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Main-chain benzoxazine precursor block

Zeynep Deliballi, Baris Kiskan @ * and Yusuf Yagci *

A novel strategy for the preparation of block copolymers of polymeric benzoxazine precursors with poly-
etheramines by one-pot two-step or stepwise pathways is described. The method pertains to the use of

simple chemicals such as 4-hydroxyaniline, formaldehyde and polyetheramines (Jeffamines). The struc-

tures and molecular weights of the polymers were characterized by FTIR, *H NMR, and GPC. Successful

block copolymer formation was evidenced by the clear shift of the molecular weight of the block copoly-
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Introduction

Polybenzoxazines (PBZs) as contenders to classical phenolic
resins have numerous superior properties, such as good
mechanical strength, limited or no water absorption, dimen-
sional and thermal stability, and chemical and flame
resistivity.l'3 Moreover, their monomers, namely 1,3-benzoxa-
zines (BZ), also have excellent storage life stability at room
temperature. When BZ prepreg formulas were analyzed over
one year, they demonstrated a slight change in differential
scanning calorimetry (DSC) thermograms. Therefore, many
resin producers established benzoxazine-bearing formulations
and these resins have found numerous applications as high-
performance materials in electronic circuit boards, compo-
sites, blends and alloys.*” Polybenzoxazines are synthesized
by thermal ring-opening polymerization (ROP) of benzoxazine
monomers. Typically, the polymerization takes place between
170 and 250 °C without using any catalyst or curative depend-
ing on the structure and purity of the monomer
(Scheme 1).*™'° Purer monomers have higher curing tempera-
tures than monomers containing phenolic residues, where
these residues act as the catalyst in the polymerization.''™°
Another appealing aspect of the polybenzoxazines is their
great molecular design flexibility, unlike traditional phenolic
resins. Simply, most of the benzoxazine monomers can be syn-
thesized by using a derivative of phenol, a primary amine and
formaldehyde (Scheme 1)."” Hence, various polybenzoxazines
can be designed with tailored properties for desired
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mer to the higher molecular weight region. Thermal properties of the polymers were also investigated by
using DSC and TGA. Block copolymers were shown to undergo thermally activated curing by the ring-
opening polymerization of the benzoxazine block. The thermal stability of the cured product drastically
increased compared to the precursor polyetheramine.
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Scheme 1 Synthesis and polymerization of a benzoxazine monomer.

applications.'®* For example, highly stiff polybenzoxazines

can be obtained by using allyl,>*** propargyl,> coumarine,*®*’
or di- and tri-oxazine functional benzoxazines that allow extra
crosslinking.>®*° For some specific applications, room temp-
erature viscosity of the monomers can be decreased by select-
ing alcohol functional or long-chain alkyl amines in the syn-
thesis to give essentially fluid benzoxazines, which are impor-
tant for moulding and similar uses.***"

Apart from monomer synthesis, polymeric benzoxazine
precursors have been synthesized using various methods. For
example, polycondensation of diamines and diphenols yields
polybenzoxazine precursors with relatively high molecular
weights and good film properties.’>** Other polymer types,
such as polyesters,®® polysiloxanes,*>>° polysulfones,®” and
polyethers,*® have also been synthesized from benzoxazines,
successfully. Moreover, smart systems based on benz-
39742 such as self-healing,***° shape memory,*” and
electro-responsive systems,**>° can even be designed by select-
ing suitable phenols and amines. Consequently, benzoxazine
chemistry has high design capacity to obtain task-specific
benzoxazine

oxazines,

monomers or polybenzoxazine precursors.
Especially, polybenzoxazine precursors have huge potential in
terms of applications since they have good film properties and
can bear many features of general polymers. Thus, a wide

This journal is © The Royal Society of Chemistry 2018
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range of main-, side- and end-chain polybenzoxazine precur-
sors have been readily synthesized and used for different
purposes.****” Obviously, each structural variation and the
method used would reflect the characteristics of the polymer
formed and modify the properties of the resulting polybenzox-
azines. For example, flexible and tough materials could be pro-
duced from polybenzoxazine precursors by selecting siloxanes
or ethers as the repeat units in the polymer.>* The length of the
siloxane or etheric chain in the polymeric benzoxazine precursors
affects both the toughness and thermal properties. Although
several polybenzoxazine precursors have been reported, block
copolymers of benzoxazines have scarcely been investigated and
this subject has potential to combine the properties of two
different polymer chains.*®*® In this study, we have shown that
block copolymers of polybenzoxazine precursors can be syn-
thesized using either one-pot two-step or sequential synthetic
pathways by selecting suitable aminophenols.

Experimental

Materials

Paraformaldehyde (Aldrich, 95.0-100.5%), p-aminophenol
(4-hydroxyaniline) (Merck, >99%), Jeffamine D-2000, Jeffamine
D-4000, toluene (Merck, >99%), ethanol (EtOH, Carlo Erba,
>99.9%), and methanol (MeOH, Aldrich, 99.8%) were used as
received.

Characterization

All "H NMR spectra were recorded on an Agilent NMR System
VNMRS 500 spectrometer at room temperature in CDCl; or
DMSO-d, with Si(CHjz), as the internal standard. FTIR spectra
were recorded on a PerkinElmer FTIR Spectrum One spectro-
meter. Differential scanning calorimetry (DSC) was performed
on PerkinElmer Diamond DSC from 30 °C to 320 °C with a
heating rate of 10 °C min~" under nitrogen flow. A typical DSC
sample was 2-5 mg in a 30 pL aluminum pan. Thermal gravi-
metric analysis (TGA) was performed on a PerkinElmer Diamond
TA/TGA with a heating rate of 10 °C min~" under nitrogen flow.
Gel permeation chromatography (GPC) measurements were per-
formed on a Viscotek GPC max auto sampler system consisting
of a pump, a light-scattering detector (1 = 670 nm, Model 270
dual detector, Viscotek Corp.) consisting of two scattering angles:
7° and 90°, and a Viscotek differential refractive index (RI) detec-
tor with three ViscoGEL GPC columns (G2000H HR, G3000H HR,
and G4000H HR, 7.8 mm internal diameter, 300 mm length) in
series. The effective molecular weight ranges were 456-42 800,
1050-107 000, and 10 200-2 890 000, respectively. THF was used
as an eluent at a flow rate of 1.0 mL min~" at 30 °C. Both detec-
tors were calibrated with PS standards with a narrow-molecular-
weight distribution. Data were analyzed using ViscotekOmniSEC
Omni-01 software.

Synthesis of main-chain benzoxazine precursor (MPBz)

Paraformaldehyde (0.87 g, 0.029 mol) and 4-aminophenol
(1.5 g, 0.014 mol) were dissolved in a mixture of 40 mL of
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toluene and 20 mL of ethanol in a 150 mL flask equipped with
a reflux condenser and a magnet for stirring. The solution was
refluxed for 24 h at ca. 110 °C. After reflux, the flask was
cooled to r.t. and the contents were filtered using an ordinary
filter paper to remove solid particles. The clear solution was
concentrated under vacuum, and then precipitated in 250 mL
of methanol containing 2-3 mL of salty water. The polymer
was filtered, washed with water and methanol, then dried in a
vacuum chamber at ambient temperature for 48 h to obtain a
brown powdery solid (yield ~ 68%).

Synthesis of poly(benzoxazine-co-etheramine) (MPBz-co-PEA)

Paraformaldehyde (0.87 g, 0.029 mol) and 4-aminophenol
(1.5 g, 0.014 mol) were dissolved in a mixture of 40 mL of
toluene and 20 mL of ethanol in a 150 mL flask equipped with
a reflux condenser and a magnet for stirring. The solution was
refluxed for 24 h at ca. 110 °C. The whole mixture was cooled
to r.t. Then, Jeffamine D-2000 (1.8 g) (or Jeffamine D-4000,
3.6 g) and extra paraformaldehyde (0.1 g, 0.014 mol) were
admixed. The solution was again refluxed for 3 hours at ca.
110 °C. After reflux, the reaction mixture was filtered through
an ordinary filter paper, concentrated, and finally precipitated
in 250 mL of deionized water. The polymer was filtered under
vacuum, washed with copious amounts of water, and dried in
a vacuum chamber at ambient temperature for 48 h to obtain
a brownish solid with a quantitative yield.

Results and discussion

Initially, AB type main-chain polybenzoxazine (MPBz) prepoly-
mer was synthesized using a slightly modified procedure
reported by Takeichi et al.>® In this synthesis p-aminophenol
and formaldehyde were reacted in a molar ratio of 1:2
(Scheme 2). Ishida and Low reported non-polar solvent
mixtures for the synthesis of benzoxazine monomer with high
yields and purity.°® Moreover, the toluene : ethanol (2:1, v/v)
binary system was found to reduce gelation and increase the
molecular weight of main-chain polybenzoxazine prepoly-
mers.®" Therefore, we applied a nonpolar solvent method by

OH o}
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n > N
Solvent, )
reflux fe) OH
NH; n-1

(MPBz)

Solvent, | PEA
reflux CH,0,

Solvent, reflux

(o]
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n

(MPBz-co-PEA2qg0 o 4000)

Scheme 2 Sequential or one-pot two-step synthesis of MPBz-co-
PEA2000 or 4000-
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using the toluene:ethanol system. The purpose of MPBz
synthesis is to produce a scaffold for further reactions and
p-aminophenol was selected deliberately since the prepolymer
is expected to possess a free phenol and amino group as end-
chains. In this way, the polybenzoxazine prepolymer can be
modified at the end-chains and further reactions over the
phenolic group with polyetheramines and formaldehyde would
yield ultimate block copolymers (Scheme 2). For this purpose,
MPBz was reacted with two different commercially available
polyetheramines (PEA), namely Jeffamine D-2000 and D-4000,
with molecular weights of approximately 2000 and 4000 Da,
respectively. In addition to the sequential approach, block co-
polymer formation was also performed in a one-pot two-step
manner, which would essentially yield identical copolymers and
eliminate the additional separation step for MPBz. The block
copolymers were abbreviated as MPBz-co-PEA,,,, and MPBz-co-
PEA, 000 according to molecular weights of the used PEAs.

Block copolymer formations were monitored by using gel-
permeation chromatography (GPC). The number average mole-
cular weight of MPBz was measured as 1364 Da, which is in
accordance with the literature.>® After the copolymerization
with Jeffamine D-2000 and D-4000 the molecular weights
increased to 3150 and 6160 Da, respectively in complete
accordance with that of the precursor polymers, indicating
that one MPBz and one PEA were connected from end-chains
(Table 1). Although PEA has two amino groups at its two ends,
the MPBz-PEA-MPBz polymer was not detected in the GPC
chromatogram. The observed narrow molecular weight distri-
bution also supports the hypothesis of one MPBz being con-
nected with one PEA and no additional chain extension was
noted. Moreover, unreacted end-chain amino group of MPBz-
PEA, (o Was also detectable with IR, which can be considered
as further evidence (Fig. 1).

The structure of the MPBz and MPBz-co-PEA polymers was
confirmed by FTIR and "H NMR spectroscopies. Fig. 1 shows
the FTIR spectra of the copolymers and the main-chain precur-
sor. The characteristic IR bands of benzoxazines were detected
for MPBz at 1230 cm™" (asymmetric stretching of C-O-C) and
at 1375 cm™" (CH, wagging). Additionally, typical absorptions
attributed to the tri-substituted benzene ring at 1498 cm™" and
out of plane bending of C-H at 927 cm ' were observed,
evidencing the presence of the oxazine ring in the backbone of
the polymers.®> Moreover, an aromatic C-H stretching
vibration band is visible at 3026 cm™". Similarly, identical IR
bands can be observed for both MPBz-co-PEA polymers, dis-
closing the oxazine ring preservation after copolymerization
reactions. Apart from oxazine IR bands, etheric C-O stretching

Table 1 Molecular weight characteristics of MPBz and its copolymers

Polymer M, “ M, M, /M, ¢
MPBz 1364 1466 1.08
MPBz-c0-PEA, 400 3150 3346 1.06
MPBz-c0-PEA 000 6160 6641 1.08

“Determined by GPC according to polystyrene standards.
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Fig. 1 FT-IR spectra of MPBz-co-PEA4po0 (a), MPBz-co-PEA,po0 (b),
and MPBz (c).

vibration of PEA block is visible as a strong band at 1084 cm™"

providing further evidence for the copolymer formation.

The "H NMR spectrum of MPBz, shown in Fig. 2a, displayed
the typical NMR peaks attributed to methylene protons of
oxazine ring (O-CH,-N at 5.19 ppm and Ar-CH,-N at
4.42 ppm). The aromatic protons produced signals between
6.58 and 6.88 ppm. The "H NMR spectrum of MPBz-co-PEA, ¢
is shown in Fig. 2b. Similar proton signals related to the
benzoxazine ring appear at 5.17 ppm for O-CH,-N and at 4.41
for Ar-CH,-N, clearly indicating that the oxazine ring is pre-
served under copolymerization conditions. Moreover, aromatic
protons slightly shifted between 6.61 and 6.87 ppm. Proton
signals related to the PEA block appear at 3.40-3.46 ppm for
O-CH,-CH,, at 3.34 ppm for O-CH,-CH,-, and at 1.01 ppm for
branching -CH; groups. A methylene group attached to an
oxazine amino group is also visible at 2.97 ppm, showing the
linkage between PEA and MPBz in accordance with the litera-
ture.*> It should be noted that synthesis of main-chain
polybenzoxazine prepolymers is a kind of polycondensation reac-
tion and as a consequence of the nature of the polymerization,
the ring-closed ratio was found to be 85-95%,3%3%52:59:61,63
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Fig. 2 NMR spectra of MPBz (a) and MPBz-co-PEAqq0 (b).
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Fig. 3 DSC thermograms of MPBZ (a), MPBZ-co-PEA,po0 (b), and
MPBZ-co-PEA 4000 (€).

Therefore, peak areas for oxazine protons do not fit well in the
NMR spectra. The ring-closed ratio was found to be ca. 86% for
MPBz and reasonably high to be used as a benzoxazine
precursor.

The ROP temperatures of benzoxazines generally lay
between 170-260 °C depending on the structure. Fig. 3 shows
the overlaid DSC profiles of MPBz and its copolymers. The
curing of MPBz has an onset at 195 °C, end-set at 296 °C and
the curing maximum at 257 °C, indicating that the ring-
opening process occurs in a broad temperature range, ca.
100 °C. Moreover, the DSC thermogram of MPBz shows an
endotherm between 123 and 147 °C, which may be related to
evaporation of small molecule residues. These values were
affected after connecting PEA to MPBz; the onset temperatures
decreased in the range of 3-5 °C (Table 2) and the temperature
interval of the whole ring-opening process dropped from 100
to 80 °C. However, the end-set and curing maximum tempera-
tures reduced ca. 24 and 16 °C, respectively. The decrease in
curing temperature can be explained as the effect of amino
groups at the chain end of the block copolymer, since amines
%64 Moreover, the
amount of exotherm gradually reduced with increasing PEA

are known to catalyse ROP of benzoxazines.

chain length due to its contribution as an extra mass.

Apart from DSC behaviours of MPBz-co-PEA polymers, there
are physical differences between cured MPBz and MPBz-co-
PEAs. The cured MPBz has a macroporous structure and shows
elastic behaviour. The MPBz network can be squeezed easily

Table 2 DSC? characteristics of MPBz and its copolymers under N,
environment

Curing Curing Curing
Curing end-set ~ maximum  exotherm
Polymer on-set (°C)  (°C) (°C) gg™
MPBz 195 296 257 -137.5
MPBz-c0-PEA,p0y 192 272 241 —45.7
MPBz-co-PEA,000 190 275 242 —30.4

“DSC analyses were performed under N, stream (20 mL min~".) with a
10 °C min~" heating rate.
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Fig. 4 Images of cured MPBz (a), and MPBz-co-PEA,qqo (b).

by hand and turns back to its original shape. Conversely, the
MPBz-c0-PEA,y, network is stiffer than cured MPBz in non-
porous form (Fig. 4). The gas, presumably formed as by-pro-
ducts during ROP of MPBz block and captured by PEA block,
is more slowly released which prevents pore formation.
Thermal stabilities of the MPBz and its copolymers were
investigated by thermo-gravimetric analysis (TGA) under N,
flow (200 mL min™"). The TGA curves of cured MPBz, MPBz-co-
PEA,000, MPBz-co-PEA,(, and PEAs (D-2000 and D-4000) are
shown in Fig. 5 and the results are tabulated in Table 3.
Moreover, derivatives of TGA curves are displayed in Fig. 6. As
expected, all the cured MPBz and its copolymers polymers
exhibited better char yields, Ts¢ and Tige, than PEAs.
Accordingly, all the PEAs almost completely vaporized after
425 °C and only 0.02% remained at 800 °C. With the all poly-
mers studied, the cured MPBz displayed the highest char of
67% due to the quantity of benzoxazines per mass of sample.
Initial degradations of the cured MPBz-co-PEA,yo and MPBz-
c0-PEA,p99 have identical temperatures at Tso,, and relatively
close values at T4, probably owing to the thermal stability of
the ether linkages. Non-functional PEAs also showed compar-
able initial degradation temperatures and the ether cleavage
reaches a maximum at ~377 °C supporting the thermal stabi-
lity of the ether linkages. Interestingly, there are two Tiax
values for the cured MPBz and the derivative TGA is a broad
curve. Although this polymer has a high char yield, the first
Tmax value is between Tso, and Ty, temperatures and a rapid

100
90
80| Char yield
__ 70| @800°C
& 60| (a):67%
£ 50| (b):48%
-% 40| (c):29%
= 30| (d).(e): 0%
20
104
0

LT Y & J L o) ew f & i =% [ % O e |
0 100 200 300 400 500 600 700 800 900
Temperature (°C)

Fig. 5 TGA traces of cured MPBz (a), MPBz-co-PEAq00 (b), MPBz-co-
PEA4000 (c), pristine PEA (D-2000) (d), and PEA (D-4000) (e).
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Table 3 Thermal characteristics of cured MPBz and its cured copoly-
mers determined by TGA

Polymer Ts0, (°C)  Tio% (°C)  Tmax (°C)  Yc (%)
Cured” MPBz 339 389 358, 533 67
Cured® MPBz-c0-PEA,0p0 339 363 393 48
Cured® MPBz-c0-PEA 009 339 363 401 29
PEA (D-2000) 319 332 376 ~0
PEA (D-4000] 319 334 377 ~0

¢ Curing was performed in TGA at 240 °C for 15 min under N, stream
(200 mL min™"). Ts,: The temperature for which the weight loss is 5%.
Ti10%: The temperature for which the weight loss is 10%. T,y The
temperature for maximum weight loss extracted from Fig. 6. Y.: Char
yields at 800 °C under nitrogen atmosphere.
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Fig. 6 Derivative of TGA traces of cured MPBz (a), MPBz-co-PEAqqo (b)
and MPBz-co-PEA4000 (C).

degradation is observed at the initial stages. Conversely, only
one Tpax iS recorded at 400 °C when the same structure con-
nects to the PEA chain. Obviously, benzoxazine units signifi-
cantly improve the char yield of bare PEA in accordance with
previous reports. Another important point is the dependence
of char yields on the molecular weight of the PEA block. As
seen in the overlaid TGA curves, incorporation of each 2000 Da
PEA unit results in an approximately 20% decrease of the char
yield. However, the initial and maximum degradation tempera-
tures are not affected by the PEA chain length.

Conclusions

In conclusion, we have demonstrated that block copolymers of
polybenzoxazines with polyetheramines can be synthesized
from main-chain polybenzoxazines either in one-pot two-step

182 | Polym. Chem., 2018, 9, 178-183
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or stepwise pathways. The synthetic methodology described
here is relatively easy, which can be achieved by using simple
and commercially available chemicals such as 4-hydroxyani-
line, formaldehyde and polyetheramines (Jeffamines) by a
straightforward process. In this context, the design flexibility
of benzoxazine chemistry can provide a vast number of
different possible block copolymers giving the opportunity to
further extend the described approach for the fabrication of
thermally stable materials. As demonstrated, copolymerization
of MPBz with Jeffamines has a drastic impact on the physical
behaviours compared to pristine MPBz. Apparently, the porous
structure of MPBz can be easily converted to a smooth film.
Furthermore, thermal stability of Jeffamines significantly
increased in the copolymer form as one can expect from the
contribution of benzoxazines. Consequently, the most appeal-
ing part of this strategy is its simplicity and the low cost of the
chemicals that can be converted into advanced materials using
the conditions outlined here in one-pot.
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