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Abstract
The release of carbon dioxide (CO2) emissions into the atmosphere is a leading
contributor to global warming. Carbon capture and sequestration (CCS) strives to
mitigate the effects of CO2 on the atmosphere, traditionally by expensive and energyintensive chemisorptive approaches. CO2 capture by physisorbents such as hybrid
ultramicroporous materials (HUMs) is a step toward cheaper and more efficient CCS.
In this study, the effect of pyrazine ring orientation upon CO2 adsorption is
investigated for TIFSIX-3-Ni, a leading HUM for CO2 selectivity. Rigid systems are
constructed by eliminating disorder from the unit cell as determined by in situ
characterization. Density Functional Theory (DFT) and Grand Canonical Monte Carlo
(GCMC) methods are used to investigate the effect of tilting and ordering pyrazine
rings upon CO2 loading and isosteric heat of adsorption (Qst). Results show that more
edge to face interactions between pyrazine CH moieties and the CO2 molecule induce
a preferred binding site. Systems with chemically distinct binding sites exhibit a Qst
trend comparable to that which is experimentally observed, showing first preference
for binding in smaller pores using models treated with both UFF and OPLS-AA
Lennard-Jones parameters. It is also noted that the degree of pyrazine ring tilting
affects the energetics of the sorbent-sorbate interactions, meriting further study. This
work highlights the importance of subtle structural dynamics in adsorption
performance of leading porous materials, and can be used to guide further fine-tuning
of physisorbent materials for gas sorption applications.
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Chapter 1:

Introduction

The emission of carbon dioxide into the atmosphere is one of the leading
contributors to global climate change and is largely a direct consequence of
anthropogenic activity.[1, 2]

These emissions are released into the atmosphere

through the burning of fossil fuels and industrial processes, and act as an insulator,
impeding the escape of radiation from the atmosphere. With no foreseeable alternative
to fossil fuels as the leading energy source in the near future, it is imperative to
prioritise mitigation of the effects of carbon dioxide on the atmosphere. This can be
achieved by carbon capture and sequestration (CCS).[3, 4] CO2 removal is also
important from an industrial perspective for processes such as upgrading of biogas and
syngas, and natural gas sweetening.[5, 6] Therefore, the potential to store, separate
and reuse carbon dioxide has led to much research interest in the design of new
materials for CCS. Current CO2 removal strategies are heavily dependent upon energy
intensive chemisorption based technologies such as liquid amine absorption. These
chemisorption based technologies suffer from significant issues such as corrosion,
amine loss which makes them expensive and inefficient to operate.[7-9]
Physisorption based gas separation technologies potentially offer a cheaper
and more efficient alternative for both bulk and trace carbon capture. Metal-Organic
Materials, (MOMs),[10] are a promising class of porous crystalline materials with
respect to gas adsorption applications, combining high porosity, high surface area[11]
and functionalisation[12, 13] through the metal moiety and organic ligands to optimise
1

specific adsorbent/adsorbate interactions. Subclasses of MOMs include Porous
Coordination Polymers[14, 15] and Metal-Organic Frameworks[16-19] which are
especially promising for gas separation and storage by physisorption as they exhibit
permanent porosity. The reticular design strategy enables precise control over the pore
size and pore chemistry of these MOMs.[20] This strategy relies on the exploitation
of molecular building blocks (MBBs)[10, 20, 21], which are metal clusters or rigid
molecular complexes which are linked together with organic linkers Due to this
inherent modularity,[22, 23] structure-property relationships are amenable to finetuning. In conjunction with the ability to reasonably predict a material’s overall
topology, this allows not only post-synthetic modification but also rational design by
pre-synthetic modification, i.e. by applying a crystal engineering strategy.[24]
Crystal engineering is especially amenable to the design and synthesis of novel
MOMs for gas sorption application as it lends itself to exquisite control over pore size
and pore chemistry. By this strategy, MOMs can be designed and synthesised through
a systematic and application specific approach provided the crystal packing and pore
chemistry is both predicted and understood.[10] Through a crystal engineering
approach, a new subclass of crystalline porous materials has been developed, called
hybrid

ultramicroporous

materials

(HUMs).[24-26]

These

materials

are

distinguishable from traditional MOFs due to the presence of inorganic
hexafluorometallate anions which pillars 2D square grid (sql) coordination networks
to form 3D materials with primitive cubic (pcu) topology and ultramicroporous (>7Å)
2

pore networks. This ultramicropore together with the electronegative inorganic pillar,
enhances the interactions between the adsorbent and small polarisable adsorbate
molecules such as CO2.[25] The parent material of this platform is SIFSIX-1-Zn,
[Zn(4,4’-bypyridine)2(SiF6)]n, which was first reported in 1995.[27] This led to the
development of the prototypal HUM, SIFSIX-3-Zn.[22, 28] To date, the development
of such materials has led to benchmark performance with respect to environmentally
and industrially important gas separations including the separation of acetylene and
ethylene, carbon dioxide and nitrogen and methane, and noble gas separations such as
Xenon and Krypton[22, 29-37]. Furthermore, HUMs have shown potential in the
direct air capture of CO2 and in water vapour capture.[38]

A)

B)

Figure 1: Illustration of the binding sites of a) C2H2 (orange and white) and b) CO2
molecules (red and grey) in SIFSIX-3-Ni, a hybrid ultramicroporous material with
exceptional CO2/C2H2 selectivity at low partial pressures. Images taken from reference
30.[30]
A recently reported variant of the MFSIX-L-M’ HUM platform, TIFSIX-3Ni, ([Ni(pyrazine)2(TiF6)]n),[39] has been shown to surpass current benchmark HUM
3

physisorbents such as SIFSIX-3-Ni with respect to the isosteric heat of adsorption
(Qst) of CO2. Isostructural to previously reported compounds of the MFSIX-3-M’
family, TIFSIX-3-Ni is comprised of octahedral Ni2+ nodes which are coordinated by
pyrazine linkers in equatorial positions yielding Ni(pyrazine)2 square grids, as
determined by in situ synchrotron powder X-ray diffraction (PXRD). These grids are
pillared by TiF62- anions to form the resulting ultramicroporous primitive cubic
topology, pcu, coordination network.
A single binding site was located for CO2 in TIFSIX-3-Ni.[29] This was
expected as the structure of this material is analogous to that of materials such as
SIFSIX-3-Ni and SIFSIX-3-Cu. A tight binding site is afforded by unit cell
parameters of a = b = 6.99784(14) Å and c = 7.79358(18) Å, which is compatible with
the experimentally observed, high Qst. Substitution of the SiF62- moiety with a Tibased analogy affords longer equatorial Ti…F bonds (1.61 Å vs. 1.87 Å M…F bond
distance, respectively) and subsequently, shorter axial Ti…Ni bonds and smaller a- and
b- cell axes. As a result, this leads to both a smaller unit cell and tighter CO 2 binding
site than is present in the SiF62- equivalent (Figure 2).

4

Figure 2: Illustrations of the CO2 binding site in TIFSIX-3-Ni.

The Qst reported for CO2 in TIFSIX-3-Ni greatly exceeds those reported for
classic physisorbent materials such as HKUST-1, Mg-MOF-74, Zeolite 13X and
UiO-66-NH2.[39] Furthermore, the experimental Qst trend is atypical for TIFSIX-3Ni, increasing upon initial loading from (0.1 to 0.6 mmol g-1) in contrast to the typical
decreasing trend which is observed for other materials.[39] This increase suggests
potential cooperative sorption of CO2 molecules whereby the adsorption of one guest
molecule is enhanced by the adsorption of one prior. This possibility is practically
relevant as loading does not affect the selectivity of the adsorbent-adsorbate
interaction. Such an occurrence is also scientifically relevant in that an explanation as
to why this trend might occur would aid understanding of this class of materials thus
enabling more targeted design and synthesis for future generations.
5

Although determined as having equivalent unit cell parameters to
NbOFFIVE-1-Ni,[34] an isostructural fluoro-oxy pillared (NbOF52-) HUM by in situ
synchrotron PXRD, TIFSIX-3-Ni was revealed to display less pronounced ring tilting,
allowing for a larger pore aperture which is conducive to superior CO2 adsorption
kinetics. The pyrazine rings were determined to be crystallographically disordered
over two sites at both zero and full loading of CO2 in TIFSIX-3-Ni. Between these
extremes, data collection was impeded by experimental limitations. Due to the
ultramicroporous pore size of the binding site in TIFSIX-3-Ni, subtle structural
dynamics such as the orientation of the pyrazine rings could potentially have a
significant effect on the adsorption equilibrium and kinetics. This could lead to an
explanation for the initially rising Qst trend as observed by experiment, lending
valuable insight into the sorption performance and loading mechanism of these
benchmark materials.

Research Hypothesis
Through a combination of DFT and GCMC simulation, subtle structural
variations, the location of binding sites, energetics of adsorbent-adsorbate interactions
and charge distribution as well as trends in gas sorption isotherms and isosteric heat
of adsorption are frequently successfully carried out and compared with experiment.
Using these techniques in the analysis of the SIFSIX-3-M’ materials, it has been
6

shown that smaller metal ions lead to smaller pores and greater binding energy, with
a CO2 Qst trend of M’ = Cu > Ni > Zn.[40] In the same study, it was deduced by
molecular modelling that a 45° angle of the equatorial F-atoms relative to the c-axis
proved optimal for CO2 selectivity in these pores. Computational studies have also
illustrated the effects of co-adsorption on Qst and the effects of replacing the SIFSIX
moiety with TIFSIX, as mentioned above.[41] Overall, through extensive
computational studies, it is clear that with regard to the MFSIX-3-M’ family of
HUMs, the current benchmarks for CO2 selectivity share a tight binding pore of < 4
Å, highly electronegative equatorial F-atoms at a 45° angle binding to a single CO2
fixing it in place at the center of each cell, and induced polarisation of the CO2 upon
adsorption. Recently, the Xe/Kr performance of SIFSIX-3-Ni and an analogous
variant, SIFSIX-3-Fe, was compared by similar computational methods.[42] An
inflection was observed in the Xe isotherm of SIFSIX-3-Ni but not in SIFSIX-3-Fe,
in spite of their physical and chemical similarities as materials. Upon further
computational investigation, it was observed that the pyrazine linkers in each of these
materials were free to rotate ±16°.[42] Such ring rotation/ordering has also been
previously reported for SIFSIX-1-Cu in another computational study.
The recently reported TIFSIX-3-Ni which exhibits benchmark performance in
terms of CO2 selectivity is analogous in structure to SIFSIX-3-Ni, and exhibits an
unusual increasing Qst trend at low loading before later decreasing.[29] This rise in Qst
was also observed for NbOFFIVE-1-Ni, for which ring rotation and ring orientation
7

is also suspected to be an important contributor to the favourable Qst trend. For these
reasons, it was hypothesised that a similarly subtle structural variation in TIFSIX-3Ni could drastically alter the binding site interactions with CO2. Should the rings order
to optimise adsorbent-adsorbate interactions upon binding, a more global effect of ring
rotation and orientation could be induced. This indicates a potential mechanism for
the kinetic co-adsorption of CO2 molecules as suggested by the experimental Qst trend
until approximately half loading of the material. At this point, few if any preferable
sites would remain if a suitable energy difference between sites of different ring
configurations was present. As a result, this study herein aims to analyse the effects of
both the degree of ring tilting and the orientation of pyrazine rings about the CO2
binding site in TIFSIX-3-Ni. This analysis aims to provide a means of potentially
explaining the Qst trend observed experimentally, and better understanding the
behaviour of HUMs to guide their development for gas sorption applications.[43]

8

Chapter 2:
2.1

Literature Review

Introduction
Metal-Organic Materials, (MOMs),[10] have attracted much research interest

due to their highly porous nature and their large surface area.[10, 44-46] These
materials share a common composition of metal centres (nodes) and organic linkers
and are extended structures in 1-D, 2-D and 3-D.[10]. By carefully choosing the node
and spacer combination, the resulting MOM topology can be designed to dictate the
pore size and pore chemistry of the material. As a result of manipulating this inherent
modularity, these materials have been used in a broad range of applications such as
catalysis,[47] ion-exchange, non-linear optics, magnetism, luminescence and drug
delivery.[15, 48] Porous Coordination Polymers, (PCPs),[14] and Metal-Organic
Frameworks, (MOFs),[16] are subclasses of MOMs which exhibit permanent porosity.
They have thus proven especially promising in the area of gas separation and gas
storage.[48, 49] Materials in this field such as MOF-5[43, 50], HKUST-1[51]and
Mg-MOF-74[52] share the characteristics of permanent porosity and a large surface
area. Porous materials are classed and categorised in accordance with their pore size.
Macroporous materials exhibit the largest pores, exceeding 50nm. Mesoporous
materials present a pore size in the range of 2nm-50nm. Microporous materials have
a pore size smaller than 2 nm. The final classification is for the materials with a pore
size of less than 7 Å, namely Ultramicroporous materials.
9

2.1.1 Hybrid Ultramicroporous Materials (HUMs)
A recently defined subclass of MOMs has emerged in which the strategy for
optimising adsorbent-adsorbate interactions focuses on pre-synthetic control and
modification of the pore size and pore chemistry. Hybrid ultramicroporous materials
(HUMs) have developed as a result of exploitation of the modular nature of MOMs
using a crystal engineering approach [24-26] HUMs have been found to exhibit
benchmark performance across a wide range of gas separations.[22, 29-33, 42] These
materials comprise of a tight ultramicropore and anionic, electronegative pore
chemistry, which give way to their outstanding performance in terms of their
selectivity towards small polarisable gas adsorbates.[25]
HUMs are currently based on three platforms. The first platform is the
MFSIX-L-M’ platform, of which the parent material was first reported in 1995.[27]
These materials comprise of transition metal nodes, M’ (e.g. Zn2+, Cu2+, Ni2+, Co2+),
which pillar square grid (sql topology) via pyridyl organic ligands, L (e.g. pyridine,
bipyacetelene), and hexafluorometalate anions, MFSIX (e.g. SiF62-, TiF62-).[25] The
second topology, mmo,[53-55] shares the similarity of square grids based on transition
metals, but these self-catenated neutral nets [M(L)2] differ from the MFSIX-L-M’
platform in that they are angularly pillared with chromate (CrO42-), molybdate (MoO42), or tungstate (WO42-) inorganic pillars. The HUM platform DICRO-X-M, where
dichromate pillars (DICRO), ligands (X) and transition metals (M = Fe2+, Co2+, Ni2+,
Cu2+) form primitive cubic lattice structures.[25] NbOFFIVE-1-Ni is a member of the
10

new HUM platform, MOxF6-x-L-M, in which square-grid layers of Ni2+ and pyrazine
bridge with NbOF52- pillars to construct a 3D HUM with fluoride anions enclosed in
square-shaped channels.[34] AlFFIVE-1-Ni is a material of another recently reported
HUM platform, MF5.H2O-L-M, in which the contracted square-channels enclose a
periodic array of fluorine moieties and open metal sites.[38] For the purpose of this
study, this review will focus on members of the MFSIX-L-M’ platform.
The prototypal MFSIX-L-M’ platform was first published in 1995, as
[Zn(4,4’-bypyridine)2(SiF6)]n, later known as SIFSIX-1-Zn,[27] where SIFSIX
represents the SiF62- anion, 1 represents the bipyridine linker (or bpy) and Zn
represents the metal moiety, Zn2+. This material was the first of its kind, guiding the
development of the MFSIX family. Comprising of cationic square grids and linear
bifunctional anionic ligands, SIFSIX-1-Zn shares the permanent porosity and
susceptibility to fine-tuning as do later synthesised MFSIX materials. The effective
pore size however, being 8 x 8 Å, is beyond the criteria for an ultramicropore, bearing
more similarity to the pore size of large zeolites than with later designed HUMs.[27]
This key feature of a small pore size was later recognised to be of utmost importance
in the effectivity of HUMs in terms of optimising adsorbent/adsorbate interactions.[25,
56]
Another material of the SIFSIX platform which exhibits a larger pore size,
13.05 Å, is SIFSIX-2-Cu.[22, 41] This material differs from SIFSIX-1-Zn in the
choice of both linker, bipyridine (or “bpy”) and metal moiety, Cu2+. Although this
11

material has a large surface area, the CO2 sorption performance is low with a
selectivity of only 22 kJ mol-1 as the pore size remains larger than that of an
ultramicropore, meaning that the CO2 binding site is effectively not as tight. In spite
of this, SIFSIX-2-Cu could offer potential in the area of gas storage as, while the
selectivity is reasonably poor, the large surface area makes it a good candidate with
respect to other MOMs.[41] The interpenetrated polymorph of this material, SIFSIX2-Cu-i, where i represents a mode of interpenetration, shows much improved
selectivity toward CO2.[41, 57] While the surface area of this material is lower (735
m2 g-1), a pore size of 5.15 Å ensures the tight, ultramicroporous pore which leads to
favourable CO2 binding energies, in this case, 31.9 kJ mol-1.

Figure 3: SIFSIX-2-Cu and SIFSIX-2-Cu-i. Colour code: C (grey), N (blue), Si
(yellow), F (light blue), H (white). All guest molecules are omitted for clarity. Note
that the green net represents the interpenetrated net in SIFSIX-2-Cu-i. The nitrogencontaining

linker

present

in

SIFSIX-2-Cu

and

SIFSIX-2-Cu-i

dipyridylacetylene (dpa). Image taken from reference number 22 [22]
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is

4,4′-

A recently reported material with a slightly longer linker, azobipyridine,
SIFSIX-14-Cu-i, undergoes phase transformation in the presence of water.[58] While
this material is analogous to SIFSIX-2-Cu-i, studies on water sorption in these
materials indicate that the longer and more hydrophilic nature of the linker plays a
significant role in water sorption performance and in phase transformation.[58] These
results further highlight the role of importance played by subtle structural variations
in materials at the ultramicroporous level in both maintaining the structural integrity
of the material and in the strength of binding interactions.
Another interesting feature of SIFSIX-2-Cu-i, which was reported following
computational studies on CO2 sorption, indicates that co-adsorption plays a role in the
mechanics of how CO2 loads in this material. Favourable vertical-horizontal
configurations of CO2 were elucidated in the structure computationally, essentially
resulting in a T-shape trend of CO2 molecules along the channels upon full
loading.[30] This loading trend results in an increasing Qst trend suggesting CO2 coadsorption. This feature makes SIFSIX-2-Cu-i a good candidate for interesting
diffusive kinetic studies in the future.[41] Co-adsorption trends were also reported in
a material analogous to SIFSIX-1-Zn with a Cu2+ metal moiety substitution, SIFSIX1-Cu. In this material it was observed that upon full loading, CO2 molecules align with
a slipped parallel configuration along the channels.[41] The additional adsorbateadsorbate interactions as a result of such an alignment would have a favourable effect
on the CO2 isosteric heat of adsorption (Qst). Having a larger surface area but also a
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larger pore size (9.54 Å) relative to SIFSIX-2-Cu-i, energetics for CO2 sorption in the
SIFSIX-1-Cu binding site are reported as 26.5 kJ mol-1. This is less favourable to that
determined for SIFSIX-2-Cu-i, indicating greater importance of pore size in HUM
adsorbent-adsorbate interactions relative to the importance of large surface area.
Similar to SIFSIX-1-Zn, SIFSIX-1-Cu comprises of a flexible bipyridine
linker in which the rings are free to rotate in the absence of a guest molecule.[59] Like
SIFSIX-14-Cu-i, this material decomposes at low water uptake, supporting the idea
that a large pore is more susceptible to hydrolysis.[58] Computational studies also
revealed that the entire F…Si…F fork, rather than the isolated F atoms, in SIFSIX
materials like SIFSIX-1-Cu directs the sorption of CO2 and gradual ring ordering was
reported for SIFSIX-1-Cu in earlier studies.[60] These features further indicate the
importance of subtle structural variations in the sorption performance of these highly
charged materials of permanent porosity when considering such tight potential binding
sites and narrow pores.

2.1.2 CO2 Adsorption: SIFSIX-3-M’ Materials
Perhaps the greatest success thus far concerning the gas sorption and
separation performance of the SIFSIX variants of the MFSIX family has been the
substitution of bipyridine and bipyacetalene linkers with the much smaller pyrazine
linker (pyz) to create SIFSIX-3-M’ materials[22, 36, 61] which exhibit benchmark
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CO2 sorption and separation performance.[22, 30, 39] Comparing SIFSIX-1-Cu with
SIFSIX-3-Cu,[36] the effect of shortening the organic linker dictates a much smaller
pore size (3.54 Å), much smaller surface area (300 m2 g-1) and a dramatically increased
CO2 binding energy of 54 kJ mol-1.[36, 41, 61] SIFSIX-3-Cu exhibits only one type
of CO2 sorption in comparison to the slipped parallel configuration observed in its
bipyridine counterpart, SIFSIX-1-Cu, where the CO2 molecule is fixed at the centre
of the cell.[41] However, although SIFSIX-3-Cu is highly unstable, the higher CO2
binding energy is indicative of smaller pore size leading to significantly favourable
binding energetics.[40] The singular binding site of CO2 at the center of the site
essentially fixed in place by the C…F interactions as a result of the F…Si…F forks
confirms that there is a much larger electrostatic contribution than van der Waals’
contribution to the overall energetics of the adsorbent-adsorbate interactions in these
materials.[41]
Similarly, replacing bipyridine for pyrazine leads to a much smaller pore in
SIFSIX-3-Zn relative to its SIFSIX-1-Zn counterpart, of 3.84 Å.[22, 40] While
SIFSIX-3-Zn presents a strong CO2 binding energy (45 kJ mol-1),[22, 41, 62]it is not
as strong as the analogous Cu2+ material, SIFSIX-3-Cu, which exhibits a slightly
smaller pore size but a considerably greater CO2 interaction energy.[40] This again
emphasises the importance of pore size in adsorbent-adsorbate interactions. Also in
similarity to SIFSIX-3-Cu, SIFSIX-3-Zn displays one type of CO2 sorption[41, 62]
where the CO2 molecule binds in the center of the pore and shows a sharp increase in
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Qst at low loading. Due to their small pore size and high CO2 selectivity, both of these
materials offer potential as molecular sieves even at very low partial pressures.
SIFSIX-3-Zn presents a very high C2H2 interaction energy (50.3 kJ mol-1). Tshaped co-adsorption was indicated through computation between the C2H2 molecules
at full loading.[30] The primary site was determined to be between the pyrazine
molecules of the unit cell as a result of the dominant electrostatic contribution to the
overall energetics, and the secondary site involves weaker C2H2…C2H2 interactions.
This was determined from later computational studies concerning another SIFSIX-3M’ material, SIFSIX-3-Ni.[30] Comprising of a Ni2+ metal moiety and a pyrazine
linker, SIFSIX-3-Ni presents a tight 3.8 Å pore size, a strong CO2 interaction energy
of 50.9 kJ mol-1[36, 41, 61] at low loading and an interaction energy of 36.7 kJ mol-1
for C2H2 interactions,[30] leading to benchmark CO2/C2H2 performance at low
loading (< 0.3 bar).[30, 40] Similar to other SIFSIX materials of a pore size < 4 Å, a
single CO2 molecule binds in the centre of each unit cell with the interaction energy
predominantly governed by electrostatics. On the contrary, at full loading of C 2H2,
two molecules are present for every binding site, determined to be in a slipped parallel
configuration by DFT calculations (delta E = 41.4 kJ mol-1).[30] This same coadsorption effect is seen in analogous materials with narrow channels. Favourable
CH…F interactions are present on one side of every C2H2 molecule while the other
side undergoes C2H2…C2H2 interactions, indicating that both electrostatics and van der
Waals’ interactions contribute significantly to the overall energetics.[30] Therefore, at
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higher loading, C2H2 exhibits favourable binding interactions over CO2. SIFSIX-3Co, an analogous material to SIFSIX-3-Ni, also exhibits highly favourable CO2
binding energies of 47 kJ mol-1 and offers potential in flue gas separation (CO2/N2)
where SIFSIX-3-M’ materials show benchmark performance.[61] Although the
structural variations between SIFSIX-3-M’ materials are subtle, it is evident that even
the smallest changes in pore size and pore chemistry can lead to significant
improvements in CO2 selectivity by HUMs.[41]

2.1.3 Substituting Si2+ for Ti2+: TIFSIX Materials
Recently, variants of the SIFSIX family, in which the SiF62- anionic linker is
substituted for TiF62-, have been explored for their potential in gas sorption and
separations, named as TIFSIX materials.[29, 63, 64] TIFSIX-2-Cu-i, an
interpenetrated material with a Cu2+ node and bipyacetelene linker, presents
benchmark C2H2/CO2 performance at low loading in spite of being very similar to
SIFSIX-3-Ni which separates CO2/C2H2 at low loading.[30] CO2 loads following a Tshape co-adsorption trend in TIFSIX-2-Cu-i, maintaining a Qst of 35.8 kJ mol-1 from
low to high loading. The larger pore size of 5.15 Å relative to SIFSIX-3-Ni (3.8 Å)
leads to a primary C2H2 binding site in TIFSIX-2-Cu-i which effectively serves as a
molecular trap for the first four C2H2 molecules per unit cell. Each C2H2 of this four
maintains an independent Qst of 46.3 kJ mol-1, with weak van der Waals’ interactions
between the guest molecules.[30] However, loading beyond this initial four leads to a
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decrease in Qst to 34.2 kJ mol-1 to increase loading capacity within the material.
Relative to its SiF62- counterpart, TIFSIX-2-Cu-i exhibits a larger unit cell volume
than does SIFSIX-2-Cu-i but also a stronger CO2 binding energy, leading to the
suggestion that substitution of the SiF62- moiety for TiF62- leads to overall better CO2
selectivity. As Ti2+ exhibits stronger electrostatics than Si2+, Ti…F is a longer bond
than is Si…F and the equatorial fluorine atoms in the TIFSIX variants carry a more
negative partial charge. As it has been determined that the electrostatic contribution is
greatest to the overall interaction energy between adsorbent and adsorbate, this
increase of negative charge within the pore would lead to stronger C…F
interactions.[41]
Recognising the effect of pillar substitution, TIFSIX-3-Ni was recently
synthesised and its gas sorption performance was subsequently compared with
existing materials.[29] Although analogous to SIFSIX-3-Ni and NbOFFIVE-1-Ni,
TIFSIX-3-Ni exhibits superior performance in terms of its CO2 Qst (55 kJ mol-1)
experimentally at low loading. This is largely attributed to the substitution of SIFSIX
with TIFSIX, shortening a and b axes, and lengthening the Ti…F bond, leading to
more electronegative F atoms and a stronger CO2 interaction energy. Indeed, PXRD
studies indicate that it is the Jahn-Teller effect on the Cu2+ atom in SIFSIX-3-Cu
which likens its PXRD pattern more to TIFSIX-3-Ni and NbOFFIVE-1-Ni than to
other SIFSIX-3-M’ materials as the fluorine atoms are consequentially more
negatively charged.[29, 41] With regard to CO2 sorption via DAC, TIFSIX-3-Ni
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performs favourably when compared to its SIFSIX equivalent, exhibiting benchmark
performance in terms of CO2 selectivity.[29]

2.2

Molecular Simulation of MOMs
While experimental techniques such as crystal engineering and gas sorption

analysis by DSC and TGA are useful in distinguishing structural properties and real
experimental trends alike, experimental limitations often impede the study of materials
at the most fundamental level. Properties such as charge distribution, binding site
energetics, and the subtle structural changes which may significantly affect adsorbentadsorbate interactions are cumbersome if not impossible to analyse in detail by
experimental techniques. For this reason, molecular modelling and simulation has
been regularly employed to study the properties and behaviour of both real and
hypothetical materials where experiment is often disadvantaged in terms of either
expense or practical impossibilities. To study metal-organic materials, approaches
have included the development of both general and customized empirically derived
force-fields to model materials and systems to varying degrees of accuracy, and the
implementation of both quantum mechanical and molecular mechanical techniques
such as DFT, GCMC and MD, for example.[65, 66]
The use of generic force-fields presents limitations in terms of transferability
and accuracy when considering approaches such as large-scale screening.[67] On the
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contrary, while many studies implement the use of first-principles based, customised
force-fields to accurately model materials and interactions, this method can prove
costly in terms of both a monetary and time-consuming investment. In this study, A
combined use of DFT and GCMC methods have been employed to best investigate
the effects of pyrazine ring configuration on CO2 sorption in TIFSIX-3-Ni, tackling
limitations of expense while best conserving accuracy of the interactions investigated
in this study. As a result, herein this review focuses primarily on the use of DFT and
of GCMC in analysing MOMs, with specific emphasis on the effective use of this
approach in analysing HUMs.[68]

2.2.1 Density Functional Theory (DFT)
Throughout the development of hybrid ultramicroporous materials, it has
become evident that certain features are key to their favourable interactions with small
polarisable gas molecules: a tight pore of ultramicroporous quality and an anionic
linker with electronegative F-atoms as the features most differentiating them from
other classes of MOMs in terms of both structure and performance.[25, 40, 69] To aid
in elucidating such conclusions, computational methods have been heavily employed
in determining properties such as binding site positions, possible loading mechanisms
and contributions to the energetics of adsorbent-adsorbate interactions.[70] This has
been primarily achieved through two methods of molecular simulation, namely
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Density Functional Theory (DFT)[13] and Grand Canonical Monte Carlo (GCMC)
methods.
DFT is useful for analysing large, periodic systems, particularly those which
contain heavy elements, as the computational cost is much lower than methods based
on solving for the wave function. Wave function methods typically focus on obtaining
orbitals for a single-reference wave function (e.g. Hartree-Fock method (HF)[71]) or
multi-reference[72] wave function (e.g. MCSCF and CASSCF) and later adding terms
for the dynamical correlation between electrons by post-HF methods to more
realistically approximate the system, also scaling much more slowly with the size of
the system than DFT. DFT offers a means by which the many-body problem can be
systematically mapped onto a system through the use of spatially dependent electron
density functionals. Based on the Kohn Sham (KS) theorem,[73] DFT is, in principle,
exact for ground state properties as there is a one-to-one correspondence between the
electron density and the external potential in which the electrons move. For these
reasons, DFT is frequently employed in the computational study of MOFs and MOMs
to shed light on the intricacies of a system, such as binding site structure, properties,
charge, and interaction energies.[13, 60, 74]
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2.2.1.1

Density Functionals

However, as the universal density functional is not known, approximations are
made to DFT in the use of density functionals which correct for electron correlation
and exchange. Pure or local functionals including local density approximation (LDA),
generalised gradient approximation (GGA), nonseparable gradient approximation
(NGA) and meta-GGA share the advantage of being significantly cheaper than WFT,
but present limitations in the more intricate studies of MOFs. For instance, while LDA
is suitable for solid state systems with little variation, it often both overestimates
bonding energies and underestimates bond length.[71] Understandably, this is an
unsuitable density functional approximation when considering tight binding sites with
subtle differences in interaction energies and slight structural variations such as those
presented in HUMs.
In attempting to separate electron exchange and correlation, GGA generally
gives a better description than does LDA of a system in regions where local variations
in the electron density are significant, offering a substantial improvement for
calculated ionisation and atomisation energies.[71] Being a local functional, GGA
offers computational scalability and accuracy while being significantly cheaper and
GGA functionals such as PBE[75] and BLYP[76, 77] have been heavily employed in
computational methods concerning extended systems such as MOFs. TPSS[78] and
M1 1-L[79] which are meta gradient approximation functionals have also been used
in the studies of MOFs for their augmentation of GGA with respect to certain terms.
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Although local density functionals have been successfully employed in the
computational analysis of MOMs, they share the disadvantage of the exchange and
correlation density at a given point depending only on local properties. As a result,
hybrid functionals, also denoted as nonlocal functionals, have been derived to account
for non-local electron exchange and better account for the energetics of interactions
which depend on long range interactions. These functionals are generally derived
through a combination of a local functional, e.g. BLYP, and an additional portion of
HF exchange which substitutes the exchange term in local approximations. As HF is
a nonlocal functional of occupied orbitals, inclusion of a HF based portion offers
improved predictions of both reaction energies and of reaction barriers. Hybrid
functionals which include this nonlocal exchange include B3LYP[77, 80] and
PBE0[81] have been very popular in the field of MOMs, offering significantly better
approximations of both energies and barriers where nonlocal exchange becomes
important.
All early generation density functionals fail to correctly describe median to
long-range correlation effects in system interactions. Damped dispersion, which is a
consequence of electron correlation in this range, has a significant impact on the
energetics of systems such as MOMs, particularly on the adsorbent-adsorbate
interactions in materials with tight binding sites and cannot reasonably be ignored.[74]
DFT methods which attempt to correct for this negligence in local functionals add a
nonlocal term to the correlation functional and are therefore hybrid density with a
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damped dispersion factor, termed as DFT-D.[82] The DFT-D functional offers
corrections at van der Waals’ distances and include the widely used Grimme terms.
However, as the parameters depend on the functional to which they are appended,
different errors arise in medium range electron correlation terms depending on
different functionals. Evolutions of this functional include the D2[83] and the
commonly used D3[84] method, which is not purely pairwise additive and correlates
parameters to coordination numbers rather to independent functionals. Overall it
remains challenging to accurately model dispersion interactions as a function of
charge for metal ions.[74]
With regard to performing electronic structure calculations in MOMs, this is
currently achieved through three methods - treating the unit cell with periodic
boundary conditions (PBC) to mimic the behaviour of an infinite solid, extending the
unit cell into a non-periodic supermolecular cluster to mimic a portion of the material
buried in the bulk, and the performance of a mixture of quantum mechanics and
molecular

mechanics

(QM/MM).[74,

85]

Supermolecular

clusters

reduce

computational costs when compared to PBC methods, modelling an important
subsection of a crystal rather than attempting to mimic an infinite bulk. Many levels
of electronic structure theory are available for these systems which are simply too
expensive and impractical to be employed in PBC. However, the molecular cluster
approach is vulnerable to unphysical edge effects, spatial anisotropy, and the neglect
of sometimes significant dispersion interactions. A system under PBC which mimics
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an infinite solid does not typically give rise to these inaccuracies and so this is a
frequently used approach in the analysis of MOMs, particularly from a gas sorption
perspective.[74]

2.2.1.2

Basis Sets and Pseudopotentials

For the performance of periodic DFT methods, basis sets and pseudopotentials
are an important in determining both the descriptive accuracy and computational time
of the simulation. Plane wave (PW)[86, 87] basis sets are commonly employed, e.g.
VASP software, whereby the entire system is represented as a series of plane waves,
ensuring completeness and orthonormality in the description of the system. The
quality of PW basis sets is uniform at every point in space. Consequently, a large
number of basis functions are required to accurately describe which are extended and
sparsely packed, as are MOFs.[74] On the other hand, Gaussian basis functions[88]
use a combination of GTO orbitals and numerical basis to describe atoms/pseudoatoms
in each system. While this is a slower approach than PW, it permits the use of many
analysis tools used in periodic calculations and is well suited for parallelisation when
orbitals are defined on real-space grids. The Gaussian and Plane-Waves (GPW)
method has been implemented in open source code such as CP2K. This method
consists of both atom-centered Gaussian orbitals which are used to represent the wave
function and of plane waves or regular grids which represent the electron density. The
compact representation of the wave function is less computationally expensive and
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more efficient when compared to PW representations as only relatively few basis
functions are needed per atom. This hybrid algorithm allows for linear scaling methods
to optimise the density matrix and compute the Hartree energy in conjunction with
Fast Fourier Transforms and screening techniques.
Defining the atoms of a system by pseudopotentials in the periodic DFT
approach simplifies the description of the atoms, thus saving on computational time.
The pseudopotential approach is grounded in the fact that the valence electrons define
most physical and chemical properties of a system. Each pseudoatom consists of a
subset of valence electrons involved in self-consistent field (SCF) calculations, i.e. the
mean-field determined self-consistently from lowest energy spin-orbitals.[89] The
remaining core electrons are replaced with pseudopotentials that mimic their influence
on the overall electronic structure. By simplifying the atomic description in this way,
both cutoff energies and the required size of the basis set are significantly reduced.
Goedecker–Teter–Hutter (GTH) pseudopotentials are designed to be used with plane
waves basis sets.[90] As the nonlocal part can be efficiently applied to a wave function
in real space, the computation time is faster. Subsequently, GTH potentials are
commonly employed in the molecular simulation of MOMs. By the QM/MM
approach, an active subsystem of the material is treated by quantum mechanics while
the rest of the system is treated by molecular mechanics, allowing the study of larger
models. This method is also typically employed with the use of basis sets and
pseudopotentials and is a widely used feature of code such as CP2K.
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2.3

Charge Fitting
An important part of electronic structure calculations is the assignment of point

partial charges to each atom in the system. For MOMs and especially those with tight
binding sites such as HUMs, these charges can offer important information as to the
distribution of electrons within the material and therefore contributing factors to the
overall interaction energetics. Two of the most practiced ways in which partial charges
are assigned are by fragmentation[91] and by the REPEAT method. In the
fragmentation approach, the material is divided into different fragments in which an
atom of interest is buried in a suitable fragment to most accurately capture its chemical
environment. The electrostatic potential (ESP) surface is calculated for each fragment
and the partial charges subsequently fitted onto atomic positions by methods such as
the CHELPG method. Partial charges are then averaged for each chemically distinct
atom and adjusted to ensure the neutrality of the system. In theory, this method of
charge fitting can be applied to systems of any size as fragments can be chosen to
ensure a simulation is computationally tractable. This is a limitation of periodic charge
fitting as the computational tractability is dependent on the size of the unit cell. As a
result, fragmentation has been widely employed in the molecular simulation of MOMs
such as HUMs.
In the REPEAT method, partial charges are fitted to the variance of the
electrostatic potential (ESP) as the potential is ill-defined. Fragmentation is not
necessary to assign point partial charges to each chemically distinct atom type by this
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method. This not only simplifies the process of charge fitting, but as the chemical
environment of each atom is described in a way which maintains the structural
integrity of the unit cell across an infinite bulk, the risk of compromising the accuracy
of each allocated charge is lower with REPEAT than with fragmentation. Restraining
the ESP through methods such as RESP, allows chemically distinct atoms to be
restrained to a common point partial charge. This better facilitates the accurate point
partial charge allocation to heavy atoms in the bulk, which in the case of MOMs, are
often metal ions. These metal ions can potentially play a very important role in the
adsorbent-adsorbate interactions of materials such as HUMs. For example, the
substitution of the SiF62- moiety for TiF62- in MFSIX materials has a dramatic effect
on the CO2 selectivity of the material. For this reason and for the ability to describe a
material under PBC, REPEAT and RESP are becoming increasingly popular within
the community modelling MOMs. With constant improvement in computational
tractability, fitting charges to the electrostatic potential by methods such as REPEAT
and RESP is becoming increasingly easier to achieve and the need for fragmentation
declines.

2.4

Grand Canonical Monte Carlo (GCMC)
While DFT is useful for studying the energetics of specific interactions and

subtle structural properties of systems such as metal-organic materials, often other
methods such as GCMC and MD are employed to studying ensemble averages and
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dynamical effects after an initial geometry optimisation. In a Grand Canonical Monte
Carlo simulation, the chemical potential, volume and temperature of the system are
held constant for the duration of the simulation. For calculations involving MOMs, the
material is usually held rigid while other particles, e.g. gas molecules, are subjected to
random sampling. The rigid structure is typically an optimised structure as output by
DFT calculations, complete with point partial charges. Parameters which represent the
potential energy surface are chosen from a number of force-fields (FFs), from which
the forces can then be analytically calculated. Choosing which parameters are most
relevant to the system in question is integral to the accurate computational description
of trends such as gas sorption and isosteric heat of adsorption (Qst). For these reasons,
care must be taken in choosing from which force field to take parameters. Traditional
or generic force fields such as the Universal Force Field (UFF) and DREIDING[92]
are typically used to describe most atoms in MOM simulations, and are parameterised
to results of electronic structure calculations by first principles or empirically fitted to
data which has been obtained experimentally. In the simulation of the SIFSIX type
materials, customised FFs are often used to describe the system. In this case, most
atoms are described using UFF Lennard-Jones van der Waals’ parameters, and atoms
in a more aromatic environment such as carbons and hydrogens of pyrazine rings are
typically treated by OPLS-AA to better describe their chemical environment.
Depending on the choice of parameters, simulation results can vary greatly. At the
ultramicroporous level, induced polarisation has the potential to play a large part in
the energies of interactions. When included explicitly in classical force-fields,
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polarisability is most commonly accounted for with a Thole-Applequist model,
wherein the included atomic dipoles are solved in a many-body and self-consistent
manner. Concerning the sorption of CO2 in HUMs, it has become apparent that
correctly accounting for the induced polarisation of the CO2 molecule is crucial to
accurately modelling the energetics of the adsorbate-adsorbent interactions. In the case
of the MFSIX family of materials, this is accounted for by employing a rigid, five-site
polarisable potential for CO2 where parameters are fit to highly accurate ab initio data.
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Chapter 3:

Methods

In this study, two methods of molecular modelling are employed to study the
effect of subtle variations in the pyrazine rings on CO2 sorption in TIFSIX-3-Ni,
namely Density Functional Theory (DFT) and Grand Canonical Monte Carlo
(GCMC).[93] DFT was employed to computationally model the microscopic physical
properties of the system whereas Grand Canonical Monte Carlo (GCMC) methods
were employed to investigate the effect of different pyrazine ring configurations upon
low-pressure CO2 uptake and Qst.
Three distinct, rigid systems were chosen for this study, defined herein as
Sys(8,0), Sys(6,2) and Sys(4,4), comprising of a total of five chemically distinct binding
sites: 8-in, 6-in, 4-in, 2-in, and 0-in (Figure 4). All systems were created by eliminating
pyrazine ring disorder from the PXRD determined crystal structure, using Materials
Studio. These 2 x 2 x 2 systems were labelled in accordance with the ratio of pyrazine
edges and faces interacting with the guest molecule; they represent variations of the
smallest obtainable unit cell after eliminating disorder. The binding sites studied differ
in pyrazine ring orientation and therefore slightly different pore size and chemistry;
they are equivalent along diagonal vertices in each system. The names assigned to the
binding sites indicate the number of pyrazine rings pointing toward the adsorbate
molecule at the center of each site. Sys(8,0) comprises of two distinct binding sites, 8in and 0-in, and represents the system of greatest contrast in terms of binding sites of
both different pore size and pore chemistry. Sys(4,4) presents two 4-in sites which are
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chemically equivalent, and represents a more homogenous and isotropic environment.
Sys(6,2) comprises of a 6-in site and 2-in site, and is representative of an asymmetrical
intermediate between the previously defined structures, allowing for the analysis of
potential directional loading bias.
All systems in this study were created from experimentally obtained unit cell
parameters by PXRD, in which the pyrazine rings were observed to be disordered over
two sites. The equatorial fluorine atoms of the SiF62- anion were fixed at an angle of
45° with respect to the a-axis which is in agreement with PXRD data and was found
to be the optimal positioning in a similar HUM, SIFSIX-3-Ni, in a previous
computational study.[40] In the study of SIFSIX-3-Ni, simulations supported the
hypothesis that a smaller pore size in HUMs is proportional to the strength of the
binding interaction energy with small polarisable molecules such as CO2.[40]
Similarly, another computational study conducted on SIFSIX-3-Ni indicated that the
rotational configurations of the pyrazine rings may affect Xe interactions.[42] These
hypotheses formed the basis for this study which served to investigate if a similar
effect of pyrazine ring configuration on CO2 interactions was relevant for TIFSIX-3Ni.
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Figure 4: Schematic of systems studied and corresponding pyrazine ring orientations.

These computationally constructed systems were geometry optimised by DFT
using the Quickstep Gaussian and Plane-Waves method (GPW) of CP2K open source
code.[94-96] Goedecker–Teter–Hutter (GTH) pseudopotentials and the gradientcorrect BLYP functional were employed in DFT simulations.[76, 77, 90] A planewave energy cut off of 400 Ry was chosen to best preserve both efficiency and
accuracy of the model. All atoms were represented by a double zeta plus polarisation
basis set (DZVP-MOLOPT).[97] Using the REPEAT method, partial atomic charges
were fitted to the variance of the potential.[98]
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The electron density was solved self-consistently with an SCF convergence
factor of 1E-6. A BLYP exchange-correlation was employed along with the nonlocal
rVV10

functional

and

C9

corrections

to

capture

long-range

dispersion

interactions.[77] A multiplicity of 17 was applied to the system under an unrestricted
Kohn-Sham (UKS) model to capture the spin state of the octahedral Nickel. Cell
lengths were defined as a = b = 13.99570 Å and c = 15.58720 Å , with angles α = β =
γ = 90°, assuming tetragonal symmetry. Periodic boundary conditions were employed
to assume infinite replication of the unit cell in XYZ directions. Calculations were
continued until convergence was achieved. For geometry optimisations, the maximum
number of inner SCF iterations of 40 was used with a maximum number of outer SCF
iterations of 20 to a convergence factor of 5E-6, to allow rotation and relaxation of the
atoms and in particular, of the pyrazine rings. A conjugate gradient optimiser was
employed and cell parameters were fixed by maintaining initial symmetry as defined
by the input file.
The sorption of CO2 in TIFSIX-3-Ni for each system was studied by GCMC
simulations using MPMC software.[99] By this method, the chemical potential,
volume and temperature of the adsorbent/sorbate system were constrained to be
constant while other thermodynamic variables were free to fluctuate.[100] Input pqr
files were generated using cartesian coordinates from pdb files as generated by MS.
Partial atomic charges for each chemically distinct atom were assigned according to
the results of the REPEAT method during the DFT calculations.[98] Two series of
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simulations were run - one in which all atoms of the system were parameterised by
UFF van der Waals’ parameters[66] and one in which all CH adsorbent moieties were
modelled by OPLS-AA van der Waals’ parameters[65] while the rest of the atoms
were assigned UFF van der Waals’ parameters. The induced CO2 dipole was
accounted for by employing a rigid, five-site polarisable potential for CO2 where
parameters are fit to highly accurate ab initio data.[101]
Throughout the course of the simulation, sorbate molecules were randomly
inserted, deleted, translated or rotated with acceptance or rejection based on a random
number generator weighted by the energetic favourability of the move. The adsorbent
atoms remained fixed in their positions as were initially defined in the input pqr file.
Periodic boundary conditions applied as they were in DFT optimisation calculations,
to approximate the macroscopic environment of TIFSIX-3-Ni; half of the shortest
system cell dimension length defined the spherical cut-off point for the boundary. The
average particle number was calculated by the following expression:[102, 103]
1
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where 𝛯 represents the grand canonical partition function, 𝛽 represents the
quantity 1/𝑘𝑇 where 𝑘 is the Boltzmann constant, and the total potential energy is
defined by 𝑈.
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The Peng-Robinson equation of state was used to define the chemical potential
for CO2, 𝜇.[104] 𝑈 was calculated as the sum of the repulsion/dispersion energy as
calculated by the Lennard-Jones 12-6 potential,[105] the stationary electrostatic
energy as calculated by use of Ewald summation,[106, 107] and the many-body
polarisation energy contribution to the total potential energy represented by 𝑈𝑟𝑑 ,
𝑈𝑒𝑠 and 𝑈𝑝𝑜𝑙 respectively:
𝑈 = 𝑈𝑟𝑑 + 𝑈𝑒𝑠 + 𝑈𝑝𝑜𝑙
𝑈𝑝𝑜𝑙 was explicitly calculated using a Thole-Applequist type model.[108-112]
The interactions between unlike species were generated by the Lorentz-Bertholet
mixing rules for calculation of the repulsion/dispersion energy.[113] Upon the
calculation of the number of particles, 〈𝑁〉, this was converted to a value equivalent to
the experimental quantity for CO2 uptake for each state point considered.
The experimental Qst of CO2 for TIFSIX-3-Ni was previously calculated from
low pressure CO2 adsorption isotherms collected at 273, 283 and 293 K using the
Clausius-Clapeyron equation and virial-type equations (below) to fit ten adsorption
points between 0 and 0.3mbar.
𝑗

1

𝑘
𝑖

ln 𝑃 = ln 𝑛 + ( 2 ) ∑ 𝑎𝑖 𝑛 + ∑ 𝑏𝑖 𝑛𝑖
𝑇
𝑖=0

𝑖=0

𝑗

−𝑄𝑠𝑡 = −𝑅 ∑ 𝑎𝑖 𝑛𝑖
𝑖=0
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Values for the simulated isosteric heat of adsorption, 𝑄𝑠𝑡 , were calculated using
an expression based on fluctuations in particle number, 𝑁, and total potential energy,
𝑈at constant temperature 293K:[114]
𝑄𝑠𝑡 = −

〈𝑁𝑈〉 − 〈𝑁 〉〈𝑈〉
〈𝑁 2 〉 − 〈𝑁〉2

+ 𝑘𝑇

Simulations consisted of 1E-6 Monte Carlo steps for all state points considered
in TIFSIX-3-Ni, to guarantee equilibration and ensure reasonable ensemble averages
for 〈𝑁〉 and 𝑄𝑠𝑡 .[99]
Explicit polarisation was included in all simulations via a Thole-Applequist
induced dipole model.[109, 111, 112] Dipole polarisabilities for all C, H, N and F
atoms were taken from the set of van Duijnen et al. while the polarisabilities for Ti
and Ni were determined in previous studies.[108] A polarisable, five-site CO2 model,
CO2-PHAST*, was used throughout the simulations in this work.[101]

37

Chapter 4:

Results and Discussion

4.1: DFT Geometry Optimisations and Charge Fitting
DFT geometry optimisations revealed that the pyrazine rings are free to rotate
around approximately ± 2° from 14.58° as determined by PXRD. For GCMC
calculations, the pyrazine ring angle was therefore constrained to be 14.58° for the
purpose of better comparing the effect of pyrazine ring orientation between the
analysed systems with fewer variables to influence the energetics and structures of
these binding sites. The CH bond lengthened to 1.038 Å upon relaxation by DFT. This
bond length was imposed in the rigid systems used for GCMC calculations. Partial
atomic charges which were calculated for each adsorbent atom by the REPEAT
method,[98] with chemically distinct atoms constrained to have the same partial
charges, are reported in the table below. In the cases of both Sys(8,0) and Sys(4,4) which
both present two, symmetrical binding sites, each element shared the same partial
atomic charge with the exception of fluorine atoms, which were distinguished
chemically by their equatorial and axial positions about the Ti atom. For Sys (6,2), two
asymmetrical binding sites are presented (6-in and 2-in) and so the distribution of
partial charge was allocated to four different atom types for each chemical species
with the exception of fluorine atoms which were allocated six different sets of partial
atomic charges based due to their position about Ti2+ and the binding sites to which
they belong.
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Table 1: Partial charges in elementary electric charge (e) for the atoms within the unit
cell of TIFSIX-3-Ni as determined through periodic charge fitting calculations on the
system using CP2K. Pyrazine ring angle fixed at 14.58°.
System

Sys(6,2)

Sys(4,4)

Sys(8,0)

Atom Type

q (e)

q (e)

q (e)

C1

0.00342

-0.02200

-0.02600

C2

-0.05345

x

X

C3

-0.01946

x

X

C4

-0.00742

x

X

H1

0.14066

0.15420

0.14500

H2

0.15818

x

X

H3

0.14258

x

X

H4

0.14726

x

X

Ni1

0.42120

0.41800

-0.37900

Ni2

0.40860

x

X

Ti1

1.71336

1.67700

1.70200

Ti2

1.68400

x

X

F1

-0.46422

-0.46030

-0.45590

F2

-0.54986

-0.53700

-0.53110

F3

-0.52765

x

X

F4

-0.46422

x

X

F5

-0.53930

x

X

F6

-0.45465

x

X

N1

-0.04182

-0.02100

0.10000

N2

0.02364

x

X

N3

-0.01084

x

X

N4

-0.04858

x

X

COE

0.385670

0.385670

0.385670
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4.2: CO2 Adsorption Isotherms
Grand Canonical Monte Carlo simulations were conducted to produce both
simulated CO2 adsorption isotherms and Qst plots for comparison with those which
were experimentally obtained. Isotherms were plotted in terms of percentage weight
(wt%) of CO2 in TIFSIX-3-Ni as a function of pressure of the external CO2 reservoir,
scaled in accordance with experiment. The results of these simulations reveal little
difference with respect to CO2 loading in each system, but a significant difference was
observed between the trends of data which was modelled with entirely UFF van der
Waals’ parameterisation and that in which OPLS-AA van der Waals’ parameters we
applied to aromatic CH moieties. Upon comparison with the experimentally
determined trend for CO2 loading, it was observed that the experimental trend
approximated van der Waals’ properties intermediate between the two series of data
analysed by simulation.
The similarity in CO2 trend for Sys(8,0), Sys(6,2) and Sys(4,4) regardless of van
der Waals’ parameterisation was indicative of little effect of the pyrazine ring
orientation on the loading capacity of TIFSIX-3-Ni for CO2 under the conditions for
simulation. As the adsorbent was constrained to be rigid throughout the course of
simulation, it was noted that the 8-in binding site was preferably loaded with CO2 in
Sys(8,0) relative to 0-in sites This trend was also exhibited in Sys(6,2) in which 6-in sites
loaded before 2-in sites, indicating that with more pyrazine rings pointing toward the
CO2 at the center of the cell, the binding energy is enhanced. In Sys(4,4), each possible
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binding site was chemically equivalent and so this distinction was not observed
(Figure 5).

Figure 5: CO2 loading in rigid 2 x 2 x 2 TIFSIX-3-Ni configurations with pyrazine
ring angle 14.58°. Sys(8,0) red, Sys(6,2) green, Sys(4,4) blue, experiment (black).
Simulations conducted with OPLS-AA Lennard-Jones parameters are represented by
triangles (▲) with UFF parameters represented by squares (■).
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4.3: CO2 Isosteric Heat of Adsorption
Experimentally, the CO2 Qst trend TIFSIX-3-Ni was observed to decrease at
greater than 50% loading. The Qst trends observed for simulated systems were in
agreement with experimental data for both series of van der Waals’ parameterisation.
Sys(8,0) exhibited the steepest Qst descent followed by Sys(6,2), while in the case of
Sys(4,4), the decreasing trend was less pronounced. This is in agreement with results
from isotherm simulations which indicated a preference for the loading of sites with
more edge-to-guest interactions before loading the remaining sites with a lower CO2
binding energy. As Sys(8,0) presents the most extreme binding sites and Sys(4,4) exhibits
increased homogeneity across the system, the differences in the gradient of the
simulated Qst trends is also in agreement with this hypothesis. As the experimental Qst
trend for TIFSIX-3-Ni decreases after 50% loading, it is suggested that the effect of
pyrazine ring orientation on CO2 binding affinity in TIFSIX-3-Ni in simulation
studies is relevant to what occurs experimentally. As the coexistence of multiple
pyrazine ring configurations cannot be determined in situ PXRD, the possibility of this
coexistence as demonstrated in this study could explain the position of the
experimental Qst curve relative to the simulated Qst curves of Sys(8,0) and Sys(6,2)
(Figure 6).
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Experimentally, the Qst curve for CO2 in TIFSIX-3-Ni is seen to rise from
initial loading to approximately 50%. Unfortunately, it was not possible to capture this
effect by the computational approach used in this study. Limitations of the MPMC
code dictate that no fewer than one adsorbent molecule can be present in the system
at any one time, meaning that in spite of lowering the pressure, it is the system size
which ultimately yields the number of data points that can be collected for Qst
illustration by GCMC methods. In this study, 2 x 2 x 2 systems were studied as this
was determined to be the smallest unit cell after ordering and fixing the positions of
the pyrazine rings. As MPMC requires the implementation of periodic boundary
conditions, PBC, the next system which could be analysed by this method would be
of 4 x 4 x 4 size relative to the xyz parameters of the disordered unit cell. This would
significantly increase the computational time and would be unfeasible to study.
While more data points could be collected for the system under this
parameterisation, it is estimated that the initial increase in Qst as observed
experimentally could be a consequence of initially ordering the pyrazine rings from a
state of disorder over two sites to fixing their positions in a manner which would
enhance the binding affinity of the first CO2 molecule. This would require rings in all
adjacent cells to consequently order as well, leading to the presence of at least two
binding sites across the system, therefore suggesting possible co-adsorption of CO2 in
this material. As systems were held rigid for GCMC calculations, this initial rise in Qst
would not be captured by this computational approach regardless of system size. It is
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therefore of interest to research the effect of ring rotation on Qst and loading of CO2 in
TIFSIX-3-Ni in future studies by other methods such as DFT.

Figure 6: Isosteric heat of adsorption (Qst) for TIFSIX-3-Ni systems, simulated at
298K. Sys(8,0) red, Sys(6,2) green, Sys(4,4) blue, experiment (black). Simulations
conducted with OPLS-AA Lennard-Jones parameters are represented by triangles (▲)
with UFF parameters represented by squares (■). Pyrazine ring angle of 14.58°
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4.4

Single Point Energy Calculations

Single point energy calculations were conducted for larger 4 x 4 x 4 systems
using MPMC, to ensure a better approximation of the CO2 binding energy in the static
system. These systems comprise of a total of 64 binding sites, and so to determine the
binding energy of CO2 in an individual site type, CO2 molecules were manually placed
in the 32 sites specific to any one binding site type e.g. 8-in. The resulting energy was
then divided by 32 to determine the binding energy of CO2 in each individual site.
These calculations reveal that the CO2 binding energy is proportional to the number
of edge-to-guest interactions in line with what was suspected from isotherm and Qst
plots. A difference of 4.85 kJ mol-1 was indicated between the most and least
favourable sites, 8-in and 0-in, with CH moieties parameterised by OPLS-AA Lennard
Jones parameters (Table 3). This difference increased to 7.30 kJ mol-1 with UFF
parameterisation, indicating a significant difference between the binding energies of
these sites regardless of which van der Waals’ parameters were taken into account. In
fully loaded systems, more isotropic conditions were determined to be favourable for
CO2 binding sites as both Sys(4,4) and Sys(6,2) systems were energetically favourable to
Sys(8,0). This further suggests the possibility of coexistence of multiple pyrazine ring
configurations as TIFSIX-3-Ni is loaded (Table 2).
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Table 2: Calculated adsorption energies (in kJ mol–1) for a single CO2 molecule within
the unit cell of each fully loaded 2 x 2 x 2 system for TIFSIX-3-Ni studied as
determined from classical single point energy calculations using MPMC using (i)
OPLS-AA van der Waals’ parameters for C and H atoms and (ii) using UFF van der
Waals’ parameters for all atoms. Pyrazine ring angle of 14.58°
System

(i) ΔE (kJ mol–1)

(ii) ΔE (kJ mol–1)

Sys(8,0)

-51.18

-54.42

Sys(6,2)

-52.42

-55.21

Sys(4,4)

-52.39

-55.18

Table 3: Calculated adsorption energies (in kJ mol–1) for a single CO2 molecule within
the unit cell of each chemically distinct binding site simulated for TIFSIX-3-Ni
studied as determined from classical single point energy calculations using MPMC
using (i) OPLS-AA van der Waals’ parameters for C and H atoms and (ii) using UFF
van der Waals’ parameters for all atoms. Pyrazine ring angle of 14.58°
Binding Site

(i) ΔE (kJ mol–1)

(ii) ΔE (kJ mol–1)

8in

-54.07

-58.54

6in

-54.46

-57.69

4in

-52.60

-55.36

2in

-51.32

-53.67

0in

-49.22

-51.24
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4.5

Effect of Pyrazine Ring Tilting
Although the energy cost of rotating and ordering pyrazine rings was not

investigated in this study, it was noted that slight variations in the angle of the pyrazine
rings could have a significant effect on the binding site due to the tightness of the pore.
In light of this, systems with a slightly greater ring tilt angle of approximately 22°
(22.104°) were modelled by the methods earlier described. This slight variance in ring
tilt angle produced significantly different simulation results. Single point energy
calculations revealed a similar trend to that which was observed for systems with a
ring tilt angle of 14.58°, indicating that by increasing the number of edge-to-guest
interactions the CO2 binding energy was enhanced. The difference between the
binding energies of CO2 in the most and least preferable sites was observed to be
greater for systems with a greater tilt angle (9.3 kJ mol-1 for OPLS). When modelled
by UFF, 6-in and 4-in sites were determined to present a greater binding energy for
CO2 adsorption. This was attributed to overestimation of the repulsion/dispersion
contribution in these systems as a result of greater overlap between pyrazine rings due
to a greater ring tilt angle. Consequently, the OPLS series was determined to more
accurately reflect experimental data under these conditions. (Tables 4 and 5)
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Table 4: Calculated adsorption energies (in kJ mol–1) for a single CO2 molecule within
the unit cell of each fully loaded 2 x 2 x 2 system for TIFSIX-3-Ni studied as
determined from classical single point energy calculations using MPMC. Pyrazine
ring angle of 22.104°
System

ΔE (kJ mol–1)

Sys(8,0)

-53.71

Sys(6,2)

-55.12

Sys(4,4)

-56.77

Table 5: Calculated adsorption energies (in kJ mol–1) for a single CO2 molecule within
each binding site studied for TIFSIX-3-Ni as determined from classical single point
energy calculations using MPMC.Pyrazine ring angle of 22.104°

Binding Site

ΔE (kJ mol–1)

8in

-58.92

6in

-58.08

4in

-57.36

2in

-53.37

0in

-49.65

This too was reflected in simulated isotherm plots by GCMC (Figure 7). The
greater tilt in the pyrazine ring angle lead to a significant difference in the loading
behaviour of CO2 in TIFSIX-3-Ni. Unlike the trend which was seen for systems with
a ring angle of 14.58°, trends observed for systems with a greater ring angle differed
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with different ring orientations rather than by van der Waals’ parameterisation. Sys(8,0)
best approximated experimental data while Sys(6,2) and Sys(4,4) overestimated the
experimental trend. Similarly, 8-in sites loaded before 0-in sites and 6-in before 2-in,
again leading to the suggestion that the edge-to-guest interactions significantly affect
the binding energy of CO2 and become increasingly important with the tightness of
the pore.

Figure 7: CO2 loading in rigid 2 x 2 x 2 TIFSIX-3-Ni configurations with pyrazine
ring angle 22.104°. Sys(8,0) red, Sys(6,2) green, Sys(4,4) blue, experiment (black).
Simulations conducted with OPLS-AA Lennard-Jones parameters are represented by
triangles (▲) with UFF parameters represented by squares (■).
Qst plots were generated as before for systems with a ring tilt angle of 22.104°.
A similar trend to that which was observed for systems with a pyrazine ring angle
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equivalent to that which was determined by in situ PXRD was observed for this
system, but the effect of pyrazine ring orientation on Qst was exaggerated (Figure 8).
A steep descent was observed for the Sys(8,0) trend, while a subtler gradient was
observed for Sys(6,2) and Sys(4,4). For each system, Qst trends overestimated the
experimental trend at initial loading and in the case of Sys(4,4) throughout the
simulation. The decreasing trend which was observed experimentally was also
exhibited in systems Sys(8,0) and Sys(6,2), or rather the systems studied which present a
favourable binding site.

Figure 8: Isosteric heat of adsorption of CO2 in rigid 2 x 2 x 2 TIFSIX-3-Ni
configurations with pyrazine ring angle 22.104°. Sys(8,0) red, Sys(6,2) green, Sys(4,4)
blue, experiment (black). Simulations conducted with OPLS-AA Lennard-Jones
parameters are represented by triangles (▲) with UFF parameters represented by
squares (■).
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To further question the importance of the pyrazine ring tilt angle, single point
energy calculations were carried out for systems with a ring tilt angle of 7.0° and 28.0°
respectively. With a pyrazine ring tilt angle of 28.0° extremely repulsive values were
returned for the binding energy of CO2 in each site with the exception of 6-in and 2in, indicating that at this systems with this extreme angle do not at all approximate
experimental data. In light of this, the values obtained for single point energies for this
system have not been reported in this study. Systems with a ring tilt angle of 7.0°
exhibit a similar trend to those with angles of 14.58° and 22.104°, whereby the binding
affinity of the material for CO2 is proportional to the number of edge-to-guest
interactions (Table 6). However, the difference between the binding energies of the
most preferable (8in) and least preferable (0in) sites were negligible (2.25 OPLS and
3.11 UFF) (Table 7). These results merit further study of the effect of ring rotation and
tilting on the binding affinity of CO2 in TIFSIX-3-Ni, across a range of values less
than 14.58° and greater than 22.104°.
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Table 6: Calculated adsorption energies (in kJ mol–1) for a single CO2 molecule within
the unit cell of each fully loaded 2 x 2 x 2 system for TIFSIX-3-Ni studied as
determined from classical single point energy calculations using MPMC using (i)
OPLS-AA van der Waals’ parameters for C and H atoms and (ii) using UFF van der
Waals’ parameters for all atoms. Pyrazine ring angle 7.0°

System

(i) ΔE (kJ mol–1)

(ii) ΔE (kJ mol–1)

Sys(8,0)

-51.09

-53.80

Sys(6,2)

-51.69

-54.40

Sys(4,4)

-29.25

-31.97

Table 7: Calculated adsorption energies (in kJ mol–1) for a single CO2 molecule within
the unit cell of each chemically distinct binding site simulated for TIFSIX-3-Ni
studied as determined from classical single point energy calculations using MPMC
using (i) OPLS-AA van der Waals’ parameters for C and H atoms and (ii) using UFF
van der Waals’ parameters for all atoms. Pyrazine ring angle of 7.0°.

Binding Site

(i) ΔE (kJ mol–1)

(ii) ΔE (kJ mol–1)

8in

-52.6939

-55.8431

6in

-52.8337

-55.7672

2in

-51.5138

-53.67

0in

-50.4483

-52.7342
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Chapter 5:

Conclusions and Future Work

It is evident from this study that the orientation of the pyrazine rings about the
CO2 binding site in TIFSIX-3-Ni significantly affects the binding affinity of CO2 in
the site. It is also indicated that this binding energy is proportional to the number of
edge-to-guest interactions present in the site, increasing with the number of pyrazine
rings pointing toward the centre of the cell. When compared with experimentally
obtained data, molecular simulation indicates that multiple configurations of pyrazine
ring orientation about a site may coexist as TIFSIX-3-Ni is loaded with CO2, shedding
light on potential loading mechanisms of the material in which experiment is impeded.
When vacated, TIFSIX-3-Ni exhibits pyrazine ring disorder about two sites as
determined by in situ PXRD and the rings can more freely rotate in the absence of a
CO2 molecule. Upon the presence of a CO2 molecule in site, rotating and fixing
pyrazine rings to optimise the edge-to-guest interaction energy would lead to an
energy cost which could explain the unusual Qst plot observed experimentally. For the
systems modelled in this study, all preferable binding sites would be loaded at 50%
loading and so the system could in theory relax to a more isotropic or disordered
configuration beyond this point to increase the capacity for CO2 uptake across the
system as a whole. Such a mechanism could offer a plausible explanation as to the
why the Qst trend observed experimentally increases upon initial loading before later
decreasing.
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The degree to which the pyrazine rings are tilted about the binding site was
also shown to significantly affect the binding energy of CO2 in the site. This again
highlights the importance of pore size in the potential of hybrid ultramicroporous
materials for the adsorption of small polarisable materials, as even subtle variations in
structural dynamics can significantly impact the interaction energies of potential
binding sites. It is interesting to note the importance of van der Waals’
parameterisation in modelling these materials. In the case of TIFSIX-3-Ni, van der
Waals’ parameters intermediate to the data series run in this study, denoted by OPLS
and UFF, were shown to best approximate experiment when the unit cell was based
on in situ PXRD results. Upon exaggeration of the pyrazine ring angle for investigative
purposes, slight differences in Lennard-Jones parameters are observed to have a
significant effect on both qualitative and quantitative results. Consequently, care
should be taken when modelling the repulsion/dispersion of such structurally sensitive
materials. Future work will aim to further investigate the effect of pyrazine ring tilting
and of ring rotation on the binding energy of CO2 within the site, in an attempt to
model the unique increasing Qst trend observed experimentally and to better
understand

the

gas

sorption

performance

of

TIFSIX-3-Ni

and

hybrid

ultramicroporous materials. This study also highlights the importance of developing
synergy between molecular modelling and experiment for the purposes of testing,
validating and advancing modelling methods, and ultimately to guide materials design.
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