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ABSTRACT: This work suggests an in situ synthetic approach for
nanoplatforms based on microporous organic polymer (MOP)
chemistry. Anchoring groups for catalytic species could be
simultaneously introduced to nanoplatforms in the synthesis of
MOPs. Poly(acrylic acid) (PAA) served not only as a surfactant for
the controlled synthesis of nanoscaled MOPs but also as an
anchoring group for the introduction of catalytic species. Zinc ions
could be coordinated to MOP nanoparticles bearing PAA
(MOPN-PAAs) to form MOPN bearing ZnPAA (MOPN-
ZnPAA). The MOPN-ZnPAA was well dispersed in neat &-
caprolactone (&-CL) and showed excellent catalytic activities in the
ring-opening polymerization of &-CL to polycaprolactone (PCL).
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In addition, the MOPN-ZnPAA could be recycled, maintaining catalytic performance in five successive reactions.

KEYWORDS: nanocatalyst, microporous organic polymer, zinc catalyst, heterogeneous catalyst, polycaprolactone

D uring the last two decades, there has been great progress
in the size-controlled engineering of nanomaterials.' The
basic features of nanomaterials such as a high surface area and
good dispersion ability are beneficial for their functional
performance, compared with conventional bulky systems.' In
this regard, nanoscaled catalysts have been extensively
developed as new heterogeneous catalytic systems for various
organic transformations.” While metallic nanoparticles could
be directly utilized as catalysts, the designed catalytic species
could also be incorporated into nanoscaled materials.” In the
conventional stepwise synthesis of heterogeneous nano-
catalysts bearing designed catalytic species, nanoscaled plat-
forms are first prepared and then the anchoring groups are
introduced into nanoplatforms (Figure 1a).” If the designed
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Figure 1. Comparison of synthetic approaches for nanocatalysts: (a)
Conventional stepwise approach for nanoplatforms with anchoring
groups. (b) In situ approach for nanoplatforms bearing anchoring
groups.
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anchoring groups can be in situ introduced into nanoplatforms
during the synthesis of solid supports, the synthesis will
become more expedient (Figure 1b). However, this kind of in
situ approach was rarely explored.*”

Microporous organic polymers (MOPs) are versatile
materials with high surface areas, microporosity, and chemical
stability.” Recently, various MOPs have been prepared by the
networking of rigid building blocks.” We speculated that the
conventional synthetic chemistry of MOPs can be applied for
the in situ engineering of nanoscaled platforms bearing the
designed anchoring groups. Various commercial polymers with
functional groups can be utilized as surfactants for the size-
controlled synthesis of MOPs, leading to the kinetically
hindered growth of MOPs. During the growth process of
MOPs, the polymers with functional groups can be in situ
entrapped into the networks of MOPs’ and finally can be
utilized as anchoring groups for targeted catalytic species.
Ultimately, new heterogeneous nanocatalysts bearing the
designed catalytic species can be realized based on MOP
chemistry.

Recently, Zn-based catalysts have attracted significant
attention from scientists.” Because zinc is a relatively less
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toxic metal,” zinc-based materials have been applied as Lewis
acid catalgsts in the synthesis of environmental-friendly
materials.'”~" For example, Zn-glutarate has been applied as
a catalyst for the synthesis of polycarbonates.'* In addition, Zn-
based catalysts can be used in the ring-opening polymerization
of e-caprolactone (e-CL) to biodegradable polycaprolactone
(PCL)."*~" However, Zn-based heterogeneous catalysts have
been relatively less explored.'”~"? We have found that zinc ions
can be easily loaded on poly(acrylic acid) (PAA) to form zinc
polyacrylates (ZnPAA).”” The ZnPAA can be utilized as a
Lewis acid catalyst in the ring-opening polymerization of e-CL.
Unfortunately, the ZnPAA catalyst could not be recycled due
to a chain structure-induced soluble feature. Thus, we have
tried to engineer nanoscaled heterogeneous catalysts bearing
ZnPAA.

In this work, we report the engineering of MOP nano-
particles bearing PAA (MOPN-PAAs), the synthesis of
heterogeneous nanocatalysts bearing ZnPAA (MOPN-
ZnPAA), and their catalytic performance in the ring-opening
polymerization of e-CL to PCL.

Figure 2 shows a synthetic scheme for MOPN-PAAs and
MOPN-ZnPAA.
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Figure 2. Synthesis of microporous organic polymer nanoparticles
bearing PAA tentacles (MOPN-PAAs) and MOPN-ZnPAA using
MOPN-PAA2.

The Sonogashira coupling of tetra(4-ethynylphenyl)-
methane with 1,4-diiodobenzene in the presence of PAA
resulted in the entrapment of PAA into the network to form
MOPN-PAA. With a fixed amount (0.24 mmol) of tetra(4-
ethynylphenyl)methane, the amount of PAA was increased
from 0 to 20, 100, and 300 mg to form MOP, MOPN-PAAL,
MOPN-PAA2, and MOPN-PAA3, respectively (refer to the
Experimental Section for the MOPN-PAAs prepared using
150—250 mg of PAA). Zinc ions were incorporated into
MOPN-PAA2 through a reaction with zinc acetate to form
MOPN-ZnPAA. A control material, ZnPAA was prepared by
the reaction of PAA with zinc acetate.

The morphologies of MOP, MOPN-PAAs, MOPN-ZnPAA,
and ZnPAA were investigated by scanning (SEM) and
transmission electron microscopy (TEM) (Figure 3). When

Figure 3. SEM images of (a) MOP, (b) MOPN-PAAL, (c) MOPN-
PAA2, (d) MOPN-PAA3, (¢) MOPN-ZnPAA, and (f) ZnPAA. TEM
images of (g) MOP, (h) MOPN-PAA2, and (i) MOPN-ZnPAA.

the MOP was prepared without PAA, conventional MOP
particles with diameters of 330—450 nm were formed (Figure
3a, g and Figure S1). In comparison, MOPN-PAAl and
MOPN-PAA?2 showed uniform nanoparticles with an average
size of 30 nm, due to the kinetically controlled growth of MOP
(Figures 3b, ¢, h, and Figure S1)."*'~>° The sizes of MOPN-
PAA3 increased to ~4S nm (Figure 3d), resulting from the
generation of fewer nuclei in the early stage of MOP
formation,’ compared with the cases of MOPN-PAA1-2.
Moreover, MOPN-PAA3 particles were significantly attached
to one another, due to the excess PAA (Figure S3). Thus, we
selected MOPN-PAA2 as an optimal nanoplatform to
incorporate zinc ions (refer to the Experimental Section for
the results of MOPN-PAA3 as a nanoplatform to incorporate
zinc ions). The size of MOPN-PAA2 was retained in the
MOPN-ZnPAA (Figures 3e, i, and Figure S1). In comparison,
ZnPAA showed aggregated materials (Figure 3f and Figure
S1).

To characterize the porosity and surface areas of materials,
we obtained N, adsorption—desorption isotherm curves at 77
K and analyzed based on the Brunauer—Emmett—Teller
(BET) theory (Figure 4 and Table S1). The MOP prepared
without PAA showed a surface area of 470 m’/g and
microporosity (micropore volume, V,;: 0.14 cm?/g) (Figure
4a, b). Interestingly, the surface area and V,;. of MOPN-PAAL1
increased to 807 m*/g and 0.19 cm?/g, respectively (Figures
4a, b). It has been reported that the MOPs prepared by the
Sonogashira coupling of building blocks are amorphous
materials.’ In our study, powder X-ray diffraction (PXRD)
studies showed that MOP, MOPN-PAAs, and MOPN-ZnPAA
are amorphous materials (Figure S2). This implies that the
network structures of MOPs contain incomplete networks,
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Figure 4. (a, c) N, adsorption—desorption isotherm curves obtained
at 77 K and (b, d) pore size distribution diagrams based on the DFT
method of MOP, MOPN-PAAs, MOPN-ZnPAA, and ZnPAA.

n—n stacked networks, and interpenetrated networks, which
can be the factors of the reduced surface area.’®”” We
speculate that the nanosizes of MOPN-PAA1 can enhance the
degree of networking because of the facilitated diffusion of
building blocks in the networking process. In addition, the
appropriate existence of PAA in the networks can block the
7m—r stacking or interpenetration of networks. Thus, we think
that these factors induced the increased surface areas and
microporosity of MOPN-PAA1, compared with those of MOP.
In the cases of MOPN-PAA2 and MOPN-PAA3, surface areas
decreased to 523 and 377 m’/g with micropore volumes of
0.13 and 0.10 cm®/g, respectively, due to the increased amount
of nonporous PAA (Figure 4a, b and Table S1). Considering
the nonporous feature of PAA (surface area: 14 m*/g, V,,: 0
cm’/ g), the high surface areas of MOPN-PAAs mainly
originate from the micropores of MOPN.

The difference in porosity and surface areas between
MOPN-ZnPAA and ZnPAA was quite distinct (Figure 4c,
d). First, the MOPN-ZnPAA showed an enhanced surface area
of 669 m*/g and microporosity (V. 0.15 cm®/g), compared
with those of MOPN-PAA2. We speculate that the
coordination of zinc ions to carboxylate groups of PAA in
MOPN-PAA induced the rigidized chain structure of ZnPAA
(Figure 2), hindering the nonporous packing of PAA chains
with a resultant increase in the surface area and microporosity
of MOPN-ZnPAA, compared with those of MOPN-PAA2. In
comparison, while the ZnPAA showed poor microporosity and
a reduced surface area of 326 m’/g, it showed mesoporosity
with a pore size of 5—35 nm (Figure 4c, d). We speculate that
the poor microporosity of ZnPAA indicates its compact chain
structure. Instead, the observed mesoporosity of ZnPAA might
result from the packing of rigidized ZnPAA chains.”’

The chemical structures of MOP, MOPN-PAAs, MOPN-
ZnPAA, and ZnPAA were characterized by infrared absorption
(IR) spectroscopy (Figure Sa). The IR spectrum of MOP
without PAA showed two main peaks at 1505 and 820 cm™/,
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Figure 5. (a) IR spectra of MOP, MOPN-PAAs, MOPN-ZnPAA, and
ZnPAA. (b) XPS Zn 2p orbital spectra of MOPN-PAA2, MOPN-
ZnPAA, and ZnPAA. (c) Solid-state '3C NMR spectra of MOP,
MOPN-PAAs, MOPN-ZnPAA, and ZnPAA.

corresponding to aromatic C=C and C—H vibrations,
respectivelg, and matching with those of MOPs in the
literature.”® In the IR spectrum of MOPN-PAA1, new peaks
appeared at 1725 and 1263—1174 cm ™', corresponding to C=
O and C—-O vibrations of PAA in the MOPN-PAAI,
respectively. The relative intensities of PAA peaks increased
in the IR spectra of MOPN-PAA2 and MOPN-PAA3, implying
the increased amounts of PAA. According to elemental
analysis, the contents of PAA in MOPN-PAAl, MOPN-
PAA2, and MOPN-PAA3 were analyzed to be 8.0, 19.5, and
29.6%, respectively. In the case of MOPN-ZnPAA, a key
vibration peak of coordinated carboxylate moieties was
observed at 1560 cm™}, matching well with the vibration
peaks of ZnPAA and indicating that the zinc ions were well
coordinated to the PAA in the MOPN-PAA2. In the X-ray
photoelectron spectroscopy (XPS) of MOPN-ZnPAA, Zn
2py/, and 2p;,, orbital peaks appeared at 1045.3 and 1022.3
eV, matching well with the control ZnPAA materials and
indicating clearly that zinc ions were successfully coordinated
to the PAA in the MOPN-PAA2 (Figure Sb).

A solid-state *C nuclear magnetic resonance (NMR)
spectrum of MOP showed the benzylic carbon and alkyne
3C peaks at 64 and 80—90 ppm, respectively (Figure 5c). In
addition, aromatic *C peaks appeared at 121, 130, 136, and
145 ppm, matching well with MOPs prepared in the
literature.”® In comparison, new '*C peaks appeared at 35—
50 and 177 ppm in the *C NMR spectrum of MOPN-PAAL,
corresponding to the aliphatic and carboxylic acid moieties of
PAA. The relative intensities of these PAA peaks significantly
increased in the 'C NMR spectra of MOPN-PAA2 and
MOPN-PAA3, compared with those of MOPN-PAA1. The
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3C peaks of carbonyl and aliphatic groups of PAA in the *C
NMR spectrum of MOPN-ZnPAA shifted to 184 and 27—50
ppm, respectively, indicating the zinc coordination to PAA and
matching with those of ZnPAA.

The zinc content in the MOPN-ZnPAA was analyzed to be
2.16 mmol/g by inductively coupled plasma-atomic emission
spectroscopy (ICP-AES). Thermogravimetric analysis (TGA)
showed that MOPN-ZnPAA is thermally stable up to 402 °C
(Figure S4).

Considering the nanoparticulate feature (average diameter
of 30 nm), a high surface area (669 m?/g), and thermal
stability of MOPN-ZnPAA, we studied its catalytic perform-
ance in the ring-opening polymerization of e-CL to PCL
(Figure 6a and Table 1). Due to the nanoparticulate feature,
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Figure 6. (a) MOPN-ZnPAA catalyzed polymerization of &-
caprolactone (e-CL) to polycaprolactone (PCL). (b) 'H NMR
spectrum of ¢-CL and PCL. (c) GPC chromatograms of PCLs
depending on the amount of initiator (4.51 mmol &-CL as a
monomer, 45.1 (green), 60.2 (teal), and 180 ymol (dark blue) of
H,0 as an initiator).

the MOPN-ZnPAA was well dispersed in the monomer, &-CL.
Thus, neat e-CL was used as a reaction medium without any
additional solvent. Water was used as an initiator of
polymerization. Through scanning amounts of catalysts and
initiators, reaction time, and reaction temperature, reaction
conditions were optimized. When 1.00 mol % Zn in MOPN-
ZnPAA was used at 120 °C for 24 h, PCL (M,: 18 700, PDI:
1.71) was obtained with a high isolated yield of 96% (Entry 4
in Table 1). While 'H NMR peaks of &-CL appeared at 4.24
(-CH,0-), 2.64 (—CH,CO,-), 1.87 (—CH,CH,CH,—),
and 1.78 (—CH,CH,CH,—) ppm, those of PCL shifted to
3.99 (-CH,0-), 2.24 (—CH,CO,-), 1.58 (—CH,CH,CH,-),
and 1.32 (—CH,CH,CH,—) ppm (Figure 6b), indicating the
successful formation of PCL.” Similarly, while *C NMR
peaks of £-CL appeared at 176.2 (—CO,—), 69.3 (—CH,0—),
34.6 (-CH,CO,-), 29.3 (—CH,CH,CH,-), 29.0
(-CH,CH,CH,-), and 23.0 (—CH,CH,CH,—) ppm, those
of PCL shifted to 173.6 (—CO,—), 64.2 (—CH,0-), 34.1
(-CH,C0O,-), 28.4 (-CH,CH,CH,-), 2S5.5
(—CH,CH,CH,-), and 24.6 (—CH,CH,CH,—) ppm (Figure
SS). In the absence of catalysts, no conversion of &-CL was
observed (Entry 1 in Table 1).

Table 1. Ring-Opening Polymerization of -Caprolactone to
Polycaprolactone by MOPN-ZnPAA®

entry Cat.” Zn (mol %) time (h) M, PDI yield® (%)
1 24 0
2 ZnPAA 1.00 24 14500  1.68 95
37 7ZnPAA 1.00 24 0
4 1 1.00 24 18700 171 96
5 1 0.500 24 7900  1.48 92
6 1 0.250 24 7200 142 91
7 1 0.125 24 5700 121 82
8¢ 1 1.00 24 14600  1.61 94
9o 1 1.00 24 2700 115 47
10 1 1.00 12 13700 143 87
11 1 1.00 6 9100  1.18 73
12 1 1.00 3 7100 110 50
1321 1.00 24 11500  1.55 95
14" 1 1.00 24 8700  1.40 81
15 1 1.00 24 13700 145 93
16/ 1 1.00 24 14700  1.49 91
177 1 1.00 24 16000 146 88
188 1 1.00 24 14500  1.53 91

“Reaction conditions: &-caprolactone (4.51 mmol), MOPN-ZnPAA
(0.125-1.00 mol % Zn, 2.16 mmol Zn/g), initiator (H,0, 45.1
umol), and 120 °C. PMOPN-ZnPAA is indicated by 1. “Isolated
yields. “The catalyst recovered from entry 2 was used. “Reaction
temperature of 150 °C. TReaction temperature of 90 °C. £90.2 ymol
H,O was used as an initiator. #180 ymol H,O was used as an initiator.
"The catalyst recovered from entry 4 was used.”The catalyst recovered
from entry 15 was used. *The catalyst recovered from entry 16 was
used. ‘The catalyst recovered from entry 17 was used.

When the amount of MOPN-ZnPAA was decreased from
1.00 mol % to 0.500, 0.250, and 0.125 mol % Zn, isolated
yields of PCL gradually decreased from 96% to 92, 91, and
82% with a significant decrease in M, from 18 700 to 7900,
7200, and 5700, respectively (Entries 4—7 in Table 1). When
the reaction temperature was decreased from 120 to 90 °C,
isolated yields of PCL sharply decreased from 96 to 47% with a
decrease in M, from 18700 to 2700 (Entries 4 and 8—9 in
Table 1), due to increased viscosity of reaction media (neat &-
CL) at a lower temperature. When the reaction time was
decreased from 24 to 12, 6, and 3 h, isolated yields of PCL
gradually decreased from 96 to 87, 73, and 50% with a decrease
in M, from 18700 to 13700, 9100, and 7100, respectively
(Entries 4 and 10—12 in Table 1). With 1.00 mol % MOPN-
ZnPAA, the length of PCL chains could be controlled by
changing the amount of an initiator (Figure 6¢c). As the
amount of an initiator, water, was increased from 45.1 ymol to
90.2 and 180 pumol, M, values decreased from 18 700 to 11 500
and 8700, respectively, due to an increase in the number of
polymer chains (Entries 13—14 in Table 1).>° Thus, 1.00 mol
% MOPN-ZnPAA, 1.00 mol % initiator, 120 °C, and 24 h were
determined as optimized reaction conditions for the ring-
opening polymerization of e-CL to PCL.

While a control system, 1.00 mol % ZnPAA, showed
significant catalytic performance for ring-opening polymer-
ization of &-CL with a 95% isolated yield of PCL (M,: 14 500),
it could not be recycled (Entries 2—3 in Table 1). In
comparison, 1.00 mol % MOPN-ZnPAA showed excellent
recyclability, maintaining the 88—93% isolated yields of PCL
and M, values of 13700—16000 in the successive four
recycling reactions (Entries 15—18 in Table 1). SEM and XPS
analysis of MOPN-ZnPAA recovered after recycling tests
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showed that original nanoparticulated morphologies and
chemical structure were completely maintained (Figure S6).
In addition, ICP-AES analysis indicated that 99.4% zinc was
retained in the recovered MOPN-ZnPAA.

In conclusion, an in situ synthetic approach has been
developed for the engineering of nanoplatforms. The addition
of PAA to the reaction mixture for Sonogashira coupling-based
MOPs induced the size-controlled formation of MOP
nanoparticles. Simultaneously, PAA chains were in situ
entrapped into MOP networks to form MOPN with PAA
anchoring groups. The reaction of MOPN-PAA with zinc ions
resulted in the formation of a nanoscaled MOPN-ZnPAA
catalyst. Heating of neat &-CL in the presence of 1.00 mol %
MOPN-ZnPAA and 1.00 mol % water resulted in the
formation of PCL. Moreover, MOPN-ZnPAA could be
recycled with the retention of catalytic performance in five
successive runs. Compared with the conventional engineering
of heterogeneous nanocatalysts through the stepwise synthesis
of nanosupports and introduction of anchoring groups, a new
synthetic approach in this work showed simultaneous trap of
anchoring groups into MOP networks during kinetically
controlled growth of MOP nanoparticles. We believe that an
efficient and new synthetic approach of this work can be
applied to the engineering of various heterogeneous nano-
catalysts.
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