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ABSTRACT: Fluorene containing benzoxazine monomer
(B-pbf) was synthesized from 9, 9-bis(4-hydroxyphenyl)
fluorene, aniline, and paraformaldehyde via a solution
method. The chemical structure of B-pbf was characterized
with FTIR and "H-NMR. The curing reaction of B-pbf was
investigated by nonisothermal differential scanning calo-
rimetry (DSC) at different heating rates. The kinetic pa-
rameters and the kinetic models of the curing processes
were examined utilizing Kissinger, Ozawa, Flynn-Wall-
Ozawa, and Friedman methods. The average activation
energy of the curing reaction was determined to be 95.1 kJ

mol™! and 99.0 kJ mol respectively, according to Kis-
singer and Ozawa method. The autocatalytic kinetic model
was found to be the best description of the investigated
curing reaction. The reaction order m and n are 0.95 and
2.03, respectively. In addition, the predicted curves from
the kinetic models fit well with the nonisothermal DSC
thermograms. © 2011 Wiley Periodicals, Inc. ] Appl Polym Sci
121: 2481-2487, 2011
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INTRODUCTION

Polybenzoxazines, as a class of thermosetting pheno-
lic resins formed by thermal ring-opening of the
corresponding benzoxazine monomers without any
catalyst, have demonstrated various attractive prop-
erties such as high thermal stability, high char
yields, high glass transition temperature (T,), near-
zero volumetric change upon curing, good mechani-
cal and dielectric properties, low water absorption,
and low flammability."™® These characteristics make
benzoxazine polymers excellent candidates for high
performance composites. The wide variety of avail-
able phenolic derivatives and primary amines allows
for tremendous opportunities in molecular design
and imparts the ability to tailor the structure for
specific applications.”

9,9-Bis (4-hydroxyphenyl) fluorene has a structure
of four phenyl rings connected to a quaternary car-
bon leading to severe rotation hindrance of the phe-
nyl groups.”*® Introduction of the stiff, bulky cardo
moieties into benzoxazine can enhance the rigidity
and thermal stability of the final product. Although
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the effects of chemical structure on the curing and
thermal properties of benzoxazine bearing fluorene
structure have been studied by Wang et al.,** there
is little information concerning the curing kinetics.
The curing kinetic characteristics of a thermoset
resin are fundamental to understanding structure—
property-processing relationships for the manufac-
ture and utilization of high-performance composites.
Such understanding will contribute both to a better
knowledge of the process development and to
improving the quality of the final products. To
understand the nature of curing process of the fluo-
rene containing benzoxazine, benzoxazine monomer
bearing fluorene group is synthesized and its curing
kinetics is investigated in this work.

EXPERIMENTAL
Materials

The chemicals used and their hazard codes were
listed in Table I.

Monomer synthesis

The benzoxazine monomer B-pbf (Scheme 1) was
synthesized according to the method reported by
Wang et al.*” with some essential modifications.
Paraformaldehyde (12.8 g, 0.16 mol) and 1,4-diox-
ane (16 mL) were added to a 250-mL three-necked
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TABLE 1
Chemicals and Their Hazard Codes

Chemical Manufacturer Hazard code
9,9-Bis(4-hydroxyphenyl) fluorene Sugqian Ever-Galaxy Pharmacy & Chem. Co Xi, N
Paraformaldehyde Tianjin Fuchen Chemical Reagent Factory Xn
Aniline Tianjin Fuchen Chemical Reagent Factory T, N
1,4-Dioxane Tianjin Fuchen Chemical Reagent Factory F, Xn
Ethanol Tianjin Fuchen Chemical Reagent Factory F
Dichloromethane Tianjin Fuchen Chemical Reagent Factory Xn
Diethyl ether Tianjin Fuchen Chemical Reagent Factory F+, Xn
Sodium hydrate Tianjin Fuchen Chemical Reagent Factory C

round-bottomed flask equipped with a magnetic stir-
rer, reflux condenser, and thermometer, stirred
30 min at room temperature. The mixture was
cooled to below 5°C in an ice bath, and then aniline
(7.48 g, 0.08 mol) was added drop-wise and reacted
for 1 h. The temperature was raised gradually to
90°C. A solution of BHPF (14 g, 0.04 mol) in 32 mL
mixed solvents including dioxane (16 mL) and etha-
nol (16 mL) as a cosolvent to improve the solubility
of BHPF was added, and the mixture was kept stir-
ring at 90°C for 6 h. The solvent was removed by
rotary evaporator. The yellowish powder was dis-
solved in diethyl ether, washed five times with
3 mol L' NaOH aqueous solution and finally two
times with distilled water. The ether solution was
dried with anhydrous sodium sulfate, filtered, fol-
lowed by evaporation of ether to afford a yellow
crystal. The monomer was further purified by
recrystallization ~ from  hexane/dichloromethane,
dried under vacuum for 2 days. (52% yield).

FTIR (KBr, cm™'): 1232 (C—O—C asymmetric
stretching), 1118 (C—N—C asymmetric stretching),
1076 (C—O—C symmetric stretching), 865 (C—N—C
symmetric stretching). '"HNMR (400 MHz, CDCl;,
ppm): 6.71-7.79 (m, 24H, Ar-H), 558 (s, 4H,
O—CH,—N), 4.46 (s, 4H, Ar-CH,-N).

Characterization

Fourier transform infrared (FTIR) spectrum was per-
formed on a WQF-410 spectrophotometer (Beijing

Scheme 1 Synthesis of B-pbf.
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Second Optical Instrument Factory). Proton nuclear

magnetic resonance ("H-NMR) spectrum was
recorded on a INOVA-400 instrument (Varian,
America).

DSC measurements were carried out on a STA409
differential scanning calorimeter (Netzsch, Germany)
at different heating rates (2, 5, 10, 15, and 20°C
min~') in nitrogen atmosphere. Pure indium was
used as a standard for calorimetric calibration. The
heat flow data, as a function of temperature and
time, were obtained by the area under the peak of
the exotherm. These data were processed further to
obtain the fractional conversion and the rate of cur-
ing reaction.

RESULTS AND DISCUSSION
Preparation and characterization of B-pbf

The benzoxazine monomer was prepared from
BHPF, aniline, and paraformaldehyde via a solution
method. Because of the poor solubility of BHPF in
nonpolar solvents such as 1,4-dioxane and/or chlo-
roform, the mixed solvents of 1,4-dioxane, and etha-
nol were used in the reaction process. Ishida and
Low have verified that nonpolar solvents help ring
closure of the open Mannich base, and reduce the
chances of ring opening.25 In this work, the yield of
B-pbf monomers is about 52% while the volume ra-
tio 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 flu-
orenyl group on the formation of oxazine ring.

The structure of B-pbf was confirmed by FTIR and
'"H-NMR. Figure 1 shows the FTIR spectra of BHPF
and the obtained benzoxazine monomer B-pbf. The
oxazine ring was observed with the characteristic
absorptions at 1232 cm™' (asymmetric stretching
of C—0—C), 1076 cm* (symmetric stretching of
C—0—C), 1118 cm ' (asymmetric stretching of
C—N—C), and 865 cm ' (C—N—C symmetric stretch-
ing), indicating that monomer containing benzoxa-
zine structure is obtained.”™!

Figure 2 shows the 'H-NMR spectra of B-pbf
and BHPF. The aromatic protons are observed at
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Figure 1 FTIR spectra of BHPF and B-pbf.

6.66-7.79 ppm. Compared with BHPF, the phenolic
hydroxyl proton characteristic peak at 9.29 ppm is
disappeared in the spectrum of B-pbf. The characteris-
tic peaks appeared at 528 and at 4.46 ppm are
assigned to methylene (O—CH,—N) and methylene
(Ar—CH,—C) of the oxazine ring respectively, con-
firming the formation of benzoxazine monomer.>*?**

Curing behavior of B-pbf

The curing behavior of the novel fluorine containing
benzoxazine B-pbf was studied by DSC. The noniso-
thermal DSC thermograms at different heating rates
are shown in Figure 3. Information about the nature
of the curing reaction such as initial curing tempera-
ture, peak temperature, and the curing range at dif-
ferent heating rates could be derived. It can be

B-pbf

1"

BHPF

8 (ppm)

Figure 2 'H-NMR spectra of BHPF and benzoxazine B-
pbf.
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Figure 3 DSC thermograms of B-pbf.

observed that the exothermic peak shifts to higher
temperature with higher heating rate.

Kinetic analysis

As for curing kinetics, it is generally assumed that
the rate of reaction can be described by two separa-
ble functions K(T) and f(a) as follows:

dou/dt = K(T)f (3) M

where do/dt is the rate of reaction, o the degree of
curing reaction, K(T) the temperature-dependent
reaction rate constant, and f(o) the function of the
degree of reaction. The degree of curing reaction o is
given as follows:

o = AH,/Hy )

where AH; is the heat released up to a time ¢t and H,
is the total reaction heat of a reaction.

The temperature dependence of the reaction rate
is commonly described by the Arrhenius equation:

K(T) = Aexp (— IE—;) ®)

where A is the frequency factor, E, the apparent acti-
vation energy, and R the universal gas constant.

For nonisothermal condition, experiments in
which samples are heated at a constant rate are con-
ducted. The explicit time dependence can be elimi-
nated so that eq. (1) is represented as follows:

d A —E
= gew (T ) @

where B = dT/dt is the heating rate.
Generally, E, can be calculated by using three
well-known  methods for dynamic heating

Journal of Applied Polymer Science DOI 10.1002/app



2484

— Ozawa's method

Inp

-105
Kissinger's method =——

-11.0

115 F

-12.0 L L L L a5
0.00195 0.00200 000205 0.00210

A
1T, K

Figure 4 Representations of Kissinger and Ozawa meth-
ods to calculation activation energy from nonisothermal
date for the benzoxazine monomer.

experiment, Ozawa, and Flynn-Wall-

Ozawa metho

Kissinger,
4.3537

Kissinger and Ozawa method

From the heating rate (B) versus reciprocal exother-
mic peak temperature (1/T),), the activation energy
(E;) of the curing reaction can be calculated by the
following two methods, namely, Kissinger method
and Ozawa method. Kissinger method is based on
the fact that T, varies with the heating rates and that
it assumes the maximum reaction rate (do/dt) occurs
at the peak temperatures. The equation can be
expressed as eq. (5):

In(B/T>) = In(AR/Ea) — Ea/(RT)) (5)

If the plot of In(B/ Tg) against 1/T), is linear, the E,
can be obtained from the slope of the corresponding
straight line. Figure 4 shows the plot of ln(B/Trz,)
against 1/T, for B-pbf. The E, value of 95.1 kJ mol !
was estimated using eq. (5).

Another theoretical treatment, namely, the Ozawa
method can be also applied to the thermal data,
using the following eq. (6):

E AE
Inp = —5.331 — 1.052 (R—;fp) +lIn (%) ~Inf(o)
(6)

It is on the assumption that the degree of conver-
sion at peak temperatures for different heating rates
is constant. Thus, at the same conversion, the plot of
InB versus 1/T,, as shown in Figure 4, should be a
straight line with the slope of 1.052 E,/R. The E,
value calculated from Figure 4 for B-pbf was 99.0 k]
mol . The E, values from Kissinger and Ozawa
methods are quite close to each other and their dif-
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ferences may be caused by the different of

assumptions.

Flynn-Wall-Ozawa method

Flynn-Wall-Ozawa method is a model-free isocon-
versional method, which assumes that both the acti-
vation energy and pre-exponential factor are func-
tions of the degree of cure. It is based on egs. (7)
and (8).

Inp=1In (Alf”> —Ing(a) — 1.052 (%) —5.331 (7)
* do
g(a) = A j@ (8)

where g(a) is the integral conversion function.

For a constant o, the plot of Inf versus 1/T
obtained from DSC thermograms using various heat-
ing rates should render a straight line where the
slope allows the determination of the apparent acti-
vation energy. Figure 5 shows the degree of curing
reaction versus the temperature at various heating
rates. According to Flynn-Wall-Ozawa method, lin-
ear relationships of InB versus 1/T at various
degrees were established (Fig. 6), the slope should
then correspond to E,/R at the particular conver-
sion. Figure 7 presents activation energy as a func-
tion of curing reaction. It can be seen that the activa-
tion energy values tend to increase with the degree
of curing reaction. An interpretation of this behavior
is an apparent decrease in molecular mobility during
the curing process.”

Curing kinetic model

To examine the kinetic model, it requires the previ-
ously known activation energy value. In this study,
the average activation energy value obtained from
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Figure 5 Conversion as a function of cure temperature
for B-pbf at different cure rates.
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Figure 6 Flynn-Wall-Ozawa plots at various degrees of
curing of the benzoxazine resin.

Ozawa’s method was used for the determination of
the reaction order of the B-pbf system. In general,
the mechanisms of thermoset curing are classified
into two major kinetic reactions, an nth-order and an
autocatalytic reaction.””?® In this work, the method
used to find kinetic model is Friedman method.*
This method is based on eq. (9):

dot dot
2 = Inp = iAf) - Epr )
In case of the nth-order reaction:

fla) = (1) (10)

when f(a) in eq. (9) is substituted by eq. (10), eq. (9)
could be rewritten as follows:

do

In[Af(a)] = In i

+ B =InA+nin(1-a) (11)

The value of In[Af(2)] can be obtained from the
known values of In[da/dt] and E,/RT. Therefore, the
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Figure 7 Variation of E, versus conversion.
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Figure 8 Plots of In[Af(a)] versus In(1 — o).

plot of In[Af(x)] and In(1 — o) yields a straight line
where the slope corresponds to the reaction order n.
Otherwise, for autocatalytic process, the Friedman
plot would show a maximum of In(1 — o) approxi-
mately around —0.51 to —0.22 which is equivalent to
degree of curing o of about 0.2-0.4. This is due to
the autocatalytic nature that shows the maximum
reaction rate at 2040% conversion.

Figure 8 depicts Friedman plots of B-pbf curing
reaction at different heating rates. Since In[Af(a)]
and In(1 — o) are not linearly related and evidently
show a maximum in the range of the degree of con-
version mentioned above, this suggests that the cur-
ing reaction is autocatalytic in nature. The autocata-
lytic nature of benzoxazine resin can be explained
by the generation of free phenol groups while the
benzoxazine ring open. These groups can actually
accelerate further ring opening reaction of the
benzoxazine.'***

Owing to the autocatalytic character of the B-pbf
system, it was assumed that the reaction could be
described by the following general expression for
autocatalytic system:

flo) = (1 —a)'a™ (12)
TABLE II
The Kinetic Parameters Evaluated for the Curing
Benzoxazine
Heating
Rate E(K] InA

CCmin") mol™") (s') Mean #n Mean m Mean
2 99.0 197 198 214 203 093 0.95

5 19.7 1.72 0.87

10 20.0 1.99 1.02

15 20.1 2.15 1.05

20 19.7 2.17 0.90

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 9 Experimental (symbols) and calculated (solid
lines) DSC peaks corresponding to the curing process of
benzoxazine monomer.

where m and n are the reaction orders and m
describes the autocatalytic character directly.

Substituting eq. (12) into eq. (4), the following
expression can be written:

Togew(-gp)a-w

Theoretically, eq. (13) could be solved by multiple
nonlinear regressions because the curing rate is an
exponential function of the reciprocal of the absolute
temperature. By taking the natural logarithm of eq.
(13), a linear expression for the natural logarithm of
curing rate can be obtained:

do Ea
1H<Bﬁ> = —ﬁ—knln(l —o)+mln(a) +InA (14)

Equation (14) can be solved by multiple linear
regression, in which the dependent variable is
In(da/dt), and the independent variables are 1/T,
In(1 — o) and In(a). Therefore, the values of A, m,
and n can be obtained using the average activation
energy from Ozawa method. The degree of curing is
chosen between the beginning of the reaction and
the maximum peak of degree of curing (a0 = 0.1-0.5).
The results of the multiple linear regressions analy-
sis for all heating rates are listed in Table II

The experimental curves and predicted curves
based on the determined kinetic parameters of cur-
ing reaction at different heating rates are shown in
Figure 9. It is clearly seen that the calculated data
from the model are in good agreement with the ex-
perimental results. However, at the later of curing
reaction, the mobility of the reaction groups could
have been hindered, and the rate of the curing was
controlled by diffusion rather than chemical factors.

Journal of Applied Polymer Science DOI 10.1002/app
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This may be the reason why the calculated reaction
rates are not fit well with the experimental results at
this stage.

CONCLUSIONS

9,9-Bis(4-hydroxyphenyl) fluorene based benzoxa-
zine monomer B-pbf was prepared with a solution
method and its structure was confirmed by FTIR
and 'H-NMR. The curing kinetics of B-pbf was
investigated via nonisothermal DSC with Kissinger,
Ozawa, Flynn-Wall-Ozawa, and Friedman method.
The activation energy by Kissinger and Ozawa
method were 95.1 and 99.0 k] mol ', respectively.
The Flynn-Wall-Ozawa method provided the change
of activation energy E, values as a function of the
degree of conversion o. The autocatalytic kinetic
model was found to be the best description of the
investigated curing reactions. The reaction order m
and n are 0.95 and 2.03, respectively. Evidently, the
kinetic model of the curing reaction of B-pbf is in
good agreement with nonisothermal DSC results.
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