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Abstract 
Lumber containing pith sawed out of green wood of Japanese larch (Larix leptoiepis (Sieb et Zucc.) 
Gord.), 105(T) mmX 105(R) mmX4000(L) mm, was dried by a high-temperature-drying schedule. 
Wood samples, about 5 mm thick, were cut from the center of the long direction of the lumber. A series 
of FT-Raman spectra was recorded in the radial direction on the transverse sectional surface of the 
sample. There occurred remarkable baseline bending due to fluorescence and significant changes in 
Raman band intensity in the 1500-1700 cm- I region. The Raman band at 1655 cm- I assigned to the 
ethylenic C=C and conjugated C=O groups of lignin and phenolics decreased with increasing 
proximity to pith. The results of Raman measurements suggested that the condensation reactions of 
lignin molecules proceeded noticeably during the drying schedule and water-content is a contributing 
factor in the reactions. Moreover, relative intensity of Raman scattering at about 1630 cm- I developed 
considerably during the high-temperature drying and the band at 1600 cm- I assigned to a skeletal 
vibration of benzene ring seemed to increase with the baseline bending. 
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Introduction 
In recent years, high-temperature-drying processes 

that take advantage of steaming, microwave heating or 
high-frequency heating have been modified to supply 
high-quality wood as materials. However, physical 
and/or chemical changes (thermal degradation, elution, 
evaporation, etc.) will proceed somewhat during the 
drying, because wood is heated above 100°C even 
though only for a short time. In fact, a number of 
studies have reported low-temperature pyrolysis of 
wood and model compounds (Goring 1963, Ramiah 
and Goring 1967, Hatakeyama et al. 1969, Haw and 
Schultz 1985, Pakdel et ai. 1989, Funaoka et al. 1990a; 
1990b, Masuku 1992, Scholze and Meier 2001) and 
some pointed out chemical changes near or below 
150°C. In this respect, several functions of wood as a 
construction material, especially durability, are likely to 
be reduced by high-temperature drying. 

We have suggested that attractants to termite feeding 
are produced in Japanese larch (Larix leptoiepis (Sieb 
et Zucc.) Gord.) heartwood during the steaming process 
(Doi et al. 1998) and reported that two kinds of 
subterranean termites preferably fed on steamed wood 
species (Doi et al. 1999). This indicates the importance 
of appreciating the chemical changes of wood 
constituents during high-tern perature- drying processes. 
To do this, a local analysis of wood is required because 
it is anticipated that chemical changes do not proceed 
uniformly owing to temperature and water-content 
gradients in timber during the drying. In addition, it is 
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desirable that the analysis includes no wet process, 
since the products of the drying schedules are not 
always chemically stable. 

The applicability of Raman spectroscopy has 
recently been extended to many kinds of 
Iignocellulosics by employing Fourier transform (FT) 
techniques and a near infrared laser as an excitation 
source. We have used FT-Raman spectroscopy as a tool 
for local analysis of wood and wood-based materials 
since it probes only a small laser spot, and obtained 
much information on wood constituent molecules 
(Yamauchi et al. in press), and chemical behavior of 
adhesives (Yamauchi et al. 1997; 1999) and 
preservative (Yamauchi and DoL 2003) in wood. 

We have found that Raman spectra of Japanese larch 
wood significantly changed during high-temperature 
drying at 120°C. Although this study is the primary 
stage of local analysis of wood dried artificially and has 
not been completed yet, the Raman spectral changes 
were very interesting and suggestive of chemical 
changes in wood constituent molecules. In this paper, 
we present a series of Raman spectra in the radial 
direction of larch lumber dried at high temperatures and 
discuss the chemical changes on the basis of difference 
spectrum method. 

Materials and Methods 
Wood samples and drying schedules 

Green wood of Japanese larch grown in Nagano 
Prefecture was sawed into square lumber, 105(T) mm X 
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105(R) mm X 4000(L) mm, and subsequently dried in a 
kiln. Drying schedule was applied: steaming at 95°C 
for 8 h, followed by drying at l20°C for 48 h and at 
105°C for 36 h. In the drying process at 120°C, the 
difference in temperature between wet and dry bulbs 
was maintained at about 50°C. Three replications were 
randomly selected from the dried lumber. As illustrated 
in Fig. I, wood samples for Raman measurements, 
about 5 mm thick, were cut from the center part in the 
longitudinal direction of the replications. 

FT-Raman spectra 
FT-Raman spectra were recorded with a JEOL JIR 

7000W spectrometer connected to an RS-RSU-200 
Raman module with back scattering geometry. 
Excitation (1064.1 nrn) was provided by an Nd3+: YAG 
laser (beam power, about 200 m W); the incident laser 
power was 200 m W which is low enough to prevent 
irreversible thermal damage to the wood. The beam was 
focused to a diameter of about 0.5 mm on the sample 
surface. In order to obtain good-quality spectra, more 
than 1000 scans were required at about 2 cm- I intervals 
(spectral resolution, ca. 4 cm- I

). All the Raman 
measurements were made on earlywood in transverse 
sectional surfaces. 

The Raman measurements of larch heartwood dried 
by the schedule were carried out at three points 
separated in the radial direction (cf. Fig. 1). When the 
annual ring including the measurement point b was the 
starting ring, point c was located in the fourth or fifth; 
and point d was in the ninth or tenth. The distances 

Square lumber 

. ~....L-----' measurements 

Measurement points 

T 
105mm 

1 
r-- 105 mm ---.j 

Fig. 1. Sampling and location of the wood used for 
Raman measurements of dried lumber. 
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from b to c were 23-26 mm and from b to d were 42-48 
mm. 

The difference spectrum method was carried out after 
the baseline correction of the Raman spectra of larch 
dried at high temperatures. The difference spectrum 
was calculated by subtracting the Raman spectrum X of 
the larch dried naturally from the corrected spectrum Y 
of the larch dried artificially, which is represented as 
spectrum Y - k X spectrum X, where k is a constant. 

Results and Discussion 
Figure 2 depicts Raman spectra of naturally dried 

larch as the control sample (spectrum a) and larch 
lumber dried using the schedule. The spectra b, c and d 
correspond to the measurement points b, c and d, 
respectively (cf. Fig. 1). The spectral contour obtained 
from the control sample showed no significant change 
when the location of the measurement points was 
varied. The Raman spectral contours of the lumber 
dried through the high-temperature drying are 
apparently different from that of the control sample and 
seem to change continuously in the radial direction. 
Similar spectral changes were observed for all the larch 
samples cut from the center part of lumber dried by the 
schedule. In contrast, although the Raman spectra of the 
samples near end grain also changed during the drying, 
the spectral changes were nearly independent of the 
distance from pith. 

The most outstanding spectral change caused by the 
drying is baseline bending due to fluorescence and it 
increases with decreasing distance from the pith. The 
fluorescence may be expected to represent important 
information on the chemical species produced of the 
drying schedule. However, in general, the fluorescence 
observed in Raman spectra provides less information, 
since the lines of fluorescence are extremely broad in 
comparison with typical Raman bands, and further, the 
mechanisms of fluorescence induction from wood by 
laser irradiation are very intricate. Therefore, we 
investigate the chemical changes in Japanese larch 
during the high-temperature drying on the basis of the 
vibrational Raman bands. 

As can be seen in Fig. 2, several remarkable changes 
in the Raman bands of larch dried by the schedule are 
observed in the range from 1500 cm- I to 1700 cm- I

. 

First, the relative intensity at 1655 cm-! (V4) decreases 
obviously. Secondly, a shoulder appears at about 1630 
cm- I (V3). In addition to these, the band at about 1600 
cm-! (VI) seems to increase relative to other Raman 
bands in the 1000-1500 cm-! region. 

The naturally dried larch has two peaks of VI and V4 

bands and a shoulder at about 1620 cm-! (V2) at 
wavenumbers ranging from 1500 cm-! to 1700 cm-!. 
The strongest V! band is due to a skeletal vibration (dp) 
of the benzene ring. According to previous infrared 
spectroscopic studies of wood (Bolker and Somerville 
1963, Sarkanen e/ al. 1967), the band at about 1650 
cm-! is assigned to a stretching vibration of conjugated 
C=O group. Agarwal has reported that coniferyl alcohol 
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exhibits the Raman band at 1654 cm· 1 due to ethylenic 
C=C stretching vibrations and coniferyl aldehyde has 
bands at 1654 and 1620 em-I attributed to the C=O and 
ethylenic C=C bond, respectively (Agarwal and Atalla 
1993, Agarwal et al. 1995). Thus, both the V2 and V4 are 
probably attributable to lignin or phenolics in Japanese 
larch. 

.~ a 

To investigate these spectral changes in more detail, 
we made use of the difference spectrum method. It is 
necessary to set up internal standard band of optical 
intensity when this method is used, because Raman 
band intensities are very sensitive to the measurement 
location and geometry of the wood sample. Since the VI 

band is Raman active and hardly shifts by chemical 
reactions of substituent groups of an aromatic ring, it is 
frequently used as an internal standard for Raman 
intensity (method A). However, as mentioned above, it 
seems that an increase in relative intensity of VI band is 
caused by the drying, and hence we adopted the Raman 
bands around 1100 em-I as another internal standard 
(method B). These Raman bands are due mainly to 
stretching vibrations of C-O and C-C bonds in cellulose 
(Agarwal and Atalla 1993, Agarwal et al. 1995), and 
are expected to accept only a small contribution from 
lignin. Consequently, two kinds of the difference 
spectra were calculated using the two internal standards 
(methods A and B). Based on these results, we discuss 
the chemical changes in larch heartwood during the 
drying. 

j 1550 1600 1650 

1000 2000 3000 

Wavenumber /cm-l 

Fig. 2. FT-Raman spectra of earlywood in the 
sample cut from dried lumber (a) 
naturally dried lumber, (b) point b on 
transverse sectional surfaces of the 
sample, (c) point c, (d) point d. 
Refer to Fig. 1. The inset shows the 
Raman spectra of a and d in the region 
from 1400 cm' l to 1800 cm· l . 
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Figure 3 illustrates two series of difference spectra of 
a larch heartwood sample dried using the schedule. For 
each measurement point, the same difference spectrum 

B 1830 

1800 1000 1200 1400 1600 1800 

VVavenumber Icr:n-l 

Fig. 3. Difference spectra of earlywood in the sample cut from dried lumber (e) difference spectrum 
calculated by subtracting Raman spectrum a from Raman spectrum b by method A, (0; c by 
method A, (g); d by method A, (h); b by method B, (i); c by method B, (j); d by method B. 
Methods A and B are used Vi band and the strong bands about 1100 cm' l as an internal 
standard, respectively. 
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was obtained after 2-month storage under ambient 
conditions (23°C, 50-60%RH). Spectral changes similar 
to those shown in Fig. 3 were observed for all the larch 
samples dried by the schedule. 

The reduction of V4 and appearance of V3 are 
common to both the series of difference spectra, 
although there are distinct differences in overall 
spectral contour between them. Moreover, the changes 
of V3 and V4 bands seem to have a tendency to increase 
as the measurement point approaches the pith of the 
larch sample, suggesting that water is involved in the 
changes because it is expected that the drying processes 
develop a gradient of water-content in the radial 
direction of the lumber except the part of end grain. 
Besides, no significant change in intensity of V2 band is 
observed. 

A likely explanation for the reduction of V4 band 
intensity is condensation of lignin molecules. 
Conjugated C=O in coniferyl aldehyde unit and 
ethylenic C=C in coniferyl alcohol unit corresponding 
to the V4 band are located in the a-position of side 
chains of aromatic rings in lignin. This position is a 
reactive site and readily reacts with other phenyl nuclei 
above 120°C to form diphenylmethane type structures 
(Funaoka et al. 1990a; 1990b), indicating that the 
decrease of V3 band intensity is mainly caused by the 
condensation of lignin. Further, it can be presumed that 
the same condensation reactions occur in the phenolics 
molecules having the conjugated c=o and C=C groups 
as well as lignin. The appearance of V3 band can not be, 
however, rationalized only by the condensation reaction, 
because the resulting molecular structures should have 
no Raman-active vibration around 1630 cm"l. 

Assuming that a hydrogen bond is formed between 
conjugated c=o and OH group (-C=O' .. H-O-) during 
the high-temperature drying, the appearance of V3 can 
be regarded as shift of V4 to lower wavenumbers. 
However, this is in conflict with the explanation based 
on the condensation of lignin molecules and hence the 
observation of V3 allows us to postulate that other 
chemical reactions also occur. It requires further study 
to provide a reasonable explanation for the appearance 
of V3. 

We next describe the differences between the two 
series. As for the difference spectra using method A 
(Fig. 3A), all the Raman band intensities ranging from 
1000 cm"1 to 1500 cm"1 decrease evidently as the 
distance from the pith becomes shorter. The outline of 
difference spectra in this region is very similar to that 
of the normal Raman spectra of Japanese larch dried 
naturally (cf. Fig. 2a) when the vertical axis is reversed. 
This indicates, unless the relative intensity of VI band 
varies significantly, that cellulose and/or hemicellulose 
decrease with increasing proximity to pith, since 
cellulose and hemicellulose make relatively large 
contributions to almost all the Raman bands in the 
1000-1500 cm"1 region, especially the strong bands at 
around 1100 cm"1 (Agarwal and Ralph 1997). It is, 
however, unlikely that the decomposition of cellulose 
or hemicellulose during the drying schedule is large 
enough to be detected readily by the Raman 
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measurements. 
On the other hand, as shown in Fig. 3B, the VI band 

intensity increases as the distance from pith is 
decreased when the Raman band group around 1100 
cm"1 is used as an internal standard. Benzene nuclei are 
very unlikely to be generated in larch during the drying 
processes. Therefore, the band group is seemingly 
inadequate as an internal standard. However, growth of 
definite vibrational bands arising from resonance or 
pre-resonance Raman effect is occasionally observed in 
Raman spectra, and hence the VI band intensification 
shown in Fig. 3B may be reasonable if there are 
absorption bands near 1064.1 nm due to the condensed 
lignin. This could also be supported by the fact that the 
VI band in Fig. 3B increases with the degree of baseline 
bending of the normal Raman spectra, as fluorescence 
is frequently linked to a pre-resonance Raman 
scattering. We have no experimental evidence for 
pre-resonance effect; however, it can be anticipated that 
pre-resonance phenomenon appears as the VI band 
intensification because an activated site of the 
condensation reaction is the a-position of the side chain 
of the benzene nucleus (Funaoka et al. 1990a; 1990b). 

In summary, the results obtained from the difference 
spectra showed the occurrence of several chemical 
changes in green wood of Japanese larch lumber having 
pith during the drying schedule including a 
maximum-temperature process at 120°C, and would 
indicate that one of the main reactions is the 
condensation of lignin and phenolics. The chemical 
changes' have a tendency to proceed as the distance 
from the pith becomes shorter, suggesting that water 
plays an important role in the reactions. Our group is 
currently studying the effects of water-content and 
drying-temperature on Raman and infrared spectra to 
elucidate the chemical changes. 
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