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ABSTRACT: The miscibility behavior of polymer blends has Polybenzoxazine (PBZ) synthesis Reaction-induced miscibility (RIM) in binary polymer blends

garnered significant interest; however, while most binary polymer _ irmireiis by bov
blends are immiscible due to thermodynamic challenges, reaction- oL %o %
phenomenon for achieving homogeneous mixtures through specific A

AP
induced miscibility (RIM) presents a promising yet underexplored *
intermolecular hydrogen bonding interactions. This study inves- ;&nm == Oﬂ:’ _' W 1. = ‘3{4)}0 @
AP

tigates the design and synthesis of novel styrene- and benzoxazine- .
based copolymers to achieve RIM behavior with a poly- ;) o A
(vinylpyrrolidone) (PVP) homopolymer. Two benzoxazine mono- . I > e 0 G _—

mers, HPMI-BZ and Ty-BZ, were synthesized via Mannich

condensation, incorporating maleimide groups to enable free

radical copolymerization with styrene monomer to form PS-altP(HPMI-BZ) and PS-alt-P(Ty-BZ) alternating copolymers,
which were characterized using Fourier-transform infrared (FTIR) spectroscopy, nuclear magnetic resonance (NMR) spectroscopy,
matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry, differential scanning calorimetry
(DSC), and thermogravimetric analysis (TGA). The thermal and miscibility behaviors of the PS-alt-P(HPMI-BZ)/PVP and PS-alt-
P(Ty-BZ)/PVP binary blends were analyzed, focusing on their intermolecular hydrogen bonding after thermal ring-opening
polymerization (ROP). Results demonstrated that the incorporation of functional groups such as OH units from benzoxazine units
through thermal ROP facilitated strong intermolecular interactions with the C=O units of PVP, enabling RIM in otherwise
immiscible blends. This work highlights the interplay between molecular structure, thermal stability, and miscibility behavior,
offering insights into the development of next-generation thermoset/thermoplastic materials with tailored properties.

B INTRODUCTION thermal curing process of the thermoset matrix.'>'® The
reaction-induced phase separation (RIPS) mechanism has
been identified to explain the interplay of thermal curing or
polymerization, phase behavior, and thermodynamics, leading
to the formation of distinct morphologies.'” In general, the
thermoset prepolymer and thermoplastic components are
usually miscible at the start of the process because of their
compatibility in the uncured state. As thermal polymerization
progresses, the molecular weight of the thermoset increases,
reducing its miscibility with the thermoplastic, and these
changes destabilize the initially homogeneous mixtures. The
reduction in miscibility promotes phase separation, where the
thermoplastic components phase separate into distinct
domains within the thermal curing thermoset matrix, which
has potential applications in improving fracture toughness by

The miscibility behavior of polymer blends has received
significant interest during the last four decades because of their
potential applications in coatings and adhesives,"”” biomedical
applications,” and high-performance materials such as in
aerospace and electronics.”” However, most binary polymer
blends are immiscible due to the unique thermodynamic
properties of high molecular weight with low entropy of
mixing.” The long chains of polymers significantly reduce the
number of possible configurations upon mixing and result in
unfavorable enthalpy of mixing, as polymers usually lack
specific intermolecular interactions such as dipole—dipole
interactions or hydrogen bonding.”~” To enhance miscibility
behavior, intermolecular hydrogen bonding has been utilized
in binary blends, which results in a homogeneous mixture of
two or more polymers that mix at the molecular scale, forming
a single-phase system.'°~"? Unlike immiscible polymer blends,
which exhibit phase separation with two glass transition Revised:  April 17, 2025
temperature (T,) values, miscible blends exhibit a single T, Acce}’ted’ June 2, 2025
value and uniform physical properties.'”"* Published: June 11, 2025
The other famous polymer blends were also widely
investigated in thermoset/thermoplastic blends during the
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absorbing energy during crack propagation and optimized
mechanical or thermal properties.© RIPS in thermoset/
thermoplastic blends is a complex process influenced by
thermodynamics, kinetics, and material properties.

In this work, we are interested in reaction-induced
miscibility (RIM) in polymer blends, which is an intriguing
but less common phenomenon compared to RIPS."” Most
thermal curing in polymer blend systems drives phase
separation because of the incompatibilities arising during
polymerization or curing by increasing the molecular weight of
polymers that unfavorably drive the entropy term of Gibbs free
energy. As a result, RIM requires strong specific interactions,
which could generate new functional groups that increase
intermolecular interactions between polymers after thermal
polymerization.” In previous works,'” " the reaction creates
covalent bonds between the two polymers, such as trans-
esterification between an acid and alcohol in the polymer blend
system, or the reaction between an epoxy resin and a
functionalized thermoplastic, which can form a miscible system
during thermal curing if grafting or cross-linking occurs at the
interface by covalent bonds.”' ~** The presence of functional
groups such as hydroxyl (OH), carboxyl (COOH), or amine
units after thermal polymerization of the thermoset matrix can
form strong intermolecular hydrogen bonding with thermo-
plastic from an immiscible polymer blend; however, forming a
miscible polymer blend in such cases is rare.

Herein, we carefully design the polymer blend system
involving polybenzoxazine (PBZ) mixed with the typical strong
hydrogen bonding acceptor, poly(vinylpyrrolidone) (PVP)
homopolymer. Polybenzoxazines, a class of thermosetting
polymers, have garnered significant attention in recent years
because of their remarkable thermal stability,”* mechanical
strength,” and tunable surface properties,”®”’ making them
ideal candidates for advanced material applications such as
coatings, adhesives, flame retardants,”®*’ and high-perform-
ance nanocomposites.*}’o_‘q’2 These unique properties arise from
the thermal ring-opening polymerization (ROP) of benzox-
azine monomers, which facilitates the formation of highly
cross-linked network structures because of their stron
intramolecular and intermolecular hydrogen bonding.**~*
The immiscible PS/PVP binary blend has been widely
investigated because PS is a hydrophobic polymer and PVP
is a hydrophilic polymer.**** To enhance the miscibility
behavior of PS/PVP binary blends, the incorporation of the
strong hydrogen-bonded donor segment of poly(vinylphenol)
(PVPh) into the PS segment of PS-co-PVPh random
copolymers to form strong intermolecular hydrogen bonding
interactions between the C=0O units of PVP and the OH units
of PVPh has been widely discussed.”'® The predicted phase
diagram of these copolymer/homopolymer systems can usually
be determined by the Painter-Coleman Association Model
(PCAM),"" where the interassociation equilibrium constant
(K,) of the PVPh/PVP binary blend (K, = 6000) is stronger
than the self-association equilibrium constant (Kj) of the pure
PVPh homopolymer (Ky = 66.8)."%*

To obtain reaction-induced miscibility (RIM) in immiscible
PS/PVP binary blends, the benzoxazine monomer should
copolymerize with the styrene monomer to form PS-co-PBZ
copolymers through free radical copolymerization. In this
work, we aim to address these challenges by synthesizing two
novel hydroxyphenylmaleimide-based benzoxazine monomers,
HPMI-BZ and Ty-BZ, through Mannich condensation
reactions. These monomers incorporate maleimide functional
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groups, which are known to enhance cross-linking density and
thermal performance. We further extend the utility of these
monomers by copolymerizing them with the styrene monomer
to form alternating copolymers PS-alt-P(HPMI-BZ) and PS-
alt-P(Ty-BZ). The design and synthesis of these materials are
intended to explore the interplay between molecular structure,
thermal stability, and their potential for RIM behavior with the
PVP homopolymer upon thermal ROP.

To confirm the chemical structures and assess the thermal
properties of the synthesized HPMI-BZ and Ty-BZ monomers
and PS-alt-P(HPMI-BZ) and PS-alt-P(Ty-BZ) copolymers, we
employed a comprehensive suite of characterization techni-
ques, including NMR, FTIR, DSC, TGA, and MALDI-TOF
mass spectrometry. The miscibility behavior and intermolec-
ular hydrogen bonding behavior of PS-alt-P(HPMI-BZ)/PVP
or PS-alt-P(Ty-BZ)/PVP blends were characterized by using
DSC thermal analyses and 1D and 2D-FTIR spectra. This
work not only introduces novel monomers and copolymers
with enhanced thermal properties through thermal ROP but
also provides a deeper understanding of RIM behavior, paving
the way for the development of next-generation thermoset/
thermoplastic blends.

B EXPERIMENTAL SECTION

Materials. Aniline (99.5%), xylene, ethyl acetate (EA),
dichloromethane (DCM), toluene, and methanol (MeOH)
were supplied by Acros Organics. Tetrahydrofuran (THE),
N,N-dimethylformamide (DMF), and 1,4-dioxane were
obtained from Sigma-Aldrich. Paraformaldehyde (98%), PVP
(M, = 58 000 g/mol), and styrene (99%) were acquired from
Alfa Aesar. Azobis(isobutyronitrile) (AIBN), chlorobenzene,
magnesium sulfate anhydrous (MgSO,, 99%), and sodium
hydroxide (NaOH, 97%) were purchased from SHOWA. All
chemicals were used without further purification. The
hydroxyphenylmaleimide (HPMI) and N-(ethyl-4-
hydroxyphenyl)maleimide (TyHPMI) monomers were synthe-
sized by our group previously."""**

The Synthesis of HPMI-BZ Monomer. HPMI monomer
(0.567 g, 3 mmol) and paraformaldehyde (0.198 g, 6.6 mmol)
were placed in a 100-mL round-bottomed flask, and the
cosolvent mixture of xylene (4.5 mL) and chlorobenzene (10.5
mL) was added to the flask. Subsequently, aniline (273 uL, 3
mmol) was added, and the mixture was heated to 120 °C until
a homogeneous solution was obtained, then refluxed for 24 h.
After being cooled to ambient temperature, the solution was
concentrated under vacuum to remove most of the solvent and
then dissolved in DCM (30 mL). The organic phase was
extracted three times with 1 M NaOH, followed by water, to
remove any residue. The organic layer was dried over MgSO,
and concentrated using a rotary evaporator to yield an earthy-
yellow gel. The synthesis method used is similar to that
described in the referenced procedure.**~* [Yield: 71%; mp
111 °C; exothermic curing peak 225 °CJ; FTIR (KBr, cm™):
1713 (C=0), 1598 (C=C), 934 (oxazine ring); 'H NMR
(500 MHz, DMSO—d,, 8, ppm): 4.70 (s, 2H, Ar—CH,N),
5.50 (s, 2H, O—CH,N), 6.82—7.07, 7.24 (m, 8H, Ar—H), 7.14
(s, 2H, CH=CH); “C NMR (125 MHz, DMSO—d,, §,
ppm): 48.86 (Ar—CH,N), 78.83 (O—CH,N), 116.52—129.12
(aromatic C), 123.79 (C—CH,—N of oxazine ring), 134.54
(CH=CH), 147.59 (aromatic C—N), 153.39 (C—O—CH, of
oxazine ring), and 170.12 (C=0).

The Synthesis of Ty-BZ Monomer. Similar to the
procedure for HPMI-BZ, TyHPMI monomer (0.260 g, 1.2
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Figure 1. (a) The synthesis of the HPMI-BZ monomer from the HPMI monomer, and their corresponding (b) 'H NMR, (c) '*C NMR, (d—f)
DSC, FTIR, and TGA analyses of the HPMI-BZ monomer under various thermal ROP temperature procedures.

mmol) and paraformaldehyde (0.075 g, 2.5 mmol) were placed
in a 100-mL round—bottom flask, and a cosolvent mixture of
xylene (8 mL) and chlorobenzene (8 mL) was added. Aniline
(108 uL, 1.2 mmol) was added subsequently, and the mixture
was heated to 120 °C until a homogeneous solution was
achieved, followed by refluxing for 24 h under a N,
atmosphere. After cooling to ambient temperature, the solution
was concentrated under vacuum to yield a gel—like product,
which was then dissolved in EA (30 mL). The organic phase
was extracted three times with 0.5 M NaOH and then with
water to remove any residual impurities. Finally, the organic
layer was dried over MgSO, and concentrated using a rotary
evaporator to obtain a burnt—orange solid. [Yield: 51%; mp
125 °C; exothermic curing peak 243 °CJ; FTIR (KBr, cm™):
1709 (C=0), 1599 (C=C), 949 (oxazine ring); 'H NMR
(500 MHz, DMSO—d,, &, ppm): 2.69 (t, 2H, Ar—CH,), 3.57
(t, 2H, Mal—CH,), 4.59 (s, 2H, Ar—CH,N), 5.40 (s, 2H, O—
CH,N), 6.61—6.92, 7.09~7.22 (m, 8H, Ar—H), 6.98 (s, 2H,
CH=CH); "*C NMR (125 MHz, DMSO—dg, 5, ppm): 32.93
(CH,—CH,), 48.67 (Ar—CH,N), 78.81 (O—CH,N), 116.12—
129.92 (aromatic C), 121.09 (C—CH,—N of oxazine ring),
134.43 (CH=CH), 147.80 (aromatic C—N), 152.48 (C—O—
CH, of oxazine ring), and 170.80 (C=0).

The Synthesis of PS-alt-Poly(HPMI-BZ) and PS-alt-
Poly(Ty-BZ) Copolymers. In a 50-mL two-necked round-
bottom flask, HPMI-BZ (0.872 g, 2.85 mmol), TyBZ (1.00 g,
3.00 mmol), and AIBN (S wt %) were placed, and the system
was subjected to a vacuum/N, cycle. Dry THF (20 mL) was
then injected to achieve a homogeneous solution, followed by
the addition of styrene (0.33 mL, 2.85 mmol for HPMI-BZ or
0.34 mL, 3.00 mmol for TyBZ). The reaction mixture
underwent three freeze—pump—thaw/N, cycles to remove
dissolved gases. Subsequently, the mixture was stirred under a

6217

N, atmosphere at 70 °C for 24 h. The reaction was quenched
by exposing the solution to air for an hour and concentrated
using rotary evaporation to remove most of the solvent. The
crude product was then poured into a large amount of cold
MeOH, and the solid was reprecipitated multiple times from
cold THF/MeOH. The final product was dried under high
vacuum at 40 °C for 2 days to remove any residual solvent. For
the PS-alt-Poly(HPMI-BZ) copolymer: FTIR (KBr, cm™):
1713 (C=0), 934 (oxazine ring); 'H NMR (500 MHz,
DMSO—d,, 5, ppm): 4.59 (s, 2H, Ar—CH,N), 5.44 (s, 2H,
O—CH,N), 6.31—7.60 (m, 13H, ArH); *C NMR (125 MHz,
DMSO—dg, 5, ppm): 48.88 (Ar—CH,N), 79.07 (O—CH,N),
117.51—129.41 (aromatic C), 121.52 (C—CH,—N of oxazine
ring), 13443 (CH=CH), 147.65 (aromatic C—N), 153.90
(C—O-CH, of oxazine ring), 177.80 (C=0); GPC was
measured using a THF system (M, = 4480 g/mol and PDI =
1.43, Figure Sla). For PS—alt—Poly(Ty-BZ) copolymer: FTIR
(KBr, cm™): 1700 (C=0), 947 (oxazine ring); 'H NMR
(500 MHz, DMSO—d,, 8, ppm): 4.54 (s, 2H, Ar—CH,N),
5.36 (s, 2H, O—CH,N), 6.21—7.80 (m, 13H, ArH); >*C NMR
(125 MHz, DMSO—d,, 8, ppm): 3221 (CH,—CH,), 49.06
(Ar—CH,N), 78.91 (O—CH,N), 117.51—129.41 (aromatic
C), 120.75 (C—CH,—N of oxazine ring), 134.43 (CH=CH),
147.95 (aromatic C—N), 152.70 (C—O—CH, of oxazine ring),
177.97 (C=0); GPC was measured using a THF system (M,
= 4210 g/mol and PDI = 1.69, Figure S1b).
PS-alt-P(HPMI-Bz)/PVP and PS-alt-P(Ty-BZ)/PVP Bina-
ry Blends. Binary blends of PS-alt-P(HPMI-BZ)/PVP and
PS-alt-P(Ty-BZ)/PVP were prepared using the solution-
casting method with a 5 wt % polymer composition. The
polymers were dissolved in a cosolvent mixture of DMF/
toluene/1,4-dioxane and stirred overnight until a homoge-
neous solution was obtained. The resulting blends were then
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Figure 2. (a) The synthesis of the Ty-BZ monomer from the TyHPMI monomer, and their corresponding (b) 'H NMR, (c) '*C NMR, (d—f)
DSC, FTIR, and TGA analyses of the Ty-BZ monomer under various thermal ROP temperature procedures.

placed in a fume hood until most of the solvent had
evaporated, after which they were transferred to a vacuum
oven at ambient temperature and left for 1 week to ensure the
complete removal of any residual solvent.

Thermal Polymerization of HPMI-BZ and Ty-BZ
Monomers or PS-alt-poly(HPMI-BZ) and PS-alt-poly-
(Ty-BZ) Copolymers. During the thermal treatment, varying
weights of HPMI-BZ and Ty-BZ monomers or PS-alt-
poly(HPMI-BZ) and PS-alt-poly(Ty-BZ) copolymers were
subjected to temperatures ranging from 150 to 240 °C for 2 h.
Consequently, each sample transitioned in color from an
orange to a black solid.

B RESULTS AND DISCUSSION

Synthesis and Characterization of HPMI-BZ and Ty-
BZ Monomers. The HPMI-BZ and Ty-BZ monomers were
synthesized through a Mannich condensation reaction by using
HPMI (or TyHPMI), aniline, and (CH,0),, as summarized in
Figures la and 2a. The chemical structures of these two newly
synthesized benzoxazine monomers were characterized by
using 'H and 3C NMR, DSC, FTIR, and TGA analyses, as
displayed in Figures 1 and 2. Figure 1b displays 'H NMR
spectra of HPMI and the formation of the benzoxazine ring of
the HPMI-BZ monomer, which appeared at 4.70 ppm (e) and
5.50 ppm () due to the Ar—CH,—N and O—CH,—N units. In
addition, the OH unit of HPMI at 9.71 ppm disappeared, and
the aromatic protons were located at 7.24—6.80 ppm after the
formation of the HPMI-BZ monomer. In Figure 1lc, the 3¢
NMR spectra of the HPMI-BZ monomer exhibited signals at
48.86, 78.83, and 170.12 ppm, corresponding to the Ar—CH,N
(e), O-CH,N (f), and C=0 groups, respectively. The FTIR
absorption peaks at 1713 cm™, 1598 cm™’, and 934 cm™' in
Figure le recorded at room temperature, corresponded to C=
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O, C=C, and the oxazine ring of the HPMI-BZ monomer,
respectively. Furthermore, the integral area ratio of Ar—CH,—
N and O—CH,—N was approximately 1:1, indicating the high
purity of the HPMI-BZ monomer. The melting point was
observed at 111 °C in Figure 1d (black line), with thermal
ROP occurring at 225 °C and an enthalpy of 454 J/g. Figure
1d—f presents the DSC thermograms, FTIR spectra, and TGA
analyses, respectively, of the HPMI-BZ monomer under
various thermal ROP conditions. As the thermal ROP
temperature increased from 25 to 150 °C, the melting point
disappeared, and the thermal ROP peak of the BZ ring shifted
to a lower temperature at 211 °C with an enthalpy of 351 J/g,
as displayed in Figure 1d. When the ROP temperature was
further increased from 150 to 240 °C, the thermal ROP peaks
shifted to higher temperatures, and the enthalpy further
decreased before completely disappearing at 240 °C,
suggesting the formation of a highly cross-linked poly-
(HPMI-BZ) network. It also displays the T, behavior at 267
°C, which is significantly higher than the typical Pa-type
benzoxazine (180 °C)* due to the extra cross-linking density
from the maleimide (C=C) unit after thermal ROP.
Concurrently, Figure le displayed that the absorption bands
of the C=C unit at 1598 cm™' and the oxazine ring at 934
cm™ were diminished as the thermal ROP temperature rose
from 25 to 210 °C and completely disappeared after 240 °C,
consistent with the DSC analyses (Figure 1d). In addition, the
C=O0 unit of HPMI at 1713 cm™" shifted to 1706 cm™" and
became broader, indicating intermolecular hydrogen bonding
of C=O0--HO after thermal ROP. Figure 1f shows TGA
analyses, indicating that the HPMI-BZ monomer with Ty
(temperature at 5% weight loss) of 377 °C and a char yield of
49.9 wt %. Following thermal ROP at 240 °C, the Tys values
moderately increased to 397 °C, with corresponding char
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Figure 3. (a) The synthesis of the PS-alt-P(HPMI-BZ) copolymer by free radical copolymerization from styrene and the HPMI-BZ monomer, and
their corresponding (b) 'H NMR, (c) *C NMR, (d—e) DSC and FTIR analyses under various thermal ROP temperature conditions, and (f) TGA
analyses of pure PS, PS-alt-P(HPMI-BZ) copolymer, and PS-alt-P(HPMI-BZ) network.

yields of 52.9 wt %, further confirming the formation of the
poly(HPMI-BZ) network.

Similar to the HPMI-BZ monomer, Figure 2b presents 'H
NMR spectra of TyHPMI and Ty-BZ after the formation of
the benzoxazine ring, observed at 4.59 ppm (h) and 5.40 ppm
(g), corresponding to the Ar—CH,—N and O—CH,—N units.
The OH unit of TyHPMI at 9.23 ppm also vanished, while the
aromatic protons were located at 7.22—6.60 ppm, and the
methylene units of Ty-BZ remained at 2.69 ppm (Ar—CH,)
and 3.57 ppm (N—CH,) after the formation of the Ty-BZ
monomer. *C NMR spectra of the Ty-BZ monomer in Figure
2c¢ exhibited signals at 48.67, 78.81, 170.80, and 32.93 ppm,
corresponding to the Ar—CH,N (e), O—CH,N (f), C=0,
and Ar—CH, groups, respectively. Figure 2e displays the FTIR
spectra of the Ty-BZ monomer recorded at room temperature,
showing absorption bands at 1709 cm™' due to the C=0
stretching, 1599 cm™' due to C=C stretching, and 949 cm™
corresponding to the oxazine ring, indicating the successful
formation of the Ty-BZ monomer by FTIR and NMR analyses.
Figure 2d shows the DSC analyses of the Ty-BZ monomer
under various thermal ROP conditions, which exhibited a
melting temperature at 125 °C and a thermal ROP peak at 243
°C with an enthalpy of 497 J/g, indicating the high purity of
the Ty-BZ monomer (black line), which is confirmed by the
integral area ratio of Ar—CH,—N and O-CH,—N of
approximately 1:1 by the NMR analysis in Figure 2b. Figure
2d—f presents the DSC thermograms, FTIR spectra, and TGA
analyses, respectively, of the Ty-BZ monomer under varying
thermal ROP conditions. As the thermal ROP temperature
increased from 25 to 150 °C, the melting point disappeared,
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and the thermal ROP peak of the BZ ring shifted to a lower
temperature at 228 °C with an enthalpy of 284 J/g, as shown
in Figure 2d. Upon further increasing the ROP temperature
from 150 to 240 °C, the thermal ROP peaks shifted to higher
temperatures, while the enthalpy gradually decreased and
eventually vanished at 210 and 240 °C, indicating the
formation of a highly cross-linked poly(Ty-BZ) network.
Figure 2e highlights that the absorption bands corresponding
to the C=C unit at 1599 cm™' and the oxazine ring at 949
cm™' diminished as the thermal ROP temperature rose from
25 to 180 °C and completely disappeared after 210 °C,
aligning with the DSC results (Figure 2d). Moreover, the C=
O band of Ty-MI shifted from 1709 cm™ ' to 1701 cm™" and
became broader, signifying intermolecular hydrogen bonding
(C=0---HO) following thermal ROP. Figure 2f presents the
TGA analyses, showing that the Ty-BZ monomer exhibited a
Ty4s of 215 °C and a char yield of 39.2 wt %. After thermal
ROP at 240 °C, the Tys increased moderately to 365 °C, with
the char yield rising to 49.3 wt %, further confirming the
formation of the poly(Ty-BZ) network. Clearly, the thermal
stability of the poly(Ty-BZ) network is lower than that of the
poly(HPMI-BZ) network due to the two extra aliphatic
methylene units of Ty-BZ as expected. However, the fraction
of intermolecular hydrogen bonding with hydrogen-bonded
acceptor units could be increased, as widely investigated in our
previous work.*®

Synthesis of PS-alt-P(HPMI-BZ) and PS-alt-P(Ty-BZ)
Copolymers. The PS-alt-P(HPMI-BZ) and PS-alt-P(Ty-BZ)
copolymers were synthesized through free radical copolymer-
ization by using two previously synthesized benzoxazine
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monomers with styrene. NMR, FTIR, DSC, and MALDI-TOF
mass spectrometry were used to confirm their chemical
structures. Figure 3a—c displays the chemical structure, peak
assignments, and 'H and '*C NMR spectra of the PS-alt-
P(HPMI-BZ) copolymer. Two broad peaks observed in the "H
NMR spectrum of PS-alt-P(HPMI-BZ) appeared at 4.58 ppm
(c) and 5.43 ppm (b), which are close to the original HPMI-
BZ monomer but became broader and shifted upfield due to
the strong proton—proton coupling effect on the polymeric
chain. Furthermore , the protons on the main chain were
located between 1.47 and 3.68 ppm (Figure 3b). The *C
NMR spectrum of PS-alt-P (HPMI-BZ) copolymer showed
signals at 177.34 and 154.02 ppm, corresponding to the C=0
and C—OH units, as displayed in Figure 3c. The C=C unit at
134.25 ppm from the HPMI-BZ monomer disappeared for PS-
alt-P(HPMI-BZ) copolymer while signals at 48.94 and 79.08
ppm corresponded to the Ar—CH,N (e) and O—CH,N (f)
units, respectively. Most importantly, the integral area ratio of
Ar—CH,—N and O—CH,—N was approximately 1:1, indicat-
ing that the benzoxazine ring did not open during free radical
copolymerization with the styrene monomer. The ratio of the
HPMI-BZ segment was calculated from peaks b and ¢ of the
oxazine rings compared with the aromatic protons, and the
molar percentage of HPMI-BZ was 46.38%.

This value is consistent with an alternating copolymer,
which is confirmed by MALDI-TOF mass spectra, shown in
Figure 4, revealing evidence of a nearly perfect alternating
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Figure 4. MALDI-TOF mass spectrum of the PS-alt-P(HPMI-BZ)
copolymer.

copolymer with an equal number of HPMI-BZ and styrene
units.”” For instance, the 410 g mol~! difference between the
1620.10 (HPMI-BZ:S = 4:4) and 2030.2 m/z (HPMI-BZ:S =
5:5) values is equal to the sum of one HPMI-BZ (306 g mol ")
and one styrene (104 g mol™") unit of their molecular weights.
The nearly perfectly alternating sequences with HPMI-BZ:S
ratios of n — 1:n, n:n, and n:n + 1 was also observed in Figure
4.

The thermal ROP behavior of PS-alt-P (HPMI-BZ)
copolymer was characterized by using DSC and FTIR analyses
under various thermal ROP temperatures, as displayed in
Figure 3d—e. Pure PS-alt-P (HPMI-BZ) copolymer exhibited
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the thermal ROP peak at 258 °C with an enthalpy of 120 J/g,
as shown in Figure 3d, and a T, behavior at 179 °C, which is
significantly higher than that of pure PS (T, = 100 °C). This
behavior is similar to poly(styrene- alt—malelc anhydride)
(SMA, T = 180 °C) without intermolecular hydrogen
bonding®’ but much lower than that of pure PS-alt-PHPMI
copolymer with strong intermolecular hydrogen bonding (T, =
259 °C).¥ As a result, the PS-alt-P(HPMI-BZ) copolymer
before thermal ROP reaction, due to the lack of phenolic OH
units, would possess the similar T, behavior to the SMA
copolymer. With increasing temperature during thermal
treatment, the exothermic peaks shift to relatively lower
temperatures from 258 to 253 °C after the thermal ROP
procedure at 150 °C, and then shift to relatively higher
temperatures of 258 and 278 °C after the thermal ROP
procedures at 180 and 210 °C. After the thermal ROP
procedure at 240 °C, the exothermic peak and enthalpy nearly
vanished, suggesting complete thermal ROP behavior.
Furthermore, the T, behavior increased from 183 to 185,
210, 239, and 279 °C as the thermal ROP temperature from 25
to 240 °C, respectively. Clearly, the T, value of the PS-alt-
P(HPMI-BZ) network (T =279 °C) is hxgher than that of the
PS-alt-PHPMI copolymer (Tg =259 °C) because of not only
intermolecular hydrogen bondlng of OH---OH but also
intramolecular hydrogen bonding of OH---N after the
formation of the network structure. Figure 3e shows FTIR
spectra consistent with the DSC analyses. Clearly, the intensity
of the oxazine ring at 934 cm™' of PS-alt-P(HPMI-BZ)
copolymer decreased as the thermal ROP temperature rose
from 25 to 210 °C and completely disappeared after 240 °C.
Concurrently, the appearance of the OH units was observed at
3700—-2500 cm™" after the thermal ROP, with the main
absorptions at 3554 cm™ 173470 cm™!, 3418 cm™}, and 3240
cm™}, corresponding to free OH, intermolecular OH---OH
hydrogen bonding, intermolecular OH---O=C, and intra-
molecular OH---N hydrogen bonding, respectively.’® Further-
more, the C=O unit of PS-alt-P(HPMI-BZ) copolymer
shifted from 1712 cm™ to 1709 cm™' and became broader,
indicating intermolecular hydrogen bonding of C=0---HO
after thermal ROP, forming the PS-alt-P (HPMI-BZ) network.
Figure 3f displays the TGA analyses of pure PS, PS-alt-
P(HPMI-BZ) copolymer, and PS-altP(HPMI-BZ) network
after thermal ROP at 240 °C, indicating that pure PS exhibited
a Tys value of 371 °C and a char yield of 0.1 wt %. PS-alt-
P(HPMI-BZ) copolymer exhibited the T, value increased
moderately to 420 °C, with the char yield rising to 43.1 wt %,
which is slightly higher than that of PS-alt-PHPMI copolymer
(T4 = 417 °C and char yield = 13.8 wt %) as expected. After
thermal ROP at 240 °C, the Ty value slightly increased to 421
°C, with the char yield rising to 44.3 wt %, further confirming
the formation of the PS-alt-P(HPMI-BZ) network. To the best
of our knowledge, this is the first work on benzoxazine-
functional PS synthesized through free radical copolymeriza-
tion to improve the thermal properties of the PS segment
through thermal ROP.

Figure Sa—c presents the chemical structure, peak assign-
ment, and '"H and C NMR of PS-alt-P(Ty-BZ) copolymer.
Similarly, two broad peaks were observed at 5.34 ppm (b) and
4.50 ppm (c) in the '"H NMR spectrum of PS-alt-P (Ty-BZ)
copolymer, which are not only close to the original Ty-BZ
monomer but also shift upfield due to the strong proton—
proton coupling effect on the polymeric chain, as shown in
Figure Sb. Figure Sc presents *C NMR spectrum of PS-alt-
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Figure 5. (a) The synthesis of the PS-alt-P(Ty-BZ) copolymer by free radical copolymerization from styrene and the Ty-BZ monomer, and their
corresponding (b) '"H NMR, (c) *C NMR, (d—e) DSC, and FTIR analyses under various thermal ROP temperature procedures, and (f) TGA
analyses of pure PS, PS-alt-P(Ty-BZ) copolymer, and PS-alt-P(Ty-BZ) network.

P(Ty-BZ) copolymer with signals at 177.45 and 152.69 ppm
due to the C=0O and C—OH groups. The C=C unit at
134.14 ppm from the Ty-BZ monomer also disappeared in the
PS-alt-P(Ty-BZ) copolymer, while the Ar—CH,N (b) and O-
CH,N (c) carbons remained at 78.73 and 48.41 ppm,
respectively. Similarly, the integral area ratio of Ar—CH,—N
and O—CH,—N of PS-alt-P(Ty-BZ) copolymer was approx-
imately 1:1 from the '"H NMR spectrum, also suggesting that
the benzoxazine ring did not open during free radical
copolymerization with the styrene monomer. The ratio of
the Ty-BZ segment could be calculated from the oxazine rings
compared with the aromatic protons, and the molar percentage
of Ty-BZ was determined to be 42.48%, which could be
defined as an alternating copolymer by MALDI-TOF mass
spectra, as displayed in Figure 6. A nearly perfect alternating
copolymer comprising an equal number of Ty-BZ and styrene
units™® was observed; for instance, the 438 g mol ™' difference
between the m/z values of 1741.90 (Ty-BZ:S = 4:4) and
2179.3 m/z (Ty-BZ:S = 5:5) corresponds precisely to the
combined molecular weights of one Ty-BZ unit (334 g mol™)
and one styrene unit (104 g mol™') unit. Predominantly
alternating sequences with Ty-BZ:S ratios of n — 1:n, n:n and
n:n + 1 were also identified in Figure 6.

Figure Sd,e shows DSC and FTIR analyses of the thermal
ROP behavior of the PS-alt-P(Ty-BZ) copolymer under
various thermal curing temperatures. Pure PS-alt-P(Ty-BZ)
copolymer exhibited a T, behavior at 112 °C, which is lower
than that of PS-alt-P(HPMI-BZ) because of two extra flexible
aliphatic CH, units that increase the free volume and
subsequently reduce the T, behavior. It also displayed a
thermal ROP peak at 258 °C with an enthalpy of 138 J/g. With
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Figure 6. MALDI-TOF mass spectrum of the PS-alt-P(Ty-BZ)
copolymer.

increasing temperature during ROP, the exothermic peak and
enthalpy gradually decreased and then disappeared at 240 °C,
indicating complete thermal ROP behavior. In addition, the T,
behavior gradually increased from 112 to 119, 133, 224, and
24S °C as the thermal ROP temperature increases from 25 to
240 °C, respectively. Clearly, the T, value of the PS-alt-P(Ty-
BZ) network (T, = 245 °C) is much higher than that of the
PS-alt-P(TyHPMI) copolymer (T, = 146 °C) because of the
formation of the network structure, as mentioned previously.
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Figure 7. DSC thermograms of various PS-alt-P(HPMI-BZ)/PVP blends: (a) first heating scan and (b) second heating scan after thermal ROP.

The absorption of the oxazine ring at 947 cm™" of PS-alt-P(Ty-
BZ) copolymer decreased as the thermal ROP temperature
increased from 25 to 210 °C and totally disappeared after 240
°C, which is consistent with the DSC analyses. Additionally,
OH units appeared in the 3700—2500 cm™' region after
thermal ROP, and the C=O unit of PS-alt-P(HPMI-BZ)
copolymer became broadened, indicating the formation of
intermolecular hydrogen bonding of C=0---HO groups after
thermal ROP to form PS-alt-P(Ty-BZ) network, which is
similar to PS-alt-P (HPMI-BZ) network. Figure Sf displays the
TGA analyses of pure PS, PS-alt-P(Ty-BZ) copolymer, and the
PS-alt-P(Ty-BZ) network after thermal ROP at 240 °C. PS-alt-
P(Ty-BZ) copolymer exhibited a moderate increase in Ty
value to 385 °C, with the char yield rising to 32.7 wt %, which
is higher than that of pure PS. The PS-alt-P(Ty-BZ) network
showed a slight increase in T value to 395 °C, with the char
yield rising to 35.8 wt %, confirming the formation of the
network structure. The thermal stability of the PS-alt-P(Ty-
BZ) network is lower than that of the PS-alt-P(HPMI-BZ)
network, as expected, due to the presence of two extra flexible
aliphatic CH,, units. However, the short alkyl CH, units could
reinforce the increase of acidic TyHPMI units, which could
increase the fraction of intermolecular hydrogen bonding
between the OH groups of TyHPMI and C=O units of PVP,
as investigated previously.”®

Analyses of PS-alt-P(HPMI-Bz) and PS-alt-P(Ty-BZ)
Copolymers with PVP Blends. In this study, we selected the
strong intermolecular hydrogen-bonded acceptor, PVP homo-
polymer, because of its strongest single hydrogen bonding site
of K,/Kg ratio (approximately 100) when paired with the
PVPh homopolymer.'”*® Figure 7a presents DSC thermal
analyses of PS-alt-P(HPMI-BZ)/PVP blends with various
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compositions during the first heating scan after thermal
treatment at 180 °C to remove the thermal history of the
polymers. The pure PS-alt-P(HPMI-BZ) copolymer and pure
PVP homopolymer displayed T, values of 183 and 166 °C,
respectively. For the PS-alt-P(HPMI-BZ)/PVP = 30/70 blend,
the T, behavior decreased to 148 °C, and the T, breadth
increased to 32 °C, which is higher than that of pure PVP (26
°C) and PS-alt:P(HPMI-BZ) (24 °C), suggesting that this
binary blend did not possess strong intermolecular interaction.
For the PS-alt-P(HPMI-BZ)/PVP = 50/50 blend, it exhibited
very broad T, behavior and could be assigned two T, values,
which were further confirmed by the second-derivative
differential curve, as shown in Figure S2. These T, values
correspond to PVP at 166 °C and PS—alt—P(HPMI—BZi at 183
°C, suggesting the immiscible behavior of PS-alt-P(HPMI-
BZ)/PVP blend without strong intermolecular interaction.
Similarly, for the PS-alt-P(HPMI-BZ)/PVP = 70/30 blend, it
exhibited two T, values at 168 and 185 °C, also indicating the
binary immiscible behavior of PS-alt-P(HPMI-BZ)/PVP
blend. The immiscible PS/PVP binary blend has been widely
investigated, as expected, because PS is a hydrophobic polymer
and PVP is a hydrophilic polymer.’*** In addition, the
P(HPMI-BZ) segment contain only a carbonyl group and a
benzoxazine ring with polar groups but does not have a strong
enough polar interaction to form miscible behavior with the
PVP homopolymer. To enhance the miscibility behavior, the
second heating scan of the PS-alt-P (HPMI-BZ)/PVP blends
was conducted, as shown in Figure 7b, after thermal ROP.
Clearly, the T, value increased from 148 to 170 °C, and the T,
breadth decreased from 32 to 29 °C for the PS-alt-P(HPMI-
BZ)/PVP = 30/70 blend after thermal ROP. More
interestingly, as the PS-alt-P(HPMI-BZ)/PVP = 50/50 and
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Figure 8. (a) FTIR spectra recorded at various temperature of PS-alt-P(HPMI-BZ)/PVP = 50/50 blend, (b) the scheme of intermolecular
hydrogen bonding between OH groups of P(HPMI-BZ) after thermal ROP with the C=0 groups of PVP, and (c, d) 2D-FTIR spectra showing

(c) synchronous and (d) asynchronous correlation spectra.

70/30 blends after thermal ROP, the two T, values merged
into a single T, value at 194 and 213 °C, respectlvely This
phenomenon could be explained by two factors: (1) the
intramolecular OH---N hydrogen bonding and intermolecular
OH---O hydrogen bonding within the PS-alt-P(HPMI-BZ)
copolymer after thermal ROP, which enhanced the T,
behaviors of PS-alt-P(HPMI-BZ) network and (2) the strong
intermolecular hydrogen bonding interaction between the OH
units of PS-alt-P(HPMI-BZ) and C=O units of PVP after
thermal ROP to form miscible polymer blends of PS-alt-
P(HPMI-BZ)/PVP networks.

This result is quite opposite to typical thermoset/thermo-
plastic blends after thermal curing or thermal polymerization,
such as epoxy or phenolic oligomer systems, which is usually
observed in the reaction induced phase separation (RIPS)
mechanism.'”” In those cases, the oligomers of epoxy or
phenolic resin are miscible with thermoplastics such as PVP,
PEOQ, or PCL homopolymers;18’20’46’47 however, the molecular
weight was significantly increased, which induce the entropy
change decrease substantially and then increase the Gibbs free
energy, leading to macro-phase separation behavior. In
addition, the intermolecular interaction between thermoset
oligomers and thermoplastic homopolymers might also
decrease due to the restricted motion of epoxy or phenolic
resin after thermal polymerization. Therefore, the miscibility
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behavior is strongly dependent on the competition between
the enthalpy term from intermolecular hydrogen bonding
interactions (a negative term for Gibbs free energy) and the
entropy term from thermal polymerization (a positive term for
Gibbs free energy). Obviously, the miscible behavior of PS-alt-
P(HPMI-BZ)/PVP networks is due to the decrease in the
enthalpy term from intermolecular hydrogen bonding inter-
actions between the OH units of PS-alt-P(HPMI-BZ) and the
C=0 units of PVP, which favors the increase in the entropy
term from thermal ROP.

To confirm the intermolecular hydrogen bonding interaction
of PS-alt-P(HPMI-BZ)/PVP blends after thermal ROP, the in
situ temperature-dependent FTIR spectra were used from
room temperature to 210 °C, as shown in Figure 8a. Clearly,
the PS-alt-P(HPMI-BZ)/PVP 50/50 blend at room
temperature exhibited the free C=O group of PVP at 1683
cm™" and the aromatic ring at 1600 cm™" and 1580 cm™" from
PS-alt-P(HPMI-BZ) copolymer. After thermal ROP, the C=
O absorption of PVP became broad and then a peak appeared
at 1675 cm™" and a shoulder at 1660 cm ™, both corresponding
to the intermolecular dipole—dipole and hydrogen bonding
interaction® between OH units of PS-alt-P(HPMI-BZ) and
C==O0 units of PVP after thermal ROP, as shown in Figure 8b.
To understand the changes in the intermolecular hydrogen
bonding interaction of the PS-alt-P(HPMI-BZ)/PVP blends,
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(a) PS-alt-P(Ty-BZ)/PVP Blends

(b) PS-alt-P(Ty-BZ)/PVP Blends
After Thermal ROP
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Figure 9. DSC thermograms of various PS-alt-P(Ty-BZ)/PVP blends: (a) first heating scan and (b) second heating scan after thermal ROP.

Scheme 1. The Synthesis of Benzoxazine Monomers, Alternating Copolymers and the Possible RIM Behavior in Binary

Polymer Blends
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the 2D-FTIR correlation maps
in Figure 8c,d. The synchronous correlation spectrum, as
displayed in Figure 8c, presents two major autopeaks (red

were employed, as shown

colors) at 1683 cm™' and 1660 cm™', corresponding to free
and hydrogen bonded C=O units of PVP as mentioned in
1D-FTIR analysis, respectively. Two negative cross-peaks (blue
color) were observed between the free C=O unit (1683
cm™") and the hydrogen bonded C=O0 unit (1660 cm™"),
indicating a change in opposite directions as the temperature
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increased. In addition, the signal of the hydrogen bonded C=
O unit would be affected by temperature perturbation earlier
than the free C=O unit, as shown in Figure 8d by the

: 48,4
asynchronous correlation spectrum, as expected.***’

Now we turn our attention to the PS-alt-P(Ty-BZ)/PVP
blends, where the short alkyl CH, units could reinforce the
increase of acidic Ty-BZ units, which could increase the
fraction of intermolecular hydrogen bonding between the OH
groups of Ty-BZ and C=O units of PVP after thermal ROP,
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as mentioned previously.*® Figure 9a shows DSC thermograms
of PS-alt-P(Ty-BZ)/PVP blends with various compositions
during the first heating scan after thermal treatment at 180 °C.
The pure PS-alt-(Ty-BZ) copolymer displayed a T, value of
132 °C, which is much lower than the pure PS-alt-P(HPMI-
BZ) (T, = 183 °C), as expected due to the presence of two
extra flexible aliphatic CH, units that increase free volume and
subsequently reduce the T, behavior. All binary PS-alt-P(Ty-
BZ)/PVP blends display two T, values, which can also be
confirmed by the second-derivative differential curve, as shown
in Figure S3. The relatively lower T, value (131-134 °C)
corresponds to PS-alt-P(Ty-BZ) copolymer domain, while the
relatively higher T, value (160—164 °C) corresponds to the
pure PVP homopolymer domain, indicating the immiscible
behavior of PS-alt-P(Ty-BZ)/PVP blends, as expected.
However, after thermal ROP of PS-alt-P(Ty-BZ)/PVP blends,
as displayed in Figure 9b, the two T, values merged into a
single T, value of 170, 200, and 213 °C for PS-alt-P(Ty-BZ)/
PVP = 30/70, 50/50, and 70/30, respectively.

All results provide the miscible behavior of PS-alt-P(Ty-
BZ)/PVP networks because of the strong intermolecular
hydrogen bonding interaction between the OH units of PS-alt-
P(Ty-BZ) and the C=O units of PVP, which favored an
increase in the entropy term during thermal ROP. This
behavior is similar with PS-alt-P(HPMI-BZ)/PVP network.
Furthermore, the T, behavior of PS-alt-P(Ty-BZ)/PVP
networks is close to or even slightly higher than that of PS-
alt-P(HPMI-BZ)/PVP networks across all blend compositions.
Even though pure PS-alt-P(Ty-BZ) exhibited a lower T, value
compared to PS-alt-P(HPMI-BZ), the self-association hydro-
gen bonding of OH---OH and OH---O=C units in poly(S—
alt—TyBZ) was reduced because the short alkyl CH, units
reinforced the increase of acidic TyBZ units. This reduction in
self-association decreased the Ky value, further increased the
K,/Kg ratio in binary blends, and ultimately enhanced the T,
behavior. Furthermore, compared with the typical BA-a type
benzoxazine blending with PVP homopolymer, the T, behavior
is located at approximately 180—190 °C for all blend
compositions after thermal ROP* and thus the PS-alt-
P(HPMI-BZ)/PVP and PS-alt-P(Ty-BZ)/PVP blends ex-
hibited significantly improved thermal properties. Scheme 1
summarizes the synthesis of all the benzoxazine monomers,
PS-alt-P(HPMI-BZ) and PS-alt-P(Ty-BZ) alternating copoly-
mers, and the possible reaction-induced miscibility behavior
with PVP binary polymer blends in this study.

Overall, these result indicate that the PS—alt—P(Ty-BZ)
copolymer can more effectively enhance both the thermal
properties and miscibility behavior when blended with the PVP
homopolymer, even though the T, value of pure PS-alt-P(Ty-
BZ) is much lower than that of the pure PS-alt-P(HPMI-BZ)

copolymer.
B CONCLUSIONS

This study has demonstrated a novel approach to achieving
reaction-induced miscibility (RIM) in traditionally immiscible
polymer blends by leveraging intermolecular hydrogen
bonding through the design and synthesis of PS-alt-P(HPMI-
BZ) and PS-alt-P(Ty-BZ) copolymers, allowing for enhanced
miscibility with PVP homopolymer after thermal ROP. The
successful synthesis of novel benzoxazine monomers and their
alternating copolymers was confirmed through advanced
characterization techniques, such as NMR, FTIR, DSC,
TGA, and MALDI-TOF, showcasing their structural integrity

6225

and thermal stability. The thermal ROP of the benzoxazine
units introduced phenolic hydroxyl functional groups that
formed strong intermolecular hydrogen bonds with the
carbonyl groups of PVP, enabling miscibility in otherwise
immiscible PS/PVP systems, which is confirmed by a single T,
value based on DSC analyses, confirming the miscibility
induced by the specific intermolecular interactions based on
1D and 2D-FTIR analyses. This research highlights the
potential of RIM as a transformative strategy for developing
advanced polymer blends with tailored properties. By design-
ing copolymers with strategic functional groups, it is possible
to overcome traditional thermodynamic challenges and achieve
homogeneous polymer blends suitable for potential applica-
tions. These findings also pave the way for further exploration
of RIM in other polymer systems, enabling innovative
materials with enhanced mechanical, thermal, and functional
properties.
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