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a b s t r a c t

This work investigates the impact of vertex modification on the host-guest chemistry of a hexahedral

Zn(II)-based metal-organic cage (MOC) 1 containing fluorinated components. Structural characterization

via single-crystal X-ray diffraction (SCXRD), 1H NMR, and electrospray ionization time-of-flight mass spec-

tra (ESI-TOF MS) confirmed the low-symmetry hexahedral architectures of 1·NTf2 and 1·OTf, with fluorine

atoms positioned at cage windows. 1H/19F NMR spectra of 1·NTf2 and 1·OTf showed slow-exchange bind-

ing behavior with external anions. 1·NTf2 had a single set of peaks in the imine signal area, while 1·OTf
had two distinct groups of signals. Combined with competitive anion titration results, it can be inferred

that NTf2
- has a stronger binding affinity with the cage structure. Host-guest studies with pyrene (Py)

and its hydrogenated analogs revealed complete displacement of OTf− but not NTf2
−, highlighting the

superior binding strength of NTf2
−. Comparative isothermal titration calorimetry (ITC) data showed re-

duced association constants for 1·OTf with pyrene (Py) and its analogs 4,5,9,10-tetrahydropyrene (4H-Py)

and hexadecahydropyrene (16H-Py) compared to 2·OTf, attributed to electron-withdrawing fluorine sub-

stituents altering charge distribution, which was confirmed by the electrostatic potential analysis of the

cage skeleton. These findings underscore how vertex functionalization modulates anion selectivity and

guest-binding thermodynamics in MOCs, offering insights for designing tailored supramolecular hosts.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Metal-organic cages (MOCs) with diverse nanocavities created

through coordination directed self-assembly have been the sub-

ject of thorough research due to their unique characteristics [1–

9]. These cages are capable of accommodating a range of guest

species, making them valuable for tasks such as chemical separa-

tions [10–12], stable active species [13–15], catalysis [16–18], and

drug delivery [19,20]. In order to achieve the above functions, it

is crucial and challenging to cleverly utilize supramolecular inter-

actions and spatial effects that affect the binding ability between

host and guest species, such as electrostatic affinity, hydrogen

bonding, π-stacking, solvent effect, and steric hindrance [21–23].

The ligand modification in MOCs is a common approach in-

volving replacing specific ligand substituents in a rational man-

ner, exploiting electronic or spatial effects to directly influence

the structure and properties of the cages [24–28]. Previously re-
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ported examples show that MOC structures with different topo-

logical or symmetrical types can be constructed by appropriately

replacing substituents [29–34]. For instance, Fujita et al. created

a giant M30L60 icosidodecahedron by adjusting the flexibility of

the ligand through modifications with different numbers of methyl

groups [29]. Nitschke et al. reported the successful construction of

two new CuI
12L8 cages with different structures using similar sub-

components except for the substituents (e.g., –H, –F and –OCH3) in

the components [34]. However, the predictability of MOC topolog-

ical structure changes caused by local substituent modification is

unclear, which poses a challenge for studying the structure-activity

relationships of its subsequent host-guest chemistry. Some inter-

esting studies have shown that by appropriate vertex modification

while keeping the MOC topology unchanged, the host-guest prop-

erties of the cage cavity can be well controlled [35–39]. For ex-

ample, the subcomponent exchange converted the FeII centers of

a tetrahedral cage from high-spin to low-spin state by replacing 2-

formyl-6-methylpyridine with 2-formylpyridine, endowing the cage

https://doi.org/10.1016/j.cclet.2025.111331
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system with the ability to responsively release guests [35]. The de-

velopment of such cage systems in which topology is maintained

after vertex modifications will provide an excellent platform for

studying attractive host-guest chemistry.

Here, we explore a vertex functionalization method to study

the influences of the host-guest chemistry of MOCs by compar-

ing fluorinated hexahedral MOC 1 and non-fluorinated MOC 2

[40,41]. Structural characterization via single-crystal X-ray diffrac-

tion (SCXRD), 1H nuclear magnetic resonance (NMR) spectra, elec-

trospray ionization time-of-flight mass spectra (ESI-TOF MS) con-

firmed that MOC 1 adopts low-symmetry architectures similar to

MOC 2, with fluorine atoms positioned at cage windows. 1H/19F

NMR spectra of 1·NTf2 and 1·OTf exhibited slow-exchange bind-

ing behavior on the NMR time scale with the external anions. The
1H NMR spectrum of 1·NTf2 showed a single set of peaks in the

imine signal area, while 1·OTf displayed two distinct groups of

signals. This suggests that the NTf2
- anion has a stronger binding

affinity with the cage. Competitive anion titrations also demon-

strated a hierarchy in binding strength (NTf2
− > OTf− > BF4

−),
with NTf2

− resisting displacement by smaller anions or aromatic

guests. Host-guest studies showed pyrene fully displaced OTf− but

not NTf2
−, underscoring the superior affinity of NTf2

−. Isother-

mal titration calorimetry (ITC) further revealed reduced association

constants for 1·OTf compared to 2·OTf when binding polycyclic hy-

drocarbons. This was attributed to the electron-withdrawing flu-

orine effects altering charge distribution. These findings highlight

how vertex modification fine-tunes anion selectivity and guest-

binding thermodynamics in MOCs, offering a strategic approach to

designing adaptive supramolecular hosts for applications.

The reaction of 1,2,4,5-tetrakis-(4-aminolphenyl)benzene

(TAPB), 3-fluoro-2-formylpyridine, and ZnX2 (X including NTf2
−,

OTf−, and BF4
−) salt in acetonitrile (CH3CN) at 70 °C for 8 h

gave MOC 1 (Fig. 1, see Supporting information for synthesis

experimental details). The products corresponding to different

counteracting anions were named as 1·NTf2, 1·OTf, and 1·BF4.
As comparative structures with the same geometric shape, the

previously reported MOC 2 (marked as 2·OTf, 2·NTf2, and 2·BF4)
[40,41] was synthesized by replacing 3-fluoro-2-formylpyridine

with 2-formylpyridine in the former synthesis conditions. The
1H NMR spectra of MOCs 1 and 2 were recorded and showed in

Fig. 2, Figs. S3, S13, S25, and S35-S37 (Supporting information).

The 1H NMR spectrum of 1·NTf2 in CD3CN displayed four distinct

signals in the imine region with integrated area ratio of 1:1:1:1

(H1, Fig. 2), which are similar to the signals of 2·NTf2, indicating
that they may have similar low-symmetry cage structures [41].

However, it is evident that the 1H NMR signal distribution of

1·OTf was significantly different from that of 2·OTf. Eight signals

appeared in the imine region, and their integrated area ratios were

1:1:1:1:1:1:1:1 (Fig. 2), suggesting that they might belong to two

different forms of cage species in the solution. The similar results

appeared in the 1H NMR spectra of 1·BF4 after comparison with

2·BF4 (Fig. 2). The above phenomenon prompted us to speculate

that the modification of the cage vertices resulted in a significant

Fig. 1. Schematic diagram showing the self-assembly of hexahedral MOC 1 and 2.

The purple and yellow vertices represent two different stereochemical centers.

Fig. 2. 1H NMR spectra of MOC 1·NTf2 , 1·OTf, 1·BF4 , 2·OTf, 2·NTf2 , and 2·BF4 , re-
spectively (CD3CN, 400 MHz, 298 K). The blue peaks in the aromatic region corre-

spond to the imine hydrogen atoms of the cages bound to anions in solution, while

the red peaks represent the imine hydrogen atoms of the cages not bound to anions

in solution.

change in the host-guest binding behavior between the cage and

the anions.

In order to understand the reasons for the differences in the

above 1H NMR data, 1·NTf2 and 1·OTf were selected as key re-

search objects for detailed characterization. The diffusion ordered
1H NMR spectrum (DOSY) and ESI-TOF MS were firstly mea-

sured to investigate the composition of 1·NTf2. As showed in

Fig. S4 (Supporting information), all the peaks of 1·NTf2 had the

same diffusion constant (D=5.50×10−10 m2/s), indicating that

these peaks belonged to a single species. The hydrodynamic ra-

dius of 1·NTf2 in CH3CN was calculated to be ∼11.9 Å via the

Stokes-Einstein equation [42,43]. At the same time, ESI-TOF mass

spectra (Figs. S5 and S6 in Supporting information) showed that

1·NTf2 had multi-charge features and the compositional charac-

teristic of [Zn8L6(NTf2)16-n]
n+ (n=10–4). The main peak observed

at m/z=1181.0524 matched the [1·(NTf2)9]7+ species (calculated

value 1180.9854). Additionally, all peaks corresponding to the dif-

ferent charged species aligned well with their calculated isotopic

patterns, confirming the composition and stability of 1·NTf2 in the

CH3CN solution. In addition, purple block crystals of 1·NTf2 that

suitable for single crystal X-ray diffraction (SCXRD) analysis were

obtained by diffusing ethyl acetate vapor into its CH3CN solution

containing iodine as crystallization-aiding molecules (see Support-

ing information for detailed crystallographic data). 1·NTf2 crystal-

lizes in the monoclinic space group P21/c, and the cage molecule

features an 8-nucleus hexahedral structure (Fig. 3a). Six TAPB-

based ligands act as faces of the cage with an average distance of

about 12.25 Å between the face centers, bridging the eight octahe-

dral ZnII centers and forming �������� or ��������

stereo configurations, which are similar to that of 2·NTf2 (Fig. 3b)

[41]. The hydrophobic cavities of 1·NTf2 and 2·NTf2 have the vol-

ume of 492 Å3 and 482 Å3, respectively, estimated by MoloVol

with a probe radius of 1.2 Å [41]. It is worth noting that the mod-

ified fluorine atoms on the ligand surround the vertex and are ar-

ranged at the window of 1·NTf2 (Fig. 3). These structural features

may have an impact on its host-guest behavior.

Subsequently, a variety of 2D NMR spectra were utilized to

validate the structure of 1·NTf2 in solution (Figs. S8-S10 in Sup-

porting information). The heteronuclear single quantum correlation

(HSQC) spectrum of 1·NTf2 (Fig. S8) showed that there was one

set of imine signals belonging to the cage species in the imine re-

gion. Moreover, the 19F NMR spectrum of 1·NTf2 was recorded and

showed two sets of signal distribution (Fig. S11 in Supporting in-

formation). From the region of −119 ∼ −122 ppm, there were four
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Fig. 3. Single crystal structure of hexahedral cages of (a) 1·NTf and (b) 2·NTf2 . Co-
ordination environment with �-configured Zn vertices in cages (c) 1·NTf and (d)

2·NTf2 . Color codes: Zn light purple (� configuration) or yellow (� configuration),

C gray, N blue, F green. The transparent yellow ball represents the cavity in the

cage. The anions and hydrogen atoms were hidden for clarity.

different F signals attributed to pyridine parts, and their integrated

area ratio was 1:1:1:1. It was consistent with the situation of imine

signals, further proving that 1·NTf2 had a low symmetry structure.

Another group of signals came from NTf2
− anions. It was found

that the peaks at −70.4 and −80.1 ppm corresponded to encapsu-

lated and free NTf2
− anions respectively [44]. Based on the above

data, it can be concluded that there is a host-guest binding be-

tween the cage and the NTf2
− anion, and this process exhibits slow

exchange on the nuclear magnetic time scale [34,44–46] without

affected by temperature (Fig. S12 in Supporting information).

Similar characterizations were performed on 1·OTf to explore

its different host-guest binding behaviors. The DOSY 1H NMR spec-

trum and ESI-TOF MS of 1·OTf were tested and showed in Fig. S14

(Supporting information). All the peaks of 1·OTf had the same

diffusion constant (D=3.54×10−10 m2/s). At the same time, ESI-

TOF mass spectra (Figs. S15 and S16 in Supporting information)

of 1·OTf had multi-charge species and the compositional charac-

teristic of [Zn8L6(OTf)16-n]
n+ (n=9–4). The main peak observed at

m/z=1012.8159 matched the [1·(OTf)9]7+ species (calculated value

1012.8835). All signals attributed to the various charged species

matched their calculated isotopic patterns. Furthermore, several 2D

NMR spectra were examined (Figs. S18-S20 in Supporting informa-

tion), including the HSQC spectrum of 1·OTf (Fig. S18), which re-

vealed two distinct sets of imine signals corresponding to differ-

ent cage species in the imine region. The 19F NMR spectrum of

1·OTf was shown in Fig. S21 (Supporting information). The pres-

ence of two groups of signals in the range of −119 ∼ −122 ppm

also supported the inference that there were two different species

in the solution. The signal at −78.25 ppm indicated that some of

OTf− anions were encapsulated in the cage. Additionally, the 1H

NMR spectra of 1·OTf with varying concentrations and tempera-

tures (Figs. S22-S24 in Supporting information) indicated that the

composition of species in the solution was minimally influenced by

these factors. More importantly, the crystal structure of 1·OTf (see

Supporting information for detailed crystallographic data) shows

that it has a similar structure to 1·NTf2, indicating that the dif-

ferences between the two species mentioned above are caused by

the host-guest interactions between the cage and anions, rather

than the symmetry or a new structure of the cage. Therefore, we

speculate that 1·OTf has the same cage skeleton as 1·NTf2, but the
complex 1H NMR spectrum (Fig. 2) should be caused by the differ-

ent degrees of slow exchange process between OTf− and the cage

on the NMR time scale [44–46]. The binding behavior of 1·OTf is

different from 1·NTf2, 2·OTf, and 2·NTf2, indicating that through

vertex modification, MOC 1 has acquired the ability to selectively

bind with anionic guests.

To further investigate the changes in binding ability between

anionic guests and metal-organic cages caused by vertex modifica-

tions, we performed a series of experiments involving anion titra-

tions. The general procedure involves dissolving 1·NTf2 or 1·OTf in
CD3CN (2.5×10−3 mol/L), followed by the addition of 16 equiv. of

tetrabutylammonium trifluoromethanesulfonate (TBAOTf) or tetra-

butylammonium bis((trifluoromethyl)sulfonyl)amide (TBANTf2), re-

spectively. The solutions were equilibrated at 70 °C for 3 h, and

then the system was characterized by 1H NMR and 19F NMR. As

shown in Fig. 4a and Fig. S40 (Supporting information), with the

addition of 16 equiv. of OTf− anion, there is no change in the aro-

matic region of the 1H NMR spectra of 1·NTf2. Additionally, the 19F

NMR spectra of the system (marked as TBAOTf@1·NTf2, Fig. 4b) in-
dicate that in the range of −79 ∼ −80 ppm, upon the addition of

OTf − anion, the bound NTf2
− anions remain unchanged and there

are no signals indicating the presence of encapsulated OTf− anion.

Furthermore, the chemical environment of the fluorine atoms on

the cage remains consistent (Fig. S41 in Supporting information).

These initial findings suggest that the MOC 1 has a higher binding

affinity for NTf2
− anions compared to OTf− anions. To further vali-

date this result, the 1·OTf solution was titrated with NTf2
− anions.

As shown in Figs. 4c and d, the addition of NTf2
− anions has re-

sulted in significant changes in the 1H and 19F NMR spectra of the

system (marked as TBANTf2@1·OTf). With the addition of NTf2
−

anions, the original two sets of signals of 1·OTf (Fig. 4c) gradually

merged into a single group, and at the endpoint of titration, the
1H NMR spectrum of the system was closely matched with that

of 1·NTf2 (Fig. S43 in Supporting information). Moreover, the 19F

NMR spectra of TBANTf2@1·OTf (Fig. 4d and Fig. S44 in Support-

ing information) showed that the signals of the bound OTf− anions

on the cage diminish gradually, and the introduced NTf2
− anions

take their place. These results suggest that NTf2
− anions are able

to fully replace the bound OTf− anions and also verify that NTf2
−

anion has a stronger binding ability with MOC 1.

Since the NTf2
− anion is larger than the OTf− anion, which may

impact its ability to bind to the cage [44], we opted to conduct

titration experiments using the smaller BF4
− anion to validate this

hypothesis. First, the BF4
- anions were titrated into the 1·NTf2

solution (marked as TBABF4@1·NTf2), and the 1H and 19F NMR

spectra of this process were recorded. As shown in Fig. S43,

after adding 16 equiv. of BF4
− anions, the 1H NMR spectra of

TBABF4@1·NTf2 remained almost unchanged. Additionally, the 19F

NMR spectra of TBABF4@1·NTf2 (Fig. S45 in Supporting informa-

tion) clearly revealed that the encapsulated NTf2
− anions were

not displaced by BF4
− anions, and there was no obvious signal

of encapsulated BF4
− anions. This proves that the binding ability

of the cage to NTf2
− anion is indeed stronger than that of BF4

−

anion. Next, the same titration procedure and characterization

was used for the TBABF4@1·OTf system (Figs. S47 and S48 in

Supporting information). As BF4
− anions were gradually added,

the peak in the imine hydrogen region of TBABF4@1·OTf showed

a slight change. This may be caused by the replacement of some

OTf− anions, which was confirmed by the 19F NMR spectra of the

system. The originally encapsulated OTf− anions in 1·OTf were

partially replaced. When 16 equiv. of BF4
− anion were added, this

replacement still did not reach equilibrium. These results reveal

that under the same concentration, the binding ability of OTf−

anion to the cage is still stronger than that of BF4
− anion. The

above titration experiments generally reveal that NTf2
− anion

3
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Fig. 4. (a) Aromatic region of the 1H NMR spectra (CD3CN, 400 MHz, 298 K) and (b) 19F NMR spectra (CD3CN, 376 MHz, 298 K) of 1·NTf2 (2.5×10−3 mol/L) titrated with

16 equiv. of TBAOTf. (c) Aromatic region of 1H NMR spectra (CD3CN, 400 MHz, 298 K) and (d) 19F NMR spectra (CD3CN, 376 MHz, 298 K) of 1·OTf (2.5×10−3 mol/L) titrated

with 16 equiv. of TBANTf2. The red box area shows the changes in the imine hydrogen NMR signals during the titration process. The blue dashed line represents the variation

in NMR signals of fluoride atoms present in the anions as the titration progresses.

Table 1

ITC data of 1·NTf2 and 1·OTf (1.0×10−3 mol/L) titrated with TBAOTf, TBANTf2, and

TBABF4 (20×10−3 mol/L) in CH3CN, respectively.

Sample K

(103 L/mol)

�G

(kcal/mol)

�H

(kcal/mol)

T�S

(kcal/mol)

TBAOTf@1·NTf2 / / / /

TBANTf2@1·OTf 1.314± 0.149 −0.196 0.290± 0.024 0.486

TBABF4@1·NTf2 0.254± 0.120 −0.124 0.392± 0.111 0.516

TBABF4@1·OTf 0.413± 0.054 −0.312 0.174± 0.034 0.486

with larger size and charge distribution area may have stronger

host-guest interactions with the cage.

The isothermal titration calorimetry (ITC) technology is of-

ten used to study the association constants and thermodynamic

parameters involved in forming host-guest complexes, which is

important for understanding the binding process between host

and guest [47–50]. Upon the addition of TBAOTf, TBANTf2, or

TBABF4 (20×10−3 mol/L) to a CH3CN solution of 1·NTf2 or 1·OTf
(1.0×10−3 mol/L), the association constants and thermodynamic

parameters of these processes could be obtained and showed in

Figs. S51 and S52 (Supporting information) and Table 1. Com-

paring and analyzing the experimental results, we observed that

the association constant (K) value of the TBANTf2@1·OTf system

was the highest at 1.314×103 L/mol, while the corresponding

TBAOTf@1·NTf2 system did not exhibit significant heat exchange.

This finding indicates that 1·OTf can convert to 1·NTf2 during

the titration process with TBANTf2, whereas 1·NTf2 remains un-

changed during the titration process with TBAOTf. This result is

highly consistent with the NMR titration data. It is worth noting

that in the TBANTf2@1·OTf system, the �H and T�S values are

0.290 and 0.486 kcal/mol, respectively, indicating that the com-

plexation process is driven by entropy. Additionally, the K value of

TBABF4@1·NTf2 system is 0.254×103 L/mol, which suggests that

there could be some anion exchange processes occurring in the

system. However, due to the entropy-driven nature of the above

processes, they exhibit slight variations from the NMR results.

In our previous work [40], we have already demonstrated the

selective encapsulation properties of the MOC 2 for pyrene. Hence,

we are interested in investigating whether the binding ability

of MOC 1 to pyrene is altered following vertex modification. To

broaden the scope of our experiments, pyrene (Py) and its analogs

4,5,9,10-tetrahydropyrene (4H-Py) and hexadecahydropyrene (16H-

Py) were selected as guests for binding test. In two standard ex-

periments, 1·NTf2 and 1·OTf were dissolved in CH3CN (0.4 mL,

0.001 mmol), respectively, and an excess (5 equiv.) of pyrene was

added to each solution. The reaction systems were equilibrated at

70 °C for 3 h. The reaction products were analyzed by NMR spectra

(1H NMR, 19F NMR, COSY, NOESY, and DOSY, see Supporting in-

formation for details). As shown in Fig. 5a, most signals of 1·NTf2
remained unchanged, and a new set of characteristic peaks cor-

responding to Py@1·NTf2 emerged, which was also confirmed by

ESI-TOF mass spectrum (Fig. S56 in Supporting information). It was

worth noting that the 19F NMR spectra (Fig. 5b) of the NTf2
− an-

ions encapsulated in the cage did not change significantly before

and after encapsulation of pyrene. The results indicate that the

4
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Fig. 5. (a) Aromatic region of the 1H NMR spectra (CD3CN, 400 MHz, 298 K) and (b) 19F NMR spectra (CD3CN, 376 MHz, 298 K) of 1·NTf2 (2.5×10−3 mol/L) titrated with 4

equiv. of Py. (c) Aromatic region of 1H NMR spectra (CD3CN, 400 MHz, 298 K) and (d) 19F NMR spectra (CD3CN, 376 MHz, 298 K) of 1·OTf (2.5×10−3 mol/L) titrated with

4 equiv. of Py. The red dashed line shows the changes in Py hydrogen NMR signals after the titration process. The blue box area represents the variation in NMR signals of

fluoride atoms present in the anions as the titration progresses.

NTf2
− anions have a stronger binding affinity with the cage than

pyrene molecules. In comparison, the 1H NMR spectra of Py@1·OTf
(Fig. 5c) exhibited noticeable shifts in either the high-field or low-

field regions upon pyrene encapsulation compared to 1·OTf. It was

observed that the two sets of signals for imine atoms of 1·OTf
merged into single group. Upon the release of the encapsulated

OTf− anions (Fig. 5d), the signals for F also merged into a single set

(Fig. S66 in Supporting information), indicating complete replace-

ment of the encapsulated OTf− anions. The ESI-TOF mass spectrum

results also supported that the cage cavity was completely occu-

pied by pyrene with the molar ratio of 1:1 for the host-guest com-

plex (Fig. S70 in Supporting information). When pyrene is replaced

by 4H-Py and 16H-Py, similar results can be obtained (see Sup-

porting information for details). Overall, the host-guest chemistry

experiments involving pyrene and its analogs further confirmed

the stronger binding interaction between NTf2
− anion and the cage

compared to OTf− anion.

Since these polycyclic hydrocarbon guests can completely dis-

place OTf− anions from the cage, it is beneficial to use ITC technol-

ogy to study the thermodynamic parameters and association con-

stants in these processes. 1·OTf and 2·OTf were selected as host

molecules for subsequent testing. The ITC data were displayed in

Figs. S92-S94 (Supporting information) and Table 2. All guest ex-

change processes are exothermic processes, indicating that they

are driven by enthalpy. From the data listed in Table 2, Py and

its analogs form complexes with 1·OTf, and their association con-

stants follow the order: K(Py@1·OTf) > K(4H-Py@1·OTf) > K(16H-

Py@1·OTf). The same trend is observed for the complexes with

Table 2

ITC data of 1·OTf and 2·OTf (1.0×10−3 mol/L) titrated with Py, 4H-Py, and 16H-Py

(20.0×10−3 mol/L) in CH3CN, respectively.

Sample K

(103 L/mol)

�G

(kcal/mol)

�H

(kcal/mol)

T�S

(kcal/mol)

Py@1·OTf 0.921± 0.211 −0.683 −0.350±0.025 0.333

Py@2·OTf 1.11±0.107 −1.14 −0.798± 0.059 0.339

4H-Py@1·OTf 0.705±0.089 −1.27 −0.845± 0.146 0.429

4H-Py@2·OTf 0.905±0.215 −1.15 −0.752± 0.026 0.396

16H-Py@1·OTf 0.155± 0.068 −1.23 −0.848± 0.243 0.384

16H-Py@2·OTf 0.201±0.051 −0.558 −0.117± 0.047 0.441

2·OTf. Additionally, the time-dependent 1H NMR spectra of the

binding process between 1·OTf or 2·OTf and Py or its analogs

were recorded (Figs. S95-S100 in Supporting information). The re-

sults indicate that the system reaches equilibrium at 5 min af-

ter adding pyrene to the 1·OTf solution. In comparison, the cor-

responding equilibrium times for the 4H-Py and 16H-Py systems

are 1 h and >2 h, respectively. The host-guest system correspond-

ing to 2·OTf shows a kinetic encapsulation process similar to that

of 1·OTf. These can be attributed to the fact that Py has a larger

π electron delocalization structure, which can form stronger C–

H���π interactions with the cage skeleton [40]. However, due to

partial hydrogenation, the aromaticity of 4H-Py is reduced, result-

ing in a decrease in the number of binding sites and strength. Fully

hydrogenated 16H-Py lacks a conjugated system, has a more flex-

ible structure and weaker binding ability. It is worth noting that
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Fig. 6. The electrostatic potential analysis on van der Waals surface of skeleton of

(a) MOC 1 and (b) MOC 2. The blue and red area represent the relative positive and

negative charge distribution.

there are significant differences in the binding constants for the

formation of host-guest complexes with the same guest molecule,

as seen in 1·OTf and 2·OTf. Taking Py as an example, its associa-

tion constant with 1·OTf is 0.921×103 L/mol, and with 2·OTf it is

1.11×103 L/mol, the latter being greater than the former. The same

situation occurs when 4H-Py and 16H-Py are guests. This may be

due to the electron-withdrawing nature of the fluorine atoms in-

troduced by the vertex modification, which changes the overall

charge distribution of MOC 1 skeleton, weakening its interaction

with Py and its analogs. To verify this speculation, electrostatic po-

tential (ESP) analysis based on density functional theory (DFT) cal-

culations was performed to probe the effect of F substitution on

the charge distribution of the skeletons of MOC 1 and 2. As illus-

trated in Fig. 6, the positively charged areas at the face and win-

dow positions of MOC 1 are more extensive and intense than those

of MOC 2, indicating that the F substitution induced a decrease in

the electron density of the cage skeleton. The above changes lead

to a weakening of the C–H���π interaction between the guest and

the MOC 1 skeleton [40], which is manifested as a binding constant

smaller than that of the corresponding MOC 2.

In summary, we demonstrate a feasible vertex modification ap-

proach for tuning the host-guest chemistry of metal-organic cages.

The vertex modification of MOC 1 with fluorine atoms significantly

alters its host-guest chemistry compared to the non-fluorinated

analog MOC 2. Structural and spectroscopic analyses confirmed

that MOC 1 retains a hexahedral skeleton but exhibits enhanced

anion selectivity, favoring larger NTf2
− over OTf− or BF4

−. Fur-

thermore, pyrene displaced OTf− but not NTf2
−, reflecting the

hierarchical binding strengths of anions. The reduced association

constants of 1·OTf with pyrene and its analogs, compared to

2·OTf, highlight the electronic effects of fluorine substitution on

host-guest affinity. This work demonstrates that strategic vertex

modification in MOCs enables fine-tuning of anion selectivity and

guest-binding properties. This approach offers valuable insights for

creating new functional materials based on metal-organic cages for

applications such as molecular recognition, sensing, and catalysis

in the future.
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