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1. Introduction

The rise of morphology-engineered microporous
organic polymers (ME-MOPs): synthesis and
benefits

Kyoungil Cho, ® Chang Wan Kang, Sang Hyun Ryu,@ June Young Jang
and Seung Uk Son @ *

This review summarizes recent synthetic approaches for morphology-engineered microporous organic
polymers (ME-MOPs). 0D, 1D, and 2D ME-MOPs were prepared by various hard and soft template
methods. Silica spheres, metal-organic frameworks, zeolite particles, metal oxide nanoparticles, and
water drops in organic media were utilized as templates for the synthesis of hollow MOPs. MOP films
could be engineered using 2D plates as templates. Organic surfactants could induce the growth control
of MOP nanoparticles. In some cases, ME-MOPs could be prepared by template-free synthesis. The ME-
MOPs were utilized as templates for the synthesis of new ME-MOPs. Noncovalent self-assembly events
were also utilized for the synthesis of ME-MOPs. The ME-MOPs provide various benefits over
conventional MOPs. Due to the efficient mass transfer of reactants, hollow MOPs showed enhanced
catalytic and energy storage performance. The ME-MOPs showed facile post-synthetic functionalization,
compared with conventional MOPs. The ME-MOPs enabled the creation of new carbon and
nanocomposite materials through the incorporation of precursors and heat-treatment. Moreover, the
ME-MOPs provide the means to enable new applications including drug delivery systems, seed materials
for polymer synthesis, and functional membranes for use in environmental and energy systems.

less than 2 nm.*® Moreover, the chemical structure of MOPs can
be easily tuned by changing the organic building blocks.

For the past two decades, microporous organic polymers
(MOPs) have emerged as new functional materials.”® While
covalent organic frameworks (COFs) are crystalline,” MOPs are
regarded as amorphous materials that present chemical
stability, high surface areas, and microporosity with pore sizes
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Depending on the synthetic approaches, MOPs have been
called by various terms (Fig. 1). For example, Tsyurupa and
Davankov showed the synthesis of the first hypercrosslinked
polymer (HCP)."'* In their synthesis, polystyrene or poly-
styrene-co-divinylbenzene was further crosslinked with external
crosslinkers bearing multi-chloromethyl moieties in the pres-
ence of Lewis acid catalysts, generating intrinsic microporosity
in the HCPs.">"* Later, Cooper et al. showed that monomeric

Chang Wan Kang received his
PhD  from  Sungkyunkwan
University in 2021. His research
interest is the design and
synthesis of shape-controlled
microporous organic polymers
for energy harvesting and
storage.

This journal is © The Royal Society of Chemistry 2022


http://crossmark.crossref.org/dialog/?doi=10.1039/d2ta00044j&domain=pdf&date_stamp=2022-03-29
http://orcid.org/0000-0003-2506-4951
http://orcid.org/0000-0001-6842-4342
http://orcid.org/0000-0002-4779-9302
https://doi.org/10.1039/d2ta00044j
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA010013

Published on 25 February 2022. Downloaded by Sungkyunkwan University on 4/5/2022 6:10:23 AM.

Review
v" Amorphousity Hypercrosslinked Polymer
v" Microporosity (HCP)

v’ High Surface Areas
v Chemical Stability

Polymers of Intrinsic

Microporous Organic ________
. Microporosity (PIM)

Polymer (MOP)

4

’ Morphology-Engineered ’
MOP (ME-MOP)

Conjugated Microporous
Polymer (CMP)

Fig. 1 The sub-classes of microporous organic polymers.

organic building blocks with multi-chloromethyl moieties can
also be polymerized to HCPs in the presence of Lewis acid
catalysts."* In addition, Tan et al. showed the synthesis of
HCPs using simple arenes and a formaldehyde dimethyl acetal
crosslinker and called this the “knitting strategy” (Fig. 2a).**
Until now, numerous HCPs have been prepared through Frie-
del-Crafts chemistry using various organic building blocks.*
Another class of MOPs is polymers of intrinsic microporosity
(PIMs) that were suggested by Budd and Mckeown et al.*® PIMs
were prepared by the coupling of dicatechol building blocks
with multi-fluoroarenes. For example, PIM-1 was prepared by
the coupling of 5,5,6,6'-tetrahydroxy-3,3,3',3'-tetramethyl-1,1'-
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Fig.2 Synthetic examples of (a) a hypercrosslinked polymer (HCP), (b)
a polymer of intrinsic microporosity (PIM), and (c) a conjugated
microporous polymer (CMP).

spirobisindane with 1,4-dicyano-2,3,5,6-tetrafluorobenzene,
showing a surface area of 760 m”> g~ (Fig. 2b).”” The micropo-
rosity of PIM-1 originates from a rigid polymer structure and the
frustrated packing of polymer chains. The networked PIM, such
as the Por-network-PIM, was also prepared by the coupling of
tetrakis(tetraflurophenyl)porphyrin  building blocks with
5,5',6,6"-tetrahydroxy-3,3,3',3-tetramethyl-1,1’-spirobisindane.*®
Another important class of MOPs is conjugated microporous
polymers (CMPs) that were suggested by Cooper et al." CMPs
were prepared by the Sonogashira-Hagihara coupling of multi-
haloarenes and multi-ethynylarenes.” For example, CMP-1 was
prepared by the Sonogashira-Hagihara coupling of 1,3,5-trie-
thynylbenzene with 1,4-diiodobenzene, showing a surface area
of 834 m?* g~ (Fig. 2¢).*® Various CMPs and CMP like noncon-
jugated MOPs have been prepared through the diverse coupling
and condensation reactions of organic building blocks.*
Recently, morphology-engineered MOPs (ME-MOPs) have
appeared.”* ME-MOPs were prepared by various hard and soft
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Fig. 3 Synthetic approaches for morphology-engineered micropo-
rous organic polymers (ME-MOPs) and their benefits.

template methods (Fig. 3).2°*2*” Moreover, the template-free
synthesis of ME-MOPs could also be found in the literature.***®
In addition, unprecedented synthetic approaches have recently
emerged for ME-MOPs, such as the synthesis of ME-MOPs
utilizing ME-MOPs**** and noncovalent-covalent double
assembly.

ME-MOPs have shown various benefits over conventional
MOPs (Fig. 3). First, the functional performance of ME-MOPs
could be dramatically enhanced, compared with that of
conventional MOPs,”*° due to the material-economical
synthesis and the morphology effect. In addition, the post-
synthetic modification of ME-MOPs can be more facile due to
the facile diffusion and efficient action of chemical
reagents.*** ME-MOPs can be utilized as platform materials for
the synthesis of new functional inorganic and nanocomposite
materials.>**®* Moreover, ME-MOPs can open new application
fields.>*¢

Whilst there have been recent reviews on the synthesis and
application of MOPs,"®?° this review article focuses on the
synthetic methods for ME-MOPs as well as the benefits provided
over conventional MOPs.

20a,27,43-48

2. Synthetic methods for
morphology-engineered microporous
organic polymers (ME-MOPs)

While the conventional synthesis of MOPs resulted in the
formation of irregular particulate materials, a significant
formation of ME-MOPs has been reported in the literatur-
e.20b21-6¢ gually, ME-MOPs have been prepared by template
synthesis.?*??*%7 However, in some cases, ME-MOPs could be
obtained by non-template synthesis.*®** Moreover, new
synthetic approaches have been suggested for ME-MOPs.
The synthetic methods for ME-MOPs are summarized as
follows:

40-48

2.1 Hard template synthesis

Hard template synthesis is a conventional method for the
morphology engineering of functional materials.*” The 0D
hollow morphologies, 1D tubes, and 2D films of MOPs could be
achieved by hard template methods.
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2.1.1 Hollow MOP particles. Various hard templates could
be utilized in the engineering of hollow MOPs (H-MOPs)
(Fig. 4).2°»2** The conventional shell thicknesses of H-MOPs
were observed in the range of 5-40 nm. One of the most
common hard templates in materials science is silica materials.
Moreover, by the well-recognized Stober method, size-
controlled monodisperse silica spheres can be easily obtained.®®
Through the adsorption of Pd and Cu catalysts, the silica
spheres could be used for the engineering of the Sonogashira—
Hagihara coupling-based H-MOPs (H-MOP-1) (Fig. 4a and f).2*
The inner silica spheres could be easily etched through the
treatment with HF or NaOH solution. The outer shape of the H-

MOP Etching
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Fig. 4 Synthesis of hollow MOPs (H-MOP-1-5) using (a) SiO,, (b)
Cuy0, (c) ZIF, (d) zeolite, and (e) FezsO4 nanoparticles as templates,
respectively. TEM images of (f) H-MOP-1,2°* copyright 2013 ACS, (g) H-
MOP-2,22 copyright 2017 RSC, (h) H-MOP-3,2% copyright 2015 ACS, (i)
H-MOP-4,2> copyright 2015 RSC, (j) Fes04@MOP,?%* copyright 2014
RSC and (k) H-MOP-5,2% copyright 2014 RSC.
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MOP-1 followed the original spherical morphology of silica
templates.

The nonspherical outer shapes of H-MOPs could also be
achieved. For example, hollow MOP cubes (H-MOP-2) were ob-
tained using Cu,O nanocubes as templates (Fig. 4b and g).** It
was reported that Cu,O can catalyze the azide-alkyne click
reaction between aryl azides and ethynylarenes.®*”* Thus, in the
engineering of H-MOP-2, Cu,0O nanocubes acted as catalysts
and templates in the reaction of multi-azidoarenes and multi-
ethynylbenzenes.*

For the engineering of ME-MOPs, metal-organic frameworks
and zeolitic imidazolate frameworks (ZIFs) were utilized as
templates.”** UiO-66 or ZIF nanoparticles’ were coated with
MOPs and were easily removed through acid-etching.**** Using
ZIF-8 nanoparticles, hollow MOP octahedra (H-MOP-3) could be
obtained (Fig. 4c and h).>*

Nonspherical zeolite” or metal oxide nanoparticles have also
been prepared by growth control and were successfully used as
templates for the engineering of nonspherical hollow MOPs (H-
MOP-4 and H-MOP-5) (Fig. 4d, e and i-k).>>?®
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R —_—
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(c) — -
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Fig. 5 Synthesis of (a) MOP tubes (MOPT-1), (b) aligned MOP tubes
(MOPT-2), and (c) tubular MOP wires (MOPT-3) using rods, AAO, and
wires as templates, respectively. SEM images of (d) [EtsNH]Br rods,?”
copyright 2019 RSC, (e) MOPT-1,272 copyright 2019 RSC, (f) short and
(g) long MOPT-2,2 copyright 2019 Wiley-VCH, and (i) MOPT-3,302
copyright 2018 ACS. TEM images of (h) long MOPT-2,28 copyright 2019
Wiley-VCH and (inset of i) MOPT-3,3% copyright 2012 ACS.
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2.1.2  Tubular MOPs. Tubular MOPs could be prepared by
utilizing 1D templates (Fig. 5).***”** For example, nanorods
were obtained through the electrostatic assembly of ammonium
salts (Fig. 5a and d).>’* 1D salt rods were coated with MOPs. The
etching of inner rods through dissolution resulted in the
formation of MOP tubes (MOPT-1) (Fig. 5a and e). The shell
thickness and the length of MOPT-1 were 50 nm and ~10 um,
respectively.

Anodic aluminum oxide (AAO) plates were utilized in the
engineering of aligned MOP tubes (MOPT-2) (Fig. 5b and f-
h).** The hole diameter of AAO templates was a critical
parameter for the successful engineering of MOPT-2. When the
hole diameter of AAO plates was 160 nm, MOPs could not be
formed inside holes due to the hindered diffusion of reagents
into holes. In comparison, when the hole diameter was 300 nm,
good quality MOPT-2 were obtained. The lengths of MOP tubes
in MOPT-2 also were controlled in the range of 1-5 um by
controlling the thicknesses of AAO plates (Fig. 5f and g).

MOP Etching
(@) — -
TLC Plate TLC@MOP MOPF-1
MOP Etching
(b) —_— —_—
Fibrous PET Film PETF@MOP MOPT-4
gEiaas ;
Eeas§adas MOP Etching
) §siss — —
FdiEas
Patterned PU Film PPU@MOP MOPF-2

Fig. 6 Synthesis of (a) a MOP film (MOPF-1), (b) a fibrous PET@MOP
film (PETF@MOP) and tubes (MOPT-4), and (c) a patterned MOP film
(MOPF-2) using a TLC plate, a fibrous PET film, and a patterned PU film
as templates, respectively. SEM images of (d) MOPF-1,32 copyright
2015 RSC, (e) PETF@MOP,** copyright 2018 Wiley-VCH, (f) MOPT-
43% copyright 2018 Wiley-VCH, (g) a patterned PU@MOP film,3*
copyright 2019 ACS and (h) MOPF-2,3* copyright 2019 ACS. (i) A TEM
image of MOPF-2.3* Copyright 2019 ACS. Photographs (insets of (d)
and (e)) of MOPF-1,3% copyright 2015 RSC and PETF@MOP films,3***
copyright 2018 Wiley-VCH.
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Relatively long and tubular MOP wires (MOPT-3) with the
length of 5-30 um were obtained by using in situ generated salt
wires as templates (Fig. 5¢ and i).”*** During the Sonogashira-
Hagihara coupling of ethynylarenes with haloarenes in trie-
thylamine, triethylammonium halide was in situ formed in
a poor solvent such as toluene. The salt wires acted as in situ
templates for the engineering of MOPT-3.

2.1.3 MOP thin films. MOP thin films have been engi-
neered by using various 2D hard templates (Fig. 6).>'* At first,
thin layered silica plates could be used as templates for the
formation of MOP layers on their surface.*'* The etching of
silica layers induced the formation of MOP films (MOPF-1)
(Fig. 6a and d).*** MOP thin films were also introduced on the
surface of the conducting electrode through the electro-
polymerization of organic building blocks.**

Fibrous polymer membranes were utilized in the engi-
neering of MOP films (Fig. 6b and e). For example, a fibrous
poly(ethylene terephthalate) (PET) film was used for the engi-
neering of MOPs on the surface of PET fibers (PETF).*** The
PETF hydrolysis of PETF@MOP resulted in MOP tubes (MOPT-
4) (Fig. 6b and f). Polyurethane (PU) films with regular nano-
patterns could also be used in the engineering of nanopatterned
MOP films (MOPF-2).** Sonogashira-Hagihara coupling-based
MOPs were introduced on the surface of PU films, replicating

Growth
(a) . Control ‘ MOP
’ — D —
PVP
Surfactant
MOPNP-1
(b) e @ MOP e @® Dring
° —_— . —
e o C
Water H-MOP-6
in Organic Media
© - MOP Drying
Organic/Aqueous MOPF-3

Interface

by

Fig. 7 Synthesis of (a) colloidal MOP nanoparticles (MOPNP-1), (b)
hollow MOP spheres (H-MOP-6), and (c) a MOP film (MOPF-3) using
a polyvinylpyrrolidone (PVP) surfactant, water drops in organic media,
and an organic—aqueous interface as soft templates, respectively. A
TEM image of (d) MOPNP-1.3% Copyright 2018 ACS. A SEM image of (e)
H-MOP-6.%¢ Copyright 2015 Wiley-VCH. (f) A photograph of MOPF-
3.37 Copyright 2017 RSC.
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the original regular nanopatterns of the PU templates (Fig. 6¢
and g-i).

2.2 Soft template synthesis

Soft templates have also been utilized in the engineering of ME-
MOPs (Fig. 7). One of the conventional soft templates is
surfactants.”* When MOPs were formed in the presence of
surfactants, size-controlled MOP colloidal nanoparticles
(MOPNP-1) could be obtained due to the typical kinetic growth
control by surfactants (Fig. 7a and d).*® Water drops in organic
media could act as templates for the synthesis of hollow MOPs
(H-MOP-6) (Fig. 7b and e).** Organic-aqueous interfaces have
also been utilized as soft templates for the synthesis of MOP
films (MOPF-3) (Fig. 7c and f).*”

2.3 Template free formation of ME-MOPs

In some synthetic cases, ME-MOPs were prepared without
specific templates (Fig. 8).*** For example, when tri(4-for-
mylphenyl)amine and [1,1-biphenyl]-4,4’-diacetonitrile were
reacted under the conditions of the Knoevenagel condensation
in tetrahydrofuran (THF), MOP nanorods (MOPRs) with an
average thickness of 42 nm were obtained (Fig. 8a and c).*** In
this case, as the MOPs formed, their solubility in THF gradually
decreased, hindering MOP growth and resulting in kinetically-
controlled MOPRs.

In another example, when 1,3,6,8-tetrabromopyrene and 1,4-
bis(tributylstannyl)benzene were reacted under the conditions

CHO Knoevenagel

(a) © s Condensation
—_—
i O~
OHC CHO

MOPR

\
\

Q
SO0k

(b) Pd NPs
Stille

Br. Br ; B
L 2o G2
SO, o

et

(PhsP),Pd .l
Pd/MOPNP-2

r

(c)

Fig. 8 Template-free formation of (a) MOP nanorods (MOPRs) and (b)
MOP@Pd nanoparticles (Pd/MOPNP-2). SEM images of (c) MOPRs.3®
Copyright 2014 RSC. TEM images of (d and e) Pd/MOPNP-2.3%°
Copyright 2020 RSC.

This journal is © The Royal Society of Chemistry 2022
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of the Stille coupling, monodisperse MOP nanoparticles
(MOPNP) were formed.* In particular, 1-3 nm sized Pd nano-
particles were homogeneously deposited on the ME-MOPs to
form Pd/MOPNP-2 (Fig. 8b, d and e). As the amount of
(Ph3P),Pd catalyst increased, the sizes of PdA/MOPNP-2 gradually
decreased from 556 nm to 117 nm due to the increased number
of nuclei at the early stage and the following MOP growth.

2.4 ME-MOPs utilizing ME-MOPs

ME-MOPs could be utilized as templates for the synthesis of
secondary ME-MOPs (Fig. 9).%** First, Suzuki coupling-based
CMPs (SCMPs) could be introduced on the surface of hollow
MOP spheres using tetrabromodiphenylethylene and 1,4-
benzene diboronic acid as organic building blocks, resulting in
hollow H-MOP@SCMPs (Fig. 9a).” While the average shell
thickness of H-MOPs was 13 nm, those of H-MOP@SCMPs
could be systematically controlled from 16 nm to 27 nm by
controlling the organic building blocks of SCMPs. In addition,
the original superhydrophobicity of H-MOPs with a water
contact angle of 152° changed dramatically to the hydrophilic
feature of H-MOP@SCMPs with a water contact angle of 31° due
to the existence of defective and hydrophilic boronic acid
moieties in SCMP shells.

In a similar way, HCPs could also be introduced on the
surface of H-MOP spheres by the FeCl;-catalyzed Friedel-Crafts
reaction of 1,1’-bi-2-naphthol (BINOL) with formaldehyde
dimethylacetal, resulting in H-MOP@HCPs (Fig. 9b).** The shell
thicknesses of H-MOP@HCPs were systematically controlled
from 16 nm to 38 nm by the gradual increase of organic
building blocks (Fig. 9c-e).

Suzuki Coupling fC\
(a) ]
Br. @ I O Br \\ V4

H-MOP H-MOP@SCMP
Br O + O Br
2 (H0),B< )-B(OH),
P

Friedel-Crafts Reaction { -4 \“\

(b) 17

OO OH +° © \\J

H-MOP 0 OH " FeCl, H-MOP@HCP

Fig. 9 Synthesis of (a) H-MOP@SCMPs and (b) H-MOP@HCPs using
H-MOPs as templates. TEM images of (c) H-MOPs,** copyright 2019
ACS, H-MOP@HCPs with the relatively (d) thin and (e) thick shell
thickness,* copyright 2019 ACS.
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(a) —_
H-MOP H-MOP@ZIF HMOP@ZIF
Etching /@MOP
ZIF
—
DH-MOP@ZIF Bl
| mop
Etching
—
DH-MOP@ZIF@MOP TH-MOP

Fig. 10 (a) Synthesis of double and triple shell hollow MOP spheres
(DH-MOPs and TH-MOPs) using the single shell hollow MOPs (H-
MOPs) as templates.“2 TEM images of (b) H-MOPs, (c) DH-MOPs, and
(d) TH-MOPs.*2 Copyright 2019 ACS.

Using H-MOPs as a structural platform, multi-layered hollow
MOPs could also be engineered (Fig. 10a).** First, ZIF-8 was
incorporated on the H-MOPs to form H-MOP®ZIFs. Then,
MOPs could be introduced on the surface of H-MOP®@ZIFs by
the Sonogashira-Hagihara coupling of tetra(4-ethynylphenyl)
methane with 1,4-diiodobenzene. The acid etching of ZIF-8
layers from the H-MOP@ZIF@MOPs resulted in the formation
of double-shell hollow MOPs (DH-MOPs) (Fig. 10b and c). ZIF-8
could be introduced again on the surface of the DH-MOPs. The
coating of DH-MOP®@?ZIFs with the MOPs and the acid etching
of the ZIF layers resulted in the formation of triple-shell MOPs
(TH-MOPs) (Fig. 10d).

2.5 ME-MOPs utilizing noncovalent assembly

In general, the formation of MOPs is based on the formation of
covalent bonds between organic building blocks during the
networking process by various chemical reactions.*”® Thus, the
formation of MOPs can be described as an event of covalent
assembly.

In comparison, various noncovalent interactions, such as
dipole-dipole interaction, hydrogen bonding, and coulombic
interaction, have been utilized in the formation of various self-
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assembled materials.” Interestingly, these noncovalent self-
assembly events could be successfully utilized for the engi-
neering of ME-MOPs, resulting in a combined noncovalent and
covalent assembly. Recently, corresponding examples have
newly appeared in the literature for the engineering of various
ME-MOPs.**™*® From the aspect of synthesis, the combined
noncovalent and covalent assembly strategies for the engi-
neering of ME-MOPs can be classified into three cases: self-
template noncovalent-covalent synthesis, concomitant non-
covalent and covalent synthesis, and step-by-step noncovalent
and covalent synthesis.

2.5.1 Self-templated ME-MOPs. A noncovalent assembly-
based self-templating strategy can be applied for the engi-
neering of ME-MOPs (Fig. 11). For example, organic building
blocks bearing salts were self-assembled into rods through the
coulombic interaction of building blocks (Fig. 11a and c).2***"
The Sonogashira-Hagihara coupling of the assembled 1,4-di(4-
bromophenyl)-3-methyl-1,2,3-triazolium iodide with tetra(4-
ethynylphenyl)methane resulted in the formation of MOP tubes
(MOPT-5) with lengths and a shell thickness of 400-800 nm and
140 nm, respectively (Fig. 11a and d).”* For the gradual

Coulombic E Sonogashira
sEoo- Assembly EZ Coupling
@ £
Br’@f, @Br Ex \ 4
2 OO
£z

lonic Building Block
9 P O O \ MOPT-5
7

salf-fiasembly Friedel-Crafts Core
(b) ‘1“ \ ‘ ! \ { ! Reaction Etching
IV Fecy,

m
o
[o}

Block o)\

)
Copolymer 0,
:%
o

0
Precursor 8

Fig. 11 Synthesis of MOP tubes (MOPT-5 and MOPT-6) through the
self-assembly of (a) ionic building blocks,?”2 copyright 2019 RSC and (b)
block copolymer precursors, respectively. SEM images of (c) self-
assembled ionic building block rods and (d) MOPT-5.2"2 Copyright
2019 RSC. TEM images of (inset of d) MOPT-5,22 copyright 2019 RSC
and (e) MOPT-6,%% copyright 2016 RSC.
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formation of MOPT-5, the assembled rods of triazolium
building blocks acted as self-templates.

Block copolymer chemistry can also be utilized in the engi-
neering of hollow MOP tubes (MOPT-6).**** After block copol-
ymers with ester connections were self-assembled into 1D
columnar structures, the Friedel-Crafts chemistry-based knit-
ting synthesis of outer materials induced the formation of HCPs
(Fig. 11b). Then, the successive acidic hydrolysis of the ester
connections between the outer HCPs and core materials resul-
ted in the formation of tubular MOPs (Fig. 11e).

2.5.2 Concomitant noncovalent and covalent assembly for
ME-MOPs. ME-MOPs could be synthesized through the
concomitant noncovalent and covalent assembly. For example,
caffeine (CF) is known to be self-assembled into 1D crystals in
poor media including triethylamine (TEA) (Fig. 12a and b).*®
Moreover, the CF showed time-dependent dynamic self-
assembly in TEA, resulting in an increase in the aspect ratios of
the self-assembled 1D materials. In the presence of caffeine, the
Sonogashira-Hagihara coupling-based formation of MOPs in
TEA resulted in the formation of 1D CF@MOPs (Fig. 12a). It is
also noteworthy that caffeine is sublimable. Thus, after the
morphology engineering of MOPs based on the concomitant
noncovalent assembly of caffeine, the inner caffeine of
CF@MOPs could be easily removed through sublimation,

T
\NJIN Self-Assembly
|
(a) °)\'|‘ ) —

Caffeine In Situ

(CF) Assembly & CF Rods
MOP

CF@MOP

Caffeine
Sublimation

MOP Ribbons

Fig. 12 (a) Synthesis of MOP ribbons and MOP tubes (MOPT-7)
utilizing the concomitant noncovalent self-assembly of caffeine. (b) A
SEM image of the assembled caffeine rods in triethylamine.*¢ Copy-
right 2020 ACS. TEM images of (c) MOP ribbons,*¢ Copyright 2020 ACS
and (d) MOPT-7,%¢ copyright 2020 ACS.
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resulting in the formation of MOP ribbons and tubes (MOPT-7),
depending on the amount of MOPs (Fig. 12a, c and d). In control
tests, the formation of MOPs without caffeine resulted in
conventional irregular MOP granules. The concomitant non-
covalent/covalent assembly strategy for 1D MOPs could be
applied to various functional organic building blocks bearing
catalytic Zn-porphyrin species and aggregation-induced emis-
sive (AIE) tetraphenylethylene moieties.

2.5.3 Step-by-step noncovalent and covalent assembly for
ME-MOPs. Step-by-step noncovalent and covalent assembly is
also a very efficient strategy for the more advanced engineering
of ME-MOPs (Fig. 13). For example, through noncovalent
interactions, uniform silica nanospheres can be self-assembled
into opal structures on a glass plate. The silica opal structure
was coated with CMPs by the Sonogashira-Hagihara coupling of
tetra(4-ethynylphenyl)ethylene ~ and  tetra(4-bromophenyl)
ethylene. Silica etching resulted in the formation of macro-
porous CMP films (MA-CMP-F) with a thickness of ~2.9 pm, in
contrast to the conventional solid CMP film (Fig. 13a and b-g).*
The MA-CMP-F consisted of interconnected hollow CMP
spheres with a shell thickness of 20 nm (Fig. 13f and g).

Another example of the step-by-step noncovalent and cova-
lent assembly for the engineering of ME-MOPs is as follows: it

CMP

(a) =
Sonogashira
Coupling
SiO, Sphere L Y” Si0,@CMP/glass
Assembly ’ + }(:
JO O O, l sio,

on Glass
Etching

Macroporous
CMP Film
(MA-CMP-F)

Fig. 13 (a) Synthesis of a macroporous CMP film (MA-CMP-F) using
the self-assembled opal structure of silica spheres as a template.*’
Copyright 2018 RSC. SEM images of (b) a conventional CMP film and
(c—e) MA-CMP-F. (f and g) TEM images of MA-CMP-F.#” Copyright
2018 RSC.
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(HM-MOPF)/PET

(e)

Fig. 14 (a) Synthesis of a holey microstructured MOP film on a PET
film (HM-MOPF/PET) using the assembled 2D zeolites as templates.*®
Copyright 2017 RSC. (b) A photograph of HM-MOPF/PETs. SEM images
of (c) 2D zeolite microbricks, (d) top view, (e) side view, and (f-h)
bottom views of the HM-MOPF.*® Copyright 2017 RSC.

was reported that 2D zeolite microbricks (silicalite-1) were
assembled on solid supports such as a glass plate by simply
rubbing them with a finger (Fig. 14a, c and d).”® Due to a unique
shape effect, the 2D zeolite microbricks were arranged on the
glass plate with a b-orientation.

The assembled 2D zeolite microbricks on the glass plate
were coated with MOPs by the Sonogashira-Hagihara coupling
of tetra(4-ethynylphenyl)methane with 1,4-diiodobenzene.
Successive zeolite etching from the zeolite@MOP/glass plate
resulted in the formation of a microstructured MOP film with
interconnected hollow MOP sub-structures (Fig. 14a, d and e).
Interestingly, the microstructured MOP films showed intriguing
holes in each hollow MOP sub-structure (Fig. 14f-h).*® It can be
speculated that the holes formed through the limited diffusion
of organic building blocks in the formation of MOPs due to the
complete contact of 2D zeolite microbricks (Fig. 14a). The holey
microstructured MOP film (HM-MOPF) could be transferred to
another soft solid support such as a PET film. Due to the exis-
tence of holes, the HM-MOPF with a film thickness of 1.4-2.1
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pm could be efficiently attached on the PET film (Fig. 14b). HM-
MOPF/PET films were further utilized in the engineering of
flexible current collectors through electroless Cu deposition.*®

3. Benefits of ME-MOPs

The morphology engineering of MOPs has provided various
benefits. The morphology effects of ME-MOPs can enhance
their functional performance.**** In addition, hollow MOPs can
be easily post-modified due to the facilitated reaction of
reagents.”*** ME-MOPs can be utilized as platforms for the
synthesis of new functional materials.>*** For example, through
the incorporation of various precursors into ME-MOPs, new
inorganic and composite materials could be synthesized.
Moreover, ME-MOPs can extend the application fields of
MOPS.33'34’60_66

3.1 Morphology effects on the functional performance of
ME-MOPs

Compared with conventional MOPs, hollow MOPs are more
beneficial in their functional performance, especially in catal-
ysis, sensing, and energy storage.*>*® The first scientific prin-
ciple is the facilitated mass transfer of reagents through the
thin shells of hollow MOPs, enhancing reaction rates and
inducing the efficient utilization of functional sites in the
materials (Fig. 15a).”” The second scientific principle is the
atom-economical use of functional MOPs through the engi-
neering of hollow MOPs or MOP nanoparticles. Using the same
amount of MOPs, more hollow MOP nanoparticles can be
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Fig. 15 (a) Scientific principles of the enhanced functional perfor-
mance of hollow MOPs. (b) Enhanced catalytic performance of
a hollow MOP catalyst (H-MOP Cat.) for organocatalytic dime-
thylmalonate (DMM) addition to cinnamaldehyde.*® Copyright 2017
RSC. (c) Enhanced energy storage performance of pseudocapacitive
MOP nanoparticles (PC-MOP NPs) in coin-cell type supercapacitors.>®
Copyright 2020 Wiley-VCH.
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achieved, compared with conventional MOP powders (Fig. 15a).
Thus, the functional performance of ME-MOPs per gram can be
enhanced in catalysis® and energy storage applications®
(Fig. 15b and c).

3.2 Efficient post-synthetic functionalization of ME-MOPs

Various tailored functions can be introduced into MOPs
through a post-synthetic modification (PSM) approach.”
However, the degree of PSM over whole MOPs is sensitive to
their thicknesses. Bulk MOPs usually show incomplete func-
tionalization because reagents cannot efficiently reach inner
MOPs. If the thicknesses of MOPs are sufficiently thin, whole
MOPs can be utilized in the PSM. In this regard, hollow MOPs
with the thin thickness of 10-30 nm showed more efficient PSM,
compared with conventional MOPs.>-*

Moreover, hollow MOPs can be utilized as structural plat-
forms for the synthesis of functional polymer materials through
PSM (Fig. 16).* Hollow and defective MOPs (H-DMOPs)
prepared by the Sonogashira-Hagihara coupling of 1,4-
dibromo-2,5-diethynylbenzene are rich in defective terminal
alkynes that could be further utilized in the PSM (Fig. 16a and
b). For example, the H-DMOPs could be further functionalized
to terminal alkyne-enriched hollow MOPs (H-MOP®@AB,-TAs)
(Fig. 16a and c) through the azide-alkyne click reaction using
the AB, type building block, 3,5-diethynylbenzyl azide.>

One building block
Sonogashira-Hagihara Vi
Coupling
(a) — Br Br
Defective

Terminal alkyne
AB Y|
2 H-DMOP

74

Monomer
1st PSM by S~ SoH
Azide-alkyne
Click Reaction
o S\_SO:H

2nd PSM by
Thiol-yne
Click Reaction
—_—

HS " soNa | -
/H s

H-MOP@AB,-AS

H-MOP@AB,-TA

Fig. 16 (a) Post-synthetic modification of hollow MOPs bearing
defective terminal alkynes (H-DMOPs) by the azide—alkyne click
reaction of AB, type monomers to form terminal alkyne (TA)-enriched
H-MOPs (H-MOP@AB,-TAs) and aliphatic sulfonic acid (AS)-enriched
H-MOPs (H-MOP@AB,-ASs). TEM images of (b) H-DMOPs, (c) H-
MOP@AB,-TAs, and (d) H-MOP@AB,-ASs.>* Copyright 2020 RSC.
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Moreover, the H-MOP®@AB,-TAs were further functionalized to
the aliphatic sulfonic acid-enriched hollow MOPs (H-
MOP®@AB,-ASs) (Fig. 16a and d).

3.3 Synthesis of new materials utilizing ME-MOPs

ME-MOPs can be utilized in the synthesis of new functional
materials such as carbon nanomaterials or inorganic-carbon
nanocomposites (Fig. 17).%**® First, the heat-treatment of the
azide-alkyne click-based hollow MOP cubes under argon
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(b) —_— — |
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pUT s
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©) Precursor e & Heat o @
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MOP NPs
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(e)

Fig. 17 Synthesis of (a) N-doped carbon cubes, (b) MoS,/C hollow
spheres, (c) MoS,/C nanoparticles, (d) Co@C, and (e) Fez0,@C using
ME-MOPs. TEM images of (f) N-doped carbon cubes,** copyright 2018
ACS, (g and h) MoS,/C hollow spheres,> copyright 2015 RSC, (j)
Co@C,* copyright 2015 RSC, and (k) Fez04@C,?® copyright 2014 RSC.
A SEM image of (i) MoS,/C nanoparticles.>® Copyright 2019 Wiley-VCH.
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resulted in N-doped carbon nanocubes, showing excellent
energy storage performance as electrode materials for super-
capacitors (Fig. 17a and f).**

Second, microporosity and high surface areas allowed for
inorganic precursors to be efficiently incorporated into ME-
MOPs. When hollow or nanoparticulate MOPs with MoS,
precursors were heated under argon, hollow or nanoparticulate
MoS,/carbon composites could be synthesized, respectively
(Fig. 17b, c and g-i).”>*® While hollow MoS,/carbon composites
showed excellent lithium storage performance for lithium ion
batteries,”® MoS,/carbon nanoparticles showed excellent
adsorption behaviors toward pollutants in water.>®

Third, core-shell materials bearing MOPs were utilized as
precursor materials for the synthesis of nanocomposites.***”
For example, when ZIF-67@MOPs or Fe;0,@MOPs were heated
under argon, Co@C* and Fe;0,@C nanocomposites*** were
prepared, respectively (Fig. 17d, e and j, k). While Co@C
nanocomposites showed excellent performance as magnetic
adsorbents for pollutants in water,”” Fe;0,@C materials
showed enhanced anode performance for lithium ion batteries
due to the buffer effect of the carbon matrix.>**

Fourth, ME-MOPs were utilized in the synthesis of metal oxide
nanomaterials (Fig. 18).2°**® For example, iron and cobalt
carbonyls were incorporated into the pores of H-MOP spheres or
MOP tubes. The heat-treatment of H-MOP@Co or MOPT@Fe in
air resulted in the formation of hollow Co;0, spheres and Fe,O3
nanotubes, respectively (Fig. 18a-€).2*® Interestingly, both hollow
Co;0, spheres and Fe,O; nanotubes consisted of interconnected
metal oxide nanoparticles (Fig. 18d). Due to the nanoparticulate
feature, the hollow Coz;0, spheres and Fe,O; nanotubes showed

) Coy(CO)s O Heat
Air

H-MOP H-MOP@Co Co,30,
Hollow Spheres

(b) Fe,(CO)q U Heat
Air

MOPT@Fe Fe,0,
Nanotubes

MOPT

Fig. 18 Synthesis of (a) CozO4 hollow spheres and (b) Fe,Oz nano-
tubes using ME-MOP precursor materials. TEM images of (c and d)
Co304 hollow spheres,?®® copyright 2013 ACS and (e) Fe,Oz nano-
tubes,® copyright 2012 Wiley-VCH.
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excellent catalytic activities and energy storage performance as
anode materials for lithium ion batteries, respectively.2?®

3.4 New applications of ME-MOPs

While MOPs have been applied to various purposes including
adsorbents, catalysis, and energy storage materials,*® ME-MOPs
have opened paths for new applications. Examples of new

applications of ME-MOPs include biomedical applica-
tions,*****> antifouling polymer synthesis,**** and new
membranes for environmental and energy
applications.?*3418:6%,66

3.4.1 Biomedical applications of ME-MOPs. ME-MOPs
could be applied to biomedical fields.******* First, H-MOPs were
decorated with folate groups and applied as drug delivery
vehicles for cancer cells with folate acceptors.” Second, the
triple shell H-MOPs showed more efficient drug delivery
performance than conventional single shell H-MOPs due to the
efficient interaction of inner shells with doxorubicin (DOX).**
Third, hollow MOPs bearing folate groups, emissive tetraphe-
nylethylenes, and Fe;O, nanoparticles (FVM-FAs) could be
engineered for multifunctional drug delivery systems (Fig. 19a-
d).*> While the hollow space and micropores of FVM-FAs carried
DOX, the folate groups and tetraphenylethylenes in the shells
were utilized for targeting cancer cells and emissive imaging,
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Fig. 19 (a) Multifunctional drug delivery systems based on the Fez-
04@Void@MOP-FAs (FVM-FAs).#2 Copyright 2020 ACS. TEM images of
(b) Fe304@SiO,, (c) FVM-FAs, and (d) hollow MOP-FAs.®? Copyright
2020 ACS. (e) Magneto-thermal behavior (magnetic field: 109.3 kHz,
31.3 kA m™Y) and (f) a combined chemo and hydrothermal therapy of
KB cancer cells by FVM-FAs (DOX and M imply doxorubicin and
magnetic field, respectively).®? Copyright 2020 ACS.

6960 | J Mater. Chem. A, 2022, 10, 6950-6964

View Article Online

Review

respectively (Fig. 19a). In particular, inner iron oxides can
induce a magneto-thermal therapy through magnetic field-
induced heat generation (Fig. 19e and f).

3.4.2 Antifouling polymer synthesis using ME-MOPs. ME-
MOPs can be applied in polymer production technology
(Fig. 20).°*** In the conventional synthesis of polymers, reactor
fouling is a critical and technical problem (Fig. 20a and d).”>*
The polymers sticking on the surface of the reactors induced
not only poor quality of polymers but also an increase of costs
due to additional efforts to remove the stuck polymers. To solve
this problem in polymer production, seed-mediated polymer
synthesis can be an efficient way (Fig. 20a). In this case, after the
reaction, polymers can be formed around the seeds, resulting in
the formation of polymer particles without a reactor fouling
phenomenon.

. Reactor
Polymerization Fouling
Rl
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Antifouling
Sged Polymerization Synthesis
—p
b b
“ 2
Actlvatlon
(b) 3 | m > | 2RSOa
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\ Cat \

Seed-mediated 8 @
cat  Antifouling v O ©J

“ & ©  Polymerizaton (.
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Si0, =
@Sulfonated MOP e el Ak

Fig. 20 (a) Illustration of a conventional reactor fouling issue vs. seed-
mediated antifouling polymer synthesis. (b) Activation of a Shell's
catalyst precursor by a reaction with sulfonic acid.® (c) Activation of
a Shell's catalyst precursor on the surface of the SiO,@sulfonated MOP
nanoseeds and seed-mediated antifouling polyketone synthesis from
ethylene and carbon monoxide. Photographs of (d) polyketones ob-
tained with reactor fouling, (e) antifouling polyketone synthesis using
SiO,@sulfonated MOP nanoseeds, and (f) polyketone powders ob-
tained through seed-mediated antifouling polymerization.®* Copyright
2017 ACS.
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Fig.21 (a) Electromagnetic interference shielding (EMI) using a fibrous
Cu/MOPF/PET.®* Copyright 2020 ACS. (b) Electrochemical perfor-
mance of the flexible supercapacitors fabricated using Cu/MOPF/
PETs.*® Copyright 2017 RSC.

For example, ME-MOPs were applied to engineer seed
materials for polyketone (PK) synthesis (Fig. 20b-f).****
Recently, PK has attracted significant attention of scientists
because PK contains 50 wt% carbonyl groups that originate
from carbon monoxide.** Shell's Pd catalyst is known to show
high activity in the PK synthesis.** Usually, the Shell's Pd cata-
lyst precursor with acetates should be activated by the reaction
with sulfonic acid, generating active Pd sulfonates (Fig. 20b).
The size-controlled silica spheres were coated with MOPs and
further sulfonated with chlorosulfonic acid. The SiO,@-
sulfonated MOP seed materials could activate the Shell's Pd
catalyst precursors and induced the seed-mediated antifouling
synthesis of high-quality PK (Fig. 20c-f).**

3.4.3 Functional membranes based on ME-MOPs for envi-
ronmental and energy applications. Recently, particulate
matter (PM) has been a serious environmental problem.*
Fibrous films have been applied for the adsorptive removal of
PM.* The efficient interaction of the fibers with PM is critical to
be efficient systems. In this regard, when MOPs were introduced
onto the surface of a fibrous PET film, fibrous PET@MOPs
showed enhanced adsorptive removal performance towards
PM.33,34

Fibrous PET@MOP films could be utilized in the electroless
deposition of metals.®**® The resultant PET@MOP@Cu
membranes could be applied for electromagnetic interference
shielding (Fig. 21a).®* In addition, PET@MOP@Cu and PET@-
MOP®@NIi could be utilized as flexible current collectors for the
engineering of flexible batteries and supercapacitors
(Fig. 21b).*8¢
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4. Conclusions and perspectives

MOPs have become a very important class of functional mate-
rials and recently, advanced ME-MOPs emerged in the litera-
ture. Various synthetic approaches have been explored to realize
ME-MOPs. From the aspect of synthesis, we think that there is
much room to further explore ME-MOPs. First, the established
hard and soft template synthesis can be applied for the
synthesis of more various ME-MOPs using tailored building
blocks. Second, further post-functionalized ME-MOPs can be
prepared using ME-MOPs for tailored functionalization. Third,
new ideas for the utilization of noncovalent assembly can be
explored for the engineering of ME-MOPs. Fourth, various
nanostructured MOP films can be realized using new 2D
templates.

From the aspect of applications, first, we think that more
various heterogeneous catalysts can be developed based on
hollow and nanoparticulate MOPs. Second, high-performance
energy-related materials based on carbon and inorganic/carbon
nanocomposites can be further designed and synthesized using
ME-MOPs as structural platforms. Third, tailored functional
MOP membranes for environmental and energy applications
can be engineered. We expect that there will be continuous
studies on the synthesis of new ME-MOPs and such novel
applications.
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