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We report on the first time-resolved study of the OH stretching vibration in NaCl dihydrate with the use of
two-color IR spectroscopy. The sample is characterized by conventional FTIR spectroscopy. The water
molecules bound in the hydrate show two well separated absorption bands at 3426 cm-1 and 3541 cm-1. The
transient data display an ultrafast heating of the polycrystalline ice-hydrate samples after excitation of the
OH stretching vibration and its transient relaxation. The relaxation time of the low-frequency OH stretching
band in the NaCl hydrate is measured to be 6.8 ( 1 ps. The dynamics are significantly slower than those
measured in neat water. This fact, together with the reproducible crystalline environment reveals the potential
of aqueous hydrates for a systematic investigation of the OH stretching vibration in varying hydrogen bonding
environments.

Introduction

The hydrogen bond is ubiquitous in life sciences, since it is
responsible for the anomalies of water, without which life would
not have developed on this planet. Therefore, the H bond has
attracted continuous scientific interest.1-6 Nevertheless, its nature
is not fully understood. The observed dynamics of H-bonds
occur on time scales ranging from femtoseconds to several
picoseconds, reflecting the motion of single water molecules
up to diffusive motions of several molecules.7 The corresponding
intermolecular vibrations show up in a spectral range that is
not easily accessible experimentally and overlaps with other low-
frequency modes.4 To overcome this limitation, the H-bonding
network is often probed indirectly by utilizing the OH stretching
vibration.7-14

The IR absorption spectrum of the OH stretch in liquid water
consists of a broad band centered around 3400 cm-1, as
compared to the gas phase value of 3700 cm-1. It is commonly
accepted that the amount of red shift of the vibration corresponds
to the strength of the according H-bond.4,5 It is still heavily
discussed whether the broad distribution of OH stretch frequen-
cies represents a manifold of more or less discrete environments
of the observed molecules9,15,16 or whether the broadening of
the band stems from stochastically distributed H-bond strengths
without preferred local substructures.12,17

Structural investigations in water have been performed with
NMR,18 X-ray,19 and neutron diffraction.20-22 However, the
limited time resolution in this type of experiment hindered the
direct correlation between the derived structure information and
the fast relaxation dynamics observed in femtosecond IR
spectroscopy. The rapidity of the involved processes requires
high temporal resolution. The ultrashort pulses used to resolve
the processes in the time domain excited almost the whole OH
stretch band simultaneously, thus inhibiting the determination
of the frequency dependent relaxation pathways.23 More so-
phisticated experiments like three-pulse photon echo have been
employed12,24,25 to obtain complementary information, but again
the interpretation and the linking to structural information prove
to be very difficult. Comparison with other model systems with

a more clearly defined structure and slower dynamics appears
to be advantageous.

Another key question concerning the aqueous hydrogen bond
network is the process of solvation. Charged or polar particles
are solvated in water and interact with their aqueous surround-
ings in an H-bond like manner. The dynamics of the aqueous
environment change dramatically due to the interaction with
the solute.26-29 The studied OH stretching vibrations lying in
the same spectral range can either be located in the vicinity of
the cations or anions or be spatially separated from the solvated
particles, possessing different relaxation dynamics. Theoretical
work can faciliate the structural interpretation.30-32 Structure
and dynamics of the H-bonded network in the bulk can be
assessed by means of classical, semiclassical and first-principles
models,33-36 the accuracy of the calculations being in principle
only limited by computational power available. Still, the
connection between the theoretical trajectories and experimen-
tally accessible values, such as spectroscopic data is not fully
clarified.15 Dynamical spectroscopical information proves to be
hard to be predicted theoretically,37,38 yet it represents an
important source of experimental information. The recently
developed molecular dynamics potential TTM3-F39 is capable
of predicting the steady-state spectrum of liquid water ac-
curately, at the same time reproducing the geometry of the water
molecules in the respective phase.40

Here we want to propose a model system that seems helpful
to overcome some of the mentioned problems. Solid hydrates
of inorganic salts have attracted special interest due to their
importance in geology, chemistry, and physics.41-43 Salt hydrates
offer an enormous variety of aqueous H-bond environments with
varying bonding partners and distances.43 Thus they serve as
ideal benchmark systems to study the spectral signature of the
water molecule in different environments.

The crystal structure and the absorption spectra of most
hydrates have been measured previously.4,46 The measurements
allowed to correlate the geometric properties of the hydrogen
bond (intra- and intermolecular bond lengths) to the frequency
shift of the OH stretching vibration.44 This correlation between
bond length and strength is rather intuitive and has been
established very early in the literature,5 and due to the crystalline
structure of the hydrates the spectral signature and geometry of* Corresponding author. E-mail: higlev@ph.tum.de.
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the hydrogen bond was easily accessible in this system, making
it an ideal candidate for these studies. These linear techniques
have already delivered a wealth of information on the properties
of the hydrogen bond. Yet, examination with nonlinear tech-
niques has, to the best of our knowledge, not been attempted,
probably due to difficulties in the preparation of suitable
monocrystals. In this work, we investigate the spectral signature
of isotopically diluted OH groups in NaCl-hydrate with time-
resolved infrared pump-probe spectroscopy. The crystalline
ordering allows an accurate correlation of new transient spectral
and structural data. Moreover, the crystal structure faciliates the
theoretical description of these systems, making calculations of
the spectra and dynamics feasible.

Experimental Section

Steady-state infrared absorption spectra of the samples
discussed below were obtained from a commercial VECTOR
22 Fourier-transform infrared spectrometer (FTIR, Bruker
Optics) with a spectral resolution of 1 cm-1. To overcome the
problem induced by the different temperature dependence of
the symmetric and antisymmetric stretching vibrations of pure
H2O, we used 15 M HDO in D2O samples. The HDO
concentration is chosen in a way to allow sufficient energy
deposition for the time-resolved measurements, yet maintain a
relatively small H2O concentration in the sample. The solvent
was prepared by isotopic exchange in a mixture of appropriate
amounts of D2O (>99.9 atom % D) and tridistilled H2O. Here
we investigate aqueous solutions of LiCl, NaCl, and KCl (Merck
Eurolab, GR, for analysis) at concentrations close to saturation.
The polycrystalline hydrate samples are grown by slowly cooling
the salt solution between two CaF2 windows with a 3.5 µm
spacer in a cryostat to 180 K at ambient pressure and warming
it up again to the desired temperature later on.

The picosecond infrared spectrometer used for the time-
resolved measurements has been described elsewhere.45 The
laser system provides IR pulses tunable in the range 1700-3700
cm-1 (2300-3700 cm-1) with duration of 0.8 ps (1 ps), spectral
width of 24 cm-1 (19 cm-1), and typical energies of 10 nJ (7
µJ). Numbers in parentheses refer to the pump pulses. The
repetition rate of the laser system is 43 Hz. The probe beam
diameter in the sample of approximately 75 µm is a factor two
smaller than that of the pump beam, so that only the central
part of the interaction volume with maximum excitation is
monitored. The energy transmission T(ν) of the probing pulse
through the excited sample is measured for perpendicular
polarization with respect to the linear polarization of the pump
beam and compared with the probe transmittance T0(ν) for
blocked excitation beam. The absorption change, defined as
∆OD(ν) ) -log(T(ν)/T0(ν)), is plotted in the figures.

FTIR Spectroscopy

Prior to the pump probe measurements, the investigated
samples are characterized by conventional infrared spectroscopy.
This method has been employed successfully before to char-
acterize various hydrates.46,47 The absorption spectrum measured
in the region of the OH stretching vibration is presented in
Figure 1B-D for three salt-HDO:D2O mixtures. The spectra
are shown for two sample temperatures of 275 K (red dashed
lines) and 200 K (blue solid lines) in the liquid and solid phase,
respectively. The well-known signature of the OH stretching
band of the pure solvent (15 M HDO in D2O) is shown in Figure
1A for comparison. The two phases are readily distinguished.
This makes time-resolved IR spectroscopy an appropriate tool

for studying ultrafast solid-liquid phase transitions of hydrogen
bonded systems.

Figure 1B shows the infrared absorption spectrum for aqueous
electrolytes where no hydrate formation takes place. The OH
stretch peak of the liquid KCl solution is slightly shifted due to
the high concentration of ions that alter the hydrogen bond
network,29 while the spectral signature of the solid phase is
almost identical to that of pure ice. No spectral changes occur
upon freezing, since the salt precipitates and pure ice is formed.

The shape of the OH absorption band changes significantly
upon hydrate formation, as shown for the NaCl hydrate in Figure
1C. Sharp peaks emerge in the OH spectral region that indicate
the crystalline H-bonding arrangement. Due to the limited
solubility of NaCl the ice band is also found here, since ice
crystals form along with the hydrate. These crystal components,
however, are spatially separated. Here, it should be noted that
the absorption amplitude measured at 3290 cm-1 is smaller
compared to the corresponding value in Figure 1A for the same
sample thickness, since part of the water molecules are bound
in the hydrate crystal. Figure 1D shows an example for the group
of highly solvable salts such as LiCl, characterized by the
absence of the well-defined ice peak in the OH stretching band.

For the interpretation of the time-resolved data (see below)
measured in a polycrystalline hydrate structure of NaCl HDO:
D2O (15 M), a detailed analysis of the convectional spectrum
is required. Figure 2A shows that the FTIR spectrum of the
sample (black solid curve) can be represented by the sum of
two Lorentz peaks (green dash-dotted line) and one steady-state
ice spectrum (blue dashed line). It can be seen that the calculated
curve (red dotted line) reproduces the measured band structure
very well. Here, the spectrum of the ice phase is calculated by
scaling the absorption of pure HDO:D2O (15 M) at the same
temperature (see Figure 1A). The scaling factor of 0.8 contains
information about the fraction of water molecules bound in the
hydrate lattice. Taking into account the NaCl concentration of
5.5 M in the sample, the structure is calculated to be a dihydrate,
which is the only one reported in the literature.48

The Lorentz peaks in Figure 2A are fitted numerically and
are attributed to the OH stretching vibrations of water molecules
bound in the hydrate crystal. The extracted positions of the two
hydrate bands are 3426 and 3541 cm-1, respectively. The
spectral width of the latter is 18 cm-1 and is a factor of 2 smaller
than that of the stronger hydrate mode at 3426 cm-1 (34 cm-1).
The sharp spectral signature of both vibrations supports the
assumption that the water molecules are in crystalline phase.

The temperature dependence of the IR spectrum of the
ice-hydrate mixture is shown in Figure 2B. The spectrum of

Figure 1. FTIR spectra of various aqueous HDO:D2O (15 M) solutions
(see inset). The samples are measured in the liquid (275 K, red dashed
lines) and in the solid phase (200 K, blue solid lines).

OH Stretching Vibration in NaCl Hydrate J. Phys. Chem. A, Vol. 113, No. 38, 2009 10185



the ice component shows a distinct, almost linear change of
the amplitude and position of the absorption maximum with
temperature, whereas its spectral shape remains almost the
same.49 In contrast, both hydrate vibrations appear to be almost
unaffected by the temperature change. However, the absorption
increase at 3426 and 3541 cm-1 due to the temperature shift of
the ice component should be considered. The thermal differential
spectra for a temperature jump of 20 K are shown in Figure 2C
for an ice-hydrate mixture and pure ice in red and blue,
respectively. The ice spectrum is again scaled by a factor of
0.8 for easier comparison. The figure shows that both samples
have almost the same signature of the thermal differential spectra
in the ice region, and differ in the regions around 3426 and
3541 cm-1.

The simple temperature dependence allows the determination
of transient temperature jumps in the sample by fitting steady-
state thermal differential spectra to the measured time-resolved
data.50 However, the laser induced temperature jump occurs at
almost constant volume, leading to a simultaneous pressure
increase. Taking into account the isochoric character of the
process, we were able to observe ultrafast superheating and
melting of bulk ice.49,50 Melting can be accounted for in the
analysis of the transient spectra as well, simply by including a
fraction of the liquid FTIR spectrum in the fit.50 From the data
presented in Figure 2 it is evident that both phases can be treated
independently in the data analysis of the transient spectra (see
below).

Transient Spectroscopy

We now turn to the time-resolved experiments conducted on
NaCl-HDO:D2O samples in the solid state. Figure 3 shows
the time-resolved data measured after excitation of the ice
component in the sample. The absorption changes induced by
pumping in the maximum of the OH band at 3290 cm-1 are
recorded for various delay times (see inset). The relaxation of
the initially excited OH oscillators (data not shown here) is
below 0.5 ps.51 The spectral signature of the time-resolved data
and their temporal evolution are identical (within the experi-
mental resolution) with similar data measured in pure ice.50 The
finding shows that the ice and the hydrate components of the
sample are well separated.

The spectra in Figure 3 are analyzed in terms of a temperature
jump and partial melting of the ice component in the sample,
indicated by the blue and red lines, respectively. The fitting
procedure used in the data analysis was described in more detail
elsewhere.50 The small green peak in Figure 3A is attributed to
a coherent pump-probe artifact.52 The good agreement between
the calculated thermal differential spectra (black curves) and
the transient data should be noted. The temperature jump
determined 250 ps after the excitation (see Figure 3D) is 26 (
3 K, with simultaneous partial melting of the ice crystals of 17
( 2%. No heating of the hydrate occurs in the measurements,
since the feature at 3426 cm-1, seen in Figure 4, is missing.
The heat dissipation from the excited ice component can be
estimated from the temporal evolution of the absorption changes
measured at 3300 cm-1 (data not shown). Assuming an
exponential decay, the time constant is estimated to be 3 ( 1
ns, consistent with estimations of the heat conduction to the
cell windows.45

The spectral response should change when pumping the OH
groups bonded in the hydrate. For this purpose the pump pulse
is tuned to the peak at 3426 cm-1, which is solely attributed to
the NaCl hydrate. Due to the residual absorption in the wing of
the ice band both phases are pumped and, thus, subject to
heating. Because of the lower absorption in this spectral range
the amplitude of the pump pulse used here was higher than that
in Figure 3. The time-resolved spectra measured at various delay
times from 0 to 250 ps are presented in Figure 4A-F. The
transient dynamics include the fast population relaxation of the
initially excited OH stretching vibration, whereas the long time
absorption changes are due to subsequent heating of the both
components in the sample. Note the good agreement between
the fitted spectra (black) and the experimental data.

The initial dynamics possess three well separated spectral
bands centered at 3180, 3290, and 3426 cm-1 (see Figure

Figure 2. Conventional spectroscopy of NaCl in HDO:D2O: (A) FTIR
spectrum at 200 K (black curve) is represented by the sum of a pure
HDO:D2O ice spectrum scaled by 0.8 (blue dashed line) and two
Lorentz curves (green dash-dotted line). The latter are attributed to the
OH oscillators in the hydrate crystal structure. The calculated curve
(red dotted line) and the measured spectrum are shifted by 0.1 for a
better view. (B) FTIR spectra measured at various temperatures in the
range from 200 to 280 K. (C) Absorption change measured by
increasing the sample temperature from 200 to 220 K in pure ice (blue)
and ice-hydrate mixture (red). The ice spectrum of the neat solvent is
again scaled by a factor of 0.8.

Figure 3. Transient spectra of the crystalline NaCl-HDO:D2O sample
measured after excitation at 3290 cm-1, initial temperature 248 K.
Experimental points, calculated solid lines. The black curves are
superpositions of the absorption of heated pure ice (blue) and molten
liquid (red).
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4A-C). The maxima of the induced absorption at 3180 cm-1

and of the bleaching at 3426 cm-1 are reached 2 ps after the
excitation. The further development of both features is governed
by a simultaneous decay with a time constant of several
picoseconds. For longer delays the bleaching at 3426 cm-1

reaches an almost constant value, whereas the absorption peak
at 3180 cm-1 fully disappears for delay times beyond 25 ps
(see Figure 4E).

The decrease in optical density at the pump frequency (3426
cm-1) reflects the depletion of the ground state of the excited
stretching vibration, with subsequent (partial) ground-state
recovery. The latter is accounted for in Figure 4A-D by the
green Lorentzian curve centered at 3426 cm-1. The first excited
state of the vibration is populated, allowing anharmonically
shifted excited-state absorption at 3180 cm-1. The process is
represented in Figure 4A-D by the blue Lorentzian peak at
3180 cm-1.

The broad absorption minimum around 3290 cm-1 in Figure
4 increases continuously within the first 25 ps and remains
almost constant in the next 250 ps. The feature shows the same
shape and dynamics as the corresponding bleaching in Figure
3. Therefore, it is attributed to direct excitation of the ice
monocrystals in the sample. The transient dynamics of the OH
stretching vibration in pure ice is significantly faster than that
in the NaCl-hydrate. Thus only the subsequent heating of the
ice crystals is included in the data analysis. The red lines in
Figure 4 represent the corresponding thermal differential spectra.

The additional, smaller feature around 3426 cm-1 accounts for
the heating of the hydrate, and the red curve in this region stems
solely from the Lorentzian difference spectra, as discussed in
the previous section. The extracted temperature jump of the ice
component in the sample is 17 ( 4 K. The weaker temperature
dependence of the hydrate band around 3426 cm-1 does not
allow a precise determination of the temperature jump induced
in the hydrate monocrystals.

The temporal evolution of the OH ground-state bleaching at
3426 cm-1 and of its excited-state absorption at 3180 cm-1 is
depicted in Figure 4G in green and blue, respectively. Both
features decay with the same time constant of 6.8 ( 1 ps, which
obviously represents the lifetime of the OH stretching vibration
in the hydrate. It is an order of magnitude longer than the
lifetime of the OH stretching vibration in ice.51 The finding
facilitates the investigation of the dynamics of OH stretching
vibration in hydrates with sufficient temporal and spectral
resolution.

Conclusions

In this work we present the time-resolved study of the OH
stretching vibration in NaCl dihydrate using two-color IR
spectroscopy. The hydrate formation is characterized by con-
ventional FTIR measurements. The steady-state spectra of
several hydrates are presented. The data give evidence that a
polycrystalline ice-hydrate mixture is formed in the samples.
The water molecules bound in the NaCl hydrate display two
well separated absorption bands at 3426 and 3541 cm-1,
respectively. The findings are included in the analysis of the
time-resolved data. The transient response on pumping the ice
component in the sample at 3290 cm-1 agrees with ultrafast
heating of pure ice studied previously.49,50 After 250 ps no
significant heating of the hydrate component observed via
excitation of the ice component.

The relaxation time of the stronger OH stretching vibration
in the NaCl dihydrate at 3426 cm-1 is measured to be 6.8 ( 1
ps. The decay is an order of magnitude slower than in water or
pure ice. Conclusions on the relaxation pathway of the OH
stretching vibration cannot be drawn from these measurements
alone but the isolated positioning of the excited OH oscillators
in the hydrate crystal implies a smaller density of states that
can serve as accepting modes in the transient relaxation of the
stretching vibration, which is in accordance with the long
lifetime of the latter in the hydrate crystal.

The hydrate crystals represent a model system for the
investigation of the transient relaxation of the stretching vibration
in hydrogen bonded systems. Since a variety of different
hydrates can be prepared with our technique, we consider the
hydrates to be promising candidates for further systematic
investigations. An expansion of the investigation to other
hydrates will offer new insights into the physics underlying the
detection of hydrogen bonded systems via the OH group and
should be pursued experimentally and theoretically.
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