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ABSTRACT: Cross Polarization Magic Angle Spinning Carbon 13 Nuclear Magnetic Resonance (CP-MAS 13C NMR)
analysis of commercial procyanidin (pine bark) and delphinidin (pecan nut membranes) condensed flavonoid tannin
extracts reacted with hexamethylenetetramine (hexamine) have shown that due to the highly reactive imino-amino
methylene species formed before its degradation reaches the generation of formaldehyde, benzylamine bridges between
the flavonoid units are formed. This study shows that tannin-based biobenzoxazines are also generated at the same
time, with both benzylamines and benzoxazines bridges being in more marked proportions, the more reactive the
tannin reacted with hexamethylenetetramine is. This is not the case for slower reacting condensed tannins where
aminated bridges are not noticeable either because they are present in the great minority or are even totally absent.
This also indicates that tannin-based benzoxazines can be prepared in water solution, at faster reaction times with their
proportion increasing with the proportions of hexamine coreactant used, and not only by fusion of phenolic material
with hexamine.
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1 Introduction
Benzoxazines are heterocyclic chemical species having particularly interesting characteristics that

render them suitable for a variety of applications in the preparation of synthetic polymers. Their excellent
characteristics, both chemical and physical, have attracted a growing interest in them. For instance, ben-
zoxazines have been employed to improve inherent drawbacks of thermosetting resins by decreasing their
too high curing temperatures. The approaches recorded in the relevant articles to tailor-make and improve
benzoxazine characteristics are several, like molecular modifications, coreaction with other thermosets,
the use of catalysts or additives to design and improve the characteristics of poly-benzoxazine networks
[1–3]. Benzoxazines are in general prepared by condensing some sort of a phenol, with an aldehyde, mainly
formaldehyde, and a primary amine through intermediate phases leading to their characteristic cyclic
ring [4–7]. The variety of possible combinations of these materials is such to ensure the preparation of
a variety of benzoxazines of structure suitable for any aimed application. In particular, the field of bio-
sourced benzoxazines has gained a particular focus due to the interest in developing environmentally
friendly and non-toxic materials. Several bio-sourced materials have been used for this purpose, as for
example urushiol [8,9], cardanol [10–12], catechol [13], guaiacol [9], chitosan [14] and cashew nut shell liquid
(CNSL) [15], cardanol being the main component of the latter.

Formaldehyde, being now classified as toxic, a recent work has explored the possibility of reacting
cardanol with hexamethylenetetramine (hexamine) as a substitute, this compound having the double
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advantage of introducing simultaneously both the wanted methylene bridges as well as the nitrogen, both
necessary to form the benzoxazine heterocyclic ring structure [16]. The authors used a method already on
record for cardanol-sourced benzoxazine [4] in view of limiting to lower levels the temperature needed for
their curing, this being around 180○C. They reacted at 100○C for cardanol with the addition by weight of 13%
hexamine, the reaction having apparently been carried out in a solid molten phase. While this is an excellent
result, it must be kept in mind that hexamine has been used as a hardener of biosourced thermosetting
resins for almost 40 years. The most known and used of these approaches has been by reacting 6.5% by
weight of hexamine in a 45%–50% water solution of a condensed flavonoid tannin, a class of very reactive
bio-polyphenolics, a system first introduced to limit free formaldehyde in thermosetting tannin-based wood
adhesive [17–19] and since then used industrially for such a use [20]. The reaction is carried out exclusively in
a hot press for no more than 5–10 min after applying the mixture to the wood for both wood particleboards
and plywood. The temperature in the hot press platens is 190○C, but the temperature reached in the inner
core of the panel is never higher than 110○C–120○C due to the cooling effect of the evaporation of water as
steam. There are several more advantages in this method: the reaction is carried out in a water solution, the
curing time is very rapid, a matter of a few minutes, and the percentage of hexamine is half [17] than that
reported for cardanol [16].

It must be remembered that studies on the reaction of hexamine with other very reactive species, such
as condensed tannins, have determined that hexamine decomposition leads first to imino-amino methylene
basis (CH2=N-CH2

+) of such a high reactivity that formation of formaldehyde is inhibited by the imino-
amino methylene base being the real bridge-generating species [21–24] (Fig. 1) with even older, but only
partially correct findings in this line being also on record [25–27].

Figure 1: Mechanism of decomposition of hexamine in the presence of very reactive species.

It is of interest then to determine if, as a consequence of this reaction, not only benzyl amine bridges
are formed, but also benzoxazine bridges do occur.

2 Experimental

2.1 Materials
Commercial pecan (Carya illinoensis) nut pith and pine (Pinus radiata) bark condensed polyflavonoid

tannin extracts spray-dried powders were the former obtained from old tannin stock originally obtained
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from the Quaker Oats extraction factory (Milwaukee, USA), and the latter from tannin stocks originally
obtained from Diteco Ltd. a (Coronel, Chile).

2.2 Methods
The tannin extracts spray-dried powders were each dissolved at 40% concentration in water, the pH

adjusted to 4.5 with acetic acid and gelled at 100○C by the addition of 6.5% by weight of hexamine on tannin
extract solids. The hexamine was added as a 40% solution in water. The two tannin extracts+hexamine gelled
at respectively 45 s for pecan tannin extract and 100 s for pine. The hardened materials were then air dried at
ambient temperature for some days and then ground to fine powders for analysis by Cross Polarization Magic
Angle Spinning Carbon 13 Nuclear Magnetic Resonance (CP-MAS 13C NMR) spectrometry at 74.47 MHz
frequency in a Brüker MSL 300 FT-NMR spectrometer (Brüker, Wissembourg, France). Chemical shifts were
calculated relative to tetramethylsilane (TMS) as a control. The spectra were run overnight, with a 0.026 s
acquisition time at about 10,000 transients, with 5 s relaxation delay and 1 ppm accuracy, with suppression
of spinning side bands and a 20,000 Hz spectral width.

3 Results and Discussion
Pine tannin is composed of polyflavonoid oligomers constituted in the great majority by catechin units

linked to each other C4-C8 (Fig. 1). Fig. 2 shows the structure of a flavonoid tannin unit, and Fig. 3 shows the
CP-MAS 13C NMR spectrum of the commercial pine tannin extract as obtained. The spectrum shows the
shifts for the C5, C7 and C9 of the A-ring at 156–158 ppm, the 146–148 ppm shift belonging to the C3

′

, C4
′

and C5
′

of the B-ring, the 96–98 ppm shift belonging to the unreacted C6 shift, the 95–98 ppm shift of the
still unreacted C8, the 110–111 ppm of the C4–C8 flavonoid inter-unit linkage, the 130–132 ppm shift assigned
to the C1

′

(for catechol B-rings) and the 132–135 ppm shift (for pyrogallol B-rings). The C2 and C3 shifts
appear as a shoulder at 75 ppm and 65 ppm, respectively, both partly covered by the high peak of the fraction
of oligomeric carbohydrates always present in the tannin extract, and the unlinked free C4 shift appears at
37.5 ppm [28].

Figure 2: Structure of a condensed tannin flavonoid unit.

In the spectra of Fig. 4 of the hexamethylenetetramine(hexamine) hardened pine tannin extract bands
at 37 and 33 ppm can be noticed, these bands being those of methylene (-CH2-) bridges between flavonoid
units phenolic A-rings. Bands at 45, 51 and 57.5 ppm are also present, these being attributed to benzyl amines,
respectively mono-, di- and tri-benzyl amines. While in synthetic phenols reactions with hexamine [18],
the predominance is that of di-benzylamines, in fast-reacting tannins such as pine tannin extract, the
predominance is clearly in favor of mono- and tri-benzylamines. Thus, a 40%–50% methylene bridges
predominance over benzyl amines bridges appears to occur when pine tannin extract is hardened with
hexamine. The 98 ppm and 105–110 ppm shifts variation are assigned respectively to the unreacted C6/C8
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flavonoid sites, and the reacted C6/C8 sites (Figs. 3 and 4) [18]. The first is markedly decreased while the
second does increase after reaction with hexamine (Figs. 3 and 4), inferring that the reaction has occurred
at the flavonoid units at their C6/C8 sites.

Figure 3: Pine tannin extract CP-MAS 13C NMR.

Figure 4: CP-MAS 13C NMR Pine tannin extract reacted with 6.5% hexamine. All the nitrogen containing species are
indicated.

Example benzylamines species generated are shown by the structures in Fig. 5.
As regards the reaction with hexamine however, small peaks at 80.5, 54.5 and 49 ppm are remarked,

notwithstanding the low proportion of hexamine used, indicating the formation not only of benzylamines
but also of tannin-based benzoxazines (Fig. 6). These three small peaks indicate that bridges as indicated
in Fig. 7 as a (80.5 ppm), b (54.5 ppm) and c (49 ppm) are formed as shown by other authors with different
phenolic materials [16]. This implies the formation of condensed tannin benzoxazines.
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Figure 5: The range of benzylamines generated by the reaction of pine bark tannin extract with hexamine.

Figure 6: CP-MAS 13C NMR of pine tannin extract reacted with 6.5% hexamine, indicating the peaks relevant to the
benzoxazines generated.

The example shown in Fig. 7 indicates the type of benzoxazine structures formed by the reaction of
tannins with hexamine. The three a, b and c linkages of the benzoxazine isomers likely to be generated by
the reaction are indicated in Fig. 7.
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Figure 7: Examples of the isomers of tannin-based benzoxazine likely to be formed by the reaction of pine bark tannin
extract and hexamine. The three a (80.5 ppm), b (54.5 ppm) and c (49 ppm) bridges corresponding to the arrows in Fig. 6
are shown.

From Fig. 8, it must be considered that some free formaldehyde is generated and exists in water solution
in its hemiformal form HOCH2OH and that this can react rapidly with the imino-amino methylene base
CH2=NH-CH2

+ to yield the form HOCH2-N(CH2
+)-CH2OH leading to the generation of the biobenzox-

azine as shown in Fig. 7. In the case where it is the iminoamino methylene basis that reacts directly with the
tannin bridges to polybenzoxazine are not formed but rather monomeric tannin benzoxazines are formed
of the type as shown as follows:

The very likely presence of this species indicates that the benzoxazines, as shown in Fig. 7, are also very
likely to be formed by reaction with this species of the HOCH2OH hemiformal form of formaldehyde in
water solution.
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Figure 8: The final reactive forms of decomposition of hexamine present for reaction.

This infers that in the case of procyanidin type condensed tannins, when reacted with hexamine
while methylene bridges do predominate, with the relatively high proportion of benzyl amine bridges also
occurring, even a minor proportion of benzoxazine bridges also occurs, even at the faible proportion of 6.5%
by weight of hexamine on tannin extract solids. And this occurs even at the short heating times used for
bonding wood particleboards and for the low core temperature of 110○C–120○C observed when the hot platen
temperature is at 190○C.

This infers that when highly reactive condensed tannins are used for reaction with hexamine in a
water solution, the hexamine does not fully decompose to formaldehyde but in part only decomposes to
more reactive species, yielding benzyl amine and benzoxazine bridges. Moreover, it also infers that the
decomposition of such reactive species occurs in water solution and at an acid pH (pH = 4.5). This indicates
that benzoxazine and benzyl amines also form not only as for phenols when the reaction is in molten
form [16]. This is also in line with the manner of decomposition reported for hexamine down to a very
reactive imino-amino methylene basis [22–24]. It shows that hexamine decomposition in the presence
of very reactive species such as procyanidin tannins only partially reaches to formaldehyde for reacting
with the tannin, and its proportion has been limited to the formaldehyde initially present and formed
during hardening in the solution as a consequence of the hexamine to HCHO+ammonia equilibrium. Two
reactions in competition then occur, namely both the hexamine decomposition and the fast reaction of the
fleetingly-formed intermediate amine species with the phenol A-rings of the tannin. The inference is that
both benzylamines and benzoxazines are then present in higher proportions, the more reactive the tannins
are. Thus, the gel time of the system is the parameter determining the proportion of the benzylamines and
benzoxazine species in the gelled resin. This depends on the pH of the system and the reactivity of the
flavonoid tannin A-ring: the faster gel times correspond to a higher proportion of aminated species in the
hardened structure, and vice versa at longer gel times, the lesser their proportion is. Thus, the longer the gel
time, the more time is left for the decomposition of the hexamine to reach the formaldehyde stage.

This effect is also noticeable for prodelphinidin tannins, such as the case of pecan nut tannin, a tannin
more reactive and gelling at an even faster rate than procyanidins. This can also be seen by comparing under
equal conditions of 100○C and pH 4.5, the 45 s gelling of the pecan tannin and the 100 s gelling of the pine
tannin. This is reflected in the higher proportion of benzyl amines and benzoxazines in the gelled/hardened
pecan tannin case (Fig. 4). Mono-, di- and tribenzyl amines at 45, 51 and 57.5 ppm, respectively, are clearly
in higher proportions than the 33 and 35 ppm methylene bridges. Di-and tri-benzyl amines predominate
in pecan tannin+hexamine. The same trend is noticeable for the benzoxazines at 80.5, 54.5 and 49 ppm
(Figs. 6 and 9). In pecan tannin+hexamine systems, the proportion of benzylamine/benzoxazine bridges can
be estimated to be even up to 70% to 80% of the total cross-linking bridges (Fig. 9).
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Figure 9: CP-MAS 13C NMR of pecan nut tannin extract reacted with 6.5% hexamine with arrows indicating the peaks
relevant to the formation of benzylamines and benzoxazines.

It has already been reported that in slower reacting tannins, such as profisetinidin/prorobinetindin
ones, like quebracho or mimosa tannin extract, when they are reacted with hexamine, methylene bridges
are greatly predominant. Thus, the few benzylamines if any present will be in the form of mono-
benzylamines [18], hence not as bridges linking flavonoid units. It is this characteristic that renders hardening
of these latter types of tannins with hexamine more subject to moisture and water attack, hence mostly as
interior grade adhesives, while the much faster reacting tannins can yield exterior grade adhesives once
reacted with hexamine. The work published by several authors on fast reacting phenols [28–31] and of the
way hexamine does really decompose to form very fast reacting intermediates negating the reaching of the
formaldehyde stage [17,18,23–25], supports the findings above.

4 Conclusions
The reaction of condensed tannins with hexamethylenetetramine only partly leads to methylene (-CH2-)

bridges formed by the formaldehyde that has been generated by the hexamine. Instead, it also leads to
benzylamine bridges as well as benzoxazine bridges, the higher the proportion of these latter two, the more
reactive the condensed tannin used. Thus, the cross-link structure of these bridges is determined by the
intrinsic reactivity of the tannin under the conditions used. Highly reactive condensed tannins such as
procyanidins and prodelphinidins present a relatively high proportion of benzylamine and of benzoxazine
bridges in their final gelled and hardened network. This renders hexamine a hardener also suitable for
exterior grade tannin-based wood adhesives, this not being the case for slower reacting condensed tannins
under equivalent reaction conditions. These amine bridges are the consequence of the mechanism of
formation of highly reactive amino compounds due to the mechanism of decomposition of hexamine.
Moreover, of considerable interest is also that tannin-based benzoxazines can be prepared in a water solution,
at faster reaction times with their proportion increasing with the proportion of hexamine coreactant used.
Moreover, this appears to be achievable at fast reaction times as used in wood panel curing.
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