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CONSPECTUS

ydrogen bonding plays a key role in the structural, physical, and chemical proper-

ties of liquids such as water and in macromolecular structures such as proteins.
Vibrational spectroscopy is an important tool for understanding hydrogen bonding
because it provides a way to observe local molecular geometries and their interaction with
the environment. Linear vibrational spectroscopy has mapped characteristic changes of
vibrational spectra and the occurrence of new bands that form upon hydrogen bonding. 3000
However, linear vibrational spectroscopy gives very limited insight into ultrafast dynam-
ics of the underlying molecular interactions, such as the motions of hydrogen-bonded
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groups, energy dissipation and delocalization, and the fluctuations within hydrogen- % 26008 ) neel
bonded structures that occur in the ultrafast time domain. Nonlinear vibrational spec- | £ ©T=01s ?
troscopy with its femtosecond time resolution can discern these dynamic processes in real g - ’,-f’

time and has emerged as an important tool for unraveling molecular dynamics and for L
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quantifying interactions that govern the vibrational and structural dynamics of hydro-
gen bonds. This Account reviews recent progress originating from third-order nonlinear
methods of coherent multidimensional vibrational spectroscopy. S
Ultrafast dynamics of intermolecular hydrogen bonds are addressed for a number of s lioe Mheisollse:
prototype systems: hydrogen-bonded carboxylic acid dimers in an aprotic liquid environ-
ment, the disordered fluctuating hydrogen-bond network of liquid water, and DNA oli-
gomers interacting with water. Cydic carboxylic acid dimers display a rich scheme of vibrational couplings, resulting in OH stretching
absorption bands with highly complex spectral envelopes. Two-dimensional spectroscopy of acetic acid dimers in a nonpolar lig-
uid environment demonstrates that multiple Fermi resonances of the OH stretching mode with overtones and combination tones
of fingerprint vibrations dominate both the 2D and linear absorption spectra. The coupling of the OH stretching mode with low-
frequency hydrogen-bonding modes leads to additional progressions and coherent low-frequency hydrogen-bond motions in the
subpicosecond time domain. In water, the 2D spectra reveal ultrafast spectral diffusion on a sub-100 fs time scale caused by the
ultrafast structural fluctuations of the strongly coupled hydrogen-bond network. Librational motions play a key role for the ultrafast
loss of structural memory. Spectral diffusion rates are enhanced by resonant transfer of OH stretching quanta between water mol-
ecules, typically occurring on a 100 fs time scale. In DNA oligomers, femtosecond nonlinear vibrational spectroscopy resolves NH
and OH stretching bands in the highly congested infrared spectra of these molecules, which contain alternating adenine—thymine
pairs. Studies at different levels of hydration reveal the spectral signatures of water molecules directly interacting with the phos-
phate groups of DNA and of a second water species forming a fluctuating environment around the DNA oligomers. We expect
that the application of 2D infrared spectroscopy in an extended spectral range will reveal the intrinsic coupling between water
and specific functional units of DNA.

g

1. Introduction between a hydrogen donor group X—H (X =0, N,

F) and a neighboring electronegative acceptor
Hydrogen bonding represents a fundamental local atom Y (Y = O, N, F, Cl), resulting in a binding
interaction in nature.” A hydrogen bond X—H---Y  energy of 4—40 kJ/mol, a fraction of that of cova-
is mediated through the attractive interaction lent bonds. The attractive Coulomb interaction
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FIGURE 1. Vibrational OH stretching absorption bands of (a) cyclic
dimers of acetic acid dissolved in CCl, (inset, dimer structure,
concentration 0.8 M) and (b) liquid water and (c) vibrational spectra
of an isotropic thin-film sample of DNA oligomers containing 23
alternating adenine—thymine base pairs at a hydration level of 0%
relative humidity (RH, dash-dotted line) and 92% RH (solid line).
N—H stretching modes of the bases and the O—H stretching mode
of water contribute to the broad absorption above 3000 cm~'. The
absorption peaks between 2800 and 3000 cm™' are due to CH
stretching modes.

between the hydrogen and the acceptor atom, van der Waals
and dispersion forces, and, in strong hydrogen bonds, cova-
lent contributions are the main interaction mechanisms.? The
binding energy is high enough to define molecular structure
such as hydrogen-bonded dimers and biological macromole-
cules. The limited bond strength, on the other hand, allows for
structural changes and fluctuations by “making and break-
ing” hydrogen bonds.

Vibrational spectroscopy is a major tool of hydrogen-bond
research because it can grasp local molecular geometries and
their interaction with the environment. Steady-state linear
infrared and Raman spectroscopy have been applied exten-
sively to map the occurrence of new vibrational bands and
characteristic changes of frequency position and line shape of
existing bands upon hydrogen-bond formation.? Such work
has mainly addressed the vibrations of the hydrogen donor
groups as illustrated in Figure 1 for the OH stretching absorp-
tion of (a) cyclic dimers of acetic acid in a nonpolar environ-
ment, (b) liquid H,O, and (c) the congested NH and OH
stretching absorption of hydrated films of DNA oligomers.
Compared with free OH and NH groups, the spectra display a
shift to lower frequencies, which indicates the reduction of the
vibrational force constant by hydrogen bonding, and a
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strongly enhanced absorption with broad and highly complex
spectral line shapes. In general, time-dependent structural dis-
order leading to a distribution of hydrogen-bond strengths and
vibrational couplings to other modes or a fluctuating environ-
ment cause such spectral envelopes. In condensed phases, the
underlying molecular dynamics occur in the ultrafast time
domain between 10 fs and a few picoseconds. While linear
vibrational spectroscopy does not allow for a decisive analy-
sis of the molecular behavior, nonlinear vibrational spectros-
copy with a femtosecond time resolution can discern different
processes in real time.>* Moreover, coherent two-dimensional
(2D) vibrational spectroscopy provides direct quantitative
insight into vibrational couplings and their role for vibrational
dynamics.>~°

In this Account, the potential of 2D vibrational spectros-
copy is illustrated by discussing three prototypes of hydrogen-
bonded systems. Cyclic acetic acid dimers with two
intermolecular hydrogen bonds display a well-defined time-
independent planar structure, that is, negligible structural dis-
order or fluctuations. Femtosecond infrared pump—probe and
2D spectroscopy reveal couplings between vibrational modes
including low-frequency hydrogen-bond modes in great detail
(section 3). Liquid H,0, an extended network of highly polar
hydrogen-bonded molecules, exhibits pronounced structural
disorder and fluctuations on a multitude of time scales. The
ultrafast loss of structural correlations in this system leads,
together with resonant energy transfer between the molecules,
to ultrafast spectral diffusion that is mapped directly by 2D
spectroscopy (section 4). DNA in an aqueous environment
combines both types of behavior. The double helix and, in
particular, the base pairs of DNA represent well-defined hydro-
gen-bonded structures, which interact with water molecules in
their environment. Both specific local interactions of water
with, for example, NH or CO groups of bases or phosphate
groups in the DNA backbone, and fluctuating long-range Cou-
lomb interactions play a role in the dynamics of this biomo-
lecular model system.

2. Ultrafast Coherent Infrared
Spectroscopy of Hydrogen Bonds

Femtosecond infrared spectroscopy is based on the resonant
interaction of femtosecond light pulses with vibrational dipole
transitions and, in most cases, maps the third-order nonlin-
ear response of the molecular ensemble. Infrared pulses of
<100 fs duration are available in a wide wavelength range
from 2.5 to 20 um (frequency range 4000—500 cm™'), cov-
ering a major part of the vibrational spectrum of hydrogen
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bonds.'®'" While a direct infrared excitation below 500 cm™"
has not been accomplished, anharmonic coupling of such
modes to high-frequency vibrations allows for studying their
transient behavior as well."?

Femtosecond resonant excitation of a transition between
two quantum states of an oscillator generates both a coher-
ent polarization, that is, a dipole-mediated superposition of the
quantum-mechanical wave functions of the two states, and a
population change by promoting molecules from the lower to
the upper state. The time evolution of transient polarizations
and populations is governed by microscopic molecular cou-
plings giving rise to spectral diffusion or vibrational dephas-
ing, population and orientational relaxation, and energy
redistribution and transfer. A variety of pump—probe and pho-
ton-echo techniques allow for measuring transient polariza-
tions and populations by mapping the nonlinear third-order
response as a function of time and frequency.>* In 2D infra-
red spectroscopy, the third-order response function of the
molecular ensemble is read out by determining the third-or-
der polarization as a function of two frequencies, the excita-
tion frequency v, and the detection frequency vs.>~° There are
different experimental implementations of 2D infrared spec-
troscopy, in particular the double-resonance or dynamic hole
burning method,>'2 a special type of two-color pump—probe
spectroscopy,'*'> and Fourier transform spectroscopy based
on heterodyne-detected three-pulse photon echoes.®~9'®
From the photon echo signal, one derives 2D spectra by Fou-
rier-transforming the time-dependent third-order polarization.
The real part of this quantity gives the absorptive and the
imaginary part the dispersive response of the sample.

In Figure 2, two limiting cases of 2D infrared spectra of
hydrogen-bonded systems are illustrated schematically. In
case of coupled vibrational transitions at fixed frequency posi-
tions, that is, negligible spectral diffusion, the complex enve-
lope of the linear infrared spectrum is made up of a series of
partly overlapping absorption peaks (left panel of Figure 2a).
In the absorptive 2D spectrum, couplings between the differ-
ent components show up directly (right panel): Whenever a
particular transition is excited (blue or red profile), it gives rise
to an absorptive signal at the same frequency, that is, on the
diagonal of the 2D spectrum (blue and red symbols), and to
off-diagonal peaks at the frequency position of the other cou-
pled transition (black symbols). In this way, complex coupling
schemes are deciphered with the strength of the off-diagonal
peaks reflecting the strength of the couplings. Cyclic acetic
acid dimers represent a prototype of such behavior (see sec-
tion 3). The schematic 2D spectrum in Figure 2a neglects the
substructure of the individual peaks, in general consisting of
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FIGURE 2. (a) Schematic of coupled transitions in the linear OH
stretching absorption (solid line) of acetic acid dimers. The
couplings give rise to off-diagonal peaks in the nonlinear 2D
spectrum (black circles, right panel). (b) Schematic of spectral
diffusion in water. Left panel: Inhomogeneously broadened OH
stretching absorption band of water (black solid line). Structural
fluctuations lead to spectral diffusion, an ultrafast shift of the
transition frequency from its initial value v, to vs. Right panel: In
the 2D spectra, spectral diffusion destroys the initial correlation of
excitation and detection frequencies within T (population time).

an absorption decrease on the v = 0 to 1 transition and an
anharmonically red-shifted absorption increase on the v = 1
to 2 transition of the oscillator.

In Figure 2b, the case of spectral diffusion is illustrated. In
a disordered hydrogen-bond network like water, the voy = 0
to 1 transition frequency of the OH stretching mode depends
on the local environment, resulting in a (inhomogeneous) fre-
quency distribution within the OH stretching band (left panel).
As the structure of hydrogen-bond network and, thus, the local
molecular environments fluctuate, the transition frequency of
a particular oscillator undergoes stochastic shifts within the
spectral envelope. In the linear infrared spectrum, this spec-
tral diffusion shows up as a broadening giving no informa-
tion on the underlying time scale. In contrast, 2D spectra (right
panel) reveal such phenomena: 2D spectra for a “read-out”
time T = 0 (population time T = 0, the second and third pulse
in a three-pulse photon echo experiment interact simulta-
neously with the sample) reflect the initial distribution of tran-
sition frequencies, each excitation frequency v, being
correlated with the corresponding detection frequency v; on
the diagonal, v; = v3. Spectral diffusion during a finite time
interval T before the “read-out” destroys the correlation of v,
and v, and the 2D spectrum for T > 0 shows an essentially
round shape. The transition frequencies are now randomized
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FIGURE 3. (a) Structure of cyclic acetic acid dimer and definition
of symmetric vibrational coordinates gjg. (g1, §i2 = local
vibrational coordinates). (b) Schematic level schemes of the v = 0
to 1 OH stretching transition for different vibrational couplings:
uncoupled dipole allowed transition (solid blue arrow, g;,
coordinate), splitting of the voq = 1 state due to excitonic
coupling and infrared active transition in the g;, coordinate
(dashed arrow = Raman active transition in the gz coordinate),
transitions for a Fermi resonance of the OH stretching and
bending modes (dashed lines = uncoupled v = 1/v = 2 states of
the OH stretching/bending mode), and potential energy diagram
illustrating the anharmonic coupling of the OH stretching and a
hydrogen-bond mode. (c) Schematic infrared absorption lines for
the uncoupled oscillator and the three coupling cases. Excitonic
coupling leads to an up-shifted single line, whereas Fermi
resonances give rise to a pair of lines. On each line, side bands
due to coupling of the hydrogen-bond mode occur.

and the system has lost its frequency and underlying struc-
tural “memory”. Such behavior is discussed for neat H,O in
section 4.

3. Vibrational Couplings in Cyclic Acetic
Acid Dimers

Cyclic dimers of acetic acid (Figures 1 and 3a) contain two
intermolecular O—H- - - O hydrogen bonds in a planar geom-
etry (Can symmetry). For a convenient description of their vibra-
tional properties, symmetry coordinates Gigu = (i1 % gi2)/~/2
have been introduced, which are linear combinations of the
local vibrational coordinates g;; and g;» of the modes i (Fig-
ure 3a).'” The symmetry coordinates show a gerade (g) and
ungerade (u) symmetry with respect to the dimer’s center of
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inversion and a symmetric or antisymmetric behavior with
respect to the C, rotation axis perpendicular to the dimer
plane.

In Figure 3b, the influence of different vibrational couplings
on the OH stretching absorption is illustrated schemati-
cally.*'”~"9 In the absence of any anharmonic coupling, the
infrared active OH stretching fundamental is due to the dipole-
allowed transition between the v = 0 and 1 states in the g,
coordinate (1 = OH stretching). The Raman active v =0to 1
transition in the g, ¢ coordinate occurs at the same frequency.
Introducing an excitonic coupling V, between the two local OH
stretching oscillators (coordinates g1, g12) results in a split-
ting of the v = 1 states in the g, and ¢, ¢ coordinates by 2V,
and a spectral shift of the infrared (Figure 3¢) and the Raman
active transition of opposite sign. A Fermi resonance of the v
= 1 state of the g1, mode with overtones and combination
tones of fingerprint modes leads to a splitting of the v = 1
state and the occurrence of two dipole-allowed transitions (Fig-
ure 3b,0). In general, multiple Fermi resonances break the sin-
gle OH stretching transition into a multitude of absorption
lines. Finally, there exists a coupling between the OH stretch-
ing mode and hydrogen-bond modes of much lower fre-
quency involving motions of the oxygen atoms and thus
changing the hydrogen-bond geometry. In an adiabatic treat-
ment of this coupling, the high-frequency OH stretching mode
defines a potential for the quantized low-frequency hydrogen-
bond mode (Figure 3b). The anharmonic coupling is mani-
fested in an origin shift of the potentials for different states voy
of the high-frequency mode, giving rise to low-frequency pro-
gressions in the OH stretching absorption (Figure 3c). Low-
frequency progressions exist on each of the fundamentals
generated via the Fermi resonances.

In general, all couplings occur simultaneously and the OH
stretching band displays many subcomponents. In liquids, the
coupled system is subject to fluctuating forces exerted by the
environment that induce vibrational dephasing.2>2' While the-
oretical efforts analyzing the linear vibrational spectra have
remained inconclusive with respect to the overall line shape,
femtosecond pump—probe and 2D infrared spectroscopy com-
bined with theoretical work have led to a quantitative under-
standing of the coupling schemes and the linear and nonlinear
spectra of cyclic acetic acid dimers.'222726 Three-pulse pho-
ton-echo experiments have demonstrated multilevel coher-
ences of OH-stretching excitations, which are caused by the
anharmonic coupling between the OH stretching and low-fre-
quency hydrogen-bond modes.?* The nonexponential decay
of the macroscopic polarization reveals a 200 fs OH stretch
dephasing time and multilevel quantum beats due to coher-

Vol. 42, No. 9 = September 2009 = 1220-1228 = ACCOUNTS OF CHEMICAL RESEARCH = 1223


http://pubs.acs.org/action/showImage?doi=10.1021/ar900006u&iName=master.img-003.jpg&w=209&h=252

Downloaded by RENMIN UNIV OF CHINA on October 2, 2009 | http://pubs.acs.org
Publication Date (Web): May 8, 2009 | doi: 10.1021/ar900006u

2D IR Spectroscopy of Intermolecular Hydrogen Bonds Elsaesser

1]
k!
o= j [bs2
£ £
T =
= .
& . : . &
®)T=0fs . [
3200 | o S A
b n i AR
a ",:r/:.’;’_}f“\\\;f\
|."";_:E;;_'$? e | i
(=) VY
oniNEELRE )
o ), J= =
o _// i J 1
-~ \ = / 78
,\"—ﬁ—/“ S — ,/ o l
g 20V IV
= G N
> 1 N o
| S O=H-0
> | £ N At
o ~ —~
€ 2600f U/ S o
2 W\ e
g 0
|2 (c) T=0fs
= 3200 g
S
:(-9' e,
|5 3000
nE )
2800 N
8
2600 no-c, YcH
a0 00"
2600 2800 3000 3200
Detection Frequency v. (cm™)

FIGURE 4. (a) OH stretching absorption band (solid line) and cross
section of the 2D spectra at an excitation frequency of 2920 cm™!
of cyclic acetic acid OH/OH (dash-dotted line, panel b) and OH/OD
(dotted line, panel ¢) dimers in CCl,. (b) 2D spectrum of cyclic acetic
acid dimers measured at a population time of T = 0 fs. The real
part of the signal is plotted as a function of excitation and
detection frequency. (c) 2D spectrum at T = 0 fs for the mixed
dimer. Contour line spacings in the 2D spectra are equal to 0.049.

ent wavepacket motions along low-frequency hydrogen-bond
modes. The low-frequency coherences decay on a picosec-
ond time scale. Strong couplings exist between the OH stretch-
ing and the hydrogen-bond stretching mode at 170 cm~' and
the in-plane bending mode at 145 cm~" with cubic coupling
constants |®(i%)] ~ 150 cm™! (i = OH stretch, j = low-fre-
quency mode).'#22

Two-dimensional infrared spectra give specific insight into the
spectral substructure of the OH stretching absorption band.?* In
Figure 4b,c, 2D spectra measured for a population time T =0 fs
are shown for the OH/OH and OH/OD dimers, the latter contain-
ing one OH and one OD group. The absorptive 2D signal is plot-
ted as a function of excitation and detection frequency with
positive amplitudes in the range of the » = 0 to 1 transitions and
negative amplitudes on the partly overlapping v = 1 to 2 tran-
sitions that are anharmonically red-shifted. The latter contribu-
tion is absent in 2D spectra at T = 400 fs (not shown) due to the

200 fs decay of the v = 1 state.?>?3 In the central part of the
spectra, strong diagonal peaks occur at 2920 and 2990 cm™',
together with their (off-diagonal) cross peaks. In addition, there
are off-diagonal peaks at a variety of detection frequencdies, as is
evident from cross sections through the spectra for constant exc-
tation frequency (Figure 4a). The cross section for the OH/OH
dimers displays peak positions similar to the linear OH stretch-
ing absorption. The similar peak patterns for the OH/OH and
OH/OD dimers point to a minor role of excitonic OH/OH cou-
pling. The positions of both diagonal and off-diagonal peaks
remain constant for longer population times T,%* demonstrat-
ing a negligible spectral diffusion.

For an in-depth analysis, density functional theory calcula-
tions of vibrational eigenstates, couplings, and the linear vibra-
tional spectrum were combined with a calculation of the 2D
photon echo signals based on a sum-over-states formal-
ism.?%25~27 The calculations account for the linear absorption
band and the 2D spectra in a quantitative way. The prominent
off-diagonal peaks in the 2D spectra (Figure 4b,¢) are due to the
multiple Fermi resonance coupling mechanism. The multitude of
resonances causes the multitude of off-diagonal peaks in the 2D
spectra and the break-up of the linear spectrum into a multitude
of lines. In addition to Fermi resonances, low-frequency mode
progressions give rise to off-diagonal peaks, mostly, however, of
minor intensities. The prominent peaks are due to Fermi reso-
nances of the v = 1 state of the OH stretching mode with com-
bination and overtones of fingerprint modes. The predominant
third-order coupling to the (ungerade) OH stretching mode
requires a combination of a Raman and an infrared-active fin-
gerprint transition due to the symmetry of the vibrational wave
functions. Combination tones occurring in the relevant frequency
range involve the carbonyl ((=0) stretching, the OH bending, the
CHs wagging, and the C—O stretching modes. These fingerprint
modes contain considerable contributions of local OH bending
motions, resulting in a strong coupling to the OH stretching
mode. For the most prominent peaks, the cubic couplings have
absolute values between 50 and 150 cm™, that is, are in the
same range as the couplings to hydrogen-bond modes. This find-
ing shows that all couplings need to be included to account for
the linear and nonlinear infrared spectra.

4. Ultrafast Vibrational and Structural
Dynamics of Water

The ultrafast structural fluctuations of the hydrogen-bond net-
work in water are connected with multiple molecular rear-
rangements and the breaking and reformation of hydrogen
bonds. The highly polar nature of water results in long-range

1224 = ACCOUNTS OF CHEMICAL RESEARCH = 1220-1228 = September 2009 = Vol. 42, No. 9


http://pubs.acs.org/action/showImage?doi=10.1021/ar900006u&iName=master.img-004.jpg&w=176&h=329

Downloaded by RENMIN UNIV OF CHINA on October 2, 2009 | http://pubs.acs.org
Publication Date (Web): May 8, 2009 | doi: 10.1021/ar900006u

fluctuating Coulomb forces exerted on the anharmonic OH
stretching oscillators in the network. This interaction leads to
a femtosecond stochastic modulation, that is, spectral diffu-
sion, of the fundamental transition frequency »(0—1) over a
range of 500 cm~'.28 The frequency modulation results in
dephasing, the loss of quantum coherence of the optically
coupled states of the anharmonic oscillator.?" In neat H,0O, the
transfer of OH stretching excitations via dipole coupling of
neighboring water molecules®® with slightly detuned »(0—1)
also contributes to spectral diffusion.

Spectral diffusion and vibrational dephasing were first
investigated with HOD in D,O or H,O where the OH or OD
stretching oscillators are highly diluted and resonant energy
transfer is practically absent.'>28737 The first femtosecond
two- and three-pulse photon-echo experiments have shown an
initial 35 fs decay of the homodyne detected signal, followed
by subpicosecond and picosecond Kinetic components.®'32
The hydrogen-bonded OH stretching oscillator displays a large
diagonal anharmonicity A = »(0—1) — »(1-2) ~ 270 cm™".
Applying the approach of ref 21, one estimates a pure dephas-
ing time of ~100 fs of the macroscopic OH stretching polar-
ization, in qualitative agreement with the experiment. Detailed
frequency fluctuation correlation functions have been derived
from 2D spectra for both OH and OD stretching excitations of
HOD. The correlation functions show sub-50-fs, 400-fs, and
1.4-ps decay components.®>3# Different assignments were
made for the microscopic mechanisms behind the correlation
decay. The 400-fs component is in the range of the fastest ori-
entational relaxation of HOD molecules (z,, ~ 700 fs2°),
whereas the picosecond component was assigned to hydro-
gen-bond breaking and making dynamics.

In the following, the behavior of H,0 is discussed.'®>° In
Figure 5, 2D spectra of the OH stretching mode are shown for
different population times, that is, time delays T between the
second and the third pulse interacting with the sample, a 400
nm thick film of H,O. Such measurements were performed for
a wide range of sample temperatures between 274 and 304
K. The yellow-red signal is due to the voq = 0 to 1 transition
of the OH stretching oscillator, whereas the blue feature orig-
inates from the red-shifted v = 1 to 2 transition (A ~ 270
cam™'). For T = 0 fs, the voy = 0 to 1 spectra are stretched
along the diagonal v, = v (straight solid line), reflecting the
initial inhomogeneous broadening due to distribution of
molecular sites in the hydrogen-bond network. Such initial cor-
relation of frequencies is lost on an ultrafast time scale. At
room temperature (304 K), the frequency correlation in the
red part of the v = 0 to 1 spectrum is destroyed within 50 fs,
whereas it persists for somewhat longer times in the blue part.
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FIGURE 5. Absorptive 2D spectra of the OH stretching mode of
liquid H,O for different population times T and sample
temperatures (taken from ref 39). Spectra for temperatures of 304,
283, 278, and 274 K are arranged in columns. The plots for each
set of temperatures are normalized to the peak amplitude of the »
= 0 to 1 transition at T = 0 fs. Contour lines correspond to 10%
changes in amplitude.

After about 200 fs, the 2D spectra show that the frequencies
are randomized. For lower temperatures, spectral diffusion
slows with the major decrease of frequency correlation, how-
ever still occurring within the first 200 fs. Because of the short
(v = 1) lifetime of the OH stretching mode of 200 fs, 2D spec-
tra at longer population times are strongly influenced by the
redistribution of vibrational energy and, thus, give limited
insight into frequency correlations.

The sub-50-fs spectral diffusion originates mainly from the
high-frequency components of the fluctuating Coulomb forces
the polar water molecules in the liquid exert on the OH stretch
oscillator probed. Thus, the relevant molecular motions are in
this time range. The hydrogen-bond mode changing the
O---0 distance between neighboring water molecules has a
vibrational period of 170 fs, too long to play a dominant role
here. Instead, high-frequency hindered rotations of water mol-
ecules, so-called librations, change the relative orientation of
neighboring water molecules and generate high-frequency
components of the fluctuating force. Liquid water displays a
broad librational spectrum up to frequencies of 1700 cm~',4°
covering the relevant ultrafast time range. From a structural
point of view, the molecular configuration around an excited
OH stretching oscillator changes within 50 fs significantly
enough to destroy a major part of correlation between the ini-
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tial and the final configuration. This behavior is equivalent to
an ultrafast loss of structural memory in the liquid.

In neat H,O, the transfer of OH stretching excitations
between neighboring water molecules with slightly different
transition frequencies »(0—1) occurs on a 50—100 fs time
scale.'®39 At low temperatures, energy transfer is faster than
the loss of frequency correlation, resulting in a delocalization
of the initially coherent OH stretching excitation over several
water molecules. Energy transfer is mediated by the coupling
of the OH stretch transition dipoles of the molecules involved.
In the incoherent limit, for example, at 304 K, energy trans-
fer between oscillators with different »(0—1) results in spec-
tral diffusion and dephasing. Recent theoretical work has
shown that energy transfer on a 50—100 fs time scale can be
accounted for with a moderate intermolecular dipole coupling
of ~20 cm~1.4142

A comment should be made on vibrational relaxation and
energy dissipation in liquid H>O. The v = 1 state of the OH
stretching mode is in Fermi resonance with the v = 2 state of
the OH bending mode. The OH stretching mode with a v = 1
lifetime of 200 fs decays via the v = 2 and v = 1 states of the
OH bending mode in a stepwise process.*®> The v = 1 life-
time of the OH bending mode has a value of 170 fs. The
vibrational energy released in this process is transferred to
intermolecular modes such as librations of the hydrogen-bond
network. In addition to energy relaxation of excited water mol-
ecules, the formation of a hot ground state requires the delo-
calization of excess energy within the molecular network, a
process completed within 5 ps after excitation.*?

5. Outlook: Vibrational Dynamics of
Hydrated DNA

Hydrated DNA combines quasi-static and fluctuating hydro-
gen-bonded structures. The pairing of nucleic bases in the
double helix involves different quasi-static N—H---N and
N—H---0 hydrogen bonds. Hydration of DNA involves inter-
actions of water molecules with specific binding sites at the
bases and with the ionic phosphate groups of the DNA back-
bone. Beyond this so-called first solvation shell, there are addi-
tional water molecules in the surrounding, forming a
fluctuating molecular network. The microscopic structural
dynamics occur to a large extent in the ultrafast time domain,
and femtosecond vibrational spectroscopy can provide basic
new insight into the relevant interactions.**

Vibrational spectra of hydrated DNA are highly congested
and an assignment of the overlapping or closely spaced vibra-
tional bands is essential for monitoring and understanding
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FIGURE 6. Transient vibrational spectra of DNA oligomers (inset of
panel a) after excitation at (a, b) Eex = 3250 cm™~" or (¢,d) Eex =
3560 cm™! for different pump—probe delays (symbols, inset of
panel d). Data are shown for hydration levels of 0% relative
humidity (RH) and 92% RH. The spectra display NH stretching
bands of the adenine—thymine base pairs with maxima at 3250
and 3335 cm™! and the broad OH stretching absorption of water.

microscopic dynamics. In Figure 1¢, the infrared absorption of
double-stranded DNA oligomers containing 23 alternating
adenine—thymine (A—T) base pairs in a helix geometry is
shown for two hydration levels. The absorption in the fre-
quency range between 3000 and 3700 cm™! is due to the dif-
ferent N—H stretching bands of A and T and the O—H
stretching absorption of water. A separation of such bands has
not been possible in such linear spectra but has been accom-
plished by recent femtosecond two-color pump—probe
studies.*>*® Pump—probe spectra for two different excitation
conditions and different delay times are presented in Figure
6. In such experiments, an isotropic film of DNA oligomers
with sodium counterions replaced by surfactant molecules was
studied at well-defined levels of hydration. A value of 0% rel-
ative humidity (RH) corresponds to two water molecules per
base pair, whereas the oligomers are fully hydrated with more
than 20 water molecules per base pair at 92% RH. The
pump—probe spectra for 0% RH reveal three distinct bands
with maxima at 3200, 3350, and 3500 cm™! that undergo
negligible spectral diffusion on a time scale of up to 5 ps. The
band at 3200 cm™! is due to a superposition of the NH
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FIGURE 7. (a) Absorption band of the asymmetric phosphate

(PO,)~ stretching vibration of DNA oligomers for 0% and 92% RH.

(b,0) Transient spectra of the phosphate stretching mode after

excitation of the OH stretching vibration of water molecules

interacting with DNA. Data for 0% and 92% RH are shown for time

delays of 100 fs (circles) and 10 ps (diamonds) after excitation at Eex

=3500 cm™".

stretching mode of thymine and the symmetric NH, stretch-
ing mode of adenine. This assignment is supported by mea-
surements of the pump-—probe anisotropy as has been
discussed in ref 46. The band at 3350 cm™' is caused by the
asymmetric NH, stretching mode of adenine, and the band at
3500 cm~! is due to the OH stretching mode of water. At 0%
RH, the two water molecules per base pair are located at the
phosphate groups of the DNA backbone with negligible exci-
tation transfer or rotational reorientation.

At 92% RH, the spectral positions of the NH stretching
bands remain essentially unchanged and are superimposed
by the broad OH stretching absorption of water. Detailed
inspection of the transient OH stretching bands shows that in
addition to the water molecules fixed at the phosphates, there
is a second species with properties closer to bulk water (see
section 4). This species displays subpicosecond spectral diffu-
sion, a v = 1 lifetime closer to bulk water, and a hot vibra-
tional ground state formed by the decay of the OH stretching
excitation.*®

The asymmetric (PO,)~ stretching vibration of the phos-
phate groups located in the DNA backbone is highly sensi-
tive to interactions with water molecules (Figure 7a*”). Results
of the first femtosecond study of phosphate dynamics are pre-
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sented in Figure 7b,c. The change of phosphate absorption
after excitation of the OH stretching vibration of water is plot-
ted as a function of probe frequency for 0% and 92% RH and
delay times of 100 fs and 10 ps. The spectra at 100 fs dis-
play a red-shift of the phosphate stretching absorption due to
vibrational coupling to the OH stretching oscillators. After 10
ps, the OH stretching excitations have decayed, and the spec-
tra reflect the phosphate absorption in a heated vibrational
ground state. The different behavior at the two hydration lev-
els point to different couplings and hydrogen-bond dynam-
ics as will be discussed elsewhere.

In conclusion, the pump—probe results presented are
essential for understanding the vibrational spectra and dynam-
ics of hydrated DNA. They pave the way for more detailed
studies of the 2D NH and OH stretching spectra and of the
interaction of water molecules with the ionic phosphate
groups.
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