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Influence of particle size and external surface on adsorption and 
framework flexibility in DUT-8(Ni) 

Megan J. Thompsona, Claire L. Hobdaya,b, Irena Senkovskac, Volodymyr Bonc, Sebastian Ehrlingc, 
Mariia Maliutac, Stefan Kaskelc, Tina Düren*a 

Flexible MOF nanoparticles, i.e. MOF nanoparticles that change their structure upon external stimuli such as guest uptake, 

are promising for numerous applications including advanced gas adsorption, drug delivery and sensory devices. However, 

the properties of MOFs are typically characterised based on the bulk material with no consideration of how the particle size 

and external surface influences their performance. This combined computational and experimental contribution investigates 

the influence of the particle size and surface functionalisation on the flexibility of DUT-8(Ni) (Ni2 (2,6-ndc)2 dabco, ndc = 

naphthalene dicarboxylate, dabco = 1,4-diazabicyclo[2.2.2]octane, DUT=Dresden University of Technology). In DUT-8, 

nanoparticles remain rigid in their open pore form while microparticles, synthesised under slightly different conditions, 

undergo gate opening  upon nitrogen adsorption. Simulations reveal that while the adsorption environment at the surface 

capped with modulators smaller than the 2,6-ndc ligand is very different compared to the bulk of the crystal with 

considerably weaker guest-framework interaction, the nanoparticles should close. We conclude that the size of the 

nanoparticles is not the major contributor for keeping DUT-8 nanoparticles open but that it is more likely that defects or 

nucleation barriers dominate. Moreover, our work reveals for the first time that functionalising the external surface of 

nanoparticles with different modulators or capping groups offers the opportunity to manipulate the gate opening / closing 

pressure. This principle is generally applicable and could be exploited to tune the gate openig / closing pressure for the 

application of interest.  

Introduction 

Metal-organic frameworks (MOFs) consist of metal nodes 

connected by organic ligands forming porous crystalline 

materials. They have record internal surface areas (up to ~7800 

m2/g),1 high porosities,2 and their properties can be 

systematically tailored by using different building units.3 These 

properties have resulted in extensive research towards the 

application of MOFs in gas separation,4 storage,5 and catalysis.6  

Some MOFs also exhibit framework flexibility due to their 

weak intramolecular bonding (for instance, π-π bonds, and 

hydrogen bonds). Framework flexibility is an exciting property 

whereby the crystal switches between stable structures upon 

exposure to external stimuli such as guest molecules, 

electromagnetic radiation, or changes in temperature or 

pressure.7 Some MOFs are more flexible than others, and so the 

phase transition can cause marginal or major changes in the 

structure. ZIF-8 (zeolitic imidazole framework), for example, is a 

relatively rigid structure that shows a reversible rotation of its 

2-methyl-imidazole linkers during the phase transition. This 

modest structural change results in a relatively small step in the 

adsorption isotherm.8 On the other hand, MOFs such as MIL-53 

and DUT-8 show transitions between open and closed pore 

structures associated with larger volume changes, which results 

in a large change in the porosity and consequently pronounced 

steps and hysteresis in the adsorption isotherms.9, 10 

Framework flexibility can have severe consequences for the 

use of MOFs in practical applications. For instance, finely tuned 

pore sizes and window diameters are used to exclude larger 

molecules in molecular sieving applications, which is forfeited if 

the pores can change shape.7 On the other hand, framework 

flexibility also opens up new applications for MOFs, such as their 

use in sensory devices,11, 12 advanced gas separations13 or as 

carriers for drug delivery.7, 14 In sensing devices, the well-

defined topologies and highly porous nature of MOFs means 

they offer enhanced sensitivity and selectivity towards the 

analyte.15 Contact with the analyte typically induces a phase 

transition that can be detected by changes in the MOF’s optical 

properties16 or conformational changes of a reporter 

molecule.17 As carriers for drug delivery, flexible MOFs will 

adapt to optimize their geometric and energetic properties, so 

the guest-host interaction energies can be tailored to retain the 

drug and decrease its rate of release.18 Finally, due to 
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differences in gate-opening pressures, flexible MOFs offer the 

ability to separate gases with similar physiochemical properties 

at near ambient conditions.19  

In many of these applications, it is preferable to use MOF 

nanoparticles. Whilst nanoparticles exhibit the physiochemical 

properties of typical microparticles, their properties are also 

largely governed by the external surface, which can be 

functionalized to improve the particle stability and 

incorporation into the system of interest. For example, in gas 

separation applications, the incorporation of smaller MOF 

nanoparticles into mixed-matrix membranes increases the 

MOF-polymer contact area. This reduces voids between the two 

materials, hence the structure retains its selectivity.20  

It is clear from the previous examples that flexible MOF 

nanoparticles have a huge potential in many applications. 

However, MOFs are normally characterized based on the typical 

micrometre-sized particles, the properties of which are 

governed by the “bulk” crystal (i.e. the repeating unit cell) and 

surprisingly few studies have addressed the influence of particle 

size and the external surface on the properties of flexible MOFs. 

For several gating and breathing MOFs, particle-size dependent 

flexibility was observed, including MIL-53(Al),21 DUT-49,22 DUT-

9823 and interpenetrated pillared layer MOFs such as 

Cu2(bdc)2(bpy) (bdc = 1,4-benzenedicarboxylate, bpy = 4,4′-

bipyridine).24 In a detailed experimental and simulation study 

Zhang et al. shed light on why the gate-opening pressure of ZIF-

8 increases with decreasing particle size.25 From theory, it is well 

known that the pressure of the phase transition depends on: (a) 

the free energy of the empty framework, (b) the external work 

imposed on the system, and (c) the guest-host interaction 

energy.26 In the case of ZIF-8, it was proposed that weaker 

adsorption energies at the external surface are the underlying 

cause for the crystal-size dependence on gate-opening.25  

Another MOF for which particle size dependence on phase 

transition has been observed is the pillared layer MOF DUT-

8(Ni) which consists of Ni2 paddle wheel units that are each 

coordinated by four 2,6-ndc (2,6-naphthalenedicarboxylate) 

anions, forming 2-D square nets. The 3-D structure arises from 

the axial coordination of Ni metal sites to dabco molecules (1,4-

diazabicyclo[2.2.2]octane), connecting the neighbouring nets.10 

DUT-8 is unusual as it can be obtained as a flexible material 

when synthesised as micrometre-sized crystals or as a rigid 

material when synthesized as at submicron size (< 500 nm).27-29 

Using a mixture of DMF, MeOH, and a defined dabco 

concentration during the synthesis results in micrometre-sized 

crystals in the open pore form (op). Immediately upon the 

removal of solvent, DUT-8(Ni) microparticles undergo a phase 

transition from the open pore (op) to the closed pore (cp) form. 

During the physisorption of N2 at 77 K, CO2 at 195 K, n-butane 

at 273 K, ethane at 185 K or ethylene at 169 K, desolvated DUT-

8(Ni) microparticles switch back to the op form, if a certain 

adsorptive pressure is reached which depends on the guest 

molecule.30 This transition between a closed and open pore 

structure leads to a large change in pore volume and hence a 

large, abrupt step in the adsorption isotherm.10 Moreover, it 

was shown that repeated adsorption/desorption in this system 

leads to the changes in flexibility and adsorption behaviour, 

manifested in the slope of the adsorption isotherms.31  

However, if DUT-8(Ni) is synthesized using a somewhat 

modified preparation method in pure DMF with an excess of 

dabco, this results in the fast deprotonation of H2(2,6-ndc) 

ligands and rapid nucleation. This gives rise to DUT-8(Ni) 

nanoparticles (50 nm – 500 nm in size) that remain rigid in their 

open pore (presumably metastable) phase after solvent 

removal and gas physisorption.27, 28 Synthesis of DUT-8(Ni) in a 

microreactor (which allows precise tailoring of the particle size) 

confirmed that small particles remain rigid.27 A comparable 

behaviour is observed for DUT-8(Co) demonstrating the 

stiffening effect for smaller particles.29 

It was recently found that the open pore form of the larger 

microcrystals of DUT-8(Ni) exists in two conformational 

isomers, A and B.32 However, these isomers only represent two 

limiting, ordered instances of a much larger configurational 

landscape.33 As shown in Figure 1, conformer A describes the 

isomer in which all four 2,6-ndc ligands around a Ni2 unit point 

in the same direction. In conformer B, two pairs of adjacent 2,6-

ndc ligands point in opposite directions around the metal node. 

X-ray diffraction experiments show that the “as-made” (i.e. 

solvent containing) larger op microparticles are either 

conformer B, or a disordered structure containing both 

conformers A and B. For example, a disordered phase, 

containing both conformers Aop and Bop, is initially observed 

after synthesis in DMF and methanol.29 Desolvation of the 

microparticles transforms the “as-made” structure into 

conformer Bcp. During gas adsorption, the pores in the 

microparticles open forming a gas@Bop conformer, where the 

structures differ slightly depending on the accommodated 

guest molecules.30, 32 In contrast, the exact conformation of the 

smaller, rigid (op) nanoparticles is still challenging to resolve 

due to peak broadening and hence limited information from X-

ray diffraction analysis. However, electron diffraction 

demonstrates disordered superstructures to persist on the 

nanodomain level.29  

 

Figure 1 Structures of (from left to right) Conformers Aop, Bop, and Bcp 30 34. Colour 

scheme: red = oxygen, grey = carbon, white = hydrogen, blue = nitrogen, green = nickel. 
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Recent computational work has shown that the phase 

transition Aop → Acp is energetically unfavourable and that the 

phase transition from open to closed pore form has to go 

through Bop → Bcp.32 While these results show unequivocally 

that the closed pore form must be Bcp we cannot deduce that 

the rigid nanoparticles consist of Aop and therefore that the 

rigidity is caused by the conformer as there is preliminary 

experimental evidence that Aop can convert into Bop.29 The 

different conformers of DUT-8(Ni) are therefore unlikely to be 

the origin of the different flexibility behaviour resulting from 

the different synthesis pathways. 

The different synthesis pathways, however, result in very 

different crystallization conditions. Supersaturation in the 

synthesis of the rigid nanoparticles leads to rapid nucleation 

and small crystals while the higher solubility during the 

synthesis of the flexible microparticles leads to slower 

crystallization and larger crystals.28 Using continuous wave 

electron paramagnetic resonance (EPR) spectroscopy studies, 

Mendt et al. showed that the rigid nanoparticles contain 

considerably more defects in the form of missing 2,6-ndc2- and 

dabco linkers and defective paddle wheel units with only one 

Ni2+ ion35 

Despite being generally accepted that defects play an 

important role in determining the flexibility behaviour it 

remains unclear what role the external surface plays. In this 

paper, we therefore investigate how the external surface 

influences the flexibility behaviour of the flexible microparticles 

and the rigid nanoparticles, and what influence surface groups 

capping the surface of the nanoparticles have. We use a 

combination of experiments, density functional theory (DFT) 

and grand-canonical Monte Carlo (GCMC) simulations to study 

the size-dependent uptake and phase transition witnessed 

during N2 adsorption in DUT-8(Ni).   

Methods 

Computational methods 

Structural Models For DUT-(Ni) two different conformers, A and 

B, can be considered as the limiting cases depending on the 

orientation of the 2,6-ndc2- linkers32 For both conformer A and 

B, the open and closed pore DUT-8(Ni) microparticles were 

modelled as the bulk unit cell duplicated in periodic boundary 

conditions to mimic the bulk behaviour. To understand how 

adsorption varies across the nanoparticles, the optimized 

conformer B (op and cp) bulk unit cells were extended and 

cleaved to form (001) and (110) surfaces. These faces have high 

BFDH (Bravais Friedel Donnay Harker) morphological indices 

(full BFDH morphologies are given in the SI, Section S1)36, 37 and 

are also observed experimentally. To ensure a fair comparison 

between the different phases, each slab type was cut to have 

the same number of atoms in the open and closed pore 

structure. This resulted in 2-D infinite slabs of length 40 – 70 Å 

(surface to surface). A vacuum gap of 20 Å was implemented 

either side of the external surface to prevent overlapping 

surface energies and to mimic adsorption in a nanoparticle 

surrounded by the “bulk” gas phase. During the surface creation 

coordination bonds were cleaved as opposed to covalent bonds 

which would be less energetically favourable. Uncoordinated 

nickel atoms on the surface were then saturated according to 

the surface termination – (001) surfaces were saturated with 

protonated dabco or DMF molecules, whereas (110) surfaces 

were saturated with monoprotonated 2,6-ndc or formic acid 

groups (see the SI, Section S2 for more information). The 

terminations were used to determine their influence on 

adsorption, and whether differences in strain and dispersion on 

the surface contribute to phase transition pressure of DUT-8 

particles. 

Ab-initio cell and geometry optimizations Prior to their use in 

GCMC simulations, all of the models were optimized in terms of 

their atomic positions and unit cell lengths using the Quickstep 

module in CP2K.38-43 Quickstep uses a Gaussian and planewave 

(GPW) approach, in which Gaussian basis functions are centred 

on the atoms and the electron density is propagated with 

planewaves, resulting in efficient computation of the energy. 

Prior to optimization, appropriate values of the planewave cut-

off and relative cut-off were determined based on the 

convergence of single-point static energy calculations. The cut-

off and relative cut-off values used are 700 Ry and 50 Ry for the 

slabs, and 600 Ry and 50 Ry for the bulk. Non-classical exchange 

correlation terms were approximated using the PBE functional44 

with DFT-D3 dispersion corrections.45, 46 To reduce 

computational cost, the core electrons were modelled using 

pseudopotentials derived by Goedecker, Teter, and Hutter 

(GTH).47 Quickstep solves the Kohn Sham matrix by 

representing the wavefunction as Gaussian type basis sets. 

Triple-zeta Gaussian type basis sets (TZV2P-MOLOPT) were 

used to describe all atoms with the exception of nickel which 

was described using double-zeta functions (DZVP-MOLOPT).48 

As with the planewaves, core electrons were described by GTH 

pseudopotentials.49, 50 All structures were fully relaxed (both in 

terms of the atomic coordinates and unit cell parameters) using 

a BFGS optimizer. Tolerances for convergence were set to 0.003 

and 0.0015 Bohr for the maximum and root-mean-square of 

atomic displacements, and 0.0004 and 0.0003 Bohr/Ha for the 

maximum and root-mean-square of the atomic forces. During 

the minimizations, each bulk structure optimized to the same 

phase and conformer as the input (i.e. no gate-closing was 

observed). Hence, each phase and conformer are local minima 

on the DUT-8(Ni) energy landscape.  

Grand-canonical Monte Carlo simulations N2 adsorption at 77 

K was modelled using GCMC simulations as implemented in the 

multipurpose simulation code MuSiC 51 using rigid frameworks. 

N2 - DUT-8(Ni) non-Coulombic interactions were calculated 

using the Lennard-Jones (LJ) 12-6 potential, and N2 – DUT-8(Ni) 

Coulombic interactions were calculated using Ewald 

summation.52 N2 – N2 Coulombic and LJ interactions were 

calculated on-the-fly using the Wolf summation method53 and 

the LJ 12-6 potential respectively. A cut-off radius of 18 Å was 

used for all interactions. DUT-8(Ni) partial atomic charges were 

taken as the Mulliken charges from DFT minimized structures. 

LJ parameters for the framework were taken from the Dreiding 

force field,54 with the exception of nickel, for which the 

parameters were taken from the Universal Force Field.55 LJ 
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parameters and partial atomic charges for the N2 molecules 

were taken from the TraPPE force field which describes N2 

molecules as three spheres, with two nitrogen atoms (partial 

charges of -0.482 e) separated at a distance of 0.55 Å from a 

dummy atom at the centre of mass which neutralizes the overall 

charge and has Lennard-Jones parameters of nil.56 Microstates 

were generated using four GCMC moves: insertion, deletion, 

translation and rotation. 10 million iterations were used for 

each pressure point, and the first 40 % of microstates were 

neglected to ensure the ensemble average is taken at 

equilibrium. Finally, to calculate the fugacity, the Peng Robinson 

equation of state was used.57 In the slab models, there is early 

onset condensation in the confined space of the vacuum gap 

and therefore the size of the vacuum gap influences the 

adsorption isotherm when extracrystalline adsorption begins. A 

simple normalization (as described in the SI, Section S3) was 

used to correct for the influence of the vacuum gap, meaning 

the high pressure region of the isotherm can be captured. 

Phase-transition pressure prediction The osmotic framework 

adsorbed solution theory (OFAST)26 was used to determine the 

phase-transition pressure of DUT-8(Ni) microparticles and 

nanoparticles (see the SI, Section S4 for details). The free 

energies of the empty frameworks were assumed to equal the 

internal energies calculated using ab-initio optimizations on the 

bulk and slab models. Isotherms used to analyse the N2 

contributions to the osmotic potential were obtained using 

GCMC simulations. 

 

Experimental methods 

icrocrystals and nanoparticles were synthesised according to 

the published procedure.28 The samples were characterised by 

powder X-ray diffraction to ensure the crystallinity and the 

phase purity of the synthetized materials. After synthesis, the 

solvent in the pores was exchanged to dichloromethane in case 

of microcrystals and to ethanol in case of nanoparticles for 

three days. After solvent exchange, the microcrystals were 

evacuated first at 25 °C for 16 h and additionally at 120 °C for 4 

h. The nanoparticles were desolvated at 150 °C in vacuum for 

16 h.  

The cyclic nitrogen physisorption experiments on DUT-8(Ni) 

microcrystals at 77 K were performed on BELSORP-Max 

instrument (Microtrac BEL, Japan). Between the measurements 

the sample was evacuated for 2 h at 25 °C. Adsorption isotherms 

for DUT-8(Ni) nanoparticles were measured on Autosorb IQ gas 

sorption analyser (Quantachrome). Scanning electron 

microscopy (SEM) was performed with a HITACHI SU 8020 

instrument. 

Results and discussion 

In order to contrast the N2 adsorption behaviour for the micro- 

and nanoparticles, we first look at N2 adsorption in the 

microparticles represented by infinite periodic structures in the 

GCMC simulations. Figure 2 shows negligible difference 

between the simulated Aop and Bop isotherms, in which the 

pores saturate at a loading of ~ 600 cm3(STP)/g at p/p0 ≈ 0.0025.  

 
Figure2 Simulated adsorption isotherms of N2 in bulk conformers A and B, and the 
initial experimental N2 adsorption isotherm at 77 K on a fresh sample (large 
particles) without cycling 

This maximum loading is similar to that observed 

experimentally in a fresh sample of DUT-8 (note that as 

previously reported,31 DUT-8 delaminates upon cycling which 

results in smaller domains, reduced maximum uptake, and an 

increase in the gate opening and closing pressures - see Section 

S5 in the SI). No adsorption is expected in Bcp as the maximum 

pore diameter (2.3 Å) is smaller than the collision diameter of 

N2 (3.7 Å).  

To illustrate the adsorption mechanism, Figure 3 presents 

the Boltzmann distribution as a probability map for N2 

adsorption in the bulk conformer Bop at 77 K (note that the 

maps for Aop are nearly identical to those for Bop, see Figure S7 

in the SI). The most favourable adsorption site (site 1) is situated 

in the pore corners next to the Ni2 unit, at which N2 molecules 

experience overlapping interactions from adjacent 2,6-ndc2- 

ligands, resulting in a relative adsorption probability of 1. There 

are weaker adsorption sites next to the dabco ligands (site 2) 

and next to the 2,6-ndc2- ligands (site 3). At sites 2 and 3, N2 

molecules experience interactions from a high number of 

surrounding nitrogen and/or carbon atoms, resulting in relative 

adsorption probabilities of ~ 0.1. Finally, there is a non-distinct, 

low probability region for adsorption elsewhere in the pores, as 

indicated by the dark blue regions on the maps. These 

adsorption sites are the same as those observed by Hoffmann 

et al. who simulated xenon adsorption in DUT-8(Ni) 
58. 

 

Figure 3 Boltzmann probability distribution for N2 at 77 K inside the bulk conformer Bop. 

The maximum probability (P=1) corresponds to an adsorption energy of -6.7 kJ mol-1. 

Showing (a) view down z-axis, and (b) view down x-axis. 
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Figure 4 a) Assignment of the crystal faces for DUT-8(Ni) conformer Bop, b) Planes 
in the DUT-8(Ni) conformer Bop crystal structure, corresponding to the surface 
termination of crystal faces. 

To represent the nanoparticles and capture the effect of the 

external surface, infinite slab models were used in the 

simulations where nickel exposed at the external surface of the 

slabs were coordinated with functional groups based on the 

synthesis mixture: H(2,6-ndc)-, dabco, DMF or formate. Due to 

the expense of the simulations and the negligible difference 

between adsorption in Aop and Bop, only conformer B was 

studied. Indexing of the single crystal faces on a diffractometer 

(Figure 4) shows the (110) and (001) faces dominate the shape 

of DUT-8(Ni), thus the slab surfaces were created along these 

indices. 

Figure 5 shows that there is very little difference in the 

simulated isotherms in the slab models capped with different 

surface groups. Compared to the bulk, the uptake and slope of 

the slab isotherms are lower at pressures p/p0 < 0.25, because 

a lower density of framework atoms on the external surface 

reduces N2-DUT-8 interaction energies. As the pressure exceeds 

p/p0 =0.25, the bulk isotherm levels off whilst the slab isotherms 

continue to rise due to extracrystalline adsorption. This is also 

seen in the experimental isotherm for small, rigid DUT-8 

particles (also shown for comparison). Extracrystalline 

adsorption is also responsible for the uptake observed in slabs 

of Bcp where the bulk pores, i.e. those not in direct contact with 

the surface and experiencing the same chemical environment 

as the period bulk unit cell, are too small to accommodate any 

N2 molecules. 

 
Figure 5 N2 adsorption isotherms at 77 K inside the simulated Bop slabs and bulk, 
and the experimental isotherm in rigid DUT-8 nanoparticles. Slabs are capped 
with: dabco, dimethylformamide (DMF), formate (FA), or H(2,6-ndc-) (NDC) 

 

 
Figure 6 Probability maps for N2 adsorption at 77 K in the conformer Bop slab 
models: a) 001 dabco, b) 001 DMF, c) 110 formate, and d) 110 ndc. 

Probability maps for N2 adsorption in the Bop slabs (Figure 6) 

show that N2 molecules occupy the same adsorption sites in the 

bulk pores of the slab, regardless of their position relative to the 

external surface. Hence, ignoring kinetic hindrance, the same 

amount will adsorb in all of the bulk pores regardless of their 

position in the particle. In contrast, adsorption sites on the 

external surface depend on the capping group. For Bop slabs 

capped with H(2,6-ndc-) or a dabco ligand, the same adsorption 

sites are present on the external surface as in the bulk, albeit, 

the interaction energies at the surface are weaker as half the 

groups that would contribute to the interaction energy are 

missing. Replacing the capping ligands with smaller capping 

groups (formate or DMF) further reduces the strength of 

interactions at the surface. These reduced interaction energies 

at the surface contribute to a shift in the gate-opening/closing 

pressures to higher values.  

In line with the results for the microcrystals, N2 is too large 

to fit inside the bulk pores of Bcp slabs (Figure 7 and Figure 8). 

On the external surface however, there is a strong and very 

localised adsorption site next to the narrow corner of the pore 

(site 1). In contrast, the probability of N2 adsorption in the wide 

pore corners (site 2) is lower because the 2,6-ndc2- ligands are 

further spread. At site 1, N2 interactions will overcome the 

dispersion interactions, likely acting as a driving force for gate-

opening.  

 

Figure 7 Probability maps for N2 adsorption at 77 K in the Bcp slabs. Viewing the surface 

pores of a) 001 dabco, and b) 001 DMF capped Bcp slabs facing into the structure. *1 and 

*2 mark the adsorption sites in the “narrow” and “wide” pore corners. Note that the 

diameter of the bulk pores of Bcp are too narrow to accommodate N2 molecules.  
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Figure 8 Magnified probability maps for N2 adsorption at 77 K on one of the external 

surfaces of the conformer Bcp slabs, showing a) 001 dabco, b) 001 DMF, c) 110 FA 

(formate), and d) 110 ndc. (The slabs and probability distributions were generated in the 

same way as the Bop slabs shown in Figure 6). 

It is clear that weak N2-DUT-8 interaction energies on the 

external surface increase the gate-opening/closing pressure in 

the flexible microparticles. However, this does not explain why 

the rigid DUT-8 nanoparticles, obtained by changing the 

synthesis conditions, favour the op form. To get more insight, 

the osmotic framework adsorbed solution theory (OFAST) was 

applied to predict the gate-closing pressure. OFAST states that 

when two structures (e.g. the op and cp structures) are in 

equilibrium, those structures have equal osmotic potentials 26. 

The calculations are based on the system energy when N2 

molecules are present inside the pores, therefore they 

determine the gate-closing pressure. Gate-opening requires N2 

molecules to open the pores from the external surface inwards, 

therefore is dominated by kinetics. For the periodic, bulk 

structure representing the microparticles, OFAST predicts a 

gate-closing pressure of p/p0=0.005 (0.5 kPa), which is within 

the experimentally observed range for gate-closing in DUT-8(Ni) 

microparticles ~ 0.5-1 kPa (see the SI, Section S8 for details). 

Figure 9 shows the Bcp → Bop energy difference normalized 

with respect to the number of bulk unit cells (i.e. “complete” 

DUT-8 unit cells) in each slab which illustrates how capping 

groups influence the flexibility behaviour.  

 

Figure 9: Normalized Bcp → Bop energy differences inside the guest-free bulk and slab 

models 

As with the bulk, the internal energies show that each Bcp 

slab is more favourable than the corresponding solvent free Bop 

slab because of dispersion interactions between the ligands. If 

ligands are removed (i.e. by introducing an external surface), 

Bcp becomes relatively less favourable (i.e. the Bcp → Bop 

energy difference decreases). Similarly, if the size of ligands is 

reduced, reduced dispersion interactions decrease the Bcp → 

Bop energy difference. 

In a thermally induced phase transition the change in 

volume Gibbs free energy (GV) is typically proportional to the 

latent heat of transformation (L)  

Δ𝐺𝑉 ≅
−𝐿∆𝑇

𝑇𝑒
 

where for undercooling ΔT = Te – T with Te being the equilibrium 

phase transition temperature.59 Hence, considering only the 

empty host, the reduced dispersion interactions decrease the 

energy difference and latent heat of the Bop → Bcp phase 

transition. As Δ𝐺𝑉  is the driving force for this phase transition, 

it is reasonable to obtain Bop nanoparticles as a metastable 

form upon desolvation.  

Considering additionally host-guest interactions, this in turn 

means that overall, as the particle size decreases, weaker N2-

DUT-8 interaction energies on the external surface will increase 

the gate-opening/closing pressure as more N2 molecules are 

needed to overcome the Bcp → Bop barrier. On the other-hand, 

weaker dispersion interactions on the surface reduce the 

energy difference between Bop and Bcp, reducing the gate-

opening/closing pressure. To determine which of the two 

effects dominate the shift in gate-opening/closing pressure, 

OFAST was applied to the slab models. Figure 10 shows that the 

gate-closing pressure, i.e. the pressure where the relative 

osmotic potential (ΩBop-Bcp) is equal to zero, varies depending on 

the surface group but is in the same order of magnitude as 

calculated for the periodic bulk material (p/p0=0.005 (0.5 kPa)). 

These results indicate that the influence of the surface is not a 

major contributing factor to why the nanoparticles are rigid and 

do not show gate closing for DUT-8(Ni). 

 
Figure 10 Relative osmotic potentials, ΩBop-Bcp in the slab models with different capping 

groups as function of pressure. The gate closing pressure can be found at ΩBop-Bcp = 0. 
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However, closer inspection of Figure 9 and Figure 10 reveals the 

complex interplay of two opposing effects: reduced N2 – DUT-8 

interaction energies at the surface leading to an increase in the 

gate-transition pressure and reduced dispersion interactions 

between the capping groups, leading to a decrease in the gate-

transition pressure which can be exploited to modify the gate 

closing pressure. Compared to the bulk (p/p0 =0.005; p = 0.5 

kPa), the transition pressure is slightly reduced for the 001-DMF 

slab (p/p0 = 0.003; p = 0.3 kPa). This slab has the smallest 

capping group, and hence the lowest Bcp → Bop energy barrier 

(Figure ). Since the other slabs have larger capping groups which 

result in larger dispersion interactions, the reduced N2-

framework interaction energies on the surface outweigh the 

decreased Bcp → Bop energy difference compared to the bulk. 

Hence relative to the bulk the gate-closing pressure increases 

up to p/p0 = 0.05 (p = 5 kPa) for ndc (see Table S1 in the SI for 

the energy differences and the actual values of the gate closing 

pressures). Overall, these results show that the targeted 

capping of flexible nanoparticles could in general provide a 

powerful handle to modify the gate closing pressure in a 

systematic way tailoring it for the application of interest. 

Conclusions 

We used a combination of experimental and simulation 

techniques to study N2 adsorption in DUT-8(Ni). In particular we 

looked at the influence of the external surface on the gate 

opening / closing behaviour of DUT-8(Ni) comparing 

nanoparticles, which experimentally remain rigid in their op 

form, to microparticles, synthesized using slightly different 

conditions, which undergo N2 induced gate-opening/closing. 

Cyclic adsorption of these flexible DUT-8 microparticles leads to 

their disintegration and mosaic structure formation leading to 

an increase in the gate-opening pressures. Simulations in slabs 

of DUT-8, to account for surface effects, reveal that on the 

surface, where paddle wheel units are capped with modulators 

substantially smaller than the 2,6-ndc ligands, the adsorption 

environment for guest molecules is very different with 

considerably weaker guest-framework interaction. This effect 

is, however, short-ranged and as soon as the nitrogen molecules 

encounter paddle wheel units with four coordinated linkers 

even in the pores exposed at the surface the adsorption 

environment is nearly identical to the bulk material. 

Calculations using the osmotic framework adsorbed solution 

theory (OFAST)26 using slabs capped with different surface 

groups representing DUT-8(Ni) nanoparticles revealed that the 

nanoparticles should close. Therefore, we conclude that the size 

of the nanoparticles and the capping of the surface with surface 

group is not a major contributor to keeping DUT-8(Ni) 

nanoparticles open as observed experimentally and that it is 

more likely that defects and/or nucleation barriers dominate.35 

However, the reduced energy difference between the open and 

the closed form (EBop-Bcp) in nanoparticles reduces the driving 

force for the op→ cp transition increasing the probability to 

obtain metastable op polymorphs as a result of a kinetically 

hindered nucleation. Moreover, our results reveal, for the first 

time, that surface groups capping nanoparticles offer the 

opportunity to manipulate the gate opening / closing pressure. 

For the four surface groups that we investigated, the complex 

interplay between guest-framework and framework 

interactions lead to a lower (0.3 kPa for DMF) or increased (5 

kPa for ndc) gate closing pressure compared to the bulk (0.5 

kPa). This principle is generally applicable and could be 

exploited to tune the gate opening / closing pressure for the 

application of interest. 
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