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The COs-based diblock copolymer, poly(ethylene oxide-b-cyclohexene carbonate) (PEO-b-PCHC), was synthe-
sized via ring opening copolymerization (ROCOP) by using PEO as a macro-chain-transfer agent. Theses diblock
copolymers were comprehensive characterized by Fourier-transform infrared (FTIR) and nuclear magnetic
resonance (NMR) spectroscopy, differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) to
gain insights into their chemical structures and thermal properties. The microphase separation was induced after
blending with phenolic resin through medicated by competitive hydrogen bonding interaction between phenolic
hydroxyl (OH) group with ether unit of PEO and C—=O0 unit of PCHC based on FTIR analyses. Small angle X-ray
scattering (SAXS) analyses also provided the self-assembled structures of specific phenolic/PEO-b-PCHC blends
following thermal polymerization at 180 °C because of the reaction-induced microphase separation mechanism.
Upon removal of PEO-b-PCHC diblock copolymer templates at 350 °C, mesoporous phenolic resins including
cylindrical, spherical and worm-like structures were obtained based on SAXS, transmission electron microscope
(TEM) and nitrogen adsorption/desorption analyses. Furthermore, the mesoporous carbons were further ob-
tained from mesoporous phenolic resin thermal calcined at 700 °C under N, atmosphere. These carbonized
mesoporous materials exhibited impressive characteristics such as high surface areas and they demonstrated
effective CO, capture capabilities (4.5 mmol g~ at 273 K). The captured CO, could subsequently be employed in
ROCOP again for synthesizing CO»-based copolymers, aligning with the principles of a circular economy.

1. Introduction cylindrical, spherical, and double gyroid structures [23-28].

In light of the substantially environmental damage due to the human

There has been extensively investigated into the self-assembled
structures by diblock copolymers over the past last three decades due
to their possible applications in photonic crystals [1,2], drug deliveries
[3], nanocomposites [4], and nanopatterns [5]. In addition, one com-
mon approach is to utilize block copolymers as templates to synthesize
mesoporous phenolic or silica materials with pore size ranging from 2 to
50 nm, particularly using poly(ethylene oxide)-based block copolymers
such as P123 [6], F127 [7,8], PEO-b-PCL [9-14], PEO-b-PMMA [15],
PEO-b-PLA [16,17], PEO-b-PS[18-20], PEO-b-P4VP [21], and
PEO-b-PBLG [22]. For instance, in our previous decade-long studies, we
have successfully used PEO-b-PCL as templates to provide highly or-
dered mesoporous phenolic/carbon materials through the combination
of thermal polymerization and carbonization process with well-defined
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activities, there is a growing interest in biodegradable plastics as an
alternative approach to traditional petrochemical plastics. However,
poly(lactide acid) (PLA) or poly(caprolactone) (PCL) has been
commercially available, it still cannot completely replace traditional
petrochemical plastics. There is another emerging opportunity to syn-
thesize polycarbonates from epoxide and carbon dioxide (CO»), aiming
to achieve the balance between human life and environmental sustain-
ability. What makes this way even more intriguing is the use of a new
PEO-based diblock copolymer derived from CO, as the template to
prepare mesoporous phenolic/carbon materials, to the best of our
knowledge, has not been previously proposed. The main challenge is
used CO; for this purpose is difficult to react with other molecules. To
address this issue, the ring opening copolymerization (ROCOP) becomes
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the crucial technique to reduce the activation energy required for CO, to
take part in the chemical reaction. This concept draws inspiration from
PLA and PCL by using successful ring opening polymerization (ROP)
[29-32]. The design of catalyst for both ROP and ROCOP is highly
similar, both employing a coordination-insertion polymerization
mechanism [33-35]. Therefore, researchers with expertise in ROP was
transferred their skills and knowledge to the field of CO, copolymeri-
zation [36-41]. In addition to studying catalysts for ROCOP, it is also
crucial to explore the various applications of these polycarbonates made
from COs in various fields to reduce environmental impact.

Various block copolymers synthesized through ROCOP have been
explored; for example, Darensbourg and co-workers demonstrated that
the addition of excess H5O could lead to the reduction in the molecular
weight for poly(propylene carbonate) (PPC) and confirm the presence of
hydroxyl (OH) group at the chain end. Then 1,8-diazabicylco[5.4.0]
undec-7-ene (DBU) and lactide monomers were added to synthesize
PLA-b-PPC-b-PLA triblock copolymers [42]. Williams et al. found a new
route to create copoly(ester-b-carbonate-b-ester). The dinuclear zinc
catalyst can be used to obtained PCHC and PCL, respectively. Thus, the
presence of the catalyst and all three monomers (cyclohexene oxide, CL,
COy) in the autoclave reactor could achieve triblock copolymer of
PCL-b-PCHC-b-PCL in one pot dramatically [43]. In addition, a
macro-CTA including PEO, poly(propylene oxide) (PPO), and poly-
styrene (PS) was used to prepare COg-based diblock copolymers by
classic catalyst systems such as (BDI)ZnOAc and SalenCoTFA/PPN-TFA
for this purpose [44].

In this study, PEO acts as a macro-CTA and LZnyOAc, was reacted
with CHO and CO3 to form two different molecular weights of PEO-b-
PCHC diblock copolymers as shown in Fig. 1(a), which are compre-
hensive characterized to confirm their chemical structures by FTIR, 'H
and 3C NMR spectroscopy. As the templates, these diblock copolymers
are blended with resol-type phenolic resin with various compositions to
form phenolic/PEO-b-PCHC blends. In our previously studies [9,21,
45-49], we have widely discussed about all the possibility of A-b-B/C
blends through mediated hydrogen bonding interactions. The key factor
in achieving self-assembled structures in these blends depends strongly
on the varying strength of hydrogen bonding or inter-association equi-
librium constant (Ka) between A/B, A/C and B/C binary pairs [9]. For
example, the use of PEO-b-PCL diblock copolymer as template to prepare
the mesoporous phenolic material is strongly dependent on the phenolic
or phenolic derivative compositions because of the different K5 values
for PEO (Kp =
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PLA440-b-PEO4s54-b-PLA44¢ triblock copolymer with high molecular
weight was also synthesized as templates to provide large mesoporous
phenolic/carbon (> 50 nm) and high specific surface area (> 600 m?
g1, which could be used for CO; capture and supercapacitor applica-
tions [17]. The other templates made from block copolymers with spe-
cial mesoporous structures such as dual porous structure or even
Frank-Kasper phase were also summarized in our previous literatures
[9,21].

In our previous study, the hydrogen bonding interaction OH units of
phenolic derivative with C=0 units of PCHC have been discussed and
we found much weaker K value (K4 = 5) [51] and thus we could expect
that the OH units of phenolic was preferred to interact with ether units of
PEO rather than C=O0 units of PCHC and thus the PCHC segment would
form the microphase separation and self-assembled structure from the
miscible phenolic/PEO domains at relative lower phenolic composi-
tions. In this current study, the mesoporous phenolic/carbon materials
could be obtained after thermal pyrolysis of PEO-b-PCHC at 350 °C or
carbonization at 700 °C, respectively, as confirmed by SAXS and TEM
analyses. These resulting carbonized mesoporous materials could form
remarkable characteristics including high surface areas and pore vol-
umes and they demonstrated effective CO, capture capabilities.

2. Experimental section
2.1. Materials

Poly(ethylene glycol) methyl ether (PEO) with an average molecular
weight (M) of 5000 was procured from Sigma Aldrich. Calcium hydride
(CaHy) was obtained from Alfa Aesar, while sodium hydroxide (NaOH),
hydrochloric acid (HCD), and cyclohexene oxide (CHO) was purchased
from SHOWA. Prior to use, CHO was refluxed with CaH,. CO,
(>99.999%) was ordered from Hsin E Li Gas Industrial Co., Ltd. Tetra-
hydrofuran (THF), methanol (MeOH), dichloromethane (DCM), n-hex-
ane were sourced from Thermo Fisher Scientific. The -catalyst
LZny(0OAc), was confirmed from our previous literature [51].

2.2. Copolymerization of CO2 and CHO based on PEO as a macro-chain-
transfer agent

PEO (1.0 g) and LZny(0Ac); (0.046 g or 0.023 g) as the initiator and
catalyst, respectively, were added into the autoclave equipped with the

280) and PCL (Kn = 116) [50]. In addition, the stirring bar and connected with the vacuum line. This reaction was dried
at 50 °C for 10 h under the vacuum. The autoclave was purged with CO5
‘@ o 2 LZnZOAcz
H,C H + TGO, H,C
114 435 psi, 80”C 20h
n=178 or 268
() s’ CH c=0 © PCHC (reference 49 )
=——PEO,,,~5-PCHC,q
PEO,,,~b-PCHC, ;4
= C-0-C % ——PEO,,
S g
8 v
=t >
8 B
) &
4000 3500 3000 2500 2000 1500 1000 500 28 30 32 34 36 38

Wavenumber (cm™)

Retention time (min)

Fig. 1. (a) The synthesis of PEO-b-PCHC diblock copolymers, and their corresponding (b) FTIR, (c) GPC analyses of PEO;14-b-PCHCz¢g, PEO114-b-PCHC;7g diblock

copolymers, and pure PEO;14.
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gas and CHO (7.1 mL) was then injected. The ROCOP was carried out at
a constant CO; pressure of 435 psi at 80 °C for 20 h. The reactor was
then cooled, and the excess CO5 was carefully released. This crude was
dissolved in DCM and extracted with 5% HCI aqueous solution. Finally,
the solution was precipitated several times in hexane. The PEO;;4-b-
PCHC;75 and PEOj14-b-PCHCygg diblock copolymers were obtained and
then dried in a vacuum oven as the white powder. 'H NMR (500 MHz,
CDCls, 5, ppm): 4.65 (CyCH), 3.63 (CH,0), 1.16-2.27 (CyCH,) for
PE0114-b-PCHC263. 4.66 (CyCH), 3.63 (CHzo), 1.16-2.27 (CyCHz) for
PEO;14-b-PCHC17g; 13C NMR (125 MHz, CDCls, 8, ppm): 154.57 (C=0),
76.85 (CyCH), 70.85 (CH20), 20.77-31.39 (CyCHj). for PEOj14-b-
PCHCgeg. 154.58 (C=0), 76.86 (CyCH), 70.87 (CH20), 20.77-31.39
(CyCHj3) for PEOj14-b-PCHC;7g; FTIR (KBr, cm™Y): 1751 (C=0) for
PEO114-b-PCHCy¢g and PEO;14-b-PCHC;7g; GPC: My = 31000 g mol %,
PDI = 1.43 for PEO;14-b-PCHCagg. M,, = 26000 g mol , PDI = 1.23 for
PEO114-b-PCHC;7s.

2.3. Self-assembled phenolic/PEO-b-PCHC blends and mesoporous
phenolic/carbons

The resol-type phenolic resin, which was reported by our previous
literature [27], was blended with various amounts of PEO-b-PCHC in
THF. The mixtures were placed on aluminum pans and THF were slowly
evaporated at room temperature for 3 days, then they were dried at
40 °C under vacuum for 1 day. The resulting samples were cured at a
slow heating rate of 1 °C/min"! to 150 °C and kept for 24 h. The cured
samples were subsequently pyrolyzed at same heating rate to 350 °C and
kept for 24 h to remove PEO-b-PCHC templates and then provided
mesoporous phenolic resin. Mesoporous carbons were obtained through
carbonization at heating rate of 1.6 °C min~! to 700 °C for 2 h under
nitrogen atmosphere.

3. Results and discussion
3.1. Syntheses of PEO-b-PCHC Diblock Copolymers

Diblock copolymers, namely PEO;14-b-PCHCy73 and PEO;;4-b-
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PCHCy4g, were prepared via ROCOP using LZny(OAc), as the catalyst
with different amounts, with the CHO group being activated to react
with CO5, employing PEO as the initiating group as shown in Fig. 1(a).
The chemical structure of these diblock copolymers was characterized
by FTIR, 'H and '3C NMR spectroscopy. Fig. 1(b) displays C=0
stretching with strong absorption at 1751 em ™! for PEO-b-PCHC diblock
copolymers, indicating that linear carbonate copolymers were synthe-
sized successfully instead of cyclic cyclohexene carbonate. The degree of
polymerization (DP) of the PCHC segment could be determined by
comparing the integrated area of CHj signal in PEO (with a number-
average molecular weights, M, = 5000) at 3.63 ppm to CH signal in
PCHC at 4.65-4.66 ppm from 'H NMR as displayed in Fig. S1(b).
Consequently, the M, values for PEO;;4-b-PCHC;73 and PEOjj4-b-
PCHCy6g are approximately 30300 and 43000, respectively. Further-
more, DOSY 'H NMR displays single diffusion coefficient for each
polymer as Fig. S2, indicating the resulting diblock copolymers were
formed successfully. The 3C NMR presents the C-H signal of the
cyclohexane unit within the main chain appears at 76.85-76.86 ppm,
while the CHj, signal of PEO registers at 70.85-70.87 ppm as shown in
Fig. S1(c). Notably, the C=O0 signal at 154.57-154.58 ppm confirms the
successful incorporation of CO; into the copolymer main chain. The
graphical representation of GPC revealed a bimodal distribution for the
commercial PEO as shown in Fig. 1(c). Additionally, the increase in the
molecular weight of the PEO-b-PCHCs copolymers was observed as DP
increased.

To investigate the thermal property and miscibility behavior of pure
PCHC, these PEO-b-PCHC copolymers, and pure PEO, we employed DSC
and TGA analyses. Fig. 2(a) shows a single value of Tg, which increased
with the lengthening of the PCHC segment, suggesting the absence of
microphase separation in the diblock copolymers. Moreover, the intro-
duction of PCHC into the PEO segment could disrupt the polymer chain
stacking, resulting in the Ty, value depressed or even disappeared due to
the miscibility behavior between PEO and PCHC block segment. From
our

previous investigation [49], the full widths at half maximum of C=0
unit in FTIR analyses of pure PCHC is 63 cm™! due to intramolecular
H-bonding interaction; however, PEO114-b-PCHC17g and
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Fig. 2. (a) DSC and (b) TGA thermal analyses of PCHC, PEO;14-b-PCHCygg, PEO;14-b-PCHC;7g, and PEO; 4.
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PEO114-b-PCHCy4g exhibited 46 cm™! and 56 cm™ !, respectively, as
shown in Fig. S3(a). This indicates that the increase of weight fraction of
PEO segment into the PEO-b-PCHC diblock copolymers, the intra-
molecular H-bonding interaction of pure PCHC may transfer to the weak
intermolecular hydrogen bonding or dipole-dipole interaction between
O-CH> unit from PEO segment and C—=0 unit from PCHC segment [52]
and thus the fraction of intramolecular hydrogen bonding of C=0 unit
was decreased with the increase of PEO compositions as shown in Fig. S3
(b). Further evidence supporting this observation was derived from the
TGA analysis presented in Fig. 2(b). Specifically, the Tys value of pure
PCHC (316 °C) exceeded that of PEO;14-b-PCHCo6g (280 °C) and
PEO114-b-PCHC;78 (282 °C). The difference in Tgs value between
PEO114-b-PCHCy4g and PEO714-b-PCHC;7g8 could be attributed to the
decrease in the fraction of intramolecular hydrogen bonding of C=0
unit upon increasing PEO compositions and resulted in the lower ther-
mal decomposition behavior even though the PEO segment itself pos-
sesses higher Tys value (390 °C).

3.2. Thermal analyses, hydrogen bonding interaction and self-assembled
structures of phenolic/PEO-b-PCHCs blends

Adjusting K values of two block segments within the diblock co-
polymers could provide a valuable development of mesoporous mate-
rials in our previous studies [48]. Specifically, we have blended phenolic
resin with various diblock copolymers such as PEO-b-PCL (K = 280 for

Phenolic/PEO, ,,-5-PCHC,
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PEO, Kp = 116 for PCL) [53], PEO-b-PLA (K < 10 for PLA) [16], and
PCL-b-P4VP (K = 1400 for P4VP) [54]. Fig. 3(a) presents the DSC an-
alyses of various phenolic/PEO;14-b-PCHCyg blends and two Ty values
at relative lower phenolic compositions were observed such as pheno-
lic/PEO114-b-PCHCy65 = 30,70, 40/60, 50/50 and 60,/40, indicating the
occurrence of possible microphase separation. The initially miscible
behavior of pure PEO-b-PCHC diblock copolymer was transformed to the
immiscible behavior through the blending of phenolic resin owing to the
different completive hydrogen bonding strength between phenolic/PEO
(Ka = 280) and phenolic/PCHC (K = 5) binary pairs. As a result, the OH
units of phenolic was preferred to interact with ether units of PEO rather
than C=O units of PCHC and thus the PCHC segment would form the
microphase separation from the miscible phenolic/PEO domains at
relative lower phenolic compositions (< 60 wt%). However, further
increasing phenolic compositions, the single T values were observed at
phenolic/PEO114-b-PCHCgg — 80/20 and 70/30 blends, indicating good
miscibility due to the OH units of phenolic were both interacted with
ether units of PEO and C—=O0 units of PCHC. The FTIR spectroscopy of the
C=O0 units on the PCHC block segment could provide this evident as
displayed in Fig. 3(b). As mentioned in our previous study [51], the
positions of inter H-bonding, intra H-bonding and free C=0 units of
PCHC segment are located at ca. 1721, 1742 and 1761 cm™}, respec-
tively. The curve fitting results were summarized in Fig. 3(c), and the
area fractions of distinct interactions were shown in Fig. 3(d). Clearly,
the area percentage of intermolecular H-bonding C=O unit of PCHC
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Fig. 3. (a) DSC thermal analyses and (b) the FTIR spectra of various phenolic/PEO;14-b-PCHCo¢g blends, (c) The corresponding FTIR curve fitting result of various
phenolic/PEO;14-b-PCHCy¢g blends, and (d) The area percentage of intermolecular H-bonded C—=0, intramolecular H-bonded C=O0, and free C=0 units of PCHC
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segment was increase upon increasing phenolic concentrations and thus
the phenolic/PEO;14-b-PCHCg6g — 80/20 and 70/30 blends displayed
the miscible behavior at relative higher phenolic concentrations,
consistent with DSC analyses.

To gain insights into the self-assembled structures at distinct ratios
after blending, SAXS analyses were conducted of phenolic/PEO;14-b-
PCHCgeg blends at room temperature as shown in Fig. 4(a). For pure
PEO114-b-PCHCgsg, it displays the miscible disorder structure (single T,
value) without any obvious peak; however, they exhibited the clear peak
ratios of 1:1/3:1/7 at relative lower phenolic concentrations (<60 wt%)
with cylindrical structures, which are consistent with DSC analyses with
two T values. Furthermore, the d-spacing derived from the first ¢* peak,

Phenolic/PEO,;,-5-PCHC,

Journal of CO2 Utilization 80 (2024) 102702

as calculated using Bragg’s law, exhibited an increase as the phenolic
concentration rose, progressing from 29.76 nm (20 wt% phenolic) to
43.61 nm (50 wt% phenolic). The d-spacing was increased significantly
upon increasing phenolic resin, which is attributed to form intermo-
lecular hydrogen bonding with ether units of PEO ratio than C=0 units
of PCHC, which is similar with the increasing of block segment length. In
addition, the compete hydrogen bonding strength between phenolic/
PEO and phenolic/PCHC domain would also enhance the repulsive force
between the adjacent branches of the PCHC block segment, which is
believed to cause the backbone to stretch out and thus the d-spacing was
increased. Further increasing the phenolic concentrations (> 60 wt%),
they transform back to short-range order or a miscible disorder structure

Phenolic/PEO,, -b-PCHC, 5 = 60/40
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Fig. 4. (a) The SAXS of phenolic/PEO;14-b-PCHCy6g blending with various ratios at room temperature; (b) The temperature-dependent of SAXS patterns of phenolic/
PEO;14-b-PCHCyg = 60/40 blend, (c) phenolic/PEO;14-b-PCHC;75 = 60/40 blend, (d) phenolic/PEO;4-b-PCHC;7g3 = 50/50 blend.
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again due to the OH units of phenolic both interacted with PEO ether
units and PCHC C=O0 units based on DSC (single T value) and FTIR
analyses.

More interesting, phenolic/PEO;14-b-PCHC26g = 60/40 blend
exhibited a very broad peak as displayed in Fig. 4(b); however, those
peaks became more pronounced as thermal curing temperature
increasing with peaks ratios of 1:1/3 at 180 °C, also suggesting the cy-
lindrical structure. Clearly, this self-assembled cylindrical structure was
transformed much ordered with the increase of thermal curing tem-
perature. For instance, the \/ 3 scattering peak was only observed and
the first g* peak became sharper at temperature higher than 150 °C
because of the reaction-induced microphase separation mechanism. The
entropy of mixing was typically decreased during thermal polymeriza-
tion because the molecular weight of phenolic resin substantially
increased. This reduction in entropy is unfavorable and results in the
unfavorable Gibbs free energy, leading to the formation of microphase
separation and self-assembled structures. In addition, the first g* peak
was moved to relative lower q value with the increase of thermal
polymerization temperature because of thermal expansion as expected
at this blend system. For example, the g* = 0.185 nm ™}, d = 33.94 nm at
90 °C and g* = 0.158 nm !, d =39.74nm at 180 °C for phenolic/
PEO114-b-PCHCy43 = 60/40 blend. The similar situation was observed
for phenolic/PEO;14-b-PCHC;7g = 60/40 and 50/50 blends as displayed
in Fig. 4(c) and (d), the obvious peak ratios of 1:\/ 3:\/ 7 were observed
upon increasing thermal curing temperature.

3.3. Mesoporous phenolic/carbon templated by PEO-b-PCHC diblock
copolymers

To prepare the mesoporous phenolic resin templated by PEO-b-
PCHC, the thermal properties of pure PEO-b-PCHC diblock copolymers
were assessed through TGA analyses as shown in Fig. 2(b), the relative
lower thermal decomposition behavior was observed than that of pure
PEO and PCHC homopolymers, which is more suitable as the templates
for desired application. Thermal calcination at 350 °C was used to

Phenolic/PEO,,-b-PCHC, 4 = 40/60

Journal of CO2 Utilization 80 (2024) 102702

remove PEO-b-PCHC template in this study, which is the same of PEO-b-
PCL diblock copolymer template to obtain mesoporous phenolic resin
[9]. Fig. 5 shows the selected SAXS analyses for comparison before and
after thermal calcination at 350 °C from phenolic/PEO114-b-PCHCg¢g —
40/60 and 50/50 blends. Clearly, the first g* peaks became sharper and
were shifted to a higher g* value after thermal pyrolysis, indicating the
formation and the shrinkage of mesoporous structure as expected [9,
20].

For example, the ¢* = 0.140 nm !, d = 44.85 nm at 150 °C and qF=
0.152 nm™ !, d = 41.31 nm at 350 °C from phenolic/PEO114-b-PCHCo¢g
= 40/60 blend and the ¢* = 0.137 nm ™}, d = 45.83 nm at 150 °C and ¢*
= 0.147 nrn’l, d =42.72nm at 350 °C from phenolic/PEO;14-b-
PCHCyg — 50/50 blend. This observation demonstrates the trans-
formation of the mesoporous structure upon thermal pyrolysis in this
study.

Fig. 6 shows SAXS patterns and TEM images of all mesoporous
phenolic resins templated by PEO;14-b-PCHCysg diblock copolymer
measured at room temperature. Fig. 6(a) displays the worm-like struc-
ture with the peak ratio of 1:1/7 based on SAXS pattern and could be
confirmed by TEM image in Fig. 6(d) for mesoporous phenolic resin
from phenolic/PEO;14-b-PCHCys = 30/70 blend. Increasing phenolic
compositions, Fig. 6(b), (c) and 6(g) shows the SAXS patterns of meso-
porous phenolic resins formed from phenolic/PEO;14-b-PCHCy6g = 40/
60, 50/50 and 60/40 blends, indicating much more ordered cylindrical
structures with the peak ratios of 1:\/ 3, as also confirmed by TEM im-
ages in Fig. 6(e), (f) and (j), respectively. Further increasing phenolic
compositions, the disorder structures were observed from the phenolic/
PEO714-b-PCHCy3 = 70/30 and 80/20 blends based on SAXS patterns
(Fig. 6(h) and (i)) and TEM images (Fig. 6(k) and (1)). As a result, we
could conclude that at relative lower phenolic compositions (< 30 wt%),
this blend system lacks sufficient phenolic resin relative to the PEO-b-
PCHC diblock copolymer and the fraction of hydrogen bonded C=0 unit
of PCHC segment was relative lower compared with at higher phenolic
compositions as shown in Fig. 3(d) and thus disorder or short-range
order structured was observed. At relative higher phenolic
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Fig. 5. The SAXS comparison of thermal curing at 150 °C and thermal calcination at 350 °C from (a) phenolic/PEO;14-b-PCHCy¢g = 40/60 and (b) phenolic/PEO;14-

b-PCHCyg = 50/50 blends.



W.-T. Du et al.

Journal of CO2 Utilization 80 (2024) 102702

0176 nm| |(b)
35.68 nm q*

(a) 7

%
SN
I

g, =0.152 nm™ (©) g, =0.147 nm™!
42.72 nm

d; = 41.31 nm d,

3
o

e
"] T o~

d; =43.01 nm

V3

0.2 0.4

0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0

q (nm'i) q (nm‘i)

Fig. 6. The SAXS patterns and TEM images of mesoporous phenolic resins formed from phenolic/PEO;14-b-PCHCy6g = (a, d) 30/70, (b, €) 40/60, (c, f) 50/50, (g, j)
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compositions (> 70 wt%), the OH units of phenolic resin were both
interacted with PEO and PCHC segment and thus the disorder structure
was formed. We could expect that the ordered mesoporous structure was
only observed at phenolic compositions (40-60 wt%) through mediated
by competitive hydrogen bonding interactions, which was similarly with

both H-bonded acceptor diblock copolymer segments such as PEO-b-
PCL, PEO-b-PLA, PCL-b-P4VP, and PEO-b-P4VP.

As aresult, Fig. 7 only displays the SAXS patterns and TEM images of
the mesoporous phenolic resin formed from phenolic/PEO;;4-b-
PCHC;75 — 40/60, 50/50 and 60/40 blends. All cylindrical structures
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Fig. 7. The SAXS patterns, TEM images and N, adsorption/desorption isotherms of mesoporous phenolic resins formed from phenolic/PEO;14-b-PCHC;75 = (a, d, g)
40/60, (b, e, h) 50/50, and (c, f, i) 60/40 blends after thermal calcination at 350 °C.

were observed based on SAXS patterns with peak ratios of 1:\/3 as
shown in Fig. 7(a)-(c), as also confirmed by TEM images in Fig. 7(d)-(f).
Their corresponding N, adsorption/desorption isotherms recorded at
77 K were shown in Fig. 7(g)-(i). The typical type IV curves with a sharp
capillary condensation step at P/P, values from 0.75 to 0.98 based on
the IUPAC definition and a Hj-like or Hs-like hysteresis because of cy-
lindrical or slit-shaped mesoporous structure having a broad pore size
distribution. However, the specific surface area of these mesoporous
phenolic resins is ca. 60-100 m? g~! after thermal pyrolysis and thus,
the carbonization at 700 °C is considered as an efficient approach to
increase the specific surface area in this study [13,27].

Fig. 8 shows SAXS, TEM and N, adsorption/desorption isotherms
analyses of mesoporous carbons pyrolyzed from mesoporous phenolic
resin derived from phenolic/PEO;14-b-PCHC;7g = 40/60, 50/50 and 60/
40 blends. These patterns are the similar as those of mesoporous
phenolic resin based on SAXS patterns with peak ratios of 1: \/ 3 as shown
in Fig. 8(a)-(c), as also confirmed by TEM images in Fig. 8(d)-(f).
Furthermore, the d-spacing of mesoporous carbon was decreased with
each blend from 27.30 nm to 25.84 nm for phenolic/PEO;14-b-PCHC;7g
_ 40/60 blend, from 37.15 nm to 30.33 nm for phenolic/PEO;14-b-

PCHC;7g — 50/50 blend, and from 41.86 nm to 36.94 nm for phenolic/
PEO;14-b-PCHC;78 — 60/40 blend, due to the complete removal of
hydrogen, carbon and oxygen during pyrolysis at 700 °C. Therefore, we
subsequently employ Raman spectroscopy to confirm that there has not
been a substantial collapse in the mesoporous carbons. The two signals
exhibited in Fig. S4 that D band at 1326 cm™! for disorder carbon and G
band at 1590 cm ™! for spz—bonded carbon. The ratio of Ip/Ig could be
determined the graphitization degree which the range of 0.97-0.99
suggests graphite crystallites, but the ratio more than 2 indicates highly
disordered carbon [27,55,56]. However, the ratio of Ip/Ig of these three
mesoporous carbons are approximately 1.0 which close to graphite
crystallites, suggesting that the structures did not break down by ther-
mal treatment at 700 °C. In addition, the specific surface area of the
three mesoporous carbons were measured by Ny adsorption/desorption
profiles revealed in Figs. 8(g)-8(i). Firstly, the specific surface area was
significantly increased to 509, 488 and 446 m? g~! of mesoporous car-
bons with average porous size around 16.2, 17.1, and 24.7 nm formed
from phenolic/PEO;14-b-PCHC;78 - 40/60, 50/50 and 60/40 blends,
respectively (Fig. S5). Secondly, all the mesoporous carbons are main-
tained the type IV curves; but a Hs-like hysteresis was found from
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phenolic/PEO;14-b-PCHC;178 — 40/60 blend, indicating a slit-shaped
mesoporous structure. Finally, the Hy-like hysteresis was observed
from phenolic/PEO114-b-PCHC; 75 — 50/50 and 60/40 blend, indicating
the presence of cage-like and large buckled cylindrical structures.
Since these mesoporous carbons possess high surface area, pore
volume and excellent thermal stability that could effectively capture
CO, gas as shown in Fig. 9 at 298 K and 273 K, respectively. The amount
of CO, adsorption at 273 K are much higher than those at 298 K due to
slower movement of CO, at lower temperature and the sequence for the
amount of CO; capture follows the order: 40/60 (4.5 mmol g~* at 273 K
and 3.2mmol g~ at 298 K) > 50/50 (4.1 mmolg ' at 273K and
3.0 mmol g’1 at 298 K) > 60/40 (4.0 mmol g’1 at 273K and
2.8 mmol g’1 at 298 K) blends, which is consistent with their specific
surface areas. These CO, capture capacities of our mesoporous carbons
has a much higher value (4.50 mmol g~ !) compared with other previ-
ously porous materials [57-60]. This is a great interesting application of
these mesoporous carbons for CO, capture, especially considering that
they were derived from the CO2-based diblock copolymers as templates.
In addition, these captured CO by these materials could be recycled and

employed in ROCOP again for synthesizing CO,-based diblock co-
polymers, aligning perfectly with the principles of a circular economy.

4. Conclusions

We synthesized two COsz-based PEO-b-PCHC diblock copolymers
with a constant molecular weight of PEO but varying molecular weights
of PCHC. Their chemical structures and thermal properties were
confirmed by using DSC, TGA, FTIR, 'H and '3C NMR spectroscopy. The
single Ty values demonstrated the miscible behavior of PEO-b-PCHC
because these two block segments interacted each other through weak
hydrogen bonding or dipole-dipole interaction. However, after blending
with phenolic resin, the initially miscible behavior of PEO-b-PCHC
diblock copolymer was transformed to the immiscible behavior due to
the different completive hydrogen bonding strength that the OH units of
phenolic was preferred to interact with the ether units of PEO rather
than the C=0 units of PCHC and thus the PCHC segment would form the
microphase separation and self-assembled worm-like or cylindrical
structure from the miscible phenolic/PEO domains at relative lower
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Fig. 9. CO, adsorption curve of mesoporous carbons formed from various phenolic/PEO;14-b-PCHC;7g blends recorded at (a) 298 K and (b) 273 K.

phenolic compositions (< 60 wt%). However, further increasing
phenolic compositions, the single Ty values were observed at higher
phenolic composition (> 60 wt%) due to the OH units of phenolic both
interacted with the ether units of PEO and the C=O units of PCHC.
Furthermore, the self-assembled cylindrical structure was transformed
more ordered upon increasing thermal curing temperature at 180 °C
because of the reaction-induced microphase separation mechanism. We
further prepared mesoporous phenolic resin or carbon through the
removal of PEO-b-PCHC template at 350 °C or carbonization at 700 °C,
the mesoporous structures were maintained compared with phenolic/
PEO-b-PCHC blends that the ordered mesoporous structure was only
observed at phenolic compositions (40-60 wt%) through mediated by
competitive hydrogen bonding interactions. These mesoporous carbons
exhibited impressive characteristics such as high surface areas (>
500 m? g 1) and they demonstrated effective CO, capture capabilities
(4.5 mmol g~ at 273 K). The captured CO, could subsequently be
employed in ROCOP again for synthesizing COs-based copolymers,
aligning with the principles of a circular economy.
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