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ABSTRACT: The photostabilization of wood surfaces is
desirable to enhance the life of wood under exterior use and
to improve the performance of clear coatings on wood sur-
faces. Chemical modification of wood has been found effec-
tive in upgrading properties such as biological durability
and dimensional stability and has been suggested as a po-
tential way for inducing photostability on wood surfaces. In
this study, the photostability of chemically modified wood
was assessed under accelerated weathering conditions.
Wood specimens of Pinus roxburghii (Chir pine) were ester-
ified with benzoyl chloride to 19.5 wt % gain and exposed to
a xenon arc light source in a Weather-O-Meter for different
periods ranging from 0 to 500 h. The irradiated samples
were analyzed for color changes and chemical changes. The
analysis of color changes in wood surfaces by ultraviolet—
visible irradiation was carried out with a color measuring
(CIELAB) system, and chemical changes were characterized

with fluorescence and Fourier transform infrared spectros-
copy. The esterification of wood by benzoyl chloride sup-
pressed the color changes (photodiscoloration) due to irra-
diation. Modification also reduced the lignin degradation
and generation of carbonyl groups on the surface of the
irradiated wood. The fluorescence emission spectra of irra-
diated unmodified wood showed a large reduction in inten-
sity and a large redshift in the emission maximum, whereas
modified wood showed only a small change in fluorescence
intensity on irradiation. The results show that the esterifica-
tion of wood with benzoyl chloride was effective for the
photostabilization of the wood polymers. © 2005 Wiley Peri-
odicals, Inc. ] Appl Polym Sci 99: 2367-2374, 2006
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INTRODUCTION

Wood surfaces exposed outdoors are subject to rapid
photodegradation due to the delignification and de-
polymerization of carbohydrates."™ Wood is a ligno-
cellulosic macromolecule consisting mainly of cellu-
lose, hemicellulose, and lignin. All of the constituent
biopolymers of wood have reactive —OH groups,
which are hydrophilic in nature; this results in dimen-
sional instability and makes wood susceptible to mi-
crobial attack. In outdoor applications, when it is used
above ground, wood is susceptible to degradation by
a complex combination of chemical and physical fac-
tors; this is called weathering.'” Degradation is a result
of the absorption of ultraviolet-visible (UV-vis) light
by wood constituent polymers that initiate photo-
chemical reactions that result in the photocleavage of
some of the chemical bonds. All of the chemical con-
stituents of wood are susceptible to degradation by
sunlight. The quantum energies associated with light
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are sufficient to break many of the chemical bonds
present in the wood constituents. This results in the
physical deterioration, discoloration, surface roughen-
ing, cracking, and damage of the microstructure.
Weathering affects the physical and mechanical prop-
erties of wood and also results in premature coating
failure. As a result of weathering, a huge quantity of
wood is degraded and requires frequent replacement
and refinishing.

Weathering deterioration also occurs underneath
clear finishes and affects coating adhesion due to the
photodegradation of wood surfaces, which results in
coating failure. Ultraviolet (UV) light penetrates the
clear coating and degrades the wood under it. This
results in the delignification, discoloration, and deg-
radation of the wood, which weakens the coating ad-
hesion. Therefore, the wood under clear coatings
needs to be stabilized against photodegradation to
enhance the life of such clear coatings. Because weath-
ering deteriorations are chemical in nature, it should
be possible to eliminate it or decrease their rate by the
modification of the basic chemistry of the cell-wall
polymers of wood.>*° The development of pretreat-
ment and chemical modifications for the stabilization
of timber surfaces against weathering has generated
considerable interest.>”
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The chemical modification of wood, in which chem-
ical moieties form covalent linkages with hydroxyl
groups in lignin and carbohydrates, offers potential as
a way to upgrade wood properties such as biological
durability and dimensional stability and may also pro-
vide weather resistance in wood.” Wood can be mod-
ified as esters (e.g., by acetylation, phthalylation, reac-
tion with acid chloride and carboxylic acids), isocyn-
ates, acetals, ethers, epoxides, and so on with
appropriate reagents.*® These modifications enhance
the dimensional stability and decay resistance of
wood. However, the assessment of the photostability
of chemically modified wood has received less atten-
tion. Some types of chemical modification of wood
have been shown to be effective in reducing weather-
ing deterioration under natural and accelerated
weathering conditions.*>”

In this study, we carried out accelerated weathering
experiments on Pinus roxburghii (Chir pine) wood sur-
faces esterified by benzoyl chloride. Modified and un-
modified wood specimens were exposed to a UV-vis
xenon source, and exposed surfaces were analyzed for
color and chemical changes. Fluorescence and Fourier
transform infrared (FTIR) spectroscopy were used to
characterize the chemical changes on the wood sur-
faces caused by the weathering of unmodified and
esterified wood. Fluorescence spectra of esterified
wood are reported for the first time. Because of its
high sensitivity, the fluorescence spectroscopic tech-
nique is an effective tool for measuring chemical
changes that may occur due to modification and/or
weathering deteriorations. The results presented in
this article demonstrate the effectiveness of this tech-
nique to assess levels of chemical modification and
weathering deteriorations.

EXPERIMENTAL
Chemical modification by benzoyl chloride

Wood specimens of P. roxburghii measuring 135 X 45
X 4 mm (Longitudinal X Radial X Tangential) were
extracted with a mixture of ethanol/benzene (ratio
= 1:2) for 6 h in a Soxhlet apparatus followed by
extraction with ethanol for 4 h. Extracted samples
were then oven-dried at 100-105°C for 12-15 h.

Extracted wood blocks were modified with benzoyl
chloride (100 mL) in pyridene (500 mL) at 110°C for
4 h and were subsequently extracted with acetone to
remove the unreacted benzoyl chloride and oven-
dried to determine weight percentage gain (WPG).
Thus, modified wood specimens with an average
WPG of 19.5 * 2.1 were obtained and exposed to the
xenon source.

Accelerated weathering experiments

The photostability of benzoylated wood specimens
was assessed under artificial accelerated weathering
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conditions. Modified samples and unmodified sam-
ples (controls) were exposed to artificial accelerated
weathering up to 500 h. An accelerated light-fastness
test of the specimens was conducted in a Weather-O-
Meter (Xenotest 150S, M/S ATLAS Instruments, Lin-
sengericht, Germany). The specimens were exposed to
a 1000-W xenon arc light source at a chamber temper-
ature of 30°C and at 65% relative humidity. The sam-
ples were fixed in a stainless steel holder and rotated
around the fixed xenon light source. The samples were
removed from the Weather-O-Meter at regular inter-
vals and analyzed for color and chemical changes.
Three samples of each exposure period were obtained.

Color measurements

Changes in the color of the wood surfaces due to
irradiation were measured with a color measuring
system [Hunterlab Ultrascan(R) XE model, Reston,
VA; d/8° measuring geometry, 10° standard observer,
D65 standard illuminant, xenon flash lamp source,
CIELAB system]. CIELAB L*, a*, b*, and AE* parame-
ters were measured at six locations on each specimen,
and average values were calculated. In the CIELAB
system, the L* axis represents the lightness [L* varies
from 100 (for white) to 0 (for black)], and a* and b* are
the chromaticity coordinates (+a* is for red, —a* is for
green, +b* is for yellow, and —b* is for blue). L*, a*,
and b* values were used to calculate the overall color
change (AE*) with the following equation:

AE* = [(AL*)? + (Aa*)? + (B2 (1)

where AL*, Aa*, and Ab* are the differences in the
initial and final values (before and after UV irradia-
tion) of L*, a*, and b*, respectively.

Measurement of the fluorescence and FTIR spectra

Steady-state fluorescence excitation and emission
spectra were measured with an Edinburgh FS 900
spectrofluorometer (Livingston, UK). The fluorescence
spectra were measured directly from the exposed
wood surfaces in frontal mode under similar experi-
mental conditions.

The FTIR spectra were obtained with a Nicolet Im-
pact 400 spectrometer (Madison, WI). The top of the
weathered surfaces were carefully removed with a
razor blade, powdered, and analyzed by the direct
transmission method (KBr pellet technique).'*'> Spec-
tra were measured at a spectral resolution of 4 cm™?,
and 64 scans were recorded per sample. Peak heights
of the IR peaks were measured with OMNIC software
(Nicolet, Madison, WI) according to previously pub-
lished methods.'® The heights of the peaks were mea-
sured from the baseline, which was constructed by the
connection of the lowest data points on either side of
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TABLE 1
Color Changes in the Unmodified and Modified Wood Surfaces During Irradiation

Exposure Unmodified wood Modified wood

duration
(h) L* a* b* L* a* b*
0 76.5* 13 7609 25.6 £ 0.6 755*+12 54 *08 257 =12
20 672 *15 13.7 = 0.8 415+ 0.6 736 1.6 52*038 258 £ 1.1
50 585 * 1.6 171 0.8 39.4 038 758 = 1.2 45 *0.8 31.1 0.8
100 56.3 + 1.8 177 = 1.0 379 +15 773 £ 1.5 33%09 271*x13
200 499 *+ 1.6 184 +1.0 33.1*13 740+ 12 35*08 26.5 0.8
300 459 * 0.8 17.7 = 0.5 30 0.7 77.6 = 0.7 32*x0.6 25.5 0.6
400 430+ 1.8 18.9 = 0.8 279 0.8 782 = 0.6 27*+08 23.8 =09
500 389 1.0 175+ 0.7 24309 740+ 12 24+15 19.6 = 1.0

Data are given as Mean *+ Standard deviation.

the peak. A vertical line was then drawn from top of
the peak to the x axis. The portion of the line between
the top of the peak and the baseline represented the
corrected peak height.

RESULTS AND DISCUSSION
Color changes

The color changes due to photoirradiation on the un-
modified and modified wood surfaces of P. roxburghii
are summarized in Table I. P. roxburghii was a light
colored wood (L* = 76.5 *= 1.3). The color of the
unmodified wood surfaces changed rapidly on irradi-
ation. The color of the untreated specimens darkened
on irradiation. The rapid color change due to irradia-
tion of the unmodified wood surface was indicated by
a decreasing value of L* and an increasing value of a*
and b* on exposure. AE* increased rapidly with irra-
diation time, with the rate of change being very high
at the initial stages of irradiation. The color changes on
the wood surfaces were mainly due to the liberation of
chromophoric carbonyl units as a consequence of the
photodegradation of the wood constituents, mainly
lignin.>?

The esterification of wood with benzoyl chloride
caused no significant change in the color of the wood.
The color of the modified specimens remained almost
unchanged on irradiation. The value of L* decreased
and AE* increased rapidly with exposure duration in
the unmodified wood, whereas there were only very
small changes in the values of these parameters in the
modified wood. L* values remained almost constant in
the modified wood. The parameter a* increased on
weathering in the unmodified wood, whereas its value
decreased in the modified wood. There was only a
slight increase in AE* on irradiation in the modified
wood. AE* values for the unmodified (control) and
modified wood surfaces are compared in Figure 1.
This figure shows that the benzoylated wood worked
effectively in to stabilize the wood color against pho-
todegradation.

FTIR spectra

The effect of irradiation on the FTIR spectra of the
unmodified P. roxburghii is shown in Figure 2.
Changes in the chemical structure of the wood sur-
faces during irradiation in the unmodified wood were
evident from the IR spectra. Analyses of the FTIR
spectra showed a significant reduction in the intensity
of the aromatic lignin C=C band (1511 cm '), which
almost disappeared within a few hours of exposure. A
rapid reduction in the intensity of the C=C band
indicated modification in the lignin structure. This
was accompanied by an increase in the intensity of
carbonyl absorption in the 1734-cm™' region and
around 1650 cm . A significant increase in the inten-
sity of the 1650-cm ™' band indicated quinone forma-
tion during irradiation. This was combined with a loss
of aromatic structures and the formation of conjugated
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Figure 1 Comparison of AE* values in (M) unmodified and
(@) modified P. roxburghii.
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Figure 2 FTIR spectra of unmodified P. roxburghii weath-
ered for (a) 0, (b) 50, (c) 100, (d) 200, and (e) 500 h.

and nonconjugated carbonyls. The bands at 1734 and
1650 cm ™! were characteristic absorptions of carbonyl
stretching vibrations of nonconjugated (in xylan) and
conjugated (in lignin) esters and carboxylic ac-
ids,'>1772% and their concentration increased as car-
bonyl groups were liberated from lignin and/or car-
bohydrates due to chemical degradation. The influ-
ence of photoirradiation on the wood surfaces was
quite rapid. Significant changes occurred within a few
hours of irradiation.

A number of researchers have attempted to under-
stand the mechanism of the degradation of
wood,>**** pulp,”* extracted lignin,*® and lignin
model compounds.”” Despite extensive work, the pre-
cise mechanism and pathways involved in the photo-
degradation of wood are not yet completely under-
stood. Photochemical reactions are initiated by the
absorption of UV-vis light, mainly by lignin, which
leads to the formation of aromatic and other free rad-
icals.® These free radicals may then cause the degra-
dation of lignin and the photooxidation of cellulose
and hemicellulose. This results in the formation of
colored unsaturated carbonyl compounds, which ex-
plains the color changes and the yellowing of wood
surfaces. These photoinduced color changes (AE*) cor-
relate very well with the formation of carbonyl groups
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and the degradation of lignin.***® Lignin is a good
light absorber, with absorptions up to 400 nm with a
major peak at 280 nm.*> Phenolic hydroxyl groups
rapidly react with light to produce a phenolic radical,
which in turn, transforms into o-quinonoide and p-
quinonoide structures by demethylation or by the
cleavage of the side chain® and the formation of car-
bonyl-based chromophoric groups.** The formation of
quinone is combined with a loss of aromatic struc-
tures, which can be seen from a rapid decrease in the
intensity of the 1511-cm ™' absorption and the forma-
tion of conjugated and nonconjugated carbonyls. An
increase in the intensity of the 1650-cm ™" absorption
with exposure duration indicates that the content of
conjugated carbonyl or carboxyl groups, such as qui-
noid derivatives or ring-opened conjugated carboxylic
acid, increases with the photooxidation of lignin.29

The chemical modification of wood by benzoyl chlo-
ride was indicated from the decrease in the intensity of
the hydroxyl band, accompanied by increases in the
intensities at 1724, 1601, 1453, 1272, and 710 cm ™" [Fig.
3(b)]. Benzoyl chloride reacted with the O—H group
of wood to form an ester:
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Figure 3 FTIR spectra of (a) unweathered and unmodified
wood and modified P. roxburghii (19.5 WPG) weathered for
(b) 0, (c) 50, (d) 100, (e) 200, and (f) 500 h.
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O=C-Cl C-0—Wood

Wood—OH +

The introduction of benzoyl groups resulted in an
increase in the carbonyl stretching absorption around
1724 cm™' and in bands characteristic of aromatic
rings (1601, 1500, 1453, and 710 cmfl) and a strong
absorption at 1272 cm™'. The major difference be-
tween the spectra obtained from the modified and
unmodified wood was the presence of carbonyl peaks
around 1724 and 1272 cm™ . The intensity of the car-
bonyl peaks increased as WPG increased. This was
accompanied by a rapid decrease in the intensity of
the O—H band, which indicated the replacement of
hydroxyl groups and the formation of esters. The ratio
of the intensities of the carbonyl band (1724 cm ™) to
the hydroxyl band (3410 cm™"), which was indicative
of the degree of modification, increased with reaction
time and/or WPG.

Figure 3 shows the effect of irradiation on the FTIR
spectra of P. roxburghii wood surfaces modified by
benzoyl chloride. Esterification of the wood with ben-
zoyl chloride was effective in the photostabilization of
the wood surfaces. The increase in absorption at 1734
cm ™! on irradiation in benzoylated wood was insig-
nificant compared to that in unmodified wood,
whereas the decrease at 1511 cm ™' was smaller than in
the unmodified specimen. Similarly, the changes due
to irradiation in the C—O group at 1272 and 710 cm ™"
were insignificant. This indicated that benzoylated
groups were not easily removed from wood during
light irradiation. This also explained the very little
color change in the modified wood due to irradiation.
The color change in the unmodified wood was due to
the formation of carbonyl groups, mainly because of
lignin degradation, which was indicated by the in-
creased intensity of the C=O band at 1734 cm ™! in the
unmodified wood. In the modified wood, the esteri-
fied groups were more stable with weathering, which
was indicated by the lack of significant change in the
intensity of 1734-cm ™' band on irradiation. Although
modified samples showed degradation of lignin on
irradiation, the effect was much less pronounced than
that of unmodified samples. The absorption of UV
light by lignin resulted in the formation of aromatic
and other free radicals, which triggered the further
degradation of lignin, which resulted in the formation
of colored unsaturated carbonyl groups. Phenoxy hy-
droxyl groups in lignin react with light to produce
phenolic radicals. In the modified wood, these groups
were blocked by the formation of more stable ester
groups. The region of absorption of the benzoyl
groups overlaps with that of lignin.'? The introduction
of benzoyl groups, therefore, may retard the formation
of aromatic radicals and the degradation of lignin by
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Figure 4 Fluorescence spectra of unmodified P. roxburghii:
(a) excitation spectra at emission wavelength (A,,,,) = 460 nm
and emission spectra at A, = (b) 360, (c) 380, (d) 400, and (e)
420 nm.

the absorption of UV light.'? In an earlier work, Evans
et al.'* reported that the esterification of Scot pine by
benzoyl chloride was effective at photostabilizing
wood at a very high WPG (72%). They also reported
that benzoylation of wood at very high weight gain
caused the swelling of wood cell walls and a large loss
in the tensile strength.'> Therefore, the results of our
study in which wood was modified to low WPG are
encouraging. Only surface modification is important
for weathering properties as most of the available/
accessible hydroxyl groups present in the outer wood
surfaces may have all reacted even at low weight gain.

Fluorescence spectra

The degradation of P. roxburghii wood surfaces was
further studied with fluorescence spectroscopy. Al-
though there are a few reports on the fluorescence
spectroscopic studies of irradiated cellulose,**" pulp,
and paper,* ™ such studies on irradiated solid wood
are scant. To the best of our knowledge, fluorescence
spectroscopy has been used for the first time in this
study to characterize modified solid wood and to as-
sess the photostability of weathered modified solid
wood.

The fluorescence excitation and emission spectra
measured from unmodified P. roxburghii are shown in
Figure 4. Figure 4 shows broad excitation spectra with
a maximum around 380-400 nm. The emission spec-
tra showed excitation wavelength (A.,,) dependence.
A broad spectrum with an emission peak around 450
nm with a shoulder at a longer wavelength (ca. 520
nm) was observed for A, values less than 380 nm. The
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Figure 5 Fluorescence spectra of esterified P. roxburghii
(19.5 WPGQG): (a) excitation spectra at A.,, = 460 nm and
emission spectra at A, = (b) 350, (c) 370, (d) 390, (e) 410, and
(f) 430 nm.

excitation with a longer wavelength (>400 nm) re-
sulted in a reduction in the intensity of the 450-nm
peak and an increased intensity of the longer wave-
length component. The excitation with longer wave-
length also resulted in a shifting of emission maxi-
mum to a longer wavelength (550 nm). The A.,. de-
pendence and the broad nature of the fluorescence
spectra with a shoulder at longer wavelengths may
have been due to the presence of many different chro-
mophoric species that are present in such a complex
wood material. The emission spectra of wood had
contributions from both cellulose and lignin. How-
ever, the main contribution may have been from lig-
nin,* which has more chromophoric groups present.
The excitation and emission spectra of benzoylated
P. roxburghii (19.5 WPG) are shown in Figure 5. The
emission spectra of modified wood showed two dis-
tinct maxima centered at 440 and 510 nm, which ex-
hibited A.,. dependence. The intensity of the peak
centered at 450 nm decreased when the sample was
excited at a longer wavelength, and that of the higher
wavelength component (centered at 510 nm) in-
creased. The effect of the degree of modification on the
emission spectra is shown in Figure 6. The overall
fluorescence intensity increased with increasing level
of modification. Increasing WPG (modification) also
resulted in an increasing intensity of the longer wave-
length component. The ratio of the intensity of the 450-
and 510-nm bands decreased with increasing WPG.

PANDEY AND CHANDRASHEKAR

The effect of weathering on the emission spectra
measured from unmodified wood surfaces of P. rox-
burghii with 370-nm excitation is shown in Figure 7.
Photoirradiation resulted in a large and rapid decrease
in the overall intensity, a broadening of the emission
band, and a large shift in the emission maximum
toward longer wavelengths. The intensity of the emis-
sion peak at 450 nm decreased rapidly, and the rela-
tive intensity of the longer wavelength component
band increased on irradiation. The quenching of the
intensity of the 450-nm band resulted in an apparent
increase in the emission from the higher wavelength
species, which may have been obscured in unirradi-
ated wood. The decrease in the emission intensity may
have been due to the formation of carbonyl groups as
a result of lignin decay. Carbonyl groups generated
during the photodegradation of wood surfaces act as
fluorescence quenchers.*® Fluorescence quenching fol-
lows a linear relationship with the relative concentra-
tion of carbonyl groups formed during photodegrada-
tion.”® The decrease in the fluorescence intensity of the
irradiated surfaces also supported the formation of
quinones, which are generally nonfluorescent.” Simi-
lar results on the photoirradiation of high-yield pulps
(pressure-ground wood and chemimechanical pulp)
have been reported.*>*

60000 =

40000 =

Intensity (arb. units)

20000 =

0 T T T T
400 500 600 700
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Figure 6 Emission spectra of P. roxburghii modified to dif-
ferent levels (WPGs): (a) unmodified wood, (b) wood mod-
ified to 7.5 WPG, and (c) wood modified to 19.5 WPG. A,
= 370 nm.
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The effect of irradiation on the fluorescence spectra
measured from the surfaces of esterified P. roxburghii
is shown in Figure 8. A, was 370 nm. The overall
intensity first decreased slightly and then increased on
further irradiation. Photoirradiation also resulted in
the recovery of shorter wavelength components,
which was indicated by an increase in the ratio of the
intensity of the 450- and 510-nm components. The
degree of change of the fluorescence intensity was
much less that that of the unmodified wood. Our
results from the fluorescence spectroscopic measure-
ments for the characterization of chemical modifica-
tion reactions and the assessment of their stability are
encouraging. However, a more detailed study of mod-
ified wood in this aspect is needed to understand these
changes.

CONCLUSIONS

By monitoring color changes and using fluorescence
and FTIR spectroscopy, we examined the chemical
modification of wood with benzoyl chloride and light
stability of benzoylated wood. The color changes due
to irradiation (photodiscoloration) on modified wood
were much less than those of unmodified wood. Es-

50000
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10000 -

400 500 600 700
Wavelength (nm)

Figure 7 Fluorescence emission spectra of unmodified P.
roxburghii weathered for (a) 0, (b) 10, (c) 20, (d) 30, (e) 75, (f)
200, and (g) 500 h. A, = 370 nm.
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Figure 8 Fluorescence emission spectra of modified P. rox-
burghii (WPG = 19.5) weathered for (a) 0, (b) 100, (c) 400, and
(d) 500 h. A = 370 nm.

terification of wood with benzoyl chloride reduced the
lignin degradation and the generation of carbonyl
groups on the surface of irradiated wood.

Unmodified wood gave a broad A, -dependent
emission band. Esterification by benzoyl chloride
caused a strong increase in the fluorescence intensity
and a shift in the emission maximum to a longer
wavelength. The intensity of the shorter wavelength
component decreased rapidly, whereas the emission
of the higher wavelength component increased with
increasing degree of esterification (WPG).

The photoirradiation of the unmodified wood re-
sulted in the broadening of the emission band, a large
reduction in the fluorescence intensity, and a large
shift in the emission maximum to a longer wave-
length. The irradiation of modified wood caused a
small increase in the fluorescence intensity. Fluores-
cence and FTIR spectra measured from modified
wood irradiated for different durations provided evi-
dence of the photostabilization of benzoylated wood.
Modified samples were less vulnerable to photodeg-
radation than unmodified wood.
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