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A combined theoretical and experimental approach demonstrates 

that nanocluster embedment into the pores of metal-organic 

frameworks (MOF) may be influenced by the chemical 

functionalisation of the MOF. Furthermore, this results in the 

surface functionalisation of the embedded nanoclusters, 

highlighting the potential of MOF scaffolds for the design and 

synthesis novel functional materials. 

Nanoclusters are ultra-small particles, typically ≤1 nm. Owing 

to the limited numbers of constituent atoms in this size 

regime, bulk properties such as the electronic band structure 

and magnetic domains transform dramatically.[1] In addition, 

these particles exhibit even higher surface-to-volume ratios 

than conventional nanoparticles, an obvious consequence of 

their reduced size. This in turn, renders nanoclusters highly 

desirable for heterogeneous catalysis, which typically only 

makes use of surface atoms of often costly materials. 

Particularly precious metals, such as Au, Pt and Pd, are of great 

interest as heterogeneous catalysts and their size reduction 

enables considerable economic benefits.[2] Taking into account 

the dependence of both physical and chemical properties on 

the cluster size in this regime, it is highly desirable that 

uniform cluster sizes are obtained. This in turn could also allow 

for the rational design of metal nanoclusters for purpose. 

However, increasing surface-to-volume ratio does not only 

enhance the clusters’ reactivity but it also inseparably results 

in the increasing surface energies of the nanoclusters.
[3]

 

Increased surface energies contribute to the thermodynamic 

destabilisation of nanoclusters. Unstable particles on the other 

hand stabilise themselves by forming larger clusters, i.e. they 

sinter. To control nanocluster sizes and shapes one must thus 

prevent sintering. 

In order to stabilise the nanoclusters they need to be 

supported. There are two fundamentally different approaches 

to do so, metal nanoclusters may either be capped through 

colloid chemistry or supported on a scaffold. The former 

approach has been efficiently applied to precious metal 

clusters, mainly Au and Pd, and indeed offers reliable size 

control.
[4]

 However, unless the catalytic reaction takes place in 

the liquid phase, in which the colloid metal nanoclusters may 

be solubilised, the capped nanoclusters need to be deposited 

on a 2D support as well. Two-dimensional scaffolds, cf. metal 

oxides or graphene, supporting either capped or naked 

nanoclusters, may provide strong interactions with the 

clusters. However, their reduced dimensionality results in an 

effectively smaller area availlable and thus severely impacts 

the proportion of the overall catalytically active surface area.[5] 

3D scaffolds on the other hand do not display such 

drawbacks.[6] 3D porous scaffolds display intrinsically higher 

surface areas than 2D supports and would enable both liquid 

and gas-phase reactions without compromising the 

catalytically active surface area. It is however indispensable 

that such templates display regular porosity and small and 

well-defined pore geometries. Furthermore, strong host-guest 

interactions are necessary to allow the embedding of naked 

nanoclusters and to render surface capping agents obsolete. 

Metal-organic frameworkshave been highlighted as promising 

scaffolds for supporting nano-objects.[3a;7] They are a relatively 

new class of materials built up of inorganic nodes 

interconnected by organic linkers. They are highly crystalline 

and feature high and regular porosity including well-defined 

pore geometries. Furthermore, a broad range of chemical 

functionality may be introduced in these frameworks through 

functional groups on the organic linkers.[8] In this approach, 
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the MOF pores act as templates for the guest nanoclusters or 

nanoparticles, depending on their size. 

Although these properties underpin how desirable MOF 

scaffolds are, in real terms they display various issues 

regarding guest embedment. More specifically, it has been 

revealed that the embedment of particles in the MOFs’ pores 

is by no means guaranteed. Often the MOF particles have been 

found to support metal nanoparticles on their outer surfaces 

rather in their inner pores, or acting as mere 2D supports.
[7b;9]

 

Despite this obvious drawback, to date no model has been 

developed to explain this unexpected behaviour. 

In this manuscript we show that this phenomenon is due to 

the discrepancies in the adsorption enthalpy with which the 

MOF scaffolds bind the various guest materials and that it may 

be controlled by introducing functionalities in the MOFs and 

match them with the guest material. 

We have selected a robust framework, UiO-66,[10] and one of 

its functionalised analogues, NH2-UiO-66,[11] to demonstrate 

and rationalise this model. Pd was chosen as guest metal for 

its catalytic relevance and because it has been reported that its 

embedment in the pristine UiO-66 does not occur.[9] On the 

other hand it has been hypothesised that Pd nanoparticles 

might be anchored to the functionalised NH2-UiO-66.[12] 

Although it should be noted that in these reports neither the 

mechanism nor the effect of anchoring are discussed, 

furthermore, the TEM micrographs provided reveal that the Pd 

particles were not necessarily embedded in the NH2-UiO-66 

pores.[13]  

To verify the suitability of the selected MOFs we developed a 

protocol based on computational simulations, which were 

later compared with the experimental data. In the first step, 

the adsorption of Pd atoms on the selected frameworks has 

been modelled. All calculations were carried out using the ADF 

software[14] with the PBE-D3 exchange-correlation potential[15] 

and scalar relativity; the TZ2P basis set, a small frozen core and 

the Becke grid (normal accuracy) for the integration. 

The reference UiO-66 cluster was obtained from a cut-out of 

an experimental crystal structure.[10] Hydrogen atoms were 

added to the structure and their positions were optimised 

while keeping the heavier atom positions constrained (see 

Figure 1). In subsequent calculations, the aromatic rings 

allowed to freely rotate while the rest of the cluster stayed 

constrained. For each possible state of amino-functionalisation 

of the phenyl linkers in both types of cavities, respectively 

Three-Fold and Four-Fold, several calculations were carried out 

to describe the inclusion of a single neutral Pd(0) atom, of a 

Pd(0) dimer and of two distinct Pd(0) atoms in the same cavity. 

The parameters varying from one calculation to the next were 

the starting position of the palladium atoms and the 

orientation of the amine groups. For each case, only the most 

stable final geometry was retained for further analysis (Figure 

1). 

The energy difference in the adsorption of Pd as two isolated 

atoms or a dimer (cluster of two atoms) is related to its 

tendency to sinter while the adsorption enthalpy of the Pd 

atoms on the two different matrices reveal the different bond 

strengths on the pristine and functionalised MOFs. 

Table 1 shows that in the case of the functionalised MOF the 

sintering is less energetically favourable than on the pristine 

MOFs. This is underpinned by an energy gain of 23 kJ mol-1 

from Pd dimerisation on the pristine UiO-66 as opposed to a 

mere 4 kJ mol-1 (within the error of calculations) on the 

functionalised NH2-UiO-66. It is also obvious that Pd is more 

strongly bonded on NH2-UiO-66.  

The strongest adsorption sites were identified according to the 

simulation as the aromatic ring on the pristine UiO-66 

framework, while on the functionalised NH2-UiO-66 it is the 

NH2 group that is capable of the strongest interactions with 

Pd. 

In order to verify the computational model and check what the 

difference in the Pd adsorption enthalpies as single atoms or 

dimers mean for real systems, the model frameworks were 

synthesised solvothermally, according to Farha et al.[16] Given 

the well-known issues in controlling metal sintering on MOF 

scaffolds [7b] a rigorous method has been devised for the 

addition of Pd. For optimum control of both the amount and 

location of the Pd precursor the solution-infiltration method 

has been chosen. Pd was infused from a 7 ml acetonitrile 

solution of 15 mg Pd(NO3)2 precursor to 100 mg activated MOF 

and stirred overnight at 40 °C. In addition the Pd precursor was 

reduced in a hydrogen stream at 210 ⁰C (10 L/hour, 1.3 bar 

overpressure, 6 hours). This approach offers a much gentler 

reduction than wet chemical methods such as reduction by 

sodium borohydride or hydrazine, which often result in the 

disintegration of the MOF lattice and/or the diffusion of the 

metal precursor on the MOF particles surface, resulting in the 

sintering of the reduced atoms. 

To compare the effect of MOF linker functionalisation on the 

embedment of Pd nano-objects High Angle Annular Dark Field-

Scanning Transmission Electron Microscopy (HAADF-STEM) 

micrographs have been obtained (Figure 2). 

 
Table 1 Adsorption enthalpy of Pd atoms and dimers on MOFs 

Modelled adsorption Adsorption 

enthalpy, kJ mol
-1

 

Error, kJ 

mol
-1

 

UiO-66 Pd,Pd 150 4 

Pd2 173 4 

NH2-UiO-66 Pd,Pd 187 4 

Pd2 191 4 

  

Figure 1 Structure of the model clusters from UiO-66 and NH2-UiO-66 used to calculate 

the adsorption energy of 2Pd and Pd2 (colour codding: grey – C, red – O, blue – N, cyan 

– Zr, blue-green – Pd)
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Based on their small and uniform particle size, it may be 

concluded that the Pd nanoclusters were indeed embedded in 

the pores of the functionalised NH2-UiO-66. In the case of the 

pristine UiO-66, however, they have sintered on the surface of 

the MOF particles forming larger, ca. 5-15 nm, nanoparticles. 

In fact, NH2-UiO-66 has proven to be an excellent scaffold for 

the embedment of Pd nanoclusters as the size of the Pd 

nanoclusters, e.g. 0.8 and 1.1 nm, are in very good agreement 

with that of the MOF’s pores, e.g. 0.7 and 1.2 nm.
[10]

 This 

observation is in line with the calculations that highlighted 

stronger MOF-Pd interactions in the case of the functionalised 

NH2-UiO-66. Furthermore, this is also underpinned by 

synchrotron X-ray diffraction data displaying a reduction of 

NH2-UiO-66 diffraction peak intensities owing to pore filling 

(ESI). 
[17]

 

While it is apparent that sintering of Pd atoms could not be 

avoided as they formed nanoclusters filling the pores of the 

supporting framework, the MOF-Pd bond was strong enough 

for the Pd(0) atoms to remain inside the framework’s pores 

and not to diffuse on the particles’ surface to form larger and 

more stable Pd nanoparticles, as in the case of the pristine 

UiO-66. It should be noted that for an in-depth analysis of the 

adsorption and sintering of guest particles on a scaffold the 

enthalpy of metal-atom adsorption with the sublimation 

enthalpy of the guest are compared by custom. In the case of 

Pd, the enthalpy of sublimation in the bulk corresponds to 240 

kJ mol
-1

 
[18]

, however given the effects on the nanoscale, and 

below, such as melting point depression there is no useful data 

available for direct comparison. This highlights the importance 

of correlating computational and experimental results for the 

rational embedment of guest materials in the pores of 3D 

scaffolds. 

The difference in the bond strength between the Pd atoms and 

MOF scaffolds through the effect of functional groups thus 

resulted in the control of embedment of Pd nanoclusters. In 

addition to the magnitude of adsorption enthalpy, the binding 

sites were also revealed to be different for the pristine and 

functionalised MOFs. X-ray photo-electron spectroscopy (XPS) 

is sensitive to small changes in chemical environment and thus 

is the ideal tool to verify the effect of functionalisation on the 

surface chemistry of Pd nanoclusters (Figure 3). 

The Pd 3d3/2 binding energy observed in the XPS spectrum of 

the Pd supported on the pristine UiO-66 is identical to that 

observed in the bulk Pd metal and reveals an oxidation state of 

0.
[19]

 Conversely, the Pd 3d3/2 binding energy observed in the 

XPS spectrum of the Pd supported on the functionalised NH2-

UiO-66 is shifted by ca. +0.4 eV revealing a slight oxidation of 

the Pd atoms. This however could not amount to the full 

oxidation-state change of Pd, which would correspond to >2 

eV difference. Furthermore, this effect cannot be attributed to 

a size effect through quantum confinement as XPS probes core 

electrons and, most importantly, a corresponding reduction 

shift can also be observed in the binding energy of N 1s when 

comparing the loaded and unloaded NH2-UiO-66. This is 

evidence that a bond exists between the surface Pd atoms in 

the pores and the N atoms of the MOF linkers. 

Conclusions 

The results reported here highlight for the first time the 

influence of MOF pore functionalisation on the embedment 

and surface chemistry of transition metal nanoclusters therein. 

Considering the interest and potential of nanoclusters as 

heterogeneous catalysts, whose active atoms are all located 

on the particle surface, it is anticipated that these findings will 

have tremendous implications in the design and application of 

state-of-the-art heterogeneous catalyst nanoclusters. 
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