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ABSTRACT

Past decades in the field of gas separation and storage utilized the concepts of both cryogenic
distillation and non-cryogenic methods such as high-pressure cylinders but few concerns —
efficiency, energy intensiveness, cost associated, risk of failure always existed. Recent advances
in the field focuses on using porous materials especially nanoporous materials. Nanoporous
materials, due to their well-defined structure, range of pore diameters, and striking surface
chemistry hold over traditional porous materials for gas separation and storage. With pore diameter
less than 2 nm and abundance of energetically favorable sites (such as unsaturated metal sites,
channels, cages, cavities etc.), these materials can also undergo various surface decorations to
enhance the adsorbate-adsorbent interactions making them suitable for the applications using the
principles of pressure swing adsorption. The objective of this study is to show the potential these
materials hold in gas separation and storage studies and we provide four different nanoporous

materials dedicated to deal with certain gas mixtures.

Out of the wide class of nanoporous materials, in first part of this work we show screening of 229
zeolitic frameworks in separation of radiochemically relevant noble gases mixture of Kr/Xe by
Grand Canonical Monte Carlo simulations by benchmarking the model by measuring adsorption
isotherms at various temperatures. Zeolites with narrow pore system and zig-zag or elliptical cross

sections were found to be more selective for Xe.

To separate one of the lightest gas mixture of D2/H, we examine the adsorption into a nanoporous
nickel phosphate, VSB-5, which on the basis of gas sorption analysis gives one of the highest heats
of adsorption (HOA) for hydrogen (16 kJ/mol). A much higher HOA for D, with calculated
selectivities above 4 for D> at 140 K suggests that VSB-5 is a promising adsorbent for separations

of hydrogen isotopes.



To understand the storage aspect of nanoporous materials, we utilize the principles of Inelastic
Neutron Scattering (INS) to examine the lightest gas (H2) on one of the simplest yet exciting
surface of graphene where the H, gas corresponds to a 2D rotor with a rotational barrier of around
4 meV. This also helps in checking the validity of the model of Hz in an anisotropic potential and
thereby provides more insight on the concept of hydrogen storage. A hand-in-hand comparison
with a much stronger interaction potential provided by Ni?* sites in VSB-5 is also studied. A huge
shift in the rotational line of hydrogen in VSB-5 represents itself as a case of Kubas complex

indicating the strong affinity of the unsaturated metal sites towards Ho.

To capture a different system of toxic gas of ammonia (NHz3), we functionalize a well-studied
metal organic framework, HKUST-1 (copper trimesate) containing bound sulfuric acid tethered to
the framework through terminal oxygen coordination to the accessible Cu(ll) sites. Presence of
sulfuric acid in the framework and the NHs sorption is examined by INS. Here acid modified
HKUST-1 shows three times more uptake of NHs compared with pristine HKUST-1. A series of
DFT simulation reveals adsorption of ammonia at the acid -OH site leading to a partial transfer of
H* and giving an elongated O-H-N bond rather than a full transfer of H* and explaining the

observed reversibility of adsorption without the destruction of framework.
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1.1 Nanoporous Materials

The advent of nanoparticles i.e. the particles with lengths between 1 — 100 nm has attracted
a lot of interest in scientific community due to the various fields of applications such as — catalysis,
drug delivery, semiconductors etc.[1-9] Besides a high surface-to-volume ratio and high surface
area, these materials exhibit size-dependent properties such as quantum confinement which are
completely different from their bulk counterparts. Bulk phase gold which is a dense solid at room
temperature is found to be liquid in its nanophase.[10-12] Similarly, nanophase silicon is conductor
of electricity whereas bulk phase is an insulator.[13, 14] The list of such cases is quite long and
we are focused on a subset of nanoparticles — nanoporous materials which have a pore diameter
ranging from 1 — 100 nm.

Simply put, a porous material contains a main frame (organic/inorganic/mixed) connected
by the voids (pores). International Union of Pure and Applied Chemistry (IUPAC) classifies the
nanoporous materials into three further classes on the basis of pore diameter as[15]:

Microporous materials — Pore diameter less than 2 nm
Mesoporous materials — Pore diameter with 2 — 50 nm
Macroporous materials — Pore diameter greater than 50 nm

Beside the IUPAC classification on size, the nanoporous materials are also classified on
the basis of the framework as (a) Inorganic — As expected, the framework here consists primarily
of metals/non-metals such as Al, Si, Na, Cs etc and zeolites represent an exceptional example of
inorganic nanoporous materials. (b) Organic — Here the framework consists of organic ligands and
present a vast class of organic porous polymers and organic framework cages. (¢) Mixed — These
materials have metal nodes connected by the organic ligands and Metal Organic Frameworks

(MOFs) represent the mix or hybrid type nanoporous materials.



Similar to nanoparticles, these materials have exceptionally high surface area and also

provide a highly porous network or porosity. For a porous material, the porosity is defined as

Porosity = Total Volume of the Voids

Total Volume of the Material

1.1.1 Zeolites

An elaborated description on zeolites is provided in Chapter 1 section 4. Zeolites also called
as molecular sieves are aluminosilicates which were discovered in 1750s’ by Swedish mineralogist
Axel Fredrik Cronstedt who observed large steam of water escaping from a stone (silicate) while
heating indicating the adsorptive properties. The water which got trapped in the pores of the rock
escaped only during the heating process which led him to coin the term zeolite meaning boiling
(zeo) the stones (lithos). Till date the same word is used to describe an ever-growing library of
zeolites comprising close to 250 different type of zeolitic structures (1ZA database).[16] Naturally,
the zeolites are deposited slowly at the beds of volcanic rocks where the sand and the ash reacts
with alkaline water to form the crystalline structure containing different cations (Ca%*, Mg?*, Na*,
K*) acting as impurities. These materials exhibit significant surface area ranging from 700 — 1500
m?/g and the crystalline structure consists of cages, long cavities and pores interlinked by the
building units — [SiO4]™* and [AlO4]®.[17, 18] High surface area with high tolerance to
temperatures, high pressures and harsh chemical environment make zeolites to be used in various
sectors of industry. Commercially, the mining of natural zeolites is considered as a cost-effective
mean to obtain zeolite which needs further purification to obtain pure zeolite. Various sectors of

industries have started to commercialize zeolites in the daily life because of the ease in synthesis,



low cost associated with synthesis, easy scale-up, robustness and a variety of applications possible
by simple modifications in the structure. At present, Linde type A is used as a laundry detergent
and Fauasite type X and Y are used in oil-processing.[19-22] From the library of International
Zeolitic Association, a few topologies: mordenite, chabazite, and clinoptilite are studied

extensively in the field of academia.[23-27]

1.1.2 Metal Organic Frameworks (MOFs)

Metal Organic Frameworks or MOFs are a subclass of coordination polymers constituting
a metal node and an organic ligand.[28] The metal node is usually picked from transition series
due to ability to achieve higher coordination number. The empty d orbitals in the transition metals
act as Lewis acid acceptors and form a coordination bond with the ligands. For a MOF,
coordination number is the total number of ligands it is linked to. So, the angles of binding of
ligand with the coordination number determines the dimensionality of the MOF. The other
properties such as specific surface area, porosity can be tuned by choosing a proper organic ligand
from the huge library. There are innumerable available options for organic ligand and so the
combination of metals with the ligand generates a huge library of the MOFs. According to The
Cambridge Crystallographic Data Centre (CCDC) and a recent work, there are more than 70,000
entries for MOFs when compared to the International Zeolitic Association which has 229 zeolitic
frameworks.[29] MOFs have much higher surface area >10,000 m?/g, meaning half a gram of such
MOFs is sufficient to cover the entire football field.[30] These vast number of MOFs have found
their application in various sectors of industries such as — drug delivery, catalysis, luminescence,

electrical conductivity, and gas storage.[31-37]



1.2 Motivation

The work here focuses on four different systems of gas separation and storage and each
chapter is provided with its individual problems encountered and the solutions. Here we provide a
brief course on the problems associated with the current gas separation and storage techniques
followed by the solution using nanoporous materials.

For gases with low abundance and their heavy use in numerous sectors of industries require
a meaningful process of separation and storage. For instance, hydrogen is the most abundant
element on the Earth but its abundance as hydrogen gas (Hz) is quite low (~ 1ppm). Despite its
low concentration it is heavily used as a replacement for fossil fuels such as oil, coal, natural gas
and an era of hydrogen powered automobiles is emerging.[38-40] Due to its high heat of
combustion, it is also used in rocket fuel technology and its ‘zero-emission’ property makes it a
favorite as an alternate to the fossil fuels. Applications of hydrogen gas aren’t limited to the
automobile industry and it is also used in petroleum and chemical industry as a hydrogenating
agent. It is also known as shielding gas in the welding processes and its liquid form is heavily used
in cryogenic research such as in cooling of neutrons in neutron production or in superconductivity
studies.[41, 42]

Other important gases which are of prime concern and are low in concentration are
Krypton, Xenon, Deuterium, Tritium, etc and their list of applications is quite long. Krypton is
used in electric arc lights, headlights of automobiles, other electric devices such as lamp bulbs and
also in the field of magnetic resonance imaging.[43, 44] Xenon is used as an anesthetic,
cardioproctectant, radiation detection, and in ion thrusters for spacecrafts.[45] Deuterium finds its
use as a moderator in nuclear reactors, in drug synthesis and also in the field of neutron scattering

research where the deuterated compounds are required for comparison with the protonated



ones.[46, 47] Tritium beside being used in military applications is tested as a source of sustainable
energy in International Thermonuclear Experimental Reactor in France.[48]

The low abundance of these gases (less than 1 ppm) and their source (such as tritium in
upper layers of stratosphere) motivated researchers to design processes for the capture or
separation. Most of these gases are separated from a mixture of air by the process called as
cryogenic distillation. In a regular cryogenic distillation set-up, the gas mixture is liquified by
cooling it at low temperatures and then slowly boiling the liquid to selectively separate the pure
gas components on the basis of difference in their boiling points. As can be imagined, this set-up
is not only costly but also energy intensive.[49, 50] The process of distillation at low temperatures
is a multi-step process which requires the gas mixtures to undergo refrigeration cycle without
going under any change in temperature. Since these plants are built on a large scale, the large
amount of energy required to keep the temperature constant is provided by large air compressors,
expansion turbines or other sophisticated machinery. Mostly the components in a gas mixture have
close boiling points such as nitrogen (77 K), argon (87 K), oxygen (90 K) which affects the
efficiency of this process. Cryogenic distillation for krypton and xenon still struggles to keep 8Kr
separated from xenon feed. The complexity of cryogenic process, the scale of set-up, and the
energy investment required to achieve a significant efficiency varies with the number of
components in the feed and so one set-up can’t be used to separate all the gas mixtures. There are
few non-cryogenic options available for separation and storage purposes as well for instance high
pressure cylinders but the threat of their failure (leakage) is always of concern and can’t be
avoided. Chemical methods to generate gas such as hydrogen which is based on electrolysis of
water are available but again they suffer from the efficiency aspect. Isotopic separation of gas

mixtures for instance for D2/H: is also based on cryogenic distillation but the end product is D2O



rather than D,.[51, 52] Wet scrubbing is yet another non-cryogenic method available for separation
and storage but the end product is obtained as a salt which makes the product recovery low, for
instance ammonia is recovered as ammonium sulfate using sulfuric acid as the scrubbing
liquid.[53, 54]

Due to these concerns, researchers started to explore other directions and Pressure Swing
Adsorption (PSA) so far has proven to be one of the most successful method. The concepts of
adsorption and PSA are discussed in following section but to simply put, PSA is used to separate
gas mixtures under pressure. PSA works on the concept that different gases interact differently
with the same surface and so, since the interaction of one gas will be different or preferred at a
surface, we can look for separation or capture. In order for PSA to work, a constant temperature is
required along with an adsorbent bed filled with the nanoporous material. PSA utilizes the concept
of swinging pressure high i.e. the gas being adsorbed followed by lowering the pressure to remove
the adsorbed gas also known as desorption.[55-57] The simplest design of such an adsorbent bed

is shown below —
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Figure 1.1: A diagrammatic representation of a 1 bed pressure swing adsorption system.

Here, a gas mixture is fed into the adsorbent bed and the pressure is increased so that one
of the gas which is selective to the adsorbent will be adsorbed. Soon the pressure will be high to
saturate the entire bed and the remaining gas feed will pass through. In order for the next cycle of
gas feed to enter, the bed needs to be regenerated which is carried out by decreasing the pressure
and removing the adsorbed gas. Once regenerated, the bed is ready to separate the next cycle of
the gas feed. To improve the efficiency of such system, multi-bed designs are being used where in
some bed, the gas feed is entering and in the remaining the regeneration or lowering down of the
pressure is carried. The choice of adsorbent is based on the gas to store and these beds are

comparatively easy to replace if needed.



1.3 Pressure Swing Adsorption and the factors associated
1.3.1 Basics of PSA

Before talking about the principles of PSA, a brief introduction on adsorption and the
mechanics is provided. Simply put, adsorption is gathering of gas molecules by some interactions
on the surface of a solid. The solid surface is referred to as adsorbent and the gas/fluid molecules
are called as adsorbates. The interaction between adsorbate and adsorbent is governed by surface
energy and the energy evolved (heat of adsorption) is needed to further assess the performance of
one adsorbent over the other. Adsorption is classified into two classes based on the strength of the
interactions between adsorbate and adsorbent as — physisorption, which is a weak interaction and
there is no formation of a chemical bond. Weak van der Waals forces hold the gas molecules closer
to the surface of adsorbent and it occurs at low temperature and decreases with increase in
temperature. The typical physisorption interaction ranges from 3-50 kJ/mol. Chemisorption on
other hand involves formation of stronger chemical covalent bond leading to an irreversible

interaction. The typical chemisorption interaction range begins around 70 kJ/mol. [58]
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Figure 1.2: (left) A graphical explanation to show the difference in energies for the process of chemisorption and
physisorption. The extent of physisorption (middle) at first drops with increasing temperature following a saturation
and chemisorption (right) on the other hand first increases, reaches a maxima before decreasing. x/m on the left axis

is the quantity of the adsorbate adsorbed.[59]



These sorption behaviors are studied by measuring adsorption isotherms which are also
known as equilibrium isotherms. These are a measure of the amount of gas molecules (adsorbate)
being adsorbed on a solid surface (adsorbent) against relative pressures (P/Po; P is the absolute
pressure, Po is the saturated pressure of gas) at constant temperature. Adsorption is followed by
desorption which takes place upon lowering of pressure. [60] As per IUPAC, there are six types
of isotherms which are classified on the basis of the interaction and the shape of the isotherm. We
are interested in zeolites which are microporous materials and so these materials exhibit filling of
the micropores first at lower gas loading (low partial pressure P/P, <0.1) followed by inflection
into a long plateau meaning the saturation of micropores and diffusion of gas in the other possible

sites.

Figure 1.3: IUPAC classification of six types of adsorption isotherms[61]

If potential energy of the entire system is taken into consideration, the interaction can be
further studied by considering the second term of the following equation since adsorbent has a
secondary effect on the total potential of adsorbate-adsorbent interactions.

Ototal = e(adsorbate-adsorbate) + e(adsorbate-adsorbent)

10



The contribution from the first term is zero at low coverages and it arises from the interactions
within the adsorbate molecules even though when the molecules are non-polar and adsorbent does
not have an electric field. At high coverages, it can be observed with an increase in the heat of

adsorption.

Heat of adsorption is the measure of the strength of adsorbate-adsorbent interactions and
the adsorption affinity of the adsorbate. For adsorption process which is spontaneous, AG is
negative. Since the translational degree of freedom is lost during the adsorption, AS is also
negative. Since we have AG = A H — TAS, the enthalpy of adsorption, AH is also negative. This
evolved heat is called as heat of adsorption and we measured the isosteric heats of adsorption by

using the Clausius-Clayperon equation:

dInP\  AHugs
1 " R
OF

6

Where “0” is the fraction of adsorbed sites at pressure P and temperature T and R is the
universal gas constant. AHags is obtained by multiplying the slope of In P against 1/T with R.[62-

64]

PSA relies on the concept of separating certain gas molecules from a feed where the
particles are separated based on their affinity towards the adsorbent. With increasing pressure, gas
molecules are forced to interact with the solid surface (adsorbent) and they reach an equilibrium
or saturation with higher pressures. Following saturation, the pressure is decreased or it swings

back to slowly release the gas molecules from the surface. Elaborating on PSA, the adsorbents are
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shaped specifically to reduce the pressure drop during the adsorption cycle. These adsorbents are
then packed closely to form a series of beds through which the feed containing a mix of gases is
passed. Particles with higher affinity towards adsorbent such as smaller particles will diffuse faster
compared to others and need to be separated or removed before the next type of molecules break
into the column. This is referred to as the regeneration of the adsorbent which is achieved by
lowering the pressure thereby forcing the adsorbed molecules to be removed. Since the total
pressure of the system swings between high pressure in feed and low pressure in regeneration, this
“heatless” separation process is called as pressure swing adsorption. The other variable to remove
the adsorbed species is temperature where a gradual change in temperature affects the adsorbate-
adsorbent interactions.[65] To enhance the mentioned interactions, the choice of adsorbent is
crucial and in the past decades, the porous materials such as zeolites, metal organic frameworks,
zeolitic imidazolates, porous organic polymers, activated carbons, molecular sieves and many

other have been utilized.
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Figure 1.4: Typical System Configuration of a PSA assembly [66]
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1.3.2 Factors Governing PSA [55, 62-64]
1.3.2.1 Size or Shape Exclusion

Also called as molecular sieving effect or steric separation, this method separates gas
molecules based on their difference in size or shape. As mentioned earlier that the adsorbents for
pressure swing adsorption are porous, have high surface area, and uniform pore size, they offer
various sites for gas molecules to sieve through because the pore size is of the order of the gas
molecules. So, when a mixture of gas is passed through series of beds/columns, the smaller
molecules will pass through the numerous sieves and remain entrapped with heavier or larger
particles being occupied near surface. When the pressure is reduced in the desorption step, the
heavier or larger molecules leave the bed first followed by smaller molecules from the small
cavities. For steric separation, Kinetic diameter and the shape of the molecule govern the selective
adsorption. Kinetic diameter for a gas is defined as the collision diameter or the intermolecular
distance of the closest approach for two molecules colliding with zero initial Kinetic energy. If
temperature is affecting pore opening/closing, or the size of the pore, then the selective adsorption

is affected by temperature as well.

1.3.2.2 Thermodynamic Equilibrium Effect

Due to the difference in the interaction between gas molecules and the surface, preferential
adsorption of certain molecules takes place over other leading to another extent of selective gas
separation. For instance, if the pores are wide enough to accommodate the flow of all gas
molecules, then factors such as magnetic susceptibility, polarizability, quadrapole moment, and

dipole moment, etc. govern the adsorbate-adsorbent interaction and hence the separation.
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1.3.2.3 Diffusivity

Also known as kinetic effect or partial molecular sieve action dictates that due to difference
in the rates of diffusion, certain molecules will ‘flow’ through the channels and cavities faster and
end up being adsorbed faster than others. For example, in separation of N2 from air, a carbon
molecular sieve is used where O diffuses 30 times faster than N» with similar quantities adsorbed
at equilibrium. In other instances, propane is separated from propylene by AIPOs-14, nitrogen from

methane by Zeolite 4A.

1.3.2.4 Quantum sieving effect

In some cases for lighter molecules such as Hz, D2, T2, and He, certain adsorbents have
micropores which allow these gases to penetrate and so gas separation gets difficult. But at lower
temperatures, the de Broglie wavelength of these molecules gets comparable to the pore diameter
leading to separation based on diffusion speed. First reported by Beenakker et al, this effect
mentions that a high diffusion barrier is built up for the lighter molecules when the de Broglie
wavelength is comparable to the pore diameter which causes the heavier molecules to diffuse
rapidly in the micropores resulting in selective separation. Another variant, chemical affinity
guantum sieving, occurs when the certain gas molecules are adsorbed at the active site or the
primary site due to their difference in masses giving a different heat of adsorption and hence

preferential adsorption.
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1.3.3 Measures to Determine the Performance of Nanoporous Materials for Gas Separation
1.3.3.1 Selectivity [63]

For an adsorbent for a separation process, the multi-component adsorption equilibria, heats
of adsorption, and kinetics are studied. So far advancement in studying the multi-component
adsorption equilibria isn’t observed due to the difficulty associated in measuring it experimentally.
Therefore, for simplicity, separation factor or selectivity (Sij)is used to express the multi-
component adsorption equilibria which is defined as

sij =G/ (1)
where xi and y; are the mole fractions of the gas in the adsorbed and bulk phase respectively. For
selectivity calculations, an initial selectivity is reported by breakthrough measurements. Here,
researchers use their own custom-built set up to evaluate the material for separation process but
the underlying principle of these set up is that a breakthrough curve is generated by a gas flow
containing a well-defined concentration of adsorptive in a carrier gas which passes through a
column which contains the adsorbent to be evaluated. When the adsorbent is saturated with the
adsorbed gas, no additional gas can be adsorbed. Additional increment of adsorptive gas in the
column passes through the column and is observed at the end of the column. This travel to the
other end upon saturation is referred to as the breakthrough of the gas and a breakthrough curve
(an example shown in Figure 1.5) is generated which exhibits the quantity of adsorptive adsorbed
by the adsorbent in the presence of other gas components thereby giving an indication of
selectivity. The concentrations of each gas component of the mixture is detected in a time resolved
manner. An inert material which is unresponsive to the adsorptive gas is also used for dead volume

correction.
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Figure 1.5: An example for a breakthrough curve. Breakthrough curves are beneficial as they provide information on

the dynamic picture on separation performance of different adsorbents.

Other possibility to determine the initial selectivity of an adsorbent is from Henry’s law
approximation. Henry’s law states that at a constant temperature, the amount of a given gas that
dissolves in a given type and volume of a liquid is directly proportional to the partial pressure of
that gas in equilibrium with that gas in equilibrium with that liquid. In other words, solubility of a
gas in a liquid is directly proportional to the partial pressure of the gas above the liquid. But the
gas separation applications depend on the selectivities across a range of loadings and Henry’s law

can only help in determining the initial selectivity, so other methods need to be explored.
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nanoporous material typically gives a type | adsorption isotherm using which selectivities can be extracted. Image
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A useful approach is by using the single gas experiments using Ideal Adsorbed Solution
Theory (IAST). Developed in 1965 by Myers and Prausnitz, IAST is used to predict multi-
component adsorption isotherms from the single gas experiment adsorption isotherm at the same
temperature and on the same adsorbent.[68] IAST is based on reasonable approximations that (a)
adsorbed gas molecules form an ideal mixture, meaning that the mean strength of interaction is
equal between all molecules of the mixture, (b) same surface area is available to all gas molecules,
and (c) that the adsorbent is inert. [AST is similar to Raoult’s law for vapor-liquid equilibrium and
through IAST, the mixture loading can be derived from (a) the system pressure P, (b) the fugacity
coefficient of component i at pressure P : @i, (c) the original mole-fraction of component i in the
feed gas: yi, and (d) the loading as a function of fugacity. According to Myers, “the partial pressure

of the adsorbed component is given as the product of its mole fraction in the adsorbed phase and

17



the pressure which it would exert as a pure adsorbed component at the same temperature and
spreading pressure as those of the mixture.” Here, the gas adsorbed onto the adsorbent is
considered as adsorbed phase and the gas in the theoretical bath surrounding the simulation system
can be termed as vapor phase.
The mole fraction of adsorbed phase x; and the vapor phase y; are related as:

ViiP = x;f; (2)
Here ¢; is the fugacity coefficient of component i at pressure P, and fugacity of component i in
the adsorbed phase is given as fi°. yi and P are pre-decided by the experimental conditions and ¢;

depends on P and the gas type. i is calculated upon deduction of fi® and is used to calculate the

ng

1_ E Xi

Ng - 7'15j (3)
i=1

total number of molecules being adsorbed:

Where n is the total number of adsorbed gas molecules and ni® is the pure loading of the
component on the surface, described by Freundlich isotherm. The number of molecules of
adsorbate i adsorbed on the surface is given as

N = XN 4)
From here on, fi° can be calculated as follows:

For each component i , the spreading pressure of adsorbate is given as

£ nP
m= [ 2ay ©
0 13

Where fi is the fugacity of the vapor phase component i and so in the case of Freundlich isotherm

nf = af?, the spreading pressure is

m; = 2 (£ (6)
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Since the spreading pressure must be same for all adsorbed components, an appropriate value for
fi° (determined through iteration, subject to the result satisfying the constraint that the mole-
fraction sum to one) the mixture loading can be predicted.
So, we have
Pi = Pi® (mi)Xi @)
where, T is the spreading pressure and Xi is the mole fraction of the component i in the adsorbed
phase. Now, at adsorption equilibrium, for each component and the mixture must be having same

reduced spreading pressures:

L
n*=ﬂ=f MPap =123, ®)
0

t RT

*

* * *
T —M2—=T3 —...— T

n(P)

The pure component equilibrium capacity is given by and pure component hypothetical

pressure is given by P% which gives the same spreading pressure as that of mixture. And by
assumption of ideal mixing at constant spreading pressure (x) and temperature (T), the amount

adsorbed () is given as:

w22 [l :
ne i=1 [n)(Pi®) ©)

where the constraint is

(10)
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1.3.3.2 Heat of adsorption [62, 63, 69-71]

Heat of adsorption, or integral heat, or differential heat, or isosteric heat of adsorption is
one of the basic quantities in measuring the performance of adsorbent for gas separation studies.
It is the ratio of infinitesimal change in the adsorbate enthalpy to the infinitesimal change in the
amount adsorbed. The heat released by adsorption is partly adsorbed by the adsorbent and partly
dissipated to the surroundings. As the gas molecules are adsorbed by the solid surface, it raises the
molecule temperature and this increase in temperature slows down the further adsorption kinetics
as the uptake in mass is governed by the rate of cooling of the molecule and so measurement of
heat of adsorption is required in adsorption studies.

The heat of adsorption might vary with loading and can be calculated by the

thermodynamic van’t Hoff equation:

AH B (amp)
RT? T /.

i

(11)
For Langmuir isotherm, if the total differential is taken and substituted in the above equation, we
get:

an _ Q +6(1+ bP)
RT2  RT?

(12)
Here we have the assumption that the maximum concentration(C,,), to vary with temperature and
to take the following form:

1 dCys
Cus AT

(13)
And taking (1+bP) = 1/(1-6), the above substituted equation yields the heat of adsorption:
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(14)

The negative sign for adsorption enthalpy here signifies that the adsorption is an exothermic
process. Assuming that maximum adsorbed concentration, decreases with increase in temperature,
the isosteric heat of adsorption, will increase with the loading due to the second term on equation.
For the isosteric heat of adsorption to take a finite value at higher coverage (©—>1) the parameter
for thermal expansion &§, must be zero meaning that the saturation capacity is independent of

temperature, and as a result the heat of adsorption is constant, independent of loading.

To explain the concept in a different way, assume a well-insulated, constant temperature
bath containing a box with a partition which is separating an ideal gas from an adsorbent under
vacuum. Upon removing the partition, the equilibrium is established with gas molecules
redistributing and becoming adsorptive, the integral heat of adsorption is equal to the internal
energy change of the surroundings which is equal to the internal change of the adsorbed gas

multiplied by the amount of the gas adsorbed:

Qint = AUgypr = ns(ﬂg - .us)

(15)
Differentiating w.r.t to the amount adsorbed n®, we get the differential heat:
qg = 0qint
ons
(16)
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The isosteric heat of adsorption can be defined by analogy to the Clausius-Clapeyron equation

for the vapor-liquid equilibrium:

0
qst = T(vg - Vs)%

(17)

The differential heat arises from a change in internal energy and the isosteric heat from a change

in enthalpy, then by neglecting the adsorbed phase volume (v):
st = qa + PVg = qa + ZRT
(18)
where R is the ideal gas constant and Z is the gas phase compressibility factor.

To understand this indirect method of measuring the adsorption isotherms at different
temperatures, extrapolating the points of adsorption or coverage from isotherms, let’s work with

Langmuir isotherm where the monolayer adsorption is given as

bpP
1+ bP

0=

(19)

Where b = b(T) and the Langmuir variation of monolayer adsorption with pressure can be shown

as:
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6 — bP atlow pressures and

6 — 1 at high pressures

Figure 1.7a: A general representation of a Langmuir adsorption

At any given pressure the extent of adsorption is determined by the ‘b’ which is a function of
temperature and depends on the strength of adsorption or heat of adsorption. The affinity of the
adsorbate to the substrate can be observed by the magnitude of adsorption enthalpy, negative
quantity itself (spontaneous process). So, value of b can be increased by (a) reducing the system
temperature and (b) increasing the adsorbate-adsorbent interaction which is shown in the curves

below:

e

2> .. Decreasing Temp.

Figure 1.7b (left) shows the extent of coverage when the temperature is reduced to increase the value of ‘b’ and figure

1.7c (right) where two points (P1T1 and P,T>) are picked to calculate heat of adsorption as explained in the text.
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This dependency of b on temperature and the adsorption enthalpies can be used in many ways, one

of which is discussed briefly here:

Step 1: Determine the number of adsorption isotherms where a single isotherm is a
coverage/pressure curve at a constant temperature.
Step 2: Pick the pairs of values of temperature and pressure which provide the same coverage.

Step 3: Use Clausius-Clapeyron equation

alnP _AHadS
1 " R
OF

6

to this P-T data and the plot of InP vs 1/T will give a straight line, the slope of which will yield
heat of adsorption. The steps 2 and 3 can be repeated for various surface coverages to calculate

heat of adsorption over the entire range of coverage for a reversible process.
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Figure 1.7d: Images for the corresponding steps to calculate the heats of adsorption.

These parameters are measured experimentally and using computational tools such as
Grand Canonical Monte Carlo (GCMC) simulations. In our studies, we have used both parameters
to assess the nanoporous materials for their storage and separation capabilities and the results are
discussed in the respective chapters.
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1.4.1 Overview of the Dissertation

The work compiled in this dissertation focuses on applications of the microporous
materials i.e. materials with pore diameter less than 2 nm, in the field of gas separation and storage.
This dissertation is divided into two parts where chapter 1 and 2 focus on the mechanism of gas
separation and chapter 3 and 4 look into the storage capability of microporous materials. Each
chapter has its separate focus on the problems with the current technology followed by the solution

and conclusion.

Chapter 1 deals with the joint experimental and computational approach to assess the
zeolitic frameworks for Kr and Xe gas separation. Here, an introduction on the present technique
used for gas separation — Pressure Swing Adsorption (PSA) is provided along with the
computational approach — Grand Canonical Monte Carlo (GCMC) simulation, which was used for
screening purposes. Experimental adsorption isotherms and heat of adsorption were used to
benchmark an accurate model for Kr-Xe gas separation and the selectivity of all zeolites (ISA

database of year 2014) was screened across a range of pressures.

In chapter 2, we utilize the concepts of PSA to selectively separate hydrogen (H) from one
of its isotope — deuterium (Dz). Here, since the gas molecules are quite small, we focus on the
effects of quantum sieving and describe how it controls the selective separation process. We
measured adsorption isotherms and the corresponding heats of adsorption at varying temperatures

to determine the efficiency of the substrate — VSB-5 which is a nickel phosphate. So far, we have
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measured the second highest heat of adsorption for hydrogen with VSB-5 indicating the strong

binding sites it contains.

In chapter 3 we have compiled the Inelastic Neutron Scattering (INS) data to assess one of
the simplest yet the most exciting material or the surface — graphene, to capture hydrogen (H>).
Being the only 2-D material (crystal) in the periodic table, graphene has measured interesting
electrical, mechanical, optical, and thermal properties. Since graphene only consists of carbon, it
provides a weak binding site for hydrogen gas which is required to validate the interaction of
hydrogen in an anisotropic potential. Here we provide a brief introduction on the technique, INS,
and the instrument VISION which was used to measure the dynamic adsorbate-adsorbent
interactions. We also provide a brief summary on the vibrational spectroscopy with hydrogen and
for a more detailed review, ‘Vibrational Spectroscopy with Neutrons, with applications in
Chemistry, Biology, Materials Science and Catalysis’ by PCH Mitchell, SF Parker, AJ Ramirez-
Cuesta and J Tomkinson is recommended. A brief comparison with a strong binding site, as
observed in VSB-5 is also measured as a function of increasing temperature by the help of VISION

instrument.

Chapter 4 focuses on one of the most extensively studied Metal Organic Frameworks
(MOFs) — HKUST-1 also known as Copper Trimesate, which here was used to capture ammonia.
To increase the amounts of ammonia in the microporous cavities, cages, and channels of the MOF,
Bronsted acidic character was introduced post-synthesis. Extra Bronsted acidic character in
HKUST-1 attracts three times more ammonia compared to the pristine HKUST-1 and makes the

process of adsorption reversible as reported for the first time. INS measurements were used to
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study the interaction of ammonia with HKUST-1 and at the acidic sites in acid modified HKUST-
1. Molecular dynamics calculations were used to study the binding of the acidic (sulfuric acid)

moiety in the HKUST-1 framework and also to study the interactions between ammonia and acidic

sites.
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2.1 Abstract

All 229 identified zeotype frameworks are screened in their siliceous form by grand
canonical Monte Carlo simulation for their ability to separate a radiochemically relevant Kr/Xe
mixture in a pressure swing adsorption process. Prior to screening, our model was benchmarked
against experimental single gas adsorption measurements, and it was found that for Kr and Xe, a
Lennard-Jones 9-6 potential with a softer repulsion than an equivalently parameterized Lennard-
Jones 12-6 potential was necessary to accurately model fluid-fluid interactions. By examination of
the most promising candidate materials, we concluded that zeolites with small, accessible cages
about the size of a Xe atom performed the best initially. Zeolites with narrow pore channels with

spots along the pore wall with high local surface area are the best performers across all loadings.

2.2 Motivation for separation Kr-Xe
2.2.1 Importance of Kr-Xe

Depletion of fossil fuels at a faster rate has attracted interest towards other possible
alternatives and the current focus is in harnessing the field of nuclear energy. U-235 nuclear fission
reaction generates two-three millions times more energy than the conventional sources and the
research focuses towards recycling as well.[1, 2] The fission energy industry (nuclear power
plants) generates enormous amounts of energy and utilizes Uranium and Plutonium as the source

for generation.
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Figure 2.1 : Generation of various radioactive materials generated during a nuclear fuel cycle[3]

The low abundance of these sources requires reprocessing cycle where the reusable
fissionable materials are recovered.[4, 5] Additionally, the by-products (3H, *C, 12°I, #Kr) need
to be stored safely until they don’t possess a radiation hazard. Recent efforts on practical separation
and waste forms for 3H and C have been identified and storage and separation of 8°Kr is still in
its infancy. So development of a viable process has implications for separation of Kr and Xe from
air and this mixture has an 80:20 Kr:Xe molar ratio after the noble gases have been isolated. The
other process of interest is encountered during the mentioned processing of the spent radioactive
fuel.[6, 7] Once all other gases are purged, the noble gas fraction consists of 90:10 Xe:Kr. As the
Xe present in fission gas has no radioactive isotopes with half-lives longer than 30 days, Xe is

expected to contain essentially no radioactive isotopes at the time of separation. In the Kr fraction
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however, some radioactive 8Kr is present. Storage of entire mixture is impractical when only the
Kr fraction needs to be sequestered. In addition, this separation could serve as a new source for
commercial Xe which has a high cost $5000/L owing to its rarity as a minor byproduct from
cryogenic distillation of air.[8]

Besides the reprocessing cycle, Kr and Xe (additional information in Table 1) need to be
stored and separated due to their specific properties in numerous applications. For instance, the
ionized Krypton, emits a white discharge due to the multiple sharp line emission and is used as a
“white-light” source. [9] This white discharge is often mixed with other trace amounts of gases
(Ne, Br, I) for multiple colored high efficiency lasers. The efficiency of various light sources is
enhanced along with simultaneous increase in operating voltage because of reduced filament
evaporation. Its medicinal usage is seen in magnetic resonance imaging and it is used to prepare
the anesthetic mixtures as well. [10] &Kr is also used in military sector to detect the presence of
any clandestine nuclear fuel reprocessing. [11] Natural (atmospheric) concentration of Kr is ~1

ppm which contains the five isotopes.

Discharge or emission of Xenon has a color temperature profile close to daylight and so its
heavily used in the digital movie projections, vehicle headlights and other areas requiring daylight
light source. Besides being an established anesthetic, Xe is also used as a neuro/cardioproctectant
in medicinal field. [12-14] Similar to Kr, Xe is used in imaging technology to monitor blood flow.
The natural occurrence of Xe is less than 1 ppm and so there is a huge demand to store these two

noble gases.
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Property Krypton Xenon
Atomic number 36 54
Atomic mass 83.798 amu 131.293 amu
Melting point 115.78 K 161.40 K
Boiling point 119.93 K 165.05 K
Critical point 209.48 K 289.73 K
Triple point 115.775 K 161.405 K
Density 3.74 g/L 5.89 g/L
Common oxidation states 0, +2 0, +1, +2
Van der Waals radius 202 pm 216 pm
Covalent radius 116 pm 140 pm
Kinetic diameter 39A 4.1 A
Isotopes 886Ky 124-136% e
Appearance Colorless gas Colorless gas

Besides the low natural occurrence, both gases are obtained as a by-product of fractional
distillation of air which occurs at cryogenic temperatures. Unfortunately, here too, the
concentration of the gases is too low and they are obtained as a mixture and therefore separating
these two gases will positively affect numerous sectors of industry. This research focuses on

storing and separating Kr and Xe from a gas mixture by a special class of microporous materials

— zeolites.
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2.2.2 Present techniques to separate Kr-Xe and the problems associated

Present technology dealing with capture focus on cryogenic and non-cryogenic processes.
The cost associated and the efficiency of cryogenic fractional distillation of air has been reported
multiple times where besides the cost of set-up of the plant, the energy required to separate the
gases play a crucial role.[16, 17] The boiling points of Kr (-153 °C) and Xe (-108 °C) are too low
for the cryogenic process to begin with thereby needing high energy input. Also, the final product
obtained contains contamination of Xe in the stream of 8°Kr. Besides the energy input, the cost,
and purity concern of the gas, the height of the column also poses distillation issues as the height
of the column always determine the efficiency of distillation process.[16, 17] There are efforts still
being put into the design of the column but they all require non-ambient conditions for the

separation.
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Figure 2.2: (left) A standard distillation assembly to capture Kr and Xe. (Right) A description of one column of the

distillation assembly.[18]

Other alternative- high pressure cylinders, are non-ideal for the non-reliability for long

period storage and the safety threat they pose if they were to fail miserably. Other mechanical
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devices aren’t suitable for similar reasons such as — decay heat and radiation leak along with other
variables.

For non-cryogenic methods, Pressure Swing Adsorption (PSA) techniques — adsorption by
various adsorbents has been utilized, such as — fluorinated organic solvents, silicone rubber

membranes, activated charcoal and zeolites. [19, 20]

2.3 Zeolites and their applications in Pressure Swing Adsorption

As per IUPAC nomenclature, zeolites are considered as microporous materials as the
average pore diameter is less than 2 nm (2 A). A zeolitic network has a stoichiometry of TO, (T:
metal/metalloid atoms) where the T-atoms are connected by two coordinated oxygen. The
crystalline network is obtained by the aluminum tetrahedra [AlO4]° and silica tetrahedra [SiO4]*
bonded to form a tetrahedron where the oxygen atoms are pushed in the corners for sharing with
the adjacent tetrahedron. Typically, the quadri-charged silicon cations are replaced by triply
charged aluminum cations which leads to deficiency in the positive charge. This imbalance in
charge is compensated by presence of other singly/doubly charged cations which could be found
elsewhere in the structure. Besides, inclusion of extra cations modifies the surface chemistry and
the pore size distribution and affects the performance of zeolite in specific application. This
arrangement of cations gives a general formula of zeolite as Mxn[(AlO2)x.(SiO2)y].zZH20, where
the metal (M) could be any group I or 1l element with a valency n, x and y being the integers with
a range Si/Al : 1(polymorph of silica) to infinity. So, the overall structure presents itself as Si or
Al atoms in center and oxygen atoms occupying the corners. The [AlO4]> and [SiO4]* are called
as primary building units (PBUs) and the oxygen atoms link the silicon or aluminum tetrahedra to
give secondary building units (SBUs) which are rings and channels of specific lengths and

dimensions. These SBUs (corner sharing tetrahedras) are linked to form inter-crystalline cavities
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and cages called as Tertiary Building Units (TBUSs) or pores which are specific to a certain type of
zeolite. The long-range ordering of these building units give rise to the highly crystalline
microporous framework of zeolite. Their stability in non-ambient conditions, abundance, ease in
synthesis, low cost, and low toxicity have made zeolites an attractive material for the various
applications. Since the pore size falls under the micropore range, these materials are often used as

molecular sieves and are used in gas-phase separation studies.

Figure 2.3: A diagrammatic description of zeolitic structure and Secondary Building Units (SBUs). The top figures
in blue depict some of few secondary building units which are used to build a zeolite structure. The bottom left
image shows the final structure of a zeolite which is built from different SBUs. The bottom right image shows that
how sometimes Si could get replaced with Al to give a zeolitic structure with different charge configuration. Images

taken form - [21]
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Zeolite enhances the adsorbate-adsorbent interactions which are the governing force of
PSA process and zeolites have extra-framework cations which act as the primary site for gas
adsorption. Mostly these sites are inaccessible due to the presence of water molecules (from the
synthesis) which are removed by heating the material at optimum temperature. Here the robust
nature of zeolite allows to have a higher activation temperature compared to other porous materials
such as coordination polymers, leading to a better activated material. The electrostatic interaction
between the gas and the cations are more pronounced after removal of water molecules. Other
parameters such as — availability of cations in the framework, type of gas, pore size of the cages,
access to the primary sites, connectivity of the cavities, effective charge at a particular site and
several other factors also affect the adsorption process.

Since zeolites can act as molecular sieve by offering limiting pore structure and the
separation process or the difference in adsorption capacities can be controlled by several
parameters, zeolites can be effectively used as the adsorbents. The kinetic diameters of Kr and Xe
are ~3.6 A and ~3.96 A and therefore zeolites with pore apertures in this range would be the ideal
candidates for separation studies as Kr will “sieve” over Xe or in other terms, Kr molecules will
diffuse in rapidly thereby proceeding for the first step of PSA followed by a slow diffusion of Xe
giving rise to size exclusion by zeolites. The preferential adsorption of Kr over Xe by zeolites
would also help in screening the suitable material for separation studies. Other mentioned porous

materials exhibiting these properties can also be used but here we will focus on zeolites.

2.4 Grand Canonical Monte Carlo (GCMC)
2.4.1 GCMC requirement for screening zeolites
To screen the zeolites, an experimental approach is not optimal for practical reasons.

Assessing one specific zeolite is quite labor intensive as far as synthesis, ion exchange,
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characterization and adsorption analysis is considered. An average synthesis of zeolite takes 4-5
days followed by few days for ion-exchange before the material is ready for basic characterization.
Our gas adsorption analysis (explained later) require at least 8 days to assess the potential of one
adsorbent for Kr and Xe separation. Also from the initial experimental data for a promising zeolite,
itis not clear and lack of information makes it difficult to explain a preferred selectivity by a zeolite
without going for advanced characterization for instance in-situ crystallography with gas loading.
An atomistic picture of gas adsorption will provide a straightforward approach to take a positive
result for one zeolite and use that to assess the others. Modelling techniques such as grand
canonical Monte Carlo (GCMC) simulations, help to provide a better atomistic picture of
adsorption leading to an understanding of the adsorption behavior in adsorbents which are known
to perform well for gas separation and thereby guiding the screening process for better adsorbents.

Introduction on GCMC simulations is provided in Appendix A.

2.5 Previous work on Kr-Xe gas separation:

Previous studies focused on separating Kr-Xe using porous adsorbents have shown
remarkable efficiency. Metal formates are considered for Kr-Xe gas separation due to their
robustness and microporosity. Monte Carlo simulations on metal formates, M(HCOO), (where M
= Fe, Co, Ni) showed that Xe is located close to the center of the cages/pores and Kr is found
closer (0.21 A) to the wall. Here Xe is surrounded by eight formates such that their “pi” faces
points into the pore. This suggests that interaction of Xe is with all the regions of the pores whereas
Kr stays close to the pockets. Xe-Kr selectivities calculated from single gas adsorption isotherms
is 22 with isosteric heat of adsorption ~30 kJ/mol and 22 kJ/mol for Xe and Kr respectively.[22]
Similar studies on UTSA-49, which has two 6-membered rings of pore sizes 2.9 Ax3.6Aand3.6

A x 4.0 A showed that thermal motions of atoms are sufficiently broad to have both gases to diffuse
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into. Again, the heat of adsorption for Xe (23 kJ/mol) was much higher than Kr (16 kJ/mol) to
effectively separate the two gases.[23] Effect of difference in polarization on separation was
studied on SBMOF-2 (Ca cation and 1,2,4,5-tetrakis(4-carboxyphenyl)-benzene) with pore
apertures 6.34 A and 6.66 A and it was found that channels with hydroxyl groups (polar) attracted
more Xe or Kr molecules than non-polar channels.[24] High heat of adsorption for Xe (26 kJ/mol)
suggests strong interaction with the wall when compared with Kr (21 kJ/mol). SBMOF-1 (Ca
cations and 4,4’-sulfonyldibenzoate) with square shaped channels and pore dimensions 5.8 A x
59A again showed a high affinity of Xe for the material when Xe isotherm saturated at low partial
pressures and Kr didn’t saturate at 1 bar.[25] Bae et al also focused on the adsorption within small
pores of HKSUT-1 and MOF-505 and observed a clear difference in breakthrough time with Xe
filling in the pores first and also pushing Kr molecules from the small pores. Based on their
breakthrough measurement and GCMC calculations, MOF-505 performs better for the separation
studies.[26] Zeolites NaA and NaX are also studied for Kr-Xe gas separation and showed higher
preference towards Xe gas adsorption. Munakata et al worked with silver mordenite and
mentioned the effect of ion-exchange leading to change in electrostatic potential on the surface of
zeolite and increment in the affinity of surface towards noble gases. [27] Activated charcoals which
have high surface area and thermal stability with low cost are also studied along with porous
organic cages as in CC3.[28] A silicoaluminophosphate SAPO-34, SixAlyP,O> with average pore
size of 3.8 A was studied by Feng et al while focusing on separating Kr-Xe gas mixtures at
industrially relevant compositions. They reported membrane thickness and crystal size as the key
parameters in separating the mixture. High Kr permeances and high separation selectivities by

SAPO-34 are interesting from industry’s point of view.[29]
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2.6 Experimental
2.6.1 Materials and Methods

We obtained a sample of calcined and activated siliceous LTA (ITQ-29) from Avelino
Corma’s group. We obtained a sample of siliceous FAU from Jospeph Hrilijac. We obtained a
sample of siliceous BEA from Laszlo Nemeth that was synthesized, calcined, activated, and
characterized using a modification of a previously published procedure with tetraethylorthosilicate

as the only silica metal source.

2.6.2 Gas sorption measurements

About 150 mg of each sample was initially activated under dynamic turbopump vacuum at
400 °C for 24 h. Gas adsorption isotherms were measured using a Micromeritics ASAP 2020
instrument fitted with a He cryostat purchased from ColdEdge technologies. The cryostat
interfaces with the analysis port on the analyzer through a specially designed joint with an isolation
valve which enables removal of the tube from cryostat without exposing the sample to the
atmosphere. Samples are loaded inside glass tubes which are attached to this joint and fitted inside
a sample well area of the cryostat. The inside of the sample well is purged with a constant positive
flow of He to prevent the condensation of gases on or around the sample tube and to enable
efficient heat transfer to the sample tube. The bottom bulb of the sample tube is surrounded by
aluminum heat shields in order to ensure a large region of stable temperature control around the
sample. A LakeShore model 336 temperature controller provides stability of better than +0.01 K
within the range of 25-350 K. Actual temperatures in the sample tubes are determined to high
precision through a calibration curve constructed by the measurement of condensation pressures
of various gases using the ASAP 2020 instrument. Freespace calibrations for specific sample tubes

are performed by measuring the blank tube isotherms at 20 K intervals over the entire temperature
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range. This removes the need for the typical He freespace measurement at the beginning of the
isotherm, which could result in He contamination. The volume occupied by the sample was
subtracted based on the sample mass and the density calculated from the crystal structure.
Isotherms were collected up to ~710 mmHg with 5 cm®/g incremental volumetric doses and long
equilibration times. Desorption measurements were taken at the end of each isotherm. Each
measurement displayed negligible hysteresis, indicating equilibrium had been achieved. Samples
were reactivated for an hour under dynamic vacuum at 150 °C and allowed to equilibrate in the
cryostat for an hour between each measurement. Kr isotherms were measured at 230 K, 240 K,

and 250 K. Xe isotherms were measured at 280 K, 290 K, and 300 K.

2.6.3 GCMC details

Gas adsorption was simulated with Monte Carlo in the grand canonical ensemble using the
multi-component Peng-Robinson equation of state for fugacities.[30, 31] GCMC simulations were
done with a modified version of the MUSIC package. The binary mixing parameters are found
using the form of Coutinho et al. In addition to the normal GCMC moves, swap and exchange
moves were moved to improve equilibration in the binary gas simulations. Each simulation
employed 200,000 equilibration cycles and 300,000 production cycles. A cycle here consists of N
moves, where N is the number of adsorbed particles (minimum 20). The zeolites are held as rigid
during the simulations. [32-35]

We carefully considered potential options for obtaining crystal structures for the 229
zeolites. While experimental structures are attractive in some respects, they are not available for
the majority of SiO. zeolites and vary in accuracy. For a comparative screening effort, we
anticipate that a self-consistent set of structure would provide the best means of comparing zeolitic

topologies directly. Computational lattice energy minimization is particular well-developed in the
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case of SiO; zeolites, and should provide reasonably accurate structures that are fully self-
consistent with each other. We used structures taken from the IZA-SC Database of Zeolite
Structures. Those structures were optimized using the DLS76 program for a pure SiO, composition
in a pre-dominant symmetry of the zeolite. Some of the frameworks (CHI, CLO, EWT, IRY, ITN,
ITV, LIT, PAR, RON, SSO, SVR, and WEN) are acknowledged by the I1ZA-SC as interrupted
frameworks that cannot be made as four-connected frameworks and therefore have dangling
oxygens around the broken tetrahedra. For these frameworks, Olex2 was used to place the
hydrogens to form silanol groups to terminate the dangling oxygens which would be the calcined
form of the framework. The hydrogen positions in the primitive cell were refined with a selective
dynamics plane-wave density functional theory optimization with the Vienna ab-initio Simulation
Package 5.3.5 (VASP) using the projector-augmented wave (PAW) method and the generalized
gradient approximation (GGA) exchange-correation functional of Perdew, Burke, and Ernzerhof
(PBE). [36-40] Just the I" point was used to describe k-space. The WEN structure in the database
does not include the experimental disorder and omits two of the would be silanol oxygens. To
solve this, we constructed both symmetry inequivalent forms of the original reported WEN
experimental crystal structure, and the lower energy ‘trans’ form is used in the screening. [41]

Table 2 includes all of the single species parameters used in this work. The framework-fluid
potential was computed using a 12-6 Lennard-Jones with a low cutoff of 1.5 A and a high cutoff
at 15 A. The atomic parameters for the framework-fluid potential are from the first two sections
of Table 2 and combined using the Lorentz-Berthelot mixing rules. The framework Si and O
parameters come from the recently developed TraPPE-zeo force field , and the silanol hydrogen
parameters are taken from ClayFF with the charge lowered to ensure charge neutral unit cells. The
Kr and Xe parameters were found using the principle of corresponding states using the Ar

parameters of Talu and Myers and the critical parameters from the CRC as the starting point.
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Explicit fluid point dipole polarizability was included as “Upo” using the polarizability volumes
in Table 2. The electric field is computed with the Wolf Coulomb potential truncated at 15 A, a
damping parameter of 0.1 A, and both the force and potential shifted.[42-49] In our own
experiments, we have found that high loading regimes of isotherms for Kr and Xe are better
modeled with a 9-6 Lennard-Jones potential, therefore the fluid-fluid potential interactions were
modeled with the 9-6 Lennard-Jones COMPASS force field cutoff at 15 A and combined with 6th
order mixing rules. [50]

Framework parameters for framework-fluid interactions

LJ-Type Ro(A) g (K) Charge (e)
Si? 12-6 2.5817 22.0 +1.500
0o? 12-6 3.7041 53.0 -0.750
HP 12-6 0.0 0.0 +0.375
Noble gas parameters for framework-fluid interactions
LJ-Type | Ro(A) g (K) a(A%) T(K) P.(MPa) Ve
Ar° 12-6 3.8220 119.80 1.6411 150.687 | 4.863 75
Krd 12-6 4.0768 180.00 2.4844 209.48 5.525 91
Xed 12-6 4.4449 230.30 4.0440 289.733 | 5.842 118
Noble gas parameters for fluid-fluid interactions
LJ-Type | Ro(A) g (K) a(A) T(K) Pc(MPa) Ve
Krf 9-6 4.3000 140.90 2.4844 209.48 5.525 91
Xe 9-6 4.2600 196.26 24.0440 | 289.733 | 5.842 118

Table 2.2:2 From TraPPE-zeo. ® From Clay-FF, charge lowered for charge neutrality. ¢ From Talu and

Myers. ¢ Obtained from principle of corresponding states, critical parameters from the CRC. € Increased to

match experiment. fFrom COMPASS.
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2.6.4 Mapping the pore volume:

In zeolites, there are pores that are known experimentally to be accessible to guests while
there are cages that are Kinetically inaccessible. To correctly model the accessible volume within
a zeolite, we developed our own void volume mapping program which is very similar to a recently
developed program.[51] Our program lays down a uniform grid of parallelpiped voxels laid in
each crystallographic dimension, evaluates the energy of the adsorbate-framework Lennard-Jones
interaction for the center of each voxel, and uses a six way (no diagonal connections) 3-D flood
fill algorithm connecting neighboring points that allows for the crossing of periodic boundaries. If
a voxel has an energy below a certain threshold it is initially considered accessible and could be
connected to other voxels; otherwise it is considered as belonging to the volume of the framework
and could not be connected to other voxels. A void was determined to be part of a pore network if
a path within the connected void volume could be made from 0 to 1 along any crystallographic
dimension including crossing other dimension's PBCs, if no such path could be made that
connected volume was considered a closed-off cavity. Our pore volumes are taken as the sum of
the volume of all accessible parallelpipeds. We found that a grid spacing of 0.15 A and an energy
cut off of 14 kcal/ mol was sufficiently small to close off all CBUs that should be considered
inaccessible. The pores produced in this manner have accessible pore volumes that typically agree
to within 0.5% of those presented in the IZA-SC database.[52] The GCMC moves were modified
to have an auxiliary move rejection for use with the void maps. If the move placed the center of
mass of the particle in a voxel within an open pore, the move is accepted by the conventional
Metropolis algorithm. If the voxel is not part of an open pore, then the GCMC program checks
whether the voxel is less than a certain number of voxels away (including diagonally). If any of

the checked voxels are open, the move is accepted by the conventional Metropolis algorithm;
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otherwise the move is outright rejected. We used a depth of 3 voxels away to resemble a translation

move that has walked the particle into the wall of a framework.

2.7 Results and Discussions
2.7.1 Benchmarking a model chemistry

To screen all of the siliceous zeolites for their ability to separate Kr/Xe, an appropriate
parametrization needs to be done against experimental single gas adsorption data. Figures 2.4-2.6
contain our experimental and simulated isotherms and heats of adsorption for LTA, BEA, and
FAU plotted on the same scales for easy visual comparison. The simulated heats of adsorption
were found using fluctuation theory at the same median temperature used in the determination of
the experimental heats of adsorption. It is important to carefully select the 12-6 Kr/Xe parameters
for the framework-fluid interaction to correctly model the Henry's law region of the isotherm. Very
good results have been observed in MOFs using force fields derived from the two-parameter
principle of corresponding states (¢ a Tc and 6 o V%), [44] We found that the Kr force field
produced in this matter predicted the HOA very well but under-predicted adsorption for these
zeolites. To improve the fit, we increased the value of & within 3 significant figures until a
reasonable fit was found. Table 2 contains the determined force field parameters and the critical
parameters.[45] We have also found that the softer repulsion term of a 9-6 Lennard-Jones for fluid-
fluid interactions works well to describe the whole experimental Kr/Xe isotherm at higher
loadings.[53] That result is the same here as a significant underestimation of adsorption at higher
pressure (especially for Xe) when the same 12-6 potential used to build the fluid-framework

interactions is used for the fluid-fluid interactions.
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Figure. 2.4. Comparisons of experimental (solid) and simulated (dashed) Kr and Xe isotherms and heats of

adsorption for LTA.
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Figure.2.6 Comparisons of experimental (solid) and simulated (dashed) Kr and Xe isotherms and heats of adsorption

for FAU.

BEA is known to be polymorphic, and we only performed simulations using the structure
of polymorph A, the most representative polymorph. Given the similarity between the BEA
polymorphs, we did not anticipate large differences with this approximation, as confirmed by the
close agreement encountered. FAU is known to be a difficult material to produce in its siliceous
form, as the process require dealumination and can lead to mesoporosity and aggregates of
amorphous silica. This FAU sample seems to be high quality as a 77 K N pore size distribution
(over the default range in the Micromeritics software) is trimodal, which is in line with the three
primary topological features of FAU: the a cage (t-fau), sod (t-toc) the sodalite or b cage, and d6r
(t-hpr) connecting the sodalite cages. The agreement between the FAU HOAs is of comparable
quality to that of LTA and BEA, however the simulation model under-predicts total adsorption by
5-10%. We believe the discrepancy arises from two factors: the mass of the measured sample being
too low giving too high measured quantities adsorbed, and the COMPASS fluid-fluid parameters
being too weak as FAU is a large pore system where correctly describing fluid-fluid interactions

will be more critical. The finalized model we employed yields excellent agreement for the isotherm
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and heat of adsorption for both gases at all tested temperatures. The predicted and measured heats
of adsorption are both fairly flat, as expected of the relatively homogenous surface inside these
zeolites. What is surprising is the similarity of the predicted heats of adsorption for Kr and Xe in
both materials. A lack of small accessible pockets in the cells and a surface covered in 4-ring to 6-
ring provides an easy explanation for the flatness and similarities in the heats of adsorption
between these materials. The difference in heat of adsorption is consistent across all loadings
which we have shown indicates a fairly uniform Xe/Kr selectivity at all loadings will be observed.
We recognize that our approach neglects structural changes in response to gas uptake, as are known
to occur in MFI, for example.[54, 55] However, the initial selectivities obtained from our

calculations should still be valid.

2.7.2 Screening the zeolite

We carried out our screening at 298 K at five pressures on a logarithmic scale spanning the
Henry's law region (1 mmHg) to PSA useful pressures (10,000 mmHg). In Table 1 of the
Supplementary information, we plot 1) the percent accessible pore volume of the framework, 2)
the total loading at each point, 3) and the Xe/Kr selectivity at each point. Figs. 2.7 and 2.8
summarize the screening results for both the initial adsorption (1 mmHg) and high loading (10,000
mmHg). The selectivities presented are for Xe over Kr, and the material's percent accessible pore
volume is used to shade the plotted points. In figures a strong correlation between total loading
and selectivity is evident, persisting to high loadings although with considerably more scatter. At
low loadings, quantity adsorbed is primarily determined by the affinity of the zeolite for noble
gases- frameworks with high HOAs for Kr and Xe also tend to have high selectivities. It is
promising that zeolites with the highest selectivities tend to have relatively high adsorption for Kr

and Xe as well. It is noteworthy that 10 zeolites have selectivities in excess of 10 - a value
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comparable to the most promising MOFs studied so far. At higher pressures, the zeolites stratify
dramatically, as can be seen in Figure 2.8. The zeolites with relatively low capacity (20-60 cm®/g)
tend to be the most selective which is mainly due to a narrow small pore system. The zeolites with
large capacity (>100 cm®/g) are only moderately selective (~4, the same as observed for HKUST-
1 at high loadings). This is to be expected for large pore systems as they have space to
accommodate large amounts of noble gas, but most of that gas cannot come into close enough
contact with the unique framework topologies that provide sufficient dispersive interactions to

make the material selective.
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Figure.2.8. High loading selectivities of a 90:10 Xe/Kr mixture. The dashed line indicates a selectivity of 1, below

which the materials are selective for Kr instead of Xe.

For some separations, a selectivity in favor of Kr is desirable. A recent review of MOF
applicability to this problem highlighted FMOFCu, which could go from being Xe selective to Kr
selective by lowering the temperature below 0 °C.[56, 57] A few siliceous zeolites appear selective
for Kr (Xe/Kr selectivity less than 1), but none appear practical overall. At 298 K, four Kr-selective
materials exhibited reasonable total gas loadings (>40 cm?/g), yet they are only slightly selective
for Kr. More selective frameworks all have low porosity and either modest uptake or low Kr
selectivity at the highest pressures measured. Additional simulations at a lower, yet potentially
realistic PSA temperature (250 K), were performed to see if the loadings of the Kr selective
materials could be improved. Table 3 shows the results for quantity adsorbed and Kr selectivity at
the highest loading point (10,000 mmHg) for both temperatures evaluated. When cooled, the
quantity adsorbed improved by no more than a factor of 5 for each of the zeolites examined. The
Kr selectivity did not change appreciably for any materials with reasonable loadings. Remarkably

high Kr selectivity is suggested in several topologies, including CHI and NPO, but the predicted
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total uptake is so small that these materials would be impractical for applications. Our simulations

strongly suggest no siliceous zeolites would be competitive with FMOFCu.

298 K 10,000 mmHg

250 K 10,000 mmHg

N(cm?/g) S(Kr/Xe) N(cm?/g) S(Kr/Xe)

ABW 1.42 48.44 5.84 39.85
ACO 7658 1.68 134.68 1.30
AEN 2.46 9.12 10.09 8.97
APC 415 9.48 18.36 1066
BIK 2.01 13.85 7.66 1559
CHI 011 214.98 0.29 470.88
czp 14.27 3.59 36.22 3.88
JBW 7.89 5.13 2662 5.43
LTI 2.30 11.41 1034 12.94
MON 2.44 1427 10.38 1461
NAB 0.98 16.42 2.35 107.50
NAT 69.63 0.91 101.08 0.74
NPO 0.30 7632 0.84 148,52
NS 0.56 4363 1.87 7553
PAR 0.99 14.46 3.34 14.69
RRO 12.26 2.78 33.07 2.85
RWR 35.48 1.91 83.39 153
VSV 6.50 3.68 19.94 4.04
WEI 1.93 20.88 7.59 1839
YUG 3052 111 4357 1.03

Table 2.3: Simulated Total Quantities Adsorbed (cm3/g) and Kr/Xe selectivities for initially Kr selective zeolite

framework types calculated at 10,000 mmHg at both 298 K and 250 K.
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Figure 2.9 shows a strong correlation between the initial selectivities compared against the
difference in the Xe and Kr heats of adsorption into the material. The heats of adsorption were
computed with multi-component fluctuation theory. [57] There appears to be a maximal initial
selectivity possible for a given difference in initial HOA, although many materials show lower
selectivities than this. Normalizing the difference in heat of adsorption to either the Kr, Xe, or total
heat of adsorption does not yield a more linear or tightly correlated data set. The same effect is
observed at all loadings with a similarly narrow spread in the results. This plot directly
demonstrates the established rule of thumb for using single gas adsorption measurements to
estimate a material’s selectivity. Figures above indicate that, for a material to have a Xe selectivity

>10, the difference in heat of adsorption needs to be at least > 8 kJ/mol.
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Figure.2.9 Initial selectivities of a 90:10 Xe/Kr mixture as a function of the difference in the Xe and Kr heats of

adsorption. The dashed line indicates a selectivity of 1, below which the materials are selective for Kr instead of Xe.

Compiling the most selective materials at both initial and high loadings, we selected 23
frameworks for more detailed study: AFO, ATN, ATO, BOF, CAN, CDO, EAB, EDI, EON, EPI,
ESV, FER, LAU, LTF, MAZ, MRE, MTF, OFF, OWE, PCR, PSI, UFI, and ZON (those in bold

are among the most selective at both initial and high loading). Examining these structures, we have
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identified two different sets of adsorption behavior that correspond with distinct structural motifs
responsible for the high selectivity. The first category of selective zeolite frameworks, comprising
the majority of the best performers, exhibits flat or slightly increasing selectivity and is associated
with a narrow pore system. The remaining highly selective zeolites exhibit a high initial selectivity
which drops, often dramatically, as loading increases. This type of behavior is associated with the
presence of small pockets capable of adsorbing a single gas atom that are accessible off larger
channels.

The first group, where selectivities increase or remain nearly constant as a function of
loading, contain narrow pore systems. Snurr and coworkers, conducting a survey of 137,000
hypothetical MOFs, concluded that this mechanism lead to the best selectivities for this
separation.[58] We later showed that porous transition metal formates exhibit among the highest
Xe/Kr selectivities reported, and that this selectivity gently improves with increased loading, due
to this mechanism[22]. This result was further enforced by a recent survey of 670,000 materials
by Smit and coworkers, which did analyze the IZA zeolites but only for initial selectivity.[59]
ATN is an example of a narrow channel pore system with 1-D ~6 A diameter pores. The Xe loading
is centralized in the t-ocn (atn) composite building unit (CBU) maximizing the Xe atoms
dispersion interaction with the 2 8-ring windows of the t-ocn (Figure 2.10). The constricted pores
provide a site (or sites) with a large amount of contact between the pore wall and the adsorbed gas,
leading to high dispersive interactions and a good selectivity[22, 58, 59]. Typically, only one or
several crystallographically distinct gas adsorption sites are present in compounds with this type
of adsorption. If only one site is present, the only energetic difference between the first gas
molecule to adsorb and the last are fluid-fluid interactions, resulting in a gradual increase in HOA
and selectivity. While slightly more complicated, similar overall behavior generally occurs when

several adsorption sites are present, especially when the sites are chemically similar. 8-ring pores
59



are common in this group with examples of cylindrical, elliptical or zigezag cross sections. 10-
ring pores tend to be distorted. The zeolites EPI, ESV, MTF, and OWE show fall-offs in selectivity
at high loadings. OWE and EPI are 2-dimensional materials with limited wall surface for
adsorption whereas ESV and MTF have undulating pore volumes that resemble a series of pockets

connected by smaller windows. As these features saturate, the decrease in selectivity is observed.

Figure.2.10 Xe loading density into ATN at 10 mmHg and 298 K.

The second category of topological features leading to high selectivity are small pockets
or secondary pores connected to larger pores. Features comparable in size to Xe provide a region
with very high dispersive interactions favoring Xe. We have previously shown that this is the
mechanism behind high initial HOAs and selectivities for Kr and Xe in HKUST-1, but that it also
leads to lower HOAs and selectivities at higher loadings. In our survey, this mechanism leads to
the highest initial selectivities, but these may not be ideal adsorbents for PSA-type processes as
the selectivities drop as loading increases. We illustrate this mechanism with UFI, which has the
highest predicted initial selectivity for siliceous zeolites. UFI has a 2D pore system consisting of

large Ita (t-grc) cages connected through 8-ring pores. A number of t-ufi cages are accessible
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through this pore system; this is where the simulations show gas density building up at low
loadings (Figure 2.11). This is analogous to the mechanism for high initial selectivity observed in

HKUST-1.[60, 61]

g 9V,

Fig. 2.11 Xe loading density into UFI at 10 mmHg and 298 K.

Figure 2.12 shows the results from the more thorough selectivity simulations for each of
the top zeolites as a function of percent loading, with 100% defined as the respective loading at
10,000 mmHg. As all of the simulated adsorption data has been corrected to reflect the excess
adsorption, a turnover in the isotherm should be expected when the density of the adsorbed fluid
very closely matches that of the bulk fluid [76]. By collecting some data points beyond 10,000
mmHg, we have determined that this turnover occurs around 10,000 mmHg in almost all of these
zeolites thus indicating the loading at 10,000 mmHg is close to the asymptotic limit. The results
have been divided into two sets corresponding to either narrow pores or cavities off larger pores,
and for visual clarity the narrow pore materials have been further subdivided based off of their

loading at 10,000 mmHg. Note that the noise at low loadings is due to very low total Kr uptake.
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Figure 2.12 show results from selectivity simulations for each of the top zeolites as a function of percent loading,

with 100% defined as the respective loading at 10,000 mmHg.
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Each of the materials with a small pocket adsorption mechanism are shown in figure. In
these materials, small cages accessible from larger channels result in high initial selectivities as
these pockets fill. Once the majority of the pockets have filled, larger fractions of adsorbed gas
atoms occupy less selective sites in the larger pores, leading to lower selectivities at higher
loadings. For example, the t-ufi cages in UFI are nearly saturate at 10-20% of the total possible
loading. Once the t-ufi cages are close to saturated, the majority of the adsorption occurs in the t-
grc cages. These t-grc cages are not expected to be as selective based on our screening results for
LTA, which only can adsorb into t-grc CBUs and has a selectivity of ~4.5 at all loadings.
Interestingly enough, UFI had the highest capacity of any of the zeolites closely examined at 88.0
cm®g. An exception to dramatically falling selectivities is EAB where the selectivity remains
essentially flat across all selectivities studied. As EAB contains large channels that connect smaller
t-gme pockets off the main pores, this behavior came as a surprise. Examining predicted adsorption
sites, Xe indeed occupies the t-gme pocket as anticipated, but also occupies two well-defined sites
in the larger t-eab cavities of the main pore. This is the only instance we are aware of where a
pocket large enough to accommodate two Xe atoms provides comparable selectivities to a pocket
which only accommodates one.

The GCMC results presented above represent a significant step towards identifying zeolitic
adsorbents for practical separations, although more than was determined above will ultimately be
required. Practical adsorbents need to be available economically and show reasonable kinetics.
While the selectivities over useful loading ranges are most promising with narrow pore zeolites,
these zeolites may also show much lower adsorption/desorption kinetics compared with zeolites
containing larger pores and selective pockets. EAB represents a potentially important framework

as it has both large channels, which should lead to superior kinetics, and also flat selectivity at all
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loadings. Further experimental studies are needed to determine whether these zeolites would be
practical in real-world separations.

We are also well-aware that most zeolite frameworks have not been synthesized in purely
siliceous forms. To our surprise, a number of zeolites do exhibit selectivities that are competitive
with the best MOF adsorbents studied so far. One of the promising structures to emerge from this
effort is FER, which is well-known in a pure silica form. Other frameworks (e.g. MRE, UFI) occur
in high Si/Al ratios, as germanosilicates (e.g. PCR), or as an AIPO (e.g. ATO, ZON), where
performance may be comparable to the pure silica form. The promising germanosilicates and pure
AIPO results here should be transferable as they have no mobile cations, the dispersion interactions
should be similar (especially if the T-atom approximation is made), and the distribution of
framework partial charges will have little effect on the adsorption of noble gases as polarizability
only accounted for 1-2% of the total energetics in this study (owing to the cancellation of electric
fields caused by neighboring charges). Additionally, H-exchanged versions of these frameworks
are likely to offer similar overall performance. Even in cases where compounds resembling the
SiO2 form do not exist, such frameworks remain promising for follow-up studies where mobile
cations are present. A final substantial advantage that siliceous zeolites have over aluminosilicates
is that they are sufficiently hydrophobic that separations could be run in the presence of humidity
without need for periodic reactivation.

The screening results presented here are a first step towards screenings with cations
present. For realistic results from such screenings, cation mobility must be included, which
represents a considerable challenge on its own. Good agreement between our experimental and
simulated data on several SiO> structures provides important validation that our model is indeed
sufficiently accurate. The screening has also provided important clues as to which frameworks

may be promising as cations are included in later simulations. Finally, in order to correlate our
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results with the recent study by Smit[59], we compared our predicted performance for air
separation (Xe/Kr = 20:80) to results for the radiochemical separation. The Xe selectivities
remained comparable, except in compounds showing high selectivity due to small pockets, where

the high loading selectivity greatly improved for the 20:80 ratio. Figures are presented in the SI.

2.8 Conclusions:

An initial screening demonstrated that many siliceous zeolites have promise for a Kr/Xe
separation. In the case of EAB, EON, LTF, MAZ, OFF, and UFI, a high initial selectivity results
from the presence of a small cage off of the main pore system that is about the right size to adsorb
a single Xe atom. However, these small cages quickly saturate with increased gas loading. Zeolites
with only small cages are expected to have limited utility as practical PSA sorbents as their
selectivity is limited by the adsorption into the small cages. The most promising zeolites for
selective Xe adsorption at PSA relevant pressures were ones that contained narrow pore systems
with either zig-zags or elliptical cross sections. We suggest the most promising topologies for
further study are CDO, MRE, and PSI as they have selectivities greater than 10 at all loadings and
high capacities. CDO, FER, MRE, and MTF are of particular interest as these frameworks can be
made as pure SiO.. AFO, ATO, PSI, and ZON are also of interest as they can be made as pure
AIPOs to test the transferability of the pure silica results. It is also important to note that a good
parametrization of the force field is essential to using multi-component GCMC as a screening tool.
TraPPE-zeo provides an excellent transferable description of fluid-framework interactions. The
fluid-fluid interactions need to be correctly modeled to get good isothermal agreement at both low
and high loadings, in particular for Kr/Xe a softer repulsion term than that of a 12-6 Lennard-Jones
is needed. This problem is not unique to this work, and can be seen in many of the previously

published Kr/Xe adsorption isotherms into MOFs and zeolites. In the future, we intend to extend
65



our findings to some of the more complex zeolitic topologies, i.e. cation containing
aluminosilicates, and to include framework flexibility to better describe materials known to distort

on adsorption like MFI.
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2.10 Supplementary information:

Table 1 contain the results for a 5 pressure point screening Xe/Kr selectivities for each of
the 229 IZA identified siliceous zeolite frameworks. The frameworks are identified by their three-
letter code, and the largest T-atom ring size and estimated accessible pore volume are the second
and third columns, respectively. The pressure points were picked along a logarithmic scale to span
the Henry’s law regime to the mostly loaded regime likely encountered in PSA applications (1-10
atm). For each pressure point we report the total loading and the Xe/Kr selectivity. These
simulations are done with full binary GCMC as described in the simulation methodology. These
simulations include the full set of sorbate-framework dispersion-repulsion, sorbate-sorbate
dispersion-repulsion, and sorbate induction from framework partial charges as described in the
main text.

Table | Simulated Towl Quantities Adsorbed (emi’/z) and Xe/Kr selectivities for all 229 [ZA siliceous zeolite framework types.

ZA Muax Ring % Acc. I mmHzg 10 mmHg 100 mmHe 1,000 mmHz 10000 mmBg
Code Stze Puire Vol N Skerme N Syelir N Syelkr N Sveirr N Sy ein:
ABW 8 5.005 Daoo op22 | ooz 0032 TUE 002x 0,152 0.027 | 428 0021
ACO 8 8.4901 DO 0403 | 0038 0481 038 0486 4,082 0489 | 76569 0593
AEL 8 17.672 00065 5837 | 1038 5869 | 9042 S84] | 42052 5227 | 80end 4157
AEL 10 £.958 0.12¢  7.2% 1265 7070 | 10484 7498 | 30363 64l 35000 9346
ALN 8 4,132 D00 01 | 0063 0011 0027 0lls 0.265 0118 2.45] 110
AET 14 13215 0016 433) | 0163 4343 1.632 4275 14609 4618 | 40885 4744
AFG t (.000 D000 0000 | 0000 0.000 0000 0000 0.000 (AL 0.000 (.04
AL 12 14230 0.038  4BR0 | 0373 5075 | 3556 5118 | 21486 5036 | 45979 4345
AFN 8 4010 0036 5462 | 0349 5465 | 2870 3350 11045 4609 19424 3417
AFO 10 7454 0,142 RD39 | L3R2  RORS | LLIT1 B483 | 30415 9426 | 35013 10187
AFR 12 19,964 004y 4412 | 0485 4555 | 4843 4575 | 3R600 4681 0552 3016
AFS 12 21,4985 D447 4067 | 0471 4404 4774 4461 47717 4,970 110,408 3.606
AFT b 17.626 DOY7 5556 | 0969 5720 | 000 5656 | 43268 5556 | 72308 401
AFY 8 15391 (250 5249 | 2412 8379 | 17663 B445 | 43253 8269 | 50480 6380
AFX 8 17,645 0.097 5608 | 0946 5488 | 8733 5320 | 43480 5473 | TAI13T 4.1M
AFY 12 22397 0.047 3255 | D471 3235 | 4855 3279 | 70300 3740 | 166090 4321
AHT 10 (L.000 0000 0000 | 0000 0.000 0.060 0,000 0.000 (1.060 0,000 0.000
ANA ] .000 D000 0000 | 0000 0.000 (UL 0000 0.000 (IR 0.000 (.04
APC ] 4.749 D000 0118 | 0.004 0.110 0042 bant 0423 0112 4.161 106
APD 8 5.790 0,109 3626 | 1102 3666 | 12366 3855 | T8T22 4863 | 91424 4902
AST fi 0,000 0000 0Don | 0000 0.000 0.000 0.000 0,000 (1N 0.000 (L0000
ASY 12 7389 0217 8929 | 2111 8968 | 153418 9003 | 34572 8252 | 43841 5419
AN 8 TAIR (L300 10594 | 3087 10323 | 23830 10091 | 43645 11733 | 45740 12452
ATO 12 7.24% 0136 LIT7T | L34 9009 | 9990 9295 | 26781 Q7497 33510 10430
Continued on next page
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[ZA Max Ring % Acc. I mmHg 10 mmHg 100 mmHg 1000 mmHe TELOC0 mmHg
Code Siee Pore Vil N Syeinr N Sxeinr N Sxeiny N Sxeikr N Sy elkr
ATS 12 15.805 0045 4584 | 0442 5015 | 4385 5110 | 3286 5595 | 57440 A.138
ATT 8 9,300 0209 T.629 | 2097 7.623 | 20307 8027 | 35767 R435 | 6L107 6329
ATV b 3870 (033 2247 | 0334 211 3464 2265 | 33604 2620 | 380915 27w
AVL b 14.720 EIT1 B9d | 259 8591 | 192X R579 | 45000 8312 | 60.52] 1317
AWD b 5342 0203 A86eY | 2077 6771 | 22388 7459 | ;7414 84T 61.271 8505
AWW b 12,240 274 BOTE | 2581 Q85 | 15647 9034 | 290936 H042 | 400 0 4720
BCT b 0.000 00000 0000 | 0000 000D | 0000 0000 0,000 0.000 0.000 0.000
BEA 12 20.902 D086 5844 | 0862 5897 | B2da 6038 | 47675 6436 | TOM5 6902
BEC 12 21.576 0088 A0ED | OBGY 6014 | 7070 A064 | 44400 6232 | TARIS  A6EDS
BIK # 3882 Oo0n 001 ] 0002 DO8S | D022 008D 022 0,079 2010 0,072
BOF 10 9,380 0279 8681 | 2809 8853 | 23314 0876 | S.0B6 11590 | 6031 12455
BOG 12 18500 0068 5066 | L6R7 5182 | 6770 5331 | 43.941 5486 | 74300 606
BOZ 10 72624 06 435316 | 0460 4077 | 4487 4080 | 35208 4009 | 115289 3.050
EPH 12 22018 (035 3024 | 0547 4990, | 5413 4867 | 40119 5185 | B&698 44973
BRE % {10000 L0ty 0000 | 0000 0000 | 00080 0000 ALY 0.030 000 0,000
B8V 12 1171 (0ot 5092 | 0897 52200 | BE3D 3407 | 43701 3735 | WTew 5750
CAN 12 B.55% (L116:  ¥.233 | L123 8233 | 84940 H30a | 260911 2720 | MEI 0 9.230
CAS b (L.000 00000 0000 | 0000 000D | D000 0000 (L0000 0.000 (LO00 0.000
Do 8 B8.001 0279 0.832 | ab9  [O0ORT | IRTR] 10235 | 37618 MOS13 ] 40424 11127
CFl 14 13,500 0027 448 | 0266 4581 2576 dedd 17913 4719 | 42531 4358
COF 10 (3.00083 0000 0000 | 0000 DODD | DOM 0000 (.00 0.000 0000 0,000
CGS 10 10.953 Da60 7675 | LS76 7760 | 13460 7013 | 30458 427 | 45106 8263
CHA 8 17.645 1y 6292 | 118 6169 | 10668 6301 | 45671 6203 | 67081 4434
CHI b 2540 Q000 0056 | 0.000 0005 | 0.001 0.005 0.012 0.005 111 0,005
CLO 20 S SLER 9% 628 | 0957 6038 | 7665 S688 | 36088 4573 | 135633 3766
CON 12 19564 || 0088 5759 | 0877 5775 | BS5BY S.88W | 48180 6317 | Jad5] t.358
8V 10 18.324 078 5490 | (785 3552 | 7588 3595 | 43910 3818 | 77330 531
czp 12 4193 02 326 | 0020 0291 0199 0301 1.912 0.296 14249 0.279
DAC 10 9.741 D211 6632 | 2008 6723 | 20001 6921 Sal28 6778 | 65703 4001
DDR 8 9.350 0149  §355 | L399  B467 | 9310 RI20 | 24385 748 | 36050 5777
DFO 12 22444 0071 3730 | 0710 5488 | 6728  3da62 | 43052 3483 | ERET9 5397
DFT ¥ 6461 0105 386 | LOed 3735 | 12007 3965 | TRA33 4H7S | 91351 4924
DOH ﬁ (1000 0000 0000 | o0 0000 | 000y 0000 0,000 0000 0,000 0.0
DON 14 15.840 00200 4119 | 0202 4302 | 2033 4240 19114 4607 | 53631 4. 887
EAB 8 14.555 0319 9013 | 3092 0071 | 22334 o144 | 53203 9.14) 60548 B.u04
KDl L) 9.580 (L2384 B4R | 2837 BAR2 | 25724 &7 66694 929 | 72049 9403
EE] b ALE 00 0000 | 0000 0000 | 000 0.000 UALEY) 0.0630 000 0:000
EMT 12 .33 021 3473 | 0213 3571 213 3549 | 320ed4 3701 | 102050 4324
EON 12 12634 02374 10016 | 2499 0773 | 14282 K526 | I7.R48 7194 | 532 s0de
[P1 & 9.275 D280 70985 | 2BOS Edle | 25001 BO28 | 57652 9332 | 63014 T412
LRI 8 15.337 169 7467 | Lesd 7693 | IARO] 77R4 | 43864 T.RID | 57843 7.80D)
ESY # 8.581 0428 11625 | 3904 11442 | 19439 JL3KS | 31195 QU8 | 42578 A21l
ETR 18 13.258 a0 A072 | alpg 3778 L 3242 12441 3489 | 32w9l 3044
ELO 10 12445 107 7125 | LOo42 70138 | 8405 6922 | 31768 6532 | 475343 3091
EWT 21 2578 D059 4820 | 0390 494 | 5811 3018 | 40757 3319 | B850 3440
ELT 12 13.428 142 7562 | 1400 7715 | 12073 TR | 45246 H443 | 3ROM0 9282
FAR f (3,000 000 Q000 | 0060 D000 | 00000 0.000 0,000 0060 (L0006 (LR
FAL 12 11768 om7 3324 | 0175 3210 L7935 3255 | 20531 A4NR | T4 4558
FER 10 10,224 (366 9792 | 3457 9834 | ZL152 0640 | 474096 Y537 | 36473 9348
FRA 3 0.000 0000 0000 | 0000 D000 | D000 0000 0.000 0.000 (1000 0.000
GIS b 9711 0047 3175 | 0471 3315 | 4863 3394 | SLia2 3760 | 88322 3640
&1L fu (1000 0000 0oDh | 000 00000 | 0000 0000 L0} 0.000 L0060 0.000
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IZA Max Ring %% Ace | mmHg 10 mmHg 100 mmHg 1,000 mmHg 10,000 mmHz
Code Size Pare Vol N Syernr N Sxerkr N Sxeinr N Skeinr N Sxerne
GME 12 17.678 0069 4717 | 0687 4643 6585 4661 40,498 4. H3 TRTIS 3.969
GON 12 8314 D083 7534 | 0.8 7546 7.007 75457 22570 7.179 35.949 5.525
GOO g 4911 0,012 L7 | 0117 L.60S 1157 L&14 10.253 1.622 36070 1.597
HEU 10 650 0247 R714: | 2444 R2II 21.013 R473 23,629 90188 62167 R334

O 16 17.328 0023 4195 | 0233 4.6 2357 4,309 0437 4.661 49,323 4.770

IFR 12 15,868 0130 7205 1303 7.021 11,758 T7.285 30418 1.736 30.591 6,745
W 1) i8.776 (h.061 5595 | 0.eby 5271 5.858 5300 40,257 5.6X7 T7.386 6,002

FY 8 10,898 D14 /300 | 1133 6230 | 10066  6.55] 36074 6784 47,492 5.434
IHW ] G960 0144 B303 | 1392 Bl4d | 10.34) 8075 X539 T.300 37.15% 6,061
MK il 12403 o117y 7944 1.731 7.833 13202 B04 49.730 8. 750 (5858 8734

RN 8 16,341 0.0&1 3636 | ey 5.224 5924 536 38.292 5.652 73.331 5.87

KR 18 38221 0026 3525 | 0363 4074 2.5340 31.952 19836 1.655 119,540  1.566

IRY 16 41.359 0016 2601 0,157  2BIS 1.572 2877 16,687 2935 154454 3773

ISV 12 21,7000 0,070 5504 | 0,701 5.5331 (722 5,502 42 RTR 580 T6.677 6305

ITE 8 16717 0,101 5.922 1oL 67 9,144 5.9404 48677 54970 BRS04 5.485

TG 12 16081 0.0us  AT2R | D9AE  GTRS B.528 6.822 16391 Hho674 35.618 5111

ITH 10 11883 01290 7345 | 1365 F.3ed 870 7472 35674 GUZT 34,262 3.903

TN 12 17.193 002 8275 104 6189 0.382 6.183 47.11 6,324 76,050 6. 193

IR i} 124772 B30 F299 ) 1279 T426 | VL8R8 7530 35556 T.014 34,382 3.810

ITT 15 33466 0.068 5903 | (667 5.831 5.806 5770 30.671 4768 128711 4.373

v 30 38,468 001 3149 | 039 3249 L9535 3269 18912 3.3 121870  3.415
ITW 8 2067 0030 1738 | .36l 1.803 240 1763 15.059 1.683 Gh 101 1.450
WR 12 19,717 0090 6016 | 0900 5970 2512 5.971 46422 6226 75,813 6,195
WS 12 23576 00534 5279 | 0539 5027 5128 5.075 P S 5.090 80,239 5157
wv 12 22579 0032 4003 | (6.321 4,053 3.256 4,000 33762 4,495 96,098 5.211
TWW 12 15572 0,101 6,625 1004 6638 9,002 6604 30,802 6,698 61.535 6.693
IBW b 4,085 0,001 0196 | 0009 D197 .00 0204 (g1 0. 216 78712 0, 195
INT 5 {1000} 0000 Q000 | 0.000 0,000 0.000 (.000 {100 (000 {1.004) 6,000
i[9 ra 8 71510 0.030 3510 | 0394 3382 3919 3558 32785 3.8 7. 897 3764
IRY 10 976 0,034 LETO | 0.340 1804 3355 1.831 2672 1.94% 58.532 KR
ISN 8 #3017 0379  T72a | 269 TS5 | 20425 T3R8 44432 (749 63.703 4124
ISR 4] 28,481 0043 3740 ) 0431 3890 4356 1879 45,754 4.150 162303 4,971
IST 0 15.312 0044 3615 | 0448 3p6S 4331 3624 32992 3.481 BLA6E 2707
ISW 8 0.000 0.000 0000 | 0000  0.000 0.000 0.000 0.000 0.000 0.000 0.000
KFI 8 18143 0082 5281 0,803 544 7.187 5419 37.901 5.197 T1.469 4.390
LAU 10 0972 0,276  0.5a] 2640 001 17,580 9704 44,540 9043 3R.782 0.043
LEV 8 14,595 D275 K718 | 2634 K761 18.008 K739 38.134 RO® 48 557 5.130
LIO ] (1000 0,000 (000 | 0000 0000 0,000 (.000 (hOM) (000 (1,000 6,000

LIT 8 L0000 LO0n oD | 0000 0000 D000 0.000 (RO Q000 {1000 0.000
LOS 3] 0.000 BOG 0000 | G000 0000 (0,001 0.000 [.000 £, (3,000 0.000
LOV 9 7.770 B.0pY 3068 | O66R 3034 6,000 185 24603 3371 45436 1.455
LTA 8 21.677 0042 4420 | 0421 4.6 4242 4:309 37.480 4675 86,514 4.841
LTF 12 11.335 0334 11499 | 3022 11.629 | 153557 10852 | 3172 Q072 40,705 7.814

LTI 8 3466 0000 Dows | 0002 0094 0.024 0,094 6238 0093 3297 0.087
LTL 12 15,531 0036 4900 | 0359 4707 1564 4791 28748 5057 5707 5,707
LTN g 0.000 0,000 0000 | 0000 0000 0000 000 0000 €, 041 0.000 0000
MAR [ .00 0,000 0000 | 0000 0000 000 000 L0060 0,000 000 0,000
MAZ 12 12574 0355 12212 | 3082 1LF0 | 13336 10911 31791 §.350 45,9049 6381
MEI 12 21.463 0066 4939 | 0662 5088 6,702 5030 R 5.674 8,740 &40
MEL 1) 12043 0158 7702 1566  T.348 | 14211 7857 47.444 8.332 Gl 563 8702
MEP ] 0.000 BOG0 D000 | G000 0000 (0,001 0.000 .000 £, (3,000 0.000
MER 8 14581 0080 4488 | 0793 4633 T7.670 4,668 35.451 4,568 48120 3.223
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IZA Mix Ring 9 Arc. | mmiHg [0 mmHz 100 mmHg 1,000 mmHg 10000 mumHg
Code Size Pore Vil N Syeins N Svine N Sveinr N Sk rmr N Sieins
MIT 10 10,163 D119 5745 | L1I79 5885 | 10771 3969 | 42664 6. 106 30783 7,020
MES 1 11.133 0122 7278 | L1195 7563 | 10462 7850 | 35104 ROe7 40,635 6235
MON # 3970 0000 0079 | 0003 DOTs D026 0.077 256 0.076 242 0470
MOR 12 12.430 0163 aldd | L1l BT | 13976 £495 | 48723 6.662 A 308 a.016
MOZ. 12 13,330 0131 7ET | 1258 7820 042% 7580 4387 7.034 50,901 6,896
MRE 10 f.650 0210 10455 | 28 10991 | 13056 11365 | 2&e4dal 12440 | 29.05] 13,590
MSE 12 16,717 (098 64035 | OU72 6553 8.066 65099 | AQ.A0d 6.8578 63,205 6.968
MSO ] 11,0000 000 (000 | 000 (REAH 0000 000 (3.000 0,080 (1000 1.4
MTI % H.803 0212 988 | Ludd 04G77 | 10237 9508 18,593 TA414 | 27807 4638
MTN 6 (I 000 {3,000 (10600 0.000 D000 0.000 (100 {1,000 000 (.000
MTT 10 2084 D106 7.743 | L0533 7721 8.926 7.894 | 26527 8422 32,626 T.839
MTW 12 0649 0070 6480 | 0693 6674 6.035 f.534a | 23,5385 6 189 | 40932 4301
MVY 1 0,000 oo oond | oono 0,000 0,000 0.000 0,000 01.0010 0.000 {0000
NWW 10 17.726 016 7000 | L3se  T0R5 | 12375 aERd | 43691 3730 TH443 3505
NAR ] 7443 0000 0038 | ool 0060 | DO 0063 0103 0.064 (IR 0481
NAT y R § 0012 LS | 12l 0.099 1.208 100K 12.012 1.027 69352 107
NES 10 15.150 0079 381 | 0785 6009 | T7.3R2 3.904 35.932 6285 56.085 5565
NON h {1,000 000 (000 | 000 (REAH 000 £.000 (3.000 0,060 (100D 1.6
NP 12 2497 Q000 oo | 0000 0016 0.003 0013 (LUGG 0014 301 0,013
NFT b3 19.633 0082 5812 | 0809 3975 | 7590 30400 | 42933 3.541 84,220 4068
NSl 8 3340 o000 e | ool D022 0.006 0.025 0,058 0.024 0560 0023
OBRW 10 23339 0072 Ak | 0712 5685 6.724 5.521 43522 4.082 | 116535 4735
CFF 12 15.323 0295 0784 | 2764 9007 | 17422 9214 | 43779 B39 554272 7.904
QKD 12 14.671 1Y 7375 | L1732 7.124 | 1mdn 7194 | 40285 7285 f1.359 7431
(151 12 4,735 0047 a4pv | 046l BO11 4.1 6062 18,562 6.070 31.493 4512
D80 14 2.626 0047 4220 | 0465 4248 | 450 4.75) M6 4330 | 101.832 3454
(W H 10617 (L341  9526 | 3293 D545 | 22440 9721 44 (38 0.173 56,008 6.158
PAR 10 3,030 0G0 0071 | 0001 0082 0011 0.079 0,100 (0L.0R0) (1.043 0, (64
PAU H] 2715 (000 5005 | O.RW0 4,889 | 7882 4,661 IRSR3 3429 | 78.954 1.593
PCR 12 7.064 311 OBR0 | 2856 &9 | 17993 9263 | 41698 9139 | 48146 0. 204
PHI 8 10,218 01E  Seel | LOIE 5838 0,645 3738 | 3a70  4.203 35.932 1.351
PON 10 7332 0070 4137 | 069 400a8 7.060 4290 | -43.963 M7 30,643 3.561
POS 12 20,224 D1de 6449 | .46 6552 | 9.188 6427 | 45.698 6347 | 75949 1,630
Pl 1 1976 lle  ORI2 | L1300 9.R40 8040 (0798 | 17.738 11952 | 20,058 13,121
PUN 12 15,644 085S 4988 | 0856 4082 8.761 5.187 58.397 5042 TO.0RD 6.276
RHO # 21000 0063 3233 | 06825 3054 6430 31126 | 62372 3.66] 122880 4115
RON 12 7671 0082 6456 | 0816 6456 | TART a.678 35.341 T.087 | 48738 7.232
RRO 10 7253 0001 0325 | 05 D374 0, 150 0381 1481 0.377 12.773 .359
RSN by 7244 0035 35e6 | 0345 3470 3.143 3411 14.917 26597 28107 1006
RTE 4 11.4940 252 BOs9 | 2387 B.82%1 15118 &7 31421 7439 | 46914 4803
RETH b3 16.283 108 ad2e | L0622 6026 061 3960 39586 3396 | TT.EI? 4438
RUT 6 (00 .00 {3, 00K} (2.0600 0.000) 0000 0.000 (L1300 .000 0,000 (000
EWR 8 4415 0003 0506 | 0033 D4ds4 0,345 U486 353 0443 15484 0.524
RWY 12 46,153 D016 2723 | 0161 2631 1.626 2574 17.391 2623 | 194990 3318
SAF 12 10038 048 7222 | 0473 6338 | 4453 6390 | 23643 6934 | 30633 1366
SA0 12 26,148 0046 4394 | 0459 4418 | 4583 4480 | 3RETO 4EW KO, 498 5049
SAS # 18,358 0082 535 | 0812 3448 745 3543 | 3658 3.335 72819 4 632
SAT 8 13.246 0082 8347 | Le0s 8178 | 14427 8440 | 40323 H.634 51536 8328
SAY H 18205 0078 3173 | 0767 3.779 | 7.0R3 5.244 3RAde 5.0 B3553 4.4
SBE 12 26,689 (068 6300 | 0esd 5579 5.467 5405 | 28964 4,035 | 105.694: 968
SBEN & 0188 ey 3163 | Ops9 3161 742 3259 | 125277 3000 | 146351 315
SES 12 77.508 0027 %e6s | 0271 3792 2710 3794 | TA4L2 3036 | 100283 444
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ZA | Max Ring % Ace | mmHe 11 mmHg 100 mmHe 1,000 mmHe 10,000 mmHz
Code Size Pore Vol N Sy | N Spone N Sxi /i N Sie it N Sxerii
SBT 12 27.599 0027 408 | 0269 3788 2678 iT9e | 266876 3008 | 101986 4547
SEW 12 15.438 0125 7.00 1.246 6845 | 12165 7044 51.911 7.575 T3.498 7.200
SFE 12 13,478 0043 51894 | D422 5075 4.083 2189 J7RIT 3.502 50,824 5.450
SFF 10 14.332 0113 A4 | LI05 6942 9.059 68791 33.549 6.202 67 485 5.190
SFG 10 11,361 0092  F008 | 0918 Y52 | B276 7060 | 33340 F.260 | 49525 7.
SEH 14 16.053 0024 4506 | 0243 4384 2430 4325 20845 4649 | 49119 4,600
SEN 14 15,969 B4 4739 | 0245 4.200 2451 4320 | 20836 4604 31.™ 4486
SFO 12 19,428 D050 4697 | 0497 4649 | 4920 4.688 36,124 4.684 87,391 3257
SES 12 16,307 0102 47 | LOID 6200 | 9331 6,304 43,347 6730 | 75831 6,936
SFV 12 12657 0156 7286 | 1348 T409 | 13985 7.690 47336 K304 63.041 8.372
SFwW 8 17.552 0082 3206 | DB03 5130 | 7534 3175 | 41300 50H5 | TAT35 3.985
SGT B LD 0000 DO | 0000 00000 | 0000 0.000 [XEEY] 0.000 OO0 0,000
SV 8 10.039 0075 4693 | 0742 4661 T.084 4.500 44701 3868 74.317 2138
S0D [ 0,000 0000 0000 | 0000 00000 | 0000 0.000 0.006) 00,0010 0,060 0,008
SOF 12 13,111 0052 2010 | 0528 2R27 3361 2913 45457 3190 B4.804 3082
SO8 12 10.067 001 2637 | 0108 2405 1.0535 2470 §.937 2465 30006 2709
55k 12 15,895 0041 4843 | 0403 5100 | 4043 3219 3018 5,851 37.148 6.53%]
550 18 13407 || 0057 5326 | 0573 5761 | 5433 5703 | 29409 5694 | 53726 4588
S8Y 12 13,588 0.038 4804 | 0382 5006 3706 REFTAY 24.610 5,240 | 49381 5. 158
STF 1 15,677 0104 B3RO | 1031 6215 | w150 6192 | 43503 64020 81,862 5.382
§T1 10 13.621 0,184  7.501 1809 Tedd | 15014 T8 45830  TUI8 61,65 T.86]
ST 12 10156 0063 6385 | 0620 6607 | 5636 67Ty | 23565 6,548 42975 6.965
STT 9 14:226 0.148 7389 | 1446 7112 | 11803  TATT | 41264 6722 63.032 5.226
STW 10 14364 0166 3677 | 166l 5615 | 16574 53810 70263 6250 | 97.793 3.691
SVR 10 11072 0.161 7525 | LeDl  T7.29] 14079 7508 | 453098 T.087 60864 7744
sVV 6 0.000 0,000 0000 | 0000 0000 (1000 0.000 (000 (.00 (.00 0,000
S7R 10 L 0106 a897 | LO27 200 | F.048  TFA7 27303 6.774 34.828 5715
TER 10 13060 || 0042 6678 | 1420 6538 | 13307 6712 | 53565 7239 | 72679 7440
THO 8 10,144 016 5134 | LI5S 50114 | 11318 50182 56,116 5512 | 71920 5369
ToL B {100 0.000 0000 | 0000 000 (000 L0060 (1000 (00 (1000 .00
TON 10 4142 0122 7255 | 1490 7514 | 9009 Tesd | A30ed 7504 | 53262 A4S
TS8C 8 28124 oo 3930 | 0187 3326 1881 3389 18.012 3.421 91.8454 3261
TUN 10 13.249 0.155 7430 | 1.528 73N 13183 T.646 | J6581 7973 64432  T.e97
UEI b 6596 0111 5e6d6 | 124 5597 | 11583 5710 51.635 6.083 60.562 6,058
UFI 8 19.975 0583 13123 | 4962 12774 | 20903 10545 | 53847 6,869 ER.012 5.045
uas 1o 0240 0.115 6433 | L1237 6525 9,704 6372 39 966 3.561 59.824 4.457
vov 12 17.459 0101 6272 | 0999 434 9414 6.573 497  F.013 67.684 7.018
oL f (100G 0.000 0000 | 0000 0000 | 0000 0.000 (RO 0.0 (1,000} 0,000
LIST 12 TH.O08 0062 4ARI8 | 0617 AT45 | 6115 4844 | 43659 5.114 §0.404 5.373
UTL 14 22245 0os2 5596 | 0518 5313 | 4.970 3241 3574 i #2342 .40
Uwy 12 16495 || 68127 w350 | 1356 6306 | 11278 &30 | 50779 6590 | BO800 6887
VET 12 086 O0ed 7940 | 0628 T.6aU8 3253 1.782 17.559 8152 | 23.357 8:359
VIl 18 25,745 0008 2a95 | 0080 2eR2 | (O.80 2811 8925 2594 821545 34914
VNI B 4863 0012 1996 | 0123 2260 1.217 2758 10,107 2241 35544 2066
VSV 9 6.645 0001 0290 | 0008 0292 .07 0.295 0.755 0294 6504 0.271
WEI 10 8,379 0000 0O71 | 0002 0060 | 0021 0057 0204 0,056 1.924 0.048
WEN 10 0,000 0000 0000 | 0000 00000 | 0000 0.000 0.006) 0,000 0,060 0,008
YLUG 8 5703 0007 0909 | 0080 (044 (0.679 nu3z 6334 0934 3503 0,964
LON b 8283 0492 11541 | 4682 11509 | 27271 11841 | 4391 12087 | 45711 12977
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Fig. 1 A comparison of selectivity vs. Percent Loading of a 90:10 Xe:Kr mixture (sohd) and an 80:20 Kr:Xe mixture (dashed)
mnte some of the top zeolites,
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Fig. 2 A compurison of an equivalently parameterized (Rp=3.04, e=1 keulfmol) 12-6 Lennard-Jones potential (red) and 0-6
Lennard-Jones potenual (blue). This illustrates the softer repulsion of the §-6 potential compared to the 12-6 potential. which
we believe s betier for deseribmg noble gas-noble gas mteractions at high loadmes.
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Note:

The work compiled in this chapter is a joint effort by our group where all the GCMC
simulations were performed by Dr. Keith VV Lawler. Jarod J Wolffis helped in explaining the
GCMC calculations to Amit Sharma. Breetha Algappan helped in measuring gas adsorption
isotherms for few zeolites before graduating and Amit took over this project in Fall 2013 and since
then he measured all the gas adsorption isotherms required for completing this study. Amit also
participated in the synthesis of zeolites under the joint supervision of Dr. Keith V Lawler and Dr.
Laszlo Nemeth. He also helped in gathering the initial data for all the 229 zeolites from I1ZA

database which was needed for the GCMC calculations.
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Chapter 3 - Hydrogen uptake on coordinatively unsaturated metal sites in VSB-5: Strong

binding affinity leading to high temperature D2/H> selectivity
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3.1 Abstract

We examine the adsorption of hydrogen and deuterium into the nanoporous nickel
phosphate, VSB-5. On the basis of gas sorption analysis, VSB-5 exhibits one of the highest
measured H; heats of adsorption (HOA) for hydrogen (16 kJ/mol) yet reported. This high HOA is
consistent with an unusually large red shift in the Q(1) and Q(0) hydrogen vibrational modes as
measured with in situ infrared spectroscopy. The HOA for D> is measured to be 2 kJ/mol higher
than that for H>. “Ideal adsorbed solution theory” analysis of H> and D> isotherms provides
selectivities above 4 for deuterium at 140 K, suggesting that VSB-5 is a promising adsorbent for

pressure-swing adsorption-type separations of hydrogen isotopes.

3.2 Motivation

3.2.1 Importance of hydrogen and its isotopes

Importance of hydrogen and its isotopes is realized the most when we consider
transitioning into the “zero-emission” era of fuels for automobiles. Hydrogen is one of the cleanest,
efficient, reliable, and renewable source of energy. Due to its highest energy content by weight (or
in other words, highest combustion energy per round), which is approximately three times higher
than the conventional fuels, it could conceivably replace conventional fuel if technological and
economic hurdles are overcome by improved technologies. Besides being used as rocket fuel,
hydrogen is used in petroleum industry for refining purposes, in chemical industry for synthesis of
numerous compounds, and also in food processing.[1-3] Hydrogen as a gas does not occur

naturally on Earth and is synthesized artificially. [4-6]
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Deuterium is the naturally occurring isotope and is used in various fields. One of its main
usage is in nuclear magnetic resonance studies where it is used for accurate analysis of spectra due
to the difference in nuclear spin with hydrogen.[7, 8] Neutron scattering studies often use
deuterated materials for the similar purposes owing to difference in the neutron scattering cross
section area. It is also used in the field of biochemistry and environmental sciences as a stable non-
radioactive tracer to study the mechanisms of various reactions.[9] In the field of pharmaceuticals,
deuterium is used often to increase the drug’s shelf life and drug’s half-life in the blood stream.

[10]

Tritium is not only an important radionuclide to capture in treatment of fission gas, but
serves as a valuable isotope worth roughly ~ $30,000/g. Its decay product, 3He also has numerous
critical functions, especially in neutron production. At the International Thermonuclear
Experimental Reactor (ITER), fusion reaction between deuterium and tritium is planned to carry
out to liberate enormous amounts of energy (500 MW) to be used as a sustainable source. Improved

tritium capture technologies may indirectly lead to a more stable supply of this critical isotope.

3.2.2 Properties of hydrogen and its isotopes

Hydrogen, the first element of the periodic table is one of most abundant element in the
universe. Its overall natural isotopic abundance of 99.985% for H leaves a relatively small fraction
for the other stable isotope, 2H. [11] Its molar mass 1.0078 g/mol makes it the lightest element
known. It has one electron in the shell orbiting around the one proton in the nucleus giving the
simplest electronic configuration as 1s!. At standard temperature and pressure, hydrogen exists as

a colorless, odorless, and highly combustible gas. As gas, its atmospheric concentration is ~1 ppm
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and is synthesized artificially by electrolysis of water and primarily steam reforming. [12]
Hydrogen molecules exist in two forms depending on the nuclear spin — ortho and para. In ortho
hydrogen, the nuclear spins in both atoms are aligned parallel (same direction) and are anti-parallel
(opposite direction) in para-hydrogen. The chemical properties of both the forms are same but the
physical and thermodynamic properties depend on the spin orientation. At room temperature, the
two forms exist in an equilibrium ratio 3:1 (ortho:para) and the equilibrium shifts to para-hydrogen
at very low temperatures. The change in spin can also be caused by presence of a strong magnetic

moment. A more detailed course on ortho- and para-hydrogen is provided in chapter 3.

Among the three isotopes, deuterium is 0.0015% abundant and was discovered in 1931 by
Harold Urey. Unlike hydrogen, it has one proton and one neutron in nucleus being orbited by one
electron in the shell. Deuterium can replace hydrogen in compounds such as water, yielding
slightly different physical properties. For instance, heavy water (D20) is heavy as it is ~10% denser

than normal water. [12]

Tritium is the radioactive isotope of hydrogen with one proton and two neutrons giving a
molar mass of 3.01604 g/mol. Tritium doesn’t occur naturally in significant quantities on Earth,
but trace amounts may be found in upper layers of atmosphere due to collisions with cosmic rays.
3H (or 3T) was first prepared by Rutherford in 1934 by bombarding energetic deuterons on
deuterated acid. At ambient conditions, tritium exists as gas and reacts with oxygen to give highly

radioactive tritiated water. [12-14]
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3.2.3 Present technology to separate hydrogen and isotopes

3.2.3.1 Cryogenic distillation

Cryogenic distillation to separate hydrogen isotopes was first discussed by J.R. Bartlit and
coworkers at Los Alamos National Laboratory in United States for fusion reactors. Based on the
principle of distillation, where the components are separated on the basis of their boiling points,
their design had four interlinked fractional distillation columns working at cryogenic temperatures.
The system was capable of separating a mixture of isotopes into different high purity streams of
H2, D2, T2, HD, and HT. [15] Since then the method is being improvised to increase the efficiency
and reduce the cost by several research groups. For instance, Enoeda et al prepared a distillation
system with a column, gas chromatographs, and He refrigerator which could be used in three
different modes. Yamanishi and coworkers worked on the simulations of Enoeda within multiple
distillation columns and modified the system by introducing a feedback stream. These distillation
assemblies with few modifications are still used heavily because of high separation factor, large
flow rate, and purity of isotopes.[16] Despite several studies, the high energy input requirements
to maintain the temperature can’t be ignored and the startup/shutdown procedures are quite critical

in these large-scale set-ups.

3.2.3.2 Non-cryogenic methods

A difference in the affinity for different hydrogen isotopes towards the surface of an
adsorbent may be used to separate hydrogen isotope as well. Since the isotopes of hydrogen differ
in mass, they travel at different speeds through the material. Choice of the active materials relies

on the interaction with hydrogen such as hydride forming ability. Palladium is extensively used
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due to its isotopic effect and to capture large amounts of hydrogen. Due to the cost associated with

the noble metal, researchers are looking into alternative materials.[17]

Electrolysis can be another way to separate the isotopes and it is based on production of
hydrogen and deuterium atoms on the electrode followed by the exchange of atoms between
solution and electrode. Finally, the separated atoms are used to produce molecular gas and stored.

[18]

3.3 The solution

3.3.1 Pressure swing adsorption for separating isotopes:

A general introduction on PSA and its principles on separating gas mixture is provided in
chapter 1 (Section 3). The main emphasis here is on separation of lighter gas molecules such as
Hz, D2, T2, and He by PSA.

While most isotopic separations currently rely on differences in boiling point, diffusivity,
or mass, there has been growing interest in developing adsorption-based technologies for isotope
recovery, especially for molecular hydrogen/deuterium. Adsorption-based separations would
utilize Pressure-Swing Adsorption (PSA) or similar separations such as vacuum- or temperature-
swing adsorption.[19] PSA processes work through a series of beds, each containing a sorbent
selective for the gas to be selected. Different beds do not necessarily need to have the same sorbent,
and recent experiments have shown great success using two-bed separations with different
sorbents in each bed.[20] In PSA, one bed is pressurized with the mixture gas so that material may
separate it; the purified off-gas is collected and stored or passed through another bed for further
separation. The original bed is depressurized to collect the gas trapped by the material, and that
gas is either collected or passed on to subsequent beds for further purification. The materials
separate the gas mixture by either sieving, selectively adsorbing one of the gas components to the
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surface of the material, or a combination of the two. There are several issues to be addressed to
develop a practical separation process. Firstly, deuterium is currently recovered from the
electrolysis of D20, not as deuterium gas. However, since hydrogen gas is produced in large
quantities by the petroleum industry through steam reforming and similar processes, it is not
difficult to imagine adding a step to an existing hydrogen production facility where some of the
deuterium is recovered as a valuable co-product via a relatively low cost means of gas phase
isotope separation. We also recognize that deuterium would be present initially as HD molecules,
not D». A realistic process would require enrichment of HD, an isotope-exchange process (such as
occurs over a Pd catalyst), and subsequent enrichment of D.. While developing a practical process
is beyond the scope of this project, the first step towards such a process is the identification of
deuterium-selective adsorbents capable of driving it efficiently.

Practical adsorbents require good adsorption behavior for three key parameters: adsorption
equilibria, kinetics, and heats of adsorption.[21] Materials with favorable adsorption equilibria for
separation have high selectivities for one of the mixture gases to be separated. Sufficiently fast
adsorption and desorption kinetics are required for a process to be practical (large kinetic
differences between gases can also be used as a basis for separations). Finally, heats of adsorption
need to be appropriate to minimize energy consumption during desorption cycles. Other
parameters that must be considered include the capacity of a sorbent and cost.

The well-known and commercially important PSA process to separate atmospheric Oz from
N2 illustrates the principles behind adsorbent selection.[22] N2 and O are similar in many respects
including their kinetic diameters (3.64 vs. 3.8 A), boiling points (77 vs. 87 K), polarizability (1.74
vs. 1.58 A%), and molecular weights (28 vs. 32 amu).[19] Nevertheless, sorbents with high local

electric fields, as provided by Li* and Ca?*, effectively separate these gases based on their differing
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quadrupole moments. Similar gases that differ in strength or order of their highest multipole
moment can be separated by adsorbents with local electric fields. Temperature swing sorption is
now the preferred technique for O2/N; separations at small to medium scales (=250 tons O/day or

less).[23]

3.3.2 Quantum Sieving

Given the light mass of hydrogen isotopes, the adsorption often exhibits strong quantum
effects compared to heavy adsorbing gases such as methane, N2, Kr, etc. Much of the total current
work on adsorbents is relevant to hydrogen/deuterium separations and utilizes an effect known as
guantum sieving.[24] This effect, first noted in 1995 by Beenakker et al.,[25] only becomes
significant when gas particles are confined and temperatures and masses are sufficiently low that
adsorption may no longer be treated classically. As the pore diameter, d, approaches the size of
the hard core of the adsorbent, o, the transverse motion of the adsorbent is sufficiently restricted,
and quantization becomes important. Specifically, as the difference, d-o, approaches the order of
the de Broglie wavelength (A=h/p) of the adsorbent, its wave-like behavior becomes far more
pronounced and the classical treatment will break down. Therefore, quantum effects become most
pronounced when pore (or pocket) diameters are comparable to the size of the gas particles, gas
particles are of low mass, and adsorption temperatures are low. The wavelength of particles is
determined as the thermal de Broglie wavelength: A=h/(2rmkT)¥2.[26] The inverse mass-
dependence leads to large differences between hydrogen and deuterium, and may serve as a basis
to separate the gases. This effect is smaller for heavier isotopes, but still important to properly

model isotope-dependent processes.
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One way to include quantum effects is through the use of path integral GCMC (PI-
GCMC).[27] The path integral formalism follows the ideas of Feynman that connect a quantum
system to a system of classical ring polymers. Most of the theoretical studies on hydrogen isotope
adsorption/separation into SWCNTs employed the PI-GCMC approach. Garbegelio studied
guantum sieving in organic frameworks using PI-GCMC,[28] and showed a trend that the D2/H>
selectivity was about half that of T»/H. for all temperatures studied. Also, quantum sieving occurs
not only in SWCNTSs, but also in slit pores and organic frameworks. The selectivity in frameworks
showed a nearly exponential decay with increasing temperature, with the selectivities being less
than 2 at 40 K, nearly 1 at 90 K, and 1 at 200 K. The selectivities in the organic frameworks
depended less on system pressure than the results for SWCNTs of Challa et al., and the selectivities
for SWCNTs were orders of magnitude (tens to hundreds) less than the previously published
work.[29, 30]

The use of PI-GCMC is very tedious and slow, but Feynman and Hibbs, using the same
path integral formulation, found a correction for quantum effects using classical potentials, which
allows a significant reduction in computation time.[31] By approximating the quantum mechanical
particle as a Gaussian wave packet of width w=ph?, the Feynman-Hibbs potential can be expressed
as Ven(r)=(6p/nw)*? [du V(r+u)exp(-6p2/w), where p is the reduced mass. This form is clearly not
useful for efficient GCMC implementations, but if only quadratic terms in u are kept, one arrives
at the form Ven(r)=V(r) + (W/24p) V2V(r).[30] This is the most common form used in molecular
simulation of quantum sieving. Typically, a Lennard-Jones potential is used in this formulation,
but it can be replaced with any radial potential. The Feynman-Hibbs correction has been taken out
to the higher quartic order in the integration variable u, which adds an extra term to the quadratic

form that involves even higher derivatives. Kumar and Bhatia showed that the quartic potential
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significantly reduces the percent error of the approximation in a practical application and that the
percent error increases with decreasing temperature.[32] Kaneko et al demonstrated that a
Feynman-Hibbs-corrected potential produces results comparable to those of a full PI-GCMC
approach for quantum sieving. It should be noted that the Feynman-Hibbs-corrected potential is
only as good as the underlying potential it is correcting, i.e., a poorly-described system will still
be poorly-described even with the corrected potential. Fu and Sun demonstrated that when their
derived force field was corrected with a quartic Feynman-Hibbs correction, the simulated
adsorption results agreed much better with experiment.[33]

Another way to look at the de Broglie wavelength is to consider it as ‘quantum mechanical
swelling.” Kumar et al studied hydrogen adsorption into the zeolite with international zeolite
association (1ZA) code RHO with a standard Lennard-Jones potential and a quantum corrected
formulation;[32] they showed that the original Lennard-Jones potential had a deeper well than the
corrected potential. The change in the potential indicated an increase in the effective size of the
potential parameters for hydrogen, dubbed ‘quantum mechanical swelling.” This swelling is best
understood as a delocalization of the electron cloud for the light gas for which an identical
expression as the thermal wavelength can be derived from the Heisenberg uncertainty
principle.[34, 35] Both delocalization and quantum mechanical swelling describe the same
phenomenon, and can be used to show why heavier isotopes diffuse faster. Liu et al put the same
concept to further use by creating the new idea of a ‘quantum effective pore size.’[36] The quantum
mechanical swelling of the potential parameters for the material-gas interaction can be used to
calculate an effective pore size for the material. They were able to show that the selectivity
observed in hydrogen isotopes correlates with the quantum effective pore size, and that materials

with smaller quantum effective pores were better for selective adsorption.
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3.4 Earlier work to separate H2/D> by porous materials

Single Walled Carbon Nanotubes (SWCNTSs) were one of the first adsorbents to be used
to separate hydrogen and its isotopes. In principle, the growth of SWCNTSs can be controlled for
desired pore diameters in the nanometer and sub-nanometer range and they are nearly perfect
cylindrical system. Owing to early difficulties in uniform sample preparation and the complexity
of measuring D2/H, gas sorption at 20 K, quantum sieving in nanotubes was initially studied
computationally and remains the most developed part of this field. Wang et al. performed a
simulation of quantum sieving in SWCNTSs at 20 K.[37, 38] They found a high selectivity for
SWCNTs of diameters below 7 A, and they showed that the interstitial channels in bundles of
SWCNTs tend are smaller than the diameter of the tubes and could also be used to perform the
separation. They showed that the heavier isotopes will adsorb at lower pressures in the SWCNTSs
and interstices, and that H> could effectively be excluded from adsorption via pressure control.
Challa et al later extended the work of Wang to include temperature, pore size, and pressure; their
results showed that quantum sieving behaves like all other adsorption processes with selectivities
being very dependent on temperature and pressure.[29, 30] They computed an enormous
selectivity of T, over Hz at 20 K: 10° in (3,6) and 10* in the larger (10,10) SWCNTSs. For D2/Hz,
they computed selectivities about a factor of 20 less than that of T2/H., and the (6,6) SWCNT
showed the highest selectivity. Johnson et al performed several theoretical studies, which showed
that IAST provides good agreement at low pressures, but at high pressures PI-GCMC simulation
exhibit a plateau in selectivity, whereas IAST simulations does not.[30] The typical simulated and
measured mixture had been chosen as 50/50 for experimental simplicity, but Johnson et al showed

that the selectivities greatly depend on the composition of gas mixture and that simulation and
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experiment needs to be done on a mixture more akin to the real mixture in relevant applications.
Some groups have studied D»/Hz selectivity as a function of nanotube arrangement and have found
that tightly packed nanotubes performed better than loosely arranged nanotubes through a
combination of beneficial effects.[39, 40] Tanaka et al also compared slit pores with cylindrical
pores, predicting that cylindrical pores were better at quantum sieving. At 77 K, an optimal pore
diameter of 6.23 A produces a Do/H; selectivity of 9.9.[41, 42] Although very large selectivities
have been observed around 20 K, such low temperatures would be impractical for separations from
the perspective of energy consumption and equipment complexity.[43-45] Experimental studies in
SWCNTSs and other materials are typically conducted at 77 K due to the simplicity of liquid
nitrogen cooling. SWCNTSs are also difficult to fabricate with uniform pore diameters and lengths
corresponding with those used in theoretical predictions.

Current PSA adsorbents for most separations are almost invariably zeolites or activated
carbons due to their low cost per volume, high surface area, and selectivity.[46, 47] Zeolites have
been more thoroughly measured than SWCNTSs. Zhou et al surveyed the zeolite D2/H; selectivity
results in their 2012 review and can be summarized as follows:[24, 48] Stephanie-Victoire et al
measured 1.16 on NaA (a sodium substituted version of aluminosilicate zeolite A, IZA code:
LTA),[48] Kotoh et al measured 1.207 on zeolite 5A (a variant of LTA with an effective window
diameter of 5 A) due to thermal diffusion,[49] and Chu et al found a range of 1.02-1.15 in various
molecular sieves.[50] Kotoh et al studied the zeolites 4A and 5A at both 77 K and 87 K as a
function of pressure.[51] For 4A and over a range of 10 to 10° Pa, selectivities ranged from 4.5
to 2.5at 77 Kand 3.3to0 2.2 at 87 K. In 5A, the values ranged from 3.4 to 1.8 at 77 K and 2.6 to
1.8 at 87 K. Kotoh et al also measured diffusivities via breakthrough, and showed that mixtures

with higher concentrations of D, had longer breakthrough times.[52] In the zeolite 3A, Kotoh et
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al measured a selectivity of 2.24 at 160 K, which is far larger than one would expect for a material
at that temperature, indicating more interesting underlying physics.[47] Kaneko et al compared
several molecular sieves including activated carbon fibers, zeolites, and SWCNTSs. Some of the
zeolites outperformed all of the other materials, with the SWCNTSs being better than the activated
carbon fibers and about half of the measured zeolites.[53] Experimental results for Da/H:
selectivity in four different SWCNTSs were more modest (1.5-4) than the simulated results (1-14),
yet the results showed a slight dependence on pressure and a greater dependence on
temperature.[40]

Materials other than zeolites, such as metal-organic frameworks (MOFs), covalent organic
frameworks (COFs), and zeolitic imidazolate frameworks (ZIFs) have found many uses in
adsorption applications. These materials are crystalline and porous, exhibiting long range ordering
in the internal structure. Their internal porosity creates a surface area far greater than any bulk
material, especially for MOFs, where the internal surface area is enhanced by orders of magnitude.
With appropriate ligands and metal atoms/clusters, design of MOFs with specific pore geometries
is often possible,[54] as exemplified by Yaghi’s famous IRMOF series.[55] The ability to design
a MOF with the choice of metal cluster and ligand was used by Snurr and co-workers to create
over 137,000 hypothetical MOFs as part of a study to determine which MOF topologies would
work best in adsorption-based separations of Kr and Xe.[56] A vast majority of adsorption studies
with MOFs and hydrogen has focused on hydrogen storage, but many of those results can also be
used to enhance deuterium separation. FitzGerald et al have studied the adsorption Hz and D> into
the Fe, Co, and Ni form of MOF-74 in temperatures ranging from 77 to 120 K.[57] Their
adsorption results indicate that D> is preferentially adsorbed over H. at temperatures as high as

120 K. The HOA for D3 is between 1 to 2 kJ/mol higher than that of Hy, up to a certain quantity
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of adsorbed molecules, upon which the HOA curves fall off, presumably from saturation of the

metal site.

3.5 VSB-5 - Structure and applications

VSB-5 (Versailles-Santa-Barbara) was first reported in 2003 by Guillou and coworkers as
a magnetic nanoporous hydrogenation catalyst. VSB-5 is a nickel (Il) phosphate
(Ni20[(OH)12(H20)6][(HPO4)s(PO4)4.12H20) (Figure 3.1) with one dimensional pores running in
the [001] direction and are bordered by 24 NiOs octahedra which are connected by edges, corners,
and by sharing faces. It has large pores (~10 A) compared to other adsorbents such as zeolites and
metal organic frameworks. Pattern indexing performed in 2003 using DICVOL91 provided a
hexagonal unit cell with a =18.209 A, ¢ = 6.3898 A with a volume of 1834.8 A3. X-ray
thermodiffractometry shows that the structure persists around 723 K before collapsing to give an
amorphous phase. It also recrystallizes to form Niz(PO4)2 at much higher temperatures.[58, 59] As
far as porous nature of the material is concerned, it has monodisperse pores and the specific surface
area is ~500 m?/g. One should always keep in mind the density of VSB-5 (~2.6 g/cc) while
comparing this specific surface area with zeolites or other porous materials. So overall this material
offers high number of unsaturated Ni sites with additional space in the framework for gas
adsorption. The Ni sites have great affinity for water molecules and so prior gas measurement

studies, a thorough activation is required which is described later in the text.
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Figure 3.1: VVSB-5 viewed down the ¢ axis with octahedral nickel represented in green and tetrahedral phosphorous

represented in purple. Disorder is omitted for clairity.[58]

This material has been used in hydrogenation for the conversion of 2-methyl-3-butyn-2-ol
with high selectivity (>99%) for the formation of acetone and acetylene. VSB-5 was also used for
epoxidation of cyclic olefins (cyclohexanediol and cyclooctene) with hydrogen peroxide where its
shape-selective nature was observed. Due to its robust nature, it was used several times without
any loss in structure, nickel species, or any other activity concerning the catalytic nature of VSB-
5. Due to the strong magnetic moment provided by the Ni sites, it was used to study hydrogen
adsorption by Forster and coworkers. They observed that the unsaturated Ni sites have strong

interaction with hydrogen at several loadings.

3.6 Earlier work on VSB-5 and hydrogen adsorption

The first study on hydrogen interaction with VSB-5 was performed in 2003 by Forster et
al with BET, TPD and INS. From the INS measurements authors confirmed the presence of
unsaturated Ni?* sites which actively participate in hydrogen adsorption. Broadening of a peak at

1.5 meV at higher loading helps in explaining enhancement of hydrogen adsorption at Ni sites by
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removal of water molecules bonded at the Ni sites. This energy is quite lower than the rotational
tunneling energy for physisorbed H> in other porous materials (CoNaA) and exhibits stronger
interaction. Determination of heat of adsorption to investigate the D2/H. separation was not
performed at that time and herein we provide the insight behind the thermodynamics of D2/H;

separation.

3.7 Experimental
3.7.1 Materials and Methods

Out of the possible ways to synthesize VSB-5, we used the hydrothermal diaminopropane
based synthesis where 6.0 g of NiCl..6H20 was dissolved in 60 ml of deionized water. H3PO4
(85%), 6.2 g, was added dropwise with constant stirring followed by slower addition of 1,3-
diaminopropane. Addition of diaminopropane formed temporary greenish-white precipitate, which
dissolved eventually to give a final dark blue-purple colored solution with pH close to 9. The
solution was transferred to a Parr autoclave and heated to 180 °C for five days to get green colored
material which was washed with deionized water and activated thoroughly, as explained later in
the text. Gas adsorption measurements were performed with our Helium fitted Micromeritics

ASAP2020 the functioning of which is already explained in Chapter 1.
3.7.2 Adsorption simulation

The unit cell of the starting structure of VSB-5 has 32 H, 66 O, 12 P, and 20 Ni (with 6
H.0 molecules). The lattice constants are a=b=18.209 A, c= 6.3898 A, a=p=90°, y=120°. The
initial structure was relaxed by DFT calculations using the Vienna Ab initio Simulation Package

(VASP). The spin-polarized calculations used the Projector Augmented Wave (PAW) method to
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describe the effects of core electrons, and the optB86b-vdW functional with built-in dispersion
corrections was applied.[60-65] The energy cutoff for the plane-waves was 800 eV, the energy
tolerance for electronic structure calculation is 10® eV, and the energy tolerance for structural
optimization is 107 eV. A Hubbard +U term of 6.4 eV® was applied to Ni to describe the localized
3d orbitals. All calculations were performed on a 1x1x3 Monkhorst-Pack mesh. The DFT
optimized structure was ‘activated’ for adsorption simulations by manually removing the Ni
coordinated water molecules. The surface area of VSB-5 was computed using the ‘rolling an atom
over the surface’ Monte Carlo technique. The TraPPE forcefield for N2 was utilized, and the
spherical test distance was set to o for each framework atom.[66] The surface area for no waters
removed is 367.37 m?/g, for one water removed is 381.30 m?/g, and for all 6 waters removed is

457.09 m?/g.

Gas adsorption was simulated with Grand Canonical Monte Carlo (GCMC) with the
RASPA 2.0 package.[67] GCMC fixes the system temperature, system volume, and chemical
potential of the adsorbed species. A 2x2x4 super cell of fully activated VSB-5 was used for the
simulations. The chemical potential is determined using the Peng-Robinson [68] equation of state
from the desired system pressure using the critical parameters (Table 1) as found in the NIST
Webbook.[69] A total of 31 pressure points between 0.001-800 mmHg were used to simulate the
isotherms. The framework atoms are fixed at their DFT optimized positions and the adsorbed
particles are randomly translated, rotated, inserted and deleted with equal weight to allow the
number of particles to fluctuate. Each simulation employed 100,000 equilibration cycles and
500,000 production cycles. A cycle here consisted of N moves per cycle, where N is the number
of gas particles adsorbed into the simulation volume and must be > 20. The accessible pore volume

percentage was taken as the average Widom insertion parameter from 500,000 298 K He insertion
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trials: o= 2.64 A, & =10.9 K. All simulated isotherms are excess corrected using the volumetric
method.[70] Heats of adsorption were simulated with fluctuation theory and corrected for the

residual enthalpy as computed by the equation of state.

Critical Temperature | Critical Pressure | Critical Density | Acentric Factor
Tc (K) Pc (MPa) D. (mol/L) ®
Ha 33.145 1.2964 15.508 -0.219
D2 38.34 1.6653 17.327 -0.175

Table 3.1: Critical parameters for H, and D».

The adsorbate/framework interactions were simulated with electrostatics and a quadratic
Feynman-Hibbs corrected 12-6 Lennard-Jones (LJ) potential with a cutoff of 12 A. The Lorentz-
Berthelot mixing rules were used to obtain the pairwise LJ parameters. The atomic LJ parameters
for the framework come from the Drieding forcefield if possible, and the Universal Forcefield if
not. The partial atomic charges on the framework atoms were determined by the EQeq method
with the Ni charges centered around a value of +2 and all others centered at 0. Two different water
models were evaluated: the Darkrim-Levesque (DL) and the Belof-Stern-Space-Polar (BSSP), see
Table 2. The BSSP model was used with all polarization effects turned off, and with the framework

able to polarize the adsorbed guest species.
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Atomic
Model r(A) g (K) c (A) q (e-) a (A%
Site

EL 0.37050 0.00000 0.00000 0.46640 0.00000

DL COM 0.00000 36.70000 2.95800 -0.93280 0.00000
EL -0.37050 0.00000 0.00000 0.46640 0.00000

EL -0.37100 0.00000 0.00000 0.37320 0.00044

LJ -0.32900 2.16726 2.37031 0.00000 0.00000

BSSP COM 0.00000 12.76532 | 3.15528 -0.74640 0.69380
LJ 0.32900 2.16760 2.37031 0.00000 0.00000
EL 0.37100 0.00000 0.00000 0.37320 0.00044

Table 3.2: Force field parameters for H,. D, parameters are the same. COM represents the center of mass site for the
molecule, EL represents an additional electrostatic site to model the quadrupole, LJ represents an additional off-

center Lennard-Jones dispersion site.

3.8 Results and Discussion
3.8.1 Need of activation

Due to the high affinity of water for Ni sites, the first step in utilizing VSB-5 is to remove
all the water molecules and expose Ni sites for gas adsorption. Based on the thermogravimetric
data presented in 2003 paper, where the structure is lost above 723 K and an appreciable mass loss

around 400 K, between 473-673 K and 723 K is observed, we activated the material 573 K
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overnight and a lower specific surface area was measured. Also, the material went from being
green, to a yellow center surrounded a ring of ashy material. The broad descent was initially
thought to be gradual release of water, however, we believe the broad descent in the TGA and low
SSA after initial activation is due to the destruction of the material by either: too rapid removal of
the water molecules and subsequent steaming of the framework, or the removal of the Ni-
coordinated waters destabilizing and eventually destroying the coordination network. Because of
this destruction of the framework, we evaluated the activation of a fresh sample at several
temperatures to determine the appropriate activation conditions before going for D2/H2 separation.
A good activation on VSB-5 is needed to have the unsaturated open Ni sites for gas adsorption as
mentioned earlier. The SSA initially increases with temperature implying the removal of strongly
bound water at the Ni sites, and following the TGA data there appears to be a maximum around
563-573 K. By 583 K , the framework is lost due to the collapse of the long one-dimensional
tunnels, and visually all the green and yellow coloration of the sample is lost resulting in just an
ashy, grey powder. The other parameter determining a good activation is the ramp rate of
activation. We have observed that if the ramp rate of activation is higher (> 5 C/min), the material
seems to lose its crystallinity, because of the strongly bound water molecules are removed all at
once likely steaming the framework. Due to this sensitivity, the recommended activation of VSB-
5 should have a slow ramping to the target temperature (< 0.5 C/min), holding it at intermediate
temperatures of 373 K and 473 K for atleast two hours respectively and finally holding the
temperature at 563 K for 18 hours under 10 mbar vacuum. The final 77 K N2 adsorption-
desorption isotherm of activated VSB-5 shows a type | behavior with little hysteresis, which is
anticipated for microporous materials and provides a BET SSA of 420 m?/g. As the surface area

is slightly lower than the original report (500 m?/g), the surface area was simulated using the rolling
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an atom over the surface Monte Carlo technique, which predicts a BET SSA of 460 m?/g of ideal
VSB-5 with all the coordinated water molecules removed. The minor discrepancy between our
measurement and the predicted ideal may result from either a small fraction of pore blockage or a
minor sample mass error and should have a negligible influence on heat of adsorption
determination. Powder X-ray diffraction pattern (Figure 3.2) was also collected to confirm the

correct phase of the material.
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Figure 3.2 : Measured powder X-ray diffraction data for activated VSB-5.
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3.8.2 Need of colder adsorption isotherms

Following the determination of proper activation conditions confirmed by BET SSA, the
next step in assessing VSB-5 for H» storage applications was to proceed with the customary
adsorption isotherms at liquid N2 (77 K') or Ar (87 K) temperatures, so preliminary H, adsorption
isotherms were measured starting at 80 K and going up in 10 K increments, see Figure 3.3 (left).
It should be noted that in between each isotherm, the sample was reactivated at 100 C under high

vacuum for an hour, and then allowed to equilibrate to the target temperature for an hour.

100 T = T T T = 18
, 80-90K
90 90-100K
100-110K 1
30 110-120K — | 168
= 120-130K o}
G 14%
860 g
Na) -t
o) >
ﬁso 12 2
240 £l
= @]
530 | 102
S |
20 | B
8 =2
10 1

0~"100 200 300 400 500 600 7005 10 15 20 25 30 35 40 45 50 55 6(
Pressure (mmHg) Quantity Adsorbed (cm3/ 2)

Figure 3.3: Measured temperature dependence of H,@VSB-5 adsorption: isotherms every 10 K between 80-140 K

(left), and the isosteric heats of adsorption obtained from the Clausius-Clapeyron equation for each pair of isotherms

in separated by 10 K (right).
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The reason behind measuring the adsorption isotherm at cryogenic temperatures is to
demonstrate a high storage capacity of the material because there are typically only weak van der
Waals interaction between H and the adsorbent. At colder temperatures, the adsorption isotherm
is nearly vertical before the saturation point, and while this accurately depicts the asymptotic
storage capacity of the material, it is problematic for other reasons. First when the adsorption is
that steep, the adsorption kinetics and the accuracy of any individual isotherm point before the
saturation pressure is questionable. Most adsorption instrumentation operates by looking for
changes in pressure below a certain threshold. Kinetics will be limited at very low temperature in
most micro-nanoporous materials, and a low change in pressure over a finite time may not indicate
that a steady state of adsorption has been achieved and all the gas possible has been adsorbed for
that pressure and temperature. This is of grave importance when analyzing different isotopes of
the same gases like H> and D2 where their differential adsorption will be governed by diffusion

and subtle quantum effects.

Along with that, the determined pressures in the nearly vertical regime are less than the
expected error bars; these small and erroneous values lead to meaningless values for the initial
heat of adsorption when determined by Clausius-Clapeyron equation, see Figure 3.3 (right). This
provides no insight into the interaction of the adsorbate and adsorbent. For H.@VSB-5 adsorption,
it was not until 120 K that a smooth initial HOA without an abrupt spike at ~10 cm®g was
observed. Lastly, the slope of the Henry’s law region, where quantity adsorbed is a linear function
of the pressure, is nearly vertical. This slope provides the Henry’s law constant (K, to understand
adsorption/desorption selectivity and kinetics) is too steep to provide any information about the

adsorbate-adsorbent interactions. Particularly, the nearly vertical Henry’s law slope gives
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meaningless selectivities, since its mathematical evaluation involves a nearly infinite numerator

and/or denominator.

By 120 K, the Henry’s law region of the H> isotherm exhibited a non-infinite slope, so H>
and D> adsorption measurements were taken on a fresh sample of VBS-5 using the activation
guidelines outlined previously in 5 K increments from 120 K until 150 K for reason that will be

discussed later. The isotherms in Figure 3.4 are all type 1 with minimal desorption hysteresis.
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VSB-5 is a nanoporous material. A single inflection point around 10-20 torr shows there is

one strong adsorption site in this material, the unsaturated Ni sites. Following the inflection point,
the isotherms all exhibited a slightly upwards slope. This indicates that although the primary
adsorption site has been saturated, VSB-5 has yet to achieve its asymptotic adsorption capacity,
and that would require over-pressurization beyond the capabilities of our instrumentation. The
additional sites correspond to fluid-like adsorption to the remaining internal surface area of the

material or from additional, multi-layer adsorption. Much of H, adsorption studies in the literature
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focus on hydrogen storage since United States Department of Energy has set a 4.5 wt % H> uptake
as the target for fuel storage purposes. VSB-5 exhibits a 0.251 wt % H; uptake at 1 atm, 120 K,
and a 0.166 wt% H» uptake at 1 atm, 140 K, both far below the target value. This low wt % H>
uptake is expected for a metal containing coordination polymer or a MOF. In these kinds of
materials, the coordinatively unsaturated metal sites provide a stronger interaction site for the H»
at the cost of introducing heavier atoms to the material. Frost et al and Bae et al found through
grand canonical Monte Carlo simulations that H.-MOF interactions at ambient conditions require
a high heat of adsorption (> 20 kJ/mol) to achieve at least 6 wt% H> uptake. This deficiency of

VSB-5 is not a concern, as meeting the target wt% uptake was not the goal of this study.

The simulated isotherms and the heats of adsorption (explained next) for H, and D2 by DL
model (Figure 3.5) and BSSP model (Figure 3.6) are provided below. A good agreement between

the two models can be observed.
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Figure 3.5: Simulated H2 (solid) and D, (dashed) adsorption isotherms (left) and isosteric heats of adsorption (right)

using the DL Hz model at 120 K (red), 130 K (green), and 140 K (blue).

120K 130K 140 K

H2 19.57 19.62 19.62
D2 20.74 20.80 20.77
dQst 1.17 1.19 1.15

Table 3.3: initial heats of adsorption simulated for a system pressure of 0.1 mmHg using the BSSP H, model with

polarization.
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Figure 3.6: Simulated H2 (solid) and D, (dashed) adsorption isotherms (left) and isosteric heats of adsorption (right)

using the BSSP H2 model without polarization at 120 K (red), 130 K (green), and 140 K (blue).

3.8.3 Heat of adsorption measurement

The aforementioned isosteric heat of adsorption (HOA) is the primary metric to describe
the strength of interaction between an adsorbed gas and the solid surface, and it can be extracted
using the Clausius-Clapeyron equation with a minimum of two isotherms of varying temperature.
All Hz and D isotherms used for HOA determination were measured on the same sample to
eliminate run-to-run variation arising from issues such as sample mass errors. We also found it
necessary to carry out a brief 373 K reactivation of the sample between each measurement to
ensure gas from the previous measurement diffused out of the pores and to remove trace gas which

may otherwise build up in the pores over time. Figure 3.7 displays the HOA measured for H, and
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D> using the adsorption isotherms measured at 120, 130, and 140 K as shown in Figure 3.4. The
HOA s for Hz and D exhibit the same shape and thus describe an identical adsorption process: the
Ni sites are saturated followed by filling of micropores and small interstices. The initial heats of
adsorption are around 16 kJ/mol for H> and 18 kJ/mol for D, and saturate at an adsorption around
7 cc/g. The strength of this interaction between the coordinatively unsaturated nickel site and a
single gas molecule is beyond a typical van der Waals physisorption value of 4-7 kJ/mol and is
more a direct chemisorption via some form of bonding (as a ligand, covalent hydride formation,
etc.) occurring between the hydrogen and Ni. Next there is a plateau down 2-3 kJ/mol that persists
for another 2-3 cc/g of adsorbed gas. This behavior is often indicative of multiple adsorption sites
in the material. Given the shape of the isotherms and the atomic structure of VSB-5, we believe
this plateau doesn’t correspond to a unique secondary adsorption site, but rather multiple gas
molecules trying to adsorb onto the same Ni site because of the very favorable interactions and
minimal gas-gas repulsion. Following that plateau, the HOA monotonically decreases as a function
of gas loaded indicating the fluid like adsorption to the remaining internal surface area of the
material. An initial heat of adsorption greater than 15 kJ/mol is momentous, as to the best of our
knowledge this is the second material to surpass that United States Department of Energy fuel
storage goal; although we recognize that the overall uptake in the material is likely to be too low

for this compound to be important for mobile H storage applications.

The initial HOAs differs by nearly 1.5 kJ/mol between H and D, yet at higher loadings
the HOAs converge to a nearly similar value. This trend was verified by Prof. FitzGerald group at
Oberlin college on their custom built cryostat using a sample that we provided. Initial HOA values
of 16.8 and 18.4 kJ/mol were obtained for H> and D> respectively. These are consistent within

experimental error to our earlier values. As H, and D are identical electronically and differ only
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by mass, this difference in HOA must come from quantum effects. These quantum effects can be
simply explained as the heavier isotopes bind in the same electronic potential energy well, but
have lower zero-potential vibrational energies. The lower zero-potential vibrational energy causes
the heavier isotope to sit lower in that potential well and therefore give the heavier isotopes a
slightly preferable binding energy. The difference in binding energy arising from the zero-point
vibrational energies is lost quickly with increased temperature as other free energy components
begin to dominate causing the measured H> and D2 HOAs to become the same. This has been
observed in SWCNTSs, and is the basis of the interest in those materials for D2/H. separation. In
SWCNTSs the hydrogen binds purely through weal van der Walls dispersion interactions, and the
guantum effects are often no longer observed by 77 K. The quantum effects are still very important
at the unsaturated metal centers persisting to upwards of 140 K, one of the highest temperatures
reported for having a difference in the Hz and D> HOAs. Since the HOAS converge to a nearly
identical value after the Ni sites saturate, we know the quantum effects must arise from the strong
bonding-like Ni-hydrogen interaction. The confined ~11 A pores of VSB-5 likely also contribute
to the quantum effects in the same way do in SWCNTSs, however much like in SWCNTSs they are

mitigated by the higher temperatures measured here.
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The diffuse reflectance IR spectra (Figure 3.8) of adsorbed H> measured in FitzGerald et

al study shows a growing in of additional features in the Q-band region with increased H> uptake.

These features arise from the vibrational motion of adsorbed H-, and are red shifted from the IR

inactive frequency of free H.. It has been demonstrated that a large red shift is correlated to large

adsorption enthalpies.[71] They have noted a consistent redshift in the frequency of the H>

vibrational mode relative to its gas phase value (4161 cm™). The magnitude of the shift shows a

linear correlation with the strength of the sorbent — Hz interaction. Although the H> vibration is not

IR active, interactions with the framework induce a dipole moment such that the transition can

now be measured with IR spectroscopy. Figure 3.8 presents IR absorption spectra obtained using

a customized diffuse reflectance apparatus. The spectra are referenced to degassed VSB-5 and

show the vibrational modes of the adsorbed H,. At the lowest concentration only a broad doublet

is observed with features at 3970 and 3986 cm™. We believe these to be the highly perturbed Q(1)

and Q(0) modes respectively. At higher concentrations, additional features appear in the region of

4080 to 4140 cm™. These are indicative of H, adsorbed at weaker secondary sites.[71] At low
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concentration H first adsorbs in the most strongly binding (primary) site and once this is saturated
it starts to occupy secondary sites. The primary site H, modes are shifted by roughly 180 cm™
relative to the corresponding gas phase values representing the largest reported redshift for a

porous material.
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When the red shift observed here is compared to the red shift in other MOF materials (Fig.

3.9), it can easily be seen that the red-shift in VSB-5 is of the largest observed to date, which
corroborates the very high HOA. Figure 3.9 shows the measured vibrational redshift as a function
of HOA for a series of MOF materials. There is a strong correlation between the two, and as can

be seen our measured HOA value for VSB-5 is perfectly in line with the overall trend.
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To our knowledge, VSB-5 is the second nanoporous framework demonstrated to bind
hydrogen with a HOA above 15 kJ/mol. The first example is found in a 2017 paper describing a
Cu(l)-based MOF with a 32 kJ/mol HOA attributed to H» sorption on the Cu(l) site.[72] Besides
the high HOA for H, Cu-I-MFU-4I has an initial preference for Hz at under coordinated Cu-sites
which then favour D at temperatures higher than 90 K. This thermodynamically controlled
isotopic exchange at higher temperatures allows for separation at lower concentrations in the gas
phase.

The most widely used metal cluster in MOF synthesis containing a coordinatively
unsaturated metal site is the Cu-paddlewheel. HKUST-1 (CuTMA, CuBTC) is one of the first
MOFs to be synthesized and remains one of the most studied, both theoretically and
experimentally. In previous work, we have already focused on studying HKUST-1’s ability to
separate Kr and Xe. In the course of those studies, we also measured HKUST-1’s adsorption
isotherms for Hz around liquid nitrogen temperatures (57-77 K). The experimental HOA extracted

from those isotherms has an initial value of about 6.7 kJ/mol and decreases after 5 mmol/g adsorbs,
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similar to what we observed in the MOF-74 family and the Ni-phosphate material. 5 mmol/g,
stoichiometrically, corresponds to the point when both small pockets and all Cu(ll) sites are
saturated (at 0.83 mmol/g, the metal sites should be saturated). This likely indicates a cooperative
effect between the small cage of HKUST-1 and the unsaturated metal sites. In that work, the HOA
of HKUST-1 was simulated using two different common Hz models that only include electrostatics
and quantum- (i.e., Feynman-Hibbs) corrected dispersion. Both models dramatically underpredict
the experimental observations. In contrast, those parameters worked well describing H2 adsorption
into MOF-5 (IRMOF-1), which has no open metal sites. The failure of both models indicates that
there are more complex effects at play than described by the simplest physisorption model, further
proving that there is a bonding-like chemisorption with relevant quantum effects occurring in
materials with coordinatively unsaturated metal sites that is not captured by traditional classical
adsorption force fields. The lack of a good force field to describe hydrogen chemisorption to
coordinatively unsaturated metal sites in the literature is why adsorption was not simulated in this
work.

The difference in the H, and D> HOA indicate that VSB-5 will be selective for D. Using
the slopes of the Henry’s law region can only supply a coarse estimate for the initial selectivity,
and it is better to use either Ideal (IAST) or Real adsorbed solution theory (RAST). IAST combines
experimental isotherms for different gases measured at the same temperature to estimate the
selectivity of the material for a binary gas mixture of any composition across a range of loadings.
The initial measured selectivity at 140 K for VSB-5 is in excess of 4 using both Henry’s law slopes
and IAST (IAST curve in Figure 3.7 (right)). This is again one of the highest measured values
reported, and we believe it may be the highest measured selectivity at this temperature. The

selectivity for D2 is highest at the initial loadings and falls smoothly for higher loadings
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presumably because saturation of the coordinately unsaturated metal site with adsorbed hydrogen
isotopes. This implies that the selectivity, much like the difference in heat of adsorption, arises
from the strong quantum effects that occur when the hydrogen chemisorbs to the coordinatively
unsaturated metal site, which goes away as the metal site saturates. A selectivity of 1 indicates that
the material sees the two gases identically, and that a selectivity >1 persists out to the highest
loading available with IAST shows that the narrow pores are contribute to this material being one
of the best identified for separating hydrogen isotope gas mixtures. The selectivity results from
IAST and from an isothermal fit shows an initial selectivity for D> > 1 at temperatures up to 150
K, however the values are much closer to 1 indicating a thermal mitigation of the pronounced
quantum effects. For zeolites, selectivity as high as 4.5 is measured at 77 K and 10 Pa. For the
leading MOFs, FitzGerald et al have studied the adsorption Hz and D; into the Fe, Co, and Ni
forms of MOF-74 in the temperatures ranging from 77 to 120 K, with Ni-MOF-74 having the
highest D2/H, selectivity at 77 K. Their adsorption results indicate that D, is preferentially

adsorbed over H» at temperatures as high as 120 K for the same reasons as in VSB-5.

3.9 Conclusions

In conclusion, VSB-5 is shown here to have one of the highest measured initial heat of
adsorption, >16 kJ/mol, of any material to the best of our knowledge. However, many other
previously examined materials are likely to have comparable HOAs, if their adsorption were to be
re-evaluated at several temperatures with careful attention paid to the slope of the Henry’s law
region of the isotherm. D, maintained a > 1.5 kJ/mol greater initial heat of adsorption then H,
which resulted in what we believe to be the highest measured initial D2/H; selectivities at a

temperature > 120 K. The reason for this high selectivity is that there are still very pronounced
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quantum effects in the strong chemisorption between the coordinatively unsaturated Ni site and
the hydrogen isotope that have yet to be washed out by other free energies contributions even by
140 K. VSB-5, while not a candidate for H. fuel storage, is the leading candidate material for lower

energy cost PSA separations of D2/H2 gas mixtures.
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Oberlin University. From UNLV, Amit Sharma synthesized all the necessary batches of VSB-5
needed for this project. He performed a minor project to investigate the proper activation
conditions for VSB-5 which were required for the remainder of the studies. He also measured the
necessary H>-D gas adsorption isotherms and the corresponding heats of adsorption which were
then used by Dr. Keith VV Lawler for the calculations of selectivity using the principles of IAST as
explained in the text. All the necessary simulations for this study were performed by Dr. Lawler.
Dr. Stephen FitzGerald’s group checked the heats of adsorption data by measuring the adsorption
isotherms on their system on the batch provided by Dr. Forster’s group. Besides, they also
measured the diffuse reflectance IR spectra on VSB-5 and also provided the IR red shift as a
function of initial isosteric heats of adsorption for various MOFs to compare VSB-5’s

performance.
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4.1 Abstract

We examine the adsorption of dihydrogen on layers of graphene and into the nanoporous
nickel phosphate VSB-5. On the basis of gas sorption analysis we have already established that
VSB-5 exhibits one of the highest measured heat of adsorption for dihydrogen as discussed in
chapter 2. Inelastic Neutron Scattering (INS) measured the shift in the rotational line of dihydrogen
for VSB-5 and indicates a strong interaction with the available unsaturated Ni?* sites. This strong
interaction of dihydrogen with metal sites is related to a series of metal-dihydrogen complexes
referred to as Kubas complexes. Similar adsorption studies are performed on graphene as well to

compare the behavior of dihydrogen on a weakly interacting surface.

4.2 Introduction to neutron scattering [1]

Neutron scattering can be used to study the positions (structure) and motions (dynamics)
of atoms in condensed matter. The neutron has no charge, a mass slightly larger than proton, and
a spin of one-half. A summary of physical properties is provided in the table below. Due to high
penetrating capability compared with photons and electrons, it travels relatively long distances
through most materials without being scattered or absorbed. It has a half-life of ~ 900 seconds and
decays into a proton, an electron, and an antineutrino. Its interactions with matter are confined to
the short-range nuclear and magnetic interactions and since the interaction probability is small,
neutron penetrate well through matter making it a unique probe to investigate bulk condensed
matter. In addition to being scattered by the nuclei, they also interact with the unpaired electrons
through the spin of the neutron.

The neutron displays both wave and particle properties. With energy distributions in

equilibrium to room temperature, both properties are significant and whether we treat the neutron
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as wave or particle depends on the phenomenon observed. In incoherent inelastic neutron
scattering, (the case that we will be referring in this work), the particle description is the more
important and useful of the two. However, the spherical wave nature of the scattered neutron
cannot be neglected. The wave properties of neutron are revealed by interference/diffraction or by
observing the way in which a beam of neutrons propagates and spreads. The de Broglie wavelength
of a thermalized neutron is comparable to interatomic and intermolecular distances and its energy
is comparable to molecular vibrational energies. Due to these reasons, neutron scattering

experiments can yield structural and dynamic information on the scattering system simultaneously.

Property Value

mn /kg 1.674 x 10?7
My /u 1.008

mnc? /MeV 939.565
Spin, 1 7

Charge number, z 0

Mean life /s 889.1

Table 4.1: A brief overview on the physical properties of a neutron.

4.2.1 Neutron sources
Since the early days of neutron scattering, there has been an increasing demand for higher

neutron fluxes. Neutron sources are based on various processes that liberate excess neutrons from
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neutron-rich nuclei such as Be, W, U, Pb or Hg. Presently for neutron scattering purposes, two
types of sources are established.
(i) Continuous reactors:

To explain the continuous reactors for neutron production, consider a nuclear fission
reaction where the heavy nuclides (U-233, U-235, Pu-239) undergo fission reaction to produce
lighter nuclei upon interacting with energetic neutrons. Each fission reaction generates enormous
amounts of energy (200 MeV) released as gamma rays and kinetic energy in fission fragments
(fission isotopes, neutrons). Most of the particles are shielded and slowed down by different
moderators (D-0, H20) to give a filtered neutron beam to be used in beam tubes for scattering
studies. Neutrons generated from fission can either slow down to epithermal and then thermal
energies or may be absorbed by radiative capture, or might escape the system. The slowing down
process is maintained through collisions with low Z elements and the neutron leakage is minimized
by having a low Z blanket surrounding the core. For these reactors, the intensity at the sample and
the detector is shown below.

One example of continuous reactors is High Fluxed Isotope Reactor (HFIR) at Oak Ridge
National Laboratory (ORNL) in Tennessee, USA. HFIR was constructed in 1960s for the
production of transuranic isotopes and since then it has grown to include materials irradiation,
neutron activation, and neutron scattering. HFIR is a beryllium-reflected, light water cooled and

flux type reactor that uses U-235 (highly enriched) fuel with an operating power of ~ 85 MW.

(i) Spallation neutron sources
Spallation is the process of releasing neutrons from target element by bombardment with

energetic protons. Based on the energy of proton and the target material, the spallation process
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emits fewer neutrons/proton when compared with continuous reactors. Unlike continuous reactors,
these neutrons are released in short pulses and the neutron flux during these pulses is appreciably
higher. Since the proton pulses arriving at the target produces neutrons at a specific time, additional
information related to the time of the flight can be capured which is not normally available. For
many experiment ypes, this allows all of the neutrons arriving at the sample to be used to
interrogate the material rather than having to select a monochromatic slice of the neutrons as is
necessary at a reactor. A simplistic way to consider the difference is that reactors allow instruments
to use some of the neutrons all of the time, and spallation sources allow the use of all of the
neutrons some of the time.

Spallation sources have existed since the 70s. Some of the earlier spallation sources are no
longer operational like LANSCE and IPNS in the USA, KENS in Japan. The most modern
spallation sources are ISIS (UK), SINQ (Switzerland), JPARC (Japan) and the most powerful
pulsed neutron source, the Spallation Neutron Source (SNS) at ORNL. SNS began its operation in
2006 and is presently the most powerful accelerator-driven neutron source in the world operating
at 1.2 MW.

The front end of the SNS houses the ion source which produces negative hydrogen ions
meaning each atom has two electrons instead of one electron and one proton. The negative
hydrogen ions are cut into pulses of nanoseconds duration which are then fed into the linear
accelerator (Linac) before accelerating the ions to ~ 2.5 MeV. These energetic ions are injected
into Linac which is a superposition of superconducting and normal radio-frequency cavities which
accelerates the ions (in form of beam) to even higher energies ~ 1 GeV. The beam of ions if focused

and steered while accelerated. The cavities are cooled to ~ 2 K by liquid helium. [2]
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After the Linac, the hydrogen beam enters the proton accumulating ring. The ring structure
bunches and intensifies the ion beam for delivery onto a mercury target. The hydrogen beam pulses
from the linac is wrapped into the ring through the carbon foil and that strips the electrons from
the negatively charged hydrogen ions to produce the protons that circulate in the ring. More than
1200 turns are accumulated and are then ejected at once, producing a sub microsecond pulse which
is delivered to the target. So, intense proton pulses are produced, stored, and extracted at a rate of
60 times a second to bombard the target.[2]

The target is liquid mercury which emits around 30 neutrons for each high energy proton
which bombards the mercury target. These neutrons as produced are too energetic for most
experiments conducted at the SNS and must be slowed down and turned into low-energy neutrons
required for the research. The neutrons are slowed down by passing them through cells filled with
water to produce room temperature neutrons or by passing them through containers of liquid
dihydrogen at a temperature at 20 K to produce cold neutrons. These moderators are placed above
and below the target. The moderated, pulsed neutrons are guided through beam tubes to the various
instrument stations. The instruments are unique and a variety of sample environments are available
with each instrument providing different environmental conditions, such as high pressures and

temperatures needed for research purposes. [2]
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Figure 4.1: Layout of Spallation Neutron Source at Oak Ridge National Laboratory in Tennessee, USA.[2]
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4.2.2 Beamline 16-B: VISION

The work compiled here was performed at VISION (Beamline — 16B) which is a neutron
vibrational spectrometer and here is described briefly. VISION uses neutrons rather than photons
as a probe of molecular vibrations. Neutrons provide several advantages over optical spectroscopy
such as high sensitivity to hydrogen, ease of computation of vibration spectrum, absence of
selection rules, isotopic sensitivity and high neutron penetrability through bulky sample. VISION
is the highest resolution broadband INS spectrometer in the world. It is also the world’s first high
throughput INS instrument. It is designed to study the vibrational dynamics of atoms in molecules
and solids; and, by combining a series of diffraction banks, the instrument simultaneously provides
structural information. VISION is neutron analogue of an infrared or Raman spectrometer and uses
neutrons as a probe for molecular vibrations over a broad energy range (-2 — 1000 meV) while
simultaneously recording structural changes using diffraction detectors. The double-focusing
crystal arrays focus the neutrons scattered by the sample on a small detector area. Better signal-to-
noise ratio and enhanced performance is observed in this inverted geometry instrument by coupling
the incident beam of neutrons with two banks of seven analyzer modules which are equipped with
curved pyrolytic graphite crystal analyzer arrays that focus on a series of small detectors. The high
inelastic count rate is more than two orders of magnitude when compared to similar spectrometers.
Two large diffraction detectors with perpendicular scattering angles and backscattering (Q-range
1.3to0 30 A‘l) offer high resolution. Simultaneous powder diffraction and INS provides a detailed
description of sample structure and dynamics in the samples. VISION relies on state-of-art
hardware and software to compute vibrational spectra. The simplicity of the neutron-nucleus
interaction permits the easy calculation of the neutron vibrational spectrum: mode frequencies and

mode intensities. VISION is the first SNS instrument that has computer modeling as integral part
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of the data analysis and interpretation of the spectra. Besides, VISION offers various sample
environments such as high pressure, in situ gas adsorption with custom gas manifold, and low

temperatures.[3]

Figure 4.3:VISION instrument : Outside view of the spectrometer chassis, facing upstream (left), real working
spectrometer with beam stop (middle), and inside view of the upstream double-focusing crystal array analyzers and

corresponding beryllium filter assemblies (right).[3]

As far as the specifications are concerned, the source-to-To chopper distance is 7.6 m and
the source to sample distance (the primary flight path) is 16 m. The secondary flight path, or
sample-to-detector distance is 0.732 m. With a 45 ° analyzer Bragg angle, the total analyzer area

is close to 0.7 m?. To elaborate on the design, the engineer drawing of the instrument is provided.
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Figure 4.4: Engineer drawing of the VISION Beamline showing the several components of the beamline with their

specific orientation and distance from the source. [3]

VISION is an indirect geometry instrument which means that the final energy of the
neutron is fixed. The sample is illuminated with white beam of neutrons, the faster neutrons arrive
early and the slower ones later. After scattering, the neutrons travel through the secondary
spectrometer, set at specific angles and is equipped with curved pyrolytic graphite (PG 002) which
selects and focus the neutrons on a series of small detectors and the final energy is selected. The
neutrons are diffracted on the analyzers and only those that satisfy the Bragg condition are reflected
towards the detectors. After the graphite analyzers, the spectrometer has Beryllium filters, cooled
down to 10 K that remove the high order reflections. The final energy of the neutrons selected with
this arrangement is ~3.5 meV.

The initial energy of the neutrons is calculated using the concepts of time-of-flight. At a pulsed
source, each neutron is time stamped at its moment of creation and this makes the time-of-flight

technique the method of choice. The aim is to exploit energy dispersion during neutron flight time.
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The neutrons with different energies are produced instantly and they have different velocities to
travel along the beam tube. This difference in velocities leads to a dispersion of neutrons in the
beam tubes when neutrons leave the moderator.

Since the mass of the neutron (mp, in kg) as are the neutron flight distance (d, in m), for an
elastic scattering (diffraction) process the flight time (t, in us) determines the neutron velocity (vn)

and so its energy (E, cm™) is:

_muvi my (d)z

E=—=7 1
1)
For an inelastic process, the total flight time t; is given by:
tt=ti + ty
which is
de _di  dr
14 Vi Uf
)
de _ d; N ds
Ut my, L)
2E; 2Ef
©)
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mndi2 mnd]?

2(E; — Ef) * 2E;

tt=

(4)

where t; is the sum of the incident (before scattering) ti and final tr (after scattering) flight times
and so it is necessary to know the distance from the source to the sample di, the sample to detector
dr, and either the incident E;, or final energy Er as well as the total flight time t:.

A combination of analyzer and filter define the final energy and a schematic of the
instrument is shown in the figure. The dispersion of neutrons is directly proportional to the flight-
path and so longer flight-path gives better dispersion which in turn provide a better incident
resolution. The resolution features of the final flight path is controlled by the filters and to get a

better flux, there should be a good match between initial and final resolution.
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Here is a comparison of VISION with Raman/Infra-Red:

VISION

Raman/IR

Measures dynamics of nuclei (direct)

Measures response of electrons (indirect)

Weighted by neutron scattering cross section

Weighted by polarizability or dipole moment

Easy to simulate/calculate

Difficult to simulate/calculate

No selection rules

Selection rules apply

No direct dependence on band gap

Band gap dependent

High penetration (bulk probe)

Low penetration (surface probe)

Easy access to low energy range for librational

and translational modes

Energy cutoff is between 200-400 cm-1 so few

modes are invisible

Trajectories in (Q,w) map

Gamma point

Table 4.2: Brief comparison between the VISION spectrometer with corresponding Raman and IR spectrometers.

4.2.3 Inelastic Neutron Scattering

The neutrons interact with the matter and are primarily scattered. Scattering is the process

where the moving particles deviate from their trajectory due to the non-uniformity provided by the

medium or matter (scattering nucleus). Scattering can arise due to a single scattering center

(random) or by scattering centers placed together to give multiple scattering of neutrons.

Scattering can be elastic, where there is no exchange in energy between the neutron and the

scattering nuclei occurs; or inelastic, where an exchange in energy or momentum takes place. The

scattered neutron may gain or lose energy. The energy transferred from the neutron excites

rotational, vibrational or translational motion of the scatterer.

The scattering of neutrons can be coherent or incoherent. The motions of single atom or molecules

such as rotations and vibrations as studied in neutron chemical spectroscopy focuses on the

135




incoherent scattering which states that the scattered waves from multiple nuclei don’t interfere and
the position of an atom j, at t=0 and t=t are correlated. Since the scattering in incoherent scattering
process is same for any scattering angle, it is called as isotropic. On the other hand, coherent
scattering is based on interference of scattered waves of a neutron from multiple nuclei. The total
number of scatter neutrons is given by scattered intensity which depends on multiple factors such
as — magnitude of atomic displacements, the number of scattering atoms in neutron beam and the
cross-section of the scatterer. The scattering intensity describes the scattering law and here we will

discuss it along with the associated cross-sections.

4.2.3.1 Why INS?
The most established experimental methods for studying the molecular vibrations are the
optical techniques of infrared and Raman spectroscopy. A direct comparison with these techniques

informs about the advantages INS holds:

INS spectra are readily and accurately modelled:

Measured INS intensities are straightforward related to the atomic displacements of the
scattering nuclei, which can often be obtained from simple classical dynamics. Due to absence of
selection rules, the electro-opto processes are avoided which makes the modeling easier to
perform. Also, modern ab initio methods are used to calculate the band positions and the intensities
of complicated systems. Modifications in INS spectrum such as subtraction of a background is
also easier. These methods are already established to understand the molecular structure and
dynamics making INS a valuable technique.

INS spectra are sensitive to hydrogen atom vibrations
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Optical techniques (IR and Raman) are generally more sensitive to vibrations involving the

heavier atoms because of the higher number of electrons they contain. The neutron incoherent

scattering cross-section of hydrogen is uniquely high, and makes it about ten times more visible

than any other atom. This means that INS is a highly quantitative technique in comparison to

conventional spectroscopy.

Element Total neutron scattering | Total absorption
cross-section/barn cross-section/barn

H 82.03 0.3326

2H 7.64 .0005

log 3.1 3835.0

ug 5.77 0.0055

C 5.551 0.0035

o) 4.232 0.0001

N 11.1 1.9

Al 1.503 0.231

Au 7.75 98.65

Si 2.167 0.171

Fe 11.62 2.56

Ni 18.5 4.49

Ru 6.6 2.56

Pd 4.48 6.9

Pt 11.71 10.3

Table 4.3: A list of the elements with their respective total neutron scattering cross-section (measured in barn). The

higher is the cross-section, the more the element will scatter during the inelastic neutron scattering measurements. [4]
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INS spectra are not subject to the rules of optical selection

All vibrations are active in INS and measurable. When scattered, neutrons transfers
momentum to the atom and INS measurements are not limited to observation at the Brillouin zone
center, as are photon techniques. The measured INS intensities are inter alia, proportional to the

concentration of the elements in the sample.

Neutrons are penetrating, photons are not

Neutrons penetrate deeply, into typical samples and pass readily through the walls of
containment vessels. INS results are thus naturally weighed to the measurement of bulk properties.
Because neutrons are highly penetrating, engineering materials like aluminum and steel can be
used for sample containment and for other equipment which may be in the neutron beam,
simplifying the design and manufacture of a complex sample environment if desired. In general,
neutron scattering measurements can be undertaken at temperatures in the range of 0.05-2000 K,
pressures from 107 to 10° bar and magnetic fields up to 7 T. However, the Debye-Waller factor,
which enters into the equation via the temperature dependence of the amplitude of vibrations is
strongly dependent on the sample temperature and severely suppresses the INS signal, particularly
when dealing with hydrogen. This in turn means that most of the INS studies in indirect geometry

instruments are performed at temperature of 30 K or lower.

Wide spectral range
INS spectrometers cover the whole molecular vibrational range of interest. The lower
energy range, below 49.5 meV (400 cm), is readily accessible. At zero energy transfer (as shown

in Figure 5), the scattering is elastic; the sample does not exchange energy with the neutron. If
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there are processes like diffusion, i.e. stochastic processes that are non-periodic in nature, a
broadening of the signal can be observed. This broadening is a similar effect to a Doppler
broadening. The neutron can transfer energy with the sample and this manifests itself as a
broadening of the elastic peak. This particular case of inelastic neutron scattering is called quasi-
elastic neutron scattering. The energies associated with transitions between quantized rotational
levels are usually so small that these transitions fall into the much more intense elastic (QENS)
peak. However, for sufficiently low mass rotors such as dihydrogen or methyl groups, they may
also appear as sharp features in the low energy region of the spectrum. Vibrations of molecules

and solids usually go up to ~4000 cm™ or 500 meV.

alastic peakl W

Quasi-elastic

a—

vibrational

{optic mode) n

0 1 10 100 1,000 10,000
Energy transfer m

Figure 4.5: Schematic representation of INS showing the different interactions occurring at respective energy

transfer.
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4.2.3.2 The scattering law

The double differential scattering cross section relates to the scattering law [, S(Q, w):

dZO' 4] kf
(dEf d!))l pbrraiCY)

()
In the case of vibrations. For a given atom j in a vibrational mode v, with the vibrational frequency

w,, involving an amplitude of vibration Uy,, the spectral intensity is: at OK

. 2n 2

v

(6)

where Q is the momentum transfer, ; is the cross-section of atom j and n is the order of the final

state of the mode excited by the neutron.

If we include thermal population and detailed balance in the equation:

hw,

coth +1
o (0 0) ZXCE,thl(%wv)

2
T

(7)
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Figure 4.6: The inelastic neutron scattering of a solid, ammonia containing material as function of energy. The
energy axis is linear between -1,1 meV range (the QENS signal of ammonia) and logarithmic from 1 meV to 1000
meV where the INS data is. Note that the left axis corresponding to the QENS signal is logarithmic (goes up to

10,000) and the INS data vertical scale is up to 100. The QENS signal is two orders of magnitude higher.

The strength such transitions is governed by atomic displacement which occur in the
vibration and transfer of momentum by the neutron. The shift in the atomic positions is determined
by the various intramolecular forces and the molecular structure which leads to variation in
intensities for the transitions. The intensity of the peak is calculated from the peak height or the
area under that peak. Also, a similarity with the Beer-Lambert law in optical absorption can be
made as the number of scattered neutrons from the beam is constant for a given element for a fixed
or constant mass.

It is easy to compare experimental data with any type of dynamic calculation; nowadays

the most common methods are density functional theory-based calculations. The neutron
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interaction with a nucleus is a kinematic collision; this is why the interpretation of vibrational
scattering from atoms and molecules does not have selection rules and is directly proportional to
the amplitude of the atomic displacement.

If we have a solid the amplitude of motion can be approximated, for interpretation

purposes, as:
(00 = 5otk () @)
il = 2 co ) 9i(@

(8)

Where the U, is the amplitude of motion for atom j at frequency w and is the phonon density of

states (PDoS) of atom j.

The scattering law, now simplifies to, for the first order into:

0;,Q* h coth (hTw) +1
$@Q0); x L ims o : 9;(@)

X exp (_QZ j Z,uia) X coth (hTw) gj(w)dw)

)

In this interpretation, it can be seen that it is possible to extract a neutron weighted PDoS from an

INS spectrum.
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4.2.3.3 How to model INS

The modeling of INS spectra from the experimental data is based on the atom positions
which is considered to be the primary assumption.

As expected, the atoms undergo various motions such as vibrations, near their equilibrium
position and the vibrational motion is studied by the phonon such that all atoms will oscillate at
one frequency. This is also known as the normal mode and they can be calculated by various
programs such as VASP, CASTEP, QUANTUM ESPRESSO etc.[5-7] The INS spectra can be

calculated using the aClimax software from the calculated frequencies and eigenvectors.[8]

4.3 Rotations of the dihydrogen molecule [1]

At low temperatures, in the solid state, small molecules are able to locate enough space in
their local lattice to rotate. The free or unrestricted rotations are clearly observed in an INS
spectrum as the effects of molecular recoil are seen as broad wing on the high energy side of a
vibrational or rotational transition.

The first rotational transition for dihydrogen occurs at 14.7 meV (118 cm™). The transition
occurs at a higher energy than other rotational transitions as a consequence of the low mass of the
H2 molecule and its short bond (0.746 A), which gives it a high rotational constant, Brot " = 7.35
meV (59.3 cm™). Byt M refers the molecule to its ground vibrational state. Direct excitation of the
rotational spectrum of dihydrogen will therefore produce transitions that intrude into the lower
vibrational region. The only intramolecular vibrational of dihydrogen has its harmonic
fundamental near 545 meV (4400 cm™).

The rotational energy of the molecule in free space is

EJM:EJ:]U+1)Z_j:]U+1)Br0t
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(10)

Where | is the moment of inertia of the molecule is given as:
T 2 - 2
[=2 (5) m and for dihydrogen, Ihn = pureHn

(11)

The rotational constant Byt is:
h? ) K2

Brot = — and for dihydrogen Bt = ——7.35 meV
21 2Igy

(12)

In principle, INS spectroscopy is useful to observe all the rotational transitions of
dihydrogen however, some transitions are rather weak since they depend on the coherent neutron
scattering cross section of hydrogen (1.76 barn) and these transitions are too weak to be observed
in its INS spectrum.

A fortunate consequence of the weakness of these transitions is uniquely beneficial for INS
spectroscopy, elastic scattering from ground state parahydrogen (p-H>) is effectively suppressed.
We represent the transition as J,_,,. Elastic scattering is observed when no exchange of energy
occurs, usually the transition is thus restricted to a single manifold and the cross-section is low.
Spin-flip transitions, between the manifolds (i.e. parahydrogen to orthohydrogen (o-H)), are
controlled by the incoherent cross section of hydrogen, 80.3 barn, and are enabled by spin

exchange with neutron, I, = %.
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The reason for the strength of the J,_,; feature in the INS spectrum of dihydrogen is its
access to the incoherent scattering cross section. The strong features of the dihydrogen INS
spectrum are, therefore, the Jy_1,J/0-3 €tc and the J;_,,,/;_4 etc transitions. In order to take
advantage of this, the experiments are usually performed using parahydrogen that is prepared
separately, using a special equipment at the VISION beamline, we usually have only J=0 as the
initial state. A full treatment of the INS spectrum of dihydrogen might take as its starting point of

the Young-Koppel model which has seen some recent refinement. [9]

4.3.1 Ortho and para hydrogen

Ortho and para-hydrogen are the two molecular species for dihydrogen due to the quantum
restrictions on the symmetry of rotational wavefunction. The dihydrogen nucleus has half-integer
spin and is a fermion. The quantum mechanical description meets the Fermi statistics rules. This
leads to the occupation of certain states only and also puts a symmetry requirement on molecular
wavefunction. Identical nuclei are indistinguishable; their exchange can change the sign of the

total wavefunction.

oo od

Puara-hiydrogen Ottho-hydrogen

The antisymmetric wavefunction is described by the even values of J and it must be paired
with the symmetric spin wavefunctions. So this gives us the only allowed rotational states of
antiparallel or spin paired dihydrogen as J = 0,2,4 and so on. This is called as para-hydrogen. For
each acceptable J, a total of 2J+1 spin states can be observed and the only allowed spin state for

the ground state of para-hydrogen is given by J =0.
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Likewise, the symmetric wavefunction is described by the odd values of J and it must be
paired with the antisymmetric spin wavefunctions. So, this gives us the only allowed rotational
states of parallel or unpaired dihydrogen as J = 1,3,5 and so on. This is called as ortho-hydrogen.
For each acceptable J, a total of 2J+1 spin states can be observed.

In natural state, the ortho and para-hydrogen species are spin trapped as the transitions
between the spin-paired and unpaired are negligible. In the natural state, dihydrogen is seen as a
mixture of these two stable species, where there is little exchange between the two populations.
However there is a slight difference in the physical properties of two states. The ground state
rotational energy of dihydrogen, zero, is the minimum rotational energy for para-hydrogen
molecules. On the other hand, the minimum energy of ortho-hydrogen molecules is 2Brot. In states
are significantly occupied and in proportion to their degeneracies, namely 1 and 3. Dihydrogen in
gaseous state is so a mixture of 25% para-hydrogen and 75% ortho-hydrogen.

Liquid dihydrogen below its boiling point converts to para-hydrogen and this process is
expedited by a suitable catalyst. When the liquid is brought into contact with a paramagnetic
catalyst the conversion is achieved at a faster rate and time constant going into seconds. A simple
approach to obtain milliliters of liquid para-hydrogen is by using nickel as a catalyst during the
liquification process of dihydrogen. The conversion container should have a slight temperature
gradient such that the convection will remove the present para-hydrogen from the catalyst leaving
the catalyst exposed to other ortho-molecules. Equilibrium can be achieved at the boiling point of
dihydrogen however it may take few hours. There is such a para-hydrogen converter installed in
the VISION cave that generates almost pure parahydrogen required by the researchers for their

experimental needs.
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4.3.2 An outline of the INS spectrum of dihydrogen

An INS spectrum of solid dihydrogen at 5 K obtained with the VISION instrument is shown
in Figure 7. It consists of a sharp, intense transition centered at 14.7 meV (118 cm™); to higher
energies there is a strong broad shoulder with some weak overlaying features. The shoulder,
centered at ~37.2 meV (300 cm™), is overall smooth. But for energies below the rotational
transition, a sharp feature is observed. Intensity here is due to the displacement of rotational
transitions by the translational recoil of the dihydrogen molecule.

When the solid dihydrogen is heated, the recoil effects become more prominent. Close to
the melting point (around 15 K) the transition line diminishes to an edge. In liquid, the recoil occurs
below the rotational transition and the edge continues to disappear.

The interaction potential provided by the surface/sites/etc controls the formation of spectra.
Stronger and weak interactions with the interaction potential can be observed due to this effect.
The effect of recoil on the spectrum decreases when the hinderance to translations is increases and
this leads to an increase in the relative strength of the relative strength of the rotational line, when
compared with the shoulder. When different molecules are under varying isotropic potential field,
there could be a noticeable change in the rotational transitions. For instance, it might get broadened
or shifted. So, when the interacting potential is stronger, the M degeneracy is lifted under the
influence of strong anisotropy and could lead to huge changes in the transitions. And for weaker

anisotropy we can also observe some broadening in the transitions.
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Figure 4.7: INS Spectra of solid parahydrogen at 5K as measured in VISION) The insert in the figure shows a zoomed-
in area The red trace is the forward scattering bank and the black trace is the back-scattering bank. The rotational line of
dihydrogen is the main peak at 14.7 meV (118 cm™). The peak around 20 meV corresponds to the translational vibration
of the center of mass (CoM) of the parahydrogen molecule. The higher rotational transitions are affected by the recoil
of the dihydrogen molecule

4.3.3 The INS spectrum of dihydrogen in an anisotropic potential
When dihydrogen is adsorbed on a surface, where x- and y- axes are defined in the plane
of the surface, the unique direction of the anisotropic potential is taken on the z-axis. Now the
rotational states probing the near surfaces will be perturbed when the out of plane forces along z,
securing the dihydrogen to the surface increase in strength. So, the total energy of the system in
polar coordinates by separation can be given as:
V(2,6,8) = Vo + faas(z — 20)* + V(6,0)

(13)
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where the minimum isotropic potential is Vo and relies on the distance of the molecule to the
surface, z. The potential that governs the rotation of the molecule is given as considering only the

orientational terms:

b
V(o,0) = [a + S cos 2(2)] sin26

(14)

where the polar angle, the angle between the H-H bond and the surface normal z, is given by 8 and
the azimuthal angle is @. The relative weights of the potential is given by a and b and 29 is the
symmetry of the field matches the C> molecular symmetry. The Schrodinger equation for the
system is given by the system by treating the orientational potential as a perturbation and
expanding it in spherical harmonics and the resulting matrix can be diagonalized for determination
of energy states of the perturbed rotor. When a < 0, then the potential V (6, @) is most attractive
when the dihydrogen molecule is parallel to the surface as shown in the figure and if a>0 the

molecule tends to align perpendicular to the surface.
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Figure 4.8 depicts the range of a/B and how the potential changes accordingly. The values of ‘@’ determines the

alignment of the dihydrogen molecule with the surface.

4.4 Motivation:

The importance of physical storage of dihydrogen (H-) is introduced in chapter 2 and here
we present the usage of one of the simplest, yet important, surface for dihydrogen interactions —
graphene. Being discovered in 2004 by Dr. A. Geim and Dr. K. Novoselov as a layer with atomic
thickness, graphene continues to provide striking surface chemistry due to its large specific surface
area and exceptional chemical, electrical, mechanical and thermal properties.[10] The atomic thick
graphene layer exists as a hexagonal lattice of carbon bonded in sp? hybridization with a bond
length of 1.42 A. When this allotrope of carbon is stacked, it gives rise to graphite, where the
interplanar spacing is 3.35 A. Now graphene, the new rising star of the carbon family has
established its position with its remarkable properties as displayed in the table later and so some

understanding of the interaction of dihydrogen with graphene is therefore of interest, not only in
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the context of use of carbonaceous materials for dihydrogen storage, but also from the standpoint
of fundamental surface science. To explain its use in the fundamental surface science, remember
that the interaction of dihydrogen gas with carbon is weak and since the structure of graphene only
consists of carbon in hexagonal lattice, it can act as a good model to test the validity of dihydrogen
in an anisotropic potential. Here, the graphene isn’t processed with other chemical or thermal
treatments (such as KOH wash) to enhance the surface area but repetitive washing with water is
performed to obtain a continuous and smooth layers of graphene. [11]

Other simple carbonaceous materials such as graphite — the cheapest source of carbon or
graphoil [12, 13] — which is flexible graphite with slightly more use as gasket material, aren’t
interesting to study the dihydrogen — carbon interactions primarily because of two reasons: (a)
these materials have significantly low specific surface area, around 20 m?/g which as we can
imagine won’t be sufficient to adsorb enough quantities of dihydrogen gas because amount of gas
adsorbed scales with specific surface area and (b) the accessible surface is highly non-uniform.
Since the focus is to study the adsorbate-adsorbent interactions only, any non-uniformity in the
surface will lead to different (attractive or repulsive) interactions thereby defeating the purpose to
study the fundamental surface science. Although closely related, materials such as graphite oxide,
were not selected because the functionalization results the presence of functional groups
(carbonyls, hydroxyls, and epoxides) on the graphite oxide surface could provide additional

adsorption sites for dihydrogen and provide non-uniform surface. [14, 15]

4.5 Earlier work on carbonaceous materials and dihydrogen interactions
To understand the science of adsorption on graphene, theoretical efforts have been put by

researchers.[16-24] In one of the studies, hydrogen cluster formation on graphite was studied
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which isn’t involve diffusion but preferential sticking on the surface which leads to formation of
larger clusters. [19]Another study to understand the adsorption of dihydrogen on graphene surface
employed plane-wave based density functional theory calculations and computed the binding
energies up to four atoms of hydrogen with different possible configurations.[20] Xia et al. applied
non-equilibrium thermodynamics methods to explain the adsorption and desorption of molecular
hydrogen and pointed out the need for high quality temperature controlled desorption data for
quantitative analysis.[25] A density functional theory study on layering in hydrogenated graphene
for electronic structure and magnetic properties was also performed and single-layered, bi-layered,
and multi-layered graphene was compared with most stable configuration of low hydrogenated
graphene.[21] Balog et al. demonstrated the opening of bandgap by adsorption of dihydrogen and
mentioned the need of more experimental evidence for graphene-based electronic devices.[22] A
recent study on perforated graphene demonstrated a joint effort of experimental data and grand
canonical Monte Carlo simulations and estimated ~6.5 wt% hydrogen uptake at 77 K.[23] Zhang
et al. studied the effect of temperature on hydrogenation in graphene by molecular dynamics
calculations. Formation of hydrogen pairs and cleavage of C=C bonds as additional C-H
interactions were studied.[24] Application of KOH treatment on reduced graphene oxide was
mentioned recently with a high specific surface area of ~3400 m?/g. A pore volume of 2.2 cm®/g
was reported which holds to improve dihydrogen storage.[26] Rotational and translational motions
of immobilized dihydrogen in confined pores in microporous carbon at broad pressures and
temperatures range were studied by Inelastic Neutron Scattering (INS) to investigate gas-matrix

interactions.[26]
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4.6 Materials and Methods:

A modified version of Hummers-Offerman method was used to synthesize graphite oxide,
which was then thermally exfoliated to yield graphene.[27] Graphite powder (Company name,
99.99% purity) was stirred overnight at room temperature in a mixture of 250 ml sulfuric acid
(Sigma-Aldrich) and 100 ml 50% hydrogen peroxide (Sigma-Aldrich). The suspension was
filtered, and the graphite was washed several times with deionized water prior to drying in a
vacuum oven at 110 °C. 6.0 g of this graphite powder was added to a mixture of 360 ml sulfuric
acid and 40 ml 85% phosphoric acid (Amersco) to get a black colored suspension. 18 g potassium
permanganate (Sigma-Aldrich) was added slowly with continuous stirring to avoid overheating.
The reaction was then heated to 50 °C and stirred for 12 hours. An additional 9 g potassium
permanganate was added and the mixture was stirred for another 24 hours. The reaction was cooled
to room temperature and slowly poured onto 0.5 L ice with constant stirring. 30% hydrogen
peroxide (Sigma-Aldrich) was poured in small increments (~10 ml), resulting in a bright orange-
yellow colored solution. This mixture was sonicated for 1 hour and then vigorously washed by
centrifugation with deionized water, 5% hydrochloric acid (Fisher Chemicals), and acetone (Fisher
Chemicals). The final product was dried in vacuum oven at 50 °C for 12 hours to give 3.9 g of
graphite oxide.

This graphite oxide was then thermally exfoliated in small batches in a tube furnace set to

1000 °C under inert atmosphere to get a 1.6 g of black graphene powder.

To study the interactions of dihydrogen on graphene, a clean, homogeneous and smooth
graphene surface is required. There are different synthesis options being investigated by

researchers as mentioned in introduction such as KOH treatment, chemical exfoliation, chemical
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decoration etc. The scotch-tape method used by Geim and Novoselov for discovery of graphene
isn’t preferred here due to the need of large amounts for inelastic neutron studies and other
characterization. One of the good characteristic for any adsorbent is to have a better surface area
and the KOH treatment of graphene has proven to enhance the surface area of graphene
significantly. However, KOH treatment also leads to big and random ‘holes’ on the surface which
doesn’t end up on giving a homogeneous surface. These random inconsistencies aren’t desirable
to study the weak dihydrogen interaction and so we focused on the Hummers-Offerman method
for bulk synthesis. To describe it briefly, this synthesis method uses sulfuric acid and potassium
permanganate solutions for oxidation purposes to give graphite oxide gel. This gel after drying is
exfoliated (chemically or thermally) to yield graphene.

Instead of using the Hummers-Offerman method as described in various research articles,
we worked by adding a few steps to get a better surface for the dihydrogen studies. Firstly, we pre-
treated the graphite (99.99% pure) with concentrated sulfuric acid and 50% hydrogenperoxide
solution to clean the graphite surface by removing all the impurities which might be present. A
small amount of impurity will lead to a lower yield of graphite oxide and hence graphene. Also,
the impurities which are still present in graphite oxide might lead to an improper exfoliation as
well. Impurities such as Fe, Mn, K, or other metal present in the graphite batch lead to formation
of metal salts which are difficult to remove if trapped. After cleaning the precursor with acidic
solution, we washed it excessively with deionized water to remove any sulfuric acid or hydrogen
peroxide traces. The water was removed by drying the graphite batch in vacuum oven pre set to
110 C for several hours.

The other difference with Hummers-Offerman method is addition of extra potassium

permanganate. When potassium permanganate is added to the graphite-acid gel step of the method,
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excessive bubbling is observed indicating the oxidation reaction. Now as per the method, 18 g of
potassium permanganate is required to completely oxidize graphite to be later recovered as
graphite oxide but we observed oxidation continuing when we kept on adding potassium
permanganate beyond 18 g. Before exceeding the required amount, the solution was kept stirred
to give ample amount of time for complete reaction. Once the bubbling stopped, potassium
permanganate addition was stopped. This extra 9 g of potassium permanganate leads to complete
oxidation and higher yield of graphite oxide.

Besides these chemical treatment, we focused on excessive washing of the intermediary graphite
oxide as we observed presence of K, Mn, Fe, and Sr in graphite oxide before washing. Excessive
washing with deionized water, acetone, and mild hydrochloric acid solution helped in removing
the major impurities. Only after confirming the removal of impurities we proceeded for thermal
exfoliation to get the graphene. Thermal exfoliation was preferred over chemical exfoliation even
though chemical exfoliation sounds consistent because, higher surface area was measured after
thermal exfoliation. Chemical exfoliation with LiAlHs and other reagents was a bit time
consuming and didn’t lead to consistent surface area measurements.

So, the method employed to extract graphene was quick, with higher yield, consistent with surface

area measurements and a well-dispersed product was obtained.

4.7 Characterization:

Structure determination by Powder X-ray Diffraction (PXRD) was performed on a
PANalytical X Pert X-ray diffractometer in reflection geometry mode with monochromated Cu
Koa (A =1.5425 A ) and Koz (L = 1.5442 A ) incident radiation operated at 40 kV and 40 mA. The

X-ray diffraction patterns were collected over a 20 range of 5° to 70°. Fourier Transform Infra-
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Red spectroscopy (FTIR) was carried using a JASCO 6100 spectrometer with attenuated total
reflectance method. A Gemini VII gas sorption analyzer from Micromeritics was used to measure
the BET (Brunauer-Emmet-Teller) surface areas of the samples at 77 K using a liquid nitrogen
dewer for temperature control. Prior to the BET surface area measurements, the samples were
activated to 150 °C for 24 hours under dynamic vacuum. The BET range for surface area
measurement was set from 0.05 P/Po to 0.3 P/Po. Elemental analysis to examine the purity of
graphite oxide and graphene was performed by a bench top MiniPal4 Energy-Dispersive X-ray
Florescence spectrometer (ED-XRF) with a rhodium target. Inelastic Neutron Scattering (INS)
data was measured at beamline-16B (VISION). Approximately 0.7 g of sample was transferred to
a cylindrical aluminum sample can to fill the entire volume and sealed using aluminum foil. After
measuring the blank, gas was dosed into the can at 35 K using a custom-built gas dosing manifold.
Para-hydrogen was prepared at 5 K by liquefying dihydrogen gas using OXISORB® catalyst in an
in-house converter. The sample was cooled to the base temperature (~5 K) before measuring the

inelastic neutron scattering data.

4.8 Results and Discussions of para-hydrogen loadings on graphene

Since the inelastic neutron scattering cross-sectional area of para-hydrogen is significantly
larger than ortho-hydrogen, we have used pure para-hydrogen for the experiments.[4] The
conversion of normal-hydrogen to para was done in the in-house catalytic converter as explained
above. To study the interaction of dihydrogen molecules with the graphene surface, we have
measured INS spectrum at increasing coverages of dihydrogen. The coverage of dihydrogen on
graphene was as follows: 0.1 ML, 0.25 ML, 0.5 ML, 0.75 ML, 1.0 ML (ML: Monolayer), and a

final saturation was observed with 1.83 ML of dihydrogen on graphene surface. The data
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presented in the Figure 4.9 is analyzed after subtracting a general background (least square fit to a
polynomial order 4) that takes into account the smooth recoil of the dihydrogen rotation signal.
Looking superficially at the Figure 4.9, we have energy transfer from 0 to 1000 meV and we
observe a broad feature converting to a sharp and narrow feature (the rotational peak) at 14.4 meV
when we increase the amount of para-hydrogen in the sample, which corresponds to para—>ortho
transition i.e. J=0 to J=1 rotational transition of the adsorbed molecules. The recoil peaks are
observed at higher energy transfer and they correspond to higher order rotational transitions. The
first recoil peak corresponds to the scattering from the molecules going a rotational transition from
J=0 to J=1 states. Remember that the intensity of the INS spectrum is directly proportional to the
amount of dihydrogen adsorbed on the sample. A zoomed version of the following figure is

displayed in figure 4.10.
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Figure 4.9. The INS spectra of parahydrogen dosed on graphene at 5K as function of loading. The arrows point to

the most important features, the rotational line and the recoil features.
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The above Figures 4.9 and 4.10 provide information on the nature of how hydrogen gas
molecules interact with the surface. Recall that, when H, molecules interact with a surface or with
a specific binding site, the rotational transition may shift in value, or can split into multiple
transitions. As reported numerous times, the splitting is due to the presence of an anisotropic
potential field. A downward shift is due to elongation of H-H bond and a consequent decrease in
the value of the rotational constant B. In other words experimentally observed shifts in the
quantized energy for dihydrogen rotation decreases due to redistribution of the electronic charge
density of the adsorbed dihydrogen molecules due to interaction with the surface. An adsorbed H>
molecule has an induced dipole moment which is responsible for the dihydrogen — surface
interaction. So, a distortion or redistribution of the electronic charge would lead to a new proton-
proton distance in dihydrogen leading to a new value for the rotational constant. So, the shape of
the rotational feature and the shift from the ‘free’ rotation (centered at 14.7 meV) helps to describe

the interaction with the surface.[28-34]
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In the case of dihydrogen adsorption at the graphene surface considered here, for the low
coverage of 0.1 ML, we observe a broad feature spread within 10 — 20 meV. This feature starts to
converge at higher loadings and seems to center at ~ 14.3 meV but a precise and reliable peak
deconvolution is required to completely understand the spectrum and therefore, deconvolution of
rotational line of para-hydrogen for the loadings of 0.1 ML, 0.25 ML, 0.75 ML, and 1.8 ML is
performed and shown in the Figure 4.11. Note that the x-axis is the shift from the 14.7 meV in
units of peV. The deconvolution of the experimental signal was performed using the QClimax
software. The rotational signal of pure solid para-hydrogen is measured and used as the
unperturbed signal. The model uses five Lorentzian functions that are used to minimize using the
least square difference between the experiment and the model. The loadings are represented in the

Figure and the parameters obtained after fitting are shown in the table below.
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Figure 4.11: Deconvolution of the rotational line of para-hydrogen for the 0.1 ML, 0.25 ML, 0.75 ML and 1.8 ML

loadings. Note that the x-axis corresponds to the shift in the shift from the rotational line (14.7 meV) of dihydrogen in

peV.

Loading | Peak Center (meV) Peak Area Peak Area/Total | Peak Width

(ML) Area (meV)

0.1 11.220+/-0.108 0.297+/-0.091 0.176+/-0.054 0.824+/-0.127
12.700+/-0.095 0.465+/-0.213 0.275+/-0.126 0.702+/-0.223
13.497+/-0.101 0.084+/-0.132 0.050+/-0.078 0.292+/-0.335
14.376+/-0.025 0.529+/-0.111 0.313+/-0.066 0.411+/-0.080
15.342+/-0.049 0.317+/-0.066 0.187+/-0.039 0.430+/-0.066

0.25 11.200+/-0.100 0.309+/-0.000 0.097+/-0.000 0.968+/-0.000
12.743+/-0.098 0.000+/-0.000 0.000+/-0.000 0.201+/-0.000
13.165+/-0.021 1.115+/-0.000 0.350+/-0.000 0.738+/-0.000
14.390+/-0.005 1.245+/-0.000 0.391+/-0.000 0.441+/-0.000
15.281+/-0.010 0.514+/-0.000 0.161+/-0.000 0.383+/-0.000
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0.5

11.200+/-0.153

0.316+/-0.094

0.077+/-0.023

0.963+/-0.168

12.700+/-0.007

0.424+/-0.174

0.103+/-0.042

0.546+/-0.166

13.355+/-0.038

0.640+/-0.227

0.156+/-0.055

0.411+/-0.121

14.411+/-0.013

2.143+/-0.241

0.521+/-0.059

0.396+/-0.040

15.286+/-0.052

0.586+/-0.134

0.143+/-0.033

0.387+/-0.063

0.75

11.200+/-0.000

0.400+/-0.000

0.078+/-0.000

1.000+/-0.000

12.745+/-0.000

0.000+/-0.000

0.000+/-0.000

0.119+/-0.000

13.225+/-0.000

1.382+/-0.000

0.270+/-0.000

0.668+/-0.000

14.428+/-0.000

2.918+/-0.000

0.570+/-0.000

0.358+/-0.000

15.366+/-0.000

0.420+/-0.000

0.082+/-0.000

0.271+/-0.000

1.0

11.200+/-0.196

0.432+/-0.242

0.056+/-0.031

1.000+/-0.180

13.097+/-0.000

0.010+/-2.166

0.000+/-0.280

0.870+/-0.000

13.231+/-0.150

1.412+/-2.407

0.183+/-0.312

0.590+/-0.265

14.439+/-0.004

5.613+/-0.140

0.726+/-0.018

0.213+/-0.007

15.455+/-0.041

0.269+/-0.067

0.035+/-0.009

0.188+/-0.077

1.8

11.200+/-0.000

10.432+/-0.000

0.126+/-0.000

1.000+/-0.000

12.859+/-0.000

6.900+/-0.000

0.084+/-0.000

1.000+/-0.000

14.300+/-0.000

9.332+/-0.000

0.113+/-0.000

1.000+/-0.000

14.423+/-0.000

55.836+/-0.000

0.677+/-0.000

0.003+/-0.000

14.489+/-0.000

0.000+/-0.000

0.000+/-0.000

0.021+/-0.000

Table 4.4: Rotational peak shape parameters (shape, area, width) for all the para-hydrogen loadings on graphene. Data

in the table is used to generate the figure 11. “ML” for loading represents the fraction of a full monolayer of adsorbed

Ha.

Starting with the lowest coverage of 0.1 ML there two important features needs to be addressed.
First, the decrement (shift) in the rotational peak is indicative of interaction of dihydrogen with the
graphene surface, possibly at the ring. This interaction is quite strong due to the broad feature and
the shift of the rotational peak. Remember that a sharp peak at 14.7 meV is indicative of free and
unhindered dihydrogen molecules with J=0 to J=1 transition. For this first dose of para-hydrogen,

the entire surface of graphene is available and hence this feature should be associated with the
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most favorable site for hydrogen binding. This broad feature in the spectra (spread between 10 —
20 meV) is visible for 0.25 ML coverage as well indicating that hydrogen molecules are easily
able to find other sites on graphene surface. As the dose is increased and when we saturate the
surface with 1.83 ML of para-hydrogen, the other feature to note is that the broad spread gets quite
sharp at higher coverages (greater than one monolayer) which informs that now Hz molecules are
weakly interacting with the graphene surface and so are behaving almost as a free rotor. The final
dose of para-hydrogen now encounters a layer of para-hydrogen already adsorbed on the surface
and so it doesn’t interact directly with the surface. Note that now the sharp peak is now centered
at ~ 14.42 meV and so there is a positive shift (compared to the first dose of 0.1 ML) in this peak
at higher coverage. This positive shift at higher coverages is indicative of the weak interaction
between the para-hydrogen and graphene and any other additional dose will lead to further positive
shift away from 14.3 meV.

Looking closely at the shape of rotational peak for 0.1 ML, we can see a shoulder at 14.3
meV and one shoulder at around 14.5 meV. These shoulders, as mentioned before, are indicative
of interactions of dihydrogen close to one another and we can observe that graphene offers three
close binding sites for dihydrogen molecules.

So, the INS spectrum, deconvolution of the peaks and the associated table help in
determining the effect of coverage on the broadening and hence the interaction of the dihydrogen
molecules with the surface of graphene. Again, from the figure below, it can be concluded that the
peak center of the main rotational line gets closer to a definite value as the coverage on the
graphene increases. This is due to the fact that as one monolayer of dihydrogen is adsorbed on the
surface, the second layer doesn’t ‘see’ the surface and hence is weakly interacting. This accounts

for a much higher mobility (partial mobility or liquid-like mobility) of the hydrogen gas molecules.
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Figure 4.12: Relative peak area (Area of main peak/total peak area) for all coverages.

Figure 4.12 displays the position of the main peak ~ 14.3 meV, (the fourth peak from the
tabular values) as a function of para-hydrogen loading (on the left axis) and the corresponding
peak broadening (on the right axis). The peak center drifts as the coverage increases which is
attributed towards the weak interaction of dihydrogen with the saturated surface of graphene. After
the completion of first monolayer, it stays constant (as expected) because now the attractive
interaction between the para-hydrogen has saturated the graphene surface and dosage of the gas
cannot be adsorbed to the surface directly Adsorption onto the monolayer covering the surface is
expected to be similar to the interactions already well-studied in solid hydrogen. The peak

broadening as expected converges, in this case from a spread of ~0.4 meV to 0.003 meV.

To conclude, dihydrogen adsorbs to the most energetically favorable sites at lower
coverages. The areas of the lower energy peak as presented (below 14.3 meV) are around twice
the areas of the peak above 14.4 meV. This agrees with the model presented above [The INS
spectrum of dihydrogen in an anisotropic potential] and corresponds to a 2D rotor with a

rotational barrier of around 4 meV. The broadening of the unperturbed rotational line is negligible
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above 1 ML. This can be interpreted as: there is another site where the hydrogen molecule can
adsorb. Above 1ML the dihydrogen molecule does not see the surface anymore and it has almost

no broadening and behaves ‘freely’.

Now let us consider interaction of para-hydrogen with a strong interacting surface or

potential as provided by VSB-5:

4.9 Results and discussions of para-hydrogen loadings on VSB-5
4.9.1 Kubas Complex

In 1984 Kubas reported for the first time the presence of dihydrogen complexes in
W(CO)2(PCys)2(H2). As explained by Kubas, a dihydrogen molecule can interact with a transition
metal complex without breaking the H-H bond. The interaction is observed as a coordination
complex with H> acting as a ligand. More information on the transition-metal complexes or the
Kubas complexes is provided in a recent review by Kubas. A Kubas complex has the following
features: (a) There is a three center interaction from the hydrogen’s ¢ orbital to an empty metal d-
orbital, (b) A m back donation from the occupied metal d-orbital to 6* antibonding H> orbital, (c)
A short H-H bond lengthening but not leading to bond cleavage and (d) A low metal co-ordination
T-shaped structure.

While working on the W(CQO)2(PCys)2(H2) complex, Kubas observed the H-H bond length
increased to 0.84 A from the free Hz value of 0.74 A. Prior to Kubas’ discovery, the formation of
dihydrogen was considered as an intermediate only before forming the dihydride. As per Kubas,
there needs to be a balance between the s-donation and the back donation for coordination of H>

on the metal site. The orientation of Hz towards the metal is governed by the © back donation and
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the extent to of this donation leads to formation of hydrides. This in turn leads to a continuum of
H-H bond lengths from 0.74 A (free) to as long as 1.6 A although Kubas considered complexes
with bond length < 0.9 A to be true and the others as elongated H- bonds. The interaction between
the metal site and the Hz can always be controlled by ¢ donation and © back donation by placing
different ligands in different geometry on various transition metals.[35-39]

A downward shift in the H-H stretching frequency (usually monitored by Raman
spectroscopy) is an indication of Kubas interactions and a more definitive response is provided by
inelastic neutron scattering by observing the hydrogen molecules’ rotational transitions. The INS
measurements describe the potential barrier to the rotation of hydrogen molecules. The barrier is
present due to the particular orientation of hydrogen molecules at a specific site which aligns with
d-orbitals of metal for © back donation and so leading to a stronger interaction. Several research
groups have worked on this problem to locate the site for hydrogen gas molecules with transition
metal complexes (Zeolites, MOFs, metal phosphates, etc) by a combined effect of neutron
diffraction, heat of adsorption measurement, and INS. The exceptionally high heat of adsorption
for dihydrogen measured on VSB-5 in our recent work[40] combined with the INS measurements
(explained shortly), we can, with absolute certainty describe this as a typical case of Kubas

complex.

4.9.2 para-hydrogen loadings on VSB-5

Figure 4.13 displays the para-hydrogen loadings on VSB-5 where we dosed 0.5 p-H2 per
Ni2o as a function of increasing temperature. For each temperature, 2 hours of data collection were
given before measuring for the next temperature. As can be seen, the measurements started at 5 K

and temperature was increased to reach a final temperature of 140 K. Figure 4.14 is the magnified
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version and focuses on the bound spectrum where we observe the rotational features of the para-

hydrogen.

er_Ni20_43mbarx150mL_at_RT_half_inch_Al_sample_holder. sli(sj 5x40_at_5K-VIS_31249-31250;sp-0

NBG_VIS_31206-31207_VSB-5_1 .259,0.5H21p
-5_1.25g_0.5H2 per_Ni20_43mbarx150mL_at_RT_half_inch_Al_sample_holder.

Normalized intensity

40 60
Energy transfer (meV)

Figure 4.13: para-hydrogen loadings on VSB-5 as a function of increasing temperature.
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Figure 4.14: magnified bound spectrum of para-hydrogen loadings on VSB-5 as a function of increasing temperature.

From the above figure it can be seen that the rotational line of dihydrogen appears as two
distinctive peaks centered at 2.5 meV and 3.6 meV respectively. This is an extremely low value
for the rotational line and indicates a strong interaction with the material. The strong interaction
can also be represented as Kubas interaction because in VSB-5 after the removal of water
molecules, the metal sites (Ni?*) are unsaturated Lewis acid sites and so can attract the hydrogen
gas easily. Our strong and detailed study on the activation as discussed in chapter 3 confirms
complete removal of the trapped water molecules from the material. Secondly, we have measured
one of the highest heat of adsorption for dihydrogen on VSB-5 (16 kJ/mol) which confirms that

Ni2* sites are the primary site for dihydrogen adsorption and interactions. Therefore, due to the
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high affinity towards the available metal sites, there is a huge shift in the rotational line for

hydrogen and the gas isn’t considered as ‘free’ at all.

The other important feature about the doublet to notice is that, these remain observable at
80 K before disappearing to give a broad spread in that energy range. Remember that dihydrogen
boils at 20 K and for any temperatures above 20 K will make adsorption of dihydrogen difficult.
The presence of rotational features through 80 K signifies the strong interaction between the gas
and the material. When the temperature is sufficiently high that only a small fraction of the
dihydrogen remains bound, we lose the rotational features. This signifies that the gas molecules
are now acting free and are not interacting with the material that strongly. The third important
point to note here is para to ortho-hydrogen conversion by the presence of a strong magnetic
moment of Ni. Previously we mentioned that in the absence of a catalyst, in normal dihydrogen,
there is an equilibrium between the two spin states of dihydrogen. But a magnetic moment of 2.8
BM provided by Ni2+ sites is strong to cause the ortho — para conversion as discussed in earlier

section.

4.10 Conclusions

Utilizing inelastic neutron scattering with in-situ para-hydrogen (p-H2) dosed graphene we have
observed that a barrier to rotation of dihydrogen happens at low coverage (0.1 ML). The observed
dynamics suggests that the initial dihydrogen adsorbed (0.1 ML) on the surface is random and not
a particular ring is favored. However, this initial adsorption is energetically favorable which leads
to a shift in the rotational line of dihydrogen. Besides the shift in the rotational line, a broad feature

is seen which is again indicative of a stronger interaction between dihydrogen and graphene
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surface. The next loadings of the gas brings a rise in a shoulder ~ 14.5 meV which suggests that
initial loadings lead to a small charge redistribution which causes more dihydrogen to be adsorbed
at or near those sites. Increasing the surface loadings to 1.83 ML leads to appearance of the
rotational line of dihydrogen as now the gas is acting freely due to the weak interaction with the
surface. A well covered graphene surface doesn’t allow the 1.83 ML molecules to interact with the
surface giving the signature dihydrogen rotational feature. Overall, this is well suited system to
study the interaction of dihydrogen in an anisotropic potential provided by the graphene surface.
Our next work is focused on studying the quasielastic scattering to observe the diffusion of
dihydrogen at lower temperatures.

A hand-in-hand comparison with a strong interacting surface provided by VSB-5 is also
studied and it can be seen that how the rotational feature of dihydrogen shifts from 14.7 meV to 2-
4 meV. This drastic shift is indicative of much strong interaction of hydrogen with the primary site
of adsorption — Ni?* and represents a classic case of Kubas complex where the interaction between
dihydrogen and metal is too strong to possibly form metal dihydride. Also, presence of a
transitional metal provides a strong magnetic moment which leads to ortho-para conversion again

indicative of strong binding of dihydrogen in activated VSB-5.
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5.1 Abstract

We have functionalized HKUST-1 [Cus(1,3,5-benzenetricarboxylate;)] to contain bound
sulfuric acid tethered to the framework through terminal oxygen coordination to the accessible
Cu(ll) sites. The structure remains largely intact through functionalization as confirmed by powder
X-ray diffraction. Bound sulfuric acid is confirmed through Inelastic Neutron Scattering (INS)
and Fourier Infra-Red Spectroscopy. Acid-modified HKUST-1 shows NHj3 sorption is enhanced
by up to 3x uptake compared with unmodified HKUST-1. Significantly, the uptake becomes

reversible after heating at 50 °C under vacuum.

A series of DFT simulations reveals that the primary adsorption occurs on the sulfuric acid
sites rather than the Cu(ll) sites, where primary adsorption occurs in the unmodified material. The
adsorption of ammonia at the acid OH site leads to an elongation of O-H-N bond rather than a full
transfer of H* to the ammonia molecule, explaining the observed reversibility of the adsorption.
Simulated INS spectra from the DFT structures closely match experimental INS spectra measured

for in situ NHs loading.

5.2 Motivation
5.2.1 Need to store ammonia:

Due to its variety of applications, the global production of ammonia is increasing to meet
the demands. In 2004, a global production of ~100 million tons was reported which shot up to
~180 million tons in ten years. Looking at the continuous usage, it is expected to increase at a
faster rate in the near future.[1] Ammonia can enter the human body either by inhalation,
swallowing or through skin cuts. Since it readily dissolves in water, it forms ammonium hydroxide

which is corrosive and caustic. High concentrations of ammonia leads to immediate burning of
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eyes, nose and the respiratory tract. Exposure to high levels may cause blindness, lung damage or
death. Even a low dosage of ammonia can lead to nasal and throat irritation with coughing.
Ammonia, though not itself flammable, can be explosive upon forming 15-25% ammonia:air
mixtures. The U.S. Occupational Safety and Health Administration (OSHA) has set the
permissible exposure limit to 50 ppmv. The immediately dangerous to life and health concentration
is 300 ppmv with an odor threshold being 5 ppmv before causing any potential danger to olfactory
system. Also, United States Emergency Planning and Community Right-to-Know Act have
classified ammonia as “extremely hazardous substance”.[2, 3] Considering the value of the gas,
its toxicity, and environmental damage which release of the gas can cause, there is always a need

to better store and recycle ammonia.

5.3 Ammonia: A brief introduction
5.3.1 What is ammonia

Ammonia (NHs), one of the widely produced chemicals, is the simplest pnictogen hydride
and occurs as a colorless gas with a strong pungent smell. It readily dissolves in water and in its
purest form is known as anhydrous ammonia. A few physical properties are highlighted in the

table 1. Ammonia has a trigonal pyramidal shape which makes it polar with a dipole moment. [4]
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Property Value
Molar mass 17.031 g/mol
Density 0.769 kg/cc at STP
Boiling point 239.81 K
Melting point 195.42 K
Triple point 195.4 K at 6.060 kPa
Vapor pressure 857.3 kPa
Refractive index 1.3327

Appearance

Colorless gas with strong pungent smell

5.3.2 Where is ammonia

Table 5.1: Physical properties of ammonia [4]

Ammonia is an important part of the ecosystem where it acts as a building block for various

proteins and other nitrogen-based compounds. It is found in soil where it helps in balancing the

nitrogen content of atmosphere in nitrogen cycle. Naturally, it is produced upon decaying or

decomposition of vegetative matter such as plants and animals. Certain organisms have the

capability to intake atmospheric nitrogen to synthesize ammonia by the process of nitrogen

fixation. Various salts of ammonia are present in fertile soil, seawater and trace amount is observed

in rain water as well.

Commercially, ammonia is produced by following the Haber-Bosch process[5] (early 20™

century) where hydrogen reacts with nitrogen to form anhydrous ammonia. Natural gases (eg.

methane) are used as a precursor to provide hydrogen in the first step. This exothermic and
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reversible reaction requires high temperature and pressure conditions (~250 bar, ~500 °C) to
achieve a 15% conversion to ammonia in each pass. To achieve a higher conversion, the entire
process is carried out multiple times to get an overall conversion close to 97%. Due to this overall
high efficiency of conversion (~97%), it is still used worldwide to produce ammonia for its variety
of applications. Ammonia is used primarily in agriculture industry (fertilizer), chemical industry
(precursor of numerous chemicals), pharmaceuticals, refrigeration, rubber industry, paper and pulp

industry, detergent, food and beverage industry, and also as a rocket fuel. [6-9]

5.4 Ammonia Capture
5.4.1 Present storage techniques

Environmental concerns and the toxicity associated with ammonia represent the primary
reasons for capturing ammonia in situations when release may occur either into water or gas
streams. For waste water treatment, the contaminated water is either stripped with air or a high
flow steam is used. Here the waste is first treated with a strong basic solution to dissociate ammonia
and to reduce cost, limestone can be used however that requires additional time and more
sophisticated equipment. After stirring at appropriate pH, the ammonia may be recovered as
sulfates, phosphates, carbonates or similar ionic salts which may be recovered by filtration. [10,
11]

To determine the concentration of ammonia in air, several methods are used. The impinger
method (a) pushes the gas stream to be analyzed through, a small diameter opening. The constant
air flow passes onto impingers containing strong acidic solutions which react with and retain
ammonia. The chemiluminescence method (b), heats the gas stream in order to convert ammonia

to NO as this conversion may be monitored by chemiluminescence. Finally, the photoacoustic gas
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analyzer method (c) where ammonia is measured for correction in temperature and interference
with water and carbon dioxide. [12]

A common commercial ammonia capture technology is referred to as wet scrubbing, where
a strong acidic solution (typically sulfuric acid) captures ammonia as ammonium sulfate which
may be recovered. Here a tower or the reactor is filled with acidic solution and the air is fed into
the reactor vertically or horizontally. Ammonia captured by this method may then be used in the
agriculture industry as fertilizers. The amount and concentration of the salts can always be changed

as per need. [13]

5.4.2 Problems with the present technology:

With the wet scrubbing technology, the capture efficiency is governed by various
parameters such as gas flow rate, water content, gas composition, optimum temperature and
pressure and other special requirements such as height of column etc. A small fluctuation in any
of these variables might significantly affect the capture process. Additionally, the cost of setting
up, operating, and supplying large capital equipment of this nature is considerable and
inappropriate for smaller-scale processes. Also, the long-term damage to the column due to usage

of harsh chemicals (sulfuric acid, sodium hydroxide) also increases the operating cost of the set

up.

5.5 Solution
5.5.1 Porous materials for ammonia capture
In the past few decades, research in the field of porous materials has seen the boom in the

discovery of various adsorbents such as zeolites, metal organic frameworks, activated carbon,
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silica, alumina, porous organic cages, and other systems able to store and separate different
molecules based on the interactions between them as explained in previous chapters. With dry
scrubbers based on porous adsorbents, significant advantages are possible. First, the high surface
to volume ratio provide more sites for the gas molecules in volumetric terms leading to more
efficient storage. Some MOFs have enormous surface areas (>7000 m?/g) with a long-range order
in the framework. High crystallinity and ease in modification in these materials such as ion
exchange in zeolites, sheet perforation in graphene, post synthesis modification in metal organic
frameworks, surface decoration in organic polymers, make these materials interesting for gas
adsorption studies. There are also numerous secondary sites for gas molecules to interact after
saturation of primary sites such as embedded nanoparticles, cages, long channels, and also
possibility of introducing foreign molecules without disturbing the structure.[14-21] While these
sorbents may be pressed into pellets of varying shapes, the possibility of embedding these materials
in mixed membrane polymers provide more options to enhance the surface interactions with the
gas molecules. Following the properties and the advantages, efforts have been made to use these
materials for gas storage and separation studies and the robustness of these materials help to
capture the toxic gases such as ammonia.

Applications exist for two categories of ammonia capture; irreversible and reversible.[22]
The application of materials suiting the first category will be seen in gas masks where two major
criteria need to be considered.

Firstly, the material should capture ammonia effectively across a wide range of
atmospheric concentrations. Secondly, the presence of water or humid conditions should not affect

the capture of ammonia by the adsorbent.

181



A good sorbent for reversible capture, should be able to store and transport ammonia when
needed. Adsorbents fulfilling these criteria will work at higher pressure ranges, show long-term

stability under harsh conditions and demonstrate high cycling performance.

Earlier work on ammonia capture by these materials has seen the application of the simplest
adsorbents - carbonaceous material. These materials have proven to be useful in numerous gas
adsorption studies and are attractive here because they do not adsorb significant water. Research
on ammonia capture by these have shown that since the average pore size of activated carbon
ranges between 10-20 A (significantly larger than an ammonia molecule), the interaction between
the ammonia and carbon isn’t strong enough to effectively adsorb ammonia around room
temperature.[23-26] Even though there is a possibility of modification in the structure by addition
of halogens, nitrogen, redox reagents, the interaction has not yet been amplified enough to capture
large amounts of ammonia at relevant conditions. Also, the possibility of having the same
orientation of porous sheets in other carbon based material -graphene, is rare as it is a random
arrangement obtained by thermal or chemical exfoliation. Besides, the low surface area of few
materials (such as grafoil, graphite etc) limits the amount of ammonia which these materials can
intake. The possibility to modify the surface chemistry here is by introducing mixed structures
such as graphene oxide embedded metal organic frameworks.

Zeolites represent a promising class of sorbents for ammonia capture but they require pre-
treatment before the application because of their hydrophilic nature. The water molecules which
are weakly bound in the framework, can be removed by activating the material under vacuum.
Without a proper activation, water molecule will block the adsorption sites leading to a poor overall

interaction. Helminen et al measured adsorption isotherms for ammonia on Zeolite 13X, 4A, silica
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gel, and alumina between 298 and 393 k and observed that ammonia adsorbed strongly on 13X
and 4A. They concluded that the interaction favors adsorption only and the regeneration is
difficult. For lower concentration of ammonia, zeolites again performed better than silica gel and

alumina.[25, 27]

5.5.2 MOFs for ammonia capture

Recently, metal organic frameworks have attracted wide attention in field of gas separation
and storage due to the ease in tailoring their surface chemistry and tuning the pore size to enhance
the adsorbate-adsorbent interactions. For ammonia capture, numerous MOFs have been studied
for this specific application. Yaghi and coworkers studied the ammonia adsorption on M-MOF-74
(M = Mg, Co, Ni, Zn) under dry and humid conditions and reported that MOFs have higher
adsorption capacities when compared to zeolites with Mg-MOF-74 and Co-MOF-74 reporting the
highest capacities.[28] More recently, a study on various analogues of MOf-74 was performed by
DeCoste et al where they reported Cu-MOF-74 as the best material overall for ammonia capture.
[29] Britt and coworkers examined MOF-5, MOF-177, MOF-74, MOF-199, IRMOF-3, and
IRMOF-62 to study ammonia adsorption with kinetic breakthrough measurements and reported
higher adsorptive capacities compared to activated carbon. [30] MIL-100 was used by Petit et al
to study ammonia adsorption, specifically examining the interaction between ammonia and
accessible Fe?* . [31] UiO-66 is yet another interesting system and was studied by Jasuja et al.[32]
Humbeck et al studied various dense porous organic polymers to find a material useful for
ammonia capture.[33] A computational study to screen the potential functional groups for higher

ammonia adsorption was performed by Snurr et al where they worked with 21 functional groups
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such as halogens, acidic groups, carboxylates, amines, and hydroxyls. Again, the basis of this study
was to find the functional group which can increase the interaction with ammonia. For dry
conditions, they reported Cu analogue as the best candidate and for humid conditions, both Cu and

Ag silver analogue adsorb better.[34]

5.5.3 Brgnsted acidity for enhanced ammonia adsorption

A brief overview on Brgnsted and Lewis acidity is provided here. Among the various
classification of acids and bases, Lewis theory and Brgnsted theory are widely accepted. The Lewis
theory is based on the electronic structure and involves the transfer of electron pairs and so a Lewis
base (donate) is the species which will donate the electron pair to a Lewis acid (acceptor). In other
words, Lewis bases have electron pair(s) in their filled orbitals which form Lewis adduct by
forming a dative bond. Here is a simplest representation of a Lewis acid-base equilibrium where
the base, Y, containing the lone pair of electrons (:) donates to the acid X to give X- as the

conjugate base:
HX+Y: €> X+ YH*

Bransted-Lowry theory on the other hand deals with transfer of proton (H") rather than electron
pairs. Here the acids are defined as proton donors and bases are the proton acceptors. A compound

acting as both Brosnted acid-base is referred as amphoteric. [35]Simply put,

HX + Y <> X o+ HY™*

(Acid) (Base) (Conjugate base) (Conjugate acid)
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The measure of the strength of Brensted acid is given by acid-base dissociation constant

equilibrium constant (Ka) for the respective acids which is given as[36]:

For stronger acids, Ka is relatively large for instance HCI has Ka close to 1000. For weaker acids,
Ka is smaller as for acetic acid Ka is 1.8 x 10°. Water has much smaller K value (1.8 x 10¢) and
is so considered a weak Bregnsted acid. Like K, Ky reflects the strength of the conjugate base.

When Ka is multiplied to Ky we get:

which gives [H;0][0H~] known as Ky with a value of 1 x 10714, This is obtained by substituting
Ka for Ky or vice versa in above equation. Since the product, Kw, is a small number, either the acid
or its conjugate base can be strong. So, if one is strong, the conjugate must be weak. So, stronger
acids have weak conjugate bases. Another important quantity to remember is pKa (similar to pH

or pOH) which is:
pKa = - log Ka

A list of few acids, their conjugate base with their respective dissociation strength is provided
here and the table has stronger acids in the upper-left corner with stronger bases in the bottom-

right corner.

185



Compound|| || Ka PKa | Conjugate Base| ||Kp PKb
HI 3x10° | [-95([r 3x 107 |[235
HCI 1x10° |6 ||cr 1x10% |20
H:S0:  ||1x10° ||-3 |[[HSO« 1x 107 [[17
H:0" 55 1.7][[H0 1.8 x 1079157
HNOs | |28 “1.4]|NOs 3.6 x 10 [15.4
HPOs  ||7.1x 10 2.1 |[[HzPOs 14x 1022|119
CHaCOH |18 x 10° 4.7 |[[cHscOZ 5.6 x 1029 9.3
H,S 10x 107 [[[7.0 [[Rs 1x107 ||[7.0
H,0 1.8 x 109([[15.7][or 55 17
CH:OH |[1x 102 [|18 [[[cHsO 1x10° |[-4
HCCH | [1x10% [[25 |[[Hcc 1x 107 |11
NHs I1x10% |[[33 []INAz 1x10° |19
Ha T1x10% |[[35 []Fr 1x 102 |21
CH2=CH; |[[1x 104 |[44 [[cH=cH 1x10% |30
CHa T1x10% |[[49 []lcHs 1x10% |3

Table 5.2: List of few acids with their respective conjugaté base. [37]

There are a few factors which affect the Brgnsted acidic character such as:

(a) Electronegativity:
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When the atoms attached to the proton becomes more electronegative, the bonding pair of electrons
becomes more strongly attracted to atom, and less to the proton. If the bond becomes more
polarized away from the proton, it seems likely that the proton will more easily ionize. The
molecule containing this bond will be a stronger Brgnsted acid. It will not hold onto the proton as
tightly. It will have a lower pKa. In addition, we should think about what happens after the proton
has ionized. In most cases, a neutral (uncharged) Brensted acid will give rise to an anionic
conjugate base. Proton transfer is generally reversible, so it could always go back where it came
from, unless something stabilizes the anion that forms. However, if an atom has a higher nuclear
core charge, it will be more stable as an anion than would other atoms. That means a compound

with a hydrogen attached to that atom will give up a proton more easily.

(b) Charge on the proton donor:

When a proton is given up, the proton will have a 1* charge, and the atom releasing the proton will
become 1. Consequently, if the atom attached to the proton already has a negative charge, it is
less likely to give up the proton — as loosing an additional proton results in a charge of 2-.
Conversely, if the same kind of atom had a positive charge, loss of a proton would be more

favorable as it would lower the charge.

(c) Polarizability:

A polarizable atom is generally a large atom that can distribute charge easily over a greater volume,
because the charge is less concentrated than it would be in a smaller atom. The distribution of
charge is stabilizing. When comparing anionic atoms from the same column of the periodic table,

the polarizability of the atom (related to its size) can be used to explain different anion stabilities.

187



The reason polarizability dominates comparisons within a column, but not within a row, is due to
the relatively large change in size of atoms from one row to the next. As electrons occupy an
additional energy level, the size of the atom increases greatly. Atoms also change size as we move
across a row of the periodic table, getting a little smaller as the nuclear charge increases. However,
this change is not as dramatic as the change in size from one row to the next.

Utilization of introduction of Brgnsted acidity in acidic HKUST-1 for higher ammonia
adsorption is explained in the Results and Discussion section.

Bransted acidity in the MOFs can be introduced by one of the following three ways (Figure

5.1) as suggested by Yaghi et al in their review in 2015[22]:

(a) Encapsulation of Brensted acid molecules in the pores/cage/cavities of MOFs:
Bransted acid molecules can be encapsulated in the pores by two mechanisms. In the first,
the acid molecules are introduced by diffusion using solvent exchange methods.
Alternatively, acid may be introduced during the synthesis of MOF itself- where the acid
molecules will interact with the framework by weak intermolecular forces. The size of the

interior and the acid molecules are important criteria while encapsulation.

(b) Ligation of acid molecules at the metal sites:
Ligands such as water, oxalic acid, alcohol, hydroxyl, inorganic acids exhibit their proton
donor characteristic when bonded at the metal sites. This post-synthesis modification
technique has been proven quite useful to introduce Brgnsted acidic character in numerous
systems. Control over the choice of ligands to monitor the polarization power or other

factors governing the proton donation, makes ligation an interesting and easy approach.
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Also, substitution of carboxyl groups in MOFs by simple techniques (such as slow sulfation

for sulfuric acid introduction), is another way for introduction.

(c) Covalent binding of acid molecules with organic linkers:
The variety of functional groups in the organic linkers provide another host site for
introducing acidity. The well-defined organic functionalities in MOFs offer structural
advantage when introducing Brensted acid molecules unlike other porous materials. The
various acidic functionalities dangling in the framework provide intrinsic Brgnsted acidic
character which can further be enhanced by post synthesis modification by either

protonation or organic substitution reaction.

2. Ligated
¢4~ Brensted

i acid groups on
metal sites

Bronsted acid groups¥

1. Encapsulated
Brensted acid
Molecules

Figure 5.1: Depicting the various ways of introducing Bragnsted acidic molecules in the porous framework of MOF. (used from

reference 22)

Despite the well-studied ways of adding the Brgnsted acidic character, this field is only

starting to emerge due to the difficulties associated: the MOFs need to withstand the introduction
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of strong acidic molecules in the framework as the acid might interact vigorously and cause a
collapse in the crystalline nature of material. If the acidic sites are distributed non-homogenously
in the framework, characterization becomes far more challenging. However due to the chemical
robustness of various MOFs, researchers are pursuing this field and the applications such as —

proton conduction, catalysis, and ammonia capture.

5.6 MOF under investigation

5.6.1 HKUST-1 Structure

HKUST-1 represents one of the first porous MOFs to be studied and remains one of the
most extensively frameworks. The structure contains binuclear Cu (1) paddlewheels connected by
the carboxylate groups from 1,3,5-benzene-tricarboxylate ligands to give a porous and crystalline
material suitable for gas adsorption studies (Figure 5.2). Axial water molecule present on each Cu
atom can be removed by heating, providing accessible coordinatively unsaturated Cu(ll) sites
directed into the pores. The degree of dehydration is well-known to dramatically influence

adsorption for a range of gases.[38, 39]
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Figure 5.2: Unit cell of HKUST-1 where the Cu-Cu paddlewheels are shown in blue-red and the ring of the

ligand (benzene tricarboxylic acid) is shown in black.

5.6.2 Earlier work on HKUST-1 and ammonia capture:

For NHs capture, HKUST-1 has been studied by multiple teams. The first studies
demonstrated that, not surprisingly, the Cu(ll) site acts as the primary site for loading with NH3
chemisorbed with measured uptakes up to 1 - 1.5 molecule of NH3 per Cu site per unit cell or in
other terms, 3 - 4.5 molecules of NHz per formula unit.[39-42] The chemisorption of ammonia on
the copper site also brings a permanent change in the color of HKUST-1 from dark indigo to light
indigo. In the presence of water, NH3 uptake leads to the formation of intermediate species -
Cu(OH)2 and (NH4)3(BTC) before the diamine (1) complex — [Cu(NH3)4]?* forms. [43-46] The
stability of Cu-Cu dimer was studied by Gubbins et al [47], finding that there is a partial collapse
of the structure upon ammonia loading. Ammonia adsorption both under anhydrous and wet

conditions appears irreversible. Heating NH3-HKUST-1 under flowing inert gas fails to desorb the
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NHs. NH3 adsorbed on secondary sites is removable by gentle heating, but these sites do not bind

with more affinity than seen in typical nanoporous materials.

In this work, we show that we are able to load appreciable H.SO4 into the HKUST-1
framework without significant loss in crystallinity. We also show that the H.SO4 coordinates to
the Cu(ll) sites in the framework. When exposed to NH3, we observe a significant increase in
uptake compared to unmodified HKUST-1. The presence of the coordinated HSOj4 leads to ~3x
improvements in overall NHz uptake and a high degree of reversibility. The mechanism for
primary adsorption is a strong hydrogen bond between one of the acidic protons on the H2SOa,
although the interaction falls short of complete transfer. We characterize the uptake primarily
through a series of inelastic neutron scattering spectra interpreted with simulated spectra based on

an extensive DFT investigation.

5.7 Experimental
5.7.1 Synthesis of HKUST-1 and acidic HKUST-1

HKUST-1 was synthesized following Rowsell et al. [48] 5.0 g of copper(ll)nitrate
trihydrate (Sigma-Aldrich) was dissolved in 40 ml of deionized water and 2.5 g of benzene-1,3,5-
tricarboxyllic acid (Sigma-Aldrich) was dissolved in 40 ml of N,N-dimethylformamide (Sigma-
Aldrich). After mixing these two solutions, 40 ml of ethanol (Fisher Scientific) was added and the
final solution was stirred in a 250 ml glass jar for 15 minutes. The capped glass jar was heated to
85°C in a water bath for 24 hours to obtain dark blue (violet) colored material at the bottom of the
jar. The product was washed several times with ethanol and filtered. The excess solvent was

removed by keeping the product under high vacuum (10 mbar) at elevated temperature.
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Acidic HKUST-1 was prepared by dissolving anhydrous sulfuric acid (Sigma-Aldrich) in
acetone (Fisher Chemicals) in a glass tube. This solution was immediately poured in a Schlenk
flask containing HKUST-1 suspended in 5 ml of acetone. Excess solvent was removed after
vigorous mixing by using high vacuum (10 mbar). The material was collected in a glove box and
taken for further characterization to observe the integrity of the structure and presence of sulfuric

acid.

5.7.2 Characterization techniques

Powder X-ray diffraction (PXRD) patterns were measured on a PANalytical X Pert X-ray
diffractometer in reflection geometry mode with monochromated Cu Koz (A = 0.15425 nm) and
Kaz (A = 0.15442 nm) incident radiation operated at 40 kV and 40 mA. The X-ray diffraction
patterns were collected over a 20 range of 5° to 70° to determine the integrity of the HKUST-1

structure upon introduction of sulfuric acid.

Fourier transform infrared spectroscopy (FTIR) was carried using a JASCO 6100

spectrometer with attenuated total reflectance method.

Surface areas were measured using a Gemini VII from Micromeritics where the BET
(Brunauer-Emmet-Teller) surface areas of the samples were measured at 77 K using liquid
nitrogen. Prior to the BET surface area measurements, the samples were activated to 100°C for 24
hours under dynamic vacuum. The BET range for surface area measurement was set from 0.05

P/Po to 0.3 P/Po.

The quantity of SO4?% in the acidic MOF was determined by gravimetric analysis where

S04 was precipitated as BaSOa. The first step in determination of the sulfate concentration in
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acidic HKUST-1 was dissolution in diluted hydrochloric acid and then the trimesic acid was
precipitated out using magnesium chloride. To expedite the precipitation (gelation) of trimesic
acid, a rotary evaporator (IKA RV 10) was used. To the clear and transparent supernatant collected,

a saturated solution of BaCl, was added to determine the SO4% concentration.

Inelastic Neutron Scattering (INS) data was measured at beamline-16B (VISION),
Spallation Neutron Source (SNS) located at Oak Ridge National Laboratory in Oak Ridge,
Tennessee. Approximately 2 g of sample was transferred to an aluminum conflat sample holder
and sealed using copper gasket in a glove box to maintain the dry environment for the sample.
After measuring the blank, ammonia was dosed into the can at room temperature using a custom-
built gas dosing manifold of known volume. Ammonia was dosed while the can was continuously
shaken in order to facilitate homogenous adsorption of ammonia throughout the sample. The
sample can was then heated in a furnace at 80 °C for 15 minutes to further aid equilibration of the
ammonia evenly throughout the sample. Despite these measures, a saturated layer with condensed
ammonia (purple colored) was seen at the top and a bottom layer lower in adsorbed ammonia
(indigo/blue colored) was observed. The sample was cooled to the base temperature (~5 K) before

measuring the inelastic neutron scattering data.

DFT calculations of the adsorption energies were performed using the Vienna Ab initio
Simulation Package (VASP). The calculations used the Projector Augmented Wave (PAW)
method to describe the effects of core electrons, and the Perdew-Burke-Ernzerhof
(PBE)implementation of the Generalized Gradient Approximation (GGA) for the exchange-
correlation functional. The energy cutoff for the plane-waves is 500 eV, the energy tolerance for

electronic structure calculation is 10 eV, and the energy tolerance for structural optimization is
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10 eV. The optB86b-vdW functional for dispersion corrections was applied. All calculations

were performed at [-point only given the large lattice constant of HKUST (~26.3 A).[49-53]

5.8 Results and Discussions
5.8.1 Structure integrity and presence of sulfate in the framework

For pure HKUST-1 (Figure 5.3), the collected X-ray diffraction pattern matches the
simulated pattern. For the acid-modified samples, peak positions remain virtually unchanged
demonstrating that the framework is intact. These changes show that binding of sulfuric acid at the
Cu site has a slight effect on the framework which doesn’t affect the overall framework integrity
and stability. We measured PXRD pattern for acidic HKUST-1 on regular intervals and the

material is stable for over a period of six months.
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Figure 5.3: PXRD pattern for pure HKUST-1 (black) and acidic HKUST-1 (red) after activation showing that the

structure is preserved even after introduction of sulfuric acid in the framework.

Figure 5.4 shows the FTIR spectra measured for the pure and the acidic HKUST-1. The
pure and acidic HKUST-1 show C=C stretch from benzene ring at ~1645 cm™ followed by O-H
bending vibrational mode in -COOH group around 1440 cm™, and C-H bending mode ~1380 cm’
!, C-H bending mode from the benzene ring is observed from 720 — 750 cm™. Acidic HKUST-1
shows the S=0 sulfate stretch ~ 1190 cm™, ~1340 cm®, and ~1000 cm™* and confirms the presence
of sulfate moiety in the framework without significant disruption of the HKUST-1 parent structure.
BET specific surface area for the pure HKUST-1 at 77 K was measured as 1185 m?/g. The
adsorption isotherm measured is a type | isotherm with micropore volume (t-plot) of 0.44 cm®/g

and BJH (Barrett-Joyner-Halenda) pore diameter ~20 A. For acidic HKUST-1, a drop in the BET
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surface area was expected because of presence of sulfate moiety in the framework and a BET

surface area of 60 m?/g was measured.

— Acidic HKUST-1
— HKUST-1

L 1 i T J 1 o 1 L 1
1800 1600 1400 1200 1000 800
Wavenumber (cm™)

Figure 5.4: FTIR spectra for pure HKUST-1 and acidic HKUST-1 to detect the presence of sulfuric acid and second

check for structure integrity.

5.8.2 Binding of sulfate in the framework

After confirming the presence of sulfuric acid and the integrity of the structure, the next
step is to assess the location of sulfuric acid with the framework. Given the molecular structure of
sulfuric acid, and the Lewis acidity by the Cu site there are few likely configurations with which
sulfuric acid will interact with the framework. Consequently, we began by modelling the binding
of sulfuric acid in the lattice by DFT calculations with multiple starting geometric configurations.
The first possibility is free floatation in the cage or pockets of the framework. The disadvantage

of having sulfuric acid in the framework with this free floatation is the randomness in the location
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of sulfuric acid. This will lead to inconsistent ammonia adsorption and other results. Also, the
binding energy calculated for free floatation is ~ 0.5 kJ/mol which makes this interaction quite
weak. The second configuration of sulfuric acid we investigated is bound via one of the -OH
groups as shown in figure 5.5 (top). This binding utilizes one -OH group for the binding and leaves
only one for interaction with ammonia. Besides this disadvantage, the free -OH group faces
inwards (towards the framework) and so the interaction is hindered. The energetics of this
interaction were also not very favorable with a binding energy close to that of floatation. The final,
most favorable, and the only stable configuration is by binding through one of the two S=0O bonds
as shown in the figure 5.5 (bottom). This configuration leaves the two -OH groups facing outwards
which attract more ammonia inside the cage. Since the two -OH groups are wide apart in the cavity,
the first binding of ammonia doesn’t affect the binding of second molecule of ammonia. The
sulfuric acid which we introduced in the framework post-synthesis, binds to copper with a binding

energy of 33.3 kJ/mol and has a Cu-O-S bond with a bond length of 2.4 A.
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Figure 5.5a (top) An unstable configuration of sulfuric acid in the framework with one -OH group being used for
anchoring the molecule and leaving other OH group stereo-hindered for interaction with ammonia. Figure 5.5b (bottom) Most
stable and favorable configuration of sulfuric acid binding as it leaves both -OH groups free to exhibit the Bransted acidic character

with a reasonable binding energy of ~ 33 kJ/mol.
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5.8.3 Ammonia adsorption compared

As mentioned in the characterization, we employed a vigorous method of gas loading
where the sample can was shaken on a vortex mixture while the gas was being dosed in. After
dosing the required amount of gas, the sample can was heated gently for ammonia to redistribute
evenly. This homogenous distribution of ammonia throughout the structure is better as it doesn’t
lead to a gradient of adsorbed gas in the material. When ammonia is dosed into the sample can,
only the upper layers of the material adsorb ammonia and the distribution isn’t uniform as may be
easily seen from the Figure 5.6b and 5.6¢ (Figure 5.6a is the activated sample). Measurements on
samples which effectively contain a range of different loadings on different articles are challenging
to interpret as most methods of assessing structure assume homogeneity. Once the upper layers
saturate, any extra amount of gas dosed will condense on the top layer giving an incorrect
indication of saturation. However, when the gas is dosed properly, in this case by using vortex
mixture, it is distributed several times before truly saturating the structure. For HKUST-1, it is
easier to observe this mechanism as the material changes color upon adsorbing ammonia which is

shown in the figure 5.6d.
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Figure 5.6(a) pure HKUST-1 activated sample before dosing ammonia with its characteristic deep-indigo color. 6b
shows the interaction of ammonia with material when ammonia was initially dosed into the Schlenk tube showing
uneven adsorption levels. 6¢ is another view to show clearly, the non-homogenous distribution of ammonia in the
sample with next small dose of ammonia. From 6d, we can see that uniform distribution is achieved after heating
the tube gently with mild shaking. This distribution is now ready for next dose of ammonia. Repetition of this

method will eventually lead to a true saturation of ammonia.

Experimental observation of ammonia adsorption was studied by neutron vibrational
spectroscopy and the INS spectra for pure HKUST-1 and acidic HKUST-1 to study the ammonia
adsorption are compared in Figure 5.7a and Figure 5.8a. For unmodified HKUST-1, we observe
the increasing amount of ammonia loading starting from 0.5 NH3 per Cu site before saturating
between 1 - 2 NH3 per Cu site (or 3 - 6 NH3 per formula unit). The presence of solid ammonia
phonons between 70 - 300 cm™, and specifically at ~75 cm™, 85 cm™, and 100 cm™ can be seen
for 3 NHs per Cu site. The result was also confirmed by measuring FTIR spectra of the sample.

INS spectra also show the presence of splitting of libration bands for solid NH3 between 220 - 270
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cm™* which is clearly observed in the saturated HKUST-1. We also noted a significant change in
color from dark indigo to a lighter shade after ammonia adsorption as has been previously
described. Comparing the ammonia loading with other publications, we observed higher loading
of ammonia for the acid-modified compound than was previously reported for pure HKUST-1.
Interaction of ammonia in the pure HKUST-1 is depicted in the figure 5.7a (where as reported
multiple times), the ammonia chemisorbs at Cu site. The binding energy calculated for Cu-NH3

interaction is ~ 80 kJ/mol; secondary physisorptive binding in the pores also occurs.

— 1.5 NHz per FU
— 3 NH3 per FU
— 6 NHs per FU
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Figure 5.7a: INS spectra for ammonia loadings on pure HKUST-1. It can be observed that the material
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saturates between 3 and 6 NHa/ formula unit or 1 and 2 NH3/Cu site.
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Figure 5.7b: Interaction of NH3; with pure HKUST-1. Without any acid present, as expected, ammonia first

goes and binds strongly with the Cu site.

For acidic HKUST-1, we note a higher amount of ammonia in the material that we attribute
to an interaction between the two -OH groups from sulfuric acid which act as Brensted acid centers
for ammonia which acts as both Lewis and Brgnsted base. Adsorption of ammonia at the additional
sites can be seen ~220 cm™ and ~280 cm™. Since ammonia is being adsorbed strongly by the
framework, we don’t observe peaks associated with solid ammonia (~75 cm™, 85 cm™ and 100
cm?). The splitting of libration band for ammonia which is an indication of presence of
condensation of ammonia in the material, is observed for pure HKUST-1, but it doesn’t split for
acidic HKUST-1 and is another indication of capability of acidic HKUST-1 to adsorb more
ammonia. INS spectra for ammonia loadings (Figure 5.8a) shows adsorption of ammonia in the
framework before saturating between 3 - 4 NH3 per Cu site. The amount of ammonia adsorbed in
acidic HKUST-1 is three times that sorbed into pure HKUST-1 making it a better candidate for

ammonia adsorption.
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This higher adsorption of ammonia with acidic HKUST-1 utilizes the concept of Bransted
acid-base interactions, discussed previously. Sulfuric acid is a strong Brgnsted acid (proton donor)
with a high K value (1000; pKa = -3) and can readily donate its proton from the two free -OH
groups. The binding of sulfuric acid through a terminal =O allows the two -OH groups to both
interact with ammonia molecules. As a Lewis base with a lone pair of electrons, ammonia can
easily accept a proton donated by the OH groups of sulfuric acid. This interaction between the lone
pair of electrons at ammonia and the donation of proton is not strong enough for a complete
transfer, as seen in computer modelling (discussed below). We calculate a binding energy of first
molecule of ammonia close to 128 kJ/mol. This energy is sufficient to keep ammonia adsorbed to
the OH group and with another OH group available to interact with a second molecule of ammonia.
For two ammonia molecules associated with a single H2SOs, we calculate a much weaker

interaction that is still consistent with the Brgnsted acid-base interactions.
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Figure 5.8a: INS spectra describing the ammonia loadings on acidic HKUST-1. It can be observed that the

material doesn’t saturate even at higher loadings of 3 NHa/Cu site or 9 NH3/ formula unit.

204



Figure 5.8b shows the interaction of ammonia with the acidic moiety. As anticipated, the
ammonia molecules interacts with the free -OH group of the acid. The first ammonia molecule
binding at one -OH site has the binding energy (from DFT calculations) of 128.9 kJ/mol. Bond
distances in the DFT minimized structures provide the following picture of the interaction. The
proton is partially transferred the NH3, resulting in an NH4 species with a significantly longer (~
10%) N-H separation than for the other three protons. This partial acceptance or transfer is also
corroborated by the elongation of the -O-H bond length from 1.0 A to 1.6 A. A longer N-H bond
length (1.5 A) and a shorter -O-H bond length (1.1 A) is observed when the second ammonia
molecule binds to the second -OH site (Figure 5.8c) thereby showing a much weaker proton
transfer. The calculated binding energy for the second molecule of ammonia is much weaker (69.5
kJ/mol) compared to the first ammonia binding. During these bindings, there is no trace of
formation of ammonium sulfate which would have been observed as a shorter N-H bond length of

0.88 A as per ICDD database.

4

Figure 5.8b: Interaction of first molecule of ammonia with the first acidic site (-OH group)
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Figure 5.8c: Interaction of second molecule of ammonia with the first acidic site (-OH group)

5.8.4 Recyclability and reversible adsorption

Besides higher adsorption of ammonia in the acidic HKUST-1, we have also observed the
reversible nature of binding of the gas. The primary reasoning for a reversible adsorption is
explained by DFT calculations where we noticed an incomplete transfer of proton compared with
ammonium sulfate. The interaction of ammonia with the copper site in HKUST-1 is well studied
and, as mentioned in the introduction, a Cu(ll)diamine complex eventually forms in place of the
MOF. This binding energy between ammonia and copper site is 77 kJ/mol based on DFT
calculations, corresponding to a strong binding between the two species. In acidic HKUST-1, since
the transfer of proton is partial, formation of ammonium sulfate (NH4") isn’t observed in DFT
calculations. N-H bond length in NH4™ is 0.88 A as per ICDD database. This shorter bond length
corresponds to a complete transfer of proton and chemisorption. As explained earlier, we observed
longer bond lengths thereby confirming a partial transfer.
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Besides, as mentioned earlier, the color of HKUST-1 changes from dark indigo to light
indigo upon loading of ammonia and can’t be reversed because the interaction is too strong. Below,
we show the original color of the acidic HKUST-1 (blue) on pumping the ammonia dosed acidic
HKUST-1 at 50 °C (Figure 5.9). This change in color of the acidic material is the first indication
of removal of ammonia. This also suggests minimal chemisorptive ammonia adsorption at Cu site

in acidic material which would lead to a deep indigo color.

Figure 5.9: Comparison of the final color of the material after pumping the ammonia from the material
where the left image shows the acidic material reverting back to original blue color after pumping the gas whereas

the pure HKUST-1 on right doesn’t show any change in color after pumping indicating chemisorption.

To evaluate the presence of ammonia, the IR spectra (Figure 5.10) for the pumped acidic
HKUST-1, was compared and we confirmed complete removal of ammonia. From the Figure
below, we can observe the presence of ammonia in saturated acidic HKSUT-1 between 3000 -
3500 cm™, which are absent in the pumped material. The removal of ammonia is not a rapid

process but is a slow process when carried out at 50 C.
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Figure 5.10: FTIR spectra for pumped acidic HKUST-1 showing the removal of gas at 50 C. The inset

shows the zoomed range to compare the presence (black) and removal (red) of ammonia in acidic HKUST-1.

Other remarkable feature of the reversible adsorption at sulfuric acid site is a reversible
phase transformation as observed in XRD pattern. After saturating the acidic HKUST-1, the XRD
pattern of the cubic phase is lost. This is also the case for pure HKUST-1. However, the XRD
pattern measured after pumping (Figure 5.11), matches that of acidic HKUST-1 before, thereby
implying the integrity of the structure justifying the reversible binding of ammonia. What is
remarkable about this phase transformation is the loss from a symmetric phase (cubic) to a different
transient phase (presently under our investigation) which, upon vacuum treatment at 50 °C, returns
to the diffraction pattern for the cubic phase. Loss in the high symmetry phase upon ammonia
loading is expected because the nature of ammonia binding in the pure material (chemisorption;
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formation of copper diamine complexes) is already well-established. One possible cause of
preserved structure for acidic HKUST-1 is due to partial transfer of proton which doesn’t allow
for chemisorption of ammonia in the structure. The occupation of significant fractions of the
surface by sulfuric acid and formation of sulfuric acid-ammonia complexes leaves little pore
volume for additional ammonia adsorption which may prevent the attack on the framework by
ammonia for the unmodified form of HKUST-1, instead, when ammonia is dosed in, the gas is
adsorbed primarily by the acid-base interactions described previously. In other words, cubic phase
modifies to a transitory phase to attract more ammonia molecule due to the Brensted acid — base
interactions. This novel reversibility in ammonia uptake, coupled with dramatically higher
adsorbed capacities, makes this form of HKUST-1 attractive as a practical sorbent for removal and

recovery of gas phase ammonia.

Acidic HKUST-1
Saturated acidic HKUST-1

20
Figure 11a: Complete loss in PXRD pattern in acidic HKUST-1 after saturating the material with ammonia. The

new pattern corresponds to a monoclinic phase.
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Figure 5.11b : Regeneration of the lost PXRD pattern after pumping the ammonia from the framework.

5.9 Conclusions:

In summary, the post-synthesis modification of HKUST-1 with sulfuric acid created novel
binding sites which led to improved, reversible ammonia uptake. A partial transfer of proton
observed in DFT calculations from -OH group to NHs explains the reversible binding of NHs.
Ammonia binding for pure HKUST-1, is chemisorbed at the Cu-site with a binding energy of 77
kJ/mol but for acidic HKUST-1, the binding energy calculated for the first molecule of ammonia
is 128.9 kJ/mol followed by a weaker interaction. A partial transfer of proton makes the ammonia
binding stronger than physisorption but weaker than chemisorption or in simpler terms -
reversible. Pumping on the saturated acidic HKUST-1 for few hours breaks the partial transfer of

the proton and NHs which is adsorbed at sulfate sites, leaves the material and the material is
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recycled. The presence of additional sites in the framework improves the framework’s total NH3

uptake, as shown by the comparison between INS spectrum and the DFT calculations.
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Chapter 6 — Conclusions

In this dissertation we have shown the efficiency of the nanoporous materials dedicated to deal
specific gas separation and storage problems. Due to high surface area and energetically favorable
sites such as unsaturated metal sites, narrow cavities, channels, embedded nanoparticles these
materials offer exceptional surface for gas molecules to interact. Molecular sieving, diffusivity,
dispersion, quantum sieving and other thermodynamic effects control the process of gas separation

and storage.

In first part of this study we screened all the 229 zeolitic frameworks in their siliceous form by our
Grand Canonical Monte Carlo simulations to observe their performance to separate Kr/Xe gas
mixture. We observed that how a 9-6 Lennard-Jones potential with a softer repulsion is better to
model the fluid-fluid interactions. Our screening shows that presence of a small cage will be
selective and adequate to fit a Xe atom followed by a quick saturation indicating a lower utility in
practical PSA sorbents. Zeolites working at relevant pressures were found to have zig-zag,
elliptical cross-sections and narrow pore systems. For high capacities, CDO, MRE, and PSI
calculated a selectivity greater than 10 at all loadings. AFO, ATO, PSI, and ZON can be used to
synthesize pure AIPOs and the simulations can be assessed for such systems in Kr/Xe gas

separations.

In second part of the work we assess a metal phosphate VSB-5 with unsaturated Ni?* sites
providing strong interaction sites for hydrogen gas interactions. A strong magnetic moment,
highest measured heat of adsorption (>16 kJ/mol) and highest selectivity (~4) at 140 K range
makes this material a strong candidate to study for hydrogen adsorption studies. D, measured a
higher and consistent heat of adsorption than hydrogen and VSB-5 is selective to D2 due to the

guantum sieving effect observed at temperatures > 120 K.
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In third part of this study we work with graphene to test the validity of H2 interactions in an
anisotropic potential. Graphene is one of the most exciting and a simple surface providing weak
interactions to model the C-H interactions. Inelastic neutron scattering data measured the shift in
the rotational line of dihydrogen upon interaction with smooth graphene surface. At low coverages
the most energetically favorable sites dominate the adsorption and the areas of the lower energy
peak below 14.3 meV are around twice the areas of the peak above 14.4 meV. This agrees to the
anisotropic potential model and the behavior can be described as a 2D rotor. A comparison with a
strong site — Ni?* in VSB-5 is also studied where a big shift in the rotational line is observed along

with the ortho-para hydrogen conversion due to the strong magnetic moment provided by Ni?*.

Finally, we modify one of the well-studied framework of HKUST-1 by introducing Bronsted
acidity to increase the amounts of ammonia in the framework. Sulfuric acid tethered framework is
stable for a period of more than 6 months and increases the ammonia adsorption by three times.
The novel binding sites provided by sulfuric acid as studied by DFT calculations exhibits the -O-
H-N bond elongation for ammonia adsorption and corresponds to a weak transfer of proton from
-OH to ammonia. The partial transfer of proton leads to a reversible binding of ammonia and a

flexibility in framework of HKUST-1 on ammonia adsorption is also observed.

As can be seen, nanoporous materials such as zeolites, metal organic frameworks, carbon based
materials, etc provide exciting opportunities in the field of gas adsorption with post-synthesis
modifications making the research a lot easier. Due to the striking surface chemistry and
reasonable gas capture, focus from cryogenic methods is shifted. Reversible binding, robustness,
low cost, environmental friendly are a few characteristics which make this field interesting and a
continuous growth to find new material is also seen. Most of the work done so far is considered in

preliminary stages but decent efforts by the researchers is pushing the applications close to reality.
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Appendix A[1-3]

Introduction to Grand Canonical Monte Carlo (GCMC) Simulations

A partition function is defined to compute the thermodynamic quantities of a system of interest.
When the multidimensional integrals are needed to compute the thermodynamics properties, the
integration needs to be done numerically. Monte Carlo (MC) methods are the algorithms that
integrate the expression by random sampling of all the possible states of system. This random
sampling is the first choice however it can lead to false property evaluation because of over-
sampling of the regions where the contributions to the values are negligible or where it is
impossible for the system to exist. Importance sampling and increasing the number of states
sampled can fix this problem. Importance sampling relies on a range of system conditions to
sample where the possible probabilities of the properties will be at their peak however, even the
sampling can run into difficulties from under and impossible sampling to describe
multidimensional integrals that generate points with a probability density exactly proportional to
those of the function of interest.

In chemistry, the partition function is sampled with MC and then processed with statistical
mechanics to predict the expectation values of relevant thermodynamic properties. The focus is on
the evaluation of the Boltzmann distribution and thus the partition function. The Boltzmann
distribution is the probability that a system is in certain states at given conditions. Often the
configurational portion of the partition function is not of particular interest - just the averages of
microscopically determinable quantities A(r") are (whose expectation values are defined in the

following equation using the partition function):
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This formulation allows us to solve thermodynamic integrals using the efficient sampling scheme
described by Metropolis et al. Metropolis explained that instead of choosing states at random and
determining their Boltzmann factor e =Y, one could with more efficiency choose configurations
with that are connected to other probable nearby states and weigh them evenly. Therefore, the
Metropolis algorithm generates sequences of random states that in the end reach a significant
probability per the equilibrium distribution of the appropriate statistical ensemble. This is done by
solving directly for the thermodynamic average of the observable A. By rewriting it in terms of a

summation, this allows us to solve for the average without determining the partition function.

N_samples

(A) = ! E A;(rN
N_samples ¢ / ()
L=

)

Another fundamental part of the Metropolis algorithm is what is known as a Markov chain: a
sequence of trials that yields one set of states dependent only on their preceding state. There is a

transition probability which connects the Boltzmann probability,

~pu(rM)
p(rV) = -
3)

in the current, M, state through the transition to the next, N, state:
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PMTtM-sN = PNTIN-M
(4)
Here, m is a dimensionless square matrix that satisfies the condition of microscopic reversibility.
Connecting the states M and N are what Metropolis called “trial” moves, which simultaneously
move multiple atoms across multiple directions in phase space and relates the energy differences
between the final and initial configuration to determine the probability of the transition. The trial

move is accepted with the following probability:

m N oo Pbotez™Y\ _ . —BAU
Pec(r™ > ™) = min (1, —Pboltz(rm)) = min(l,e )

(%)
If the determination of the probability from initial M to final N state is found to be less than a
randomly generated number between [0,1] then the move becomes rejected outright. If the trial
move lowers the energy of the system, then the probability is greater than 1, and the move is

always accepted.

The benefits of Monte Carlo simulations are that they can be performed on various
statistical ensembles. The simplest type of ensemble is the microcanonical ensemble, which fixes
the number of particles in the system, the volume, and the energy of the system. The Boltzmann

distribution for this ensemble directly relates to the entropy of the system.

: S=kBlnf

|~

p:

(6)
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The canonical ensemble builds on this, allowing the energy to fluctuate while holding the
volume, temperature and the number of particles fixed. Its partition function is represented as
Q(N,V,T), i.e.. the NVT ensemble, and has the Boltzmann probability of a microscopic

configuration:

yN
NITA3N € pY

PBoitz =
QNVT

(7)
where U is the potential energy, V the volume, A is the de Broglie’s thermal wavelength, £ is the
Boltzmann distribution, and N is the number of particles. The pre-factor is the connection between
the non-interacting ideal and interacting microcanonical states of the system. The free energy

associated with the canonical ensemble is the Helmholtz free energy:

—BA =n(Q)
(8)
The grand canonical ensemble allows the number of particles within the system to fluctuate
while it holds the chemical potential i, volume, and temperature fixed. The number of particles is
allowed to fluctuate by equating the chemical potentials for the species of interest with a reservoir
of molecules that can be moved into and out of the system. This canonical Boltzmann distribution

can be modified in terms of the grand canonical ensemble:
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The Monte Carlo method, specifically in the grand canonical ensemble, is the leading
means for simulating gas adsorption using statistical thermodynamics of the interacting system of
interest. Grand canonical Monte Carlo is the most advantageous methodology for adsorption
studies because of the direct relationship between the chemical potential of the adsorbed fluid and
the desired pressure of the system made with an equation of state. With zeolites and other porous
materials, the phase space available to adsorbed gases within the framework is sampled by defining
how the particles move within the system and the energetic interactions that define how the gas
interacts with the framework. The trial moves include molecule translation and rotation (canonical
moves) as well as the creation and destruction of the molecules within the framework. Using the
previously outlined details, a very accurate picture of gas adsorption can be obtained using only
simple classical dispersion and electrostatic interactions.

Recently, an impressive study was performed that screened 670,000 different known and
hypothetical porous zeolites, MOFs, ZIFs, PPNs, and COFs for their selectivity at an initial loading
of an 20:80 mixture of Xe:Kr at room temperature. Their results supported the conclusion that
topologies with smaller pores and pockets that maximized interaction with Xe had improved Xe
selectivities, and one of their top performers is S1Z-3 (CSD code: JAVTAC) which is an ALPO-
11 (AEL) zeolite analogue.

Besides the mentioned concept of enhancing adsorbate-adsorbent interaction with zeolites,
a study on high silica compositions can provide a reasonable approximation of the zeolite’s

behavior. While siliceous zeolites (containing only Si and O) are natural point to begin modelling
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efforts, they may well represent practical adsorbents as well. As adsorbents, they may offer good
selectivity through dispersive interactions for Kr and Xe, which have no standing multipolar
moments to strongly interact with cations. A vital part of studying Kr/Xe adsorption in the vast
family of zeolites is developing a transferrable description of adsorption into the pure TO2
frameworks. Here we develop such a model which we show can generally predict gas adsorption
isotherms to excellent agreement with experiment. We then apply the model to all 229 siliceous
zeolites to determine their ability to separate 90:10 Xe:Kr across the range of loadings relevant to

an actual PSA process.
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