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A strategy for constructing binary metal-organic cage (MOC)-
based materials was developed. The cationic MOCs were covalently
linked by organic linkers to a cationic extended network, whereas
the anionic MOCs acted as counterions and were encapsulated in
the network. Compared with the corresponding unary materials,
the binary MOC-based materials exhibited improved porosity and
adsorption performance.

Metal-organic cages (MOCs), also called metal-organic polyhe-
drons (MOPs), or porous coordination cages (PCCs), are dis-
crete coordination molecules with three-dimensional cavities
that have diverse applications in guest binding,"? catalysis,**
biological imaging,” drug delivery,® enantiomer separation,’
and so on. The discrete nature, solubility and stability of MOCs
allow these coordination molecules to be considered building
blocks for further construction of functional materials such as
metal-organic frameworks (MOFs), gels, and membranes.®
Such a strategy means that nanosize coordination cavities
could be introduced via presynthesized MOCs; thus, it is more
predictable and easier to establish structural-property relation-
ships. To increase the complexity of the supramolecular frame-
work based on the type of coordination cavity, this strategy also
provides a convenient route if two or more MOCs are used as
starting reactants.”> However, there are only a few reports on
this topic, and this topic remains largely unexplored."*™*®

For incorporating two or more MOCs into a unique material,
the reported strategies are shown in Scheme 1. In strategy I, a
cationic MOC and an anionic MOC can result in MOC-based
porous salts containing these two MOCs via metathesis
reactions.™*® In strategy II, two different MOCs were covalently
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or coordinately linked to a network with two MOCs.*® In addition,
the crystallization of a MOC mixture with the same structural type
but ligands with different substituent groups led to an MOC
supramolecular framework with various MOCs; such a strategy is
called a multivariate strategy (strategy III)."” In strategies I and III,
interactions among the MOCs are weak, and the MOCs may break
away from the framework. In strategy II, interactions among
MOCs were stronger, but small counterions may occupy the
cavities in the network because the charges of the two MOCs
were the same, thereby reducing their adsorption performance.
Herein, by combining the advantages of strategies I and II, a new
strategy for synthesizing binary MOC-based materials has been
developed. As shown in Scheme 1, the cationic MOC was
covalently linked to form a cationic extended network in which
the cationic MOCs were tightly incorporated. An anionic MOC
with the opposite charge was introduced to replace small inor-
ganic anions. Due to the strong electrostatic interaction between

Previous work

\ Metathesis reactions =
DN A ©

(II) ﬁ + x% Covalently/coordin:
F 'AV
Multivariate strategy
o A AA =2 4

This work

Covalently linked &

W A . @ cagencapiaed_ @/@/ Q%}

Scheme 1 Strategies for constructing binary metal—organic cage (MOC)-
based materials.
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the highly charged cationic and anionic MOCs, the anionic MOCs
were expected to be steadily incorporated into the network,
thereby giving rise to binary MOC-based materials.

As shown in Scheme 2, to achieve this strategy, a cationic
Pd;,L,, (L = 3,5-di-pyridin-4-yl-benzaldehyde, Pd-MOC) cage with
a peripheral aldehyde group was employed to construct the MOC-
based extended network. This Pd-MOC has been used as an
effective building block for preparing MOC-based gels or amor-
phous solids via the condensation of aldimine with various
amines.’®?° In addition, it has been proven that this cage is
stable under solid-state reaction conditions as indicated by
1H NMR before and after grinding for 1 h (Fig. S1, ESIt).”° To
link these Pd-MOCs, a triamine with a large spacer, 5”-(4’-amino-
[1,1"-biphenyl]-4-yl)-[1,1":4',1":3",1""":4""" )1""""-quinque-phenyl]-
4,4""""-diamine (TA), was employed. Owing to the poor solubility of
Pd-MOC in common solvents used for aldimine condensation
and the successful generation of two similar products through
solid-phase synthesis,'*° herein, the reaction of Pd-MOC with TA
was also performed by grinding. The resulting cationic extended
MOC-based amorphous solid (Pd-MOC-TA), as revealed by various
characterization methods. In the IR spectra (Fig. S2, ESIt), the
peak at 1701 em ™" assigned to the C=O0 of the aldehyde group
and the peak assigned to the amino group at 3364 cm™ " were
lower than those in the linker and the Pd-MOC spectra, suggesting
that a reaction between the aldehyde group and amino group
occurred. In addition, the peak at 1385 cm ™! for NO;~ remained.
From the Raman spectrum (Fig. S3, ESIt), the relative intensity of
the peak at 1604 cm™ " assigned to the C=N bond increased,*
also indicating the presence of newly generated C—=N bonds in
Pd-MOC-TA. According to the C 1s XPS spectra (Fig. S4, ESIt), the
C—0 fraction decreased, and the C=N fraction increased, which
further supported the successful linkage of Pd-MOC by the linker
under such conditions. The N 1s spectrum showed an increase in
the C=N fraction and the retention of the NO;™ anion (Fig. S5,
ESIt). The resulting solid is amorphous, as shown in Fig. S6
(ESIt). In contrast to Pd-MOC, it is almost insoluble in DMSO.
SEM showed that it was composed of irregular nanosized particles
that aggregated together (Fig. S7, ESIt). EDS showed a homo-
geneous distribution of Pd (Fig. S8, ESIt). Small-angle X-ray
scattering (SAXS, Fig. S9, ESIt) indicated that the peak for the
cage in Pd-MOC remained in Pd-MOC-TA, which is similar to
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Scheme 2 Construction of the binary metal—organic cage (MOC)-based
materials BMM-1 to BMM-4.
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materials based on a similar cage."® This result further confirmed
that the cage structure was retained during the reaction. The zeta
potential of PA-MOC-TA is 45.1 mV, which is slightly greater than
that of Pd-MOC (Fig. S10, ESIt). This high zeta potential may be
due to the high positive charge of Pd-MOC and the release of
some NO;~ on its surface. The nitrogen adsorption-desorption
isotherms at 77 K indicate that the BET surface area of Pd-MOC-
TA is only 16.2 cm® g~ (Fig. S11a, ESI). This may be because the
network of Pd-MOC-TA is cationic, in which the cavities may be
occupied by nonporous NO;~ anions, and because of the amor-
phous nature of Pd-MOC-TA.”" The pore size distribution (Fig.
S11b, ESIt) indicates that there may be some pores in the
mesoporous range among the MOCs.

Four anionic MOCs with different shapes and charges,
[Alg(pdc)s(0AC)s04]%~ (Hypde = 2,5-pyridinedicarboxylic acid,
AI-MOC),?* [Gag(ImDC)y,]"*” (HsImDC = 4,5-imidazoledicar-
boxylic acid, Ga-MOC),”® [Fey(L)s]'~ (HoL = 4,4'-bis(((E)-pyridin-2-
ylmethylene)amino)-{1,1’-biphenyl]-2,2’-disulfonic acid, Fe-MOC),>*
and [Cuy(SOsbdc),,**~ (HSOzbde = 5-sulfo-1,3-benzenedicar-
boxylic, Cu-MOC),*® were used for incorporation into the Pd-
MOC-TA network (Scheme 2). These MOCs have been synthesized
according to the literature,”>* and obviously do not contain any
functional groups for covalent linking with TA. The stability of
these cages under grid conditions was studied, as shown in Fig.
S12-S15 (ESIT). After 1 h of grinding, the molecular cage structures
were retained, as revealed by "H NMR or UV-vis spectroscopy. We
first attempted to incorporate them into the Pd-MOC-TA network
by anion exchange with NO; ™ in solution, but these reactions were
not successful, as seen from the IR spectra, as the peak for NO;™
was still significantly observed (Fig. S16, ESIt), possibly due to the
lack of significant channels available for dispersing the large
anionic MOCs into the inner network of Pd-MOC-TA but located
only on its surface. Thus, we attempted to incorporate them in situ
during the synthesis process. The one-pot reactions with Pd-MOC,
TA, and anionic MOCs (AI-MOC, Ga-MOC, Fe-MOC, and Cu-MOC)
resulted in four binary MOC-based solids, namely, BMM-1, BMM-2,
BMM-3, and BMM-4, respectively (Scheme 2). The characterization
and analysis of BMM-1, BMM-2, BMM-3, and BMM+4 are similar;
therefore, we mainly describe them with BMM-1 as the representa-
tive. As shown in Fig. 1a and Fig. S17-S19 (ESI}), the IR spectra
indicate that they possess peaks attributed to both Pd-MOC-TA and
the anionic MOCs. For BMM-1, the peaks assigned to the stretching
vibrations of C—=0, C=N and C=C (1600 to 1700 cm™ ") and the
bending vibrations of C-O and -CHj; (1411 and 1351 cm™ ") from
A-MOC show some shifts in BMM-1 (Fig. 1a), indicating interac-
tions between AI-'MOC and the cationic Pd-MOC-based framework.
In addition, the strong peak at 1382 cm™* assigned to NO; ™~ in Pd-
MOC-TA decreased/disappeared in BMM-1, implying that NO;™~
was replaced by anionic MOCs; thus, the incorporation of anionic
MOCs was successful. The absence of NO;~ was further confirmed
by the N 1s XPS spectra (Fig. 1b and Fig. S20-S22, ESIt), in which
no peaks can be attributed to NO;~ (when compared with the N 1s
spectra in Fig. 1d, the conclusion is more certain). The XPS full
spectra of the BMMs also indicate the presence of two types of
metal ions from the two MOCs (Fig. 1c and Fig. $23-S25, ESI{). For
BMM-3 and BMM-4, S was also observed, further confirming the

Chem. Commun., 2024, 60, 10362-10365 | 10363


https://doi.org/10.1039/D4CC02536A

Published on 23 August 2024. Downloaded by Fail Open on 7/23/2025 9:55:58 AM.

ChemComm

(a) (b)

Pd-MOC-TA

Intensity (a. u.)
Intensity (a. u.)

16204 (I, 1929

3200 2400 1600 800
Wavenumber (cm™)

406 404 402 400 398 396 394 392
Binding Energy (eV)

—
O

~
o

~

—— Pd-MOC-TA
—— BMM-1

N WA O

Al2p

Intensity (a. u.)

N

Intensity Diatribution —~
Data (x105 couts)

o

0 200 400 600 800 1000 1200
Binding Energy (eV)

-100 -50 O 50 100 150
Zeta Potentials (mV)

Fig. 1 (a) IR spectra of Pd-MOC-TA, Al-MOC, and BMM-1. (b) The N 1s
XPS spectra of BMM-1. (c) XPS full spectrum of BMM-1. (d) {-Potential of
Pd-MOC-TA and BMM-1.

incorporation of anionic MOCs. The ratios of the two metal ions
were determined by ICP. The results are shown in Table S1 (ESIf).
These ratios were approximately equal to the ratios calculated
according to the charge balance requirements of cationic Pd-
MOC and anionic MOCs in BMM-3 and BMM-4. However, in
BMM-1 and BMM-2, the anionic MOCs are slightly excessive,
possibly because AI-MOC and Ga-MOC are smaller and have a
large number of carboxyl groups on the periphery, which allows
them to not only replace NO;~ but also embed in the network
through weak interactions. SEM showed that the morphology of
the BMMs was similar to that of Pd-MOC-TA (Fig. S26-S29, ESIt).
EDS showed that the Pd and metal ions from anionic MOCs were
distributed homogeneously in these binary MOC-based solids
(Fig. S30-S33, ESIT). After the NO;~ was replaced by anionic MOCs,
the zeta potential of the resulting BMMs was nearly neutral, which
is significantly lower than that of Pd-MOC-TA (Fig. 1d and Fig. S24-
S36, ESIt), possibly because the release of large anionic MOCs with
large sizes and large negative changes is more difficult than that of
NO; . It has been shown that cationic Pd-MOC-based materials
with NO;™ counterions exhibit good performance in the removal of
Cr,0,°~ via anion exchange and framework absorption.”® Thus,
Cr,0,°~ adsorption in water by Pd-MOC-TA and the four BMMs
was carried out and compared (Fig. S37, ESIT). The removal rate of
the BMMs was obviously lower than that of Pd-MOC-TA, further
indicating the lack of exchangeable NO; ™ and the tight incorpora-
tion of anionic MOCs in the network of BMMs.

Because anionic MOCs have a greater charge than NO;~ and
contain cavities, we speculate that the resulting BMM may show
improved porosity and adsorption performance compared with the
anionic bulk MOC and Pd-MOC-TA. The four amorphous anionic
MOC solids showed no response to N, due to the random packing of
these MOCs,***” the presence of counterions, and the small size of
the anionic MOC (except for Cu-MOC). However, for the BMM solid,
the BET surface area increased to some extent. The BET surface
areas of BMM-1, BMM-2, BMM-3, and BMM-4 are 167.3, 33.8, 59.3,
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Fig. 2 Comparisons of the N, adsorption isotherms at 77 K for (a) BMM-1,
(b) BMM-2, (c) BMM-3, and (d) BMM-4 with those of Pd-MOC-TA and
unary MOC-based materials based on their corresponding anionic MOCs.

and 39.8 cm® g, respectively, as shown in Fig. 2. In addition, larger
H3 hysteresis loops were observed for the BMMs, indicating their
mesoporosity. The increase in the porosity of the BMMs compared
with that of their corresponding amorphous anionic MOCs and Pd-
MOC-TA is likely attributed to the decrease in the number of small
inorganic anions/cationic number compared with that of the origi-
nal unary MOC-based materials and is similar to that of MOC-based
porous salts."*™® These results also support the incorporation of
anionic MOCs in the framework because the BET surface area
cannot be increased when the anionic MOC is absorbed only on the
surface.”® The N, adsorption-desorption isotherm of the product
obtained from the immersion of Pd-MOC-TA in the AI-MOC solution
and the mixture of Pd-MOC-TA and AI-MOC was measured and
compared, and the results revealed that its BET surface area was still
very low in these two case (Fig. S38, ESIT).

In addition, the ability of these materials to adsorb metha-
nol molecules in saturated methanol vapour at room tempera-
ture was also preliminarily studied using a quartz crystal
microbalance (QCM).>>*® The mass of the sample and its
adsorbed methanol were measured by frequency variation on
a QCM. The setup is shown in Fig. S39 (ESIT). The results are
shown in Fig. 3. The adsorption capacity of unary Pd-MOC-TA
was 0.315 g g~ . The maximum saturated adsorption capacities
of BMM-1, BMM-2, BMM-3, and BMM-4 were 0.405, 0.512,
0.832, and 1.12 g g ', respectively, which are significantly
greater than that of Pd-MOC-TA. This indicates that the repla-
cement of NO;~ by highly negatively charged porous MOCs
indeed has a positive influence on the adsorption performance.
The introduction of anionic MOCs leads to an increase in
adsorption capacity mainly because, on the one hand, each
anionic MOC can exchange multiple nitrate ions due to its high
negative charge, thereby releasing some internal cavities; on
the other hand, anionic MOCs themselves also have some
cavities. In addition, the interaction sites will also be altered
by the introduction of anionic MOCs. For BMM-1 and BMM-2,
the cavity and window size of the anionic MOCs are too small to

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 The methanol adsorption capacities at 298 K for BMM-1, BMM-2,
BMM-3, BMM-4, and Pd-MOC-TA via QCM.

absorb methanol molecules; thus, the improvement in metha-
nol adsorption capacity is relatively small. In BMM-4, the cavity
of Cu-MOC is relatively large; therefore, the adsorption capacity
is significantly increased. However, due to the amorphous
nature of these materials, their structural details are difficult
to determine; thus, it is currently difficult for us to establish a
clear relationship between methanol adsorption performance
and structure, which will be further studied in the future.

In conclusion, four BMMs containing two types of MOCs
with opposite charges were constructed by a new ‘covalently
linked plus cage-encapsulated” strategy. The porosity and
methanol adsorption capacities of these materials were
improved in most cases compared with those of their corres-
ponding unary MOC-based materials. This work demonstrates
a new attempt to construct functional materials with two
presynthesized MOCs as building blocks, which could enrich
the types of MOC-based materials. We are attempting to
incorporate more types of MOC into a unique network and
explore their structure-property relationships.
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