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ABSTRACT: The FT-IR and 1H NMR spectra of model dimers, having different molecular sizes and pKa,
are investigated in order to understand the differences in the hydrogen-bonded network structures of
polybenzoxazines. The correlation between the -OH‚‚‚N intramolecular hydrogen-bonding interaction
and benzoxazine functional groups in the asymmetric dimers is investigated by 1H NMR spectra. While
the FT-IR spectra of the model dimers indicate that the nature of hydrogen bonding is closely related to
the basicity of the amine constituent, the spectra of the corresponding polymers suggest the existence of
different hydrogen-bonding interactions. The existence of phenolic linkage formation and the stability of
the Mannich base structure during polymerization are investigated by a dimerization reaction. It is
demonstrated that benzoxazines based upon extremely bulky amines do not develop desirable properties
due to the extensive degradation process.

Introduction

It is well-known that hydrogen bonds play an impor-
tant role in the wide range of material properties, and
therefore, many studies have been actively done in this
area.1-3 Recently, a novel class of phenolic resins,
polybenzoxazines, which can overcome many shortcom-
ings associated with traditional phenolic resins, has
been synthesized and characterized by Ishida et al.4-7

Since the wide variety of benzoxazine monomers can be
easily obtained by changing the primary amine compo-
nent in Mannich condensation, they are of great interest
for commercial applications. Furthermore, these resins
have many excellent properties, which easily surpass
the phenolic resins, such as excellent mechanical prop-
erties,4,5 high char yield,5 near zero volumetric shrink-
age/expansion upon polymerization,6 low water absorp-
tion4 (despite the large amount of hydroxyl groups in
the backbone structure), excellent resistance to chemi-
cals8 and UV light,9 and amazingly high Tg,10 even with
rather low cross-link density. A possible explanation for
these unusual properties is the formation of extensive
hydrogen-bonding networks.11

Consequently, the effort to understand the funda-
mental nature of the hydrogen-bonding structure of
polybenzoxazines has been a recent focus of this
laboratory.6,8,12-14 To overcome the instrumental limita-
tion in studying thermoset polymer structures and to
better investigate the complex relation between several
hydrogen-bonding species, a series of model compounds
were synthesized.12,13 Investigating the FT-IR spectra
and X-ray crystallographic structure for N,N-bis(3,5-
dimethyl-2-hydroxybenzyl)methylamine, Dunkers et al.12

proposed a hydrogen-bonding scheme involving both
OH‚‚‚O intermolecular and intramolecular hydrogen
bonding as well as OH‚‚‚N intramolecular hydrogen
bonding. The more precise FT-IR band assignments for
each hydrogen species in benzoxazine model compounds
were reported by Kim et al.13 by comparing the spectra
for simplified asymmetric dimers and an aromatic
amine-based model dimer. Also, they proposed a differ-
ence in network structure between aliphatic amine-
based polybenzoxazines and aromatic amine-based
polybenzoxazines. One possibility for this difference, the

intramolecular hydrogen-bonding interactions, was stud-
ied by Ishida et al.6 using molecular modeling of
benzoxazine dimers based on different amine functional
groups. They reported that the compactness of a net-
work structure is related to both the basicity and
bulkiness of the functional amines.

However, the previous studies were based on the
assumption that the bulk of monomer is converted to
polymer upon curing, resulting in a pure polybenzox-
azine structure which solely consisted of Mannich
bridges between phenolic groups. Moreover, despite the
important effect of the amine substituents on hydrogen
bonding, research has been conducted only on a few
simple dimer molecules.6,12 A more detailed study of the
network structures in the polymers using model dimers
will allow for a better explanation of the behavior of the
polymers. Therefore, this paper will investigate the
effect of amine functional groups on the hydrogen
bonding and network structure using a series of model
dimers and polymers.

Experimental Section
All chemicals were obtained from Aldrich with high purity

(above 98%), except for formaldehyde (Fisher, 37% in H2O),
and used as received.

Synthesis of Polybenzoxazine Monomers and Poly-
mers. Benzoxazine monomers, based on bisphenol A, were
synthesized and purified according to the procedure of Ning
and Ishida7 or Ishida.15 These benzoxazine monomers were
polymerized without added initiator or catalyst according to
the method reported in a previous paper.8 The monomers used
are summarized in Table 1, and the generalized polymer
structure is shown in Scheme 1.

Synthesis of Symmetric Dimers. The symmetric model
dimers for polybenzoxazines were synthesized according to a
previous study using 2,4-dimethylphenol, formaldehyde, and
primary amines.16 All products except for the aniline dimer
were recrystallized three times in hexane. The aniline dimer
was recrystallized from hexane and subsequently purified by
column chromatography with silica gel using hexane/methyl-
ene chloride (20:1) as the eluent. The resulting dimers are
summarized in Table 2, and the dimer formation reaction is
shown in Scheme 2.

Synthesis of Asymmetric Dimers. The asymmetric model
dimers based on different primary amines (Table 3), which
have only one hydroxyl group in the structure, were synthe-
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sized according to the previous study.13 To synthesize the
asymmetric methyl dimer, asymmetric ethyl dimer, asym-
metric tert-butyl dimer, asymmetric aniline dimer, and the
asymmetric benzylic dimer, stoichiometric mixtures of 2,4-
dimethylphenol, paraformaldehyde, and the corresponding
N-methylbenzylamine, N-ethylbenzylamine, N-tert-butylben-

zylamine, dibenzylamine, and N-phenylbenzylamine were
reacted without solvent at 105 °C for 1 h. The products were
then dissolved in chloroform, washed several times with
distilled water, and dried over sodium sulfate. The residual
products were purified by column chromatography with silica
gel using various solvents, including hexane/tetrahydrofuran
(10:1) for the asymmetric methyl dimer, hexane/tetrahydro-
furan (20:1) for the asymmetric ethyl dimer, hexane/ethyl
acetate (10:1) for the asymmetric benzylic dimer, and hexane/
ethyl acetate (5:1) for the asymmetric aniline dimer. The
asymmetric tert-butyl dimer was recrystallized three times in
hexane. The asymmetric deuterated methyl dimer was pre-
pared by the same method as the asymmetric methyl dimer
with the exception of formaldehyde-d2.

The secondary amines for the asymmetric propyl dimer,
asymmetric cyclohexyl dimer, and asymmetric fluoroaniline
dimer were prepared before synthesizing the asymmetric
dimers. An equimolar solution of benzaldehyde and the ap-
propriate primary amine in hexane was azeotropically distilled
until a stoichiometric amount of water had been collected.
After evaporating hexane, the resulting crude Schiff base was
dissolved in ethanol containing 1 wt % of concentrated am-
monium hydroxide and reduced using sodium borohydride.17

The reaction mixture was diluted with ice water, and the
crystalline secondary amine products were collected by filtra-
tion. Then, asymmetric propyl dimer, asymmetric cyclohexyl
dimer, and asymmetric fluoroaniline dimer were synthesized
by the same procedure using these secondary amines. The
asymmetric propyl dimer and asymmetric cyclohexyl dimer
were purified by column chromatography with silica gel using
hexane/tetrahydrofuran (20:1) as eluents. The asymmetric
fluoroaniline dimer was recrystallized three times in hexane.
The modified asymmetric methyl dimers (Table 4) were also
prepared by the same method as above but using different
phenols.

Instrumentation. The purities of the monomers and
dimers were examined using a Varian XL200 nuclear magnetic
resonance (NMR) spectrometer (200 MHz 1H NMR and 50.1

Table 1. Polybenzoxazine Monomers

Scheme 1. Ring-Opening Polymerization of
Bifunctional Benzoxazine Monomer

Table 2. Symmetric Model Dimers

Scheme 2. Formation of Model Dimers

Table 3. Asymmetric Model Dimers I
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MHz 13C NMR at 298 K) using deuterated chloroform as the
solvent with 0.5% tetramethylsilane as an internal standard.
The coaddition of 64 transients yielded 1H NMR spectra with
good signal-to-noise ratios. A relaxation time (D1) of 10 s was
used to obtain integration results. The difference between the
values for the actual and calculated C, H, and N content of
the models was less than 0.3% (M-H-W Laboratories). The
results are summarized in Table 5.

Fourier transform infrared (FT-IR) spectra were obtained
using a Bomem Michelson MB110 FT-IR spectrophotometer
which was equipped with a liquid nitrogen cooled, mercury-
cadmium-telluride (MCT) detector with a specific detectivity,
D*, of 1 × 1010 cm Hz1/2 W-1. The coaddition of 128 scans was
recorded at a resolution of 4 cm-1 after 20 min purge with
nitrogen. FT-IR spectra for polybenzoxazines were obtained
from thin films which were cured on potassium bromide (KBr)
plates, using the same procedure as in the previous paper.8

The solution spectra for the dimers in CCl4 were obtained in
a KRS-5 liquid cell with a 0.5 mm thickness for the 20 and 50
mM concentrations and with a 5 mm thickness for the 1 mM
concentration. The spectrum of the liquid cell filled with
spectrophotometric grade carbon tetrachloride (CCl4) was
subtracted from the solution spectra.

Differential scanning calorimetry (DSC) measurements were
performed on a TA Instruments 2920 modulated DSC with a
heating rate of 10 °C/min under a dry nitrogen atmosphere
using the standard mode. The cured polybenzoxazine sample
sizes were in the range of 10-15 mg and were analyzed in
hermetic aluminum sample pans.

Results and Discussion
1H NMR Spectra for the Dimerization According

to the previous studies,6,8,12,13 it is believed that the
general polybenzoxazine hydrogen-bonded network struc-
ture is affected by the basicity of the amine functional
group. Therefore, several aliphatic and aromatic pri-
mary amines with different basicities were selected for
this study (Table 6). Also, amines having functional
groups of differing sizes were chosen in order to evaluate
any possible steric effect. If any products (other than
the dimer) can be found in the process of dimerization,
it is possible that a similar process could occur during
the polymer curing reaction. These possible side prod-
ucts are able to alter the hydrogen-bonding scheme of
the polymer system, which has been established by the
previous study based on pure dimer molecules.

By investigating the 1H NMR spectra for the conver-
sion from monomer to dimer, the influence of the amine
substituents on the dimerization reaction is presently
studied. As is shown in Figure 1, the dimerization
reactions for the methyl dimer, ethyl dimer, and propyl
dimer proceeded without significant side reactions,
while the reactions for dimers based on bulkier amines
show the signs of many side reactions (Figures 2-4).
For the methyl dimer, it is demonstrated that the
Mannich base is stable, even after 8 h of continuous
reaction, due to the fact that there are no evident signs
of side products near the chemical shift for the meth-

Table 4. Asymmetric Model Dimers II

Table 5. 1H NMR Chemical Shift for the Methylene Group in Asymmetric Dimers
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ylene proton (* marked) of the dimer. Although the
conversion to the dimer calculated from the integral of
the methylene proton resonance in 1H NMR is slowed
as is shown in Figure 5, the ethyl dimer and propyl
dimer have similar 1H NMR spectra to the methyl
dimer. This result suggests that the dimers based on
methylamine, ethylamine, and propylamine can well
simulate the polymer.

On the other hand, the reaction of the tert-butyl dimer
is very different and shows no stable dimer formation
(Figure 2). Since a detailed study of the ring-opening
mechanism of benzoxazine monomers is beyond the
scope of this paper, the complete separation of all
reaction products was not attempted. However, some
of the important products were successfully separated
(S, A, and 3 in Figures 2, 3, and 4) by recrystallization.

Figure 1. 1H NMR spectra of model dimers at 155 °C: (a) methyl dimer, (b) ethyl dimer, and (c) propyl dimer.

Table 6. pKa of Primary Amines and Phenols18

compd pKa

amines methylamine 10.66
ethylamine 10.71
n-propylamine 10.61
n-butylamine 10.64
tert-butylamine 10.69
cyclohexylamine 10.69
benzylamine 9.30
aniline 4.63
o-fluoroaniline 3.20

phenols 2,4-dimethylphenol 10.58
p-cresol 10.26
p-fluorophenol 9.89
p-chlorophenol 9.43
p-bromophenol 9.34
2,4-difluorophenol19 8.40
p-cyanophenol 7.80
2,3-difluorophenol19 7.68
p-nitrophenol 7.15

Figure 2. 1H NMR spectra of tert-butyl dimer at 155 °C.

Figure 3. 1H NMR spectra of cyclohexyl dimer at 155 °C.

Figure 4. 1H NMR spectra of aniline dimer at 155 °C.
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Especially, major formation of phenolic dimer, rather
than the tert-butyl dimer, implies that the dimer forma-
tion is greatly influenced by the structure of substituted
amine functional group. This methylene bridge forma-
tion involving an early degradation process of the
Mannich bridge has been investigated in detail by Low
and Ishida20,21 (Scheme 3). A similar observation is
found in the dimer formation process for the dimers
based on bulky amines, cyclohexylamine and aniline,
and it can be supported by the fact that the percentage
yield of dimers based on bulky amines is drastically
decreased with increasing amine size.

Effect of Amine Substituents on -OH‚‚‚N In-
tramolecular Hydrogen Bonding. Since the asym-
metric dimers simulate well the nature of -OH‚‚‚N
intramolecular hydrogen bonding,13 the difference in
intramolecular hydrogen bonding between the asym-
metric dimers is evaluated by 1H NMR. The -OH‚‚‚N
intramolecular hydrogen bonding forms a stable six-
membered structure,13 resulting in a methylene proton

deshielding effect in methylene protons (Scheme 4). As
is shown in Figure 6, the methylene protons in asym-
metric dimers have different chemical shifts due to the
deshielding effect. From the 1H NMR spectra for the
asymmetric deuterated methyl dimer (which does not
have δa), it can be concluded that the resonances of
deshielded protons appear downfield. If the asymmetric
dimer structure is identical, aside from the amine
functional groups, the effect of the amine substituents
on the -OH‚‚‚N intramolecular hydrogen bonding can
be determined by evaluating the chemical shift differ-
ence between the two kinds of methylene protons
(∆δa-b). As is shown in Figure 7, the asymmetric dimers
made with less basic aromatic amines have fewer
pronounced differences in chemical shift as compared

Scheme 3. Typical Side Products of Dimerization and Possible Cleavage of Mannich Base

Figure 5. Yield of symmetric dimers: (a) methyl dimer,
(b) ethyl dimer, (c) propyl dimer, (d) cyclohexyl dimer, and
(e) aniline dimer.

Scheme 4. Deshielding Effect in 1H NMR Due to
-OH‚‚‚N Intramolecular Hydrogen Bonding in

Asymmetric Dimers

Figure 6. Chemical shift differences for methylene protons
in the asymmetric dimer.
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to the asymmetric dimers based on more basic aliphatic
amines. Even if the aromatic shielding effect of the
aniline ring is considered, the absolute difference be-
tween the two methylene groups is obvious regardless
of the aromaticity of substituents. A similar discussion
has been reported by Ma and Warnhoff22 that the
downfield N-methyl shift due to protonation in aromatic
amine is relatively smaller than that of aliphatic amine.
This effect is closely related to the effective negative
charge on the nitrogen atom. Considering that the
formation of OH‚‚‚N intramolecular hydrogen bonding
in asymmetric dimers is closely related in the electro-
negativity of the -OH and -N group, it can be predicted
that the basicity of amine functional group has a great
influence on the formation of an intramolecular hydro-
gen bond.

However, it is shown that the chemical shift difference
is widely spread between the dimers based on aliphatic
amines even with the very similar pKa. A pair of dimers
4c and 4g, based on aliphatic amines with different pKa,
have similar ∆δa-b. The same is observed in another
pair of 4a/4g and 4d/4g. The interesting point here is
that four amines used for the preparation of asymmetric
dimers have similar structure with a general formula
NH2-CH2-R, where R ) H for 4a, R ) CH3 for 4c,
R ) CH2CH3 for 4d, and R ) C6H5 for 4g. Although
these amines have different overall size, they all have
a methylene group that separates their amino group
from the substituent R. The substituent R is located
rather far from the hydrogen bond; thus, it does not
have major influence on the conformation of the OH‚‚‚N
intramolecular hydrogen bonding. In contrast, the asym-
metric dimers based on bulky amines show higher ∆δa-b
values despite their similar basicities. Since cyclohex-
ylamine and tert-butylamine do not have a methylene
group between the amino group and the substituent, the
substituent size plays a profound effect on the hydrogen
bonding and ∆δa-b of their asymmetric dimers. This
means that the structural change near the nitrogen
atom plays an importance role in addition to the basicity
effect.

To exclude the structural effect of amine substituents,
a new series of asymmetric dimers which have the same
methylamine group for each dimer were prepared using

different phenols with different pKa’s (Table 6). Since
N-substituents are all the same for this series of
asymmetric dimers, the effect of acidity of the -OH
group on the -OH‚‚‚N intramolecular hydrogen bonding
can be investigated without the interference of the steric
effect. As is shown in Figure 8, it is clearly seen that
the ∆δa-b increases with increased phenolic acidity. This
good correlation between the acidity of phenols and
∆δa-b implies that the larger the chemical shift differ-
ence between methylene groups is, the more stable the
OH‚‚‚N intramolecular hydrogen bonding.

FT-IR Study of Model Dimers. The FT-IR spectra
of the symmetric model dimers were obtained in order
to study the basic nature of hydrogen bonding due to
changes in the amine substituents, as shown in Figure
9. Using the result from a previous study,13 the stretch-
ing frequencies for hydrogen-bonded hydroxyl groups
are investigated in detail. No significant differences in
the FT-IR spectra can be found between the linear
aliphatic amine-based dimers and their bulkier aliphatic
amine-based dimer counterparts of similar basicities.
This is somewhat unexpected, considering that the
∆δa-b in asymmetric dimers is related in the bulkiness
of the substituents. This implies that the effect of the
structural bulkiness, which is shown in 1H NMR of the
methylene protons, on the fundamental hydrogen-
bonding scheme is not noticeable in the FT-IR spectra.
On the other hand, the spectrum of the aniline dimer
shows a clear difference in the hydrogen-bonded struc-
ture due to the significantly lower basicity of the aniline,
as expected. This implies that the dimers based on
amines of similar basicities show the similar hydrogen-
bonding scheme, regardless of the bulkiness of the
functional group.

However, it is apparent in Figure 9 that the intensity
of the band centered at 3550 cm-1, which is assigned to
-OH‚‚‚π intramolecular hydrogen bonding,13 increases
with increasing amine size. Although a quantitative
comparison for this band cannot be given because of the
differences in the specific absorptivities for each hydro-
gen-bonded species, a qualitative analysis can be made
by the comparison of this band to the other bands. Since
the -OH‚‚‚π intramolecular hydrogen bonding is influ-
enced by the conformational structure,23 the increase

Figure 7. Dependence of chemical shift differences for methylene protons in asymmetric dimers based upon the basicities of
primary amines.
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in the 3550 cm-1 band suggests that the change in the
larger amine substituents causes a conformational
change in which the preferential structure may form
-OH‚‚‚π intramolecular hydrogen bonding. This can be
seen more readily in the spectra of the asymmetric
dimers in CCl4 where OH‚‚‚O intramolecular hydrogen
bonding has been intentionally removed from the dimer
structure (Figure 10).

Polybenzoxazines. To investigate hydrogen bonding
in polybenzoxazines, the FT-IR spectra of a number of
polybenzoxazines were obtained and are shown in
Figure 11. Polybenzoxazines based on linear aliphatic
amines, the BA-m, BA-e, BA-p, and BA-nb polymers,

have similar hydrogen-bonding schemes. And, using the
group frequencies for the hydrogen-bonding species in
corresponding model dimers,13 it is found that the
hydrogen-bonding schemes in linear aliphatic amine-
based polybenzoxazines are mainly comprised of -OH‚‚‚N
intramolecular hydrogen-bonding interactions which
appear as a broad band from 2700 to 3300 cm-1 in the
FT-IR spectra. It has been reported that this stable
-OH‚‚‚N intramolecular hydrogen bonding is attributed
to the basicity of methylamine based upon the FT-IR
spectra of model benzoxazine methyl dimers.13 It seems
that this explanation applies well to some other linear

Figure 8. Dependence of chemical shift differences for methylene protons in asymmetric dimers based upon the acidities of
phenols.

Figure 9. FTIR spectra in the region of the hydroxyl stretch-
ing frequency for symmetric dimers in CCl4 (50 mM) solu-
tion: (a) methyl dimer, (b) ethyl dimer, (c) propyl dimer,
(d) cyclohexyl dimer, and (e) aniline dimer.

Figure 10. FTIR spectra in the region of the hydroxyl
stretching frequency for asymmetric dimers in CCl4 (50 mM)
solution: (a) asymmetric methyl dimer, (b) asymmetric ethyl
dimer, (c) asymmetric propyl dimer, (d) asymmetric tert-butyl
dimer, (e) asymmetric cyclohexyl dimer, (f) asymmetric benzyl
dimer, (g) asymmetric aniline dimer, and (h) asymmetric
fluoroaniline dimer.
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aliphatic amine-based polybenzoxazines, as is shown in
Figure 1a-d. In contrast, two polybenzoxazines based
on aromatic amines, the BA-a and BA-fa polymers, have
been found to contain significant amounts of intermo-
lecular hydrogen bonding (3400 cm-1) while the in-
tramolecular hydrogen-bonding interaction (3550 cm-1)
is relatively weak. An appropriate explanation is that
the change in the electronegativity of the nitrogen atom,
due to the nature of particular amine substituents, is
responsible for this difference.

Despite the similar basicities of the corresponding
primary amines, the bulkier aliphatic amine-based
polybenzoxazines, the BA-tb, BA-c, and BA-Bz polymers,
have an obviously different hydroxyl stretching band
around 3350 cm-1 which is indicative of the existence
of different hydrogen-bonding species. Furthermore, it
should be noted that the BA-nb and BA-tb polymer
spectra exhibit large differences in this region because
of conformational differences in the molecules, despite
having amines of the same basicity. Considering the FT-
IR spectra for the dimers based on aliphatic amines
show a similar hydrogen-bonding scheme, this unex-
pected difference in FT-IR spectra for the bulkier amine-
based polybenzoxazines implies that the hydrogen-
bonded structure in polybenzoxazines cannot be deduced
simply on the basis of the basicities of corresponding
amines alone. It is possible that a structural factor, in
addition to the basicity of the primary amine, may
strongly affect the hydrogen-bonded network structure
of the polymer.

It is logically deduced that side reactions during
dimerization, including Schiff base and phenolic meth-
ylene bridge formation, can occur during the polymer-
ization of the corresponding BA-tb, BA-c, and BA-Bz
polymers, resulting in the observed differences in the
polymer FT-IR spectra. Also of great importance, the
spectra of the phenolic dimer give insight into the origin
of the band at 3350 cm-1 in the spectra of the BA-tb,
BA-c, and BA-Bz polymers. As is shown in Figure 12,
the broad band around 3350 cm-1 for the phenolic dimer
in 20 mM CCl4 solution is due to the -OH‚‚‚O inter-
molecular hydrogen bonding as this band does not
appear in the spectrum of the dilute solution at 1 mM.
Taking into account that the -OH‚‚‚O intermolecular
hydrogen bonding in the symmetric methyl dimer13 is
assigned to the band at 3401 cm-1, it can be concluded
that the band at 3350 cm-1 in the BA-tb, BA-c, and BA-
Bz polymers originates from the methylene bridge
structure which is formed during the thermal curing of
the monomer.

It is also shown in Figure 13 that this aspect of the
dimerization process affects the polymerized network
structure. Since typical bifunctional benzoxazine mono-
mer is polymerized and cross-linked upon curing, solu-

Figure 11. FTIR spectra for polybenzoxazines in the region
of hydroxyl stretching frequency: (a) BA-m polymer, (b) BA-e
polymer, (c) BA-p polymer, (d) BA-nb polymer, (e) BA-tb
polymer, (f) BA-c polymer, (g) BA-Bz polymer, (h) BA-a
polymer, and (i) BA-fa polymer.

Figure 12. FT-IR spectra for phenolic dimer in CCl4 solution: (a) 1 mM concentration, (b) 20 mM, and (c) subtracted spectrum
(b) - (c).
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tion 1H NMR spectra cannot be obtained due to insolu-
bility in the NMR solvents. However, since the polym-
erized product of the BA-tb monomer is unexpectedly
soluble in deuterated chloroform even after complete
disappearance of the monomer, 1H NMR spectra can be
obtained. This solubility of the product indicates that
the network structure of the polymer is not formed.
Instead, resonances appeared that correspond to a Schiff
base (8.2 ppm) and phenolic oligomer (3.6 ppm), which
are possible degradation products of the Mannich base.
This implies that the hydrogen-bonded network struc-
ture in bulkier amine-based polybenzoxazines is affected
by the hydrogen-bonded species, not only around the
Mannich base but also in phenolic linkages.

It is shown in Figure 14 that the structural differences
between amines with similar basicities have an influ-
ence on the glass transition temperature (Tg) of poly-
benzoxazines. Taking into account that the Tg of a
thermoset polymer is closely related to polymer chain
mobility and packing, the present effect on the Tg of the
polymer might be explained by the structural effect of
the amine substituents which has been reported by
Ishida and Low.6 Also, it has been reported that the
relatively high Tg of the BA-a polymer, which has a
significantly bulky substituent, is attributed to a sec-
ondary reaction of the ortho position of phenyl substitu-
ent20,24 along with the tight packing of the polymer
chains due to strong hydrogen bonding,6,8 in addition
to the primary network structure connected by the
Mannich bridge. However, from the results of this study,
it is shown that the formation of an effective cross-linked
structure is interfered with by the extensive degradation
process during polymerization for the bulkier amine-
based polybenzoxazines without secondary reaction site,

in addition to the steric effect, resulting in a lowered
Tg.

Conclusions

Hydrogen bonding in polybenzoxazines has been
investigated utilizing the FT-IR and 1H NMR spectra
of model dimers having various molecular sizes and
basicities. The ability to investigate -OH‚‚‚N intramo-
lecular hydrogen bonding has been demonstrated through
the analysis of the magnetic nonequivalence of the
methylene protons in the Mannich base of asymmetric
dimer compounds. From comparisons of the FT-IR
spectra of polybenzoxazines and model dimers, it has
been shown that if the amine constituents have similar
basicities, the nature of hydrogen bonding is very
similar. The steric aspect of bulkier amines has a more
profound effect on the stability of the Mannich base,
resulting in heterogeneous products during the ring-
opening reaction. It has also been demonstrated that
bifunctional benzoxazine monomers based on extremely
bulky amines, such as that in the BA-tb monomer,
cannot form completely cross-linked polymer networks
due to the extensive degradation process.
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