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ABSTRACT

Benzoxazine monomers based on sesamol and aliphatic diamines with a systematic variation of chain lengths were synthesized
to study the influence of the diamine chain lengths on thermal and thermo-mechanical properties. Differential scanning cal-
orimetry analysis revealed an even-odd effect as the melting point for monomers with an odd chain length was at least 35°C
lower compared to their even counterparts. In addition, longer diamine chain lengths increased the beginning of the polym-
erization from 187°C for diaminoethane (DAE) up to 218°C for diaminohexane (DAH). Rheological analysis revealed a short
time frame between the melting and polymerization for monomers based on diaminoethane, -propane or -butane preventing a
polymerization. Polymerization was successful for sesamol benzoxazine with diaminopentane (S-DAPe) and -hexane (S-DAH)
resulting polymers with high glass transition temperatures of up to 228°C for poly(S-DAPe) and 231°C for poly(S-DAH), respec-
tively. Remarkably, it was found that S-DAH could also be polymerized at a lower temperature of 155°C yielding a T, of 175°C.
Furthermore, MCC results showed that peak heat release rate and total heat release of the diamine based polybenzoxazines de-
crease with decreasing chain length. In comparison to other sesamol based benzoxazines the presence of diamine linkers result
in bisbenzoxazines with higher T,

1 | Introduction of mainly fossil based phenols, amines, and aldehydes against

biobased analogues. Among others, cardanol [5-7], guaiacol

Polybenzoxazines as promising phenolic type thermosets fea-
ture outstanding properties such as near zero-volume shrinkage
upon polymerization [1], high glass transition temperatures [2],
good mechanical properties [2, 3], and a good initial flame re-
tardancy [4]. The combination of the penolic structure as wells
the intra- and intermolecular hydrogen bonds is responsible for
polybenzoxazines thermal and thermo-mechanical properties.
A suitable combination of phenols and amines promoting H-
bonds can further improve the overall properties. Additionally,
the high flexibility in molecular design allows for substitution

[8, 9], magnolol [10], eugenol [11], phloretic acid [12, 13], and
sesamol [14] were previously described as phenolic component,
furfurylamine [14, 15], stearylamine [15], chitosan [16] or iso-
mannide [17] as the amine and benzaldehyde [18] or furfural
[19] as aldehyde. A detailed review about biobased benzoxazines
was published by Lyu and Ishida [20].

In recent years, sesamol has drawn increasing interest as a
biobased building block for benzoxazine synthesis in particu-
lar if high thermal stability is required for potential use in high
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performance applications. Salum et al. combined sesamol with
furfurylamine and paraformaldehyde to obtain a monofunc-
tional benzoxazine monomer with a low T, , high thermal sta-
bility and high char yield [14]. In a following attempt Machado
et al. substituted paraformaldehyde by 4-hydroxybenzaldehyde
in order to further increase the thermal stability and the biobased
content. The resulting benzoxazine monomer exhibited a high
T, of 190°C, a higher thermal stability and a lower heat release
capacity [21]. Liu et al. combined sesamol with the diterpene
amine dehydroabietylamine and stearylamine, respectively. The
resulting polybenzoxazines have been studied as coatings and
showed good corrosion resistance [22]. Parallel to this work,
Necolau et al. used polyethyleneimine and diamines to synthe-
size a multifunctional sesamol based benzoxazine monomer, re-
spectively [23].

Among the previously described amines, diamines allow the for-
mation of bisbenzoxazines. Polybenzoxazines based on bisben-
zoxazines exhibit a higher crosslinking density in comparison to
monofunctional amines and by this, higher thermo-mechanical
properties [2]. Allen and Ishida revealed that the use of a short
chained aliphatic diamine like putrescine or diaminohexane
in combination with either phenol or guaiacol lead to similar
thermal stability and thermo-mechanical properties as for the
conventional bisphenol A and aniline based benzoxazine [31].
Moreover, Putrescine can be obtained from renewable feedstock
(glucose) combined with an engineered strain of Escherichia coli
[24] whereas diaminohexane results from a biosynthesis pat-
ented by Covestro and Genomatica [25]. Another potential di-
amine similar to diaminohexane is cadaverine, as short-chained
pentyl diamine with an odd chain length. It is derived from the
decarboxylation of lysine [26].

Thus, the state of the art indicates that sesamol and diamines
are promising biobased reactants for the design of benzoxazines
with good mechanical and thermal properties. Additionally,
Bunn described that the use of different even-odd numbered
aliphatic diamines can be used to adjust the T, of monomers
and polymers (e.g., for polyurethanes) [27]. Considering the high
melting temperatures of benzoxazines, the marginal structural
difference between cadaverine and diaminohexane might have
a significant impact on the thermal properties and subsequently
on the manufacturing possibilities of benzoxazines synthe-
sized from these amines. Therefore, the objective in the present
work was the synthesis and systematic study of thermally sta-
ble biobased bisbenzoxazine monomers and the resulting poly-
mers using sesamol and aliphatic diamines with varying chain
lengths ranging from two to six methylene groups (Scheme 1). A
monofunctional sesamol-furfurylamine based benzoxazine was
used as reference. The polymerization was investigated in de-
pendence of application of pressure, different curing times and
the use of an initiator. Furthermore, thermal characteristics of
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the monomers as well as the thermal and mechanical properties
and the combustion behavior of the resulting polymers were an-
alyzed and correlated with the molecular structure and polym-
erization conditions.

2 | Results and Discussion

2.1 | Synthesis and Characterization
of Sesamol-Based Monomers

The bifunctional benzoxazine monomers S-DAE, S-DAPr, S-
DAB, S-DAPe, and S-DAH were obtained from sesamol, the
corresponding aliphatic diamines DAE, DAPr DAB, DAPe, and
DAH and paraformaldehyde. Benzoxazine monomer syntheses
were performed in ethanol as green solvent except for S-DAPr
which was synthesized in chloroform. All resulting monomer
structures were confirmed by FT-IR, 'H NMR, '*C NMR, and
high-resolution mass spectrometry (HR-MS).

Nuclear magnetic resonance (NMR) spectra of all benzoxazine
monomers showed two oxazine related singlets at 4.76 ppm and
3.87ppm corresponding to O—CH,—N (B) and Ar—CH,—N (C)
protons in case of S-DAPr, S-DAB, S-DAPe, and S-DAH and at
4.81ppm and 3.93ppm in case of S-DAE (Figure 1). These signals
confirmed the formation of the respective benzoxazine rings.
The chemical shift for S-DAE resulted from the short aliphatic
chain length and a subsequent mutual effect of the adjacent ox-
azine units.

The signals of the diamine methylene groups (L) were low-field
shifted with decreasing amine chain length from 2.70 ppm for
S-DAH/DAPe to 2.73, 2.78, and 2.94ppm for S-DAB, S-DAPr,
and S-DAE, respectively. The N—CH,—CH, methylene groups
(M) were also low field shifted with shorter chain lengths, ac-
cordingly. The corresponding proton signals were between 1.54
and 1.58 ppm for S-DAH, S-DAPe, and S-DAB and at 1.78 ppm
for S-DAPr, respectively. S-DAPe and S-DAH further showed
proton signals of the N—(CH,),—CH,— methylene group at 1.37
and 1.35ppm, respectively.

In addition, all monomers exhibited a singlet proton signal in the
low-field region at 5.86ppm that is assigned to the O—CH,—O
methylene group (A) of the acetyl group. The two singlet protons
in the aromatic region at 6.33ppm and 6.40ppm indicated that
only the proposed isomeric structure (Figure 1), which is in meta
position regarding the methylenedioxy group, was formed as re-
ported for different sesamol and amine based benzoxazines [14]. A
benzoxazine in ortho position regarding the methylenedioxy group
would exhibit two dublett signals for the aromatic region. The ab-
sence of any proton signal in the region of 3.7 ppm, which is typ-
ical for ring-opened methylene groups in benzoxazine oligomers,

ﬁ{j>

SCHEME1 | Reaction scheme of sesamol, diamines with different chain lengths and paraformaldehyde in ethanol or chloroform. [Color figure

can be viewed at wileyonlinelibrary.com]
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FIGURE1 | 'HNMR of different sesamol and aliphatic diamine-based benzoxazine monomers. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2 | !3C NMR analysis of sesamol and different aliphatic damine-based benzoxazines. [Color figure can be viewed at wileyonlinelibrary.
com]

further indicated that the precipitation and washing with ethanol
successfully removed any oligomeric material. This is important
for the investigation of polymerization behavior.

The monomers were also characterized by 3C NMR spectros-
copy (Figure 2). All monomers revealed the same pattern in the
aromatic region from 99 to 149ppm without a distinguishable
difference. Peaks at 82ppm and 50ppm corresponded to the
benzoxazine typical O—CH,—N and the Ar—CH,—N groups, re-
spectively. The aliphatic N—CH,—CH, group (L) was at 51ppm
for S-DAB, S-DAPe, and S-DAH. For S-DAE and S-DAPr, the
methylene signals were shifted to 49ppm due to the decreasing
amine chain length as described for the 'H NMR spectra. Further
13C NMR signals of the aliphatic moiety (M, N) were observed be-
tween 25 and 30 ppm.

FT-IR spectra were recorded to confirm monomer specific func-
tional groups. All five sesamol based monomers exhibited al-
most identical spectra (Figure S1) showing typical benzoxazine
bands at 1440, 1395, and 1188 cm™! corresponding to CH, bend-
ing, C—N—C asymmetric stretching and H—C—O—C torsion
in the oxazine ring, respectively. The absorption at 1475cm™!
was assigned to the distinctive methylenedioxybenzene motif
of sesamol and the one at 875cm™! to the out-of-plane bond
for tetra-substituted benzene resulting from the benzoxazine
formation. In the region between 890 and 960cm™" as well as
between 1060 and 1020 cm™! symmetric and asymmetric C—O
stretching modes of the sesamol moiety and the benzoxazine
ring are overlapping. The introduced aliphatic linker varying
in chain length did not impact FT-IR absorption of the result-
ing sesamol based bifunctional benzoxazine monomers.

30f11

85U8017 SUOWILWIOD) 8AITeR1D) 3dedl|dde sy Ag peusenob afe seoiie YO ‘8sn JO Sa|ni oy Areiqi8uljuO 8|1 UO (SUOTPUOD-pUe-SLLBYLI0O" A3 | 1M ARe.q1[BU1|UO//SANY) SUOIIPUOD PUe SWB | 3L 38S *[G202/60/c2] UO AReiqiTaulluo A8|IM ‘g | Jejoyuneld Aq £6v95 dde/z00T 0T/10p/w0d-Ae|im Ateiq pul|uo//sdny wolj pspeojumod ‘2 ‘520 ‘829%.60T


https://onlinelibrary.wiley.com
https://onlinelibrary.wiley.com
https://onlinelibrary.wiley.com

2.2 | Impact of the Linker Chain Length on
Thermal Properties

2.2.1 | Monomer Related Properties

The influence of the linker chain length on the melting point
(T,), the onset temperature of the ring-opening polymerization
(ROP) (T, ) and the molar polymerization enthalpy (AH,,) of
the bifunctional benzoxazines was investigated by differential
scanning calorimetry (DSC) (Figures 3, S2, and Table 1). Most
bifunctional benzoxazines exhibited higher T, in comparison
to the monofunctional benzoxazine based on sesamol and fur-
furylamine (S-FA) except for S-DAPe. The T differed strongly
but showed a pattern depending on the parity of the chain
length. Bisbenzoxazines with even numbered linkers such as in
S-DAE (T ,=176°C) and S-DAB (T, =186°C) had exceptionally
high T compared to odd numbered linkers such as in S-DAPr
(T,,=139°C) and S-DAPe (T, =98) (Figure 3a). An increasing
T, for S-DAB in comparison to S-DAE was in accordance with
findings from Necolau et al. [23] S-DAH (T, =141°C) exhib-
ited a higher T, than S-DAPe and therefore followed the parity
pattern as well. The observations indicated that the number of
methylene groups affected the structure and by this the phase
transition temperatures. Furthermore, the effect showed a
parity dependency within the investigated number of methy-
lene groups. It is assumed that the reduced symmetry for mol-
ecules with an odd number of methylene groups affects T .
Alternations of T with aliphatic chains are known in literature
[28] and were reported for other polymers such as polycarbon-
ates and polyesters [29, 30].

Complementary to DSC, rheological analyses were performed
to investigate the temperature of the polymerization begin
(T, sep)- DSC analysis revealed a T, of 187°C for S-DAE,
which increased with longer chain lengths to 218°C for S-
DAH. Hereby, no parity was observed for monomers with an
even and odd number of methylene groups (Figures 4, S3, and
Table 1). For rheological analysis, a value of 15Pas was set as
the polymerization begin due to its distinct difference from

the fluctuating baseline. The measured T, s were at 175°C,
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FIGURE3 | Evolutionof T, (a)and AH (b)in dependency on the number of methylene groups in sesamol based benzoxazine monomers determined

by DSC. [Color figure can be viewed at wileyonlinelibrary.com]

185°C, 195°C, 200°C, 210°C, and 230°C for S-DAPr, S-DAE,
S-DAPe, S-DAB, S-DAH, and S-FA, respectively and showed a
clear dependance on the amine chain length and also indicated
that monomers with an odd-chain length polymerize sooner
than even counterparts. However, the observed tendency dif-
fered compared to the T, . determined from the DSC data,
where only a shift based on the chain length was found and no
even-odd effect. The different tendency from rheological anal-
ysis may be a result based on their molecular polymerization
enthalpy (AH,,), as 197, 180, 176, 155, 152, and 58 kJ/mol for
S-DAPr, S-DAE, S-DAPe, S-DAB, S-DAH, and S-FA were ob-
served. Thus, monomers with a higher AH,, self-catalyze their
own polymerization in an autocatalytic way, polymerizing
faster in a rheological experiment compared to DSC because of
the larger sample mass. As a result, a parity pattern for the ROP
was observed for T for rheological analysis compared to
the DSC results, as the odd methylene-numbered S-DAPr and
S-DAPe polymerize faster than those with even methylene-
groups like S-DAE and S-DAB.

Overall, T, increased for the even- and odd-systems, respec-
tively, in both DSC and rheological measurements, while a gen-
eral increase from S-DAE to S-DAH was found only for the DSC
analysis. This general increase of T, with longer aliphatic
chain length matched literature reports, in which an increas-
ing chain length led to a slower polymerization process [31, 32].
Interestingly, for the rheological analysis the lower polymer-
ization onset of odd-chain lengths seemingly deviated from the
literature reports which was also seen for T, . However, Allen
et al. only used even chain lengths so it is possible that a similar
effect would have been found with odd chain lengths.

Thermogravimetric analysis (TGA) was used to determine the
thermal stability of the monomers under both nitrogen and am-
bient atmosphere (Table S1 and Figure S4). The initial degra-
dation temperature (T,) for all diamine-based monomers was
between 182°C for S-DAPr and 191°C and S-DAH, with no clear
dependency on the chain length and parity pattern. Changes
between ambient and nitrogen atmosphere did not result in a
difference for T,. The T, and also the T, of the bifunctional
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TABLE1 | Thermal properties of sesamol based benzoxazines determined by DSC and rheology.

Sample C atoms? T (°C)® T, et CC)° T, (°c)d Ty (CO)¢  AHy (kI/mol) T, occruring (°C)
S-FA 0 117 227 234 230 58 130

£
S-DAE 2 176 187 196 185 180 T T oatacturing
S-DAPr 3 139 190 197 175 197 145
S-DAB 4 186 200 213 200 155 T > T anutacturing'
S-DAPe 5 98 214 224 195 176 105
S-DAH 6 141 218 226 210 152 145

2Number of C atoms in the linker chain.

bMelting point.

“Polymerization begin determined by DSC.

dpolymerization peak determined by DSC.

¢Polymerization begin determined by increased viscosity above 15 Pas.
fT  to high for T,

manufacturing.

254

G 20 = SFA |
% = S-DAE

£ = S-DAPr ‘
g 151 = S-DAB

2 = S-DAPe

x = S-DAH

L 104

£

o)

(&)

Temperature /°C

FIGURE 4 | Rheology in oscillating mode resulting complex
viscosity in dependency of the temperature. [Color figure can be viewed
at wileyonlinelibrary.com]

benzoxazines were significantly higher compared to S-FA which
had a T, of 144°C. This higher thermal stability may be a re-
sult of the increased molecular size, which resulted in a reduced
volatility.

All in all, thermal analyses revealed that all bifunctional ben-
zoxazines had a thermal stability of at least 182°C. However,
linker chain lengths on the one hand and an even or odd num-
ber of methylene groups on the other hand affected both melting
point and T, of the ROP. Monomers with an odd numbered
aliphatic linker had a lower T, and an increased AH,, during
polymerization in comparison to their even counterparts.

2.2.2 | Polymer Related Properties
Based on the obtained T, s and T, of the monomers, sesa-
mol based polymers pS-DAE, pS-DAPr, pS-DAB, pS-DAPe,
pS-DAH, and pS-FA were obtained after curing at 200°C for

2h while applying a pressure of 15bar in a microscopic scale.
The diamine-based polybenzoxazines showed T, between
268°C for pS-DAPr and 290°C for pS-DAH under ambient at-
mosphere. However, no dependency on the chain lengths was
found under both nitrogen (Figure 5a and Table S2) and ambient
atmosphere (Figure 5b and Table S3). All bifunctional polyben-
zoxazines were less stable than the monofunctional pS-FA (T,
of 310°C). At 800°C, pS-FA, pS-DAE, pS-DAPr, and pS-DAB re-
vealed similar char yields in the range between 58% and 63%,
whereas pS-DAPe and pS-DAH exhibited lower values around
51% under nitrogen atmosphere. Overall, a decreased thermal
stability (Tables S2 and S3) and a lower char yield were observed
for pS-DAPe and pS-DAH in comparison to pS-DAE, pS-DAPr,
and pS-DAB which resulted from their higher aliphatic content
and the subsequently reduced crosslinking density. A parity de-
pendency was not found.

Additionally, combustion properties of sesamol-based polyben-
zoxazines were investigated by determining their temperature-
dependent heat release via MCC analysis (Table 2). The peak heat
release rate (PHRR), total heat release (THR) and the tempera-
ture at the PHRR (TPHRR) increase with an increasing chain
length for all bifunctional polybenzoxazines. Longer aliphatic
chains lead to an increased fuel generation for the heat releasing
combustion process during their thermal decomposition. Thus,
for sesamol-based polymers the ratio of aromatic structure and
methylene groups changes with an increasing aliphatic chain
length shifting thermal properties to lower thermal stability and
therefore a higher fuel generation. The effect can be best seen
with the PHRR which is double as high for pS-DAPe and pS-
DAH than for the other bifunctional benzoxazines. As pS-FA
contains the least aliphatic units, it exhibited the lowest THR
with 3.0kJ/g in comparison to 4.6kJ/g for pS-DAE and 8.9kJ/g
for pS-DAH. Due to the high AH of S-DAPr it is expected that
a partial degradation process starts during the polymerization,
which lowers the amount of degradable material. Therefore, the
overall value of the PHRR and THR is slightly lower in compar-
ison to the increasing chain length. Furthermore, the ignition
Temperature (T}) slightly increases with increasing chain length
from 244°C for pS-DAE up to 255°C for pS-DAH. This trend is in
accordance with the T, data of the polymers (Table S2).
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FIGURES5 | TGA results of sesamol based polybenzoxazines with aliphatic diamines or furfurylamine under N, (a) and ambient atmosphere (b).

[Color figure can be viewed at wileyonlinelibrary.com]

TABLE 2 | Results from micro cone calorimeter analysis from small scale polybenzoxazine samples.

Sample PHRR, (W/g) TPHRR (°C) THR (kJ/g) Char yield (%) T, (°C)
pS-FA 8 575 3.0 60 165
pS-DAE 13 303 4.6 57 244
pS-DAPr 11 410 3.5 59 246
pS-DAB 17 399 5.6 53 251
pS-DAPe 41 419 8.9 48 250
pS-DAH 65 441 8.9 48 255

2.3 | Study of Manufacturing Parameters
for Bifunctional Sesamol Benzoxazines

After analyzing the polybenzoxazines on a microscopic scale,
macroscopic samples for DMA tests were manufactured next.
For this, the monomers were molten and degassed at specific
temperatures (Table 1 and Figure S5) for 30 min, before a tem-
perature ramp was applied for polymerization. The degassing
step was necessary to remove volatile components from the
molten monomers and to avoid porous samples. However, for S-
DAE, S-DAPr, and S-DAB a highly viscous foam formed during
the degassing, which led to the formation of porous samples.
This observation can be explained by an insufficient small tem-
perature window between T, and T, ., which resulted in a
rapidly increasing viscosity during the degassing step that could
be observed during the curing. A similar finding was previ-
ously reported for a benzoxazine based on DAE and vanillin [7].
Therefore, only the pair of S-DAPe and S-DAH was chosen for
the polymerization experiments, as their T, 's were much lower
than the other bifunctional monomers resulting in an adequate
time frame for the degassing step. In the same way, S-FA also
exhibited a sufficient time frame due to its low melting point and
was polymerized macroscopically as well.

DMA samples of the three monomers were manufactured under
the same polymerization conditions as the microscopic sam-
ples. The resulting polymers were homogeneous and without

macroscopic voids. However, S-FA samples were quite thin
and had lost at least 50% of the monomer mass during the po-
lymerization. Nonetheless, while obtaining polymer samples
the combination of high temperature and pressure made the
manufacturing of these materials challenging. Therefore, it was
investigated if the application of pressure could be avoided by
adjusting the polymerization conditions while still obtaining
porous-free samples. Two different approaches were investigated
to avoid the usage of pressure (P), namely lower polymerization
temperatures (T) and the use of resorcinol as initiator (I). In the
first attempt, it was tested if a significant lower polymerization
temperature could avoid the formation of pores by having less
decomposition products. Therefore, S-DAH, S-DAPe, and S-FA
were polymerized at 155°C to avoid the decomposition at higher
temperatures. Due to the lower polymerization temperature
the polymerization time was increased to 24 h. However, neat
samples could only be achieved for S-DAH. With pS-FA and pS-
DAPe solid but highly porous and brittle samples were obtained.
That can be explained with the low T, of 144°C and therefore
earlier decomposition for S-FA. For S-DAPe the higher AH in
comparison to S-DAH probably resulted in higher polymeriza-
tion temperatures in the bulk which then led to a decomposition
of the monomer. In the second attempt, S-DAH was mixed with
5mol% of resorcinol as initiator to decrease the initial polym-
erization temperature below the decomposition temperatures of
S-DAH and S-DAPe and to increase the polymerization speed
to avoid pore formation. It could be shown that a content of
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TABLE 3 | DMA results for sesamol based polybenzoxazines either
thermally induced at with additional pressure (P), ambient atmosphere
(T), or with resorcinol as initiator (I).

Sample E'@25°C (GPa) T, (°C)*
pS-DAH 200-P 2.1 231
pS-DAH 155-T 1.5 177
pS-DAH 160-1 0.6 164
pS-DAH 170-T 0.7 172
pS-DAH 180- 0.9 176
pS-DAP 200-P 2.4 228
pS-FA 200-P 0.8 220

T, was determined by the maximum of the loss modulus.

5mol% resorcinol decreased T, ., for example, for S-DAH, by
almost 20°C to 200°C while it did not reduce the initial degra-
dation temperature significantly from 191°C to 187°C (Table S4
and Figure S6). For S-DAH, initiator containing samples could
be polymerized porous-free at 160°C, 170°C and 180°. However,
the same study was performed for S-FA and S-DAPe, which led
again to porous and brittle samples, as the polymerization tem-
peratures still were too high in comparison to the T, and for
S-DAPe the initiator accelerated the polymerization and there-
fore, led to a higher energy release. However, a higher initiator
concentration would decrease the decomposition temperature of
S-FA further and also accelerate the polymerization for S-DAPe,
causing the same problems as already describes earlier. These
results indicated that the monomer decomposition and pore
formation were inevitable for S-FA and S-DAPe during curing
without pressure.

In summary, all three methods could be used to obtain non-
porous polymers from S-DAH, whereas for S-DAPe and S-FA
only an increased pressure approach resulted in non-porous
polymers.

DMA samples obtained from the various polymerization con-
ditions were analyzed in the temperature range of 0°C-250°C
(Table 3 and Figure S7). The following storage moduli were
measured at 25°C and the stated temperatures are based on the
respective polymerization procedure. The polymers resulting
from resorcinol mediated polymerization of S-DAH revealed
the overall lowest storage modulus of 0.6 GPa, which slightly in-
creased to 0.9 GPa with increasing polymerization temperature.
The increasing temperature increased the conversion of S-DAH
based monomers and led to higher E’. Nevertheless, the overall
presence of resorcinol inside the network may seems to cause a
decrease of the cross-linking density compared to the other cur-
ing methods. Interestingly, a significantly higher E’ of 1.5GPa
was obtained for S-DAH after polymerization at 155°C for 24h,
revealing that this approach was an attractive alternative in
comparison to the use of initiators. Potentially, the lower polym-
erization temperature and the longer polymerization time led to
less defects and a thorough polymerization. However, the high-
est storage modulus was achieved by the combination of high
polymerization temperature and increased pressure resulting in
a E’ of 2.1GPa for pS-DAH. The slightly higher temperatures

and especially the additional pressure likely increased the net-
work density even further and reduced the size of potential de-
fects, resulting in the overall highest E’ of all S-DAH samples.

A slightly higher E’ of 2.4 GPa was found for pS-DAPe polym-
erized under pressure. This was probably a result of the higher
crosslinking density due to the shorter aliphatic chain compared
to pS-DAH. In contrast, the monofunctional character of pS-FA
resulted in a lower crosslinking density and therefore, in a sig-
nificantly lower E’ of 0.8 GPa.

In addition to the storage modulus, the glass transition tempera-
ture (Tg) was also determined from the DMA results (Table 3).
A similar trend as for E’ was seen for pS-DAH. Samples polym-
erized with 5mol% resorcinol exhibited the overall lowest T,
whereas the polymerization at 155°C for 24 h revealed a slightly
higher T, of 177°C. The highest T, of 231°C was obtained for
pS-DAH polymerized at 15bar and 200°C. Furthermore, the po-
lymerization process under pressure did not reveal a significant
influence of the aliphatic chain length on the T, of the success-
fully polymerized monomers as pS-DAPe had a similar T, of
228°C. However, the lower T, of pS-FA around 220°C indicated
that bifunctional monomers yield slightly higher T, due to their
higher crosslinking density in comparison to pS-FA, similar to
the E’ results. In comparison to previously reported T, for ses-
amol- and polyethyleneimine based benzoxazines (149°C) [23]
or sesamol-, furfurylamine- and benzaldehyde-based benzox-
azines (165°C) [21] sesamol-based benzoxazines containing al-
iphatic amines showed a significantly higher T,. Furthermore,
sesamol proofs to be a promising biobased substitute for conven-
tional phenolic components as the resulting polymer pS-DAH
exhibited a T, higher than for benzoxazines based on DAH with
phenol (169°C), o-Cresol (121°C), or p-Cresol (145°C) instead of
sesamol [32].

All in all, the E” moduli and T, results indicated that a lower
polymerization temperature in combination with a longer po-
lymerization time could be an alternative to an initiator-based
polymerization of bio-based benzoxazine monomers because
degradation processes are avoided. However, curing processes
under additional pressure are still necessary to maximize
the T, as well as for monomers with a low thermal stability.
Furthermore, the shorter aliphatic chain length of pS-DAPe
had only a minor impact on E’ and T, compared to pS-DAH. In
addition, upon exceeding the T, all samples broke in the DMA
experiments. The T, above 260°C indicated that the breakage
was a result of the expansion from microscopic voids and not a
thermal degradation. A general trend for the influence of the al-
iphatic chain length on the thermo-mechanical properties could
not be determined due to the missing DMA data for p-SDAE,
pS-DAPr, and pS-DAB, but would be expected. With increasing
chain length, the crosslinking density should decrease as the
distance between network points increases. The lowering cross-
linking density would then reduce E’ and T, for increasing chain
lengths [31, 32].

3 | Conclusion

Bisbenzoxazines based on sesamol and aliphatic diamines,
namely S-DAE, S-DAPr, S-DAB, S-DAPe, and S-DAH, have
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been synthesized successfully following the Green Chemistry
approaches by using ethanol as green solvent except for
S-DAPr.

A systematic variation in chain length of the aliphatic diamine
linker proved a parity effect with respect to the thermal prop-
erties. The melting temperature of even numbered aliphatic
linkers in bisbenzoxazines such as in S-DAE (T, =176°C)
and S-DAB (T, =186°C) was exceptionally high compared
to odd numbered linkers such as in S-DAPr (T, =139°C) and
S-DAPe (T, =98). This is in agreement with reported parity
dependencies for other polymers and indicates that for mole-
cules with an odd number of methylene groups in the linker
the symmetry seem to be reduced which affects the melting
behavior. S-DAPe revealed the lowest T, of 98°C while S-DAE
and S-DAB exhibited a high T of 176°C and 186°C, respec-
tively. Analysis of the monomer's thermal stability revealed
that S-FA started to degrade at 144°C, whereas bifunctional
sesamol-based monomers were stable at least until 182°C. The
polymerization behavior was investigated by T . determina-
tions showing a general increase of T, with longer aliphatic
chain length. In combination with the high T, the polymer-
ization of S-DAE, S-DAPr, and S-DAB is restricted. Therefore,
only S-DAPe, S-DAH, and S-FA have been polymerized either
under pressure, longer polymerization time or mediated by
resorcinol yielding samples for thermo-mechanical analysis.
Polymerizations performed with additional pressure led to
polymers with astonishing high T, of more than 228°C and
an E’ up to 2.4 GPa for pS-DAP. In comparison to previously
reported T, for sesamol- and polyethyleneimine based benzox-
azines or sesamol-, furfurylamine- and benzaldehyde-based
benzoxazines sesamol-based benzoxazines containing ali-
phatic amines showed a significantly higher T,

First degradation started around 265°C for all polymers, which
were polymerized at 200°C with 15bar pressure. The char yield
was above 58% for shorter aliphatic chains and 51% for S-DAPe
and S-DAH. Furthermore, MCC analysis from sesamol based
polymers revealed both an increasing PHRR and an increas-
ing T, with a longer aliphatic chain and therefore, indicating a
slight influence of the chain length on the thermal properties.

Overall, the sesamol-based monomers with DAPe and DAH
exhibited high thermo-mechanical properties and a high
thermal stability in comparison to benzoxazines based on
conventional phenolic components. With respect to the mo-
lecular design one should take into account the huge effect of
marginal changes in the number of methylene groups as well
the parity of an aliphatic linker on the thermal and thermo-
mechanical behavior.

4 | Experimental Section and Methods

4.1 | Materials and Reagents

Diaminoethane (DAE, 99%), diaminopropane (DAPr, 98%),
diaminobutane (DAB, 99%), diaminohexane (DAH, 98%), eth-

anol, and paraformaldehyde (crystalline) were obtained from
Sigma Aldrich (Taufkirchen, Germany). Sesamol (S, 98%) and

furfuryl amine (FA, 99%) were supplied from abcr (Karlsruhe,
Germany). Diaminopentane (DAPe, 98%) was supplied from
TCI (Zwijndrecht, Belgium). Magnesium sulfate and chloro-
form were obtained from Carl Roth (Karlsruhe, Germany). All
chemicals were used without further purification. Sesamol and
furfuryl amine based benzoxazine (S-FA) was synthesized as
previously described [14].

4.2 | Synthesis Procedures

The following synthesis procedure was applied to DAE, DAB
and DAH with the same equivalents only altered by molar mass
of diamine. Sesamol (4.00g, 14.5mmol, 2 Eq), paraformaldehyde
(0.880g, 29.3mmol, 4.05Eq) and diamine (e.g., for DAH 0.841 g,
7.24mmol, 1Eq) were mixed in ethanol (25mL). The mixture
was heated to 78°C for 2h. All reactants were dissolved before
the crude product precipitated. The crude product was filtered,
washed three times with ethanol (75mL) and dried in a vacuum
oven for 14h at 80°C.

4.2.1 | Sesamol/Diaminoethane-Based Benzoxazine
Monomer (S-DAE)

1,2-bis(6H-[1,3]dioxolo[4’,5":4,5]benzo[1,2-¢e][1,3]
oxazin-7(8H)-yl)ethane was synthesized according to the
above procedure and obtained as white powder in a 75% yield
(Figure S8).

'H NMR (CDCl,, 600MHz, 298 K): § (ppm) = (assignment, mul-
tiplicity, experimental integration, and theoretical integration).
§=6.40 (Ar—H, s, exp. 2.00H, th 2.00H); 6.34 (Ar—H, s, exp.
1.85H, th 2.00H); 5.86 (O—CH,—O, s, exp. 4.00H, th 4.00H);
4.81 (N—CH,—O, s, exp. 4.07H, th 4.00H); 3.93 (Ar—CH,—N, s,
exp. 4.12H, th 4.00H); 2.94 (N—CH,—N, s, exp. 4.21H, th 4.00H)
ppm; 3C NMR (CDCl,, 600MHz, 298K): 8 (ppm)=(assign-
ment). §=148 (H); 146 (F); 141 (E); 112 (I); 106 (D); 100 (A); 98
(G); 82 (B); 50 (L); 49 (C) ppm; MS (EI) m/z for C, H,,N,0, was
384.13341.

4.2.2 | Sesamol/Diaminobutane-Based Benzoxazine
Monomer (S-DAB)

1,4-bis(6H-[1,3]dioxolo[4’,5":4,5]benzo[1,2-¢e][1,3]
oxazin-7(8H)-yl)butane was synthesized as according to the
above procedure and obtained as white powder in a 71% yield.

'H NMR (CDCl,, 600 MHz, 298K): & (ppm)=(assignment,
multiplicity, experimental integration, and theoretical inte-
gration). § =6.40 (Ar—H, s, exp. 2.16H, th 2.00H); 6.33 (Ar—H,
s, exp. 1.91H, th 2.00H); 5.86 (O—CH,—O, s, exp. 4.00H,
th 4.00H); 4.77 (N—CH,—O, s, exp. 3.90H, th 4.00H); 3.87
(Ar—CH,—N, s, exp. 4.04H, th 4.00H); 2.74 (N—CH,—CH,,
t, exp. 3.97H, th 4.00H); 1.59 (N—CH,—CH,, p, exp. 4.77, th
4.00) ppm; *C NMR (CDCl,, 600 MHz, 298K): § (ppm) = (as-
signment). § =148 (H); 146 (F); 141 (E); 112 (I); 106 (D); 100
(A); 98 (G); 82 (B); 51 (C); 50 (L); 26 (M) ppm; MS (EI) m/z for

C,,H,,N,0, was 412.16395.
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4.2.3 | Sesamol/Diaminohexane-Based Benzoxazine
Monomer (S-DAH)

1,6-bis(6H-[1,3]dioxolo[4’,5":4,5]benzo[1,2-¢e][1,3]
oxazin-7(8H)-yDhexane was synthesized according to the above
procedure and obtained as white powder in a 76% yield.

'H NMR (CDCl;, 600MHz, 298K): § (ppm)=(assignment,
multiplicity, experimental integration, theoretical integra-
tion). §=6.40 (Ar—H, s, exp. 2.01H, th 2.00H); 6.33 (Ar—H,
s, exp. 1.80H, th 2.00H); 5.86 (O—CH,—O, s, exp. 4.00H,
th 4.00H); 4.77 (N—CH,—O, s, exp. 4.05H, th 4.00H); 3.87
(Ar—CH,—N, s, exp. 4.01H, th 4.00H); 2.70 (N—CH,—CH,,
t, exp. 4.20H, th 4.00H); 1.54 (N—CH,—CH,, p, exp. 4.52, th
4.00); 1.35 (N—CH,—CH,, p, exp. 3.96, th 4.00) ppm; '*C NMR
(CDCl,, 600MHz, 298 K): § (ppm) = (assignment). § =148 (H);
146 (F); 141 (E); 112 (1); 106 (D); 100 (A); 98 (G); 82 (B); 51 (C);
50 (L); 28 (M); 27 (N) ppm; MS (EI) m/z for C,,H,,N,O, was
440.19522.

4.2.4 | Sesamol/Diaminopentane-Based Benzoxazine
Monomer (S-DAPe)

1,5-bis(6H-[1,3]dioxolo[4’,5":4,5]benzo[1,2-¢e][1,3]
oxazin-7(8H)-yl)pentane was synthesized in an altered way.
Sesamol (4.00g, 14.5mmol, 2.00Eq), paraformaldehyde
(0.880g, 29.3mmol, 4.05Eq) and DAPe (0.739g, 7.24 mmol
1.00Eq) were mixed in ethanol (25mL). The mixture was
heated to 78°C for 2h. All reactants were dissolved until a
brownish oil formed. The mixture was allowed to cool down
to 25°C, ethanol and side products were decanted. Ethanol
(15mL) was added and the mixture was heated to 78°C again.
Afterwards, the mixture was poured into a large beaker and
the crude product precipitated for 48 h, filtered, washed three
times with ethanol (75mL) and dried in a vacuum oven for
24h at 45°C. The product was obtained as off-white solid (69%
yield).

'H NMR (CDCl,, 600 MHz, 298 K): § (ppm) = (assignment, mul-
tiplicity, experimental integration, and theoretical integration).
6=6.40 (Ar—H, s, exp. 1.92H, th 2.00H); 6.33 (Ar—H, s, exp.
1.75H, th 2.00H); 5.85 (O—CH,—O0, s, exp. 4.00H, th 4.00H); 4.76
(N—CH,—O0, s, exp. 3.94H, th 4.00H); 3.87 (Ar—CH,—N, s, exp.
3.94H, th 4.00H); 2.71 (N—CH,—CH,, t, exp. 3.94H, th 4.00H);
1.57 (N—CH,—CH,, p, exp. 4.10, th 4.00), 1.37 (N—CH,—CH,),
p, exp. 2.10, th 2.00) ppm; 13C NMR (CDCl,, 600 MHz, 298K): §
(ppm) =(assignment). § =148 (H); 146 (F); 141 (E); 112 (I); 106
(D); 100 (A); 98 (G); 82 (B); 51 (C); 50 (L); 28 (M); 25 (N) ppm; MS
(EI) m/z for C,,H, N,O, was 426.17895.

4.2.5 | Sesamol/Diaminopropane-Based Benzoxazine
Monomer (S-DAPr)

For the synthesis of 1,3-bis(6H-[1,3]dioxolo[4',5":4,5]benzo[1,2-¢]
[1,3]oxazin-7(8H)-yl)propane, sesamol (2.00g, 14.5mmol,
2.00Eq), paraformaldehyde (0.880g, 29.3mmol, 4.05Eq) and
DAPr (0.538g, 7.24mmol, 1.00Eq) were dissolved in CHCI,
(50mL)and heated to 62°C for 24h. The conversion was moni-
tored by 'H-NMR in CDCI,. In a separation funnel, the organic

layer was washed twice with sodium hydroxide (1 M), water, sat-
urated sodium bicarbonate solution and brine. The organic layer
was dried with magnesium sulfate and filtered before chloro-
form was removed under reduced pressure yielding a yellowish
oil. The crude product crystallized over 48h and washed three
times with ethanol before drying for 14h at 50°C. The product
was obtained as grayish powder in low yield of 7%.

'H NMR (CDCl,;, 600MHz, 298K): & (ppm)=(assighment,
multiplicity, experimental integration, theoretical integration).
§=6.40 (Ar-H, s, exp. 1.63H, th 2.00H); 6.33 (Ar—H, s, exp.
1.55H, th 2.00H); 5.85 (0—CH,—O, s, exp. 4.00H, th 4.00H); 4.76
(N—CH,—O0, s, exp. 3.60H, th 4.00H); 3.88 (Ar—CH,—N, s, exp.
3.61H, th 4.00H); 2.79 (N—CH,—CH,, s, exp. 3.49H, th 4.00H);
1.78 (N-CH,-CH,, p, exp. 2.12, th 2) ppm; *C NMR (CDCI,,
600MHz, 298K): § (ppm)=(assignment). §=148 (H); 146 (F);
141 (E); 112 (1); 106 (D); 100 (A); 98 (G); 82 (B); 50 (L); 49 (C); 27

(M) ppm; MS (EI) m/z for C,;H,,N,0, found 398.14870.

4.3 | Benzoxazine Polymerization Procedure
for Sample Manufacturing

Small scale polymer samples were prepared by weighing 50 mg
of sesamol and diamine-based monomers into aluminum molds.
The monomers were polymerized for 2h at 180°C followed by
2h at 200°C with a pressure of 15bar.

Around 2g of sesamol and diamine-based monomers were mol-
ten in a convection oven at selected temperatures, shortly stirred
by hand and degassed for at least 15min before transferring into
a silica mold with dimensions of 35x10xmm? for one DMA
test specimen. Different curing parameters were used: S-FA, S-
DAH and S-DAPe were polymerized with a pressure of 15bar
in an autoclave and either for 3h at 170°C, 2h at 180°C and 2h
at 200°C or for 2h 160°C, 2h at 170°C and 4 h at 180°C. Heating
ramps were 5K/min until the first plateau of 170°C or 160°C was
reached, the heating ramp to the second and third plateau was
2K/min. In another attempt, S-Fa, S-DAH, and S-DAPe were
polymerized at 155°C for 24 h without pressure.

4.4 | Analytical Methods for Characterization

FT-IR spectra were recorded on an Equinox 55 ATR spectrom-
eter (Bruker, Bremen, Germany) in attenuated total reflection
(ATR) mode using a diamond crystal with 32 scans from 650 to
4000cm~! and a resolution of 4cm™.

'H NMR spectra were recorded on an AVANCE NEO 600 MHz
NMR-spectrometer (Bruker, Bremen, Germany) with CDCl,
as solvent at 20°C. 13C NMR spectra were recorded with a fre-
quency of 150 MHz using the same spectrometer, pulse programs
were zg_1H and zg_13C. The chemical shifts were reported in
parts per million (ppm) and referred to residual CHCI, protons
in the CDCl,.

HR-MS analysis were conducted using a Finnigan MAT
95XL mass spectrometer (Thermo Fisher Scientific, Bremen,
Germany) via direct inlet mode with electron impact (EI) as ion-
ization source and an electron energy of 70eV.
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Differential Scanning Calorimetry measurements were per-
formed using a Discovery DSC (TA Instruments, Hiillhorst,
Germany) with 10K/min in a range from 0°C to 300°C on a
specimen scale of 1-2mg under N, atmosphere in closed alumi-
num pans. All samples were measured in triple determination
and the average values were used for the evaluation.

Rheological analyses were performed on an Advanced
Rheometric Expansion system (TA Instruments, Hiillhorst,
Germany) with a shear frequency of 25Hz, a plate diameter of
25mm and a gap of 0.2mm in oscillatory mode either in a tem-
perature range from 90°C to 220°C with a heating rate of 5K/
min to determine the temperature-dependent viscosity or iso-
thermal at chosen temperatures to determine the pot-life.

DMA experiments were performed using the Dynamic
Mechanical Analyzer Q800 (TA Instruments, Hiillhorst,
Germany). Thermo-mechanical properties were determined in
a temperature range from 0°C to 250°C with a heating rate of
2K/min and a frequency of 1Hz in a single cantilever bending
mode, using a test specimen of 35X 10x4mm. The glass transi-
tion temperature (Tg) was determined by the maximum of loss
modulus.

TGA measurements were carried out with a Q5000 (TA
Instruments, Hiillhorst, Germany) in a temperature range from
25°C to 800°C and a heating rate of 10K/min under both am-
bient or nitrogen atmosphere with a sample size of 1-2mg for
monomer and polymer samples.

MCC measurements were performed on a FAA micro combus-
tion calorimeter (Fire Testing Technology, East Grinstead, UK)
according to ASTM D7309 in a temperature range from 75°C
to 1000°C with a heating rate of 1K/s. The resulting data was
fitted using software from the same manufacturer to determine
peak heat release rate (PHRR), temperature at the peak heat re-
lease rate (TPHRR) and total heat release (THR). In addition, the
onset of the first heat release rate (HRR) maximum was defined
as ignition temperature (7),). Charr yields were determined by
weighing and comparing the sample masses before and after the
measurement.
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