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ABSTRACT: Herein, we synthesized a difunctionalized bio-based 2 e iy
vanillin azine monomer (4,4'-((1E,1'E)-hydrazine-1,2- 8020 @ @

diylidenebis(methaneylylidene))bis(2-methoxyphenol), VBAZ-
20H) via a Schiff base reaction between vanillin and hydrazine e
monohydride. Subsequently, we successfully prepared 2,2’-
(((1E,1’E)-hydrazine-1,2-diylidenebis(methaneylylidene) )bis(8-  syso 4 |
methoxy-2H-benzo[e][1,3]oxazine-6,3(4H)-diyl) )bis(ethan-1-ol), ny
VBAZ-BZ-20H), which contains oxazine units, through a

Mannich condensation reaction of VBAZ-20H with ethanolamine & VAT 2 JK
and paraformaldehyde in 1,4-dioxane as the solvent. The chemical w 3%
structures of these two monomers (VBAZ-20H and VBAZ-BZ- : : :
20H) were characterized by using NMR and FTIR analyses. Our 60°C 120°C 150°C 210°C 470°C

study aimed to investigate the transesterification reactions by

blending different VBAZ-BZ-20H/phenolic resin (BP) compositions with a PEO,,-b-PCLyy (EC) diblock copolymer to form
various BP/EC blends. These blends exhibit competitive hydrogen-bonding interaction phenomena, which were analyzed using one-
dimensional and two-dimensional FTIR analyses. Interestingly, after thermal treatment of BP/EC blends at 150 °C, the ordered self-
assembled lamellae or hexagonal packed cylinder structures transform into the disordered micelle or disorder structure in BP/EC
blends as a result of the transesterification reaction due to EC becoming miscible with a VBAZ-BZ-20H monomer, disrupting the
ordered self-assembled structure, which was confirmed through TEM and SAXS analyses. The transesterification reaction could
easily understand the order—disorder morphological transformation using BP/EC blends to replace thermogravimetric analysis
(TGA) coupled with microcomputed gas chromatography (TGA-GC) analyses.

B INTRODUCTION exceptional properties and the ease of their synthesis through
the thermal polymerization of benzoxazine monomers.”*” "
Unlike many other polymers, PBZs do not require catalysts for
their formation, significantly enhancing their appeal for various
industrial applications. Their remarkable attributes, such as

Recent studies have highlighted vanillin’s significant potential

in biomaterial applications due to its biocompatibility and

biodegradability.' "> As an ideal candidate for creating resin
terials fi tural illi b dified t

materials wom natural sources, vanifin cafl be modiiec to high thermal stabili'cy,m’26 robust mechanical properties,lo

roduce high-molecular-weight materials with excellent . . e Z
P & & chemical resistances,” low flammability,"’ 13 low surface free

mechanical properties and thermal stability.>~¢ Its versatili e .
ica’ prop . v . ty energy,'*”” and adaptability in nitrogen content adjustment,
allows it to replace conventional petroleum-based resins in

. L . . . highlight their potential in numerous high-tech and industrial
various applications, reducing the environmental impact.

domains. PBZs represent the next generation of high-
Moreover, using vanillin aligns with green chemistry principles ‘ I P . . I'g' £ th hg .
and promotes the development of sustainable materials.” " performance ‘polymers, merging simpiicity of the synthesis

e i, . . . with a suite of desirable properties for advanced material
Therefore, utilizing vanillin as a resin material is technically L L . .
. . . . applications. These characteristics render PBZs ideal for high-
feasible and offers considerable environmental and economic

benefit performance uses, including CO, adsorbents,">**™** battery
enefits.

Phenolic resin, also known as phenol-formaldehyde resin, is
highly effective as a reinforcing cross-linked material in various
composite applications. The reaction between phenol and
formaldehyde creates a densely cross-linked polymer network,
significantly enhancin% the structural integrity and durability of

. .1 1322 :
polymeric materials. Polybenzoxazines (PBZs) are an
advanced class of phenolic resins, distinguished by their
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Scheme 1. Phase Separation Behavior of VBAZ-BZ-20H/BP/EC Diblock Copolymers under Varying Temperature Conditions
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and aerospace materials.””

In recent decades, there has been a substantial amount of
research focused on the microphase separation phenomenon in
diblock copolymers.””~* These diblock copolymers possess
inherent thermodynamic properties that enable the self-
assembly of a diverse array of nanostructures.*' The structures
formed by diblock copolymers include lamellae (LAM),
hexagonal packing cylinders (HPC), spheres, double gyroids
(DG), and specialized Frank-Kasper phases,”**~** which are
predominantly influenced by the volume fraction, interaction
parameter (y), and degree of polymerization (N) of block
copolymers.” ~>® They have garnered widespread attention for
applications in soft lithography,”” photonic crystals,”® nano-
composites,”” and mesoporous materials.”®" Building on this
foundation, we aim to utilize diblock copolymers to facilitate
reaction-induced microphase separation (RIMPS) and this
technique induces phase separation by initiating a chemical
reaction within the copolymer system to form specific
nanostructures with phenolic or PBZ resins.”**® The primary
advantage of the RIMPS technique lies in its precise control
over the process and outcome of phase separation, thereby
achieving specific material properties and meeting application
requirements. This method holds significant potential for fields
such as nanomanufacturing,41 functional materials,**®> and
advanced material design.”*°° Over the past two decades, we
have delved into the use of block copolymers combined with
phenolic or PBZ resins to examine the influence of hydrogen-
bonding strength within these systems,”°° including PEO-b-
PBLG,”' PEO-b-PCL,°**° and PEO-b-PLA block copoly-
mers.”> Our findings indicate that as the temperature rises,
the formation and dissociation of hydrogen bonds significantly
impact the microphase separation structure,”” enabling precise
control over the microstructure and ultimate properties of the
materials. In recent years, we also have incorporated inorganic
hybrids into phenolic resin systems to observe the FK phase by
increasing the y value,**

Transesterification is a chemical process involving the
exchange of organic groups between an ester and alcohol,
typically catalyzed by a Lewis acid or base, resulting in the
formation of a new ester and new alcohol.”® This process is
pivotal in various industrial applications, such as biodiesel
production,””~”" polymer synthesis,”" and the modification of
oils and fats. This study delves into the transesterification
reaction mechanism, with a particular emphasis on the
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facilitate the transesterification reaction by interacting with the
carbonyl carbon of the ester. The lone pair electrons of the
Lewis bases enhance the nucleophilic attack of the alcohol on
C=0 of the ester, thereby accelerating the reaction and leading
to the formation of novel ester structures. Verge et al
developed a self-catalytic method to polymerize and trans-
esterify various benzoxazine monomers in the existence of
aliphatic hydroxyl (OH) units.”®* TGA coupled with TGA-GC
analyses provided evidence of a transesterification reaction due
to the hydroxyl groups with the tertiary amine groups, and the
rate of methanol release was also investigated by different
temperature treatments. The result reveals a temperature
above 150 °C, the methanol is indeed released because of the
transesterification reaction.®® Based on this reason, the
observation of transesterification reaction in the benzoxazine
monomer by using another characterization such as SAXS and
TEM image is also important recently.

Vanillin, a naturally derived and renewable compound, was
selected as the starting material for this synthesis due to its
sustainability and suitability for benzoxazine chemistry.”*
Benzoxazine derivatives synthesized from vanillin are known
to possess advantageous characteristics, including a low
exothermic curing peak, making them highly desirable for
various practical applications.”* The primary aim of this study
was to design and synthesize bio-based molecules containing
hydroxyl functional groups, such as VBAZ-BZ-20H, to enable
hydrogen-bonding interactions with PEO-b-PCL diblock
copolymers. These hydrogen-bonding interactions are integral
to inducing and regulating the phase separation within the
system. By leveraging the specificity and strength of these
interactions, the study seeks to gain deeper insights into the
mechanisms governing phase separation and to explore its
impact on the structural and material properties of the system.

Therefore, a difunctionalized bio-based wvanillin azine
monomer, known as VBAZ-20H, was synthesized by reacting
vanillin with NH,NH,.H,O through a Schiff base reaction in
this study. Subsequently, using 1,4-dioxane as the solvent, we
synthesized a novel VBAZ-BZ-20H, through a Mannich
condensation reaction involving VBAZ-20H, ethanolamine,
and (CH,0),. We then investigated the phase behavior of
blends comprising VBAZ-BZ-20H/phenolic resin (BP) with
varying weight ratios with PEO-b-PCL (EC) diblock
copolymers. FTIR is utilized to identify the competitive
hydrogen-bonding interactions within the BP/EC blends. The
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Figure 1. (a) Synthesis of VBAZ-BZ-20H and the corresponding (b) FTIR spectrum, (c) "H NMR analysis (* is the peak for chloroform-d), and

(d) TGA and DSC profiles of VBAZ-BZ-20H.

Scheme 2. Transformation between the f#-Amino-Alcohol Derivative of Benzoxazine and Oxazolidine Structures
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thermal properties are assessed using DSC and TGA.
Following the thermal treatment, SAXS analysis is employed
to map the self-assembled structure phase diagram, and TEM
images offer insights into the local self-assembled micro-
structure. This comprehensive approach enables us to monitor
the order—disorder morphological phase transitions of the
system upon thermal heating. Notably, after heating the BP/
EC blends at 150 °C, the ordered phase in the B2P8/EC = 60/
40 blends transitions into a disordered micelle phase. This
change occurs because EC becomes miscible with VBAZ-BZ-
20H, disrupting the ordered structures and implying the
transesterification reaction occurring. Scheme 1 illustrates the
microphase separation behavior of VBAZ-BZ-20H/BP with
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varying weight ratios when combined with EC diblock
copolymers, observed at different temperatures.

B EXPERIMENTAL SECTION

Materials. Toluene (99%), tin(II) 2-ethylhexanoate (96%),
hydrochloric acid (HCI), vanillin (99%), paraformaldehyde
(CH,0),, hydrazine monohydrate (NH,NH,.H,O, 98%), &-capro-
lactone (99%), 1,4-dioxane (DO, 97%), and ethanol (99.5%) were
procured from Alfa Aesar. Magnesium sulfate anhydrous (99%),
phenol (100%), and NaOH (97%) were procured from SHOWA.
Poly(ethylene glycol)methyl ether [PEO,;,, M, = S000 g/mol] was
procured from Sigma-Aldrich. Ethanolamine (99%) was procured
from ACROS. The synthesis of resol—tyge phenolic resin was prepared
according to previous studies.***®”>’ PEO-b-PCL with various
lengths was constructed through ring-opening polymerization (ROP)

https://doi.org/10.1021/acs.macromol.4c02072
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Figure 2. (a) Dynamic DSC profiles, (b) FTIR spectra, and (c) TGA profiles of VBAZ-BZ-20H, along with (d) the possible molecular structure of
VBAZ-BZ-20H after ROP of the oxazine units.
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Figure 3. DSC thermograms of the VBAZ-BZ-20H/EC blend with diverse compositions: (a) first heating cycle and (b) first cooling cycle; (c)

FTIR spectra of VBAZ-BZ-20H/EC blends, (d) illustration of hydrogen bonding between EC and VBAZ-BZ-20H at 25 °C, and (e) FTIR spectra
showing C=0 groups in the VBAZ-BZ-20H/EC blend at 25 °C.

following the methodology described in prior studies [Scheme of the synthesized different kinds of PEO-b-PCL through ROP are
S1].**"7 The molecular weights and polydispersity index (PDI) provided in Table S1.
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Figure 4. FTIR spectra illustrating (a) the O—H groups and (b) the C=0O groups of the VBAZ-BZ-20H/EC = 60/40 blend, recorded at different

temperatures.

Scheme 3. Possible Transesterification Reactions between VBAZ-BZ-20H and EC
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Synthesis of VBAZ-20H. Under a nitrogen atmosphere, 9.97 g
(65.5 mmol) of vanillin and 1.05 mL (32.8 mmol) of hydrazine
monohydrate were added to S0 mL of ethanol and then the reaction
proceeded for 24 h at 25 °C. The solid was then filtered and washed
with ethanol, yielding 9.52 g (31.7 mmol) of a light-yellow solid, with
a high yield of 96.8%.

Synthesis of VBAZ-BZ-20H. In a 100 mL flask under a nitrogen
atmosphere, (CH,0), (3.60 g, 119.8 mmol), VBAZ-20H (9.00 g,
30.0 mmol), and ethanolamine (3.62 mL, 60.0 mmol) in 100 mL of
DO were mixed. The mixture was kept at 100 °C for the entire day.
Subsequently, the solution was concentrated by using a rotary
evaporator to yield a yellow solid. This solid was further washed three
times with ethanol to obtain an amber-colored solid (14.10 g, yield:
93%).

Preparation of VBAZ-BZ-20H/EC Blends. VBAZ-BZ-20H and
EC in varying ratios were prepared. THF was used to dissolve the
VBAZ-BZ-20H/EC blends, after which the solutions were transferred
to an aluminum pan. To conduct the evaporation-induced self-
assembly (EISA) process, the solvent progressively evaporated for 36
h at 35 °C.

Preparation of VBAZ-BZ-20H/Phenolic/EC [BP/EC]. Blends of
VBAZ-BZ-20H, phenolic resin, and EC in varying ratios were
prepared. Specifically, the weight ratios of VBAZ-BZ-20H to phenolic
resin were set at 20/80 and 40/60, abbreviated as B2P8 and B4P6,
respectively. THF was utilized to dissolve the B2P8/EC and B4P6/
EC blends, and the resulting solutions were transferred to aluminum
pans. The solvent was gradually evaporated at 35 °C over 36 h to
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complete the EISA process. The resulting material was then solidified
through a pyrolysis procedure, which involved heating the mixture for
4 h at 150 °C, followed by 10 h at 210 °C, to facilitate cross-linking of
benzoxazine and phenolic resins. Subsequently, the mixtures were
subjected to further heating for S h at temperatures exceeding the
pyrolysis threshold of 470 °C, leading to the formation of mesoporous
BP materials.

B RESULTS AND DISCUSSION

Synthesis and Characterization of the VBAZ-BZ-20H
Monomer. The synthesis of the VBAZ-BZ-20H monomer is
carried out via a Mannich condensation reaction involving
VBAZ-20H, (CH,0),, and ethanolamine, as depicted in
Figure la. The chemical structure and properties of
synthesized VBAZ-BZ-20H were verified using various
analytical methods, including FTIR, 'H NMR, TGA, and
DSC. FTIR analyses for VBAZ-20H and VBAZ-BZ-20H
monomers [Figure 1b] revealed a prominent peak at 3352
cm™, indicative of OH stretching. Absorption peaks at 3004
and 3101 cm™ were attributed to sp*-hybridized C—H
stretching, while those at 2923, 2946, and 2965 cm™' were
assigned to sp>-hybridized C—H bonds. The presence of the
vanillinazine structure was confirmed by the imine bond signals
at 1617 cm™" (asymmetric) and 1583 cm™ (symmetric). After
the Mannich condensation reaction, oxazine ring formation
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Macromolecules 2025, 58, 585—600


https://pubs.acs.org/doi/10.1021/acs.macromol.4c02072?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c02072?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c02072?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c02072?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c02072?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c02072?fig=sch3&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.4c02072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

B2P8/EC = 70/30 B2P8/EC = 80/20
——B2P8/EC = 90/10

—— B2P8/EC = 50/50 —— B2P8/EC = 60/40 |

(a)

(b)

255 °C|
_ 194 °C
S 46 °C bt -48°C
3 [ 189 °C 250 °C e o
(] \/’ % = .~ 4°C
- _24 OC 50 OC/__/—\
(®] & -~ o o -49 oC
175°C 249 °C 210
'g - - L > o _ 31°C
w 21 C\/ _-50°C -
; _-50°C ~170°C 252 °( -54°C _-24°C
o _-15°C v
o —37°C 157°C 260°C 24°C
©
-15°C M _ 0

T < e

—E;O (I) 5|O 1 (I)O 1 éO 2(|)0 250 300 -F;O -A{O -2IO (I) 2I0 4|0 60

Temperature (°C) Temperature (°C)
(c) C=0C=N (d)
90/10
8
c 80/20
2
o 70/30 y
(2]
g 60/40 ey ¥
50/50 g
_/w 0/100

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

T T T T
1780 1760 1740 1720 1700 1680

Wavenumber (cm™)

Figure 5. DSC thermograms of B2P8/EC = 50/50 to 90/10 blends of various compositions: (a) second run of heating state and (b) first run of
cooling state; (c) FTIR of B4P6/EC blends and (d) FTIR of C=O units of the B4P6/EC blend at 25 °C.

was indicated by absorption peaks at 949 cm™ in the VBAZ-
BZ-20H structure, as shown in Figure 1b. Figure 1c presents
the distinct singlet peaks of VBAZ-20H at 8.57 ppm (a), 7.53
ppm (b), 5.99 ppm (f), and 3.98 ppm (c), corresponding to
the protons of N=C—H, aromatic C—H, O—H group, and
OCH, groups.”*”” Furthermore, VBAZ-20H displayed
doublets of doublet peaks for the aromatic C—H group at
7.21-7.20 ppm (d) and 6.98—6.96 ppm (e). Following the
Mannich condensation reaction, the absence of a signal for the
OH groups of VBAZ-20H and the formation of the oxazine
ring in VBAZ-BZ-20H was confirmed by singlet peaks at 5.03
ppm (f) and 4.07 ppm (e), which matched the O—CH,—N
and Ar—CH,—N units, respectively.

Additionally, peaks for the oxazolidine structure identified
the singlet peaks at 4.38 ppm (f') and 3.97 ppm (e’) and triplet
peaks at 3.92 ppm (h’), and in Figure S1, the carbon signals of
the vanillinazine structure were detected in the range of 110—
165 ppm.®® Peaks at 8.53, 6.98—7.41, 3.70, 3.07, and 2.99 ppm
were attributed to the protons of N=C—H, aromatic C—H,
OCH;, OH group, and p-amino-alcohol group units,
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respectively. In Figure S2, the oxazine ring is identifiable at
49.5 and 83.8 ppm, while the oxazolidine structure can be
distinguished at 53.4 and 85.7 ppm, respectively. Scheme 2
illustrates the potential formation of oxazolidine-based
structures from the S-amino-alcohol adduct. Based on 'H
NMR spectrum analysis, the fraction values of benzoxazine and
oxazolidine structures are 62.11 and 37.89%, respectively.
Moreover, DSC and TGA analyses of the uncured VBAZ-BZ-
20H monomer revealed a melting point at 169 °C and a
thermal ring-opening polymerization (ROP) reaction at 205
°C, with a thermal decomposition temperature (Tg4;) of 255
°C, as shown in Figure 1d.

Figures 2a and 2b present the DSC profiles and FTIR
spectra, respectively, of VBAZ-BZ-20H under various thermal
treatment conditions. Before the thermal treatment, we could
observe a melting point at 169 °C and an exothermic curing
point at 205 °C for VBAZ-BZ-20H. As the thermal treatment
temperature escalated from 25 to 180 °C, both the melting
point and thermal curing peaks of the BZ ring shifted to lower
temperatures. When the temperature was further escalated
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Figure 6. FTIR spectra showing (a) O—H groups and (b) C=0O groups of the B2P8/EC = 60/40 blend, recorded at diverse temperatures;
corresponding 2D FTIR spectra: (c) synchronous and (d) asynchronous correlation maps.

from 210 to 240 °C, the thermal ROP peaks completely
disappeared, indicating the formation of a highly cross-linked
poly(VBAZ-BZ-20H) network, as illustrated in Figures 2a,d.
Additionally, Scheme S2 outlines the potential thermal
polymerization mechanism of VBAZ-BZ-20H at elevated
temperatures. Concurrently, Figure 2b shows that the
absorption bands of the oxazine ring at 949 cm™' diminished
as the thermal curing temperature rose from 25 to 180 °C and
completely vanished after 210 °C, consistent with the DSC
results shown in Figure 2a. Figure 2¢ provides TGA analyses,
revealing that the untreated VBAZ-BZ-20H monomer
exhibited a Ty, of 255 °C and a char yield of 43 wt %.
Following thermal treatment, the Ty, values escalated
moderately to 267, 271, 286, and 334 °C, with corresponding
char yields of 47, 48, 50, and 53 wt %, as evidenced in Figure
2c and the data are summarized in Figure S3, respectively.
Preparation and Characterization of VBAZ-BZ-20H/
EC Blends. Previous studies investigated the hydrogen-
bonding interactions between phenolic OH and the ether
group (C—O—C) of PEO r é)eatlng units, as well as the C=0
units of the PCL block.”” In our current research, we
synthesized different molecular weight copolymers of PEO-b-
PCL and their structures confirmed by FTIR and '"H NMR
analyses, as illustrated in Figure S4. Briefly, the absorption
bands for all synthesized EC with varying molecular structures
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are centered at 3452, 1724, and 1046 cm™, corresponding to
the presence of OH, C=0, and C—O—C units, respectively
[Figure S4a]. Furthermore, the 'H NMR spectra [Figure S4b]
of all synthesized EC revealed proton signals at 4.05, 3.65,
2.31, and 1.65 ppm, which correspond to the OC=OCH,,
OCH;, CH,O0H, and OC=0CH,CH,CH, groups, respec-
tively. Figure SS presents the DOSY spectrum of PEO, ,-b-
PCLgy, and the diffusion coefficient is quantified at D = 2.34 X
107" m* 571, Specifically, we selected PEQ,,-b-PCLy, for the
blend with VBAZ-BZ-20H.

We initially prepared blends of various ratios of VBAZ-BZ-
20H/EC for FTIR, TGA, and DSC analyses, as shown in
Figure 3a—c and Figure S6. As the proportion of VBAZ-BZ-
20H escalates, the char yield of VBAZ-BZ-20H/EC also rises.
We summarize the Ty, values and char yields for various
VBAZ-BZ-20H/EC blend ratios in Figure S7. The DSC
thermograms from the cooling thermograms indicated that the
crystallization temperatures (T, and T.') shifted to higher
temperatures as the proportion of VBAZ-BZ-20H decreased,
while the heating thermograms exhibited endothermic melting
temperatures around 55 °C for EC and 169 °C for VBAZ-BZ-
20H. The exothermic curing temperature escalated from 202
to 240 °C, as depicted in Figure 3a,b and Table S2. The
second cooling cycles of VBAZ-BZ-20H/EC = 50/50 revealed
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Figure 7. SAXS patterns for (a) B2P8/EC = 50/50 to 90/10 at 25 °C; (b) B2P8/EC = 60/40, (c) B2P8/EC = 50/50, and (d) B2P8/EC = 80/20

of SAXS patterns during different temperatures.

the crystallization temperatures shifted to higher temperatures
at 19 and 33 °C, while the heating cycles of VBAZ-BZ-20H/
EC = 50/50 revealed endothermic melting temperatures at 53
°C, and the exothermic curing temperature vanished in Figure
S8. As shown in Table S2, increasing the proportion of VBAZ-
BZ-20H had a minimal effect on the melting point (T,,) of the
PEO segment, which remained at approximately 55 °C.
However, the T, of the PEO segment decreased from 33.3 to
25.5 °C, attributed to strong hydrogen-bonding interactions. In
contrast, the melting point (T,,") of the PCL segment dropped
significantly from 50.7 to 39.5 °C, while its T. decreased
markedly from 18.3 to —4.5 °C. The FTIR spectra of various
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VBAZ-BZ-20H/EC blend ratios revealed an increase in the
imine bond peaks (at 1583 and 1618 cm™") and the oxazine
ring peak (at 950 cm™'), whereas the carbonyl bond peak (at
1724 cm™) decreased with the escalating proportion of VBAZ-
BZ-20H, as shown in Figure 3c. Figure 3d highlights the
robust hydrogen-bonding interactions between the OH groups
of VBAZ-BZ-20H and the ether groups of the PEO segment
in EC, along with a weaker interaction between the OH groups
of VBAZ-BZ-20H and the C=0 groups of the PCL segment in
EC, corresponding to Figure 3e. Figure 3e delineates the free
carbonyl (C=0) groups in the PCL segment of the blends and
pure EC, distinguishing the amorphous regions at 1734 cm™"
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Figure 9. SAXS patterns of the B2P8/EC blend in the 80/20 ratio at (a) 120 °C, (b) 150 °C, and (c) 210 °C, along with the corresponding TEM
images at 120 °C (d, g), 150 °C (e, h), and 210 °C (f, i).

and crystalline regions at 1724 cm™.*****® Furthermore, the indicating hydrogen-bonding interactions between VBAZ-BZ-

VBAZ-BZ-20H/EC = 60/40 blends exhibited single diffusion, 20H and EC, as shown in Figure S9. Figure S10 illustrates the
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C—0—C groups in the PEO segment of the blends and pure
EC, highlighting the amorphous peaks at 1244 cm™ and the
crystalline peaks at 1192 cm™". As the proportion of VBAZ-BZ-
20H escalated, a new peak appeared at 1236 cm ™, signifying
that the C—O—C stretch was affected by hydrogen bonding.
We recorded temperature-dependent FTIR spectra of
VBAZ-BZ-20H/EC = 60/40 blends, as shown in Figure
4a,b and Figure S11. The FTIR spectra revealed that the peaks
corresponding to OH groups shifted to higher wavenumbers
from 60 to 120 °C, indicating a decrease in hydrogen-bonded
OH groups and an increase in free OH groups at 3514 cm™.
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After reaching 150 °C, the OH bands became broader and the
oxazine ring peak significantly diminished, as outlined in Figure
4a and Figure S11.

This phenomenon is attributed to transesterification
reactions between VBAZ-BZ-20H and EC, leading to the
incorporation of EC into the VBAZ-BZ-20H matrix, as
illustrated in Scheme 3. Figure 4b and Figure S11 also show
that the crystalline region of the C=0O decreased substantially.
In contrast, the amorphous region escalated significantly due to
the melting of EC after 43 °C, as observed in Figure 3a and
Table S2. The amorphous regions of the C=0O groups shifted
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20: (a, ¢, and e) and B2P8/EC = 80/20: (b, d, and f) after thermal
pyrolysis at 470 °C.

to higher wavenumbers with escalating temperatures. In the
VBAZ-BZ-20H/EC blends, hydrogen-bonded carbonyl
groups were scarcely observed. However, the hydrogen-
bonded C—O—C group was detected at 1236 cm™' and
diminished with an escalating temperature, as shown in Figure
S12. Consequently, there was weak competitive hydrogen-
bonding interaction between VBAZ-BZ-20H and EC, and
microphase separation was hard to observe in Figure S13.
Characterization of VBAZ-BZ-20H/Phenolic/EC
Blends. We prepared self-assembled blends with varying
weight ratios of VBAZ-BZ-20H/phenolic, specifically 20/80
and 40/60 (termed B2P8 and B4P6, respectively). The blends
B2P8/EC were studied in ratios ranging from 50/50 to 90/10,
as detailed in Figure Sa—c. In Figure Sa, the second heating
cycle DSC thermograms reveal the glass-transition temperature
(Tg) shifting from —15 to —46 °C. Figure Sb illustrates the
exothermic curing temperature escalating from 157 to 194 °C,
indicating that BP underwent thermal curing, as further
supported by observations in Figure S14. Moreover, the
second exothermic curing peak shifted to a higher temperature
range of approximately 249—260 °C, suggesting that the
residual VBAZ-BZ-20H is influenced by the BP after cross-
linking, causing the ROP reaction to occur at a higher
temperature. The cooling thermograms from the first cycle,
which correspond to Figure Sa, indicate that both T, and T,
shifted to lower temperatures as the proportion of the EC
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decreased. The FTIR spectra for various ratios of B2P8/EC
blends reveal an increase in the imine bond peaks at 1615 cm™
and the oxazine ring peak at 960 cm™', while the peak of the
C=0 groups at 1724 cm™' diminished with the escalating
proportion of B2P8, as illustrated in Figure Sc. Furthermore,
Figure 5d details the decrease in the proportion of amorphous
regions at 1734 cm™' and the increase in the proportion of
crystalline regions at 1724 cm™". This observation aligns with
the shift in T, (observed at 37 and 50 °C) of the PCL segment,
as the proportion of EC decreased, as shown in Figure Sa.
Additionally, Figure S15 illustrates the presence of free C—O—
C groups within the PEO segment of the blends and pure EC,
highlighting crystalline peaks at 1244 and 1192 cm™'. As the
proportion of VBAZ-BZ-20H escalated, a new peak emerged
at 1237 cm™, indicative of C—O—C stretching influenced by
hydrogen bonding.

We conducted an in-depth FTIR analysis of the B2P8/EC =
60/40 blends as illustrated in Figure 6a,b and Figure S16. Our
comprehensive observations revealed a noteworthy shift in the
peaks corresponding to OH groups toward higher wave-
numbers. This shift suggests a reduction in hydrogen-bonding
OH groups and a concomitant increase in free OH groups,
which become more pronounced at 3568 cm™" with escalating
temperatures. Figure 6b and Figure S16 further elucidate that
as EC melts above 50 °C, there is a significant diminution in
the crystalline region of carbonyl groups, while the amorphous
region of carbonyl groups escalates notably, as detailed in
Figure Sa. Specifically, the amorphous region of C=0 units (at
1734 cm™") was diminished, whereas the presence of free C=0
(at 1747 cm™) rose. The synchronous two-dimensional
infrared (2D IR) correlation map between the carbonyl and
OH groups is presented in Figure 6¢. Our analysis reveals that
the peaks for the free OH groups, located at 3568 cm™}, and
the hydrogen-bonding OH groups, situated between 3100 and
3500 cm™!, exhibit a negative correlation. Similarly, the signal
for free carbonyl units in the PCL is observed at 1747 cm™,
and the hydrogen-bonding carbonyl units, located at 1715
cm™}, also demonstrate a negative correlation, which is
anticipated. Furthermore, we identified a significant correlation
between the OH and carbonyl units. The peaks for free
carbonyl units show a positive correlation with those of free
OH units, while the peaks for hydrogen-bonding carbonyl
units correlate positively with those of hydrogen-bonding OH
units. Conversely, both peaks for hydrogen-bonding carbonyl
units and hydrogen-bonding OH units exhibit a negative
correlation with those of free carbonyl and OH units.

The asynchronous two-dimensional (2D) correlation map
presented in Figure 6d exhibited a cross-peak between
hydrogen bonding and free units. Specifically, this cross-peak
was observed between OH units at 3568 and 3251 cm™), as
well as between carbonyl units at 1747 and 1715 cm™, which
were found to be negatively correlated. This observation is
consistent with the behavior observed in the synchronous
spectrum. Additionally, the lower right quadrant of Figure 6d
indicates that the peaks at 3568 and 1747 cm™ were positively
correlated, whereas the peaks at 3251 and 1715 cm™' were
negatively correlated. The 2D maps further elucidate that the
sequence of changes in intensity with escalating temperature
followed a specific order: hydrogen-bonding carbonyl (C=0)
at 1715 cm™' > hydrogen-bonding OH at 3251 cm™" > free
carbonyl (C=0) at 1747 cm™' > free OH at 3568 cm™". This
sequence is logical because hydrogen-bonding interactions
exhibit greater sensitivity to temperature increase compared to
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free carbonyl groups, which contributes to a delayed response
for free carbonyl groups. In conclusion, the strong hydrogen-
bonding interactions present in the B2P8/EC blends are
markedly distinct from those observed in the VBAZ-BZ-20H/
EC blends. Both the PEO and PCL blocks within B2P8 and
EC display strong hydrogen-bonding forces. This results in
competition between B2P8 and EC for these hydrogen bonds,
ultimately leading to microphase separation.

Identification of Microphase Separation Transforma-
tion of B2P8/EC Blends. In our detailed examination of the
self-assembled structures within the B2P8/EC blends at 25 °C,
the SAXS patterns, as revealed in Figure 7a, provided highly
insightful data. For the B2P8/EC blends with a composition
ratio of 90/10, we identified disordered miscible structures.

These structures were indicated by the presence of a single
T, and higher levels of amorphous regions, as characterized by
the carbonyl bond at 1734 cm™. Escalating the EC content to
20 wt % prompted the formation of short-range order cylinder
structure, as reflected by a g*/q ratio of 1:\/ 3:\/ 4, as
confirmed by the TEM image in Figure S17. This blend
exhibited a single T, and reduction in the carbonyl carbonyl
regions. When the EC content was further escalated beyond 30
wt %, cylinder worm-like structures began to form, suggested
by a q*/q ratio of 1:\/ 7. Furthermore, the d-spacing values
were calculated using Bragg’s law (d = 27/g*), which revealed
an increase in d-spacing as the EC proportion rose. Specifically,
the d-spacing values escalated from 38.0 nm at 20 wt % EC to
41.5 nm at 40 wt % EC. This systematic analysis elucidates the
structural transitions occurring within the B2P8/EC blends as
a function of varying EC contents. Figure 7b illustrates that
B2P8/EC blends with a 60/40 ratio exhibit a short-range order
of cylinder worm-like structure with a d-spacing of 41.5 nm
before thermal treatment. Notably, we observed that the blend
underwent a phase transition from short-range order of
cylinder worm-like structure to long-range order of hexagonal
packed cylinder (HPC) structure, as indicated by a peak ratio
shift to 1:\/ 3: \/ 4 following thermal treatment at 60 °C. With
further increases in the thermal treatment temperature, the g*
values decreased due to thermal expansion within the
hexagonal structure, resulting in a shift to lower g values. At
120 °C, both the SAXS patterns and TEM images of this blend
confirmed the presence of long-range order of HPC structure,
as detailed in Figure 8a,d,g. When the temperature was
elevated to 150 °C, Figure 8b,eh indicates that the SAXS
patterns and TEM images displayed a transition to a
disordered structure. This change was attributed to trans-
esterification reactions occurring between VBAZ-BZ-20H and
EC, causing EC to become miscible within the benzoxazine
resins, as illustrated in Scheme 2. At 210 °C, the SAXS patterns
and TEM images demonstrated that the blend retained a
disordered spherical structure, as shown in Figure 8c,f,i. This
comprehensive analysis elucidates the structural transitions
within the B2P8/EC blends under varying thermal treatments,
providing significant insights into the material’s behavior and
properties. This result provides the simple morphology change
to identify transesterification reaction by using SAXS analyses
to replace the TGA-GC analyses.”®

Furthermore, the B2P8/EC blend with a 50/50 ratio initially
demonstrated an d-spacing of 41.5 nm before any thermal
treatment, as illustrated in Figure 7c. Similarly, the blend
underwent its first phase transition from a sort of range order
of cylinder worm-like structure to a long-range order of HPC
structure, marked by a peak ratio shift to 1:\/ 3:\/ 4 after
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thermal treatment at 60 °C. According to thermodynamic
theory, a reduction in interfacial energy prompts self-
assembling micelles to expand their interfacial surface area to
minimize Gibbs free energy. Consequently, a phase transition
from hexagonal to lamellar structures occurs, as the hexagonal
configuration possesses a greater surface area. This was
evidenced by observing the second phase transition at 120
°C, where the hexagonal structure converted to a lamellar
structure, indicated by a shift in the g¢* value and a
characteristic peak ratio of q*/q = 1:2:3. The third phase
transition was detected at 150 °C, attributed to the
transesterification reaction, leading to another structural
rearrangement. Interestingly, the short-range order of cylinder
structure reverted to a long-range order of HPC structure with
lower g* values, resulting in g* = 0.144 nm™" and a d-spacing
of 43.6 nm, driven by thermal expansion. The B2P8/EC blend
with an 80/20 ratio demonstrated a d-spacing of 38.0 nm at 25
°C, as depicted in Figure 7d. During thermal treatment, upon
reaching 120 °C, the blend experienced its initial phase
transition from a micelle-like structure to a long-range order of
HPC structure, as depicted in Figure 9a by SAXS analyses
(peak ratio of 1: \/3: 4: \/9) and Figure 9d,g by TEM images.
Unlike the previous blend, the structure of this blend remained
stable, as observed in Figure 9b,eh, likely due to the lower
proportion of EC and the reduced impact of transesterification
reactions. As the thermal treatment temperature escalated, the
d-spacing continued to grow due to thermal expansion,
eventually resulting in ordered sphere structures, as seen in
Figure 9¢,f;i again.

We conducted a thorough investigation of the self-assembled
structures of B4P6/EC blends under various thermal treat-
ments, as depicted in Figures 10a and 11a. Initially, B4P6/EC
blends with a 60/40 ratio exhibited disordered miscible
spheres with an d-spacing of 38.0 nm before any thermal
treatment, as shown in Figure 10a. The first phase transition
occurred at 60 °C, indicated by a peak ratio of l:\/ 3: \/ 4 with
an HPC structure. As the thermal temperature escalated, the d-
spacing expanded further. Subsequently, the blend system
revealed a long-range order of sphere structure at 120 °C with
1:\/ 2:\/ 3:\/ 4, which was consistent with the TEM images
presented in Figure 10b,c. However, TEM images at 150 °C
showed the formation of a disordered phase, corresponding to
the SAXS patterns outlined in Figure 10d,e, which also can be
attributed to transesterification reactions. At 210 °C, both
SAXS patterns and TEM images demonstrated a disordered
spherical structure, as illustrated in Figure 10f,g.

In contrast, B4P6/EC blends with a 80/20 ratio initially
revealed a short-range ordered hexagonal cylinder structure at
room temperature, as shown in Figure 11a. With an escalating
thermal treatment temperature, the g* values shifted to lower g
values as a result of thermal expansion. TEM images indicated
that the blend maintained a hexagonal cylinder structure at 120
°C, as depicted in Figure 11b,c. At 150 °C, the occurrence of
transesterification reactions led to a gradual transformation of
the structure into an ordered sphere, with a d-spacing of 45.1
nm, as outlined in Figure 11d,e. By the time the thermal
treatment temperature reached 210 °C, ordered spherical
structures were consistently observed, as shown in Figure 11f,g.

This comprehensive analysis elucidates the structural
transitions and thermal behavior of B4P6/EC blends,
providing significant insights into their phase behavior and
stability under varying thermal conditions. Following pyrolysis
of B4P6/EC at a temperature of 470 °C for 1 day, the EC was
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subsequently removed. The B4P6/EC blends with an 80/20
ratio revealed short-range ordered spheres with the peak ratio
displaying 1:\/2:\/3: 4, as shown in Figure 12a. The TEM
image unveiled that the blend presented ordered spheres, while
the SEM image displayed the spherical holes, as illustrated in
Figure 12¢,e. Conversely, Figure 12b shows that B2P8/EC
with an 80/20 ratio presented disordered spheres, consistent
with the TEM and SEM images depicted in Figure 12d,f.

B CONCLUSIONS

To summarize, a functionalized vanillinazine monomer, VBAZ-
20H, was synthesized via an imine reaction. VBAZ-BZ-20H
was subsequently derived from VBAZ-20H using ethanol-
amine and (CH,0), in DO as a solvent. The blends of VBAZ-
BZ-20H and EC demonstrated strong hydrogen bonding with
the C—O—C groups of the PEO segment but weaker hydrogen
bonding with the C=O groups of the PCL segment, thus
preventing any competitive interactions. However, the addition
of phenolic resin resulted in strong hydrogen bonding between
the C—O—C groups of the PEO section and the C=0O groups
of the PCL block, leading to hydrogen-bonding competition, as
shown by 1D and 2D FTIR spectra. This competition caused
the observed microphase separation. Interestingly, at temper-
atures above 150 °C, an ordered phase transitioned into a
disordered spherical phase in the B2P8/EC = 60/40 blends.
This transition was due to a transesterification reaction, making
EC miscible in VBAZ-BZ-20H, as verified by TEM and SAXS
analyses, to replace TGA-GC analyses.
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