Open Access Article. Published on 12 October 2015. Downloaded on 3/10/2026 10:19:06 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Dalton
Transactions

ROYAL SOCIETY
OF CHEMISTRY

View Article Online
View Journal | View Issue

CrossMark
& click for updates

Cite this: Dalton Trans., 2016, 45,
4203

L. Sarkisov

Molecular simulation of low temperature argon
adsorption in several models of IRMOF-1 with
defects and structural disorderf

Defects and inclusions in metal—organic frameworks (MOFs) have captured the attention of the scientific

community as a possible new source of interesting functionalities. Currently, little is known about how

the presence of defects and guest molecules affects adsorptive, catalytic, mechanical and other pro-
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Introduction

In the last 15 years metal-organic frameworks (MOFs), aside
from being promising materials for a number of applications,
have kept challenging our perception of what is possible, in
terms of properties and behaviour, in the world of porous
materials." MOFs with ultrahigh surface areas® and MOFs
capable of large volume changes as a result of some external
stimuli while remaining crystalline® are just two examples of
new and intriguing phenomena. Another feature of MOFs is
their sheer number and diversity, resulting simply from the
vast library of organic chemistry. This prompted a conjecture
that for each application in question, from sensing, adsorption
and catalysis to sorting and drug delivery, there is a MOF,
either already synthesized or yet to be synthesized, with pro-
perties ideal for this specific application. This in turn changed
the way we approach material optimization, with a significant
emphasis now placed on large-scale computational screening
of real and virtual structures.”

So far, in all these developments, both theoretical and
experimental, MOFs have been treated as ideal, defect-free
crystals. And yet, there is no such thing as an ideal crystal: all
real crystals, to some extent, contain various types of defects
and impurities, although techniques to grow nearly perfect
crystals have been perfected over the years. In MOFs, it has
been now recognized that defects are pervasive and may
include missing linkers, partially collapsed frameworks, inter-
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lation of argon adsorption at 78 K.

perties of a MOF crystal and there is a clear need for a comprehensive theoretical framework. In this
article we offer several conceptual models of IRMOF-1 with defects and guest molecules and explore
properties of these models using computational structure characterization methods and molecular simu-

penetrated frameworks or regions, trapped molecules of solvent
and building components, pores and regions of porous space
blocked and inaccessible to adsorbates and so on. One may
rather rely on an operational definition of an ideal crystal, as
the crystal whose adsorption and other properties relevant for a
specific application cannot be distinguished from a defect-free
structure within the accuracy of an experimental measurement.

There has been substantial recent interest in classification,
characterization and control of these defects in MOFs.
Indeed, for some applications, such as photonics, it is impor-
tant to have as perfect crystals as possible, and growing high
quality crystals has become an important field in itself. Small
structural imperfections in MOFs may serve as a source of
mechanical and chemical instability, ultimately leading to
degradation of the material, an issue well known and endemic
for MOFs. Yet, a new line of thought looks at these defects as a
source of original functionalities and unexpected phenomena,
particularly in catalysis, adsorption and crystal mechanics.®

How do adsorptive, catalytic, mechanical and other pro-
perties of MOFs depend on the presence of defects, their type
and concentration? This is an emerging area of substantial
theoretical and practical interest.

One important aspect in the development of approaches
within this area is to recognize that the presence of defects in
MOFs makes them disordered structures. From this point of
view there are other closely related systems, where the disorder
of the structure comes not from the structural defects of the
underlying crystal and faults in the synthetic procedure, but
from a deliberate introduction of an additional component to
the system and post-synthetic modification of the ligands.

Molecular simulations could be of an extreme value in the
emerging field of defect-engineering in MOFs as in simu-
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lations behaviour of systems with defects and disordered
systems can always be compared with a reference, defect-free
structure, based on the crystallographic data.

The idea of this conceptual article is to explore how some
of these defects and structural disorder in MOFs can be mod-
elled and what type of deviation in structural characteristics,
such as accessible surface area and porosity, and properties
one might expect from the presence of defects and disorder.

As a model structure we consider a well-known and one of the
earliest reported MOFs, IRMOF-1, also known as MOF-5.” In this
preliminary study we will focus on structural characteristics and
adsorption properties explored through argon sorption at 78 K.

Methodology

All simulations in this study are carried out using the energy
biased grand canonical Monte Carlo (GCMC) method, as
implemented in the MUSIC simulation package.® Further
details of the GCMC simulation protocol adopted in this work,
including the number of Monte Carlo moves per adsorption
point, the type and weight of Monte Carlo moves and other
parameters, are provided in the ESL.}

For all species (IRMOF-1, argon, dimethylformamide (DMF)
and gold nanoclusters) we adopt the Universal Force Field
(UFF) interaction parameters,” summarized in the ESL{ We
will comment on the pitfalls of using “off-the-shelf” force
fields in later sections. The Lennard-Jones (LJ) cross-species
interactions are calculated using the standard Lorentz-Berthelot
mixing rules. All LJ interactions are truncated at the cut-off
distance of 12.8 A with no long-tail corrections applied. All
species, including the adsorbent IRMOF-1, are treated as rigid.
Electrostatic contribution to the total interaction energy is con-
sidered for the case of DMF and gold nanoclusters (interacting
with their own molecules and with IRMOF-1). Partial charges
on the atoms of metal-organic frameworks are taken from the
work of Yazaydin et al.'® For DMF, partial charges are calcu-
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lated using the B3LYP Density Functional Theory method,"'
with a 6-31G basis set and CHELPG charge analysis'! using
the Gaussian 09 software package.'® Fluid-fluid electrostatic
interactions between partial charges are calculated using the
Fennell-Gezelter method'® based on a spherically truncated
summation (at 12.8 A), while in the solid-fluid case the Ewald
summation is applied.’” All solid-fluid interactions are pre-cal-
culated using a cubic lattice with 0.2 A resolution and stored
as potential maps prior to the adsorption simulations. In all
cases we consider a system of 2 X 2 x 2 replicas of the IRMOF-1
unit cell as the adsorbate system. In all cases we consider only
one realization of the system due to computational constraints.
A more robust study should consider all properties (adsorption
isotherms, surface area, etc.) averaged over multiple reali-
zations of structural disorder.

The saturation pressure of argon as described by the UFF
parameters is calculated using the revised Lennard-Jones
equation of state."®

Structural characteristics of the systems, including surface
area, pore volume and pore size distribution, are obtained
with the Poreblazer v3.0.2 simulation suite, using the methods
summarized in our previous publication."® Energy barriers for
transport of gold nanoclusters within IRMOF-1 are estimated
using the methodology reported in our previous work.>>*!

All isotherms are reported in mg g~ " units consistent with the
available experimental data and previous simulation studies.>*
Other technical details pertaining to construction of the specific
systems will be provided as needed in relevant sections.

Results

The types of deviations from the perfect structure of IRMOF-1
we consider in this work are summarized in Fig. 1 and include
missing linkers, regions of mesoporosity between nano-crystal-
line regions, the presence of solvent molecules and IRMOF-1
structures loaded with gold nanoclusters. This is, of course,

Perfect crystal

i_

ﬁ:#
|

[ &

Missing linkers Mesoporosity

I I

“Ship-in-the-bottle”:
nanoparticles

Residual
molecules

Fig. 1 Possible scenarios of structural deviation from the ideal crystal considered in this study. From left to right: missing linkers, the presence of
mesopores, guest molecules such as the residual solvent and purposefully introduced nanoparticles.
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not an exhaustive list of all possible deviations of the structure
from the perfect crystal (and, likely, we do not know yet all
possible types of defects that can exist in MOFs). For example
we do not consider systems with post-synthetic modification of
the linkers® or so called multivariate MOFs,>* while not all of
the scenarios considered here are directly relevant for
IRMOF-1. This will be further commented on as we present
the individual cases.

Before we consider structural features and adsorption be-
haviour of these modified IRMOF-1 structures, it is important
to establish the behaviour of the reference, perfect crystal.

Fig. 2 shows the molecular visualization of the IRMOF-1
crystal (2 x 2 x 2 unit cells). The structure consists of two alter-
nating cages of about 11.37 + 0.20 A and 14.62 + 0.20 A in dia-
meter, connected by windows of 7.71 = 0.20 A (the pore
limiting diameter). The accessible surface area is estimated at
3381.49 m* g', which is in good agreement with the experi-
mentally reported values (for example, 3534 m> g~ (ref. 25)).

Fig. 2 Computer visualization of the ideal IRMOF-1 structure. 2 X 2 x 2
unit cells are shown under periodic boundary conditions. Cyan colour
corresponds to the organic linkers, red colour indicates oxygen atoms
associated with the zinc-containing vertices of the structure.
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Fig. 3 Adsorption isotherms for argon at 78 K in IRMOF-1. Red symbols are the experimental results,
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Fig. 3 shows adsorption isotherms from molecular simulations
and experiments. The experimental data reported by Li et al.”
were also presented in the work of Dubbeldam and co-
workers,*® who extensively investigated locations and types of
sites available for light gases within IRMOF-1. Here we report
the amount adsorbed in the units consistent with those
studies.

As can be seen from Fig. 3, molecular simulations over-
predict the IRMOF-1 capacity for argon. This is consistent with
the studies by Dubbeldam and co-workers (although in their
work, the simulated capacity was ~40% higher than in experi-
ments, whereas here it is ~20% higher than in experiments),
who associated this with a portion of the structure being
blocked and inaccessible to the adsorbate molecules.>® The
differences between the two sets of the simulation results are
likely associated with the choice of force field for the frame-
work and argon. On the right side of Fig. 3 we also re-plot the
same adsorption isotherm using the logarithmic scale for
pressure. The shift of the simulated isotherm to lower values
compared to the experiments suggests stronger solid—fluid
interactions in the model, compared to the real structure.

Let us now consider the case where some of the linkers are
missing in IRMOF-1. Experimentally, there is now a sufficient
amount of evidence that MOFs with missing linkers do exist,
and moreover can be created on purpose.>*”*® For example,
Zhou and co-workers have prepared variants of the
NOTT-101 material with missing linkers, by using a combi-
nation of the actual linkers and linker fragments in the syn-
thesis.>® The resulting structures featured a larger pore volume
and even mesopores. It then leads to some interesting ques-
tions as to how much of the linkers should be removed from
the structure to induce mesoporosity, how this threshold
depends on the MOF and ligands and whether the resulting
structures are mechanically stable. In another example, MOFs
based on zirconium and carboxylate linkers are known to
feature missing linkers and, in fact, these defects can be
induced via modification of the synthetic procedure.”” As has

2500
2000 | 00 @m0 O]
[ ]
& 1500 '“.n
= (]
(o))
£ 1000 | L 4
e [ ] P
@®
o °
- 500 | / 5
[ ]
[
0 e ©® i ‘
0.0001  0.001 0.01 0.1 1
PIP,
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results from Dubbeldam and co-workers,?® black symbols are from molecular simulations in this work. The panel on the right uses the logarithmic

pressure scale.
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been recently discussed by Cliffe et al., the defects in the
UiO-66 structure seem to aggregate in defect-rich regions and
these phenomena require some further explanation and
understating.*°

Using IRMOF-1 as a basic model, we consider the effect of
the portion of the linkers removed. Here the ligands are
removed by cleaving the bonds between the sp carbon of the
terephthalic acid linker and oxygen atoms. We acknowledge
here that from the chemical perspective it is unrealistic and
more physically meaningful models can be constructed,
including those for the NOTT-101 and UiO-66 materials. Using
Poreblazer structure analysis tools,'® we ensure that the
remaining structures still form fully supported, percolated
clusters. Fig. 4 shows surface areas and geometric pore size
distributions (PSDs) as a function of the percentage of linkers
removed. Indeed, the surface area (in m”> g™') steadily
increases with the number of linkers removed. The pore size
distribution remains almost identical to the perfect crystal
with up to 20% of linkers removed (so these PSDs are not
shown), however at 50% linkers removed, the PSD starts to
develop new peaks, closer to the mesoporous region and at
65% and 73% more of these peaks are added at the positions
clearly dictated by the topology of the MOF itself and the
characteristic vertex-vertex distances.

Adsorption isotherms in the defected structures in compari-
son with the reference simulation and experimental results are
shown in Fig. 5.

A small number of linkers removed (5%, 10%, and 20%
solid line, short dashed, and dotted lines, respectively) lead to
essentially the same simulated isotherm as for the perfect
crystal with slightly larger capacity and stronger interactions in
the low pressure regime. This is particularly evident in the
case of 20% of linkers removed. The real change becomes
more visible at 50% of linkers removed (long dashed line) with
the isotherm levelling at a much greater loading value and fea-
turing a much less steep initial slope of the isotherm due to
the weakened solid-fluid interactions. This trend continues for
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65% of linkers removed, however no signs of capillary conden-
sation or hysteresis behaviour are yet observed. At 73% of
linkers removed, the isotherm has a completely different
shape, corresponding to an intermediate case between Type IV
and V isotherms and featuring a hysteresis loop, associated
with the presence of mesopores as observed from the PSD.
This is similar to the mesoporosity emerging in NOTT-101 as a
result of incorporation of incomplete linkers, as reported by
Park et al.”® However, Park and co-workers did not observe such
a dramatic impact on the initial slope of the isotherms as in the
simulations here, suggesting that in their materials mesopores
form in between reasonably intact microporous domains. We
will consider an alternative model capturing this situation.

Fig. 6 shows the IRMOF-1 structure with 73% of linkers
removed and the same structure with argon molecules
adsorbed right before the capillary condensation step.

There are other possible scenarios of how mesoporosity can
occur or introduced into a MOF structure. For example, Choi
et al. showed that the synthesis of IRMOF-1 in the presence of
carefully controlled amounts of 4-(dodecyloxy)bezoic acid
(DBA) leads to a sponge-like structure, with pores of 10 nm-
100 nm incorporated into the crystalline structure of IRMOF-1,
as evidenced from scanning electron microscopy (SEM) and
powder X-ray diffraction (PXRD) analysis.’® Interestingly,
characterization via nitrogen adsorption at 77 K produced
adsorption isotherms of Type I for sponge structures, very
similar in shape to the isotherm for the reference microcrystal-
line IRMOF-1, but with a lower capacity for nitrogen. Meso-
porous materials would be expected to have a Type IV or V
adsorption isotherm with a characteristic hysteresis loop.*> At
least in the case of one of the sponge-like materials, the
authors offered an interpretation of these results, whereas
liquid-like nitrogen in micropores blocks access to the large
interior cavities. We believe that other alternative explanations
are also possible: the interior cavities may not be fully evacu-
ated (which would explain the lower capacity for nitrogen) and
the pores are too large in size (in the macroporous region) and

PSD

5 10 15 20 25 30
Pore, A

Fig. 4 On the left: accessible surface area (m? g™%) in IRMOF-1 as a function of the percentage of linkers removed. Line is for eye guidance only. On
the right: geometric pore size distribution as a function of the percentage of linkers removed. Black line is for 0% (perfect crystal), red line is for

50%, green line is for 65% and blue line is for 73% linkers removed.

4206 | Dalton Trans., 2016, 45, 4203-4212

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5dt03498a

Open Access Article. Published on 12 October 2015. Downloaded on 3/10/2026 10:19:06 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

4000 1

3000 -

2000

Loading, mg/g

1000

PIP,

View Article Online

Paper

4000 -

3000 -

e

2000 1

Loading, mg/g

1000

0 n
0.0001

0.01 0.1 1
PIP,

0.001

Fig. 5 Argon adsorption isotherms at 78 K in IRMOF-1 structures with a progressively larger proportion of linkers removed. Red symbols are the
experimental results,”?® black symbols are from molecular simulations for the perfect crystal. Solid black line is for 5%, short dashed line is for 10%,
dotted line is for 20%, long dashed line is for 50%, dotted-dashed line is for 65% and blue line (solid line for adsorption, dashed line for desorption)
is for 73% of linkers removed, respectively. The panel on the right plots the same data, using the logarithmic pressure scale.

&

Fig. 6 On the left: computer visualization of the IRMOF-1 structure with 73% of linkers removed. Over the periodic boundary conditions the struc-
ture still forms a continuous, self-supporting network. On the right: the same structure filled with argon molecules at 78 K, prior to the condensation
step at P/Po = 0.55. Colour scheme: cyan for carbon, red for oxygen, grey for argon.

therefore condensation takes place very close to P/P, = 1 to
lead to a proper Type IV adsorption isotherm.

Molecular simulations can help in interpreting this type of
experimental work by constructing hypothetical models of
mesoporosity in MOFs and exploring their behaviour. Here, we
investigate just one variant of the model of this type, where a
single mesopore of 20 A in size is introduced into the micro-
crystalline structure of IRMOF-1. For this we consider sheets of
the IRMOF-1 crystal of two unit cells wide (51.338 A) separated
by a 20 A gap in the x direction, as schematically depicted in
Fig. 7. In the x direction, the crystal is cut between the sp’
carbons and aromatic rings and exposed sp” carbon atoms are
capped with hydrogen atoms to preserve correct valence.

Adsorption behaviour of this system is shown in Fig. 8 in
comparison with the perfect crystal, experimental data and the
mesoporous system obtained by removing 73% of linkers.

This journal is © The Royal Society of Chemistry 2016

Indeed, the presence of a single mesopore induces the for-
mation of a hysteresis loop (with the system behaving essen-
tially as a slit pore with complex walls). This isotherm can be
classified as Type IV and it is quite different from the isotherm
obtained via removal of a large number of linkers: as expected
at lower pressures its behaviour essentially retraces the micro-
porous behaviour of the pristine IRMOF-1, with the contri-
bution of the mesopore switched on at a higher pressure. For
the system based on the removed linkers, it is the very struc-
ture of the microporous IRMOF-1 that has been substantially
altered, leading to the weak solid-fluid interactions and large
porosity. In fact, the model featuring a single mesopore seems
to reflect more closely a situation where defects induced by
missing linkers also aggregate, with the resulting pores coales-
cing into larger mesopores. From this perspective, the iso-
therm reported in Fig. 8 for the model with 20 A mesopores is

Dalton Trans., 2016, 45, 4203-4212 | 4207
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Fig. 7 Schematic depiction of a mesoporous model of IRMOF-1 con-
sidered here. In the x direction the system consists of alternating sheets
of the IRMOF-1 crystal of two unit cells wide and gaps of 20 A wide. The
system is under periodic boundary conditions in the y and z directions.

qualitatively much closer to the results of Park et al.>® which
serves as indirect evidence of the defect aggregation.

Loading MOFs with guest molecules has been considered
as an attractive route to create new, emergent properties for
catalysis, sensing and other applications.’* Aside from modify-
ing MOF properties in this way on purpose, the residual
solvent and building components will also change adsorption
and other properties of a MOF structure, compared to a fully
evacuated, perfect crystal. The influence of guest solvent mole-
cules on the adsorption properties of IRMOFs (and in particu-
lar on the adsorption of carbon dioxide at 298 K) has been
previously studied by Bae and co-workers.>* They argued,
based on the results of the thermogravimetric analysis (TGA),
that about 3.5 wt% of the solvent remained in the variant of
IRMOF-16 they investigated after evacuation. In our system,
this corresponds to about 3 DMF molecules per unit cell of

View Article Online
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IRMOF-1. Here we investigate the adsorption of argon at 78 K
in the IRMOF-1 system containing residual DMF molecules.
The ESIt provides structural characteristics of these systems,
such as surface area and porosity. Firstly, as can be seen in
Fig. 9, DMF prefers to occupy energetically favourable locations
in the corner of the structure.

As can be seen from the adsorption isotherms, the presence
of residual solvent molecules reduces the volume of the
system; it also reduces slightly the accessible surface area and
pore limiting diameter (see ESI{). At low pressures, although
DMTF occupies energetically favourable positions that otherwise
would be occupied by argon molecules, overall it provides an
additional contribution to the adsorption energy, shifting the
isotherm to lower pressures, compared to the reference ideal
crystal case (Fig. 10).

A natural extension of this approach would be to consider the
influence of the residual amounts of other synthetic com-
ponents, such as terephthalic acid, on adsorption and structural
characteristics. It is plausible that the presence of these com-
ponents and partially assembled fragments indeed blocks some
of the regions of the structure and is behind the differences
between the experimental and simulation adsorption behaviour.

Finally, we consider a system where the IRMOF-1 structure
is doped with several gold nanoclusters. This system belongs
to a wider class of MOF structures, where some guest species
or objects (nanoparticles, proteins etc.) are intentionally
trapped inside the cages using either “ship-in-the-bottle” or
“ship-around-the-bottle” synthetic strategies (see for example
ref. 35-38). These systems can lead to new catalytic and
sensing devices with exquisite control of the accessibility of
binding species to the catalytic site or surface, while improving
the stability of the system due to encapsulation.

For example, in the first article on metal nanoparticles
encapsulated in MOFs, Hermes et al. used the chemical
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Fig. 8 On the left, adsorption isotherms for argon at 78 K in IRMOF-1. Red symbols are the experimental results,”?® black symbols are from mole-
cular simulations for the perfect crystal. Solid and dashed blue lines are adsorption and desorption isotherms, respectively, for the IRMOF-1 structure
with 73% of linkers removed. Solid and dashed black lines are for adsorption and desorption isotherms, respectively, in the structure with a 20 A
mesopore. On the right side, computer visualization of the state of the system preceding the capillary condensation step. The colour scheme is as

before. Argon particles are scaled down in size for better visualization.
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Fig. 9 On the left: computer visualization of the IRMOF-1 structure loaded with 24 molecules of DMF. On the right: the same structure shown
together with the adsorbed argon molecules. Colour scheme: in IRMOF-1 cyan is for carbon, red for oxygen, grey for argon; for DMF, nitrogen is

blue, carbon is yellow, oxygen is red and hydrogen is grey.
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Fig. 10 Adsorption isotherms for argon at 78 K in IRMOF-1. Red symbols are the experimental results,”® black symbols are from molecular simu-
lations, black line corresponds to the system with residual DMF. The panel on the right uses the logarithmic pressure scale.

vapour deposition technique (“ship-in-the-bottle”) to prepare
copper, palladium and gold nanoparticles inside IRMOF-1.*°
In the case of palladium nanoparticles, their size was around
1.4 nm, while the structure of MOFs has been confirmed to be
intact from the X-ray analysis and N, sorption experiments.
Elemental analysis showed 35.6 wt% metal loading in the
structure. In the case of gold nanoparticles, TEM and PXRD
data indicated polydispersed gold nanoparticles of a much
larger size (5-20 nm) at a higher metal loading (48 wt%). It is
possible that the gold clusters were forming larger aggregates
in these systems across the several cavities. Since this pioneer-
ing work, a substantial number of further studies have
emerged; however some of the fundamental issues associated
with the location, distribution, mobility and accessibility of
nanoparticles inside the MOF structure remain to be
addressed.>

Recently, Vilhelmsen and co-workers employed quantum-
mechanical Density Functional Theory (DFT) to understand

This journal is © The Royal Society of Chemistry 2016

the structure and mobility of gold and palladium clusters (Aug,
Pdg and Au,Pd,) in MOF-74. One of the key challenges encoun-
tered by the authors is the large number of possible stable geo-
metries of the adsorbed clusters, which depend on the local
environment. For example, it was observed that the structure
of the gold cluster in the vicinity of the open metal (zinc) site
in MOF-74 is quite different from the most stable structure in
the vicinity of the aromatic rings or in the gas phase (on the
contrary, the most stable structure of the Aug cluster near the
rings is similar to the most stable gas phase structure). Among
the other important observations was the much stronger
adsorption energy for palladium atoms and clusters compared
to the gold atoms and clusters. In combination with the analy-
sis of the diffusion barriers, indicating much lower mobility
for palladium clusters, this could explain the metal cluster
growth and aggregation processes within MOF hosts.

Here we consider a specific case of a small cluster of
13 atoms of gold in fcc arrangement, previously investigated

Dalton Trans., 2016, 45, 4203-4212 | 4209
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Fig. 11 On the left: computer visualization of the IRMOF-1 system loaded with gold nanoclusters. On the right: the system is shown together with
the adsorbed argon molecules at a low pressure value. Colour scheme: cyan is for carbon, red for oxygen, grey for argon, and yellow for gold.

by Zhang et al.*’, using quantum-mechanical density func-

tional theory, in the context of nanoparticles binding to a DNA
base. The cluster has a diameter of about 8.36 A, which is
slightly smaller than the smallest size of nanoclusters typically
reported in experiments (~1 nm). In this work we treat the
cluster as a rigid structure, independent of the environment,
which given the results of Vilhelmsen and co-workers is a
drastic oversimplification. Several factors may nevertheless
somewhat justify this approach as a starting point. Specifically,
the most significant deviations of the metal clusters from their
stable gas-phase geometries were observed in the vicinity of
open metal sites, which are not present in IRMOF-1. In the
case of adsorption to the locations not involving open metal
sites, the deviations from the stable gas-phase geometry were
also more significant for the palladium containing clusters.
Finally, in the process of translocation along the channel of
the MOF-74 structure, the geometry of the gold cluster did not
change significantly.

Although the size of this nanocluster is slightly larger than
the pore limiting diameter in IRMOF-1 (7.71 + 0.20 A) the free
energy analysis indicates a barrier of only about 7 kJ mol™" for
this nanocluster to cross the window between two cages of
IRMOF-1. Molecular dynamics simulations of 5 clusters in a
2 x 2 x 2 system at 300 K (see details in the ESIT) also confirm
this picture: nanoclusters do spend some time in the cages,
but on the modest timescale of our simulation (total 2 ns) they
cross the windows between cages several times. The self-
diffusion coefficient of gold nanoclusters is estimated at about
0.18 x 107® m?* s™* at 300 K, which is comparable to the self-
diffusion coefficient values in IRMOF-1 for smaller species
such as cyclohexane.”' This may indicate that nanoclusters in
this work are too small to be properly trapped inside IRMOF-1,
however a much more plausible explanation is associated with
the deficiency of the employed classical force field. Indeed the
lowest adsorption energy observed in this study (—18 kJ mol™)
is about five times smaller than that observed for the Aug
cluster binding to the locations not containing open metal
sites in the studies of Vilhelmsen and co-workers (about

4210 | Dalton Trans., 2016, 45, 4203-4212

—98 kJ mol™). Similar difference in the magnitude is also
observed for the energy barriers. This indicates that the
current classical force field (UFF) significantly underestimates
the strength of the interaction between metal clusters and
structural elements of MOFs. We will return to the develop-
mental needs in the field in the Discussion section.

Five nanoclusters (of 13 atoms each) per eight unit cell of
IRMOF-1 correspond to 26 wt% metal loading. From structural
analysis, the presence of nanoclusters leads to a slightly
reduced surface area and reduced volume by ~30% (see the
ESIY).

As can be seen from Fig. 11, at 78 K gold nanoclusters posi-
tion themselves slightly off-centre of the larger cages, attracted
by the linkers. This however does not prevent argon molecules
from occupying attractive adsorption sites in the very corner of
the cages. Whether this is associated with some displacement
of the nanoclusters requires further investigation.

Adsorption behaviour of this system is shown in Fig. 12,
using both normal and logarithmic scales for pressure.

This behaviour is similar to the system with residual DMF
molecules: the volume of the system is reduced, while the
adsorption isotherm is shifted to lower pressures due to the
additional interactions resulting from the presence of guest
objects. The degree of volume reduction is however greater in
the case of gold nanoclusters.

Discussion

Let us recap the main ideas introduced in this article. Under-
standing the relationship between the presence of structural
defects in MOFs and the resulting properties of MOFs is
important for both the development of higher quality, robust
crystals and for harvesting new functionalities from these
defects. It is difficult to address this problem via experiments
only as the very detection and classification of defects is chal-
lenging, with several types of defects often present simul-
taneously in the material.

This journal is © The Royal Society of Chemistry 2016
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Fig. 12 Adsorption isotherms for argon at 78 K. Red symbols are the experimental results,”?® black symbols are from molecular simulations, black
line corresponds to the system loaded with gold nanoclusters. The panel on the right uses the logarithmic pressure scale.

Thus, experimental efforts must be complemented by mole-
cular simulations and theoretical approaches. Firstly, it is only
in molecular simulations where properties of a truly ideal
crystal can be obtained, as all real crystals contain defects to
some extent. Secondly, within the molecular simulations we
can probe a hypothesis on the existence of a particular type of
defect and structural disorder by constructing a model featur-
ing this defect and exploring the properties of the resulting
structure in comparison with the reference ideal crystal.

The purpose of this article was to illustrate how these
models can be constructed using IRMOF-1 as a case study.
Specifically, we investigated variants of IRMOF-1 with some of
the linkers missing and featuring mesopores. We also con-
sidered closely related systems where structural disorder
comes from some residual molecules present, or from the
encapsulated nanoparticles. The power of molecular simu-
lation comes in the ability to decouple the role of different
defects and study their impact in isolation. We focused only
on two properties: geometric characteristics of the resulting
MOFs and adsorption of argon at cryogenic temperatures.

In particular, these studies show that a structure with as
much as 20% of linkers removed can be almost indistinguish-
able from the ideal structure, as probed by the physical adsorp-
tion characterization. However, we expect the mechanical and
chemical stability of the structure substantially affected by
such a concentration of defects. We further show that the
shape of the isotherms in the systems featuring mesopores
depends substantially on the origin and organization of mesoporo-
sity. Models of this kind can be used to explain the
recent experimental observations in the systems with sponge-
like meso- and macropores. Finally, molecular simulations of
the systems featuring additional guest species show the
expected decrease in the pore volume (and hence the capacity),
however they also provide a wealth of information on the
location and mobility of the guest species and on their
interactions with the host structure.

This study also highlights the current profound limitations
of the classical force fields and simulations. It seems that

This journal is © The Royal Society of Chemistry 2016

almost all interesting problems associated with the presence
of the defects and inclusions in MOFs require some quantum-
mechanical level of description! Indeed, it has been shown
that classical potentials and “off-the-shelf” parameters are not
able to accurately describe the interactions between guest gas
molecules and open metal-sites in MOFs.">™*> Therefore,
defects in MOFs, which lead to (greater) exposure of metal
atoms, will also need a quantum-mechanical description and
the corresponding calibration of the classical potentials.
Current classical force fields are not adequate to describe the
mechanical stability and elastic properties of MOFs (at least,
without extensive additional optimization of the parameters),
and these problems have been tackled recently using a range
of quantum-mechanical tools.*®*” Thus, mechanics of MOFs
with defects and guest molecules will also require quantum-
mechanical methods. The need for accurate quantum-mecha-
nical approaches to assess the structure and mobility of metal
nanoclusters trapped inside MOFs has already been illustrated
by Vilhelmsen and co-workers.*®*° Finally, the whole spectrum
of problems associated with the catalysis in MOFs, i.e. break-
ing and making bonds, again invokes quantum-mechanical
methods as the main investigative tool. We are just at the
beginning of this new research field and there is a clear need
for more extensive and systematic quantum-mechanical
exploration of these systems and for the development of accu-
rate, computationally efficient hybrid methods.
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