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Abstract

In this study, we prepared nitrogen-doped microporous carbons (NMCs) from two different benzoxazine monomers (AMBZ,
AEBZ), each containing both azobenzene and carboxylic groups, through a simple and environmentally friendly process of ring-
opening polymerization (ROP), calcination, and KOH activation. We synthesized the AMBZ and AEBZ monomers through
Mannich condensations of 4,4'-diaminodiphenylmethane (M) and 4,4’-diaminodiphenyl ether (E), respectively, with parafor-
maldehyde and 4-(4-hydroxphenylazo)benzoic acid (Azo-COOH). Differential scanning calorimetry (DSC) revealed that the
thermal curing temperatures of AMBZ and AEBZ (both ca. 230 °C) were lower than that of a typical Pa-type benzoxazine
monomer (263 °C), suggesting that the azobenzene and COOH units acted as promoters and catalysts for the ROP of the
benzoxazine units. In addition, after ROP of the benzoxazine units of AMBZ and AEBZ, the polymers PAMBZ and PAEBZ,
respectively, displayed high glass transition temperatures (7,) and high thermal stability, as evidenced using DSC and thermo-
gravimetric analysis (TGA), due to their greater cross-linking densities. We used Brunauer—Emmett—Teller analysis, TGA, wide-
angle X-ray diffraction, transmission electron microscopy, Raman spectroscopy, and X-ray photoelectron spectroscopy to
examine the specific surface areas, porous structures, chemical compositions, and thermal stabilities of the resulting KOH-
activated NMCs PAMBZ-A and PAEBZ-A. The CO, capture abilities and thermal properties of these two highly-nitrogen-
doped microporous carbons, synthesized from polybenzoxazine (PBZ) resins containing azobenzene and COOH groups, were
excellent when compared with those of other N-doped porous carbons derived from other PBZ matrices.
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(https://doi.org/10.1007/s10965-020-02179-1) contains supplementary
material, which is available to authorized users. Carbon dioxide (CO,) is the main greenhouse gas that con-
tributes to anthropogenic global warming. Although wet
cleaning with aqueous alkanolamine solutions is the chemical
process employed most commonly for capturing CO,, this

method has several disadvantages, including high energy con-
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sumption, low efficiency, difficulties of renewal, equipment
corrosion, solvent loss, and high cost [1-7]. The development
of new and more effective strategies remains challenging, but
it appears to be an urgent task for decreasing or capturing the
amounts of CO, produced in various industrial processes.
Porous organic polymers (POPs) have attracted much atten-
tion as porous materials for many applications, including sen-
sors, removal of pollutants, CO, capture, storage and separa-
tion, drug delivery, catalysis, SO, adsorption, gene therapy,
Li-S batteries, energy conversion, and light-harvesting; they
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have several attractive properties: high surface areas, large
porosities, large pore volumes, chemical resistance, biocom-
patibility, and excellent electrical conductivity [8§—15]. Many
methods—including thermal decomposition, chemical vapor
deposition, condensation, reactions of melamine with porous
carbon, and the carbonization and KOH activation of N-
containing materials—have been used widely for the prepara-
tion of N-doped porous carbon materials (NMCs) having high
surface areas and excellent porosities [16-26].

Polybenzoxazines (PBZs) are phenolic resin—derived, het-
erocyclic, high-performance thermosetting polymers that can
be prepared through thermal ring-opening polymerization
(ROP) of benzoxazine monomers [27-36]. The preparation
of benzoxazine monomers can be performed readily through
Mannich condensations of primary or aromatic amines, phe-
nols, and paraformaldehyde in the presence or absence of a
solvent [37-39]. PBZs have attracted interest from both indus-
trial and academic fields because of their many useful proper-
ties: low surface energies, flame-retardance, high thermal sta-
bilities, near-zero shrinkage upon polymerization, good sol-
vent-resistance, excellent mechanical properties, low water
absorption, low melt viscosities, hydrophobic surfaces, high
carbon residue rates, low dielectric constants, corrosion resis-
tance, ease of processability, no release of volatile products,
high glass transition temperatures (7}), and highly flexible
molecular design [40—46]. The properties of PBZs have also
been improved through (i) the use of benzoxazines monomers
containing reactive functional groups (e.g., propargyl, nitrile,
hydroxyalkyl) and (ii) incorporation, copolymerization, or
blending of the benzoxazine monomers with polyhedral olig-
omeric silsesquioxane (POSS), carbon nanotubes, nano clay,
polydimethylsiloxane (PDMS), or graphene [47-50].

Recently, PBZ resins have been used as precursors for the
preparation of high-performance nitrogen-doped carbon ma-
terials (NMCs) for CO, adsorption and energy storage, be-
cause their higher contents of N and O atoms inside the carbon
matrix after thermal curing polymerization, carbonization, and
activation can enhance their affinity toward CO, [51, 52]. For
example, we have previously reported that BZCN-A, micro-
porous carbon derived from a nitrile-functionalized benzoxa-
zine matrix, is a porous material of high surface area and
exhibiting a CO, uptake of 2.82 mmol g’ [53]. Li et al. pre-
pared the nitrogen-containing porous carbon NPC-1 through
thermal curing polymerization, calcination, and KOH chemi-
cal activation of a nitrile-functionalized benzoxazine mono-
mer and a soft templating agent (surfactant F127) [54]. They
found that NPC-1 exhibited high CO, uptakes of 6.20 and
3.95 mmol g ' at 0 and 25 °C, respectively. Furthermore,
Hao et al. synthesized nitrogen-containing porous carbon
monoliths from poly(benzoxazine-co-resol) polymers as car-
bon precursors; these materials possessed interconnected
meso—/macropore structured and displayed outstanding CO,
uptake [55].

@ Springer

Herein, we describe two new benzoxazine monomers con-
taining both azobenzene and COOH groups (AMBZ and
AEBZ), prepared through Mannich condensation
(Scheme 1). Fourier transform infrared (FTIR) spectroscopy,
nuclear magnetic resonance (NMR) spectroscopy, thermogra-
vimetric analysis (TGA), and differential scanning calorime-
try (DSC) revealed their thermal curing behavior, thermal
properties, and chemical structures. We then used wide-
angle X-ray diffraction (WXRD), X-ray photoelectron spec-
troscopy (XPS), transmission electron microscopy (TEM),
Raman spectroscopy, and N, adsorption/desorption and CO,
adsorption measurements to examine the properties of the
microporous carbon materials PAMBZ-A and PAEBZ-A de-
rived from AMBZ and AEBZ, respectively, including their
thermal stabilities, textural properties [e.g., Brunauer—
Emmett-Teller (BET) surface areas and pore-size distribu-
tions], chemical compositions, and CO, uptake abilities. We
found that the incorporation of both azobenzene and COOH
groups into the PBZ matrices had a great effect on the prop-
erties of the resulting N-doped carbon materials—in particu-
lar, it enhanced their CO, capture abilities.

Experimental section
Materials

4-Aminobenzoic acid, anhydrous magnesium sulfate
(MgS0,), sodium hydroxide (NaOH), methanol (MeOH), so-
dium nitrite (NaNQO,), potassium hydroxide (KOH), 4,4'-
diamino diphenylmethane, 4,4'-diaminodiphenyl ether, phe-
nol, paraformaldehyde (CH,0),,, tetrahydrofuran (THF), 1,4-
dioxane, HCI solution (37%), and ethyl acetate (EA) were
purchased from Acros.

4-(4-Hydroxyphenylazo)benzoic acid (Azo-COOH) [47]
(Scheme S1)

A solution of sodium nitrite (6.90 g, 0.100 mmol) in water
(20 mL) was added dropwise to a stirred solution of 4-
aminobenzoic acid (13.7 g, 0.100 mmol) in dilute HCI
(40 mL) at 0 °C and then the mixture was diluted with cold
MeOH (300 mL). A cooled solution of phenol (9.41 g,
0.100 mmol), NaOH (10.8 g, 0.190 mmol), and
MeOH (50 ml) were added to this solution. After stir-
ring for 2 h, dilute HCI (0.5 N) was added into the
mixture to afford Azo-COOH as a red powder (9.00 g,
66%); m.p.: 273-275 °C (DSC). FTIR (KBr, cm ')
3463-3204 (OH), 3053-2500 (COOH), 1660 (C=0).
'"H NMR (500 MHz, DMSO-ds, , ppm): 6.88-8.12
(m, 8H, ArH), 10.17 (s, 1H, OH), 13.13 (s, 1H,
COOH). 'C NMR (125 MHz, DMSO-dg, 8, ppm):
168 (C=0).
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Scheme 1 Synthesis of (e) NMCs from (a) AMBZ, (b) AEBZ, (¢) PAMBZ, and (d) PAEBZ through ROP, carbonization, and KOH chemical activation

4,4'-(((Methylenebis(4,1-phenylene))bis(3,4-dihydro-
2H-benzole][1,3]oxazine-3,7-diyl))bis(diazene-2,1-
diyl))dibenzoic acid (AMBZ)

In a round-bottom flask (100 mL) equipped with a condenser
and a magnetic stirrer, a solution of 4,4'-
diaminodiphenylmethane (1.00 g, 5.07 mmol), paraformalde-
hyde (0.61 g, 20.2 mmol), and Azo-COOH (2.44 ¢,
10.1 mmol) in 1,4-dioxane (50 mL) was heated under reflux
at 110 °C for 24 h under a N, atmosphere. The mixture was
cooled to room temperature and the 1,4-dioxane was evapo-
rated under reduced pressure at 50 °C. A small amount of THF
was added to the residue; the AMBZ monomer was precipi-
tated from hexane (300 mL) as an orange solid (3.00 g, 82%).
FTIR (KBr, cm '): 3053-2500 (COOH), 1666 (C=0), 1602
(C=C), 1230 (C—O—C asymmetric stretching), 933 (ben-
zoxazine-related band). '"H NMR (500 MHz, DMSO-d,,

5, ppm): 13.13 (s, 2H, COOH), 7.99-6.04 (m, C-H
aromatic), 5.52 (s, 4H, OCH,;N), 4.73 (s, 4H,
ArCH,N), (s, 2H, ArCH,Ar). '*C NMR (125 MHz,
DMSO-dg, &, ppm): 168 (C=0), 161.81-113.54 (aromat-
ic), 80.35 (OCH,N), 66.72 (ArCH,Ar), 49.01
(ArCH,N).

4,4'-(((Oxybis(4,1-phenylene))bis(3,4-dihydro-2H-
benzole][1,3]oxazine-3,7-diyl))bis(diazene-2,1-diyl))
dibenzoic acid (AEBZ)

A solution of 4,4’-diaminodiphenyl ether (1.00 g,
5.00 mmol), paraformaldehyde (0.60 g, 20.00 mmol)
and Azo-COOH (2.42 g, 10.0 mmol) in 1,4-dioxane
(50 mL) was heated at 110 °C for 24 h under a N,
atmosphere. The mixture was cooled to room tempera-
ture and the solvent was evaporated under reduced

@ Springer



197 Page4of 12

J Polym Res (2020) 27: 197

pressure. A small amount of THF was added to the
residue; AEBZ was precipitated from hexane (300 mL)
to afford an orange solid (3.20 g, 87%). FTIR (KBr,
em '): 3053-2500 (COOH), 1690 (C=0), 1597 (C=C),
1228 (C-O—C asymmetric stretching), and 928 (benzox-
azine-related band). '"H NMR (500 MHz, DMSO-d;, b,
ppm,): 13.13 (s, 2H, COOH), 7.82—-6.06 ((m, C-H aro-
matic), 5.51(s, 4H, OCH,N), 4.74(s, 4H, ArCH,N). '*C
NMR (125 MHz, DMSO-ds, 6, ppm): 168 (C=0),
162.93-113.12 (aromatic), 80.63 (OCH,N), 49.41
(ArCH;N).

PAMBZ and PAEBZ

A desired amount of the AMBZ or AEBZ monomer
was cured in an oven at various temperatures (110,
150, 180, 210, and 250 °C; for 2 h at each temperature)
to afford a black powder.

NMCs derived from AMBZ and AEBZ

The desired amount of the AMBZ (AEBZ) monomer was
polymerized in an oven for 5 h at 250 °C. The sample was
then calcined in a tubular furnace (heating rate: 5 °C min ')
under a N, atmosphere at 600 °C for 2 h to give PAMBZ-C
(PAEBZ-C). The black sample was mixed with an aqueous
KOH solution and stirred overnight. The water was evaporat-
ed under reduced pressure at 120 °C for 24 h. The activated
sample was transferred to a tubular furnace (heating rate:
5°C min ') and heated under a N, atmosphere at 800 °C for
8 h to afford PAMBZ-A (PAEBZ-A).

Fig. 1 FTIR spectra of (a) Azo-
COOH, (b) AMBZ, and (c)
PAMBZ

(a) Azo-COOH

(b) AMBZ

Results and discussion
Synthesis of AMBZ, AEBZ, PAMBZ, and PAMBZ

We prepared the AMBZ and AEBZ monomers through one-
pot Mannich condensations, as displayed in Scheme 1. 'H and
3C NMR and FTIR spectroscopy confirmed their structures.
Figure 1 presents the FTIR spectra of Azo-COOH, AMBZ,
and PAMBZ. The spectrum of Azo-COOH (Fig. 1a) displays
major absorption bands at 3470 and 3540 cm ™' corresponding
to hydrogen-bonded and free OH groups; at 3050-2520 cm '
for the hydrogen-bonded COOH dimer; and at 1666 cm ' for
C=0 stretching. In the spectrum of the AMBZ monomer (Fig.
1b), characteristic absorption bands appeared at 3050-2520,
1666, 1230, and 933 cm ™', representing the hydrogen-bonded
COOH dimer, C=0 stretching, asymmetric C—O-C
stretching, and a benzoxazine-related band, respectively, but
the signal for the OH unit was absent. After thermal treatment
at 250 °C, the spectrum of PAMBZ (Fig. 1¢) did not feature
the characteristic signals for the asymmetric C-O-C
stretching or the benzoxazine-related band. Figure 2 displays
the FTIR spectra of Azo-COOH, AEBZ, and PAEBZ, record-
ed at room temperature. The spectrum of AEBZ (Fig. 2b)
features characteristics absorption signals centered at 1690,
1228, and 928 cm !, corresponding to the C=0 group, asym-
metric C—O—C stretching, and out-of-plane C—H bending of
the benzene ring, respectively. The characteristic signals at
1228 and 928 cm ! related to the oxazine ring in AEBZ dis-
appeared after its thermal curing polymerization at 250 °C to
give PAEBZ (Fig. 2c). Figure 3 presents the '"H NMR spectra
of Azo-COOH, AMBZ, and AEBZ in DMSO-d. In the spec-
trum of Azo-COOH (Fig. 3a), signals appeared at 13.13 ppm
for the COOH group, 10.47 ppm for the OH unit, and 6.97—

C=0

1230 cm™
933 cm’

COOH

OH

(c) PAMBZ m
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Fig. 2 FTIR spectra of (a) Azo- C=0
COOH, (b) AEBZ, and (c)
PAEBZ
OH COOH
(a) Azo-COCOH
1228 cm’
Cc=0 -1
COOH 928 cm
(b) AEBZ “_/vﬁ\_\__/\’J
OH
(c) PAEBZ N
T T T T T T T T T T T 1
3500 3000 2500 2000 1500 1000 500

8.10 ppm for the aromatic protons. The spectra of AMBZ
(Fig. 3b) and AEBZ (Fig. 3c) feature peaks at 13.13, 4.73,
and 5.52 ppm and at 13.13, 4.72, and 5.52 ppm, respectively,
representing their COOH groups and the ArCH,N and
OCH,N units of their oxazine rings, respectively. Also, the
spectrum of AMBZ features a signal at 3.60 ppm for the
methylene group (CH,). Figure 4 provides the '>*C NMR spec-
tra of Azo-COOH, AMBZ, and AEBZ. The spectrum of
Azo-COOH (Fig. 4a) features signals in the range
116.6-162.3 ppm for the azobenzene moiety and at

Fig. 3 "H NMR spectra of (a)
Az0-COOH, (b) AMBZ, and (c)
AEBZ

Wavenumber (cm™)

167.2 ppm for the C=0 group. In the spectrum of
AMBZ (Fig. 4b), signals appeared at 80.35, 66.72, and
49.01 ppm for the OCH,N, ArCH,N, and ArCH,Ar
units, respectively. The same characteristic signals ap-
peared for the OCH,N and ArCH,N units in the spec-
trum of AEBZ (Fig. 4c), at 80.63 and 49.41 ppm, re-
spectively, in addition to signals for the aromatic carbon
nuclei in the range 158.54-113.11 ppm. Thus, the NMR
and FTIR spectra confirmed the successful syntheses of
Azo-COOH and the monomers AMBZ and AEBZ.
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Fig. 4 '>C NMR spectra of (a) H DMSO-d,
Azo-COOH, (b) AMBZ and (c)
AEBZ A
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Thermal curing polymerization of the monomers
AMBZ and AEBZ

We used DSC and FTIR to study the thermal curing behavior
of AMBZ and AEBZ. Figure 5 displays DSC profiles of the
uncured AMBZ and after its polymerization at temperatures
from 110 to 250 °C. The uncured AMBZ provided a maxi-
mum exothermic curing peak at 233 °C with a reaction heat of
291J g ". After thermal polymerization of AMBZ at 110, 150,

Fig. 5 a DSC thermograms and (a)

T T T " T 1T T " T " T 1
180 160 140 120 100 80 60 40 20 0

Chemical Shift (ppm)

and 180 °C, the maximum exothermic curing peaks appeared
at 233, 232, and 244 °C, respectively, with reaction heats of
291, 250, and 237 J g, respectively. Further thermal curing
at temperatures from 210 to 250 °C resulted in the maximum
exothermic curing peak of AMBZ disappearing completely; a
glass transition temperature (7,) of 236 °C appeared after
thermal treatment at 210 °C, indicating complete ROP of the
oxazine units and the formation of PAMBZ with high
crosslinking density. After thermal treatment of AMBZ from

(b)

(b) FTIR spectra of the monomer
AMBZ before and after curing at
various temperatures

RT

Heat Flow (Endo, Down)

210°C

250 °C

180 °C ™~
237 Jig

1230 cm™
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291 Jig
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~a
291 J/g

232°C
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o, M
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»~
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Fig. 6 a DSC thermograms and (a) (b)
(b) FTIR spectra of the monomer 1
AEBZ before and after curing at 237°C 1228 cm
various temperatures RT 298 Jig™~ 1630 cm-1 p
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room temperature to 180 °C, the FTIR spectra featured ab-
sorption signals of the benzoxazine unit of AMBZ at 1230 and
933 cm ', representing the C—O—C unit and the benzoxazine
mode, respectively (Fig. 5b). Further curing to 250 °C, how-
ever, resulted in complete disappearance of these characteris-
tic absorption signals of the benzoxazine ring structure of the
monomer. Figure 6a presents the DSC thermogram of AEBZ,
featuring an exothermic peak at 237 °C and an enthalpy of

Wavenumber (cm™)

298 J g~ !. After thermal curing at temperatures of 110, 150,
180, and 210 °C, thermal curing peaks appeared at 237, 236,
260, and 302 °C, respectively, with reaction heats 0f 298, 260,
259, and 242 J g, respectively. PAEBZ exhibited a glass
transition temperature at 200 °C after thermal curing at
250 °C. More interestingly, the exothermic curing peaks for
the oxazine units in AMBZ and AEBZ (Figs. 5a and 6a) were
at lower temperatures than that of the typical Pa-type

Fig. 7 TGA profiles of the a) (b)
monomers (a) AMBZ and (b) 100 100 S=—x_
AEBZ before and after curing at
various temperatures
80 - 80 -
Q)
< 60 60 -
)
%]
(@]
4
=
D 40 - 40 -
()
=
— Uncuring = Uncuring
20 J——150°C 20 4 ——150°C
180 °C 180 °C
{——210°C {——210°C
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Temperature (°C)
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Table 1 Thermal stabilities, XPS
analytical data, surface areas, and

XPS analysis (%)

CO, uptake abilities of various

samples Samples T40(°C)  Charyield C ¢} N Sper m* g ') CO, uptake
(Wt%) (mmol g 1)
208K 273K
AMBZ 249 46 - - - - - -
AEBZ 263 38 - - - - -
PAMBZ 426 58 - - - - -
PAEBZ 418 57 - - - - -
PAMBZ-A - - 812 165 23 462 3.63 5.53
PAEBZ-A - - 758 200 42 960 4.60 7.20

benzoxazine monomer (263 °C), presumably because the car-
boxylic acid and azobenzene units in AMBZ and AEBZ acted
as catalysts for ROP of the benzoxazine unit [46]. Similarly,
the characteristic absorption signals for the benzoxazine unit
in the FTIR spectrum of AEBZ disappeared completely after
its thermal treatment at 250 °C (Fig. 6b), consistent with the
DSC behavior. The absorption intensity of the C=0O unit of the
COOH group decreased after increasing the thermal curing
temperature to 180 or 250 °C for both AMBZ and AEBZ,
due to the thermal polymerization of these two monomers
and partial decarboxylation [46]. Furthermore, we used TGA
under a N, atmosphere to examine the thermal stability of the
uncured AMBZ and AEBZ and the products of their polymer-
izations after thermal curing at various temperatures (110—
250 °C) (Fig. 7, Table 1). The uncured AMBZ and AEBZ
exhibited decomposition temperatures (74;9) of 249 and
263 °C, respectively, and char yields of 46 and 38 wt%,

400

—=— (a) PAMBZ-A
—e— (b) PAEBZ-A

350

300~

3

Quantity absorbed (cm/g

250
200
150 rfﬁm_
100 -

50 -

o T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (P/P0)
Fig. 8 N, adsorption/desorption of PAMBZ-A and PAEBZ-A at 77 K

@ Springer

respectively. The thermal decomposition temperatures and
char yields of the PBZ matrices obtained after the polymeri-
zations of AMBZ and AEBZ at 250 °C increased to 426 °C
and 58 wt% and to 418 °C and 57 wt%, respectively, presum-
ably because they had highly crosslinked structures arising
from hydrogen bonding among the COOH groups or because
of additional crosslinking arising from partial decarboxylation
at 250 °C [46].

Characterization of NMCs derived from PAMBZ and
PAEBZ

We performed N, adsorption/desorption measurements at
77 K to determine the porosity properties of the NMCs de-
rived from AMBZ and AEBZ (Scheme 1(e)), including their
BET surface areas, pore volumes, and pore size distributions
(Fig. 8). The N, adsorption/desorption isothermal curves of
PAMBZ-A and PAEBZ-A both featured type-I isotherms
with rapid increases at low values of P/P, (<0.05), indicating
that both NMCs were microporous carbon materials. The BET
surface areas and total pore volumes were 464 m? g ' and

—— (a) PAMBZ-A
—— (b) PAEBZ-A

Intensity (a.u.)
O

(b)

T T T T T T T
10 20 30 40 50

2 Theta
Fig. 9 WXRD spectra of PAMBZ-A and PAEBZ-A
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Fig. 10 XPS results of PAMBZ-
A (a, ¢) and PAEBZ-A (b, d)

(b) .-I....
N1s fﬁ ik
.I. .\.
/ \
| ] |
J Y
II vVy. \.
-' .o. ) B )
0 v' "% 4 gt
1 VW
FM««<«M““““€MW
394 306 398 400 402 404 406394 396 398 400 402 404

Intensity (a.u.)

528 530 532

0.204 cm® g, respectively, for PAMBZ-A and 960 m? g
and 0.43 cm® g ', respectively, for PAEBZ-A. We used non-
local density functional theory to calculate average pore sizes
in PAMBZ-A and PAEBZ-A (Fig. S1) of approximately
2.70 nm. TEM images revealed that, after KOH activation,
PAMBZ-A and PAEBZ-A featured abundances of micro-
pores in their structures (Fig. S2). Figure 9 displays powder
XRD profiles of PAMBZ-A and PAEBZ-A, recorded at room
temperature. Three broad diffraction peaks appeared at values
of 26 of 12.5° and 25° for the (002) plane, which represents
irregular and amorphous carbon atoms, and 44° for the (100)
plane, which represents graphitic carbon atoms [7]. Figure 10
displays the fitting spectra for N and O atoms on the surfaces
of PAMBZ-A and PAEBZ-A, determined from the XPS data.
The traces of both PAMBZ-A and PAEBZ-A revealed four
types of N-containing species: pyridonic or pyridone N atoms
(ca. 400 eV), quaternary N atoms (ca. 401 eV), pyridinic N
atoms (ca. 398 eV), and oxidized N atoms (ca. 403 eV).
Furthermore, four types of O-containing species were present
on the surfaces of the microporous PAMBZ-A and PAEBZ-
A: quinone (ca. 531.3 eV), adsorbed H,O (ca. 535.9 eV), C=0
(ca. 532.3 eV), and C—OH (ca. 534.2 e¢V), as presented in
Table S1 [7, 43, 44]. The calculated N atom contents were
2.3 wt% for PAMBZ-A and 4.2 wt% for PAEBZ-A.
Therefore, we expected these materials to have great potential
for application in CO, capture. FTIR spectra of PAMBZ-A
and PAEBZ-A (Fig. 11) revealed two characteristic peaks at
1350 cm™ ' (D band), representing imperfect and disarrayed
structures, and 1599 cm ' (G band), representing the

534 536

Binding Energy (eV)

538528 530 532 534 536

vibrations of sp*-hybridized carbon atoms [54, 56, 57]. The
ratios of the intensities of these signals (Ip/Ig) for PAMBZ-A
and PAEBZ-A were 1.2 and 0.97, respectively, suggesting
that PAEBZ-A possessed a more regular microporous struc-
ture and a lower degree of graphitization [51]. Figures 12a and
b display equilibrium CO, isotherms of the microporous car-
bon materials PAMBZ-A and PAEBZ-A, recorded at 298 and
273 K, respectively. The degrees of CO, capture of PAMBZ-
A at 298 and 273 K were 3.63 and 4.60 mmol g, respective-
ly; for PAEBZ-A, these values were 5.53 and 7.20 mmol gﬁl,
respectively. Thus, both PAMBZ-A and PAEBZ-A, after

—— (a) PAMBZ-A
—— (b) PAEBZ-A
D-band G-band
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Fig. 11 Raman spectra of PAMBZ-A and PAEBZ-A
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Fig. 12 CO, uptake profiles of (a) (b)
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KOH activation, were microporous carbon materials having
excellent CO, capture abilities, presumably because of their
high surface areas and high N atom contents (pyridonic,
pyridinic) enhanced their affinities toward acidic CO, gas.
Also, PAEBZ-A has higher pore volume, BET surface area,
N-atom content, and CO, capture capability than that of
PAEMZ-A which is assigned to the presence of a more regular
microporous structure and a lower degree of graphitization in

Table 2 CO, uptake performance of PAMBZ-A and PAEBZ-A and
other N-enriched porous carbon materials derived from other PBZ
matrices

Samples CO, uptake (mmole/g) Ref
298 K 273 K

PAMBZ-A 3.63 5.53 This work
PAEBZ-A 4.60 7.20 This work
BZPh-A 1.44 - 43
BZCN-A 2.82 - 43
HCM-DAH-1 3.30 - 45

ELF6 3.29 5.82 48

ELF46 2.46 4.14 48

ELF56 298 5.27 48
RLF-500 3.13 - 49
BPOP-1 0.98 1.79 50
BPOP-1 0.67 1.45 50
AT-F2-900 3.17 - 41

NPC-1 395 6.2 44

@ Springer
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PAEBZ-A. Furthermore, the CO, capture abilities of
PAMBZ-A and PAEBZ-A were higher than those
(Table 2) of other types of N-enriched carbon materials
derived from PBZs and measured at the same tempera-
tures (298 and 273 K) [53-59].

Conclusions

We have prepared two types of N-doped microporous carbon
matrices, PAMBZ-A and PAEBZ-A, through ROP of the
monomers AMBZ and AEBZ and subsequent carbonization
and KOH activation. DSC revealed that the thermal curing
peaks of AMBZ and AEBZ appeared at lower temperatures
than that of the typical Pa-type benzoxazine monomer, pre-
sumably because of the azobenzene and COOH groups in
these monomers acted as promoters for the ROPs of their
benzoxazine units. After thermal curing at 210 and 250 °C,
the glass transition temperatures (1) and thermal stabilities of
both PAMBZ and PAEBZ increased, due to their higher
crosslinking densities. Nitrogen gas adsorption/desorption
analyses, WXRD, TGA, and equilibrium CO, isotherms re-
vealed that PAMBZ-A and PAEBZ-A both had high surface
areas, microporous and graphitic structures, high thermal sta-
bilities, and excellent CO, capture abilities. Furthermore, their
CO, uptake abilities were greater than those of other previ-
ously reported N-doped carbon materials synthesized from
other PBZ matrices. Thus, azobenzene-functionalized PBZ
matrices appear to be useful materials for CO, adsorption
and, potentially, for energy storage and other applications.
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