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DNA-Water Interactions

Biochemical processes occur mainly in aqueous environments,
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From the Contents

where interactions with water molecules play a key role for both the

structure and function of biomolecules. Deoxyribonucleic acid
(DNA), the basic carrier of genetic information, is characterized by
an equilibrium double helix structure which is held together by

intermolecular hydrogen bonds between base pairs and hydrated by

an environment of water molecules with fluctuating hydrogen bonds. 3
Basic vibrational motions of hydrated DNA and the fastest changes

in the DNA-water interactions and hydration geometries occur in
less than 1 ps. These processes can be accessed by mapping the 4. Ultrafast Vibrational Dynamics

vibrational dynamics of DNA and water in a time-resolved way by
nonlinear ultrafast vibrational spectroscopy. Recent studies provide a
detailed understanding of DNA vibrations and their dynamics, and
give insight into nonequilibrium properties and structures of

hydrated DNA.

1. Introduction

The interaction of DNA with surrounding water mole-
cules is essential for stabilizing the macromolecular structure
of the double helix and for electrically shielding charged or
highly polar groups such as the phosphate groups in the DNA
backbone and the counterions.'* Changes in the hydration
level result in conformational changes of the DNA helix, for
example, a transition from the A form at a low water level
into a fully hydrated B form.[** The coupling of DNA and the
aqueous environment allows for energy exchange and, thus, is
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.

To date, the structure of hydrated DNA has mainly been
studied under (quasi)stationary conditions by techniques such
as X-ray diffraction, neutron scattering, and spectroscopic
methods including vibrational spectroscopy.>*'" These
steady-state methods have enabled the highly precise char-
acterization of the time-averaged structures of a large variety
of DNA systems. DNA-water interactions were initially
classified in terms of a first hydration shell consisting of water
molecules directly interacting with particular functional
groups of DNA and a second hydration shell with properties
closer to bulk water.”! This qualitative static picture has been
refined by extensive nuclear magnetic resonance (NMR)
studies, which have established interaction strengths and
residence times of water molecules at particular binding
sites.!* 1% Residence times at thermal equilibrium of approx-
imately 10 ps up to the nanosecond range have been derived
from NMR measurements at temperatures around 300 K.
While such time scales are in agreement with theoretical
molecular dynamics (MD) calculations, the simulations
strongly suggest much faster intrinsic dynamics in the water
shell around the DNA [

At the molecular level, the interaction of DNA and water
is characterized by a complex interplay of local hydrogen
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bonds and long-range Coulomb forces.'*'! The structure of
water and, thus, water-DNA interactions fluctuate on time
scales between less than 50 fs and nanoseconds, with an
average lifetime of the hydrogen bonds between water
molecules of approximately 1 ps.'””! Elementary changes
in molecular geometry such as fast rotations and/or reorien-
tation and breaking of hydrogen bonds occur in the ultrafast
time domain of up to a few picoseconds, a regime that NMR
spectroscopy cannot address directly. In contrast, optical
techniques with a femtosecond time resolution allow for
ultrafast dynamics of hydrated DNA to be mapped in a time-
resolved way and for different processes to be separated by
their different time scales.

The dynamics of water at DNA interfaces have been
studied by recording time-resolved fluorescence spectra of
chromophores incorporated into the DNA structure.”*?? The
photoinduced change in the dipole moment of the chromo-
phore induces a solvation process in which the energy of the
excited emitting state is lowered by a reorientation of the
surrounding water molecules. The picosecond time scale of
such a change in the water structure has been derived from
the time evolution of the concomitant red-shift of the
emission, and has been analyzed by theoretical simula-
tions.[>24

Vibrational spectroscopy addresses particular functional
units within DNA and provides specific insight into local
interactions. This selectivity allows the interaction of unsub-
stituted DNA with water to be studied in the electronic
ground state."'% In Figure 1, vibrational absorption spectra
of bulk water (a) and DNA oligomers (b) at different
hydration levels are shown (DNA structure shown in
Figure 2a,b). Although the line shapes of the different
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bands reflect interactions in a time-integrated way, specific
information on microscopic dynamics is very difficult to
extract.

In recent years, nonlinear vibrational spectroscopy with
femtosecond time resolution has developed into a major
technique for investigating the ultrafast vibrational and
related structural dynamics of aqueous systems, in particular
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of pure H,O and isotopically diluted HOD in H,O or
D,0.%>*1 The analysis of the nonlinear response allows the
structural and relaxation dynamics to be separated by their
intrinsic dynamics, and also allows intramolecular couplings,
system-bath interactions, and relaxation times to be derived.
Extensive theoretical work, to a large part based on MD
simulations, has established a clear picture of the underlying
microscopic processes. Ultrafast vibrational spectroscopy has
also been applied to biomolecular model systems, including
proteins, peptides, and light-harvesting complexes.*? There
are, however, a very limited number of studies on DNA. 4]

In this Review, we discuss new results on DNA-water
interactions in the femto- to picosecond time domain. Differ-
ent techniques of ultrafast infrared spectroscopy are applied
to discern the NH stretching modes of adenine-thymine (A-
T) base pairs in DNA oligomers from the OH stretching
absorption of the surrounding water and to determine the
dynamics and couplings of such vibrations. Measurements at
different hydration levels allow for clear vibrational assign-
ments. We then address vibrational dynamics of phosphate
groups in the DNA backbone—major hydration sites that
interact strongly with water. We demonstrate the important
role of the phosphate hydration shells as a heat sink for the
dissipation of excess energy from DNA and measure phos-
phate—water interactions in a time-resolved way.

The Review is organized as follows: Section 2 contains a
summary of previous work on ultrafast vibrational and
structural dynamics of bulk water as well as a discussion of
existing knowledge on the vibrational properties of DNA
under steady-state (equilibrium) conditions. Basic concepts of
femtosecond vibrational spectroscopy and the preparation of
thin-film DNA samples are discussed in Section 3. New
results on vibrational dynamics and couplings of hydrated
DNA are presented in Section 4, followed by results on
ultrafast hydration dynamics (Section 5). A summary and a
brief outlook are given in Section 6.

2. Vibrational Properties of Bulk Water and
Hydrated DNA

2.1. Ultrafast Vibrational and Structural Dynamics of Liquid H,O

In the liquid phase, water molecules form an extended
disordered network of intermolecular hydrogen bonds.'” ¥l A
single water molecule can donate two hydrogen bonds
through its hydrogen atoms and accept two hydrogen bonds
to the oxygen atom (Figure 1a). This molecular network
undergoes structural fluctuations in the ultrashort time range
between approximately 10 fs, the period of the OH stretching
vibration, and several picoseconds. As a consequence of the
highly polar character of the water molecule, structural
fluctuations result in fluctuating long-range Coulomb inter-
actions. The vibrational absorption spectrum in the frequency
range between 600 and 4000 cm ™! (Figure 1a) is dominated by
the fundamental v=0 to v=1 (v=0—1) transitions of the
intramolecular OH stretching and bending modes and by
librations, that is, hindered rotational motions of water
molecules in the network. The strong OH stretching band
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Figure 1. a) Infrared absorption spectrum of liquid water (H,0) con-
sisting of the OH stretching band, the OH bending absorption, and
the L2 librational band (T=300 K, sample thickness 3 pm). The
absorption between 1000 and 1600 cm ™' is due to high-frequency
librations, and the weak band at 2100 cm™' to a libration/OH bend
combination tone. Inset: tetrahedral geometry of hydrogen-bonded
water molecules. b) Infrared absorption spectrum of DNA oligomers
containing 23 alternating adenine—thymine base pairs (structure
shown in Figure 2a,b). The thin-film sample on a Si;N, substrate is
held at hydration levels of 0%, 75%, and 92 % relative humidity (r.h.).
The band between 3000 and 3700 cm™' is due to NH stretching
vibrations of base pairs and the OH stretching mode of water.

Inset: Infrared absorption in the range of the symmetric (1070 cm™)
and asymmetric (1250 cm™") (PO,)" stretching vibrations of the
phosphate groups in the DNA backbone. Both bands show character-
istic changes upon hydration.

reaches a maximum at 3400 cm™', and the OH bending
absorption at 1650 cm™!. The librational absorption covers a
broad range from 400 to 1600 cm !, with the intense L2 band
around 670 cm ™' and the weak OH bend/libration combina-
tion tone at 2100 cm™'. The absorption arising from transla-
tional motions occurs below 400 cm™', as does the O--O
hydrogen bond mode (at 170 cm™).

The ultrafast dynamics of water have mainly been studied
by pump-probe and photon echo experiments with a femto-
second time resolution. Such techniques are described in
detail in Section 3. The experiments have shown that fluctu-
ating Coulomb forces lead to strong spectral diffusion, that is,
stochastic frequency jumps of OH stretching oscillators.?*#!
The v=0—1 transition frequency of a particular OH
stretching oscillator explores a major part of the frequency
range covered by the OH stretching absorption band. Two-
dimensional spectra of the OH stretching mode of H,O have
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shown that the fastest components of the fluctuating force in
the sub-50 fs range are related to high-frequency librational
motions of water molecules.***!) In addition, there are slower
(sub)picosecond contributions that reflect water rotations and
the breaking and reformation of hydrogen bonds.** Resonant
energy transfer of OH stretching excitations between differ-
ent water molecules occurs on a 100 fs time scale,***#! and
also contributes to spectral diffusion. The observed behavior
is in agreement with extensive theoretical work based on MD
simulations of water dynamics.®>*” In particular, the projec-
tion of the fluctuating electric field on the O—H bonds of the
water molecules has been identified as a key quantity that
generates the observed frequency fluctuations.

The lifetime of the v=1 state of the OH stretching and
OH bending oscillator is 200 fs and 170 fs, respec-
tively.***47 The y=1 OH stretching and the v=2 OH
bending states are in (Fermi) resonance. Femtosecond pump-
probe experiments have demonstrated the cascaded decay of
the OH stretching vibration via the v=2 and v=1 states of
the OH bending mode and the concomitant disposal of excess
energy into intermolecular modes of the hydrogen-bond
network.’” Very recent theoretical studies have shown that
the v=1 OH bending excitation predominantly decays into a
hindered rotation of the bend-excited molecule, with centri-
fugal coupling representing the main interaction mechanism
between the two modes.”"%? High-frequency librations in the
range between 1000 and 1600 cm ™' display a so-far unresolved
lifetime of less than 100 fs. Their decay leads to a local
weakening of hydrogen bonds around the excited molecules,
followed by a slower delocalization of excess energy in the
network.’” The latter process is characterized by time
constants of the order of 1 ps, and involves the breaking of
hydrogen bonds. Within a few picoseconds, a macroscopically
heated ground state of the network is established, which is
characterized by an elevated temperature and—in time
average—an enhanced fraction of broken hydrogen bonds.
The breaking of hydrogen bonds involves a large-angle
rotational motion of a water molecule from its original to its
new binding partner, and is induced by fluctuations in the
coordination number of the water molecule.*?) The occur-
rence of such fluctuations increases with temperature.

2.2. Vibrational Properties and Hydration Shells of DNA

The linear infrared and Raman spectra of DNA and their
change upon hydration have been the subject of extensive
experimental studies and theoretical calculations.'*%-
Vibrational bands of DNA cover a very broad frequency
range—from the high-frequency stretching vibrations of NH
or CH groups between 2800 and 3700 cm™' down to sub-
1 cm™! excitations that involve highly delocalized motions of
the DNA backbone. In general, the infrared and Raman
spectra are highly congested with many overlapping bands, in
particular in the fingerprint range between 1000 and
2000 cm™'. Above 3000 cm!, the assignment of different
bands to NH and NH, stretching excitations of base pairs has
remained controversial, in particular when comparing theo-
retical calculations and experiments.*>*
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In Figure 1b we present the steady-state infrared spectra
of the DNA film samples studied in our femtosecond
experiments for different levels of relative humidity (r.h.).
The samples contain DNA oligomers with 23 alternating
adenine-thymine (A-T) base pairs (Figure 2a,b) and cetyl-
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Figure 2. a) Sequence of alternating adenine-thymine (A-T) base pairs
in the artificial double-stranded DNA oligomers. b) Molecular structure
of the A-T base pairs together with the sugar units and the ionic
phosphate groups of the DNA backbone. The shaded areas around the
phosphate groups symbolize their hydration shells. c) Frequency shift
of the asymmetric v,,(PO,)~ stretching vibration as a function of the
relative humidity (r.h.) in the sample. Data for the DNA/CTMA
complexes (squares) studied here are compared to results for DNA
with Na™ counterions (Refs. [9,60]).

trimethylammonium counterions. In the frequency range
above 3000 cm™!, the sample at 0% r.h. (2 water molecules
per base pair) shows a broad absorption with some sub-
structure.””! Increasing the water content to 75% r.h. (12
water molecules per base pair) and 92% r.h. (>20 water
molecules per base pair) enhances and reshapes this absorp-
tion substantially, mainly as a result of the enhanced OH
stretching absorption at the higher water concentration. It
should be noted, however, that the absorption strength does
not simply scale with the water concentration, that is, the
increase in the maximum absorbance (at 3400 cm™) from 0 to
92% r.h. is much less than expected from the ratio of the
water concentrations. This fact demonstrates that the band
observed at 0% r.h. cannot be entirely due to water but
contains contributions from DNA vibrations.
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The inset in Figure 1b shows the changes in the symmetric
and asymmetric (PO,)” stretching bands of the phosphate
groups in the DNA backbone upon increasing the hydration
level. The asymmetric stretching band v, (PO,)” exhibits a
continuous red-shift with increasing water concentration,
which is shown in more detail in Figure 2¢ (squares). This
behavior is in line with extensive earlier work on DNA with
sodium counterions. Slightly different frequency positions of
the v, (PO,)” band arising from the different polarity of the
counterion were found, but identical shifts were observed
upon changes in the hydration level (open symbols).”*! We
will use this mode as a sensitive probe of hydration dynamics
in the time-resolved experiments.

On the basis of such and related results from infrared
spectroscopy, Falk et al. have proposed a (static) hydration
scheme of DNA, in which the sodium counterion of DNA and
the phosphate groups represent the main hydration sites. In
contrast, hydrogen bonds to the sugar groups in the backbone
and to functional groups of the base pairs are substantially
weaker.®”! The few water molecules at 0% r.h. are thus
expected to be located near the phosphate units. Besides
vibrational spectroscopy, DNA hydration has been studied by
other techniques such as X-ray diffraction, neutron scattering,
and NMR, all complemented by theoretical studies, in
particular MD simulations. The role of phosphate groups as
the main hydration sites and hydration geometries in the
major and minor grooves of the DNA double helix have been
elucidated in detail. X-ray and neutron scattering suggest that
six water molecules interact with the two free oxygen atoms in
fully hydrated DNA.! Each phosphate group is surrounded
by its own hydration shell, which is spatially separated and,
thus, weakly interacting with the water shells of neighboring
phosphate groups. In an aqueous environment, the first
“layer” of water molecules directly interacting with the DNA
(for example, through hydrogen bonds) is complemented by
water molecules at larger distances that interact through long-
range Coulomb interactions.®! Differentiation between the
different water species has remained difficult beyond this
qualitative concept of a “second hydration shell”. Moreover,
all results discussed so far characterize the steady-state
behavior of DNA close to thermal equilibrium.

3. Femtosecond Nonlinear Vibrational Spectroscopy
and DNA samples

3.1. Femtosecond Nonlinear Vibrational Spectroscopy

Femtosecond infrared spectroscopy is based on the
resonant interaction of femtosecond light pulses with vibra-
tional dipole transitions.”>?*6-% In the following, we briefly
describe the pump-probe technique and two-dimensional
vibrational spectroscopy, both mapping the third-order non-
linear response of an ensemble of molecular oscillators.
Femtosecond resonant excitation of a transition between two
quantum states of an oscillator (Figure 3a) generates both a
coherent polarization, that is, a dipole-mediated superposi-
tion of the wave functions of the two states, and a population
change by promoting molecules from the lower to the upper
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Figure 3. a) Left: Schematic representation of a linear hydrogen bond
with an X—H donor group (dark spheres) and a Y acceptor atom (light
sphere) as well as the potential-energy diagram of an anharmonic
oscillator with quantum states v=0, 1, and 2. In a femtosecond
pump-probe experiment, the v=0—1 transition is excited by the
pump pulse (black arrow) and both the v=0—1 and v=1-2
transitions are probed (gray arrows). Right: Schematic representation
of the changes in the measured absorption with a decrease of y=0—1
absorption and a red-shifted increase of v=1—2 absorption. b) Left:
OH stretching absorption band of H,O with the principle of spectral
diffusion. Right: Schematic representation of two-dimensional (2D)
spectra for different population times T. c) Left: NH/OH stretching
absorption of the DNA oligomers of Figure 2 for 0% r.h. and their
spectral components. Right: Schematic 2D spectrum with diagonal
and off-diagonal peaks.

state. In the pump-probe approach, this excitation is probed
by a second pulse that monitors changes of vibrational
absorption as a function of pump-probe delay. In Figure 3 a,
the pump pulse (black arrow, left panel) excites the v=0—1
transition of a stretching oscillator and the system is probed
through changes in the v=0—1 and v=1—2 absorption
(gray arrows). For a sequential interaction, that is, the probe
interacts after the pump, the reduced population of the v=0
state and the excess population of the v=1 state lead to a
change in the absorption AA <0 on the v=0—1 transition as
a result of bleaching and stimulated emission (black profile in
the right panel of Figure 2a). Concomitantly, the v =1 excess
population gives rise to an enhanced absorption AA >0 on
the v =12 transition (gray profile). The latter component is
shifted to lower frequency because of the anharmonicity of
the oscillator. Measuring AA as a function of pump-probe
delay gives insight into population kinetics and the related
redistribution of energy.
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In two-dimensional (2D) infrared spectroscopy, a
sequence of three infrared pulses of femtosecond duration
interacts with the molecular sample and induces a coherent
vibrational response which is read-out via the so-called
photon-echo signal [l There are two independent time
intervals between pulse 1 and 2—the coherence time 7—and
between pulse 2 and 3—the waiting or population time 7. The
photon echo signal can be detected in a time-integrated way
(homodyne detection) or in a phase-resolved way by mixing it
with the electric field of a reference pulse (pulse 4), the local
oscillator (heterodyne detection). From the heterodyne
signal, one derives 2D spectra, in which the Fourier transform
of the third-order polarization of the sample is plotted as a
function of two frequencies—the excitation frequency v, and
the detection frequency v;. The real part of this quantity gives
the absorptive response, the imaginary part the dispersive
response of the sample. (Further details of this method can be
found in Refs. [64,66].)

Figure 3b shows the case where spectral diffusion pre-
dominates. In a disordered hydrogen-bond network, such as
bulk water, the voy=0—1 transition frequency of the OH
stretching mode depends on the local environment, resulting
in a (inhomogeneous) frequency distribution within the OH
stretching absorption band (left panel). As the structure of the
network and, thus, both the local environments and the long-
range Coulomb interactions of the molecules fluctuate, the
frequency position of a particular oscillator changes with
time, undergoing statistical frequency shifts within the
spectral envelope—the so-called spectral diffusion. Time-
resolved 2D absorption spectra (right panel of Figure 3b)
make spectral diffusion directly visible. The 2D spectra for
T=0, that is, when the frequency distribution of the excited
oscillators generated by the first two pulses is read-out
instantly by the third pulse, display an elongated shape along
the diagonal v, =v;. This means that for each frequency v,
there is a signal at the corresponding detection frequency v;.
During a finite time interval 7 between the second and the
third “read-out” pulse, the molecular system undergoes
spectral diffusion, thereby destroying the correlation of the
excitation and detection frequencies. As a result, the 2D
spectrum measured for 7>0 shows an essentially round
shape which reflects the randomization of transition frequen-
cies and the underlying molecular geometries.

In the opposite case of negligible spectral diffusion, 2D
spectra allow couplings between different vibrational tran-
sitions to be deciphered in a quantitative way. This is
illustrated in Figure 3¢ by using the NH/OH stretching
absorption of DNA oligomers as an example. The linear
absorption band consists of a number of lines, which result in
the highly complex spectral envelope. Different types of
peaks occur in the nonlinear 2D spectra: Excitation of a
particular line (black or gray profile in the linear spectrum)
results in a signal at the same frequency on the diagonal of the
2D spectrum (black and gray symbols in the right panel),
and—in addition—in an off-diagonal peak at the frequency
position of the other coupled transition (light gray symbols).
The strength of the off-diagonal peaks is proportional to the
strength of the couplings.
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The results presented in Sections 4 and 5 originate from
two-color pump-probe experiments in a wide frequency range
of 1000 to 4000 cm ' and heterodyne-detected photon echo
studies between 3000 and 3700 cm ™. Pump and probe pulses
of 150 cm™' spectral width (FWHM) which can be tuned
independently in the range of 800 to 3700cm™' were
generated in two parametric frequency converters.”! The
energy of the pump pulses at the sample was 1.5 pJ, resulting
in an excitation of less than 5% of the oscillators in the
sample. The temporal width of the cross-correlation of the
pump and probe pulses was 150 fs (FWHM). The change of
absorbance of the DNA films AA = —log(7/T,) (T,T,: sample
transmission with and without excitation) was measured as a
function of the pump-probe delay with parallel (AA,,,) and
perpendicular (AA,,) linear polarization of the pump and
probe pulses. From such data, the time-dependent pump-
probe anisotropy r(f) =(AA,,,—AA, )/ (AA,,+2AA,,) was
derived. After interaction with the sample, the probe pulses
were spectrally dispersed and detected with a HgCdTe
detector array with 16 elements (resolution 2 cm™' around
1200 cm™" and 8 cm™! between 3000 and 3700 cm™").

The photon echo experiments were performed with a
setup that used diffractive optics for generating phase-locked
pulse pairs with propagation directions (k;,k,) and (ks,k; o) in
a so-called box-car geometry of beams that interact with the
sample.*#1 2D spectra were derived from the heterodyne
detected signal in the k;-k,+k; direction by the method
detailed in Refs. [40,41]. In general, elastic scattering of
infrared light from the DNA films and the substrate generates
a background signal in the detection of the photon echo
signal. This background signal is sufficiently small in the case
of DNA films on CaF, substrates that photon echo measure-
ments can be performed both in homo- and heterodyne
detection.

3.2. Preparation of DNA Thin-Film Samples

In the femtosecond experiments, DNA oligomer duplexes
containing 23 alternating adenine—thymine (A-T) base pairs
were studied. The duplexes consist of a 5-T(TA),,-TT-3
strand and its complement (Figure 2a,b). To generate DNA
films of high optical quality, the sodium counterions are
replaced by the surfactant cetyltrimethylammonium
(CTMA), which forms complexes with DNA. DNA thin-
film samples of 5-30 pm thickness were prepared by a
procedure described in detail in Refs. [68-71]. The complexes
were cast on 0.5 pm thick Si;N, or 1 mm thick CaF, substrates.
From the size of the DNA/surfactant complexes, a DNA
concentration of 1.5x107*M can be estimated. The DNA
samples were integrated into a home-built humidity cell. This
cell was connected to a reservoir containing various agents to
control the relative humidity (r.h.) in the cell and the DNA
film. The water concentration in the film was 0.57M, 3.5M, and
5.7m for 0%, 75 %, and 92 % r.h., respectively. The hydration
level of the DNA films was verified by steady-state infrared
measurements of the v, (PO,)” absorption at the different
humidity levels (Figure 2¢) and by gravimetric studies.
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X-ray diffraction studies have shown that DNA com-
plexed with surfactant counterions undergoes water-content-
driven changes in its helix conformation very similar to DNA
with standard Na* counterions.*7”) DNA oligomers with
alternating A-T pairs exist in the D conformation® between
40 and 70% r.h. and in the B conformation®® at higher
humidity levels. X-ray diffraction studies on thin films also
show a well-defined helix structure at 0% r.h.

4. Ultrafast Vibrational Dynamics and Couplings of
Hydrated DNA

4.1. NH and NH, Stretching Vibrations of DNA Base Pairs

The NH and NH, stretching bands of thymine and
adenine were assigned and discerned from the OH stretching
absorption of water in spectrally and temporally resolved
pump-probe measurements at different hydration levels.?7"
Nonlinear absorption spectra for different time delays after
excitation by pulses centered at E,, = 3250 cm ™ are presented
in Figure4. At 0% r.h. (Figure 4a), a spectrally broad
enhanced absorption is observed below 3100cm™' as a
result of the v=1-—2 transitions of the excited oscillators.
The two pronounced negative peaks with maxima at 3200 and
3350 cm ™! originate from bleaching and stimulated emission
on the v=0—1 transitions. The amplitudes of such signals
decrease on a 1 ps time scale without changing the spectral
positions, pointing to a minor role of spectral diffusion. The
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Figure 4. a) Transient pump-probe spectra (symbols) of DNA oligo-
mers at 0% r.h after excitation by femtosecond pulses centered at
E.,=3250 cm™". The change of absorbance AA=—log(T/T,) (T, To:
sample transmission with and without excitation, parallel polarization
of pump and probe) in mOD is plotted as a function of the probe
frequencies for pump-probe delays of 100 fs (solid circles), 500 fs
(open circles), and 1 ps (triangles). The solid line gives the linear
absorption spectrum. b) Corresponding data for DNA oligomers at
92% r.h.
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time evolution of enhanced absorption (v =1—2 transition)
and bleaching (v =0—1 transition) shown in Figure 5a,b for
two fixed spectral positions (solid circles) displays an initial
relaxation with the lifetime of the excited v=1 states of
approximately 500 fs. Sub-picosecond Raman experiments
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Figure 5. a) Change of absorbance AA at a probe photon energy of
E,,=3075 cm™' after excitation of the DNA oligomers at

E..=3250 cm™' plotted as a function of pump-probe delay. Data are
for 0% r.h. (solid circles) and 92% r.h. (open circles, parallel polar-
izations of pump and probe). b) Corresponding data for a probe
photon energy of E,,=3205 cm™' (AA values scaled for comparison of
0% and 92% r.h.).

have shown that the NH excitations decay predominantly into
fingerprint modes in the frequency range of the NH bending
vibrations.”? After the 500 fs recovery, the absorption
decrease in Figure 5b shows a much slower long-lived signal
that is related to the dissipation of excess energy, which will be
discussed in Section 5.

The transient spectra of the fully hydrated sample (92 %
r.h.) are shown in Figure 4b. The two prominent negative
peaks at 3200 and 3350 cm ™' are now complemented by a
broad OH stretching absorption of the additional water
molecules which is most pronounced between the two bands
and above 3400 cm™'. As shown in Figure 5a,b (open circles),
the time evolution of the absorption changes is somewhat
altered at 92% r.h. In particular, there is a fast decay of the
enhanced absorption at 3075 cm™! (Figure 5a), followed by a
slower component which levels off at a slightly negative value.

A detailed analysis of the two transient bands at 3200 and
3350 cm™!, including measurements of transient pump-probe
anisotropies and taking into account vibrational assignments
from gas-phase studies of isolated base pairs, has been
presented in Refs. [59,71]. The band at 3200 cm ™' represents
a superposition of the NH stretching band of thymine and the
symmetric NH, stretching band of adenine, while the band at
3350 cm™! is due to the asymmetric NH, stretching mode of
adenine. The NH stretching mode of thymine and the
symmetric NH, stretching mode of adenine display a vibra-
tional coupling of the order of 15 cm™', which was derived
from the decay of the pump-probe anisotropy.”"! Compared
to this coupling, their coupling to the asymmetric NH,
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stretching mode is less pronounced. Coupling between
oscillators located on different base pairs is expected to be
even weaker and is not observed here.

The femtosecond measurements presented so far allow
the different NH stretching bands of the base pairs and the
mutual couplings of the different oscillators to be identified.
The results for different hydration levels clearly show that the
NH stretching bands make a prominent contribution to the

steady-state absorption in the range of 3000 to 3700 cm™'.

4.2. OH Stretching Dynamics of Water Interacting with DNA

The OH stretching mode of water is a sensitive probe of
the structure and dynamics of both local hydrogen bonding
and long-range Coulomb interactions. The OH stretching
absorption occurs in the same spectral range as the NH
stretching bands of the DNA base pairs. Transient pump-
probe spectra of the DNA samples measured after excitation
around E,, = 3550 cm™! are presented in Figure 6. At 0% r.h.
(Figure 6a), the two water molecules per base pair give rise to
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Figure 6. a) Transient pump-probe spectra of DNA oligomers at 0%

r.h after excitation by femtosecond pulses centered at E,,=3550 cm™".

The change of absorbance AA in mOD is plotted as a function of
probe frequencies for pump-probe delays of 100 fs (solid circles),

500 fs (open circles), and 1 ps (triangles, parallel polarizations of
pump and probe). The solid line gives the linear absorption spectrum.
b) Corresponding data for DNA oligomers at 92% r.h.

a weak OH stretching band with a maximum at 3480 cm™'.

This band displays negligible spectral diffusion and decays on
a time scale of a few picoseconds. The v =1 lifetime of the OH
stretching mode of about 500 fs (not shown) is substantially
longer than in bulk water (200 fs, see Section 2.1). The pump-
probe anisotropy has a time-independent value of 0.4 rather
than the 100 fs decay observed in neat H,O. Such results point
to a hydration pattern in which individual water molecules are
attached to the phosphate groups—the strongest hydrogen-
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bond acceptor in the DNA samples. The spectral position of
the OH stretching band and the longer v=1 lifetime are
similar to the behavior of water in small reverse micelles,
where water molecules interact directly with the highly polar
or ionic head groups of the micelle.>’ In the water—-DNA
case, the strong local interaction leads to a binding geometry
in which the water molecules are sterically fixed, and
rotational motions that would result in changes of anisotropy
are essentially suppressed.

At 92% r.h., where there are more than 20 water
molecules per base pair, a much more heterogeneous
structure of water is expected. In addition to water molecules
interacting directly with DNA through local hydrogen bonds,
an outer hydration shell should exist where interactions
between water molecules predominate, similar to neat H,O.
The pump-probe data in Figures 4 and 6 indeed give evidence
for different water species. The transient OH stretching band
(Figures 4b and 6b) covers a much wider spectral range from
approximately 3200 to 3600 cm ™. After excitation at E,, =
3550 cm !, the transient OH stretching band displays pro-
nounced spectral diffusion, which results in a shift towards
lower frequencies (Figure 6b).

Time-resolved transients for 92% r.h. are shown in
Figure 7a. The decrease of OH stretching absorption after
excitation at E,, = 3500 cm ' displays an initial recovery with
a time constant of 200 fs, which matches the fast decay of the
v =1-—2 absorption in Figure 5 a, and is close to the lifetime of
the v=1 state in bulk water. This kinetic component is
followed by a slower contribution with a time constant of
about 500 fs and—eventually—by a long-lived residual signal
that remains constant for hundreds of picoseconds. We
compare this transient with data taken with excitation
pulses centered at E,,=3250cm™! (diamonds in Figure 7).
Here again, the 200 fs component of bleaching recovery is
found which now, however, is followed by the 500 fs build-up
of a long-lived transient absorption. This behavior is very
similar to bulk water, as shown by comparison with a bulk
water transient measured with the same pump and probe
frequencies (solid line, Ref. [47]). The enhanced absorption
reflects the formation of a vibrationally hot ground state in
the water shell. The excess energy originating from the decay
of the OH stretching excitation is eventually transferred to
intermolecular low-frequency modes and delocalized in the
hydrogen-bond network. This results in a rise of vibrational
temperature of 3-5 K under our experimental conditions. In
the heated water network, the fraction of broken hydrogen
bonds is larger, that is, on average the fraction of OH groups
not being part of a hydrogen bond is increased. The stretching
absorption of such OH groups occurs at the high-frequency
edge of the OH stretching band, thereby giving rise to the
enhanced absorption.

Two-dimensional (2D) vibrational spectra give more
specific insight into the time scales and mechanisms of
spectral diffusion. As illustrated schematically in Figure 3b, a
correlation of excitation and detection frequencies is found in
an inhomogeneously broadened ensemble of oscillators at
early times after excitation, which results in a 2D spectrum
elongated along the diagonal v, =wv;. Spectral diffusion
destroys this correlation, and the 2D spectrum reshapes
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Figure 7. a) Time-resolved change of OH stretching absorption of
water in the DNA sample at 92% r.h. (parallel polarization of pump
and probe). The data for E,, = E, =3500 cm™' show an initial recovery
of ca. 200 fs, followed by a slower 500 fs component and a long-lived
residual signal. After excitation at E,,=3250 cm™', an initial decrease
in the absorption at £, =3550 cm™' with a recovery of ca. 200 fs is
found, followed by an enhancement of absorption, which builds with a
time constant of 500 fs. The latter signal is due to the formation of a
hot ground state of the water, similar to pure H,O (solid line, data
taken from Ref. [47]). b) Time evolution of the change of v,,(PO,)~
absorption of DNA at two fixed probe positions E,, (see Figure 11)
after excitation of the OH stretching mode of the surrounding water
(Ex=3500cm™).

towards a round shape. 2D spectra for bulk H,O (left panel)
and for hydrated DNA at 92% r.h. (right panel), recorded
after different population (waiting) times 7, are presented in
Figure 8. The spectra of pure water in the range of the v=0—
1 transitions (yellow-red areas) show a transition from an
elongated shape at 7=0 towards a round shape within the
first 50 fs. This extremely fast spectral diffusion, which has
been discussed in detail in Refs. [40,41], is due to fluctuating
forces originating from the fastest librational motions in the
hydrogen-bond network. The DNA/water system (right
panel) exhibits a pronounced signal component on the
diagonal, which is comprised of the NH stretching peaks
and the broad OH stretching contribution of water. The cross-
peak at a frequency position of (v;v;)=(3330cm™’,
3200 cm™") results from the coupling between the NH
stretching modes at 3200 cm™' and the asymmetric NH,
stretching mode at 3330 cm ™. The corresponding cross-peak
at (3200 cm ™, 3330 cm™!) is masked by the strong signal of
opposite sign from the v =1—2 transitions of the oscillators.
At T=300 fs, the NH stretching peaks are still at their
original positions, that is, their spectral diffusion is minor,
while the OH stretching component has strongly reshaped
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Figure 8. Two-dimensional vibrational spectra of bulk water (left panel,
taken from Ref. [40]) and hydrated DNA at 92% r.h. (right panel). The
real part of the 2D signal is plotted as a function of excitation
frequency v, and the detection frequency v; for different populations
(waiting times) T. The signal in the yellow-red areas correspond to the
v=0—1 transitions, whereas the blue areas give the v=1—2 signals.

and now displays an essentially round shape. The change in
the OH stretching contribution is qualitatively similar to neat
H,O, but occurs on a slower timescale. A more detailed
analysis of this behavior and of the vibrational couplings
giving rise to the NH off-diagonal peaks will be presented
elsewhere.

4.3. Phosphate Vibrations in the DNA Backbone

The ionic phosphate groups in the DNA backbone are
important sites of DNA hydration, and their vibrations are
sensitive probes of DNA-water interactions. As shown in
Figures 1b (inset) and 2c¢, the asymmetric (PO,)~ stretching
vibration (v,(PO,)”) undergoes a characteristic shift to lower
frequencies when the hydration level of DNA increases. In
the following, we discuss the first study of the femtosecond
dynamics of this mode.

Transient spectra of the v, (PO,)™ absorption at 0% and
92% r.h. were measured after resonant excitation by 130 fs
pulses centered at E.,=1230 cm™'. The spectra for 0% r.h.
(Figure 9) display an enhanced red-shifted absorption on the
v=1-2 transition and a decrease in the absorption of the
fundamental (v=0—1) transition. The two components
decay with minor changes in their shape and/or spectral
position, thus demonstrating negligible spectral diffusion. The
red-shift of the enhanced v =1—2 absorption relative to the
decrease in the v=0—1 absorption is a measure of the
(diagonal) anharmonicity Av of the »,(PO,)” oscillator.
A line-shape analysis gives values of Av=wv,-v,=
—(12+£2)cm ™ at 0% r.h. and Av=—(18+2) cm™' at 92%
r.h. Both the red-shift and the increase in the anharmonicity
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Figure 9. Transient spectra of the asymmetric v,,(PO,)” vibration
(symbols) of the DNA oligomers at 0% r.h. after femtosecond
excitation by pulses centered at E,,=1230 cm™". The change of
absorbance is plotted as a function of the probe frequency for different
pump-probe delays (parallel polarizations of pump and probe). The
spectra display the enhanced v=1—2 absorption at low frequencies
and the decrease in the y=0—1 absorption at high frequencies (left
inset). The right inset shows a schematic representation of the y=0—
1 absorption after relaxation of the v=1 state. Solid line: Linear
infrared absorption.

of the ¥(PO,)~ oscillator with relative humidity are due to the
increasing hydration level of the phosphate groups. In
addition to a larger number of hydrogen bonds between the
(PO,)~ groups and water molecules, the relocation of
electronic charge in the highly polarizable (PO,)” groups,
caused by interaction with the surrounding water dipoles,
plays a role here.

At both hydration levels, the enhanced v=1—2 absorp-
tion and the decreased v =0—1 absorption show a fast decay
with the v=1 lifetime of 340 fs (Figure 10, solid line:
numerical fit). The identical lifetime at 0% and 92% r.h.
points to a negligible role of water vibrations in the decay of
the v=1 state. Instead, the coupling to DNA vibrations at
lower frequencies, such as the symmetric (PO,)" stretching,
the diester phosphate stretching, and the phosphate bending
modes, is expected to define the pathway for relaxation of the
v,(PO,)” population. After the v=1 decay, a small longer-
lived absorption change is found at 0% r.h. which decays
completely within 20 ps. This component, which is also
present in the NH stretching kinetics (bottom transient in
Figure 10a), reflects the dissipation of excess energy (see
Section 5). It is important to note that this slow component is
absent for fully hydrated phosphate groups at 92 % r.h.

5. Non-Equilibrium Energy Dissipation and
Hydration Dynamics

In this section, we address the redistribution of excess
energy after vibrational excitation of DNA modes and after
excitation of the water shell through the OH stretching band.
At 0% r.h., the time-resolved absorption changes of both the
v,s(PO,)” and the NH stretching modes at 3190 cm™ (Fig-
ure 10a) show—after the decay of the respective v =1 state—
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Figure 10. Time-resolved changes of v,,(PO,) absorption at fixed
probe frequencies for DNA oligomers at a) 0% r.h. and b) 92% r.h.
(symbols, parallel polarizations of pump and probe). The initial 340 fs
decay is independent of the hydration level (solid lines: rate equation
fits) and represents the relaxation of the v=1 population. 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 time constant of 5.5 ps (solid line). At 92% r.h.
(b), the slow signal is absent.

a subsequent longer-lived component that decays within
20 ps. This signal is caused by a reshaping of the respective
vibrational band in the hot ground state of the system. More
precisely, the excess energy released in the decay of the v=1
population generates excess populations of low-frequency
modes. Some of these modes couple anharmonically to the
V(PO,)™ and/or NH stretching modes, which are now in their
v =0 states. This coupling gives rise to a spectral reshaping of
the v,(PO,)” and/or NH stretching v =0—1 absorption and,
thus, to the signal in the picosecond range. Cooling of the
low-frequency modes by energy transfer into the large
vibrational manifold of DNA is mapped by the slow decay
of this “thermal” signal component. At 0% r.h., where only
individual water molecules are attached to the phosphate
groups providing a correspondingly low density of energy-
accepting water vibrations, the main heat sink is DNA itself.
Thus, the picosecond decay of the “thermal” signal reflects
the time scale of energy transport within and along DNA. It is
interesting to note that a very similar time scale has recently
been found for the flow of excess vibrational energy along
peptide structures'”” and in long-chain hydrocarbons.[®

For the fully hydrated DNA at 92% r.h., the slow
component in the v,(PO,)” relaxation is absent. Clearly, the
water shell around phosphate groups with an excited v,-
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(PO,)~ oscillator serves as a very efficient heat sink. The
absence of any slower kinetic component suggests that the
energy transfer to the water occurs in a shorter time period
than the 340 fs lifetime of the v,(PO,)” v=1 state. The
energy flow into the water shell is mediated by low-frequency
modes. Even if the density of low-frequency vibrational states
of a water shell consisting of six water molecules is lower than
in bulk water, there is a broad range of librational excitations
that can accept the excess energy. Such results establish the
important role of the aqueous environment as a sink of excess
energy originating from the decay of vibrational and/or
vibronic excitations of DNA.

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 tempo-
rally resolved way. In Figure 11, transient v,(PO,)” spectra
are plotted for different delay times after excitation at E =
3500 cm~'. The spectrum taken at —200 fs (probe preceeds
pump) reflects the coupling of the OH stretching and the
v,(PO,)~ oscillators. At positive time delays (probe after
pump), the transient spectra undergo a strong reshaping, and
now develop a pronounced decrease in the absorption at low
frequencies and an enhanced absorption at high frequencies,
both persisting for delay times longer than 10 ps. Time-
dependent changes of absorption are shown for fixed probe
frequencies in Figure 7b. The transients demonstrate that the
modified spectral envelope builds up on the same time scale
as the hot ground state of the surrounding water (Figure 7 a).
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Figure 11. a) Transient spectra (symbols) of the v,(PO,)™ mode after
excitation (E,,=3500 cm™') of the OH stretching mode of water
molecules in the DNA sample at high humidity (92% r.h.). Spectra are
shown for three different pump-probe delays (parallel polarizations of
pump and probe). b) Transient spectra at delay times of 2 and 10 ps
(symbols). Solid line: Difference 8A=A(0%)—A(92%) in the linear
absorption spectra for 0% and 92% r.h. scaled for the fraction of
excited water molecules.
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The strong reshaping of the v, (PO,)” absorption spec-
trum after OH stretching excitation of the water shell is due to
changes in the local water—phosphate interaction, that is,
changes in the hydrogen-bond pattern. In the hot ground state
of the water shell, there exists a larger fraction of broken
hydrogen bonds between water molecules and between water
molecules and the (PO,)” moieties. As the number of
hydrogen bonds decreases, the v,,(PO,)” mode undergoes a
transient shift to higher frequencies, which is the behavior
found in the transient spectra taken at positive delay times
(Figure 11). Under steady-state conditions, a similar shift can
be induced by reducing the hydration level of the DNA films
(see inset in Figure 1b). The solid line in Figure 11b
represents the difference 84 = A(0%r1.h.)—A(92%r.h.) of
the steady-state v,(PO,)” spectra for 0% r.h and 92% r.h.
This difference spectrum exhibits the same features as the
transient spectra—a decrease of absorption at low frequen-
cies and an enhancement at high frequencies. This qualitative
agreement between the line shapes in the transient and
steady-state difference spectra strongly suggests that a
significant fraction of water—phosphate hydrogen bonds are
broken in the hot ground state of the water shell.

The smaller number of water—phosphate hydrogen bonds
in the hot ground state is equivalent to a reduced water—-DNA
coupling. In contrast, a strong coupling exists between water
molecules in the phosphate hydration shell and water in its
surrounding. Thus, the energy flow from the hot water shell
into the DNA may be very inefficient, thus favoring the
observed very long lifetime of the hot water ground state,
which substantially exceeds the 20 ps time interval over which
the intra-DNA energy transport occurs.

6. Summary and Outlook

In this Review we have presented very recent work on the
ultrafast vibrational dynamics of DNA at different hydration
levels. The results demonstrate the potential of nonlinear
femtosecond infrared spectroscopy to separate and assign
DNA and water vibrations, to determine their couplings, and
to unravel microscopic processes governing the dynamics of
hydration shells. Polarization-resolved pump-probe studies
and 2D vibrational spectra give evidence for the mutual
couplings of the different NH stretching modes of adenine—
thymine base pairs in the DNA oligomers. In particular, the
NH stretching band of thymine and the symmetric NH,
stretching band of adenine both occur at a frequency of
3200 cm™! and display a coupling strength of the order of
15 cm™. At a low hydration level (ca. 2 water molecules per
base pair), individual water molecules interact with the
phosphate groups in the DNA backbone, thereby forming a
rigid geometry in which rotation of the water molecules is
essentially suppressed. In the case of a fully hydrated DNA,
the dynamics of the water shell are closer to those of bulk
liquid H,O with a sub-picosecond spectral diffusion, that is,
loss of structural memory, a loss of vibrational anisotropy
because of molecular rotations and/or energy transfer, and
the formation of a hot ground state of the water after the
decay of OH stretching excitations.
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The study of the asymmetric v,(PO,)” stretching vibra-
tion gives highly specific insight into the local interaction of
water with the ionic phosphate groups in the DNA backbone.
The water shell of fully hydrated DNA represents the main
heat sink for excess energy released from DNA, with energy
transfer in the femtosecond range. In contrast, energy trans-
port within DNA occurs on a slower time scale of about 20 ps.
The coupling between the water shell and DNA is reduced in
the hot ground state of water, most probably because of a
reduced number of water—phosphate hydrogen bonds.

Future work will address vibrational couplings and
energy-transfer processes by systematic measurements of
two-dimensional infrared spectra, including two-color studies
to elucidate couplings between modes of distinctly different
frequency. In combination with theoretical calculations, such
data will allow for a quantitative analysis of the complex
coupling schemes. Another future direction is the study of
energy dissipation induced by the radiationless decay of
electronically excited states of DNA. In those processes, large
amounts of excess energy of the order of 30000 cm™' are
redistributed. Femtosecond vibrational spectroscopy is a
promising tool to elucidate the pathways of energy flow
and, thus, the microscopic mechanisms underlying the high
photostability of DNA.
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