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ABSTRACT: A difunctional 1,3-benzoxazine compound, 2,29-(3-phenyl-4-dihydro-1,3,2-
benzoxazine)propane (B-a), derived from bisphenol-A, 15N-enriched aniline, and form-
aldehyde was synthesized and characterized using 15N-NMR and 13C-NMR spectros-
copies. The observed resonances in the solid-state 15N- and 13C-NMR spectra showed
good agreement with the calculated chemical shifts which are based on the chemical
structure. The B-a samples were cured at 150 and 200°C. The polymerization inspired
peak intensity changes and line-width broadenings in the NMR spectra. © 1998 John
Wiley & Sons, Inc. J Appl Polym Sci 70: 1401–1411, 1998
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INTRODUCTION

Difunctional benzoxazines are a relatively new
type of phenolic resin. An extensive overview of
phenolic resins and benzoxazines was conducted
previously.1 However, very little work has been
done in the area of 15N-NMR spectroscopy of
these materials. The purpose of this work was to
characterize 2,29-(3-phenyl-4-dihydro-1,3,2-ben-
zoxazine)propane (B-a) as well as to analyze the
curing of this benzoxazine at two different cure
temperatures using solid-state 15N-NMR spec-
troscopy.

Solid-state NMR

Solid-state NMR has been used to study phenolic
resins2,3 as well as benzoxazines.1,4 Further,
there have been substantial 13C chemical-shift
assignments observed for benzoxazines.5–7 How-
ever, there have been very few investigations of

solid-state 15N-NMR spectroscopy on these com-
pounds.8

15N Solid-state NMR Spectroscopy

The first reported nuclear magnetic resonance ex-
periments utilizing the nitrogen isotopes (14N and
15N) took place in 1950.9 The problems associated
with the NMR of these nuclei include the fact that
the 14N nucleus has a spin quantum number of 1,
which is associated with a quadrupolar moment.
This results in a very efficient relaxation mecha-
nism, making the spin–spin relaxation times very
short. Because of this, the observed line widths in
14N-NMR are very broad. The limitations for
15N-NMR stem from the low natural abundance
and low sensitivity of this isotope. This limitation
can be overcome by isotopic enrichment, but this
process is expensive and not always a straightfor-
ward procedure. The advent of the Fourier trans-
form (FT) NMR technique greatly increased the
feasibility of studies using nuclei of low sensitiv-
ity (13C, 15N) of natural abundance samples. In
1982, the first practical studies involving 15N
solid-state NMR of natural abundance samples
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were reported10,11 and utilized the general solid-
state NMR techniques (cross polarization, high
power proton decoupling, and magic angle spin-
ning).

The major advantage of 15N-NMR is its large
range of chemical shifts compared to that of other
nuclei. This range is approximately 1000 ppm.
However, the practical chemical-shift range, es-
pecially for polymeric studies, is about 400 ppm.
This is because polymer structures rarely contain
nitroso groups and azo bridges which are found
shifted far downfield. Further, there are fewer
chemically distinct nitrogen groups compared to
those of carbon, which results in simpler spectra.
This makes spectral identification and quantita-
tive analysis more straightforward.

Andreis and Koenig conducted a systematic re-
view of the applications of 15N-NMR to polymeric
systems including substantial chemical-shift as-
signments.12 Other overviews of 15N-NMR spec-
troscopy have been made13,14 and include refer-
ences on coupling constants and group chemical-
shift ranges.

Benzoxazine Curing

The polymer structure of the benzoxazine used in
this research is significantly different from that of
the monomer, that is, the breaking of the benz-
oxazine ring upon curing results in the formation
of a nitrogen bridge structure. Since the environ-
ment of the nitrogens in this compound changes
significantly, from a ring compound to a bridge
structure, it should be possible to observe changes
in the 15N-NMR spectrum as polymerization pro-
ceeds.

EXPERIMENTAL

A 50/50 mixture of 15N-enriched (98%) and natu-
ral abundance aniline was used to synthesize B-a
using a procedure originally described by Ning
and Ishida.15 The synthesis reaction of B-a is
shown in Figure 1. A portion of a polymer mole-
cule of B-a is shown in Figure 2(a) along with
potential crosslinks. The expected chemical shifts
of both the monomer and polymer were calculated
using reference compounds and correlations be-
tween 15N and 13C chemical shifts16 and are given
in Table I. All NMR experiments were performed
on a Bruker MSL-300 spectrometer at a 15N spec-
tral frequency of 30.41 MHz. 15N spectra were
calibrated using 15N-enriched glycine and set to

the d (NH3) 5 0 chemical-shift scale. Figure 3
shows some of the NMR pulse sequences used in
this study. The acquisition techniques of cross
polarization (CP), magic angle spinning (MAS),
and high-power proton decoupling (DD) were
used in this study. Variable contact time cross-
polarization experiments were conducted to de-
termine the optimum contact time. This contact
time (3 ms) was used for all subsequent experi-
ments utilizing cross polarization. The CP–
MAS–DD spectrum of B-a (enriched) was ob-
tained by a Fourier transform after acquiring
2000 scans at a spinning speed of 4 kHz. The
recycle delay of all experiments utilizing cross
polarization was 10 s. A variable MAS speed ex-
periment was conducted with spinning speeds
from 0.75 to 4 kHz. Spin-lattice relaxation exper-
iments in the static frame (T1) and the rotating
frame (T1r) were conducted at room temperature
and using delay times of up to 1500 s and 150 ms,
respectively. After these experiments were com-
pleted, the data required for a useful DD–MAS
spectrum was available (T1 relaxation data) and
the MAS–DD spectrum was obtained using a re-
cycle delay of 2600 s and an MAS speed of 4 kHz.
A solid-state CP–MAS–DD 13C-NMR spectrum of
the enriched B-a was acquired utilizing the tech-
niques mentioned above but with a recycle delay
of 2 s, a contact time of 800 ms, and 2000 tran-
sients.

B-a was cured at two different temperatures:
150 and 200°C. 15N-CP–MAS–DD spectra were
obtained at various stages in the polymerization
process. A minimum of 2000 transients were ac-
cumulated for the curing spectra using the CP–
MAS–DD techniques. The number of scans re-
quired for sufficient signal to noise (S/N) in-
creased during cure at both temperatures.

RESULTS

Chemical-shift calculations for the structures
present in Figure 1(a–c) are shown in Table I.
Examples of variable contact time curves are
shown in Figure 4 for the observed 15N reso-
nances at 78 and 71 ppm. The cross-polarization
parameters, TCH and THH, are given in Table II.
These parameters were comparable for the strong
resonances of 71 and 78 ppm, but were notably
different for the weaker peaks at 74 and 67 ppm.
The CP–MAS–DD spectrum of B-a is shown in
Figure 5 at full resolution as well as at vertical
expansion to show the weaker resonances. The
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CP–MAS–DD and MAS–DD spectra are com-
pared in Figure 6. The spectra of the variable-

speed MAS experiment are shown in Figure 7.
The corresponding reduction in line width versus
spinning speed of the 78 ppm resonance is given
in Figure 8 and levels off at approximately 4 kHz.
The spin-lattice relaxation curves (for T1 and T1r)
are shown in Figures 9 and 10, respectively, with
the relaxation times given in Table II. The T1r

relaxation times of the major 15N resonances were
similar, while the T1 relaxation times were con-
siderably different. Figure 11 shows a comparison
of the experimental and theoretically calculated
chemical shifts.

Some of the 15N-NMR spectra taken during the
cure study at 150°C are shown in Figure 12.
Changes in peak areas were observed for all peaks
at both cure temperatures. The two weaker reso-
nances at 74 and 67 ppm increased initially during
cure at both temperatures and then began decreas-
ing approximately 35 min at 200°C and after ap-
proximately 2.5 h at 150°C as shown in Figures 13
and 14. The area of the benzoxazine ring resonance
(78 ppm) and the polymer backbone resonance (71
ppm) are shown in Figures 15 and 16 for 150 and
200°C, respectively. The benzoxazine ring reso-
nance at 78 ppm decreased during cure at both cure
temperatures. However, the peak at 71 ppm (nitro-
gen bridge structure) initially remained relatively

Figure 1 (a) Synthesis of B-a; (b) cationic polymer-
ization of B-a; (c) side reaction of B-a.

Figure 1. (Continued)
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constant during cure at 200°C and then increased
after approximately 40 min.

All resonances broadened significantly during
curing at both temperatures. The line width of the
78 and 71 ppm resonances are shown in Figures
17 and 18 for 150 and 200°C, respectively.

DISCUSSION

The calculated chemical shifts for the structures
of Figure 1(a–c) are given in Table I. These cal-
culations are based on the chemical structure and
use correlations between 13C and 15N resonance
positions.16 However, it has been shown that 15N-

NMR chemical shifts are also sensitive to hydro-
gen-bonding effects in solution.17,18 Further, it
has been shown that there is significant hydrogen
bonding in these kinds of benzoxazine com-
pounds.19 However, in solid-state NMR, it is ex-
pected that hydrogen bonding may shift reso-
nances only slightly, but, more importantly, may
lead to an increased line width. Referring to Table
I, there is good agreement between the observed
resonances and the calculated chemical shifts as
shown in Figure 11. The 78-ppm peak is assigned
to the nitrogen of the unopened benzoxazine ring.
It is present in both the monomer structure and
that part of the polymer structure containing un-
opened benzoxazine rings. The resonance at 71

Figure 2 (a) Cross links between two polymer molecules of PBA; (b) degradation of
PBA polymer at high temperature.
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ppm is assigned to the nitrogen bridge structure
of the polymer backbone. One other possible prod-
uct of the B-a synthesis reaction is shown in
Figure 1 (structure B). The observed chemical
shift (74 ppm) shows good agreement with the
calculated chemical shift of 73.5 ppm for this
structure. The normal polymerization pathway is
shown in Figure 1(b) and involves the electro-
philic substitution between the carbocation and a
benzene ring. This transfer has been shown to
occur preferentially at free ortho and para posi-
tions of a phenol group.20 In the case of B-a,

aromatic sites ortho to the phenol oxygen are open
and, therefore, this is where electrophilic substi-
tution of the carbocation would occur. This leads
to the polymer structure (C) which gives the 15N
resonance at 71 ppm corresponding to the nitro-
gen bridge structure.

The presence of the 74, 67, and 71 ppm peaks
in the monomer sample indicates that there are
dimer and higher oligomers in the as-synthesized
sample and possibly product B present in the
monomer. This is expected since no purification
attempts were made due to the limited amount of
15N-enriched sample.15

The 13C-CP–MAS–DD spectrum of the en-
riched B-a sample and the natural abundance
sample showed good agreement in peak positions.
There is also a noticeable increase in the 13C
resonance around 97 ppm which was assigned to

Table I Chemical-shift Calculations for B-a Monomer and Polymer
Structures

Compound Calculation
Value
(ppm)

Observed
(ppm)

Benzoxazine ring
Monomer (A) (27.7 1 17 1 9 1 4) 3 1.36 1 1 79.4 78
By-product (B-a) “
Polymer (C-a) “
Product (D-a) “
Product (D-b) (27.7 1 14 1 9 1 4) 3 1.36 1 1 75.4 74

Mannich bridge Tc
Polymer (C-b) (16.3 1 17 1 2 (10)) 3 1.36 1 1 72 71
Product (D-c) (16.3 1 17 1 9 1 7) 3 1.36 1 1 68.0 67

By-product (B-b) (16.3 1 17 1 10 1 10) 3 1.36 1 1 73.5 74

Figure 3 15N-NMR pulse sequences for HPDEC and
CP–MAS.

Figure 4 Variable contact cross-polarization curve
for strong nitrogen resonances (78 and 71 ppm).
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the CH2 carbon in the oxazine ring between the
oxygen and the nitrogen. This peak could not be
confirmed in the previous 13C-NMR study of B-a
because of its broad line width and low intensity.
This peak is more intense in the enriched sample
as there are a greater number of 15N—13C struc-
tures present (which give rise to sharper reso-
nances) as opposed to the 14N—13C structures of
which the quadrupolar 14N broadens the 13C ob-
served resonance. Therefore, the 13C spectrum of
enriched B-a was useful in completing the 13C
spectral assignments of our previous work.1

The T1r data indicate that the mobility of the
78, 74, and 71 ppm resonances are similar. It has
been shown that the spin-lattice relaxation in the
rotating frame (T1r) is sensitive to chain mo-
tion.21,22 These kinds of motion are similar for a
nitrogen in the backbone of a polymer as com-

pared to the nitrogen of a side chain on the same
polymer molecule. Thus, it is expected that T1r

would be comparable for the monomer and poly-
mer 15N resonances, which is shown in Table II.
The longer T1r time for the 67 ppm suggests that
the nitrogen source of this resonance is signifi-
cantly less mobile than are the other structures.
The cross-polarization data is consistent with this
result since the 67 ppm peak shows a TCH trans-
fer time of 0.73 ms which is much shorter than for
the other resonances. TCH is very dependent on
the rigidity of a structure and, thus, a short TCH
corresponds to a rigid structure surrounding the
atom under observation. The structure proposed
for the 67 ppm resonance [D-c of Fig. 1(c)] may be
more rigid than its counterparts due to its config-
uration and possible addition of other side groups
at the ortho and para positions of the aniline
group. The formation of D is one that is favored,
but no direct evidence for this structure has been
given. The electron-donating nature of the nitrogen
atom of the aniline group is expected to have a
behavior similar to the phenol oxygen in which ar-
omatic sites ortho and para to the nitrogen atom are
made electron-rich. These sites would then be pre-
ferred for electrophilic substitution of the carboca-
tion. The data presented here are compatible with

Table II Cross-polarization and Relaxation
Data

Peak TCH (ms) THH (ms) T1 (s) T1r (ms)

78 ppm 1.4 11.2 700 12
71 ppm 1.5 11.6 490 14

74 ppm 0.94 17 11
67 ppm 0.73 21 17

Figure 5 15N-NMR spectrum of PBA monomer.

Figure 6 15N-CP-MAS and HPDEC spectra of PBA.
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the existence of the structures formed by such a
reaction [structure D of Fig. 1(c)].

In regard to the peak at 71 ppm, the spin-
lattice relaxation time (T1 5 490 s) is signifi-
cantly shorter than the T1 of the benzoxazine ring
peak at 78 ppm (T1 5 700 s). Since T1 is sensi-
tive to localized motion, it is expected that the

restricted motion of a ring structure would result
in a longer T1 in the benzoxazine ring. After the
T1 data were available, the MAS–DD spectrum of
B-a was acquired and compared to the CP–
MAS–DD spectrum (Fig. 6). These spectra are
comparable in the main observed resonances, but
the signal to noise (S/N) of the MAS–DD spectrum
is much poorer. Further, the MAS–DD spectrum
took approximately three times the time to ac-
quire as compared to the CP–MAS–DD spectrum.
This illustrates the importance of using cross po-

Figure 7 15N-CP-MAS spectra of PBA at spinning
speeds from 0.75 to 4 kHz.

Figure 8 Line width versus MAS speed for 78-ppm
nitrogen resonance.

Figure 9 15N spin-lattice relaxation (T1) decays for
78 and 71 ppm resonances.

Figure 10 15N spin-lattice relaxation in the rotating
frame (T1r) decays for 78 and 71 ppm resonances.
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larization in this study. Not only is there a large
improvement in the S/N ratio, but experiments
may be run in much less time when cross polar-
ization is utilized.

The benzoxazine ring peak of 78 ppm de-
creased during cure at both temperatures as
shown in Figures 15 and 16. Since the breaking of
the benzoxazine ring is one of the main processes
occurring during polymerization, this is the ex-
pected result. However, the resonances due to the
intermediate structures (74 and 67 ppm) behaved
differently. Initially, these peaks increased with
cure time. However, an inflection point was ob-
served at approximately 35 min total cure time at
200°C (Fig. 14), after which time the resonance
decreased in area and was unobservable after 1-h
cure time. The cure study at 150°C showed simi-
lar results. The intermediate peaks of 74 and 67
ppm increased initially and reached an inflection
point at approximately 2.5 h (Fig. 13).

The reaction rate for B-a was shown by differ-
ential scanning calorimetry (DSC) to have a max-
imum at about 10 min at 200°C and about 70 min
at 160°C.23 The maximum concentration of the
intermediates in the present work occurs at about
35 min at 200°C and about 2.5 h at 150°C. Con-

sidering the fact that the sample holder used in
these curing experiments is made of zirconia,
which is a thermal insulator, and the fact that
curing was done in increments where some time
was spent warming the sample up to the actual
curing temperature, it is expected that the results
presented here show a delay compared to the DSC
results. Further, the 3-h peak intensity of the
intermediates at 150°C is expected to be longer
than the 160°C reaction rate maximum as shown
by the DSC because of the decrease in tempera-
ture. A decrease in temperature between 170 and
160°C led to an increase in the time of maximum
reaction rate of about 1.5-fold.23 Therefore, the
2.5-h maximum in the intermediates is not unex-
pected.

The degradation reaction shown in Figure 2(b)
could not be confirmed by the data presented in
this work. However, the occurrence of this reac-
tion would coincide with a decay in the S/N which
was observed for both cure temperatures. The

Figure 12 15N-NMR spectra taken during cure at
150°C.

Figure 11 Calculated 15N chemical shifts compared
to observed spectrum of PBA.
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formation of structures E and F of Figure 2(b)
would not be directly detectable because struc-
ture E has no nitrogen atoms and structure F

would be given off as a gas at the cure tempera-
tures used. The observed decrease in the S/N ratio
would also be expected due to the polymerization
and crosslinking of the polymer.

All the observed peaks exhibited line-width
broadenings at both cure temperatures. The

Figure 13 Change in area of 74 and 67 ppm peaks at
150°C.

Figure 14 Change in area of 74 and 67 ppm peaks at 200°C.

Figure 15 Change in area of 78 ppm (polymer) and
71 ppm (benzoxazine ring) peaks at 150°C.
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change in line width for the 78 and 71 ppm reso-
nances are shown in Figures 18 and 19 for 200
and 150°C, respectively. The nature of the NMR
line width is dependent on several factors: The
first factor is the homogeneity of the main mag-
netic field (B0). If the magnetic field remains uni-
form over the time in which an NMR study is
performed, then this remains constant for each
cure interval. The NMR line width is also depen-
dent on spin–spin relaxation (T2) as well as
chemical-shift anisotropy (CSA). The T2 of an
atom is dependent on the motions of the molecule
and, hence, is one indicator of the mobility of a
molecular segment. The CSA is a measure of the
variability of similar chemical structures. For a
monodisperse polymer, CSA would be very low
and would increase with polydispersity. It has
been shown for polymer systems that the line
width increase of a cured polymer system is due

Figure 16 Change in area of 78 ppm (polymer) and 71 ppm (benzoxazine ring) peaks
at 200°C.

Figure 17 Line width versus cure time at 150°C for
78 and 71 ppm resonances.
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mainly to chemical-shift anisotropy and not to
T2.24 For the current work, the line widths
change substantially, as was observed in an ear-
lier 13C-NMR cure study of the same compound.1

It will be assumed that the major contributing
factor to the increase in line width is chemical-
shift anisotropy. However, from the current data,
it is not possible to determine how much of the
line broadening is due to polymerization and how
much is due to crosslinking. As mentioned earlier,
hydrogen bonding may also be responsible for line
broadening, but this effect is not expected to in-
crease substantially during polymerization.

CONCLUSION

An 15N-enriched sample of a 3,4-dihydro-3-substi-
tuted-1,3-benzoxazine, B-a, was synthesized and
characterized using 15N solid-state NMR spec-
troscopy. The observed resonances agreed well
with the calculated chemical shifts of the mono-
mer, polymer, and alternate product structures.
The cross-polarization and relaxation analysis
supported the assignments made from the chem-
ical-shift data. The cure studies showed intensity
changes and line-width broadenings which are
attributed to the polymerization as well as to the
cross linking of the compound. These results

showed that the polymerization progressed at a
much higher rate at 200°C as opposed to 150°C.
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