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ABSTRACT. Precisely designing metal nanoparticles (NPs) is the cornerstone for maximizing 

their efficiency in applications like catalysis or sensor technology. Metal-organic frameworks 

(MOFs) with their defined and tunable pore systems provide a confined space to host and 

stabilize small metal NPs. In this work, the MOF encapsulation of various atom-precise clusters 

following the bottle-around-ship approach is investigated providing general insights into the 

scaffolding mechanism. Eleven carbonyl-stabilized Pt(M) (M = Co, Ni, Fe, Sn) clusters are 

employed for the encapsulation in the zeolitic imidazolate framework (ZIF)-8. Infrared and 

UV/Vis spectroscopy, density functional theory and ab initio molecular dynamics revealed 

structure-encapsulation relationship guidelines. Thereby, cluster polarization, size and 

composition, were found to condition the scaffolding behavior. Encaging of 

[NBnMe3]2[Co8Pt4C2(CO)24] (Co8Pt4) is thus achieved as the first MOF-encapsulated bimetallic 

carbonyl cluster, Co8Pt4@ZIF-8, and fully characterized including X-ray absorption near edge 

and extended X-ray absorption spectroscopy. ZIF-8 confinement not only promotes property 

changes, like the T-dependent magnetism, it further allows heat-induced ligand-stripping without 

altering cluster size enabling the synthesis of naked, heterometallic, close to atom-precise 

clusters.  
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Introduction 

Metal nanoparticles (NPs) composed of noble metals play a key role in many applications 

ranging from optics to sensors1 to (electro-)catalysis2,3. The size, shape and composition of the 

latter determine their electronic and structural properties. The defined and target-oriented design 

of NPs is thereby a strategy to increase their activity.4,5 To further maximize the atom-efficiency, 

NP downsizing is important to reach a high-density of active sites.6–8 When entering the lower 

nanometer size regime, little changes in the atomicity can alter the NP’s characteristics 

significantly.6,9 Thus, a precisely controlled NP formula and nuclearity, down to the atomic level, 

is required for extracting valid structure-property relationships. As access to these defined 

particles still remains a huge synthetic challenge, subsequent practical investigations and 

understanding of nanostructured particles are difficult to reach yet. 

A promising synthetic strategy for tailor-made NPs exploits metal nanoclusters (NCs) as 

stoichiometry-, composition- and size-defined precursors. Alternative to high-vacuum synthesis 

approaches, the synthesis of precise NCs can be achieved through wet conditions via 

stabilization with capping ligands.5 However, the ligand shell limits the NC applicability by 

hampering reactant access and altering the electronic properties. Yet, ligand removal often 

requires harsh conditions and may lead to uncontrolled agglomeration processes.5,10 

Metal-organic frameworks (MOFs) as 3D, crystalline, porous and tailorable matrixes have 

proven their ability to scaffold various species ranging from dyes11 to metal NPs12,13 to tenth of 

nanometer-scale enzymes14. The embedment of reactive ligand-stabilized clusters into MOFs is 

known, albeit rarely reported.15–21 For example, [Pt9(CO)12](NBu4)2 clusters were successfully 

encapsulated into MOF pores and enabled ligand-stripping off the cluster core to yield “naked” 

Pt NCs close to their original nuclearity.18 The corresponding composite functioned as a template 
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precursor to generate small and narrow size-distributed Pt NPs (1.1 ± 0.17 nm) with high Pt mass 

activity for the oxygen reduction reaction.22 Although the potential of scaffolding ligated atom-

precise clusters with a MOF matrix is quite attractive, its mechanism and principles are hardly 

investigated.17,19,20 

The rational in situ embedment of preformed guests, comprising catalytically or photoactive 

species like NPs, dyes or enzymes, into porous, stabilizing hosts is a fundamental goal in 

material chemistry.12,23 Guest interfacing often grants synergistic effects like improved and long-

termactivity.24,25 To date, reports on the latter are limited,17,20,26 and lack a clear mechanistic 

understanding of the complex scaffolding mechanism.  

Carbonyl-stabilized NCs constitute a prominent class of ligated clusters, with a wide range of 

nuclearity, heterogeneity, and structures, and thus represent an ideal study case toward better 

understanding encapsulation-structure relationships.10 Herein, the bottle-around-ship 

encapsulation of a series of eleven Pt(M) (M = Co, Ni, Fe, Sn) carbonyl clusters into a zeolitic 

imidazolate framework (ZIF)-8 MOF is investigated including: one PtCo cluster 

([NBnMe3]2[Co8Pt4C2(CO)24] (Co8Pt4)27), four PtNi clusters of different sizes, charges and 

stoichiometries ([NEt4]2[Pt5Ni(CO)12] (Pt5Ni)28, [NEt4]4[Pt6Ni6(CO)21] (Pt6Ni6), 

[NEt4]4[Pt16Ni3(CO)22] (Pt16Ni3),29 [NBu4]6[Ni35Pt9(CO)48] (Ni35Pt9)30), two PtFe clusters 

([NEt4]2[Fe3Pt3(CO)15] (Fe3Pt3), [NEt4]2[Fe4Pt6(CO)22] (Fe4Pt6)31) and one PtSn cluster 

([PPh4]4[Pt6(SnCl2)2(SnCl3)4(CO)6] (Pt6Sn6)32) (Figure 1). Further, the impact of the size effect 

of three different Pt clusters ([NBu4]2[Pt9(CO)18] (Pt9)33, [NBu4]4[Pt19(CO)22] (Pt19)34, 

[NBu4]2[Pt38(CO)44] (Pt38)35) was investigated. Besides featuring Pt centers, all clusters share a 

negatively charged core and a relative high air sensitivity. In addition, their chemical 

compositions in atomicity and specific bimetallic ratio may bestow high activity in (electro-
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)catalysis.36–39 Nevertheless, despite their matching structural motifs, each cluster has unique 

molecule-like features as they differ in size, charge, and geometry, which may ultimately affect 

the encapsulation susceptibility.40,41 ZIF-8 was chosen as the model scaffolding MOF due to its 

mild synthesis conditions, various solvent compatibility, stability, and guest size-tolerant 

encapsulation.14,42 Further, ZIF-8 is well studied43 and has proven itself applicable for NC 

encapsulation suitable for application.15,16,18 

 

Figure1. Schematic overview depicting the applied CO-stabilized Pt(M) clusters in the 

encapsulation approach into ZIF-8. The transition state of the scaffolding process is connected to 

FTIR, UV/Vis spectroscopy, DFT as well as AIMD to investigate cluster and MOF building 

block interactions. An in-depth characterization, including TEM and XANES, renders detailed 

cluster status assessment within the MOF possible. The ZIF-8 confinement allows ligand 

removal (i.e. CO desorption) via thermal treatment, yielding the “naked” metal NCs. 

Fourier-transform infrared spectroscopy (FTIR), electron microscopy, density functional theory 

(DFT) calculations, and ab initio molecular dynamics (AIMD) simulations were employed, 

affording insights into the encapsulation mechanism and cluster-scaffolding guidelines. After 
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evaluating the cluster embedment and studying the interaction mechanism of the fragile cluster 

and the ZIF-8 building blocks, conclusions about intrinsic encapsulation limitations, conditioned 

by small differences in the cluster shell polarization and cluster stability, were drawn. In-depth 

characterization, employing transmission electron microscopy (TEM) and X-ray absorption near 

edge structure (XANES) amongst others, allows to evaluate the NC integrity upon ZIF-8 

embedment. Further, hand-picked cluster@MOF composites were activated yielding “naked”, 

pore-confined clusters (Figure 1). Thereby, successful embedment of Co8Pt4 into ZIF-8 

represents the first example of a bimetallic carbonyl cluster encapsulated in a MOF. Further, 

loading variations with a pore filling from 6 – 26 % and confinement induced physicochemical 

property changes were demonstrated. 

2. Results and Discussion 

2.1. Encapsulation of Carbonyl-Stabilized Pt(M) Clusters into ZIF-8 

Literature-known procedures were used to synthesize the clusters.27–30,32,34,35,44,45 Typically, the 

bottle-around-ship encapsulation into ZIF-8 was conducted by simultaneously adding cluster and 

linker solutions to a metal node solution under vigorous stirring at 50/60 °C in methanol (MeOH) 

or acetonitrile (MeCN) (details in ESI). The cluster@ZIF-8 powders are isolated after washing 

and drying in vacuo. While all experiments led to a crystalline powder ascribed to ZIF-8 from 

powder X-ray diffraction (PXRD) experiments (Figure S1), the success of the encapsulation 

procedure is determined by confirmed successful positioning of the cluster inside the MOF and 

the cluster integrity retention. These were evaluated by FTIR spectroscopy, diffuse reflectance 

(DR)-UV/Vis spectroscopy for clusters with distinct absorption bands (Co8Pt4, Pt6Sn6, Fe4Pt6, 

Fe3Pt3, and Pt9) and high angle annular dark field scanning transmission electron microscopy 

(HAADF-STEM) with energy dispersive X-ray (EDX) spectroscopy elemental mapping and 

high resolution TEM (HR-TEM). 
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For homometallic Pt-based clusters, FTIR spectroscopy revealed that the assembled samples 

display CO bands corresponding to the respective starting materials (Figure S2).18 Small shifts in 

the CO bands are assigned to ZIF-8 induced confinement effects. Similarly, matching (DR-

)UV/Vis spectra of the pristine and encapsulated Pt9 confirmed the cluster intactness within ZIF-

8 (Figure S3). HAADF-STEM with EDX elemental mapping further revealed an absence of 

aggregated Pt NCs which could indicate particle formation. Interestingly, Pt19/Pt38 seems 

predominantly located on the edge of the ZIF-8 crystal, whereas Pt9 is homogenously distributed 

(Figure S4-9).18 

Co8Pt4 cluster was effectively encapsulated into ZIF-8 from a MeOH solution yielding 

Co8Pt4@ZIF-8 and clear supernatants. A close-to quantitative scaffolding for up to 0.9 µmol/mL 

initial Co8Pt4 cluster solution is anticipated. The cluster integrity was first evaluated via FTIR 

spectroscopy revealing distinct CO bands at 2033 and 1845 cm–1 slightly offset as compared with 

the pristine cluster in solution (Figure 2 a and Figure S10 a).27 The UV/Vis absorption bands of 

the encapsulated cluster feature a strong absorption at 685 nm in line with the pristine one 

(Figure 2 b). The shoulder at ~580 nm is assigned to a side species partially formed during the 

scaffolding process which is suspected to be a Co-2-MeIm (2-methylimidazole) due to the 

natural drive of Co cations to interact with 2-MeIm.46 This is consistent with the UV-vis 

absorption of ZIF-67 as the Co(2-MeIm)2-ZIF-8 analogue (Figure S10 b).47 Elemental analysis 

of Co8Pt4@ZIF-8 revealed a slight Co loss of 7 mol-% in average. Competition between forming 

ZIF-8 and extracting Co via 2-MeIm coordination is likely to be the reason for the partial Co loss 

during the scaffolding.HR-TEM and STEM-EDX elemental mapping proved the homogenous 

distribution of the cluster within the ZIF-8 crystal in the absence of cluster aggregates (Figure 2 

c).  
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Figure 2. FTIR spectrum of the Co8Pt4@ZIF-8 (a), DR-UV/Vis spectra of the pristine Co8Pt4 

cluster and encapsulated in ZIF-8 (b) and HR-TEM and STEM-EDX elemental mapping of the 

Co8Pt4@ZIF-8 material (c).  

The four PtNi-based clusters of the PtNi series differ in size, in Pt:Ni ratio, and in geometry. 

All encapsulation procedures were conducted as for the pure Pt clusters, except in MeCN at 60 

°C, and afforded grey to brown powders. The IR spectra revealed no to very small CO bands 

(Figure S11) and elemental analysis indicated a strong enrichment of Pt content vs Ni in the 

cluster@ZIF-8 composites compared to the pristine clusters (Table S1). Ni leaching seems 
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especially pronounced for Pt6Ni6, unveiling Ni loss of over 90 mol-%. While successful 

encapsulation of the pristine cluster is also unlikely in the case of the biggest cluster (Ni35Pt9), 

HAADF-STEM revealed a predominant edge-location in the ZIF-8 crystal (Figure S12).  

Pristine encapsulation of Pt6Sn6 was unsuccessful as the dark green color of the cluster quickly 

turned brown during the scaffolding process, as reflected in the absorption spectra (Figure S13). 

Similarly, only a small CO IR band is visible of the loaded powder (Figure S14) and the 

elemental analysis revealed a Sn loss of about 20%. 

Encapsulation attempts of either Pt3Fe3 or Pt4Fe6 lead to ZIF-8 precipitation as a white powder 

while the colored cluster solution and corresponding supernatant UV/Vis absorption remained 

unaltered (Figure S15 and S16). The IR spectra of the precipitate confirmed the lack of cluster 

incorporation as the CO bands are absent (Figure S17) and elemental analysis showed 

insignificant amounts of Fe and Pt. 

The supporting ability of ZIF-8 matrix was further evaluated via comparison with an 

impregnation approach where Pt9 or Co8Pt4 (as representative examples) and preformed ZIF-8 

particles were placed together in solution. Exposing Pt9 to ZIF-8 particles resulted in cluster 

alteration as seen by the disappearance of the characteristic absorption bands (Figure S3). This 

matches our expectations as solubilized Pt9 is already altered in the presence of the either the 

metal node or the linker (cf. Figure S21). The DR-UV/Vis and FTIR spectra of the impregnated 

Co8Pt4/ZIF-8 revealed cluster features matching with those of the pristine cluster (Figure S18). 

As CO band shifts would indicate strong cluster-support interactions,48 here, poor Co8Pt4-ZIF-8 

interactions are anticipated. After MeOH washing of Co8Pt4/ZIF-8 cluster-based features were 

no longer detectable in the isolated powder (Figure S18). This show cases the successful 3D 

pore-confinement and the superior stabilizing impact of the encapsulation approach. 
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The scaffolding process outcome (summarized in Figure S19) suggest direct correlations with 

the structure of the cluster. The local distribution of the clusters within the ZIF-8 crystal can be 

correlated with the cluster size. Pt9 matches the cavity-size (dmax,Pt9 = 7.12 Å, dZIF-8pore = 11.6 Å, 

cf. Table S2 summarizing the cluster sizes) and is distributed homogeneously throughout the 

ZIF-8 crystal. Conversely, bigger clusters such as Pt38, Pt19 and Ni35Pt9 locate at the edge of the 

crystals. Despite the ability of ZIF-8 to host pore-size-exceeding guests, the driving force is 

assumed to be lower as defects must be included in the matrix, suggesting that cavity-size 

matching is anticipated to promote homogenously distributed clusters.49 In the case of 

heterometallic clusters, Pt-M bond energy is likely a key factor as the comparably weak Pt-Sn50 

and Pt-Ni bonds10 did not withstand the reaction conditions resulting in cluster alteration and 

Sn/Ni leaching, albeit partial cluster preservation may occur as in some cases. An interstitial 

carbide moiety51 and structural effects, including ligand shielding and a particular electronic 

structure,52 promote the stability of Co8Pt4 and PtFe clusters, respectively. However, while 

Co8Pt4 and PtFe clusters were able to withstand the reaction conditions overall, only the former 

enabled a successful cluster@ZIF-8 formation. Yet, these correlations fail to provide across the 

board insights toward defining structure(/composition)-encapsulation relationship and guiding 

principles. 

2.2 Cluster-Encapsulation Relationship 

While not fully understood, successful encapsulation is commonly associated with suitable 

guest−MOF building block interactions.17,53 To first assess this, we investigated the impact of 

each ZIF-8 building block on the cluster’s stability by exposing the cluster solutions (~890 µM) 

to Zn2+ (53 mM) or to 2-MeIm (263 mM). The solutions were directly analyzed via liquid cell 

FTIR spectroscopy, monitoring changes in the characteristic CO bands (Figure S20), and UV/Vis 
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spectroscopy for tracking color changes (Figure S21). Table S3 summarizes the trends of the 

cluster-building block interactions. 

Upon exposure to Zn2+ cations, seven (Pt5Ni, Pt6Ni6, Pt16Ni3,Ni35Pt9,Fe3Pt3, Pt9, and Pt19) out 

of eleven clusters show a distinct CO band shift in the IR spectra toward higher wavenumbers 

while three clusters (Co8Pt4, Fe4Pt6, Pt38) remain unaffected (see Figure S20). CO band shifts 

are not necessarily associated with cluster structure alteration but rather with electron density 

changes upon the interaction of the probe molecules. Higher wavenumbers suggest significant 

interactions between Zn2+ and the negatively charged clusters leading to a reduced electron 

density in the CO-M bond rendering the π-back bonding weaker and, thus, the CO bond stronger 

and less polarized.54 The reactivity of small carbonyl platinum clusters toward Zn2+ is in 

accordance with prior literature reporting interaction with electrophiles.45 In the case of Pt6Sn6 

and Pt6Ni6, precipitation from the media and lower intensity CO band suggest degradation of the 

cluster. Similarly, Fe3Pt3 and Pt9 change color in the presence of Zn2+ as Pt9 likely transforms to 

[Pt15(CO)30]2- in accordance with prior reports (Figure S21c, d).55 

Upon exposure to 2-MeIm, Co8Pt4, Pt5Ni, Pt6Ni6, Pt16Ni3, Fe4Pt6, Fe3Pt3, and Pt19 reveal no 

distinct CO-band shifts whereas clusters with a higher nuclearity, Ni35Pt9 and Pt38, display a shift 

to lower wavenumbers. High nuclearity clusters have been reported to interact with nucleophiles 

acting as a Lewis base transferring electron density to the clusters via coordination.45 For the 

smaller clusters Pt9 and Pt6Sn6 that display a shift and a strong decrease in CO-band intensity, 

respectively, the changes are in line with a transformation to higher Pt nuclearity34 and 

degradation, respectively. These trends are also observed in the corresponding UV/Vis spectra 

with Pt9, Pt6Sn6 displaying significant changes while Fe3Pt3 and Co8Pt4 remaining relatively 

unaltered (Figure S21). In the case of Co8Pt4, while overall unchanged, the emerging shoulder at 
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~584 nm in the DR-UV/Vis spectra (Figure 2 b) prompted us to conduct further stability tests at 

higher temperatures with heating to > 50 °C leading to cluster decomposition presumably from 

the formation of a Co(2-MeIm)2-type complex (Figure S22).56 

Summarizing this stability study, IR and UV/Vis spectra provide decisive qualitative 

information about the cluster-building block interactions and thermodynamic products. We 

found that Pt6Ni6, Pt6Sn6, Fe3Pt3, and Pt9 are not tolerant to the individual building blocks and all 

PtNi clusters lose Ni in the scaffolding process (cf. 2.1). Nevertheless, caution must be exercised 

in the assessment of a given cluster´s potential for encapsulation. For instance, although Pt9 is 

altered in the presence of Zn/2-MeIm, unscathed entrapment has been reported owing to fast 

ZIF-8 crystallization kinetics.18 While the lack of stability of some clusters may account for the 

unsuccessful encapsulation, it only partially explains the encapsulation results as, for instance, Fe 

clusters appear tolerant yet unencapsulated.  

Next, we simulated the nucleation environment by computing the chemical interactions of ZIF-

8 precursors with Pt9, Pt3Fe3, and Co8Pt4 clusters from DFT (cf. ESI). These were selected as 

representative candidates for their stability in the reaction conditions yet discrepancies in their 

encapsulation outcome.  

[Zn(2-MeIm)n]2+ moieties (n = 0-3, number of 2-MeIm linkers; as shown in Figure S23) - 

representative of the early stages of ZIF-8 nucleation - are placed such that the Zn center bonds 

at the carbonyl ligands or at the metal centers of the Pt(M) clusters, with detailed representations 

shown in Figures S24 to S26. The interaction between [Zn(2-MeIm)n]2+ and the clusters is 

characterized by the adsorption energy: 

Eads = E(Zn(2-MeIm)+cluster) – E(Zn(2-MeIm)) – E(cluster) 
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where E(cluster) is the energy of the isolated Pt(M) cluster, E(Zn(2-MeIm)) gives the energy 

of the [Zn(2-MeIm)n]2+ complex, and E(Zn(2-MeIm)+cluster) gives the energy of the [Zn(2-

MeIm)n]2+ complex bonded to the Pt(M)-cluster. Note that solvent effects are included in the 

CPCM model, see ESI. Table 1 summarizes the adsorption energies Eads for the most relevant 

adsorption sites with n = 0 to 2 cross-linkers (please see Tables S4-6 for all adsorption energies 

at all sites and n = 3 data).  

For Pt9, we observe substantial binding of the [Zn(2-MeIm)n]2+ complex for n < 3 at site 1 due 

to the formation of Zn-Pt bonds at the exposed Pt atoms in the outer layer. Less strong formation 

energies are observed for CO at sites 2 and 3, representing a bridged and a terminal position, 

respectively. Still, a clearly enhanced attraction of the precursor complex at the bridged carbonyl 

ligand is observable, with nearly twice as large adsorption energies and a reduced distance 

between the Zn center and the O atom of the ligand (see Figures S27 and S28). With an 

increased amount of (2-MeIm) linkers n, Eads decreases and the distance between the Zn center 

and the cluster increases due to a steric hindrance to form Zn–O bonds. The latter observation 

may be important in the later stages of the MOF formation, where the cross-linking between the 

Zn2+ ions occurs in the surrounding of the Pt clusters and requires desorption of [Zn(2-MeIm)n]2+ 

from the carbonyl ligands. The C-O bond of terminal carbonyl ligands (~1.20-1.21 Å) is slightly 

shorter than the one of the bridged CO ligands (~1.24-1.25 Å), underlining the greater back-

bonding in the bridged carbonyl ligands.57 Consequently, O atoms of terminal ligands have a 

reduced charge density compared to the ones of bridged ligands, hampering the attraction of the 

positively charged Zn2+ ions.  
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Table 1. Adsorption energies Eads of the ZIF-8 precursors [Zn(2-MeIm)n]2+ with n (2-MeIm) 

cross-linkers at chemically distinct sites of Pt9, Pt3Fe3, and Co8Pt4. All values are given in units 

of eV. A simplified representation of the adsorption sites is given for each site. Please refer to 

Figures S24 to S26 and Tables S4 to S6 for detailed visualization of the adsorption sites and all 

calculated adsorption energies, respectively. The color scheme used: C (light grey); O (red); Zn 

(green); Pt (dark grey); Fe (orange); Co (dark green). 

Cluster Site # Representation Zn2+ [Zn(2-MeIm)1]2+ [Zn(2-MeIm)2]2+ 

Pt9 

 
1 

 
−3.001 −2.331 −1.507 

2 
 

−0.997 −0.935 −0.557 

3 
 

−0.585 −0.469 −0.348 

Pt3Fe3 
1 

 

−2.485 −1.082 −0.548 

2 

 

−0.637 −0.585 −0.449 

3 
 

−0.723 −0.659 −0.345 

Co8Pt4 
1 

 
−1.213 −0.707 −0.409 

2 

 

−0.836 −0.780 −0.521 
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3 

 

−0.573 −0.474 −0.329 

4 
 

−0.960 −0.827 −0.547 

5 

 

−0.467 −0.418 −0.296 

 

 

For Pt3Fe3, the largest interaction is again observed at the “upper” site 1 due to Zn-Pt bonds, 

which is followed by site 3, indicating a terminal CO-ligand bonded to Fe, and site 2, a terminal 

CO ligand bonded to Pt. Interestingly, the interaction of the [Zn(2-MeIm)n]2+ complexes with the 

metal atoms drops more rapidly with increasing n compared to the Pt9 cluster, which is due to 

the vertical carbonyl ligands reducing the space to bind the Zn ion to the Pt metal center. For 

Co8Pt4, we observed values for the adsorption at carbonyl ligands that are comparable to those of 

the Pt9 cluster. Comparing Pt9, Co8Pt4 and Pt3Fe3, bridging carbonyl ligands show the strongest 

binding compared to all terminal CO ligands independent of the coordinating metal. In contrast 

to Pt9 and Pt3Fe3, all “upper” metal atoms of Co8Pt4 are terminated with vertical carbonyl 

ligands which strongly reduces the bond formation of Zn ions with metal centers at site 1. The 

latter observation may explain the CO-band shift in the IR spectra for Pt9 and Pt3Fe3 upon 

adding Zn(NO3)2, which is unobserved for Co8Pt4 (see Figure S20). 

To assure successful encapsulation, it is necessary to create a [Zn(2-MeIm)n]2+ rich 

environment around the Pt(M) clusters. As shown from DFT calculations, metal sites as well as 

both terminal and bridged carbonyl ligands reveal an attractive interaction with the ZIF-8 
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precursors. However, the encapsulation process occurs in solution, and competition between 

solvation of [Zn(2-MeIm)n]2+ complexes and adsorption at the Pt(M) clusters needs further 

understanding. To rationalize this competition, we performed AIMD simulations in a MeOH 

solution (see Figure S29 for structural models) on Pt9 and Pt3Fe3 only to limit computational 

time. Here, two [Zn(2-MeIm)2]+ precursor complexes were positioned at distinct CO ligand sites: 

(i) for Pt9, one complex is placed at the bridged CO ligand – labeled as Zn(1) – and one is placed 

at the terminal CO ligand – labeled as Zn(2); (ii) for Pt3Fe3, we placed one precursor complex at 

the Fe-bonded CO ligand – labeled as Zn(1) –  and the other one at the Pt-bonded CO ligand – 

labeled as Zn(2). Note that we have deprotonated one 2-MeIm molecule to keep the supercell in 

a charge-neutral state. A detailed description of the model setup and computational details are 

given in the ESI.  
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Figure 3. Structural evolution of the ZIF-8 precursor complexes in a MeOH solution for Pt9 and 

Pt3Fe3 clusters from AIMD. a Time evolution of the distance between Zn2+ ions and the nearest 

O atom of the (left) Pt9 and (right) Pt3Fe3 cluster. Snapshots in b and c visualize important steps 

in the adsorption/desorption process in the Pt9 and Pt3Fe3 cluster, respectively. For improved 

readability, solvent molecules are only visualized if bonding to the Zn2+ ions. Zn atoms are 

labeled consistently to guide the reader’s eye; characteristic distances between Zn and the nearest 

CO ligands are labeled at each Zn atom. The colors of the atoms are as follows: Pt (dark grey); 

Fe (orange); O (red); C (light grey); Zn (green); N (blue); H (white). 
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For the Pt9 cluster, we observed substantial differences in the time evolution of the distance, 

given by the minimum distance between Zn and O cluster atoms, see Figure 3 a for the time 

evolution and Figure 3b for characteristic snapshots. The Zn(1) ion, initially bonded to a bridged 

carbonyl ligand, remains bonded to the cluster as indicated by the short minimum distance 

throughout the trajectory. Zn(2), initially bonded to a terminal carbonyl ligand, shows a rapid 

increase in distance to the cluster at ~0.5 ps to values above 4 Å, suggesting facile desorption of 

Zn ions from terminal CO ligands. At ~0.35 ps, MeOH molecules bind with both Zn ions as seen 

in the increase in the Zn/O(MeOH) coordination number, see Figure S30 and a snapshot at 0.9 

ps. The binding of MeOH reduces the bond strength between the Zn ions and the cluster, which 

eventually is sufficient to cause the Zn(2) desorption from the cluster, see Figure 3b. At 1.2 ps, a 

second MeOH binds to the desorbed Zn(2) and remains bonded throughout the trajectory 

(snapshot at 3.7 ps in Figure 3b and Figure S30 a). The additional MeOH stabilizes the precursor 

complex in the MeOH solution and fully suppresses the interaction with Pt9. For Zn(1), around 

one MeOH molecule remains bonded; still, Zn(1) keeps the bond to Pt9, which supports the 

stronger interaction with bridged carbonyl ligands as proposed from our DFT calculations. 

Interestingly, at 1.7 ps the ZIF precursor complex migrates from the bridged ligand at the central 

Pt layer to the bridged ligand at the upper Pt layer, see snapshot at 3.7 ps in Figure 3b. The Zn(1) 

bond to the central and upper bridged CO remains stable throughout the remaining simulation 

time, which points to an additional stabilization of the precursor at the cluster due to reduced 

steric hindrance (Figure S31).  

For the Pt3Fe3 cluster, both Zn ions remain bonded to the cluster throughout the first 3 ps of 

simulation time, while large fluctuations in the Zn-O distances point to a strong competition 

between binding at the cluster and solvation by MeOH, which are coordinated to the Zn ions 
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(cf.Figure S30). At 2.9 ps, the distance between Zn(1) and the cluster rapidly increases beyond 4 

Å (Figure 3a and Figure 3c), demonstrating the desorption of Zn(1) from the cluster. Further 

desorption of Zn(2) is observed at 3.6 ps, shown by the distance increase up to values of 3.5 Å. 

Interestingly, the timescales during which the Zn ions remain bonded to the Pt(M) clusters 

follow the adsorption energy from DFT calculations, showing a decrease in the order 

Pt9(bridged) > Pt3Fe3 (terminal at Fe) > Pt3Fe3 (terminal at Pt) > Pt9(terminal).  

Based on the theoretical and experimental observations, we may hypothesize criteria that must 

be fulfilled to allow for the successful encapsulation of Pt(M) clusters inside the ZIF-8. Firstly, 

the clusters require sufficient stability. Thus, pure Pt clusters, which are more stable, can be 

easier scaffolded intactly, whereas Pt-M clusters with weaker intermetallic bonds(e.g., M = Ni, 

Sn) tend to lose most of the non-noble metal during the MOF formation. Secondly, bigger 

clusters remain rather located on the crystal edge. Thirdly, the negative cluster charge itself is not 

sufficient to permit successful scaffolding (e.g., case of the Pt3Fe3 cluster) and we found that the 

polarization of the carbonyl ligands likely plays a pivotal role in the encapsulation process. In 

particular, bridged carbonyl ligands show enhanced attraction of the ZIF-8 precursor ions in 

contrast to terminal carbonyl ligands. This likely creates a ZIF-8 precursor-rich environment 

around the clusters even in the intermediate stage of the crystal growth. This may be considered 

as the key to the successful encapsulation as larger distances between clusters and MOF 

precursors (i.e., weaker precursor-cluster interactions)coincide with exclusion of the cluster from 

the MOF growth. 

 

2.3 Characterization and Activation of Co8Pt4@ZIF-8  
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The Co8Pt4 cluster exemplifies the reachability of scaffolding atom-precise bimetallic clusters 

into ZIF-8 without losing overall their original structure. Next, we exploited this achievement by 

conducting an in-depth investigation of the conditioning of the cluster into Co8Pt4@ZIF-8 

composite and its activation via ligand removal. 

First, following the cluster’s encapsulation, a thorough investigation of the Co8Pt4@ZIF-8 

material was conducted. Upon dissolving the MOF in an acidic solution (0.1 M AcOH in 

MeOH), electrospray ionization mass spectrometry (ESI-MS) revealed a comparable isotope 

pattern as obtained for the pristine Co8Pt4 (Figure S32), with a preserved cluster core visible as 

[Co8Pt4C2(CO)24-x]z (z = –2, x = 5 to 8; z = –1, x = 0 to 5). The observation of partial CO loss 

and different cluster charges (z = –1/–2) can be explained by the ionization process and by partial 

cluster oxidation.28 For the MOF-extracted cluster, the CO loss can originate from the 

encapsulation process as Co8Pt4 has a diameter which slightly exceeds the maximum pore size 

(11.9 vs 11.6 Å). The digestion solution was analyzed via UV/Vis spectroscopy revealing 

matching absorption bands (Figure S33). Both methods confirm the presence of intact clusters 

outside, after MOF digestion, and consequently inside ZIF-8.17 

X-ray photoelectron spectroscopy (XPS) measurements show characteristic Zn 2p and N 1s 

core level spectra for ZIF-858,59 as well as metallic Pt 4f signals (71.1 eV) while distinct Co 

signals are absent (Figure S34). Due to the higher kinetic energy of Pt 4f photoelectrons (~1180 

eV) compared to 2p Co photoelectrons (~230 eV), the latter show a higher surface sensitivity 

than the former because of a decreased signal attenuation length. Thus, complete Co8Pt4 

scaffolding is anticipated, with the ZIF-8 matrix hindering the low-energy Co 2p photoelectrons 

from escaping.   
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Next, we examined the XANES of ZIF-8-hosted cluster at the Co-K absorption edge. 

Comparison between the pristine cluster, Co-foil, and Co(II) oxide inferred that the pure Co8Pt4 

cluster holds characteristics pertaining to partially oxidized Co (Figure 4 a). Upon encapsulation 

into the MOF structure, further oxidation of the Co8Pt4 clusters was observed, which could stem 

from the interaction with the ZIF-8 matrix, partial removal of CO ligands, and also from X-ray 

beam damage during the measurement.  

 

Figure 4.a Co K-edge XANES of Co8Pt4 clusters, Co8Pt4@ZIF-8, Co-foil and Co(II)-oxide. b 

k2-weighted EXAFS (left) and Fourier-transformed EXAFS (right) of the pure Co8Pt4 cluster 

(top) and Co8Pt4@ZIF-8 (bottom). 

Extended X-ray absorption fine structure (EXAFS) measurements allowed to gain more 

insights into the structure of Co8Pt4 clusters inside the MOF pore and the impact of the 

entrapment. Figure 4b depicts the EXAFS and Fourier transformed (FT)-EXAFS of pure Co8Pt4 

clusters and Co8Pt4@ZIF-8. The corresponding EXAFS fitting parameters are presented in Table 

S7, including the theoretical average coordination numbers (CN) and the corresponding 
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interatomic distances (d). The EXAFS of the as-prepared Co8Pt4 clusters matched closely the 

theoretically predicted CNs and interatomic distances. Upon cluster scaffolding, a decrease in 

interatomic distances is recorded (e.g., dCo-CO decreased from ~2.1 Å in the pristine to ~2.0 Å in 

the encapsulated Co8Pt4), suggesting that the cluster is constricted within the micropores of the 

framework. This indicates, besides the cluster core retainment, distinct MOF-induced cluster 

confinement, which is known to affect the clusters’ physicochemical properties.60,61 

Here, the effect on the paramagnetic properties of the MOF-hosted Co8Pt4 were evaluated by 

superconducting quantum interferometer device (SQUID) measurements.62 The linear 

magnetization vs the magnetic field strength, as well as the preservation of the positive 

magnetization until 110 K, confirmed the overall paramagnetic behavior of the Co8Pt4@ZIF-8 

(Figure S35). At lower temperatures (< 110 K) the material becomes solely diamagnetic. This 

contrasts with the behavior of the pristine cluster as a prior report suggested that 25% of the 

clusters are in a S = 1 ground state at 2 K and that the spin population in the ground state is 

influenced by local deformations leading to spin-crossover.62 Here the encapsulation seems to 

change the T dependence of the phenomena yielding a population of solely S = 0 state below 100 

K. This can be ascribed to the MOF confinement likely inducing strains on the clusters which in 

turn alter the relative S = 1 and S = 0 population magnetic states.  

Finally, we investigated the cluster loading capacity and its influence on the framework 

crystallinity, porosity, and stability to understand and define the materials’ limitations with the 

respective properties. Here, the one-pot synthesis enabled cluster loading from 1.2 to 5.3 wt.-% 

Pt with a pore filling of 6 – 26 %, respectively, simply by increasing the initial cluster equivalent 

(from 0.002 to 0.016 eq.) in the reaction media. The differently loaded networks show high 

crystallinity (Figure S36) while Brunauer-Emmett-Teller (BET) surface areas linearly decrease 
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with cluster loading due to the increased amount of non-porous material (Figure S37 a). The 

respective N2 adsorption isotherms revealed hysteresis in the microporous regime, which shrinks 

and shifts with increased loadings coinciding with a decreased MOF flexibility due to the pore 

filling and related crystal defects (Figure S37 b, c).63 The latter is also inferred by the 

corresponding thermogravimetric analysis (TGA) demonstrating high thermal stability with a 

slight decrease in the decomposition temperature (from ~535 to 485 °C) at higher loadings 

(Figure S38). DR-UV/Vis and FTIR spectroscopy further reflected the various cluster amounts 

embedded in ZIF-8 based on respective intensity changes (Figure S39). Even though one quarter 

of the pores can be filled with clusters, the properties of the highly porous and stable material 

were preserved.  

Secondly, the three-dimensional stabilization allows to remove the CO ligands to obtain a bare 

CoPt cluster, electronically and sterically not influenced by a surfactant shell, without facing 

agglomeration. To activate the CoPt clusters inside ZIF-8 a ligand stripping procedure was 

conducted as heat treatment (HT) at 200 °C under a dynamic vacuum yielding 

Co8±xPt4±yNC@ZIF-8. PXRD (Figure S40a) spectra of the activated samples revealed retention 

of the MOF crystallinity. The activation procedure was monitored via temperature programmed 

desorption (TPD, 26 °C/min) coupled with quadrupole mass spectrometry (QMS) in ultra-high 

vacuum (UHV) in the XPS. A distinct CO signal (m/z 28) is visible in the mass analysis (Figure 

5 a) starting off at 60 °C and diminishes already at 190 °C and which is over 8 times higher 

relative to the trace water signal. Comparing IR spectra before and after the HT (Figure 5b) 

further evidenced complete CO ligand removal. Interestingly, this ligand stripping step was not 

accompanied by agglomeration of the newly-formed highly reactive naked clusters as HR-TEM 

images point toward core preservation or undetected minor nuclearity changes (Figure 5 c and 
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Figure S40b). This is in line with the XPS spectra before and after the 200 °C HT displaying no 

distinct signal alterations (Figure S34). 

 

Figure 5. The CO removal was monitored by a TPD with QMS analysis of m/z 13 (CH), 18 

(H2O), 28 (CO), 44 (CO2) and b the IR spectra visualizing the CO-removal of Co8Pt4@ZIF-8 

which did not lead to distinct cluster agglomeration visible in c the HR-TEM image of 

Co8±xPt4±yNC@ZIF-8.  

In summary, Co8Pt4 was found overall successfully encapsulated and confined within the ZIF-8 

scaffold. Cluster recovery after MOF-embedment and acid-induced release was demonstrated. 

The pore-induced constraint on the cluster causes changes in the cluster’s properties and the 

structure which has been observed for comparable systems before.60,61 Furthermore, the MOF 

entrapment allows to remove the CO ligands without visible cluster agglomeration. 

3 Conclusion 

Experimental and computed analysis of the mechanism behind the bottle-around-ship 

embedment of eleven carbonyl-stabilized Pt(M) clusters into ZIF-8 afforded a fundamental 

understanding of the structure-encapsulation relationship. Cluster size and chemical composition 

were identified as contributing factors with large clusters preferentially locating on the ZIF-8 

edge, and weak Pt-M bonds cleaving during the scaffolding procedure. Theoretical studies 
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further unveiled the pivotal role of the carbonyl ligand polarization on the ZIF-8 precursor 

attraction.  

Alongside pure Pt clusters, for the first time a bimetallic carbonyl cluster, i.e.,Co8Pt4, has been 

successfully embedded in ZIF-8. Here, monitoring the cluster inside the MOF matrix was met by 

combining e.g. HR-TEM and X-ray absorption spectroscopy revealing an overall cluster 

preservation. The MOF confinement was found to modulate the cluster’s properties including the 

temperature-dependent paramagnetic behavior and the interatomic distances while MOF 

digestion permitted intact releasing of Co8Pt4 demonstrating the carrier potential of ZIF-8. 

Further, the CO ligands were stripped off the ZIF-8-embedded Co8Pt4 cluster without visible 

cluster size changes yielding accessible as well as confined clusters . 

This work standouts from previous cluster-encapsulation studies investigating a lower cluster 

sample number and less mechanistic insights.17,19,20 By studying a series of related cluster@MOF 

materials, the gained insights will facilitate applying clusters as catalysts, sensors or other 

energy-related materials. Specifically, the MOF-templated nanoparticle fabrication22 is 

envisioned well-suited for generating defined bimetallic nanoparticles, as tailored (electro-

)catalyst. Here, DFT calculations and AIMD simulations were identified as reliable tools to find 

suitable cluster candidates for MOF encapsulation. These findings are anticipated transferable to 

other host-guest systems. In combination with the gained mechanistic knowledge this study may 

pave the way for a more rational material design.  
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