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ABSTRACT: We report a versatile scheme for the synthesis of
renewable homopolymers and block copolymers (BCPs) via the
functionalization and subsequent controlled reversible addition−
fragmentation chain transfer (RAFT) polymerization of vanillin,
a possible lignin derivative. The vanillin-based homopolymers
exhibit glass transition temperatures (120 °C) and degradation
temperatures (≥300 °C) comparable to polystyrene, indicating
that these and similar polymers may serve as suitable alternatives
to petroleum-based materials. Additionally, by employing
controlled polymerization techniques, a vanillin-based homo-
polymer was chain-extended with lauryl methacrylate, a model fatty acid-derived monomer, to generate nanostructured BCPs. As
one example, these elastomeric copolymers can self-assemble into a body-centered cubic array of vanillin-based nanospheres in a
poly(lauryl methacrylate) matrix, which we demonstrated via small-angle X-ray scattering (SAXS) and transmission electron
microscopy (TEM) analysis. This work provides a blueprint for the controlled polymerization of phenolic lignin model
compounds and their subsequent chain extension with various biobased comonomers, enabling the de novo design and
generation of new homopolymers and BCPs with tunable properties.
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■ INTRODUCTION

Styrenic block copolymers (BCPs) are desirable for a number
of areas, including adhesives, footwear, and asphalt,1 but
polystyrene (PS) blocks are derived from toxic nonrenewable
monomers.2 Hence, there is a critical need for designing
sustainable PS-alternatives, not just for BCPs but also for
plastics, foams, adhesives, and composite resins. For polymers
to serve as suitable and sustainable PS-alternatives, they must
have the potential to meet commodity production volumes
without compromising food, water, or land supplies;3 come
from nontoxic and nonvolatile monomers;4 accommodate BCP
syntheses;5 and exhibit properties comparable to PS, for which
the most general properties relate to glass transition temper-
ature (Tg ≈ 100 °C), thermal degradation, and BCP nanoscale
self-assembly. Numerous reasons suggest lignin, nature’s most
abundant aromatic polymer, as a leading candidate for sourcing
sustainable PS-alternatives that meet the aforementioned
requirements. Lignin is a renewable industrial waste harvested
on a scale of ∼70 million tons/year from pulp and paper mills6

and can be converted into numerous aromatic chemicals.7−9 In
this regard, lignin is more sustainable than other renewable
BCP feedstocks, such as scarce tulips10,11 and mint12 or edible
corn and sugars,13 as it is neither rare nor a food source.3 The
diverse array of phenolic monomers with similar structure to
styrene, including vanillin, guaiacols, catechols, cresols, and
other phenolic lignin model compounds (LMCs) afforded by
lignin pyrolysis,7,8 supports the prospect of tunable properties

to meet specific needs simply through monomer choice.14

Herein, we establish a facile procedure for synthesizing
homopolymers and BCPs almost entirely from renewable
industrial waste with characteristics similar to styrene-
containing polymers.

■ RESULTS AND DISCUSSION
A polymerizable LMC was derived from 4-hydroxy-3-
methoxybenzaldehyde (vanillin, shown in Scheme 1), a
chemical manufactured from lignin commercially on a scale
of at least 17 000 ton/year.15 Vanillin also is beneficial for its
low toxicity suggested by its inclusion in foods and perfumes
and its low volatility relative to carcinogenic styrene. For the
BCP studies, a low-Tg comonomer possibly derived from fatty
acids was selected to imitate the soft polyisoprene (PI) or
polybutadiene (PB) blocks most commonly associated with PS.
Fatty acids also exhibit benefits regarding low toxicity, low
volatility, sustainable scale-up (∼150 million tons/year of fatty
acids including industrial waste from used cooking oil6), and
diversity in monomer structure and properties driven simply by
monomer choice.16−20 Promising applications for fatty acid-
based BCPs include actuators,21 engine oil lubricants,22

thermoplastic elastomers,5,23−25 and pressure-sensitive adhe-
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sives.5 The example comonomer in this work is lauryl
methacrylate (LM, biobased content = 75%), a potential
derivative of lauric acid.16

A methacrylate group was attached to vanillin such that it
could be polymerized in a controlled manner. Conversion of
vanillin to monomer 1 (4-methacryloyloxy-3-methoxybenzalde-
hyde or methacrylated vanillin, biobased content = 67%) was
achieved via base-catalyzed esterification of the phenolic group
with methacrylic anhydride [Scheme 1 (i)].26 This chemistry
was favored over acid-catalyzed esterification, Steglich ester-
ification, and similar methods due to its solvent-free moderate-
temperature conditions,26 but optimization is needed in terms
of reducing solvent consumption during monomer purification.
The biobased methacrylate monomers were polymerized by

reversible addition−fragmentation chain transfer (RAFT), a
reasonably green technique noted for its moderate temper-
atures and favorable atom economy, which includes minimal
solvent volumes, tolerance to unprotected functional groups,
low dispersities (Đ = Mw/Mn), and recyclable raw materials.27

Scheme 1 (ii) and (iv) depict example RAFT homopolymeriza-
tions of vanillin-based 1 and fatty acid-based LM, respectively.
2,2′-Azobisisobutyronitrile (AIBN) served as the radical
initiator, and 2-cyano-2-propyl benzodithioate served as the
chain transfer agent (CTA). As represented in Scheme 1 (iii),
the vanillin-based homopolymer 2d (Mn,SEC = 17,000 g/mol, Đ
= 1.34) served as the macro-CTA for biobased BCPs 3a
(Mn,SEC = 56,000 g/mol, Đ = 1.50, 20 vol % 2d-block, biobased
content = 73%) and 3b (Mn,SEC = 60,000 g/mol, Đ = 1.38, 17
vol % 2d-block, biobased content = 73%). E-factors for the
homopolymerizations of vanillin- and fatty acid-based meth-
acrylates were less than 400 and 100, respectively, and E-factors
for the block copolymerizations, including the homopolymeri-
zation steps, were ∼500. The E-factor estimates do not include
monomer syntheses, as the fatty acid-based monomer was
purchased. These values and the overall sustainability of the
polymerizations could be improved by optimizing synthesis
conditions, minimizing solvent consumption in the workup
procedure, implementing greener solvents (e.g., anisole in place
of 1,4-dioxane as with 2e), and recycling the solvents and
monomer. In each 1H NMR spectrum of fully purified vanillin-
based polymers 2b−e, 3a, and 3b, the ratio of the aldehyde
(Ar−CHO) to methoxy (Ar−OCH3) integrated peak areas was

1:3, indicating that the aldehyde was retained during RAFT
polymerization without protecting groups. Twenty mole
percent of the aldehyde groups in 2a (Mn,SEC = 22,000 g/
mol, Đ = 1.30) were converted to dimethyl acetal groups upon
washing with methanol. Reaction stoichiometry, methods, and
additional molecular characteristics for each polymer are
located in the Supporting Information (SI).
As expected for controlled RAFT polymerizations, the

polymers had low dispersities that decreased with monomer
conversion (Figure 1a and Figure S1, SI), and the syntheses

exhibited number-average molecular weights (Mn values) that
increased linearly with monomer conversion (Figure 1b).
Kinetic data also were obtained (Figure S2, SI) and suggest
pseudo-first-order polymerization rates. The nonzero intercept
of the linear regression for vanillin-based polymer 2d (Figure
1b, SEC) likely indicates slow or incomplete consumption of
the CTA as was the case for literature reports of cumyl
dithiobenzoate−methyl methacrylate polymerizations that gave
plots similar to Figure 1b and Figure S1 of the SI.28 In contrast,
the synthesis of fatty acid-based polymer 4b (Mn,SEC = 68,000
g/mol, Đ = 1.14) demonstrated high initiation efficiency and
consumption of the CTA, which is illustrated by the trendline
that intersects the y-axis near the origin of Figure 1b (SEC).
The small discrepancy in the Mn,SEC and Mn,calculated data from
both syntheses also may be attributed to differences in
hydrodynamic volume between the analyzed polymers and
the PS standards used to estimate Mn,SEC.
Differential scanning calorimetry (DSC) data for polymers

2a, 2d, 4b, and BCP 3b are presented in Figure 2. As illustrated
by transitions in these DSC data, the pure vanillin-based
homopolymer and block (in the copolymer) had a Tg of 120
°C, and the fatty acid-based homopolymer and block had a
melting temperature (Tm) of −33 °C. The Tg for 2a was 111
°C, 9 °C lower than 2d, presumably as a result of the free
volume added by the dimethyl acetal groups. Transition
measurements taken by Floudas et al. (Tm = −34 °C)29 for
poly(lauryl methacrylate) agree with data for 4b, including the
inability to resolve the polymer’s Tg (−65 °C20 or −48 °C29)
from its overlapping melting transition by DSC. The two
distinct transitions in the trace for 3b, which match the

Scheme 1. Synthesis of Biobased Polymers 2−4a,b

aReagents and conditions: (i) methacrylic anhydride, 4-dimethylami-
nopyridine, 55 °C;26 (ii) CTA, AIBN, 1,4-dioxane for 2a−d or anisole
for 2e, 72 °C; (iii) LM, AIBN, 1,4-dioxane for 3a or 1:3 v/v 2-
butanone/anisole for 3b, 72 °C; and (iv) CTA, AIBN, 1,4-dioxane, 72
°C. bDegrees of polymerization from SEC (n) or 1H NMR
composition (m).

Figure 1. Relationship (a) between Đ (as determined by SEC) and
monomer conversion and (b) betweenMn (as determined by SEC and
calculated as described in the SI) and monomer conversion during the
syntheses of 2d (red in all figures) and 4b (blue in all figures). Error
bars represent 95% confidence intervals in 1H NMR (vertical and
horizontal) and stoichiometric (vertical) data. Linear regressions
(dashed) guide the eye.
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transitions from the homopolymers, suggest that nanoscale
phase separation exists between blocks in the vanillin−fatty acid
BCP.
DSC data for PS (200 kg/mol, Đ ≤ 1.05) taken to compare

against polymer 2d gave a Tg of 104 °C, 16 °C lower than that
of 2d. With polymer 2a, we were able to reduce the Tg of the
vanillin-based polymer to within 7 °C of the PS’s Tg by
converting 20 mol % of the aldehydes to dimethyl acetal
groups. The similarity between the Tg values for PS, 2d, and 2a
supports the potential for implementing vanillin or other
LMCs, such as guaiacol and creosol, as functionalized or
nonfunctionalized PS-alternatives, respectively. On-demand
polymers with Tg values of approximately 100 °C eventually
may be prepared by selecting an appropriate combination of
lignin monomers or level of dimethyl acetalization. As an
example beyond dimethyl acetalization of vanillin, Stanzione et
al. performed bulk free radical polymerizations on 1 and
obtained a Tg of 98 ± 4 °C, 22 °C lower than 2d, yet bulk free
radical polymerizations of a different methacrylated LMC,
methacrylated 4-propylguaiacol, gave a Tg of 73 ± 2 °C.30

Conceivably, controlled (e.g., RAFT) polymerizations of
methacrylated 4-propylguaiacol or other LMCs would produce
polymers with Tg values even closer to 100 °C than 2d’s Tg of
120 °C without the need for dimethyl acetalization.
Thermogravimetric analysis (TGA, 10 °C/min, N2 flow) was

performed on biobased polymers 2b, 2d, 4a (Mn,SEC = 77,000
g/mol, Đ = 1.42), 4b, and 3b (data for 2b, 4b, and 3b in Figure
3) to probe whether they are thermally stable for practical
applications and processing. Additionally, PS (RAFT-PS,
polymerized by RAFT with CTA = 2-cyano-2-propyl
benzodithioate, Mn,SEC = 24,400 g/mol, Đ = 1.09) and PI
(synthesized by anionic polymerization in 40 °C cyclohexane,
74% cis-1,4; 21% trans-1,4; 5% 3,4 or 1,2; Mn,SEC = 540,000 g/
mol; Đ = 1.13) were examined by TGA (Figure S3, SI, also 10
°C/min under N2 flow) to provide meaningful comparisons
between biobased and petroleum-based polymers. In the first
derivatives of the RAFT-synthesized polymers’ mass-loss traces
(Figure 3b), there are two distinct regions of accelerated
degradation. The smaller peaks from ∼155−250 °C likely result
from thermolysis of the benzodithioate (C7H5S2) end groups.
These peaks correspond to 1−5% mass loss (0.2−2% expected
mass loss), depending on the polymer (and its molecular
weight) and end group degradation mechanism. The end group
thermolysis hypothesis is supported by detailed studies of

RAFT-polymerized methacrylates and styrene performed by
Moad and co-workers, in which comparable actual-versus-
expected mass losses over similar temperature ranges (150−270
°C) were reported.31,32 The largest peaks in Figure 3b
representing degradation of the polymers’ side groups and
backbone have maxima (peak temperatures, Tp) at 356, 344,
and 341 °C for 2d, 4b, and 3b, respectively. Extrapolated onset
degradation temperatures (To) taken at the intersection
between the starting baseline and the tangent to the point of
greatest slope in the mass-loss traces (Figure 3a) were 321 °C
for 4b and 300 °C for 2d and 3b. Comparing against the
biobased polymers, measured Tp values for PS and PI (404 and
367 °C, respectively) were 11−63 °C higher, and measured To
values for PS and PI (377 and 344 °C, respectively) were 23−
77 °C higher. Note that the measured characteristic
degradation temperatures for PS and PI in this work are 19−
33 °C lower than reports with similar, albeit nonidentical, run
conditions,33,34 so the To and Tp values reported in this work
likely underestimate each polymers’ actual thermal stability.
The measured representative degradation temperatures, To

and Tp, are well enough above each polymer’s Tg such that they
can survive typical processing temperatures of approximately
200−250 °C. Additionally, these vanillin- and fatty acid-based
methacrylate polymers are at least as thermally stable as
commercial biobased polyesters, such as polylactide (To ∼200−
280 °C35,36 depending on purity and heating rate).37 However,
high-temperature processing and usage of the vanillin-based
polymers may be limited by their 11−77 °C lower degradation
temperatures relative to similar petroleum-based polymers.
Small-angle X-ray scattering (SAXS) and transmission

electron microscopy (TEM) data for BCP 3b are presented
in Figure 4 and illustrate its body-centered cubic (bcc) spherical
morphology. Locations of the first minima and maxima for a
form factor of spheres with an average radius of 12.5 ± 0.2 nm
(dashed line in Figure 4a) match the minima and maxima in the
1-D SAXS profile. Further, the radius from the form factor is
consistent with the average radius of 13.0 ± 0.3 nm predicted
from the primary peak (q* = 0.021 Å−1) and a bcc-sphere
geometry. The Bragg peaks at q/q* = 21/2, 41/2, and 51/2

denoted by arrows in Figure 4a support the bcc assignment.
Minima in the spherical form factor, poor long-range order, and
limitations in SAXS resolution presumably prevent additional

Figure 2. Second DSC trace on heating (2 °C/min, N2 flow) for 2a
(black), 2d, 4b, and 3b (green in all figures), normalized by mass and
shifted vertically for comparison. Lines and arrows guide the eye to the
Tg values (111 °C in 2a, 120 °C in 2d and 3b) and Tm values (−33 °C
in 4b and 3b).

Figure 3. Representative TGA data (10 °C/min, N2 flow) for 2, 4, and
3. Normalized (a) sample weight percentage and (b) degradation rate
(first-derivative) vs temperature on heating.
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Bragg peaks expected for bcc spheres (q/q* = 31/2 and any n1/2,
when n is any integer greater than or equal to 6) from being
resolved. TEM micrographs of 3b (Figure 4b) also support a
spherical assignment, as the 2-D images display dark circles
(2d-block with preferential affinity for the RuO4 stain) inside a
light matrix (fatty acid-block). The spheres have an average
radius of 12 ± 1 nm, which is consistent with the SAXS data
(13.0 ± 0.3 nm).
Together, these SAXS and TEM data (Figure 4) indicate that

BCP 3b self-assembles into vanillin-based spheres on a bcc
lattice at 17 vol% 2d-block. This morphological assignment is
expected for amorphous bulk diblock copolymers of similar
composition38 and demonstrates the most common lattice
packing for linear sphere-forming BCPs.39 SAXS data for 3a
(20 vol % 2d-block) also indicate existence of nanoscale phase
separation; these data are located in Figure S4 of the SI.

■ CONCLUSIONS
Implications of these successful RAFT polymerizations and
block copolymerizations of vanillin-based monomers primarily
relate to the system’s adaptability in affording on-demand
properties to sustainable biobased homopolymers and BCPs.
Foremost, LMCs, in addition to 1, are expected to polymerize
in a similar controlled fashion via the presented scheme.
Analogous RAFT polymerizations with 2-cyano-2-propyl
benzodithioate have been applied successfully to at least 10
other methacrylate monomers; none of which were potential
lignin derivatives.40 The properties afforded by the vanillin-
based examples suggest the desirable characteristics likely
exhibited by similar LMC systems, with Tg values near and
above 100 °C and To values of at least 300 °C. Extension of the
vanillin-based polymers with lauryl methacrylate yielded BCPs
with self-assembled bcc-nanospheres. We expect to achieve
other useful morphologies characteristic of BCPs, such as
hexagonally packed cylinders and lamellae, at increasing volume
fractions of the vanillin-based block. In the future, the full range
of possible Tg values, To values, morphologies, and other
relevant properties manifested by similar systems, including

biodegradability, will be investigated as the library of lignin-
based homopolymers and BCPs is expanded.
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