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a b s t r a c t

A novel benzoxazine bearing fluorene and furan group (B-bff) was prepared using 9,9-bis(4-
hydroxyphenyl) fluorene, furfurylamine and formaldehyde as raw materials. The chemical structure of
B-bff was characterized with FTIR, 1H NMR, 13C NMR, and elemental analysis. The curing reaction was
investigated under non-isothermal differential scanning calorimetry (DSC) at different heating rates. The
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apparent activation energy of the curing reaction was determined to be 119.1 kJ mol and 121.3 kJ mol ,
respectively, according to Kissinger and Ozawa method. Isoconversional analysis of the DSC data showed
that the activation energy value decreased with the degree of conversion. The autocatalytic kinetic model
was found to be the best description of the investigated curing reactions. In addition, the predicted curves
from our kinetic models fit well with the non-isothermal DSC thermograms. Thermogravimetric analysis
(TGA) result showed that the cured polymer possessed good thermal properties with the 5% weight loss

har y
utocatalytic curing temperature 402 ◦C and c

. Introduction

Over the past several years, the applications for high tem-
erature resistant polymers have increased drastically due to
echnological advancements. Polybenzoxazine, as a novel type of
henolic resins, have drawn worldwide attention because they
vercome many of the deficiencies commonly associated with
ovolac and resol-type phenolic resins. They have demonstrated
arious attractive properties including high thermal stability, high
har yields, high glass transition temperature (Tg), near-zero
olumetric change upon curing, good mechanical and dielectric
roperties, low water absorption, and low flammability [1–8].
hese characteristics make benzoxazine polymers excellent can-
idates for high performance composites. The chemistry for the
ynthesis of the benzoxazine deals with Mannich reaction involving
he condensation of phenol, formaldehyde, and primary amine. The
ide variety of available phenolic derivatives and primary amines

llow for tremendous opportunities in molecular design. By tak-
ng of the molecular design flexibility of benzoxazine chemistry,
hermal and thermo-oxidative stabilities of benzoxazine have been

mproved [9–25].

Fluorene-based polymers show a number of interesting and
nique chemical and physical properties, such as good heat resis-
ance, high char yield, high limited oxygen index, good flame
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retardant, and excellent solubility in common organic solvents
[26–28]. Introduction of the stiff, bulky cardo moieties into ben-
zoxazine can enhance the rigidity and thermal stability of the
final product. Wang et al. synthesized benzoxazines from bisphe-
nolic fluorene, formaldehyde and aniline [29]. The obtained resin
showed good thermal properties. In this study, by taking advan-
tage of the high flexibility in molecular design of benzoxazine,
we prepared a novel flourene-based benzoxazine from bisphenolic
flourene, formaldehyde and furfurylamine. Compared with other
amine derivative, furfurylamine’s advantages are: (a) incorporation
of furan groups to benzoxazines so as to simplify polymerization
reactions, (b) formation of linkages between Mannich bridges and
aromatic furan groups during polymerization to increase the cross-
linking densities of the resulting polymers, and further enhance
the glass transition temperatures and thermal stability, (c) char-
formation enrichment with furan groups, and (d) using economic
and ecological furan compound as a raw material in synthesis [30].
The structure of the prepared benzoxazine is confirmed by FTIR,
1H and 13C NMR and elemental analysis. Curing behavior of the
obtained benzoxazine monomer and thermal properties of cured
polymer are also investigated.

2. Experimental
2.1. Materials

9,9-Bis(4-hydroxyphenyl) fluorene (BHPF) was purchased
from Suqian Ever-Galaxy Pharmacy & Chem. Co., China. Fur-

dx.doi.org/10.1016/j.tca.2010.12.014
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:yanbinglu@hnu.cn
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at 40–90 and 110–160 ppm were assigned to the methylene car-
bons, and the aromatic carbons, respectively [29]. The chemical
shifts located at 81.6 and 49.8 ppm were attributed to the car-
bon atom resonances of O–CH2–N and Ar–CH2–N of oxazine rings,
respectively. The characteristic peaks of the carbon atom of –CH2N–
Scheme 1.

urylamine was purchased from Aladding Reagent Company.
ichloromethane, ethanol, 1,4-dioxane, sodium hydrate, diethyl
ther, and formaldehyde were purchased from Tianjin Fuchen
hemical Reagent Factory. All chemicals were used as received.

.2. Monomer synthesis

The benzoxazine monomer B-bff (Scheme 1) was synthesized
ccording to the method reported by Wang et al. [29] with some
ssential modifications.

Formaldehyde (2.64 g, 0.088 mol) and 1,4-dioxane (20 mL) were
dded to a 250 mL three neck round-bottomed flask equipped with
magnetic stirrer, reflux condenser, stirred 20 min at room tem-
erature. The mixture was cooled to below 5 ◦C in an ice bath, then
urfurylamine (3.88 g, 0.04 mol) was added drop-wise and reacted
or 1 h. Then, a solution of BHPF (7 g, 0.02 mol) in 20 mL mixed sol-
ents including dioxane (10 mL) and ethanol (10 mL) as a cosolvent
o improve the solubility of BHPF was added. The temperature was
aised gradually to 100 ◦C and the mixture was kept stirring for 12 h.
he solvent was removed by rotary evaporator. The yellowish pow-
er was dissolved in chloroform, washed three times with 2 mol L−1

aOH aqueous solution and finally two times with distilled water.
he chloroform phase was collected dried with anhydrous sodium
ulphate. Crude product obtained from removing the solvent was
e-crystallized from diethyl ether to give the final product: 65%
ield.

.3. Characterization

Fourier transform infrared (FTIR) spectrum was performed on
WQF-410 spectrophotometer (Beijing Second Optical Instrument
actory). Proton nuclear magnetic resonance (1H NMR) spectrum
as recorded on an INOVA-400 instrument (Varian, United States).

lemental analyses were obtained from Heraeus CHN-rapid ele-
ental analyzer.
DSC and TGA measurements were performed on a Netzsch STA

09 (Netzsch, Germany) under nitrogen atmosphere. The instru-
ent was calibrated with a high purity indium standard, and

n empty cell was used as the reference. About 10 mg of sam-
le was weighed into a hermetic aluminum sample pan at room
emperature, which was then sealed, and the sample was tested
mmediately. The curing thermal date were obtained with differ-
nt heating rates (2, 5, 10, 15 and 20 ◦C min−1), heated from 30 to
00 ◦C. The heat flow data, as a function of temperature and time,

ere obtained using the area under the peak of the exotherm. These
ata were processed further to obtain the fractional conversion and
he rate of reaction.
cta 515 (2011) 32–37 33

3. Results and discussion

3.1. Preparation and characterization of B-bff

The benzoxazine monomer was prepared from BHPF, furfury-
lamine and formaldehyde via a solution method. Because of the
poor solubility of BHPF in nonpolar solvents such as 1,4-dioxane
or chloroform, the mixed solvents of 1,4-dioxane and ethanol were
used in the reaction process. Ishida and co-workers have verified
that nonpolar solvents, for example, chloroform carbon tetrachlo-
ride, dioxane, or n-hexane, help ring closure of the open Mannich
base, and reduce the chances of ring opening [25]. In this work,
the yield of B-bff monomers is about 65% while the volume ratio
of ethanol and 1,4-dioxane is 1:1. The reasons may be attributed
to the disadvantageous effect of polar solvent and great steric
hindrance of bulky fluorenyl group on the formation of oxazine
ring.

The chemical structure of B-bff was confirmed with FTIR, 1H
NMR, 13C NMR, and element analysis. Fig. 1 shows the FTIR spec-
trum of the obtained benzoxazine compound. The oxazine ring
was observed with the characteristic absorptions at 1230 cm−1

(asymmetric stretching of C–O–C), 1014 cm−1 (symmetric stretch-
ing of C–O–C), 1117 cm−1 (asymmetric stretching of C–N–C), and
866 cm−1 (C–N–C symmetric stretching), indicating that monomer
containing benzoxazine structure is obtained [29,31,32]. The furan
group was observed with the absorption peaks at 1585, 985, and
763 cm−1 [30].

The 1H and 13C NMR spectra were also measured to confirm the
structure. Fig. 2 shows the 1H NMR spectrum of B-bff. The furan
ring was characterized with the absorption peaks at 6.20–6.31 ppm
( CH–CH ) and at 7.38 ppm (–CH CH–O–). The furan ring protons
were observed at 6.20–7.76 ppm. The absorption peaks of aro-
matic protons appeared at 6.65–7.30 ppm. The characteristic peaks
assigned to methylene (O–CH2–N) and methylene (Ar–CH2–C) of
oxazine ring for the benxoxazine appeared at 4.81 and 3.88 ppm,
respectively, confirming the formation of benzoxazine monomer
[29,33–35]. The single peak at 3.87 ppm associated with the absorp-
tion of protons of –CH2N– in furfuryl groups.

In the corresponding 13C NMR spectrum in Fig. 3, the resonances
Fig. 1. FTIR spectrum of benzoxazine B-bff.
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Fig. 4. A typical DSC curve of B-bff at a heating rate of 10 ◦C min−1.

Fig. 5. DSC curves of B-bff at different heating rates.
Fig. 2. 1H NMR spectrum of benzoxazine B-bff.

n furfuryl group located at 49.8 ppm. The peak at 64.3 ppm was
ssigned to the quaternary carbon atom of fluorene ring.

The purity of the obtained benzoxazine was verified with the
lemental analysis data. The data shows that the experimental
esults (C, 78.86; H, 5.41 and N, 4.84) are in reasonable agreement
ith the calculated value (C, 79.03; H, 5.44 and N, 4.73).

.2. Curing behavior of B-bff

The curing behavior of the novel fluorine containing benzox-
zine B-bff was studied by DSC. Fig. 4 shows a typical example of
he DSC thermogram for B-bff recorded at 10 ◦C min−1. As can be
een in Fig. 4, the endothermal peak at about 178 ◦C was assigned
o the melting of the benzoxazine and the exothermal peak in the
emperature range between 200 and 300 ◦C was assigned to the
uring reaction of B-bff.

Figs. 5 and 6 show the DSC thermogram of B-bff and the con-
ersion versus temperature at different heating rates. From Fig. 5,
nformation about the nature of the curing reaction such as ini-
ial curing temperature (Ti), peak temperature (Tp), and the curing

ange at different heating rates could be derived. The data obtained
re summarized in Table 1. It can be observed that the increase of
eating rate leads to decrease of the cure time, and the exothermic
eak shifts to a higher temperature with higher heating rate.

Fig. 3. 13C NMR spectrum of benzoxazine B-bff.

Fig. 6. Conversion as a function of cure temperature for B-bff at different heating
rates.
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Table 1
Curing characteristics of B-bff at various heating rate.

Heating rate (◦C min−1) Ti Tp Tf Cure
time
(min)

2 183.4 222.5 256.7 36
5 198.2 237.4 281.3 17

b
K
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10 204.7 251.8 305.4 10
15 211.8 255.4 315.7 7
20 220.1 262.3 320.4 5

Generally, the apparent activation energy Ea can be calculated
y using the well-known methods for dynamic heating experiment,
issinger method and Ozawa method [36,37].

Kissinger method is based on the fact that exothermic peak
emperature Tp varies with the heating rates and it assumes that
he maximum reaction rate occurs at the peak temperatures. The
quation can be expressed as Eq. (1):

n
ˇ

T2
p

= ln
(

AR
Ea

)
− Ea

RTp
(1)

here ˇ is the heating rate, A the frequency factor, and R the uni-
ersal gas constant.

If the plot of ln(ˇ/T2
p ) against 1/Tp is linear, the Ea can be obtained

rom the slope of the corresponding straight line. Fig. 7 shows the
lot of ln(ˇ/T2

p ) against 1/Tp for B-bff. The Ea value of 119.1 kJ mol−1

as estimated.
Another theoretical treatment, namely, the Ozawa method can

e also applied to the thermal data, using the following Eq. (2):

n ˇ = −5.331 − 1.052

(
Ea

RTp

)
+ ln

(
AEa

R

)
− ln f (˛) (2)

t’s on the assumption that the degree of conversion at peak tem-
eratures for different heating rates is constant. Thus, at the same
onversion, the plot of ln ˇ versus 1/Tp, as shown in Fig. 7, should
e a straight line with the slope of 1.052 Ea/R. The Ea value calcu-

ated was 123.1 kJ mol−1. The Ea values from Kissinger and Ozawa
ethod are quite close to each other and their differences may be

aused by the different of assumptions.
However, in most benzoxazine curing process, both the activa-
ion energy and pre-exponential factor are functions of the cure.
n order to find the Ea dependency for the B-bff cure process, the
dvanced isoconversional method developed by Vyazovkin [38–42]
as used. For a set of n experiments carried out at different heating

ig. 7. Representations of Kissinger and Ozawa methods to calculation activation
nergy from non-isothermal date for the benzoxazine monomer.
Fig. 8. Variation of Ea versus conversion.

rates, the activation energy is determined at any particular value of
˛ by finding the value of Ea that minimizes the function

�(E˛) =
∑n

i=1

∑n

j /= 1

J [E˛, Ti(t˛)]

J
[
E˛, Tj(t˛)

] (3)

In Eq. (3), the integral

J

[
E˛, Ti(t˛) =

∫ t˛

0

exp
[
− E˛

RTi(t)

]
dt

]
(4)

is evaluated numerically for a set of experimental heating pro-
cesses. The minimization procedure is repeated for each value of ˛
to determine the Ea dependence. Fig. 8 presents activation energy
as a function of conversion. It can be seen that the activation energy
values tend to decrease with the degree of conversion.

3.3. Curing kinetic model

To examine the kinetic model, it is necessary to appeal to the
special functions y(˛) and z(˛) [43,44].

y(˛) =
(

d˛

dt

)
ex (5)

z(˛) = �(x)
(

d˛

dt

)
T

ˇ
(6)

where x is reduced activation energy (Ea/RT), ˇ the heating rate, T
absolute temperature and �(x) is the expression of the temperature
integral. In our study, the activation energy value obtained from
Kissinger method was used. As was pointed out, �(x) function can
be well approximated using the 4th rational expression of Senum
and Yang [45] as in Eq. (7)

�(x) = x3 + 18x2 + 88x + 96
x4 + 20x3 + 120x2 + 240x + 120

(7)

For practical reasons, the y(˛) and z(˛) functions are normalized
within (0, 1) range. Figs. 9 and 10 show the variation of y(˛) and
z(˛) values with conversion. These functions exhibit maxima at ˛M
and ˛∞

p , respectively. Both ˛M and ˛∞
p help to decide the choice of

the kinetic model [43,44].
Table 2 lists the values of maxima ˛M and ˛∞

p corresponding to
the functions y(˛) and z(˛), together with ˛p taken as the maxi-

mum of the DSC peak. It can be seen that ˛M, ˛∞

p and ˛p values
were independent with the heating rate. And the values of ˛M were
lower against the value of ˛p, while ˛∞

p exhibits values lower than
0.632 (a characteristic value for the kinetic model determination)
[46]. These remarks indicate that the studied curing process can
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Fig. 9. Variation of y(�) function versus conversion at different heating rates.
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Table 3
The kinetic parameters evaluated for the B-bff.

Heating rate
(◦C min−1)

E (kJ mol−1) ln A (s−1) Mean n Mean m Mean

2 119.1 27.4 27.2 1.01 1.40 0.47 0.32
5 27.1 1.25 0.33

thesized from 9,9-bis(4-hydroxyphenyl) fluorene and aniline were
about 334 and 364 ◦C, respectively [29], and those of benzoxazine
synthesized from bisphenol-A and furfurylamine about 347 and
391 ◦C, respectively [30]. The higher T5 and T10 values showed
that the introduction of rigid fluorene skeleton with bulky pendent
ig. 10. Variation of z(�) function versus conversion at different heating rates.

e described using the two parameter autocatalytic kinetic model
ˇesták–Berggren (Eq. (8)) [47].

(˛) = (1 − ˛)n˛n (8)

here m and n are the kinetic exponents.
Thus, the reaction rate can be described as follows:

d˛

dT
= A

ˇ
exp(− Ea

RT
)(1 − ˛)n˛m (9)

heoretically, Eq. (9) could be solved by multiple nonlinear regres-

ions because the curing rate is an exponential function of the
eciprocal of the absolute temperature. By taking the natural log-
rithm of Eq. (9), a linear expression for the natural logarithm of

able 2
he values of ˛p, ˛M and ˛p

∞ obtained from DSCthermograms analysis.

Heating rate (◦C min−1) ˛p ˛M ˛p
∞

2 0.55 0.30 0.55
5 0.47 0.19 0.47

10 0.47 0.15 0.47
15 0.43 0.16 0.45
20 0.46 0.15 0.49
10 27.0 1.53 0.26
15 27.2 1.64 0.29
20 27.2 1.55 0.25

curing rate can be obtained:

ln(ˇ
d˛

dT
) = Ea

RT
+ n ln(1 − ˛) + m ln(a) + ln A (10)

Eq. (10) can be solved by multiple linear regression, in which
the dependent variable is ln(d˛/dt), and the independent vari-
ables are 1/T, ln(1-˛) and ln(˛). Therefore, the values of A, m,
and n can be obtained using the average activation energy from
Kissinger method. The degree of curing is chosen between the
beginning of the reaction and the maximum peak of degree of cur-
ing (˛ = 0.1–0.5). The kinetic parameters evaluated for the proposed
Šesták–Berggren kinetic model were listed in Table 3.

The correctness of the kinetic model proposed using the
Šesták–Berggren equation was verified. The experimental curves
and calculated curves at different heating rates are shown in Fig. 11.
It is clearly seen that the calculated data from the model are in good
agreement with the experimental results. This means that the two
parameter Šesták–Berggren model gives a good description of the
curing process.

3.4. Thermal properties

The thermal stability of benzoxazine was estimated by the
thermogravimetric analysis under nitrogen atmosphere. The char
yield, as defined as the weight residue remaining at 900 ◦C under
nitrogen atmosphere, was 57%, reflecting that the prepared ben-
zoxazine resin has the excellent thermal stability. The 5 and
10% weight loss temperatures (T5 and T10) were 402 and 422 ◦C,
respectively. However, the T5 and T10 values of benzoxazine syn-
Fig. 11. Experimental (symbols) and calculated (solid lines) DSC peaks correspond-
ing to the curing process of benzoxazine monomer.
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osets dramatically.

. Conclusion

9,9-Bis(4-hydroxyphenyl) fluorene based benzoxazine
onomer B-bff was prepared with a solution method and its

tructure was confirmed by FTIR and 1H NMR. The curing kinetics
f B-bff was investigated via non-isothermal DSC. The activa-
ion energy by Kissinger’s and Ozawa’s method were 119.1 and
21.3 kJ mol−1, respectively. Isoconversional analysis of the DSC
ata revealed that the activation energy decreased with the degree
f cure. The autocatalytic kinetic model was found to be the best
escription of the investigated curing reactions. Evidently, the
inetic model of the curing reaction of B-bff is in good agreement
ith non-isothermal DSC results. TGA result shows that the
repared benzoxazine has the excellent thermal stability.
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47] C. Šesták, G. Berggren, Thermochim. Acta 3 (1971) 1–12.


	Synthesis and curing kinetics of benzoxazine containing fluorene and furan groups
	Introduction
	Experimental
	Materials
	Monomer synthesis
	Characterization

	Results and discussion
	Preparation and characterization of B-bff
	Curing behavior of B-bff
	Curing kinetic model
	Thermal properties

	Conclusion
	Acknowledgement
	References


