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Abstract: The laccase-catalyzed oxidative polymerization of
monomeric and dimeric lignin model compounds was car-
ried out with oxygen as the oxidant in aqueous medium.
The oligomers were characterized by using gel permeation
chromatography (GPC) and matrix-assisted laser desorption
ionization time-of-flight mass spectroscopy (MALDI-TOF MS)
analysis. Oxidative polymerization led to the formation of oli-
gomeric species with a number-average molecular weight
(Mn) that ranged from 700 to 2300 Da with a low polydis-
persity index. Spectroscopic analysis provided insight into
the possible modes of linkages present in the oligomers,
and the oligomerization is likely to proceed through the for-
mation of C�C linkages between phenolic aromatic rings.
The oligomers were found to show good UV light absorp-

tion characteristics with high molar extinction coefficient
(5000–38 000 m

�1 cm�1) in the UV spectral region. The oligo-
mers were blended independently with polyvinyl chloride
(PVC) by using solution blending to evaluate the compatibili-
ty and UV protection ability of the oligomers. The UV/Vis
transmittance spectra of the oligomer-embedded PVC films
indicated that these lignin-like oligomers possessed a nota-
ble ability to block UV light. In particular, oligomers obtained
from vanillyl alcohol and the dimeric lignin model were
found to show good photostability in accelerated UV weath-
ering experiments. The UV-blocking characteristics and pho-
tostability were finally compared with the commercial low-
molecular-weight UV stabilizer 2,4-dihydroxybenzophenone.

Introduction

Materials produced by enzymatic reactions constantly receive
notable attention by chemical industries due to increasing
public awareness, legal restrictions, environmental concerns,
and interest in overcoming the limitations of conventional
chemical methods.[1] Oxidative polymerization by oxidases,
such as laccase and peroxidases, is an elegant, sustainable ap-
proach to produce polymers or oligomers that are difficult to
obtain by using conventional chemical polymerization meth-
ods.[2] Indeed, biotechnological advancements have shown
that laccase is involved in the biosynthesis of lignin in nature.[3]

Lignin, a readily available natural polymer, has a high carbon

content, high thermal stability, antioxidant properties, and bio-
degradability, all of which stimulate its use as a performance
material.[4, 5] However, the inconsistent structure of native lignin
(which varies according to its source)[6] and its high molecular
weight, brittleness, and incompatibility with conventional poly-
mers hinder[7] its use as a renewable material for wider applica-
tions. Modifications of lignin by using either chemical meth-
ods[8] or graft polymerization approaches[9] have been shown
to increase the use of lignin as a performance material. For ex-
ample, polypropylene/lignin blends[10] and polypropylene/corn
fiber composite[11] showed antioxidant properties comparable
to commercial antioxidants. Moreover, addition of 10 to
40 wt % of steam-explosion lignin into polycaprolactone con-
siderably improved the UV stabilization of the resulting poly-
mer blend.[12] A nanocomposite coating consisting of cellulose
nanocrystals (CNCs) and fractionated lignin exhibited high
transmittance in the visible region and high blocking in the UV
spectrum.[13] However, the existence of weaker hydrogen
bonds and hydrophobic interactions between the cellulose
rods and lignin stimulated disaggregation. In another study,
modified bio-butanol lignin (BBL; a byproduct of lignocellulose
butanol production) was copolymerized with n-butyl acrylate
(BA) and methyl methacrylate (MMA) to obtain the BBL graft
copolymer. The copolymer film showed excellent absorption
capacity in the UV region, even after continuous UV radiation
for 75 min.[14] Recently, blending of lignin into commercial
sunscreen products was reported to improve the UV absorb-
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ance significantly upon UV irradiation.[15] This superior per-
formance was correlated to the synergistic effect of the antiox-
idant property of the lignin and the presence of sunscreen ac-
tives. However, the incorporation of higher-molecular-weight
lignin or modified lignin into polymers is often hindered by
1) the inherent insolubility of lignin in common solvents and
2) the poor dispersion of high-molecular-weight native lignin
into polymers due to reduced interfacial binding. We hypothe-
size that low-molecular-weight lignin-like materials with char-
acteristics similar to lignin would, therefore, improve dispersi-
bility and compatibility with the synthetic commercial poly-
mers used for different applications, such as packaging materi-
als.

Consequently, the objective of this study was to obtain low-
molecular-weight lignin-like oligomers and to evaluate their
UV-blocking characteristics after blending with polymers.
Herein, two approaches (Scheme 1) were used to obtain oligo-

mers, 1) laccase-catalyzed oxidative oligomerization[16] of guaia-
col-based monomeric and dimeric lignin model compounds
and 2) oxidative depolymerization[17] of commercially available
kraft lignin by using chemical methods, because a reduction in
lignin molecular weight and hydroxyl content has been report-
ed[10, 18] to increase its dispersion and compatibility with poly-
mers. The oligomers are termed as lignin-like oligomers[19] be-
cause they were derived from lignin models. Given that their
applications have not elicited much attention so far, we envi-
sion that these lignin-like oligomers could potentially be used

for UV light protection applications, similar to lignin yet with
better dispersion for wider applications.

Results and Discussion

Herein, readily available monomeric lignin model compounds,
such as guaiacol (1), vanillyl alcohol (2), and dimeric lignin
model compound (3), which contain b-O-4 linkages and closely
mimic native lignin, were chosen as substrates for the laccase-
catalyzed oligomerization, whereas kraft lignin, a natural feed-
stock that is generally considered a low-value fuel in the paper
industry, was used as the substrate for depolymerization.
Guaiacol is a naturally occurring compound derived from
guaiacum and could also be obtained by lignin pyrolysis. In
petrochemical industries, guaiacol is produced from phenol or
catechol.[20] Vanillyl alcohol is a hydrogenated analogue of va-
nillin, a natural compound derived from the vanilla plant or
chemically synthesized from guaiacol.[21] For the synthesis of
oligomers from monomeric and dimeric lignin model com-
pounds 1–3, we adopted similar reaction conditions as report-
ed previously by us[22] and by Rittstieg et al. ,[23] with commer-
cially available Trametes versicolor laccase (TVL) as an environ-
mentally benign oxidation catalyst and oxygen as an oxidant.
Laccase catalyzes the one-electron oxidation of phenol-con-
taining monomers to phenoxy radicals, which further undergo
radical polymerization.[3, 24] Model compounds 1–3 were dis-
solved in an acetate buffer (pH 5.2) that contained 20 % DMSO
or acetone, and the appropriate amount of laccase was added.
After the mixture was stirred at room temperature under
oxygen for 3 h, a precipitate formed in the flask and was col-
lected and dried to afford oligomers O1–O3 in 83 to 95 % yield
from compounds 1–3 respectively. Analysis of the oligomers
by using high-performance liquid chromatography (HPLC) indi-
cated the complete utilization of monomers during the poly-
merization (see Figures S1 and S2 in the Supporting informa-
tion).

Low-molecular-weight lignin O4 was obtained from kraft
lignin by using an oxidative depolymerization method devel-
oped in-house.[25] Kraft lignin was treated with oxygen (10–
20 bar) in the presence of MeReO3 at 160 8C in propylene car-
bonate as the solvent to obtain O4 with Mn and Mw values of
890 and 1390 Da, respectively. Comparable low-molecular-
weight lignin could also be obtained by other lignin depoly-
merization methods. For example, a similar weight average
molecular weight (Mw) of 1200 to 1500 Da was observed[26] in
the depolymerization of alkali lignin in aqueous ionic liquid.
Fenton catalyst[27] was reported to promote the depolymeriza-
tion of organosolv lignin in the presence of hydrogen perox-
ide, to afford low-molecular-weight lignin oil with an average
molecular weight of less than 700 Da. Sequential fractionation
of Kraft-AQ pulping lignin by simple extraction with organic
solvents[28] at elevated temperatures and extraction of lignin
from Douglas fir by using deep eutectic solvents[29] were also
found to give fractions that contained lignin materials with an
average molecular weight that ranged from 490 to 2600 Da.

Oligomers O1–O4 were analyzed by using GPC (Figures S3–
S6) and showed a number average molecular weight (Mn) of

Scheme 1. Approaches to obtain oligomers from lignin model compounds
and lignin.
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1800 to 2200 Da. Moreover, the polydispersity index (PDI) of
oligomers O1–O3 indicated that the oligomers were uniformly
formed from the monomers. Oligomer O4, which was obtained
by depolymerization, showed a lower PDI value than that of
native kraft lignin (PDI 1.97) due to the reduction in molecular
weight. MALDI-TOF MS was next used to enable a reliable de-
termination of the number of repeating units present in each
oligomer chain, their composition, the average molecular
weight and distribution, and the polymer chain length. MALDI-
TOF MS analysis of oligomer O1 indicated the formation of
oligomers with a Mn value of 1260 Da and a low PDI (Mw/Mn =

1.21). The repeating molecular mass corresponded to 122.1 Da
(Figure 1), which indicated that the repeating unit is dehydro-

guaiacol [M�2 H] formed by the removal of two hydrogen
atoms from 1. A Mn value of 7000 to 9000 Da, as determined
from a GPC analysis, was reported[30] for the oligomer obtained
from guaiacol when fungal laccase was used as the oxidation
catalyst. Similarly, by using a high concentration of T. hirsuta
laccase (1.1 nKat for 1 mmol of guaiacol), a Mn value of 4000 to
5500 Da was observed.[23a] The lower Mn values observed by us
could possibly be due to differences in the enzyme source,
concentration, reaction time, and method of analysis. Fourier-
transform IR (FTIR) spectra of 1 and O1 (Figure S7) provided
valuable information on the possible mode of linkages present
in oligomer O1: 1) The sharp IR absorption for 1 at 743 cm�1

from C�H bending vibrations decreased significantly in O1,

which suggested that oligomerization may have proceeded
through aromatic C�C coupling; 2) the phenolic O�H in-plane
bending vibration (1360 cm�1) for guaiacol also decreased con-
siderably after oligomerization; and 3) the absorption at
1662 cm�1 for O1 suggested the presence of quinone-type
functional groups in the oligomer, which is clearly absent in
the IR spectrum of 1. The above interpretation was supported
by the UV/Vis absorption behavior of O1. The strong absorp-
tion at l= 480 nm (Table 2, entry 2) displayed by O1 in the visi-
ble region indicated the possible presence of conjugation in
the resulting oligomer. Based on the above experimental ob-

Figure 1. MALDI-TOF MS spectra of oligomers O1.

Scheme 2. Proposed possible linkages present in oligomers O1 and O3.
Linkages were predicted based on MALDI-TOF MS and IR data. Possible reso-
nance structures and pathway for the formation of O3 are presented in
Schemes S1 and S2.

Table 1. GPC and MALDI-TOF MS data for the oligomers.[a]

Entry Monomers/lignin Oligomers GPC[b] MALDI-TOF MS[c] Yield [wt %]
Mn [Da] Mw [Da] Mw/Mn Mn [Da] Mw [Da] Mw/Mn

1 1 O1 2230 4030 1.80 1260 1530 1.21 93�2
2 2 O2 1790 1940 1.09 700 720 1.03 77�4
3 3 O3 2150 2360 1.06 1120 1170 1.04 85�3
4 kraft lignin[d] O4 890 1390 1.56 1230 1420 1.15 78�8

[a] Reaction conditions: 1–3 (0.6 mmol) and acetone (1.2 mL) in sodium acetate buffer (4.8 mL); reaction time: 3 h, reaction temp.: 25 8C. [b] PMMA was
used for calibration. [c] DCTB matrix with NaTFA cationic salt. [d] GPC data for kraft lignin: Mn, 2560 Da; Mw = 5020 Da; Mw/Mn = 1.97.
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servations, the possible linkages present in O1 are depicted in
Scheme 2.

The presence of higher-molecular-weight species was evi-
dent (Table 1, entry 2) from the MALDI-TOF MS spectrum of O2

(Figure S11). Monomer 2 is expected to undergo dimerization
first through the C5�C5’ linkage (2 a, Scheme 3) predominantly
upon treatment with laccase.[31] Subsequently, the resulting
dimers may form a complexed product that consists of alde-
hyde or quinone moieties (Scheme 3). The observed mass of
599.5 Da ([M + Na]) in the MALDI-TOF MS study confirmed the
presence of a complex structure (2 b) that was proposed by
Lahtinen et al.[32] The higher-molecular-weight peaks at 721.3
and 872.8 Da (Figure S11) may have originated from the addi-
tion of guaiacol (121.8 Da, [M�2 H]) and vanillin (151.5, [M�H]),
respectively. The IR spectrum (Figure S8) of O2 showed a sharp
absorption band at 1674 cm�1, which suggested the presence
of quinone-type functional groups. Furthermore, the existence
of signals between d= 9.76 and 9.84 ppm in the 1H NMR spec-
trum (Figure S13) clearly indicated the presence of aldehyde-
type functional groups in resulting oligomer O2.

The observed mass value of 1612.4 Da in the mass spectrum
of oligomer O3 (Figure 2) clearly indicated the formation of
decamers comprised of five units of dimeric model com-
pound 3 ([M�2 H + Na]). Analysis of the mass peaks showed
that the oligomers retained a repeating unit mass of 317.8 Da
([M�2 H]). Recently, we established[22] the linkages present in
the early stage laccase-catalyzed oligomerization products of
dimeric model compound 3 by isolating and characterizing
them. The formation of biphenyl linkages (C5�C5’) was found
to be predominant in the tetramers. DFT calculations of relative
free energies of higher-molecular-weight products also indicat-

ed that the formation of C�C bonds is more thermodynamical-
ly favored over C�O and O�O linkages by 10 and 71.4 kcal
mol�1, respectively. Thus, it is probable that the oligomeriza-
tion of 3 proceeds through the formation of more stable C�C
type linkages. The FTIR spectrum of O3 (Figure S9) showed
that the characteristic aromatic ring C�C stretching vibrations
in the 1400 to 1650 cm�1 region for O3 became more intense
compared with 3. The C�O stretching absorption band of 3 at
1253 and 1027 cm�1 were unaffected after oligomerization.
Moreover, the presence of four distinct 1H/13C NMR signals
from d= 3.67 to 3.79 and 55.4 to 55.7 ppm (Figure S14) that
arose from the guaiacyl methoxy groups of O3 indicated the
possible presence of oligomers with varying chain lengths of
3. The above observations are consistent with MALDI-TOF MS
analysis. The possible structure and linkages for O3 are depict-
ed in Scheme 2 based on the hypothetical radical resonance
possibilities described in the Supporting Information (Schem-
es S1 and S2). It is highly possible that the oligomerization pro-
ceeds through the carbon center that is relatively more reso-
nance stabilized. Although the mass of the repeating unit re-
mains the same, each regioaddition of O3 to its higher-molec-
ular-weight compound might possibly have occurred through
different carbon centers (C2, C5, and C6, Scheme 2) of the aro-
matic ring. Thus, it is apparent that oligomers O3 have both
C5�C5’ and b-O-4 linkages that are present in the lignin.

Analysis of oligomers O4 by using MALDI-TOF MS (Fig-
ure S12) indicated notable mass peaks at 749.9, 879.9, 1129.8,
and so on. Although two repeated unit masses (120.8 and
130.6 Da) were observed, it was too intricate to deduce possi-
ble linkages present in O4. Analysis of the heteronuclear single
quantum coherence (HSQC) NMR spectra[33] of kraft lignin and
O4 provided insight into the possible types of linkages present
in O4. The Ca�Ha correlations for kraft lignin observed at dC/
dH = 71.0/4.8, 85.0/4.6, and 86.7/5.5 ppm were assigned to b-O-
4 aryl ether linkages, resinol structures, and phenylcoumaran
units, respectively (Figure S17). The above signals were found
to be absent in the HSQC spectra of O4, which suggested the
absence of b-O-4 type bond after oxidative depolymerization.
The low bond dissociation energies (54–69 kcal mol�1) of b-O-4

Scheme 3. Proposed reaction pathway for the formation of oligomer O2
based on the observations herein and literature reports.[31, 32]

Figure 2. MALDI-TOF MS spectra of oligomers O3.
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linkages likely cause them to be susceptible to bond
cleavage.[34] Essentially, the oligomer obtained after
depolymerization possibly possesses mainly biphen-
yl-type linkages (bond dissociation energy 115–
118 kcal mol�1) that are relatively harder to cleave
under the reaction conditions. The C2�H2 correlation
for O4 observed at dC/dH = 55.5/3.82 and 115.0/
6.85 ppm (Figure S16) indicated the presence of me-
thoxy-containing aromatic groups. The FTIR spectra
of O4 showed a strong absorption at 1716 cm�1,
which suggested the possible presence of carbonyl
groups. Spruce and bamboo milled-wood lignin
were reported to show absorption in the 1738 to
1709 cm�1 region for the presence of such function-
alities.[35] The above observations suggest that the
oligomers possibly consist of C�C type linkages
through the aromatic rings, which likely make them
intrinsically robust as observed by thermogravimetric analysis
(TGA). TGA curves at a heating rate of 20 8C min�1 under N2 in-
dicated that oligomers O1, O2, and O3 lost 5 wt %�1 at tem-
peratures of 260, 250, and 225 8C, respectively (Figures S18–
S20), which suggested that the oligomers are thermally stable.
Oligomer O4 was found to be thermally unstable and weight
loss was observed linearly with temperature (Figure S21). The
thermal stability of the oligomers is one of the important crite-
ria for their blending as additives into commercial polymers by
melt processing.

Lignin and modified lignin have been incorporated into a
wide range of materials as UV blockers.[12–15] We predicted that
the lignin-like oligomers should also possess UV-blocking char-
acteristics similar to lignin. To our knowledge, the application
of lignin-like oligomers for UV-blocking purposes has not been
reported in the literature before. UV blockers are added to
polymers during formulation to protect them from sunlight
and/or artificial UV radiation.[36] Commercially available synthet-
ic small molecule UV stabilizers, such as 2,4-dihydroxybenzo-
phenone (DHBP), 2-(2-hydroxyphenyl)-1,3,5-triazines, and 2-(2-
hydroxyphenyl)benzotriazole (Scheme 4) show exceptional
photostability and are extensively used as additives to poly-
mers and personal care products. For a molecule to be a good

UV stabilizer, the molecule should absorb UV light faster than
the polymer and should show excellent photostability. As an
initial evaluation, the UV/Vis absorption spectra of oligomers
O1–O4 (Figures S22–S25) were measured in DMF. All the oligo-
mers showed an intense band in the UV region with a high
molar extinction coefficient (Table 2). High e values for oligo-
mers O1 (37 700 m

�1 cm�1, l= 294 nm), O2 (22 350 m
�1 cm�1,

l= 309 nm), and O3 (30 550 m
�1 cm�1, l= 279 nm) suggested

that the oligomers are capable of absorbing UV light effective-
ly. The UV/Vis absorption data for DHBP, a commercially avail-
able synthetic UV stabilizer, is provided for comparison
(Table 2, entry 9).

Scheme 4. Representative structural motifs of commercial UV stabilizers.

Table 2. UV/Vis absorption data for the monomers and oligomers.[a]

Entry Monomers/lignin/oligomers l [nm] (e [M�1 cm�1])[b]

1 guaiacol (1) 277 (2700)
2 O1 480 (11100), 294 (37 700), 270 (48 950)
3 vanillyl alcohol (2) 281 (3050)
4 O2 353 (23 750), 309 (22 350), 266 (27 200)
5 3 279 (4940)
6 O3 279 (30 550)
7 kraft lignin[d] 280 (23),[c] 214 (10)[c]

8 O4[e] 268 (35)[c]

9 DHBP 337 (4860), 262 (14 000)

[a] Measured in DMF. [b] Molar extinction coefficients (e) were calculated based on the
Mn value of the oligomers obtained by using MALDI-TOF MS. [c] e values are given in
g�1 cm�1. [d] Conditions: lignin (0.022 g) in DMF (1 L). [e] Conditions: O4 (0.018 g) in
DMF (1 L).

Figure 3. A) Oligomeric UV stabilizers incorporated in PVC films. B) UV/Vis
transmittance spectra of oligomer-embedded PVC films.
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Oligomers O1–O4 (5 wt %) were incorporated into polyvinyl
chloride (PVC) by using the solvent blending method and an
embedded film (Figure 3A) was prepared by using a film appli-
cator. The films obtained from oligomers O1 and O4 were par-
tially opaque, whereas the O2- and O3-embedded films were
nearly transparent. All the oligomer-embedded films exhibited
UV absorption characteristics similar to the oligomers in solu-
tion. The UV/Vis transmittance spectra of oligomers O1–O4-
embedded PVC films are provided in Figure 3B and all showed
light-blocking behavior in the UV region below l= 300 nm.
The UV/Vis transmittance spectrum of a blank PVC film (with-
out any UV blockers) indicated that all the UV and visible light
passed through the film (Figure 3B). The transmittance behav-
ior of a known synthetic UV stabilizer (DHBP) is provided for
comparison. The DHBP-embedded film showed the transmis-
sion of nearly all visible light (l= 700–400 nm), began blocking
UV light at l= 400 nm, and blocked it completely below l=

345 nm. Of the four oligomers incorporated into PVC, O2 was
found to show transmittance characteristics (Figure 3B) similar
to those of the DHBP-embedded film. The above observations
indicated that the lignin-like oligomers could potentially be
used as UV blockers depending on the UV region and the ap-
plication requirements.

Next, the photostability of the oligomers in their blended
form was evaluated. The embedded films were exposed to UV
light with an irradiance of 100 W m�2 (about 65–70 times stron-
ger than the UV radiation that reaches the earth’s surface from
the Sun). The estimated annual UV irradiance that reaches the
earth from the sun is 1.2 to 1.5 W m�2.[37] The transmittance
spectra of the films were measured before and after exposure
of the films to UV light for different time periods (Figure 4).
The O1-embedded PVC film showed a distinct color change
from brown to colorless. This was reflected in the disappear-
ance of the absorption band (lmax = 480 nm) in the visible
region and the film showed different UV-blocking characteris-
tics after UV exposure. The difference in UV-blocking behavior
might be due to a quinone–phenol-type equilibrium
(Scheme 2) that occurs in O1 upon UV exposure.

When lignin was added to sun-screen lotions, an improve-
ment in the UV-blocking characteristics was reported[15] upon
UV irradiation. Oligomers O2 (Figure 4) and O3 (Figure S26)
showed noticeable photostability over 24 h without a signifi-
cant change in their UV/Vis transmittance spectra. Although it
is too premature to predict the mechanism behind the UV pro-
tection by the oligomers in PVC material, the presence of poly-
phenolic groups in the oligomers could potentially act as anti-
oxidants by scavenging radicals formed during irradiation. The
above studies indicate that the oligomeric materials could po-
tentially be used as UV light blockers to protect polymers and
plastics. However, for practical applications, the mechanical
properties of the film-forming polymers need to be evaluated
before and after exposure of the oligomer-embedded film to
the sunlight or artificial UV radiation.

Conclusions

Oligomers were successfully synthesized from lignin monomers
and dimers by using an environmentally benign laccase-cata-
lyzed oxidative polymerization. The nature of possible linkages
present in the oligomers was predicted based on MALDI-TOF
MS, NMR spectroscopy, and FTIR studies. The oligomers were
found to possess primarily C�C type linkages, analogous to
the C5�C5’ linkages in native lignin, that are more thermody-
namically stable than the other possible C�O and O�O type
linkages. A potential application of the low-molecular-weight
lignin-like oligomers as a UV-blocking material was evaluated
for the first time. The UV-blocking characteristics shown by the
oligomers are promising and encouraged us to formulate
them for applications, such as antioxidants in functional foods
and UV blockers for sunscreen lotions. The current study be-
comes particularly important as significant progress[27, 38] is
being made in the area of lignin depolymerization to form
guaiacol- and syringol-based monomers, and difficulties still
persist in the isolation of individual monomers for specific ap-
plications. The current study paves the way towards the poten-
tial utilization of a mixture of lignin-derived monomers and

Figure 4. UV/Vis transmittance spectra of oligomer-embedded PVC before
(0 h) and after UV light exposure at different time intervals.
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other phenolic products as a feedstock for the synthesis of per-
formance materials. Additionally, oligomers are attractive alter-
natives to synthetic UV stabilizers that have increasingly been
shown to be toxic to humans and the environment.[39] The oli-
gomeric UV blockers herein would potentially be less vulnera-
ble to leaching from polymers or plastics into the environment.
Moreover, it has been demonstrated that macromolecular and
polymeric UV stabilizers exhibit improved light-protection char-
acteristics relative to small-molecule UV stabilizers.[40] Currently
we are investigating the incorporation of these oligomers into
other polymers, such as polystyrene and polyethylene tereph-
thalate, to evaluate their compatibility, processability, and UV-
stabilizing potential in these commercial polymers.

Experimental Section

General procedure for laccase-catalyzed oligomerization

Lignin model compounds (0.6 mmol) were dissolved in dimethyl
sulfoxide or acetone (1.2 mL) and sodium acetate buffer (4.8 mL,
50 mm, pH 5.2) was added. The reaction mixture was purged by
using an O2 balloon for 5 minutes. A solution of laccase (100 mL,
400 U mL�1) was added and the mixture was stirred for 3 h at 25 8C
under an O2 atmosphere. The precipitate formed was collected by
using centrifugation and dried under vacuum at 50 8C for 24 h. The
isolated yields of the oligomers are presented in Table 1.

Chemical depolymerization of kraft lignin

A suspension of kraft lignin (4 g) in propylene carbonate (100 mL)
was treated with molecular oxygen (10–20 bar) at 160 8C in the
presence of MeReO3 (1.5 wt %) as a catalyst. After 3–6 h, the reac-
tion mixture was filtered and the solvent was distilled under
vacuum. The resulting lignin oil was extracted with dichlorome-
thane to leave behind solid oligomer residue O4.

Incorporation of oligomer into PVC for the preparation of
thin films

Polyvinyl chloride (PVC, 400 mg) and the oligomer (20 mg, 5 wt %)
were dissolved in THF (2 mL). The solution was stirred and the sol-
vent was allowed to evaporate until a moderately viscous solution
was obtained. The solution was spread uniformly onto a glass
plate by using a film applicator. After drying, the film was gently
peeled from the plate.

Photostability studies

Photostability experiments were carried out by using an Omni UV
curing S2000 system equipped with a high-power light guide. An
adjustable collimating adaptor was coupled with the light guide to
provide uniform light distribution. The working distance between
the adaptor and the film samples was adjusted to obtain a con-
stant irradiance of 100 W m�2. Irradiance was measured at the
curing spot by using a handheld UV radiometer. The oligomer-em-
bedded films were exposed to UV light for a total of 24 h and the
transmittance spectra of the films were recorded at different time
intervals, as shown in Figure 4.
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Laccase-Catalyzed Synthesis of Low-
Molecular-Weight Lignin-Like
Oligomers and their Application as
UV-Blocking Materials

Block out the sun : Materials produced
by the laccase-catalyzed oxidative oligo-
merization of lignin model compounds
were revealed to exhibit promising UV-
blocking characteristics (see figure). The
photostability and transmittance prop-
erties were compared with commercial
UV blockers under accelerated experi-
mental conditions.
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