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ABSTRACT: This work highlighted a new method to prepare
UV curable lignin thermoplastic copolymers, which are
expected to show applications as functional materials (e.g.,
carbon fiber precursors) with improved thermal stability,
solvent resistance and surface hardness. UV cross-linkable
lignin graft copolymers were synthesized via activator
regenerated by electron transfer (ARGET) atom transfer
radical polymerization (ATRP) and characterized. By incor-
porating a photosensitive compound, acryloyl benzophenone
(ABP), as a comonomer during the polymerization, lignin-g-
poly(styrene-co-ABP) copolymers with 6−9% (mol %) of ABP moieties were obtained. The lignin graft copolymers showed
similar glass transition temperature (∼100 °C) as polystyrene. The carbon yields during pyrolysis decreased as the degrees of
polymerization of the graft copolymers increased. Under UV irradiation, up to ∼30 wt % of the lignin-g-poly(styrene-co-ABP)
copolymers cross-linked to form polymer networks, whereas less than ∼5 wt % of the lignin-g-polystyrene copolymers formed
gelled structures.
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■ INTRODUCTION
Lignin is a complex phenolic heteropolymer derived from
woody tissues. As one of the most abundant renewable
biopolymers, lignin accounts for about 30% of the nonfossil
organic carbon in the biosphere.1 Lignin is produced mainly as
a byproduct from various pulping or biomass pretreatment
processes. Traditionally, lignin is treated as a waste and usually
combusted for energy. Recently, the transformation of lignin
applications from low-value wastes to value-added products has
attracted increasing interest. Great efforts have been made to
investigate the utilization of lignin as building blocks for
polymeric materials (e.g., polyurethanes and epoxy resins),2−8

reinforcing fillers for polymer composites,9−11 precursors for
carbon materials (e.g., carbon fibers and active carbon)7,12,13

and feedstocks for specialty chemicals (e.g., toluene and
vanillin).14−18

As a natural polymer, lignin undergoes radical-induced self-
condensation at high temperatures, which limits its thermal
processability.19,20 Additionally, technical lignin has relative low
molecular weight, and lignin-based materials are usually brittle
and thus exhibit poor mechanical properties. Blending or
copolymerization with synthetic polymers usually improves the
thermal and mechanical properties of lignin derivatives.
Molecular modification of lignin via polymer grafting over-
comes the incompatibility of lignin with synthetic polymers.
The resulting lignin graft copolymers usually exhibit enhanced
thermal processability and recyclability compared to the
traditional lignin-based thermosetting polymer networks.21−24

Lignin graft copolymers have been prepared via both
“grafting onto” and “grafting from” approaches. In a “graft
onto” method, polymers are coupled to the hydroxyl or other

functional groups of lignin via covalent bond formation,
including diisocyanate25,26 and boron27 mediated coupling,
and azide alkyne Huisgen cycloaddition (click chemistry).28 On
the other hand, monomers can be polymerized directly from
the lignin cores via free radical polymerization,23,29,30 ring
opening polymerization22,31,32 and chemo-enzymatic polymer-
ization33,34 in a “graft from” approach. Recently, atom transfer
radical polymerization (ATRP) has shown potential as a
powerful tool to prepare functional polymeric materials with
well-defined molecular weights and architectures based on a
variety of natural polymers, including lignin.24,35−37

Postpolymerization modification, such as photo-cross-link-
ing, provides a cost-effective, convenient and robust alternative
to afford novel properties to polymeric materials.38 By
introducing photosensitive moieties into lignin derivatives,
functional materials with improved surface hardness, solvent
resistance and thermal stability, such as for coatings, hydrogels
and carbon fiber precursors, are expected upon UV irradiation.
In this research, UV cross-linkable lignin graft polystyrene

copolymers were synthesized via activator regenerated by
electron transfer (ARGET) ATRP. A UV sensitive compound,
acryloyl benzophenone (ABP), was incorporated as a
comonomer during the polymerization. The structures, thermal
and UV cross-linking properties of the resulting copolymers
were investigated. This information is expected to provide a
convenient method to make photo-cross-linkable lignin
derivatives with well-defined structures.
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■ EXPERIMENTAL SECTION
Materials. Hardwood kraft lignin (Eucalyptus sp.) was provided by

Suzano Papel e Celulose (Brazil), and was purified following the
procedure of Dong et al.39 The purified lignin has ∼0.55% of ash and
pH = 5.1. Elemental composition was as follows: carbon = 56.6%,
hydrogen = 5.8%, oxygen = 35.3%, nitrogen = 0.1% and sulfur = 2.2%.
α-Bromoisobutyryl bromide (BiBB), acryloyl chloride, 4-hydroxyben-
zophenone, trimethylamine, Cu(II)Br2, 2,2′-bipyridine (bpy),
N,N,N′,N′,N″-pentamethyldiethylenetriamine (PMDETA), ascorbic
acid and polystyrene (Mw = 230 kDa) were purchased from Sigma-
Aldrich and used as received. Styrene was purchased from Sigma-
Aldrich and purified by passing through a neutral alumina column
before use. Pyridine, dimethylformamide (DMF) and tetrahydrofuran
(THF) were purchased from Fisher Scientific and used as received. All
other chemicals and solvents were obtained from Fisher Scientific and
used as received.
Synthesis of Acryloyl Benzophenone (ABP). ABP was

synthesized following a procedure reported elsewhere.40 In general,
4-hydroxybenzophenone (12 g, 60 mmol) was added to 100 mL
diethyl ether in a round-bottomed flask. Trimethylamine (6.8 g, 116
mmol) was added to the mixture, and a yellowish solution was
obtained. Acryloyl chloride (9.1 g, 100 mmol) was added dropwise to
the mixture under nitrogen protection. The mixture was stirred at
room temperature for 5 h. 1 M HCl (100 mL) was added to the
mixture to quench the excess acryloyl chloride. The organic layer was
washed with 5% aqueous NaOH solution and water. The organic layer
was collected and diethyl ether was removed under vacuum to give
14.2 g (93.8% yield) reddish crude product. The crude product was
dissolved in hot ethanol and treated with activated charcoal. After
recrystallization from ethanol, 13.9 g (91.9% yield) of a white crystal
was obtained. 1H NMR (300 MHz, DMSO-d6): δ = 7.90−7.30 (m,
9H, aromatic), 6.65−6.35 (m, 2H, vinyl), 6.25−6.15 (d, 1H, vinyl).
m.p.: 49−50 °C.
Synthesis of Lignin Macroinitiator (lignin-Br). Lignin (2.0 g,

12.5 mmol hydroxyl content) was dissolved in 30 mL of pyridine in a
round-bottomed flask, followed by the addition of 15 mL of THF. The
solution was stirred under nitrogen for 1 h. BiBB (4.7 mL, 37.5 mmol)
was added dropwise to the mixture at 0 °C. The reaction was allowed
to stir for 24 h at room temperature, and 10 mL methanol was added
to the flask to quench any unreacted BiBB. The mixture was then
precipitated into 400 mL of an aqueous methanol (50% v/v) solution.
The precipitate was collected by centrifugation at 10000 rpm for 10
min and washed with methanol in triplicate, followed by drying under
vacuum at 50 °C overnight. The crude lignin-Br was redissolved in
THF, and reprecipitated into 250 mL of an aqueous methanol (50% v/
v) solution. 2.49 g (∼65% yield) of a brownish purified lignin-Br was
obtained after centrifugation and drying.

Synthesis of Lignin-graft-Polystyrene (lignin-g-PS) Copoly-
mers. Lignin-Br (e.g., 0.5 g, 1.62 mmol Br) and ascorbic acid (e.g.,
284 mg, 1.62 mmol) were dissolved in degassed styrene (e.g., 18.5 mL,
162 mmol) and DMF (e.g., 26.5 mL). The mixture was degassed by
flushing with nitrogen. Cu(II)Br2 (e.g., 36 mg, 0.162 mmol) and bpy
(e.g., 252.2 mg, 1.62 mmol) were added to a dry 10 mL flask and
degassed. 1 mL of degassed DMF was added to the flask, and the
mixture was further degassed by three freeze−pump−thaw cycles. The
Cu(II)/bpy complex was transferred to the reaction mixture. The
reaction flask was then immersed in a preheated oil bath (95 °C). After
the solution was stirred for 24 h, the reaction was diluted with DMF
and passed through a neutral alumina column for the removal of the
copper complex. The mixture was precipitated, filtered and washed
with methanol. The pale brown lignin-g-PS copolymers were obtained
after drying under vacuum at 50 °C overnight.

Synthesis of Lignin-graft-Poly(styrene-co-acryloyl benzo-
phenone) (lignin-g-poly(styrene-co-ABP)) Copolymers
(Scheme 1). Lignin-Br (e.g., 0.5 g, 1.62 mmol Br), ABP (e.g., 2.0 g,
8.1 mmol) and ascorbic acid (e.g., 284 mg, 1.62 mmol) were dissolved
in degassed styrene (e.g., 17.5 mL, 154 mmol) and DMF (e.g., 25.5
mL), and the mixture was degassed by flushing with nitrogen. 1 mL of
freshly made Cu(II)/bpy complex was transferred to the reaction
mixture. The reaction was stirred at 95 °C for 24 h. The lignin-g-
poly(styrene-co-ABP) copolymers were purified via a similar
procedures as lignin-g-PS copolymers.

Characterization. 1H and 31P NMR were measured using a Bruker
Avance 300 MHz spectrometer. For 1H NMR measurements, ∼5 mg
sample was weighed and dissolved in 0.5 mL of DMSO-d6 or
dichloromethane-d2.

31P NMR was used to quantitatively analyze the
aliphatic and phenolic hydroxyl group contents and was performed
following a published procedure.20 An accurately weighed amount of
lignin or lignin-Br (40 mg) was dissolved in 500 μL of an anhydrous
pyridine/CDCl3 mixture (1.6:1, v/v). Chromium(III) acetylacetonate
(50 μL) and endo-N-hydroxy-5-norbornene-2,3-dicarboximide (200
μL) were added as relaxation reagent and internal standard. 2-Chloro-
4,4,5,5-tetramethyl-1,2,3-dioxaphospholane (100 μL) was added as
phosphitylating reagent prior to NMR acquisition. 31P NMR was
acquired using 256 scans, 12 000 Hz sweep width and 5 s delay time.

Gel Permeation Chromatography (GPC). The molecular weights
of the lignin-Br and lignin graft copolymers were determined by GPC
(Shimadzu, LC-20AD) equipped with two columns (HR-1 and HR-
5E, Waters) and detectors (UV (280 nm) and refractive index). THF
was used as the mobile phase (0.7 mL·min−1) at 35 °C. The samples
were dissolved in THF with an approximate concentration of 0.5 mg·
mL−1 and then filtered through 0.25 μm microfilters. The columns
were calibrated against polystyrene standards with molecular weights
that ranged from 162−3 520 000 g·mol−1.

Differential Scanning Calorimetry (DSC). All DSC measurements
were performed on a TA Q100 instrument. All samples were dried

Scheme 1. Synthesis of lignin-Br and lignin-g-poly(styrene-co-ABP) Copolymers
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under vacuum at 60 °C overnight prior to the DSC analyses.
Approximately 7.5 mg of a sample was weighed directly into a DSC
hermetic aluminum sample pan with a pinhole pierced on the lid.
Samples were heated to 105 °C with a heating rate of 10 °C·min−1 (1st
scan), isothermally conditioned for 10 min, cooled to 40 °C at 10 °C·
min−1, and heated to 230 °C (2nd scan) at 10 °C·min−1. Glass
transition temperature (Tg) was analyzed using Universal Analysis
2000.
Thermogravimetric Analysis (TGA). All TGA measurements were

performed using a TA Q500 instrument. All samples were dried under
vacuum at 60 °C overnight prior to the TGA measurements. Samples
(approximate 10 mg) were heated to 105 °C with a heating rate of 10
°C·min−1 and maintained at this temperature for 10 min, followed by
heating to 800 °C at the same heating rate under nitrogen atmosphere.
UV Cross-Linking and Gel Fraction Testing. Films of lignin-g-PS

and lignin-g-poly(styrene-co-ABP) copolymers with a thickness of
∼100 μm were casted from their THF solutions. The films were
irradiated with a UV curing system (F300S UV lamp system, lamp
power 120 W/cm, 1800 W total, and a LC6 benchtop conveyor,
Fusion UV Systems Inc.) with indicated exposure time at 80 °C. The
UV cross-linked films were swelled in THF for 24 h. After drying
under vacuum at 50 °C overnight, the insoluble gel was weighed to
obtain the mass fraction relative to the original mass of the film.
Experiments were run in triplicate and reported values indicate
averages ± one standard deviation.

■ RESULTS AND DISCUSSIONS
31P NMR has proved to be a powerful tool for monitoring the
hydroxyl-based functional groups in lignocellulosic biomass
since the 1990s.41 In this work, 31P NMR was performed to
quantitatively characterize the hydroxyl and carboxylic group
contents in the hardwood kraft lignin and lignin-Br (Figure 1).

The kraft lignin was determined to have 1.18 mmol·g−1

aliphatic hydroxyl group, 3.70 mmol·g−1 condensed phenolic
hydroxyl group, 1.33 mmol·g−1 uncondensed phenolic hydroxyl
group and 0.38 mmol·g−1 carboxylic group. The total amount
of C5 condensed structures, including β-5, 4-O-5 and 5-5
moieties, was determined to be 74% of the total phenolic
hydroxyl group contents, which is much higher than the
reported values (38−44%) for kraft lignin elsewhere.42 In
contrast, no appreciable amount of hydroxyl groups were
observed for lignin-Br (Figure 1B), which indicated that all the
free hydroxyl groups have been masked by bromoisobutyryl
esters. Kadla et al.35 found that phenolic hydroxyl groups were
preferentially esterified when trimethylamine was used as a
nucleophile, whereas both aliphatic and phenolic hydroxyl
groups were readily esterified when pyridine was used, as seen
in this work.

Representative 1H NMR spectra for the kraft lignin, lignin-
Br, lignin-g-PS and lignin-g-poly(styrene-co-ABP) are shown in
Figure 2. ARGET ATRP utilizes nonradical forming reducing

agents (e.g., glucose and ascorbic acid) to regenerate Cu(I)
from Cu(II). Compared to traditional ATRP, ARGET ATRP
has lower loading of copper catalyst and higher tolerance of
oxygen and water.43 ARGET ATRP has shown applications in
the modification of natural polymers, such as cellulose.44 In this
work, ARGET ATRP was employed to synthesize the lignin
graft copolymers using a constant lignin-Br/CuBr2/ligand/
ascorbic acid ([I]/[Cu]/[L]/[R] = 1:0.1:1:1) in DMF. Both
PMDETA and bpy were tested as ligands in this work.
However, PMDETA led to the formation of insoluble products
even when the monomer volume fraction was lowered to 15%.
This observation was supported by the results from Washburn
et al.,28 where Cu(I)/PMDETA complex resulted in gel
formation in a few minutes when it was employed as a catalyst
for lignin graft copolymerization. The bpy exhibited better
control of the polymerization rate than PMDETA; however,
the polymerization rate was relatively slow with a monomer
conversion of ∼20% after a 24 h reaction. This observation
might be attributed to the much lower ATRP equilibrium
constant for the Cu(I)/bpy complex than the Cu(I)/PMDETA
complex (3.9 × 10−9 vs 7.5 × 10−8 in acetonitrile).45 Thus, bpy
was selected as the ligand in this work. Lignin graft copolymers
were synthesized with monomer/initiator molar ratios of 20/1
and 100/1 (containing 5% ABP for lignin-g-poly(styrene-co-
ABP) copolymers). Degrees of polymerization (DPs) of the
resulting graft copolymers were calculated from 1H NMR via
the ratios between the vinyl protons of the polymer side chains
and the methyl protons in the bromoisobutyryl ester, with the
assumption that the proton ratios between the methoxyl group
and the bromoisobutyryl ester are constant for both lignin-Br
and the graft copolymers. The calculated DPs agree with the
results estimated based on monomer conversions. The ratio
between styrene and ABP in the lignin-g-poly(styrene-co-ABP)
copolymers were calculated from 1H NMR via the ratios
between the aromatic protons of the styrene and ABP moieties.
As summarized in Table 1, samples are identified as lignin-g-
PSm and lignin-g-poly(styrenem-co-ABPn), where m and n are

Figure 1. Quantitative 31P NMR spectra of (A) hardwood kraft lignin
and (B) lignin-Br.

Figure 2. 1H NMR spectra of (A) hardwood kraft lignin, (B) lignin-Br,
(C) lignin-g-PS22 and (D) lignin-g-poly(styrene22.5-co-ABP1.5).
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the average DPs of polystyrene and polyABP in the graft
copolymers, respectively.
GPC was used to monitor the molecular weights and their

distributions of the macroinitiator and the graft copolymers.
The results are summarized in Table 1 and the representative
GPC traces are shown in Figure 3. As shown in Table 1, all the

graft copolymers exhibited higher molecular weights than
lignin-Br and the molecular weights increased as the monomer/
initiator ratio increased. Additionally, the graft copolymers
showed relatively narrower molecular weight distribution
compared to the macroinitiator, which indicated that the
polymerization proceeded in a controlled manner. As seen in
Figure 3, low-molecular-weight shoulders were observed in the
GPC traces of the graft copolymers, indicating the poor
initiation efficiency of the macroinitiator. Similar observations
were reported when the monomer conversions were too
low.46−48 As the feeding ratio between monomer and initiator
increased from 20 to 100, the shoulder diminished.
The glass transition temperatures of the hardwood kraft

lignin, lignin-Br and the lignin graft copolymers were
characterized by DSC (Figure 4). The kraft lignin showed a
broad glass transition at 160−200 °C (Figure 4A), which is
higher than many reported values for kraft lignin.49−51 This
exceptionally high Tg might be attributed to the high extent of
condensation of the kraft lignin, as implied by the 31P NMR
results. As seen from Figure 4B, lignin-Br did not exhibit
appreciable glass transition in the probed temperature range. As
a comparison, both lignin-g-PS and lignin-g-poly(styrene-co-
ABP) copolymers showed a single glass transition at ∼100 °C
(Figure 4C−F), which was similar to the homopolymer of
polystyrene (Figure 4G). The calculated heat capacity (ΔCp) at
glass transition was increased from 0.14 to 0.26 J·g−1·°C−1 for
lignin-g-PS3 and lignin-g-PS22. The relatively low Tg indicated
the improved thermoplasticity of the lignin graft copolymers
compared to the unmodified kraft lignin.

The thermal stability of the kraft lignin, lignin-Br and the
graft copolymers were monitored by TGA. The TGA curves
and the first derivative of the TGA curves (DTG) are shown in
Figure 5. Lignin showed high residue yield (43%), which was
attributed to the carbon formation during pyrolysis (Figure 4a).
Lignin-Br exhibited a significantly decreased thermal stability
with a two-stage decomposition (Figure 4b), due to the
introduction of the bromoisobutyryl ester groups. The
homopolymer of polystyrene (Mw = 230 kDa), on the other
hand, decomposed completely without any carbon residue left
(Figure 4g). The lignin graft copolymers showed a single-stage
decomposition at 280−420 °C, and the carbon yield decreased
as the weight fraction of lignin decreased in the graft
copolymers (Figure 4c−f). The weight fractions of lignin in
the macroinitiator and the graft copolymers can be estimated
based on the carbon yield values, with the assumption that the
carbon yield values for lignin and bromoisobutyryl ester/
polymer fractions in the macroinitiator/graft copolymers are
the same as those of unmodified lignin (43.5%) and
polystyrene (0%). For instance, the calculated weight fraction
values for the macroinitiator, lignin-g-poly(styrene2.75-co-
ABP0.25) and lignin-g-poly(styrene22.5-co-ABP1.5) copolymers
were 62.8%, 42.5% and 12.0%, respectively.
Benzophenone derivatives have been widely used as

photoinitiators in UV curing applications.52,53 A benzophenone
acrylate derivative, ABP, was selected as a photosensitive
comonomer in this work. The photosensitive moiety was
expected to be incorporated quantitatively and uniformly in the
copolymer chains compared to a simple blending. In a general
photo-cross-linking mechanism, benzophenone is excited to a
triple-state via a single-state by the absorption of a photon, and
the excited triple-state benzophenone abstracts aliphatic
hydrogens from neighboring polymer chains and thus generates
radicals. The radicals couple to produce a cross-linked network
or decay via side reactions.54 In this work, the UV cross-linking
properties of the lignin graft copolymers were investigated via

Table 1. Molecular Weights of lignin-Br and Lignin Graft Copolymers

[S]/[A]/[I]/[Cu]/[L]/[A]a Mn (kDa) Mw (kDa) Mw/Mn

lignin-Br N/A 1.30 5.25 4.0
lignin-g-PS3 20/0/1/0.1/1/1 5.20 11.6 2.3
lignin-g-poly(styrene2.75-co-ABP0.25) 19/1/1/0.1/1/1 6.03 13.0 2.2
lignin-g-PS22 100/0/1/0.1/1/1 9.50 36.1 3.8
lignin-g-poly(styrene22.5-co-ABP1.5) 95/5/1/0.1/1/1 11.5 39.5 3.4

a[S]/[A]/[I]/[Cu]/[L]/[A] = [styrene]/[ABP]/[initiator]/[Cu(II)]/[bpy]/[ascorbic acid].

Figure 3. GPC traces for (A) lignin-Br, (B) lignin-g-poly(styrene2.75-
co-ABP0.25) and (C) lignin-g-poly(styrene22.5-co-ABP1.5).

Figure 4. DSC curves for (A) lignin, (B) lignin-Br, (C) lignin-g-PS3,
(D) lignin-g-poly(styrene2.75-co-ABP0.25), (E) lignin-g-PS22, (F) lignin-
g-poly(styrene22.5-co-ABP1.5) and (G) polystyrene.
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monitoring the mass fraction of the gelled network formed
(Figure 6). As seen in Figure 6, lignin-g-poly(styrene-co-ABP)

copolymers generated up to ∼30% of cross-linked insoluble
polymer network, whereas the lignin-g-PS copolymers generally
produced <5%. This observation indicated that UV curable
lignin-based thermoplastic copolymers were obtained by
incorporating the photosensitive moiety, ABP, as a como-
nomer. When polystyrene is irradiated under UV light,
polystyryl radicals form via the elimination of a hydrogen
atom from the excited polystyrene chains. The polystyryl
radicals are readily attacked by oxygen in air to generate peroxyl
radicals. Radicals couple with each other to form cross-linked

networks, and chain scission also occurs simultaneously via
carbon−carbon bond β-scission or photo-oxidation. In general,
chain scission is the dominant process in air, whereas cross-
linking is predominant in vacuo.55,56 When benzophenone is
present, both cross-linking and chain scission occur more
efficiently than pure polystyrene owing to the enhanced radical
initiation with the assistance of the excited benzophenone.
Sakaguchi et al.57 reported that it was more efficient to form
cross-linking when benzophenone is covalently incorporated in
the polymer chain (e.g., poly(styrene-co-4-vinylbenzophenone)
copolymers) than simply blending with polystyrene.
McGrath and Ogale groups.58,59 prepared a poly-

(acrylonitrile-co-methyl acrylate-co-ABP) copolymer as a melt
processable and photo-cross-linkable carbon fiber precursor.
The UV-assisted cross-linking provided adequate mechanical
strength to the melt-processable precursor and thus prevented
fiber fusion in the subsequent thermal stabilization. As a
renewable natural material, lignin is potentially a precursor
material for low-cost carbon fiber production owing to its high
carbon yield.12,13 By incorporating UV cross-linkable moieties
to melt processable lignin materials, lignin fibers with improved
thermal stability are expected.

■ CONCLUSIONS

In summary, UV curable lignin graft copolymers were prepared
and characterized. Harwood kraft lignin based macroinitiator
was synthesized by bromoisobutyryl esterification of both the
aliphatic and phenolic hydroxyl groups. Lignin-g-PS and lignin-
g-poly(styrene-co-ABP) copolymers were prepared via ARGET
ATRP, and copolymers with different DPs were obtained by
controlling the feed molar ratios between monomers and the
macroinitiator. Relatively low monomer conversions were
observed from the kinetic and GPC results. The enhanced
thermoplasticity of the lignin graft copolymers was implied by
the relatively lower glass transition temperature than the
unmodified kraft lignin. The graft copolymers exhibited
improved thermal stability compared to the macroinitiator,
and the carbon yields during pyrolysis decreased as the DPs of
the graft copolymers increased. Upon UV irradiation, up to
∼30% of the lignin-g-poly(styrene-co-ABP) copolymers cross-
linked to form polymer network, whereas less than ∼5% was
observed for lignin-g-PS copolymers. These results are expected
to provide a convenient and robust alternative to prepare
lignin-based functional materials with enhanced surface hard-
ness, solvent resistance and thermal stability.
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