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Hydrogen Release From Ammonia Borane

Abstract

Development of a safe and efficient storage medium for hydrogen is integral to its use as an alternative energy
source. The overall goal of the studies described in this dissertation was to investigate the use of a chemical
hydride, ammonia borane (AB (19.6 wt% H2)), as a potentially efficient material for hydrogen storage. The
specific goals of this study were both to develop new efficient methods for increasing the rate and extent of
H2-release from AB and to elucidate the important mechanistic pathways and intermediates in these
reactions. Significant achievements that resulted from this work are that AB H2-release is activated in the
presence of either ionic liquids or bases. For example, an AB H2-release reaction carried out at 110 °C in 50
wt% ionic liquid liberated over 2 equivalents H2 in 15 minutes. Reducing ionic liquid loading to 20 wt% at
110 oC yielded a higher materials weight percent (11.4 mat wt%), while still having fast release rates: 2
equivalents in ~2.5 hours. The addition of the strong nitrogen base 1,8-bis(dimethylamino)naphthalene,
Proton Sponge™, to ionic liquid solutions of AB increased the AB H2release rate at 85 °C, with over 2
equivalents of H2 achieved within 3 h. Additional Proton Sponge increased the rate of release; however, the
mat wt% of H2 decreased since the Proton Sponge added significant weight to the system. Solid state and
solution 11B NMR and DSC studies of reactions in progress allowed the identification of initial and final
products in the H2-release reactions and helped elucidate the overall reaction pathway. The initial formation
of diammoniate of diborane, the key intermediate in dehydropolymerization of ammonia borane, was
promoted by the addition of ionic liquids. Subsequent H2-release resulted in the formation of
polyaminoborane then polyborazylene. Proton Sponge increased the release rate of the second equivalent of
H2 by a newly proposed anionic polymerization mechanism. The final product was identified by solid-state
11B NMR and proved to be a sp2-framework of polyborazylene which formed regardless of base additive or
amount/type of ionic liquid.
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ABSTRACT

HYDROGEN RELEASE FROM AMMONIA BORANE

Daniel W. Himmelber ger

Supervisor: Professor Larry G. Sneddon

Development of a safe and efficient storage medamhydrogen is integral to its
use as an alternative energy source. The oveoall of the studies described in this
dissertation was to investigate the use of a charigdride, ammonia borane (AB (19.6
wt% H,)), as a potentially efficient material for hydragstorage. The specific goals of
this study were both to develop new efficient methéor increasing the rate and extent
of H,-release from AB and to elucidate the important Imaecstic pathways and
intermediates in these reactions. Significant eaments that resulted from this work
are that AB H-release is activated in the presence of eithdc ibguids or bases. For
example, an AB kirelease reaction carried out at £@in 50 wt% ionic liquid liberated
over 2 equivalents Hn 15 minutes. Reducing ionic liquid loading 1@ &t% at 110°C
yielded a higher materials weight percent (11.4-wi&t), while still having fast release
rates: 2 equivalents in ~2.5 hours. The additibrthe strong nitrogen base 1,8-
bis(dimethylamino)naphthalene, Proton Sponge™, dwici liquid solutions of AB
increased the AB Hrelease rate at 85 °C, with over 2 equivalentslpachieved within
3 h. Additional Proton Sponge increased the ratelease; however, the mat-wt% of H

decreased since the Proton Sponge added significgight to the system. Solid state
i



and solution '8 NMR and DSC studies of reactions in progress walb the
identification of initial and final products in thé,-release reactions and helped elucidate
the overall reaction pathway. The initial formatiof diammoniate of diborane, the key
intermediate in dehydropolymerization of ammoniardoe, was promoted by the
addition of ionic liquids. Subsequent-kelease resulted in the formation of
polyaminoborane then polyborazylene. Proton Spongeased the release rate of the
second equivalent of Hoy a newly proposed anionic polymerization meckani The
final product was identified by solid-statl8 NMR and proved to be aSframework of

polyborazylene which formed regardless of basetaeédbr amount/type of ionic liquid.
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Chapter 1

The Hydrogen Economy: Benefits, Problems, andiBlesSolutions

Summary

The overall goal of the studies described in thésettation was to investigate the
use of a chemical hydride, ammonia borane (AB)a g®tentially efficient material for
hydrogen storage. The specific goals of this stweye both to develop new efficient
methods for increasing the rate and extent gfdtetase from AB and to elucidate the
important mechanistic pathways and intermediatesghigse reactions. Chapter 1
discusses the need for a chemical hydrogen staygiem, and more generally, the need
for a paradigm shift from hydrocarbons to a hydrogeconomy. Chapter 2
demonstrates that AB/ionic liquid based-tdlease systems show increased activity for
H,-release compared to neat AB. Furthermore, itss shown that these reactions can
be tuned by using various ionic liquids, tempemrduand loading ratios. @hapter 3,
base catalyzed reactions, using primarily 1,8-mséthylamino)naphthalene, Proton
Sponge (PS), are also shown to enhance release aatereduce reaction foaming (a
common AB thermolysis problem) in both solid stated systems solvated by ionic

liquids.



1.1 WeUseMorethan We Makel!

As discussed in the 2008 Annual Energy Review gegadrby the Department of
Energy’ worldwide consumption of energy continues to rgele global production of
energy struggles to keep pace. In the United Statest of the energy consumed is used
in the form of electric power. However, the secdatgest consumption sector is
transportation at 27.8% in 2008. Energy sourcesd u®r transportation include,
petroleum, natural gas, and biofuels, but 95% efatnsumed energy is from petroleum.
Domestic production has not been able to keep tip d@mand for decades; production
of crude oil has slowly declined since its peakl®/0. Therefore, importation of
petroleum has increased to keep pace with consampligmands. The United States
currently imports (12.9 million barrels per day)ider the petroleum it produces (6.7
million barrels per day).

Looking at the breakdown of petroleum consumptiothe United States, most is
used in the transportation sector (71Bgure 1.1), and of that most petroleum is used
for light vehicles (i.e. cars and light trucKs)Oil reserves will inevitably run out and fuel
prices will continue to rise. To match current dature energy needs, a new energy
carrier is needed. Additional reasons for phasiug the use of petroleum as a
transportation energy carrier are the negativeceffef global warming caused by the
CO, produced by petroleum combustion and the dangenited States national security
caused by having an unstable foreign energy supply.discussed in the next section,
utilization of hydrogen as a substitute for petootehas many benefits particularly when

used with fuel cells, a rapidly developing techgylo



Supply Sources Demand Sectors

Percent Percent

of Sector

Petroleum'

371 Transportation
271.8
Natural
Gas®
23.8 o =L Industrial’
e 20:6

Residential
and Commercial
10.8

Nuclear
Electric Power
8.5

Electric Power?
40.1

Figure1.1 Energy demand by sector and supply by sourc2@es’



1.2  Push for a Hydrogen Economy
1.2.1 Why Do We Need a Hydrogen Economy?

In 2003, President George W. Bush announced theobgd fuel initiative that
had as its goals the development of new technofogythe production, storage, and
distribution of hydrogen. The ultimate goal was nake fuel cell powered cars
competitive by 2020. In order to accomplish theslgthe hydrogen economy must be as
good, if not better, than the current hydrocarbasdda energy economy. Hydrogen as an

energy carrier has many benefits, the biggest besrg fuel source for fuel cells.

Individual Fuel Cell

Oxygen
(fro‘rlig air)

Excess t Electric

Hydrogen Power to
(for reuse) Wheels &

|7A X
]

Figure 1.2 Simple schematic diagram of a PEM fuel éell.




A Proton Exchange Membrane (PEM) fuel cEligure 1.2) operates by oxidizing
molecular hydrogen and allowing the protons to atgthrough the membrane while the
electrons are shuttled out to do work by the cétablectrodes. The protons recombine
on the other side of the membrane with reduced entde oxygen, typically from the air,

to form water’ as shown in the half reactionskiquation 1.1.

Anode: 2H,—— 4H" + 4¢”
Cathode: O, + 4H" + 4 —— 2H,0 (1.1)

Fuel cells have two to three times the efficienEynternal combustion engines and can
be designed to power a broad spectrum of sizespplications from a watch to a
building. Additionally, the only product from fueklls when using hydrogen as a fuel is
water.

1.2.2 What aretheBarriersto a Hydrogen Economy?

There are many barriers to implementing a hydrogeonomy. The biggest
overarching difficulty is in replacing an energystam that has been in place for one
hundred years. Gasoline is an excellent energyecart has a high energy density, it is
easy to transport and handle, and is inexpensivedwe. Gasoline has the added benefit
of one hundred years of optimization and infragtrree that hydrogen will have to
overcome. It is difficult to expect hydrogen tmlace this type of system in a short
period of time (a few decades), but that is exaathat is expected. The difficulties in
implementing a hydrogen economy can be broken dowm three areas: hydrogen

production, hydrogen delivery, and hydrogen storage



1.2.2.1 Hydrogen Production

Most hydrogen (95%) is currently produced from natgas reforming via high
temperature steam. The generic reaction is givekRquation 1.2 where steam at
temperatures from 70T to 1000°C is used to split the methane into carbon monoxide

and hydrogef.
CH, + H,O——>CO + 3H, (1.2)

If hydrogen is produced from hydrocarbons or otfesssil fuels like coal, then we are
still: relying on foreign sources, quickly deplairhydrocarbon fuel sources, and
producing large amounts of carbon monoxide. Oghmeduction methods are necessary
in order to create an environmentally friendly,sechydrogen energy supply. Biomass
or water electrolysis using electricity from nuclea renewable sources, such as wind
and photovoltaics, must be employed to efficieqfgduce the hydrogen to make the
hydrogen economy viable. While these sourcestdrdaing developed, a great deal of
progress has recently been made especially inrdgedd water splitting. The Nocera lab
has been a leader in developing self-regenerataterveplitting catalysts. These types
of new technologies are necessary to make the imgslation of a hydrogen economy
possible.
1.2.2.2 Hydrogen Delivery

The problems with delivery center around what sbrhfrastructure for hydrogen
delivery would be needed. The existing pipelingsedufor moving petroleum do not
work for gases. In theory, with renewable sourpesducing hydrogen, local fuel
stations or even individuals could produce theindwdrogen. However, depending on

the hydrogen storage method used in vehicles, alemtocessing plants maybe needed
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and therefore transportation of gas or solid fuetauld be necessary. The type of
delivery system is heavily dependent on the storagiod used.
1.2.2.3 Hydrogen Storage

The Department of Energy (DOE) originally setup exies of metrics that
hydrogen would have to meet or exceed for it toobex economically viable as a
gasoline equivalent. These goals included the rieedhe fuel cell vehicle to have
greater than a 300 mile range, with the fuel dedideat an equivalent cost to gasoline, as
well as durability of the fuel cell and the ovel system. Important requirements for
hydrogen-based systems are that they operate lbgawritle variety of environments in
which gasoline operates. Fuel cell systems musk wo-20°C temperatures and survive
-40°C, while not breaking down at temperatures thaeed&FC.

There are three main methods currently being egdldor storing hydrogen for
transportation purposes. The first utilizes higlsgure storage tanks. Tanks have a
large number of benefits. Simplicity in the ovéslstem is the biggest benefit. Using a
high pressure tank delivery system in the vehglmuch simpler since the fuel is stored
in the form in which it is ultimately consumed ah@ fuel can be transferred in the same
form. There are of course drawbacks to this apgtroaainly due to the pressure required
to make these tanks practical. For instance, & 580 fuel tank holding 3.92 kg of
hydrogen only gives the Honda Clarity a 240 milege’ which is well short of the goal
set by the DOE and much worse than comparable igase¢hicles. Higher ranges are
possible only with higher pressures because hydrggs has a low energy density. This

creates a problem with current tank design andahdgect impact on safety of these



systems. The higher the pressure being storedntre dangerous tank imperfections
are. Likewise the durability of the tanks in valar collisions is a real danger.

A second method for storing hydrogen is in theitigphase which gives much
lower pressures for storage, as well as a higherggrdensity. To compare compressed
gas versus liquid hydrogen; a 10,000 psi tank ohp@ssed hydrogen has a hydrogen
density of ~56 kg/rf) whereas the same volume tank of liquid hydrogenld only be
~670 psi with a density of ~68 kglmHowever, this technology is impractical duette t
higher energy costs necessary to liquefy hydrogehthe cryogenic tanks necessary to
maintain it as a liquid. For these reasons, the¥ggninput is greater than the efficiency
gained by a higher energy density.

The third storage method is to utilize materiald aompounds, that is, chemical
hydrides, for storage. Chemical hydrides can tmk&her energy density for,ldtorage
than can be achieved by either gas or liquid hyeindgnk systems to store the hydrogen.
Under this umbrella term ‘materials’ there are ¢hrgubcategories; reversible metal
hydrides, carbon adsorption materials, and chentigdiogen storage. Some examples
of metal hydrides include materials such as lithimlaminum hydride and lithium
hydride’*® Carbon nanotubes and metal-organic frameworke baen the focal points
of carbon-based storage systeiS. Because of their high material weight percents,
chemical hydrogen storage has focused mainly oarbbydrides, including compounds

such as sodium borohydride, ammonium borohydridé,sanmonia borane (AB).



1.2.3 The Chemical Hydrogen Storage Center of Excellence

In order to comprehensibly investigate the thre¢eneds-based storage methods,
the DOE setup Centers’ of Excellence to work onhea€ these materials. As
summarized irFigure 1.3, the DOE set specific goals, the main one beind sytstem
weight percent of 9.0 % by 20%5.To clarify, thetotal system weight percent is the
weight of hydrogen produced, divided by the weighthe fuel system including tanks,
heaters, tubing, release compound and solvents.th®mwther handmaterials weight
percent, is just the weight of hydrogen released dividgdhe weight of the compound
system (including possible solvent and catalysihglahe release. To achieve a target
total system weight percent, the material weightc@et must be much higher so that
additional weight for tanks, etc. can be factorad iOther goals such as volumetric
density, flow rate, and initial rate also have nestset by the DOE. All of theses goals
were set based on the needs of fuel cells powerweghicle for a 300 mile range and that

the H-storage container should not be significantly éarttpat the existing gasoline tank.

Target 2015
old
System Gravimetric Density [9]
[wt.%] (kWh/kQ) (3.0)
System Volumetric Density [81]
[g/L] (KWh/L) (2.7)
System fill time for 5-kg fill [2.5]
[min] (kgH2/min) (2.0)
System cost [$/kgH2] [67]
($/KWhnet) (2)

Figure 1.3 Total system targets from DOE Center of Excekenc



To achieve these goals, the Center for Chemicalréfjgh Storage brought
together a diverse group of partners. The Cemeibined computational and synthetic
expertise from academics: UCLA, Univ. of PennsylaatJniv. of Alabama, Univ. of
Washington, Penn State, UCDavis, and Northern Aaztniversity. Analytical and
computational resources were drawn from nationlak lauch as Pacific Northwest
National Laboratories and Los Alamos National Labories. Scale up and economic
experience was taken from industrial companies Bohlillennium Cell, Rohm and
Haas, and Intematix. Therefore, the Center as @levhad a wide range of technical
expertise. Conference calls and collaborationsedkas periodic progress reports and an

annual review provided the coordination of the efo
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1.3  What isAmmonia Borane?

After the initial 2003 Hydrogen initiative was anmzed, amine boranes were
identified as an excellent hydrogen storage mdteaadidate. Amine boranes’ high
hydrogen densities, for example 24.5 materials teigercent (mat. wt.%) for
ammonium borohydride, 19.6 mat. wt% for AB, and8lmmat. wt.% for ammonia
triborane, were the primary attribute that madee¢hmaterials attractive. The structures
and abbreviations of the compounds are showirigure 1.4. The other attractive
property of amine boranes comes from the diffeedattronegativities of B(2.04) and
N(3.04) that result in protonic N-H and hydridicHBhydrogens. Thus, the elimination

of H, by the reaction of B-Hand N-H is favorable.

H
H\ /H NH, /NZ\
H—N—B—H - B/ H,B BH,
W \H /\ | |
H,N NH,
Ammonia Borane B BH, ~ B/
AB 19.6 wt% H,
Ammonia Triborane Cyclotriborazane
H AT 17.8 wt% CTB 14 wt%
IR
AN NH H  NH|” —
” | A2 NH, BH,
B . .
HB BH Ammonium Borohydride
N / / \ 0
E H NH, BH, 24.5 wt%
) Diammoniate of Diborane
Borazine DADB 19.6 wt%
7.5 wt%

Figure 1.4 Select amine boranes discussed in the folloWhgpters.
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Figure 1.5 Low temperature (orthorhombic) crystal structafeAB. Nitrogen, boron,

and hydrogen atoms are depicted in blue, purpkkgaay, respectivelyf

Within the amine borane class of compounds, AB gaiskly identified as the
best overall candidate due to its high materialggitepercent (19.6 %), as well as its
stability and non-toxicity. The first group to vkoon ammonia borane and the ionic
dimer diammoniate of diborane (DADB) was Alfred &pwho reported the formation
of these compounds in 1925. The Schlesinger group in the 1930s initially meed
incorrect structures for DADB and AB based on imeotr molecular weight
measurementS. Crystalline AB was synthesized by Parry and Shorel955 and

purified from DADB using AB’s ether solubility. Hy also collected the first definite
12



X-ray powder diffraction of AB? The correct structures of AB and DADB were
elucidated in a series of papers by Parry and Shot®58%* Work continued in these
groups through the 1960s further defining the prige

Ammonia borane is a colorless solid that meltsl&°C — 114°C, but is stable at
room temperature. There are several methods olfupnog AB that will be discussed in
sectionl.3.4. It is soluble in a variety of polar solventsgluding ammonia (260 g/ 100
g solvent), water (33.6 g/ 100 g solvent), andatetdrofuran (25 g/ 100 g solvent). Both
X-ray and neutron diffraction studies have beenduse determine the solid-state
structure of AB. AB has a staggered conformatiatin & B-N bond distance of 1.564(6)
A. The gas phase calculations determined the Bohdkdistance to be 1.6722(5) A.
Solid-state AB shows close BH---HN distances oR20on adjacent molecules which is
inside the Van der Waals distance of 2.4 A indigastrong dihydrogen bondBigure
1.5). Due to the dihydrogen bonding, a stabilizatearergy of 90.4 kJ/mol is added
making AB a solid* This gives AB a much higher volumetric densitgritethane, its
isoelectronic carbon analogue.

The diammoniate of diborane (DADB, [BfNHs),]'BH,) is the ionic dimer of
AB where the cation is comprised of a NBN motif lwthe terminal ammonia groups
forming dative bonds with the BHunit while the anion is a borohydride group. DADB
does not have a melting point, but decomposes 8C8® give similar decomposition
products, in general, as AB. DADB is insolublesthers and hydrolyzes readily in water
and will slowly split off hydrogen at room tempersg. Shultz, Parry, and Shore were
the first to correctly identifi? the structure of DADB as BMBH,NH3][BH4] and not
[NH.] [H3sBNH-BH3] ™ or NHi(H2BNH,)BH,*® through a series of reactivity studies.

13



The first reactions were with sodium which, wheaated with DADB, formed sodium
borohydride and not the complex salt NgBNH,BHs3].

Another interesting property of DADB is the statitig effect of the cation on the
borohydride anion. Lithium borohydride salts reaggorously with water, whereas the
DADB reaction is not nearly as violent. ReactidnDADB with lithium halide salts
increased the proton sensitivity on the borohydrige evidenced by increased
Ho-release€® The standard DADB preparation is to bubble diberahrough liquid
ammonia held at -78C. DADB can also be made in organic solvents; h@nethe
yields are reduced. Regardless of the solvent, ubedreaction is highly temperature
sensitive and if the solvent is warmer, the prodatib shifts towards the side product,
AB.*" If pure DADB is placed in complex ethers suclylsne, it will slowly convert to
AB almost cleanly® The IR spectrum of DADB has also been tentatieatsigned?

AB dehydrogenation is exothermic. The Dixon gramd collaborators have
calculated detailed reaction pathways starting fr@mAB molecules through the
formation of DADB and subsequent hydrogen loss frowDB.*° They also used
coupled cluster (CCSD(T)) level calculations towhbat breaking the B-N bond is the
easiest AB decomposition method. This had serimoglications for a reaction
mechanism where the easiest bond breakage forme@fmmonia and borane moiefiés.

Figure 1.6 shows an energy profile calculated by the Dixoougt Starting with
two AB, one of the two AB units dissociates intadiee and ammonia with the borane
associated with both the hydridic B-H from the oth& and the ammonia forming a
transition state which is 12.4 kcal/mol above the free AB. This then forms a bridging
hydrogen with ammonia dissociation dropping thergndoy 4.3 kcal/mol. If the free

14



ammonia associates with the protonic N-H of theep#B the energy drops 0.3 kcal/mol
below the starting point. The second transitiatestnvolves abstraction of the hydride
by the free borane and association of the free amanwith the now positively charged
borane. This transition state lays 27.8 kcal/niah& the starting point. The ionic dimer
of AB, DADB, forms from this transition state argl 3.3 kcal/mol more stable than the

two starting AB molecules.

Iy

m

kecalfmol

DADB

204

Figure 1.6 Schematic energy profile of the conversion of2ta DADB.*°
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To then release hydrogen from DADB, the Dixon graaiculated the energy
profile, Figure 1.7, where the boron and hydride from the borohydadsociates with
the protonic N-H with concomitantHelease and formation of the B-N bond. They then
calculated that the most favorable conformatioaissso that the boron and nitrogen can
associate. Further monomer addition and dehydadgemyield products such as CTB
(AH{® = -120.5 kcal/mol (solid)) and borazinaH;° = -122.6 kcal/mol (liquid)j?> The
AH of the reaction of three AB going to form CTB withe release of three,Hvas
calculated to be -55.9 kcal/mol at 298 K. The sgbent release of another thregtél
form borazine was calculated to be -18.9 kcal/md98 K** Nguyen also calculated a
reaction plot using free borane as a catalyst whergroducts were Fborane (which
continued catalyzing the reaction), and aminobaraAminoborane is a highly reactive
species that was implicated by others in the ovek8 reaction schem& These
proposed mechanisms explain the reason a sigrifeb@ount of ammonia is released
during solid-state AB reactions.

The abstraction of a proton from AB to form theBNIH, anion was calculated to
be 357 kcal/mol at 298 K. This is a gas phaseutaion and is based mainly on the
enthalpic contribution which is mostly from thelsitiy of the anion®®* The difficulty of

removing a proton in a solvent environment sho@ditamatically less.
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Figure 1.7 Schematic energy profile of the dehydrogenatiobADB.*°

1.3.1 How to Release Hydrogen from Ammonia Borane?

There are two main methods to release hydrogen faorwhemical hydride;
hydrolytically and thermolytically. The requirenterior hydrogen release for utilization
in vehicles powered by fuel cells are fast, cotedhl and complete release. The
hydrogen needs to be fast enough to power fued aellimes of acceleration when more
energy is needed. Thexklease also needs to be both controllable soithan be
turned off and have a consistent release rateese tre no spikes of hydrogen when it is
not needed. Lastly, in order to achieve a highenmas weight percent, most of the

hydrogen needs to be released or the hydrogenwi#lde very low.
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1.3.1.1 Utilizing Hydrolysis to Release Hydr ogen.

The area that received the most attention early mRshydrolysis. General
reactions for amine borane hydrolysis are giveBgoations 1.3 and1.4.

H;NBH; + 2H,0—— NH," + BO,” + 3H, (9.0 wt%) (1.3)

H;NB;H, + 6H,0—— NH," + 3BO,” + 2H' + 8H, (9.8 wt%) (1.4)

Ammonia borane will undergo hydrolysis only verpwly at room temperature
in basic water, but the rate is accelerated by tmgethe pH or increasing the
temperature. Most of the research in this area foasised on the search for
transition-metal catalysts to increase the rat@Bvhydrolysis. Utilization of catalysfs
% can lower the hirelease temperature to room temperature. Metalyzzd hydrolysis
can give ultra-fast hydrogen release, often in séspwith very controllable rates. This
method also drives the dehydrogenation of AB tar meanpletion, with ~3 equivalents
released. Nonetheless, the use of hydrolysisrasthod for hydrogen delivery in a fuel
cell powered car is impractical for several reasodd is only moderately soluble in
water and consumes 2 waters per AB so that despiteeoretical materials weight
percent of 9 %, only ~5 % materials weight percenpassible. Regeneration of the
spent fuel is another reason hydrolytic hydrogdease is not going to be used in vehicle
fuel cells due to the difficulty of reducing B-Ords. More about fuel regeneration will
be discussed later. While this technology hastgoeamise in certain areas such as
emergency power backup, it is too inefficient torkvim the transportation sector.
1.3.1.2 The Better Hydrogen Release Method: Thermolysis.

The simplest hydrogen release method is to juat heup. Thermolysis offers

several benefits over hydrolysis, with the mainadage being the system can achieve
18



much higher material weight percent, as shown ia general reaction for AB

thermolysis given irkquation 1.5.

H,NBH;—>BN + 3H, (19.6%) (1.5)

1.3.2 Ammonia Borane Solid-State H,-Release

Wolf®®® first showed that there are two exothermigrelease events associated
with the decomposition of AB. The first event ssamt ~70°C when heating at 1 K/min
but ~100°C at 5 K/min. The endotherm directly before thstfiexotherm centered at
~100°C is attributed to the melting of AB. The secoweérm is much broader and starts
at ~130°C before the first event is finished. Comparinduweetric H-release and
thermogravimetric analysig=igure 1.8), the two release events become clear as does a
disparity. The thermogravimetric curves indicaterenmass loss than the volumetric
curve. This is attributed to other volatile gavesng formed besidesHand the gap
increases as the heating rate incre&sesccording to Autrey, raising the temperature of
reaction can release potentially all three equivialédrom AB taking >500C.*" Most
research in AB hydrogen release has focused oeasirg the extent of release as well
as the rate.

While thermolysis is a simple system and hence hemy benefits for
engineering an end use system, there are a hdiffiotilties associated with solid-state
reactions. There are four major problems withdsetate H-release reactions illustrated

in Figure 1.9.
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Figure1.9 Solid-State hydrogen release data for AB at 8b367C.
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The first is an induction period where, it has beemposed? the AB is slowly
converting to the DADB, the active intermediate aoic dimmer of AB discussed in
depth inChapter 2, with H-release not beginning until after 3 hours at°85 The
conversion of AB to DADB releases no hydrogen. $bkeond major issue is the slow
rate of H-release. Once dehydrogenation starts, it takesshio get to one equivalent.
The third is, as discussed above, AB can releadgew8hen heated above 560, but this
would require heaters to raise the temperature addeng weight and complexity to the
system as well as requiring energy to power theehgea A proton exchange membrane
fuel cell's waste heat is ~8%C, so to avoid the need for heaters, the mostieifiic
systems for AB kbrelease should be designed to operate ne&€ 83However, at 85C,
less than one third (one equivalent) of the hydnogereleased from solid-state AB.
These three problems seriously limit the practicsés of solid-state AB reactions for
transportation since fast rates as well as high W{¥materials are needed. The fourth
major issue is the products that form during theydeogenation reaction are diverse
which can cause problems in regenerating the dpeht

In order to better understand the reaction pathwlaggroducts of these reactions
were studied. The large product distribution cedplio the insolubility of some of the
products made analysis difficult. Initially, pyme extracts of reactions in progress were
analyzed using'B NMR. A typical*'B NMR spectrum for one of these extracts after the
release of 1 equivalent is shownkigure 1.10. At least 5 different resonances can be
observed. Geanangel was the first to do comprélenstudies of the thermal
decomposition of AB and proposed the formationafaminoboranes (N#BH,), as the
initial product®®’® Indeed, DFT/GIAO calculations of linear (MBH.)x shown in
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Figure 1.11 indicate that thé'B shifts at -12 and -23 ppm correlate with the,Bitid
BHj; of the linear polymer. The signal at -5 ppm igood agreement with the calculated
shift of the BH unit of a branched chain polyamiacne Figure 1.11). The -12 and -
36 ppm signals correlate with the cation and anioBADB respectively’>’ Lastly, the
small signal at 30 ppm is characteristic of unsaad B-N bonds and could be either
unsaturated polyaminoboranBigure 1.11) or borazin€?’* Poorly defined products
made it difficult to determine the best catalystus®e to improve the rate and extent of
H.-release. The diverse product distribution hasrotlmifications, namely with the

regeneration of spent fuel research, that will iseutssed later in sectidn3.6.
-12

_5 - '23 -36 ppm

'L J

Figure 1.10 B NMR (128.4 MHz) spectra recorded at 2D. Pyridine extract of a

solid-state AB reaction at 8& after 19 h with 0.83 equivalents of-ktleased.
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Figure 1.11 DFT/GIAO calculated’B NMR shifts for possible dehydropolymerization

products.

1.3.3 Activated AB H,-Release from AB
1.3.3.1 Mesopor ous Scaffolds Aid in Solid-State H,-Release

Mesoporous scaffolds have been shown to activdte Hi-release and have
achieved faster release rates, lowesrélease temperatures, and better product control.

19,22,25-27
1

There are four main types of scaffolds: carbonogejs mMesoporous

silica?%?1?428 zeolites?® and metal-organic framework$. The carbon scaffolds were
explored both with AB and AB/metals intercalatedoirihem. One type of carbon
scaffold, mesoporous carbon, is somewhat acidicvaasl shown to enhance reaction
rates and lower temperatures due to the acidith®mproximity of another AB unit. It

was also shown that the addition of lithium to teeaffold ‘scrubs’ the gas stream by

removing NH,?* a potential fuel cell killer. All of the carbonased mesoporous

scaffolds decrease the temperature needed for ABddegenation. The efficiency is
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affected by pore size where the smaller the pare, she lower the activation energy.
Like the lithium doped scaffold that removed amnagmon-metal doped AB-carbon
scaffolds suppress the formation of borazine, aofotential fuel cell killet?2>2
Mesoporous silica showed similar reaction rates \asldtile-elimination improvements
as its carbon analogu&¥*?*?® Autrey et al. used SBA-15 and methanol to get a 1:1
ratio of AB and mesoporous silica. Subsequentti@acesulted in a 18C reduction in
onset temperature for dehydrogenatidnCarbon cyrogels have the advantage of being
slightly easier to synthesize. Unfortunately, thelysis of these materials only lends ~7
materials weight percent due to the excessive weigthe scaffold.

The other two mesoporous materials, zeolites aethlrorganic frameworks,
were used differently than the carbon and silicaffetds. In the case of zeolites,
research focused on using them as supports forl mateclusters. Zahmakiran et al.
showed that reduction of Rh(lll) onto the zeolieckbone can significantly enhance the
catalytic activity during hydrolysi€ Similarly, metal-organic frameworks perform well
as hydrolysis catalysts. The resiliency of these materials was far gretitan normal
heterogeneous catalysts in hydrolysis; howevestated previously, hydrolysis cannot
achieve the overall total system weight goals.
1.3.3.2 Acid Catalyzed Hydrogen Release Reactions

Only limited research has gone into studying tbie aatalyzed btrelease from
AB. Work first focused on acids in ethereal sobgen such as
tris(pentafluorophenyl)borane, since there wasegatence for dehydrocoupling reactions

with dihydrophenylphosphine boraffe.While Manners showed that B{&)s; does not

24



catalyze the dehydrocoupling of BNHBH;,’® Stephens showed that it catalyzed

H.-releases from AB’

A + H;N—BH _
H;N—BH,; —[H;N =B ———| FiN=RL
H—B -NH;
: '
H2 _ n
/N\ -H, H, ¥
+
- N
H,B BHNH; 0E CH
N\, / 22
H H_ H
B
H “NH;|  (1.6)

It was found that the amount of acid dramaticalpmged the reaction pathway.
The proposed mechanism is catiorigy@ation 1.6) and started with hydride abstraction
followed by association of AB and subsequentrélease and formation of a cationic
ammonia-substituted-aminodiborane. With low acid concentratiofil (mol%), more
hydrogen was released and cationic dehydropolyie@siz continued. However, at high
acid loadings (>10 mol%), a side reaction occuksbre neutrali-aminodiborane was
the main product and Felease stopped after only 0.6 equivalents. Stephalso
showed that HCI in ethereal solvents can relea®esquivalents of hydrogen at 6G
after 20 hours. Hrelease reactions were measured the on a mansiddugette setuf.
The products of the low acid reactions tended tacymdic species, such as borazine;
however, this was most likely due to the use ofanrg solvents not as a result of acid
catalysis. Ultimately, the slow reaction rates &wl Hp-release amounts, as well as the

use of volatile catalysts made this method lessr&hle than other activation methods.
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1.3.3.3 Using Transition-Metal Catalysisto Enhance Release Rate and Extent.

Since AB is an ethane analogue, the use of transitietal catalysis was a logical
path to explore to activate AB for ;Helease. Research has focused on both
heterogeneous catalysis, mainly nanomaterials, lamehogenous catalysts. These
catalysts were used for both thermolysis and hydeimethanolysis reactions.
Transition-metal catalysts were also used to awiaékylated amine boranes.

13331 Heter ogeneous Transition-Metal Catalysts

The Manners group spearheaded the chemistry ofiti@mmetal catalysis of
aminoboranes. From 2001 until 2006, the Mannersgivas the only group publishing
on aminoborane catalysis’®®" The work in 2001 focused on rhodium complexes tha
cyclized alkylated aminoboranes. They found that $econdary amine borane adducts
formed cyclodimers. On the other hand, the monoyhathine borane and parent AB,
formed trimers, but with the parent borazine fornrednly 10 % yield”® It was found
that the original catalyst, [Rh(1,5-cog)Cl)],, was the most active at MéHBH;
dimerization achieving 100 % yield in 8 hours abmotemperature. It was proposed at
the time that based on TEM and Hg poisoning studiks active catalyst was a
heterogeneous colloidal Rh({). The proposed mechanism for colloid catalysihiss

in Equation 1.7.%°
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Me,N—H
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MezN:BHZ
Me,N—H
x2 |
BH, H
—Rh—Rh (1.7
H,B——NMe, Colloidal Rh Surface '

Others have used nanoclusters similar to thosedarabove experiments, which
were formedin situ starting from the precatalyst [Rh(COD)£1]%%®* There has been
controversy surrounding the size of the rhodiumvactatalyst and whether it was
metallic or a ligated cluster. Chehal. in 2005 showed that rhodium formed six atom
clusters when used in toluene where amine boramesetl the ligands to the rhodium
clusters®® A more complete study was published in 2007 bioRLet al. where it was
shown that the clusters were either four or sixditim clusters, not metallic rhodium,
though metallic rhodium was formed when the clissteere exposed to &ff. Therefore,
it was argued that these clusters are actually gemmus catalysts. Other work by
Chang used nanoparticles as additR7eshich could also be support&d.Work has also
gone into the recovery of these nanoparticles. nglet al. designed shell-core particles
that use iron as the core and platinum as the selthey can be magnetically

recovered®
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1.3.3.3.2 Homogeneous Transition-Metal Catalysts

Homogenous catalysis is another area of reseaioly asrange of first, second,
and third row transition metals. One of the mogtiteng new catalysts was an iridium
pincer catalysis,"B"POCOP)Ir(H).2"° First row transition metal catalysis focused on
nickel carbene chemistry, where both experim&htahnd theoreticdf ** work showed
activity in high extent of kirelease. Catalysis by early transition metalshsas
titanocene, has been reported by Puifhree examples of transition-metal catalysts used
to enhance AB Hrelease will be discussed below.
1.3.3.3.21 Iridium Pincer Catalyst

Heinekey @ and  Goldberg first identified the  iridium pincer
(k3-1,3-(OPBuU,),CsH3)Ir(H), as an excellent catalyst for the dehydrogenatibi®.
They found that at room temperature with only 0.8% catalyst loading, the reaction
went to one equivalent in 14 minutes and at 1 mobl%as complete in just 4 minutes.
This makes the iridium catalyst the fastest dehyenation catalyst to date. THSB
NMR spectra of the dehydrogenation products showaedroad signal at -18 ppm
characteristic of tetracoordinate boron. The pobdd the iridium catalyzed reaction was
identified as the AB pentamer, JNBH;]s, by IR and X-ray powder diffraction and was
formed in near quantitative yiel85. It was found that the catalyst was also active fo
methylamineborane and the product was soluble erthile AB reaction products. The
methylated products were not discrete pentamess tile previously reportdd AB
dehydrogenation products, but were a mixture oficydigomers [MeNHBH], (n =2 —
20) as well as acyclic oligomers. Heinekey anddBetg then catalyzed mixtures of
methylamineborane and AB to get a soluble produlilevincreasing the hydrogen
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weight percent. The 1:1 ratio of methylamineboraA8 was still fast and made soluble
products. Higher AB ratios produced insoluble prcid®® The iridium catalyst was also
used by Manners to make discrete linear alkylat®ihe@ borane speci€S. In these
studies the concentration of substrate (AB, MeBIHs, andnBuNH,BH3) was increased
substantially from 0.5 M solution in the Heinekegl@berg reactions to 10 M. With
only 0.3 mol% iridium catalyst at C, Manners was able to produce high molecular
weight, soluble (MeNEBH3) polyaminoboranes. These polymers were charaetbri
through gel permeation chromatography and the M&¥ based polymer showed a

poly-dispersion index of only 2.9 with a moleculegight of 160,000.

oxidative i ) I‘)f'H_
[M]_Iil addltlon, [M]_BHQNH3 % [M] + H2 + HzNBHz
B K 2
\NH3 (1.8)

The iridium pincer catalyst was initially used falkane dehydrogenation. In
these reactions it was proposed that C-H oxidatdaition was the first step. Since AB
has a heteroactomic backbone other reaction pathway possible. It is generally
believed that AB dehydrogenation with transitiontaheatalysts followEquation 1.8;
however, theoretical studies have introduced thesipdity of a much more complex
mechanisnf’ Calculations showed that both a 14aed 16 eiridium systems were
possible although the 14 mechanism is higher in energy than the 16ystem and too
high for the reaction to occur at room temperaturEhe 16 e system is shown in
Equation 1.9 and progresses through a 6 center transition. sitte most stable species

in this mechanistic pathway is the tetrahydroindiwcenter by 12.5 kcal/mol and
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progresses to the parent species by loss of malebytirogerf® The catalyst kicks out

aminoborane which is proposed to then polymerizéensolvent, THF.

O—FPR, O—PR, |*
HBH,NH;3 H-----BH,
I/I ’,I \\
Ir—H IrI\\ /NHz
NH;BH;
\/ O—FPR, O—FPR,
O _PR2
NH,BH,
\\H
Iré\\ O_PR2
H H
SanH
H, 1 IR
H
H /
S 0—PR,
H H
O—FPR, (1.9)

The initially proposed reason for pentamer formmatio AB dehydrogenation is
based on the fact that the AB timer (CTB) is sadubl THF, but the pentamer is not and
therefore the pentamer is isolated exclusiV@lyHowever, more recent trapping studies
by Baker along with calculations by Dixon revealdtat metal coordination of
aminoborane (lNBH,) may be the important intermediate in the mechand these
reactions. Baker and Dixon proposed that strorydination to the iridium center with
polymerization stopping at the pentamer was dustéoics Equation 1.10) whereas

non-iridium transition-metal catalysts released #rminoborane thus giving a much
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different product distributiod® The dehydrogenation of MeNBHs that formed linear
polymers found by Manners was at a higher conceotrand cooler temperatures then
previously reported by Heinekey and Goldberg. Howethe Heinekey and Goldberg
products were not well characterized and therefiorelirect comparisons can be drawn.
The catalyst is not implicated in further dehydnmoggon or polymerization due to its
steric bulk. Another reason for the iridium pincatalyst stopping at one equivalent was
poisoning of the iridium center with a borane mgielt was then shown that the catalyst

could be regenerated by placing it undempiressuré’’

M +2AB H, H
[+] 2A N NHBH, —» gy Bong
H.NBH, 2H2 HoB_ B -3H, Il |
2 2 \N' \H HB\N”BH
H, H
Release of H,NBH, l H
: -
>
M]
polyborazylene

H;NBH;

Formation of cyclics

B B
+AB K H H H  HNT Sy \NH2
—> [M]/B\ — [ | H,
b A M~ ot B’ BH
HN~p 2 \N/ \N/ 2
H H, H, (1.10)

1.3.3.3.22 Nickel Carbene Catalyst

While the iridium catalyst is exceedingly fast, theaction only reaches one
equivalent. This is a problem for application te-rdlease systems but other recently
reported catalysts can now achieve more extenspveelglase. An example of a high

extent of H-release catalyst is Baker's nickel carbene catalysBaker explored N-
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heterocyclic carbenes (NHC) as a more robust ligaystem than phosphines and found
that it gave unprecedented dehydrogenation, acige®i5 equivalents: This system
uses a Ni(cod) precatalyst with 2 equivalents of NHC ligand tongeate the active
catalystin situ. Enders’ NHC (1,3,4-triphenyl-4,5-dihydrd411,2,4-triazol-5-ylidene)
was shown to exhibit the best activity releasingnd® H, based on the amount of AB
used. The reaction was run in diglyme at°@0and produced mainly polyborazylene
type products, as well as some carbene-Blde-product Kigure 1.12). The nickel
carbene system is certainly not as fast as thasmigincer, but the catalytic release of

over 2 equivalents is unique to this catalyst.

| Ny 10 NH3BH,
Nicod); + 2 3C || ——eres

| Ph diglyme: CgD
Ph gly [R]

T . T = T X T

: . ;
40 20 0 -20 -40 PPM

Figure 1.12 Baker’s nickel carbene catalyst witB NMR showing final product:

The initial overall reaction mechanism proposed rmkel, rhodium, and a few
other catalysts is shown HBquation 1.8. The first step is association of AB with the
metal center. The B-H bond then oxidatively addthe metal center followed bypaH
elimination. Pons and Heinekey reported some éxgertal evidence for this reaction
pathway by forming complexes where an amine boiaassociated with a metal center.

Using Cr(CO3 and dimethylamineborane they were able to form
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[Cr(CO)(n'-HsBNHMe,)] which decomposed within hours at 20 into (MeNBH,),.
They also generated the AB adduct [Cr(€{)H3sBNHs)] which decomposed above -20
°C to form uncharacterized materfal.

However, the side-product carbene-B&long with the observed kinetic isotope
effects and calculations have shown that for cabeatalysts, there is an unexpected
proton transfer to the carbene rather than the Bt undergoing oxidative additiéh.
Hall calculated a reaction pathway where the baamrdinates to the nickel center while
a proton from the nitrogen is abstracted by onthefcarbene ligandsigure 1.13). The

proton then adds to the nickel center as well lagdaide. H then reductively eliminates

followed by loss of aminoborarié.

7 Lo
i
Proton transfer C—H activation H, formation H; release N

Figure 1.13 Schematic energy profile of the nickel carbertalgat using the carbene as

a proton abstractor.
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This pathway does not explain the formation of eadsBH which requires a
free carbene ligand. Kinetic isotope effect stadas well as additional calculations
showed that AB replaces one of the NHC ligandshab the active catalyst is actually a
Ni-NHC monoligated speci€$.®® In addition to the dehydrogenation reaction a& th
nickel center, the free carbene actively dehydratgemAB so that there are two catalytic
cycles operating in conjunction with each otherheTfree carbenes calculated AB
H.-release mechanism is shown kigure 1.14. As part of the catalytic cycle, the
carbene reattaches to the nickel center througldative addition once the nickels’
catalytic cycle has reached a point where a ligaednoborane can assist in the

dehydrogenation as shownmguation 1.11.%

Ph

oS TSHB-2 \ H W \ TSHB-3

" N Ph 16.6 (13.3) ‘N N Ph
Ph -_"-’< I —_— H:A,N“"'B'-----< /
159 TSHB-1 \ o Wy / \ F]1 N a0
HoN--H N Pnoy Ph Hooo
10 | < ] BH, Ph 570 N Ph
HoBeoy SN 6(7.0) \ ,{,
5 { \, HaN N
Ph \ ‘ 2
" o N BH, PR %
free NHC s \ _ _—3‘1 (:4.8) .
o B E, (TSHB-1) Ph
1514 (14.7) \
,,,,,,,,,,,,, H N Ph
-10 Ph -8.8(~10.9) K T,
\ o N + NH2BH2
-15 4 Ph Ph
HzN-—H N\[/ N
Ph 1
/ < / H:B \”/ -20.7 (-24.3)

CHE S g7

- Ph/ HB ph/ 3 -20.9 (-21.8)

Figure 1.14 Schematic energy profile for free carbene abstrad, from AB.%
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1.3.3.3.23 Titanocene Catalyst

Early transition-metal complexes have also been luated for AB
dehydrogenation catalysts. Manners’ screening ofmpexes for activity with
Me,NHBH; showed that GfTiMe,, a Ti(IV), was inactivé® They later showed that
Cp.Ti, a Ti(ll), which is maden situ using CpTiCl, andnBuLi. The Ti(ll) catalyst was
not studied with AB extensively and therefore ngrelease data are available. The
reaction was followed by'B NMR and the initial product was cyclotriborazambich
slowly converted to borazine with release of 2 eglgints of H.* Hyrelease data
collected for MeNHBH; and the titanium catalyst showed 50 % conversiotingé dimer
in <50 minutes, whereas the heterogeneous Rh(8lysatook >400 minutes to reach the
same conversion percentageThe proposed mechanism fos-Hlease and M&IHBH;
dimerization utilizing CpTi is shown inEquation 1.12. This calculation study by Luo

and Ohno started with coordination and abstractbma proton from the nitrogen in
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Me,NHBHj; followed by subsequent removal of the B-H hydrashel MeNBH,, release
to self-dimerizé® This study failed to take into account concurnasults by Chirik
that showed in a similar catalyst the mechanistaecis reversible. This was shown by
deuterium studies where (Gpi)o.N. was subjected to a ,Datmosphere while
dehydrogenating M&IHBH;. Deuterium was found in the B-H position and HRsw

also detected This slightly alternative mechanism is showrEguation 1.13.

(CraTil_
[CpoTi ¥ by % HI
H2 % H1 I SB—N.
AS W H“II e
H““B_N""r Hf \
i\ 2
H -3.8
AAG* = 14,1 TS[1-2]
22.9 A4G* = 7.9
EIiHa [Cp,Ti]
HNMe; 7 [lejo"]xm ¥
N4 H2
_ +B—N-..,, "
ot ——= W BN
Ho 4 [Cp,T oo
8.8 7/ \ TS[2-3]
H2--=-H1 4.1
3 J
+
Hz . HaB——NMe;
N=BH, _x2 _f "
?Hg ) Me,N——BH,
S0l =
HNMe; 7.4 G =286 g5
HQB_TMEE
I
MesN—BH. (1.12)
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? é \\M\fzzNHBH3
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Y. —B —NHMe,

N\

N o
S
e Ny
llTil
MezN_BH2
2o (1.13)
HzB_NMez

1.3.3.3.24  Transtion-Metal Catalysisin HydrolysigMethanolysis

Although hydrolysis/methanolysis cannot meet theE¥otal system targets as
previously discussed, utilizing this technology areas not as dependent on weight
efficiency is possible. Therefore, research hasticoed in this area and developed a
wide range of catalysts. Most of these catalystshaterogeneous and on the nano-scale.
Some, like work done by Umegaki and cowork8f&,use supported nanoclusters, while
the bulk of the hydrolysis catalysts are free namtige/nanocluster. A majority of this
work has used first-row transition metals suchatsatt, nickel and irott>%>9626310q

the rest use much more expensive noble metal naimes®*>>%*
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1.3.4 Large Scale Preparations of Ammonia Borane
In order to make the hydrogen economy work, a lagme synthesis of AB is
needed. The traditional preparation of AB usesuwndborohydride and ammonium
sulfate in an ethereal solvefit'®® Ramachandrand et al. have reported a large scale
preparation using tetrahydrofuran as the solvernt their prep Equation 1.14),
ammonium sulfate was used in 50 % excess withdbkelting AB yield being 96 % and
THF
2NaBH4 + (NH4)ZSO4_’ 2NH3-BH3 + Nast4 + 2H2
40 °C 96%
7h (1.14)
achieved in 98 % purity. In addition to ammoniuaifate, ammonium formate was used
in dioxane with similar result§? While these preps show that the traditional mesho
can be scaled-up, other pathways will be need@@ifs to become a large scale energy
carrier. To that end, Heldebrant et'&l.showed that AB could be made from the

decomposition of ammonium borohydride which was enadsitu by the reaction of

NaBH, and NHCI. In their preparation, liquid ammonia was usedthe solvent with

NH,
NaBH4 + NH4C1 —0> NH4BH4 + NaCl

8°C  96%
Ih (1.15)
THF
NH,BH, — NH;3-BH; + H,
78 °C/RT
30 min/1 h (1.16)

ammonium chloride and sodium borohydride forming tammonium borohydride
(Equation 1.15). Subsequent hydrogen loss and purification geBeg Equation 1.16)
in 99 % vyield. All of these materials are avaitalan large scales already; therefore

scale-up should be straight forward.
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1.3.5 Recyclingthe AB Fuel Source

Regeneration of the spent fuel is one of the mopbrtant aspects of a complete
closed energy system. Most regeneration attenoptssfon a two step system where the
spent fuel is digested and the boron is convertgra B-X species which is then reduced
to B-H bonds and coupled to ammonia. The bestenturapproach for digestion uses
ortho-benzenedithiol in THF which was refluxed for 121m®to form the borane dithiol
adduct. This adduct was then reduced using tritiwitydride and the intermediate
amine exchanged for ammoniaquation 1.17).*** Therefore, a regeneration scheme to
turn the benzenedithiol-tributyltin adduct back ointusable benzenedithiol and
tributyltinhydride was designed. In this schente, &dducts were replaced with chloride
then oxidized using formic acid which was drivenf ofith heat to recycle the
tributyltinhydride®

The production of large amounts of waste tributyiti this process is a serious
problem. In an effort to find an alternative to teducing agents, Mock et al. analyzed
the hydride donor ability in acetonitrile of seueraansition-metal hydrides and
compared them to the hydride affinities of sevé@lane adducts such as B(OSie
B(OPh), and BR.1® Utilizing this information, combinations of digem agents and
transition-metal hydride donors can be identifiddnimating the need for hazardous,

expensive stoichiometric reagents.
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2 Equiv. H,

S—=SnBuj; W\
E:[ H;NBH; PB

SH
HCI + @ES—SnBu3
S_SHBU3
CL,,
SH
SH
Bu;SnCl + ©i
SH S, H
B
NaOH or Et;N S/ NH;

Formic Acid Bu;SnH

j ‘Y%S“H
A \
Bu;SnOC(O)H - €O, S
B INHI[B(CeH,S,),]
S/ NH3

(1.17)
1.3.6 Hybrid MaterialsTry to Bridge the Gap Between AB and Metal Hydrides

-

Another class of amine boranes that has receivéentain is the metal
amidoboranes. The progenitor of this class wasusocdmidoborane (Na(NiBH3)),
synthesized in 1938 by Schlesinger and Bdrg:he lithium analogue was identified by
Myers in 1996 and initially used as a powerful reductant. Metmidoboranes have the
potential to combine the high hydrogen content ofine boranes with the cleaner
reaction pathways of metal borohydrides. Thermobkglease from lithium amidoborane
can give 10.9 weight percent hydrogen while theilsndanalogue is only 7.5 weight
percent. These materials can be made through stiié ball milling of AB and the
desired metal hydride/amide or similarly can be enawd ethereal solvents such as
tetrahydrofurard:*****® The range of compounds that can be synthesiZedgis and use
alkal®***>*8and alkaline earth metal§:**** Lithium amidoborane can begin to release
hydrogen at lower temperatures than even AB givirgg great advantage. As a class,
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they also decompose cleaner than neat AB by neaselg borazine; however, they do
release a good deal of ammonia. The ultimate giohle use of metal amidoboranes is to
achieve on-board regeneration of the spent fued.y&, none of the materials produced
have shown the ability to uptake hydrogen at realslentemperature for regeneration.
The other draw backs are lower hydrogen contenttduge addition of the metal and

additional synthetic steps.
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1.4  Conclusions

As petroleum supplies run low and the need foralhernative energy carrier
becomes evident, hydrogen has the potential tolanppetroleum as the United States’
and the worlds’ primary energy carrier. Ammoniade is one of the most promising
hydrogen storage materials due to its high magenaight percent and stability. While
the solid-state reaction of AB is slow and incongleghere are many methods being
researched to enhance the rate and extent,otlelase from AB. There have been
advances in the use of metals, carbon scaffold,aardl catalysis to achieve the DOE’s
targets; however none have solved the problems MBhH,-release either due to low
extent and/or rate of }telease or high cost. Now methods for activating
dehydrogenation catalysis are needed to help ABrhea solution for hydrogen storage.
Chapters 2 and 3 demonstrate two new complimentary ways of actiati,-release

from AB.
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Chapter 2

Ammonia Borane Hydrogen Release in lonic Liquids

Summary

lonic liquids were found to promote the rate anderk of H-release from
ammonia borane (AB), a promising, high capacity rogén storage material. For
example, AB reactions at 8% in 1-butyl-3-methylimidazolium chloride (bmimCl)
(50:50-wt%) exhibited no induction period and reks& 1.0 Hequiv. in 67 min and 2.2
H,-equiv. in 330 min at 88C, whereas comparable solid-state AB reactionseha80
min induction period and required 360 min to reéead.8 H-equiv. at 85°C, with the
release of only another ~0.%L4dquiv. at longer times. Significant rate enhaneets for
the ionic-liquid mixtures were obtained with onlyoderate increases in temperature,
with, for example, a 50:50-wt% AB/bmimCl mixtureleasing 1.0 Kequiv. in 5 min
and 2.2 H-equiv. in only 20 min at 118C. Increasing the AB/bmimClI ratio to 80:20
still gave enhanced Felease rates compared to the solid-state, amdupedl a system
that achieved 11.4 materials-weight percentrélease. Solid-state and solutiolB
NMR studies of AB H-release reactions in progress support a mecharpsthway
involving: (1) ionic-liquid promoted conversion @B into its more reactive ionic
diammoniate of diborane (DADB) form, (2) furthertarmolecular dehydrocoupling
reactions between hydridic B-H hydrogens and piotd+H hydrogens on DADB
and/or AB to form neutral polyaminoborane polymesd (3) polyaminoborane

dehydrogenation to unsaturated cross-linked pobhdene materials.
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2.1 Introduction

The requirement for efficient and safe methodshgdrogen storage is a major
hurdle that must be overcome to enable the useydfogen as an alternative energy
carrier™® Owing to its high hydrogen content, ammonia ber&hB) has been identified
as one of the leading candidates for chemical lgghistorage, potentially releasing 19.6
Wt% H, according tdEquation 2.1°

H;NBH;— BN + 3H, (2.1)

As discussed irfChapter 1, partial dehydrogenation of ammonia borane can be
thermally induced in the solid-stdté,but to be useful for hydrogen storage, milder
conditions and more controllable reactions stilechdo be developed. Such reactions
could, in principle, be attained in solution, butagical applications of chemical
hydrogen storage would require a replacement f@wthiatile organic solvents that have
traditionally been employed for reactions of molacwchemical hydrides. The work
reported in thiChapter demonstrates that ionic liquids provide advantageuedia for
ammonia borane dehydrogenation in which both thengxand rate of hydrogen release
are significantly increased. Solid-state a@ndsitu *'B NMR studies of reactions in
progress are also presented that provide insigbtthe intermediates and mechanistic

steps involved in ionic-liquid promoted ABHelease.
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2.2 Experimental Section
2.2.1 Materials

All  manipulations were carried out using standardghktvacuum or
inert-atmosphere techniques as described by SHrivemmonia borane (Aviabor 97%
minimum purity) was ground into a free flowing posvdusing a commercial coffee
grinder. The diammoniate of diborane (DADB) wasthgsized by the literature
method’ The 1-butyl-3-methylimidazolium iodide (bmiml) wa synthesized
sonochemically from 1-iodobutane and 1-methyl-imma according to literature
method€  All ionic liquids, including 1-butyl-2,3-dimethiyhidazolium chloride
(bmmimCl) (EMD), 1-butyl-3-methylimidazolium tetdabroborate (bmimBE),
1-butyl-3-methylimidazolium chloride (bmimCl), 1-tyl-3-methylimidazolium triflate
(bmimQOTY), 1-butyl-3-methylimidazolium hexafluoropgphate (bmimP4},
1-ethyl-2,3-dimethylimidazolium ethylsulfate (emnin$Qy),
1-ethyl-2,3-dimethylimidazolium triflate  (emmimOTf) 1,3-dimethylimidazolium
methylsulfate  (mmimMeSg§) and  1-propyl-2,3-dimethylimidazolium  triflide
(pmmimTHC) (Aldrich) were dried by toluene azeotropic digtion to remove any
moisture. Tetraethylene glycol dimethyl ether (88999%) (tetraglyme) and ethylene
glycol dimethyl ether (Sigma 99%) (glyme) were st from sodium under vacuum
with heating.
2.2.2 Physical Measurements
2.2.2.1 H-Release Measured On a Toepler Pump

The Toepler pump system used for hydrogen measutemeas similar to that
described by Shrivér. The Toepler pumpFigure 2.1) system also enabled the trapping
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of any volatile dehydrogenation products. Thishodtof measuring Hrelease worked
best for reactions with slow JHelease rates, since the Toepler pump requiresraev
minutes to make each measurement. The released ffam the reaction vessel were
first passed through a liquid nitrogen trap befowatinuing on to the Toepler pump (700
mL). The released Hvas then pumped into a series of calibrated votuwiéh the final
pressure of the collected,Hyas measured (x0.5 mm) with the aid of a U-tube
manometer. After the Hmeasurement was completed, the in-line liquidogin trap
was warmed to room temperature and the amountyotalatiles that had been trapped

were then also measured using the Toepler pump.

Hg

Sysfem connected fo high vacuum

Figure 2.1 Toepler pump system used fos-t¢lease measurements.

2.2.2.2 B-Release Measured On an Automated Gas Burette
For reactions with faster rates, an automated gastte was employed for
H,-release measurements. The automated gas buFigiteg 2.2) was based on a design
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reported by Zheng et dl.but employed all glass connections with a colg &8 °C)
inserted between the reaction flask and burettellow trapping of any volatiles that
might have been produced during the reaction. da®e burette enabled rapid data

collection of H-release at short time ranges.

Vacuum transducer

- vt s
1 —|-. -I.

ST sl

Figure 2.2 Automated gas burette used F-release measurements.

Unlike the Toepler pump reactions, which were rurder vacuum, reactions
carried out with the burette were run under ine$ gt atmospheric pressure to mimic
real-world conditions. As shown iRigure 2.2, the reactions were carried out in the
volume-calibrated flask on the right, which wasngad into a pre-heated oil bath to start
the reaction. On top of the reaction flask wasaancondenser to keep most of the
volatiles in the reaction flask. The KHtream, along with any additional volatiles, pdsse

through the -78C trap and flowed into the bottom of the oil-filldmlirette. As K
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collected at the top of the burette, the oil flowiath a reservoir kept at atmospheric
pressure (measured with pressure gauge). Theupeedgference in the burette was
tracked with a vacuum transducer and the temperatas tracked at multiple locations
with thermocouples. All data were collected andcpssed on a program written in
LabVIEW 8.5 by Zheng et 4l.

A typical data set collected with the automated lya®tte is shown iffable 2.1
where the data in columns one and two run from pade 24, then begin again in
columns 3 and 4. The data set is plotte&igure 2.4 plot B. The number of seconds
per data point was set from 1 point per secondoaup or more seconds per point
depending on the rate of the reaction and lengtreation. The example is from the
measurement of the,Helease from a solid-state AB sample at’85for ~400 minutes
with 1 point every 10 seconds. The flask was paghato the oil bath at time point
0.73698 min after the computer program had timesdailibrate. Since this was a
solid-state reaction, the time between plungingfidek into the oil bath and the onset of
H,-release corresponds to the AB induction periode Tlnctuations in the baseline
before the onset of Aelease are just due to signal noise:-rélease began at the bolded
time point 170.203 min on page 20 and essentidigped at the bolded point 376.604
min on page 22. Control experiments conductedoumitiAB showed negligible pressure
change, corresponding to less than <0.01 gas dguatgawhen a helium filled reaction
flask connected to the gas burette was heated 4ga8C. Clearly, a large amount of
data can be collected with this setup. The resh@fdata sets for the gas burette graphs

presented irChapter 2 are available on a CD submitted with the paperycofpthis
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dissertation and electronically in the supplemenfdes submitted with the electronic

copy of this dissertation.

Table 2.1. AB H-Release Data Collected on the Automated Gas Burett
from the H,-Release Reaction of a Solid-State AB Sample at 85

Equiv.
0
-0.001
-0.0028
-0.0009

Time Equiv.
0.33698 0.02658
0.47031 0.02712
0.60365 0.02562
0.73698 0.025

0.00396 0.87031 0.0242
0.11409 1.00365 0.02481
0.04792 1.13672 0.02395
0.03474 1.27005 0.02207
0.02714 1.40365 0.0235
0.01239 1.53672 0.02249

0.0034
-0.0033
-0.0058
-0.0004
-0.0061
-0.0086
-0.0027
-0.0059
-0.0079

1.67005 0.02169
1.803390.02341
1.936720.02322
2.070050.02372
2.203390.02417
2.336720.02417
2.47005 0.02336
2.60365 0.02339
2.73698 0.02378

0.00052 2.87031 0.02494

-0.0082
-0.0082
-0.0094
-0.0083
-0.009
-0.0092
-0.0096
-0.0086
-0.0081
-0.0093
-0.0078

3.00365 0.02403
3.13698 0.02175
3.27005 0.01951
3.40339 0.02296
3.53672 0.02577
3.67005 0.02668
3.80339 0.0232
3.93672 0.02046
4.070050.02377
4.20365 0.02235
4.33698 0.02219

Time
98.337

Equiv. Time

0.0856

Equiv.

98.4701 0.08554 196.604 0.66583 294.737

98.6034 0.08685 196.737 0.6648

294.87

98.737 0.08798196.87 0.66334 295.003
98.8703 0.08789 197.003

99.0036
99.137
99.2703

0.08893 197.137
0.08952 197.27
0.08984 197.403

99.4036 0.09402 197.537

99.537
99.6701
99.8036

99.937

100.07
100.203
100.337

100.47
100.604
100.737

100.87
101.004
101.137

101.27
101.403
101.537

0.09007 197.67
0.09194 197.803
0.09225 197.937
0.09327 198.07
0.09267 198.203
0.09316 198.337
0.09308 198.47
0.09507 198.604
0.09856 198.737
0.09568 198.87

0.096
0.09687 199.27
0.10136 199.403
0.09723 199.537
0.09853 199.67

0.66541 295.137
0.66588 295.27
0.66595 295.403
0.66779 295.537
0.66859 295.67
0.66852 295.803
0.66792 295.937
0.6691 296.07
0.66914 296.203
0.66912 296.337
0.66991 296.47
0.67269 296.603
0.67334 296.737
0.67406 296.87

0.6737 297.003
0.09653 199.003 0.6729 297.137
199.137 0.67458 297.27

0.67574297.403
0.67612 297.537
0.67767 297.67
0.67786 297.803

101.67 0.09974 199.803 0.67661 297.937
101.804 0.09993 199.937 0.67861 298.07
101.937 0.10082 200.07 0.67827 298.204
102.07 0.10217 200.204 0.67904 298.337
102.203 0.10229 200.337 0.68326 298.47
102.337 0.10306 200.47 0.67994 298.603

Time
196.47 0.6649294.603
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-0.0072
-0.0116
-0.0102
-0.0113
-0.0102
-0.0096
-0.0079
-0.0087
-0.0079
-0.0068
-0.0079
-0.0082
-0.0068
-0.008
-0.006
-0.0065
-0.0077
-0.0075
-0.0074
-0.0072
-0.0068
-0.0062
-0.0053
-0.0073
-0.0063
-0.005
-0.0039
-0.0037
-0.0032
-0.0018
-0.0014
-0.0017
-0.0017
-0.0032
-0.0016
-0.0024
-0.003
-0.0027
-0.0037
-0.0035

4.47031 0.0219
4.60365 0.02299
4.73698 0.02317
4.87031 0.02508
5.003390.02422
5.13672 0.02233
5.270310.02144
5.40365 0.0234
5.536720.02223
5.67005 0.0223
5.80339 0.02298
5.93672 0.02354
6.07005 0.02253
6.20339 0.02204
6.33672 0.02254
6.47005 0.0234
6.60365 0.021

6.736720.02026
6.87005 0.0209
7.00365 0.02104
7.13698 0.02005
7.270310.02162
7.40365 0.02308
7.53698 0.02474
7.670310.02237
7.80339 0.02222
7.93698 0.02366
8.07005 0.02226
8.20339 0.01967
8.336720.01915
8.47005 0.02022
8.60339 0.02004
8.736720.01944
8.87005 0.01986
9.00365 0.02008
9.13698 0.01945
9.27031 0.02125
9.40365 0.02048
9.536720.02135
9.670050.02216

102.47
102.603
102.737

102.87
103.003
103.137

103.27

0.10432200.604 0.68089 298.737
0.10474 200.737 0.68135 298.87
0.10441 200.87 0.68121299.003
0.10529 201.004 0.68326 299.137
0.1057 201.1370.68312 299.27
0.10689 201.27 0.68413299.403
0.10769201.403 0.6847 299.537

103.403 0.10678 201.537 0.68473 299.67

103.537

103.67
103.803
103.937

104.07

104.204
104.337

104.47

104.604 0.11099 202.737

104.737
104.87
105.003
105.137
105.27
105.403
105.537
105.67
105.803
105.937
106.07
106.204
106.337
106.47
106.604
106.737
106.87
107.003
107.137
107.27
107.403
107.537
107.67

0.10657 201.67 0.68436299.803

0.109 201.808.68641 299.937
0.10806 201.937 0.68577 300.07
0.10802 202.07 0.68527 300.204
0.10857 202.204 0.69099 300.337
0.10881 202.337 0.68879 300.47
0.10884 202.47 0.68815300.603
0.11114202.603 0.68872 300.737
0.69124 300.87
0.68864301.004
0.68754 301.137

0.1133 202.87
0.11186203.003

0.11276 203.137
0.11234 203.27
0.11355203.403
0.11429 203.537
0.11815 203.67
0.11391 203.803

0.69084 301.27
0.68952 301.403
0.68689 301.537
0.68979 301.67
0.69288 301.803
0.69166 301.937

0.114 203.937 0.69201 302.07
0.1164 204.07 0.69404302.204
0.11704 204.203 0.69321 302.337
0.11797 204.337 0.6927 302.47
0.11787 204.47 0.69365 302.603
0.11874 204.603 0.69462 302.737
0.11848 204.737 0.69368 302.87
0.1184 204.87 0.69443303.003
0.12355 205.003 0.69587 303.137
0.11887 205.137 0.69438 303.27
0.12503 205.27 0.69531 303.403
0.11891 205.403 0.70269 303.537
0.12618 205.537 0.69627 303.67
0.12141 205.67 0.69645 303.803
0.12214 205.803 0.6978 303.937
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-0.0059
-0.0045
-0.0061
-0.0072
-0.0053
-0.0047
-0.003
-0.0035
-0.0022
-0.0025
-0.0059
-0.0037
-0.0032
-0.0014
-0.0013
-0.002
-0.001
-0.0013
-0.001
0.00017
-0.0016
-3E-05
-0.0008
-0.0015
-0.001
-0.0015
-0.0034
-0.0022
-0.002
-0.0008
-0.0015
-0.0012
-0.0023
-0.0003
0.00251
0.00019
0.00033
0.00107
6.2E-05
-0.0011

9.80339 0.0209 107.8030.12438 205.937 0.69712 304.07
9.936720.02211 107.937 0.12426 206.07 0.69896 304.203
10.07010.02264 108.07 0.12478206.203 0.69983 304.337

10.2034 0.02195 108.203 0.12379 206.337 0.6995

304.47

10.337 0.02318108.337 0.12542 206.47 0.70035304.604
0.1249 206.604.69854 304.737
108.604 0.1262 206.7370.70157 304.87
108.737 0.12519 206.87 0.70017 305.003
108.87 0.12987 207.004 0.69967 305.137

10.4703 0.0223
10.6034 0.02209
10.7367 0.02101
10.8701 0.02324
11.0034 0.01943
11.1367 0.0189
11.27010.01892
11.4034 0.01946
11.5367 0.01958
11.6703 0.02033

108.47

109.003

0.12795 207.137

109.1370.12902 207.27

109.27
109.403
109.537

109.67

0.12921 207.403
0.13117 207.537
0.13647 207.67
0.13124 207.803

11.8036 0.0206 109.8040.13229 207.937

11.937
12.0703 0.0189
12.2034 0.01988
12.3367 0.01989
12.4701 0.02006
12.6034 0.02108
12.7367 0.02192
12.8701 0.02093
13.0034 0.02105
13.1367 0.02027
13.2701 0.01836
13.4034 0.01941

0.0176 109.93D.13364 208.07

110.07 0.13245208.203

110.203
110.337
110.47
110.603
110.737
110.87
111.003
111.137
111.27
111.404

13.537 0.01964111.537

13.6701 0.01894
13.8034 0.02002
13.9367 0.01848
14.0703 0.01885
14.2036 0.02013

111.67
111.804
111.937

112.07
112.204

14.337 0.01886 112.337

14.4701 0.02203
14.6034 0.01827
14.7367 0.01653
14.8701 0.01661
15.0034 0.01998

112.47
112.604
112.737

112.87
113.003

0.13491 208.337
0.13572 208.47
0.13521 208.604
0.13579 208.737
0.13622 208.87
0.13762 209.003
0.13761 209.137
0.13718 209.27
0.1384
0.13909
0.14142
0.1402
0.1424
0.14255 210.07
0.14904 210.203
0.14438 210.337
0.14477 210.47
0.14527 210.603

209.537
209.67

0.70263 305.27
0.70049 305.403
0.70037 305.537
0.70161 305.67
0.70326 305.804
0.70205 305.937
0.70777 306.07
0.70465 306.203
0.70565 306.337
0.70484 306.47
0.70463 306.603
0.70603 306.737
0.70855 306.87
0.70911 307.003
0.70957 307.137
0.70839 307.27
0.70805 307.404

209.4030.7096 307.537

0.70909 307.67
0.71002 307.803

209.8030.71072 307.937
209.9370.71083 308.07
0.7088 308.203

0.71038 308.337
0.71131 308.47
0.71075 308.603
0.71343 308.737

0.1455 210.7370.71753 308.87

0.14654 210.87
0.14708 211.003
0.14995 211.137

0.71378 309.004
0.71479 309.137
0.7142  309.27
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-0.0009
-0.0018
-0.0009
-0.0015
-0.0008
0.00051
-0.0003
0.00095
0.00142
0.00253
0.00324
0.00279
0.00204
0.00364
0.00345
0.00343
0.00302
0.00253
0.00348
0.002
0.00404
0.00173
0.0024
0.00254
0.00141
0.00126
0.00152
0.00218
0.00475
0.0036
0.00313
0.00458
0.00403
0.00272
0.00395
0.00456
0.00274
0.00404
0.00284
0.00351

15.1367 0.01948
15.2701 0.01859
15.4034 0.01893
15.5367 0.02005
15.6701 0.0175
15.8034 0.01682
15.9367 0.01658
16.0701 0.01625
16.2034 0.01796
16.3367 0.01859
16.4701 0.01771
16.6036 0.0171
16.737 0.0173
16.8703 0.01574
17.0034 0.01238
17.1367 0.0101
17.2701 0.01301
17.4034 0.01563
17.5367 0.0196
17.6701 0.01852
17.8034 0.01831
17.9367 0.02023
18.07010.01766
18.2034 0.01904
18.3367 0.01896
18.4701 0.01705
18.6034 0.01702
18.7367 0.01585
18.8701 0.01737
19.0034 0.01707
19.1367 0.01748
19.2701 0.0186
19.4034 0.01763
19.5367 0.01812
19.6701 0.01827
19.8034 0.01858

113.137
113.27
113.404
113.537

113.67
113.804
113.937

114.07
114.203
114.337

114.47

0.14777 211.27
0.14778 211.403
0.15098 211.537
0.15044 211.67
0.15234211.803
0.15354 211.937
0.15294 212.07
0.15189212.203
0.15813 212.337
0.15274 212.47
0.15374 212.603

114.603 0.15557 212.737
114.7370.15648 212.87

114.87
115.004

0.15685 213.003
0.15804 213.137

115.1370.15841 213.27

115.27
115.403

115.537 0.1615

115.67
115.803
115.937

116.07
116.203
116.337

116.47
116.603
116.737

116.87
117.004
117.137

117.27
117.403
117.537

117.67

117.803

19.937
20.0703
20.2036
20.3367

0.01673117.937
0.01947 118.07
0.01828 118.203
0.01941 118.337

0.15994 213.403
0.16098 213.537

0.16079 213.803
0.16267 213.937
0.16326 214.07
0.16836 214.203
0.16268 214.337
0.16574 214.47
0.16587 214.603
0.16666 214.737
0.16628 214.87
0.16753 215.003
0.16989 215.137
0.16946 215.27
0.17057215.403
0.16991 215.537
0.17193 215.67
0.17121 215.803
0.17135 215.937
0.17144 216.07
0.17298 216.203
0.17502 216.337
0.17453 216.47

213.67

0.71503 309.403
0.71451 309.537
0.71584 309.67
0.71626 309.803
0.7173 309.937
0.71778 310.07
0.71751 310.203
0.71713 310.337
0.71665 310.47
0.71799 310.603
0.718 310.737
0.71944 310.87
0.72001 311.003
0.72053 311.137
0.72059 311.27
0.72031 311.403
0.71998 311.537
0.72049 311.67
0.72124311.803
0.72156 311.937
0.72197 312.07
0.72255312.204
0.72173 312.337
0.72353 312.47
0.72379 312.604
0.72455 312.737
0.72391 312.87
0.72493 313.003
0.72504 313.137
0.72668 313.27
0.72588 313.403
0.72731 313.537
0.72665 313.67
0.72953 313.803
0.72875 313.937
0.72842 314.07
0.72875314.203
0.72953 314.337
0.73029 314.47
0.73036 314.603

60



0.00251
0.00368
0.004
0.00335
0.00125
0.00198
0.00338
0.00489
0.00465
0.00545
0.00455
0.00234
0.00016
0.00311
0.00186
0.00112
0.00354
0.00341
0.00449
0.00434
0.00619
0.00414
0.00643
0.00292
0.00531
0.00287
0.00337
0.00527
0.00594
0.00479
0.00306
0.00463
0.00416
0.00367
0.00492
0.00625
0.0065
0.00885
0.0072
0.00715

20.4701 0.01912 118.47 0.17324216.603 0.73095 314.737

20.6036 0.01974

118.604

20.737 0.01945118.737

20.8703 0.0186
21.0034 0.01985
21.1367 0.01979
21.2701 0.02022
21.4034 0.01893
21.5367 0.01982
21.6701 0.01905
21.8034 0.01972
21.9367 0.01925
22.0703 0.01931
22.2034 0.01929
22.3367 0.01635
22.4703 0.01829
22.6036 0.01785

118.87
119.004
119.137

119.27
119.403
119.537

119.67
119.804
119.937

120.07
120.204
120.337

120.47
120.603

22.737 0.01784120.737
22.8701 0.01974 120.87 0.18576219.003 0.73626 317.137
23.0034 0.0183 121.0030.18614 219.137 0.73645 317.27

23.1367 0.01661
23.2701 0.01608
23.4036 0.01758
23.5367 0.01789
23.6701 0.01662
23.8034 0.01736
23.9367 0.01797
24.0703 0.01843
24.2036 0.01653

121.137
121.27
121.403
121.537
121.67
121.803
121.937
122.07
122.203

24.337 0.01668 122.337

24.4701 0.01761
24.6034 0.01853
24.7367 0.01806
24.8701 0.01851
25.0036 0.01683
25.1367 0.0175
25.27010.01658

122.47
122.603
122.737

122.87
123.004

0.17767 216.737 0.73115 314.87
0.17612 216.87 0.73149315.003
0.17559217.003 0.73046 315.137
0.17749 217.137 0.73183 315.27
0.17708 217.27 0.73362 315.403
0.17884 217.403 0.73284 315.537
0.177 217.5370.73225 315.67
0.17966 217.67 0.73408 315.804
0.17913217.804 0.7327 315.937
0.17926 217.937 0.7321 316.07
0.18457 218.07 0.73446316.203
0.17977218.203 0.73413 316.337
0.17935 218.337 0.7348 316.47
0.1807 218.47 0.73592316.603
0.18418 218.603 0.73401 316.737
0.1852 218.7370.73571 316.87
0.18374 218.87 0.73558317.003

0.18615 219.27 0.7367 317.403
0.18765219.403 0.7367 317.537
0.18645 219.537 0.73661 317.67
0.19185 219.67 0.73483317.803
0.18642 219.803 0.73805 317.937
0.18755 219.937 0.738  318.07
0.18809 220.07 0.7378 318.203
0.19024 220.203 0.74415 318.337
0.19127 220.337 0.7387 318.47
0.1918 220.47 0.7391 318.603
0.19236 220.603 0.73806 318.737
0.1914 220.7370.73781 318.87
0.19569 220.87 0.74008 319.003
0.19453221.004 0.73815 319.137
0.19406 221.137 0.73981 319.27

123.137 0.1975 221.27 0.74066319.404

123.27

0.19701 221.404 0.74088 319.537

254036 0.0162 123.4030.19644 221.537 0.74161 319.67
25.537 0.01605123.537 0.19916 221.67 0.74172319.804
25.6703 0.01585 123.67 0.197/87221.803 0.74118 319.937

61



0.00868
0.00503
0.00513
0.00727
0.00794
0.00544
0.00526
0.00525
0.00448
0.00433
0.00493
0.00525
0.00637
0.00543
0.00763
0.00576
0.00588
0.0062
0.00751
0.00728
0.00679
0.0076
0.00887
0.00665
0.00825
0.00605
0.00654
0.00577
0.00559
0.00621
0.00639
0.00892
0.00675
0.00854
0.00738
0.006
0.00525
0.00663
0.00786
0.00832

25.8034
25.9367
26.0701
26.2036
26.3367
26.4703
26.6034
26.7367
26.8701
27.0036
27.137
27.2701
27.4036
27.537
27.6703

0.01674
0.0176
0.01698
0.01664
0.01653
0.01741
0.01705
0.01587
0.01661
0.01716

123.804 0.19755 221.937 0.74092 320.07
123.9370.19918 222.07 0.74133320.203
124.07 0.20076 222.203 0.74273 320.337
124.204 0.19998 222.337 0.74404 320.47

124.337

0.2007

222.47 0.74427320.603

124.47 0.20406 222.604 0.74424 320.737
124.603 0.2036 222.7370.74329 320.87
124.737 0.20339 222.87 0.74638 321.003
124.87 0.20083 223.003 0.74531 321.137
125.003 0.1981 223.1370.74537 321.27

0.01597 125.137 0.2023
0.01704 125.27 0.21148223.403
0.01761 125.403 0.20251 223.537

0.0167 125.5370.19912 223.67
0.01747 125.67 0.20233223.803

27.8036 0.01726 125.803 0.20432 223.937
27.937 0.01591125.937 0.20174 224.07

28.0703 0.01505
28.2034 0.0157
28.3367 0.01596
28.4701 0.01703
28.6034 0.01717
28.7367 0.01814
28.8701 0.01647
29.0034 0.01438
29.1367 0.01686
29.2701 0.0158
29.4036 0.01712
29.537
29.6701
29.8034
29.9367
30.0701

0.01545
0.01575
0.01496
0.01665
30.2034 0.01666
30.3367 0.01878
30.4701 0.01564
30.6034 0.01869
30.7367 0.01835
30.8701 0.01633
31.0034 0.01615

126.07

0.20244 224.203

126.204 0.20458 224.337

126.337
126.47
126.604
126.737
126.87
127.003
127.137

127.27
127.403

0.01658 127.537

127.67
127.804
127.937

128.07
128.204
128.337

128.47
128.603
128.737

128.87
129.003

0.20479 224.47
0.20189 224.603
0.20553 224.737
0.20561 224.87
0.20405 225.003
0.20587 225.137
0.20791 225.27
0.20829225.403
0.20707 225.537
0.21074 225.67
0.21619 225.803
0.21122 225.937
0.21213 226.07
0.21173 226.203
0.21214 226.337
0.21494 226.47
0.21455 226.603
0.22146 226.737
0.21374 226.87
0.21781227.003
0.21589 227.137

223.27 0.74573321.403

0.74518 321.537
0.74617 321.67
0.74684 321.803
0.74594 321.937
0.75148 322.07
0.74688 322.203
0.74865 322.337
0.74892 322.47
0.7486 322.603
0.74989 322.737
0.74987 322.87
0.75018 323.004
0.75001 323.137
0.75101 323.27
0.75217 323.403
0.75086 323.537
0.75092 323.67
0.75087 323.804
0.75186 323.937
0.75277 324.07
0.75351 324.203
0.7523 324.337
0.75194 324.47
0.75252 324.604
0.75326 324.737
0.75391 324.87
0.75883 325.003
0.75636 325.137
0.7561 325.27

62



0.00861
0.00918
0.0079
0.00735
0.00746
0.00762
0.00917
0.00923
0.00951
0.01125
0.01144
0.00982
0.01375
0.01255
0.01096
0.01038
0.01106
0.01134
0.01033
0.0115
0.01077
0.00996
0.00856
0.00938
0.00968
0.00813
0.00864
0.00964
0.00958
0.009
0.00827
0.0098
0.01
0.01102
0.01215
0.01005
0.01112
0.01147
0.01112
0.01119

31.1367 0.01885
31.2701 0.01593
31.4034 0.01708

129.137 0.22215 227.27 0.75428 325.403
129.27 0.22167 227.403 0.75576 325.537
129.404 0.21928 227.537 0.75542 325.67

31.537 0.01845129.537 0.21859 227.67 0.75559 325.803

31.6703 0.0166
31.8036 0.01745

129.67 0.22591227.803 0.75531 325.937
129.803 0.22361 227.937 0.75595 326.07

31.937 0.01729129.937 0.22243 228.07 0.7575 326.203

32.0703 0.01705
32.2034 0.01797
32.337 0.0168
32.4701 0.01663
32.6034 0.01779
32.7367 0.01785
32.8701 0.01792
33.0034 0.01906
33.1367 0.01505
33.2701 0.0172
33.4034 0.01823
33.5367 0.01921
33.67010.01748
33.8034 0.01632

130.07 0.22575228.203 0.75686 326.337
130.203 0.23037 228.337 0.75712 326.47
130.3370.22597 228.47 0.75651 326.603
130.47 0.22881228.603 0.75652 326.737
130.604 0.22784 228.737 0.75763 326.87
130.737 0.23594 228.87 0.75839327.004
130.87 0.22948 229.004 0.75769 327.137
131.004 0.23248 229.137 0.7583 327.27
131.137 0.23137 229.27 0.75826 327.403
131.27 0.23326229.403 0.7596 327.537
131.403 0.23528 229.537 0.75857 327.67
131.537 0.23367 229.67 0.75744327.803
131.67 0.2359 229.8030.75769 327.937
131.804 0.24432 229.937 0.75861 328.07

33.937 0.01729131.937 0.23796 230.07 0.75796 328.203

34.0701 0.01715
34.2036 0.01672
34.3367 0.01889
34.4701 0.01772
34.6034 0.01798
34.7367 0.01742
34.8701 0.01602
35.0034 0.01548
35.1367 0.01538
35.2701 0.0163
35.4034 0.01638
35.5367 0.01646
35.6701 0.01671
35.8034 0.0163
35.9367 0.01571
36.0701 0.01493
36.2034 0.0162
36.3367 0.01696

132.07 0.23752230.203 0.76135 328.337
132.203 0.24026 230.337 0.75874 328.47
132.337 0.2472 230.47 0.75863328.604
132.47 0.24133230.604 0.76074 328.737
132.603 0.24268 230.737 0.75954 328.87
132.737 0.24552 230.87 0.7606 329.004
132.87 0.24588 231.004 0.76095 329.137
133.003 0.24501 231.137 0.76094 329.27
133.137 0.24775 231.27 0.75979329.403
133.27 0.25521231.404 0.75996 329.537
133.403 0.24844 231.537 0.76145 329.67
133.537 0.24987 231.67 0.76305329.804
133.67 0.25177 231.803 0.76255 329.937
133.8030.25197 231.937 0.76356 330.07
133.937 0.25299 232.07 0.76287 330.203
134.07 0.25406 232.204 0.76319 330.337
134.203 0.26005 232.337 0.76336 330.47
134.337 0.25476 232.47 0.76322 330.603
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0.01033
0.0099
0.01064
0.01167
0.01087
0.01132
0.01091
0.01103
0.0102
0.01062
0.01029
0.01093
0.01063
0.01251
0.01051
0.00974
0.01074
0.00993
0.01233
0.01247
0.01271
0.01225
0.01248
0.01225
0.01293
0.0125
0.01501
0.01482
0.01317
0.01146
0.0119
0.0119
0.01225
0.0118
0.0139
0.01251
0.01268
0.01202
0.01221
0.01071

36.4701 0.01588 134.47 0.25412232.603 0.76473 330.737
36.6034 0.01672 134.603 0.26367 232.737 0.76381 330.87
36.737 0.01556 134.737 0.25695 232.87 0.76317 331.004
36.8703 0.01631 134.87 0.25737 233.003 0.76474 331.137
37.0036 0.01576 135.003 0.26074 233.137 0.76559 331.27
37.1367 0.01595 135.137 0.26125 233.27 0.76427 331.403
37.2701 0.01438 135.27 0.26118 233.403 0.76952 331.537
37.4034 0.01605 135.403 0.26164 233.537 0.76629 331.67
37.5367 0.01608 135.537 0.26281 233.67 0.76554331.803
37.6701 0.01461 135.67 0.26627 233.803 0.76573 331.937
37.8034 0.0166 135.8030.26478 233.937 0.76738 332.07
37.9367 0.01766 135.937 0.26582 234.07 0.76638 332.203
38.0701 0.01502 136.07 0.2668 234.2030.76713 332.337
38.2034 0.01333 136.203 0.26734 234.337 0.76788 332.47
38.3367 0.01392 136.337 0.27272 234.47 0.76774332.603
38.4701 0.01589 136.47 0.26924 234.603 0.76666 332.737
38.6036 0.01462 136.603 0.26928 234.737 0.76649 332.87
38.7367 0.01359 136.737 0.27109 234.87 0.76577333.004
38.8701 0.01583 136.87 0.27189 235.003 0.76658 333.137
39.0034 0.01598 137.003 0.2721 235.1370.76613 333.27
39.1367 0.01543 137.137 0.27201 235.27 0.76639 333.404
39.2703 0.01758 137.27 0.27429 235.403 0.76724 333.537
39.4036 0.01419 137.403 0.27409 235.537 0.76828 333.67
39.537 0.01471137.537 0.2748 235.67 0.76803333.803
39.6701 0.01616 137.67 0.27575235.803 0.77098 333.937
39.8034 0.01349 137.803 0.27788 235.937 0.76964 334.07
39.9367 0.01395 137.937 0.27925 236.07 0.7699 334.203
40.0701 0.01435 138.07 0.28146236.203 0.7704 334.337
40.2036 0.01563 138.203 0.27942 236.337 0.76959 334.47
40.337 0.01594138.337 0.28057 236.47 0.76959 334.603
40.4701 0.0145 138.47 0.28459236.604 0.77076 334.737
40.6036 0.01667 138.603 0.2828 236.737 0.7716 334.87
40.737 0.01533138.737 0.2831 236.87 0.77092335.004
40.8703 0.0145 138.87 0.28977237.003 0.7715 335.137
41.0036 0.0165 139.0040.28448 237.137 0.77208 335.27
41.137 0.01481139.137 0.28525 237.27 0.77235335.404
41.2703 0.01605 139.27 0.28634237.403 0.77255 335.537
41.4036 0.01538 139.403 0.29191 237.537 0.77171 335.67
41.537 0.01505139.537 0.28972 237.67 0.77325335.803
41.6701 0.01684 139.67 0.2896 237.803 0.773 335.937
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0.01182
0.0134
0.01369
0.01485
0.01474
0.01628
0.01578
0.01307
0.01235
0.01287
0.01253
0.0112
0.01078
0.01272
0.0119
0.01181
0.01151
0.01366
0.01314
0.01363
0.01288
0.01248
0.01348
0.01338
0.01455
0.01308
0.01312
0.0149
0.01527
0.01457
0.01408
0.01357
0.01454
0.01651
0.01662
0.01469
0.01619
0.01555
0.01516
0.01649

41.8034
41.937
42.0701
42.2034
42.3367
42.4701
42.6034
42.7367
42.8701
43.0034 0.01528
43.1367 0.01747
43.27030.01747 141.27
43.4036 0.01612 141.403
43.537 0.01506 141.537
43.67030.01653 141.67
43.8034 0.01609 141.804
43.937 0.01639141.937
44.0703 0.0156 142.07
44.2034 0.01357 142.203
44.3367 0.01643 142.337
44.4701 0.01624 142.47
44.6034 0.01561 142.604
44.737 0.01505 142.737
44.8703 0.0156 142.87
45.0036 0.01449 143.003
45.1367 0.01288 143.137
45.2701 0.01642 143.27
45.4034 0.01413 143.403
45.5367 0.01436 143.537
45.6701 0.01371 143.67
45.8034 0.01488 143.803
45.937 0.01229 143.937
46.0701 0.01362 144.07
46.2036 0.01784 144.204
46.337 0.01501 144.337
46.4703 0.01603 144.47
46.6034 0.01836 144.603
46.737
46.8703
47.0034

0.01742
0.01714
0.01708
0.01539
0.0149
0.01772
0.01556

140.07

140.737
140.87
141.004
141.137

0.01654 139.804 0.28931 237.937 0.7728
0.01618139.937 0.29006 238.07 0.77413336.203

336.07

0.2996 238.2030.77443 336.337

0.29484 238.87
0.29922 239.003
0.29856 239.137
0.29726 239.27
0.29762 239.404
0.30059 239.537
0.30214 239.67
0.30382 239.803
0.30496 239.937
0.30435 240.07
0.30497240.203
0.30675 240.337
0.30745 240.47
0.30886 240.604
0.31022 240.737
0.31413 240.87
0.31215241.003
0.31396 241.137
0.313  241.27
0.31602 241.403
0.31621 241.537
0.32103 241.67
0.31795241.804
0.31841 241.937
0.32117 242.07
0.32172 242.203
0.32192 242.337
0.32514 242.47

140.204 0.29191 238.337 0.77279 336.47
140.337 0.29192 238.47 0.77433336.603
140.47 0.29505 238.603 0.77475 336.737
140.604 0.29603 238.737

0.77602 336.87
0.77631 337.003
0.775 337.137
0.778  337.27
0.77733 337.403
0.77581 337.537
0.77741 337.67
0.77675 337.803
0.7789 337.937
0.77927 338.07
0.77831 338.203
0.77924 338.337
0.77878 338.47
0.7779 338.604
0.77918 338.737
0.77934 338.87
0.77867 339.003
0.77799 339.137
0.78019 339.27
0.77799339.403
0.77837 339.537
0.78061 339.67
0.77905 339.804
0.77756 339.937
0.78134 340.07
0.7806 340.203
0.77961 340.337
0.78104 340.47
0.78115 340.603

0.3256 242.6030.7802 340.737
0.3255 242.7370.78144 340.87

0.0139 144.7370.32563 242.87 0.78467 341.003
0.01575 144.87 0.32835243.003 0.78258 341.137
0.01641 145.003 0.33463 243.137 0.78212 341.27
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0.01655
0.01779
0.01558
0.016
0.0145
0.01407
0.01553
0.01357
0.01488
0.01492
0.01682
0.01807
0.01664
0.01816
0.01799
0.01656
0.01672
0.01739
0.01694
0.01723
0.01832
0.01751
0.0164
0.01708
0.01755
0.01708
0.01817
0.0185
0.01652
0.01505
0.01604
0.01881
0.01745
0.01606
0.01789
0.01829
0.01751
0.01803
0.01751

47.1367 0.01357
47.2701 0.01367
47.4034 0.01766
47.5367 0.01737
47.67010.01521
47.8036 0.01599
47.937
48.0703
48.2036
48.3367
48.4701
48.6034
48.7367
48.8701
49.0034
49.1367
49.2701
49.4034
49.5367
49.6701
49.8034

0.01516
0.01574
0.01664
0.01496
0.01326
0.01611
0.0156
0.01344
0.01359
0.01666
0.01554
0.01349
0.01563
0.01562

145.137
145.27
145.403
145.537
145.67
145.803

0.01794 145.937

146.07
146.203
146.337

146.47
146.603
146.737

146.87
147.004
147.137

147.27
147.403
147.537

147.67
147.803

49.937 0.01403 147.937

50.0703 0.0151

50.4703 0.01562
50.6034 0.01752
50.7367 0.01442
50.8701 0.01458
51.0034 0.017
51.1367 0.01458
51.2703 0.01527
51.4036 0.01496
51.537
51.6703
51.8036
51.937
52.0703
52.2036

148.07

148.47
148.603
148.737

148.87

0.33083 243.27
0.33031 243.403

0.78062 341.403
0.78241 341.537

0.3318 243.5370.78226 341.67

0.33323 243.67

0.78332 341.804

0.3326 243.8040.78251 341.937

0.33613 243.937
0.33723 244.07
0.33708 244.203
0.34056 244.337
0.34 244.47
0.34176 244.603
0.34314 244.737
0.34272 244.87
0.34358245.003
0.35025 245.137
0.34672 245.27
0.34677 245.403
0.34805 245.537
0.34934 245.67
0.34982 245.804
0.35284 245.937
0.35391 246.07

0.78118 342.07
0.78246 342.203
0.78257 342.337
0.78842 342.47
0.78392342.604
0.78189 342.737
0.78894 342.87
0.78639 343.003
0.78394 343.137
0.78635 343.27
0.78875343.403
0.78518 343.537
0.78451 343.67
0.78614 343.803
0.78759 343.937
0.7858 344.07
0.78702 344.203

0.3536 246.208.78834 344.337
50.2036 0.0163 148.204 0.35415 246.337 0.78822 344.47
50.337 0.01506 148.337 0.35587 246.47 0.78735344.603

0.35674 246.603
0.35606 246.737
0.35787 246.87
0.35847 247.003

149.003 0.36021 247.137

149.137
149.27
149.403

0.36107 247.27
0.36273247.404
0.36451 247.537

0.01242 149.537 0.36425 247.67
0.01311 149.67 0.36508 247.803
0.01702 149.803 0.36709 247.937
0.0154 149.9370.3668
0.01523 150.07 0.36682248.203
0.01349 150.204 0.36903 248.337 0.7912

248.07

0.78781 344.737
0.78932 344.87
0.78965 345.003
0.78908 345.137
0.78958 345.27
0.78883 345.403
0.78843 345.537
0.78718 345.67
0.79001 345.803
0.78804 345.937
0.78957 346.07
0.79122346.203
0.79059 346.337
346.47

0.01697 52.337 0.01349150.337 0.36955 248.47 0.79305346.603
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0.01714
0.01721
0.01713
0.01675
0.01713
0.01587
0.01637
0.01937
0.01847
0.01875
0.01804
0.0205
0.01917
0.0183
0.01831
0.01696
0.01743
0.01718
0.01799
0.01816
0.01879
0.01819
0.01646
0.01907
0.01797
0.01846
0.01824
0.01907
0.02033
0.01978
0.01754
0.01691
0.01863
0.01782
0.01776
0.01935
0.01919
0.01841
0.01937
0.01926

52.4701
52.6034
52.7367
52.8701
53.0034
53.1367
53.2703
53.4034
53.5367
53.6701
53.8036

53.937
54.0701

0.01759
0.01537
0.01456
0.01464
0.01637
0.01353
0.01495
0.01518
0.01606
0.01495 151.67
0.01379 151.803
0.01401151.937
0.01493 152.07

150.47
150.604
150.737

150.87
151.003
151.137

151.27
151.404
151.537

54.2034 0.01338 152.203
0.0146 152.3370.38368 250.47

54.3367
54.4701
54.6034
54.7367
54.8703
55.0036
55.137
55.2701
55.4034
55.5367
55.6701
55.8034
55.9367
56.0701
56.2034
56.3367
56.4701
56.6036
56.7367
56.8701
57.0034
57.1367
57.2703
57.4034
57.5367
57.6701

0.01499 152.47
0.01464 152.603
0.01448 152.737
0.01586 152.87
0.01587 153.003
0.01428 153.137
0.01523 153.27
0.01562 153.403
0.01562 153.537
0.01668 153.67
0.01421 153.803
0.01401 153.937
0.01461 154.07
0.01328 154.203
0.01465 154.337
0.01568 154.47
0.01469 154.603
0.01497 154.737
0.01527 154.87
0.01499 155.003
0.01669 155.137
0.0168 155.27
0.01536 155.403
0.01602 155.537
0.01619

0.37353 248.603
0.37158 248.737
0.37317 248.87
0.37139 249.003
0.37484 249.137
0.37646 249.27
0.37647 249.403
0.37968 249.537
0.37726 249.67
0.37852249.803
0.37845 249.937
0.37994 250.07
0.38148 250.203
0.38208 250.337

0.38272 250.603
0.38425 250.737
0.38873 250.87
0.38637 251.003

0.79027 346.737
0.79073 346.87
0.79096 347.003
0.79103 347.137
0.79039 347.27
0.79246 347.403
0.79452 347.537
0.79289 347.67
0.7943 347.804
0.79358 347.937
0.79305 348.07
0.7936 348.204
0.79427 348.337
0.79318 348.47
0.79226 348.603
0.79415 348.737
0.79354 348.87
0.7922 349.003
0.79498 349.137

0.3872 251.1370.79464 349.27

0.3886  251.27
0.38847 251.403
0.39125 251.537
0.39293 251.67
0.39499 251.803
0.39399 251.937
0.39524 252.07
0.39573 252.203
0.39654 252.337
0.39857 252.47
0.40621 252.603
0.39987 252.737
0.4016  252.87
0.40278 253.003
0.40173 253.137
0.40286 253.27
0.40593253.403
0.40693 253.537
0.4078 253.67

0.79405349.403
0.79563 349.537
0.79667 349.67
0.79582 349.803
0.79745 349.937
0.79763 350.07
0.79512 350.203
0.79492 350.337
0.79746 350.47
0.79711 350.603
0.79514 350.737
0.79654 350.87

0.79668351.004
0.79636 351.137
0.79664 351.27
0.79852 351.403
0.79961 351.537
0.79778 351.67

0.79999351.804

155.67 0.40728253.803 0.8001 351.937



0.01901
0.01812
0.0191
0.01939
0.02047
0.01994
0.01973
0.02066
0.02149
0.02074
0.02021
0.02031
0.02007
0.01897
0.02072
0.02041
0.01996
0.0201
0.01974
0.0203
0.01981
0.02049
0.02101
0.02082
0.0215
0.02083
0.02109
0.02031
0.02049
0.02171
0.02234
0.02322
0.02169
0.02189
0.02182
0.0199
0.02127
0.01981
0.02162
0.02048

57.8034 0.0157 155.8040.40994 253.937

57.9367 0.01591
58.0701 0.01475
58.2034 0.0131
58.3367 0.01427
58.4703 0.01324
58.6036 0.01359
58.7367 0.01217
58.8701 0.01272
59.0034 0.013

59.137
59.2701
59.4034
59.5367
59.6701
59.8034 0.01363
59.9367 0.01465
60.07010.01471
60.2034 0.01524
60.3367 0.01485
60.4703 0.01233
60.6036 0.01412

0.01362

0.01524

0.01305
0.014

155.937
156.07

0.41098 254.07
0.41187 254.203

156.203 0.41439 254.337

156.337
156.47
156.603
156.737
156.87

0.41541 254.47
0.41661 254.603
0.41668 254.737
0.41706 254.87
0.41704 255.003

157.003 0.41945 255.137

0.79789 352.07
0.79789 352.204
0.80043 352.337
0.79895 352.47
0.79965 352.604
0.79892 352.737
0.80071 352.87
0.79954 353.003
0.79921 353.137
0.79888 353.27

0.01285157.137 0.42014 255.27 0.79825353.404

157.27 0.42102 255.404 0.8006 353.537

157.403
157.537
157.67
157.803
157.937
158.07
158.204
158.337
158.47
158.603

60.737 0.01386 158.737

60.8701 0.01379
61.0034 0.01348
61.1367 0.01457
61.2701 0.01404
61.4034 0.01518
61.5367 0.01448
61.6701 0.01341
61.8034 0.01437

158.87
159.003
159.137

159.27
159.404
159.537

159.67
159.803

61.937
62.0703
62.2034
62.3367

62.4703 0.0149

62.6034
62.7367
62.8701
63.0036

0.01407 159.937
0.01398 160.07
0.01387 160.203
0.01353 160.337
160.47
0.01477 160.603
0.01388 160.737
0.01379 160.87
0.01416 161.003

0.42188 255.537
0.42247 255.67

0.79858 353.67
0.79932 353.803

0.4221 255.804.79891 353.937

0.42427 255.937
0.42557 256.07
0.42671 256.203
0.42861 256.337
0.43521 256.47
0.43036 256.604
0.43071 256.737
0.43564 256.87
0.43342 257.003
0.43371 257.137
0.433  257.27
0.43729 257.404
0.43585 257.537
0.4367 257.67
0.44046 257.803
0.44033 257.937
0.44138 258.07
0.44117 258.203
0.44551 258.337
0.44454 258.47
0.44389258.603
0.44587 258.737
0.44651 258.87
0.44856 259.003
0.44921 259.137

0.79917 354.07
0.80015 354.203
0.79912 354.337
0.79866 354.47
0.7991 354.603
0.80036 354.737
0.80186 354.87
0.80102 355.003
0.80013 355.137
0.80172 355.27
0.80201355.403
0.80238 355.537
0.80488 355.67
0.80249355.803
0.80392 355.937
0.80571 356.07
0.8027 356.203
0.80306 356.337
0.80225 356.47
0.80125 356.603
0.80108 356.737
0.80338 356.87
0.80485 357.003
0.8047 357.137
0.80584 357.27
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0.02056 63.137 0.01565161.137 0.44965 259.27 0.8045 357.403
0.02252 63.2703 0.01512 161.27 0.45028 259.403 0.80426 357.537
0.02123 63.4034 0.01666 161.404 0.45073 259.537 0.80479 357.67
0.02326 63.5367 0.01513 161.537 0.45326 259.67 0.80495357.803
0.0222 63.67010.01622 161.67 0.45152259.803 0.80623 357.937
0.02337 63.8036 0.01545 161.804 0.4544 259.937 0.80648 358.07
0.02193 63.9367 0.01592 161.937 0.45406 260.07 0.80608 358.204
0.02118 64.0701 0.01548 162.07 0.45451260.203 0.80409 358.337
0.02086 64.2034 0.01491 162.203 0.45711 260.337 0.80642 358.47
0.02274 64.3367 0.01195 162.337 0.45609 260.47 0.80629 358.603
0.02125 64.4703 0.01224 162.47 0.4601 260.6030.80536 358.737
0.02304 64.6034 0.01538 162.603 0.45956 260.737 0.80513 358.87
0.02126 64.7367 0.0143 162.7370.45987 260.87 0.80605 359.003
0.02292 64.8701 0.01277 162.87 0.46165261.003 0.80434 359.137
0.02137 65.0034 0.01648 163.003 0.46142 261.137 0.80667 359.27
0.02302 65.1367 0.01934 163.137 0.46403 261.27 0.80607 359.403
0.0227 65.27010.01991 163.27 0.46503261.403 0.8054 359.537
0.02421 65.4034 0.02293 163.403 0.4725 261.5370.80818 359.67
0.0234 65.537 0.02569163.537 0.47026 261.67 0.80836 359.804
0.02229 65.6703 0.02582 163.67 0.46879261.803 0.80727 359.937
0.02356 65.8036 0.02666 163.803 0.47054 261.937 0.80751 360.07
0.02158 65.9367 0.02477 163.937 0.46999 262.07 0.80993 360.203
0.02092 66.0701 0.02332 164.07 0.47248262.203 0.80875 360.337
0.02036 66.2034 0.02488 164.203 0.47329 262.337 0.80919 360.47
0.02224 66.3367 0.02533 164.337 0.47252 262.47 0.80961 360.603
0.02156 66.4701 0.02348 164.47 0.4821 262.6030.80871 360.737
0.01976 66.6034 0.02639 164.603 0.47617 262.737 0.80848 360.87
0.02266 66.737 0.02734164.737 0.47694 262.87 0.80914 361.003
0.02301 66.8703 0.02423 164.87 0.47857263.003 0.81036 361.137
0.02286 67.0036 0.02359 165.003 0.47999 263.137 0.80886 361.27
0.02537 67.1367 0.02329 165.137 0.48166 263.27 0.81027361.403
0.02254 67.2701 0.02231 165.27 0.48282263.403 0.8097 361.537
0.02206 67.4034 0.02182 165.403 0.48474 263.537 0.80938 361.67
0.02287 67.5367 0.02206 165.537 0.48489 263.67 0.80962361.804
0.0217 67.67030.02338 165.67 0.48512263.803 0.81108 361.937
0.02314 67.8036 0.0234 165.8030.48616 263.937 0.80833 362.07
0.02331 67.9367 0.02298 165.937 0.49005 264.07 0.80962 362.204
0.02166 68.0701 0.02268 166.07 0.48927 264.203 0.81104 362.337
0.0224 68.2036 0.02429 166.203 0.48963 264.337 0.8113 362.47
0.02194 68.3367 0.02267 166.337 0.49026 264.47 0.81024 362.603



0.0212
0.02134
0.02336
0.02337
0.02324
0.02293
0.02318
0.02172
0.02444

0.024

0.0229
0.02233
0.02325

0.0243
0.02419
0.02376
0.02448
0.02418
0.02487
0.02516
0.02439
0.02564
0.02363

0.0229
0.02415
0.02416
0.02279

0.0245

0.0241
0.02292
0.02378
0.02418
0.02526
0.02408
0.02526
0.02581
0.02596
0.02611
0.02746
0.02923

68.4703 0.02306
68.6034 0.02224
68.7367 0.0223
68.8701 0.0232
69.0034 0.02298
69.1367 0.02096
69.2701 0.0229
69.4034 0.02354
69.5367 0.02236
69.6701 0.02243
69.8034 0.02168
69.9367 0.02232
70.0701 0.02081
70.2034 0.02221
70.3367 0.02187
70.4701 0.02029
70.6034 0.02123
70.7367 0.02099
70.8701 0.02286
71.0034 0.02246
71.1367 0.02175
71.2703 0.02046
71.4034 0.02345
71.5367 0.02219
71.6701 0.02176
71.8034 0.02372

166.47
166.603

0.49531 264.603
0.49359 264.737

166.737 0.49389 264.87

166.87
167.003
167.137

167.27
167.403
167.537

167.67
167.803
167.937

168.07
168.203
168.337

168.47
168.603
168.737

168.87
169.003
169.137

169.27
169.403
169.537

169.67
169.803

71.937 0.02689 169.937

72.0703 0.02597
72.2036 0.02348

170.07
170.203

72.337 0.02438170.337

72.4703
72.6034
72.7367
72.8701
73.0034
73.1367
73.2701
73.4036
73.537
73.6701

0.0265
0.02564
0.02585

0.0262

170.47
170.603
170.737

171.27

0.49499265.004
0.50176 265.137
0.4979  265.27

0.49865265.404
0.49925 265.537
0.49939 265.67
0.50155 265.803
0.50198 265.937
0.50225 266.07
0.50322 266.203
0.50404 266.337
0.50571 266.47
0.50761 266.603
0.51045 266.737

0.81008 362.737
0.81031 362.87
0.81131 363.004
0.81097 363.137
0.81243 363.27
0.81109363.404
0.81288 363.537
0.81432 363.67
0.81198 363.803
0.81169 363.937
0.81363 364.07
0.81279 364.203
0.81087 364.337
0.81264 364.47
0.81407 364.603
0.8151 364.737
0.81326 364.87

0.50722 266.87 0.81454 365.004
0.50943 267.003 0.81604 365.137
0.5089 267.1370.81277 365.27
0.51084 267.27 0.81443365.404
0.51269 267.403 0.81645 365.537
0.51253 267.537 0.81384 365.67
0.51783 267.67 0.81441365.803
0.51531 267.803 0.81716 365.937
0.51481 267.937 0.81486 366.07
0.51602 268.07 0.81529 366.203
0.5166 268.2040.81723 366.337
0.51783 268.337 0.81649 366.47
0.51859 268.47 0.81454 366.603
0.51865268.604 0.81823 366.737
0.52165 268.737 0.8218 366.87
0.52142 268.87 0.81549367.003

0.02586 170.87 0.52272269.004 0.81792 367.137
0.0252 171.0040.52473 269.137 0.81804 367.27
0.02485 171.137 0.52415 269.27 0.81703 367.404

0.52561269.404 0.8169 367.537

0.02715 171.403 0.53133 269.537 0.81975 367.67
0.02612171.537 0.52828 269.67 0.81777367.803
0.02671 171.67 0.52796269.804 0.81652 367.937
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0.02496
0.02535
0.02489
0.02495
0.02394
0.02486
0.02504
0.02513
0.02549
0.02691
0.02617
0.02518
0.02589
0.02548
0.02452
0.0239
0.02389
0.02421
0.02526
0.02516
0.02499
0.02757
0.02499
0.02421
0.02482
0.02634
0.02597
0.02612
0.02778
0.02434
0.02515
0.0243
0.02762
0.02691
0.02588
0.02599
0.02571
0.02571
0.02523
0.02567

73.8034
73.9367
74.0703
74.2034
74.3367
74.4701
74.6034
74.737
74.8703
75.0036
75.137
75.2703
75.4036
75.5367
75.6701

0.0294 171.8030.52901 269.937

0.02749
0.02927
0.02872
0.02895
0.02855 172.47
0.02955 172.603
0.03051172.737
0.0269 172.87
0.03041 173.003
0.03107 173.137
0.03198 173.27
0.03321 173.403
0.03011 173.537
0.03231 173.67

171.937
172.07
172.203
172.337

75.8034 0.03173 173.803

75.937
76.0701
76.2036
76.3367
76.4701
76.6034

76.737
76.8703
77.0036
77.1367
77.2703
77.4034
77.5367
77.6701
77.8034

77.9367 0.03548

78.0701
78.2036
78.337
78.4703
78.6034
78.7367
78.8701
79.0034

0.03228 173.937
0.03283 174.07
0.03401 174.203
0.03318 174.337
0.03159 174.47
0.03156 174.603
0.03165174.737
0.03239 174.87
0.03493 175.003
0.03502 175.137
0.0357 175.27
0.03702 175.403
0.03535 175.537
0.03572 175.67
0.03506 175.803
175.937
0.0349 176.07
0.03548 176.204
0.03688 176.337
0.03785 176.47
0.03647 176.604
0.03681 176.737
0.03808 176.87
0.03773 177.003

0.53232 270.07
0.53136 270.204
0.53271 270.337
0.53237 270.47
0.53941 270.604
0.53279 270.737
0.5335 270.87
0.53473271.004
0.53523 271.137
0.5384 271.27
0.53841271.403
0.53781 271.537
0.53824 271.67
0.54087 271.803
0.54676 271.937
0.54299 272.07
0.54387 272.204
0.54528 272.337
0.54593 272.47
0.55111272.604
0.54819 272.737
0.54844 272.87
0.54934 273.004
0.54855 273.137
0.55097 273.27
0.55229273.404
0.55267 273.537
0.5537 273.67
0.55422 273.804
0.55649 273.937
0.55833 274.07
0.55915274.203
0.56053 274.337
0.56127 274.47
0.56145 274.603
0.56343 274.737
0.56396 274.87

0.564
0.57099 275.137

0.81869 368.07
0.82142 368.204
0.81888 368.337
0.81925 368.47
0.82035 368.603
0.81918 368.737
0.81892 368.87
0.82239369.003
0.82199 369.137
0.82174 369.27
0.82308369.403
0.8204 369.537
0.81985 369.67
0.82109 369.803
0.82139 369.937
0.82086 370.07
0.82249 370.203
0.82282 370.337
0.82097 370.47
0.82184 370.604
0.82386 370.737
0.82277 370.87
0.8227 371.004
0.82342 371.137
0.82364 371.27
0.8219 371.403
0.82345 371.537
0.82388 371.67
0.82157371.803
0.82389 371.937
0.82214 372.07
0.82172 372.203
0.82275 372.337
0.8248 372.47
0.823 372.603
0.82524 372.737
0.82583 372.87
0.82434 373.003

275.0030.82539 373.137

0.82612 373.27



0.02388 79.137 0.03813177.137 0.56701 275.27 0.82556 373.403
0.02455 79.2701 0.03786 177.27 0.56842275.403 0.82641 373.537
0.02645 79.4036 0.0382 177.4030.56689 275.537 0.82514 373.67
0.02715 79.537 0.03833177.537 0.5703 275.67 0.82718373.803
0.02705 79.6703 0.0384 177.67 0.5709127/5.803 0.827 373.937
0.02633 79.8034 0.03992 177.804 0.57069 275.937 0.82694 374.07
0.02737 79.937 0.0397 177.9370.57202 276.07 0.82625374.203
0.02817 80.0703 0.03901 178.07 0.57339276.203 0.82683 374.337
0.02676 80.2036 0.03937 178.203 0.57433 276.337 0.82574 374.47
0.02645 80.337 0.04068178.337 0.57582 276.47 0.82751374.604
0.02734 80.4703 0.03986 178.47 0.5752 276.6030.82661 374.737
0.02582 80.6036 0.04087 178.604 0.57766 276.737 0.82575 374.87
0.02681 80.737 0.04121178.737 0.57805 276.87 0.82753375.004
0.02422 80.8701 0.04068 178.87 0.57876277.003 0.82712 375.137
0.02476 81.0036 0.03988 179.003 0.58632 2/7.137 0.8267 375.27
0.02633 81.137 0.04163179.137 0.58028 277.27 0.82879 375.403
0.02594 81.2701 0.04145 179.27 0.58129277.403 0.83004 375.537
0.02676 81.4034 0.04153 179.403 0.58173 277.537 0.82571 375.67
0.02637 81.537 0.04149179.537 0.58378 277.67 0.82978 375.803
0.02634 81.6703 0.04238 179.67 0.58565277.803 0.83081 375.937
0.02698 81.8034 0.0428 179.8030.58485 2/7.937 0.83328 376.07
0.02665 81.9367 0.04224 179.937 0.58618 278.07 0.83614376.203
0.02757 82.0701 0.04342 180.07 0.586112/8.203 0.834 376.337
0.02713 82.2034 0.04281 180.203 0.58651 2/8.337 0.83449 376.47
0.02907 82.337 0.04389180.337 0.58772 278.47 0.83546 376.604
0.02698 82.4701 0.0444 180.47 0.588912/8.603 0.8337 376.737
0.02625 82.6036 0.04395 180.603 0.58876 278.737 0.83477 376.87
0.0275 82.737 0.0462 180.7370.5894 278.87 0.83538377.003
0.02984 82.8703 0.04599 180.87 0.59048279.003 0.83394 377.137
0.0292 83.0036 0.04533 181.003 0.59104 279.137 0.83551 377.27
0.0296 83.137 0.0477 181.130.59146 279.27 0.83597377.403
0.03006 83.2701 0.04584 181.27 0.5925 279.4030.83505 377.537
0.02745 83.4034 0.04723 181.403 0.59502 279.537 0.83528 377.67
0.02788 83.5367 0.0465 181.537 0.5949 279.67 0.8344 377.803
0.02715 83.6701 0.04611 181.67 0.59533279.803 0.8344 377.937
0.02822 83.8034 0.04763 181.804 0.5966 279.937 0.8333 378.07
0.02781 83.9367 0.04652 181.937 0.59634 280.07 0.8335 378.203
0.02787 84.0701 0.04756 182.07 0.59781280.203 0.83245 378.337
0.02848 84.2034 0.04839 182.203 0.6017 280.3370.83545 378.47
0.02938 84.3367 0.04906 182.337 0.59756 280.47 0.8352 378.604
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0.02669
0.02648
0.02643
0.0249
0.02593
0.02654
0.02735
0.02736
0.02757
0.02917
0.02793
0.0278
0.02728
0.02671
0.02563
0.02719
0.02524
0.02711
0.02598
0.02743
0.02571
0.02737
0.02704
0.02397
0.02593
0.02925
0.03361
0.03328
0.03642
0.03566
0.03335
0.0299
0.02689
0.02685
0.02642
0.02651
0.0266
0.02635
0.02698
0.02821

84.4701 0.04852 182.47 0.60039280.603 0.8364 378.737
84.6036 0.04901 182.603 0.59881 280.737
84.7367 0.04878 182.737 0.60649 280.87
84.87010.04895 182.87 0.60057 281.003
85.0034 0.05004 183.003 0.60268 281.137
85.137 0.04916 183.137 0.60365 281.27
85.2701 0.04968 183.27 0.60629 281.403
85.4034 0.04904 183.403 0.60632 281.537
85.5367 0.0491 183.5370.60559 281.67

85.6703 0.05196
85.8036 0.05261
85.9367 0.05142
86.0703 0.05134
86.2034 0.05492
86.3367 0.05345
86.4703 0.05502
86.6034 0.05421
86.7367 0.05535
86.8701 0.05587
87.0036 0.05707

183.67
183.803
183.937

184.07
184.203
184.337

184.47
184.604
184.737

184.87
185.003

87.137
87.2703
87.4034

87.537

0.05489 185.137
0.05632 185.27
0.05674 185.403
0.05667 185.537

87.6703
87.8036
87.937
88.0701
88.2034
88.3367 0.05671
88.4701 0.0584
88.6034 0.05897
88.7367 0.05782
88.8701 0.05904
89.0036 0.06007
89.1367 0.05967
89.2701 0.05979
89.4034 0.06057
89.5367 0.05984
89.6701 0.06034

0.057

0.05732
0.05662

0.60585 281.803
0.60634 281.937
0.60748 282.07
0.60441 282.203

0.83593 378.87
0.83688 379.003
0.83414 379.137
0.83267 379.27
0.8358 379.403
0.83384 379.537
0.83142 379.67
0.83054 379.803
0.83336 379.937
0.83359 380.07
0.83303 380.203
0.83248 380.337

0.6036 282.3370.83359 380.47

0.60588 282.47
0.60608 282.603

0.83319 380.604
0.83358 380.737

0.6076 282.7370.83313 380.87

0.60644 282.87
0.60559 283.003
0.60754 283.137
0.60881 283.27
0.60871 283.403
0.60948 283.537
0.61101 283.67

0.05575 185.67 0.61041283.803

185.804 0.61282 283.937

0.05849 185.937

186.07
186.203
186.337

186.47
186.603
186.737

186.87
187.003
187.137

187.27
187.404
187.537

0.61355 284.07
0.61397 284.203
0.61686 284.337
0.61653 284.47
0.61661284.603
0.61512 284.737
0.61667 284.87
0.61815 285.004
0.62341 285.137
0.61767 285.27
0.62119 285.403

0.8325 381.003
0.83185 381.137
0.83264 381.27
0.83396 381.403
0.83533 381.537
0.83502 381.67
0.83362 381.803
0.83468 381.937
0.83476 382.07
0.83329 382.203
0.83447 382.337
0.83321 382.47
0.8342 382.604
0.83336 382.737
0.83539 382.87
0.83436 383.004
0.8358 383.137
0.83544 383.27
0.83487 383.404
0.83526 383.537

0.6222 285.5370.83596 383.67

0.62301 285.67

0.83405 383.803

187.67 0.62687 285.804 0.83539 383.937
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0.02875
0.0279
0.02679
0.02611
0.02642
0.02672
0.02631
0.02509
0.0257
0.0242
0.0244
0.02519
0.0276
0.03193
0.03321
0.03269
0.03618
0.03636
0.03546
0.03555
0.03628
0.03721
0.03595
0.03675
0.03554
0.03349
0.03374
0.03428
0.03123
0.03256
0.03173
0.03131
0.0289
0.0294
0.02792
0.02876
0.02891
0.03024
0.02907
0.02675

89.8034 0.06167 187.803 0.62423 285.937
89.9367 0.06087 187.937 0.62279 286.07
90.0703 0.06177 188.07 0.62435286.204
188.203 0.62474 286.337
90.3367 0.06232 188.337 0.62692 286.47
90.4701 0.06301 188.47 0.62708 286.603
90.6034 0.0633 188.6030.63053 286.737
90.737 0.06268 188.737 0.62854 286.87

90.2034 0.062

90.8703 0.06293
91.0034 0.06499
91.1367 0.06486
91.2701 0.06369
91.4034 0.06457
91.5367 0.06453
91.6701 0.06628
91.8034 0.0664
91.9367 0.06608
92.0703 0.06522
92.2036 0.06684

188.87
189.004
189.137

189.27
189.403
189.537

189.67

189.803 0.63457 287.937

189.937
190.07
190.203

0.83511 384.07
0.83472 384.203
0.8356 384.337
0.8352 384.47
0.83632 384.604
0.8341 384.737

0.83519 384.87
0.83497 385.004

0.83512 385.137

0.83466 385.27
0.83535 385.403

0.83451 385.537

0.83496 385.67

0.8344 385.804

0.83389 385.937

0.83596 386.07
0.83765 386.204

0.83533 386.337

0.83643 386.47

0.62995 287.004
0.63022 287.137
0.63101 287.27
0.63131 287.403
0.63198 287.537
0.63293 287.67
0.63412 287.803

0.63688 288.07
0.63643 288.203
0.63529 288.337

92.337
92.4703
92.6034
92.7367
92.8701
93.0034

93.137
93.2703
93.4034
93.5367
93.6701
93.8034
93.9367

94.0701 0.07319
94.2034 0.07108

94.337

0.06942 190.337 0.63755 288.47
0.06967 190.47 0.63747 288.603
0.06824 190.603 0.63886 288.737
0.069 190.737 0.63972 288.87
0.06868 190.87 0.64299 289.003
0.06821 191.003 0.63943 289.137

0.8354 386.603
0.83637 386.737
0.83482 386.87
0.83624 387.003
0.83685 387.137
0.8361 387.27

0.07229191.137
0.06932 191.27
0.06965 191.403
0.07113 191.537
0.07104 191.67
0.07258 191.803
0.07221 191.937
192.07
192.203
0.07308 192.337

0.64154 289.27 0.83728387.403
0.6416 289.4030.8363 387.537
0.64139 289.537 0.83749 387.67

0.64422 289.67 0.83595387.803
0.64474 289.803 0.83862 387.937
0.64409 289.937 0.83855 388.07

0.64489 290.07 0.83742388.203
0.64746 290.203 0.83841 388.337
0.648 290.337 0.83864 388.47

0.64756 290.47 0.83886 388.603

94.4701 0.07758 192.47 0.64779290.603 0.83818 388.737
94.6034 0.07404 192.604 0.6492 290.7370.83743 388.87
94.7367 0.0745 192.7370.65159 290.87 0.83833389.003
94.8703 0.07379 192.87 0.65009291.004 0.83933 389.137
95.0036 0.07402 193.003 0.64998 291.137 0.83911 389.27
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0.02885 95.137 0.07573193.137 0.6502

0.02919
0.02837
0.02827
0.02923
0.02697
0.0262
0.02727
0.02695
0.02732
0.02757
0.02636
0.02367
0.02275
0.02472
0.02785
0.02915
0.0293
0.02899
0.0288
0.02797
0.0294
0.0264
0.0259

291.27

95.2701 0.07671 193.27 0.65106291.404

95.4034 0.07747

193.403

95.537 0.07684 193.537

95.6703 0.07675
95.8036 0.07689
95.93670.07713
96.0701 0.07755
96.2034 0.07688
96.3367 0.07879
96.4703 0.07964
96.6036 0.07889
96.737
96.8701
97.0034
97.1367 0.08054
97.2701 0.0812
97.4034 0.08093
97.5367 0.08691
97.6701 0.08252
97.8034 0.08722
97.9367 0.08396
98.0701 0.0855
98.2036 0.08495

0.08652

193.67
193.804
193.937

194.07
194.203
194.337

194.47
194.604

0.07949194.737
0.08009 194.87 0.65752293.003
0.0798 195.0030.66055 293.137

195.137
195.27
195.403

0.65115 291.537
0.64884 291.67
0.65295291.803
0.65412 291.937
0.65346 292.07
0.65379292.203
0.65496 292.337
0.65496 292.47
0.65506 292.603
0.65569 292.737
0.65518 292.87

0.65795 293.27
0.65961293.404
0.66112 293.537

0.83848389.403
0.83941 389.537
0.83907 389.67
0.84017 389.803
0.8374 389.937
0.83862 390.07
0.83662 390.203
0.83965 390.337
0.83905 390.47
0.83906 390.603
0.83804 390.737
0.83695 390.87
0.83595 391.003
0.83506 391.137
0.83562 391.27
0.83515391.403
0.83634 391.537
0.83609 391.67

195.537 0.65897 293.67 0.83518 391.803
0.6622 293.8030.83562 391.937
195.803 0.66218 293.937 0.83516 392.07
195.937 0.66136 294.07 0.83695 392.204
196.07 0.66316294.203 0.83592 392.337
196.204 0.6631 294.3370.83729 392.47
196.337 0.66309 294.47 0.83919 392.604

195.67
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2.2.2.3 Procedures fo'B NMR Studies of Reaction Products

Solid-state and ionic liquid reactions carried osiing either the Toepler pump or
gas burette measurements were extracted with pegrigh various points in the reactions.
The reaction flask was removed from the oil batdl aooled to room temperature, then
dry pyridine was added to the reaction flask uridgflow. The pyridine solution was
extracted by syringe and then tiB NMR was taken.

While bmimCl is a liquid at 85 °C, it is a solid eiom temperature; therefore,
solid-state’B NMR analyses (at Pacific Northwest National Latiories: 240 MHz
machine spun at 10 kHz) were used to monitor tloelyots of reactions carried out in
bmimCl. All solid-state'B chemical shifts were measured relative to extekaBH;
(-41 ppm) and then referenced tosBB(C;Hs), (0.0 ppm).

The solution'B NMR (128.4 MHz Bruker DMX-400) studies in the ro
temperature ionic-liquid bmimOTf were carried ouy beating reaction mixtures
composed of 50 mg of AB (1.6 mmol) or 50 mg of DARB8 mmol) and 450 mg of
ionic liquid at 85 °C in a sealed NMR tube, witle ttube periodically removed from the
heating bath to colle¢tB NMR spectra of the reaction mixture (recorde@%iC).

All solid-state and solutioh'B NMR chemical shifts are referenced to external

BF3O(C;Hs)2 (0.0 ppm) with a negative sign indicating an ulpffighift.
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2.3 Results and Discussion

Utilization of waste heat from a PEM fuel cell cprovide for AB H-release
reaction temperatures near 85.° However, as described iBhapter 1, at 85°C,
H,-release from solid-state AB has been shown tobgxan induction period of up to 3
h. After hydrogen release begins, only the reledise).9 equiv. of K can be achieved,
rather than the 3 equiv. predicted Byuation 2.1, even with prolonged heating at 85
°C.*> As a result, a number of approaches are now t®iplpred to induce efficient AB
Ho-release, including, for example, activation bynsiion metal catalystS;* acid
catalysts® base catalyst§ and nano and meso-porous scafféftf. Most of these
additives use organic solvents either as the m@actiedium or as the AB transport and
loading method. The use of organic solvents isdasirable due to their high volatility
which would result in loss to the environment. abiidition, using organic solvents would
also reduce petroleum based feedstock needed fdhesys. An alternative solvent
system is necessary.
2.3.1 Why Use lonic Liquids?

lonic liquids are generally defined as salts thatralatively low viscosity liquids
at temperatures below 16G. These salts have a number of unique propethasmake
them attractive substitutes for traditional orgasatvents in hydrogen storage systems,
including: (1) negligible vapor pressures, (2) 8igbto elevated temperatures, (3) the
ability to dissolve a wide range of compounds afida( polar reaction medium that can
stabilize ionic transition states and intermediatd$e low volatility of these systems

makes them superior to organic solvents and theg h&en used in a broad range of
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applications™>*  Their ability to stabilize ionic intermediates iwitical to AB
dehydropolymerization initiation as discussed ictisa 2.3.7.

Another promising application in ionic liquid tedaklogy is in transition-metal
catalyst immobilization. Many industrial processese heterogeneous catalysts despite
more efficient, cheaper homogenous catalysts bauajjable due to separation issues.
lonic liquids promise to become an immobilizingwaoit system for catalysis where the
catalyst is solubilized in the ionic liquid whilbe reagents and products are held in the
organic layer (biphasic system) and can therefereedsily separated. Other uses for
ionic liquids include solvation for radical polynmation and catalytic cracking of
polyethylene as well as electrochemical reactionslonic liquids are often air and
moisture stable though many are hygroscopic, negediging before use in reactions.
Traditional synthetic methods for ionic liquids veég long, high temperature reaction
conditions whereas new methods utilize sonicatiod aignificantly shorter reaction
times™

Some of the most common ionic liquids are compasehorganic anions, X
BF,, PR’ and nitrogen-containing organic cations, such &sRRN-imidazolium or
RN-pyridinium. Figure 2.3 shows the structures, acronyms, and melting pahthe
variety of ionic liquids used in these studies. eTanic liquids are sectioned into solid
and liquid (at room temperature). The two positadnthe imidazolium ring in ionic
liquids is susceptible to attack, since the hydnogethis position is acidic. Reactions at
this hydrogen can lead to solvent degradation anitM® formation of carbene borane

adducts (most often during transition-metal catadlyreactions). Replacing the hydrogen
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with a methyl group eliminates this issue and these liquids are termed ‘protected.’
The protected ionic liquids can be obtained aseitblids or liquids.

Solid ionic liquids have the advantage of easilwgaeneasured and have a wider
variety of protected imidazolium rings. Liquids discussed in sectiéh3.6 are useful
for runningin situ B NMR such as bmiml, bmimOTf, and mmimMe$SOThe main
ionic liquid used in my work was 1-butyl-3-methyistazolium chloride, bmimCl, since
it showed good activity and was inexpensive and/ @ashandle. BmimCl's melting
point is above room temperature, but it forms aadtie liquid at room temperature when

mixed with AB.
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Solid = Liquid ~N - On pY
N+\ ,/S\o_
1,3-dimethylimidazolium methylsulfate
1-butyl-3-methylimidazolium chloride mmimMeSO, M.P. =~ room temp.
bmimCl M.P.=~70 °C —
N '\II/\N+\
Protected N4 or NN
v\f p 1-butyl-3-methylimidazolium iodide
NN bmiml M.P. =-72°C
1-butyl-2,3-dimethylimidazolium chloride \/\/N;N+\
bmmimCl M.P. =96-99 °C o)
R 1
o e
SN \N"/\/ \/,S\ ] F 0
\§/ o} 0 1-butyl-3-methylimidazolium triflate
1-ethyl-2,3-dimethylimidazolium ethylsulfate bmimOTf M.P.=-15°C
emmimEtSO, M.P.=73°C (Protected F )
P PR 9 P
NN F780 /L 0=8=0
\w/ F o N N— o J 0
N 4
1-ethyl-2,3-dimethylimidazolium triflate \§/ F>fs‘b d/s \KF
emmimOTf M.P. = 109 °C F F
1-propyl-2,3-dimethylimidazolium triflide
A mmimTf;C M.P.=11°C
A\ . F— B_F . p 3 J
SN F P\eo FaiF
o SN FhoF
1-butyl-3-methylimidazolium tetrafluoroborate F
bmimBF, M.P.=-70 °C 1-butyl-3-methylimidazolium hexafluorophosphate
bmimPFg M.P. =11 °C

Figure 2.3 Structures of ionic liquids used in these studies

2.3.2 Procedures for AB H-release reactions

For the experiments where the releasedvidls measured with the Toepler pump,
the AB (250 mg, 8.1 mmol) was loaded underitNo ~100 mL single neck round bottom
flasks with the ionic liquid (250 mg) given ifiables 2.5-2.6 The flasks were then
evacuated, sealed, and placed in a hot oil batiepted to the desired temperature. The

flasks were opened at the indicated times and éleased Kwas quantified using the
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Toepler pump system. Post reaction, the flaske weacuated for 30 min through the
cold trap to remove any volatile products from teéaction residue. The product residues
and volatiles in the cold trap were extracted wiith glyme and analyzed By8 NMR.

For reactions using the automated gas burette ABIg150 mg, 4.87 mmol)
samples were loaded into ~100 mL flasks with caldmtaszolumes, along with the ionic
liquid (150 mg) or tetraglyme (0.15 mL) solventdnder a flow of helium, the flask was
attached to the burette system. The system wasiated for 30 min for reactions with
the ionic liquid solutions, and for 5 min for tejlgme solutions. The system was then
backfilled with helium and allowed to equilibrat® atmospheric pressure for ~30 min.
Once the system pressure equalized, the data otigrogram was started and the flask
was immersed in the preheated oil bath. The dataeported from the point where the
flask was initially plunged into the oil bath, bdb-release was not observed until the
ionic-liquid/AB mixture melted. Data were recordatd2-5 second intervals depending
on the speed of the reaction. The product resishexe extracted with dry glyme and
analyzed by'B NMR.

2.3.3 Solid-State vs. lonic Liquid H-Release

Earlier reportei AB H,-release measurements from our lab for solid-state
H,-release were periodic values obtained using a [Eogump, but the new studies
reported herein use the automated gas bufeffais method has provided both more
precise and continuous release data for theseigeact A comparison of the 8%
H,-release data, measured with the automated gatidguwbtained from solid-state AB
versus AB dissolved in the 1-butyl-3-methyl-imidaam chloride (bmimCl) ionic liquid
(50:50- wt%) is presented iRigure 2.4 For the solid-state AB reaction, there was
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negligible hydrogen production after 180 min andydh81 equivalents of Hafter 360
min. Other samples heated for longer times (6&H9wed that a total of only 0.9
H,-equivalents could ultimately be obtained from Hndid-state AB reactions at 8&.

In contrast, the AB/bmimCI mixture exhibited no wution period, with Hrelease
beginning immediately after the solution meltedgtee release of 1.0 Fequiv. in 67
min and 2.2 Hequiv. in 330 min. The released Was passed through a -78 trap
before entering the gas burette. When the reactasicomplete, the contents of the trap
were extracted with glyme solvent, BdB NMR analyses of the solution showed only

trace amounts of borazine.

2.5

~Equiv. of Hy |
|_\
o

O T T T !

0 100 200 300 400
Time [min]

Figure 2.4 H,-release measurements (gas burette) 8C8%: (A) 50-wt% AB (150 mg)

in bmimClI (150 mg,) and (B) solid-state AB (150 mg)
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The AB/bmimCl H-release plot inFigure 2.4 also clearly shows that release
appears to occur in at least two steps with theassl rate for the"?H,-equiv. being
significantly slower than for the®equiv. Dramatic increaseBigure 2.5 in the rate of
H,-release of the 50:50-wt% AB/bmimCl mixture for bat,-equivalents were observed
as the temperature was increased with the relelagdeddH,-equiv. in 37 min and 2.2
H,-equiv. in 161 min at 98C, 1.0 H-equiv. in 9 min and 2.2 Hequiv. in 45 min at 105

°C, and 1.0 Bequiv. in 5 min and 2.2 #equiv. in 20 min at 116C . The 75°C

reaction did not reach 2;Hquiv.

Table 2.2 Times to Selected Equivalent Points of,HRelease (Gas Burette) of lonic

Liquid and Solid-State Reactions at 85C

(A (B
H,-Equiv. | Minutes| H,-Equiv. | Minutes
0.25 24 0.25 231
0.5 35 0.5 265
0.75 52 0.75 323
1 84 0.84 385
1.25 142 - -
1.5 200 - -
1.75 263 - -
2 316 - -

(A) 50-wt% AB (150 mg) in bmimCI (150 mg,) and (B)lid-state AB (150 mg).

(Reaction (B) stopped at 0.84 equivalents).

As discussed iChapter 1, the U.S. Department of Energy (DOE) has set &201
gravimetric total-system target fordtorage of 9.0 total-system-wt¥%*® The release
of 2.2 H-equiv. from a 50:50 AB/bmimCIl mixture corresponts a release of 7.2

mat-wt% H [mat-wt% H = H,-wt/(AB+bmimCl-wts)]. In order for an AB/ionic-ligid
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system to attain the DOE total-system targetsnarease in the mat-wt% by reduction of
the weight of the ionic-liquid component is necegsaAs can be seen fRigure 2.6, it
was found that significantly enhanced-té¢lease rates compared to the solid-state could
still be obtained when employing as little as 2@1% bmimCl. Thus, 2.0 Hequiv.
were released from 80:20 AB/bmimCI solutions inyo2 min and 157 min at 12T
and 110°C, respectively, with both solutions then ultimgteliving 2.2 H-equiv. at
longer times. The final release observed for thesgures corresponds to an 11.4
mat-wt% H-release.

The 85°C H,-release data (Toepler pump measurementEainte 2.5andFigure
2.7 show that AB H-release is activated in a variety of 50:50-wt% iaBic-liquid
mixtures, but that these mixtures exhibit a ranfi#iprelease extents and rates. The
biggest differences were observed for the reledsben 2 equivalent. The bmimCl,
bmmimCl, bmimBE, mmimMeSQ and emmimEtSE(refer toFigure 2.3for structures)
mixtures all yielded over 2 4#kquiv. at reasonably comparable rates, while tiero
mixtures showed greatly decreased release ratesnteyhe I equiv. For the
pmmimT#HC mixture, H-release stopped, as was observed for the AB stdig-
reactions at 88C, after only ~0.9 ktequiv. As shown iTable 2.6andFigure 2.8 the
H.-release rates were significantly decreased upweriag the temperature with the
mmimMeSQ and emmimEtS@mixtures being the most activét 45 °C, bmimCl and

bmmimCl showed little activity.
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Figure 2.5 H,-release measurements (gas burette) of 50-wt% AB fig) in bmimCl

(150 mg) at: (A) 116C, (B) 105°C, (C) 95°C, (D) 85°C and (E) 75C.

Table 2.3 Times to Selected Equivalent Points of;HRelease (Gas Burette) of

50-wt% AB (150 mg) in BmimCI (150 mg) at DifferentTemperatures

(A) (B) ©) (D)
Ho,- Minutes| H- Minutes| Hoy- Minutes| Ho- Minutes
Equiv. Equiv. Equiv. Equiv.

0.25 3 0.25 5 0.25 8 0.25 18
0.5 4 0.5 5 0.5 13 0.5 27
0.75 4 0.75 6 0.75 21 0.75 40
1 5 1 9 1 37 1 67
1.25 7 1.25 13 1.25 63 1.25 1086
15 10 15 20 1.5 87 1.5 146
1.75 14 1.75 27 1.75 106 1.79 19(
2 17 2 32 2 126 2 228

(A) 110°C, (B) 105°C, (C) 95°C, (D) 85°C and (E) 75C.
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Figure 2.6 Hy-release measurements (gas burette) of AB (150Gm&y).2-wt% bmimCl
(38 mg): (A) 12¢0°C, (B) 110°C, (C) 105°C, (D) 95°C, (E) 85°C and (F) 75C. (The
early spike in the data is caused by the initighyglef the burette to respond to

H,-release)
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Table 2.4 Times to Selected Equivalent Points of;HRelease (Gas Burette) of AB

(150 mg) in 20.2-wt% BmimCI (38 mg) at Different Tenperatures

(A) (B) ©) (D)
H,- Minutes| H- Minutes| Ho- Minutes| Ho- Minutes
Equiv. Equiv. Equiv. Equiv.

0.25 2 0.25 4 0.25 6 0.25 9
0.5 2 0.5 4 0.5 7 0.5 14
0.75 2 0.75 4 0.75 9 0.75 24
1 2 1 4 1 21 1 80
1.25 2 1.25 6 1.25 77 1.25 331
15 2 15 21 15 183 1.5 753
1.75 7 1.75 67 1.75 374 1.75 127
2 34 2 158 2 767 - -

(A) 120°C, (B) 110°C, (C) 105°C, (D) 95°C, (E) 85°C and (F) 75C (Reaction (B)

stopped at 0.84 equivalents).
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Figure 2.7 Hy-release measurements (Toepler pump) of the reactib0-wt% AB (250
mg) at 85°C in 250 mg of: (A) bmmimCl, (B) bmimCl, (C) emmitsQ, (D)
bmimBF;, (E) mmimMeSQ, (F) bmimOTf, (G) emmimOTf, (H) bmiml, (I) bmimRF

and (J) pmmimT4C.

Table 2.5 H-Release Data (Toepler pump) for AB/lonic-Liquid (®-wt%) Reactions

at 85 °C
lonic Time H-Released
Liquid [h] equiv. mmol
bmimcCl 1 0.70 5.63

3 1.11 9.00
6 1.42 11.5
23 2.20 17.8
bmmimCl 1 0.79 6.37
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3 1.15 9.31

6 1.49 12.1

23 2.34 18.9

bmiml 1 0.63 5.08

3 0.91 7.40

6 1.07 8.68

23 1.61 13.0

bmimBFR, 1 0.81 6.56
3 1.12 9.07

6 1.46 11.8

23 2.15 17.03

bmimPR 1 0.76 6.13
3 1.06 8.56

6 1.14 9.20

23 1.46 11.8

mmimMeSQ 1 0.88 7.11
3 1.16 9.37

6 1.42 11.5

23 2.04 16.5

emmimEtSQ 1 1.00 8.09
3 1.32 10.7

6 1.64 13.3

23 2.20 17.8

bmimOTf 1 0.91 7.40
3 1.13 9.16

6 1.37 11.1

23 1.91 155

emmimOTf 1 0.78 6.31
3 0.97 7.84

6 1.10 8.91

23 1.71 13.8

pmmimTHC 1 0.71 5.79
3 0.89 7.22

6 0.97 7.83

23 1.04 8.39

250 mg (8.1 mmol) of AB and 250 mg of the ionicdiid were used in all experiments.
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Figure 2.8 Hy-release measurements (Toepler pump) of the reactib0-wt% AB (250
mg) in 250 mg of: (A) emmimEtSO(B) mmimMeSQ, (C) bmmimCl and (D) bmimCl

at (a) 65°C and (b) 45C.
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Table 2.6 H-Release Data (Toepler pump) for AB/Ionic-Liquid (®-wt%) Reactions
at 65 and 45 °C

Time Temp Hydrogen Released

[h] [°C] equiv. mmol
bmimClI
1 65° 0.012 0.097
3 65° 0.08 0.67
5 65° 0.18 1.46
23 65° 0.63 5.07
1 45° - -
3 45° - -
5 45° - -
23 45°  0.027 0.23
bmmimClI
1 65° 0.014 0.11
3 65° 0.09 0.75
5 65° 0.25 2.03
23 65° 0.71 5.73

1 45° 0.0017 0.014
3 45° 0.0034 0.028
5 45° 0.0043 0.034
3

2 45°  0.03 0.26
mmimMeSQ
1 65° 0.06 0.47
3 65° 0.46 3.71
6 65° 0.68 5.53
23 65° 0.96 7.76
1 45° - -
3 45°  0.003 0.028
6 45°  0.014 0.11
23 45°  0.23 1.90
emmimEtSQ
1 65° 0.19 1.51
3 65° 0.60 4.87
5 65° 0.75 6.08
23 65° 1.01 8.19

1 45° 0.003 0.028
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3 45°  0.01 0.083
5 45°  0.02 0.19
23 45°  0.34 2.77

250 mg (8.1 mmol) of AB and 250 mg of the ionicdiid were used in all experiments.
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2.3.4 B NMR Characterization of Reaction Products and Patways

The bmimCl ionic liquid is a solid at room temperat, but the 50:50-wt%
AB/bmimCl mixtures formed a viscous, stirrable rotemperature liquid. However, as
the H-release reaction began, the mixture foamed. Ad4hrelease neared the loss of
~1 H-equiv., the foam began to convert to a white solithe entire AB/bmimCI mixture
ultimately became solid as the reaction reached 2ud,-equiv. Similar behavior was
seen for the other 50:50-wt% AB/ionic-liquid mixés; but with some differences in their
liquid ranges. On the other hand, the 80:20-wt%bAmMCI mixtures formed a moist
paste at room temperature. Upon initial heatings ftaste melted, but then rapidly
solidified after the onset of Ftelease. Solid formation was likewise observed in
H,-release reactions of 50:50-wt% AB/tetraglyme systédiscussed later) to produce a
final two-phase liquid/solid mixture.
2.3.4.1"'B NMR of Pyridine Extracts from Reaction Products

The B NMR spectra of the pyridine soluble products proetl at different
stages in the AB solid-state and AB/bmimCl readi@re compared ifrigure 2.9,
Consistent with the observed absence efldds, the spectrumF{gure 2.99 of the
residue of the 1 h solid-state AB reaction showaty ainreacted AB (quartet, -22.3
ppnt’), whereas the spectrunfrigure 2.99 of the 1 h AB/bmimCl mixture clearly
showed mutiple resonances indicating a significaattion that was consistent with its
measured 0.52 equiv. of,Helease. As shown iRigures 2.9band2.9d, the spectra of
the pyridine soluble residues of the AB solid-statel AB/bmimCl reactions obtained
after the reactions had released 0.83 and 0 9&gHiv., respectively, were similar, each
showing that the AB
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Figure 2.9 Above: Solutior'B NMR (128.4 MHz) spectra of the residues (extrddte
pyridine) of the 85C reaction of: I(eft) solid-state AB (250 mg) afterHelease of: (a)
0.04 equiv. and (b) 0.83 equiRright) 50-wt% AB (250 mg) in bmimCI (250 mg) after
H,-release of: (c) 0.52 equiv. and (d) 0.95 equiB ®& DADB (* BH,~ A BH,"), PAB

&, B=N . Below: Select'B NMR calculated shifts.
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Figure 2.10 Solid-staté'B NMR (240 MHz) spectra recorded at %5 of the reaction of
50-wt% AB (150 mg) in bmimCI (150 mg) at 110 °Ceafthe release of: (a) 1 equiv.

and (b) 2 equiv.

resonance had decreased and the growth of newaresesarising from the diammoniate
of diborane (which forms without the loss of)H[(NH3).BH,]'BH,, (DADB) (-13.3
(overlapped) and -37.6 ppff and branched-chain polyaminoborane polymers (PAB)

(-7, -13.3 and -25.1 pprfl). As dehydrogenation progressed past 1 equivateny, a
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small amount of material was pyridine soluble; ¢here, solid-state NMR was also used
to analyze these materials.
2.3.4.2 Solid-Staté'B NMR Studies

Consistent with both the #elease measurements and t& NMR analyses of
the pyridine extracts, the solid-statd8 spectrum Figure 2.10 of the reaction of a
50:50-wt% bmimCI/AB mixture heated at 12Q also showed the presence of DADB
after 1.0 equiv. of birelease. The solid-statéB NMR spectrum of the final product
after the release of 2;kequiv. showed a broad downfield resonance charsiiteof the
sp’ boron-nitrogen framework of cross-linked polybadane structure®*? indicating
that AB dehydrogenation ultimately produced B=Natosated products. NMR studies
of the dehydrogenated products of AB-tdlease promoted by solid-state thermal
reaction3*! have likewise shown the formation of B=N unsateniafinal products after
the release of more than 2-Elquiv.
2.3.4.3In Situ *'B NMR Studies in lonic Liquids

In situ *'B NMR studies Eigure 2.11) of AB H.-release at 85 °C in a solution of
the room temperature ionic liquid bmimOTf (10:90 /ABNIMOTf mixture) exhibited
features similar to those observed in the solitestiMR spectra of the more
concentrated AB/bmimCl reactions. Initially, orthe AB resonance was present, but the
appearance, after 10 min, of the well resolved tgtiiresonance near -38 ppm indicated
significant AB conversion to DADB. After 30 min,®DH,-equiv. had been released, but
the NMR spectrumKigure 2.119 indicated that the AB was completely consumed to
produce a mixture of DADB and PAB polymer. Once thaction reached the release of
0.9 H-equiv., the spectrumF{gure 2.119 of the mixture showed a decrease in the
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DADB resonance along with a corresponding increaséhe PAB resonances. The
spectrum taken after the release of 18eHuiv. Figure 2.11¢ showed that the DADB
had been almost completely consumed and a new ddd/mésonance near 16 ppm had
appeared. This 16 ppm resonance contindédufe 2.11f) to grow and the PAB
resonances continued to decrease as the reachi@mved the release of 2.34dquiv.

The solid-staté'B NMR spectrum, discussed earli€igure 2.10, of the product
of the AB/bmimCl reaction after the release of 2ddquiv. showed the broad downfield
resonance near 30 ppm that is characteristic ofatursted sp boron-nitrogen
frameworks. On the other hand, timesitu NMR studies of the AB/bmimOTf reactions,
as well as similar NMR studies of the 86 H,-release from AB/mmimMeSQand
AB/bmiml reactions, showed the growth of a 16 ppmronance after the release of 2
H,-equiv. The 16 ppm resonance in these ionic ligaattions is thus shifted almost 14

&2 or boraziné€?® This

ppm upfield relative to that normally found for pbbrazylen
suggests that if either of these unsaturated spewsge formed in these solutions, the
observed chemical shift change could result froteractions with the ionic liquid

solvent.
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Figure 2.11 Solution''B NMR (128.4 MHz) spectra recorded at%®50f the reaction of
10-wt% AB (50 mg) in bmimOTf (450 mg) at 85 °C aftke release of: (a) 0.0 equiv. (0
min), (b) 0.1 equiv. (10 min), (c) 0.5 equiv. (3t (d) 0.9 equiv. (60 min), (e) 1.5
equiv. (180 min) and (f) 2.0 equiv. (360 min). €Mbroad DADB resonance at -13 ppm

is obscured by the AB and PAB resonances)

Given both their polar compositions and planar atenlike structures and
properties, a variety of ionic liquid interactiomguld be possible for borazine and

polyborazylene, including the formation of ionicquid hydrogen-bonded and/or
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clathrated**° species. Holbrey et al. have shown that ionigitlg can clathrate aromatic
species such as benzene, toluene, andm p- xylene. In the ionic liquid
1,3-dimethylimidazolium hexafluorophosphate, crigstaere grown from these clathrates
and X-ray data were collected showing the benzeaes dactually form layered
complexes with the imidazolium rings. The aromagiencapsulated in a cation-anion
cage with the cation imidazolium methyl groups havstrongn-interactions with the

aromatic’’ These interactions are showrFigure 2.12

Figure 2.12 1,3-dimethylimidazolium hexafluorophosphate witb mol benzene
included as a clathrate. Three closest benzet®rsuare shown interacting with methyl

hydrogen: distances are 3.07 A, 3.03 A, and 3.22 A
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Similar interactions would be expected to occuthi@ isoelectronic BN analogue
borazine. Severat'B NMR studies specifically probing this phenomensimwed
interactions like that found by Holbrey and other3hese interactions are expected to
decrease as the temperature is increased andowas ghthe’'B NMR spectra irFigure
2.13 it was found that upon recording the NMR spectrofrthe final AB/omimOTf
sample with the NMR probe heated at £QOinstead of 27C, the resonance at 16 ppm
disappeared and was replaced by a resonance imadne normal 30 ppm region of
borazine. It was likewise found that when glymel(Ql glyme) was added to an
AB/bmimOTf reaction sample exhibiting a 16 ppm measace, this resonance disappeared
and was replaced by a 30 ppm resonance. Additewvidence that borazine could give
rise to a shift in this region in ionic liquid stilkns was obtained by recording the spectra
of a pure sample of borazine dissolved in 90 wt%ntim The initial spectrum showed
only a broad downfield pealFigure 2.149, but this resonance then shifted to 16 ppm
after the solution was heated at 85 (Figure 2.14h. The borazine could then be
recovered from the bmiml solution by extractioniwibluene Figure 2.149. These
results are thus all consistent with a signifigateraction between borazine and the ionic
liquids. Some ionic liquids required initial heagito form these interactions, whereas
the less viscous ionic liquids formed them at raemperature. Such interactions may
play a key role in retarding the loss of borazmdikely fuel cell catalyst poison, during

AB H,-release.
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Figure 2.13 Solution*'B NMR (128.4 MHz) of the reaction of 10-wt% AB (5g) in
bmimOTf (450 mg) at 85 °C for 6 h: (a) NMR probedt°C and (b) NMR probe at

100 °C.
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Figure 2.14 Solution*'B NMR (128.4 MHz) spectra recorded at%5of 10-wt%
borazine (50 mg) in bmiml (450 mg) after: (a)i@iimixing at 25 °C, (b) 19 h at 85 °C

and (c) the toluene extraction after heating.
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2.3.6 Why do lonic Liquids Accelerate AB H-release? What is the Role of
DADB?

The''B NMR spectra of the pyridine extracBidure 2.9 of both solid-state and
ionic liquid Hy-release reactions at different times anditheitu NMR experiments in
ionic liquids Figure 2.11) clearly showed the initial formation of diammaiaof
diborane (DADB) Equation 2.2 resulting from the reaction of two equivalentstfwut
H,-loss) of AB.

H, o
B
/' ® ~NH; |BH,
N

2H;NBH;
H, (2.2)

The fact that the DADB is a precursor to the foiorabf the polyaminoboranes,
rather than just a side reaction, was demonsttaged>-release and'B NMR studies of
DADB reactivity in ionic liquids. These studiesosted that the 85C reaction of a
pre-synthesizéd® pure sample of DADB dissolved in bmimOTf (10-wt%ADB)
yielded the same type of polyaminoborane produmis with faster Hrelease rates, as

those found in the AB/bmimOTf reactions.

H,
o
0.5 /B@\NH3 BH, — BN + 3H,
N

H, 2.3)

The theoretical DADB kirelease reaction in terms of AB equiv. is givenHguation

2.3 The H-release rates for separate 10 wt% DADB and AB $asnp bmimOTF are
compared irFigure 2.15 where the faster rate of the DADB reaction isadieapparent.
While AB/bmimOTF required 96 min to release 1.@-dduiv. and 274 min for 1.5

H,-equiv., the DADB required only 28 min for 1.0»-”quiv. and 94 min for 1.5
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Hz-equiv. At 400 min, the DADB/bmimOTF reaction hadready released 2.09
H,-equiv., while the AB/bmimCl reaction was still B76 H-equiv. These rates are also
faster than DADB Hrelease from the solid stat®.As can be seen in the NMR studies
in Figure 2.16 the initial B NMR spectrum obtained from a 10-wt% DADB/bmimOTF
sample showed only the broad resonances expectatifdDADB (NH).BH," (-13.3
ppm) and BH (-37.6 ppm) components. However, after heatingofdy 10 min at 85
°C, most of the DADB had been converted to PAB. 38tmin, 0.9 H-equiv. had been
released and tHeB NMR spectrum at this poinFigure 2.169 showed that the DADB
had been completely consumed. As the reactionepdex beyond the release of 1
H,-equiv., a new resonance grew in that was alstv@tl® ppm shift observed in the

AB/bmimOTf reactionsKigure 2.16d-1).
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Figure 2.15 H,-release measurements (gas burette) of bmimOTfifaH0and 10-wt%

(50 mg) of: (A) DADB and (B) AB.

Table 2.7 Times to Selected Equivalent Points of;HRelease (Gas Burette) of

bmimOTf (450 mg) and 10-wt% (50 mg) each of: (A) BDB and (B) AB at 85°C

(A (B
H,-Equiv. | Minutes| Ho-Equiv. | Minutes
0.25 2 0.25 17
0.5 3 0.5 28

0.75 6 0.75 43
1 20 1 68
1.25 58 1.25 105
1.5 137 1.5 170
1.75 265 1.75 262
2 398 2 367

105



s \/\_~\~~~~

Tim/e‘ = ‘/ Eiug\\\\x

. i
1\

DADB

VA
. UAY

30 20 10 0 -10 20 -30 -40 ppm

Figure 2.16 Solution''B NMR (128.4 MHz) spectra recorded at%®50f the reaction of
10-wt% DADB (50 mg) in bmimOTf (450 mg) at 85 °Geafthe release of: (a) 0.0
equiv. (0 min), (b) 0.9 equiv. (10 min), (c) 1.1ueéq (30 min), (d) 1.3 equiv. (60 min),

(e) 1.6 equiv. (180 min) and (f) 1.9 equiv. (36(jni
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Figure 2.17 Possible pathway for ionic-liquid promoted-klease from AB.

The combined solid-state and solutibB NMR studies of AB/ionic-liquid and
DADBYVionic-liquid H,-release reactions in progress support a AB delggdration
pathway in ionic liquidsKigure 2.17) involving: (1) ionic-liquid promoted conversior o
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AB into its more reactive ionic DADB form, (2) fimr intermolecular dehydrocoupling
reactions between hydridic B-H hydrogens and piotd+H hydrogens on DADB
and/or AB to form polyaminoborane polymers andpg@)yaminoborane dehydrogenation
to unsaturated cross-linked polyborazylene materidhe initial formation of DADB has
also been proposed as a key step in thermally-sdliB H-release reactions in the
solid statd>! and in organic solven®$,but the highly polar medium provided by ionic
liquids promotes DADB formation and appears to liee key activating feature of these
ionic liquid reactions.
2.3.7 H-Release Reactions in Tetraglyme

The AB Hy-release observed in the ionic liquid solvents aia® compared with
that obtained for the conventional polar organivesat, tetraglyme. The J+elease data
for a 50:50 wt% ratio AB/tetraglyme mixture showitit both the extent and rate of
H.-release were comparable to that of the AB/bmim€hctions [igure 2.18.
However, thé'B NMR spectra of the AB/tetraglyme reactions showed, unlike in the
ionic liquids, there was little evidence of PAB rwation, with the major product being
instead borazine (30.papm)** along with smaller amounts of BH(-36.8 ppm{® and
u-aminodiborane (-27.5 ppi)(Figure 2.19. Thus, ionic liquid solvents are favored for

AB Ha-release since they suppress or retard the formafithese undesired products.
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Figure 2.18 H,-release measurements (gas burette) of 50-wt% AR (thg) in

tetraglyme (150 mg) at: (A) 9&, (B) 85°C and (C) 75C.

Table 2.8 Times to Selected Equivalent Points of;HRelease (Gas Burette) of

50-wt% AB (150 mg) in Tetraglyme (150 mg) at Diffeent Temperatures

(A (B (©)

H.-Equiv. | Minutes | Ho-Equiv. | Minutes| Ho-Equiv. | Minutes
0.25 6 0.25 12 0.25 53
0.5 8 0.5 18 0.5 85
0.75 11 0.75 27 0.75 135

1 17 1 41 1 246
1.25 26 1.25 58 1.25 403
1.5 39 1.5 80 1.5 585
1.75 60 1.75 118 1.75 816

2 122 2 217 2 1130

(A) 95°C, (B) 85°C and (C) 75C.
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Figure 2.19 Solution'B{*H} NMR (128 MHz) spectra recorded at 80 of the reaction
of 10-wt% AB (50 mg) in tetraglyme (450 mg) at &5 &fter: (a) 1.1 equiv. (60 min), (b)

1.7 equiv. (180 min) and (c) 1.9 equiv. (360 mityset showsH coupled spectra.
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2.4  Conclusions

The results described in thizhapter have demonstrated that ionic liquids have
an activating effect on ammonia boranerklease. Unlike the solid-state-klease
reactions, AB H-release reactions in ionic liquids do not exhisitinduction period'B
NMR and H-release studies showed that DADB is the activermediate in AB
dehydropolymerization and that ionic liquids indube formation of DADB from AB.
By increasing the speed of formation of DADB, iofigquids dramatically improve the
H.-release rate from AB. The high extent of thejrrelease, the tunability of both their
H,-materials weight percents and release rates, fagid groduct control that is attained
by either trapping or suppressing unwanted volaitee products make AB/ionic-liquid

based systems attractive candidates for chemichibggn storage applications.
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Chapter 3

Base Promoted Ammonia Borane Hydrogen Release

Summary

The strong non-nucleophilic base, bis(dimethylajmaphthalene, (Proton
Sponge, PS) has been found to promote the ratexedt of H-release from ammonia
borane (AB) in both the solid state and in ionguid and tetraglyme solutions. For
example, AB reactions in 1-butyl-3-methylimidazeticchloride (bmimCl) containing 5.3
mol% PS released 2 equivalents of iH 171 min at 85C and only 9min at 110°C,
whereas comparable reactions without PS requirédndih at 85°C and 20 min at 110
°C. lonic liquid solvents proved more favorablerthatraglyme since they reduced the
formation of undesirable products, such as borazi@elid-state and solutioliB NMR
studies of PS-promoted reactions in progress stijgpi@action pathway involving initial
AB deprotonation to form the BNH, anion. This anion can then initiate AB
dehydropolymerization to form branched-chain polyshorane polymers. Subsequent
chain-branching and dehydrogenation reactions lediomately to a cross-linked
polyborazylene-type product. Model studies of tactions of [EBNH,BH3] Li* with
AB show evidence of chain-growttproviding additional support for a PS-promoted AB

anionic dehydropolymerizationgHelease process.
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3.1 Introduction

In the precedingChapter, it was shown that the addition of ionic liquids t
ammonia borane dramatically increased the extethtrate of H-release and eliminated
the induction period that had been observed indsihlite reactions. These studies
showed that DADB is the active intermediate in ABhydropolymerization and that
ionic liquids induce the formation of DADB from AB.

The lonic-liquid based systems describe€hapter 2 can be tuned to achieve a
range of H-release rates. But it was also found that theetbase rate dramatically
slowed after the first equivalent was releasedeafly there is room for other methods for
improving the rate and extent ofklease from AB. In addition to ionic liquids a
number of other approaches are now being exployeathers to induce AB Hrelease,
such as the use of transition metal catal{iétsacid catalyst§,nano and meso-porous
scaffolds®® In thisChapter, the activating effect of base additives will lescribed for
reactions in the solid-state, ionic liquids, anttaglyme and it will be shown that they
enhance birelease of the second AB equivalent.

Earlier work showe¥’ that the addition of small amounts of either LiHLiNH,
to AB in the solid state eliminated the inductiogripd and increased both the rate and
extent of H-release at 88C. As outlined inEquations 3.1and3.2, the initial step in
these reactions was proposed to be AB deprotonabigeroduce the §BNH,™ anion,
with this anion then inducing anionic dehydropolyin&tion of AB to produce a growing
polyaminoborane polymeE@uation 3.3.

H;NBH; + Li'NH,” — H;BNH,Li" + NH; (3.1)

H3NBH3 + Li+H_ E— I‘I3B‘[\II_IZ_LiJr + H2 (32)
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H3;BNH,Li* + H3;BNH;— H3BNH,BH,NH,Li" + H, (3.3)
Unfortunately, these reactions stopped after tlease of ~1.5 Hequivalents due
at least in part to the formation of the LiBslde-product via the reactions lguations

3.4and3.5. Since LiBH, does not decompose until >380, its formation reduces the

extent of AB H-release at 88C 2
H;BNH, Li" — -(H,NBH,) + Li'H" (3.4)
H;BNH; + Li'H—— Li'BH,” + NH; (3.5)

In order to avoid the formation of stable alkalitale borohydrides, we
investigated the use of alternative nitrogen-badegrotonating agents to induce AB
polymerization. ThisChapter reports that the strong (pka ~12), non-nucleoplbdise,
bis(dimethyamino)naphthalene (Proton Sponge,’R&) also induce AB itelease via

an anionic dehydropolymerization mechanism withatleantage that the formation of a

stable BH™ salt is avoided.
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3.2 Experimental Section
3.2.1 Materials

All manipulations were carried out using standanghhvacuum or inert
atmosphere techniques, as described by Shfivammonia borane (AB) (Aviabor, 97%
minimum purity) was ground into a free flowing posvdusing a commercial coffee
grinder. The 1-butyl-3-methylimidazolium chlorid@nimClI), 1,3-dimethylimidazolium
methylsulfate (mmimMeS§), 1-buytl-2,3-dimethylimidazolium chloride (bdmimjCand
1-ethyl-2,3-dimethylimidazolium ethylsulfate (ednt$Q;) ionic liquids (Fluka) were
dried by toluene azeotropic distillation. Tetradg¢ime glycol dimethyl ether (Sigma
99%) (tetraglyme) and ethylene glycol dimethyl etl{€igma 99%) (glyme) were
vacuum distilled from sodium with heating. Aldridhis(dimethylamino)naphthalene
(Proton Sponge, PS) was sublimed and stored umg#gt atmosphere and light free
conditions.
3.2.2 Physical Measurements

The Toepler pump system used for hydrogen measumtemeas similar to that
described by Shrivét and was diagramed iRigure 2.1 of Chapter 2. The released
gases from the reaction vessel were first passedigh a liquid nitrogen trap before
continuing on to the Toepler pump (700 mL). Thieased H was then pumped into a
series of calibrated volumes with the final pressaf the collected Hgas measured
(0.5 mm) with the aid of a U-tube manometer. Aftee H-measurement was
completed, the in-line liquid nitrogen trap was mad to room temperature and the
amount of any volatiles that had been trapped was &lso measured using the Toepler
pump.
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The automated gas burettggure 2.2 of Chapter 2 was based on the design
reported by Zheng et df*,but employed all glass connections with a colg &8°C)
inserted between the reaction flask and burettellow trapping of any volatiles that
might have been produced during the reaction. Aentcomplete description of both the
Toepler pump and automated gas burette is avaiial@lbapter 2.

Differential scanning calorimetry was carried ontaoSetaram C80 calorimeter at
Pacific Northwest National Laboratories. Sampmestaining 50 mg of AB and 50 mg
of bmimCl, without and with 5 mol% (18 mg) of PSrdoaded into the cells under a N
atmosphere. The ramp rate wa*CImin and samples were taken to eithe’@%r 110
°C.

Solid-state reactions carried out with the Toegemp were extracted with
pyridine at various points in the reactions and itowad by*'B NMR. The reaction flask
was removed from the oil bath and cooled to roompterature, then dry pyridine was
added to the reaction flask underfddw. The pyridine solution was extracted by sge
and then thé'B NMR was taken.

While bmimCl is a liquid at 85 °C, it is a solid eiom temperature; therefore,
solid-state’B NMR analyses (at Pacific Northwest National Latiories: 240 MHz
machine spun at 10 kHz) were used to monitor tloelyots of reactions carried out in
bmimCl. All solid state"'B chemical shifts were measured relative to extekaBH;
(-41 ppm).

The solution'B NMR (128.4 MHz Bruker DMX-400) studies in the ro
temperature ionic liquid mmimMeSQvere carried out by heating the reaction mixtures
in sealed NMR tubes at 85 °C for the indicated siwéh the spectra taken at 25. The
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I8 NMR spectra of the reactions in tetraglyme weodlected with the NMR probe
heated at 86C.

All solid-state and solutioh'B NMR chemical shifts are referenced to external
BF3O(C;Hs)2 (0.0 ppm) with a negative sign indicating an ulpffighift.

3.2.3 Procedures for AB H-Release Reactions

For the experiments where the releasgdvels measured with the Toepler pump,
the AB (250 mg, 8.1 mmol) was loaded into the neaclasks under N The solid-state
reactions of AB/PS mixtures were carried out incexsied 500 mL break-seal flasks that
were heated in an oven preheated to the desirepetature. The solids were initially
crudely mixed, since upon heating the solid mixduneere found to form a melt before
the onset of birelease. Reactions in solution were loaded in@0~hL flasks with the
ionic liquid and PS in the amounts given in theldab The flasks were then evacuated,
sealed, and placed in a hot oil bath preheateldetaésired temperature. The flasks were
opened at the indicated times and the releasedoggdrquantified using the Toepler
pump system. Post reaction, the flasks were evadudar 30 min through the cold trap
to remove any volatile products from the reactiesidue. The product residues and
volatiles in the cold trap were extracted with dtyme and analyzed byB NMR.

For reactions using the automated gas burette ABIg150 mg, 4.87 mmol)
samples were loaded into ~100 mL flasks with calditaszolumes, along with the ionic
liquid (150 mg) or tetraglyme (0.15 mL) solventdd®S. Under a flow of helium, the
flask was attached to the burette system. Thesystas evacuated 30 min for reactions
with the ionic liquid solutions, and 5 min for t&tdyme solutions. The system was then
backfilled with helium and allowed to equilibrat® atmospheric pressure for ~30 min.
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Once the system pressure equalized, the data wotigrogram was started and the flask
was immersed in the preheated oil bath. The prodesidues were extracted with dry
glyme and analyzed byB NMR. The data are reported from the point wheeeflask
was initially plunged into the oil bath, but ltlease was not observed until the
ionic-liquid/AB mixture melted. Data were recordatd2-5 second intervals depending
on the speed of the reaction. An example dateass&town inTable 2.1in Chapter 2
along with a more complete description of the awtt@md gas burette. The rest of the data
sets for the gas burette graphs presented irCtinegpter are available on a CD submitted
with the paper copy of this dissertation and etettally in the supplementary files
submitted with the electronic copy of this disskota

Reactions of bmimCl and bmimCI/PS with partialljhgidrogenated AB followed
the procedures for the automated gas burettelallpjttwo separate samples of neat AB
(150 mg, 4.87 mmol) were heated for 23 h af@50 release ~1 equivalent ob.HThe
reaction flasks were removed from the gas burgtséesn under a flow of helium and
then taken into a glove box where bmimCl (150 niyw&%) was added to one sample
and bmimCl (150 mg, 50 wt%) and PS (55 mg, 5 moédded to the second. After
thorough mixing, the flasks were reattached togh® burette system and heated again at
85°C. Data were recorded on the gas burette systéilHrelease stopped.
3.2.4 Computational Methods

DFT/GIAO/NMR calculations were performed using thaussian 03 program.12
Geometries were fully optimized at the B3LYP/6-3d{(evel without symmetry
constraints. Thé'B NMR chemical shifts were calculated at the B3L&B11G(d) level
using the GIAO option within Gaussian 03. THB NMR GIAO chemical shifts are
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referenced to BOEL using an absolute shielding constant of 101.58ichviwas
obtained from the GIAO NMR calculated shift of BPEtL at the
B3LYP/6-311G(d)//B3LYP/6-31G(d) level of theory.h& Cartesian coordinates for the

calculated species iigures 3.9and3.18are listed below iTables 3.1-3.5

Table 3.1 Cartesian Coordinates for [HBNH,]~  (Figure 3.9A)

X Y Z
-0.773299 -0.000000| -0.134999
0.791599| -0.0000000.012799
-1.135099 -0.804499 0.381400
-1.135099 0.804499| 0.38140(
1.259600| 1.009599 -0.542400
1.259600| -1.009500-0.542600
1.206199| -0.0001001.203099

I T|TT|T|®™=2

Table 3.2 Cartesian Coordinates for Straight Chain

[H3BNHBH,NH,BH,NH,BH,NH,]~  (Figure 3.9B)

X Y Z
1.959700| 0.758999 1.187400
2.540399| 0.412200 -0.198300
1.293600| -0.033100-1.148400
0.438000| -1.324199-0.793400
-0.208900| -1.079400 0.647899
-1.770800| -0.859699 0.824700
-2.317500 0.158000| -0.263600
-1.968999 1.736400| -0.269600
2.621800| 0.566400 1.930099
1.690000| 1.733499 1.2746Q0
3.295600| -0.544500-0.124400
3.079500| 1.353000 -0.788600
1.666900| -0.159100-2.085399
0.660999| 0.766799 -1.215500
1.179299| -2.286599-0.761700
-0.431200| -1.475000| -1.641799
0.363400| -0.328299 1.081500
0.006900| -1.898000 1.208599

ITITITT|IT|IT|T|T|T|T|WZ2IJZ2IJ 232
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-2.009999

-0.428400

1.935800

-2.320700

-1.938300

0.636300

-3.330500

0.091499

-0.21059

-2.079099

-0.229699

-1.175400

-2.334400

2.210500

0.79059¢

-2.574799

2.233699

-1.21389

O

I IT|T|IT|T|IT|T

-0.765400

1.877400

-0.41970

()

Table 3.3 Cartesian Coordinates for Branched Chain

[(NH2BH3),BHNH :BH2NH]~

(Figure 3.9C)

X Y Z
N | 0.936900| -1.183599 0.363600
N | -3.477799 0.052300| -0.022599
B | -2.135199 -0.649400) 0.192800
N | -0.967499 0.439900| -0.199000
B | 0.448600| -0.075100-0.630100
N | 1.511099| 1.101200 -0.554800
B | 1.424499| 2.188700 0.6430Q0
B | 2.350199| -1.921000 0.066400
H | 0.204500| -1.889200 0.394999
H | 0.967599| -0.795899 1.306100
H | -3.907000] 0.364899| 0.84210(
H | -4.148900) -0.556700] -0.475500
H | -1.892199 -0.982400] 1.350600
H | -1.999500) -1.589500 -0.576400
H | -0.870600 1.111000| 0.562499
H | -1.391400] 0.972999| -0.955799
H | 0.388799| -0.524300-1.750799
H | 1.519300| 1.602100 -1.438399
H| 2.418199| 0.634999 -0.505100
H | 0.455499| 2.902500 0.4314Q0
H | 1.299700| 1.582000 1.695699
H | 2.453100| 2.843799 0.6319Q0
H| 2.261599| -2.477400-1.011600
H | 3.231400| -1.069400 0.053500
H | 2.550500| -2.7130990.974099
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Table 3.4 Cartesian Coordinates for Branched Chain

[H3BNHBH(BH,NH3)NHBH NH,]~ (Figure 3.9D)

X

Y

Z

0.952800

1.127599

-0.6325¢

D9

-3.608900

-0.082999

-0.197800

-2.090899

0.391100

0.108600

-0.943000

-0.681100

0.233600

0.470500

0.036699

0.46190

1.593199

-0.99760

D0.780699

1.653900

-1.89879

D-0.575000

1.751000

2.201099

0.111999

-0.009499

1.651199

-1.18340

-4.299799

0.933600

-0.23450

-3.970399

-0.817499

0.707500

-3.621200

-0.655200

-1.274800

-1.807799

1.056199

-0.60830

-2.124200

0.935900

0.968200

-0.910399

-1.311300

-0.815700

-1.180600

-1.407399

1.179100

0.390799

0.606400

1.30459

1.332799

-1.74590

01.699600

2.697300

-0.49649

00.891300

0.750399

-2.34489

D-0.726400

1.785399

-1.21520

D-1.331499

2.398799

-2.58579

D-0.574399

1.818200

3.047100

-0.4449¢

D9

2.704399

1.902899

0.30090

0

I ITI|TI|TI|IT|IT|T|IT|T|IT|T|T|T|Z2Z|WZ2W|Z2Wm

1.584100

0.505399

-1.5296(

DO

Table 3.5 Cartesian Coordinates for [HBNH,BH,NH,BEt3]” (Figure 3.18)

X
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0.655743
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H | 1.334269| -2.3704560.397727
C| 1.108688| 0.872984 -1.310904
H | 0.702173| 0.466378 -2.255249
H| 2.197316| 0.926333 -1.485537
C | 1.069508| 0.408922 1.420464
H | 0.321383| 1.193611 1.605945
H | 0.850119| -0.3709062.175262
C | 3.137576| -1.647815-0.521249
H | 3.631333| -1.3641830.415665
H | 3.529675| -2.638214-0.802335
H | 3.476580| -0.938600-1.287172
C | 0.592853| 2.314007 -1.146182
H | 0.839618| 2.949048 -2.012247
H | -0.493703] 2.336795| -1.019284
H | 1.029156| 2.795498 -0.260936
C | 2.454242| 0.997297 1.747594
H| 2.482709| 1.479006 2.737705
H | 3.241083| 0.232662 1.745465
H | 2.750655| 1.756872 1.012585
H | -3.347816| -1.408267| -0.518157
H | -3.215754 -1.163142 1.079698
H | -5.045222| 0.442455| -0.88460Y
H | -5.589647| -0.981050, 0.446384
H | -4.870481] 0.792194| 1.104587
N | -3.326438| -0.671772| 0.190345
B | -4.834247| -0.038808] 0.214854

3.3  Results and Discussion
3.3.1 H-Release from AB/PS Solid-State Reactions

As shown inFigure 3.1aandTable 3.6 initial H,-release measurements using
the Toepler pump of the solid-state reactions ofiABhe presence of 1.0 and 5.2 mol%
PS at 85 °C clearly demonstrated the activatingoef®f PS on AB kirelease. While the
reaction with 1.0 mol % PS still showed an inductperiod with no Hreleased after 1
h, the extent of release was significantly incrdaase3 h (0.65 equiv.) compared to that
from pure AB at the same time (0.34 equiv.). Th#ador the 5.2 mol % PS reaction
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indicated both a shortened induction period, wiBbQequiv. already released at 1 h, and
significantly increased amounts ob-kelease at both 3 h (0.93 equiv.) and 20 h (1.12
equiv.) compared to those of either the pure AR.Ormol% PS reactions. However, the
solid-state AB/PS reactions stopped just afterrédease of ~1.1 Hequivalents. More
detailed H-release data collecteddble 3.7 and Figure 3.1b for the 5.2 mol% PS
reaction with the automated gas burette again lglelemonstrated that the induction
period was shortened and that the rate gfdtease was increased upon the addition of
5.2 mol% PS.

The NMR spectra ifrigure 3.2 of the glyme-soluble residues from the solid-state
AB/PS reactions showed features similar to thos@foure AB reactions. Thus, as the
reaction progressed, the AB resonance (-23.5 ppmsjedsed and was replaced by
resonances arising from both the diammoniate ofrdite, [(NH).BH,] 'BH4~, (DADB)
(-13.3 (overlapped) and -37.6 ppri)* and branched-chain polyaminoborane polymers
(-7, -13.3 and -25.1 pprh) with the observed shift is in good agreement vitib
calculated shifts given i@hapter 2, Figure 2.9 Consistent with the faster,ielease
found for the PS/AB mixtures, the spectra show #ftdr 22 h the amount of unreacted
AB was less in the PS/AB reactions than in thahefpure AB reaction.

The solid-state'’B NMR spectra inFigure 3.3 of the final products of the
reactions showed an additional broad resonanceersshtnear ~23 ppm that is
characteristic of the $pboron-framework of cross-linked polyborazylenaistres'®*?
thus indicating that AB dehydrogenation ultimatptpduces B=N unsaturated products.
Consistent with this conclusion, tH&88 NMR spectra of the volatile products of the
PS/AB reactions collected in the cold trap throwghich the released Hhad been
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passed, also indicated some borazing¢Blg) formation with the amount of the volatiles
(ranging from 0.04 to 0.25 mmol depending upon tharticular experiment)

corresponding to less than 10% of the AB convertiinigorazine.

v. of H 2

E

—— 5.2 nolo PS
—— 1.0 nolo PS
—a— No PS

10 15 20
1.2 - Time [h]

Equiv. of H,

—No PS (A)
—PS (B)

0 250 500 750 1000 1250
Time [min]

Figure 3.1 Hy-release measurements (a) (Toepler pump) for stdig AB (250 mQ)
reactions with 0, 1.0 and 5.2 mol% PS (18 and 91ang5 °C, (b) (gas burette) for solid

state AB (150 mg) reactions with 0 and 5.2 mol%(%5mg) at 85 °C.
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Table 3.6 H-Release Data (Toepler pump) for AB/PS Solid-Stateeactions at 85

°C
Time Amount of PS Total H,-Released
[h] | [mol%, mg, mmol]| wt[mg]| equiv.| mmal
1 - 250 - 0.02
3 - 250 0.34 2.74
21 - 250 0.84 6.79
1 1.0, 18, 0.084 268 - 0.08
3 1.0, 18, 0.084 268 0.65 5.23
21 1.0, 18, 0.084 268 0.95 7.78
1 5.2 91, 0.43 341 0.35 2.86
3 5.2 91, 0.43 341 0.92 7.52
21 5.2 91,0.43 341 1.12 9.04

250 mg NHBH; (8.1 mmol) was used for all reactions.

Table 3.7 H-Release Data (gas burette) for AB/PS Solid-StatecBctions at 85 °C

Amount of PS Total Time to #kquivalents (min)
[mol%, mg, mmol] wt[mg] 0.5equiv. 1equiv. Fin@quiv.)
- 150 295 1264 1333 (1.02)
5.3 55, 0.26 205 191 885 1334 (1.08)

150 mg NHBH3 (4.87 mmol) was used for all reactions.
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DADB

30 20 10 0 -10 -20 -30 ppm

Figure 3.2 MB{*H} NMR (128.4 MHz) spectra (insets shd# coupled spectra)
recorded at 28C of the glyme extract of the reaction of: (a) M50 mg) and 5.3 mol%
PS (55 mg) at 88C for 22 h and (b) AB (150 mg) at 86 for 22 h. (The broad DADB

resonance at -13 ppm is obscured by the PAB resejhan

130



AB DADB

T T T T T T T

T T
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Figure 3.3 Solid-staté'B NMR (240 MHz) spectra recorded at %5 of the reaction of:
(a) AB (150 mg) and 5.3 mol% PS (55 mg) af85until 1 H-equivalent was released
and (b) AB (150 mg) at 8% until 1 H-equivalent was released. (The broad DADB
resonance at -13 ppm is obscured by the AB resepafi@orate resonances at 17 and 2

ppm result from exposure of sample to air.
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3.3.2 H-Release from AB/PS Solution Reactions

3.3.2.1 Initial Reactions Measured with the ToeplePump

25
2 - X
(qV]
T
215 |
@)
>
> B
S 1
0l |
/X —— 5.2 o6 PS
05 1Y —e—1.0MOR6PS
// —x—NoPS
O X I I I I
0 5 15 20

10
Time [H

Figure 3.4 H,-release measurements (Toepler pump) of the reactidB (250 mg) in

bmimCl (250 mg) with 0, 1.0 and 5.2 mol% PS (18 @fhdng) at 85 °C.

The work described itChapter 2 and elsewhef@ showed that polar solvents,
especially ionic liquids such as 1-butyl-3-methytiazolium chloride (bmimCl), can
activate H-release from AB at 88C, with over 2 equivalents being produced in ~5 h
from a 50/50 weight% AB/bmimCIl mixture. Comparisoof the H-release rates using
Toepler pump measurements of AB dissolved in bmimi@i different amounts of added
PS at 85 °C are summarizedTable 3.8andFigure 3.4 In the absence of PS, only
0.69, 1.00, 1.28 and 1.97-4dquiv. were released at 1, 3, 6 and 23 h, resmdgti In

contrast, a similar reaction of AB in bmimCl comiag 5.2 mol% PS showed a
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significantly increased Hrelease rate, with 1.40kquiv. released by 1 h and 2.10
H,-equiv. released after only 3 h. Even when thewarhof PS was decreased to only 0.5
mol% PS, there were still significant increasesthe H-release found at 1 h (0.83
equiv.), 3 h (1.65 equiv.) and 6 h (2.10 equivinpared to those of the reaction without
PS.

The plots inFigure 3.4 show that the biggest differences in therelease rates of
the bmimCI reactions with and without PS occurretiofving the release of the first
equivalent of H. For the reaction without PS, the first equivaleas released in 3 h,
and even after 23 h only 1.97 equiv was releas&nithe other hand, by 3 h the reactions
with 5.2 and 1.0 mol% PS had already released &ti0L.75 equiv., respectively, and at
6 h, 2.18 and 2.01 equiv. Thus, PS appears to signeficantly enhanced the release
rate of the secondHequivalent from AB.

Differential scanning calorimetry measurements alggport this conclusion. The
black curve inFigure 3.5ashows a single well-defined exotherm for the redeaf the
first Ho-equivalent from the reaction of an AB/bmimCI mis¢u The blueurve, which is
from the reaction of a similar mixture containin@® 5nol% of added PS, clearly exhibits
a second exotherm indicating the release of aduitidh, by a different process.
Consistent with the Hrelease measurements that showed significanterdtancements
for the 2 H,-equivalent as the temperature was raised, whemper temperature of
the DSC analysis was raised from ®5to 110°C (Figure 3.5b), the second exotherm

grew and shifted to shorter times such that it laygred the first isotherm.
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Table 3.8 H-Release Data (Toepler pump) for AB/BmimCI/PS Reauins at 85 °C

Time  Amount of PS Totdl Hy-Released
[h]  [mol%, mg, mmol] wt[mg] equiv. mmol

1 - 500 0.69 5.62

3 - 500 1.00 8.10

6 - 500 1.28 10.36
23 - 500 1.97 1594
1 0.5 9, 0.04 509 0.83 6.70
3 0.59,0.04 509 1.65 13.37
6 0.59,0.04 509 2.10 17.04
22 0.5 9, 0.04 509 2.23 18.04
1 5.2 91,043 591 1.40 11.33
3 5.2 91,043 591 2.10 17.02
6 5.2 91, 0.43 591 2.18 17.67
21 5.2 91,043 591 2.23 18.04

1 24.9 434, 2.03 934 0.79 6.37
3 24.9 434, 2.03 934 1.75 14.14
6 24.9 434, 2.03 934 201 16.28
22 24.9 434, 2.03 934 213 17.23

250 mg NHBH3(8.1 mmol) and 250 mg bmimCl were used for all tieas.
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Figure 3.5 Differential Scanning Calorimetry analyses of taactions of AB (150 mg)
in bmimCI (150 mg) with 5.3 mol% PS (55 mg) at) &°C and (b) 116C. *Initial

exotherm is apparatus artifact.
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3.3.2.2 H-Release Reactions Measured with the Automated G&airette

In order to better quantify the effects of both IB&ling and temperature, more
detailed H-release data on a series of 50/50 wt% AB/bmimGtesyis containing from O
to 24.9 mol% PS at 75, 85, 95 and P@were collected on the automated gas burette
(Table 3.9andFigure 3.6. The rate of hirelease increased as the mol% of PS in the
mixture was increased. For example, as showkfigare 3.6 while the reaction at 85
°C without PS required 84 min and 316 min to liberdte £ and 29 equivalents of b
the reactions with 0.96 {174, 2 179 min), 5.3 (61, 29171 min) and 24.9 {141, 2*

77 min) mol% PS were all significantly faster, witke fastest rate found for the highest
loading. Substantial rate increases were obsefweall reactions when the reaction
temperature was increased. Thus, as illustratéaeimplots inFigure 3.6b, at 110°C the
reaction without PS required only 7.4 min and 2o liberate the 5 and 2¢
equivalents of ki but the reactions with 0.96%%5.9, 2 13 min), 5.3 (1 4.3, 299 min)
and 24.9 (T 4.3, 29 7 min) mol% PS were all again significantly fastelt is also
noteworthy that at 9%C and 110C, unlike at 85C, the rate of ktrelease for the 5.3 and
24.9 mol% PS reactions were similar; indicatingt tless PS is required to induce
H,-release at higher temperatures.

The above studies all indicate that both bmimCI B&dpromote the loss of more
than one equivalent of Hwith the combination of PS in bmimCl being the mos
effective. To further test this conclusion, tworgdes of neat AB were first heated at 85
°C for 23 h to produce a partially dehydrogenatetens where only ~1.0 Hequivalent
had been released. To the first sample bmimClaglded and to the second sample both
PS and bmimCl. The flasks were then reheated 4C&6 produce liquid suspensions,
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and any additional Hrelease was measured. While the heating of Aiénsolid state

at 85°C for more extended periods (~48 h) gave no furtherelease, both Toepler
pump Table 3.10 and gas burette measuremeriigre 3.7) showed that the addition
of either bmimClI or bmimCI/PS to the partially delhggenated AB caused-elease to

resume, ultimately yielding an additional ~0.7 eaiewnt of B from both samplesyith

the bmimCI/PS reaction exhibiting the fastest rate.

Table 3.9 H-Release Data (gas burette) for AB/bmimCI/PS Reactns

Temp. Amount of PS Totél Time to H-equivalents (min)
°C [mol%, mg, mmol]  wt [mg] 0.75 1 15 Final (equiv.)
equiv. equiv. equiv.

75 - 300 228 459 - 1041 (1.43)
0.96 10, 0.047 310 205 320 665 1040 (2)
5.3 55, 0.26 355 161 215 342 723 (1.99)
24.9 260, 1.21 560 140 208 378 782 (1.98)

85 - 300 52 84 199 316 (2)
0.96 10, 0.047 310 50 74 118 179 (2)
5.3 55, 0.26 355 45 61 95 171 (2)
24.9 260, 1.21 560 35 41 55 77 (2)

95 - 300 21 37 87 126 (2)
0.96 10, 0.047 310 20 27 44 72 (2)
5.3 55, 0.26 355 17 21 31 52 (2)
24.9 260, 1.21 560 16.3 20.9 32 59 (1.91)

110 - 300 5.8 7.4 12 20 (2)
0.96 10, 0.047 310 4.9 5.9 8 13 (2)
5.3 55, 0.26 355 3.8 4.3 6 9 (2)
24.9 260, 1.21 560 4.0 4.3 5 7 (2)

150 mg NHBH3(4.87 mmol) and 150 mg bmimCI were used for alttieas.
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Figure 3.6 Hy-release measurements (gas burette) of the reautidB (150 mg) in
bmimCl (150 mg) with 0, 0.96, 5.3 and 24.9 mol%(RQ, 55 and 260 mg) at: (a) 85

and (b) 110C.
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Figure 3.7 Hy-release measurements (gas burette) of partiallydtegenated AB (150
mg) where 1 kBequivalent was initially released at &5, then bmimCI (150 mg) and
bmimCl (150 mg)/PS (55 mg/5.2 mol%) were addecefmasate samples and heating
resumed at 8%C. The dashed line shows the observed ABetease when IL and/or PS

are not added.
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Table 3.10 H-Release (Toepler pump) Data for Partially Dehydrognated AB

Time  Totaf H,-Released
[h]  wt[mg] equiv. mmol
0 250 0.99 8.04
1° 500 1.05 8.51
2P 500 1.11 9.02
3P 500 1.27 10.30
21° 500 1.78 14.42
24° 500 1.79 14.51
0 250 0.98 7.96
1° 591 1.21 9.82
2° 591 1.45 11.75
3° 591 1.51 12.20
24 591 1.70 13.77

%250 mg NHBH3 (8.1 mmol) for all experiments”250 mg bmimCl added post neat

NH3BH; reaction. “250 mg bmimCl and 91 mg PS added post neaB¥ reaction.
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3.3.3 B NMR Studies of Reaction Pathways and Intermediate
3.3.3.1 Solid-Staté'B NMR Studies

While bmimCl is a liquid at 85C, it is a solid at room temperature; therefore,
solid-state NMR was used to monitor the bmimCIl/AB/feactions at different stages by
heating the liquid mixtures at 8&, then quenching the reactions at the indicateedi
by cooling to room temperature, with subsequentyara of the resulting solid materials
by solid-state"'B NMR. Consistent with the ielease measurements a8 NMR
studies of solid-state PS/AB reactions, the sdiides'B spectrum of the reaction of a
50/50 wt% bmimCI/AB mixture containing 5.2101% PS showed after 0.5 equiv. of
Ho-release, the resonances of both DABE and branched chain polyaminoboranes
(Figure 3.9."> The small signal (-21.2 ppm) that is apparent flesvnfield of the AB
(-23.2 ppm) resonance has a chemical shift valuesistent with that previously
reported®?? for the HsBNH,~ anion (-21.49 ppm) and with its DFT/GIAO calculte
value (-20.6 ppm)Higure 3.9.

As the reaction continued, the resonances broadanedliminished and a new
resonance centered at 25.9 ppm grew in that isactarstic of unsaturated
spf-hybridized boron. As shown in the spectrunfigure 3.1Q after prolonged reaction
(23 h) only the 25.9 ppm resonance remained, itidigahat all final products had
unsaturated Sghybridized structures. NMR studies of the dehgermated products of
AB Hy-release promoted by solid-state thermal reactiohave likewise shown the
formation of similar types of B=N unsaturated finptoducts after more than 2

equivalents of btrelease.
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Figure 3.8 Solid-staté'B NMR (240 MHz) spectra recorded at %5 of the reaction of
AB (150 mg) and 5.3 mol% PS (55 mg) in bmimCI (15@) at 85 °C after the elease
of: (a) 0.5 equiv. (30 min), (b) 1 equiv. (61 mifY) 1.5 equiv. (95 min) and (d) 2 equiv.
(171 min). (The broad DADB resonance at -13 ppwbiscured by the AB and PAB

resonances)
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Figure 3.9 DFT optimized geometries (B3LYP/6-31G(d)) and GlAalculated
(B3LYP/6-311G(d))}"'B NMR chemical shifts. The shifts for the corresgimg neutral

species are given @hapter 2, Figure 9
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Figure 3.10 Solid-staté'B NMR (240 MHz) spectrum recorded at @5 of the reaction

of AB (250 mg) and 5.2 mol% PS (91 mg) in bmim@@Img) at 85 °C for 23 h.

3.3.3.2In Situ *B NMR Studies of Reaction Progress in lonic Liquids

In situ solution*'B NMR studies of the PS promoted-tlease from AB in the
room temperature ionic liquid mmimMe%@t 85 °C also exhibited features similar to
those observed in the solid-state NMR spectra ef lmimCl reactions. It is also
significant that the’B NMR spectra of the reactions with and without RS
mmimMeSQ (Figure 3.11) showed the formation of similar types of products both
reactions, DADB and polyaminoborane polymers weyeméd initially, then at the

longer times where more;Hvas released, the DADB and polyaminoborane res@san
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decreased and insoluble materials formed. Onlymallsintensity resonance was
observed near 25 ppm indicating that if unsatur&ell products, such as borazine or
polyborazylene, were formed they must have reacplly to form the final insoluble

product.
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Figure 3.11 Solution*'B NMR (128 MHz) spectra recorded at @5 of the reaction of
AB (50 mg) in mmimMeS®(450 mg) at 85 °C, (right) with 5.2 mol% PS (18)rafier
the release of: (a) 0.03 equiv., (b) 0.08 eqyo).N.32 equiv., (d) 1.14 equiv. and (e)
1.63 equiv.; (left) without PS after the release @*) 0.03 equiv., (b*) 0.08 equiv., (c*)
0.29 equiv., (d*) 1.07 equiv. and (e*) 1.62 equ{fhe broad DADB resonance at -13
ppm is obscured by the AB and PAB resonances)
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3.3.4 Proton Sponge Reduces Foaming During AB Theotysis

One of the barriers to the utilization of AB-rklease for hydrogen storage, is that
AB dehydrogenation in either the solid state or gaolution normally produces
considerable foamintf. However, as shown in the photographsFigure 3.12 Proton
Sponge, besides increasing both the rate and estétitrelease, was found to have the
unanticipated, but highly beneficial, effect of mificantly reducing foaming during AB

Ho-release in the bmimCI/PS reactions.

Figure 3.12 Foaming resulting from the reaction of 250 mg K250 mg bmimCl after

1 h at 100°C: (a) without PS, (b) with 5.2 mol% PS (91 mg).
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3.3.5 H-Release in Other lonic Liquids and Tetraglyme

PS was also found to increase AB-ftdlease in both other ionic liquids and
tetraglyme, with both the extent and rate of-release comparable to that of the
PS/bmimCl reactionsT@ble 3.11andFigure 3.13. Gas burette datd @ble 3.12 at 85
°C for the tetraglyme reactions showed that fasésratould be achieved with only 1
mol% of PS. Thé'B NMR spectra of the tetraglyme/PS reactions aemed evidence
for the initial formation of the EBNH, anion, followed by the appearance of the
resonances for polyaminoborane polymers. Howetdgnger times, unlike in the ionic
liquids, the major product was borazine (3ppm)y° along with smaller amounts of BH
(-36.8 ppm3§® and p-aminodiborane (-27.5 ppAT) (Figure 3.14. Thus, ionic liquid
solvents are favored for AB jJielease since they suppress or reduce the formafio

these products.
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Figure 3.13 H,-release measurements (Toepler pump) of the reaatidB (250 mg) in

ionic liquids or tetraglyme (250 mg) with 5.2 moPR& (91 mg) at 85 °C.
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Table 3.11 H-Release Data (Toepler pump) for AB/lonic-Liquid/PSReactions at

85°C
Solvent Time Amount of PS Total H,-Released
[h] [mol%, mg, mmol] wt [mg] equiv. mmol
BDmimCl 1 - 500 0.68 5.52
3 - 500 1.06 8.58
6 - 500 1.31 10.61
22 - 500 2.29 18.59
BDmimCl 1 5.2 91, 0.43 591 1.26 10.19
3 5.2 91, 0.43 591 1.82 14.74
6 5.2 91, 0.43 591 2.03 16.47
22 5.2 91, 0.43 591 2.13 17.23
EDmIimEtSQ 1 - 500 1.00 8.09
3 - 500 1.32 10.7
6 - 500 1.64 11.3
22 - 500 2.20 17.8
EDmIimEtSQ 1 5.2 91, 0.43 591 1.52 12.33
3 5.2 91, 0.43 591 1.91 15.50
6 5.2 91, 0.43 591 2.04 16.51
215 5.2 91, 0.43 591 2.16 17.47
Tetraglyme 1 - 500 1.19 9.65
3 - 500 1.80 14.57
6 - 500 1.97 15.97
22 - 500 2.12 17.20
Tetraglyme 1 5.2 91,0.43 591 1.32 10.73
3 5.2 91, 0.43 591 1.66 13.45
6 5.2 91, 0.43 591 1.86 15.10
22 5.2 91, 0.43 591 2.13 17.22

250 mg NHBH3 (8.1 mmol) and 250 mg ionic liquid or tetraglymere/@sed for all

reactions.
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Table 3.12 H-Release Data (gas burette) for AB/Tetraglyme/PS Retions at 85°C

Temp Amount of PS Totél Time to H-equivalents (min)

°C [mol%, mg, mmol] wt[mg] 1equiv. 1.5 equiv. Fifaquiv.)

75 - 300 248 587 1126 (2)
0.96 10, 0.047 310 166 234 461 (2)
5.3 55, 0.26 355 164 263 886 (2)
24.9 260, 1.21 560 193 458 1238 (1.91)

85 - 300 40.7 80.4 211 (2)
0.96 10, 0.047 310 36.1 51.4 125 (2)
5.3 55, 0.26 355 27.8 51.6 253 (1.87)
24.9 260, 1.21 560 34.9 107 325 (1.76)

95 - 300 17.2 39.6 122 (2)
0.96 10, 0.047 310 14.4 22.9 77.1(2)
5.3 55, 0.26 355 12.1 25.2 169 (2)
24.9 260, 1.21 560 18.5 87.2 369 (1.88)

150 mg NHBH3(4.87 mmol) and 150 mg tetraglyme were used foreattions.
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Figure 3.14 Solution*'B{*H} NMR (128 MHz) spectra (insets shoi coupled
spectra) recorded at 8Q of the reaction of AB (50 mg) and 5.2 mol% PS i@ in

tetraglyme (450 mg) at 85 °C after: (a) 1 h, (i), &nd (c) 6 h.
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3.3.6  Why Does Proton Sponge InduceRelease from AB?

In Chapter 2 and elsewherE, it was proposed that the AB activation for
H,-release that is observed in ionic liquids may ocby a mechanistic pathway
(Chapter 2, Figure 2.16 involving: (1) ionic-liquid promoted conversiori AB into its
more reactive ionic DADB form ([BK{NHSs)2]BH4), (2) further intermolecular
dehydrocoupling reactions between hydridic B-H log#ms and protonic N-H hydrogens
on DADB and/or AB to form neutral polyaminoboraneolymers and (3)
polyaminoborane dehydrogenation to unsaturatecsdnolsed polyborazylene materials.
The initial formation of DADB has also been propbss a key step in thermally-induced
AB H,-release reactions in the solid state and in oogagivent$>*® While a DADB
pathway may contribute to the ielease observed in the bmimCI/PS solutions, the
observed rate enhancements and DSC propertie® ¢frtiton Sponge reactions suggest

that there is also another mechanistic pathwayiferelease in these systems.

+

NMe, NMe, AH

+ H ——»

Proton Sponge (PS) pka=~12 L 4 3.6

Proton Sponge is a strong base and because oWitsucleophilicity is frequently
used as a deprotonating agent in organic and inerggntheses that can eliminate the
undesirable side reactions often found with morerdimating base$. Shown in
Equation 3.6 PS gains its low nucleophilicity from the hindérone pairs that are

partially protected by a methyl group from the eoth#grogen. A contributing factor to
151



the high basicity found in PS is the naphthalenekbane strain. Free PS has a strained
naphthalene backbone due to the lone pair/lonerppinlsion and methyl group steric
strain. The protonated form is less strained bszaihe lone pairs swing into the
naphthalene plane to bond making the P8tdre stable than would be expected without
the strain relief’ The observation of #8 NMR signal near -21.0 ppm and‘d NMR
signal at ~18.9 ppm, characteristic of AB deprotmmato form the HBNH, PSH' ion,
at the beginning stages of the reactions of AB Wi8) strongly supports a PS-promoted
AB Hj-release reaction pathway.

Deprotonation of AB by bases is well-known. Foaeple, the EBNH, Li" salt
has previously been preparigdsitu from AB and n-BuLi at ®C.° More recently, ball

2022289nd solutiof™*° reactions of AB with metal hydrides have been used

milling
generate BBNH, M* (M = Li and Na) and (§BNH,),C&*. Work' by Chang Yoon in
our lab showed that AB deprotonation could alseasly achieved by its reaction with
either lithium or potassium triethylborohydridéquation 3.7), but that in these cases, a
Et;B-stabilized anion was formed, with the observesbnances in thEB NMR spectra
of the Li" (-7.5 (s) and -23.8 (q) ppm) and k7.8 (s) and -23.6 (g) ppm) compounds
being assigned based on the DFT/GIAO calculatianghe BE$- (calc -10.6) and

terminal -BH; (calc -25.3) units in the anidn.
H;BNH; + M'BEtH —> [E;BNH,BH;M" + H, M=LiorK) (3.7)
The structures of ¥BNH, M* (M = Li and Na) and (§BNH,),C&" have
recently been established from the analyses of tiigh resolution powder diffraction
data?®* and that of (HBNH,),Ca'e2THF by a single-crystal X-ray determinatioh.

The crystallographic determination of the FBXH,BH3] K*e18-crown-6 complex in
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Figure 15' confirmed that following AB nitrogen-deprotonatiorby the

triethylborohydride, the Lewis-acidic triethylboegroup coordinated at the nitrogen.

M%&%ﬁl

O1 ()N 5
C17 /\ C10
G
C19 )
g 06 (Zczo -
O

C5

C7

Figure 3.15Selected bond distances (A) and anglefo¢ [Et:BNH,BHs]~
K*e18-crown-6: B3-N2, 1.594(2); B1-N2, 1.630(2); B1-(4622(2); B1-C6 1.637(2);
B1-C8, 1.629(2); B3-H3a, 1.13(2); B3-H3b, 1.14@3-H3c, 1.13(2); N2-H2a, 0.94(2);
N2-H2b, 0.91(2); K1-H3a, 2.85(2); K1-H3c, 2.76(B}t-N2-B3, 122.05(10); N2-B1-C4,
108.75(11); N2-B1-C6, 105.17(10); N2-B1-C8, 108M3( B1-N2-H2a, 107.0(11);

B1-N2-H2b, 107.6(10); H2a-N2-H2b, 106(2).
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Electronic structure calculations on J¥BHs]™M* have predicted® that the
B-H hydrogens in these complexes will be much muoegatively charged and, as a
result, have a higher bascity than in AB. Thisréases the ability of these anions to
release H by the intermolecular reaction of their hydridieHBhydrogens with an N-H
proton on an adjacent complex. Thus, the mostylikecond step in PS-promoted AB
H,-release is the intermolecular dehydrocoupling reé of the hydridic B-H hydrogens
of [HoNBHs] PSH with a HsNBH; to produce, as shown iRigure 3.1 a growing
anionic polyaminoborane polymer. DFT/GIAO calcidas of model anionic polymers
showed that thei'8B NMR chemical shiftsRigure 3.9 would be indistinguishable from
those of the corresponding neutral polyaminoborpalymers> thus explaining the
similarity of the spectra for the reactions witldamthout PS irFigure 3.11

The expected decreased acidity of the internal, Nkydrogens of a
polyaminoborane polymer relative to those on teahiNHs units should result in the
NH, protons being less reactive for dehydrocouplingtieas that could liberate more
than one-equivalent of H Thus, the increased release-rate for the seequivalent of
H, observed for the PS-induced reactions of AB maultdrom the greater ability of the
more basic B-H hydrogens of amionic polyaminoborane to induce ot¢limination

reactions with the protons at these Nites.
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Figure 3.16 Possible anionic polymerization pathway for P8apoted H-release from

AB.
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Support for the proposed anionic polymerizatiorhpaty for the AB/PS reaction
was obtained from the Chang Yoon studies of thectima [Equation 3.8) of
[Ets:BNH.BH3]Li* with AB.! The higher Lewis acidity of the BHyroup compared to
the EgB unit should significantly increase the nucleoghilcharacter of the
boron-hydrogens and enhance the ability of thisratd undergo dehydropolymerization
with AB. In agreement with this expectation, TeFgiump measurements confirmed the
loss of B during the reaction of equal equivalents of8Hs with [Et:BNH.BH3] Li™* at
23 °C and an electrospray mass spectrum indicated faomaf E&BNH,BH,NH>BH; .
the''B NMR spectravas in good agreement with the calculatd NMR shifts for the
DFT optimized geometry of the chain growth prodetBNH,BH,NH,BH3 given in

Figure 3.17
[Et;BH,NBH;JLit + H;NBH;—[Et;BH,NBH,NH,BH;]Li" + H, (3.8)
These results provide additional strong supportafétS-induced Hrelease mechanism

involving an intermolecular anionic dehydropolynzation pathway initiated by the

NH->BH3 anion.
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Figure 3.17 DFT (B3LYP/6-31G(d)) optimized geometry and GIAO

(B3LYP/6-311G(d)) calculatetB NMR shifts for [EtBNH.BH,NH,BH3] .
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3.4  Conclusions

In summary, the work described in tiddapter demonstrated base-activation by
Proton Sponge of AB Hrelease in solid-state and in ionic-liquid andaglyme solution
reactions. My experimental observations and metigly contributions by Chang Yoon
support an anionic dehydropolymerization mechanisitrated by the HBNH,™ anion.
For the bmimCI/PS reactions, significantly increhsates of AB H-release, yielding
over 2 equivalents of slwere achieved with as little as 1 mol% Proton SpongS was
also found to have the unanticipated effect of ificantly reducing reaction foaming.
These studies further demonstrate thatétease from chemical hydrides can occur by a
number of different mechanistic pathways and stypnguggest that optimal
chemical-hydride based ,Helease systems may require the use of synergistic
dehydrogenation methods to induce-lbss from chemically different intermediates

formed during release reactions.
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