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Abstract

Hexagonally-packed mesoporous silicas (HMS) grafted with low-valent titanium,
vanadium, and chromium organometallic fragments possessing oxidation states between
(IT) and (IV) were synthesized, tested for their hydrogen storage capacities, and
characterized by XRD, nitrogen adsorption, XPS, and EA. The effects of the variation in
the surface area, pore size, transition metal type, and metal oxidation state, the
organometallic loading levels, as well as the ligand environment on the H, adsorption

capacity and the binding enthalpies of these systems were investigated.

This study demonstrated that titanium is more effective at hydrogen binding than
vanadium and chromium. HMS silica grafted with benzyl titanium (III) fragments can
accommodate up to 4.85 H; per Ti center. This compares to 2.74 H; per vanadium center
as for the HMS grafted with tris(mesityl) vanadium, and to 1.82 and 2.20 H, per
chromium as for the HMS treated with the tris[bis(trimethylsilyl)methyl] chromium and
bis[(trimethylsilyl)methyl]chromium respectively. The hydrogenation of the metal
centers had a pronounced effect on the adsorption capacity of the Cr-grafted HMS. This
capacity increased from 1.82 to 3.20 H;, per chromium in the case of HMS treated with
tris[bis(trimethylsilyl)methyl] chromium, and from 2.20 H; to 3.50 H; per chromium in

the case of HMS treated with tris[(trimethylsilyl)methyl] chromium.

The investigated systems in the first part were used as modules in the design of
novel chromium hydrazide gels that use low valent chromium centers as H; binding sites.
These materials were synthesized at various Cr to hydrazine molar ratios and have room

temperature excess hydrogen storage of up to 1.01 wt%, and binding enthalpy of up to

vil



22.9 kJ/mol. However, the hydrogenation of these materials induced an amplification of
the performance and binding enthalpies. The excess room temperature hydrogen storage
of the hydrogenated samples goes up to 1.65 wt%, with the room absolute volumetric
density goes up to 29.92 Kg/m®, and with binding enthalpy goes up to 51.59 kJ/mol.
These materials would use pressure instead of temperature as a toggle and can thus be
used in compressed gas tanks, to increase the amount of hydrogen stored, and therefore

the driving range of any vehicle.
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Chapter 1 — Introduction

1.1 Hydrogen: The Ultimate Fuel

Hydrogen, which is Greek for water forming, is a colorless, odorless, tasteless, non-
toxic flammable gas. It is the simplest, lightest and most abundant element in the
universe and it is estimated to make up about three quarters of the mass of the
universe.’J. However, on earth less than 1 % of hydrogen is present as molecular
hydrogen gas. It mainly occurs in combination with oxygen as in water, or bound with
carbon as in hydrocarbon fuels (petroleum).®! Hydrogen is often called an energy
carrier or energy vector, instead of an energy source. This is because energy must be
used to extract hydrogen from water, natural gas, or other compounds that contain
hydrogen. Hydrogen gas was first produced in the early 16" century, but was not
recognized as a new substance till 1776 by the British scientist Henry Cavendish. He
called it an “inflammable air” rising from a zinc-sulfuric acid mixture, but later Antoine
Lavoisier succeeded in reproducing Cavendish's experiment and gave the element its
name.[! Hydrogen exhibits the highest heating value per mass of all chemical fuels (142
MJ/kg), which equivalent to three times that of gasoline (47 MJ/kg).”! It represents the
ultimate solution for converting to less and less carbon-containing fuel. Throughout
history, humanity has been moving towards carbon-free fuel, considering that our
ancestors relied mainly on wood and charcoal for their energy needs, which was later
replaced by coal at the outbreak of the industrial revolution. Coal, which has higher
energy density per mass than woods and charcoal, was used to power steamships and

railroad engines and it is considered as the energy symbol of the industrial revolution



era. Later, at the beginning of the 20™ century, coal was replaced by oil. If one follows
this trajectory, as time progresses subsequent fuel sources will contain less carbon and
more hydrogen by unit mass.) Therefore, fuel evolution must eventually reach the
ultimate destination of pure hydrogen.

Hydrogen is a renewable and environmentally friendly fuel, and it is the ideal
energy carrier for mobile application; but the problem of adequate and safe storage is
still unsolved. Storage implies the reduction of the enormous volume that hydrogen gas
occupies at standard temperature and pressure. At room temperature and atmospheric
pressure, 4 kg of hydrogen occupies a volume of 45 m®"!  The problem of poor
hydrogen energy content per volume (0.01 kJ/L at STP and 8.4 MJ/ L for liquid
hydrogen vs. 32 MJ/L for petroleum) can be overcome by compressing the gas, or by
cooling it below its critical temperature (Fig. 1.1) or by reducing the repulsion forces by
the interaction of hydrogen with the surface of another material. "

The hydrogen atom (H) consists of an electron circling a proton. It has an atomic
weight of 1.00797. This element is a major constituent of water and all organic matter.
There are three isotopes of hydrogen: protium, which makes up to 99.98% of the natural
element; deuterium, which makes up about 0.02%; and tritium, which occurs in
extremely small amounts in nature. © The physical properties of hydrogen are
summarized in Table 1.1.

As it is the nature’s lightest element, when gaseous hydrogen escapes it quickly rises in
the Earth’s atmosphere because of its extreme buoyancy; it also diffuses through air
much more rapidly than any other gaseous fuel. Since hydrogen gas rises so quickly, it

is difficult to accumulate a large hydrogen-air mixture to sustain a substantial fire. This



fact makes hydrogen perhaps the safest fuel for transportation application.”) However,
if hydrogen were to leak into an enclosed space, i.e., a car garage, then hydrogen sensors
must be installed at some locations in the garage to provide leak warning. Also adequate
ventilation would help reduce the possible formation of hydrogen-air flammable

mixtures in the event of a hydrogen leak.

Table 1.1 - Properties of hydrogen (Hz).[8]

Property Value
Molecular weight 2.01594 g/mol
Density of gas at 0°C and 1 atm. | 0.08987 kg/m’
Density of solid at -259°C 85.8 kg/m’
Density of liquid at -253°C 70.8 kg/m’
Melting temperature -259°C
Boiling temperature at 1 atm. -253 °C
Critical temperature -240 °C
Critical pressure 12.8 atm.
Critical density 31.2 kg/m’
Lower heat value 119.9 MJ/kg
Higher heat value 141.6 MJ/kg
Flame temperature 2207 °C

Molecular hydrogen (H,) exists in two different energy states or spin isomers.
The ortho hydrogen form, in which the nuclei have parallel spins with a molecular spin
number of 1(’2+ '), and the para hydrogen in which the nuclei have antiparallel spins
and the molecule has a spin number of 0 (72 - '2). At ambient temperature and pressure

about 25% of the hydrogen gas is of the para form and 75% of the ortho form.!""



The hydrogen molecule is a very weak acid, with a pKa value of 49 in THE.!'" The

diameter of the hydrogen molecule is 0.41 nm."’

108 -
H Metal
L | e e e Liquid Metal
g 104~=
@ By
§ gas
o 1034
[a |
Critical point
10° 2
H, liquid .
solid Triplepoint ‘ f oy
102 i :
1 i gas
' i, 1
10° 10' 12 RT 102 10 10° 10°

Temperature [K]

Figure 1.1 — Hydrogen phase diagram (2 (reproduced with permission from Elsevier).

1.2 Hydrogen Storage Methods

Effective, efficient, and safe hydrogen storage technique is a key for the
transition to carbon-free fuel. However, more challenges must be overcome for on-
board hydrogen storage transportation applications. The currently available hydrogen
storage methods with their advantages and drawbacks are reviewed in this section.
1.2.1 Pressurized Tank Gaseous Hydrogen Storage

Storing hydrogen as a compressed gas is a currently available method, with
storage tanks that withstand pressure up to 350 bars. This storage technique is about five
times less energy-dense than gasoline, i.e., storing hydrogen, employing this technique,

requires a volume 5 times that of the gasoline tank.[**! Therefore, there is a need for



further compression, with the current aim for a pressure increase up to 700 bars in
special tanks which would provide a gravimetric hydrogen storage capacity of 4.5 wt%,
equivalent to the DOE 2010 target; however the volumetric capacity in this case is only
0.025 kgH,L™ . The energy loss in compressing H gas to 700 bar of about 15% of
the total energy value of the H; gas, and the safety issues in the event of an accident, are
major drawbacks that prevent the implementation of this hydrogen storage method for
mobile application.

1.2.2 Cryogenic Liquid Hydrogen Storage

Liquid hydrogen (LH>) is already in use as a fuel for space rockets. Hydrogen
gas can be liquefied at temperatures below 33 K as shown in Fig. 1.1.*® At atmospheric
pressure, hydrogen has a boiling point of 20 K and the liquid H; density (1atm, 20K) is
70.8 kg/ m*M® This translates into 2.35 kWhL™ system volumetric capacity, which
exceeds the DOE new target for 2015 (1.3 kWhL™). However, the large-scale
applications of LH; for on-board vehicular use are difficult, due to the energy penalties
associated with cooling and liquefying, which are equivalent to about 30% of the total
energy value of Hj, and also the problem of hydrogen boil-off on standing and the
energy loss and safety concerns associated with it, especially for a vehicle left in an
enclosed space.™*”!

LH, storage method, with all of its drawbacks, has lots of advantages over
gaseous storage in pressurized tanks. The LH, storage tank is of lower mass and smaller
volume than that used for hydrogen gas at very high pressure; this translates into a
higher energy capacity per tank and therefore longer driving range. However, it is still

not an appropriate storage method for mobile application.



1.2.3 Hydrogen Storage by Chemical Adsorption

The conventional storage methods of compressed gas and LH, fail to meet the
strict requirements for the implementation of hydrogen as a transportation fuel as a
result of low volumetric capacity, problematic energy efficiency, and safety concerns.
Therefore, it is desirable to explore alternative solutions to these storage techniques,
such as using a chemical substance as a carrier. Hydrogen can be stored in solids by
chemical binding to a metallic substrate by forming a metal hydride in noble metals and
alloys. In this process the molecular hydrogen dissociates at the metal surface to form a

hydride phase. The reaction of H, with a metal (M) is represented as follows: 7!

M + (X/2) H, MHy

This reaction is normally very exothermic. For example, MgH, with its high
gravimetric capacity of 7.6 wt% possesses an H, binding enthalpy of about 70 kJ/mol H,
and requires a heating temperature of about 300 °C to desorb hydrogen at normal
pressure. On the other hand, metal hydrides such as VH, and LaNisHx have more a
moderate binding energy (of about 40 kJ/mol H,), but the presence of relatively heavy
metals limits their gravimetric capacity. In summary, metal hydrides are effective in
achieving high volumetric densities of hydrogen, but the problems associated with the
high heating temperature needed for H, release, and their low gravimetric hydrogen
content when heavy metals are incorporated into the structure limits their use as
hydrogen storage materials for mobile application.

Another class of hydrides that shows promise for hydrogen storage is complex
hydrides. They are inorganic compounds of hydride anions such as [AlH4], [BH4],

combined with alkali metal cations to form soluble salts e.g., NaAlIH,, LiBH4. These



materials have a higher gravimetric capacity than most metal hydrides and they release
hydrogen under more moderate conditions than those of metal hydrides.
The thermal decomposition of the alanate NaAlH, is shown below:!*®!

3NaAlH, —» Na;AlH, + 2A1 + 3H,
Na3A1H6 — 3NaH + Al + 3/2 H2

The first step occurs over the temperature range 50-100 °C, and corresponds to the
release of 3.7 wt. % hydrogen. The second step occurs at a higher temperature in the
range 130-180 °C with the release of a further 1.9 wt. % H,. These reactions are only
reversible at temperature above 183 °C.

LiBH4and NaBH, contain more hydrogen than the alanates, 18.5 and 10.6 wt. %
respectively, but they start to decompose at much higher temperatures (300 °C for
LiBH,, and 375 °C for NaBH,). Incorporating Ti into the alanate lattice can make the
decomposition reaction of the alanate easier. Titanium metal located on or near the
surface, catalyzes the dissociation reaction by lowering the activation barrier.l*%!

Therefore, these complex hydrides are not suitable as hydrogen storage materials
for on-board application as they release H, at undesirable temperature and pressure
conditions for vehicular application.?”

1.2.4 Hydrogen Storage by Physical Adsorption

Maintaining the molecular identity of adsorbed H, is proposed as a fast and
efficient way for H, charge and release. *! The non-dissociative H, adsorption on high
surface area porous materials is of great importance for the development of storage
systems displaying good reversibility, fast kinetics and high storage capacities. Thus

materials with large surface areas such as activated carbon,’”? carbon nanotubes,?* 24,



fullerenes. 2> zeolites,?® molecular clathrates,!*® metal-organic frameworks,*** and
mesoporous metal oxides,>*” are great candidates for hydrogen adsorption in a non-
dissociative manner. However the type of interactions that hold the H, molecules to the
surface are generally weak dispersive forces. Therefore the system requires cooling at
cryogenic temperatures (usually at 77 K) to guarantee an acceptable storage capacity.
This condition is not suitable for vehicular application, which requires H, uptake at
ambient temperature. Thus, it is highly desirable to devise a way to strengthen the H,-
adsorbent interactions without breaking the H-H bond. This can be achieved by the
inclusion of other types of interactions such as electrostatic (charge-induced dipole
interaction) and orbital interactions (Kubas binding) through the incorporation of new
functionalities on the surface. Many attempts were made to increase the H, adsorption
enthalpy in metal organic frameworks. This was accomplished through various methods.
However the most effect means to increase hydrogen binding enthalpies in MOFs was
accomplished by the introduction of open metal sites, by catenations/ interpenetration,
or by spillover.*
1.6 System Requirements and Department of Energy targets for Hydrogen
Adsorption in Solid-state Materials

To be considered as practical for onboard applications, the hydrogen storage
materials must display high gravimetric and volumetric capacities, i.e., materials must
be light in weight and conservative in space, and must have fast adsorption/desorption
kinetics, i.e., quick hydrogen uptake and release, appropriate thermodynamics, i.e.
favorable enthalpies of H, adsorption and desorption, high robustness, mechanical

strength and durability, and a long cycle life time for H, adsorption and desorption, and



a high tolerance for recycling, safety under normal use and acceptable risk under
abnormal conditions."?

The United States department of energy (DOE) has set system targets for the year 2015
that must be met by the material to be considered ideal for hydrogen storage. A
summary of the DOE old (2003)1**! and the newly revised (2009)!* hydrogen storage
targets are displayed in the table 1.2 below.

Table 1.2 — Summary of the DOE hydrogen storage system targets.

Old targets (2003) Newly revised targets (2009)
Storage Property

For 2010 For 2015 For 2010 For 2015 | Ultimate

Gravimetric capacity

in wt.% 6 9 4.5 5.5 7.5

Volumetric capacity

in Kg/m® 45 81 28 40 70

Operating pressure

in Mpa 0.4-10 0.3-10 0.5-1.2 0.5-1.2 0.3-1.2
Kinetics
in (g Ha/s)/kW 0.02 0.02 0.02 0.02 0.02

Computational studies and theoretical investigations have shown that for optimal
storage at room temperature, the hydrogen-adsorbent binding enthalpy should be
between 20-40 kJ/mol,? *1 15-20 kJ/mol,"*® 20-30 kd/mol,*? or 15 kJ/moll*®
depending on the study. For the two main classes of solid-state hydrogen storage

materials currently under investigation: the materials that uptake hydrogen through




chemical adsorption have binding energies in the range of 40-80 kJ/mol and require
heating for H, adsorption and release,*”! and those that uptake hydrogen by weak
physical adsorption require cooling to cryogenic temperature in order to hold the H;
molecule into the binding sites and their binding energies are typically in the range 4-7
kd/mol.*1 Therefore, in order to arrive at materials with Hz-adsorbent binding energy in
the optimal range for practical applications, it is required to reduce the magnitude of the
binding enthalpy when chemisorption is taking place and to increase the strength of the
binding interactions when physisorption is under consideration. In other words, it is
highly desired to find adsorption sites with hydrogen binding enthalpy in the mid-way

between those of physisorption and chemisorption materials.

1.4 Enhancing the H,-adsorbent binding through Kubas-interaction

The year 1984 brought a great breakthrough in the field of the coordination
chemistry of dihydrogen when Kubas and his co-workers discovered a new type of H,-
complex in which the H, molecule acts as a ligand without loosing its molecular
identity.”") The side-on binding of H, to a metal center in an n>-manner through the
donation of the hydrogen two electrons to an empty d orbital through ¢ bonding was
thus delineated. This interaction is augmented by back-bonding from filled metal d
orbitals to a vacant H, o* antibonding orbital through n bonding as shown in Fig. 1.2
below. The finding of a side-on bonded H, was first observed in the complex
[W(CO)3(P-i-Pr3); (H,)]."*>*! The H-H bond length of the tungsten complex was 0.89
A, or about 20% longer than that of the free H,. The Kubas-interaction represents a

middle class between physical adsorption and chemical adsorption, with a binding
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enthalpy falling in the optimal range of 20-30 kJ/mol required for H, storage at ambient

temperature.

Figure 1.2 — Orbital representation of the H,-M bonding through 6, and M-H, back-bonding
through = in a Kubas complex.

a) Hydrogen to Metal donation b) Metal to hydrogen back-donation

T
M: G Seqad

_ N ~ J « - )
Vacant metal Filled H, Filled d,, metal orbital Vacant H,
orbital sigma MO sigma* MO

The stability of the H, complexes depends on the nature of the metal, ligands,
and charge, i.e. first-row metal, electron withdrawing ligand, and positive charge

shorten d,, and favor molecular H binding.* As we go from left to the right in the

transition series or down a group to third row metals, back-donation ability increases
and the o bond cleaves to form a dihydride because of the overpopulation of H, o*.®
Also the ligand trans to H, has a powerful influence: strong m-acceptors such as CO

greatly reduce back-donation and keeps d,,, < 0.9 A. If the trans ligand is a strong o-

donor such as hydride, there is a powerful trans influence that reduces o electron
donation from H; to keep the orbital electron population in balance because the orbitals
are shared.®™ A weak o-donor ligand trans to H, elongates the H, and therefore

disfavors an H, complex. A mild n-donor such as Cl trans to H, elongates the d,,,

(0.96-1.34A) and therefore disfavors H, complexes.’™ The influence of cis ligands is

11



less consequential because the orbitals are independent of each other. Positive charges
on M favor n?-H; binding while negative charges promote oxidative addition to
dihydride.?

1.5 Mesoporous Silica Gel as Hydrogen Storage Materials

Hexagonally-packed mesoporous silicas (HMS) are very light in weight with an
apparent density of 0.16 g/cc and with a surface area up to 1800 m%/g.”®! They are made
from cheap materials (silicon alkoxides, water, ethanol, and amine template) and can be

synthesized in large scale.*”

Silica gel preparation involves reactions of silicon
alkoxides with water; by this route a variety of materials can be produced. The silica gel
obtained is amorphous and composed of small globular particles having sizes of 10 to

20 AP®  This procedure is usually referred to as a “sol-gel” route, and can be

represented by the following reactions: ™ ¢

OR
RO—Si—OR +2H,0 —> SiO, + 4ROH

OR

Silicic acids are also formed by hydrolysis:

—Si—OR +H,0 — > ——Ssj—O0H + ROH

The silicic acids can then polymerize via the reaction:

12



——Si—OH + HO—Si—— ——> — Si—O0——¢8i

or

—Si—OH t+ RO—Si—— ——> Si O Si + ROH

The pore size and structure can be tuned by using ligand assisted templating
procedure employing different chain length amines. The pH value is also a major factor
in tailoring the pore dimensions. An acidic pH will leads to microporosity, whereas a

basic pH results in mesoporosity.”

1.5.1 Silica Surface Properties

The silanol groups (Si-O-H) on the surface of the HMS silica are the main
functional groups that play a significant role in determining the application properties of
HMS silica.l ®2 These groups participate in adsorption (physisorption) as well as in the
chemical modification and functionalization of the silica surface. There are three types

of silanol groups on the silicas, as shown in the figure below.®*

Figure 1.3 — The structures of the three types of silanol groups on silica surface as well as that of
siloxane.

H. H
/H / [N /
,li /$i\ /S'\
Free silanol Vicinal and bridged silanol groups
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The most important factor in play here is the surface silanol group density (i.e.

SiOH/an), also called the silanol number, so that the framework silica to be used as a
hydrogen gas adsorbent must be optimized in order to maximize the silanol density on
surface. The silanol number can be determined by different methods:

1- Deuterium exchange method:®*!

The H atoms of the surface silanol are exchanged with D in D;O. Infrared
spectroscopy permits the monitoring of the reaction process, and the analysis of the H,O,
HDO and D,O mixture provides a quantitative determination of the silanol groups.

2- The lithium aluminum hydride method: [

It is regarded as the simplest and most accurate method for determining the
silanol number on silica surface. In this method, the amount of hydrogen produced by
the reaction of the silanol groups with lithium aluminum hydride is found by a pressure
measurement. The hydride ion is small enough and highly reactive, so that all silanol
groups on the surface are detected.

The reaction between the surface silanols and LiAlH, is represented as follows:
4 = SiOH + LiAIH; — = Si-O-Li + (£ Si-O)3Al + 4 H;

1.5.2 Surface Functionalization of Mesoporous Silica by Metal-fragments
Grafting.
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HMS has a robust, mesoporous structure, and is highly rich in surface hydroxyl
groups. These characteristics make HMS an ideal candidate for chemical grafting. The
surface hydroxyl (-OH) group can stably bind a transition metal atom and form TM-
functional group complexes. It has been calculated that a single site TM atom adsorbs

several H, molecules with the binding energy of about 0.3eV/H, (29 kd/mole).l*® The

strong tendency of impregnated surfaces with low-valent metal centers to interact with
H, through a Kubas interaction makes HMS very attractive as a support in hydrogen

661  aerosol silica was

storage materials. In a recent study by Basset et al.,
dehydrogenated at different temperature (800, 500, 200 °C) to give homogeneous
surface species after grafting it with hafnium neopentyl. The as-synthesized and
hafnium neopentyl grafted materials were characterized by IR and solid-state NMR. The
obtained hafnium neopentyl grafted silica was then hydrogenated at 150 °C for 17 hours
under 500 mbar H,. The direct environment around the grafted metal has a great impact
on the catalytic activity of these materials. The unique property of the surface oxidation

state in porous oxides can be varied as a mean of tuning H, binding enthalpies and

storage capacity.
1.6 Characterizations of Solid-state Hydrogen Storage Materials

The understanding of the type of the intermolecular interactions responsible for
hydrogen storage as well as the binding strength and the location of the adsorption sites
is very crucial for the design and the development of new storage materials that can

[

function at ambient temperature and pressure.””) Among the techniques employed for

the investigation of the H,-interaction within solid-state hydrogen storage materials and
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the other properties of these materials are infra-red spectroscopy, Raman spectroscopy,
inelastic-neutron scattering, X-ray diffraction, as well as computational modeling.

These are reviewed in the following sections.
1.6.1 Infra-red Spectroscopy

In infra-red spectroscopy, the vibrational motions of the atoms are considered.
The change in the molecular dipole moment when the atoms vibrate determines whether
the vibration is IR active or inactive. The dipole moment is determined by the
magnitude of the charge difference and the distance between the two centers of

charge.l®”!

The free H, molecule vibrates without any change to its dipole moment, i.e. its
vibration does not produce an oscillating dipole; therefore it is IR inactive.®® However,
the interaction of the H, molecules with the surface of any framework polarizes the H-H
bond, therefore leading to an oscillating dipole when vibrating and making the H;
molecule IR active by the polarization effect of the surface.® IR spectroscopy has been
employed as a tool to investigate the H, binding sites as in the article by Presitino et
al®®! in which the IR-spectrum of hydrogen adsorbed to Cu-BTC was reported. The
spectrum exhibits two groups of bands centered at 4160 and 4100 cm™ which were
assigned to H, adsorbed in different sites. The latter band undergoes a red shift to 4090
cm™ at higher H, pressures. The first band was assigned to H, molecules weakly
perturbed by unspecific binding sites, by considering previous data collected on MOF-5
and other microporous materials..'>"? The infra-red spectrum collected on H, adsorbed

on Cu(l)-exchanged zeolites shows a v(HH) band as low as 3090 cm™. It is believed that
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the Av(HH) of the order of -1000 cm™ is due to hydrogen binding in a Kubas-type
fashion.["!

IR spectroscopy also enables us to get insight into the strength of the interaction
between the hydrogen molecules and the binding sites by measuring the bathochromic
shift of the IR bands as compared to those of the unperturbed system. The magnitude of
the bathochromic shift gets larger as the interaction gets stronger. Also, the binding
energy of any specific site can be measured from the isobaric temperature dependence

of the intensity of the corresponding absorption band.

1.6.2 Raman Spectroscopy

The inelastic light scattering phenomena, which is called Raman Effect, was
discovered in 1928 by Chandrasekhara Venkata Raman.["® This effect is due to the
interaction of electromagnetic radiation with the electron cloud of the molecule.
Molecular vibrations are called Raman active if the polarizability tensor for the
molecule changes. The oscillation of the polarizability of the molecule due to vibration

and rotation is responsible for the inelastic scattering of light.
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Figure 1.4: Raman spectra of hydrogen as a free gas and in the presence of MOF-5 at room
temperature and 30.3 bar (adopted from ref # 78 with permission from Elsevier).
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Raman spectroscopy may provide a great technique to gain insight into the
interactions between the adsorbent and the adsorbate by analyzing the changes in the
vibrational and rotational transition energies of the adsorbed hydrogen as compared to
those of the free molecule.’? A. Centrone et al.l”® have recorded the Raman spectra of
H, adsorbed to MOF-5 and compared it to that of unperturbed H,. They observed down-
shifted lines in the case of adsorbed H, as compared to those of the free gas. Figure 1.4
above shows the Q-branch of the unperturbed H, and those of the H, adsorbed on MOF-
5. The spectrum of the unperturbed H, has a peak at 4163 cm™ which is attributed to the
Q(0) transition, whereas those at 4157, 4145 and 4128 cm™ are attributed to Q(1), Q(2),
and Q(3), respectively. The spectrum of the H, adsorbed to MOF-5 shows a 10 cm™ red-
shift for the Q(1) frequency. The same shift was also observed for the Q(2) and Q(3)
frequencies. As with IR, the magnitude of the shift is an indication of the interaction
strength. Therefore, it should be noted that the weakly shifted peaks in the case of H,
adsorbed onto the surface of MOF-5 indicate that H, is weakly physisorbed on the
surface, and it does not undergo chemisorption.

1.6.3 Inelastic Neutron Scattering

The neutron is an uncharged nucleon with the same mass as that of a proton, a
spin of % and a magnetic moment of -1.913 nuclear Bohr magnetons.*”! The neutron-
nucleus interaction, rather than the magnetic interaction, is of special interest for the
characterization of hydrogen storage materials and the study of the behavior of
hydrogen. As the neutrons collide with atomic nuclei of a sample, they either gain or

lose kinetic energy. This energy change is due to energy transfer to and from the sample.
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The magnitude of this interaction is dependant on the particular nuclei involved. For
instance, hydrogen atoms scatter more strongly than deuterium atoms.[™

Inelastic neutron scattering (INS) is therefore a valuable technique that provides
information which cannot be attained by other techniques, and it is a widely used to
study the structures and dynamics of liquids and solids.®” Neutron scattering possesses
many advantages over IR spectroscopy as it does not depend on the weak transition
dipole moment induced in H, by the adsorbent’s surface.[®!

INS is a very expensive technique and requires a nuclear reaction in order to get
an intense beam of neutrons. Therefore it is available only at very few laboratories
worldwide, for example at the Chalk River Laboratories (CRL) in Ontario, Canada or at
ILL, Grenoble, France or at the Argonne and National Institute of Standards and
Technology (NIST) in USA. The advantage of neutron scattering over X-ray scattering
is that in the neutron scattering, the scattering power is not a function of the atomic
number. In neutrons, the atomic nuclei, rather than the electron clouds, are responsible
for the scattering and therefore hydrogen is considered as a strong scatterer of
neutrons.®?

In spite of the large number of articles in the field of hydrogen storage, there is
still no consensus as to where and how the H, molecule is being adsorbed. Neutrons
with wavelengths in the range 0.1-2 A have the ability to penetrate deeply through
matter, as the neutron size is comparable or less than the spacing between atoms and
therefore to provide information about adsorbent-adsorbate interactions.*”! The use of
inelastic neutron scattering can provide the answer about the location of the binding

sites and the strength of the binding interactions. The INS measurement is aimed at
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probing the structure of the rotational energy spectrum of the adsorbed molecules at

different adsorption sites by measuring the spectra as a function of the H loading level.
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Figure 1.5 — INS spectra of H, in HKUST-1 at 0.2, 0.5, 1.0, 1.5, 2.0 H,: Cu (adopted from ref # 80
with permission from Elsevier)

Y. Liu et al.®¥ have measured the INS spectra of H, adsorbed in HKUST-1
[Cus(1,3,5-benzentricarboxylate),] as shown in Fig. 1.5. By measuring the INS spectra
at different H, loading levels, they were able to distinguish three binding sites for H, on
the HKUST-1. Also by measuring the INS spectra at different temperatures, they were
able to estimate the relative binding strength of H, adsorbed on the three available sites.
It is also important to mention that in the INS studies of the hydrogen coordination to
Kubas-complexes the H, ligand undergoes rotation about the M-H, axis. This
phenomenon is extensively studied by Eckert 838 because it distinguishes molecular

H, binding from that of classical hydride binding.

1.6.4 Solid-state NMR spectroscopy
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NMR spectroscopy employs the magnetic spin energy of atomic nuclei and its
interaction with electric and/or magnetic fields to create interesting effects that can be
utilized to interpret molecular structures.®®”! For non-zero nuclear spin elements, such as
'H, 2H, °Li, and *3C, an applied magnetic field influences the energy of the nuclei. In the
magic angle spinning (MAS) technique, the sample is rotated at a high velocity at an
angle of 54.74° to the applied magnetic field to yield spectra with sharp peaks with
much structural information. These sharp peaks arise from averaging of the large
anisotropic NMR interactions by rapid molecular tumbling.®*"

The solid-state 'H NMR technique, through the measurement of the dipolar
coupling between the two protons, allows the identification of stable transition metal
dihydrogen complexes as well as the determination of the H-H bond distance. This
technique usually provides very accurate measurement, and it was applied to study the
H, bonding in the original Kubas-complex W(CO)s(Pcys)2(Hz). As the H-H is
lengthened by stronger interactions with the metal centre, the coupling between the
nuclei should be reduced. Therefore, it is reasonable to have an inverse relationship
between the H-H distance in a hydrogen complex and the J,., observed for the H-D
complex.

The correlation between J,pand d,. is usually determined through the Morris and the
Heinekey equations: %

Ay = 1.42 — 0.0167J,1.5 A [Morris]

dyy = 1.44 — 0.0168J,,, A [Heinekey]

1.6.5 X-Ray Diffraction
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The X-Ray diffraction technique has been applied for the purpose of direct

B3] were

observation of hydrogen molecules in pores. Takamizawa and his co-worker
able to locate dense aggregates of H, molecules in the [Rh(Il)x(bza)s(pyz)], (bza =
benzoate, pzy = pyrazine) MOF material at 90 K. They also found that the crystal unit
cell volume of the material loaded with H, has expanded significantly by 0.43% in

comparison with that of the empty crystal unit cell.

1.6.6 Computational Modeling

Computational chemists have played a great role in the search for promising
materials for hydrogen storage. They provided ideas for designing materials for
experimental realization.””! To accomplish a computational study one must first choose
an electronic structure calculation method and basis set.’> **! Currently the most
dominant first principal calculation method is the density functional theory (DFT), in its
two most popular realizations: the local density approximation (LDA) and the

1. [97]

generalized gradient approximations (GGA) of Perdew et al.” ", which is believed to be

more accurate in describing gas adsorption than the (LDA).!'”!

Then an appropriate
atomic orbital basis set within which the calculation will be performed must be selected.
A basis set is a set of functions that are used to describe atomic orbitals.”® The larger
the basis set, the more accurate is the description of the molecular orbitals, however the
calculation becomes computationally demanding. DFT along with the best functionals
available can take into account all the interactions available for the hydrogen molecules,

1.e., dispersion (van der Waals), electrostatic, and orbital interactions except long range

dispersion interactions. A second order Moller-Plesset perturbation theory (MP2) has
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the capability of describing dispersion, therefore this wave-function based method may
be employed when dispersion forces are the dominant interactions in hydrogen storage
materials, but the MP2 method has been widely known to overestimate the binding
affinity. On the other hand, the use of a limited and incomplete basis set leads to a
systematic error in the calculations of intermolecular interaction energies.!*”! This error
is called the basis set superposition error (BSSE),”® and it is due to the fact that
electrons from one fragment of the structure borrow basis functions from other fragment
of the structure to compensate for the limitations of their own basis functions. To
minimize this error, one must first employ an appropriate basis set, and rely either on a
cancellation of these effects or a correction for them. It has become popular to correct
for this effect by applying the counterpoise correction of Boys ' to all binding

affinities.

Transition metal hydrides have been considered for their capacity to bind
hydrogen in a Kubas fashion. A theoretical study by Schaefer III and co-workers
investigated the H; molecular binding of the three simplest possible hydrogen
complexes TiH,.H,, VH,.H,, and CrH,.H,. The energetics comparisons of these
complexes along with their isomers are of great importance to understand the
dihydrogen/dihydride interconversion. Another theoretical study by Gagliardi et al.
found that up to 6 H, molecules can be bound to one metal atom, with up to 4 H, units
binding in a Kubas-type fashion and can be detached more easily than the 4 classical M-

H hydrides.!'*”!

1.6.7 Elemental Analysis®”
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The analysis of elements present in a sample is essential for chemical
characterization in materials sciences as well as in other fields. Elemental analysis is an
analytical technique that determines the amount of an element in a compound as a
weight percent. This method is based upon high-temperature oxidation of the compound
in order to convert the elements of interest to gaseous molecules. The sample to be
analyzed is weighed accurately inside a small tin capsule. The capsule is introduced into
the analyzer’s furnace and oxidized at 950 °C, and combusts at high oxygen
environment to form tin oxide. This combustion causes a temperature increase to above
1800 °C, at which the sample undergoes complete combustion to form CO,, N, and
H,O and other by-products. Undesirable products such as sulphur, phosphorus, and
halogens are removed. Then, the gases flow through a reduction tube in order to remove
any unused O, and to convert NyOy to No. Then the gases are brought to a stable
temperature in a mixing chamber. The mixture is analyzed by passing it through a series
of thermal conductivity detectors, where the quantity of each gas is measured. From the
gas quantities measurements and the original sample weight, it is possible to find
the %C, %H, and %N. The analysis of other elements and metals is also possible, but
different methods are employed.

1.6.8 Nitrogen Adsorption

Nitrogen adsorption is a widely used technique to characterize the internal structures of
mesoporous and microporous materials. The amount of nitrogen adsorbed and desorbed
on a sample is measured as a function of the partial pressure of the nitrogen gas.
Nitrogen adsorption allows the determination of the surface area, pore volume, pore size

distribution as well as the study of the surface properties.l’®” The nitrogen adsorption
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experiment is done at 77K, the boiling point of liquid nitrogen under normal pressure,
and the molecular area of the adsorbate is equal to 16.2A% estimated through the

average distance of molecules in liquid nitrogen.

1.6.9 Helium Pycnometry

Helium pycnometry is used to determine the skeletal density of porous solids.!*%!
Helium, which can enter the smallest pores, is used to measure the volume per unit
weight of a porous material; the result is reported as the skeletal density of the material.
Therefore the skeletal density of a solid is defined as the mass of the unit of the solid
skeleton inaccessible to helium. Helium, with its small dimensions, assures penetration
into pores approaching 1 A in dimension.l*®®! Also its ideal gas behavior is desirable as

the pycnometer uses the ideal gas equation PV = n.R.T to measure the volume occupied

by the sample.

1.7 Dissertation Overview

This dissertation contains 6 additional chapters that explore the effects of
grafting a silica surface with various organometallics on the hydrogen storage capacities
and binding enthalpies of the obtained materials. It also describes the synthesis and the
hydrogen storage capacity of a new class of materials, metal-hydrazide gels. Chapter 2
describes the synthesis of hexagonally-packed mesoporous silica and the grafting of
low-coordinate Ti(lll) fragments on the surface, and the effects of these Ti-fragments on
the hydrogen capacity as well as on the H; binding enthalpies into these materials.

In Chapter 3 we try to further optimize the storage capacities of the materials in

chapter 2 by tuning the pore size and surface area of the silica support as well as by
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changing the ancillary ligand of the grafted Ti-fragment, and investigate the effects of
the steric and electronic factors on the storage capacity of these single sites.

Chapter 4 is a systematic study of the effects of metal type, metal oxidation state
and coordination environment on the storage capacities of the silica functionalized with
unsaturated early transition metal moieties in order to establish which transition metal
fragments and oxidation states can function as the most effective binding sites for
hydrogen.

In Chapter 5, density functional theory calculations are employed in order to

gain insight into effects of metal type and ancillary ligand on the hydrogen capacity and
binding enthalpy of organometallic fragments grafted on silica.
The results obtained in Chapter 6 which show amplification on the hydrogen capacity of
silica grafted with (timethylsilyl)methylCr fragments as a result of hydrogenation was
employed in the synthesis of a new class of materials consisting of Cr(Il) centers linked
together by hydrazine bridges. The materials show lots of promise as hydrogen storage
materials for practical applications.

Finally Chapter 7 provides a summary of the whole thesis as well as an
explanation of the importance of the results obtained on the silica-supported metals
fragments on designing extended solid with binding sites similar of those of silica single
sites but with higher metal concentration in order to maximize the hydrogen uptake at

room temperature.
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Chapter 2 - H, Storage Materials (22 KJ/mol) using Organometallic Ti
Fragments as 6-H, Binding Sites

2.1 Introduction
An ideal hydrogen storage materialmust display fast adsorption/desorption

kinetics,!"!

function near ambient temperature, and possess low density, high
gravimetric/volumetric capacity, and high tolerance for recycling. Metals™? and various
metal hydride alloys™” have been studied which can adsorb between 2 and 7 wt% of
hydrogen between 100-200°C.1! Although many of these materials have high
volumetric capacities close to the 2015 DOE system goal of 80 kg/m’, they fall well
short of the 9 wt % gravimetric storage goal. Another major drawback is the high
activation barriers of the ca. 80 kJ/mol M-H bonds that must be broken to liberate H,.
This creates problems with release kinetics and performance temperatures, and often
necessitates elaborate heat exchange systems in a practical design. For this reason,
many researchers are turning to high surface area porous materials as hosts for H;

storage. Such materials adsorb H; on the surface through a 5-10 kJ/mol physisorption

mechanism under cryogenic conditions. The leading materials in this technology are

[5-9 10-12]

carbon based structures”™® and microporous metal-organic frameworks (MOFs).!
This method of storage is of increasing interest because the technology needed for
transportation of large quantities of liquid hydrogen already exist in the rocket industry
and many of these materials have shown promising hydrogen uptake.l”'”) However, the
energy lost in cooling and from boil-off is a serious challenge and no material comes
close to meeting the DOE 2015 system targets for temperature or volumetric capacity.

In order to surmount the problems associated with heat exchangers and cooling,

materials with binding enthalpies between those of cryogenic materials and metal
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hydrides must be developed. Calculations by Zhao et al'"*! have predicted high storage
capacities and ideal enthalpies for room temperature performance of 20-30 kJ/mol for
hypothetical Sc and Ti modified C60 moieties based on Kubas binding of the H-H o-

[14]

bond to the metal center." ™ Yildirim has predicted similar performance benefits in Ti-

[4, 16, 17]

decorated carbon nanotubes.!"”) Recent advances within our group indicate that

o . 1 (1820
mesoporous transition metal oxides!'#2"!

may serve as hosts for hydrogen storage.
Reduction of the Ti oxide based mesoporous framework with Li, Na, or bis(toluene)
titanium leads to enhanced H; binding to the surface to a high of 4.94 wt% gravimetric
storage and 40.46 kg/m’ volumetric storage capacity. The proposed mechanism for
enhancement involves Kubas binding of H; to Ti, because this interaction is strongly
dependent on the reduction level of the metal center and its ability to back-bond through

(41 This enhancement effect in our

o-interaction into the antibonding H-H orbital.
system was more important than the surface area, and the binding enthalpies showed an
unprecedented increase with surface coverage from 2.5 kJ/mol to 8.08 klJ/mol.
However, these enthalpies fall short of those necessary for room temperature
performance, and the presence of multiple Ti sites of oxidation states between II and IV
suggests that only a fraction of the Ti centers act as binding sites while the rest only add
excess weight and decrease the storage capacity. In order to overcome this problem we
developed a new system which uses very light and inexpensive mesoporous silica as a
host for single site Ti centers tailored specifically to bind a maximum number of H;

molecules through a Kubas interaction. Here we present a study of the cryogenic and

room temperature hydrogen storage properties of these materials, and show how this
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new method of hydrogen storage may be valuable in increasing the capacity of
compressed hydrogen tanks at room temperature.
2.2  Experimental

2.2.1 Synthesis of Tetrabenzyl titanium:®Y to a solution of CgHsCH,MgCI
(200 ml, 1M in diethyl ether) in diethyl ether (100ml) at -15°C was added a solution of
TiCly (2.5 ml, 22.8 mmol) in pentane (100ml) dropwise over 2 hours. The mixture was
stirred for 3 hours at -15°C and filtered. The solid residue was washed with diethyl ether
(2 x 50 ml) and the combined filtrate and washings were reduced in vacuum. The
residue was dissolved in pentane (50 ml) and filtered followed by further washing of the
residue with pentane (2x50 ml). The filtrate and pentane washings were concentrated to
approximately 70 ml and cooled to -30°C overnight to yield a dark brown red crystalline
product, with a reaction yield of 83%.

2.2.2 Synthesis of Tribenzyl titanium: tribenzyl titanium was obtained at 0°C
in a toluene solution by the reaction of tetrabenzyltitanium with ethyllithium for 2 hours.
The resulting benzyllithium was precipitated by carboxylation at -78°C. A tribenzyl
titanium solution was obtained after filtration. Crystallization gave a 65% yield with
respect to the initial quantity of tetrabenzyl titanium.

2.2.3 Synthesis of Hexagonally-packed Mesoporous Silica (HMS): in a
typical preparation, tetraethyl orthosilicate (1.0 mol) was added with vigorous stirring to
a solution of dodecylamine (0.27 mol) in ethanol (9.09 mol). The reaction mixture was
aged at ambient temperature for 18 hours, and the resulting mesoporous silica was air-
dried on a glass plate. The template was removed by mixing 1 g of the air-dried HMS

with 150 ml of hot ethanol for 1 hour. The product was then filtered and washed with a
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second 100 ml portion of ethanol. This extraction procedure was repeated twice, and the
crystalline product air-dried at 80°C.

2.2.4 Synthesis of Ti-grafted mesoporous silicas: 0.2 equiv. of tetrabenzyl
titanium (or tribenzyl titanium), as calculated on the basis of 33% Si in the porous
oxide,’” was added to a suspension of hexagonally mesoporous silica in dry toluene
under nitrogen. After 1 day of stirring to ensure complete absorption of the
organometallic, the reduced material was collected by suction filtration under nitrogen.
The resulting material was then heated in toluene at 180°C for 8 hours and washed
several times with toluene and finally dried in vacuo at 10° Torr on a Schlenk line until
all volatiles had been removed. This material was used as either a powder or a 1.3 cm
diameter pellet compressed in a commercial pellet press at 4 metric tones.

2.2.5 Concentration of exposed Ti metal sites: assuming 1 g of 0.2TiBzs-
HMS, with a surface area of 1200m?%/g (1.2x10%* nm?). 0.2TiBz4;-HMS has 4.5 wt.% Ti,
therefore in 1g of 0.2TiBzs,-HMS there is 40.8 mg Ti (8.52 x 10™* moles Ti).

Ti coverage = (8.52 x 10 moles Ti x 6.02 x 10 Ti /mole)/ (1.2x10%* nm?) = 0.4275
Ti/nm?.

2.2.6 Measurements: Nitrogen adsorption and desorption data were collected
on a Micromeritics ASAP 2010. Hydrogen uptake is measured with a commercial
pressure-composition isotherm (PCI) unit provided by Advanced Materials. Highly
purified hydrogen (99.9995% purity) was used as the adsorbent. Before all
measurements the materials were activated in vacuo at 573K in order to remove any
physisorbed water or volatile impurities. Leak testing, by running a standard AX-21

sample and by bubbles, was done prior to and during each adsorption measurement
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experiment. In the H, adsorption-desorption experiments complete reversibility was
observed for all samples across the whole range of pressures. Samples were run at
liquid nitrogen temperature (77K) and liquid argon temperature (87K) to 60 atm and
extrapolated to 100 atm.

The skeletal density was measured using a Quantachrome Ultra-pycnometer. When the
skeletal density was used for the hydrogen uptake measurement, the compressed
hydrogen within the pores is treated as part of the sample chamber volume. Therefore
only the hydrogen physisorbed to the walls of the structure will be recorded by the PCI

instrument as the adsorption capacity of the material (see Diagram A and B below).

Chamber
Chamber

Material Material

Diagram A Diagram B
In diagram A, H, adsorption is measured. The pycnometer skeletal density of the
porous materials was employed to measure the adsorbed amount of hydrogen. The
skeletal density does not ignore the presence of pores inside these materials, and
therefore the void space was subtracted out (the colorless area inside and outside the

sample). In diagram B, the total storage was measured, the apparent density was adopted,
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and this apparent density ignores the presence of pores inside the material, and therefore
the void space (the colorless area) was not subtracted out.
Taking both the 77K and 87K hydrogen adsorption data, Enthalpies of Adsorption were

calculated using a variant of the Clausius-Clapeyron equation: %!

n| & =AH,,, Linllt 1)
P, RT,T,

Where P, = pressure for isotherm n, T,, = temperature for the isotherm n, and R = gas
constant.

Pressure as a function of the amount adsorbed was determined by using exponential fit
for each isotherm; the first 10 points of the isotherms were picked up and fit to the
exponential equation. This exponential equation gives an accurate fit over the pressure
up to 10 atm with the goodness of fit (R?) above 0.99. The corresponding P; and P,
values at a certain amount of H, adsorbed at both temperatures can be obtained by the
simulated exponential equation. Inputting these numbers into the eq 1, we then calculate
the enthalpies of the adsorption. The upper enthalpy range corresponds to the maximum

H, loading level reached at 87 K.

2.3  Results and Discussion
Mesoporous silica possessing a pore size of 23 A and a B.E.T. (Brunauer,
Emmett, Teller) surface area of 1219 m?/g was synthesized using a dodecylamine

template according to the neutral templating method.”**

Tris- and tetrabenzyl titanium
was grafted onto the surface of the mesoporous oxide as described previously for this

compound on amorphous silica.?¥ When tris- or tetrabenzyl Ti reacts with the OH

groups on the surface of the silica, one or two toluene molecules, depending on the
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proximity of surface OH groups, are eliminated resulting in the formation of a 4-
coordinate Ti (IV) benzyl siloxy species anchored to the surface. Heating the material
at 180 °C results in reductive cleavage of one of the remaining Ti-C bonds and
elimination of benzyl radicals, which then couple and are subsequently removed in
vacuo. Previous studies confirmed complete conversion to three coordinate Ti (III)
units on the surface.”*! According to the 18-electron rule, these Ti moieties can bind as
many as five H, ligands via a Kubas interaction. Our synthetic strategy is shown in

Scheme 2.1.

Scheme 2.1 - Schematic representation of the grafting of benzyl Ti species onto the surface of
mesoporous silica and the subsequent formation of tunable low coordinate H, binding sites with
enthalpies over 20 kJ/mol.
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The X-ray diffraction pattern (Fig. 2.1) for all treated materials after heating
showed complete retention of the mesostructure as evidenced by a single broad
reflection at d =23 A. The nitrogen adsorption/desorption isotherms (Fig. 2.2) for these
samples revealed a type IV isotherm consistent with a mesoporous system and surface
areas ranging from 720-1294 m*/g. The pore volume for these materials ranged from

0.7819 ml/g to 1.4201 ml/g, while the pore sizes were all in the 20-23 A range.

Figure 2.1 - Representative X-ray diffraction pattern of mesoporous silica treated with 0.2 equiv. of
tetrabenzyl titanium.
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Figure 2.2 - Representative nitrogen adsorption/desorption isotherm of material from Fig. 1.1
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Figure 2.3 - Hydrogen storage and adsorption isotherms at 77 K for mesoporous silica treated with
various molar equivalents of tribenzyl titanium. a) Gravimetric storage density. b) Volumetric
storage density. ¢) Gravimetric adsorption density. d) Volumetric adsorption density.
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Hydrogen storage (including compressed gas) and adsorption (excess storage)
measurements were conducted at —196 °C to determine the optimal loading level and
precursor. The results are summarized in Table 2.1 with adsorption and storage
isotherms shown in Fig. 2.3 and Fig. 2.4. The storage isotherms (Figure 2.5a) for all
materials rose at low pressure and continued to rise in a linear fashion from 10 atm
onwards to 60 atm. Extrapolation to 100 atm, a feasible pressure for cryogenic storage
tanks, yields values as high as 21.45 wt% and 34.10 kg/m’ for the sample synthesized
with 0.2 molar equivalents of tetrabenzyl Ti with respect to Si. This compares to a
value of 9.84 wt% and 20.34 kg/m’ for pure mesoporous silica and 11.96 wt% and
39.23 kg/m’ for carbon AX-21 recorded under the same conditions. While much of this
21.45 wt% consists of compressed gas, this is the highest gravimetric storage value
recorded under these conditions and compressed gas in the void space of a material is
usable as fuel. The adsorption for this material was 1.66 wt% as compared to 1.21 wt%
in the untreated silica. On the basis of 4.08% Ti determined by inductively coupled
plasma / atomic absorption spectroscopy (ICP-AAS), the difference between these
values translates into 2.7 H, per Ti, short of the maximum of 5 H, allowed by the 18
electron rule, assuming 3-coordinate Ti (III). Elemental analysis revealed 11.28 % C,
corresponding to an average of 1.45 benzyl ligands remaining per Ti, indicating a mix
between disiloxy benzyl and dibenzyl siloxy Ti(IIl) species. The adsorption isotherms
for treated materials did not saturate at 60 atm (Figure 2.5b). This behavior is unusual,
given that physisorption materials generally saturate at low pressure and increase very
little or even decrease at higher pressures. A possible explanation is that a complex

pressure-dependent equilibrium exists in which the Ti units can have zero, one, two,
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three, four, or five H; ligands bound to the surface in a Kubas type fashion. Increasing
the pressure leads to a higher predominance of Ti units with more H, ligands, according
to Le Chatelier's principle, and higher pressures than 60 atm are required to force the
extra H, ligands into the Ti coordination sphere. A 20 run cycle of adsorption and
desorption at —196 °C and 60 atm showed no change in the maximum gravimetric
uptake (Fig. 2.6). The isotherms returned on desorption to zero without any hysteresis
(Fig. 2.7). While hysteresis might be expected on the basis of the high binding
enthalpies, such a prediction is overly simplistic and does not take into account
equilibration times for each point or the entropy changes in the system and surrounding
on gas expansion or compression. Storage measurements of a compressed pellet of this
material showed gravimetric and volumetric densities of 3.15 wt% and 54.49 kg/m’ at
77 K and 100 atm, demonstrating that densification of this material gives a large
increase in volumetric density with a corresponding penalty in gravimetric density. BET
measurements were performed on the pellet, which yield a surface area of 720 m*/g and
shows the porous character of the material was fully retained after compression. The
slight decrease on surface area indicated that only external surfaces and pores with thin
walls were lost during the compression, and that further compression will expand the

hydrogen volumetric capacity to this material.
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Figure 2.4 - Hydrogen storage and adsorption isotherms at 77 K for mesoporous silica treated with
various molar equivalents of tetrabenzyl titanium. a) Volumetric storage density. b) Volumetric
adsorption density

25 -
PR
£ —a— 0.2TiBz4-HMS
S 20 -
< ——0.3TiBz4-HMS
[
(o)) 4
g 15 —8— 0.1TiBz4-HMS
o
S 10 A —x=0.5TiBz4-HMS
@ —o— Untreated HMS
£
S5 5
=
>

O -

Pressure (atm)

4 -
05E‘ —e— 0.3TiBz4-HMS
3.5 A
= 2.4b
< ]
= 3 —a— 0.2TiBz4-HMS
2 2.5 1
2
S 2 —O0— Untreated HMS
e}
5
© 1.5 A
g 14 —8— 0.1TiBz4-HMS
g
S 0.5 o
>
0 T T T T T 1

0 10 20 30 40 50 60

Pressure (atm)

Materials prepared with 0.1, 0.2, 0.3 and 0.5 mol equivalent of tetrabenzyl Ti were
also studied (Table 2.1). In general, the gravimetric and volumetric capacities drop
from the optimal loading level of 0.2 mol equivalents, however there are some
anomalies. For example, the 0.3 tetrabenzyl titanium material has a higher gravimetric
adsorption (2.04 wt%) but lower volumetric storage (33.07 kg/m® than its 0.2
tetrabenzyl titanium analogue. Also, the skeletal densities of the treated materials fall in

the range of 0.94 to 1.99, but there are no clear trends with Ti-loading across the range
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of materials, suggesting that both the skeletal weight and the skeletal volume are
affected on anchoring various organometallic fragments to the surface in ways that are
difficult to predict at this stage. Since hydrogen storage in this system relies heavily on
the oxidation state and coordination sphere of the Ti units, it is crucial that there be
maximum surface coverage without any disruption of the structural integrity of the
anchored sites. In the case of the 0.1 mol equivalent sample, it is likely that there are
not enough Ti moieties on the surface to affect the capacities to the same extent as the
0.2 mol equivalent sample, but for the higher loading levels the explanation is not so
clear. Perhaps the available surface OH groups are already used at a loading level of 0.2
mol equivalents, and the addition of more tetrabenzyl titanium begins to form dimeric
species on the surface, which are less able to bind H, due to steric or electronic
factors.[#!

Figure 2.5 - Hydrogen storage isotherms at 77 K for mesoporous silica treated with various molar
equivalent of tetrabenzyl titanium. a) Gravimetric storage density. b) Gravimetric adsorption
(excess storage) density. Slight fluctuations at higher pressure in some adsorption isotherms were
not related to temperature fluctuations, as this parameter was strictly controlled.
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Table 2.1 also shows results from using a tribenzyl titanium precursor. The
gravimetric and volumetric storage capacities are uniformly lower at a given loading
level than those prepared with tetrabenzyl titanium, however the adsorption levels are
higher for the tribenzyl material (2.02 wt% vs. 1.66 wt% at 0.2 equivalents).

In MOF materials it has been proposed that H, can bind to the metal linker and that
this feature is just as important as the surface area and pore size in determining storage

capacity.*]

For some of these materials the Kubas interaction was proposed to be
operative at the metal center. The maximum enthalpy observed for any MOF is 10.1
kJ/mol,”**) recorded for a manganese benzenetristetrazolate MOF. For comparison, the
AH values for amorphous carbon are normally in the range of 5-8 kJ/mol.*) In
previous work we found that reduction of the surface of mesoporous Ti oxide with
bis(toluene) titanium led to an increase in binding enthalpies from 2.5 kJ/mol to 8.08

kJ/mol. The enthalpy data also showed an unprecedented rise with surface coverage,

suggesting a different mechanism than simple physisorption, but the values fell far short
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of the predicted 20 kJ/mol for room temperature binding. In physisorption systems
operating at 77K, higher binding enthalpies are undesirable because this means heat is
released by the system on cycling and this creates an energy penalty in term of the
coolant required to maintain 77K. However, higher binding enthalpies also mean
stronger H-H bonds to the surface, which may translate into retention of storage
capacities at higher temperatures. Figure 2.8 shows the binding enthalpies of untreated
HMS silica, and silica treated with 0.2 mol equivalents of tetrabenzyl titanium before
and after heating as calculated by a variant of the Clausius-Clapeyron equation®"! from
hydrogen adsorption data at 77 K and 87 K (Fig. 2.9). The pristine silica material shows
a linear progression from 3.5 kJ/mol with decreasing slope on increasing coverage. The
material treated with tetrabenzyl titanium before heating starts at 0.15 kJ/mol and
increases sharply to 13.15 kJ/mol. This rising slope behavior suggests that the Ti (IV)
units, which have no special affinity for H,, have already been partially reduced to
Ti(III). This is not unexpected given that tetrabenzyl titanium is both heat and light
sensitive and must be stored in the dark at —78 °C to prevent reductive cleavage of the
C-Ti benzyl bond.* The same material after heating shows a gradual progression from
2.65 kJ/mol to 22.15 kJ/mol. This is the highest value ever recorded for a porous
material under cryogenic conditions, more than double that of any previous material,
and suggests that this material should retain hydrogen at room temperature. The
difference between the heated and unheated materials illustrates that it is the Ti (III)
centers and not the benzyl groups that provide the high enthalpy binding sites. The
rising slope can be rationalized by either adsorption at multiple sites of different

enthalpies and activation barriers, or a progressive change in adsorption enthalpy on H,
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ligand binding to the Ti centers. The latter was predicted by Zhao!"* and Yildirim
and can be viewed as a result of cis and trans ligand effects on the electronic
environment of the Ti centers. With an increasing number of H; ligands on the Ti
centers, the metal becomes more electron rich due to o-donation from the H-H bond,
thus facilitating n-back bonding from the metal into the H-H antibonding orbital. The
enthalpy of the 0.3 tetrabenzyl titanium material was also calculated by this method and
rises with coverage to 22.04 kJ/mol, demonstrating that high enthalpies are general in
these materials and not specific to one set of samples or a particular composition.

Table 2.2 shows a comparison in storage capacities at —196 °C, -78 °C, and 25 °C at
100 atm between pristine mesoporous silica and mesoporous silica treated with 0.2
equivalents of tetrabenzyl titanium after heating. The values for the compressed pellet
from Table 2.1 are also shown. There is a decrease in total storage from 21.45 wt % to
8.39 wt%, and 5.05 wt% with increasing temperature in the treated material. This is
accompanied by a drop in volumetric capacity from 34.10 kg/m>, to 14.84 kg/m’, and
8.93 kg/m’, respectively with increasing temperature. These numbers compare to 32
kg/m?, 12.5 kg/m’, and 8 kg/m’, calculated for compressed hydrogen at 100 atm for
these temperatures. The most intriguing numbers are the adsorption values, which drop
from 1.21 wt% to 0.58 wt.%, and 0.44 wt.% with increasing temperature for pure HMS
silica, and 1.66 wt.%, to 0.99 wt.%, and 0.69 wt.% for the treated material. Taking into
account the 4.08% Ti from ICP-AAS and the densities of the materials, this corresponds
to 2.4 H;, per Ti at =78 °C and 1.1 H, at ambient temperature. There is thus very little
loss of H, binding capacity at the Ti centers at —78 °C, and only 59% loss at room

temperature. This confirms predictions that materials possessing binding enthalpies in
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the 20 kJ/mol range may find application in room temperature hydrogen storage. While
the storage capacities of the powder fall short of practical value at ambient temperature,
extrapolation of the capacities to 350 atm, a pressure used in some current model
hydrogen vehicle compressed gas tanks, gives 17.82 wt.% and 31.52 kg/m® for the
powder and 3.51 wt.% and 60.75 kg/m’ for the compressed pellet. These compressed
pellet numbers are roughly double that of compressed hydrogen under the same
conditions and resemble that of many hydrides (i.e. high volumetric with only moderate
gravimetric), with volumetric densities approaching the 80 kg/m® 2015 DOE goal, yet
these materials do not require any heating or heat exchangers for hydrogen release, and
thus are more advantageous from an automotive design standpoint. The extrapolated
capacities for the compressed pellet at 350 atm and ambient temperature are very similar
to those at —196 °C and 100 atm, demonstrating that excess pressure can be used in this
system to compensate for increased temperature. This gives an obvious advantage in
design as well as overcoming problems with boil off encountered under cryogenic
conditions. While these capacities fall short of DOE goals, it is anticipated that by
tuning the Ti coordination sphere and oxidation state, as well as optimizing surface

coverage and the nature of the support material, further gains can be realized.
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Figure 2.6 - Hydrogen storage capacity in a 20 cycle test of mesoporous silica treated with 0.2 molar
equivalent of tetrabenzyl titanium.
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Fig. 2.7 - Adsorption and desorption isotherms for the material from Fig. 2.6.
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Figure 2.8 - Hydrogen binding enthalpies of mesoporous silicas from Table 1: Pristine silica (black),
the 0.2 molar equiv. tetrabenzyltitanium material after heating at 180 °C (red), the 0.3 molar equiv.
tetrabenzyltitanium material after heating at 180 °C (brown) and the 0.2 molar equiv.
tetrabenzyltitanium material before heating (pink)
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Table 2.1 - Hydrogen storage capacities of mesoporous silicas at 77 K with different surface areas
synthesized using various molar ratios of tribenzyl and tetrabenzyl titanium.

Surface | Skeletal | Apparent Gravimetric | Gravimetric | Volumetric
Sample : Ppal H, adsorption | H, storage | H, storage
area | Density | Density
name (mz /9) | (g/mi) (g/mi) at 77 K at 100 atm | at 100 atm
(Wt.%)? (Wt.%)" (kg/m®)°
Plain HMS | 1219 1.60 0.206 1.21 9.84 20.34
0.05TiBzs- 1.38 20.56 30.67
HMS 799 1.38 0.15
0.1TiBzs- 1.99 19.26 31.14
HMS 889 0.94 0.16
0.2TiBzs- 2.02 17.48 30.37
HMS 895 0.93 0.17
0.1TiBzs- 0.95 17.68 30.02
HMS 1140 1.96 0.17
0.2TiBzs- 1.66 21.45 34.10
HMS 1294 1.45 0.16
0.3TiBzs- 2.04 19.67 33.07
HMS 913 1.99 0.17
0.5TiBzs- 0.26 13.04 26.59
HMS 746 1.86 0.20
0.2TiBZ4-
HMS 720 1.82 1.73 1.55 3.15 54.49
Pellet
AX-21 3225 2.10 0.33 4.19 11.96 39.23

Saturation was not reached at 60 atm except for that of plain silica, 0.1TiBz4-HMS, and
0.5TiBz4-HMS .
b Hydrogen measurement is at the temperature of 77 K and 60 atm extrapolated to
100atm with goodness of fit (R?)= 0.9966~0.9995

56




Table 2.2 - Hydrogen storage capacities of pristine and Ti-grafted mesoporous silica at different

temperatures.

Sample name | Apparent | Skeletal | Gravimetric | Gravimetric H, | Volumetric
Density | Density | H, adsorption | storage at 100 | H, storage at
(g/ml) (g/ml) (wt.%)* atm 100atm

(wt.%) (kg/m®)°

Plain HMS at 0.206 1.60 1.21°2 9.84 20.34

-196°C

Plain HMS 0.206 1.60 0.58" 7.37 11.79

at-78°C

Plain HMS at | 0.206 1.60 0.44° 5.55 8.88

25°C

0.2TiBz;- 0.17 1.45 1.67° 21.45 34.10

HMS at -

196°C

0.2TiBzs- 0.17 1.45 0.99° 8.39 14.84

HMS at -78°C

0.2TiBz,- 0.17 1.45 0.69° 5.05 8.93

HMS at 25°C

0.2TiBz;- 1.73 1.82 1.55 3.15 54.49

HMS Pellet at

-196°C

0.2TiBzs- 1.73 1.82 0.82 1.28 22.14

HMS Pellet at

-78°C

0.2TiBzs- 1.73 1.82 0.59 0.86 14.88

HMS Pellet at

25°C

4 Hydrogen adsorption isotherm reached saturation below 60 atm .
® Hydrogen adsorption isotherms did not reach saturation at 60 atm.

° Hydrogen storage measurement is at 60 atm extrapolated to 100 atm with goodness of fit (R%)=

0.9966~0.9995.
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Figure 2.9 - Adsorption isotherms for the materials from Figure 2 recorded at liquid argon and
liquid nitrogen temperatures. a) Pristine mesoporous silica. b) Silica treated with 0.2 molar
equivalents tetrabenzyl titanium after heating. c) Silica treated with 0.3 molar equivalents

tetrabenzyl titanium after heating. d) Silica treated with 0.2 molar equivalents tetrabenzyl titanium
before heating.
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2.4  Conclusions
In summary, mesoporous silica was used as scaffolding for well-defined single
site 3-coordinate Ti (III) centers capable of binding up to 5 H, per Ti through a Kubas
interaction. These materials display binding enthalpies of up to 22.15 kJ/mol and retain
89% of their enhancement at —78 °C and 41% at room temperature. Under selected

conditions volumetric densities as high as 60.75 kg/m’ were extrapolated at room
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temperature and elevated pressure, suggesting that these materials may find use for

increasing storage capacities of compressed gas cylinders at ambient temperature.
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Chapter 3 — Optimization of Hydrogen Storage Capacity in Silica-
Supported Low-valent Ti Systems Exploiting Kubas Binding of Hydrogen
3.1 Introduction

Research into hydrogen storage has become increasingly important due to the
increased demands placed on world oil reserves as well as the various environmental
issues related to global warming and the consumption of fossil fuels.™! Hydrogen is an
ideal fuel because it has the highest energy per gram of any substance and only emits
water as a combustion product, therefore avoiding green house gas emissions. The
DOE has set system targets of 9.0 wt% and 81 Kg/m® for 2015,/ and while some
materials meet or surpass one of these values, there is no material that is close to
meeting both of them. In addition to this, there are many often overlooked factors such
as kinetics of release, thermal conductivity, and binding enthalpy that must be
considered before a hydrogen storage material can become practical. Isosteric heats of
adsorption are of special importance because they govern the strength of binding of the
hydrogen to the chemical carrier and also determine the amount of heat released or
required on charge/discharge respectively. Materials such as hydrides, which possess
enthalpies of 70 kJ/mol and higher, release enormous amounts of heat on filling and
require equally large amounts of heat to liberate the hydrogen when it is required as fuel.
This creates problems with heat management and also drastically lowers the effective
energy storage capacity of the system. Poor reversibility and slow kinetics are also
problems with many metal hydride® systems including MgH,, NaAlH,, and NH3;BHa.
As an alternative to hydrides, materials such as MOFs**® and porous carbons!’®¥

absorb hydrogen on their vast internal network of surface area, and offer great kinetic
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advantages over hydrides. However their low binding enthalpies of generally less than
10 kJ/mol, while facilitating heat management on refueling, necessitate cooling to 77 K
for optimal performance, again diminishing the energy storage capacity of the system.
For these reason, it has been proposed that materials possessing 20-30 kJ/mol binding
enthalpies may be ideal for on board hydrogen storage applications.' *1 These
moderate isosteric heats of adsorption do not cause as much difficulty in terms of heat
management, but provide enough thermal stability to the interaction between the
hydrogen and the material to perform at temperatures higher than 77 K. The Kubas
interaction,™ ™ effectively a o-r ligand interaction between a hydrogen molecule and a
metal center, affords these ideal enthalpies in conjunction with predicted high storage
capacities in many hypothetical systems, most involving early transition metals.®*
There is also strong evidence for such an interaction at apical metal centers in many
MOF and Prussian Blue!*¥ framework materials. In 2008 we reported the first example
of a material that possessed an enthalpy in the target 20-30 ki/mol range.l*® This
system was comprised of Ti (I11) benzyl units on mesoporous silica which increased the
performance of the system from 1.2 wt% to 1.65 wt% at 77 K. The tailored Ti
fragments held 3 H; per unit under these conditions while also retaining 41% of their
capacity at room temperature. These materials constituted a substantial leap forward by
demonstrating that Kubas binding may represent a potential answer to many hydrogen
storage problems. In this paper we optimize the performance of this Ti (1) system by
adjusting several synthetic parameters and exploring other Ti precursors. We show that
after fine tuning of the surface area, pore size, and synthetic protocol that HMS silica

grafted with 0.2 equivalents of TiBz, reaches 2.45 wt% adsorption at 77k and 60 atm
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after activation to the Ti (I11) form, which equates to 3.98 H, on average per Ti center.
This is close to the theoretical maximum of 5 H, per Ti predicted by the 18 electron rule
and demonstrates that organometallic fragments can carry more hydrogen ligands per
metal at high pressure and low temperature than the maximum observed in an isolated

organometallic compound at room temperature and pressure.

3.2  Experimental
All chemicals, unless otherwise stated, were obtained from Aldrich. H,, CO,

and N, gases were obtained from Praxair Canada Inc.

3.2.1 Synthesis of Hexagonally-packed Mesoporous Silica (HMS):™ in a typical
preparation, tetraethyl orthosilicate (1.0 mol) was added with vigorous stirring to a
solution of dodecylamine (DDA) (0.27 mol) (in 4:1 molar ratio of tetraethyl
orthosilicate to DDA) in ethanol (9.09 mol). The reaction mixture was aged at ambient
temperature for 18 hours, and the resulting mesoporous silica was air dried on a glass
plate. The template was removed by mixing 1 g of the air-dried HMS with 150 ml of hot
ethanol for 1 hour. The product was then filtered and washed with a second 100ml
portion of ethanol. This extraction procedure was repeated twice, and the crystalline
product air-dried at 80°C. Another 3 batches of HMS silica were prepared according to
the procedure above, but using different molar ratios of tetraethyl orthosilicate to
dodecylamine (3:1, 2:1, 1:0.75). Also C¢-HMS, Cg-HMS and C1o-HMS were prepared
as per the same procedure, but employing hexylamine, octylamine and decylamine

template, respectively.
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3.2.2 Synthesis of Ti-grafted mesoporous silicas: 0.2 equiv. of tetrabenzyl titanium
(or tribenzyl titanium), as calculated on the basis of 33% Si in the porous oxide was
added to a suspension of HMS mesoporous silica in dry toluene under nitrogen. After 1
day of stirring to ensure complete absorption of the organometallic, the reduced material
was collected by suction filtration under nitrogen and washed several times with toluene.
In the case of tetrabenzyl titanium only, the reduced material was activated by heating at
120°C for 6 hours under vacuum at 10 Torr on a Schlenk line until all volatiles had
been removed. This material was used as either a powder or a 1.3 cm diameter pellet
compressed in a commercial pellet press at 4 metric tones. Assuming 1 g of 0.2TiBz;-
HMS, with a surface area of 1165 m%g (1.165x10* nm?) and 4.12 wt. % Ti for
0.2TiBz4-HMS by elemental analysis, 1g of 0.2TiBz,-HMS contains 41.2 mg Ti (8.60 x
10™* moles Ti). The Ti coverage can then be calculated as follows: Ti coverage = (8.60

x 10 moles Ti x 6.02 x 10%* Ti /mole)/ (1.16x10%* nm?) = 0.4443 Ti/nm?

3.2.3 Synthesis of Trimethyl Ti Grafted Silica:!*"

TiMe; was prepared by adding TiCls.3THF in THF to MeMgCl in THF at -40 °C drop-
wise over 3 hours, followed by stirring for another 3 hours. A deep green solution was
obtained. The TiMes solution was treated immediately with mesoporous silica placed
into a side adaptor connected to the 3-neck flask reaction compartment. The
temperature was then allowed to warm to ambient over several hours followed by
further stirring at room temperature for 4 hrs. At this stage the solution was colorless

and the silica had taken on a green color, suggesting complete absorption of the Ti. The
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solution was then filtered under inert atmosphere in the glove box and washed 3 times
with THF in order to purge the sample of MgCl,. The solid was then dried in vacuo and
stored under nitrogen before use.

3.2.4 Synthesis of (Allyl);Ti Grafted Silica:[*® ¥

The preparation procedure for AllylsTi was similar to that of TiMes, but AllyIMgCl was
used instead of MeMgCl. Complete absorption of the Ti was confirmed by the colorless
solution after filtration and isolation of the blue-gray solid.

3.2.5 XPS Spectroscopy: All X-ray Photoelectron Spectroscopy (XPS) peaks were
referenced to the carbon C-(C, H) peak at 284.8 eV, and the data were obtained using a
Physical Electronics PHI-5500 spectrometer using charge neutralization.

3.3 Results and discussion

3.3.1 Variation of Silica-to-Surfactant Molar Ratio

Since hydrogen adsorption in Ti-grafted mesoporous silicas contains a large
component of physisorption due to the huge internal surface area, we maximized the
surface area of the hexagonally-packed mesoporous silica by varying the silica-to-
surfactant ratio (Table 3.1). The highest surface area of 1448 m?/g was obtained when
the Si to dodecylamine ratio was 4:1. Three other HMS silica samples were prepared
with silica-to-surfactant ratios of 3:1, 2:1, and 1:0.75 and possessed BET surface areas
of 1165, 1117, and 822 m?/g, respectively. The surprising fact was that the hydrogen
adsorption capacity (excess storage) of the 4:1 sample of HMS at 77K was lower (0.75
Wt.%, and a surface area of 1448 m?/g) than that prepared with a Si:DDA ratio of 3:1
(1.2 wt.% and a surface area of 1165 m?/g). The higher adsorption capacity of the 3:1

silica may be due to differences in micropore volume of the two samples, which may be

67



beyond the accuracy of nitrogen adsorption measurement. The 2:1, and 1:0.75 samples
possessed H, adsorption values of 0.75 wt% and 0.90 wt%, respectively, at 77 K, lower
than that prepared with 3:1 ratio (Fig. 3.1). The skeletal densities of the silicas ranged
from 1.62-2.33 g/cc. The total storage was also measured from the apparent densities
shown in Table 3.1. This is a measurement of the total hydrogen present on the surface
and as compressed gas in the pores in a given volume of material normalized to the
sample weight. This number is highly dependent on the compression of the sample, but
is the only way of determining how much hydrogen is present in a sample of a porous
solid under pressure. Again, the material synthesized at a Si:DDA ratio of 3:1 showed

the highest performance, with a total gravimetric storage of 19.06 wt%.

Table 3.1 - A summary of the apparent density, skeletal density, gravimetric storage, gravimetric
adsorption, and surface area of all HMS pristine synthesized using different molar ratios of

tetraethyl orthosilicate to dodecylamine.

Sample App. Sk. Grav. Grav. Surface
Density Density | Storage at | Adsorption | Area
(g/ml) (g/ml) | 100atm at saturation | (m?/g)

(Wt%) (Wt.%)

C12-HMS Si:DDA 4:1 0.18 2.33 17.82 0.75 1448

C12-HMS Si:DDA 3:1 0.17 2.13 19.06 1.20 1165

C12-HMS Si:DDA 2:1 0.19 2.04 16.10 0.75 1117

C12-HMS Si:DDA 1:0.75 | 0.17 2.16 18.10 0.90 922
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Figure 3.1 - Hydrogen adsorption isotherms at 77 K for mesoporous silica synthesized using
different molar ratios of tetraethyl-orthosilicate: dodecyl-amine.
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3.3.2 Variation of Pore Size

Since microporous materials are believed to absorb more hydrogen due to
capillary action, HMS silica with smaller pore sizes were synthesized by shortening the
surfactant chain length. The hexylamine, octylamine, decylamine, and dodecylamine
templates, possessing 6, 8, 10, and 12-carbon chain lengths were thus independently
employed in the synthesis procedure of HMS. The corresponding template free
materials had BJH pore sizes of 12, 18, 22, and 25 A, respectively. The pristine Cs-
HMS and Cg-HMS silicas had higher hydrogen adsorption capacity (1.38 and 1.60wt%,
respectively) than that synthesized by using the dodecylamine template (1.20 wt%)
(Table 3.2, and Fig. 3.2). But after grafting the surface of the C¢-HMS or Cg-HMS with
tetrabenzyl titanium at a 0.2 molar equivalents loading level, the adsorption capacities of

these silicas decreased dramatically, from 1.38wt% to 0.70 wt% and from 1.6 to 0.95,
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not the case with the C;, material where the H, adsorption increases from 1.20 wt% for
the pristine to 2.45wt% after grafting with 0.2 molar equivalents of TiBzs. This value of
2.45 wt% is much higher than the 1.6 wt% previously reported for tetrabenzyl titanium
grafted to C;, HMS, likely because of the higher surface area of the sample employed in
this study leading to a greater number of silanol anchoring points for the Ti fragments in
the material. The smaller pores of the Cg and Cg-HMS yield materials of higher surface
areas which allows a larger quantity of hydrogen gas to physisorb on the surface, but at
the same time the pore size of these microporous silicas are too small to allow the
unencumbered incorporation of the large tetrabenzyl Ti fragments onto the surface, thus
restricting the Ti loading level and/or effectiveness of the Ti centers for hydrogen
binding. This finding is consistent with a previous study in our group, which explored
the H; storage of microporous and mesoporous titanium oxide treated with bis (toluene)
Ti.% 2 C1-Ti-TMS1 was found to have an adsorption capacity of 1.01wt.%, lower

than that of Cy,-Ti-TMS1, even though it had a higher surface area.

Table 3.2 - Hydrogen sorption capacity of micro- and mesoporous silica at 77K with different
surface areas and pore sizes synthesized using amine templating agents of various chain lengths.

Sample App. Sk. Pore Grav. Grav. Surface
Density | Density | Size Storage  at | Adsorption | Area in
(g/ml) | (g/ml) | (A) 100atm at saturation | m?/g

(Wt%) (Wt%)

Ce-HMS 0.15 1.92 12 21.15 1.38 1074

Cg-HMS 0.19 1.61 18 17.18 1.60 1321

Ci0-HMS 0.14 1.52 22 20.61 1.01 1206

C1o-HMS 0.168 |2.13 25 19.06 1.20 1165
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Figure 3.2 - Hydrogen adsorption isotherms at 77 K of Cg, Cg, C19 and Cyp-HMS
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From the above experiments, it appears that the Cy1,-HMS prepared by using
silica to surfactant ratio of 3:1 is the best support for hydrogen storage in this study. In
all subsequent experiments this same sample of silica was grafted with various Ti
fragments at different loading levels, in order to optimize the hydrogen adsorption

capacity of these materials.

3.3.3 Variation of Metal-fragment Precursor and Precursor Loading Levels

By grafting the surface of C1,-HMS, prepared from a 3:1 molar ratio of TEOS
and dodecylamine, with 0.2 equivalents of tetrabenzyl titanium we reached 2.45 wt%
adsorption, which equates to an average of 3.98 H, molecules per Ti metal center, only

one H, molecule short of the saturation level predicted by the 18 electron rule. This is
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the highest adsorption value reached so far for mesoporous metal oxides (Table 3.3).
The room temperature adsorption of this material was 0.76 wt%, indicating that 31% of
the H, was retained per Ti at 25 °C. This equates to 1.23 Ti per metal center, on the
basis of 4.08 wt% Ti in the sample. This compares to 0.44 wt% adsorption in pure
mesoporous silica under these conditions. Materials prepared at lower or higher ratios
yielded lower hydrogen adsorption results. It appears that the material prepared with
0.1 equivalents of Ti does not possess enough Ti units per square nanometer to
maximize the hydrogen storage performance, while samples prepared with higher levels

of Ti than 0.2 equivalents, have lower performance due to clustering on the surface.

Table 3.3 — Summary of the storage and adsorption capacities of C.,-HMS treated with different
molar equivalents of tetrabenzyl Ti.

App. Sk. Grav. Grav.

Sample Density Density Storage Adsorption
g/cc g/cc W1t% Wt.%
0.1TiBz4-C12-HMS 0.17 1.96 17.68 0.95
0.2TiBz4-C1-HMS 0.16 1.62 21.45 2.45
0.3TiBz4-C1o-HMS 0.17 1.99 19.67 2.04
0.5TiBz4-C1o-HMS 0.20 1.86 13.04 0.26
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Figure 3.3 - Hydrogen adsorption isotherms at 77 K of C.,-HMS grafted with various molar
equivalents of tetrabenzyl Ti.
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When tribenzyl titanium is anchored onto the surface of C;,-HMS silica, the
adsorption capacities are slightly lower than those of their tetrabenzyl Ti counterparts
(i.e., 2.04 wt% for the 0.2TiBz3z-HMS, compared to 2.45wt% for that of 0.2TiBz4-HMS)
(Table 3.4, and Figure 3.4). This may be due to metal clustering of low valent Ti on the
surface, which disfavors H; binding. The Ti (1) fragments are more reactive than the
Ti(IV) fragments and clustering of Ti(lll) units by the creation of Ti-Ti bonds may
compete with the anchoring to surface hydroxyl groups, making Ti(IV) deposition,
followed by thermal cleavage of the benzyl-Ti bond yield the active Ti (Ill) species,

more selective and effective than Ti (111) deposition.

Table 3.4 — Summary of the storage and adsorption capacities of C,-HMS treated with different
molar equivalents of tribenzyl Ti.

App. Sk. Grav. Grav.

Sample Density Density Storage Adsorption
g/cc g/cc W1t% W1t.%
0.1TiBz3-C1o-HMS 0.16 0.94 19.26 1.99
0.2TiBz3-C1,-HMS 0.17 0.93 17.48 2.02
0.3TiBz3-C1,-HMS 0.31 1.31 10.03 1.74
0.5TiBz3-C1,-HMS 0.34 1.38 7.35 0.62
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Figure 3.4 - Hydrogen adsorption isotherms at 77 K of C;,-HMS grafted with various molar
equivalents of (benzyl);Ti.
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Finally, commercially available 380-Aerosil hydrophilic fumed silica with a
surface area of 380 m%g obtained from Evonic-Degussa Chemicals was tested for
hydrogen adsorption capacity before and after grafting with tetrabenzyl Ti. The pristine
Aerosil has an adsorption capacity of 1.25 wt% at 77k and 60 atm, similar to that of C,-
HMS (1.2 wt. %). When grafted with 0.2 molar equivalent of TiBz, this material shows
an adsorption of only 1.15 wt%. An almost identical adsorption capacity was obtained
when this material was coated with 0.3 equivalents of TiBz,. When grafted with 0.5
equivalents of TiBz, the adsorption capacity increased to 1.40 wt.%. Beyond this
loading level the adsorption capacity begins to decrease to levels below that of the
untreated sample. The reason for this may be due to different surface diffusion
properties and concentration of surface anchoring sites in the corresponding silicas
affecting the surface anchoring process. The silanol group density of 380-Aerosil was
approximated to an average of 1.25 SiOH/ nm?as measured by the LiAIH, method,??

compared to 4.6 SiOH/nm? for that of HMS.*!
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Table 3.5 — Summary of the adsorption capacities of plain and treated 380-Aerosil with different
molar ratios of tetrabenzyl Ti.

Sk. Grav.

Sample Density | Adsorption
g/cc Wt.%
Plain 380Aerosil (compressed) 1.79 1.25
0.2TiBz4-380Aerosil 1.58 1.15
0.3TiBz4-380Aerosil 1.48 1.15
0.5TiBz4-380Aerosil 1.39 1.40

3.3.4 Ti(CHj3); grafted on HMS

Since different ligands in the Ti (111) coordination sphere are likely to influence
hydrogen binding either electronically, through their ability to donate electrons to the Ti
center and thus strengthen n-back bonding to the H-H antibonding orbital, or sterically,
by influencing the ease in which H, can access the open coordination sites on Ti, it is
likely that different Ti (I11) precursors will lead to grafted mesoporous silicas with
different hydrogen adsorption properties. The benzyl ligand is electron withdrawing,
can adopt a n® coordination mode thereby shutting down a coordination site, and is
somewhat heavy, all factors may lead to diminished hydrogen storage performance in
this system. In previous unpublished studies we attempted to remove the benzyl ligand
by hydrogenation according to a literature report on benzyl Ti grafted silicas for Ziegler-
Natta catalysis 7 to leave behind a Ti (I11) hydride. However the resulting material
possessed a hydrogen adsorption capacity almost identical to that of the material before
hydrogenation. The reason for this is not known, as a hydride ligand should provide a
more facile steric environment for hydrogen binding and contributes less weight than a
benzyl ligand. In order to explore the effects of different ligands and precursors, we

prepared a sample of HMS silica grafted with TiMes. This compound is thermally
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unstable and can only be synthesized in THF solution at —78 °C. It exists as a THF
adduct in solution, and decomposes to form methane and various carbenoid species at
ambient temperature. The experimental results (Table 3.6 and Fig 3.5) showed that the
adsorption capacity of TiMes-HMS prepared at 0.2, 0.3 and 0.5 eq. loading levels is
actually lower than that of the benzyl grafted materials (1.48, 1.44, and 1.47 wt%
respectively). This may due to the influence of coordinated THF on the Ti center,
which blocks coordination sites, creates steric bulk around the Ti center, and increases
the weight of the system, while also withdrawing electron density through the
coordinated oxygen atom. Scheme 3.1 shows a depiction of the possible H, binding
geometries of TiMe3 grafted HMS on the silica surface. Decomposition of this species
on the surface to methane and carbenoid species, less able to bind H,, may also be
occurring. There is also the possibility that the n° coordination of the benzyl ligand is
required to protect the naked low-coordinate Ti(lll) center from decomposition
pathways and that this ligand only adopts an n' coordination in the presence of excess
H,, which can occupy the vacated orbital as an L-type ligand. In order to test this
hypothesis, tris-allyl Ti grafted HMS was also prepared. The allyl ligand can also adopt
n* or n® configurations and may provide a stabilizing effect, if this is indeed necessary,
and is also lighter and less bulky than the benzyl ligand, both factors which should lead

to improved hydrogen storage performance.
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Table 3.6 — Summary of the adsorption capacities of Cy,-HMS treated with different molar

equivalents of TiMes.

App. Sk. Grav. Grav.

Sample Density | Density | Storage Adsorption
glcc g/cc Wt.% Wt.%
0.2TiMe3-C1,-HMS 0.18 1.55 17.84 1.48
0.3TiMe3-C12-HMS 0.18 1.49 17.11 1.44
0.5TiMe3-C1,-HMS 0.30 1.73 11.04 1.47

Figure 3.5 - Excess hydrogen adsorption (filled symbols) and desorption (unfilled symbols)
isotherms at 77 K and 60 atm of HMS treated with 0.2, 0.3, and 0.5 molar equivalents of TiMes.
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Scheme 3.1- Material prepared by coating HMS surface with trimethyl Ti precursor.
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3.3.5 Ti(Allyl); grafted on HMS

Ti(Allyl); grafted HMS silica was prepared at loading levels of 0.2, 0.3, and 0.5
equivalents. The results are summarized in Figure 3.6 and Table 3.7. The hydrogen
adsorption results were even lower than those in the trimethyl case (1.40, 0.72, and 0.51
wt% respectively). Also, while the TiMes system showed little variation between the
different loading levels in performance, the corresponding allyl system showed a
precipitous drop off on increasing the loading to 0.3 from 0.2. This suggests that
clustering may be occurring on the silica surface, essentially shutting down a large
proportion of the hydrogen binding to the metal center. This demonstrates that the allyl
ligand is much less efficient than the benzyl ligand in preventing surface clustering,
either because of its lower steric profile, or because it is less able to adopt an n® binding
mode due to the influence of coordinated THF, the presence of which further diminishes

performance for reasons discussed above.

Table 3.7: summarizing the adsorption capacities of C12 HMS treated with different molar ratios of
triallyl Ti.

Apparent | Skeletal Grav. Grav.

Sample Density | Density | Storage | Adsorption
g/cc g/cc Wt.% Wt.%
0.2Ti(Allyl)s-C;, -HMS 0.33 1.67 9.36 1.40
0.3Ti(Allyl)3-C1,-HMS 0.28 1.70 10.66 0.72
0.5Ti(Allyl)3-C1,-HMS 0.35 1.50 5.28 0.51
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Figure 3.6 - Excess hydrogen adsorption (filled symbols) and desorption (unfilled symbols)
isotherms at 77 K and 60 atm of HMS treated with 0.2, 0.3, and 0.5 molar equivalents of (Allyl);Ti .
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Scheme 3.2 - Material prepared by grafting the HMS surface with triallyl Ti precursor.
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3.3.6 XPS Studies and Enthalpies

To investigate the nature of the surface species in the benzyl, methyl and allyl

systems and gain further information on the trends in hydrogen adsorption performance,

X-ray photoelectron spectroscopy (XPS) studies were conducted (Fig. 3.8). This is a

very powerful method for revealing the electron density about a metal center and should

79



thus reveal which system is electronically most disposed to r back bonding to hydrogen.
The spectra of the surfaces in the Ti 2p region demonstrate a trend in reduced binding
energies in the Ti 2ps;, emission as you go from methyl to allyl to benzyl, with binding
energies at 458.5 eV, 458.8 eV, and 459.4 eV, respectively. All binding energies (BEs)
were referenced to the C 1s hydrocarbon peak at 284.8ev. In addition, the XPS spectrum
of trimethyl Ti-HMS has a shoulder in the binding energy (BE) range of Ti(III)
chemical state at 456.2 e.v,*!! suggesting that decomposition to a lower valent Ti

species may have occurred.

Figure 3.8 - Ti 2p XPS spectra of HMS treated with 0.2 equivalents of (a) trimethyl Ti, (b) triallyl Ti,
(c) Tetrabenzyl Ti.
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The binding enthalpies (Fig. 3.9) of these materials were calculated by a variant
of the Clausius-Clapyron equation ?® from hydrogen adsorption data at 77 and 87K. In

all the cases, AH increases as H, capacity increases. Steep slopes were obtained for the
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cases of tris and tetra benzyl Ti HMS, increasing to 23.53 and 22.15 kJ/mol respectively.
But, in the case of the (methyl)sTi and (allyl);s Ti HMS the binding enthalpies increase
more slowly with H, adsorption, and reach maxima at only 2.66 and 4.17KJ/mol,
respectively. This observation is in keeping with the trend in hydrogen adsorption
characteristics, the benzyl systems possessing both the higher enthalpies and the better
storage performance. However both the hydrogen adsorption properties and the
enthalpies of these materials are surprising in light of the XPS data which suggests that
the methyl is the most electron rich, followed by the allyl, and then the benzyl. If =-
back bonding were the only contributing factor to improved performance, then the
methyl should be the best, followed by the allyl, and then the benzyl. This clearly
suggests that many other factors such as the coordination number and geometry as well
as the steric environment about the metal fragment are equally important in hydrogen

storage performance in this system.

Figure 3.9 - Hydrogen binding enthalpies of pristine HMS (x), 0.2Me;Ti-HMS (¢), 0.2(Allyl);Ti-
HMS (m), 0.2Bz, Ti-HMS (A ), 0.3Bz;Ti-HMS (*).
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3.4  Conclusions

In summary, we have demonstrated that by varying the Si-to-template molar
ratio, the carbon chain length of surfactant, the organometallic Ti-fragment precursor on
the surface, and the loading level of that precursor, we can arrive at a material with 2.45
wt% hydrogen adsorption at 77 K and 60 atm., which compares to 1.2 wt% for untreated
silica under the same conditions, and 1.6 wt% under these conditions for our best benzyl
Ti grafted mesoporous silica studied previously. This 2.45 wt% demonstrates that the
type of silica used as a support is very crucial to obtaining the highest performance, and
corresponds to almost 4 H; per Ti, only one less than the theoretical limit of 5 predicted
by the 18-electron rule. This is much higher than that observed previously for a poly-
hapto Kubas compound and suggests that at lower temperatures and higher pressures
certain metal centers can be forced to adopt up to 4 H, per metal. Smaller methyl and
allyl ligands have no advantage over benzyl, contrary to what was expected on the basis
of sterics, weight, and electronic properties. The enthalpies of the benzyl Ti system
were in the predicted 20-30 kJ/mol range for room temperature performance, and as
expected from the inferior hydrogen adsorption abilities, but the allyl and methyl
systems had enthalpies of less than 5 kJ/mol. These data all suggest that it is difficult to
predict on sterics and electron donating ability alone what the hydrogen storage capacity

of metal grafted fragments on silica should be.

82



35 References
1. Schlapbach, L., Zittel, A., Nature, 2001, 414, 353-358.

2. http://www.hydrogen.energy.gov/annual review06 plenary.html

3. Yartys, V.A., Harris, I.R., Panasyuk, V.V., Mater. Sci., 2001, 37, 219

4, Rowsell, J.L.C., Milward, A.R., Park, K.S., Yaghi, O.M., J. Am. Chem. Soc.,
2004, 126, 5666.
5. Dinca, M., Long, J.R., Angew.Chem. Int. Ed., 2008, 47, 6766-6779.

6. Vitillo, J.G., Regli, L., Chavan, S., Ricchiardi, G., Spoto, G., Dietzel, P.D.C.,
Bordiga, S., and Zecchina, A., J. Am. Chem. Soc., 2008, 130, 8386-8396.
7. Dillon, A.C., etal. Nature, 1997, 386, 377.

8. Ye, Y., etal. Appl. Phys. Lett., 1999, 74, 2307.
9. Yildirim, T., Ciraci, S., Phys. Rev. Lett., 2005, 94, 175501.

10. Bhatia, S.K., Myers, A.L., Langmuir, 2006, 22, 1688.

11. Zhao, Y., Kim, Y., Dillon, A.C., Heben, M.J., Zhang, S.B., Phys. Rev. Lett.,
2005, 94, 155504.

12.  Kubas, G.J., Ryan, R.R., Swanson, B.l., Vergamini, P.l., Wasserman, H.J., J.

Am. Chem. Soc., 1984, 108, 7000.

13.  Kubas, G.J., Chem. Rev., 2007, 107, (10), 4152-4205.

14.  Kaye, S.S., Long, J.R., J. Am. Chem. Soc., 2005, 127, 6506.

15.  Hamaed, A., Trudeau, M., Antonelli, D.M., J. Am. Chem. Soc., 2008, 130 (22),
6992-6999.

16.  Tanev, P.T., Pinnavaia, T.J., Science, 1995, 267, 865.

17. Shafer, W., Thiele, K. H., Z. Anorg. Allg. Chem., 1978, 447, 136.

18. Yakovleva, O.N., Sharev, O.K., Miesserov, K.G., Vydrina, T.K., Bondarenko,

83


http://www.hydrogen.energy.gov/annual_review06_plenary.html

19.

20.

21.

22.

23.

24,

25.

G.N., Tinyakova, E.I., Dolgoplosk, B.A., Dokl. Akad.Nauk SSSR, 1974, 218,
593.

Beilin, S.I., Markevich, I.N., Gol’shitein, S.B., Bondarenko, G.N., and
Dolgoplosk, B.A., Dokl. Akad.Nauk SSSR, 1974, 218, 837.
Hu, X., Trudeau, M., Antonelli, D.M., Chem. Mater., 2007, 19, 1388.

Hu, X., Skadtchenko, B., Trudeau, M., Antonelli, D.M., J. Am. Chem. Soc.,
2006, 128, 11740.

Zhuravlev, L.T., Colloids and Surfaces A: Physicochem. Eng. Aspects, 2000,
173, 1-38.

Mathias, J., Wannemacher, G., J. Coll. Interf. Sci., 1988, 125, 61.

Nesterov, G.A., Zakharov, V.A., Paukshtis, E.A., Yurchenko, E.N., and
Ermakov, Y.1., Kinetika | Kataliz, 1979, 20, 429-436.

Langerame, F., Salvi, A.M., Silletti, M., Moretti, G., Surf. Interface Anal.,

2008, 40, 695-699.

84



Chapter 4 — Functionalized Porous Silicas with Unsaturated Early
Transition Metal Moieties as Hydrogen Storage Materials:
Comparison of Metal and Oxidation State

4.1 Introduction

To meet the environmental and economic demands caused by the rapid depletion
of fossil fuels, intensive research into alternative energy has become an increasing
priority for industrialized nations. Hydrogen, as energy carrier, represents an ideal
alternative to petroleum-based fuels because it is the most abundant element in the
universe, exhibits the highest energy density of all chemical substances, and poses no
threat to the environment because water is the only byproduct of its combustion.™
However, to implement its use as an energy carrier of the future, a storage medium that
meets or surpasses all the targets set by the U.S. Department of Energy (DOE) is
needed® (5.5 wt% and 40 kg/m® for the year 2015). A hydrogen storage medium
capable of combining high volumetric and gravimetric densities with optimal Kinetics is
crucial for effective storage of hydrogen under ambient conditions for both stationary
and mobile applications. While compressed and liquid hydrogen storage technologies
meet some of the DOE requirements, these methods are not practical for automobile
applications due to safety concerns and the energy loss during the compression and
liquefaction processes. Many metal hydrides and complex hydrides surpass various
DOE targets for gravimetric and volumetric densities but possess unfavorable
thermodynamics and fall short of meeting the optimal kinetics or thermodynamics for

adsorption and release under ambient conditions.*® Metal-organic frameworks,®*!
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carbon nanotubes,™ ! activated carbons, and zeolites™ ™! have also been tested for
hydrogen storage based on physisorption, but these materials are only effective under
cryogenic conditions because of the low binding enthalpies, which fall short of the 20-
30 kJ/mol predicted to be the optimal H, binding energy for reversible adsorption at
room temperature.™® 1 1n 2008,1*8 we reported a new model system based on benzyl
titanium (I11) grafted to hexagonally-packed mesoporous silicas (HMS). The purpose of
this system was to explore the feasibility of using unusually low-coordinate low-valent
transition metal fragments, that are too reactive to exist in molecular form and thus and
must be stabilized on a surface, as H, binding sites functioning within the ideal enthalpy
range for room temperature storage. The results of this study revealed that HMS silica
doped with 0.2 molar equivalents of benzyl titanium (111) absorbs up to 2.7 H, per Ti
center in what appears to be a Kubas-type binding fashion.'*?®! In 2009, we
optimized the performance of the Ti(lll) system by tuning the surface area, pore size,
ligand environment around the metal, and synthetic protocol to arrive at materials which
adsorb up to 3.98 H, per Ti center at 77K and 60 atm, demonstrating that unsaturated
metals can absorb far more H, per metal at elevated pressure than the maximum of two
that has been observed for a molecular system.”” While the small amounts absorbed at
ambient temperature and pressure have precluded routine spectroscopic investigations,
these systems operate through a mixture of physisorption on the silica surface and what
is most likely the Kubas interaction, a type of weak hydrogen chemisorption that
depends largely on the amount of back donation from filled metal d-orbitals into the H-
H antibonding orbital. Herein, we report a systematic study on HMS treated with

titanium, vanadium, and chromium transition metal fragments, in order to investigate
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the effect of metal type and metal oxidation state on the H binding to the metal center.
Since it is not possible to keep the coordination sphere consistent for all metals and all
oxidation states due to the varied availabilities and stabilities of low-valent early
transition metal alkyl and aryl precursors, this study assumed that the effect of the
oxidation state of the metal and type of metal was more pronounced than the different
steric and electronic effects of the various alkyl ligands used because hydrogen has a
low steric profile and the metal fragments studied featured only hydrocarbon ligands
with C in the a-coordination sphere. The effect of hydrogenation on the binding
abilities of these metal fragments was also investigated because metal hydrides
generally form stronger Kubas interactions than the corresponding alkyl. While these
systems are only models for investigating hydrogen binding to low-valent low-
coordinate metal fragments, they demonstrate that such fragments avoid some of the
kinetic and thermodynamic drawbacks of metal hydrides, MOFs and other reactive
methods of storing hydrogen and show promise in the downstream development of
materials based exclusively on weak chemisorption to low-valent low-coordinate

transition metal centers with negligible contributions from physisorption.

4.2 Experimental

All chemicals, unless otherwise stated, were obtained from Aldrich. H,, N, and
Ar gases were obtained from Praxair Canada Inc.
4.2.1 Synthesis of Hexagonally-packed Mesoporous Silica (HMS):'?? in a typical
preparation, tetraethyl orthosilicate (1.0 mol) was added with vigorous stirring to a

solution of dodecylamine (DDA) (0.27 mol) (in 4:1 molar ratio of tetraethyl
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orthosilicate to DDA) in ethanol (9.09 mol). The reaction mixture was aged at ambient
temperature for 18 hours, and the resulting mesoporous silica was air dried on a glass
plate. The template was removed by mixing 1 g of the air-dried HMS with 150 ml of hot
ethanol for 1 hour. The product was then filtered and washed with a second 100 ml
portion of ethanol. This extraction procedure was repeated twice. Finally the HMS was
washed with 150 ml of hot toluene in order to remove the final trace of surfactant, and
was dried in air at 115 °C.

4.2.2 Synthesis of doped HMS materials: 5-10 mol% of the transition metal precursor
(see below) with respect to Si was dissolved in toluene under Ar and the HMS silica
added in small portions. After 5 h stirring the solution became colorless and the silica
was collected by filtration and dried in vacuo. In the case of bis(naphthalene) titanium
the reaction was conducted in THF at -78 °C, followed by slow warming to room
temperature over 5 h. At this stage the solution became clear and the reaction was
judged complete. In the case of tetrabenzyl titanium, the Ti-doped HMS silica was
heated in vacuo at 120 °C for 2 hours in order to obtain the active Ti (I11) material.

4.2.3 Preparation of bis(naphthalene) titanium: %!

Bis(naphthalene) titanium complex was prepared in situ by the reduction of TiCl4.2THF,
THF = tetrahydrofuran, with 6 equivalents of LiCyoHg at -78 °C in THF, under argon.
After 4 hours stirring -78 °C, the reaction mixture was filtered and the bis(naphthalene)
titanium solution was obtained and used immediately to prevent thermal decomposition.

4.2.4 Preparation of tris(mesityl) vanadium: ¥

50 ml of (mesityl)MgBr (1M) was added dropwise to a solution of 6.22g of VCI3.3THF

in THF. The solution was stirred at room temperature for 2 hrs. Then, 22 ml of dioxane
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was added and the reaction was stirred for another 2 hours. The suspension was then
filtered through Celite to remove the magnesium salt. The filtrate was then collected and
concentrated under vacuum. 20 ml of diethyl ether was then added and the solid
precipitate was filtered and washed with diethylether: THF (3:1) and dried under vacuum.
4.2.5 Hydrogenation of metal-fragment grafted HMS materials:

The hydrogenation of all metal-fragment grafted HMS materials was conducted by
treating the sample loaded onto the pressure-composition isotherm (PCI) instrument
with pure hydrogen for 2 hours at 85 atmospheres and 170 °C. The samples were then
removed under Ar and the densities re-measured.

4.2.6 Preparation of tris [bis(trimethylsilyl)methyl] chromium (I11): !
Bis(trimethylsilyl)methyl-lithium (4.5 mmol) in diethyl ether (12 cm®) was added
dropwise to a suspension of chromium (I11) chloride (0.235g, 1.5 mmol) in diethyl ether
(40 cm®) at -78 °C. The color of the solution changed from brown to green as the
mixture was allowed to warm slowly to room temperature. After stirring for 2 hours,
volatiles were removed in vacuo, and the residue was extracted with n-hexane (60 cm?)
and filtered to give a deep green solution. This was concentrated (to ca. 20 cm®) and
cooled to -20 °C giving bright green crystals.

4.2.7 Preparation of bis[(trimethylsilyl) methyl]chromium(ll) or
Cr4(CH,Si(CHa)s)g: 2%

To a stirred suspension of CrCl3(THF); (4.8 mmol) in hexane, was added a solution of
(CH3)s Si CH,Li (18.1 mmol) also in hexane. The color of the slurry immediately
changed to dark purple. The mixture was then stirred at RT for 3 h, and then filtered,

and the residue was washed with three portions of hexane (10ml each). The solution was
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concentrated to 50 ml and allowed to stand at -34 °C for 12 h. The color of the solution
slowly turned dark brown upon standing at that temperature. The product was isolated
by cold filtration, washed twice with pre-cooled hexane and dried in vacuo.

4.2.8 Calculation of the number of hydrogen molecules per transition metal center:
As an example, HMS silica treated with tris [bis(trimethylsilyl)methyl] chromium
adsorbs 1.81 wt% H, as compared to 1.35 wt% for untreated HMS silica. On the basis
of 6.57 wt % Cr, determined by ICP-AAS in the metal grafted material, the difference
between the H, adsorption capacity of the untreated silica and the grafted material
translates into 1.82 H, per Cr center.

4.2.9 Measurements. Nitrogen adsorption and desorption data were collected on a
Micromeritics ASAP 2010. Hydrogen uptake was measured with a commercial
pressure-composition isotherm (PCI) unit provided by Advanced Materials. Highly
purified hydrogen (99.9995% purity) was used as the adsorbent. Before all
measurements, the materials were activated in vacuo at 573K in order to remove any
physisorbed water or volatile impurities. Leak testing, performed by running a standard
AX-21 sample and by bubbles, was done prior to and during each adsorption
measurement experiment. In the H, adsorption-desorption experiments complete
reversibility was observed for all samples across the whole range of pressures, with
small hysteresis observed at low pressures for some materials. Samples were run at
liquid nitrogen temperature (77K) and liquid argon temperature (87K) to 65 atm.

The skeletal density was measured using a Quantachrome Ultra-pycnometer. When the
skeletal density is used for the hydrogen uptake measurement, the compressed hydrogen

within the pores is treated as part of the sample chamber volume. Therefore only the
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hydrogen physisorbed to the walls of the structure is recorded by the PCI instrument as
the adsorption capacity of the material. Thus, when H; adsorption is measured, the
skeletal density of the porous materials derived from the pychnometer is employed to
determine the adsorbed amount of hydrogen.

Taking both the 77K and 87K hydrogen adsorption data, enthalpies of adsorption were

calculated using a variant of the Clausius-Clapeyron equation: ']

n| & =AH,,, Linllt 1)
2 RTlTZ

Where P, = pressure for isotherm n, T, = temperature for the isotherm n, and R = gas
constant.
Pressure as a function of the amount adsorbed was determined by using an exponential
fit for each isotherm; the first 10 points of the isotherms were picked up and fit to the
exponential equation. This exponential equation gives an accurate fit over the pressure
up to 10 atm with the goodness of fit (R?) above 0.99. The corresponding P; and P,
values at a certain amount of H, adsorbed at both temperatures can be obtained by the
simulated exponential equation. Inputting these numbers into the eq 1, we then calculate
the enthalpies of the adsorption.
4.3  Results and Discussion

Pristine HMS silica was prepared by the neutral templating method of Pinnavaia
and co-workers,”?? using a dodecylamine template and characterized by XRD, elemental
analysis, and nitrogen adsorption. Tetrabenzyl titanium, bis(naphthalene) titanium,
tris(mesityl) vanadium, tris[bis(trimethylsilyl)methyl] chromium, and
bis(trimethylsilylmethyl) chromium were synthesized and grafted onto the surface by

prolonged stirring at the previously confirmed optimal molar ratio of 0.2 (TM/Si) mol.™*®!
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The anchoring of the transition metal fragments was achieved by the replacement of M-
R groups with M-O linkages through a protonolysis reaction involving the hydroxy
species on the silica surface. This creates accessible low-valent low-coordinate alkyl-
alkoxide fragments on the silica surface, which can function as H, binding sites. All
routine characterization and hydrogen storage data for these materials are summarized
in Table 4.1 and Table 4.2.

In previous work we investigated the hydrogen storage capacity of Ti(lll) benzyl
fragments on a silica surface and found that this moiety could absorb 3.98 H; per Ti at
77 K and 60 bar at a binding enthalpy that rises with surface coverage to 22 ki/mol.["
In the current study we repeated the synthesis of this material using the same sample of
HMS silica as a support material in order to maintain consistency for the sake of
comparison to the other materials. Thus, HMS grafted with tetrabenzyl Ti and then
thermally activated to convert the Ti(IV) into Ti(lll), retained its XRD pattern while the
BET surface area dropped from 1284 m%g to 1120 m%g. This sample reversibly
adsorbs 3.05 wt% hydrogen at 77K and 85 atm (Fig. 4.1), which equates to 4.85 H, per
Ti center, based on 8.39 wt% Ti as determined by ICP-AAS (Table 2), with a binding
energy in the optimal range for room temperature hydrogen storage (Fig. 4.2) that rises
from 15-20 kJ/mol. This increasing trend has been commented on previously by our
group and corroborates previous calculations which predicted such a trend for the
subsequent addition of Kubas-type H, ligands to an unsaturated metal center.***® So,
while physisorption is present in all metal-grafted samples in this study, the Kubas
contribution is strong enough to influence the slope and magnitude of the isosteric

enthalpy plots. At 298 K and 85 atm this material reversibly absorbs 0.82 wt%, which
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equates to 1.30 H, per Ti center, or 27% of that adsorbed at 77 K, on the basis of the
room temperature adsorption of pristine HMS of 0.44 wt%. The slightly higher value of
adsorption at 77 K for this material sample relative to that originally quoted by our
groupt*® of 1.65 wt% at 65 atm can be attributed to improved synthesis and handling
techniques, as the Ti(lll) centers are unstable to decomposition once they have been
generated.

The elemental analysis revealed that the Ti:C molar ratio was 1:7.94 (Table 4.2),
which equates to an average of 1.13 benzyl ligands per Ti center. This indicates a
mixture of bis(benzyl) siloxy and bis(siloxy) benzyl species in a ratio favoring the latter.
The XPS spectrum of the tetrabenzyl Ti-HMS sample after thermal activation to
generate Ti (II1) (Fig. 4.3) reveals 3 pairs of peaks in the 2p 3/2,1/2 region. The
emissions at 460.1 eV and 466.4 eV can be attributed to Ti(IV), by direct comparison
with the emissions of other Ti(IV) species.?®*! A second pair of peaks at 459.1 eV and
464.7 eV correspond to the 2p 3/2,1/2 emission of a Ti(lll) species by comparison with
the XPS of Ti;03.%% The third emission at, 457.7 eV and 462.9 eV can be attributed to
Ti (I1) by direct comparison with the emissions of TiO.*] The presence of almost equal
proportions of Ti(IV) and Ti(ll) in this material can be attributed to the well-
documented disproportionation of Ti(lll) alkyls into Ti(l) and Ti(IV).®? This is
consistent with observations in our group that this material decomposes on standing at
room temperature under Ar over several weeks. In previous work we found that
hydrogenation of the activated benzyl Ti HMS at 170 °C and 85 atm led to a slight

[21]

decrease in the storage performance. This was attributed to the thermal

decomposition of the Ti benzyl fragments which are unstable to disproportionation.
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Table 4.1 - Summary of the skeletal densities, gravimetric adsorptions, surface areas, and number
of H, per transition metal of all samples tested.

Sample Sk. Grav. Surface | Number of
Density | Adsorption | Areain Ho/TM
glce (8.6 MPa m?/g

= 85 atm)
Wt%

C12-HMS 2.13 1.35 1284 0
tetrabenzyl Ti-HMS (77K) 1.65 3.05 1120 4.85
tetrabenzyl Ti-HMS (298 K) 1.65 0.82 1120 1.30
bis(naphthalene) Ti- 1.02 2.99 989 4.74
HMS(77K)
bis(naphthalene) Ti-HMS 1.02 0.78 989 1.24
(298 K)
tris(mesityl)V(77Kk) 1.24 2.33 1258 2.68
tris(mesityl)V(298 K) 1.24 0.32 1258 0.37
Ho-tris(mesityl)V (77 K) 1.22 2.43 1218 2.74
Ho-tris(mesity) V (298 K) 1.20 0.45 1218 0.51
tris[bis(trimethylsilyl)methyl] 1.88 1.81 946 1.82
Cr HMS (77K)
tris[bis(trimethylsilyl)methyl] 1.88 0.22 946 0.22
CrHMS(298 K)
Ha- 1.86 2.17 915 3.2

tris[bis(trimethylsilyl)methyl]
Cr-HMS (77K)

Ho,- 1.86 0.35 915 0.52
tris[bis(trimethylsilyl)methyl]
Cr-HMS (298)
bis[(trimethylsilyl)methyl]Cr- | 1.87 2.12 1294 2.20
HMS (77K)
bis[(trimethylsilyl)methyl]Cr 1.87 0.36 1294 0.37
HMS (298 K)
Ho,- 1.85 2.26 1018 35
bis[(trimethylsilyl)methyl]Cr-
HMS (77 K)

Ho- 1.85 0.55 1018 0.85
bis[(trimethylsilyl)methyl]Cr
HMS (298 K)
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Table 4.2 - Elemental analysis of C, H, Si, and TM for HMS silica treated with various TM

precursors.
Sample TM | Carbon | Hydrogen [Silicon -II;/II\gzlgr
0 0 0 0,
(%) (%) (%) %) | ratio
Plain Silica 0 | 024 183 |37.70| NA
tetrabenzyl Ti-HMS 8.39 | 16.96 2.97 315 | 1:7.94
bis (naphthalene) Ti-HMS 828 | 0.29 233 |3140| NA
tris(mesityl) V-HMS 931 | 2117 209 |29.00] 1954
hydrogenated tris(mesityl) V-HMS ~ {10.04| 20.42 200 |28.70| 1:8:52
tris[bis(trimethylsilyl)methyl]Cr-HMS | 6.57 | 11.01 272 |28.00| 1:7.10
Hydrogenated 1:6.56
tris[bis(trimethylsilymethyljcr-Hms | 666 | 1039 | 267 12657
bis[(trimethylsilyl)methyl]Cr-HMS | 6.43 | 4.30 224  |31.80| 1:2:60
Hydrogenated 6.75| 154 293 |27.20] 1083

bis[(trimethylsilyl)methyl]Cr-HMS

Bis(naphthalene) titanium was used as a Ti precursor to represent oxidation

states lower than Ti (I1I) because no monohapto Ti alkyls are known for Ti oxidation

states lower than (I11). This reagent possesses t—bonded arene rings and decomposes at

-60 °C to form Ti metal and is thus considered a Ti(0) donor. Because of this, it can

therefore form either Ti clusters on the surface of the HMS silica or Ti(ll) species by

insertion of Ti into O-H bonds as shown in Scheme 4.1. In this regard it can be

considered a direct analogue of bis (toluene) titanium, which has been used previously

by our group to deposit an amorphous low-valent Ti phase on the inner surface of

mesoporous Ti oxide, dramatically increasing the hydrogen storage capacity of the

material.*3]
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Figure 4.1 - Adsorption isotherms at 77K of plain HMS silica and HMS silica treated with bis
(naphthalene) titanium and tetrabenzyl titanium. Desorption isotherms omitted for clarity.
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Figure 4.2 - Hydrogen binding enthalpies of HMS silica compared to those of HMS silica grafted
with bis (naphthalene) titanium and with tetrabenzyl titanium.
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Figure 4.3 - XPS spectrum with simulations for HMS silica treated with tetra benzyl titanium
showing the Ti 2p1/2,3/2 emissions.
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Figure 4.4 - XPS spectrum with simulations for HMS silica treated with bis(haphthalene) titanium
showing the Ti 2p1/2,3/2 emissions.
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Scheme 4.1 - Schematic representation of the grafting of Ti onto the surface of HMS silica by
treatment with bis(naphthalene)Ti, and the formation of Ti (II) species on surface, favorable for H,
binding. Ti clusters may also be formed.

Bis(naphthalene) Ti  + , , E—— ‘ ‘ + 2 naphthalene

Silica Silica

After treatment of HMS with bis (naphthalene) titanium the XRD pattern of the
material is retained and the surface area drops from 1284 m%g to 989 m?/g. The
elemental analysis shows a %C of 0.29 as compared to 0.24 % in the starting HMS
silica, indicating complete loss of the naphthalene ligands in the doping process. The
excess storage isotherms of this material are shown in Fig. 4.1 and show 2.99 wt.% H,
reversible adsorption at 77K and 85 atm, as compared to 1.35 wt% in the pristine HMS.
This equates to 4.74 H, molecules per Ti center (Table 4.1), on the basis of 8.28% Ti
(Table 4.2) as determined by ICP-AAS. At 298 K the system reversibly adsorbs 0.78
wit% H, at 298K compared to 0.44 wt% for the pristine silica, or 26% of that adsorbed at
77K, which equates to 1.24 H, molecules per Ti center. The binding enthalpy of these
materials increases with the H, loading level from 4 to 4.9 kJ/mol as shown in Fig. 4.2.
This binding enthalpy is slightly higher that that of the pristine silica (around 3
kJ/mol),”*® but falls dramatically short of that required for room temperature hydrogen
storage and is much lower than that recorded for many of the other materials in this
study. The XPS spectrum with accompanying simulations is displayed in Fig. 4.4 and

shows three pairs of peaks in the Ti 2p region, each corresponding to 2pi; and 2psp
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emissions of the metal species. The emissions at 460.1 eV and 465.9 eV are attributed
to the 2ps;, and 2py, of a Ti (1V) species!??% which likely formed after a reaction of the
original Ti (0) species with two surface hydroxy groups through an oxidative addition
process. The high intensity emission at 458.7 eV and 464.2 eV can be attributed to a Ti
(111) species, by direct comparison with the XPS spectrum of Ti,03.% The third
emission at 457.2 eV and 462.3 eV and can be attributed to a Ti (Il) species by direct
comparison with that of TiO.Y This material therefore consists of a mixture of Ti(Il),
Ti(ll) and Ti(IV), with the Ti(lll) species constituting the major proportion of the
sample. Since Ti(IV) is a d° species it is inactive in Kubas binding and thus the large
increase in hydrogen adsorption stems from the Ti(lll) and Ti(ll) species only. This
indicates an even larger number than 4.74 H, per Ti when only the active Ti(lll) and
Ti(Il) species are considered and suggests that many of the Ti centers exist in a
coordination number of 3-4 if the 18 electron rule is strictly adhered to. This may be
expected on the basis of the complete loss of the naphthalene on reaction with the
surface, leaving behind coordinatively unsaturated Ti species on the surface. In light of
these XPS studies, the low enthalpy of adsorption is still surprising based on other
studies in our group (up to 23 kd/mol for benzyl Ti(111))!*® and the preponderance of Ti
centers in low oxidation states. However mesoporous Ti oxide treated with bis(toluene)
titanium is predominantly Ti(Il) and possesses enthalpies that only rise from 4-8 kJ/mol,
despite achieving volumetric performance of 41 kg/m® at 77 K and 65 atm.*¥l These
results together indicate that at 77 K low enthalpy sites are still capable of binding

multiple H, ligands per metal at higher pressures, however the room temperature
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performance of such a system may still be compromised by the weaker binding
interactions.

In order to explore the effect on hydrogen binding of moving from Ti(lll) to
V(I11) we explored the hydrogen storage behavior of V(I11)-doped HMS. Thus, when
HMS is treated with 0.2 mol equivalents of tris(mesityl) vanadium (Scheme 4.2), the

XRD pattern is retained and the surface area drops from 1284 m%g to 1258 m%/g.

Scheme 4.2 - HMS silica treated with tris(mesityl) vanadium.
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Figure 4.5 - Adsorption isotherms at 77 K of HMS silica treated with tris(mesityl) vanadium before
and after hydrogenation compared to that of plain HMS silica. Desorption isotherms omitted for
clarity.

h
n
I

| gu
I

—=— After hydrogenation
—s— Befare hydrogenation

—a—Plain Silica

—_
1

=
n
I

Gravimetric adsorption / wt%
n

Prassure / MFa

100



Figure 4.6 - Hydrogen binding enthalpies of HMS silica treated with tris(mesityl) vanadium before
and after hydrogenation compared to that of HMS silica.
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Figure 4.7- XPS spectrum with simulations for HMS silica treated with tris(mesityl) vanadium
before hydrogenation showing the V 2p1/2,3/2 emissions.

2000

= 1500
£
o

& 1000
E

500

0

525 520 515 510
Binding energy [ eV

101



Figure 4.8 - XPS spectrum with simulations for HMS silica treated with tris(mesityl) vanadium
after hydrogenation showing the V 2p1/2,3/2 emissions.
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The hydrogen adsorption capacity of this material reaches 2.33 wt% at 77k and
85 atm, which equates to 2.68 H, per vanadium center on the basis of 9.31 % V
determined by ICP-AAS (Table 4.1). After hydrogenation at 170 °C and 85 atm for 2
hours in an attempt to convert the vanadium mesityl moieties into V-H units predicted to
be more effective at Kubas binding,” the material reversibly absorbs up to 2.43 wt%
hydrogen (Fig. 4.5) at 77 K and 85 atm, equivalent to 2.74 H, per vanadium center,
slightly higher than the non-hydrogenated sample. As a result of hydrogenation the %C
decreases from 21.17% to only 20.42%, indicating that very little hydrogenolysis has
occurred, likely due to the kinetic barrier associated with hydrogenating the secondary
M-C mesityl bond. This reduction in carbon composition led to an increase from 9.31%
V for the non-hydrogenated sample to 10.04% V in the hydrogenated sample. This

small change may be responsible for a portion of the improvement in hydrogen
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adsorption of the hydrogenated sample. The V:C molar ratio for the non-hydrogenated
sample was 1: 9.56 corresponding to an average of 1.06 ligands per V center and a
mixture of bis(mesityl) siloxy and bis(siloxy) mesityl species on the surface. For the
hydrogenated sample the V:C molar ratio was 1: 8.52, which equates to 0.95 ligands per
V center, consistent with a small loss of mesitylene through o-bond metathesis on
hydrogenation. The room temperature isotherms (Table 4.1) demonstrated 13.8% and
18.6% retention of adsorption at 85 atm relative to the isotherms at 77 K temperature for
the non-hydrogenated and the hydrogenated samples, respectively. This is lower than
the 27% observed for the terabenzyl titanium system and may be due to the lower
binding enthalpies for the non-hydrogenated and hydrogenated materials, which rise to 3
kJ/mol and 6 kJ/mol, respectively, as shown in Fig. 4.6. While this lower enthalpy may
be the cause of the lower relative performance at room temperature, it is also clear that
similar low enthalpies did not affect the performance of the bis(naphthalene) titanium
system, suggesting that the unligated Ti centers or clusters in the bis(naphthalene) case
cannot be compared directly to the ligated transition metal fragments in this study in
their interaction with H,. Also, while only a small proportion of the V centers were
hydrogenated, this still led to an observable increase in the binding enthalpy recorded
for this material, suggesting that replacement of alkyl with hydride increases the binding
enthalpy of H,, as would be predicted from research in organometallic chemistry.!%

In order to gain further insight into the V species present, XPS studies were conducted
on both the non-hydrogenated (Fig. 4.7) and the hydrogenated trismesityl V-HMS (Fig.
4.8). Both spectra show 5 pairs of peaks, each corresponding to emissions in the V 2p

1/2 and 2p 3/2 region. For the non-hydrogenated HMS treated with tris(mesityl)

103



vanadium, the first emission falls at 514.2 eV and 521.8 eV. This can be attributed to a
V*! species by direct comparison with the XPS spectrum of [VCI(CsHs),].2* The
emission at 515.4 eV and 523 eV is attributed to a \V**species by comparison with the
XPS spectrum of the V-doped mesoporous titania analogue with an emission at 515.6
eV and 523.2 eV.*®! The emission at 516.5 eV and 524 eV is attributed to a \/** species
by comparison with that of V,0; at 515.8 eV and 523.4 eV,*"! and the emission at
517.4 eV and 524.9 eV is attributed to a V™ species by comparison with the XPS
spectrum of VO, at 517.4 eV and 524.5 eV./*! The emission at 518.4 eV and 526.4 eV
can be attributed to a VV*° species by comparison with the XPS spectrum of V,Os
supported on silica, which has an emission at 518.7 eV and 526.5 eV.8 The number of
species present in the XPS spectrum in a wide range of oxidation states (most likely due
to disproportionation) suggests, along with the elemental analysis data, that the surface
species are far from homogeneous and that even after the physisorption is subtracted out,
the hydrogen adsorption likely involves several V species in various ligand
environments and oxidation states. Still, the hydrogen storage performance is markedly
lower than both titanium-based systems discussed above, suggesting that V is not as
effective in hydrogen storage as Ti. This decrease in effectiveness as you cross the
periodic table has been predicted by Heben and Yilidrim in calculations,** ** and can
been attributed to the higher effective nuclear charge of the later transition metal
interfering with back-donation to the H-H antibonding orbital through less effective
screening of the d-electrons.

For the tris[bis(trimethylsilyl)methyl] chromium (I11) HMS sample the surface

area drops to 915 m?/g from 1284 m?/g and the XRD pattern is fully retained. The
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adsorption capacity of this material reaches 1.81 wt% at 85 atm at 77 K as shown in Fig.
4.9. This equates to 1.82 H, molecules per chromium center on the basis of 6.57% Cr
determined by ICP-AAS. This is lower than the corresponding values for V(I1l) and
Ti(ll1) presented in this study, and is consistent with the increase in Zg leading to less
effective Kubas binding. Hydrogenation at 170 °C for two hours increases the hydrogen
adsorption capacity of this sample to 2.17 wt% as shown in Fig. 4.9. This equates to 3.2
H, per Cr center according to the 6.66% Cr established by ICP-AAS. As in the case of
the tris(mesityl) vanadium material, hydrogenation was not very effective in replacing
the hydrocarbon with hydride, as the hydrogenated sample showed 10.39% C as
compared to 11.01% in the non-hydrogenated sample. From these values a Cr:C molar

ratio of 1: 7.10 can be

Figure 4.9 - Adsorption isotherms of HMS silica treated with tris[bis(trimethylsilyl)methyl]
chromium before and after hydrogenation compared to that of HMS silica. Desorption isotherms
omitted for clarity.
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Figure 4.10 - Hydrogen binding enthalpies of HMS silica treated with tris[bis(trimethylsilyl)methyl
chromium before and after hydrogenation compared to that of HMS silica.
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calculated for the nonhydrogenated sample, corresponding to an average of 1.01 ligand
per Cr center, and a Cr:C molar ratio of 1: 6.56 can be calculated for the hydrogenated
sample, corresponding to an average of 0.94 ligand per Cr center. Surprisingly, this
small decrease in hydrocarbon leads to a substantial increase in hydrogen storage
capacity. This increase in performance is likely related to the high enthalpy of the
hydrogenated tris[bis(trimethylsilyl)methyl]chromium-HMS material which increases
with H, loading level up to 21.70 kJ/mol compared to 8.80 kJ/mol for the non-
hydrogenated sample (Fig. 4.10). This increase in enthalpy is reflected in the differences
in room temperature performance of 0.22 wt% and 0.52 wt% at 85 atm for the non-
hydrogenated and hydrogenated samples, respectively. While loss of ligand may
account for some of the changes in hydrogen adsorption properties, it is also possible

that some reduction of Cr (111) to Cr (I) occurred on hydrogenation, making hydrogen
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binding more facile to the lower valent metal center. In order to verify this hypothesis,
the XPS of this material before an after hydrogenation was investigated.

The  XPS  spectrum  with  simulations of  the  non-hydrogenated
tris[bis(trimethylsilyl)methyl] chromium-HMS sample (Fig. 4.11) features six pairs of
peaks in the Cr 2p 3/2 and 2p 1/2 region. The first emission at 576.9 eV and 586.5 eV
can be attributed to Cr (Il1) species on the basis of literature values.®” The second
emission with smaller intensities appearing at 575 eV and 585.2 eV can be attributed to
Cr (11) species, while the third at 578.1 eV and 587.5 can be attributed to a Cr (1V)
species.*¥ The three other minor emissions at 579.2 eV and 588.6 eV, 581.6 eV and
589.9 eV, and 583.5 eV and 590.4 eV can be attributed to Cr species in higher oxidation
states.*”)  The hydrogenated tris[bis(trimethylsilyl)methyl]Cr-HMS (Fig. 4.12) XPS
spectrum shows three major emissions at 575.7 eV and 585.1 eV, 576.9 eV and 586.5
eV, and 578.1 eV and 587.5 eV which can be attributed to Cr(Il), Cr(l1l), and Cr(IV)
species, respectively, on the basis of the assignments above. The Cr(111) emissions have
the highest relative intensity compared to the other two emissions. The other three minor
emissions at 579.2 eV and 588.3 eV, 580.9 eV and 589.4, and 582.8 eV and 590.3 eV
can be attributed to higher oxidation states chromium.[*! Upon comparison of these
spectra it is clear that hydrogenation leads to a decrease in the intensity of Cr species in
a higher oxidation state than (IV) with an increase in intensity of Cr species in oxidation
states of (I1l) and (I). This corroborates what was expected on the basis of the
improved hydrogen adsorption capacity and higher enthalpies of the hydrogenated
sample over the non hydrogenated sample: i.e. that reduction of Cr species and not just

replacement of an alkyl ligand by a hydride were responsible for this increase.
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In order to compare the relative effectiveness for hydrogen binding of Cr(llI)
and Cr(Il), we doped HMS with a Cr(Il) alkyl precursor. Hence, the material prepared
by reacting HMS with Cr4(CH,Si(CHs)3)s at a doping level of 0.2 molar equivalents of
Cr relative to Si retained its XRD pattern with a drop in the BET surface area to 946
m?/g from 1284 m%/g. A schematic representation of this reaction is shown in Scheme
4.3. The adsorption capacity of this sample reaches 2.12 wt% at 77 K and 85 atm (Fig.
9), which equates 2.20 H, per Cr center on the basis of 6.43% Cr as determined by ICP-
AAS. At 298 K this value drops to 0.36 wt % at 85 atm. This sample possesses 4.30%
C as compared to 0.24% in the pristine HMS, which corresponds to a 1:2.6 Cr:C ratio,
which in turn equates to 0.65 alkyl ligands per Cr center, suggesting a mixture on the
surface of the alkyl siloxy Cr (II) species with the bis(siloxy) Cr (lI). The adsorption
capacity of this sample at 77 K and 85 atm increases to 2.26 wt% as a result of
hydrogenation at 170 °C at 85 atm for 2 hours as shown in Fig. 4.13. This amount
equates to 3.5 H, per Cr center, almost double that of the sample before hydrogen

treatment.

Scheme 4.3 - Schematic representation of the grafting of mesoporous silica by treatment with
bis[(trimethylsilyl)methyl] chromium leading to the formation of Cr (Il) sites favorable for H,
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Si'v

Cr

Cr |
OH OH OH o/ \O 0

I el B I

S gif

Silica Silica

108



Figure 4.11 - XPS spectrum with simulation for HMS silica treated with
tris[bis(trimethylsilyl)methyl] chromium showing the Cr 2p1/2, and 3/2 emissions.
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Figure 4.12 - XPS spectrum with simulations for HMS silica treated with
tris[bis(trimethylsilyl)methyl] chromium after hydrogenation showing the Cr 2p1/2, and 3/2
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The %C decreases as a result of hydrogenation to 1.54%, which equates to an
average of only 0.21 ligands per Cr center, suggesting that the sigma bond metathesis
reaction in this system is more effective than it is for the Cr (I11) and V(III) systems,
possibly because of the greater kinetic lability of the primary alkyl ligand with respect to
the secondary alkyl ligands. At 298 K the hydrogen adsorption for the hydrogenated
sample drops to 0.55 wt %. This is also reflected in the increase in % Cr from 6.43% to
6.75%, which increases the available hydrogen binding sites per mass unit. The binding
enthalpy of the hydrogenated sample increases to a value of 13.6 kJ/mol compared to
11.4 kJ/mol for the non-hydrogenated sample (Fig. 4.14). This slightly higher binding
enthalpy may be due to the more effective binding of M-H units to Kubas type H,
ligands than M-R groups and is may also be reflected in the superior performance of the
hydrogenated sample at 77 K (2.2 H,/Cr vs. 3.5 H,/Cr) and its greater retention at room
temperature (0.36 % vs. 0.55 wt%). Since this increase in enthalpy is not dramatic,
other factors such as greater steric accessibility to the metal center on replacement of a
bulky alkyl with a hydride may be at play.

The XPS spectrum complete with simulations of the non-hydrogenated
bis[(trimethylsilyl)methyl] chromium (Il) sample (Fig. 4.15) shows 2 major emissions
in the Cr 2p 3/2,1/2 region at 576.4 eV and 585.6 eV attributed to Cr (11)** and at 577.5
eV and 586.7 eV, which be assigned to Cr (Il1) species by direct comparison with the
spectrum of Cr,03 which displays an emission at 578.4 eV and 587.6 eV. The two
other emissions that appear at higher binding energies can be attributed to higher

oxidation states of Cr.*% The appearance of Cr in higher oxidation states than (I1) in
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materials prepared by reacting Cp,Cr with silica are well documented and are attributed
to oxidation by surface protons.™*"!

Figure 4.13 - Adsorption isotherms of HMS silica treated with bis[(trimethylsilyl)methyl]chromium

before and after hydrogenation as compared to that of plain silica. Desorption isotherms omitted
for clarity.
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Figure 4.14 - Hydrogen binding enthalpies of HMS silica treated with bis[(trimethylsilyl)methyl]
chromium before and after hydrogenation compared to that of plain HMS silica.
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The simulated XPS spectrum of the hydrogenated bis[(trimethylsilyl)methyl]
chromium sample (Fig. 4.16) shows 3 major emissions in the Cr 2p 3/2,1/2 region at
576.4 eV and 585.6 eV, which can be assigned to the same Cr (I1) species as in the non-
hydrogenated sample by comparison with the spectral lines at this binding energy level,
and at 574.7 eV and 584.6 eV, which can be assigned to new Cr (1) species formed on
hydrogenation, and at 577.6 eV and 586.8 eV, which can be attributed Cr (111) as in the
non-hydrogenated sample.®? 3 Another small emission occurs at 579.3 eV and 588.7
eV and can be attributed to Cr (IV).*Y The new Cr (Il) species formed on
hydrogenation may possibly be the Cr (I1) hydride predicted and likely accounts for the
increase in hydrogen storage capacity of this sample, as both the presence of hydrides
and lower oxidation states are known to enhance Kubas binding of hydrogen to metals.

Figure 4.15 - XPS spectrum of HMS silica treated with bis[(trimethylsilyl)methyljchromium before
hydrogenation showing the Cr 2p1/2, and 3/2 emissions.
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Figure 4.16 - XPS spectrum of HMS silica treated with bis[(trimethylsilyl)methyl]chromium after
hydrogenation showing the Cr 2p1/2, and 3/2 emissions.
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This paper constitutes the final study in a three-part series from our group on
surface-grafted silicas in hydrogen storage. While the low level of metal doping limits
the performance and therefore practical applications of these materials, this research was
undertaken to establish which organometallic fragments in which ligand environments
were the most effective at Kubas-type binding under reasonable pressures for hydrogen
storage operating conditions, as very little is known about the interaction of extremely
low coordinate transition metal fragments with hydrogen at elevated pressures and
whether the number of H, ligands predicted by the 18-electron rule for these fragments
is actually accessible. The role of binding enthalpy was also explored in this study in an
effort to relate storage capacity at 77 K and 298 K to the strength of the M-H,
interaction. Thus, high surface area HMS silica was treated with various early transition
metal organometallic species (M = Cr, V, Ti) in order to establish the influence of metal

type, metal oxidation state, and hydrogenation to replace the alkyl groups with hydrides
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at the metal center. While an ideal study may have used the same alkyl ligand for all
metal precursors in order to eliminate the variation of steric and electronic profiles of
the different ligands used, this was not possible due to the relative availabilities and
stabilities of early transition metal alkyls in the (II) and (III) oxidation states explored.
Even so, we were able to elucidate some clear trends in hydrogen storage properties by
normalizing the hydrogen absorbed per metal center at the surface and comparing across
the series studied. The highest adsorption values were observed for Ti followed by V
and Cr, in that order, regardless of the oxidation state. This can be attributed to the
increase in effective nuclear charge with increasing atomic number, which draws the d-
electrons closer to the core and makes them less available for n—bonding to the H;
ligands. This clearly overrides the effect of increasing the number of d-electrons in a
metal. The effect of oxidation state for the same metal is hard to gauge in the case of Ti
as there are no Ti(Il) monohapto alkyls that can be used to compare directly to the
grafted benzyl Ti (III) units, and the bis(trimethylsilylmethyl) ligand is sterically more
demanding than the trimethylsilylmethyl ligand, thus potentially magnifying any
electronic differences between the Cr (II) and Cr (III) systems. The Ti(IIl) system
performed slightly better both at 77 K and 298 K than did the Ti (II) system, which was
unexpected on the basis of increased electron density at the metal center (i.e., lower
oxidation state) leading to improved Kubas-type binding. Another surprising feature of
the Ti (I) system was that the enthalpy was substantially lower than in the Ti (III)
system, and in fact much greater than the small difference in excess storage between
these two systems would suggest. This goes against what is known about the effect of

increased electron density on the strength of Kubas-type hydrogen binding and the role
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of isosteric heats of adsorption in hydrogen storage. However this lower enthalpy may
be exactly offset by the increase in binding sites offered by the lower level of ligation in
the Ti (II) system as compared to the Ti (III) system. To make matters more
complicated, the XPS showed that the Ti (II) material was actually a mixture of several
oxidation states, including a substantial amount of Ti (IV), which is inactive in Kubas-
type hydrogen binding. This makes it difficult to compare the Ti(Il) and Ti(III)
materials directly, especially when the Ti in the Ti(Il) material clearly exists as
unligated surface species and/or clusters as opposed to discrete rational units on the pore
walls. While structure-property relationships are difficult to establish between these two
Ti oxidation states, the case is clearer for Cr. Thus, the Cr (II) material clearly
outperforms the Cr(IIl) material, which was expected on the basis of the lower oxidation
state more effectively m-back-donating to the H-H antibonding orbital, as well as the
larger steric profile of the bis-trimethylsilylmethyl ligand over the trimethylsilylmethyl
ligand. The enthalpies of the Cr (II) and Cr(IIl) species fall in a similar range, which
could be expected on the basis of the presence of Cr (III) in the Cr (II) material (by
oxidation) and Cr (II) in the Cr (III) material (by disproportionation), but this does not
explain the differences in excess storage between Cr (III) and Cr(I[). However, since
the enthalpies in this study likely represent a mixture of all the different sites (including
physisorption on the silica surface) these numbers can only be used as a suggestive
indication of what degree of hydrogen storage might be expected, and clearly cannot yet
be used to quantitatively predict the hydrogen storage performance, as too many factors
are involved to make direct relations possible. Hydrogenation had only a small effect in

the V(III) system and Cr (III) systems, but a much larger effect in the Cr (II) system,
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possibly because the primary alkyl ligand was kinetically more labile than the other
ligands in this study. The previously reported decomposition on heating of the benzyl
titanium system precluded the inclusion of hydrogenated Ti(IIl) in this study.
Hydrogenation has less of an effect for V because of the difficulty in removing the
secondary arene group and the n° benzyl. The increase in hydrogen storage in the Cr
(IT) and Cr(III) systems on hydrogenation can be attributed to three factors. The first is
the decrease in weight and the opening up of the steric profile of the metal by replacing
a bulky alkyl group with a hydride. The second is the superior electronic factors
involved in Kubas binding of hydrogen to an M-H over an M-R unit.*” The third is the
reduction of a metal center on hydrogenation to a lower oxidation state, more able to

effectively bind to hydrogen.

4.4  Conclusions

A series of organometallic V, Cr, and Ti grafted silicas were prepared and tested
for hydrogen storage with the goal in mind of establishing trends in metal, metal
oxidation state, and ligand environment that may be used in designing a practical
material for hydrogen storage based on Kubas-type binding. The general performance
trends were Ti >V > Cr, M(Il) > M(lI1), and M-H > M-R. Although there were several
anomalies, which often made direct comparisons difficult, these could be attributed to
inconsistencies in ligand environment necessitated by the availability and stability of
metal alkyl complexes for these metals and/or oxidation states and/or the presence of
multiple oxidation states at the surface. The best material was based on the previously
studied benzyl Ti system and absorbed up to 4.85 H,/Ti at 77 K and 85 atm, while the

most dramatic effect observed was in the hydrogenation of the supported Cr(ll) alkyl
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species, which led to an almost doubling of the storage capacity at 77 K and 85 atm.
While these materials do not achieve practical levels of performance, the results of this
study may be valuable in the design and synthesis of new hydrogen storage materials
based exclusively on Kubas-binding to hydrogen with little or no physisorption

component.
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Chapter 5 — Computational Studies on Silica Supported Transition
Metal Fragments for Kubas-Type Hydrogen Storage

51 Introduction:

With steadily increasing greenhouse gas emissions and rapidly diminishing
reserves of fossil fuels™ the search for alternative energy sources is more important than
ever. Concurrent with this demand for renewable and environmentally benign energy is
the need to find more efficient ways to store and transport energy. Hydrogen is the ideal
energy storage medium because it is lightweight, abundant, and water is its only
combustion product. However, achieving practical levels of energy density is still a
major hurdle.’) The 2015 target set by the U. S. Department of Energy (DOE) is 5.5
wt.% and 1.3 KWh/L (0.040 kg hydrogen/L) for a fully reversible system operating near
room temperature.® While compressed gas and liquid hydrogen have been used in on-
board automotive applications, the cost of compression and/or cooling and the low
storage densities of these methods remains a problem.  For this reason, chemical
carriers such as alloys!” and metal hydrides,” or adsorbents such as amorphous
carbons,® zeolites,!”! and metal-organic frameworks'® have been employed as hydrogen
storage media. While metal hydrides encounter difficulties with heat management
issues and slow kinetics, physisorption materials typically maintain only 10-15% of
their performance at ambient temperature due to low heats of adsorption (typically 5 —
10 kd/mol).®! To achieve the DOE target under ambient conditions, the ideal H, binding

energy is predicted to be in the range of 20 — 30 kJ/mol H,.l*% Numerous experimental
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(1 and theoretical™® investigations focus on the engineering of adsorption sites on
porous solids for improved binding enthalpies. Recent advances in our group indicate
that coordinatively unsaturated low-valent transition metal centers supported on
mesoporous silica can function as ideal o-m H, (Kubas-type)*® binding sites with
enthalpies as high as 23 kJ/mol.*¥ These composites demonstrate up to 40% relative
retention of storage capacity per metal site at room temperature, and have demonstrated
coordination of up to 4 H, ligands per metal at 77 K and 80 bar.™* This is greater than
the maximum of two Kubas type H; ligands per metal that has been observed in any
organometallic compound, so for this reason this research has obvious impact outside of
the field of hydrogen storage.™ Since these silica supported systems contain less than
10 wt% metal and far too much void space due to the mesoporous structure, they fall far
short of the DOE performance targets. However, the ideal binding enthalpies and high
density of H; ligands per metal suggest that practical systems that meet the DOE targets
may one day be developed that use low-coordinate transition metals as principle binding
sites. Currently our group has used hydrazine as a linker to create extended solids with
a high number of low-coordinate, low-valent metal centers per unit volume. These
materials display 49 % retention of performance on going from 77 K to room
temperature, the highest ever recorded for a material possess linear isotherms, and
enthalpies that rise from 20-40 kJ/mol. For this reason a deeper understanding of the
factors at play that determine strength of H, binding and maximum number of H, units
per metal center in the coordination sphere of low-coordinate transition metal fragments
such as those observed in the silica-supported Ti system, is necessary. Computational

methods are particularly powerful for exploring the dynamics of high energy transition
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metal fragments and have already been used to predict some possible inorganic
structures that use Kubas binding to attain hydrogen storage values that meet or surpass
the DOE goals.**'1 However, there are currently no papers in the literature that have
systematically explored the effect of ligand type and coordination number and geometry
about the transition metal center on the strength of Kubas binding in these silica-
supported systems. Of particular interest is the prediction of the ideal ligand
environment for optimal room temperature storage, while also the rationalization of the
unusual rising trend of binding enthalpies with surface coverage observed in these and
related materials.™! Rising enthalpies have been calculated by Yilidrim!*® and Heben[*"!
in hypothetical molecules using the Kubas interaction for hydrogen storage, but this is
the first time that computations and experimental observations are being directly

compared in Kubas type systems for hydrogen storage.

5.2  Computational Details

The molecular modules which are believed to replicate the 2 types of binding
site of the experimental system are shown in Figure 5.1. A small size module was
selected and hydrogen atoms were used to terminate the bulk silica. The molecular
module geometries were optimized and then the bond lengths and bond angles from the
silicon atoms onwards, moving away from the titanium, were fixed to represent the
inflexibility of the silica surface. Hydrogen molecules were then bound to the metals of
these binding site representations and the unfixed parts of the molecules were optimized.
The metal and/or ancillary ligand was varied to study the effect of these variations on

metal-to-H, (M-H,) bonding. The molecular module geometry was then fully optimized
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with the changed metal and/or ligand, then bond lengths and bond angles were fixed as

before, H, units were bound and the unfixed parts of the molecules were optimized.

Figure 5.1 - Schematic representations of the molecular modules employed a) benzyl disiloxy Ti (111)
(molecule 1) and b) dibenzyl siloxy Ti (I111) (molecule 2).
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The calculations obtained by using small basis set were improved by moving to
a higher level of theory. Initially, the ADF code,*® the Perdew-Burke-Ernzerhof
(PBE)™ functional and a Slater Type Orbital (STO) DZP/TZP basis set (core double
zeta, valence triple zeta, polarized) basis set on the metal, and DZP elsewhere (double
zeta, polarized basis set)®” were used. Initial lower level calculations using the
Gaussian code,?, PBE™® and SDDALLP? (Stuttgart potentials for Z>2) or 6-31G*!
basis sets did not seem promising as fewer H, units could be bound than when using
ADF and the results were basis set dependent. The calculations were improved by using
the Gaussian code and PBE but with a much larger 6-311++G** basis set **! on all of
the atoms. A similar increase of basis set size in ADF to TZ2P (core double zeta,

valence triple zeta, doubly polarized) bases ?? on all atoms was investigated and did
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show some accuracy improvement but to a lesser extent than when using Gaussian such
that the ADF calculations were not adopted.

The Ziegler-Rauk®! energy breakdown implemented in the ADF code was
employed on the optimized Gaussian geometries to calculate the Ti-H, bond energies
within these molecules. A TZ2P basis set!®” was adopted on all atoms for the single
point calculations involved. The Ti-H; bond energies calculated using the Ziegler-Rauk
energy breakdown was corrected for basis set superposition error (BSSE) using the
counterpoise method.””®! In the fragment breakdown the molecule was split into 2
fragments, one containing all of the bound H, units and the other the rest of the
molecule. The calculated interaction energy between these fragments was divided by
the number of H, units bound to find the average Ti-H, bond energy. The Ziegler-Rauk
energy breakdown is usually not designed for systems with unpaired spins and therefore
became progressively harder to use moving from Ti to V and Cr and consequently the
results became less reliable. Therefore, to compare the M-H; bond energy as the metal
changes, the same fragments as those used for the Ziegler-Rauk energy breakdown are
to be optimized spin unrestricted and the energy of the average M-H, bond energy taken
as the difference between the fragment energies and the spin unrestricted energy of the
whole molecule is to be divided by the number of H; units bound.

The computed enthalpies were obtained from the Gaussian calculations as the difference
between the sum of the electronic and thermal enthalpies of the products and those of
the reactants. This includes the zero point correction and the correction to standard

temperature.
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Partial charge may be quantified using several different scales. Herein the Mullliken,
Voronoi and Hirshfeld scales were employed. All of the partial charges were obtained

using the ADF program but the Mulliken values were obtained using Gaussian.

5.3 Results and Discussion
5.3.1 Comparison to the experimental study

With the model of the experimental system, up to 3 H; units could be bound to
molecule 1, which represents the binding site where the titanium fragment is bound to
the silica surface through 2 proximal silanol groups (Fig. 5.2 A). Whereas, up to 4 H,
units could be bound to molecule 2 which represents the binding site where the titanium
fragment is bound to the silica surface through the interaction with only one silanol
group (Fig. 5.2 B). This agrees well with the experimental average of 2.7 H; units per Ti
rising to 3.98 H, units per Ti when the experimental system was optimized.!*"

Figure 5.2 - A) molecule 1 with 3 H, units bound, B) molecule 2 with 4 H, units bound

o—C
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Figure 5.3 - Orbital representations for molecule 1 with 1 H, unit bound. A) The HOMO showing o-
bonding from the H, unit to the metal. In B) and C) the HOMO and HOMO-1 respectively shows 7-
back-bonding from the metal to the H, unit.

A Kubas model may be invoked to explain the H,-to-M binding mechanism.
This includes orbitals representing the o-donation from the H,-to-M (Fig. 5.3A) and
orbitals representing n-back-donation from the M-to-H, (Fig. 5.3 B and C). In general,
the partial charge on the titanium decreases as the number of H, molecules binding to
the metal center increases. Fig. 5.4 shows that the titanium metal center gains electron
density from the interactions, suggesting that the M-H, unit interaction is dominated by
the H,—M o-donation.

Figure 5.4 - The partial charge on the titanium metal center of molecule 1 with a benzyl ligand, as a
function of the number of H, units bound.
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Figure 5.5 - Comparison of the experimental hydrogen binding enthalpies calculated by Hamaed et
al.™ the computed enthalpies, and Ti-H, bond energies of the experimental model. The
computational values are a 50:50 average of molecules 1 and 2 and the error bars show the range of
these values
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The comparison of the experimental enthalpies with the computational ones was
not favorable (Fig. 5.5). The computational enthalpies are positive and become slightly
more positive as more hydrogen molecules are bound, which is the opposite of the
experimental results. This finding is due to destabilization of the molecule representing
the binding site of the experimental system upon hydrogen binding. This destabilization
is not compensated by the stabilization due to the Ti-H; interaction.

The hydrogen molecule was also destabilized upon binding to the metal center,
but its slight destabilization was more than compensated by the stabilization due to the
Ti-H; interaction. Alternatively, the experimental enthalpies were compared to the Ti-
H, bond energies, and it was found that the calculated Ti-H, bond energies were similar
to the experimental enthalpies as shown in Fig. 5.5. The computational Ti-H, bond
energies show a more favorable comparison to the experimental enthalpies. Therefore,
the Ti-H, bond energies were used to track the effect the metal center and the ancillary

ligand on the M-H, bond energy of the molecular modules representing the binding sites.
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5.3.2 The effect of the ancillary ligand

By changing the ancillary ligand from benzyl to methyl, allyl or hydride, whilst
keeping the titanium metal unvaried, it can be clearly noticed that when only 1 H,
molecule is bound to the metal center, the strength of the Ti-H, bond decreases in the

order hydride>methyl>benzyl>allyl, as the Figures 5.6 and 5.7 show.

Figure 5.6 - The average Ti-H, bond energy calculated for molecule 2 with various ancillary ligands.
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Figure 5.7 - The average Ti-H, bond energy calculated for molecule 1 with various ancillary ligands.
The high average bond energy when 2 H, units are bound to the titanium with an allyl ancillary
ligand has been circled.
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The Ti-H, bond strength decreases as the m-acceptor ability of the ancillary
ligand increases hydride<methyl<benzyl<allyl. The more the electron density that the Ti
metal center n-back-donates to the ancillary ligand the less will be available to n-back-
donate to the H, ligand. The Ti-H, bond strength should also decreases as the overlap
between the HOMOs and LUMOs of the H; ligand and the binding site decreases. The
more sterically hindered the ancillary ligand is, the less probable it is for the H,
molecule to approach the metal center in a manner that leads to an optimum HOMO and
LUMO overlap and therefore this will lead to a weaker Ti-H, bond. The steric
hindrance around the Ti metal center should increase in the order
hydride<methyl<allyl<benzyl. ~The hydride ancillary ligand produces by far the
strongest Ti-H, bond presumably because it has no orbitals to take part in m-back-

donation from the Ti and as it posseses very little steric hindrance.

Deviations from the above trend in Ti-H, bond energies occur when more than 1 H; unit

is bound to the Ti center. This may be explained by different ligand coordination
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geometries about the Ti, and the subsequent effects on the d-based orbitals. These Ti d-
based orbitals form the HOMO and LUMO orbitals where the subsequent H, orbitals
will interact, and with stronger m-acceptor ligands will lead to a greater splitting of these
d-based orbitals. Therefore, to achieve the best overlap with the LUMO (0.717 eV) and
HOMO (-10.357 eV) of the H; unit, the Ti binding site requires a high HOMO/LUMO
energy gap.

Figure 5.7 shows that, for 2 H, bound, the Ti-H; bond energy is stronger than expected
when allyl is the ancillary ligand. This may be due to the changes in the ligand
coordination geometry about the metal center between the cases when only 1 H; is
bound to the cases when 2 H, units are bound. For hydride and allyl the minimum
energy geometries found change from tetrahedral-like to capped square planar, for
methyl the geometry changes from tetrahedral-like to trigonal bipyramidal and for
benzyl it changes from capped trigonal planar-like to bent trigonal bipyramidal (Fig.
5.8). These variations in ligand coordination geometries caused the d-orbitals to split in
different manners, which lead to different HOMO/LUMO energy gap each time the
coordination geometry changes. This means that new HOMO and LUMO levels
interact in each case with the 2" H, unit to form the molecule with 2 H, units bound.
The energies of these HOMOs and LUMOs are shown in table 5.1. These energy levels
suggest that the molecule with a benzyl ancillary ligand would have the strongest bond
to an H; unit, as it has the optimal HOMO/LUMO levels. However, this may not be the
case, presumably, because the benzyl ligand causes steric hindrance around the metal
center so that the H, molecule is less likely to bind in a manner that can achieve

optimum overlap with the HOMO and LUMO of the binding site. On the other hand, the
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LUMO of the metal binding site with the allyl ligand bound, was found to be lower in
energy than that of benzyl ligand, this low LUMO level may help in explaining explain

why the allyl ligand gives a stronger H,-Ti bond than expected.

Table 5.1 - The HOMO and LUMO levels of molecule 1 with 1 H, unit bound and titanium as the
metal center with various ligands, which are subsequently involved in bonding to the 2™ H,. When
more than 1 LUMO interacted with the H, an average was taken and the * value shows the range of
the LUMO energies.

Hydride | Methyl | Benzyl | Allyl | Hydrogen

molecule

HOMO involved in bonding/eV | -3.779 | -3.399 | -3.028 | -3.299 | -10.357

LUMO involved in bonding/eV | -2.126 | -2.0£0.3 | -2.164 | -2.473 | 0.717
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Figure 5.8 - Molecule 1 with titanium as the metal and with 1 or 2 H, units bound with A allyl, B
benzyl, C methyl and D hydride ancillary ligand.

The variation in the V-H; bond energy as a function of the ancillary ligand is

shown in Figure 5.9. The average V-H, bond energy decreases in the order
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hydride>methyl>benzyl. This is the same order as that of titanium, i.e. the trends in the
H, unit bonding observed upon changing the ancillary ligand bound to the metal appear

to be independent of the metal center.

Figure 5.9 - The average V-H, bond energy for molecule 1 with vanadium as the metal center and
with various ancillary ligands.
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The trends observed when the ancillary ligand is varied have not changed from
those found from the initial calculations. The only difference to note is that with the less
accurate model fewer H, units could be bound to the Ti center and it was thought that
the ancillary ligand had an effect on the maximum coordination number of the metal
center. With the current, more accurate, model a similar number of H; units can be
bound to the titanium whichever ancillary ligand is present suggesting that the ligand

plays a minor role than previously thought.
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5.3.3 The effect of the metal center

The change in M-H; bond energy as the metal is varied is shown in Figures 5.10
and 5.11 for molecule 1 with a hydride or methyl ancillary ligand respectively. These
graphs show that the variation in the M-H, bond strength is not independent of the
ancillary ligand and must be explained on a case by case basis rather than with a general

trend.

Figure 5.10 - The average M-H, bond energy as a function of the number of H, units bound for
molecule 1 with a hydride ancillary ligand and various metal centers.
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For a given ancillary ligand, the M-H, bond energies follow closely the HOMO
and LUMO involved in bonding to the next H, unit, with a high HOMO and a low
LUMO giving the strongest M-H, bond. The energy of the metal-based d orbitals from
which the HOMO and LUMO are derived varies as the metal changed due to (i) the
increase in the number of filled d orbitals, (ii) the decrease in the energy levels of the d
orbitals as we go from Ti to Cr and (iii) to the effect of the minimum energy ligand

coordination geometries about the metal centers on the splitting of the d orbitals.
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Figure 5.11 - The graph of the average M-H, bond energy against the number of H, units bound for
molecule 1 with methyl ancillary ligands and various metal centers.
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Consider molecule 1 with a hydride ancillary ligand and Ti as the metal center,
as an example. Fig. 5.10 shows that Ti-H, bond energy decreases as the number of H,
units bound increases. This trend may be explained by the molecular orbital diagram
shown in Fig. 5.12, where the HOMO (-3.673 eV) and LUMO (-3.151 eV) of the
binding site with no H, units bound are more favorable in energy to the incoming H,
unit (higher and lower respectively) than the HOMO (-3.779 eV) and LUMO (-2.126 eV)
of the molecule with 1 H, unit. Perhaps the Ti does not bind 3 H; units in this case as
the LUMO (-1.272 eV) of the molecule with 2 H, units bound, which would probably
interact with the 3™ H, unit, is destabilized by the 2" H, binding to become high in

energy and so would have poor overlap with the HOMO of the 3™ H, unit.
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Figure 5.12 - Molecular orbital diagram of molecule 1 with a Ti metal atom and a hydride ancillary
ligand with 0, 1 and 2 H, units bound.
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The trends in M-H; bond energy, shown in Figure 5.10, as the metal is changed
may be explained by examining the energies of the HOMOs and LUMOs involved in
bonding to the next H, unit. When 1 H; unit binds, the bonds weaken in the order Ti-
H,>V-H,>Cr-H,. This may be explained by the energies of the HOMOs and LUMOs of

the binding sites with no H; units bound which subsequently interact with the H, unit
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(Table 5.2). The HOMO becomes less favorable in energy for bonding as it decreases
in the order Ti>V>Cr. The LUMO energies become less negative in the order Cr>Ti>V,
such that the V LUMO is the most favorable in energy for bonding to the H; unit.
Although the LUMO energies do not follow the order of the bond energies, the level of
the V HOMO is 0.421 eV below that the Ti HOMO, whereas the V LUMO is only
0.390 eV below that of the Ti LUMO. Therefore, overall the V HOMO and LUMO
levels are less favorable for overlapping with the 1% H, unit than those of the Ti HOMO
and LUMO.

Table 5.2 - The HOMO and LUMO energy levels for molecule 1 with no H, units bound and with
hydride as the ancillary ligand with various metal centers, which are subsequently involved in
bonding to the 1% H,.

Titanium Vanadium Chromium Hydrogen
molecule molecule molecule molecule
HOMO involved in | -3.673 -4.094 -4.548 -10.357
bonding/eV
LUMO involved in | -3.151 -3.541 -2.916 0.717
bonding/eV

When 2 H; units are bound, the M-H, bonds are weaker than that of 1 H, unit bound,
but remain in the order Ti-H,>V-H,>Cr-H; (Fig. 5.10). This may be explained by noting
that the HOMOs and LUMOs of the binding site with 1 H, unit bound, which
subsequently bind to the 2™ H, unit, are less favorable in energy for interacting with an
incoming H unit than the analogous HOMOs and LUMOs of the molecule with no H;
units bound (Table 5.3 as compared to Table 5.2). The energies of both the HOMOs and

LUMOs of the binding sites with 1 H, bound decrease in the order Ti >V>Cr. The
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decreasing energy of the HOMOs is consistent with the trend in the M-H; bond energies,
while the LUMOs become more favorable in energy for overlapping with the 2" H, unit
in the order Ti, V, Cr. While contrary to the trend in M-H, bond energy, the change in
the HOMO energy is greater than the lowering of the LUMOSs, and so, taken together,
the HOMO and LUMO energies are most favorable for Ti, then V and then Cr for
binding the 2™ H, unit.

Table 5.3 - The energies of the HOMOs and LUMOs of molecule 1 with 1 H, unit bound and a
hydride ancillary ligand with various metal centers, which are subsequently involved in bonding to
the 2" H,. When more than 1 LUMO interacted with the H, an average was taken and the * value
shows the range of the LUMO energies.

Titanium Vanadium Chromium Hydrogen
molecule molecule molecule molecule
HOMO involved in | -3.779 -4.326 -4.643 -10.357
bonding/eV
LUMO involved in | -2.126 -2.7+0.4 -2.8+0.3 0.717
bonding/eV

Figure 5.10 shows that, when 3 H, units bind to Cr and V the M-H, bond
energies strengthen from the case when 2 H; units bind and the M-H2 bond energies are
in the following order Cr-H,>V-H,. The M-H, bond energy is stronger when 3 H, units
are bound as the HOMOs and LUMOs of the binding sites with 2 H; units bound, which
subsequently interact with the 3" H, unit, are more favorable in energy for interacting
with the incoming H, than the analogous HOMOs and LUMOs of the binding sites with

1 Hy unit bound (Table 5.4 as compared with Table 5.3). The raised HOMOs follow the
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order Cr>V and the fallen LUMOs follow the order VV>Cr, both of which agree with the

order of the M-H, bond energies.

Table 5.4 - The energies of the HOMOs and LUMOs of molecule 1 with 2 H, units bound and
hydride as the ancillary ligand with various metal centers, which are/would be subsequently
involved in bonding to the 3" H,. When more than 1 LUMO interacted with the H, an average was
taken and the + value shows the range of the LUMO energies.

Titanium Vanadium Chromium Hydrogen
molecule molecule molecule molecule
HOMO involved in | -3.741 -3.977 -3.577 -10.357
bonding/eV
LUMO involved in | -1.272 -2.7+0.1 -3.0£0.2 0.717
bonding/eV

In general, the trends in the M-H, bond energy when hydride, methyl, allyl or
benzyl is the ancillary ligand, may be explained using similar graphs, diagrams, tables
and arguments as for the case above. The increase in the M-H, bond energy as the
number of bound H, molecules increases thus appears to be a function of the ligand
coordination geometry around the metal center, and the resulting d orbital splitting
patterns, which alter the HOMO and LUMO energy levels and their overlap with the
subsequent H, units. This may explain the experimental results where hydrogen

adsorption enthalpy is observed to increase as the number of H; units bound increases.

5.4 Conclusion

In summary, a computational study was carried out to investigate the hydrogen

adsorption capacity and hydrogen binding energy to silica surface grafted with early
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transition metal fragments. It was found that up to 4 H; units can be bound per Ti metal
center which agrees with the experimental result of 3.98 Ho/Ti.2*! The interaction
between H, and the metal center is believed to be of the Kubas-type, based on the
binding energy values obtained. A stronger M-H, bond is formed when the ancillary
ligand is a poor m-withdrawing group and the one that causes the least steric hindrance
around the metal centre. The allyl and benzyl ligands change from n® to n' binding
mode to accommodate more hydrogen.

The order of the M-H; bond energies when the metal is changed from Ti to V or
Cr is not independent of the ancillary ligand bound to the metal and needs to be
explained on a case by case basis. The changes in the M-H, bond energies when the
ancillary ligand stays the same may be explained/ predicted by how close in energy are
the HOMOs and LUMOs of the binding sites to those of the incoming H,. The closer
they are in energy, the better the overlap and the stronger the M-H, bond.

The experimentally observed increasing trend in the binding enthalpies with the
hydrogen loading level, and the computationally calculated values for Ti-H, bond
energy as a function of the H, loading level may help in explaining the facts behind this
increasing trend. The different coordination geometries about the metal centre as more
H, units bind alter the splitting of the d orbitals so that the HOMO and LUMO formed
from them, which subsequently interact with the next H, unit, become energetically

favorable.
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Chapter 6 — Hydride-induced Amplification of Performance and
Binding Enthalpies in Alkylchromium (1) Hydrazide Gels for Kubas-
type Hydrogen Storage

6.1 Introduction

Steadily increasing oil prices and the tremendous pressure on the international
community to control greenhouse gas emissions, make the demand for cleaner,
renewable and sustainable energy sources greater than it has ever been.! Dihydrogen is
an ideal energy carrier because it contains more energy per gram than any other
chemical substance.”” However, it has major drawbacks that limit its applicability as a
future energy provider. Among these drawbacks are its very low density and the
difficulty and energy cost to compress it.*4 For this reason a number of approaches
have been developed using chemical substances as carriers. In these materials hydrogen
can be bound in the form of an M-H bond (metal hydride),>® nested in interstitial sites
in a metal alloy, or physisorbed to a surface.”? However, each of these methods has
certain drawbacks. Metal hydrides often have slow kinetics of uptake and release,™
alloys are expensive and possess low gravimetric capacities, and physisorption materials
must be cooled to 77 K to be effective, making them impractical for on-board
application. ™ To date none of these approaches have reached the 2015 DOE targets of
5.5 wt% and 40 kg/m®.' An often overlooked feature of a hydrogen storage material is
the enthalpy of binding. If this value is too high, as in metal hydrides which possess
enthalpies generally greater than 70 kJ/mol, large quantities of heat are released on
charging and heat is required to drive the hydrogen off when it is required by the

engine.™ If this value is too low, as in physisorption materials which generally possess
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enthalpies lower than 10 kJ/mol, the hydrogen does not adhere strongly enough to the

[121 " Recent

material and energy-consuming cryogenic temperatures are required.
calculations by several groups predicted that Kubas type binding of hydrogen to a
transition metal center should possess enthalpies of 20-30 kJ/mol, predicted to be ideal
for room temperature applications.*¥)  This was confirmed in our group by
measurements on mesoporous silica materials with Ti(lll) benzyl fragments on the
surface.™! These materials possessed enthalpies which rise on surface coverage to 22
kJ/mol. This rising behavior is highly unusual and has been observed in our group on
all materials in which Kubas type binding is proposed. The Ti (I11) units on the surface
were able to improve the hydrogen adsorption capacity of the material from 1.2 wt% at
65 atm and 77 K to 2.4 wt% under the same conditions. This corresponded to an
average of 3.2 H, per Ti. At room temperature these fragments retained 40 % of their
activity, demonstrating that the higher enthalpies of binding improved room temperature
performance as anticipated. The major drawback of these materials is that performance
drops off with surface coverage higher than 0.6 Ti/nm? due to cluster formation. This
means that the majority of hydrogen storage in these systems is still traditional
physisorption. Also low coordinate Ti metal complexes are very unstable and difficult to
handle due to their high sensitivity to O,, moisture and light.™ For this reason
materials which have much higher percentages of the crucial transition metal must be
synthesized. These materials must possess metals in low oxidation states for effective
Kubas binding, the metal must be in a low coordinate environment to allow maximum
hydrogen binding, and they should be moderately stable. The metal and support

structure must also be light, so as not to affect gravimetric performance. In 2010, we
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reported silica grafted with Cr(Il) material that shows a major increase of its adsorption
capacity and binding enthalpy as a result of hydrogenation at 170 °C and 85 atm. We
also reported a new cyclopentadienyl Cr hydrazide gel, which uses hydrazine as a linker
to incorporate a high concentration of low coordinate Cr sites useful for Kubas binding.
These materials possess linear isotherms, enthalpies that rise on surface coverage to 45
kJ/mol, and retain 49% of their adsorption at room temperature as opposed to 77 K (1.8
wt%). For this reason they must be considered a new class of hydrogen storage
materials distinct from hydrides and physisorption materials. The main drawback of
these materials was that one cyclopentadienyl group per Cr was retained, thus blocking
coordination sites that could be used for hydrogen. For this reason precursors
containing more readily cleaved primary alkyl ligands in place of cyclopentadienyl
groups may lead to final products with a higher concentration of free coordination sites
per unit volume. In this paper we present novel Cr(ll) hydrazide gels in which the
multiply bridging hydrazide ligand supports a vast network of low valent, low
coordinate Cr units for Kubas binding.
6.2  Experimental

Chemicals were purchased from Aldrich and used as is. Solvents for handling
air- sensitive materials were also used.
6.2.1 Preparation of bis[(trimethylsilyl) methyl]chromium(ll) or
Cra(CH,Si(CHa)s)g: ™
To a stirred suspension of CrCl, (4.8 mmol) in hexane, was added a solution of (CH3)3
Si CH,Li (18.1 mmol) also in hexane. The color of the slurry changed to dark purple

after a few hours. The mixture was stirred at RT for 2 days, and then filtered, and the
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residue was washed with three portions of hexane (10 ml each). The solution was
concentrated to 50 ml and allowed to stand at -34 °C for 12 h. The color of the solution
slowly turned brown upon standing at that temperature. The product was isolated by
cold filtration, washed twice with pre-cooled hexane and dried in vacuo.

6.2.2 Preparation of anhydrous hydrazine: Pure hydrazine was prepared from
hydrazine monohydrate by azeotropic distillation with toluene to remove water and
avoid possible explosion. 100 ml of hydrazine monohydrate and 250 ml of toluene were
added to a 500 ml one neck round bottom flask, equipped with a thermometer to
measure the gas temperature. Hydrazine is toxic, corrosive and flammable; it should
be handled with extreme care. 81 A water condenser was connected and followed by 2
flashes to collect the waste liquid and dry hydrazine. After distillation and removal of
water 35 g of NaOH was added to the hydrazine-toluene flask and the hydrazine was

distilled under nitrogen.™*®!

6.2.3 Preparation of 1:1 chromium hydrazide gel (Cr-MHZ (1.0)): In a typical
synthesis, the Cr-MHZ (1.0) sample was synthesized as follows: bis[(trimethylsilyl)
methyl]chromium (6.50 g, 31.64 mmol) was dissolved in 150 ml of dry toluene at room
temperature in a Schlenk tube. 1.014 ml of hydrazine (1.014 ml, 31.64 mmol) was then
added by syringe with vigorous stirring. The stirring was continued for 24 hours. The
solution was then heated to 50 ‘C for 24 hours, to 80 'C for 24 hours and to 100 ‘C for
another 24 hours with stirring. After this, the solution was filtered and a black solid was
obtained. This solid was washed with hexane and was then transferred to an air-free

tube and divided into 3 aliquots. One aliquot was dried at room temperature under
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vacuum for 4h, the other two aliquots were dried by heating at 100 ‘C for a period of 8
hours for one of them and at 150 °C for 8 h for the other one.

6.2.4 Preparation of Cr-MHZ (0.5), Cr-MHZ (1.5), Cr-MHZ (2.0): The same
procedure was followed as with the Cr-MHZ (1.0) for the preparations of Cr-MHZ (0.5),
Cr-MHZ (1.5), Cr-MHZ (2.0), but with 0.507, 1.521, and 2.028 ml of hydrazine
respectively.

6.2.5 Hydrogenation of Cr-MHZ: The hydrogenation of all chromium hydrazide
samples was conducted by treating the sample loaded onto the sample chamber of a gas
reaction controller (GRC) with pure hydrogen for 4 hours at 85 atm and 180 °C. This
optimal hydrogenation condition was obtained by running a series of hydrogenation
reactions at 100 °C and 85 atm for 2 hours; at 100 °C and 85 atm for 24 hours; at 150 °C
and 85 atm for 4 hours; at 180 °C and 85 atm for 4 hours; and at 200 °C and 85 atm for 4
hours. The reaction was monitored by IR. The C-H stretch peak at < 3000 cm™
decreases and a new peak assigned to Cr-H appears at 1700-2300 cm™. The
hydrogenation reaction is considered complete when the intensity of the C-H stretch
peak approaches zero.

6.2.6 Infra-red Spectroscopy: The infrared spectroscopy was conducted on a Bruker
Vector 22 instrument. In a typical experiment, 7 mg of sample was mixed with 600 mg
of dry KBr and the pellet was made in a dry box. The pellet was then transferred to the
IR instrument in a capped vial and the measurement was conducted immediately.
Nitrogen adsorption and desorption data were collected on a Micromeritics ASAP
2010.

6.2.7 Hydrogen adsorption measurements
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Hydrogen adsorption isotherms were obtained by using a computer controlled
commercial Gas Reaction Controller manufactured by Advanced Materials Corporation,
Pittsburgh, PA. High purity hydrogen (99.9995% purity) was used as the adsorbent.
Hydrogen storage measurements on a standard AX-21 sample (4.5 wt. %) were
performed to ensure proper calibration and functioning of the instrumentation. Leak
testing was also performed during each measurement by checking for soap bubbles at
potential leak points. These measurements are necessary to ensure the veracity of the
isotherms. In the H, adsorption-desorption experiments complete reversibility was
observed for all samples across the whole range of pressures. Samples were run at liquid
nitrogen temperature (77K), liquid argon temperature (87K), and room temperature
(298K) to 85 bar. Isotherms were always measured first at room temperature and then at
77 K or 87 K and the temperature is kept constant by keeping the sample chamber in
liquid Ny, liquid Ar, or water. The skeletal density was measured using a Quantachrome
Ultrapycnometer. When the skeletal density is used for the gravimetric hydrogen uptake
measurement, the compressed hydrogen within the pores is treated as part of the sample
chamber volume and hence subtracted. Therefore only the hydrogen contained on or
beneath the walls of the structure will be recorded by the PCI instrument. This
gravimetric value is termed the adsorption or excess storage. When the bulk density is
used the hydrogen in the pores of the sample is automatically included in the calculation
without any further correction factors and the final value is termed the total storage %!
or absolute storage,’®” which represents all hydrogen contained in the sample including
the compressed gas in the voids and the hydrogen adsorbed on or beneath the walls of

the structure. Gravimetric densities are recorded as read from the isotherms while
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volumetric densities are calculated from the adsorption data and the skeletal or bulk
density, depending on the desired value. The excess volumetric storage is typically
calculated from the excess storage and the bulk density and gives a measure of the gas
adsorbed on or in the solid phase of the material scaled across the entire volume
occupied by the sample including the void space. In materials such as MOFs that posses
a well-defined and constant ratio between mass and void space this value is often quoted.
For compressible materials that may have variable ratios of solid mass and void space it
can often help to scale the volumetric density to the solid phase alone as the void space
will vary on sample preparation. For this purpose, we define the true volumetric
adsorption as the amount of hydrogen adsorbed on or in the solid portion of the sample.
This is calculated from the excess storage data and the skeletal density. This value
neglects the void space and is useful in comparing volumetric densities of ball-milled
powders and gels to pure solid phase materials such as metal hydrides. Since the
materials in this study are between hydrides and physisorption materials in their
mechanism of storage, this value is important. It also allows us to compare volumetric
adsorption values of the solid phase alone from one sample to another without having to
subtract out the void space. The absolute volumetric adsorption has also been defined”
and is a representation of the sum of the excess volumetric storage plus the compressed
gas in the void space. This can be calculated from the volumetric storage as measured
from the instrument and the bulk density, or by taking the volumetric adsorption and
adding on the amount in the void space calculated from the pore volume and the ideal
gas law. ®?  The first method is only possible when using the Advanced Materials

instrument. In this paper we have chosen not to calculate this value (or the total
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gravimetric storage) because the differences between the skeletal densities and bulk
densities are much smaller than in MOFs and hence the void space contribution is
negligible and will vary due to sample preparation.

Enthalpies of adsorption were calculated using a variant of the Clapeyron — Clausius [

equation taking both 77 K and 87 K hydrogen excess storage data.*!!

P T,-T
In[ﬁj = _AHadsorption RZT Tl (1)
1 201

Where Pn = pressure for isotherm n, Tn = temperature for isotherm n, R: gas constant.
Pressure as a function of the amount adsorbed was determined by using exponential fit
for each isotherm; the first 10 — 11 points of the isotherms were picked up and fit to
the exponential equation. This exponential equation gives an accurate fit over the
pressure up to 1 MPa with the goodness of fit (R?) above 0.99. The corresponding P
and P, values at a certain amount of H, adsorbed at both temperatures can be obtained
by the simulated exponential equation. Inputting these numbers into equation 1, we

then calculate the adsorption enthalpies.

6.3  Results and Discussion

Bis[(trimethylsilyl) methyl] chromium (I1), obtained from the reaction of CrCl,
and (trimethylsilyl) methyl Li, was mixed with anhydrous hydrazine in dry toluene. The
molar ratio of bis[(trimethylsilyl) methyllchromium(ll) to hydrazine was varied
according to the ratios 2: 1, 1:1, 1:1.5 and 1:2 and the as-synthesized Cr- hydrazide
samples given the following annotations: Cr-MHZ (0.5), Cr-MHZ (1.0), Cr-MHZ (1.5)
and Cr-MHZ (2.0) corresponding to Cr-to hydrazine in molar ratios of 2: 1, 1:1, 1:1.5

and 1:2 respectively.
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After mixing the Bis[(trimethylsilyl) methyl]chromium(Il) with the appropriate
amount of hydrazine in dry toluene, the mixture was stirred at room temperature for 24
hours then it was heated to 50 °C for 24 hours, followed by another heating at 80 °C for
24 hrs and finally at was heated at 100 °C for 24 hours too. The reaction mixture was
then filtered under inert atmosphere, and the dark solid obtained was split into 3 aliquots.
The first aliquot was dried at room temperature under vacuum for 4 hours. The second
one was dried at 100 °C, under vacuum for 8 hours and the third aliquot was dried under
vacuum at 150 °C, for 8 hours. The skeletal density of each sample was then determined
and then the excess hydrogen storage capacity was measured. From the 4 sets of results,
it was obvious that the drying condition at 100 °C, for 8 hrs under vacuum was optimal.
For example, for Cr-MHZ (2.0) the excess storage was 2.01 wt% and 3.47 wt% and 2.79
wt% for room temperature, 100 °C, and 150 °C respectively at 77 K and 80 bar. The
room temperature drying conditions were clearly not enough to drive all of the
hydrocarbon by protonolysis. On the other hand, a temperature as high as 150 °C, led to
structure collapse as confirmed by BET surface area measurements. For instance, the
BET surface area of the Cr-MHZ (2.0) decreases from 374 m?/g to 279 m?/g as the
drying temperature increases from 100 °C to 150 °C. Nitrogen adsorption isotherms
recorded at 77K are shown in Figure 6.1 and 6.2 for the as-synthesized and the
hydrogenated samples respectively. These isotherms show a small amount of
microporosity comprising ca. 20% the total volume adsorbed, with additional
mesoporosity and textural porosity accounting for the remaining adsorption in roughly
equal proportions as evidenced by the slow rise between 0.2 and 0.8 P/Py and the sharp

incline above 0.8 P/Py, respectively.

157



Figure 6.1 — Nitrogen adsorption/desorption isotherms of the as-synthesized Cr-MHZ materials.
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A proposed structure for the chromium hydrazide gel, product of the reaction of

bis[(trimethylsilyl) methyl] chromium(I1) with hydrazine, is shown in the Scheme 6.1.

Scheme 6.1 — Proposed structure of Cr-MHZ (before hydrogenation).
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Figure 6.2 — Nitrogen adsorption/desorption isotherms of the hydrogenated Cr-MHZ materials.
Samples were measured on ASAP-2010 instrument at 77K.
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The room temperature excess storage isotherms of the Cr-MHZ samples
prepared in various Cr-to-hydrazine molar ratios are shown in Figure 6.3. These room
temperature isotherms show very little increase for the H, excess storage with pressure
up to about 25 bar. After 25 bar the H, uptake increases more sharply with pressure and
in a linear fashion. The excess storage reached 1.01 wt% for the Cr-MHZ (0.5) at 85
atm, and 0.42 wt%, 0.26 wt%, 0.48wt%, and for the Cr-MHZ (1.0), Cr-MHZ (1.5), and
Cr-MHZ (2.0) respectively (Table 1). The BET surface areas for these materials range
from 374 m?/g for the Cr-MHZ (2.0) to 210 m?/g for Cr-MHZ (1.0). The isotherms

returned on desorption to zero with a slight hysteresis.
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Figure 6.3 — Excess storage isotherms at 298K for the as-synthesized Cr-hydrazide samples
prepared with various ratios (samples were dried at 100 °C).
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The excess hydrogen storage at 77K for the as-synthesized materials ranges from

3.47 wt% for the Cr-MHZ (2.0) to 1.39 wt% for Cr-MHZ (0.5) as shown in Figure 6.4.

Therefore, the room temperature storage retention of these materials reaches up to

72.66% in the case of Cr-MHZ (0.5). The skeletal densities of these materials are in the

range 1.64-1.32 g/cc. A summary of all data related to the as-synthesized and after

hydrogenation chromium hydrazide samples is shown in table 6.1.
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Table 6.1 — Summary of excess storage results on chromium hydrazide materials before and after

hydrogenation (data are taken at 85 bar, and the samples were dried at the optimal drying
temperature of 100 °C).

BET
Skeletal Gravimetric Volumetric )
) Surface ) ) ) Retention
Material Density Adsorption Adsorption
Area 2 3 (%)
) (g/cm?) (wt. %) (kg/m?)
(m“/g)
Cr-MHZ 1.39 (at 77K) 18.35 (at 77K)
221 1.32 73
(0.5) 1.01 (at 298K) | 13.33 (at 298K)
H,-Cr-MHZ 2.28 (at 77K) 42.41 (at 77K)
181 1.86 62
(0.5) 1.41 (at 298K) | 26.23 (at 298K)
Cr-MHZ 2.02 (at 77K) 29.69 (at 77K)
210 1.47 21
(1.0) 0.42 (at 298K) 6.17 (at 298K)
H,-Cr-MHZ 2.05 (at 77K) 30.13 (at 77K)
171 1.47 80
(1.0) 1.65 (at 298K) | 24.25 (at 298K)
Cr-MHZ 2.05 (at 77K) 33.62 (at 77K)
276 1.64 13
(1.5) 0.26 (at 298K) | 4.264 (at 298K)
H,-Cr-MHZ 1.87(at 77K) 36.09 (at 77K)
208 1.93 83
(1.5) 1.55 (at 298K) | 29.92 (at 298K)
Cr-MHZ 3.47 (at 77K) 48.93 (at 77K)
374 1.41 14
(2.0) 0.48 (at 298K) 6.77 (at 298K)
H,-Cr-MHZ 1.23 (at 77K) 20.29 (at 77K)
203 1.65 100
(2.0) 1.41 (at 298K) | 23.26 (at 298K)
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Figure 6.4 — Excess storage isotherms at 77K for the as-synthesized Cr-hydrazide samples prepared
with various ratios.
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Computational studies,®  and experimental investigations*® on metal-
fragments grafted silica show that M-H moieties are more effective at hydrogen binding
than M-R, where R is a bulky ligand. In this work, different hydrogenation conditions
were applied to the Cr-MHZ (1.5) aliquots in order to arrive at the right condition for
the substitution of the (trimethylsilyl) methyl ligand with a hydride, and the reaction was
monitored by IR spectroscopy. The IR spectra were obtained on each sample before and
after hydrogen treatment. The Cr-MHZ (1.5) was loaded into the Gas Reaction
Controller (GRC), the sample was soaked with H, at an initial pressure of 5 atm, then
the temperature was set to 100 °C and the pressure was gradually increased to 85 atm.
The sample was left at 85 atm and 100 °C for 2 hours, then the IR spectra of the
hydrogenated sample was measured. It was found that there was a small decrease in the

C-H stretch peak intensity. Another aliquot of the Cr-MHZ (1.5) sample was treated
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with hydrogen at the same temperature and pressure as those of the previous aliquot, but
was left under these conditions for 24 hours. The IR spectra was measured, and it was
found that lengthening the duration of reaction while keeping other factors unchanged
does not lead to a substantial decrease in the C-H stretch peak intensity. Therefore, a
reaction temperature higher than 100 °C is recommended in order to drive the
(trimethylsilyl)methyl ligand out of the Cr coordination sphere. It was found that the 4
hours hydrogenation at 180 °C condition was the optimal hydrogenolysis condition as
confirmed by a large decrease in the C-H stretch peak intensity accompanied by the
appearance of a peak at about 2000 cm™, which is assigned to Cr-H stretch as shown in

Figure 6.5 below.

Figure 6.5 — Infra-red spectra of Cr-MHZ (1.5) before (BLUE) and after (PINK) hydrogenation at
180 °C and 85 atm for 4 hours.
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The optimal hydrogenation conditions were applied to the other Cr-MHZ
synthesized with various Cr to hydrazine molar ratios and the hydrogenation reaction
was monitored by running the IR before and after reaction as shown in Figures 6.6, 6.7

and 6.8. The IR spectra of the hydrogenated samples exhibit a decrease and sometimes
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a total disappearance of the C-H stretch band at 2850-2950 cm™ and the appearance of a

new band at 1900-2100 cm™ assigned to a Cr-H stretch.

Figure 6.6 — Infra-red spectra of Cr-MHZ (1.0) before (BLUE) and after (PINK) hydrogenation at
180 °C and 85 atm for 4 hours.
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Figure 6.7: Infra-red spectra of Cr-MHZ (2.0) before (BLUE) and after (PINK) hydrogenation at
180 °C and 85 atm for 4 hours.
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Figure 6.8 — Infra-red spectra of Cr-MHZ (0.5) before (BLUE) and after (PINK) hydrogenation at
180°C and 85 atm for 4 hours.
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Scheme 6.2 illustrates a proposed structure of the chromium hydrazide gels after
complete hydrogenation. The Cr-H moieties are considered as much more favorable at
binding hydrogen than any other Cr-ligand moiety according to experiment and
computation. The BET surface areas of the hydrogenated samples were in the range

171-208 m?/g and they were always lower than their non-hydrogenated counterparts.

Scheme 6.2 — Proposed structure of Cr-MHZ (after hydrogenation).
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The room temperature performance of the hydrogenated chromium hydrazides
reached as high as 1.65 wt% at 298 K and 85 bar for the H,-Cr-MHZ (1.0), which
equates to 24.27 kg/m? of true volumetric density. Whereas, Ho-Cr-MHZ (1.5) uptakes
1.55 wt% under the same conditions, which translates to a true volumetric density of
29.92 kg/m?®, since this sample has a slightly higher density than that of the H,-Cr-MHZ
(1.0). To our knowledge these results are the highest room temperature hydrogen
excess storage ever. It is also of great importance the amplification in the adsorption
capacity as a result of a simple hydrogenolysis reaction. For example, hydrogenation of
Cr-MHZ (1.5) pushes its hydrogen excess storage to 1.55 wt%, which is about 6 fold its
hydrogen capacity value before hydrogenation. The excess room temperature storage
isotherms for the hydrogenated chromium metal hydrazides (H,-Cr-MHZ) in various
ratios are shown in Figure 6.9 below.

Figure 6.9 — Room temperature excess storage isotherms of Cr-hydrazides prepared with various
ratios after hydrogenation at 180 °C and 85 atm for 4 hours.
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The fact that these isotherms are linear and do not saturate indicate that excess

storage values will be higher at higher pressures. 200 bar defines the upper limit of safe
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storage for transportation, and it is conceivable that these materials may possess excess
storage values as high as 2.5 times their values at 80 bar under these conditions. If this
IS so, these materials would become attractive as practical solutions to hydrogen storage.

A pellet was made by compressing the H,-Cr-MHZ (1.5) sample at 2500 psi, and
the apparent density and total storage were measured. With an apparent density value of
1.275 g/cc, the pellet absorbs 1.45 wt% at room temperature and 2.07 wt% at 77K. This
translates into 70% hydrogen retention at room temperature. The absolute room
temperature volumetric density of the pellet is therefore 18.49 kg/m®, compared to 10.92
kg/m® for the MOF-177 at the same conditions.”®) The pellet absolute volumetric
density at 77K is 26.39 kg/m® which is comparable to that of compressed gas at the
conditions (28.05 kg/m®at 85 atm), without the disadvantage of the energy loss during
the compression procedure.”?”! The relatively small difference of apparent density and
the skeletal density of this sample is consistent with a low surface area material with a
large degree of textural porosity created by spaces between the particles with only a
small amount of microporosity.

The improvement in the room temperature excess storage performance is
attributed to the amplification in the binding enthalpies values as the bulky
(trimethylsilyl) methyl ligand was substituted with a hydride. Hydride has the advantage
of being a weak electron withdrawing group, with the least steric hindrance around the
metal center thanks its small size. The excess storage isotherms of the hydrogenated
samples at 77 K do not show any improvement over those of the nonhydrogenated ones

at the same temperature (Figure 6.10).
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Figure 6.10 — Excess storage isotherms of Cr-hydrazides prepared with various ratios at 77K after
hydrogenation.
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This is likely because hydrogenation does not affect the overall number of
vacant coordination sites, but only the binding enthalpy of these coordination sites. At
77 K hydrogen can bind effectively to a surface with enthalpies of lower than 5 kJ/mol,
while enthalpies of at least 15-20 kJ/mol are required for substantial room temperature
binding. Thus hydrogenation has a much greater impact on room temperature
performance than it does at 77 K. We have seen this trend in previous work involving

low valent, low coordinate transition metal fragments on silica surfaces.

The hydrogen binding enthalpies of the as-synthesized Cr-MHZ samples (Figure
6.11) rise with the hydrogen loading level up to 17.86 as in the case of H,-Cr-MHZ
(0.5). This relatively high binding enthalpy is manifested by the 1.01 wt% hydrogen
retention at room temperature. The other nonhydrogenated Cr-MHZ have binding

enthalpies in the ranges 2.55-12.54 kJ/mol, 1.87-11.22 kJ/mol and 2.55-5.03 kJ/mol for
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Cr-MHZ (2.0), Cr-MHZ (1.0), and Cr-MHZ (1.5) respectively. The higher is the upper
range of the binding enthalpy, the higher is the excess storage capacity at 298 K.

Figure 6.11 — Binding enthalpies for the as-synthesized chromium hydrazide samples prepared in
various ratios.

20

189 ——Cr-MHZ (0.5)
16 4 —=— Cr-MHZ (1.0
14 4 —a— Cr-MHZ {1.5)
12 4 Cr-MHZ (2.0}

—
Loy T = R ]
1 1 1

Binding enthalpy [kJimol]

|:| T T T T
0 0.5 1 145 2 2.5
Adsorbed hydrogen {wii:z)

For the hydrogenated samples the binding energies increase much steeper with
H, loading than those of the unhydrogenated samples and reached 22.9 kJ/mol, and 22.1
kJ/mol for H,-Cr-MHZ (2.0), H,-Cr-MHZ (1.5), respectively, and rises to 50.24 kJ/mol
and 51.58 kJ/mol as for H,-Cr-MHZ (1.0) and H,-Cr-MHZ (0.5), respectively, as shown
in Figure 6.12. These binding enthalpy values in the optimal range for ambient
temperature hydrogen storage are the reason behind the promising room temperature

excess storage of the hydrogenated chromium hydrazides.

A 20 cycle run of adsorption and desorption at 298 K and with pressure up to 85
atm was carried out on the Cr-MHZ (1.5) sample as shown in Figure 6.13. There was no

excess storage loss between the first and the last run. The adsorption results from all the
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runs were in the range 1.49-1.59 wt%, which corresponds to the excess storage capacity
+ the instrumental error.

Figure 6.12 — Binding enthalpies of chromium hydrazides prepared in various ratios after
hydrogenation
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Figure 6.13 - Hydrogen excess storage at 298 K in a 20 cycle test of H,-Cr-MHZ (1.5).
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6.4 Conclusions

New materials containing an extended network of low coordinate chromium

metal centers for Kubas-type hydrogen storage were obtained by treating
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bis[(trimethylsilyl) methylJchromium(ll) with hydrazine followed by thermal treatment
and then hydrogenation. After hydrogenation, there was 3 to 6 fold increase in the
adsorption capacity at 298 K, which is attributed to an increase in the binding enthalpies
of the Cr center as a result of the substitution of the Cr-[(trimethylsilyl) methyl] moieties
with Cr-H moieties. The hydride ligand with its low steric profile and weak electron-
withdrawing capability constitutes an optimal ligand in the coordination sphere of the
H, binding sites. This fact was confirmed by both computational and experimental
investigations. Further processing of these materials, in order to get rid of all
hydrocarbons from the Cr coordination sphere and the application of higher pressure

may lead to materials that meet or surpass the DOE 2015 targets.
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Chapter 7 — Dissertation Summary and Future Outlook

7.1  Summary

Driven by the rising standards of living and the economic growth in the
developing nations, the increasing trend in petroleum fuel demand and consumption that
we encountered in the last 8 decades will be more pronounced in the near future.!
Hydrogen has been considered as an alternative fuel and the energy currency of the
future for many reasons, but its problem of low energy content per unit volume has to be
solved.™

Extensive research into the area of hydrogen storage has been going on for
decades. However, the relatively cheap oil prices and the little concerns about reserves
depletion and the environmental problems caused by oil burning put the search for
alternative energy sources at the bottom of the international community’s priority list
back in the sixties, which is definitely not the case today. However, the 1973 energy
crisis led to greater interest in alternative, renewable energy and spurred the hydrogen
storage research. In the early 1980’s, a major breakthrough by Kubas and co-workers!®!
in the field of H, coordination chemistry initiated the beginning of a new era in
coordination chemistry research and later on hydrogen storage research.

Metal organic frameworks materials ! have attracted lots of attention in the
last two decades as potential candidates for hydrogen storage, but their application at
only cryogenic temperature limits their use as hydrogen storage materials for practical
application. In order to improve their usefulness as hydrogen storage materials, MOFs

H, binding enthalpies are to be in the optimal range for adsorption and desorption at
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ambient conditions. But this criterion is still far from being realistic for MOF due to the
fact that they employ weak dispersive forces for interacting H, molecules with the
binding sites. Many attempts have been made to improve the binding enthalpies in MOF
materials, for instance, via frameworks interpenetration and catenation or by
introduction of high concentrations of exposed metal ions within the surfaces of the
structure, however these modifications were not enough to meet practical demands.™

In this thesis, a strategy for designing hydrogen storage materials by looking at
model systems with the ideal enthalpy for room temperature storage has been devised.
On the basis of the metal-fragments grafted silicas results,®®® extended solids with
binding sites of the same characteristics as those of silica framework materials but with
a higher percentage of metal in order to maximize uptake were synthesized.*'% These
novel metal hydrazide gels use low-coordinate early transition metal centers
interconnected via hydrazine bridges. The newly devised and synthesized materials
have excess hydrogen storage of up to 1.65 wt% with a true volumetric density up to
29.9 kg/m® at 85 atmosphere, and ambient temperature, with a negligible contribution
from physisorption. The excess gravimetric storage at 298 K of our best material (1.65
wt%, at 85 atm) is more than triple that of the best MOF (MOF-177, 0.52 wt%, at
85atm),!*Y) with a true volumetric density of about 2 kg/m® over that of compressed gas
at the same conditions (28.05 kg/m? at 85 atm) .[*?

Our initial work in this area focused on grafting Ti-benzyl fragments on
hexagonally-packed mesoporous silica (HMS).!) The grafting was achieved by treating
HMS with tetrabenzyl or tribenzyl Ti in toluene. The obtained materials, with only ca.

5% Ti by weight, have double the hydrogen uptake as compared to plain silica at 77 K.
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with 0.42 wt.% greater hydrogen uptake at room temperature with binding enthalpies of
up to 22 kd/mol (Chapter 2 and 3).

Yildirim™® and Heben!™ had conducted computational studies on transition
metals grafted on single-walled nanotubes. They found that single Ti atom coated on a
single-walled nanotube (SWNT) may bind up to four hydrogen molecules. In our turn,
we tried to further optimize the surface area, pore size and pore volume of the silica
framework materials and then maximize the Ti loading level by employing various Ti
precursors with ligands of different steric and electronic profiles (methyl, allyl, and
benzyl). This optimization led to materials with hydrogen capacity of up to 3.98 H,/Ti
center.”! This result is the highest number of Kubas ligands per metal ever observed and
was confirmed by computational chemistry calculations (Chapter 5).

To study the effect of metal type, metal oxidation state and ligand environment
on the hydrogen storage capacity and binding enthalpy of organometallic-fragments
grafted on silica, a series of V, Cr, and Ti metal-fragments supported on HMS silica
were prepared and tested for hydrogen storage.’®! This systematic study showed that the
general performance trends were Ti >V > Cr, M(Il) > M(I1I), and M-H > M-R. But the
most intriguing result observed was that of the hydrogenation of the supported Cr(ll)
alkyl species which led to almost doubling the storage capacity at 77K and 85 atm
(Chapter 4).

Computational chemistry was employed to investigate the effect of the metal
type, metal oxidation state and ancillary ligand on the H, adsorption and H; binding
enthalpy of organometallic grafted on silica.™ This study showed that Ti atom can

bind up to 4 Hy/atom, and that the binding is of Kubas type, and that to form a strong M-
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H, bond the ancillary ligand must be a weak n-acceptor, and of low steric profile. This
study also proved that a strong correlation exists between the HOMO and LUMO
energy levels of the binding site and those of the incoming H, molecule. The closer their
energy levels are to each other, the stronger is the interaction (Chapter 5).

The valuable results and conclusions drawn from Chapter 2, 3, 4, and 5 were
very crucial in the design and synthesis of the chromium-metal hydrazine material
which features a higher concentration of Cr metal than those of silica-supported
materials and with hydrogen capacity of up to 1.65 wt% at room temperature with very
negligible contribution from physisorption, and with binding enthalpy in the optimal
range of those of Kubas-interaction.™*®

Finally, a deep understanding of the types of bonding involved in hydrogen
storage as well as the location of the binding sites and the strategies to strengthen, or
sometimes to weaken, these bonding interactions are prerequisites to gain insights into
the mechanisms of the H, interactions and to design hydrogen storage materials that
function at ambient temperature.[*”

7.2 Future Outlook

This research project aims at achieving a promising hydrogen storage technology
to the point where driving a hydrogen-fueled car is not only feasible but totally
warranted. Once the materials have been optimized to store about 5 kg of hydrogen at
room temperature for a driving range of about 500 km, in a volume comparable to that
of a gasoline fuel tank, then the only barrier to use these materials in a system will be
developing a tank to house the solid. Further materials processing will include metal

optimization as well as bulk studies on heat release over pressure in order to gauge
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suitability in a tank. One must also consider cost of metals (V is expensive, Cr is
moderate, Mn and Ti are cheap). Currents tanks for chemical hydrogen systems are
cumbersome and require either complex heat exchanging lines, or dramatic cooling
measures to be used in a vehicle. These restrictions are serious and have kept existing
technologies from being implemented. Since our materials, with few tunings, are able to
make it up to many of the DOE goals and the low enthalpy characteristics of these
materials and fast kinetics allow use in 200 bar containers that are conformable to an
auto design. We anticipate that a commercially viable solution to hydrogen vehicles
may now be only 5 years away. The success of this research will enrich the Canadian
economy through sales of high technology products which will be accompanied by a
global improvement in environment and heath issues associated with toxic emissions

and it will eventually lead to greater energy security.

7.3 References

1. Liu, C., Li, F., Lai-Peng, M., Hui-Ming, C., Adv. Mater., 2010, 22, E28-E62.
2. Fichtner, M., Adv. Eng. Mater., 2005, 7, 6, 443-455.
3. Kubas, G.J., Ryan, R.R., Swanson, B.l., Vergamini, P.J., Wasserman, H.J., J.

Am.Chem. Soc., 1984, 106, 451.
4. a) Rowsell, J.L.C., Yaghi, O., Angew. Chem. Int. Ed., 2005, 44, 4670-4679. b)

Dinca, M., Long, J.R., Angew.Chem. Int. Ed., 2008, 47, 6766-6779.

5. Murray, L.J., Dinca, M., Long, J.R., Chem. Soc. Rev., 2009, 38, 1294-1314.

178



10.

11.

12.

13.

14.

15.

16.

Hamaed, A., Trudeau, M., Antonelli, D.M., J. Am. Chem. Soc., 2008, 130 (22)
6992-6999.
Hamaed, A., Hoang, T.K.A., Trudeau, M., Antonelli, D.M., J. Organomet.

Chem., 2009, 694(17) 2793-2800.

Hamaed, A., Mai, H.V., Hoang, T.K.A, Trudeau, M., and Antonelli, D.M., J.

Phys. Chem. C, 2010, 114, 8651-8660.

Mai, H.V., Hoang, T.K.A., Hamaed, A., Trudeau, M., and Antonelli, D.M.,

Chem. Comm., 2010, 46, 3206-3208.

Hoang, T.K.A., Webb, M.1., Mai, H.V., Hamaed, A., Trudeau, M., Walsby, C.,

and Antonelli, D.M., J. Am. Chem. Soc., 2010 (Submitted)

Li, Y., Yang, R.T., Langmuir, 2007, 23, 12937-12944.

Zittel, A., Borgschutle, A., Schlapbach, L. (Eds.), Hydrogen as a Future

Energy Carrier, Wiley-VCH, Weinheim, 2008.

Yilidrim, T.; Cirati, S., Phys Rev Lett, 2005, 94, 1755501.

Zhao, Y., Kim, Y.-H., Dillon, A.C., Heben, M.J., Zhang, S.B., Phys. Rev. Lett.,
2005, 94(15), 155504/1-155504/4.

Skipper, C., Hamaed, A., Kaltsoyannis, N., Antonelli, D., Computational
Studies on Silica Supported Transition Metal Fragments for Kubas-Type
Hydrogen Storage, J. Am. Chem. Soc., 2010. (Submitted)

Hamaed, A., Hoang, T.K.A.Trudeau, M., Antonelli, D. Hydride-induced

179



Amplification of Performance and Binding Enthalpies in Alkylchromium (11)
Hydrazide Gels for Kubas- type Hydrogen Storage, (Manuscript in Preparation)

17. Kubas, G.J., Chem. Rev., 2007, 107, 4152-4205

180



Appendices

181



Appendix A — Supplementary Tables for Chapter 6

Table A. 6.1 - Summary of excess storage results on the as-synthesized chromium hydrazide
materials for the samples dried at room T (data are taken at 85 bar).

BET
Skeletal Gravimetric Volumetric _
_ Surface _ _ ] Retention
Material Density Adsorption Adsorption
Area ) 2 (%)
) (g/cm?) (wt. %) (kg/m?)
(m/g)
Cr-MHZ 1.07 (at 77 K) | 13.48(at 77 K)
575 1.26 48.6
(0.5) 0.52 (at 298 K) | 6.55 (at 298 K)
Cr-MHZ 243 (at 77 K) | 33.53(at 77 K)
251 1.38 18.5
(1.0) 0.45 (at 298 K) | 6.21 (at 298 K)
Cr-MHZ 1.81 (at 77 K) | 31.31(at 77 K)
278 1.73 20.44
(1.5) 0.37 (at 298 K) | 6.40 (at 298 K)
Cr-MHZ 201 (at 77 K) | 32.16(at 77 K)
332 1.60 15.92
(2.0 0.32 (at 298 K) | 5.12 (at 298 K)
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Table A. 6.2 - Summary of excess storage results on the as-synthesized chromium hydrazide
materials for the samples dried at 150 °C (data are taken at 85bar).

BET
Skeletal Gravimetric Volumetric _
_ Surface _ _ ] Retention
Material Density Adsorption Adsorption
Area ) 2 (%)
) (g/cm?) (wt. %) (kg/m?)
(m°/g)
Cr-MHZ 0.77 (at 77 K) | 13.55 (at 77 K)
171 1.76 80.53
(0.5) 0.62 (at 298 K) | 10.91 (at 298 K)
Cr-MHZ 0.75(at 77 K) | 13.12(at 77 K)
170 1.75 29.34
(1.0) 0.22 (at 298 K) | 3.85 (at 298 K)
Cr-MHZ 1.40 (at 77 K) | 24.64 (at 77 K)
269 1.76 10.71
(1.5) 0.15 (at 298 K) | 2.64 (at 298 K)
Cr-MHZ 279 (at 77 K) | 51.06(at 77 K)
279 1.83 18.27
(2.0 0.51 (at 298 K) | 9.33 (at 298 K)
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Appendix B — Supplementary Figures for Chapter 4

Figure B. 4.1 - Hydrogen adsorption and desorption isotherms at 77 K and at 298 K for plain silica
(HMS).
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Figure A. 4.2 - Hydrogen adsorption and desorption isotherms at 77 K and at 298 K for
tetra(benzyl) Ti-HMS.
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Figure B. 4.3 - Hydrogen adsorption and desorption isotherms

bis(naphthalene) Ti-HMS.
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Figure B. 4.4 - Hydrogen adsorption and desorption isotherms at 77 K and at 298 K for

tris(mesityl)V-HMS before hydrogenation.
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Figure B. 4.5 - Hydrogen adsorption and desorption isotherms at 77 K and at 298 K for
tris(mesityl)V-HMS after hydrogenation.
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Figure B. 4.6 - Hydrogen adsorption and desorption isotherms at 77 K and at 298 K for
tris[bis(trimethylsilyl)methyl]Cr-HMS before hydrogenation.
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Figure B. 4.7 - Hydrogen adsorption and desorption isotherms at 77 K and at 298 K for
tris[bis(trimethylsilyl)methyl]Cr-HMS after hydrogenation.
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Figure B. 4.8 - Hydrogen adsorption and desorption isotherms at 77 K and at 298 K for
bis[(trimethylsilyl)methyl]Cr-HMS before hydrogenation.
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Figure B. 4.9 - Hydrogen adsorption and desorption isotherms at 77 K and at 298 K for
bis[(trimethylsilyl)methyl]Cr-HMS after hydrogenation.
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