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5 Vibrational energy
relaxation of water
molecules in a hydrated
lithium nitrate crystal

Water molecules in hydrated salts often have a well-defined geometrical ar-
rangement and form an excellent model system for studying the effects of
the hydrogen-bond environment on vibrational energy relaxation. Hydrated
lithium nitrate contains two distinct types of crystal water molecules. One wa-
ter molecule makes strong and weak hydrogen bonds, the other water molecule
makes two bifurcated hydrogen bonds. We use femtosecond two-dimensional
infrared spectroscopy to probe the vibrational relaxation dynamics of the OD
stretch vibration of dilute HDO molecules in lithium nitrate trihydrate. In the
temperature range from 22 to 295 K we observe a decrease in vibrational life-
time from 3.76±0.16 to 2.83±0.12 ps for the strongly hydrogen-bonded species,
from 5.41 ± 0.08 to 4.14 ± 0.05 ps for the bifurcated hydrogen-bonded species,
and from 10.4 ± 0.2 to 8.8 ± 0.4 ps for weakly hydrogen-bonded species. This
temperature dependence is opposite to that of the OD stretch vibration of di-
lute HDO:H2O ice, for which the vibrational lifetime increases from 480 ± 40 fs
at 25 K to 850 ± 60 fs at 265 K. We discuss the origin of this difference in tem-
perature dependence.

5.1 Introduction

The frequency of the OH stretching vibrations strongly depends on the
hydrogen-bond strength: the stronger the hydrogen bond, the lower its fre-
quency. [6] In liquid water a broad variation of hydrogen-bond strengths exists.
The vibrational lifetime of the hydroxyl stretching modes shows a pronounced
variation with frequency and thus with hydrogen-bond strength. [88, 112–114] The
underlying mechanism of the vibrational relaxation remains an active field of
study. [88, 109–111,115,116]

Recently, hydrated salts have emerged as a model system for studying
the effects of the hydrogen-bond environment on vibrational energy relax-
ation. [117–120] Crystal water in hydrated salts has a well-defined geometrical
arrangement with an accordingly well-defined hydrogen-bond strength. The IR
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Vibrational relaxation in lithium nitrate trihydrate 5.1

Figure 5.1: Crystal structure of lithium nitrate trihydrate. [128,129] The crys-
tal structure belongs to the orthorhombic group D17

2h (Cmcm) and has two
different types of water molecules. The OH groups of the two types of water
molecules lie in mutually perpendicular planes, which are projected in panels
b and c for clarification. (b) Plane with the bifurcated hydrogen bonds (green
dashed lines). (c) Plane with the strong hydrogen bonds (red dashed lines) and
the weak hydrogen bonds (blue dashed lines). The colour scheme is as follows:
H (white), Li (brown), N (blue), and O (red).

fingerprint of crystal water has recently led to the discovery of hydrated salts
on Mars, demonstrating the presence of water on Mars. [121] Here we study the
properties of water molecules present as crystal water in lithium nitrate trihy-
drate using femtosecond mid-infrared spectroscopy. Lithium nitrate contains
crystal water with three different types of hydrogen bonds, leading to spec-
trally well-separated absorption lines of the OH stretch vibrations. [118,122,123]

Lithium nitrate trihydrate is of interest as a thermal energy storage material
because of its low melting point (30 ○C) and its relatively large latent heat of
fusion of 452 MJ/m3 for the solid phase. [124–127]

The crystal structure of LiNO3⋅3H2O contains two different water species
as illustrated in Fig. 5.1. The nitrate anion, lithium cation and one of the two
non-equivalent water molecules lie in the crystal plane indicated as b in Fig. 5.1.
This water molecule donates bifurcated hydrogen bonds to two oxygen atoms
of a nitrate ion. Adjacent planes of type b are linked transversely by water
molecules of the other type, forming the planes indicated as c in Fig. 5.1. One
of the OH groups of this water molecule donates a relatively strong hydrogen
bond to the water molecule in plane b, while the other OH group donates a
relatively weak hydrogen bond to the nitrate ion. The vibrational lifetimes of
the three distinct hydrogen-bonded OH stretch modes have been measured for
HDO molecules in LiNO3⋅HDO(D2O)2 at a temperature of 220 K. [118,119]

In this chapter we study the temperature dependence of the vibrational
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5.2 Vibrational relaxation in lithium nitrate trihydrate
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Figure 5.2: Lithium nitrate trihydrate crystal grown in a sprinkle shape from
a nucleation point and the visible structure of the sample indicates the crystal
orientation (see text).

energy relaxation of the three different hydroxyl vibrations. We perform this
study by probing the OD stretch vibrations of HDO molecules embedded in
LiNO3⋅HDO(H2O)2. We observe that the vibrational lifetime increases with
decreasing temperature, opposite to what is observed for pure water and ice.
We present a model that accounts for the observed temperature dependence of
the relaxation.

5.2 Experimental methods

The lithium nitrate trihydrate samples are prepared as follows. A solution of
18.5 M LiNO3 is dissolved in isotopically diluted water (10 % D2O in H2O). The
LiNO3 is fully dissolved by heating the solution above 304 K. [126] The solution is
subsequently pressed between two z-cut sapphire windows, resulting in a sample
thickness of ∼5 μm. The hydrate is formed by lowering the temperature to 250 K
in a closed cycle cryostat (CTI-Cryogenics) with a stability of 0.5 K. The lithium
nitrate trihydrate crystal grows in a sprinkle shape from a nucleation point (see
Fig. 5.2). Once the lithium nitrate trihydrate is formed, it remains stable up to
its melting temperature of 303.3 K. [126]

By recording polarized IR transmission spectra of the sample using a FTIR
microscope (Bruker Vertex 80v with Hyperion 3000) we have found that the
macroscopic structure of the sample (Fig. 5.2) directly reflects the crystal ori-
entation. The polarized linear spectra are shown in Fig. 5.3 and will be discussed
in more detail below. The water molecules donating bifurcated hydrogen bonds
lie in the plane perpendicular to the needle lines. The water molecules forming
strong and weak hydrogen bonds lie in the plane parallel to the needle lines and
perpendicular to the bifurcated water molecules hydrogen bonds. We measure
unpolarized linear absorption spectra of the sample at different temperatures
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Vibrational relaxation in lithium nitrate trihydrate 5.2

with a PerkinElmer 881 double-beam IR spectrometer.

The vibrational dynamics of the OD stretch vibrations of the HDO molecules
in the lithium nitrate crystal are studied with two-dimensional infrared (2D-IR)
spectroscopy. These measurements are performed in the temperature range 22–
295 K. The transient absorption of the OD stretch vibrations is measured as
a function of the pump and probe frequencies and as a function of the time
delay between the pump and probe pulses. The excitation from the ground
state v = 0 to the first excited v = 1 state results in a transient spectrum. For
each vibration this transient spectrum consists of a bleaching component, due
to ground state depletion and stimulated emission of the 1 → 0 transition, and
an induced absorption component corresponding to the 1 → 2 transition. The
1 → 2 transition has a lower frequency than the fundamental 0 → 1 transition
because the vibrational potential of the OD stretch vibration is anharmonic.

The experimental setup is an upgraded version of the laser setup described
in the previous chapter: The femtosecond Ti:sapphire laser system (Coherent
Legend) delivers 3.7 mJ pulses at a wavelength of 800 nm and at a repetition
rate of 1 kHz to generate mid-infrared pulses at ∼4 μm that are resonant with
the OD stretch vibrations of HDO. Approximately two-thirds of the laser out-
put is used to generate the pump pulse, and one-third is used to generate the
probe pulse. The pump pulse is generated with a commercial optical para-
metric amplifier (Spectra-Physics OPA-800C) with an additional amplification
stage in BBO. The generated signal and idler pulses are subsequently difference-
frequency mixed in AgGaS2 yielding pulses in the mid-IR spectral region. The
pump pulse has a central wavelength of 3.9 μm (2570 cm−1), a FWHM of 410 nm
(270 cm−1), and a pulse energy of ∼20 μJ. The pump pulse is sent into a Mach–
Zehnder interferometer. The mirror in one of the two arms of the interferometer
is placed on a motorized stage and its position is controlled with a fast scanning
routine, as described by Helbing and Hamm. [130] The delay between the two
split pump pulses is tracked with a HeNe beam aligned above the IR beams
and a quadrature counter. One interferometric output is focused to a spot size
of ∼150 μm in the sample. The other interferometer output is focused onto a
pyroelectric detector (Eltec 420M7-27) to record a linear interferogram of the
pump pulse, which is used to calculate the absolute delay between the two pump
pulses.

The probe pulse is generated in a home-built optical parametric amplifier
with two BBO-based amplification stages. The generated signal and idler pulses
are used in a difference frequency mixing process in a AgGaS2 crystal to produce
3 μJ pulses at 4.0 μm (2500 cm−1) with a FWHM of 600 nm (370 cm−1). Using
wedged ZnSe plates we split off two ∼200 nJ pulses of the generated pulse.
These pulses are the probe and reference pulse. The probe pulse is guided over
a motorized delay stage to vary its time delay with respect to the pump pulse.
The probe and reference pulses are focused to a spot of ∼100 μm at different
positions in the sample. The probe pulse is spatially overlapped with the pump
pulse in the sample. The probe pulse has the same direction of polarization as
the pump pulse.

Delay time zero is determined in a Ge plate and the cross-correlation time
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5.3 Vibrational relaxation in lithium nitrate trihydrate
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Figure 5.3: Polarized linear spectra at 295 K. In one polarization direction
the OD stretch modes with strong and weak hydrogen bonds are observed
(purple). In the other polarization direction the bifurcated hydrogen-bonded
OD stretch modes are observed (green).

between the pump and probe pulses is ∼250 fs. The reference is used to correct
for pulse-to-pulse intensity and spectral fluctuations. After passing the sample
the probe and the reference beams are dispersed with an Oriel monochromator
and their spectrally resolved intensities are measured by two 32 pixel liquid-N2-
cooled MCT arrays. The pump frequency axis in the 2D spectrum is generated
by Fourier transformation of the signal as a function of the delay between the
two split pump pulses. Before Fourier transformation the time-domain is zero
padded by a factor of 2 and multiplied with a Hamming window function. [23, 131]

The 2D-IR setup is purged with nitrogen gas to reduce the strong CO2 absorp-
tion around 2345 cm−1. A librating CaF2 window around the Brewster angle
phase-cycles the pump pulse to average out interference effects between the
probe pulse and scattered light of the pump pulse. [132]

5.3 Results

In Fig. 5.3 we present linear infrared absorption spectra for two distinct po-
larization directions of the infrared light. The spectra show the three distinct
kinds of HDO molecules in the hydrated lithium nitrate crystal. We find a fre-
quency of 2501 cm−1 with a FWHM of 23 cm−1 for the stretch vibration of the
OD group with a strong hydrogen bond, 2563 cm−1 with a FWHM of 29 cm−1

for the stretch vibration of the OD group with a bifurcated hydrogen bond,
and 2610 cm−1 with a FWHM of 9 cm−1 for the stretch vibration of the OD
group with a weak hydrogen bond. The peak at 2463 cm−1 can be assigned
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Vibrational relaxation in lithium nitrate trihydrate 5.3
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Figure 5.4: 2D-IR spectra at 22 and 295 K of the strongly and weakly
hydrogen-bonded OD groups (left) and the bifurcated hydrogen-bonded OD
groups (right). The delay between the pump and probe pulses is 0.5 ps. The
positive absorption changes are shown in red, and the negative absorption
changes are shown in blue. The colour steps correspond to a 10 % intensity
increase and are truncated at 70 % of the maximal transient absorption differ-
ences. The spectra show distinct resonances and no cross-peaks.

to a combination of two stretch vibrations of the nitrate ion. [133] The cross
section of the nitrate band is low in comparison with the OD modes. Therefore,
it is not observed in the nonlinear spectrum because the transient absorption
response scales approximately with the cross section squared (see Section 3.2).
The observation that the OD modes can be completely suppressed by changing
the polarization points out that the crystal grows in such a way that planes b
and c in Fig. 5.1 are perpendicular to the window.

We measure 2D-IR spectra with the pump and probe pulses polarized par-
allel to the plane of the OD groups with strong and weak hydrogen bonds and
with the pump and probe pulses polarized parallel to the plane of the OD groups
with bifurcated hydrogen bonds. The spectra are measured at eight different
temperatures. In Fig. 5.4 we present 2D-IR spectra measured at temperatures
of 22 and 295 K for a delay of 0.5 ps between the pump and probe pulses.

In Fig. 5.5 we show transient absorption spectra for pump frequencies that
correspond to the maxima of the bleaching signals of the weakly, bifurcated,
and strongly bonded OD groups shown in the 2D spectra of Fig. 5.4. Besides
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Figure 5.5: Normalized slices at pump frequencies that correspond to the
maximal bleaching signals of the weakly, bifurcated, and strongly bonded OD
groups of the 2D spectra from Fig. 5.4. The transient spectra are fitted by
two Lorentzian functions at 22 K (solid line and filled symbols) and at 295 K
(dashed line and open symbols).

the 0→ 1 bleaching signals, the transient spectra also show the presence of the
1 → 2 excited state absorption bands. These bands are redshifted with respect
to the fundamental 0 → 1 transition by 139 cm−1 for the OD group with a
strong hydrogen bond, 110 cm−1 for the OD group with a bifurcated hydrogen
bond, and 107 cm−1 for the OD group with a weak hydrogen bond. The 1 → 2
excited state absorption bands are about 2–3 times broader than the 0 → 1
bleaching signals. Possible explanations for this additional broadening are the
short vibrational lifetime of the v = 2 state [23] and the quantum nature of the
hydrogen bonds [92].

The vibrational lifetimes are determined by fitting the decay of the 1→ 2 ex-
cited state absorption signals. For this purpose the areas of the 1 → 2 induced
absorption bands are integrated for each delay time. The resulting signal is
plotted as a function of delay and fitted between 0.5 and 100 ps with a popula-
tion relaxation model in which the vibration decays exponentially and a heating
effect grows in with the same rate. In Fig. 5.6 we present delay traces at 22 and
295 K. The vibrational lifetimes T1 resulting from the fit are listed in Table III.
The errors represent 95 % confidence intervals of the fitting procedure.
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Vibrational relaxation in lithium nitrate trihydrate 5.3

Delay time [ps]
0 5 10 15 20

Tr
an

si
en

t a
bs

or
pt

io
n

0

0.2

0.4

0.6

0.8

1 22 K

295 K

, ,

, ,

Figure 5.6: Fitted normalized absorption changes as a function of delay for
the OD groups with strong (red), bifurcated (green) and weak (blue) hydrogen
bonds, at 22 K (solid line and filled symbols) and at 295 K (dashed line and
open symbols).

Table III: T1 vibrational lifetimes of the three distinct hydrogen-bonded OD
stretch vibrations of HDO in lithium nitrate trihydrate at different tempera-
tures.

Temperature [K]
T1 [ps]

strong bifurcated weak
22 3.76 ± 0.16 5.41 ± 0.08 10.4 ± 0.2
60 3.58 ± 0.15 5.20 ± 0.16 9.9 ± 0.3

100 3.47 ± 0.05 5.2 ± 0.2 10.8 ± 0.2
140 3.30 ± 0.08 5.19 ± 0.13 7.8 ± 0.8
180 3.27 ± 0.11 4.65 ± 0.13 10.3 ± 0.9
220 3.07 ± 0.18 4.54 ± 0.11 9.1 ± 1.8
250 3.13 ± 0.08 4.35 ± 0.07 9.1 ± 0.3
295 2.83 ± 0.12 4.14 ± 0.05 8.8 ± 0.4
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5.4 Vibrational relaxation in lithium nitrate trihydrate
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Figure 5.7: Unpolarized linear infrared absorption spectra of
LiNO3⋅HDO(H2O)2 at different temperatures. The line widths of the
OD stretch vibrational absorption bands increase when temperature rises.

5.4 Discussion

From Table III it is clear that the vibrational lifetime of the OD stretch vibration
in lithium nitrate trihydrate is shorter for the OD groups with strong hydrogen
bonds than that for the OD groups with bifurcated hydrogen bonds, which are
in turn shorter than that for the OD groups with weak hydrogen bonds. This
observation agrees with the typical behaviour of the hydroxyl stretch vibration
of decreasing vibrational lifetime with increasing hydrogen-bond strength, as
observed in bulk liquid water, [88, 112–114] frozen reverse micelles, [134] and zeo-
lites. [135] We find that the vibrational lifetimes of the OD stretch vibrations
of HDO molecules in lithium nitrate trihydrate are ∼3 times larger than the
lifetimes of the OH stretch vibration, which are at 220 K 1.1±0.1, 1.9±0.2, and
3.4 ± 0.3 ps for strongly, bifurcated, and weakly hydrogen-bonded OD groups,
respectively. [119]

We observe a decrease of the vibrational lifetime with increasing temper-
ature for all three hydrogen-bonded OD stretching modes. The vibrational
energy relaxation rate is determined by the coupling and spectral overlap with
(combination tones) of other modes that accept the energy. For the OD vibra-
tion of HDO molecules in dilute HDO:H2O ice, the temperature dependence of
the vibrational lifetime of the OD stretching vibration in ice could be well ac-
counted for by considering the temperature dependence of the spectral overlap
of the excited OD vibration and a single accepting combination mode.
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Vibrational relaxation in lithium nitrate trihydrate 5.4

Table IV: Peak positions (ωv1) and FWHM line widths (Γv1) of the three
different hydrogen-bonded OD stretch vibrations of HDO in lithium nitrate
trihydrate at different temperatures determined from the linear spectra shown
in Fig. 5.7.

Temperature
[K]

strong bifurcated weak

ωv1 Γv1 ωv1 Γv1 ωv1 Γv1

[cm−1] [cm−1] [cm−1] [cm−1] [cm−1] [cm−1]

22 2501 8 2570 13 2605 8
60 2500 9 2568 17 2605 8
100 2499 10 2566 20 2605 8
140 2499 12 2564 22 2606 8
180 2499 15 2563 24 2606 8
220 2499 18 2562 26 2607 9
250 2500 21 2563 28 2608 10
295 2500 30 2562 34 2609 12

Using Fermi’s golden rule [Eq. (2.82)], the relaxation rate of the OD stretch
vibration (v1) to a single accepting (combination) mode can be expressed as

1

T1
= 2π

h̵

�
dω dω′ ∣⟨f ∣V̂v1,a∣i⟩∣2gv1(ω)ρa(ω′)δ(ω − ω′)

= 2π

h̵
∫ dω ∣⟨f ∣V̂v1,a∣i⟩∣2gv1(ω)ρa(ω), (5.1)

where gv1(ω) is the spectral distribution of the OD stretch vibration
(∫ dω gv1(ω) = 1), ρa(ω) the density of states of the acceptor mode, and⟨f ∣V̂v1,a∣i⟩ the coupling matrix element between the final and initial states.
The Dirac delta function ensures conservation of energy. In this expression
we assume rapid spectral diffusion due to fluctuations in the thermal bath.
Assuming the density of states of the acceptor mode to be proportional to
its spectral distribution, i.e. ρa(ω) ∝ ga(ω), and the coupling strength to be
independent of frequency, we arrive at

1

T1
∝ ∣⟨f ∣V̂v1,a∣i⟩∣2 ∫ dω gv1(ω)ga(ω). (5.2)

When the two spectral distributions have Lorentzian line shapes, the overlap
integral can be calculated analytically, i.e.

∫ dω gv1(ω)ga(ω) = 2

π

Γv1 + Γa

4(ωv1 − ωa)2 + (Γv1 + Γa)2 , (5.3)

where ωv1 and Γv1 are the centre frequency and FWHM of the OD stretch mode,
and ωa and Γa denote the centre frequency and FWHM of the acceptor mode.
The relaxation rate of the OD stretch vibration is then proportional to

1

T1
∝ ∣⟨f ∣V̂v1,a∣i⟩∣2 ∫ dω

Γv1 + Γa

4(ωv1 − ωa)2 + (Γv1 + Γa)2 . (5.4)
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5.4 Vibrational relaxation in lithium nitrate trihydrate

We fit the experimentally observed vibrational relaxation rates with a model
in which we assume that the three OD groups relax to the same acceptor mode.
This acceptor mode is assumed to have a Lorentzian shape and to be temper-
ature independent. We fit the spectral position and the width of the acceptor
mode. In the fitting we calculate the spectral overlap of the three OD vibrations
with the acceptor mode. The positions and widths of the OD stretch modes are
determined from the linear spectra shown in Fig. 5.7 and given in Table IV. In
the fitting we take the value of the coupling strength ∣⟨f ∣V̂v1,a∣i⟩∣2 to be equal for
the strong and the weak hydrogen bonds, as they are situated on the same type
of water molecules in the crystal structure. The coupling matrix element of the
bifurcated hydrogen-bonded OD group is allowed to be different from that of the
strong and weak hydrogen bonds. The results of the fit are plotted in Fig. 5.8.
We find the ratio of the coupling strengths of the strong/weak:bifurcated hy-
drogen bonds to be 1:1.3. The accepting mode resulting from the fit is centred
at 2354 ± 12 cm−1 with a FWHM of 65 ± 17 cm−1. Hence, the three OD modes
and the found accepting mode only weakly overlap. Therefore, the OD modes
and the accepting modes are only brought into resonance due to spectral dif-
fusion caused by thermal bath fluctuations. We do not observe any IR active
mode in the spectral range 2200–2400 cm−1. However, it is likely that the ac-
cepting mode is a combination band composed of several excitation quanta in
different vibrations, which makes it invisible in the infrared and Raman spec-
tra. The HDO and H2O bending modes have frequencies of about 1460 cm−1

and 1650 cm−1, respectively. [136] Therefore it appears likely that the accept-
ing mode is a combination of the v = 1 of the HDO or H2O bending mode in
combination with one or two quanta in low-frequency intermolecular modes.

The observed temperature dependence is opposite to what has been observed
for the vibrational lifetime of the OD stretch vibration of HDO molecules in
dilute HDO:H2O ice, for which the vibrational lifetime increases from 480±40 fs
at 25 K to 850 ± 60 fs at 265 K (see previous chapter), although a similar
relaxation mechanism is proposed. For HDO:H2O ice, the line width of the
OD stretch increases when the temperature rises, and the peak position of the
excited OD stretch vibration increases from 2415 cm−1 at 20 K to 2447 cm−1

at 270 K, i.e. on average 0.13 cm−1/K. As a result, the spectral overlap of the
absorption band of the OD vibration with the absorption band of the bending
and libration combination mode decreases, thus explaining the increase of the
vibrational lifetime with increasing temperature. For LiNO3⋅HDO(H2O)2 the
change in peak position of the OD vibrations with temperature is one order
of magnitude smaller than for dilute HDO:H2O ice; hence, the change of the
vibrational lifetime is dominated by the increase of the line width rather than
the peak position (see Table IV). As this line width increases with temperature,
the overlap with a combination band of the bending and low-frequency modes
increases, which thus explains the observed decrease of the vibrational lifetime
when temperature increases.

In studies of the vibrational relaxation of hydroxyl groups in crystals [137,138]

the relaxation was described to occur via crystal vibrations that are assumed to
be harmonic. The temperature dependence of the relaxation was described with
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Figure 5.8: Vibrational lifetimes of the OD stretch vibrations of HDO
molecules in three different hydrogen-bond configurations in lithium nitrate tri-
hydrate as a function of temperature. The lifetimes are fitted utilizing Eq. (5.4),
using the central frequencies and line widths of the different OD vibrations ob-
tained from the linear absorption spectra, which yields a Lorentzian-shaped
accepting mode centred at 2354 ± 12 cm−1 with a FWHM of 65 ± 17 cm−1.
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5.5 Vibrational relaxation in lithium nitrate trihydrate

the multi-phonon relaxation model of Nitzan et al. [103,139] In this model the
accepting mode is formed by a combination tone that consists of a number of
low-frequency phonon excitations. The model describes a strong increase in the
vibrational relaxation rate with temperature as a result of the increased thermal
occupation of the harmonic phonon modes. Due to the harmonic character of
the phonon modes, the vibrational amplitudes of these modes increase when
they are thermally excited, and these larger amplitudes lead to an increase of
the anharmonic coupling with the excited hydroxyl vibration, thus accelerating
the vibrational relaxation.

Following the model of Nitzan et al. [103,139] the value of the coupling ma-
trix element ⟨f ∣V̂v1,a∣i⟩ of Eq. (5.4) is expected to increase with temperature,
because the accepting modes get thermally excited. We did not include such
a temperature dependence in modelling the data, and assumed the coupling
matrix element to be temperature independent. For all three OD vibrations the
temperature dependence of T1 can be well explained from the temperature de-
pendence of the spectral overlap of the excited OD vibrations and an accepting
mode that likely consists of a bending mode in combination with low-frequency
intermolecular modes of the water molecule (librations, hydrogen-bond stretch
vibrations). For this accepting mode the coupling matrix element is indeed ex-
pected to show very little temperature dependence in the temperature range 22–
295 K. The HDO and H2O bending modes have frequencies of about 1460 cm−1

and 1650 cm−1, respectively, [136] both being much larger than the thermal ex-
citation energy kBT (corresponding to 205 cm−1 at 295 K). This implies that
the thermal excitation of the bending mode is negligible over the whole studied
temperature range of 22–295 K. Hence, an increase in temperature from 22 to
295 K will lead to a negligible thermal excitation of this mode and thus negli-
gible acceleration of the vibrational relaxation. The intermolecular librational
and hydrogen-bond modes have much lower frequencies and their thermal oc-
cupation will increase in the studied temperature range. However, these modes
are strongly anharmonic, showing a double-well potential, [38, 140] which means
that the vibrational amplitude will not strongly increase when the temperature
is raised. Hence, for an accepting mode that consists of the v = 1 state of the
bending mode and a few quanta of excitation in low-frequency intermolecular
water modes, the assumption of a temperature independent coupling appears
to be justified, at least at relatively low temperatures up to 295 K.

The present results show that the vibrational relaxation mechanism of the
OH stretching vibrations of water is quite anomalous, even when the water
molecules are contained in a highly-ordered crystal structure. While most high-
frequency vibrations like covalently bound hydroxyl vibrations [137,138] relax via
multi-phonon decay, following the relaxation model of Nitzan et al. [103,139], wa-
ter molecules relax via the bending mode vibration in combination with anhar-
monic low-frequency intermolecular modes. This relaxation mechanism leads to
a very different temperature dependence of the relaxation that in some cases,
even leads to a deceleration of the relaxation with temperature, as we found in
the previous chapter for the OD stretching vibration of HDO in neat H2O.
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Vibrational relaxation in lithium nitrate trihydrate 5.5

5.5 Conclusions

We studied the vibrational dynamics of the OD stretch vibrations of HDO
molecules in lithium nitrate trihydrate. Water molecules are located in the hy-
drated lithium nitrate crystal at specific positions, leading to hydroxyl groups
with three different well-defined hydrogen-bond interaction strengths, including
hydroxyl groups with strong hydrogen bonds, weak hydrogen bonds, and bifur-
cated (intermediate) hydrogen bonds. We measured the vibrational lifetimes of
the OD stretch vibrations over a wide temperature range from 22 to 295 K. The
vibrational lifetime of the strongly hydrogen-bonded OD groups is shorter than
that for the bifurcated hydrogen-bonded OD groups, which in turn is shorter
than that for the weakly hydrogen-bonded OD groups. For all three types of
OD groups, the vibrational lifetime decreases when temperature increases: from
3.76±0.16 ps at 22 K to 2.83±0.12 ps at 295 K for the strongly hydrogen-bonded
species, from 5.41±0.08 ps at 22 K to 4.14±0.05 ps at 295 K for the bifurcated
hydrogen-bonded species, and from 10.4±0.2 ps at 22 K to 8.8±0.4 ps at 295 K
for the weakly hydrogen-bonded species. This temperature dependence can be
well explained from an increase in the line width of the OD stretch absorption
bands when temperature increases and the resulting increase in spectral overlap
with a single (combination) accepting mode centred at 2354 ± 12 cm−1 with a
FWHM of 65 ± 17 cm−1. This accepting mode likely consists of the v = 1 state
of the H2O or HDO bending vibration in combination with one or two quanta
in low-frequency intermolecular modes.
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