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Water-stable hydrazone-linked porous organic cages

A convenient method for constructing water-stable
hydrazone-linked porous organic cages with tunable
structures from [2+4] lantern, [3+6] triangular prism,
unprecedented [4+8] square prism, to extra-large [6+12]
octahedron has been reported. They are fully determined

by single-crystal X-ray crystallography and exhibit tunable
window diameters and cavity volumes from 5.4 to 11.1 nm and
580 to 6800 A%, respectively. Moreover, they can be used as
robust absorbents for effective removal of various pollutants
from water, including radionuclide waste, toxic heavy metal
jons, and organic micropollutants.
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Although porous organic cages (POCs), particularly imine-linked (C=N) ones, have advanced significantly
over the last few decades, the reversible nature of imine linkages makes them prone to hydrolysis and
structural collapse, severely limiting their applications under moist or water conditions. Herein, seven
water-stable hydrazone-linked (C=N-N) POCs are prepared through a simple coupling of the same
supramolecular tetraformylresorcin[4larene cavitand with different dihydrazide linkers. Their structures
are all determined by single-crystal X-ray crystallography, demonstrating rich structural diversity from the
[2 + 4] lantern, [3 + 6] triangular prism, and unprecedented [4 + 8] square prism to the extra-large [6 +
12] octahedron. In addition, they respectively exhibit tunable window diameters and cavity volumes

ranging from about 5.4 to 11.1 nm and 580 to 6800 A® Moreover, their application in the water
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Accepted 23rd September 2021 environment for pollutant removal was explored, indicating that they can effectively eliminate various
types of contaminants from water, including radionuclide waste, toxic heavy metal ions, and organic

DOI: 10.1035/d1sc0453th micropollutants. This work demonstrates a convenient method for rationally constructing versatile robust
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Introduction

The burgeoning porous organic cages (POCs),"® constructed by
covalently linking organic building blocks to form zero-
dimensional (0D) discrete molecules with designable hollow
cavities, are complementary to the well-developed covalent
organic frameworks (COFs),” also built from organic building
blocks but with infinite extended 2D or 3D structures. Due to
their discrete nature, POCs exhibit numerous unique proper-
ties, including solubility, processing, functionalization, and
regeneration in solution,’ and have recently garnered
considerable attention. Since the first elegant report in 2009 by
Cooper et al.,'”> many POCs with different shapes and properties
have been reported over the last decade, but they are mostly
linked by dynamic and reversible imine (C=N) and B-O
bonds.**** Such POC types are prone to hydrolysis and skeleton
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POCs and presents their great application potentialities in water medium.

collapse upon exposure to water, making them nonporous in
nature and severely limiting their applications in a water envi-
ronment. Four strategies have been validated thus far for con-
structing water-stable POCs: (1) using irreversible C-C or C-O
bonds;**?* (2) introducing ethynylene linkages (C=C);***° (3)
transforming labile C=N bonds to chemically robust amide (C-
N) bonds by post-modification or an in situ reduction
method;*** and (4) introducing alkyl groups into aldehydes for
protecting POCs' C=N bonds by steric and hydrophobic
control.*** Because the abovementioned methods for
preparing water-stable POCs frequently encounter difficulties
such as tedious multistep organic synthesis with low product
yield, using expensive catalysts, and difficulty in number and
structural diversity extension, synthesizing water-stable POCs
using a cost-effective and straightforward procedure is highly
desirable.

The hydrazone bond (C=N-N) is formed when hydrazine- or
hydrazide-containing compounds react with aldehydes and can
be regarded as N-substituted imine derivatives. Notably, such N-
substitution makes hydrazones robust enough against hydro-
lysis compared to their parent imines under water conditions
because the adjacent N atom's lone pair electrons can delocalize
into a C=N bond and make it less electrophilic and hence more
stable.*® Until now, many robust hydrazone-linked COFs via
integrating different hydrazine- and aldehyde-containing
building blocks have been prepared and demonstrated appli-
cations under moist and water conditions, such as water
pollutant removal, proton conduction, energy production/

Chem. Sci., 2021, 12, 13307-13315 | 13307


http://crossmark.crossref.org/dialog/?doi=10.1039/d1sc04531h&domain=pdf&date_stamp=2021-10-16
http://orcid.org/0000-0003-1878-8062
http://orcid.org/0000-0003-2139-1242
http://orcid.org/0000-0001-9557-6982
http://orcid.org/0000-0003-4627-072X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc04531h
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC012040

Open Access Article. Published on 23 2021. Downloaded on 2026/4/2 02:15:19.

Chemical Science

storage, drug delivery, and so on.*"** However, no hydrazone-
linked COF has been characterized using single-crystal X-ray
diffraction (SCXRD). In contrast, exploring discrete hydrazone-
linked organic cage compounds remains in its initial stage,
regardless of their number or applications. Although hydra-
zone-linked organic cages have the advantage of solving their
structures by SCXRD, they still face significant difficulties in
determining their structures due to weak crystal diffraction,
particularly large ones due to the absence of heavy atoms in the
molecular structure. To the best of our knowledge, only four
hydrazone-linked organic cage structures are solved by SCXRD,
and none of their cavity diameters is more than 2.5 nm.*®
Both indexes are much lower than those of imine-linked cages
with numerous crystals characterized by SCXRD and a cavity
diameter up to 4.3 nm.” Moreover, none of the reported
hydrazone-linked organic cages has been explored as a porous
molecular solid for practical applications.
Calix[4]resorcinarene (C4RA), a macrocyclic molecule with
an intrinsic cavity and eight polar upper-rim phenolic groups,
has been demonstrated as an excellent building block to
construct cage compounds with rich cavity sizes and shapes,
which can encapsulate guests from small gases to large mole-
cules.®® Our group is particularly interested in preparing new
C4RA-based porous materials and their applications in energy
and environmental aspects.®®”° In this work, seven new water-
robust POCs with specific crystal structures, including the [2 + 4]
lantern, [3 + 6] triangular prism, unprecedented [4 + 8] square
prism, and gigantic [6 + 12] octahedron, are constructed from
the same concave-shaped tetraformyl-functionalized C4RA
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Scheme 1 Self-assembly of organic cages constructed from the tet-
ratopic C4RACHO cavitand and dihydrazide linkers.
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(C4RACHO) scaffold and different dihydrazide linkers with only
N,N-dimethylformamide (DMF) as solvent (Scheme 1). Although
it has remained challenging to develop a general synthetic
method for systematic preparation of versatile POC crystals, this
work suggests that C4ARACHO can be a good candidate to reach
this goal. Moreover, their application in removing water
contaminants has been explored.

Results and discussion

Seven hydrazone-linked POCs with four types of assembly
modes can be obtained from hydrazone coupling between
C4RACHO (1 eq.) and different dihydrazides (2 eq.), varying
from flexible alkanedihydrazide and V-shaped m-phthaloyldi-
hydrazide to linear terephthalohydrazide in DMF at 100 °C.
Initially, using propanedioyl dihydrazide isolated a [2 + 4]
lantern-shaped organic cage, namely HPOC-101, constructed
from two C4RACHO as vertexes and four propanedioyl dihy-
drazide linkers as pillars (Fig. 1 and S1f). SCXRD analysis
suggests that HPOC-101 crystallizes in a triclinic system with
a space group of P-1, exhibiting two cage molecules per unit cell
and eight DMF solvent molecules. These DMF molecules are all
located in the cage interstices (Fig. S21). HPOC-101 consists of
one central lantern-shaped cavity and four rhombus-shaped
windows, which remarkably resemble our previously reported
amine-linked organic cage constructed from propane-1,3-
diamine. Its cavity height is about 1.34 nm (measured between

n=3 HPOC-103

n=4 HPOC-104

Fig. 1 Schematic illustration of the assembly of [2 + 4] lanterns via
hydrazone coupling of C4ARACHO and alkanedihydrazides, along with
their single-crystal X-ray structures and inner cavity heights. Carbon is
grey, oxygen is red, and nitrogen is blue. The hydrogen atoms and iso-
butyl groups are omitted for clarity.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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bottom centers of opposite C4RA units), and its calculated
volume by Voidoo is 582 A®.”%”> The diagonals of a rhombus-
shaped window in HPOC-101 are approximately 1.3 x 1.5 nm
(measured between the opposite bridge and methylene carbon
of C4RA units and dihydrazide linkers, respectively), which can
be penetrated by a sphere with a diameter of 5.42 A calculated
from Pywindow.” Our previous work demonstrated that POCs
constructed from C4RACHO and flexible alkanediamines
exhibit an odd-even effect, in which C4RA-based POCs derived
from odd diamines (having an odd number of methylene
groups) are conformationally eclipsed. In contrast, those con-
structed from even diamines adopt a gauche conformation.®”
Our primary motivation was to determine whether the odd-even
effect is retained in the alkanedihydrazide system, and thus
butanedioyl, pentanedioyl, and hexanedioyl dihydrazides with
increasing methylene number were chosen for constructing
HPOC-102, HPOC-103, and HPOC-104, respectively (Fig. 1).
Notably, these four flexible alkanedihydrazide linkers have not
been previously employed in constructing organic cages.
SCXRD measurements reveal that they exhibit the same [2 + 4]
assembly modes as HPOC-101. Except for HPOC-104, which
crystallizes in the monoclinic C2/c space group, the remaining
HPOC-102 and HPOC-103 both crystallize in the triclinic space
group P-1, the same as HPOC-101. In the extended structures of
HPOC-102 to HPOC-104, their cage cavities and/or interstices
are filled with DMF solvent molecules (Fig. S3-S5t). Further
inspection of their crystal structures demonstrated that oxygen
atoms of alkanedihydrazides from HPOC-101 to HPOC-103 are
on the same side, while those in HPOC-104 are on the opposite
side. Such difference leads to two calix[4]resorcinarene units in
HPOC-104 with a gauche conformation, while the other three
cages adopt eclipsed conformations (Fig. S9t). Accordingly,
HPOC-101 to HPOC-103 can be regarded as regular lanterns,
whereas HPOC-104 is a distorted lantern. By increasing the
pillar length, the inner cavity height and cavity volumes from
HPOC-101 to HPOC-103 gradually increased from 1.34 to 1.61
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nm and 582 to 833 A® (Table S31), respectively. Given the
distortion, the cavity height and volume of HPOC-104 are 1.59
nm and 859 A®, which are close to those of HPOC-103. More-
over, the related window diameters for HPOC-102, HPOC-103,
and HPOC-104 are 5.60, 6.32, and 6.60 A, respectively.
Following that, using V-shaped m-phthaloyldihydrazide and
C4RACHO unexpectedly afforded a mixture of block-shaped
(HPOC-201) and rhombus-shaped (HPOC-301) crystal mixtures
with a ratio of about 1 : 7 (Fig. S1). Such a phenomenon has
also been observed in other supramolecular macrocycles,
metal-organic nanocages, and organic cage systems.”*”” All
attempts to control the assembly of these two cages by varying
solvent and/or temperature were unsuccessful. SCXRD analysis
indicates that the block-shaped crystal is a common [3 + 6]
triangular prism assembled from three CARACHO cavitands as
faces and six m-phthaloyldihydrazide ligands as edges. On the
other hand, the rhombus-shaped crystal possesses an unprec-
edented [4 + 8] square prism with four C4ARACHO faces and
eight m-phthaloyldihydrazide edges (Fig. 2). Both structures are
significantly different from previously reported dimeric cages
based on m-phthaloyldihydrazide, but methylene-bridged tet-
raformylresorcin[4]arene cavitands, demonstrating a slight
change in the cavitand parent that largely influences the
resulting cage shapes.>” Moreover, the self-assembly of rigid 1,3-
phenylenediamine and C4RACHO only affords the [3 + 6]
triangular prism in our previous report,” indicating that
increasing linker flexibility (in this case m-phthaloyldihydrazide
compared to m-phenylenediamine) can be an effective way to
increase organic cage structural diversity. SCXRD analysis
reveals that both HPOC-201 and HPOC-301 are in the mono-
clinic space group C2/c with a large cavity and two windows.
Close inspection of the structures revealed that all windows in
HPOC-201 are similar, but different in HPOC-301. Specifically,
the three phenyl rings of m-phthaloyldihydrazide on each side
of HPOC-201 are oriented toward the vertical direction of the
cavity (Fig. S101). The four phenyl rings on one side of HPOC-

HPOC-301

Fig.2 Schematic illustration of the assembly of the [3 + 6] triangular prism and [4 + 8] square prism based on C4RACHO and the V-shaped m-
phthaloyldihydrazide linker and their X-ray crystal structures. The hydrogen atoms and iso-butyl groups are omitted for clarity.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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301 are oriented toward the vertical direction of the cavity, while
two opposite phenyl rings on the other side are oriented toward
the horizontal direction (Fig. S11}). Moreover, numerous DMF
molecules can be observed in cage cavities and interstices of
HPOC-201 (Fig. S61). Notably, DMF guests could not be located
in HPOC-301 due to weak crystal diffraction, and thus their
contribution has been subtracted from diffraction data using
the SQUEEZE function of PLATON.”® Moreover, cavity heights
and volumes are 1.30 and 1.28 nm, and 1638 and 3098 A® for
HPOC-201 and HPOC-301, respectively. The average maximum
cavity radii of HPOC-201 and HPOC-301 are 1.13 and 1.37 nm
(measured between the center of the cavity and bottom centers
of C4RA units), respectively. The average length of trigonal and
square windows is about 1.95 nm (measured between the
neighboring bridge carbon of C4RA units) for HPOC-201 and
HPOC-301, which can be respectively penetrated by a sphere
with a diameter of 9.66 and 11.13 A calculated from Pywindow.

Finally, a gigantic octahedral [6 + 12] organic cage (HPOC-
401) was obtained from the self-assembly of linear tereph-
thalohydrazide and CARACHO units (Fig. 3). SCXRD analysis
reveals that HPOC-401 exhibits a large asymmetric unit and
belongs to the orthogonal space group Pnnn with six cage
molecules per unit cell. Due to weak crystal diffraction, DMF
solvent molecules in the cage cavity and interstice were also
challenging to determine. Its molecular shape is similar to that
of the reported organic cage constructed from the C4ARACHO
scaffold and p-phenylenediamine linkers. HPOC-401 features
an extra-large octahedral cavity and eight trigonal windows. Its
calculated maximum cavity diameter (measured between
bottom centers of opposite C4RA units) and volume are about
3.25 nm and 6800 A®, which are the largest in reported hydra-
zone-linked organic cages characterized by SCXRD. To date, the
largest reported hydrazone-linked organic cage is a [3 + 3] RC4A-
based cage constructed from three tetraformyl-functionalized
RC4As and three tetrahydrazone-functionalized RC4As, con-
taining an internal cavity with a maximum diameter of 2.12 nm
and volume of about 1883 A® calculated by Voidoo.*® Moreover,

——3.25nm

O
'y

HoN—NH o} ) \ ¢

) < > ( Xy

o HN—NH,
’ HPOC-401
Fig. 3 Schematic illustration of the assembly of the [6 + 12] octahe-
dron based on C4RACHO and the linear terephthalohydrazide linker

and its X-ray crystal structure. The hydrogen atoms and iso-butyl
groups are omitted for clarity.
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the average length of the trigonal window is about 2.0 nm
(measured between the neighboring bridge carbon of C4RA
units), which is large enough to accommodate a molecule with
a diameter of 9.51 nm.

The crystal data, window diameters, and cavity volumes for
the abovementioned hydrazone-linked POCs are summarized in
Table S3.1 Apart from SCXRD data, the aforementioned hydra-
zone-linked C4RA-based POC samples were further character-
ized by Fourier-transform infrared spectroscopy (FT-IR), mass-
spectrometry (MS), and proton nuclear magnetic resonance ("H
NMR) analytical measurements. FT-IR spectra of all POCs
exhibit a characteristic C=N stretching around 1666 cm *
(Fig. S12-S187). "H NMR spectra do not show any characteristic
peak of -CHO of C4RACHO; instead, they show peaks charac-
teristic of H-C=N at about 8.6 ppm for [2 + 4] hydrazone-linked
POCs and about 9.0 ppm for the remaining POCs (Fig. S19-
S247). Moreover, the observed m/z values of molecular ion peaks
for each POC were consistent with their calculated molar
masses (Fig. S25-S3171), demonstrating the presence of intact
hydrazone-linked cages in solutions. Thermogravimetric anal-
ysis (TGA) reveals that POCs are thermally stable up to ~280 °C
under nitrogen (N,) gas (Fig. $32-5S377). In addition, their water
stability was confirmed by measuring "H NMR spectra of POC
samples being soaked in water for a week, and the unchanged
signals indicate the robustness of cages in water (Fig. 4 inset
and Fig. S20-S24f). Notably, these hydrazone-linked cage
architectures remain intact following guest solvent removal
because the above-mentioned FT-IR, MS, and '"H NMR charac-
terization studies are conducted on desolvated samples.

The porosity of cages was estimated using carbon dioxide
(CO,) sorption at 196 K, as they exhibit less significant N,
sorption behavior at 77 K (Fig. S44-S49%), which is often
observed in porous molecular organic crystals such as
hydrogen-bonded organic frameworks (HOFs),”**® supramolec-
ular organic frameworks (SOFs),**** and POCs.?*** As displayed
in Fig. 5 and Table S3,T CO, adsorption isotherms suggest that
these hydrazone-linked POCs can adsorb a moderately high
volume of CO, with capacities up to 234 cm® g~ at 196 K and
760 mmHg. This value is comparable to those of other reported
POC materials (PB-2, 265 cm® g~ '; Fe-PB, 225 cm® g~ ').%>% The
calculated Brunauer-Emmett-Teller (BET) surface areas of
cages are within the range of 373 to 563 m” g~ (Table S31 and
Fig. S50-S551). Notably, these calculated surface areas do not
match their cavity volumes, possibly due to the absence of
proper connectivity between cavity voids, and/or due to cavity
voids in the solid crystal packing being blocked by neighboring
cages after desolvation (Fig. S38-S43t). Moreover, CO, and
acetylene (C,H,) adsorptions of HPOC-101 to HPOC-104 at
room temperature were also explored, affording C,H, capacity
from 31 to 47 cm® ¢~ and CO, capacity from 24 to 33 cm® g~ *
(Fig. 4c and S57-S597). As they all prefer to adsorb C,H, over
CO,, dynamic C,H,/CO, (50% : 50%) breakthrough experi-
ments for HPOC-102 and HPOC-104 were performed (Fig. 4d
and S607). The experiments confirmed that cages could effec-
tively separate the C,H,/CO, mixture, indicating their prom-
ising adsorption performance in C,H,/CO, separation.
Moreover, HPOC-102 and HPOC-104 also represent the first two

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 (aand b) CO, sorption isotherms of hydrazone-linked POCs at 196 K and 760 mmHg. Insets a and b are water-stability tests of HPOC-101

and HPOC-401, respectively. Black lines stand for pristine samples, whereas red lines represent the samples after being soaked in water for
a week. (c) CO, and C,H, adsorption isotherms of HPOC-102 at 298 K. (d) Experimental breakthrough curves of an equimolar mixture of CO,/

CoH, at 298 K and 1 bar over a packed bed of HPOC-102.

hydrazone-linked POC materials to realize C,H,/CO, gas
separation.

Industrial and urban activities lead to various contaminants
in water resources such as radionuclide waste, organic micro-
pollutants, and toxic heavy metal ions that significantly exceed
the standard limits, resulting in adverse effects on ecosystems
and human health. Exploring and developing new materials for
effective removal of these pollutants from contaminated water
is critical to sustainable development of human society.
Although metal-organic frameworks (MOFs), COFs, and porous
organic polymers have recently been extensively studied for
water pollutant removal,®** investigating emerging POC
materials for removing pollutants from aqueous solutions
remains in its infancy. Hydrazone-linked POCs are better suited
for this application due to their water-stable nature, porous
nature, abundant multidentate N/O chelating sites, and r-rich
cavities within their skeleton. Radioiodine (**°I and "*'I) was
chosen as a model radionuclide waste pollutant because it is
a major component of radionuclides and has recently attracted
much public concern for wastewater leaks from the Fukushima
nuclear disaster. To ensure safety, we used non-radioactive I, in
KI water solution to mimic the radionuclide waste because
iodine can easily exist as I;~ ions by binding I to increase its

© 2021 The Author(s). Published by the Royal Society of Chemistry

water solubility. Adsorption of I~ was accomplished by
immersing 3 mg desolvated POC samples in 6 mL KI/I, aqueous
solution (0.337 mM), followed by stirring. The suspension was
separated by filtration at different time intervals, and the solu-
tion was then detected using the UV-visible (UV-vis) spectrum by
measuring the change of maximum adsorption of I3~ at room
temperature. All POC samples rapidly remove I;~ within the
initial 30 seconds and then increased slowly to achieve equi-
librium at about 15 min with a removal rate >96% (Fig. 5a and
S61-S661t). Notably, HPOC-101 exhibits the fastest removal rate,
the best removal efficiency, and the largest adsorption capacity
(Table S51), which might be ascribed to the fact that densities of
chelating sites and RC4A cavities are higher than those of other
cages, or its cavity is more suitable for accommodating the I;~
guest. In addition, the maximum adsorption capacity of HPOC-
101 was investigated by soaking the sample in a highly
concentrated KI/I, aqueous solution, and the experimental
value was about 1305 mg g~ !, which fits well with the calculated
value (1383 mg g ' with correlation coefficient R*> = 0.9949)
based on the Langmuir model (Fig. S67 and Table S47). X-ray
photoelectron spectroscopy (XPS) measurement based on
iodine-loaded HPOC-101 suggests that iodine existed as both
neutral I, and I3~ forms (Fig. S681), which might be due to the

Chem. Sci., 2021,12,13307-13315 | 13311
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existence of charge transfer between iodine guests and the cage
host, resulting in dynamic equilibrium between I~ ions and I,
molecules in air, as confirmed by electron paramagnetic reso-
nance (EPR, Fig. S691). The recyclability of HPOC-101 was then
examined, suggesting that this adsorbent can keep high
removal efficiency for at least five cycles (Fig. S5at inset). These
hydrazone-linked POCs represent the first examples of POC
materials for iodine removal from water to the best of our
knowledge. Moreover, the iodine vapor adsorption experiments
of HPOC-101 and HPOC-401 have also been performed, which
suggest that their maximum uptake capacities are about 220
wt% (Fig. S70 and S71%).

The excellent iodine removal ability combined with struc-
tural characteristics of HPOC-101 could also eliminate other
types of water pollutants, such as organic micropollutants and
toxic heavy metal ions. Thus, organic micropollutants have
been tested, including bisphenol A (BPA) and bisphenol S (BPS),
as endocrine disruptors with greater environmental persistence
from plastic; propranolol hydrochloride (PROI), as a beta-
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blocker used to treat hypertension from medical wastewater;
and 2-naphthol (2-NO), 1-naphthyl amine (1-NA) and 2,4-
dichlorophenol (2,4-DCP) as representatives for various simple
aromatic pollutants, as well as Co>" and Cu®" toxic heavy metal
ions. Interestingly, it was found that HPOC-101 can effectively
eliminate such water pollutants with removal efficiencies of
>96% (Fig. 5b and S72-S777), which are comparable to those of
COF materials in organic micropollutant removal from
water.*®" Notably, HPOC-101 exhibits good efficiencies to
remove metal ions, which can be ascribed to the tridentate O-
N-O chelating sites in HPOC-101 having good ability to complex
with such metal ions; while the good efficiencies to remove
organic micropollutants are mainly due to the host-guest
interactions between the cage cavities and micropollutants, as
well as the hydrogen bonding interactions between the N/O
sites and micropollutants. Moreover, the efficiencies of HPOC-
401 to remove organic micropollutants were studied (Fig. S78-
$827), and its removal efficiencies under the same conditions
are lower than those of HPOC-101. To the best of our knowl-
edge, there is still no POC adsorbent with the ability to effec-
tively eliminate these many kinds of water contaminants.

Conclusions

In summary, we have developed a general synthetic method
using DMF as a solvent for constructing versatile hydrazone-
linked POCs using the same tetraformylresorcin[4]arene cav-
itand and three different types of dihydrazide ligands, including
flexible alkanedihydrazide, V-shaped m-phthaloyldihydrazide,
and linear terephthalohydrazide based on the hydrazone
coupling reaction. Five types of calix[4]-resorcinarene-based
POCs, such as the [2 + 4] lantern (HPOC-101 to HPOC-103), [2 +
4] distorted lantern (HPOC-104), [3 + 6] triangular prism (HPOC-
201), [4 + 8] square prism (HPOC-301), and [6 + 12] octahedron
(HPOC-401), have been obtained and characterized by SCXRD,
FT-IR, MS, 'H NMR, and TGA measurements. Their window
diameters and cavity volumes can be precisely tuned from 5.4 to
11.1 A and 580 to 6800 A® using specific dihydrazide linkers. To
the best of our knowledge, the square prism shape of HPOC-301
has not been observed in organic cage systems, whereas HPOC-
401 is the largest hydrazone-linked organic cage with a unique
X-ray crystal structure. Moreover, the abovementioned seven
POCs greatly increase the number of hydrazone-linked organic
cages with determined crystal structures, as only four of them
were previously solved by SCXRD. Moreover, this study may
shed light on solving the difficulty in hydrazone-linked COF
crystal growth and structure determination. Interestingly, these
hydrazone-linked POCs are stable in water and can effectively
remove various types of water pollutants from radionuclide
waste, toxic heavy metal ions, and organic micropollutants. To
the best of our knowledge, HPOC-101 and HPOC-401 are the
first two examples of POC adsorbents for systematic removal of
many kinds of these pollutants. This finding not only reveals
that CR4ACHO can be regarded as an excellent molecular
building block to construct versatile robust POCs but also
broadens the application of POC materials in aqueous systems.
Research on rational construction of robust calix[4]

© 2021 The Author(s). Published by the Royal Society of Chemistry
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resorcinarene-based POCs and their practical applications by
introducing hydrazide-containing ligands with functional
groups is ongoing.
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