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Abstract: Despite the decades of intensive research, nucleic acids (NA) represent
still a permanent object of structural studies. Within the framework of the doctoral
work, the apparatus for measurement of UV excited resonance Raman spectra (UV
RRS) was built up and optimized. A realistic and complex interpretation table
was prepared based on analysis of published data and extensive series of UV RRS
measurements on NA model structures, mononucleotides, and polynucleotides.
The established methodology was verified when applied in several structural
studies of nucleic acids, mainly the study of the influence of magnesium ions
on the equilibrium between duplexes and triplexes formed by PolyA and PolyU
homopolynucleotides, a study of temperature-induced structural changes in DNA
double helix and DNA hairpin, and investigation of slow structural transitions
of guanine quadruplexes induced by the presence of potassium ions. The results
of the test measurements and the above-mentioned studies have shown that the
created methodology for studying UV RRS of nucleic acids brings most of the
expected benefits of the resonance excitation: the possibility of Raman scattering
measurements at the same concentrations as in the case of UV absorption, high
sensitivity to fine temperature-induced structural changes and good interpretability
of the spectra obtained.
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Preface
Despite the decades of intensive research, nucleic acids (NA) represent still a
permanent object of the structural studies, which focus on characterizing NA local
geometric arrangement, its formation, and collapse depending on the internal
(nucleobase sequence) and external (environmental conditions, intermolecular
interactions) parameters. The reason is the rich structural polymorphism of
nucleic acids, which are in addition to the classic Watson-Crick duplex capable of
adopting various non-canonical structures, such as hairpins, cruciforms, triplexes,
quadruplexes, or i-motifs. It has also been shown that the processes of the
expression of genetic information, of its modification and transfer are controlled
through specific nucleic acid-protein interactions. However, detailed molecular
mechanisms of these fundamental biological processes are often unknown (Bansal
et al., 2014; Kaushik et al., 2016; Yamamoto et al., 2021).

A variety of experimental techniques has been used to investigate the structural
arrangement of nucleic acids in their natural environment. Many of them were
gradually developed to achieve credible and well-interpretable results. One of
the relatively new techniques considered as perspective is the resonance Raman
scattering excited in the ultraviolet spectral region (UV RRS). UV RRS of NA
and their components have been measured since the beginning of the seventies. In
contrast to the original optimistic expectations, this method is though currently
applied in nucleic acid studies only rarely.

The aim of my doctoral work was to implement the UV RRS method in the
Division of Biomolecular Physics of the Institute of Physics CU, where they had
almost no experience with the method. The thesis brings a detailed description
of the several-year effort, particularly construction of the spectrometer, solving
numerous methodological problems and application of the built methodology in
several structural studies of nucleic acids. The first part of the thesis is devoted
to the review of published works concerning UV RRS of nucleic acids, which I
used as the starting point for dealing with the tasks of my doctoral work.
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1. UV RRS measurements of
nucleic acids
This chapter represents a brief overview of the published studies, summarizes the
main assets to NA research, and draws attention to possible pitfalls. In addition
to the results achieved, great attention is paid to the used apparatus and the
experiment’s methodology, data treatment, and interpretation.

1.1 Experimental Approach
Within the fifty years from the first published works dealing with UV RRS
measurements of NA, the devices used have changed according to the technical
progress and the growth experience with this type of experiment. We concentrate
on the main parts of UV RRS spectrometers, including the way of the sample
placement.

1.1.1 Excitation sources
It is typical for the first two decades that a significant number of various laser
sources were employed to reach an intensive excitation at various UV wavelengths.
As a rule, pulse lasers with high peak power were chosen to reach the high efficiency
of nonlinear effects serving for the wavelength transformation.

Frequency-doubled pulsed high-power Ar+ laser was used for excitation at
257 nm (Harada et al., 1975; Pezolet et al., 1975; Nishimura et al., 1977). Pulsed
Nd:YAG lasers, as a rule of low repetition frequency, were employed mainly
to obtain 266 nm or 213 nm wavelengths as the fourth and the fifth harmonic,
respectively (Ziegler et al., 1981; Toyama et al., 1993). Other wavelengths were
obtained using higher harmonics (Kubasek et al., 1985) and H2 Raman shift cell
(Fodor et al., 1985; Nishimura et al., 1987). 211 nm radiation was obtained using
sum-frequency mixing of the second and third harmonics of a continuous-wave (cw)
mode-locked Nd:YLF laser operating at 76 MHz (Leonard et al., 1994). Excimer
lasers were also employed (Ziegler et al., 1983).

Continuously tunable UV radiation was obtained by frequency-doubled pulsed
dye lasers, firstly pumped by a flash lamp (Asher et al., 1977; Blazej et al., 1977),
which enables to obtain wavelengths above 265 nm. Later on, frequency-doubled
synchronously pumped dye lasers providing high repetition ps pulses were used
for excitation with relatively low average power tunable down to 285 nm (Bushaw
et al., 1978; Samanta et al., 1982; Benson et al., 1992). An excitation source
tunable in an extensive range of 217–750 nm was designed using a frequency-
doubled or tripled 20 Hz Nd:YAG laser to pump a dye laser (Asher et al., 1983).
UV wavelengths were obtained by a nonlinear mixing or frequency doubling. An
excimer-pumped dye-laser system with subsequent frequency doubling provided
wavelengths were continuously adjustable down to 205 nm (Gfrorer et al., 1993).

At the beginning of the nineties, the quantity of obtained experimental data
allowed for general conclusions concerning UV RRS spectra of NA obtained using

5



pulse lasers. Although the substantial resonance enhancement led to high signal-
to-noise ratio (SNR), the typical SNR remained far below the theoretical limit
for high-pulse energy excitation. Moreover, disaccords of Raman intensity data,
in particular the excitation RRS profiles, obtained in different laboratories were
presented (e.g., Bushaw et al., 1980). The optical excitation sampling limitations,
dielectric breakdown, and other nonlinear optical phenomena (Teraoka et al.,
1990), and Raman saturation phenomena (Harmon et al., 1990; Johnson et al.,
1986; Ludwig et al., 1988; Song et al., 1991; Sweeney et al., 1990; Teraoka et al.,
1990) were specified as the reasons.

At the same time, the cw Ar+ ion laser with intracavity doubling has appeared
as a new UV source providing 257, 248, 244, 238 and 228.9 nm excitations (Asher
et al., 1993; Russell et al., 1995). Due to the cw regime, its use lowered nonlinear
sample photochemistry, sample thermal degradation, and ground-state saturation.
The beam could be focused to a small sample volume, which could be efficiently
collected; this capability resulted in very high spectral SNR.

1.1.2 Scattering geometry, optical paths, and spectral anal-
ysis

Both 90-degree and backscattering geometries were employed. An exception is
a grazing incidence geometry used in the case of the sample cuvette with a side
opening (Jollès et al., 1984) and a 120°geometry used for measurement from a jet
stream (Fodor et al., 1985). The excitation beam was directed employing planar
mirrors and focused by a quartz lens. More diverse were the arrangements of the
collecting paths. Besides the quartz lenses, mirrors (concave mirrors Blazej et al.,
1977, or later Cassegrain reflective objectives Toyama et al., 1991; Russell et al.,
1995) were used to avoid the chromatic aberration.

Spectral analysis was first performed using double or triple spectrographs
(Harada et al., 1975; Gfrorer et al., 1993; Toyama et al., 1993), from the beginning
of the nineties equipped with a cooled CCD detector (Gfrorer et al., 1993; Toyama
et al., 1993). It was later demonstrated that a single-stage spectrograph (which
is of higher throughput) is sufficient to reject the elastically scattered radiation
when it is placed behind a simple prefiltering element. The premonochromators,
used for this purpose (Hashimoto et al., 1993; Russell et al., 1995), were after
replaced by proper optical filters (Munro et al., 1997; Bykov et al., 2013).

1.1.3 Sample placement
Resonance Raman spectroscopy uses excitation light with frequency inside the
electronic absorption band of samples. It means that the investigated molecules
accept a significant part of the power from the incoming laser beam, and this
excess energy can destroy the samples. It also locally increases temperature and
causes the thermal lens effect, which distorts laser focus. Over time, resonance
Raman spectroscopists invented methods to minimize these effects.

Except for some cases when UV RRS spectra of NA were measured in stationary
quartz capillaries or tubes (Blazej et al., 1977; Asher et al., 1983), three main
concepts have been designed to reduce the NA photodamage during the experiment.
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Figure 1.1: Cell for resonance Raman measurements in liquids proposed by Kiefer
et al. (1971a). The picture was taken from the original paper.

All these concepts are used up to now without any precise evaluation, which of
them should be preferred.

Quartz rotating cell enables to enlarge the sample volume exposed by the
radiation. The rotating cells were usually constructed for sample volumes of units
of mL (Kiefer et al., 1971a; Kiefer et al., 1971b; Pézolet et al., 1973; Nishimura
et al., 1977; Laigle et al., 1982a; Asher et al., 1983; Benson et al., 1992; Toyama
et al., 1993; Russell et al., 1995), but a low-volume (down to 2μL) construction
was also published (Gfrorer et al., 1993).

Another possibility is a flow system with a reservoir, where the sample is
circulating. UV RRS is measured from a jet stream (Ziegler et al., 1981; Asher
et al., 1983; Fodor et al., 1985; Russell et al., 1995; Toyama et al., 1993) or a
properly designed flow cell (Blazej et al., 1980; Gfrőrer et al., 1989). The sample
volume depending on the particular design, was from 2 to 50 mL.

A relatively simple but acceptable variant is a standard cuvette of about 1 mL
or somewhat more volume with constant stirring. In this case, the backscattering
geometry is usually used (except for the mentioned above the grazing incidence
(Jollès et al., 1984)). The advantage of this approach is the relatively easy
temperature control of the sample (Mukerji et al., 1995).

It is worth mentioning that a combination of the rotating cuvette and stirring
has also been published (Rodgers et al., 1992). The authors used a Suprasil NMR
tube (0.5 mL of a sample) spun at approximately 10 Hz around a stationary helical
stirring wire.

1.1.4 Spinning cell design
Spinning cells for sample placement have been used in resonance Raman spectropy
for long time. Kiefer et al. (1971a) reported a spinning cell that eliminated the
difficulties connected with excitation laser interaction with samples and increased
the observed Raman intensity by a factor of about 10. A schematic diagram of the
cell is given in fig. 1.1. They used a cylindrical quartz cell with an outer diameter
of 60 mm and a height of 25 mm glued to a circular piece of brass. The rotation
speed could vary from 0 to 3000 rpm. The cell could contain ∼ 65 mL of liquid
maximally, but only ∼ 15 mL were necessary for measurement because the liquid
is driven to the cell’s walls by centrifugal force.
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Figure 1.2: Detail of sample spinner, for 180° or oblique illumination. A: complete
system with evacuated Pyrex jacket, J, surrounding the sample tube, S. Cold (or warm) gas such
as N2 is passed through J to control the sample temperature. L1 is the focusing cylindrical lens,
L2 is the collecting lens, M is the small front surface mirror. C is the sample chuck. B: detail
of the sample chuck: O, split nylon cone; P, knurled aluminum nut attached to the aluminum
body of chuck; Q, spinner shaft. The spinner should be constructed to minimize the wobble of
the sample tube, which decreases the Raman signal at high absorber concentrations. Adapted
from Shriver et al. (1974).

Shriver et al. (1974) improved the design of the spinning cell holder. They
used pyrex tubes which could be directly inserted into the holder. The tube was
secured inside the holder by a split nylon cone compressed by knurled aluminum
nut attached to the aluminum body of chuck (see fig. 1.2). The cell could contain
1 mL of samples or less for measurement, in which case the spectra were obtained
from a thin film of the liquid on the sides of the cell.

Similar cells using the above-mentioned design approaches were then regularly
used in resonance Raman studies, see section 1.1.3.

1.1.5 Calibration
During the first period, when the main aim was to determine the UV RRS
excitation profiles of various NA components, great attention was paid to an
intensity calibration. The calibration procedures served mainly for the intensity
normalization of Raman spectra obtained for different excitation wavelengths.
Usually, Raman lines (mostly only the most intensive ones) of pure, simple
compounds or their relatively concentrated solutions, which did not absorb in the
near UV, were taken as standards. The dependence of their UV RS intensity on the
excitation wavelength was omitted or simply approximated. The list of employed
standards include cyclohexane (Hamaguchi et al., 1974), water (3400 cm−1 band)
(Chinsky et al., 1978; Fodor et al., 1985), cacodylate ion (608 cm−1 line) (Blazej
et al., 1977; Samanta et al., 1982), phosphate ion (994 cm−1 line) (Kubasek et al.,
1985), sulphate ion (981 cm−1 line) (Perno et al., 1989; Benson et al., 1992; Wen
et al., 1998), and perchlorate (934 cm−1 line) (Rodgers et al., 1992). Some authors
employed the Raman lines naturally occurring in the measured spectrum but
without resonance enhancement, e.g., 980 cm−1 line of the PO –

3 vibration and the
water band at 1640 cm−1 in the spectrum of nucleotide solution (Tsuboi et al.,
1974).

The only work was devoted to an intensity correction through the measured
UV RRS spectrum (Chinsky et al., 1983). The authors aimed to correct the
spectral dependence of the monochromator throughput in the region of 2000 –
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5000 cm−1. They used UV radiation from a deuterium lamp passing through
a double monochromator or only through its first stage, assuming the same
transmission for the second stage.

Surprisingly only a few published UV RRS studies of NA specified how the
wavenumber scale was calibrated. Usually, the calibrations were based on known
positions of Raman lines of simple compounds. This issue is discussed in detail in
section 3.1.5.

1.1.6 Data treatment and analysis
Within the published UV RRS studies of nucleic acids, some advanced mathe-
matical methods of data treatment and analysis have been applied. A method of
noise and background correction by filtration in the Fourier space was developed
and applied by Laigle et al. (1982b). To decompose overlapping UV RRS lines, a
combination of maximum entropy and Fourier self-deconvolution was employed
(Efremov et al., 1991). To visualize the coordination of the effects of a photo-
or thermally induced damage of 12- and 18-mer AT oligomers, the method of
two-dimensional correlation spectroscopy was used (Jirasek et al., 2006). Another
approach for analysis of a spectral set, the principal component analysis, was
employed to extract the features of interest from UV RRS spectra of ethidium
bromide intercalating supercoiled DNA plasmid (Neugebauer et al., 2007).

1.2 Published UV RRS studies of NA

1.2.1 Nucleobases, nucleosides and nucleotides
First UV RRS experiments concerned mainly the simple NA components. The pub-
lished works from the seventies and eighties were devoted primarily to nucleotides,
probably because of their good solubility. Typical was the use of several excitation
wavelengths in the resonance or preresonance spectral region. The resonance
enhancement of the Raman signal was first reported for 5’-AMP and its analogs
(Tsuboi et al., 1974; Pezolet et al., 1975; Blazej et al., 1977). It was found out
that while the resonance enhancement of some adenine lines (1484 and 1580 cm−1)
was associated with the lowest-frequency absorption band, the ring-breathing
vibration (730 cm−1) belongs to the higher-frequency band (210 nm). Soon the
RRS active vibrations of NA assigned to nucleotides containing all nucleobases
were reported (Chinsky et al., 1978; Nishimura et al., 1977). It was found that for
a proper excitation wavelength, the resonance enhancement of some Raman lines
is so strong that the sample concentration needed is as low as what is required for
the ultraviolet absorbance measurement (Nishimura et al., 1977).

UV RRS investigations of nucleotides continued in the eighties, usually with
the aim to specify precisely the dependence of the resonance enhancement on
the excitation wavelength. This effort was probably contributed by the finding
that some previously achieved results do not match each other and thus cannot
be considered as reliable (Bushaw et al., 1980). It was concluded that maximal
resonance enhancement could be achieved for about 260 nm, but deeper UV
excitations may be more sensitive to some changes, which was demonstrated
on adenine protonation by Kubasek et al. (1985). Especially Raman lines of
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pyrimidine vibrations were found to be stronger enhanced for excitation in deep
UV (Ziegler et al., 1984; Fodor et al., 1985).

The depolarization ratios for RS of CMP and UMP excited by 514 and
300 nm were measured by Blazej et al. (1980). For the most intensive lines, the
depolarization ratios were close to 1/3 for 300 nm excitation even though they
somewhat differed for excitation at 514.5 nm. Detailed differences in the UVRR
spectra of guanosine and adenosine nucleotides with varying types of furanose
rings were reported for 266 nm and 218 nm excitations (Nishimura et al., 1987).
UV RRS of main deoxynucleosides and aromatic amino acids were measured in
H2O and D2O using various excitations (257, 244, 238, and 229 nm) to demonstrate
the suitability of UV RRS for the study of nucleoprotein assemblies, including
viruses (Wen et al., 1998).

From the half of eighties, relatively precise UV RRS measurements of nucle-
obases and their analogs appeared, usually with the aim to enlarge the knowledge
of the nucleobase vibrational spectra to support the interpretation of vibrational
lines. These works include RRS spectra of uracil and its 18O substituted derivatives
(Ghomi et al., 1986), adenine and 2-aminoadenine (Dhaouadi et al., 1994), thymine,
thymidine and its stereoisotopomer (Tsuboi et al., 1997), guanosine and its seven
isotope-substituted analogs (13C2, 15N2, 18O6, 15N7, 13C8, 15N9, and 13C1’) in H2O
and D2O (Toyama et al., 1999; Toyama et al., 2002), 1-methyldeoxyadenosine and
3-methyldeoxycytidine (Jayanth et al., 2011).

Other studies focused on the effect of nucleobase protonation state and/or
hydrogen bonds (both donor/acceptor type) on the UV RRS spectra of nu-
cleotides. They concerned major nucleobases and 5-methyl-cytosine in monophos-
phate nucleotides dissolved in H2O or D2O (Gfrorer et al., 1991), 2’-deoxy-
3’,5’-bis(triisopropylsilyl)guanosine in various types ofsolvents (Toyama et al.,
1996), acetyl derivative of adenosine and its C8-deuterated analog (Fujimoto
et al., 1998), pH effect on UV RRS of dAMP, dGMP, and dIMP (Sokolov et al.,
2000), 2’,3’,5-tri-O-acetyladenosine in various solvents (Toyama et al., 2005), 1-
methyldeoxyadenosine and 3-methyldeoxycytidine at various pH (Jayanth et al.,
2011).

1.2.2 Polynucleotides
Polynucleotides have been popular molecular models of nucleic acids for their
accessibility and the limited number of different nucleobases, which simplified
the assignment of Raman lines. They can simulate various forms of folded NA
structures like a double helix of A, B, or Z conformation, triplex, or ordered single-
helical structure. Early UV RRS studies were focused on the effect of resonance
Raman hypochromism. This effect was first evidenced in preRRS and RRS spectra
of polyA·polyU duplex (Pezolet et al., 1975). Following works reported the UV
RRS hypochromism of certain Raman lines much more intensive (160 – 200 %)
than that of UV absorption or RS excited at visible (e.g., thymine lines at 1245,
1380 and 1665 cm−1 in poly(dAdT) excited with 300 nm Chinsky et al., 1982). On
the other hand, some Raman bands of NA were found to be (at certain conditions)
insensitive to the conformational transition of NA or to be even hyperchromic
(Chinsky et al., 1980). First measurements of complete temperature spectral
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dependences, i.e., UV RRS melting curves of NA, were carried out on a set of
polynucleotides forming A/T or A/U base pairs (Jollès et al., 1985).

Changes of Raman line positions caused by the duplex formation were measured
by RRS of poly(dA)·poly(dT), poly(dAdT)2, poly(rA)·poly(rU) and poly(dAdU)2
excited with 200, 218, 253, and 266 nm wavelengths and compared with those
of equimolar mixtures of mononucleotides. Downshift up to 10 cm−1 was seen
for the adenine ring modes at 730, 1310, and 1580 cm−1 in poly(rA)·poly(rU)
(Grygon et al., 1990). The temperature-induced changes in UV RRS (260 nm)
spectra of poly(dA)·poly(dT) were also measured in the “premelting” temperature
region (Chan et al., 1997). They observed changes in the vibrational frequencies
associated with the C4-carbonyl stretching mode (thymine) and the N6 scissors
mode of the adenine amine in the spectral region 1580 – 1690 cm−1. This seemed
to indicate cross-strand bifurcated hydrogen bonds between consecutive dA:dT
pairs at low temperatures (bent form).

The pH induced poly(rA) transition from a single to a double helix form
was studied via 308 nm excited RRS (Gfrőrer et al., 1989). The main effects
were related to the change of adenine protonation. The effect of deuteration on
vibrational frequencies of purine nucleotides and polynucleotides was systematically
studied to provide experimental evidence that the conformational sensitivity of
purine in-plane modes originate in their coupling with the sugar vibrations (as
previous theoretical calculations had indicated) (Toyama et al., 1993). They
revealed that the deuteration at C1’ caused upshift of 1208, 1321, and 1414 cm−1

and downshift of 825, 1026, and 1081 cm−1 guanine lines and upshift of 1174, 1213,
1309, 1375 cm−1 and downshift of 730, 1009, and 1254 cm−1 lines of adenine.

RRS conformational markers of the triple helix poly(U)·poly(A)·poly(U), the
double helix poly(A)·poly(U), and a random copolymer poly(AU) (260 and 220 nm
excitation) were studied from neutral to low pH (down to 2.5) (Gfrorer et al., 1993).
It was suggested that the uracil band around 1452 cm−1, which was prominent
in 220 nm excited triplex spectra, might be an H-bond marker. Triplex RRS
spectra showed a very strong decrease in 1341, 1480, 1573 cm−1 adenine lines. The
only significant frequency change was the slight upshift of the adenine band at
1338 cm−1.

Several studies dealt with the B to Z conformation transition. UV RRS excited
at 257 and 295 nm wavelengths of poly(dGdC) duplex were measured for different
salt concentrations. Main spectral changes were the intensity increases of the
1322 cm−1 guanine line with regard to its 1355 cm−1 line and of the 1579 (guanine)
and 1630 cm−1 (cytosine) lines in respect to the guanine 1490 cm−1 line (Jollès et
al., 1984). Similar studies were later carried out for other nucleobase compositions
that are considered not to be typical for the transition, poly(dAdC)·poly(dGdT)
(Miskovsky et al., 1992), poly(dI-dC) (Tomkova et al., 1993), and poly(rArU)
(Tomkova et al., 1994). The structural transition was supposedly invoked by
adding Ni2+ ions or NH4F.

B to X transition in poly(dAdT) induced by high a concentration of CsF was
also observed by means of UV RRS (257 and 281 nm excitation) (Tomkova et al.,
1995). The main effect was obtained for thymine lines of the ring and sugar
coupled modes at 665, 745, and 784 cm−1 (interpreted in terms of a C3’-endo/anti
reorganization), 1370 cm−1, and 1660 cm−1, which split. The changes of the latter
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two were explained by modifications in the thymine C4 O hydrogen-bond network
with opposite adenine bases.

Some published works also concerned poly(rI) – basic UV RRS characterization
(Ulicny et al., 1994), effects of Na+ versus K+ ions on the conformation and stability
(Mukerji et al., 1998) or demonstration of quadruplex structures present at high
ionic strength (Wheeler et al., 1996).

1.2.3 Oligonucleotides and natural NA
The published UV RRS measurements of natural NA are relatively rare. In the
eighties, two measurements on calf thymus DNA (the most common natural NA)
were carried out, and Raman spectra were assigned by comparison with nucleotide
spectra (Laigle et al., 1982a; Fodor et al., 1986). In the latter work, poly(dAdT),
poly(dGdC) were also measured as references, and the spectral shifts caused by
the duplex formation were identified. The UV RRS (248, 257, and 264 nm) of
calf-thymus DNA was later also measured to determine the damage due to ionizing
radiation (Shaw et al., 2009).

UV RRS of filamentous viruses Pf1 and fd were measured with various exci-
tation wavelengths (257, 244, 238, and 229 nm) (Wen et al., 1999). The results
indicated markedly different modes of organization of ssDNA in Pf1 and fd virions,
despite similar environments for coat protein tyrosines.

UV RRS was also used to observe the effect of supercoiling on DNA plasmid
pBR322 (Neugebauer et al., 2007). In comparison with the relaxed form, changes
were seen in the C O and exocyclic NH2 vibration above 1600 cm−1, CN stretching
mode of adenosine and guanosine at 1487 cm−1, and in the spectral region 1320 –
1360 cm−1 sensitive to deoxyribose conformation.

Oligonucleotides as NA segments with custom specified nucleobase sequences
can serve as realistic molecular models of important NA structural elements.
The published UV RRS studies concern mainly duplex structures, hairpins, and
guanine quadruplexes.

The effect of cytosine and guanosine methylation on the thermal stability of
DNA duplexes was studied via UV RRS of DNA hexamers with alternating C/G
sequences (Laigle et al., 1986; Chinsky et al., 1987). The premelting transition of
A/T tracts in DNA duplexes was studied via UV RRS (and ECD) of DNA 12-mers
with palindrome sequences containing central A/T 6-membered tract consisting of
alternating A and T or two triads of A and T (Mukerji et al., 2002). The premelting
effect was observed in the latter case, only being pronounced by frequency shifts of
dA exocyclic NH2 and dT C4 O vibrational modes. This suggested the formation
of three-centered hydrogen bonds at low temperatures. UV RRS (210, 240,
260 nm) was also used to monitor A to B transition in three DNA duplexes –
d(CGCGAATTCGCG)2, d(CGCGAATTGCGC) + complementary strand, and
d(CGCAAATTTCGC) + complementary strand (Knee et al., 2008). The A form
existed at low water activity for solutions in trifluoroethanol. The effect of pH
(6.4 and 3.45) in combination with the possible presence of Mn2+ and Ca2+ ions
on UV RRS (275 nm) spectra of the LacDNA 22-mer duplex d(TAATGTGAGTT
AGCTCACTCAT)·d(ATGAGTGAGCTAACTCACATTA) was measured and
compared with that of its individual strands (Muntean et al., 2013).
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Hairpin studies are represented by UV RRS (257 nm) spectral measurements
of DNA 12-mer d(5’TTCTCGCGAAGC3’), which forms a stable hairpin at its
5’GCGAAGC3’ part, and d(5’TTCTCCGCAAGC3’) as a reference without the
hairpin formation (Refregiers et al., 1997). The difference spectrum showed marker
peaks of the hairpin formation. The oligonucleotides were measured with and
without the fluorescence labeling used in the previously published FRET study.
The results proved that the labeling did not prevent hairpin formation.

As for the guanine quadruplexes, UV RRS (240 and 250 nm) spectral features
related to the non-canonical structural arrangement of d(AG)10 were determined
at different temperatures (Mukerji et al., 1995; Mukerji et al., 1996). The observed
changes of guanine modes exhibited behavior corresponding to melting transition
but the changes of adenine vibrational modes were linear. The results support the
model in which two hairpins interact to form a helical structure with G-tetrads and
intercalated dA residues. UV RRS (257 nm) of several DNA oligonucleotides with
telomeric sequences (12, 16, and 22-mers containing dT and dG) have confirmed
the formation of guanine quadruplexes connected by thymidine loops (Krafft et al.,
2002).

1.2.4 Nucleic acid complexes with other molecules
In addition to the studies of nucleic acids themselves and their components, several
works were published on their interactions with other molecules. Numerous works
concerned assorted biologically significant molecules, which interacted with NA
preferentially via intercalation between stacked nucleobases. Such interaction
caused significant changes in UV RRS spectra. The list of studied interacting
molecules contains actinomycin D (Chinsky et al., 1978), adriamycin (Manfait
et al., 1982), β-propiolactone (Jollès et al., 1988), pyrene (Jones et al., 1988),
distamycin (Grygon et al., 1989), hypericin (Miskovsky et al., 1995), Cu(TMpy-P4)
porphyrin (Tomkova et al., 1995), CuTMPyP4 porphyrin (Wheeler et al., 1995),
camptothecin (Feofanov et al., 1996), cinchonine (Weselucha-Birczynska et al.,
1996), nickel, cobalt, and zinc derivatives of TMPyP4 porphyrin (Wheeler et al.,
1997), amantadine (Stanicova et al., 1999), bleomycin (Weselucha-Birczynska
et al., 2000), and free-base H2TMPyP4 porphyrin (Wei et al., 2006).

A few UV RRS works were devoted to NA interaction with peptides or protein
segments. DNA complexes with peptides, namely arginine-methylester, lysine-
methylester, and arginyl-arginine were studied by RRS excited at 300 and 257 nm
(Laigle et al., 1982a). Other works concern NA interaction with histones. In the
first work, DNA interaction with the four major histone subunits was investigated
(Laigle et al., 1982c). Complexes of poly(dAdT) with poly(dAdT)-RNAse and
histone H1 were measured as models of destabilized and stabilized DNA structure
(Chinsky et al., 1982). Later binding of serin-proline-lysin-lysin tetrapeptide
(binding motif of H1 histones) to various deoxypolynucleotides was studied using
UV RRS (Takeuchi et al., 1995). The effect was well pronounced for DNA duplexes
built of A/T basepairs but not for those with G/C basepairs.

A particular group of works is the studies of nucleic acid interactions with
cis-platinum complexes. In these works, nucleotides were employed as NA models.
UV RRS of dGMP and its complexes with cis (NH3)2Pt2+, Ni2+, and H+ in
complexes with dGMP (Perno et al., 1987), d(GpG), and d(GpA) (Perno et al.,
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1988) was measured to clarify the mode of interaction. The strong effect of
platinum on RRE was reported. cis-platin and carboplatin binding to all main
mononucleotides was also studied (Benson et al., 1992; Benson et al., 1993).
The interaction affected intensities of Raman bands but only very slightly the
frequencies. Later, cis-platin and trans-platin interaction with genomic DNA was
investigated (Geng et al., 2017).

1.3 The most important results

1.3.1 Analysis of nucleic acids UV RRS spectra
UV RRS measurements of NA components providing first data concerning the
resonance Raman enhancement (RRE) of nucleobase vibrational modes and its
dependence on the excitation wavelength stimulated intensive efforts for RRE
theoretical prediction. It was assumed that the comparison with experimental
results would determine the equilibrium value shift of the vibrational coordinates
connected with a particular electronic excitation. It was expected to estimate
in this way the changes in the nucleobase geometry caused by the low-energy
electron absorption transitions and obtain information significant to understand
the photochemical processes in nucleic acids.

The first applicable theoretical relationships were derived by Peticolas et al.
(1970) by an extensive simplification of the theory of Raman intensities developed
by Albrecht (1961). According to this theory, when excited at the low-energy
absorption band, the resonantly enhanced bands should also exhibit hypochromism
like the UV absorption in this spectral region. First quantitative measurements of
preRRE (Kalantar et al., 1972) seemed to agree with the theory predicting RRE
in the low-energy absorption region for all hypochromic Raman bands. Further
detailed studies showed though only a partial agreement with this statement: The
vibration of uracil at 1230 cm−1 is strongly hypochromic (Small et al., 1971a; Small
et al., 1971b) and exhibits preRRE (Tsuboi et al., 1971), but calculations did not
indicate the derivation of this band intensity from the low-energy absorption band.
On the other hand, the 1338 cm−1 band of adenine with strong hypochromism
(Aylward et al., 1970; Lafleur et al., 1972; Small et al., 1971a) gains its intensity
from the 260 nm transition. Adenine Raman bands at 1583 and 1485 cm−1 were
not hypochromic but showed RRE. Later on, this theory was improved (but still
omitting the effect of Frank-Condon factors for other vibrational modes than the
one active in the Raman transition) (Blazej et al., 1977; Warshel et al., 1977).
Nevertheless, only partial agreement with the new experimental data was achieved
(Peticolas et al., 1979; Peticolas et al., 1980).

Further works revealed the need to consider also the electron transitions lying
at higher energies. It enabled to explain the decrease of the hypochromism of
some Raman bands of poly(rU) when the excitation was changed from 363 nm to
290 nm (Chinsky et al., 1980). Raman excitation profiles of GMP, CMP, and TMP
(and their protonated forms) measured to 285 nm revealed that while GMP 1324
and 1488 cm−1 bands derive their intensity mainly from the same electronic state
near 276 nm (but for 1577 cm−1, small contributions from other excited states
cannot be excluded), for all TMP bands the RRE was connected with 267 nm
absorption band and for CMP all bends seemed to have origin in 175 nm state
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(Samanta et al., 1982). It was also demonstrated that in some cases, the presence
of n-π* electronic transitions perpendicular to the nucleobase plane had to be
taken into account besides the generally considered π-π* electronic transitions, the
transition dipole of which is parallel to this plane. In this way, the twice greater
intensity of the cytosine band at 778 cm−1 in Z conformation of poly(dGdC)
duplex in respect to B conformation (295 nm excitation) was explained (Chinsky
et al., 1984). The UV RRS intensities were used to improve the molecular force
fields for nucleic acid bases, guanine and cytosine, so that an agreement with the
frequencies and intensities of in-plane vibrations active in UV RRS spectra was
obtained considering the two low-energy π-π* transitions (Lagant et al., 1991).

Obviously, the most precise theoretical calculations of UV RRS spectra of
NA components published so far are the works of Sun et al. (2014), Sun et al.
(2015), and Sun et al. (2017). They used the Herzberg-Teller short-time dynamics
formalism considering three electron transitions – the low-energy π-π* transition,
the low-energy n-π* transition, and Rydberg transition at higher energy – and
made their calculation for nucleobase complexes with explicit water molecules.
In their calculations, several quantum chemical methods were employed and the
results were compared with experimental spectra. Although only dealing with the
nucleobases having the simplest absorption spectrum, i.e., uracil, 5-halogenated
uracil, and thymine, they gained the so far best, but still not ideal agreement
with the experiment. The authors revealed a strong effect of hydrogen bonds on
the vibrational frequencies and RRS intensities as well. The optimal inclusion of
explicit hydrogen bonding might be the way to match the experiment better.

In parallel to the first direct UV RRS calculations, another idea of analyzing
UV RRS spectra has appeared. It was based on a match between the theoretical
expressions for UV RRS and electron absorption. This enabled the construction
of semiempirical approaches when the shape of the electronic absorption spectrum
was employed to substitute a significant part of the UV RRS calculation. Peticolas’
group developed a method using the absorption spectrum and its Kramers-Kronig
transform (Blazej et al., 1980), which was also adopted to an overtone spectrum
(Chinsky et al., 1982). A certain similarity to this approach is the method elabo-
rated by the Loppnow group, which is based on the similarity of the expressions
for the time-developed perturbation before the integration by time. This analysis,
called by the authors “time-dependent wave packet formalism” was applied to UV
RRS of numerous NA components and their derivatives, particularly 5-fluorouracil
(Billinghurst et al., 2006b), cytosine (Billinghurst et al., 2006a), thymine (Yarasi
et al., 2007), uracil (Yarasi et al., 2009), 5-deuterouracil (Ng et al., 2011), N1-
methylthymine, thymidine, and thymidine 5’-monophosphate (Billinghurst et al.,
2012), 2’-deoxyguanosine (El-Yazbi et al., 2011), and methyladenine (Oladepo
et al., 2011). The authors made numerous detailed conclusions about the struc-
tural dynamics of nucleobases upon photoexcitation. Despite the obviously higher
quality of UV RRS spectra measured using up-to-date equipment, the agreement
between the predicted and measured excitation profiles was not always satisfying.
Nevertheless, this series of papers brings about at least empirical indications of
different effects of the electron excitation on individual nucleobases.

Muntean with coworkers investigated lineshapes of individual UV RRS lines of
DNA at various conditions (pH, added cations) (Muntean et al., 2017; Muntean
et al., 2020). The lineshapes were characterized by a vibrational correlation
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function obtained as Fourier transform of the lineshape and the results interpreted
in terms of vibrational relaxation in picosecond timescale.

1.3.2 Asset of UV RRS to the interpretation of NA vibra-
tional modes

The resonance enhancement concerns almost exclusively in-plane vibrational
modes of nucleobases. UV RRS can thus serve as an elementary verification of the
proposed interpretation of vibrational transitions observed in non-resonant RS or
IR absorption spectra. On the other hand, frequencies of some NA lines active in
RRS are sensitive to conformational changes, which indicate their coupling to the
sugar vibrational modes. For instance, the shifts of 1310 cm−1 line to 1303 cm−1

and that at 730 cm−1 to 725 cm−1 were found to correlate with anti versus syn
adenosine conformation. Similarly, the frequency shifts of guanosine lines from
1319 to 1325 cm−1 and 1360 to 1365 cm−1 correspond to the conformational change
from C4’-exo-syn to C4’-exo-anti (Nishimura et al., 1987). Frequency shifts were
also observed for guanine modes at lower frequencies for B to Z transition of
poly(dGdC), when 682 cm−1 band was shifted to 624 cm−1 and 862 to 842 cm−1

(Fodor et al., 1986). These spectral changes were similar to those previously
observed with visible excitation, but with 218-nm excitation were seen in detail.

The obtained RRE can also be employed to confirm the vibrational mode
interpretation provided the characteristics of the respective electron transition
are known or at least realistically estimated. So changes of RRS intensities with
excitation wavelength enabled the assignment of dUMP C4 O and C2 O stretches
at 1674 and 1686 cm−1 (Fodor et al., 1985). The same study revealed that the
strengths of lines at 1230 (dUMP) and 1244 cm−1 (dTMP) were anomalous and
thus a need for normal mode revisions was suggested. Use of UV RRS additionally
to non-resonant RS and IR absorption enabled confirmation of the planar modes
of thymine and tracking the effect of deuteration. Novel assignment of spectral
bands was then proposed for several vibrational modes of the methylene group:
C2’H2 antisymmetric stretching (2995 cm−1), symmetric stretching (2956 cm−1),
scissoring (1404 cm−1), and wagging (1174 cm−1) (Tsuboi et al., 1997).

A significant advantage of the resonance RS over the classical one is that it is
relatively simple (lower number of active fundamental transitions). Moreover, the
use of several excitation wavelengths allows for the separation of overlapping bands.
This makes it possible to accurately monitor the frequency changes caused by
various molecular states or identify individual bands in complex NA samples con-
taining all types of nucleobases. In this way, the sensitivity of guanine vibrational
modes to both donor/acceptor type hydrogen bonds was investigated by means
of UV RRS spectra recorded in various solvents (Toyama et al., 1996). Adenine
protonated form was identified via UV RRS in non-canonical d(AG)10 single
helix (Mukerji et al., 1995). UV RRS was also successfully employed to analyze
premelting conformational changes in poly(dA)·poly(dT) and poly(dAdT). The
observed changes of the thymine C4 O stretching and the adenine N6 scissoring
mode indicated cross-strand bifurcated hydrogen bonds between consecutive A:T
pairs at low temperatures (Chan et al., 1997). UV RRS spectrum of guanosine was
compared with those of its seven isotope-substituted analogs, and the observed
isotope shifts were used to assign the Raman bands to vibrations of the peripheral
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sites (N1 H, C2 NH2 and C6 O), the pyrimidine ring and/or the imidazole
ring (Toyama et al., 1999). The suitability of UV RRS to study complex NA
samples was demonstrated by the study of tandem repeats of telomeric DNA,
when numerous markers of guanine quadruplexes were established (Krafft et al.,
2002), or by monitoring A to B transition in DNA dodecamers (Knee et al.,
2008).
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2. Objectives of the thesis
As can be perceived from the above overview of the published works, the UV RRS
method seems to promise a variety of advantages for nucleic acids study compared
to classical (non-resonance) Raman scattering. In particular: the possibility of
measurement in solutions of low concentrations comparable to the concentrations
used for measurement of UV absorption in 1 cm cuvettes, low sample consumption,
low or none fluorescent background, reduction of intense Raman bands in the
spectrum and thus simplification of its shape, increased sensitivity of the band
intensity to the stacking interaction of adjacent nucleobase molecules, and the
possibility to distinguish the overlapping bands of different nucleobases by using
various excitation wavelengths. Based on these expectations, the project to
enrich the set of experimental techniques available at the Division of Biomolecular
Physics of the Institute of Physics CU by UV RRS was established. Since a
suitable spectrometer is not commercially offered, it was clear that building up
the spectrometer at the spot would be necessary. As the first step, a continuous
argon laser with intracavity frequency doubling, UV sensitive CCD detector, and
some optical elements were purchased.

To set up on this basis a complete instrument and establish a methodological
platform for UV RRS studies of nucleic acids was just the main task of the
dissertation. This challenge in itself included the specification of remaining devices
(especially the spectrograph), optical and electronic elements to be acquired, design
of the sample compartment, the spectrometer assembly, testing its parameters and
prospects with respect to UV RRS investigation of nucleic acids. Despite some
theoretical considerations, only the parameters obtained by the first experiments
concerning the sensitivity, accuracy of the spectral scale, and reproducibility were
the indubitable base for further improvement of the equipment. Based on these,
the original spectrometer design was modified to reach optimal results.

An equally challenging task was to build the methodology of the experiment.
This included data collection and basic data processing using continuous spectral
calibration. Above all, it was necessary to collect a sufficient set of UV RRS spectra
on simpler NA molecular models, mostly mononucleotides and polynucleotides, to
compile them with published data and then create reliable interpretation tables.

The solving of the tasks mentioned above is described in the central parts
of this dissertation, chapter 3. The next part of the thesis deals with particular
applications of the UV RRS methodology in solving specific issues related to
the structural arrangements of specific NA motives and their stability. In these
experiments, UV RRS results were completed by measurements of UV absorption
and classical (non-resonance) Raman scattering. UV absorption was measured
using a commercial double-beam UV/VIS Lambda 12 (Perkin Elmer) spectrometer
adjusted for precise control of the sample temperature. The measurement of
classical Raman scattering was carried out at a homemade spectrometer using
a Jobin-Yvon Spex 270M spectrograph, a liquid nitrogen-cooled CCD detector
(Princeton Instruments), and a 90-degree scattering geometry (Palacky et al., 2011).
A utility allowing automatic measurement of temperature spectral dependency
(with continuous spectral calibration) was created for this spectrometer within
the framework of this dissertation.
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3. Building up the spectrometer
and completing the methodology
of NA investigation by means of
UV RRS
3.1 Design of UV Raman experiment
Work on the construction of a new UV Raman spectrometer was an incremental
process. It was necessary to consider the equipment already present in the lab,
mainly the laser system, CCD camera, and optical table and specify parameters
of the chosen commercial spectrograph. Then the first functional prototype was
constructed and improved for measurement of polarized UV Raman spectra. The
initial wavenumber calibration technique of measured Raman spectra was adopted
based on the literature. Then we started to deal with photo-decomposition of sam-
ples by designing a spinning cell that could contain as small as cca. 20 μl volumes
of samples. After that, we widened the range of usable excitation wavelengths
of the instrument and decided to seek a new means of wavenumber calibration,
and after some research and trials and errors, we settled with calibration to the
spectra of Pt lamp. And then, the apparatus was enhanced to enable temperature
measurements in backscattering geometry. Next sections describe each step of the
development of the UV Raman spectrometer in more details.

3.1.1 Initial equipment
We used the Coherent Innova 300C MotoFreD™ Ion Laser as an excitation source,
which enables intracavity frequency doubling (Asher et al., 1993) of fundamental
Ar+ ion emission lines by nonlinear crystal. We selected BBO crystal (also from
Coherent) designed for doubling 488 nm. Later we extended our experimental
options with additional two crystals designed for doubling 514 and 457 nm. The
BBO crystals are hygroscopic, so they needed to be purged by a steady flow of
0.25 – 0.5 l/min of dry nitrogen of at least grade 5 purity (99.999 %) (Coherent,
2002). As a source of this nitrogen, we decided to use nitrogen generator NG1/1
from Gas Generation LTD, which uses the pressure swing absorption technology.

The crystals mentioned above could be used for frequency doubling also the
adjacent Ar+ ion lines. Tab. 3.1 lists all the frequency-doubled wavelengths and
expected and measured output laser beam powers that we could tune with these
three crystals. The output wavelengths were measured with HighFinesse High
Precision Wavelength Meter WS5 UV-II and output powers were measured with
Power Meter from Thorlabs. The output powers in the table were somewhat
maximal, which we could achieve; usually, the power was lower depending on
laser condition. The 264.342 nm wavelength was not possible with our laser
configuration because we could not tune the fundamental 528.693 nm laser line
for visible operation.
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𝜆 (nm) 𝑃e (mW) 𝑃m (mW)
228.962 10 2.37
238.238 30 33.5
243.989 100 110
248.250 60 33.2
250.854 15 11.4
257.261 100 170

Table 3.1: Specifications of laser power of frequency-doubled lines. 𝑃e denotes expected
laser power, and 𝑃m measured laser powers. The wavelengths are measured in air at 20 ℃.

grating (gr/mm) 1200 1800 2400 3600
d𝜆
d𝑥

(nm/mm) 1.34 0.81 0.53 0.16

Table 3.2: Grating dispersion specifications taken from Horiba iHR550 specification
document. The linear dispersion d𝜆

d𝑥 defines how a spectral interval is spread across the focal
field.

As a detector, we used liquid nitrogen-cooled Princeton Instruments SPEC-
10:2KBUV/LN back-illuminated CCD camera enhanced for UV light detection.
The camera has 2048 × 512 pixels of 13.5 × 13.5 μm and can be controlled with
WinSpec software through ST133B/U camera controller unit.

3.1.2 Choice of spectrograph parameters
As a spectrograph, we decided on Horiba iHR550 Imaging Spectrometer with
aperture f/6.4, focal length 550 mm, magnification 1.1, and triple-grating turret,
so we needed to select three gratings with the best parameters for our purpose.
One grating position we reserved for fluorescence measurements with 300 gr/mm,
but gratings for the other two positions needed to be selected based on the required
spectral range and dispersion. We neglected all the nonlinearities of dispersion
dependence on wavelength for spectral range estimation and used dispersions from
spectrograph sale materials shown in tab. 3.2 for available gratings.

Then we used the Raman wavenumber 𝜈 calculation equation from the laser
excitation wavelength in the air 𝜆e and Stokes Raman signal wavelength 𝜆R

𝜈 = 1
𝜆e

− 1
𝜆R

(3.1)

to calculate the maximal measured wavenumber 𝜈2 from the 𝜈1 = 200 cm−1 for
all the available excitation wavelengths from our Ar+ ion frequency-doubled laser
according to formula

𝜈2 = 𝜆−1
e −

(︃
1

𝜆−1
e − 𝜈1

+ 𝑤
d𝜆

d𝑥

)︃−1

, (3.2)

where 𝑤 denotes the width of a CCD camera and d𝜆
d𝑥

grating linear dispersion,
which defines the extent to which a spectral interval is spread out across the focal
field. We also calculated minimal measured wavenumber 𝜈1 from the maximal
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𝜆 (nm) grating 1200 1800 2400 3600

228.962
𝜈1 200 200 131 200 1551 200 3291
𝜈2 6231 4057 4000 2804 4000 1020 4000
�̄� 2.945 1.883 1.889 1.271 1.196 0.401 0.346

238.238
𝜈1 200 200 470 200 1762 200 3351
𝜈2 5799 3774 4000 2610 4000 958 4000
�̄� 2.734 1.745 1.723 1.177 1.093 0.370 0.317

243.989
𝜈1 200 200 660 200 1881 200 3385
𝜈2 5554 3613 4000 2500 4000 923 4000
�̄� 2.614 1.667 1.631 1.123 1.035 0.353 0.300

248.250
𝜈1 200 200 791 200 1963 200 3408
𝜈2 5382 3502 4000 2424 4000 898 4000
�̄� 2.531 1.612 1.567 1.086 0.995 0.341 0.289

250.854
𝜈1 200 200 868 200 2011 200 3422
𝜈2 5282 3436 4000 2379 4000 884 4000
�̄� 2.481 1.580 1.529 1.064 0.971 0.334 0.282

257.261
𝜈1 200 200 1046 200 2122 200 3454
𝜈2 5046 3282 4000 2274 4000 850 4000
�̄� 2.366 1.505 1.442 1.013 0.917 0.318 0.267

Table 3.3: Estimated Raman-shift ranges that can be captured by CCD detector for
particular available excitation wavelengths. Gratings are denoted by the number of grooves
per mm, 𝜈1 and 𝜈2 are the lowest and highest detected frequencies in cm−1 calculated according
to eqs. 3.2 and 3.3, respectively. The �̄� denotes average dispersion in cm−1/px calculated from
eq. 3.4.

𝜈2 = 4000 cm−1 using the formula

𝜈1 = 𝜆−1
e −

(︃
1

𝜆−1
e − 𝜈2

− 𝑤
d𝜆

d𝑥

)︃−1

. (3.3)

The average wavenumber dispersion per pixel can be calculated from these
values as

�̄� = 𝜈2 − 𝜈1

𝑁𝑤

, (3.4)

where 𝑁𝑤 = 2048 is number of camera width pixels. The results based on the
dispersion data specified by the vendor can be seen in tab. 3.3.

We can see that if we want to cover the full Raman vibration range from the
low-frequency vibrations of 200 cm−1 to valence hydrogen stretching vibrations of
4000 cm−1 at all possible excitation wavelengths, we need to select grating with
1200 gr/mm. For the Raman fingerprint region below 1800 cm−1, we must choose
the grating with 2400 gr/mm.

So, finally, we chose grating with 300 gr/mm for possible fluorescence mea-
surements 1200 gr/mm for the measurement of the full range, including valence
hydrogen stretching vibrations at higher wavelengths (e.g., 257 nm excitation),
and 2400 gr/mm for the Raman fingerprint region measurements.
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2

Figure 3.1: Spectrograph configuration schema.

After the gratings were installed, the predictions from spectrograph vendor
sale materials were evaluated on actual experiment and with the help of diffraction
grating theory and spectrograph and CCD camera specifications. The values
in the table were adjusted for possible future evaluation of the extension of our
experimental capabilities. We measured spectra of Pt lamp for different positions
of spectrograph and calibrated the spectra to themselves (section 3.1.5). Then
the lower (𝜆1) and upper (𝜆2) bound wavelengths from each spectrum were taken,
and dependences of the measured range (Δ𝜆 = 𝜆2 − 𝜆1) on these bounds were
investigated.

The diffraction of light on the grating follows the grating equation

𝑎(sin 𝛼i + sin 𝛼𝑚) = 𝑚𝜆, (3.5)

where 𝛼i is the incident light angle, 𝛼𝑚 is diffraction angle to the 𝑚-th diffraction
order, 𝜆 is diffracted light wavelength, and 𝑎 is grating constant. The directions
of the angles 𝛼 can be seen in fig. 3.1.

The grating constant can be calculated from the number of grooves per mm
𝑁gr as

𝑎 = 1
𝑁gr

.

We can also derive the angular dispersion d𝛼𝑚

d𝜆
of the grating from eq. 3.5 for

the fixed incident light angle 𝛼i as

d𝛼𝑚

d𝜆
= 𝑚

𝑎 cos 𝛼𝑚

. (3.6)

The selected spectrograph uses the Czerny-Turner configuration in which the
diffracted light is focused onto the detector plane by the focussing mirror with
effective focal length 𝑓 , which converts angular dispersion to dispersion on the
detector plane with coordinate 𝑥 as

d𝑥

d𝜆
= 𝑓

d𝛼𝑚

d𝜆

and inverting the equation and using eq. 3.6 we get linear dispersion

d𝜆

d𝑥
= 𝑎 cos 𝛼𝑚

𝑓𝑚
. (3.7)

We can see that linear dispersion for a fixed grating position is independent
of the light wavelength but, for a typical spectrograph, the angle between the
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quantity name symbol value
effective focal length 𝑓 568.72 mm
Ebert angle 𝜙 12.996°
diffraction order 𝑚 1
length of CCD 𝑙CCD 27.6

Table 3.4: Spectrograph and CCD parameters for dispersion calculation. All the
values are taken from the spectrograph and CCD specification documents.

incident and diffracted light 𝜙, called Ebert angle, is fixed by the spectrograph
geometry and the diffracted light wavelength is selected by rotation of diffraction
grating by angle 𝜗𝑚. So, it is helpful to transform eq. 3.5 to these variables.
Following the direction of angles denoted in fig. 3.1, we can derive

𝛼i = 𝜗𝑚 − 𝜙

2 , 𝛼𝑚 = 𝜗𝑚 + 𝜙

2 (3.8)

and put that into eq. 3.5, and using the goniometric formula for summation of
two sine functions, we get

2𝑎 sin 𝜗𝑚 cos 𝜙

2 = 𝑚𝜆. (3.9)

As we previously said, for a typical spectrograph, we usually do not know
diffraction angle 𝛼𝑚 but rather the Ebert angle 𝜑, and we can measure the
diffracted light wavelength 𝜆 by comparison to the source of light with known
wavelength so using eq. 3.9, we can calculate grating rotation angle

𝜗𝑚 = arcsin
(︃

𝑚𝜆

2𝑎 cos 𝜙
2

)︃
(3.10)

which can be used in combination with eqs. 3.7 and 3.8 for linear dispersion
calculation.

All the parameters for the linear dispersion calculation can be retrieved from
the spectrograph documentation and are summarized in tab. 3.4.

We cannot measure linear dispersion directly, but we can measure it, for
example, from the spectral range captured by the used CCD camera

Δ𝜆 = 𝜆2 − 𝜆1

divided by the length of the CCD camera 𝑙CCD, because in the first approximation
of eq. 3.7, the linear dispersion is not dependent on the diffracted light wavelength.
So, we can relate the experimentally measured spectral range to the dispersion by
equation

Δ𝜆 = 𝑙CCD
d𝜆

d𝑥
. (3.11)

The last unknown in this equation is the wavelength 𝜆 for the Ebert angle 𝜙,
but we can calculate it in the linear dispersion approximation as the center of the
measured spectral range

𝜆 = 𝜆1 + 𝜆2

2 .
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grating (gr/mm) 𝑙CCD (mm)
1200 27.55889 ± 0.00040
2400 27.56333 ± 0.00055
weighted mean 27.56043 ± 0.00032
specification 27.6

Table 3.5: Results of fits of dispersion in dependence on a wavelength with detector
length as a parameter for different gratings.

As we want to compare the theoretical and experimental values, the least
precise parameter from the description of the instrument was the camera size,
so we fitted eq. 3.11 to the measured ranges with the camera length 𝑙CCD as
a parameter for grating with 1200 and 2400 gr/mm, the results can be seen in
tab. 3.5 and dependences of the spectral ranges on wavelength are plotted in
fig. 3.2. It can be seen from tab. 3.5 that the detector length estimation difference
between grating with 1200 gr/mm and 2400 gr/mm is slightly larger than the
estimated standard deviations. It can be attributed to the slight inaccuracy in
the used Ebert angle, but the difference is so small that we decided not to pursue
its further refinement by a more complicated nonlinear fit.

We want to calculate the similar table to tab. 3.3 now. For that purpose, we
need to estimate the 𝜆2 if we know 𝜆1 or vice versa. We can use the grating
equation (eq. 3.5) using eqs. 3.8 and 3.10 with Ebert angle 𝜑 modified by view
angle of detector length 𝛽 for the rays pointing to the detector edges instead of
the center

𝜙1 = 𝜙 − 𝛽/2 = 11.606∘,
𝜙2 = 𝜙 + 𝛽/2 = 14.386∘,

𝛽 = 𝑙CCD

𝑓
= 2.781∘,

(3.12)

where 𝜙1 and 𝜙2 stay for Ebert angles to the beginning and end of the detector
respectively. The results are summarized in tab. 3.6.

These results from tab. 3.6 show that the real ranges are significantly higher
than the values estimated from the spectrograph sale materials (tab. 3.3), especially
for the gratings with higher groove densities. It can be seen from these results
that the 3600 gr/mm grating would be more suitable for the Raman fingerprint
region than the 2400 gr/mm one.

3.1.3 First layout of the instrument
At first, we built a proof of concept apparatus to test if we selected the correct
optical elements. The optical schema is depicted in fig. 3.3. The laser beam
is emitted with horizontal polarization, and we decided that we want to guide
it through a sample in the vertical direction and gather the scattered light in
right-angle geometry. Because of the steric restrictions in our laboratory, we
needed to place the laser in such a way that it produced a laser beam in the
opposite direction then we gathered the scattered light. Because of that, we
needed to guide the beam in the loop using laser mirrors enhanced for 244 nm
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Figure 3.2: Plots of spectral ranges captured by the detector in dependence on the
central detected wavelength 𝜆 for different gratings. Solid lines represent theoretical
curves following eq. 3.11 with parameters from tab. 3.4 but for the length of CCD chip 𝑙CCD
which is the average of estimates from fits summarized in tab. 3.5.
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𝜆 (nm) grating 1200 1800 2400 3600

228.962
𝜈1 200 200 -456 200 856 200 2140
𝜈2 6499 4527 4000 3443 4000 2260 4000
�̄� 3.076 2.113 2.176 1.584 1.535 1.006 0.908

238.238
𝜈1 200 200 -46 200 1149 200 2327
𝜈2 6041 4200 4000 3189 4000 2084 4000
�̄� 2.852 1.953 1.976 1.460 1.392 0.920 0.817

243.989
𝜈1 200 200 183 200 1313 200 2431
𝜈2 5782 4014 4000 3045 4000 1985 4000
�̄� 2.725 1.862 1.864 1.389 1.312 0.871 0.766

248.250
𝜈1 200 200 341 200 1426 200 2504
𝜈2 5600 3885 4000 2945 4000 1915 4000
�̄� 2.637 1.799 1.787 1.340 1.257 0.838 0.731

250.854
𝜈1 200 200 433 200 1493 200 2546
𝜈2 5493 3809 4000 2886 4000 1875 4000
�̄� 2.585 1.762 1.742 1.312 1.224 0.818 0.710

257.261
𝜈1 200 200 648 200 1646 200 2645
𝜈2 5243 3631 4000 2748 4000 1780 4000
�̄� 2.463 1.675 1.637 1.244 1.149 0.771 0.662

Table 3.6: Spectrograph dispersion estimation. These are the same values as in tab. 3.3
but are now calculated from eqs. 3.1, 3.5, 3.8 and 3.10, with Ebert angle values calculated in
eq. 3.12. Gratings are denoted by the number of grooves per mm; 𝜈1 and 𝜈2 are the lowest and
highest detected frequencies in cm−1. The �̄� denotes average dispersion in cm−1/px calculated
from eq. 3.4.
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Figure 3.3: Top-view schema of the apparatus with side-view inset of the sample
space. A laser beam is emitted with horizontal polarization. It is guided through a carousel
with neutral density (ND) filters and shutter and by laser mirrors M1 – M3 and laser focusing
lens (L1) to the sample cell (S) through apertures A1 and A2. The scattered light is gathered
by Cassegrain objective (O), reflected by the mirror MS1 and focused on the entrance slit of
spectrograph by parabolic mirror MS2. Edge filter (EF) suppresses elastically scattered light.

M1 and M2 (Thorlabs) to maintain the right polarization direction because we
wanted to measure not only depolarized Raman spectra. The beam was then
turned up by another laser mirror enhanced for 244 nm M3 and hit the bottom of
the sample cell, having polarization perpendicular to the direction of scattered
signal acquisition. The excitation beam was focused onto the sample by the
plano-convex lens L1 with a focal length of 100 mm. The most practical place for
this lens was between M2 and M3, so we could not select a shorter focal length as
is proposed in section 3.1.4. The excitation laser beam could be attenuated by the
neutral density filters ND with a selection of 0.5, 1, 2, 3, and 4 optical densities
(Thorlabs), which were placed inside the carousel (Thorlabs) for easy switching.
We also used an old single-blade shutter that we found in our laboratory. The
shutter was controlled from the CCD port for external shutter by the WinSpec
software provided with the detector. We needed to insert a condenser into the
path because the leading edge of the output signal from CCD was too sharp. The
shutter was open during measurement and closed the rest of the time to prevent
photodecomposition of samples by the UV laser beam.

We needed to visualize the beam for proper laser beam path setup because the
wavelengths in use are outside of the visible light range. Business cards showed to
be the best equipment for beam visualization because the paper used for them
usually has strong fluorescence. Excitation beam adjustment procedure uses two
apertures A1, A2 and crosshair reticle printed on the paper fixed to the ceiling of
the room. At first, the kinematic holder of mirror M1 is adjusted, so the beam
passes through aperture A1. If the beam is blocked by some of the other optical
elements on its way to the ceiling reticle, we can use a business card to detect if it
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passes through the center of the aperture A1. Then the mirror M2 is adjusted so
that the beam passes through A2, and finally, the mirror M3 is adjusted to hit the
center of the reticle. The procedure can be iteratively repeated if the result is not
satisfactory but the good alignment was usually achieved after the first iteration.

Raman scattered light is no longer monochromatic, so we decided to use
reflective optics in the light gathering part of the apparatus to avoid chromatic
aberration. We selected Cassegrain objective O (Newport) with 𝑓𝑜 = 13 mm
effective front focal length, back focal length in infinity, 0.4 numerical aperture,
and 9.72 mm diameter of the output beam. The elastically scattered light is
removed by edge filter EF (Semrock). The rest of the collimated signal is then
guided by UV enhanced broadband aluminum mirror MS1 (Newport) to focusing
off-axis parabolic mirror MS2 (Newport) with 𝑓𝑐 = 101.6 mm effective focal
length to the spectrograph slit. The spectrograph has f/6.4 aperture, whereas
the focusing lens with the beam diameter determined by objective has aperture
101.6/9.72 = 𝑓/10.5, which means that we slightly underfill the spectrometer’s
angle of acceptance.

3.1.4 Estimating optimal focal length of exciting beam
lens

For the spectrometer design, it is necessary to optimize the focal length of a laser
focusing lens to deliver the most signal through the scattered-light-imaging system
onto the detector. Suppose that the focused beam is cylindrically symmetric
about the 𝑧 axis. Let consider the focusing angle of the beam 𝜗 as the full angle
between the 1/𝑒2 intensity points in the far-field limit. In practice, the small-angle
approximation can be used

𝜗 = 𝑑

𝑓
, (3.13)

where 𝑑 is the diameter (between the 1/𝑒2 intensity points) of a laser beam at the
focusing lens and 𝑓 is the focal length of this lens.

According to theory (Boyd et al., 1961; Boyd et al., 1962), the radius of
the minimum spot 𝜔0 may be expressed in terms of 𝜗 and focused laser beam
wavelength 𝜆 as

𝜔0 = 2𝜆

π𝜗
,

and the confocal parameter 𝑏 (the distance between perpendicular sections of the
beam with diameter

√
2𝜔0, see fig. 3.4) may be written as

𝑏 = 2𝜋𝜔2
0

𝜆
= 8𝜆

π𝜗2 .

The beam radius 𝜔(𝑧) can be described as the function of 𝑧 coordinate by
equation

𝜔(𝑧) = 𝜔0

√︃
1 +

(︂2𝑧

𝑏

)︂2
. (3.14)

As a first estimation, consider non-resonance Raman scattering produced from
homogenous infinite medium and arising only from the region with the highest
illumination intensity. Furthermore, assume that the loss of the illumination
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Figure 3.4: The geometry of a focal region of a laser beam. The beam is considered
cylindrically symmetric about the 𝑧 axis; the effective volume of the Raman sample was taken
to be the volume of a cylinder of diameter 2𝜔0 and length 2𝑏. Adopted from Mellish (2019).

beam intensity due to the Raman scattered light is negligible and that the Raman
medium is fully transparent to excitation and scattered light, which means that
there is negligible absorption and stimulated emission. The amount of Raman
scattered light from the thin transverse slice of the excitation beam is independent
of the distribution of the energy in the slice and therefore is proportional to
the total illuminating laser-beam power under these assumptions. Then, view
the Raman emission from the particular direction in the plane of the slice. The
emitted flux would be the integrated flux from all elements on the line intersecting
the slice, so there would be a linear increase of the number of elements with
the increasing diameter, but each element illumination power decreases with the
square of the diameter of the illuminating beam.

Considering eq. 3.14, derive the approximate irradiance dependence of that
point by the Raman-scattered light on the 𝑧 coordinate

𝐼 ∝ 1
𝜔(𝑧) ∝ 1√︁

1 + (2𝑧/𝑏)2
.

So, the irradiance at 𝑧 = 𝑏 will be reduced from 𝑧 = 0 by a factor of
1/

√
5 .= 0.447 .= 1/2. For the following calculations, the brightest region of

excitation beam was approximated by the “source cylinder” of length 2𝑏 and
diameter 2𝜔0 and therefore included only the brightest region of Raman emission
and neglected the emission from less-bright regions. The source parameters are
then (Barrett et al., 1968):

length: 𝐿E = 16𝜆/(π𝜗2) (3.15)
diameter (width of scattering area): 𝑊E = 4𝜆/(π𝜗) (3.16)

volume: 𝑉E = 64𝜆3/(π2𝜗4) (3.17)
length-to-diameter ratio: 𝐿E/𝑊E = 4/𝜗. (3.18)

These approximations apply to diffraction-limited Gaussian beams ( TEM00);
for low-order transverse modes or a combination of such modes, the calculations
based on these equations can be considered accurate within an order of magnitude.

Many simple arguments (Atwood, 1963; Barrett et al., 1968) proposed that the
Raman spectrometer using right-angle geometry scattering geometry will gain a
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higher signal if the laser beam is focused more. However, none of these arguments
established an optimum degree of focusing less than the largest practical value.
Barrett et al. (1968) showed that such an optimum exists theoretically; they
calculated its approximate value, and they compared the Raman power that can
be usefully collected at that optimum degree of focusing with the total emitted
Raman power.

It is known that the light is scattered in all directions by the Raman effect, and
within the assumptions stated above, the Raman intensity is linearly proportional
to the excitation laser beam power. Therefore, if the amount of Raman scattered
light gathered by the spectrometer should be maximized, the light needs to
be collected from the largest solid angle and the largest possible illuminated
volume. Typical Raman spectrometer light-collecting path has two optical parts,
spectrograph and light collecting optics. Let’s consider their parameters as given,
even though similar considerations as bellow can also be applied to the light-
collecting optics optimization. Let’s further consider that the spectrograph consists
of an entrance slit, imaging optics, dispersing element, and CCD camera.

For simplicity, approximate the source as a flat ribbon with the same length
and width as specified above for the “source cylinder” which radiates uniformly
to all collected angles from all parts of its surface. Then, consider that the light-
collecting optic displays the entrance slit of the spectrograph to the center of the
focal region of the illuminating beam. The width of the slit 𝑊s is determined by the
spectrograph settings, particularly by the desired spectral resolution, and its length
𝐿s could be estimated as an image of the CCD chip through the spectrograph.
Moreover, suppose that the aperture of the light-collecting optic is large enough
further not to constrain the collected Raman light over the spectrograph aperture.

Then there are two competing processes. The assumptions above that the
amount of the Raman scattered light from all thin transverse slices of the excitation
beam is the same implies that the total amount of Raman scattered light from
the source ribbon depends only on its length. As the focal length of the excitation
beam focusing lens decreases, the source ribbon gets narrower, which results in
more intensive emission of the scattered light per unit area. So if we start with
the source ribbon width larger than the image of the spectrograph entrance slit
width, the amount of collected light increases with the narrower source ribbon. On
the opposite, the length (and therefore the total Raman scattered light intensity)
of the source ribbon decreases with the decreasing focal length of the excitation
beam focusing lens, and so when the source ribbon gets shorter than the image of
the spectrograph entrance slit length, the amount of collected light decreases with
the shorter source ribbon.

So, let’s split further analysis of the dependence of the Raman flux transmitted
through the spectrometer on the focusing angle of the excitation beam 𝜗 (eq. 3.13)
to regions divided by two focusing angles 𝜗W and 𝜗L. The 𝜗W defines focusing
angle at which the width of the focusing ribbon 𝑊E is the same as the width 𝑊
of the image of the spectrograph entrance slit width 𝑊S, and 𝜗L is the angle that
causes equality of the source ribbon length 𝐿E and length 𝐿 of the spectrograph
entrance slit image length 𝐿S on the source. Further, define magnification of the
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scattered light collecting optics as 𝑀 . Then

𝐿 = 𝐿S

𝑀
(3.19)

𝑊 = 𝑊S

𝑀
(3.20)

and using eqs. 3.15 and 3.16 and putting 𝐿 = 𝐿E and 𝑊 = 𝑊E respectively we
get

𝜗W = 4𝜆

π𝑊
= 4𝜆𝑀

π𝑊S
(3.21)

𝜗L =
√︃

16𝜆

π𝐿
=
√︃

16𝜆𝑀

π𝐿S
. (3.22)

For our spectrometer, we have 𝑊S = 50 μm and beam diameter 𝑑 = 0.9 mm.
The wavelength can be calculated from the wavelength in vacuum 𝜆0 = 257.2 nm
divided by the refractive index of water 𝑛257 = 1.3598 (Hale et al., 1973), 𝜆 =
189.1 nm. The 𝐿S can be calculated from the height of the CCD chip 𝐿CCD =
6.9 mm and magnification of spectrograph 𝑀spc = 1.1 as 𝐿S = 𝐿CCD/𝑀spc

.=
6.3 mm, the magnification 𝑀 may be computed from focal length of objective
𝑓o = 13 mm and focusing lens before monochromator 𝑓c = 101.6 mm as 𝑀 =
𝑓c/𝑓o

.= 7.82. Then, from the above equations, we calculate

𝜗W
.= 0.0376 (3.23)

𝜗L
.= 0.0346, (3.24)

which correspond regarding eq. 3.13 to

𝑓W
.= 24 mm (3.25)

𝑓L
.= 26 mm, (3.26)

respectively.
We can note that 𝜗W is greater than 𝜗L, which is, according to Barrett et al.

(1968), common for the tabletop spectrometer with moderate resolution and with a
fairly fast focal ratio. So we can divide further analysis into three regions according
to excitation beam focusing angle 𝜗: 0 ≤ 𝜗 < 𝜗L; 𝜗L ≤ 𝜗 < 𝜗W; 𝜗W ≤ 𝜗.

Under the approximations above the Raman flux fraction 𝐹 , collected by the
spectrometer of the total Raman flux emitted by the source ribbon into all angles
(i.e., full solid angle of 4π), can be estimated now. For simplicity, polarization
effects of input and output are further ignored, and the Raman emission is
assumed isotropic over all collection angles. Define the solid angle subtended by
the spectrometer pupil as ΩS and corresponding scattered light collecting solid
angle at the source ribbon as Ω. Then

Ω = ΩS𝑀2. (3.27)

For our spectrometer, the solid angle of acceptance of monochromator may
be calculated from monochromator 𝑓/# = 𝑓/10.5 (see section 3.1.3) as ΩS =
2π
[︁
1 − cos

(︁
arctan 1

6.4

)︁]︁ .= 0.028 rad.
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Figure 3.5: A plot of the fractional Raman flux 𝐹 as calculated for our experimental
conditions using eqs. 3.28 to 3.30 versus the focusing angle 𝜗 of the illuminating
laser beam.

The Raman flux fraction 𝐹 is then calculated from the solid angle fraction
Ω/4π and the fraction of the light, which is “masked out” by the width of the slit
image and fraction of the ribbon length compared to the height of the slit image
using eqs. 3.15, 3.16, 3.19, 3.20 and 3.27.

For the first 0 ≤ 𝜗 < 𝜗L region, the whole slit-image width and height are
illuminated, but the focused beam is wider than the slit width, and therefore the
radiant flux density in the sample is smaller (recall that we assumed that radiant
losses in the sample are negligible)

𝐹I(𝜗) = 𝑊

𝑊E
· Ω

4π =
𝑊S
𝑀
4𝜆
π𝜗

· ΩS𝑀2

4π = 𝑊SΩS𝑀

16𝜆
𝜗. (3.28)

In the next second region 𝜗L ≤ 𝜗 < 𝜗W, only the whole slit-image width is
illuminated, but the exciting beam is focused on an area with a smaller length
than the slit length, and so the radiant flux density is diminished by the ratio
between scattering area length and slit-image length

𝐹II(𝜗) = 𝑊

𝑊E
· Ω

4π · 𝐿E

𝐿
=

𝑊S
𝑀
4𝜆
π𝜗

· ΩS𝑀2

4π ·
16𝜆
π𝜗2

𝐿S
𝑀

= 𝑊SΩS𝑀2

π𝐿S
· 1

𝜗
. (3.29)

The Raman scattering area in the third region 𝜗L ≤ 𝜗 is so small that the
Raman scattered light is collected from the whole beam, and therefore whole
radiant flux is used

𝐹III(𝜗) = Ω
4π · 𝐿E

𝐿
= ΩS𝑀2

4π ·
16𝜆
π𝜗2

𝐿S
𝑀

= 4𝜆ΩS𝑀3

π2𝐿S
· 1

𝜗2 . (3.30)

The results of eqs. 3.28 to 3.30 for our experimental setup can be seen in
fig. 3.5. The optimum value of 𝜗 is 𝜗L. Barrett et al. (1968) proposed the optimum
value to lie above the 𝜗L because the signal from outside the cylinder along the
excitation beam axis is also transmitted through the spectrometer in the second
and third region, but they do not expect the optimum as high as 𝜗W. The light
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collecting optics magnification can be optimized according to the equations from
above too, but each equation must be multiplied by the length of the slit image 𝐿.
The Raman signal then does not decrease with the magnification, which means
that the magnification should be used as high as practical.

From these considerations follows the conclusion for our experimental setup
that the optimal focal length of the laser beam focusing lens for the offresonance
Raman spectroscopy should be somewhere between 18 and 22 mm, which is
impractically small.

However, all the above calculations neglected the loss of the excitation beam
power as it goes through the sample, but we want to use the instrument for
resonance Raman spectroscopy where significant absorption inside the sample
occurs. It can significantly decrease the source cylinder length 𝐿𝐸 and can push the
𝜗L to much lower values. For example, we typically use samples with absorbance
between 5 and 50 at 257 nm in a 1 cm cuvette. So, for example, the intensity of
incident light is halved in 300 μm path through the sample with absorbance 10 but
the 𝐿𝐸 = 802 μm at 𝜗L. If we correct eq. 3.15 to, for example, one fourth, then
the corrected 𝐿𝐸, 𝑐𝑜𝑟𝑟 would be approximately 170 μm, and the corresponding
focal length of the laser beam focusing lens would be about 52 mm.

The absorbing medium brings additional complications. For example, the
anomalous refractive index near the absorption band can significantly influence
the focused beam waist, and laser beam absorption can cause local heating, which
also influences the refractive index and, moreover, produces currents in the sample.
There is also a dependence of the optimal focal length on the excitation wavelength,
but exchanges of the focusing lenses in dependence on the excitation wavelength
were impractical.

However, in conclusion, we have confirmed that the focusing lens should
have the focal length as small as possible following the experimental geometric
constraints.

3.1.5 Wavenumber calibration
For correct Raman spectra interpretation, we needed precise wavenumber cal-
ibration. It can be done by measuring spectrum with known line positions in
the same spectrometer configuration as for the spectrum of the sample and then
interpolating and extrapolating the wavenumbers from these known line positions
to all detector pixels. One group of calibration spectra is Raman spectra of organic
solvents, but one cannot use pure indene, which is widely used in visible Raman
because it strongly absorbs UV light, and its lines can be shifted if it is diluted.
So other solvents need to be found. Organic solvents were used as wavenumber
calibration for the first UV Raman spectra measurements. For example, Harada
et al. (1975) calibrated to Raman line of CCl4. However, early, it was clear that
a single organic solvent was not satisfactory, and therefore some teams started
to use mixtures of solvents. However, it is unclear how the components influence
each other if a mixture of solvents is used. They can evaporate at different rates,
so their ratio can be changing which can shift their bands. This problem can be
solved by measuring the solvents separately, but it prolongs the time spent by
measuring the calibration spectra. Some selected solvents are listed in tab. 3.7.
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solvent citation
CCl4 Hamaguchi et al. (1974)
cyclohexane Myers et al. (1988)
acetonitrile Gustafson (1988)
ethanol Su et al. (1990)
ethyl acetate/dioxane (2:1 v/v) Toyama et al. (1991)
cyclohexane, acetone Kaminaka et al. (1992)
acetonitrile, acetone Benson et al. (1992)
cyclohexanone/acetonitrile (1:1 v/v) Hashimoto et al. (1993)
ethanol, n-penthane Mukerji et al. (1995)
dioxane, CCl4, acetonitrile Russell et al. (1995)
ethyl acetate/dioxane (2:1 v/v) (257 nm) Fujimoto et al. (1998)
cyclohexanone/acetonitrile (1:1 v/v) (213 nm) Fujimoto et al. (1998)
acetone, ethanol, pentane Mukerji et al. (1998)
n-pentane, cyclehexane, dimethylformamide,
ethanol, acetonitrile, acetic acid Billinghurst et al. (2006a)

dimethylsulfoxide Srivastava et al. (2008)
dimethyl formamide, acetonitrile, trichloroethy-
lene, isopropanol, indene, cyclohexane Jayanth et al. (2009)

cyclohexane, N,N -dimethylformamide, methanol,
acetonitrile, dimethyl sylfoxide, acetic acid Oladepo et al. (2011)

acetonitrile, isopropanol, cyclohexane and
dimethyl formamide Mondal et al. (2016)

Table 3.7: Selection of organic solvents which were used for UV Raman spectra
wavenumber calibration in literature.
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Some laboratories were not satisfied with the separate calibration and used
internal standards to improve spectra’ calibration. For example, Wen et al. (1998)
used Na2SO4 as internal frequency (981 cm−1) standard, and Raman frequencies
were calibrated to ±1 cm−1 using CCl4/CH3CN mixture.

The other approach was also to use the elastically scattered laser line. Ku-
mamoto et al. (2012) calibrated grating dispersion with the laser line (0 cm−1)
and Raman bands of boron nitride (1370 cm−1) and acetonitrile (2249 cm−1).

Calibration to the Raman spectrum of organic solvent has the advantage that
the exact wavelength of excitation beam typically to precision in the order of
10−3 nm does not need to be known. The wavelength of the source also does
not need to be stable to this precision between measurements. The calibration
spectrum can also be measured from the same place and in the same configuration
as the sample, so there is no danger of some offsets caused by changes in the
geometrical alignment of the spectrometer, for example, when the objective is
moved while focusing the light gathering part of the spectrometer on the sample
or filters are changed in the gathered light path. The significant disadvantage of
calibration to the Raman spectra of organic solvents is that their Raman bands
are broad and overlapping, and therefore their positions cannot be determined
with sufficiently high precision. We can achieve the precision of ±1 cm−1 for
well-resolved dominant and a few cm−1 for shoulders or weak bands. Organic
solvents also do not usually have many bands in the region between 1800 and
2800 cm−1 and do not have a sufficiently large number of usable Raman lines,
especially if solvents usable in deep UV are wanted.

We had a good experience with the other approach to calibration, which uses
atomic emission spectra of standard lamps. Usually, as is also the case in our
laboratory, the neon lamp is used. However, this lamp does not cover the deep
UV range of light, so we decided to try some organic solvents for UV Raman
calibration as shown in tab. 3.7.

We selected cyclohexane because it has a pretty rich Raman spectrum. We also
wanted to solve the problem that most standard organic solvents do not have many
bands between 1800 and 2800 cm−1, so we decided to use deuterated cyclohexane-
d12, which nicely fills that region. To our knowledge, the cyclohexane-d12 was
not used for calibration of UV Raman spectra of nucleic acids before.

The spectra of cyclohexane and cyclohexane-d12 were measured on a homemade
Raman spectrometer using visible excitation of 532 nm (Palacky et al., 2011) and
calibrated to the spectrum of neon calibration lamp. At least three and typically
eight spectra for each Raman line with different grating positions were taken. The
top halves of the well-resolved peaks were fitted to the gaussian curve, and their
precise positions were estimated. All the measured positions were then averaged.
The results can be seen in tab. 3.8.

The spectrum of cyclohexane and cyclohexane-d12 can then be measured
after each UV Raman measurement in such a way that the measured sample is
replaced by the calibration sample so that the calibration samples are measured
from the same place as the measured sample (with the same grating position of
spectrograph). The precise pixel positions of their Raman lines were estimated
from the spectrum in the same way as in the visible Raman measurements. These
pixel positions can then be matched to known approximate pixel positions of
cyclohexane and cyclohexane-d12 using an appropriate weight function which
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name 𝜈 (cm−1) x (px)
D1 298.55 ± 0.08 2002.68
D2 373.77 ± 0.06 1952.43
H1 384.19 ± 0.15 1943.28
H2 426.75 ± 0.13 1914.58
D3a 636.15 ± 0.09 1775.71
D3 724.48 ± 0.10 1715.56
D5 795.93 ± 0.09 1666.70
H3 802.41 ± 0.13 1660.07
D6 939.10 ± 0.12 1568.22
D7 1014.07 ± 0.12 1516.56
H5 1028.91 ± 0.14 1503.78
D8 1073.70 ± 0.11 1474.89
D9 1120.05 ± 0.10 1442.68
H6 1158.77 ± 0.13 1413.54
D10 1214.12 ± 0.08 1376.89
H7 1267.25 ± 0.11 1337.14
H8 1444.81 ± 0.11 1211.48
D11 1706.70 ± 0.04 1026.44
H13 1720.30 ± 0.06 1014.25
D12 1753.42 ± 0.04 992.68
H13a 1765.45 ± 0.03 981.85
D16 1979.06 ± 0.06 828.31
D17 2004.03 ± 0.06 810.09
H14 2052.09 ± 0.03 772.50
D18 2083.28 ± 0.05 751.69
D19 2106.41 ± 0.06 734.77
H14a 2117.79 ± 0.05 723.54
D21 2154.45 ± 0.05 699.13
D23 2198.41 ± 0.05 666.48
D25 2322.52 ± 0.04 574.26
H15 2350.57 ± 0.03 550.63
H16 2634.46 ± 0.03 336.50
H20 2853.91 ± 0.05 168.13
D28 2885.28 ± 0.05 146.18
D29 2914.56 ± 0.06 123.83
H21 2924.74 ± 0.04 113.34
H22 2939.47 ± 0.05 102.30

Table 3.8: Estimated wavenumbers 𝜈 of cyclohexane (H) and cyclohexane-d12 (D)
with the corresponding pixel positions 𝑥 from UV Raman measurement.
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Figure 3.6: UV Raman spectrum of cyclohexane and cyclohexane-d12 with 244 nm
excitation. Grey lines denote the positions of Raman lines used for calibration (see tab. 3.8).

favors matches with more bands by moving the measured spectrum in the table
with calibration spectrum with, for example, 0.5 px step. The outcome of this
procedure is calibration line wavenumbers and their pixel positions. They can
be fitted by a 3rd-degree polynomial to assign the wavenumbers to all the 2048
detector pixels. The spectrum is then linearly interpolated to have 1 cm−1 steps.
Example UV Raman spectra of cyclohexane and cyclohexane-d12 calibrated by
our homemade calibration program with highlighted band positions are shown in
fig. 3.6.

As was written above, a different method for sub-cm−1 calibration precision
than calibration to organic solvents needs to be used. Some authors proposed
calibration to atomic lines of a mercury lamp. For example, Manoharan et al.
(1990) and Efremov et al. (1991) calibrated the spectrograph with the 253.6, 312.6,
and 365 nm lines of a low-pressure Hg lamp. The disadvantage of low-pressure
Hg-lamp usage is that its lines are relatively sparse so other approaches, which
combined the Hg spectrum with other methods were proposed. For example,
Myers et al. (1988) calibrated wavenumbers using cyclohexane combined with
various H2 Raman-shifted laser lines and mercury emission lines.

We tried to use a mercury lamp too, but it did not bring any new precision to
the calibrated spectra, so we searched for the different calibration sources. There
was a similar effort in Wert (2014), who proposed calibration with zinc (202.5,
206.2, and 213.9 nm) and cadmium (214.4, 226.5, and 228.8 nm) standard lamps
and Positive Light Indigo-S 210 – 240 nm tunable Ti:Sa laser if necessary. However,
we pursued a different approach and took inspiration from the calibration of space
instruments which broadly use hollow cathode platinum lamps (Mount et al., 1977;
Reader et al., 1990; Sansonetti et al., 1992) for calibration in UV spectral range.

Hollow cathode lamps (HCL) are routinely used in atomic absorption spec-
troscopy (AAS), and therefore they are commercially available on the market
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Figure 3.7: Top-view schema of the apparatus with wavenumber calibration lamp
and with side-view inset of the sample space. The calibration beam from Pt hollow
cathode lamp (HCL) is collimated by calibration beam lens LC1 and guided by the calibration
right-angle prisms (MC1 and MC2) in total internal reflection mode and and focused on the
entrance slit of spectrograph by the parabolic mirror MS2 the same way as the scattered signal
from samples. The calibration lamp signal can be attenuated by modifying the size of the
calibration beam aperture AC1. The mirror MC2 was placed on a motorized flip mount to
enable easy insertion for calibration spectra measurement. The explanation of the rest of the
symbols is the same as in fig. 3.3.

together with power supplies because HCL requires a precision current source.
We used P209 HCL Power Supply (Photron) with P840 Hollow Cathode Lamp –
Pt (Photron) which provided a stable platinum atomic spectrum right after start.
The new spectrometer schema with calibration source is in fig. 3.7. Right-angle
prisms (MC1 and MC2) guided the calibration beam in total internal reflection
mode. We chose prisms instead of mirrors because they are much more stable in
time, and we do not need to have any concerns about their aging. Prism MC2
was placed on a motorized flip mount to easily switch between measurement of
calibration spectra and Raman spectra from samples. The calibration beam was
collimated by the lens LC1 with focal length of 10 cm (Thorlabs) and could be
attenuated by the aperture AC1 represented by the iris diaphragm (Thorlabs).

As can be seen in fig. 3.8, the Pt lamp has many sharp well-resolved lines
with reasonable intensity. The spectrum acquisition is also relatively fast; the
spectrum was usually acquired as an average of 100 of 0.1s scans. Because of these
parameters, the measured Raman spectra can be calibrated with a precision as
high as ±0.1 cm−1.

3.1.6 Polarized measurements
The next possible improvement of the measurement capabilities was to enhance the
spectrometer for polarized measurements. There were two categories of polarizers
commercially available for deep UV light, crystalline polarizers and wire grid
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Figure 3.8: UV Raman spectrum of platinum hollow cathode lamp with the same
grating position as in fig. 3.6. Grey lines denote the positions of Raman lines used for
calibration.

polarizers, so we tried to evaluate both of them. We inserted them into the
gathered signal beam path right behind the edge filter in continous rotation
mounts with an engraved scale marked in 2° increments placed on a flip mount
for easy removal. We rotated the scale so that 0° meant vertical polarization and
90° horizontal.

Most crystalline polarizers are not created from materials transparent to UV
light so we needed to choose from the limited selection, where the most appropriate
with cost/value considerations at that time were α-BBO Glan-Laser polarizers
(Thorlabs). The disadvantage of this solution was a small clear aperture (1 cm)
and a small angular field of view. The advantages are good transparency for
deep UV light (greater than 60% from 210 nm) and an excellent extinction ratio
(∼ 100000 : 1).

The selection of wire-grid polarizers usable for UV was also limited because
they have a much narrower range of accepted wavelengths. We chose the one
using dielectric nanowire arrays on a silica glass substrate (Meadowlark). It had
polarized transmission from 60 to 70% at 245 to 285 nm, respectively, and an
extinction ratio greater than 60 in the same range. The advantage of this polarizer
was a larger clear aperture (2.54 cm) and a slightly larger angular field of view.

Polarization dependence of the light-gathering optics and especially of spectro-
graph grating was shielded by using a quartz-wedge depolarizer (Thorlabs). The
two polarizers were evaluated using a Hg lamp as a source of light from sample
space. At first, we measured the ratio of throughput between vertical and hori-
zontal polarization, which were mainly different due to polarization dependence
of spectrograph grating reflectance. The vertical ratio was 1.65 and 1.41 times
higher than horizontal for wire-grid and Glan-Laser polarizers, respectively. The
difference can be caused by the smaller clear aperture of the later one.
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polarizer 𝐼v(106) 𝐼h(106) 𝐼v/𝐼h

wire-grid 0.906 ± 0.022 0.832 ± 0.018 1.089 ± 0.003
Glan-laser 2.337 ± 0.012 2.349 ± 0.123 0.997 ± 0.053

Table 3.9: Performace comparison of wire-grid and Glan-laser polarizer. 𝐼 stands for
intensity of 253.6 nm Hg line at maximum detector counts, and subscripts v and h stand for
vertical and horizontal polarizer orientation.

Next, the ratio between horizontal and vertical polarization throughput with
inserted depolarizer was measured. The spectra were accumulated for 0.1 s, and
intensity was measured at the maximum of the Hg line at 253.6 nm in detector
counts. The results are displayed in tab. 3.9. There is a significant difference
between intensity with horizontal and vertical polarization for a wire-grid polarizer,
which indicates a strong dependence of its characteristics on polarizer tilt. There
is also a higher variation in signal for the Glan-laser polarizer (especially visible
for horizontal polarization), which is probably the effect of a combination of slight
optics movement during manipulation with the polarizer and its limited aperture.
However, the most significant observation is that the Glan-laser polarizer has ∼ 2.7
times higher throughput than the wire-grid polarizer at 253.6 nm, nevertheless
its limited aperture. Therefore we chose Glan-laser polarizer for any further
polarization measurements.

3.1.7 Spinning cell
The next problem which needed to be solved was a photodecomposition of samples
by incoming laser light. Resonance Raman spectroscopy uses excitation light with
frequency inside the electronic absorption band. It means that the investigated
molecules accept a significant part of the power from the incoming laser beam,
and this excess energy can destroy the samples. It also locally increases temper-
ature and causes the thermal lens effect, which distorts laser focus. We had to
decide between several so far developed and successfully employed approaches, as
described in section 1.1.3, to minimize these effects.

As we wanted to study RNAs on our apparatus, which are highly sensitive
to contamination by ubiquitous RNase H and therefore cleaning of the sample
cells was a factor of major importance for us, we decided to utilize the idea of a
spinning cell to minimize photodecomposition of samples. We designed the cell to
be also usable with small volumes of the samples, the inner radius of 4 mm and
height of 5 mm. It means that the maximal volume could be ∼ 250 μL, but due to
centrifugal force, the smaller amount of samples could be measured; for example,
50 μL of sample results in an ∼ 4μm thick layer attached to the cell wall if the
cell is rotated sufficiently fast.

To estimate the required rotation speed, we modeled the behavior of the water
inside the cell. We neglected all the complicated effects like surface tension and
currents inside the liquid. We can use energy conservation, where the sum of
kinetic energy 𝐸k and gravitation potential energy 𝑈g is constant total energy
𝐸. If we consider a closed system, the change in potential energy can go only to
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(a) 500 rpm (b) 1000 rpm

(c) 2000 rpm (d) 4000 rpm

Figure 3.9: Model of the spinning cell following eq. 3.31 with different rotation
speeds using 4 mm as internal diameter, 5 mm as height, and 50μL of liquid.

kinetic energy and vice versa, so we can write

𝐸k = 𝑚𝑟2𝜔2

2 = −𝑈g = 𝑚𝑔(𝑧 − 𝑧0),

where 𝑚 stands for mass, 𝜔 for angular speed, 𝑧 for the height of the equipotential
surface, 𝑧0 for reference height for potential energy and 𝑔 = 9.80665 Nkg−1 as
gravitation acceleration constant. Solving the equation results into

𝑧 = 𝑧0 + 𝑟2𝜔2

2𝑔
. (3.31)

The value for 𝑧0 can be calculated from the sample volume

𝑉 = 2πℎ(𝑅2 − 𝑅2
2) + 2π

∫︁ 𝑅2

𝑅1
𝑟𝑧(𝑟)d𝑟,

where 𝑅 is the internal radius of the cell, ℎ is the height of the cell, 𝑅1 is the
radius where the surface of the liquid touches the floor of the cell, and 𝑅2 is the
radius where the surface of the liquid meets the ceiling of the cell, so it means
that 𝑅 ≥ 𝑅2 > 𝑅1 ≥ 0. The values of 𝑅1 and 𝑅2 can be estimated from eq. 3.31.

We can estimate the sufficient rotation speed of about 4000 rpm from sample
model results for 50 μL of a sample displayed in fig. 3.9.
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1 mm

Figure 3.10: Spinning cell holder. A Teflon plug seals the cell (in blue), the knurled nut
(light grey) secures the cell to the holder chuck (dark grey) by compressing the o-ring (black).
The cell is attached to the driving motor shaft by M2 screws.

The sample holder was inspired by the work of Shriver et al. (1974), but we
used FPM o-rings with an inner diameter of 11 mm and 1 mm diameter of the
rubber as displayed in fig. 3.10 instead of the nylon cone. The knurled aluminum
nut compressed the o-ring, effectively centering and securing the spinning cell to
the holder chuck. The cell holder was secured to the driving motor shaft by M2
screws.

As a driving motor, we used a DC motor (Maxon A-max 110119) controlled by
a homemade power source that could produce from 0 V to 9 V at the output. The
power supply was equipped with a digital voltmeter for user convenience. The
capabilities of the motor were measured with an attached fully filled cell. A tiny
dot was stuck to the cell, and a photodiode with an attached oscillometer was then
used for rotation frequency measurement. The results of the measurement are
shown in fig. 3.11. The values of rotation speed 𝜔 as a function of input voltage
𝑈 were fitted by linear dependence

𝜔 = 𝑎1𝑈 + 𝑎0,
𝑎1 = (1071 ± 4)V−1, 𝑎0 = 2 ± 20.

The dependence has not got any significant constant factor 𝑎0, and with the
maximal power of 9 V accepted by the motor, about 9600 rpm was achieved,
which was satisfactory for the spinning cell to centrifuge the samples to its walls
completely.
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Figure 3.11: Spinning cell rotation evaluation. The dependence of rotation speed 𝜔 on
the input voltage for the driving motor.

3.1.8 Redesign for multiple excitation wavelengths
In the beginning, the spectrometer allowed only 244 nm as the excitation beam
wavelength. The next step in spectrometer development was to enable more
excitation wavelengths provided by the laser, as described in section 3.1.4. We
decided to use prism optics for that purpose for the same reasons applied in
calibration beam optics selection, i.e., prisms have a very weak dependence of
reflectance on wavelength and are not susceptible to aging compared to broadband
metallic mirrors. On the other side, if we used laser mirrors, we would be
constrained only to wavelengths covered by these mirrors (moreover it is more
costly to have set of mirrors for each excitation wavelength) and all the mirrors
would need to be changed when the different excitation wavelength was used.

Some method of removal of the unwanted frequencies from the excitation beam
also needed to be introduced because the laser manufacturer did not provide a
fundamental line light removal equipment for 229-nm excitation. Pellin-Broca
prism can be used for that purpose. It has the advantage that there always exists
a rotation angle of the prism that the incoming and outgoing light deviates by
exactly 90°, and if the prism is rotated along its axis, the position of the outgoing
beam at 90° does not change. Moreover, the angle of incidence of the incoming
light is near Brewster’s angle, so the amount of reflected light for p-polarization
(our situation) is small.

Overall, the laser mirror M1 was replaced by Pellin-Broca prism (PB), which
separated the excitation beam from unwanted light (for example, from fundamental
laser lines). The Pellin-Broca prism was placed on a precise rotation stage which
enabled the selection of excitation wavelength, which was outgoing in a right-angle
direction to the beam from the laser. The unwanted light was guided to the beam
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Figure 3.12: Top-view schema of the apparatus for multiple excitation wavelengths
and with side-view inset of the sample space. Prisms in total reflection mode replaced
the right-angle laser mirrors optimized for 244 nm excitation. M1 was replaced by Pellin-Broca
prism PB, which separates unwanted frequencies from the excitation beam and sends them to
the beam blocker BB. Right angle prisms replaced M2 and M3. The prism MC2 is flipped to
the position for measurement, and the calibration lamp is switched off. The explanation of the
rest of the symbols is the same as in fig. 3.7.

blocker (BB). Mirrors M2 and M3 were replaced then by right angle prisms. All
these changes are depicted in fig. 3.12.

Each new excitation wavelength required a new filter for elastically scattered
light removal. We chose to support excitations at 257 and 229 nm on top of
the 244 nm excitation. These excitation wavelengths covered the available range
from frequency-doubled Ar+ ion laser. It allowed us to take advantage of changes
in resonance enhancements with different excitation laser frequencies. 229 nm
excitation has the stronger enhancement of pyrimidine bases and can be used
to measure aromatic amino acids. On the other hand, guanine is enhanced the
most with 257 nm. The edge filter for 257-nm light removal was bought from
Semrock, but there was no filter available in the market for 229 nm. Josef Kapitan
(Palackeho University, Olomouc) kindly provided one (Materion Edge Filter) to
us.

3.1.9 Redesign for backscattering
Highly absorbing samples can be hard to measure in right-angle geometry because
of absorption of excitation light and selfabsorption of the scattered light (Shriver
et al., 1974). These problems can be solved by using backscattering geometry.
So we decided to improve the apparatus with an easily switchable backscattering
modality.

We utilized the fact that the Cassegrain objective has a blind spot in collimation
mirror area and placed there a small 0.5 × 0.5 right-angle prism (M4) glued to
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Figure 3.13: Top-view schema of the apparatus in backscattering configuration and
with side-view inset of the sample space. A small right-angle prism in total reflection
configuration M4 is placed to the same position where previously was sample and Cassegrain
objective O is moved forward so that M4 is right before its blind spot. The explanation of the
rest of the symbols is the same as in fig. 3.12.

1 cm

Figure 3.14: Backscattering holder. The top view is on top; a side view is on the bottom.

a homemade holder attached to kinematic stand. The Cassegrain objective was
placed on a long travel manual transition stage so it could be moved to the position
for backscattering, where the laser beam going up was almost touching the front
side of the Cassegrain. The prism M4 reflected the beam in the optical axis of the
Cassegrain into the sample, see fig. 3.13.

The holder for prism M4 is displayed in fig. 3.14. It was designed so that if it
is secured to the kinematic holder, the axis of the prism is the same as the axis
of the kinematic holder. The width of the thin part of the holder at the end is
the same as the width of the ribs, which are holding the collimating mirror of the
Cassegrain so that they can be aligned and no scattered light is blocked by the
holder.

For the right-angle geometry, the M4 was simply removed, and Cassegrain was
moved backward to focus inside the excitation laser light going up.
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Figure 3.15: Thermostated cell holder copper core.

3.1.10 Thermostated sample holder
One of the essential characteristics of complexes of biomolecules is their behavior
with changing temperature. We wanted to enable these types of measurements also
on the new UV Raman spectrometer. The spinning cell described in section 3.1.7
showed to be impractical for the design of a temperature=controlled experiment.
A different approach needed to be devised, but it was still necessary to minimize
the photodecomposition of the samples during measurement. We decided that
we utilize a magnetic stirrer and traditional spectroscopic 1 cm Raman cells. We
had much experience with recirculating liquid temperature controllers in our
laboratory, but we decided to design a less expensive temperature-controlled cell
holder based on a thermoelectric Peltier device.

The new cell holder consisted of a copper block surrounding the cell (fig. 3.15)
with a front hole suitable for backscattering measurements. There were also
two hollows at the top of the block for convenient removal of the cells. We also
designed an adapter for 5 mm cells. The block contained thermocouple Pt100
for measurement of temperature sealed by thermal grease to ensure good heat
transfer.

The copper block was placed inside a Teflon block which served as insulation
(fig. 3.16). The insulation layer also contained a magnetic stirrer (Variomag). The
stirrer could be used up to 95 ℃, stir volumes up to 5 mL on 130 – 1000 rpm, and
was controlled by an external controller. The sample cell could be covered inside
the holder by a Teflon cover (fig. 3.18).

The temperature was maintained by two thermoelectric Peltier modules (TEC1-
12710) chained in series for better performance, where the second module could be
replaced by copper shim if the performance of one is satisfactory. The operation
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Figure 3.16: Teflon insulation of thermostated cell holder.

of the Peltier modules was controlled by a two-channel PID controller (Eurotherm
3216) connected to the thermocouple placed inside the copper block as described
above. The signals of the two channels (heating and cooling) of the PID controller
were converted to a bipolar signal by constructed H bridge so the direction and
intensity of heat transfer through the Peltier modules could be controlled. The
electrical overview schema can be seen in fig. 3.17.

An aluminum profile heat sink (fig. 3.19) with two ventilators (Sukon, 2500 rpm,
17 W) was attached to the thermoelectric modules to increase efficiency. The
aluminum profile was insulated from the copper core block by the Teflon layer.
A universal aluminum right-angle adapter (fig. 3.18) mounted the whole sample
holder through the heat sink to a three-axis manual stage (Thorlabs). The adapter
supported securing of different sample holders in various positions. Overall 3D
image of the holder can be seen in fig. 3.20.

This design of thermostated sample holder enabled fast control of the tem-
perature in the range between 5 and 95 ℃ of samples with volumes in the range
between 250 (with the adapter to 0.5 mm sample cells) and 3000 μL. The heating
from 5 to 95 ℃ took ∼15 min and cooling from 95 to 5 ℃ was as fast as 25 min.
The worst performance of the temperature stabilization was at room temperature
because of switching between cooling and heating, so the process of stabilizing
the temperature at 20 ℃ from 15 or 25 ℃ took ∼ 4 min 30 s. The stabilization
of the rest of the temperatures took less than 3 min with the 5 ℃ step in the
range from 5 to 90 ℃. Stabilization from 90 to 95 ℃ took ∼ 4 min because 95 ℃
is out of the recommended operating range of the used Peltier modules. All the
temperatures from above were regarded as stabilized with the precision of ±0.3 ℃.
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Figure 3.17: Electrical schema of the thermostated cell holder.

Figure 3.18: Teflon cover of sample cell (on the right) and universal aluminum
right-angle adapter for thermostated sample holder (on the right).
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Figure 3.19: Aluminum profile heat sink for the thermostated cell holder.

Figure 3.20: The 3D image of thermostated sample holder without thermoelectric
Peltier modules, thermocouple, and stirrer.
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The temperature then oscillated and continuously approached the setpoint temper-
ature and reached the setpoint temperature with ±0.1 ℃ precision with another
∼ 1 min of waiting. The temperature of the liquid inside the cell followed the
temperature measured by thermocouple from the holder with approximately 10 s
delay (as measured by independent thermocouple-based thermometer), so we used
5 min delay for temperature step of at most 5 ℃ as a safe interval for temperature
stabilization between Raman measurements except from stabilization at 20 and
95 ℃, where the safe delay needed to be prolonged to 7 min.

During five years of usage of this holder, the performance of heating/cooling
of the thermostated holder slightly degraded, and the holder needed minor main-
tenance. The performance was mainly impaired by degradation of thermal grease,
ensuring reliable temperature measurement results by the thermocouple from
inside the holder. The performance of Peltier modules decreases with time too.
We used one Peltier module initially but after three years we added the second
one to mitigate the performance loss of the first one.

In the beginning, we were slightly concerned if the fans used to increase the
efficiency of the heat sink would not affect the stability of the optical elements
(especially spectrograph and alignment of the excitation laser beam) by vibrations.
However, the effect was unobservable. A high amount of heat is also produced
at high temperatures, but it could freely dissipate from the sample space, and
the room temperature was maintained by air conditioning. The air conditioning
also kept low humidity inside the laboratory, but for temperatures less then 15 ℃
the continuous flow of dry air or nitrogen was directed to the front surface of the
sample cell.

3.2 Optimization of the experiment
Optimal measurement conditions are one of the requirements for high-quality
scientific results. Many adjustable parameters can influence the measurement
quality, and their optimal values highly depend on the samples under investigation.
The further analysis focuses on optimizing measurement parameters of nucleic
acids using 244 and 257 nm excitation wavelengths. PolyU was chosen as the
sample for these experiments because uracil is known to be the most susceptible
base for photodecomposition, and our further experiments were conducted on
oligo and polynucleotides, and thus polyU is a better model molecule than,
for example, mononucleotide UMP. The main parameters which needed to be
determined were excitation laser power, length of accumulation, sample volume,
and concentration. Moreover, the optimal sample rotation speed needed to be
found for the experiments using the spinning cell.

3.2.1 Excitation laser power optimization
Firstly, we tried to establish the optimal laser power for excitation in right-angle
geometry using a spinning cell. We used commercial samples of polyU (Sigma)
dissolved in 80 mM cacodylate buffer with ph 6.4 to the concentration of 500 μM
per nucleobase. We chose 244 nm excitation laser wavelength with 10, 2, and
1 mW at samples. The 150 μL of the sample was rotated at 9600 rpm during
the measurement. The spectral series were measured with 30 s (10 and 2 mW
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Figure 3.21: Example UV RR spectrum of polyU dissolved in cacodylate buffer.
The fits of shape functions (eq. 3.47) to the bands of polyU and cacodylate used in intensity
estimation fit are marked by green, and red lines, respectively, and the areas used for intensity
calculation are filled with the corresponding colors.

excitation) and 60 s (1 mW excitation) accumulation time per spectrum. The
beginning of each measurement was slightly delayed from the start of the exposure
to the laser because the samples needed to be adjusted for optimal signal. The
adjustment took 26 s for 10 mW excitation, 90 s for 2 mW, and 69 s for 1 mW
excitation.

Further analysis was performed on the integral intensity of measured Raman
bands. The band shapes were modeled as described in section 3.4.5 with the
experimentally estimated Lorentzian curve fraction coefficient 𝑐L = 0.5, which
visually gave the best band shape fit. The linear function 𝑎0 + 𝑎1𝜈 was added to
the shape function eq. 3.47 as the model of the spectral background.

The analysis was performed on the polyU integral intensity represented by its
band at 1231 cm−1 compared to the intensity of the cacodylate band at 607 cm−1

to account for the excitation laser power and sample adjustment variations during
the measurement. Fig. 3.21 clearly shows that the polyU band also contains a
shoulder at 1248 cm−1, and is overlapping with the cacodylate band at 1276 cm−1.
Therefore, the band was modeled by the shape function (eq. 3.47) with three
components, but its intensity was calculated as a sum of the pulyU bands without
the cacodylate one. The cacodylate band was modeled as having two components,
at 607 and 640 cm−1, but only the first one was used for the integral intensity
calculation.

The time dependence of the intensity of polyU band at 1231 cm−1 (normalized
to the intensity of cacodylate band at 607 cm−1) was modeled by the exponential
decay curve

𝐼 = 𝐼0e−𝜆𝑡 + 𝑏, (3.32)
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Figure 3.22: Decrease of the integral intensity of polyU band at 1231 cm−1 for
different excitation laser powers in raw spectra. It was normalized to the integral intensity
of the cacodylate band at 607 cm−1, which was used as the internal intensity standard. The
values were fitted by exponential decay curves eq. 3.32 and the baseline constant 𝑏 from the fit
was subtracted from the plots.

where 𝐼0 is initial intensity, 𝜆 is the decay constant, and 𝑏 is the baseline constant.
The normalized results (subtracted by 𝑏) can be seen in fig. 3.22.

We can see, that the lines intersect almost at the same point, which is expected
outcome, but this point is not at 0 s. This is caused by the fact that the time axis
denotes the ends of the spectrum accumulation, whereas the intensity comes from
the whole time period of the spectrum acquisition, which is even more enhanced
by the fact that band’s intensity lowers during the measurement. The lifetimes 𝜏
can be calculated from decay constants 𝜆 from eq. 3.32

𝜏 = 1
𝜆

. (3.33)

We can also calculate total accumulated relative energy from the decay curve by

𝐸0,r =
∫︁ ∞

0
𝐼0e−𝜆𝑡d𝑡 = 𝐼0

𝜆

and energy accumulated from time 𝑇0 by

𝐸𝑟 =
∫︁ ∞

𝑇0
𝐼0e−𝜆𝑡d𝑡 = 𝐼0

𝜆
e−𝜆𝑇0 .

Energy fractions can then be calculated by dividing the relative energies by the
maximal total relative energy. The resulting lifetimes, total accumulated energy
fractions 𝐸0, and energy fractions 𝐸 accumulated from time 𝑇 = 60 ± 20 s, which
was regarded as reasonable approximate for the time needed for adjustment of
the sample before measurement could start, can be seen in tab. 3.10.
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P (mW) 𝜏 (min) 𝐸0 𝐸 𝑟

10 2.3 ± 0.1 1.00 ± 0.11 0.64 ± 0.12 0.64 ± 0.10
2 7.6 ± 0.6 0.67 ± 0.08 0.59 ± 0.08 0.88 ± 0.04
1 16.8 ± 4.5 0.74 ± 0.21 0.70 ± 0.21 0.94 ± 0.02

Table 3.10: Lifetimes 𝜏 of the polyU in dependence on excitation power 𝑃 estimated
from raw spectra. 𝐸0 are total energies accumulated by detector divided by maximal value
across all the excitation powers 𝑃 , and 𝐸 are energies accumulated from time 𝑇 = 60 ± 20 s,
which was needed for the adjustment of the samples before the acquisition can even start, but
the sample needs to be irradiated by the excitation laser. The last column contains fractions of
the samples 𝑟 which were not destroyed by photodecomposition after the time 𝑇 .
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Figure 3.23: Example UV RR spectrum of polyU dissolved in cacodylate buffer
with the cacodylate buffer background subtracted. The fit of shape function (eq. 3.47)
to the band of polyU used in intensity estimation fit is marked by a green line together with the
area used for the intensity calculation.

The results show that the 10 mW power gave the best results if we do not
take into account adjustment of the samples, but as you can see in fig. 3.22, the
signal intensity quickly lowers with time. The lifetimes can also vary significantly
in dependence on a sample which can lower the reliability of the band intensity
estimations. The table shows that, after 1-minute adjustment of the sample, the
10 mW excitation photodecomposes about 35% of the sample, whereas, with the
1 mW excitation, only around 6% of the sample is destroyed. The accumulated
energies are calculated as integral to infinity, but we can effectively measure only
smaller portions of the decay with lower powers, favoring measurements with
higher powers.

Further investigation of the spectral decay behavior shows that this simple
approach does not reveal that a single decay curve cannot model such a complex
system. This effect is clearly visible if we subtract the cacodylate buffer background
from the spectra. The resulting spectrum can be seen in fig. 3.23.
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Figure 3.24: Decrease of the integral intensity of the polyU band at 1231 cm−1

for different excitation powers in background-corrected spectra. The intensity was
normalized to the subtracted spectrum of cacodylate buffer, which was used as the internal
intensity standard. The values were fitted by exponential decay curves eq. 3.32. The baseline
constant 𝑏 from the fit was subtracted from the plots.

The polyU band at 1230 cm−1 can then be modeled directly without the
interference of the cacodylate band at 1276 cm−1. It can be seen from the polyU
band intensity dependence plot in fig. 3.24 that the background subtraction
process slightly obscures the intensity normalization so that the fast decay curves
cannot be modeled here. However, we can also see a slower decay trend which is
not evident from the fit to the intensities of the polyU band calculated from the
spectra without subtracted background. This is caused by the fact that it is harder
to reliably decouple the contribution of the overlapping polyU and cacodylate
bands with the lowering polyU band intensity.

For analysis of the optimal measurement conditions, we ignored the first 3,
3, and 10 spectra for excitations at 1, 2, and 10 mW, respectively, which visibly
deviated from the slow decay curves. We used eq. 3.32 to estimate the lifetime
𝜏 , total accumulated energy fractions 𝐸0, and energy fractions 𝐸 accumulated
from time 𝑇 = 60 ± 20 s the same way as for the samples without subtracted
background (see tab. 3.11). The baseline constant 𝑏 was used only for the power of
10 mW, where it decayed quickly to constant noise caused by the fit for an almost
undetectable band. The table clearly shows that the slow decay process depends
linearly on excitation power. In other words, the total accumulated energy is the
same for all the excitation powers, and that the lifetime is inversely related to the
excitation power.

We can see that the system is complex, and our current methods cannot
correctly analyze the underlying processes. Photoproducts can influence the
resulting spectra, and therefore we decided to use relatively lower excitation
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P (mW) 𝜏 (min) 𝐸0 𝐸 𝑟

10 7.1 ± 0.8 0.90 ± 0.14 0.79 ± 0.14 0.87 ± 0.04
2 39.5 ± 2.4 1.00 ± 0.12 0.98 ± 0.12 0.98 ± 0.01
1 70.3 ± 7.3 0.89 ± 0.13 0.88 ± 0.13 0.99 ± 0.01

Table 3.11: Lifetimes 𝜏 of the polyU in dependence on excitation power 𝑃 estimated
from the background-corrected spectra. 𝐸0 are total energies accumulated by detector
divided by maximal value across all the excitation powers 𝑃 , and 𝐸 are energies accumulated
from the time 𝑇 = 60 ± 20 s, which was needed for the adjustment of the samples before the
acquisition can even start, but the sample needs to be irradiated by the excitation laser. The
last column contains fractions of the samples 𝑟 that were not destroyed by photodecomposition
after time 𝑇 .

P (mW) 𝜏 (min) 𝐸0

4 15.8 ± 0.1 1.00 ± 0.10
2 30.5 ± 0.8 0.95 ± 0.10
1 61.0 ± 5.5 0.94 ± 0.13

Table 3.12: Lifetimes 𝜏 of the polyU in dependence on excitation power 𝑃 estimated
from raw spectra in backscattering geometry. 𝐸0 are total energies accumulated by
detector divided by maximal value across all the excitation powers 𝑃 .

powers like 1 mW or 0.5 mW even though the higher excitation power could
probably give higher quality spectra.

We also tried to optimize the excitation laser power for the backscattering
measurements in thermostated cell holder. We used 3 mL of 125 μM polyU samples
dissolved in 40 mM cacodylate buffer with pH 6.8. 257 nm was used as an excitation
laser wavelength and a magnetic stirred stirred the samples. The spectral series
was measured in 20 s accumulation time per spectrum. The measurements in the
thermostated cell holder were easier to set up because the backscattering geometry
and robust construction of the holder were less sensitive to displacements which
meant that the adjustments could be performed on helper samples and, the real
samples weren’t exposed to the laser power before measurement.

The analysis of the results was performed with the same steps as the analysis
of the measurements with a spinning cell using the integral intensity of the polyU
band at 1231 cm−1 and the cacodylate band at 607 cm−1. As we used 20 times
larger volumes of samples and 4 times lower concentrations, we should roughly
expect 5 times longer lifetimes, which means that we could observe only the fast
decay components, (see fig. 3.25 and tab. 3.12).

It can be seen that the lifetimes are proportionally longer with lower excitation
laser power and no further special effects are observable. The lifetimes are slightly
lower than the expected 5 times longer lifetimes as compared to the tab. 3.10 but
almost in the range of estimated errors. It can be caused by many effects like
underestimated errors, different excitation laser wavelength (257 nm instead of
244 nm), less effective stirring in larger volumes, or longer laser path in the samples.
We can also see that higher intensity gives more reliable results with lower errors
because of a better SNR. We decided to perform further measurements with 4 mW
of excitation power at 257 nm and 5 mW at 244 nm.
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Figure 3.25: Decrease of the integral intensity of the polyU band at 1231 cm−1 for
different excitation laser powers in raw spectra using backscattering geometry. It
was normalized to the integral intensity of the cacodylate band at 607 cm−1, which was used as
the internal intensity standard. The values were fitted by exponential decay curves eq. 3.32.
The baseline constant 𝑏 from the fit was subtracted from the plots.

3.2.2 Concentration optimization
The next step was to determine the optimal concentration of the measured NA
sample with respect to its photodamage. First, we tried to estimate the dependence
of the lifetime on concentration. We used the same sample preparation as described
in section 3.2.1 but with variable concentration of samples of 500 μM and 1000 μM
per nucleobase and 1 mW of excitation laser power. We also used the same
data treatment as in the previous section. We could not detect the fast decay
component for 500 μM samples in this measurement, so we compared the slow
decay components the same way as the previous section. The results can be seen
in fig. 3.26 and tab. 3.13.

First of all, it is crucial to notice that there is variation in the estimated
lifetime between this measurement and results from the previous section (see

c (μM) 𝜏 (min) 𝐸0 𝐸 𝑟

500 53 ± 3 0.55 ± 0.06 0.54 ± 0.06 0.981 ± 0.006
1000 96 ± 6 1.00 ± 0.12 0.99 ± 0.12 0.990 ± 0.003

Table 3.13: Lifetimes 𝜏 of the polyU in dependence on concentration 𝑐 estimated
from the background-corrected spectra. 𝐸0 are total energies accumulated by detector
divided by the maximal value accross all the excitation powers 𝑃 , and 𝐸 are energies accumulated
from the time 𝑇 = 60 ± 20 s, which was needed for the adjustment of the samples before the
acquisition can even start, but the sample needs to be irradiated by the excitation laser. The
last column contains fractions of the samples 𝑟 which were not destroyed by photodecomposition
after the time 𝑇 .
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Figure 3.26: Decrease of the integral intensity of the polyU band at 1231 cm−1 for
different concentrations in background-corrected spectra. The intensity was normalized
to the subtracted spectrum of cacodylate buffer, which was used as the internal intensity
standard. The values were fitted by exponential decay curves eq. 3.32. The baseline constant 𝑏
from the fit was subtracted from the plots.

tab. 3.11). The difference between these two measurements was that we used
larger slit width (70 μm instead of 50 μm used in the previous section), which
could have an impact on the decay curve because, as we showed in the previous
section, the photodecomposition process is very complex and involves changes in
the sample absorbance which can have a significant impact on the focus because
of the anomalous dispersion.

The second observation is that the lifetime seems to depend almost linearly
on the concentration, proportional to the number of nucleotides in the sample.
This means that in our right angle experimental configuration, all the excitation
laser energy is absorbed in the sample for both concentrations, and the number
of photodecomposed molecules is proportional to the absorbed energy in this
concentration range. It also implies that the excitation laser power density does
not significantly influence the photodecomposition process in the used range of
the laser powers.

This analysis means that samples can endure longer measurements on higher
concentrations. On the other hand, higher concentrations are also less cost-effective
because they require larger amounts of samples and it is harder to adjust focus for
them. The spectra are also more influenced by the signal of the sample cell because
the laser beam needs to be focused closer to the cell wall and floor. 1000 μM
concentration was the highest practical value; higher concentrations had excessive
absorbance and were hard to set up for the measurement.

Later, the concentration was also optimized for the measurements in backscat-
tering geometry in thermostated cell holder. The 500 μL of samples with 75 μM,
250 μM and 750 μM concentrations were used with 5 mW of excitation laser power.
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Figure 3.27: Decrease of the integral intensity of the polyU band at 1231 cm−1

for different concentrations in raw spectra using backscattering geometry. It was
normalized to the integral intensity of cacodylate band at 607 cm−1, which was used as the
internal intensity standard. The values were fitted by exponential decay curves eq. 3.32. The
baseline constant 𝑏 from the fit was subtracted from the plots.

c (μM) 𝜏 (min) 𝐸0

75 1.3 ± 0.1 1.00 ± 0.11
250 3.3 ± 0.1 0.74 ± 0.07
750 10.2 ± 0.4 0.76 ± 0.08

Table 3.14: Lifetimes 𝜏 of the polyU in dependence on concentration 𝑐 estimated
from raw spectra in backscattering geometry. 𝐸0 are total energies accumulated by the
detector divided by the maximal value across all the concentrations 𝑐 and normalized to the
concentration.

Only fast decay components were investigated. The results can be seen in fig. 3.27
and tab. 3.14.

The results clearly show that all laser power is not absorbed in the samples with
extremely low concentrations, and therefore the lifetime is longer. Unfortunately,
also the signal of the sample and lifetime itself are insufficiently low in this
case. We can also see that the concentration, at least from 250 μM, does not
unexpectedly affect the lifetime, which means that higher concentrations are better
up to maximal practical values, estimated to 1 mM for nucleic acids.

It can also be beneficial for some measurements to measure samples with the
same concentration as in UV absorption measurements so that these two can
complement each other under the same measurement conditions. Therefore the
lower concentrations than 1 mM were usually chosen in this study.
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Figure 3.28: Decrease of the integral intensity of the polyU band at 1231 cm−1

for different volumes with a preserved number of molecules in raw spectra using
backscattering geometry. It was normalized to the integral intensity of cacodylate band
at 607 cm−1, which was used as the internal intensity standard. The values were fitted by
exponential decay curves eq. 3.32. The baseline constant 𝑏 from the fit was subtracted from the
plots.

3.2.3 Volume optimization
Results from the laser power and concentration optimization measurements con-
cluded that the main factor influencing the photodegradation of the sample is
the number of illuminated molecules. So, we tried to verify the hypothesis by an
experiment where we kept the number of molecules in the sample at the same
level. We varied the concentration and volume of the samples and preserved
the amount of the analyte, concretely we used 3 mL of 125 gmM sample, 2 mL
of 188 μM sample, 1 mL of 375 μM sample and 0.5 mL of 750 gmM sample. The
results are displayed in fig. 3.28 and tab. 3.15.

We can see that the longest lifetime was achieved at 125 μM and 750 μM
concentrations. The lowest concentration probably can have a longer lifetime

c (μM) 𝜏 (min) 𝐸0

125 10.3 ± 0.3 1.00 ± 0.11
188 8.3 ± 0.2 0.80 ± 0.08
375 8.2 ± 0.1 0.80 ± 0.08
750 10.2 ± 0.4 0.99 ± 0.11

Table 3.15: Lifetimes 𝜏 of the polyU in dependence on concentration 𝑐 for different
volumes with a preserved number of molecules in raw spectra using backscattering
geometry. 𝐸0 are total energies accumulated by the detector divided by the maximal value
across all the concentrations 𝑐 and normalized to the concentration.
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because of less absorbed laser power in the sample. The result for 750 μM
concentration can be more influenced by the slow decay component, as shown
in the spinning cell measurements. However, overall, the results support the
hypothesis that the sample photodecomposition is inversely proportional to the
number of illuminated molecules with sufficient stirring. We, therefore, tried to
use fully-filled cuvettes by samples (3 mL in the case of the thermostated sample
cell and 150 μL for the spinning cell).

3.2.4 The course of the signal accumulation
A Raman spectrum is usually acquired as a consecutive series of spectra, further
called frames, taken at the same experimental conditions and with the constant
accumulation time. This approach has many reasons. Amongst the most important
is that measurement of Raman spectra requires highly sensitive detectors which
means that detector saturation can be easily reached with a stronger signal.

Secondly, such sensitive detectors are susceptible to cosmic ray artifacts, which
can significantly damage the spectra, see section 3.4.1. It is easier to subtract
the cosmic ray signal in the series of spectra taken with the same measurement
condition than from a single spectrum because the subsequent spectra should
be almost identical, and the average of the surrounding spectra can replace the
spectral regions with cosmic ray signal.

Furthermore, other temporal effects can affect the spectra, like slight tempera-
ture variations, mechanical movements etc.

RRS is also affected by photodecomposition and an increasing presence of
photoproducts which can directly or indirectly influence the measured spectra.
The direct presence of a signal of photoproducts in the detected spectra is usually
negligible because Raman scattering of the photoproducts is not usually reso-
nantly enhanced. However, indirect effects through chemical interactions of photo
products with the system under investigation are always possible.

So, measurement of more frames with a shorter accumulation time would be
favored for better monitoring of all these processes during the accumulation of
the spectrum.

However, there are also opposite effects that support longer measurements.
The most dominant is the ratio between the signal from the sample and noise.
The noise in the spectra can have many origins, but dominant are those connected
with acquiring the signal on the CCD detector. The first one is low-frequency
(almost constant) background which is usually used in SNR calculation. Best
results with the most linear response to the intensity of the gathered light are
achieved with a signal in the range ≈ 10 − −80 % of the maximal signal limit.
The second component is high-frequency noise which lowers the quality of the
spectra, reliability of the band position detection, or can even hide some spectral
features completely.

We tried to estimate some guiding principles about a balance between a number
of frames and an accumulation time. We measured the background spectrum of
deionized water with high laser power (100 mW), which meant short accumulation
times (5 s) taken in 100 frames. All these frames were then averaged to obtain one
high quality Raman spectrum of water 𝐼water(𝜈) as a reference. Then we measured
the same water with 1 mW excitation in 30 frames with 20 s accumulation time
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Figure 3.29: Signal-to-noise ratio calculation from a fit of the high-quality spectrum
and constant background addition. The original spectrum (here, we are using the spectrum
𝐼20(𝜈) with 20 s accumulation time) was modeled by model eq. 3.34. The spectra on the image
were then normalized to the constant 𝑎1.

and 10 frames with 60 s accumulation time which are parameters of our typical
RRS measurement. We summed all the frames to obtain a single Raman spectrum
𝐼20(𝜈) and 𝐼60(𝜈), so both of them represented 10 min total accumulation.

We decided to assess the SNR to estimate the quality of the measured spectra.
The noise height was estimated by a fit of the high-quality water spectrum 𝐼water(𝜈)
plus constant background, which resulted in the model intensity function

𝐼model(𝜈) = 𝑎0𝐼water(𝜈) + 𝑎1. (3.34)

An example fit can be seen in fig. 3.29.
The low-frequency SNR was then estimated as

𝑆𝑁𝑅low = 𝐼model(1637)
𝑎1

,

which leads to

𝑆𝑁𝑅low,20 = 1.3841 ± 0.0004,
𝑆𝑁𝑅low,60 = 2.6112 ± 0.0026,

We also estimated the high-frequency noise. We subtracted the constant
𝑎1 from the measured spectra and normalized them to the maximum of the
𝐼model(1637 cm−1) to compare the noise size to the size of this band. We then
calculated spectrum 𝐼SG smoothed by Savitzky-Golay filter (Savitzky et al., 1964),
see fig. 3.30.

Finally, we estimated the high-frequency 𝑆𝑁𝑅high from the standard deviation
𝜎 of the original spectrum from the smoothed spectrum normalized to the intensity
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Figure 3.30: Signal-to-noise ratio calculation using standard deviation from the
spectrum smoothed by the Savitzky-Golay filter. The spectrum is normalized to the
water band at 1637 cm−1. The figure shows the original spectrum and the spectrum smoothed
by the Savitzky-Golay filter (SG filter).

of the water band at 1637 cm−1 (which means that the normalized intensity
maximum at 1637 cm−1 is equal to 1),

𝑆𝑁𝑅high = 1
𝜎

,

𝑆𝑁𝑅high,20 = 240,
𝑆𝑁𝑅high,60 = 297.

It can be seen that longer single-frame accumulation times give better quality
spectra in these experimental conditions. The difference is larger in the low-
frequency SNR even though the high-frequency SNR difference is also significant.
Regarding the disadvantages of the longer accumulation discussed at the beginning
of this section and the speed of the sample degradation with lifetimes in the range
of minutes, we decided that the optimal accumulation time is 60 s.

3.2.5 Optimization of spinning cell rotation speed
All the previously described experiments used the maximal rotation speed of
the spinning cell. The next question was if slower rotation could not produce
better results. It could, for example, provide more time for reversible changes
and damaged sample diffusion from the focus. Faster rotation can also produce
unwanted vibrations in the spectrometer. We used the same experimental setup
as previous measurements with 5 mW of excitation power and 500 mM polyU
samples. We varied the rotation speed where we tried to measure the sample at
the slow rotation of 4 Hz and the full rotation of 160 Hz. The time needed to
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Figure 3.31: Decrease of the integral intensity of the polyU band at 1231 cm−1 for
different sample cell rotation speeds in raw spectra. It was normalized to the integral
intensity of the cacodylate band at 607 cm−1, which was used as the internal intensity standard.
The values were fitted by exponential decay curves eq. 3.32. The baseline constant 𝑏 from the
fit was subtracted from the plots.

adjust the samples was 100 s for slow rotation case and 30 s for fast rotation one.
We analyzed decay curves using the same methods as in section 3.2.1, where the
fast decay curve was fitted to the first 15 and 25 frames for the slow and fast
rotation respectively. The slow decay curve was fitted for the rest of the spectrum.
Results of the fit can be seen in figs. 3.31 and 3.32 and tab. 3.16.

Even though the results in this experiment are internally consistent, we once
more see different lifetimes compared to the results in tab. 3.10 and tab. 3.11.
This can be caused by the different laser setup of focus for the experiments.

The effect of fast rotation is visible only in the fast decay curves. Analysis
of the fits displayed in tab. 3.16 shows that the rotation speed does not affect
the lifetimes of slow nor fast decay components, but it significantly affects the

f (Hz) decay 𝜏 (min) 𝐸0 𝐸 𝑟

4 fast 2.2 ± 0.3 0.26 ± 0.05 0.17 ± 0.05 0.64 ± 0.10
120 fast 2.5 ± 0.2 1.00 ± 0.10 0.67 ± 0.12 0.67 ± 0.09
4 slow 24.3 ± 1.4 0.96 ± 0.07 0.91 ± 0.07 0.96 ± 0.01

120 slow 22.0 ± 2.0 1.00 ± 0.12 0.96 ± 0.12 0.96 ± 0.01

Table 3.16: Lifetimes 𝜏 of slow and fast decay components of the polyU in dependence
on rotation frequency 𝑓 . 𝐸0 are total energies accumulated by the detector divided by the
maximal value across all the excitation powers 𝑃 , and 𝐸 are energies accumulated from the
time 𝑇 = 60 ± 20 s needed for the adjustment of the samples before the acquisition can even
start, but the sample needs to be irradiated by the excitation laser. The last column contains
fractions of the samples 𝑟 that were not destroyed by photodecomposition after the time 𝑇 .
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Figure 3.32: Decrease of the integral intensity of polyU band at 1231 cm−1 for
different sample cell rotation speeds in background-corrected spectra. The intensity
was normalized to the subtracted spectrum of cacodylate buffer, which was used as the internal
intensity standard. The values were fitted by exponential decay curves eq. 3.32. The baseline
constant 𝑏 from the fit was subtracted from the plots.

Raman signal intensity gathered from the fast decay component. It means that
the numbers of damaged molecules are the same for both rotation speed scenarios
because the lifetimes are the same, but more undamaged molecules are available
for measurement with fast rotation speed. It also means that the rotation speed
has lower impact on the measurements with lower excitation laser power where
the contribution of the fast decay component to the resulting spectra is weaker.

Overall, the fast rotation seems better than the slower rotation with a stronger
signal and no impact on the sample lifetime. Therefore we decided to use the
maximal rotation speed in all the experiments which used the spinning sample
cell.

3.2.6 Low volume artifacts
The spinning cell can be used not only for measurements in the right-angle
geometry, but also for measurements in the backscattering configuration. We
observed two sharp lines at 1555 and 2329 cm−1 in these measurements when very
small sample volumes were used. It can be seen, for example, in the spectrum of
the samples extracted from alga amphidinium in fig. 3.33. 50 μl of sample was
measured in the spinning cell in backscattering geometry with 10 mW of 257 nm
excitation laser.

The unknown bands have a narrow shape which leads to a hypothesis that
they do not originate from the liquid samples but could come from some outside
source. So the next step was to try to measure the spectrum without the sample
in the sample area. The 120 mW of excitation laser power was used to measure
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Figure 3.33: Spectrum of extract from alga amphidinium in the spinning cell in
backscattering geometry with 257 nm excitation laser.

high-quality spectrum in 10 frames and 120 s accumulation of each of them. The
resulting spectrum can be seen in fig. 3.34.

The rotational bands around the main Raman bands even narrowed the
searching for the origin of the artifact to some molecular spectrum. Further
investigation and searching through the databases and atlases of Raman spectra
identified the cause of the spectra as molecules of gas O2 at 1556 cm−1 and N2 at
2330 cm−1.

The 50 μl of liquid sample rotated at 9600 rpm results in the layer thinner
than 500 μm at the call wall, which is much lower than the focal region defined
in section 3.1.4 in eq. 3.15 for the excitation laser focusing lens focal length of
100 mm

𝐿E
.= 11.9 mm

used in our experiments. It means that the signal is also gathered from the central
cylinder of the air inside the spinning cell resulting in the contribution of gas O2
and N2 in the spectra.

3.3 Automation of Raman experiment
Investigation of the temperature dependence of Raman spectra is an important
technique for studying nucleic acids (Klener et al., 2021). However, high-quality
results for multivariate analysis can demand high numbers of spectra (Palacky
et al., 2020). Obtaining large sets of temperature-dependent spectra would be
nearly impossible without appropriate automation. Automation also reduces space
for human errors and improves precision in timing.

Our laboratory is equipped with a homemade Raman spectrometer with visible
laser excitation suitable for precise temperature-dependent measurements. The
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Figure 3.34: High-quality spectrum of the artifact.

spectrometer uses 90°scattering geometry, Jobin-Yvon Spex 270M monochromator,
and a liquid nitrogen-cooled CCD detector from Princeton Instruments. The
precise wavenumber calibration utilizes a neon glow lamp, and the calibration
spectrum is taken after each spectrum to compensate for all time-based drift in
the apparatus. This approach allows for calibration of the wavenumber scale with
precision in the range of 0.1 cm−1.

The temperature of the samples is controlled by a water bath (Neslab). The
original temperature-dependent Raman measurement with this setup meant that
the scientist needed to manually change temperature and switch between calibra-
tion and sample measurement modes which required almost continuous presence
in the laboratory.

Some experiments performed during this work took advantage of complemen-
tary measurements of the temperature dependence of visible and UV Raman
spectra (Klener et al., 2021), and therefore it was decided to automate the mea-
surements with varying temperatures on the visible Raman spectrometer. This
automation, carried out within the framework of the dissertation, also enabled
other scientific works in our laboratory (Mudronova et al., 2016; Bravo et al.,
2018; Palacky et al., 2020).

The newly created experiment automation program SpExpert can control the
CCD detector, spectrograph, switch between calibration and sample measurement
position, switch of calibration, lamp and temperature of the thermostated water
bath.

The CCD detector is controlled using the WinX/32 automation interface of
the WinSpec program, which uses the Microsoft ActiveX protocol. The WinSpec
program also controls the Spex spectrograph.
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Figure 3.35: SpExpert program during temperature-dependent measurement. The
live view of temperature can be seen.

Communication with the water bath is performed through a standard COM
port using a protocol with binary commands where the controller program (SpEx-
pert) is active communication side and the bath just passively responds to the
commands from the active side.

Switch between calibration and sample measurement position is controlled by
8SMC micro-step motor-driven stage which communicates with PC through USB
using virtual COM port. Virtual com port was also used for the K8090 relay card,
which controls the calibration lamp switch.

It means that from the programming point of view, implementations of com-
munication with the bath, calibration/measurement switch motor, and calibration
lamp switch were similar, using serial port binary messages.

The whole SpExpert program is written in C++ using Qt framework (Qt,
2015) and is available for download online (Klener, 2018a). It focuses mainly on
temperature-based Raman measurements with the possibility to use extended-
range mode which, means that it is possible to measure with more positions of
spectrograph grating for each temperature. Temperature evolution with time can
be reviewed during measurement right from the program screen, see fig. 3.35.

The program allows precise control of Neslab bath settings like PID PID param-
eters etc. (fig. 3.36), calibration/sample measurement motor settings (fig. 3.37),
and calibration lamp switch settings (fig. 3.38).

The SpExpert program also provides a wide range of settings for the actual
experiment, like accumulation times for sample/calibration measurement spectra
(fig. 3.39), temperature step and delay between measurements (fig. 3.40), extended
spectral range settings (fig. 3.41), and parameters of repetitions of the whole
experiment (fig. 3.42).
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Figure 3.36: Settings of Neslab bath available from the SpExpert program.

Figure 3.37: Settings of calibration/sample measurement motor available from the
SpExpert program.

Figure 3.38: Settings of calibration lamp switch available from the SpExpert
program.
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Figure 3.39: Settings of spectrum acquisition available from the SpExpert program.

Figure 3.40: Settings of temperature-dependent measurement from the SpExpert
program.
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Figure 3.41: Settings of extended range available from the SpExpert program.

Figure 3.42: Settings of batch measurement available from the SpExpert program.
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Figure 3.43: UVRR spectrum containing cosmic ray signal. The spectrum was acquired
with 5 mW of 244 nm excitation laser at the sample from 500 μM (in phosphates) poly(dAdT)
at 20 °C as the first frame with the 60 s accumulation time. Two sharp lines originating from
cosmic ray interaction with the CCD detector at 1178 and 1679 cm−1 are clearly visible.

3.4 Development of data processing methods
High-quality spectra are needed for advanced multivariate statistic methods used
for the measurement analysis. It is essential to have sufficiently sensitive apparatus
which can provide a reliable signal. However, raw Raman spectra, which come
from the measurement, usually contain many components, and only one of them
belongs to the analyte signal. The following sections describe the process of
transforming the raw spectrum to the spectrum ready for the advanced result
analysis, analysis of spectra of multicomponent system, minimization algorithm
used for the data analysis, and band intensity estimation overview.

3.4.1 Cosmic ray signal removal
Raman scattering is a weak phenomenon, and therefore its measurements need to
be performed using very sensitive detectors. Hand in hand with sensitivity also
comes susceptibility to artifacts caused by signals originating from different sources
than the sample under investigation. Among the major ones is signal caused by
cosmic rays, which is characteristic by sharp lines usually impacting only a few
pixels of the CCD detector. The spectroscopic software WinSpec, together with
the Princeton Instruments CCD detector, allowed to clear all the accumulated
charge caused by cosmic rays before each measurement and set up spike detection
based on differences between measured frames and automatic removal of sharp
lines from the spectra. However, these corrections wer not sufficient, especially
first measured frame was often corrupted by sharp lines caused by the interaction
of cosmic ray particles with the CCD detector (see fig. 3.43).

Two programs were used for additional correction of cosmic ray signal, both
developed in MATLAB programming environment (MATLAB, 2019). The first
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Figure 3.44: Spycor – program for spike removal. The UVRR spectrum from fig. 3.43
opened in the Spycor program (Klener, 2018b). The two spikes were identified and replaced by
the average spectrum from the consecutive frames.

one, Spikie (Klener, 2011b), was developed in the scope of Klener (2011a) and
was based on the detection of the sharp lines inside the measured spectrum. This
program was used mainly for more complicated scenarios where the cosmic ray
lines interfered strongly with Raman bands of the measured samples.

The second program, Spycor (Klener, 2018b), was created as part of this thesis
and is based on a comparison of consecutive spectra where it counts on the fact
that during macroscopic Raman measurement, the spectra change only slowly
with time and that the consecutive spectra are similar. It calculates the standard
deviation of a specified number of spectra preceding and following the analyzed
spectrum, multiplies it by a user-defined constant, and uses it as a threshold for
spike detection. It then replaces the spike by an average of the spectra used for
the standard deviation calculation. The spectrum from fig. 3.43 opened in the
Spycor program can be seen in fig. 3.44.

3.4.2 Background subtraction
Raman spectra of liquid samples usually consist of many components, including
the signal of the analyte under investigation and the spectrum of the solvent. In
the case of absorbing analyte, the spectrum is acquired from the near proximity
of the sample cell wall, and so it usually contains a signal of quartz. The
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resulting spectrum can also contain unspecific background from different sources
like fluorescence from residuals from chemical synthesis and elastic scattering of
light from different light sources in the laboratory.

Therefore the background subtraction procedure took several steps. Each
spectrum was acquired as a series of frames, and all frames were stored for further
analysis. The spectrum of solvent, buffer, and sample cell together with the
intensity normalization to the subtracted buffer signal was performed on each
frame in the first step using the Bgcor program (Klener, 2017a) (written in
MATLAB, 2019), developed as part of this thesis. The unspecific background
was then removed from each spectrum using background subtraction in frames
decomposed to spectral components by PCA (Palacky et al., 2011). The thirds
step consisted of extrapolation to zero time, where PCA decomposed the frames
to spectral components, and the spectrum at zero time was reconstructed from
significant ones. The last optional step performed only when a series of spectra
was taken, for example, temperature-dependent measurement was to subtract
the background once more using PCA the same way as in step two but currently
applied to the whole series of the extrapolated spectra from the third step. This
section focuses mainly on the first step – the subtraction of the solvent, buffer,
and sample cell, together with the intensity normalization.

Bgcor program allows specifying at most three background components that can
be used for subtraction. Moreover, the unspecific polynomial background can be
simultaneously subtracted. The background subtraction process is semiautomatic,
where an automated procedure finds the initial background removal draft, and
manual adjustment is then possible if needed. The background subtraction
mechanism is based on mean square fit, but it allows to favor selected regions of
the spectra by specifying different weights and also can also highly penalize (by
customizable factor) regions where the subtracted background spectrum has a
higher signal than the measured spectrum, see fig. 3.45.

If requested, one of the backgrounds can also be used for intensity normalization
and fine-tuning of the wavenumber scale. The correction of the wavenumber scale
is performed by a fit (see section 3.4.4) of the gaussian curve with a polynomial
background to a selected band and shift of the wavenumber axis so that the
band position from the background spectrum matches the one from the measured
spectrum. The wavenumber scale shifts can also be further smoothed by polynomial
fit, see fig. 3.46.

The program also has a handy function for temperature measurements where
it allows to match a number from the file name containing the measured spectrum
with the number from a file name containing the background. Intensities of back-
ground spectra from temperature measurements were corrected for deviations of
conditions between measurements. The major band of each background spectrum
used for intensity normalization (cacodylate band at 606 cm−1 in most of the
measurements) was modeled as described in section 3.4.5. The resulting intensities
were then fitted by a polynomial, and the values from fit were used to normalize
the intensities of the background spectra.

All the Bgcor settings can be seen in fig. 3.47.
Fig. 3.45 shows that the spectrum also contains unspecific fluorescence back-

ground, which was subtracted by the method described in Palacky et al. (2011).
The resulting spectrum can be seen in fig. 3.48.
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Figure 3.45: Bgcor – program for background correction. The UVRR spectrum opened
in the Bgcor program (Klener, 2017a). The automated subtraction draft was performed on the
spectral region below 1140 cm−1, negative bands in difference spectra were penalized by the
factor of 100, the wavenumber scale was automatically adjusted at the position of the cacodylate
band at 2932 cm−1, and the resulting spectrum intensity was normalized to the subtraction
factor of the cacodylate spectrum. A cacodylate spectrum was used as bg1, a spectrum of water
as bg2, and a spectrum of quartz sample cell as bg3. The spectrum was acquired with 5 mW of
257 nm excitation laser at the sample from 500 μM (in phosphates) poly(dAdT) at 10 °C as the
first frame with the 60 s accumulation time.

76



Figure 3.46: Bgcor – wavenumber scale correction. Overview of wavenumber scale
correction of the spectrum from fig. 3.45. A linear trend was used for shifts approximation.

Figure 3.47: Bgcor – settings. Overview of all the settings for the background correction
for the spectrum from fig. 3.45.
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Figure 3.48: Single frame with a corrected background. The spectrum from fig. 3.45
with additionally corrected unspecific background by the method described in Palacky et al.
(2011).

Finally, the spectrum was extrapolated to zero time 𝑡 (to the middle of the
first spectrum accumulation) by using the Textrapol program (Klener, 2017b)
(developped in MATLAB, 2019). The output from the program can be seen in
fig. 3.49.

3.4.3 Analysis of spectral series containing more compo-
nents

Generally, the standard approach used in optical spectroscopic studies of NA
for analysis of a system with more components is based on a variation of some
parameter which influences the ratio between components and observation of the
impact of the change on the spectra. For example, the concentration of ions or
pH of the buffer can be modified in titration experiments, and their influence on
the preferred conformation or complex formation can be observed (Klener et al.,
2015). Alternatively, increased temperature causes a structural transition of a
folded into an unfolded state (Klener et al., 2021).

Absorbance at one wavelength (260 nm as a rule for UV absorption of NA) is
usually used as the monitored parameter. Temperature-dependent measurements
then model the temperature profile of the absorbance by sigmoidal curve (typically
derived from the Van’t Hoff equation) with linear asymptotes to take into account
the temperature effects outside the region of the temperature transition (Owczarzy
et al., 1997; Owczarzy, 2005; Mergny et al., 2009).

Changes in RS are richer and influence the intensity and positions of numerous
Raman bands. A similar approach can be applied to individual spectral parameters
of Raman bands (Duguid et al., 1996; Mukerji et al., 1996; Mercier et al., 1999;
Baumruk et al., 2001; Movileanu et al., 2002; Knee et al., 2008), but the results
are influenced by uncertainties in the subtraction of the background signal, the
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Figure 3.49: Textrapol – program for extrapolation and interpolation of series of
spectra using PCA. The UVRR spectrum opened in the Textrapol program (Klener, 2017b).
The spectral series of 12 consecutive frames with 5 min acquisition time acquired with 5 mW of
257 nm excitation laser at the sample from 500 μM (in phosphates) polyC at 20 °C. The resulting
spectrum was extrapolated to half of the accumulation of the first frame. Only the first principal
component is shown, but the first two principal components were used.

effects of overlapping bands, and other experimental errors. It means that each
individual spectral parameter gives different results making it difficult to obtain a
general picture of the underlying process.

Another alternative is a plot of differential spectra for spectral changes during
subsequent parameter steps (Duguid et al., 1996; Baumruk et al., 2001; Chan
et al., 1997; Movileanu et al., 1999; Movileanu et al., 2002). They provide an
excellent overview of thermally induced changes in individual Raman bands but
they do not determine the underlying chemical process’s parameters nor separatef
different simultaneous processes.

The advantages of both of the above methods can be provided by a multivariate
analysis of a series of Raman spectra. One suitable multivariate analysis method
is Principal component analysis (PCA, Wold et al., 1987; Malinowski, 2002),
which reduces the measured spectra to several spectral profiles (loadings) and
scores indicating each profile’s portion in the measured spectra. The scores can
then be fitted by a function based on an underlying chemical model, and for
example, thermodynamic parameters for structural transitions can be estimated
in temperature-dependent measurement (Nemecek et al., 2013).

PCA converts sets of experimental spectra 𝑌𝑖(𝜈) into novel sets of mutually
independent spectral profiles (loadings) 𝑈𝑗(𝜈) and scores 𝑃𝑖𝑗 representing their
portions in the original spectra

𝑌𝑖(𝜈) =
𝑀∑︁

𝑗=1
𝑃𝑖𝑗𝑈𝑗(𝜈),

where 𝜈 is the wavenumber, 𝑖 ∈ {1, . . . , 𝑁} enumerates spectra from the original
spectral series of size 𝑁 and 𝑀 is the estimated number of significant components.
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Underlying chemical model for relationships between concentrations of the
chemical components 𝑐𝑘(𝑡𝑖) can be fitted to the loading 𝑃𝑖𝑗

𝑃 model
𝑖𝑗 =

𝑀c∑︁
𝑘=1

𝑐𝑘(𝑡𝑖)𝑄𝑘𝑖(𝑡𝑖)

where 𝑡𝑖 is the parameter value for spectrum number 𝑖 (for example temperature,
concentration of ions or pH), 𝑐𝑘(𝑡𝑖) is concentration of chemical component 𝑘,
which is dependent on the parameter 𝑡𝑖, 𝑘 enumerates on the number of chemical
components 𝑀c and 𝑄𝑘𝑖(𝑡𝑖) is polynomial in parameter 𝑡𝑖

𝑄𝑘𝑖(𝑡𝑖) =
𝐿𝑘∑︁

𝑙𝑘=0
𝑎𝑘,𝑙𝑘𝑡𝑙𝑘

𝑖 ,

where 𝑙 enumerates on the degree of polynomial 𝐿𝑘 for the chemical component 𝑘.
The underlying chemical model 𝑐𝑘(𝑡𝑖) explains the spectral changes completely only
when the polynomial 𝑄𝑘𝑖(𝑡𝑖) is of degree 𝐿𝑘 = 0, i.e. 𝑄𝑘𝑖(𝑡𝑖) = 𝑎𝑘. Higher degrees
of the polynomial enhances the chemical model so that it can better fit also other
processes which are not sufficiently reflected in the chemical model; for example,
Klener et al. (2021) applied polynomials of the first degree to accommodate for
temperature effects on folded/unfolded components even outside of the region of
temperature transition between the folded and unfolded state.

The relationships between 𝑐𝑘(𝑡𝑖) concentrations of chemical components from
the chemical model are usually not linear in the internal parameters 𝑏𝑘,𝑚 of the
model because the chemical model is usually dependent on equilibrium constants
𝐾 in a nonlinear manner. Moreover, Van’t Hoff equation is usually used in the case
of temperature-dependent measurement, which introduces exponential dependency
of the equilibrium constants on entropy and enthalpy.

The least-squares regression with the internal model parameters 𝑎𝑘,𝑙𝑘 and 𝑏𝑘,𝑚
minimizes the sum of squares

𝑆(𝑎𝑘,𝑙𝑘 , 𝑏𝑘,𝑚) =
𝑁∑︁

𝑖=1

𝑀∑︁
𝑗=1

[︁
𝑃𝑖𝑗 − 𝑃 model

𝑖𝑗 (𝑎𝑘,𝑙𝑘 , 𝑏𝑘,𝑚)
]︁2

, (3.35)

which is, as discussed above, linear in polynomial parameters 𝑎𝑘,𝑙𝑘 and nonlinear
in parameters 𝑏𝑘,𝑚. Nonlinear minimization is usually much more expensive
because it utilizes iterative methods of searching for the minimum. They are also
susceptible to finding only local minima. On the other hand, linear least squares
regression is “just” solution of a set of normal equations (Press et al., 1992, p. 671).
It means that the nonlinear iterative minimization algorithm can be applied to
𝑏𝑘,𝑚 values, the 𝑎𝑘,𝑙𝑘 values are estimated by linear least squares for the given
𝑐𝑘(𝑡𝑖) which are determined by the values of 𝑏𝑘,𝑚.

3.4.4 Minimization algorithm
In this thesis, many data treatment approaches needed efficient nonlinear minimiza-
tion algorithm (background subtraction, estimation of band intensities, estimation
of parameters of chemical model from spectral series). The Levenberg-Marquardt
method (Marquardt, 1963) was used as a basis for the minimization algorithm used
in this thesis, and slight modifications were applied to improve its performance.
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The Levenberg-Marquardt method is based on Newton method where the
function 𝑓(�⃗�) which needs to be minimized is approximated by its Taylor series
around 𝑎cur⃗ point

𝑓(�⃗�) =𝑓(�⃗�cur) +
∑︁

𝑘

𝜕𝑓

𝜕𝑎𝑘

⃒⃒⃒⃒
⃒
�⃗�cur

(𝑎𝑘 − 𝑎𝑘,cur)

+
∑︁
𝑘,𝑙

𝜕2𝑓

𝜕𝑎𝑘𝜕𝑎𝑙

⃒⃒⃒⃒
⃒
�⃗�cur

(𝑎𝑘 − 𝑎𝑘,cur)(𝑎𝑙 − 𝑎𝑙,cur) + . . . ,

which can be written as a quadratic form

𝜒2(�⃗�) ≈ 𝛾 − �⃗� · �⃗� + 1
2 �⃗� · 𝐷 · �⃗�, (3.36)

where �⃗� is an 𝑀 vector, 𝐷 is an 𝑀 × 𝑀 matrix, and 𝜒2(�⃗�) is chi-square function

𝜒2(�⃗�) ≡
𝑁∑︁

𝑖=1

(︃
𝑦𝑖 − 𝑦(𝑥𝑖; �⃗�)

𝜎𝑖

)︃2

,

where 𝑦𝑖 are data points from the measured spectrum, 𝑦(𝑥𝑖; �⃗�) are values of the
model at these data points and 𝜎𝑖 are standard deviations of measured points 𝑦𝑖.

If eq. 3.36 is a good approximation of the 𝜒2(�⃗�), the minimum can be found
directly by adjusting the currently estimated parameters �⃗�cur by

�⃗�min = �⃗�cur + 𝐷−1 · (−∇⃗𝜒2(�⃗�cur)). (3.37)

On the other hand, if eq. 3.36 does not locally approximate the shape of 𝜒2(�⃗�)
well, the steepest descend method instead of the above described Newton method
can be used for convergence to the minimum

𝑎min = 𝑎cur − 𝑘∇⃗𝜒2(𝑎cur⃗ ), (3.38)

where 𝑘 needs to be a sufficiently small constant.
Let us calculate the partial derivatives needed in terms from eq. 3.37 and

eq. 3.38:

𝜕𝜒2

𝜕𝑎𝑘

= −2
𝑁∑︁

𝑖=1

𝑦𝑖 − 𝑦(𝑥𝑖; �⃗�)
𝜎2

𝑖

𝜕𝑦(𝑥𝑖; �⃗�)
𝜕𝑎𝑘

,

𝜕2𝜒2

𝜕𝑎𝑘𝜕𝑎𝑙

= 2
𝑁∑︁

𝑖=1

1
𝜎2

𝑖

[︃
𝜕𝑦(𝑥𝑖; �⃗�)

𝜕𝑎𝑘

𝜕𝑦(𝑥𝑖; �⃗�)
𝜕𝑎𝑙

− [𝑦𝑖 − 𝑦(𝑥𝑖; �⃗�)]𝜕
2𝑦(𝑥𝑖; �⃗�)
𝜕𝑎𝑘𝜕𝑎𝑙

]︃
,

where the second term in the second equation can be neglected because the
summation over all spectral points 𝑦𝑖 is equal to 0 if the 𝑦(𝑥𝑖; �⃗�) models 𝑦𝑖 well.
Therefore the simplified formula for Hessian can be written as

𝜕2𝜒2

𝜕𝑎𝑘𝜕𝑎𝑙

= 2
𝑁∑︁

𝑖=1

1
𝜎2

𝑖

𝜕𝑦(𝑥𝑖; �⃗�)
𝜕𝑎𝑘

𝜕𝑦(𝑥𝑖; �⃗�)
𝜕𝑎𝑙

.
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It can be seen that this approximation of Hessian does not need second derivatives
of 𝜒2(�⃗�) and can be written as the product of two Jacobians 𝐽

𝐽 =

⎛⎜⎜⎜⎝
𝜕𝑦(𝑥1;�⃗�)

𝜕𝑎1
· · · 𝜕𝑦(𝑥1;�⃗�)

𝜕𝑎𝑀... . . . ...
𝜕𝑦(𝑥𝑁 ;�⃗�)

𝜕𝑎1
· · · 𝜕𝑦(𝑥𝑁 ;�⃗�)

𝜕𝑎𝑀

⎞⎟⎟⎟⎠

𝑊 =

⎛⎜⎜⎜⎝
1

𝜎2
1 . . .

1
𝜎2

𝑁

⎞⎟⎟⎟⎠
[𝛼] = 𝐽T(𝑊 𝐽).

Let us introduce substitution by defining

𝛽𝑘 ≡ −1
2

𝜕𝜒2

𝜕𝑎𝑘

=
𝑁∑︁

𝑖=1

𝑦𝑖 − 𝑦(𝑥𝑖; �⃗�)
𝜎2

𝑖

𝜕𝑦(𝑥𝑖; �⃗�)
𝜕𝑎𝑘

(3.39)

𝛼𝑘𝑙 ≡ 1
2

𝜕2𝜒2

𝜕𝑎𝑘𝜕𝑎𝑙

=
𝑁∑︁

𝑖=1

1
𝜎2

𝑖

𝜕𝑦(𝑥𝑖; �⃗�)
𝜕𝑎𝑘

𝜕𝑦(𝑥𝑖; �⃗�)
𝜕𝑎𝑙

(3.40)

and rewrite equations eqs. 3.37 and 3.38 to forms which are defining the step
towards the minimum δ𝑎𝑙

𝑁∑︁
𝑙=1

𝛼𝑘𝑙δ𝑎𝑙 = 𝛽𝑘, (3.41)

δ𝑎𝑙 = 𝑘 · 𝛽𝑙, (3.42)

where the matrix [𝛼] which is equal to one-half times the Hessian matrix, is usually
called the curvature matrix.

Marquardt combined the eqs. 3.41 and 3.42, together in one equation

𝑁∑︁
𝑙=1

𝛼′
𝑘𝑙δ𝑎𝑙 = 𝛽𝑘, (3.43)

with
𝛼′

𝑘𝑙 = 𝛼𝑘𝑙(1 + δ𝑘𝑙𝜆),

where δ𝑘𝑙 is Kronecker delta (equal 1 if 𝑘 = 𝑙 and 0 otherwise) and 𝜆 is damping
factor. The new 𝛼′

𝑘𝑙 is diagonally dominant with large 𝜆 and behaves like the
gradient method and is equal to 𝛼𝑘𝑙 for small 𝜆 and behaves like the Newton
method.

The only unknown is an estimation of the damping factor 𝜆. Marquardt (1963)
suggested a heuristic for its computation using an additional parameter called
multiplication factor 𝜇 and supposing initial guess of parameters �⃗� and 𝜆 = 𝜆0:

1. Estimate 𝜒2(�⃗�).
2. Solve the eq. 3.43 for δ�⃗� and evaluate 𝜒2(�⃗� + δ�⃗�).
3. If 𝜒2(�⃗� + δ�⃗�) ≥ 𝜒2(�⃗�) update 𝜆 to 𝜆 · 𝜇 and go to item 2. It means that

you are probably far from the minimum so switch from Newton to gradient
method with large jump.
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4. If 𝜒2(�⃗� + δ�⃗�) < 𝜒2(�⃗�) update 𝜆 to 𝜆/𝜇, update the trial solution �⃗� to �⃗� + δ�⃗�
and go to item 2. It means that you are probably near to the minimum so
try to jump directly to the minimum approximated by quadratic function
as per Newton method.

We enhanced the damping factor update algorithm for search in a wider range
and both directions because the above-proposed method was susceptible to falling
into a local minimum. The items 3 and 4 update of lambda searched larger region
of 𝜇𝑘 where, for example, 𝑘 ∈ {−10, −9, . . . , 9, 10}. It was also found that it is
more stable, especially for the cases with more complicated models 𝑦(𝑥; �⃗�), to
calculate Jacobian 𝐽 numerically than using analytic derivatives because of the
numeric instability of the solution.

This regression algorithm was programmed using the MATLAB programming
environment (MATLAB, 2019) and used throughout many different applications
in this work. The algorithm was also modified so that it was possible to specify
different weight functions than least squares, for example, penalize positive differ-
ences as was then used in section 3.4.2.

3.4.5 Determination of the band integral intensity
One of the important spectroscopic information is the integral intensity of partic-
ular Raman bands from the spectrum. The band’s shape is usually modeled by
Gaussian or Lorentzian curves or as their combination. The combination of the
Lorentzian L and Gaussian G curve can be expressed as

S(𝜈; 𝐼m, 𝜇, 𝜎) = 𝑐L · L(𝜈; 𝐼m, 𝜇, 𝜎) + (1 − 𝑐L) · G(𝜈; 𝐼m, 𝜇, 𝜎), (3.44)

where 𝑐L is the Lorentzian curve fraction coefficient, 𝐼𝑚 is the height, 𝜇 is the band
position, 𝜎 is the Gaussian root mean square width, and 𝜈 is the wavenumber.
The Gaussian function is taken in the form of

G(𝜈; 𝐼m, 𝜇, 𝜎) = 𝐼m𝑒− (𝜈−𝜇)2

2𝜎2 .

It is beneficial to select the parameters of the Lorentzian curve to match the
parameters of the Gaussian curve. This matching is straightforward for the height
𝐼m and position 𝜇 parameters but less evident for the width 𝜎 parameter. To give
the proper meaning to the Lorentzian curve fraction coefficient 𝑐L, we decided
to make the full width at half maximum (FWHM) between the Gaussian and
Lorentzian curve equal for the same 𝜎. Therefore we needed to calculate the
FWHM of the Gaussian curve. Let us assume, without loss of generality, 𝐼m = 1
and 𝜇 = 0, and only the positive solution of the quadratic equation

1
2 = G(𝜈; 1, 0, 𝜎) = 𝑒− 𝜈2

2𝜎2 ,

ln 2 = 𝜈2

2𝜎2 ,

𝜈 = 𝜎
√

2 ln 2, (3.45)
FWHDG(𝜎) = 2𝜈 = 2𝜎

√
2 ln 2.
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The matching width parameter of the Lorentzian curve can be calculated as
1
2 = 1

1 + 𝑝𝜈2 ,

1 + 𝑝𝜈2 = 2,

𝜈 = 1
√

𝑝
.

Then with the result from eq. 3.45, we get

𝜎
√

2 ln 2 = 1
√

𝑝
,

𝑝 = 1
2𝜎2 ln 2.

With this result, the final form of the Lorentzian curve is

L(𝜈; 𝐼m, 𝜇, 𝜎) = 𝐼𝑚

1 + (𝜈−𝜇)2

2𝜎2 ln 2

.

This definition of the Lorentzian curve means that with the Lorentzian curve
fraction coefficient 𝑐L = 0.5, the contributions to the FWHM of the Lorentzian
and the Gaussian curve to the combined band shape are equal.

The integral intensity of the band can be calculated as the sum of the contri-
butions of both bands. It obviously does not depend on the position of the band
𝜇, so we can, without loss of generality, set it to zero during further calculations

I(𝐼m, 𝜎) = 𝑐L IL(𝐼m, 𝜎) + (1 − 𝑐L) IG(𝐼m, 𝜎), (3.46)

where

IG(𝐼m; 𝜎) = 𝐼m

∫︁ ∞

−∞
𝑒− 𝜈2

2𝜎2 d𝜈 =
⃒⃒⃒⃒
⃒ 𝜈 = 𝜎

√
2𝑥

d𝜈 = 𝜎
√

2d𝑥

⃒⃒⃒⃒
⃒ = 𝐼m𝜎

√
2
∫︁ ∞

−∞
𝑒−𝑥2d𝑥

= 𝐼m𝜎
√

2π

and

IL(𝐼m, 𝜎) =
∫︁ ∞

−∞

𝐼m

1 + 𝜈2

2𝜎2 ln 2
d𝜈 =

⃒⃒⃒⃒
⃒ 𝜈 = 𝜎

√
2𝑙𝑛2𝑥

d𝜈 = 𝜎
√

2 ln 2d𝑥

⃒⃒⃒⃒
⃒ = 𝐼m𝜎

√
2 ln 2

∫︁ ∞

−∞

1
1 + 𝑥2 d𝑥

= 𝐼m𝜎π
√

2 ln 2.

Raman bands in a typical Raman spectrum of complex samples are overlapped.
We solved this problem by modeling the band as a combination of more band-shape
functions from eq. 3.44

S(𝜈; 𝐼m,1..𝑛, 𝜇1..𝑛, 𝜎1..𝑛) =
𝑛∑︁

𝑖=1
= S𝑖(𝜈; 𝐼m,𝑖, 𝜇𝑖, 𝜎𝑖), (3.47)

where 𝑛 is the number of the overlapping bands.
This band shape was fitted to the measured spectra. The slightly enhanced

Marquardt-Levenberg method (see section 3.4.4) was used for the nonlinear re-
gression, and analytical derivatives was used for gradient computation.
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3.5 Interpretation of UV resonance Raman spec-
tra of nucleic acids

One of the primary goals of this thesis was to summarize the current knowledge
about resonance Raman measurements of nucleic acids and critically analyze the
results regarding own measurements of NA model molecules to create a reliable
interpretation table for further NA studies via UV RRS. Resonance Raman spectra
of building blocks of nucleic acids AMP (250 μM), TMP (500 μM), GMP (375 μM)
and polyC (500 μM) and melting their simple complexes poly(dAdT) (500 μM),
polyG (375 μM) and polyG·polyC (500 μM) were measured for that purpose. The
concentrations of the samples are in nucleic bases.

The spectroscopical grade samples were purchased from Sigma and dissolved
in 40 mM cacodylate buffer, adjusted to pH 6.8 by NaOH.

The Raman spectra were excited at 244 nm and the samples were measured
at 20 °C or in the range from 5 °C to 95 °C with the 5 °C step. The samples
were placed in a1 cm quartz cuvette with constant stirring and the spectra were
collected in backscattering geometry.

The signal was collected in 60 or 5 subsequent 60 s frames for measurement
at one temperature or measurement of melting, respectively. The data were
then processed using the procedures described in section 3.4, which also included
subtraction of the cacodylate buffer background.

Melting curves of the spectra were analyzed by means of PCA, and the
spectrum at 5 °C and 95 °C was constructed from the first 4 principal components.

The results of the measurements normalized to the same concentrations of
nucleobases are displayed in figs. 3.51 to 3.53. It means that the spectra of
complexes that contain two types of nucleobases were doubled in intensity to
make them directly comparable. The spectra were decomposed to the Gaussian
and Lorentzian curve combinations according to eq. 3.47 with the experimentally
determined 𝑐L = 0.39. The bands’ positions resulting from the fit shown in the
figures and summarized together with the estimated intensities in tables 3.17
and 3.18. The precision of the well-resolved bands is better than 2 cm−1 in position
and 10 % in intensity but significantly lowers on overlapped bands. Finally, the
available literature was searched for the band assignments and added to the tables.
This information was then used in the next scientific work in this thesis, and the
table was also enhanced for the information from these works.

Vibration modes were labeled according to the pertinent nucleobase. Adenosine
vibrations are numbered according to Toyama et al. (1994), vibrations of other
nucleobases are numbered analogously. Standard numbering of atoms was used
(Bloomfield et al., 1999), see fig. 3.50.

To better understand the spectra of complex NA, the spectra of single mononu-
cleotides AMP, TMP and GMP were measured first. Also, the spectrum of
polyC, which contains a just single nucleotide, was added. These spectra were
then correlated with the spectra of poly(dAdT), polyG, and polyG·polyC where
poly(dAdT), and polyG·polyC are known to form the double-helical structure on
lower temperatures (Benevides et al., 2005) and polyG forms quadruplex structure
with sufficient concentration of kations in the solution (Simard et al., 1994).
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Figure 3.50: Nucleoside standard atom numbering (Bloomfield et al., 1999) and
Watson-Crick hydrogen bonding (Crick et al., 1954).
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𝜈 (cm−1)
No. ss ds 5°C ds 95°C

A21 534(5.9) – –
assignment: δPyr (Toyama et al., 1994)Ado, (Xue et al., 2000)MeAde

A19 639(6.7) – –
assignment: δPur (Xue et al., 2000)MeAde

structural information: for C3’-endo-anti conformation at 667 cm−1 and for C3’-endo-syn at
622 cm−1 (Ghomi et al., 1988)Ado, poly[d(AT)], for A-form geometry
at 645 cm−1 and for B-form geometry at 636 cm−1 (Tomkova et al.,
1994)poly(AU), polyA·polyU vs poly[d(AU)]

upshift and hyperchromism for both ds and ts (Klener et al.,
2015)polyA·polyU

T17 667(1.4) 667(1.2) –
assignment: δC4C5’O/δC2O/δC4O/δC5CH3 (Zhu et al., 2008)Thd, δC2O/δC4O (Tsuboi

et al., 1997)Thd

A18 729(13) 729(3.6) 728(7.6)
assignment: δIm (Fodor et al., 1985)dAMP, δPur/νN9C1’ (Xue et al., 2000)MeAde

structural information: for C3’-endo-anti conformation at 727 cm−1 and for C3’-endo-syn at
716 cm−1 Ghomi et al., 1988Ado, poly[d(AT)]

low sensitivity to duplex or triplex formation, increased shoulder
at 710 cm−1 (Klener et al., 2015)polyA·polyU

T16 750(2.5) 750(1.4) 747(1.7)
assignment: δPyr/δSugar (Zhu et al., 2008)Thd, quasisymmetrical ring breathing (Tsuboi

et al., 1997)Thd

upshift for ds (this work)

T15 788(6.3) 786(4.4) 784(5.2)
assignment: νC4C5/νC5CH3/δPyr/δSugar (Zhu et al., 2008)Thd, triangle-like mode

(Tsuboi et al., 1997)Thd

slight upshift for ds (this work)

– 825(0.6) 823(1.5)

A 852(6.0) – –

A16 915(5.6) 916(1.0) 909(1.8)
assignment: δPyr (Xue et al., 2000)MeAde

upshift for both ds and ts (Klener et al., 2015)poly(A)·polyU, upshift
and hypochromism for ds (this work)

T14 965(0.9) 963(1.4) 961(3.2)
assignment: ωoopC6H/ρoopCH3 (Zhu et al., 2008; Tsuboi et al., 1997)Thd, (Movileanu

et al., 1999)poly[d(AT)]

hypochromic for ds (this work)

A15 1009(9.1) 1018(3.2) 1011(4.8)
assignment: νPur (Fujimoto et al., 1998)AcAdo, DAcAdo, (Xue et al., 2000)Thd

structural information: upshift upon hydrogen bonding at both donor and acceptor sites (Fujimoto
et al., 1998)AcAdo, DAcAdo

upshift and weak hypochromism for ds (this work)

T13 1024(0.9)
assignment: ρCH3 (Zhu et al., 2008)Thd, (Movileanu et al., 1999)poly[d(AT)]

Table 3.17: Assignments of the resonance Raman bands observable in measurements
of nucleic acids containing adenine (A) and thymine (T) bases. Positions of vibrations
are in cm−1: ss stands for AMP or TMP and ds for poly(dAdT) at 5 and 95 °C, respectively.
Relative intensities in per cents of strongest band from AMP at 1338 cm−1 are in parenthesees.
Intensities in poly(dAdT) are doubled to compensate half concentration. The vibrational motions
use these abbreviations: ν = stretching, δ = bending, δs = scissoring, ρ = rocking, ω = wagging,
τ = twisting, Pyr = pyrimidine, Pur = purine, Im = imidazole. Citations are marked by the
samples which were used for the frequency determination: Ade – adenine, Ado – adenosine,
MeAde – 9-methyladenine, AcAdo – 2’,3’,5’-tri-O-acetyladenosin, DAcAdo – [8-D]AcAdo, Thy –
thymine, Thd – thymidine. Findings from this thesis and works resulting from this thesis are in
bold. (Continued, 1 of 4.)
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𝜈 (cm−1)
No. ss ds 5°C ds 95°C

T12 1144(0.2) 1142(0.2) 1139(0.2)
assignment: νN3C4/νC5CH3/νN1C1’/δN3H/δC6H (Zhu et al., 2008)Thd

A14 1174(6.7) 1168(0.9) 1165(2.1)
assignment: νIm/νN9C1’ (Fujimoto et al., 1998)AcAdo, DAcAdo, δC8H/νC5N7 (Xue

et al., 2000)MeAde

structural information: upshift for hydrogen bonding at acceptor sites (Fujimoto et al.,
1998)AcAdo, DAcAdo, indicator of dA dT base pairs (Benevides et al.,
2005)poly[d(AT)], polydA·polydT

no change for ds upshift for ts (Klener et al., 2015)poly(A)·polyU,
hypochromic (Klener et al., 2021)oligonucleotides

T11 1186(5.6) 1190(1.5) 1180(10)
assignment: νPyr/νN1C1’/νSugar (Movileanu et al., 1999)poly[d(AT)],

νPyr/νN1C1’/νC1’C2’/νC1’O1’/τC2’H2 (Zhu et al., 2008)Thd

significant upshift and hypochromism for ds (this work)

T10 1206(2.5) 1208(1.5) 1205(3.0)
assignment: νPyr (Movileanu et al., 1999)poly[d(AT)], mode splited from one together

with 1186-cm−1 mode due to a degeneracy with the ωC2’H2 (which is not
seen in this resonance Raman) (Tsuboi et al., 1997)Thd

A12 1221(7.6) 1231(2.9) –
assignment: δC8H (Fujimoto et al., 1998)AcAdo, DAcAdo, δC8H/νN7C8 (Xue et al.,

2000)MeAde

T9 1247(13) 1242(47)
assignment: νC5CH3/νPyr (Tsuboi et al., 1997)Thd, νPyr/νC5CH3/νN1C1’ (Zhu et al.,

2008)Thd

hypochromic (Klener et al., 2021)oligonucleotides, (this work)

1254(14)

A11 1253(17) 1253(2.9)
assignment: νPur (Fujimoto et al., 1998)AcAdo, DAcAdo, ρN6H2/νN9C1’/δIm numerical

values are less precise due to the overlap with T9
hypochromic (Klener et al., 2021)oligonucleotides

T8 1280(1.9) – –

A9 1309(57) 1305(8.8) 1305(40)
assignment: νC2N3/νN1C2/νN3C4 (Xue et al., 2000)MeAde

structural information: upshift for hydrogen bonding at acceptor sites (Fujimoto et
al., 1998)AcAdo, DAcAdo, for A-form geometry at 1302 cm−1

and for B-form geometry at 1306 cm−1 (Tomkova et al.,
1994)poly(AU), polyA·polyU vs poly(d(AU), sensitive to dA/dT tract
bending (Štěpánek et al., 2007)oligonucleotides

moderate hypochromism for ds and strong for ts (Klener et al.,
2015)polyA·polyU, strong hypochromism for ds (this work)

A8 1338(100) 1338(31) 1336(102)
assignment: νC8N9/νC5N7/νC4C5 (Xue et al., 2000)MeAde

structural information: upshift and strong hypochromism but only for ts – triplex marker
(Klener et al., 2015)polyA·polyU, hypochromism (Klener et al.,
2021)oligonucleotides upshift and strong hypochromism for ds (this
work)

A 1358(15) – –

Table 3.17 Assignments of the resonance Raman bands observable in measurements
of nucleic acids containing adenine (A) and thymine (T) bases. (Continued, 2 of 4.)
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𝜈 (cm−1)
No. ss ds 5°C ds 95°C

T7 1377(21)
assignment: νPyr/δC6H (Tsuboi et al., 1997)Thd, νPyr/δC6H/νN1C (Zhu et al.,

2008)Thd

structural information: indicator of thymine environment
(Movileanu et al., 2002)poly[d(AT)], polydA·polydT, (Benevides et al.,
2005)poly[d(AT)], polydA·polydT

strong hypochromism for ds (Klener et al., 2021)oligonucleotides,
(this work)

1376(13) 1375(38)
A7 1378(19)

assignment: δC2H/νN1C6/νC6N (Xue et al., 2000)MeAde

structural information: upshift with hydrogen bonding at donor and acceptor sites as well (Fujimoto
et al., 1998)AcAdo, DAcAdo

upshift and weak hypochromism for both ds and ts (Klener et al.,
2015)polyA·polyU, hypochromism for ds (this work)

T6 1419(3.7) – –
assignment: CH3 umbrella+νC4C5/νC5CH3 (Zhu et al., 2008)Thd

structural information: upshifts upon H-bonding at N3 (Toyama et al., 1991)Ado

upshift in ds (remains for ts) (Klener et al., 2015)polyA·polyU

A6 1425(15) 1422(5.3) 1421(20)
assignment: νIm (Fujimoto et al., 1998)AcAdo, DAcAdo, νC4N9/νN7C8 (Xue et al.,

2000)MeAde

structural information: for A-form geometry at 1423 cm−1and for B-form geometry at 1429 cm−1

(Tomkova et al., 1994) poly(AU), polyA·polyU vs poly(d(AU), 1418 cm−1 anti,
1438 cm−1 syn (Taillandier et al., 1989)poly(d(AT))

hypochromism and slight downshift for ts (Klener et al.,
2015)polyA·polyU, strong hypochromism (this work)

T6b – 1449(2.2) 1450(5.3)
structural information: visible only in complexes, similar intensity as T6 visible only

in single strand at 1419 cm−1, assigned to uracil (Klener et al.,
2015)polyA·polyU

A5 1484(73) 1482(19) 1481(55)
assignment: δC2H+νC8N9+δC8H (Fodor et al., 1985)dAMP, νPur (Fujimoto et al.,

1998)AcAdo, DAcAdo, δC2H/νN1C6/νC6N (Xue et al., 2000)MeAde

structural information: hypochromic for 257 nm (more in alternating dAdT sequence) (Jollès et
al., 1985)poly[d(AT)], polydA·polydT, upshift upon hydrogen bonding at ac-
ceptor sites (Fujimoto et al., 1998)AcAdo, DAcAdo, for A-form geometry
at 1480 cm−1and for B-form geometry at 1485 cm−1 (Tomkova et al.,
1994)poly(AU), polyA·polyU vs poly(d(AU)

downshift for ds (remains for ts) – confirmed A-form
marker, hypochromism for ts (Klener et al., 2015)polyA·polyU,
hypochromism for ds (Klener et al., 2021)oligonucleotides, (this work)

T5 1484(5.0)
assignment: νPyr+δC1’H+δsC2’H2 (Zhu et al., 2008)Thd

A4 1509(29) 1512(5.2) 1506(26)
assignment: νIm (Fujimoto et al., 1998)AcAdo, DAcAdo, νN7C8/δC8H (Xue et al.,

2000)MeAde

structural information: upshift for hydrogen bond at N7 (Fujimoto et al., 1998)AcAdo, DAcAdo,
(Movileanu et al., 2002)poly[d(AT)], polydA·polydT

strong hypochromism for ds (remains for ts) (Klener et
al., 2015)polyA·polyU, (Klener et al., 2021)oligonucleotides strong
hypochromism and upshift for ds (this work)

Table 3.17 Assignments of the resonance Raman bands observable in measurements
of nucleic acids containing adenine (A) and thymine (T) bases. (Continued, 3 of 4.)
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𝜈 (cm−1)
No. ss ds 5°C ds 95°C

A3 1582(33) 1577(5.8) 1579(29)
assignment: νC4C5 νN3C4 (Fodor et al., 1985)dAMP, νC4C5/νN3C4/δsN6H2 (Xue

et al., 2000)MeAde

structural information: downshift for ds (Fodor et al., 1986)poly[d(AT)], shift to 1571 cm−1 with
premelting (Benevides et al., 2005)poly[d(AT)], polydA·polydT, moderate
hypochromism for 244 nm and strong hyperchromism for 257 nm (Jollès
et al., 1985)poly[d(AT)], polydA·polydT

downshift for ds (remains for ts), moderate hypochromism for
both ds and ts (Klener et al., 2015)polyA·polyU, hypochromism for
ds (Klener et al., 2021)oligonucleotides, strong hypochromism and
downshift for ds (this work)

A2 1604(11) 1604(5.0) 1601(12)
assignment: νPyr (Xue et al., 2000)MeAde

hypochromism for ds (Klener et al., 2021)oligonucleotides, upshift
and hypochromism for ds (this work)

A1 1627(1.5) – –
assignment: δsN6H2/νPyr (Fujimoto et al., 1998)AcAdo, DAcAdo, δsN6H2/νC6N/νC5C6

Xue et al., 2000MeAde

hyperchromic (Klener et al., 2021)oligonucleotides

T4 1652(13) 1648(8.0) 1650(24)
assignment: νC4O νC5C6 (Tsuboi et al., 1997)Thd, νC4O/νC4C5 (Wen et al., 1998)dT,

νC5C6+δC6H (Zhu et al., 2008)Thd

structural information: downshift for H-bond to O4 (Wen et al., 1997)DNA, significantly different
frequencies in packaged ssDNA (Wen et al., 1999)DNA

moderate hypochromism (Klener et al., 2021)oligonucleotides, down-
shift (this work)

T3 1666(10) 1661(5.8) 1669(9.9)
structural information: downshift (this work)

T2 1690(4.3) 1675(4.1) 1687(5.7)
assignment: νC4O/νC2O (Zhu et al., 2008)Thd

structural information: downshift (this work)

T1 – 1715(0.5) 1706(2.6)
assignment: νC2O/νC4O (Zhu et al., 2008)Thd

structural information: upshift (this work)

Table 3.17 Assignments of the resonance Raman bands observable in measurements
of nucleic acids containing adenine (A) and thymine (T) bases. (Continued, 4 of 4.)
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𝜈 (cm−1)
No. ss G 5°C G 95°C ds 5°C ds 95°C

C15 627(2.0) – – – –
assignment: δN3C2O/δN1C2O (Leulliot et al., 1999)Ctd

G23 668(6.0) 671(3.3) 668(4.2) 671(2.8) 670(4.7)
structural information: C2’-endo/syn (Palacky et al., 2013)NA or C3’-endo/anti (Nishimura et al.,

1986)GMP, (Ghomi et al., 1988)dGuo

upshift prominent mainly in polyG (this work)

G23 690(9.0) 691(3.5) 789(0.8) 692(4.4) 691(1.4)
assignment: Ring breathing (Wen et al., 1998)NA

structural information: C2’-endo/anti (Nishimura et al., 1986)GMP, (Ghomi et al., 1988)dGuo

small upshift and hyperchromism (this work)

– – – 718(0.7) 717(1.0)
structural information: hypochromism in ds (this work)

C14
785(3.3)

– – 772(2.0) 771(1.6)
assignment: Ring breathing (Nishimura et al., 1985a)Cyt, (Nishimura et al., 1986)CMP

C14 – – 783(5.0) 782(6.3)
assignment: dG (Palacky et al., 2013)NA

– – – 803(1.0) 803(1.5)

G22 823(4.7) – – 828(1.0) 826(1.3)
assignment: δPur (Nishimura et al., 1985b)Gua, (Nishimura et al., 1986)GMP

G21 870(6.9) – – – –

C13 986(1.7) – – – –
assignment: νC4C5/δC4C5C6 (Mathlouthi et al., 1986)Ctd, (Leulliot et al., 1999)Ctd

G20 1024(5.8) 1020(5.0) 1022(5.6) 1022(5.4) 1022(4.1)
assignment: δN2H2/νC2N3 (Wen et al., 1998)NA

G19 1043(5.8) 1039(0.7) 1043(0.5) 1051(0.8) 1047(0.4)

C12 1078(0.8) – –
assignment: δPyr (Nishimura et al., 1985a)Cyt, (Nishimura et al., 1986)CMP

G18 1084(11) 1092(5.5) 1082(8.2) 1079(1.6) 1078(1.4)
assignment: νN1C2/δC2N3C4/δC5N7C8/ρN2H2 (Mondal et al., 2017)GMP

G17 1114(11) 1124(2.4) 1113(4.8) 1108(5.0)
1120(10) 1121(1.8)

C11 1138(4.3) – – – 1139(1.8)
assignment: δC4NH/νN1C2 (Leulliot et al., 1999)Ctd

G16 1178(3.4) 1180(0.9) 1177(2.3) 1181(0.6) 1179(0.8)
assignment: νN3C2/νN1C2/ρN2H2 (Mondal et al., 2017)CMP

Table 3.18: Assignments of the resonance Raman bands observable in measurements
of nucleic acids containing guanine (G) and cytosine (C) bases. Positions of vibrations
are in cm−1: ss stands for GMP or polyC, G for polyG and ds for polyG·polyC at 5 and
95 °C, respectively. Relative intensities in per cents of strongest band from AMP at 1338 cm−1

are in parenthesees. Intensities in polyG·polyC are doubled to compensate half concentration.
Kekulé vibration is switching between two positions of double bonds in benzene. The vibrational
motions use these abbreviations: ν = stretching, δ = bending, δs = scissoring, ρ = rocking,
ω = wagging, τ = twisting, Pyr = pyrimidine, Pur = purine, Im = imidazole. Citations are
marked by the samples which were used for the frequency determination: NA – compilation of
works on nucleic acids, Gua – guanine, meGua – 9-methylguanine, dGuo – deoxyguanosine, Cyt
– cytosine, Ctd – cytidine. Findings from this thesis and works resulting from this thesis are in
bold. (Continued, 1 of 4.)
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𝜈 (cm−1)
No. ss G 5°C G 95°C ds 5°C ds 95°C

C10 1193(1.4) – – 1195(0.8) 1196(0.5)
assignment: νC1’N1 (Mathlouthi et al., 1986)Ctd

G15 1203(3.1) 1205(0.8) 1204(1.4) 1208(0.4) 1207(0.3)

G14 1238(1.7) 1236(0.8) 1235(0.7) 1235(2.2) 1232(4.5)
structural information: upshift and hypochromism in ds (this work)

C9 1252(3.0) – – 1253(1.6) 1250(1.4)
assignment: δCH/Sugar (Nishimura et al., 1986)CMP

structural information: C3’-endo/anti 1250 cm−1 (consists two lines at 1248 cm−1 and 1267 cm−1),
C2’-endo/anti 1232, 1251 and 1266 cm−1 (Nishimura et al., 1986)CMP,
sensitive to nucleotide conformation (Benevides et al., 2005; Hernandez
et al., 2005)oligonucleotides

upshift in ds (this work)

C8 1294(5.9) – – 1294(2.8) 1292(3.4)
assignment: Kekulé skeletal stretching with C5H C6H out-of-phase bending (Nishimura

et al., 1985a)Cyt

structural information: higher frequency upon hydrogen bonding (Nishimura et al., 1986)CMP

– – – 1313(6.7) 1315(16)

G13 1321(53) 1325(26) 1319(27) 1323(30) 1321(36)
assignment: νN7C8/δC8H (Wen et al., 1998)NA

structural information: C2’-endo/syn (Miura et al., 1994)oligonucleotides, C3’-endo (Nishimura et
al., 1986)GMP, sensitive to nucleotide conformation, 1333 cm−1 for C2’-
endo/anti (Benevides et al., 2005)oligonucleotides

widenning and hypochromism in ds, confirmed C2’-endo/syn
conformation marker (this work)

G12 1335(37) 1334(3.8) 1331(20)
structural information: C2’-endo/anti (Nishimura et al., 1986)GMP, (Miura et al.,

1994)oligonucleotides

hypochromism in polyG, confirmed C2’-endo/anti conformation
marker (this work)

G11 1367(49) 1358(14) 1360(19) 1361(23) 1363(33)
assignment: νC2 N3 C4 N9 (Toyama et al., 1999), νC2 N3 C4 C5 N7 C8

(Fodor et al., 1985)dGuo, νC8N9+δC5N7C8 (Mondal et al.,
2017)GMP, meGua

structural information: C2’-endo/anti (Nishimura et al., 1986)GMP

downshift and hypochromism (this work)

G10 – 1367(14) 1367(12) 1371(1.3) 1372(0.5)

G9 1395(4.8) – – 1387(4.4) 1389(6.6)
structural information: C3’-endo (Nishimura et al., 1986)GMP

C7 1407(3.5) – –
assignment: δCH/νSugar (Nishimura et al., 1986)CMP, (Nishimura et al., 1985a)Cyt,

1409(5.8) 1411(6.9)
G8 1414(8.5) 1409(3.4) 1410(4.3)

assignment: νPur (Nishimura et al., 1986)GMP, νC4N9/νC5N7 (Wen et al., 1998)NA

structural information: C2’-endo/anti (Nishimura et al., 1986)GMP

strong hypochromism (Klener et al., 2021)oligonucleotides downshift
in ds (this work)

C6 1467(4.7) – –
assignment: νC4N3/νC2N3 (Mathlouthi et al., 1986)Ctd

structural information: higher frequency with C2-endo (Letellier et al., 1986)poly(dGdC)

Table 3.18 Assignments of the resonance Raman bands observable in measurements
of nucleic acids containing guanine (G) and cytosine (C) bases. (Continued, 2 of 4.)
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𝜈 (cm−1)
No. ss G 5°C G 95°C ds 5°C ds 95°C

G7 1488(189) 1482(73) 1484(119) 1483(83) 1483(115)
assignment: δC8H-νC8N9+νC8N7 (Fodor et al., 1985), δC2 N3 C4 C5 N7 C8

(Toyama et al., 1999)Guo, δC8H/gnC8N9/νN7C8 (Wen et al., 1998)NA

structural information: N7 strong Hoogsteen H-bond (Palacky et al., 2013)NA, 1478 – 1486 cm−1

with strong H-bound at N7, 1492 – 1495 cm−1 without H-bond (Nishimura
et al., 1986)GMP, strong hypochromism for 240 nm (Fodor et al.,
1986)poly(dGdC)

strong hypochromism (Klener et al., 2021)oligonucleotides, strong
hypochromism, downshift in polyG (this work)

C5 1503(6.7) – –

C4 1527(30) – – 1529(25) 1529(45)
assignment: νPyr (Nishimura et al., 1986)CMP, (Nishimura et al., 1985a)Cyt,

νN3C4+νN1C2 (Fodor et al., 1985)dCMP

structural information: strong hypochromism for 244 nm (Fodor et al., 1986)poly(dGdC) higher
frequency with C2-endo (Letellier et al., 1986)poly(dGdC)

strong hypochromism in ds (Klener et al., 2021)oligonucleotides,
(this work)

G6 1538(13) 1538(6.0) 1537(7.4) 1539(4.9) 1537(6.9)
assignment: νC4N9/νC6O/νN1C2 (Wen et al., 1998)NA, νPur (Toyama et al., 1999)Guo

structural information: upshift for ds, sensitive to W.-C. hydrogen bonds (Klener et al.,
2021)oligonucleotides, (this work)

C3 1571(7.5) – –
assignment: δsN4H2 (Leulliot et al., 1999)Ctd

G5 1576(80) 1579(45) 1575(61) 1575(43) 1573(56)
assignment: νC4N3-νC4C5+νN7C5 (Fodor et al., 1985)dGMP

νPyr (N3 region)
(Toyama et al., 1999)Guo, δsN2H2/νC2N3/νC4C5/νN7C8 (Mondal et al.,
2017)GMP, meGua, N2H (Palacky et al., 2013)NA

structural information: no wavenumber shift with deuteration (Fodor et al., 1986)poly(dGdC) H-
bond to H2O (Benevides et al., 2005)oligonucleotides (Palacky et al., 2013)NA

hypochromism for ds (Klener et al., 2021)oligonucleotides upshift
for ds, more prominent in polyG, hypochromic (this work)

G4 1602(74) 1602(12) 1598(22) 1603(13) 1600(17)
1612(15) 1607(21) 1617(9.9) 1615(15)

assignment: δN1H/νPyr (Miura et al., 1995)dG12 , νPyr/δN1H (Toyama et al., 1999)Guo,
νC6O-δN1H (Mondal et al., 2017)GMP, meGua

structural information: no shift upon NH2 deuteration and large shift upon N1H deuteration
implies not NH2 scissoring but N1H in-plane bending and ring stretching,
sensitive to H-bonding (Miura et al., 1995)dG12

hypochromism and upshift, the hypochromism is more prominent
for the lower frequency part of the band (this work)

C2 1608(2.1) – –
assignment: δsN4H2 scissoring (Nishimura et al., 1986)CMP, (Nishimura et al.,

1985a)Cyt, νC5C6/νN3C4 (Leulliot et al., 1999)Ctd

G3 1642(38) 1645(7.5) 1645(12) 1643(31) 1644(60)
assignment: νPur (Nishimura et al., 1986)GMP, δsN2H2 (Miura et al., 1995)dG12

structural information: hypochromism for ds (this work)

C1 1651(25) – – – –
assignment: νC2O-νC2N3 (Fodor et al., 1985)dCMP, νC2O/νC5C6 (Nishimura et al.,

1986)CMP, (Nishimura et al., 1985a)Cyt

structural information: hypochromic (Fodor et al., 1986)poly(dGdC)

moderate hypochromism (Klener et al., 2021)oligonucleotides

Table 3.18 Assignments of the resonance Raman bands observable in measurements
of nucleic acids containing guanine (G) and cytosine (C) bases. (Continued, 3 of 4.)
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Figure 3.51: Spectrum of cacodylate solvent used for background subtraction with
244 nm excitation.

𝜈 (cm−1)
No. ss G 5°C G 95°C ds 5°C ds 95°C

G2 1682(16) 1684(8.0) 1683(9.8) 1693(5.9) 1697(3.7)
assignment: νC6O/νC5C6/δN1H (Wen et al., 1998)NA

structural information: O6 H-bond to H2O (Palacky et al., 2013)NA

G1 – 1726(3.4) 1723(0.8) 1724(0.5) 1719(0.7)
structural information: N1H OC6 Hoogsteen hydrogen bond marker (Miura et al., 1995)dG12 , O6

interbase H-bond (Palacky et al., 2013)NA

hyperchromism in polyG (this work)

Table 3.18 Assignments of the resonance Raman bands observable in measurements
of nucleic acids containing guanine (G) and cytosine (C) bases. (Continued, 4 of 4.)
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Figure 3.52: Spectra of AMP (a), TMP (b), poly(dAdT) (c) and (d) obtained at
5 °C and 95 °C, respectively. The spectra were excited at 244 nm, and spectral bands were
decomposed according to eq. 3.47 with the experimentally determined 𝑐L = 0.39. Each spectrum
is marked by a scaling factor on the right side. The intensities were multiplied by this factor for
better readability.
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Figure 3.53: Spectra of GMP (a), polyC (b), poly(G) (c) and (d) and polyG·polyC
(e) and (f) obtained at 5 °C and 95 °C, respectively. The spectra were excited at 244 nm,
and spectral bands were decomposed according to eq. 3.47 with the experimentally determined
𝑐L = 0.39. Each spectrum is marked by a scaling factor on the right side. The intensities were
multiplied by this factor for better readability.
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The last step was to measure the melting curves of the complexes and get
their spectra above the melting temperature. The safe temperature for all the
used complexes was estimated as 95 °C.

The changes in the Raman spectra between high- and low-temperature spec-
trum can then be used to characterize the Raman bands because the changes
reflect the structural transition between the unfolded and folded forms.

Published calculations of the vibration modes of mostly simple molecules
like methylated bases, nucleosides, and nucleotides and experimental studies on
structural information of NA were reviewed and used to construct tables 3.17
and 3.18. Even though there were some differences between the published data, the
majority of Raman bands in the measured area could be assigned to fundamental
transitions of vibrational modes localized at least in large part on the nucleobases.

The measured spectra can be generally divided into two regions. Raman bands
with frequencies below 1400 cm−1 are usually more delocalized, coupled with
sugar vibrations which means that they are sensitive to the sugar puckering and
glycosidic angle (Benevides et al., 2005; Nishimura et al., 1986). The second, higher
frequency region contains vibrational modes localized at nucleobases sensitive to
the nucleobase interaction with the environment.

It can be clearly seen from the measurements of NA complexes in figs. 3.52
and 3.53 that the Raman bands change their positions and intensities during
complex formation. The phenomenon of intensity decrease (hypochromism) upon
complex formation is especially strongly visible in RR in comparison to non-
resonant Raman spectra because of the strong relation between RR intensities
and the electronic transitions. It means that the stacking interactions between
adjacent bases have a strong effect on RR band intensities.

Adenine and thymine bands below 1200 cm−1 display mainly shift in the
frequencies during complex formation. The thymine bands at 750 and 788 cm−1,
which are coupled to the sugar vibrations (Zhu et al., 2008), shift to slightly higher
frequencies. Also, the adenine ring deformation and ring stretching bands at 909
and 1011 cm−1 (Xue et al., 2000) have a higher frequency in folded form. The
interesting upshift combined with hypochromism can be observed for the thymine
at 1180 cm−1. The bands in this region are rather weak in RR spectra, but some
hypochromism during duplex formation can still be seen in bands at 909 cm−1

(A), 961 cm−1 (T), 1009 cm−1 (A), 1165 cm−1 (A), 1180 cm−1 (T).
The 1200 – 1270 cm−1region contains many overlapping bands, but only the

thymine band at 1242 cm−1 is strongly hypochromic.
The strong adenine bands at 1305 and 1336 cm−1 are strongly hypochromic,

and moreover, the latter band has a slightly higher frequency at the lower tem-
perature. Also, the strong overlapping thymine and adenine band at 1375 cm−1

is hypochromic. The intensity of the resulting band is lower than the separate
intensities of the bands for just mononucleotides, so we can conclude that both
thymine and adenine bands are hypochromic.

The strongly hypochromic band at 1421 cm−1 is mostly due to the conforma-
tionally sensitive adenine band (Tomkova et al., 1994; Taillandier et al., 1989),
even though it also has a slight contribution from the weaker thymine band.

The next, strongly hypochromic adenine bands are at 1481, 1506, 1579, and
1601 cm−1. The bands at 1806 and 1601 shifted to the higher frequencies during
complex formation, the band at 1579 cm−1 slightly downshifted.
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Finally, the overlapping thymine bands in the range of 1620 – 1700 cm−1

assigned to the vibrations of C o bonds slightly downshifted and lowered their
intensity, and the thymine band at 1706 cm−1 moved to the higher frequencies.

A similar situation as in complexes with adenine and thymine is also in
the spectra of complexes containing guanine and cytosine in the region below
1200 cm−1. There are mainly upshifts of 670 and 691 cm−1 guanine bands with a
hyperchromism in the later one. The 717 cm−1 band visible only in polyG·polyC
spectra is slightly hypochromic.

The guanine band at 1232 cm−1 and cytosine band at 1250 cm−1 upshift during
duplex formation. The former one is also hyperchromic. The latter one is known
to be sensitive to the nucleotide conformation (Benevides et al., 2005; Hernandez
et al., 2005).

The guanine band in the range 1300 – 1340 cm−1 clearly consists of two
vibrations, but they are strongly overlapped in the polyG·polyC spectra. The
band is hypochromic and broadens visibly in duplex. This band is known to be
sensitive to nucleoside conformation (Benevides et al., 2005).

The next region between 1340 and 1400 cm−1also consists of more overlapped
bands with prominent downshift and hypochromism of the guanine band at
1363 cm−1. This band downshifts even more in polyG folding and is known to be
conformationally sensitive (Nishimura et al., 1986).

The band at 1411 cm−1 is a combination of cytosine and guanine band with a
higher contribution of the guanine one. A slight downshift is observable in this
band during duplex formation. Both of these bands were reported to be sensitive
to nucleoside conformation (Nishimura et al., 1986).

The spectra of nucleic acids excited at 244 nm are dominated by the strongly
hypochromic band at 1483 cm−1. This band downshifts during polyG folding,
which is in agreement with its sensitivity to N7 Hoogsteen H-bonds (Palacky et al.,
2013).

The next band in the 1500 – 1555 cm−1 region consists of cytosine band at
1529 cm−1 and guanine band at 1537 cm−1. Both bands are hypochromic, and the
latter one also has a higher frequency at low temperatures.

The guanine band at 1573 cm−1, which is known to be sensitive to H-bonding
(Palacky et al., 2013), is moderately hypochromic and slightly upshifts during the
duplex formation. Both of these effects are more prominent in polyG folding.

The guanine band in the range between 1585 and 1630 cm−1 consists of two
parts which are both hypochromic and upshift. The upshift is even stronger in
polyG folding. This band is known to be sensitive to hydrogen bonding (Miura
et al., 1995).

The bands above 1630 cm−1 are not well resolved, but the guanine band at
1644 cm−1, which overlaps the underlying cytosine band in the slightly higher
wavenumbers, is strongly hypochromic during duplex formation.

The last interesting band is visible only in polyG at 1726 cm−1 in the folded
form. It is known that there is a quadruplex formation marker in this region
(Palacky et al., 2013).

These results were combined with the results from works Klener et al. (2015)
and Klener et al. (2021) into tables 3.17 and 3.18 to provide the basis for inter-
preting UVRR spectra of NA.
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4. Application of the method to
particular NA studies
4.1 PolyA and PolyU Complexes, effect of Mg2+

UV RRS was used to study formation of complexes in mixtures of complementary
polynucleotides, polyA and polyU. Special attention was given to the role of
magnesium ions. It was known that even relatively low concentrations of Mg2+

ions can stabilize the polyU·polyA·polyU triple helical structure, even when the
concentrations of polyU and polyA are equal, i.e., their stoichiometry is ideal for
formation of duplexes. This effect was observed by UV absorption (Kankia, 2003;
Sorokin et al., 2003), isothermal titration calorimetry, ultrasound velocimetry and
densimetry (Kankia, 2003), as well as off-resonance Raman spectroscopy (Herrera
et al., 2010). Our work widened the NA concentration range of the Mg2+ titrated
polyA + polyU mixture and provided well-resolved UVRR spectra of individual
components, i.e., single stranded polyA, single stranded polyU, polyA·polyU
duplex, and polyU·polyA·polyU triplex, mutually aligned in absolute intensity.

The polynucleotides were dissolved in a cacodylate buffer; its pH was adjusted
to 6.4. 1.5 mM concentrations in nucleic bases were used for measurements of
resonance Raman spectra excited at 244 nm. The samples were annealed by heating
to 90 °C and slowly cooled for 12 h to room temperature. Before and after each
Raman measurement, UV absorption spectrum was checked to monitor possible
photoinduced changes in the samples caused by the exciting radiation. The signals
of the cell wall, water and cacodylate buffer were subtracted; the spectrum of
cacodylate was used as an internal intensity standard. The remaining background
was adjusted with cubic splines. Then, the consecutively recorded spectra were
linearly extrapolated to a zero exposure time to exclude any contribution of
possible photoproducts from the final spectrum.

The basic UVRR spectra of single-stranded polyA and polyU, polyA·polyU
double helices, and polyU·polyA·polyU triple helices (fig. 4.1) were acquired in
solution without magnesium ions, the double and triple helix spectra from equimo-
lar and 1:2-ratios of polyA·polyU, respectively, at which exclusively duplexes or
triplexes are formed at the used ionic strength (Stevens et al., 1964). Due to the
use of an internal standard (cacodylate), the spectra were normalized to the same
intensity scale, which enables the correct construction of differential spectra and
an assessment of intensity changes.

The effects of duplex and triplex formation on UVRR spectra are obvious from
the difference spectra in fig. 4.2. The observed spectral changes related to the
duplex formation were mostly consistent with the ones reported in non-resonance
Raman spectra (O’Connor et al., 1984; Hanuš et al., 1999) or resonance Raman
spectra excited at different UV wavelengths (Gfrorer et al., 1993; Perno et al., 1989;
Grygon et al., 1990), with several exceptions originating from the specificity of RR
spectra excited at 244 nm and/or from the better precision and spectral resolution
of our spectra. A detailed analysis of the spectral changes was performed with
respect to known modifications in the vicinities of vibrating nucleoside moieties
on the one hand and interpretations of particular vibrational modes proposed

99



40060080010001200140016001800

polyA
a)

polyU
b)

duplex
c)

triplex
d)

2×

2×

3×

Ra
m

an
in

te
ns

ity
(a

u)

wavenumber (cm−1)

53
6

64
3

70
8

72
6

76
6

79
7

82
6

91
5

10
08

11
77

12
2012

49

13
05

13
38

13
73

14
24

14
82

15
07

15
77

16
00

16
47

45
1

63
5

78
2

99
6

12
31

12
46

13
96

14
2714
75

16
27

16
88

43
6

53
763

0
64

7
71

0
72

6
76

778
3

82
5

91
910

10

11
2111

77
12

34
12

5113
03

13
38

13
75

13
99

14
23

14
48

14
80

15
07

15
74

16
17

16
85

43
5

53
863

2
64

9
70

9
72

5
78

1

92
210

06

10
63

11
2611

81
12

34
12

63
13

04
13

42
13

78
13

98
14

2114
46

14
80

15
10

15
74

16
14

16
84

*

*

Figure 4.1: Resonance Raman spectra (244 nm excitation) of a) polyA, b) polyU
and their c) 1:1 and d) 1:2 mixtures in aqueous solution. The spectra are normalized to
the same concentration of phosphate units.
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in the literature on the other hand. Due to the reliability of both the Raman
band positions and intensities in our spectra, some interpretations found in the
literature were confirmed and others excluded.

For the triplex formation, it was necessary to distinguish between the meaning
of the difference spectrum features for the adenosine and uridine bands. In the
case of adenosine, the changes originate from the polyA strand in the triplex or
the duplex structure and thus directly reflect changes caused by the incorporation
of the third strand via Hoogsteen base-pairing. The main changes of the adenosine
bands are intensity decreases indicating hypochromism due to stronger stacking
interaction, caused mainly by the interaction between the imidazole part of
adenine and the uracils in the third strand. The triplex formation also leads
to frequency shifts of some adenosine bands. Upshifts observed for the 1375,
1338 and 1177 cm−1 adenosine vibrations correlate with their known upshifts with
H-bonding at hydrogen bond acceptor sites (Fujimoto et al., 1998). Because
the adenine acceptor site that participates in the new polyU strand bonding by
Hoogsteen pairing is the N7 atom of adenine, we concluded that these changes
are due to the interaction at this site.

In the case of uridine bands, the difference spectrum indicates superposition of
the spectral changes caused in the first polyU strand, which was originally present
in the duplex, upon triplex formation and the spectral changes in the second
polyU strand, which was originally a free polyU strand, i.e., practically disordered.
We expected that the latter types of changes, which might be similar to the ones
observed in the difference spectrum for duplex formation, should dominate. This
expectation was true for the intensity changes of the 1396 cm−1 hypochromic band
and the 1627 cm−1 hyperchromic band, but significant differences were observed
for various uracil bands. Most of them were the vibrational modes comprising
motion of the C2O carbonyl group (see fig. 3.50 for the numbering of atoms),
which indicates different geometry and/or H-bonding in this molecular region
between the Watson-Crick paired and the Hoogsteen paired uracils. The most
pronounced intensity change in the uridine spectrum was observed for the band
of ring-breathing vibration (Fodor et al., 1985) at 783 cm−1, which did not display
any intensity variations during double helix formation, but showed a strong
hyperchromism upon triple helix formation. To our knowledge, the literature does
not provide any explanation for this phenomenon.

The effect of Mg2+ ions to the triplex formation was studied by means of UV
RRS titration experiment. Magnesium ions were gradually added to an equimolar
mixture of polyA and polyU that originally contained only polyA·polyU duplexes.
Each titration series (four series in total) was analyzed by the SVD algorithm,
and the second spectral component always showed a continuous linear increase
in its respective coefficients, following the increase of Mg2+ concentration. The
spectral shape of this component was almost identical with a difference spectrum
calculated from the spectra in fig. 4.1 for the expected transition:

2 (polyA·polyU) polyU·polyA·polyU + polyA.

The only differences seemed to reflect some interaction of Mg2+ ions with the
polyA incorporated into the triple helix and/or with the free polyA strand. This
very good agreement proved the correctness of the spectral normalization used
for the spectra shown in fig. 4.1, as the SVD results reflected the changes in the
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Figure 4.2: Difference resonance Raman spectra (244-nm excitation) calculated
from those in fig. 4.1 that reflect spectral effects of a) duplex formation from two
single strands and b) triplex formation from the duplex and single-strand polyU.
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spectral shape independently of the intensity scaling. It was then possible to
analyze the Mg2+ titration by a fit to a sum of the spectra from the set in fig. 4.1,
i.e., the spectra of polyA·polyU duplex, polyU·polyA·polyU triplex, and single
strands. The resulting duplex and triplex proportions indicated that the reaction
equilibrium followed an approximately linear dependence on the concentration of
Mg2+ ions. The equilibrium between the duplex and triplex form was reached for
12 mM concentration of magnesium ions.

Our results extend the data already published in a few works devoted to
the phenomenon of Mg2+ induced triplex formation in an equimolar solution of
polyA and polyU. The published data were obtained, however, for very different
polynucleotide concentrations. Considering these results, we concluded that the
mechanism of the Mg2+ function in the triple helix formation is complicated and
comprises both specific and nonspecific interactions. The complete study has been
published in Klener et al. (2015).

4.2 Analysis of temperature effects on the struc-
tural arrangement of DNA segments

Possibility to obtain reliable UV RRS spectra at various temperatures was em-
ployed in study of a simple DNA structural transition. It is known that UV
absorption measurements reveal besides the temperature region of the transition
exhibiting typical sigmoidal temperature dependence, also about linear temper-
ature induced changes at temperatures below and above the transition region
(Owczarzy et al., 1997; Owczarzy, 2005; Mergny et al., 2009). Several studies
(Leulliot et al., 1999; Štěpánek et al., 2007; Vachoušek et al., 2008) based on the
temperature dependence of NA non-resonance Raman spectra and their multi-
variate analysis have shown that the number of resolved spectral profiles in these
studies is less than would be expected analogously to UV absorption. Our aim
was to demonstrate that UV RRS combines reach informational content of Raman
spectrum with a high sensitivity to weak aspects of temperature induced changes.
Beside this it was also desired to obtain UV RRS characteristics concerning
particular structural arrangements of DNA hairpin and double helix.

The experiments were carried out on DNA dodeca-deoxynucleotides d(5’GCCG
ATTACGGC3’), d(5’GCCGATTAGCCG3’), d(5’CGGCTAATCGGC3’). The
first forms a hairpin while the latter two in a 1:1 molar mixture form a fully
complementary duplex. In both cases, the total base composition was the same,
containing (in the folded state) a double-strand section of GC pairs and a central
section of AT pairs forming a flexible part of the double helix in the duplex or the
loop in the hairpin (see fig. 4.3)

Oligonucleotides were dissolved in a 40 mM cacodylate buffer (pH 6.8) with
100 mM NaCl. It was proved by gel electrophoresis that at ambient temperature
no structural forms of different molecularity than expected were formed. UV RRS
was measured on the spectrometer in its final configuration, excitation at 257
and 244 nm. After each UV RRS experiment, the UV absorption spectrum of
the sample was recorded to check for possible photodecomposition. No percep-
tible changes were observed. Complementary temperature dependences of UV
absorption and non-resonant Raman spectra (532 nm excitation, new automated
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Figure 4.3: Scheme of an arrangement of the studied dodecadeoxynucleotides in the
folded state: hairpin (left) and duplex (right). Dashes represent the sugar-phosphate
links in the chain and dots represent the hydrogen bonds connecting the W.-C. basepairs.

control employed) were also recorded. For both UV RRS and UV absorption
measurements, the total oligonucleotide concentration was 25 μM, while 200×
higher concentrations were used for non-resonant Raman scattering. Before the
measurement, the solvents were annealed to 90 °C.

Raman spectra were collected in a broad spectral range as a set of at least
five subsequent frames. They were corrected and intensity-normalized in two
steps. The first step was the subtraction of the solvent and the cuvette wall
signal using multiplication coefficients optimized so that to remove the most
distinctive idle Raman features. The optimal coefficient obtained for the solvent
was also used for the intensity normalization of individual frames. Adjusted frames
were then averaged. Within the second step of the treatment, the baseline was
straightened for the set of spectra by using the procedure based on factor analysis
(Palacky et al., 2011). After that, the spectra were analyzed without any further
adjustment. The principal component analysis was performed for the series of
temperature-dependent Raman spectra in the region of the main UV RRS lines,
i.e. 1150 – 1800 cm−1, and in the region of 220 – 320 nm for UV absorption.

Comparison of UV RRS spectra recorded at various temperatures indicates
remarkable changes in the Raman spectra (see fig. 4.4). It is worth noting that
the spectra at the highest temperature of 95 °C are effectively identical for the
hairpin and duplex. This shows that at this temperature, the structure of the
oligonucleotide chain is fully relaxed so that the spectrum is given only by the
overall portions of nucleobases, which are equal in both cases.

To reveal the nature of the spectral changes, the UV RRS spectra and the
spectral series of complementary measurements of non-resonant RS excited and UV
absorption were subjected to Principal Component Analysis (PCA) (Malinowski,
2002). For all spectral series, four PCA components were well resolvable while the
fifth and higher components primarily represented the noise contribution. Figs. 4.5
and 4.6 show temperature dependences of the relevant scores. These results
demonstrate that even for a simple temperature-induced structural transition, the
spectral changes of UV RRS spectra are, like UV absorption, to be expressed as
a combination of four spectral components. The first component represents an
average spectral shape and the corresponding scores indicate the temperature-
induced changes of the overall spectral intensity. It is dominant especially in the
case of UV absorption where the curve of the first scores is practically identical
with the melting curve routinely measured as a function of absorbance at 260 nm on
the temperature. The next components describe the temperature-induced changes
of the spectral shape. Their number (three) agrees well with the assumption that
the changes in the system are formed by the transition from the folded to the
unfolded state, and the effects of temperature increase for the folded and unfolded
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Figure 4.4: UV RRS spectra of DNA dodecamers measured at various temperatures
on a rainbow color scale.
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Figure 4.5: PCA scores obtained for the duplex spectra (grey circles). The black
lines show the results of the fit of UV absorption and Raman spectra with the thermodynamic
parameters of the structural transition fixed to those obtained from UV absorption. The grey
lines show results of independent fits of Raman spectra.

state i.e. it proves that the temperature changes in the folded and unfolded
state manifest differently in the spectra (not only by the different asymptotes
but also by the different spectral shape). While the transition shows a sigmoidal
curve in the temperature dependence of the scores, the latter two processes are
approximately linearly dependent on temperature.

The transition (i.e. temperature-induced dissociation of the strands or opening
of the hairpin) is dominant in the first and second score of UV absorption and
UV RRS. It means that the transition causes main changes in the overall spectral
intensity and the spectral shape as well. The differences between the spectral
changes caused by the transition and those attributed to uncorrelated relaxation,
as well as the differences between the uncorrelated relaxations in the folded and the
unfolded form, are expressed by the third and the fourth scores. It is worth noting
that the values of the fourth and even third scores are relatively low (about 1%
for Raman and 0.1% for UV absorption spectra of the original spectral intensity),
which means that sufficiently precise measurements with high SNR are required
to isolate the complete set of four components.

In the case of the duplex, the melting transition is less visible in the spectra
of non-resonant RS. This is partly because the melting temperature for the
dissociation of the duplex as a bimolecular reaction depends on the concentration,
which moves it to higher temperatures in the case of non-resonant RS (200× higher
concentration than used for UV absorption and UV RRS measurements). This
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Figure 4.6: PCA scores obtained for the hairpin spectra (grey circles). The black
lines show results of the fit of UV absorption and Raman spectra with fixed thermodynamic
parameters of the structural transition to those obtained from UV absorption. The grey lines
show results of independent fits of Raman spectra (this fitting procedure aborted for non-
resonance RS spectra).
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Sample UV absorption UV RRS, 244 nm UV RRS 257 nm RS, 532 nm
duplex 60 °C 59 °C 58 °C 76 °C*
hairpin 66 °C 65 °C 64 °C NA

Table 4.1: Melting temperatures determined by the fit of the four relevant PCA
scores. Remark: * Non-resonant RS was measured in 200× higher concentration then UV
absorption and UV RRS. Increased concentration increases the melting temperature for the
bimolecular reaction of the duplex dissociation. The thermodynamic parameters determined
from UV absorption data predict a melting temperature of 73 °C for this high concentration.

is why there is not a distinct upper linear portion of the curve. But in the case
of hairpin, the sigmoidal curve of which is remarkably smoother, the transition
sigmoid is in PCA results of non-resonance RS visible only in the fourth scores.

The scores 𝑃 were least-square fitted according to a formula considering both
the ratio of the folded and unfolded form governed by the Van’t Hoff equation and
the linear temperature dependence of each form corresponding to the structural
relaxation (see eq. 3.35) as:

∑︁
𝑖

4∑︁
𝑗=1

[︁
𝑃𝑖𝑗 − 𝐶 fold

𝑖 (𝐴0𝑗 + 𝐴1𝑗𝑇𝑖) − 𝐶unfold
𝑖 (𝐵0𝑗 + 𝐵1𝑗𝑇𝑖)

]︁2
= min .

The index 𝑖 is referred to as the sample temperature and 𝑗 to the serial number
of the component. The theoretical temperature dependences given by the values of
the variables obtained by the fit are shown in figs. 4.5 and 4.6 by solid lines. The
fit was simultaneously employed to all four scores of the given spectral series. The
black lines denote the fit of UV absorption results and corresponding fits of Raman
spectra using the Δ𝐻 and Δ𝑆 fixed at the values obtained from the fit of UV
absorption. The grey lines describe the results of the fits of Raman spectra with
Δ𝐻 and Δ𝑆 included among the fitted parameters. To compare both fits from the
viewpoint of the transition parameters, tab. 4.1 presents obtained values of the
transition melting temperature, i.e., the temperature where the concentrations of
the oligonucleotides in the folded and the unfolded state are equal.

The comparison of the obtained melting temperatures confirms good agreement
between the UV RRS and UV absorption characterization of the structural
transition. The small decrease of the melting temperature for UV RRS can be
explained in a different way by the measurement of the sample temperature, but
rather it is related to weak heating of the sample in the focus of the exciting laser.
The agreement was somewhat poorer for non-resonance RS of the duplex, but it is
necessary to consider an error given by the recalculation of the melting temperature
value for the sample with 200 times higher concentration than that used for UV
absorption. In the case of non-resonance RS of the hairpin, the structural transition
was pronounced so weakly that the fit with the thermodynamic parameters not
fixed to those obtained from UV absorption failed in all attempts.

The parameters of the sigmoidal asymptotes obtained by the fits allow us
to isolate spectra of both the folded and unfolded form at any temperature 𝑇
(assuming linearity of the noncoordinated temperature-induced changes is valid
in the studied temperature range). The obtained UV RRS spectra and their
differences reflecting particular types of temperature-induced changes are shown
in fig. 4.7.
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Figure 4.7: Isolated UV RRS spectra of the folded and unfolded form at several
temperatures and their differences corresponding to the spectral changes caused
by the structural transition from the folded to the unfolded form (melting) and
those caused by a temperature increase when the structural form is maintained.
The chosen temperature increment of 25 °C corresponds approximately to the width of the
temperature interval of the structural transition.
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For all spectral sets, the dominating temperature-induced change is connected
with the structural transition from the folded to unfolded form (hereinafter
referred to as melting for shortening). For a detailed analysis of the spectra,
we relied on the published calculations of the vibrational modes that have been
at least partially confirmed by the experiments monitoring the influence of the
environmental conditions on these modes in simple molecules, mostly methylated
bases, nucleosides, or nucleotides. The basic characteristics of the Raman bands in
the measured area were assigned to fundamental transitions of vibrational modes
localized at least in large part on the nucleobases. Most of the detected Raman
bands belong to vibrations of purine bases, i.e., guanine and adenine. It is assumed
that in the spectral region below 1400 cm−1 the vibrational modes are coupled
with sugar vibrations and are sensitive to the nucleoside conformation (the type
of sugar puckering and glycosidic angle – syn or anti) (Benevides et al., 2005;
Nishimura et al., 1986). For Raman bands above this wavenumber, the vibrational
modes are localized at the nucleobases and are sensitive to their interactions with
the environment via hydrogen bonding. Besides the above-mentioned sensitivity
that primarily causes spectral shifts noticeable also in the non-resonant spectra,
the resonance enhancements of the Raman band intensities are strongly influenced
by the stacking interactions between adjacent bases oriented in a parallel fashion.
Similar to UV absorbance, NA folding brings about the stacked arrangement of
bases that leads to intensity decreases (hypochromism) in numerous UV RRS
bands.

Interpretation of the observed spectral changes were somewhat complicated by
an overlap of guanine and adenine bands, often belonging to similar vibrational
modes of the purine cycle. To better estimate the proportion of overlapping bands,
we relied on our UV RRS measurements of mononucleotides and polynucleotides,
which enabled us to clarify the composition of these bands.

The detailed spectral analysis was published by Klener et al. (2021). The
dominant effect of both duplex and hairpin melting was an increase in Raman
intensity due to the hypochromism of numerous Raman bands, including the
strong peaks at 1600, 1575, and 1485 cm−1 (overlapping guanine and adenine
bands) and at 1529 cm−1 (cytosine, only for excitation at 244 nm) as well as the
Raman bands in the region of 1150 – 1280 cm−1.

Although the change in resonant enhancement induced by melting is principally
hypochromic, i.e. formation of the duplex decreases RRS intensity, we also observed
a significant hyperchromic band where the intensity change is opposite. It is the
adenine band at 1627 cm−1 of the vibrational mode consisting of NH2 scissoring
vibration coupled with stretching of the adjacent part of the pyrimidine ring.

The melting difference spectrum of the hairpin is similar to the duplex, i.e.
B-form double-helical structure of the stem, probably with slightly more relaxed
geometry (lower hypochromism of guanine bands at 1322 and 1485 cm−1). On the
other hand, vastly different positions with respect to adjacent bases were indicated
for adenines and thymines forming the loop. Exceptionally low hypochromism
means that stacking is minimal for the nucleobases in the loop. On the other hand,
the contribution of the hyperchromic adenine band at 1627 cm−1 is comparable
for the hairpin, which might indicate certain proximities of adenines and other
bases, presumably those from the GC basepair closing the loop.
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The temperature increase outside the melting region (warming) influences
UV RRS remarkably weaker than the melting. In contrast to the melting effect,
the warming effect is much more similar for both samples, the duplex and the
hairpin. The warming of the folded forms causes intensity increases of hypochromic
guanine and cytosine bands. On the other hand, no changes of the 1650 cm−1 peak,
which is formed by overlapping bands of CO stretching vibrations of cytosine
and thymine, can be seen. The new spectral feature is an intensity decrease
at 1583 cm−1. It indicates an unusual adenine position or its interactions with
the surrounding at low temperature as this band is reported as hypochromic
(Klener et al., 2015; Jollès et al., 1985). The only resolvable spectral change in the
low-wavenumber portion of the differential spectra is the peak at 1326 cm−1. It
can be attributed to an intensity increase of the conformationally sensitive guanine
band, the position of which indicates prevailing C2’-endo/anti conformation in
the folded form. To conclude, warming of the oligonucleotides in their folded form
influences surprisingly their double-helical segments consisting of GC basepairs,
which are expected to be the most stable parts of their folded structures. The
adenine bands seem to indicate that lower temperatures support unusual adenine
positions and/or interactions in both duplex and hairpin structures.

The amplitudes of differential spectra that describe the effects of warming on
the oligonucleotides in the unfolded form were comparable to those concerning the
folded form. The main spectral feature was connected with the downshift of the
1485 cm−1 peak. Broad and unstructured maxima were seen in the region 1280 –
1350 cm−1 where the conformationally sensitive bands of guanine were present.
Other peaks in the differential spectrum were attributed to intensity changes of
hypochromic or hyperchromic guanine and adenine bands, except for the very weak
intensity increase of the cytosine band at 1529 cm−1. The spectral changes were
explained by a tendency of separated and open oligonucleotide chains to prefer
temporarily limited local geometry with stacked neighboring, preferably purine
nucleobases. The broad peak in the 1280 – 1350 cm−1 region indicates that there
was no preferred conformation for the unfolded form (at least for guanosines).

We can conclude that this study demonstrated the ability of UV resonance
Raman spectroscopy to resolve and determine, in contrast to non-resonance RS, all
three types of temperature-induced effects of DNA oligonucleotides involving more
flexible central AT tract. The reason is in the dominant effect of the oligonucleotide
structure disintegration on the resonance enhancement, which is pronounced via
remarkable changes of the Raman band intensities. This enables us to distinguish
the temperature-induced structural transition (melting) from the effects of the
temperature increase on the oligonucleotide in both the folded and unfolded forms.

The difference spectra corresponding to melting confirmed similar B-form
double-helical structures of the segments consisting of GC basepairs for both
the duplex and hairpin with a slightly more relaxed geometry in the latter case.
Minimal stacking has been indicated for the nucleobases in the loop. Neverthe-
less, certain interactions of the adenine rings with neighboring nucleobases have
been detected. Warming of both oligonucleotides in their folded state primarily
influences their segments consisting of GC basepairs. An unusual adenine posi-
tion or its unusual interaction with surroundings at low temperatures has been
also indicated. Warming of the oligonucleotides in their unfolded state seems to
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demonstrate the tendency of separated and open oligonucleotide chains to prefer
momentary local geometry with stacked neighboring purine nucleobases.

4.3 Temperature and concentration effects on
transition from antiparallel to parallel
quadruplex in tel22

One class of the unusual nucleic acid conformations is guanine quadruplexes (GQ)
formed by stacked planar guanine tetrads. The structure is stabilized by Hoogsteen
base pairing and cation coordination. GQ are abundant within human DNA, and
their presence in telomeric guanine-rich regions of human core telomeric repeats
d[TTAG3]n is well known. It was also observed that the GQ exhibit remarkable
polymorphism, especially those stabilized by K+ ions (Chaires et al., 2013).

It is interesting to investigate GQ in the molecular crowding environment,
physiological temperatures, and in the presence of K+ ions which mimicks their
actual in vivo conditions in cells. Recent in vitro studies revealed that DNA
concentration and thermal treatment of the sample might play an important role
in GQ folding and interquadruplex transitions (Palacky et al., 2013).

Circular dichroism and conventional Raman spectroscopy revealed that ther-
modynamically equilibrated (heated and slowly cooled) samples of Tel22 change
from antiparallel to hybrid “3 + 1” and parallel form and that the fraction of the
parallel form increases with the concentration of the oligonucleotide or K+ ions
(Palacky et al., 2013).

The influence of slightly higher, but safely below the denaturation, temperature
of 37 °C on highly concentrated (310 mM in phosphates as a model for highly
crowded conditions) d[AG3(TTAG3)3] (Tel22) was studied. The samples were
proved by Raman spectroscopy to accommodate the antiparallel conformation in
an environment without K+ ions (75 mM Na+ PBS buffer with overall concen-
tration 150 mM of Na+ ions) ,and their external stability was confirmed, i.e., the
antiparallel conformation was found to be preserved after annealing, long term
storage, slight temperature increase, high Na+ ion concentration (up to 1120 mM).

When K+ ions were added to 450 mM concentration, a very swift spectral
change occurred (< 1 min). It indicated the replacement of Na+ by K+ ions
and K+-antiparallel quadruplex formation, which after some time changed its
conformation to “3 + 1”.

Transition to the parallel quadruplex form was observed with progressing time
(72 hours in total) if such sample was incubated at a physiological temperature
of 37 °C. This temperature is far below the melting point under given conditions
(> 75 °C) as indicated the intensity increase of 1337 cm−1 (marker of C2’-endo/anti-
dG) and decrease of 1326 cm−1 (marker of C2’-endo/syn-dG) bands (Nishimura
et al., 1986; Benevides et al., 1988; Miura et al., 1994; Miura et al., 1995; Miura
et al., 1995; Krafft et al., 2002). Furthermore, the samples incubated at 37 °C
remained fluid even after the transition to the parallel form.

A similar spectral change can be seen for the same sample after annealing
(heating to 95 °C and slowly cooling down to 20 °C), but the resulting sample
forms a stiff gel.
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Figure 4.8: Effect of standard anealing and incubation at 37 °C on UVRR spectra of
K+-Tel22. The “3 + 1” conformation, which is formed quickly after the addition of K+ ions
to the solution and which has C2’-endo/syn conformation with increased intensity of guanine
band at 1325 cm−1, switches to parallel conformation with C2’-endo/anti conformation with
increased intensity of the guanine band at 1338 cm−1.

NMR spectroscopy of the resulting parallel GQ samples suggested that the
incubation of the Tel22 sample at physiological temperature formed intramolecular
quadruplexes because the NMR signal was much lower, which suggests small
randomly oriented complexes stabilized by the van der Waals interactions. In
contrast, the annealed samples form more stable higher-order intermolecular
structures indicated by stronger NMR signal. This observation also explained
why incubation results in fluid samples, whereas annealed samples form a gel
(Lindnerová-Mudroňová, private communication).

This process suggests that the parallel GQ is energetically the most favorable
form. To confirm the results from visible Raman spectroscopy and overcome
problems with fluorescence, the samples were diluted to 200 μM concentration,
stored for 10 days at 5 °C, and measured on the UVRR spectrometer with 2 mW
of 244 nm laser power at a sample in 30 frames of 120 s scans. A 3 mL of sample
was stirred in silica glass spectroscopic cells during the measurement to prevent
photodecomposition. All measurements were performed at 10°C. Background
signals of PBS buffer and quartz cell were subtracted.

Fig. 4.8 shows the results for thermally pristine samples, which were stored
at 5 °C, 37 °C incubated samples and samples after annealing. During the 72 h
incubation, the conversion from “3 + 1” conformation, which has guanine in
C2’-endo/syn conformation (guanine band at 1325 cm−1), to parallel conformation
with guanine in C2’-endo/anti conformation (guanine band at 1338 cm−1) is not
finished (see section 3.5). The spectra also confirm that the conformation is stable
even after dilution and storage for 10 days.

These results confirm that UVRRS can be used for studying different unusual
NA conformations such as GQ. It also extends available concentration ranges and
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can be used to investigate of the stability of nucleic acid complexes while keeping
structural information contained in the vibrational spectra.
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Conclusions
In the framework of the doctoral work, the apparatus for measurement of UV
excited resonance Raman (UV RRS) spectra was built up and optimized. The
backscattering configuration with a sample located in a classic quartz cuvette
with intensive mixing was found as the most suitable for nucleic acids (NA)
investigation. A precision temperature control was set up for this arrangement.
Furthermore, optimal parameters for measuring the NA spectra, relating to
the sample concentration, excitation power, and a time regime of the signal
accumulation were determined. A precision spectral calibration system and semi-
automatic data treatment process were created, the latter consisting of erasing
the cosmic radiation spikes, intensity normalization, subtraction of the spectra of
the solvent and the cell wall, and the base line straightening.

In addition, a realistic and complex interpretation table was prepared, based
on analysis of published data and extensive series of UV RRS measurements on
NA model structures, mononucleotides and polynucleotides. The table has proved
to be a very necessary basis for analyzing UV RRS spectra of NA segments.

The established methodology was very successfully verified when applied in
several structural studies of nucleic acids. The most important ones are described
in the dissertation. The first of them concerned the influence of magnesium ions
on the equilibrium between duplexes and triplexes formed by PolyA and PolyU
homopolynucleotides. Furthermore, it was the detection of temperature-induced
structural changes in DNA double helix and DNA hairpin in the temperature
region of their melting as well as at lower and higher temperatures. Finally, it
was monitoring of slow structural transitions of guanine quadruplexes induced by
the presence of potassium ions.

The results of the test measurements and the above-mentioned studies have
shown that the created methodology for studying UV RRS of nucleic acids brings
most of the expected benefits of the resonance excitation: the possibility of
Raman scattering measurements at the same concentrations as in the case of UV
absorption, high sensitivity to fine temperature-induced structural changes and
good interpretability of the spectra obtained.
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