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THE BIGGER PICTURE

Nature’s protein recognition

mechanisms provide a blueprint

for creating ideal sorbents, which

are achievable in metal-organic

frameworks (MOFs). By

incorporating macrocyclic linkers,

MOFs can create dynamic

environments that facilitate guest

molecule interactions, similar to

biological functions. These

macrocycles play a crucial role in

regulating guest movement and

recognition, leading to

proteomimetic sorbents. Herein,

we report a zirconium-based MOF

bearing in-situ-generated semi-

rigid binding pockets for Pd2+

featuring high uptake capacity,

fast kinetics, and stability under
SUMMARY

The rational synthesis of advanced porous materials with perfor-
mances mimicking those of biological proteins remains challenging.
Evidently, metal-organic frameworks with dense, rigid aromatic mo-
tifs hinder the creation of adaptable cavities with superior guest-to-
framework interactions. Herein, a zirconiummacrocyclic framework,
named metal-macrocyclic framework (MMCF)-6, featuring an adap-
tive cavity, was constructed using a cyclam-based linker. The vacant
yet adaptable cyclam cavity in MMCF-6 renders it capable of pre-
cisely recognizing Pd2+ in aqueous solution with a high uptake ca-
pacity of 326 mg g-1 and extraordinary recovery efficiency of
>99.99%. The characteristic proteomimetic behavior of MMCF-6,
that is, guest-induced fit during the Pd2+ recovery, was unveiled
by combined studies of X-ray crystallography, extended X-ray ab-
sorption fine structure, and density functional theory, which pro-
vided unambiguous confirmation of the cyclam macrocycle’s allo-
steric behavior accountable for the excellent Pd capture
performance. Our work herein opens a new avenue by incorporating
semi-rigid cavities into framework materials for efficient host-guest
chemistry.
acidic conditions with high

selectivity. This approach leads to

the creation of novel aza-

macrocycle-binding pockets,

enabling efficient one-round

enrichment and purification of

palladium from simulated waste

solutions. Therefore, this strategy

paves the way for developing

adaptable sorbents with

dramatically enhanced uptake

capacity and selectivity.
INTRODUCTION

Insights on how to achieve a semi-rigid state, in which donors are kept in the near

ideal position by a/b folds or hydrogen bonds with certain degree of local structural

flexibility, can be learned from nature’s protein recognition event.1 Subtle local envi-

ronment fluctuations on the active-site, which are often fundamentally related to

proteins’ interacting mechanisms with guests, have been magnified and demon-

strated to significantly alter the essential protein properties.2,3 Similar to enzymes,

local environmental changes stimulated by guest molecules intruding into the

porous skeletons are greatly desired in artificial hosts, leading to dynamic optimiza-

tion of the host-guest chemistry related to the structural or other desired responses

toward targets and thus could differentiate them from traditional materials.4,5

Although the aforementioned adaptive alteration of pore environment is a remark-

able characteristic, successful design and systematic studies have been seldomly

reported.

As a member of the platinum group metal (PGM), palladium (Pd) exhibits a variety of

unusual physical, chemical, and mechanical properties.6,7 Pd’s growing demand in

industry, along with its rarity from terrestrial ores, necessitates a secondary source.

The recovery of PGMs from wasted processes is a potential alternative for reducing

reliance on a limited source.8–10 The concentration of Pd and its competing ions may
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vary across different scenarios, making it essential to have a sorbent with high selec-

tivity that can target Pd while excluding other ions (Tables S5–S8).11 In solvent

extraction techniques, it shows how multidentate ligands improve Pd uptake.

Benefiting from the fact that the donors are linked by alkyl chains, which allow for

certain degree of rotational mobility, extractants such as malonamides, diglycola-

mides, and carbamoyl methylphosphine oxides have been widely applied for the

Pd recovery.12,13 Although open-chain extractants maximize the number of donors

that may chelate metal ions, the tendency of redundant ligand coordination dimin-

ishes the metal selectivity. As learned from the protein complexation process, in

which adaptable donors are organized in a specified order to maximize binding af-

finity and selectivity, bondingmobile donors in a certain spatial layout inside the sor-

bents is promising for achieving metal binding preference (Figure 1A).1 Taking

advantage of the cave-like donor geometries, macrocycles are one of those ligands

that are intensely used as chelator/receptors in coordination and supramolecular

chemistry.14–19 One of the most-studied macrocycle-based materials is that based

on crown ethers, which is reported for applications in molecular recognition,

hydrogen storage, pollution remediation, and enantioseparation.20–23 However,

based on the hard and soft acid and base (HSAB) theory, the affinity between Pd

(soft acid) and the oxygen species (hard base) is moderate.24 Furthermore, from a

chemical standpoint, researchers have limited methods for modulating the chemical

nature of oxygen species, owing to the inherent restriction that oxygen usually forms

covalent bonds with two adjacent atoms. Aza-macrocycles (or aza-crown ethers) are

nitrogen (N)-analogs of crown ether. Cyclam, a 14-membered aza-macrocycle that

exists in a ‘‘transition region’’ between giant aza-crown ethers and small aza-rings,

shows moderate conformational flexibility while possessing a relatively large cavity

suitable for host-guest chemistry.14,25–27 Compared with other analogs of the aza-

macrocycle family, such as TACN (1,4,7-Triazacyclononane, 9-membered) and

cyclen (12-membered), cyclam-based sorbents hold promise to be applied in Pd-re-

covery, especially considering the following: (1) cyclam guarantees a preferred ge-

ometry of the N-donors by holding them with an optimal N–N distance for potential

cooperation and hence improves the global order of donors in the built adsorbents,

(2) the mobile nature of the alkyl constituents enables adaptive host-guest chemis-

try, during which the local conformation of cyclam keeps rearranging until final che-

lation, and (3) ion affinity of the aza-cavity could be adjusted across a wide range de-

pending on the chemical environment in which the N is connected.28–30 Taking

advantage of the above, cyclam systems can potentially make more efficient contact

with Pd2+ compared with TACN/cyclen or rigid compounds while being more selec-

tive compared with the open-chain extractants. Nonetheless, neither any rational

design nor function-led synthesis, which enables cyclam-based sorbents with

guest-accessible cavities and a molecular-level predesign of local dynamics, has

been proposed so far (Table 1).

Metal-organic frameworks (MOFs) are a well-known family of crystalline porous ma-

terials with fascinating structures and intriguing properties.34–36 Designing and

incorporating linkers with local motions is integral in developing novel MOF sor-

bents.4,37,38 Macrocyclic linkers bring well-tailored local environments (often with

allosteric nature), which play an important role in regulating guest traffic in channels

and guest recognition/uptake.39–42 With the functionalization on amino sites and

metalation, cyclam could be integrated into a broader variety of compounds

compared with its O analogs through different topologies.14,25,28,30 Nonetheless,

for the identified cyclam-based MOFs, either a labile framework or blocked macro-

cycles has been shown, hence precluding studies on the macrocyclic host.31,33,43–45

Given the significant role of aza-macrocycle, a deliberate design is necessary to
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Figure 1. Schematic representations of the adaptive recognition process and the linker synthesis

route

(A) Adaptive Pd2+ recovery process.

(B) Synthesis of H4L (4,40 ,400,4%-(1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetrayl)tetrabenzoic

acid).
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strike a balance between its adaptability and the framework robustness. With the

customizable feature of MOFs, one may anticipate the existence of a cyclam com-

pound-SBU (SBU: secondary building unit) combination, exhibiting both a robust

skeleton and an open cavity that can be used for Pd recovery.

Herein, by direct arylation of the cyclam macrocycle via the Buchwald-Hartwig ami-

nation, together with the participation of Zr-carboxylate moieties, we report a new

porous cyclam-based zirconium MOF, [Zr6(m3-OH)4(OH)4(L)3] (L = 4,40,4004%-
(1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetrayl)tetrabenzoate), which is de-

noted as MMCF-6 (MMCF = metal-macrocyclic framework) featuring accessible
Table 1. Representative MOFs based on cyclam

Compound Surface area (m2 g�1) Ligand’s rigidity Metalation Accessibility of the macrocycle

[Ni(cyclam)(bpydc)]$5H2O
a 817 rigid Ni no

[Ni(cyclam)]2[BPTC]}n$2nH2O
b – rigid Ni no

[Ln(H2TETA)]NO3$2H2O
c – flexible no no

VPI-100 (Cu, Ni)d 398/612 rigid Cu, Ni no

MMCF-6e 1,300 semi-rigid no yes
abpydc = 2,20-bipyridyl-5,50-dicarboxylate.31
bBPTC = 1,10-biphenyl-2,20,6,60-tetracarboxylate.32
cH2TETA = 1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetraacetic acid.33

dVPI-100 (Cu) and VPI-100 (Ni) (VPI, Virginia Polytechnic Institute). [Zr6(m3OH)8(OH)8(M-L)4], where M = Cu(II) or Ni(II), L = 6,13-dicarboxy-1,4,8,11-tetraazacyclote-

tradecane).43

eThis work.
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cyclam cavities. MMCF-6 differs from other macrocyclic frameworks in that it does

not necessitate metalation to maintain the geometry of cyclammacrocycle, which al-

lows for guests to readily interact with the cyclam cavity, while it still retains perma-

nent porosity as confirmed by N2 sorption isotherms measurement. These features

bestow MMCF-6 with excellent capability in extracting Pd2+ from an aqueous solu-

tion with a high adsorption capacity of 326 mg g-1, as well as rapid kinetics of recov-

ering >99.9% Pd within 5 min and an extraordinary recovery efficiency of >99.99%

after 3 h. The affinity between the soft Lewis acid and base induces the relocation

of N donors, thereby realizing adaptive host-guest chemistry, and leads to a high up-

take capability and fast kinetics. This was clearly confirmed by the combined studies

of X-ray crystallography, extended X-ray absorption fine structure (EXAFS), and den-

sity functional theory (DFT) calculations. This research work establishes a paradigm

for the construction of macrocyclic frameworks with open cavities and acts as a

springboard for further development of this family of materials in applications of

PGM recovery and beyond.
RESULTS AND DISCUSSION

Synthesis, structural characterization, and porosity analysis of MMCF-6

To construct a cyclam-based MOF for efficient Pd recovery, one should consider

rationally designing macrocyclic ligands to meet the following criteria: (1) the intra-

molecular freedom should be minimized, which could contribute to framework

robustness,33,43–46 (2) the as-synthesized MOF should maintain the accessibility of

the cyclam macrocycle, which necessitates the elimination of the metal core and

the preservation of a coplanarity geometry, (3) Pd affinity should be attained by

chemical environment customization, and (4) facile synthesis should be performed

because it is necessary for possible practical application. We envision that the direct

arylation on amines could suppress the intramolecular freedom, allowing for the or-

dered self-assembly and sustaining of the aza-macrocycle framework without metal-

ation. Furthermore, the amine’s basicity could be tuned via the conjugation effect to

a ‘‘softer’’ base that, in accordance with the HSAB theory, tends to bond with the soft

acid Pd2+.24 The aforementioned criteria were met by a newly designed ligand,

4,40,400,4%-(1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetrayl)tetrabenzoic acid

(H4L), which was easily prepared through one step of C–N cross-coupling and sub-

sequent hydrolysis in acidic environments (Figures 1B and S1). Considering the steric

effect, the secondary amines in aza-macrocycles are regarded as challenging sub-

strates for Pd-catalyzed arylation; in this work, it was overcome by carefully selecting

Buchwald-Hartwig amination conditions.47–50

MMCF-6 was synthesized by the solvothermal reaction of ZrCl4 and H4L in

N,N0-dimethylformamide (DMF) at 100�C for 24 h with the presence of acetic acid

as modulator (Figure S2). The crystal structure of MMCF-6 was analyzed by single-

crystal X-ray diffraction (SCXRD) combined with Rietveld refinement on experi-

mental powder X-ray diffraction (PXRD) pattern. SCXRD revealed that MMCF-6

crystallizes in the Pm-3m space group with an ftw topology, as MOF-525/PCN-221

previously demonstrated (Figures 2A and S3; Table S1). MMCF-6 has a cubic

structure comprising twelve connected Zr6-oxo clusters and the four connected

tetra-topic L linker with a pore diameter of �15 Å, and a formula of [Zr6O4

(OH)4(L)3],(solv)x, where solv is the solvent molecule. Rietveld refinement on the

PXRD patterns further confirmed the phase purity of the obtained material

(Figures S8 and S9; Table S2). Typically, these alkyl-based macrocycles possess

extensive conformational possibilities accessible through manifold low-energy-bar-

rier torsions. Cyclam and other fourteen-membered tetra-aza-macrocycles are
Chem 10, 2776–2791, September 12, 2024 2779



Figure 2. Crystal structures and design concept of MMCF-6

(A) MMCF-6 crystalizes in a ftw topology. Pore structure viewed along the c axis showing cubic cage.

(B) Comparison of previous reported cyclam-based MOFs with the one in this work.
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moderately flexible structures and can exhibit in both trans (nearly coplanar) and cis

geometries when coordinated. Here, based on the X-ray crystallography studies and

DFT calculations, cyclam with a trans-planar geometry is dominant in MMCF-6 and

thus with L approaching to a coplanar geometry. Additionally, SCXRD tests reveal

a conformational difference between the free esterified ligand (compound 3) and

its integration into MMCF-6 (see Figures S4–S6; Table S3). Constructing a plane

across the four N atoms within cyclam shows variation in the orientation of the ben-

zoate moieties: in compound 3, two tert-butyl benzoates form a 15� angle with the

plane, whereas the other two exhibit a 60� angle; in L, two benzoates are positioned

at a 30� angle to the plane, with the remaining two at a 40� angle. This observation
underscores the semi-rigid nature of L, distinguishing it from other MOF ligands that

possess a rigid structure, and affords it unique sorption behaviors for targeting guest

molecules. The transformation can be elucidated as follows: the growth of MOF crys-

tals is a dynamic process where the linkers bridge between metal clusters; the

conformation of these linkers transforms due to elevated temperatures, coordina-

tion with the Zr cluster, and integration into the framework, contributing to the

observed conformational differences.

Following the removal of the guest molecules, N2 sorption isotherms at 77 K were

measured to assess MMCF-6’s permanent porosity, which shows a type-I profile

with a Brunauer-Emmett-Teller (BET) surface area of 1,300 m2 g�1 (Figure S14).

The total pore volume of MMCF-6 as determined by the single-point method is

0.65 cm3 g�1. The pore size distribution calculated by non-local DFT (NL-DFT)

from the N2 sorption curve indicates that the pores of MMCF-6 are predominantly

distributed at ca. 13.1 Å, which are consistent with the pore size observed from crys-

tal structure when the van der Waals contact is considered. The hysteresis loop is

likely caused by gradual desorption process, which is frequently seen in sorbents

with different size pores being combined.51

According to the results of the thermogravimetric measurement, MMCF-6 can be

stable up to 573 K under a N2 environment (Figure S10). Although MMCF-6 com-

prises a ligand based on a flexible macrocycle, it still exhibits significant chemical

stability in a wide variety of solvents and aqueous solutions over a broad pH range

(Figures S15 and S16). Following 7 days of immersion in water and aqueous solutions

with a pH range from 2 to 10, N2 sorption isotherms of MMCF-6 (Figure S17) are

comparable to that of the pristine sample, highlighting its framework robustness

and structural stability. The morphology for the MMCF-6 sample was revealed by

scanning electron microscopy (SEM) measurements as homogeneous cubic-shaped

crystals (Figures S11 and S12).
2780 Chem 10, 2776–2791, September 12, 2024
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Assessment of Pd capture by MMCF-6

Based on the HSAB theory, hard acids prefer binding to the hard bases (generating

bonding with ionic nature), whereas the soft acids prefer binding to the soft bases

(generating bonding with covalent nature).24 Pd2+ is a soft acid, thereby preferring

formation of covalent complexes with soft base. With the direct bonding with the

benzene ring, the N atoms in L were modified to a ‘‘softer" base because of delocal-

ization of the lone pair at N (Figure 2B). We envision that the open cyclam cavity, pre-

organized N donor geometries, and compatible Lewis basicity will enable an effi-

cient chelation toward Pd2+, which contributes to interactions with Pd and thus

enable effective and efficient recovery behavior.

To obtain Pd adsorption isotherms, solutions of increasing Pd2+ concentrations (25–

800 ppm) were treated with the adsorbents. The solution was stirred for 24 h until the

equilibrium concentration was reached, which was then filtered and analyzed via

inductively coupled plasma optical emission spectrometry (ICP-OES) to determine

the residual Pd2+ concentration. From the isotherms (Figure 3A), MMCF-6’s adsorp-

tion behavior can be fit with the Langmuir model and shows a saturation uptake ca-

pacity of 326 mg g-1 at the equilibrium concentration of 426 ppm.

With the promising results from Pd extraction, the kinetics and recovery efficiency of

MMCF-6 toward Pd2+ was investigated. With 50 mg of the adsorbent suspended in

500 mL of a 5 ppm Pd2+ solution, the data points were collected from 3 min to 3 h

using ICP to measure the remaining Pd2+. MMCF-6 was able to rapidly recover

>99.9% Pd within 5 min, and after a 3 h period, the residue concentration of Pd2+

in solution was 0.23 ppb (Figure 3B), which means that is has an extraordinary recov-

ery efficiency of >99.99%. The kinetic data were fit to a pseudo second-order kinetic

model, indicating that the rate-limiting step is a chemisorption process. The distri-

bution coefficient (Kd) was used here to assess the adsorption affinity, a crucial prop-

erty for Pd recovery from dilute wastewater. Based on the kinetic data, the Kd was

calculated to be 4.73 106 mL g�1 (Figure S18), indicative of strong binding between

cyclam cavities and Pd2+ ions, which could be ascribed to the presence of highly pre-

organized binding cavities within MMCF-6. Additionally, as a hierarchically porous

material with two levels of pores, i.e., one from the frameworks and the other one

from the macrocycles, MMCF-6 allows for efficient mass-transfer and strong capture

behavior, which contribute to the rapid Pd2+ uptake through the nanoconfinement

effect.

Utilizing a dynamic column breakthrough experiment, we then investigated the Pd2+

recovery capability of MMCF-6 to confirm its potential for practical usage

(Figures 3D and S25). Initially, full Pd2+ adsorption from the original 430 mL solution

is observed. The decreasing trend of available binding sites then leads to gradual

increase of Pd2+ concentration in the effluent solution, which continues to increase

as the number of available binding sites decreases. After passing through

�1,320 mL of simulated waste solution, the column eventually reaches adsorption

equilibrium. The dynamic capacity is close to the static capacity, further highlighting

the strong affinity of MMCF-6 for Pd2+. To examine the recyclability of MMCF-6, in

situ flow of 0.05 M thiourea through the Pd-adsorbed column was used to evaluate

online desorption behaviors. The desorption ratio was determined to be 93%. To

further establish the reusability of MMCF-6, 19 additional adsorption desorption cy-

cles were conducted using dynamic column separation (Figure 3C). MMCF-6’s prac-

tical usefulness is also demonstrated by the intact PXRD pattern after dynamic

adsorption and in situ desorption (Figures S26 and S27).
Chem 10, 2776–2791, September 12, 2024 2781



Figure 3. Results of palladium adsorption experiments

(A) Pd2+ adsorption isotherms (error bars represent standard errors); inset: linear regression fit with the Langmuir model).

(B) Pd2+ adsorption kinetics. Fast Pd2+ uptake kinetics show the high Pd2+ affinity of MMCF-6.

(C) Reusability of MMCF-6 with 20 adsorption-desorption cycles (error bars represent standard errors).

(D) Dynamic adsorption curve of MMCF-6-packed column for Pd2+ separation.

(E) Optical micrographs of MMCF-6 crystals before and after Pd uptake and after regeneration by thiourea.

(F) EDS elemental mappings for Pd@MMCF-6 (scale bar: 6 mm).
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Pd ion selectivity

The selectivity of MMCF-6 for Pd2+ in the presence of other ions prevalent in waste

streams was systematically evaluated. There are several major scenarios containing

Pd as an important secondary source, such as waste electrical and electronic equip-

ment (WEEE), electroplating waste water, spent automobile catalyst (SAC), and

high-level liquid waste (HLLW).52–55 The major competing ions in the above cases

are listed in Tables S5–S8.

Based on Pearson HSAB theory, those ions could be divided into hard

acids, borderline acids, and soft acids (Table S9).56 However, it should be

noted here that all hard/soft acids and bases are not equally hard/soft. There is

a graduation in hardness/softness, and there are a number of borderline acids

and bases that do not fit neatly in either category. Borderline acids can be consid-

ered hard or soft depending on their oxidation state (higher-oxidation-state spe-

cies can be considered as hard acids and lower-oxidation-state species as soft

acids).56–58
2782 Chem 10, 2776–2791, September 12, 2024
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The selectivity of MMCF-6 toward hard acids was examined by exposing a sample of

MMCF-6 to an aqueous solution containing 10 ppm of the Pd2+ ion and a number of

other competing metal ions (Na+, K+, Mg2+, Y3+, La3+, Zr4+, V3+, Nd3+, Fe3+, Al3+,

Cr3+, and Hf4+. See Table S10 for the metal source). Not surprisingly, MMCF-6 ex-

hibited 98% recovery rate for Pd2+, which is significantly higher than other ions

(others less than 4.5%, Figure S20B). This is due to the mismatch of hardness/soft-

ness according to the HSAB theory. For borderline/soft acids (Fe2+, Co2+, Ni2+,

Cu2+, Zn2+, Pb2+, Rh3+, Ru3+, Ag+, Pt4+, Cd2+, and Hg2+), separate sorption iso-

therms were collected and compared (Figures S21–S24). Among those ions, the sep-

aration of Pd and platinum (Pt) was particularly challenging, given the similarity of

their chemical properties. The Pt uptake of MMCF-6 was 148 mg g-1 at 500 mg L-1

concentration in the single-ion sorption test. We then conducted a competing sorp-

tion experiment in a mixture solution of Pd2+, Pt4+, Ru3+, and Rh3+. MMCF-6 was

observed to perform optimal selectivity in capturing Pd2+ over Pt4+, Ru3+, and

Rh3+ when we adjusted the solution to pH = 3 with HCl. The recovery rate of Pd2+

is five times that of Pt4+ and 18.4 and 46 times that of Ru3+ and Rh3+, respectively.

Under an acidic condition with a high concentration of Cl�, Pt4+ will form octahedral

[PtCl6]
2� with a size of 8.3 Å, whereas Pd presents as [PdCl4]

2� in square planar ge-

ometry with a size of 5.5 Å. The enhanced selectivity for Pd can be attributed to the

smaller size of [PdCl4]
2�, which facilitates faster diffusion through the hierarchical

pore network, enabling it to reach the binding cavity more efficiently. Additionally,

the smaller size contributes to a stronger nanoconfinement effect within the micro-

pores, further improving the selectivity. In the single-ion sorption experiments, the

uptake capacities of Ru3⁺ and Rh3⁺ are 46.8 and 53.6 mg g-1, respectively, at a con-

centration of 500 mg L-1. Although Ru and Rh belong to the platinum group and

possess similar 3d orbitals to Pd, their ionic affinity for MMCF-6 is relatively weak.

This lack of affinity is due to the mismatch in softness between Ru3⁺/Rh3⁺ and

MMCF-6, with Ru3⁺ and Rh3⁺ being classified as borderline acids according to the

HSAB theory.

UIO-67-bipyridine and MOF-525 were studied as control materials because they

have densely distributed N sites. The Pd-uptake capacity was tested to be 91 and

88 mg g-1 at a Pd concentration of 500 mg L-1 for UIO-67-bipyridine and MOF-

525, respectively. The progressive increase of the sorption curve suggest that elec-

trostatic attraction is the predominant mechanism underlying the adsorption pro-

cess. The selectivity of UIO-67-bipyridine for Pd was relatively low as observed

from competing sorption tests (Figure S19B). It is likely due to two primary factors:

(1) the inherent stiffness of the bipyridine compound, which requires additional en-

ergy to overcome the activation barrier for subsequent coordination and (2) the pres-

ence of cis-trans isomerism in the ligand, which impedes the immediate chelation

with Pd. We further synthesized MOF-525 (or PCN-221), which is an isostructural

MOF of MMCF-6 with tetrakis(4-carboxyphenyl)porphyrin (TCPP) as ligand. It shows

a Pd-uptake capacity of 88 mg g-1 at a Pd concentration of 420 mg L-1. Despite pos-

sessing densely distributed N sites in their structures, both UIO-67-pyridine and

MOF-525 (PCN-221) do not exhibit promising performance in Pd recovery, espe-

cially at a Pd concentration below 100 mg/L.

Table S4 summarizes a comparison of the Pd2+ adsorption capacity between

MMCF-6 and other representative Pd-recovery adsorbents reported in the litera-

ture. Among the MOF-based sorbents, MMCF-6 stands out for its high Pd-uptake

capacity, rapid sorption kinetics, and high recovery rate of Pd, even in solutions

with ultralow concentrations. Pure organic sorbents, such as CITCFs (covalent

isothiocyanurate frameworks) and POP-oNH2-Py, demonstrate a high gravimetric
Chem 10, 2776–2791, September 12, 2024 2783



Figure 4. Results of the Pd adsorption mechanism studies

(A) The front and local views of two thermodynamically feasible coordination geometry of Pd2+ binding with MMCF-6. The number near oxygen or

nitrogen atoms is the distance (Å) between the donor atom and Pd2+. DG denotes the Gibbs free energy changes. Blue, nitrogen; rufous, palladium;

green, chlorine.

(B) Comparison of N–N distance before and after Pd2+ coordination.

(C) EXAFS fitting of Pd@MMCF-6 (inset: proposed structure of Pd-adsorbed cyclam-cavity).
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uptake capacity of Pd, benefiting from their lightweight nature. Composite systems

featuring mesoporous structures demonstrate moderate performance, despite their

large surface area and favorable pore accessibility. Furthermore, it has been

observed that sorbents capable of forming coordinate bonds with Pd2+ ions exhibit

a stronger affinity for Pd, especially at low concentrations. This finding highlights the

importance of aligning the chemical and structural attributes of the sorbents with the

specific adsorption needs of Pd ions to enhance recovery efficiency.
Investigation of Pd adsorption mechanism

To explore the optimal coordination mode of Pd2+ in MMCF-6, theoretical models

representing the structural features of MMCF-6 were built, as shown in Figure S28.

In accordance with the amount of amine-N, the feasible configuration of Pd2+, and

the number of chloride ions involved in the coordination between cyclam and

Pd2+, we constructed ten complexes, as seen in Figure S29. Except for the non-

convergent complexes, we were able to produce the stable adsorption structures

after geometric optimizations. The thermodynamic viability of these stable com-

plexes was determined by calculating their respective Gibbs free energy changes

DG. The calculated negative DG values for complexes 1 (�0.12 kcal/mol), 2

(�7.07 kcal/mol), 7 (�9.14 kcal/mol), and 8 (�1.80 kcal/mol) indicate that adopting

these adsorption patterns are energetically favorable for Pd2+ adsorption. More-

over, complex 7 has the highest DG value, indicating that the simultaneous coordi-

nation of two Pd2+ ions on onemacrocycle, each with two N donors and two chloride

ions, is the optimal adsorption pattern. The front and local views of the optimized

structures of complexes 2 and 7, and the corresponding bond lengths of Pd–N in
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these complexes are shown in Figure 4A. It can be seen that the Pd2+ cations tend to

adopt a planar tetra-coordinated bonding mode with the N and Cl atoms. The bond

lengths of Pd–N or Pd–Cl in these complexes are all within 2.3 Å, close to those in

crystal structures of Pd complexes. According to the coordination mode of complex

7, the predicted uptake for chemisorption would be 236 mg g-1, which matches the

Pd adsorption curve (Figure 3A, sharp increase from 0 to �200 mg g-1) very well.

Then, the gradual slope could result from electrostatic interactions between

[PdCl4]
2� and cationic Zr [Zr-OH] sites or defect sites in the framework.59 For

MOF-525 (PCN-221), the uptake mainly comes from interactions on the Zr6 cluster

and physical interactions with the pore surface.59,60 Due to the aggregation and un-

favorable conformation, compound 3’s active regions are blocked, which lead to the

negligible uptake of Pd.

The flexibility of spatial arrangement and the matching softness can create a dy-

namic space that is responsive to specific guests.37,61,62 This prompted us to analyze

the conformation of cyclam macrocycle in MMCF-6 and its contributions to the Pd2+

adsorption behavior of MMCF-6. A comparison of MMCF-6 and Pd@MMCF-6 indi-

cates the distance change of two amine-N atoms from 3.22 to 2.98 Å after adsorp-

tion, which confirms the self-adaption of Pd2+ within the cyclam macrocycle (Fig-

ure 4B). With the large DG values in complex 2 and 7, it implies the vital role of

adaptive-adsorption for Pd2+ capture. The decreased Gibbs free energy change

(Figure S30, DG2* = �0.39 kcal/mol) in fixed fragments further confirms the above

conclusion. The large difference suggests that this local rearrangement is energeti-

cally favored for the cavity to accommodate Pd2+.

To gain more experimental insights into the local environment of the Pd2+ sites in

Pd2+@MMCF-6, we measured the EXAFS to get in-depth into the electronic struc-

ture and geometric structure of Pd sites (Figure S31). The EXAFS data were

modeled using the DFT-optimized Pd2+-adsorbed fragments. For the structure

provides the best EXAFS fitting with the experimental data, the adsorbing Pd2+

is surrounded by two N atoms and two Cl (see Figure 4C; Table S11), revealing

the main Pd–N bond distance RPd–N = 2.10 Å and RPd–Cl = 2.32 Å. Several C atoms

were observed at the longer distance, including 2.74, 3.07, and 3.28 Å. These lo-

cations also match the aforementioned DFT results. The presence of Pd–Pd bonds

was unobservable in the fitting. The viability of the proposed structures is illus-

trated by the fact that DFT calculations and EXAFS results align well with one

another.

Utilizing X-ray photoelectron spectroscopy (XPS), the binding of Pd to the cyclam

cavity was analyzed. The Pd 3d spectra for Pd@MMCF-6 was acquired to validate

the adsorption mechanism. Two distinct peaks were seen at 343.6 and 338.4 eV,

which corresponded to 3d3/2 and 3d5/2, respectively. Comparing this with the pris-

tineMMCF-6 sample, which lacked discernible Pd 3d peaks, suggests that no Pd was

left over after the ligand synthesis process (Figure S13). When compared with the as-

prepared MMCF-6, the N 1s spectra of the Pd@MMCF-6 revealed a shift in the peak

position toward a higher binding energy, suggesting a reduction in the electron den-

sity of N atoms due to the strong coordination of N with Pd2+. These findings are

consistent with the reported results on the coordination of Pd2+ ions with N

atoms.63,64 MMCF-6 was also characterized by energy-dispersive X-ray spectros-

copy (EDS) mapping before and after Pd2+ adsorption. According to the EDS map-

ping results (Figure S12), the uniform distribution of the element Pd suggests its ho-

mogeneous adsorption on MMCF-6.
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To examine the relationship between Pd2+ capture behaviors and global structural

variation, periodic dispersion-corrected DFT calculations were undertaken on

MMCF-6 and Pd@MMCF-6. Based on the local atomic structure model of Pd from

EXAFS experiment, Pd@MMCF-6 was built with Pd2+ coordinating in the cyclam cav-

ities of MMCF-6 via a tetra-topic manner with two amine-N and two chlorines, and

the structure of both MMCF-6 and Pd@MMCF-6 were optimized by DFT calculations

allowing all atom positions and unit cell parameters to vary. Based on the DFT simu-

lation results of the fully relaxed models, MMCF-6 shows a trans-conformation for

the ligand, whereas the four carboxy-phenyl groups are nearly coplanar. A minor dif-

ference of lattice parameters for these two models were observed, with 8% in lattice

volume. This is reasonable to appear in the MMCF-6 system considering the flexi-

bility brought by the cyclam macrocycles. This result corresponds quite well to the

PXRD data collected following Pd capture studies (Figures S7 and S27). The unique

adsorption behavior is likely the result of a mix of global and local flexibility, with the

latter being the predominant contributor in the case of MMCF-6.

To enhance our understanding of the structure-Pd-recovery performance relation-

ship, an analysis of the electrostatic potential (ESP) distribution was conducted for

H4L. As depicted in Figure 5A, the ESP distribution in H4L is relatively uniform.

Notably, the direct linkage of N sites to the benzene ring leads to a delocalization

of the N’s lone pair electrons, unlike in structures with methylbenzyl groups. This

delocalization appears to be a crucial factor in the high selectivity toward Pd. The

highest occupied molecular orbital (HOMO) and lowest unoccupied molecular

orbital (LUMO) levels of a sorbent material are critical in determining its electronic

properties and its interaction with other species. The HOMO governs the electron

donation ability of a molecule, whereas LUMO dictates its electron acceptance abil-

ity. The Figure 5B reveals the distribution of HOMO-LUMO within H4L, the gap be-

tween HOMO-LUMOofH4L is 4.09 eV. Further insights into intermolecular and intra-

molecular interactions are obtained through natural bond orbital (NBO)

analysis.65–67 This analysis is instrumental in uncovering details about charge transfer

and hyper-conjugative interactions, providing valuable insights for future research.

A NBO analysis was conducted on the compound Pd(L)Cl2 to investigate the degree

of coordination between the N sites and Pd. This study employed a second-order

perturbative NBO analysis to evaluate the Pd–N interactions within Pd(L)Cl2. Fig-

ure 5C presents the selected set of NBOs. The analysis identified two distinct types

of Pd–N interactions. The first involves a lone pair (LP) on N engaging in three inter-

actions: LP (N) / BD*(Pd–Cl), LP (N) / LP*(Pd), and BD (C–N) / LP* (Pd). In these

interactions, the N atom and the C–N bond act as donors toward the Pd–Cl bond

and the Pd atom. The second type of interaction comprises LP* (Pd) / BD* (C–

N), LP* (Pd) / RY*(N), and BD* (Pd–Cl) / RY*(N), where the roles of donor and

acceptor are reversed. These interactions were quantified by their stabilization en-

ergies (E(2)), with higher values indicating stronger interactions. The E(2) values for

LP (N) / BD*(Pd–Cl), LP (N) / LP*(Pd), and BD (C–N) / LP* (Pd) were found to

be 25.90, 18.65, and 9.70 kJ mol�1, respectively. For LP* (Pd) / BD* (C–N), LP*

(Pd) / RY*(N), and BD* (Pd–Cl) / RY*(N), the values were 1.45, 3.63, and 2.13 kJ

mol�1, respectively. The relatively lower stabilization energy of the second compo-

nent suggests its lesser contribution to the bonding. Overall, this NBO analysis high-

lights that the primary interactions in Pd(L)Cl2 are between the N sites of the ligand

and the Pd. The results emphasize the pivotal role of the N sites in stabilizing the Pd

adducts through strong Pd–N interactions. These interactions not only influence the

overall geometry of the compound but also have significant implications for its elec-

tronic characteristics.
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Figure 5. DFT studies

(A) The electrostatic potential (ESP) distribution of H4L.

(B) HOMO, LUMO, and energy gap (Eg) for H4L.

(C) Natural bond orbital (NBO) second-order perturbation theory output for ‘‘E(2)’’ donor-acceptor interactions of Pd(L)Cl2, showing dominant

stabilization due to LP (N) / BD* (Pd–Cl) and LP (N) / LP* (Pd) delocalization, as pictured in projected NBO overlap diagrams.
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Combining the above studies, it shows that the coordination effect can overwhelm

the intrinsic propensities of the macrocycles in MMCF-6 for particular conforma-

tions, and we thus deduce that the [PdCl4]
2� was captured by the macrocycles

via a coordination-driven ‘‘adaptive host-guest chemistry.’’ In a kinetic sense,

the Pd2+ capture involves a conformation shift, that is, the migration of the N’s

relative positions within the cyclam macrocycle, whose binding shape is thus re-

garded to be complementary to the incoming guests. Evolution has produced a

large array of proteins with channel and cavity architectures that can interact

with substrates via dynamic motions and exact ensembles of functional groups,

but this is rarely observed in synthetic molecules.1–5 This study demonstrates
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that including guest-responsive cavities in the MOF skeleton via semi-rigid macro-

cyclic ligands is a promising strategy for facile achieving of proteomimetic

properties.
Conclusions

We have reported amodulated synthetic approach for the construction of a novel Zr-

MOF, MMCF-6, featuring accessible cyclam cavities on the basis of a rationally de-

signed cyclam ligand with robust flexibility. The embedment of guest-responsive

cavities in the MOF skeleton combined with the soft Lewis-base sites afford

MMCF-6 with exceptional and precise recognition of Pd2+. MMCF-6 demonstrates

a high Pd extraction capacity of 326 mg g-1 and an extraordinary Pd-recovery effi-

ciency of >99.99% in aqueous solutions. The affinity between the soft Lewis acid

and base induces the relocation of N donors in the cyclam macrocycle, to optimize

the host-guest interactions and boost the selectivity and uptake capability for Pd2+,

which was confirmed via combined studies of X-ray crystallography, EXAFS, and DFT

calculations. This strategy represents a generic practice to incorporate semi-rigid

cavities into framework materials for efficient host-guest chemistry, in which rational

design of the conformation of a flexible organic linker offers a route to modifying the

pore geometry and internal surface chemistry and thus the function of open-frame-

work materials.
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