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Use of the PIXEL method to investigate gas adsorption
in metal-organic frameworks

Andrew G. P. Maloney,?® Peter A. Wood® and Simon Parsons*?

PIXEL has been used to perform calculations of adsorbate-adsorbent interaction energies between a range
of metal-organic frameworks (MOFs) and simple guest molecules. Interactions have been calculated for
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adsorption between MOF-5 and Ar, Hp, and Ny; Zn,(BDC),(TED) (BDC = 1,4-benzenedicarboxylic acid, TED
= triethylenediamine) and H,; and HKUST-1 and CO,. The locations of the adsorption sites and the calcu-
lated energies, which show differences in the Coulombic or dispersion characteristic of the interaction,

compare favourably to experimental data and literature energy values calculated using density functional

www.rsc.org/crystengcomm theory.

1. Introduction

Metal-organic frameworks (MOFs) are made up of metal-
based nodes connected by organic bridging ligands to form
3-dimensional porous networks. Combinations of nodes and
linkers give a variety of structures with different pore sizes, to-
pologies and chemical functionalities." This modular struc-
ture means that it is theoretically possible to design a vast
number of different frameworks for specific applications, an
approach that is not possible for other porous materials such
as zeolites.”

There are over 10000 MOF structures recorded in the
Cambridge Structural Database (CSD).® Location of adsorp-
tion sites in these structures is time-consuming and requires
specialist equipment,” making computational modelling of
gas adsorption a very appealing alternative. Calculations can
be performed under a range of different simulated conditions
on frameworks with any desired chemical functionality, ide-
ally enabling properties to be predicted before any synthetic
work is undertaken.

Adsorbate-framework interactions in MOFs can be
modelled using quantum mechanical or force-field methods.
The latter are computationally very efficient, but while they
are flexible and have been widely used with great success, the
transferability of force fields to different systems can be prob-
lematic. Calculations are very sensitive to the quality of the
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parameterisation and the most accurate results are obtained
with tailor-made force fields developed for specific sets of
conditions, but this is difficult work requiring considerable
effort.

Density functional theory (DFT) has the advantage that it
does not require system-specific parameterisation, but it is
more computationally demanding than force-field methods.
It also has the well-known disadvantage that it fails to cap-
ture dispersion, an important term for framework-guest inter-
action energies. Although van der Waals functionals have
been developed, treatment of dispersion is most commonly
accomplished by an extra semi-empirical term. Perturbation
methods, such as MP2, can account for dispersion energies,
but they are also computationally expensive.

The aim of the present paper is to explore and assess the
applicability of the PIXEL method®® for evaluating the ener-
gies of adsorbate-framework interactions. The PIXEL method
is a semi-empirical technique for evaluating intermolecular
interactions based on integrations over calculated electron
densities of molecules. It permits energetic analysis to be
carried-out quickly with an accuracy comparable to quantum
mechanical methods.”'® Calculation of the electron densities
is the only computationally expensive step, the actual interac-
tion energy evaluations taking a matter of a few minutes on a
desktop PC. The method requires definition of certain atomic
parameters, but these are mostly physically measurable quan-
tities such as ionisation potentials, and one of the most ap-
pealing features of the method is the transferability of param-
eters across many different chemical systems. The
parameterisation has recently been extended to include tran-
sition metals.”* Energies are partitioned into individual Cou-
lombic, polarisation, dispersion and repulsion contributions
which enables the character of interactions to be inferred
from the dominant terms, providing chemical insight. The
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PIXEL method is thus a potentially valuable addition to
established techniques applied to metal-containing systems.

2. Computational details
2.1 System selection

The PIXEL method is currently formulated for use with sys-
tems containing discrete molecules, and the calculations
were based on fragments of frameworks chosen to represent
key chemical functionality. Three different MOFs, MOF-5
(zn,0(BDC);), Zn,(BDC),(TED) and HKUST-1 (Cu,(BTC),),
were chosen because they display varied chemical functional-
ities, experimental and theoretical data for adsorption for a
range of gases are available, and the framework chemistry
can be represented with relatively small models.

2.2 Fragment definition in MOF-5

The applications of MOF-5 (ref. 12) to gas storage have been
extensively studied, with both experimental and theoretical
data available for H,,"* CH,,' CO,,"” N,,'® and Ar.'® The
framework consists of Zn,0;; clusters connected by benzene
dicarboxylate linkers, forming a structure containing pores
with diameters of up to 15 A. Single crystal X-ray diffraction
studies between 30 and 293 K by Rowsell et al.’” located eight
symmetry independent adsorption sites for argon. Three of
these sites are located towards the centre of the pores, the re-
sult of secondary adsorption. The remaining five sites (shown
for argon in Fig. 1) are associated with the framework. Site I
sits directly above the central oxygen atom of the Zn,0(CO,)s
unit, site II lies above the zinc atom in the ZnO; unit, site IIT
lies above the ZnO, unit of the metal cluster, site IV lies

Fig. 1 The five adsorption sites associated with the framework
structure of MOF-5. The locations of these sites were obtained from
single crystal diffraction data (CSD Refcode LAWFUL).Y
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above the phenyl ring, and site V lies to the edge of the phe-
nyl ring. Distances from the adsorption sites for argon to se-
lected framework atoms are shown in Table 1. The fragment
of MOF-5 used for calculations (Fig. 1) was defined by cap-
ping the benzene dicarboxylate linkers with hydrogen atoms.

2.3 Fragment definition in Zn,(BDC),(TED)

Zn,(BDC),(TED) (BDC = 1,4-benzenedicarboxylic acid, TED =
triethylenediamine)'® consists of Zn,(DBC), paddlewheels
connected by triethylenediamine molecules. Several experi-
mental and theoretical studies of adsorption in these chan-
nels exist for H,,'>*° CH,,*' N,,%* CO,** and CO,,?* as well as
the separation of liquid mixtures such as MeOH/H,0.>* The
structure consists of intersecting channels with two
differently-sized pore windows. The small channel has a cross
section of 4.8 x 3.2 A and the larger pore a maximum diame-
ter of 7.5 A."® The structural model used for PIXEL calcula-
tions was generated by capping the BDC linkers of the
paddlewheel motif with hydrogen atoms (Fig. 2).

2.4 Fragment definition in HKUST-1

HKUST-1 (ref. 24) is also known as Cu(BTC), where BTC is
benzene-1,3,5-tricarboxylate. The large pore volumes in
HKUST-1 have made it the subject of a number of experimen-
tal and theoretical studies of gas adsorption, in particular the
adsorption of H,,>> N,,>® CO,”°® CO,,”** and NO.”**° The
structure consists of Cu,(BTC), paddlewheel building blocks
connected into a 3-dimensional porous structure leading to a
large and complex structure with three distinct inter-
connected pores having diameters of around 5, 11 and 13.5
A. In this study binding in the first of these pores will be
compared with data obtained by Grajciar and co-workers®”
using a model obtained by capping three of the copper
paddlewheel motifs and three of the carboxylate groups with
hydrogen (Fig. 3).

2.5 PIXEL calculations

Crystal structures of the target MOFs were found and
obtained from the Cambridge Structural Database using Con-
Quest®® and modified into the fragments defined above using
Materials Studio®' and Mercury.*®> Hydrogen atom distances
were normalised to typical neutron values.** Structural coor-
dinates for the fragments used are given in the ESIL} Bond
lengths for H, and N, adsorbate molecules were obtained
from ref. 34, while those for CO, were taken from ref. 35.
Calculations were set up such that the MOF fragments
were positioned in the centre of a 20 x 20 x 20 A grid. The ad-
sorbate molecule was placed at the grid origin and then
moved in steps systematically along the x, y, and z axes of
the grid. Typically the step size was 1 A, but finer steps were
employed in some cases (see below). The distances between
the atoms in the adsorbate molecule to those in the fragment
were calculated. Provided that none of these distances lay
within the sum of the relevant covalent radii a PIXEL calcula-
tion was performed. Except in the case of Ar, the orientation

This journal is © The Royal Society of Chemistry 2016
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Framework Expt. dist. (&) PIXEL dist. (A) Expt. dist. (&) PIXEL dist. (A) Expt. dist. (&) PIXEL dist. (A)
Site atom MOF-5/Ar MOF-5/Ar MOF-5/N, MOF-5/N, MOF-5/H, MOF-5/H,
I C (CO0) 3.572 3.697 3.655 3.404 3.373 3.150
11 0 (C00) 3.492 3.527 3.518 3.379 3.316 2.812
1 0 (COo0) 3.792 3.442 3.967 3.442 3.409 2.860
Y C (ar) 3.637 3.672 3.770 3.664 3.476 3.410
\% H (Ar) 3.288 3.199 3.610 3.329 — —

of the adsorbate molecule was varied at each grid point. Thir-
teen orientations were sampled at each search point, with the
molecules aligned along the following vectors: [1,0,0]; [0,1,0];
[070’1]; [1’1’0]; [1!071]; [011’1]; [_17110]§ [_1’071]; [0’_1’1]; [171’1]§
[-1,1,1]; [1,-1,1] and [-1,-1,1]. The symmetry of the MOF-5
and HKUST-1 fragments allowed a reduced search to be re-
stricted to the asymmetric unit of point group 43m for MOF-5
(0 <x <1;y <min(x, 1 - x); z < y) and that of a 3-fold axis
along the [1,1,1] direction (0 < x < 1; y < x; z < x) for the
HKUST-1 fragment.

Electron densities were obtained using Gaussian09 (ref.
36) at the B3LYP/6-31G** level of theory. PIXEL calculations
were carried out at condensation level 5 (a pixel size of 0.2 x
0.2 x 0.2 A) and the atomic parameters for metal and non-
metal atoms were those reported in previous work.'*

Upon completion, the energies at each gridpoint were
ranked from highest to lowest, and the 200 strongest interac-
tions were visualised around the fragment using Mercury.
This allowed the independent adsorption sites to be located
visually, with any points arising from favourable interactions
in locations between these independent adsorption sites be-
ing omitted. For the MOF-5/Ar, MOF-5/N, and MOF-5/H, sys-
tems, once located, the positions of the independent sites
were optimised by performing a 0.2 A grid search around a

reduced space (searching in the region x/y/z + 1 A, where x/y/z
are the coordinates of the independent adsorption site). All
RMS fits were calculated using Mercury, and are based on
the centres of mass of the adsorbate molecules.

3. Results and discussion
3.1 Gas adsorption between MOF-5 and Ar

Fig. 4 shows the results of the PIXEL calculations on MOF-5/
Ar (red) overlaid with those obtained experimentally by
Rowsell (black).’” The RMS fit of the overlay between the cen-
tral Zn,O and the Ar atoms of each fragment as calculated in
Mercury is 0.251 A when a 1 x 1 x 1 A grid was used, indicat-
ing that the locations of the sites obtained from PIXEL corre-
spond to sites I-V (see section 2). Using a smaller grid step of
0.2 x 0.2 x 0.2 A led to a slightly improved RMS fit of 0.195 A.
Table 1 shows the distances from selected framework atoms
of the adsorption sites obtained experimentally compared to
those found using PIXEL with the finer grid search.

In a theoretical study, Monte Carlo methods were used by
Dubbeldam et al.®” to probe the energies of the adsorption
sites of argon in MOF-5 found in Rowsell's X-ray diffraction
study.” Energy minimizations of a single argon atom at a
temperature of 30 K located preferential adsorption at sites I,
II and IV. Upon higher loading, site III is filled preferentially
over site II, although the binding energies for these sites are

Fig. 2 The fragment model of Zn,(BDC),(TED). Adapted from CSD
Refcode HEGKAP.

This journal is © The Royal Society of Chemistry 2016

Fig. 3 The small fragment chosen to model the small pore in HKUST-1.
Adapted from CSD Refcode DOTSOV.
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Fig. 4 Overlay of Ar adsorption sites in MOF-5 located using PIXEL
(red) with those obtained experimentally (black). Adapted from CSD
Refcode LAWFUL.

found to be almost equal. Adsorption energies are reported
at these four sites, although it should be noted that
Dubbeldam et al. did not identify site V, and consequently no
energy data are available for this site. Since the experimental
data of Rowsell et al. shows that site V is only occupied at a
lower temperature than site IV, it would be expected that site
V has a lower adsorption energy.

Table 2 shows the PIXEL adsorption energies compared to
those obtained by Dubbeldam et al. The trend in the order of
site energies observed is similar in both cases, and all PIXEL
values lie within 3.3 k] mol™ of the corresponding values
from Dubbeldam. The interactions are dominated by the dis-

Table 2 Adsorption energies for Ar, N, and H, in MOF-5 obtained from
literature values and from the PIXEL method. No data were available for
the interaction with site V. The two literature values given for H, are for
Epar and Eperp as discussed in the main body of the text. All values are in
kJ mol™

Adsorbate  Site Eliterature EPIXEL Ecoul Edisp Erep Epol
Ar I -11.52 -11.4 -2.7 -15.6 7.7 -0.7
II —8.42 -9.8 -3.4 -13.5 8.6 -14
111 -8.44 -8.2 -3.0 -12.9 8.8 -1.0
v -6.99 -3.7 -1.7 -8.2 6.8 -0.6
\% — -3.2 -0.5 -4.3 1.9 -0.2
N, I -12.13 -17.0 -18.7 -33.2 40.5 -5.6
II -8.70 -10.7 -6.7 -16.9 153 -2.4
111 -10.65 -10.1 -4.4 -14.0 99 -1.6
v -7.57 —5.2 -1.5 -7.6 4.3 -0.5
A% — -3.8 -1.6 -4.4 2.6 -0.4
H, I -12.8 -15.4 -13.1 -9.7 -22.6 24.0 -4.7
II -8.3 -11.1 -8.1 -7.8 -153 193 -4.3
11 -5.4 -10.4 -7.5 -6.4 -11.5 12.7 -2.3
v -8.9 -10.2 -3.1 -1.6 -5.3 4.5 -0.6
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persion term, and the ordering of the different adsorption
sites correlates with the number of short contacts that can be
made between the adsorbing argon atoms and the atoms of
the framework. Since an argon atom at site I interacts with
the central oxygen as well as three zinc atoms and three CO,
moieties, this site has the highest dispersion interaction. Ar-
gon atoms at sites II and III interact with one zinc atom and
three and two oxygen atoms respectively, explaining the de-
creasing dispersion interactions for these sites. Since sites IV
and V interact only with the aromatic ring of the organic
linker, they have the lowest interaction energy, as is observed
from both PIXEL and the classical studies.

3.2 Gas adsorption between MOF-5 and N,

Fig. 5 shows the locations of the adsorption sites obtained
from PIXEL, and Table 1 shows the average distances be-
tween the N, centres of mass and particular framework
atoms. The studies cited above in the context of Ar adsorp-
tion also report adsorption between MOF-5 and N,.'”*” Ex-
perimental measurements show that at 30 K sites I, Il and V
are occupied. It was found that site IV becomes occupied
preferentially to site V at 50 K, and at 90 K site II is occupied
instead of site III. The RMS fit between the centres of mass
of the independent adsorption sites found using the PIXEL
method is 0.549 A, which is reduced to 0.295 A upon a search
over a finer grid spacing (0.2 A step). PIXEL calculated ad-
sorption energies corresponding to the geometries in Table 1
are shown in Table 2 along with those obtained from Monte
Carlo studies. Also shown are the component energy terms
from each PIXEL calculation.

As Table 2 shows, while site I is significantly higher in en-
ergy than the other sites, and sites IV and V are the lowest in

Fig. 5 N, adsorption sites in MOF-5 located using PIXEL.

This journal is © The Royal Society of Chemistry 2016
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energy, the magnitudes of the PIXEL calculated energies for
sites II and III are swapped with regards to the energies
obtained from Monte Carlo methods. However, the results of
the PIXEL calculations agree with qualitative analysis from
Rowsell based on variable temperature studies,"”” where site
II was found to have a higher energy of adsorption than site
III. Since no energetic data were available for site V it is im-
possible to compare values, however PIXEL calculates this
site as being of a similar energy to site IV, which is consistent
with the experimental observation that both sites IV and V
are occupied only at low temperatures (50 K and 30 K respec-
tively)."” Once again, the interactions are dominated by the
dispersion term. In the case of site I, the Coulombic interac-
tion is around three times larger than those of the other sites
reflecting three relatively short (3.188 A) distances from N to
three Zn sites. While the charge on a nitrogen atom in N, is
formally zero, the proximity of the lone pair electron density
to the three cations results in a favourable electrostatic
interaction.

3.3 Gas adsorption between MOF-5 and H,

Fig. 6 shows the most favourable orientations of the H, mole-
cules at sites I-IV as calculated by PIXEL, and Table 1 shows
the distances of the centres of mass of these sites to selected
framework atoms. The initial RMS fit of the PIXEL sites from
the 1.0 A grid search against the experimental positions was
0.359 A, which was improved slightly to 0.328 A with a finer
0.2 A grid. The distances for sites II and III are consistent
with those calculated for single H, molecule adsorption at
the MP2 level by Sillar, where H---O distances of 2.988 A and
2.969 A were obtained for sites II and III, respectively. Sites II

Fig. 6 The most favourable orientations of the H, molecules found
using PIXEL at sites -1V in MOF-5.

This journal is © The Royal Society of Chemistry 2016
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and III in the computation studies are found significantly
closer to the framework than those observed experimentally.
However, if sites II and III as found by PIXEL are occupied si-
multaneously, a short H---H distance of 2.149 A exists, which
is smaller than the sum of the van der Waals radii (2.2 A), in-
dicating that it is the interactions between the adsorbate mol-
ecules at these sites affecting their locations. This interaction
was not considered in either the PIXEL work reported here or
in Sillar's study.

Neutron powder diffraction studies at 3.5 K by Yildirim
and Hartman®® of hydrogen adsorption in MOF-5 revealed oc-
cupancy of sites I-IV. Periodic DFT (LDA) calculations®® were
used to calculate the binding energies. Two different orienta-
tions of the gas molecules were simulated, one where the H,
molecule lay parallel to the 3-fold symmetry axis near the ad-
sorption site (Ep,r), and the other where it lay perpendicular
to this axis (Eperp), the most favourable interactions occurring
for the perpendicular orientation of the H, molecules.
Table 2 shows the energies of the interactions at sites I-IV as
calculated by PIXEL, along with the breakdown of individual
terms, compared to the DFT energies.

The PIXEL energies are mostly around 4 kJ mol™" lower
than the DFT energies, and the trend mirrors that for the
DFT Ep, energies, which are the more favourable in each
case. However, since the coordinates used for the DFT calcu-
lations were not published, it is difficult to compare more ex-
actly the effect of the orientation of the H, molecule using
the two methods. The interaction energy for site IV calculated
with PIXEL is significantly lower than the DFT value, al-
though it is similar to that obtained by Dubbeldam (-3.1 ver-
sus —3.78 kJ mol),>” suggesting this discrepancy could arise
from cooperative stabilisation of site IV by loadings in the
other sites, an effect not accounted for by PIXEL.

It is noticeable from the data in Table 1 that distances
tend to be underestimated in PIXEL calculations. The approx-
imations of the PIXEL method are presumably responsible
for much of this disparity, though it is also possible that the
differences are to some extent ascribable to the effects of
thermal libration, which are present in the experimental
values but not accounted for in the PIXEL calculations which
are performed at formally 0 K conditions.

3.4 Gas adsorption between Zn,(BDC),(TED) and H,

A study by Kong et al.* investigated hydrogen adsorption in
Zn,(BDC),(TED) (where BDC is benzenedicarboxylate and
TED is triethylenediamine). Using both experimental and the-
oretical techniques they found that in this system there are
no specific adsorption sites, but rather two channels, denoted
A and B, that run through the structure within which the
binding energies are almost equal. Channel A runs parallel to
the Zn(TED) axis and channel B runs perpendicular to this
(Fig. 7, black and blue lines respectively).

In a DFT study using a recently developed non-empirical
van der Waals functional,*>*" it was found that throughout
both channels the hydrogen binding energy was around -10

CrysttngComm, 2016, 18, 3273-3281 | 3277
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Fig. 7 H, adsorption in Zn,(BDC),(TED) for the first 100 binding sites.
Hydrogen atoms are omitted from the framework structure for clarity.

kJ mol™?, with a variation of only around 1 kJ mol™
depending on channel and H, orientation. This was found to
be consistent with experimental data, where a single Lang-
muir isotherm was used to fit the uptake data, and from
which binding energies of around -7 kJ mol™ were obtained.

Fig. 7 shows the results of the PIXEL calculation for the
100 highest energy H, interactions, and Fig. 8 shows the fre-
quencies of these energies.

The PIXEL calculated adsorption energies of the H, bind-
ing sites shown in Fig. 7 and 8 all lie in the range of -7.6 kJ
mol ™" to -3.1 k] mol™, with an average interaction of -3.9 kJ
mol". Additionally, the orientation of the H, molecule seems
to have very little impact on the energy calculated at each
point. This indicates that in this system the H, molecules
simply condense in the channels of the framework, and as
such it does not present a strong candidate for a hydrogen
storage material under the criteria of Bhatia and Myers.**

0.45

Frequency
o

o
e
- u

0.05

0 || |

8 75 -7 65 -6 -55 5 -45 -4 35 -3
Energy (k) mol?)

Fig. 8 Energy frequency for the first 100 binding sites of H, in
Zn,(BDC),(TED) as calculated by PIXEL.
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3.5 Gas adsorption between HKUST-1 and CO,

Fig. 9 shows the location of the three independent sites for
CO, in HKUST-1 found in the PIXEL analysis. Table 3 com-
pares the interaction energies with the theoretical coupled-
cluster DFT results of Grajciar et al.** and data obtained from
microcalorimetry experiments.>” The latter study concluded
that at low CO, coverage (up to a pressure of 15 bar of CO, at
300 K) there are three distinct adsorption sites situated
around the window of the small cage: one at the open copper
site (denoted CU); one at the window of the small cage (de-
noted CW); and one in the centre of the cage (denoted CC).

The coupled-cluster DFT calculations find the CU site to
be located close to the copper paddlewheel with a Cu-O dis-
tance of 2.39 A and a Cu-O-C angle of 123.0°. PIXEL calcula-
tions find this site with a Cu-O distance of 2.34 A and a Cu-
O-C angle of 148.9°. It should be noted that the PIXEL re-
sults were obtained in a grid search without further optimisa-
tion and some differences in the orientation are to be
expected. The CO, molecule is oriented along the edge of the
small window, interacting with the neighbouring
paddlewheel as well as the aromatic hydrogen of the organic
linker. This explains the dominance of the Coulombic term
for this interaction, as shown in Table 3. The total energy of
this site obtained from PIXEL calculations is —42.7 k] mol ™,
some 14.5 k] mol™" higher than the DFT energy of -28.2 kJ
mol ™', but as Fig. 9 shows, the CU site is rather exposed and
the energy is likely to be quite sensitive to the fragment cho-
sen to represent the framework.

The interaction energies at the CW and CC sites are
reproduced to within 3 k] mol™. Their locations are defined
with respect to the plane of the upper Cu** ions of the three
paddlewheel motifs. The DFT calculations position the car-
bon atom of the CW site 1.19 A below this plane, the CO,
molecular axis making an angle of 84.5°. For the CC site, the
carbon atom is 3.47 A below the plane and the angle is 23.5°.
PIXEL calculations with a 1 A grid-spacing find the distances
and angles of the CW site to be 0.35 A and 90° respectively,
the distance increasing to 1.21 A with a grid-spacing of 0.5 A.
Corresponding values for the CC site are 3.81 A and 0°, again
using the smaller grid spacing. The CW and CC interactions
are dominated by the dispersion term.

3.6 Investigations of “novel” frameworks

One of the advantages to using a fragment to represent a
MOF structure is that no knowledge of the space group of the
framework is necessary. As such, “novel” metal-organic
frameworks can be modelled simply by making modifications
to the fragment, be it functionalising the organic linkers or
changing the metal used in the clusters. This means that
screening of the adsorption capabilities of a number of possi-
ble target structures can be carried out relatively easily.

Lofti and Saboohi used dispersion-corrected DFT (DFT-D)
calculations to explore the effects on H,-binding of
functionalising the benzene-dicarboxylate linkers in MOF-5
with different halogens.** They found that, while no

This journal is © The Royal Society of Chemistry 2016
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improvements are observed upon replacing all four aromatic
hydrogen atoms with fluorine, adsorption energies increase
by an order of magnitude upon functionalization with chlo-
rine and bromine, with adsorption energies ranging from 3.8
kJ mol™ for fluorine functionalisation up to 38 k] mol™* for
bromine.

PIXEL calculations were performed on three modified ver-
sions of the model used to investigate the adsorption of H,
with MOF-5 as described in section 3.3, with four aromatic
hydrogen atoms on each linker being replaced by fluorine,
chlorine and bromine. The same sites as were located in
MOF-5 were found in each case, and Table 4 shows the rela-
tive energies of these sites for the functionalised structures.
Fig. 10 shows the variation in the different energy terms from
the PIXEL calculations.

While there is little difference observed upon
functionalization of the linker with fluorine, adsorption ener-
gies generally increase over sites I, I and IV for chlorine and
bromine, while the binding becomes weaker at site III upon
halogenation (Table 4). Fig. 10 shows the reasons for these
differences. The terms for site I remain almost constant upon
functionalization, except for the dispersion term which in-
creases slightly. Since site I is the furthest removed from the
linkers, interacting predominantly with the zinc oxide cluster,
halogenation has little effect on this site, with the exception
of the observed increase in dispersion caused by the addi-
tional electron density of the halogens. Sites II and III are lo-
cated at the edge and face of the metal cluster respectively,

Table 3 Adsorption energies for CO, in HKUST-1 as calculated by DFT/
CC and PIXEL methods, including a breakdown of the interaction terms
from PIXEL. All values are in kJ mol™. See text below for definitions of
CU, CW and CC sites

Site EDFT‘/CC Eprxer Ecoul Edisp Ercp Epo]

CU -28.2 -42.7 —48.1 -29.5 61.0 -26.1
cw -23.1 -23.2 -6.9 -19.9 5.1 -1.5
CC -23.2 -20.3 -9.0 -24.1 15.6 -2.9

This journal is © The Royal Society of Chemistry 2016

cw
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Fig. 9 The three independent CO, adsorption sites found in HKUST-1 viewed perpendicular (top) and parallel (bottom) to the small cage opening.

and as such will be much more sensitive to the halogenation.
This can be seen from Fig. 10, where there is a general in-
crease in the magnitude of all the terms. While this is some-
what compensated for with site II by the increase in the Cou-
lombic and dispersion terms, the proximity of site III to the
halogen atoms means that it becomes increasingly less
favourable. In site IV, the terms again remain relatively con-
stant, except from the dispersion term which increases with
the size of the halogen used for functionalization. As the
interaction at this site is dominated by the dispersion term,
this is to be expected as such an interaction will become
more favourable with increasing electron density.

While the improvement in binding energies observed with
PIXEL are much more modest than those seen using DFT-D,
the trend of increasing adsorption upon functionalization of
MOF-5 with heavier halogens is consistent. Since sites II and
III are seldom occupied simultaneously,®” the loss in binding
energy observed at site III is compensated for by the increase
in the three other sites. Consequently, functionalization by
halogenation of the linker molecules in MOF-5 presents itself
as a route for improvements in H, adsorption in this system.

4. Conclusions

Understanding adsorption interactions between molecular
species and metal-organic frameworks is an important com-
ponent in the design of new systems for gas storage and sep-
aration. While several different methods for calculating the

Table 4 Comparison of the PIXEL calculated energies of the four H,
binding sites in MOF-5 and halogen functionalised MOF-5. All energies
are in k mol™

Site MOF-5 F-MOF-5 CI-MOF-5 Br-MOF-5

I -11.9 -11.8 -13.2 -13.7

II -7.1 -8.1 -7.0 -8.6

III —6.4 -5.9 -5.5 -3.9

v -2.2 -3.1 —4.5 -5.0
CrysttngComm, 2016, 18, 3273-3281 | 3279
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Fig. 10 PIXEL component energies for the four H, adsorption sites in MOF-5 and its halogen functionalised analogues. Repulsion bars correspond

to the right hand axis, others to the left axis.

energies of such interactions exist, we have shown that the
PIXEL method is a potentially valuable tool in such analysis,
and almost any MOF can be studied, though the systems cho-
sen in this work are those for which extensive theoretical and
experimental data are available. It is important to note that
the PIXEL method is currently formulated for use with sys-
tems containing discrete molecules, and the calculations
need to be based on fragments of frameworks chosen to rep-
resent key chemical functionality. While the implementation
of PIXEL used in this work was intended to calculate interac-
tion energies between two independent fragments, more
complex systems could in principle be studied with the
PIXEL-d module. Cooperative adsorption between two or
more molecules as well as secondary adsorption could there-
fore be captured with this alternative method, although the
additional dimensions required in the grid search would in-
crease the computational cost considerably.

Notwithstanding the limitations of the method, adsorp-
tion sites calculated using the PIXEL method reproduce those
observed experimentally, with RMS values between 0.195 A
and 0.328 A. The trends of the PIXEL adsorption energies cor-
relate reasonably well with experimental and theoretical data,
except in cases where cooperativity arises between adsorption
sites.

The PIXEL method is potentially applicable to all ele-
ments, and the system-specific parameterisation associated
with force field calculations is not necessary. This also means
that calculations use the same sets of parameters and are
therefore comparable. Furthermore, the simplicity of modify-

3280 | CrysttngComm, 2016, 18, 3273-3281

ing the fragment means that the adsorption characteristics of
almost any conceivable metal-organic framework can be in-
vestigated whether or not the crystal structure has been
determined.

The short computing times mean that screening of differ-
ent MOFs can be performed rapidly. All calculations were
performed over 13 processors distributed over two desktop
computers. Full screening of the interactions between a sim-
ple adsorbate such as argon and MOF-5 can be accomplished
in around 30 minutes. A more complicated system, such as
CO, and HKUST-1 can be completed in around 24 hours.
These calculation times are considerably faster than
corresponding quantum mechanical calculations, and one
application of the methods we have described would be to
identify energy minima which then become the subject of
more extensive calculations in a more limited search space.
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