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ABSTRACT: In this paper, we describe dual crown ether (CE)- and benzoxazine (BZ)-linked porous organic polymers (CE-BZ-
POPs) incorporating pyrene (Py) and tetraphenylethylene (TPE) units, synthesized through a multistep process involving Schiff-
base formation, reduction, Mannich condensation, and Sonogashira—Hagihara coupling, with their structures confirmed using
Fourier transform infrared and solid-state nuclear magnetic resonance spectroscopy. The presence of both CE and BZ units in POPs
has never been explored previously. Here, the BZ units underwent solid-state chemical transformations through thermal ring-
opening polymerization without a thermal curing agent or any catalyst. The resulting Mannich bridges and phenolic units facilitated
CO, capture, mediated through strong acid/base and/or intermolecular hydrogen bonding interactions; furthermore, the CE units
bound strongly with metal ions through specific metal—ligand interactions, suggesting that these CE-BZ-POPs might be useful for

wastewater treatment.

B INTRODUCTION

Porous organic polymers (POPs), including conjugated
microporous polymers, covalent organic frameworks (COFs),
hyper-cross-linked polymers, porous poly(benzoxazines)
(PBZ), and covalent triazine frameworks, are emerging
materials possessing ultrahigh surface areas and micro/
mesoporous characteristics that have been exploited in
catalysis, gas capture/separation, energy storage, H, evolution,
and pollutant removal.'~*° The syntheses of POPs have been
performed using various organic reactions, including Suzuki
coupling, Schiff-base formation, Yamamoto and Sonogashira—
Hagihara couplings, Mannich condensation, and Friedel—
Crafts reactions.”’>* In addition to high surface areas and
pore volumes of POPs, the chemical linkages resulting from
these reactions can feature a range of functionalities (e.g.,
triazine, imide, imine, azine, hydrazine), leading to many
potential applications.”~*’ The introduction of new chemical
linkages or functionalities into POPs materials through solid-
state chemical transformations has also attracted much interest
recently. The imine-linked POPs have been converted in the
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solid state to amide or oxazole linkages, while secondary
amides, amines, and quinolones have been obtained directly in
the solid state from their monomers.*' ™’ Furthermore, Yaghi
et al. reported multistep solid-state chemical transformations of
an imine-COF to cyclic carbamate- and thiocarbamate-linked
COFs.*

Polymers incorporating benzoxazine (BZ) linkages, synthe-
sized through Mannich condensation from primary amines,
phenols, and CH,O, can feature strong intramolecular and
intermolecular hydrogen bonds after they undergo thermal
ring-opening polymerization (ROP) of their BZ units and
these H—bonding interactions could improve the properties of
PBZ materials.”’ > Without the need for any thermal curing
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Figure 1. (a) Synthesis of CE-BZ-Br from CE-SA-Br and CE-HBA-Br. (b—d) Corresponding (b) Fourier transform infrared (FTIR), (c) '"H NMR,

and (d) *C NMR spectra.

agent or catalyst, the thermal ROPs of BZ rings can result in
poly(benzoxazines) exhibiting low surface free energy, low
dielectric constant, and high thermal stabilities.” ™ As a
result, several syntheses of BZ-linked POPs have appeared
recently. For example, Xu et al. reacted a triphenol, a diamine,
and CH,O to prepare a BZ-linked POP possessing a high
surface area (231 m?* gfl).SG We also obtained a BZ-linked
POP having a surface area of 72 m® g' through direct
Mannich condensation of a triphenol, a triamine, and CH,0.>’
Sun et al. used Sonogashira—Hagihara coupling to react a
tetrahedral silicone functional monomer with two brominated
BZ derivatives, obtaining BZ-linked POPs displaying high
surface areas (up to 623 m* g').”® We prepared two BZ-linked
POPs from the Sonogashira—Hagihara couplings of a
tetrafunctionalized brominated BZ monomer with tetraethyn-
yl-pyrene (Py-T) and tetraethynyl-tetraphenylethene (TPE-T)
derivatives, with surface areas reaching as high as 325 m* g~.>’

Crown ethers (CEs) are structurally simple macrocyclic host
molecules that possess excellent binding ability toward organic
and inorganic cations because of the electron-rich cavities.”’~**
The strengths of the supramolecular complexes formed
between CEs and metal ions are dependent on the diameter
of the metal ion and the size of the CE ring; accordingly, CEs
have applications in biological systems, supramolecular
chemistry, and nanomaterials.”’"®* Indeed, various CE-
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functionalized polymers have been used to extract alkali
metal ions from solution in wastewater treatment.”” For
example, in a previous study, we obtained a CE-functionalized
BZ monomer through Schiff-base formation from
dibenzo[18]crown-6 diamine and salicylaldehyde, reduction,
and Mannich condensation with CH,O; this material exhibited
excellent Li* ion capture ability.”* CE-functionalized POPs
have also been prepared through Friedel—Crafts and Schiff-
base reactions to form imine, hydrazone, and f-ketoenamine
linkages.éé_68 To the best of our knowledge, however, the
combination of both CE and BZ linkages in POPs (ie.,
forming CE-BZ-POPs) has not been explored previously.

In the present study, we synthesized two new CE-BZ-POPs
through multistep syntheses including Schiff-base formation,
reduction reaction, Mannich condensation, and Sonogashira—
Hagihara coupling. First, we prepared a dibrominated CE-
functionalized BZ monomer [ CE-BZ-Br, Figure 1a] from trans-
di(aminobenzo)[18]crown-6 (CE-NH,) through Schiff-base
formation, reduction, and Mannich reactions. We then
obtained the two new CE-BZ-POPs of CE-BZ-Py and CE-
BZ-TPE through Sonogashira—Hagihara couplings of CE-BZ-
Br with Py-T and TPE-T, respectively. Because TPE exhibits
aggregation-induced emission (AIE) properties, TPE-based
POPs have potential for use in energy storage, optoelectronic
devices, gas adsorption, and perovskite solar cells.””~”* Finally,
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we subjected these CE-BZ-POPs to ROPs through simple
thermal curing polymerization in the solid state, resulting in
the formation of Mannich bridges and phenolic OH groups,
which we expected to interact with CO, through strong acid/
base interactions and/or intermolecular hydrogen bonds,
thereby imparting the POPs with excellent CO, capture
ability.”*~”* In addition, we expected the CE units in these CE-
BZ-POPs to bind strongly with metal ions through specific
metal—ligand interactions. Herein, we discuss the chemical
structures, thermal polymerization behavior, metal—ligand
interactions (between the LiClO, and CE units), and ionic
conductivities and CO, capture abilities of these two CE-BZ-
POPs.

B EXPERIMENTAL SECTION

Materials. Hydrazine monohydrate, sodium borohydride
(NaBH,), sodium hydroxide (NaOH), catechol (98%), dimethyl
sulfoxide (DMSO), absolute EtOH, N,N-dimethylacetamide
(DMAc), methanol (MeOH), N,N-dimethylformamide (DMF),
toluene, chlorobenzene, acetic acid (AcOH), anhydrous MgSO,,
bis(2-chloroethyl)ether, CH,Cl,, CHCl;, and LiClO,, were purchased
from Sigma-Aldrich. Paraformaldehyde, palladium on activated
carbon (Pd/C, 10 wt %), hydrochloric acid (HCl, 37%), nitric acid
(HNO;, 65%), 1,4-dioxane (DO), and acetone were purchased from
Acros. CE-NH,, Py-T, and TPE-T were synthesized using previously
reported procedures [Schemes S1 and $2].2+5%5%73

Dibenzo-crown-ether-4-bromosalicylaldehyde (CE-SA-Br).
A solution of CE-NH, (4.00 g, 10.3 mmol) and 4-bromosalicylalde-
hyde (4.14 g, 20.6 mmol) in absolute EtOH (200 mL) was heated
under reflux in a 500 mL flask equipped with a reflux condenser at 80
°C for 4 h. After cooling, the yellow solid was filtered off, washed 3
times with absolute EtOH, and dried at 50 °C for 2 days under
vacuum. Yield: 85%. FTIR (KBr, cm™): 3412 (OH stretching), 3057
(C=C-H), 1613 (C=N), 1142 (C—0-C), 597 (C—Br). '"H NMR
(DMSO-d,, 25 °C, 500 MHz): § = 13.76 (OH), 8.98 (N=CH),
7.56—7.01 (aromatic protons), 4.17—4.12 (m, 8H), 3.87 (m, 8H). *C
NMR (DMSO-d,, 25 °C, 125 MHz): & = 161.12—114.05, 68.79,
67.82. High-resolution FT-MS (m/z): caled for (C3,Hy,Br,N,O),
756.43; found, 757.05 (Figure S1).

Dibenzo-crown-ether-4-bromohydroxybenzylamine (CE-
HBA-Br). A mixture of CE-SA-Br (2.00 g, 2.64 mmol), NaBH,
(0.400 g, 10.6 mmol), and DMAc (20 mL) was stirred in a 100 mL
flask for 1 day at 25 °C. The mixture was then poured into a large
amount of ice water. After filtration, the white solid was washed 3
times with water and dried. Yield: 90%. FTIR (KBr, cm™): 3406
(OH stretching), 3346 (NH stretching). "H NMR (DMSO-dj, 25 °C,
500 MHz): 6§ = 8.85 (OH), 8.84 (NH), 7.03—5.99 (aromatic
protons), 4.07—3.88 (m, 8H), 3.88—3.73 (m, 8H), 3.73 (HNCH,).
BC NMR (DMSO-ds, 25 °C, 125 MHz): § = 148.512, 143.80,
138.75, 134.34, 129.65, 126.23, 119.59, 118.17, 114.02, 103.02, 98.83,
69.01, 68.65, 67.92, 67.12, 41.95 (NHCH,). High-resolution FT-MS
(m/z): caled for (C3Hs¢Br,N,Og), 760.47; found, 761.09 (Figure
S2).

CE-BZ-Br Monomer. A solution of CE-HBA-Br (2.40 g, 3.16
mmol) and CH,0 (0.190 g, 6.28 mmol) in DO/EtOH (100 mL) was
heated in a 200 mL flask at 100 °C for 1 day under N, atmosphere.
After cooling, the solvents were evaporated, and the brown residue
was dissolved in EtOAc (200 mL). This solution was washed with
NaHCO; (1 N). The organic phase was concentrated under reduced
pressure to provide a white solid. Yield: 80%. FTIR (KBr, cm™):
2934, 2876, 1240 (asymmetric C—O—C stretching), 925 (oxazine
ring). '"H NMR (DMSO-ds, 25 °C, 500 MHz): § = 7.05-6.15
(aromatic protons), 5.39 (OCH,N), 4.54 (ArCH,N), 4.06—3.97 (m,
8H), 3.81-3.79 (m, 8H). *C NMR (DMSO-d,, 25 °C, 125 MHz): §
= 154.92—04.59, 80.14 (OCH,N), 68.88, 67.63, 49.15 (ArCH,N).
High-resolution FT-MS (m/z): calcd for (C36H;¢Br,N,Og), 784.49;
found, 785.09 (Figure S3).
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CE-BZ-POPs. A solution of CE-BZ-Br (392 mg, 0.500 mmol),
TPE-T (107 mg, 0.250 mmol) [or Py-T (150 mg, 0.250 mmol)], Cul
(476 mg, 0.0250 mmol), PPh; (6.56 mg, 0.0250 mmol), and
Pd(PPh,), (28.9 mg, 0.0250 mmol) in DMF (10 mL) and Et;N (10
mL) was heated at 100 °C for 3 days under reflux in a Pyrex tube to
afford CE-BZ-Py POP as a red powder (yield: 75%, Scheme S3) (or
CE-BZ-TPE POP as a yellow powder, yield: 80%, Scheme S4).

CE-BZ-Br/LiClO, and CE-BZ-POP/LiCIO, Complexes. LiClO,
was dissolved in tetrahydrofuran (THF) (10 mL) at various
concentrations. Each LiClO, solution was added dropwise to a
solution of CE-BZ-Br (or CE-BZ-POP) in THF (10 mL). The CE-
BZ-Br/LiClO, (or CE-BZ-POP/LiClO,) complex was stirred for 1
day at 25 °C. The solvent was evaporated slowly at room temperature
and then each complex was subjected to thermal polymerization at
100, 150, 200, and 250 °C, for 2 h each, to form a dark brown solid.

Thermal Polymerization of the CE-BZ-Br Monomer and CE-
BZ-POPs. CE-BZ-Br was subjected to thermal polymerization at 100,
150, 200, and 250 °C, for 2 h each, to provide poly(CE-BZ-Br). The
CE-BZ-POPs were subjected to thermal polymerization at 100, 150,
200, 250, and 300 °C, for 2 h each, to provide poly(CE-BZ-POPs).

B RESULTS AND DISCUSSION

Synthesis of the CE-BZ-Br Monomer. In a previous
study,'”*****” we found that one-pot Mannich condensation
could not be used to form a BZ monomer from the CE-NH,
monomer directly. Thus, in the present study, we synthesized
CE-BZ-Br [Figure 1a] through Schiff-base formation from CE-
NH, and 4-bromosalicylaldehyde (to give CE-SA-Br),
reduction (to give CE-HBA-Br), and finally Mannich
condensation with CH,O in DO/EtOH for 24 h at 100 °C;
Figure 1b presents the Fourier transform infrared (FTIR)
spectrum of each compound. The FTIR spectrum of CE-SA-Br
featured signals at 3420, 3068, 1618, 1135, and 629 cm™,
representing the phenolic OH, C=C-H, C=N, C-0-C
(from the CE moiety), and C—Br units, respectively. The
FTIR spectrum of CE-HBA-Br featured OH and NH
absorptions at 3405 and 3354 cm™', respectively; the signal
for the C=N group at 1618 cm™' had decreased significantly
after the reduction. After Mannich condensation to form the
CE-BZ-Br monomer, absorption bands appeared at 925 and
1231 cm™!, representing the oxazine ring and C—O stretching,
respectively. Figure 1c,d displays the 'H and *C NMR spectra,
respectively, of each compound, measured at room temper-
ature. The '"H NMR spectrum of CE-SA-Br featured signals for
the phenolic OH, N=CH, aromatic, and OCH, protons at
13.75, 8.98, 7.55—7.00, and 4.16—3.86 ppm, respectively. After
reduction, the signal for the N=CH unit at 8.98 ppm had
disappeared, with the spectrum of CE-HBA-Br featuring
signals for the aromatic, OH, and NH protons at 7.01—6.00,
8.84, and 8.54 ppm, respectively, in addition to a new peak at
4.06 ppm for the NHCH, unit. The spectrum of the CE-BZ-Br
monomer featured signals at 4.53 (ArCH,N) and 5.38
(OCH,N) ppm in a 1:1 ratio for the oxazine ring protons;
the signal for the NHCH, unit had disappeared completely,
confirming its successful synthesis. The '*C NMR spectrum of
CE-SA-Br featured signals for the carbon nuclei of the N=
CH, aromatic, and OCH, units at 161.94, 148.86—115.04, and
69.15—68.06 ppm, respectively. After reduction to form CE-
HBA-Br, the signal for the N=CH unit at 161.94 ppm had
disappeared, with a new signal for the NHCH, unit now
observed at 42.18 ppm. The spectrum of CE-BZ-Br featured
signals for the oxazine ring at 49.03 (ArCH,N) and 80.38
(OCH,N) ppm, but no signal for the NHCH, unit at 42.18
ppm, confirming the successful synthesis of the monomer.
High-resolution mass spectrometry confirmed the purity of the
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Figure 2. (a) DSC, (b) FTIR spectral, and (c) thermogravimetric analysis (TGA) analyses of the CE-BZ-Br monomer after thermal polymerization
at various temperatures. (d) Schematic representation of the chemical structural change of the CE-BZ-Br monomer after thermal ROP.

CE-BZ-Br monomer (Figure S3); its experimental molecular
weight was consistent with the theoretical value. Thus, all of
the characterization data confirmed the high purity of our CE-
BZ-Br monomer.

Polymerization Behavior of the CE-BZ-Br Monomer.
Differential scanning calorimetry (DSC) of the pure CE-BZ-Br
monomer after each thermal curing polymerization procedure
[Figure 2a] revealed two thermal events: a signal for an
endothermic melting temperature at 186 °C (confirming the
high purity of the CE-BZ-Br monomer) and a signal for
exothermic thermal polymerization at 196 °C with a heat of
enthalpy of 137 J g~'. The maximum exotherm temperature of
CE-BZ-Br was much lower than that of a typical Pa-type BZ
monomer (255—263 °C) and also lower than that of the CE-
BZ monomer (210 °C) without the Br atom. This lower
thermal curing temperature (by ca. 14 °C, relative to that of
the CE-BZ monomer) was due to the flexible CE unit
catalyzing the ROP, with the electron-withdrawing Br units
also affecting the electron delocalization over the benzene ring,
thereby changing the electron density of the phenolic OH unit
and enhancing, through a strong hydrogen donor effect, the
ROP of the oxazine ring. The melting temperature was
depressed upon thermal polymerization, with the exothermal
peak disappearing after thermal polymerization at 200 °C for 2
h, consistent with the first heating run of the uncured sample.
We also used in situ FTIR spectroscopy to qualitatively
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investigate the ROP behavior of the CE-BZ-Br monomer
[Figure 2b].

We used the signals of the oxazine ring at 925 and 1231
cm™' to monitor the ROP behavior of the CE-BZ-Br
monomer. The intensities of these two peaks decreased
gradually upon increasing the thermal polymerization temper-
ature from 100 to 150 °C. Total disappearance of the signals
for the oxazine ring occurred when the thermal polymerization
temperature was higher than 200 °C, consistent with the DSC
data. We used thermogravimetric analysis (TGA) to investigate
the thermal stability of CE-BZ-Br after thermal polymerization
at each temperature [Figure 2c]. The temperature for 10 wt %
loss (T41) of CE-BZ-Br decreased initially upon increasing the
curing temperature from 100 to 150 °C, presumably because of
the loss of absorbed moisture after slightly cross-linking. After
thermal polymerization at 250 °C, the value of Ty, increased
upon increasing the thermal polymerization temperature from
334 to 395 °C; this value was also higher than that of the CE-
BZ monomer without Br atoms (T4, = 343 °C). In addition,
the char yield increased from 35 to 51 wt % after thermal
polymerization at 250 °C, suggesting evaporated volatile
components and the formation of a highly cross-linked
poly(CE-BZ-Br) structure, such as that displayed in Figure 2d.

Analyses of CE-BZ-Br/LiClO, Complexes. Because CE
units can coordinate strongly with metal ions, they can
function as excellent complexing agents for the capture of
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metal cations. In this study, we choose the lithium (Li*) ion as
the model metal cation because the ionic conductivity of Li*
ions has been widely investigated in lithium-ion batteries and
because changes in ionic conductivity can be monitored before
and after the formation of Li*/CE complexes. First, we used
DSC to investigate the ROP behavior of the CE-BZ-Br/LiClO,
complex [Figure 3a]; here, the thermal polymerization
temperature and heat of thermal reaction both decreased
upon increasing the concentration of LiClO,. For example,
when the LiClO, content was 30 wt %, the thermal
polymerization peak appeared at 152 °C, much lower than
the value of 186 °C for the CE-BZ/LiClO, = 70:30 complex
system (without Br atoms). This phenomenon can be
explained by considering that the CE unit, Br atom, and Li*
ion could all act as catalysts for the ROP of the oxazine units;
indeed, various metal ions (e.g., Fe’*, Zn**, Cu*’, and Li") can
function as effective catalysts for the ROP of BZ monomers
through metal ion coordination to the oxazine ring, metal ion
electrophilic attack on the oxazine ring, and phenoxy and
phenolic structural rearrangement.”®””
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We used FTIR spectroscopy to analyze the specific CE/Li"
ion coordination [Figure 3b]. In the spectrum for pure LiClO,,
a peak appeared at 637 cm™" for the ion pairs formed between
ClO,” anions and Li" cations, and another appeared for the
free CIO,™ ions at 626 cm™’; these signals red-shifted to 636
and 623 cm™’, respectively, in the presence of CE-BZ-Br,
suggesting that the Li" cations coordinated with the CE and
oxazine ring units through ion—dipole interactions. Curve
fitting of these two bands into Gaussian peaks revealed that the
area fraction of the free ClO,~ ions decreased upon increasing
the LiClO, concentration; thus, during ROP of the CE-BZ-Br
monomer, the Li* ions could coordinate effectively with the
CE moiety, as displayed in Figure 3d, and also with the N or O
atom of the oxazine ring. Because Li" cations possessed
catalytic behavior for ROP of the oxazine ring, we used thermal
dynamic DSC analyses to examine thermal polymerization
kinetics of pure CE-BZ-Br and CE-BZ-Br/LiClO, = 80:20
complexes at various heating rates [Figure 4a,b]. As expected,
increasing the heating rate from S to 20 °C min™" shifted the
thermal polymerization temperature (T,) due to the delay of
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Figure 4. (a, b) DSC dynamic heating scans of the (a) pure CE-BZ-Br monomer and (b) CE-BZ-Br/LiClO, = 80:20 complex, measured at various
heating rates. (¢, d) Corresponding values of E, for both systems, calculated using (c) Ozawa and (d) Kissinger methods.

the thermal polymerization reaction. We used the Ozawa and
Kissinger method to measure the thermal polymerization
kinetics of the BZ systems, with the activation energy (E,)
readily determined using eqs S1 and S2; Figure 4c¢,d
summarizes the respective fitting data. The values of E, of
the CE-BZ-Br/LiClO, = 80:20 complex determined using both
equations were much lower than those of the pure CE-BZ-Br,
suggesting that the Li* ions did indeed possess catalytic
behavior to accelerate the ROP of the oxazine ring. The value
of E, obtained using the Kissinger method (69.1 k] mol™") was
also lower than that of the CE-BZ/LiClO, = 80:20 complex
(without Br atoms; 74.91 kJ mol™'),>* consistent with the
thermal polymerization peak of CE-BZ-Br being much lower
than that of CE-BZ because of coordination with LiClO,,.
Synthesis and Polymerization Behavior of CE-BZ-
POPs. We synthesized CE-BZ-Py and CE-BZ-TPE POPs
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through Sonogashira—Hagihara couplings of CE-BZ-Br with
Py-T and TPE-T, respectively [Schemes S3, S4, and Figure
Sal.

We used DSC analyses to examine their thermal polymer-
ization behavior and confirm the presence of BZ linkages in
these two POPs [Figure Sb]. The CE-BZ-Py POP exhibited a
broad exothermic thermal polymerization peak (at 259 °C)
with a heat of reaction of 70 J g”'; the CE-BZ-TPE POP also
displayed a broad exothermic thermal polymerization peak (at
257 °C), with a heat of reaction of 38 J g~'. FTIR spectra
confirmed the presence of oxazine rings in these two POPs
[Figure Sc], with the CE-BZ-Py (CE-BZ-TPE) POP displaying
signals for acetylene units, C—O—C groups (from CE units),
and oxazine rings at 2201 (2204), 1121 (1126), and 949 (953)
cm™’, respectively, confirming the successful incorporation of
CE and BZ linkages in these two POPs. Solid-state "*C NMR
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state NMR spectral analyses.

spectra confirmed the presence of CE and BE linkages in the
POPs [Figure 5d]. The spectra of the CE-BZ-Py and CE-BZ-
TPE POPs featured signals for aromatic carbon nuclei at
147.61—118.69 and 146.60—121.37 ppm, respectively, and for
the OCH, units of the CE moieties at 68.06 and 68.73 ppm,
respectively; most importantly, signals appeared at 81.81 and
88.55 ppm, respectively, for OCH,N and internal triple bond
units and at 45.26 or 46.52 ppm, respectively, for the ArCH,N
units, confirming the chemical structures of these two POPs.
X-ray photoelectron spectroscopy (XPS) analysis was used to
describe the structures of CE-BZ-Py and CE-BZ-TPE POPs
[Figure S4]. As shown in Figure S4a, the XPS profile of CE-
BZ-Py POP showed strong peaks at 285.56, 396.71, and
532.65 €V, corresponding to the presence of C 1s, N 1s, and O
1s. However, the peaks of C 1s, N 1s, and O 1s in the CE-BZ-
TPE POP were found at 281.76, 397.31, and 532.05 eV,
respectively [Figure S4b]. Both CE-BZ-Py and CE-BZ-TPE
POPs had an amorphous structure based on X-ray diffraction
(XRD) analyses [Figure S5]. Elemental mapping of scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM) confirmed the presence of C, N, and O
in the CE-BZ-Py and CE-BZ-TPE POPs materials [Figures
S6a—c, S7a—c, S8a, and S9a].

We measured N, adsorption/desorption isotherms at 77 K
to determine the porosities of CE-BZ-Py and CE-BZ-TPE
POPs [Figure 6a,b, respectively]. Based on the IUPAC
definition, these two sorption isotherms could both be
classified as type I isotherms. For both POPs, a steep and
quite weak uptake of N, gas occurred at relative low pressure,
indicating the presence of microporous structures. For the CE-
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BZ-Py POP, the Brunauer—Emmett—Teller (BET) specific
surface area and total pore volume were 11.9 m* g~' and 0.073
cm?® g7, respectively; for the CE-BE-TPE POP, they were 33.5
m* ¢! and 0.087 cm® g™!, respectively. Althou§h hi§h surface
areas have been proposed for CE-based POPs, 7878 our CE-
BZ-POPs had low specific surface areas, presumably because
the CE units had flexible structures relative to those of the
other rigid building blocks used for the synthesis of POPs. This
finding is consistent with those of Chi et al. and Zhao et al.
who obtained specific surface areas for [18]crown-6-based
POPs of 21 and 47 m? g™/, respectively.””*’ Furthermore, the
hysteresis loop of the N, adsorption/desorption curve of the
CE-BZ-TPE POP did not completely close due to its CE
moieties acting as flexible units within the POP framework,
leading to elastic deformation, consistent with the low surface
areas of these CE-BZ-POPs. We used nonlocal density
functional theory (NLDFT) to determine the corresponding
pore size distributions of these two CE-BZ-POPs [insets to
Figure 6a,b]; the CE-BZ-Py POP contained micro/mesopores
having sizes in the range of 1.81—3.76 nm, while the CE-BZ-
TPE POP has sizes in the range of 1.76—3.35 nm. SEM images
of the surface morphologies [Figure 6c,d] indicated the
presence of interconnected small aggregated spherical
structures for both CE-BZ-POPs, with irregular amorphous
properties and microporous structures. TEM images also
revealed the presence of irregular microporous structures
[Figure 6e,f].

We used FTIR spectroscopy and TGA to investigate the
chemical transformations of these two CE-BZ-POPs through
solid-state ROP, through analyses performed before and after
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Figure 6. (a, b) N, adsorption/desorption isotherms, (c, d) SEM images, and (e, f) TEM images of (a, ¢, e) CE-BZ-Py and (b, d, f) CE-BZ-TPE

POPs.

thermal polymerization [Figure 7a—d]. As displayed in Figure
7a,b, the signals for C—O stretching and the oxazine ring near
1242 and 949 cm ™!, respectively, disappeared completely after
thermal polymerization of both the CE-BZ-Py and CE-BZ-
TPE POPs at 300 °C for 2 h, consistent with the DSC data in
Figure 5b. Very broad signals appeared in the range of 3600—
2500 cm ™" after thermal ROP, indicating that large amounts of
phenolic OH units formed and underwent intramolecular
[OH--N] and [OH--z] and intermolecular [OH:--O]
interactions, as have been discussed in many previous
studies.”* In addition, the signals for internal acetylene bonds
of CE-BZ-Py and CE-BZ-TPE POPs at 2204 and 2201 cm™
remained after thermal polymerization at 300 °C for 2 h,
indicating that the frameworks of both CE-BZ-POPs remained
intact at high temperature. We used TGA to examine the
thermal stabilities of these two CE-BZ-POPs [Figure 7c,d].
The value of Ty, and the char yield for the uncured CE-BZ-Py
POP were 328 °C and 44.9 wt %, respectively; for the uncured
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CE-BZ-TPE POP, they were 339 °C and 48.9 wt %,
respectively. After thermal polymerization, the value of Ty,
and char yield for poly(CE-BZ-Py) both increased to 403 °C
and 50.8 wt %, respectively; similarly, for poly(CE-BZ-TPE),
they both increased to 421 °C and 51.8 wt %, respectively.
Figure 7ef presents SEM images of poly(CE-BZ-Py) and
poly(CE-BZ-TPE), again revealing interconnected small
aggregated spherical structures with large amounts of micro-
pores; their surfaces presumably featured large amounts of
phenolic OH groups, Mannich bridges, and CE units after the
thermal ROP reaction, as displayed in Figure 8a. Elemental
mapping of TEM revealed the presence of C, N, and O in the
poly(CE-BZ-Py) and poly(CE-BZ-TPE) POPs frameworks
[Figures S8b and S9b]. In addition, XPS data of poly(CE-BZ-
Py) and poly(CE-BZ-TPE) POPs [Figure S10] revealed the
presence of C 1s, N 1s, and O 1s in their framework. Figure
8b,c provides the CO, capture behavior, measured at 298 K at
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1 bar, of the CE-BZ-POPs before and after their thermal
polymerization [Figure 8a].

CE-BZ-Py and CE-BZ-TPE POPs displayed CO, capacities
of 0.63 (2.77 wt %) and 0.58 (2.55 wt %) mmol g,
respectively. After thermal ROP and the formation of poly(CE-
BZ-Py) and poly(CE-BZ-TPE), the CO, capacities increased
significantly to 1.72 (7.56 wt %) and 4.36 (19.18 wt %) mmol
g~!, respectively. The CO, capture abilities of both CE-BZ-
TPE and poly(CE-BZ-TPE) POPs were higher than those of
CE-BZ-Py and poly(CE-BZ-Py) POPs because the former
featured higher surface areas and pore volumes, which favored
CO, capture. After the thermal ROPs formed the poly(CE-BZ-
Py) and poly(CE-BZ-TPE) POPs, the CO, uptake capacities
were higher than those of the CE-BZ-Py and CE-BZ-TPE
POPs, presumably because of the presence of highly abundant
N atoms and phenolic OH groups in the former pair, as a
result of solid-state chemical transitions in their polymeric
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frameworks; these new units were capable of forming acid/
base and hydrogen bonding interactions that stabilized the
coordination of CO, gas through [N-:\C=0] and [OH--O=
C] interactions, thereby resulting in higher degrees of CO,
capture. Furthermore, poly(Py-TPE-BZ) and poly(TPE-TPE-
BZ) POPs, formed without CE units, had CO, uptakes of 2.20
and 2.21 mmol g/, respectively, at 298 K at 1 bar.”” Notably,
Ma et al. reported that the BZ-functionalized POPs BPOP-1
and BPOP-2 had CO, uptakes of 0.98 and 0.67 mmol g~*,**
respectively, while Tan et al. noted that the BZ-functionalized
POPs BoxPOP-1, BoxPOP-2, and BoxPOP3 displayed CO,
uptakes of 0.91, 1.04, and 0.29 mmol g_l, respectively, at 298 K
at 1 bar.”® Our poly(TPE-TPE-BZ) POPs displayed a higher
CO, uptake value (4.36 mmol g™') than those of AT-F1-900
(4.16 mmol g'), AT-F2-900 (4.25 mmol g™'), AT-F3-900
(4.04 mmol g™'), AT-F2-600 (3.52 mmol g'), and AT-P2-900
(3.88 mmol g*).*'
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Thus, our CE-functionalized BZ-linked POPs presumably
also provided strong intermolecular interactions through CE---
CO, complexation, thereby improving the CO, capture
ability.”” In addition, TAPP(H2)-B18C6-POP and TAPP-
(Co)-B18C6-POP, CE-functionalized POPs without BZ link-
ages, exhibited CO, uptake capacities of 0.90 and 1.15 mmol
g_l, respectively, at 298 K at 1 bar;”® thus, the BZ
functionalities in our CE-POPs also appeared to provide
additional strong intermolecular interactions with CO,. As a
result, taking advantage of the presence of both CE and BZ
units, our POPs after thermal ROP exhibited excellent CO,
uptake capacities; indeed, they are the highest ever reported
among CE- or BZ-functionalized POPs.

In a previous study,”* we found that the chain mobility of
the polymer increased upon increasing the temperature, and
that the presence of Li* and ClO," ions led to high
conductivity. Nevertheless, upon increasing the temperature,
the chain mobility of the BZ-functionalized POPs decreased
because the cross-linking density increased and, thus, the ionic
conductivity changed after thermal ROP. Figure 9 reveals the
ionic conductivities of CE-BZ-Br and CE-BZ-POP complexed
with 20 wt % LiClO,, confirming that the chain mobility
changed during thermal ROP. In general, the ionic
conductivity is dependent on the charge carrier concentration,
ionic charge, and ionic mobility. We used electrochemical
impedance spectroscopy (EIS) to study the effects of curing on
the conductivity.

The obtained EIS data in Figure S11 were fitted with an
equivalent circuit to compare the series resistance (R,), charge
transfer resistance (Ra); constant phase elements representing
both electric double layer capacitance (CPE-EDLC), and
pseudocapacitive (CPE-P) behavior, and the Warburg element
(2,).5%" We used a Randles cell to match the well-defined
Warburg diffusion (W;) combined with charge transfer (R.)
and solution (R;) resistance (Table S1). The impedances of
the CE-BZ-Br, CE-BZ-Py POP, and CE-BZ-TPE POP
complexes with 20 wt % LiClO, reached 2.6 X 1073, 1.5 X
107% and 1.1 X 107> S cm™’, respectively, prior to thermal
ROP at 25 °C; after thermal ROP, they decreased significantly
to 8 X 107, 1.4 X 107%, and 1.2 X 107> S cm™, respectively.
Prior to thermal ROP, the CE-BZ-Br/LiClO, complex
possessed the highest ionic conductivity because the Li* ions
could strongly coordinate with the CE and BZ units. The ionic
conductivity of the CE-BZ-POP/LiClO, complexes was lower
prior to thermal ROP because the chain mobility was restricted
after Sonogashira—Hagihara coupling had formed the CE-BZ-
POPs. After thermal ROP of all of the complex systems, the
ionic conductivities decreased because the chain and ionic
mobilities remained limited; thus, the Li* ions transformed
back to LiClO, ion pairs, resulting in lower ionic conductivity.
Most importantly, thermal ROP of the CE-BZ-POP/LiClO,
complex improved its thermal and mechanical properties,
compared with those of other thermoplastic polymers (e.g.,
poly(ethylene oxide) (PEO), poly(caprolactone) (PCL), and
poly(methyl methacrylate) (PMMA)), making it a potential
material for use in next-generation solid polymer electrolytes
and also for metal ion capture in wastewater treatment.

B CONCLUSIONS

We have synthesized CE-BZ-POPs, incorporating Py and TPE
units through Schiff-base formation, reduction, Mannich
condensation, and Sonogashira—Hagihara coupling, and
examined them using DSC, TGA, FTIR spectroscopy, and

solid-state NMR spectroscopy. The presence of both CE and
BZ functional groups in these POPs ensured not only that
solid-state chemical transformations could be performed
through thermal ROP of the BZ units but also that the CE
units could provide strong coordination ability with metal ions
and CO,. Because the BZ units could undergo thermal ROP in
the absence of any catalyst or thermal curing agent, these POPs
readily transformed to introduce Mannich bridges and
phenolic units, which facilitated CO, capture through strong
acid/base and intermolecular hydrogen bonding interactions.
Therefore, taking advantage of the presence of both the CE
and BZ units, our CE-BZ-POPs possessed CO, capture
abilities higher than those of POPs, featuring only CE or BZ
linkages. Accordingly, we believe that these CE-BZ-POPs
could be useful materials for next-generation solid polymer
electrolytes and wastewater treatment systems.
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