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Abstract

Both pyrogallol-furfurylamine-based and pyrogallol-aniline-based di-benzoxazines
(PG-FA and PG-A) possess a free hydroxyl and latent catalytic characteristics. To
decrease the ring-opening polymerization (ROP) temperature of benzoxazine based
on phenol and 4,4'-diaminodiphenylmethane (P-DDM) and increase simultaneously
thermal property of its polymer, PG-FA and PG-A as catalysts were introduced into
P-DDM. DSC and FTIR tests were used to investigate the effect of PG-FA and PG-A
on the ROP of P-DDM; DMA, FTIR and TGA were performed to study their effects
on the hydrogen bonds and thermal property of the cured P-DDM (PP-DDM). The
results indicate that the ROP temperature of P-DDM remarkably decreased with the
incorporation of PG-FA and PG-A. FTIR and DMA results illustrate that the total
amounts of hydrogen bonds in PP-DDM increased with the addition of PG-FA or
PG-A; however, its fraction of -OH-*-N (intra) and O™*--*HN (intra) hydrogen bonds
decreased. The decrease in —OH:**N hydrogen bonds made the cross-linked den-
sity of polybenzoxazine increase, resulting in that the thermal stability of PP-DDM
enhanced with the introduction of PG-FA and PG-A.

Keywords Benzoxazine - Pyrogallol - Ring-opening polymerization - Hydrogen
bond - Thermal property

Electronic supplementary material The online version of this article (https://doi.org/10.1007/s0028
9-020-03327-9) contains supplementary material, which is available to authorized users.

>4 Yongfei Zhu
yonfez@163.com

College of Chemistry and Materials, Guangxi Key Laboratory of Natural Polymer Chemistry
and Physics, Nanning Normal University, Nanning 530001, China

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00289-020-03327-9&domain=pdf
https://doi.org/10.1007/s00289-020-03327-9
https://doi.org/10.1007/s00289-020-03327-9

4404 Polymer Bulletin (2021) 78:4403-4417

Introduction

Polybenzoxazine has been one of the rare new polymers of successful commer-
cialization in the past few decades, owing to its unusual properties, such as good
thermal and mechanical properties, low surface energy and water uptake, near-
zero shrinkage upon polymerization process. Polybenzoxazine can be obtained
through the ring-opening polymerization (ROP) of benzoxazine, synthesized by
Mannich reaction of formaldehyde, phenolic and amine compounds. Diversity of
amine and phenol makes benzoxazine show the abundant molecular design flex-
ibility, which endows polybenzoxazine tailored properties and extensive applica-
tions [1-5]. However, there are still some deficiencies in benzoxazine and poly-
benzoxazine, such as the higher ROP temperature (usually > 180 °C) [3, 6] and
relative weaker thermal properties, which restrict its applications in many fields.
Thereby, how to decrease the ROP temperature and further improve thermal
properties is always the research focus. There are many methods to reduce ROP
temperature, such as introducing additional catalysts into benzoxazine [7-14],
synthesizing benzoxazines with special structures [15—18]. Thereinto, the incor-
poration of catalyst, such as phenolic compound, amine and so on, into benzoxa-
zine is a kind of more convenient methods. The studies show that ROP tempera-
ture of benzoxazine decreased evidently with the addition of phenolic compound
and the ROP could proceed even at ambient temperature [11, 12]. Moreover,
polybenzoxazine with a higher molecular weight [14] or good thermal properties
[12, 13] could be obtained in the presence of bi- and trifunctional phenolic com-
pounds, and the incorporation of pyrogallol made polybenzoxazine exhibit better
thermal stability compared to bifunctional phenols assigned to its higher nucleo-
philicity and additional hydrogen [14]. However, ring-opening addition reaction
of benzoxazine with phenols at room temperature could make their preservation
become difficult. Besides, the obtained polybenzoxazine in the presence of phe-
nolics showed an early decomposition (with a weight loss of 6.9-9.5%) at a low
temperature (about 150-250 °C) due to degradation of phenolic terminal groups,
which made its initial weight loss temperature (Tys and Tg,) shift to lower one
compared to polybenzoxazine without phenolics [13]. In addition, other catalysts
also usually show the disadvantage of deteriorating the thermal properties of
polybenzoxazine. Thereby, seeking a way of decreasing ROP temperature without
compromising thermal properties of polybenzoxazine is a meaningful work.

Our study shows that pyrogallol-furfurylamine-based and pyrogallol-aniline-
based di-benzoxazines (PG-FA and PG-A) containing a free hydroxyl possessed
lower ROP temperature and latent catalytic characteristics; in addition, their char
yield at 800 °C in N, was also higher (53% and 47%, respectively) [19]. Thus, the
introduction of PG-FA or PG-A as catalyst into other benzoxazines could not only
reduce ROP temperature but also increase hydrogens and thermal properties of
polybenzoxazines, and the addition of PG-FA or PG-A could not result in the early
decomposition of polybenzoxazine at a low temperature similar to that of phenolics,
due to the absence of phenolic terminal groups. Besides, the latent catalytic charac-
teristics of PG-FA and PG-A could not affect the shelf-life of benzoxazines.
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As a kind of ordinary industrial products, benzoxazine based on phenol and
4,4'-diaminodiphenylmethane (P-DDM) has been used in many fields due to
excellently comprehensive performance. But it also has the defects of higher ROP
temperature and longer cured time; thus, how to further reduce its ROP tempera-
ture and time is very valuable. At the present work, PG-FA and PG-A as catalysts
were added into P-DDM to promote its ROP and thermal property. There is an
additional free phenolic hydroxyl in PG-FA or PG-A compared with other ben-
zoxazines; thus, the incorporation of PG-FA and PG-A into benzoxazine could
change its hydrogen bonds. During ROP process, hydrogen bonds would influ-
ence chain propagation [20, 21] and then alter the cross-linking density of poly-
benzoxazine. Thus, the strength, modulus, thermal stability and so on of polyben-
zoxazine would change with the introduction of PG-FA and PG-A. Consequently,
DSC, FTIR and DMA tests were performed to investigate the effect of PG-FA and
PG-A on the polymerization behaviors and hydrogen bonding of P-DDM; TGA
and DMA were used to study thermal properties of polybenzoxazine in this work.

Experimental
Materials

Pyrogallol, paraformaldehyde, 4,4’-diaminodiphenylmethane, dichlorometh-
ane and dioxane were purchased from Sinopharm Chemical Reagent Co., Ltd.
Furfurylamine was obtained from Aladdin. Aniline and sodium hydroxide were
received from Tianjin Damao Chemical Reagent Factory. All reagents were used
as received.

Pyrogallol-furfurylamine-based benzoxazine, pyrogallol-aniline-based ben-
zoxazine and Phenol-4,4-diaminodiphenylmethane-based benzoxazine (PG-FA,
PG-A and P-DDM) were prepared according to previous methods [19, 22]. The
structure of PG-FA, PG-A and P-DDM is illustrated in Scheme 1. The NMR,
FTIR spectra and DSC thermograms of PG-FA and PG-A are displayed in Fig-
ures S1-S4 of Supporting Information.

Scheme 1 The structure of OH OH
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Preparation of benzoxazine blends

Preparation of PG-FA/P-DDM blends: PG-FA, P-DDM and dichloromethane
were added into bottle and stirred for 30 min. Then dichloromethane was removed
in vacuum to obtain PG-FA/P-DDM.

The preparation of PG-A/P-DDM blends was identical with that of PG-FA/P-
DDM. PG-FA/P-DDM and PG-A/P-DDM blends are named as nPG-FA and nPG-
A, respectively, in which n represents the weight ratio of PG-FA (or PG-A) and
P-DDM. The value of n is 0.05, 0.1, 0.15, 0.2 and 0.25, respectively.

Preparation of polybenzoxazine

Benzoxazines were degassed at 120 °C for 1 h in a vacuum oven and then cured
in an air-circulating one as the procedures in Table 1. The cured P-DDM, nPG-FA
and nPG-A were abbreviated as PP-DDM, PnPG-FA and PnPG-A, respectively.
The final curing temperature and time were determined based on the DSC test.

Characterization

Fourier transform infrared (FTIR) spectrum was recorded using a Nicolet IS 10
Fourier transform spectrometer with a resolution of 4 cm™!.

Differential scanning calorimetry (DSC) analysis was performed by a TA
Instruments Q 20 at a heating rate of 10 °C/min and a N, flow rate of 50 mL/min.
Testing temperature was in the range of 40 to 320 °C.

Thermogravimetric analysis (TGA) was performed on a TA Instruments TGA
Discovery at a heating rate of 10 °C/min and a flow rate of 25 mL/min from 40 to
810 °Cin N,.

Dynamic Mechanical Analysis (DMA) was performed on a TA Instru-
ments DMA Q800 at 1 Hz in stretching Mode. Specimens with a dimension of
80X 10x2 mm?® were measured from 35 to 260 °C at a heating rate of 5 °C/min.

Table 1 Curing procedures of benzoxazines

130°C 140°C 150°C 160°C 170°C 180°C 190°C 200 °C

PP-DDM 1h lh lh 1h 4h 4h lh 1h
P(0.05-0.15) PG-FA 1h 1h 1h l1h 4h 4h lh lh
P(0.2-0.25) PG-FA 1h 1h lh 1h 2h 2h lh
P(0.05-0.15)PG-A 1h 1h 1h 1h 4h 4h

P(0.2-0.25)PG-A 1h 1h lh lh 2h 3h
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Fig.1 DSC curves of PG-FA/P-DDM (a) and PG-A/P-DDM (b)
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Fig.2 DSC curves of PPG-FA/P-DDM (a) and PPG-A/P-DDM (b)

Results and discussion

Effect of PG-FA and PG-A on the ROP of P-DDM

DSC and gelation time tests

To investigate the influence of PG-FA and PG-A on the ROP of P-DDM, DSC tests
were performed and the results are displayed in Figs. 1, 2 and Table 2. As shown in
Fig. 1, the initial and peak temperatures of ROP (T; and T)) of P-DDM were shifted
to lower ones with the incorporation of PG-FA and PG-A. PG-FA and PG-A possess
the lower ROP temperatures, whose 7; and Tp are 158 and 177 °C, 172 and 189 °C,
respectively [19], and the hydroxyl from PG-FA and PG-A could also catalyze the
opening of oxazine ring in P-DDM, resulting in that 7; and T, of PG-FA/P-DDM
and PG-A/P-DDM blends were remarkably lower than those of P-DDM. Moreover,
the introduction of PG-FA and PG-A also made the exothermic peak of P-DDM
broaden, which would be benefit to the processing and application of benzoxazine.
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Table 3 Gelation time of

. . Sample P-DDM 0.1PG-FA 0.1PG-A

benzoxazines at different

temperature #(160 °C)/s 7985 2641 3480
1(170 °C)/s 4320 1412 1876
1(180 °C)/s 2345 791 1014
1(190 °C)/s 1370 466 603

Tz:!ble 4 Enthalpy Sample Polymerization Residual enthalpy/T g~ !

of benzoxazine and enthalpy/J-g~ 1

polybenzoxazine
100-200 °C 200-320 °C

P-DDM 311 - 16
0.05PG-FA 282 13 19
0.1PG-FA 373 7 15
0.15PG-FA 306 6 5
0.2PG-FA 344 3 54
0.25PG-FA 386 2 13
0.05PG-A 358 8 16
0.1PG-A 344 6 16
0.15PG-A 311 5 14
0.2PG-A 350 5 20
0.25PG-A 338 7 19

Furthermore, the gelation time of P-DDM evidently shortened with the addition
of PG-FA and PG-A (shown in Table 3), further demonstrating that PG-FA and
PG-A promoted the ROP of P-DDM.

The curing procedure of benzoxazine is usually designed according to its
structure characteristics, and a shorter curing time or lower curing temperature is
expected. Especially, the lower curing temperature is more welcomed due to thermal
degradation possibly occurring at higher one. Considering the catalysis of PG-FA
and PG-A, most of PG-FA/P-DDM and PG-A/P-DDM blends were cured at a
reduced temperature and time as described in Table 1. The DSC results of the cured
samples are shown in Fig. 2 and Table 4. In Table 4, the residual enthalpy in the
range of 100-200 °C and 200-320 °C, resulting from polymerization and simultane-
ously occurring polymerization and degradation of the cured samples, respectively,
is very little except PO.2PG-FA. These phenomena indicate that the cured degree of
all samples was enough, implying that PG-FA and PG-A not only lowered the ROP
temperature of P-DDM but also accelerated its polymerization rate.

FTIR test
To further investigate the catalysis of PG-FA and PG-A on ROP of P-DDM, FTIR

test of the cured samples was also performed and the results are shown in Fig. 3. In
Fig. 3a, the bands at 1227 and 1034 cm™' assigned to C-O—C and that at 943 cm™!
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Fig.3 FTIR spectra of PPG-FA/P-DDM (a) and PPG-A/P-DDM (b)

due to oxazine ring could not be observed in PP-DDM and the cured PG-FA/P-
DDM blends, indicating that the oxazine ring in those cured samples had almost
completely opened. However, there was a weak shoulder peak at about 1660 cm™!
assigned to imines ion intermediates in all PPG-FA/P-DDM. The ring-opening
polymerization of benzoxazine is a two-step process; the existence of imines ion
shows that the polymerization degree of PPG-FA/P-DDM did not reach 100%,
which were also demonstrated by the occurring of a little polymerization heat at
higher temperature in the above DSC tests (Fig. 2 and Table 4). It should be owing
to that gelation process of PG-FA/P-DDM happened at lower temperature compared
with P-DDM and the early formed cross-linking structure restrained the motion
of chain, leading to that some imines ions could not polymerize at lower tempera-
ture. Considering the very little residual enthalpy of the cured samples, thus, the
curing temperature and time were not further elevated to avoid the degradation of
polybenzoxazine.

As to PG-A/P-DDM, Fig. 3b shows that the peaks at 1227, 1034 and 943 cm™' in
P-DDM had disappeared but the shoulder peak at 1660 cm™! could also be detected
in all PG-A/P-DDM. Those suggest that the effect of PG-A on the ROP of P-DDM
was identical with that of PG-FA. That is to say, the introduction of PG-FA and
PG-A not only decreased the curing temperature of P-DDM but also promoted its
curing rate.

Effect of PG-FA and PG-A on thermal properties of PP-DDM
TGA test

TGA results of PPG-FA/P-DDM and PPG-A/P-DDM are shown in Figs. 4 and 5. As
can be seen from Fig. 4a, the char yield at 800 °C of P-DDM significantly increased
with the incorporation of PG-FA except PO.0SPG-FA. Figure 4b indicates that there
was a three-stage weight loss process in all PPG-FA/P-DDM, similar to PP-DDM.
Namely, the addition of PG-FA only increased the thermal stability of PP-DDM
but did not change its thermal degradation mechanism. Moreover, the weight loss
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Fig.4 TG (a) and DTG (b) curves of PPG-FA/P-DDM
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Fig.5 TG (a) and DTG (b) curves of PPG-A/P-DDM

rate between 330 and 650 °C of PPG-FA/P-DDM was evidently lower than that of
PP-DDM except PO.OSPG-FA. It should mainly result from that the cross-linking
density of PPG-FA/P-DDM was more than that of PP-DDM, which would be dem-
onstrated by the following FTIR test (Fig. 7), leading to that the volatilization of
degradation products was inhibited.

Figure 5 is the TGA results of PPG-A/P-DDM; it could be seen that the intro-
duction of PG-A could also improve the char yield at 800 °C of PP-DDM except
PO.05PG-A. Figure 5b indicates that all PPG-A/P-DDM presented a three-stage
weight loss similar to PP-DDM, suggesting that the addition of PG-A also did not
change the thermal degradation mechanism of PP-DDM. Moreover, the incorpora-
tion of PG-A significantly reduced the weight loss rate of PP-DDM between 320 and
630 °C. Those results indicate that the effect of PG-A on the thermal stability of PP-
DDM was same to that of PG-FA. However, the first weight loss rate of PPG-FA/P-
DDM and PPG-A/P-DDM in the range of 200-320 °C was slightly higher than that
of PP-DDM. But the weight loss of PPG-FA/P-DDM and PPG-A/P-DDM before
250 °C was between 2.6 and 4.3% (shown in Table S1 of Supporting Information),
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Fig.6 Storage Modulus (a) and Tan Delta (b) of PP-DDM and PPG-FA/P-DDM

Table5 DMA Data of PP-DDM and PPG-FA/P-DDM
Sample PP-MDA  P0.0SPG-FA  P0.1IPG-FA  P0.15PG-FA  P0.2PG-FA  P0.25PG-FA

E'/MPa 4315 5442 4724 4641 4266 4675
T,(tan)/°C 242 218 224 229 224 227
T(EM/°C 228 195 203 210 202 203

which was obviously less than that of polybenzoxazine in the presence of pyrogallol
as catalyst (6.9% weight loss) [13]. It implies that the addition of pyrogallol-based
benzoxazine as catalyst was better than that of pyrogallol considering thermal stabil-
ity of polybenzoxazine.

It can be concluded that both PG-FA and PG-A could enhance the thermal sta-
bility of PP-DDM except P0.05SPG-FA and P0.05PG-A. The thermal stability of
P0.05SPG-FA and P0.05PG-A was weaker than that of PP-DDM, possibly resulting
from that the cross-linking density of PO.OSPG-FA and P0.05PG-A was lower than
that of PP-DDM. The following DMA and FTIR tests would demonstrate that the
hydrogen bonds of P0.0SPG-FA and P0.05PG-A were most in all polybenzoxazines.
The hydrogen bonds could obstruct the chain propagation during ROP process of
benzoxazine [20, 21], which made the cross-linking density of PO.0O5SPG-FA and
P0.05PG-A decrease.

DMA test

Though the lower cross-linked density, extensive inter- and intra-molecular hydro-
gen bonds render polybenzoxazine high strength and modulus [23]. There is an addi-
tional hydroxyl and oxygen atom (hydrogen-bond donor and acceptor) in PG-FA
and PG-A compared with P-DDM; thus, the incorporation of PG-FA and PG-A
could influence the formation of hydrogen bonding and properties of PP-DDM.
At the present, DMA test of PPG-FA/P-DDM as representatives was performed to
exploit the effect of pyrogallol-based benzoxazine. Figure 6a and Table 5 show that
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the introduction of PG-FA enhanced storage modulus (E’) at room temperature of
PP-DDM besides P0.2PG-FA and that of P0.05PG-FA reached maximum value.
However, the reduction of E' of PO.OSPG-FA with the elevating temperature was
also fastest in all cured samples. E' of polybenzoxazine in the glass region heav-
ily depends on its hydrogen bonds, which were broken gradually with increased
temperature and thus made E’ decrease. All these suggest that hydrogen bonds of
P0.0SPG-FA were the most in all the cured samples. The large numbers of hydro-
gen bonds restrained chain propagation [20, 21] and reduced cross-linked density
of polybenzoxazine, leading to that the thermal stability of P0.05 PG-FA lessened
(shown in Fig. 4).

Figure 6b indicates that all samples exhibited a single glass transition temperature
(T,), suggesting that the mixing of PG-FA and P-DDM was well or they could take
place co-polymerization. (The possible reaction process of PPG-FA and P-DDM is
shown in Scheme 2.) Moreover, T, of polybenzoxazine decreased with the incorpo-
ration of PG-FA. This phenomenon might be attributed to the plasticization effect of
flexible methylene of furfurylamine in PG-FA, similar to the effect of PCL on the 7,
of polybenzoxazine though the increased cross-linking density [24].

Effect of PG-FA and PG-A on hydrogen bonds

FTIR spectroscopy is a powerful tool for studying hydrogen bonding. In this work,
FTIR test of PP-DDM and PPG-FA/P-DDM were carried out to understand the
effect of pyrogallol-based benzoxazine on the hydrogen bonds, E’ and thermal sta-
bility of polybenzoxazine. Because there are different types of hydrogen bonds in
polybenzoxazine (Scheme 3) and they were overlapped in FTIR spectrum, a Gauss-
ian function was used to separate these peaks [21, 25, 26] to gain the fraction of dif-
ferent hydrogen bonds and the results are shown in Fig. 7 and Table 6.

In Fig. 7, the absorbing peak of free hydroxyl was in the range of 3700-3600 cm™,
the band at 3600-3500 cm™' was due to —OH---w hydrogen bond, the bands between
3500 and 3150 cm™! were assigned to —OH:--O (intra) and —OH::-O(inter) hydrogen
bonds, and the absorbing peaks of —OH---N (intra-6) and O™+--*HN (intra-6) hydro-
gen bonds were located at the range of 3150-2500 cm™' [25]. In general, the free
hydroxyl and —OH--'x intra-molecular hydrogen bonds hardly affect E’ of polyben-
zoxazine; besides, the effect of —OH:--O intra-molecular one (intra-5) was limited
to benzene ring and could not significantly suppress chain motion. That is to say,
only —OH---N(intra), O~---*HN(intra), -OH---O(intra) and —OH---O(inter) hydrogen
bonds could obviously influence E’ of polybenzoxazine, due to their inhibition of
chain motion. The order of integrated peak area of those four types of hydrogen
bonds is shown in Table 6, which is consistent with that of the above E'.

Moreover, Table 6 also shows that the relative content of —OH:--N (intra) and
O~---*HN (intra) hydrogen bonds (6 and 7) in PP-DDM was most, and they gradu-
ally decrease with the incorporation of PG-FA. The hydrogen bonds, especially
—OH:-N ones, obstructed polymerization of benzoxazine and thus made its cross-
linking density decrease [21]. All those further illustrate that the incorporation
of pyrogallol-based benzoxazine increased the cross-linked density and thermal
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stability of polybenzoxazine due to the decreasing of —OH:--N hydrogen bonds,
except P0.05SPG-FA/P-DDM and P0.05PG-FA/P-DDM.

Conclusions

Pyrogallol-based di-benzoxazines (PG-FA and PG-A) could promote the ROP of
P-DDM, which not only decreased its ring-opening temperature but also acceler-
ated its polymerization rate. The introduction of PG-FA and PG-A into P-DDM
made —OH-*N (intra) and O~---"HN (intra) hydrogen bonds decrease, resulting in
that the cross-linked density of polybenzoxazines increased. Therefore, the thermal
stability of PP-DDM increased with the addition of PG-FA and PG-A. However, the
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Fig.7 FTIR spectra of PP-DDM and PPG-FA/P-DDM
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Table 6 Data of integrated peak area from the curve-resolved of FTIR spectra of polybenzoxazines

Sample (C)) (@) 3 “ () Q) O] B3+@+
©®+
PP-DDM 32 19.7 19.7 19.7 0 51.9 38.1 129.4
P0.05PG-FA 4.6 16.8 28.4 55.0 3.6 37.4 44.7 165.5
P0.1PG-FA 5.4 19.4 28.8 49.0 6.4 37.6 40.2 155.6
P0.15PG-FA 52 19.5 28.0 39.0 11.5 36.1 40.0 143.1
P0.2PG-FA 3.6 12.0 17.6 27.0 19.9 235 28.4 96.5

P0.25PG-FA 7.0 16.8 26.6 37.4 28.1 36.0 43.0 143.0

total hydrogen bonds increased with the incorporation of PG-FA and PG-A, which
enhanced the modulus of polybenzoxazines at room temperature.
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