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In this study, we synthesized TPE-BZ, a new tetraphenylethylene (TPE)-functionalized benzoxazine (BZ)
monomer (1,1,2,2-tetrakis(3-phenyl-3,4-dihydro-2H-benzo[e] [1,3]oxazin-6-yl)ethane), through reduction of
the Schiff base formed from TPE-40H-CHO (1,1,2,2-tetra(3-formyl-4-hydroxyphenyl)ethylene) and aniline and
subsequent reaction with paraformaldehyde. Fourier transform infrared (FTIR) spectroscopy, nuclear magnetic
resonance spectroscopy, and mass spectrometry confirmed the structure of the TPE-BZ monomer. We used dif-
ferential scanning calorimetry (DSC), FTIR spectroscopy, and thermogravimetric analysis (TGA) to investigate
the thermal ring opening polymerization (ROP) and thermal stability of the TPE-BZ monomer after thermal
treatment at various temperatures (from room temperature to 250 °C). The TGA profiles revealed that thermal
treatment at 250 °C under a N5 atmosphere gave a poly(TPE-BZ) that possessed excellent thermal stability and a
high char yield (435 °C, 64.3 wt%). Furthermore, water contact angle measurements of the poly(TPE-BZ) ob-
tained at 210 °C for 2 h indicated a relatively low surface free energy (18.6 mJ m~2), presumably because of
strong intramolecular hydrogen bonding between the phenolic OH groups and the N-Mannich bridge in the
polybenzoxazine matrix. We also employed DSC, FTIR spectroscopy, and TGA to examine the specific in-
teractions in TPE-BZ/Cu(acac), complexes. DSC analysis revealed that blending the TPE-BZ monomer with
various weight ratios of Cu(acac), lowered the thermal curing temperature of TPE-BZ from 250 to 239 °C,
accompanied by a lower curing temperature at 189 °C. Using the Kissinger method, the activation energy of the
TPE-BZ/Cu(acac), complex (127 kJ mol’l) was lower than that of the TPE-BZ monomer (141 kJ mol’l), sug-
gesting that Cu(acac); functioned as a catalyst that initiated ROP of the oxazine units, while providing a product
that retained high thermal stability.

1. Introduction prepared through one-pot Mannich condensation of (para)formalde-
hyde, a phenol and an aromatic or primary amine [7-14]. Much liter-
ature describes methods for modifying the properties of PBZs and the

development of new monomers for further application. The polymeri-

Polybenzoxazines (PBZs) are thermosetting resins that have attrac-
ted much attention from both industrial and academic fields because of

their unique properties when compared with traditional thermosetting
resins—for example, low water absorption, excellent electrical proper-
ties, high flexibility in molecular design, high thermal stability, and low
surface energy (indeed, lower than that of polytetrafluoroethylene) [1,
2]. PBZs have been employed in many applications, including corrosion
protection, nanoimprint technology, superhydrophobic materials, and
nanocomposites [3-6]. Benzoxazine (BZ) monomers are usually
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zation of BZ monomers is a thermal cationic ring-opening polymeriza-
tion (ROP) of their oxazine rings, with the exothermic peak temperature
typically appearing in the range 200-270 °C [11,15-17]. It would be
advantageous if the processing of PBZs could be performed at lower
curing temperatures. Many attempts have been made to address this
issue-for example, by designing self-catalyzing BZ monomers [13,18,19]
and adding Lewis acids [2,17,20] or compounds of nucleophilic
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character [15,21,22] to accelerate the ROP of the BZ moiety. Sudo el al
[23]. reported that acetylacetonate complexes can act as catalysts for the
ROP of BZ. Furthermore, many metal ions (e.g., Ti**, AI3*, Fe3*, zn2*,
Li*) can function as the effective promoters of the ROP of BZ monomers
[15,17,24-26]. Hui et al. prepared a linear fluorescent tetraphenyl-
ethylene (TPE)-functionalized BZ macromolecule (TPE-BOZ) that
exhibited aggregation-induced emission enhancement (AIEE) and could
be used as a solid-state sensor for picric acid [27]. Recently, Xie et al.
incorporated TPE into a PBZ matrix through post-modification of a main
chain BZ precursor through isocyanate chemistry under simple reaction
conditions; they found that a tetraphenylethene functionalized poly-
benzoxazines with metal complex functioned as an efficient heteroge-
neous catalyst for the click reaction [28]. In this present paper, we report
the synthesis, thermal curing polymerization behavior, surface proper-
ties, and thermal stability of a tetrafunctional BZ monomer containing a
TPE core, and its properties after blending with copper(II) acetylaceto-
nate. We synthesized our TPE-functionalized BZ monomer, through the
formation of a Schiff base from a TPE-tetracarbonyl derivative and an-
iline, its reduction, and subsequent oxazine ring-formation with para-
formaldehyde. We used differential scanning calorimetry (DSC),
temperature-dependent Fourier transform infrared (FTIR) spectros-
copy, and thermogravimetric analysis (TGA) to evaluate the thermal
curing polymerization behavior and thermal stability of TPE-BZ. In
addition, we performed contact angle (CA) measurements to examine
the surface properties of the TPE-BZ monomer before and after thermal
curing at various temperatures. Finally, we employed DSC, FTIR spec-
troscopy, and TGA to investigate the influence of copper(Il) acetyla-
cetonate on the thermal curing polymerization behavior of the TBE-BZ
monomer.

2. Experimental section
2.1. Materials

4,4'-Dihydroxybenzophenone, dimethylacetamide (DMAc), absolute
EtOH (99.99%), MeOH, anhydrous magnesium sulfate (MgSO,), ethyl
acetate (EtOAc), tetrahydrofuran (THF), aniline, copper(Il) acetylacet-
onate [Cu(acac).], zinc powder, titanium tetrachloride (TiCly), potas-
sium carbonate (K2COs3), hexamethylenetetramine, trifluoroacetic acid
(TFA), sodium borohydride (NaBH4), and sodium bicarbonate
(NaHCOs3) were purchased from Sigma-Aldrich. 1,4-Dioxane, para-
formaldehyde [(CH30),], and acetone were purchased from Acros.

2.2. Tetra(p-hydroxyphenylethylene (TPE-40H) [29]

Zinc (2.73 g, 42.0 mmol) and anhydrous THF (80 mL) were placed in
a 250-mL two-neck flask and cooled to below —10 °C under a N, at-
mosphere. TiCls (2.34 mL, 21.5 mmol) was added slowly and then the
mixture was stirred for 30 min at —10 °C before heating at 70 °C for 3 h
with stirring, under a Ny atmosphere. A solution of 4,4’-dihydrox-
ybenzophenone (3.00 g, 14.0 mmol) in dry THF (30 mL) was added
dropwise and then the mixture was heated under reflux for 24 h.
Aqueous KoCO3 (10 wt %, 50 mL) was poured into the mixture to quench
the reaction. The organic phase was separated, and the aqueous phase
extracted with EtOAc (3 x 30 mL). The combined organic phases were
concentrated to afford an oily residue. Recrystallization (acetone/H30)
afforded a white powder (2.10 g, 76%). FTIR (KBr, em™Y): 3650-3200
(O-H stretching) and 1611 (C=C stretching). 1H NMR (DMSO-dg, 25 °C,
500 MHz): & (ppm) 6.48 (d, J = 8.4 Hz, 8H), 6.70 (d, J = 8.4 Hz, 8H),
9.22 (s, 4H, OH). 13C NMR (DMSO-ds, 25 °C, 500 MHz): § (ppm) 115.12,
132.73, 135.84, 138.45, 156.26.

2.3. 1,1,2,2-Tetra(3-formyl-4-hydroxyphenyl)ethylene (TPE-
40H-CHO) [30]

A solution of TPE-40H (1.60 g, 4.03 mmol) and
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hexamethylenetetramine (2.26 g, 16.1 mmol) in TFA (56.5 mL, 738.6
mmol) was heated overnight at 90 °C. Cold water was added to the
mixture to afford a yellow powder (1.30 g, 82%). FTIR (KBr, cm )
2859, 2740 (C-H stretching of CHO group), 1650 (C=O stretching). B
NMR (DMSO-dg, 25 °C, 500 MHz): § (ppm) 10.74 (OH), 10.11 (CHO),
7.23-6.77 (ArH). 3C NMR (DMSO-de, 25 °C, 125 MHz): § (ppm) 192.00,
160.47, 139.62, 138.57, 134.75, 131.60, 122.66, 117.76.

2.4. 4,4,4,4°’-(Ethene-1,1,2,2-tetrayDtetrakis(2-((E)-(phenylimino)
methylDphenol) (TPE-aniline schiff base)

A suspension of TPE-4OH-CHO (1.21 g, 2.38 mmol) and aniline
(0.97 mL, 10.74 mmol) in absolute EtOH (50 mL) was heated under
reflux in a 150-mL two-neck flask for 24 h at 75 °C. The yellow solid was
filtered off (1.12 g, 93%). FTIR (KBr, cm’l): 3057 and 3011 (aromatic
C-H stretching), 1602 (C=N stretching). IH NMR (DMSO-dg, 25 °C, 500
MHz): § (ppm) 10.10 (s, OH), 8.8 (s, N=C-H), 7.44-6.54 (ArH). '3C
NMR (DMSO-dg, 25 °C, 125 MHz): § (ppm) 164.01, 160.00, 149.38,
148.58, 138.54, 136.88, 135.01, 134.82, 130.20, 129.52, 127.66,
122.05, 119.68, 117.05, 116.31, 114.53. High-resolution Fourier
transform mass spectrometry (HR-FTMS): calcd. for Cs4H4oN4O4, m/z
809.31; found 808.30 (Fig. S1).

2.5. 4,4',4",4°’-(Ethene-1,1,2,2-tetrayDtetrakis(2-((phenylamino)
methylDphenol) (TPE-hydroxybenzylamine)

TPE-aniline Schiff base (1.12 g, 1.58 mmol) was dissolved in DMAc
(5 mL) in a 50-mL two-neck flask. After cooling at 0 °C for 30 min,
NaBH4 (0.300 g, 7.93 mmol) was added. The mixture was stirred
overnight at 25 °C and then poured into cold water to give a brown
powder (1.10 g, 98%). FTIR (KBr, em™1): 3412 (N-H stretching), 1262
(C-N stretching). "H NMR (DMSO-dg, 25 °C, 500 MHz): 6 (ppm) 9.34
(OH), 9.06 (NH), 7.06-5.35 (ArH), 4.32 (NCH>). *C NMR (DMSO-ds,
25 °C, 125 MHz): § (ppm) 154.27, 150.01, 149.37, 139.17, 136.01,
133.57, 131.30, 131.43, 129.83, 128.16, 125.51, 116.74, 115.17,
113.04, 42.77. HR-FTMS: calcd. for Cs4H4gN404, m/z 816.37; found
815.36 (Fig. S2).

2.6. 1,1,2,2-Tetrakis(3-phenyl-3,4-dihydro-2H-benzo[e] [1,3]
oxazin-6-yDethane (TPE-BZ)

TPE-hydroxybenzylamine (1.00 g, 1.84 mmol) and para-
formaldehyde (0.330 g, 11.0 mmol) were dissolved in 1,4-dioxane (40
mL) and absolute EtOH (20 mL) in a 100-mL two-neck flask. The solu-
tion was heated at 100 °C for 24 h under a N atmosphere and then the
solvents were evaporated under reduced pressure. The residue was
dissolved in EtOAc (100 mL) and extracted with aqueous NaHCO3 (2 wt
%, 100 mL). The organic phase was evaporated under reduced pressure
to afford a yellow solid (0.85 g, 85%). FTIR (KBr, em™1): 1231 (asym-
metric C-O-C stretching), 1033 (symmetric C-O-C stretching), 937
(stretching vibrations of oxazine ring). 1y NMR (DMSO-dg, 25 °C, 500
MHz): 5 (ppm) 7.24-6.42 (ArH), 5.38 (s, OCH,N), 4.32 (s, NCH,Ar). '3C
NMR (DMSO-dg, 25 °C, 125 MHz): 6§ (ppm) 153.23, 148.41, 142.43,
138.96, 136.48, 130.33, 129.76, 121.18, 118.11, 116.16, 79.63
(OCH,N), 48.95 (NCH,Ar). FTMS: caled. for CsgHgN4O4, m/z 864.37;
found 865.37 (Fig. S3).

2.7. Poly(TPE-BZ)

The TPE-BZ monomer (0.1 g) was thermally cured in a stepwise
manner at various temperatures (110, 150, 180, 210, and 250 °C) for 2 h
to give dark brown solids.

2.8. Poly(TPE-BZ) films for CA measurements

A solution of the TPE-BZ monomer (5 wt %) in dry THF was spin-
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Scheme 1. Synthesis of (f) TPE-BZ from (a) 4,4’-dihydroxybenzophenone, (b) TPE-40OH, (c) TPE-4OH-CHO, (d) TPE-aniline Schiff base, and (e) TPE-
hydroxybenzylamine, and the thermal curing structure of pure TPE-BZ (f) before and (g) after thermal curing.

coated (1000 rpm, 60 s) onto a substrate. The sample was cured at a
temperature in the range 110-250 °C for 2 h. The surface free energies of
the resulting poly(TPE-BZ) films were measured in three different sol-
vents (deionized water, ethylene glycol, diiodomethane). The surface
roughness was less than 10 nm in each case.

2.9. Poly(TPE-BZ)/Cu(acac), complexes

Various weights ratios of Cu(acac), and the TPE-BZ monomer were
dissolved in THF (5 mL) and stirred for 24 h at room temperature. The
THF from each blend sample was slowly evaporated at room tempera-
ture over 48 h. Then, each blend mixture was also thermally activated
cured at 110, 150, 180, 210, and 250 °C, for 2 h at each temperature, to
give their corresponding poly(TPE-BZ)/Cu(acac), complexes.

3. Results and discussion
3.1. Synthesis of TPE-BZ monomer

Scheme 1 presents our synthesis of the TPE-BZ monomer via its o-
hydroxybenzylamine [7,13,16,31-35]. We synthesized the o-hydrox-
ybenzylamine [Scheme 1(e)] through NaBH4-mediated reduction of the
TPE-aniline Schiff base [Scheme 1(d)], which we obtained from the
reaction of TPE-4OH-CHO with aniline in absolute EtOH [Scheme 1(c)].
Reaction of TPE-hydroxybenzylamine with paraformaldehyde gave the
target TPE-functionalized BZ monomer, TPE-BZ, without any side
products [Scheme 1(f)]. Unfortunately, we did not success to prepare
our TPE-BZ monomer through the one-pot Mannich condensation as
displayed in Scheme 1(f) which is attributed to low selectivity depend-
ing on the position of the substituents [16,31,32]. We summarized our
attempt conditions [including reaction time and solvent effect] to

prepare TPE-BZ through the one-pot Mannich condensation in Table S1.

The characteristic FTIR spectral absorptions of TPE-40H [Fig. 1(a)]
appear at 1611 cm ™! for C=C stretching and at 3650-3200 cm ™~ for the
OH groups of the phenolic units. The typical characteristics absorptions
of TPE-40OH-CHO [Fig. 1(b)] are centered at 2859 and 2740 cm ! for
C-H stretching of the CHO groups and at 1650 cm ! for C=0 stretching.
The absorption bands for the TPE-aniline Schiff base [Fig. 1(c)] appear
at 1620 cm™! for C=N stretching and at 3057 and 3011 cm™! for
stretching of the aromatic C-H units. After reduction of the TPE-aniline
Schiff base, the signal for C=N stretching disappeared and characteristic
absorptions for TPE-hydroxybenzylamine [Fig. 1(d)] appeared at 3412
em ! for N-H stretching and at 2928 cm™! for stretching of the C-H
aliphatic groups, indicative of complete reduction of the TPE-aniline
Schiff base. The spectrum of TPE-BZ [Fig. 1(e)] features characteristic
absorption bands at 1231, 1032, and 937 cm™! for asymmetric and
symmetric C-O-C stretching and for stretching vibrations of the oxazine
ring, respectively, confirming its successful synthesis.

Fig. 2(A) displays the 'H NMR spectra of TPE-4OH and TPE-40OH--
CHO in DMSO-dg. The characteristic signals of TPE-40H [Fig. 2A(a)]
were those for the OH groups of the phenolic units at 9.22 ppm and for
the aromatic protons at 6.70 and 6.48 ppm. The signals of TPE-4OH—-
CHO [Fig. 2A(c)] nuclei. The 3¢ NMR spectrum of TPE-40H-CHO
[Fig. 2B(d)] at 10.74, 10.11, and 7.23-6.77 ppm corresponds to the
protons of the OH groups, the CHO groups, and the aromatic protons,
respectively. 13C NMR spectra confirmed the chemical structures of TPE-
40H and TPE-40H-CHO. The '3C NMR spectrum of TPE-40OH [Fig. 2B
(b)] reveals signals at 115.12, 132.73, 135.84, 138.45, and 156.26 ppm
for its aromatic carbon features signals at 192.00 ppm for its C=0
carbon nuclei and 160.47, 139.62, 138.57, 134.75, 131.60, 122.66, and
117.76 ppm for its aromatic carbon nuclei.

The 'H NMR spectrum of the TPE-aniline Schiff base [Fig. 3(a)]
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Fig. 1. FTIR spectra of (a) TPE-40H, (b) TPE-4OH-CHO, (c) TPE-aniline Schiff base, (d) TPE-hydroxylamine, and (e) TPE-BZ, recorded at room temperature.

features signals at 10.10 and 8.88 ppm for the OH groups of the phenolic
units and the N=CH groups, respectively. The 'H NMR spectrum of the
TPE-hydroxybenzylamine [Fig. 3(b)] features signals at 9.34 ppm for the
OH groups of the phenolic units, at 9.06 ppm for the NH units, and at
7.06-5.35 ppm for the aromatic protons. The 'H NMR spectrum of the
TPE-BZ monomer [Fig. 3(c)] features signals at 7.24-6.42 ppm for the
aromatic protons and characteristic signals for the oxazine units at 5.38
ppm (for the OCH,N moieties) and at 4.32 ppm (for the ArCH,N moi-
eties), confirming its successful formation.

Fig. 4 displays the 13C NMR spectra of the TPE-aniline Schiff base,
TPE-hydroxybenzylamine, and TPE-BZ in DMSO-de. The C NMR
spectrum of the TPE-aniline Schiff base [Fig. 4(a)] features signals at
164.01, 149.38, and 114.53 ppm for the COH, N—CH, and C—=C carbon
nuclei, respectively. The !3C NMR spectrum of TPE-
hydroxybenzylamine [Fig. 4(b)] features characteristic signals at
154.27-115.17, 113.04, and 42.77 ppm for its aromatic, C=C, and
NHCH; carbon nuclei, respectively. In Fig. 4(c), the characteristic sig-
nals for the oxazine structures in TPE-BZ appeared at 79.63 and 48.95
ppm, for the OCH,N and ArCH,N moieties, respectively.

We recorded FT mass spectra to confirm the synthesis of these
compounds. Figs. S1, S2, and S3 reveal that the molecular weights of the
TPE-aniline Schiff base, TPE-hydroxybenzylamine, and TPE-BZ mono-
mer were m/z 809.31, 815.36, and 865.37, respectively, consistent with
their calculated values (m/z 808.30, 816.37, and 864.37, respectively).

Overall, the FTIR, NMR, and mass spectral data confirmed the synthesis
of the TPE-BZ monomer in high purity.

3.2. Thermal polymerization of TPE-BZ

We used DSC and temperature-dependent FTIR spectroscopy to
investigate the ROP behavior of the new TPE-BZ monomer. The DSC
profile of TPE-BZ [Fig. 5(a)] reveals a sharp melting temperature at 114
°C, indicative of high purity, and a curing temperature of 250 °C with a
reaction heat of 207 J g!. Thus, the uncured TPE-BZ monomer
possessed a lower exothermic curing temperature than that of the furan
containing tetrafunctional fluorene based benzoxazine monomer (t-BF-
f) (279 °C) and of the cardanol containing tetrafunctional fluorene based
benzoxazine monomer (t-BF-a-c) (276 °C) [35,36]. After thermal treat-
ment of TPE-BZ at 110, 150, 180 and 210 °C, the maximum curing
temperature peak appeared at 252, 250, 264, and 299 °C, respectively,
with reaction heats of 201, 191, 124, and 33 J g’l, respectively.
Furthermore, after thermal treatment at 250 °C for 2 h, no exothermic
peak was evident, indicating complete ROP of the TPE-BZ monomer and
formation of poly(TPE-BZ) at this temperature. Interestingly, at 150 and
180 °C, the DSC traces of the TPE-BZ monomer exhibited glass transition
temperatures at 107 and 185 °C, respectively. Fig. 5(b) presents FTIR
spectra (between 2000 and 500 cm 1) of TPE-BZ recorded after curing at
various temperatures (from 110 to 250 °C), to reveal its polymerization
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Fig. 3. 1H NMR spectra of (a) TPE-aniline Schiff base, (b) TPE-hydroxylamine, and (c) TPE-BZ, recorded at room temperature.

behavior. The characteristic absorption bands of the BZ structure at
1231 (asymmetric C-O-C stretching) and 939 (BZ group) em~ ! dis-
appeared almost completely after curing at 210 °C, indicative of opening
of the oxazine rings. After increasing the temperature to 250 °C, the
signal for the BZ ring was completely absent from the spectrum, which
revealed the stable state of the polymer.

We check DMA analysis of TPE-BZ after thermal curing at 250 °C for

2h, asdisplayed in Fig. S4. As shown in Fig. 54, the main T value of poly
(TPE-BZ) was observed at 303 °C, which is smaller than that poly(t-BF-f)
(440 °C) [35]. Based on TGA analysis [Fig. 6], the thermal stability and
the char yield of the poly(TPE-BZ) were enhanced upon increasing the
curing temperature, presumably because of a higher crosslinking density
after ROP of the TPE-BZ monomer. In addition, the initial degradation
temperature (Tq10) and the char yield increased significantly to 436 °C
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and 64.32 wt%, respectively, after thermal treatment at 250 °C. Our new
poly(TPE-BZ) exhibited a value of Tq1o and a char yield that are higher
than that of the cardanol containing tetrafunctional fluorene based
benzoxazine monomer (405 °C, 35 wt%) presumably because of the
higher aromatic content in the poly(TPE-BZ) [36-40]. Table S2

summarizes the degradation temperatures and char yields of TPE-BZ
before and after thermal curing at various temperature.

We performed CA measurements to examine the surface properties of
the poly(TPE-BZ). The surface energy of a PBZ is related to the avail-
ability of its coordination sites and its degree of hydrogen bonding. We
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Table 1
CAs (water, ethylene glycol, dilodomethane) and surface free energies of the
poly(TPE-BZ) films.

Curing Contact angle (deg) Surface free energy
2

temperature water  ethylene diiodomethane (ml/m’)

— glycol

RT 98.8 67.7 25.3 42.5

110°C 100.6  72.7 37.9 37.2

150 °C 101.8 76.8 53.3 30.0

180 °C 102.2 849 60.8 24.8

210 °C 103.9 89.9 74.5 18.6

250 °C 92.1 78.8 69.9 23.0

examined the surface free energies (ys) of our poly(TPE-BZ) films that
had been obtained after curing at various temperatures (from 110 to
250 °C) for 2 h, determined using three different solvents (deionized
water, ethylene glycol, and diiodomethane). Fig. S5 reveals that the CAs
of water were 98.8, 100.6, 101.8, 102.2, 103.9, and 92.1° before and
after curing at 110, 150, 180, 210, and 250 °C, respectively; the CAs of
ethylene glycol (Fig. S6) were 67.7, 72.7, 76.8, 84.9, 89.9, and 78.8°,
respectively, while those of diiodomethane (Fig. S7) were 25.3, 37.9,
53.3, 60.8, 74.5, and 69.9°, respectively. We used Owens’s three-liquid
method to evaluate the surface free energies of these poly(TPE-BZ) films
[41,42]. Table 1 reveals that the surface free energy of the poly(TPE-BZ)
obtained after thermal curing at 210 °C (18.6 mJ m~2) was lower than
that of pure Teflon (21.0 mJ m_z), due to the presence of strong intra-
molecular hydrogen bonding (OH:--N and OH---m) after its thermal
curing, as displayed in Scheme 2. Also, The value of surface free energy
of the poly(TPE-BZ) increased when the curing temperature was raised
to 250 °C due to increased degrees of intermolecular hydrogen bonding
[43].
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Previous studies have revealed that the degree of intramolecular
hydrogen bonding greatly influences the surface energy of a polymeric
material [6,8,35,42,43]. Our DSC thermograms [Fig. 5(a)] and FTIR
spectra [Fig. 5(b)] suggested that the degree of thermal curing of poly
(TPE-BZ) affected its surface free energy significantly. As reported pre-
viously, a conversion from intermolecular to intramolecular hydrogen
bonding occurs during the process of curing in PBZ systems, and there
exists a critical degree of curing that provides the lowest surface free
energy.® Our surface free energy data are in a good agreement with those
of previous studies [8,35,42,44].

3.3. Thermal polymerization of TPE-BZ/Cu(acac)2 complexes

We used DSC to study the thermal curing behavior of the TPE-BZ
monomer in the presence of various amounts of Cu(acac), under N at
heating rate 20 °C min~! (Fig. 7). The endothermic peak that repre-
sented from melting of TPE-BZ disappeared after blending with Cu
(acac)y, indicating that the crystallinity of TPE-BZ was destroyed upon
its interaction with Cu(acac), [45]. The addition of Cu(acac), altered the
polymerization behavior of TPE-BZ drastically, occurring at a very low
temperature and resulting in two exotherms. The first curing peak
appeared at 189.4 °C, presumably related to ring opening of the BZ units
coordinated with Cu?* ions; the second curing peak represented curing
of the non-coordinated BZ units [16,44]. After the addition 10 wt % of
Cu(acac)y, the curing temperature of TPE-BZ shifted from 250.6 to
239.5 °C, accompanied by an increase in the intensity of peak for the
lower curing temperature at 189.4 °C. From these data, we conclude that

TPE-BZ/Cu(acac),

(

a) 100/0

(b) 98/2

Heat Flow (Endo, Down)

(d) 90/10

1 1 1 1 1
50 100 150 200 250 300
Temperature (°C)

Fig. 7. DSC thermograms of TPE-BZ/Cu(acac), complexes prepared at weight
ratios of (a) 100/0, (b) 98/2, (c) 95/5, and (d) 90/10.

Scheme 2. The intramolecular hydrogen bonding in poly(TPE-BZ).
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Scheme 3. The mechanism of the ring-opening polymerization of TPE-BZ with Gu?* ions.
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Fig. 8. Dynamic DSC exothermic curves of (a) pure TPE-BZ and (b) the TPE-
BZ/Cu(acac); = 90/10 complex, recorded at various heating rates.

Cu(acac)y can promote the ring opening of oxazine rings at a lower
temperature and that the Cu®" ions acted as catalysts that initiated the
ring-opening process [46]. Scheme 3 presents the mechanism for the
coordination of Cu?* ions to TPE-BZ and for the ROP of the oxazine units
[17,39].

Initially, the Cu®" ions coordinate with oxygen or nitrogen atoms in
the oxazine ring; next, electrophilic attack of the Cu®* ions to the oxa-
zine ring occurs through O-, N-, and aryl-attack; finally, rearrangement
occurs to form a stable structure [2,17]. Because Cu(acac), could act as a
catalyst and enhance the ROP of the oxazine units in TPE-BZ, we used
non-isothermal DSC at various heating rates to study the influence of Cu
(acac) on the polymerization kinetics of TPE-BZ (Fig. 8). We applied the
Kissinger method to investigate the curing kinetics of our BZ system
[47]. Based on this method, we calculated the activation energies of
TPE-BZ and TPE-BZ/Cu(acac), according to equation (1):

B\ . (AR E,
[n(T—p2> = n(E_,,) ~RT (9]

where B (equal to dT/d¢t) is the heating rate, A is the pre-exponential
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Fig. 9. Kissinger plots (for determination of values of Ea) of the pure TPE-BZ
and the TPE-BZ/Cu(acac), = 90/10 complex.

factor, Tp is the exothermic curing peak, and R is the universal gas
constant. Fig. 8 presents the plot of In(p/T2) with respect to 1/T3, which,
according to the Kissinger method, provides the value of E, from the
slope of the line.

The calculated activation energies were 141 kJ mol ! for the pure
TPE-BZ and 127 kJ mol~! for the TPE-BZ/Cu(acac), complex. These
values suggest that TPE-BZ/Cu(acac); is activated for polymerization; in
other words, Cu(acac); can act as a catalyst to enhance the ROP of the
oxazine units [48-51]. Notably, the activation energy for the polymer-
ization of TPE-BZ is higher than those for other BZ resins, suggesting that
TPE-BZ monomer is not readily polymerized to give poly(TPE-BZ)
because of its highly rigid structure. To examine the degree of thermal
cross-linking after the addition of Cu(acac), into the TPE-BZ system, we
used DSC and FTIR spectroscopy to evaluate the thermal ROP of TPE-BZ
in the presence of 10 wt % Cu(acac), (Fig. 9).

We recorded the DSC thermograms of TPE-BZ/Cu(acac); after curing
for 2 h at temperatures of 110, 150, 180, 210, and 250 °C, respectively.
Fig. 10(a) reveals that the two thermal curing peaks of the non-cured
TPE-BZ/Cu(acac)2 = 90/10 complex were centered at 183 and 241 °C,
respectively. The maximum exothermic peak of TPE-BZ/Cu(acac);
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Fig. 10. (a) DSC and (b) FTIR spectral analyses of the TPE-BZ/Cu(acac), = 90/10 complex at various temperatures.
em™!] gradually disappeared upon increasing the curing temperature
100 - from 110 to 250 °C [Fig. 10(b)].
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Fig. 11. TGA profiles of TPE-BZ/Cu(acac), complexes after thermal treatment
at various temperatures.

decreased gradually, and eventually disappeared completely, upon
increasing the curing temperature from 110 to 250 °C. Although this
behavior is consistent with the thermal curing behavior of the pure TPE-
BZ, under the same thermal conditions the exothermic peak of TPE-BZ/
Cu(acac), was much lower than that of the pure monomer. For example,
the curing temperature peak appeared at 259 °C for TPE-BZ/Cu(acac)y
and at 299 °C for the pure TPE-BZ after thermal curing at 210 °C for 2 h,
indicating that the ring-opening process of TPE-BZ/Cu(acac); was much
more facile than that of the pure monomer. We also used FTIR spec-
troscopy to investigate the thermal curing polymerization behavior of
the TPE-BZ/Cu(acac)2 = 90/10 complex at various curing temperatures.
The absorption signals representing the BZ rings [at 1230 (asymmetric
C-O-C stretching) and 934 (benzene with an attached oxazine ring)

This phenomenon arose from a combination of ring-opening of the
BZ monomer and the formation of poly(TPE-BZ)/Cu(acac),. The FTIR
spectral data are consistent with the results of the DSC analyses, and
confirmed that the thermal ROP was initiated at lower curing temper-
atures and was complete at higher curing temperatures. Fig. 11 displays
the thermal stability of the TPE-BZ/Cu(acac)z = 90/10 complex before
and after thermal curing at 110, 150, 180, 210, and 250 °C under N at
heating rate 20 °C min~'. The value of Tys and the char yield of poly
(TPE-BZ)/Cu(acac)y systems all increased upon increasing the curing
temperature, consistent with an increase in the crosslinking density after
ROP. Thus, the addition of Cu(acac), facilitated ring opening of the TPE-
BZ monomer, but it did not decrease the thermal stability or the char
yield significantly, based on TGA analyses.

4. Conclusions

We have synthesized TPE-BZ, a new TPE-functionalized BZ mono-
mer, through reduction of a TPE-aniline Schiff base and subsequent
oxazine ring formation with paraformaldehyde. FTIR, NMR, and FTMS
spectra confirmed the chemical structures and purity of all the synthe-
sized compounds. The resultant poly(TPE-BZ) exhibited excellent ther-
mal stability and high char yields after thermal treatment, due to
increases in their crosslinking density. The poly(TPE-BZ) had relatively
low surface free energies; the lowest value was 18.6 mJ m~2, for the
sample obtained after curing at 210 °C for 2 h. In addition, the curing
temperature of the TPE-BZ/Cu(acac); complex [containing 10 wt % Cu
(acac),)] shifted from 250.6 to 239.5 °C, accompanied by a lower curing
temperature centered at 189.4 °C. In addition, the calculated activation
energy of the TPE-BZ/Cu(acac), system was lower than that of the pure
TPE-BZ monomer, indicating that Cu(acac), acted as a catalyst that
initiated ROP of the oxazine units.
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