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ABSTRACT: This report describes the tunable light emission from lignin, which was
achieved by carefully selecting the lignocellulosic species, extraction method, solvent,
and polymer. Lignins comprising various taxonomic species with distinct primary
structures exhibited diverse photoluminescence (PL) intensities and spectral patterns.
Investigations probing how the solvent affects the PL properties revealed that the PL
quenching phenomenon originated from the decreasing distance between aromatic
moieties (luminophores). Therefore, polymers can play key roles as media to modulate
the distance between luminophores, and the PL intensity can be enhanced by employing
a relatively stiff polymer. In terms of the emission color, the PL spectral pattern can be
tuned by changing the lignin primary structures or by deprotonating the phenolic
hydroxyl groups. By modulating these influencing factors, various light emissions were
obtained from lignins in solutions and transparent solid materials.

■ INTRODUCTION

Lignocellulosic materials are sustainable and renewable
feedstocks that have the potential to replace nonsustainable,
fossil-derived raw materials, such as fuels and other chemicals.
The cell walls of lignocellulosic materials are predominantly
composed of cellulose, hemicellulose, and lignin; the latter two
polysaccharide components account for 60−70% of the
material that can be used as a feedstock for various chemicals
and substances, such as pulp and cellulose nanofibers. In
contrast, lignin, which is the most abundant natural aromatic
polymer in the world, is difficult to utilize owing to its
heterogeneous and complex structure. In general, lignin is
produced as a byproduct in the fabrication of Kraft pulp or
sulfite pulp, during which, the produced lignin is burned to
provide heat energy. In addition to heat generation,
commercial lignin can be used as a dispersant, a binder, or
an emulsifier.1 Notably, lignin has a large molar extinction
coefficient, which indicates that it has the potential to serve as
an optical material. For example, in one case, lignin was added
to a polymer as an ultraviolet (UV) absorber.2,3 Recently,
fluorescence microscopy has been employed to examine the
distribution of lignin within the cell walls of pretreated biomass
by exploiting its autofluorescence properties.4−6 Additionally, a
lignin-based fluorescence sensor has been developed.7,8

However, lignin is not commonly used as a feedstock for
luminescent materials, possibly because of its complex
photoluminescence (PL) mechanism. For example, some
research groups proposed that aggregation-induced emission
(AIE) is the main mechanism of lignin PL.9−11 However, the
lignin PL was not observed in the solid state (e.g., lignin

powder and cardboard), indicating that the PL mechanism
obviously cannot be explained only by AIE. Furthermore, some
studies have used lignin model compounds to determine the
origin of its fluorescence properties; a coniferyl alcohol
anion,12 a stilbene structure,13,14 a phenylcoumarone struc-
ture,15 and a dibenzodioxocin structure14 have all been
considered as potential candidates for such a chromophore.
Radotic ́ et al. analyzed the fluorescence properties of a lignin
model (a dehydrogenated polymer) based on deconvoluted
emission spectra and time-resolved decay-associated excita-
tion/emission spectra, and they confirmed the existence of
distinct fluorophores in the lignin model polymer.16 However,
even these simple model compounds exhibited complex
fluorescence, and their spectra differed from those of natural
lignin. These distinctions may have originated from several
complex factors, such as the three-dimensional network
structure, molecular weight, distance between luminophores
within the lignin molecule, and solubility in the employed
solvents.
To effectively use lignin as a luminescent material, it is

necessary to control its luminescence properties, e.g., color and
intensity. This work explored the influence of lignocellulosic
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species, extraction methods, solvents, and polymers on the PL
properties of the products.
This study involved the preparation of milled wood lignin

(MWL), which is considered to be the original lignin structure,
from four taxonomical species: a gymnosperm softwood
(Japanese cedar; JC), an angiosperm dicotyledons hardwood
(Japanese beech; JB), an angiosperm monocotyledons
Aceraceae (nipa palm frond; NF), and an angiosperm
monocotyledons Poaceae (corn cob; CC). The various lignins
were prepared via five extraction techniques (MWL, alkali,
Kraft, organosolv, and sulfite treatments), which represent
common delignification methods used in the pulp and paper
industry. Then, the PL properties of the prepared lignins were
analyzed to evaluate the effects of structural differences on the
resulting PL. Furthermore, various solvents and polymers were
used to understand the impacts of the environmental media on
the PL properties.

■ MATERIALS AND METHODS

Materials and Chemicals. The lignocellulosic sources
included sapwood of Japanese cedar (JC), sapwood of
Japanese beech (JB), nipa palm frond (NF), and corn cob
(CC). Detailed information for these lignocellulosics is
provided in Table S1. The lignocellulosic biomass materials
were milled in a Wiley mill (Thomas Scientific, NJ), and the
obtained MWL flour was sieved with mesh screens to collect
particles between 0.15 and 1.0 mm. The sieved flour was
extracted with acetone in a Soxhlet apparatus and dried at 105
°C for 24 h prior to the experiments. Poly(2-hydroxyethyl
methacrylate) (PHEMA; average MW: ∼15 000, ∼120 000,
∼350 000) and poly(methyl methacrylate) (PMMA; average
MW: ∼300 000) were purchased from Sigma-Aldrich Co. LLC.
All chemicals used in this study were of reagent grade,
purchased from Nacalai Tesque, Inc. (Kyoto, Japan), and used
without further purification.

Preparation of Lignins. The MWL samples were
prepared from four wood species according to the method

Figure 1. (a−d) Photos of milled wood lignins from four biomass species (JCMWL, JBMWL, NFMWL, and CCMWL, respectively) before (left) and after
(right) dissolving in DMSO (10 mg mL−1). (e−h) Corresponding lignin components and substituent structures detected by 2D-NMR. (i−l)
Corresponding UV−vis absorption (top) and PL spectra (bottom) in dilute DMSO solutions (0.1 mg mL−1) excited at 320 nm. Insets show
photos captured under UV light at 365 nm. S unit = syringyl; G unit = guaiacyl; H unit = p-hydroxyphenylpropane; pB = p-hydroxybenzoate; pC =
p-coumaric acetate; FA = ferulic acetate.
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described by Björkman (1956).17 The extractive-free flour was
milled for 48 h in a vibratory ball mill VS-1 (Irie Shokai Co.,
Ltd., Tokyo, Japan). The applied extraction methods, i.e., alkali
(soda), Kraft, organosolv, and sulfite treatments, were
performed via adapted simplified methods.1 Briefly, extrac-
tive-free beech flour and treatment chemicals were placed in a
5.0 mL reaction vessel made of Inconel-625. The vessel was
sealed and immersed in a molten salt bath, which was
preheated to a designated temperature. After an adequate
reaction time, the reaction was quenched in a water bath. The
chemical reagents, treatment temperatures, and times for each
extraction method are as follows: alkali, NaOH, 170 °C for 1 h;
Kraft, NaOH, and Na2S, 170 °C for 1 h; organosolv, ethanol,
210 °C for 5 min; sulfite, NaOH, and Na2SO3, 160 °C for 1 h.
For the alkali, Kraft, and organosolv treatments, the soluble
portion was concentrated by vacuum evaporation, and the
product was precipitated into a dilute acid solution to purify

the lignin. The obtained alkali lignin (AL), Kraft lignin (KL),
and organosolv lignin (OL) were then washed with ultrapure
water. For the sulfite lignin (SL), precipitation did not occur
because of its hydrophilic structure. Therefore, the concen-
trated portion obtained following vacuum evaporation was
used for further experiments.
To prepare samples for two-dimensional nuclear magnetic

resonance spectroscopy (2D-NMR; Bruker AC-400, 400 MHz,
Bruker Corp., MA), i.e., heteronuclear single quantum
coherence (HSQC) characterization experiments, approx-
imately 100 mg of each sample was dissolved in deuterated
dimethylsulfoxide (DMSO-d6) (700 μL).

Ultraviolet−Visible (UV−Vis) Absorption and Photo-
luminescence (PL) Spectroscopy. The prepared lignins
were dissolved in nine solvents (at 0.1 mg mL−1 concen-
trations): DMSO, N,N-dimethylformamide (DMF), acetoni-
trile, ethyl glycol, methanol, ethanol, ethyl acetate, chloroform

Figure 2. (a) PL spectra of JBMWL in DMF and CHCl3 excited at 320 nm (10 mg mL−1). (b) Average diameter of lignin aggregates detected by
DLS. (c) PL intensity and average diameter detected by DLS as a function of the CHCl3 concentration in DMF/CHCl3 mixtures. (d) Schematic
diagrams depicting quenching and aggregate formation.
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(CHCl3), and toluene. Their UV−vis absorption and PL
spectra were recorded with V-650 (Jasco Co., Ltd., Tokyo,
Japan) and FP-8600 (Jasco Co., Ltd., Tokyo, Japan)
instruments, respectively. For the analysis of aqueous solutions,
acidic (pH = 3) and alkaline (pH = 11) solutions were
prepared using hydrochloric acid and sodium hydroxide,
respectively. The prepared lignins were dissolved in these
aqueous solutions at concentrations of 0.1 mg mL−1.
Characterization of Lignin Aggregation. Lignin

aggregates in DMF and chloroform solutions were evaluated
by a dynamic light scattering (DLS) method using a ζ-
potential and a particle size analyzer (ELSZ2000ZS; Otsuka
Electronics Co., Ltd., Osaka, Japan). In addition, each solution
was cast onto a glass coverslip and dried in air for 1 week to
remove the solvent prior to conducting scanning electron
microscopy (SEM) and Fourier transform infrared (FT-IR)
spectroscopy analysis. SEM observations were performed using
an SU-6600 instrument (Hitachi High-Technologies Corpo-
ration, Tokyo, Japan). Samples were placed on an SEM stub,
coated in gold, and then analyzed at an accelerating voltage of
5 kV. FT-IR spectra were recorded in the attenuated total
reflectance (ATR) mode (IRAffinity-1S instrument, Shimadzu
Co., Kyoto, Japan).
Preparation of Lignin-Containing Transparent Films.

PHEMA was dissolved in DMF at a concentration of 100 mg

mL−1, and PMMA was dissolved in DMF or chloroform at 100
mg mL−1. Then, 1 mL of the desired polymer solution was
mixed with 10 μL of various lignins dissolved in DMSO at 10
mg mL−1. The mixtures were cast onto quartz slides and dried
under air to obtain lignin-containing transparent films.

■ RESULTS AND DISCUSSION

PL Spectra of Four MWLs in Various Solvents. The
powdered samples of four types of MWLs prepared from four
taxonomical species (denoted JCMWL, JBMWL, NFMWL, and
CCMWL) appeared light brownish, brownish, dark brownish,
and brownish in color, respectively (Figure 1a−d). Although
these powders did not exhibit significant light emission, when
they were dissolved in DMSO or DMF, all of the obtained
solutions exhibited clear PL with slightly different colors and
light intensities (insets of Figure 1i−l). These differences in
absorption and luminescence were quantitatively evaluated by
UV−vis and PL spectroscopies. In the case of JCMWL, an
absorption peak was observed at 280 nm, and when the
solution was excited with 320 nm light, clear PL with a peak at
372 nm was observed (Figure 1i). The JBMWL and NFMWL
samples showed similar absorption and PL, with weak emission
intensities (Figure 1j,k). In contrast, CCMWL exhibited a
significantly different absorption peak at 317 nm and a PL peak
at 428 nm (Figure 1l). Based on HSQC 2D-NMR analysis of

Figure 3. (a) Normalized PL spectra of JBMWL in DMSO and CHCl3 excited at 320 nm. (b) Three possible mechanisms leading to peak
appearance in CHCl3. (c) Normalized PL spectra of JBMWL in aqueous solutions excited at 320 nm. (d) Differences in peak positions in DMSO and
CHCl3 versus differences in peak positions under alkaline and acidic conditions.
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these lignins (Figure S1), the differences in the positions of the
absorption and PL peaks likely resulted from the different
aromatic moieties and aliphatic side-chain structures in the
materials (Figure 1e−h). For example, CCMWL contained the
cinnamate structure such as p-coumarate and ferulate, which
extended the π-conjugated system, resulting in the absorption
and PL peaks at a longer wavelength.
Light emission from lignin can also be tuned by the external

environment, which can be controlled somewhat by modulat-
ing the solvent’s properties. To study the effect of the solvent
on the PL exhibited by the lignins, nine solvents spanning a
range of properties were selected; the obtained UV−vis and PL
spectra excited at 280 and 320 nm are shown in Figures S2−
S5. Solutions of the JCMWL, JBMWL, and NFMWL lignins in
hydrophilic solvents (e.g., DMSO, DMF) had higher PL
intensities than in hydrophobic solvents (e.g., ethyl acetate,
CHCl3). In particular, lignin solutions in CHCl3 showed
completely unique PL spectra, with low intensity (i.e.,
quenching) and a new peak at 430 nm.
Mechanistic Studies of Quenching and Peak Appear-

ance in CHCl3. It is important to understand the
mechanism(s) governing the quenching process and the
appearance of peaks to control the PL intensity and color,
respectively. To explore the quenching phenomenon, JBMWL
solutions were prepared in DMF and CHCl3, and these
solutions had completely different PL intensities (Figure 2a).
As shown in Figure S3, there is a positive correlation between
the dielectric constant of the solvent and the PL intensity of
JBMWL solutions. The clear distinction between hydrophilic and
hydrophobic solvents was caused by the formation of
aggregates; after standing under ambient conditions, some
aggregation was observed only in hydrophobic solvents.
As the standing time continued, the PL spectra of the CHCl3

solutions changed (Figure S6). However, once the mixture was

stirred, the PL spectrum returned to the original profile, thus
indicating that the aggregates were formed via weak
intermolecular interactions rather than through strong covalent
bonds. Figure S7a shows that such aggregates were clearly
generated in highly concentrated solutions of JBMWL in CHCl3,
ultimately resulting in the formation of visible precipitates; no
aggregation was observed in the DMF solution, even at the
same concentration. Both of these solutions were cast on glass
coverslips and dried under air to remove the solvent.
According to SEM observations of the dried lignins, globular
aggregates with diameters between 10 and 50 μm were
observed only in the dried lignin from the CHCl3 solution, but
not in that obtained from the DMF solution (Figure S7a).
When these solutions were analyzed by dynamic light
scattering (DLS), aggregates with diameters of dozens of
micrometers were detected only in the CHCl3 solution (Figure
S7b), indicating that lignin aggregates were formed in CHCl3,
but lignin remained completely dissolved in DMF. The dried
lignins were also analyzed using FT-IR (Figure S7c). The peak
at approximately 1600 cm−1, which originates from the
aromatic ring,18 was slightly shifted in the sample prepared
in CHCl3 relative to that prepared in DMF, despite the fact
that they had identical compositions. This shift suggests that
the vibrations of the aromatic region were suppressed by the
aggregation. Figure 2c plots the PL intensity and average
diameter versus the concentration of CHCl3 in DMF/CHCl3
mixtures. PL quenching was observed above 5 vol % of CHCl3,
although no aggregation was observed up to 70 vol % of
CHCl3 (State II in Figure 2c). Based on these results, we
concluded that the PL quenching occurred as a result of the
decreasing distance between aromatic moieties (lumino-
phores). A close proximity of luminophores leads to microscale
aggregate formation, as illustrated in Figure 2d.

Figure 4. (a−e) Photos of the five prepared lignins (MWL, AL, KL, OL, and SL, respectively) from Japanese beech in DMSO (10 mg mL−1). (f−j)
UV−vis absorption (top) and photoluminescence spectra (bottom) of the corresponding lignins in dilute DMSO solutions (0.1 mg mL−1) excited
at 320 nm. Insets show pictures captured under UV light at 365 nm.
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Three potential mechanisms were considered to explain the
new peak observed in CHCl3 (Figure 3a): (i) energy transfer
between proximal luminophores; (ii) differing solubilities of
luminophores with different PL properties; and (iii) deproto-
nation of phenolic hydroxyl groups (Figure 3b).
In the first proposed mechanism involving energy transfer,

the formation of aggregates in hydrophobic solvents disrupts
each luminophore, thus inducing energy transfer to another
luminophore, which could be detected as a difference in the PL
lifetimes (τ). However, PL lifetime measurements revealed no
significant difference between lignin in DMF (τ = 2.53 ns)
versus in CHCl3 (τ = 2.28 ns), indicating that energy transfer is
not the main mechanism causing longer wavelength PL in
CHCl3.
The second hypothesis is based on the consideration that

the lignin macromolecules comprise various luminophores,
which have different solubilities. Indeed, distinct PL peak
positions were derived from luminophores having different
primary structures (Figure 1e−h). If the solubility of a given
luminophore is the main reason for a peak’s appearance, a
similar peak should be observed in a solvent having similar
hydrophobicity (i.e., dielectric constant (ε)). However, a
comparison of the PL spectra of JBMWL in CHCl3 (ε = 4.81)
and diethyl ether (ε = 4.34), as shown in Figure S8, revealed
that their spectral profiles were distinct, despite the fact that
similar luminophores were dissolved in the two solvents.
Therefore, it was concluded that although the second
hypothesis may occur, another mechanism should be
considered.
The third proposed mechanism involves the deprotonation

of phenolic hydroxyl groups in CHCl3. The peak profiles
observed in aqueous solutions at high and low pHs (Figure 3c)
were similar to those obtained in CHCl3 and DMSO,
respectively. The PL spectrum recorded for the alkaline
solution contained a peak at a longer wavelength than that in
the acidic solution. Interestingly, the difference in the peak
positions between alkaline and acidic solutions (418−361 nm
= 57 nm) was close to the peak difference in DMSO versus
CHCl3 solutions (428−370 nm = 58 nm). Similar behavior
was observed in all lignins tested herein (Figure 3d; original
data presented in Figures S9−S12 and S18−S21). These
results indicated that the deprotonation of phenolic hydroxyl
groups under alkaline conditions shifted the PL peak position
to a longer wavelength; thus, a similar mechanism likely
occurred in CHCl3. In fact, the proton concentration in CHCl3
was higher than that in the other tested solvents (Figure S13),
which supported this hypothesis. The deprotonation behavior
of phenolic groups can also be detected by UV−vis
spectroscopy (Figure S22, e.g., decrease at 280 nm and
increase at 350 nm).
Effect of Lignin Extraction Method on PL Spectra. To

elucidate how the extraction method influenced the lignin PL
properties, five lignins (MWL, alkali lignin (AL), Kraft lignin
(KL), organosolv lignin (OL), and sulfite lignin (SL)), which
are the common lignin-based byproducts in the pulp and paper
industry, were prepared from Japanese beech xylem. These
lignin samples were dissolved in DMSO (0.1 mg mL−1), and
their UV−vis and PL spectra are shown in Figure 4. Similar to
the MWLs shown in Figure 1, all tested lignins exhibited PL,
and the UV−vis and PL spectra varied depending on the
applied extraction method. For example, among the five
lignins, KL had the highest PL intensity and a peak at a longer
wavelength (379 nm).

To study the effect of the solvent on the PL properties of the
lignins, their UV−vis and PL spectra were obtained in nine
solvents after exciting at 280 and 320 nm (Figures S14−S17).
Similar to the MWLs (Figures 2a and 3a), all five lignins
experienced quenching and the appearance of a new peak in
the CHCl3 solution. The PL intensity of the SL was quite low
in hydrophobic solvents, such as CHCl3 and ethyl acetate
(Figure S17). Considering that a sulfonate group was
incorporated into the side chain of the lignin molecule
following the sulfite pulping process, the solubility of SL in
hydrophobic solvents was low relative to the other tested
lignins, thus causing its relatively lower PL intensity.
Furthermore, the KL results revealed a positive correlation
between the PL intensity and the solvent viscosity (Figure
S15). This relationship was also observed in lignins prepared
by other extraction methods (Figures S14−S17), but KL
showed the strongest correlation. This influence of solvent
viscosity on the PL can be explained by the restriction of
molecular motion.19 During the KL pulping process, the
dibenzodioxocin structure, which represents a major branching
point of the wood lignin polymer network, is cleaved more
efficiently than in other pulping methods.20 Therefore, its less-
branched structure would be highly affected by the solvent’s
viscosity.
Given that all five lignins were prepared from the same

starting material, the observed range of PL properties likely
originated from the differences in the lignin primary structures
(i.e., aromatic moieties and functional groups) and highly
ordered structures (i.e., molecular weight distribution and
linkages between aromatic moieties) formed during each
extraction procedure. The solution environment clearly
influenced the PL properties, and therefore this knowledge
was then applied to solid-state, polymeric media.

PL Spectra of Various Lignins in Transparent Films.
The lignins prepared using various species and extraction
methods were mixed with a poly(2-hydroxyethyl methacrylate)
(PHEMA) solution and then cast onto quartz slides to obtain
transparent films (Figures S23 and S24). For example,
PHEMA containing MWLCC had a peak at a longer wavelength
than any other MWL (Figure S23), and PHEMA containing
KL showed the highest PL intensity, with a peak at a longer
wavelength than the other five lignins (Figure S24).
The analysis presented in the previous section confirmed

that the environmental media affected the PL properties. To
design transparent photoluminescent materials, it is necessary
to clarify whether the solvent or the polymeric media has a
greater influence on the PL properties. Therefore, the
hydrophilic polymer (PHEMA) was compared with a hydro-
phobic polymer (poly(methyl methacrylate); PMMA) in the
same solvent (DMF) to understand the impacts of the polymer
characteristics. Figure 5 presents the normalized PL spectra of
KL in PHEMA and PMMA excited at 320 nm (non-
normalized data are shown in Figure S25). Furthermore,
owing to its relatively low polarity, PMMA can be dissolved in
both DMF and CHCl3, and therefore, PMMA films were
prepared from DMF and CHCl3 solutions to deduce the
solvent’s effect on the PL properties. The PHEMA and PMMA
films had distinct spectral shapes and intensities, despite the
fact that they contained the same lignin (KL) and solvent
(DMF). This result indicated that the properties of the
polymer also affected the PL spectra. Furthermore, the PMMA
films prepared from DMF and CHCl3 solutions had clearly
different spectra. Specifically, the PMMA film prepared from a
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CHCl3 solution exhibits PL at a longer wavelength; this
behavior was consistent with the solution results presented in
Figure 3.
Moreover, when films were prepared from PMMA with

various molecular weights, the higher-molecular-weight poly-
mers exhibited more intense PL (Figure 5b). The molecular
weight of the polymer is closely related to its stiffness
(firmness), and lignin demonstrated greater PL intensity in the
stiff media (details in Figure S26). This result is consistent with
the correlation between PL intensity and solvent viscosity
(Figures S14−S17).
PL Properties Depend on Species, Extraction

Method, Solvent, and Polymer. According to the PL
analysis of various lignins, the PL properties depend on the
taxonomical species, extraction method, solvent, and polymer
used for their preparation. In other words, a variety of PL
properties can be obtained by appropriately selecting those
four factors. The range of colors produced in this work are
plotted on a chromaticity diagram with some representative PL

spectra in Figure 6. The detailed data regarding solutions and
polymers are summarized in Tables S2 and S3, respectively.

■ CONCLUSIONS
In this work, the PL properties of various lignins were tuned by
implementing different taxonomic species and extraction
methods during their preparation. The lignins’ structural
differences clearly influenced their PL properties, including
the emission intensity and color. Furthermore, PL quenching
and a peak shift were observed in CHCl3 according to PL
spectral analysis in various solvents; the potential mechanisms
leading to this behavior were discussed. Characterization of the
lignin in CHCl3 solution indicated that the quenching
phenomenon was likely caused by the decreasing distances
between aromatic moieties (luminophores) in hydrophobic
solvents. Therefore, PL quenching could be controlled by
modifying the proximity of luminophores. Based on this
conclusion, transparent PL films were successfully prepared. In
summary, a variety of PL properties were obtained by
modulating the following factors: species, extraction method,
solvent, and polymer. The tunability of lignin PL highlights this
material’s great potential as a feedstock for a wide variety of
valuable materials, such as fluorescence reagents and spectral
conversion agents. The results presented herein provide a basis
for developing lignin-first biorefinery systems.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.1c06104.

Additional experimental details, materials and methods,
and spectra data (PDF)

■ AUTHOR INFORMATION
Corresponding Authors

Masatsugu Takada − Graduate School of Energy Science,
Kyoto University, Kyoto 606-850, Japan; orcid.org/0000-

Figure 5. (a) Normalized PL spectra of KL in PHEMA and PMMA
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Figure 6. Chromaticity diagrams of lignin photoluminescence in various (a) solvents and (b) polymers obtained by selecting the species, extraction
method, solvent, and polymer film.
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