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ABSTRACT: Main-chain benzoxazine polymers MCBP(BPA-ddm)s were synthesized in continuous flow under various residence
times of S, 10, and 15 min. MCBP(BPA-ddm)s with high molecular weight above S000—10 000 g mol™" and high purity over 93%
oxazine ring-closed ratio were obtained, which were characterized using Fourier transform infrared (FTIR) spectroscopy, nuclear
magnetic resonance spectroscopy, and size exclusion chromatography. In situ FTIR spectroscopy and differential scanning
calorimetry were performed to understand the curing reaction and kinetics of MCBP(BPA-ddm)s, suggesting a typical thermally
driven self-catalyzed ring-opening polymerization profile with an apparent activation energy of 82—118 kJ mol~', which follows first-

order curing kinetics regardless of the molecular weight.

1. INTRODUCTION

Because of its high modulus and thermal stability, outstanding
flame-retardant and dielectric abilities, and significant hydro-
phobic performance, polybenzoxazine (PBz) has found
widespread applications in many fields, such as aerospace,
transportation, the oil/gas industry, electronic manufacturing,
and so on.' ™ Typically, benzoxazine (Bz) monomers can be
synthesized using any combination of a phenolic derivative, a
primary amine, and formaldehyde as starting materials, which
offers rich molecular design flexibility to the Bz family and
allows for tailoring PBz’s properties to meet the requirements
for specific applications.*”" Especially, cross-linked PBz
prepared from the main-chain Bz polymers (MCBPs) does
not only exhibit excellent performance as classical systems of
mono- or difunctional Bz but also shows enhanced ductile and
thermal properties on increasing the molecular weight of
monomers.*” " However, complex products’ constitution is
particularly problematic according to the mechanism of Bz
synthesis, as shown in Figure 1, which is highly sensitive to the
ratio of reactants. Therefore, a washing procedure with water,
acid, or alkaline solution is an indispensable component of the
typical process of Bz synthesis to eliminate byproducts and a
waste of time and resources to some extent."'~"” In the case of
MCBP synthesis, this situation is a more significant challenge

© 2022 American Chemical Society

WACS Publications

2947

for the control of molecular weight distribution and reaction
time.

The past several decades have witnessed various approaches
for MCBP synthesis, which was reported firstly in 1995 by
using 4, 4'-methylenebis(2,6-dimethylaniline), bisphenol A,
and formaldehyde."* The method of diamines and bisphenol
polycondensation to produce an AABB-type MCBP was
further conducted by Takeichi et al. and Chernykh et al.'>'
Extensive efforts have been made in the field of MCBP
synthesis over the following years. In the classic AABB method,
a linear MCBP with large oligomeric sizes (1000 < the number
average molecular weight (M,) < 10000) is obtained by a
single-step reaction between diamines, bisphenol, and form-
aldehyde with a molar ratio of 1:1:4. After polymerization, the
resulting PBzs from MCBPs show increased tensile strength
and elongation at break due to the linear structure of MCBPs
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Figure 1. Mechanism of benzoxazine synthesis proposed by Burke: I, phenolic compound; II, benzoxazine; III, Mannich base, and IV, dimer with a

Mannich bridge.
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Figure 2. Synthesis route of MCBP(BPA-ddm) by continuous flow.
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with higher molecular weight.">~"” In this way, some amine-
terminated compounds such as siloxanes or polyether could be
used instead of diamines in the AABB approach. Improvement
in thermal stability or processing ability was verified due to the
incorporation of polydimethylsiloxane or Jeffamines, respec-
tively.'"~*" Besides the AABB-type MCBP, Agag and Takeichi
carried out the self-condensation of aminophenols and related
derivatives in the presence of formaldehyde to form AB-type
MCBPs. The char yield of cross-linked AB-type MCBPs was
reported to be as high as 67%.”' However, it is difficult for
polycondensation via the Mannich reaction approach to
maintain the stoichiometry during the condensation reaction
due to many side reactions, resulting in MCBPs with low
molecular weight.'* Although novel Bz monomers with many
reactive end groups (e.g., ethynyl, propargyl, allyl, alcohol, and
so on) have been designed to overcome these difficulties to
some extent, the versatility and molecular flexibility of MCBPs
are limited severely by these approaches.”>”>°

In recent years, continuous-flow reactors with channel
dimensions in the micro- or millimeter region have drawn
increasing attention in organic synthesis owing to exceptional
advantages such as large surface-to-volume ratio, high mixing
efficiency, enhanced heat and mass transfer, excellent process
safety, and so on.”’~*’ Unlike synthesis in batch, the
microstructured devices in continuous flow can easily achieve
precise control of the reactant ratio over the whole process and
virtually instantaneous mixing, avoiding time consumption on
mass transfer and improving the reaction efficiency signifi-
cantly. Similarly, the accumulation of heat and formation of hot
spots can also be prevented in microscale reactors, which can
reduce side reactions and improve the purity of products.”””’
Only a few studies on Bz synthesized by the continuous
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method can be found in the database. Ishida et al. proposed an
insightful idea for synthesizing Bz monomers without a solvent
using continuous processing machinery which was by
connecting a single-screw extruder to a Brabender Plasticorder
to achieve this object.”” Frazee presented the first relevant
results concerning the potentialities of this continuous
processing for Bz synthesis using a novel continuous high-
shear reactor.’”® Therefore, the continuous flow technique
provides great potential for process intensification of the
Mannich reaction to overcome challenges for MCBP synthesis.

In this work, MCBP(BPA-ddm)s were synthesized from
bisphenol A, 4,4-diaminodiphenyl methane, and formaldehyde
in continuous flow. The structure, molecular weight, and
molecular weight distribution of MCBP(BPA-ddm)s under
various residence times were analyzed using Fourier transform
infrared (FTIR) spectroscopy, nuclear magnetic resonance
(NMR) spectroscopy, and size exclusion chromatography
(SEC). In situ FTIR spectroscopy and differential scanning
calorimetry (DSC) were carried out to understand the curing
reaction and kinetics of MCBP(BPA-ddm)s. The apparent
activation energy (E,) and the curing reaction order (1) can be
calculated using Kissinger and Crane methods.

2. EXPERIMENTAL SECTION

2.1. Materials. 2,2-Bis(4-hydroxyphenyl)propane (BPA,
>98%) and 4,4-diaminodiphenyl methane (DDM, >98%) were
purchased from Adamas Reagent, Ltd. Formaldehyde solution
(37—40%) was purchased from Shanghai Sinopharm Chemical
Reagent Co. Ltd. Toluene (>99.5%), ethanol (>99.7%),
sodium sulfate (>99%), and other chemicals were purchased
from Shanghai Titan Scientific Co., Ltd. All of these reagents
were used without further purification in all experiments.
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Figure 3. FTIR spectra of the MCBP(BPA-ddm)s obtained at various residence times.
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Figure 4. '"H NMR spectra of MCBP(BPA-ddm)s obtained at various residence times.

2.2. Synthesis of Main-Chain Benzoxazine Polymer
MCBP(BPA-ddm)s Using Continuous Flow. BPA (40
mmol) was dissolved in toluene (40 mL) and ethanol (15
mL). DDM (40 mmol) was dissolved in toluene (60 mL) and
ethanol (35 mL). Formaldehyde (180 mmol) was obtained
from a commercial formaldehyde solution. The structure of the
continuous-flow reactor is displayed in Figure 2. Three plunger
pumps were utilized to deliver the BPA, DDM, and
formaldehyde solution into the microreactor, which is a coiled
stainless steel tube with a diameter of 1 mm and a volume of
100 mL at a temperature of 80 °C. After the microreactor, a
coiled stainless steel tube (1 mm i.d.) with a volume of 25 mL
was used in the flow to cool the reaction mixture, which is
performed at room temperature. A back-pressure regulator
with 3 MPa was attached at the end of the system to avoid any
gasification during the reaction. The residence time of the
reaction was controlled by adjusting the liquid flow rate. The
exiting reaction mixture in the first reaction period was
discarded to ensure steady-state data collection. Then, 120 mL
of the reaction mixture was collected, diluted with dichloro-
methane, and washed with deionized water subsequently. The
organic phase was separated and distilled out to obtain a
yellow solid, which is MCBP(BPA-ddm).

2.3. Characterization. Fourier transform infrared (FTIR)
spectroscopy was performed on a Nicolet iS10 FTIR
spectrometer (USA) with 32 scans at a resolution of 4 cm™
using the KBr pellet method at room temperature (25 °C).
Time-dependent FTIR spectra were recorded every 1 min with
16 scans at a resolution of 4 cm™ from 50 to 300 °C at a
heating rate of 10 °C min~". 'H nuclear magnetic resonance
(NMR) spectra were measured on Bruker Avance III 400 and
Varian Mercury 400 spectrometers (Germany). Coupling
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constants (J) are given in Hz. Deuterated chloroform was
used as a solvent for NMR measurement. Size exclusion
chromatography (SEC) was carried out on a PL-GPCS0 of
Agilent Technologies, Inc. with UV or refractive index
detection. A TA Q2000 differential scanning calorimeter
(DSC, USA) was utilized at a constant flow rate of 50 mL
min~! under nitrogen at multiple heating rates of 2, 5, 10, 15,
and 20 °C min™! for the thermal curing analysis of
MCBP(BPA-ddm)s.

3. RESULTS AND DISCUSSION

3.1. MCBP(BPA-ddm) Synthesis Using Continuous
Flow. MCBP(BPA-ddm)s were synthesized after S, 10, and 15
min of reaction in continuous flow, which are labeled as
MCBP(BPA-ddm)-5, MCBP(BPA-ddm)-10, and MCBP-
(BPA-ddm)-15, respectively. The structures of MCBPs were
characterized using FTIR and NMR spectroscopies. IR spectra
of the MCBP(BPA-ddm)s are shown in Figure 3. It features an
obvious absorption band of benzoxazine functionality at 942—
943 cm ™" (stretching vibration of oxazine ring), 1029 and 1230
cm™" (symmetric and asymmetric stretching vibration of C—
O—-C in the oxazine ring, respectively), and 1325 cm™! (CH,
wagging of oxazine ring).***"*° Additionally, a band at 818
cm™' is observed, which is attributed to the out-of-plane
bending of C—H in the 1,2,4-trisubstituted benzene ring. This
is also supported by the characteristic band assigned to the in-
plane symmetric stretching of C—C in the 1,2,4-trisubstituted
benzene ring at 1498 cm™', which appears as a doublet with a
similar band in the 1,4- dlsubstltuted benzene ring of the DDM
unit in the MCBP backbone.”*” The broad absorption band at
around 3400 cm™' identifies the terminated aminomethylol
and OH groups of MCBP(BPA-ddm).">'***
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Figure 4 shows the "H NMR spectra of MCBP(BPA-ddm)s.
The structure of benzoxazines is confirmed by the well-
distinguished resonances of the methylene protons O—CH,—
N and O-CH,—N of oxazine at 5.24 and 448 ppm,
respectively. Additionally, the chemical shift at 3.77 ppm is
attributed to the methylene protons Ph-CH,-Ph of DDM.
Although the terminated aminomethylol or OH groups are
detected using FTIR spectra in Figure 3, no obvious signal of
phenolic OH at 8—9 ppm in Figure 4 shows slight ring-
opening of oxazine linkage or other side reactions in the
continuous-flow reactor.” More specifically, the ratio of the
chemical shift at 5.24 and 3.77 ppm is calculated to achieve a
better understanding of the ratio between the ring-closed and
ring-opened structures of oxazine in MCBP(BPA-ddm)s,
which is 94:6, 93:7, and 94:6 for MCBP(BPA-ddm)-S,
MCBP(BPA-ddm)-10, and MCBP(BPA-ddm)-15, respec-
tively, suggesting their high purity in this work. However, a
triazine signal at 4.72 ppm is detected for the sample with a
residence time of S min, which decreases gradually with an
increasing residence time till it disappears after 15 min of
reaction. It is evident that the reactants can only react
completely without triazine intermediates as byproducts after
sufficient time, which is 15 min in this system. Both FTIR and
'"H NMR results confirm the structure of MCBP.

The average molecular weight of MCBP(BPA-ddm)s was
characterized using SEC, and the results are listed in Table 1.

Table 1. Molecular Weight of MCBP(BPA-ddm)s

residence time (min) M, M, M, M, PD
S 3093 10339 27 868 8629 3.34

10 2594 7964 21021 6796 3.07

15 1824 5273 12 881 4540 2.86

Generally, it usually takes 30—45 min to achieve an optimum
reaction at 80 °C for traditional mono- or difunctional
benzoxazine monomer synthesis by the static solventless
method.” More specifically, more than $ h of reaction time
is required to obtain MCBP precursors with high molecular
weight by the batch solution method.*”*” In comparison, the
time efficiency for MCBP synthesis is considerable by
continuous flow. The number average molecular weight (M,)
and the weight average molecular weight (M,,) of MCBP(BPA-
ddm) with the residence time of 5 min is 3.1 X 10° and 1.0 X
10* g mol ™!, respectively. However, the polydispersity (PD) of
MCBP(BPA-ddm)-S$ is high, and the M, and M,, decrease on

increasing the residence time. The possible reason for this
tendency may be explained by the change of flow pattern in the
microreactor, which can be predicted by the Reynolds number

(Re, eq 1)
_ pud
U

Re
(1)

where p is the density of the fluid (kg m™), u is the flow speed
(m s7'), d is the hydraulic diameter of the pipe (m), and y is
the dynamic viscosity of the fluid (Pa-s).

Flows in the microreactor tend to be dominated by laminar
flow at low Reynolds numbers and turbulent at high Reynolds
numbers. In our system, the diameter and length of the
microreactor are fixed. Because of the low concentration (~0.2
mol L") of reagents, the density and viscosity of the dilute
reaction solution can be assumed to be constant during the
reaction. Thus, Re number is proportional to the flow rate and
inversely proportional to the residence time. According to eq 1,
the flow in the microreactor tends to be turbulent with a well-
mixed state along the radial direction at low residence time,
which allows for the molecular chains not only to collide with
each other but also to grow into big molecular chains with a
high M. On the other hand, the linear molecular chains grow
and become close to each other, and the molecular weight of
all molecules tends to be similar in a long reaction time, which
is why the PD decreases with an increasing residence time.
Therefore, the MCBP with high molecular weight and low PD
could be synthesized by continuous flow with a high flow rate
and long residence time. The studies on such potentials are
currently underway in our laboratory.

3.2. Curing Reaction Profile of MCBP(BPA-ddm)s. 1t is
well established that the polymerization of benzoxazines is a
thermally driven self-catalyzed cationic ring-opening process
(ROP).**" The high content of residual phenolic —OH
groups in the monomer with a high ring-opened ratio initiates
the ROP easily. After being triggered by the residues, the
phenolic —OH groups generated from the benzoxazine
catalyze and promote the curing reaction to form the polymer.
The polymerization behavior of MCBP(BPA-ddm)s was
monitored using in situ FTIR analysis, as shown in Figures 5
and S1, to gain a better understanding of the curing reaction.
The characteristic absorption bands of the oxazine ring, i.e.,
v,(oxazine), v,(C—0O-C), v,,(C—0—C), and w(CH,), gradu-
ally decrease as a function of temperature and completely
disappear at 260°C, suggesting that the ROP proceeds.
Meanwhile, constitution alternation of —OH multiple broad-
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Figure S. In situ FTIR spectra of MCBP(BPA-ddm)-5 from RT to 280°C over the regions of 3800—2000 cm™" (a) and 1800-600 cm™" (b) and

intensity corrected by the vibrational band (benzene) at 1613 cm™".
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bands is observed from 3200 to 3600 cm™" due to the release
of phenolic —OH groups by the ROP.

At RT, the absorption corresponding to the intermolecular
hydrogen bond between terminated —OH groups of the
MCBP(BPA-ddm)-5 monomer is detected at around 3400
cm™!, and no obvious absorption associated with free —OH at
around 3530 cm™! is observed in Figure 52.** Therefore, the
self-catalyzed effect of —OH groups is restricted when they are
bonded and is activated by transforming to free —OH groups
as the temperature increases, resulting in a shoulder peak at
around 3530 cm™. The reactivity of —OH is unblocked and
more —OH groups are released by the ROP with increasing
temperature. Similar trends are also observed for MCBP(BPA-
ddm)-10 and MCBP(BPA-ddm)-15, as shown in Figure S1.
However, the relative variation between free —OH and bonded
—OH is not obvious due to the formation of a more stable
intramolecular —OH:-N hydrogen bond resulting from the
opened oxazine ring.

It is generally believed that the content of the organic groups
in a compound is in line with the characteristic absorbance
intensities of the corresponding peaks.”” The qualitative
information of the oxazine ring during the curing process
can be obtained from the stretching vibration of the oxazine
ring at 943 cm™' due to its significance without obvious
overlapping by other peaks. The vibrational band of benzene at
1613 cm™" is used as the internal standard. The conversion vs
polymerization time obtained from FTIR spectroscopy can be
described using eq 2

A,(oxazine) /A, (benzene)
A,(oxazine) /A (benzene)

a=|1- X 100%

2)

where a is the conversion of oxazine ring and A, and A, are the
integrated areas of absorbance band at a given polymerization
time () and the initial time, respectively.

Figure 6 displays the conversions of oxazine ring for
MCBP(BPA-ddm)s during the curing process. A typical
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Figure 6. Conversions of the oxazine ring for MCBP(BPA-ddm)s
during the curing process at a heating rate of 10 °C min™" under an air
atmosphere.

thermally driven self-catalyzed S-shaped profile is observed in
Figure 6. The conversion remains almost zero in the first 12.5
min because the temperature <150 °C cannot initiate the ROP.
The induction stage starts once the phenolic groups are
released as autocatalysts. The reaction is usually slow at the
induction stage due to the low concentration of autocatalysts.
Further, more phenolic groups are formed as autocatalysts and
the reaction is progressively accelerated, resulting in a dramatic
increase of the conversion to >90%. All features are similar, as
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shown in Figure 6, for all MCBP(BPA-ddm)s regardless of the
molecular weight.

3.3. Curing Kinetics of MCBP(BPA-ddm)s. Differential
scanning calorimetry (DSC) analysis thermograms in Figure 7
show the thermal curing information on MCBP(BPA-ddm)s at
various heating rates. Table 2 shows the parameters of the
nature of the curing reaction, such as initial curing temperature
(T;), peak temperature (TP), and exothermic enthalpy (AH),
at 10 °C min~' from Figure 7a. One broad dominant
exothermic peak of the curing reaction for all MCBP(BPA-
ddm)s is observed at each reaction residence time or heating
rate, implying the only one curing stage to form the cross-
linking network for MCBP(BPA-ddm)s.**** Two factors play
a key role in the curing process of MCBP(BPA-ddm)s: the
polymer chains with high molecular weight hinder their
mobility to access each other and the sample with a high
concentration of ring-opened structure cures more easily due
to the catalytic effect of phenolic OH groups.”* Taking the
data on ring-closed and ring-opened structures in MCBP(BPA-
ddm)s from NMR spectroscopy into account, MCBP(BPA-
ddm)-S with the highest molecular weight and ring-closed
content exhibits the largest AH value of 214 J g™’ As
compared with MCBP(BPA-ddm)-5, less than 50% energy is
required to cure MCBP(BPA-ddm)-10 and MCBP(BPA-
ddm)-15. Although the molecular weight of MCBP(BPA-
ddm)-10 is higher than that of MCBP(BPA-ddm)-1S, the
higher content of phenolic OH groups in MCBP(BPA-ddm)-
10 makes its exothermic enthalpy lower than that of
MCBP(BPA-ddm)-15.

As shown in Figure 7b—d, the nonisothermal DSC curves of
MCBP(BPA-ddm)s at various heating rates were also detected
to qualitatively evaluate their curing kinetics. As to MCBP-
(BPA-ddm) synthesized at a certain residence time, its
exothermic peak temperature shifts to a higher temperature
on increasing the heating rate owing to the thermal hysteresis
activity.* The apparent activation energy (E,) and the curing
reaction order (n) can be calculated using the Kissinger and
Crane methods, which are believed to be sophisticated ways to
deal with a complex thermoset curing process.”>*”** In the
Kissinger method, E, is calculated using the exothermic peak
temperature without assuming any kinetic model and
integration. Equation 3 is applied in the Kissinger method.

B AR K
In2 =" - 2
T B, RL 3)

where E, is the apparent activation energy of the curing
reaction; T, is the temperature of the exothermic peak, derived
from the DSC curves in Figure 7b—d; and 3, A, and R are the
heating rate, Arrhenius constant, and universal gas constant
(8.314S5 J mol™" K™), respectively.

In the Crane method, n is obtained using eq 4.

i) (5 )
R E )

a(1/T,)
where E, is obtained by eq 3, n is calculated from the slope of
Inf vs 1/T, plot when E, is much higher than 2T,

The results of linear fitting using the Kissinger and Crane
equations are presented in Figures 8 and S2. The relative
coefficients (R*) of MCBP(BPA-ddm)s approach 1, indicating
a good linear relationship between the data and the model.
The curing kinetic parameters are calculated and summarized
in Table 2. The n and E, values are 0.90—0.93 and 82—118 kJ
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Figure 7. (a—d) Nonisothermal DSC thermograms of MCBP(BPA-ddm)s at various heating rates under a N, atmosphere.

Table 2. Curing Process and Kinetic Parameters of
MCBP(BPA-ddm)s

those of the other two samples due to its highest ring-opened

ratio.
Residence fime e —_— T Bb In short, similar thermal curing behavior is detected in all
(min) o) ©F) Gg)  (gmoll) MCBP(BPA-ddm)s’ systems, following the first-order curing
s 214 244 214 110 0.93 kinetics regardless of the molecular weight. The higher the
10 217 246 <8 0 0.90 ring-opened ratio, the lower the activation energy.
15 216 249 87 118 0.93
“Calculated from the thermogram of MCBP(BPA-ddm)s at a heating 4. CONCLUSIONS

rate of 10 °C min~'. “Calculated by the Kissinger method.

“Calculated by the Crane method.

A continuous-flow reactor was fabricated to synthesize the
main-chain benzoxazine polymers MCBP(BPA-ddm)s in this

work. The residence time for preparing MCBP(BPA-ddm)s

“0 > with high M,, above 1.0 X 10* ¢ mol™" can be reduced to S
951 o 5?&?29;3429'7 130 min, suggesting the considerable time efficiency for benzox-
10,01 25 azine synthesis by continuous flow, which also provides a good
75:_10 s 208 method to adjust the MCBP(BPA-ddm)s’ polydispersity (2.8—
E - . = 3.3) by controlling the reactor’s operation process. Further-
104 Y=-132x+15.2 1.5 . . . . .
R2=0.98976 more, the high purity with >93% ring-closed ratio of
15 1.0 MCBP(BPA-ddm)s was also confirmed using FTIR and
120 i . . . ° _los NMR spectroscopies. The thermal curing reaction and kinetics
180 185 1.9 1016?); 200 205 210 of MCBP(BPA-ddm)s were investigated using in situ FTIR
’ spectroscopy and DSC, proving their typical thermally driven
Figure 8. Kissinger plot of In (f3/ TPZ) and the Crane plot of Inff vs self-catalyzed ring-opening polymerization profile. The appa-
1000/T, for MCBP(BPA-ddm)-S. rent activation energy (E,) and the curing reaction order (n)
can be calculated using the Kissinger and Crane methods. A
mol™!, respectively. Given that accurate E, is obtained by the similar thermal curing behavior is detected by nonisothermal

Kissinger method only in the case of a “first-order” process, the DSC in all MCBP(BPA-ddm)s’ systems, following the first-

values of MCBP(BPA-ddm)s’ polymerization identify the order curing kinetics regardless of the molecular weight, which
validity of the activation energy of the curing reaction. Because may play a secondary role in the curing process compared with
of the high ring-closed ratio of MCBP(BPA-ddm)s (>93%), it the ring-opened ratio of MCBP(BPA-ddm)s. MCBP(BPA-
seems that the effects of molecular weight on the curing ddm)-10 with a high ring-opened ratio of 7% shows a low E, of
reaction can be negligible. But the content of the phenolic 82, ~20 k] mol™' lower than those of the other two
groups in the molecular matrix is the vital factor; thus, the E, MCBP(BPA-ddm)s. Therefore, this work offers a new method

value of MCBP(BPA-ddm)-10 (82 kJ mol™) is lower than for MCBP synthesis with high molecular weight and
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controllable polydispersity. Future work will focus on studying
the structure—performance relationship of MCBPs and
extending their high-performance applications.
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