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ABSTRACT: Two benzoxazine precursors bearing carborane moiety (1 and 2) were designed and synthesized successfully by the Man-
nich reaction of corresponding carborane bisphenol (3 and 4) with aniline and formaldehyde in 1,4-dioxane. The obtained precursors
were characterized by using multiple spectroscopic techniques including GPC, FTIR, 'H NMR, 'C NMR, and ''B NMR. Nonisother-
mal DSC studies showed that precursor 1 owned lower apparent activation energies (E,) than 2. The optimum curing processes of
benzoxazine precursors were also obtained on the basis of DSC data. TGA analyses manifested that the incorporation of carborane
moiety endowed the obtained benzoxazine resins (cured 1 and 2) with excellent thermal stability and unique thermo-oxidative stabil-
ity. The Ty data showed that the initial degradation of both cured 1 and 2 under nitrogen and air was postponed to some extent
owing to the shielding effect of carborane moiety on adjacent organic fragments. At higher temperature three-dimensional polymer
networks with B-O-B and B—C linkages were formed as chars by the reaction of carborane cage with atmospheric moisture, degrada-
tion products such as phenolic hydroxyl, and oxygen (under air). Under nitrogen this network hindered the motion of radicals
formed at elevated temperature and thus inhibited further polymer degradation processes. While under air, the formed boron-rich
networks could hardly be further oxidized into carbon dioxide so that the carborane-containing benzoxazine resins also showed very
high char yields. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43488.
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INTRODUCTION were also introduced to the molecular structure of benzoxazine

L. . . . resins so as to enhance their heat resistance. To date the search
As a new type of addition-curable phenolic resin, benzoxazine

resins have exhibited many superior performances such as high
thermal stability, no evolution of volatiles and near-zero shrink-
age during curing, flexibility of molecular design, and tailored
mechanical properties.' They could be utilized to prepare vari-

for new high-temperature units is
attention.

still attracting much

Closo-carboranes (C,BoH;,), with an icosahedral geometry, are
excellent building blocks for thermally stable polymers.'” Car-

ous materials such as high-performance adhesives and fiber-
reinforced composites.” However, benzoxazine resins possess
low density and are rather brittle, which limits their applica-
tion.> Furthermore, benzoxazine resins are increasingly required
to own higher properties such as thermal stability in high-tech
fields. On one hand, to obtain higher thermal stability, benzoxa-
zine resins were incorporated with addition reaction groups
such as acetenyl,*® allyl,>” cyano,®® maleimide,'®'! and furan'
which could participate in the curing reaction and thus
improved the degree of curing. On the other hand, bulky moi-
eties such as fluorenyl,"”'* adamantine,'”” and naphthalene'®

boranes could absorb energy like a kind of “power gauge” at
high temperature owing to its “superaromatic” electronic struc-
ture. Besides, the large volume of three-dimensional cage
endows carboranes with strong shielding effect on adjacent seg-
ments. Therefore, carboranes were incorporated into many tra-
ditional polymers to improve their thermal stability including
polysiloxanes,'®2® epoxy resins,””*® phenolic resins,”>*® aro-
matic polymers,”’ etc. With the increasing appearance of new
polymers, carboranes expanded their application fields such as
dendrimers®>™® and conjugated polymers with light-emission
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By virtue of the flexibility of molecular design, benzoxazine res-
ins have been synthesized from various bisphenol, such as
bisphenol A,*>™* bisphenol S,***° bisphenol AP, and bisphe-
nol fluorenyl.’™**> We have successfully synthesized carborane
bisphenols and corresponding carborane-based epoxy resins*®
and phenolic resins.’® Although carborane bisphenols have been
proved to be excellent starting materials for many carborane-
containing polymers, to the best of our knowledge, they have
not been utilized to synthesize benzoxazine polymers. Jia et al.>
synthesized main-chain polybenzoxazine with m-carborane on
its backbone by click polymerization of alkyne-containing ben-
zoxazine and azido-substituted m-carborane. In this work, we
report our studies on carborane-containing benzoxazine resins
from carborane bisphenols. Two carborane bisphenol benzoxa-
zine precursors (1 and 2) were synthesized by Mannich reaction
of carborane bisphenol, formaldehyde, and aniline. Their chemi-
cal structures have been well characterized, and their curing
behaviors and thermal and thermo-oxidative stability were
studied.

EXPERIMENTAL

Materials

o(m)-carborane bisphenol was synthesized and purified accord-
ing to our previously published synthetic route.”® Aniline was
obtained from Tianjin recovery technology development. Form-
aldehyde aqueous solution (37 wt %) was provided by Xilong
Chemical. 1,4-dioxane, Chloroform and sodium hydroxide were
purchased from Beijing Chemical Factory (Beijing, China). All
the chemicals were used as received without any further
purification.

Instrumentation

FTIR spectra were recorded in the range of 4000-400 cm ™' on
a Nexus 670 FTIR spectrophotometer and the samples were
finely ground with KBr powder and pressed into disk. 'H, "°C,
and "B NMR spectra were acquired in deuterated chloroform
on a Bruker AV400 at a proton frequency of 400 MHz and the
corresponding carbon and boron frequencies. Tetramethylsilane
was used as an internal standard. Molecular weight (M,) and
polydispersity indices (M,/M,) of the precursors were tested in
THF with a Waters 515 gel permeation chromatography system.
Nonisothermal differential scanning calorimetric measurements
were conducted using a TA Q1000 DSC operating in a nitrogen
atmosphere and the heating rate was set as 5, 10, 15, and 20°C/
min respectively, heated from 30 to 300°C. The TGA analysis
was performed on a TA SDT-Q600 thermogravimetric analyzer
at a heating rate of 20 °C/min from 50 to 900 °C under nitrogen
and air atmosphere.

Synthesis of Carborane Bisphenol Benzoxazine

Precursors (1 and 2)

Carborane bisphenol benzoxazine precursors (1 and 2) were
synthesized according to the synthetic routes shown in
Scheme 1. The detailed procedures for the synthesis of 2 were
given below as an example.

Formaldehyde aqueous solution (37 wt %, 0.3245 g, 0.004 mol)
and 1,4-dioxane (8 mL) were added to a 100 mL three-necked
round bottom flask equipped with a magnetic stirrer, a ther-
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Scheme 1. Synthesis and curing of carborane bisphenol benzoxazine pre-
cursors (1 and 2). [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

mometer, and a reflux condensing tube. After the mixture was
cooled below 10°C in an ice bath, aniline (0.1862 g, 0.002 mol)
in 1,4-dioxane (2 mL) was added dropwise to the flask. The
mixture was magnetically stirred for 30 min and then m-carbor-
ane bisphenol (4, 0.3282 g, 0.001 mol) in 1,4-dioxane (10 mL)
was added. The temperature was then raised to 94°C and the
mixture was stirred for 8 h. After cooling to room temperature,
the solvent was removed by rotary evaporation. The obtained
viscous fluid was then dissolved in 80 mL chloroform and
washed three times with 1.5 mol/L NaOH solution and deion-
ized water, respectively. The chloroform was evaporated by
rotary evaporation and the resultant product was dried in a vac-
uum oven overnight. A pale yellow solid was obtained in a yield
of 89.2%. M,: 512; M,/M,: 1.26 (GPC, polystyrene calibration;
Table II, No. 2). FTIR, v (cm™ ', in KBr pellet): 3064, 3036
(=C—H), 2940, 2846 (C—H), 2600 (B—H), 1598, 1499, 1455,
1385 and 1162 (C—N—C), 1228 and 1034 (C—O—C), 971 (oxa-
zine ring), 838, 751. '"H NMR (400 MHz, CDCl;), 6 (TMS,
ppm): 7.30-6.70 (m, aromatic protons), 5.34 (s, O—CH,—N),
4.61 (s, Ar—CH,—N), 3.80 (s, Ar—CH,—NH), 3.20-1.20 (m
B—H). °C NMR (100 MHz, CDCl3), § (TMS, ppm): 163.3—
113.4 (aromatic carbons), 79.6 (O—CH,—N), 78.3 (C of carbor-
ane), 50.7 (Ar—CH,—N). "B NMR (128 MHz, CDClL), ¢
(TMS, ppm): —6.45, —10.68, —13.44.

Characterization data for 1: pale yellow solid, 85.1%. M,: 431;
M, /M,: 1.35 (GPC, polystyrene calibration; Table I, No. 2).
FTIR, v (cm™ ', in KBr pellet): 3065, 3036 (=C—H), 2941, 2846

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43488


http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

Table I. The Synthesis of o-Carborane Bisphenol Benzoxazine Precursor (1)*

WILEYONLINELIBRARY.COM/APP

Rin
No. T,°C th vyield% M MJ/MP congtlentC, %
1 94 8 82.0 290 1.20 26.0
2 94 10 851 431 1.35 69.5
3 94 12 84.2 346 1.29 39.4
4 88 10 81.8 293 1.25 12.4
5 100 10 823 404 1.28 67.4

@Carried out in 1,4-dioxane, [o-carborane bisphenollo: [anline]o: [formalde-
hydelp =1: 2: 4.

b Estimated by gel permeation chromatograph (GPC) in THF on the basis
of polystyrene calibration.

°Calculated from NMR data,®* see “Structure Characterization of Car-
borane Bisphenol Benzoxazine Precursors (1 and 2)" for detail.

(C—H), 2583 (B—H), 1598, 1499, 1456, 1385, and 1162
(C—N—C), 1228 and 1034 (C—0—C), 971 (oxazine ring), 838,
751. '"H NMR (400 MHz, CDCLy), § (TMS, ppm): 7.30—6.40
(m, aromatic protons), 5.16 (s, O—CH,—N), 4.30 (s,
Ar—CH,—N), 3.61 (s, Ar—CH,—NH), 3.20-1.20 (m, B—H).
3C NMR (100 MHz, CDCl3), 6 (TMS, ppm): 162.1-111.8 (aro-
matic carbons), 84.6 (carbons on carborane cage), 79.0
(O—CH,—N), 49.0 (Ar—CH,—N). "B  NMR (128 MHz,
CDCly), 8 (TMS, ppm): —2.92, —9.52, —10.94.

Curing of Carborane Bisphenol Benzoxazine

Precursors (1 and 2)

Carborane bisphenol benzoxazine precursors (1 and 2) were
cured without the curing agent according to a temperature-
programmed process (200°C/2 h+220°C/2 h for precursor 1
and 150°C/2 h + 240°C/2 h for precursor 2).

Characterization data for cured 1: reddish brown solid. FTIR, v
(em™ ', in KBr pellet): 3356 (—OH), 3015 (unsaturated bond
=C—H), 2895, 2836 (saturated bond C—H), 2600 (B—H),
1615, 1591, 1571, 1513 (benzene ring), 1385, 1162 (C—N—C)
disappear, 1228, 1034 (C—O—C) disappear, 971 (oxazine ring)
disappear, 812, 757 (C—H of benzene ring).

Characterization data for cured 2: reddish brown solid. FTIR, v
(em™', in KBr pellet): 3410 (—OH), 3025 (unsaturated bond
=C—H), 2889 (saturated bond C—H), 2600 (B—H), 1599, 1503
(benzene ring), 1385, 1162 (C—N—C) disappear, 1228, 1034
(C—0—C) disappear, 971 (oxazine ring) disappear, 800, 751
(C—H of benzene ring).

RESULTS AND DISCUSSION

Synthesis of Carborane Bisphenol Benzoxazine

Precursors (1 and 2)

The synthetic routes to carborane bisphenol benzoxazine pre-
cursors (1 and 2) are shown in Scheme 1 (the experiment
details and characterization data are included in Experimental).
The Mannich reaction of carborane bisphenol (3 and 4) with
aniline and formaldehyde in 1,4-dioxane gave carborane-
containing benzoxazine precursors (1 and 2) with expected
structures. All the reactions proceeded smoothly, and the
desired target precursors were isolated in satisfactory yields
(~81.8-89.2%, Tables I and II).
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To synthesize o-carborane bisphenol benzoxazine precursor (1)
with high content of oxazine ring, 1,4-dioxane with low dielectric
constant (¢ =2.2) was selected as reaction solvent.! We first
attempted to conduct the reaction at 94 °C for 8 hours, and ben-
zoxazine precursor with low M, and ring content was obtained
(M,, ~290, ring content ~26%, Table I, No. 1). When the reac-
tion time was extended to 10 h, the reaction took place to such
an extent that M,, and ring content were increased to ~431 and
69.5% (Table I, No. 2). However, when the time was further
increased to 12 h, both M, and ring content were decreased dra-
matically (Table I, No. 3), indicating that the formed oxazine
ring was partly consumed during the reaction process. It was use-
less to further increase the reaction temperature for higher ring
content, while lower temperature (88°C) caused very low ring
content when the reaction time was kept at 10 hours (Table I,
Nos. 4-5). Therefore, it was concluded that o-carborane bisphe-
nol benzoxazine precursor (1) with the highest ring content was
obtained when the reaction was conducted at 94°C for 10 h.
Higher temperature and longer time were harmful to the ring
content. The oxazine ring could hardly be broken at higher tem-
perature in the reaction system, which may be interpreted by the
strong shielding effect of o-carborane cage on the oxazine ring.

Similarly, m-carborane bisphenol benzoxazine precursor (2) was
also synthesized in 1,4-dioxane, an apolar solvent widely used
in the synthesis of benzoxazine compound.' The target product
with the highest M, (512) and ring content (87.2%) was
obtained when the reaction was conducted at 94°C for 8 h
(Table II, No. 2). It is clear that the temperature and time have
the same effect on the synthesis of benzoxazine precursor 2 as
1. Noteworthy, much lower ring content (44.6%) was obtained
at higher reaction temperature (Table II, No. 5). Since m-car-
borane has weaker shielding effect than o-carborane on the oxa-
zine ring, the ring was opened at high temperature and the
formed methylene cation could easily attack the ortho-position
of phenolic hydroxyl to produce Mannich bridge structure.

Both of the synthesized precursors (1 and 2) are pale yellow solid
and could be solved in common organic solvents such as acetone,
THE, chloroform, and DMSO. Just as bisphenol A-based benzox-
azine compounds,' carborane-containing benzoxazine precursors
could be stored and used as solid or in solution state. They could

Table II. The Synthesis of m-Carborane Bisphenol Benzoxazine Precursor (2)*

Rin
No. T,°C th vyield % M2 M,/Mp congtentc, %
1 94 6 83.8 481 1.29 41.8
2 94 8 89.2 512 1.26 87.2
3 94 10 89.1 343 124 64.1
4 88 8 82.0 342 1.26 49.8
5 100 8 87.5 387 1.40 446

@Carried out in 1,4-dioxane, [m-carborane bisphenol]g: [anlinelo: [formal-
dehydelp=1:2: 4.

bEstimated by gel permeation chromatograph (GPC) in THF on the basis
of polystyrene calibration.

°Calculated from NMR data,®* see “Structure Characterization of Car-
borane Bisphenol Benzoxazine Precursors (1 and 2)" for detail.
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Figure 1. GPC chromatographs of (A) m-carborane bisphenol (4), and
(B) m-carborane bisphenol benzoxazine precursor (2, Table II, No. 2) in
THF on the basis of polystyrene calibration. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

be cured by simple heating without curing agent according to a
temperature-programmed process and three-dimensional cross-
linked structures were obtained (Scheme 1).

Structure Characterization of Carborane Bisphenol
Benzoxazine Precursors (1 and 2)

The obtained benzoxazine precursors (1 and 2) were character-
ized with standard spectroscopic methods. Both precursors gave
satisfactory analysis data corresponding to their expected molec-
ular structures (see Experimental section for details). The struc-
ture characterization of m-carborane bisphenol benzoxazine
precursor (2) was illustrated in detail below as an example.
About the o-carborane bisphenol benzoxazine precursor (1), it
was characterized in the supporting information.

The GPC chromatographs of precursor 2 and its corresponding
bisphenol 4 are shown in Figure 1. The benzoxazine precursor 2
shows a retention time of 31.40 min, longer than its bisphenol
counterpart (4) although its molecular weight is bigger. This
result is illustrated by the fact that larger hydrodynamic volume
will cause shorter retention time and m-carborane bisphenol (4)
owns larger hydrodynamic volume due to the existence of
hydroxyl groups. Besides, the single peak of the benzoxazine
precursor 2 implies that the obtained precursor does not con-
tain higher molecular weight fractions and is only composed of
difunctional, monofunctional,
(Chart 1).>*

and oxazine-free monomers

The FTIR spectrum of m-carborane bisphenol benzoxazine pre-
cursor (2) is shown in Figures 2 and 3; the FTIR spectrum of
its starting compound 4 is also given in the same figure for
comparison.”® It is seen that 4 exhibits absorption peak at
2600 cm ', which is ascribed to the stretching vibration of
B—H on carborane cage. This band is still present in the spec-
trum of 2, indicating that the carborane cage remains intact
during the synthesis of benzoxazine precursor. Besides, new
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(e =C, o=BH)

Chart 1. Three possible components of m-carborane bisphenol benzoxa-
zine precursor (2). [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

peaks appear at 1034 and 1228 cm™ ' associated with the sym-
metric and asymmetric vibrations of C—O—C, while absorption
peaks at 1162 and 1385 cm ' are related with the symmetric
and asymmetric vibrations of C—N—C, which confirms the for-
mation of cyclic ether of benzoxazine structure. Furthermore,
wide absorption band around 3300 cm ™' ascribe to phenolic
hydroxyl group almost disappears, which is further evidence
that carborane bisphenol has been transformed into benzoxa-
zine precursor.

NMR spectroscopy is an effective method of characterizing the
molecular structures. As can be seen from the 'H NMR

4000 3000 2000 1600 1200 800 400
Wavenumber (cm”)

Figure 2. FTIR spectra of (A) m-carborane bisphenol (4), (B) m-carbor-
ane bisphenol benzoxazine precursor (2, Table II, No. 2), and (C) cured 2.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]
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Figure 3. "H NMR spectra of (A) m-carborane bisphenol (4) in acetone-

ds, and (B) m-carborane bisphenol benzoxazine precursor (2, Table II,

No. 2) in CDCIl;. The solvent peaks are marked with asterisks. The struc-

ture of 2 is given in Chart 1. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

spectrum of 2, there is no resonance peak at o ~ 9.79 associated
with phenolic hydroxyl group, indicating that m-carborane
bisphenol (4) has been fully transformed into benzoxazine pre-
cursor 2. New peaks appear at 6 ~ 5.34 and 4.61 which are
attributed to the resonance of methylene protons on the oxazine
ring (Chart 1, H, and Hj;), while a resonance peak at 6 ~ 3.80
is related with methylene protons of the opened structure
(Chart 1, H,). Since the obtained precursor 2 owns three possi-
ble components and each component contains oxazine ring
and/or opened structure (Chart 1), the integrated intensities of

il o
Al a
edcb
c b
a d
| I It
*
C

-
lvi.J ML ahAT

S S S S S S S S S S
180 160 140 120 100 80 60 40 20
Chemical shift (ppm)

Figure 4. 13C NMR spectra of (A) m-carborane bisphenol (4) in acetone-

ds, and (B) m-carborane bisphenol benzoxazine precursor (2, Table II,
No. 2) in CDCl;. The solvent peaks are marked with asterisks. The struc-
ture of 2 is given in Chart 1. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Figure 5. ''B NMR spectra of (A) o-carborane bisphenol benzoxazine pre-
cursor (1, Table I, No. 2), and (B) m-carborane bisphenol benzoxazine
precursor (2, Table II, No. 2) in CDCl;. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

the above resonance peaks were utilized to calculate the percent-
age of benzoxazine ring, i.e. ring content, in the whole composi-
tion and the results were shown in Tables I and II.

The >C NMR spectra of benzoxazine precursor 2 and its start-
ing compound 4 are shown in Figure 4. It is seen that in the
spectrum of 2 new peaks appear at 6 ~ 79.6 and 50.7 which are
attributed to methylene carbons on the oxazine ring, further
verifying the formation of benzoxazine precursor. Since the ben-
zoxazine precursors (1 and 2) contain carborane cage, ''B NMR
spectroscopy has been utilized to analyze their structures and
the results are shown in Figure 5. The characteristic peaks of
boron atoms of benzoxazine precursors are well consistent with

their precursory carborane bisphenol.”

Curing Behavior of Carborane Bisphenol Benzoxazine
Precursors (1 and 2)

Nonisothermal DSC tests were utilized to study the curing
kinetics of benzoxazine precursors (1 and 2). The nonisothermal
DSC curves of o-carborane bisphenol benzoxazine precursor (1)
and m-carborane bisphenol benzoxazine precursor (2) at differ-
ent heating rates were given in Figures 6 and 7. It is clear that
exothermic peaks shift to higher temperatures with the increase
of heating rate, which is consistent with the typical curing
behavior of thermosetting resins.’® As the temperature increases,
the molecules of precursor 1 and 2 absorb energy and become
active. The curing reaction takes place when the activated mole-
cules collide effectively with each other. At higher heating rate,
the effective collision occurs at temperatures higher than the
required minimum temperature so that the initial curing tem-
perature shifts to higher temperature. It is worth noting that
the endothermic peaks appear before the exothermic peak at
the heating rate of 20 °C/min, which is probably due to the ini-
tial thermal decomposition of open ring structures of precursor
1 and 2. Through further studying the thermal stabilities by
TGA and FTIR, the open ring structures were proved to be

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43488
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A: 5°C/min

—_—

B: 10 °C/min

Endo

C: 15 °Cimin

D: 20 °C/min

Heat flow (mWI/g)
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Figure 6. Nonisothermal DSC curves for o-carborane bisphenol benzoxa-
zine precursor (1) at (A) 5, (B) 10, (C) 15, and (D) 20 °C/min. [Color fig-
ure can be viewed in which is available at

the online issue,

wileyonlinelibrary.com.]

Mannich base and phenolic structure (see “Thermal Stability of
Cured 1 and 2 Under Nitrogen” for details).

The apparent activation energy (E,) of the curing reaction of
precursors 1 and 2 can be calculated by using well-known Kis-
singer’s and Ozawa’s method.”® Kissinger’s method assumes that
T, varies with the heating rate and the maximum reaction rate
occurs at T}, According to Kissinger’s equation:

d[ln(ﬁ/TPZ)} :_& (1)

d(1/Tp) R

where f3 is the heating rate, T} is the exothermic peak tempera-
ture, A is the pre-exponential factor, E, is the apparent activa-
tion energy, and R is the universal gas constant, plots of

A: 5 °C/min

—

B: 10 °C/min

C: 15 °C/min

D: 20 °C/min

Heat flow (mW/g) Endo

— T T T T T T T T T T
180 200 220 240 260 280 300

Temperature (°C)

Figure 7. Nonisothermal DSC curves for m-carborane bisphenol benzoxa-
zine precursor (2) at (A) 5, (B) 10, (C) 15, and (D) 20 °C/min. [Color fig-
ure can be viewed in which is available at

the online issue,

wileyonlinelibrary.com.]
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Figure 8. Plots of In (/T},”) as a function of 1/T,, for precursors 1 and 2

to calculate E, according to Kissinger’s method. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

In (B/T,?) against 1/T, are prepared and shown as straight lines
in Figure 8. The Pearson’s linear correlation coefficient was cal-
culated and given near the line.

Ozawa’s method assumes that the degree of conversion at peak
temperatures for different heating rates is constant. According
to Ozawa’s equation:

Eﬂ

RTp

Inf=-1.052—% +C (2)
where C is constant, plots of Inf} against 1/T,, are prepared and
shown as a straight line in Figure 9.

The apparent activation energies (E,) of the curing reaction of
precursors 1 and 2 were calculated from the slope of lines in
Figures 7 and 8 and summarized in Table III. Precursor 1 owns
lower E,, indicating that precursor 1 is easier to be cured than
precursor 2. The electron-withdrawing ability of carbons on o-
carborane cage is higher than those on m-carborane, thus o-car-
borane-containing precursor 1 exhibits higher reactivity than its

3.2
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[ precursor 1
24
@ L
= L
2.0 L precursor 2 -0.99818
I -0.99366
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Figure 9. Plots of Inf} as a function of 1/T, for precursors 1 and 2 to cal-
culate E, according to Ozawa’s method. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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Table III. E, Values Obtained from Nonisothermal Data

Eu/kJ mol~*
Precursor Kissinger's method Ozawa’s method
1 113.95 12111
2 139.95 141.38

meta counterpart. On the other hand, very close E, values were
obtained through different methods, which verified the noniso-
thermal DSC studies of the curing kinetics of benzoxazine
precursors.

The optimum curing temperatures could be determined from
the characteristic temperatures at a heating rate of 0°C/min,
T, Tpo» and Ty, which were obtained by the extrapolation of
the plots of characteristic temperatures, T;, T,, and T, as a
function of heating rates (f8). Figure 10 shows the plots for the
curing behavior of precursor 1 and the characteristic tempera-
tures at a heating rate of 0°C/min were shown in Table IV.

The optimum curing processes of precursors 1 and 2 were
determined according to Table IV. 1 was cured at 200 °C for 2 h
and then at 220°C for 2 h, while 2 was cured at 150°C for 2 h
and then at 240°C for 2 h. Both precursors were fully cured
under the above curing conditions. The FTIR spectrum of cured
2 is shown in Figure 2(C). Compared with the FTIR spectrum
of precursor 2, the absorption peaks at 1034 and 1228 cm™'
associated with the symmetric and asymmetric vibrations of
C—0—C and 1162 and 1385 cm ™' ascribed to the symmetric
and asymmetric vibrations of C—N—C disappeared from the
spectrum of cured 2, indicating that the benzoxazine rings were
completely consumed during the curing process. Besides, new
absorption peak at 3356 cm ™ ' appeared which was assigned to
the stretching vibration of phenolic hydroxyl group formed
through oxazine ring-opening reaction.

560
550
540
530
— 520
510

500

490

5 10 15 20
B (K min)

Figure 10. Plots of characteristic temperatures (T;, Tj, and T;) as a func-
tion of heating rate (f8) for the curing behavior of precursor 1. [Color fig-
which is available at

ure can be viewed in the online issue,

wileyonlinelibrary.com.]
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Table IV. Characteristic Temperatures at a Heating Rate of 0°C/min for
the Curing Behavior of Precursor 1 and 2

/°C
fnin*l Ti°C Ty°C  Ty°C  Tol°C Tpol°C Teol°C
1 5 2157 230.9 2412 2070 2246 2257
10 2319 2436 250.1
15 238.9 250.3 266.4
20 2493 256.2 281.0
2 5 1758 2452 256.7 148.0 240.7 243.0
10 1789 257.0 2710
15 2443 263.6 287.6
20 2346 2659 2984

Thermal Stability of Cured 1 and 2 under Nitrogen

Carborane-containing polymers are well-known for their ultra-
high char yield at elevated temperatures.'”” Therefore, it is of
great significance to study the thermal stability of carborane
bisphenol-based benzoxazine resins (cured 1 and 2). Thermal
gravimetric analysis (TGA) technique was utilized and the
recorded TGA thermograms of cured 1 and 2 under nitrogen
are shown in Figure 11. The TGA curve of a typical bisphenol
A-based benzoxazine resin (BA-a) is also given for comparison.
The decomposition temperature (T,) is defined as the tempera-
ture at which the resin loses 5% of its original weight. Thus, the
T, values for cured 1 and 2 are picked up from the TGA curves
as 347 and 354°C, higher than the T, of BA-a (319°C). The
limited improvement of decomposition temperature can be
ascribed to the shielding effect of carborane cages incorporated
into the benzoxazine resins. It is also seen from Figure 10 that
carborane-containing benzoxazine resins (cured 1 and 2) own
much higher char yield at 900 °C (76.8% for cured 1 and 72.6%
for cured 2) than carborane-free resin (BA-a, 33.1%). To the
best of our knowledge, carborane bisphenol-based benzoxazine
resins studied in this work seem to own the highest char yield
among their family. It is believed that the existence of carborane

100
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-
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Figure 11. TGA curves of cured 1 and 2 under nitrogen. TGA curve of
BA-a is also given for comparison. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 12. FTIR spectra of m-carborane bisphenol benzoxazine resin

(cured 2) after TGA test under (A) nitrogen and (B) air. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]

cages contributes to the thermal stability of carborane-
containing benzoxazine resins.

FTIR spectroscopy was utilized to study the structural variation
of carborane bisphenol-based benzoxazine resins and the FTIR
spectrum of cured 2 after TGA test under nitrogen was shown
in Figure 12(A). The disappearance of stretching vibration peak
at 2600 cm ™' indicates complete consumption of B—H bonds
on carborane cage at elevated temperature. Besides, fine absorp-
tion peaks below 1700 cm '
destruction of organic fragments of the benzoxazine resin.
Absorption peaks around 1430, 1194, and 643 cm™' are
ascribed to the stretching vibrations of B—O—B, B—OH, and
B—C respectively. It is concluded from the above analysis that a
three-dimensional polymer network is compacted by forming
B—O—B and B—C linkages, just as the case of carborane-
containing phenolic resin.”” The organic fragments decompose
into radicals at elevated temperature. However, the formed radi-
cals cannot move freely through the above thermally stable net-
work, and thus fail to undergo secondary recombination
processes. In this way, the boron-rich network successfully
inhibits further polymer degradation processes.

disappear, accounting for the

DTG curve analysis provides more information on the degrada-
tion process at high temperatures. Figure 13 shows the weight
loss rates of BA-a, cured 1, and cured 2. It can be seen that BA-
a exhibits a trimodal derivative curve with a maximum rate of
0.43%/°C at 398°C. The peak overlap is due to the fact that
both Mannich base and phenolic structure degrade simultane-
ously with different onset temperatures, according to Ishida’s
work.’® The weight loss rates of cured 1 and 2 (below 0.1%/ °C)
are much lower than that of BA-a, indicating the hindrance of
carborane structure on the degradation of benzoxazine resins.
The DTG curve of cured 2 also shows a maximum derivative
peak at 398 °C, which is the synergistic result of Mannich base
breakdown and phenolic structure degradation. For cured 1, we
expected to obtained similar derivative curve as cured 2, but are
surprised to find that there exists a valley around 403 °C. Con-
sidering the simultaneous degradation of Mannich base and
phenolic structure around 398°C, there is supposed to be a
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maximum peak due to the overlap. However, the cage isomeri-
zation shift from o-carborane to m-carborane occurs in the
same temperature range (~450°C), which absorbs energy and
blocks the anticipated degradation.”® Therefore, the two peaks
fail to overlap with each other, which contributes to the assign-
ment of each peak. The first peak at 337°C is assigned to the
Mannich base degradation, while the second peak at 489 °C is
assigned to phenolic structure decomposition. The above peak
separation phenomenon was also observed in the DTG studies
of p-cresol- and 2,2'-bisphenol-based benzoxazine resins.”® Dif-
ferent from BA-a, the DTG curve of cured 1 and 2 appear
noticeable degradation tails at temperatures higher than 600 °C
because carborane cages continue their reactions with phenolic
hydroxyl and atmospheric moisture to form the above boron-
rich network.

Thermo-oxidative Stability of Cured 1 and 2 under Air

To study the thermal oxidation of carborane bisphenol-based
benzoxazine resins, TGA and DTG analyses of cured 1 and 2
were further conducted under air and the results are shown in
Figures 14 and 15. Bisphenol A-based benzoxazine resin (BA-a)
was also studied under the same conditions for comparison. It
is seen that T, values for cured 1 and 2 are 412 and 359°C
respectively, much higher than the T; of BA-a (261 °C), indicat-
ing that the existence of carborane moiety also postponed the
initial oxidative degradation of benzoxazine resins by virtue of
its shielding effect on the adjacent organic fragments.

Further thermo-oxidation of BA-a followed a two-stage process.
At the first stage, the weight loss proceeded at a moderate rate
of 0.15-0.20%/ °C from 250 to 500 °C, which was attributed to
the simultaneous decomposition of organic fragments, i.e.,
Mannich base and phenolic moiety. At the second stage, BA-a
lost almost all its weight up to 700°C with the highest weight
loss rate of 0.64%/°C at 631°C, corresponding to the thermo-
oxidation of the formed char into carbon dioxide.”® Owing to
the existence of carborane moiety, the weight loss of carborane
bisphenol-based benzoxazine resins (cured 1 and 2) proceeded
in quite different ways. For cured 2, there only exists one

i cured 1
0.4 I S
i cured 2
EE BA-a
0.3 i
i
N
iy
i'398 i

Weight loss rate (%/°C)
= =
e [ ]

LU B B B N B B B R N B S B S B B S
-

100 200 300 400 500 600 700 800 900

Temperature (°C)

Figure 13. DTG curves of cured 1 and 2 under nitrogen. DTG curve of
BA-a is also given for comparison. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 14. TGA curves of cured 1 and 2 under air. TGA curve of BA-a is
also given for comparison. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

noticeable thermo-oxidation peak around 361°C with the
weight loss rate of 0.06%/°C ascribed to the decomposition of
organic fragments (Figure 15), while no drastic weight loss of
cured 2 appeared at higher temperature. Due to the participa-
tion of oxygen, the char was formed as three-dimensional poly-
mer network with more B—O—B linkages at elevated
temperature [Figure 12(B)], and thus failed to undergo further
thermo-oxidation and give rise to major weight loss.

As for cured 1, it is obvious from Figure 14 that the thermo-
oxidation process consists of three stages. The first stage coinci-
dently fell in the temperature range of 250-450 °C where cured
2 appeared its maximum weight loss rate, and thus could be
assigned to the oxidative degradation of organic fragments. To
explore the origin of last two stages, a char material from the
degradation of cured 1 under nitrogen was further degraded
under air, and the results were shown in Figure 16. It is obvious
that the char material undergoes two major weight losses in the
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Figure 15. DTG curves of cured 1 and 2 under air. DTG curve of BA-a is
also given for comparison. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure 16. DTG curves of the formed chars of cured 1 and 2 under air.
Chars were obtained by degrading cured 1 and 2 under nitrogen. Inserted
are DTG curves of cured 1 and 2 under air at elevated temperature.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]

temperature range of 450-900°C, which is in approximate
agreement with the weight loss of cured 1 in the same tempera-
ture range under air. Therefore, the weight loss of cured 1
under air at temperatures higher than 450°C is attributed to
the thermo-oxidation of the formed char. We assume that o-car-
borane moiety owns poorer asymmetry than its meta- counter-
part, which causes uneven distribution of boron in the formed
char. Consequently, the formed char from cured 1 could be
partly degraded.

At the same time, the degradation of the char from cured 2 was
also studied and the result again verified the fact that no major
thermo-oxidation of cured 2 occurred at higher temperature.

CONCLUSIONS

In summary, two carborane-containing benzoxazine precursors
(1 and 2) were successfully synthesized in higher yields by the
Mannich reaction of corresponding carborane bisphenol (3 and
4) with anline and formaldehyde in 1,4-dioxane. The obtained
precursors showed satisfactory ring content and their structures
have been well characterized with spectroscopic characterization
techniques including GPC, FTIR, 'H NMR, °C NMR, and ''B
NMR. The curing behaviors of precursors 1 and 2 were studied
by nonisothermal DSC tests. Kissinger’s and Ozawa’s methods
were utilized to calculate the apparent activation energies (E,)
of the curing reactions, and the results showed approximately
120 kJ mol ! for precursor 1 and 140 kJ mol ! for precursor 2,
indicating that 1 is easier to be cured than 2 owing to higher
electron-withdrawing ability of carbons on o-carborane cage.
Besides, the plots of characteristic temperatures from DSC data
were extrapolated to give the optimum curing processes, 200 °C/
2 h+220°C/2 h for 1 and 150°C/2 h + 240°C/2 h for 2, under
which both precursors were fully cured to obtain benzoxazine
resins.

TGA analyses manifested that the incorporation of carborane
moiety endowed the obtained benzoxazine resins (cured 1 and
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2) with excellent thermal stability and unique thermo-oxidative
stability. T, values for cured 1 and 2 under nitrogen were 347
and 354 °C, respectively, higher than T, of BA-a (319°C). While
under air these values became 412 and 359 °C, also much higher
than the T, of BA-a (261°C). The above results showed that the
initial degradation of both cured 1 and 2 under nitrogen and
air was postponed to some extent owing to the shielding effect
of carborane moiety on adjacent organic fragments. At higher
temperature three-dimensional polymer networks with B-O—B
and B-C linkages were formed as chars by the reaction of car-
borane cage with atmospheric moisture, degradation products
such as phenolic hydroxyl, and oxygen (under air). Under nitro-
gen this network hindered the motion of radicals formed at ele-
vated temperature and thus inhibited further polymer
degradation processes. Therefore, both cured 1 and 2 owned
ultrahigh char yields (76.8 and 72.6% at 900°C) under inert
atmosphere. While under air, the formed boron-rich networks
could hardly be further oxidized into carbon dioxide so that the
carborane-containing benzoxazine resins also showed very high
char yields (51.1% for cured 1 and 77.1% for cured 2 at 900 °C)
under oxidative environment. It should be noted that cured 1
underwent partial char degradation beyond 450°C due to
uneven distribution of boron in the formed char, while the char
of cured 2 could hardly be degraded even at temperature up to
900 °C.
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