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Abstract

We measured terahertz (THz) characterization of hydrogen-bonded materials using
THz time domain spectroscopy (TDS) with a gas-cooling cryostat. The temperature and
frequency dependencies of the complex dielectric constants of icy materials were mea-
sured over a wide temperature range. We checked the dielectric parameters of ices and
gas hydrates using a mathematical model. Ice exhibits increasing absorption with fre-
quency in the THz range because of the low-frequency tail of the infrared-absorption
band. This behavior is also observed in gas hydrates. The parameters describing the
frequency dependence of ε″ are treated as functions of temperature. From the THz
spectroscopy on gas hydrates, we showed that the dielectric constants of the gas
hydrates in the THz range can be analyzed using methods for ice. The complex dielectric
constants in the THz range contribute to the infrared polarization and phonon absorp-
tion of the water molecules on the hydrogen-bonding matrices, so we suggest that THz-
TDS is useful for physical and chemical studies of gas hydrates.
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1. Introduction

A hydrogen bond is an interaction between two electronegative atoms through one hydrogen

atom. The famous material as a crystal which consists of a hydrogen bond is an ice. Each

oxygen atom in the structure of the ice is bonded to four oxygen atoms which are arranged as a

tetrahedral around the oxygen atom through the hydrogen atom. Whereas materials which

consist of the hydrogen bond contain the bond partially, ice is composed of only the hydrogen

bond. The hydrogen bond is the controlling factor of the character of the ice [1]. Gas hydrates

also consist of hydrogen bonds.
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Gas hydrates have a curious icy crystalline structure which is stabilized under conditions of

relatively high pressure and low temperature. Gas hydrates have attracted much attention as

new materials for their use in the transport and storage of natural gases (Figure 1), since their

structure contains high volume of gases. In particular, methane hydrate is abundant in many

locations; it is found in sediment or permafrost regions and is expected to be a future energy

resource. The structure of gas hydrates consists of many cages, which include guest gas

molecules. Several structures of gas hydrates have been reported. The typical structure types

are structures I, II, and H, and the type depends on the guest molecule size and temperature-

pressure region. Structures I and II have a cubic unit cell, while structure H has a hexagonal

cell. In structure-II hydrate, sixteen 12-Hedra cages (S-cages) and eight 16-Hedra cages (L-

cages) are present in the unit cell. Structure I is generated by molecules with sizes 0.4–0.6 nm,

while structure II is formed by somewhat larger (0.6–0.7 nm) molecules that occupy only the L-

cages, such as tetrahydrofuran (THF) and propane. At high pressures, some of the smallest

guest molecules (0.38–0.42 nm) such as argon or nitrogen form a structure-II hydrate and

occupy both the S- and the L-cages. If the L-cages with structure II are fully occupied by

compound A, the composition of the gas hydrate will be A•17H2O [2, 3].

Although ice and gas hydrates are important material for our life, several characters and

phenomena are still unknown. The examples are as follows: the highest density of water at

4�C and the self-preservation effect of methane hydrate at around 250 K.

The stability, cage occupancy, structure, and other properties of gas hydrates have been inves-

tigated using Raman spectroscopy, X-ray diffraction, NMR, and so on [4–9]. The dielectric

constants, which are fundamental parameters of a material, provide information on the water

reorientation and proton disorder of the crystalline lattice of a hydrogen-bonded material.

Although the dielectric parameters of ice have been reported in detail for a wide frequency

and temperature range [1, 10–21], there are few such studies for gas hydrates. Davidson et al.

provided a systematic discussion of the relaxation and reorientation of water molecules of gas

hydrates using dielectric parameters [22–24]. Williams et al. reported measurements of the

dielectric parameters to determine the dipole dispersion of guest molecules [25, 26]. Rick and

Freeman reported a computational study of the proton disorder of structure-II hydrates using

Figure 1. Burning methane hydrates.
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dielectric parameters [27]. These studies were conducted for frequencies below GHz frequen-

cies, and there are few studies of gas hydrates at higher frequencies in the terahertz (THz)

region [28, 29]. The frequency-dependent dielectric constants of the hydrogen-bonded mate-

rials provide information on the hydrogen-bonded structures.

In terms of the dielectric constant, the real part of the dielectric constant below 104 Hz of ice is

dominated by orientation polarization, and the value beyond around 105 Hz is dominated by

ionic polarization. The value drops from 3.2 to 1.7 at around a few THz, that is, the region of

infrared absorption. In the region between a few THz and deep ultraviolet, electronic polari-

zation dominates the value of the dielectric [30]. Hence, a study of the dielectric parameter at

THz frequency is able to investigate the nature of the hydrogen-bonded structure. The above

studies have mainly reported in the case of ice, whereas the report for the gas hydrate is not

sufficient. Further, the report of the dielectric parameter at THz region is not sufficient.

THz region lies between the optical region and microwave region. The energy of a THz wave

corresponds to the motion of a relatively large molecule; thus, THz waves offer the ability to

observe absorption of a highly polymerized compound [31]. The energy is also related to the

rotation of a hydrogen bond of water molecules and the rotation of free water molecules [32],

so THz waves have the potential to observe water dynamics in a solution. Although it has

been difficult to use THz waves due to the lack of a good emitter to date, recent develop-

ments in the technology of THz emitters and detectors have allowed many applications of

THz technology, such as security checks, communications, nondestructive inspection, and

spectroscopy [33, 34].

Famous for one of the THz applications is the THz time domain spectroscopy (TDS). THz-TDS

is a convenient analytical technique that allows one to determine the optical constants and

absorption coefficients of samples without using the Kramers-Kronig relationship [35]. Several

studies on water and ice using THz spectroscopy have been reported so far [14, 36]. However,

the temperature range used in these studies was very limited. The optical and dielectric

properties of ice over a wide temperature range are expected to provide meaningful informa-

tion for the fields of astronomy, remote-sensing, and low-temperature science. Ice in the

proximity of a celestial body or in space exists at very low temperatures [1, 37–40]; moreover,

ice in the low-temperature range exhibits interesting phenomena, such as an amorphous

structure associated with the glass transition temperature [41, 42]. This information is neces-

sary for THz remote-sensing applications. The frequency and temperature-dependent dielec-

tric constants of ice provide information on hydrogen-bonded structures. Therefore, a survey

of the optical parameters of hydrogen-bonded materials over a wide temperature range is

necessary.

2. Research methods

For the preparation of water ice samples, we used ultrapure water and pure heavy water

(WAKO Chemical). The water was placed in a Teflon plate with 10-mm-diameter holes to

form tablet samples. The water and heavy water were frozen using an environmental testing
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machine. The freezing of the water was slow and occurred at a temperature of 272 K to avoid

mixing air bubbles into the ice. The tablet thickness (~1.0 � 0.005 mm) was measured using a

micrometer (Anritsu). The volume density of the tablet sample was over 99%, according to the

volume and weight.

Propane and tetrahydrofuran (THF) hydrates were synthesized by stirring THF + water solu-

tion or pressurized gas and distilled water at 275.2 K in a stainless steel cell [28]. After stirring,

the hydrates were extracted from the stainless cell at ca. 253 K in a low-temperature chamber.

The obtained hydrate particles were crushed by the mortar and the pestle. The hydrate crystals

were made into tablets with a diameter of 10 mm and varying thicknesses (1–2 mm) by using

the tablet-making apparatus (Ichihashi-Seiki, HANDTAB-Jr) in the low-temperature chamber.

The thickness of each sample was accurately calculated from the weight and the volume of

water after melting. The error in the thickness is within 0.5%.

The tablet samples were measured using a THz-TDS system equipped with a dipole-type low-

temperature-grown GaAs (LT-GaAs) photoconductive switch as an emitter and a detector and

a Ti:sapphire laser (Mai-Tai, Spectra-Physics; λ = 780 nm; repetition rate: 82 MHz; pulse width:

100 fs) as a femtosecond pulsed laser source. The femtosecond laser pulse is first separated into

a “pump pulse” and a “trigger pulse.” The THz pulse is generated at the photoconductive

switch by the pump-pulse illumination and collimated onto the sample by using a set of off-

axis parabolic mirrors and then collimated again onto the photoconductive switch antenna

detector using another set of off-axis parabolic mirrors. Since the temporal photocurrent is

generated only when the triggered laser pulse and the radiated THz pulse simultaneously

arrive at the photoconductive switch, we can directly obtain both the amplitude and the phase

of the radiated THz pulse by changing the optical delay and measuring the corresponding

change in the photocurrent.

For the low-temperature measurement, a gas-cooled cryostat made by PASCAL was used. The

temperature of the sample enclosure in the cryostat was maintained in the temperature range

of 20–240 K using compressed He. The sample enclosure, equipped with quartz windows for

transmitting THz waves, was positioned in the intermediate focal plane between the two sets

of parabolic mirrors. The ice tablets were held at the top of a sample rod placed in the center

between optical windows. During the initial sample setting, the sample rod was cooled by

liquid nitrogen. The temperature distribution of the sample enclosure was kept uniform by

circulating the helium cooling gas. Three thermistors surrounded the sample rod to monitor

and maintain the set sample temperature within �0.2 K. All measurements were done multi-

ple times, and each data is an averaged value.

The real and imaginary parts of the complex refractive indices, n(ω) and k(ω), of the samples

can be directly calculated from the following equations:

EsamðωÞ

ErefðωÞ
¼ ρðωÞ exp ½�iφðωÞ� (1)

nðωÞ ¼
cφðωÞ

ωL
þ 1 (2)
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kðωÞ ¼
c

ωL
ln

4nðωÞ

ρðωÞ½nðωÞ þ 1�2

( )

(3)

where ω is the frequency, Esam(ω) is the fast Fourier transform (FFT) spectrum of the THz pulse

propagating through the samples, Eref(ω) is the reference FFT spectrum, ρ(ω) is the transmis-

sion, ϕ(ω) is the phase shift, c is the light speed, and L is the thickness of the sample [35]. Using

these estimated complex refractive indices, we can obtain the real ε0and imaginary ε″ dielectric

constants of the samples, as follows:

ε
0ðωÞ ¼ ½nðωÞ�2 � ½kðωÞ�2 (4)

ε
″ðωÞ ¼ 2nðωÞkðωÞ (5)

3. Dielectric parameters of water ice and heavy water ice

The frequency dependence of the real part of the dielectric constants ε0 of ice and heavy water

ice is shown in Figure 2. Both ices were measured over the frequency range of 0.2–1.4 THz at

20, 100, 200, and 240 K. As the frequency increased from 0.2 to 1.4 THz, ε0 increased from 3.12

to 3.24 for water ice and from 2.96 to 3.07 for heavy water ice at 200 K. The data expressed by

open squares in Figure 2(a) are calculated, and values obtained from the reported complex

index of refraction are shown in Ref. [14]. Our experimental data shows good agreement with

the reported data at the same temperature. Lattice vibrations of the hydrogen-bonded water

molecules contributed significantly to the amplitude of ε0 in the THz frequency range [14]. The

dielectric constant of heavy water ice is lower than that of water from comparison of both

results. This is caused by a difference of polarization in water or heavy water ice. The polari-

zation in heavy water ice is smaller than that in water ice, since a deuterium atom is heavier

than hydrogen atom.

According to previous studies, the ε0 values for ice are constant from 0.1 MHz to 1 THz and

show complicated behavior beyond 1 THz, with the maximum occurring at a few THz

[10, 19, 37]. The frequency range of our measurements corresponded to the range used in these
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Figure 2. Frequency dependence of the real dielectric constant ε0 of (a) water and (b) heavy water ice at 20, 100, 200, and

240 K. The reported data of water ice [14] are plotted in graph (a).
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previous studies; thus, in our measurements, it was expected we observe a local maximum
value for ε0 of ice at several THz [10].

Figure 3 shows the temperature dependence of the real dielectric constant ε0 for both ices at
0.26, 0.50, 0.75, and 1 THz. As the temperature increased from 10 to 240 K, ε0 increased from
3.14 to 3.21 for water ice and from 2.95 to 3.04 for heavy water ice at 1 THz.

In previous reports of ε0 of ice in the GHz regime, the temperature dependence of ε0 has been
discussed with regard to the contribution of inharmonic effects to the molecular polarizability
α of lattice water [10, 12]. We can obtain α for water and heavy water ice in the THz frequency
range using the Clausius–Mossotti equation:

Ni

3
α ¼

ε
0
� 1

ε
0 þ 2

� �

(6)

whereNi is the number of molecules per unit volume. According to previous reports, the density
for ice is 0.917 Mgm�3; for heavy water ice, it can be estimated as 1.019 Mgm�3. The estimated
values of α are 41.51 Å3 for water ice and 39.67 Å3 for heavy water ice at 1 THz at a temperature
of 240 K (Figure 4). The values of heavy water ice are lower than those for water ice under the
same conditions. This resulted from themass of deuterium atoms. The molecular polarizability α

is the sum of the electronic polarizability αel (displacement of the molecules within the lattice)
and the infrared polarizability αIR (the vibration of the molecules within the lattice).

For ice, αel is independent of temperature; thus, the temperature dependence of α appears in
the αIR term. Additionally, the αIR of ice increases linearly with the square of the temperature
(T2) [10, 12]. Applying this discussion of the polarizability of ice to the present results, we
derived the following equation for the molecular polarizability α:

α ¼ αel þ αIR ¼ αel þ α0, IR þ aT
2 (7)

where α0,IR is the infrared polarizability at 0 K and a is an empirical constant. Using Eq. (7),
we determined that the fitted curves were in good agreement with the experimental results
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Figure 3. Temperature dependence of the real dielectric constant ε0 at 0.25, 0.50, 0.75, and 1 THz for (a) water ice and (b)
heavy water ice.
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(Figure 4). The values of αel + α0,IR and a derived from the fitted curves (Figure 4) are listed in

Table 1. The value of a in the range of 0.26–0.75 THz was ~ 8.6 · 10–6, which was nearly

constant, but it increased beyond 0.75 THz. The real dielectric constant ε0 of ice exhibited a

local maximum value at a few THz and showed complex behavior beyond 1 THz,

corresponding to the skirt region of the local maximum value [11, 19]. In the case of ice, the

real dielectric constant ε0 was almost constant in the range from GHz to sub-terahertz, and it

showed complicated behavior beyond 1 THz [11, 14, 19]. This behavior was consistent with

the results for a; thus, we concluded that the local maximum of ε″ contributed to the

orientation polarization and affected the frequency dependence of a.

Figure 5 shows the frequency dependence of the imaginary dielectric constants ε″ of water

and heavy water ice over the range of 0.4–1.4 THz at 40, 100, 200, and 240 K. A block of data

with error is discarded in Figure 5. As the frequency and temperature increased, ε″ increased

over the range considered in this chapter. Our ε″ values approximately agreed with those

reported by Zhang et al. [14] at the same temperature. The frequency range below 1 THz

corresponds to the low-frequency tail of the infrared-absorption band of ice; thus, ε″ is

dominated by the contribution from molecular reorientation. Furthermore, the effect of

Debye relaxation may extend to this frequency range. However, the THz range is far from

the region dominated by the Debye relaxation. We therefore suggest that in the THz region,

the contribution from Debye relaxation which appears in a decrease with increasing fre-

quency is small for ε″. Thus, a simple model for the frequency dependence of ε″ is the single

term that increases with increasing frequency because it corresponds to the low-frequency

tail of the infrared-absorption band at high frequency [11, 14]. Considering previous studies,

the equation for ε″ in this frequency range is denoted by:

ε″ ¼ Aω
B (8)

where the coefficients A and B are temperature-dependent empirical constants. Applying this

formula to the results, we obtained values for A and B that gave fitted curves at each
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Figure 4. Molecular polarizability α of (a) water and (b) heavy water ice plotted versus temperature squared. The solid

lines are the fitted curves obtained from Eq. (7) at 0.25, 0.50, 0.75, and 1.00 THz.
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temperature, as shown in Figure 5. As the temperature increased, parameter A increased;
however, parameter B decreased. This behavior is consistent with that of ice in the GHz range.
The fitted curves of heavy water ice are different from the experimental data at low frequency
and low temperature (Figure 5(b)). This may be caused by experimental uncertainty or events
that appear on heavy water ice at low temperatures.

Figure 6 shows the temperature dependence of ε″ of both ices from 20 to 240 K at two
frequencies. For all four parameters, ε″ increased with temperature. According to a previous
optical study of ice in the GHz regime, the temperature dependence of ε″ in the THz range is
determined by the A term in Eq. (8). However, in this chapter, parameters A and B of Eq. (8)
showed temperature dependence. We can approximate the temperature dependence of A and
B using the least squares method, as follows:

For water ice

A ¼ 1:9 · 10�2 þ 2:2 · 10�4
·T in THz�1ðR2 ¼ 0:954Þ (9)

B ¼ 2:3 � 3:1 · 10�3
·T in THz�1ðR2 ¼ 0:926Þ (10)

For heavy water ice

Water ice Heavy water ice

0.50 THz 1.00 THz 0.50 THz 1.00 THz

αel + α0,IR / Å3 40.2 40.8 38.0 38.6

a/Å3 K�2 1.52 · 10�5 1.15 · 10�5 2.13 · 10�5 1.89 · 10�5

Table 1. Values of αel + α0,IR, and a derived from fitted curves in Figure 4.
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Figure 5. Imaginary dielectric constant ε″ of water ice (a) and heavy water ice (b) at four temperatures plotted double
logarithmically versus frequency. The solid lines are fitted curves obtained from Eq. (8). The reported data of water ice [14]
are plotted in graph (a).
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A ¼ 5:7 · 10�3 þ 3:2 · 10�4
·T in THz�1ðR2 ¼ 0:961Þ (11)

B ¼ 3:7 � 9:3 · 10�3
·T in THz�1ðR2 ¼ 0:997Þ (12)

These formulae fit the experimental results with good agreement, as noted by the correlation

coefficients R2.

In order to analyze the frequency and temperature dependencies of ε″, approximation of these

equations should be considered from the viewpoint of the following factors. For ice, phenom-

ena such as Debye relaxation, acoustic phonon excitation, and infrared phonon absorption are

reported in detail in various ways [1, 19, 20]. The dielectric and optical constants of ice material

in the THz region may contribute to previous findings. For example, the glass transition of ice

at low temperatures is well known. This transition strongly dominates the hydrogen-bond

network; thus, information on the dielectric constants of ice over the given temperature range

may facilitate astronomy and remote-sensing applications.

4. Dielectric parameters of sulfur hexafluoride hydrate

Figure 7 shows our results for the frequency dependence of the real dielectric constant ε0 of

sulfur hexafluoride hydrate in the range 0.3–1.0 THz at 100.6, 199.9, and 239.9 K. As the

frequency increases from 0.3 THz to 1.0 THz, ε0 increases from 3.02 to 3.09 at 199.9 K. These
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Figure 6. Temperature dependence of the imaginary dielectric constant ε″ of water and heavy water ice at 0.50 and 1 THz.
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values are similar to but slightly lower than those for ice under the same conditions [14]. As for

the hydrogen-bonded crystal of the water molecules, a lattice vibration significantly contrib-

utes to the amplitude of ε0 in the THz frequency range [14]. Hence, on the basis of a compar-

ison of the ε
0 values, the states of the hydrogen-bonding matrices of ice and gas hydrates,

including the nondipolar molecules, are observed to be similar. The difference in the polariz-

ability and the molecular density between ice and the gas hydrate is likely to contribute to a

slight difference in these ε0 values.

According to previous studies, the ε
0 values for ice are constant from 0.1 MHz to 1 THz and

show complex behavior beyond 1 THz. The maximum occurs at a few THz [1, 18, 19]. The

frequency range of our measurements corresponds to the above range, so we expect that a

local maximum for theε0 of the gas hydrate exists at a few THz, similar to the local maximum

for ice [19].

Figure 8 shows the temperature dependence of the real dielectric constant ε0 at 0.50, 0.75,

and 1 THz. As the temperature increases from 50 to 240 K, ε0 increases from 3.00 to 3.03 at

500 GHz and from 3.02 to 3.08 at 1 THz. The rate of increase of ε0 with temperature (dε0/dT)

clearly increases beyond 0.75 THz.

Figure 9 shows the frequency dependence of the imaginary dielectric constants ε″ of sulfur

hexafluoride hydrate in the range 0.3–1.2 THz at 100.6, 199.9, and 239.9 K, together with the

reported values for ice [14]. As frequency and temperature increase, ε″ increases over the range

considered in this chapter. Our ε″ values approximately agree with those reported by Zhang

et al. for ice at the same temperature [14]. For ice, the frequency range below 1 THz is the low-

frequency tail of the infrared-absorption band so ε″ is dominated by the contributions from
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Figure 7. Frequency dependence of real dielectric constant ε0 of sulfur hexafluoride hydrate at 100.6, 199.9, and 239.9 K.
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molecular reorientation. Moreover, the influence of Debye relaxation extends to this frequency

range, and thus, a simple model for the frequency dependence of ε″ is the sum of two

components. One term is contributed by the Debye relaxation and decreases with increasing
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Figure 8. Temperature dependence of the real dielectric constant ε0 of the sulfur hexafluoride hydrate at 0.50, 0.75, and

1 THz.
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frequency. The other term increases with increasing frequency since it is the low-frequency tail

of the infrared-absorption band at a high frequency [12, 14, 28]. From previous studies, the

equation for ε″ in this frequency range is

ε
00 ¼ ðC=ωÞ þDω

E (13)

where the coefficients C, D, and E are temperature-dependent empirical constants. Applying

this formula to our results, we obtain the constants C, D, and E, which give the fitted curves at

each temperature, as shown in Figure 9.

As the temperature increases, parameters C and D increase but parameter E decreases

(Table 2). This behavior is consistent with that of ice in the GHz range.

Figure 10 shows the temperature dependence of ε″ from 50 to 240 K at four frequencies. At all

four frequencies, ε″ increases with temperature. According to a previous optical study of ice,

the temperature dependence of ε″ in the THz range is determined by term B in Eq. (13).

However, in this chapter, parameters C, D, and E of Eq. (13) all show temperature dependen-

cies. We can approximate the temperature dependencies of C, D, and E using the least squares

method, which gives

Temperature (K) C (THz) D (THz�1) E

10.3 0.00137 0.0474 2.364

100.6 0.00172 0.0574 2.246

200 0.00289 0.0675 2.081

240 0.00477 0.0765 1.894

Table 2. Empirical coefficients C, D, and E obtained via least squares.
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Figure 10. Temperature dependence of the imaginary dielectric constant ε″ of sulfur hexafluoride hydrate at 0.50, 075,

and 1 THz.
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C ¼ 1:4 · 10�4 þ 3:0 · 10�5 expðT · 2:0 · 10�2Þ (14)

D ¼ 4:6 · 10�2 þ 1:2 · 10�4
·T (15)

E ¼ 2:4 – 5:8 · 10�2 expðT · 9:1 · 10�3Þ (16)

The curves fitted using these formulas fit the experimental results with good correlation

coefficients R2.

To analyze the frequency and temperature dependencies of ε″, we have to consider the

approximation of these formulas in terms of the following factors. For ice, phenomena such

as Debye relaxation, the excitations of acoustic phonons, and infrared phonon absorption have

been reported in detail using various methods [11, 14, 19, 28]. For gas hydrates, there have

been few reports for this frequency range. In addition, the structures of gas hydrates are

different from those of ice. To investigate the dielectric parameters physically and chemically,

we need more information on gas hydrates in this frequency range.

Further, we have to consider the contribution of guest molecules to the polarizability and the

properties of the hydrogen bond of the gas hydrate. The hydration number of sulfur

hexafluoride hydrate is 17, and the sulfur hexafluoride molecule is nonpolar. We therefore

ignored the contribution of guest molecules. In the future, we will carry out a more detailed

dielectric study of gas hydrates, including the influence of guest molecules. Nonetheless, since

our results in this chapter show a good agreement between the experimental data and the

theoretical description, our analysis is reasonably accurate for the investigation of the dielectric

behavior of the gas hydrate in the THz frequency range.

5. Temperature dependence of the absorption of tetrahydrofuran

Conversely, the tetrahydrofuran hydrate of the same structure-II of gas hydrate has a broad

absorption peak around 0.5 THz (Figure 11). This characteristic absorption is not due to the cage

structure of the gas hydrate but due to the kinetics of the tetrahydrofuran molecule in the cage or
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Figure 11. (a) Absorption coefficients of tetrahydrofuran and propane hydrates and ice at 243 K. Inset (b): Subtract

spectra of gas hydrates (αhydrate - αice).
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the interaction between the molecule and the cage. This is because propane hydrate does not

exhibit such an absorption peak and the tetrahydrofuran molecule has a larger dipole moment

than the propane molecule. A similar absorption peak was found by Klug and Whalley during

IR spectroscopy [6]; in their study, tetrahydrofuran hydrate showed two broad absorption peaks

at 25 cm�1 (~0.75 THz) and 38 cm�1 (~1.14 THz) because of rotational oscillations of the tetrahy-

drofuran molecule at 17 K. Since these absorption peaks are integrated and broadened as the

temperature increases due to the reorientation of the tetrahydrofuran molecules and the occu-

pancy of higher-potential minima increases [6], the absorption peak observed in the tetrahydro-

furan hydrate probably originates from the rotational oscillations.

6. Summary

We reviewed optical properties of hydrogen-bonded materials that are ice, heavy ice, and gas

hydrates within a terahertz frequency and at a wide temperature region of 20–240 K. Fre-

quency and temperature dependencies of the complex dielectric parameter obtained from

THz-TDS measurements are described by a mathematical model. An increase in the real part

of the dielectric constants with frequency and temperature was observed on all materials.

In terms of the imaginary part of the dielectric parameter of the hydrogen-bonded materials,

the THz frequency corresponds to the skirt region of the infrared-absorption band. The imag-

inary parts of the dielectric parameter of the materials increased with frequency and tempera-

ture. The parameters are described by a function of a simple form.

Meanwhile, a gas hydrate which includes polar molecules showed specific absorption at THz

frequency. The absorption is based on the rotation of guest molecules inside the structure.

Hence THz-TDS can observe the dynamics of molecules in gas hydrates.

Although the optical behavior of the ice and gas hydrates including nonpolar gas molecules

was described by a similar model, small but certain differences between ice and gas hydrates

were observed on the value of the parameter. The difference corresponds to the difference of

the structures; hence, the optical properties in THz frequency provide meaningful information

for the hydrogen-bonded materials.
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