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Not only the acceleration effect on curing, suitable amines react with benzoxazine, forming desired structures, and
improving materials properties of the cured resins.
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Five commercially available amines: m-phenylenediamine (A1), m-xylylenediamine (A2), isophorone
diamine (A3), trimethylhexamethylenediamine (A4), and 4,4'-diaminodiphenyl sulfone (AS5), were
examined as a nucleophilic hardener for bis-benzoxazine monomers based on aniline paired with
bisphenol-A (BA-a) or bisphenol-F (BF-a). The reactivity and reaction mechanism of their reactive

10 mixture with BA-a were investigated using FTIR and NMR spectroscopy, DSC, and HPLC
techniques. It is found that BA-a rapidly cured with amines upon heating at 120 °C or 150 °C, which
the cure rate is similar to the amine/epoxy curing process in practical uses, and significantly faster
than ring-opening polymerization of bulk BA-a. The possible reaction mechanism was supported by
the experimental results and includes three successive steps: (i) nucleophilic substitution at the carbon

15 atom (O-C-N) in the oxazine ring by the amine, (ii) thermal decomposition of the resulting
aminomethanaminium structure, and (iii) electrophilic addition of the newly formed iminium ion with
the aromatic ring to form stable aminomethylphenol structures. These findings are helpful to improve
thermosetting resins in terms of their chemical structure, material properties, and processability.

1. Introduction

20 Since the discovery in 1994 that benzoxazines possess unique
thermoset features that are better than conventional phenolic
resins', this class of heterocyclic compounds has attracted great
interest over the last 20 years’>. When compared with other
polymers, polybenzoxazines exhibit significant advantages due to

25 their mechanical and thermal properties, chemical and thermal
stabilities, dimensional invariability during polymerization, and
low surface energy®. In particular, it is gradually recognized that
the most important and attractive characteristic = of
polybenzoxazines is the extraordinary flexibility in their

s molecular design’. Benzoxazines are typically synthesized from
phenol, amine, and formaldehyde via a Mannich reaction.
Desired benzoxazines can be synthesized using specially selected
phenol derivatives and primary amines. There have been a lot of
successful reports on the development of benzoxazine monomers

35 to improve material performance or expand the range of their

applications®, for example, lowering the polymerization

temperature by introducting hydroxyl® '°, acetylene' '?, N-

allyl", and carboxylic acid groups'® to benzoxazine compounds,

increasing the cross-linking density by the incorporation of
polymerizable groups'>"’, improving flame retardancy by
phosphorylation of the cured products'®, and others'*>.

To cure 1,3-benzoxazines, thermally accelerated polymerization
has been the main focus for most researchers for a long time.
Although the polymerization mechanism is complex and still
4s poorly understood, the cationic polymerization mechanism shown

in Scheme la has been widely recognized'® ** 35 The basic

4

S

concept of the reaction mechanism is the protonation of the
oxygen atom in the oxazine ring, followed by the formation of a
zwitter iminium ionic structure, and its subsequent electrophilic
so substitution to the aromatic ring. Based on this point, several
accelerators for the polymerization have been successfully
developed**®,
Besides this main methodology for curing benzoxazine
monomers, another approach using ring-opening addition
ss reactions, which is similar to curing epoxy with various
hardeners, has recently attracted growing attention. The merits
expected of this new strategy are the possibility to lower the
curing temperature and the capability to further improve the
materials performance by careful selection of the cross-linking
o reagents. To date, very few compounds, including phenolic

compounds”‘“, thiols®*°, benzimidazoles®®, benzoxazoles®® "
32 chitosan ammonium®, and some polymers containing
aromatic
o e
a
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6s Scheme 1 The polymerization mechanisms of benzoxazine proposed by
previous reports.

This journal is © The Royal Society of Chemistry [2015]

[Polymer Chemistry], [2015], [vol], 00—00 |1



Page 3 of 13

RSC Advances

)
S

)

o

=5

@Q

ﬁ @é’@

0o

@L 0N
ooy A&
ko Z 0

BF-a G-a
L ¢
O OO

BA-a
Scheme 2 The amines and benzoxazine monomers tested in the present
work.
19, 21, 23
structures , have been reported to construct

s chemicallinkages with benzoxazines. A ring-opening addition
reactionmechanism has been extended from the cationic
polymerization mechanism mentioned above to explain the
reactions (Scheme 1b). The hardeners donate a proton to the
benzoxazine, resulting in an anion to attack the electrophilic
iminium intermediate. Clearly, the benzoxazine acts as a
nucleophile towards the proton in this case and the lone pair of
the nitrogen in the oxazine ring is thought to be the most reactive
position. On the other hand, it is not unreasonable to suppose that
the benzoxazine acts as an electrophile due to the electron-
deficient carbon atom found between the nitrogen and oxygen
(O-C-N) and that the six-membered heterocycle has an irregular
chair structure with considerable ring strain®*. Therefore, it is
expected that a variation of reactants can open the oxazine ring
via a nucleophilic attack to the electrophilic portion at the C8
carbon atom.

In this study, five commercially available amines: m-
phenylenediamine (Al), m-xylylenediamine (A2), isophorone
diamine (A3), trimethylhexamethylenediamine (A4), and 4,4'-
diaminodiphenyl sulfone (AS5), which are often used as industrial
hardener for epoxy resins, are selected as the nucleophilic
reactants to harden benzoxazines (Scheme 2). Their reactivity
with benzoxazine monomers was investigated using DSC and
gel-point time analyses, and the reaction mechanism studied
using NMR and FTIR spectroscopy, HPLC and reaction
activation energy (E,) analyses. The general properties of the
amine-cured polybenzoxazine resins including their mechanical
properties and thermal stability were also evaluated.

2. Experimental Section
2.1. Materials.

The amines and benzoxazines used in the present work
were listed in Scheme 2. m-Phenylenediamine (Al), m-
xylylenediamine (A2), isophorone diamine (A3),
trimethylhexamethylenediamine  (A4), 4.,4'-diaminodiphenyl
sulfone (AS), 2,2-Bis(4-hydroxyphenyl) propane (Bisphenol A),
aniline, paraformaldehyde, guaiacol,
paraformaldehyde, formaldehyde (37 wt % in water), 1,6-

lauramine,

o
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hexamethylenediamine (HMA), and benzylamine were purchased
from Aladdin Reagent Co. (Shanghai, China). Bisphenol F based
benzoxazine (BF-a, 75 wt % in butanone) was obtained from
Huntsman investment Co., Ltd (Utah, USA). All other chemicals
are of analytical grade and were purchased from Hangzhou Mike
Chemical Agents Co. Ltd (Hangzhou, China).

2.2. Measurements.

'H-NMR spectra were recorded on an Avance AV-400 (400
MHz) NMR spectrometer (Bruker Co., Switzer-land) in CDCl; or
DMSO with TMS as an internal standard. FTIR spectra were
taken on a Nicolet 5700 FT-IR plus spectrometer (Nicolet
Company, Madison, USA). UV—vis absorption spectra were
measured on an UV-2550 spectrophotometer (Shimadzu Co.,
Japan).Viscosity was measured with a Brookfield CAP 2000+
viscometer, which can offer high shear rate with integrated
temperature control for test.

An Agilent 1100 HPLC system (Agilent Technologies Co., Ltd,
USA) with an Agilent ZORBAX-SBC18 (150%4.6 mm) column
and a UV detector operating at 254 nm were used for all HPLC
measurements. HPLC buffer A is 5 mM sodium phosphate
aqueous solution mixed with phosphoric acid (NaH,PO,/
Na,HPO,4 = 1/1 in mol), and HPLC buffer B is pure acetonitrile.
The eluting flow rate was 1 mL/min. The linear gradient used was
from 20 % to 95 % buffer B for 15 minutes.

DSC data were obtained from a DSC-1 differential scanning
calorimeter (Mettler-Toledo corp., Switzer-land) at a heating rate
of 10 °C/min in a nitrogen flow (35 mL/min). TGA data were
obtained from a TGA thermo-gravimetric analyzer (Mettler-
Toledo corp., Switzer-land) at a heating rate of 20°C/min under
nitrogen atmosphere.

Mechanical tensile properties of the cured samples bound
between aluminium sheets (bond surface area: 1.0 cm x 2.0 cm;
binding thickness: fixed by glass beads of 0.2 mm diameter) were
measured by an Instron-3367 instrument (Instron Co., Ltd, USA)
(temperature, 25 °C; humidity, 30 %; speed, 10
mm/min).Dynamic mechanical analysis (DMA) was performed
with a TA Instruments Q800 DMA (USA) with a heating rate of
5 °C/min from 25 to 250 °C at 1 Hz. Samples of 4 mm width
were cut from films with approximate thickness of 0.4 mm.

2.3. Synthesis of 6,6'-(propane-2,2-diyl)bis-(3-phenyl-3,4-
dihydro-2H-1,3-benzoxazine (BA-a).

The mixture of aniline (18.80 g, 0.20 mol), paraformaldehyde
(12.00 g, 0.40 mol), and bisphenol A (22.80 g, 0.10 mol) was
stirred at room temperature for 15 min, heated at 100 °C for
30min until the mixture became transparent. The pressure was
reduced at 0.01 MPa for 30 min to remove the byproduct of water,
cooled to 25 °C, dissolved in ethyl ether (100 mL) and washed
with NaOH solution (3.00 M, 3x100 mL) and water (3x100 mL).
The organic phase was added with anhydrous MgSO, (20.0 g),
filtered, and dried under vacuum to obtain BA-a as a light yellow
solid. Yield = 91 %; mp 61 °C; 'H-NMR (CDCl3) 6.71-7.26,
5.33, 4.58, and 1.57 ppm; FTIR (KBr) 1328, 1230, 1157, 1030,
and 946 cm™.

os 2.4. Synthesis of 3-dodecyl-8-methoxy-3,4-dihydro-2H-1,3-

benzoxazine (G-a).

Laurylamine (4.63 g, 5.00 mmol) was dissolved in anhydrous

2|Polymer Chemistry, [2015], [vol], 00—00
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ethanol (10.00 mL), slowly added with formaldehyde solution
(3.75 mL, 50.00 mmol), and stirred for 20 min. Guaiacol (3.11 g,
25.00 mmol) was added to the mixture, stirred for 15min, heated
at reflux for 7 h, recrystallized from ethanol, and dried under
vacuum to obtain G-a as a white powder. Yield = 85 %; mp 50 °C;
'H-NMR (CDCls) 6.57-6.83, 4.96, 4.00, 3.87, 2.76, 1.25—-1.57,
and 0.88 ppm; FTIR (KBr) 1331, 1224, 1138, 1033, and 935 em L

2.5. General formulation of the benzoxazine/amine curing
systems.

BA-a (0.92 g, 2.00 mmol) and equivalent molar amount of the
amine were dissolved in chloroform (for A1-A4, 2.0 mL) or a
mixed solvent of chloroform and ethanol (1/1, v/v, for AS, 4.0
mL), and dried under vacuum to obtain uniform powder. These
mixtures were employed as the samples for DSC, FTIR, TGA,
and viscosity (redissolved in 3.0 mL of nitrobenzen) tests.

G-a (0.15 g, 0.50 mmol) and equivalent molar of benzylamine
were dissolved in deuterated DMSO (6.0 mL), heated at 100 °C
for a certain time, quenched with liquid nitrogen, and sampled for
NMR analyses. These sample mixtures above (0.10 mL) were
volumetric fed to 10 mL with methanol, and subjected to the
HPLC measurements to detect unreacted benzylamine molecules.

The BF-a solution and equivalent molar amount of the amine
(A1-AS5) were mixed (3 min) and degassed (3 min) with a
conditioning mixer (AR-100, Thnky, Japan). Two pieces of filter
paper (with an average pore size of 18 um) were dipped in the
BF-a/amine mixtures, clamped using polyimide sheets, dried
under vacuum to remove the solvent, and cured at 120, 150, and
180 °C for 2 h, respectively. The resulted composite samples
were subjected to DMA tests.

3. Result and Discussion
3.1. Reactivity of amines toward benzoxazine

BA-a/Al mixtures with a variety of molar ratios were tested
using DSC at a heating rate of 10 °C/min under a nitrogen
atmosphere. The incorporation of Al leads to considerable
exothermic peaks (Fig.SI 1) at low temperature ranging from 100
to 200 °C. Because the ring-opening polymerization of neat BA-a
takes place at high temperature (>200 °C), these peaks suggest
that BA-a reacts with the amine in different ways. To estimate the
stoichiometry ratio of the reactants, we defined BA-a moles per
one mol amine in the reactive mixtures as nBp to describe BA-a
dosage, and calculated the enthalpy values of the peaks formed at
<200 °C as AH. The relationship between the AH and nBp was
displayed in Fig. 1. The maximum AH value was obtained when
nBp was 1.0, meaning that one amine group approximately reacts
with one oxazine ring.

Based on the roughly stoichiometric estimate, we sequentially
investigated the curing reactions of five amines (Scheme 2) with
equimolar BA-a using a dynamic DSC process from 50 to 300 °C.
The DSC profiles are shown in Fig. 2 and the important data
selected from the DSC tests summarized in Table 1. In contrast
with the test of neat BA-a without amine, the addition of
alkylamines A2, A3, and A4 results in two distinctively
exothermic peaks before the last peak occurs. However, with
arylamines Al and A5 only one peak was distinguishable to the
control test. The next notable fact was that the peak temperatures
of the alkylamine mixtures were very low (centered at ~75 °C),

o
S
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o
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suggesting that the reaction between BA-a and the amines tested
is active and rapid. In addition, calculation of the enthalpy values
indicates that the amines are responsible for reduction in the
reaction enthalpy values by a third. Therefore, several interesting
deductions can be summarized from these DSC results: (1) there
are at least two reaction mechanisms that dominate the curing
process occurring at different stages; (2) the reactivity of the
amines is determined by their chemical structures, i.e.,
alkylamines are generally more reactive than arylamines; and (3)
the reaction of BA-a with amine is slightly exothermic in contrast
to the large enthalpy value of the thermally induced ring-opening
polymerization of bulk BA-a.

To compare the reactivity of the five amines, we further
explored the increase in viscosity behaviour of the reactive BA-
a/amine (1/1, mol/mol) mixtures using a Brookfield viscometer.
The mixtures were isothermally cured at 120 °C and 150 °C, and
their gel time points defined as the moment that the viscosity
suddenly increases. The viscosity of a thermosetting system
generally corresponds to the curing reaction rate and is often used
as an index to analyse the kinetics of polymerization. As shown
in Fig. 3 and TableSI 1, the five amines significantly accelerate
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Fig. 1 Reaction enthalpy per mol of BA-a for the curing reaction with
amine Al.

e

\,,// T
/” /\\
y 4 \
R i
pr— _—

(i)

r T

S0 75 100 125 150 175 200 225 250 275

temperature ('C)

Fig. 2 DSC curves for BA-a without (1) and with amines Al (2), A2 (3),
A3 (4), A4 (5), and AS (6).
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Fig. 3 The time dependence of viscosity during the isothermal curing of
the reactive mixtures at (a) 120 °C and (b) 150 °C.

the curing reaction rate. In contrast with bulk BA-a, which shows
s little change in viscosity at the heating temperatures tested, the

BA-a/amine mixtures display a rapid increase in viscosity raging

from minutes to hours. A comparison of Al and A5 shows an

obvious difference, which was attributed to the presence of the

electron-withdrawing sulfone group in A5 decreasing the amine’s
10 reactivity towards BA-a.

3.2. Mechanical properties and thermal stability of the amine
cured benzoxazine resins.

Based on the preliminary understandings gained on the

reactivity of the benzoxazine/amine mixtures, we then paid

1s attention to the mechanical and thermal properties of the
thermosetting resins.

First, a series of the BA-a/amine cured resins binding two
aluminum sheets were investigated under an initial strain rate of
10 mm/min. Table 2 summarizes the curing conditions, the

20 engineering stress, and the stretch ratio for each mixture tested.

)
o

The comparison between the control tests, bulk BA-a cured via
the different process, revealed that the ring-opening
polymerization of BA-a needs high temperatures and long curing
time. Conversely, the first three runs show that the addition of
amine could simplify the curing process, in both the curing
temperature and curing time. For example, the breaking strength
of the second sample (run 2) that was cured within one hour is
very close to that of the third sample (run 3), which can be
recognized as a completely cured product. Moreover, the basicity
of the amine seems to be an important factor to affect the
mechanical’s properties. This was reflected from the strength data
obtained from the alkylamine samples (runs 5-7), which are
significantly stronger than that of the arylamine samples (runs 4
and 8). It is noteworthy that the five amines can enhance the
mechanical strength of the cured BA-a resins when compared
with the control tests.

Next, DMA was used for the evaluation of the crosslinked
polymers prepared from the heated BF-a/amine mixtures. As
shown in Fig. 4a, the DMA curves indicated that the amine cured
resins exhibit high storage modulus (ranged 3.5-6.5 GPa), which
can be attributed to the high cross-linking of the curing system
(Table SI3). Compared to bulk BF-a, the amine cured resins
except from amine A5 achieved approximately same storage
modulus, and the amine A2 resulted a higher value of 6.5 Gpa at
25 °C. The tan § curves (Fig. 4b) of the amine cured resins
showed the viscoelastic transition of the crosslinked polymers.
Their glass transition temperatures (7,) as defined by the tan &
peak presented interesting trends for the five amines. The
arylamine samples (Al and AS) have high 7, values (165-180 °C)
similar to that of bulk BF-a, but the alkylamine cured resins show
lower T, values lesser than 105 °C. This fact is easy to understand
as the rigid benzen rings limited the movement and
rearrangement of the polymer chain segments.

Furthermore, the thermal stability of the cured thermosetting
resins was investigated using TGA under nitrogen atmosphere.
Fig. 5 and TableSI 2 show the TGA thermograms and data
collected from these thermograms, respectively. The TGA
profiles indicate that amines having aromatic structures (Al, A2,
and AS5) can increase the char yield at 800 °C. For instance, the
BA-a/Al resin reaches up to 43 %, which is clearly higher than
that of neat polyBA-a (35 %). On the contrary, alkylamines (e.g.,
A3 and A4) decrease the char yield to ~20 %. This result may be
attributed to the increased quantity from thearomatic rings.

s Table 1 Data from the dynamic DSC Measurements of the reactive BA-a/amine curing systems®.

Curing Peak 1 Peak 1 Peak 1

System To (°C) Tr (°C) AH (J/g) To (°C) Tr (°C) AH (J/g) To (°C) Tr (°C) AH (J/g)
Pure BA-a / / / / / / 213 234 309
BA-a/Al / / / 79 122 42 158 224 70
BA-a/A2 68 94 5 112 145 17 178 220 27
BA-a/A3 65 95 4 103 133 50 185 247 45
BA-a/A4 57 80 10 95 134 63 185 244 37
BA-a/A5 / / / 157 184 17 206 254 46

“DSC data were obtained at a heating rate of 10 °C/min in nitrogen atmosphere.

® BA-a/amines are in molar ratio of 1:1.

4|Polymer Chemistry, [2015], [vol], 00—00
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Table 2 Breaking strength of the benzoxazine/amine bindings.
Runs Amine/ Curing Breaking strength Strain
Benzoxazine process (Mpa) (%)
Control 1 --/BA-a 120 °C/2 h, 150 °C/2 h 18.53+3.93a 3.26+0.11
Control 2 --/BA-a 120 °C/2 h, 150 °C/2 h, 180 °C/2 h 53.01+13.68 4.96+0.72
1 A4/BF-a 120°C/1h 43.37+4.90 4.48+0.32
2 A4/BF-a 120 °C/0.5 h, 150 °C/0.5 h 139.16+21.06 5.63+£0.99
3 A4/BF-a 120 °C/2 h, 150 °C/2h ,180 °C/2 h 152.18+18.75 5.96+0.43
4 Al/BA-a 120 °C/2 h, 150 °C/2 h 48.29+10.97 4.42+0.28
5 A2/BA-a 120 °C/2 h, 150 °C/2 h 64.49+16.3 5.84+0.95
6 A3/BA-a 120 °C/2 h, 150 °C/2 h 128.57+37.33 8.5142.51
7 A4/BA-a 120 °C/2 h, 150 °C/2 h 141.33+28.79 7.27+1.10
8 AS5/BA-a 120 °C/2 h, 150 °C/2 h 55.38+9.19 3.26+0.11

o

S

20

“the mean+SD, the average values were obtained from 5 tests..

Theoretically, aliphatic chains are easier to decompose into
gaseous molecules such as ethylene when compared to aromatic
rings. Interestingly, the addition of A5 resulted in improved
thermal stability when compared to the neat polyBA-a resin. The
main degradation of the AS-cured resin occurred at ~440 °C,
while neat polyBA-a resin degrades at ~400 °C. However, in the
case of alkylamines (A2, A3, and A4), the degradation
temperature of the amine-cured resins were lower than that found
with neat polyBA-a, implying that the aliphatic chains negatively
affect the thermal stability of the thermoset resins.

3.3. Experimental observations associated with the reaction
mechanism between the amine and benzoxazine.

The experimental data mentioned above demonstrates that the
amines not only accelerate the benzoxazine curing process but
also improve the mechanical or thermal properties of the cured

a 7000
—---pure BF-a
£ 6000+ =2 —---BF-a/Al
s .. - - - BF-2/A2
~ i - S p
5 2 NG, BF-a/A3
= “\\ o ceeeee BF-a/A4
S 4000 e dve, T ——BF-a/AS
=1 N P s
=] '~
2 3000
@
o0
£ 2000
2
210004
0 T T T T T T T T 1
0 30 60 90 120 150 180 210 240 270
Temperature ('C)

b 0257

0.20
T 0.154
<
[

0.10

0.05

0 30 60 9 120 150 180 210 240 270
Temperature ('C)
Fig. 4 DMA spectra of the amine-cured resines (cured at 120 °C/2 h,
150 °C/2 h, 180 °C/2 h). a, storage modulus; b, tan 3.

products. These results stimulated us to further study the possible
reaction mechanism between benzoxazine and the amine.
Dynamic DSC scans were performed at four constant heating
rates to investigate the five BA-a/amine curing systems. Table 3
summarizes their peak temperatures and their activation energy
(Eap) values calculated to characterize their reactivity. According
to Kissinger’s method™ *® the relationship between DSC peak

30 temperature 7p in K and the heating rate B is of the following

form:
In(B/T§) = In(AR/Eqp — Eap)/RTp
where R is the gas constant, A is a frequency factor, and Eap
is the apparent activation energy. This equation allows
calculation of Eap/R from the slope of the linear plot of In(B/Tp?)

35 VS. I/Tp.
a 100+ —---pure BA-a
- = BA-a/Al
- - - BA-a/A2
801 —-~BA-a/A3
-~ 1 X\ -
S 60 \
b o
- 3
v 0+ W e, VIS & e ts
z 4 LY
b -
204 LA e A v 1 o
0

T T T T T T T )
100 200 300 400 500 600 700 800

temperature (C)

r r - r T T T )
100 200 300 400 500 600 700 800
temperature (C)

Fig. 5 TGA (a) and DTA (b) thermograms of the reactive mixtures cured
at 180 °C.

This journal is © The Royal Society of Chemistry [2015]
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Table 3 The activation energy (£,,) data calculated by Kissinger’s Method.

Curing T, (°C) Eqp

System® 5°C /min 10°C /min 15°C /min 20°C /min (KJ/mol)
Pure BA-a 227 234 245 252 106
BA-a/Al 115 122 129 135 84
BA-a/A2 131 145 150 156 74
BA-a/A3 124 133 141 148 73
BA-a/A4 123 134 142 153 59
BA-a/A5 177 184 189 200 96

“BA-a/amines are in molar ratio of 1:1.

1580

1480

3500 3000

———— T —— i ————
1700 1600 1500 1400 1300 1200 1100 1000 900

wavenumbers (cm'l)
5 Fig. 6 FTIR spectra of the reactive BA-a/HMA mixture (1) heated at 100 °C for (2) 10, (3) 20, (4) 30, (5) 60, and (6) 90 min.

As shown in Table 3, the five benzoxazine/amine curing systems

showed a lower Eap value than that for the polymerization of

pure BA-a. Their Eap follow an order of:

arylamine>alicyclic amine>alkylamine, which is in good
10 agreement with their basicity.

Then, we monitored the chemical changes of the BA-a/amine
curing system with equivalent amounts using FTIR spectroscopy.
1,6-Hexamethylenediamine (HMA) was used as a replacement of
amine A4 to simplify the IR spectrum, and the curing temperature

15 was fixed at 100 °C to slow down the reaction rate. As shown in
Fig. 6, the spectrum of the initial mixture without heating shows
three characteristic peaks attributed to BA-a: the peak at 1230 cm’
! corresponds to the anti-symmetric stretching of the C-0—C
bond in the oxazine ring, and the peaks at 1497 and 946 cm™ are

20 assigned to the trisubstituted benzene ring. In addition, the
shoulder peak at 1580 cm™ was assigned to the primary amine
group of HMA. With the passage of cure time, the characteristic
peaks of the reactants gradually decreased or shifted in the
subsequent spectra. For example, three new and important peaks,

25 corresponding to new covalent bonds, were observed at 1180,
1480, and 3407 cm'. They were attributed to C—N—H bond
stretching of a secondary amine, the tetra-substituted aromatic
ring and phenolic OH group, respectively. The FTIR
spectroscopic evidence suggests that the reaction between the

values

30 amine and benzoxazine follows a ring-opening addition reaction
mechanism.

The monofunctional benzoxazine, 3-dodecyl-8-methoxy-3,4-
dihydro-2H-1,3-benzoxazine (G-a), was synthesized from
guaiacol, laurylamine, and formaldehyde as described in our
carlier reports®™ **. The ortho- position on the phenolic ring is
blocked and therefore complex polymerization can be avoided.
Mixtures of G-a and benzylamine with an equivalent molar ratio
were dissolved in deuterated DMSO and subjected to NMR
spectroscopic analyses after heating for different times. As shown
in Fig. 7, the "H NMR spectra of the mixtures reveal obvious
signal changes in the methylene proton region (6 = 5.0-3.5 ppm).
For benzoxazine, the resonances at 3 = 3.89 and 4.80 ppm were
assigned to the -Ph—CH,—N- (i) and -OCH,—N- (ii’) protons of
the oxazine ring, respectively. In addition, the characteristic peak
ss at & = 3.71 ppm is responsible to the methoxy group. The other

reactant, benzylamine, gives a signal at & = 3.74 ppm (iii’)
corresponding to its methylene protons. Because the methoxy
group attached to the benzene ring is chemically stable at the
mild heating temperature of 100 °C, the peak at 3 = 3.71 ppm can
so be used as a reference for the other chemicals during the whole
reaction process. After heating the mixture for a short time, a

3

&

4

=3
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3 H

Fig. 7 NMR spectra of benzylamine (1), G-a (2) and the reactive mixture, G-a/benzylamine heated at 100 °C for (3)
0.5, (4) 10, (5) 20, (6) 30, (7) 60, and (8) 90 min.

s number of new signals appeared in the region 4.0-3.5 ppm (i, ii,
and iii), suggesting the formation of new methylene groups.
These peaks reasonably support the scheme shown in Fig. 7: (1)
they increased with reaction time; (2) the integrated areas are
consistent with their parent compounds (e.g., the sum of the pair

10 peaks of i and i’ is nearly constant); (3) the assignment of the
peaks to the methylene protons is logical. In addition, three peaks
appeared in the range from & = 3.5-3.3 ppm upon heating, which
remained small and almost unchanged during the whole reaction
process. This phenomenon implies that these small peaks are

15 caused by the by-products formed via side reactions, especially
those involving the secondary amine formed during the ring-
opening addition reaction. However, although a long heating
process was examined, the characteristic peaks of the oxazine
ring (at &= 3.89 and 4.80 ppm) were still observed in the NMR
spectrum, which means that a considerable amount of G-a were
unreacted.

To examine the conversion of the reactants during the e
heating process, we used HPLC equipped with a C18 reversed-
phase column to separate and measure the benzylamine quantity
»5 in the mixtures heated for different times, and the results are
shown in Fig. 8. The reaction rate of benzylamine is very rapid in
the early stage, but gradually slows down to zero as the reaction
progresses. This kinetic relationship shows that the ring-opening
addition reaction between benzoxazine and the amine is
reversible. In fact, this deduction has surprised us because a
reversible reaction with kinetic features like those found in Fig. 8
(about 40 % benzylamine residue) cannot make any cured
thermosetting resins.

The doubt whether or not free reactants exist in the cured
resins leads us to carry out further investigations. We compared
the FTIR spectra of two types of the cured BA-a/amine resins

2

S

3

S

3

&

(Fig.SI 2 and 3), one was heated at higher temperature to
complete the curing reaction, and the other heated at 100 °C for
1.0 h to simulate the reaction that occurred in the NMR samples.
As a result, the characteristic peaks attributed to the primary
amine group were found only in the spectra of the products cured
by arylamine (Al and AS). We next extracted the completely
cured resins (BA-a cured by the five commercial amines at 120
and 150 °C for 2 h, successively) with methanol in a Soxhlet
extractor and analysed the extracting solution using a sensitive
GC-MS method (with a minimum detectable quantity of <150
ng/mL), and no amines were detected. However, when the amine
was changed to 2,4,6-Trimethylaniline (TMA) and2,4,6-
Trichloroaniline(TCA), 27 % and 35 %residue of the amine were
detected, respectively (Fig.SI 4).

When the reactive mixtures of G-a/benzylamine were heated in
their deuterated DMSO solution at higher temperatures, as shown
in Fig. 9, more peaks appeared in the NMR spectra, indicating
that a lot of additional methylene groups were formed. Based on
ss the previous report’?, the NMR peaks in the

s
S

~
@

93
S

80+

60+

404

conversion (%)
[ ]

204

T T T T "
0 20 40 60 80 100

time (min)
Fig. 8 The conversion of benzylaminein the reactive mixture, G-

a/benzylamine heated at 100 °C. (benzylamine was detected by a HPLC
method)
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Fig. 9 NMR spectra of the reactive mixture, G-a/benzylamine heated at
150 °C for (1) 0.5 h and (2) 1 h, and (3) heated at 180 °C for 2 h.

range of & = 4.9-4.7 ppm were attributed to various Ar—-OCH,—
s structures, and peaks in the range of & = 3.9-3.4 ppm were

assigned to a wide variety of Ar—CH,~N—, Ar-CH,—Ar—, and N—

CH,—N- structures. In short, these results suggest that following

the reversible reaction between benzoxazine and the amine,

complex reaction mechanisms will dominate the curing process at
10 elevated temperatures.

4

=3

45

3.4. The proposed reaction mechanism.

The cationic ring-opening polymerization mechanism proposed
in Scheme la has been widely accepted by most researchers. A

recent report has demonstrated a competitive pathway through
phenoxy structures that finally convert to the phenolic polymers
upon heating up to 160 °C*. Soon afterward, some special
compounds such as phenolic compounds, thiols, and chitosan
ammonium, were used to react with benzoxazines*> 4% 4 5% 5%
%%nd a new mechanism, described as as a ring-opening addition
reaction mechanism (Scheme 1b) has been proposed*. However,
these mechanisms are not applicable for the experimental results
we have described above. For example, most amines have a
pKa>30 (in comparision to thiols with a pKa 10-11 and
ammonium ion pKa 4-11), meaning that fewer protons can
separate to form the anionic conjugate base (RNH,). Another
contradiction was reflected when compariing the reactivity of
BA-a towards the five amines: an electron-withdrawing group
like sulfone should theoretically stabilize the anionic conjugate
base (RNH;) and increase its reactivity towards BA-a, but we
obtained the opposite finding in our experimental results.

Here we propose a detailed mechanism outlined in Scheme 3,
in which three possible path ways dominate the curing process for
the bazoxazine/amine mixtures at different stages. In the first
reaction, the methylene group (at C8) between the nitrogen and
oxygen is the most vulnerable position for nucleophilic attack of
the amine both in terms of its partial charge and ring strain. As
shown in Scheme 3a, a typical nucleophilic substitution reaction
results in a zwitter ionic intermediate (INT1), which further
produces another intermediate (INT2) and the product compound
(P1) by proton transfer. In theory, the reactivity of the amine for
this reaction is determined by its basicity. This conclusion is in
good agreement with the small DSC peaks (at <120 °C) shown in
Fig. 2, which were only observed with the alkylamine mixtures
(in contrast with the arylamines, the DSC peaks are very small or
undetectable).

o )
o o} OH
6N i, y
-
Ry I}IANHZ - NS\NH - ’}‘/\NH
Ry Rs R, R; R, Rs
Ry R R4 R4
INT1 INT2 P1
b
_ Ra<,
3 . % N
® @ _ A
VR | 2 W Y % -
R, Rs Ro R3 Rs Rz or Re
R1 R4 R4
INTA IM1 P2-1 p2-2
c
- o o
o o OH 0
Ho~
'}l f}lH A R/NHZ 4 §l¢ A ’}‘ or N
Ro Rs 3 Ry R, R>
R R4 R4 n R4 n
INT2 IM2 P3-1 P3-2

Scheme 3 Possible mechanisms of the reactions between amine and benzoxazine.

8|Polymer Chemistry, [2015], [vol], 00—00

This journal is © The Royal Society of Chemistry [2015]



2

2

3

3

4

4

S

5

o

@

0

5

0

by

0

5

=

b

RSC Advances

Furthermore, the NMR data (Fig. 7) and the HPLC results (Fig. 8)
further demonstrated that the first reaction is reversible. The two
intermediates are thermally unstable and decompose upon heating
at an elevated temperature (Scheme 3b and 3c), releasing the
iminium ions IM1 and IM2 that are very reactive with aromatic
rings and phenolic hydroxyl groups, and so should go on and
produce P2 and P3 products through electrophilic substitution
reactions (Scheme 3b and 3c). The two intermediates, INT1 and
INT2, are a competitive pair in the first reaction. Their
competitive advantage, which depends on which quaternary
amine is favourable, determines the dominant pathway in the
curing process and the dominant structures (P2 or P3) in the
cured resin. In the cures of BA-a, P2 should be the main structure
in the cured resin because the quaternary alkylamines (pKa 10—
11.5) are more stable than that of the aromatic amines (pKa 4-6).
In the DSC profiles of the alkylamine mixtures, the second
reaction should be responsible for the peaks at 120-170 °C, as the
order of the Eap values calculated from the peaks agree with the
basicity for the amines.

On the other hand, when the aromatic amines (Al and AS5)
were used to cure BA-a, the intermediate of INT2 will take little
advantage over INT1. These results in the formation of the P3
structures and a few free amino groups will remain in the cured
resin. This inference has been supported by the FTIR spectra
(Fig.SI 2 and 3) obtained from the resin samples cured at
100 °Cor at 120 and 150 °C for 2 h,as the primary amine groups
were detected only from the arylamine (A1l and AS) cured resins.
Because aromatic protons in the aromatic amines also react with
the iminium ions (IM1 and IM2), aromatic amines can be cross-
linked without the amino reactions. When a benzoxazine was
cured with 2,4,6-tri- substituted amines (TMA and TCA), more
amine residues were detected in the cured resins (Fig.SI 4). Since
the residues of TCA were more than that of TMA, the results
shown in Fig.SI 4 also support the competitive relevance between
Scheme 3b and 3c. The interpretation is also applicable to the
DMA test of amine AS, which largely decreased the storage
modulusand the crosslinking density than bulk BF-a (Table SI 3).

With the above mechanism in mind, not only the resin’s
structure but also the curing reaction rate can be improved by
choosing appropriate amine pairs, one used to synthesise the
benzoxazine monomer and other used to cure the benzoxazine
through a ring-opening addition reaction.

4. Conclusions

In summary, we have demonstrated the excellent nature of the
ring-opening addition reaction of benzoxazine with an amine for
the preparation of high performance thermosetting polymers. In
contrast with the ring-opening polymerization of bulk BA-a, the
addition of an amine not only achieved a much faster
polymerization at mild temperatures (such as 120 °C or 150 °C),
but also directly affected the characteristics of the amine
thermally-cured benzoxazine resin. This fact was experimentally
verified using five commercially available amines:
phenylenediamine, m-xylylenediamine, isophorone diamine,
trimethylhexamethylenediamine, and 4, 4'-diaminodiphenyl
sulfone as the hardeners of BA-a monomer. The Eap values
calculated from the dynamic DSC scans of the BA-a/amine

m-

60

=
=)

o0
a5

95

100

105

110

115

curing  system revealed an  expectable order of:
arylamine>alicyclic amine>alkylamine, which is in good
agreement with the basicity of the amines tested. Analysis of the
FTIR and NMR spectra, and HPLC results further suggest that
the curing reaction mechanism between the amine and
benzoxazine involves: (1) a reversible reaction involving
nucleophilic attack of the amine towards the benzoxazine to give
zwitter  ionic  products  with  both  phenolate and
aminomethanaminium structures; (2) by heating at elevated
temperature, the aminomethanaminium moiety decomposes to an
iminium ion, and proceeds to take part in an electrophilic
substitution reaction with the aromatic ring to form a stable
aminomethylphenol structure. By addition of a suitable amine to
the benzoxazine monomer, flexibility in the molecular design
could be achieved to give the desired structures and the
processability can be improved in terms of shorter curing time
and lower curing temperature.
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