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Cross-linked polymer networks are ubiquitous in everyday life. However,
the predominant method for producing these materials has been histor-
ically centered around petroleum-based resources. As we are faced with
the challenge of climate change along with a plastic accumulation
Exploration of natural sources for polymer synthesis is critical. We

report the use of a lichen secondary metabolite, (+)-usnic acid, as

a precursor for polymer network formation. The networks are

synthesized via the use of visible light thiol–ene photo click chemistry,

proceed under high conversions and possess glass transition

temperatures above room temperature.

problem, we are prompted to investigate naturally occurring sources for
polymer synthesis. As such, we probe the use of lichens as a natural source
for polymer network synthesis. Specically, (+)-usnic acid, a common and
easily extractable secondary metabolite of many lichen species, has been
modied into a monomer through a simple one step esterication process
and subsequently polymerized into a cross-linked polymer network. The
work aligns with the UN sustainable development goals: industry, inno-
vation, and infrastructure (SDG9), and responsible consumption and
production (SDG12).
The current production of polymeric materials relies predomi-
nantly on petroleum-based chemistry. As we grapple with
climate change, and a global-scale plastics accumulation crisis,
there is a growing need to shi towards utilizing naturally-
sourced polymers and polymer precursors. The synthesis of
these materials requires use of naturally occurring building
blocks that can be employed as is or transformed into mono-
mers. As such, researchers have investigated synthesizing
polymers derived from various bio-based systems such as
plant,1–3 vegetal,4,5 and fungal sources.6 Notably, the synthesis of
polymers from poly(hydroxyalkanote),7 cellulose,8 lignin,9–13

terpenes or terpenoids,14–17 and vegetable oils18–21 has gained
traction over the past decade. The continual exploration of
natural sources for the synthesis of diverse multifunctional
monomers, polymer precursors, and macromolecular struc-
tures promotes the development of sustainable chemistry and
green materials.

Lichens are stable symbiotic associations between a fungus
and a photosynthesizing partner such as an algae or cyano-
bacteria, though additional yeasts22,23 and bacteria24 have also
been identied as possible core symbiotic partners.25 Sensitive
to pollution, lichens are found in habitats across the planet and
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are colonizers of different substrates such as rocks, trees, and
plant leaves.26 One interesting aspect of lichen biology is their
ability to produce secondary metabolites.27 Secondary metabo-
lites are compounds not directly involved in the primary
metabolism of an organism but instead are chemical defences
which help that organism survive in their environment by
limiting predation, reducing damage by ultraviolet light, and
providing antimicrobial protection.28,29 There are hundreds of
secondary metabolites which have been extracted and charac-
terized from lichens, and most of these compounds are only
known from these symbiotic assemblages.30 (+)-Usnic acid (UA)
(Fig. 1a) – a dibenzofuran – is one of the most studied lichen
secondary metabolites31 and has potential industrial use in the
development of sunscreens,32–35 antibiotics36–39 and
chemotherapies.40–42 To our knowledge, lichen secondary
metabolites have yet to be utilized as a source for the synthesis
of polymers. In this paper, we investigate the use of lichen
secondary metabolites, specically UA, as a naturally sourced
precursor for polymerization. Though UA has been widely
studied and synthetic derivatives are available for
experimentation,43–45 little work has been performed investi-
gating its use as a building block for polymeric biomaterials.
Several examples exist in the literature in which UA is physically
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) General synthetic procedure for the usnic acid difunctional
alkenes used in this study. (b) Structures of the different monomers
and photoinitiator used. (c) General polymerization approach depict-
ing an A4 + B2 step growth approach where a tetrafunctional thiol is
reacted with a difunctional alkene. Here the tetrafunctional thiol is
PETMP and the difunctional ene is the usnic acid derivatives (UA-1 and
UA-2).

Fig. 2 1H NMR spectrum of usnic acid showing the phenolic hydroxyl
hydrogens at 11.04 and 13.33 ppm (top, blue) and their respective
disappearance in UA-1 (bottom, red).
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incorporated into polymers mostly in polymer-drug conjugate
applications.46–49 Here, we demonstrate the functionalization
and subsequent polymerization of UA into a cross-linked
network through photoinduced thiol–ene ‘click’ chemistry.

In order to enable the polymerization of UA, we sought to
synthesize multifunctional alkene derivatives of UA. Inspired by
the synthetic approach of Erba et al.,50 difunctional alkene UA
derivatives were synthesized through an esterication process
achieved by reacting the two phenolic hydroxyl groups with
excess 4-pentenoyl chloride or 10-undecenoyl chloride in the
presence of pyridine in chloroform (Fig. 1a). The reactions were
performed under ambient conditions and allowed to react for
24–48 hours yielding the difunctional alkenes (UA-1 and UA-2,
Fig. 1b). The disappearance of the phenolic hydroxyl hydrogens
before and aer the reaction is conrmed via 1H NMR (Fig. 2).
The enolic hydroxyl group does not seem to react under these
experimental conditions which is supported by literature
precedent when reacting UA with aliphatic acyl chlorides.50 One
explanation of this phenomenonmay be due to tautomerization
which could make the enolic hydroxyl less reactive when
compared to the phenolic hydroxyl groups. The chemical
structures of UA-1 and UA-2 were further conrmed by 1H NMR,
© 2024 The Author(s). Published by the Royal Society of Chemistry
13C NMR, and mass spectrometry. For detailed spectra and
synthetic details, see ESI.†

Over the past several years, there has been a growing interest in
utilizing ‘click’ chemistry as a technique to synthesize polymers
from renewable sources.51–54 ‘Click’ reactions are a subset of
organic chemical reactions that are selective, high yielding, rapid
and able to proceed under simple conditions.55–57 These types of
reactions have been used as a method to synthesize cross-linked
and other polymer architectures.58,59 Thiol–ene ‘click’ chemistry
entails the reaction between an alkene group and a thiol moiety
which occurs through sulphur–hydrogen bond cleavage,
promoted through heat or light produced nucleophilic radi-
cals.56,60 To test the ability of UA-1 and UA-2 to polymerize, an
equimolar amount of ene to thiol functional groups from either
monomer was added to Pentaerythritol tetrakis(3-
mercaptopropionate) (PETMP, Fig. 1b), a commercially available
tetrafunctional thiol that is commonly used in thiol–ene poly-
merizations. The thiol–ene polymerization through an A4 + B2
step-growth approach is illustrated in Fig. 1c. We attempted to
photo-induce the polymerization of our monomers to afford
spatial and temporal control over this reaction. To realize this
goal, we measured the UV-vis absorption of our synthesized
monomers, UA-1 and UA-2, between 250 and 850 nm as shown in
Fig. 3. These monomers showed strong absorbance in the UV
range and violet visible range (up to ∼400 nm).

Accordingly, we hypothesized that common thiol–ene pho-
toinitiators such as 2,2-dimethoxy-2-phenylacetophenone
(DMPA) or bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide
(BPO), norrish type I photoinitiators, would be unable to fully
initiate the polymerization due to overlap in absorbance wave-
length between the monomers and the photoinitiators. Indeed,
when these photointiators were added to the reaction mixture
in amounts ranging from 1 to 10 weight percent (wt%) with UV-
light (365 nm) for DMPA or 405 nm visible light for BPO irra-
diated onto the sample for over two hours, the polymerization
was either unsuccessful or incomplete when tested by the
inverted vial method. In other words, when the vial which
contained the monomers and photoinitiator was inverted aer
RSC Sustainability, 2024, 2, 928–932 | 929
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Fig. 3 (a) UV-vis absorbance of a 50 mg mL−1 of UA-1 and UA-2 in
chloroform showing absorbance in the UV and near UV regions
(between 250 and 410 nm). (b) PETMP and UA-1 or UA-2 are sand-
wiched between glass slides in the presence of Eosin Y. Green light is
irradiated and a yellow polymer network is formed after one to two
hours.

Fig. 4 Representative differential scattering calorimetry (DSC) plots
with exotherm down depicting the heat flow of the polymer networks
with the controlDAP-Net (top, black line),UA-2-Net (middle, blue line)
and UA-1-Net (bottom, red line).

Table 1 Mechanical properties of the usnic acid based polymer
networks

UA-1-Net UA-2-Net

Tg (°C)
a 34 � 1 31 � 4

Td10% (°C) 287 338
Td50% (°C) 406 423
E0 (MPa)b 6.5 � 0.8 7.3 � 0.4
Gel fraction (%)a 90 � 3 88 � 5

a Error is standard error of themean from triplicates. b Error is standard
error of the mean from duplicates.
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two hours of irradiation, ow was still observed which indicates
incomplete polymerization. Eosin Y (Fig. 1b) was then tested as
a suitable photoinitiator due to its absorbance at higher wave-
lengths between 500 and 600 nm which is not in the range of
absorbance of the UA-1 and UA-2 monomers and has demon-
strated success in initiating thiol–ene reactions.61,62 When
3 wt% of Eosin Y was dissolved in either UA-1 or UA-2 and
PETMP in the presence of 10 wt% of methanol, polymer
networks were formed aer 535 nm light irradiation for one to
two hours as depicted in Fig. 3b.

We sought to characterize the thermomechanical properties
of the synthesized networks. Rectangular samples were
prepared by sandwiching the monomer mixture in between
glass slides and subsequent 535 nm irradiation as illustrated in
Fig. 3b. Once formed, the polymer networks (UA-1-Net and UA-
2-Net) were further dried in the oven at 120 °C for post-curing
for an additional two hours to remove the methanol and react
any residual functional groups. The resulting polymer samples
were rigid and glassy to the touch.

Differential Scanning Calorimetry (DSC) conrmed that both
samples had a glass transition temperature (Tg) above room
temperature (Fig. 4, and Table 1). This temperature signies
a transition of the cross-linked polymer from a glassy state to
a rubbery state. The Tg of UA-1-Net was within the standard
error to that of UA-2-Net (34 ± 1 vs. 31 ± 4 °C), indicating that
930 | RSC Sustainability, 2024, 2, 928–932
the main contributor to the glass transition temperature was
the rigid dibenzofuran structure rather than the length of the
alkenyl chain. Indeed, when compared with 1,2-diallyl phtha-
late (DAP), a difunctional ene monomer with a phenyl ring in its
core, and under identical polymerization conditions, the Tg
decreased to 5 °C (Fig. 4). These results taken together indicate
that the rigid structure of dibenzofuran in UA can be utilized to
increase the Tg of thiol–ene cross-linked polymer networks.

Monomer conversion was investigated through gel fraction
studies. The gel fraction of the polymer samples was calculated
through swelling experiments where 30 to 40 mg of the network
was swollen in toluene over 24 hours, followed by drying the
sample in an oven at 140 °C for an additional 24 hours and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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reweighing the sample (see ESI† for more details). UA-1-Net and
UA-2-Net had gel fractions that ranged between 83 and 93%
indicating high monomer conversion of these networks (Table
1). These gel fractions were similar to networks formed from
DAP as a cross-linker under identical conditions where the gel
fraction was ∼85%. These results indicate that the UA synthe-
sized monomers reach high conversions when polymerized
with PETMP when compared to a similar difunctional alkene.
The disappearance of the PETMP thiol peak at 2570 cm−1 before
and aer irradiation is conrmed via FTIR spectroscopy, sup-
porting the conversion of the thiol groups when reacted with the
UA-1 and UA-2 alkene groups (see ESI†).

In order to determine potential processability and applica-
bility of these polymers, thermal degradation studies were
performed by using thermogravimetric analysis (TGA). Ther-
mogravimetric studies of samples ranging between 10 and
20 mg of UA-1-Net and UA-2-Net in an N2 environment were
conducted. Both thermosets presented 50% weight loss
temperatures (Td50%) at high temperatures above 405 °C. The
thermal stability of these materials was furthermore assessed by
Td10% which represented 10% weight loss. Both samples
showed high thermal stability with Td values above 280 °C.
Specic TGA values are found in Table 1 and ESI.† The thermal
results are comparable to other biobased thiol–ene polymer
networks.63,64

Finally, the rubbery plateaumodulus (E0) of the networks was
measured using dynamic mechanical analysis at a temperature
of 100 °C. Both UA-1 and UA-2 had a rubbery modulus between
6 and 8 MPa (Table 1). These values are consistent with other
thiol–ene networks synthesized from PETMP and a difunctional
alkene.63

In conclusion, we have shown that lichen secondary
metabolites can be utilized as a naturally occurring source of
polymer synthesis. Specically, we have demonstrated that
usnic acid, a common and commercially available secondary
metabolite of many lichen species, can be chemically modied
and utilized as a monomer in a thiol–ene polymerization reac-
tion. Moreover, due to usnic acid's broad antimicrobial capa-
bilities and its UV-absorption, we see this work as a stepping
stone for utilizing usnic acid in targeted applications in bio-
based synthesis of antimicrobial and UV-protective polymers.
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