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Zirconium-based porous coordination cages have been widely studied and have shown to be potentially
useful for many applications as a result of their tunability and stability, likely as a result of their status as
a molecular equivalent to the small 8 A tetrahedral pores of UiO-66 (Zre(us-O)alpza-OH)a(CgOsH4)e).
Functional groups attached to these molecular materials endow them with a range of tunable properties.
While so-called multivariate MOFs containing multiple types of functional groups on different bridging
ligands within a structure are common, incorporating multiple functional moieties in permanently
microporous molecular materials has proved challenging. By applying a mixed-ligand, or heteroleptic,
synthesis strategy to cage formation, we have designed a straight-forward, one-pot synthesis of 10 A
zirconium-based molecular cages in a basket-shaped, or Zrjole, geometry containing 3:3 ratios of
combinations of two types of functional moieties from 11 different ligand options. Additionally, using

more sterically hindered ligands, such as 5-benzyloxybenzene dicarboxylate, we show that ligand size
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Accepted 18th November 2024 governs the resulting cage geometry. This method allows for multiple functional groups to be

incorporated in molecular cages and the ratio of moieties incorporated can be easily controlled. With
this strategy in hand, we show that ligands for which zirconium cage syntheses have been elusive, such
as 2,5-dihydroxybenzene dicarboxylate, have now been successfully incorporated into porous structures.
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Introduction

As molecular analogs of metal-organic frameworks (MOFs),
porous coordination cages (PCCs) have several attractive
features including solubility, molecularly precise tunability, and
potentially significant inter-cage porosity, although they do
typically have lower surface areas than their three-dimensional
counterparts.’ Porous cages are highly versatile structures with
a diverse array of properties stemming from their unique
molecular architecture. Specifically, zirconium-based cages
have displayed several different geometries, which affect their
porous nature due to the change in window and pore shape.
Additionally, ligands containing reactive functional groups
within these systems contribute to gas separation and storage,
such as amine-containing cages for the purpose of CO, capture.
As a result, porous cages are exceptionally adaptable for
a myriad of applications. From their ability to selectively
encapsulate guest molecules to their utility in catalysis and gas
storage, these cages have become focal points as of recently.*”
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For example, functionalized porous cages have been employed
in the realization of porous ionic liquids and porous salts where
appropriately charged cages can be combined with oppositely
charged species to form novel porous phases.*'® Previous
research has established that the functionalization of porous
materials has a significant impact on their properties."*® For
instance, when incorporating 2-amino-1,4-
benzenedicarboxylate ligands into UiO-66, Walton et al
observed increased N,, CH,4, and CO, adsorption compared to
UiO-66."* Additionally, post synthetic modification (PSM) tech-
niques have previously been utilized to expand the applications
of PCCs and have been used to replace functional groups for
different functions in molecular cages.”’”*° Various studies have
explored mixed-linker strategies in MOF synthesis, yielding
materials with novel properties and diverse potential
applications.*? PCCs are similar to MOFs in terms of
tunability, where their properties can be modified by altering
ligand functionality.”*** For a subset of both MOFs and cages,
varying the functional groups on the ligands connecting metal
vertices can afford different phases, as specific pores may not be
able to accommodate all functional groups. This effect is largely
cage or MOF dependent because of the unique pore and window
geometries in each material. We have shown that functional
groups can be installed on cuboctahedral cages without
impacting the formation of the cage because the functional
group lies on the exterior surface of the cage, allowing for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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minimal ligand-ligand interactions."*** However, in
cyclopentadienyl-capped zirconium-based cages, the ligand
functional groups either lie at the edge of tetrahedral structures
or at the faces of a basket-like structure, both of which can
interfere with cage formation due to ligand-ligand interactions
and steric hindrance (Fig. 1)."”*** This can be used to tune cage
phase where longer ligands afford lantern-like cages while
wider, bulkier ligands result in tetrahedral cages.””**%¢ We
reasoned that in the synthesis of functionalized cages based on
zirconium clusters, mixed ligand (heteroleptic) routes could be
leveraged to produce cages with desired functional groups and
otherwise inaccessible geometries.

Heteroleptic cage and MOF syntheses have been utilized to
achieve materials with targeted properties or geometries.***”~*
Bloch, Cook, and Luo show isomerization can influence what
structure geometries are produced.””**** Severin et al. reported
a novel palladium-based coordination cage containing two
dipyridyl ligand species.*® Importantly, Choe et al. shows a het-
eroleptic synthesis with linear terephthalic acid (1,4-bdc)
ligands in zirconium cages produce a statistical distribution of
heteroleptic cages utilizing mass spectrometry.”” They also
found that mixed ligand speciation for linear ligands can have
an effect on cage properties.” Previous studies by Crowley and
Craig have shown that mixed-ligand supramolecular cages can
display a wide range of useful properties, such as increased
kinetic stability.***® Supramolecular heteroleptic cages have
been studied extensively, resulting in a variety of novel proper-
ties and applications.”** Additionally, the use of sterically
hindered ligands to form heteroleptic supramolecular systems
have been previously utilized.*>*** While mixed-ligand
syntheses are not uncommon for metal-organic materials, no
heteroleptic isophthalic acid (1,3-bdc) zirconium-based cages
have been reported to our knowledge using this strategy.
Herein, we report a novel zirconium structure and show how
ligand ratio can be controlled within heteroleptic PCC systems
using ligand bulk.

In this work, we focus on a series of mixed ligand
zirconocene-capped cages of the general formula [Zr,(ps-
0)4(12-OH)12(CP)12(L),(L)m]Cly  (n + m = 6 Cp =
cyclopentadienyl; L = functionalized 5-R-isophthalic acid
ligands). When bent dicarboxylate ligands are used, geometric

Fig. 1 Linear terephthalic acid ligands produce lantern and tetrahe-
dral-shaped cages (a) while bent isophthalic acid ligands produce boat
and basket-shaped cages (b). All four geometries are 8—10 A wide.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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isomers are formed that adopt open structures (Fig. 2e and f).
These bent dicarboxylate ligands allow for greater access to
active functional groups and increased ligand bulk. Here, we
discuss heteroleptic syntheses including the depicted ligands
(Fig. 2a-d). Structures of the cages reported here where larger
functional groups in the 5-position of 1,3-bdc afford the Zr4L,
geometry (Fig. 2e) whereas smaller unfunctionalized ligands
would typically form in the Zr;,Ls geometry (Fig. 2f). We show
that functional groups that do not otherwise lead to the
formation of the desired cage structures can be used when they
are mixed with ligands featuring smaller functional groups.
Given the charge and solution stability of these cages, we
further show that mass spectrometry can be used to quantify the
extent of ligand mixing in product phases where, depending on
the nature of the functional group, varying L': L* proportions
are seen. Due to the bulk and steric hindrance of the ligands
used, the distribution of ligand ratios is shifted from the ex-
pected a Gaussian statistical distribution seen with 1,4-bdc
ligands.*”

Results and discussion

In targeting functionalized zirconium-based cages, we chose
1,3-bdc ligands since structures based on these were expected to
be more amenable to bulkier functionalization than the tetra-
hedral structure based on linear ligands, as the 5-positions of
these are relatively unhindered in the basket-like structures. As
we have shown that amide functionalization is a facile method
for producing targeted ligands, we began with 5-(2,2-
dimethylpropanoamido)-1,3-bdc (5-MPA)."'** We have previ-
ously shown that the tert-butyl groups on the periphery of this
ligand can endow copper-based cages with high thermal
stability as a result of strong, directional ligand-ligand inter-
actions.™® However, rather than the expected basket-like
structure shown in Fig. 1, the reaction of zirconocene dichlor-
ide with 5-MPA in amide solvent affords a novel zirconium cage
geometry with a formula of ZrgL, (Fig. 3). In this system, the
vertex : ligand ratio departs from the typical 2 : 3 ratio typically
seen for these cages and is instead 1:1. In this particular
structure, two formate groups that are formed during the

o. OH OH o a

MPA-bdc m-dobdc

g

Fig. 2 Ligands used in heteroleptic synthesis with 1,3-bdc (a—d).
Homoleptic zirconium-based PCC geometry for bent 1,3-bdc ligands
(e and f).
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Fig. 3 Novel boat-shaped Zrgl, cage structure ([Zrg(uz-O)a(pz-
OH)e(Cp)e(5-MPA),(COOH),ICl,) containing two formate groups and
two 5-MPA ligands. While the coordination geometry is not novel, the
presence of two formate groups in place of where a third ligand would
typically go, as with the lantern ZrgLs geometry, is novel. This is likely
due to the bulk of the ligand used, which illustrates how ligand
geometry affects the resulting cage geometry.

reaction from the solvothermal decomposition of DMF cap each
zirconium cluster where a third ligand would typically occupy.
This cage features an open face that is approximately square
with a length of ~10 A between the formate groups and width
between the amide nitrogen atoms of ~9 A. Regardless of
synthetic conditions, we were unable to produce the Zr;,Lg
structure that was expected for 1,3-bdc-based ligands.

As it would appear the 5-MPA ligand is too bulky to be
successfully incorporated into a basket-shaped homoleptic
cage, we turned to mixed-ligand cages. Synthesis of the
unfunctionalized, homoleptic zirconium-based cage, [Zr;,(ji3-
0),(12-OH)1,(Cp)12(1,3-bdc)g|Cly, is relatively straightforward. It
is produced in high yield from a solvothermal, low-temperature
reaction of ZrCp,Cl, and 1,3-bdc in N,N-dimethylformamide
(DMF) with a small amount of added water. As the structure
consists of four metal caps and six organic ligands (Zr;,Ls), the
reaction is run in a slight excess of ligand equivalents (~1:0.6
L:M) where the equivalents of ligand are split between two
species in different ratios. It was expected that partial substi-
tution of a functionalized ligand for 1,3-bdc in the reaction
mixture would lead to formation of a mixed-ligand cage.

Utilization of 5-MPA that otherwise affords the ZrgL, struc-
ture, in a mixed-ligand synthesis showcases the versatility of the
heteroleptic approach. Reaction of 1,3-bdc with 5-MPA in
various ratios in amide solvent produces mixed ligand PCCs
with compositions ranging from 5:1 to 2:4 (Fig. 4). Reactions
containing higher ratios of 5-MPA did not afford cages with
higher than 2: 4 1,3-bdc : 5-MPA as the amide functional group
on this ligand is not compatible with the basket-like structure.
Additionally, there is an uneven distribution of ratios showing
there is some structural inability for these bulky ligands to be
included in these cages in higher ratios.*” For example, as
shown in Fig. 4e, the most prevalent product is the 4 : 2 1,3-bdc:
5-MPA ratio. However, instead of an even presence of the 5:1
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Fig. 4 LC-MS results for heteroleptic 1,3-bdc : 5-MPA cages showing
L: L2 ratios of 5:1 (a—c), 4: 2 (d—f), 3:3 (g—i), and 2 : 4 (j-1). Column 1
depicts the 4+ m/z region, column 2 depicts the 3+ m/z region, and
column 3 depicts the 2+ m/z region. While the highest peak in each
plot indicates the true ligand ratio for the molecular cages, the other
ratios can also be seen. Orange columns show peaks for 5 : 1, green for
4:2, blue for 3: 3, and grey for 2: 4.

and 3 : 3 ratios, we instead see a higher 5: 1 presence than 3 : 3.
This shifted distribution can be attributed to the bulk of the
ligand. While both NMR and liquid chromatography-mass
spectrometry (LC-MS) clearly show this material to be cage,
isotherms were also taken to confirm porosity. While nonpo-
rous to N, at 77 K, the CO, 195 K BET surface area of the 3:3
cage is 214 m* g~ (Fig. S5 and S61), illustrating this material's
permanent porosity. The difference in porosity between the two
gases is likely due to the small size of CO, as compared to N,.

Using solvothermal synthesis conditions, LC-MS and NMR
indicate heteroleptic cages containing ratios of 1,3-bdc and the
targeted functionalized ligands (5-MPA, 5-methyl, 5-NH,, 5-OH,
5-CN, m-dobdc, 5-NO,, 5-tert-butyl, 5-Br, and 5-benzyloxy) are
formed in high yield. Depending on the ratio of ligands in the
reaction mixture, varying levels of ligand incorporation are
observed in product phase. These are generally found in
a distribution where the propensity of ligand to incorporate into
the structure at a given molar ratio varies between functional
groups. Instead of a linear input: output ratio, there instead is
statistical shifting that occurs in relation to the bulk of the
ligand. "H NMR is particularly useful to determine the ratio of
L':L?in the product phases as these cages are diamagnetic and
spectra can be collected on crude samples. Alternatively, they
can be digested for more detailed analysis as the size of undi-
gested cage typically results in broad NMR resonances (Fig. S9-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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S467). As shown in Fig. S47, the ratio of ligands in the product
phase typically follows those in the starting conditions for 1,3-
bdc: functionalized ligand ratios of 4:2 or 3:3. For both 5-
methyl and 5-tert-butyl, there is a preference for the incorpo-
ration of unfunctionalized ligand at higher ratios. Where a 1,3-
bdc: 5-methyl or 1,3-bdc : 5-tert-butyl ratio of 2: 4 affords bulk
products with the composition of 2.47:3.53 and 3.22:2.78,
respectively. This analysis, however, is representative of bulk
solid and cannot discern between a mixture of phase-pure
cages, phase-pure cage of a specific composition, or a combi-
nation of the two. In order to confirm the phase purity and
amorphicity of these materials, powder X-ray diffraction (PXRD)
patterns were obtained for homoleptic and heteroleptic cages
(Fig. S487).*° To more specifically interrogate the distribution of
products in isolated solids, we turned to LC-MS. This technique
is a valuable method in the characterization of zirconium cages
as they are solution stable, tolerate the ionization methods, and
have variable charge depending on composition.

In using LC-MS, integrating a single peak in each mass
spectrometry chromatogram allows for observation of the ex-
pected m/z ratios that correspond to the 4+, 3+, and 2+ Zr;,Ls
cage ions. In this analysis, the 4+ ion is consistent with the loss
of all four chloride counter ions while the 3+ and 2+ ions result
from a loss of all four chloride counterions as well as one and
two protons from the bridging p-OH groups, respectively. It is
important to distinguish between a mixture of homoleptic cages
and the presence of a heteroleptic cage. Previously, homoleptic
cage synthesis has resulted in mixed phase products, where the
chromatogram produces two distinct peaks, which integrate
individually to produce m/z peaks corresponding to two
different geometries.”” In ZreL, and ZreL; geometries, there is
a m/z peak corresponding to both 2+ and 1+ within the spectra,
which would be found in the same region as the 4+ and 2+ of the
Zri,Ls geometries. The difference between these geometries can
be summarized by a missing 3+ peak for ZrgL, and ZreL;
systems. While the chromatograms for the heteroleptic molec-
ular cages discussed here consistently produced one peak, these
results indicate the presence of a mixture of heteroleptic cages
where the most abundant species was controlled by changing
the amount of ligand added in the one-pot synthesis.

The LC-MS peaks have unique features associated with these
heteroleptic cages, particularly for ligand pairs with signifi-
cantly different masses. Each individual peak or shoulder
corresponds to a different L':L* ratio within a given experi-
ment. Previously, m-dobdc has not been successfully imple-
mented into a zirconium-based PCC. By utilizing a heteroleptic
synthesis, m-dobdc is now able to be incorporated into these
systems. Through the use of LC-MS, we see a distribution of
cages containing 1,3-bdc:m-dobdc ratios from 6:0 to 3:3
(Fig. 5). While in other work, there is an even distribution of
heteroleptic cage ligand ratios, here we see a shifted distribu-
tion.*” Illustrative of the difficulty in isolating cages containing
m-dobdc, 1,3-bdc preferentially incorporates even at low 1,3-
bdc : m-dobdc ratios. As seen in Table S5t and Fig. 5, with a 4 : 2
ratio, a homoleptic 1,3-bdc cage is still the predominate
product. However, with a 3 : 3 input, we observe the presence of
the 5:1 cage most clearly. Therefore, m-dobdc must be in large

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 LC-MS results for heteroleptic 1,3-bdc:m-dobdc cages
showing L': L2 ratios of 6:0 (a—f) and 5:1 (g—i) experimentally.
Column 1 depicts the 4+ m/z region, column 2 the 3+ m/z region, and
column 3 the 2+ m/z region. While the highest peak in each plot
indicates the actual ligand ratio for the molecular cages, the theoret-
ical ratioswere 5:1(a-c), 4: 2 (d-f),and 3: 3 (g—i) and can still be seen
in these spectra. Orange columns show peaks for 6: 0, green for 5:1,
blue for 4: 2, and grey for 3: 3.

excess of 1,3-bdc to be incorporated into zirconium-based
molecular cages. While m-dobdc has evaded inclusion in
zirconium PCCs previously, it can now be incorporated into
these materials with the utilization of a heteroleptic cage
synthesis.

Given the bulk of the functional group on 5-tert-butyl, it is
expected that a homoleptic cage would adopt the ZrgL, struc-
ture. Instead, by utilizing a mixed ligand synthesis to give
a heteroleptic structure, it can be incorporated into a larger
Zr,,Le structure. By opting for a ratio including both this bulky
ligand and 1,3-bdc, a Zr,,Le structure containing 5-tert-butyl can
isolated. Similar to the results seen for the methyl-
functionalized ligand, integration of the singular chromato-
gram peak gives spectra consistent with a molecular cage for
L':L? ratios of 4:2 through 2:4, Table S3.f As the mass
differences between the two incorporated ligands are more
significant for this pair, the peak patterns in the chromato-
grams (Fig. S497) are striking. For 4:2,3:3,and 2:4 1,3-bdc: 5-
tert-butyl ratios, the most intense peak corresponds to cage with
L:L composition of 4: 2, 3: 3, and 2: 4, respectively, regardless
of the mass ion that is analyzed. For this system, additional m/z
peaks are present that have thus far evaded identification,
although they appear in the 4+ and 2+ regions of all experi-
mental ratios and absent in the 3+ region, which indicates the
product phase is likely a two-vertex product.

Not only are ligand ratios of vastly different molecular
weights in heteroleptic systems elucidated via LC-MS, but very
small changes in molecular weight between L' and L can be

seen clearly with this characterization method. For

Chem. Sci., 2025, 16, 816-823 | 819
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a homoleptic 1,3-bdc cage, the m/z ratios expected are 782 (4+),
1042 (3+), and 1563 (2+). For a homoleptic 5-methyl cage, the m/
z ratios expected are 803 (4+), 1070 (3+), and 1650 (2+)
(Fig. S507). A cage containing a ligand ratio of 5:1 (1,3-bdc: 5-
methyl), would produce m/z peaks at 785 (4+), 1047 (3+), and
1570 (2+) (Fig. 6). Therefore, the ligand ratio observed in any
given cage could be accurately determined via high-resolution
LC-MS. Upon analyzing mass spectrometry data for these
cages, a ligand ratio of 3:3 (1,3-bdc:5-methyl) produced
a product with a single peak on the chromatogram which, when
integrated, afforded broad m/z peaks at 793 (4+), 1056 (3+), and
1585 (2+). These peaks match the expected m/z peaks. In addi-
tion, a ligand ratio of 2 : 4 (1,3-bdc : 5-methyl) produced a single
peak on the chromatogram which, when integrated, resulted in
m/z peaks at 796 (4+), 1061 (3+), and 1591 (2+). This is consistent
with the expected m/z peaks at 796 (4+), 1061 (3+), and 1591 (2+),
which match experimental peaks. A summary of the theoretical
and experimental m/z values for all the 1,3-bdc : 5-methyl mixed
ligand cage ratios are depicted in Table S2.t

With a better understanding of the product distributions
that can be expected for mixed-ligand cages based on iso-
phthalic acid ligands, we further explored combinations with 11
other 1,3-bdc-based ligands. Based off the original four samples
discussed within this manuscript, we were interested in deter-
mining how incorporating two different functionalized ligands
affects cage geometry. Through the synthesis of cages
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Fig. 6 LC-MS results for heteroleptic 1,3-bdc:5-methyl cages
showing L':L? ratios of 4:2 (a—c), 3:3 (d-f), 2:4 (g-i), 1:5 (j-L.
Column 1 depicts the 4+ m/z region, column 2 depicts the 3+ m/z
region, and column 3 depicts the 2+ m/z region. While the highest
peak in each plot indicates the expected ligand ratio for the molecular
cages, the other ratios can also be seen. Orange columns show peaks
for5:1, greenfor4: 2, bluefor 3: 3, indigo for 2 : 4, and purple for1: 5.
The 6:0 and 0: 6 peaks can also be seen in row 1 and 2, respectively.
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containing two types of active functionality, we increase the
tunability and applications of these systems.

Based on "H NMR and LC-MS, we observed a wide range of
heteroleptic systems containing 3 : 3 ratios of different combi-
nations of 1,3-bdc, 5-MPA, 5-methyl, 5-NH,, 5-OH, 5-CN, m-
dobdc, 5-NO,, 5-tert-butyl, 5-Br, and 5-benzyloxy.

LC-MS spectra were analyzed using a direct injection method
and, for consistency, spectra were taken at elution times of
2.201 min (£0.016 min) (Fig. S51-S771). However, different
ratios appear to elute at different times, suggesting the ability of
these molecular cage products to be separated through further
analytical methods (Fig. S78t). While the input for each
combination of ligands was 3:3, a slight preference for one
ligand or the other is observed, as seen with m-dobdc (Table 1).
NMR and LC-MS ratios for each sample do not align for every
sample, which is reasonable considering NMR analyzes the
average of the sample, while LC-MS looks at the mode
distribution.

By taking the most intense peak in the spectra that is £0.5m/
z away from the predicted m/z, we have obtained percentages of
ratios produced, from 6:0 to 0:6, for all combinations
synthesized (Fig. 7). In addition to these basket-shaped Zr;,Le
cages, the boat-shaped Zr¢L, cages are also present in the most
of these LC-MS spectra (Fig. S79-5817).

Expected distributions for an input of two bent ligand
species in a 3:3 ratio are 1:3:7:8:7:3:1 (6:0 through 0: 6).
This matches with ligand species of similar molecular weights,
for example, 1,3-bdc and 5-methyl. However, we see larger,
bulkier ligand species depart from this expectation. This is
reasonable considering in a basket-like structure there are two
ligands that point towards each other. One can logically assume
ligand-ligand interactions between bulkier ligands would
prevent these ligands from forming homoleptic cages. In
addition, in heteroleptic systems we can assume there is the
same issue if a number greater than one of these bulky ligand
species was incorporated into these heteroleptic systems where
two of these ligands point toward each other. Therefore, for
bulkier ligands, a shifted distribution is expected where we see
the L' : L? cage ratios from 6:0 to 0: 6 (where L? is the bulkier
ligand) is expected to be 1:3:6:6:4:1:0. For example, 1,3-
bdc : 5-MPA shows this distribution quite similarly where little
to no homoleptic cages are present, favoring the less bulky of
the two species, 1,3-bdc. Similarly to initial experimentation,

Table 1 Ligand ratios from NMR and LC-MS

Ligand A Ligand B NMR A: B MSA:B
1,3-bdc 5-CN 2.90:3.10 4:2
1,3-bdc 5-Br 3.48:2.52 4:2
1,3-bdc 5-NO, 3.67:2.33 4:2
5-Methyl m-dobdc 4.71:1.29 5:1
5-Methyl 5-CN 2.80:3.20 4:2
5-Methyl 5-Br 3.61:2.39 4:2
5-CN m-dobdc 4.82:1.18 5:1
5-NH, 5-NO, 1.97:4.03 3:3
5-CN 5-Br 3.62:2.38 2:4
5-CN 5-NO, 3.45:2.55 2:4

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Percentages of all A: B ligand ratios (6 : 0 to 0: 6) from LC-MS spectra, indicating which combinations yielded heteroleptic systems and

one case which was inconclusive (5-tert-butyl : 5-Br), denoted by an

open circle. Percentages of expected distributions of A: B ratios (a) and

percentages of shifted distributions of A: B where B is a much bulkier ligand (b) are also included.

heteroleptic systems including m-dobdc preferentially select the
secondary ligand in the system, creating a shifted distribution
to favor this second ligand over m-dobdc.

It is important to also determine if this heteroleptic cage
formation occurs during solvothermal synthesis, or if this is the
product of ligand exchange from a homoleptic cage to a heter-
oleptic cage. To ensure this is truly heteroleptic cage formation,
homoleptic 1,3-bdc cage was stirred with an excess of each of
the four initial ligands used: 5-methyl, 5-MPA, 5-tert-butyl, and
m-dobdc. Based off the LC-MS of the solid from these experi-
ments (Fig. S82-S85%), the 1,3-bdc cage was the only cage
present in the spectra. Therefore, it can be concluded that these
ligands do not exchange under these conditions, which is in
general agreement with the previous work reported by Choe and
demonstrates the structural stability of these cages.*’

Heteroleptic cages of 1,3-bdc with 5-methyl, 5-tert-butyl, m-
dobdc, and 5-MPA ligands display high thermal stability for
zirconium-based cages under both N, and O, (Fig. S86-5937).
Additionally, this method of cage synthesis was utilized in
a click reaction where propargyl alcohol was clicked onto
a molecular zirconium cage with a 4:2 ratio of 1,3-bdc: 5-N,.
Based on IR, NMR, and LC-MS of the 1,3-bdc : 5-N; cage and the
clicked cage, it is clear that this method helps in increasing the
number of clicked substituents (Fig. S94-S997). Based on the
percentages of these fully clicked ligand ratios, there is a clear
preference for the 5:1 and 4:2 (1,3-bdc:5-N;-PrOH) fully

© 2025 The Author(s). Published by the Royal Society of Chemistry

clicked cages, with a decrease in the presence of 2:4, 1:5, and
0:6 ratios (Fig. S97t). These ratios are still present and we
expect them to be able to be isolated based on an increased
intensity at different elution times in the LC-MS.

As mixed ligand syntheses can be used to tune cage struc-
ture, it can also be used to prepare cages containing groups that
are otherwise incompatible with cage formation. For example,
while the ligands used in other heteroleptic cages within this
manuscript have previously formed molecular cages of varying
geometry and nuclearity, m-dobdc has not been incorporated
into zirconium cage structures. As m-dobdc has the same
carboxylate-carboxylate angle as in 1,3-bdc, it would be ex-
pected it to form in either the Zr;,L¢ or the ZrgL, geometries.
When comparing these structures, it is important to note that in
the Zr;,Le system, two ligands point toward each other in one
orientation and, on the opposite face, the other four ligands
point up. The issue with incorporating m-dobdc in this system
stems from the side in which the two point toward each other
due to ligand-ligand interactions. In the ZrgL, system, the
ligands only point up, however, the issue still lies in the
accessibility of the hydroxide moieties. Therefore, to success-
fully incorporate m-dobdc in a zirconium cage structure, it is
beneficial to employ a heteroleptic synthesis in which an
unfunctionalized ligand, 1,3-bdc, can facilitate cage formation.
In addition to these 1,3-bdc : functionalized heteroleptic cages,
we have also synthesized cages containing two ligands

Chem. Sci., 2025, 16, 816-823 | 821
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containing different active functionality. These facile one-pot
syntheses fill a critical need to increase tunability of these
systems by allowing for ligand species that have been chal-
lenging to incorporate into these systems successfully form cage
structures and incorporating two types of active functionality
into one system.

Conclusions

In conclusion, this work demonstrates potential to effectively
modulate specific properties within zirconium-based PCCs
through the strategic incorporation of functionality. While
some ligands pose challenges for integration due to steric
effects, our approach employing a facile heteroleptic one-pot
synthesis has proven instrumental in achieving controlled
ratios of cages containing at least two distinct species of
ligands. Notably, we have successfully designed a straightfor-
ward heteroleptic zirconium cage synthesis, overcoming
previous limitations associated with ligands that either
adopted a mildly porous structure or resisted successful
implementation in zirconium cages. The application of this
method not only expands the scope of ligands that can be
integrated into porous structures but also provides valuable
insights into using functionality to finely tune the properties
of these molecular cages. By successfully incorporating
ligands hosting two different functional groups, we have
created more tunable systems that have overcome the chal-
lenge with incorporating bulky active functionality into
zirconium-based porous coordination cages. Our findings
contribute to advancing the understanding of the relationship
between ligand design and cage properties, which will allow
for tailored development of zirconium-based porous materials
for diverse applications.

Data availability

The data supporting this article have been included as part of
the ESI.T Crystallographic data is uploaded with the manuscript
and has been deposited in the CCDC: 2321239.

Author contributions

MNM preformed data acquisition and analysis. CMM and MNM
developed LC-MS methodology. MRD and GPAY acquired and
modelled SC-XRD data. EDB and MNM wrote the manuscript.
All authors reviewed and edited the manuscript. EDB acquired
funding and supervised the project.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This research was supported by the National Science Founda-
tion (2310682) and Indiana University. The 500 MHz NMR
spectrometer of the Indiana University NMR facility was

822 | Chem. Sci, 2025, 16, 816-823

View Article Online

Edge Article

supported by NSF grant CHE-1920026 and the Prodigy probe
was purchased in part with support from the Indiana Clinical
and Translational Sciences Institute funded, in part by NIH
award TL1TR002531. The Empyrean multipurpose diffractom-
eter from PANalytical of the Indiana University Molecular
Structure Center was obtained through funding obtained by the
National Science Foundation, under grant number NSF/CHE-
1048613. GPAY thanks the National Institutes of Health for the
single crystal X-ray diffractometer funded under grant S10
ODO026896A.

References

1 G. A. Taggart, A. M. Antonio, G. R. Lorzing, G. P. A. Yap and
E. D. Bloch, ACS Appl. Mater. Interfaces, 2020, 12, 24913~
24919.

2 J.-H. Zhang, S.-M. Xie, M. Zi and L.-M. Yuan, J. Sep. Sci., 2020,
43, 134-149.

3 E. G. Percastegui, T. K. Ronson and ]. R. Nitschke, Chem.
Rev., 2020, 120, 13480-13544.

4'Y. Liang, Y. Fang, Y. Cui and H. Zhou, Nano Res., 2021, 14,
3407-3415.

5L. Ma, C. J. E. Haynes, A. B. Grommet, A. Walczak,
C. C. Parkins, C. M. Doherty, L. Longley, A. Tron,
A. R. Stefankiewicz, T. D. Bennett and J. R. Nitschke, Nat.
Chem., 2020, 12, 270-275.

6 K. Byrne, M. Zubair, N. Zhu, X.-P. Zhou, D. S. Fox, H. Zhang,
B. Twamley, M. J. Lennox, T. Diiren and W. Schmitt, Nat.
Commun., 2017, 8, 15268.

7 M. M. Deegan, G. R. Lorzing, K. J. Korman, C. A. Rowland,
M. R. Dworzak, A. M. Antonio and E. D. Bloch, ACS Mater.
Au, 2023, 3, 66-74.

8 A. M. Antonio, M. R. Dworzak, K. J. Korman, G. P. A. Yap and
E. D. Bloch, Chem. Mater., 2022, 34, 10823-10831.

9 A.J. Gosselin, A. M. Antonio, K. J. Korman, M. M. Deegan,
G. P. A. Yap and E. D. Bloch, J. Am. Chem. Soc., 2021, 143,
14956-14961.

10 A. J. Gosselin, G. E. Decker, A. M. Antonio, G. R. Lorzing,
G. P. A. Yap and E. D. Bloch, J. Am. Chem. Soc., 2020, 142,
9594-9598.

11 G. E. Cmarik, M. Kim, S. M. Cohen and K. S. Walton,
Langmuir, 2012, 28, 15606-15613.

12 M. Eddaoudi, J. Kim, N. Rosi, D. Vodak, J. Wachter,
M. O'Keeffe and O. M. Yaghi, Science, 2002, 295, 469-472.

13 Y. Lin, C. Kong and L. Chen, RSC Adv., 2016, 6, 32598-32614.

14 O. Barreda, G. Bannwart, G. P. A. Yap and E. D. Bloch, ACS
Appl. Mater. Interfaces, 2018, 10, 11420-11424.

15 A. Kuznicki, G. R. Lorzing and E. D. Bloch, Chem. Commun.,
2021, 57, 8312-8315.

16 T. Goculdas, K. Korathotage, C. Montone, S. Sadula,
E. D. Bloch and D. G. Vlachos, ACS Appl. Mater. Interfaces,
2023, 15, 57070-57078.

17 M. R. Dworzak, C. M. Montone, N. I. Halaszynski,
G. P. A. Yap, C. J. Kloxin and E. D. Bloch, Chem. Commun.,
2023, 59, 8977-8980.

18 D. Luo, X.-W. Zhu, X.-P. Zhou and D. Li, Chem.-Eur. J., 2024,
30, €202400020.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc06023g

Open Access Article. Published on 18 novembra 2024. Downloaded on 24.8.2025 22:47:25.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

19 H. Wang, Y. Jin, N. Sun, W. Zhang and J. Jiang, Chem. Soc.
Rev., 2021, 50, 8874-8886.

20 J. Liu, Z. Wang, P. Cheng, M. ]J. Zaworotko, Y. Chen and
Z. Zhang, Nat. Rev. Chem, 2022, 6, 339-356.

21 J.-S. Qin, S. Yuan, Q. Wang, A. Alsalme and H.-C. Zhou, J.
Mater. Chem. A, 2017, 5, 4280-4291.

22 Q.-F. Sun, S. Sato and M. Fujita, Angew. Chem., Int. Ed., 2014,
53, 13510-13513.

23 G. Gonzalez-Rodriguez, I. Taima-Mancera, A. B. Lago,
J. H. Ayala, J. Pasan and V. Pino, Molecules, 2019, 24, 3656.

24 S. Pullen and G. H. Clever, Acc. Chem. Res., 2018, 51, 3052—
3064.

25 B.-Q. Ma, K. L. Mulfort and J. T. Hupp, Inorg. Chem., 2005, 44,
4912-4914.

26 A. J. Gosselin, C. A. Rowland and E. D. Bloch, Chem. Rev.,
2020, 120, 8987-9014.

27 A.]. Gosselin, G. E. Decker, B. W. McNichols, J. E. Baumann,
G.P. A. Yap, A. Sellinger and E. D. Bloch, Chem. Mater., 2020,
32, 5872-5878.

28 M. L. Schneider, A. W. Markwell-Heys, O. M. Linder-Patton
and W. M. Bloch, Front. Chem., 2021, 9, 696081.

29 M. M. Deegan, A. M. Antonio, G. A. Taggart and E. D. Bloch,
Coord. Chem. Rev., 2021, 430, 213679.

30 E.-S. M. El-Sayed, Y. D. Yuan, D. Zhao and D. Yuan, Acc.
Chem. Res., 2022, 55, 1546-1560.

31 S. Mollick, S. Mukherjee, D. Kim, Z. Qiao, A. V. Desai,
R. Saha, Y. D. More, ]. Jiang, M. S. Lah and S. K. Ghosh,
Angew. Chem., Int. Ed. Engl., 2019, 58, 1041-1045.

32 S. Mollick, S. Fajal, S. Mukherjee and S. K. Ghosh, Chem.—-
Asian J., 2019, 14, 3096-3108.

33 G. R. Lorzing, A. ]J. Gosselin, B. A. Trump, A. H. P. York,
A. Sturluson, C. A. Rowland, G. P. A. Yap, C. M. Brown,
C. M. Simon and E. D. Bloch, J. Am. Chem. Soc., 2019, 141,
12128-12138.

34 C. A. Rowland, G. P. A. Yap and E. D. Bloch, Dalton Trans.,
2020, 49, 16340-16347.

35 V. ]. Pastore, M. G. Sullivan, H. K. Welgama, M. R. Crawley,
A. E. Friedman, C. Rumsey, M. Trebbin, J. Rzayev and
T. R. Cook, Chem. Mater., 2023, 35, 1651-1658.

36 M. G. Sullivan, G. E. Sokolow, E. T. Jensen, M. R. Crawley,
S. N. MacMillan and T. R. Cook, Dalton Trans., 2023, 52,
338-346.

37 S. P. Black, D. M. Wood, F. B. Schwarz, T. K. Ronson,
J. J. Holstein, A. R. Stefankiewicz, C. A. Schalley,
J. K. M. Sanders and ]J. R. Nitschke, Chem. Sci., 2016, 7,
2614-2620.

38 N. K. Al-Rasbi, I. S. Tidmarsh, S. P. Argent, H. Adams,
L. P. Harding and M. D. Ward, J. Am. Chem. Soc., 2008,
130, 11641-11649.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

39 A. M. Antonio, K. J. Korman, M. M. Deegan, G. A. Taggart,
G. P. A. Yap and E. D. Bloch, Inorg. Chem., 2022, 61, 4609~
4617.

40 D. Preston, J. E. Barnsley, K. C. Gordon and J. D. Crowley, J.
Am. Chem. Soc., 2016, 138, 10578-10585.

41 J. Hoq and E. D. Bloch, Chem. Commun., 2024, 60, 6945-
6948.

42 L. R. Holloway, P. M. Bogie and R. ]J. Hooley, Dalton Trans.,
2017, 46, 14719-14723.

43 S. Wang, L. Chen, M. Wahiduzzaman, A. Tissot, L. Zhou,
I. A. Ibarra, A. Gutiérrez-Alejandre, J. S. Lee, J.-S. Chang,
Z. Liu, J. Marrot, W. Shepard, G. Maurin, Q. Xu and
C. Serre, Matter, 2021, 4, 182-194.

44 M. G. Sullivan, H. K. Welgama, M. R. Crawley, A. E. Friedman
and T. R. Cook, Chem. Mater., 2024, 36, 567-574.

45 K. Tong, J. Jia, R. Huang and J. Luo, Mater. Adv., 2024, 5,
5394-5397.

46 S. Sudan, R.-]J. Li, S. M. Jansze, A. Platzek, R. Rudolf,
G. H. Clever, F. Fadaei-Tirani, R. Scopelliti and K. Severin,
J. Am. Chem. Soc., 2021, 143, 1773-1778.

47 D. Nam, J. Kim, E. Hwang, J. Nam, H. Jeong, T.-H. Kwon and
W. Choe, Matter, 2021, 4, 2460-2473.

48 D. Preston, S. M. McNeill, J. E. M. Lewis, G. I. Giles and
J. D. Crowley, Dalton Trans., 2016, 45, 8050-8060.

49 J. E. Barnsley, S. @. Scottwell, A. B. S. Elliott, K. C. Gordon
and J. D. Crowley, Inorg. Chem., 2016, 55, 8184-8192.

50 B. D. Suso, Z. Wang, A. R. Kennedy, A. ]J. Fletcher,
S. Furukawa and G. A. Craig, Chem. Sci., 2024, 15, 2857-2866.

51 J. E. M. Lewis, Angew. Chem., Int. Ed., 2022, 61, e202212392.

52 E. Benchimol, I. Regeni, B. Zhang, M. Kabiri, ]J. J. Holstein
and G. H. Clever, J. Am. Chem. Soc., 2024, 146, 6905-6911.

53 W. M. Bloch, Y. Abe, J. J. Holstein, C. M. Wandtke, B. Dittrich
and G. H. Clever, J. Am. Chem. Soc., 2016, 138, 13750-13755.

54 T. Abe, N. Sanada, K. Takeuchi, A. Okazawa and S. Hiraoka, J.
Am. Chem. Soc., 2023, 145, 28061-28074.

55 R. Zhu, W. M. Bloch, J. J. Holstein, S. Mandal, L. V. Schéfer
and G. H. Clever, Chem.-Eur. J., 2018, 24, 12976-12982.

56 M. Schmittel and A. Ganz, Chem. Commun., 1997, 999-1000.

57 M. L. Saha, S. Neogi and M. Schmittel, Dalton Trans., 2014,
43, 3815-3834.

58 J. E. M. Lewis, A. Tarzia, A. J. P. White and K. E. Jelfs, Chem.
Sci., 2020, 11, 677-683.

59 O. Barreda, G. A. Taggart, C. A. Rowland, G. P. A. Yap and
E. D. Bloch, Chem. Mater., 2018, 30, 3975-3978.

60 S. Du, X. Yu, G. Liu, E.-S. M. El-Sayed, Z. Ju, K. Su and
D. Yuan, Cryst. Growth Des., 2021, 21, 692-697.

Chem. Sci., 2025, 16, 816-823 | 823


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc06023g

	Tunable synthesis of heteroleptic zirconium-based porous coordination cagesElectronic supplementary information (ESI) available. CCDC 2321239. For ESI and crystallographic data in CIF or other electronic format see DOI: https://doi.org/10.1039/d4sc06023g
	Tunable synthesis of heteroleptic zirconium-based porous coordination cagesElectronic supplementary information (ESI) available. CCDC 2321239. For ESI and crystallographic data in CIF or other electronic format see DOI: https://doi.org/10.1039/d4sc06023g
	Tunable synthesis of heteroleptic zirconium-based porous coordination cagesElectronic supplementary information (ESI) available. CCDC 2321239. For ESI and crystallographic data in CIF or other electronic format see DOI: https://doi.org/10.1039/d4sc06023g
	Tunable synthesis of heteroleptic zirconium-based porous coordination cagesElectronic supplementary information (ESI) available. CCDC 2321239. For ESI and crystallographic data in CIF or other electronic format see DOI: https://doi.org/10.1039/d4sc06023g
	Tunable synthesis of heteroleptic zirconium-based porous coordination cagesElectronic supplementary information (ESI) available. CCDC 2321239. For ESI and crystallographic data in CIF or other electronic format see DOI: https://doi.org/10.1039/d4sc06023g
	Tunable synthesis of heteroleptic zirconium-based porous coordination cagesElectronic supplementary information (ESI) available. CCDC 2321239. For ESI and crystallographic data in CIF or other electronic format see DOI: https://doi.org/10.1039/d4sc06023g
	Tunable synthesis of heteroleptic zirconium-based porous coordination cagesElectronic supplementary information (ESI) available. CCDC 2321239. For ESI and crystallographic data in CIF or other electronic format see DOI: https://doi.org/10.1039/d4sc06023g
	Tunable synthesis of heteroleptic zirconium-based porous coordination cagesElectronic supplementary information (ESI) available. CCDC 2321239. For ESI and crystallographic data in CIF or other electronic format see DOI: https://doi.org/10.1039/d4sc06023g


