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ABSTRACT: Although bio-based benzoxazines (BZs) have been
explored widely as sustainable thermosetting resins, few high-
performance BZs have been prepared completely from natural
renewable resources. In this study we synthesized a fully bio-based
multifunctional bisbenzoxazine (AP-fa-BZ) in high yield and purity
from apigenin (AP), furfurylamine (fa), and benzaldehyde by using
both solvent and solventless approaches. Fourier transform
infrared (FTIR) spectroscopy, high-resolution mass spectrometry,
and one- and two-dimensional nuclear magnetic resonance
spectroscopy confirmed the chemical structure of AP-fa-BZ. We
then used dynamic mechanical analysis, differential scanning

ily Biobased Benzoxazine

calorimetry (DSC), thermogravimetric analysis, and in situ FTIR spectroscopy to examine the thermal characteristics of AP-fa-
BZ before and after its ring-opening polymerization (ROP). DSC revealed that the temperature required for the formation of
poly(AP-fa-BZ) through ROP (236.3 °C) was significantly lower than that of a typical 4-phenyl-3,4-dihydro-2H-1,3-benzoxazine
(Pa-type) monomer due to the positive catalytic effect of the phenolic OH groups in the AP structure. After thermal polymerization
at 250 °C, the resulting poly(AP-fa-BZ) possessed a high thermal decomposition temperature (T4, = 395 °C), a high char yield (52
wt %), and a high glass transition temperature (Tg =283 °C). Contact angle measurements revealed the tunable surface properties of
AP-fa-BZ. Finally, the AP-fa-BZ resin functioned as an antibacterial agent against both Staphylococcus aureus and Escherichia coli.

B INTRODUCTION

During the past three decades, syntheses of benzoxazine (BZ)
monomers and their corresponding polybenzoxazines (PBZs)
have developed rapidly fast in both academia and industry.'
The chemical structure of a BZ monomer features a
heterocyclic ring, containing both oxygen and nitrogen
atoms, fused to a benzene ring. Its polymeric product can
form through thermal ring-opening polymerization (ROP)
without the need to add any potentially harmful catalysts
(Scheme S1).”7'® Holly and Cope prepared the first
monofunctional BZ, 3,4-dihydro-2H-1,3-benzoxazine, through
Mannich condensation.'” Although the chemical structures of
PBZs are similar to those of traditional phenolic resins, PBZs
are generally prepared by using simple and self-catalyzed
polymerization processes and display good heat resistance,
high degradation and glass transition (Tg) temperatures, near-
zero volumetric shrinkage during polymerization, excellent
flame retardancy, good mechanical properties, low dielectric
constants, water absorption properties, and variable surface
free energies.””°*" In addition, high flexibility in the
molecular design of BZ resins allows a variety of physical
and mechanical properties to be introduced into the resulting
PBZ materials.”’ ' Moreover, the properties of PBZs lead to
many potential applications in, for example, adsorbents, metal
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capture, energy storage, gas uptake, shape-memory and self-
healing polymers, anticorrosion coatings, adhesives, and
electronic materials.””~* The syntheses and characteristics of
mono-, bi-, tri-, and tetrafunctional BZs have been investigated
in detail by many research groups.1'8’10’12’13’16’20’21 In general,
monofunctionalized BZs tend to form linear polymers of
relatively lower molecular weight, while bifunctional BZs form
cross-linked macromolecules featuring more stable networks.'

Sustainable development is desired worldwide. To play its
part, emerging research fields will have to find replacements for
raw materials that are harmful to the environment and human
body. For example, some natural renewable phenolic and
amine derivatives are currently being used to synthesize BZ
monomers from bio-based materials.”'”>**° These renewable
phenolic and amine compounds include sesamol, diphenolic
acid, resveratrol, apigenin (AP), cardanol, guaiacol, coumarin,
bisguaiacol-F, urushiol, vanillin, stearylamine, chitosan, furfur-
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Figure 1. (a) Syntheses of the AP-fa-BZ monomer using both solvent and solventless methods. (b) FTIR, (c) 'H NMR, and (d) '*C NMR spectra

of AP and AP-fa-BZ, measured at room temperature.

ylamine, and amines originating from rosin and isoman-
nide.**™>* The Liu and Zhang groups have reported that BZs
originating from flavonoid precursors can provide high values
of T, due to additional cross-linking reactions occurring for the
C=C units in the daidzein structure as well as cross-linked
PBZ networks after polymerization.”*>> AP is a bioflavonoid
phenolic precursor that can be extracted from red wine, tea,
apples, grapes, and parsley.”®” PBZ thermosets derived from
AP have featured low polymerization temperatures and good
thermal and mechanical properties due to intramolecular
hydrogen bonding and additional cross-linked networks
formed from C=C bonds.’**® Furthermore, an AP-derived
BZ has been employed to prepare a porous organic polymer
(POP) for application in energy storage.'® Nevertheless,
natural renewable formaldehyde has rarely been reported as
a starting material for BZ synthesis, presumably because of the
high cost of bio-based formaldehyde. Recently, oxazine ring-
substituted fourth-generation BZ resins have been synthesized
by using bio-based benzaldehyde.”” For example, Ishida et al.
prepared a fully bio-based monofunctional BZ monomer (S-fu-
[2,4]benz) from the reaction of sesamol, furfurylamine, and
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benzaldehyde; its corresponding polymer possessed excellent
thermal properties, as determined through thermogravimetric
analysis (TGA).®" Furthermore, the Lochab and Caillol groups
discovered that BZs derived from benzaldehyde exhibited
higher thermal stability but lower polymerization temperatures
than those of monomers based on formaldehyde.®”®*

In this study we synthesized a fully bio-based multifunctional
bis-BZ (AP-fa-BZ) from the completely natural renewable
resources AP, furfurylamine (fa), and benzaldehyde. Notably,
benzaldehyde is a nontoxic compound, another salient feature
of this newly designed BZ. Furthermore, we developed both
solvent and solventless methods for the one-pot synthesis of
this BZ through Mannich condensation (Figure 1a). We used
Fourier transform infrared (FTIR) spectroscopy, high-reso-
lution mass spectrometry (HRMS), and nuclear magnetic
resonance (NMR) spectroscopy to confirm the chemical
structure of AP-fa-BZ. Furthermore, we describe herein its
thermal polymerization behavior, activation energy (E,),
thermal stability, glass transition temperature, tunable surface
properties, and antibacterial activity toward Staphylococcus
aureus and Escherichia coli.
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Figure 2. (a) '"H-'H COSY NMR and (b) 'H-"3C HSQC NMR spectral analyses of AP-fa-BZ.
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Figure 3. (a) DSC, (b) FTIR spectral, (c) TGA, and (d) second-derivative based on TGA analyses of AP-fa-BZ before and after thermal ROP at

various temperatures.

B EXPERIMENTAL SECTION

Materials. Apigenin (AP, C;sH,,0;), benzaldehyde (C;H40), and
sodium hydroxide (NaOH) were purchased from Merck. Furfuryl-
amine (CsH,NO) was purchased from Alfa Aesar. Dichloromethane
(DCM), hexane, tetrahydrofuran (THF), ethyl acetate (EA), acetone,
toluene, ethylene glycol (EG), diiodomethane (CH,1,), and methanol
(CH;OH) were purchased from J. T. Baker.

Synthesis of AP-fa-BZ through the Solvent Method. A
solution of AP (0.80 g, 1.0 mmol), furfurylamine (0.78 mL, 3.0
mmol), and benzaldehyde (1.8 mL, 6.0 mmol) in toluene (S0 mL)
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and ethanol (25 mL) was stirred under reflux at 110 °C for 6 h. After
cooling, DCM was added to precipitate a beige powder. This beige
solid was stirred in NaOH solution (1 N) at 25 °C and then the solid
was filtered off and washed with H,O until the pH reached 7. Finally,
the solid was then recrystallized from a mixture of acetone and
toluene (1:1), affording a beige solid (80%).

Synthesis of AP-fa-BZ through the Solventless Method. A
mixture of AP (0.80 g 1.0 mmol), furfurylamine (0.78 mL, 3.0
mmol), and benzaldehyde (1.8 mL, 6.0 mmol) was stirred at 110 °C
for 6 h. After cooling, DCM was added to afford a beige powder. This

https://doi.org/10.1021/acs.macromol.2c00417
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Figure 5. (a) Kinetic thermal curing behavior of AP-fa-BZ at various heating rates (through DSC measurements. (b, c) Calculations of the values of
E, of AP-fa-BZ by using the (b) Kissinger and (c) Ozawa methods. (d) Values of E, of AP-fa-BZ and other BZ materials.

beige solid was stirred in NaOH solution (1 N) at 25 °C, and then the
solid was filtered off and washed with H,O until the pH reached 7.
Then, the solid was then recrystallized from a mixture of acetone and
toluene (1:1) afforded a beige solid (83%). FTIR (cm™): 3328
(phenolic OH), 1657 (C=O0), 1601, 1552, 1380, 1316, 1255
(symmetric stretching vibrations of the Ar—O—C unit), 1165, 1071,
932 (oxazine ring-related band), 998, 871, 833, 738. 'H NMR
(DMSO-dg, ppm): 12.87, 5.83, 5.31, 3.84, 3.69. ®C NMR (DMSO-d,,
ppm): 183.58, 164.57—98.53, 86.51, 56.95, 42.49.

Preparation of Poly(AP-fa-BZ) via ROP of AP-fa-BZ. A desired

amount of AP-fa-BZ was placed in an aluminum pan in an oven, and
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then the temperature was increased from 110 to 250 °C at a heating
rate of 5 °C min™" over 2 h. A black product was obtained after curing
at 210 and 250 °C, indicating the formation of poly(AP-fa-BZ).

Preparation of AP-fa-BZ Monomer and Poly(AP-fa-BZ) for
Contact Angle Measurements. A solution of AP-fa-BZ monomer
(3 wt %) in a definite amount of THF was placed on glass and dried
in an oven at SO °C for 24 h. Contact angles (CAs) were then
measured for the uncured AP-fa-BZ and for the cured samples after
thermal treatment at various temperatures (110, 150, 180, 210, and
250 °C). Three CA measurements were averaged for each type of film
by using H,O, ethylene glycol (EG), and methylene iodide (CH,1,)
as standards.

https://doi.org/10.1021/acs.macromol.2c00417
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Figure 6. (a—c) CAs of AP-fa-BZ before and after thermal curing: (a) DI water, (b) EG, and (c) CH,CL,. (d) Surface free energies of AP-fa-BZ

after applying various curing temperatures based on CA analyses.

Preparation of AP-fa-BZ and Poly(AP-fa-BZ) for Antibacte-
rial Activity. The bacterial cultures were inoculated in brain heart
infusion (BHI) agar at 25 °C for 24 h and then diluted with cation-
adjusted Mueller—Hinton broth (CAMHB) to adjust the turbidity
approximately to the standard McFarland 0.5 (2 X 10 CFU mL™).
The bacterial suspension was then further diluted by 200 times with
CAMHB broth to achieve an initial loading of 1 X 10° CFU mL™.
Both the monomer and polymer were redissolved in DMSO. The
bacterial suspension (195 uL) and tested compound solution (S L)
at two concentrations (125 and 62.5 ug mL™") were added to each
well of a 96-well plate and incubated for 24 h at 25 °C. Finally, the
tested 96-well plate was examined by using an ELISA reader at ODgy,
to evaluate the minimum inhibitory concentrations (MICs). All data
(treated and untreated bacteria) were measured in triplicate. Samples
of the bacteria without AP-fa-BZ and Poly(AP-fa-BZ) were used as
negative controls in the tests.

B RESULTS AND DISCUSSION

Synthesis and Characterization of AP-fa-BZ Mono-
mer. Large numbers of BZ monomers and their corresponding
polymers (after thermal curing polymerization) have been
examined for the flexible and simple molecular design of BZ
resins.' In this study, we attempted the synthesis of a fully bio-

Table 1. Surface Properties Analysis of AP-fa-BZ before and
after Thermal Treatments

contact angle (deg)

DI ethylene surface free energy
AP-fa-BZ  water glycol diiodomethane (m]J/m?)
uncuring 100.1 774 46.0 21.6
110 °C 104.1 65.3 50.4 22.7
150 °C 119.3 61.8 54.5 219
180 °C 116.6 63.2 57.1 214
210 °C 25.8 60.0 76.5 S1.3
250 °C 12.0 54.3 64.6 54.5
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based bis-BZ derived from AP as the bio-based phenol source,
fa as the amine source, and benzaldehyde. Initially, we tested
DMSO as the solvent for the Mannich condensation, but this
approach produced BZ monomers in low yield and with many
unidentified impurities. In contrast, the AP-fa-BZ monomer
was obtained in high yield and with excellent purity when using
a one-pot solvent (toluene/ethanol) or solventless method for
the Mannich condensation of AP, fa, and benzaldehyde at 110
°C for 6 h. These synthetic methods for producing AP-fa-BZ
are simple and environmentally friendly, with no release of
toxic waste or polluting materials. The presence of the oxazine
ring in the AP-fa-BZ structure was confirmed by using IH, B3¢,
and 2D NMR spectroscopy, FTIR spectroscopy, and differ-
ential scanning calorimetry (DSC). The FTIR spectra of AP
and AP-fa-BZ (Figure 1b) featured absorption bands centered
at 1655 and 1501 cm™" representing their C=0 and C=C
stretching vibrations. The spectrum of AP-fa-BZ contained
absorption bands at 1255 and 1071 cm™' for the symmetric
and asymmetric stretching vibrations, respectively, of the Ar—
O—C unit in the oxazine ring. In addition, the presence of free
phenolic OH in AP-fa-BZ can be observed at 3328 cm™". The
asymmetric stretching modes of the C—N—C bond in the
oxazine ring of the BZ ring appeared at 1380 and 1165 cm™".
Moreover, the characteristic oxazine ring-related band
occurred at 932 cm™. The incorporation of the furan moiety
into AP-fa-BZ was confirmed by typical bands in the FTIR
spectrum at 1601, 1380, 833, and 745 cm™L. We compared the
'H and "*C NMR spectra of AP and the newly synthesized AP-
fa-BZ as solutions in DMSO-ds. The '"H NMR spectrum in
Figure lc reveal signals at 12.94 ppm and in the range 7.89—
6.18 ppm for the free phenolic OH groups and aromatic rings
of AP. The *C NMR spectrum of AP (Figure 1d) featured
signals centered at 182.04 ppm and in the range 165.55—93.50
ppm representing the carbonyl (C=O0) group in the pyrone
structure and the aromatic units, respectively. Figure 1c reveals

https://doi.org/10.1021/acs.macromol.2c00417
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Figure 7. Antibacterial activity of AP-fa-BZ and its corresponding polymer against (a) Escherichia coli and (b) Staphylococcus aureus determined by

using the broth microdilution method.

that the main 'H NMR spectral signals of AP-fa-BZ were
located at 12.87 and 3.69/3.84 ppm, corresponding to the
protons of the OH group and furan moiety, respectively. The
"H NMR signal for the FurCH,N unit of AP-fa-BZ appeared as
two separated peaks, consistent with the expected magnetic
nonequivalence of these geminal protons. The 'H—'H COSY
NMR spectrum of AP-fa-BZ in Figure 2a confirmed the
coupling of these protons in the FurCH,N unit. Furthermore,
signals appeared at 5.83 and 5.31 ppm for the OCHN and
ArCHN protons, respectively, in the oxazine ring of AP-fa-BZ.
The *C NMR spectrum of AP-fa-BZ (Figure 1d) confirmed
the presence of C=0 (183.58 ppm), OCHN (86.51 ppm),
ArCHN (56.95 ppm), and furan (42.49 ppm) units in the AP-
fa-BZ structure. The "H—"*C HSQC NMR spectrum of AP-fa-
BZ in Figure 2b revealed that both of the geminal protons in
the FurCH,N unit were correlated to carbon atom (c), with
the proton of the OCHN unit (a) directly correlated to the
carbon atom (a) and the proton of the ArCHN unit (b)
correlated to the carbon atom (a) in the oxazine ring. Thus,
the spectra in Figure 1 allowed identification of all of the
signals of the protons and carbon nuclei of AP and AP-fa-BZ.
HRMS confirmed the successful synthesis of AP-fa-BZ, and its
purity (Figure S1). A peak appeared at m/z 817.29, equal to
the theoretical molecular weight of AP-fa-BZ (Cs;H,N,0).
Furthermore, the 'H NMR spectrum of the AP-fa-BZ
monomer recorded after being stored for more than 5 months
(Figure S2) featured all of the expected signals, confirming that
our new BZ monomer possessed excellent stability.

Thermal Behavior of AP-fa-BZ Monomer. We em-
ployed DSC, in situ FTIR spectroscopy, and TGA to
investigate the thermal ROP behavior of AP-fa-BZ (Figure
3). The DSC thermogram of the uncured AP-fa-BZ in Figure
3a revealed two visible thermal events: a sharp endothermic
peak and a maximum exothermic curing peak. The first thermal
event, at the lower temperature of 230 °C, represents the
melting temperature of the AP-fa-BZ crystal. The high melting
point of the AP-fa-BZ monomer due to high content of
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aromatic rings and rigidity in a single molecule. The second
event, at 236 °C, can be attributed mainly to opening of the
oxazine ring in AP-fa-BZ and the formation of its polymeric
product, poly(AP-fa-BZ), at this higher temperature. Notably,
the sharp and symmetric melting peak of AP-fa-BZ confirms its
high purity; as a result, we infer that any effect of impurities on
the induced temperature for ROP of AP-fa-BZ was negligible.
Because the onset of the curing peak of AP-fa-BZ overlapped
with its melting point, the polymerization of AP-fa-BZ must
have occurred immediately upon the melting of AP-fa-BZ.
Furthermore, after thermal treatment of AP-fa-BZ at 110 °C,
both the maximum exothermic and melting point peaks shifted
to lower temperatures (233 and 226 °C, respectively). This
behavior indicated that the crystal form of AP-fa-BZ had
changed after thermal treatment, with the structural trans-
formation also affecting its ROP process. In addition, after
thermal treatment at 150 and 180 °C, the sharp endothermic
peaks shifted to temperatures of 216 and 214 °C, respectively,
and the exothermic peaks to 222 and 221 °C, respectively. The
continued decreases in the melting and curing temperatures of
AP-fa-BZ at these two temperatures are indicative of a
remaining thermal latent catalytic effect. When the temper-
ature of thermal treatment increased to 210 and 250 °C,
however, the exothermic peak and the peak for the melting
point disappeared completely. To monitor the structural
transformations of AP-fa-BZ and its corresponding polymers
at these various thermal curing temperatures, we performed in
situ FTIR spectral measurements (Figure 3b). When we
increased the thermal curing temperature from 110 to 180 °C,
the characteristic absorption signals of AP-fa-BZ at 1656 cm™"
(C=O0 groups in the AP structure), 1255 cm™' (C—O-C
symmetric stretching), 1560 cm™' (C=C in-plane-stretching),
and 932 cm™' (oxazine ring) were still present but with
decreasing intensities. The characteristic bands of AP-fa-BZ
were absent after thermal curing at 210 and 250 °C, suggesting
that the oxazine ring in the BZ moiety had undergone ROP to
form a cross-linked and more thermally stable poly(AP-fa-BZ).
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Figure 4 provides a suggested mechanism for the trans-
formation of AP-fa-BZ during the ROP process, according to
the DSC and FTIR spectral data. The latent catalytic features
of AP-fa-BZ presumably arose from a stable intramolecular
hydrogen bonding system, with these noncovalent interactions
acting as a protecting group under ambient conditions. To
prove this concept, we performed a "H NMR spectral analysis
of AP-fa-BZ in CDCl; (Figure S3). Initially, the signal of the
phenolic OH group was a sharp singlet with acceptable
integration value, suggesting that the catalytic and activating
effect of the OH group was subdued through stable
intramolecular hydrogen bonding with C=0O groups. When
the temperature increased to reach the melting point of AP-fa-
BZ, the intramolecular hydrogen bonding became sufficiently
weak to allow the phenolic OH group to interact with the
oxazine ring. At 210 °C, partial polymerization of AP-fa-BZ
occurred to form poly(AP-fa-BZ)-1 through ROP of the
oxazine ring and additional C=C polymerization of the
benzopyrone ring. Finally, poly(AP-fa-BZ)-1 underwent
further additional cross-linking polymerization of the furan
moieties at a higher temperature of 260 °C, affording poly(AP-
fa-BZ)-2 as a highly cross-linked network.

We recorded TGA profiles to investigate the thermal
stability (in terms of the temperature for 10 wt %
decomposition (Ty,,) and char yield) of AP-fa-BZ before
and after its thermal curing polymerization at various
temperatures (Figure 3c and Table S1). The value of Ty,
and the char yield of the uncured BZ monomer were 297 °C
and 43 wt %, respectively. Interestingly, after thermal treatment
at 110 °C, the thermal stability of newly obtained bio-based BZ
monomer (287 °C and 41 wt %) had decreased dramatically
relative to that of the uncured sample, consistent with the loss
in the crystallinity of AP-fa-BZ observed by using DSC (Figure
3a). After curing at 150 and 180 °C, the values of Ty,
increased to 302 and 312 °C, respectively. As expected,
thermal treatment at 210 and 250 °C caused both the
degradation temperature and char yield to increase (to 359
°C/40 wt % and 400 °C/52 wt %, respectively) because the
presence of the furan moieties and more aromatic carbon
atoms from the AP unit,” as well as the complete ROP of the
BZ monomer, resulted in the formation of a more stable
structure that displayed improved thermal stability. Based on
the Van Krevelan and Hoftyzer equation,””®" the limiting
oxygen indices (LOI) of AP-fa-BZ and its polymers obtained
after curing at 210 and 250 °C were 34.7%, 37.1%, and 38.3%,
respectively; these values are above the threshold of 26%,
suggesting that our new materials could be considered as self-
extinguishable and antiflammable. In addition, as revealed in
Figures 3c and 3d, the curing peak of AP-fa-BZ near 230 °C
was completely absent after thermal curing polymerization at
210 and 250 °C, consistent with the FTIR spectral and DSC
data. We used dynamic mechanical analysis (DMA) to
measure the values of T, of poly(AP-fa-BZ) (Figure S4). We
observed a high value of T, with a shoulder peak, at 283 °C,
arising from the combination of two different cross-linking
densities that originated from the polymerization of the BZ
and furan units at elevated temperatures.

We also investigated the activation energy (E,) of AP-fa-BZ
through DSC measurements performed at heating rates of S,
10, 15, and 20 °C min~" (Figure 5a). We calculated the values
of E, using the well-established Kissinger and Ozawa
methods,®*®> applying the following equations:
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Kissinger equation

In| 2| = In| == [ - ==
T E, | RI,

E
* + C modified Ozawa equation
R, (2)

where f is the heating rate, A is the pre-exponential factor, T,
is the temperature at the exothermic peak maximum, R is the
gas constant, and C is a constant. When the heating rate was 20
°C min~’, the polymerization temperature of AP-fa-BZ was
236 °C; at 15, 10, and 5 °C min~!, the polymerization
temperatures of AP-fa-BZ were 230, 225, and 218 °C,
respectively (Figure Sa), thereby providing values of E, of
AP-fa-BZ of 137.67 k] mol™" through the Kissinger theory
(Figure 5b) and 145.98 kJ mol™' through the Ozawa method
(Figure Sc). Notably, previously reported values of E, for the
ortho-BZ monomer were 247 and 250 k] mol™' when
calculated by using the Kissinger and Ozawa methods,
respectively. This kinetic analysis confirmed that when
compared with the traditional BZ structure, our newly
designed bio-based AP-fa-BZ could more readily undergo
ROP, without consuming too much energy, because of the
latent catalytic group present in its BZ structure. In addition,
the values of E, for AP-fa-BZ were also lower than those of the
previouslz reported BZ monomers TPEP-BZ,'® Gl-a,°° TPE-
BZ-Br,,'” and TPE-BZ’' as well as that of API-fa’’
Furthermore, we found that thermal curing at 110 °C resulted
in values of E, for AP-fa-BZ of 34.18 kJ mol™' when applying
Kissinger theory (Figure SS) and 38.14 kJ] mol™' when
applying the Ozawa method, possibly as a result of the partially
polymerized structure.

Surface Properties of AP-fa-BZ Determined through
CA Analyses. We used CA measurements to study the surface
properties of AP-fa-BZ before and after ROP (Figure 6). The
degree of hydrogen bonding and the number of coordination
sites of the PBZ precursor had a great effect on surface free
energy (y,). We used H,O, EG, and CH,l, to examine the
values of y, of AP-fa-BZ and its resulting polymer films
obtained after curing polymerizations at temperatures from
110 to 250 °C. Figure 6a reveals that tFigure 6he CAs of DI
water on the films of uncured AP-fa-BZ (25 °C), and those
cured at 110, 150, 180, 210, and 250 °C were 100.1, 104.1,
119.3, 116.6, 25.8, and 12°, respectively; for EG (Figure 6b),
these values were 77.4, 65.3, 61.8, 63.2, 60.0, and 54.3°
respectively; and for CH,1, (Figure 6¢), they were 46.0, 50.4,
54.5, §7.1, 76.5, and 64.6°, respectively. The trends in these
CAs of AP-fa-BZ are very different from those previously
reported for PBZs.>' We used the Owens, Wendt, Rabel, and
Kaelble (OWRK) methods to evaluate the surface free energies
of these AP-fa-BZ films (Table 1).°”°° The values of y, of the
uncured AP-fa-BZ and the sample cured at 180 °C were similar
(21.6 and 21.4 m] m?, respectively); the surface free energy of
poly(AP-fa-BZ) increased, however, after thermal curing at 210
°C (51.3 mJ m™2) and 250 °C (54.5 mJ m~2) (Figure 6d). In a
previous study, we found that typical BA-a- and BA-m-type
BZs (Scheme S1b) possessed surface free energies of 19.2 and
16.4 m] m™? respectively, after thermal curing at 210 °C
because of strong intramolecular OH**N hydrogen bonding
and a lower fraction of OH**O intermolecular hydrogen
bonding.” In this study was synthesized the AP-fa-BZ
monomer from benzaldehyde (and not from formaldehyde,
as is typical), and it did not form strong intramolecular OH*N

(1)

Inp = —1.052
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hydrogen bonds; thus, it featured only OH***O intermolecular
hydrogen bonding after thermal curing, as displayed in Figure
4. As a result, the poly(AP-fa-BZ) also exhibited only OH-+O
intermolecular hydrogen bonding, thereby inducing a relatively
high surface free energies. Our analysis of surface free energies
confirmed the unusual chemical structures of poly(AP-fa-BZ)
after thermal polymerization.

Antibacterial Activity of AP-fa-BZ and Poly(AP-fa-BZ).
We performed antibacterial assays according to previous
reports, with a few modifications.””" We determined the
antibacterial activity of both the monomer and polymer against
Gram-negative Escherichia coli and Gram-positive Staph-
ylococcus aureus using the broth microdilution method. The
antibacterial tests revealed that the AP-fa-BZ monomer
possessed inhibitory activity toward both tested bacteria. In
contrast, poly(AP-fa-BZ) displayed no inhibitory activity
(Figure 7). To confirm the results of the microtiter broth
antibacterial tests, we also evaluated AP-fa-BZ (monomer) and
poly(AP-fa-BZ) for their antibacterial inhibitory potentials by
using the paper disc method (Figures S6 and S7). Here, we
used the zone of inhibition to distinguish the antibacterial
performance. The results clearly manifested that AP-fa-BZ
displayed good inhibitory activity toward both Gram-positive
and Gram-negative bacteria, with poly(AP-fa-BZ) displaying
no inhibitory activity. We suspect that the loss of antibacterial
activity for poly(AP-fa-BZ) was due to degradation of some of
the functional groups of AP-fa-BZ upon curing at elevated
temperature.

B CONCLUSION

We have used Mannich reactions to synthesize a multifunc-
tional bis-BZ monomer (AP-fa-BZ) completely from natural
and nontoxic renewable resources (AP, fa, and benzaldehyde).
FTIR spectroscopy, HRMS, and 1D and 2D NMR spectros-
copy confirmed the molecular structure of AP-fa-BZ. The
formation of poly(AP-fa-BZ) required a lower temperature (ca.
236 °C) than that of the Pa-type BZ monomer (up to 260 °C),
even though its precursor (AP-fa-BZ) exhibited excellent
stability (long shelf life). Furthermore, poly(AP-fa-BZ)
displayed high thermal stability (T4, = 395 °C), a high char
yield (52 wt %), a high glass transition temperature (283 °C),
and a high surface free energy (54.5 mJ m™?) after thermal
polymerization at 250 °C. In addition, our new BZ resin could
be used directly, without polymerization, as an antibacterial
agent displaying excellent thermal stability.
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