Highlighting a nanoengineering study on heterogeneous
catalysts from Professor Seung Uk Son’s laboratory,
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Morphology engineering of 2D Zn-catalysts to wrinkled
particles using NaCl microcrystals: enhanced recyclability for
the synthesis of poly(caprolactone)s

Wrinkled Zn-gallate nanoparticles (W-Zn-Gal NP) were
synthesized using micron-sized NaCl crystals as morphology-

directing agents. In contrast to control Zn-Gal plate structures,

which showed only moderate catalytic activity and limited
recyclability due to easy aggregation and structural cleavage,
W-Zn-Gal NP exhibited superior catalytic efficiency and
improved recyclability in the ring-opening polymerization of
e-caprolactone to poly(caprolactone).

Image reproduced by permission of Seung Uk Son from
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Zn-gallate nanoparticles with a wrinkled surface structure (W-Zn-Gal
NP) were engineered using micron-sized NaCl crystals as
morphology-guiding materials. While control Zn-Gal plates exhibited
moderate catalytic activity and poor recyclability, due to the facile
plate—plate packing and facile cleavage into pieces, W-Zn-Gal NP
showed excellent catalytic performance and enhanced recyclability in
the  ring-opening
poly(caprolactone).

polymerization of e-caprolactone to

Heterogeneous catalysts are critical components for sustainable
polymer chemistry." For example, efficient heterogeneous Lewis
acid catalysts are required for the synthesis of biodegradable
plastics> and the reuse of plastic waste.®> To utilize molecular
catalytic activities, the complexation of metals with ligands
bearing multiple coordination sites is an efficient method for
obtaining insoluble materials.* In the synthesis of metal-ligand
coordination polymers, insoluble materials with 2D structural
motifs are often obtained.® While heterogeneous catalysts with
2D morphologies can efficiently utilize catalytic sites, due to
their surface-rich character, their physical instability can be
a challenge for use as heterogeneous catalytic materials.®

Gallic acid is a natural compound with multiple coordina-
tion sites, such as hydroxy and carboxylic acid groups, for
binding to transition metals.” Recently, insoluble coordination
polymers have been prepared by reacting zinc salts with gallic
acid.® The resulting Zn-gallate (Zn-Gal) materials exhibited a 2D
structural motif and formed aggregates through plate-plate
packing (Fig. 1). The packing resulted in reduced catalytic
activities due to the limited diffusion of substrates toward the
catalytic sites on the surface of Zn-Gal plates.®
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Although Zn-Gal plates exhibited excellent catalytic activity
as a Lewis acid catalyst for sustainable chemistry, they were
easily fragmented into pieces during catalytic reactions (Fig. 1).%
As a result, separating the Zn-Gal catalysts from the reaction
mixture and products was unsuccessful.® To enable the recovery
and recycling of Zn-Gal catalysts, further morphological engi-
neering of the catalysts is required.

NacCl is one of the most common chemicals in everyday life
and has been utilized in materials chemistry." In particular,
there have been studies on the morphological engineering of
functional materials using NaCl crystals."* One of the key
advantages of NaCl crystals as a morphology-guiding material is
that they can be easily removed from functional materials
through simple water washing. In this regard, we have
attempted to engineer the morphology of Zn-Gal plates using
NacCl crystals.

Recently, due to environmental issues, biodegradable poly-
mers have gained great attention from scientists.” Polyesters
have been studied as promising biodegradable polymers due to
the gradual hydrolysis of ester bonds.”® For example, poly(-
caprolactone) (PCL) has been regarded as a biodegradable
polyester.™ PCL has been synthesized through the ring-opening
polymerization of e-caprolactone (e-CL).****
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Fig. 1 Challenges associated with the catalytic applications of zinc-
gallate (Zn-Gal) plates.
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While various homogeneous Lewis acid catalysts including
zinc compounds such as zinc acetate, zinc nitrate, and zinc
chloride and non-zinc catalysts such as Ti, Sn, and lanthanide
complexes have been studied for the synthesis of PCL," recy-
clable heterogeneous catalysts are rare.>'* While the Zn or Sn
complexes grafted onto solid supports such as polystyrene and
halloysite have been studied as heterogeneous catalytic sys-
tems,>*** their recyclability has not been clarified. While
microporous organic polymers bearing Zn-poly(acrylic acid)
were successful as recyclable heterogeneous catalysts, their
preparation was not simple and involved significant synthetic
effort.” In this regard, further exploration for the efficient
heterogeneous Lewis acid catalysts is required for the synthesis
of PCL. In this work, we report the engineering of Zn-Gal
nanoparticles with wrinkles (W-Zn-Gal NP) using micrometer-
sized NaCl crystals (M-NaCl) as morphology-guiding materials
and their catalytic performance in the synthesis of PCL.

Fig. 2 presents a synthetic scheme for W-Zn-Gal-NP using M-
NaCl as a morphology-guiding material.

M-NaCl was prepared by recrystallizing NaCl through the
dropwise addition of an aqueous NaCl solution into acetone.
The reaction of zinc acetate with gallic acid in dimethylforma-
mide in the presence of M-NaCl resulted in the formation of M-
NaCl@Zn-Gal composite materials (Fig. S1 in the ESI}). After
separating the composites from the reaction mixture by
centrifugation, they were further ripened at 80 °C under vacuum
overnight. After M-NaCl was etched from M-NaCl@Zn-Gal
composites by simple water washing, the obtained materials
were dried at 80 °C under vacuum to form W-Zn-Gal NP. As
a control material, Zn-Gal was prepared by the same synthetic
procedures as W-Zn-Gal NP without using M-NaCl.

While conventional NaCl particles have sizes of 309 £ 50 um,
scanning electron microscopy (SEM) images of M-NaCl showed
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Fig. 2 A synthetic scheme for W-Zn-Gal NP.

23440 | J Mater. Chem. A, 2025, 13, 23439-23444

View Article Online

Communication

Fig. 3 SEM images of (a—c) Zn-Gal and (d-f) W-Zn-Gal NP. TEM
images of (g) Zn-Gal and (h and i) W-Zn-Gal NP.

sizes of 2.75 + 0.40 um (Fig. S2 in the ESIf). While Zn-Gal has
a 2D structural motif to form very thin plates,® SEM and
transmission electron microscopy (TEM) showed large aggre-
gates of 2D materials that were disassembled to small plates
(Fig. 3a-c, g and S3 in the ESI{). In comparison, the low
magnification SEM images of W-Zn-Gal NP revealed very
uniform particles with sizes of 671 + 92 nm (Fig. 3d and S2 in
the ESIt).

The careful investigation by SEM and TEM studies indicated
that W-Zn-Gal NP particles have intriguing wrinkled surface
structures (Fig. 3e, f, h and i). It can be speculated that the
wrinkles of W-Zn-Gal NP were formed through the etching of M-
NacCl crystals and the successive shrinkage of remaining Zn-Gal
plates during the drying process. SEM and TEM analysis of the
intermediate materials indicated that the M-Nacl crystals in M-
NaCl@Zn-Gal split into smaller crystals during etching, leading
to the formation of submicrometer-sized W-Zn-Gal particles
(Fig. S1 in the ESIT). When conventional NaCl crystals were used
instead of M-NaCl, similarly wrinkled Zn-Gal materials were
obtained; however, the material quality was relatively poor
(Fig. S4 in the ESI}). Energy dispersive X-ray spectroscopy (EDS)-
based elemental mapping studies indicated that the Zn-Gal
materials were loaded onto M-NaCl in M-NaCl@Zn-Gal and
that the M-NaCl crystals were etched away in W-Zn-Gal NP
(Fig. S5 in the ESIT)."”

The chemical structures of Zn-Gal and W-Zn-Gal NP were
evaluated by various techniques. The powder X-ray diffraction
(PXRD) pattern of W-Zn-Gal NP indicated that M-NaCl was
completely etched from M-NaCl@Zn-Gal composites and
matched well with that of Zn-Gal (Fig. 4a). In addition, the main
XRD peaks at 26 of 10.06° indicated 2D structures of Zn-Gal and
W-Zn-Gal with an interplanar distance of 8.8 A.'®

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) PXRD patterns of M-NaCl, M-NaCl@Zn-Gal, Zn-Gal, and W-
Zn-Gal NP. (b) IR and (c) solution/solid state *C NMR spectra of gallic
acid (GA), Zn-Gal, and W-Zn-Gal NP. (d) XPS Zn 2p orbital peaks and (e)
O 1s orbital peaks of Zn-Gal and W-Zn-Gal NP.

While the infrared (IR) absorption spectrum of gallic acid
(GA) showed the C=0 vibration peak of carboxylic acid group at
1671 cm™',*® this peak was not observed in Zn-Gal and W-Zn-
Gal-NP, indicating the formation of Zn-n”> carboxylate species
(Fig. 4b). The aromatic C=C vibration peaks of GA appeared at
1611 and 1420 cm ''® which slightly shifted to 1546 and
1408 cm ™' in the IR spectra of Zn-Gal and W-Zn-Gal NP. In
addition, the C=0 vibration peak of GA at 1302 cm ™" shifted to
1026 cm ' through Zn coordination to the hydroxyl groups of
GA.** The IR peak at 3438 cm ™' of W-Zn-Gal NP is attributable to
adsorbed water.

By inductively coupled plasma-atomic emission spectros-
copy (ICP-AES), the Zn contents of Zn-Gal and W-Zn-Gal NP were
analyzed to be 5.73 and 5.14 mmol Zn per g, respectively.
Thermogravimetric analysis (TGA) indicated that W-Zn-Gal NP
is more thermally stable up to 541 °C compared to Zn-Gal (204 °©
C) (Fig. S6 in the ESIY).

This journal is © The Royal Society of Chemistry 2025
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Solid state "*C nuclear magnetic resonance (NMR) spectra of
Zn-Gal and W-Zn-Gal NP exhibited *C peaks corresponding to
carboxylates, phenolate carbons adjacent to oxygens, and other
aromatic carbons at 175, 147, and 116-123 ppm, respectively,
indicating that gallates were successfully incorporated into the
materials (Fig. 4c). X-ray photoelectron spectroscopy (XPS) of
Zn-Gal and W-Zn-Gal NP showed the Zn 2p,/, and 2p;,, orbital
peaks at 1044.4 and 1021.2 eV, respectively, indicating that the
Zn species have Zn(u) oxidation states (Fig. 4d)." In addition,
the O 1s orbital peaks of Zn-gallate species in Zn-Gal and W-Zn-
Gal-NP were observed at 530.8 eV, matching well with those of
Zn-coordinated oxygens reported in the literature (Fig. 4e).2°

Next, we studied the catalytic performance of W-Zn-Gal NP
for the ring-opening polymerization of &-CL to PCL, compared
to Zn-Gal. Table 1 and Fig. S7, S8 in the ESIT summarize the
results.

Water was used as an initiator for the ring-opening poly-
merization of e-CL.** The hydroxy group originated from water
attacks the carbonyl group of e-CL to generate an alkoxy moiety.
The alkoxy group attacks the carbonyl group of another &-CL to
induce the formation of polymer chains. Finally, the terminal
alkoxy group is quenched by a proton originating from water. In
the absence of a catalyst, a 12% yield of PCL was obtained at 160
°C after 24 h (Entry 1 in Table 1).

In comparison, in the presence of W-Zn-Gal NP (1.00 mol%
Zn), the reactions produced a 96% yield of PCL at 160 °C after
24 h (Entries 2-6 in Table 1). The absolute molecular weight
(Myamr) of PCL gradually increased to 5300 g mol™* (My,.gpc of
9200 and PDI of 1.86). It can be noted that M,, values have been
corrected using the following equation: M, = 0.56M,,.gpc, for
PCL based on the Mark-Houwink correction.*

The M,, of PCL could be controlled by adjusting the amount
of initiator (water).”® When the amount of initiator increased
from 1.6 pL (e-CL/initiator = 50) to 3.2 pL (e-CL/initiator = 25),
the My, .nmr Of PCL decreased from 5300 to 4700 (Entry 7 in Table
1). In contrast, when the amount of initiator was reduced to 0.8
pL (e-CL/initiator = 100), the M,xmr Of PCL significantly
increased to 6500, due to the reduced number of the activated
polymer chains (Entry 8 in Table 1).

When the amount of W-Zn-Gal NP was reduced from
1.00 mol% Zn to 0.500 mol% Zn, the yield of PCL decreased
from 96% to 91% (Entry 9 in Table 1). When the reaction
temperature was decreased from 160 °C to 140 and 120 °C, the
yields of PCL dropped to 86 and 50%, respectively (Entries 10
and 11 in Table 1). Thus, the optimal reaction conditions were
determined as follows: 1.00 mol% Zn, 1.6 uL H,0, 160 °C, and
24 h.

Compared to W-Zn-Gal NP, Zn-Gal (1.00 mol% Zn) showed
much lower activities, generating an 85% yield of PCL with M,,.
~xmr Of 3400 under the optimized reaction conditions (Entries
12-16 in Table 1). Moreover, Zn-Gal exhibited poor recyclability
due to the difficulty in recovering the small plates (Entries 16-20
in Table 1; Fig. 5a and S3 in the ESIt). The catalytic activities of
Zn-Gal sharply dropped to generate an 11% yield of PCL in the
fifth reaction. For further control tests, Zn-Gal was treated with
water and then dried, following the workup process used for W-
Zn-Gal NP (Fig. S9 in the ESIt). While the resulting Zn-Gal(H,0),
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Fig. 5 Recyclability tests of (a) Zn-Gal and (b) W-Zn-Gal NP catalysts
for the ring-opening polymerization of ¢-CL to PCL (reaction condi-
tions: e-caprolactone (0.500 mL, 4.51 mmol), H,O initiator (1.6 pL), W-
Zn-Gal NP (1.00 mol% Zn) or Zn-Gal (1.00 mol% Zn), 24 h, and 160 °C).
Conversion yields of CL and isolated yields of PCL were displayed. (c)
SEM and (d and e) TEM images of W-Zn-Gal NP recovered after five
successive reactions. (f) IR absorption and (g) XPS 2p orbital and O 1s
orbital spectra of W-Zn-Gal NP recovered from the fifth run.

containing 5.13 mmol Zn per g, exhibited enhanced thermal
stability (Fig. S10 in the ESIt) and improved catalytic activity in
the first reaction due to the initiator role of adsorbed water,** it
showed poor recyclability (Fig. S11 in the ESI}).

In comparison, W-Zn-Gal NP showed excellent recyclability
in the five successive reactions, maintaining the yields of PCL in
the range of 98-94% (isolated yields of 87-91%) (Entries 6 and
21-24 in Table 1 and Fig. 5b). The M, nmr values of PCL slightly
increased to 6300-7200 in the second to fifth reactions. The
SEM and TEM studies of the recovered W-Zn-Gal NP indicated
that its original wrinkle morphology was completely retained
during the five successive runs (Fig. 5c-e). The IR, XPS, and
PXRD analyses of W-Zn-Gal NP recovered after five successive
runs indicated that the original chemical structures were
retained (Fig. 5f, g and S12 in the ESIT). In addition, the surface
area of the recovered W-Zn-Gal NP slightly decreased from 31
m® g~ to 22 m* g~ (Fig. S13 in the ESIY).

This journal is © The Royal Society of Chemistry 2025
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In conclusion, this work demonstrates the successful
morphology engineering of heterogeneous Lewis acid catalysts
using M-NacCl as a morphology-guiding material. While Zn-Gal
plates have potential as a Lewis acid catalyst for the ring-
opening polymerization of &-CL to PCL, they showed poor
recyclability. In comparison, the morphology-engineered W-Zn-
Gal NP showed not only enhanced catalytic activities but also
excellent recyclability as a heterogeneous catalytic system. We
believe that the performance of various heterogeneous catalysts
utilized in sustainable chemistry can be enhanced through
NacCl-assisted morphology engineering.
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