trans-pinane using the B3LYP functional with the 6-31G,200 6-31G** and (aug)-cc-

pVDZ201,202 basis sets).  

Originally, the tensors derivatives were obtained by expensive numerical 

differentiation using Cartesian displacements of the nuclei, followed by transformation 

to the normal coordinates according to eq. 2.31.195 Fully analytical implementation 
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appeared relatively recently. The early protocol, originated in 2007,203 used 

an analytical time-dependent HF alghoritm for calculations of the derivatives of the 

𝐺𝛼𝛽 
′ tensor. An analytical derivative “two-step” procedure (n + 1 algorithm) was 

described by Ruud and Thorvaldsen194 and implemented into the Gaussian09 by 

Cheeseman and coworkers.204 Frequency dependent ROA and Raman tensors are 

computed using magnetic field dependent basis functions (gauge-including atomic 

orbitals GIAOs, also called London atomic orbitals).205,206 The GIAOs orbitals are 

obtained by multiplying each atomic basis function by a magnetic field-dependent 

phase factor 
 

𝜙𝜆
𝐺𝐼𝐴𝑂(𝒓) = exp [−𝑖

𝑒

ℏ
𝑨𝝀 ∙ 𝒓] 𝜙𝜆(𝒓),                               (2.65) 

 
 

where the vector potential  𝑨𝝀 = 𝑩 × 𝑹𝝀/2 is located at nucleus 𝝀. The introduction 

of GIAOs solved the problem that theoretical calculations were origin dependent 

(because of the 𝐺  𝛼𝛽 
′ tensor) in finite basis sets.207 

Addition of diffuse functions into calculations of ROA spectra can significantly 

improve predicted spectra208,209 as the electrons far from nuclei considerably affect 

molecular vibrations. The Pople double-휁 basis set 6-311++G** can be considered as 

a convenient choice.118 More accurate results (at much higher cost) can be achieved 

with the aug-cc-pVTZ201,202 basis set. Minimalistic basis set rDPS210 is the 3-21++G 

basis set with a semidiffuse p function (exponent 0.2) on hydrogen atoms. It provides 

ROA intensity differences close to those obtained using the larger diffuse augmented 

triple-휁 basis set aug-cc-pVDZ. It is recommended for calculations of larger 

molecules.211 In addition, the ROA tensor invariants can be computed in the “two-step” 

procedure at a different level of theory than the geometry optimization and force field 

calculations. The combination of aug(sp)-cc-pVDZ for the ROA tensor invariant and 

cc-pVTZ for the force field calculations was suggested for intermediate sized system 

and the rDPS//6-31G* combination for large systems.212 

The performance of DFT functionals was also tested.211,213 The B3LYP 

functional is widely used in recent computational ROA studies as it provides a well-

balanced model between accuracy and cost. Also the B3PW91 functional performs 

well as shown by Daněček et al.214 in a study where the alanine and proline Raman 

and ROA spectra simulated with 25 different DFT functionals are compared to the 

experiment, to explore limits of the harmonic approach.  
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2.2.4. Circular dichroism – theoretical aspects 
 

Both electronic and vibrational circular dichroism spectroscopy (Fig. 1.3) obeys the 

same basic relations. The theoretical description of CD includes subtraction of the 

transitions probabilities induced by LCP and RCP radiation. The interaction 

Hamiltonian describes electromagnetic perturbation of a molecule exposed to uniform 

electric and magnetic fields (𝑬 and 𝑩, respectively) 

 

𝑯𝑖𝑛𝑡 = −�̂� ∙ 𝑬 − �̂� ∙ 𝑩 + ℎ𝑖𝑔ℎ𝑒𝑟 𝑜𝑟𝑑𝑒𝑟𝑠,                            (2.66) 
 

where 𝜇 ̂and �̂� are operators of the electric and magnetic dipole moments of the 

molecule defined in eq. 2.53 and eq. 2.54, respectively.                                        

The Rosenfeld relation215 was derived in 1928 for isotropic samples. It 

determines the relation between the structure of a molecule and its interaction with CP 

radiation. The rotatory strength for a transition between molecular states 𝑛 and 𝑗 is 

defined as 

𝑅𝑗𝑛 = 𝐼𝑚[⟨𝑛│�̂�│𝑗⟩. ⟨𝑗|�̂�|𝑛⟩],                                          (2.67) 

 
 

where ⟨𝑛|�̂�|𝑗⟩) is the electric and ⟨𝑗|�̂�|𝑛⟩ is the magnetic dipole transition moment. 

The scalar product in eq. 2.67 can be either positive or negative, depending on the 

relative orientation of the transition moments. The rotatory strength 𝑅 is related to the 

CD intensity Δ휀 (eq. 1.5) 

𝑅 = 𝑘𝑅 ∫
∆𝜀(𝜆)

𝜆𝐶𝐷𝑏𝑎𝑛𝑑
𝑑𝜆,                                              (2.68)   

 

where 

𝑘𝑅 =
3𝑙𝑛10𝑐2휀0ℏ

4𝜋𝑁𝐴
= 7.659 x 10−54 

in SI units. c is the speed of light, 휀0 is the permittivity of vacuum, ℏ is the reduced 

Planck constant and 𝑁𝐴 is Avogadro`s number. 18 

The dipole strength of the j→n transition is defined as 

 

𝐷𝑗𝑛 = 𝑅𝑒(⟨𝑛|�̂�|𝑗⟩. ⟨𝑗|�̂�|𝑛⟩),                                        (2.69) 

                                          
 

and is always positive. It is related to the integral (area) of an absorption band  
 

𝐷 = 𝑘𝐷 ∫
휀(𝜆)

𝜆𝐴𝐵𝑆𝑏𝑎𝑛𝑑

𝑑𝜆;  𝑘𝐷 =
3𝑙𝑛10𝑐휀0ℏ

𝜋𝑁𝐴
= 1.022 x 10−61.      (2.70)  
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For VCD, which refers to molecules in their well-defined electronic ground 

states, the transition moments in eq. 2.67 and eq. 2.69 involve vibrational wave 

functions instead of electronic ones. The evaluation of the vibrational rotatory strength 

was found to be less straightforward than for the electronic rotatory strength, since the 

electronic contribution to the magnetic dipole moment vanishes for a vibrational 

transition in the B–O approximation. Rigorous theoretical calculations of the VCD 

spectra of chiral molecules become feasible after development of the magnetic field 

perturbation (MFP)216 formalism by Prof. Stephens (University of Southern California, 

USA) and its first analytical implementation in CADPAC by Amos.217 An alternate 

method is based on the vibronic coupling theory218 and similarly as MFP describes 

perturbation of the ground electronic state wave function by a magnetic field. The 

electronic part of the magnetic moment is obtained as the first-order correction to the 

B–O wavefunction. 

When the electronic part of the transition dipole moment is expressed in normal 

modes coordinates and expanded into Taylor series 

 

𝜇𝑒(𝑄1. . 𝑄𝑀) = 𝜇𝑒(0) + ∑ (
𝜕𝜇𝑒

𝜕𝑄𝑖
)

0𝑖

𝑄𝑖 +
1

2
∑ ∑ (

𝜕2𝜇𝑒

𝜕𝑄𝑖𝜕𝑄𝑗
)

0

𝑄𝑖𝑄𝑗

𝑗𝑖

+ ⋯,    (2.71) 

       
 

the atomic polar tensor (APT) can be defined as 

  

𝑃𝑖
𝜆 = (

𝜕𝜇𝑒

𝜕𝑄𝑖
)

0

,                                                        (2.72) 

                                                     
 

where the partial derivative is taken in the equilibrium geometry 0.  

The magnetic transition dipole moment can also be expanded in Taylor series 

with respect to nuclear momenta and the atomic axial tensor (AAT) is obtained as 

  

𝑀𝑖
𝜆 = (

𝜕𝑚𝑒

𝜕𝑝𝑖
)

0

,                                                      (2.73) 

 

where the partial derivative according to the momentum 𝑝𝑖 instead of the normal mode 

coordinate 𝑄𝑖 is also taken in the equilibrium geometry 0 and zero velocity.  

Then the vibrational rotatory strength (eq. 2.67) of a fundamental transition of 

the i-th normal mode can be obtained as 
 

𝑅𝑖 = ℏ2𝐼𝑚[𝑃𝑖 . 𝑀𝑖 ],                                             (2.74) 
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where 𝑃𝑖𝛽 = ∑ ∑ 𝑃𝛼𝛽
𝜆

𝛼 𝑆𝜆𝛼,𝑖𝜆 , 𝑀𝑖𝛽 = ∑ ∑ 𝑀𝛼𝛽
𝜆

𝛼 𝑆𝜆𝛼,𝑖𝜆 . The matrix 𝑆𝜆𝛼,𝑖 transforms 

normal mode coordinates 𝑄𝑖 into Cartesian coordinates, 𝜆 is the nucleus number, and  

and  are Cartesian coordinates. The AAT tensor generally depends on the choice of 

coordinate system origin, which brings another difficulty to practical calculations of 

VCD intensities.219 This has been solved by implementing the gauge-independent 

atomic orbitals (GIAOs, eq. 2.65).220 Current VCD calculations usually involve the 

MFP formalism, DFT with hybrid functionals like B3LYP or B3PW91 and a GIAO 

basis set at the minimal level of 6-31G*.   

For ECD, the same relations for the rotatory strength and the dipole strength 

are obtained as for VCD (eq. 2.67 and eq. 2.69), but ECD requires rather extensive 

computations of excited electronic states. First calculations of rotatory strengths based 

on the general linear response formalism appeared in 1995.221 TD-DFT 

implementations for ECD and also ORD have been presented by a number of 

groups,222,223,224,225 The TD-DFT equations lead to diagonalization of large matrices, 

usually solved by the Davidson iterative schemes. The B3LYP functional was found 

to be reliable also for ECD computations. Another option is CAM-B3LYP functional, 

adapted for asymptotic behavior of the wave function. Larger basis sets than for VCD 

are usually needed, e. g. 6-31++G** provides satisfactory results.  

 

2.2.5. Comparison of calculated and experimental spectra  
 

Visual comparison of the simulated and experimental spectra is by far the most 

frequent approach, especially for smaller molecules with spectra composed of a few 

well-resolved bands. However, for larger molecules with many conformers, or 

molecules with multiple stereocenters, accurate visual judgement of the agreement 

may be difficult. VCD and ROA and sometimes also ECD spectra contain several 

overlapping spectral bands. Therefore correlations between observed and simulated 

spectral bands can be biased by personal judgments.  

Quite often, the band positions in the calculated and experimental spectra do 

not match. Errors appearing in the harmonic calculations are largely systematic. 

Different scaling factors for vibrational frequencies obtained at different quantum-

chemical models have been proposed. The method may be remarkably successful.76 

The frequency scaling factors do not modify normal mode compositions or vibrational 



44 

 

intensities much. However, they enter in the thermodynamic quantities that depend on 

vibrational frequencies.   

Sometimes, a linear transformation of the vibrational frequencies  

 

𝜔` = 𝑎𝑤 + 𝑏                                            (2.75) 
 

is applied to maximize the normalized overlap 𝑆𝑓𝑔
226 between calculated 𝑓(𝜔`) and 

experimental spectra 𝑔(𝜔)227,228  

 

𝑆𝑓𝑔 =
∫ 𝑓(𝜔`)𝑔(𝜔)𝑑𝜔

√∫ 𝑓2(𝜔`)𝑑𝜔 ∫ 𝑔2(𝜔)𝑑𝜔

 .                              (2.76) 

 

𝑆𝑓𝑔 can be adapted as a measure of similarity of the experimental and computed 

spectra. For identical spectra, the spectral overlap integral is equal to 1. For spectra 

with positive values only (UV, IR, Raman), the overlap integral approaches 0 when the 

spectra are different. For spectra with positive and negative bands (ECD, VCD and 

ROA), the overlap can be either positive or negative (the overlap 𝑆𝑓𝑔 is equal to –1, 

when the spectra are opposite). Overlaps over regions, in which the calculated 

and measured VOA spectra have the same sign, can be defined as 

 

𝑆𝑓𝑔
++ =

∫ 𝑓(𝜔`)𝑔(𝜔)𝑑𝜔
𝑓,𝑔>0

√∫ 𝑓2(𝜔`)𝑑𝜔
𝑓,𝑔>0

∫ 𝑔2 (𝜔`)𝑑𝜔
𝑓,𝑔>0

  

 

and  

 

𝑆𝑓𝑔
−− =

∫ 𝑓(𝜔`)𝑔(𝜔)𝑑𝜔
𝑓,𝑔<0

√∫ 𝑓2(𝜔`)𝑑𝜔
𝑓,𝑔<0

∫ 𝑔2 (𝜔`)𝑑𝜔
𝑓,𝑔<0

 .                        (2.77) 

 
 

The enantiomeric similarity index (ESI)229 provides a discrimination between 

a chiral molecule and its enantiomer and can be defined as 

 

Δ = |Σ𝑓𝑔 − Σ�̅�𝑔|,                                                 (2.78) 

 
 

where Σ𝑓𝑔 =
Φ++𝑆𝑓𝑔

++
+Φ−−𝑆𝑓𝑔

−−

Φ+++Φ−−  is a single similarity index  
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and Σ�̅�𝑔 = 
Φ−+𝑆𝑓𝑔

−++Φ+−𝑆𝑓𝑔
+−

Φ−++Φ+−  is a single similarity index for the opposite 

enantiomer. The weight factors Φ++, Φ−−, Φ−+ and Φ+− are the sums of the measured 

and calculated VOA intensity of a given sign  

 

 

Φ+− = ∫ 𝑓(𝜔`)𝑑𝜔 + |∫ 𝑔(𝜔)𝑑𝜔
𝑔<0

|
𝑓>0

, etc.                   (2.79) 

 
 

ESI is limited to the interval of 0 to 1 and a high ESI value indicates a better 

agreement with the experimentally measured spectrum. The dimensionless anisotropy 

ratio 𝑔 (eq. 1.6) or CID (∆, eq. 1.2) can be used with advantage for the similarity, 

instead of individually VCD and IR (or ROA and Raman) spectra.230 

In IR and VCD spectra, integrated band areas determine the calculated dipole 

(eq. 2.70) and rotational strength (eq. 2.68), respectively.220 But the bands have to be 

resolved one by one. Overlapping bands can lead to uncertainties.  

A decomposition of experimental into simulated spectra of individual 

conformers can provide conformer populations,231,232 
 

𝑆𝑒𝑥𝑝(𝜔) = ∑ 𝑐𝑖

𝑖

𝑆𝑖(𝜔`),                                        (2.80) 

where 𝑐𝑖 ≥ 0 and ∑ 𝑐𝑖 = 1𝑖 . The coefficients 𝑐𝑖 are obtained by minimizing of the 

difference function 
 

𝛿 = ∫ 𝑑𝜔[𝑆𝑒𝑥𝑝(𝜔) − ∑ 𝑐𝑖𝑖 𝑆𝑖(𝜔`)]
2𝜔𝑚𝑎𝑥

𝜔𝑚𝑖𝑛
,                      (2.81) 

 

e.g. by scanning the (𝑐1,𝑐2. . 𝑐𝑛) coeficient spacewithin the used spectral range 

(𝜔𝑚𝑖𝑛, 𝜔𝑚𝑎𝑥). Unlike usual minimization methods (Lagrange multipliers, singular 

value decomposition), the direct scanning allows to satisfy the conditions imposed on 

𝑐𝑖 in eq. 2.80 without any additional penalty functions. The smoothness of the 

coeficient space and uniqueness of the solution can be estimated easily.233 
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3. Objectives of the thesis 
 

Effects influencing the accuracy of VOA spectra computed by DFT were investigated 

in this work. We concentrated on small molecules enabling precise calculations in four 

separate projects: 

 

I. 

A combined explicit/implicit solvation model, in which a “cluster” (a few solvent 

molecules around the solute) is embedded in a polarizable continuum, appears 

indispensable for an adequate description of vibrational frequencies of molecules with 

polar groups. Raman and ROA spectra are often significantly improved.183 

We investigated the normal mode geometry optimization method186 applicable for 

a partial optimization of such clusters. A suitable frequency limit providing realistic 

vibrational band broadening was found (Chapter 5.1). 

 

II. 

Most organic compounds provide vibrational spectra in the C-H stretching region 

(~2500–3400 cm-1), which is well-separated from other molecular vibrations. The C-H 

stretching vibrations are sensitive to molecular stereochemisty,75,234 and also to 

intermolecular interactions,235 because molecular surface is mostly formed by C-H 

groups. So far, the C-H stretching signal is only rarely used for structural studies due 

to multiple difficulties in experiment and modelling.151, 214, 236-238 ROA and VCD 

spectra are often weak and prone to artifacts in this region (∼5 × 10-5, i.e. close to 

the measurement limit). The extension of the ROA measurements up to 3500 cm-1 

became possible due to rather recent innovation of the home-built ROA instrument 

at Institute of Physics of Charles University.37  

The interpretation of spectra is complicated by the anharmonicity of the 

potential energy surface of the C-H stretching motion and overlapping of many C-H 

vibrational bands due to similar strength of different C-H groups in a molecule. The 

error of the harmonic C-H stretching frequencies from experimental values can reach 

up to 150 cm-1.239,237 Therefore, we explored how current computational methods are 

able to simulate the VOA spectra in the C-H stretching region and estimated the 

benefits of the anharmonic corrections for terpene molecules (Chapter 5.2). 
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III. 

The tryptophan residue in chiral matrices often exhibits a large optical activity and 

provides valuable information about the peptide structure. We were interested in the 

interaction of the tryptophan residue with the backbone and other side chain parts of 

cyclic dipeptides, as such effects are crucial for developing of ROA and ECD 

spectroscopic responses. We wanted to demonstrate the role of the dispersion forces 

and different organic solvents for conformer equilibria and dynamics. The structural 

information could be obtained, when chiroptical spectroscopies were supported by the 

theoretical modelling (Chapter 5.3). 

 

IV. 

The lanthanide-tagged proteins and peptides are increasingly used for investigating 

structure, function and dynamics of proteins and other biomolecules.56 However, the 

actual lanthanide-peptide interaction and its effect on lanthanide spectroscopic 

properties are not fully understood. The europium (Eu) binding to proteins is believed 

to be enhanced by the presence of histidine (His), but the strength of the interaction 

significantly varies across different systems (length of peptides, pH and position of 

His residue in a peptide sequence). Therefore we studied the [Eu(DPA)3]
-3 complex 

interacting with a series of histidine-containing peptides. CPL spectra were measured 

by a relatively new „ROA/CPL“ methodology.57 We rationalized the data by 

calculations of the binding strength with the aid of MD simulations (Chapter 5.4). 
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4. Computational and experimental methods 
 

This chapter provides detailed description of DFT and MD computations (Chapter 

4.1), model systems (Chapter 4.2), used chiroptical instruments (ROA, VCD and ECD) 

and the measurements (Chapter 4.3).  

 

4.1. Computational methods 
 

The Gaussian09 program156 was used for DFT calculations. The B3LYP130 functional 

and 6-311++G** basis set was often employed as it was found to provide a reasonable 

agreement with experiment. Harmonic IR, VCD, Raman and ROA intensities were 

usually computed at the same level of theory as optimized structures. Excitation 

frequency of 532 nm was used for backscattered Raman and ROA dynamic 

polarizabilities. The effect of solvent was included in all calculations by the implicit 

solvation model CPCM. Final vibrational and electronic spectral profiles were 

simulated at 298 K using the Lorentzian bands with the bandwidth  ~10 cm–1 

(eq. 2.64) and Gaussian bands of 15 nm bandwidth (for ECD) as default. The dipole 

and rotational strengths for ECD spectra in publication [III] were calculated by the 

TD-DFT method. MD simulations in publications [III] and [IV] were performed by 

the Amber program package.240,241   

 

4.1.1. Normal mode geometry optimization method 

 

The lactamide (Fig. 4.1) was chosen in project [I] as a small, flexible and strongly 

hydrated compound to investigate the role of the aqueous environment on the Raman 

and ROA spektra.  

 

 

 

Fig. 4.1: (S)-lactamide studied in publication [I]. 
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 100 clusters containing (S)-lactamide and 3-9 hydrogen-bonded waters from 

the first hydration shell (closer than 3.6 Å to a lactamide atom) were selected as 

snapshots from a 48 ps Car-Parrinello MD (CPMD)242 simulation that provided results 

superior to classical MD.183 The NMO method introduced in Chapter 2.2.2 and 

implemented as the Fortran program QGRAD243 interfaced to Gaussian, was used for 

the partial optimization of these cluster geometries. 

The NMO method is based on the harmonic approximation in the vicinity of 

an energy minimum (chapter 2.1.4.1). The normal modes coordinates 𝑄𝑖  are obtained 

from Cartesian displacement coordinations ∆𝑋𝑗 via a linear transformation determined 

by the S-matrix (eq. 2.31). The NMO algorithm consists of the following steps. Firstly, 

the initial force field 𝑭(𝑖) (eq. 2.29) is estimated and the S-matrix is obtained. Then the 

Cartesian gradient 𝒈𝒄
(𝑖)

 is calculated. In the case that the previous step is available, 

Hessian F is updated using the Broyden-Fletcher-Goldfarb-Shann formula244-247 
 

𝑭(𝑖+1) = 𝑭(𝑖) − (
∆𝒈(𝑖)𝑡

∆𝒈(𝑖)

𝒅𝑿(𝑖) ∙ ∆𝒈(𝑖)
+

(𝑭(𝑖) ∙ 𝒅𝑿(𝑖)𝑡
)𝒅𝑿(𝑖) ∙ 𝑭(𝑖)

𝒅𝑿(𝑖) ∙ 𝑭(𝑖) ∙ 𝒅𝑿(𝑖)
),             (4.1) 

        

where Cartesian displacements 𝒅𝑿(𝑖) = 𝑿(𝑖) − 𝑿(𝑖−1) and the gradient 

differences ∆𝒈(𝑖) = 𝒈𝒄
(𝑖)

− 𝒈𝒄
(𝑖−1)

. The actual optimization is performed in normal 

modes, using the rational function optimization updating.248-252 New normal mode 

displacements are 

𝒅𝑸(𝑖+1) = −
2𝒈(𝑖)

𝚲𝒊𝒊 + √𝚲𝒊𝒊
2 + 4(𝒈(𝑖))2

,                               (4.2) 

 
 

where 𝚲 is a diagonal matrix (Λ𝑖𝑗 = 𝜔𝑖
2𝛿𝑖𝑗) containing the second derivatives of 

energy at optimization point i. The updated Cartesian coordinates may be obtained as 

𝑿(𝑖+1) = 𝑿(𝑖) − 𝑺𝒅𝑸(𝑖+1). The new Cartesian gradient 𝒈𝒄
(𝑖+1)

 is computed then and 

the optimization procedure is repeated until convergence.  

This scheme enables a full optimization of the system. In the restricted NMO 

adapted in this work, modes with frequencies 𝜔𝑖 ∈ (𝜔𝑚𝑖𝑛, 𝜔𝑚𝑎𝑥) are kept constant 

(𝒅𝑸𝑖 = 0). A lower limit 𝜔𝑚𝑖𝑛= 300i cm-1 (imaginary, often treated as negative in 

computer codes) was introduced to allow a relaxation of large imaginary frequencies 

occasionally exhibited by some CPMD geometries. Seven values of 𝜔𝑚𝑎𝑥 (10, 20, 50, 
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100, 200, 300 and 600 cm-1) were applied. In addition, raw non-optimized CPMD 

snapshots corresponding to infinite 𝜔𝑚𝑎𝑥 were studied.  

Raman and ROA spectra were calculated and the water signal (corresponding 

polarizability derivatives) was deleted for the 8100 = 800 optimized and raw 

geometries. Smoother spectra were generated by summing the 100 cluster signals and 

performing a convolution (eq. 2.64) with Lorentzian bands 2 cm-1 wide, which were 

much narrower than the inhomogeneous broadening. All computations were 

performed at the B3LYP/6-311++G** level of theory, using the CPCM model to 

simulate the effect of the more distant waters, not explicitly included in the 

computations. 

 

4.1.2. Harmonic and anharmonic calculations for terpenes 
 

In publication [II], the Raman, ROA, IR and VCD spectra of -pinene, fenchone and 

camphor (Fig. 4.2) were calculated within the harmonic approximation in order to 

investigate various factors that can influence the quality of the computed force fields. 

Various DFT functionals (B2PLYP, B3LYP,130 BPW91, B3PW91,253 CAM-B3LYP,254 

dispersion-corrected variants135, 255 B3LYP-D, B3PW91-D), HF, MP2119 and hybrid 

electronic approaches (mPW2PLYP255 and mPW2PLYP-D) were tested for 

(1R)-(-)-fenchone. Different basis sets (6-31G, D95, 6-31G*, TZV, 6-31+G*, 

6-31G**, D95**, TZVP, 6-31++G**, D95++**, 6-311++G**, cc-pVTZ and 

aug-cc-pVTZ) were also tested. 

 

Fig. 4.2: Studied molecules of terpenes: (1R)-(+)--pinene, (1R)-(-)-fenchone and 

(1R)-(+)-camphor. 

 

The solvent influence was estimated for (1R)-(+)-camphor at the 

B3LYP/6-311++G** level. Nine different solvents of a broad scale of relative 

dielectric constants r were used in the CPCM dielectric model.256 The experimental 
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conditions were mimicked by r = 2.23 (camphor solution in CCl4), r = 2.69 (neat 

-pinene, using Gaussian parameters for pentanoic acid) and r = 12.51 (neat fenchone, 

using Gaussian parameters for 1-hexanol).  

 In order to add anharmonic corrections to vibrational energies and spectral 

intensities, a limited Taylor expansion (up to the fourth order) of the vibrational 

potential was used, where the anharmonic part was given as 

 

𝑊(𝑄1. . 𝑄𝑀) =
1

6
∑ ∑ ∑ 𝑐𝑖𝑗𝑘𝑄𝑖

𝑀

𝑘=1

𝑀

𝑗=1

𝑀

𝑖=1

𝑄𝑗𝑄𝑘 +
1

24
∑ ∑ ∑ ∑ 𝑑𝑖𝑗𝑘𝑙

𝑀

𝑖=1

𝑄𝑖

𝑀

𝑘=1

𝑀

𝑗=1

𝑀

𝑖=1

𝑄𝑗𝑄𝑘𝑄𝑙,   (4.3) 

 

All cubic 𝑐𝑖𝑗𝑘 and semidiagonal quartic constants 𝑑𝑖𝑖𝑗𝑘 were obtained by 

a two-step numerical differentiation of the second energy derivatives. The 

differentiation was performed in dimensionless257 normal mode coordinates 𝑞𝑖 with 

a step of ∆𝑞𝑖 = 𝑄𝑖1000/𝑖 , where 𝑄𝑖 = 0.05 atomic units, and the harmonic 

frequency 𝑖  is in cm-1. The variable step size prevents too small displacements for the 

lowest-frequency modes.258   

The mPW2PLYP/CPCM/6-311++G** method was used for the force field, 

which allows for both the harmonic and anharmonic force field term calculations 

in a reasonable time in a consistent way. As computations of the ROA intensity tensors 

are not implemented within mPW2PLYP, they were calculated at the DFT 

B3LYP/6-311++G**/CPCM level. Previous experience suggests that the error 

associated with such simplification would be very small.194, 199, 210 

The second order vibrational perturbation theory (PT2) and limited vibrational 

configuration interaction (LVCI) schemes were used.151 The PT2 treats cubic and 

quartic terms in eq. 4.3 as a perturbation with respect to the harmonic solution (these 

terms are small in terms of their influence on the energies of interest). The harmonic 

vibrational energy for each state n, 𝐸𝑛, is corrected by adding a first-order term 

 

𝐸𝑛
(1)

= 𝑊𝑛𝑛                                                          (4.4) 

                                                           

(cf. electronic variant in eq. 2.19) and by a second-order term, inspired by an electronic 

correction (eq. 2.20) 

𝐸𝑛
(2)

= ∑ 𝐴𝑚𝑛

𝑚≠𝑛

,                                                         (4.5) 
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where 𝐴𝑚𝑛 = (𝐸𝑚 − 𝐸𝑛 ± √(𝐸𝑚 − 𝐸𝑛)2 + 4𝑊𝑚𝑛
2) /2,                                      (4.6) 

and the „+“ sign holds for 𝐸𝑚 > 𝐸𝑛, the „-“ sign for 𝐸𝑚 < 𝐸𝑛, and 𝑊𝑛𝑚 = ⟨𝑛|𝑊|𝑚⟩. 

This form was proposed to avoid numerical unstability due to random degeneracies.259 

Similarly, the PT2 wave function was considered as 

 

𝜓𝑛
` = 𝜓𝑛 − ∑ 𝐴𝑚𝑛𝑊𝑚𝑛

−1

𝑚≠𝑛

𝜓𝑚,                                               (4.7) 

 

where 𝜓𝑛is the unperturbed state.  

The spectral properties (electric dipole moment 𝝁 for IR, and , G’, A tensors 

for Raman and ROA intensities) were also considered to be dependent on the 

coordinates to the second order (eq. 2.71). For VCD, the dependence of the magnetic 

dipole moment on the coordinates and momenta Π𝑖 was also used  

   

𝑚 = 𝑚0 + ∑ 𝐴1,𝑖

𝑖

Π𝑖 +
1

2
∑ 𝐴2,𝑖𝑗

𝑖,𝑗

(Π𝑖𝑄𝑗 + 𝑄𝑗Π𝑖),            (4.8) 

           

where 𝐴1,𝑖 is the axial tensor. The derivatives with respect to momenta, 𝐴2,𝑖𝑗, could be 

treated within the MFP theory in the same way. 

 In the LVCI, the vibrational wave function was expressed as a linear 

combination of harmonic oscilator wave functions , Φ𝜀 = ∑ 𝐶𝑓
𝜀

𝑓 𝜓𝑓 . Several criteria 

were employed to limit the number of HO basis functions:151, 260 

1. the lowest-frequency normal modes (e.g. 1..36) were not excited, 

2. only states (f) obliging 𝑊𝑓𝑛 > 𝑐1|𝐸𝑛 − 𝐸𝑓| were included, where 𝑐1 is 

an interaction parameter, and n is a ground or fundamental state, 

3. a second set of HO basis functions (f’) obliging 𝑊𝑓`𝑓 > 𝑐2|𝐸𝑓` − 𝐸𝑓| was 

added, interacting with the already chosen basis,  

4. Hamiltonian elements with too energy-separated states |𝐻𝑖𝑗| < 10−4|𝐸𝑖 − 𝐸𝑗| 

were excluded as well. 

The parameters were tested (Fig. 5.9) and set by default to 31 or 36 fixed 

modes, 𝑐1 = 0.002, 𝑐2 = 0.1, which led to a high, but still affordable calculation time 

(~103 CPU hours). States with a maximum of five excitations were considered, 

because the FF was expanded up to the quartic terms. The coefficients 𝐶𝑓
𝜀 and 

associated energies 𝐸𝜀 were obtained from the Hamiltonian matrix by the Mitin’s 

version261 of the Davidson262 diagonalization procedure. Our implementation151 within 
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the S4 program154 allowed a fast diagonalization of a very large vibrational 

Hamiltonian matrix (~106 basis states) and a consistent spectra generation 

in a “double-anharmonic” approximation, where the energy and intensity tensor 

derivatives were evaluated up to the fourth and second order, respectively. Details 

about the diagonalization algorithm can be found in publication [II]. 

 

4.1.3. Cyclic dipeptides with tryptophan 

 

In publication [III], the lowest-energy conformations of selected cyclic dipeptides with 

tryptophan (Fig. 4.3) were obtained by geometry optimization at the 

B3LYP/CPCM/6-311++G** level as default. For some tests, the aug-cc-pVTZ basis 

set and MP2,119 mPW2PLYP,255 B3PW91,253 and BPW91128 methods were used. The 

CPCM solvent model175 was used with acetonitrile (AcCN, r = 36), chloroform 

(CHCl3, r = 4.7), 2,2,2-trifluoroethanol (TFE, r = 27), methanol (CH3OH, r = 33) and 

dimethylsulfoxid (DMSO, r = 47) parameters. The solvent variations, however, had 

only a minor effect on the resultant spectra and relative conformer energies (see Fig. S1 

in publication [III]). Only the r value for DMSO was used with both the normal 

B3LYP and dispersion-corrected B3LYP-D135,255,263 functional for calculations of 

other molecules.   

A two-dimensional scan was performed for c-(L-Ala-L-Ala) to construct the 

PES of the inner ring. Torsion angles  and  (Fig. 4.3) were scanned in range 

from -50° to 50° with a step of 5°. For the other dipeptides only a relaxed 1D scan 

along the -angle was performed because of the relatively simple „single-valley“ PES 

that resulted from the scan (Fig. 5.10). 

 

Figure 4.3: Cyclic dipeptides c-(L-Trp-X), where X=Gly, L-Ala, L-Leu, L-nLeu, 

L-Trp and L-Pro, with characteristic torsional angles. Adapted from publication [III]. 
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The tryptophan side chain conformation was investigated for c-(L-Trp-L-Trp) 

by a scan along torsion angles 1 and 2, from -180° to 165° with 15° increments, other 

coordinates were allowed to relax. This revealed four minima; the angle 1 favors 

values around -60° and 60°, and 2 prefers -90° and 90° (Fig. 4.4, left). 

Based on these scans, c-(L-Trp-Gly), c-(L-Trp-L-Ala), c-(L-Trp-L-Trp), 

c-(L-Trp-L-Leu) and c-(L-Trp-L-Pro) dipeptide geometries were generated with 

starting values 1 of about -60°, 60° and 180°, 2 ~ -90° and 90° (these conformations 

are depicted in Fig. 4.4) together with two possible ring conformations,  ~ -25° and 

25°. The conformation of the second side chain in c-(L-Trp-L-Trp), c-(L-Trp-L-Leu) 

and c-(L-Trp-L-Pro) was also investigated systematically: for Leu, the 1 ’ and 2’ 

torsion angles were set at -60°, 60° or 180°, similarly we used the S and N 

conformations178, 264-266 of the proline five-member ring.  

 

 

Figure 4.4: Left: 2D potential energy scan of c-(L-Trp-L-Trp) as a function of two 

torsion angles (1, 2; see Fig. 4.3), calculated at the B3LYP/CPCM/6-311G** level. 

Right: Conformational classes (A-F) of the tryptophan-containing dipeptides. The 

canonical angles (1, 2) are A (-60, 90), B (-60, -90), C (60, 90), D (60, -90), 

E (180, 90) and F (180, -90). 

 

MD simulations with the Amber10 program package241 using the Amber99 

force field were done for c-(L-Trp-L-Trp) and c-(L-Trp-L-Pro) in water, CH3OH, 

DMSO and CHCl3. Force fields for DMSO and CHCl3 were obtained from the 

extended Amber database (http://www.pharmacy.manchester.ac.uk/bryce/amber). 

Missing force field parameters for the cyclic dipeptide ring were derived from 
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a HF/6-31G* calculation by the Gaussian09 program,156 using the “POP=MK” 

keyword. The solute molecule was surrounded by solvent molecules up to the distance 

8–14 Å. A four-step equilibration267 was carried out, followed by a 50 ns (100 ns for 

c-(L-Trp-L-Trp) in water) production run, using NpT ensembles and 1 fs integration 

time. Snapshots were taken each 5 ps and the relative conformer populations were 

found as dependent on the angles1 and 2. The population error was estimated as 

20% from three independent MD runs for c-(L-Trp-L-Trp). 

 

4.1.4. Interaction of the [Eu(DPA)3]-3 complex with histidine-peptides 

 

The interaction of seven histidine-containing peptides (Fig. 4.5) with the [Eu(DPA)3]
-3 

complex in aqueous solutions was investigated using the Amber14240 program 

package. Initial [Eu(DPA)3]
-3 complex geometries were obtained using the Gaussian09 

program156 adapting the B3LYP/6-311++G**/CPCM (MWB28 pseudopotential and 

basis set for Eu).  

To model mild acidic conditions (pH ~ 4, corresponding to most experiments), 

the histidine aromatic ring and the amine group were protonated (-NH3
+), and the 

carboxyl group was deprotonated (-COO-). For lower pH (< 2) the carboxyl group 

(-COOH) was protonated as well. For His-(Gly)2 neutral and basic forms were 

investigated as zwitterionic and deprotonated peptides. For other peptides only 

structures corresponding to acidic conditions (pH < 2 and pH ~ 4, with peptide`s 

charges of +2 and +1, respectively) were investigated. 

  The peptides were inserted into a cubic (30 Å)3 box containing 880 water 

molecules and one [Eu(DPA)3]
3- ion in the Λ or ∆ conformation, initially separated 

from the peptide by ~ 12 Å. MD simulations were run for NVT ensembles using 1 fs 

integration step, temperature of 300 K, GAFF268 (DPA ligands), Amber14SB269 (His 

and Gly) and TIP3P6270 (water) force fields. After an equilibration (1 ns), constrained 

MD simulations were run for 8 ns. A harmonic penalty function (restraint constant of 

4 kcal∙Å-2∙mol-1) was put on the distance r between Eu of the complex and Cα of His, 

which was changed from 12 to 9 Å in 1 Å increments and from 9 to 4 Å in 0.5 Å 

increments. The potential of the mean force F(r) was calculated from individual 

distance distributions using the weighted histogram analysis method (WHAM)271,272 

and the Amber14 scripts. The complex formation profiles thus could be correlated with 

the CPL intensity. 

https://en.wikipedia.org/wiki/Amine
https://en.wikipedia.org/wiki/Carboxyl
https://en.wikipedia.org/wiki/Carboxyl
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Figure 4.5: Structure of the [Eu(DPA)3]
3- complex and investigated model peptides. 

 

Effective relative binding strengths (s) were evaluated as equilibrium ratios of 

the numbers of bonded ((𝑁𝐵, r <10 Å) and free (𝑁𝐹, r >10 Å) Eu complexes for each 

simulation as 
 

𝑠 =
𝑁𝐵

𝑁𝐹
=

∫ exp (−
𝐹

𝑘𝑇
) 𝑟2𝑑𝑟

10

0

∫ exp (−
𝐹

𝑘𝑇
) 𝑟2𝑑𝑟

12

10

.                                     (4.9) 

 

4.2. Studied compounds 
 

The samples from publications [I] (Fig. 4.1) and [II] (Fig. 4.2) were purchased from 

Sigma-Aldrich. All commercial reagents were of high purity or analytical grade and 

were used without further refinement. Lactamide was dissolved in deionized water, 

-pinene and fenchone were used neat and camphor was dissolved in CCl4 solution to 

0.2 M concentration.  

The cyclic dipeptides with tryptophan for project [III] (Fig. 4.3) were 

synthetized at IOCB by dr. Jaroslav Šebestík and Martin Šafařík as described in 

publication [III]. A relatively wide range of solvents had to be used for the 

experimental ECD, VCD, ROA and NMR spectroscopy due to limited solubilities of 

the various cyclic dipeptides (Table 1 in publication [III]). 
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Short peptides with histidine (His-Gly, His-Gly-Gly, His-Gly-Gly-Gly, 

Gly-His, Gly-His-Gly, His-His and Gly-Gly-His; Fig. 4.5), which were studied 

in publication [IV], were synthetized by the Fmoc/tBu strategy on 2-chlorotrityl resin 

at IOCB by Eva Brichtová, Nikola Vršková and dr. Jaroslav Šebestík. The 

Na3[Eu(DPA)3] (DPA = dipicolinate = 2,6-pyridinedicarboxylate) complex was 

obtained by a reaction of europium(III) carbonate and pyridine-2,6-dicarboxylic acid 

(1:3 molar ratio) in water. 

 

4.3. Experimental methods 
 

The measurements were performed at different locations on various instruments (two 

ROA, three VCD and one ECD) as described in following chapters. 

 

4.3.1. ROA experiment 
 

Measurements of Raman and ROA backscattering spectra for projects [I], [III] and 

[IV] were performed on a commercial ROA spectrometer ChiralRAMAN-2X™ 

(BioTools, Inc., USA),24,48 located at IOCB. It is based on the SCP backscattering 

scheme described in Chapter 1.2.1. It uses 2 W diode-pumped solid state laser 

operating at 532 nm (OPUS 532). It covers the spectral range of –10 – 2430 cm-1. The 

replacement of the originally implemented notch filter (SuperNotch-Plus™, Kaiser 

Optical Systems, Inc.) to edge filter (532-nm RazorEdge, LP03-532RE-25, Semrock, 

Inc.) enabled blocking Rayleigh line more efficiently and allowed measurements down 

to ~100 cm-1. The spectral resolution of the spectrometer is ~7 cm-1. Raman spectra of 

toluene (eventually neon lamp) were used for wavenumber scale calibration.  

Raman and ROA spectra of lactamide in aqueous solution for publication [I] 

were measured with the accumulation time 12 h, laser power at the laser head 360 mW 

and concentration 100 mg/ml.183 

Raman and ROA spectra of both enantiomers of c-(Trp-Trp) and c-(Trp-Gly) 

in DMSO (concentrations were 50-100 mg/ml) were analyzed in publication [III]. The 

total acquisition time was about 20 h for each sample. The laser power was set to 

50-100 mW, and power at the sample was 30-60 mW. Higher powers would cause 

a faster degradation of the samples. Residual fluorescence was quenched by leaving 

the sample in the laser beam for a few hours. ROA spectra from two or three 

independent measurements were averaged. 
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 In publication [IV], the SCP ROA spectrometer was used to detect the total 

luminescence (TL) and CPL spectra (Chapter 1.2.3). Raman and ROA spectra 

(dominated by Eu TL and CPL) were acquired by dr. Tao Wu and Eva Brichtová for 

complexes of [Eu(DPA)3]
-3 (concentration 4mM) with His-containing peptides 

(Fig. 4.4, concentrations 20 mM or 4–40 mM for titrations). The accumulation times 

were one (for solutions at pH = 4), eight (pH = 7) and twelve (pH=10) hours. The laser 

power at the sample was 150–400 mW. pH was adjusted by 0.1 M HCl or NaOH. In the 

presented spectra the intensities were normalized to the 1650 cm-1 band, and a broad 

fluorescence background coming from sample impurities was substracted from the 

Raman signal.  

ROA spectra of -pinene, fenchone and 0.2 M camphor in CCl4 solution 

covering the whole region of fundamental molecular vibrations (~100–3400 cm-1)37 

were measured by dr. Václav Profant on the home-built ROA instrument at Institute of 

Physics of Charles University in Prague273,192 for publication [II]. This instrument 

follows the original ICP backscattering concept of ROA instrumentation as it was 

suggested by Prof. Barron`s group in Glasgow, UK.47 Polarization of the incident beam 

is modulated between RCP and LCP states using electro-optic modulator consisting of 

a longitudinal Pockels cell with a potassium dideuterium phosphate crystal. The 

excitation source is an argon laser (Coherent, Innova 305, 514.5 nm). The elastic 

Rayleigh scattering is suppressed by high efficient notch filter. A fast stigmatic 

spectrograph HoloSpec HS-f/1.4 (Kaiser Optical Systems) is used.  

The extension of spectral region to higher wavenumbers was allowed by 

a combination of three interchangeable holographic transmission gratings: 

HSG-514.5-LF (-250–2370 cm-1), HSG-532-LF (580–3070 cm-1) and HSG-514.5-HF 

(2270–4510 cm-1) and an independent intensity correction using a fluorescence 

standard (National Institute of Standards and Technology, USA).37 Spectral resolution 

of the spectrometer combining the gratings with the used CCD array (nitrogen-cooled 

CCD detector from Roper Scientific contains 1340 × 100 pixels) was nearly uniform 

(~7 cm-1). A neon-lamp standard was used for the calibration of wavenumber scale. 

The total acquisition time was about 20 h for each sample and grating, the laser power 

was set to 500 mW. Raw ROA spectra were processed by Fourier filtration to suppress 

quasiperiodic high-frequency CCD signal. The measurement of both enantiomers was 

particularly important for the C-H stretching signal, where the CID ratio ∼5 × 10-5. 
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All measurements were performed in low-volume quartz cells with 

antireflectively coated windows (Starna Scientific Ltd; ~60 μl, 4 × 3 mm) at room 

temperature (293 K). For Raman spectra, the solvent signal was subtracted and the 

baseline was slightly straightened by a polynomial fit (using the sc95 program274). For 

ROA spectra, the noise level was reduced (by √2) by measuring and averaging both 

enantiomers [ROA=(L-D)/2]. An occasional minor baseline arrangement was done. 

The experimental spectra were corrected for the instrument response, i.e. the relative 

intensity correction.37 

 

4.3.2. VCD experiment 
 

VCD measurements of terpenes in publication [II] were performed by Prof. Marie 

Urbanová and Pavlína Novotná at the Institute of Chemical Technology in Prague with 

two FT spectrometers designed for different spectral regions.  

Measurements in the mid-IR region (800-1800 cm–1) were performed by 

a commercial FTIR IFS 66/S spectrometer equipped with a PMA 37 VCD/IRRAS 

module (Bruker, Germany). The setup included BaF2 polarizer, ZnSe PEM (Hinds 

Instruments, Inc.), HgCdTe (MCT) detector (InfraRed Associates, Inc.) and a lock-in 

amplifier SR830 (Stanford Research Systems, Inc.). The measurement of C–H 

stretching vibrations (2000-3800 cm–1) was provided by the Tensor 27 FTIR 

spectrometer equipped with VCD/IRRAS module PMA 50 (Bruker, Germany). The 

instrument is equipped with BaF2 polarizer, ZnSe PEM (Hinds Instruments, Inc.), 

LN-InSb detector D4143/6 (InfraRed Associates, Inc.) and a lock-in amplifier SR830 

(Stanford Research Systems, Inc.). 

The samples were placed in a demountable cell (A145, Bruker, Germany) 

composed of KBr or CaF2 windows separated by a 6, 50, or 100 mm Teflon spacer 

with a spectral resolution of 4 or 8 cm-1, and averages of 6 - 16 blocks of 3686 scans 

were used. The experimental conditions for all compounds and spectral ranges are 

summarized in Table S1 in publication [II]. 

For project [III], VCD spectra of the D- and L- forms of c-(Trp-Gly), c-(Trp-

Trp) and c-(Trp-Pro) in DMSO and eventually AcCN were measured at Department of 

Chemistry at University of Illinois at Chicago, USA. A homemade dispersive VCD 

instrument was used.275,276 It consists of a 0.3 m monochromator (Acton Research, 

SpectraPro 2300i), Carbon-Rod source (a high black‐body temperature ~2500 K) and 
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a narrow band liquid-nitrogen-cooled MCT detector (Infrared Assoc.). The 

corresponding IR spectra were recorded on the same samples using a Vertex 80 FTIR 

(Bruker) spectrometer. Samples were prepared by dissolving the peptides in DMSO or 

AcCN to a concentration of about 10 mg/ml, and placing them into a cell composed of 

two CaF2 windows separated by a 100 mm spacer. Spectra were obtained as averages 

of 6 scans. 

In both publications, the VCD spectra are presented as the difference 

of enantiomers [(L-D)/2]. Similarly, IR spectra are presented as their sum [(L+D)/2] 

with the IR baseline corrected by subtraction of the solvent. 

 

4.3.3. ECD experiment 

 
ECD spectra of cyclic dipeptides for publication [III] were measured using a Jasco 

J-810 spectropolarimeter located at Department of Chemistry at University of Illinois 

at Chicago, USA. This spectropolarimeter, operating in the interval 163-900 nm, is 

a hybrid instrument consisting of a variable wavelength polarimeter and absorption 

spectrophotometer. Samples were measured in 0.1 cm path length quartz cells, using 

concentrations of about 0.2 M in AcCN or TFE. c-(Trp-Gly) was not sufficiently 

soluble under these conditions. Each spectrum was obtained as an average of 6 scans 

taken with a band pass of 1 nm and scanning speed of 50 nm∙min-1. The concentration 

was determined by the Trp UV absorption in order to express the experimental spectra 

in Δ휀 (L∙mol-1∙cm-1). 
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5. Results and discussion 
 

5.1. Normal mode geometry optimization and vibrational 

broadening 

 

Raw cluster geometries (based on MD simulations) provided too wide vibrational 

bands and unrealistic geometry dispersion of the higher-frequency motions.183 This 

may be primarily caused by the coupling of vibrational modes and anharmonic force 

field terms as we have shown in publication [I] on a simplified two-dimensional 

model. However, the clusters could not be optimized completely, to avoid collapse to 

an energy minimum.  

Therefore, the normal mode optimization method,186 which is controlled by 

a sole parameter, the maximal harmonic normal mode frequency (𝜔𝑚𝑎𝑥), was used to 

obtain a more realistic vibrational band broadening for clusters of (S)-lactamide with 

a few water molecules. This parameter has been used on an empirical basis so far. In 

this work, the choice of 𝜔𝑚𝑎𝑥 was rationalized by its effect on resulting bandwidths. 

Raman and ROA spectra simulated with different 𝜔𝑚𝑎𝑥 are compared in 

Fig. 5.1. Raw non-optimized clusters are unusable for a detailed assignment of the 

lactamide bands as they overestimate the broadening and provide quite unrealistic 

spectral shapes. The partial optimization of cluster geometries lead to a radical 

improvement. For 𝜔𝑚𝑎𝑥 = 600 cm-1 the bands are still too broad, and no improvement 

is apparent in the region below 600 cm-1. Most of the Raman and ROA intensity 

features are well developed for 𝜔𝑚𝑎𝑥 = 200 cm-1, and the bandwidths are realistic 

within the entire wavenumber region. For 𝜔𝑚𝑎𝑥 = 20 cm-1 individual bands can be 

recognized as well, but most bandwidths become too narrow if compared to the 

experiment. 

The experimental bandwidths for three non-overlapping Raman bands with 

central frequencies at 528, 813 and 920 cm-1 were compared to the theoretical 

bandwidths, which were obtained from the simulated spectra by fitting with Lorentzian 

bands (Fig. 5.2). An optimal 𝜔𝑚𝑎𝑥 can be estimated at least approximately from the 

crossing of the simulated bandwidth curve with the experimental line, ranging from 

𝜔𝑚𝑎𝑥 ~200 cm-1 (for the 528 cm-1 band) to ~500 cm-1 (813 cm-1 band).   
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Figure 5.1: Comparison of backscattered Raman (left, IR + IL) and ROA (right, IR - IL) 

spectra of (S)-lactamide dissolved in water (bottom) with an average of 100 spectra 

calculated for CPMD clusters, which were partially optimized with different values of 

𝜔𝑚𝑎𝑥. Adapted from publication [I]. 

 

 

Figure 5.2: Simulated (S)-lactamide Raman bandwidths () as calculated for seven 

values of 𝜔𝑚𝑎𝑥 for the bending (528 cm-1), NH2 wagging (813 cm-1) and C-C/C-O 

stretching (920 cm-1) vibrational modes. Experimental bandwidths are indicated by the 

horizontal lines. Adapted from publication [I]. 
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The changes of molecular coordinates occurring during the NMO with different 

values of 𝜔𝑚𝑎𝑥 were also monitored (Fig. 5.3). The OH rotation is associated with the 

shallowest potential, and thus remains fixed for most of 𝜔𝑚𝑎𝑥. The rotation is released 

for 𝜔𝑚𝑎𝑥 < 100 cm-1, when the change increases steeply. The  angle responds more 

gradually, but it is starting to change already for 𝜔𝑚𝑎𝑥 < 300 cm-1. The CH3 rotation 

exhibits the most developed sigmoidal "melting" pattern with a transition frequency at 

about 250 cm-1.  

 
 

Figure 5.3: The average absolute changes of three (S)-lactamide torsional angles 

during the optimization, as obtained from 100 CPMD clusters for seven values of 

𝜔𝑚𝑎𝑥. The angles OH = (C=OCOH), = (NCCC) and CH3 = (CCCH) are 

indicated in the randomly chosen snapshot. Adapted from publication [I]. 

 

We thus suggested that the empirical procedure of partial NMO provides 

an efficient means of modeling vibrational properties of molecules in solutions. 

An optimal 𝜔𝑚𝑎𝑥 value is within 200…300 cm-1. The spectral profiles (Fig. 5.1) 

change very slowly with 𝜔𝑚𝑎𝑥; thus in a wide interval around the optimal value 

the spectra can be simulated realistically enough to allow for the normal mode 
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assignment and estimation of most of the solvent inhomogeneous normal mode 

broadening. 

In order to average the signal however, a relatively large number of MD 

geometries needs to be considered. A parallel variable selection of MD clusters was 

proposed by Kessler et al. in 2013.277 The mass, charge, or atomic density MD 

distributions were used as a secondary variable to preselect the most probable cluster 

geometries used for averaging of solute spectral properties. About 10 times fewer 

clusters of (S)-lactamide with waters were needed to provide the same accuracy as the 

plain averaging. Since then, the partial NMO was applied in our group to clusters of 

aminoacids,278 Ala-Ala dimer233 and monosaccharides in water,87 and also for clusters 

of benzene with methane.279 The threshold was set to the upper suggested limit 

(𝜔𝑚𝑎𝑥 = 300 cm-1), because the CPU time needed for the partial NMO increases with 

the lowering of 𝜔𝑚𝑎𝑥. 

  

http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=CitingArticles&qid=22&SID=C4e2QXJI9LbP7dwmmoS&page=1&doc=18


65 

 

5.2. VOA spectra in the C-H stretching region 
 

In publication [II], the ability of several harmonic and anharmonic computational 

approaches to describe strongly anharmonic vibrations in the C-H stretching region 

(2500-3400 cm-1) was studied for three terpene molecules (camphor, fenchone and 

-pinene; Fig. 4.1). Four spectroscopic methods (Raman, ROA, IR and VCD) were 

examined to avoid accidental agreement/disagreement between measured and 

calculated spectra.  

Firstly, we explored how the harmonic aproximation is able to describe C-H 

stretching vibrations. The solvent dependence was tested for camphor (Fig. 5.4). 

Increasing the solvent polarity mostly causes downshift of the lower-frequency modes. 

Positions of the C-H bands change in both directions, occasionally also their ordering 

is changed. The spectral intensities are even more dependent on the solvent variations 

than frequencies, for all the Raman, ROA, IR and VCD spectral types. 

The 6-311++G** basis set was chosen as default as it provided similar results 

as the more computationally demanding ones, e.g. aug-cc-pVTZ (for a detailed 

analysis made for fenchone see Fig. 5 in publication [II]). 

 

 

Figure 5.4: Solvent dependence of the calculated (B3LYP/6-311++G**/CPCM) 

(1R)-(+)-camphor Raman, ROA, IR and VCD spectra. Adapted from publication [II].  
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The computational reliability for frequencies was tested for fenchone. Errors 

of C-H stretching frequencies calculated at 14 electronic computational levels were 

compared to the experiment (Fig. 5.5). Although the harmonic approaches (1-12) 

approximately reproduce the experimental spectral patterns, they overestimate the C-H 

stretching frequencies.237, 239 The average frequency error (〈𝜈〉 − 〈𝜈𝑒𝑥𝑝〉) is ~260 cm-1 

for the HF method and ~70–160 cm-1 for different DFT functionals with a negligible 

influence of a dispersion correction. This large deviation from experiment could be 

improved only by the PT2 and LVCI anharmonic corrections (13-14, included at the 

mPW2PLYP level) giving the average errors 35 and 5 cm-1, respectively. The 

remaining frequency error of the LVCI computation is most probably given by the 

limited Taylor expansion of the potential and errors of the electronic quantum-

chemical and LVCI approaches. 

 

Figure 5.5: Average harmonic (HF…BPW91, 1-12) and anharmonic (PT2 and LVCI, 

for the mPW2PLYP force field, 13-14) frequency errors for fenchone compared to the 

experiment. Adapted from publication [II].  

 

The behavior of the harmonic, PT2 and LVCI computational method is 

documented in Fig. 5.6 for -pinene, which is the smallest of the three studied 

molecules. The harmonic spectra are close to the experiment at the lower-frequency 

region (1350-1770 cm-1). This region comprising of mostly the C-H bending modes is 

traditionally considered as harmonic. Still, it significantly benefites from the 

anharmonic computations. For example, mode number 24 is shifted from the harmonic 

position at 1492 cm-1 to 1418 cm-1, which is closer to the experiment (1434 cm-1). 
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Only the C=C stretching band (mode number 17) is rather indifferent to anharmonicity 

corrections.  

In the C-H stretching region, reasonable vibrational frequencies were obtained 

within PT2, but with significant errors in ROA and VCD intensities. It has been shown 

previously that the PT2 may not be sufficient to treat all anharmonicities, especially 

for the VOA, and should be replaced by the more universal VCI.280  

 

 

Figure 5.6: ROA, VCD, Raman and IR spectra of (1R)-(+)--pinene calculated at the 

(A) harmonic, (B) PT2 and (C) LVCI (36 modes fixed, c1 = 0.002, c2 = 0.1, 749398 

HO states) approximation levels, and (D) experiment, in a low (1350-1770 cm-1) and 

C-H stretching (2700-3200 cm-1) frequency regions. Redrawn from publication [II] 

with an added normalization of Raman and ROA spectral intensities.37  
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The limited VCI computation151 with a limited coupling between the lower- 

and higher-frequency motions (provided by a parameter 𝑐2) was the most consistent 

with experiment, both in frequencies and intensity profiles. The LVCI Raman and IR 

spectra became narrower and dominated by the central signal (mode number 11, ~2922 

cm-1 for Raman) in comparison with the harmonic and PT2 profiles. Most simulated 

and experimental bands could be linked to each other (Table 5.1 for an assignment).  

For ROA spectra of -pinene, the relatively strong negative signal observed 

at 2885 cm-1 and the positive band measured at 2922 cm-1 are calculated by LVCI 

at approximately same positions. Around 2951 cm-1, however, the negative ROA 

signal (associated with the mode number 6) calculated by the LVCI is not observed in 

the experiment. For VCD, the behavior of the LVCI simulation is similar as for ROA, 

with the largest discrepancy around 2935 cm-1, where a negative measured signal does 

not correspond to a positive LVCI signal (mode number 8).  

 

Table 5.1: Calculated (mPW2PLYP/6-311++G**/CPCM level) C-H stretching normal 

modes for -pinene. a Adapted from publication [II]. 

 

mode 1 2 3 4 5 6 7 8 

wavenumber (cm-1) 3175 3162 3156 3140 3132 3109 3102 3096 

assignment 1* 3 ip 2 3 3 op 2 3 3 ip 3 3 op 3 
1 ip  

1 ip 2 

         

mode 9 10 11 12 13 14 15 16 

wavenumber (cm-1) 3090 3087 3078 3056 3051 3045 3040 3030 

assignment 3 
1 op 1 

ip 2 

1 op  

2 
2* 3 ip 3 3 op 3 3 

2*  ip 

1 

 

a 1 = C-H stretching, 2 = asymmetric CH2 stretching, 2 = symmetric CH2 stretching, 

3 = asymmetric CH3 stretching, 3 = symmetric CH3 stretching, ip = in phase, op = out 

of phase, * = proximate to double bond 
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In spite of structural similarity of camphor and fenchone, their experimental 

spectra, VCD and ROA in particular, are rather different in the C-H stretching region 

(Fig. 5.7). For example, the ROA spectrum for camphor is much simpler than for 

fenchone, which is nicely reproduced by the LVCI computation. For fenchone, a better 

agreement between the simulation and experiment is apparent for the IR and VCD 

spectra than for Raman and ROA spectra. The most visible discrepancies are the shape 

of the Raman signal, calculated sharper than observed, and the ROA band around 

2989 cm-1, where an experimental negative sign is reproduced by LVCI as a weak 

splitted signal only. For camphor, the agreement is quite good for all four types of 

spectra.  

VCD and IR LVCI intensities approximately (up to 30% difference) resemble 

the experimental magnitudes for all molecules. For Raman and ROA intensities, which 

were not measured as absolute values, integral intensities of experimental and 

calculated LVCI Raman spectra were normalized to unity within the interval 

1200-1500 cm-1. The intensity of the harmonic and PT2 spectrum was adjusted to 

maintain the original integral intensity ratio of the calculated spectra. Same 

normalization factors were used for the corresponding ROA spectra.37 While LVCI 

Raman intensities are overestimated about 30%, ROA LVCI intensities are ~2–4 times 

higher than integral intensities of experimental spectra in all cases.  

The performance of the LVCI method was tested for -pinene. The freezing of 

the lower-frequency vibrations was necessary to reduce the number of the HO states. 

It is based on the assumption of a limited coupling between the higher- and lower-

frequency modes (Fig. 5.8). While the C-H stretching modes (last 16 modes in the 

graphs) exhibit exceptionally large diagonal and off-diagonal anharmonic constants, 

the coupling of the C-H stretching to the lower-frequency modes is significantly 

smaller, so they stay relatively isolated from other vibrations.   
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Figure 5.7: Overlaps of the calculated (LVCI with parameters c1 = 0.002, c2 = 0.1) and 

experimental ROA, Raman, VCD and IR spectra in the C-H stretching region for 

(1R)-(-)-fenchone (36 modes fixed, 1 086 008 HO states) and (1R)-(+)-camphor 

(31 modes blocked, 1 906 884 HO states). Redrawn from publication [II] with 

normalized Raman and ROA spectral intensities.37  
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Figure 5.8: Anharmonic coupling () between harmonic vibrational modes (for 

-pinene, camphor and fenchone), defined for the modes i and j on the x and y axes, 

as the average of cubic and quartic constants containing these modes (in absolute 

value, mPW2PLYP//B3LYP/6-311++G**/CPCM calculation, e.g. |ciii|, |cijj|, |diijj|, etc.). 

Adapted from publication [II]. 

 

The number of the HO states is dependent not only on the number of blocked 

vibrations but also on values of coupling parameters c1 and c2 (Fig. 5.9). The Raman 

and ROA spectra of -pinene indicate a good stability and convergence of the 

transition vibrational frequencies. We started with a one-step selection (with c2 = ), 

where just states interacting with the C-H fundamental vibrations are selected. Even 

for a relatively weak coupling (c1 = 0.0002) the resultant spectral shape is not very 

realistic, with a large dispersion of the C-H stretching frequencies. The frequencies are 

also too high. The two-step HO basis set selection, which adds a second set of states 

interacting with the first one (provided by c2 parameter), appears as a more reliable 

and accurate method. The simulated frequencies and spectral shapes are significantly 

more realistic, albeit at the expense of the computer memory and time required for 

much higher number of included HO states.  

To summarize, the LVCI method appears as the best simulation method for 

treating anharmonicities so far, over performing the harmonic and PT2 approaches. 

The anharmonic corrections improved the experimental-to-calculated relation. We got 

a correct frequency shift for the C-H stretching vibrations, but not the fine mode 

splitting. Further development of the LVCI methodology is still needed for ROA and 

VCD, while a good accuracy was already achieved for Raman and IR spectra. The 

lower-frequency region (1350-1770 cm-1) also significantly benefits from the 

anharmonic computations. The results also showed that C-H stretching vibrations are 
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sensitive to the solvent and that empirical dispersion models provide a negligible 

effect. 

 

 

Figure 5.9: Raman and ROA LVCI spectra for (1R)-(+)--pinene calculated with 

different parameters c1, c2, and a number of blocked vibrations. Bottom: the 

experimental spectra. Redrawn from publiccation [II] with an added normalization of 

Raman and ROA spectral intensities.37 
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5.3. Tryptophan optical activity  
 

The tryptophan residue plays an important role in peptide conformational studies, 

especially in those using chiroptical and fluorescence spectroscopic techniques.281,282 

Tryptophan often exhibits a large optical activity, which interferes with other signals. 

The contribution of tryptophan to ECD, VCD, ROA and NMR spectra was analyzed 

in cyclic dipeptides c-(Trp-X), where X = Gly, Ala, Trp, Leu, nLeu and Pro (Fig. 4.3) 

in publication [III]. The results were interpreted with the aid of DFT computations and 

enabled us to better understand the chiral spectral response of Trp residue in larger 

proteins and to characterize the link between the spectra and molecular structure. 

Model cyclic dipeptides were selected as a first step to more complex 

biomolecular systems as they are more rigid and allow precise computations. Their 

nature causes rich solvent-solute interactions. The cyclic dipeptides are also known as 

2,5-diketopiperazines (DKPs). They have attracted considerable interest because of 

their potential use in many pharmacological applications, e.g. as antibacterial,283 

antitumor,284,285 anticancer,286 and antiviral287 agents. The heterocyclic ring of DKPs 

can be identified in a variety of biologically active natural products.288 Molecular 

recognition and thermodynamic properties of DKP derivatives are expected to be 

useful for understanding the protein folding.289 

We were interested in the interaction of Trp residue with the backbone and other 

side chains of peptides. Such effects are crucial for developing the OA spectroscopic 

response. A systematic conformational scan was carried out. The conformation of the 

DKP ring in c-(L-Ala-L-Ala) was predicted to be non-planar, with a shallow potential 

(Fig. 5.10). The ring is quite flexible at 300 K (kT~0.6 kcal/mol), allowing for large 

deviations of the  and  angles. Two possible puckerings should be taken into account 

(„boat-up“ and „boat-down“) in computations.  

We found that the side chains are important for the structure stabilization, and 

induce non-planarity of the DKP ring (Fig. 5.11 for c-(L-Trp-Gly) and Fig. S2 in 

publication [III] for other dipeptides). Trp side chains do not move freely but largely 

oscillate around preferred conformations, which can be categorized according to the 

values of torsional angles 1 and 2. While the extended conformations A and B with 

1 ~ -60° (where Trp indole side chain points out from the DKP ring according to 

Fig. 4.4, right) provide two energy minima ( ~ -30 and 30), the folded conformations 



74 

 

C and D with 1 ~ 60° (where the Trp indole is above/below the ring) strongly prefer 

the boat-down ring conformation.  

 

 

Figure 5.10: Top: calculated 2D potential energy surface for the DKP ring in 

c-(L-Ala-L-Ala) ( and ; B3LYP/6-311++G**/CPCM(DMSO)). Bottom: 

corresponding 1D energy scan along the torsion angle  (B3LYP/CPCM(DMSO) with 

two basis sets). Redrawn from publication [III]. 

 

 

Figure 5.11: Dependence of the relative electronic energies on the torsion angle  for 

six conformations (A-F) of c-(L-Trp-Gly) defined in Fig. 4.4, calculated at the 

B3LYP(left) or B3LYP-D(right) /6-311++G**/CPCM(DMSO) levels. Adapted from 

publication [III]. 
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The energy differences between the two conformations of the DKP ring are 

notably increased by inclusion of the dispersion correction (eq. 2.27). Such „DFT-D” 

calculations provide a better description of attractive long-range van der Waals 

interactions than uncorrected DFT method and significantly change conformer 

equilibria.134,138  

   Also the preferred conformation of the Trp side chain is strongly affected by 

the dispersion correction (Fig. 5.12 for c-(L-Trp-L-Trp)).  

 

 

 

Figure 5.12: Geometries and Boltzmann weights of the most populated conformers of 

the c-(L-Trp-L-Trp) peptide (Tables 2 and 3 in publication [III] for details). The 

B3LYP/6-311++G**/CPCM(DMSO) level was used for computations without (DFT, 

top) and with (DFT-D, at the bottom) correcting for the dispersion interactions. 

Conformational classes (A-F) of the Trp side chain according to the values of 1 and 

2 angles are defined in Fig. 4.4.   
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The DFT method alone predicts the extended conformers to be the most stable, 

with a minor but not negligible population of the partially folded ones. The DFT-D 

approach almost exclusively favors the partially (T-shaped) and completely folded 

structures, separated from the extended ones by a wide energy margin. The folded 

structures are favored due to a better description of the C-H··· intermolecular 

interaction between the indole group and the DKP ring. The DFT-D results are more 

consistent with the prevailing T-shaped folded (DA) conformation found in the 

c-(L-Trp-L-Trp) crystal. The DKP ring was predicted to be almost planar by X-ray 

crystalography.290 Interestingly, even the c-(L-Trp-Gly) was predicted to be entirely 

folded by the DFT-D approach, although Gly does not possess any significant 

polarizable components beyond the DKP ring. 

To verify the conformational preferences in real samples, chiroptical spectra 

(ECD, VCD and ROA) measured for several cyclic dipeptides with tryptophan were 

compared with spectra obtained by DFT and DFT-D calculations. The geometries and 

spectra of individual conformers are quite similar (Fig. 5.13). The resultant spectrum 

is thus mostly influenced by the weighting scheme dependent on the relative conformer 

energies. Spectral contributions of individual conformers are given by their Boltzmann 

weights (eq. 2.39).  
 

 

 

Figure 5.13: Comparison of calculated ECD, VCD and ROA spectra 

(B3LYP/6-311++G**/CPCM(DMSO)) and geometries (DFT and DFT-D) of the DA 

conformer of the c-(L-Trp-L-Trp) peptide.  
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The ECD spectra of c-(Trp-X) dipeptides are dominated by the Trp 

contributions (-* transitions), even for DKPs with only one Trp. It was suggested 

that Trp is not interacting significantly with the aliphatic side chain as c-(L-Trp-L-Ala) 

and c-(L-Trp-L-nLeu) provided almost identical ECD spectra (Fig. 4 in publication 

[III]). The strongest ECD signal was obtained for c-(L-Trp-L-Trp) with a strong 

exciton coupling of the Trp residues,291 indicating a stable folded conformation. As can 

be seen in Fig. 5.14, the averaging of the conformers has a major impact on the 

resultant averaged curve and consequently the DFT and DFT-D methods clearly 

provide very different ECD spectra. The experimental ECD features are better 

reproduced by the DFT-D computations. 

 

 
 

Figure 5.14: Calculated (B3LYP/6-311++G**/CPCM(DMSO), DFT and DFT-D 

geometries) and experimental ECD spectra of the c-(L-Trp-L-Trp) peptide. Boltzmann 

weights of different conformers are given in Fig. 5.12. Redrawn from publication [III]. 
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The computed ROA and VCD spectra (Fig. 5.15 and Fig. 5.16) of the most 

stable conformers show a stronger conformational dependence than Raman and IR 

spectra. The conformer averaging is needed to obtain realistic spectral shapes and 

intensities. VCD is dominated by the amide modes, well separated from minor Trp 

contributions (Fig. 5.15). However, the relative flatness of the ring makes the VCD 

weak and subject to artifacts (𝑔 ~ 10-5 is above but close to our reliable measurement 

limit). The c-(L-Trp-L-Trp) molecule might have a positive couplet shape (+/-, from 

lower to higher frequency) in amide I region (C=O stretching) and a negative signal 

arising from CH2 motions and amide bands (1430–1530 cm-1) as reproduced correctly 

by both DFT and DFT-D approaches. The DFT approach overestimates the negative 

intensities around 1439 cm-1. 

 

Figure 5.15: Calculated (B3LYP/6-311++G**/CPCM(DMSO)) and experimental 

VCD spectra of the c-(L-Trp-L-Trp) peptide for DFT and DFT-D geometries. 

Boltzmann weights of different conformers are in Fig. 5.12. Redrawn from publication 

[III]. 
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Figure 5.16: Calculated (B3LYP/6-311++G**/CPCM(DMSO)) and experimental 

ROA and Raman spectra of the c-(L-Trp-L-Trp) peptide for DFT and DFT-D 

geometries. Boltzmann weights of different conformers are given in Fig. 5.12. 

Redrawn from publication [III].   
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The observed Raman spectrum is dominated by the Trp modes and the 

strongest features are reproduced by both the DFT and DFT-D computations 

(Fig. 5.16). ROA spectra are more sensitive to the Trp side chain conformation, but 

experimental problems with limited solubility, instability of the samples in the (green) 

laser light,292 and artifacts associated with the overlap with strong vibrational bands of 

organic solvents complicated the analysis. In particular, the C=C five-member Trp ring 

stretching band (experimentally at ~1545–1560 cm-1) appears useful as a unique local 

probe of the 2 angle, which is otherwise difficult to monitor by other methods.102 

A negative ROA band is associated with conformations with 2 ~ -90 and a positive 

ROA band corresponds to 2 ~ +90. For c-(L-Trp-L-Trp), the prevalence of the 

T-shaped folded conformers with alternate (+90, -90) 2 values causes partial 

cancelation and the resultant negative signal is smaller, which can be seen both in the 

DFT-D and experimental ROA spectra, but not in the DFT average spectrum. For the 

C-H bending mode at 1350 cm-1 (amide III), the predominantly positive experimental 

ROA signal is better reproduced by the DFT-D model. Also the experimental 

+-+- pattern within 1100-1250 cm-1 seems to be better reproduced by DFT-D. 

A negative ROA signal at 920-942 cm-1 is present in both calculations and corresponds 

to the experimental signal. Also below 900 cm-1 both computations mostly reproduced 

the experimental pattern. 

 Our study confirmed the advantage of a combination of several spectroscopic 

techniques. Different spectral types reacted differently on the dispersion correction. 

Most spectral features were improved when the dispersion was included, which 

corresponds to similar findings in the past.293,137,79 The extended conformation favored 

by DFT provided poor agreement with the experiment. However, there are also 

indications that simple adding the dispersion correction to the dielectric solvent model 

may be an oversimplification. Comparison with experiment suggests that the stability 

of folded conformers is overestimated for the DFT-D model.  

The DFT-D method provided almost the same conformer distribution as the 

MP2 theory but with a significantly lower computational cost.294,295 Also the 

mPW2PLYP method provided results very similar to DFT-D but it favored more 

populations of the extended conformers (in total 20%; Table S1 in publication [III]).  

 A limited accuracy of the DFT-D model in non-aqueous solvents was further 

supported by the NMR data and the MD conformer ratios lying between the DFT and 
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DFT-D results. For example, NMR indicated a very flattened boat form of the DKP 

ring ( = 9–12°, Table 5.2), except for c-(L-Trp-L-Pro), for which an opposite pucker 

( = -37) was determined. The NMR results agree better with the MD and uncorrected 

DFT values than with DFT-D. Only for c-(L-Trp-L-Trp), the experimental values are 

between the DFT and DFT-D results. It seems that DFT-D model overestimates the 

deformation of the DKP ring. 

The spectra and conformer ratios predicted by the CPCM model for solvents 

of different polarities are almost identical. Only for CHCl3 the amide I band has 

a slightly higher frequency (Fig. S1 in publication [III]). However, NMR and MD 

simulations indicated different conformer ratios for different solvents. The NMR data 

(J(H-H) coupling constants) revealed a significant preference for the folded 

conformer (with 1 ~ 60) for c-(L-Trp-Gly) and c-(L-Trp-L-Leu) dissolved in 

DMSO-d6 and CD3OD. This finding agrees with the DFT-D results. Extended 

conformers are strongly preferred in CDCl3 by all dipeptides. The Trp conformation 

in c-(L-Trp-L-Trp) could not be determined from NMR data because of the symmetry 

and fast conformer exchange. MD simulations also indicated that more compact forms 

are favored in polar solvents (H2O, DMSO and CH3OH) and extended forms prevail 

(90 %) in case of the low-polarity CHCl3 environment. The NMR spectroscopy and 

MD simulations are therefore able to reveal finer solvent effects, stemming from the 

solvent-solute dispersion interactions and hydrogen bonding, which could be only 

partly included within the DFT/CPCM model. 

 

Table 5.2: Values of -angle () determining the DKP ring conformation in DMSO 

derived from NMR, MD and Boltzmann averaged values from DFT and DFT-D 

computations (B3LYP/6-311++G**/CPCM(DMSO)). Adapted from publication [III]. 

 

  c-(L-Trp-Gly) c-(L-Trp-Leu) c-(L-Trp-L-Pro) c-(L-Trp-L-Trp) 

  Trp Gly Trp Leu Trp Trp 

𝜑𝑁𝑀𝑅
𝑎  9 12 9 12 -37 12 

φ𝑀𝐷 - - - - -14 11 

φ𝐷𝐹𝑇 7 5 16 18 -37 5 

φ𝐷𝐹𝑇−𝐷 36 30 20 16 24 16 
 

a obtained from the experimental J(NH,H) coupling according to 296 
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 Other two studies conducted in collaboration with the University of Tromsø 

(publication [III`] and [IV`]) also demonstrated that the reliability of the spectral 

interpretation depends on the correct description of the molecular conformation, which 

is strongly affected by intramolecular interactions. The DFT-D approach was found to 

be imperative for accurate modelling of the conformer equilibria. Experimental ROA 

and VCD spectra well correlated with theoretical B3LYP-D spectra for all the absolute 

configurations (RS, SR, SS and RR) of c-(Arg-Trp) in publication [III`] and protonated 

c-(Arg-Tyr(OMe) in publication [IV`]. 

 Our results are in agreement with the later work of dr. Merten et al,297 in which 

conformational changes of cyclic tetrapeptides induced by DMSO-d6, CD3CN and 

CDCl3 solvents were studied by VCD. They found that solute–solvent interactions 

influence the relative population of the conformers and completely change energetic 

preference and the resultant spectra. Instead of the analysis of the VCD spectra based 

on energetic differences, they focused on similarities between the experimental and 

calculated spectral patterns. They concluded that the “explicit” solvation should be 

considered to account for shifts in conformational distributions and also changes in 

single-conformer spectra.298 

To summarize, the chiroptical spectroscopies supported by theoretical 

calculations provided useful insight into the conformation of the Trp side chain. It was 

difficult to balance the dispersion with the solvent and dynamical aspects. Considering 

the importance of accurate conformer energies, it is not clear that the quality of 

currently used MD force fields is high enough.  
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5.4. Circularly polarized luminiscence of the europium (III) 

complex  

 

The interaction of a series of histidine-containing peptides with the racemic 

[Eu(DPA)3]
-3 complex was monitored in publication [IV] by CPL, in order to 

understand the binding mode and the role of the main peptide chain. The DPA complex 

itself exists in two chiral forms (traditionally referred to as “Ʌ” and “”), which are 

normally present in equal amounts. Perturbation of the Ʌ   equilibrium in 

a presence of chiral component has been suggested as the primary mechanism of 

chirality induction.  

The complexity of the lanthanide complex-peptide interactions nowadays does 

not allow accurate theoretical calculations due to the necessity to involve 

non-Born-Oppenheimer phenomena, induced optical activity, open-shell systems and 

relativity. We have tried to rationalize the measured data by calculations of the binding 

strength correlated with the CPL intensity.  

The effect of the peptide length was studied for His-(Gly)n peptides, where 

n = 1, 2 and 3 (Fig. 5.17). Addition of the peptides to the Na3[Eu(DPA)3] complex led 

to a ~30% [for His-(Gly)3] up to 70% (for His-Gly) decrease of the TL compared to 

the pure complex. The strongest signals both in the 5D0  7F1 (~1900 cm-1) and 

5D1  7F2 (~850 cm-1) regions belongs to the longest His-(Gly)3 peptide, while for 

His-Gly the CPL is rather weak around 1900 cm-1 and hidden in noise at 850 cm-1. 

His-(Gly)2 provides weaker 5D0  7F1 bands with nearly opposite signs. Although the 

CPL shapes for His-(Gly)2 and His-(Gly)3 are not exact “mirror images”, as a first 

approximation we can interpret the results as perturbation of the Ʌ   complex 

enantiomeric equilibrium by the chiral peptide matrices.299,300 

The stabilization energies of all complexes are rather low (~2–3 kcal/mol) 

according to the free energy profiles (Fig. 5.17, right). From the relative binding 

strengths (s, eq. 4.9) of His-Gly and His-(Gly)2 no favoring of the Ʌ or  enantiomer 

within computational accuracy is apparent (Fig. 5.18). For His-(Gly)3 at pH ~ 4, 

however, the  binding seems to be more energetically convenient than for Ʌ. The 

simulations have confirmed the stronger binding observed for His-(Gly)3. The chirality 

CPL inversion observed for His-(Gly)2/His-(Gly)3 was not unambiguously supported 

by theory, nevertheless we can see that the Ʌ and  His-(Gly)2 forms are predicted to 
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have about the same probability for pH ~ 4, and the Ʌ form is preferred at higher pH. 

The inversion thus can be at least partially explained by a residual presence of the 

neutral species in the sample. Inspection of geometries obtained close to the energy 

minima suggested a significant role of the His charge and perhaps a - interaction of 

the His ring with the DPA ligands. In some MD snapshots the interaction of the Gly 

residues with the complex was apparent as well, which is consistent with relatively 

high CPL observed for the longest His-(Gly)3 peptide.  

The dependence of the TL and CPL spectra on pH was studied for His-(Gly)2 

(Fig. 5.19). The TL is about constant for pH ~ 7 and 10, and dropping by 30–60% for 

pH ~ 4. The predominantly positive charge of the peptides at pH ~ 4 favors the 

interaction with the complex and the CPL intensity decreases with increasing pH, 

which is supported by the MD computations (Fig. 5.18).   

 

 

 

Fig. 5.17: Left: Experimental TL and CPL [Eu(DPA)3]
3- (4 mM) spectra when chelated 

with His-(Gly)n (n = 1, 2 and 3; 20 mM, pH = 4). Right: Coresponding calculated free 

energy profiles for the  and Ʌ forms of [Eu(DPA)3]
-3 complex as dependent on the 

Eu and C of His distance. Redrawn from publication [IV]. 
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Fig. 5.18: Calculated binding strength of the peptides s, obtained as the ratio (𝑁𝐵/𝑁𝐹) 

of bonded and free complex molecules in the simulation box (eq. 4.9) for different 

values of pH. Redrawn from publication [IV]. 
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Fig. 5.19: Left: Experimental TL and CPL spectra, mixtures of [Eu(DPA)3]
3- (4 mM) 

with His-Gly-Gly (20 mM) at three different pH values. Right: Calculated free energy 

dependent on Eu-his distance for His-Gly-Gly in complex with  and  forms of 

[Eu(DPA)3]
3- at four different pH values. Redrawn from publication [IV]. 

 

The influence of the histidine position in the peptide chain on CPL spectra was 

investigated for Gly-His, Gly-His-Gly, Gly-Gly-His and His-His peptides (Fig. 5.20). 

The TL intensity decreases gradually for His-Gly-Gly, Gly-His-Gly and Gly-Gly-His. 

The His residue in the middle (Gly-His-Gly) and at the C-terminus (Gly-Gly-His) 

induces a weaker CPL signal with nearly opposite sign for the 5D0  7F1 transitions 

compared to His-(Gly)2. Most probably the His-(Gly)2 stabilizes the different 

enantiomer of the complex (Ʌ). 
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Fig. 5.20: Left: Experimental TL and CPL [Eu(DPA)3]
3- (4 mM) spectra when chelated 

with Gly-His, Gly-His-Gly, Gly-Gly-His and His-His (20 mM, pH = 4). Right: 

Coresponding calculated free energy profiles as dependent on the Eu and C of His 

distance for  and Ʌ forms of [Eu(DPA)3]
-3 complex. Redrawn from publication [IV]. 

 

We can speculate that in His-(Gly)2 the NH3
+ charge strengthens the binding 

potency of His, while in Gly-His-Gly and Gly-Gly-His the C-terminal COO- group 

weakens it. Most probably other factors, such as dissociation equilibria and van der 

Waals interactions, also contribute to the electrostatic effects. Free energy profiles 

provide quite broad and shallow energy “well”, so the “binding” is very weak and the 

resultant associate may not have a rigid geometry. 62 The strongest binding is suggested 

for His-His (Fig. 5.20) in agreement with experiment. As the preference of the Ʌ /  

form of [Eu(DPA)3]
-3 complex probably correlates with the CPL sign, the theoretical 

prediction for Gly-Gly-His is therefore not consistent with the experimental 

observations. Thus the simulations at the present protocol do not seem to be reliable 
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enough to be used for chirality determination. Nevertheless, they well explain many 

aspects of the binding, some general trends, and at least suggest that the quite attractive 

idea of determination of the complex absolute configuration through combination of 

the theory and experiment is possible. 

To summarize, the data indicate a relatively weak binding of the His residue to 

the [Eu(DPA)3]
-3 complex, with a strong participation of other peptide parts. Longer 

peptides, low pH and His residue close to the N-peptide terminus favors the binding. 

The magnitude of the CPL intensity roughly correlates with the MD simulations. The 

sensitivity of the lanthanide binding to the peptide structure, the large luminescence 

and optical activity make the technique suitable for probing peptide and protein 

secondary and tertiary structure.  
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Conclusions 
 

Our results confirmed that vibrational optical activity and CPL are very sensitive to 

the molecular structure. In theoretical modelling, special attention should be paid to 

molecular flexibility and proper conformational averaging, modelling of different 

solvents and inclusion of vibrational anharmonicities. 

The first project focused on solvent models. The normal mode optimization 

method was applied to an ensemble of clusters of lactamide with a few explicit water 

molecules. The broadening of the simulated vibrational bands could be efficiently 

controlled by the normal mode optimization constraint. The most realistic theoretical 

spectra were obtained for the cutoff frequency 𝜔𝑚𝑎𝑥 ~200–300 cm-1. This procedure 

can be rationalized to a large extend by the quantum properties of the vibrations, and 

provides an efficient means of modeling vibrational properties of molecules in 

solutions.  

The second project was dedicated to VOA spectra of several rigid molecules in 

the C-H stretching region. The harmonic approach approximately reproduced the 

experimental spectral patterns. However, more accurate spectral patterns were 

obtained with the anharmonic corrections implemented via the LVCI formalism. 

A limited interaction between the C-H stretching and lower-frequency modes was 

assumed. Many HO states could be included owing to an efficient implementation of 

the diagonalization procedure. We found that the calculations beyond the harmonic 

limit also improved the lower-frequency vibrations (e.g., around 1400 cm-1). In the 

future, we want to extend the computational procedures to hydrated biomolecules, e.g. 

to estimate the effects of the solvation, conformation and the anharmonic corrections 

in a consistent way.  

In the third project, we studied the role of the dispersion forces for conformer 

equilibria and dynamics of tryptophan in cyclic dipeptides. The calculations provided 

a good basis for interpretation of the data obtained from several spectroscopic 

techniques (ROA, ECD, VCD and NMR). Stable conformers yielded about the same 

spectra within the DFT and DFT-D approach, but a dispersion DFT correction 

energetically favored compact folded forms. The dispersion-corrected computations 

provided spectra closer to the experiment, but till with a limited accuracy, especially 

for non-aqueous solvents. Most probably, the stability of the folded conformers was 
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overestimated as also indicated by the NMR data and MD simulations. The 1554 cm-1 

ROA signal appeared useful as a unique local probe of the 2 angle.  

The last project was dedicated to lanthanide complexes with histidine-

containing peptides. The CPL spectra sensitively reacted on the position of histidine 

in the peptide chain, which could be rationalized by MD simulations. The interaction 

of the complex with the peptides was predicted to be rather weak and site-unspecific. 

Nevertheless, resultant CPL patterns were still quite characteristic for individual 

peptides. This is promising for future design of similar “smart” probes for chemical 

imaging of peptides and proteins and other bio-molecular structures. CPL itself was 

measured using the relatively new “ROA/CPL” methodology, enabling to obtain weak 

CPL signals immeasurable otherwise.  

Quantum-chemical simulations became an integral part of experimental 

vibrational spectroscopy. This thesis focused on improving the accuracy of the 

simulations by including anharmonic, solvent, molecular flexibility and dynamics and 

other finer effects into computations. Accurate interpretation of vibrational spectra 

(spectral frequencies, intensities and actual band shapes) based on a combination of 

experimental and theoretical approaches lead to a deeper understanding of molecular 

structure, dynamics and interactions that govern the peptide and protein spectral 

features and other physical properties. 
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