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How to functionalise metal-organic frameworks to enable guest 
nanocluster embedment  

James King a, Linda Zhangb, Szymon Doszczeczkoa, Olga Sambalovac, Hui Luoa,d, Fadli Rohmane, 
Omotoyosi Phillipsf, Andreas Borgschultec, Michael Hirscherb, Matthew Addicoatg and Petra Ágota 
Szilágyi*a 

We report on the development and verification of an enhanced computational model capable of robust predictions and 

yielding a single descriptor to the successful embedding of guest nanoclusters into the pores of functionalised metal-organic 

frameworks. Using the predictions of this model, we have been able to embed Pd nanoclusters in the pores of Br-UiO-66 

and show that the embedding of Pd nanoclusters in both (OH)2-UiO-66 and (Cl)2-UiO-66 is not successful. Also, using various 

independent methods, we identified the strong host-guest interactions that anchor the guest nanoclusters inside the Br-

UiO-66 framework which result in the surface modification of said nanoclusters. We demonstrated that the level of this 

surface modification is a direct function of the framework functional groups. This new approach for the rational design of 

nanocluster-metal-organic framework systems, and a demonstrated tool box for their characterisation, will promote the 

exploitation of surface modification of nanoclusters via their embedding into functionalised metal-organic framework pores.

Introduction 

For heterogeneous catalysts, on which reactions only occur on 

surface atoms, a high surface-to-volume ratio is highly 

desirable1–3. This approach is even more sought after for 

catalysts consisting of precious metals such as Pd, whose 

reduction in size would be greatly beneficial economically. 

Nanoclusters are ultra-small particles that are typically on a 

scale of ≤1nm for transition metals, consisting of fewer atoms 

than traditional nanoparticles, and boasting higher surface-to-

volume ratios, as the vast majority of atoms are on the surface 

of transition metal nanoclusters4–6. The size of clusters on this 

scale have very different physical and chemical properties than 

bulk materials, or even nanoparticles7–10. Furthermore, the 

smaller the particles the more the ‘contribution’ of every atom 

matters, therefore it is crucial that clusters of uniform size can 

be obtained for any application11,12. The greatest challenge 

limiting our ability to design and synthesise large quantities of 

nanoclusters of identical composition and geometry is that the 

higher the surface-to-volume ratio the higher the surface 

energy, causing nanoclusters to be thermodynamically 

unstable13–15. This instability means that they are prone to 

stabilise themselves by sintering, a process in which larger 

clusters and particles are formed14. In order to adequately 

control the size and shape of nanoclusters, it is vital to prevent 

this from happening. 

 

To stabilise nanoclusters one needs to employ a strongly 

binding support, typically 2D supports are applied, such as a 

facet of a metal-oxide crystallite or carbon surfaces, whose 

functionalities may strongly interact with a side of the 

nanoclusters4,16,17. However, as only the surface of such 

supports are useful the overall catalytically active surface area 

is typically reduced, which results in a smaller effective area. In 

addition, as only one side of the clusters is anchored, there are 

two phenomena that also need to be considered. Firstly, the 

metal-support interaction may control the metal particle 

geometry thereby controlling its activity and potentially 

selectivity in catalytic reactions. Secondly, this is a limited 

anchoring effect which might even be disrupted, particularly on 

recurrent chemical reactions that change the nanocluster 

electron density and consequently modulate the metal-support 

interaction, typically leading to the sintering of nanoclusters on 

catalyst cycling7,18. 3D porous supports on the other hand, that 

encapsulate the metal nanocluster anchoring it from multiple 

sides, do not have the same disadvantage; they have 

intrinsically higher surface areas and allow for the transport of 

liquids and gases from the host particle surface through its 

channels and pore apertures to the active sites19,20. 

Additionally, inclusion of the nanoclusters within the host pores 
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may result in confinement phenomena shown to affect 

selectivity and enhance activity of heterogeneous catalysts via 

selective reactant adsorption, geometrically constraining the 

reaction and changes in surface energy of the catalyst21.  It is 

highly important that the pores of such supports being on the 

scale of the desired nanocluster size, with a uniform size 

distribution throughout the material, i.e. the host should be 

crystalline and the pores should be part of the crystal structure. 

Moreover, to embed the clusters in the pores, strong host-guest 

interactions with the frameworks are required, similarly to 2D 

supports. One such class of materials that would make 

promising 3D supports for nanoclusters are metal-organic 

frameworks (MOFs)14,22–25. These materials are built up of 

inorganic nodes interconnected by organic linkers which self-

assemble into porous crystal lattices. The size and topology of 

the pores depend on the geometry and coordinative nature of 

the building units. An extensive number of these materials have 

emerged over the past couple of decades and their unique 

properties and variability make them viable for gas storage and 

separation26,27, catalysis28,29, and in energy applications30–33, to 

name a few functions. The well-defined pore geometries of 

metal-organic frameworks is a consequence of their high 

crystallinity, which make them ideal supports for nano-

objects34–36. The presence of the organic linkers and their high 

chemical modularity enable the functionalisation of the 

frameworks, which can allow for the necessary strong host-

guest, ‘anchoring’, interactions with the guest particles to hold 

them in the pores36–41. 

 

As well as the previously mentioned advantages that metal-

organic frameworks have as 3D supports over their 2D 

counterparts, they also allow for precise size control of 

nanoclusters without the need for capping agents traditionally 

used in conjunction with 2D supports to enable some control 

over the particle size42; if they form within the pores of the 

material they cannot grow in size beyond these dimensions, as 

long as the conditions for the particle growth are milder and so 

the bonds holding together the MOF building blocks are 

maintained. Furthermore, embedding nanoclusters in MOFs 

could be of particular interest given the possibility to tailor the 

properties of the catalytically active clusters through controlling 

their geometry and surface chemistry, the latter of which has 

been demonstrated by some of us43. Strong host-guest 

interactions can occur between the clusters and the framework 

itself, with reports of these interactions between both the 

inorganic nodes44–46 and functional groups on the linkers46–50. 

These interactions can aid in both preventing aggregation of 

nanoclusters and increasing their selectivity for a desired 

product when used as catalysts51–56.  

 

Although MOFs may seem to provide a facile way to control 

nanocluster sizes with their well-defined pore sizes, as well as 

provide beneficial interactions with the nanoclusters, guest 

embedment in pores remains a complex challenge as 

experience shows that larger particles can form on the surface 

of MOFs57–60. Given the dependence of the chemical and 

physical properties of nanoclusters on their size, for property 

control of transition-metal nanoclusters, it is imperative that 

the guest particles are embedded inside the MOF pores rather 

than decorating its surface. As such, a method to predict the 

success of embedding nanoclusters in a specific MOF would be 

a powerful tool when it comes to assessing potential supports. 

Some of us have previously put forward a simple method of 

predicting the success of embedding nanoclusters in the pores 

of MOFs, UiO-66 and NH2-UiO-66, by choosing the adsorption 

enthalpy of guest atoms on cut-outs of the MOF pores as model, 

which was confirmed by experiments43. In particular, the 

adsorption enthalpy of two single guest atoms was compared 

with a dimer of the guest, and the findings showed that both 

the overall adsorption enthalpy and the difference between the 

two scenarios can be or are responsible for the successful 

embedment.  However, this simple approach and a small set of 

two Pd-MOF systems yielded two descriptors, i.e. adsorption 

enthalpy and difference in the adsorption enthalpies for 

individual guest atoms and dimers. Ideally, the model applied 

should yield a single descriptor for successful embedment, 

which would result in much more powerful predictions.  

 

In the research we hereby report, we further refined our model 

for explaining and predicting the success of embedding 

nanoclusters in the pores of MOFs by enhancing our studies by 

looking at both tetrahedral and octahedral pores present in 

UiO-66 and by investigating a larger set of Pd-MOF systems. In 

addition, we explore differences in the electronic state of the 

nanoclusters in the frameworks with varying functionalities that 

suggest potentially beneficial host-guest interactions.   

Results and discussion 

Central to embedding nano-objects in the pores of metal-

organic frameworks are the questions whether or not the 

embedding is successful, i.e. the guest particles be they 

nanoparticles, nanoclusters, or single atoms49 are inside the 

pores, and if they are, whether there is any strong interaction, 

such as charge transfer between the framework and the guest 

particles. 

 

Success of embedding. 

In our previous work43 the framework UiO-66 was selected as 

well as a functionalised analogue, NH2-UiO-66, to demonstrate 

the model. Pd was chosen as the guest metal due to its catalytic 

relevance. A procedure was followed in which Density 

Functional Theory (DFT) calculations were later compared to 

experimental data. It was found that Pd nanoclusters were 

embedded in the amino-functionalised framework but not the 

pristine UiO-66. Higher adsorption enthalpy values and a lower 

energy difference between values for Pd as two isolated atoms 

or as a dimer suggest increased chances of embedding.  NH2-

UiO-66 had higher values and only a difference of 4 kJ mol-1, i.e. 

within the error of the calculations, and the success of 

embedding Pd into its pores confirmed by experimental data. 

Advancing from this, the model was expanded to look in more 
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detail by calculating adsorption enthalpy values in both the 

tetrahedral (Th) and octahedral (Oh) pores of the frameworks. 

We have chosen 3 additional functionalised analogues of the 

same framework to study; (Cl)2-UiO-66, Br-UiO-66 and (OH)2-

UiO-66. 

To explore the Potential Energy Surface (PES) of Pd within each 

of the functionalised Pd⸦x-UiO-66 analogues, a procedure 

broadly similar to our previous work was carried out. Firstly, 

coordinates of the tetrahedral and octahedral pores were cut 

from the crystal structure of pristine UiO-66. The phenyl linkers 

were then functionalised with selected functional groups, i.e. -

Cl, -Br, and -OH. In order to account for randomness in the 

orientation of functionalised linkers, due to their lower 

symmetry with respect to the unfunctionalised linker, several 

different functionalised models were produced. In each of these 

model pores, each of a single Pd atom (Pd), two single Pd atoms 

(separated by > 3 Å; 2xPd) and a Pd dimer (Pd2), were 

stochastically placed using the Kick361 stochastic structure 

generator.  A total of 166 structures were generated for the 

mono-functionalised linker (2-bromoterephthalate) and 176 

structures were generated for the di-functionalised linkers (2,5-

dichloroterephthalate, 2,5-dihydroxylterephthalate). To ensure 

relevance of the cluster model to the periodic crystal, the 

coordinates of the ZrO cluster and the terminal carboxylate 

groups (which would connect to another ZrO cluster) were 

frozen in all optimisations. Binding energies were calculated as 

E(Pd⸦x-UiO-66) – [E(x-UiO-66) + nE(Pd)], where n is the number 

of Pd atoms placed in the pore. The highest resultant adsorption 

enthalpy values are summarised in Table 1 (and Table S2). 

Br-UiO-66 had high values for adsorption, a relatively large 

decrease in adsorption enthalpy for dimeric Pd in the 

octahedral pore and a low difference in values for atomic and 

dimeric Pd in the Th pore, suggesting that embedment would be 

successful and sintering less energetically favourable. For (Cl)2-

UiO-66, the adsorption enthalpy values for Pd as a dimer were 

significantly higher and the values themselves were low 

compared to the other analogues and it was predicted that 

embedding would not occur, as the formation of large Pd 

particles would be favoured in every scenario. On the other 

hand, in the case of (OH)2-UiO-66, the adsorption enthalpy 

values are high for both pores (the highest figures calculated), 

however there is a large difference in between the atomic and 

dimeric values in favour of dimer formation. It was therefore 

stipulated that (OH)2-UiO-66 offers a method to decrease the 

number of descriptors necessary to predict successful guest 

embedment to one. This Pd-(OH)2-UiO-66 system should help 

determine whether it is the magnitude of the adsorption 

enthalpies or the difference in between the adsorption 

enthalpy of the individual atoms and the dimer that governs 

whether or not Pd would be embedded. 

 

 

Table 1 Adsorption enthalpy of Pd atoms and dimers on MOFs 

ΔHads, 

kJ mol-1 

UiO-

66* 

NH2-

UiO-

66* 

Br-UiO-66 (Cl)2-UiO-

66 

(OH)2-

UiO-66 

Oh Th Oh Th Oh Th 

Pd, Pd 150 187 201 204 183 117 250 282 

Pd2 173 191 160 214 193 157 346 352 

* Previously published values, please note that these values 

relate to the Th pores43 

 

To verify the predictions made by the calculations, the three 

frameworks were synthesised by a solvothermal process 

following the work of Farha et al.62 and Pd was embedded 

following the method detailed in our previous work43. The 

integrity of the framework after Pd-loading was verified using 

FT-IR spectroscopy (Figures S1 and S2), PXRD data collection 

(Figure S3), and BET isotherm measurements (Table S3). To 

compare the embedment of Pd nano-objects in the samples, 

High Angle Annular Dark Field-Scanning Transmission Electron 

Microscopy (HAADF-STEM) micrographs were obtained (Figure 

1).  

The micrograph of Pd⸦Br-UiO-66 shows no sign of what could 

be particles of Pd larger than the dimensions of the MOF pores 

with small dots of Pd corresponding to the pore dimensions, 

suggesting no Pd sintering and successful embedment in MOFs 

pores in agreement with the computational data. It is worth 

noting that such frameworks are challenging to image as they 

amorphise in the electron beam, while in the case of the Pd⸦Br-

UiO-66 poor contrast further complicates the acquisition of 

high-resolution images. To assess the distribution of Pd, we 

carried out high-resolution EDX mapping on the Pd⸦Br-UiO-66 

particles. The EDX analysis showed the presence of large 

amounts of well-dispersed Pd (Figure 2, and Figure S5), which, 

in combination with the lack of large Pd particles (>1.5 nm, on 

the MOF surface), should be discernible in the HAADF-STEM 

images. The presence of well-dispersed Pd nanoclusters, 

therefore demonstrates that the prediction for this system was 

indeed right and the embedding of Pd in the Br-UiO-66 pores 

was successful. 

  

Figure 1 HAADF-STEM micrographs of Pd⸦Br-UiO-66, Pd/(Cl)2-UiO-66, and Pd/(OH)2-

UiO-66 (left to right).
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In the case of the Pd/(Cl)2-UiO-66, Pd nanoparticles were 

observed in the HAAFD-STEM micrograph, as these particles of 

ca. 2-5 nm are larger than the pores of the MOF, they 

demonstrate that Pd nanoclusters were not embedded in the 

MOF pores, rather the sintering of Pd occurred and led to 

nanoparticle formation on the (Cl)2-UiO-66 surface, which is in 

good agreement with the computational predictions. In the 

case of the Pd/(OH)2-UiO-66 system, there was a distinct lack of 

Pd to be imaged. On a considerable effort, one large Pd particle 

was eventually discernible with no evidence of embedment of 

Pd in the pores of the MOF. This is an important finding as the 

modelling of Pd adsorption on (OH)2-UiO-66 promised a way of 

telling which of the two previously identified possible 

descriptors for the successful embedment of Pd in MOFs, i.e. 

magnitude of adsorption enthalpy or its difference for the 

adsorption of individual metal atoms or dimer, is valid. Relating 

the discovery that no Pd is embedded in the (OH)2-UiO-66 pores 

back to the initial model, we conclude that it is the difference 

between adsorption enthalpies for the atomic and dimer Pd 

that is the most important descriptor when it comes to 

predicting the success of embedment.  

 

Pd adsorption sites and strong metal-support interactions. 

To further understand the reasons behind and ways in which Pd 

is embedded in the pores of the chosen MOFs, the preferred 

binding sites and motifs of each Pdn⸦x-UiO-66 can be 

examined. The lowest energy optimised structures of Pd, 2xPd 

and Pd2 in each x-UiO-66 pore (Th and Oh) were identified for 

further examination.  

These structures (examples in Figure 3) reveal how Pd atoms 

interact with the functional groups on the frameworks and 

suggest how the host-guest interactions could occur. 

In the case of Pd⸦Br-UiO-66, the preferential adsorption site of 

Pd is clearly on the Br atoms of the linker, implying strong host-

guest interactions. On the other hand, Pd/(Cl)2-UiO-66, the 

majority of interactions take place on the weaker adsorption 

sites of the benzene rings, which is consistent with weak host-

guest interactions, and consequent sintering of Pd. Finally, in 

the Pd/(OH)2-UiO-66 model, no interactions between the 

framework and the Pd are discernible, which is in line with the 

above observation of unsuccessful Pd embedding, probably on 

account of a lack of strong anchoring by the host. 

 

As we previously demonstrated that the Pd nanoclusters are 

embedded in the pores of Br-UiO-66, and as our modelling 

predicts strong host-guest interactions, such interactions 

should alter the chemical state of both guest and host 

significantly enough to be measurable, similarly to what has 

been observed in the case of NH2-UiO-66. X-ray Photoelectron 

Spectroscopy (XPS) was used to detect changes in the chemical 

state of guest (Pd) and host, i.e. the elements of the functional 

groups: Br, Cl, and O (Figure 4). 

Figure 4 clearly demonstrates that the presence and chemical 

state of Pd significantly differs between the three samples. It 

should be noted, that this region overlaps with the 3p region of 

Zr, and the two intense peaks at ca. 333.5 and 347.1 eV 

correspond to Zr 3p3/2 and Zr 3p1/2 binding energies, 

respectively. The Pd signal (only the 3d3/2 can be clearly resolved 

as the 3d5/2 is convoluted with the Zr 3p3/2 peak) is centred at 

341.0 eV. The most obvious observation is the clear lack of a Pd 

signal in the case of the (OH)2-UiO-66 MOF, this was 

underpinned by our difficulties to image the Pd particles in this 

framework and is in line with the lack of model interactions 

between framework and the Pd atoms (Figure 2c). It is also 

apparent that two different Pd species are observed in the Br-

UiO-66: referring to Pd and an oxidised Pd species, centred at 

341.1 eV and 342.5 eV, respectively. No oxidised Pd is observed 

in case of (Cl)2-UiO-66. In fact, our data demonstrates that the 

Pd binding energy on the (Cl)2-UiO-66 host corresponds well to 

that of the bulk Pd metal, similarly to what was observed for the 

pristine UiO-6643, and in line with weak interactions. On the 

other hand, the Pd binding energy of the Pd nanoclusters 

embedded in the Br-UiO-66 framework is higher, revealing a 

degree of surface oxidation. The changes in binding energy of  

 

Figure 2 a) Reconstructed EDX maps of a) Pd, b) Br and c) Zr distribution within the MOF 

particles.

a) b) c)

Figure 3 Models showing preferential adsorption sites for a Pd2 dimer on a) Br-UiO-66, 

b) (Cl)2-UiO-66, and c) (OH)2-UiO-66. The representation of the depicted elements is as 

follows; Pd – blue ball; Zr – turquoise stick; C – grey stick; O – red stick and red ball (in 

c)); H – white stick; Br – burgundy ball; and Cl – green ball.

Figure 4 High resolution XPS spectra of Pd/(Cl)2-UiO-66 (cyan), Pd⸦Br-UiO-66 (orange) 

and Pd/(OH)2-UiO-66 (blue). The Cl 2p, Br 3d and O 1s region depict the empty MOFs 

(red) and the Pd-laden samples (green). For the details of the fitting refer to Table S4 of 

supplementary information. 
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Table 2 Summary of the XPS data, showing ΔEb values for the functional groups with 

respect to the empty framework and embedded Pd compared with metallic Pd. 

MOF Species ΔEb w & w/o 

Pd (eV) 

ΔEb Pd wrt. bulk 

(eV) 

UiO-66* n/a n/a 0.0 

NH2-UiO-66* N 1s -0.3 +0.7 

(Cl)2-UiO-66 Cl 2p 0.0 0.0 

Br-UiO-66 Br 3d -1.0 +1.1 

(OH)2-UiO-66 O 1s n/a n/a 

*Previously published values43 

 

both the Pd and the elements in the functional groups are 

summarised below alongside previously published values for 

Pd/UiO-66 and Pd⸦NH2-UiO-66 (Table 2). 

As such small nanoclusters are highly thermodynamically 

unstable on account of their large surface energy, it is 

imperative to establish whether the surface oxidation is a 

consequence of strong-host-guest interactions, as suggested by 

the computational modelling, or through a small degree of 

reaction with moisture or air, by evaluating the binding energy 

of the functional group with which the adsorbed Pd can 

interact. In the case of Br-UiO-66, and according to our 

computational model, this element should be Br. And indeed 

we detect a shift in the Br 3d binding energy towards lower 

values when compared with the empty Br-UiO-66, going from 

predominantly "organic" Br (Br 3d5/2 centred at 70.7 eV) to 

mostly "inorganic" Br state (Br 3d5/2 centred at 68.8 eV), which 

is line with a Br-Pd interaction. Such binding energy shifts for Cl 

2p in (Cl)2-UiO-66 vis-à-vis Pd/(Cl)2-UiO-66 and for O 1s in (OH)2-

UiO-66 vis-à-vis Pd/(OH)2-UiO-66 have not been observed. It 

can be therefore concluded that the oxidation of Pd observed 

in the Pd⸦Br-UiO-66 sample is a consequence of its strong 

interaction with the –Br functional group. 

It should be emphasised that in all cases, our computational 

predictions have been in excellent agreement with our 

experimental observations with XPS.  

We note that when comparing the degree of surface oxidation 

via host-guest interactions in Pd⸦NH2-UiO-66 and Pd⸦Br-UiO-

66, the Pd embedded in Br-UiO-66 appears to be more oxidised 

(Table 2). This could result in a different level of catalytic 

activity. In order to test this, we have selected H2-D2 isotope 

scrambling as a simple reaction to verify if there is a catalytic 

activity difference related to the slight surface chemistry 

difference in these Pd nanoclusters embedded in functionalised 

UiO-66 MOFs. The reaction progress can be monitored on the 

simple recognition that as the thermodynamic stability of H2 

and D2 is equal, and as the reaction takes place through the 

steps of physisorption of the diatomic molecules, followed by 

the splitting of the H-H or D-D bonds, recombination of the 

atoms into diatomic molecules, and eventual desorption, the 

molecule of composition HD should also form. Furthermore, if 

the reaction mixture contained H2:D2 in a 1:1 ratio, the 

composition of the gas phase should reach H2:HD:D2 of 1:2:1 in 

dynamic equilibrium. Thermal desorption spectroscopy (TDS) 

can be used to analyse the gas phase composition63 bearing in 

mind that the adsorption enthalpy of the different isotopes 

differs on the same framework, and their adsorption kinetics 

also differs on account of the different kinetic energies, which 

is a consequence of their different molecular masses. Taking 

these limitations into account, it is allowed to assume that any 

difference in the TDS spectra of Pd⸦NH2-UiO-66 and Pd⸦Br-

UiO-66 can be assigned to differences in the Pd surface 

chemistry, provided that spectra were acquired under the same 

conditions and that the Pd particle sizes are identical. We 

therefore carried out a careful analysis of the H2-D2 isotope 

scrambling reaction on Pd⸦NH2-UiO-66 and Pd⸦Br-UiO-66 

(Figure 5), when the reactants were mixed at 20 K and ambient 

temperature, and in comparison with the empty MOFs (Figures 

S6 and S7, ESI). 

In order to better observe the catalytic activity, the desorption 

spectra were analysed in two distinct temperature regions; in 

the low-temperature region up to 70 K, physisorbed gas 

molecules are typically desorbing from the pore surfaces. In 

case of an isotopic gas mixture, heavier molecules are 

preferentially adsorbed owing to the mass dependence of the 

zero-point energy, i.e. D2 highest signal and if scrambling has 

occurred D2>HD>H2 signal intensity is expected.  In the following 

region between 70-150 K, stronger interactions with the 

frameworks may be probed64. 

For spectra acquired after exposing the MOF with a H2/D2 

isotope mixture at 20 K, the evolution of all gas molecules 

follows exactly the same trend, which is consistent with no 

isotope scrambling reaction taking place at such low 

temperatures (Figure S6, ESI). On the other hand, the spectra 

acquired when the isotope mixture reacts at ambient 

temperatures with the MOF, clearly shows that HD molecules 

20 30 40 50 60 70

3

6

9

12

15

18

 

 H
2

 HD

 D
2

Pd in Br-UiO-66

70 80 90 100 110 120 130 140 150

0.00

0.01

0.02

0.03

0.04

0.05

 

Pd in Br-UiO-66  H
2

 HD

 D
2

20 30 40 50 60 70

0

3

6

9

12

15

18

Pd in NH
2
-UiO-66  H

2

 HD

 D
2

70 80 90 100 110 120 130 140 150

0.00

0.01

0.02

0.03

0.04

0.05

Pd in NH
2
-UiO-66  H

2

 HD

 D
2

a) b)

c) d)

D
es

o
rp

ti
o

n
 R

at
e 

(1
0

18
 m

o
le

cu
le

s/
g·

s)

Temperature, K

Figure 5 Thermal desorption spectra for H2-D2 isotope scrambling reaction mixture 

allowed on Pd-containing MOFs at ambient temperature for 30 minutes, spectra 

indicate Pd⸦Br-UiO-66 a) and b) and Pd⸦NH2-UiO-66; c) and d) catalysts at two distinct 

desorption temperature regions.
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have been formed only in the Pd-doped UiO-66 (Figure 5), 

demonstrating that both catalysts are active under the applied 

conditions. It is important to note that HD formation was not 

observed in the ‘empty’ Br-UiO-66 and NH2-UiO-66 MOFs 

(Figure S7, ESI). 

However, it is apparent that the desorption spectra differ in 

both temperature ranges, furthermore, their deviation from the 

desorption spectra of the ‘empty’ MOFs is also different. 

Particular differences include the additional desorption peak off 

Pd⸦Br-UiO-66 centred at ca. 25 K, which most likely can be 

attributed to desorption from the pores, and the additional 

shoulder in Pd⸦NH2-UiO-66, centred around 105 K.  We were 

unable to explain these observations with a slight activity 

change expected to arise on account of a different surface 

chemistry of the Pd nanocluster catalysts, which would have 

been expected to only modulate the concentration of the gas 

mixture. In order to investigate this further, we considered the 

original hypotheses on the validity of any comparison between 

the desorption spectra of the two systems, i.e. it provides a valid 

comparison as long as the experimental conditions are the same 

and the particle sizes are the same. The experiments were 

designed so that the first condition would be met. However, it 

was possible that we have overlooked some discrepancies in the 

Pd nanocluster size, particularly for the Pd⸦Br-UiO-66, where 

the low contrast and tendency of the host framework to 

amorphise under beam rendered imaging very challenging. 

It was therefore for the above reason that we have further 

collected a large number of HAADF-STEM micrographs on the 

Pd⸦Br-UiO-66 system, and indeed found that there appear to 

be some amorphous Br-UiO-66 regions in the specimen (Figure 

6). As these regions are not crystalline they don’t contain the 

same porous structures and as such they are not able to act as 

an effective template for nanocluster growth within their pores. 

As a consequence, Pd nanoparticles of ca. 5 nm formed on the 

surface of the amorphous region, which also means that the 

TDS spectra are not directly comparable for the two catalyst 

systems. This also explains the observation of metallic Pd in the 

XPS spectrum. It should be noted that the appearance of the 

additional low-temperature desorption peak in the TDS 

spectrum of Pd⸦Br-UiO-66 can be explained by the increased 

porosity of the Br-UiO-66 on addition of Pd, where the 

additional pores are those between the MOF and Pd particles. 

While our experiments reveal that the concentration of these 

amorphous regions is low, their existence is sufficient to skew 

the catalysis data and therefore we were unable to 

unequivocally demonstrate whether the different surface 

chemistry of Pd nanoclusters embedded in functionalised 

metal-organic frameworks can have a significant impact on their 

catalytic properties. 

Conclusions 

We have developed and tested an enhanced computational 

model capable of robust predictions related to the successful 

embedding of guest particles into the pores of metal-organic 

frameworks. This simple model takes into consideration all 

types of MOF pores and has the potential to be employed for a 

variety of guest materials. The above computational model was 

tested on a set of 3 functionalised frameworks, and was found 

to provide robust predictions. Importantly, we have been able 

to reduce the number of descriptors for successful guest 

particle embedding into MOFs to one, i.e. the difference in 

adsorption enthalpies of individual guest atoms with respect to 

that of their clustered counterparts. 

Using the above predictions, we were able to embed Pd 

nanoclusters in the pores of Br-UiO-66, and demonstrate the 

strong host-guest interactions that anchor the guest 

nanoclusters inside the frameworks. Interestingly, only mono-

functionalised linkers allowed for the embedding of Pd 

nanoclusters in the MOF pores (2-bromoterephthalate and 2-

aminoterephthalate) as opposed to the unfunctionalised 

(terephthalate) and bifunctionalised (2,5-dichloroterephthalate 

and 2,5-dihydroxylterephthalate) ones. Pd nanoclusters 

anchored in the pores of MOFs with different functionalities, i.e. 

–NH2 and –Br, have a different degree of interaction strength 

with the frameworks, directly translating into a different level 

of surface modification of the guest particles. This approach 

may be directly exploited to tune the catalytic activity of 

supported nanoclusters. Finally, we have developed a robust 

approach for the design of such systems and a tool box for their 

characterisation, which will promote the exploitation of surface 

modification of nanoclusters via their embedding into 

functionalised metal-organic framework pores. 

Experimental 

All reagents and solvents are commercially available and were 

used without further purification. 
 

Synthetic procedures. 

All MOF syntheses were carried out following the method 

developed by Farha et al.62. The procedure described used 
Figure 6 HAADF-STEM micrograph of Pd⸦Br-UiO-66 showing an amorphous region 

with a high number of larger Pd particles.
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amounts of reagents given in Table S1. A 25 ml reaction vial was 

loaded with ZrCl4 and one third of the DMF, to which the 

concentrated HCl was added before sonication to fully dissolve 

the ZrCl4. The ligand was dissolved in the remainder of the DMF, 

which was then added to the ZrCl4 mixture before being heated 

at 80 °C overnight. The product precipitated out of solution and 

was filtered by a centrifugation procedure, washed with DMF 

twice and then washed with EtOH twice. The samples were 

activated in-vacuo at 125 °C overnight. 

For Pd loading, 10 mg, 0.049 mmol of the precursor 

(Pd(NO3)2·2H2O) was dissolved in 7 ml of anhydrous acetonitrile 

before being added to the prepared 100 mg MOF under an inert 

atmosphere. This produced samples with a nominal 10 wt% 

guest loading, which was gently heated and stirred (50 °C for 24 

hours) before being filtered and washed with acetonitrile. The 

reduction of the Pd precursor was carried out in a 5 % hydrogen 

in argon stream (3 hours, 150 °C) using a custom-made cell in a 

tube furnace.  

 

Calculations.  

All calculations were carried out using the AMS software65 with 

the PBE-D366–68 exchange-correlation potential and scalar 

relativity with the TZ2P basis set and a small frozen core. 

Constrained geometry optimisations were undertaken with 

atoms corresponding to the ZrO cluster and the carboxylate 

groups of the BDC linkers frozen at the crystallographic 

positions, all other atoms were optimised. 

 

Thermal desorption spectroscopy (TDS).  

TDS experiments were carried out on an in-house designed 

device with about 2 mg of each sample. The sample holder is 

screwed tightly to a Cu block, which is surrounded by a heating 

spiral in the high vacuum chamber. The Cu block is connected 

to a flowing helium cryostat, allowing cooling below 20 K. All the 

samples were first loaded in the sample holder and activated at 

420 K under vacuum for 2 h. Then, the sample was exposed to 

a 50 mbar equimolar D2/H2 isotope mixture at room 

temperature for 30 min. Afterwards, the sample was rapidly 

cooled down below 20 K, and the gas molecules that had not 

been adsorbed were pumped out. Then a linear heating ramp 

(0.1 K/s) was applied. In the other case, the activated sample 

was exposed to a 50 mbar D2/H2 1:1 mixture at 20 K for 30 min. 

Different from exposure at room temperature, the remaining 

gas molecules were removed mildly at 20 K until high vacuum 

was reached again. Afterwards, the sample was cooled down to 

the boiling temperature. Finally, during heating from 20 K to 

room temperature with a heating rate of 0.1 K/s, the desorbing 

gas was continuously detected using a mass spectrometer 

(QMS), recognizing a pressure increase in the sample chamber 

when gas desorbs. The area under the desorption peak was 

proportional to the desorbing amount of gas, which can be 

quantified after careful calibration of the TDS apparatus. 

Calibration of the mass spectrometer signal: A solid piece of a 

diluted Pd alloy Pd95Ce5 (~0.5 g) was used for calibration. Before 

the calibration, the oxide layer of the alloy was removed by 

etching with aqua regia. Then the alloy was heated up to 600 K 

under high vacuum to remove any hydrogen that might be 

absorbed during the etching procedure. Afterwards, it was 

exposed to 40 mbar pure H2 or pure D2 for 1.5–2.5 h at 350 K 

after the mass had been collected. As H and D were bound 

preferentially to the Cerium atoms at low exposure pressures, 

the alloy could be handled under ambient conditions for a short 

time. The alloy was weighed after being cooled down to room 

temperature. The mass difference between unloaded state and 

loaded state was equal to the mass uptake of hydrogen or 

deuterium, respectively. After weighing, the alloy was loaded in 

the chamber again, and then a 0.1 K/s heating ramp (RT to 600 

K) was applied for a subsequent desorption spectrum. The 

obtained mass of gas is directly corresponded to the area under 

the desorption peak. 

 

X-ray Photoelectron Spectroscopy (XPS).  

XPS was measured under ultrahigh vacuum (<5 × 10−7 Pa) on a 

Quantum 2000 (Physical Electronics Inc.) instrument, equipped 

with an Al monochromatic X-ray source (photon energy = 

1486.7 eV). The data was analysed by the CasaXPS software. 

Peaks were fitted with a numerical convolution of a Lorentzian 

with a Gaussian lineshapes GL (30), after the Shirley background 

subtraction. The peak positions are summarised in Table S4 of 

supplementary information. 

 

Fourier Transform Infrared (FTIR) Spectroscopy. 

FTIR spectroscopy was carried out using an attenuated total 

reflectance (ATR) setup using a Bruker Tensor 27 spectrometer. 

A resolution of 4 cm-1 was used with a range of 400-4000 cm-1, 

with 32 scans. The software used to record the spectra was 

OPUS. 

  

Powder X-ray Diffraction (PXRD).  

PXRD data was collected on a Panalytical X’Pert Pro in reflection 

mode using a Cu Kα anode (λ = 1.54178 Å), divergence slit, Ni-

filter and a range of 5-120° 2Θ. 

 

Low-pressure gas-sorption measurements. 

Low pressure nitrogen physisorption isotherms were measured 

at 77 K using a liquid nitrogen bath on a Quantachrome 

NOVA4200e Surface Area and Pore Size Analyzer. The software 

used was QuantaChrome NovaWin. Isotherm points were 

chosen to be able to determine the BET (Brunauer-Emmett-

Teller) surface area and pore volume. 

 

Scanning Transmission Electron Microscopy (STEM). 

HAADF-STEM micrographs were obtained for Pd⸦Br-UiO-66 

using a JEOL ARM300CF operating at 300 kV at ePSIC, at 

Diamond Light Source.  
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Micrographs for Pd in (OH)2-UiO-66 were obtained using a FEI 

TEM Tecnai F20 accelerated at 200 kV with field-emission gun 

(FEG)  and equipped with Gatan GIF 2000 energy filter, XEDS 

(EDAX) and STEM-HAADF detectors (Fichione). 

 

Energy Dispersive X-ray (EDX) Spectroscopy. 

EDX was performed on the Pd⸦Br-UiO-66 sample using an 

Oxford Instruments XMAX 100 EDX detector in tandem with 

HAADF-STEM micrographs obtained at ePSIC, Diamond Light 

Source. The files were processed to produce the spectra using 

HyperSpy.  

EDX was performed on Pd in (OH)2-UiO-66 using a FEI TEM 

Tecnai F20 accelerated at 200 kV with Gatan GIF 2000 energy 

filter, XEDS (EDAX) and STEM-HAADF detectors (Fichione). 

 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS). 

Pd content of samples was analysed by ICP-MS using A Nu 

Instruments Nu Plasma multiple collector inductively coupled 

plasma mass spectrometer. Before analysing, the MOF matrix 

was carefully weighed and digested aqua regia using a MARS 6 

microwave at 1500 W for 5 min. The solutions were diluted with 

2% HNO3 and 1% HCl to achieve a concentration of Zr4+ < 1 ppm. 

For each sample, two duplicates were prepared for accuracy. 

External Pd standard solutions were prepared by diluting a 

commercially available standard of 1003 mg/g to 5, 10, 50, 100 

ppb with 2 % HNO3 and 1% HCl.  
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