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Bioinspired Design Provides High-Strength Benzoxazine Structural

Adhesives

Cody J. Higginson, Katerina G. Malollari, Yunqi Xu, Andrew V. Kelleghan, Nicole G. Ricapito,

and Phillip B. Messersmith*

Abstract: A synthetic strategy to incorporate catechol func-
tional groups into benzoxazine thermoset monomers was
developed, leading to a family of bioinspired small-molecule
resins and main-chain polybenzoxazines derived from biolog-
ically available phenols. Lap-shear adhesive testing revealed
a polybenzoxazine derivative with greater than 5 times
improved shear strength on aluminum substrates compared
to a widely studied commercial benzoxazine resin. Derivative
synthesis identified the catechol moiety as an important design
feature in the adhesive performance and curing behavior of this
bioinspired thermoset. Favorable mechanical properties com-
parable to commercial resin were maintained, and glass
transition temperature and char yield under nitrogen were
improved. Blending of monomers with bioinspired main-chain
polybenzoxazine derivatives provided formulations with en-
hanced shear adhesive strengths up to 16 M Pa, while alloying
with commercial core—shell particle-toughened epoxy resins
led to shear strengths exceeding 20 MPa. These results high-
light the utility of bioinspired design and the use of biomol-
ecules in the preparation of high-performance thermoset resins
and adhesives with potential utility in transportation and
aerospace industries and applications in advanced composites
synthesis.
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Introduction

Thermoset polymers, cross-linked networks of repeating
organic units, play a vital role in the advanced materials arena
due to their high durability and favorable mechanical,
chemical, and thermal properties. Among commonly em-
ployed classes of these materials are phenolics, epoxies,
polyurethanes, polyimides, acrylics, and cyanate esters.!l In
recent years, polybenzoxazines have garnered much interest
as a promising class of thermoset resins.”! Conventionally
prepared from phenol, formaldehyde, and primary amine
precursors, 1,3-benzoxazine monomers are cured by a ther-
mally-accelerated cationic ring-opening polymerization with-
out the need for initiators or catalysts (Figure 1a).’! Ther-
mally cured polybenzoxazines possess a suite of desirable
properties, including low volatile formation and near-zero
shrinkage during curing, good thermal stability, and high
mechanical strength, making them particularly attractive
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Figure 1. Benzoxazine chemistry and catechol-derived benzoxazine
materials. A) Benzoxazine monomers are readily prepared from phe-
nols, primary amines, and formaldehyde, and undergo thermally-
accelerated ring opening polymerization to yield polybenzoxazines. The
commercial benzoxazine resin, B-a, was used as a benchmark material
in this work. B) Biologically occurring phenols were selected as starting
materials to introduce novel functionality and properties into designed
benzoxazine monomers. C) Bioinspired benzoxazines described in this
work contain deprotected catechols prior to curing and are prepared
using a silyl ether protecting group strategy.
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materials in the transportation and aerospace industries, and
for the preparation of high-performance composites.™!

One of the most attractive features of benzoxazine resins
is their rich molecular design flexibility, which enables
tailoring of the monomer functionality and the thermoset
properties for their end use. Introduction of various func-
tional groups at the amine or phenol fragment in many cases
has imbued benzoxazines with interesting and useful proper-
ties, including enhanced reactivity, reduced polymerization
temperature, additional chemical cross-linking mechanisms,
flame-retardant characteristics, modified mechanical proper-
ties, shape memory and self-healing behaviors, among oth-
ers.”] Many favorable properties of polybenzoxazines have
been attributed to complex intermolecular and intramolecu-
lar hydrogen bonding within the thermoset network.*®
However, a six-membered intramolecular hydrogen bond
between the phenol hydrogen and amine nitrogen in the
polybenzoxazine backbone may be of particular relevance to
adhesion in that it reduces the material surface energy,
weakening interfacial interactions with other materials.” Few
studies have concentrated on enhancing the adhesive perfor-
mance of polybenzoxazines, and many of these studies
emphasize formulation and alloying rather than benzoxazine
monomer design to improve adhesion.®!

An important recent trend in polymer chemistry research
is the preparation of monomers and polymers from bio-based
precursors.’! This interest is driven by both a growing demand
for sustainable materials and the rich chemical functionality
of biologically-derived molecules compared to conventional
petroleum-derived building blocks.”® Through advanced
microbial engineering, natural and bioengineered metabolic
pathways can provide access to an array of monomers and
synthetic precursors with diverse structures and properties
that are challenging to obtain through synthetic methods
alone."”! Furthermore, the development of high throughput
genomic engineering tools that integrate automation, ma-
chine learning, and molecular biology may enable cost-
effective and industrial-scale access to the molecular diversity
present in living systems.'!! This unique pool of potential
starting materials includes a range of phenolic molecules that
are just beginning to be explored as building blocks for 1,3-
benzoxazine monomers.['?)

Nature not only provides access to constituents with
useful chemical handles for materials synthesis, but also
delivers inspiration for synthetic polymers and engineering
materials with extraordinary properties and behaviors."* In
our material design, we take inspiration from marine mussels,
which have the ability to adhere strongly to a wide range of
substrates by secretion of threads terminated by adhesive
plaques (the byssus).'¥ The adhesive proteins found in the
plaques are rich in the non-canonical amino acid 3,4-
dihydroxyphenylalanine (DOPA), which bears a catechol
side-chain.™ The catechol is recognized as a versatile and
strong molecular adhesive that can be effective even in wet
environments. These mussel adhesive proteins have inspired
research on a number of synthetic adhesives for application in
dry conditions and in aqueous or biological media, wherein
the catechol plays a key role in adhesive and cohesive
interactions in the materials."®! Herein we report a family of
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bioinspired benzoxazine monomers, synthesized in part from
phenol and catechol metabolites (Figure 1b), with enhanced
adhesive performance compared to a widely studied and
commercially available benzoxazine resin, B-a (Huntsman
Advanced Materials, Figure 1a).

While mussel-inspired catechol chemistry has been high-
lighted in a wide range of synthetic materials, only one recent
report describes its application in the context of polybenzox-
azines, in which a mono-benzoxazine resin was prepared from
pyrocatechol as the phenol reactant. Thermally-accelerated
ring-opening polymerization unmasked the catechol func-
tionality to provide a thermoset polymer with improved
adhesion strength on stainless steel compared to derivatives
prepared from the corresponding 1,3- or 1,4-benzenediols.
Earlier studies reported using pyrocatechol or the 3-substi-
tuted catechol natural product urushiol to prepare benzox-
azine resins which also unveil catechols upon curing, but the
adhesive performance of these resins was unexplored.'” In
this work, phenol and catechol metabolites were transformed
into benzoxazine monomers and polymers with the intention
of preparing high-performance thermoset adhesives. In con-
trast to previous work, we set out to synthesize benzoxazine
monomers with free catechol groups (Figure 1c), reasoning
that in mussel adhesion the catechols in adhesive proteins are
unprotected during processing, secretion and solidification of
the byssal plaque. Hypothesizing that this would lead to
improved adhesive performance, a protecting group strategy
was applied to access a family of bioinspired benzoxazines 2
from the corresponding silyl ether protected derivatives 1.

Results and Discussion
Catechol-Modified Benzoxazine Synthesis

Phenols and catechols both participate in the Mannich
reaction commonly employed to prepare 1,3-benzoxazine
monomers, complicating the use of unprotected catechol-
containing precursors in the traditional monomer synthesis.
Indeed, catechol derivatives are viable starting materials for
the synthesis of monofunctional and bifunctional benzoxazine
resins.*"”) To access catechol-modified benzoxazine mono-
mers, a protecting group strategy was developed. Informed by
stability studies carried out with a model benzoxazine
monomer (C-m) prepared from para-cresol and 2-methox-
yethylamine, silyl ethers were identified among common
catechol protecting groups, such as cyclic borate, acetals,
acetate esters, and benzyl ethers, as promising candidates due
to their facile removal under mild conditions by treatment
with nucleophilic fluoride reagents (Supporting Information,
Figure S7).' The acid-sensitive nature of the benzoxazine
ring is well documented, precluding our use of acid-cleavable
protecting groups like acetonide and cyclic borate."”! Con-
sistent with previous reports, the benzoxazine ring of C-m
decomposed under catalytic hydrogenation conditions, pre-
venting the use of benzyl ethers.””! While 1,3-benzoxazines
are stable in alkaline aqueous media, the rate of autooxida-
tion of catechols increases under basic conditions if oxygen is
not rigorously excluded, which deterred our application of

Angew. Chem. Int. Ed. 2019, 58, 12271 -12279


http://www.angewandte.org

Research Articles

~—_~7 Internat
A ; 1
i . o nBUN'F- i AN
NV N TBS (2.1 eq) NV N .
Vud Cﬂ)j@/\/ TBS tetrahydrofuran /‘:oj@/\/
18 4°C, 1 hour 2a Pl
. (90°%) o RN
- g o
J L g i
] Y e Yy < s
o H H
P R A
S LVY, S | A M L | S R
ms83&88 38 & a8 8 8383 8 &8 3 g8 8 : :
NN NN S = - - & ~N NNHAE o H - < ~N iged Mgz
80 70 60 50 40 3.0 20 80 70 60 50 40 30 20 10 00
(ppm) (ppm)
* o Qe O peaecaseney
'\/ojij/\/ o HO l\o o) OH
2a (96%) 2b (92%) 2¢ (95%)
oy o QA e iq
. o A/@/\J\/@ Nk/\/©/\/ \II/\N/\r \/\©\/\)N
HO (0)
2d (759
- 2e (95%)
0. 0. O. 0. 0. 0.
YL O D0 4y AL
N N. N. N 0. N N 0.
o o ¢ T v T
~6 ~8
OH OH OH
2f (91%) 3a (66%) 3b (62%)

Figure 2. Protecting group strategy used to prepare bioinspired benzoxazine monomers. A) TBS-protected benzoxazine monomers are readily
deprotected with TBAF to provide catechol-modified benzoxazine monomers, demonstrated in the conversion of 1a to 2a. Peaks corresponding
to TBS groups disappear after deprotection (grey dashed boxes), and characteristic benzoxazine resonances are present prior to and following
deprotection in "H-NMR spectra (red arrows). B) This strategy was applied to access a family of bioinspired benzoxazines from biological
precursors; yields of the deprotection reactions are shown in parentheses. Colors correspond to the naturally occurring building blocks used to
prepare the highlighted fragment, which have the potential to be microbially sourced in the future. (red: 3,4-dihydroxybenzaldehyde; orange: 3,4-
dihydroxyphenylacetic acid; green: dopamine; blue: tyramine; violet: phloretic acid).

acetate esters.”] Incubation of C-m with stoichiometric
amounts of tetrabutylammonium fluoride (TBAF) or pyro-
catechol in tetrahydrofuran resulted in no appreciable
degradation, assessed by thin-layer chromatography (TLC),
and intact monomer was recovered after aqueous workup,
indicating that both deprotecting agent and unmasked
catechol are tolerated under the conditions tested.
Encouraged by this result, fert-butyldimethylsilyl-protect-
ed (TBS-protected) monomer 1a was synthesized incorpo-
rating 3,4-dihydroxyphenylacetic acid and tyramine (Fig-
ure 2a). Treatment of the monomer with a slight excess of
TBAF at 4°C in tetrahydrofuran furnished the catechol-
modified monomer 2a in high yield after workup. Intact
benzoxazine rings and removal of protecting groups were
confirmed by 'H-NMR spectroscopy, in which the character-
istic oxazine resonances appear as singlets at 5.33 and
4.57 ppm, and 5.29 and 4.51 ppm for 1a and 2a, respectively
(red arrows, Figure 2a). Furthermore, this product immedi-
ately produced an intense dark spot on TLC when treated
with ferric chloride stain at room temperature, a reagent
effective for the detection of 1,2-dihydroxybenzene moiet-
ies.”?! This synthetic approach was found to be generalizable
for a family of catechol-modified benzoxazine monomers 2a—
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© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

f prepared from biologically occurring phenolic precursors
(Figure 2b, see Supporting Information for experimental
details). All products were obtained from the corresponding
TBS-protected derivatives 1a—f as solids in fair to excellent
yields.

The method also extended to the synthesis of main-chain
polybenzoxazine derivatives 3a and 3b, prepared from
diphenolic acid, dopamine, and commercial Jeffamines (tele-
chelic amine-functional polypropylene oxide). Inspired by
previous efforts by Sawaryn and colleagues to improve
polybenzoxazine mechanical properties by blending with
main-chain variants, these derivatives were prepared as
potential performance-modifying additives for small-mole-
cule derivatives 2a—£.*) Notably, 3b was isolated as a tacky
and tough amorphous semi-solid, exhibiting properties com-
mon of pressure sensitive adhesives (see Supporting Infor-
mation, Figures S8-S10).%"

Lap-shear Adhesion Testing

The adhesive strengths of polybenzoxazines formed by
curing of monomers 2a-f, as well as commercial resin B-
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Figure 3. Lap shear adhesion testing of bioinspired benzoxazine thermosets on aluminum 6061. A) Preparation of lap joints by solvent casting
monomers onto aluminum adherends and drying (1), lap joint assembly (2), thermal curing in an air oven (3), and shear testing (4). B) Adhesion
testing of cured commercial monomer B-a, catechol modified monomers 2a-2f, and 1:1 molar mixtures of B-a:2e and B-a:4-methylcatechol.
Shear testing performed at a rate of 0.5% strain/minute and at least three lap joints per sample group were tested. Error bars represent standard
deviation of adhesive strength. C) Adhesion testing of cured TBS-protected 1e and methylated derivatives to probe the importance of the catechol
moiety in 2e for adhesive performance. D) Impact of adherend roughening (etched) and accelerated aging at 63 °C for 14 days on shear adhesive

strength.

a were surveyed in single-lap shear on aluminum 6061 (Al
6061) adherends according to ASTM D1002-10 (Figures 3a
and S11).”! Aluminum was selected due to its widespread use
in the transportation and aerospace industries which are
promising application areas for benzoxazine resins.”! Mono-
mers were coated onto aluminum struts using a solvent
casting method, followed by drying under vacuum. The struts
were overlapped in antiparallel fashion, clamped and cured in
an air oven to induce ring-opening polymerization (Figure 3 a,
colored boxes). The adhesive strengths were measured by
shear testing at room temperature and the failure modes were
determined by visual inspection of fractured lap joints (see
Supporting Information for details, Figures S12-S14). Com-
mercial B-a exhibited an adhesive strength of 1.5 + 0.4 MPa.
Addition of 4-methylcatechol 4 at a 1:1 stoichiometric ratio
did not significantly affect the bond strength (1.4 +0.4 MPa),
indicating that straightforward blending with small-molecule
catechols in similar molar ratios as those in our bioinspired
monomers does not enhance B-a adhesive performance
(Figure 3b). Among the catechol-modified derivatives 2a—f,
the monovalent derivatives 2a and 2b provided the lowest
adhesion strengths of 1.5+ 0.6 and 0.6 &+ 0.3 MPa, respective-

www.angewandte.org
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ly. We attribute this comparatively poor performance to low
crosslinking and consequentially weaker mechanical proper-
ties typical of monovalent benzoxazines compared to multi-
valent derivatives.”* For bis-catechol-bis-benzoxazine de-
rivatives 2¢ and 2d, a marked increase in adhesive strength
compared to B-a was achieved (4.4+0.1 MPa and 4.6 +
0.6 MPa, respectively). However, the failed lap joints for
samples 2a-2d showed evidence of voids with a mixed failure
mode, including clear areas of cohesive failure (Figure S12).
Mono-catechol-bis-benzoxazine 2e emerged as a promising
high-strength adhesive candidate, with a lap-shear strength
over five times that of B-a on degreased Al 6061. While 2e
also exhibited a mixed failure mode, the bond line was more
homogeneous than those for 2a-2d. Analog 2 f, with equiv-
alent catechol:benzoxazine stoichiometry compared to 2e,
exhibited a significantly lower adhesion strength of 2.8+
0.5 MPa, indicating that factors other than benzoxazine-to-
catechol stoichiometry, such as the monomer scaffold and
linker structures, contribute significantly to the thermoset
adhesive performance. Blending of B-a and 2e in a 1:1 molar
ratio provided an adhesion strength that was comparable to
those of 2¢ and 2d (5.2+1.1 MPa), demonstrating that

Angew. Chem. Int. Ed. 2019, 58, 1227112279
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adhesion can be tuned by addition of catechol-modified
monomers to resins that lack the catechol functionality.

To investigate the importance of the catechol fragment on
the adhesive performance of 2e, we compared the lap-shear
strength of its TBS-protected precursor 1e, measured as 7.6 =
1.0 MPa (Figure 3c). The adhesive strength, unexpectedly,
was statistically equivalent to that of 2e (p =0.51, student’s t-
test). This result may be explained by a substrate effect
leading to deprotection of silyl ethers near the aluminum
interface. Preparative alumina-mediated deprotection of silyl
ethers has been previously reported.””) Furthermore, the
ability of silyl ethers to undergo migration reactions may
unmask phenol and catechol species at the adhesive interface
during curing at high temperatures.”® Ring-opening poly-
merization of benzoxazines produces backbone phenols that
may act as potential acceptors to facilitate silyl ether
migration. Partial deprotection of catechols and silyl ether
migration in a model precursor was observed after heating on
an aluminum surface (see Supporting Information, Fig-
ure S25). Additionally, X-ray photoelectron spectroscopy
(XPS) analysis of cured 1e on the surface of failed lap joints
exhibited higher oxygen content and lower carbon content
than expected, consistent with deprotection of catechols at
the metal-benzoxazine interface (see Supporting Information,
Figure S48). To prevent the possibility of protecting group
cleavage or migration during curing, 3-methoxy (2e-Me) and
3,4-dimethoxy (2e-Me,) analogs were synthesized in which
one or both of the phenolic hydroxyls were masked as
thermally stable methyl ethers, respectively. 2e-Me was
prepared from the mono-TBS-protected 1e-Me, which was
also applied in lap shear adhesion testing. A progressive
decline in adhesive strength was observed for this series of
derivatives as catechol hydroxyls were replaced with methoxy
groups. The shear strength of 2e-Me was 1.8 times lower than
2e, while the dimethoxy derivative 2e-Me, possessed an
adhesive strength only slightly higher than that of B-a (2.2 +
0.3 MPa). This result indicates a significant contribution by
the catechol moiety to the adhesive performance of 2e,
whether through adhesive interactions with the substrate, or
by influencing thermoset crosslinking density and bulk
mechanical properties.

The impact of substrate preparation and accelerated
aqueous aging on the adhesive performance of 2e was
investigated, benchmarking against B-a. Protected benzox-
azine le was included for comparison, given its similar
performance to 2e on untreated Al 6061. Increasing adherend
surface roughness can increase adhesive strength by encour-
aging mechanical interlocking and increasing substrate sur-
face area available to interact with an applied adhesive.” The
substrate roughness was increased by a previously reported
etching protocol involving sonication in aqueous 0.1N sodium
hydroxide.”” We found that alkaline etching enhanced the
adhesive strength for all resins tested. Resin 2 e exhibited the
highest bond strength of 10.7 & 1.3 MPa (Figure 3d), although
B-a exhibited a dramatic 3.5-fold increase in adhesive
strength to 5.3+0.4 MPa. As in untreated substrates, the
adhesive strength for le was comparable to 2e (9.3+
0.4 MPa). Accelerated aging of bonded lap joints was carried
out in deionized water at 63°C for 14 days.’ The adhesive
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strengths of B-a and 2e increased by 58 % and 28 % to 8.4 +
1.8 MPa and 13.7£+0.92 MPa, respectively, while the bond
strength of le remained unchanged (9.3+ 1.4 MPa). Al-
though water uptake was not assessed, the increase in bond
strength for B-a and 2e may be due to plasticization of the
cured resins by water, which has been previously reported for
benzoxazine composites.’* The lack of change in adhesion
strength for 1e may represent a decreased water uptake and
plasticizing effect compared to that observed for B-a and 2e.
High shear strength of cured 2e and 1e was also observed on
sanded 304 stainless steel, indicating that robust adhesion can
be achieved on other metal substrates (see Supporting
Information, Figure S15).

Flexural Testing and Thermal Stability

The high adhesive strengths of 1e and 2e on aluminum
prompted our evaluation of their bulk mechanical properties,
benchmarking with those of commercially available B-a.
Rectangular samples were prepared for 3-point flexural
testing by compression molding at 205°C and 550 psi for
2 hours (Figure 4a, see Supporting Information). The prox-
imity of the melting endotherm (7,,=181°C) and curing
exotherm (7,,,,=196°C), as well as the accelerated curing
catalyzed by phenolic hydroxyl groups on the catechol moiety,
provided little window for melt processing and degassing of
2e (Figure 4b), resulting in specimens riddled with voids (see
Supporting Information, Figure $26).*] B-a and 1e in com-
parison possess wide processing windows with well-separated
melting points and curing exotherms. To allow consistent
comparisons of polybenzoxazine mechanical properties, how-
ever, compression molding was applied for all three resins.
Cured B-a provided red-orange specimens, while those
obtained from 1e and 2e were significantly darker brown in
color, indicating potential oxidation of catechol functional
groups during curing (Figure 4 ¢).** The absorbance spectrum
of a thin film of cured 2e exhibited a broad peak from 500-
780 nm, consistent with the oxidative polymerization of
catechols (Figure S29).*) This peak was absent in the
absorbance spectrum of cured B-a. Fourier transform infrared
(FTIR) spectroscopic analysis of cured samples revealed
a disappearance of characteristic peaks affiliated with the
oxazine ring at 940, 947 and 946 cm™' for B-a, 2e and 1le,
respectively, denoting effective ring-opening polymerization
(Figures S30-832).%l High-resolution XPS analysis of Cls
and Ols peaks for B-a and 2e before and after curing
corroborated this result (Figures S39 and S40). Furthermore,
the carbonyl content in thermoset 2e increased in both Cls
and Ols high resolution XPS spectra, verifying the partial
oxidation of catechol moieties to o-quinones during thermo-
set curing.

Flexural testing by 3-point bending revealed an elastic
response with minimal plastic deformation, terminated by
brittle failure (Figure 4d). The flexural modulus and strength
measured for our benchmark material, B-a, are consistent
with values previously reported in literature and provided by
the manufacturer at 4.71 +0.69 GPa and 136.4 +6.5 MPa,
respectively (Figures4e and f).*”) Thermoset 2e possesses
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Figure 4. Mechanical and thermal characterization of B-a, 2e, and 1e formulations. A) Preparation of flexural testing samples by compression
molding. B) DSC thermograms revealing curing behavior of monomers B-a, 2e and Te, AT=10°Cmin~" in nitrogen. C) Representative
appearance of flexural testing samples. Scale bars correspond to 0.5 cm. D) Representative stress-strain behavior in flexion of cured thermosets.

E) Flexural modulus of cured thermosets (N=38, 9 and 6 for B-a, 2e and 1e, respectively).
G) Thermal gravimetric analysis of cured thermosets prepared by compression molding (N,, heating rate of

6 for B-a, 2e and 1e, respectively).
10°Cmin7").

a slightly higher flexural modulus (5.52+0.80 GPa) and
similar flexural strength (141.24+11.8 MPa) compared to B-
a, indicating that the strong adhesive properties of 2e do not
come at the cost of favorable mechanical performance. Cured
1e, in contrast, exhibited substantially lower flexural modulus
and strength (3.47+0.38 GPa and 85.3 +11.0 MPa, respec-
tively). The bulky silyl ethers in this material likely disrupt
hydrogen bonding interactions that contribute to polyben-
zoxazine mechanical properties, leading to a decline in
modulus and strength relative to 2e and B-a.l®! The elastic
moduli measured by 3-point bending were in close agreement
with values determined by nanoindentation measurements
(see Supporting Information). Furthermore, the elastic mod-
uli of B-a and le cured at atmospheric pressure were
comparable to those measured for compression molded
samples, suggesting that high-pressure curing does not
dramatically influence the mechanical properties for these
resins (Figure S38). Differential scanning calorimetry (DSC)
of compression molded samples revealed broad glass tran-
sitions centered at 147, 183, and 149°C for B-a, 2e, and 1le,
respectively (Figures S33-S35). 2e cured in a temperature
ramp up to 295°C under nitrogen at 1 atmosphere presented
an increased glass transition temperature (7,) of 208°C in
subsequent heating cycles, compared to a 7, of 141°C for B-
a cured under identical conditions (Table S4). This suggests
that curing of 2e at increased temperatures or under inert
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F) Flexural strength of cured thermosets (N=38, 9 and

atmosphere can improve the high temperature performance
of this resin.

Another attractive feature of polybenzoxazine materials
is their good thermal stability, leading to their development as
flame-resistant materials.”*> The thermal stability of cured
1e and 2e were compared to B-a up to 600°C in nitrogen by
thermal gravimetric analysis of compression-molded samples
(Figure 4 g). Decomposition of polymerized 1e begins at the
lowest temperature in the series, with 10% weight loss
occurring by 295°C (Tys,) at a heating rate of 10°Cmin™".
The Ty, values for cured 2e and B-a are comparable at 322
and 328°C, respectively. However, the char yields at 600°C
were higher for both bioinspired derivatives (60 % and 54 %
for 1e and 2e, respectively) compared to B-a (37%),
indicating a lower quantity of volatiles formed during
decomposition at elevated temperatures. While 1e produces
the greatest char yield in the series, the earlier onset of
degradation is potentially prohibitive for applications of this
resin at high temperature. The thermal stabilities of cured B-
a and 2 e were also assessed in air up to 600°C (Figure S52). In
this case, 2 e begins to degrade at a lower temperature than B-
a, with 7', at 325°C and 366°C, respectively. Both resins
produce no residue upon heating up to 600°C, and exhibit
maximum rates of weight loss at 540°C for 2e and 549 °C for
B-a, interpreted as degradation of char formed by heating the
polymers up to this temperature under oxidizing condi-

tions.?%
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Enhancing Shear Strength Through Formulation

Lastly, we hypothesized that the promising adhesive
performance of 2e could be further optimized through
formulation. In all lap-shear tests for 2e we observed a mixed
failure mode, indicated by areas of adhesive failure and
cohesive failure in the fractured lap joints. We rationalized
that blends of 2e with toughening agents may have improved
adhesion strength. Main-chain polybenzoxazines bearing soft
polymer segments have previously been copolymerized with
small-molecule benzoxazine monomers to improve the frac-
ture toughness of polybenzoxazine resins.””! Taking a similar
approach, main-chain derivatives 3a and 3b were applied as
performance-modifying additives by blending with 2e at
various weight ratios and measuring adhesive strength on
etched aluminum (see Supporting Information, Figures Sa
and b). A 4:3 weight ratio of 2e:3a and 2e:3b provided the
greatest improvement in adhesive strength while maintaining
a uniform bond line, with the latter exhibiting an adhesive
strength of 16.14+1.6 MPa, a 50% improvement over 2e
alone. Increasing the loading of 3a and 3b beyond this point
produced decreased adhesive strengths. This could be caused
by dilution of 2e below a critical threshold as more
poly(propylene oxide) (PPO) is added to the formulation in
the form of the main-chain additives. Indeed, pure 3a and 3b
achieve relatively low adhesive strengths (2.5 0.3 MPa and
0.30 +0.04 MPa, respectively). Increased amounts of main-
chain additives would also be expected to influence the
mechanical properties of the cured resins as additional soft
PPO content is added.” On the other hand, when 2e and 3a
were combined in a mass ratio of less than 2:1 the adhesive
strengths were unchanged compared to 2e alone, and the
analogous compositions with 3b produced a sharp decline in
adhesive strength (Figure S20). Furthermore, lap joints pre-
pared with 2e:3a and 2e:3b blends in this regime produced
highly heterogeneous bond lines, exhibiting evidence of
macroscopic phase separation, and failure modes with areas
of adhesive and cohesive failure. This suggests that 3a and 3b
are not fully compatible with 2e in these compositions,
forming a phase-separated mixture during curing. Formula-
tions of 4:3 and 1:1 weight ratio, in contrast, provided bond
lines with improved macroscopic homogeneity for both main-
chain derivatives, indicating that 3a and 3b are compatible
with 2e at higher loadings (see Supporting Information,
Figures S21-S22). Also, these formulations exhibited pre-
dominantly adhesive failure modes indicating an improve-
ment in the cohesive properties of the cured resin, in some
cases at the cost of bond strength.

Commercial additives such as elastomers, thermoplastic
polymers, and core-shell rubber microparticles have been
previously applied as toughness modifiers for phenol-form-
aldehyde and polybenzoxazine resins.*” Furthermore, co-
polymerization of benzoxazines with epoxy thermosets pro-
vides alloys with improved mechanical strength compared to
polybenzoxazine alone.*”! We therefore explored commer-
cially available core—shell rubber toughened liquid epoxy
additives Kane Ace MX-551 and MX-154 (Kaneka) as
performance enhancers for 2e. MX-551 and MX-154 are,
respectively cycloaliphatic-based or bisphenol-A-based liquid
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A

Shear Strength (MPa)

Shear Strength (MPa)

Shear Strength (MPa)

B-a 2e B-a 2e

+MX-551 +MX-154

Figure 5. Shear strength of copolymerized blends of 2e with main-
chain polybenzoxazines and commercial tougheners. Error bars repre-
sent standard deviation in adhesive strength for 3 lap joints. A) 2e
copolymerized with 3a at various weight ratios. B) 2e copolymerized
with 3b at various weight ratios. C) Lap shear adhesive strength of
copolymerized blends of B-a and 2e with commercial core—shell
rubber-toughened epoxy additives MX-551 and MX-154 (Kaneka, Inc.);
the weight ratio of benzoxazine monomer to toughened epoxy additive
in each formulation is 20:1.

epoxy resins containing a stable dispersion of poly(styrene-
co-butadiene) rubber core microparticles with epoxy-modi-
fied shells.*!! In the copolymerization of epoxy and conven-
tional benzoxazine monomers, the pendant phenol of ring-
opened benzoxazines acts as a nucleophilic curing agent for
epoxy in the system.“"! In the case of 2e, both catechols and
ring-opened benzoxazine phenols can react with epoxy, which
we hypothesized would improve the compatibility of 2e with
MX-551 and MX-154. Lap-shear adhesion samples were
prepared by mixing 2e with MX-551 and MX-154 at a 20:1
mass ratio (see Supporting Information). In order to deter-
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mine the importance of the benzoxazine monomer on the
adhesive performance, comparative formulations were pre-
pared with B-a in place of 2e. Improved adhesive strengths
were observed for all compositions compared to either
benzoxazine alone, with formulation composed of 2e and
MX-154 achieving a bond strength of 20.5+2.8 MPa (Fig-
ure 5¢). Notably, compositions prepared with monomer 2e
presented a substantial adhesive advantage over those
prepared with B-a, indicating that the adhesive performance
is not solely due to the epoxy content of the alloys. This
demonstrates that bioinspired 2e can be formulated with
commercial toughening agents with a simple mixing protocol
to achieve structural adhesives with excellent bond strength
compared to conventional benzoxazine resins. Furthermore,
while adhesive failure was observed for alloys of B-a, a mixed
failure mode was observed for blends with 2 e, suggesting that
further improvement in bond strength may be achieved by
optimization of the adhesive bulk mechanical properties
through future formulation efforts (Figure S24).

Conclusion

In summary, we have developed a general approach to
prepare a family of novel bioinspired benzoxazine monomers
and main-chain derivatives from biological precursors, en-
abling the incorporation of deprotected catechols into
benzoxazine monomers. These materials undergo thermally
accelerated ring-opening polymerization to provide cured
thermosets, and the catechol acts as a curing accelerator.
Multivalent catechol-based bisbenzoxazines exhibited en-
hanced adhesive strength compared to a widely-employed
commercially available resin B-a. In particular, bioinspired
resin 2 e exhibits superior adhesion up to 5 times greater than
B-a on aluminum while maintaining advantageous bulk
mechanical properties, and good thermal stability, highlight-
ing this novel resin as a promising high-performance thermo-
set adhesive. The adhesive strength of 2e can be further
improved through adherend surface treatments, formulation
with main-chain benzoxazines 3a and 3b, and by blending
with commercially available toughened epoxy resins Kane
Ace MX-551 and MX-154. Lastly, the catechol moiety and
benzoxazine architectures were found to be critical to the
observed performance of the resins, demonstrating the
advantage of biological building block functionality and
structure in the design of advanced adhesives. We expect
that the versatility of our synthetic strategy will enable future
exploration of new benzoxazine monomer designs from
a structurally diverse array of phenolic biomolecules with
potential utility in a variety of demanding applications in the
transportation and aerospace industries.
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