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ABSTRACT: Benzoxazines derived from bisphenol-A, formaldehyde, and primary
amines were characterized using 13C solid-state NMR spectroscopy. The two 1,3-
benzoxazines studied in this work are 2,29-(3-methyl-4-dihydro-1,3,2-benzoxazine)pro-
pane, (B-m) and 2,29-(3-phenyl-4-dihydro-1,3,2-benzoxazine)propane (B-a). Solid-state
13C-NMR spectra were obtained for B-m and B-a and the observed peak positions were
noted. These resonances agreed well with chemical shifts calculated based on the
chemical structure. Samples of B-m and B-a were cured at two different temperatures:
150 and 200°C. The polymerizations induced spectral changes including new reso-
nances, intensity changes, and line-width broadenings. Kinetic analysis of the curing
data gave different kinetic parameters for the two cure temperatures, which is expected
since the first cure temperature is below the material’s glass transition temperature
(Tg) while the second cure temperature is above the Tg. © 1998 John Wiley & Sons, Inc. J
Appl Polym Sci 70: 1413–1425, 1998
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INTRODUCTION

Synthetic polymers have played an ever-increas-
ing role in modern-day life. These materials show
up in almost every aspect of scientific, industrial,
and household applications. In 1910, phenolic res-
ins became the first synthetic polymers to be mass
produced.1 Since then, phenolic resins have
played an important role in the plastics industry.
Their associated properties including excellent in-
sulating characteristics and thermal properties
made them ideal to replace the more expensive
and rare natural resins such as shellac and gutta
percha. Further, the lightweight and processing
flexibility of these resins allowed manufacturers
to incorporate new designs into their products.

Benzoxazines are a specific class of phenolic
resin materials. They are heterocyclic structures

consisting of a benzene ring fused with an oxazine
ring (a six-membered ring that includes one oxy-
gen atom and one nitrogen atom). The properties
of benzoxazines are typical for phenolic resins.
They exhibit good heat resistance and flame re-
tardance and have good dielectric properties.
Some benzoxazines have been found to display
interesting pharmaceutical properties including
anti-inflammatory and central nervous system
depressing agents2 and antibacterial activity
against Staphylococcus aureus and Escherichia
coli.3

There has been an ongoing effort to develop
new chemistry and processing techniques for
benzoxazines4 which may generate new forms of
this compound for use in modern markets such as
in the electronics and aerospace industries. Two
of these compounds, which are 3,4-dihydro-3-sub-
stituted-1,3-benzoxazines, were the primary focus
of this research.

A common synthetic pathway for the genera-
tion of benzoxazines involves the reaction of phe-
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nol, amine, and aldehyde. It has been found that
this synthetic pathway can be modeled as a Man-
nich-type reaction.5,6 The synthesis reaction of
2,29-(3-methyl-4-dihydro-1,3,2-benzoxazine)pro-
pane (B-m) and 2,29-(3-phenyl-4-dihydro-1,3,2-
benzoxazine)propane (B-a) are shown in Figure 1.
The benzoxazine ring (containing the O and N
atoms) is the reactive site for curing of the
benzoxazine. Benzoxazines may be monofunc-
tional or difunctional. The latter case may pro-
duce crosslinked structures.

Solid-state NMR

Solid-state NMR has been used to study phenolic
resins7,8 as well as benzoxazines.9 Further, there
have been substantial chemical-shift assignments
observed for benzoxazine.10–12 Techniques in-
cluding cross polarization (CP), dipolar decou-
pling (DD), and magic angle spinning (MAS) are
used to obtain 13C-NMR spectra in the solid state.
Spinning at the magic angle of 54.7° is necessary
to reduce the chemical-shift anisotropy (CSA)
broadening which is due to geometric-dependent
magnetic interactions. This leaves only the isotro-
pic chemical shift.13 Cross polarization increases
the intensity of 13C resonances by transferring
magnetization from the abundant proton-spin
reservoir to the dilute carbon-spin reservoir. It is
also beneficial to use cross polarization for 13C
solid-state NMR spectroscopy because its low nat-

ural abundance (1.1%) and low sensitivity are
often insufficient for practical spectral acquisition
times. The advantages of cross polarization for
observing 13C signals are twofold. First, the 13C
observed signal is up to four times more intense
(the ratio between the gyromagnetic ratios of 1H
and 13C, respectively. Second, it is possible to use
shorter recycle delays14 since the spin-lattice re-
laxation times of 1H nuclei are much shorter than
those of 13C nuclei. Dipolar decoupling is neces-
sary to reduce the line broadening arising from
heteronuclear dipolar couplings between 1H and
13C nuclei.15

Curing Studies

The curing of polymers has been studied us-
ing 13C-NMR spectroscopy.16,17 Since 13C chem-
ical shifts are sensitive to local environments,
changes in the environment will yield a change in
the chemical shift of a particular atom. Thus, the
presence of molecular species during a curing pro-
cess may be followed by 13C-NMR. Using the iden-
tifications of those resonances native to the mono-
mer structure and those native to the polymer
structure, it is possible to quantify changes in the
structure of the material. Further, it has been
shown that the identification of intermediate spe-
cies during the curing process is possible using
NMR.16,17 In this manner, the nature of the chem-
ical reaction upon curing can be examined.

Crosslinking

The 13C solid-state NMR spectrum is dependent
on many factors. Some of these have been dis-
cussed earlier and relate to general nuclear inter-
actions and relaxations. However, changes in a
sample undergoing polymerization not only yield
changes in the peak intensity and chemical shifts,
but may also cause changes for resonances of
those nuclei which are not directly involved in the
polymerization process. An example of this is the
peak line width for a carbon whose chemical en-
vironment is not chemically affected by the curing
of the material. The line broadening of such a
peak may be used to follow polymerization effects
such as mobility changes and crosslinking.

The line width of an NMR peak is dependent on
CSA, dipolar coupling, T2 (spin–spin relaxation
time), field inhomogeneity, and other less contrib-
uting factors. There have been studies examin-
ing the correlation between line width and chem-
ical crosslink density.17 The two factors which

Figure 1 Synthesis of B-m and B-a.

1414 RUSSELL ET AL.



contribute to line broadening with increased
crosslinking density are relaxation effects and
chemical-shift effects. If the mobility of atoms
within the sample decreases with crosslinking,
the increased restriction results in changes in
relaxation times and may contribute to changes
in line width.

Benzoxazine Curing

The polymer structure of the benzoxazines used
in this research are significantly different from
that of the monomers, that is, the breaking of the
benzoxazine ring upon curing results in the for-
mation of Mannich bridge structures and phenol
substituents. Since these are major structural
changes, it should be possible to observe changes
in the 13C-NMR spectrum as polymerization pro-
ceeds.

The curing processes of phenolic resins have
been studied thoroughly by NMR,16 differential
scanning calorimetry (DSC),18 and isothermal
DSC experiments.19 The kinetics of the polymer-
ization reaction can be studied if several assump-
tions are made: First, we write the rate of reaction

(da/dt) for this system as given by the general
self-catalyzed reaction function:

ȧ 5
da

dt 5 k~1 2 a!nam

where a is the degree of conversion, k is the ki-
netic constant, and m and n are the kinetic expo-
nents. It has been shown that these benzoxazines
undergo an autocatalytic ring-opening reac-
tion.19,20 Further, if we assume an overall reac-
tion order of two, which has also been observed for
these benzoxazines,19,20 then we arrive at the for-
mula

lnS ȧ

a2D 5 ln k 1 n lnS1 2 a

a D
EXPERIMENTAL

Labeled structures of the monomer and polymer of
B-m and B-a are shown in Figure 2(a) and (b),
respectively. Figure 3 shows possible crosslinks in
the B-m benzoxazine system. Chemical shifts were

Figure 2 (a) Chemical structure of B-m monomer and B-m tetramer.
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calculated using substituent additivity tables and
reference compounds. The calculated chemical
shifts for both the monomer and polymer structures
are given in Table I(a) and (b) for B-m and B-a,
respectively. All NMR experiments were performed
on a Bruker MSL-300 spectrometer at a 13C spectra
frequency of 75.47 MHz. Variable contact time
cross-polarization experiments were conducted to
determine the optimum contact time. An example of
the variable contact time curve is shown in Figure 4
for the quaternary resonance of B-m (carbon j at 41
ppm). This contact time (800 ms) was used for all
experiments thereafter. The CP–MAS–DD spec-
trum of B-m is shown in Figure 5 at spinning
speeds of 3, 4, and 5 kHz. For these spectra, 2000
scans were accumulated before Fourier transforma-

tion. The recycle delay for each cross-polarization
experiment was 2 s. The CP–MAS–DD spectra of
B-m and B-a are compared in Figure 6. The DD–
MAS spectrum was obtained using a recycle delay
of 15 s and an MAS speed of 4 kHz. This spectrum
was very similar to the CP–MAS–DD spectrum but
took a considerably longer time to acquire. This
illustrated the advantages of using cross polariza-
tion for the reduction of the acquisition time. The
TOSS (total suppression of spinning side bands)
spectra of B-m and B-a were collected using delays
set for total side-band elimination and were useful
in the determination of spinning side bands.

B-m and B-a were cured at two different tem-
peratures: 150 and 200°C. CP-MAS spectra were
obtained at various stages in the polymerization

Figure 2 (Continued from the previous page) (b) Chemical structure of B-a monomer
and B-a tetramer.
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process. Two thousand transients were accumu-
lated for the curing spectra using the CP–
MAS–DD techniques. Contact times of 800 ms and
recycle delays of 2 s were used for all curing
spectra.

RESULTS

Representative spectra taken during the polymer-
ization process of B-m at 150°C are shown in
Figure 7. It was found that the 13C peak at 152
ppm decreased in intensity during cure. Con-
versely, a peak appeared at 157 ppm and in-

creased in intensity during polymerization. This
is illustrated in Figure 8(a) which is 3D represen-
tation of the 162–136 ppm spectra region. From
left to right, we see one peak (157 ppm) increase
with cure time, one peak (152 ppm) decrease with
cure time, and a third peak (142 ppm) remain
constant with cure time. The peak at 152 ppm is
assigned to the aromatic carbon bonded to the
oxygen atom of the oxazine ring and is character-

Figure 3 Structure showing possible crosslinks be-
tween two B-m polymer molecules.

Figure 4 Variable contact cross-polarization curve
for the quaternary resonance of B-m (carbon j at 41
ppm).

Figure 5 CP-MAS spectra of MBA at 3, 4, and 5 kHz.
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istic of the monomer [carbon e in Fig. 2(a) (1)].
The peak at 157 is assigned to carbon e9 of the
B-m polymer [Fig. 2(a) (2)] and is formed as the
benzoxazine ring opens. The third peak, at 142
ppm, is assigned to the aromatic carbon bonded to
the quaternary carbon [carbon h and h9 for Fig. 2

(1) and (2)] and does not change upon polymeriza-
tion. Another peak was formed during the later
stages of the polymerization of B-m at 200°C and
is present in the spectra shown in Figure 9 for the
cure times over 11 h. This peak (at 119 ppm) is
assigned to an aromatic carbon of a degradation
product which is formed during extended expo-
sure to elevated temperatures.

During the cure of B-a, it was observed that
the 13C peaks at 151 and 148 ppm decreased in
intensity during cure. This is illustrated in Figure
8(b), which is a 3D representation of the 188–125
ppm spectral region and shows the plotted inten-

Figure 6 CP-MAS spectra of B-m and B-a.

Figure 7 Spectra of B-m during cure at 150°C.

Figure 8 (a) 3D representation of peak changes dur-
ing curing of B-m at 150°C. (b) 3D representation of
peak changes during curing of B-a at 150°C.
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sity versus cure time. The peak at 151 ppm is
assigned to the aromatic carbon bonded to the
oxygen atom of the oxazine ring [carbon e in Fig.
2(b) (1)] and is characteristic of the B-a monomer.
As in the case of B-m, the later stages of polymer-
ization of B-a at 200°C yielded a resonance at 120
ppm which is assigned to the corresponding deg-
radation product of B-a.

The change in peak intensity for the 152 ppm
resonance of B-m at 150°C is shown in Figure 10.
Estimates of the uncertainties in peak intensity

were calculated by taking two spectra of identical
cure times, such that the first spectrum was
taken immediately upon removal of the sample
from the oven while the second spectrum was
taken after the sample was left overnight without
additional cure. Plots of peak area versus cure
time were also constructed for the peaks men-
tioned earlier, but no significant changes from the
intensity plots were observed. Finally, it was ob-
served that a peak around 16 ppm was present in
the majority of the monomer samples of both B-m

Figure 9 Changes in peak intensity of a new B-m resonance formed during latter
stages of cure at 200°C.
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and B-a, and upon cure, this peak usually in-
creased in intensity. There is no chemical-shift
assignment for this peak based on the benzox-
azine structures discussed so far. However, this
resonance could be assigned to a substituted eth-
ylamine and is assumed to be due to an impurity.

Since the intensity of an NMR peak is propor-
tional to the number of those structures present,
it is possible to estimate the relative concentra-
tion of a structure present during the polymeriza-
tion process. Further, it is possible to estimate the
extent of reaction, a, by the following formula

a 5 1 2
It

I0

where It is the intensity of a monomer peak at
time t and I0 is the intensity of the monomer peak
at time t 5 0 (no cure). The plots of a versus cure
time for B-m and B-a are shown in Figure 11(a)
and (b), respectively during polymerization at
150°C. The assumption of overall second-order
kinetics was made and examples of the resultant
logarithmic plots are shown in Figure 12(a) and
(b) for B-m and B-a, respectively.

A line-width study was conducted on the curing
spectra of B-m and B-a at both cure tempera-
tures. It was found that line width of the methyl
peak (31 ppm) increased during the polymeriza-
tion for both materials at both cure temperatures.

This is shown in Figure 13(a,b). The line widths of
other carbons were also studied and are shown in
Figure 14 (aromatic carbon of B-m) and Figure 15
(quaternary carbon of B-a).

DISCUSSION

The calculated chemical shifts of the benzoxazine
monomers showed good agreement with the ob-
served chemical shifts [shown in Table I(a,b)],
proving that the proposed monomer structures4

were indeed present. The calculated chemical
shifts of the polymeric structures also show good

Figure 11 (a) Extent of reaction (a) of B-m versus
cure time at 150°C. (b) Extent of reaction (a) of B-a
versus cure time at 150°C.

Figure 10 Changes in peak intensity for the 152 ppm
peak at 150°C.
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agreement with the observed chemical shifts of
the polymers. Further, most chemical shifts ex-
clusive to the monomer are weak or absent in the
polymer spectrum, whereas most chemical shifts
native to the polymer are weak or absent in the
monomer spectrum. Figure 3 shows some of the
possible crosslinks that can occur between two
B-m polymer chains. The chemical shifts for the
crosslinking structures are very similar to those
of the polymer and thus direct evidence of
crosslinking is not available from the chemical-
shift data.

The plots of intensity changes versus cure time
for B-m exhibited opposite trends for the 152 and
157 ppm peaks. These resonances were selected
for the polymerization study. The logarithmic
plots of ln(a/a2) versus ln[(1 2 a)/a] in Figure
12(a,b) gave excellent linear fits for the first cure
temperature with slope n equal to 0.54 for B-m
and 0.67 for B-a at 150°C. The logarithmic plots
for the second cure temperature showed a differ-
ent behavior. While an initial slope of 0.59 was
observed for the B-m benzoxazine, the final slope
of 1.3 was detected. This indicates that there are
different mechanisms in the curing process at
200°C as compared to 150°C. The slope of the

Figure 12 (a) Kinetic plot of B-m at 150 and 200°C
assuming overall reaction order of 2. (b) Kinetic plot of
B-a at 150 and 200°C assuming overall reaction order
of 2.

Figure 13 (a) Plot of B-m NMR line width versus
cure time for aliphatic peak at 31 ppm at cure temper-
ature of 150°C. (b) Plot of B-a NMR line width versus
cure time for aliphatic peak at 31 ppm at cure temper-
ature of 150°C.
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kinetic curve of B-a at 200°C was approximately
2 during the later stages of the cure. Thus, a
similar behavior exists for these benzoxazines in
that both compounds show linear fits during cure
at 150°C, but shown nonlinearity for polymeriza-
tion at 200°C.

Benzoxazines of this type have been shown to
undergo a cationic polymerization.20,21 It has
been shown that the ring-opening initiation of
this kind of benzoxazine results in the formation
of a carbocation and an iminium ion in equilib-
rium21 (see Fig. 16). In this case, the stability of
the iminium ion greatly affects the propagation
rate since it is the carbocation that was proposed
to be the species responsible for propagation.21

Further, the basicity of the amine group used
greatly affects the reactivity of the equilibrium
pair. The more basic the amine, the more the free
electron pair of the nitrogen will be able to stabi-
lize the positive charge of the iminium ion. If the
iminium ion is stable, the equilibrium is shifted
toward it, resulting in a state of low propagation.
However, if the iminium ion is unstable, the equi-
librium will be shifted toward the carbocation,
resulting in a higher propagation rate.

It should be noted that temperature does have
a great impact on the rate of propagation which is
expected since the propagation reaction involves
chain transfer to a benzene ring. This type of
reaction is highly dependent on temperature.22

Thus, for the early stages of polymerization, the
reaction may be relatively independent of the
cure temperature. As the reaction proceeds, the
temperature effect on propagation would become
more evident in the reaction kinetics.

The other main difference between the curing
experiments at the different temperatures is that
one curing experiment was conducted below the
glass transition temperature (Tg) and the other
was conducted above the Tg for both compounds.
It has been shown that a higher cure temperature
results in a vitrification state sooner than a lower
cure temperature, especially when below the Tg of
these materials.23 Vitrification is accompanied by
a large increase in the viscosity of the system at
which time the reaction becomes largely diffu-
sion-controlled, which will greatly affect the cur-
ing kinetics.

Referring to Figure 13(a,b), after a sharp initial
increase in the line width of the methyl carbon (31
ppm), the rate of increase levels off around 20-h
cure time for both benzoxazines. However, to en-
sure full polymerization, the curing temperature
was then increased to 200°C and cured for an
additional 17 h. During the additional cure at this
increased temperature, a further increase in line
width was observed for this aliphatic peak. This
trend is observed for other carbons as well for the
first cure experiment. The increase in line width
for the aromatic carbon (carbon h at 142 ppm) of
B-m is shown in Figure 14 at 150 and 200°C. The
trends shown here are similar to the results from
the other carbons discussed.

The line-width broadenings observed for B-a
were similar to those discussed for B-m. How-
ever, in the case of B-a, the quaternary carbon
(carbon j at 41 ppm) was used since for this poly-
mer there is no overlapping methyl amine reso-
nance. The broadening trend of this resonance is
shown in Figure 15 at both cure temperatures.

The source of the observed line broadening, as
mentioned earlier, can be due to either relaxation

Figure 15 Plot of B-a NMR line width versus cure
time for quaternary peak at 41 ppm at 150 and 200°C.

Figure 14 Plot of B-m NMR line width versus cure
time for aromatic peak at 142 ppm at 150 and 200°C.
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Table I Chemical Shifts for (a) B-m Monomer and Polymer and (b) B-a Monomer and Polymer

Carbon Calculation Value
Observed
Monomer

Observed
Polymer

(a)

a 22.3 1 42 39.7 40s —
a9 22.3 1 42 39.7 40s —
b 22.3 1 42 1 58 2 5.3 92.4 91m —
b9 22.3 1 43 1 23 62.7 64m 62w
c 22.3 1 42 1 23 2 5.3 57.4 56m —
c9 22.3 1 42 1 23 62.7 62m 62w
d 128.5 1 15.6 2 14.4 2 0.4 129.3 128m 126s
d9 128.5 1 15.6 2 12.7 2 0.4 131 — 126s
e 128.5 1 31.4 2 0.5 2 3.1 156.3 152s 152w
e9 Reference 157 157w 157s
f 128.5 2 14.4 2 0.4 113.7 115w —
f9 128.5 2 12.7 1 0 1 0 115.8 115w 119s
g 128.5 2 2.6 1 1.0 2 3.4 123.5 124m 126s
g9 128.5 1 22.0 1 1.6 1 22.5 125.6 124m 126s
h 128.5 1 22.2 2 7.7 143.0 142s 142s
h9 128.5 1 22.2 1 7.7 143.0 142s 142s
i 128.5 2 2.0 1 1.0 2 3.4 124.1 124m 126s
i9 128.5 2 2.0 1 1.0 2 3.4 124.1 124m 126s
j Reference 41 42s 42s
j9 Reference 41 42s 42s
k Reference 31 31s 31s
k9 Reference 31 31s 31s

(b)

a 128.5 1 22.4 150.9 148.5ms —
a9 128.5 1 22.4 150.9 148ms 151s
b 22.3 1 42 1 58 97.7 97mw —
b9 22.3 1 43 1 23 62.7 64m 61w
c 22.3 1 42 1 23 62.7 65mw —
c9 22.3 1 42 1 23 62.7 64m 61w
d 128.5 1 15.6 2 14.4 2 0.4 129.3 128s 128s
d9 128.5 1 15.6 2 12.7 2 0.4 131 128s 128s
e 128.5 1 31.4 2 0.5 2 3.1 156.3 152s —
e9 Reference 157 — 156s
f 128.5 2 14.4 2 0.4 113.7 117m 111w
f9 128.5 2 12.7 1 15.6 2 0.4 131 128 128s
g 128.5 2 2.6 1 1.0 2 3.4 123.5 121s 128s
g9 128.5 1 1.6 2 2.6 2 3.4 124.1 — 126s
h 128.5 1 22.2 2 7.7 143.0 143ms 142s
h9 128.5 1 22.2 2 7.3 143.4 143s 142s
i 128.5 2 2.0 1 1.0 2 3.4 124.1 128s 128s
i9 128.5 2 1 1.6 2 0.5 2 3.4 126.2 — 126s
j Reference 41 41s 41s
j9 Reference 41 41s 41s
k Reference 31 31s 31s
k9 Reference 31 31s 31s
l 128.5 2 15.7 112.8 117m 119s
l9 128.5 2 15.7 112.8 117m 119s
m 128.5 1 0.8 129.3 129s 128s
m9 128.5 1 0.8 129.3 129s 128s
n 128.4 2 11.8 116.7 117m 119s
n9 128.5 2 11.8 116.7 117m 119s

Relative peak intensities are given by w (weak), m (medium), or s (strong).

CHARACTERIZATION AND CURING OF BENZOXAZINES 1423



effects or chemical-shift dispersion effects. The
former has already been discussed and we will
assume that the latter is the major source for line
broadening. The secondary increases in line
width in the latter stages of cure can be explained
two ways: First, it is possible that the sample was
not fully polymerized at the initial leveling off
stage and that exposure to the higher tempera-
ture continued to cure the sample. Second, it is
possible that the increase in temperature resulted
in the production of crosslinked structures since
this would increase the chemical-shift dispersion
of the resonances in the spectra. The changes in
line width for other peaks were also studied (Figs.
14 and 15) for the aromatic and quaternary car-
bons, respectively. These figures show a similar
trend for the first cure temperature in that the
line width constantly increases with cure time up
to a leveling-off point and then increases further
upon increasing the temperature to 200°C. How-
ever, for the second cure study, the line width
increases steadily with time and levels off with no
further increase. The line width of the methyl
peak is often always a good indicator for the en-
tire structure since the motion of a methyl group
may be largely independent of the group motions
of the backbone chain. However, in this case, the
line broadening displayed by the methyl peak
shows a similar trend compared to other reso-
nances studied.

A spin-lattice relaxation study (T1) was per-
formed on the monomers and polymers. It was

found that resonances from the monomer exhib-
ited single exponential decays, whereas reso-
nances from the polymer exhibited more than one
exponential decay. This is expected due to the
variation in molecular environments present in
the polymer. Of the polymer T1 analysis, the
short relaxation times agreed well with the mono-
mer relaxation times. This result is expected
since the monomer structure is relatively the
same for all molecules present. However, the
polymer molecules consist of a variety of different
structures which would result in a distribution of
relaxation times.

CONCLUSION

The 3,4-dihydro-3-substituted-1,3-benzoxazines,
B-m and B-a, were characterized using 13C solid-
state NMR spectroscopy. There was good agree-
ment between the observed and calculated chem-
ical shifts for both the monomer and polymer
structures. The results from the cure studies in-
dicate that the reaction kinetics are significantly
different for the two cure temperatures of 150 and
200°C. The polymerization is influenced by sev-
eral factors including the nature of cationic poly-
merization kinetics, the difference of the temper-
atures with respect to the glass transition tem-
perature, and the temperature dependence of the
propagation reaction. It was also observed that
the line width of the methyl peak at 31 ppm as
well as other resonances change significantly dur-
ing the curing process even though those carbons’
immediate environment do not change signifi-
cantly. This broadening occurs due to increases in
degree of polymerization as well as to increases in
the crosslink density.
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