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ABSTRACT: A novel 2-oxazoline-benzoxazine (POB) was
synthesized with 2-(hydroxylphenyl)-2-oxazoline, 1,3,5-tri-
phenylhexahydro-1,3,5-triazine and paraformaldehyde. The
chemical structure of the monomer was confirmed by FTIR,
H-NMR, *C-NMR, and MS. The curing behavior of the
monomer was studied by DSC and FTIR, and the ring
opening reaction of the monomer was found to occur from
187.5°C. The results of DMA and TGA demonstrated that
the thermal properties of polymer for POB monomer (P-m)
are better than polymer for POB precursor (P-p), because

that the oligomer in benzoxazine precursor decreased the
perfection of the polymer’s network structure; it was also
found that the thermal properties of P-m and P-p are
much better than the common polybenzoxazine and the
composite material of benzoxazine and 2-oxazoline. © 2008
Wiley Periodicals, Inc. ] Appl Polym Sci 110: 1502-1508, 2008
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INTRODUCTION

Polybenzoxazine (PBZ), as a new kind of thermoset-
ting resin, can be synthesized from inexpensive raw
materials and has received more and more attention
because of its good performance. It was reported
previously that PBZ can provide heat resistance,
flame retardance, low water absorption, relatively
low dielectric constant, and other unique performan-
ces such as dimensional stability and near-zero shrin-
kage upon curing.'™ Although there is a problem
that the precursor of PBZ, synthesized by Mannich
reaction, usually contains benzoxazine monomer and
oligomer, it is very difficult to separate benzoxazine
monomer from its precursor because the monomer
and oligomer have similar physical and chemical
properties.

The synthesis and polymerization of oxazolines
have been described in several review articles.””"”
Among the oxazolines, 2-oxazolines are important
monomers. 2-Oxazolines can react with carboxylic
acids, anhydrides, aldehydes, epoxides, amines,
hydroxy groups, and so on.'®" Based on the
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chemical activity, 2-oxazolines are widely used in
polymer matrix. There are literatures reported that
bisoxazolines can be used as the chain extender or
crosslinking agent of some polymers.”****> Kimura
et al.?*** reported that the incorporation of bisoxa-
zoline into bisphenol A-based benzoxazine (BBZ)
decreased the melt viscosity of the system, and
the oxazoline ring could react with the phenolic
hydroxyl group generated by the ring opening of
benzoxazine. Yu and coworkers®® found that bis-
oxazoline is an excellent compatibilizer in the
PBZ/POSS (polyhedral oligomeric silsesquioxane)
nanocomposites.

Though many researches indicated that 2-oxazo-
lines are easily incorporated in benzoxazine and
composite effect is well, it is speculated 2-oxazoline-
benzoxazine compound may exhibit more excellent
properties compared with composites of benzoxazine
and 2-oxazoline, and the application of benzoxazine
may be further extended due to the chemical activity
of 2-oxazoline moiety.

In the article, benzoxazine ring and 2-oxazoline
ring are combined in p-(2-oxazoline)-3-phenyl-3, 4-
2H-1, 3-benzoxazine (POB). It is found that the POB
monomer could be separated from precursor by
simple separating process, and pure benzoxazine
monomer is obtained. DMA and TGA results dem-
onstrate that the thermal properties of POB poly-
mers [especially for polymer for POB monomer
(P-m)] are better than the polymer of benzoxazine
and the composite material of 2-oxazoline and
benzoxazine.



2-OXAZOLINE-BENZOXAZINE COMPOUND AND ITS POLYMER 1503

e}

e}
1] N « H
HO C-0OCH HO 4 -
R A R W e
L
& ¢§§}W

N QH
HO‘M] - NeHCO: HO—@—C—N\/\O
HPO

Scheme 1

EXPERIMENTAL
Materials

2,2'-(1,3-Phenylene)-bis(4,5-dihydro-oxazoles) (PBO)
was purchased from Takeda Chemical Industries.
Methyl p-hydroxybenzoate, ethanolamine, thionyl
chloride, sodium hydrogen carbonate, paraformalde-
hyde, and aniline were all commercially available
from Beijing Chemical Reagents and used without
further purification. All reagents were of AR grade.
The bisphenol A-based benzoxazine (BBZ) was pre-
pared from aniline, paraformaldehyde, and bisphe-
nol A by using a solvent method described in previ-
ous literatures."

Characterization

FTIR spectra were obtained with Nicolet-60SXB
spectrophotometer using KBr discs at room tempera-
ture. 'H- and "*C-NMR spectra were collected on a
600 MHz Bruker Avance-600MHz NMR spectrome-
ter, tetramethylsilane was used as an internal stand-
ard. Gel-permeation chromatographer (GPC) was
performed on Waters Styragel-HY3-ST5-ST6E; poly-
styrene standards were used for calibrating and tet-
rahydrofuran was used as the eluent at a flow rate
of 1.0 mL/min. DSC was performed on DSC-Pyris
with a heating rate of 10°C/min using a nitrogen
purge and an empty aluminum pan as a reference,
the gas flow rate was 20 mL/min. Dynamic mechan-
ical analyses (DMA) were conducted on a Rheomet-
rics Scientific™ DMTA-V at 1 Hz at a heating rate
of 5°C/min; the dimensions of the samples were 25
X 5 X 1 mm°. Thermogravimetric analysis (TGA)
was performed with a Toshiba Netzsch 209C ther-
mogravimetric analyzer under nitrogen from ambi-
ent temperature up to 800°C (or 900°C) at a heating
rate of 10°C/min; the gas flow rate was 100 mL/
min. Electron Impact (EI) Mass spectrometry analy-
sis was performed on a Quattroll ion trap mass
spectrometer (Micromass, UK), the injector tempera-
ture was held at 200°C, mass range was 40-500 m/z,
emission current was 10 pA (at 70-eV electron

energy).

Preparation of 2-(hydroxyphenyl)-2-oxazoline

2-(Hydroxyphenyl)-2-oxazoline (HPO) was synthe-
sized and purified according to analogous proce-
dures reported””*® as shown in Scheme 1, and
finally white powdery 2-(hydroxyphenyl)-2-oxazo-
line (HPO) was obtained in the yield of 87%.

FTIR: vo_yg = 3423 ecm ™', veen = 1634 cm '
'H-NMR (acetone-d6, ppm): & = 7.81, 6.90 (H, ben-
zene ring), 8 = 4.37, 398 (H, —O—CH,—, —N—
CH2— of 2-oxazoline ring), 8 = 9.02 (H, —OH); mp
= 209°C (determined by DSC).

Preparation of POB

1,3,5-triphenylhexahydro-1,3,5-triazine was first pre-
pared from aniline and paraformaldehyde according
to the literature,” and then HPO, paraformaldehyde
and 1,3,5-triphenylhexahydro-1,3,5-triazine ~ were
used to synthesize POB (Scheme 2). A detailed syn-
thesis procedure is as follows: to a mixture of 4.89 g
(0.03 mol) HPO and 3.15 g (0.01 mol) 1,3,5-triphenyl-
hexahydro-1,3,5-triazine/DMF solution in a 100-mL
three-necked flask equipped with condenser and
Teflon stirrer, 0.9 g (0.03 mol) paraformaldehyde
was added slowly at 0°C. The temperature was then
raised and the mixture was kept at 90°C for 2 h.
Finally, the reaction solution was poured in 80 mL
ethyl ether and washed with 1N NaOH aqueous so-
lution and de-ionized water for three times, respec-
tively. The product solution was dried by magne-
sium sulfate and distilled by reducing pressure, a
light yellow viscous POB precursor was obtained in
the yield of 75%.

The POB precursor, obtained from the above syn-
thesis procedure, was a mixture of monomer and
oligomer. To obtain pure product, POB precursor
was recrystallized from acetone, and washed with
methanol for several times. Finally, a white crystal
POB monomer was obtained in the yield of 53%.

1,3,5-Triphenylhexahydro-1,3,5-triazine, FTIR: v
= 1597, 1500, 755, 691 cm ! (benzene ring), v = 1166,
1199, 1340 cm ™' (C—N—C); '"H-NMR (CDCls, ppm):
3 = 489 (H, —CH,—); "*C-NMR (CDCls, ppm): 3
= 147, 129, 125, 117 (benzene ring), 65(—CH,—); mp
= 145°C (determined by DSC). The characterization
of POB will be discussed subsequently.
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Figure 1 GPC chromatograms of A (POB monomer), B
(POB precursor), and C (residues of POB precursor).

Preparation of polymers
Polymers of P-p and P-m

POB precursor and monomer were processed into
molds at room temperature, and then, the molds
were put in a vacuum oven at 70°C for 2 h. P-p and
P-m were obtained in an air-circulating oven by
heating the molds at 120°C for 1 h, 180°C for 1 h,
220°C for 1 h and 240°C for 30 min.

Polymer for BBZ

Polymer for BBZ (PBBZ) was prepared according to
the same procedure of P-p and P-m.

Composite of PBBZ and polymer for PBO

PBO and BBZ were blended together with molar
ratio 1 : 1, then the temperature was gradually
increased to 140°C and the system was stirred until
both the PBO and BBZ had melted completely.
Upon cooling, the mixture gave a transparent light
yellow solid, which was used to prepare the com-
posite of PBBZ and polymer for PBO (PPBO), the
procedure was similar.

RESULTS AND DISCUSSION
POB monomer and POB precursor

As reported by other researchers,'®*° it is difficult
to separate benzoxazine monomer from its precur-
sor, because the monomer and oligomer have similar
physical and chemical properties, although product
is washed with NaOH solution and de-ionized water
during synthesis procedure. At the same time, it will
be very convenient for us to investigate the chemical
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properties of benzoxazine monomer and the thermal
properties of the polymer if benzoxazine monomer
could be separated abundantly. As to POB, it is fea-
sible to obtain POB monomer.

By being recrystallized from acetone, POB precur-
sor is divided into two portions, one is the POB
monomer, the other is the residues of POB precur-
sor. Figure 1 shows the GPC chromatograms of POB
products. B curve presents POB precursor, A curve
presents POB monomer obtained from POB precur-
sor, C curve shows the residues of POB precursor. It
can be seen that the peak at 31.8 min retention time
is assigned to POB monomer; A shows a single
strong peak, B shows a strong peak and a little
broad peak in the left-hand side, which indicates
POB precursor contains POB monomer (mostly) and
oligomer; the oligomer and a little monomer are dis-
solved in acetone after recrystallizing of POB precur-
sor, just as shown in C curve. The results demon-
strate that pure POB monomer could be obtained
from POB precursor by recrystallizing from acetone.

The 'H-NMR spectra of HPO, POB precursor, and
POB monomer are shown in Figure 2. The obvious
resonances (in A, B, and C spectra) at 4.37 and 3.98
ppm are assigned to the methylene of 2-oxazoline
ring. The resonances (in B and C spectra) at 4.65
and 5.39 ppm are assigned to the methylene bridges
of benzoxazine ring. Comparing with C spectrum, B
spectrum has several unwanted resonances: 4.90
ppm indicated the existence of few unreacted 1,3,5-
triphenylhexahydro-1,3,5-triazine; 5.22 and 5.13 ppm
are assigned to the oligomer of PBO. C spectrum
demonstrates the chemical structure of pure POB
monomer. Figure 3 shows the >C-NMR spectrum of
POB monomer, the resonance at 77.10 ppm is
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Figure 2 'H-NMR spectra of HPO (A), POB precursor
(B), and POB monomer (C).
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Figure 3 'C-NMR spectrum of POB monomer.

assigned to the deuterated chloroform (as the solvent),
other resonances in Figure 3 accord greatly with the
chemical structure of POB monomer.

Figure 4 shows the EI mass spectrum of POB
monomer. It can be seen that the largest ion m/z
280 corresponds to POB monomer and the strongest
ion m/z 77 is assigned to benzene ring.

Curing behavior of POB monomer

It is known that there are two reactive groups (2-
oxazoline ring and benzoxazine ring) in the POB
structure. The curing behaviors of the two groups
have been reported respectively.>>**?° In this com-
munication, the DSC thermograms of POB monomer
are shown in Figure 5. A profile has a melt point
(204.9°C) and a reaction peak (208.3°C), which indi-
cates 2-oxazoline in HPO reacts quickly after its
melt. B profile has a melt point (106.3°C) and a single
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Figure 4 El-mass spectrum of POB monomer.
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Figure 5 DSC thermograms of HPO (A) and POB mono-
mer (B).

little broad exotherm peak (200.9°C), the onset tem-
perature of the exotherm peak is at 187.5°C. It is
known that 2-oxazoline and benzoxazine ring open
by heating via a cationic mechanism, although
Kimura et al.>** reported that phenol hydroxyl of
the ring-opened benzoxazine can react with 2-oxazo-
line. So we speculated that the ring-opening reaction
of 2-oxazoline and benzoxazine are simultaneous at
around 200.9°C, ring-opened 2-oxazoline can also
participate in the reaction of benzoxazine, synergistic
effect occurs during the reaction of POB monomer.
So the curing temperature of POB is lower than that
of HPO.

Figure 6 shows the FTIR spectra of POB monomer
at different curing stages. It can be seen that the
characteristic absorptions of benzoxazine structure,
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Figure 6 FTIR spectra of POB monomer at different cur-
ing temperatures: (A) at room temperature, (B) at 120°C
for 30 min, (C) at 160°C for 30 min, (D) at 200°C for
30 min, and (E) at 230°C for 30 min.
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at 1329, 1230, 1029, and 933cm !, gradually decrease
and then disappear after the 230°C curing stage,
which suggested the ring opening reaction of ben-
zoxazine. At the same time, the absorption (at
1647 cm™'), assigned to —O—C=N— of 2-oxazo-
line, gradually decreases during the curing stages,
and shifts to the lower absorption (at 1620 cm '
overlapped with benzene ring), new absorptions at
3356 and 1460 cm ™!, assigned to —N—H of amide,
appear and increase during the curing stages. It is
indicated that the cyclic imino ether structure of
2-oxazoline is isomerized to amide structure. The
curing reaction is described in Scheme 3.

Properties of cured polymers
P-m and P-p

The DMA and TGA results of P-m and P-p are
shown in Figures 7-9.

It is well known that the storage modulus E’ rep-
resents the polymer’s rigidity, its differential curve
indicates the decreasing rate of E’ vs. temperature.
Figure 7 shows E’ and its differential curves of P-m
and P-p. As we can see that P-m has higher storage
modulus than P-p throughout the detecting tempera-
ture range (50-350°C). The differential curves shows
the E’ of P-m decreases sharply at about 231°C,
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Figure 7 E’ and its differential curves of P-m and P-p.
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Figure 8 Loss modulus E” and loss factor tan & curves of
P-m (A) and P-p (B).

which is much higher than that of P-p (168°C), and
the peak temperature (the maximum decreasing rate
of E’) of P-m and P-p are at 262°C and 235°C, respec-
tively. All the results show that P-m has better rigid-
ity and heat resistance than P-p.

Figure 8 shows the temperature dependence of
loss modulus E” and loss factor tan & for P-m and
P-p. For P-m, the T, is 259°C from the maximum of
E" and 277°C from the maximum of tan 8, whereas
the T, of P-p is 235°C and 258°C from the maximum
of E” and tan 3, respectively, which are much lower
than P-m. Figure 9 shows the thermal stability of P-
m and P-p, though the 5% and 10% weight loss tem-
perature (Ts and Typ) of P-m (339, 370°C) and P-p
(338, 362°C) are closed, the difference becomes dis-
tinct with the temperature increasing, and the char
yield of P-m is up to 53.36% at 900°C, which is
much higher than P-p (41.93%).

The results of DMA and TGA demonstrate that
the thermal stability and heat resistance of P-m are
much better than P-p. Comparing with POB precur-
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Figure 9 TGA thermograms of P-m and P-p.
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Scheme 4

sor, POB monomer has more reactive groups at
equal moles, and the cross-linking density of P-m is
higher, so the network structure of P-m is more com-
pact and perfect. Although POB precursor is the
mixture of POB monomer and the oligomer, the
reaction occurs between not only the monomer but
also the oligomer and monomer, which result in the
deficiency formation in the network structure of P-p.

P-m, PBBZ, and composite of PBBZ-PPBO

As shown in Scheme 4, BBZ is a common benzox-
aine with two benzoxaine rings on its molecule,
there are also two 2-oxazoline rings on PBO molecule,
so the composite of PBBZ-PPBO (mol ratio 1 : 1)
will have similar network moiety with P-m. In the
section, the thermal properties of P-m, PBBZ, and
composite of PBBZ-PPBO are investigated.

DMA results of the three polymers are shown in
Figures 10 and 11. Figure 10 shows E’ and its differ-
ential curves of P-m (A), PBBZ (C) and PBBZ-PPBO
(B). It can be seen that P-m and PBBZ-PPBO have
similar E' at room temperature, whereas the E' of
PBBZ-PPBO decreases obviously at 88°C and the
maximum decreasing rate occurs at 155°C, as shown
in differential curves. The E’' of PBBZ at room tem-
perature is lower than P-m and PBBZ-PPBO, but its
distinct decreasing temperature (122°C) and maxi-
mum decreasing rate temperature (167°C) are higher
than PBBZ-PPBO. So it can be found that P-m has
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Figure 10 E’ and its differential curves of P-m (A), PBBZ
(C), and composite of PBBZ-PPBO (B).
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Figure 11 Loss modulus E” and loss factor tan 8 curves
of P-m (A), PBBZ (C) and composite of PBBZ-PPBO (B).

the best heat resistance among the three polymers,
though the rigidity of PBBZ at room temperature is
less than PBBZ-PPBO, the heat resistance of PBBZ at
high temperature is much better than PBBZ-PPBO.

Figure 11 shows the temperature dependence of
loss modulus E” and loss factor tan & for the three
polymers. It can be seen that P-m has the highest T,,
the T, of PBBZ (168, 185°C from peak of E” and tan
8) are respectively higher than PBBZ-PPBO (154,
173°C from peak of E” and tan 8). Figure 12 shows
the thermal stability of the three polymers, we found
that the Ts and Ty of P-m (339, 370°C) are the high-
est compared with PBBZ-PPBO (334, 365°C) and
PBBZ (322, 347°C). The char yield (at 800°C) of P-m,
PBBZ, and PBBZ-PPBO are 53.76%, 35.42% and
40.83%, respectively. The results indicate that P-m
has the most excellent thermal stability, and then
PBBZ-PBBO, and PBBZ, respectively.

The results of DMA and TGA show that, com-
pared with 2-oxazoline compound and benzoxazine
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Figure 12 TGA thermograms of P-m (A), PBBZ (C) and
PBBZ-PPBO (B).
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compound, the P-m combined with 2-oxazoline and
benzoxazine rings shows more excellent thermal
properties. At the same time, the thermal properties
of P-m, due to its impact and perfect network struc-
ture, are much better than the composite (equal
moles) of 2-oxazoline and benzoxazine material.

CONCLUSION

A novel benzoxazine containing 2-oxazoline and
benzoxazine moiety is synthesized; it is found that
the benzoxazine monomer could be separated from
its precursor by simple separated process, and the
high purity is confirmed by measurements. The ther-
mal properties of the P-m are much better than P-p,
just as it is determined by DMA and TGA. The rea-
son may be that benzoxazine monomer produces
less deficiency during polymerization than benzoxa-
zine precursor with oligomer. When compared with
common benzoxazine and composite of benzoxazine
and 2-oxazoline, P-m has excellent thermal proper-
ties, which are demonstrated by DMA and TGA.
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