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ABSTRACT

Dielectric measurements are one of the most reliable techniques for investigat-

ing the molecular dynamics of water in moist materials. However, dielectric

measurements of moist wood have not yet been carried out in a wide frequency

range that can be used to evaluate the molecular dynamics of water in wood. We

performed dielectric measurements of a deciduous tree, Zelkova serrata, along

the fiber direction in the frequency range of 40 Hz to 10 GHz at room temper-

ature around the fiber saturation point of wood to investigate the molecular

dynamics of water in wood. Cole–Cole-type relaxation process reflecting the

molecular dynamics of the water is observed in the GHz region. The water

content dependences of the relaxation time and strength of this process are

similar to those of the relaxation process of free water observed in polymer–

water mixtures. However, the s - bCC diagram of this process markedly devi-

ates from that of the relaxation process of free water in polymer–water mixtures.

The molecular mechanism of this characteristic relaxation process is interpreted

as the formation of the local structure of water restricted in the void spaces of

wood. The water molecules adsorbed on the inner walls of the void spaces form

a local structure, and the local structure grows in the length direction along the

walls of the void spaces with increasing water content of wood. The molecular

dynamics of these water molecules is strongly restricted between the inner walls

of the void spaces and air spaces, and the strongly restricted molecular

dynamics of the water leads to the characteristic relaxation process observed in

the GHz region. We give molecular descriptions of the strongly restricted water

adsorbed on the inner walls of the void spaces of wood around the fiber satu-

ration point.
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Introduction

The microscopic environment of water in wood sig-

nificantly affects the physical properties of the wood,

such as the specific gravity, mechanical strength, and

electrical conductivity. Thus, it is important to

understand the microscopic environment of water in

wood not only for theoretical studies, but also for

industrial applications. In general, water in wood is

roughly classified into two types called free water

and bound water [1]. Free water exists in the inter-

cellular spaces, vessels, and tracheids in wood, and

these water molecules are transported relatively

freely by the capillary force. Bound water exists in

wood cell walls, which consist of an amorphous

matrix of hemicelluloses and lignin. Bound water

forms hydrogen bonds with the hydroxyl groups of

hemicelluloses and lignin, and the dynamics of

bound water is strongly restricted by these hydrogen

bonds. Investigations of the molecular descriptions of

water in wood have been performed by differential

scanning calorimetry (DSC) [2, 3], nuclear magnetic

resonance (NMR) [4, 5], near-infrared spectroscopy

[6], dielectric spectroscopy [7–12], and theoretical

approaches [13], and the water in wood has now been

classified into more than two types based on the

molecular dynamics of water reflecting the dipole

interactions [2, 6, 13]. However, the molecular

descriptions of these water molecules in detail have

not been clear yet.

Dielectric spectroscopy is a technique used to

observe the dielectric relaxation phenomena arising

from the rotational dynamics of dipole moments. It is

one of the most reliable techniques for investigating

the molecular dynamics of water molecules in moist

materials because water molecules have a large

dipole moment. Furthermore, the dielectric relaxation

spectrum obtained by dielectric measurements can be

quantitatively expressed using relaxation parameters

such as the relaxation strength, relaxation time, and

relaxation time distribution. The relaxation strength

reflects the number of dipole moments per unit vol-

ume, and the relaxation time reflects the time scale

associated with the dynamical behavior of dipole

moments. The relaxation time distribution is the

shape parameter of the dielectric relaxation spec-

trum, and it reflects the heterogeneity of the dipole

moment dynamics [14, 15]. Since the 1970s, dielectric

measurements of fresh, chemically treated, and heat-

treated wood of various species have been performed

in the kHz–MHz region, and the relaxation processes

reflecting the motion of bound water [16–18], the

reorientation of CH2OH groups in cellulose [19], and

the contribution of conductivity [7–10] have been

observed. Recently, dielectric measurements of wood

have been performed in the GHz region [20–24]. Mai

et al. [20] evaluated the moisture content of wood

from the dielectric constant measured using an elec-

tromagnetic signal at 1.26 GHz. Koubaa et al. [21]

performed dielectric measurements of Canadian

wood at frequencies of 0.4–2.47 GHz to evaluate the

moisture content of wood. Tomppo et al. [22] per-

formed dielectric measurements of Pinus sylvestris at

the frequencies of 1 MHz to 1 GHz to evaluate the

resin acid content of wood. Jördens et al. [23] per-

formed terahertz time-domain spectroscopy mea-

surements of a wood–plastic composite in the

frequency range of 0.2 GHz to 1.0 THz to investigate

the sorption of water in the composite material.

However, dielectric measurements have not yet been

carried out in a wide frequency range that can be

used to evaluate the molecular dynamics of water in

detail.

We have developed suitable dielectric measure-

ment equipment and analytical methods to carry out

measurements in a sufficiently high and wide fre-

quency range. Time-domain reflectometry using flat-

end coaxial electrodes is an effective dielectric mea-

surement technique that obtains information on the

molecular dynamics of water in moist materials

[25–30]. The advantage of flat-end coaxial electrodes

is that the dielectric measurement can be performed

nondestructively up to 30 GHz [31]. We previously

performed time-domain reflectometry measurements

using flat-end coaxial electrodes in the frequency

range of 100 Hz to 30 GHz for various moist mate-

rials, such as synthetic polymers, biopolymers, and

cement [25–30, 32, 33]. We clarified that the molecular

dynamics of the free and bound water as two dif-

ferent processes distinguished from those respective

relaxation times. In the present work, we performed

dielectric measurements of wood with various water

contents in the fiber direction using flat-end coaxial

electrodes in the frequency range of 40 Hz to 10 GHz

at room temperature to clarify the molecular

descriptions of water in wood. The relaxation process

caused by the molecular dynamics of water was

observed in the measured frequency range. The

characteristic molecular dynamics of water
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contributing to this process in wood is discussed on

the basis of the results of the dielectric measurements.

Materials and methods

A deciduous tree used widely for building materials,

Zelkova serrata, was used for the wood samples in this

experiment. The age of the Zelkova serrata tree used in

this experiment was 40 years. The trunk of the tree

was cut at a height of 5 m above the ground, and the

radius of the cut trunk was 5–20 cm. Wood samples

were prepared by cutting the trunk into small

cuboidal plates with dimensions of 2 9 2 9 1 cm3

(radial, tangential, and longitudinal directions). Each

sample was dried in a dry room at 20 ± 3 �C with

humidity less than 20% to prepare wood samples

with various water contents. The longest drying

period was 1 month. The index of the water content

of each piece was evaluated as the weight of water

per unit volume [g/cm3], the so-called water density,

given by

qwat ¼
w� w0

w
qpw: ð1Þ

Here, qpw is the density of pure water (qpw =

0.998 g/cm3), w is the mass of the moist wood sam-

ple, and w0 is the mass of the wood sample after

drying at 110 �C for 1 day using an electric oven. For

the wood samples in this work, the difference

between the water density calculated from the mass

and the water density of a cross section measured by

a moisture meter was Dqwat = 0.03 g/cm3. Note that

the specific gravity of the wood sample after drying

at 110 �C for 1 day was 0.65 ± 0.01 g/cm3.

The complex permittivity of the wood samples was

measured in the frequency range of 40 Hz to 10 GHz

at room temperature (25 ± 3 �C) and room humidity

(45 ± 5%RH). We used two sets of dielectric mea-

surement equipment to cover a wide frequency

range. From 100 MHz to 10 GHz, time-domain

reflectometry (TDR) measurements were carried out

[34, 35]. We performed improved TDR measurements

using a communication signal analyzer (CSA8200,

Tektronix) with an 80E04 sampling module. For

measurements from 40 Hz to 110 MHz, an impe-

dance analyzer (4294A, Agilent) was used. The

diameters of the outer conductor and center con-

ductor of the flat-end coaxial electrode used for TDR

measurements were 2.6 and 0.6 mm, and those for

the impedance measurements were 6.4 and 1.8 mm,

respectively. When the dielectric measurements of

wood samples are performed in the longitudinal,

radial, and tangential directions, anisotropy of the

dielectric constant is often observed [36–38]. In this

work, the flat-end coaxial electrodes were placed in

contact with the cross section of the wood samples,

and dielectric measurements were performed in the

longitudinal direction (i.e., the fiber direction). The

dielectric measurements of the wood samples were

carried out under nonequilibrium states because the

dielectric measurements were carried out in a drying

process of the wood samples. The measurement time

of the TDR measurements and the impedance mea-

surements was 1 min. The difference in the water

density before and after measurements was lower

than 0.01 g/cm3 even when dielectric measurements

were carried out several times to confirm the plas-

ticity of the data. The effective depth of the electrical

field of the flat-end electrode used for TDR mea-

surements was 1 mm, and the dielectric spectrum

reflected the averaged dynamics of the water within

this electrical field depth [31–33].

Results and discussion

Figures 1 and 2 show the dielectric spectra of the

sapwood of Zelkova serrata with various water den-

sities measured in the fiber direction. A dielectric loss

peak is observed in the GHz region, whose amplitude

Figure 1 Dielectric spectra of Zelkova serrata with various water
densities measured in the fiber direction.

J Mater Sci (2018) 53:4645–4654 4647



decreases with decreasing water density. A large

contribution of the conductivity is observed below

100 MHz, which also decreases with decreasing

water density. To clarify the dielectric properties of

the relaxation process in the GHz region, we per-

formed a curve-fitting procedure for the dielectric

spectra using a summation of the Cole–Cole equa-

tions and a term representing the dc conductivity as

follows:

e� xð Þ ¼ e0 � je00 ¼ e1 þ
X3

i¼0

Dei

1þ jxsið ÞbCCi
þ r
jxe0

: ð2Þ

Here, e0 is the dielectric constant, e00 is the dielectric

loss, j is the imaginary unit, e? is the limiting high-

frequency permittivity, De is the relaxation strength,

x is the angular frequency, s is the relaxation time, r
is the dc conductivity, and e0 is the permittivity of

free space. bCC (0\ bCC B 1) is the relaxation time

distribution reflecting the symmetric extension of the

loss spectrum. Each spectrum is well described by the

relaxation curve calculated using Eq. 2 as shown in

Fig. 2. The relaxation process observed in the GHz

region is named process I, and we focus on the water

density dependence of the dielectric behavior of

process I.

Figure 3 shows the water density dependence of

the dielectric parameters of process I. The relaxation

strength linearly increases with increasing water

density. The relaxation time decreases with increas-

ing water density and approaches the relaxation time

of bulk water (s = 8.3 ps) [39]. These results indicate

that process I reflects the molecular dynamics of

water in wood. Note that bCC increases slightly with

increasing water density. We previously reported

that the dielectric behavior of the relaxation processes

reflects the motion of free water and bound water in

various moist materials [25–30]. The relaxation time

of the relaxation process of free water observed in

these moist materials was 8–40 ps. On the other hand,

the relaxation time of the relaxation process of bound

water is more than 100 times longer than that of the

relaxation process of free water. The relaxation time

of process I observed in wood is close to that of the

relaxation process of free water observed in these

moist materials. Note that the relaxation processes of

the bound water in Zelkova serrata exist in the fre-

quency range in which the contribution of the ionic

conductivity is observed, where the behavior of the

Figure 2 Dielectric loss spectra of Zelkova serrata measured in
the fiber direction. a qwat = 0.39 g/cm3, b 0.32, c 0.20, d 0.09.
The dashed line indicates the loss spectrum calculated by the
Cole–Cole equation. The dotted line indicates the term corre-
sponding to the conductivity contribution. The solid line indicates
the simple summation of the Cole–Cole equations and the
conductivity contribution calculated by Eq. 2.

Figure 3 Plots of the relaxation time, relaxation strength, and
relaxation time distribution against water density for Zelkova

serrata.
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relaxation processes of the bound water is reported in

Ref. [33]. In this work, the molecular dynamics of

water leading to process I is clarified.

The relaxation strength is related to the local

environment of the dipole moment, such as the

dipole moment density and the arrangement of the

dipole moments. It is generally accepted that water

molecules in the liquid state form a tetrahedral local

structure by hydrogen bonding, which is similar to

the structure of ice. If the arrangement of water in a

moist material remains the tetrahedral local structure,

the ideal relaxation strength, Deideal, will have a linear

relationship with the water density. Thus, the ideal

relaxation strength of water in wood is calculated and

compared with the experimental value, Deexp. The

straight dashed line in Fig. 4 indicates the ideal

relaxation strength of free water, which connects the

relaxation strength of 73.2 for pure water at

qwat = 0.994 g/cm3 and that of 0 at qwat = 0 g/cm3

[39]. Deexp is smaller than Deideal in the entire water

density range measured, and the gradient of the line

for Deexp is one-third of that for Deideal. These results

can be interpreted to mean that part of the water

molecules in wood contribute to process I. Other

water molecules behave as bound water, and these

water molecules contribute to the relaxation pro-

cesses existing in the frequency range lower than that

of process I [33]. The number of water molecules

contributing to process I linearly increases with

increasing water density of wood. These water

molecules form the tetrahedral local structure

through the hydrogen bonds, and a marked change

in this local structure does not occur in the entire

water density range measured. Note that the relax-

ation strength reaches Deexp = 0 at qwat = 0.03 g/

cm3. This result indicates that the water molecules

contributing to process I are completely desorbed

below qwat = 0.03 g/cm3.

For moist materials, a very large dielectric loss is

often observed in the low-frequency range of the

dielectric loss spectrum, and this behavior is inter-

preted to correspond to ionic conduction in the

medium. The ionic conductivity can be described as

r ¼ nzl, where n is the ion density, z is the ion

charge, and l is the ion mobility. To discuss the

relationship between the amount of water and the

ionic conductivity, Fig. 5 shows plots of the dielectric

loss observed at 100 Hz, e00100Hz, against the water

density of wood. e00100Hz decreases with decreasing

water density. The water density dependence of

e00100Hz can be described as

e00100Hz ¼ e00C qwat � qcð Þk; ð3Þ

where e00c, k, and qc are empirical parameters. qc can
be considered as the threshold water density at which

ionic conduction starts to occur. Table 1 shows the

empirical parameters of Eq. 3 calculated by least-

squares curve fitting. The value of qc (= 0.05 g/cm3)

is in good agreement with the water density at which

the relaxation strength of process I reaches Deexp = 0

as shown in Fig. 4. These results indicate that the

water contributing to process I behaves as a water

path that transports ions, and the ionic conductivity

decreases with decreasing water density caused by

the breakage of the water path.

Process I observed in wood reflects the molecular

dynamics of water, and the dielectric spectrum of this

process has the Cole–Cole-type distribution. The

Figure 4 Plots of the relaxation strength in the relaxation process
due to the motion of free water against the water density. The
dashed line connects the relaxation strength of 73.2 for pure water
at qwat = 0.994 g/cm3 and that of 0 at qwat = 0 g/cm3.

Figure 5 Plots of the logarithm of the dielectric loss against the
water density. The dashed line is calculated by Eq. 3.

J Mater Sci (2018) 53:4645–4654 4649



Cole–Cole-type relaxation process has also been

observed for the relaxation process of free water in

synthetic polymer–water and biopolymer–water

mixtures [25–30, 32] and for the relaxation process of

molecular liquids confined in porous systems

[31, 40, 41]. In the experimental results for these

polymer–water mixtures, the dielectric relaxation

time of the relaxation process reflecting the molecular

dynamics of water increases, and the relaxation time

distribution indicating the broadness of the sym-

metric loss peak decreases with decreasing water

content [25–30, 32]. These water content dependences

of the relaxation time and time distribution can be

explained by the geometrical self-similarity of a

polymer network using a geometrical parameter

called the space fractal dimension, dG, as follows: [42]

bCC ¼ dG
2

ln sxSð Þ
ln s=s0ð Þ : ð4Þ

Here, s0 is the cutoff time of the scaling in time. xS is

the characteristic frequency of the self-diffusion pro-

cess associated with the self-diffusion coefficient of

water, and xS is related to the average self-diffusion

constant, DS, as xs � 2dEDS=R2
0. Here, R0 is the cutoff

size of the scaling in the space or the size of the

cooperative domain. When water molecules form a

cooperative domain via hydrogen bonds, the scaling

cutoff size in the space can be treated as the size of a

water molecule of 3 Å. dE is the Euclidean dimension.

When water molecules diffuse, the Euclidean

dimension can be assumed to be dE = 2. According to

the above expressions, the molecular dynamics of

water under a geometric constraint can be discussed

by considering the s - bCC diagram [25–30, 42]. In

the s - bCC diagram for the relaxation process in

confined systems, plots are located at a larger s and

smaller bCC for stronger interactions between the

relaxation units and statistical confinement.

Figure 6 shows a s - bCC diagram for process I in

Zelkova serrata with various water densities. The plots

in the s - bCC diagram can be described by Eq. 4.

Table 2 shows the empirical parameters of Eq. 4 cal-

culated by least-squares curve fitting. The space

fractal dimension dG is slightly larger than unity. We

have already performed dielectric measurements for

the deciduous tree Cornus controversa and the ever-

green needle-leaved tree Cryptomeria japonica. The

plots in the s - bCC diagram for these different spe-

cies of wood show good agreement as shown in

Fig. 6. These results indicate that the dynamical local

structure formed by the water in wood shows similar

self-similarity, and this feature is independent of the

wood species. We have already reported the s - bCC
diagram for various polymer–water mixtures. These

s - bCC diagrams can be classified into two groups

[42–44]: Group I comprises hydrophobic polymers,

such as poly(ethylene glycol), poly(vinyl methyl

ether), and moist collagen, whereas group II com-

prises hydrophilic polymers, such as poly(acrylic

acid), poly(ethylenimine), poly(allylamine), poly

(vinyl alcohol), and gelatin. The s - bCC diagram for

process I observed in wood markedly deviates from

these two groups, and the fractal parameters dG, xs,

and DS for the water in wood are much smaller than

those in the polymer–water mixtures as shown in

Table 2. Next, we discuss the molecular descriptions

of water in wood based on the fractal descriptions.

The space fractal dimension has been widely used

to describe geometric patterns showing self-similarity

in various natural phenomena. A characteristic fractal

dimension slightly larger than unity has been

observed in some natural phenomena [45–49]. In the

Table 1 Parameters obtained
by analysis using Eq. 3 pc e00c K

0.04 1.139107 4.3

Figure 6 s - bCC diagram for different species of wood. Closed
circles: sapwood of Zelkova serrata, double circle: pure water,
open diamonds: sapwood of Cornus controversa, open triangles:
sapwood of Cryptomeria japonica, open downward triangles:
heartwood of Cryptomeria japonica. The dashed line is calculated
by Eq. 4.
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penetration phenomena of a liquid, when a low-vis-

cosity fluid (such as water) penetrates into a high-

viscosity fluid (such as oil) upon applying a high

pressure, the low-viscosity fluid exhibits instability

and divides into branches in the direction perpen-

dicular to that of the compression. This characteristic

branch formation can be considered to exhibit self-

similarity, and the fractal dimension of the apparent

length of the branch patterns is 1.12 [46]. In molecular

science, the geometric pattern of a kinetic growth

process, such as the polymerization and aggregation

of colloids and clusters, has been evaluated using

various scattering methods. The spatial distribution

of linear chains and chainlike clusters formed by

rigid particles with a small number of branches

shows self-similarity, and its fractal dimension is

about 1.2–1.4 [47–49]. These results indicate that

when particles are corrected in the length direction

and the corrected particles form some branches, the

particles show self-similarity and the fractal dimen-

sion is slightly larger than unity.

It is generally accepted that water molecules form a

tetrahedral hydrogen-bonded network structure. The

water molecules in pure water cooperatively move

owing to the hydrogen bonding, and this cooperative

dynamics leads to the Debye-type relaxation process

observed in the GHz region. On the other hand,

polymer chains in polymer–water mixtures form a

random coil conformation. This conformation

depends on the molecular structure of the polymer

and is characterized by self-similarity [42–44]. The

cooperative dynamics of water restricted by the

conformation of the polymer chain leads to the Cole–

Cole-type relaxation process. Thus, the s - bCC dia-

gram obtained from the Cole–Cole-type relaxation

process is characterized by the self-similarity of

polymer chains, and the fractal dimension obtained

from the s - bCC diagram depends on the molecular

structure of the polymer as shown in Table 2 [42–44].

Note that even values smaller than unity have been

reported for aqueous dispersion systems such as

globular proteins and foodstuffs in which the

hydrogen-bonded network structure of water mole-

cules is fractionated by dispersion particles [31].

Thus, the molecular dynamics of water contributing

to process I in wood can also be interpreted on the

basis of fractal descriptions. The water molecules

contributing to process I exist inside the void spaces

such as the intercellular spaces, lumens, tracheids,

and vessels. Around qwat = 0.03 g/cm3, the water

molecules form the tetrahedral hydrogen-bonded

structure, which is fractionated on the inner walls of

the void spaces. The size of the hydrogen-bonded

structure grows along the inner walls of void spaces

through the absorption of water molecules with

increasing water density. Then, this growth of the

network structure is dominant in the length direction,

and the gradient of the line for Deexp is smaller than

that for Deideal as shown in Fig. 4. The molecular

dynamics of these water molecules is strongly

restricted between the inner walls of the void spaces

and air spaces. This strongly restricted molecular

dynamics of water in wood leads to the marked

deviation of the s - bCC diagram from the results

obtained for polymer–water mixtures.

The water density can be used to interpret the

dielectric parameters as a function of the water con-

tent, because the dielectric relaxation strength is

proportional to the water density as shown in Fig. 4.

However, the moisture content (MC) has conven-

tionally been used to describe the water content of

wood, which is given by

MC ¼ w� w0

w0
: ð5Þ

The fiber saturation point expressed in terms of MC is

defined as the water content at which the free water

has been completely removed. The fiber saturation

point does not depend on the wood species and is at

MC = 30%. Below the fiber saturation point, the

moisture transportation and electrical properties of

wood have been interpreted in terms of bound water

diffusion and vapor water diffusion [50–54]. The

Table 2 Parameters obtained
by fractal analysis using Eq. 4
for wood sample (in this work)
and polymer–water mixtures
(reported in Ref. [42])

dG xs (Hz) s0 (s) Ds (m
2/s)

Zelkova serrata 1.1 1.4 9 1011 7.8 9 10-12 3.2 9 10-9

Poly(ethylene glycol) 1.5 2.8 9 1011 4.5 9 10-12 6.3 9 10-9

Poly(vinyl methyl ether) 1.4 4.2 9 1011 3.6 9 10-12 9.5 9 10-9

Poly(acrylic acid) 1.1 2.1 9 1011 6.3 9 10-12 4.7 9 10-9

Poly(ethylenimine) 1.3 2.7 9 1011 4.9 9 10-12 6.1 9 10-9
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water density at which the relaxation strength of

process I vanishes as shown in Fig. 4 is equivalent to

the moisture content MC = 3%, and this water con-

tent is much lower than the fiber saturation point. To

consider the relationship between the water mole-

cules contributing to process I and the water mole-

cules in vapor, dielectric measurements of wood

were performed under a helium environment. First,

TDR measurements of wood samples whose water

density reached qwat = 0.05 g/cm3 were performed

in an air environment at 47%RH. The observed

relaxation strength of process I was 1.0. Next, these

wood samples were placed inside a helium chamber

at 1%RH, and TDR measurements of the wood

samples were performed in flowing helium. Process

I was also observed in the wood after flowing helium

for 3 h as shown in Fig. 7. The relaxation strength of

process I was observed to decrease to lower than 0.3,

while the water density slightly decreased

(qwat = 0.04 g/cm3) upon placing the wood samples

in a helium environment. These results indicate that

the relaxation strength of process I strongly depends

on the amount of water vapor around the wood

samples. However, the number of water molecules

per unit volume of vapor is very small, and the

dielectric constant of vapor is 1.0 [55]. On the other

hand, the relaxation strength of process I observed in

the wood increased with increasing water density

reaching 5.0 around the fiber saturation point

(qwat = 0.23 g/cm3). The water contributing to pro-

cess I observed in the wood is interpreted as follows.

In accordance with the results reported in Refs.

[50–54], we assumed that bound water and water

vapor exist in wood below the fiber saturation point.

Our experimental results suggest that the water

molecules in vapor repeatedly undergo adsorption

and desorption on the inner walls of the void spaces,

and then the adsorbed water molecules form the local

structure leading to process I.

Conclusion

We performed dielectric measurements of wood

along the fiber direction in the frequency range of

40 Hz to 10 GHz using flat-end coaxial electrodes.

The Cole–Cole-type relaxation process (process I)

reflecting the molecular dynamics of the water in the

wood was observed in the GHz region. The water

density dependences of the relaxation time and

strength of process I are similar to those of the

relaxation process of free water observed in polymer–

water mixtures. However, the s - bCC diagram of

process I markedly deviates from that of the relax-

ation process of free water in polymer–water mix-

tures. The molecular dynamics of the water

contributing to process I observed in wood is inter-

preted as follows. Part of the water molecules in the

vapor adhere to the inner walls of the void spaces,

and these water molecules form the local structure

leading to process I. These local structures are frac-

tionated on the inner walls of the void spaces, and the

size of the local structure grows in the length direc-

tion along the walls of void spaces with increasing

water density. The molecular dynamics of these

water molecules is strongly restricted between the

inner walls of the void spaces and air spaces. This

strongly restricted molecular dynamics of water in

wood leads to the marked deviation of the s - bCC
diagram from the results obtained for polymer–water

mixtures. The water density dependence of the

dielectric relaxation parameters of process I observed

in wood shows a continuous change around the fiber

saturation point. This result indicates that the

adsorbed water molecules from the vapor concen-

trate locally and form the local structure, and the

dynamical behavior of these water molecules con-

tinuously changes to that of free water.

Figure 7 Dielectric spectra of Zelkova serrata measured along
the fiber direction. •: dielectric spectrum of wood sample
measured by TDR method at 25 �C in air environment at
47%RH, s: dielectric spectrum of wood sample measured by
TDR method at 25 �C in helium environment at 1%RH.
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