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Post-synthetic modifications (PSM) have drawn great attention as a vigoroso tool to tune or enhance the
performance of metal-organic frameworks (MOFs). However, the current PSM method usually have to
sacrifice the porosity of MOFs to enrich their functionality, such as pore space partition (PSP) and post-
synthetic elimination and insertion (PSE&I), causing a trade-off in this aspect. To address this issue, we
herein propose a new PSM strategy of using the size-matching ligands as the bolts to lock MOFs’ pores,
which could be anchored onto open metal sites (OMSs) after guest loading through a stepwise manip-
ulation. As a result, the loaded cargoes undergo a controlled releasing process with respect to different
bolt ligands. Our proposed strategy provides a promising way to balance the functionality and porosity

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
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Metal-organic frameworks (MOFs) with highly ordered ex-
tended structures held together by coordination bonds between
metal ions/clusters and organic ligands have been developed as a
burgeoning area of materials research in recent years [1-3]. Thanks
to their high specific surface areas and permanent porosity, MOFs
have great perspectives in myriad application fields, such as gas
adsorption and separation [4-7], catalysis [8-11], sensing [12-14],
and cargoes delivery [15-19]. Given the vast choices of metal nodes
and organic linkers [20-22], this class of hybrid crystalline materi-
als can be customized literally with almost infinite combinations,
endowing excellent tunablity in pore structures and chemistry [23-
26]. In practice, many deliberately designed MOFs are difficult to
obtain via one-pot direct synthesis, partly due to strict restric-
tions on reaction conditions [27-29]. In this context, post-synthetic
modification (PSM) is regarded as a complementary strategy to
achieve the same goal by appending or substituting functionalized
organic linkers, inorganic nodes or even guest molecules [30-32],
imparting superior flexibility into MOF chemistry.

Currently, the PSM method evolves into several strategies for
the specific modification of MOFs, including post-synthetic metal
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exchange (PSME), post-synthetic ligand exchange (PSLE), post-
synthetic guest exchange (PSGE), pore space partition (PSP), and
post-synthetic elimination and insertion (PSE&I) [33,34]. Compar-
atively, PSP or PSE&I has proved to be a more facile and feasible
PSM method, as it could avoid the uncertainties in exchange reac-
tions; in most cases, open metal sites (OMSs) are utilized to imple-
ment a directional ligand insertion. For example, Long et al. estab-
lished a strategy of increasing low-pressure CO, adsorption selec-
tivity and uptake by appending polyamines to the OMSs of a given
MOF [35,36]. However, such PSM methods enrich the functionality
of parent MOFs with the sacrifice of their porosity and pore vol-
ume, especially for rigid MOFs [37-39]. Therefore, how to mitigate
the trade-off between functionality and porosity is an imperative
task in the exploitation of MOFs by virtue of PSM. It is worth not-
ing that there were different types of surface capping agents have
been successfully incorporated onto the external surface of various
MOFs to mitigate the trade-off phenomenon [40-42]. Nevertheless,
the surface capping agents touch on the entire surface of MOFs
with overdose effect, not precisely on the pores.

Inspired by our previous work regarding MOF-based crystalline
capsules [43], we herein propose a new post-synthetic strategy
of grafting specific ligands as a bolt deliberately onto the pore
channels, which can introduce new functionality via PSM without
compromising the porosity. For proof-of-concept, a new K-Zn-MOF,

1001-8417/© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



H. Wang, M.-Q. Pan, Y.-F. Wang et al.

Fig. 1. Anchoring the size-matching bolt ligands onto the OMSs in the pore channel
of 1 with one-pot solvothermal reaction.

[K5Zn(FDA),(H,0),] (H,FDA =2,5-furandicarboxylic acid) (1) fea-
turing one-dimensional channel enriched with OMSs was con-
structed. According to the size-matching rule, two organic lig-
ands, 4'-(furan-2-y1)—4,2":6/,4"”-terpyridine (fytpy) and 6’-(pyridin-
4-y1)-4,2":4' 4"-terpyridine (pytpy), were selected and anchored
into the MOF. The relevant experiments demonstrated that the in-
troduction of different bolt ligands could effectively control the
releasing of the loaded cargoes while not reducing their loading
amount.

K-Zn-MOF (1) crystallizes in the rhombohedral space group R3c
(Tables S1 and S2 in Supporting information) and possesses an
isoreticular structure to Na-Zn-MOF with 1D neutral hexagonal
channels [43]. The asymmetric unit consists of one-half crystallo-
graphically independent Zn2* ijons and two one-half K* ions (de-
noted as K1 and K2, respectively). K1 ions participate in the as-
sembly of helical Zn-0-K-O rod-shaped units that were bridged by
FDAZ- to form 1D hexagonal channels (Fig. S1 in Supporting infor-
mation), while K2 ions coordinate with two water molecules (Fig.
S2 in Supporting information), which can be removed upon acti-
vation to generate OMSs, evidenced by powder X-ray diffraction
(PXRD) profiles and thermogravimetric analysis (TGA) of activated
1 (Figs. S3 and S4 in Supporting information). Without consider-
ing K* ions, the topology analysis shows that the whole frame-
work of 1 can be simplified to a typical NbO topology (Fig. S5
in Supporting information). To verify whether the bolt ligands can
be anchored onto the OMSs, one-pot solvothermal reaction simi-
lar to the synthesis of 1 was performed, with the addition of fytpy
or pytpy ligand at the beginning of the reaction. Single crystal X-
ray diffraction (SCXRD) analyses suggest the molecular formula of
the resulting complexes 2 and 3 to be [KgZns(fytpy),(FDA)g] and
[KsZns3(pytpy),(FDA)g], respectively (Tables S1 and S2). As shown
in Fig. 1, complexes 2 and 3 possess a similar three-dimensional
(3D) framework as that of 1, but with the fytpy or pytpy ligand
embedded into the 1D channels by replacing the water ligands of
K2 ions (Figs. S6 and S7 in Supporting information). The distinctive
distribution of hetero atoms (i.e., N and 0) in fytpy and pytpy lig-
and leads to a subtle difference between the structures of 2 and 3.
Specifically, the OMSs of K2 ions in 2 are two-thirds occupied by
two N atoms from fytpy, while the rest OMSs are still retained due
to the steric hindrance effect of furan ring. In contrast, the OMSs of
K2 ions in 3 are all taken up by three N atoms from pytpy. Along
with the trend in the occupied number of OMSs, the distance be-
tween the K2 ions accordingly decreases from 15.006A (for 1),
to 14.986 A (for 2) and 14.949A (for 3). The inserted ligands are
stacked in a face-to-face fashion by the m-7 interactions between
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Fig. 2. Plots of the retention (left) and releasing (right) of 1oSY, with different bolt
ligands. Inset: photographs of the samples before and after cargo releasing.

the adjacent ligands. The intermolecular distances between fytpy
are 3.751, 4.532, and 3.760A, slightly longer than those of pytpy
(3.731, 4.434, and 3.731A) (Fig. S8 in Supporting information). Due
to the insertion of fytpy or pytpy, the whole unit cell volume of 2
or 3 is contracted compared with 1. And 3 exhibits a higher ther-
mal stability than that of 2 (Fig. S10 in Supporting information),
likely ascribed to the full occupation of OMSs in 3. All the above
results demonstrate the feasibility of anchoring the size-matching
ligands onto the OMSs in the pore channels.

For proof-of-concept of our proposed strategy, we carried
out a stepwise process to investigate the “loading-bolting-
releasing” of several cargoes (Scheme S1 in Supporting infor-
mation) by different bolt ligands (fytpy and pytpy), includ-
ing 4-dimethylaminoazobenzene (Solvent Yellow 2, SY,), azoben-
zene (AB), 4-hydroxyazobenzene (HAB), 4-(phenylazo)benzoic acid
(CAB), benzeneazo-2-naphthol (Solvent Yellow 14, SY14), chloram-
bucil (CB, anticancer drug), methylene blue (MB™), and fluorescein
sodium (FS™). In the releasing process, ethanol was selected as the
medium for the stability of activated 1. The detailed manipulation
sequence is as follows (taking SY, as the example): Firstly, acti-
vated 1 was immersed in the ethanol solution of SY; for 24 h, fol-
lowed by filtering to obtain the composite of 15SY,. The loading
capacity was around 6.9 wt% of activated 1, indicated by UV-vis
absorption spectroscopy and elemental analysis (EA). Secondly, the
fytpy or pytpy ligand was mixed with 1>SY; in the agate mortar.
Thirdly, 1o5SY, bolted with fytpy or pytpy was soaked in ethanol,
where the releasing of SY, was real-time monitored by UV-vis ab-
sorption spectroscopy.

Notably, the grafted fytpy and pytpy ligands exhibit distinc-
tive bolting effect manifested in the color change before and af-
ter cargo releasing, which is distinguishable by the naked eyes. Be-
fore the releasing process, the initial color of 1>SY, with fytpy is
yellowish-brown, which is the same as that of 15SY, with pytpy
(Fig. 2). After 180 h releasing, the color of 15SY, with fytpy faded
to light yellow, while the color of 1>SY, with pytpy turned to yel-
low (Fig. 2). The color changes of the two samples were consis-
tent with their solid UV absorption spectra (Fig. S11 in Support-
ing information), by which the residual amount of SY, in 1>SY;
with fytpy was estimated to be ca. 30% after 180 h, while that
of 1oSY, with pytpy was as high as 60%. The similar phenomena
were also observed when encapsulating different cargoes, such as
AB, HAB, CAB, SY14, and CB (Table S3 and Fig. S13 in Supporting in-
formation). All these results corroborated that pytpy exerts a much
stronger bolting action on the pore channels of 1 than fytpy. This
results in idiosyncratic controlling effects on the releasing of car-
goes, as evidenced by the retention/releasing plots (Fig. S13), from
which the bolting role of the inserted ligands is especially remark-
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able for neutral molecules. In addition, the PXRD pattern of 1>SY,
with fytpy or pytpy, after 180 h releasing of SY,, is nearly identi-
cal to the simulated profile of 1 (Fig. S14 in Supporting informa-
tion), which suggests that the MOF could maintain its crystallinity
throughout the “loading-bolting-releasing” process.

To investigate the mechanism of cargoes release, the release
data were fitted by Korsmeyer-Peppas model [44-46], which reads
as follows:

M |
]

where M; denotes the amount of cargo released at time t, M, rep-
resents the total loaded amount of cargo, K refers to the release
rate constant, and n is exponent constant, from which the release
mechanism can be identified. According to the fitting results, the
exponent constant n was estimated to be 0.29 and 0.28 for 1>SY,
with fytpy and pytpy, respectively, both of which can then be as-
signed to the Fickian diffusion mechanism (n < 0.5) [44-46]. In
line with the color changes, there is a big discrepancy in their cor-
responding release rate constant K, which was 15.53 and 9.11, the
former being about 1.7 times that of the latter. Both the diffusion
mechanism and the trend of higher release rate constant for the
MOF with fytpy ligand were kept when the cargoes were changed
to AB, HAB, CAB, SY14, and CB (Fig. S15 and Table S4 in Supporting
information). Further, the bolt role of the ligands in the releasing
process was investigated. As shown in Table S5 (Supporting infor-
mation), the content of fytpy was declined along with the releas-
ing process, while the content of pytpy was barely changed. This
is likely attributed to the different coordination abilities of fytpy
and pytpy ligands: there are two N atoms of fytpy coordinated to
the OMSs in a line mode, while pytpy contributes three N atoms
in a plane mode. Obviously, the pytpy linkage is more robust than
fytpy, and such difference greatly influences the releasing rate of
cargoes within the same release mechanism.

Except for neutral cargoes, the effect of bolt ligands on ionic
guests (e.g., cationic MB* and anionic FS~) were also studied. The
UV-vis absorption spectra showed that 1>MB™ with fytpy or pytpy
can retain around 81% or 86% of MB* after 180 h releasing, while
the residual amount of FS~ in 1D>FS~ with fytpy or pytpy was
around 87% or 90% (Fig. S16 in Supporting information). Evidently,
the two bolting ligands presented a marginal difference in control-
ling the releasing of ionic cargoes with respect to neutral ones. Ac-
cording to the fitting results, the release rate constants for MB*
and FS— were limitedly changed when fytpy ligand was replaced
by pytpy (Fig. S17 in Supporting information). To figure out the
reason behind this phenomenon, the zeta potential of activated 1
in ethanol was measured by a zeta potential analyzer (Fig. S18 in
Supporting information). The value of —11.1 mV indicated the pres-
ence of negative surface charges, so that the ionic cargoes were
adsorbed in 1 through electrostatic interactions, thereby making
them difficult to release [47-50].

Considering the fact that the bolt ligand was anchored into the
pore channel after the loading of guest molecules, the influence
of the blots on the MOF porosity can be neglected. To testify this,
we then measured the 77K N, isotherms of activated 1 with and
without the bolting ligands (Fig. 3). For the parent MOF 1, the ob-
tained type-I isotherm shows the N, adsorption capacity of 278
cm3/g at 1 atm, from which the Brunauer-Emmett-Teller (BET) sur-
face area was estimated to be 933 m?/g. By using nonlocal density
functional theory, the pore size distribution was calculated to be
around 114, in accordance with the value from SCXRD data. As
we expected, the grafting of fytpy or pytpy ligand imposes a neg-
ligible influence on the porosity of 1, as confirmed by the almost
unchanged N, isotherms and pore size distribution (Fig. 3). It can
be understood that the bolt ligands could substantially block the
leaking of cargoes with large molecular size, but otherwise for the
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guests of small size, like N5, which could freely pass through the
gap between the bolt and the pore wall (Fig. S9 in Supporting in-
formation).

As demonstrated above, OMSs are vitally important in the pro-
posed strategy. To give deep insight into the role of OMSs, we con-
ducted X-ray photoelectron spectroscopy (XPS) to study the chem-
ical environment of K* ions in the MOF. The results showed that
the intense peak for K 2psj, located at a binding energy (BE) of
292.0eV in activated 1, closer to that of K* ions [51-53]. With the
increased N donor atoms in the bolt ligands, K* ions tend to be
more electronegative with the BE values of 291.7 and 291.5eV, in-
dicative of a stronger interaction of K™ ion with pytpy than fytpy
(Fig. 4) [54,55]. It should be mentioned that one-pot synthesis of
Na-Zn-MOF with fytpy failed after many trials. When changing Na*+
to K* ion, the K-Zn-MOF with fytpy ligand could be successful ac-
quired, namely 2. The reason was probably due to the larger radius
of K* than Na*, making K* ion easier to coordinate with fytpy.

In summary, we have presented a new post-synthetic strategy
that mitigates the trade-off between functionality and porosity of
MOFs with more precisely. A new 3D K-Zn-MOF with 1D channels
enriched with potential OMSs was constructed. Two size-matching
ligands, fytpy and pytpy, were selected and anchored onto the
OMSs to serve as the bolts. The experimental results demonstrated
that different bolting ligand can effectively tune the releasing rate
of cargoes through a stepwise “loading-bolting-releasing” process,
without compromising the porosity of the MOF. This strategy may
shed new insights into the functionalization of MOFs via the post-
synthetic modification.
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