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ABSTRACT: In this study, we synthesized a new crown ether-functionalized benzoxazine monomer (crown-ether BZ) in high yield
and purity through reduction of the Schiff base prepared from a dibenzo[18]crown-6 diamine derivative and salicylaldehyde and
subsequent reaction of the resulting o-hydroxybenzylamine species with CH2O. We used differential scanning calorimetry (DSC),
Fourier transform infrared (FTIR) spectroscopy, and thermogravimetric analysis to examine the thermal ring opening
polymerization and thermal stability of the crown-ether BZ monomer during various types of thermal treatment. DSC revealed
that this crown-ether BZ monomer featured a relatively low curing temperature (210 °C; that of the typical Pa-type 3-phenyl-3,4-
dihydro-2H-benzooxazine monomer: 263 °C) because the flexibility of the crown ether moiety on the main chain backbone
structure catalyzed the ring opening polymerization. We also used DSC, FTIR spectroscopy, and ionic conductivity measurements to
investigate the specific metal−crown ether interactions of crown-ether BZ/LiClO4 complexes. The presence of Li+ ions decreased
the curing temperature significantly to 186 °C, suggesting that the metal ions functioned as an effective catalyst and promoter that
accelerated the ring opening polymerization of the crown-ether BZ monomer. The ionic conductivity reached 8.3 × 10−5 S cm−1 for
the crown-ether BZ/LiClO4 = 90/10 complex after thermal curing; this value is higher than those of typical polymer-based systems
(e.g., PEO, PCL, PMMA, and PVP) while also providing a polymer electrolyte of higher thermal stability.

■ INTRODUCTION

Polybenzoxazine (PBZ) is a new type of thermosetting resin
that has the potential to replace traditional phenolic, epoxy,
and bismaleimide resins.1−4 PBZs can be obtained as highly
cross-linked network materials through thermal ring opening
polymerization of benzoxazine monomers, which are them-
selves prepared through Mannich condensations of primary/
aromatic amines, phenolic derivatives, and paraformalde-
hyde.5−10 Because of intra- and intermolecular hydrogen
bonding between their phenolic and tertiary amino groups
after ring opening polymerization of the benzoxazine unit in
their Mannich bridges, PBZ materials are attracting the
attention of academia and industry for their unique character-
istics, including catalyst-free polymerization; low outgassing
and shrinkage upon curing; low surface free energies; excellent
mechanical, electrical, and chemical resistance; high char
yields; low dielectric constants; ease of processability; good
flame retardancy; no liberation of byproducts; low water

absorption; and high thermal stability.11−21 Furthermore, the
properties of these thermosetting resins can be tailored by
varying their structures through molecular design flexibility
(e.g., the introduction of nitrile, hydroxyalkyl, alkyl, carboxyl,
or propargyl groups)22−32 or the incorporation of inorganic
materials [e.g., polydimethylsiloxane, nanoclay, polyhedral
oligomeric silsesquioxane, carbon nanotubes, or graphene]
into the benzoxazine matrix.7,8,33−45

Crown ethers are excellent complexing agents that are
capable of capturing metal cations within their cavities.46 They
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are attractive materials for application in various biological
systems because they can form complex systems with various
metal cations, in a process that is strongly dependent on the
size of the crown ether ring and the diameter of the metal
cation.47 Many crown ether-functionalized polymers have been
synthesized and generally connected with reactive materials or
metal ion channels.48,49 Crown ether-functionalized polymers
can extract alkali metal cations from aqueous solutions through
solvent extraction, with potential application in the treatment
of wastewater.49 For this study, we wished to exploit the
properties of PBZs and crown ethers to synthesize a new
crown ether-functionalized PBZ.50

Here, we prepared a new benzoxazine monomer (crown-
ether BZ), containing dibenzo[18]crown-6-functionalized
units, through reduction of the Schiff base obtained from
di(aminobenzo)[18]crown-6 (dibenzo-crownether-2NH2) and
salicylaldehyde and subsequent treatment of the o-hydrox-
ybenzylamine derivative with paraformaldehyde in 1,4-dioxane
and absolute EtOH at 100 °C for 12 h (Scheme 1). Fourier
transform infrared (FTIR) spectroscopy, nuclear magnetic
resonance (NMR) spectroscopy, and high-resolution mass
spectrometry confirmed the chemical structure of crown-ether
BZ. We used differential scanning calorimetry (DSC),
thermogravimetric analysis (TGA), and FTIR spectroscopy
to investigate the thermal ring-opening polymerization
behavior and thermal stability of crown-ether BZ before and
after ring opening polymerization of its oxazine moiety.
Furthermore, we employed DSC, FTIR spectroscopy, and
ionic conductivity measurements to investigate the specific
metal-crown ether interactions of crown-ether BZ blended
with lithium perchlorate (LiClO4) at various weight ratios,
before and after ring opening polymerization.

■ EXPERIMENTAL SECTION
Materials. Catechol (98%), dichloromethane (CH2Cl2), hydrazine

monohydrate (NH2NH2·H2O), N,N-dimethylacetamide (DMAc),
dimethyl sulfoxide (DMSO), absolute EtOH (C2H5OH, 99.99%),
MeOH (CH3OH), xylene, chlorobenzene, dimethylformamide
(DMF), toluene, anhydrous magnesium sulfate (MgSO4), acetic
acid, chloroform (CHCl3), LiClO4, bis(2-chloroethyl) ether, and
sodium hydroxide (NaOH) were purchased from Sigma-Aldrich.
Palladium activated on carbon (Pd/C, 10 wt %), 1,4-dioxane,
paraformaldehyde (CH2O)n, nitric acid (HNO3, 65%), hydrochloric
acid (HCl, 37%), and acetone were purchased from Acros.
Dibenzo[18]crown-6, trans-di(nitrobenzo)[18]crown-6 (dibenzo-
crownether-2NO2), and trans-di(aminobenzo)[18]crown-6 (diben-
zo-crownether-2NH2) were synthesized according to previously a
literature method with minor modification51 [Figures S1−S5].

N,N′-Bis(salicylidene)-4,4′-diimino-2.3.11,12-dibenzo-
1,4,7,10,13,l6-16-hexaoxacyclooctadeca-2,11-diene (Dibenzo-
crownether-salicylaldehyde). A solution of dibenzo-crownether-
2NH2 (2.00 g, 5.13 mmol) and salicylaldehyde (1.07 mL, 10.3 mmol)
in absolute EtOH (100 mL) was heated under reflux at 80 °C for 4 h
in a 250 mL flask equipped with a reflux condenser. After cooling, the
yellow solid was filtered off, washed three times with EtOH, and dried
under vacuum at 50 °C for 24 h to give the title compound (1.85 g,
92%). FTIR (KBr, cm−1): 3446 (O−H stretching), 3064 (aromatic
C−H stretching), 1620 (C−N stretching). 1H NMR (DMSO-d6, 25
°C, 500 MHz): δ 13.34 (s, 2H, OH), 8.96 (s, 2H), 7.61−6.93 (m,
ArH), 4.06−3.87 (m, 8H), 3.86−3.71 (m, 8H). 13C NMR (DMSO-
d6, 25 °C, 125 MHz): δ 161.28, 160.21, 148.52, 147.39, 140.768,
132.78, 132.35, 119.41, 116.56, 113.97, 112.41, 68.85, 67.86.

N,N′-Bis(salicylidene)-4,4′-diamino-2.3.11,12-dibenzo-
1,4,7,10,13,l6-16 Hexaoxacycloocta Decane (Dibenzo-crow-
nether-hydroxybenzylamine). A mixture of dibenzo-crownether-
salicylaldehyde (1.00 g, 1.70 mmol), NaBH4 (0.254 g, 6.68 mmol),
and DMAc (10 mL) in a 50 mL two-neck flask was stirred at room
temperature for 24 h. The mixture was then poured into ice-water
(300 mL). The white solid obtained after filtration was washed three
times with water to give a white solid (0.90 g, 90%). FTIR (KBr,
cm−1): 3353 (O−H stretching), 3280 (N−H stretching), 2939

Scheme 1. Synthesis of Crown-Ether BZ (h) from (a) Catechol, (b) Dibenzo[18]crown-6, (c) Dibenzo-crownether-2NO2, (d)
Dibenzo-crownether-2NH2, (f) Dibenzo-crownether-salicylaldehyde, and (g) Dibenzo-crownether-hydroxybenzylamine
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(aliphatic C−H stretching). 1H NMR (DMSO-d6, 25 °C, 500 MHz):
δ 7.11−6.03 (m, ArH), 4.17 (s, 4H), 4.06−3.87 (m, 8H), 3.86−3.71
(m, 8H).13C NMR (DMSO-d6, 25 °C, 125 MHz): δ 158.42, 148.56,
138.86, 128.25, 127.31, 126.33, 116.28, 115.71, 113.99, 103.06, 99.03,
68.85, 67.86, 42.69.
Crown-Ether BZ. A solution of dibenzo-crownether-hydroxyben-

zylamine (1.00 g, 1.70 mmol) and paraformaldehyde (0.100 g, 3.33
mmol) in 1,4-dioxane (40 mL) and absolute EtOH (20 mL) in a 100
mL two-neck flask was heated at 100 °C for 10 h under a N2
atmosphere. After evaporating the solvents, the brown residue was
dissolved in EtOAc (100 mL). The solution was washed with 1 N
NaHCO3. The organic phase was concentrated under reduced
pressure to obtain a white solid (0.85 g, 85%). FTIR (KBr, cm−1):
1360 (tetrasubstituted benzene ring), 1240 (asymmetric C−O−C
stretching), 1044 (symmetric C−O−C stretching), 937 (oxazine
ring). 1H NMR (DMSO-d6, 25 °C, 500 MHz): δ 7.08−6.53 (m,
ArH), 5.36 (s, OCH2N), 4.56 (s, NCH2Ar), 4.06−3.87 (m, 8H),
3.86−3.71 (m, 8H). 13C NMR (DMSO-d6, 25 °C, 125 MHz): δ
153.89, 148.21, 142.43, 127.55, 121.30, 120.28, 116.06, 112.66,
109.07, 104.37, 79.67, 68.84, 67.74, 49.56. High resolution FT-MS:
calcd for C36H38N2O8, m/z 626.26; found, 649.26 [M + Na]+ (Figure
S6).
Crown Ether-Functionalized PBZ. Crown-ether BZ was

thermally activated cured in a stepwise manner at various temper-
atures (110, 150, 180, and 210 °C) for 2 h at each temperature to
provide a dark brown solid.
Crown Ether-Functionalized PBZ/LiClO4 Complexes. Various

amounts of LiClO4 were dissolved in DMF (5 mL). A solution of
LiClO4 was added dropwise to a solution of crown-ether BZ in DMF
(5 mL). The solutions of the crown-ether BZ/LiClO4 complexes were
stirred at 50 °C for 48 h. The evaporation of the DMF was under
reduced pressure, each blend mixture was thermally activated cured at
110, 150, 180, and 210 °C (2 h at each temperature).

■ RESULTS AND DISCUSSION
Synthesis of Dibenzo-Crownether-2NH2. Scheme 1

presents our method for the synthesis of the crown ether-
functionalized benzoxazine monomer. First, we prepared
dibenzo[18]crown-6 as fibrous white needles of high purity
through the reaction of catechol [Scheme 1a] with bis(2-
chloroethyl) ether in the presence NaOH [Scheme 1b].

Nitration of dibenzo[18]crown-6 in the presence 65% HNO3

and acetic acid in CHCl3 for 3 h afforded dibenzo-crownether-
2NO2 as a white powder [Scheme 1(c)]. Reduction of
dibenzo-crownether-2NO2 with hydrazine monohydrate in the
presence of 10 wt % Pd/C in absolute EtOH and 1,4-dioxane
as co-solvents at 90 °C for 48 h provided dibenzo-crownether-
2NH2 as a white powder of high purity and in high yield
[Scheme 1d].51 We employed NMR and FTIR spectroscopy to
confirm the chemical structures of our synthesized compounds.
Figure S4A displays 1H NMR spectra, recorded at room

temperature, of dibenzo[18]crown-6, dibenzo-crownether-
2NO2, and dibenzo-crownether-2NH2 in DMSO-d6. The
characteristic signals for the aromatic protons and O-
methylene protons of dibenzo[18]crown-6 [Figure S4A-a]
appeared at 6.94−6.85 and 4.06−3.83 ppm, respectively. The
1H NMR spectrum [Figure S4A-b] of dibenzo-crownether-
2NO2 featured signals at 7.09−7.17 ppm for the aromatic
protons and 4.23−3.84 ppm for the aliphatic protons of the
crown ether unit. Figure S4A-c reveals that the signals for the
aromatic protons of dibenzo-crownether-2NH2 shifted to
6.63−6.23 ppm after reduction of dibenzo-crownether-2NO2.
Furthermore, the characteristic signal of the NH protons
appeared at 4.63 ppm, whereas the signals of the O-methylene
protons of the crown ether moiety appeared at 3.96−3.76 ppm.
Figure S4B presents 13C NMR spectra, recorded at room
temperature, of dibenzo[18]crown-6, dibenzo-crownether-
2NO2, and dibenzo-crownether-2NH2 in DMSO-d6. The
signals for the aromatic and O-methylene carbon nuclei of
dibenzo[18]crown-6 appeared at 147.96, 120.69, 112.46,
68.95, and 67.62 ppm [Figure S4B-d]. The spectrum of
dibenzo-crownether-2NO2 [Figure S4B-e] featured the char-
acteristic signals of the C−NO2 and O-methylene carbon
nuclei at 140.56 and 68.44 ppm, respectively. The 13C NMR
spectrum of dibenzo-drownether-2NH2 [Figure S4B-f] fea-
tured signals at 143.5 and 69.44 ppm for the nuclei of the C−
NH2 and O-methylene carbon atoms.51 These spectral data

Figure 1. (A) 1H and (B) 13C NMR spectra of (a,d) dibenzo-crownether-salicylaldehyde, (b,e) dibenzo-crownether-hydroxybenzylamine, and (c,f)
crown-ether BZ in DMSO-d6.
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confirmed our successful synthesis of dibenzo-crownether-
2NH2 in highly purity.
Synthesis of Crown-Ether BZ. The one-pot Mannich

condensation of an aromatic phenol, an aliphatic/aromatic
amine, and paraformaldehyde does not always proceed well for
benzoxazine preparation because of low selectivity depending
on the position of the substituents. Indeed, in this study, we
could not synthesize our benzoxazine monomer through the
one-pot Mannich condensation presented in Scheme 1e. The
reaction conditions such as reaction time and solvent effect of
the crown ether-functionalized benzoxazine monomer using a
one-pot Mannich condensation approach are summarized in
Table S1. Ishida and Lin et al. provided another method for
the synthesis of benzoxazine monomers52−54 from o-hydrox-
ybenzylamine, which is readily prepared through the reduction
of a Schiff base; a ring-closing reaction of o-hydroxybenzyl-
amine with an aldehyde derivative then affords the benzoxazine
monomer without any complicated side reactions. As such, we
prepared the precursor of our difunctional benzoxazine
monomer through reduction of the Schiff base formed from
dibenzo-crownether-2NH2 and salicylaldehyde [Scheme 1f].
Subsequent reaction of the resulting o-hydroxybenzylamine
derivative [Scheme 1g] with paraformaldehyde in 1,4-dioxane
and absolute EtOH at 100 °C for 12 h provided the target
crown-ether BZ [Scheme 1h].
Figure 1A displays the 1H NMR spectra, recorded at room

temperature, of dibenzo-crownether-salicylaldehyde, dibenzo-
crownether-hydroxybenzylamine, and crown-ether BZ in
DMSO-d6. The characteristic signals for the OH group of
the phenolic units and the NCH groups of dibenzo-
crownether-salicylaldehyde [Figure 1A-a] were centered at
13.34 and 8.96 ppm, respectively. The spectrum of dibenzo-
crownether-hydroxybenzylamine [Figure 1A-c] featured signals
at 7.12−6.03 ppm for the aromatic protons; the signal for the
NCH group at 8.96 ppm had disappeared, and a new peak
for NHCH2 group appeared at 3.94 ppm, whereas signals
appeared for the protons of the NH and OH groups that were
consistent with their intramolecular hydrogen bonding. The
spectrum of crown-ether BZ [Figure 1A-e] featured signals at
7.08−6.55 ppm for the aromatic protons and at 5.36
(OCH2N) and 4.56 (ArCH2N) ppm, at a 1:1 ratio, for the
protons of the oxazine ring. Furthermore, we recorded 13C
NMR spectra [Figure 1B] to confirm the chemical structures
of dibenzo-crownether-salicylaldehyde, dibenzo-crownether-
hydroxybenzylamine, and crown-ether BZ. The 13C NMR
spectrum of dibenzo-crownether-salicylaldehyde [Figure 1B-b]
featured signals at 161.28, 148.52, 68.85, and 67.86 ppm for
the COH, NCH, and O−CH2 carbon nuclei, respectively.
The spectrum of dibenzo-crownether-hydroxybenzylamine
[Figure 1B-d] featured characteristic signals for the carbon
nuclei at 158.42−99.03 (aromatic) and 42.69 (NH−CH2)
ppm. As displayed in Figure 1B-f, the characteristic signals for
the oxazine unit in crown-ether BZ appeared at 79.67
(OCH2N) and 49.56 (ArCH2N) ppm.
Figure S5 presents the FTIR spectra of dibenzo[18]crown-6,

dibenzo-crownether-2NO2, dibenzo-crownether-2NH2, diben-
zo-crownether-salicylaldehyde, dibenzo-crownether- hydroxy-
benzylamine, and crown-ether BZ. The spectrum of
dibenzo[18]crown-6 [Figure S5a] featured absorption bands
for aromatic C−H stretching, aliphatic C−H stretching, and
C−O−C stretching at 3051, 2922, and 1255 cm−1,
respectively. The spectrum of dibenzo-crownether-2NO2
[Figure S5b] featured absorption bands at 3083, 1517, and

1347 cm−1 for stretching of the aromatic C−H and NO2
groups. Signals appeared at 3428 and 3356 cm−1 for N−H
stretching in dibenzo-crownether-2NH2 [Figure S5c]. The
typical absorption bands of dibenzo-crownether-salicylalde-
hyde [Figure S5d] were centered at 831, 1599, 1619, 3064,
1620, and 3446 cm−1, corresponding to stretching of the
aromatic rings, CN bonds, and the O−H groups of the
phenolic units. The spectrum of dibenzo-crownether-hydrox-
ybenzylamine [Figure S5e] featured absorption bands at 3383
and 2940 cm−1 for N−H and aliphatic C−H stretching. The
FTIR spectrum of crown-ether BZ [Figure S5f] featured
absorption bands at 1360, 1240, 1044, and 937 cm−1

representing vibrations of its tetrasubstituted benzene ring,
asymmetric C−O−C stretching, symmetric C−O−C stretch-
ing, and the oxazine ring. The purity of crown-ether BZ was
confirmed using high-resolution mass spectrometry; the signal
that appeared for the [M + Na]+ ion was consistent with the
molecular weight predicted for crown-ether BZ (Figure S6).
Thus, FTIR spectroscopy, NMR spectroscopy, and high-
resolution mass spectrometry confirmed our successful
preparation of crown-ether BZ with high purity.

Thermal Curing Polymerization of Crown Ether-
Functionalized Benzoxazine Monomer. The DSC ther-
mogram of pure crown-ether BZ [Figure 2A] revealed two

thermal events. The first was an endothermic process centered
at 152 °C, attributed to the melting temperature of the
benzoxazine monomer. The second thermal process was
exothermic with a curing temperature of 210 °C and a heat
of polymerization of 162 J g−1. The sharpness of these
endothermic and exothermic peaks confirmed the high purity
of crown-ether BZ. According to the DSC thermogram, the
polymerization exotherm maximum temperature for crown-
ether BZ (210 °C) was significantly lower than that of the
typical benzoxazine monomer 3-phenyl-3,4-dihydro-2H-ben-
zooxazine (Pa, 255−263 °C),55,56 presumably because the
flexibility of the crown ether moiety on the main chain
backbone structure catalyzed the ring opening polymerization
at a relatively lower temperature. As displayed in Figure 2A,
after the first polymerization step at 110 °C, the endothermic

Figure 2. (A) DSC and (B) FTIR spectral analyses of crown-ether BZ
at various temperatures: (a) uncured; (b) 110, (c) 150, (d) 180, and
(e) 210 °C.
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peak of crown-ether BZ remained, and the maximum
exothermic curing temperature was shifted to 200 °C with a
decrease in the reaction heat of 160 J g−1. Furthermore, the
polymerization temperature of crown-ether BZ shifted to 222
°C with a reaction heat of 86 J g−1 after thermal treatment at
150 °C. After thermal treatment of crown-ether BZ at 180 °C
for 2 h, the intensity of the exothermic curing peak decreased
and a glass transition temperature (Tg) appeared at 200 °C.
Furthermore, after thermal treatment at 210 °C for 2 h, we
observed no thermal events, indicating that complete ring
opening polymerization of the benzoxazine monomer had
occurred at this temperature; the value of Tg was 230 °C. In
addition, we also check DMA analysis of crown-ether BZ after
thermal curing at 210 °C for 2 h as displayed in Figure S7,
indicating that the main Tg value was observed at 264 °C,
which is higher than DSC analysis. This result is reasonable as
the Tg value from DMA analysis is generally higher than that of
DSC analysis. Notably, our new crown-ether BZ monomer was
readily transformed into better processing-friendly state
without the need for any catalyst and the prepolymer was
obtained after a second round of thermal treatment at 150
°C.57 We used qualitative in situ FTIR spectroscopy to
investigate the ring opening polymerization of crown-ether BZ
[Figure 2B]. We monitored the disappearance of the
characteristic absorption bands at 1240 and 937 cm−1 to
examine the ring opening polymerization of the oxazine ring of
crown-ether BZ. For the pure crown-ether BZ and after
thermal treatment at 110 °C, we found that the typical
absorption bands of the oxazine ring remained at 1360, 1240,
1044, and 937 cm−1, representing the vibrations of the
tetrasubstituted benzene ring, asymmetric C−O−C stretching,
symmetric C−O−C stretching, and oxazine ring, respectively.
After thermal curing at temperatures from 150 to 180 °C, the
intensities of the signals decreased for the asymmetric C−O−
C and oxazine ring. The polymerization of crown-ether BZ at
210 °C led to complete disappearance of the oxazine
absorption bands and confirmed the complete ring opening
polymerization of the benzoxazine monomer and the
formation of a highly cross-linked poly(crown-ether BZ)
[Scheme 2b], consistent with the DSC analyses in Figure
2A. To further understand the effect of crown-ether BZ on the
thermal ring opening polymerization, the copolymerization of
the crown-ether BZ with Pa type BZ was also investigated as
shown in Figure S8. We found that the exothermic curing

temperature of crown-ether BZ/Pa-type (50/50) was centered
at 226 °C with a heat reaction of 294 J g−1, which is between
pure Pa and crown ether BZ as would be expected.
We used TGA to investigate the thermal stability of crown-

ether BZ and poly(crown-ether BZ) after thermal treatment at
various temperatures. Figure 3 reveals that the thermal

decomposition temperatures (Td10) of the uncured crown-
ether BZ and its thermally cured (110, 150, 180, and 210 °C)
samples were 211, 319, 329, 333, and 343 °C, respectively; the
corresponding char yields were 42, 43, 45, 47, and 50 wt %,
respectively. Thus, the values of Td10 and the char yields both
increased upon increasing the curing temperature, consistent
with a higher cross-linking density after ring opening
polymerization of the crown-ether BZ.

Characterization of Crown-ether BZ/LiClO4 Com-
plexes. Because crown ether units are excellent complexing
agents for capturing metal cations within their cavities, we
tested the ability of our materials to bind Li+ ions, as a model
metal cation. Lithium ions readily form Li+/crown ether
complexes, with changes in the corresponding ionic con-
ductivity, allowing ready investigations into the formation of
Li+/crown ether complexes. Initially, we used DSC to examine
the thermal ring opening polymerization behavior of crown-
ether BZ/LiClO4 complexes. Figure 4 reveals that the thermal

Scheme 2. Thermal Curing Structures of (a,b) Pure Crown-ether BZ and (c,d) Crown-ether BZ/LiClO4 Complex (a,c) before
and (b,d) after Thermal Curing

Figure 3. TGA profiles of crown-ether BZ at various temperatures:
(a) uncured; (b) 110, (c) 150, (d) 180, and (e) 210 °C under a N2
atmosphere.
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polymerization temperature and the reaction heat of crown-
ether BZ both decreased upon increasing the LiClO4 content.
For example, the thermal polymerization peak temperature
decreased from 210 °C for the pure crown-ether BZ to 208,
206, 197, and 186 °C when the LiClO4 contents were 5, 10,
20, and 30 wt %, respectively, suggesting that the Li+ ions acted
as catalysts that facilitated ring opening polymerization of the
oxazine units. Many metal ions, including Li+, Zn2+, and Fe3+,
are known to act as effective catalysts to accelerate the ring
opening polymerizations of other benzoxazine monomers. The
mechanism of metal ion-catalyzed ring opening polymerization
of benzoxazine monomers proceeds in three steps: coordina-
tion of the metal ion to the oxazine ring, electrophilic attack of
the metal ion to the oxazine ring, and rearrangement to give
phenolic and phenoxy structures.56,58

We used FTIR spectroscopic analysis to gain insight into the
specific metal ion/crown ether interactions of crown-ether BZ
blended with various contents of LiClO4 at ambient temper-
ature (Figure 5). The FTIR spectrum of pure LiClO4 [Figure
5] features two characteristic absorption bands at 626 and 637
cm−1, representing the free ClO4

− anion and the ion−dipole
interaction between the Li+ cation and the ClO4

− anion.59

These absorption bands of pure LiClO4 shifted to 623 and 636
cm−1 in the presence of crown-ether BZ; these changes in
wavenumber indicate that ion−dipole interactions existed
between crown-ether BZ and the Li+ cation, involving the
crown ether and oxazine units. In addition, the bands for the
free ClO4

− anion and the ion pairs of the crown-ether BZ/
LiClO4 complexes could be deconstructed into two Gaussian
peaks, as displayed in Figure 5. Table 1 summarizes the curve
fitting data; the fraction of free ions increased upon increasing
the concentration of crown-ether BZ. Thus, the Li+ ions
coordinated effectively to the crown ether moieties, as

displayed in Scheme 2c, and the O and/or N atoms during
the ring opening of the crown-ether BZ monomer.
Because Li+ ions can act as catalysts to enhance the ring

opening polymerization of oxazine units, we examined the
curing kinetics of our system. Appropriate kinetic equations
can help to predict and identify the thermal curing behavior of
various systems involving fillers, catalysts, and additives. Figure
6 presents DSC thermograms of the pure crown-ether BZ
[Figure 6A] and its complex with 20 wt % of LiCLO4 [Figure
6B], recorded at various heating rates. The curing temperature
(Tp) shifted to a higher temperature upon increasing the
heating rate from 5 to 20 °C min−1, as expected for a delay in
the curing reaction. The Kissinger method is used widely to
investigate the curing kinetics of the benzoxazine system; it
depends on the linear relationship between the logarithm of
(β/Tp

2) and the reciprocal of the peak temperature Tp. The
activation energy (Ea) can be calculated according to eq 160
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Figure 4. DSC thermograms of crown-ether BZ/LiClO4 complexes
prepared at weight ratios of (a) 100/0, (b) 95/5, (c) 90/10, (d) 80/
20, and (e) 70/30, recorded prior to thermal curing treatment.

Figure 5. FTIR spectral profiles of pure LiClO4 and various crown-
ether BZ/LiClO4 complexes, recorded at room temperature.

Table 1. Results of Curve Fitting of the Area Fraction of
Free ClO4

−1 and Ion−Dipole Interaction between the Li+

Cation and the ClO4
− Anion

free ClO4
−1 ion−dipole interaction

crown-ether
BZ/LiCLO4 ν, cm−1

W1/2,
cm−1 Af, % ν, cm−1

W1/2,
cm−1 Ai, %

0/100 625.8 13 64.3 637.9 9 35.7
70/30 626.0 13 67.1 637.2 9 32.9
80/20 624.4 14 74.4 636.8 9 25.6
90/10 622.5 13 74.5 636.5 9 25.5
95/5 622.9 13 79.4 636.5 9 20.6
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where β, equal to dT/dt, is the heating rate; A is the pre-
exponential factor; Tp is the exothermic curing peak; and R is
the universal gas constant.
Figure S9 presents the plot based on eq 1; it provides the

value of Ea from the slope of the line, without any assumption
about the conversion-dependent function. The calculated
activation energies for the pure crown-ether BZ and for its
complex with 20 wt % LiClO4 were 77.82 and 74.91 kJ mol−1,
respectively, suggesting that the presence of the crown ether
moiety in the main chain backbone structure catalyzed the ring
opening polymerization at relatively lower temperatures. In
addition, the Li+ ions could also act as a catalyst to enhance the
ring opening polymerization of the oxazine units, because the
activation energy was lower than that of the pure crown-ether
BZ system.
To further examine the thermal polymerization behavior

after the addition of LiClO4 to the crown-ether BZ system, we
used DSC and FTIR spectroscopy to evaluate the correspond-
ing thermal curing behavior of the crown-ether BZ/LiClO4 =
80/20 complex (Figure 7). The thermal curing peak of the
uncured crown-ether BZ/LiClO4 = 80/20 complex was located
at 197 °C with a heat reaction of 125 J g−1 [Figure 7A]. More
interestingly, a phenomenon occurred similar to that of the
pure crown-ether BZ, with the maximum exothermic peak and
the enthalpy of the crown-ether BZ/LiClO4 = 80/20 complex,
both decreasing after thermal treatment at 110 °C, and
completely disappearing upon increasing the curing temper-
ature from 150 to 210 °C; again, these features suggest that the
presence of Li+ ions assisted the ring opening process.
Furthermore, Figure 7B presents corresponding FTIR spectra
recorded after thermal curing of the crown-ether BZ/LiClO4 =
80/20 complex at various temperatures. The characteristic
absorption bands of the oxazine units at 1227 and 927 cm−1

disappeared after thermal curing at 150 °C, consistent with the
DSC data, confirming complete ring opening polymerization of
the benzoxazine monomer and the formation of a highly cross-
linked poly(crown-ether BZ) in the presence of Li+ ions, as
displayed in Scheme 2d.
Ionic Conductivity of Crown-Ether BZ/LiClO4 Com-

plexes. Figure 7B also reveals significant changes in the signals

for the ClO4
− ions at 626 and 637 cm−1, as summarized in

Figure 8A, corresponding to the free ClO4
− anions and the

ion−dipole interaction between the Li+ cations and ClO4
−

anions, as mentioned in Figure 5. The area fraction of the
signal for the free ions near 626 cm−1 decreased upon
increasing the thermal curing temperature [Figure 8A]; the
curve fitting data, based on the deconstruction into Gaussian
peaks, are summarized in Figure 8B. In general, the fraction of
free ClO4

− ions increases upon increasing the temperature
because the chain mobility of the polymeric matrix increases
accordingly.59 We found, however, that the chain mobility of
crown-ether BZ decreased upon increasing the temperature,
because the cross-linking density of poly(crown-ether BZ)
would increase. To the best of our knowledge, we are the first
to observe such a decrease in the free ClO4

− ion concentration;
we suspected that the ionic conductivity of the crown-ether
BZ/LiClO4 complexes should also change upon increasing the
temperature.

Figure 6. Dynamic DSC exothermic curves, recorded at various
heating rates, for (A) pure crown-ether BZ and the (B) crown-ether
BZ/LiClO4 = 80/20 complex.

Figure 7. (A) DSC and (B) FTIR spectral analyses of the crown-ether
BZ//LiClO4 = 80/20 complex at various temperatures: (a) uncured;
(b) 110, (c) 150, (d) 180, and (e) 210 °C.

Figure 8. (A) FTIR spectral analyses of the crown-ether BZ//LiClO4
= 80/20 complex at various temperatures: (a) uncured; (b) 110, (c)
150, (d) 180, and (e) 210 °C. (B) Area fractions of free ClO4

− ions
for the crown-ether BZ//LiClO4 = 80/20 complex at various
temperatures.
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Figure 9 presents the measured ionic conductivities of the
crown-ether BZ/LiClO4 complexes, confirming changes in

chain mobility at various temperatures. The ionic conductivity
is known to follow the equation

n zσ μ= × × (2)

where n is the content of charge carriers, z is the ionic charge,
and μ is the ionic mobility.61−63 The electrochemical
impedance spectra reveal a well-designed Warburg diffusion
(Wd) combined with solution (Rs) and charge-transfer (Rct)
resistances matching those of a Randles cell. The values of the
impedance reached 6.1 × 10−4 and 3.8 × 10−5 S cm−1 for the
crown-ether BZ/LiClO4 = 80/20 complex before (25 °C) and
after thermal curing at 210 °C, respectively. In addition, the
ionic conductivities reached 1.1 × 10−4 and 8.3 × 10−5 S cm−1

for the crown-ether BZ/LiClO4 = 90/10 complex before and
after thermal polymerization, respectively. These values are
consistent with the Li+ ions present within the crown ether and
benzoxazine structures yielding greater conductivity. Increasing
the concentration of Li+ ions at room temperature could also
enhance the ionic conductivity [cf. the values obtained at 10
and 20 wt % LiClO4], because of the increase in the number of
charge carrier (n). In contrast, the conductivity decreased after
thermal curing for both of these crown-ether BZ/LiClO4
complexes, because the chain or ionic mobility (μ) was
restricted after thermal curing of crown-ether BZ, causing the
Li+ ions to transform back to LiClO4 and, thereby, decrease the
fraction of free ClO4

− ions. Notably, the conductivity of 8.3 ×
10−5 S cm−1 for the crown-ether BZ/LiClO4 = 90/10 complex
after thermal curing is higher than those of typical polymer-
based electrolytes [e.g., PEO/LiClO4 = 75/25 (3.2 × 10−7 S
cm−1),62,63 PCL/LiClO4 = 75/25 (4.1 × 10−8 S cm−1),62,63

PMMA/LiClO4 = 80/20 (5.1 × 10−8 S cm−1),64 and PVP/
LiClO4 = 80/20 (4.9 × 10−9 S cm−1).64 The higher
conductivity measured from the crown-ether BZ/LiClO4
complexes presumably arose from the strong metal−ligand
interaction from Li+ ions with the crown ether units,64,65 as
compared with the weak interactions of Li+ ions with the C−
O−C units of PEO and with the CO groups of PCL,
PMMA, and PVP; the stronger interactions would be expected
to enhance the value of the ionic charge (z). In addition,
blending with different metal ions such as K+, Zn+2, or Fe+3

into our crown-ether BZ by a different size of metal ion is also
received interesting. Figure S10 displays the DSC measure-

ment of crown-ether BZ/KClO4 = 90/10 and 80/20,
respectively. We found that the exothermic curing peak of
crown-ether BZ was shifted to a higher temperature, indicating
that Li+ is a very good catalyst for ring-opening polymerization
for a oxazine unit compared to K+. In addition, the Li+ ion
possesses the ability to migrate faster through the electrolyte
medium because of the high rate of diffusion and small size of
the ion compared to other larger cations such as K+, Rb+, and
Cs+. These larger cations would possess less of the affinity for
the oxygen atoms for crown ether electrolytes. More
importantly, thermal curing of the crown-ether BZ/LiClO4
complexes would enhance their thermal and mechanical
properties relative to those of typical thermoplastic resins, a
potentially useful feature for the next generation of polymer
solid electrolytes.

■ CONCLUSIONS

We have prepared a new crown ether-functionalized
benzoxazine monomer through reduction of the Schiff base
formed from dibenzo-crownether-2NH2 and salicylaldehyde.
NMR and FTIR spectroscopy and high-resolution mass
spectrometry confirmed its chemical structure. After thermal
treatment under N2 atmosphere, the resultant poly(crown-
ether BZ) exhibited excellent thermal stability and a high char
yield. The exothermic curing peak of crown-ether BZ
decreased significantly, to 186 °C, after the addition of 30 wt
% LiClO4, indicating that the flexible crown ether moieties and
the Li+ ions acted as effective catalysts and promoters that
accelerated the ring opening polymerization of the benzoxazine
monomer. The highest ionic conductivity (8.27 × 10−5 S
cm−1) was that for the crown-ether BZ/LiClO4 = 90/10
complex after thermal curing; this ionic conductivity is higher
than those of typical polymer-based systems, with our polymer
electrolyte also displaying higher thermal and mechanical
stability.
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