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Zusammenfassung

Diese Arbeit ermoglicht ein detailliertes Verstdndnis der Schwingungsdynamik und Kupplun-
gen in einem Basenpaar-Modellsystem und in kiinstlichen DNA-Oligomeren bei verschiede-
nen Hydratationsgraden. Durch die Verwendung von nichtlinearer ultraschneller IR Pump-
Probe Spektroskopie sind die Schwingungsbewegungen hydratisierter DNA und die schnells-
ten Verdnderungen in den DNA-Wasser-Wechselwirkungen und Hydrationsgeometrien direkt
zuginglich.

2-pyridone/2-hydroxypyridine ist ein Modellsystem fiir die gekoppelte intermolekularen Was-
serstoftbriicken, deren Struktur der von DNA-Basenpaaren dhnelt. In Dichlormethan existiert
das Molekiil als ein zyklischer 2-Pyridon-Dimer, deren Vorkommern durch NMR-und 2D-
FTIR Spektroskopie verifiziert wurde. Die beobachteten kohérente Oszillationen aufgrund
niederfrequenter Wellenpaketbewegungen der Dimere konnen fiir die Dynamik und rdumliche
Geometrie der Basenpaare in den DNA-Molekiil relevant sein.

Transiente Schwingungsspektren eines poly[d(A-T)]:poly[d(A-T)] Film erlauben die Zuord-
nung von verschiedenen NH-Streckbanden zu einer bestimmten Schwingung der Nukleinba-
sen und ermdglichen deren Abgrenzung zu den Beitrdgen von OH-Streckschwingungen des
umgebenden Wassers. Bei einem niedrigen Hydratisierungsgrad verdndern die restlichen, an
die Phosphatgruppen gebundenen Wassermolekiile, ihre Ausrichtung auf ultraschnellen Zeit-
skalen nicht. Im Fall vollstindig hydratisierter DNA ist die Dynamik der Wasserhiille dem
Verhalten des reinen Wassers dhnlicher und man beobachtet spektrale Diffusion der OH-
Streckschwingung im Subpikosekundenbereich sowie einen Zerfall der Schwingungsaniso-
tropie durch Molekiilrotation und/oder Energietransfer. Die Wassermolekiile der Phosphat-
Hydratationshiille dienen als effiziente Wirmesenke fiir Uberschussenergie aus der DNA,
wobei die Energietransferzeiten im Femtosekundenbereich liegen. Im Gegensatz dazu erfolgt
Energietransport innerhalb der DNA auf einer langsameren Zeitskala von 20 ps.

Schlagworter:

Energiedissipation, Femtosekunden-Schwingungsspektroskopie, Hydratisierte DNA,
Wasserstoftbriicken



Abstract

This thesis provides a detailed understanding of vibrational dynamics and couplings in a base
pair model system and artificial DNA oligomers at different levels of hydration. By using
nonlinear ultrafast infrared pump-probe spectroscopy, the basic vibrational motions of hydrat-
ed DNA and the fastest changes in the DNA-water interactions and hydration geometries are
directly accessed.

2-pyridone/2-hydroxypyridine is used as a model molecule for coupled intermolecular hydro-
gen bonds with a structure resembling a DNA base pair. In dichloromethane the molecule pre-
dominantly exists as a cyclic 2-pyridone dimer as determined using a combined NMR and 2D
FTIR approach. The observed coherent oscillations due to low-frequency hydrogen bond
wavepacket motions of the dimers are expected to be relevant for the dynamics and spatial
geometry of base pairs in DNA molecule.

Transient vibrational spectra of a poly[d(A-T)]:poly[d(A-T)] film enabled the assignment of
different NH stretching bands to particular nucleobase vibrations, also discerning them from
the OH stretching contributions of the surrounding water. At a low hydration level, residual
water molecules, bound to the phosphate groups, do not alter their orientation on ultrafast
time scales. In the case of fully hydrated DNA, the dynamics of the water shell are closer to
those of bulk liquid water with a sub-picosecond spectral diffusion and a loss of vibrational
anisotropy as a result of molecular rotation and/or energy transfer. The water shell around the
phosphates serves as a efficient heat sink accepting excess energy from DNA in a femto-
second time domain, whereas the energy transfer within DNA occurs on the time scale of 20

ps.
Keywords:

energy dissipation, femtosecond vibrational spectroscopy, hydrated DNA, hydrogen
bonds
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1 Hydrogen bonding

1.1 The nature of the hydrogen bond

The hydrogen bond (H-bond) is a unique interaction, which can be described as relatively
weak when comparing to covalent or ionic bonds. It typically has, however, order of magni-
tude higher dissociation energy than other type of intermolecular forces, like London (van der
Waals) or dipole-dipole interactions. The history of the concept of the hydrogen bond has
been described in many review publications and handbooks [1] [2].

According to the classical Pauling definition from 1928 [3], the term hydrogen bond describes
an electrostatic in nature interaction between a proton donor X—H and proton acceptor Y in
the same or different molecule: X—H--Y. Conventionally, the H atom is bonded to an electro-
negative atom such as N, O and F. Y can either be electronegative or have an electron excess
[4]. However, the definition of hydrogen bond evolves in time [2]. Since mid-1980s, the ex-
istence of C—H-'Y hydrogen bonds have been commonly accepted as well, although the C-
atom in the proton donating group is not electronegative and thus these systems are not in line
with the classical definition [5]. In the hydrogen bond, where the group C-H is involved, neg-
atively charged & electrons can act as proton acceptors in the stabilization of weak H-bonding
interactions in many chemical systems [6,7].

It is very useful for analytical purposes to introduce a classification of hydrogen bonds in
terms of their physicochemical properties. Following the description of Jeffrey [4] one can
distinguish three categories of hydrogen bond: weak, moderate and strong. Systems with
strong and very strong hydrogen bonds are out of the scope of this thesis. Weak hydrogen
bonds (like those existing in liquid water) have usually a binding energy not higher than 4
kcal/mol (~17 kJ/mol), which corresponds to the energy per molecule smaller than 3 x 102" J.
Here, electrostatic and dispersive forces are the dominant interactions, whereas strong hydro-
gen bonds have mostly covalent character and their energies can be also relatively high, up to
40-50 kcal/mol (167-210 kJ/mol). The X--Y distance in weak hydrogen bonds is typically
above 3.2 A. However, other authors suggest the O--O distance in weak hydrogen bonds is
comprised between 2.8 and 3.0 A [13], which agrees with generally accepted average O---O
distance in liquid water ~ 2.84 A. For strong hydrogen bonds, the XY length has the values
between 2.2 and 2.5 A. In contrary to the strong hydrogen bonds, the bond directionality in
weak hydrogen bonds is minor and the bond angles can even approach 90 degrees. The hy-
drogen bonds of energy 15-40 kcal/mol (63-167 kJ/mol), moderate directionality and the hy-
drogen-bond length in the range 2.5-3.2 A are called moderate, intermediate-strength hydro-
gen bonds [2]. Also for this class of hydrogen bonds the accepted XY distance adopts only
approximate conventional values. For many medium-strong hydrogen bonds, this distance
does not exceed 2.8 A [13].

Hydrogen bonding leads to a distortion of potential energy surfaces that determine the nuclear
positions and motions of the participating atoms. Characteristic for the vast majority of hy-
drogen bonds is an asymmetry of the position of the proton, which is not at half the distance
between atoms X and Y. This asymmetry has also been found in dimers of carboxylic acids,
e.g., in acetic acid dimer. Such dimers are stable even in the vapour through the pair of bonds,
each of which has substantial energy [~ 32 kJ/mol in (CH;COOH),]. Potential energy curves
of the asymmetric hydrogen bonding have two minima. In general, the proton is in a position
corresponding to a deeper energy minimum. However, if the barrier is not too high, the proton
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transfer can occur between minima and the tautomeric equilibrium can be reached: X —H - Y
— X* «+H — Y*. Such equilibria were monitored for acid-base complexes formed in non-
aqueous solvents (e.g., in benzene) due to the formation of hydrogen bonds between donors of
protons (phenols, carboxylic acids) and organic bases (amines, acridine derivatives, and oth-
ers). Equilibrium constant depends both on the hydrogen bonding potential energy curve as
well as the pK, values of proton donor and acceptor [8].
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Figure 1.1: Tetrahedral arrangement of hydrogen bonds between molecules of water (left). Each water molecule
participates in an average of 3.4-3.6 hydrogen bonds in a liquid at room temperature (in the middle). In the hex-
agonal crystalline structure of ice (right) each water molecule has four hydrogen bond neighbours.

Hydrogen bonds are ubiquitous in nature and play a fundamental role for structure and func-
tion of molecules. This attractive interaction is strong enough to be responsible for the struc-
ture of water and ice (Figure 1.1), but it also determines or stabilizes the structure of larger
molecular systems such as proteins (Figure 1.2) and nucleic acids (Figure 6.1). On the other
hand, the limited strength of hydrogen bonds allow for structural flexibility that is essential
for the functionality of these systems. In liquid water, neighbouring water molecules form
hydrogen bonds with each other, creating in this way a characteristic network (Figure 1.1).
The existence of hydrogen bonds network has been used to explain the peculiar chemical and
physical properties of water, such as relatively high boiling point when compared to other
hydrides in Group 6 of the periodic table.

Apart from the abnormally high melting and boiling points of the solids and liquids with hy-
drogen bonding, existence of inter- and intramolecular hydrogen bonds influence also other
physicochemical properties. Ammonia and water have the highest molar specific heat capacity
of any known substance as well as high heat of vaporizationl. Also the permittivities of lig-
uids where the molecules are associated by hydrogen bonds (H,O, lower aliphatic alcohols,
liquid NH3, HF, HCN an others) are very high, much higher than one could conclude from the
dipole moments of the single molecules. Intramolecular hydrogen bonds in aromatic acids
have a distinct influence on the acid dissociation constant. For example, 2-hydroxybenzoic
acid (salicylic acid), where exists a strong intramolecular bond O—H:--O, is much stronger
(pK, = 3.0) than its isomers (pK, = 4.08 and 4.58 for 3-hydroxybenzoic and 4-

! High molar specific heat capacity and heat of vaporization allow water to moderate Earth's climate by buffering
large fluctuations in temperature.



hydroxybenzoic acid, respectively), where the relative position of -COOH and —OH function-
al groups exclude formation of such hydrogen bond bridges. The OH bond in carboxylic
group is weakened in the 2-hydroxybenzoic acid by the hydrogen bond to the oxygen atom of
hydroxyl group. Finally, hydrogen bonds between molecules that are building the molecular
crystals influence the electrical conductivity of such crystals. In particular, conductivity of ice
is attributed to the proton motions in O—H---O bridges [9,10].

Disordered extended networks of intermolecular hydrogen bonds in liquids such as water,
hydrogen fluoride, ammonia or alcohols undergo pronounced structural fluctuations on a mul-
titude of time scales. In contrast, well-defined molecular structures based on both intra- and
intermolecular hydrogen bonds exist in polyatomic molecules, molecular dimers and — in par-
ticular — in macromolecules such as DNA and other biomolecular systems. In proteins, the
two main types of secondary structures: a-helix and -sheet are stabilized by hydrogen bond-
ing between C=0O and N-H groups of different amino acids. Both periodic structures, which
determine the function of proteins in living organisms, are shown in Figure 1.2. The DNA
double helix (Figure 6.1) has a rigid structure stabilized by hydrogen bonds (with the energy
of approx. 4 to 21 kJ/mol) between complementary nucleic base pairs (two H-bonds for the
AT and three for GC pairs) and by stacking interaction between adjacent bases [11]. During
elementary genetic processes such as transcription or replication, these bands are temporarily
cut and only a subtle interplay between enzyme activity and the hydrogen-bonded base pairs
allows for functionality. In living organisms, genes are the DNA fragments. Base sequence in
DNA molecules determines the order of amino acids in proteins synthesized in vivo. For this
reason, it is said that DNA molecules contain the genetic code.

alpha helix

beta pleated ahaal

Figure 1.2: Two types of secondary structure in proteins: a-helix and B-sheet. Hydrogen bonds are presented by
dotted line. (Reproduced with permission from Prof. G. Kaiser; Website for microbiology course:
http://student.ccbemd.edu/~gkaiser/biotutorials/proteins/, 20.05.2011).

Since eighty years, H-bonded systems have been investigated by large number of various the-
oretical and experimental methods. Historically, the largest amount of data on H-bonded sys-
tem was obtained using infrared spectroscopy [12]. Recent progress is focused on ultrafast
(throughout the thesis, by this term the time domain between 10™* and 10" s will be under-
stood) dynamics of hydrogen bonding (vibrational motions, proton transfer and break-
ing/formation of hydrogen bonds), where nonlinear vibrational spectroscopy plays a leading
role [13,14].



1.2 Subject of the thesis

Understanding hydrogen bonded systems and their functionality requires both structural and
dynamical information. Many processes, which are important in this context, such as energy
relaxation and energy transfer, structural fluctuations, hydrogen bond breaking and
(re)formation, occur on an extremely short time scale, down to the femtosecond (1 fs = 107"
s) domain. The vibrational absorption spectra undergo characteristic and distinct changes up-
on hydrogen bond formation and thus, for many decades, infrared spectroscopy was a favour-
ite tool for studying the systems with hydrogen bonds. However, linear spectroscopy does not
allow for discerning the different microscopic interaction mechanisms that contribute to the
shape of vibrational absorption band, because the result of measurement is averaged in time.

Recent progress in laser technology, in particular development of short laser pulses (picose-
cond and femtosecond) tunable in a broad frequency range, allows to study structural dynam-
ics in real time. In this thesis, ultrafast vibrational pump-probe spectroscopy is used to inves-
tigate 2-pyridone, a model system for DNA base pairing, and finally to examine also DNA
itself.

The thesis starts from a discussion of linear infrared spectroscopy in studying hydrogen-
bonded systems (Chapter 2). In particular, the limitations of linear spectroscopy in under-
standing the mechanisms of vibrational dynamics and in reliable analysis of strongly over-
lapped bands are presented. At the end of the chapter, the theory of two-dimensional correla-
tion spectroscopy, a powerful analytical technique will be provided. Though the 2D
correlation spectroscopy is very useful to extract information from sets of measured steady-
state spectra by enhancing the spectral resolution, it will still not provide an access to the fast
dynamics of hydrogen-bonded systems simply because the linear vibrational spectroscopy
offers only time-averaged picture. To overcome this problem, nonlinear time-resolved infrared
spectroscopy is used. A short introduction to the theory of nonlinear spectroscopy is given in
Chapter 3. The laser systems providing ultrashort pulses, which have been used for collecting
the data presented throughout the thesis, together with a scheme of home-built frequency con-
verters for infrared generation (optical parametric amplifier), are described in Chapter 4.
Chapter 5 reports results on a model system for DNA base pairing — 2-pyridone/2-
hydroxypyridine using various experimental techniques such as NMR spectroscopy, linear IR
and nonlinear ultrafast IR spectroscopy supported by DFT calculations. The largest part of the
thesis, Chapter 6, consists of extensive investigation of ultrafast dynamics of DNA-water sys-
tem. The description of a novel method of producing thin, high optical quality DNA films is
followed by a presentation of pump-probe results in a very wide frequency range, covering
OH/NH stretching and phosphate stretching vibrations. Finally, the last Chapter summarizes
this thesis.

10



2 One- and two-dimensional linear vibrational spectroscopy
in studying hydrogen-bonded systems

2.1 Vibrational Hamiltonian of polyatomic molecule. Effects of anharmonicity

A molecule with N atoms has 3N degrees of motional freedom, of which three correspond to
translation of the canter of mass, three to rotation of the whole molecule, and the remaining
3N — 6 to internal vibrations that leave the centre of the mass stationary (since a linear mole-
cule has only two rotational degrees of freedom, it has 3N — 5 vibrational modes). Usually
complex molecules are treated in the harmonic oscillator approximation, where only quadratic
terms are included in the molecular potential energy function giving rise to independent vibra-
tional normal modes. In this situation, it is possible to represent any vibrational motion as a
superposition of normal modes. The vibrational energy of the molecule then can be written as
the sum of the energies of the individual normal modes:

3N-6 1
E:I;;)rm = Z (}’li +Ejha)l-, (21)

i

where 7n; is the vibrational quantum number (excitation level) of mode i (n; =0, 1, 2, ...) and
®; 1s its harmonic frequency.

However, for hydrogen-bonded systems, the higher order terms of the molecular potential
energy function in every single vibrational coordinate that leading to anharmonicity effects,
cannot be neglected. Anharmonicity is typically treated as perturbation to the Hamiltonian in
the eigenstate representation of the harmonic oscillator normal modes. The Schrodinger equa-
tion then no longer resolves into a number of independent equations for each normal mode.
The total energy is no longer the sum of eigenvalues but it contains cross-terms involving two
or even more normal vibrations and can be expressed as (without degenerate modes):

3N-6
E:zizharm — z (ni +%j ha)i +Z(nl +%j (nj +%) hxij +..., (22)

i i<j
where x;; are the anharmonic coupling constants between modes i and j, which typically have
negative values. They can be derived from the cubic and quartic (or even higher orders) force
constants ¢ by expanding the potential energy V' in a Taylor series in a normal coordinate (g)
basis [15]

3N-6 3N-6 3N-6 N

V=Vy+ 200+ 20,90, + 2 0u4:0,0 + 2 Poudid 90 + - » 2.3)

i ijk ijkl

th .
where the n~ order force constants are given by

Pijk.. nl\ 04,04 04, .. 0- (2.4)
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The potential can be defined such that V) = 0. First-order and harmonic second-order off-
diagonal force constants vanish in the orthonormal basis of normal modes.

Electromagnetic radiation with an appropriate frequency in the IR region can excite the mole-
cule from one nuclear state, n;, to the next higher one, n; + 1. If the frequencies of the normal
modes do not change significantly when the molecule is excited, the excitation energy
is(n, +1—n,)hw,. In the cases where the potential energy curve displays a pronounced anhar-

monic shape, i.e., when exists a coupling between a given vibrational mode £ and, for in-
stance, bath of remaining modes i # k , its transition frequency is given by [16]:

U(I’lk —>n, +1)= v, +2x,n, +2xikni (2.5)

i#k

where vy, is the anharmonic correction of the n, =0 — 1 transition when the other vibrational
modes 7 are in their ground states, i.e., in the cold molecule:

1
Uy = @& +2xy +szik . (2.6)

i#k

The second term in the Eq. (2.5) describes the “diagonal” anharmonic shift of an excited vi-
brational mode k. In transient vibrational spectra, diagonal anharmonicity manifests in the
lower frequency of v = 1 — 2 transition (called excited state absorption, see also Chapter 3)
with respect to the v = 0 — 1 fundamental one. In other words, the fact that the energy spac-
ing between vibrational levels become smaller as the vibrational quantum number increases,
makes possible to detect transient spectra of these transitions with time-resolved spectroscopy
(for more details, see Chapter 3.10 about pump-probe spectroscopy).

The third term in the Eq. (2.5) reflects the “off-diagonal” anharmonicity, the situation when
the vibrational energy of a molecule is redistributed over the low-frequency vibrational
modes, in this way exciting them. When other modes i are highly excited, the marker mode &
exhibits a red-shifted transition frequency, even for the fundamental vy = 0 — 1 transition.
Anharmonic coupling to the examined mode affects not only its frequency, but also a line-
shape, as it will be discussed in more detail in the sections 2.4.1-2.4.3.

The excitation of a vibrational mode requires

3N-6 - 3N-6 -

=g+ Y (5_%‘} oy [a_“J 4, + 2.7)

~ \0q,; 0 7\ 04,4, 0

to be nonzero (u is the molecule’s dipole moment including contributions from both electronic
and nuclear charges, ¢ is vibrational coordinate): the transition is allowed only if the vibration
perturbs the equilibrium geometry in a way that changes the dipole moment of a molecule. In
other words, IR transitions are forbidden (in a harmonic approximation) or only weakly al-
lowed (in a case of anharmonic oscillator) for vibrations that are symmetric with respect to the
molecular structure.

12



For anharmonic potentials, the higher terms of the potential energy according to Eq. 2.3 are
not negligible; the mechanical anharmonicity gives rise to overtones: vibrations with the dou-
ble, triple, or multiple frequencies of the fundamentals. Overtones may appear also as a result
of electrical anharmonicity - the higher terms of the dipole moment according to Eq. 2.7.
Since both equations may contain mixed terms, combinations of two or more normal vibra-
tions, i.e., sums or differences, are produced. These appear in the spectra, but usually only
with small intensity. Also Raman spectra show overtones and combinations due to mechanical
and electrical anharmonicities [17].

Similar to IR spectroscopy, Raman spectroscopy reveals transitions between distinct
vibrational states of molecule. However, the origin of Raman spectra is markedly different
from that of IR spectra. In Raman spectroscopy the sample is irradiated by laser beams in the
UV-VIS region (vy) and the two types of scattered light is observed. One, called Rayleigh
scattering has the same frequency as the incident beam (vy) and the other, much weaker (~10
> of the incident beam), is called Raman scattering and has frequencies vy - v,, (Stokes scatter-
ing) and vy + v, (anti-Stokes scattering), where v,, is a vibrational frequency of a molecule.
Raman spectra are typically observed for vibrational and rotational transitions, although it is
possible to observe Raman spectra of electronic transitions between ground states and low-
energy excited states [18]. The Raman excitation requires (0 /0q), to be nonzero, i.e., the

vibration is Raman-active if the polarizability («) of vibration with respect to the vibrational
coordinate changes. In contrary to IR spectroscopy, the totally symmetric vibrations are al-
ways Raman-active. Hence, IR and Raman spectroscopy are often complementary spectro-
scopic techniques.

2.2 Vibrational spectra

Most analytical applications of IR spectroscopy are based on Bouguer- Lambert-Beer law,
describing the transmission (absorption) of the flux of photons @, by a sample:

D, =D, exp(-eC) =D, 10" =D 10 (2.8)

Here A4 is the absorbance or optical density of the sample, ¢ is called molar extinction (ab-
sorption) coefficient, customarily expressed in M™' cm™, / is a cell thickness (in cm) and C is
the concentration of the absorbers (in M).

The IR spectra typically display dependence of absorbance on the frequency of light by plot-
ting 4 or ¢ as a function of the frequency (v), the wavelength (1) or the wavenumber (V),

— 1 14 . -1
where v = — = — and has units of cm™".
c

If the set of spectra have been measured in function of some controlled change (perturbation),
the mathematical correlation between the absorbance changes at different frequency position
can be found and plotted as a two-dimensional contour map. This idea is essentially the fun-
dament of two-dimensional correlation spectroscopy, developed by Isao Noda in the 1980s.
The method will be introduced in the Section 2.5.
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2.3 Vibrational spectroscopy of hydrogen-bonded systems

It is evident from the classical definition of hydrogen bonding that formation of X—H-Y bond
is accompanied by a weakening of the covalent bond of the donor X—H group. As a conse-
quence, the force constant of the stretching vibration is reduced, which leads to a red-shift of
its frequency [6]. This effect is often accompanied by vibrational line broadening and reshap-
ing (compare Figure 2.1) as well as substantial increase in intensity.

The substantial enhancement of the spectrally integrated absorption intensity is related to
changes of the electronic structure. In contrast to the stretching mode, X—H in-plane bending
modes (6xn) as well as out of plane bending modes (ynn), with transitions located in the fin-
gerprint region of the vibrational spectrum (by the term fingerprint region of the infrared
spectrum the frequency range between 500 and 1500 cm™ will be understood throughout the
thesis), undergo small shifts towards higher frequencies upon hydrogen bonding, but typically
the line shape remains unaffected [12].

a) "Phenol in C,Cl,
OH
1 e —l
b ' HODinD,0
OH

L T t T T T '
= ©) Acetic acid in C,Cl,
Ra)
S
S
<
d) 2-pyridone in CD,Cl,
M
; + ; + ;
5) ‘; DNA:CTMA
NHOH || 2 ;
| o Ul LH\V) 1 L T
2500 3000 3500

Wavenumber (cmi')

Figure 2.1 High frequency part of infrared absorption spectra of phenol in CCly (a), HOD in D,0 (b), acetic
acid in CCly (c), 2-pyridone in CD,Cl, (d) and DNA:CTMA complex for different hydration levels (e).

In Figure 2.1, the NH/OH stretching steady-state absorption spectra in different chemical en-
vironments are compared. Free (non-hydrogen-bonded) OH groups (Figure 2.1a), e.g., phenol
dissolved in non-polar solvent give rise to a narrow (Full Width at Half Maximum, FWHM
less than 20 cm™) absorption band with a maximum around 3600 cm™. A hydrogen-bonded
OH or NH group displays a stretching frequency substantially lower than that of free OH/NH
groups. In Figure 2.1b, the OH stretching band of HOD dissolved in D20 is shown. Such a
system is classified as a weak hydrogen bond with an absorption band maximum of the OH
stretching band at 3400 cm™ and a bandwidth of 235 cm™. The cyclic acetic acid and 2-
pyridone/2-hydroxypyridine dimers are examples of molecular systems that have been studied
[19,20,21,22] because they represent valuable model systems of intermolecular hydrogen
bonds that resemble the base pair of DNA. Their IR spectra in the frequency range 2300-3700
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cm™ are presented in Figure 2.1(c,d). In both cases, the OH/NH stretching band has a band-
width exceeding several hundreds of wavenumbers with a band maximum strongly red-shifted
compared to free or weakly hydrogen-bonded OH stretching vibrations. In addition, the IR
vibrational bands of these systems display a fine spectral substructure, a characteristic feature
of medium to medium-strong hydrogen bonds. In Figure 2.1e, the linear spectra of an artifi-
cial, short double-stranded DNA oligomer containing only adenine and thymine base pairs, is
shown for different hydration levels.

The strong broadening of the fundamental OH/NH stretching transition upon hydrogen bond-
ing has a non-trivial origin, which cannot be explained simply by faster dephasing times (7)
due to solvent-solute interactions. The main factor, which must be taken into account for the
detailed analysis of broad, and for medium-strong hydrogen bond also peculiar spectral enve-
lope, is anharmonicity. Formation of a hydrogen bond enhances anharmonicity of potential
energy surface of the OH/NH stretching coordinate, which leads to several consequences. The
most obvious one is decreasing energy separation between the following vibrational states, v,
e.g. the v=1 — 2 transition with respect to v =0 — 1 (“diagonal” anharmonicity). According
to a theoretical model proposed by Hadzi and Bratos [12] anharmonicity of the potential ener-
gy surfaces results in a coupling of the X—H stretching (fast) mode to the low frequency
modes (Figure 2.2), which modulates the hydrogen bond length (slow mode). The conse-
quence of such coupling (also called in literature Frank-Condon progressions) is enhancement
of spectral substructure of the X—H stretching band. Similar effects can be caused by Fermi
resonances and excitonic/Davydov type of interaction (the latter for systems with several hy-
drogen bonds), all of them transforming the hydrogen stretching oscillator into a vibrational
multilevel system with a numerous transition lines (the detailed discussion will be given in
Sections 2.4.1-2.4.3). In addition, a fine substructure of the spectra is often washed out as a
result of broadening of the vibrational transition lines and spectral diffusion induced by inter-
actions with the liquid (see Section 2.4.4). As a consequence, the line shape analysis of vibra-
tional spectra of hydrogen-bonded systems in the liquid phase (see also Section 3.8) has re-
mained a very difficult scientific problem [23,24,25,26], almost unsolvable for linear
spectroscopy.

The time scales of hydrogen bond dynamics is dictated by the relevant molecular vibrations:

e The hydrogen donor stretching vibration, X—H, displays a very short oscillation pe-
riod, on the order of 10 to 15 fs (corresponding the frequency in the range of 3000
cm™) [27]. The strong OH stretching absorption band of neat water and the NH/OH
stretching absorption of hydrated DNA (Figure 2.1¢e) extend over a broad frequency
range between 3000 and 3700 cm™.

e Formation of intermolecular hydrogen-bonded dimers gives rise to new vibrational
low-frequency modes, such as the dimer hydrogen bond stretching (vgimer) and bend-
ing (S4imer) modes. In hydrogen bond networks, e.g., in water, intermolecular modes
often extend over several molecules and dominate the low-frequency vibrational
spectrum. The small force constants and the large reduced mass of such hydrogen
bond modes result in low-frequency modes typically located below 300 cm™. Thus,
these hydrogen bond motions with vibrational periods of about 660 to 80 fs are
clearly separated in time from high-frequency X—H stretching motions with much
shorter vibrational periods.
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e In intermolecular hydrogen bonds, molecular rotations hindered by hydrogen bond-
ing and low-frequency translational modes are represented by librational modes.
Librations and translations play a fundamental role for hydrogen bonds breaking
and (re)formation [28] — processes which occur on a femtosecond to picosecond
time scale.

Femtosecond spectroscopy allows for following the vibrational dynamics of hydrogen-bonded
systems in real time. In addition, ultrafast vibrational spectroscopy provide specific infor-
mation on the various coupling mechanisms (between different oscillators or between oscilla-
tors and their molecular bath) by separating them in the nonlinear time-resolved response
[14,29].

2.4 Vibrational coupling mechanisms

In the section 3.2, the density matrix approach of statistical mechanics will be introduced. The
density matrix, p(z), can be calculated in a frame of perturbation theory, where interaction
between the light field and the system is considered as a perturbation. Using this approach for
describing the vibrational line shapes, the vibrational absorption coefficient forav =0 — 1
transition is given by the Gordon formula [30]:

. 27 _ _ ha)o % T —i(w-awy)t
a(w) = S a){l exp[ kBTﬂ [0 dre (M(1)M(0)) (2.9)

with

t

<M<r>M<0)>=|uI2<exp[—ij 5w(r)]>zu2 exp{—%j <5w(rl>5w(r2)>dadrz} (2.10)

where u is the dipole moment of the vibrational frequency wy, V' is the volume of the liquid
sample and # is its refractive index. The Eq. (2.9) is fully quantum mechanical and is exact up
to its first-order terms in perturbation energy. The core of Gordon expression is the two-time
dipole moment correlation function <M(t)M(O)> , which is characteristic in statistical mechan-
ics for slightly perturbed systems, playing a similar role to two-time correlation functions (in-
volving other dynamical variables) in other types of spectroscopy such as NMR, Raman and

neutron scattering [13]. This approach is probably the most straightforward way to study band
shape problems, since the vibrational line shape is determined by the Fourier transform of the

dipole moment correlation function <M(t)M(0)> taken as an ensemble average of non-
perturbed system. <M(t)M(0)>is related to the transition frequency fluctuation correlation
function C(f) = <5a)(rl)5a)(0)> (Eq. 2.10), where dw(z) represents the time-dependent fluctua-

tion of the vibrational transition frequency wy.

To calculate vibrational absorption coefficient, the Hamiltonian including potential energy
surface of hydrogen bonded molecules together with interactions with the bath must be
known (Eq. 2.3) [24,25,26]. Therefore, different mechanisms of vibrational coupling need to
be considered.
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Hydrogen bonding increases the anharmonicity of the potential energy surface, which results
in strong enhancement of mechanical coupling between the involved vibrations. Anharmonic
mode coupling is responsible for broadening and reshaping of vibrational absorption band and
is also crucial for hydrogen bond dynamics and vibrational energy transfer. In the vibrational
spectra, anharmonic mode couplings are manifested by the appearance of over- and combina-
tion tones, band splitting and/or frequency shifts of harmonic transitions.

2.4.1 Anharmonic coupling with low-frequency hydrogen bond modes

The anharmonicity of the potential energy surfaces results in a coupling between the high-
frequency X-H stretching mode and low-frequency hydrogen bond modes, which modulate
the XY distance.

q(1)

U-"’""
S

ow

Figure 2.2: The graphic representation of a hydrogen bond where the high frequency X-H stretching mode (q)
and the low frequency X-Y motion (Q) have been tagged.

The system Hamiltonian can be expressed as the sum of two harmonic oscillators (for a fast,
g, and slow, O, modes) coupled to the bath, x, [12]:

2 me 2 Pz MQZ 2 2 2.2
p G/J‘(Q)q (x) Q pn na)n xn

H(q,0)=—+ + + + + 2.11

(¢.0) 2m 2 2M 2 Z2m 2 ( )

with the reduced masses m, M and m,, conjugate momenta p, P and p,, and the correspond-
ing eigenfrequencies o, £ and w,. An effective angular frequency w.; of the fast vibration is
given by:

@, (0)=o\1+bgq (2.12)

where b is a constant that quantifies the anharmonic coupling between the fast and the slow
mode. In a given Hamiltonian, the fast mode is coupled to the slow mode, which in turn is
coupled to the bath and hence, the effective eigenfrequencies of the fast mode w.; and slow
mode Q will depend on Q and x,, respectively, regardless of the specific type of interaction
between the coupled oscillators.

The square root in Eq. 2.12 can be expanded into a Taylor series to the first order of QO:

@, (Q) =w+bQ (2.13)
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This theoretical prediction stays in agreement with the experimental findings [31,32] that the
spectral red shift of the X—H mode scales roughly linearly with the hydrogen bond length, Q.

The time scales between low- and high-frequency modes differ significantly and thus, similar-
ly to the Born-Oppenheimer-like separation of electronic and nuclear degrees of freedom, the
different states of the X—H stretching oscillator define adiabatic potential energy surfaces for
the slow mode Q (Figure 2.3). Vibrational transitions from different levels of the low-
frequency oscillator in the vyy = 0 state to different low-frequency levels in the vyy = 1 state
leads to a progression of lines which, for moderate displacements, is centred at the pure X—H
stretching transition and displays a mutual line separation by one quantum of the low-
frequency mode, Q. Excitation of anharmonically coupled oscillators with a broadband ultra-
short laser pulse resonant to the X—H stretching band can create a phase-coherent superposi-
tion of several levels of the low-frequency mode making up a vibrational wave packet [27].
These vibrational wave packets can be observed by ultrafast nonlinear vibrational spectrosco-
py as coherent dynamics [22,33,34].

V(Vy,) = 1

w(Q) =1

177 R

Energy

v(v,, )=0

XH

v(Q)=1
v(Q)=0

Slow-Mode Coordinate Q

Figure 2.3: Potential energy surfaces for the hydrogen bond low-frequency mode in a single hydrogen bond,
showing a displacement along the low-frequency (slow-mode) coordinate Q as function of the quantum state of
the X—H high-frequency (fast-mode) stretching coordinate ¢ (vy).

2.4.2 Fermi resonances

If the two vibrational states of a molecule transform according to the same irreducible repre-
sentation of the molecular point group and their transition energies (accidentally) are similar,
the Fermi resonance” effect can occur. In the infrared or Raman spectrum, this phenomenon
leads to two bands appearing close together when only one is expected.

Fermi resonances between the v(v, ,)=0—1 stretching mode and overtones or combina-
tion bands of modes located in fingerprint range of vibrational spectrum lead to level splitting
of the X—H stretching transition [25]. In this way, the weaker modes (over- and combination
tones) gains intensity (becomes more allowed) and the more intense band decreases in cross

> The phenomenon was first discovered by the Italian physicist Enrico Fermi in 1931 for CO, molecule, where
the bending overtone and the stretching fundamental frequency of the of C=0 have almost identical energy.
As a consequence, instead of expected one band in 1354 cm™, two bands were observed in the Raman spec-
trum of the CO, molecule with the frequencies 1285 cm™ i 1388 cm™.
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section. In the case when the stretching fundamental tone couples weakly to the bending over-
tone, the Fermi resonance facilitates an efficient vibrational energy redistribution channel
(Figure 2.4, left scheme). When the Fermi resonance is strong, the resulting coupled states
split, and coherent excitation of these split states will result in quantum beats of nonlinear
signals. (Figure 2.4, right scheme) [27].

'
v, =1 — ! _ WV S
Xt ~ U(6x| |) 2 D(VXH/ axH) =] ) T,
DBy =1 o
D(VXH) - 0 U(BXH) - 0 D(vx[-[) - O D(SXH) = 0

Figure 2.4: Fermi resonance scheme in the weak (left) and strong (right) coupling limits between the X—H
stretching v(vxy) = 1 and the v(dyy) = 2 bending levels. In the weak Fermi resonance facilitates an efficient re-
laxation channel for energy redistribution, whereas in a strong coupling case explains the observation of addi-
tional transitions within the X—H stretching bands.

2.4.3 Davydov coupling between local X—H stretching oscillators

In systems where multiple hydrogen bonded oscillators exist in one molecular ensemble, for
instance X—H stretching modes in 2-pyridone or acetic acid dimer, in amide [ vibrations in
peptides or in nucleic acid base pairs, an excitonic type of interaction (Davydov coupling)
may occur between different resonant oscillators [24,35]. One can distinguish two limiting
cases of weak and strong coupling, in similar fashion like it has been done for the Fermi reso-
nance in the previous paragraph. Small couplings (Figure 2.5, left scheme) make the vibra-
tional excitation energy transfer between the neighbouring oscillators possible, whereas strong
coupling (Figure 2.5, right scheme), by creating the new combinations of quantum states, ex-
plains the energy delocalization and the line splitting [27].

(V) =1 C V) =1 OV / Vi) f 2 —
U(VXHI/VXHE) =1
V(Vyyyy) = 0 (Vi) =0 0V / Vi) = 0

Figure 2.5: The Davydov coupling scheme in the weak (left) and strong (right) limits between v(vyy) = 1 levels
of different X—H oscillators explain the phenomenon of vibrational excitation energy transfer (left) and excita-
tion delocalization (right).

2.4.4 Coupling with fluctuating solvent modes. Spectral diffusion

All the coupling mechanisms described in sections 2.4.1 - 2.4.3 occur simultaneously and, for
the non-fluctuating systems like isolated cyclic acetic acid dimer or 2-pyridone/2-
hydroxypyridine dimer, they are the main reason why the X—H stretching band displays many
subcomponents [19,22].

19



In liquids such as water, hydrogen fluoride, ammonia or alcohols, intermolecular hydrogen
bonds form extended networks, which structure undergo permanent distortion due to the
(mainly electrostatic) interactions with the solvent bath. The long-range fluctuating Coulomb
forces and hydrogen bond lengths lead to changes of transition frequencies and a decay of
vibrational coherence (vibrational dephasing), both greatly contributing to the line shape
[36,37,38,39,40,41]. The theoretical description of the vibrational relaxation phenomenon
together with a brief discussion about the vibrational line shape problem will be given in Sec-
tion 3.7.

The frequency of a particular transition (e.g., v(v,_,)=0-—1) in a disordered hydrogen-

bond network depends on the local environment, resulting in a (inhomogeneous) frequency
distribution within the absorption band. However, the structure of this network and — thus —
local molecular environment fluctuate in time, changing the frequency of a considered oscilla-
tor. This (typically ultrafast) stochastic frequency shifts within the spectral envelope of a par-
ticular oscillator are called spectral diffusion [42].

Recently, spectral diffusion in H,O has been observed directly with help of the two- and
three-pulses photon echo experiments [41,43]. 2D spectra of the OH stretching mode have
revealed that the configuration of water molecules interacting with an excited OH stretching
oscillator changes within 50 fs significantly enough to destroy a major part of the correlation
between the initial and final structural arrangement (ultrafast loss of structural memory).

Hydrated DNA combines quasi-static (N—H--N and N—H---O hydrogen bonds involved in the
double helix) and fluctuating hydrogen-bond structures (water molecules beyond the first
solvation shell). Understanding the ultrafast microscopic structural dynamics of hydrated
DNA is the main goal of this thesis.

2.5 Two-dimensional correlation spectroscopy

In general, one of the most important difficulties in analysing the linear infrared spectra is
existence of spectrally overlapping peaks. To overcome this problem, generalized 2D correla-
tion analysis based on Noda concept [44] is frequently used. In this method, the congested
spectra of perturbed sample consisting of many overlapped peaks can be simplified and the
spectral resolution increased by spreading peaks over a second dimension. Further advantages
are its ease of application and the possibility to make the distinction between band shifts and
band overlap. Each type of spectral event, band shifting, overlapping bands of which the in-
tensity changes in the opposite direction, band broadening, baseline change, etc. has a particu-
lar 2D pattern. Intriguing potential has the heterospectral correlation, where separate spectro-
scopic data obtained by means of two electromagnetic probes are combined using 2D
correlation (heterospectral correlation analysis between completely different types of spectro-
scopic techniques such as IR and X-ray scattering or closely related spectroscopic measure-
ments like IR/NIR, IR/Raman, UV-Vis/NIR, etc.).

In the following chapter, the theory of generalized two-dimensional spectroscopy together
with a practical realisation will be briefly introduced.

The changes of the infrared band intensity, its shape and spectral position, induced by an ex-
ternal perturbation can be transformed into two-dimensional correlation spectra as described
in the book of I. Noda and Y. Ozaki [45].
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Temperature and concentration are the most commonly used static perturbations for general-
ized 2D spectroscopy. Among other experiments, the temperature-induced dissociation of
hydrogen-bonded systems in alcohols [46,47,48,49,50,51] and amides [47,52,53], the dena-
turation of proteins [54,55], melting and premelting behaviour of polymers [56,57,58] should
be noted. A number of experiments have been performed for concentration- or composition-
dependent spectral modifications of simple molecules, proteins, polymers and multicompo-
nent mixtures. Concentration changes often induce nonlinear structural perturbations for a
variety of molecules. 2D correlation analysis is a potentially useful technique for finding such
changes, because if the systems yield nonlinear responses of spectral intensities to concentra-
tion changes (i.e., apparent deviation from the classical Beer-Lambert law), some new fea-
tures not readily analyzable by conventional techniques may be extracted [59].

The 2D correlation spectroscopy of the pressure or pH-dependent spectral variations has been
used to investigate protein structural changes [60] and denaturation, or polymer deformations
mechanisms [61]. 2D correlation spectroscopy has become very popular among optical spec-
troscopists, in particular for those who analyze IR or Raman spectra. In recent years, to inves-
tigate molecular orientation and structure of liquid crystals, 2D IR polarization angle-
dependent spectroscopy has been used [62]. 2D IR maps can also be created for reaction-
based spectral intensity changes, which make the technique very useful in studying complex
reaction kinetics, in electrochemistry and photochemistry (Refs. in [45]). An example of
chemical reactions studied by 2D correlation spectroscopy is an H/D exchange reaction to
probe the secondary structure of protein [63,64,65].

Other stimuli that are frequently used for 2D correlation spectroscopy are mechanical defor-
mation or an electric field. Recently the latter one has been particularly useful for exploring
the mechanism of the reorientation of liquid crystals [66,67].

In the following section, based on several publications [45,68,69,70], the fundamental concept
of perturbation-based 2D correlation spectroscopy will be provided. Discussion involves a
formal mathematical as well as practical numerical computation procedure to generate 2D
correlation spectra. Furthermore, basic properties of synchronous and asynchronous maps will
be given and two scaling methods that enhance weak spectral contributions will be discussed.

An external perturbation 8, applied on the system during a fixed interval 6,,;, and 6,,,,, induce
variations in the spectral intensity y(v,z). Depending on the type of experiment, this external
variable 6 can be simply time or any other measure of physical quantity, such as temperature,
concentration, pH, voltage, etc. The variable v can be any appropriate spectral index used in
the field of spectroscopy (Raman shift, wavelength, scattering angle, etc.).

The response of the externally perturbed system leads to distinctive changes in the measured
spectrum. This spectral variations induced by an external perturbation are referred to as a dy-
namic spectrum in 2D correlation, defined as:

v,0)—y(v 0. <06
y( ) y( ) fOr min max (2. 14)
0 otherwise

y(v.0) ={

where y(v)is the reference spectrum, which is not strictly specified, but in most cases the
averaged spectrum is used, as:
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6,

)= [v(v.6)d0 (2.15)

max min @ .

1

Depending on the experiment, it is sometimes better to select a different type of reference
spectrum by choosing a spectrum observed at some fixed reference point: =46 ., i.e.,

ref >

y(v)=y(v,0,,). However, without any prior knowledge about the specific physical origin of

the dynamic spectrum, the reference spectrum as defined by Eq. (2.15) is recommended to be
used for the correlation analysis.

The intensity of a 2D correlation spectrum, denoted as X(v;, v3), is equal to the cross-
correlation function designed to compare the dependence patterns on parameter € of two cho-
sen quantities y(v,, 6) and y(v,, 6) measured at two different spectral variables v, and v;:

-
7@, . —0_)

max min

X(v,,v,)=0((v,,v,)+i¥Y(v,,v,) = TYI(®)~Y2(®)d® (2.16)

where Y(0) is the forward Fourier transform of the spectral variation y(v;, ) observed at a
given spectral variable v; with respect to the external variable 6

Y, (@) = T y(v,,0)-e7°%do (2.17)

and a similar expression holds for y(v,, 6).

The intensity of a synchronous 2D correlation peak @(v;, v,) represents simultaneous or coin-
cidental changes of two separate spectral intensity variations measured at v, and v, (cf. Figure
2.6). In contrast, the intensity of an asynchronous spectrum ¥(v,, v,) represents sequential or
successive instead of coincidental changes of spectral intensities. The asynchronous spectrum
has no diagonal peaks, and cross peaks appear only if the intensities of the two spectral
changes are noncoincident. In addition, the sign of asynchronous peaks provides information
on the sequential order of spectral changes (cf. Figure 2.7).

The basic concept of 2D correlation spectroscopy is closely related to the classical statistical
theory of cross-correlation analysis.

One can express the cross-correlation function as:

6,

max

C(r) =y [501,0)- 7(v..0+7) o, 2.18)

max min Ornin

where 7 is the correlation variable. The function compares the dependence (in function of per-
turbation parameter §) of two separate functions (i.e., intensities of dynamic spectra measured
at two different wavenumbers) shifted by a fixed constant 7. The corresponding cross spec-
trum S(w), which is the Fourier transform of the cross-correlation function, is given by:
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Y, (@) Y (@)

S(w) =
( ) emax _emin

=¢,(v,,v,) iy, (v,,V,). (2.19)

It can be shown [45], that using the Wiener-Khintchine theorem (which establishes a conven-
ient relationship between a cross-correlation of two functions and their Fourier transforms),
the synchronous 2D correlation intensity @(v;, v») can be directly calculated from the cross-
correlation function with ¢ = (. It is important to note, that the determination of the cross-
correlation function according to Eq. (2.18) does not require the use of the Fourier transfor-
mation of dynamic spectra and hence the synchronous 2D correlation spectra can be easily
computed as:

Ornax
O(v,v,) = — [701,0)-5(,,0) d0 (2.20)

max min @ .

To bypass Fourier transformation in calculating the asynchronous spectrum, the Hilbert trans-
formation of dynamic spectra is utilized.

For a given analytic function g(2), its Hilbert transform h(t) is defined by:
h(t) = j 20" )de' 2.21)

where the singularity at the point where 8°= 6 is excluded from the integration (Cauchy prin-
cipal value). The functions g(?) and A(t) are orthogonal to each other with a relationship:

[ htyd =0 02

It can be presented [45] that the asynchronous 2D correlation spectrum can be computed di-
rectly from the dynamic spectrum and the orthogonal spectrum:

Y(v,v,) = ﬁ jy(vl,e) Z(v,,0) dO (2.23)

min g, .

where the orthogonal spectrum z(v,,8) is the Hilbert-transform of the dynamic spectrum
y (VZ s 0) :

In a typical measurement, the spectral data are obtained in digitized discrete form rather than
as continuous functions.

For a series of m sequentially collected spectral data y;(v) with a fixed increment along the
external variable 6; (between 0,,;, and 0,,..), the dynamic spectra are defined as:
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y,»=y,v)-yv) j=1,2,....,m (2.24)
If the average spectrum given by:
_ 1 m
W ==> y,(" (2.25)
m‘3

is used for the reference, the dynamic spectra reduce to the mean-centred spectra.

It is possible to calculate standard intensity deviation of spectral intensity fluctuations ob-
served at a selected wavenumber v:

o(v) =\/Z v, -3 (2.26)

The integral in Eq. (2.20) can be transformed to a discrete summation form and hence, the
synchronous 2D correlation intensity may be directly calculated from the dynamic spectra:

O(v,v,) _%i Vl)'JN/j(Vz) (2.27)

Similarly, by adopting Eq. (2.23) for a discrete set of dynamic spectra, one obtains the compu-
tational formula for an asynchronous spectrum:

Y(v,.v,) =ﬁi%(vl>-z,<vz> (2.28)

The discrete orthogonal spectra Z,(v,) can be directly obtained from the dynamic spectra

y;(v,) using a simple linear transformation:

Ej(VZ):ZNjk 'yk(vz) (2.29)
k=1
where
0 j=k
N, = for 2.30
" {1/ (k- J) otherwise (2.30)
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Figure 2.6: Schematic contour map of a synchronous (®(v;, v,) 2D correlation spectrum together with a brief
summary of their interpretation rules. Shaded areas indicate negative correlation intensity.
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occur after the changes at B and D.

Figure 2.7: Schematic contour map of an asynchronous (¥ (vi, v,)) 2D correlation spectrum together with a

brief summary of their interpretation rules.

The synchronous and asynchronous 2D correlation maps presented in this thesis have been
computed using home-made MATLAB script, where the set of dynamic spectra collected as a
function of external perturbation have been composed in matrix form.

In such case, the spectral data matrix Y consist of m rows of dynamic spectra (each measured

at a different perturbation variable 6 = 6,, 6>, ...
iations along the external variable:
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JN/(VI;@) ;(Vz:,@) ;(V,,:aez) (2.31)

;(Vl’em) i(VZ’em) e i(vn’gm)

It can be easily shown that synchronous spectrum may be related to the covariance matrix of
the observed experimental result, if the sampling measurement is taken at fixed interval.
Hence, a synchronous spectrum in matrix representation takes the form:

O=—-Y'Y (2.32)

Similarly, the matrix form of an asynchronous spectrum is given by multiplying the data ma-
trix Y and the orthogonal counterpart of Y obtained by the Hilbert transformation:

v-— y'Ny (2.33)
m—1

where N (m x m) is the Hilbert-Noda transformation matrix

0

(e
= s

e N =

1
3
1
2
. (2.34)
0

which by premultiplication provides the expression equivalent to a pertinent segment of the
Hilbert transform of each column vector of Y.

Generalized 2D correlation spectra given by Eqgs. (2.27) and (2.28) correspond to the real and
imaginary part of complex cross-correlation function (Eq. 2.18). They contain both infor-
mation about the magnitude and relative phase of intensity variations. Signal fluctuations with
large amplitude tend to dominate the 2D correlation spectra, often obscuring the relatively
small but important features [71]. This problem is especially serious for a synchronous peaks
located close to the main diagonal, where they can be easily covered by overlapping strong
autopeaks.

To enhance weak spectral contributions in 2D correlation spectra, various scaling methods
have been proposed [70]. The technique called unit-variance scaling eliminates the effect of
magnitude of intensity variations leaving only correlational information. Since the correlation
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intensity is all normalized to unity, no useful information can be extracted around the main
diagonal of the synchronous map. Moreover, the method significantly amplifies the noise con-
tributions. Pareto scaling’, on the other hand, by using the square root of standard deviation
as a scaling factor, circumvents the amplification of noise by retaining the small portion of
magnitude information. Using the Egs. (2.26-2.28), the Pareto-scaled 2D correlation spectra
can be defined as:

D(v,v,)

4 o(v)-o(v,) 2.35)

Y(v,v,)

Jo)-o(v) (2.36)

In Pareto-scaled 2D spectra, minor peaks become much better visible and the autopeaks along
the diagonal in the synchronous spectrum after scaling are still discernible.

CD(VI , Vz )Pareto —

\P(Vl , V2 )Pareto —

All the two-dimensional spectra presented throughout this thesis, are generated using the algo-
rithm based on Pareto-scaling method.

Infrared spectroscopy is widely used for structural analysis of polypeptides and proteins be-
cause many functional groups have characteristic vibrational frequencies. However, their
spectra are affected by coupling of the vibrations of neighbouring peptide groups [72]. This
coupling is analogous to exciton interactions of electronic transitions, and its results in similar
splitting of the absorption bands (compare Section 2.4.3). In addition, the situation is compli-
cated by coupling of the transitions through both covalent bonds and hydrogen bonds as well
as through space. A linear infrared spectroscopy provides only time-averaged picture, having
no possibility to diminish different microscopic interaction mechanisms.

As a consequence, combination of frequency and time-domain spectroscopic method, like
(multidimensional) nuclear magnetic resonance and time-resolved optical spectroscopy, are
required to investigate the dynamics of hydrogen-bonding systems. The fastest events that can
be grasp by NMR spectroscopy have a time scale of milli- to microseconds. In contrary, with
optical spectroscopy employing ultrashort laser pulses it is possible to study even the fastest
dynamics occurring on a time scale of a few femtoseconds [13]. Time-resolved infrared spec-
troscopy, in particular two third-order nonlinear techniques: pump-probe (see Sections 3.10
and 4.4) and photon echo have been extensively applied in studying hydrogen-bonded sys-
tems. The introduction to nonlinear spectroscopy will be given in the next chapter.

* Vilfredo Pareto (1848-1923), Italian economist, well known from his famous Pareto principle, also known as
the heuristic 80-20 rule.
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3 Nonlinear spectroscopy

Nonlinear optical spectroscopy is a powerful tool to study the dynamics and interactions of
condensed matter systems. Time-resolved vibrational experiments allow to extract spectro-
scopic information that is hidden in a conventional measurement of the infrared or Raman
spectra.

3.1 Optical polarization

The light emitted from conventional light sources such as bulb or flash is neither monochro-
matic nor coherent and hence, the amplitude does not exceed the values 10° V/m, which cor-
respond to several W/m?. The radiation of such intensities interacting with matter (by absorp-
tion, light propagation, dispersion, reflection and refraction) does not change significantly its
macroscopic and microscopic properties because it is several orders of magnitude smaller
than the electric field in matter (about 10'' V/m) [73]. For a low intensity of light, the polari-
zation, P induced in the material depends linearly on the electric field intensity £:

P=2VE, (3.1)

where the quantity y(n) is the electric susceptibility tensor of order # and indices i and j denote
the Cartesian components of the polarization and the incoming field, respectively. For higher
light intensity, the functional dependence of P on E is unknown, but a common assumption is
that polarization can be expanded in powers of electric field:

F = Zil)E./ + Z;kz)EjEk + Z;Z)E_/EkEz +.=PY+P?P+P% 4+ (3.2)

This situation can be easily achieved when matter interacts with focused laser pulses, where
the light intensity can reach the values 10'® W/m? with a corresponding intensity of the elec-
tric field on the order of 10° V/m, comparable with electric fields existing between the charg-
es, nuclei and electrons, constituting matter. Consequently, the progress and achievements of
nonlinear optics that has been made in the last 50 years was strongly correlated with laser
technology development, in particular with generating short and intense laser pulses. The rela-
tionship between the light intensity / and the electric field amplitude is:

1=2n\/‘9:0 Al (3.3)
Hy

where n, 1y and g are the refractive index of the material, vacuum permeability and permit-
tivity, respectively.

Second order nonlinear phenomena are described by the second term of Eq. (3.2). If the mate-
rial is irradiated with an optical field oscillating at two frequencies, w; and w;:

PP(0)=xVE (@) E (@,) (3.4)
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then the nonlinear polarization does not oscillate at @; and w; but rather at new frequencies:
o =2w;, 20, 0t |0;-0;|, corresponding to the second harmonic generation (SHG),
sum frequency generation (SFQG), difference frequency mixing (DFM), and optical rectifica-
tion (OR, w = 0).

The intensity, /;, of the field generated by the polarization at a given frequency, w3, is [74]:

2
I (@) | 7| 11,0 sin cz(ATij (3.5)

with sinc(x) = sin(x)/x, L is the optical path length and Ak is the wavevector (phase) mis-
match:

Ak:kout _zkm (36)

where K, is the wavevector of the new outgoing field and k;, are the wavevectors of the in-
coming fields (k| = £ = nw / ¢). The second-order polarization gives rise to a signal field with
a significant intensity only if the phase-matching condition, Ak = 0, is satisfied. Since the
wavevector k is related to the photon momentum p (p =7#k) this condition simply corre-
sponds to momentum conservation law. For example for DFM, ®; = ®; - ®, and momentum
conservation (or phase-matching condition), Ak = 0, imposes that k; = k; - k. An important
consequence is that SHG, SFG and DFM cannot be realized simultaneously as their respective
phase-matching conditions are different.

A closer look at second order effects will be presented in Chapter 4, where a frequency optical
parametric converter (OPA), an important part of the experimental set-up, is described.

In isotropic media with inversion symmetry like liquid solutions, nonlinear effects that scale
with even orders of the applied laser field, vanish. Therefore, the third order nonlinear suscep-
tibility, P;”, is the lowest nonlinear response. In general, the third order polarization is given
by:

PO(@,) = 2VE () E,(0,) E(@) (3.7

The nonlinear polarization acts as a source of electromagnetic field with an intensity /; and a
frequency w4 of the signal, depending on the frequencies of the incoming fields and on the
geometry of the experiment [74]:

2
Ii(%)oc‘l;) LI LI Sincz(ATij (3.8)

Also in this case, the new field intensity is the largest when Ak = 0.

Third-order nonlinear spectroscopy involves the interaction of three electric fields in the ma-

terial. However, this does not imply that one absolutely has to use three different laser beams.

For example, as will be discussed in more detail in the Section 3.10, conventional transient
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absorption spectroscopy is a third-order nonlinear spectroscopy performed with two beams.
The third-order polarization technique, pump-probe spectroscopy is an example of such ap-
proach.

3.2 The quantum mechanical polarization

In condensed phase systems, we are dealing with statistical ensembles rather than pure states.
Therefore, the state of the system can be conveniently described by the density operator p(2).

The time-dependent macroscopic polarization is given by the expectation value of the dipole
operator u; [75]:

R = (1) (3.9)

Let Py be the probability of a system being in a pure state |l//k (t)>. The density matrix is then

defined as:

(3.10)

p:ZPk '|’//k><‘//k ,
p

with P, > 0 and ZBC =1 (normalization). If one expands |1//(t)> in a basis set {| n>} so that
k

|l//(t)> = Z c, (t)| n> and <l//(t)| = z c (t)<m| then p matrix has elements:

P =Zk:Pk<n|wk><t//k m) . 3.11)

In any representation, the diagonal elements of p(?) are nonnegative and thus, p,, can be un-

derstood as the probability of the system to be found in the state |n> known as populations:

SN ALV AN ) 20 (3.12)

The off-diagonal elements, p,,(?) with n # m are in general complex numbers and may con-

tain a phase. These elements are denoted as coherences.

The quantum dynamics of a condensed phase system can be conveniently described by the
Liouville-von Neumann equation which depicts the temporal evolution of the density matrix

operator, p(t):
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ih < p(0) =11, p(0) (3.13)

where [A, B] denotes a commutator ([A, B] = AB - BA) and H, being the sum of the system
Hamiltonian H0 and the electric field of a light pulse E(?) - i;, interacting with the system:

H(t)=H,+E(t)-u, (3.14)

A non-linear optical experiment is now described with a system at ¢ = 0 is at thermal equilib-
rium, expressed by a density matrix (with probabilities given by the Boltzmann distribution).
The system propagates under its Hamiltonian during the periods between the interactions with
the light field (e.g. three interactions in third-order nonlinear response). The polarization is
then calculated by acting from the left with the dipole operator and taking the trace, which

represents the average over the ensemble:

P(0) = Tr(1,p(1)) (3.15)
which is equivalent to the Eq. (3.9).

3.3 The nonlinear optical response functions

The interaction energy E(?)-u; of the systems investigated here is small compared to the transi-
tion energies of the isolated molecules. Therefore, the interaction Hamiltonian can be treated
as a perturbation assuming the stationary states of the molecule itself are known.

The dipole operator in the interaction picture is defined as:
1,(6) = U U, (1.1,) (3.16)
and the density matrix takes the form:
P, () =Uip()U,(1,1,), (3.17)

where Uy(t,ty) is the time evolution operator. Since Hy, the material Hamiltonian, is time in-
dependent and the time-dependent radiation-matter interaction is treated perturbatively, Uj is
simply given by:

Uy(t,t,) = exp{— (%jHO (t—1, )} (3.18)
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The Liouville-von Neumann equation (3.13) can be formally integrated and expanded in pow-
ers of the electric field. In the interaction picture, the perturbative expansion of the n”-order

density matrix p(¢) = p % (¢,) + z p"(t) yields [76]:

n

p' (1) = (—%jnjdranfn_l ---IdTIE(Tn)'E(Tn—I) e BE) G- (3.19)

) [Il'li(z-n)’ [ﬂi (7)o [ﬂi (7)), p(to)]- . ]] ) Ug (2,4))

p(ty) 1s an equilibrium density matrix which does not evolve in time when subject of the sys-
tem Hamiltonian Hy, and therefore ¢y — —oo.

t] tn-l tn
e— - - S
—e——) Omm———e—
;=0 ‘L'g//‘[n_] Tn time

Figure 3.1: Time variables used in Egs. (3.20) and (3.21). The time points when the interactions between the
radiation field and matter takes place are denoted by 7 and the time intervals between these interactions are rep-
resented by ¢.

By replacing the time variables according to the Figure 3.1 and then inserting Eq. (3.19) into
(3.9), one obtains the expression for the n”-order polarization:

P(t) = T dt, Tdtn_l ]gdt1 SP(t, 1, s nt)) X

(3.20)
xE(t—t) E(t—t —t, )e..-E(t—=t,—1,  —...— 1,
with
SP(t, 8, 1. nt)) =
E(_%j”@)(zl)@(zz)---@(tn)x 3.21)

lanle, oot t)onle vt ) [ 0 pl-0)) )

The n"-order nonlinear response function, S™, carries the complete microscopic information
necessary for the calculation of optical signals. The response function is defined for positive
times ¢; only, which is guaranteed by the Heaviside step function [® (t;) = 1 for t; > 0 and ®
(t;) = 0 for t; <0]:

St ,t, ye.nt) =0 (3.22)

The reason for vanishing the response function, S® if any of its time arguments t; become
negative, reflects the principle of causality, which implies that the cause (here: electric field,
E) must precede the effect (polarization, P;).
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The optical response function is a sum of 2" tensors (in practise only half of them are inde-
pendent and need to be considered; the other half is the complex conjugate of the former),
each consisting of (n+1) dipole correlation functions. These tensors, together with the possi-
ble field interactions represent the potential light matter interactions called Liouville space
pathways. Graphic representation of these paths is provided by the double-sided Feynman
diagrams, which will be introduced in the next section.

3.4 Feynman diagrams

The ensemble averaged part in the Eq. (3.21) for the third-order nonlinear response of a two-
level system can be rewritten as a sum of eight terms:

(ualty + 1+ Y ulty + 1) [t [0} p(=o0) ) =

= (ulty + 1, + 1 )uulty, + 1, )l )u(0)p(—0)) = =R,
—(ulty + 1, + 1 )ulty + 1, )ult )p(—0)u(0)) - =R
=ty + 1, + 4, )ult, +1,)u(0) p(—w)ﬂ

+ (aales + 1, + )ty + 1, )p(=20) (0l
=
(
(
=

>+ =R,
= R, (3.23)
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Since half of the terms in Eq. 3.23 are the complex conjugates of the other half, only four
Feynman diagrams (four different Liouville space pathways) have to be considered here
(Figure 3.2).

In these diagrams, the density operator is symbolized by two vertical lines: the time evolution
of the ket is represented by the left line and the temporal evolution of bra — by right line,
while time runs from the bottom to the top. Interactions with the light fields are represented
by arrows: these pointing towards the diagram represent photon absorption, while the others,
pointing away, symbolize photon emission. An arrow pointing to the right represents an elec-
tric field with a phase factor ¢ while an arrow pointing to the left represents its complex
conjugate. The central part of the diagram, between the pair of vertical lines, contains infor-
mation on the density matrix p during the corresponding time interval (e.g. the density matrix

Pgz  Pee
Peog Pl
ground and excited states, respectively) [77]. Each diagram has an overall sign of (-1)", where
n is the number of interactions from the right (acting with the dipole operator onto the bra).
The last interaction (dashed arrow) is not part of the commutator, but originates from the trace
in Eq. (3.9). It corresponds to the emission of light (an arrow pointing to the left) whose k-
vector and frequency is determined by the preceding field interactions. The last interaction
must lead to the system arriving in a population state.

for a two-level system has four elements p :[ j, with subscripts g and e for the

33



In practice, the above described rules for constructing double-sided Feynman diagrams are
frequently employed to establish the relevant terms of optical response functions. The rotating
wave approximation (RWA) reduces the number of relevant interactions to resonant process-
es, which have a significant contribution to the signal. Some of the field interaction sequences
can be excluded by the phase-matching condition due to the geometry of an experiment. Usu-
ally, only a few diagrams survive the RWA and the phase-matching condition.
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Figure 3.2: The third order response of a two-level system represented with double-sided Feynman diagrams.
3.5 The reduced density matrix and thermal averaging

The quantum dynamics of a condensed phase system which is in contact with a heath bath can
be described in terms of density matrix p(z) which evolves according to the Eq. 3.13, now
taking into account system-bath interaction in Hamiltonian governing the dynamics of the
states:

02 p(0)=[H, 4 H, (0 + Hyy 1) p(0) (3.24)

Here, H) is the Hamiltonian of unperturbed system and H; describes the coupling between the
system and applied electromagnetic field. The interaction between the system and the thermal
bath is contained in Hsp. The random interactions Hsp(?) have to be averaged over the statisti-
cal ensemble. It is often assumed that this always gives rise to the time-independent parame-
ters in the Liouville - von Neumann equation of motion. The set of coupled differential equa-
tions called the optical Bloch equations, which describe the evolution of a two-level system
interacting with a strong radiation field and with thermal bath, are the example of such ap-
proach. The effects of a bath are incorporated via relaxation parameters representing popula-
tion relaxation (7) and coherence dephasing (7).

For large systems (such as investigated here molecules in condensed matter), with many de-
grees of freedom (in order of Avogadro’s number) it is impossible to know the entire micro-
scopic state. In such cases, a reduced description is needed, where one follows only the dy-
namics of a few selected and relevant molecules’ degrees of freedom and the other degrees of
freedom (e.g. surrounding solvent degrees of freedom) are treated as a thermal bath using
methods of quantum statistical mechanics. Thus, instead of calculating the entire density ma-
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trix p as defined in Eq. 3.11, one need to know the density operator defined in the subspace of
the system’s degrees of freedom, called reduced system density operator, with the elements
given by [76]:

0,,(1) =2 {nalp(t)| ma) = Try(n|p(t)| m) (3.25)

Where|a> denotes the thermal bath eigenstates and 77 is a partial trace over the bath degrees

of freedom. Reduced description, which offers the possibility to describe only the part of the
system of interest, has a close analogy in the concept of entropy.

The entropy of any system represented by density operator p can be defined as [78]:
S =k, InQ=—k,Tr(pln p) (3.26)

where  is the total number of accessible microstates of the system” and & is the Boltzmann
constant. The entropy of a system described by the density operator p is time independent:

S= %kBTr[H, plnp]=0 (3.27)

The entropy for a system described by reduced density operator o is defined as:
S=k,Tr(clno) (3.28)

and due to dephasing and relaxation processes induced by bath, does change in time. In a
complete dynamic description of a system, the entropy does not need to be introduced. How-
ever, on the greatly reduced thermodynamic level, entropy is crucial for a proper description
of the system, and the entropy of the subsystem reflects the loss of information about the sys-
tem.

3.6 The role of dephasing processes

Physical observables are directly related to the density operator introduced in the section 3.2.
In contrast to the wavefunction representation, every quantity appearing in the density opera-
tor description has a physical meaning and classical analogue. When an oft-diagonal density
operator element (coherence) evolves in time, it acquires a phase, which depends on the state
of the environment (bath). Performing an ensemble average of the off-diagonal density opera-
tor elements over the distribution of the environment degrees of freedom results in a damping
of these elements, called phase relaxation or simply dephasing. It is important to note, that

* The density operator represents an ensemble of systems through a mixed state. When Q = 1, the ensemble is
said to be a pure ensemble. The fact that the entropy vanishes for pure states is essentially the third law of
thermodynamics.
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describing the dephasing processes is possible only in the Liouville space with distinguishable
diagonal and off-diagonal elements of the density operator matrix. If one would follow explic-
itly the dynamics of all degrees of freedom, the wavefunction description is correct and the
concept of dephasing would be not necessary [76].

3.7 Vibrational relaxation

The vibrational energy relaxation in a condensed medium can be characterized, in the sim-
plest approximation, by two processes: energy relaxation processes (population relaxation)
defined as a lifetime in the excited vibrational level 7; and the phase relaxation (dephasing
time, 7). From phenomenological point of view, the dephasing process is a quasi-elastic pro-
cess in which the interactions with the environment destroy the phase coherence of the sys-
tem, but do not remove the system from the quantum state of interest [79].

The limitations of the Bloch description of relaxation in terms of parameters 7; and 7, stem
from the fact that this model requires a distinct time scale separation between the dynamics of
the system and the bath motions. If the local environment fluctuates on a very fast time scale,
its effect on the system can be averaged to constant parameters. In this fast modulation (Mar-
kovian) limit, the effects of the bath on the dynamics of the two-level system of Eq. 3.24 can
be completely described by phenomenological relaxation parameter 7, that affect the diago-
nal matrix elements of the density operator projected on the basis set of eingenfunctions of H
and parameter 7, which governs the relaxation of the off-diagonal elements [80]. As a conse-
quence, the optical transitions in the linear response regime are (homogenously) broadened.
For a homogeneous line of width 1/(nT,) the dephasing time 7', is given by:

i, L 3.29
T, (3:29)

where 7, is pure dephasing time, which describes the adiabatic modulation of the vibrational

energy levels of a transition caused by fast fluctuations of its environment [81,82]. Thus, the
measured vibrational linewidth may be dominated by population relaxation, dephasing or a
combination of both. If the line is inhomogeneously broadened as a result of slow bath dy-
namics compared to that of the system, neither the dephasing time nor the population-decay
time is directly related to the observed linewidth [79].

3.8 Line broadening mechanisms

The vibrational line shape of condensed matter systems contains detailed information about
the interactions of system of interest (e.g. normal mode) with its environment (e.g. solvent
molecules). Theories of spectral line shape analysis traditionally make a distinction between
the different mechanisms responsible for the line broadening. Kubo [83] formulated the theo-
ry (originally developed for nuclear spin transitions) of linear response based on stochastic
treatment of describing an oscillator whose frequency is modulated in a random way. In this
approach, two limiting cases can be distinguished by the separation of time scales. In the slow
modulation (static) limit, the correlation time of the bath dynamics is long compared to the
dephasing process of the probed transition. Line broadening is inhomogeneous and the ab-
sorption (emission) profiles are Gaussians. The shape of the band reflecting such, essentially
static distribution of transition frequencies carries no dynamic information. In the opposite
case, if the motions of the solvent molecules are so fast that the radiation field observes aver-
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aged energy levels (fast modulation limit), one talk about homogeneous broadening and the
absorption (emission) profiles are Lorentzians. For condensed matter at room temperature, the
structural reorganization of the environment, which leads to inhomogeneous broadening, may
occur on a time scale similar to the dynamic interactions responsible for the oscillator dephas-
ing and homogeneous broadening of the absorption line. In such cases, the contribution of
homogeneous broadening is masked within the inhomogeneous broadening and leads to the
band narrowing (motional narrowing). When the two limiting cases are combined, the Bloch
model is achieved [84] which implements an infinitely short homogeneous and infinitely long
inhomogeneous contribution to the frequency correlation function (see Section 2.4 and Eq.
2.10):

C(t) = 5T(f) +A, (3.30)

2

where T, is the pure dephasing time and A is the static inhomogeneity.

In a liquid, there is no static inhomogeneity. The decaying correlation function can be under-
stood here as a description of the spectral inhomogeneity which is loosing over time because
of the fast environment fluctuations.

Despite many attempts to estimate the contribution of inhomogeneous and homogeneous con-
tributions to the total band broadening by analysing the band shape and characteristics of the
correlation function, linear vibrational spectroscopy does not provide reliable results. Instead,
the time-resolved spectroscopic techniques allow for determining vibrational dynamics, in-
cluding the energy relaxation time 7; and the phase relaxation time 7. The excited state life-
time 7 is typically obtained using the IR pump-probe method (see Section 3.10) and the
dephasing time can be determined with coherent Raman scattering or vibrational echo spec-
troscopy.

Utilizing the Bloch approach to describe the relaxation of the complex systems such as liquids
being examined with ultrafast laser pulses in terms of time-independent parameters is not al-
ways successful and does not provide much of physical insight. In the solution phase and, in
particular, in protein and nucleic acid environments, fluctuations occur on many time scales
from femtoseconds to seconds [85,86,87,88,89]. Thus, the dynamics cannot be simply charac-
terized by a single 7, parameter and the Bloch picture is completely inadequate to describe
vibrational dephasing. If the distribution of frequencies homogenizes during the measurement
(the process called spectral diffusion), a more sophisticated approach would have to be ap-
plied to investigate the dynamics of the system of interest. To resolve this non-Markovian
dynamics of the inhomogeneous distribution, the three-pulse photon echo spectroscopy meth-
od is used [90]. Recently this coherent infrared experiment was used to investigate the ultra-
fast dynamics of neat water [41,43,91], DNA-model systems [92,93] G-C dimers in non-polar
solvent [94] and hydrated A-T oligomers [95]

3.9 The dynamics of hydrogen-bonded systems

The molecular systems investigated in this thesis consist of the following hydrogen bonding
combinations: N-H:--O, N-H--*N, O-H---O, O-H---PO; and thus, only the dynamics of hydro-
gen bonded NH and OH stretching oscillators will be discussed here. The NH/OH stretching
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vibrations undergo a pronounced spectral red-shift and band broadening upon hydrogen bond-
ing. The strong broadening of the fundamental stretching transition together with the devel-
opment of a peculiar spectral substructure, as one finds, e.g. in the spectra of carboxylic acid
dimers and 2-pyridone/2-hydroxypyridine (Figure 2.1 c,d) represents a big challenge for line
shape theory. Bratos, Witkowski and Maréchal [96,97,98] published numerous theoretical
work that incorporates Fermi resonances in the lineshape function. Robertson and Yarwood
[99,100] emphasized in their approach the coupling of the X—H mode to the anharmonic low
frequency X—Y motion. In this semi-classical model (slow oscillator is treated classically),
electric field fluctuations are not included and hence, it is better suited to the hydrogen bonds
in non-polar solvents. Finally, Henri-Rousseau and co-workers proposed a fully quantum me-
chanical treatment of the slow mode that quantum state is changed by interaction with a sol-
vent and then — through anharmonic coupling — it affects dephasing of the fast oscillator
[26,101,102].

Similar strengths of the different interaction mechanisms that lead to the band broadening
hamper quantitative and unambiguous theoretical calculation of infrared spectra. It is a big
advantage of nonlinear vibrational spectroscopy in the ultrafast time domain to provide spe-
cific information on the different coupling mechanisms by separating them in the time-
resolved response. In the following section, the theoretical description of the pump-probe
technique, a widely applied method to study ultrafast vibrational dynamics, will be provided.

3.10 Theory of pump-probe spectroscopy

The pump-probe method is one of the most popular spectroscopic techniques to bypass the
problem of insufficient time-resolution of available detectors. Here, the strong pump pulse
creates a nonlinear vibrational excitation, i.e., a polarization on the vibrational transition and a
population change of the optically coupled vibrational levels. The time evolution of the sys-
tem response is monitored with a weaker probe pulse. By recording the intensity of the probe
pulse transmitted through the sample as a function of pump-probe delay, one measures in fact
the imaginary part of the third-order polarization, which is “self heterodyned” with the probe
pulse (see Eq. 3.33). To control the timing of the two pulses, one of the pulses is sent over a
path whose length is adjusted by moving a mirror on a translational stage (changing the path
length by 1 cm corresponds to the temporal delay change by 33 ps). The transmitted probe
pulse is usually dispersed by a monochromator onto an array of photodiodes, so that a full
spectrum of the transient absorbance changes can be captured after each excitation. In prac-
tise, such measurements typically are averaged over many pairs of pump and probe pulses to
increase signal-to-noise ratio (see also Chapter 4.4, where the experimental realisation of
pump-probe experiment is discussed).

In a system with only two optically coupled states, the measured signal reflect either stimulat-
ed emission from the excited state or bleaching of the absorption band of the ground state and
thus, four Feynman diagrams are sufficient for complete description of third-order nonlinear
polarization of such system (compare Section 3.4 and Figure 3.2).

The spectrally broad short laser pulse has the potential to excite a collection of vibrational

levels in a coherent superposition and to monitor in real-time the coherent nuclear motions

[14]. In order to correctly interpret the observed nonlinear vibrational signals, the multilevel

nature of the vibrational system has to be taken into account. In a three-state system, for-

mation of the v = 2 state can be probed by excited state absorption (excitation from state v = 1

to v = 2) if the pump frequency is resonant for transitions between states v = 0 and v = 1,
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whereas the probe frequency is selective for transitions between states v = 1 and v = 2. The
later transition is usually red-shifted with respect to the fundamental transition because of the
anharmonicity of the potential. All the possible quantum pathways that contribute to the non-
linear signal of a three-level system (including formation of hot ground states) are depicted as
the Feynman diagrams in Figure 3.3.
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Figure 3.3: Double-sided Feynman diagrams that have to be considered in nonlinear infrared pump-probe exper-
iment. They can be ordered in four pairs corresponding to ground state bleach (GSB), stimulated emission (SE),
excited state absorption (ESA) and formation of hot ground state (HGS). This relaxation process (“vibrational
cooling”) is indicated by a horizontal line. For all eight diagrams it has been assumed that the pump pulse pre-
cedes the probe pulse.

In a pump-probe experiment, the generated third-order polarization is detected in exactly the
same direction as the probe itself (Figure 3.4, Kgignai = Kprobe). The only way how this phase
matching condition can be achieved for the chosen setup geometry is that pump pulse inter-
acts twice with the sample with wave vectors +Kpump and -Kpump. Since both interactions of the
pump pulse come from the same field Epump, there is no possibility to distinguish in time
between the two interactions. For eight Liouville space pathways that survive phase matching
condition and rotating wave approximation, it has been assumed that the probe pulse is the
last interaction (Figure 3.3).
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In the case when the probe precedes the pump pulse (Figure 3.5), the signal generated at nega-
tive pulse delays in a frequency-resolved measurement stem from a perturbed free induction
decay (PFID) [103]. This can be interpreted in terms of a perturbation of the probe-induced
polarization by the pump pulse. When the pump and probe pulses overlap in time, coherent
coupling effects related to the quantum pathways with a sequence Kpump = Kprobe = Kpump can
make the interpretation of the measured signal more complex. The magnitude of some other
unwanted contributions like cross-phase modulation (optical Kerr effect), can be remarkably
reduced in practical applications.

Spectrograph
ot Sample and Detector

e

Figure 3.4: Experimental configuration of spectrally resolved pump-probe technique.

Assuming the simple situation, where a vibrationally hot ground state is not formed (process-
es with radiationless transitions to the hot ground state will be discussed at the end of this sec-
tion), and neglecting the population relaxation, the third order response function of a homoge-
nously broadened oscillator with a linewidth 7" is given by [75]:

6 .
SV (r=0,T=0,)=3 S (z.T.1)x #(w:tefww’ —2u il e, (3.31)
i=1

with the transition dipole moments ;9 and u,; and transition frequencies w ;9 and ;.

In the semi-impulsive limit, i.e., when the laser pulses are short compared to the system re-
sponse (lifetime and dephasing), the third order polarization equals nonlinear response func-
tion:

PP @)=S% (). (3.32)

The changes of absorbance can be measured by a slow detector directly or after transmitting
the light through a spectrometer.

In the first case, the spectrally integrated absorption change measured by a probe pulse with
centre frequency w,, 1s given by:

Im j diE", ()P (1)

pr

} ~anlo,) T dE, (t)‘z

I(o,)
AA(a)pr)=—log|:I (a: ) = (3.33)
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I and I, represent the transmission of the probe pulse with and without excitation (pump pulse
either unblocked or blocked) when passing through the sample with refractive index #.

Here, the detector measures the time-integrated intensity. The pump-probe signal does not
depend on the time separation between the laser pulses because no population relaxation, vi-
brational cooling or other dynamic processes except dephasing are included.

In the second case, the spectrometer performs the Fourier transform of the time-dependent
probe field: £, (@)= I diexp(iat)E . (¢). Then, for a spectrally resolved detection, the meas-

ured signal is given by:
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Figure 3.5: Two Feynman diagrams that have to be taken into account for the situation where the probe pulse
precedes the pump pulse (perturbed free induction decay).

The third order polarization in the semi-impulsive limit is equal to the nonlinear response of
the sample (Eq. 3.31) and hence, the obtained pump-probe spectrum is a superposition of two
Lorentzian lines:

8#140F " 4:“120/‘1221F
(@~ @)" +T7 (@, ~ @)’ +T"

AA(w) o — (3.35)

The first (negative) term stem from ground state bleaching and stimulated emission (GSE and
SE in Figure 3.3). Positive Lorentzian line will be observed at the frequency position of the
1—2 transition (excited state absorption, ESA in Figure 3.3). For a harmonic oscillator with

021 = @19 and p, = V2 H,, > the ground state bleaching, stimulated and excited state absorp-

tion would cancel each other, i.e. AA(w)=0.
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Stimulated emission and excited state absorption decay with the lifetime of excited state
population. However, stimulated emission cannot be spectrally distinguished from ground
state bleaching. The bleach recovery dynamics involve additional energy relaxation processes
such as thermal relaxation in liquids and therefore, to estimate 7; constant, excited state ab-
sorption signal is used.

In many cases (compare the results presented in section 6.5.7), the v(vy, ;) =1 state does
not decay directly back to the ground state upon population relaxation (7;) by dissipating the
energy excess to the surrounding (solvent) modes. Instead, a hot ground state v(v,, ;) =0'

is formed in which the excess of vibrational energy is contained in other modes of the hydro-
gen-bonded system: OH/NH bending or low-frequency hydrogen bond vibrations.

V(v NH/oH) = 2

red-shifted
excited (Vo= 1°
state A
absorption
V(v Nwon) = 1 A_ blue-shifted
hot ground
T, state absorption

ground
state
bleach

(Vo) = 0

v Teooling

U(V NH /OH) = () I

Figure 3.6: The NH/OH stretching three-level vibrational diagram including formation of hot molecule state.

Excited state stretching oscillator can be in Fermi resonance with combination tones or over-
tone states. In the case of weak Fermi resonance, the bend overtone 6, _,,, , =0—2 is of-

ten assumed to be the major relaxation channel for the stretching modev,,_,,,, , =1 as it has

been discussed in Section 2.4.2. Subsequently, energy dissipation to the solvent (vibrational
cooling, 7) occurs on longer time scales on the order of picoseconds to hundreds of picose-
conds. In this hot ground state configuration the OH/NH stretching mode is not excited, but
its transition v(Vy_p,,_,)=0'—>1" has higher frequency due to anharmonic coupling to the

transiently highly populated hydrogen bond modes. In contrast, when OH/NH bending vibra-
tions relax into the hot ground state upon intramolecular vibrational energy redistribution
(IVR), red-shifting is observed, in accordance with more typically found negatively valued
anharmonic couplings between intramolecular vibrational modes [27].

3.11 Polarization- resolved pump-probe spectroscopy

Vibrational anisotropy decay may in general be caused by rotational diffusion of the molecu-
lar system [104] or by excitation transfer between vibrational modes [41,43,105]. If one needs
to find information about excitation transfer exclusively, the measurements has to be per-
formed on a time scale that is fast compared to the rotational diffusion. For big molecular sys-
tems studied here, like the AT oligomers, the rotational diffusion occurs in the order of nano-
to milliseconds. As a result, the subpicosecond temporal resolution of the experimental tech-
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niques presented here is definitely sufficient to obtain reliable data on the energy transfer be-
tween different vibrational transitions.

In polarization-sensitive IR-pump/IR-probe measurements, the measured signal depends in
general on the transition dipole moment vectors x; and y; of the pump vibration i and the
probed vibration j, the electrical field strengths £; and E; of the applied pump (tuned to the
vibrational transition 7) and probe (tuned to the vibrational transition ;) pulses, and the nonlin-
ear response function dependent on the coherence and population dynamics, as well as orien-
tational factors. Assuming a sequential interaction with pump and probe pulses on a time scale
longer that the vibrational dephasing times, excitation transfer is incoherent and the polariza-
tion-sensitive pump-probe signals are given by [79]:

S(t,a) e Y i 1,45 E(O)E] (O (O ()R, ()00, (3.36)

ij

with, for parallel polarization of pump and probe pulses:
4 2 2
o =n (2cos’ +1) (3.37)
and, for perpendicular polarization between pump and probe pulses:
4 2 (32
o) =7 (sin” & +1) (3.38)

Population dynamics including excitation transfer and population decay are described with
R(t), whereas polarization dependencies between the pump and probe pulses are contained in
O(a), where a is the angle between the pumped and the probed vibrational transitions.

In the case when all vibrations have infinite lifetimes and vibrational excitation transfer does
not occur, the measured pump-probe anisotropy (o) equals:

2 j—
r(a) _3cos a-l COS;’ 1, (3.39)

which results, for instance, in r(0°) = 0.4, r(90°) = -0.2, r(45°) = 0.1.

It is frequently of interest to measure the pump-probe signal unaffected by orientational in-
formation. This can be done by performing experiments in which the probe is polarized at the
magic angle (o = 54.74°; 1(54.74°) = 0) to the pump-polarization direction.

IR pump — IR probe spectroscopy remains the most frequently used third-order nonlinear
technique to study the ultrafast vibrational dynamics of hydrogen-bonded systems. This rela-
tively simple method, in combination with vibrational (three-pulse) photon-echo spectroscopy
permits for a detailed understanding of non-equilibrium properties of the system of interest,
its transient structural changes, vibrational couplings, and complicated fast interactions with
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surrounding solvent molecules. Recent efforts focus on biologically-relevant molecules and
their interactions with the aqueous environment.
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4 Experimental techniques

4.1 Generation of mid-IR laser pulses

Molecular vibrations with eigenfrequencies in the range 1000-3600 cm™ are the subject of
interest in all experiments discussed in this thesis. The investigation of hydrogen-bond dy-
namics thus requires sufficiently short and intense laser pulses at mid-infrared wavelengths.
Often their dynamics, including lifetimes, vibrational cooling, anharmonic coupling, spectral
diffusion, energy transfer and anisotropy decay, occur in the subpicosecond time domain.
Moreover, in the infrared range, the absorption cross sections for vibrational modes are usual-
ly small (o = 10-20 cm®), making large pumping intensities on the order of
I,=10" =10 W/cm® necessary to generate a nonlinear signal. Hence, the generation of

femtosecond pulses tunable in the mid-IR regime, with energies of several microjoules is re-
quired.

Quantum cascade lasers represent a relatively recent development [106] in the area of semi-
conductor lasers. Whereas earlier mid-infrared semiconductor lasers were based on interband
transitions, in which electromagnetic radiation is emitted through the recombination of elec-
tron—hole pairs across the material band gap, quantum cascade lasers utilize intersubband
transitions. The photon energy (and thus the wavelength) of transitions can be varied in a wide
range by engineering the details of the semiconductor layer structure. Even for a fixed design,
some significant range for wavelength tuning (sometimes more than 10% of the centre wave-
length) can be covered with external-cavity devices [107]. The generation of short pulses with
durations in picosecond range is possible (the best performance is achieved when operating at
low temperatures), although with fairly limited peak powers.

Before quantum cascade lasers were developed, large parts of the mid-infrared spectrum were
accessed with various types of lead salt lasers. Lead salt lasers need to be operated at cryo-
genic temperatures and produce only low power levels (typically of the order of I mW).

The output power exceeding 10 W can be accomplished using newly developed chromium
and iron doped semiconductor materials [108]. Cr*":ZnSe (chromium-doped zinc selenide)
lasers can emit up to roughly 3.5 um and Fe*":ZnSe lasers at 3.7-5.1 um in doped insulator
solid-state lasers.

Complex and expensive free electron lasers which fundamental lasing frequency can be tuned
in the mid-IR range are currently less frequently used light source.

Another option for nonlinear frequency conversion is to start with a single near-infrared laser
and pump an optical parametric oscillator (OPO), amplifier (OPA) or generator (OPG). The
generated idler wave can then be in the mid-infrared spectral region.

A mode-locked picosecond Nd:YV Oy laser at 1064 nm can be used for synchronous pumping
of an OPO with a LiNbOs crystal, allowing idler outputs up to 4.5 um, with the limit set by
the increasing idler absorption at long wavelengths. The first femtosecond mid-IR pulses were
generated with amplified pulses from a colliding-pulse mode-locked dye laser. Elsaesser and
Nuss [109] describe a system capable of producing 400 fs pulses in the wavelength range near
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5 um in which amplified pulses from a CPM dye laser at 620 nm and the output of a femto-
second travelling-wave dye cell are mixed in a LilOj3 crystal.

These solutions have later been superseded by Ti:Sapphire (Ti:Sa; Ti’ :Al,O3) femtosecond
regenerative amplifiers which utilizes the concept of chirped pulse amplification (CPA) [110].
Titanium doped sapphire lasers operate at 800 nm provide high energy (several mJ after am-
plification, peak power of terawatts), femtosecond pulses [110], which can then be converted
to the ultraviolet, visible or infrared regime using optical parametric amplifiers (OPA)
[111,112,113,114]. Generating pJ pulse energies that are needed for nonlinear vibrational
spectroscopy usually involves more than one amplification stage (cascaded OPA, see next
paragraph) and a difference frequency generation (DFG) step.

4.2 The laser system

N&*:YVO, Ti:Sapphire Oscillator Stretcher
Pump laser 0.5W 800 nm, 0.3W, 800 nm,
4.5-5.5W, 532 nm 20-60 fs, 80 Mz 600 ps, 80 MHz
Nd:YLF Regenerative Amplifier Compressor
Pump laser 1.5-4.0 W, 800 nm, 0.9-3.2 W, 800 nm,
8-2 2W, 527 nm, 600 ps, 1 kHz 35-90 fs, 1 kHz
250 ns, 1 kHz
OPA (BBO)
0.5-3 mW, ° Pump -Probe
3-10 um, i Setup
120-250fs, 1 kHz

Figure 4.1: Scheme of the experimental laser system for nonlinear infrared experiment.

In Figure 4.1 the experimental setup is presented schematically. The system is composed of a
commercial part, based on Ti:Sapphire lasers, a homebuilt optical parametric amplifier and a
pump-probe setup. Experimental data discussed throughout this thesis were collected using
two different laser systems, providing 800 nm pulses with similar parameters.

The second harmonic (A = 532 nm) of an intra-cavity doubled solid-state Nd*":YVO, laser
(Coherent Verdi; SP Millenia) is used as a pumping source for the Ti:Sapphire laser oscillator
(Coherent Micra; SP Tsunami) working in the mode-locking regime (passive mode-locking
due to Kerr-lensing, [115,116]). The Ti:Sapphire laser with a 100 nm bandwidth pulse (pulse
duration: 20-60 fs) centred at 800 nm is used for further amplification. The oscillator’s aver-
age output power is 400-500 mW. This corresponds to pulse energies of about 5-6 nJ for a
repetition rate 80 MHz. The short but low-intensity laser pulses are injected into regenerative
amplifier (Coherent Legend; SP Spitfire), where — to avoid too high peak intensities which
could damage the gain medium or other optical elements — are first temporally stretched to a
much longer duration by means of a strongly dispersive element (the stretcher, here: a grating
pair). The gain medium (Ti:Sapphire crystal) of the amplifier is pumped with the second har-
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monic of the solid-state, Q-switched laser (Nd*":YLF, A=527 nm) producing 250 ns long puls-
es with the repetition rate of 1 kHz (Coherent Evolution, SP Merlin). The regenerative ampli-
fier selects an individual pulse from a train of modelocked pulses (called a seed pulse). The
seed pulse is coupled into a cavity formed by two Pockels cells where it is amplified at each
pass in the crystal. The pulse passes about 20-25 through the gain medium to reach the energy
around 1.5 and 3.5 mJ (for SP and Coherent system, respectively). Finally, the amplified pulse
1s compressed using another grating pair (compressor). The parameters of the pulses generat-
ed in the above described commercial laser systems have been summarized in Table 4.1.

Tab. 4.1: Characteristics of amplified pulse.

Coherent Spectra Physics
Legend Elite Spitfire
Centre wavelength 800 nm
Repetition rate 1 kHz
Pulse energy 3m] 1 mJ
Pulse duration 35fs 90 fs
Output power 3IW W

4.3 Optical frequency conversion and amplification

Accessing widely tunable, mid-infrared light pulses of microjoule energies requires optical
parametric amplification (OPA) in combination with difference frequency generation stage
(DFQG). The conversion is achieved in birefringent crystals with large second-order nonlinear
susceptibility [117].

The scheme of homebuilt cascaded optical parametric amplifier used to convert the 800 nm
light into pulses in the wavelength range 3-10 pum is shown in Figure 4.2.

To pump the OPA, a fraction of RGA output is taken (400 pJ). This part is then divided into
three separate pulses. The first pulse, the seed, has only 1% of the total energy and after
changing its polarization by 90° is focused in 1 mm Sapphire plate to generate single-filament
white light continuum (398-1000 nm) [118,119]. The seed pulse is re- focused and together
with another 9% (pre-amplifier pulse) of the initial radiation are temporally and spatially
overlapped in a nonlinear crystal, where the optical amplification takes place. Here, the 4 mm
thick B-Barium Borate Type II crystal (BBO, negative uniaxial, point group m3, ®=38°, ¢=0°)
is employed. Near-IR signal and idler beams are generated in a nonlinear crystal and after-
wards they are separated from the fundamental beam by a dichroic mirror. Thereafter, the sig-
nal light is reflected by a polarizing beam splitter (transmitting the idler), collimated by a con-
cave mirror and overlap in space and time with remaining fundamental, pump, pulse (90%) on
the same BBO crystal. The pump beam diameter is adjusted with 4:1 telescope to match with
the seed pulse and to avoid the white light generation on the BBO crystal. Obtained during the
second amplification stage signal and idler pulses (1.2-2.5 um) have together around 80 pJ.
They are later separated from each other with the help of a dichroic mirror. The idler pulse
additionally passes over a manual delay stage. In this way, the temporal delay between signal
and idler can be controlled. Finally, both pulses generated in the second amplification, ap-
proach the difference frequency mixing crystal. Depending on the chosen wavelengths, Ag-
GaS; [120] or GaSe [113] nonlinear crystal are used for frequency conversion due to their
broad transparency range and relatively high nonlinearity.
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By rotating the birefringent crystal, the phase-matching condition is changed. As a conse-
quence, signal and idler frequency generated at the BBO crystal can be tuned. In combination
with difference frequency generation in AgGaS, crystal, the broad wavelength range between
2.5 and 8 um (4000-1250 cm™') is achieved. Using the GaSe crystal in the difference frequen-
cy generation stage makes the investigation of the infrared range between 3.5 and 10 pum
(2850-1000 cm™) possible. Each nonlinear wavelength conversion step is about 10% efficient.
To block the residual signal and idler components, long-wave pass filters (LWP) are used.

Amplification methods where the pre-amplification stage precedes larger power (pump) am-
plification, not only yield the intense signal and idler pulses, but also improve the signal to
noise ratio. As a consequence, the mid-IR pulse stability of the above described OPA is very
high, with a noise level better than 0.2% (rms) in the centre of the pulse spectrum. Depending
on wavelength and thickness of used nonlinear crystal, typical pulse energy equals 1-2.5 pJ
and the pulse duration 130-200 fs.

R=1000 mm
800nm
700pJ HR Sig.
i HT Id.
A 2.5-8],111'1
1-3u]
AgGaS,
T=10%
T=10% N\ 4:1 telescope
f=500mm
A2 R=500mm
sapphire I
| | HR Sig.
| | HT Id.
f=100mm f=50mm HR 800nm BBO HR 800nm
HT Sig./Id. HT Sig./Id.

Figure 4.2: Design of the optical parametric amplifier. Mid-infrared is obtained by Difference Frequency Gener-
ation (in AgGaS,) of two intense Signal and Idler pulses of two fold optical parametric amplification in a BBO
crystal. HR/HT: high reflection/transmission, Sig.: signal, Id.: idler, A/2: half waveplate.

In this work, two identical, independently tunable OPAs are used: one for probe and one for
the pump pulse.
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4.4 Pump-probe spectroscopy — experimental realisation

The pump-probe experiments were performed with the setup schematically presented in Fig-
ure 4.3. The pump pulse passes through an optical chopper, which is synchronized with the Q-
switch of the RGA pump laser. The chopper runs at half the laser frequency (500 Hz) which
means that it blocks every second pump pulse. Consequently, the sample transmission (ab-
sorption) changes with and without excitation is recorded. The pump pulse passes then a me-
chanical delay stage, where the optical path length with respect to the probe pulse can be
changed with pm-precision, e.g., decreasing the path length of 3 um of the pump pulse corre-
sponds to an observation of the absorbance changes monitored by the probe pulse 10 fs after
the excitation has taken place. The pump pulse is focused with a help of 30° off-axis parabolic
mirror into the sample and there it is spatially overlapped with a pump pulse. Finding the best
overlap between two infrared pulses is usually achieved using material with a high nonlinear
response for a given spectral range such as Ge, InAs or InSb semiconductor. Typically the
pump pulse diameter in focus (on the sample) equals 300 pm and is two times bigger than the
probe beam to ensure probing of fairly homogeneous excited sample volume.

S N2

B

Detector Array

f=14cm @

f=1lcm

Monochromator

Sample

Figure 4.3: Design of pump-probe experiment. The generated third-order signal propagates collinear to the
probe pulse. It has to be noted that the reference pulse is not parallel to the pump/probe pulse to avoid passage
through the excited sample volume.
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The probe pulse, after passing through a LWP filter, is then reflected by barium fluoride
(BaF;,) wedge. The reflections from the front and back surface of BaF, are used as a probe
and reference beams, respectively, both having energy of around 80 nJ (which is approximate-
ly a fraction of 4-5% of the pump pulse energy). The probe and the reference pulse are fo-
cused by a parabolic mirror into the sample with reference beam slightly displaced from the
probe pulse focal region. The reference beam is introduced here to reduce signal fluctuations
due to the sample inhomogeneity in the sample volume and shot-to-shot intensity variations
of the probe pulse. After passing through the sample, all the three pulses are collimated by the
next parabolic mirror. Then, the pump beam is blocked and remaining probe and reference
pulses are spectrally dispersed in a grating spectrometer. The time integrated intensities are
recorded as a function of wavelength using double array (2x16) MCT (HgCdTe) detector. The
measured absorbance change, when including also the reference pulse is given by:

(4.1)

AA(T, ) = —log[l(T’ @) IéR)(CO)J

(@) 17()

I{® (w) and I'®(w) are the intensities of the reference beam when the pump pulse is blocked

and unblocked, respectively. The sample transmission changes AT =1/ have been already
defined in Chapter 3.10 (Eq. 3.33).

The experimental setup has been designed in a way that the very short laser pulses do not
have to pass through the dispersive optical elements, which can cause pulse temporal profile
distortion. Instead, only reflective optics is used, which additional advantage is making the
pre-alignment procedure with HeNe laser very accurate.

When the mid-IR pulse is tuned to have the frequency, which overlaps with a water vapour or
carbon dioxide absorption, the pump-probe experimental setup is closed in a box purged with
nitrogen.

4.5 Characterisation of ultrashort pulses

To estimate the pulse duration, the concept of (intensity or interferometric) autocorrelation is
commonly used. Autocorrelation involves splitting the pulse into two, spatially overlapping
pulses replica in some instantaneously responding nonlinear-optical medium.

A complex electric field E(f) corresponds to intensity 1(r) = |E(7)|* and an intensity autocorrela-
tion function defined by:

G(r) = T|E(r)E(z ~7)dt= Tl(z)](t —7)dt, (4.2)

—00

where 7 is the relative delay between the two pulses.

The autocorrelation signal is a convolution of functions, which describes the intensity profile
of beam I (/(?)) and beam II (/(¢-7)). Knowing G(z) from an experiment, the reverse procedure,
deconvolution is used to derive the temporal impulse profile /(z). It can be shown that the
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pulse duration can be calculated from the FWHM of the autocorrelation signal multiplied by
some factor. This numerical factor, which depends on the shape of the pulse (0.707 for Gauss-
ian and 0.648 for sech’ function) is sometimes called the deconvolution factor. If this factor is
known, or assumed, the time duration of a pulse can be measured using an intensity autocorre-
lation. However, the phase cannot be measured.

Instead of correlating the pulse E(?) with itself, it can be also correlated with other, reference
pulse E(?). This idea is called cross-correlation and the signal measured by the detector looks
very similar to the autocorrelation signal (Eq. 4.2):

G.(r)= Tz(z)zR (t—7)dt (4.3)

The autocorrelation or cross-correlation signal is usually generated by the nonlinear processes
such as second-harmonic generation or two-photon absorption.

The simultaneous absorption of two photons in a semiconductor occurs with some finite
probability if the band gap of a semiconductor is larger than the photon energy and smaller
than double of it, and there is a sufficiently high photon density. In this way, the absorption of
the reference pulse changes as a function of time delay to the pulse 7 to be characterized. As
such, it is sufficient to measure only the time-integrated intensity of the reference pulse. If an
optical chopper blocks every second pulse to be characterized, a comparison of the reference
pulse with (/z) or without (/g ) the interaction with this pulse is possible. The change of ab-
sorbance of the reference pulse is then given by:

Alr)=- logtl’}—(r)j (4.4)

R

In this work, the mid-IR pulse temporal length was estimated using the pump-probe experi-
mental setup, where the sample has been replaced by semiconductor in which the two-photon
absorption occurs. The cross-correlation signal of the pump and the probe pulse was obtained
in 50-70 pm thick plate of germanium, indium arsenide or indium antimonide, for spectral
range 3, 6 and 8 pum, respectively.

The pump-induced absorbance change as a function of pump-probe delay (Eq. 4.4) is in first
approximation proportional to the cross-correlation function described by Eq. (4.3). However,
it is necessary to appropriate the attenuation of both beams in order to avoid the situation,
where generated signal overlap with the two-photon absorption of only one of the involved
pulses.

In pump-probe setup (Figure 4.3), the probe pulse before interacting with a sample (here:
semiconductor) is reflected by the BaF, wedge. As a consequence, its energy in a focus corre-
sponds to only 4% of the pump pulse energy. Then, to measure the cross-correlation function,
only the pump pulse has to be attenuated. For this purpose, the fine copper grids are used;
those not only reduce the probability of two-photon absorption from the only one pulse, but
also suppress the generation of long-lived free charge carriers, without noticeable pulse elon-
gation.
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The typical measurement from which the temporal resolution of the experiment was derived is
shown in Figure 4.4a for infrared pump and probe pulses centred at around 3250 cm™ (Figure

4.4b,c).
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Figure 4.4: (a) Two-photon absorption in 50 um Ge plate as a function of pump-probe delay. The Gauss-fit (red
line) of the measured cross-correlation signal width equals 153 fs that leads to temporal resolution of an experi-
ment of 108 fs. (b,c) Corresponding spectra of the mid-IR pump (b) and probe (c) pulses.
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5 2-pyridone dimer: a DNA model system

To understand the functionality of deoxyribonucleic acid (DNA), its high replication ability
and mutations mechanisms, hydrogen bonding between base pairs located on two, antiparallel
strands and the proton transfer within a base pair have been the subject of numerous studies.
Native DNA is a huge and complex macromolecule and therefore basic investigations focus
on shorter oligomers containing only one type of complementary base pair (A-T or G-C) or
even on single dimers in gas phase or in solution. Frequently, further simplification is made
by replacing the DNA (or RNA) base pairs by model systems such as 7-azaindole or 2-
pyridone/2-hydroxypyridine dimers. In this chapter, new results on the complex chemistry of
2-pyridone/2-hydroxypyridine in dichloromethane-d, (CD,Cl,) solution will be presented.

5.1 2-pyridone/2-hyroxypiridine tautomerism

2-pyridone (PD), an organic compound with the molecular formula CsH4NH(O) is a popular
model system for the pyrimidine nucleobases thymine and uracil [121,122]. The cyclic amide
is subject to lactam-lactim tautomerism, whereby 2-hydroxypyridine (HP) is formed (Figure
5.1). In the gas phase both HP and PD have been investigated: as isolated molecule
[123,124,125], in clusters with water or ammonia [126,127,128,129,130], sometimes also
with larger hydrogen bonding agents [131,132]. In the solid state hydrogen-bonded puckered
chains of PD with orthorhombic lattice type are predominant [133,134]. In a recent study an
alternative monoclinic polymorph with cyclic dimer units has been reported [135]. In solu-
tion, due to the small energy difference, both tautomers can exist, with the equilibrium de-
pending sensitively on solvent properties. As PD has a larger dipole moment than HP, PD is
favoured in polar solvents, whereas HP is preferred in low-polarity solvents.

PD HP

Figure 5.1: 2-Pyridone (lactam, cyclic amide) — 2-Hydroxypyridine (lactim, cyclic carboximidic acid) tautomer-
ism.

Both tautomers can form three different cyclic dimers by hydrogen bond formation: two ho-
modimers (PD), and (HP), and the cyclic mixed dimer PD-HP (reaction products in Figure
5.2b-d). Gas phase experiments allow for independent investigation of particular dimers
[127,129,136,137,138,139]. In solution, however, all the three possible dimers have been sug-
gested to appear simultaneously [140,141,142,143,144,145]. In hydrogen bonding solvents
the two monomer tautomers can also form complexes with solvent molecules. In addition, the
presence of chainlike dimeric species containing only a single hydrogen bond between the
monomers should be taken into account.

As a result, a variety of solvent-dependent equilibria determines the relative concentrations of
the different species. Their multitude makes it cumbersome to determine all equilibrium con-
stants, which until now has mostly been attempted by means of UV
[140,141,142,144,146,147,148], IR [143,144,149,150,151,152], and NMR spectroscopy
[144,148,153] or by theoretical methods [145,151,153,154,155,156,157]. IR spectroscopy has
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been used to derive structural information on gas phase PD or HP monomer by looking at the
free NH or OH stretching band [158] or at the full spectrum of PD using fluorescence dip
spectroscopy [139] and on PD in solution by use of '°N and '*0 isotope labelling [159]. (PD),
and PD-HP dimers in the gas phase have been explored with fluorescence dip spectroscopy
[127,128,160,161]. In liquid solution fingerprint modes have been assigned to either PD mon-
omer or cyclic (PD), [147], and experimental low temperature matrix isolation spectroscopy
of PD and HP has also been reported [149,150], as well as theoretical studies analyzing these
results [151,162,163]. The low-frequency intermolecular modes of (PD), have also been stud-
ied in detail in gas phase experiments, [136,137,138,164], in liquid solution [165], and with
theoretical methods [166].
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O <_. \ N—H ------ O\
2
H_'I; _\> % H—Nz:\>
PD (PD)2
b) _ —
2 N\ 7 — \ /" H_O>:
=G O—H-""'N/_\
HP (HP)2
c)
N_ e \ —H ------ N /
D P = N
— H-O OH=0
PD HP PD-HP
d)
QMR . \ N0
v W COTRIVIA
(PD)2 (HP)2
e)
Q 2\“‘” """ NS\ ) «— <\ /EN """ “"j; />
O ------ H_O O_H. ----- O
PD-HP HP-PD

Figure 5.2: 2-Pyridone/2-Hydroxypyridine dimerization pathways (a-c) and double proton transfer mechanism,
converting one cyclic dimer type to another (d,e).
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In the complexation chemistry of PD/HP, hydrogen bonds play a central role. Proton transfer,
necessary to convert PD into HP or vice versa, can be mediated by hydrogen bonds in protic
solvents (Figure 5.2). In particular the two cyclic homodimers may exchange by a double pro-
ton transfer mechanism, converting (PD), into (HP),, and vice versa, through the double hy-
drogen bond coordinate (Figure 5.2d). Proton transfer in the cyclic mixed dimer, changing
PD-HP into HP-PD, has been investigated in context of possible proton transfer between DNA
bases (Figure 5.2¢) [167].

In the following sections, the results of IR spectroscopy and theoretical calculations combined
NMR measurements will be presented that reveal the role of different tautomers in complexa-
tion chemistry of PD/HP in weakly polar solvent dichloromethane-d, [21,22].

In section 5.2, the results of temperature-dependent 'H NMR experiment of '"N-labeled 2-
pyridone/2-hydroxypyridine will be discussed. Quantum chemical calculations (density func-
tional theory) of vibrational spectra will be presented in section 5.3. In section 5.4, contribu-
tions of IR-active vibrations of different molecular species in the upper part of fingerprint
range and NH/OH stretching mode region will be investigated. For detailed analysis of infra-
red linear spectra measured as a function of the total 2-pyridone/2-hydroxypyridine concentra-
tion and as a function of temperature (193-298 K), two-dimensional correlation spectroscopy
is employed. The interpretation of synchronous and asynchronous correlation maps generated
from experimental data will be given in section 5.5. Finally, femtosecond mid-IR pump-probe
experiment on the NH/OH stretching band of 2-pyridone/2-hydroxypyridine in dichloro-
methane solution, followed by the analysis of the results in terms of contributions by vibra-
tional population kinetics and by low-frequency wavepacket motions, is described in section
5.6. The chapter concludes with a summary in section 5.7.

The NMR measurements has been performed in collaboration with the research group of Prof.
Hans-Heinrich Limbach from the Freie Universitit Berlin, Institut fiir Chemie und Biochem-
ie, and the temperature-dependent IR experiment as well as 2D correlation analysis has been
accomplished together with Prof. Bogustawa Czarnik-Matusewicz from the Faculty of Chem-
istry of Wroctaw University.

5.2 Equilibrium composition of solutions — NMR spectroscopy

2-pyridone/2-hydroxypyridine labelled with "N was synthesized from coumalic acid meth-
ylester and a water solution of ’NH; as described in supplementary information for ref. [21].
The spectra were measured on a Bruker AMX-500 spectrometer, using CD,Cl, as a solvent
and 0.0002-0.02M of 2-pyridone/2-hydroxypyridine- "N. Chemical shifts were measured us-
ing the solvent peak as internal standard and recalibrated into the conventional TMS scale.

5.2.1 Results and discussion

The NMR spectra were recorded as a function of temperature to investigate the possibility of
slowing down proton transfer and molecular exchange processes between the different 2-
pyridone/2-hydroxypyridine species and resolving their corresponding NMR signals.

At all temperatures only single NH signals are observed, which shifts to low field upon cool-
ing. For all concentrations, the limiting value of the chemical shift, reached at the lowest tem-
perature, is 14.2 ppm. This value has been confirmed by measuring 'H spectra of 0.02 M solu-
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tion of 2-pyridone/2-hydroxypyridine in CDF3/CDF,Cl mixtures at temperatures as low as
130 K (experimental technique is described in ref. [168]). Upon decrease of the temperature
the signals decoalesce into doublets, characterized by a coupling constant of 'Jyy = 89 Hz.
The decoalescence temperature decreases from about 250 K for the 0.0002 M sample to 220
K for the 0.02 M sample. At the decoalescence temperature the inverse proton lifetime in pyr-
idine is about 250 s™', as has been shown previously for related systems exhibiting intermo-
lecular proton exchange from and to nitrogen [169,170]. The increase of the inverse lifetimes
with concentration is a typical sign for a proton exchange mechanism involving 2-pyridone/2-
hydroxypyridine self-associates. The low-field NH resonances arise exclusively from self-
associates of 2-pyridone/2-hydroxypyridine since the exchange of the NH protons of 2-
pyridone/2-hydroxypyridine with the OH protons of water is slow on the NMR time scale
[171]. It follows that the shift of the NH signals to low field upon cooling indicates a fast mo-
lecular exchange between several 2-pyridone/2-hydroxypyridine species, with its equilibrium
shifted to hydrogen-bonded associates upon cooling. The concentration dependence of the
signals at given temperatures supports this conclusion. Experimental 'H chemical shifts,
o(NH), are collected in Tab. 5.1.

At the lowest temperature, the 6(NH) chemical shift of 2-pyridone/2-hydroxypyridine ap-
proaches the value of 14.2 ppm in CD,Cl; and also in CDF3/CDF,Cl mixture. This value is
independent of concentration and remains the same in different polar solvents that are not
hydrogen bond acceptors. Therefore, it has been assigned to the intrinsic value of the domi-
nant dimer species. In addition to that, the large value of !J\u = 89 Hz indicates that the PD
dimer structure is predominant, whereas HP can be considered to be of minor relevance [159].
This value for the coupling constant is typical for hydrogen bonded NH---N or NH:--O hy-
drogen bonds [172], where the value depends on the hydrogen bond strength [173]. Thus, the
dominant complex at low temperatures is cyclic (PD),. Indeed, the cyclic heterodimer (PD-
HP) would give rise to two different H-bonding proton signals in the slow exchange regime,
whereas cyclic (HP), would have a very small value of 'Jyy.

Tab. 5.1: Experimental 1H chemical shifts, ’NH of the mobile proton of 2-pyridone/2-hydroxypyridine - "°N,
dissolved in CD,Cl,.

1k | *OH [ppm] | 3(NH) [ppm] | 5(NH) [ppm]
0.0002 M 0.002 M 0.02M
360 8.48 9.58 11.38
340 8.62 10.13 11.90
320 8.86 10.79 12.40
300 9.29 11.55 12.94
280 10.00 12.46 13.39
260 10.84 13.02 13.61
240 11.83 13.48 13.81
220 12.85 13.80 13.96
200 13.57 14.02 14.08
180 14.02 14.13 14.15

The NMR results show that the (PD), dimer is the dominant species at low temperatures
which exchanges with PD in monomeric form or complexed with the solvent. At temperatures
above 240 K, a proton exchange mechanism sets in, leading to a collapse of the doublet of
labelled 2-pyridone/2-hydroxypyridine. In Figure 5.2, a set of the reactions that are important
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for the discussion of the proton exchange mechanism are shown. Figure 5.2a-c shows the
formation of cyclic dimers (PD),, (HP),, and (PD-HP) from the corresponding monomers. It
will be shown in the Section 5.5.2 that breaking and formation of the cyclic dimers likely oc-
cur via the pathways involving chainlike open dimers, the latter may act as transient or a
short-lived species, where short-lived species has a lifetime much shorter than the NMR time
scale, estimated to be a millisecond in this case. However, the open-chain structures from
Figure 5.2 were omitted for clarity purposes. Figure 5.2d shows the double proton transfer
which converts (PD), into (HP),. The direct intramolecular conversion of PD monomers into
HP monomers is unlikely because of the high energy barrier for such a process [154]. The
more probable conversion via the double proton transfer within the cyclic dimer is indirectly
supported by the spectra of 2-pyridone/2-hydroxypyridine solutions in CD,Cl; in the pres-
ence of SbCls. Figure 5.2e shows the degenerate double proton transfer reaction, which inter-
converts cyclic (PD-HP) and cyclic (HP-PD). The proton exchange mechanism consists of
several steps and starts with the appropriate PD and HP monomers. At low concentration and
high temperatures there is a significant fraction of 2-pyridone/2-hydroxypyridine monomers,
while at lowest temperatures the formation of monomers would require breakage of a dimer.
The dimers are mostly in the (PD), form, so the HP monomers are created if the (PD), con-
verts into (HP), by the double proton transfer prior to the breaking. The proton exchange pro-
ceeds when PD and HP monomers form a heterodimer (PD-HP), which converts into (HP-PD)
by another double proton transfer. Eventually, the heterodimer breaks back into monomers,
which can further participate in the formation of the dimers and continuation of the proton
exchange.

5.3 Linear IR spectroscopy of 2-pyridone/2-hydroxypyridine in CD,Cl,

Two spectral regions provide insight into the chemical equilibria between the 2-pyridone/2-
hydroxypyridine species. The upper part of the fingerprint region between 1600 and 1700 cm’

involves C=0 stretching vibrational modes indicative of PD species, either as monomer or
as part of a complex. As has been discussed in the previous Section, no clear marker modes
are available for the HP conformer (as monomer or as constituent of a complex). The strong
absorption of the solvent C—D bending mode makes the spectral region of C—O stretching
vibration inaccessible. In addition to that, the remaining part of the fingerprint region does not
provide access to distinct vibrational marker modes of particular monomer or dimer species.
In the NH/OH stretching region between 2400 and 3700 cm™, on the other hand, both PD and
HP conformers can a priori contribute, as monomer and as constituent of complexes.

5.3.1 Experimental

Both 2-pyridone/2-hydroxypyridine (Fluka) and dichloromethane-d solvent (Deutero GmbH)
were used without further purification for IR measurements. A concentration-dependent series
was measured with a Varian 640 FT-IR spectrometer (sample thickness 25 pum) in the range
0.05 — 0.35 M. A temperature-dependent measurement was obtained with a Nicolet Nexus FT-
IR spectrometer, using a home-built 41 um thick cell with KRS-5 windows, placed inside a
temperature-controlled jacket (Specac).

5.3.2 Results and discussion

In Figure 5.3 the absorption spectra of 2-pyridone/2-hydroxypyridine dissolved in CD,Cl,,
normalized to the total 2-pyridone/2-hydroxypyridine concentration, are shown. The concen-
tration values ranging from 0.05 to 0.35 M indicate the total amount of 2-pyridone/2-
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hydroxypyridine monomer dissolved. Absorbance changes after this normalization procedure
reflect differences in relative spectral contributions, caused by an altered chemical composi-
tion as a function of total 2-pyridone/2-hydroxypyridine concentration.
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Figure 5.3: Concentration-dependent FT-IR spectra of PD/HP in CD,Cl, after normalization to total 2-
pyridone/2-hydroxypyridine concentration: (a) in the upper part of the fingerprint spectral region and (b) in the
NH/OH stretching mode region. The gray bar around 3340 cm™ indicates imperfect solvent subtraction.

The magnitude of the absorption peaks at 1618 and 1658 cm™ increases continuously as a
function of total 2-pyridone/2-hydroxypyridine concentration, whereas the absorption peak at
1675 cm” changes its magnitude significantly only for the two lowest 2-pyridone/2-
hydroxypyridine concentration values. In the NH/OH stretching region a broad absorption
band containing a detailed substructure covering the range from 2400 to 3350 cm™ enlarges
significantly upon concentration increase, whereas a narrow band at 3391 cm™ changes its
magnitude in the opposite direction. Decreasing the temperature of a 0.105 M 2-pyridone/2-
hydroxypyridine solution from 298 to 193 K leads to a pronounced increase in magnitude of
absorption bands at 1618 and 1658 cm™, where the latter shows a frequency-downshift of 2
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cm™', accompanied by a band shape change (Figure 5.4a). In contrast, absorption bands at
1613 and 1675 cm™ decrease in magnitude. The absorption band at 1675 cm™ shows a fre-
quency-downshift of 3 cm™ and has fully disappeared at 193 K. The 1683 cm™ band changes
its magnitude to a lower value and its frequency position to a higher value (net frequency-
upshift of 4 cm™). Upon temperature decrease, the NH/OH stretching region depicts a clear
increase of the absorption manifold between 2400 and 3000 cm™, whereas the narrow transi-
tion at 3390 cm™ exhibits a decrease (Figure 5.4b). Interestingly the spectral region between
3000 and 3350 cm™ shows less profound absorption changes with alternating positive and
negative signs.
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Figure 5.4: Temperature-dependent FT-IR spectra of PD/HP in CD,Cl, after solution density correction: (a) in
the upper part of the fingerprint spectral region and (b) in the NH/OH stretching mode region. The gray bar
around 3340 cm™ indicates imperfect solvent subtraction.
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5.4 Quantum chemical calculations of vibrational spectra

Vibrational spectra have been calculated for various monomeric and dimeric species using
density functional theory (B3LYP/6-311+G(d,p)) as implemented in Gaussian 03 [174]. Har-
monic frequencies were obtained for optimized geometries and scaled by a factor of 0.965.
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Figure 5.5: Optimized structures of 2-pyridone monomer complexes with solvent molecule(s) (upper panel),
single-hydrogen bonded complexes unsolvated (left) and with solvated carbonyl group (right) and (PD), tetram-
er (bottom right).
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In the gas phase, the PD conformer has been calculated to be the most stable among mono-
mers and cyclic (PD), among three possible dimers [21]. An open dimer, PD-PD, has been
obtained from the cyclic double hydrogen-bonded dimer (PD), by rotating one of the mono-
mers around the C=0 bond by 180° such that they are connected only by a single hydrogen
bond (chain-like). Moreover, three different PD-solvent complexes have been explored, as
well as the cyclic tetramer (PD)4 (Figure 5.5). The carbonyl stretching mode v(C=0) is rela-
tively sensitive to the local environment and as such, it can serve as a specific marker mode
capable of distinguishing different 2-pyridone/2-hydroxypyridine species.

In Figure 5.6a, the experimental IR steady-state absorption spectrum of 2-pyridone/2-
hydroxypyridine dissolved in CD,Cl, is decomposed into the individual bands of Voigt shape.
The calculated peaks of different species that can potentially contribute to the equilibrium
solution composition are shown in Figure 5.6b. The arrows denote the direction of normalized
absorbance changes upon dilution. The absorption bands below 1630 cm™ belong to NH or
OH combination tones involving quanta of the bending modes and aromatic ring stretching
motions). The bands between 1630 and 1700 cm™ correspond to the absorption of the C=0
stretching mode.
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Figure 5.6: (a) IR absorption spectrum of 2-pyridone dissolved in CD,Cl, (solid gray line) (¢ = 0.20 mol/L)
together with a peak fitting decomposition (black dots; solid coloured lines depict different components) in the
upper fingerprint spectral region; arrows indicate change of absorbance upon dilution. (b) Calculated peaks
(B3LYP/6-311+G(d,p); scaled by 0.965) for different species (see Figure 5.2 and Figure 5.5): 1585-1630 cm,
NH/OH bending + aromatic ring stretching vibrations; 1630-1700 cm™, C=0 stretching mode absorption.

In the fingerprint region, only those species that have C=0 stretching marker modes, i.e., spe-
cies that consist of at least one PD unit (PD monomer, PD-solvent complexes, cyclic (PD),,
and cyclic (PD-HP) cyclic, and chainlike PD-PD, HD-PD, and PD-HP or even larger aggrega-
tions with at least one PD unit) can be identified. Calculated frequencies for the C=O stretch-
ing mode are summarized in Tab. 5.2. In contrast, HP monomer, HP-solvent complex, cyclic
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(HP), and chainlike HP-HP cannot be probed unequivocally in the fingerprint region, because
OH bending motions are typically delocalized and mixed with unspecific aromatic stretching
motions, which occur in all species. Experimentally observed frequencies in the range 1600-
1700 cm™ are compiled in Table 5.3 together with tentative assignments, which will be dis-
cussed in section 5.5.1.

Tab. 5.2: Calculated harmonic frequencies for v(C=0) scaled by 0.965.

Species Calculated frequency (cm™)
PD 1685
(PD), 1658
PD-HP 1665
(PD-CD,(Cl,), 1668
(PD-CD,Cl,), 1669
(PD-CD,(Cl,), 1655

PD-PD chainygo 1670(s), 1645(w)

PD-PD chaingyo 1675
PD-PD chainyyy 1687

Experimental and calculated linear FT-IR spectra indicate the existence of several 2-
pyridone/2-hydroxypyridine species, where, however, a straightforward interpretation is ham-
pered by extensive spectral overlap of many vibrational transitions in both the fingerprint and
the NH/OH stretching regions. To improve the spectral resolution, two-dimensional correla-
tion spectroscopy [44,45] has been applied, which provides additional insight into the assign-
ment of absorption bands to different species by analysis of concentration- and temperature-
dependent spectral changes.

5.5 2D correlation analysis of IR experiment on 2-pyridone/2-hydroxypyridine

Due to the time averaging aspect of NMR spectroscopy, observing 2-pyridone/2-
hydroxypyridine species with lifetimes clearly shorter than a millisecond is impossible. In-
stead, the analysis of the infrared results may provide access to short-lived species. Investiga-
tion of vibrational transitions of species-dependent marker modes in the fingerprint and in the
NH/OH stretch spectral regions indicates the presence of these species in CD,Cl, solution.
Interpretation of the linear spectra - together with quantum chemical calculations - to derive
the chemical speciation in CD,Cl; solution involves many complications.

In the fingerprint spectral region it is not possible to identify a well-isolated marker mode for
HP units as monomer or as part of dimers, neither for OH bending modes nor for C-O
stretching vibrations. In the NH/OH stretching region only PD and HP units with their NH or
OH groups not being part of a medium strong hydrogen bond (i.e., uncomplexed, or being
part of a solute-solvent complex) are directly identifiable by their narrow NH or OH stretch-
ing bands. In contrast, hydrogen bond formation in dimers (in cyclic or chainlike confor-
mations) leads to strongly broadened and red-shifted NH/OH stretching bands with pro-
nounced substructures, revealing extensive anharmonic mode couplings of high-frequency
NH/OH stretching modes with hydrogen bond low-frequency vibrations as well as fingerprint
vibrations, the latter through Fermi resonance interactions with combination and overtone
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states. Similar characteristics have been observed in other medium-strong hydrogen-bonded
molecular systems, such as formic acid dimer, acetic acid dimer, benzoic acid dimer, or 7-
azaindole dimer [175,176,177,178,179,180,181,182].

In addition, a substantial spectral overlap both in the fingerprint region and in the NH/OH
stretch region complicates the unique and unambiguous assignment of vibrational bands.

Two-dimensional correlation spectroscopy of spectrally overlapping vibrational transitions of
2-pyridone/2-hydroxypyridine, has the potential to lift some of the limitations of linear IR
spectroscopy.

In the Section 2.5, the theory of two-dimensional correlation spectroscopy was introduced.
Here, the external variable 6 (perturbation parameter) is either the total concentration of 2-
pyridone/2-hydroxypyridine in solution or the temperature of the solution. The perturbation
shifts the equilibrium from dimeric species toward the increasingly favoured formation of
monomeric species upon dilution or upon heating. 2D correlation spectroscopy allows for
separating those different species by analyzing the synchronous and asynchronous maps sim-
ultaneously.

The resulting synchronous and asynchronous 2D IR correlation maps are presented in Figure
5.7 for the high-frequency part of the fingerprint spectral region, and in Figure 5.8 for the
high-frequency NH/OH stretching mode region.

5.5.1 Analysis of FT-IR results of the high-frequency part of fingerprint region

Positive cross peaks in the synchronous correlation maps may develop if spectral changes for
the two frequency positions are correlated (cf. Figure 2.6). To confirm this correlation, cross
peaks at these positions should be absent in the asynchronous maps. The strong positive cross
peak around ®(1619, 1658) appearing in the synchronous maps of the temperature- and con-
centration-dependent experiments (Fig. 5.7, two top plots) together with the absence of a cor-
responding asynchronous peak (Fig. 5.7, two bottom plots) reveals that the spectral changes
at the two frequency positions are correlated and develop in the same direction. There are two
more positive synchronous cross peaks without counterpart in the asynchronous spectrum in
the concentration-dependent experiment, namely, the weak peaks ®(1619, 1684) and ©(1658,
1684), which point to some slight correlation. A similar correlation is found in the tempera-
ture-dependent synchronous map at slightly different peak positions ®(1619, 1688) and
d(1656, 1688). Based on these observations, it can be concluded that the bands at 1619,
1658/1656, and 1684/1688 cm™ are likely to originate from the same molecular species. The
negative synchronous cross peaks ®(1619, 1675), ®(1658/ 1656, 1675), and ®(1675,
1684/1688) indicate that the respective vibrational bands come from different species, be-
cause the spectral changes occur in opposite directions. A positive correlation between the
1612 and 1675 cm™ bands in both experiments points to the fact that these originate from the
same molecular species or associate. The concentration- and temperature- dependent synchro-
nous maps are thus dominated by two molecular species, which are strongly negatively corre-
lated to each other, i.e., a concentration increase or a temperature decrease leads to a rise of
species I with bands at 1619, 1658/ 1656, and 1684/1688 cm™ and a decline of species II with
band at 1612 and 1675 cm’.
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Figure 5.7: 2D IR correlation synchronous (top) and asynchronous (bottom) maps for temperature- (left) and
concentration-dependent (right) spectra of 2-pyridone/2-hydroxypyridine in CD,Cl, in the high-frequency part
of fingerprint spectral region. The colour bars indicate the range of intensity values.

In the asynchronous spectrum of the concentration-dependent experiment (Fig. 5.7, right)
cross peaks at W(1675, 1687) and WY(1612, 1618) are observed between pairs of vibrational
band assignable to different species. An even more pronounced example of improving spectral
resolution is given by the temperature-dependent asynchronous map. Two strongly spectrally
overlapping bands at 1654 and 1658 cm™ can be distinguished by inspecting their asynchro-
nous behaviour with respect to the 1677 cm™ band. This is because the 1654 cm™ transition
has a strong asynchronous temperature dependence compared to the 1677 cm™ band, whereas
the 1658 cm™ transition has not and, thus, is fully absent in the asynchronous map. The asyn-
chronicity between the two closely located bands can be also observed directly in the asyn-
chronous spectrum at W(1654, 1658). This indicates, that the strongest band of the fingerprint
region is actually composed of two overlapping vibrational transitions of two distinctly differ-
ent structures, namely, molecular species I (located at 1658 cm™) and a molecular species 111
(located at 1654 cm™), which has not been reported on previously. The same conclusion can
be drawn from the concentration-dependent asynchronous map.

The analysis of the sign of the asynchronous cross peaks multiplied by the sign of the corre-
sponding synchronous cross peaks (on the basis of Noda’s rules [44,45]) allows to derive the
following sequence of the intensity variations upon temperature decrease can be deduced:
1653/1654 > 1612-1675 > 1619-1658/1656-1684/1688 cm™, i.e., spectral variation of mo-
lecular species III occur before those of species I and II, where those of I and II behave in a
more synchronous, but in opposite direction. Such straightforward conclusion cannot be di-
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rectly derived from the concentration-dependent data, which may hint at the fact that concen-
tration variation and temperature change do not necessarily imply identical behaviour.

After having provided insight into synchronous and asynchronous correlations of different
vibrational transitions, the assignments of the IR absorption bands (cf. Figure 5.6) based on
the combined experimental and calculated results for the vibrational spectra is proposed. Such
assignments are summarized in Table 5.3.

Tab. 5.3: Experimental frequencies observed in the fingerprint region with assignment (in cm™) and calculated
counterparts.

graelgiitf}? é}lzrilri);;t% Fitting results | Assignment Species
1688(s) 1683.5 Comgzgt“m (PD),

1668, 1669 1675((2))/ 1677 1674.9 v(C=0) (PD-CD>Cl,),s
1670 1662(a) 1661.6 v(C=0) PD-PD chain (C=Ojc)
1658 165 6((53))/ 1658 1 16577 W(C=0) (PD),

1645 1654(a) 1654.0 V(C=0) PD-PD chain (C=Oy5)
1603 1619(s) 1618.7 S(NH)Vying (PD),
1612(s) 1610.9 S(NH) Vg (PD-CD>Cl, ).

Three transitions which from the 2D analysis have been shown to originate from the same
molecular species I will be discussed first. The strong absorption band around 1658 cm’,
which decreases upon dilution or heating, is assigned to absorption of the v(C=0) mode in the
cyclic homodimer (PD),, in agreement with previous assignments in the literature [143,152].
The 1619 cm™ transition can be assigned to NH bending motions combined with aromatic
ring stretching motions (6(NH)/vying) in (PD)>. Because of its high transition frequency, the
molecular transition located at 1684/1688 cm™ cannot be due to a carbonyl stretching vibra-
tion. Instead, Fermi coupling of the carbonyl stretching vibration to either a combination tone
from C-H wagging modes located around 776 and 940 cm™ or a combination/overtone from a
C-H wagging mode around 860 cm™ and ring deformation modes around 847 cm™ cause this
transition. These frequencies have been derived from our own calculations. The previous re-
sults of the similar vibrational modes in PD monomers have been reported in
Refs.[150,151,162,163].

Now molecular species II, which has vibrational transitions at 1612 and 1675 cm™ will be
assign. Upon diluting/heating, the peak at 1675 cm™ increases, indicating that the absorption
peak is due to a monomer species that is preferentially formed at lower concentrations/higher
temperatures. The results of the calculations suggest that PD-CD,Cl, complexes (see Figure
5.5 for the two forms a and b) are responsible for the 1675 cm™ band, as their v(C=0) modes
absorb in this spectral range. The 1612 cm™ mode is again due to NH bending motions com-
bined with aromatic ring stretching motions (6(NH)/vring).

Molecular species III, which has a spectral signature at 1653/1654 cm™, must be different
from previously assigned molecular structures. The temperature-dependent asynchronous map
(Fig. 5.7) shows an extended peak W(1654-1665, 1677), which is interrupted at 1658 cm’.
This could mean that a single broad transition contributes to the observed peak or it could
indicate the existence of two bands with maxima at 1654 and 1662 cm™. The hydrogen-
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bonded PD-PD chain associates (Figure 5.5) would fulfil these requirements. The peak at
1654 cm™ could come from the hydrogen-bonded C=0 group connecting the two PD units
inside the chain dimer, whereas the peak at 1662 cm™ could originate from the C=0 group
which likely interacts with CD,Cl, solvent molecules.

On the basis of the 2D IR correlation analysis of the upper part of the fingerprint region, the
molecular species I, II, and III can be assigned to cyclic homodimers (PD),, the monomer-
solvent complex PD-CD,Cl,, and to the chainlike dimer-solvent complex PD-PD-CD,Cl,.
Taking both number and position of peaks detected in the 2D synchronous and asynchronous
spectra, a line shape fitting procedure using Voigt line shape functions was applied to the IR
spectrum of the 0.20 M solution. A good match between experimental and calculated spectra
(Figure 5.6) confirms the assignment of the different spectral features. Contributions of other
molecular species, including free PD monomer, chainlike PD-HP, cyclic (PD-HP), or even
larger constituents such as the symmetric cyclic tetramer (PD)4 does not have to be included
[165,183].

5.5.2 Analysis of FT-IR results of the NH/OH stretching region

The high-frequency IR spectrum in the range between 2400 and 3300 cm™ is composed of
many overlapping bands including CH stretching modes as well as overtone and combination
bands of fingerprint modes. The absorbance in this spectral region is enhanced upon concen-
tration increase, whereas the narrow band at 3390 cm’ is decreased. Thus, the broad band can
be assigned to dimer and the narrow band at higher frequency to monomer species.

Accordingly, 2D analysis of the synchronous spectrum (Figure 5.8, top right) shows that the
spectral changes at 3390 cm™ are negatively correlated with the broad absorption band ex-
panding from 2400 and 3300 cm™. The synchronous map obtained in the temperature experi-
ment (Figure 5.8, top left) shows the negative correlation of the 3390 cm™ band with a some-
what smaller spectral range of 2650-3000 cm™. An additional peak at 3160 cm™ shows a
similar negative correlation with the 2650-3000 cm™ manifold. The corresponding asynchro-
nous map in the concentration-dependent study (Figure 5.8 bottom right) reveals a strong
asynchronicity between the peaks at 3316 and 3390 cm™, respectively, and the entire range of
the broad absorption. The peak at 3390 cm™ is assigned to the absorption of free NH groups
in agreement with computational results and earlier studies in the literature
[127,143,150,151,152].

The weaker asynchronous peak observed at 3316 cm™ is downshifted by 74 cm™ compared to
the absorption of free NH groups. According to our calculations such a red-shift accounts for
NH groups hydrogen bonded to CD,Cl, solvent molecules. From the sign of the peaks it can
be deduced that the changes attributed to the free NH groups are ahead of all other changes.
The 2D analysis does not allow, however, to distinguish changes, which could testify against
different hydrogen-bonded dimers giving rise to the broad absorption band between 2400 and
3300 cm’'. Therefore, to extract more detailed information, principal component analysis
(PCA) is applied [184]. This technique reduces a multidimensional data set to a set of new
orthogonal variables, which are called principal components. PCA decomposes the original
data matrix, here the set of concentration-dependent spectra, as the sum of the outer product
of vectors (scores) containing information on how the individual spectra relate to each other
and a second set of vectors (loadings), which carry information on how the vibrational fre-
quencies relate to each other plus a residual matrix. After smoothing the spectra with the Sa-
vitzky-Golay algorithm [185] (filter width 25 cm™, second-order polynomial) and mean cen-
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tring, two components could be extracted, one accounting for 97.93% of the absorbance
changes (PC1) and the second one accounting for 1.38% (PC2), which together capture
99.32% of absorbance changes.
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Figure 5.8: 2D IR correlation synchronous (top) and asynchronous (bottom) maps for temperature- (left) and
concentration-dependent (right) spectra of 2-pyridone/2-hydroxypyridine in CD,Cl, in the high-frequency spec-
tral region. The colour bars indicate the range of intensity values.

The scores plot (Figure 5.9a) shows the relationship between the spectra for the different con-
centrations with respect to the principal component PC1 and the second component PC2. PC1
divides the spectra into two groups of low (0.05, 0.10 M) and high (0.30, 0.35 M) concentra-
tion, whereas spectra for intermediate concentrations are close to zero on the score plot and
therefore less meaningful. PC2 on the other hand, divides the spectra into one group for low
and high concentrations and a second group of intermediate concentrations (0.20, 0.25 M).
The corresponding loadings plot (Figure 5.9b) shows that the vibrational frequencies can be
associated with the two principal components. For PC1, two spectral regions can be distin-
guished, which reflect different directions of spectral changes. The two regions are discrimi-
nated by a sign change occurring around 3300 cm™. PC2 reveals an additional spectral dis-
tinction at about 2980 cm™, which splits the broad absorption between 2400 and 3300 cm™
into two parts. To conclude this section, three spectral regions, which can be related to differ-
ent concentration ranges, can be distinguished. Changes in the highest frequency range (above
~ 3300 cm™) occur mostly for the low concentration range, changes in the low frequency
range (below ~ 2980 cm™') are associated with the two highest concentration values, whereas
for concentrations with intermediate values spectral changes are linked to the frequency range
2980-3300 cm’™.
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Figure 5.9: Principal component analysis: scores (a) and loadings (b) plot.

The results obtained by PCA allow for a more detailed analysis of the high-frequency region.
The scores plot (Figure 5.9a) shows that the first principal component (PC1) of spectral varia-
tions reflects concentration-dependent absorbance changes. Dilute samples are characterized
by negative scores over PC1, whereas the concentrated solutions have opposite values. From
the loadings plot (Figure 5.9b) it is evident that the absorbance changes are related to the ab-
sorption of free NH groups at 3390 cm™ and the broad absorption arises from dimers. Thus,
PC1 is correlated with the association process as a function of concentration. As the concen-
tration-dependent absorbance changes (PC1) dominate (97.93%) the high-frequency spec-
trum, any smaller spectral variations are difficult to observe without PCA. Here, a second
component PC2, accounting for 1.38% of spectral variations has to be considered, which
shows that the broad absorbance from 2400 to 3300 cm™" arises from two differently associat-
ed species. From the simultaneous analysis of scores and loadings plots it can be concluded,
that the high concentrations -where scores versus PC1 and PC2 are positive - have the biggest
influence on spectral variations in the range from 2400 to 2980 cm™', where in addition the
loadings against the two components are positive. Hence, the absorbance of the hydrogen-
bonded NH stretching band of cyclic (PD), must dominate this spectral region. The interme-
diate concentrations, instead, have the largest influence on the spectral variations in the range
from 2980 to 3300 cm™'. Therefore, absorptions in this range are attributed to species exhibit-
ing weaker hydrogen bonds as compared to the cyclic dimer. For instance, single hydrogen-
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bonded chain dimers could account for absorption in this range. It should be noted that the
relative contribution of principal components to the spectral changes does not allow forming a
conclusion on the relative concentrations of different species in solution.

The PCA results are independently supported by analysis of the temperature-dependent linear
spectra in the NH/OH stretching region (Figure 5.4b). In the range between 2400 and 3000
cm’ the broad spectral manifold increases clearly in magnitude upon cooling, the transitions
between 3000 and 3300 cm™ show less change in absorbance, and the 3390 cm™ band de-
creases in magnitude.

From the FT-IR measurements it can be concluded, that the marker bands of the fingerprint
region provide evidence for the existence of cyclic (PD), and PD-CD,Cl, solute-solvent
complexes, with an additional component assigned to chainlike PD-PD. The NH/OH stretch-
ing region shows vibrational marker bands that are assigned to uncomplexed NH groups (by
PD monomers and/or PD units being part of chain-like dimers), and to PD-CD,Cl, solute-
solvent complexes. The uncomplexed OH stretching marker bands of the HP monomer and
chainlike PD-HP and HP-HP was not observed. Extensive spectral overlap prevents from
clear assignment of the broad spectral band between 2400 and 3300 cm™ to a single hydro-
gen-bonded species. The 2D and PC analysis suggests strongly that this spectral region has
three components, which would be in accordance with the assignment of the fingerprint re-
gion.

A detection of potentially existing short-lived transient species, which make possible routes
for proton transfer between different PD units, is hampered in stationary FT-IR spectroscopy
because of lack of distinct marker modes of (HP)5.

In the next section, the first ultrafast infrared pump-probe experiments on the NH/OH stretch-
ing region of a 2-pyridone/2-hydroxypyridine solution in CD,Cl, will be presented, which the
possible contributions will be deduced through an analysis of vibrational population kinetics
together with coherent low-frequency wavepacket motions.

5.6 Femtosecond mid-infrared Pump-Probe study

In the following sections, femtosecond IR pump-probe measurements on the NH/OH stretch-
ing band of 2-pyridone/2-hydroxypyridine in CD,Cl, will be presented.

In the ultrafast experiments, a sample cell consisting of 1 mm thick BaF, windows separated
by a Teflon spacer with a 100 um thickness has been used. The sample solutions consisted of
0.2-0.35 M total concentration of 2-pyridone in CD,Cl,, resulting in a maximum absorbance
at 2900 cm™ of OD = 0.5.

5.6.1 Transient pump-probe spectra

Although in linear IR spectra measured in the NH/OH stretching region a narrow OH stretch-
ing band (the indicator of uncomplexed OH groups of HP monomers and/or HP units being
part of chain-like dimers) was not observed, the possibility of spectral contributions of the
cyclic and open chain-like dimers in the 2400-3300 cm™ cannot be a priori excluded. In par-
ticular, the relative magnitudes of extinction coefficients of the NH/OH stretching transitions
of cyclic (PD),, (PD-HP), and (HP),, and of the chain-like dimers PD-PD and HP-PD, are
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unknown. In addition, the absorption cross sections cannot easily be estimated by quantum
chemical calculations, as the calculation of NH or OH stretching manifolds of medium strong
hydrogen bonded dimers involves the inclusion of many anharmonic coupling constants of the
NH or OH stretching modes with low-frequency hydrogen bond deformation modes and with
fingerprint mode overtone/combination levels through Fermi resonances [181,182,186]. The
2D-IR correlation spectroscopic analysis presented in previous chapter does not warrant the
conclusion that only one species contributes to the spectral manifold between 2400-3300 cm’™,
as a similar result would be obtained in the case of several species with similar concentration

and temperature dependencies.
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Figure 5.10: (a) Absorption spectrum of a solution of 0.3 M 2-pyridone in CD,Cl, (solid line), and of the sol-
vent only (dashed line). (b) Laser spectra of the pump pulses used in the experiment. Fitting results for pump
pulses tuned at 2636 cm™ (c) and 2926 cm™ (d), derived from fitting the oscillatory components of Figure 5.12
obtained using Eq. (5.1), are shown as solid dots for the 99 cm™ mode and as open squares for the 150 cm™

mode.

Figure 5.10a and Figure 5.10b show the comparison of the linear IR absorption of the NH/OH
stretching range of 2-pyridone/2-hydroxypyridine in CD,Cl, and the spectral bandwidth of
the femtosecond IR pump and probe pulses used in the experiments, respectively. The molec-
ular response at 5 different spectral positions throughout the NH/OH stretching band for a
given tuning of the pump pulse has been probed. The recorded spectrally integrated transient
absorbance changes of the probe pulses as function of pulse delay with the IR pump pulses
are shown in Figure 5.11. A direct comparison of the pump-probe transients reveals that the
general features, increased absorption or bleach signals, as well as oscillatory components
including their relative phase, appear to be independent of the tuning of the pump pulse. This
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observation strongly suggests that excitation and probing of the broad absorption band be-
tween 2400 and 3300 cm™ is dominated by either one molecular species or by several molecu-
lar species with identical dynamical behaviour. Whereas formally the steady-state 2D-IR cor-
relation spectroscopic analysis would not allow to determine whether the main spectral
component is attributed to a single molecular species, or to several molecular complexes with
similar complexation constants, the femtosecond pump-probe study now indicates that the
broad spectral band in the NH/OH stretching region is a signature of a single molecular spe-
cies. This statement could be made, because it is unlikely that several molecular species, with
distinct different hydrogen bond characteristics, would behave in an identical fashion in vibra-
tional population kinetics, as well as in coherent wavepacket motions, throughout the spectral
range of the NH/OH stretching region.

The contributions from vibrational population kinetics in the pump-probe transients of Figure
5.10 will be analysed first. To do that, findings of previously studied hydrogen bonded com-
plexes will be taken into account [34,187,188,189,190]. In particular, the vibrational level
scheme to describe the population kinetics phenomena observed in the pump-probe data in-
volves the v =0, v =1 and v = 2 levels of the hydrogen stretching oscillator of the molecular
system under steady-state conditions, as well as the v = 0' and v = 1' levels of the same mo-
lecular system when being vibrationally "hot", i.e. having a substantial vibrational excitational
degree of low-frequency modes of the molecular system (see also Sections 3.9 and 6.7.5).
Due to anharmonic couplings between these low-frequency modes and the hydrogen stretch-
ing oscillator [16,191,192], the vibrational frequency of the hydrogen stretching oscillator is
typically shifted to higher frequency when the low-frequency modes are highly excited. Be-
cause of the significantly different order of magnitude of the vibrational lifetimes of the hy-
drogen stretching oscillator (typically a few hundred of femtoseconds for medium strong hy-
drogen-bonded systems [16,191,192]), and of vibrational energy dissipation times to the
surrounding solvent (with vibrational cooling time scales on the order of picoseconds to sev-
eral tens of picoseconds, depending on the solvent mode density), such "hot" ground states of
hydrogen stretching oscillators are observable.

The pump-probe data indicate that, upon vibrational excitation of the hydrogen stretching
oscillator between 2400 and 3000 cm™', excited state absorption between the v = 1 and v = 2
levels dominate the signals at 2518 and 2613 cm™. The decay of the excited state absorption
reveals that the hydrogen stretching oscillator has a rather short time constant of 150 + 50 fs.
Absorbance decrease dominates the signals probed at 2748 and 2908 cm’™', where the steady
state absorption also has the largest magnitude. The absorbance decrease recovery has two
time constants, the first with a 150 + 50 fs time constant reflecting the disappearance of v = 1
— v = 0 excited state stimulated emission, and a second with effective time constants of 1 ps
and 20 ps, due to ground state refilling dominated by v = 0' — v = 0 vibrational cooling. Fi-
nally, the positive transient absorbance signals at 3053 cm™ probed for pulse delays larger
than 0.5 ps and decaying on picosecond time scales are indicative of hydrogen stretching os-
cillators of molecular complexes in a "hot" ground state.

5.6.2 Coherent dynamics

Superimposed on these transient absorbance signals oscillatory components occur with dis-
tinct initial phases. With the assignment of these oscillatory components to particular low-
frequency wavepacket motions, the molecular species that leads to the vibrational absorption
in the 2400 - 3000 cm™' range can be identified. Using multi-exponential fitting of population
kinetics (cf. Figure 5.11), such (incoherent) signal components is subtracted from the total
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absorbance changes to obtain the oscillatory contributions to the pump-probe signals. In Fig-
ure 5.12, the oscillatory components for different probe frequencies are shown for two partic-
ular pump frequencies (tuned at 2636 and 2926 cm™). It is obvious from the temporal enve-
lope that a beating behaviour exists, indicating more than one molecular frequency
contributing to the underdamped wavepacket motions. In addition, a phase flip of these low-
frequency wavepacket motions can be found to occur between 2750 and 2900 cm™, near the
maximum of the absorption band.
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Figure 5.11: Transient IR pump-probe data recorded for different tuning of pump and probe pulses.

The oscillatory components have been analysed using Fourier transformation (Figure 5.13).
Two major frequency components are found with maxima at 99 + 30 and 150 + 25 cm™. Even
though the oscillatory components dephase with a time constant of around 0.75 £ 0.25 ps, and
as such the Fourier-transformed signals may encompass several frequency components un-
derneath the peaks at 99 and 150 cm™, it is apparent that the spectral density around 115-120
cm™ has a magnitude which is small enough to exclude any significant molecular contribu-
tions in the latter frequency range.

The coherent oscillations are due to wavepacket motions along underdamped low-frequency
coordinates of the dimers, similar to what has been observed in dimers containing medium
strong hydrogen bonds [20,93,181,182,186,187,188,193,194,195,196,197,198,199]. Broad-
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band femtosecond excitation of OH or NH stretching modes generates a quantum-coherent
superposition of levels of low-frequency oscillators that anharmonically couple to the high-
frequency stretching mode. In the OH and NH stretching v = 1 state, such wavepackets are
generated by direct dipole excitation whereas wavepackets in the v = 0 state arise from a res-
onantly enhanced Raman process within the bandwidth of the pump pulse. The wavepacket
motions modulate the infrared absorption of the high-frequency stretching modes, thus caus-
ing an oscillatory component in the pump-probe signals. Such phenomena are analogous to
vibronic wavepackets generated upon electronic excitation of molecules [200].
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Figure 5.12: Oscillatory components extracted from the IR pump-probe data of Figure 5.11 for the pump pulse
tuned at 2636 or at 2926 cm™ (depicted as dots), for different probe frequencies, show clearly the beating be-

tween the 99 and 150 cm™ modes, as well as the phase flip around 2800 cm™. The fitting results using Eq. 5.3 are
shown as solid lines.
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Figure 5.13: Frequency analysis of the oscillatory components of Figure 5.12 using Fourier transformation.
5.6.3 Theoretical modelling

The low-frequency modes can typically be identified by inspection of the nature of their mo-
tions: a large deformation of the hydrogen bond distance implies a large anharmonic coupling,
as typified by the cubic coupling constant ¢l-2_ j. Corresponding quantum chemical calculations
on (PD),, (HP), and (PD-HP) have been presented and summarized in Tables 1-4 in Ref. [21].
For the cyclic homodimers (PD), and (HP), inversion symmetry exists, where only the totally
symmetric Raman-active 6(ag) in-plane (ip) bending (shearing) and v(ag) dimer stretching
modes have significant cubic coupling constants with the IR-active NH or OH stretching
modes, for (PD), or (HP), respectively. The asymmetric heterodimer (PD-HP) has three low-
frequency modes with significant values for the cubic coupling constant with the NH/OH
stretching modes, i.e. two 5(2a') ip bending (shearing) modes and one v(a') dimer stretching
mode. All species have dimer stretching modes with frequencies ranging from 155 to 166 cm’
! whereas (PD); has an ip bending mode with a frequency of 99 cm™, (HP), has an ip bend-
ing mode at 117 cm™, and (PD-HP) has two ip bending modes with frequencies at 85-88 and
116-123 cm™. Because both (HP), and (PD-HP) have an ip bending mode around 115-120
cm’ with significant anharmonic coupling to the OH or NH stretching vibrations, these cyclic
dimers must play a negligible role in the coherent low-frequency wavepacket motions ob-
served in the IR pump-probe data. In addition, the contribution to the coherent wavepacket
motions of the linear PD-PD chain complex, where only one hydrogen bond connects two PD
units, can be excluded. Apart from the fact that such a more floppy complex is expected to
exhibit shorter dephasing times for low-frequency wavepacket motions, the o ip bending and
the v dimer stretching modes have somewhat smaller frequency values, 78 and 115 cm™, re-
spectively, reflecting the weaker hydrogen bond strength between the two PD units. Thus,
experimentally observed oscillatory components originate solely from the d(a,) ip bending
(shearing) and v(ay) dimer stretching modes of cyclic (PD), (Figure 5.14). This finding
strongly supports the idea that the vibrational manifold between 2400 and 3000 cm™ in the IR
spectrum is composed of the IR-active NH stretching vibration of cyclic (PD), strongly cou-
pled to these two low-frequency modes, as well as to combination states of fingerprint modes
of this dimer.
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Figure 5.14: Graphical representation of the 6(a,) ip bending (shearing) and v(a,) dimer stretching modes of
(PD),, showing the displacement directions of these low-frequency modes.

The large anharmonic coupling of the 8(a,) ip bending (shearing) and v(a,) dimer stretching
modes with the IR-active NH stretching vibration of cyclic (PD), gives rise to coherent su-
perposition of these low-frequency modes upon femtosecond excitation of the NH stretching
mode, in a similar fashion as wavepacket motions of Raman-active low-frequency modes are
generated upon electronic excitation of molecular systems [200,201,202,203]. The wavepack-
et motion of these low-frequency modes in the v = 1 excited state of the NH stretching mode,
however, cannot be responsible for the oscillatory components observed for pulse delay times
up to 2 ps, as the NH stretching v = 1 lifetime is short (7; = 300 fs). The low-frequency mode
wavepackets generated by a pump-induced stimulated Raman process, on the other hand, are
not affected by NH stretching lifetime decay, as for this Liouville-space pathway the NH
stretching mode is in its v = 0 ground state. The oscillatory components were fitted as func-
tion of pulse delay time 7 of Figure 5.12 using the following expression:

S(z)= 4 cos(wz+, )exp(— %j + 4, cos(w,7 + ¢, )exp[— %j
2 2

5.1
11 (5.1
+ A4, cos(a)lz'+(p1)cos(a)szr(Pz)eXP - F+F T

2

2

where the modulations induced by wavepacket motions of mode i are characterized by the
frequency w;, phase ¢; and dephasing time 7, . Using the frequency values from Fourier trans-

form result (Figure 5.13), the relative amplitudes and initial phases for these two low-
frequency wavepackets have been derived (Figure 5.10c and Figure 5.10d). Despite the mod-
erate signal-to-noise ratio of the oscillatory components in the pump-probe signal, a con-
sistent frequency dependence of the initial phase of these oscillations occurs, that is very simi-
lar for both low-frequency modes. The values derived for the respective amplitudes of these
two low-frequency modes show a slight variation that might be due to the variation in pump
and probe intensities in the different pump-probe measurements. This is the first time when
the amplitude and phase dependence of a molecular system with two low-frequency hydrogen
bond deformation modes has been analyzed. It is evident that a nearly n phase flip occurs for
both low-frequency modes around the maximum of the steady-state absorption band (2900
cm™). This shows again that the entire absorption band and the wavepacket motions arise
from a single species. Contributions to the pump-probe signals by wavepacket motions driven
by the intramolecular vibrational redistribution process where the v = 1 NH stretching decays
into the v = 0' "hot" ground state can be excluded. First, the relative signal strength of transi-
ent "hot" ground state NH stretching absorption, in accordance to results obtained on 7-
azaindole dimer [188], is significantly smaller than what have been observed with OH stretch-
ing modes of medium strong hydrogen-bonded molecular systems [33,34,204], including ace-
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tic acid dimer [187,194]. Secondly, the phase change of the oscillations is then expected to
occur in the crossover region between transient bleach and "hot" ground state absorption, i.e.
3000 cm’™.

5.7 Summary

Isomerization and association chemistry of 2-pyridone/2-hydroxypyridine involves a complex
set of equilibria, including monomers, solute-solvent complexes, also cyclic and open chain-
like dimers. In dichloromethane-d, solvent, the existence of PD-CD,Cl, and cyclic (PD), has
been identified applying both NMR and FT-IR spectroscopy. The NMR results show that the
cyclic dimer (PD); is the dominant species at low temperatures (180 K), which exchanges
with PD in monomer form or complexed with the solvent. At low temperature (193 K) the IR
spectra support the NMR conclusions that the solution composition is dominated by cyclic
(PD);,. The 2D IR correlation spectra not only show the existence of PD-CD,Cl, solute-
solvent complexes, and of cyclic (PD),, but also hint at the presence of chainlike PD-PD.
However, because of a lack of specific marker modes, a contribution of the cyclic dimer
(HP), to the NH/OH stretching absorption between 2400 and 3300 cm™ could not be fully
ruled out. (HP), has not been detected with NMR, but it could exist as a short-lived transient
species, making possible routes for proton transfer between different PD units.

To solve this problem, ultrafast infrared pump-probe experiment was performed of a solution
of 2-pyridone (PD) in CD,Cl, in the frequency range between 2400 - 3300 cm™, where NH or
OH stretching resonances of medium-strong hydrogen-bonded dimers of PD and its tautomer
2-hydroxypyridone (HP) are expected to occur. Based on the experimental results, that re-
gardless of pump frequency a similar temporal dependence, including the coherent low-
frequency modulations was detected, for the transient absorbance throughout the NH/OH
stretching region, it can be concluded, that a single species dominates the IR absorption in this
spectral range. The Fourier analysis together with a fitting procedure of the coherent pump-
probe modulations complemented by DFT calculations allow to assign these modulations to
coherent wavepacket motions of low-frequency hydrogen bond deformation modes of (PD),
in CD;,Cl,. The observed frequencies of these deformation modes, 99 and 150 cm'l, are in full
accordance with the in-plane deformation and stretching modes of the cyclic dimer (PD),.
Contributions from (HP), or even (HP-PD) or PD-PD to the ultrafast nonlinear response are
negligible. The fact that consistent initial phase behaviour is observed for a molecular hydro-
gen-bonded system with multiple hydrogen bond deformation modes with large anharmonic
couplings to the hydrogen stretching oscillator suggests a potential for mode-specific manipu-
lation of these low-frequency wavepackets using appropriate amplitude and phase shaped
mid-infrared pulses.
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6 Ultrafast vibrational dynamics of hydrated DNA

6.1 Deoxyribonucleic acid

Deoxyribonucleic acid, DNA, is a linear, un-branched, long biopolymer consisting of repeat-
ing elementary units called nucleotides [205,206,207]. Nucleotides in DNA are composed of a
nucleobase, a five-carbon sugar (2-deoxyribose), and a phosphate group. They are joined to-
gether by phosphate groups that form phosphodiester bonds between the hydroxyl group of
the third carbon atom of one sugar molecule and hydroxyl group located at the last carbon
atom of adjacent sugar ring. The first carbon atom in the sugar residue is linked through a N-
glicosydic bond to one of the four types of nitrogen bases: the pyrimidines thymine, T and
cytosine, C and the purines adenine, A and guanine, G (Figure 6.1, [208]).
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Figure 6.1: Chemical structure of DNA. Hydrogen bonds shown as dotted lines. The picture taken from: [208]

In living organisms, DNA does not usually exist as a single molecule, but instead as a pair of
molecules that are held tightly together, forming two antiparallel strands that looks much like
a twisted ladder (Figure 6.2) and named double-helix structure. The DNA double helix is sta-
bilized by hydrogen bonds between the complementary bases attached to the two strands. In
other words, each type of base on one strand forms a bond with just one type of base on the
other strand: adenine is always paired with thymine and guanine always with cytosine. How-
ever, the sequence of bases along a poly-nucleotide chain is not restricted in any way. The
precise sequence of nucleic acid bases along a strand carries the genetic information [209].

James Watson and Francis Crick by analysing X-ray diffraction patterns of DNA fibers [210]
first suggested the double-helix structure of DNA (Figure 6.2, [211]).
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The canonical A:T and G:C pairing geometries, typical for antiparallel DNA, is called Wat-
son-Crick pairing. Despite the great importance of the standard Watson-Crick pairs, there ex-
ist more ways that bases can be assembled by hydrogen bonding. The alternative pairings oc-
cur mostly within other nucleic acid conformations: parallel-stranded DNA (reversed Watson-
Crick), triplet helices (Hoogsteen and reversed Hoogsteen), loops, mispairs, RNA (Wobble) or
chemically modified nucleic acids. In a condensed phase, most unusual schemes are less sta-
ble than the standard Watson-Crick pair [212,213]. In the gas phase, however, the canonical
tautomers are not always the lowest energy forms.

© Hydrogen
© Oxygen

@ Nitrogen

© Carbon

© Phosphorus

Minor groove

Major groove

Pyrimidines Purines

Figure 6.2: The structure of the DNA double helix. The atoms in the structure are colour coded by element, the
spiralling backbone of the two strands is shown in orange and the detailed structure of two base pairs is shown in
the bottom right. From: [211]

The sugar-phosphate backbones spiral around the outer part of DNA double helix. Closer look
at the secondary structure of DNA exhibit that the double helix does not have smooth sides
like a regular cylinder. Instead, two types of grooves in the “surface” of the DNA molecule
between the phosphate groups can be distinguished. As the strands are not directly opposite to
each other, the grooves are unequally sized. The major groove is 22 A wide and has the nitro-
gen and oxygen atoms of the base pairs pointing inward toward the helical axis, whereas mi-
nor groove is 12 A wide and the nitrogen and oxygen atoms point outwards [214]. Proteins
that interact with DNA often make contact with the edges of the base pairs that protrude into
the major groove [215]. Water molecules in the DNA grooves are critical for maintaining
structural integrity, conformational changes, and molecular recognition. Since the minor
groove is narrow and deep, water molecules in this groove are expected to be more ordered
with longer residence times compared to the major groove [216].
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The double-stranded DNA molecule has long been considered existing only in well-defined
right-handed double helical conformations A (11 residues per turn) and B (10 residues per
turn) [217]. The left-handed conformer has been crystallized later and due to its zigzag char-
acter of the backbone is called Z-DNA (12 residues per turn) [218]. However, in functional
organisms, only B- DNA and Z-DNA have been observed [219].

The conformation that DNA adopts depends in general on the base sequence, environment
and degree and direction of supercoiling stress [220]. It has been found that water molecules
stabilize the DNA double-helical structure [221,222] and the degree of the DNA hydration
determines its conformation. The water molecules surrounding DNA are typically described
in terms of a primary hydration shell consisting of molecules directly adjacent to the DNA
helix and a secondary hydration shell made of water molecules beyond the primary shell. As
has been established by X-ray diffraction studies, regardless of origin and base composition,
fully hydrated DNA has the B configuration [223,224]. A-DNA double-helix can be formed,
e.g. by the dehydratation of B-DNA. Humidity-driven conformational transitions of DNA
have been the subject of intensive studies, where IR spectroscopy (in particular infrared linear
dichroism) played a leading role [225,226]

6.2 Static and dynamic hydration scheme of DNA

Falk et al. [227] studied the IR active modes of various molecular subgroups in NaDNA as a
function of relative humidity (r.h.). Important conclusions about the sequence in which differ-
ent molecular sites become hydrated have been drawn from the shifts and relative absorption
changes of the vibrational mode frequencies:

e PO, Na' groups located on the DNA backbone are primary adsorption sites for water
molecules,

e the P-O-C and C-O-C oxygen atoms became also hydrated below 65%,

e the C=0O groups and ring nitrogen atoms of the purine and pyrimidine bases become
hydrated above 65%,

e between 75 and 80 % r.h. the water molecules continue to fill the groves of the DNA
helix and the further hydration of DNA is accompanied by swelling.

Falk’s conclusion that at lower relative humidity water molecules are located mostly around
phosphate groups and do not diffuse freely has been later confirmed with help of resonant
microwave absorption and phosphorescence spectra [228,229]. The fact that water is first re-
moved from grooves indicates a weaker hydrogen bonding by bases than by phosphates.
Similar observations have been reported using neutron quasielastic scattering technique to
study hydration of NaDNA [230].

It is important to distinguish changes in the spectra due to the direct effect of hydration from
the humidity-driven changes in the DNA structure and interhelical interactions. In DNA with-
out surfactant counterions, changes of relative humidity induce macroscopic changes in the
helix conformation, as proved by X-ray diffraction analysis [231]. DNA oligomers with alter-
nating A-T pairs have been shown to exist in the D conformation at r.h. between 40 and 70%

and in the B conformation at higher humidity levels [205 ,231]. Also at 0% r.h., DNA adopts a
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well-defined helix structure as has been concluded from the X-ray diffraction studies on thin
films [232] and infrared spectroscopy on DNA-surfactant films, where a band characteristic of
base pairing (the band is not observed in the case of denaturated DNA), involving the in-plane
C=0 and C=N stretching vibrations, is observed at 1698 cm™ (1715 cm™ for 92% r.h.) [233].
X-ray diffraction has also been used to confirm that the replacement of the metal cation with a
long-chain surfactant does not hinder the ability of the DNA-surfactant complex to undergo
these water-content-driven changes in its helix conformation [232,234,235]. For DNA-CTMA
films any drastic deviations from the almost linear dependence between the frequency shift of
an asymmetric phosphate stretching band and the relative humidity have not been observed,
which suggests that conformational transformations of the double-helical structure of short
DNA-CTMA oligomers have a minor influence on the spectral frequency shift of an v,(PO;)"
oscillator. Hence, it seems to be reasonable to choose the phosphate asymmetric v,5(PO;)"
stretching vibration as a specific probe of the hydration level of DNA-CTMA films. In contra-
ry, in oriented films of eukaryotic NaDNA some authors [236] observed a steep slope of the
frequency of v,(PO,) vs. r.h. curve with maximum at approximately 80-85%. In such films,
the steep slope indicates a rearrangement of the (PO;) of DNA during the A — B transition
rather than electronic effects exerted by water molecules on the P—O bonds [237].

X-ray diffraction and neutron scattering results suggest that six water molecules interact with
the two free oxygen atoms in the fully hydrated B conformer of DNA [238]. Each phosphate
group is surrounded by its own hydration shell (Figure 6.22). The water shells of neighbour-
ing phosphate groups are spatially separated and thus, the interaction strength between them is
limited. In an aqueous environment, the first hydration shell (water interacting directly with
DNA functional groups through, for example, hydrogen bonds) is complemented by water
molecules at larger distances that interact through long-range Coulomb interactions [205].
Differentiation between the various water species has remained unsolved beyond the qualita-
tive concept of hydration shells and most of the results discussed so far characterize the
steady-state behaviour of DNA close to the thermal equilibrium.

The gravimetric data obtained by Falk et al. [227] give directly the number of molecules of
water bound to DNA as a function of r.h. The experimentally observed adsorption of water by
NaDNA was compared with values calculated from the BET equation (adsorption equation
introduced by Brunauer, Emmett and Teller and given in a statistical mechanical foundation
by Hill, [239,240]). In the humidity range between 0 and 80%, the authors reached an excel-
lent fit of the data with theory. Above 80% however, the data show a sudden negative devia-
tion from the BET equation. It has been concluded that at 80% r.h. the minor and major
grooves are fully hydrated and further hydration requires energy for pushing the DNA mole-
cules apart (swelling). It has been found that the equatorial X-ray diffraction spacing begins to
increase very sharply between 80 and 85% r.h., which seems to support the conclusion about
the expansion caused by water molecules.

The experiments presented in this thesis focus on fully-hydrated DNA (92% r.h.) films and on
samples where only residual, strongly bounded water molecules remain (0% r.h.), which cor-
responds to more than 20 and = 2 water molecules per DNA base pair, respectively. Our own
gravimetric studies confirmed that drying (using the P,Os agent) the highly hydrated (92%
r.h.) DNA-surfactant film leads to removing of around 18.5 molecules per base pair. The wa-
ter concentration in the film samples is approximately ¢ = 0.57 M for 0% r.h. and ¢ >5.7 M
for 92% r.h.
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Under equilibrium conditions, the residence time of individual water molecules at DNA hy-
dration sites spans over the range from 10 ps up to nanoseconds as has been predicted theoret-
ically (mostly MD simulations) and confirmed experimentally (mainly NMR)
[216,241,242,243,244,245]. Liepinsh et al. [216] studied the residence time of water mole-
cules in the major and minor grooves of DNA by nuclear Overhauser effect (NOE). These
authors have found that the average residence time of water molecules in minor groove is no-
ticeably longer than those in the major groove. They also observed that even these “slow”
water molecules on DNA surface are accessible to the bulk solvent, unlike interior water mol-
ecules in protein structures. The NMR studies of Sunnerhagen et al. [246] complemented by
molecular dynamic simulation [241] have provided very different residence times of water in
the hydration layer. The residence times reported there are short not only for water molecules
in the major groove but also in the minor groove where longer residence times could be ex-
pected. The average residence time of the hydrogen bonded water molecules was 11 (£11) ps
with a maximum of 223 ps. When all water molecules within the distance (0.35 nm) of non-
exchangeable protons were considered, the average residence times increased to an average of
100 (+4) ps and a maximum of 608 ps. More recent MD simulations [244] have investigated
microscopic aspects of hydration dynamics in terms of the hydrogen bond lifetime correlation
functions. The authors concluded that the average hydrogen bond lifetime is longer in the mi-
nor groove than that in the major groove by almost a factor of 2. Further analysis showed that
water hydrogen bonds with phosphate oxygen have substantially shorter lifetimes than those
with the groove atoms. Pal et al. [247] studied the hydration dynamics at DNA interfaces by
measuring time-resolved fluorescence spectra of 2-aminopurine as the intrinsic fluorescence
probe. The time scale of hydration dynamics observed in the modified DNA duplex and the
DNA-—drug complex (10—-12 ps) is similar to molecular dynamics simulations of ultrafast hy-
dration in 16-mer duplex DNA [241].

The long residence time of water molecules detected by NMR is more important for maintain-
ing the structural integrity (structural water), whereas the dynamically ordered water is of
more significance to recognition processes [247] such as those involved in ligand [248] or
protein [249] binding.

The breaking and (re)formation of DNA-water and water-water hydrogen bonds and the reor-
ientation of water molecules occur however on even shorter time scale: from pico- down to
femtoseconds [241,250]. The high photostability of DNA is commonly attributed to efficient
radiationless electronic and vibrational relaxation processes, in which the key step in accom-
modating the large excess of energy is fast, nonequilibrium energy exchange between DNA
and its environment [251,252,253].

In many cases the equilibrium fluctuations around the time-averaged structure are essential
for the functionality of biomolecules. A prominent example is myoglobin, whose binding site
would never be reached by oxygen or iron atoms if the structure of this protein were static, as
obtained from X-ray spectroscopy [90]. Molecular dynamics simulations suggest however,
that ultrafast fluctuations of the peptide backbone and side chains make the binding site tran-
siently open (instant binding tenacity) [254,255]. It has been shown theoretically that selectiv-
ity of some enzymes is determined by their conformational fluctuations [256]. MD simula-
tions reported also the important role of fast structural fluctuations in protein folding
mechanisms [257,258,259]. Most of the knowledge on protein dynamics originates from
computer simulations with rather indirect or no experimental verification.
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As has been already discussed in the previous Chapter, the main reason why there is only very
limited number of experiments dealing with a direct investigation of dynamics of biomole-
cules is scarcity of appropriate spectroscopic techniques. For example, the time scale which
can be grasped by NMR spectroscopy is in order of milliseconds, whereas the dominating part
of the fluctuation correlation function responsible for dephasing processes, decays on the pi-
co- and femtosecond time scale. Any detailed information on fast protein-water or DNA-water
dynamics is inaccessible and only very slow processes, such as hydrogen exchange, can be
observed directly. X-ray spectroscopy on the other hand, provides no information on the time
scale of structural rearrangements. Collective protein motions after fast optical triggers have
been studied with help of pulsed synchrotron radiation with nanosecond temporal resolution
[260,261].

Nonlinear vibrational spectroscopy with a femtosecond time resolution is a promising tech-
nique for investigating structural dynamics of (bio)molecules and ultrafast energy exchange
[14,29]. Particularly interesting is also the water dynamics in the hydration layer around pro-
teins or nucleic acids that control the structure, function and reactivity of many natural and
biological systems. The shell of water around DNA is essential for replication and transcrip-
tion [262].

6.3 Ultrafast vibrational and structural dynamics of bulk water

Femtosecond photon-echo and pump-probe experiments supported by MD calculations have
provided detailed insight into the microscopic dynamics of neat (H20) and isotopically sub-
stituted (HOD in H,O or D,0) water, both in the bulk and in confined environments
[36,38,39,41,105,263,264,265,266,267,268,269,270,271]. The experiments have shown that
fluctuating Coulomb forces exerted on the anharmonic OH stretching oscillators in the hydro-
gen-bonded network of water molecules lead to a pronounced spectral diffusion, the situation
in which the transition frequency of OH stretching oscillator undergoes fast, stochastic shifts
within the spectral envelope. This frequency modulation results in dephasing: the loss of
quantum coherence of the optically coupled states in the anharmonic oscillator. In the linear
spectrum such phenomena show up as a vibrational band broadening giving no information
about the underlying time scales. Time-resolved nonlinear experiments, in particular two-
dimensional spectra of OH stretching mode of H,O have shown that the fastest components
of the fluctuating force in the sub-50 fs time range are related to high-frequency hindered ro-
tations (librational motions) of water molecules [41,43]. The energy transfer of OH stretching
excitations between neighbouring water molecules with slightly different fundamental transi-
tion frequencies occurs on 100 fs time scale [41,43,105] and also contributes to spectral diffu-
sion. These observations are in agreement with recent theoretical work based on MD simula-
tions of water dynamics [38,40,264,265,267,272,273]. The lifetime of the v = 1 state of the
OH stretching and OH bending mode is 200 fs and 170 fs, respectively [41,43,263,266,274].
Vibrational energy relaxation of the v = 1 OH stretching mode occurs via the off-diagonal
anharmonic coupling with the v = 2 OH bending mode (both states are in Fermi resonance).
Femtosecond pump-probe experiments have demonstrated the cascaded decay of the OH
stretching vibration via the overtone and fundamental tone of OH bending mode and con-
comitant distribution of vibrational energy excess into intermolecular modes (such as libra-
tions) of the hydrogen-bonded network [91]. As a consequence, hydrogen bonds are locally
weakened around the excited molecules and the energy delocalization within a molecular
network is completed within several ps after excitation [91] (the average lifetime of water-
water hydrogen bonds is of the order of 1 ps). The latter processes establish a macroscopically
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heated ground state of the network, characterized by an enhanced fraction of broken hydrogen
bonds.

6.4 DNA thin-film samples

To work with a well-defined molecular configuration, thin films of artificial DNA oligomer
duplexes containing 23 alternating adenine-thymine (A-T) pairs in Watson-Crick geometry
were studied. In order to generate films of high optical quality, the sodium counterions of the
DNA oligomers are replaced by a cationic amphiphile, hexadecyl-trimethylammonium chlo-
ride (CTMA) [232,234,235]. The oligomers are cast into thin films on 500 nm thick Si3zNy4
windows and held in a cell where the relative humidity (r.h.) can be controlled, that deter-
mines the water concentration in the film.

6.4.1 Preparation of high optical quality DNA:CTMA films

An aqueous solution (ImL) of sodium salt of double-stranded adenine-thymine (A-T) oligo-
mers composed of 5°-T(TA)o-TT-3 (Thermo Scientific) and an aqueous solution of the molar
equivalent of CTMA chloride are mixed together at room temperature. The water-insoluble
DNA-surfactant complex is formed spontaneously upon dropwise addition of the cationic
surfactant to the DNA and is gathered by repeated centrifugation. The precipitate is rinsed
with distilled water several times in order to purify it from replaced sodium ions from DNA
salt and chloride ions from surfactant. The DNA-surfactant complex is then dissolved in etha-
nol and cast on a Teflon plate. The solvent is slowly evaporated at room temperature. The dry
DNA-CTMA complex is finally dissolved in tert-butanol and drop-cast onto SizN4 or BaF;
(for Raman measurements) substrate. The solvent is evaporated under the saturated vapour at
room temperature. The obtained film is physically stable, transparent and gives only minor
scattering during the linear and nonlinear infrared spectroscopic measurements.

To control the water content in a film, samples are placed in a home-built stainless steel hu-
midity cell. The cell is designed in a way that a channel connects the sample chamber with a
special reservoir where various agents can be placed to control the chamber atmosphere. To
maintain the relative humidity (r.h.) inside the chamber at constant 0% value, the sample is
held in a cell with phosphorus pentoxide, P,Os in the reservoir. To hydrate the sample to a
well-defined level, pertinent saturated salt solutions are used such as NaBrOs; (92% r.h.),
NaClOj; (75% r.h.) and other, as described in [227]. Equilibration to the new r.h. occurs typi-
cally within two days in each case.

6.4.2 Stationary vibrational spectra of hydrated DNA films

The linear infrared and Raman spectra of DNA and their change upon hydration have been the
subject of  extensive  experimental  studies and  theoretical  calculations
[275,276,277,278,279,280,281,282,283]. The linear vibrational spectrum of condensed-phase
DNA is very congested, with many overlapping bands, in particular in the frequency range
between 800 and 1800 cm™. Above 3000 cm™, the assignment of different bands to NH and
NH; stretching vibrations of base pairs as well as their reliable separation from water OH
stretching vibration has remained controversial [279,282,283,284].

In Figure 6.3, infrared spectra of DNA-CTMA film are plotted for 0, 33, 75 and 92 percent of
relative humidity, corresponding to = 2, = 6, = 12 and more than 20 water molecules per base
pair in the DNA structure. With increasing hydration level, the spectra show a strong absorp-
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tion enhancement between 3000 and 3700 cm™'. Concomitantly, the libration-bend combina-
tion tone of water around 2150 cm™ becomes stronger. In the frequency range above 3000 cm’
! the sample at 0% r.h. displays a broad absorption with some substructure. Increasing the
water content enhances and reshapes this absorption band substantially, mainly due to the
enhanced absorption of OH stretching vibration at higher water concentration. However, the
change of absorbance amplitude at 3400 cm™ from 0 to 92% r.h. is much less than expected
from the ratio of the water concentration, which suggests that the band observed at 0% r.h.
contains not only contributions from OH stretching vibration from residual water molecules
but contains also NH stretching vibrations from DNA base pairs.
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Figure 6.3: Infrared linear absorption spectra of DNA oligomers containing 23 alternating adenine-thymine base
pairs. The thin film sample on Si;N4 windows is held at hydration levels 0, 33, 75 and 92 % r.h. Inset: Infrared
absorption in the frequency range of symmetric and asymmetric stretching vibrations of the phosphate groups
located in the DNA backbone.
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Figure 6.4: Frequency shift of the asymmetric v,,(PO,) stretching vibration as a function of the relative hu-

midity (r.h.) in the sample. Data for the DNA/CTMA complexes studied here are compared to results for DNA
with Na" counter ions (see text).
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The inset of Figure 6.3 shows the changes in the (PO,) stretching absorption bands of the
DNA backbone for the four hydration levels. The observed reshaping of the vi(PO;) enve-
lope and the dehydration-induced blue shift of the v,5(PO,) are very close to the behaviour of
DNA with sodium counterions [277,285] as shown in Figure 6.4. The slightly different fre-
quency positions of the v,5(PO;) stem from not identical polarity of cations used, but the
observed shifts upon hydration level changes are identical [286]. This vibrational mode will
be used as a sensitive probe of hydration dynamics of DNA in the time-resolved experiments
(see Section 6.8) in order to extract specific information on microscopic dynamics of DNA-
water interactions and on the role of the relevant coupling mechanisms.

6.5 Deuterium exchange effects on IR absorption spectrum of DNA

Hydrogen isotopic exchange of deoxyribonucleic acid has been studied by infrared spectros-
copy [287,288]. Polynucleotide films can be deuterated almost completely through vapour-
phase exchange except for the hydrogen atoms of the CH bonds [288]. The exchangeable hy-
drogens in DNA can be divided into three categories, related to the rate of deuteration [289]:

(1) The fastest exchange is expected to occur for those OH and NH hydrogens
that are not involved in the interstrand base pairing by hydrogen bonding
(this “instantaneous” exchange is completed in a fraction of a second).

(i1) Interaction with solvent molecules of those hydrogens of base moieties that
are involved in interstrand base pairing is limited. Exchange is “fast”, i.e.,
half of H atom fraction is replaced by D atoms within 3 hours.

(1i1) “Slow exchange” corresponds to a half-time of hours or days; often observ-
able only at elevated temperatures. The hydrogens attached to C-8 of purine
base moieties as well as hydrogens on C-4 and/or C-5 in pyrimidines be-
long to this group.

On deuteration, the frequency vy.y, the intensity 4 and the half width 4v;, of X—H stretching
bands decrease. For a harmonic oscillator, all the spectral features mentioned above scale by

factor of /2 . This ratio is a good approximation also for weakly hydrogen-bonded X-H vi-
brations. For medium-strong hydrogen bonds, the D-substitution results in a spectral red-shift
and intensity variations that do not follow harmonic rules. The corresponding factors are on
the order of 1.3 for vx.y/ vx.pand 2 for Ay /Axp [13].

The frequency shift induced by deuteration is the most important spectral change for analyti-
cal purposes. As the spectral shift can reach a couple hundreds of wavenumbers, it often al-
lows for separating different spectral contributions. However, in the case of hydrated DNA
both hydrogens of residual water molecules as well as hydrogens of the base pair moieties are
expected to exchange on similar time scales and as a consequence, ND stretching absorptions
are overlapped with a strong OD stretching mode similarly to the case before deuteration
where the NH contributions were masked by a strong and spectrally broad water band. To
bypass these problems, a novel approach discussed below is proposed.

85



6.5.1 Experimental results

The dry DNA-CTMA film (1-2 residual water molecules per nucleotide) is held in a sealed
cell and a liquid D,O is placed at the bottom of the cell. After a certain time, all hydrogen
atoms in the film except those of the CH bonds have been replaced by deuterium atoms. Sim-
ultaneously, a DNA double-helix is expected to be hydrated with heavy water. The deuteration
process is followed by measuring a set of linear FTIR spectra with a fixed time interval (for
clarity only three representative spectra are shown in Figure 6.5).
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Figure 6.5: FTIR spectrum of 0% r.h. AT oligomer (black line). Exposing the film onto the D,O vapour results
in deuteration and hydration of the sample (red line). These processes are completed after two days (green line).

The most pronounced spectral changes upon deuteration and hydration occur in the frequency
range between 1700 and 3600 cm™. As the sample is exposed to D,O vapour, the intensity of
the band with maximum at 2505 cm™ increases continuously, whereas the broad absorption
between 3335 and 3375 cm™ slightly enhances within the first hour and later monotonically
decreases. The intensity of the band at 3200 cm™ decreases as function of time. Also the very
broad absorption starting at around 2400 cm™ and extending the high frequency tail probably
up to 3100-3200 cm™ (partially covered by very strong aliphatic C-H stretching bands of the
surfactant molecules, 2853 and 2924 cm™, as well as by other vibrations at higher frequen-
cies) decreases in intensity. On the other hand, the existence of a broad absorption extending
between 1750 cm™ and at least 2300 cm™ is observed which intensity increases monotonically
as the H/D exchange progresses.

After the deuteration and hydration processed have been completed, i.e., when no spectral
changes are further observed as function of time, the D,O solution in a cell reservoir is re-
placed with a P,Os powder to reduce the water content in the sample film. The resulting spec-
tral changes are again monitored with a linear spectrometer as a function of time until the
equilibrium is reached. The last spectrum corresponds to the 0% r.h. film, with residual D,O
and/or HOD absorptions (Figure 6.6).
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Figure 6.6: FTIR spectrum of deuterated AT oligomer film after two days of dehydratation with P,O5 powder.

The straightforward interpretation of the collected linear spectra is hampered by the fact that
simultaneously to the isotopic exchange, the hydration of the film occurs. The reliable separa-
tion of these two processes is extremely difficult as the relevant spectral bands are spectrally
broad and strongly overlap. However, the rates of the H/D exchange of the OH stretching vi-
bration of water and different NH oscillators of base pairs are unlikely to be identical. Hence,
it is possible to treat the time when the DNA film is exposed to heavy water vapour as an ex-
ternal perturbation to the system, and analyze the correlations between the spectral changes at
different frequencies in function of such perturbation parameter 6 using Noda’s two-
dimensional correlation spectroscopy as described in Section 2.5. This analytical tool has
been applied in the evaluation of the spectra of 2-pyridone/2-hydroxypyridine as described in
Section 5.5, albeit with different external variables (concentration and temperature).

The synchronous and asynchronous contour plots were generated for two time ranges:

e the time-window I: 0-80 minutes (measured with 10 minutes steps) after placing the
D,0O into the sample cell, where the H/D exchange is expected to dominate the ob-
served spectral variations (Figure 6.7),

e the time-window II: 0-800 minutes (80 min. steps), where the hydration process
strongly contributes to the observed spectral changes (Figure 6.8).

In the synchronous spectrum (period I, Figure 6.7 left), the autopeaks are located at 2113 (w),
2188 (w), 2485 (vs), 3021 (m), 3289 (sh), 3432 (vs) and 3505 (sh) cm™. The strongest posi-
tive cross-peak peak is observed at ©(2485, 3432) with a shoulder at ®(2485, 3289). The neg-
ative off-diagonal peaks develop at ®(2485, 3021) and ®(2485, 2792). Because of the very
strong absorption of amphiphile CTMA molecule at this region, it is not clear whether the
strong negative correlation between the broad contour between 1800 and 2600 cm™ (with
maximum at 2485 cm™) is synchronous with the two distinct peaks with maxima at around
3021 and 2760 cm™ or to the one broad band extending from approximately 2700 to 3100 cm
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!. This spectral region (one broad or two separate peaks) is also negatively correlated with the
broad absorption with an intensity maximum located at 3432 cm™.

In the asynchronous spectrum (period I, Figure 6.7 right) the strongest peak is located at
W(3382, 2537). This peak is spectrally broad and has a second maximum at around ¥(3200,
2505). Both peaks are positive, but the sign of the latter changes at the low-frequency side
(~3160 cm™) suggesting that in this range (3160-3200 cm™) the absorbance changes may
originate from two distinct peaks which behave differently with respect to the broad absorp-
tion with a intensity maximum located at 2505 cm™. Another negative asynchronous peak is
located at (3432, 3169).
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Figure 6.7: 2D correlation spectra generated from the set of nine (0-80 minutes; 10 min. interval) linear FTIR
spectra measured as function of time when the DNA sample was exposed onto the D,O vapour.
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Figure 6.8: 2D correlation spectra generated from the set of eleven (0-800 minutes; 80 min. interval) linear
FTIR spectra measured as function of time when the DNA sample was exposed onto the D, O vapour.

The second set of data analysed with the help of two-dimensional correlation spectroscopy
(period II) involve eleven infrared spectra starting from the one measured immediately after
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replacing the drying agent with D,O. The last spectrum has been collected 800 minutes after
exposure the DNA film on heavy water vapour.

There are several peaks at the diagonal of the synchronous spectrum (Figure 6.8, left) with
maxima located at 2125 (w), 2416 (s), 2505 (vs), 3022(m), 3195 (s) and 3335 (s) cm™. In con-
trary to the synchronous spectra of the data measured in the time period between 0 and 80
minutes, all the off-diagonal peaks here have a negative sign. Strong peaks are observed at
d(3185, 2410), O(3185, 2535) and d(3335, 2580). In addition, a weaker negative peak with a
maximum at 2505 cm™ is synchronous to the broad absorption extending from 2700 to 3100
cm™ and similarly to the synchronous spectrum of period I, it is unclear if the observed band
is in fact composed of one or two peaks.

The asynchronous spectrum (Figure 6.8, right) is dominated by the peak at 3429 cm™, which
is asynchronous strongly with an absorption centred at around 2492 cm™ and weakly with a
peaks located at 3024, 3176 and 3335 cm™.

6.5.2 Discussion and conclusions

The synchronous spectra for the time period I and II differ substantially. In the period I, no
peaks are observed with maxima corresponding to the peaks of the linear spectrum of a dry
DNA film (3200, 3335 cm™, cf. red lines in Figure 6.3 and in Figure 6.5). Instead, a strong
positive peak at ®(2485, 3432) develops, which reveals the correlation between the OD
stretching absorption from D,O (the literature value for the maximum of the bulk D,O is
2495 cm™) and the OH stretching absorption of HOD. The band at 2485 cm™ is negatively
synchronous with a broad absorption extending from 2700 to 3100 cm™. The latter is then
negatively correlated with the band at 3432 cm™. In other words, the broad absorption which
in the linear spectrum partially overlaps with strong CH stretching bands of the CTMA mole-
cules decreases with concomitant intensity enhancement of OD stretching absorption of heavy
water and the OH stretching bands of HOD molecules.

As such, the synchronous spectrum (period I) is dominated by the OH/OD rather than NH/ND
exchange. These results suggest that a broad absorption between the 2700 and 3100 cm™ may
originate from the OH stretching vibrations (see also Section 6.7.5).

The asynchronous spectrum of period I suggest the existence of two overlapping peaks at
around 3169 and 3200 cm™, which in addition behave differently with respect to the water
(3382 cm™')/heavy water (2505 cm™) absorption. From the sign of an asynchronous spectrum,
the following sequential order of the spectral changes can be derived: 3200 = 2505 - 3169
(cm™). From the order of spectral changes it can be concluded that the H/D exchange of the
NH group absorbing at 3200 cm™ occurs faster than the deuteration of the NH stretching os-
cillator at 3169 cm™. With help of the ultrafast infrared pump-probe experiments on the hy-
drated DNA oligomers it is possible to assign the bands around 3200 and 3350 cm™ to the
different NH stretching vibrations of the adenine and thymine base pairs. A detailed discus-
sion about the assignment of the NH and OH vibrations of the hydrated DNA will be given in
the Section 6.7.3.

The synchronous spectrum of period II is dominated by the NH/ND exchange as the strongest
cross-peaks develop at the frequency positions where the contribution of NH and ND stretch-
ing absorption is expected. By drying the deuterated sample with P,Os it is possible to reveal

89



the ND stretching vibrations by decreasing the intensity of the strong OD absorption (with
maximum at around 2505 cm™ and a shoulder at 2418 cm™). The corresponding FTIR spec-
trum is shown in Figure 6.6 (with marked peaks maxima).

The asynchronous spectrum (period II) reveals the non-correlated intensity changes that origi-
nate from OH stretching vibration from HOD and the OD mode of D,0O as well as NH/ND
absorptions of base pairs.

Most of the hydrogens in the double-helix DNA oligomer are replaced by deuterium atoms on
a time scale of several hours. Using two-dimensional correlation spectroscopy, the different
exchange rates have been derived. In addition, the deuteration process has been spectrally
separated from the hydration of the adenine-thymine oligomer. These results will give addi-
tional insight to the discussion about the assignment of different NH and OH vibrational
modes based on the gas-phase calculations and the time-resolved experiments (Section 6.7.3).

6.6 Ultrafast pump-probe spectroscopy: Experimental

For all time-resolved experiments, the DNA oligomers duplexes were prepared as described in
the section 6.4.1.

Femtosecond infrared pulses were generated in two independently tunable optical parametric
amplifiers driven by 800 nm pulses of a repetition rate of 1 kHz from a Ti: sapphire laser as
described in the Section 4.3 and depicted in Figure 4.3. In the frequency converters, a AgGaS,
(0.5 mm thick for probe and 0.75 mm for pump) different frequency (DFG) crystal was used
to generate infrared pulses at the frequency of the OH/NH stretching vibrations, and with help
of a GaSe (0.5 mm thick for probe and 1 mm for pump) DFG crystal, the 8 um pulses in the
range of the phosphate vibrations were prepared. In polarization-resolved measurements, the
infrared probe pulse passes additionally a 1 mm thick half-waveplate to change polarization of
the probe with respect to the pump pulse.

The 500 nm thick silicon nitride and 1mm thick BaF, substrates were used to construct the
humidity cell. The sample was placed on the thinner window which makes a negligible con-
tribution to the detected nonlinear pump-probe signal as was confirmed in measurements with
uncoated substrates [41]. After interaction with a DNA sample, the pump pulses were re-
moved by a dichroic mirror and the probe pulse were dispersed in a monochromator and de-
tected with 16-element MCT (HgCdTe) detector array (resolution 8 and 2 cm™ for wavelength
~3 and ~8 um, respectively).

The energy of the pump pulses was around 1.5-2uJ, the temporal width of the cross-
correlation with the probe pulses was in the range between 130-160 fs (for both pulses tuned
to similar frequency) and 200 fs (for cross correlation with 3500 cm™ pump and 1230 cm’
probe pulses). The fraction of the OH/NH stretching oscillators excited by the pump pulses at
3500 cm™ was less than 3% and the pump pulses centred at 1220 cm™ excite around 5% of
phosphate stretching oscillators. Thus, multi-photon excitations and, in particular, multiple
vibrational excitations on a single base pair can be ruled out.
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6.7 Ultrafast vibrational dynamics of NH and OH excitations in hydrated DNA

In contrast to the relatively large amount of publications dealing with the ultrafast dynamics
of water (summarized in section 6.3), femtosecond studies of DNA vibrations or model sys-
tems mimicking base pair geometries have remained limited. Coupling schemes of DNA car-
bonyl and other fingerprint modes have been studied using nonlinear 2D spectroscopy
[290,291], and the relevant vibrational lifetimes have been determined in pump-probe exper-
iments [190,282]. Biologically relevant water dynamics and solvation processes around chem-
ically modified DNA (chromophores incorporated into the structure) have been studied by
fluorescence methods with femtosecond time resolution supported by molecular dynamics
simulations [247,292,293].

In this section, the first experimental results providing a detailed picture of the hydrogen-
bonding vibrational dynamics and couplings of DNA oligomers at different levels of hydra-
tion will be presented. Femtosecond vibrational spectroscopy is applied to measure transient
vibrational spectra, population kinetics and pump-probe anisotropies in the spectral range
from 3000 to 3600 cm.

6.7.1 Transient vibrational spectra of 0% r.h. DNA film

In Figure 6.9a, the linear absorption spectrum of the A-T oligomer at 0% r.h. is shown for the
frequency range between 3000 and 3600 cm™ (red line) together with the spectral profile of
excitation pulses (grey lines) centred at three frequency positions: 3150, 3250 and 3550 cm’.
In the steady-state infrared spectrum, the absorption around 3050 cm™ is due to the C-H
stretching vibrations. The different maxima and shoulders above 3100 cm™ reflect both NH
stretching modes of the base pairs and the OH stretching absorption of residual water mole-
cules. In Figure 6.9b-d, transient spectra for different excitation conditions are displayed. The
change of absorbance 44 is plotted as a function of frequency of the probe pulse, which was
delayed with respect to the pump pulse by 100, 200, 500 and 1000 fs. At low probe frequen-
cies, transient spectra display a spectrally broad enhanced absorption (44 > 0) that stems from
the v =1 — 2 transition of the excited NH and/or OH stretching oscillator. At higher frequen-
cies, the transient spectra show a decrease of absorption (44 < 0) with the spectral envelope
depending on the pump frequency. The observed negative signal originates from bleaching of
the ground state v =0 and stimulated emission from the first excited state v = 1. The corre-
sponding Feynman diagrams of all three contributions have been shown in Figure 3.3. For
excitation at 3150 cm™ and 3250 cm™, a strong negative component at 3200 cm™ is comple-
mented by weaker contributions with maxima at around 3350 and 3480 cm™. The latter peak
becomes stronger when exciting at E¢, = 3550 cm™. The relative amplitude of the different
components of the transient spectra agrees with the peaks of the linear spectrum. Their width
and position are roughly constant up to the measured delays of 10 ps (not shown). In other
words, nonlinear spectra of low-hydration DNA films display a negligible spectral diffusion
(being less than the individual line widths), in contrast to the disordered fluctuating hydrogen-
bonded system such as bulk liquid water.

91



A 3000 3200 3400 3600
) T T .
8
g
§ .
2 0.0 : L A
10 B, E =3150cm”  (b) ]
0 M":-:'“- ..““.“.',-:.,::wgmim:we’"_-‘
-10F .::-..""::;h:l“"“". -
— '20 I~ O:o.g::. a
% 4 F'"s..,.' .1' : : o =
~ E =3250cm™ (¢) |
g 0 M .,.Mﬁ"
“‘:u’ 000008055, ;-‘.
g 4l S 1
‘_g a::. u.:. "u::l‘l
s S -:::' -
5] } : ' : }
g 4r E_=3550cm’  (d)
2 L |
0 e N ensst,
R R o T T 11 cooeef
« 60fs 300 fs """'i.lnlll.:ln".
4L« 1006 * S00fs |
. L1ps 1 .
3000 3200 3400 3600
Wavenumber (cm)

Figure 6.9: (a) FTIR absorption spectrum of a DNA-CTMA film in the range of the NH and OH stretching ab-
sorption for 0% r.h. (red line). Grey solid lines: spectral profiles of femtosecond pump pulses for three centre
frequencies: 3150, 3250 and 3550 cm™. (b) Transient vibrational spectra measured with pump pulses centred at
E= 3150 cm™. The absorbance change AA = -log(T/T,) is plotted as a function of probe frequency for delay
times of 60, 100, 300, 500 and 1000 fs (coloured symbols, Ty, T — sample transmission before and after excita-
tion). (c,d) Transient spectra measured with pump pulses centred at E, = 3250 cm™ and 3550 cm™ for the probe
pulse delays identical to those in (b).

In general, spectral diffusion originates from the modulation of the vibrational transition ener-
gy by structural fluctuations of the hydrogen-bond geometries or by fluctuating forces exerted
by the bath. The DNA backbone structure enforces a well-defined structure of the A-T pairs,
i.e., hydrogen bond geometry fluctuations are drastically suppressed, similar to other dimer
systems such as cyclic carboxylic acid dimers in the gas phase or in a non-polar solvent
[179,193].
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Figure 6.10: (a,b) Pump-probe transients measured at probe frequencies E,, = 3075 cm’ " and E, = 3205 cm’
with pump pulse tuned at E., = 3250 cm™. The change of absorbance is plotted as a function of pump-probe
delay for parallel (black dots) and perpendicular (red squares) linear polarization of pump and probe pulses, as
well as polarization for magic angle (green diamonds). The dashed blue line in (b) is a calculated magic angle
signal 44, = (44 || + 2 441)/3 (c) Magic angle transient spectrum (isotropic) measured with E., = 3150 cm™
and E,; = 3205 cm™. (d) Time-dependent anisotropy r(2) = (44 | - 44L)/(A4| + 2 A41) derived from the data
with probing and excitation condition as in (b) (solid magenta line) and (c) (violet solid line) together with a
single-exponential fit.

On the other hand, the DNA molecule contains also polar groups, such as phosphate groups
located on the double-helix backbone. Such groups undergo fluctuating thermal motions,
which result in a fluctuating long-range Coulomb interaction with the vibrational transition
dipoles. Negligible spectral diffusion found here may arise from the very low (< 20 cm™) fre-
quency of the DNA backbone motions [294] and the inhibition of such motions in the DNA-
surfactant film sample [232,235]. In addition, the comparably large distance between the polar
groups located on the outside and the A-T base pairs in the inner part of the DNA structure
limits the interaction strength. The time evolution of the absorbance difference for pump puls-
es centred at E., = 3150 cm' and E., = 3250 cm !and three different probe frequencies E; =
3075 cm™, E,r = 3205 cm™ and E,, = 3335 cm™ are presented in Figure 6.10 and Figure 6.11.

The transient v = 1 — 2 absorption at E,, = 3075 cm™ (Figure 6.10a) decays with a time con-
stant of approx. 508 fs, similar to the recovery time of the bleaching signal at 3205 cm™. Its
decay was analyzed by fitting an instantaneous rise at zero delay and exponential decay con-

voluted with cross-correlation function of pump and probe pulse to the transient in Figure
6.10b.
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The long-lived residual bleaching found in Figure 6.10b,c and Figure 6.11a reflects the for-
mation of a hot ground state, i.e. the v = 0" — 1’ transition of NH/OH oscillators that have
relaxed to the ground state and have passed the excess of vibrational energy to the neighbour-
ing environment. This relaxation pathway is quite common in other hydrogen-bonded systems
[14] and is described in the Section 3.10 and illustrated by the Feynman diagrams in Figure
3.3.
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Figure 6.11: Transient spectra measured with Eo, = 3250 cm™ and E, =3335 cm’ for parallel (black dots) per-
pendicular (red squares) and magic angle (green diamonds) linear polarization of pump and probe pulses, The
blue line is a calculated magic angle signal as in Figure 6.3. (b) Anisotropy decay reaching for longer delay time
(above 1 ps), a non-zero constant value.

It is frequently of interest to measure the signal uncontaminated by orientational information.
This can be done by performing experiments in which the probe is polarized at the magic an-
gle (54.74°) to the pump-polarization direction. The isotropic signal AA, can be also calculat-
ed from the parallel and perpendicular signals using the equation: 44, = (44| + 2 441)/3.
Such time-traces can be then compared to the measured magic angle transient. For all pump-
probe time-traces presented here, calculated isotropic signals (blue lines in Figure 6.10 and
Figure 6.11) agree very well with the experimental data recorded at the magic angle (green
symbols in Figure 6.10 and Figure 6.11). The time-dependent anisotropy (magenta solid line
in Figure 6.10d), derived from the data presented in Figure 6.10b using formula r(z) = (44 -
AAL)/(4A4) + 2 AA1) exhibit an initial femtosecond delay from its initial value of r = 0.4 to a
constant residual value of r = 0.18. A similar behaviour is found for excitation frequencies at
Eo = 3150 cm™ (dashed cyan line).
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The transients measured with excitation at Ex = 3250 cm™ and probing the second pro-
nounced bleaching (E,; = 3335 cm™) of the spectra in Figure 6.11a show slightly different
time evolutions of the absorbance change. Biexponentials have been fitted to the data with
time constants of approximately 200 and 500 fs. The anisotropy decays on a 1 ps time scale
(Figure 6.11b), slower than the 144 fs time constant found for the bleach signal with a maxi-
mum frequency at around 3205 cm™ (Figure 6.10d). In both cases, however, the decay is not
completed on a several picosecond time scale.

After excitation at high frequencies (Ec, = 3550 cm™), the v = 1 — 2 absorption decays on a 1
ps time scale, similar to what is found after excitation at E.x = 3250 cm’'. The bleach recovery
showed in Figure 6.12a displays a long-lived thermal signal, similar to these observed already
in previously discussed transient spectra. In contrast to the data in Figure 6.10d and Figure
6.11b, the anisotropy derived from the data presented in Figure 6.12a does not decay and has
a constant value r = 0.4.

A detailed discussion of the results will be given in Section 6.7.3, where the data from low-
and high-humidity DNA will be merged together in order to extract reliable conclusions about
contributions of NH and OH stretching modes to the vibrational spectrum of hydrated DNA,
and about vibrational coupling between different NH stretching oscillators.
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Figure 6.12: (a) Transient spectra measured with Eo, = 3550 cm™ and E, = 3505 cm™ for parallel (black dots)
perpendicular (red squares) and magic angle (green diamonds) linear polarization of pump and probe pulses. The
blue line is a calculated magic angle signal as in Figure 6.3. (b) Anisotropy has a constant value of 0.4 for all
positive delays.
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6.7.2 Transient vibrational spectra of 92% r.h. DNA film

In Figure 6.13, the transient spectra for a DNA film at 92% r.h. (more than 20 water molecules
per base pair) are shown. They have been measured with similar excitation conditions as the
spectra for 0% r.h. sample. Nevertheless, a comparison of the absolute amplitudes of the spec-
tral features in Figure 6.9 and Figure 6.13 is difficult since spatial pump-probe overlap or oth-
er experimental conditions may vary slightly in independent measurements. For this reason,
the absorbance changes AA for both humidity cases was normalized to their respective maxi-
mum change and calculated the difference: 6A(E,y, ta) = Anorm(Epr, ta, 92% 1.h.) — Anorm(Epr,
ts, 0% r.h.). Difference spectra obtained in this way are plotted for two excitation conditions
Ex = 3250 cm™! and Ex = 3560 cm™! and two delay times tq = 300 fs and tq = 1 ps in Figure
6.14.
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Figure 6.13: FTIR absorption spectrum of a DNA-CTMA film in the range of the NH and OH stretching absorp-
tion for 92% r.h. (blue line). Grey solid lines: spectral profiles of excitation pulses centred at 3250 and 3560 cm”
'. (b) Transient vibrational spectra measured with pump pulses centred at E,, = 3250 cm™. The absorbance
change AA = -log(T/T)) is plotted as a function of probe frequency for delay times of 60, 100, 300, 500 and 1000
fs (coloured symbols, Ty, T — sample transmission before and after excitation). (c) Transient spectra measured
with pump pulses centred at Eq, = 3560 cm™ for the probe pulse delays identical to those in (b).

The transient spectra for 92% r.h. displays three negative components at frequency position
very similar to the low-humidity case, namely at around 3200, 3350 and 3500 cm™. In addi-
tion, the bleaching between the first two negative components is enhanced when comparing to
the 0% r.h. sample, a situation, which is clearly visible in the difference spectrum (Figure
6.14a). Excitation with pump pulses centred at E¢x = 3560 cm™ results in a bleaching with a
maximum at around 3500 cm™ (Figure 6.13c). As time evolves, the bleaching feature exhibits
a transient shift towards smaller frequencies, demonstrating spectral diffusion on a time scale
of hundreds of femtoseconds.

The differential absorbance change on the 3350 cm™ peak is close to zero. This is an im-
portant observation in context of discerning the NH from OH stretching contributions in the
vibrational spectra of hydrated DNA system, as will be discussed in the next Section.
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Figure 6.14: Transient difference spectra of 0 and 92% r.h. DNA film after pumping at E, = 3250 cm™ (a) and
Ee = 3550 cm™ (b). The normalized transient spectra measured for 0% r.h. were subtracted from the normalized
spectra measured for 92% r.h. for delay times of 300 fs (blue dots) and 1 ps (open circles). Solid lines: normal-
ized transient spectra measured at 0% r.h. (t4 = 300 fs).

The pump-probe time-traces measured with the sample at 92% r.h. for the same combinations
of pump and probe as for the low-hydrated sample spectral positions are presented in Figure
6.15 and Figure 6.16. The excited state absorption (Figure 6.15a) decays much faster ( < 200
fs) than for 0% r.h. sample and is followed by a negative signal that builds up on a time scale
of several hundreds of femtoseconds. The bleach recovery can be characterized by two time
constants: fast partial recovery (~ 500 fs) on a time scale similar to the enhanced absorption is
followed by a slower (several picoseconds) contribution. The anisotropy presented in Figure
6.15¢c decreases from its initial value r(t) = 0.3 within less than 700 fs to zero, in a sharp con-
trast to the behaviour at 0% r.h (compare Figure 6.10d). The transients recorded with a pump
pulse centred at E¢x = 3560 cm™ (Figure 6.16) does not differ significantly from those collect-
ed for low-humidity sample shown in Figure 6.12. However, in contrast to the 0% r.h. data,
where anisotropy has a constant value, for 92% r.h. sample the decay of anisotropy is ob-
served, and decay from an initial value of approximately r(t) = 0.3 to the value below r(t) =
0.1 occur within the first picosecond after excitation.

The polarization-resolved measurements presented in this section reveal the different behav-
iour of anisotropy for low and high r.h. sample, and for different pumping and probing condi-
tions. It will be presented in the next section, how important such information is for reliable
separation different NH and OH stretching contributions to the vibrational spectra of DNA.
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Figure 6.15: (a,b) Pump-probe transients measured with the 92% r.h. sample for two probing frequencies after
excitation tuned to E., = 3250 cm™ for parallel (black dots) perpendicular (red squares) and magic angle (green
diamonds) linear polarization of pump and probe pulses. (c) Time-dependent anisotropy derived from the data in
(b) decays to the value close to zero.
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Figure 6.16: Pump-probe transients measured with the 92% r.h. sample after excitation centred at E.x = 3560
cm’ for parallel (black dots) perpendicular (red squares) and magic angle (green diamonds) linear polarization of
pump and probe pulses for E,,, = 3075 cm™ (a) and E,. =3510 em™. (¢) Time-dependent anisotropy derived from
the data in (b) decays to the value close to zero.
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6.7.3 The assignment of different transitions to particular NH stretching modes

As has already been pointed out in the Section 6.4.2, the unambiguous assignment of different
NH stretching vibrations of the A-T oligomers and separating them from OH stretching modes
of water based on stationary infrared spectra has remained difficult. In the A-T base pairs
(Figure 6.17), two NH stretching oscillators are located on the adenine NH; group and one on
the thymine NH group.

In a recent evaluation of isolated A-T pairs in the gas-phase, IR-UV double-resonance spectra
were compared with ab initio calculated vibrational spectra of A-T isomers and base pairs
[279]. The IR-UV spectrum of A-T fits two cluster structures with HNH---O=C/N---HN hy-
drogen bonding, based on comparison with the IR spectra of A and T monomers and with ab
initio calculated vibrational spectra of the most stable A-T isomers. The dominant geometries
found are different from Watson-Crick pairs, displaying however similar strength of hydrogen
bonds.

adenine thymine

Figure 6.17: Molecular structure of the adenine-thymine base pair in Watson-Crick geometry.

In this gas phase study, the NH, vibrations of an isolated adenine molecule have been de-
scribed in terms of a symmetric and asymmetric stretching mode with a measured frequency
splitting Avnyg = Vs — Vs = 3569 — 3451 = 120 cm’! [279,295]. This splitting corresponds to a
coupling of Avny/2 = 60 cm™ between the two local NH oscillators, each having a frequency
of approximately vo = 3510 cm™. The stretching band of the single N9H group of adenine is
located at 3508 cm™'. More recent DFT calculations on the amino group in adenine suggest
similar anharmonic frequencies: v,s = 3539 cm'l, v, = 3432 cm™! and Vo = 3497 cm’! [296].

Upon formation of the A-T pair, the hydrogen bond to the thymine carbonyl group distorts the
symmetry of the NH, group of adenine. As a consequence, it is not obvious a priori whether
the two NH, modes should be considered as symmetric and asymmetric or as individual
stretching modes of the two local oscillators: one hydrogen-bonded and the other free.

The gas-phase spectra of isolated A-T base pairs display two stretching bands of the adenine
NH, group at 3326 and 3530 cm™ (Avng ~ 200 cm™) and the stretching band of the free N9H
group at 3507 cm™ [279]. A similar spectral pattern has been observed in the IR-UV spectrum
of isolated 9H-adenine. The stretching frequency of 3530 cm™ in the A-T pairs is more than
20 cm™ higher than vy, the frequency an uncoupled local NH oscillator would display. More-
over, the spectral red-shifts caused by hydrogen bonding are of the same order of magnitude
as Avng and theoretical models suggest coupling between the adenine and thymine NH
stretching vibrations much smaller than Avnp/2 [297]. The question whether the local or
symmetric description of the NH, modes is more appropriate remains open. However, the
experimental data (both linear and time-resolved IR spectra) presented in the previous chapter
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do not hint for presence of a free (non-hydrogen bonded) NH; group of adenine. In pump-
probe experiments, two strong bleaching signals at around 3200 and 3350 are observed that
frequencies are independent on humidity level of the sample. The minor changes in shape and
absolute amplitudes of the 3200 and 3350 cm™ bleaching components upon increasing the
hydration level from 0 to 92% r.h. strongly suggest that such bands originate from the NH
stretching modes of the A-T base pairs in the DNA oligomers rather then from the OH stretch-
ing from water. Moreover, even for the long pump probe delays (above 1 ps) these negative
transient components do not show the spectral diffusion — a characteristic feature for the OH
stretching modes in liquid water. The bands at 3200 and 3350 are thus assigned to the NH
vibrations from base pairs. The frequency mismatch is similar to the observed in the gas-
phase spectra and calculated for the A-T base pairs adenine NH, symmetric and asymmetric
stretching vibrations. The strong red-shift of both vibrations observed in the A-T oligomers
with respect to the gas-phase studies and their description in terms of symmetric and asym-
metric modes can be additionally justified when assuming the hydrogen bonding interaction
between water molecule(s) and the NH oscillator of the amino group of adenine. In other
words, the symmetry distortion of the amino group caused by hydrogen bonding of one of its
NH oscillators to the thymine base upon formation of a double-helix can be suppressed by
hydrogen bonding of the second one to the water molecule. Therefore, the bands observed at
3200 and 3350 have been assigned to the symmetric and asymmetric stretching modes of ade-
nine amino group in the A-T oligomers.

Isolated thymine molecules in the gas phase display stretching frequencies of 3435 cm’
(N3H) and 3482 cm™ (N1H) group [279,298]. Upon formation of A-T pairs, the frequency of
the hydrogen bonded NH group of thymine shift to 3295 cm™, a value close to the frequency
of the symmetric NH, stretching vibration of adenine in base pair (3326 cm™). Different ex-
periments preformed at the DNA oligomers and described in previous sections (linear spectra
measured in function of humidity, H/D exchange experiments and ultrafast pump-probe spec-
troscopy) suggest the lowest energy NH vibration is located at 3200 cm™. Hence, the band at
around 3200 cm™ is tentatively assigned to the superposition of the adenine NH symmetric
mode and thymine NH vibration.

Pump-probe anisotropy measurements give independent arguments for an unambiguous as-
signment of different NH stretching oscillators of A-T base pairs. In Section 3.11, the polari-
zation-sensitive pump-probe experiment has been introduced and the vibrational anisotropy
decay phenomenon has been discussed. In the case of large molecular system, the anisotropy
decay observed on the femtosecond time scale may be caused only by vibrational excitation
transfer. Such energy redistribution can be accomplished when two or more vibrational modes
couple to each other through-bond or through-space (dipole-dipole). In a double-helix struc-
ture of the A-T oligomer, the vertical distance between the base pairs is too large (beyond 0.3
nm) for effective vibrational coupling via though-space mechanism between NH groups lo-
cated on different base pairs. As a result of relatively small pump fluences in all pump-probe
experiments presented here, not more than one NH stretching oscillator per base pair is excit-
ed.

In adenine-thymine base pairs, the three NH stretching vibrations have similar extinction co-
efficients [279,299,300,301]. Accordingly, the effects of vibrational excitation transfer trans-
late into population transfer to a quasi-equilibrium situation between these three oscillators.
The excitation transfer between modes with similar eigenfrequencies is expected to be the
most probable and hence, the transfer of the vibrational energy between the symmetric NH,
stretching vibration of adenine and NH stretching mode of thymine should be reflected in fast
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anisotropy decay. The energy mismatch between these two vibrational modes and the asym-
metric stretching mode of adenine is about 150 cm™ and thus, excitation transfer rates are
expected to be substantially smaller and the contributions to anisotropy decay — slower.

For excitation centred at E., = 3250 cm™, the anisotropy of the bleach signal with maximum
at around 3205 cm™ does not decay to zero for the 0% r.h. A-T film, even at long delays be-
tween pump and probe pulses (Figure 6.10d), but it stays on the constant level of approxi-
mately r = 0.18. The explanation of such finding is following:

e For vibrational excitation transfer rates higher than the population decay rates of the
NH stretching oscillators, a full equilibration of population between the NH stretching
modes will occur. Initial anisotropy, dictated by the vibrations excited by the pump
pulse, will then change into fully equilibrated anisotropy values. The measured anisot-
ropy decay (Figure 6.10d) is faster than the population decays (Figure 6.10a) and thus
the anisotropy is equilibrated.

e Linearly polarized pump pulse centred at E¢x = 3250 cm™ creates with equal magni-
tude excited state population of the symmetric NH, stretching mode of adenine and
NH stretching mode of thymine.

e Before the excitation transfer takes place (tq = 0), both excited oscillators contribute
linearly to the pump-probe signal, and the initial anisotropy value, calculated from the
Eq. 3.36, is equal r(a) = 0.4, because the probed vibration equals pump vibration, o =
0 for all systems in an ensemble.

e In a double-helix DNA structure, the dipole moment of the symmetric and asymmetric
stretching NH, mode of adenine and NH stretching mode of thymine have a well-
defined orientation with respect to each other: the angle between the dipole moments
of the symmetric NH, stretching mode of adenine and NH stretching oscillator of
thymine is 60°.

e For long delay times (tq = o) a half of the initially excited population of the symmetric
NH; stretching mode of adenine has transferred the excitation to the NH stretching
mode of thymine, and vice versa (population equilibration).

e The anisotropy at long times (tg = o) then approaches a value equal to

1 1 1 1
=—(a=0°)+—(a=60°) =—x0.4+—x(-0.05) =0.175.
r=-( )+ ( )=3 5 *(=0.05)

e The calculated anisotropy matches very well with the experimentally observed value
and thus, an additional channel of vibrational excitation transfer to the asymmetric
NH,; stretching vibration of adenine is less important up to the delay times of 1.5 ps
(which agrees with the intuitive picture that energetically uphill pathways are in gen-
eral less probable).

The time scale of anisotropy decay allows for an estimate a vibrational coupling strength be-

tween the symmetric NH, stretching mode of adenine and NH stretching oscillator of thy-

mine. The black solid line in Figure 6.10 agrees very well with the experimental data was
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calculated with a rate of 1/150 fs = 6.67 x 10'* s for the incoherent population transfer be-
tween the oscillators. Using standard Fermi golden rule approach, the value of 15 cm™ was
derived assuming both oscillators have the same v = 0 — 1 absorption strength. It is interest-
ing to compare this number with the interaction strength estimated for a through-space di-
pole—dipole coupling, taking into account the NH transition dipole strength, the distance be-
tween and the angular orientation of the two dipoles. Based on the Forster expression for
point-like dipoles [302], one estimates a coupling of 4 (+5/-2) cm™, a fraction of the interac-
tion strength derived from the experiment. The assumption of point-like vibrational dipoles in
this model represents however a very crude approximation, very often insufficient for the ac-
curate theoretical modelling of dipole—dipole and through-bond couplings.

In conclusion, the IR pump — IR probe results presented here suggest an assignment of the
spectral component around 3350 cm™ to the asymmetric stretching mode of adenine and the
component with maximum around 3200 cm™ to a superposition of symmetric NH, stretching
vibration of adenine and the NH stretching mode of thymine.

The deuteration experiment presented in Section 6.5 reveals dissimilar exchange rates of dif-
ferent NH stretching modes of two overlapping bands absorbing at 3169 cm™ and 3200 cm.
Theoretical calculations suggest the thymine NH stretching vibration has the lowest frequen-
cy. Thus, from the order of spectral changes derived from two-dimensional asynchronous
spectra can be concluded that the slowest exchange occurs for the thymine NH oscillator
(3169 cm™).

The transient anisotropy decay discussed above give an independent confirmation of the as-
signment of the absorption band at 3200 cm™ to two different spectral components. The sug-
gested NH stretching spectral pattern is in line with gas phase investigations introduced at the
beginning of this Section.

6.7.4 Ultrafast redistribution of vibrational energy after excitation of NH stretching
modes

The femtosecond two-colour IR pump — IR probe experiments presented so far allow the dif-
ferent NH stretching bands of the A-T base pairs and the mutual couplings of the different
oscillators to be identified. For the sample at 0% r.h., the time evolution of enhanced absorp-
tion (v = 1 — 2 transition) and bleaching (v = 0 — 1 transition) shown in Figure 6.10a,b re-
veals a relaxation with the lifetime of the excited v = 1 states of approximately 0.5 ps.

In this section, the pathways of NH stretching relaxation and the concomitant redistribution of
vibrational energy will be explored, and the modes accepting the excess energy from initially
excited NH stretching levels will be identified using time-resolved IR pump / anti-Stokes Ra-
man probe spectroscopy.

In this technique, infrared-pump pulses excite a distinct vibration, whereas probe pulses in the
visible or ultraviolet range generate anti-Stokes Raman spectra indicating the transient popu-
lation distributions of the excited vibrational levels. Because of the small Raman cross-
sections, however, the sensitivity of this method is not sufficient for most solutes that cannot
be studied at very high concentrations (e.g. because of their limited solubility or to avoid for-
mation of molecular aggregates). Sensitivity can be considerably enhanced under electronic
resonance conditions that results in increasing of scattering efficiency. This approach has been
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applied for studying vibrational populations after photochemical reactions [303,304] or to
selectively monitor population kinetics of modes coupling to the electronic transition
[305,306].

Mid-infrared pulses for vibrational excitation and UV pulses for anti-Stokes resonance Raman
probing were generated in two independent optical parametric sources driven by amplified
800 nm pulses from Ti:Sapphire laser system as described in Ref. [307]. The subpicosecond
infrared (3000 — 3600 cm™) pulse has a spectral width of about 40 cm™, and energy per pulse
of ~10 pJ. Excitation pulses tuned in the spectral range between 266 and 306 nm had an ener-
gy of about 0.7 wJ and a spectral width of ~30 cm™. The 1 ps temporal resolution of the exper-
iment has been determined from the cross-correlation function of the pump and probe pulses.

The infrared pulses that generate vibrational excitations in DNA sample were tuned to three
frequency positions: 3200, 3350 and 3550 cm™. Following the assignment from the section
6.7.3, the peak at 3200 cm™' represents a superposition of the symmetric NH stretching vibra-
tion of adenine and the hydrogen-bonded NH stretching mode of thymine, whereas the peak at
3350 cm™ reflects the absorption of the asymmetric stretching vibration of adenine. At 0%
r.h., the OH stretching mode of the residual water molecules, contributes to the absorption
band above 3500 cm™'. Transient anti-Stokes resonance Raman spectra were recorded with
subpicosecond UV pulse centred at A = 306 nm, i.e., outside of electronic absorption band of
DNA-CTMA film, in order to avoid a resonant electronic excitation of the sample.

In Figure 6.18, the spectra collected at a delay time of 800 fs after excitation at 3200, 3350
and 3550 cm™ are shown. With infrared excitation at 3200 cm™ (blue triangles), the pro-
nounced Raman peaks of similar intensity at about 1660, 1590, 1490 and 1330 cm’! are ob-
served. These vibrational bands are also present in the resonance Stokes Raman spectra of
pure adenine and pure thymine solutions in water [307]. For excitation at 3350 cm™ (red
dots), mainly the peak at 1660 cm™ with a shoulder at 1590 cm™ is observed, whereas for ex-
citation at 3550 cm™ (black squares), only the peak at 1660 cm™ is present. Excess popula-
tions of the different fingerprint modes of adenine and thymine generated for different infra-
red excitation frequencies clearly shows that the NH stretching modes of base pairs strongly
contribute to the infrared absorption at such position, as it has also been concluded from infra-
red pump-infrared probe experiments [233,308] described in previous sections.

The analysis of the population kinetics presented in Figure 6.19 of the modes at 1660, 1590
and 1490 cm™ reveals two time constants: t; = 0.6 + 0.3 ps and 1, = 1.5 + 0.4 ps, where the
constant t; describes the (rise) time in which the initially excited vibrations populate the ex-
cited states of the fingerprint modes, and 1, decay corresponds to the relaxation time of the
fingerprint modes to other vibrations [307]. The mode at 1330 cm™ exhibit slower kinetics
with rise time t; = 1.4 £ 0.4 ps and 1, = 2.0 + 0.5 ps. The population rise times of the anti-
Stokes Raman intensities at 1660, 1590 and 1490 cm™ are in accordance with the population
decay of the initially excited NH stretching modes, all showing the decay times of the order of
0.5 ps, as discussed in section 6.5.2. This indicates direct population of these fingerprint
modes from the NH stretching vibrations. In contrast, the population rise time of the band at
1330 cm™ is substantially slower, suggesting an indirect population of this mode via vibra-
tional energy redistribution. As its rice time (t; = 1.4 £ 0.4) is comparable to the decay time of
the three other fingerprint modes (1, = 1.5 = 0.4 ps), it is probable that excess population in
the mode at 1330 cm™' originates from these three modes.
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Figure 6.18: Infrared-pump/anti-Stokes resonance Raman-probe spectra of DNA-CTMA complexes recorded
with a delay time of 0.8 ps after infrared excitation and with a probing wavelength of 306 nm. Spectra were
recorded after infrared excitation at 3200, 3350 and 3550 cm™, respectively. Intensities are corrected for equal
pump and probe intensities.

Although for excitation with infrared pulse tuned to 3350 cm™, the asymmetric NH, stretch-
ing mode of adenine is expected to be populated, the transient Raman spectra exhibit pro-
nounced excess populations of the thymine fingerprint mode at 1660 cm™. This colourable
discrepancy is in fact a confirmation of discussed in section 6.5.5 femtosecond excitation
transfer between adenine and thymine NH stretching modes founded with help of polariza-
tion-resolved IR pump — IR probe spectroscopy.

The rate of population transfer from initially excited NH stretching vibrations into the indi-
vidual fingerprint modes is determined by their respective energy mismatch. Hydrogen bond-
ing is responsible for the lowering the energy of the NH stretching v = 1 state and in this way
bringing them energetically closer to over- and/or combination tones. It has been shown [307]
that the strongest anharmonic coupling, and thus, the most effective relaxation channel for the
initially excited NH stretching modes exist for those overtones and combination bands which
have a strong NH bending contribution [282,305,306].
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Figure 6.19: Circles: Anti-Stokes resonance Raman intensities of the vibrational bands at 1660, 1590, 1490 and
1330 cm™ depending on delay time after infrared excitation at 3200 cm™. Stars: Normalized anti-Stokes Raman
intensities at 1660 cm™ for infrared excitation at 3350 cm™. Anti-Stokes resonance Raman spectra were probed
at 306 nm. Solid lines: Approximation of the population kinetics by a three level model. The modes at 1660,
1590 and 1490 cm™ are all fitted with a rise time 7, = 0.6 + 0.3 ps and a decay time T , = 1.5 + 0.4 ps, whereas
the kinetics of the mode at 1330 cm™' is approximated with t; = 1.4 = 0.4 ps and 1, =2 = 0.5 ps. CC: Cross cor-
relation function of the infrared pump and ultraviolet probe pulses (At = 1 ps, FWHM).

6.7.5 OH stretching dynamics of water interacting with DNA. Formation of a hot
ground state

The so far presented results for the DNA sample at different hydration levels clearly show that
NH stretching bands give a prominent contribution to the steady-state infrared absorption in
the range of 3000 to 3700 cm™. For an assignment of the different absorption bands to par-
ticular NH and/or OH stretching vibrations of the adenine-thymine base pairs in the DNA
oligomers and water, the changes of the transient spectra upon increasing of the water concen-
tration in the DNA films have been analyzed. The difference spectra (Figure 6.14) for excita-
tion at Eex = 3250 cm™ show that additional water molecules cause two more bleaching com-
ponents around 3250 cm™ and 3450 cm™. In contrast, the transient negative bands at 3200 cm
"and 3350 cm™ remain unchanged. Hence, the additional components present at high hydra-
tion level are assigned to water.

Deuteration experiment presented in Section 6.5 suggests that a broad absorption between
2700 and 3100 cm™ may originate from the OH stretching vibrations of strongly hydrogen-
bonded water molecules.

For DNA-CTMA film at 0% r.h., the vibrational couplings have been derived from the IR
probe-IR pump anisotropy measurements and sub-picosecond Raman experiment have shown
that NH excitations decay predominantly into fingerprint modes in the frequency range of the
NH bending vibrations.
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At 0% r.h., individual water molecules (~ 2 per base pair) are likely to be located closely to
the negatively charged phosphate groups of the DNA backbone (see discussion about hydra-
tion DNA scheme in Section 6.2). This type of local interaction is similar to that of water
molecules interacting with the polar heads of small reversed micelles [269,270,309]. The dy-
namics of water molecules in the hydration shell around protein or micelle is partly deter-
mined by and reflected in the hydrogen bond lifetime kinetics, which in turn depends on the
structure of the layer induced by the macromolecular surface [262]. In geometries restricted to
the nanometre length scale, like micelles or reversed micelles, the OH stretching band is nar-
rower than in bulk water, with maximum at frequencies around 3500 cm™ and above, depend-
ing on the micelle size [269]. Moreover, the v = 1 lifetime of OH stretching oscillator ob-
served in reversed micelles and in the DNA film (500 fs, [308]) is longer than in bulk water
(200 fs, [41,91,263]). The increase of vibrational lifetime is probably due to the bigger energy
mismatch between the v = 1 state of OH stretching mode and the v = 2 state of OH bending
vibration, which is located at around 3200 cm™ and plays an important role in vibrational re-
laxation process [91].

At 0% r.h., the pump-probe anisotropy measured for Ee, = 3550 cm™ and E, = 3505 cm’™ has
a time-independent value of r = 0.4 (Figure 6.12b) rather than the 100 fs decay observed in
bulk water [41,43,310]. This fact demonstrates that for water molecules strongly interacting
with the ionic phosphate groups, rotational diffusion is suppressed and the vibrational excita-
tion transfer to other OH stretching oscillators is of minor importance for such low water con-
centration. In contrast, a decay of anisotropy is observed for fully hydrated A-T oligomer
(Figure 6.6), suggesting that both rotational reorientation and resonant energy transfer occur
in the hydration shell of DNA. Again, this decay is substantially slower than in bulk water.

In order to understand the water dynamics in the vicinity of the DNA double helix, the results
presented in the section 6.7.2 for 92% r.h. will be discussed now in more detail.

The transient pump-probe spectra of the sample at 92% r.h. (Figure 6.13c) exhibit a pro-
nounced spectral diffusion, a characteristic feature for a disordered network of hydrogen
bonds in aqueous systems. The bleaching signal with a maximum initially located around
3500 cm™ shifts towards smaller frequencies (by ~100 cm™) on a sub-picosecond time scale.
Hence, this broad essentially structureless spectral envelope is assigned to the OH stretching
mode of water molecules.

In addition to water molecules directly interacting with DNA double-helix through local hy-
drogen bonds, a second hydration shell should be formed when increasing the film relative
humidity to 92%. The experimental results presented in Figure 6.15 and Figure 6.20 indeed
give evidence for a second subset of water molecules that is absent in low-hydrated A-T oli-
gomers.

After pumping at E¢, = 3250 cm™, the OH stretching response have properties which are
much closer to the bulk water than when exciting at E.x = 3500 - 3560 cm™,

The arguments are given below:

e for excitation frequencies centred at E.x = 3250 cm'l, an initial recovery with a time
constant of 200 fs is found (Figure 6.20a), which agrees with the fast decay of the ex-
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cited state absorption presented in the Figure 6.15a, and is close to the lifetime of v =
1 of OH stretching vibration in water.

At 92% rh., the pump pulse centred at E., = 3250 cm™ excites both NH and OH
stretching vibrations and thus, a separation of contributions of these individual modes
to the observed transient spectra is impossible. However, the fast decay (within 250 fs)
of the enhanced absorption (Figure 6.15a) sets an upper limit to the lifetime of v =1 of
OH stretching oscillator, which is then substantially shorter than the corresponding
transient for 0% r.h. (Figure 6.10a) and the v = 1 lifetime of the OH stretching mode
observed when pumping at E¢, = 3560 cm™ (Figure 6.16a).

At probing position (Epr = 3500 cm™) well above the excitation frequency (Eey = 3250
cm™), the 500 fs build-up of a long-lived transient absorption is observed (Figure
6.20a, cyan diamonds). This behaviour reflects the formation of hot ground state in the
water shell and it is very similar to bulk water transient measured with the same
pumping/probing conditions (Figure 6.20a, blue solid line, data taken from [263]).

Figure 6.20: (a) Pump-probe transients (parallel polarization) recorded with E., = 3500 cm™ and E,r =3500 cm’
" (blue dots) and E, = 3250 cm™ and E, = 3550 cm’ (cyan diamonds). The enhanced absorption at longer de-
lays is due to the formation of hot ground state of water, similar to pure H,O (solid line, data take from Ref.
263). (b) Time-resolved change of v,(PO,) absorption for two fixed probe positions after excitation of the OH
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stretching mode of surrounding water (Ee, = 3500 cm™).
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The positive signal in Figure 6.15a is followed by a long-lived absorption decrease, which is
absent in corresponding transient spectra measured for 0% r.h. sample (Figure 6.10a), where
mostly an ultrafast response of excited NH stretching vibrations of A-T base pairs are probed.
This negative component is attributed to a reshaping of the transient OH stretching absorption
originating from the quick repopulation of the OH stretching oscillator’s ground state.

Formation of vibrational hot ground state has been schematically presented in Figure 6.21,
and such relaxation pathway has been described by Feynman diagram in Figure 3.3. Here, the
energy excess originating from the decay of the OH stretching excitation is transferred to in-
termolecular degrees of freedom and delocalized in the hydrogen-bond network. This result in
an increase of vibrational temperature of 3-5 K for the IR pump-IR probe experiments pre-
sented here. In the heated water network (in the hot ground state of the water shell), the frac-
tion of weakened or even broken hydrogen bonds is larger. As such, the number of free (not
hydrogen-bonded) OH stretching oscillator statistically increases, resulting in enhanced ab-
sorption at the high-frequency edge of OH stretching band.

v(von) = 2
red-shifted
excited state A v(vop) =1
absorption
v(von) =1 blue-shifted
hot ground
ground T state of water
excitation state shell
of the von bleach and
mode stimulated -
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Figure 6.21: Formation of vibrational hot ground state of water. In the heated water network, the fraction of
broken hydrogen bonds increases. As a consequence, the shift of the OH stretching mode towards higher fre-
quencies is observed.

In the hot ground state of the hydration shell, also the number of hydrogen bonds between the
water molecules and the charged phosphate groups located at the double-helix backbone de-
creases. Excitation of OH stretching vibration of water molecules result in a strong reshaping
of the v,s(PO,) absorption spectrum. The transient v,s(PO;) spectra after excitation at E¢x =
3500 cm™ demonstrate that this modified spectral envelope builds up on the same time scale
as the hot ground state of the surrounding water (Figure 6.20a).

More detailed understanding of changes in the water-phosphate interaction pattern induced by
excitation of hydration shell as well as the non-equilibrium energy redistribution in DNA
double-helix after vibrational excitation of asymmetric (PO;) stretching of DNA or OH
stretching band of water, will be the subject of the next section.

6.8 Non-equilibrium energy dissipation via water-phosphate interactions

The static equilibrium picture of the DNA hydration has been presented in Section 6.2. It has
been shown that vibrations of the ionic phosphate groups located at the double-helix backbone
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are a sensitive probe of DNA-water interactions. In particular, the asymmetric stretching vi-
bration v,s(PO;) undergoes characteristic frequency shifts when the hydration level of the
DNA film changes (inset Figure 6.3). In the following, the first study of the dynamics of this
mode will be presented, where the femtosecond infrared pulse excites the asymmetric stretch-
ing vibration v,5(PO,) and the second pulse probes its time evolution in interaction with the
hydration shell. In a second series of measurements, the hydration shell itself is vibrationally
excited and the response of the phosphate oscillator is measured. Such investigations are
complemented by ultrafast experiments on the low-hydrated DNA samples, where statistically
only 1-2 water molecules directly interact with the phosphate groups. In fully hydrated A-T
oligomer, each phosphate moiety is surrounded by its own hydration shell, interacting only
weakly with other hydration shells (Figure 6.22).
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Figure 6.22: Molecular structure of nucleotide containing adenine-thymine base pair in Watson-Crick geometry.
The shaded areas indicate hydration sites on phosphate groups. Inset: Scheme of a fully-hydrated phosphate
group with arbitrary angular orientations of water molecules.

6.8.1 Ultrafast response of the resonantly excited phosphate asymmetric stretching
vas(PO») vibration

The time evolution of the v,5(PO,) absorption of DNA at 0% r.h. (Figure 6.23a) and 92% r.h.
(Figure 6.23b) was measured after excitation pulses centred at E¢x = 1230 cm™. The spectra
display an enhanced, red-shifted absorption on the v = 1 — 2 transition and transient absorp-
tion decrease in the fundamental v = 0 — 1 transition. Both components decay without chang-
ing their shapes and spectral position within the first picosecond after excitation, demonstrat-
ing minor spectral diffusion.
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Figure 6.23: (a) Linear infrared absorption of the asymmetric v,,(PO,) vibration of the DNA oligomers at 0%
and 92% r.h. (b) Transient spectra of the v,,(PO,) vibration after femtosecond excitation by pulses centred at
Ee = 1230 cm™. The change of absorbance is plotted as a function of probe frequency for different pump-.probe
delays. The spectra display the enhanced v = 1 to 2 absorption at low frequencies and the decrease of v =0 to 1
absorption at high frequencies. (c) Same for DNA oligomers at 92% r.h. Inset of (b): the spectra reflects the en-
hanced v =1 — 2 absorption at low frequencies and the decrease in the v = 0 — 1 absorption at high frequencies
(left); schematic representation of the v =0 — 1 absorption after relaxation of the v = 1 state.

The spectral shift of the enhanced v = 1 — 2 absorption relative to the decrease of the v =0
— 1 absorption is a measure for the (diagonal) anharmonicity Av = v(v,1) — v(v19) of the
vas(PO2) oscillator which can be extracted by a line shape analysis (Figure 6.24).

As the lineshape of the linear absorption spectrum is not understood in detail, two limiting
cases are considered:

e For a homogeneously broadened phosphate absorption band, the bleaching spectrum
of the 0-1 transition is given by the (inverted) linear absorption band (blue lines in
Figure 6.24b,c). Adjusting the amplitude of this band to and subtracting it from the
transient spectra (symbols in Figure 6.24b,c), one derives the 1-2 absorption spectra of
the oscillator (blue lines). The shift of the maxima of the respective 1-2 band relative
to the 0-1 band is taken as a measure of the anharmonicity Av.

e For an inhomogeneously broadened phosphate absorption band, the bleaching spec-
trum of the 0-1 transition is given by the convolution of the (inverted) linear absorp-
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tion band with the pump spectrum (dash-dotted line in Figure 6.24a). Following the
same subtraction algorithm, one derives the corresponding 1-2 spectra (red dash-
dotted lines) and the anharmonicities.

Both models give very similar anharmonicity values of Av=—12+2 cm™ at 0% r.h. and Av =
~18 2 cm™ at 92% r.h.
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Figure 6.24: (a) Linear absorption spectrum of DNA in the range of the antisymmetric phosphate stretching
vibration v,s(PO;) for 0% r.h. and 92 % r.h. (solid lines). Dash-dotted line: Spectrum of the femtosecond pump
pulse. (b) Transient spectrum of the v,5(PO,) vibration at a delay time of 350 fs (symbols). Black solid lines:
Inverted linear absorption spectrum (0-1 transition, lower part) and calculated 1-2 absorption (upper part). Red
solid lines: Inverted linear absorption spectrum convoluted with the pump spectrum (0-1 transition, lower part)
and calculated 1-2 absorption (upper part). (c) Same for a sample at 92% r.h.

The red-shift of the fundamental transition of the v,5(PO») absorption band as observed in the
stationary infrared spectrum (Figure 6.3) upon increasing the hydration level, together with a
transient shift towards small frequencies of v,s(PO;) excited state absorption and diagonal
anharmonicity increment from 12 to 18 cm™ are all due to the hydration level increase of the
phosphate groups. At 92% r.h., in addition to a larger number of hydrogen bonds between the
phosphate groups and water molecules, the relocation of electronic charge in the (PO;)
groups polarized by interaction with surrounding water dipoles could potentially plays an im-
portant role [311]. The constant pump-probe anisotropies (Figure 6.25b,d) derived from data
in Figure 6.25a,c suggests a minor role of a resonant energy transfer between different
vas(PO2) oscillators.
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Figure 6.25: (a,c) Transient spectra of v,(PO,) excitation at 0 and 92% r.h. measured for parallel (black dots),
perpendicular (red squares) and magic angle (green diamonds) linear polarization of pump and probe pulses. The
blue lines are the calculated magic angle signals. (b,d) Anisotropy has a constant value around 0.4 for all positive
delays.
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Figure 6.26: Time-resolved changes of the v,(PO,) absorption at fixed probe frequencies for DNA oligomers
at (a) 0% r.h. and (b) 92% r.h. (symbols). The initial 340 fs decay is independent of the hydration level (solid
lines: rate equation fits) and represents the v = 1 population relaxation. At 0% r.h., this component is followed by
a slow residual signal. This component is also observed in the NH stretching kinetics (bottom transient in (a))
and decays with a 5.5 ps time constant (solid line). At 92% r.h., any slow signal is absent.
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In Figure 6.26, the kinetics of absorption changes at fixed spectral positions are shown. At
both hydration levels, the enhanced absorption and the absorption decrease show a fast decay
with a time constant of 340 fs (solid line: numerical fit), the lifetime of the v = 1 state of the
vas(PO2) oscillators. The fact that the depopulation of v =1 level is independent of the hydra-
tion level indicate, that the relaxation pathway of the v,5(PO;) involves DNA vibrations at
lower frequencies rather than couplings to the water vibrations. The symmetric phosphate
stretching vibration, v,s(PO;) , and/or the combination band involving the diester-phosphate
stretching and (PO,) twisting modes may serve as initial energy acceptors [280,312,313].

After this initial decay, a small longer-lived absorption change is found at 0% r.h., which de-
cays completely within 20 ps. A similar component is present in the NH stretching kinetics
shown (Figure 6.26a, blue dots). The high accuracy of the latter measurement allows for de-
riving a decay time of 5.5 ps. It is important to note that this slow component is absent at 92%
r.h. (Figure 6.26b). These observations points to a very important phenomenon, namely dissi-
pation of the excess of vibrational energy to the DNA and / or water modes and will be dis-
cussed separately in the next section.

6.8.2 Non-equilibrium energy delocalization in hydrated DNA

In this section, the scenario of ultrafast redistribution of excess energy after vibrational excita-
tion of PO, mode of DNA will be discussed.

At 0% r.h., the transient absorbance changes of v,s(PO3) vibration at 1268 cm™! and (Figure
6.26a) display — after the decay of v = 1 state — long-lived residual component that decay
completely within 20 ps. The population relaxation of v,(PO,) oscillator establishes excess
energy in other, mainly low-frequency modes. Some of these modes couple anharmonically to
the v,5(PO,) vibration, being now in its ground states. This coupling gives rise to a spectral
reshaping of the v,s(PO,) v =0 — 1 absorption band (hot ground state) and, thus, to the sig-
nal in the picosecond range. Cooling the low-frequency modes by transferring the energy to
other DNA vibrations and to the water environment, i.e., delocalizing the excess energy into a
heated macroscopic volume, is mapped by the decay of this slow, “thermal” component. A
similar scenario of ultrafast energy flow has been observed in the azobenzene molecule. The
vibrational cooling of this polyatomic molecule after ultrafast photoisomerisation was investi-
gated by time resolved IR spectroscopy with femtosecond time resolution [191]. There, after
an initial ultrafast intramolecular energy redistribution process, the intermolecular energy
transfer to the solvent occurs on a time scale of ca. 20 ps.

At 0% r.h., only single water molecules are located near phosphate groups of DNA. As a con-
sequence, the potential role of accepting the vibrational energy by H,O modes is strongly
suppressed for such low water concentration. Thus, DNA with its large manifold of low-
frequency vibrations represents the main heat sink, and the time constant of 5.5 ps, obtained
from numerical fitting of the transient spectra (Figure 6.26a), reflects the time scale of energy
transport within and along DNA (see energy relaxation scheme of v,(PO;) for 0% r.h. in
Figure 6.27, left).

For fully hydrated DNA at 92% r.h., no slow kinetics in the v,5(PO;) response is present.
This fact suggests that excess energy released on the decay of asymmetric phosphate stretch-
ing vibration is mainly transferred to the surrounding hydration shell and redistributed in the
aqueous bath. The initial energy transfer to the hydration shell is faster than observed 340 fs
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lifetime of v,5(PO,) excited state. Clearly, water molecules with a broad range of librational
excitations serves as a very efficient heat sink preventing from energy accumulation in the
DNA phosphate group (Figure 6.27, right).
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Figure 6.27: A schematic energy level diagram showing the possible energy relaxation pathways of asymmetric
phosphate stretching excitation. For 0% r.h. sample (left side of the scheme), v = 1 decay brings the excited
vas(PO,)  vibration back to its ground state and establishes excess energy in its low-frequency modes. Cooling
these vibrations by transferring the energy to other DNA vibrations is mapped by the slow (~ 5.5 ps), thermal
component. For fully hydrated DNA (right side) water molecules with a broad range of librational excitation act
as a very efficient energy accepting manifold into which the energy is quickly transferred.

6.8.3 Response of the v,(PO;) vibration to OH stretching excitations of water

To understand the interaction between the phosphate groups and their water shells in more
detail, a series of experiments was performed in which the water shell is excited via the OH
stretching band and the response of the v,(PO,) vibration is monitored in a spectrally and
temporally resolved way.

In Figure 6.28, transient v,5(PO,) spectra are plotted for different delay times after excitation
at Eex = 3500 cm™'. Before delay zero (probe precedes pump), an enhanced absorption at low
frequencies and a decrease of absorption at high frequencies is observed. As time evolves, the
transient spectra undergo a strong reshaping, now developing a pronounced absorption de-
crease at low frequencies and an enhanced absorption at high frequencies, both persisting for
delay times longer than 10 ps. In Figure 6.20b, time dependent absorption changes are shown
for fixed probe frequencies. The transients demonstrate that the modified spectral envelope
builds up on a time scale of approximately 1 ps, following a kinetics very similar to the for-
mation of the hot water ground state as discussed already in section 6.7.5 and depicted in Fig-
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ure 6.20a. The ultrafast response of the v,5(PO,) mode to an OH stretching excitation of the
hydration shell gives independent evidence of the strong water-phosphate coupling at 92% r.h.
The decay of the OH stretching excitation on a subpicosecond time scale (cf. Figure 6.20b)
transfers the excess energy into low-frequency modes of water, forming a hot water ground
state within 1 to 2 ps, very similar to the behaviour of bulk water. During and after this pro-
cess, the v,5(PO,)  oscillator remains in its v = 0 state and the interaction with the excited
hydration shell modifies its v =0 to 1 absorption.
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Figure 6.28: (a) Transient spectra (symbols) of the v,,(PO,)” mode after excitation (Eex = 3500 cm™) of the OH
stretching mode of the water molecules in the DNA sample at high humidity (92% r.h.). Spectra are shown for
two different pump-probe delays (parallel linear polarizations of pump and probe). (c) Transient spectra at delay
times of 2 and 10 ps (symbols). Solid line: Difference AA = A(0%) - A(92%) of the linear absorption spectra for
0% and 92% r.h. scaled for the fraction of excited water molecules.

The transient spectra of Figure 6.28 reflect changes in the local interaction pattern of phos-
phate and water. Heating the hydration shell introduces defects in the hydrogen bond pattern,
1.e., the fraction of geometrically distorted and/or broken hydrogen bonds increases, a mecha-
nism also affecting the phosphate-water hydrogen bonds.

The shape of the transient spectra in Figure 6.28b (symbols) resembles the absorbance differ-
ence (solid line) AA = A(0%) — A(92%) of the linear absorption spectra for 0% and 92% r.h.
(cf. Figure 6.3). This finding demonstrates that the average number of hydrogen bonds be-
tween the phosphate group and its hydration shell is reduced in the hot ground state. It has to
be noted however, that the mechanisms that lead to the observed decrease of the average
number of hydrogen bonds in transient and linear spectra are different. Subtracting the linear
absorption spectra reflects the situation where the number hydrogen bonds decreases as a re-
sult of removing the water molecules from the DNA sample using the drying agent, in con-
trast to the transient thermal breaking of hydrogen bonds observed in the pump-probe spectra.
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The hot ground state exists much longer than the 20 picosecond time interval of intra-DNA
energy delocalization observed at 0% r.h. This observation suggests a very limited energy
flow from the water shell back into DNA, potentially due to the reduced number of water-
phosphate hydrogen bonds in the hot hydration shell and the limited number of low-frequency
phosphate vibration that can serve as energy acceptors.

6.8.4 Response of the v,;(PO,) vibration at 0% r.h. after excitation at 3250 and 3500
-1
cm

In an additional series of measurements, the response of the v,(PO,) vibration to excitation
in the 3000 to 3500 cm™' range for 0% r.h. has been studied. Transient spectra and time traces
are presented in Figure 6.29 and Figure 6.30. At 0% r.h., pump pulses centred at 3500 cm’
excite the OH stretching mode of the residual water molecules whereas pump pulses centred
at 3250 cm™' excite the NH stretching vibrations of adenine and thymine and eventually OH
stretching from the residual water molecules. The spectra in Figure 6.29 display a similar
shape and time evolution for both excitation conditions that is markedly different from the
behaviour at 92% r.h. shown in Figure 6.28. The data for 0% r.h. reflect vibrational couplings
between the OH stretching modes and the v,s(PO;) . The characteristic transient reshaping of
the asymmetric phosphate stretching band has been also observed in phospholipid reversed
micelles (dioleyolphosphatidylcholine, DOPC) for low-hydration level (wy = 0, where wy =
[H,O]/[amphiphile]) [314]. In self-assembled phospholipids, the interaction of (confined)
water molecules with ionic phosphate groups resembles water-phosphate coupling in hydrated
biological membranes and in RNA or DNA.
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Figure 6.29: (a) Linear absorption spectrum of DNA in the range of the antisymmetric phosphate stretching
vibration v,5(PO,) for 0% r.h. (solid line). (b,c) Transient spectra (symbols) of the v,;(PO;,) mode after excita-
tion at (b) E=3500 cm™ and (c) E=3250 cm™. Spectra are shown for 3 different pump-probe delays (parallel
linear polarizations of pump and probe).
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Figure 6.30: Time-resolved change of the v,(PO,) absorption at fixed frequency positions E, of the probe
after excitation at (a) Ec=3500 cm™ and (b) E=3250 cm™ (coloured lines, parallel linear polarization of pump
and probe). The insets give the time evolution up to 20 ps delay. Black solid lines in the insets: Numerically
calculated signal decay with a time constant of 5.5 ps.

It should be noted that the long-term signal of the transients in Figure 6.30 again shows the
5.5 ps kinetics (black lines) of vibrational energy transfer within DNA.

6.9 Conclusions and outlook

A comprehensive study of the DNA-CTMA films at different hydration level has been pre-
sented in this chapter. The results demonstrate the potential of nonlinear infrared pump-probe
spectroscopy to discern and assign DNA and water vibrations, to determine their couplings,
and to explore microscopic interaction mechanisms governing the dynamics of hydration
shell. By measuring the anisotropy decay, the mutual couplings of the different NH stretching
modes of the adenine-thymine base pairs in the DNA oligomers have been documented. The
pronounced example is the coupling between the NH stretching vibration of thymine and the
?ymmetric NH; stretching mode of adenine, calculated to have strength of the order of 15 cm’

Vibrational energy transfer from the excited NH stretching modes to fingerprint vibrations has
been observed in real-time using subpicosecond infrared pump/anti-Stokes Raman-probe
spectroscopy. The decay of different NH stretching vibrations populates distinct accepting
modes in the NH bending range with a rise time of 0.6 ps that is close to the NH stretching
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decay times. Excitation of the accepting modes in the fingerprint region relaxes on a time
scale of several picoseconds.

At low hydration level, single water molecules interacts with a phosphate groups in the DNA
backbone, thereby forming a rigid geometry in which rotation of the water molecules is inhib-
ited. At 92 % r.h., i.e., in the case when DNA oligomer is considered as a fully hydrated, the
dynamics of the water shell is more complex. Two types of water species with markedly dif-
ferent properties have been found. In addition to the OH stretching band around 3500 cm™,
which has been assigned to the water molecules that interacts strongly with DNA backbone
(similarly to the low-humidity case), second type of OH excitation has been observed. Its dy-
namical properties are closer to those of bulk liquid water with a pronounced spectral diffu-
sion that is loss of structural memory on a time scale of several hundreds of femtoseconds.
The OH stretching excitation of water molecules that weakly interact with DNA oligomer
exhibit a lifetime of about 200 fs, a loss of vibrational anisotropy due to molecular rotations
and/or energy transfer, very broad absorption and vibrationally hot ground state formed by
disposal of excess energy.

The interaction of the DNA backbone with water has been probed via the asymmetric
Vas(PO2) vibration. The ultrafast time scales of nonequilibrium energy dissipation have been
established and the concomitant changes of the water-phosphate hydrogen bond pattern have
been characterized. While the transfer of excess energy from DNA into the hydration shell
occurs on a femtosecond time scale, energy delocalization within DNA is a slower picosecond
event. The phosphate hydration shells represent a highly efficient heat sink with an intrinsic
dynamic behaviour close to bulk water and negligible energy back-transfer into DNA.

Since more then 140 years, when the Swiss physician Friedrich Miescher first isolated deoxy-
ribonucleic acid, this fascinating molecule has continuously inspired scientist. The ultrafast
pump-probe experiments on DNA oligomers at controlled humidity level would be not possi-
ble without developing a method of preparation high optical quality thin films. The results
presented in this chapter have contributed to elucidate microscopic dynamics of adenine-
thymine base pairs in hydrated DNA oligomers. A very recent femtosecond two-dimensional
(coherent) infrared spectroscopy on this system continues the efforts to understand complicat-
ed vibrational relaxation processes, in particular, vibrational coupling mechanisms and water
dynamics in DNA hydration shell [95].

In the two-dimensional spectroscopy, a sequence of three pulses of femtosecond duration in-
teracts with the molecular sample and induces a coherent vibrational response which is read-
out via photon-echo signal [315,316,317]. The time interval between pulse 1 and 2 is called
coherence time 7, and the time interval between pulse 2 and 3 — population (waiting) time, 7.
The photon echo signal is often detected in a phase-resolved way by mixing it with the elec-
tric field of a fourth, reference pulse, the local oscillator (heterodyne detection). The hetero-
dyned signal is then measured as a function of the time delay ¢ between the echo signal and
the local oscillator. Fourier transforming these signals with respect to 7 and ¢ produces a com-
plex 2D spectrum with the excitation and detection frequencies (v; and v;, respectively). The
shapes and spectral positions of the peaks contain information about the couplings in the sam-
ple, spectral diffusion as well as the degree of homogeneous and inhomogeneous broadening
that is present in the system of interest.
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In an inhomogeneously broadened ensemble of oscillators, a correlation between the excita-
tion and detection frequencies is found at early times after excitation, resulting in peaks elon-
gated along the diagonal v; = v; as shown in Figure 6.31 for hydrated DNA and bulk water.

DNA at 92%r.h., T=50fs neat water T=0 fs
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Figure 6.31: 2D vibrational spectra of hydrated DNA at 92% r.h. (left) and bulk water (right, taken from Ref.
[41]) for early population times. The signal in the yellow-red areas correspond to the v = 0 — 1 transition,
whereas the blue areas give the v = 1 — 2 signals.

Spectral diffusion destroys this correlation and the 2D spectrum become rounder and rounder
as the population time (7) increases. Such reshaping has been observed for bulk water and
recently for hydrated DNA (Figure 6.32).
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Figure 6.32: 2D vibrational spectra of hydrated DNA at 92% r.h. (left) and bulk water (right, taken from Ref.
[41]) for population times 700 and 100 fs, respectively, reflecting ultrafast spectral diffusion. The signal in the
yellow-red areas correspond to the v = 0 — 1 transition, whereas the blue areas at lower frequencies give the v =
1 — 2 signals. The blue areas at higher frequencies correspond to the hot ground state formation.
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The extremely fast spectral diffusion (~ 50 fs) observed in pure water is due to fluctuating
forces originating from the fastest librational motions in the hydrogen-bonded network as has
been discussed in detail in Refs. [41,43]. At T = 50 fs the DNA/water system exhibits a pro-
nounced signal on the diagonal, which involve the NH stretching peaks of base pairs and the
broad OH stretching contribution of water. Two off-diagonal peaks at frequency position of
(v1,v3) = (3200 cm™, 3330 cm™) and (v;,v3) = (3330 cm™', 3200 cm™) result from coupling
between the NH stretching modes absorbing at 3200 cm™ and the asymmetric stretching mode
of adenine at 3330 cm™. At T = 700 fs, the NH stretching peaks are still at their original posi-
tions. In other words, the spectral diffusion is minor, as it has been already concluded from
presented in the Section 6.7.2 pump-probe results. On the other hand, the OH stretching com-
ponent exhibits now an essentially round shape. The change in the OH stretching contribution
is qualitatively similar to neat H,O, occurring however on somewhat slower timescale.

Future work will address vibrational couplings and energy-transfer processes by measuring
two-colour 2D spectra to elucidate couplings between modes of distinctly different frequen-
cies. Supported by theoretical calculations, such data should enable the quantitative analysis
of the complicated coupling schemes. Another direction is to study the energy dissipation in-
duced by radiationless decay of electronically excited states of DNA. Femtosecond spectros-
copy is a promising tool to understand in detail microscopic mechanisms that are responsible
for the high photostability of DNA.
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7 Summary

Hydrogen bonding is a relatively weak molecular interaction but its relevance in nature is
prodigious. Indeed, in living organisms biochemical processes occur mainly in an aqueous
environment where interactions with water greatly modulate the structure and function of bi-
omolecules.

The multitude of hydrogen bonds existing between nucleobases as well as the interaction of
DNA with surrounding water molecules strongly influence the spatial arrangement and cou-
plings of functional units of the macromolecular structure of the double helix. Water mole-
cules also stabilize the helical structure by partly shielding electrostatic interactions between
charged or polar groups such as the phosphate groups in the DNA backbone.

The fastest changes of the DNA hydration shell geometries occur in the time domain below
1 picosecond (1 ps = 107'% s). It is thus only with the advent of ultrafast vibrational spectros-
copy that examining such processes in real-time has become possible.

The motivation of this thesis was to gain a deeper understanding of vibrational dynamics and
couplings in DNA oligomers at different levels of hydration. The coupling of DNA to the
aqueous environment allows for energy exchange and, is thus expected to play a key role for
non-equilibrium processes such as the dissipation of excess energy originating from the decay
of electronic and/or vibrational excitations in DNA.

Native DNA is a very large and complex macromolecule (the largest human chromosome is
approximately 220 million base pairs long). Initial studies have focused on shorter oligomers
containing only one type of complementary base pair (Adenine-Thymine or Guanine-
Cytosine) or even on single dimers in the gas phase or in solution. Often, further simplifica-
tion is achieved by replacing the nucleic acid base pairs by model systems. An example of this
is 2-pyridone/2-hydroxypyridine in dichloromethane, which forms cyclic dimers that serve as
a model system for coupled intermolecular hydrogen bonds, with a structure resembling a
DNA base pair. However, the isomerisation and association chemistry of 2-pyridone/2-
hydroxypyridine involves a complex set of equilibria. These include monomers, solute-
solvent complexes, and cyclic and open chainlike dimers, whose presence was confirmed us-
ing NMR and IR spectroscopy. By analysing the set of stationary infrared spectra recorded as
a function of temperature and concentration using Noda’s two-dimensional correlation spec-
troscopy supported by chemometric techniques, we were able to associate these perturbation
induced spectral variations to the particular molecular species.

The OH/NH stretching vibrations in these dimers display a broad and very complex absorp-
tion band, caused by different coupling mechanisms. Of which are distinguishes notably Fer-
mi resonances of the fundamental OH/NH stretching transition with combination- or over-
tones of other vibrational modes and anharmonic coupling between the OH/NH stretching
modes and low-frequency hydrogen bond modes. Ultrafast infrared pump-probe experiment
of 2-pyridone/2-hydroxypyridine in CD,Cl, unambiguously confirmed that only a single di-
mer species dominates the IR absorption in the frequency range between 2400 and 3300 cm’™.
Comparing the observed low-frequency wavepacket motions of 99 and 150 cm™ wave-
numbers with literature values as well as our quantum chemical calculations we were able to
conclude, that this single molecular species is cyclic 2-pyridone dimer, (PD)2. The observed
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coherent oscillations due to wavepacket motions along underdamped low-frequency coordi-
nates of the dimers and its dephasing on a timescale of 750 fs suggest that such low-frequency
motions might potentially be relevant for the dynamics and spatial geometry of base pairs in
DNA molecule.

In contrast to the 2-pyridone/2-hyroxypyridine model system, the artificial 23-base pair DNA
oligomer, which we then studied, has a well-defined double-helix structure, with adenine-
thymine base pairs in Watson-Crick geometry. The high optical quality film was cast onto a
500 nm thick Si3;N4 membrane, whose contribution to the measured pump-probe signal is
negligible. Exact control of the water content in the DNA sample was achieved by placing the
DNA oligomer sample into a specially designed humidity cell.

Transient vibrational spectra, both spectrally and polarization-resolved, allow us to assign the
different NH stretching bands to the particular adenine-thymine base pairs vibrations and to
discern them from the OH stretching contributions of the surrounding water.

At 0% relative humidity (r.h.), residual water molecules are expected to hydrate ionic phos-
phate groups located on the DNA backbone. The observed OH stretching frequency of about
3500 cm™ and a constant anisotropy of 0.4 suggest that these water molecules maintain a rigid
geometry to the phosphate groups.

At high humidity levels, the NH stretching transient absorption pattern remains unaffected,
whereas changes in the OH stretching absorbance suggest the presence of two water species
with distinct environments: one, which we associate with water strongly bound to the DNA
backbone (similar to the low-humidity case, ~3500 cm'l), and a second, which acts more like
a bulk water. The second type of OH stretching excitation displays a relatively short lifetime
of ~200 fs, a very broad absorption, and the formation of a vibrational hot ground state ob-
served when probing (E,. = 3500 cm™') well above the excitation frequency (Eex = 3250 cm™).
The 500 fs build-up of a long-lived transient absorption is very similar to the bulk water tran-
sient measured with the same pump/probe conditions. In addition, in the case of fully hydrat-
ed DNA, we observed a sub-picosecond spectral diffusion of the OH stretching vibration and
ultrafast loss of vibrational anisotropy as a result of molecular rotations and/or energy trans-
fer. In contrast, the NH stretching vibrations display negligible spectral diffusion at all meas-
ured humidity levels. The coupling strength between the symmetric NH, stretching of adenine
and the NH stretching mode of thymine of approximately 15 cm™ is derived from time-
dependent anisotropy measurements.

The ionic phosphate groups in the DNA backbone are important sites of DNA hydration and
their vibrations are sensitive probes of DNA-water interactions. The femtosecond dynamics of
this mode has been investigated with ultrafast pump-probe spectroscopy. The measured 340 fs
lifetime of the v,s(PO2) v = 1 state is independent of the sample hydration level, which indi-
cates that its relaxation pathway includes low-frequency phosphate vibrations rather than wa-
ter modes. Cooling these low-frequency modes by redistributing the excess energy to other
DNA vibrations and to the water shell is mapped by the slower, thermal component of the
pump-probe signal. The experimental results clearly show, that the water shell around the
phosphates serves as a primary heat sink accepting vibrational excess energy from DNA on a
femtosecond time scale. In contrast, energy transfer within DNA occurs in the 20 ps time do-
main.

122



The structural dynamics of hydration shells induced by the dissipation of excess energy from
vibrational or electronic DNA excitations are key processes for the stability of the DNA struc-
ture. To understand the interaction between the phosphate groups and their water shells in
more detail, we performed a series of experiments in which the water shell at 92% r.h. was
excited through the OH stretching band and the response of the v,,(PO;) vibration monitored
in a spectrally and temporally resolved way. The hydrogen bond pattern of a heated hydration
shell undergoes subpicosecond rearrangements, reducing the average number of phosphate-
water hydrogen bonds. In other words, the coupling between the DNA and water modes is
reduced in the heated sample. Consequently, the energy flow from the hot water shell into
DNA may be very inefficient. On the contrary, water molecules in the phosphate hydration
shell couple strongly to the water in its surrounding. The very long lifetime of the hot water
ground state substantially exceeds the 20 ps time interval over which the intra-DNA energy
transport occurs.

Vibrational coherence experiments such as vibrational photon echo examine the time evolu-
tion of the phase relationship among vibrations. Future work will aim at measuring two-
dimensional infrared spectra of DNA (or smaller model systems), including two-colour stud-
ies, to elucidate couplings between the relevant modes which absorb at different frequencies
(e.g., between OH and (PO,) stretching oscillators). In combination with theoretical calcula-
tions, this will allow for a more detailed and quantitative understanding of vibrational cou-
plings and energy-transfer processes.
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