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water.

Far infrared absorption measurements for distilled water and ice Ih were performed in the frequency
range from 20cm~! to 1000 cm~! with Fourier Transform Infrared Spectrometer (FTIR) utilizing SR of
a portable synchrotron. Four vibrational bands were separated from measured spectra in liquid water.
We found that a peak frequency of 40+ 1cm~' did not depend on the temperature in a range between
10.0°C and 70.0°C; however, any low energy excitation modes were not observed in the ice spectrum. It
is concluded that this band is caused by collective vibrations specific to the dynamical structure in liquid

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The relationship between a molecular motion and a liquid struc-
ture in water has been investigated for a long time [1,2]. Especially,
molecular dynamics of an optical low frequency (10-400cm1)
called far infrared (FIR) or terahertz (THz) are strongly related to
a liquid structure constructed by intermolecular hydrogen bonds.
Dynamical properties have been performed with various methods
such as infrared (IR) spectroscopy [3-7], femtosecond terahertz
(THz) pulse spectroscopy [8-10], Raman scattering spectroscopy
[11-15], inelastic neutron and X-ray scattering techniques [16-19],
and molecular dynamics simulation (MD) [20-22]. However, THz
dynamics in water have not been fully clarified yet [23-25].

It is well known that there are network-like alignments with
intermolecular hydrogen bonds in liquid water [1,2]. This regular-
ity is called a “water structure”. The local structure may be similar
to an ice crystal structure because bond angles and distances of
hydrogen bonds are determined by molecular orbitals. A crucial
difference between ice and liquid water is the existence of ther-
mal fluctuation. Rotational diffusion in water has been investigated
by microwave dielectric relaxation spectroscopy (DRS) [1,26,27].
Relaxation processes caused by reorientation of molecular dipole
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moments were observed around 18 GHz (0.7 cm~!) and 150 GHz
(3cm1) at room temperature. These molecular motions relate to
creation and annihilation of the hydrogen bonds on different spa-
tial scales, and this view is compatible with a simulation result [28].
Dynamical properties should be taken into account for the concept
of the water structure.

Theoretical studies of an instantaneous normal mode (INM)
have been performed to investigate water dynamics [29-31]. This
method is based on calculations of eigenvalues and eigenvectors
of a Hessian matrix of a potential at instantaneous liquid con-
figurations. Dynamics of a liquid can be described rigorously by
independent simple harmonic motions as INMs.

Vibrational spectroscopy is a standard method to investigate
molecular structures [32]. In a mid-infrared (MIR) frequency
between 400 cm~! and 4000 cm~!, absorption measurements are
commonly performed by Fourier Transform Infrared Spectroscopy
(FTIR), and intra-molecular vibrations for organic compounds are
analysed. In a FIR frequency between 10cm~! and 400cm™!,
absorption peaks due to a lower energy dynamics such as
skeletal bending modes involving entire macromolecules and
inter-molecular vibrations of hydrogen-bonded molecules were
observed [33]. An energy transfer between solutes and solvents
in THz may be important in a biological property [34]. However, it
has been considered that FIR absorption measurements in systems
containing water are difficult because available light sources have
been limited and absorption coefficient of water is relatively large
in this frequency region.
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Recently, applications of synchrotron radiation (SR) as a FIR light
source are rapidly developing [35-37]. A dynamical study of Ref.
[7] demonstrated that infrared SR as the light source was useful for
IR spectroscopy in liquid water. We have developed a FTIR beam
line of a tabletop synchrotron MIRRORCLE 20 in Ritsumeikan Uni-
versity [36,38,39]. MIRRORCLE 20 is the smallest synchrotron to
produce far infrared SR in the world [40,41]. Its IR power can be
much higher than common synchrotrons since it is equipped with
a circular mirror to condense SR of a whole electron orbital. A pur-
pose of the beam line is to utilize FIR SR for absorption spectroscopy
and to study THz dynamics for soft matters such as aqueous solu-
tions and biological materials. In this measurement system, both
of SR and black body (BB) radiation were utilized, and continuous
spectra covering the wide frequency range in FIR and MIR were
obtained.

We are interested in the essential difference of dynamical struc-
tures between water and ice in THz dynamics. FIR spectral data
in liquid water and ice have been reported by several groups
[3-10,42]. It was well known that lattice modes in ice and lig-
uid water are active in FIR. Two clear bands were attributed to
inter-molecular vibrations of librational motion at 700cm~! and
stretching of hydrogen bonds at 180cm~! in water. However, it
seems that some measurement systems were confronted with dif-
ficulties to cover the wide frequency range and to control sample
temperature. Especially, the spectrum below 50 cm~! has not been
reported in ice yet.

In this study, we performed IR absorption measurements of the
broadband frequency (20-1000cm~1) in water and ice at various
temperatures by FTIR utilizing two light sources of MIRRORCLE
20 and a conventional ceramic heater. The spectra were analysed
by curve fittings using the least squares method. The results were
compared with reported data in other techniques such as Raman
scattering, neutron scattering, MD simulation, and INM analysis.

2. Experimental

FIR absorption measurements were performed by FTIR of a
model FT/IR-6200 made by JASCO Corp. (Japan). Far infrared SR of
MIRRORCLE 20 was utilized in the frequency range below 100 cm~!
[36,38-41]. Lifetime of SR from MIRRORCLE 20 was about 10 ms,
and a repetition rate of beam injections was 30Hz. To use peri-
odic light, a step scanning system was introduced into Michelson’s
interferometer [43]. Details of the measurement system in the MIR-
RORCLE 20 beam line were reported already in other papers [40,41].
Here, BB radiation of a ceramic heater was used in measurements
with a normal scanning system in the frequency above 50cm~1,
Optical resolutions of the step scan and the normal scan were
2cm~! and 1cm™!, respectively. Aperture sizes of a sample section
were 7.1 mm in the frequency range from 20cm~! to 600 cm~!, and
0.5 mm in the range from 500 cm~! to 1000cm~1.

A detector of a silicon bolometer (Infrared Lab., USA) and
beam splitters made of Mylar films of thickness, 5 wm and 25 pm
were used for measurements in the frequency below 600cm~1. A
triglycine sulfate (TGS) detector and a KBr beam splitter were pre-
pared for measurements above 500 cm~!. SR from MIRRORCLE 20
and BB radiation of the ceramic heater were utilized as light sources.
The frequency ranges of SR and BB radiation were from 100 cm~! to
20cm~! and above 50 cm~, respectively. Broadband spectra were
obtained after SR data were merged with BB radiation data.

Distilled water for spectroscopic analysis was purchased from
Wako Chemical Co. Distilled water was put between silicon crys-
tal plates of 3 mm thickness (JANOS Technology, Germany). Plates
were sealed by silicone O-rings in an aluminum flame of a liquid
sample cell for transmission measurements. The cell was setinacell
holder, which was equipped with a temperature controller using a
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Fig. 1. Absorption spectra of distilled water at 30.0°C (left scale) and ice Ih at
—10.0°C (right scale). Open and closed circles are experimental results utilizing SR
of MIRROCLE 20 in distilled water and ice, respectively. Error bars show standard
errors. Solid and dash lines are experimental results using BB radiation in water and
ice, respectively.

Peltier element in the FTIR sample room. The sample temperature
can be regulated from —10.0°C to 80.0°C with accuracy of 0.1°C.
The FTIR main body was evacuated by a rotary pomp so that water
vapor and carbon dioxide can be removed from light passes.
Absorption coefficient o was calculated by [44].
1 Io(a))

a(w) = i In 1)
where w is the frequency, I is intensity of transmitted light through
asample, Iy is intensity of reference light, and d is the sample thick-
ness. Intensity of transmitted light through the silicon window was
used as Ip in this study. The energy loss due to absorption of the win-
dow in I and Iy can be canceled in Eq. (1). Films of 28.1+0.1 pm
polyethylene terephthalete (PET) and 50.0+0.1 pm Teflon were
used as spacers to vary the sample thickness.

Multiple reflections between window plates are sometimes a
problem for liquid measurements, and it makes interference fringes
in a single beam spectrum. This effect is called an etalon and
depends on materials of plates and samples. The fringes were not
observed in single beam spectra of water between window plates.
It means that a contribution of internal reflections was negligible
compared to water absorption. Iy in Eq. (1) is light intensity through
the silicon plates with no spacer, and the thickness is theoretically
zero. Any interference fringes were not observed in the spectra.

(1)

3. Results
3.1. FIR spectra in liquid water and ice Ih

SR of MIRRORCLE 20 and BB radiation were used for the light
sources in IR spectroscopy. We have measured absorption coeffi-
cient in distilled water and absorbance in hexagonal form (Ih) ice.
The results at 30.0°C and —10.0 °C were plotted in Fig. 1. Each plot
is @ mean value of four measured data, and each error bar shows a
standard error, which is calculated from o/+/n, where o is the stan-
dard deviation and n is the number of measured spectra. The data
obtained by MIRRORCLE SR below 100 cm~! agree very well with
the data of BB radiation above 50 cm~!.

Absorption spectra of distilled water at 20.0°C and ice Ih at
—10.0°C in the range from 20cm~! to 1000 cm~! were shown in
Fig. 2. The data measured by three different optics were merged
into the spectrum. Two of them are the data of SR below 100 cm™!
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Fig. 2. Absorption spectra of distilled water at 20.0°C (left scale) and ice Ih at
—10.0°C (right scale) in the frequency region between 20cm-! and 1000cm~'.
Spectra were measured by three different experimental setups to cover the whole
frequency and were normalized to give continuous spectra. Open and closed circles
are experimental results utilizing SR of MIRROCLE 20 in water and ice, respectively.
Solid and dash lines are results of BB radiation measurements of the FIR region in
water and ice, respectively. Dash dot line and dash dot dot lines are results of the
MIR region in water and ice, respectively.

and BB radiation between 50cm~! and 600 cm~'. The other is the
data using BB radiation, the TGS detector and the KBr beam splitter
as a common mid-infrared optical system above 500 cm~!. The ice
spectrum showed three significant peaks at 820cm~!, 214cm™!
and 156cm~1!. The spectrum of liquid water showed two peaks,
which were broader shapes and were located in lower frequencies
than those of ice.
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Fig. 3. Far infrared absorption spectra measured in the FTIR beam line at various
temperatures and spectra of reference data between 20cm~' and 400 cm~'. The
data of BB radiation was connected with the data of MIRRORCLE 20 SR. Dash dot dot
line: 10.0°C, solid line: 20.0°C, dash line: 30.0°C, dash dot line: 50.0°C, and short
dash line: 70.0°C. Lozenge: 27 °C water reported by Dowing and William [3], circle:
20.2°C by Zelsmann [5], triangle: 25 °C by Bertie and Lan [6], and inverse triangle:
19°C by Afsar and Hasted [4].

The FIR spectra measured at various temperatures and reported
values [3-6] were shown in Fig. 3. The peak shapes around
200cm~! changed according to temperature, and the reference
data were found to be in reasonable agreement with the 20.0°C
data in this study.

In IR and Raman spectra of ice, peaks have been observed
and interpreted as lattice vibration modes in the FIR frequency
[1,13,42]. These were attributed to a restricted translation mode
at 200cm~! and a libration mode around 800cm~!, which were
verified by isotopic substitution [1,42]. These corresponded to the
significant peaks in this study. Dynamical properties have been also
investigated by inelastic neutron scattering (INS) measurements,
and it was concluded that peaks at 19 meV (152cm~1), 28 meV
(224cm™1), and 37 meV (298 cm~1) were caused by translational
vibrations, and the broad peak between 75 meV (600cm~!) and
120meV (960 cm~1) was caused by librational vibrations in ice Ih
[45]. MD simulations supported this interpretation [46,47]. Assign-
mentsin IR and Raman spectra are reasonably consistent with those
of INS experiments.

The absorption band caused by a transverse acoustic mode
below 50 cm~! was expected based on a spectrum in the limited
frequency above 50 cm~! [42]. A recent theoretical study leads to
existence of a transverse vibration of a water dipole moment [48].
However, we did not observe any significant peak below 50 cm~!
in the ice spectrum. On the other hand, a low energy excitation
peak around 60cm~! has been observed in a Raman scattering
spectrum of ice [14]. Two optical modes at 19 meV (153 cm~1) and
28 meV (226 cm~!) and an acoustic mode at 7 meV (56 cm~!) have
been found in INS spectra of ice Ih and supported by MD computer
simulations [17,46,47].

3.2. Curve fitting of FIR spectra in liquid water

The obtained spectra of water were apparently a sum of overlap-
ping absorption peaks. The curve fitting procedure using the least
squares method by a commercial software, SigmaPlot (Systat Soft-
ware Inc., USA) were applied to them. At least four peaks should
be assumed to explain the curve. Two peaks for the libration are
necessary to fit the asymmetric peak around 700 cm~!. A peak for
the hydrogen stretch around 200cm~! and the other for the low
excitation mode are also required.

The best fitting result for the spectrum of 20.0 °C water in the fre-
quency range from 20 cm~! to 1000 cm~! was shown in Fig. 4. These
bands were denoted as L1, Ly, S, and B. L;-, L,-, and S-bands were
expressed by the Gaussian functions, and the B-band was explained
well by the damped harmonic oscillator function as follows:

gYBW ho (0 — ws)? kiw
o(w) = + exp
(@2 -w? Y+ (yw)?  V2mos ( 202 V2moy,
(w-wr,)? ko (-1, )
xexp [ — exp | ————=— 1] (2)
2 051 V2moy, 20L22

where wg, ws, wL,, and wy, are the characteristic frequencies, y
is the damping constant, os, o1, and oy, are the standard devia-
tions, and g, h, k; and k; are the relative strengths. Peak positions
of L;-, Ly-, S-, and B-bands were obtained as 713cm~!, 454cm™!,
180cm~1, and 39 cm~!, respectively. The notations of bands were
chosen according to the Raman spectra of Ref. [15] and IR spectra
of Ref. [5]. This underlying model described by the harmonic oscil-
lation and the Gaussian functions was basically the same as those
in analysis of dielectric spectra [25] and Raman spectra [15] in the
end. It was applied to IR spectra in water for the first time.

In general, Gaussian and Lorentz functions are used to express
spectral broadening. The peak shapes of Li-, L,-, and S-bands
were symmetrical and were well described by Gaussian but not by
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Fig. 4. Absorption spectra of distilled water at 20.0°C in the frequency region
between 20 cm~' and 1000 cm~'. Open circles are experimental data. These were fit
well to a solid line calculated by Eq. (2). The solid line is a sum of four peaks drawn
by a dash line, a dash dot line, a short dash line and a dash dot dot line.

Lorentz functions. This suggests that dynamical coherence is dom-
inant in a oscillator group [49]. Gaussian functions were multiplied
by frequency in order to converge it at @=0cm~! in Eq. (2). The
peak shape is asymmetric if a peak frequency is close to zero, but it
is approximately symmetric within the applied frequency region.

The B-band was found at all measured temperatures in water
spectra, and it was fit well to the damped oscillator function of
asymmetric shape. Gaussian function did not reproduce the spec-
tral curve of the B-band although it was applied in Ref. [5]. This
fact implies that a stochastic process is not a dominant factor to
determine the spectral shape. Heterogeneity of an oscillator con-
figuration may relate to the damping constant if the band is caused
by a kind of collective mode.

In liquid water, two peaks around 180cm~! and 700 cm~! have
been attributed to intermolecular vibrations of the hydrogen bond
stretch and the libration, which corresponded to the restricted
translational and rotational vibrations in ice lattice, respectively [1].
The INM analysis in liquid water demonstrated that a contribution
in normal mode density of state (DOS) came from a translational
degree of freedom in the lower frequency region between 0 cm™!
and 350 cm~! and from a rotational degree of freedom in the higher
frequency region between 400 cm~! and 1000 cm~! [29-31]. These
correspond to molecular origins of L1-, L,-, and S-bands.

3.3. Temperature dependence

Spectra measured at 70.0°C,30.0°C, 10.0°C, and —10.0°C in the
frequency range from 20cm~! to 400 cm~! and theoretical curves
calculated by Eq. (2) were shown in Fig. 5. Water spectra showed the
broader shape than the ice spectrum. Two bands around 180 cm™!
and 40cm~! were separated. The peak frequencies of B- and S-
bands were plotted against absolute temperature in Fig. 6. The
peak at 184 cm~! at 10.0 °C was shifted to the lower frequency and
broadened with increasing temperature. The temperature depen-
dence of S-band peak frequencies was expressed by a regression
line of fpeax (cm~1)=-0.293T (K)+260. According to Ref. [5], L;-
and L,-bands showed the similar temperature dependences to the
S-band.

The B-band was observed in the wide temperature region
between 10.0°C and 70.0°C, and was not found in ice. The peak
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Fig.5. Farinfrared spectra of distilled water and ice. (A) Water at 70.0°C, (B) 30.0°C,
(€) 10.0°C and (D) ice at —10.0°C. Open circles are experimental data. A dash line,
a dash dot line, and a short dash line were separated peaks by the curve fitting
procedure. Solid line is a sum of these peaks.

frequency was 40 cm~! in liquid water. No apparent temperature
dependence was observed in the peak position of the B-band. This
feature is different from the lattice modes in L;-, L,- and S-bands.
The mean characteristic frequency wg and the damping constant yg
in Eq. (2) were 58 cm~! and 96 cm™1, respectively, and these val-
ues show over-damping oscillation. The standard deviations of the



1052 N. Miura et al. / Spectrochimica Acta Part A 77 (2010) 1048-1053

A
2001 -
L
150 -
E
o
—
E
9 1001 -
L
50¢ -
0

260 280 300 320 340
T/K

Fig. 6. Peak frequency against absolute temperature. Closed circles are peak fre-
quencies for the S-band in water. Open circles are for the B-band in water. A closed
triangle and a closed square are for two peaks of S-band in ice. Solid lines were
calculation results of linear regression.

S-band peak, the damping constants of the B-band, and the peak
intensities calculated from the peak areas in B- and S-bands were
plotted against absolute temperature in Fig. 7. The peak areas of S-
and B-bands showed little temperature dependence within errors
caused by the fitting procedure.

4. Discussion

The most important finding in this study is absence of the B-
band in the ice spectrum as shown in Fig. 5. The THz frequency
is the boundary region in which harmonic vibrations and diffu-
sional relaxations can be observed [1]. When a peak is caused by a
relaxation mode described by the Debye rotational-diffusion the-
ory, it has to shift to a higher frequency with increasing temperature
according to the Arrhenius equation [44]. The peak position of the
B-band did not change with temperature. It can be deduced that
the B-band was not a relaxation mode but a vibration mode.

The 40cm~! band was also observed in other THz studies,
which covered the range from approximately 60 GHz (2cm™1) to
2THz (67 cm~1). The recorded spectra were considered to be the
Debye type relaxation modes [8-10]. The Debye equation shows
an asymmetric absorption curve in the linear scale axis of fre-
quency, and it gives a spectral line shape similar to a vibration
mode of the damped harmonic oscillation. The THz pulse spec-
troscopy study measured dielectric spectra at various temperatures
between 270K and 368K, and the spectra were explained by a
sum of two absorption peaks around 20 GHz (0.7 cm~!) and 1.4 THz
(47 cm~1)[9]. They concluded that the 47 cm~! peak was caused by
the relaxation mode because the peak position showed the Arrhe-
nius type temperature dependence. However, their analysis of the
fitting procedure was probably difficult because of the broadband
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Fig. 7. Standard deviation, os, damping constant, y, and peak intensities of S- and
B-bands against absolute temperature. (A) Open circle: o5, closed circle: yg. (B)
Closed circle: intensity of S-band, open circle: intensity of B-band. Dash lines are
guides to the eye. Error bars indicate scatter in fitting processes.

water spectra. The spectrum around the peak of the dominant
process around 18 GHz was not obtained, and the contribution
of the S-band overlapping with the B-band was not evaluated in
the analysis of Ref. [9]. The data covered the limited frequency
range and did not allow a quantitative analysis of temperature
dependence. The frequency range of pulse THz spectroscopy is
complementary to that of FTIR, and a comprehensive study should
be performed.

The peak around 60 cm~! in liquid water was observed in Raman
spectra [11-15]. It was attributed to a bending mode of hydrogen
bonds on a basis of the tetrahedral symmetry model by several
papers [11-13,15] except for Ref. [14], which interpreted it as a
transverse acoustic mode of disordered networks. The bending
mode has also been identified with the B-band in the IR [1,5]. Raman
scattering and IR absorption have the different selection rules [32].
We found a clear difference between the IR and Raman spectra in
ice. A sharp peak at 60 cm~! was found in the Raman spectrum [14]
although no peak was observed in the IR spectrum of ice. This dis-
crepancy cannot be explained by selectivity and indicates that an
origin of the 40cm~! B-band is different from the 60 cm~! band
in the Raman spectrum. On the other hand, two acoustic modes,
which have different velocities, were found in the dispersion rela-
tion obtained from INS spectra of liquid water in the low frequency
close to 0cm~! [16,19]. However, the B-band may not have the
same origin as the INS acoustic modes.

Concerning the B-band, the weak temperature dependence of
the peak position and absence in the ice spectrum strongly indi-
cate that a scale of collectivity is different from those in the S- and
L-bands. There is a possibility that some of excitations are localized
in space because molecular configurations are disordered. Local
defects in the hydrogen bond structure interrupt propagation of
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intermolecular vibrations. A molecular group of several waters in a
relatively localized area may contribute to this mode. The computer
simulation study showed that the 60cm~! band was caused by
strongly localized modes, and the 180 cm~! band was attributed to
mesoscopically localized modes within the hydrogen bond network
[20]. This model gives qualitative explanations for the experimental
results, but the MD simulation seems to be simplified the network
structure too much.

On the other hand, the INM studies demonstrated that the low
frequency modes reflect large-scale collective vibrations [30]. The
INM analysis gave separate translational and rotational contribu-
tions in DOS spectra of water. The frequency lower than 350 cm™!
was related to the translational degrees of freedom [29-31]. Two
peaks around 50cm~! and 250cm~! were clearly seen in DOS
spectra of quenched normal modes (QNMs) at local minima of the
potential obtained by quenching thermal configurations [30]. Some
INM and QNM modes accompanying with the transition dipole
moment can contribute to IR absorption.

The number of molecules involved in a given mode was calcu-
lated from INM and QNM analysis results [30]. It was increased
with decreasing wave number below 400 cm~! and showed a peak
around 50 cm~!. The estimated numbers of 80 for INM and 140 for
QNM at the peakindicate that the low frequency modes are delocal-
ized in space. These translational contributions around 50 cm~! can
be related to the B-band. The broad B-band peak should be caused
by heterogeneity of molecular group involving collective modes in
the disordered structure. This view is in consistency with the fact
of non-Gaussian distribution in the peak shape. Absence of the B-
band in ice suggests that it comes from the large-scale structural
fluctuation specific in liquid water.

5. Conclusions

We were successful in FIR spectroscopy experiments of the wide
frequency range by using the unique light source of MIRRORCLE 20.
FTIR with MIRRORCLE SR can be a useful tool to investigate inter-
molecular dynamics in liquid. Following conclusions were derived
from the results and discussion. (1) IR absorption peaks in the fre-
quency range between 100cm~! and 1000 cm~! were attributed
to the intermolecular vibrations of the restricted rotation and the
translation in ice and distilled water. Identifications of the modes
were consistent with results of dynamical studies in Raman scat-
tering, INS, and MD simulation. (2) The B-band of the low energy
excitation mode was clearly separated at 40 cm~! in the wide tem-
perature region from 10°C to 70 °C, but it was not observed inice Ih
at—10.0°C. It was attributed to the collective vibration mode rather
than the localized mode in the hydrogen bond network. This implies
that the B-band is a peculiar dynamics in liquid water, which is
related to a large-scale structural transition.
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