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a b s t r a c t

Despite intensive studies regarding the hydration state, experimental investigations have not fully
explained the global hydration state. Terahertz (THz) spectroscopy is an emerging technology that has
the potential to evaluate global hydration. This is because THz waves are very sensitive to picosecond
water dynamics and, as such, effectively measures the state of water that is weakly bound to solute mol-
ecules by observing slowed down water dynamics. THz time-domain attenuated total reflection (THz TD-
ATR) spectroscopy allowed to determine the complex refractive index of saccharide solutions and to
experimentally characterize the global hydration state. Our result indicates the global hydration state
is closely related to the number of hydrophilic groups and steric configuration of hydroxyl groups in sac-
charide molecules. This new tool to investigate the global hydration state will provide new knowledge
about water dynamics around solutes that couldn’t have been elucidated with the conventional
techniques.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The hydration state of saccharides in aqueous solution is a sub-
ject of keen interest, with both practical and scientific importance,
for it is involved in the reception of sweetness and environmental
stress tolerance (Birch & Shamil, 1986; Magazù, Migliardo, & Tell-
ing, 2008; Starzak & Mathlouthi, 2006). Thus, various details of the
hydration states of saccharides have been investigated. For in-
stance, the hydration number of various saccharide molecules
has been experimentally estimated using calorimetric, viscosity
and ultrasound techniques (Branca et al., 2001; Furuki, 2002;
Galema & Høiland, 1991). X-ray scattering and neutron scattering
have given structural information about water molecules strongly
bonded to the solute. On the other hand, nuclear magnetic reso-
nance (NMR) and dielectric spectroscopy in the microwave region
(Heugen et al., 2006; Nandi, Bhattacharyya, & Bagchi, 2000) have
shed light on hydration dynamics (i.e. rotational relaxation of
hydration water). Such dynamics are evaluated based mainly on
relaxation times, which represent the temporal aspects of molecu-
lar mobility and rotational performance. These conventional tech-
niques measure the dynamics of water directly bound to the
solute, which have nanosecond relaxation times.

Fig. 1 illustrates a simplified hydration model toward a biomol-
ecule, such as saccharides, nucleic acids and proteins (Otting,

Liepinsh, & Wuthrich, 1991; Tanaka, Arikawa, Yada, & Nagai,
2007). Layer A is a water monolayer directly bound to the hydro-
philic portion of the solute by hydrogen bonding. The water mole-
cules in this layer have much slower relaxation times, as slow as
hundreds of nanoseconds (10�7 s), than bulk water (i.e. water that
has no bonds with a solute). Water molecules in layer B are water
weakly perturbed by the dipole of hydration water in layer A. NMR
and microwave spectroscopy studies have in fact shown that water
molecules, in the hydration sphere around the solute, have slower
relaxation times in the order of 10�9–10�10 s. Water in layer C rep-
resents bulk water, which isn’t influenced by the solute molecules
and has the same physical properties as pure water.

For such bulk water the dynamics, the hydrogen-bonding net-
work between bulk water molecules, where the hydrogen bonds
are being formed and broken, are occurring on a time scale of pico-
seconds (Nagai, Yada, Arikawa, & Tanaka, 2006). The importance of
understanding such picosecond dynamics of water has recently
been pointed out, as they strongly influence the activity of en-
zymes (Pal, Peon, & Zewail, 2002). Thus, it is necessary to consider
the dynamics of those water molecules in the hydration network
that are located further away from the solute, but are still weakly
bonded to the biomolecule. At present, molecular dynamics (MD)
simulations are the main means of exploring the picosecond
dynamics of such water molecules, as no effective methods have
been available that can measure these dynamics at this time scale.

Recently, a novel technology that can measure picosecond
water dynamics, terahertz (THz) technology, has become available
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and is attracting considerable attention (Arikawa, Nagai, & Tanaka,
2008; Yada, Nagai, & Tanaka, 2008). THz waves are defined as those
between 0.1–10 THz, whose periodic oscillating electric field is of
the order of picoseconds. This makes THz waves ideal for investi-
gating picosecond dynamics among bulk water molecules with
high sensitivity. The global hydration state of aqueous solutions
has been investigated based on the polarization and absorption
in the THz region (Arikawa et al., 2008; Heugen et al., 2006). Fur-
thermore, this technique of THz spectroscopy has been applied to
studies of hydration states and the structure of phospholipid bi-
layer and surfactants (Arikawa, Nagai, & Tanaka, 2009; Hishida &
Tanaka, 2011).

In this study, we determined the complex refractive index of
various saccharides in solutions in order to precisely evaluate
dynamics in the global hydration state. The hydration number
was calculated using absorption in the THz region, since THz waves
have much stronger absorption in bulk water with picosecond
dynamics than water molecules in the global hydration state that
have dynamics in the order of nanoseconds or sub-nanoseconds.
In order to reduce the influence of the strong absorption of bulk
water, THz time-domain attenuated total reflection (THz TD-ATR)
spectroscopy was applied to obtain the complex refractive index
of the saccharide solutions.

2. Experimental principle

With the advent of THz time-domain spectroscopy (THz-TDS),
the application of THz spectroscopy has been rapidly accelerated.
In this system, by using pulsed THz waves, with and without the
sample in time domain, both time delay and amplitude decrease
can be simultaneously measured. From this result complex refrac-
tive index ñ(x) can be calculated (Smye, Chamberlain, Fitzgerlad, &
Berry, 2001),

~nðxÞ ¼ nðxÞ � ikðxÞ ð1Þ

where, n(x) and j(x) denote refractive index and extinction
coefficient, respectively. In particular, refractive index indicates
the slowness in propagating of the electromagnetic wave in the
sample, while the extinction coefficient is a measure of the energy
absorbed by the sample. This complex refractive index is a re-
sponse of the electromagnetic wave to the sample, and thus it is
influenced by hydration state, temperature, binding and conforma-
tional changes of the sample (Markelz, 2008). Complex refractive

index can be measured using THz-TDS with transmission geome-
try, when the sample has no strong absorption in the THz region.
However, it is quite difficult to apply transmission measurements
to aqueous solutions. This is because water absorbs 105 times
stronger in the THz region than in the visible region (Møller, Cooke,
Tanaka, & Jepsen, 2009).

In order to get around this problem, THz-TDS was combined
with an attenuated total reflection (ATR) technique (Hirori,
Yamashita, Nagai, & Tanaka, 2004), hereafter referred to as THz
TD-ATR spectroscopy. In this geometry, the incident THz pulse is
totally reflected off the bottom of an ATR prism, and an evanescent
field is created in the sample close to the sample-prism interface.
As a consequence, there is an interaction with the sample, and
the time delay (Du) and amplitude decrease (DA) can be precisely
measured (see Fig. 2). Fourier transformed spectra of both phase
spectrum U(x) and reflectance R(x) in the frequency domain
can be experimentally determined by Eqs. (2) and (3).

RðxÞ ¼
~r12ðxÞ
rREFðxÞ
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where, ~r12(x) and rREF(x) are the Fresnel’s reflection coefficient
of the prism-sample interface and of prism-air, respectively. Addi-
tionally, the theoretical Fresnel’s reflection coefficient of the prism-
sample interface is expressed as a function of the incident angle h,
and the (complex) refractive index of the ATR prism n1(x) and
sample ñ2(x).
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The solution of the simultaneous Eqs. (2)–(4) gives the complex
refractive index of the sample, if the other parameters are given.
The process above ensures the complex refractive index of the
sample is an optical constant, which is independent of instrumen-
tal functions such as the THz intensity and the penetration depth of
the evanescent field (Hirori et al., 2004). In THz TD-ATR
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Fig. 1. Hydration model for biomolecule. Layer A and B represent hydration water
restricted by the solute molecule. Phase C is bulk water in the hydrogen bonding
network, which has picosecond order dynamics.
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Fig. 2. Schematic illustration of THz TD-ATR spectroscopy. From the time delay
(Du) and amplitude change (DA), the refractive index and extinction coefficient of
the sample can be determined.

Table 1
Sample solutions of monosaccharides and disccharides with mol concentrations [M].
Mass percent [wt.%] converted is shown in the bracket.

Monosaccharides: C6H12O6

D(+)-Glucose 0.292–0.877 M (4.83–22.16 wt.%)
D(+)-Galactose 0.292–0.877 M (4.83–22.16 wt.%)
D(+)-Mannose 0.292–0.877 M (4.83–22.16 wt.%)

Disaccharides: C12H22O11

Sucrose 0.292–1.754 M (9.58–49.26 wt.%)
Maltose 0.292–0.877 M (9.58–27.15 wt.%)
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