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Abstract

The importance of strategy of syntheses and theactaisation of molecular precursors in
the bottom-up approach of the preparation of naatenals is now generally accepted. For
the successful usage of this methodology, the kedgd of the molecular structure is
decisive, since the constituents of the target yotsd are designed at molecular level.
Therefore, the purpose of this work was to syn#teesiolecular compounds of exactly known
structures and utilize these compounds for prejgaraif nano-materials as thin films and

powders for various uses.

In first part of this work, efforts are made to paee structurally characterized molecular
compounds of the general formulagfH{OR)s.Jx (N =2 {1, 2,5}, 1 {3,6}or0{4,7}; x=2
{567, 4{4},5{1} or {2 3} R="Hex {1-4} or ‘HexMe-1 {5-7}), [CIAI(H)(OR)] 2 (R =
‘HexMe-1 {8}), [CIhAI(OR)s2 (n= 1{} or 2 {10} R = ‘HexMe-1{9-10}), [Ge(OR)]>
(R= ‘Hex{ll} or ‘HexMe1{12}, 'Pr{13); [HAIOR)(NR)]. (R= 'Bu {14}

15 are obtained as crystalline powders and charaetkiy single crystal X-ray analysis as
well as’H, **C NMR and IR spectroscopy. Crystals suitable fora}t-analysis could not be
grown for compound, 6 and13. However, these compounds were characterized bR NM
and IR spectroscopy. Molecular compounds contaiihgs central metal atoms were also
characterized b§’Al NMR spectroscopy. The elemental compositionalbéompounds were
determined by CHN analysis as well as by other dergmetric titration techniques

wherever suitable.

In the second part of this thesis, the resultsyafrdigen adsorption studies with Al4&)s-
composite nano-wires (NWs) and Nig®k-composite nano-powders (NPs) using a modified
Sievert apparatus are presented. AlAlcomposites were prepared as thin films by the
decomposition of a molecular precursor,,A{OR)],, both upon steel as well as glass
substrates in a cold wall CVD reactor. Ni/@k-composites were prepared as powders by the
decomposition of Ni(acagunder a steady stream of JM(OR)]. in the same CVD set up,
using an adapted sample holder. Both types of m#eRl/Al,O3 NW and Ni/ALOs; NP,
were characterized by XRD, SEM, TEM, EDXS, SAED dRdspectroscopy. Volumetric
hydrogen storage measurements with variable teryserand pressure showed a maximum

hydrogen uptake of 6.5(x0.2)wt.% with Al/&b;-composite NWs. The adsorption kinetics



was followed by DSC and IR spectroscopy. The adsorpf hydrogen at the Al/ADs-
composite NWs is controlled by pure physisorptibteaperatures below 100°C while above
100°C, desorption occurs as a result of increasmperature.
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Zusammenfassung

Die Bedeutung der Synthesestrategie und Charadtengj von molekularen Vorstufen fur
den Bottom-Up Ansatz zur Herstellung von Nanomatiem steht heute aul3er Zweifel. Fur
den erfolgreichen Einsatz dieser Methode ist dieritieis der Struktur der Vorlaufermolekile
entscheidend, da die Zusammensetzung des Zielpexliduf dem molekularen Niveau
festgelegt werden soll. Somit ist es der Zweck derliegenden Arbeit, molekulare

Verbindungen mit genau bekannter Struktur zu syisileeen und diese Verbindungen fir die
Herstellung von Nanomaterialien in Form von dunn8chichten und Pulvern fir

verschiedene Anwendungen zu verwenden.

Im ersten Teil der Arbeit werden Versuche zur Sgaéhund strukturellen Charakterisierung
von molekularen Verbindungen der allgemeinen FannjelL,AI(OR)s.]x (n= 2 {1, 2, 5},
1{3,6}0r0{4, 7 x=2{5617} 4{4}5{1 or »{2 3} R ="Hex {1-4} or ‘HexMe-1 {5
7)), [CIAI(H)OR)]2 (R = ‘“HexMe-1{8}), [CI,AI(OR)srl2 (n= 1{9} or 2{10} R=
*HexMe-1 {9-10)), [Ge(OR)]z (R = Hex {11}, “HexMe-1 {12}, 'Pr {13}); [HAI(OR)(NR)] »
(R= Bu{l4 or ‘HexMel{l5 R'= SiMeg{14-15) beschriecben. Die molekularen

Einkristallrontgenstrukturanalyse sowld, *C NMR- and IR-Spektroskopie charakterisiert.

Fir die VerbindungeB, 6 and13 konnten keine fiir die Rontgenstrukturanalyse bdrhamen

Einkristalle erhalten werden. Molekulare Verbindengmit Al als Zentralatom wurden

mittels >’Al NMR-Spektroskopie untersucht. Diese Verbindungeurden allerdings durch

NMR- und IR Spektroskopie charakterisiert werderonVallen Verbindungen wurden

Elementaranalysen angefertigt. Wo moglich wurdemgpdexometrische Titrationen zur

Metallgehaltsbestimmung durchgefihrt.

Im zweiten Teil der Arbeit werden die WasserstolfsArption vonAl/Al ,0s-kompositaren

Nano-Drahten (NWs) und Ni/ADs-kompositaren Nano-Pulvern (NPs) mit einer
modifizierten Sievert-Apparatur prasentiert. ApBk-Komposite wurden als diinne Schichten
durch die Zersetzung einer molekularen VorstufeAItOR)],, auf Stahl und Glas-Substraten
in einem Kaltwand-Reaktor erzeugt. Nig®s-Komposite wurden als Pulver durch die
Zersetzung von of Ni(acacunter einem stetigen Fluss von,{OR)]. in der selben CVD-

Apparatur, allerdings mit angepasstem Substrathajeavonnen. Beide Materialtypen, ,
Al/Al ;03 NW and Ni/ALOs; NP, wurden durch XRD, SEM, TEM, EDXS, SAED and IR-
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Spektroskopie charakterisiert. Volumetrische Wasds#rSpeicher Untersuchungen mit
variablem Druck und variabler Temperatur zeigtereenaximae Wasserstoff-Aufnahme von
6,5(x0.2)wt.% fir Al/AbOs-Komposit NWs. Die Absorptions-Kinetik wurde migeDSC und
IR-Spektroskopie verfolgt. Die Waserstoof-Aufnahrder Al/Al,Os-Komposit NWs st
unterhalb von 100°C durch reine Physisorption basti, wahrend Gber 100°C aufgrund der
steigenden Tempertur Desorption vorherrscht.
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General Introduction

The last two decades have seen the discovery andullsequent enormous growth of the
nanoc-scinece and nano-technology. The numbergstiofea/papers containing the words
nano-science, nano-technology and/or nano-matedsdsin thousands and are growing
exponentially with time. The impact of size upoe throperties of materials is now a well-
known and well-proven phenomenon. By now, nanors@eand nano-technology covers
materials composed of metals, alloys, ceramics,posites etc. The properties of these
materials are controlled at nano-level to preparatenmls and/or devices for diverse

applications.

The approaches used for the preparation of naneriakst could be divided into two broad
categories: the top-down approach in which the maaterials are prepared by cutting down
the bulk entities into nano-level scale particlHse other approach is the bottom-up technique
in which small entities work as building blocks fpreparation of larger structures. This
approach is a chemical way for fabrication of namaterials. Although both the approaches
have their advantages and limitations as well, thatbottom-up approach using molecular
chemistry has certain advantages, for example loggrenditure of the process, high
homogeneity of the resulting nano-materials, desigromposition etc. Therefore the role of
chemistry is vital in the bottom-up approach in tlabrications of nano-materials from
molecular entities. This role pronounces more whtnhe necessary constituents of the
resulting products are desired in a single chemmualecule called single source precursor
(SSP). Therefore, the thesis aims to prepare staltt characterized molecules to be used in
different processes for preparation of new and oyaaano-materials. The resulting nano-
materials may be used for different purposes. @nlthsis discussed above, the thesis is

divided into two parts.

Part 1. In the first part of the thesis structurally chaerized new molecules are prepared. A
total of 15 different compounds are synthesizedctvlare categorized into different groups
based upon the nature of the metal centres andiorgaoieties. The first series give four
compounds of the general formula, M(ORz.)]x (n = 2, 1, 0; X = 4¢0; R =°Hex). The
second series gives three compounds of the geioenalila, [HAI(OR3)]. (n=2,1,0; R =
‘HexMe-1). The third series comprises of three compounfisthe general formulae,
[CIAI(H)(OR)]2 (R = ‘HexMe-1) and [C}AI(OR)3.]2 (n= 2, 1; R ="HexMe-1). The fourth

-1-



series includes Ge(ll) alkoxides of the generairigia, [Ge(OR)]. (R = “Hex, ‘HexMe-1,
iPr). The Fifth series includes two compounds ofgleeral formula, [HAI(OR)(R)]. (R =
'Bu, *HexMe-1; R = SiMe;). Efforts are also made for the preparation ofritgmodified
heterometal aluminium alkoxides with Ge(ll), Ni(lgnd Eu(ll). However, none of the

reaction succeeds to give a fairly characterizedpmund.

Part 2. Hydride-modified aluminiuntert-butoxide gives highly porous nano-structures upon
decomposition at temperature above 450°C in a CN&nber. The nano-structures resemble
singled wall carbon nano-tubes (SWCNTs) which hbeen used as potential hydrogen
storage material at cryogenic temperatures. Thexethis part of the thesis is devoted to
hydrogen adsorption studies upon AWB¢ composite nano-wires (NWs) produced by the
decomposition of hydride-modified aluminiut@rt-butoxide in CVD chamber at 580°C. The
hydrogen adsorption studies are performed upon different materials that are Al/AD;
composite NWs and Ni/AD; composite nano-powders (NPs). The hydrogen upbtgkéne
two materials is measured volumetrically using hansele Sievert's type apparatus. For
comparison purposes, the hydrogen adsorption byAlh&l ;O3 composite NWs is also

followed by differential scanning calorimetry (DSC)

Each part is further divided into three chapterke Tirst chapter of each part gives an
introduction, and a detailed theoretical and li@m overview of the subject. The second
chapter includes detailed description of the resaitd then complete discussions in light of
highly relevant literature. The third chapter ofclegpart includes complete experimental
details regarding the materials, methods and proesd Each part is summarized and

concluded at the end.



Part 1

Synthesis and Characterization of
Hydrido/ChloroAluminium Alkoxides and Metal
(Al, Ge) Alkoxides






Chapter 1.1: Introduction and Objectives

Introduction
1. General Overview

Metal alkoxides, having general formula®™°OR are under intense investigation for the last
50-60 years. However, the history of metal alkogidates back to the 1840 when sodium and
potassium ethoxide was discovered by Liebig. Indhmme year the termlkoxideswas used
by Kuhlmann for the alkaline derivatives of alcahfll]. In 1846 silicon and boron alkoxides
were reported by Ebelmann [2-3]. It was only attie of the 19 century that the catalytic
activity of metal alkoxides in organic synthesis Heeen discovered. In 1906, Tischtschenko
reported the reduction of aldehydes and Ketonegyusuminium ethoxide and the process is
nowadays known as Tischtschenko reaction [4]. kollg the Tischtschenko reaction, the
catalytic characteristics of the alkoxides weredusetensively for organic synthesis by other
researchers in the following years [5-7]. It wag ootil 1950 when D. C. Bradley started
working with metal alkoxides and laid down the fdations of the modern chemistry of
metal alkoxides. By now, metal alkoxides have besported for nearly all the elements of
the periodic table [8-11].

The use of metal alkoxides in material synthesigas another facet of metal alkoxide
chemistry. It was Adkins who in 1922 observed tiet hydrolysis of aluminium ethoxide

gives alumina [12], which had used as catalystfdrydration and decaboxylation reactions.
However, the use of metal alkoxides in metal orgahiemical vapour deposition (MOCVD)

and sol-gel techniques for the preparation of mmdeeramic materials stimulated the
research area of this class of compounds to trenerf competition. The desired material is
achieved by designing the initial metal alkoxidelecales. The composition of these starting
molecules (termed “precursors”) is only limited dbemical imagination. This approach is

also extended to the heterometallic alkoxides.

The first bimetalic alkoxides were reported in 13®89Meerwein and Bersin [13-16] and thus
pioneered the work of heterometal alkoxides. Maegearchers have produced bimetalic

alkoxides in the successive years [17-18]. Howether research in the field of heterometalic
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alkoxides was based upon pure academic perspeativisvery recently. The need of
multimetallic advanced ceramic materials, for exeEnBa,Cu;O75 [19], HgBaCuQ, [20],
Bi,Sr,CaCuQ [21] etc., to be obtained in higher purity hasnstiated the research in the field
of heterometal alkoxides. The molecular precursate for the synthesis of materials allows
for the production of ultra-pure products [22-2Fesides purity better control over
composition, homogeneity, microstructure etc. amessgle through this methodology.
However, these routes depend largely upon theabibiy of suitable precursors, which must
be thermodynamically favourable. A large numbernodno- as well as heterometallic
alkoxides have been reported by M. Veith and hiteagues [25]. A very famous review
article has been appeared regarding the applicafieghese alkoxides for the preparation of
nanomaterials [26].

To use metal alkoxides in MOCVD and sol-gel proessfor the synthesis of versatile
modern materials, certain modifications have bewroduced. M. Veith [27] has pioneered
hydride-modified homo [28] and heterometal alkosid29], which proved to be versatile
single source precursors for MOCVD. High volatiligasy purificatiorvia crystallization,

sublimation at ambient temperatures etc. are sdntbeocharacteristics of these molecular
precursors. Besides lower decomposition temperahigh purity, adopted composition and
microstructure are the distinguished advantageshef molecular precursor route over

classical solid state production of materials.

2. Literature Review

2.1. Synthesis of Metal Alkoxides

The most common routes for the synthesis of mditakales are summarized in Scheme 1.1.
The simplest of the methods for the synthesis afhedkoxides is the reaction between the
metal and the corresponding alcohols (Eq. 1.1). él@w, this method is limited to the more
electropositive metals, for example alkali metalkaline earth metals and lanthanides etc.
For less electropositive elements a catalyst (dgl;) is needed to prepare their alkoxides.
One catalytic model focuses on cleaning the suréddbe metal to facilitate initiation of the

reaction. The other theory assumes that an intaateedith the metal is formed which could

then react more readily with alcohol than the mesalf [11]. The reactivity increases with
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increasing electropositive character of the medats alkoxides of the alkali metals have been
prepared successfully by this method [30-34]. Havethe nature of the alkyl groups has
profound effect upon the reaction rate. For the esanetal the reaction slows down with

increasing branching of the alkyl groups.

M + n HOR— M(OR)n + n/2 H, (1.1)

Alkoxides of the alkaline earth metals could beduwed by the direct reaction of alcohol

with the metal [35-36] except for the first two mieens (Be and Mg), which only react in

presence of a catalyst [37-40]. The reaction obladts with metals in presence of a catalyst
was also reported for aluminium metal to prepavenatium alkoxides [41-42]. However, the

highly electropositive lanthanides have shown iieastwith alcohols without using catalysts

[43-44].

M(OR)
+
UOI7epIx0
[EnwBy20 11%9|3

® nhHOR

7

2,

962_\7/0%
2> N\D
S\
PR

Scheme 1.1Different reactions routes for the synthesis etahalkoxides
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The direct electrochemical synthesis of metal aittex is efficiently performed by the

electrochemical oxidation of metals at the anodgresence of alcohols. In 1970 the first
metal alkoxide (NaOMe [45]) was prepared by thisthud and Monsanto Chemical Co.
prepared dozens of metal alkoxides by electrochanoixidation [46]. The process depends
upon the nature of the metal. Metals with high tigggpotential react easily [47], while the

process becomes more complex for the less activalsngl8-49]. The process has the
advantages of simplicity, less solvent consumptiogh efficiency and low-waste etc. [50-

51].

Another intensively investigated method for thetbgsis of metal alkoxides is the reaction of
respective metal halides with alcohols. This metidjuite efficient for the synthesis of
alkoxides of more electronegative elements. Fomgia in case of boron [52-53], silicon
[54], and phosphorous [55] the halides are comlyleteplaced by the alkoxy groups.
However, metal halides of the more electroposiglements form solvates when isolated
from solution (e.g. lanthanum [56] and thorium [67[here are no systematic studies of the
reaction mechanism known up to now. It was postdldty Sidgwick that the reaction may
occur by first coordination of the alcohol to thetal centre through the oxygen followed by
the elimination of HCI [58]. This postulation waspported by the lack of reaction between
carbon tetrachloride and alcohols [59]. Carbon dudgossess low energy vacant orbitals for
accepting a lone pair of electrons from the oxygktine alcohol and thus no pre-coordination
is possible and as a result no reaction could ocklawever, this postulation became
ambiguous when the reaction between germaniumctétriade and alcohols failed even at
refluxing conditions [60]. Bradlegt. al.also reported that no reaction takes place. Nvasel

was isolated either, which otherwise should fori][6

Metal halides have been used as starting matdoiathe synthesis of alkoxides in metathesis
reactions with metal alkoxides. The metal alkoxidesd in these reactions are usually the
alkali alkoxides. These reactions are mostly cdraet in alcohols and therefore, it is thought
that alcoholysis of metal halogenides takes pldoe,example in case of Zngl The
dissolution of ZnCl in alcohol leads to Zn@OR).1 [62]. The alcoholysis is due to the
strong acidic character of metal halogenides aecetbre, increases with increasing basicity
of the alcohols, for example primary < secondatgriary. The mostly used metal alkoxides
are KOR, NaOR and LIiOR. The salt formed is neamgoluble in organic solvents and thus

can be removed easily by filtration. For the metalsich form stronger heterometal
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alkoxides, this method is not recommendable andatkexides are always difficult for such
metals to prepare by this method. However, anhyglasnmonia is used for dechlorination of
the metal to get pure metal alkoxides by this metho

Alcohol interchange synthesising methods have lbsed successfully for the preparation of
different metal alkoxides. The general trend ofréasing interchange is from tertiary to
secondary to primary alcohols (depending upon thsiciiy and ramification). The steric

demand of the alkyl part of alcohols also plays ey kole in these reactions [8]. The

interchange of bulky groups with less steric denrandjroups could be achieved quickly.

However, the replacement of less steric demandnogipg with higher steric demanding

groups is always slow and difficult. In this ca$e tcomplete interchange is difficult to

achieve and heteroleptic metal alkoxides are forrfié& complete exchange may be forced
by the fractionate distillation of the volatile alwl [63]. For example thiso-propoxide will

be replaced completely with primary and secondatyxide by removing the more volatile

iso-propanol. However, this is failed in case of maaenified tert-butanol where only two

iso-propoxides could be replaced [63].

An interesting route for the synthesis of alkoxideshe alcoholysis of amides. The first
reaction of this kind was reported for the preparatof alkoxides in liquid ammonia
solution [64]. This method was used frequently tfoe synthesis of metal alkoxides [65-66].
The advantage is the high purity and easy isolaifahe product since the only by-product is
the gaseous conjugated amine which can be easilguwed under low pressure. However, the
formation of stable complexes of amines with alkles is a serious limitation of this
method [67]. Besides, the amides are streras well ast donors, therefore, completion of
the reaction is always difficult to achieve andaasgesult the final product is contaminated

with parent amides [68].

Replacing alkyl residue by silyl groups reduce théonor properties. An example for a
widely used amido ligand is bis-(trimethylsilyl)asei [69-70]. The bulky substituents
attached to the nitrogen atom are responsible tforstabilization as monomer of metals
amides. Therefore, it is very easy to remove bisafethylsilyl)amine by simple distillation

from the final product. The alcoholysis of electqpoor amides gives pure products in good
yields for the metals having higher affinity forymen than for nitrogen. For example the

bond enthalpy of Ge-N is lower (55 kcal/mol) thahe tbond enthalpy of Ge-O
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(157 Kcal/mol), which is a driving force for theaation [71]. Due to these reasons this
reaction route was followed in the present workthar preparation of Ge(ll) alkoxides.

In the following paragraphs a brief discussion rdgey the synthetic strategies of hydride-
modified aluminium alkoxides and hydride-modifieétérometal alkoxides of aluminium
with different metals will be presented. Aluminiuatkoxides have been used for material
syntheses as earlier as 1923 when alumina prepagrdte hydrolysis of aluminium ethoxide
was used as catalyst [72]. Aluminium containingeh@mhetal ceramics has also found diverse
applications especially when the material is inaiareter level scale, for example Mgl
spinels [73-75]. Therefore, versatile synthetictesuare important to explore. Metal hydrides
were used as starting materials for the synthdsmatal alkoxides [76-78]. This route has
limited choices and also limited to certain metdfawever, the synthetic route for the
hydride-modified aluminium alkoxides and heterorhetkoxides of aluminium with metals

(especially magnesium) has matured in the lastonbree decades.

Hydride-modified aluminium alkoxides were pioneesed studied in detail by H. N6th und
H. Suchy in the latter 60s [79]. The preparationqiste straightforward: Alkl and the
corresponding alcohol are brought into reaction. (EQ). The only by-product produced is
gaseous hydrogen. AfHs quite unstable and can only be useditu during its production
from the reaction of MAI and AICE (where M = Li, Na, K). Hydride-modified aluminium
alkoxides, which are structurally well charactedizby single crystal X-ray diffraction

analysis, have been reported only recently [28, 80]

AlH 3+ n HOR

H3.1AI(OR), + nH, (1.2)

A revolutionary hydride-modified heterometal alkadeiof aluminium with magnesium has
been reported by Veitt. al.[29]. This alkoxide is unique in its structure as@mposition. It
was prepared by a two step salt elimination readtiowhich two equivalents dért-butanol
were added to LiAllgiving LiAIH 2(O'Bu),. Two equivalent of this complex were added to
MgCl, and maintained under reflux for 8 hours (Eq. 113)e hydride-modified aluminium
magnesium alkoxide is quite interesting and showetta-ordinary characteristics in the

MOCVD process to produce Mg#D, spinels [29].

LIAIH ,(OtBu), + MgCl,

Mg{H LAl(OtBU) 5}, +2 LiCl (1.3)

-10 -



This type of compounds could be of great technalaginterest especially for the synthesis of
nano-metre level scale materials. However, theatiprof such compounds is yet to be
established.

2.2.  Structural Principles of Metal Alkoxides

Metal alkoxides have tremendous use in the preparaif modern materials especially
through CVD and Sol-Gel processes. Therefore, thteirctural aspects are of considerable
interest. In most of the cases the metal to metaposition in the final product is designed at
molecular level to achieve the desired materialdifferent applications. However, it is not a
simple phenomenon to be achieved at stoichiometitsiderations. Despite the molecular

structure of metal alkoxides strongly depends upanhighly pronounced factors:

a. The nature of the metal atoms

b. The steric demand of the organic moiety attacheatig¢mxygen atom of the alkoxy

group

The oxygen atom of the alkoxy group has the tengehdridging between/among different
metal centres. Therefore, the coordination numkeioxygen could increase from one

(terminal) to two and even to three metals cer{tredging) (Figure 1.1).

R R
s
| 2 VNEVANN
M M M M M M
@ ©

Figure 1.1 Coordination modes of oxygen in metal alkoxides

The bridging of oxygen occurs due to its strongrdow@tion power to preclude other possible
mechanisms, for example coordination of free ligéad). solvent, alcohol, amine etc.) to
expand the coordination sphere of the metal. Howekie coordination of oxygen with more
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than one metals centre in presence of donor ligalegends upon the nature of the metals.
The coordination number at the metal centre depapds its nature. However, the degree of
polymerization has strict dependence upon thecstauik of the alkyl group attached to

oxygen and its ramification. In the following paragh an overview will be presented

regarding the different structural possibilities nmetal alkoxides as well as heterometal
alkoxides. A brief literature review regarding tl&uctural aspects of hydride-modified

aluminium alkoxides and Ge(ll) alkoxides will beepented separately.

The monovalent members of the alkali metals graue mostly cubane like structures, which
is also known for other metals. The first ever aubatructure was proposed by Sidgwick and
Sutton [81] for thallium ethoxide which was lateonfirmed by single crystal X-ray

diffraction analysis [82]. The thallium and oxygatoms are occupying the corners of the
cube and the ethyl groups attached to the oxygemsatre located exohedral. Each of the
thallium atoms is bonded to three oxygen atomsemoth oxygen atom is coordinated to three
thallium atoms. Thus the cubane structures are osetpof cubes having alternating metal

and oxygen atoms at the corners (Figure 1.2).

Q / : O Organic Moiety
O O Metal Atoms

2y, Oxygen Atoms

Q

Figure 1.2 Virtually drawn cubane structure of metal alkaesd

The structures have been determined by single tr¥stay diffraction analysis as well as
spectroscopic techniques. This type of structurebleasn obtained for thiert-butoxide of K,

Rb and Cs using single crystal X-ray diffractioralysis [83-86]. A cubane structure has been
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proposed for the sodium perflourtert-butoxide by mass spectroscopic studies [87].
Methylzinc methoxide also gave a cubane structuisolid state solved and refined by single
crystal X-ray analysis [88]. Contrarily to the latmembers of the alkali metal groups, the
light homologues,tert-butoxides of Li and Na have completely differertustures. A
hexameric structure was proposed for 'BO based on mass spectroscopic data [90-91].
NaOBu also gives a nonameric beside a hexameric o2®3R The steric effect could be
seen by the fact that the methoxides and ethoxitlakkali metals are all polymers.

Alkoxides having monomeric structures have beeonted where the coordination number of
the central metal atoms varies in a larger rang®).(2ighly bulky alkyl groups have been
used to get momomeric alkoxides. The larger bulthefalkyl group hinders the coordination
ability of the oxygen atoms by shielding the celnitam, the metal. The molecules are often
stabilized by further donor ligands, for exampléeet amine, etc. However, the ligands
stabilized metal alkoxides are generally not com&d as pure alkoxides. Monomeric
beryllium alkoxide ([Be(O@H,'Bus-2,4,6»(Et,0)) has been reported using a sterically more
demanding alkoxy group. The bulky ligand hinders itmermolecular interaction and the
compound was stabilized by one ether molecule edtémto the coordination sphere of
berryllium [94]. However, Be(tBu), is a trimer which indicates that the lowering téric
bulk directly increases the degree of polymerizati large number of monomeric alkoxides
has been reported for various metals having vargtegc demand of the alkoxy groups in
their coordination sphere. A few examples are TiOR{HsPh-2,6) [95], Zr(O'Bu)s,
Hf(O'Bu)s [96], W(OGHPh-2,6)(THF) [97] etc.

The most observed and reported oligomerisation éefgremetal alkoxides is two. Usually,
the monomers are associated through a bridgingxaldkmand forming a central four-
membered ring, Mu-0,). The bridging oxygen atoms possess a trigonalgplanvironment.

A measure for the planar surrounding is the sumngfes, which ideally sums to 360°, being
consistant with sphybridisation [98]. The most common coordinatiominers at the metal
centres lie within 3 to 6. The common dimeric stnoes adopted by metal alkoxides are
summarised in the following Figure 1.3, based uph@nobserved coordination numbers at the
metal centres. A dimeric structure without termirsalbstituents has been reported for
indium(l) phenoxide (see Figure 1.3a) [99]. Intéiregdy the same sort of structure has been
reported for [Li(OCBus)], with the extremely bulky OBus alkoxide [100]. Dimers with
metals having trigonal planar geometry (Figure L13ve been reported for Cu(l), Mg(ll),
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Co(ll) etc. [101-102]. Tetrahedral metal centresg@fé 1.3c) have been observed for
Na(l) [103], Co(ll) [102], Al(II) [104], La(lll) [1L05] etc. The coordination sphere of metals
in these dimers could contain neutral lingads vayyamong 1-3. Penta-coordinated metal
centres of the general formula, [M(QR)..]2 have been reported for Li [106], Cu [107], Nd
[108], Ti [109] etc. The metal centres carry differebulky groups according to the
requirements for stabilization of the structuregex&tcoordinated metal centres have been
reported having general formula, [M(QRJ.]2 in which the octahedra are usually distorted.
For example [Nb(OR), (R = Me [110],Pr [111)).

@ (b) (©)
ﬁ O Metal Atoms
p< Oxygen Atoms
(d) (e)

Figure 1.3 Sketches of observed structures of dimeric atkesi

For the trimeric metal alkoxides in most of theesaBnear chaines like structures have been
reported. These chains can be categorised into thifeeent forms: (a) in which no ligand is
attached to the central metal atom (Figure 1.4a&)h structures have been reported for e.g.
Be[(u-OBu),BeCl]; [112], Ni[(u-OBu),Al(O'Bu);],, Mg[(u-OBu)Al(O'Bu),], [113-114];

(b) In which the central atom carries one furthgand (Figure 1.4b), the central metal adopts
trigonal bipyramidal geometry; e.g. CIAI[(W®LAICI,], [115]; (c) In which the central
atom carries two ligands (Figure 1.4c), the geoynatound the central atom is distorted
octahedral; see e.g. [Mg(EtOfffju-OEt), Ta(OEt)], [116].

-14 -



ooaoocﬁﬁ@%@o

@) (b) (c)

Figure 1.4 Structural possibilities in trimeric metal alkdes

Tetramers have been reported for different metabxdles. The structure of [Al(@r)], is
structurally highly interesting [117-119], becauseadopts the so-called Mitsubishi motif
(Figure 1.5). These types of structural motifs haeen observed for other metal alkoxides
too (e.g. [Ga(@®r)], [120-121], Er{AI(OPr}}s [122], EU{Al(OiPr)}s [123],
A{AI(OEt) sMe}s [124], A{AI(OEt),'Bu}s [125]). Other interesting structures possessing

tetranuclear entities are tetrahedral, butterflgnar cycles, linear chaines etc [98].

% O Metal Atoms
Oxygen Atoms

Figure 1.5 Mitsubishi motif like structure of tetrameric abkides

2.3. Hydride-Modified Metal Alkoxides

Hydride-modified alkoxides are mostly reported tbe group 13 metals, especially Al and
Ga. Therefore, the review of structural possibsitiell be limited to the metals of this group.

The library of hydride-modified alkoxides has yeth® established since there are very few
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compounds, which are structurally characterized. Megsatile tert-butoxyaluminium
dihydride, [HAI(O'Bu)], [28] reported in the group of M. Veith [27] hasvpd the way for
research in this field. However, the small humbkstoucturally characterized compounds
limits the validity of structural diversity. As wit metal alkoxides, the hydride-modified
alkoxides have only been obtained as monomers iagphighly bulky alkoxy groups with
additional stabilisation through donor ligands. Fexample HAI(OCgH,'Bu,-2,6-Me-
4)(NMes) is a monomer where the central aluminium metaspsses distorted tetrahedral
geometry [126]. The same author also reported morion@Al(H)(OCsH,'Bu,-2,6-Me-
4)(NMes) [126].

However, due to the stronger intermolecular associamost of these compounds possess a
higher degree of association. The degree of assmtiatrongly depends upon the steric
demand of the alkoxy group. The intermolecular axtgon is made feasible by the stronger
coordinating nature of oxygen atoms of the alkoxyugs and lesser bulky hydrogen atoms
attached to the metal centres. Dimers having deitsgu-O,) four-membered cyclic rings are
most common in these compounds. For examp}I[®'Bu)], [28] is a dimer with the Al
atoms in a pseudo-tetrahedral environment. The ésidge formed by the oxygen atoms of
the alkoxy groups while the hydrides remain as teahgroups (Figure 1.6). Other examples
of hydride-modified metal alkoxide dimers are,f{OCMe'Buy)], [80], [HAI(O'Bu),]2[28],
[CIAI(H)(O'BU)], [127], [H.Ga(OBu)s.]2 [28], [H.Ga(OCHBuW,)], [128]. Dimeric hydride-
modified aluminium alkoxides, [HAI(u-H)(O&l,Buy-2,6-Me-4)(NMe)], have been
reported where the two monomers are bridged bydggr atoms [126]. The coordinating
ability of oxygen has been hindered by the straegsdemand of the alkyl groups.

g
.
(5tBu

Figure 1.6 Dimeric structure of [HAI(O'Bu)]
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Trimeric hydride-modified aluminum alkoxides haveebereported with the central metal
atom being penta-coordinated by four bridging oxygéoms of the alkoxy groups and one
hydrogen atom as terminal group [80]. Tetramers Haaen reported in which two dimers
associate via hydride bridges. For exampleAlfii-OC(Me)'Buy}AlH(u-H),] [80],

[HoAK{u-OC(H) 'Bug} 2AIH(u-H),] [129] etc. In principle these molecules are disneut due

to the less bulky alkyl moiety, these are stabdiZgy intermolecular interaction. This
intermolecular interaction takes place through bgen since no oxygen is available for

coordination.

There are only very few examples of hydride-modiffegterometal aluminium alkoxides.
Most of them belong to the first group alkali methlydridoaluminium alkoxides. However,
here we will discuss the structural principles wdifide-modified alkoxide of aluminium with

magnesium [29]. This is the only molecule of theetygm far known apart from alkali metals
hydride-modified alkoxides. Reported in Veith’s gpo[27], the molecular structure of this
compound adopts a tri-nuclear linear chain likeigtire. The central Mg atom is tetra-
coordinated with four bridging oxygen atoms in &akedral geometry. The terminal Al
atoms also possess tetrahedral geometry with twdgibhg oxygen atoms and two terminal

hydride ligands (Figure 1.7).

@)
étBu étBu

Figure 1.7. Hydride-modified heterometal alkoxide of Al wilig

2.4. Ge(ll) Alkoxides

Ge(ll) ethoxide was first reported in 1979 by Silman and Zeldin [130-131]. However,
considerable contributions to that field had comuenf Veith’s group [27] in the 1980s and

-17 -



90s shown in the structural elucidation of germamitert-butoxide and heterometal
germaniumtert-butoxides [132-134]. Monomeric Ge(ll) alkoxideavie been reported with
bulky alkoxy groups [135]. Here the same tendentiti vespect to the influence of the steric
bulk on oligomerisation degree are active: the dighe steric demand of the alkyl moiety the
lower the agglomerisation, i.e the lower is thegemerisation degree.. Examples for
monomers due to high steric demand are G&QO; [136], Ge(OGH3sPh-2,6), [137]. Most

of the germanium alkoxides are dimers exhibitingemtral GgO, four membered ring.
Contrary to the trigonal planar tri-coordinated ateentres, the tri-coordinated metal centres
in group 14 metal alkoxides have pyramidal geomeiithough there is a lone pair on the
metal centre but the trigonal pyramidal geometrihit of § orbital [138] . Ge(¢Bu), [131]

is a dimer having tri-coordinated Ge atoms withgoyidal geometry. The terminaért-
butoxy groups are located tahns-positions to each other on the central planar-foamber

cycle (Figure 1.8).

Figure 1.8 Dimeric structural motif of Ge(ll) alkoxides

Apart from the two very common structural motifs@é&(ll) alkoxides, very recently Ge(ll)
aryloxides have been reported which adopt cluster $tructures [139]. The molecular
structures are either tetra-nuclear or octa-nucldawever, these structural motifs are quite

unusual.
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Objectives

Hydride- modified Aluminium Alkoxides of the genéfarmula, [H,AI(OR)s.|x are getting
attention as potential single source precursorgekas reducing agents. The use of these
molecules, [HAI(OR)s.]x for the preparation of nano-materials has beengged in our
research group (research group of Prof. Dr. Dc. Michael Veith). The versatilities of these
compounds can be exemplified by one of their hognado [HAI(OR)], which is extensively
investigated as single source precursor for preéjparaf nano-materials by CVD process. It
gives different nano-materials at different decosifpon temperatures. For example below
300°C, the compound, BAI(OR)]. decomposes into glass like metastable HAIO nalteat
above 300-450°C it gives spherical core-shell A}l composite nano-particles while at
above 450°C it gives core-shell Al/&; composite nano-wires. However, the library of the
compounds, [HAI(OR)sz.]x has limited number of molecules which are struturwell
characterized. Therefore, the first aim of the wavias to prepare hydride-modified

aluminium alkoxides as well as aluminium alkoxides.

Salt elimination reactions are preferred for thatkgsis of main group homo- and hetero-
metal alkoxides because of simplicity of the preessand easy separation of the by-product
from the product by filtration. However, structdyalvell characterized aluminium halides
alkoxides are required to be used as reactantsefliney the second aim of the work was to
prepare aluminium chloride alkoxides to be userkastants in the reaction for preparation of
homo- and hetero-metal alkoxides of aluminium vaitAin groups metals, for example Ge.
The third aim of this work was to prepare Ge(ll)aadkles which are getting attention due to
their use as potential single source precursothi®isynthesis of Genano-particles as well as
G€ nano-wires. The Genano-particles have lower bandwidth than the baid thus

emerging as competent semiconductor materialditorsibase materials.

It was also aimed to prepare hydride-modified honamd hetero-metal alkoxides of
aluminium with Ge(ll), Ni(ll) and Eu(ll).
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Chapter 1.2: Results and Discussion

1. [HnAI(OHex)snlx (N =21-2,130r04;x=44,510ro 2-3)

1.1. Synthetic Aspects

All four compounds 1-4) have been prepared utilizing salt eliminationctisam pathways
reported elsewhere [79]. The synthetic process mnsarized in Scheme 1.2. Ethereal
solutions of AIC} and LiAIH, were mixed together in appropriate molar ratiogeAstirring
for one hourcyclo-hexanol in ether was added into the above solutodure very slowly
according to the required stoichiometric ratios. Evelution of hydrogen was observed as
soon as the alcohol started to add. A white respiaeipitated out of the reaction, which was
mostly LiCl salt and was removed by filtration. Thelatiles were removed under vacuum
which was mostly diethylether, the solvent. The foaimpounds have been obtained as white
powders in high yields (> 85%). Colourless finestays of compound were obtained as
soon as the filtrate was condensed. Compouratsd2 were crystallized by dissolving small
amounts of the powders in diethylether while keptafrigerator at +4°C. Compourgihas
been crystallized from ethereal solution in refreger. However, the crystal quality was too
poor to resolve any suitable structure. Compoundsd4 are soluble in all common organic
solvents. However, compoun@sand3 are difficult to dissolve in organic solvents arety
small amounts could be dissolved at elevated temypes. Compound is hygroscopic but
chemically stable enough to be handled in opematamosphere. Compounds3 have shown
high reactivity towards atmospheric oxygen and teshwiolently with water. After exposure
to the air for more than ten minutes, these comgeuhr3) decomposed completely and all
the hydrides at the Al centre have been. The decsitigo reactions of these compounds in

open atmosphere were confirmed by IR spectroscopy.
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3 LiAIH ,+ AICI 5

-3 LiCl
[{H LAI(OHex)}- 4‘_‘4LHOR 4 {AH l?1—'*225»[A|(0¢Hex)3]4
{(H) 4Al 4(1-O)(CHex)s}] " (4)
@ &2\ ,b:?‘q’
[H,AI(OHex)], [HAI(O“Hex)],
2 3

Scheme 1.2Synthetic reactions for the preparation of compsuing

1.2.  Spectroscopic Characterization

All the four compoundsl¢4) have been characterized %y, **C NMR and IR spectroscopy
as well. In théH-NMR spectrum of compount] a broad peak at 4.53 ppm has been obtained
which is the characteristic peak of hydrido ligaad\l centre [28, 79]. The peak broadened
due to the influence of the high quadruple momémtl@entre. This peak could be due to the
aluminium dihydride since it is difficult to seeetlpeak for aluminium monohydride due to
extraordinary broadness of the peak for monohydridemultiplet with a centre at 3.97 ppm
has been observed which is due to the proton a&ththo-carbon of the cyclohexyl ring.
Multiple peaks in the range of 1.04 ppm to 2.34 ppave been observed for the -£H
protons of the cyclohexyl ring. As the chemical ieonments of these protons are nearly
identical, therefore, it is quite difficult to rdse these peaks into individual peak¥-NMR
spectroscopy gives peaks for all the carbons ofitige ’AI-NMR spectrum gives a broad
peak spread over a large scale that is 0 ppm t@g00with a maximum at around 40 ppm. It
seems that the Al peaks of the compound strongérlap with the Al peak of the sample
holder. The IR spectrum of compouddgives characteristic peak of the Al-H stretching
vibration. The peak is relatively broad and has @ukter which indicates that there are two
different types of hydrides. The minimum transitiafrthe peak is found at 1816 ¢rand lies
well in the Al-H stretching vibration range [28,-80].
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The *H-NMR spectrum of compoun@ shows peaks at 4.51 ppm and 4.32 ppm for the
hydrogen atoms attached to the Al centre and theesdie well in the typical range [28, 79].
The integral ratio of the two different peaks appdaat 4.51 ppm and 4.32 ppm is 2:1,
respectively. A multiplet with the centre at 3.98p has been observed for the proton
attached tax-carbon which is in accordance with that of commblinPoorly resolved peaks
can be seen in the range of 1.03-2.39 ppm. Thedes @@a due to the —GHprotons of the
cyclohexyl ring. The chemical environments of th@setons are not too much different.
Therefore, the peaks are difficult to be resolvead iclear and individual peaks for each —
CH,- group. *C-NMR spectroscopy gives four peaks for the fouersially different
carbons at 73.91, 35.44, 25.20 and 24.73 ppm. Hdicates that the organic moieties are

identical.

The IR spectrum shows two different peaks for Altketshing vibration, a sharp peak at
1852 cm' and a relatively broad peak at 18307crtt is noteworthy that the IR spectra were
measured in the solid state. These peaks disappaieedxposure of the powder to air for 10
minutes and the compound decomposed.*fAkesolution NMR spectrum in benzene did not
show any peak, which may be due to the unsymmeticaentres. This indicates that the
molecules are associated through certain bindingsoiution and makes the Al centres
unsymmetrical. Normally, the dihydridoaluminium @¥des exists as dimers in solution and
gives characteristic peaks for tetra-coordinatedcétres in*’Al NMR spectra [80]. The
absence of peaks ffAl NMR spectrum for compouna indicates that the Al centres are
unsymmetrical and of some other coordination nusliestead 4. However, the solid state
2’Al-NMR spectrum gives very clear and distinct peaks 96.05 and 1.18 ppm for
coordination numbers 5 [80] and 6 [140-141], retipely (Figure 1.9). These observations
indicate that there are two different Al centresvihg different coordination numbers.
Roughly speaking the ratio between the peaks fordination number 5 and 6 is 2:1. The
peaks are not extraordinarily broad indicating thia Al centres are coordinated fairly
symmetrical in the solid state. The results obtaineah *H, **C, 2’Al solution as well as solid
state NMR and IR spectroscopy is in good agreemvéhteach other. It means that the bulk
of cyclohexyl group is not sufficient to stop thee@rmolecular association in solid as well as
in solution. The appearance of two different typésiyride ligands as well as Al centres
concluded fromtH and?’Al NMR coupled with IR spectroscopy reveals tha tompound

exists as dimers which are associated through kgardoridging. The dimers and their
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association via hydrogen bridging were confirmedsinygle crystal analysis (given in the

coming section).
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Figure 1.9.Solid staté’Al-NMR spectrum of [HAI(O°Hex)], 2

Different spectroscopic techniques have been usedhiaracterization of compouddwhich
includes™H, 3C, 2’Al (solution and solid state) and IR spectroscoftye *H-NMR spectrum
gives two different multiplets at 4.20 and 4.08 pfanthe proton attached to tlecarbon.
Two signal sets typical for the cyclohexyl ring haween obtained in the range of 1.01-
2.52 ppm, which indicates that there are two chalyidifferent cyclohexyl rings. This was
further confirmed by"*C-NMR spectroscopy where paired peaks have bedpedofor all
four chemically different carbon atoms of the cywryl ring. Thea-carbon gives a pair of
peaks at 73.95 ppm and 69.66 ppm which could begreess to the bridging and terminal
organic moieties, respectively. The former peaklosaly related to the bridging organic
moiety for compoun@. The solutiorf’Al-NMR spectrum measured in different solvents (for
example diethylether, benzene) gives a sharp pedlk88 ppm (Figure 1.10). A very broad
peak in the range of 180-15 ppm has been obserhchwvis due to the Al present in the
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sample holder. It is difficult to see any sort d¢ifier peaks in this region since the peak due to
the Al present in the sample holder strongly oyelaHowever, the solid staféAl-NMR
spectrum gives two peaks: a broad peak at abou?3@pm and a narrow peak at 0.012 ppm
(Figure 10 inset). These peaks match well to thdsaimed for compoun@ measured in the
solid state, which are distinctive peaks for thentpe and hexa-coordinated Al centres
reported earlier [140-141]. Therefore, it is cldaattcompound has also two different Al
centres with coordination numbers 5 and 6. IR specbpy gives a relatively broad peak at
1839cm* which lies in the characteristic range of Al-Hesthing vibrations. Normally the
Al-H stretching vibration peak in monoalkoxyalarsggpears at higher values in comparison
to the dialkoxyalanes. It is due to the incorpamatbf -l electron withdrawing oxygen for
hydrogen and it increase the ionic character oHAlond and thus its strength. However, in
case of compoun@ the situation is reversed which indicates that higdrogen is bridged
between two Al centres making the Al-H bond lessrgj. The bridging of hydrogen between
the two Al centres could be deduced from the breasnof the peak which for terminal

hydrido ligands is sharp and intense.
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Figure 1.10. Solution*’Al-NMR spectrum of [HAI(GHex)], 3 (The broad peak is due to
sample probe); inset is the Solid stHi&l-NMR spectrum
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The *H-NMR spectrum of compound gives a broad multiplet at 4.10 ppm due to the
resonance of the protons attached tootloarbon of the alkyl group. Very clear peaks fa th
protons of the3-carbon atoms at 2.52 and 2.10 ppm have been ausemhich indicates that
there are two different alkyl groups in the molecWiultiple peaks appeared in the range of
1.10 ppm to 1.82 ppm for the rest of the —€protons of the cyclohexyl ring. The organic
moieties have also been confirmed by @& NMR spectrum, in which a pair of peaks could
be seen for each carbon of the cyclohexyl ring. fEti@s of peaks are nearly 1:1 which is in
accordance with the terminal and bridging carbogisd equal in numbers. THEAI-NMR
spectrum recorded in deuterated benzene is highdyed to the one reported by Kat al.in
1984 for the same compound [142]. However, theyndiireport the single crystal structure
of this compound. The clear and distinct peak amueato(*’Al) = 4.10 ppm is characteristic
of the Al centre having coordination number six3LAVhile the peak at 59.30 ppm (Figure
1.11) appeared as a shoulder at the Al peak otahneple holder corresponds to the tetra-
coordinated Al centres having tetrahedral chemmavironment which is composed of
oxygen atoms in this case [143]. The organic maetrgere also confirmed by IR
spectroscopy where all the corresponding vibratitmge been observed in the IR spectrum of

compound.
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Figure 1.11. Solution?’AI-NMR of compound [Al(OHex)]s 4. The broad peak is due to

sample probe
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1.3. Solid State Structures

Colourless crystals of compound [(HABI,A)O(OHex)] 1 were grown at +4°C in
refrigerator. A suitable single crystal was seldctsnd measured by single crystal X-ray
diffraction analysis at 153 K temperature. The @lystructure resolved from the collected
data belongs to the monoclinic crystal system asgb@sses R/n space group. The crystal
lattice of compoundl also contains a solvent molecule (diethyl ethd@he molecule
possesses a plane of symmetry defined by the afdir#l3-Al4 and thus having point
symmetry G The crystal data are organized in Table 1 and #rgnent bond lengths and
angles are presented in Table 2. The molecular steu¢Figure 1.12) ol shows a cluster
arrangement of five Al atoms bridged by the oxygémms of the alkoxygroups. Four of the
five Al atoms share a common oxo-group lacking arganic substituent. Therefore, we can
observe five AIO, four membered rings with one common corner ocalg the naked
oxygen atom. The structure df also gives six and eight membered rings compoded o
alternative Al and oxygen atoms. There are two obffe types of Al atoms based upon the
coordination numbers. Four of the five Al atomsaftlis All, Al2, Al2(a) and Al3) have
coordination number 5 and one of the five Al atqthat is Al4) has coordination number 4.
Each of the former is attached to four oxygen atonaking the bridges between the Al
centres, and one terminal hydrogen atom. Theseohsishow pseudo trigonal bipyramidal
geometry where the bond angles have a high dedrdistortion. The fifth Al atom having
coordination number 4 is attached to two bridginggen and two terminal hydrogen atoms
forming a distorted tetrahedral surrounding. The@\bond lengths for penta-coordinated Al
centres are larger than the tetra-coordinated Alreeas expected. However, they fit well into
the range for AlI-O bond lengths according to thporeed literature for such type of
compounds [28, 80]. The average Al-O bond lengtthefpenta-coordinated Al centres and
the central oxo-group is 1.914(1)A. While the agerdl to the bridging oxygen atoms bond
length is 1.851(1)A. The Al-H bond length lies wiellits peculiar range and the average bond
length is 1.538(1)A [28, 80]. The central oxygenrsunded by four Al atoms has highly
distorted tetrahedral geometry with one of the argimposed by Al2—-0O1-AI2 is as larg as
153.728(2)°. However, all other angles formed by@d-Al are below 100°. The rest of the
bridging oxygen atoms have trigonal planar geomeééguced from the sum of angles around
them which is in between 355°-359° [28, 80]. The-@4+Al bond angles in the AD, four
membered rings are the most characteristic oneshanaingles lie between 102-103° [28, 80].

However, the Al-O-Al angle in the six membered riagquite large reaching a value of
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117.517(2)°. The acute angels lie around the Al atortihe ALO, four membered rings as
expected with angles in between 78-80°. The O—-Aln@les in the six membered ring are
90.645(2)° and 104.966(1)° for the penta-coordohaéad tetra-coordinated Al centres,

respectively.

The structure of indicates that it is an unusual compound and tiseme such example in the
published literature. However, a somewhat resergbiompound containing four metals
centres of which one is lithium has been repori&@].[ The four metals centres share a

common central hydrogen atom instead of oxygen wvisiobserved in case of compouhd

Figure 1.12.Molecular structure of (The C and H atoms of the rings are shown as starks

simplicity)
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Table 1.Crystal Data of Compourit

H 2AI(O “Hex)aH(H) #Al 111
Identification code [{H 2AI(O "Hex)2H{(H) 4Al 4(u

O)(O°Hex)s}]
Empirical formula C49 H91 AI5 08
Formula weight 943.12
Temperature 153(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group R&n

a=9.577(1) A

b = 20.956(2) A

c=13.688(1) A
Unit cell dimensions

o=90°

B= 102.7120(10)°

y=90°
Volume 2679.85(13) A
z 2
Density (calculated) 1.169 Mg/nt
Absorption coefficient 0.151 mmt
F(000) 1028
Crystal size 0.38 x 0.22 x 0.08 m#n
Theta range for data collection 1.53 to 26.37°.
Index ranges -11<=h<=11, -17<=k<=26, -17<=l<=17
Reflections collected 21982
Independent reflections 5624 [R(int) = 0.0477]
Completeness to theta = 26.37° 99.9 %
Absorption correction Multiscan
Max. and min. transmission 0.9874 and 0.9448
Refinement method Full-matrix least-squares of F
Data / restraints / parameters 5624 /0 /297
Goodness-of-fit on 1.015
Final R indices [I>2sigma(l)] R1 =0.0571, wR2 4066
R indices (all data) R1 =0.0829, wR2 = 0.1636
Largest diff. peak and hole 1.182 and -0.760 e:A
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Table 2.Bond Angles and Lengths of Compouhd

Bond Length (A) Bond Angle (°) Bond Angle (°)
Al(1)-0(2) 1.845(2) 0(2)a-Al(1)-0O(2) 125.8(1) Al(2)a-O(1)-Al(2)  153.7(1)
Al(1)-0(4) 1.856(0) 0(2)a-Al(1)-O(4) 110.7(1) Al(2)a-O(1)-Al(3)  99.7(8)
Al(1)-0(1) 1.959(3) 0(2)-Al(1)-0(4)  110.7(1) Al(2)-0(1)-Al(3) 99.7(8)
Al(2)-0(3) 1.850(1) 0(2)a-Al(1)-0O(1) 77.6(2) Al(2)a-O(1)-Al(1)  97.5(8)
Al(2)-0(5) 1.859(2) 0(2)-Al(1)-0(1) 77.6(2) Al(2)-0(1)-Al(1) 97.5(8)
Al(2)-0(2) 1.863(2) O(4)-Al(1)-0(1)  78.9(2) Al(3)-0(1)-Al(1) 97.8(1)
Al(2)-0(1) 1.895(5) 0O(3)-Al(2)-O(5)  120.3(0) C(1)-0(2)-Al(1) 126.0(1)
Al(3)-0(4) 1.861(3) O(3)-Al(2)-0(2)  117.7(0) C(1)-0(2)-Al(2) 130.4(1)
Al(3)-0(3) 1.861(2) O(5)-Al(2)-0(2)  117.0(4) Al(1)-0(2)-Al(2) 102.8(1)
Al(3)-0(1) 1.905(3) O(3)-Al(2)-0(1)  78.1(0) C(7)-0(3)-Al(2) 125.9(2)
Al(4)-0(5) 1.823(2) 0O(5)-Al(2)-0(1)  90.7(0) C(7)-0(3)-Al(3) 130.5(4)
Al(1)-H(1) 1.557(0) 0(2)-Al(2)-0(1) 78.8(2) Al(2)-0(3)-Al(3) 103.0(9)
Al(2)-H(2) 1.503(0) 0O(4)-Al(3)-O(3)a  105.3(0) C(13)-O(4)-Al(1) 131.9(2)
Al(3)-H(3) 1.622(0) 0O(4)-Al(3)-0(3) 105.3(0) C(13)-0(4)-Al(3) 124.9(2)
Al(4)-H(4) 1.523(0) 0O(3)a-Al(3)-0(3) 136.3(3) Al(1)-0(4)-Al(3) 103.1(1)
Al(4)-H(5) 1.521(0) 0O(4)-Al(3)-0(1) 80.2(0) C(17)-O(5)-Al(4) 123.6(1)

0(3)a-Al(3)-O(1) 77.7(0) C(17)-O(5)-Al(2) 117.5(1)
0O(3)-Al(3)-0(1) 77.7() Al(4)-0(5)-Al(2) 117.5(0)
0O(5)-Al(4)-O(5)a 104.9(0) 0(2)-C(1)-C(6) 110.1(2)
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Figure 1.14 Molecular structure of compour2d Organic moieties are removed for clarity

-31-



The molecular structure of the compoundAHOcHex)], 2 is depicted in Figure 1.13. In
Figure 1.14, the molecular structureZos presented without the organic moieties to seeem
clearly into its structural features. The crystaladare arranged in Table 3 and the pertinent
bond lengths and angles are compiled in Table 4.sirige crystal X-ray diffraction gives a
two dimensional polymeric network like structure2ofThe network is formed of AD, four
membered cyclic rings associated through hydrogewigés. Each dimeric ring is
centrosymmetric having point symmetry. The rings can be arbitrarily classified into two
different types based upon the coordination numbgtke Al atoms. Those having Al atoms
of coordination number 6 and those having Al atahgoordination number 5. The ratio
between the Al atoms of coordination number 6 and %:4 which is deduced from the
molecular structure of the compound. Therefore rétie between the rings composed of Al
atoms having coordination number 6 and 5 is alsh Each dimer is formed of two
H,AI(O°Hex) monomeric units bridged together through @xy@f the alkoxy group. The
structure resembleso-propoxyalane [80] where association of dimers ugio hydrogen
bridges have been reported. The similarities in cttines of iso-propoxyalane and
cyclohexoxyalane, compourg] could be attributed to the nearly same steri& lfilthe two
organic moieties that isopropyl and cyclohexyl. Each of the Al atoms haviogrcination
number 6 has a highly distorted octahedral geomelnje the penta-coordinated Al centre
has pseudo-trigonal bipyramidal environment (Figliré5). The octahedron of the hexa-
coordinated Al atoms is composed of four hydrogenma and two oxygen atoms; all are
shared by two Al centres. On the other hand tlgomial bipyramidal geometry of the penta-
coordinated Al atoms is formed of three hydrogeomast and two oxygen atoms. All the
atoms are shared by two Al centres except one efhgfdrogen which exists as terminal

group.
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C [

Figure 1.15 Al centres having octahedral (left) and trigobiglyramidal geometry (right)

The Al—(u-O) bond lengths are different for the tajlsgraphically different dimeric units of
the molecule. However, the difference is not toocmsignificant. The average Al—(u-O)
bond length is 1.854(1)A, which is in the charastar range of AJO, cyclic compounds [28,
80]. The bond lengths of the Al—(u-H) are largerapproximately 0.2-0.3 A compared to the
terminal Al-H bond lengths. The bridging hydrideralaium bond lengths have an average
value of 1.72(1)° while the average value for theninal hydride-aluminium bond lengths is
1.51(2)°. The Al(u-H) bridging are sufficiently symmetrical, for examp@é-(u-H), and Al—
(L-H), has a difference of only 0.07A which contrastshwite other hydride bridged species
[128, 144-145] having highly unsymmetrical Al(u-H)ridging with varying distances in the
range of 0.3-0.5A.

The smallest angles formed by O-Al-O atoms withim &0, rings are found at Al centre as
expected having values ranging between 77.8-8@&°d0]. In terms of the geometries, there
are two different types of Al centres that is oet@tal and trigonal bipyramidal. However, in
terms of bond lengths and bond angles there aee tthifferent Al centres. Therefore, there
are three different acute angles formed by O-Alt@res. The angle at Alatom formed by
0;1-Al1-O141s 80.1(1)° which is larger than the angle at @.,-Al,-O,5) and Ak (Os-Al3-O3))
having values 78.7(1)° and 77.8(1)°, respectividiywever, in general very close to the O-Al-
O angles reported earlier for the compounds ha#in@. four membered rings [28, 80]. This
difference in bond angles is due to the differembrgetries of the different Al centres. For

example Al has octahedral geometry while,And Ak have trigonal bipyramidal geometries
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whose angle difference is also not very significaiite hexacoordinated aluminium centres
features highly distorted octahedral geometry. Tgexel bond angles formed by O-Al-H are
larger than the bond angles formed by H-Al-H, alidio both have remarkable deviation from
the ideal 180°. The square planar angles formed-8y-B are larger (>90°) than the angles
formed by H-Al-H and again both have deviation fridme ideal 90°. The deviation is due to
the unequal groups forming the octahedron andbsepce of bulky organic moiety upon the
oxygen atoms. In the trigonal bipyramidal geomsetra@ound Al centres, two of the three
hydrogen atoms occupy equatorial positions andther one goes to the axial position. The
O-Al-H apexial angle is distorted by ~25° from tm®rmal 180°. The trigon of the

bipyramidal structure is distorted and the O-Al1@le is large than the H-Al-H angle. This is
because of the unequal atoms surrounding Al certcealso the presence of bulky organic
moiety over the oxygen atom. The sum of angle aratedoxygen atoms is ~360° which

gives that the oxygen atoms have trigonal plangiremment as well as $fybridization [80,
146-147].

Table 3. Crystal Data of Compound pAI(O°Hex)], 2

Identification code [HAI(O *Hex)],
Empirical formula C36 H78 Al6 O6
Formula weight 768.86
Temperature 132(2) K
Wavelength 0.71073 A
Crystal system Triclinic
Space group P-1
a=9.319(1) A
b=9.917(2) A

c=12.973(2) A
o= 107.451(1)°.
B= 100.156(1)°.
y=102.912(1)°.

Unit cell dimensions

Volume 1075.96(6) &
y4 1

Density (calculated) 1.187 MgAm
Absorption coefficient 0.189 nh
F(000) 420

-34 -



Crystal size

Theta range for data collection

Index ranges

Reflections collected

Independent reflections

Completeness to theta = 31.70°

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

0.61 x 0.36 x 0.15 rAm
1.70 to 31.70°.
-13<=h<=13, -14<=k<=14, -19<=l<=19

26488

7242 [R(int) = 0.0216]

99.3 %

Multiscan

0.9722 and 0.8937

Full-matrix least-squares &n F

724210/ 373

1.034

R1 =0.0318, wR2 ©859
R1 =0.0407, wR2 = 0.0912
0.432 and -0.376%.A

Table 4.Bond Angles and Lengths for CompoundA{O ‘Hex)], 2

Bond Length (A) Bond Length (A) Bond Angle (°)
Al(1)-O(1)  1.839(1) Al(1)- H(2) 1.748(1) O)-AlL)-O(M)a 80.08(3)
Al1)-O(1)a  1.868(2)  Al(1)-H@) 1776@2)  CR-AIR-ORa  7871(4)
Al2-0(2) 1.819(1)  Al(1)-H() 1.661(2) OR)a-Al3)-0(3)  77.79(3)
A2-O@)a 1.887(1)  Al(1)-H@E@) 15131)  AW-OQ-AMa 99.92(3)
A3)-O@)a 1.8371)  Al@)-H1) 1775@2)  NR-O@-A@a  101.29(4)
AB)-0@E)  1871(1)  Al2-H@) 1.6500)  EOE)-AIR)  102.21(3)
O()-All)a  1.868(2)  AI@)-H@) 1.6800)  C1-OW-AIR) 133.45(6)
0Q)-Al@a 1.887(1)  A@)-HGE) 1.7690)  CWO@-AIRa - 123.94(5)
0@)-Al3)a 1.837(1)  A@)-H®E) 15030  C(OR-AIR) 127.18(6)
A HD  168102) C(7)-0(2-AlQ)a  131.53(6)

C(13)-0(3)}-Al3)a  124.93(6)
C(13)-0(3)}-AI3)  132.74(6)
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Figure 1.16 Molecular structure of [Al(€Hex)]s 4. The cyclohexyl rings are shown as

sticks for clarity

Compound4 has been predicted by Krét. al in 1984 usind’Al-NMR spectroscopy [142)].
However, its single crystal structure was a mystgrtill now. B. Neumduller has reported a
trimer contrary to the predicted tetramer with tbentral Al atoms possessing trigonal
bipyramidal geometry [143]. The two different sturets obtained for one [Al(®lex)], (n =

3 and/or 4) could be explained upon the intercagigarphenomenon of trimer and tetramer
reported for [AI(CPr)]4 too (Scheme 1.3).
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Scheme 1.3Tetramer-Trimer interconversion equilibrium of [BfHex)],

The crystal data of are presented in Table 5 while the most relevant bengths and angles
are organized in Table 6. The crystal lattice of conmu 4 possesses one solvent molecule
(toluene) which is highly disordered. The structdeatures of compoundl are quite similar
as those of [AI(OiPg]4 [118-119], [AK(u-OEtpAIMes}s], [AK(u-OEt) .GaMe}s] [125].
Compound4 (Figure 1.16) is built up of three planar.@® four membered rings. The
molecular structure oft possesses three two fold axis of rotationp@ssing through Al
having coordination number six and each Ahlving coordination number four. There is
another three fold axis of rotatiors @erpendicular to the plane of the four Al atomigFe
1.17). Itis the principal axis of rotation; theye#, the final point symmetry of the molecule is
Ds.

Figure 1.17 Projection of [Al(OHex)]4 on metal atoms plane
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The central aluminium atom is surrounded by thretemtate [AlfHex)]™ units and gives
octahedral geometry. The octahedron at the cenlwali@ium atom is distorted from the
ideal. However, it is highly symmetrical in termEhmnd lengths and angles. All the Al-O
bonds lengths in the octahedron are equal havihge\af 1.945(1)A. It is in good agreement
with the typical hexa-coordinated Al centres repdrtelsewhere for structurally similar
compounds [119]. However, it is larger than theabiil-O (1.905-1.898A) bond lengths for
penta-coordinated Al centre in trimefig-cyclohexoxyaluminum reported by B. Neumidiller
[143]. This slight increase in bond length of hexardinated aluminium centre may be due
to the increased coordination numbers. The axiatllmorgles in the distorted octahedron are
all equal (169.407(1)°) although lower than thenmalr 180°. The square planar angles show
also deviation from the normal 90°.

The three aluminium centres with coordination nunfbar build almost ideal tetrahedra with
two bridging and two terminal cyclohexoxy groups.dll the three tetrahedra, the Al-(u-O)
bond lengths are equal having value of 1.805(0nd ia in good agreement with the Ak—(
O) reported for AIO, four membered rings compound [28, 80, 126, 1438].1%he equal
bond lengths may correspond to the high symmetsggsses by the molecule. In the same
fashion the aluminium to terminal oxygen bond léwssgare equal (1.770(1) A) but quite
longer than those reported by B. Neumiiller [143]460 (1.702 A) bonds. The tetrahedra
are highly distorted due to the unequal cyclohexgryups since two of them are free as
terminal groups and two are making bridges with ¢katral hexa-coordinated aluminium
centre. Overall the Al-O bond lengths follow thertd*Al-O < “Al—(p-O) <°Al—-(u-0O) which

is same as for structurally similar compounds [119je superscript numbers indicates the
coordination numbers at Al centres. The structurgnslar to the one obtained for tris¢-
propoxy)aluminium [119] and the A|l{O),Al]; core adopts a Mitsubishi motif, a term
introduced by Caultoet. al [119] and presented in Figure 1.18.
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Figure 1.18 The A{(1-O)Al} 5 core of compound having Mitsubishi motif like structure

Table 5. Crystal Data of Compourdl

Identification code

[AI(O *Hex)al4

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system

Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

C72 H132 Al4 012
1297.70

202(2) K

0.71073 A
Rhombohedral
R-3c

a=b= 20.301(6) A

c =40.431(1) A
a=pB=90°
y=120°.

14430.4(7) &
6
0.896 Mg#m
0.092
4272

-39 -



Crystal size

Theta range for data collection

Index ranges

Reflections collected

Independent reflections

Completeness to theta = 15.04°

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F

Final R indices [I>2sigma(l)]

R indices (all data)
Largest diff. peak and hole

0.43 x0.20 x 0.11 rdm
1.53 to 26.44°.

-25<=h<=24, -25<=k<=25, -50<=l<=50

69371

3313 [R(int) = 0.1247]
99.8 %

Multiscan

0.9903 and 0.9613

Full-matrix least-squares &n F
3313/0/147

1.876
R1=0.0851, wR2 2407

R1 =0.1665, wR2 = 0.2620
0.934 and -0.326 e:A

Table 6.Bond Angles and Lengths for Compouhd

Bond Length (A) Bond Length (A) Bond Angle (°)
Al)-0(1)  1.917(9)  O@)-A(L)-OLb  96.0(3) O(@K2)-O(L)a  117.8(4)
Al)-O(L)a 19179  O(L)-A(1)-0(1)  168.7(5)  O@(2-OL)d  82.4(7)
A2)-0(1)  179409)  O@)-AD-oM)c 7613  AW-OQ-AIR) - 100.8(5)
Al2-O()a 1.79409)  O(1)-Al(1)}-0(l)a 929 CHOM-AIER)  126.1(7)
A2-0@2) 1759(2)  O@)-AlR-0@a 116209 CHOM-AIL)  132.4(7)
A2)-O@)a 1.7592)  O@)-Al2-0(L)b  100.2(4) C(OR-AIR)  139.1(15)
O@)-C(1)  1.448(3)

0@)-C(7)  1.190(2)

2. [HhAI(O°HexMe-1)s.]2 (n = 25, 16, 07)

2.1. Synthetic Aspects

The procedure for the synthesis of compoubdswas adopted from an established route

reported elsewhere [79]. The synthetic reaction gutaces have been summarized in the
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following scheme (Scheme 1.4). Stoichiometric ami®wf AICI; and LiAlH, dissolved in
ether (under cooling in case of AiLivere mixed together and stirred at room tempegétar
one hour. LICl precipitated out as white residuspsded in the solution mixture. The
required amounts of methylcyclbexanol (HOGH;0Me-1) were added into the above
reaction mixture drop by drop and evolution of logkn was observed. The solid residue,
LiCl salt was removed by filtration and filtrate svaollected into a falsk. The volatiles,
mostly the solvent in the resulting filtrate wessmoved under low pressure and condensed
into a cooling trap. Compoundsand? were obtained as white powders, while compoénd
was a highly viscous colourless liquid. All theaets for crystallization ob failed since it
remained liquid in either case. HowevBrand7 gave colourless crystals in refrigerator at
+4°C after re-dissolving small amounts of their pews in 5 mL diethylether. All the three
compounds are well soluble in common organic sas;dmwever react violently with water.
Compound? is relatively stable in air though decompose ulmmger exposure. Compounds
5 and 6 are highly air sensitive. The decomposition hasnbeecurred of these two

compounds as soon as exposed to air and a whiteesevolved from their reservoirs.

R
NN
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2.2.  Spectroscopic Characterization

Compounds-7 have been characterized by NMR and IR spectrosddMR spectra were
recorded in deutrated benzene and were referregtramethylsilane'H-NMR spectrum o6
gives a broad peak at 4.52 ppm in the peculiargasfgprotons attached to Al centre in
alkoxyalanes [28, 80]. A sharp peak appeared & pp#n which is due to the methyl group
and highly overlapping peaks have been obtaindldeimange of 1.09-1.74 ppm for the ring of
the alkoxy group™*C-NMR gives peaks for all the five different typescarbons at 77.97
ppm, 39.05 ppm, 26.38 ppm, 24.62 ppm and 22.67 gpma.Al centre is tetra-coordinated
which has been confirmed by tA&I-NMR where two peaks have been appeared at 98.14
ppm and 48.79 ppm (Figure 1.19). The peak appeati#$.79 ppm is due to the Al of the
sample probe. While the peak appearing at 98.14 ippgomparable to the tetra-coordinated
Al centres in compounds of the type,f(OR)], [80, 129].The IR spectrum of compouid
gives a sharp peak at 1829tror Al-H stretching vibration [28, 80]. Besidesstpeak, the

IR spectrum also gives peaks for the organic maétiie compound.

— 98.14
— 48779

LI L e T LI L L I
500 400 300 200 100 [ - 100 - 200

Figure 1.19.%’AI-NMR spectrum of compound PAI(O°HexMe-1)] 5. The broad peak at
48.79 ppm is due to sample probe
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Compound6é has been obtained as viscous oil and thereforewere unable to analyze its
single crystal in solid state by X-ray diffractiodowever, it was characterized using NMR
and IR spectroscopyH-NMR spectrum gives a very broad peak at 4.10 fgmnthe proton
attached to the Al centre. Normally, due to themametric Al centre!H-NMR peak for this
proton is very difficult to observe due to its edrdinary broadening, but for compouddt
was made possible by adding a small amount of datrbenzene into the already liquid
compound. The peak is sufficiently broad which cansben infH-NMR spectrum given in
Figure 1.20. Three different peaks for the methgtgms of 1-methylcyclohexyl moiety are
obtained at 1.47 ppm, 1.32 ppm and 1.31 ppm. Tis¢ fieak at 1.47 ppm is due to the
bridging methyl protons while the last two peaksl&@2 ppm and 1.31 ppm are for the
terminal protons ofrans andcis-isomers, respectively. This indicates that the coumg is
dimer in solution possessing two different isomeat iscis- andtransisomers.”*C-NMR
spectrum gives two peaks at 78.2 ppm and 70.0 ppioridging and terminal-carbon of the
organic moiety, respectively. In the same way phipeaks for bridging and termingt
carbon appears at 40.08 ppm and 40.13 ppm, regplgctiThe peaks for bridging and
terminal methyl carbon appear at 31.6 ppm and BPr@, respectively. It is noteworthy to
point out that each peak has a parallel peak whakld be due to the presence of two

different types of isomers thattimns andcis-isomer in solution for compourgl

l Nﬁk“ | ' B

T T T T T T T T T T T T T T T T T T T T T |!l T T L T T T T NI T T T T T T T T
w0 58 5.2 4.8 7 4.0 EN-) 2.2 L8 & 2N, L& 12
/Eﬁpmﬂ

Figure 1.20 *H-NMR spectrum oB, inset is the enlarged parts of spectrum to st@peaks

clearly

-43 -



The #Al-NMR spectrum gives an irresoluble extra-broadipevith maxima at 41.18 ppm
which is due to the Al present in the sample prdle asymmetric nature of the compound is
responsible for disappearance of the tetra-cootelihAl peak of the compound. However, a
characteristic Al-H stretching vibration peak haserip obtained in the IR spectrum of
compoundb at 1859crit. This peak is highly comparable to reported compsuof this type
[28, 129]. The IR spectra of compoud@nd6 are presented in Figure 1.21 for comparison.

B

1859¢cm-1

(6)

———— 1829cm-1
(5)

Figure 1.21.IR spectra of compounds(red) ands (blue)

The Al-H stretching vibration peaks in the IR spaaf compound (1829 cnt) and6 (1859
cm?) are comparable to that observed for structurigntical compounds [#AI(O'Bu)].
(1845 cnt) and [HAI(O'Bu)], (1859 cnt), respectively [28]. The results show that
compound6 has dimeric structure and exists @s- and transisomer in solution (Figure
1.22).
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Figure 1.22 Proposed structures foans (left) andcis-isomer (right) of compouné

'H-NMR spectrum of compound gives two sharp peaks at 1.63 ppm and 1.51 ppi2n
ratios (Figure 1.23). These peaks are due to thhyinatotons of the organic moiety. The two
different peaks for a single methyl group indicthitat the compound is dimer in solution. The
peak appeared at 1.63 ppm is due to bridging metiogbns while the one at 1.51 ppm is due
to the terminal methyl protons. The peaks spread avarges-scale (1.47-2.19) are due to
the —CH- protons of the ring. The dimeric nature din solution was further confirmed by
13C NMR spectroscopy (Figure 1.23-inset). TA8-NMR spectrum gives two well resolved
peaks for the bridging and terminakcarbon at 78.71 ppm and 70.07 ppm, respectivelg. Th
peak for the bridging-carbon is approximately 8.6 ppm at lower fieldrthlat of terminab-
carbon. It is due to the larger deshielding ofihdginga-carbon as the electron withdrawing
O-atom is coordinated by two Al centres. The sameadrcan be seen for the rest of the
carbon of the organic moiety. In each pair of peaksa particular carbon atom the one with
higher value is for bridging carbon and the othéhwower value is for the terminal carbon.
The bridging carbons are experiencing more deshigléiffect due to the coordination of
electron withdrawing O atoms with two Al centrestead of one in case of terminal groups.
Therefore, the peaks for bridging carbons appedower field than those for terminal
carbons. The organic moieties of the compound hkseebeen confirmed by IR spectroscopy.

The spectrum recorded gives peaks for the C-H vdratin the characteristic regions.
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Figure 1.23.'H and**C-NMR (inset) spectra of the compound [Aft@xMe-1)], 7

From the spectroscopic data once can concludectimpound? is dimer in solution (Figure
1.24). The dimer is formed by the association of M@ ‘HexMe-1); monomers via oxygen

of the 1-methylcyclohexoxy group.

oW

3C O \\\ ”’/// /
Al cH
of \ 4 \ 3

O<CH3 )jCHs

Figure 1.24 Proposed molecular structure of [Af@xMe-1)3]» 7 in solution
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2.3. Solid State Structures

Single crystals of compoundsand? were selected and analysed at 153 K. The structdres
compoundss and 7 were solved by direct methods and refined with filematrix least
squares orfF 2 using SHELLX software package [149]. All the hygem atoms were
generated geometrically and anisotropic thermahipaters were assigned to all other non-
hydrogen atoms. The most relevant crystal data wipoundss and? are arranged in Table 7
and 9, respectively. The pertinent bond lengthsaargles of compoun8 are summarized in
Table 8 while that of compourglin Table 10.

The structure of5 (Figer 1.25) is similar to that oftert-butoxyalane [28] and
'Buy(Me)COAIH, [80] and the only difference t@u,(H)COAIH, [129] is that this molecule
is tetramer instead of dimer. The compound is aicydimer with central four membered
Al,O, planar ring. The molecule of 5 is centrosymmetosgessing point symmet€y. Also
the molecule possesses a two fold axis of rotaiha vertical mirror plane. The aluminium
atoms are tetra-coordinated and having approximattlahedral geometry with some sort of
distortion. The Al-O bond lengths are in good agresinwith the reported compounds of
identical structural features [27, 79] and thoseitgaan ALO, ring system [150-153]. The
Al;—(u-Op) and Ah—(u-Oy) bond lengths are 1.831(1) A and 1.835(2) A, reipely. These
bond lengths corresponds well to that'BEOAIH, (1.815(3)A and 1.810(3)A) [28] and
'Buy(Me)COAIH, (1.854(1) A and 1.841(1)A) [80The approximate Al-H bond lengths are
1.558(1) A and 1.467(0) A which fall well in thepated range [28, 80]. The Al atoms has an
acute O-Al-O angle of 81.653(1)° which correspotal81.0(2)° fortert-butoxyalane [28] and
82.73(6)° for 'Buy(Me)COAIH;[80]. The sum of angles around oxygen atoms is 3%5)5
which suggests planar geometry as well &hgpridization for these atoms [80]. The organic
moieties are uniformly distributed around the AlXDbridges deduced from the nearly equal
angles of C1-O1-All and C1-O1-All(a).
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Figure 1.25.Molecular structure of compound JAI(O°HexMe-1)], 5

Table 7. Crystal data of compouril

Identification code

[H,AI(O ‘HexMe-1)],

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

C14 H30 Al2 02
284.34
153(2) K
0.71073 A
Orthorhombic
Pbca
a=12.789(1) A
b =8.451(2) A
c=15.957(2) A
o = 90°,
B =90°.
y =90°.

1724.48(14) R
4
1.095 Mg#n
0.163 mrh
624
0.46 x 0.23 x 0.15 m
2.55 to 31.89°.
-19<=h<=17, -12<=k<=12, -
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Reflections collected
Independent reflections
Completeness to theta = 31.89°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on

Final R indices [I>2sigma(l)]

R indices (all data)
Largest diff. peak and hole

23<=[<=23
37249

2969 [R(int) = 0.0338]

99.9 %
None

0.9763 and 0.9282
Full-matrix least-squares én F

2969/0/ 142

1.050

R1 = 0.0332, wR2 9930
R1 = 0.0454, wR2 = 0.1005
0.350 and -0.282 eR

Table 8 Selected bond lengths and angles of comp&und

Bond Length (A)

Bond

Angle (°)

Al(1)-O(l)a  1.831(1)
Al(1)-O(1)  1.835(2)
Al(L)-Al(L)a  2.774(1)
O(1)- C(1) 1.469(2)
Al(1)- H(1)  1.558(1)
Al(1)-H2)  1.467(0)

O(1)a-Al(1)-O(1)
Al(1)a-O(1)-Al(1)
C(1)-O(1)-Al(1)
C(1)-0(1)-Al(1)a
H(1)-Al(1)-H(2)
H(1)-Al(1)-O(1)
H(2)-Al(1)-O(1)
H(1)-Al(1)-O(1)a
H(2)-Al(1)-O(1)a

81.65(3)
98.35(3)
127.74(5)
129.42(6)
116.46(2)
117.22(2)
111.65(1)
111.00(1)
114.03(2)

Figure 1.26 gives the molecular structure of conmgou
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. The relevant crystal data is
presented in Table 9 and the important bond lengridlsangles are summarized in Table 10.
Compound 7 is similar in structural aspects as the reportédd('Bu)s]. [104] and
Al2(NMe3)(Bu)s [154]. It is comprised of a central &, planar four membered ring. The
molecule is centrosymmetric having point symmetryiC Each Al centre is surrounded by
four alkoxy groups in a pseudo-tetrahedral fashidme Al-(u-O) bond length is
approximately 1.83(1)A which is longer than therteral Al-O bond lengths having average
value of 1.68(1)A. The terminal alkoxy groups liearlg perpendicular to the central 28



plane. The expected acute angle lies at Al centrengavalue of 81.540(8)°. The oxygen
atoms have trigonal planar environment which isuded from the sum of angles around it
(359.91(1)°). It gives also that the oxygen atomessg’ hybridized [80].

Figure 1.26.Molecular structure of compound [AlfBexMe-1)s], 7

Table 9. Crystal data of the compoufid

Identification code [AI(O ‘HexMe-1)3],
Empirical formula C42 H78 Al2 O6
Formula weight 733.00
Temperature 152(2) K
Wavelength 0.71073 A
Crystal system Triclinic

Space group P-1

Unit cell dimensions a=10.535(2) A
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Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection

Index ranges

Reflections collected
Independent reflections
Completeness to theta = 29.23°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on &

Final R indices [I>2sigma(l)]

R indices (all data)
Largest diff. peak and hole

b =10.730(1) A
c=10.952(1) A
a= 70.98(1)°.
= 63.62(2)°.
y = 85.30(1)°.

1045.6(3) &
1
1.164 Mgfn
0.113 mrh
404
0.26 x 0.13 x 0.07 Mm
2.01 to 29.23°.
-14<=h<=14, -14<=k<=14, -
15<=I<=13
21119
5655 [R(int) = 0.0539]
99.5 %
Multiscan
0.9922 and 0.9712
Full-matrix least-squares én F
5655/0/ 382
1.049
R1 =0.0447, wR2 9953

R1 = 0.0718, wR2 = 0.1068
0.314 and -0.238 e:R

Table 10 Selected bond lengths and angles of the compdund

Bond Length (A) Bond Angle (°)
Al(1)- O(3) 1.676(1) O(3)-Al(1)-0(2) 116.2(1)
Al(1)- O(2) 1.684(2) O(3)-Al(1)-O(1)a 111.2(2)
Al(1)- O(1) 1.832(1) O(3)-Al(1)-0(2) 108.9(2)
Al(1)- O(1)a 1.830(1) 0(2)-Al(1)-O(1) 116.9(1)
Al(1)- Al(1)a 2.774(1) 0(2)-Al(1)-O(1)a 117.2(2)
O(1)- C(2) 1.468(1) O(1)-Al(1)-O(1)a 81.5(1)
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0(2)- C(7) 1.420(2) Al(1)-O(1)-Al(1)a 98.5(2)

O(3)- C(13) 1.410(1) C(1)-O(1)-Al(1)a 131.3(2)
C(1)-O(2)-Al(1) 130.2(2)
C(7)-0(2)-Al(1) 146.2(2)
C(13)-0(3)-Al(1) 149.1(2)

3. [CIAI(H)(O ‘HexMe-1)], 8 and [CI,AI(O ‘HexMe-1)s.q]> (n=190r 210

3.1.  Synthetic Aspects

Alkoxychloroalane and aluminium chloride alkoxidebaving general formulae,
[CIAI(H)(O“HexMe-1)]» 8 and [CLAI(O ‘HexMe-1)s.2 (n = 19 or 210) have been prepared
according to the following reaction strategy (Sckei5). The two step reaction route was
adopted from the well know literature proceduregoreed elsewhere [155]. LiAlHwas
dissolved in diethyl ether in a two neck flask cected to a refluxing condenser. AICI
solution in diethylether prepared under cooling waded into the above solution in
appropriate molar ratios. LiCl precipitated oukeafstirring the reaction mixture for 1 hour. 1-
methylcyclohexanol was added in stoichiometricosinto this reaction mixture very slowly
and evolution of hydrogen was observed in the readtask. The whole reaction mixture was
stirred for another four hours for completion o# tieaction and the solid residue mostly LiCl
was filtered off. The volatiles, mainly the solvevere removed under low pressure and white
powder has been obtained for all the three compaudichall amounts of the powder were re-
dissolved in approximately 10 mL diethylether argptkfor crystallization in refrigerator at
approximately +4.0°C. Colourless crystals have beetained for all the three compounds
after standing for 24 hours. Compourdd turned yellowish upon standing at room
temperature for nearly a week. However, the NMRcBpen recorded shows the same
resonances as were observed before. It meanhithabinpound.0 does not decompose upon

standing at room temperature.
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Scheme 1.5Synthetic strategy for the preparation of comp@a8)@ and10

3.2.  Spectroscopic Characterization

Compounds8-10 have been analysed using different spectroscepliniques. NMR spectra
were recorded in deutrated benzene and diethyl éthecomparison. The IR spectra were
recorded in solid state using golden gate metfideNMR spectrum of compound gives
two peaks for the methyl protons of the organicetoiat 1.36 ppm and 1.34 ppm (Figure
1.27). The two different peaks for methyl protonshaf organic moiety could be explained by
considering two different isomers 8fin solution that is theis- andtransisomers. The peak
at 1.36 ppm is for the methyl protonstansisomer in which the chlorine atoms are oriented
opposite to each other around,®@} cyclic ring. While the peak at 1.34 ppm is for ttis-
isomer in which the two chlorine atoms are orierdedne side of the AD,ring. This notion
was further strengthened by tH&C-NMR spectrum in which paired peaks have been
appeared for all the five different carbon atomspah of peaks is obtained forcarbon of
the organic moiety at 82.5 ppm and 82.3 ppmtfans and cis-isomer, respectively. The
same reason has been given by Veith al. in explanation of the NMR spectra of
[CIAI(H)O'Bul, [127] which is identical to compourgiin its structural aspects. Thed NMR
spectrum did not give any signal for terminal hgidrbonded to Al atom. This resonance is
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hindered by the highly asymmetric Al centre andgtsdruple moment, due to which the

peak broadened extraordinarily.

2’Al-NMR spectrum recorded for compouidin deutrated benzene is unusual but matches
well with the?’Al-NMR spectra reported for structurally similarropounds [156]. It gives
two peaks at 89 ppm and 100 ppm which means tleat thre two different tetrahedral Al
centres. The two peaks obtained for one type ofefitre could not be explained on the basis
of cis and transisomerism phenomenon. Since the chemical shifts®’il NMR
spectroscopy only depends upon the coordination beunand electronic effect of the
substituting ligands [157]. Therefore, this could doglained on the basis of two different
compounds present in the solution. The peak at o0 is due to the tetra-coordinated Al
centre of compoun8 which is in its characteristic range [156]. Thekpappeared at 89 ppm
may be due to [GAI(OR)], present in the solution as a result of rearrangenvlich is also
mentioned by N. Kohler [156] in his Ph. D work bktsame sort of compounds. The hydrides
bonded to Al centres were confirmed by the IR gpscobpy. A sharp peak for Al-H
stretching vibration has been obtained at 1905&mn Al-H stretching vibration in compound
8. It appears at value higher by approximately 65 ¢mthat reported for JAI(OR) [28, 80].

It is due to the higher electronegativity of chi@iatoms which increase the ionic character of

Al-H bonds by electrons withdrawing effect.
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Figure 1.27 'H-NMR spectra of compounds 9 and10; R = 1-methylcyclohxyl

'H NMR spectroscopy gives a very clear picture ahpound9, [CIAI(O°HexMe-1),], as a
dimer (Figure 1.28). There are two different peakshiridging and terminal methyl protons
of the organic moiety appear at 1.58 ppm and 1ptd, pespectively. Another important peak
appears at 1.40 ppm for the terminal methyl profdns peak reveals that compoudeéxists
ascis- andtransisomers in solution. Theis- andtransisomers were further proved B5C
NMR spectroscopy which gives three different pefaksi-carbon at 82.27 ppm, 71.25 ppm
and 71.18 ppm. The first peak is due to the bridgiugrbon while the last two are for the
terminal a-carbon oftrans andcis-isomers, respectively (Figure 28). An unknown paak
80.40 ppm has been obtained which could be duenwe dy-product. Theis- andtrans
isomers in solution are also reported by Vaath al. for structurally identical compounds,
[CIAI(O'Bu),], [156]. These observations reveal that compduiegists as dimer in solution.
Surprisingly, no signal appears in tffidl NMR spectrum of compoun8, despite the fact

that single peaks are reported for structurallyig@l compounds [156]. The measurements
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were also carried out in different solution but vieme the same broad peak appears with a
maximum at approximately 45 ppm which is due to Ahgresent in the sample probe. The
signal is so broad that all the peaks disappeagmihdOne reason for this could be the highly
asymmetric Al centre which definitely affects tlesulting?’Al NMR signals [158].
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Figure 1.28 *C NMR spectrum fou-carbon of compoung; R = 1-Methylcyclohexyl

'H-NMR spectrum of compountiO gives a single peak at 1.47 ppm for the methytqm®
and irresoluble peaks in the range of 1.53-1.93 fgymest of the protons of the cyclohexyl
ring (Figure 27). The sharp single peak for methgitgns means that there is only one type
of 1-methylcyclohexyl group in the compound. It wiasther confirmed by thé’C NMR
spectroscopy. The spectrum gives peak at 87.4 pprithéa-carbon of the organic moiety
and in the same way single peaks for all otherarsstare observed. TREAI-NMR spectrum
gives a single broad peak at 88.95 ppm which cpomds to the tetra-coordinated Al centres
reported in similar compounds, pBI(OR)], having different organic moieties [156, 158-
159]. The IR spectrum confirms the organic moiety diying peaks for C—H stretching

vibration. The spectroscopic data reveal that thepmund is dimer in solution.
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3.3. Solid State Structures

Colourless crystals of all the three compourgid@ have been grown at low temperature in
refrigerator. Compoun@ gives crystals at room temperature too as soameasolution is
condensed. The structures were solved by direct adeéimd refined by full-matrix least
squares orf? using SHELLX software [149]. All the hydrogen aterwere refined with
isotropic displacement thermal parameters and iyoineigen atoms with anisotropic thermal
parameters. The structures obtained share somedbasgrcteristics. For example all the three
compounds §10) are dimers with a four membered.@} planar ring (Figure 1.29). The
dimerization of the compounds is the result of tetedc deficiency at the Al centre. To
complete the electronic shell of the Al atom, thenwmmers tend to dimerize, oligomerize or
even in some cases polymerize depending upon ¢hie stulk of the organic moiety of the

alkoxy group.

Figure 1.29 Al,O, planar ring forming central unit of compour® and10

The crystal structure of compour@was determined at 152K using single crystal X-ray
diffractometer. The molecular structure of compo(igthl(H)(O ‘HexMe-1)], 8 is given in

Figure 1.30. The relevant crystal data are sumnthrizeTable 11 and the pertinent bond
angles and bond lengths are arranged in Table Ti# selected single crystal belongs to

monoclinic crystal system having A2 space group. The molecule &fis centrosymmetric
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possessing point symmetry. 0he hydrogen and chlorine atoms &i@ns-oriented to each
other at Aj}O; cyclic ring. Both the Al atoms in the dimer arerdetoordinated with distorted
tetrahedral geometry while the oxygen atoms adiases to compensate for the electronic
deficiency of the Al atoms. The hydrogen atoms agahlized and difficult to measure
exactly due to its lower electronic density espécien the presence of larger atoms, for
example chlorine etc [156]. The Al—(u-O) bond lengsh 1.82(2)A which is in good
agreement to that reported for CIAI(HJBD) [127, 156] and other compounds having central
Al,0, cyclic ring [28, 104, 129]. The terminal Al-Cl bordistance is 2.12(1) A which
corresponds well to that of compound, CIAI(H¥BO) [126, 159] and falls in the domain of
Al-Cl bond distances [169-160]. However, longemtithose in adduct of AlgI[161] and
aluminium chloride alkoxides [160]. The Al-H bondigh is 1.64(3) A which is 0.09A and
0.13A longer to those reported for f&(O'Bu)]. and [HAI(OBuU)]. [28], respectively. This

is quite surprising since the addition of more &tawegative atom into the coordination
sphere of Al increases its partial positive chaacthe larger positive Al atom increases the
ionic character of the Al-H bond and thus reducasdblength. It is due to the uncertainty in

localization of hydrogen atoms in presence of laegems for example chlorine [156].

The smaller angles of 81.3(3)s expected were found at Al atoms in thgdAlring. Since Al
atoms are more soft and larger than the oxygen staherefore, more flexible for the
stabilization of the four membered ring. The Al agohave pseudo tetrahedral geometry and
the angles of tetrahedron are distorted due taitige The oxygen atoms are almost trigonal
planar deduced from the sum of angles around the388(8°). it indicates that the oxygen
atoms are sphybridized [80]. The C1-O-Al and C1-O-Al(a) anglase nearly the same
having values of 130.12° and 129.99°, respectivElys indicates that the organic moieties

are uniformly distributed over the Al-O-Al bridges.
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Figure 1.3Q Molecular structure of [CIAI(H)(HexMe-1)]. 8

Table 11.Crystal data of compourgl

Molecular Formula

CIAI(H)(O ‘HexMe-1)

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume
Z
Density (calculated)

C14 H28 Al2 CI2 02
353.22
152(2) K
0.71073 A
Monoclinic
RZ
a=8.934(2) A
b =8.206(1) A
c =13.052(2) A
o= 90°.
B= 105.05(1)°.
vy = 90°.
923.98(12) R
2
1.270 Mg#n
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Absorption coefficient 0.445 mth

F(000) 376

Crystal size 0.29 x 0.26 x 0.06 Mm

Theta range for data collection 2.36 to 27.83°.

Index ranges -11<=h<=10, -10<=k<=7, -16<=I<=17
Reflections collected 7751

Independent reflections 2190 [R(int) = 0.0464]
Completeness to theta = 27.83° 99.9 %

Absorption correction Multiscan

Max. and min. transmission 0.9755 and 0.8802
Refinement method Full-matrix least-squares én F
Data / restraints / parameters 2190/0/ 147
Goodness-of-fit on 1.066

Final R indices [I>2sigma(l)] R1 =0.0459, wR2 4056

R indices (all data) R1=0.0719, wR2 =0.1288
Largest diff. peak and hole 0.474 and -0.4153.A

Table 12.Pertinent bond lengths (A) and angles (°3 of

Bond Length (A) Bond Angle (°)

Al—Cl 2.120(2) O-Al-O(a) 81.3(1)
Al-H 1.640(2) O-Al-Cl 111.4(2)
Al-O 1.822(1)  ©O(@)-AlCl 112.8(1)

Al-O(a)  1.823(1) Al-O-Al(a) 98.7(1)
Al-Al(a)  2.766(1) C(1)-O-Al 130.1(1)
C(1)-0O-Al(a)  130.0(2)

The Crystal structure of compoufds given in Figure 1.31. The crystal data are ayeanin
Table 13 and the pertinent bond lengths and bontesiraye presented in Table 14. The
crystal structure resolved is a dimer having twal(@ HexMe-1) units bridged through the
oxygen atoms of the alkoxy groups. Compo@nldas a monoclinic crystal system in /2
space group. The molecular structur@a$ centrosymmetric having point symmetry The

chlorine as well as the terminal alkoxy ligandstaa@s oriented to each other over the central
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Al,O, four membered ring. The basic structural featurestae same as that of compoud
However, due to the incorporation of the alkoxyugrdor hydride, some changes in the bond
lengths and angles are observed. The structugeiokimilar as that of [CIAI(@Bu),] [156]
except the organic moiety. The Al1-O1 and All-Olgahd lengths are 1.816(1)A and
1.813(1)A, respectively and comparable to that@A[(O'Bu),] [156] and compoun@. The
terminal Al-O bond length is smaller by 0.14A comguhto the bridging Al-O bond length.
However, all the Al-O bond lengths lie well in tHemain of their characteristic range [28,
80, 127, and 156]. The AI-Cl bond length is 2.128(13nd corresponds to that of
[CIAI(O'Bu),] [156]. However, it is slightly larger than thabserved in the case of compound
8. This could be due to the incorporation of bulkyoaly group for hydrogen atom

The acute angel has been observed around Al centreual having value of 81.67(5)° and is
comparable to the earlier reported [28, 80, 12B].16ontrarily to compoun@ in which the
CI-Al-H angle was 109°, the CI-Al-Gangle (~119°) in compour@lis more open due to the
high bulk of the organic moiety of the alkoxy grodje sum of angles around oxygen atoms
is 359.3(2)° which gives that the oxygen atoms hsfehybridization and trigonal planar
geometry [80].

Figure 1.31 Molecular structure of compound [CIAI{BexMe-1)], 9
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Table 13.Crystal data of compouril

Identification code [CIAI(O“HexMe-1),]»
Empirical formula C28 H52 Al2 CI2 O4
Formula weight 577.56
Temperature 152(2) K
Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2(1)/n

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection

Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.73°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on

Final R indices [I>2sigma(l)]

R indices (all data)
Largest diff. peak and hole

a=12.121(1) A
b=10.613(1) A
c=12.546(1) A
o = 90°.
B =102.43 (2)°.
vy = 90°.
1576.18(17) A
2
1.217 Mghn
0.292 mrh
624
0.56 x 0.43 x 0.27 Mm
2.12 to 28.73°.
-16<=h<=16, -14<=k<=10, -
16<=l<=16
14833
4081 [R(int) = 0.0752]
99.8 %
Multiscan
0.9265 and 0.8537
Full-matrix least-squares 8n F
4081/0/ 267
1.050
R1 = 0.0490, wR2 4804
R1=0.0619, wR2 = 0.1418
0.914 and -0.282 e:R
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Table 14.Pertinent bond lengths (A) and angles (°) of t@poundd

Bond Length (A) Bond Angle (°)
CI(1)-Al(1) 2123(1)  O(2)-A(1)-O(1)(a) 114.8(2)
Al(1)-0(2) 1.670(3) 0(2)-Al(1)-0(1)  114.2(1)

Al(1)-0(1)(a) 1.813(1)  O()@-Al(L)-0(1)  8L.7(2)
Al(1)-O(1) 1.816(2) 0(2)-Al(1)-CI(1)  118.7(1)

A(D)-Al(L)@)  2.746(2)  O(L)(a)-Al(1)-C(1) 110.4f2

O(1)-Al(1)(a) 1.813(1) O()-Al(L)-CI(L)  111.3(1)
0(2)-C(8) 1.424(2)  C(1)-O()-A(L)@ 131.1(1)
O(1)-C(1) 1.476(2) C(1)-0(1)-Al(l)  129.9(2)

Al(1)(a)-O(1)-Al(1)  98.3(1)
C(8)-0(2)-Al(1)  146.0(1)

The molecular structure of compoub@is presented in Figure 1.32. The relevant crysitd d
are arranged in Table 15 and the pertinent bondHerand bond angles are summarized in
Table 16. The single crystal of compouhd belongs to the monoclinic crystal system in
P2/c space group. The centrosymmetric molecule hapigt symmetry Cis a dimer in
which two CIAI(OcHexMe-1) units are associated wdgygen bridges. The structure is
composed of central four membered®y ring forming backbone of the molecule. Each of
the Al atoms of the dimer has tetrahedral geomatiached to two chlorine and two oxygen
atoms of the alkoxy group. The oxygen atoms actaas ko stabilize the electron deficient Al
centre carrying +3 charge. The bond lengths andearigllO are comparable to those of the
same type of compounds, BI(OR)], [156, 159-160]. The terminal Al-Cl bond lengths are
2.092(2)A and 2.097(2)A which are shorter by apprately 0.026A and 0.03A compared to
compound and9, respectively. However, the Al-Cl bond lengthd tadder the characteristic
range [159-160]. The bridging Al-O bond lengths &r@04(1)A and 1.810(2)A which are
comparable to that observed for structurally simtampound [156]. As expected, the
smallest angle, 82.3(1)° is found at Al centre. Baen of angles around oxygen atom is

~359.55° which indicates that oxygen has trigofahar geometry and is Shybridized [80].
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Figure 1.32.Molecular structure of [GAI(O°HexMe-1)], 10

Table 15.Crystal data of compouriD

Molecular Formula

[CLAI(O HexMe-1)]»

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

C14 H26 Al2 Cl4 02
422.11
152(2) K
0.71073 A
Monoclinic
P2(1)/c
a=9.018(2) A
b =8.682(2) A
c=13.149(1) A
o= 90°.
B=104.821(2)°.
y = 90°.
995.19(7) R
2
1.409 Mgfn
0.686 mrh
440
0.47 x 0.37 x 0.31 Mm
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Theta range for data collection 2.34 to 34.95°.

Index ranges -9<=h<=14, -13<=k<=10, -21<=I<=21
Reflections collected 16344

Independent reflections 4356 [R(int) = 0.0491]
Completeness to theta = 34.95° 99.8 %

Absorption correction Multiscan

Max. and min. transmission 0.8166 and 0.7406
Refinement method Full-matrix least-squares én F
Data / restraints / parameters 4356 /0/ 152
Goodness-of-fit on 1.051

Final R indices [I>2sigma(l)] R1 =0.0313, wR2 9835

R indices (all data) R1 =0.0394, wR2 = 0.0880
Largest diff. peak and hole 0.413 and -0.296 e R

Table 16.Pertinent bond lengths (A) and angles (°) fordbmpoundLO

Bond Length (A) Bond Angle (°)
All-Ol(a)  1.804(1) OMa-All)-01)  82.3(1)
Al1-01 1.808(1) O(L)a-Al(1)-Cl(1)  113.2(1)

All(a)-O1 1.804(1)  O(1)-Al(1)-CI(1)  114.9(1)
All(a)-Ol(a) 1.808(1)  O(l)a-Al(1)-Cl(2)  115.7(1)
Al1-CI1 2.092(2)  O(1)-Al(1)-Cl(2)  113.7(1)
Al1-CI2 2.097(2)  CI(1)-Al(1)-CI(2)  113.5(3)
All(a)-Cll(a) 2.092(2)  C(1)-0(1)-Al(l)a  131.6(1)
All(a)-Cl2(a)  2.097(2) C(1)-O(1)-Al(1) 130.3(2)
All-All(a)  2.719(1)  Al(L)a-O(1)-Al(1)  97.7(2)

4.  Synthsis of [Ge(OR)], (R =°Hex 11, ‘HexMe-1 12or 'Pr 13)
4.1.  Synthetic Aspects

The title compounds, [Ge(OR) (R = Hex 11, ‘HexMe-112, 'Pr 13) have been obtained by
the reaction of Ge{N(SiMg,}. [162-164] and the corresponding alcohols in a rato,
according to the following reaction scheme (Scheh®). Ge{N(SiMe),}, was freshly
prepared and distilled according to the well knaeaation process [163]. The synthetic

procedure for the preparation of compourddsl3 was adopted from the well established
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reported routes which were used in synthesis okessont of compounds [136, 139, and 165].
As soon as the ethereal solutions of the two resstaere mixed together, the yellow colour
of germanium amide disappeared immediately. Theti@ais simple and has been carried
out at room temperature by stirring the mixture 3s4 hours. The volatiles were removed
from the reaction mixture under low pressure giwvigte powders for compouridl and12,
while compoundl3 has been obtained as thick oil like colourlessiitiq The yield was
satisfactory for all the three compounds (>85%)abammounts of compoundsl-13 were re-
dissolved in 5 mL diethylether and kept in refrager at about + 4°C. Compoudd and12
have been obtained as fine crystals at a perioohefday suitable for single crystal X-ray
analysis. All the efforts were in vain to get calstof compound.3. However, the thick oily

stuff was analysed by NMR and IR spectroscopy.

+ 4 HOHex + 4 HO*HexMe-1
CHex CHex-Me;
HexC—O\ /c|)\ /(|3\
ce Ge 2 [Ge{N(SiMey),}] Ge\O/Ge\
O O—CHex . O— FHex-
| - 2H,| + 4 HOPr | Mes
CHex “Hex-Me;
(12) TH(CH 3)2 (12
H,C),HC—O
e__Gg

Scheme 1.6Synthetic reactions for the preparatioripi2 and13

4.2.  Spectroscopic Characterization

Compoundl1-13 have been characterized using IR and NMR spedpysdNo peaks for
amide moiety in the IR spectra have been found hisicows that the ligand has been

replaced completely by the alkoxy groups. The orgambiety of the alkoxy group has been
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confirmed by the appearance of C-H stretching vtibnapeaks in the range of 2950¢m

2850cm" for all the three compounds. Thd and**C NMR spectra have been recorded in
benzene having small amount of deutrated benzetllasolvent. For comparison purposes
the spectra were also measured in diethylether.edew the compounds have showed the

same behaviour in the two different solvents.

The'H NMR spectrum of compountl gives a multiple peak at 4.29 ppm which is dutheo
proton attached ta-carbon of the cyclohexyl ring. Its multiplicity idue to the coupling
effect of the protons in its vicinity. The peak igfgciently broad which gives a hint that the
compound is dimeric in solution and the peaks beoadue to the rapid exchange of the
terminal and bridging alkoxy group. Therefore, iast®f separate peaks for the terminal and
bridging organic moieties we observed single butaldrpeaks. The dimeric nature of the
compound in solution could be well deduced from tive distinct peaks observed at 2.17
ppm and 1.85 ppm for thgprotons of the ring. These peaks are also broadlistinctly
separated. Multiple peaks in the range of 1.24 gpr@-ppm have been observed for the rest
of the cyclohexyl ring protons>C NMR gives single peaks for thecarbon and3-carbon
while paired peaks have been observed for theofetbte carbons of the ring (Figure 1.33).
The lesser number of peaks seem to be due to tlteeraghange phenomenon of the bridging
and terminal groups. Due to this reason the dinmmpound [Ge(OtBy), [166-167] give a
sinlge peak for the terminal and bridging groupswiver, this compound is proved as dimer

in solution by molar mass determination study [1661.

-67 -



[eal
= < T om
— el gl T
- C Lag! [ | (\]. E
2 |
\‘ C 4
~ 03\ \ |
C, Cy
¢, | | c
C; Cz 3
/ ~ |
| (’:1 \
O | |
Lft o ‘IL et ARl Wy ot NMMM«MWWWW‘JJWAWMWWM
T T T T T T T L T T T T T T T T T T T T T LA T T T T T T T T T T T T T 1 T
2 of g4 ol 50 iz 48 44 49 k) 32 z8 24

fopm)

Figure 1.33 **C-NMR spectrum of Ge(®iex), 11

Compoundl2 has the same structural aspects in solution aoftj&e(OBu),], [166-167],
since the steric bulk of the organic moieties i@ twvo compounds is nearly equal. Therefore,
the compound is thought to be dimeric in solutidihis has been proven by measuring
solution NMR spectra for compourit. The methyl group in the organic moiety has a
distinct peak in théH NMR spectrum compared to that protons of the.rifiterefore, methyl
protons will be given preference in structural iptetations of compound2 by *H NMR
spectroscopy. There are two distinct peaks for tathyh protons of the organic moiety iH
NMR spectrum of compount2 (Figure 34). The peak appearing at 1.61 ppm i®fioiging
while the peak appearing at 1.57 ppm is for terinmethyl protons. The peak appearing at
1.61 ppm has been broadened due to the ligand egeleffect. Peaks in the range of 1.36-
1.96 ppm appear for the protons of the ring. Tf@ NMR spectrum of compoundl
corresponds to that df0. *C NMR spectrum gives single peaks at 74.7 ppm, gfrd and
29.8 ppm fora-carbon,B-carbon and methyl carbon of the organic moietlegure 1.34).

This indicates that the ligands exchange occursmmpoundll at room temperature.
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Figure 1.34 'H and £C (inset) NMR spectra of GefBexMe-1) 12

Structural predictions of compourtd are crucial since it is an oily liquid and doeg no
crystallize. It was characterized by spectroscopotiniques specifically NMR spectroscopy.
'H NMR spectrum gives a broad multiplet with a cerstt 4.51 ppm for proton attached to the
a-carbon. Its multiplicity is due to the couplingfesdt of the vicinal protons. A doublet has
been appeared having peak value of 1.325ppm jwith5.90 Hz in'H NMR spectrum of

compoundl3 for the methyl protons of thso-propoxy group (Figure 1.35). The usually
sharp doublet peak is quite broad. The broadenfntheo peak may be due to the rapid
exchange of organic moieties. THE NMR gives peaks at 67.4 ppm and 27.0 ppm fonthe

carbon and methyl carbon of the organic moiety.
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Figure 1.35 *H-NMR spectrum of compound [Ge\@)], 13

The 'H and *C NMR data correspond to the earlier reported camgs of identical
structural features [Ge(Bu),], [166-167]. [Ge(CBu),]. is a dimer in solution confirmed by

NMR and molar mass determination. CompoW3ds a dimer having structure depicted in
Figure 1.36.

H b N |4

Figure 1.36 Proposed molecular structure of compound [(F(g), 13

4.3. Solid State Structures

Fine colourless crystals of compounts and 12 have been grown in refrigerator at +4°C.

The efforts for the crystallization of compouh8 did not succeed and all the attempts failed
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as it is a thick oily liquid. Single crystals habeen isolated for structural analysis and
measured at 152K. SHELLX software packages [149] h&en used for the refinement and
solution of the crystal structures. The structure€ammpoundsll and12 were solved by
direct methods and refined by full-matrix least @gs onF>. All the non-hydrogen atoms
were refined with anisotropic thermal parameters laydrogen atoms with isotropic thermal
parameters. Most of the features of the two strestare similar except the pendant groups
which are not identical. Both are dimeric in sodithte with the backbone composed of a
planar four membered ring comprising of Ge and exygtoms, G&, (Figure 1.37). The
central four membered @&, ring is similar as AIO, ring in aluminium alkoxides as well as
in alkoxyalanes [157-158, 168-173]. The compounds sailar structural features as those
of [Ge(OBu),], [166-170 and 174-175], [Ge(OAD [137] and [Sn((Bu),], [166-167]. The
bridging oxygen atoms possess nearly planar gegrireboth the compounds which indicate
that the lone pairs may be stereochemically inactifowever, the highly strained geometry
at each Ge atoms of the &g cyclic ring shows that the lone pair of Ge atomss i
stereochemically active. The terminal alkoxide gsapetrans-oriented to each other over

Ge0; ring.

Figure 1.37 Central GgO; ring of [Ge(OR)]» (R =‘Hex 11, or ‘HexMe-1 12)
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The solved and refined structure of compourdis presented in Figure 1.38. The most
relevant crystal data are summarized in Table 17thadoertinent bond lengths and bond
angles are presented in Table 18. Complete datdbevpresented at the end of the thesis.

Figure 1.38 Molecular structure of [Ge(®lex)]. 11

Compoundll has been crystallized in triclinic crystal systesth a R space group. Both the
Ge atoms are in +2 oxidation state. The moleculecarhpound [Ge(EHex)], 11 is
centrosymmetric in point symmetry @ith trans-orientation of the cyclohexoxy groupshw
respect to the GO, cyclic ring. The structural motif oLl is similar as reported for
germanium alkoxides (e.g. [GE@M),],) [166-167; 174-175]) and aryloxides (e.g.
[Ge(OGH:Mes-2,4,6)],) [137]. The Ge—(u-O1) and Ge—(u-Ola) bond distanoed.977(1)
A and 1.968(2) A, respectively which are nearlyniiteal and lie well in its characteristic
range [167, 137, 174-178]. The terminal Ge—O bonwjtles are equal having value of
1.815(2) A and corresponds to those of dimeric Be(koxides [167, 179]. There is no
chance of the Ge-Ge interaction since the distaeteeen the two Ge atoms (3.115(2) A) in
the GeO, cyclic ring fall away of the typical Ge-Ge bonadghs [180-187].
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The two Ge atoms are bridged by oxygen atoms makm@, four membered planar cyclic

ring. The sum of angles around the oxygen atomppsoximately 349.0(1)° which indicates

that the oxygen atoms possess trigonal planar geprae well as sphybridization [80].

However, the carbon makes a little bit of deviatfomm plane which could be due to the

steric effect of the bridging pendants. The C1-O1-@egle (122.3(2)°) is nearly the same as
the C1-O1-Gel(a) angle (122.5(2)°) which indicatleat the organic moiety is equally
distributed around the Ge-O-Ge bridge. The acutéeaii®.72°) as expected can be found at

Ge centre which is larger and softer than oxygemat Each of the Geatoms has trigonal

pyramidal geometry. The sum of angles around eac¢ha@en is 263.9(1)° which supports

the presence of non-bonding lone pair at .Géowever, the acute endocyclic angle O-Ge-O

corresponds to’meometry at each Gatom [179].

Table 17.Crystal data of compouridl

Identification code Ge(O°Hex),
Empirical formula C24 H44 Ge2 O4
Formula weight 541.77
Temperature 152(2) K
Wavelength 0.71073 A
Crystal system Triclinic
Space group P

a="5.627(1) A

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections

b =10.351(1) A

c=11.123(1) A

a= 81.23(1)°.

b= 82.14(2)°.

g = 86.68(1)°.

633.84(4) B

1

1.419 Mg/n®

2.397 mml

284

0.62 x 0.22 x 0.07 mi

1.87 to 38.38°.

-9<=h<=9, -18<=k<=18, -19<=I<=17
26163
7057 [R(int) = 0.0254]
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Completeness to theta = 38.38° 99.7 %

Absorption correction Multiscan

Max. and min. transmission 0.8426 and 0.3198
Refinement method Full-matrix least-squares or#F
Data / restraints / parameters 7057 /0/ 224
Goodness-of-fit on & 1.029

Final R indices [I>2sigma(l)] R1 =0.0231, wR2 9862

R indices (all data) R1 =0.0296, wR2 = 0.0585
Largest diff. peak and hole 0.466 and -0.381 e:R

Table 18.Selected bond Iengthéx and angles (°) of compourdd

Bond Length(zi) Bond Angle(°)
Ge(1)-0(2) 1.815(2) 0O(2)-Ge(1)-O(1)a 93.47(3)
Ge(1)-0(1) 1.977(1) O(1l)a-Ge(1)-O(1) 75.72(3)

O(1)-Ge(l)a  1.968(2) C(1)-0(1)-Ge(1) 122.25(5)
Ge(1)-O(1)a  1.968(2) 0(2)-Ge(1)-0(1) 94.72(3)
0(1)-C(2) 1.448(2) C(1)-0(1)-Ge(1l)a 122.48(5)
0(2)-C(7) 1.426(1) Ge(1)a-O(1)-Ge(1) 104.28(3)
C(7)-0(2)-Ge(1) 117.11(5)

Single crystal suitable for X-ray analysis was s&ld and measured at 123K by single crystal
X-ray diffractometre. The structure resolved belotmsnonoclinic crystal system in P2
space group. The solved and refined solid statetsteiofl2 is presented in Figure 1.39. The
crystal data are arranged in Table 19 and the netestant bond angles and bond lengths are
organised in Table 20. Compouf@ has a similar structural motif as that of compoiid
except the pendant group which is 1-methylcyclohergtead of cyclohexyl inll. The
structural features df2 are not extraordinary and correspond well to e@orted structural
motifs having GgO, cyclic ring [166-167; 137; 174-175] as well as tmtt of 11. The
structure is dimer in which the two Geentres are bridged by 1-methylcyclohexoxy groups.
The bridging Ge—-O and terminal Ge—O bond distanceslanger by approximately 0.1A
compared to those of compoudd. It may be due to the higher steric demanding mitga
moiety in compoundl2. The bridging Gel-02 and Gel-02(a) bond distancesearly
equal having values of 1.982(2) A and 1.976(1) dspectively. The terminal Ge—O bond
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lengths are 1.820(1) A and smaller than the brigigBe—O bond lengths, as expected.
However, the bridging as well as terminal Ge-O btamjths correspond well to the reported
[137; 167; 174-189].

The sum of angles around the bridging oxygen at@r354.0(2)° which indicates that the
oxygen atoms have trigonal planar environment aslys80]. The organic moieties attached
to the bridging oxygen have moved a little bit ofitplane which may be due to the steric
effect of the pendant groups. However, the outlahg moment is less than that observed in
compoundll The C—-O-Ge angles at the two sides of Ge-O-Ggybrade not identical as
was the case in compoudd. C8-02-Gel angle is 126.73(2)° which is largedd6(1)°
compared to the C8—02-Gel(a) angle having valu2®28(2)°. The acute angle amounting
to 75.11(2)° lie at Geatoms in the G, cyclic ring. It is smaller by 0.61(2)° compared to
that in compound.l. The smaller difference of angles between compdiindnd12 at G&
atoms may be due to the difference of bulk of orgamoieties. The terminal alkoxy groups
are oriented in &ransfashion to each other at the four memberegddzeyclic ring. Each of
the G& atoms has trigonal pyramidal geometry comparabteabin compoundl. The sum

of angles at Geatoms is 263.91(1)° which means that there israbamding lone pair at Ge
atoms responsible for the trigonal pyramidal geoynef G€' atoms. However, the acute
endocyclic angle at Gés more consistent with*geometry [179].
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Figure 1.39 Molecular structure of [Ge(B®lexMe-1),]» 12

Table 19.Crystal data of compourid

Identification code

Ge(OcHex-Me)2

Empirical formula
Formula weight

Temperature

Wavelength
Crystal system

Space group

Unit cell dimensions

C28 H52 Ge2 04

597.88

123(2) K

0.71073 A

Monoclinic

P2(1)/c
a=10.932(2) A
b =9.694(2) A
c=13.728(1) A
a=90°.
b=101.31(1)°.
g =90°.
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Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection

Index ranges

Reflections collected
Independent reflections
Completeness to theta = 41.29°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

1426.50(19) A
2
1.392 Mgfn
2.137 mth
632
0.69 x 0.37 x 0.09 Mm
1.90 to 41.29°.
-20<=h<=20, -17<=k<=17, -
25<=I<=25
55458
9520 [R(int) = 0.0397]
99.5 %
None
0.8375 and 0.3182
Full-matrix least-squares én F
9520/ 0/ 258
1.029
R1 = 0.0246, wR2 9573
R1 =0.0386, wR2 = 0.0621
0.476 and -0.5983.A

Table 20.Selected bond Iengthﬁx and angles (°) af2

Bond Length

Bond Length

Ge(1)-0(1)  1.820(1)
Ge(1)-0(2a  1.976(1)
Ge(1)-0(2)  1.982(2)
O(1)-C(1) 1.439(1)
0(2)-C(8) 1.462(2)
0(2)-Ge(1)  1.982(2)

O(1)-Ge(1)-0(2)  94.24(2)
O(1)-Ge(1)-0(2)a  94.70(2)
0(2)-Ge(1)-0(2)a  75.11(2)
C(1)-0(1)-Ge(1)  124.70(4)
C(8)-0(2)-Ge(1l)  126.80(4)
C(8)-0(2)-Ge(l)a  122.27(4)
Ge(1)-0(2)-Ge(l)a  104.89(2)
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5. Reduction of Ge{N(SiMe).}, by [H2AI(OR)] (R ='Bu, ‘HexMe-1)
5.1.  Synthetic Aspects of the Reactions

In the previous section alkoxide ligands were stiisd for bis-(tri-methylsilyl)amide
ligands in a simple one step reactions between G&ifks).}. [162, 164] and the
corresponding alcohols. The bis-{methylsilyl)amide ligand is chemically labile and
suitable to be replaced with other ligands. In théstion the reduction reaction between
Ge{N(SiMe3);}, and [HAI(OR)]. (R = 'Bu or ‘HexMe-1) in a 1:1 molar ratio will be
presented.

The reactions between Ge{N(SiMg » and [HAI(OR)]. (R ='Bu or°HexMe-1) were carried
out at room temperature. The reactions occurredinvéim hour after addition of ethereal
solution of alkoxyalane into an ethereal solutisrGe{N(SiMe;),}, under constant stirring.
However, the reaction mixture was stirred for apprately three hours to achieve
completion of the reactions. The yellow colour of tiermanium amide solution disappeared
immediately as soon as all the alkoxyalane werepmid into it. The solutions were
condensed into 1/4of its original volumes by removing the volatilaader vacuum. The
condensed solutions were placed in refrigerated&dC and colourless crystals were obtained
after one week. The detailed analysis of the fimatlpcts by NMR, IR and single crystal X-
ray diffraction analysis reveals that the compoupdssess the general formula [HAI(u-
OR)(NR»)]» (R ='Bu 14 or ‘HexMe-1 15). The reactions routes are summarized according to
the following reaction scheme (Scheme 1.7).

When the reaction mixtures were condensed intolsmablumes by removing the volatiles
under low pressure, the colour of the solutionaddrpale yellow. The yellow colours of the
solutions may be due to the suspension of Ge nartccles. Alkoxyalanes are stronger
reducing agents [188]. Therefore, it is assumetl @&’ have been reduced to Gehich is
suspended in the solution mixture (Eq. 1.4). Howeneither the Genano-particles have
been isolated nor their isolation has been takeowsdy, as the aim was not to prepare Ge
nano-particles. The crystals isolated from the reast mixtures were analysed by single
crystal X-ray diffraction as well as by various sfvescopic techniques.
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Ge{N(SiMes),}, + [HAI(OBuU)] ,—— = [HAI(O 'R){N(SiMe3),} 5], + Ho*+ GE° (1.4)

Where R =tert-butyl 14 and/or 1-methylcyclohexy5

Scheme 1.7 Schematic representation of reactions between N@Mes),}, and
[H2AI(OR)]2

5.2.  Spectroscopic Characterization

The compounds obtained of the general formula, [HAIR)(NR,)]. (R =tert-butyl 14 or 1-
methylcyclohexyl15 and R = SiMe;) were characterized by NMR and IR spectroscopy.
Figure 1.40 gives théH-NMR spectra of compound4 (blue) and15 (red). *H-NMR
spectrum of compound4 gives peaks for three chemically different protensl.42 ppm,
0.42 ppm and 0.40 ppm. The last two peaks seem twvédapped with a broad base and
sharp two well resolved tips. The first peak at 1pg2n is due to the methyl protons of the
tert-butyl group while the other two peaks are duehtrnhethyl protons of thei-methyilsilyl
group. Basically, there should be a single peaktlfi@ protons oftri-methylsilyl groups
because all the six methyl groups are chemicaliytidal. However, the appearance of two

peaks is due to the lack of rotation along Al-N dbavhich is restricted by the higher steric
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demand of thebis-(tri-methylsilyl)Jamide group. Therefore, the tvwo-methylsilyl groups
differ and give two different peaks. This behaviaidirthe tri-methylsilyl groups was also
observed in*C NMR spectrum in which parallel peaks for the chuatly equivalent carbons
have been obtained. TA% NMR spectrum gives peaks f@rt-butyl entity of compound4

at 77.3 ppm and 31.4 ppm farcarbon and methyl carbons, respectively. A paipeaks
appears at 5.7 ppm and 5.2 ppm for the methyl carlwd thebis-(tri-methylsilyl)amide
moiety. The same compound was also reported by eeithl [138] during the reduction
reaction of Pb{N(SiMg)2}. [189] with [H,AI(OR)]. [28] to produce Pb nano particles. The

NMR data of compound4 match well with that reported in literature [138].

Compoundl5 shows the same structural characteristics in isolits showed by compound
14. The NMR spectra were recorded in deutrated benaer@m temperature. THel NMR
spectrum gives peaks at 0.45 ppm and 0.46 ppniédritmethylsilyl protons. The two peaks
appear due to lack of rotation along the Al-N bofide rotation along Al-N bond is hindered
by the higher steric demand of this-(tri-methylsilyl)amide group [138]. The peak appears at
1.50 ppm is for the methyl protons of the 1-metiiglachexyl entity while the peaks appear in
the range of 1.03-2.05 ppm are for the protonshef ¢yclohexyl ring. The restriction of
rotation along the Al-N bond has been also confitrbg *C NMR spectroscopy. ThEC
NMR spectrum gives parallel peaks at 5.7 ppm aBgpm for the methyl carbon of thes-
(tri-methylsilyl)amide group. Single peaks appeardararbon and methyl carbon of the 1-
methylcyclohexyl entity at 80.5 ppm and 29.6 ppmspectively. Single peaks are also
observed for the rest of the carbon of 1-methylalyekyl. The NMR spectra of compouh8

are in good agreement to that of compodddand the reported compounds [138]. The
NMR spectra of compounit4 as well asl5 do not give peaks for hydrogen atoms bonded to
Al. The peaks are too broad to be observed dueetashmmetrical geometry and quadruple

moment of Al atoms [157].
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Figure 1.40 *H-NMR spectra of compounds} (blue) andL5 (red)

The Al-H bonds in compounds4 and 15 were confirmed by IR spectroscopy. Figure 1.41
gives the IR spectra of compouniti4 (red) andl5 (blue). The IR spectra give sharp and
characteristic peaks for the Al-H stretching vilmas at 1873 cfm and 1866 cm for
compoundsl4 and15, respectively. The peaks correspond well to thahohoalkoxyalanes,
for example [HAI(GBu)], [28].
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Figure 1.41 IR spectra of compoundg} (red) andL5 (blue)

5.3. Solid State Structures

Small amounts of compoundg and15 were dissolved in approximately 5 mL diethyl ether
and kept in refrigerator at +4°C for crystallizaticColourless crystals were appeared in the
solution after 24 hours. Suitable single crystatyevselected and mounted into the X-ray
diffractometer. The crystals structures were deteechi at approximately 152K. The

structures were solved and refined by appropriathads using SHELLX software packages
[149]. The hydrogen atoms were determined by isatrapd all the non-hydrogen atoms

were determined by anisotropic thermal parameters.

Figure 1.42 gives the crystal structure of compol#hdVeith et. al.[138] reported the same
structure obtained during the reduction of Pb{N(8i)d» [189] with [H,AI(O'Bu)]» [28] to
produce Pb nano particles. Therefore, the struchasmeters are exactly the same as were
reported. Here we are only reproducing the samuetsitte to explained the process since the
amide used is Ge(ll) amide instead of Pb(Il) amBlesides, the bond lengths and angles in
14 are different to that of reported [138] which ah®wn in Table 22.
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The relevant data of compouidd are organized in Table 21 and the pertinent borylean
and bond lengths are summarized in Table 22. Theoand crystallizes belongs to triclinic
crystal system in R& space group. The structure is quite unique instrese that there are
only very few known compounds [126, 190] in whiclsiagle Al centre is tetra-coordinated
with H, O and N.

The centrosymmetric (point symmetry,) @olecular structure df4 is composed of a central
four membered AD, cyclic ring which is similar as that in its paresbmpound
[H2AI(OtBuU)], [28]. The hydrides and amides lignads are transated to each other at the
Al,O; cyclic ring. Nocis-isomer has been obtained in solid state. The brgdgil-O bond
lengths are nearly equal having values of 1.84&(anhd 1.843(1) A and corresponds to those
reported for structurally equivalent compounds [1PB0, 191-196]. The bridging Al-O bond
distances are larger by approximately 0.03A compéwethat in [HAI(OtBuU)]. [28]. It may
be due to the substitution of bulkys-(tri-methylsilyl)amide groups for lesser bulky hydrides
The terminal AI-N bond lengths are equal having eatd 1.824(1) A and are in good
agreement to that reported for structurally idexiticompounds [80, 170, 190-196]. The
terminal Al-H bond lengths are also equal haviniges of 1.520(1)A and corresponds well to

that ofmone andbis-(tert-butoxy)alanes [28].

The acute angle, as expected, is observed at Alecenthe AbO, four membered cyclic ring
having value of 80.80(4)°. The O-Al-O and Al-O-Alrmbangles are approximately the same
as those in [BAI(OtBuU)], [28]. It indicates that the substitution loif-(tri-methylsilyl)amide
entity for hydride ligands does not affect the canfl,O, ring except for slight increase in
the Al-O bond lengths. The two methylsilyl (-Siplegroups attached to the N centre are
inequivalent which is deduced from the differenceSi-N-Al angles and N-Si bond lengths.
The Si1-N1 and Si2-N1 bond lengths are 1.749(1) & hi736(2) A, respectively. While the
Sil-N1-All and Si2-N1-All bond angles are 113.95(@nd 125.56(2)°, respectively. The
difference between the two methylsilyl entitiesaatted to a common N atom is due to the
lack of free rotation along the AI-N bond. The fre¢ation along the Al-N bond is hindered
by the larger bulk of théis-(tri-methylsilyl)lamide group. The oxygen atom has trajon
planar geometry as usual which is deduced fromsthm of angles around it amounting to
359.42(0)°.
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Figure 1.42 Molecular structure of compound [HAIBU){N(SiMes),}] » 14; the sticks show

carbon and/or hydrogen atoms

Table 21 Relevant crystal data of [HAI{BuU){N(SiMes)-}] » 14

Identification code [HAI(O'BU){N(SiMe3),}]»
Empirical formula C20 H56 Al2 N2 O2 Si4
Formula weight 522.99

Temperature 152(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group R&

a=11.168(2) A
b =14.352(2) A
c=10.239(1) A
a= 90°.

B= 99.95(2)°.
y=90°.

Unit cell dimensions

Volume 1616.45(12) B

-84 -



Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 29.38°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters

Goodness-of-fit on
Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

2
1.075 Mg/n®

0.256 mml
576

0.57 x 0.24 x 0.11 m#
1.85to 29.38°.
-15<=h<=15, -18<=k<=19, -
12<=l<=14
17495
4450 [R(int) = 0.0492]
100.0 %
Multiscan
0.9724 and 0.8675
Full-matrix least-squares orF
4450/0/ 149
1.031
R1 =0.0351, wR2 9875
R1 =0.0511, wR2 = 0.0954

0.371 and -0.238 e R

Table 22 Selected bond Iengthéx and bond angles (°) of compouhd

Length Angle
Bond Bond
14 [138] 14 [138]

Al(1)-N(1) 1.824(1) 1.830(2) N(1)-Al(1)-O(1)a 118.63(5) 118.92(7)
Al(1)-O(1)a 1.842(2) 1.848(1) N(1)-Al(1)-O(1) 119.94(5) 120.21(7)
Al(1)-0O(1) 1.843(1) 1.847(1) O(1)-Al(1)-O(1)a 80.80(4) 80.59(7)
Al(1)-Al(1)a 2.806(1) - Al(1)-O(2)-Al(1)a 99.20(4) 99.41(7)

O(1)-C(7) 1.477(1) 1.481(2) C(7)-O(1)-Al(1)a 131.01(8) -
Al(@)-H(1) 1.521(2) 1.516(6) C(7)-O(1)-Al(1) 129.20(1) -

N(1)-Si(1) 1.749(1) 1.743(2) Si(1)-N(2)-Al(2) 113.95(1) 114.0(2)

N(1)-Si(2) 1736(2) 1.757(2) Si(2)-N(1)-Al(1) 125.56(2) 125.7(1)
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Compoundl5 has been crystallized into triclinic crystal systen P-1 space group and has
similar structural features as those of compotddexcept the alkoxy group which is 1-
mthylcyclohexoxy inl5 instead oftert-butoxy in14. The molecular structure db is shown

in Figure 1.43. The relevant crystal data are sunz@adrn Table 23 and the pertinent bond
lengths and angles are presented in Table 24. Thecmiel of15 is centrosymmetric (point
symmetry ). The bis-(tri-methylsilyl)Jamide and hydrogen atoms a&rans-oriented at the
four membered AD, cyclic ring. The Al atoms are tetra-coordinated vging distorted
tetrahedral geometry due to the ring. The bridgitg@Abond lengths are nearly equal having
values of 1.836(2) A and 1.845(1) A and lie in tharacteristic range [126, 170, 191-196].
The terminal Al-H bond lengths are equal having eslof 1.655(1) A. However, the Al-H
bond lengths are longer than those observet¥iand in alkoxyalanes [28]. It is due to the
high uncertainty in prediction of the hydrogen piosi in XRD spectrum, especially in
presence of larger groups. The terminal Al-N bomgjtle is 1.823(1) A and is comparable to
that of compound4 (1.824(1) A) as well as those reported in literatd 70, 190-196].

The acute angle, O—-Al-Oa is 80.00(6)° which lie &aoms of the four membered 81,

cyclic ring as expected. The sum of angles aroundgimg oxygen atoms amounting to
359.06(1)° which shows that the oxygen atoms afehgpridized having trigonal planar
geometries [80]. The methylsilyl moieties of thms-(tri-methylsilyl)amide ligands are
inequivalent deduced from the difference betweeiN Siond lengths and Si-N-Al bond
angles. The Si1-N1 and Si2-N1 bond lengths are {1J48 and 1.749(1) A, respectively.
While the Sil-N1-All and Si2-N1-All bond angles ait5.53(2)° and 114.18(1)°,
respectively. The difference arises due to high lilkhe bis-(tri-methylsilyl)amide group

which restricts the rotation along the Al-N bond.
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Figure 1.43 Molecular structure of compound [HAI{BexMe-1){N(SiMes),}] > 15; the

sticks represents carbon and/or hydrogen atoms

Table 23 Relevant crystal data of the compourid

Identification code

[HAI(O HexMe-1){N(SiMe3),}] 2

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

C13 H32 AIN O Si2

301.56

123(2) K

0.71073 A

Triclinic

P-1
a=09.135(2) A
b=12.186(1) A
c=17.577(2) A
o= 82.076(1)°.
B= 77.642(1)°.
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Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.94°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on &

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

vy = 70.006(1)°.
1791.64(6) B
4

1.118 Mg/n®

0.239 mml
664

0.37 x 0.21 x 0.13 m#
1.19to 27.94°.
-12<=h<=11, -16<=k<=16, -
22<=I<=23
31958
8517 [R(int) = 0.0538]
99.4 %
Multiscan
0.9687 and 0.9176
Full-matrix least-squares orF
8517 /0/581
1.029
R1 =0.0467, wR2 4209
R1 =0.0619, wR2 = 0.1309

1.418 and -0.318 e:R

Table 24 Selected bond lengths (A) and bond angles (&pofpoundl5

Bond Length Bond Angle
Al(1)-N(1) 1.8236(18) N(1)-Al(1)-O(2) 120.34(7)
Al(1)-0(1) 1.8359(14) N(1)-Al(1)-O(1)(a) 118.87(7)

Al(1)-O(1)(a) 1.8451(14) O(1)-Al(1)-O(1)(a) 80.00(6)

Al(1)-Al(1)(a) 2.8197(12) C(1)-O(2)-Al(1) 129.57(12)

O(1)-Al(1)(a) 1.8451(14) C(1)-O(1)-Al(1)(a) 129.49(12)
0O(1)-C(2) 1.471(2)  Al(1)-O(1)-Al(1)(a) 100.00(7)
Al(1)-H(1) 1.6551(0) N(2)-Al(1)-H(1) 108.131(0)
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N(1)-Si(1) 1.740(1)  O(1)-Al(1)-H(I)  111.297(1)

N(1)-Si(2) 1.749(1)  O(1)(a)-Al(1)-H(1) 115.200(1)
Si(1)-N(1)-Al(1)  125.53(2)
Si(2)-N(1)-Al(1)  114.18(1)

It is quite interesting that only one of the hyésdhas been replaced with thes(tri-
methylsilyl)amide group. M. Veitlet. al. tried all the possible reaction routes to replime
second hydride but all in vain [138]. However, theduction reaction between
Me,Si(N'Bu),Sn and [HAI(OR)], resulted into complete removal of the hydrides7[1The
different reaction behaviour of HAI(OR)], with Ge{N(SiMe),}» and MeSi(N'Bu),Sn may
be due to the different steric demand of {BizN and MeSi(N'Bu),.

6. [M{(OR)s.,AIH n}2] (M = Ge(ll), Ni(ll), Eu(ll); n=0, 1, 2)

Hydride-modified heterometallic alkoxides of thengeal formula [M{(OR}.,AIH}.] are
interesting single source precursor for the prdmaraof new material. The manifold
advantages of these compounds especially theinugemical vapour deposition (CVD) and
Sol-Gel techniques for the preparation of nano-medteis highly desirable. But the library of
such compounds is nearly empty. The only compountheftype is [Mg{(OBu),AlH} ]
which was reported in 1999 by M. Veit. al.[29]. The compound, [Mg{(Bu),AlH 2} ;] was
used for the synthesis of MgA), spinel by CVD technique and has showed manifold
advantages as a single source precursor over theewctional molecules used for the
synthesis of MAJO, type spinels. Low decomposition temperatures, higlrity,
homogeneity and desired elemental composition ef final product are some highly

attractive features of these molecules as singlecegrecursors for material synthesis.

Tries were made in this work to extend and utilibe tconcept for the synthesis of
[M{(O 'Bu),AlH},] compounds. The metals used in this study were NBg,and Eu in

oxidation state +2. Although none of the efforteught fruit but the study gave some very
useful insights into future work. The following sects will give the details of the synthetic
strategies used during the study and will elabaatae crucial points to be consider in future

works.
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6.1. Efforts for the Synthesize [Ge{HAI(OR)s.}o] (n = 0, 1 or 2; R ='Bu or
‘HexMe-1)

Different reaction strategies were used to get idgdmodified heterometal alkoxides of Al
with Ge(ll) having general formula, [GefAI(OR)s.;}2] (where n = 0, 1, 2 and R Bu,
‘HexMe-1). The salt elimination reaction has been utilipegviously but did not work [121].
Therefore, we tried some alternative routs, spelficthe condensation type reactions.

At first place the reactions between germanium(IBis-(tri-methylsilyl)amide,
Ge{N(SiMe3);} > and [HAI(OR)s.]2 (where n = 0, 1, or 2 and R'Bu or ‘HexMe-1) have
been brought at ambient conditions. The Ge{N(S)Me reactant was prepared according to
the well known and reported routes [163, 198]. Téletion of Ge{N(SiMe),}, as a reactant
has the advantage of chemically labile Ge-N bondirge low enthalpy of Ge-N bond [71]

could work as driving force for the reaction to ocat ambient conditions.

As shown in the previous section the reaction betw&e{N(SiMe),}, and [HAI(OR)].
resulted into ligand exchange reaction between tithe metal centres. Theis-(tri-
methylsilyl)amide groups transfer from the Ge cendrthe Al centre. The reaction is feasible
in context of the bond enthalpies. The lower Ge-Ndenthalpy force the reaction to occur
compared to the higher Al-N bond enthalpy. Onénhefliydrogen was replaced by this-(tri-
methylsilyl)amide group while the second one reredinntact. The molar ratio between
Ge{N(SiMe3),} 2 and [HAI(OR)], was changed from 1:1 to 2:1 to remove the secyddde.
But the second hydrogen remained intact even usxegss of Ge{N(SiMg,}. as well as
refluxing the reaction mixture overnight (~ 24 heuiThe reaction mixture was also refluxed
for 48 hours but nothing happened to the secondrogysh. The bulky bis-(tri-
methylsilyl)amide group retard the excess of sedaisdtri-methylsilyl)amide ligand to the
Al centre. However, the addition of alcohol inbe treaction mixture of Ge{N(SiMg}. and
[H-AI(OR)], in a way in which the molar ratio between alcohadd [HAI(OR)], is 2:1
resulted into removal of the second hydrogen at agdlis-(tri-methylsilyl)amide ligands. As
soon the alcohol was added into the reaction mextdrGe{N(SiMe),}, and [HAI(OR)]. in
appropriate molar ratio, a yellow residue settledn in the bottom of the reaction flask. The
yellow residue was filtered off and the filtrate sveollected into a clean flask and condensed
under reduced pressure. The resulting condensetioreanixture gives a complex NMR
spectrum which upon analysis has shown [Al(§R)and HN(SiMg), besides some

unidentified species. The whole reaction process lsansummarized according to the
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following reaction scheme (scheme 1.8). The yellesidue left behind was thought to be Ge
and/or its product which was insoluble in organatvent as well as in water. The XRD
measured for the yellow residue does not give glssipeak which means that the residue was

amorphous.

Ge{N(SiMe;)2}, + [HnAI(OR) 3.0 ,——= [HAI(OR){N(SiMe 3)o}] o+ Ge°+ H,

l+ 2 HOR

R ='Bu or *HexMe-1 .
[AI(OR) 3]2 + H2+ HN(SIM63)2

Scheme 1.8Reduction of Ge{N(SiMg,} . by [HAI(OR)].

The unusual stability of Al-H bond in the above casereased the curiosity. Therefore,
bis(alkoxy)aluminium hydride, [HAI(OR), was reacted with germanium(libis-(tri-
methylsilyl)amide in a 1:1 ratio. Contrarily to tlservations in the above reaction in which
the colour of germanium(lipis-(tri-methylsilyl)Jamide lost immediately upon additiofi o
monoalkoxyalane, the colour of the reaction mixtxemained unchanged. Even at refluxing
the mixture for 48 hours nothing happened to tHewaof the solution. The different volatile
components of the reaction mixture were separagedrdetional distillation and the solid
residue left behind in the flask was purified bylgnation. The NMR spectra confirmed the
distilled fractions as diethylether and Ge{N(Si)}.. The NMR of the solid residue was the
same as that of the starting materials, [HAI(@R)The observations show that the reactants

remained unreacted (eq. 1.5).

Ge{N(SiMes);},+ [HAIOR) ], >< - (1.5)

To the reaction mixture shown in equation 7, alcaleie added in a proportion to give molar
ratio 2:1 between alcohol and [HAI(OfR) As soon as a small portion of alcohol was added
into the reaction mixture from a dropping funneljedlow coloured solid residue precipitated
out. The solid residue was filtered off which wasnptetely insoluble in the common organic

solvents. The yellow coloured solid residue was ym®al by powder XRD which shows that
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the residue is amorphous. The filtrate obtained ftbmn reaction mixture was condensed
under reduced pressure and analysed by NMR spegppsThe NMR spectra give clear
peaks which corresponds to that of compounds [A)¢RRnd HN(SiMg),. The compound
HN(SiMe;3), was fractionally distilled at 45°C leaving behindhite powder of [AI(ORj]..
The two compounds were confirmed by NMR spectroscdie same reaction was also
performed under cooling at approximately -29°C.sAsn as the alcohol were added into the
mixture of [AI(OR)]. and HN(SiMg), at -29°C in appropriate proportion, the colour foé t
solution turned colourless. The reaction mixture vedlswed by NMR spectroscopy and the
NMR spectra measured gives peaks for Gef@R¥ide those of [HAI(OR],. However, as
soon as the reaction mixture was allowed to warnoupe room temperature, yellow residue
precipitated out which was filtered off and théréite was condensed under reduced pressure.
The NMR spectra of the condensed mixture were shtbeisame peaks as were observed for
the reaction carried out at room temperature. itamsethat alcohol first react with
Ge{N(SiMe&3)2}» giving Ge(OR). The Ge(OR) is then reduced by [HAI(OR]) giving
[AI(OR)3],, G& and H according to the following reaction scheme (Schdn®. However,
the XRD diffractogram did not show patterns for aflet Ge.

Ge{N(SiMey),}, + 2 HOR —— = Ge(OR), + 2 HN(SiMes),

Ge(OR),+ [HAI(OR) 5], ————» [AI(OR) 3], + G&

R ='Bu or *HexMe-1

Schemel.9Reduction of Ge{N(SiMg,} . by [HAI(OR),]»

The reaction between Ge{N(SiM)e}, and [Al(OBu)], has been performed but no reaction
was observed. The two reactants that is Ge{N(S)¥e and [Al(OBu)j], were mixed

together in a 1:1 ratio and stirred for approxirhatehours at room temperature. The colour
of the reaction mixture remained unchanged. Theestl were removed under reduced
pressure by condensing into a cold trap givingighbrred colour liquid. The obtained red
coloured liquid was distilled at 45°C separatingense red colour liquid compound and

leaving behind white powder. The red liquid sepadaby distillation from the reaction
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mixture was characterized by NMR spectroscopy atahtified as Ge{N(SiMg.}.. The
white solid residue was sublimed at approximatedy® and characterized by NMR as
[AI(O'Bu)g],. It indicates that the two reactants remained agtesl. In a second attempt, the
reaction mixture prepared by the addition of Ge{iN(&)-} » and [Al(GBu)s), in a 1:1 molar
ratio was refluxed for approximately 48 hours. Hoer the results were no different than
those observed at room temperature. No reactionowesrred at elevated temperatures too
(eq. 1.6).

Ge{N(SiMey);}, + [AI(OR) 3], D (1.6)

tert-Butanol was added into the stoichiometric reactioixture of Ge{N(SiMeg),}, and
[AI(O'Bu)s], in equation 8. The molar ratio ¢ért-butanol and [Al(CBu)s], was kept 2:1,
respectively. The colour of the solution disappdag soon as a small amountet-Butanol
was added into the reaction mixture of Ge{N(SiMp and [Al(OBu)s]2. The whole reaction
mixture was stirred for 4-5 hours at ambient cdnd&g. When the volatiles were removed
under reduced pressure, white powder was obtamétkireaction flask. Very cle3dd-NMR
spectrum was recorded for the obtained white powgoéng three well resolved peaks at 1.52
ppm, 1.48 ppm and 1.42 ppm. The peaks at 1.52 ppinlat2 ppm are the characteristic
peaks of the compound [Al{Bu)s], and the one at 1.48 ppm is that of [G&@),],. The
powder was sublimed at 60°C under reduced pregd0re mbar) for an hour and thid-
NMR spectrum recorded for the sublimed product gjioely one peak at 1.48 ppm which is
the characteristic of [Ge(Bu),]. (Figure 1.44). The peaks for the [Af@)s], disappeared in
the'H NMR spectrum of the sublimed product. The smh#racteristic peaks of [ABu)s]»
appeared in the spectrum of the sublime producicatels that very limited amount of
[Al('Bu)s], sublimed below 90°C which is its characteristicblgnation temperature [199-
200]. The volatiles condensed into the cold traps ractionally distilled and the NMR
spectra of the two main fraction shows peaks fethgilether andis-(tri-methylsilyl)amine.
This observation could lead to summarize the readinto the following reaction equation
(Eq. 1.7).

Ge{N(SiMey)}+ [AIOR) a,—2HOR | 1/2 [Ge(OR)],+ [AIOR) 4], .7
- 2 HN(SiMey),
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Figure 1.44 'H-NMR spectrum of the reaction mixture before aftdrasublimation

The reaction mixture of [Al((Bu)s], and Ge{N(SiMg)2}, in a 1:1 molar ratio was refluxed
for approximately 8 hours for any possible reactiblowever, the white powder obtained
upon removal of the volatiles was the mixture of(*Bu)s], and [Ge(CBu),], and no
reaction was observed. It means that the alcohe&trwith Ge{N(SiMe).}. giving
[Ge(OBu),],. however, [Ge(Bu),], and [Al(OBu)s], present in the reaction mixture does
not react further. To check this phenomenon theti@a between pure [Ge{Bu),], and
[AI(O'Bu)s], was performed in diethyl ether, initially at rocemperature and latter on at
refluxing conditions. In both the reaction condit$p the reactants remained unreacted which

was confirmed by NMR spectroscopy (Eg. 1.8).

[Ge(OR)l,+ [AI(OR) 2 —>&—> (L8)

The observations indicates that is Ge(ll) is susbkpto reduction in presence wione and

bi-alkoxyalanes which work as reducing agent in getion.
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6.2.  Efforts for the Synthesize [Ni{HAI(O'Bu)},]

The synthetic efforts include a salt eliminatioraggon adopted from the earlier reported
synthetic strategies [29]. Stoichiometric amountsNeCl, suspended in diethyl ether and
LiAIH »(O'Bu), (prepared by the addition of 2 molar solutionteft-butanol into 1 molar
solution of LiAlH;) were mixed together and stirred at room tempeeatar 6 hours. The
addition of NiC} gives rise to two remarkable observations. Onestlwdution of hydrogen as
soon as the two reactants were mixed and secorablber of the solution turned black. After
stirring for nearly six hours the solid residue Viiftered off and was confirmed by XRD as
LiCl. The residue is free of any sort of organiecnamunds which were confirmed by the IR
spectroscopy. The IR spectrum does not give ank foearganic entities.

The filtrate was condensed under reduced pressyneroving the volatiles (mostly the
solvent) into cold trap. The black solid obtaineasvgublimed at approximately 90°C and the
sublimation gave colourless crystals leaving betdniihe black powder'H and **C-NMR
spectra measured for the colourless crystals shoseks which corresponds to that of
[Al(OtBu)3]2 (Figure 1.45). It means that the sublimed prodsigAl(OtBu)s].. The fine black
powder was analysed by powder XRD and was confira&dNi. However, when the Ni
powder was analysed by IR spectroscopy, peaks eleerved for C-H stretching vibrations.
It means that the Ni powder left behind after smblion of [Al(OtBu}], contains some
unidentified compounds. All the efforts to isoldtese by-products were failed. The fine Ni
powder is air sensitive and reacts violently witlke air as soon as is exposed to it. it may be

due to presence of some compounds having Al-H lgsndi
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Figure 1.45 'H and™*C NMR spectra of the sublimed product

The stoichiometric reaction mixture of NiCind LiAIH,(O'Bu), was prepared and refluxed
for 8 hours. The addition of the reactants showmanediate release of the hydrogen gas and
the colour of the reaction mixture turned blackeTdolid residue was filtered off and was
confirmed again as LiCl by XRD. The black powdetadbed after removal of the volatiles
was sublimed into fine colourless crystals of [ABQ)s], and the fine powder left behind was
confirmed as Ni by powder XRD. Based upon theseagions and results discussed so far,
the following reaction scheme (scheme 1.10) wapgsed. The Nf reduce to Nf which is

dispersed in the solvent and difficult to isolayesimple filtration.

2LIAIH 4, + 4 HO'Bu—— 2LiAIH 5(O'Bu),

2LIAIH 5(O'Bu), + NiCl, — Ni + 2LiCl + [Al(OtBU) 3]+ 2H,
+ unidentified products

Scheme 1.10Schematic representation of the reaction betwé®it ,(O'Bu), and NiCh
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6.3.  Efforts for the Synthesis of [Eu{HAI(O'Bu)},]

Following salt elimination reaction procedures [29] molar solution of LiAIH(OtBu),
(prepared by the mixing of LiAlldand HOBuU in a 1:2 ratio, respectively) was taken in the
reaction flask with THF as solvent and was fed vatiHF solution of Eyl The whole
reaction mixture was stirred for approximately &irs A solid residue precipitated out which
was filtered off. The powder X-ray diffraction apsis of the solid residue confirmed only

Eul,. it means that no reaction has occurred and theaets remained as such (eq. 1.9).

2 LIAIH ,(O'Bu),*+ Eul 2% (1.9)

It was further proved by analyzing the filtrate @btd which was condensed into white
powder by removing the volatiles under reduced sanes The'H-NMR spectrum gives a
single peak at 1.44 ppm corresponds to the metiogbps of thetert-butoxy group. This was
further confirmed by*C-NMR where we have observed only two peaks at%69@n and
32.88 ppm which are characteristic of the two cloahy different carbon otert-butoxy
group. Hydrides bonded to the Al centre have bemrfitned by the IR spectroscopy in
which characteristic peak was obtained for the Asttétching vibration at 1843 ¢

In second try we have refluxed the reaction forrapinately 8 hours. However, the reaction
does not occurs which was confirmed by powder XRBIR and IR spectroscopy. It means

that the reaction does not occur at the aforemeaticonditions.
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Summary

At the end, it is now easier to classify the diéfier compounds obtained into different series
based upon the similarities in molecular structames their chemical compositions.
> In the first series are classified hydride-modifaddminium alkoxides, [FAI(OR)s.
dx R ="Hex and n = 2L & 2, 13; R =“HexMe-1 and n = 25, 1 6), hydride-
modified aluminium alkoxides amide, [HAI(OR)RY)]. (R = tBu14, ‘HexMe-1 15;
R = Si(Me),) and hydride-modified aluminium chloride alkoxigdes
[CIAI(H)(O*HeMe-1)]. 8. These compounds have two very common bases.alne,
the compounds have central, @} cyclic unit and second, in all these compounds
there is at least one Al-H bond. Due to the elettraeficient aluminium centre,
these compounds tend to associate via alkyloxaiorigto form dimers. Therefore,
all the compounds possess one or more than onectnir membered AD; cyclic

ring (Figure 50).

O1(a)

Figure 50. Central four membered Al202 cyclic rings

However, the degree of association depended uposténic bulk of the alkyl moiety
of the alkoxy groups. Therefore, the compounds edmefween dimers and polymers.
For examplecyclo-hexoxyaluminium hydrides are all polymers (Figbteg) contrary
to the 1-methylcyclohexoxyaluminium hydrides (Figulb) which are all dimers. It
was also observed that the steric bulk in the imatedicinity is more effective than
that at some far away positions. For exanmBleC(H)OAIH, [128] is tetramer despite
the bulkier'Bu,C(H) organic moiety contrary to compouBdvhich is dimer. Instead
of hydrogen, the presence of methyl group in then@diate vicinity in compoun8

impart more steric demand and block further assiociaf the molecules.
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Figure 51 (a)cyclo-hexoxy-, and (b) 1-methylcyclohexoxy-aluminium higes

The different terminal groups in these compoundsnted intransfashion to each
other at the AIO, cyclic ring in solid state. For example hydridesainium chloride
alkoxides (Figure 52a) and hydrido-aluminium His-(nethylsilyl)amide alkoxides.
However, in solution hydrido-aluminium chloride akides compounds showed some
rearrangements to give another compound of the icaénformula, [ChAI(OR)];
which was confirmed b§’Al NMR spectroscopy. The two silyl groups of thie-iri-
methylsilyl)Jamide moiety in the [HAI(OR)}{N(SiMg.}] - compounds are different.
The higher bulk is responsible for their differémhaviour which retards the rotation
along N-Al bond.

Figure 52.Molecular structures of compoudkndl5
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> The second series is comprised of aluminium alkesidAI(OR)Y], (R = ‘Hex 4,
‘HexMe-1 7; n = 44, 2 7). In this series the compounds are either dimers o
oligomers. The dimers possess comparable strudeaflires as were observed in
hydride-modified alumnium alkoxides. There is a tca@nfour membered AO,

planar cyclic ring in all the compounds (Figure.53)

Figure 53. [AI(OR)3], (R =‘“HexMe-1 and n = 2)

However, the less bulky hexoxy group gives a teemarnaving a structure like
Mitsubishi motif (Figure 54). This structure is sian to that reported for aluminium
iso-propoxide [118]. The structure is composed of ehfél(O°Hex)]™" anions

surrounding an AF cation.

Figure 54. Tetramer structure of [AI(OR]), (R =Hex and n = 4)
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» The third series comprises compounds having att leag AI-Cl bond. The
compounds of general formula [BI(OR)s.q]> (R =“HexMe-1; n = 19, 210) are all
dimers having central four membered,®@4 planar cyclic ring. For example
[CI,AI(O°HexMe-1)] depicted in Figure 55. The intermolecular a$ston as
expected is due to the electronic deficient aluommicentre. The bulk of the alkyl
moiety is sufficient to stop polymerization of tbempound and comparable to that
of tert-butyl. The different terminal groups are orientedtransfashion to each
other around the AD, ring in solid state. However, in solution batis- andtrans

isomers have been confirmed by NMR spectroscopgdarpound.

Figure 55. Dimeric structure of [GAI(O°HexMe-1)]

» The fourth series of the compounds is comprisethefgermanium(ll) alkoxides
having general formula, [Ge(OR) (R = “Hex 11, ‘HexMe-1 12, 'Pr 13). All the
compounds are dimers in solid state having cefegD, four membered cyclic ring
(an example is given in Figure 56). Germanium is-Zhoxidation state in all the
compounds having pyramidal geometry. The compo@anesiimers in solution too
which were confirmed by the solution NMR spectrgsco

Figure 56. Dimeric molecular structure of [Ge(@ex),]»
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> Efforts were made for the preparation of compouhdsing general formula,
M{H -AI(OR);} (R = 'Bu, ‘HexMe-1 and M = G& Ni", EU"). However, all the
efforts gone in vain and none of the desired prodias obtained.

- 103 -



-104 -



Chapter 1.3: Experimental

1. General

Most of the compounds are air and moisture semsitivherefore, all the experimental
procedures were carried out under inert atmosphsieg Stock apparatus connected to a
nitrogen carrier line and mechanical vacuum pumpméchanical vacuum pump has been
used for evacuation of the line with a base pressirca. 1.0 x 18mbar. The organic
solvents (diethylether, THF, toluene, benzene)pardied and dried over sodium wires using
sodium-benzophenone as indicator. The freshlylididtsolvents were kept over sodium wire
and under nitrogen atmosphere. The correspondinghals (ert-butanol, iso-propanol,
cyclohexanol and 1-methylcyclohexanol) were drigdranagnesium turnings and kept over
molecular sieves. The salts (LIAJHSmb, Euk and NiCh, GeCl) were purchased from
Sigma-Aldrich and used as received. HN(SiMewas distilled and AIGl was freshly
sublimed before use. Gel,4-dioxane [208], LIN(SiMg. [209] and Ge{N(SiMg)2}, [165-

167] were prepared according to the cited litematur

2. Elemental analysis

Elemental (C, H and N) measurements were carriédusing a LECO CHN 900 elemental
analyzer. The metal contents (Al and Ni) of the poomds were determined by
complexometric titration methods using EDTA as cterimg agent. Chlorine was
determined by titrimetry with AgN®© The theoretical molar masses were calculatedgusin
relative masses of the elements from the IUPAG&[2001].

3.  Spectroscopic Methods

3.1. Nuclear Magnetic Resonance (NMR) Spectroscopy

'H and *C-NMR measurements were performed using an ACF RMR spectrometer
operated at 200.1 MHz and 50.3 MHz frequency, retspy. The samples were prepared by
dissolving small amounts of compounds in approeriiuterated solventsdds). Deuterated
benzene has been used as lock solestale has been used for the values of chemicis shi

and presented in ppm units. The peaks were referenthes values of benzene which are

- 105 -



7.16 and 128.00 ppm foiH and *C nuclei. The*’Al NMR spectra were recorded upon
multinuclear ACF 200 NMR spectrometer operated0& 2 MHz. The abbreviations used for

multiplicity of peaks are summarized in the follogiTable.

Multiplicity ~ Abbreviation

Singlet S
Doublet d
Triplet t
Multiplet M
Broad b

3.2. Infra-red spectroscopy

IR spectra were recorded on a Varian 2000 FT-IRctspghotometer. The measurements
were carried out in solid state using golden gatiique. The chamber was flushed with
dryed gaseous Noefore starting and during the measurements. @hddwere labelled using

Varian pro software. The abbreviations used for thkative intensity of the bands are

summarized in the following table.

Band Abbreviation
Strong S
Weak w
Broad br

4.  Single crystal determination

The single crystal X-ray diffraction analysis wasrfprmed on a Stoe imaging plate
diffractometer (IPDS) at -70 °C and a BrukerAxs Xgex Il diffractometer at -170°C using
graphite monochromated MooKX-ray radiation § = 0.71073 A). The crystal structures were

solved by direct methods and refined by full-mateast squares on F2 using the SHELX
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software package for crystal structure solution afthement [152]. All non-hydrogen atoms

were refined with anisotropic thermal parameterthenlater cycles of refinement.

5.  Synthetic Procedures

5.1. Synthesis of [HAI(O “Hex)s.n]n

511 [{H2AI(O Hex)2H{(H) sAl4(1-O)(O"Hex)s}] L

Following established routes [78-79], 0.854 g (B2vmol) of LiAlH, were dissolved in
50 ml of diethyl ether in a flask with a reflux amnser. Aluminiumtrichloride (1.007 g;
7.55 mmol) were dissolved under cooling in 50 mdadthyl ether and added to the lithium
aluminium hydride in a steady flow at room temparat LiCl precipitates from the mixture.
To this suspension, 3.01 g (30.00 mmol) of cycl@mat were added dropwise and formation
of hydrogen was observed. The reaction was conpleyestirring the reaction mixture at
ambient temperature for 4 h. After filtration ofethithium chloride, the solvent was
condensed in a cooling trap under reduced pressutehe residue was redissolved in a small
amount (ca. 10 ml) of diethyl ether. Colourlessstais of [{HAI(O“HexLH(H) sAl4(1-
0O)(O°Hex)}] 1 were obtained overnight at +4°C. Isolated yielol496 (2.599).

'H-NMR(CgD¢): 5=4.53 ppm (b, Al-H)=3.97 ppm (m, -O-8- ), 6=1.04-2.34 ppm (-CH
ring); *C-NMR: 8= 74.46 ppm €1), 35.97 ppm €5), 25.96 ppm C3) and 25.27 ppmdy);
IR: v=1816 cm'(br, Al-H). Elemental Analysis: Calcd. (Found): H88 (10.37), C 59.28
(62.32), Al 15.85 (16.20).

5.1.2.  [HAI(OHexX)] 2

0.854g (22.50mmol) of LiAlHwas dissolved in 50 ml of diethyl ether in a flagkh a reflux
condenser. Aluminiumtrichloride (1.007g; 7.55 mmweBre dissolved under cooling in 50ml
diethyl ether and added to the lithium aluminiumdige in a steady flow at room
temperature. LiCl precipitates from the mixture. fos suspension 3.01g (30.00 mmol)
cyclohexanol were added dropwise and formation yafrdgen was observed. The reaction

was completed by stirring the reaction mixture atbgnt temperature for 4 h. After
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separation of the lithium chloride by filtratioret solvent was condensed into a cooling trap
under reduced pressure and the residue was redidsol a small amount (ca. 10 ml) of
diethyl ether. Colourless crystals of Jd(O°Hex)], 2 were obtained after overnight stay (ca.
12 h) in refrigerator at +4°C. Isolated yield: 94.62.659).

'H-NMR(CsD¢): 6=4.50 ppm (b, 2H, Alt-H), 6=4.32 ppm (b, 1H, Al-H)$=3.98 ppm (m,
3/2H, -O-CH- ), 5=1.03-2.29 ppm (15H, -CHting); **C-NMR: §=71.87 ppmCy), 36.48 ppm
(C»), 25.79 ppm€3) and 24.31 ppmd); IR: v=1860 cni* (s, Al-H), v=1830 cnt (br, Al-p-

H). Elemental Analysis: Calcd. (Found): H 10.22.810, C 57.98 (57.31), Al 21.05 (20.57).

5.1.3.  [HAI(O °Hex)s]n 3

Compound3 was prepared by the reaction of LIAIFAICI; and Cyclohexanol. 0.43g (11.33
mmol) of LiAIH4 was dissolved in 50 ml of diethyl ether in a flagith a reflux condenser.
0.5g (3.75 mmol) of aluminiumtrichloride were dibsal under cooling in 50ml diethyl ether
and added to the lithium aluminium hydride in aasdte flow at room temperature. LiCl
precipitates from the mixture. To this suspensiod0§ (29.45 mmol) cyclohexanol was
added dropwise and formation of hydrogen was oleserThe reaction was completed by
stirring the reaction mixture at ambient tempemtior 4 h. After separation of the lithium
chloride by filtration, the solvent was condensetb ia cooling trap under reduced pressure
and the residue was redissolved in small amount (d&a ml) of diethyl ether for
crystallization. After several attempts we were hlaato get crystals 08. Isolated yield:
90.3% (2.299).

H-NMR(C¢D¢): 5=4.27 ppm (b, 1H, Al-H), 4.08 ppm (m, 2H, -O4GH- ), 1.11-2.40 (20H, -
CHa-ring); **C-NMR: =73.95 ppm |(-C1), 38.32 ppm{ -C,), 26.00 ppm{ —Cs), and 24.32
ppm @-Cs); IR: v=1841 cni (s, Al-H), 676 cnt (3-Al-H). Elemental Analysis: Calcd.
(Found); H 10.24 (10.01), C 63.69 (63.31), Al 11(92.89).

5.1.4.  [Al(O°Hex)]s 4

Compound4 was prepared by dissolving 0.500g (13.18mmol) @flHis in 50 ml of diethyl

ether in a flask with a reflux condenser. 0.586@%mmol) of aluminiumtrichloride were
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dissolved under cooling in 50ml diethyl ether added to the lithium aluminium hydride in a

steady flow at room temperature. LiCl precipitatesm the mixture. To this suspension,

15.84g (158.18mmol) of cyclohexanol was added dispvand formation of hydrogen was

observed. The reaction was completed by stirriegréaction mixture at ambient temperature
for 4 h. After separation of the lithium chlorideg filtration, the solvent was condensed into a
cooling trap under reduced pressure and the resudgeredissolved in small amount (ca. 10
ml) of diethyl ether. Colourless crystals of [Afi@ex)]4 4 were obtained after overnight stay

(ca. 12 h) in refrigerator at +4°C. Isolated yi€3@.8% (3.930).

'H-NMR(CgsD¢): $=4.20 ppm (m, 6H, p-048- ), 3.59 ppm (m, 6H, -048-), 1.09-2.57 ppm
(120H, -CH-ring); **C-NMR: §=73.73 ppm |{-C1), 70.09 ppm €1), 35.51 ppm  -C»),
35.23 ppm Cy), 25.76 ppm i —C3), 25.32 ppm €3), 24.38 ppm | —C,4) and 23.97 ppm (-
Cs); IR: v=2922 cmt (asym., C-H), 2853 cih(sym., C-H). Elemental Analysis: Calcd.
(Found); H 10.25 (10.54), C 66.64 (66.04), Al 8(82.2).

5.2.  Synthesis of [HAI(O ‘HexMe-1)s.1]x
5.2.1. [H.AI(O°HexMe-1)], 5

0.414g (10.90 mmol) of LiAlhl was dissolved in 50 ml of diethyl ether in a flaskh a
reflux condenser. 0.485¢g (3.65 mmol) of aluminidaftioride were dissolved under cooling
in 50ml diethyl ether and added to the lithium allioom hydride in a steady flow at room
temperature. LiCl precipitates from the mixture. this suspension, 1.661g (14.55 mmol) 1-
methylcyclohexanol was added dropwise and formatbrhydrogen was observed. The
reaction was completed by stirring the reactiontarix at ambient temperature for 4 h. After
separation of the lithium chloride by filtratioret solvent was condensed into a cooling trap
under reduced pressure and the residue was redidsiol small amount (ca. 10 ml) of diethyl
ether. Colourless crystals of JM{O “Hex-CH)}] » 5 were obtained after overnight stay (ca.
12 h) in refrigerator at +4°C. Isolated yield: 9%.41.409).

'H-NMR(CgD¢): 5=4.47 ppm (b, 4H, Al-H), 1.34 ppm (6H, -OfG)), 1.08-1.89 ppm (20H,
CH-ring); **C-NMR (CsDe): 6=77.96 ppm (€1), 39.06 ppm +C,), 26.38 ppm {Cs), 24.77
ppm (C,4) and 22.66 ppm Gs); IR: v=1829 cni' (s, Al-H), 744 cnit (s, b,5AI-H); Elemental
Analysis: Calcd. (Found); H 10.63 (10.47), C 59(38.49), Al 18.98 (19.04).

- 109 -



5.2.2.  [HAI(O *HexMe-1),],6

0.433g (11.40 mmol) of LiAl was dissolved in 50 ml of diethyl ether in a flaskh a
reflux condenser. 0.507g (3.80 mmol) of aluminidaftioride were dissolved under cooling
in 50ml diethyl ether and added to the lithium ailnionm hydride in a steady flow at room
temperature. LiCl precipitates from the mixture. this suspension 3.47g (30.40 mmol) 1-
methycyclohexanol was added dropwise and formatibrhydrogen was observed. The
reaction was completed by stirring the reactiontarix at ambient temperature for 4 h. After
separation of the lithium chloride by filtratioret solvent was condensed into a cooling trap
under reduced pressure. A colourless thick liqui@ was obtained and all the efforts to get a
crystal gone in vain. Isolated yield: 91.1% (2.64Q)

'H-NMR (CgDg): 6=4.07 ppm (b, 2H, Al-H), 1.39 ppm (6H, 46¢(CH3)), 1.30 ppm (6H, -C-
(CH3)) and 1.16-1.93 ppm (40H,Hz-ring); **C-NMR (CsDe): $=78.97 ppm {-C.), 70.87
ppm ¢C,), 42.70 ppm -C,), 40.69 ppm C>), 32.12 ppm |-C3), 27.42 ppm C3), 26.26
ppm @-C.), 25.65 ppm-C.), 23.93 ppm {-Cs) and 23.64 ppm Gs); IR: v=1859 cni (s,

Al-H), 673 cm (s, br, 3-Al-H); Elemental Analysis: Calcd. (Found); H 10.700.90), C
66.11 (65.95), Al 10.61 (10.64).

5.2.3. [Al(O°HexMe-1)], 7

1.742g (45.90 mmol) LiAlz were dissolved in 80 ml of diethyl ether in a Kagith a reflux
condenser. 2.041g (15.31 mmol) of aluminiumtricilerwere dissolved under cooling in
80ml diethyl ether and added to the lithium alummihydride in a steady flow at room
temperature. LiCl precipitates from the mixture.th suspension, 22.82g (200.00 mmol) 1-
methycyclohexanol was added dropwise, and formatibrhydrogen was observed. The
reaction was completed by stirring the reactiontorx at ambient temperature for 4 h. After
separation of the lithium chloride by filtratioret solvent was condensed into a cooling trap
under reduced pressure and the residue was regidsiol small amount (ca. 10 ml) of diethyl
ether. Colourless crystals of [Al{B®lex-CHs)}3], 7 after overnight stay (ca. 12 hours) in
refrigerator at +4°C were obtained. Isolated yié#.8% (15.619).

'H-NMR (CgDg): $=1.47 ppm (6Hu-O-C(CH3)), 1.51 ppm (12H, O-C(83)), 1.18-2.19 ppm
(60H, -CH-ring); *C-NMR (CsD¢): 5=78.38 ppm {-C1), 69.84 ppm {C1), 42.31 ppm -
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C,), 40.10 ppm 1C>), 30.18 ppm -Cs), 26.29 ppm C3), 25.29 ppm §-C4), 25.12 ppm~
Cs), 23.79 ppm {-Cs) and 23.57 ppm Gs); IR: v=2922 cni (asym. C-H), 2854 cth(sym.
C-H). Elemental Analysis: Calcd. (Found); H 10.73.01), C 68.82 (68.23), Al 7.36 (7.32).

5.3.  Synthesis of [CIAI(H)(OR)], and [CI,AI(OR) 3.n)2

5.3.1.  [CIAI(H)(O HexMe-1)], 8

To a suspension of 0.268 g (7.06 mmol) lithium ahiom hydride in 75 mL diethyl ether
was added a solution of 0.940 g (7.06 mmol) of ahummtrichloride prepared in 75 mL
diethyl ether under cooling. After 1h stirring, 7&. mL (14.12 mmol) of 1-
methylcyclohexanol was added drop by drop to thevalreaction mixture and stirred for
additional 3 hrs. The solution mixture was redutzetalf by removing solvent under reduced
pressure and then 50 mL hexane was added to thdtimgsmixture to complete the
precipitation of lithium chloride. The lithium chide salt was separated by filtration and the
volume of the filtrate was reduced under reducezsgure to allow the formation of 2.15 g
(86.34%) of colorless crystals of [CIAI(H)(OR® in refrigerator at +4°C.

'H-NMR (CsD¢): $=1.34 ppm (s, Ck 3H), 1.36 ppm (s, Ci#4, 3H), 0.9-1.7 ppm (m, -CH
ring, 10H);*C-NMR (GsDe): $=82.25 ppm (s, 1-CH), 82.27 ppm ¢sCH.), 39.74 ppm (s, 2-
CH,), 39.56 ppm (s, 2- CH, 24.31 ppm (s, Ch), 22.78 ppm (s, CH; ’Al-NMR: §=100.00
ppm, 89.34 ppm; IR (Al-H)v=s, 1905crit; Elemental Analysis: Calcd. (Found); C 47.60
(42.45), H 7.99 (7.29), Al 15.28 (15.36); Cl 20(B.72).

5.3.2.  [CIAI(O *HexMe-1),], 9

To a suspension of 0.334 g (8.80 mmol) of lithiuoma@nium hydride in 75 mL diethyl ether
was added a solution of 1.173g (8.80 mmol) of ahiomtrichloride prepared in 75 mL
diethyl ether under cooling. After 1 h stirring44nL (35.20 mmol) of 1-methylcyclohexanol
was added drop by drop to the above reaction mexénd stirred for additional 3 hrs. The
solution mixture was reduced to half by removingtllylether under reduced pressure and
then 50 mL hexane was added to the resulting nextucomplete the precipitation of lithium

chloride. The lithium chloride salt was separatgdilbration and the volume of filtrate was
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reduced under low pressure to allow the formatiddil2g (91.70%) colorless crystals of
[CIAI(OR)2]2 9.

'H-NMR (CgD¢): 6=1.58 ppm (s, H-Ck 3H), 1.44 ppm (s, CH 3H), 1.02-2.06 ppm (m,
ring-CHy, 20H); *C-NMR: §=82.27 ppm (s, }GH{1}-), 71.25 ppm (s,CH{1}-), 41.96 ppm
(s, LCH2{2}-), 39.99 ppm (s, €EH{2}-), 30.25 ppm (s, HEH3{3}), 29.71 ppm (s, EH3{3}),
25.84 ppm (s, ICH2{4}), 24.68 ppm (s, €Hx{4}), 23.42 ppm (s, PEH{5}), 23.25 ppm (s, -
CHx{5}); IR: (C-H) v=2931cn. Elemental Analysis: Calcd. (Found); C 58.64 (55,6
8.44 (8.82), Al 9.41 (10.04); Cl 12.36 (12.20).

5.3.3.  [CLLAI(OHexMe-1)] 10

To a suspension of 0.104 g (2.77 mmol) lithium ahiom hydride in 75 mL diethyl ether
was added a solution of 1.099 g (8.24 mmol) of ahwmmtrichloride prepared in 75 mL
diethyl ether under cooling. After 1h stirring, 3&. mL (10.95 mmol) of 1-
methylcyclohexanol was added drop by drop to trevabmixture and stirred for additional 3
hrs. The solution mixture was reduced to half bgnaoeing diethylether under reduced
pressure and then 50 mL hexane was added to thdtimgsmixture to complete the
precipitation of lithium chloride. The lithium chide salt was separated by filtration and the
volume of the filtrate was reduced under reducesssure to allow the formation 1.75 g
(75.75%) of colorless crystals of BI(OR)]. 10.

'H-NMR (CsDg): 8=1.47 ppm (s, CH 3H), 1.41-1.87 ppm (m, ring-GH10H); **C-NMR:
6=87.44 ppm (s, 1-CH), 40.62 ppm (s, 2-4}25.21 ppm (s, 5-Ch), 24.17 ppm (s, 4- Cht
2’Al-NMR: & = 88.95 ppm; IR: (C-Hy=2936¢cnt. Elemental Analysis: Calcd. (Found); C
39.83 (38.46), H 6.21 (5.40), Al 12.78 (11.99):33159 (34.05).

5.4. Synthesis of [Ge(OR)].
54.1. [Ge(O°Hex)»11
Compoundll was prepared following a reported route [118]. &d2.94 mmol (1.169)

ethereal solution of Ge{N(SiMg}. was added 5.88 mmol (0.5899g) cyclohexanol dissblve

in diethyl ether. The pale yellow colour of Ge{NKk&is).}. solution disappeared as soon as
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all the cyclohexanol was dropped into it and theMlreaction mixture was stirred for 4 h to
complete the reaction process. The volatiles (glietther and hexamethyldisilazane) were
removed under reduced pressure and condensedduotd hitrogen cold trap. Small amount
of the white powder left behind in the flask wassdilved in 5mL diethyl ether and kept in
refrigerator for crystallization at +4°C. Fine cottess crystals of [Ge(®lex)], 11 were
obtained after overnight stay (~12 hours) of thieitsan in refrigerator. Isolated yield: 2.38 g
(72.6%).

'H-NMR (CsDe): 6=4.29 ppm (m, -OCfi}-ring), 1.45-2.17 ppm (m, -CHring); *C-NMR:

0=71.87 ppm (s, 1-CH-ring), 36.48 ppm (s, 2-G#hg), 25.79 ppm (s, 3-CHing), 24.31
ppm (s, 4-CHring); IR: v(C-H)=2924 crif(asymetric), 2852 cfh (symetric); Elemental
Analysis: Calcd. (Found); C 53.20 (51.46), H 8.84.8).

54.2. [Ge(O°*HexMe-1)]»12

To a 9.30 mmol (3.657g) ethereal solution of Ge{lM&s).}, was added 18.60 mmol
(2.123g) 1-methylcyclohexanol dissolved in diethgther. The pale yellow colour of
Ge{N(SiMes3),}» solution disappeared as soon as all the 1-metbiglogxanol was added into

it and the whole reaction mixture was stirred foh 40 complete the reaction process. The
volatiles (diethyl ether and hexamethyldisilazaweye removed under reduced pressure and
condensed into liquid nitrogen cold trap. Small amtoof the white powder left behind in the
flask was dissolved in 5mL diethylether and keptréfrigerator for crystallization. Fine
colourless crystals of [G#{exMe-1),], 12 were obtained after overnight stay (~12 hours) of
the solution in refrigerator at +4°C. Isolated giel.50 g (59.2%).

'H-NMR (CsDe): 6=1.56 ppm (s, -OC{El3}-ring), 1.36-1.96 ppm (M, -CHring); **C-NMR:

0=74.54 ppm (s, 1-C-ring), 41.12 ppm (s, 2-@thg), 29.45 ppm (s, 3-C# 25.67 ppm (s,
4-CH,-ring), 22.87 ppm (s, 5-C#fing); IR: v(C-H) = 2953 crif(asymetric), 2875 crh
(symetric); Elemental Analysis: Calcd. (Found); €&t (55.23), H 8.77 (8.08).

5.4.3. [Ge(OPr),),13

To a 2.15 mmol (0.8469g) ethereal solution of Ge{iM&),}, was added 4.30 mmol (O.
258q) iso-propanol dissolved in diethyl ether. The pale gwlicolour of Ge{N(SiMeg),}>
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solution disappeared as soon as alliseepropanol was added into it and the whole reaction
mixture was stirred for 4 h to complete the reacfoocess. The volatiles (diethyl ether and
hexamethyldisilazane) were removed under reducesgspre and condensed into liquid
nitrogen cold trap. Small amount of the white pomleét behind in the flask was dissolved in
5mL diethylether and kept in refrigerator for cglzation at +4°C. However, all the efforts
failed to get crystals of [G&(r)]» 13 Isolated yield: 87.2%.

'H-NMR (CgDe): 5=4.51 ppm (m, -OCH}), 1.34 ppm (s, u-Ch), 1.31 ppm (s, -Ch); *C-
NMR: 6=77.45 ppm (s, u-G&}), 64.77 ppm (s, -O€}), 27.00 ppm (s, EH3), 26.60 ppm
(s, -CH); IR: v(C-H) = 2961 crit(asymetric), 2883 cih (symetric); Elemental Analysis:
Calcd. (Found); C 37.77 (37.51), H 7.40 (7.19).

5.5.  Synthesis of [HAI(OR)(NR)].

5.5.1. [HAI(O 'Bu)(N{SiMe3},)]. 14

0.51g (2.5 mmol) of [HAI(O'Bu)], was dissolved in 20 mL diethyl ether and was added
dropwise into 0.98g (2.5 mmol) of Ge(N{SiN}g). solution prepared in 20mL diethyl ether
under stirring and the whole reaction mixture wiérsesl at room temperature for another 6 h.
The colour of the solution changed from yellow tdepyellow. The transparent pale yellow
solution was condensed to one third of its origvalume under reduced pressure and was
kept for crystallization in refrigerator. After ongight (ca. 12 h) colourless crystals of
[HAI(O 'Bu){N(SiMe3),}] » 14 dispersed in pale yellow solution have been obthiat +4°C.
Isolated yield: 83.7% (1.099).

'H-NMR (CgD¢): 5=1.42 ppm (s, p-Ck 18H), 0.42 ppm (s, Si-{C¥s, 18H), 0.40 ppm (s,
Si-{CH3}s, 18H); **C-NMR: §=77.30 ppm (s, |G{CH3}3), 31.43 ppm (s, u-QFHs}s), 5.65

ppm (s, -SiCHz}3), 5.23 ppm (s, -SiH3}3); IR: (C-H)v = s, 1873cnt. Elemental Analysis:
Calcd. (Found); C 45.93 (44.79), H 10.79 (10.15%.86 (5.06), Al 10.32 (10.70).

5.5.2.  [HAI(O “HexMe-1)(N{SiMes},)]» 15

0.69g (2.4 mmol) of [HAI(O°HexMe-1)], was dissolved in 20 mL diethyl ether and was
added dropwise to 0.96g (2.4 mmol) of Ge(N{Si\¢. solution prepared in 20mL diethyl
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ether under stirring and the whole reaction mixtuas stirred at room temperature for
another 6 h. The colour of the solution changedthfy@llow to pale yellow. The transparent
pale yellow solution was condensed to one thirdsobriginal volume under reduced pressure
and was kept for crystallization in refrigeratofték one night (ca. 12 h) colourless crystals of
[HAI(u-O°HexMe-1){N(SiMes).}] » 15 dispersed in pale yellow solution were obtained at
+4°C. Isolated yield: 89.2% (1.25g).

'H-NMR (C¢Dg): =1.50 ppm (s, |GHs3, 6H), 0.46 ppm (s, Si-{CH 3, 18H), 0.45 ppm (s, Si-
{CH3}s, 18H), 1.03-2.05 ppm (s, @H.{ring}, 20H),; **C-NMR: §=80.45 ppm (s, |G{ring-
1}), 40.81 ppm (s, CH2{ring-2}), 29.65 ppm (s, UEHs{ring-3}), 25.47 ppm (s, M-
CHo{ring-4}), 23.59 ppm (s, YCEH{ring-5}), 5.74 ppm (s, -SiCHz}3), 5.25 ppm (s, -
Si{CHa}3); IR: (C-H) v=s, 1866cnt. Elemental Analysis: Calcd. (Found); C 49.78 (20,3
11.14 (10.26), N 4.84 (4.53), Al 9.32 (10.70).
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Chapter 2.1: Introduction and Objectives

Introduction

1. General Overview

“The ultimate objective of this Convention and arslated legal instruments that the
Conference of the Parties may adopt is to achieva¢cordance with the relevant provisions
of the Convention, stabilization of greenhouse gaxentrations in the atmosphere at a level
that would prevent dangerous anthropogenic inteniee with the climate system. Such a
level should be achieved within a time-frame sigfit to allow ecosystems to adapt naturally
to climate change, to ensure that food product®ondt threatened and to enable economic

development to proceed in a sustainable manner”[1].

This is the excerpt from the objectives of the Kyptotocol singed by nearly all the countries
of the world in 1997. It emphasized at three madings, reduction of greenhouse gases,
giving time to the ecosystem for adaptability, awtainability of economic growth. The
current main sources of energy that is the fosslsf are the major culprits of the ecosystem.
Fossil fuels produce the hazardous gases for emvieat, which are carbon dioxide (&0
methane (Ck) and nitrous oxide (pO). To reduce and/or eliminate these gases in the
ecosystem, we need to abandon the use of energyesawsponsible for greenhouse gases. Is
it possible while keeping sustainable economic tbgrment and growth? The answer to this
guestion is yes, but on the expenses of alternanweronment friendly energy sources to
sustain the economic development. There are mdagnatives to fossil fuels that are solar,
wind power, geothermal, hydroelectric, biofuel é¢dowever, all the above sources of energy
affect the ecosystem in different ways. If somewarable to be used onboard, the others are
not purely eco-friendly. Renewable energy sourcesdyrcing electricity can provide
automobiles with a clean and efficient source ol@qQ however, there are currently no
practical methods of storing this electrical enefgyfuel is used at the moment onboard as
an alternative to fossil fuels but this affects shupply of food to the growing masses on one
hand and on other hand gives nitrous oxidgO)\to the environment during its production
which has 310 times more impact on global warmingntthat per mass unit of carbon
dioxide (CQ).
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Apart from all these alternative sources, thererie which is not only perfectly clean and
environment friendly but also abundant and endsessce of energy, that is the hydrogen.
Hydrogen was discovered in"1@entury and was recognized by Cavendish as aneekeim
1766 [2]. It was Jules Verne who for the first tirasticipated hydrogen as a future energy
carrier [3]. However, it was the oil crisis in theginning of 1970s which compelled the
world to think about an alternative source of egeend hydrogen was chosen as an
alternative source of energy. The debate aboutdgglr economy started and efforts have
been made for the development of new methods ofoggh production and storage.
However, the efforts were revolving around the eroit benefits of hydrogen rather than its
environmental effects. The universal temperatuiseraoted in the last few decade as a result
of excessive exhaust of the greenhouse gases plasasay for boosting up the efforts for
hydrogen fuel.

Hydrogen is the most abundant element in the usérdt constitutes 75% of the universe by
mass [4] and the percentage by number of atoms aee nthan 90% [5]. The earth’s
atmosphere has negligible amount of hydrogen, wlichO ppm by volume; however it is
the third most abundant element on the surfacedh ¢6]. Hydrogen does not exist free but
can be found in chemical compounds in the eartBtciThe binding of hydrogen in these
compounds is governed by nearly all types of bdhdsis covalent, coordinate covalent and

ionic [7].

One of the questions is that whether hydrogen @®d @nvironmentally friendly? The answer
is yes. To explain the above answer, let see fliet combustion process of hydrogen.
Hydrogen gas (dihydrogen) is highly flammable. dirds in air according to the following
reaction pathway (Eg. 2.1):

2H, (gas) + Q (gas) — H,O (liq) + Energy (2.1)

The burning of hydrogen in presence of air gively pare water as a by-product [8-9] beside
energy. There is no other by product produced dutie burning of hydrogen in presence of
air. From these considerations, it is evident thatrogen as an energy source is not only
environmentally friendly, but will have positive pact upon the ecosystem. It will also

support the adaptability of the ecosystem with tla¢ural climate change. If at one side

hydrogen fuel will not affect the environment butillwcontribute positively to the
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environment, on the other side it has the highesrgy content per unit of mass for any
known fuel [8, 10]. Hydrogen gives 120 MJ/kg energgon burning, which is the highest
energy content per kg of the known fuels. Gasohas three times less energy contents
compared to hydrogen (44 MJ/kg). However, the gneantent of hydrogen upon volume
basis is not so much appreciable. For example 8Ma#rgy could be obtained from liquid

hydrogen upon burning which is one fourth of thedadime (32 MJ/L for gasoline) [11].

As mentioned earlier, hydrogen exists in bondedthfand is not readily available for large
use. But hydrogen as energy carrier is need otithe to synthesize it using other energy
sources and transform further to energy for prattiapplications. Economical and
environmentally friendly methods for hydrogen protion are very important and produce a
great challenge for the scientific community. Albigh, the current methods in use are
acceptable, up to some extent, both economicalty emvironmentally. However, efforts
should be continued for discovering new and envitentally friendly methods for hydrogen
production. The amount of energy to provide for thlease of hydrogen bonded in different
forms depends upon the nature of the chemical bidgdrogen can be obtained from natural
gas through stream reforming, by the electrolyiwater and by splitting of water molecules
at the surface of photovoltaic cells. Biologicast®ms could be termed as the most clean and
environmentally friendly methods of hydrogen praglut. In these methods different
organisms produce hydrogen during their metabolisGy@nobacteria and green algae are
good examples which produce hydrogen during thestabolism but this method is too

immature to produce large scale hydrogen.

All the above challenges in production of hydrogeuast be addressed. However, the real
problem ahead of hydrogen economy is the safe Hinteat storage of hydrogen rather than
hydrogen production. The transition of fossil feelonomy into the hydrogen economy will
come true only when safe and efficient hydrogenagf® methods are achieved. The hydrogen
is stored in different forms that is gas, liquiddaim solid materials. Gaseous hydrogen is
stored at very high pressures (300-700 bars). &h s high pressure, the storage tank is
always at risk. Therefore, improvement in the tamdterial must be the first priority to ensure
its integrity. Improvement in the compression tembgy is also necessary which will
contribute to quick and efficient filling of therta on one hand and on the other hand will

ensure high pressure fillings. But this method amesly suffers of high cost and pressure,
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lower volumetric capacity, very long refilling tirme heat management etc. Onboard

applications are hindered by the safety concerns.

The volumetric capacity can be improved by stohgdrogen in liquid form where cryogenic
hydrogen (23K) is obtained by liquefaction. The rggedensity of hydrogen in liquid state is
0.070 kg/L compared to 0.030 kg/L at 10,000psi bgen gas tanks. Highly insulated tanks
are required for hydrogen storage in liquid. Besidbis the liquefaction is an energy
consuming process. 30% energy contents of the Qedrofuel is consumed during
liquefaction. The input is much more than the autt therefore, its onboard application is yet

a dream to come true.

To reduce the problems related to the gas anddligpriyogenic) hydrogen, its storage in solid
materials is safer and more energy efficient anadlccgubstantially reduce these problems.
There are three common mechanisms for storing Ilggaran solid materials based upon the
mode of interaction of the gas with the solid. Th@sechanisms are absorption, adsorption
and chemical reaction. In absorption, hydrogen dissito the bulk of the material. The
process started by the adsorption of the riblecules upon the surface of the material
followed by the dissociation of molecules into asonihe atoms diffuse into the appropriate
sites where absorption occurs. This process is Ilynadiserved in metals where metal
hydrides form. Adsorption could occur either by gisgrption or by chemisorption based on
the energy of the adsorption mechanism. Physisorgs governed by weak van der Waal
forces where the hydrogen molecules make bonds twéhsurface of material by physical
forces. The minimum potential energy is at a distanf one molecular size of hydrogen
between the adsorbing surface and hydrogen, thetdfee size of the pores is very important
in physisorption. For efficient and maximum hydrogeorage by this mechanism, extremely
small pores are necessary [12-13]. Chemisorptinrthe other side occurs by the interaction
in which the adsorbate is chemically bonded ontatisorbent. Chemisorption is different
from chemical reaction as in chemisorption the bgeén molecule makes a bond with the
surface of material by electron sharing. Howeveighiemical reaction the hydrogen storage is
achieved by a displacive chemical reaction Adsorptprocesses typically require highly
porous materials, which has not only maximum speai@irface area (SSA) but also allow
easy uptake and release of hydrogen. Of all theeswad hydrogen storage, adsorption has

been investigated the most for onboard vehiculatiegtions. The reasons are evident, high

-132 -



efficiency, easy uptake and release etc. the fatigvsection gives a brief account of the

materials used for hydrogen adsorption.

Many materials have been considered for the lagtdecades for hydrogen storage and the
last fifteen to twenty years have been devotedh® adsorption of hydrogen (that is
physisorption and chemisorption) by porous materiglost abundantly has been studied the
carbon based materials due to their high porosity@ore sizes distributed over a long scale.
Fullerene and carbon nano-tubes (CNTSs) discovetiatied this field of research in hydrogen
storage [14-15]. The first hydrogen storage expenirupon the carbon based material was
carried out by Kidnay and Hiza in 1967 [16]. Thexperimental work based upon the
hydrogen adsorption on high surface area carboh mot aim of hydrogen storage. Carbon
based material was used for the first time for bgén storage purposes by Carpetis and
Peschka in 1970s [17]. They are the actual pion&fetfee hydrogen adsorption upon activated
carbon, a highly porous carbon obtained by the Iggi® of carbon containing materials in
absence of air followed by chemical activation.cgithen carbon based materials have been
studied for hydrogen adsorption extensively. Thidudes high surface area activated carbon
materials [16], graphite nano-fibres [18-19], sengind multi-walled nano-tubes [20-21].
Various modifications have been brought in to threcture and nature of the carbon based
materials to improve the hydrogen adsorption cdpaai these materials [22-23]. Beside
carbon based materials, many other porous maten@le been studied for the last few
decades, for example, metal-organic framework camgs [24], Metal hydrides [25],
Clatherates [26] etc. but none of them have acliglie target [12, 27-28] defined by the
United States department of energy (DOE).

The failures of all these hydrogen storage matefial in their single storage mechanisms.
The hydrogen storage mechanism is either only gmeeby physisorption [29-30] or by a

pure chemical reaction [31 and literature there ldr example the hydrogen uptake by the
carbon based materials is solely due to physi¢alaetion between the adsorbate (hydrogen)
and adsorbent (materials) [21, 29-30]. Contratilg hydrogen uptake by the metal hydrides
[many of them are listed in the Hydpark Metal Hgds Database, 32], complex metal
hydrides [33] etc. is due to a complete chemicattien between hydrogen and the hydrides.
One is carried out at cryogenic conditions while dther needs high temperatures. Either is

far away from the ambient conditions hydrogen gera
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The challenge for higher amounts of hydrogen s®ikagusing adsorption techniques lies on
synthesizing highly porous materials which has temal for reversible hydrogen storage in
such a way that the adsorption mechanism is somewhebetween physical and chemical
interaction. Thus the present work is focused @nsystematic investigation of the hydrogen
adsorption mechanism in different (porous) compositaterials, which are Al/AD; and
Ni/Al,Os. The aim is to fill the gap between the two wedtablished mechanisms that is
physisorption and chemical reaction and developgthad where the storage could achieve at

ambient conditions.

In this part of the thesis is presented preparatfguorous material, Al/AlD; hano-composite

for reversible hydrogen storage at ambient comdlitibhe focus is upon construction of
reliable hydrogen storage device, Sievert's typepaagtus for accurate and precise
measurements of hydrogen adsorption isotherms.ré&salts obtained from Sievert's type
apparatus are to be compared with those obtainech fa commercial state-of-the-art
instrument, DSC. This is aimed to establish an eadsorption mechanism of hydrogen upon
the Al/Al,O3 nano-composite material. The result obtained uiiege different experimental

approaches on nano-composite materials will conteilio the investigation of a completely

novel field.

2. Theoretical Basis and Literature Overview

Hydrogen is the lightest gas of all the gases axlthe lowest density. Therefore, it escapes
and diffuses easily. Besides this the volumetriergp density of hydrogen at ambient
pressure and temperature is too low to use asenmgewarrier. To avoid these problems, it is
one of the highest challenges to store hydrogerigitly and safely. In the following
sections a brief review of the literature concegnthe modes and Methods of hydrogen
storage will be presented. Although none of thdesys met the target chalked out by the
United States department of energy (DOE).

2.1. Compressed Hydrogen

Storing hydrogen in gaseous mode is the simplestllahe storage methods. Hydrogen is

stored at high pressure in the compressed hydragdes. Normally hydrogen could be stored
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in pressure range of 3000 to 5000-psi. But recemteldpments in the compression
technologies and tank qualities ensured the stqueggsure up to 10,000-psi. At this pressure
a volumetric energy density of 36 g/L could be aukd at the expense of 15% fuel energy
content [34]. Development in the tank material anthpression technologies is important to
achieve higher pressure storages. Quantum techaslage producing compressed hydrogen
tanks with pressure up to 5000-psi and 10000-pgu(E 2.1). The construction of these
tanks has three main parts. The inner thick lidenr(0) formed of high density polyethylene
(HDPE) which stops the diffusion of hydrogen gass the barrier for the hydrogen leak off.
This layer is covered with a carbon fiber reinfarqg@lymer composite to support the load
and the different valves are connected using niigtialg [45]. Carbon fibers and metal fitting
increase the cost of the tanks since the mateaiadsprocesses of production are expensive.
To reduce the cost of the tanks, it has been pezptsat alternative carbon fiber production
methods should be developed and the cost of mitizgf can be reduced by replacing
expensive metals with low cost materials which #thomave good compatibility with
hydrogen. A remarkable development has been madegdiecent research in this direction
[35].

Figure 2.1 Quantum Compressed Hydrogen Storage Tank [Cqurt#s Quantum
Technologies]
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To achieve a longer driving range with the vehiglesiered with compressed hydrogen tanks
is still a dream. The tank size is quite large cared to the normal gasoline tanks in use. To
reduce the size of the tank, the idea of comfoetadhk is under investigations. The present
gasoline tanks are termed as comfortable as thegs aire well fitted into the available space
in the vehicles while the compressed gas tanksaarébig to adjust in the available space.
Cryo-compressed gas tanks are getting attention tdutheir greater volumetric energy
density. According to this concept the compressaesitgnk is cooled to -120 to -196°C using
liquid nitrogen. This concept will improve the vatetric capacity of the tank by four fold
compared to the normal storage phenomenon [36].ddevy the bigger volume of the cooling
system will leave little space for the compressgdrbgen tank with in the body of the
vehicle. Therefore, the actual volume of tank Wwél decreased.

It could be concluded that compressed hydrogemgéomode has the advantage of simplicity
but high cost, low volumetric energy density, lartgnk size etc. are the serious limitations

which hinders its practical onboard vehicle appiazs.

2.2.  Liquid Hydrogen

Compressed hydrogen gas has lower volumetric engeggity which can be improved by
liquefaction since liquid hydrogen has higher voltrit energy density (80 kgfn

Hydrogen can be stored in liquid form in differemays; for example in cryogenic
temperature liquid hydrogen tanks (Figure 2.2), NaBolution, rechargeable organic liquids

etc.
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Figure 2.2.Linde tank system for storing cryogenic liquid hygen [Courtesy of Linde Gas]

The liquid hydrogen is produced by the Joule-Thampsycle (Figure 2.3) which is also
termed as Linde process. In this process the lggira@as is first compressed and then
allowed to pass through a throttling valve intoisothermal tank. The gas expands as it enters
the tank and cools down to liquefaction. Howevbke, €xpansion gives liquid gas only when
the temperature is well below the inversion tempeeaof the gas. For most of the gases the
inversion temperature is well above room tempeeahut hydrogen has very low inversion
temperature. Therefore, the tank must have the @éeatyre below the inversion temperature
of hydrogen (193K), otherwise no liquid hydrogenlverm as a result of expansion. The
main disadvantage of this mode of hydrogen storadkat the process is highly expensive.
The production cost is 8-12 kWh/kg which accourtis40% of the fuel energy density.
Besides, the expansion of the gas is isenthalpichmmeans that the expansion of ¢buld

not bring any beneficial workdone. The process lb@sn improved by modifying it into
Reverse-Brayton Joule-Thompson expansion cycle. [Biils new process can reduce the
production cost (3.228 kWh/kg) and also gives metrgy (work done) since the process is
isentropic. This energy can be used for the conspesof the gas in recycling process.

Turbo-expanders or expansion engines are usedlustinal production of liquid hydrogen.
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This process is limited for onboard vehicle apgiaas mainly by the cost of production and

heat leak, responsible for the “boil off” loss gfdnogen amounting 1% per day.

MIX-101

Q-101
j. . recycle
| J stream
1 1 Gaseous
Gaseous | E-100 d
3 hydrogen
Hydrogen pre inlet '
K-101 LNG-102
Power Cold
in HE Flashed
outlet vapor
L. 1 Flash
‘ Drum
VLV-100°
Liquid
Hydrogen

Figure 2.3.Joule-Thompson Expansion Cycle [47]. The gag) (bl first compressed and
cooled using heat exchangers, then is passed thrauthrottle valve followed by the

isenthalpic expansion which cooled the gas to giliquid H..

NaBH4 solutions are getting attention as liquid fogén storage materials [38]. This solution

gives 10.9 wt.% of kithrough a simple reaction (Eq.2.2).

NaBH; () + 2H,O () — 4H, (g) + NaBQ (S) (2.2)

This process is safe for onboard vehicular appbtoat but the main problems are the cost of
NaBH, (50 USD/kg) and the recycling of NaB(Rechargeable organic liquids can be used
as potential hydrogen storage materials. The sshpd#ample is the methylcyclohexane

which gives hydrogen through a catalytic reactiime high reaction temperatures and violent
interaction upon exposure to oxidizing agents heenbain limitations related to rechargeable

liquids.
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2.3. Solid Hydrogen (Material-based Hydrogen Storage)

Materials based hydrogen storage can be achievethreg generic mechanisms that are
absorption, adsorption and chemical reaction. b fllowing sections, we will give brief

theoretical considerations and literature reviewalbfthese three mechanisms.

2.3.1. Absorption

Absorption is the simplest of all the material lwh$g/drogen storage modes. Some metal
lattice structures absorb hydrogen by forming nealll types of bonds that is ionic, covalent
and metallic [7]. Hydrogen absorption into theitatstructure is a four-step-process. In first
step hydrogen molecules are physisorbed upon thiiaceuof the material. Physisorption is
purely governed by the physical interactions, fearaple van der Waals forces. In the next
step the hydrogen interacts in a pure chemical sy is chemisorbed. The chemically
adsorbed hydrogen that is the dissociated hydragens diffuse into appropriate lattice sites
and finally absorb into the lattice. The structofehe metal lattice and nature of material is
important in absorption process. For example tliigion is very high in vanadium metal
lattice because of two reasons. One V has bcctateugvhich has higher diffusion rate then
the fcc and hcp, second V is more reactive thabdtscounterparts Nb, Ta etc. The higher
reactivity of V is responsible for its pre-activati for hydrogen dissociation since an oxide
layer is formed at the surface of V lattice upompasure to oxygen. The activation can be
improved by doping V with Zr or Ti. Contrarily Pdisdociates hydrogen without pre-
activation. Therefore, the dissociation of hydrogeneither activated or non-activated
depending upon the nature of the metals. Hydrogay dissociate into electrons and protons
[39]. Protons diffuse into the lattice intersti@® electrons enter into the d orbitals of metals.
This approach has been proved by the changing rtiagnature of Pd [39]. Pd is
paramagnetic with electrons holes in 4d band. A&shiydrogen concentration increases in the
Pd lattice, its magnetic strength decreases. Av6% hydrogen concentration the Pd lattice

become completely diamagnetic.

The absorption capacities and conditions are diffefor different metals. Therefore, the
metals can be categorized into two broad groupsdGabsorbers are those metals which

absorb hydrogen at low temperature. In these m#italsncreasing temperature has adverse
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effect. As the temperature increases the hydrogsorption decreases. Contrarily, in bad
hydrogen absorbers the situation is different.hiese metals the absorption occurs at higher
temperature and increases with increasing tempetaBilver and gold absorb hydrogen in
molten state and give off in solid state. Pd ithattop of all the metals since it absorb even in

solid state. Pd can absorbk 8DO0 times of its volume during electrolysis.

2.3.2.  Adsorption

Adsorption is termed as surface phenomenon. Therlaa® which is dihydrogen, -H
interacts with the surface of the adsorbent (malderihat is why the role of surface area in
adsorption processes is very important. Dependpag uhe nature of interaction between the
adsorbate and adsorbent, adsorption is furtherdeliviinto two generic types, i.e.
physisorption and chemisorptions. In the followsections we will briefly overview these

two methods of hydrogen storage in light of repdtieerature.

2.3.2.1.  Physisorption

In physisorption mode of fstorage the adsorbent adsorbs undissociated hgmimglecules

at its surface. Weak van der Waals forces are ressiple for the adsorption of hydrogen over
the surface of the materials. The force of attaacbriginates from the fluctuation of charge at
the hydrogen molecule and the surface atoms. Twtuthting charge at hydrogen molecule
and the induced dipole produced in the surface sttoomtributes to the long range forces of
attraction. This force of attraction is experiengdten the molecules reach in the periphery of
surface at a distance of one hydrogen molecule etermBur at smaller distances the short
range repulsive forces originate due to the intevacof the electronic densities of the

hydrogen molecules and surface atoms.

The hydrogen adsorption isotherm is calculated $imgithe grand canonical Monte Carlo
simulation [40]. The motion of hydrogen in a giveore is measured using this program at
constant temperature and a chemical potential. @hergy of interaction between the

hydrogen molecules and the surface atom is obtdigasnnard-Jones potential (Eq. 2.3):
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where,

M = potential energy

¢ = depth of potential well

& = zero inter-particle potential distance

s = distance between the particles
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Figure 2.4.Lennard-Jones potential. The minimum potential gnés at distance's’ and this
is approximately equal to one hydrogen moleculamditer which is the distance at which the

van der Waals interaction occurs

Figure 2.4 gives the potential energy curve asratfon of distance. The minimum in the
potential energy curve reaches at a distance ofnomlecular diameter from the surface of
adsorbent. There is no energy barrier for the hyeinoto pass. If we neglect any diffusion
barrier for hydrogen, the adsorption is non-actdat

Since physisorption is a surface phenomenon, thexehighly porous material is required for

maximum adsorption. The pore size is important asy wsmall distance is required for
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separation between hydrogen molecules and the salithce. However, the rule of pore

geometry, temperature and pressure is also noteyv[zt].

Among the porous materials carbon based materi@sstdied the most owing to their
versatile structures. The first ever hydrogen gutsmm by carbon based materials was
reported in early 70s by Kidnay and Hiza [16]. Thbuhe subject of their study was not
hydrogen storage at first but later in 1976, théydied systematically the hydrogen
adsorption by the activated carbon (coal/charc@dypetis and Peschka in 1976 reported the
hydrogen adsorption by activated carbon at liquidbgen temperature [42-43]. Since then
many researchers have published scientific re@otspapers about the hydrogen adsorption
by the activated carbon materials. Prof. J. A. Sutavdedicated nearly one decade (1980s) to
the systematic study of hydrogen adsorption bycttramercially available activated carbon.
According to his findings the highest specific sigd area materials are the best candidates
for larger amounts of hydrogen storage [44]. He flegp®rted 4.2 wt.% hydrogen adsorption
by the activated carbon at 87K and 59 bars [45. Wt.% hydrogen adsorption by the
activated carbon at room temperature has beenrgfgoted [Strobel et. al., 46]. Recently it
has been reported by Hirschedr al that activated carbon can store hydrogen reVgrajipto

4.5 wt.% at cryogenic temperatures and pressumgever the room temperature adsorption
capacity of hydrogen has been reported by thisgomly up to 1 wt.% [30].

The discovery of single walled carbon nanotubes CBIWs) in the early 1990s [47] and the
first report of hydrogen adsorption over the SWCND4lon et. el., 20] has changed the
course of hydrogen adsorption studies by the cabased materials. Dilloet. el.reported 10
wt.% adsorption by the SWCNTs at 300K and 0.399 ptessure. Later on, it was reported
that Li and/or K doped SWCNTs adsorb hydrogen upGavt.% at 473K/673K and 14 wt.%
at room temperature [Chen.et.al., 23]. kiu al [48] reported 4.2 wt.% at room temperature
and 99 atm pressure. As SWCNTs have been studieg exdensively for hydrogen
adsorption, the multiple walled carbon nanotubeSMENTS) attracted less attention. The
MWCNTs are not suitable for hydrogen adsorption tu¢heir small hollow and no space
between the concentric walls of the tubes. Work Ibesn done over carbon nanofibers as
hydrogen storage materials. It has been reportat ttte herringbones carbon nanofibers
adsorb hydrogen up to 68 wt.% [49]. However, mdghe hydrogen released as soon as the

hydrogen pressure is decreased to atmospheric dedetemperature reaches to that of 25°C.
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The mechanism of adsorption is not yet known thosg¥eral systematic studies have been

brought to corroborate it [50-51].

Metal organic frameworks (MOFs) are emerging a®pidl hydrogen storage materials due
to their high porosity and ease of tuning theirgsosize and volume. MOFs have been
discovered at the end of last decade by Yaghal.[52]. The ZnO(CO) supertetrahedra are
interlinked using organic linkers such as carboteyld family of MOFs has been developed
in the following years of this discovery using éifént organic linkers (mostly carboxylate) as
well as metals (Zn, Cu). Figure 2.5 gives a metghoic framework named as MOF-5 [52]
with the crystal suggested formula ZO(BDC).(DMF)g(CeHsCI) (where BDC = 1,4-
benzenedicarboxylate and DMF = N,N’-dimethylformds)i The central oxygen is
tetrahedral with four tetrahedral Zn atoms in itsrgundings making a supertetrahedral
cluster. The clusters are interlinked by carboxylatkers. DMF and chlorobenzene are filled
into the cavities. There are two different typesaf¥ities lined with H and C atoms, the larger
and smaller cavities with volumes 15.1A and 11.0rdspectively. The atoms of clusters
occupy only 20% of the total volume of frameworkigfhmeans 80% volume is unoccupied.
Therefore, MOFs are highly porous materials. Thecdgg surface area for MOF-5 is 2900
m%g with a pore volume of 0.61-0.54 tlem’®. Recent development has shown that the
specific surface area (SSA) can be increased t6 48@ [53] and the pore size and volume
could be tuned accordingly by changing the link&tsee MOFs show higher thermal stability
that is upto 300°C for several hours beside thigih IBSAs and tunable pore sizes as well as

volumes [52].
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Figure 2.5 Single-crystal x-ray structures of MOF-5 [24].

The first ever hydrogen sorption by MOFs was regubtly Yaghiet. al in consecutive papers
[24]. 4.5 wt.% hydrogen has been recorded over NBCH-78K and 20 bar pressure which
corresponds to 17.2:Hper ZnO(BDC); unit. At room temperature the uptake was measured
up to 2 wt.% at 20bar. But the review of very reackterature has shown that the best
hydrogen wt.% adsorbed by MOFs is up to 2 wt.%rgb@enic temperature [54]. Contrarily,

at room temperature the up take is insignificarf? (@t.%) [55].

2.3.2.2. Chemisorption

Contrary to physisorption, chemisorption involvas fadsorption of molecules and/or atoms
on a surface of adsorbent making a proper bondreftre, the wt.% of the hydrogen stored
through chemisorption is sufficiently higher comgmhrto physisorption. The bonding is
stronger and the binding energy is considerabliadrigin excess of 0.5 eV [56]. However, the
binding energy in most cases is as high as 3 o¥ 456]. The process of chemisorption
corresponds to the electrons sharing between tebgn atoms/molecules and the atoms in

the surface of the adsorbent.

Chemisorption can be divided into two differentdgp dissociative and non-dissociative. In

the first case, the hydrogen molecules dissocigtenureaction with the atoms of the
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adsorbent while in the latter case the H-H bondargains intact. In dissociative mechanism
the hydrogen molecules first adsorb at the surfaicadsorbent and then dissociates into

hydrogen atoms making hydrides (a schematic ofdghetion is shown in eq. 2.4) [57].

H
vl -+ > M: (2.4)

In non-dissociative chemisorption reaction the ¢emabond formed between the surface
atoms and the hydrogen molecule without the dissioci of H-H bond. An overlapping

occurs between the molecular orbitals efddd the atomic orbitals of the atoms in the s@rfac
of the storing material. The electrons pair accepsipecies (specifically the transition metals)
enhance the strength of the bond by back donafitimed nonbonding electrons into the anti-

bonding molecular orbitals of Hnolecule (eq. 2.5) [56-57].

H o -
v —+ > V@ (2.5)
H ‘ H

In 2001, it has been proven [Eckert et. al., 58} tholecular H adsorbs on Fe-ZSM5 cluster
making a chemical bond without the dissociationHsH bond. Using inelastic neutron
scattering (INS) spectroscopy, it has been stuthatithe hydrogen molecules adsorb on the
extraframework of iron species in a chemical fashibhe Fe-ZSM5 cluster was prepared by
the sublimation of Fe@l From the interpretation of the INS data, theyenawencluded that
there are two adsorbing sites in the cluster whgdeogen molecules form bond with the iron
center. An extensive reviews about thenfi,) bonds can be found in the references [59-
60].

2.4. Materials

The theme of the above discussion is now very clgat is for higher wt.% hydrogen
adsorption, the choice of material is very crueiatl important. The material to be used for

hydrogen storage must have high specific surfaea,avhich means that high porosity is
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important. The interaction between the guest (g®renaterial) and the host (hydrogen)
should be somewhere in between physisorption aethidorption. In the following section
we will give a brief review of the materials useadthis work for hydrogen storage which

meets the above requirements.

2.4.1. Al/Al,03 Composite Nano-Wires (NWSs)

The Al/Al,O3 composite nano-wires (NWs) were prepared in oseasch group (M. Veith)
[61] by the decomposition dért-butoxyalane of the chemical formulaj&(OtBu)], [62] in

a cold wall CVD reactor [63]. The highly volatikert-butoxyalane has been decomposed
upon a substrate as a thin film. The nature, chandomposition and morphology of the
resulting thin films strictly depend upon the suatd temperature. It has been observed that
below 300°C substrate temperature, the decompnsitiche precursor gives a transparent
glass like layer upon the substrate and was tera®dHAIO owing to its chemical
composition [64]. The chemical composition of HAl€veals that H, Al and O are present in
1:1:1 ratio. The metastable HAIO converts into A@s composite upon heating above
300°C. The direct decomposition of the precursoovab350°C also gives Al/AD3
composite nano-particles. Electron microscopic stigations revealed that the particles have
an aluminum core wrapped up by the amorphouy®©Alayer. The stoichiometric ratio of
AlYAI™ = 1:2 [65].

After getting two different materials with distinchemical and structural variations by the
same experimental set up but only with differemperatures, the quest for differences in the
final product was continued. It was discovered tiatemperature above 550° (though the
actual process starts at 490°C but 550°C is optijnzore shell nano-wires can be obtained
by the decomposition of tert-butoxyalane in the sa@VYD setup upon a substrate as a thin
film [66]. This was a landmark discovery since foe first time nano-wires were prepared in
a direct way without the use of catalyst. The rell NWs have an Al core and,8; shell
confirmed by HR-TEM. High magnification SEM and TEikhages revealed that the NWs
can be described as cylinder with a ball like tifdsis crystalline metal inside the amorphous
Al,0s. The stoichiometric ratio of Al/ AD; = 1:1. SEM images describe the highly porous
texture of the NWs.
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The decomposition mechanism of the precursor iD@Wamber was studied by in-situ mass
spectrometry [65]. From the resulting mass spectamalysis it was concluded that the
byproducts liberated as gases are hydrogenisgrbutene and a decomposition mechanism
was derived (Scheme 2.1). The size and diametehefNWs strictly depends upon the
decomposition of the precursor and its flow over shibstrate. Therefore, optimization of the

process for specific dimensions of NWs is important

———)- 2 (CH3),C = CH, + 3H, + 2/3 Al/Al,O3

o

Scheme 2.1The decomposition mechanism of the single soureeypsor, [HAI(OtBuU)]. in
cold wall CVvD

2.4.2.  Ni/Al,03 Composite Nano-Material

Nickel is frequently used as a catalyst for hydragmn, especially of carbon double bonds.
The most popular of the nickel catalyst is the Ramiekel which is formed by leaching of
nickel aluminum alloy using KOH. In this process #l (catalytically inactive) is leached out
leaving behind catalytically active black sponge Mif However, this sponge is highly
pyrophoric and must be used under inert atmospldse. it must be prepared freshly just
before use. Once it is oxidized then it is not gmwesto regenerate. To overcome these
problems related with the Ni catalyst, certain nfiodtions have been introduced. The
concept of supported Ni catalyst has been invastigand gave very good results in terms of

stability and activities. Alumina supported Ni hbsen produced and studied by various
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researchers for their stability in air and reatyiviuan-Juamt. al.[67] reported the alumina
supported Ni/AJO; composite catalyst. It was prepared by excesdisalimpregnation. To
obtain a 10 wt.% nickel catalyst, a pelletizedlumina and Ni(NG), solution were mixed
together. After impregnation the catalyst was draernight at 100°C. High energy ball
milling technique was used to prepare the N¥&lcomposite nano-powder [68]. Al and NiO
powders were added in 2:3 ratio and mixed withQ4lin a composition ratio where the final
Ni content was 10 wt.%. The mixture was ball milfed5 hours and sintered at 1400°C for 1
hour. Yiet. al.[69] prepared Ni/AIO3 utilizing sol-gel technique. It was prepared byliad

Ni stearate into the Asecbutoxide while usingsecbutylalcohol as solvent. After addition
small amounts of water the reaction mixture wasestifor 48 hours followed by drying at
80°C for 48 hrs. The gel was then sintered at 45@°@ir for 3 hrs. However, Veitkt. el.
[80-81] have reported a novel method for the prafi@m of Ni/Al,O; composite materials
with many folds advantages over other processes.ekample, the process is simple to
perform, high stability of the resulting catalystair, low activation temperature needed etc.
The catalyst was prepared by the decomposition #(B'Bu) over NiO powder in a cold
wall CVD reactor [80]. We have prepared NiyB nano-composite materials utilizing the
same experimental set up but Instead of NiO we hemezl Ni(acag) which is cheap and
available commercially. The coating of Ni(acaajth the HAI(O'Bu) single source precursor
gives highly stable Ni/AO3; nano-composite material.
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Objectives

So far the hydrogen storage technologies emergeal r@sult of popular methods revolve
around two common mechanisms. One is physisorptiowhich the hydrogen storage is
solely achieved by weak physical forces. Secortiéschemisorption in which the hydrogen
storage is controlled by displacive chemical readi In both the processes the conditions for
hydrogen storage are far away from the ambient tduevhich the dream of hydrogen

economy has not come yet true.

The need of the time is that, to develop a metlodydrogen storage which is governed by
the mechanism somewhere in between the two mechanthat is physisorption and
chemisorption. To achieve the desired storage nmésimathe choice of material is important.
The material should be such which can store hydrageersibly at ambient conditions.
Therefore, the objectives of this work were to auki the above defined goals by the

synthesis of material:

e Which can reversibly store maximum wt.% hydrogemeet the target defined
by United States department of energy (DOE).

* The hydrogen storage mechanism must be in betweerphysisorption and
chemisorption and/or chemical reaction.

« The storage could achieve at ambient condition®risure easy uptake and

release of hydrogen.

Reliable measurement of hydrogen adsorption isialportant for accurate and precise
results, especially when the sample size is velisitherefore, one of the objectives was to
develop a reliable, cheap and portable apparatusyfirogen adsorption. It was also targeted
that the device should be designed in such a wayenih could be used for hydrogen
adsorption upon thin films. It is also targetedlevelop a comparative study of the materials
and techniques. This objective has been achievexyyiyesizing different materials for

hydrogen adsorption as well as using different negpines.
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Chapter 2.2: Results and Discussion

Results

1. Sample Characterization

Al/Al ;03 composite Nano-Wires (NWSs) have been studied aadacterized very well in our
research group (research group M. Veith). But thenging parameters (for example
temperature, precursor flow, target etc) have aifsogint effect upon the final product. As we
have discussed in the previous section that at ¢esyre below 300°C, the decomposition
product of [HAI(O'Bu)], upon a substrate is the glass like transparerastaile amorphous
material HAIO. While at temperature above 300°@, decomposition of [BAI(O'Bu)], gives

a core shell nano-balls as thin films upon substr@he deposition of [JAI(O'Bu)], at
temperature above 450°C gives core shell nano-wipes substrate as thin film. Similarly,
the size, thickness, density, surface areas etteolvires alter with the changing parameters.
Therefore, the process was optimized to get higidyous nano-wires as thin film after
repeating the experimental procedure at differagogition temperatures, precursor flows,
deposition time etc. The NWs, optimum for the siorptof hydrogen were produced by the
decomposition of [HAI(O'Bu)], upon stainless steel substrate maintained at 580°C
temperature. The flow of precursor over the substreas maintained at 9.0 x “4mbar

pressure.

1.1.  Al/Al ;03 Composite Nano-Wires (NWs)

Al/Al ;03 composite Nano-Wires (NWs) have been producechbydecomposition of single
source precursor (SSP), #M(O'Bu)],, upon a stainless steel substrate in a cold wdD C
reactor at 580°C temperature maintaining the gasélow of precursor at 9.0 x TOmbar
pressure. For comparison purposes, thin films teen also obtained at other decomposition
temperatures and precursor’'s flow. The decompasitib the molecular precursor occurs

according to the following equation (eq. 2.6):
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1 [HAI(OBU), —5 1/3 Al/AIOs + 3/2 H + (CH3LC=CH; (2.6)

The detailed synthetic procedure is given in experntal section. The samples were
characterized by XRD, SEM, TEM and BET analysis.

1.1.1.  XRD Analysis of Al/Al,O3 Composite Nano-Wires (NWs)

The Al/Al,O3 composite NWs thin film was characterized by powHeray diffraction. To
avoid interferences from steel, we have deposhed\tWs upon a glass substrate at the same
temperature and pressure for XRD analysis. FiguBeshows the XRD pattern for the as
deposited NWs. The crystalline phase is aluminuBHR5-1327) with five distinct peaks at
38°, 44°, 65°, 78° and 82°. Since the film is vérn, therefore, the intensities of the peaks
are comparatively low. However, the quality of thecrystals is good as the peaks are sharp
enough. The wave like background indicates thamada is amorphous at this deposition
temperature. All sorts of depositions above 450R@ gimilar spectrum which indicates that
the material obtained is always biphasic.
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Figure 2.6.X-ray diffractogram of the Al/AIO; composite NWs deposited on a glass

substrate at 580°C temperature.

1.1.2.  Morphology of Al/Al ;03 Composite Nano-Wires (NWs)

The changing parameters have a certain effect tipmmorphology of the NWs. Our quest
was to optimize the process to get highly porouserral with reasonable diameter of the
NWs. Figure 2.7 shows SEM images of A8 nano-composite materials obtained at two
different temperatures that is 480°C and 580°C.ntéaning the precursor flow at 9.0 x'10
“mbar, the decomposition was carried out at 480°@hwpmetallic substrate. SEM analysis of
the as prepared film shows that fused balls likecstires formed as a thin layer (Figure&.7
The temperature was raised to 580°C of the sam@leawithout taking out of the CVD
reactor and coated once again for a short timeséotke effect clearly. The SEM images
reveal that the second coating layer comprised ggficenerated NWs upon the first one
(Figure 2.D). The diameter of the wires varies considerablyvben 100 and 400 nm with a

length of up to 2 microns.
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Figure 2.7. SEM images of the as prepared AWB4 composite material at decomposition
temperature 480°C (a), and 580°C upon the sameriadgteepared at 480°C (b) maintaining

the precursor flow at pressure 9.0 X*Ifibar.

The same experimental procedure as discussed awsweepeated, however, the first layer
was deposited at 580°C at a full flow of the preourat room temperature. The precursor
flow was at pressure >T0mbar. SEM images (Figure 2)8reveal that the adhesion is very
poor of the Al/ALO; composite material over the substrate at full flofsthe precursor and
remains over the surface as broken sheets. Ataunph flow rate neither the nano-balls nor
the NWs are formed (visible from the sheets in Feg2.&) although the deposition
temperature is comparable where normally NWs formidebn the deposition of the second
layer was brought at a controlled flow (9.0 x’ttbar pressure) over the already deposited
layer. It is observed that agglomerates of NWs &nfFigure 2.8 & b) over the cracked
sheets like birds’ nests. The nests are composeathtaihgled NWs with diameters ranging
between 70-140 nm. The intertwined wires have lengip to few microns. However, it is
practically impossible to measure the length of whiees due to their non-linear nature and

resulting entanglement (Figure B)8
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followed by deposition at 580°C with controllediloThe inside circular image shows the

magnification of the NWs agglomerate, (b) magniima of the agglomerate.

Figure 2.9a & b show the SEM images of the Al/&); composite NWs prepared by
depositing directly over metallic substrates at esatemperature (580°C) and different
precursor flows. It is observed that maintaining tiaseous flow of precursor at 9.0 X°10
mbar pressure gives ultra thin NWs (Figurea?.9he diameter of the NWs is in the range of
20-25 nm. The NWs are uniform in view of their digters. The NWs are entangled in such a
way that it is quite difficult to measure their ¢gh, however, roughly speaking it is in
microns. The texture of the NWs is highly poroustmamall pores and holes in between the
NWs.

On the other hand the deposition of AYB% composite upon metallic substrate by the
decomposition of [HAI(O'Bu)], at a flow rate maintained at 5.0 x 1fbar pressure gives
also NWs (Figure 2189. However, the NWs have average diameter of alddit nm
sufficiently higher than those in Figure @.9The variation in diameter is sufficiently large,
that is, the NWs have diameter in the range of 56-+m which indicates that the NWs are
not uniform. The NWs grow in entangled fashion wehgth up to few microns. Though, the
texture is highly porous but the pore size is sigfitly larger (Figure 219).
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maintained at 8.0 x mbar (a), and 5.0 x YOmbar pressure (b). The magnification is

comparable.

The deposition time of the NWs upon the metallibsitate at 580°C has been tested for any
possible change. Figure 2d4@& 2.10b show the SEM images of the NWs produced by the
deposition time of 2 minutes and 10 minutes, reypag while maintaining the precursor
flow at 9.0 x 1 mbar pressure. The SEM image (Figure 8)1df the NWs deposited for 2
minutes gives thinly populated NWs over the sulbstrehere the substrate’s surface can be
seen very clearly in the image. The NWs have tlandier of about 30 nm and grow in
entangled way with a length of few microns. The Skhge for the 10 minutes deposition
time of the NWs is given in Figure 20The inter-twisted NWs are grown up to few
microns with diameter of <30 nm. In both the cabesNWs have porous texture with smaller
pores. It indicates that the 580°C deposition tewtpee and 9.0 x I®mbar pressure are the
optimum parameters for NWs production upon metallibstrate suitable forFhdsorption.

The as deposited NWs were characterized by trasgmiglectron microscopy (TEM). The
TEM image (Figure 2.1d) shows the core shell structure of the NWs. Theeiincore is
composed of metallic aluminum which is wrapped yphHe amorphous alumina (A)s). The
selected area electron diffraction (SAED) has showetallic aluminum (Figure 2.1).

- 156 -



Figure 2.10.Al/Al ;03 composite NWs produced at 580°C with precursow floaintained at
9.0 x 10° mbar pressure with deposition time of 2 minutes &d 10 minutes (b). The
magnification of the images is comparable.

Figure 2.11.TEM image of the Al/AJO; composite NWs deposited at 580°C showing core-

shell structure (a), clear in the circular enlargeg out. SAED gives fringes for metallic Al

(b).
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1.1.3. BET Analysis of Al/Al,O3 Composite Nano-Wires (NWSs)

The specific surface area (SSA), the pores voluntkthe pore size was determined by an
automatic sorption system using Nas at 77K. The sample was outgased at 120°CIfor 2
hours. The SSA was calculated using multipoint B&dthod [72] and the pore volume was
determined utilizing MP-method. The SSP of A®4 composite NWs determined is 53.55
m%g. However, the actual surface area is thoughtetdnigher than this since the method is
limited by the amount of the sample. We could optpduce NWs as thin film upon a
substrate which carries a very small amount oktmaple. In this case, it was hardly managed
to get a film weighing about 60 mg. The total peotume determined is 0.44 éfy for pores
having diameter below 355.4 nm, which is well abpwee volume of the purified single wall
carbon nano-tubes (SWCNTs = 0.39%mh [73]. The pore diameter could be determined
exactly and precisely irrespective of the quantfysample. The average pore diameter
determined is 32.89 nm which is the ideal pore @i@mfor physisorption of hydrogen upon
Al/Al ;03 composite NWs.

1.2.  Ni/Al,03 Composite Nano-Powders (NPs)

Ni/Al ;03 composite nano-material has been prepared inchwall CVD reactor. Ni(acag)
powder was used as deposition target of thé\[{®'Bu)], single source precursor. Ni(acac)
was placed in a specially designed cuvette (Dé&tagiiven in experimental part) which was
inserted into a graphite block containing holelef sized of cuvette. The contact between the
walls of the cuvette and graphite block was enstdioecfficient heat conduction. A steady
stream of the precursor was directed over the B@apowder previously placed in a cuvette
inside graphite block. The coating of Ni(agagowder was made at 580°C. The
decomposition of the precursor over the Ni(aggowder gives Ni/AlO; composite nano-

powder (eq. 2.7). However, the exact decompositiechanism is not known.

Temp =580°C

Ni(acac) + [H-Al(O'Bu)l, ———— Ni/Al,Os + H, + Organic volatiles 2.7)
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1.2.1. XRD Analysis of Ni/Al,O3 Composite Nano-Powders (NPs)

The structure, composition and crystalline phadeth® Ni/Al,O3; composite material were
studied by powder XRD. Figure 2.12 shows the XREtgva of the as prepared Ni/A;
composite powder. There are five distinct peaké&4ah°, 51.8°, 76.4°, 92.9° and 98.2°, which
are typical of face centered cubic Ni entity (PI¥7-712). There is appeared wave in the
background of the diffractogram. These are dueh®amorphous alumina. No other peak
except that for Ni can be seen which gives thattlgstalline phase is only Ni in the powder.

Relative intensity (%)

2 theta (°)

Figure 2.12. X-ray diffractogram of the Ni/AlO; composite powder prepared by the
decomposition of [HAI(O'Bu)], over the Ni(acag)powder at 580°C.

1.2.2.  Morphology and Composition of Ni/ALO3; Composite Nano-Powders
(NPs)

As mentioned in the case of NWs, the structurehefttydrogen adsorbing material is very
important. The more porous the material, the marése is available and the more hydrogen
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uptake could be made possible. The morphology anttare of the Ni/AlO; composite
material was studied by SEM and TEM analysis aedefemental composition (that is Ni, Al
and O) by energy dispersive X-ray spectroscopy (EPgure 2.13 gives SEM images of
Ni/Al ;O3 composite material where nano-spheres of the ceitgpsan be seen which are
squeezed together (Figure 2.13a). The averageo$itlee spheres is about 150nm. Upon
magnification (Figure 2.13b), it is observed thatte sphere is composed of small particles
having sizes in the range 60-100nm. The small @astiagglomerate and give spherical
shapes like cauliflowers. The EDX spectrum in Fegg@rl4 shows that each cauliflower like
sphere is composed of Ni, O and Al. The exact satiothe elements in the powder could not
be obtained from the EDX data. However, the elealectmposition, qualitatively, can be
obtained precisely. The small peaks for carbon galdi appeared due to the specimen
preparation process where the material has bedtesgli with gold for better resolution and

supported over a carbon tape for analysis.

Figure 2.13. SEM images of Ni/AlO; composite nano-powder prepared at 580°C. Lower

magnification (a) and higher magnification (b)
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Figure 2.14.EDX spectrum of Ni/AlO; composite nano-powder. The C peak is due to the

carbon tape and Au due to gold sputtering usegégimen preparations

TEM image (2.15 a) shows Ni nano-particles dispkinean AbO3 matrix. The particles are

uniformly distributed in amorphous alumina. The ragge particle size is approximately 13
nm. Most of the particles have size below 20nm evkiry few reach 20nm dimension. The
selected area electrons diffraction carried outHeyTEM instrument shows fringes only for
Ni (Figure 2.15 b), which shows that the matergabiphasic having crystalline Ni phase and

amorphous AlOs.
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Figure 2.15.TEM image (a) and SAED (b) of the Ni/&); nano-powder prepared by the
reaction of Ni(acag)and [HAI(O'Bu)], at 580°C.

2.  Hydrogen Adsorption

The hydrogen uptake by the Al/&); composite NWs and Ni/AD; composite nano-powder
has been determined using Sievert's type hydrogenat different temperatures and
pressures. Additionally the hydrogen adsorptionhef NWs was also studied by differential
Scanning Calorimetry (DSC). The purpose of usingCD&as two fold: one to develop a
comparative study of the two instruments and sectindnderstand the type of the adsorption
mechanism. The samples were also analyzed usinlytiaah techniques after hydrogen
adsorption to understand the mechanism and motie @fdsorption. The results obtained will

be presented in the following sections.

2.1. Hydrogen Sorption Studies Using Sievert's Apparatus

Sievert’'s type hydrogenator was used for the hyeinogdsorption studies. The hydrogen
uptake is reported in wt.%, which was plotted dsrection of temperature and pressure. The
maximum wt.% obtained are 6.5(x0.2) and 2.9(z0@) Al/Al,O; composite NWs and

Ni/Al ;03 composite NPs, respectively.

- 162 -



2.1.1. Hydrogen Adsorption by Al/Al,O3 Composite Nano-Wires (NWSs)

Figure 2.16 gives the wt.% of hydrogen adsorbednupt8Al,O; Composite Nano-Wires
(NWs) plotted as a function of temperature. The adsompeiguilibrium was obtained at about
30 minutes. The wt.% of hydrogen adsorbed changis the temperature. At room
temperature it is low but as the temperature irserd¢he wt.% also increases. At temperature
ranging between 70 and 100°C, the adsorption resaithenaximum values. Above 100°C a
drastic decrease in the amount of adsorbed hydrogeobserved. As the temperature
increases above 100°C, the wt.% hydrogen adsorbetcases and reaches the minimum
value at about 300°C. The trend in amount of dobhydrogen is relatively less regular at
lower pressures compared to that at higher presstirgs anomalous behaviour of hydrogen
adsorption at low pressures may be due to the dadkydrogen saturation of the NWs. The
highest wt.% which is approximately 6.5(x0.2), oydhogen adsorbed upon Al/AD;
Composite Nano-Wires (NWSs) is obtained at tempeeatanging between 70-100°C. It
indicates that this range of temperature is thaemaph for hydrogen adsorption upon
Al/Al ;03 composite nano-wires (NWs).
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Figure 2.16. Hydrogen adsorption isotherms for AlA&l; composite NWs at constant

pressures and varying temperatures

The effect of pressure upon the wt.% &tsorption has been studied and is plotted as a
function of hydrogen pressure which is given inufeg2.17. It is observed that at room
temperature a constant increase in the amount dfolggn adsorbed upon Al/A&bs
Composite Nano-Wires (NWs) occurs with increasimgspure. At the temperature ranging
between 70-100°C, the wt.% of hydrogen adsorbetkases very slowly as a function of
pressure in the beginning and sharp increase iernodd at above 8 bars up to 16 bars.
However, beyond 16 bars of pressure the amountydfolgen adsorbed nearly becomes
constant. At higher temperatures, that is 200°C 20@FC, the effect of pressure upon the
wt.% of hydrogen adsorbed is nearly linear. Thiteafis very clear at 300°C where a
continuous increase in the amount of hydrogen &asbupon the NWs is shown. The highest
amount of hydrogen adsorbed is observed at modeatperatures (70 and 100°C) which
amounting up to approximately 6.5(x0.2) wt.%. Therease in wt.% as a function of
pressure indicates the effect of pressure upohytieogen adsorption.
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Figure 2.17. Hydrogen adsorption isotherms for AlA&l; composite NWs at constant

temperatures and varying pressures

2.1.2. Hydrogen Adsorption by Ni/Al,O3 Composite Nano-Powders (NPs)

Figure 2.18 gives the hydrogen adsorption isothmNi/Al ;O3 composite nano-powders
(NPs) in which wt.% of hydrogen adsorbed upon NifAlI composite NPs is plotted as a
function of temperature. As is evident from the Ufg 2.18, at low pressure (20 bars), the
amount of hydrogen adsorbed increases with inargag@mperature but the rate is slow.
However, at high pressure (40 bars) the increaseniount of hydrogen adsorbed is high and
the maximum amount is obtained around 300°C whschipiproximately 2.9(x0.2) wt.%. The
effect of temperature upon the wt.%;, ldsorbed is linear which means that as the

temperature increases the amount gatisorbed increases too.
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Figure 2.18. Hydrogen adsorption isotherms for Nif®k composite NPs at constant

pressures and varying temperatures

The effect of pressure upon the amount of hydragsorbed by Ni/AlO; composite NPs is
seen to be linear. It is observed that as the pressicreases the amount of hydrogen
adsorbed increases too (Figure 2.18). For examplg0@°C temperature, the amount of
hydrogen adsorbed increases by two fold that is fto4(+0.2) wt.% to 2.9(x0.2) wt.% as the
pressure increases from 20 bars to 40 bars. Thectei$ more pronounced at higher
temperatures where a fast increase occurred wehctianging pressure. The maximum
hydrogen adsorption has been achieved at 300°C eitype and 40 bars of pressure
amounting 2.9(x0.2) wt.%.
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2.2. Infra-Red Spectroscopic Characterization

2.2.1. IR spectroscopic Analysis of Al/A}JO; Composite Nano-Wires (NWs)

The hydrogen adsorption was followed by IR specwpsg. Figure 2.18 presents the IR
spectra recorded immediately after hydrogenation AbAl ,O;3 composite NWs using
Sievert’'s apparatus. The hydrogenation process caased out at different temperatures
ranging from room temperature up to 300°C. Theargibove 3000cthand up to 4000 cth

is worthy to consider where the O-H stretching &itum peaks appear. The prominent peak at
round about 700 cihis due to the Al-O stretching vibration. Theren@ considerable change
in this peak at lower temperatures (25°C and 100°%@wever, it narrowed down
considerably at higher temperatures (200°C and GP0Small C-H stretching vibrations
appear at about 2900 &nin all the spectra which are not affected by #maperature. These
peaks may be due to some organic entities adsarped the nano-wires during the CVD
process. The region between 4000'cta 3000 crit is magnified out (Figure 219 to see
clearly the changes in the O-H stretching vibratiegion. The effect upon the peak at room
temperature is nothing else except the broadeninfeopeak which is more prominent at
100°C temperature. At 100°C temperature, two distthanges could be observed. One is the
extra-ordinary broadening of the peak with movirfgtlte maximum toward lower value
compared to the other counterparts, second isgpheasance of new peaks at higher energies.
This new peaks become more prominent as the tetopenaises to 200°C as well as 300°C
but the main peak due to O-H vibration is nearlg game as that of measured at room
temperature. These new peaks appear at 3781acimh 3699 cil are sharp and well defined.
These peaks are due to the free O-H stretchingtvios [74].
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Figure 2.19.IR spectra measured after hydrogen adsorption wipenAl/Al,O3 composite
NWs using Sievert's type apparatus at different peratures (a), the encircled area is

magnified as (b).

2.2.2. IR spectroscopic Analysis of Ni/AJO3; Composite Nano-Powders (NPs)

The Ni/Al,O3 composite nano-powders were analyzed by IR spmpy after hydrogen
adsorption at different temperatures and pressures. IR spectra (Figure 2.20) of the as
prepared sample give three peaks to be consideagdistat 3441cih 2366 crit and 786 cri
which may be assigned to O-H, €@nd Al-O stretching vibrations, respectively. Hoee

the peak appears at 2366tis insignificant in the interpretation of the spracsince this peak
inherits in the spectra obtained from the IR instent in our lab facility. The changes in the
IR spectra are less significant after hydrogen guigm at lower temperatures compared to
that measured before,Fdsorption. However, at higher temperatures weonbt observe
significant changes in the parent peaks but alsopeaks appear in the spectra. The spectrum
of the Ni/AlL,O; composite recorded after hydrogen adsorption @t@GQdboth 40 bars and 20
bars of pressure) show changes in the parent eakslso some new peaks appear. At one
hand the peaks appear at 3441'camd 786 crif narrowed down. On the other hand more
prominent new peaks appears at 2927 ch732 crit and 1459 ci which could be assigned
to C-H stretching vibration, C=0 stretching viboati and C-H bending vibration,
respectively. At lower temperatures also the charigethe parent spectrum are appeared

along new peaks. However, these are not as promiagnat higher temperatures. the
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observations indicates that the Ni@®k composite NPs facilitates some chemical reactions

which give some unknown organic products.
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Figure 2.20.IR spectra measured after hydrogen adsorption diperNi/Al,O; composite

NPs at different temperatures

2.3. Selected Area SEM Analysis of Al/AlO3; Composite Nano-Wires (NWSs)

An interesting situation has been appeared whenobitee samples was followed by SEM
analysis after hydrogen adsorption at 300°C. It besn observed that the longer NWs
running across the entire entangled nest are brakant into shorter bended NWs. It was
assumed that the wires broken apart either duesédirty or reacting with hydrogen. The
interaction of NWs with the Hwas studied systematically while concentratingr@eselected
area in the film. The SEM images were taken bedme after the hydrogen adsorption and/or
heat treatment. Figure 22andb give the SEM images taken after heating the sasmybeto
300°C in a close chamber of the Sievert's apparatusabsence (Figure 2.d81 and in
presence (Figure 2.B) of the H atmosphere. The inset small images in both thedgare

- 169 -



taken of the same area before heat treatment ienabsand/or in presence of the H
atmospheres, respectively. It is clear that thd lreatment of the sample at 300°C has not
any visible effect upon the nature and structurehef NWs. Figure 2.24 (main and inset)
shows that the length and the diameter of NWsassdime before and after heat treatment in
absence of Kl However, it is evident from Figure 2/2{main and inset) that there is visible
change in the nature and structure of the NWs. iBefiydrogen adsorption at 300°C, long
entangled wires could be seen (Figure B.Riket). To see the effect more clear, the demdity
the wires was kept low and the substrate surfanebeaseen clearly in the SEM images. The
length of the wires was in microns and the avermigeneter was about 26 nm. After heat
treatment in the presence of Htmosphere the longer wires broken apart into Ispiates
with an average length of 400 nm. The diametehefNWs increased sufficiently and falls in

the range of 40 nm to 50 nm. This indicates thatNiWs have been expanded in diameter.

Due to breaking down of the NWs into small pieces surface of the substrate is more
visible. Most of the broken NWs have ball like tgisboth the sides.

Figure 2.21.Selected area SEM images taken after heating theleaat 300°C without H
atmosphere (a), in presence of &aimosphere (b). The inset SEM images are beferd¢at

treatment and/or Hintroduction into the system
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The same procedure was followed at lower tempeaggfuhat is, at 200°C, 100°C and room
temperature. The analysis of the SEM images bedock after heat treatment at 200°C in
presence of Hatmosphere did not show any change in the strei@nd nature of the NWs
(Figure 2.22). The wires exist after hydrogen adsorption asevimfore. At 100°C and room
temperature, the situation is the same. The leagthdiameter of the NWs are intact despite
heating in the presence of hydrogen atmosphereD@tCl (Figure 2.2B main). At room
temperature the NWs were exposed todt 20 bars for 2 hours, however, the SEM image

(Figure 2.2b inset) reveals that nothing to be happened tstitueture of the wires.

Figure 2.22.SEM images of the heat treated samples in presghnde at 200°C (a) (inset is
before heat treatment), and at 100°C (b) (ins#taamage of the sample heat treat at 25°C in

presence of bj.
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2.4. Differential Scanning Calorimetry (DSC)

2.4.1. DSC measurements of Hydrogen Adsorption by Al/AlO; Composite
Nano-Wires (NWs)

Differential scanning calorimetry (DSC) has beerdufor the hydrogen adsorption study of
Al/Al ;03 composite NWs for a two fold purpose. One to gateecomparative results to that
obtained by the Siever's apparatus and second tdnggght into the mechanism of the
hydrogen adsorption. The results were obtained Up8& apparatus of TA instruments
which contains two pans, a reference pan and alsapgn. The sample as a thin film
deposited upon Al substrate was placed in a sapgteand the reference pan contained an
exactly the same amount of the substrate matehalt,is, Al. the sample was scanned in a
temperature range of 40-400°C as well as 40-200h€.pressure introduced was 20 bars and
the chamber was flushed with, Hbefore starting the experiment. Each experimeas w
repeated three times without tanking sample ouhefsample chamber. Figure 2.23 gives a
typical DSC spectrum obtained by measuring heat fletween the two pans as a function of
temperature. The system was heated at a rate &@/m@7 in a temperature range of 40-
400°C. The same process was repeated three timiés keleping the chamber closed. It is
observed that a reversible broad endothermic pppkas in the temperature range of ~55°C
to ~100°C with a minimum at ~70°C. At higher tengiare, that is, above 200°C a mixture
of endothermic and exothermic peaks are appeartéwbutiany reversibility. This results are
in good agreement with those obtained by using éiesvapparatus. The reproducibility in
the peaks upon repetition of the process at loeeperatures indicates that the adsorption
occurs due to non-dissociative adsorption mechathsiis physisorption of Hoccurs upon
the Al/Al,O3 composite NWs. At temperatures above 100°C ondpiggion occurs.
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Figure 2.23. DSC curves for Al/AJO; composite NWs measured at a heating rate of
10 °C/min in the temperature range of 40-400°C amdhitial hydrogen pressure of 20 bars.
The three different curves represent the successeasurements without opening the sample

chamber

To know more about the inside story, the process nepeatedly performed in a temperature
range of 40 to 200°C with a relatively lower hegtnate, that is, 5°C/min. The endothermic
peak appeared in the range of ~50°C to ~100°Cwvesohto two broad peaks with a minima
at ~70°C and ~90°C (Figure 2.24). The peak havingimum at ~70°C is sufficiently

broader and intense compared to the one havingmaimi at ~90°C. The endothermic peaks
appeared again and again by repeating the prodaist /wdicates that the reaction between

the H, molecules and the NWs is a reversible one.
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Figure 2.24. DSC curves for Al/AJO; composite NWs measured at a heating rate of
5 °C/min in the temperature range of 40-200°C amdn#ial hydrogen pressure of 20 bars.
The three different curves represent the successeasurements without opening the sample

chamber

To compare the results obtained from DSC analyzenguAl/Al,O; composite NWs as
adsorbent, HAIO material was used which has a comgtaucture like glass. The material
was scanned in a temperature range of 40-400°Chatting rate of 10°C/min. Figure 2.25
shows a DSC curve for HAIO material without haviagy peak. Since the structure and
nature of HAIO is such, where the chance for any gbreaction is limited. Some nominal
endothermic peaks appeared above 300°C which malédo the elimination of K since

HAIO material is highly unstable above 300°C arsbdciates upon heating (Eq. 2.8).

Temp. # 300°C
HAIO ———— 1/3 Al/ALOz + % H, (2.8)
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Figure 2.25.DSC curves for HAIO material measured at a heatattg of 10 °C/min in the
temperature range of 40-400°C and an initial hydrogressure of 20 bars. The three
different curves represent the successive measutsraehydrogen interaction with the same
sample without opening the sample chamber
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Discussion

Detailed results regarding the synthesis of mdw&erand the hydrogen adsorption are
presented in the previous section. In the followsegtion will be discussed some key aspects

of the experimental work and results obtainedghtliof highly related literature.

1. Hydrogen Adsorption by Al/Al,03; Composite Nano-Wires (NWs)

Highly porous Al/ALO3; Composite Nano-Wires (NWs) as thin film upon ardéss steel
substrate are prepared by the decomposition afitigde source precursor, JAl(OtBu)], in
a CVD chamber and the resulting NWs are used agesfial hydrogen adsorption material at

ambient conditions.

1.1. Al/Al,03 Composite Nano-Wires (NWs)

One dimensional Al/AO; NWs have been studied extensively by differenéaesher in our
research group. All have concluded that the changarameters have significant effect upon
the structure of the resulting NWs. The NWs havee cghell structure where the core is
composed of metallic Al and the shell is formedAdfO; ceramic. The XRD has confirmed
the presence of crystalline metallic Al in the NW&e alumina is amorphous which is given
by the wavy background signals in the XRD pattennthe wires. Since the temperature for
the production of NWs in this case is low (580°thgrefore, it is difficult to get crystalline
alumina. The same reason is also mentioned by @ks in his Ph. D thesis submitted to
the faculty of natural sciences of the Saarlandvehsity [75]. To get a clear picture of the
XRD and avoid the interferences from other metals, have deposited the NWs upon an
amorphous glass substrate. The resulting XRD patteatches well with the PDF file of Al
(PDF: 85-1327). The peak at 38° is assigned toAlfiEL1) lattice face everywhere [75] but
surprisingly E. Sow [61] has mentioned this peakdas to aluminum carbide. However,
Aktas [75] has reported in his Ph. D work for Al (11ajtice face and further confirmations
have been obtained from PDF file of Al (PDF: 85-132

The final structure of 1D NWs strictly depends uplbe deposition temperature and the flow
rate of the precursor. The effect of these paramefgon the resulting NWs has been studied
extensively by E. Sow [61] and latter by O. C. Akf@5]. The NWs for the present study has
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been obtained at decomposition temperature of 5&0fCthe precursor flow at 9.0 x 410
mbar pressure. These parameters were selectduefpréparation of the NWs because of two
main reasons; one, after repeated experimentese fparameters NWs have been obtained as
thin films with the reproducible diameter and pdiyws This means that the repeated
experiments give identical NWs each time. Secadmelthin film obtained has a highly porous
structure with strict composition of Al/ADs. It indicates that highly porous material can be
obtained in repeated experiments. The diameteh@fNWs falls in the range of 20-30nm
which was reproduced in the subsequent experimartde keeping the parameters
unchanged. The BET analysis performed for the detetion of specific surface area, pore
size distribution and pores volume gives 53.5%gm32.89 nm and 0.44 éfg, respectively.
The SSA can not be measured exactly as the mateusd be produced only as thin film. For
accurate and precise SSA determination the materat weigh above 250 mg which is quite
difficult to produce in this way. The Al/AI203 coragite nano-wires (NWs) obtained as thin
films upon steel substrates were haillymg. However, the pore size determined can pbrtra
the porosity of the material. The larger pore sidetermined for NWs confirms the high
porous nature of the NWs. Pore volume determinethig way, limited by the amount of
sample, is more than for the purified single walthon nano-tubes (SWCNTs ~0.398/g)
[73]. The NWs have core shell structure with Ale@and alumina shell. The metallic Al is in
the core which is evident from the TEM images alst previously determined by different
ways [61, 75]. The core shell nature of the A¥@4 composite nano-wires can be visualized

as is given in Figure 2.26.

Aluminium
Core

ALO,
Shell

Figure 2.26.Schematic representation of the core-shell AlDAlcomposite NWs
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1.2. Hydrogen Adsorption by Al/Al,03 Composite NWs

As seen in the previous section, the hydrogen atisorupon the Al/AJO; composite NWs

is significant. A maximum of 6.5(x0.2) wt.% of hydren has been taken by the AU/B4
composite NWs at ambient conditions. The resultsespond well to some of the earlier
reported literature. For example, the diameterhef Al/Al,O; composite NWs is in good
agreement to that of efficient hydrogen storageemsls. Dillonet. al [20] and Cheret. al
[23] reported SWCNTs and Li-doped CNTs having disane the range of 5-50 nm storing
10 wt% and 20 wt. % hydrogen at ambient conditioaspectively. The Al/AO; composite
NWs used in this study have diameter in the ranfg25e30 nm corresponding to that of
SWCNTs and CNTs. Apart from the diameter of the NWNe pore sizes are also comparable
to that of efficient hydrogen storage CNTs [23]mieans that the Al/AD; composite NWs

are highly suitable material for efficient and resible hydrogen storage.

The results obtained show sufficiently high amoohthydrogen uptake by the Al/AD;
composite NWs. The amount of hydrogen uptake byNNés increases with increasing
temperature upto 100°C and then decreases dréstigaio 300°C. A relatively similar
behaviour of hydrogen uptake by the Li-doped CNas been reported by Chen al [23].
Contrarily, the hydrogen adsorption by the A4 composite NWs is controlled by pure
physisorption mechanism which is evident from tighar amount of hydrogen uptake by the
NWs at 25°C. Approximately 4.8(x0.2) wt.% hydrogathsorption occurs on to the NWs at
25°C and 20 bar pressure which indicates that tts®ration occurs by physisorption. The
increasing hydrogen adsorption by the NWs witheasing temperature upto 100°C may be
due to the activation of the NWs with increasingperature. It is thought that the opening of
NWs occurs with increasing temperature. The opeafrthe nano-structure makes accessible
more surface area to the hydrogen molecules. Tieetedf temperature upon the hydrogen
uptake by the CNTs is previously reported [20]hdts been explained that the increasing
temperature ensures access to the interiors ofCthi€s and thus increase the amount of
hydrogen uptake by the CNTs with increasing tentpeea[20]. However, the increasing
amount of hydrogen uptake by the NWs with incregsémperature has a limit that is 100°C.
It is observed that above 100°C, the amount of dryelin adsorption decreases with increasing
temperature. It indicates that above 100°C, desorpmif hydrogen occurs. Chest. al [23]
showed that above 773 K, the desorption of hydrag=rurs by the Li-doped CNTSs. In the
results it is observed that the adsorption stupg@formed at 200°C and 300°C, the amount of
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hydrogen uptake drops drastically that is from maxn 6.5(+0.2) wt.% at 100°C and 20 bars
to 1.6(x0.2) wt.% at 300°C and 20 bars. It indisateat desorption of hydrogen starts above
100°C. The smaller amount of hydrogen adsorbedghieh temperature that is at 200°C and
300°C may be due to some chemical reactions oastimglthe process. However, the wt.%

amount determined by Sievert’s apparatus and thkspe the DSC spectra are insignificant.

The physisorption of hydrogen on to the AYBE composite NWs at temperature below
100°C and desorption above 100°C by the NWs wdewied by IR spectroscopy. The IR

spectra recorded immediately after hydrogen adsorptexperiments performed at

temperatures below 100°C does not show any newspmatept for broadening of the existing
O-H stretching vibration peak. It is also notewgrthat only the sample hydrogenated at
100°C shows broadening of O-H stretching vibrati@ak while the same peak for sample
hydrogenated at lower temperatures is unaffectadaly be due stronger interaction between

the hydrogen molecules and the materials at 100°C.

At temperature above 100°C, the adsorption gfugon the NWs is insignificant which
indicates that above 100°C, desorption of hydrogeweurs. Although some sort of
chemisorpion could not be ruled out and this is alear from the IR spectroscopy as well as
hydrogen adsorption isotherms. The hydrogen adsorjgotherms show smaller amount of
hydrogen adsorbed upon the NWs above 100°C that 200°C and 300°C. The IR spectra
recorded for the sample hydrogenated at 200°C 868G show extra peaks besides the O-H
stretching vibration peaks. These new peaks appehe range of 3500 chmto 3800 crit are
due to the free O-H vibrations. Apart from the agpace of new peaks, the Al-O vibration
peaks in the IR spectra of these samples narroweth.dThese observations indicate that the
alumina network ruptures and Al-O-H bonds form ihietr the hydrogen bonded oxygen is
not shared by two Al centres but instead by onlg Ahatom (Figure 2.27). This sharpens the
Al-O bonding peaks and also the free O-H bonds halveational peaks at higher energies
[76]. It is evident that the increasing temperatisreesponsible for splitting of Hmolecules
and making new bonds. One can conclude from thesdts that at higher temperatures that
are at 200°C and 300°C mostly desorption of hydnogecur except some chemical reaction

between the alumina and hydrogen.
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Figure 2.27.Pictorial representation of Hnteraction with the AlO; network above 100°C

indicated some sort of chemical reaction betweerAllnmina and hydrogen molecules

The results obtained from the Sievert's apparatali(netric process) are in good agreement
to that obtained from the differential scanningociahetry (DSC). The DSC curve in the range
of 40-400°C temperature can be divided into twaaeg, The region below 100°C in which a
broad but distinct endothermic peak appears andpti® 100°C temperature region. The
weak and broad peaks in the range of approxima@@hl00°C corresponds to that of
volumetric results giving highest amount of hydnogadsorption at 70°C and 100°C. The
peaks are weak and highly reproducible indicatingt the hydrogen adsorption is solely
controlled by physisorption mechanism. The appearaof the peak in the repeated
measurements of the same sample confirms alsogumngson as well as that the adsorption is
reversible. The hydrogen adsorbed physically upenAt/Al,O; composite NWs in the range
of 60-100°C and then desorbed upon heating abo@Cl@vhich is evident from the
downward movement of the DSC curve. The same effextrs in the second run and so on.
The energy needed for strong physisorption interastis sufficient to be detected as heat
flow between the two pans in DSC that is sample gad reference pan. However, it is
relatively low, which may be explained while coresicig some of the following reasons. The
first reason is the nature of the reaction. Asatisorption of hydrogen occurs upon the NWs
by purely physisorption mechanism which generatlyoives lower energies. Secondly, the
NWs are deposited upon the substrate which combstiseen the heat sensitive sample pan
and the material. Therefore, some of the heat medland/or taken in for a chemical process
will be dissipated during conduction between the@a and the heat sensitive pan. The third
reason may be the NWs itself. The NWs are bad adndwf heat and it is thought that the
physisorption occurs at the surface of the NWsrdfoee, the heat is not conducted properly.

The fourth reason may be the very small amounhefNWs which are obtained as thin film
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upon Al substrate. The deposited sample materiassthan 1 mg while the standard sample
used in DSC is about 10 mg for better and cleagsults. The smaller the amount of the

sample the lower the heat produced and/or relediseag the process.

Above 200°C the sharp peaks, both endothermic awmthermic, indicate dissociative
chemisorption where proper reactions take place fixture of peaks appeared due to a
chain of reactions occurred at different tempeeguiThis behavior of alumina has been
observed by Ehwald and Leibnitz, who have studiedhydrogen adsorption by the Pt®4
system [79]. However, the intensities of the peaks very smaller which show that the
chemical reactions occur above 100°C are insigmiti@and most of the hydrogen is desorbed

as gaseous H

1.3. Hydrogen Adsorption by Ni/AI203 Composite NPs

The hydrogen adsorption isotherms obtained for N4 composite nano-powders (NPs)
using Sievert's type apparatus show that the amotimtydrogen adsorbed increases with
increasing temperature. The adsorption of hydragemmom temperature is insignificant and
higher at higher temperatures. This is contradyctor the hydrogen adsorption isotherms
obtained for AlI/AbO3 composite nano-wires in which the hydrogen adsmmpat higher
temperatures is small. It indicates that the hydnogptake by the Ni/AD; composite NPs
occurs by chemisorption. This corresponds to thdieeareported systems in which the
hydrogen uptake is a result of pure chemisorpti@chanism. H. Ehwald and U. Leibnitz
reported Pt/AlO; composite material which adsorbs hydrogen by pcinemisorption
mechanism [77]. They concluded that the amountyoifrdgen adsorbed on to the P#B4
composite increases with increasing temperature fMiaterial used in this study that is
Ni/Al ;03 is comparable in composition and nature to thaAlRDs. The highest amount of
hydrogen adsorbed by Ni/&D; which is 2.9(x0.2) is comparable in value to tobPt/Al,O3
(~2.50 wt.%). Actually, the Ni nanoparticles dispsat in the alumina matrix facilitate the
breaking of H-H bond. The resulting atomic hydrogeduces the Al-O-Al bond forming a
new structure with Al-O-H bonds. To break therkirriage (the term used by Kubas [67]), at
first Ni (same is for the transition metals) malkesoordinating complex with Hmolecule
and then Ni dihydride complex (N#d This is followed by the transferring of H intbet
alumina network where it reacts and reduces the Abond (Figure 2.28). The same

mechanism was also concluded for the chemisorptibrhydrogen by Pt/AlDs;. Also,
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Ni/Al ;O3 is used as catalyst for reduction of unsaturatatle which involves activation of

the catalyst and then reduction of the unsaturatedis [70].

/N
A ' A & Transfer into the

N} ——— Ni‘ Al-O-Al network

H ‘ H \H_/

Figure 2.28.H, cleavage by the Ni dispersed in alumina matrix

Nidl) +

The IR spectra obtained after hydrogen adsorptamfiien this sort of reactions between the
hydrogen and the alumina. The other interestinggthive have observed in the IR spectra are
the appearance of new peaks which could be aseig@rO (1732crit), C-H (2927 crif)
stretching vibrations and C-H (1459 ¢nbending vibration. The C=0 vibration peak is
characteristic of the aldehydes. These observasbosv that some organic compounds are

formed during the hydrogenation process.
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Chapter 2.3: Experimental

1. Materials

1.1.  Al/Al,03 Composite Nano-Wires (NWs)

1.1.1.  Synthesis of Precursor, [HAI(O'Bu)].

The single source precursor, Jd(O'Bu)l, was synthesized according to the procedure
reported in literature [62]. 4.554 g (120mmol) aRlH 4, was dissolved in diethylether in a
two neck flask. 5.334 g (40mmol) of Algdlissolved in diethylether under cooling (liquid)N
was added drop by drop into the above solutionerAfitirring for one hour, 11.859g
(160mmol) oftert-butanol was slowly and carefully dropped and ettofuof hydrogen was
observed. The whole reaction mixture was stirrechfether four hours for completion of the
reaction. LiCl precipitated out of the mixture amds filtered off. The volatiles (mostly
solvent) were removed by applying low pressure @mtlensed in a cold trap. The precursor
was obtained as white powder and purified by sudiiom at room temperature and lower
pressure. The vyield was quite satisfactory (93%)e Tpure bigert-butoxy)aluminium
dihydride was characterized b\H, '°C, IR spectroscopy. Elemental composition was
determined by CHN analyzer. The results collectedim good agreement with the reported
literature [62].

HNMR (CeDe): & (ppm) = 1.21(s, 18H, -CHi 4.44 (s, 4H, AlH); *°C (CsDe): & (ppm) =
76.43 (2C, €(CHs)), 30.36 (6C, -Ch); IR (solid): v = 1845cnt; elemental composition
(H22CgO2Al,) = found (calc.): C 47.02 (47.00), H 10.65 (10.86)

1.1.2.  Deposition of Al/Al,O3 Composite NWs

Al/Al ;03 Composite NWs were prepared in a cold wall CVDcrea(Figure 1) [63]. The
home made CVD device is composed of interconnguéets having different functions. The
substrate upon which the NWs deposition occurreghlazed in a graphite holder. The

graphite block works as a support as well as aoumitheating source for the substrate which
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is heated by inductive heating coil coupled witgthfrequency generator. The temperature of
the graphite holder is controlled by using an eie¢emperature controller connected to each
other by a thermocouple. The precursor is sublilmggroducing vacuum inside the reactor
tube connected at one side to the precursor flagkaa other with the mechanical vacuum
pump. The stream of the sublimed precursor is tite®ver the heated substrate under
dynamic vacuum and the decomposition of precurstkes place. As a result of
decomposition of the precursor, Al4&l; Composite NWs deposits over the substrate making
a thin film and the volatiles byproducts were fledraway with the help of vacuum pump. To
save the pump from the corrosive effect of the tlel organic byproducts and gases
produced during the decomposition of the precuraarpld trap (liquid ) was installed in
the line before pump which traps all the gases amgéhnic volatiles. The precursor flow
control is important for the structure and morplggi@f the resulting thin films; therefore, it
is monitored continuously using a pressure transdudth a reading of base pressure up to
2.0 x 10°mbar. The precursor is placed in round bottom flaith a manually controlled on-
off valve. Schematic diagram of the cold wall CEactor is given in the Figure 2.29.

=i

Thermocouple

Pressure
Gange

(raphate
Hoalder

- - Controle Col Precmism
Unat Flask

Indunenve Heating

Figure 2.29.Drawing of a typical cold wall CVD reactor used foeposition of Al/A}Os
Composite NWs at 580°C and precursor flow mainthiae9.0 x 18mbar pressure.
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Before the deposition of Al/AD; Composite NWs upon a heated substrate, the CV@area
was evacuated with a base pressure of 2.0%milflar and flushed three times with.N'he
process was optimized for highly porous thin fillmsving NWs of diameter not more than
30nm. The decomposition temperature of the precwgon the substrate was 580°C and the
precursor flow was maintained at 9.0 X“¥fibar pressure with an average deposition time of
20 minutes. The flow of precursor was maintainedcuadly using an on-off valve keeping an
eye on the pressure read out unit. After depositibthe NWs, the heating was terminated
and the system was let to cool. The coated substmere removed and kept in a clean box

for further use.

1.2.  Synthesis of Ni /A}JO3; Composite Nano-Powder

The same CVD reactor discussed above was used tetteemraphite holder which was
modified according to the nature of the coatinge T™i/Al,O; nano-composite powder was
prepared by the decomposition of Ni(acamder a steady stream of AO'Bu], precursor.
The exact reaction mechanism and the resultingtstonetries of the products are not known
but the process gives Ni/AD; nano-composite powder and the byproducts which are
hydrogen and organic gases (Eq. 2.9). The byprediugh away as the system is connected

to a dynamic vacuum.
Ni(acac) + [H.Al(O'Bu)]l, ——» Ni/AlO3; + nH, + Organic gases (2.9)

Ni(acac) was taken in a specially designed cuvette (FigQu8®) which was inserted into a
graphite block. The graphite block possesses adfdlee same size as that of cuvette which
fits well into the hole to ensure efficient heahdaction. The cuvette was filled up with 0.5 g
of Ni(acac) and was placed inside the graphite block which wmasrted into the CVD
chamber. The system was initially heated up to €28hd then was exposed to a steady
stream of the precursor, JBI(O'Bu)], by applying vacuum. The precursor flow was
maintained at 2.0 x I®mbar pressure and was continued for 15 minutesn Tthe
temperature was increased up to 580°C and the npe@ctiow was continued for another 10
minutes. After 10 minutes, the precursor flow wascantinued while the heating was
continued for another 5 minutes to ensure commglet®mposition of the reactants. Then the
reactor was allowed to cool to room temperaturefaradly demounted to remove the sample.

The resulting fine powder was analyzed by XRD, SHMM and IR spectroscopy and was
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confirmed as biphasic Ni/AD; nano-composite material. The material was stabtrigh at
ambient conditions and after keeping for severadkgeunder open atmosphere, no evidence

of the reaction with the atmospheric oxygen or uweshas been found.

Hole Inside
Graphite Block

Cuvette
(Made of Glass)

v

Ni(acac), Powder
inside Cuvette

Insertion of Cuvette
into Graphite Block

Graphite Block

Figure 2.30.Schematic representation of the specially designeette containing Ni(acac)
powder inserted into a graphite block which wastipéaced in CVD chamber to expose

Ni(acac) powder to a steady stream ofL,(O'Bu)]»

2. Methods

The H adsorption by Al/AJOz; and Ni/ALOswas carried out using Sievert’s apparatus. For
comparison purposes, differential scanning calamyn@®SC) was performed upon the NWs.
The results obtained at two different techniquessve®mpared. The following sections will

cover the essential parts of the experimental ghaes of the Bladsorption studies.

2.1. Sievert's Apparatus

An efficient hydrogen storage material is importanf course, but the measurements

methods, to be simple and reliable, are vital foe tydrogen fuel economy. The most
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common techniques in use are volumetric and gravicng’8] where the former deals with
the changing volume inside the system and therlattth the mass of the material. The
volumetric technique has the advantage over theirgedric technique of higher accuracy.
Since, the measurement of larger changes in peessweasy compared to the smaller mass
changes. As hydrogen is the lightest of all theegasherefore, this advantage is more
prominent when dealing with it. Sievert’'s apparatualso more attractive due to its low cost,
portability and simplicity. Besides these it iswamsally accepted as accurate technique.

A schematic diagram of the apparatus is presemtédgure 2.31. All components of this set
up possess VCR connections. It is made of two Istssnsteel chambers of calibrated
volumes, the sample chamber, SG¢¥ 5.2926cm), and the reservoir chamber, RCrA~
21.1195cm), on-off valves(manual), pressure gauge and #@eH@serted so that it heats
directly the sample). RC is connected to the gafidsoand the sample chamber through
manually controlled on-off valves. The sample iated directly by a heater inserted into the
sample chamber cell and the temperature is moditoyea K-type thermocouple connected to
a temperature control display unit. The sample lmareated up to 600K (but actually used
only up to 573.15K). The pressure inside the reseris measured using a membrane
pressure transducer with a sensitivity of 0.1mHad & 10°bar) in the range of 1 bar to 40
bars. The system can be evacuated to a base medsix10° mbar with a turbo molecular
pump connected to a mechanical pump. During theeraxental run, data acquisition is
performed by personal computer. The home-made aoftwcquires the sample pressure in
RC, Rkc, as a function of time. A schematic diagram of S@resented in Figure 2.32 where
the all metal sealing is ensured by a Cu gasket.sEmple, typically in the form of a thin film
upon a metal substrate, is contained in a sampgehof approximately 10mm diameter
excavated in the sample chamber. Heating jackeb&as used to maintain the temperature in

the RC while the SC chamber was thermally isolatdg insulating cover.
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Figure 2.31. Schematic diagram of the Sievert's type apparatifs. vacuum pump; SC, sample

chamber; RC, reservoir chamber;, V,, Vs and V4, manually operated on-off valves

Figure 2.32.Schematic diagram of SC: the Cu gasket is usedgare sealing of the all metal

contacts
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Before starting the measurements, the apparatugestedd for any possible leaks. The leak
test was carried out using helium leak tester withase pressure of 1.0 x°tbar. It was

proved that there is no leak in the system.

In the next step the apparatus was calibrated, fiith a well know alloy and then with sea
sand. Misch metal alloy with a general formula, MigWNas used where Mm stands for misch
metals, which are La, Ce, Nd, and Pr [79]. The aositppn of the alloy was determined by
powder XRD. Prior to hydrogen adsorption and XRDasweements the alloy was grinded
into nano-meter level scale particle by high endsglf milling. The X-ray diffractogram of

the alloy is given in Figure 2.33.
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Figure 2.33. Powder X-ray diffractogram of the misch metal alleymNis ({La, Ce, Nd,
Pr}Nis)

125.22mg of MmNj was loaded into the sample chamber and degass@dhiours at 105°C
and 1.0 x 18mbar pressure. The hydrogen adsorption was castiedt 50°C and 20 bars of
hydrogen pressure. The wt.% adsorbed by the alogdependent of the amount of sample
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and a storage capacity of 1.60(x0.20) wt.% wasiobth This amount of hydrogen stored at

MmNis alloy is comparable to the reported (~1.40 wt.78-80].

Sea sand was used as calibration material followimgstablished literature procedure [84].
Since sea sand is a non-porous material and daeadsorb gases. A measured mass of
sample was placed in the sample chamber and the \mdtween the two chambers was
closed. The sample was degassed at 105°C for twns fad a base pressure of 1.0 Xrhbar

to remove traces of moisture or other adsorb gaégsesent. The RC was filled with a
desired pressure,oPof He gas and allowed to stay for 15 minutes evlcibsing the valve
towards the gas bottle. Then the gas was relaxedhe SC by slowly opening the valve. The
drop in pressure, P, in the RC was monitored byptkssure transducer connected to PC. The
system was allowed to establish equilibrium for hinutes. The same procedure was
repeated for all the sand samples and the rati®swere calculated. A linear curve has been

obtained by plotting #P against the volume of the samples (Figure 2.34).
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Figure 2.34.Calibration curve of the Sievert's apparatus preduby plotting ratiod?y/P against
volumes of different sea sand samples
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Once the apparatus has been tested for any poksalie and calibrated with different standardspthe

the hydrogen adsorption processes could be cayuedith accuracy and reliability.

3. Experimental Procedures

3.1. Sample Preparation and H Adsorption using Sievert’'s Apparatus

To achieve accurate and reliable results one hesrtsider some specific problems connected
to adsorption analysis. The gases should be asgsupossible since the presence of other
gases can compete for adsorption as the adsorptamess is not only hydrogen selective.
The presence of other gases in hydrogen coulddat® serious errors into the final results.
Therefore, the gases used in this study, theelaim and hydrogen were of purity higher than

99.9999%. To avoid moisture the gases were pabseulgh an efficient desiccant.

The samples prepared in the cold wall CVD reacsothan film upon metallic substrate have

been used as such without pre-treatment. The sangdeplaced in the sample chamber and
the chamber was closed. The all metal sealing wadenteak proof using a cupper gasket.
Prior to the measurements the experimental senalpding the sample holder containing the
sample was out-gassed for 12 hours at 150°C undttarhigh vacuum(UHV) conditions with

a base pressure of 1.0 x®fbar. This UHV conditions ensures the removal badbsorbed

gases upon the NWs and moisture, if present.

Previously the hydrogen uptake calculations invahe volume as well as the density of the
sample. These methods have serious limitations, ef@mple involvement of complex
calculations, lack of precise and accurate volueterdghination techniques etc. But apart from
all the above limitations the main drawback is #usorption of the gas (hormally,Nused
for the determination of volume of the porous mateirhe gas could adsorb into the pores of
the sample material which is always consideredetméglected. Infact, the exact volume of
the porous material is seriously affected by thsogation of the gas used in volume
measurements. This error at the volume determimgii@cess could be reproduced in the

final results.
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We have developed and tested a new method forefeerdination of the amount of hydrogen
adsorbed by the sample material. First the amolHiedaransferred from the RC into the SC
was calculated. Hgas was introduced into the RC by openingWiile closing \4 up to the
desired pressure (4-20bar). Closingavid monitoring the pressure in the RC by the pressu
transducer, Ywas opened to relax the gas into the SC and maedaihe system for 30
minutes to achieve the equilibrium. The amount eftkansferred was determined using the
ideal gas equation (eq. 2.10)

PV
n=
Z(P, T)RT

(2.10)

Where n is the number of moles, P is the pres8ure volume, R is the ideal gas constant, T
is the temperature and Z is the compressibilitydiaerhich can be expressed by the following
equation (eq. 2.11) [73].

Z = [1.000547 - (6.07 x 10.T] + [0.000912 - (1.0653 x 19.P]
+ [(7.373407 - 0.0901.T) x 10.P? (2.11)

Once the number of moles of He were determined thensame process was repeated for
hydrogen too. The numbers of moles of the He in@&@ deduced from the number of moles
of hydrogen in SC and the numbers of moles adsovbext calculated. The amount of
hydrogen adsorbed was expressed as wt.% and daltwalecording to the following equation
(eq. 2.12).

—%_ %100 212

my., + mg

wt. % =

Wheremy,_is the mass of padsorbed and gis the amount of the sample. The adsorption
isotherms were obtained by plotting wt.% againstgerature and pressure.
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4.  Sample Preparation and H Adsorption using Differential Scanning Calorimetry
(DSC)

Q1000 differential scanning calorimeter of TA instrents equipped with a gas pressure
chamber was used for DSC analysis. A sketch altsmgut put is given in Figure 2.35.
Monitoring the heat flow to the sample as compadcethat to the reference allows detecting
reactions of the solid sample with gaseous hydrqg&82]. The chamber is composed of a
heating source which heats the two pans uniforifihe two pans are a reference pan and a
sample pan and connected through a low resistagaeflow path which is normally a disc.
The sample is placed in the sample pan and thascelbsed tightly. Hydrogen is introduced
into the chamber and any sort of reaction betwéengas and the sample results into an
intake and/or release of heat by the sample. Thidtneg equilibrium between the two pans is
established by the in- and/or out-flow of heat frihra sample pan. This heat flow is measured
as a function of temperature. The flow of heat it® sample pan as a result of any chemical
activity gives a negative peak in the curve of Heay against temperature and the process is
termed as endothermic. The release of heat byaimple pan gives a positive peak and the

reaction is exothermic.
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Figure 2.35.A typical DSC chamber with sample pan, s; referguene, R; single heater and
heat flow disc (a); an arbitrary DSC curve of hidav as a function of temperature showing
endothermic and exothermic peaks (b).
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The sample was prepared by making a thin film o‘NﬁéD?,composite NWs upon a 4mm

diameter circular metal substrate in a cold wallBCkéactor. The sample was placed in a
sample pan made from thin walled aluminum. Theregfee aluminum pan includes the

substrate material, an aluminum discs to eliminbgeeffect of the substrate. The masses of
the sample and reference discs were comparablecfdmaber was closed after placing the
sample in the sample pan and purged with hydrogéme heat flow as a function of

temperature was measured at different pressurdmi(2@0bar and 65bar) and temperature
ranges (40-400°C and 40-200°C). The samples watethet a heating rate of 10°C/min and
5°C/min as per requirements. In general the samedeature program was rerun three times

without opening the sample chamber.
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Conclusion

Highly porous AI/AbOs; composite nano-wires have been synthesized asfithin
upon a metallic substrate in cold walled CVD reactdighly suitable NWs for
hydrogen adsorption have been obtained at 580°®dsature and 9.0 x FOmbar
pressure.

The NWs have a highly porous structure which cawiée&ed in the SEM images. The
total pore volume of the NWs is 53.55/mand average pore size is approximately
32.89 nm.

The pressure-temperature isotherms were obtaineddnye made Sievert's type
apparatus which was caliberated with well knownrbgén storage materials as well
as sea sand (S

The hydrogen adsorption isotherms give a maximuB(+6.2) wt.% hydrogen
adsorbed by the Al/AD; NWs. It is concluded that the wt.% hydrogen adsompt
strongly depends upon the temperature. However,atteorption mechanisms are
different in different temperature ranges. The wh¥grogen adsorption increases
with the increasing temperature in the range of®2%00°C and then decrease up to
300°C. The experimental evidences show that therptisn is governed by pure
physisorption mechanism in the temperature range2®f100°C. Above 100°C,
desorption of hydrogen occurs with an insignificantount of hydrogen adsorbed by
chemisorption. The results obtained from two ddfar instruments, Sievert's
apparatus and DSC are in good agreement.

Ni/Al,0O3 composite NPs have been prepared by a novel caemgaction in cold
wall CVD reactor. It contains a biphasic naturehahli nano-particles dispersed in the
Al,O3 matrix. The average size of the Ni particles itowe20 nm. The hydrogen
adsorption studies were performed upon Sievertfse tgpparatus. The amount of
hydrogen adsorbed upon the NPs increases with nbeedsing temperature and
pressure. The highest amount of hydrogen adsorped the NPs is approximately
2.9(x0.2) wt.%. The adsorption at lower temperatgrensignificant while at higher

temperature it occurs by chemisorption.

Finally the results show that a novel material fydrogen adsorption has been
developed in the form of Al/AD; composite NWs which can store a fair amount of

hydrogen at ambient conditions.
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Index | (Crystallographic Data)

Compound 1

Table 1 Atomic coordinates ( x fb and equivalent isotropic displacement parame(v&?x 103) for sh2840.

U(eq) is defined as one third of the trace ofdhitogonalized i tensor.

X y z U(eq)
Al(1) 1356(1) 7500 987(1) 18(1)
Al(2) 3731(1) 6619(1) 1542(1) 17(1)
Al(3) 3639(1) 7500 -109(2) 16(1)
Al(4) 6233(1) 7500 2673(1) 21(1)
0(1) 3451(3) 7500 1248(2) 16(1)
0(2) 1813(2) 6716(1) 1586(1) 20(1)
0(@3) 4204(2) 6676(1) 305(1) 19(1)
0(4) 1654(3) 7500 -308(2) 20(1)
0(5) 5083(2) 6810(1) 2703(1) 21(2)
C(1) 807(3) 6262(1) 1847(2) 24(1)
C(2) 435(3) 5744(2) 1057(2) 30(1)
C(3) -590(4) 5263(2) 1345(2) 40(1)
C(4) -2(4) 4981(2) 2377(2) 36(1)
C(5) 362(3) 5503(2) 3157(2) 32(1)
C(6) 1410(3) 5981(2) 2873(2) 28(1)
C(7) 4696(3) 6158(1) -227(2) 20(1)
C(8) 6171(3) 6301(1) -407(2) 27(1)
C(9) 6682(3) 5744(2) -961(2) 30(1)
C(10) 5631(3) 5613(1) -1943(2) 30(2)
C(11) 4149(3) 5475(2) -1763(2) 31(2)
C(12) 3622(3) 6013(1) -1186(2) 27(1)
C(13) 665(4) 7500 -1280(3) 23(1)
C(14) -251(3) 6905(1) -1414(2) 29(1)
C(15) -1260(4) 6904(2) -2456(2) 36(1)
C(16) -2190(5) 7500 -2617(3) 38(1)
c(17) 5365(3) 6326(1) 3489(2) 22(1)
C(18) 6769(3) 5997(1) 3535(2) 26(1)
C(19) 6987(4) 5470(2) 4323(2) 34(1)
C(20) 6864(4) 5726(2) 5338(2) 42(1)
C(21) 5463(4) 6077(2) 5275(2) 43(1)
C(22) 5257(4) 6605(2) 4489(2) 32(2)
Table 2 Bond lengths [A] and angles [°] for sh2840.
Al(1)-O(2)#1 1.8452(18) Al(3)-Al(2)#1 2.9039(11) C(8)-C(9) 1.529(4)
Al(1)-0(2) 1.8452(18) Al(4)-0(5) 1.823(2) C(9)-C(10) 1.516(4)
Al(1)-0(4) 1.855(3) Al(4)-0O(5)#1 1.823(2) C(10)-C(11) 1.521(4)
Al(1)-0(2) 1.959(3) O(1)-Al(2)#1 1.8955(9) C(11)-C(12) 1.525(4)
Al(1)-Al(2)#1 2.8980(12) 0(2)-C(2) 1.454(3) C(13)-C(14) 1.512(4)
Al(1)-Al(2)  2.8980(12) 0(3)-C(7) 1.443(3) C(13)-C(14)#1 1.512(4)
Al(1)-Al(3)  2.9110(16) 0(4)-C(13) 1.454(4) C(14)-C(15) 1.536(4)
Al(2)-0(3) 1.8498(19) 0O(5)-C(17) 1.461(3) C(15)-C(16) 1.521(4)
Al(2)-0(5) 1.859(2) C(1)-C(6) 1.515(4) C(16)-C(15)#1 1.521(4)
Al(2)-0(2) 1.863(2) C(1)-C(2) 1.516(4) C(17)-C(18) 1.501(4)
Al(2)-0(1) 1.8955(9) C(2)-C(3) 1.520(4) C(17)-C(22) 1.513(4)
Al(2)-Al(3)  2.9039(11) C(3)-C(4) 1.520(4) C(18)-C(19) 1.524(4)
Al(3)-0(4) 1.861(3) C(4)-C(5) 1.515(5) C(19)-C(20) 1.517(5)
Al(3)-O(3)#1 1.8612(18) C(5)-C(6) 1.527(4) C(20)-C(21) 1.516(5)
Al(3)-0(3) 1.8612(18) C(7)-C(12) 1.510(4) C(21)-C(22) 1.525(4)
Al(3)-0(2) 1.905(3) C(7)-C(8) 1.517(4)
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O(2)#1-Al(1)-0(2)
O(2)#1-Al(1)-O(4)
0(2)-Al(1)-0(4)

O(2)#1-Al(1)-0(1)
0(2)-Al(1)-0(1)  77.62(7)
O(4)-Al(1)-0(1) 78.92(1)
O(2)#1-Al(1)-Al(2)#1 38.81(6)
0(2)-Al(1)-Al(Q)# 1 110.77(7)
O(4)-Al(1)-Al(Q)#1  88.49(7)
O(1)-Al(1)-AlQ)#1  40.43(2)

125.77(1)
110.71(7)
110.71(7)
77.62(7)

O(2)#1-Al(1)-Al(2) 110.77(7)
0(2)-Al(1)-Al(2) ~ 38.81(6)
O(4)-Al(1)-Al(2)  88.49(7)
O(1)-Al(1)-Al(2)  40.43(2)
AlR)#1-Al(1)-Al(2) 79.12(4)
O(2)#1-Al(1)-Al(3)  95.61(7)
0(2)-Al(1)-Al(3)  95.61(7)
O(4)-Al(1)-Al(3)  38.50(8)
O(1)-Al(1)-Al(3)  40.42(7)
Al(2)#1-Al(1)-Al(3) 59.99(3)
Al(2)-Al(1)-AI(3) ~ 59.99(3)
O(3)-Al(2)-0(5)  120.27(9)
0(3)-Al(2)-0(2)  117.70(9)
O(5)-Al(2)-0(2)  117.04(9)
0(3)-Al(2)-0(1) 78.19(9)
0(5)-Al(2)-0(1) 90.66(1)
0(2)-Al(2)-0(1)  78.82(1)
O(3)-Al(2)-Al(1)  93.18(6)
O(5)-Al(2)-Al(1)  116.47(7)
0(2)-Al(2)-Al(1)  38.38(6)
O(1)-Al(2)-Al(1)  42.09(8)
O(3)-Al(2)-Al(3)  38.65(6)
O(5)-Al(2)-Al(3)  115.14(7)
O(2)-Al(2)-Al(3)  95.44(7)
O(1)-Al(2)-Al(3)  40.29(7)
Al(1)-Al(2)-Al(3)  60.23(3)

O(4)-Al(3)-O(3)#1
O(4)-Al(3)-0(3)

O(3)#1-Al(3)-0(3)
O(4)-Al(3)-0(1)

O(3)#1-Al(3)-0(1)
O(3)-Al(3)-0(1)  77.68(7)
O(4)-Al(3)-AlQ#1  88.21(7)
O(3)#1-Al(3)-Al(2)#1 38.37(6)
O(3)-Al(3)-AlQ#1 113.32(7)
O(1)-Al(3)-Al(2)# 1 40.05(2)
O(4)-Al(3)-Al(2) 88.21(7)
O(3)#1-Al(3)-Al(2) 113.32(7)

105.29(7)
105.29(7)
136.33(1)
80.19(11)
77.68(7)

O(3)-Al(3)-Al(2) ~ 38.37(6)
O(1)-Al(3)-Al(2)  40.05(2)
Al(2)#1-Al(3)-Al(2) 78.93(4)
O(4)-Al(3)-Al(1)  38.37(8)
O(3)#1-AI(3)-Al(1) 92.52(7)
O(3)-AI(3)-Al(1)  92.52(7)
O(1)-AI(3)-Al(1)  41.82(8)
Al(2)#1-AI(3)-Al(1) 59.78(3)
Al(2)-Al(3)-Al(1)  59.78(3)

O(5)-Al(4)-O(5)# 1 104.89(13)
Al(2)#1-O(1)-Al(2) 153.66(15)
Al(2)#1-O(1)-Al(3) 99.65(8)
Al(2)-O(1)-Al(3) ~ 99.65(8)
Al(2)#1-O(1)-Al(1) 97.48(8)

Al(2)-O(1)-Al(1)  97.48(8)
AI(3)-0(1)-Al(1)  97.76(12)
C(1)-0(2)-Al(1)  125.98(17)
C(1)-0(2)-Al(2)  130.38(16)
Al(1)-0(2)-Al(2)  102.81(9)
C(7)-0(3)-Al(2)  125.92(15)
C(7)-0(3)-Al(3)  130.54(16)
Al(2)-0(3)-Al(3)  102.99(9)
C(13)-0(4)-Al(1)  131.9(2)
C(13)-0(4)-Al(3)  124.9(2)

Symmetry transformations used to generate equitvatems: #1 x,-y+3/2,z

Al(1)-O(4)-Al(3)
C(17)-0(5)-Al(4)
C(17)-0(5)-Al(2)
Al(4)-0(5)-Al(2)
0O(2)-C(1)-C(6)
0(2)-C(1)-C(2)
C(6)-C(1)-C(2)
C(1)-C(2)-C(3)
C(2)-C(3)-C(4)
C(5)-C(4)-C(3)
C(4)-C(5)-C(6)
C(1)-C(6)-C(5)
O(3)-C(7)-C(12)
O(3)-C(7)-C(8)
C(12)-C(7)-C(8)
C(7)-C(8)-C(9)
C(10)-C(9)-C(8)
C(9)-C(10)-C(11)
C(10)-C(11)-C(12)
C(7)-C(12)-C(11)
0O(4)-C(13)-C(14)

103.14(1)
123.58(16)
117.47(16)
117.49(1)
110.1(2)
111.0(2)
111.5(2)
110.7(3)
111.8(3)
110.7(3)
110.9(2)
110.6(2)
110.8(2)
110.7(2)
112.3(2)
110.0(2)
110.9(2)
110.6(2)
111.8(2)
111.1(2)
110.8(2)

O(4)-C(13)-C(14)#1 110.8(2)
C(14)-C(13)-C(14)#1 111.0(3)

C(13)-C(14)-C(15)
C(16)-C(15)-C(14)

C(15)#1-C(16)-C(15)

0(5)-C(17)-C(18)

0(5)-C(17)-C(22)

C(18)-C(17)-C(22)
C(17)-C(18)-C(19)
C(20)-C(19)-C(18)
C(21)-C(20)-C(19)
C(20)-C(21)-C(22)
C(17)-C(22)-C(21)

110.1(3)
111.3(3)
110.3(4)
111.6(2)
111.0(2)
112.2(2)
110.1(2)
111.5(3)
111.5(3)
111.5(3)
109.5(3)

Table 3. Anisotropic displacement parameter52£A103) for sh2840. The anisotropic displacement factor
exponent takes the form: H@[ h2 a*2ull+ . + 2 hka* b* Gz]

ull U22 U33 U23 U13 ul2
Al(1) 19(1) 15(1) 20(1) 0 4(1) 0
Al(2) 19(1) 14(1) 17(1) 1(1) 4(1) 0(1)
Al(3) 21(1) 12(1) 16(1) 0 4(1) 0
Al(4) 19(1) 19(1) 25(1) 0 3(1) 0
o(1) 18(1) 14(1) 15(1) 0 2(1) 0
0(2) 21(1) 16(1) 26(1) 3(1) 7(1) -2(1)
0(3) 26(1) 13(1) 19(1) -1(1) 6(1) 3(1)
0(4) 20(1) 20(1) 16(1) 0 -1(1) 0
o(5) 22(1) 18(1) 20(1) 4(1) 0(1) 0(1)
c@) 23(1) 18(1) 31(2) 6(1) 8(1) -4(1)
c(2) 35(2) 28(2) 24(2) 6(1) -1(1) -11(1)
c@3) 41(2) 37(2) 38(2) 3(2) -3(2) -21(2)
C(4) 35(2) 28(2) 46(2) 11(2) 8(2) -10(1)
C(5) 29(2) 37(2) 32(2) 13(1) 13(1) -1(1)
C(6) 30(2) 31(2) 24(1) 3(1) 8(1) -7(1)
c(7) 29(2) 13(1) 20(1) -1(1) 8(1) 3(1)
C(8) 22(1) 26(2) 30(2) -6(1) 3(1) 3(1)



C(9) 27(2) 30(2) 35(2) -3(1) 12(1) 6(1)

C(10) 45(2) 21(2) 26(2) -4(1) 13(1) 7(1)
C(11) 38(2) 22(2) 30(2) -8(1) 1(1) 1(1)
C(12) 28(2) 21(2) 32(2) -8(1) 3(1) -1(1)
C(13) 20(2) 26(2) 18(2) 0 -4(2) 0
C(14) 33(2) 23(2) 25(2) -2(1) -4(1) -3(1)
C(15) 38(2) 35(2) 29(2) -5(1) -4(1) 7(2)
C(16) 29(2) 51(3) 28(2) 0 -9(2) 0
C(17) 24(1) 20(1) 19(1) 8(1) 0(1) 1(1)
C(18) 28(2) 23(2) 25(1) 2(1) 3(1) 4(1)
C(19) 37(2) 29(2) 35(2) 12(1) 3(1) 8(1)
C(20) 53(2) 40(2) 28(2) 13(2) -1(2) 10(2)
C(21) 62(2) 44(2) 24(2) 12(2) 15(2) 11(2)
C(22) 42(2) 31(2) 25(2) 6(1) 10(1) 10(1)

Table 4. Hydrogen coordinates ( x _ALI)and isotropic displacement parametergx(/lo 3) for sh2840.

X y z U(eq)

H(1) -260(50) 7500 860(30) 35(13)
H(2) 3920(30) 5906(16) 1670(20) 32(9)
H(3) 3980(40) 7500 -1150(30) 23(11)
H(5) 7410(50) 7500 3610(30) 37(13)
H(4) 6660(50) 7500 1650(30) 37(13)
H(1A) -92 6496 1875 28
H(2A) 1320 5524 983 37
H(2B) -11 5940 405 37
H(3A) -767 4915 844 48
H(3B) -1516 5474 1340 48
H(4A) -722 4691 2557 44
H(4B) 867 4728 2365 44
H(5A) 792 5311 3815 38
H(5B) -524 5728 3216 38
H(6A) 1599 6328 3376 33
H(6B) 2329 5765 2873 33
H(7) 4778 5770 208 24
H(8A) 6853 6369 242 32
H(8B) 6136 6695 -809 32
H(9A) 7632 5847 -1095 36
H(9B) 6786 5358 -536 36
H(10A) 5965 5242 -2278 36
H(10B) 5585 5987 -2390 36
H(11A) 4176 5072 -1381 37
H(11B) 3468 5418 -2415 37
H(12A) 3459 6401 -1608 33
H(12B) 2699 5889 -1028 33
H(13) 1241 7500 -1807 27
H(14A) -820 6890 -892 34
H(14B) 369 6523 -1339 34
H(15A) -688 6883 -2975 43
H(15B) -1880 6522 -2525 43
H(16A) -2786 7500 -3307 46
H(16B) -2836 7500 -2144 46
H(17) 4598 5995 3312 26
H(18A) 7559 6310 3705 31
H(18B) 6785 5811 2873 31
H(19A) 6260 5133 4110 41
H(19B) 7944 5277 4379 41
H(20A) 6928 5367 5816 50
H(20B) 7672 6020 5593 50
H(21A) 5450 6265 5937 51
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H(21B) 4660 5771 5105 51

H(22A) 4308 6806 4433 39

H(22B) 6000 6937 4692 39
Compound 2

Table 1 Atomic coordinates ( x fb and equivalent isotropic displacement parame(v&?x 103) for sh2860.
U(eq) is defined as one third of the trace ofattogonalized U tensor.

X y z U(eq)
Al(1) 4229(1) 6091(1) 5043(1) 10(1)
Al(2) 5584(1) 8853(1) 5194(1) 13(1)
Al(3) 1464(1) 6113(1) 5402(1) 12(1)
0(1) 4024(1) 4172(1) 4188(1) 11(1)
0(2) 4785(1) 9369(1) 4036(1) 15(1)
0(@3) -475(1) 5606(1) 4439(1) 13(1)
C(1) 3149(1) 3219(1) 3064(1) 13(1)
C(2) 1455(1) 2792(1) 2982(1) 20(2)
C(3) 566(1) 1716(2) 1804(1) 30(1)
C(4) 916(2) 2363(2) 920(1) 33(2)
C(5) 2627(2) 2837(2) 1029(1) 31(2)
C(6) 3511(1) 3911(1) 2210(1) 24(1)
C(7) 4510(1) 8562(1) 2850(1) 15(1)
C(8) 2811(1) 7883(1) 2315(1) 23(2)
C(9) 2487(2) 7021(2) 1065(1) 29(1)
C(10) 3215(2) 7981(2) 466(1) 30(2)
C(11) 4925(2) 8647(2) 1013(2) 27(1)
C(12) 5237(1) 9541(1) 2260(1) 21(1)
C(13) -1173(2) 6336(1) 3765(1) 14(1)
C(14) -1504(1) 5424(1) 2534(1) 22(1)
C(15) -2306(2) 6150(1) 1813(1) 26(1)
C(16) -1345(1) 7729(1) 2066(1) 22(1)
c(@17) -954(1) 8639(1) 3310(1) 21(2)
C(18) -190(2) 7905(1) 4042(1) 18(1)
Table 2 Bond lengths [A] and angles [°] for sh2860.
Al(1)-0(2) 1.8394(7) O(1)-Al(1)#1  1.8676(7) C(7)-C(12) 1.5239(15)
Al(1)-O(1)#1 1.8676(7) 0(2)-C(7) 1.4507(12) C(8)-C(9) 1.5272(16)
Al(1)-Al(2) 2.6797(4) O(2)-Al(2)#2  1.8870(8) C(9)-C(10) 1.520(2)
Al(1)-Al(3) 2.7020(4) 0(3)-C(13) 1.4493(11) C(10)-C(11) 1.5263(19)
Al(1)-Al(L)#1 2.8381(5) O(3)-Al(3)#3  1.8373(7) C(11)-C(12) 1.5316(16)
Al(2)-0(2) 1.8191(7) C(1)-C(6) 1.5143(15) C(13)-C(14) 1.5158(15)
Al(2)-O(2)#2 1.8870(8) C(1)-C(2) 1.5165(13) C(13)-C(18) 1.5166(14)
Al(2)-Al(2)#2 2.8659(6) C(2)-C(3) 1.5306(15) C(14)-C(15) 1.5336(16)
Al(3)-0O(3)#3 1.8373(7) C(3)-C(4) 1.521(2) C(15)-C(16) 1.5237(17)
Al(3)-0(3) 1.8711(7) C(4)-C(5) 1.527(2) C(16)-C(17) 1.5243(16)
Al(3)-Al(3)#3 2.8864(6) C(5)-C(6) 1.5313(17) C(17)-C(18) 1.5325(15)
0O(1)-C(2) 1.4469(11) C(7)-C(8) 1.5163(14)
O(1)-Al(1)-O(1)#1  80.08(3) 0(2)-Al(2)-O(2)#2 78.71(4) O(3)-Al(3)-Al(3)#3  38.47(2)
0O(1)-Al(1)-Al(2) 139.36(3) 0(2)-Al(2)-Al(1) 114.77(3) Al(1)-Al(3)-Al(3)#3 32.872(1)

O(L)#1-Al(1)-Al(2) 95.38(2)

O(1)-Al(1)-Al(3)

106.06(2)

O(L)#1-Al(1)-Al(3) 134.62(3)
Al(2)-Al(1)-Al(3) 105.441(1)

O(1)-Al(1)-Al(1)#1

40.40(2)

O(1)#1-Al(1)-Al(1)#1 39.67(2)
Al(2)-Al(1)-Al(1)#1 23.608(1)
Al(3)-Al(1)-Al(1)#1129.906(1)

O(2)#2-Al(2)-Al(1) 128.84(3)
0(2)-Al(2)-Al(2)#2
0(2)#2-Al(2)-Al(2)#2 38.50(2)
Al(1)-Al(2)-Al(2)#2132.755(1)
O(3)#3-Al(3)-0(3)
O(3)#3-Al(3)-Al(1) 112.04(2)
0(3)-Al(3)-Al(1)
O(3)#3-Al(3)-Al(3)#3 39.31(2)

132.92(3)
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40.22(2)

77.79(3)

C(1)-O(1)-Al(1)
C(1)-O(1)-Al(L)#1 123.94(5)

133.45(6)

Al(1)-O(1)-Al(1)#1 99.92(3)

C(7)-0(2)-Al(2)
C(7)-0(2)-Al(2)#2 131.53(6)
Al(2)-0(2)-Al(2)#2 101.29(4)
C(13)-0(3)-Al(3)#3 124.93(6)
C(13)-0(3)-Al(3)

127.18(6)

132.74(6)



AI(3)#3-0(3)-AI(3) 102.21(3) 0(2)-C(7)-C(8)  109.98(8) 0(3)-C(13)-C(18)  111.50(8)

0(1)-C(1)-C(6) 111.43(8) 0(2)-C(7)-C(12)  111.70(8) C(14)-C(13)-C(18) 111.77(9)
0(1)-C(1)-C(2) 111.23(8) C(8)-C(7)-C(12)  111.15(9) C(13)-C(14)-C(15) 110.16(9)
C(6)-C(1)-C(2) 111.78(9) C(7)-C(8)-C(9)  111.14(9) C(16)-C(15)-C(14) 110.76(9)
C(1)-C(2)-C(3) 110.10(9) C(10)-C(9)-C(8)  111.54(1) C(15)-C(16)-C(17) 111.16(9)
C(4)-C(3)-C(2)  111.20(1) C(9)-C(10)-C(11)  110.25(1) C(16)-C(17)-C(18) 112.21(9)
C(3)-C(4)-C(5)  111.36(1) C(10)-C(11)-C(12) 111.05(1) C(13)-C(18)-C(17) 110.12(8)
C(4)-C(5)-C(6)  111.37(1) C(7)-C(12)-C(11)  109.99(9)

C(1)-C(6)-C(5)  109.84(1) 0(3)-C(13)-C(14)  109.65(8)

Symmetry transformations used to generate equivakems: #1 -x+1,-y+1,-z+1  #2 -x+1,-y+2,-z+#3 -X,-
y+1,-z+1

Table 3. Anisotropic displacement parameter52£A103) for sh2860. The anisotropic displacement factor
exponent takes the form: n@[ h2a2ull+ | +2hka* b GZ]

ull u22 u33 u23 ul3 ul?
Al(1) 10(1) 9(2) 13(1) 5(2) 3(2) 3(2)
Al(2) 14(1) 11(1) 14(1) 6(1) 3(2) 3(2)
Al(3) 10(2) 12(2) 13(2) 4(1) 3(1) 2(1)
0o(1) 11(2) 10(2) 11(2) 3(1) 0(1) 3(1)
0(2) 22(1) 12(2) 11(2) 4(1) 3(1) 6(1)
0(3) 12(2) 14(2) 15(2) 8(1) 2(1) 3(1)
C() 14(2) 12(2) 12(2) 3(1) 1(2) 4(1)
C(2) 14(2) 22(1) 17(2) 3(1) 1(2) 1(2)
C(3) 21(1) 29(1) 23(2) -1(1) -4(1) 0(2)
C(4) 37(2) 36(1) 16(1) 1(1) -7(2) 13(1)
C(5) 42(1) 36(1) 13(1) 7(2) 5(1) 10(1)
C(6) 28(1) 27(1) 15(1) 10(1) 5(1) 3(2)
C(7) 19(1) 14(1) 11(1) 3(2) 3(2) 5(1)
C(8) 20(2) 25(1) 18(1) 4(1) 3(1) 3(1)
C(9) 29(2) 30(2) 18(1) 2(1) -2(1) 4(1)
C(10) 41(1) 32(1) 15(2) 7(1) 1(2) 15(2)
C(11) 37(1) 31(1) 18(1) 11(2) 12(2) 12(2)
C(@12) 26(1) 20(1) 17(2) 8(1) 7(2) 5(1)
C(13) 15(2) 14(2) 15(2) 7(1) 2(1) 5(1)
C(14) 32(1) 16(1) 15(1) 5(1) 1(1) 7(2)
C(15) 34(1) 22(1) 17(1) 8(1) -4(1) 5(2)
C(16) 25(1) 24(1) 20(1) 12(1) 5(1) 8(1)
c(17) 28(1) 16(1) 20(1) 9(1) 3(2) 7(2)
C(18) 20(2) 15(1) 18(1) 7(2) 2(2) 3(2)

Table 4. Hydrogen coordinates ( x _ALI)and isotropic displacement parametergx(/lo 3) for sh2860.

X y z U(eq)
H(1) 5085(16) 6980(16) 4295(12) 22(3)
H(2) 4645(16) 7952(16) 5870(12) 20(3)
H(3) 7288(17) 9126(17) 5576(13) 28(4)
H(4) 2429(16) 6231(16) 4439(12) 20(3)
H(5) 3198(15) 5797(15) 5918(11) 18(3)
H(6) 1686(17) 7561(18) 6309(13) 29(4)
H(7) 3467(15) 2289(15) 2891(11) 17(3)
H(8) 1267(17) 2382(17) 3542(13) 27(4)
H(9) 1107(17) 3686(17) 3141(12) 25(4)
H(10) 887(19) 840(19) 1666(14) 36(4)
H(11) -500(20) 1510(20) 1773(16) 46(5)
H(12) 530(20) 3210(20) 1017(15) 44(5)
H(13) 420(20) 1640(20) 200(15) 42(5)
H(14) 2984(19) 1911(19) 854(14) 36(4)
H(15) 2840(20) 3290(20) 489(16) 44(5)
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H(16) 3232(18) 4818(18) 2359(13) 27(4)

H(17) 4601(19) 4227(19) 2312(14) 35(4)
H(18) 5008(15) 7741(15) 2790(11) 17(3)
H(19) 2339(18) 8718(18) 2424(13) 31(4)
H(20) 2371(18) 7257(18) 2717(13) 31(4)
H(21) 1360(20) 6590(20) 725(16) 48(5)
H(22) 2922(19) 6170(19) 959(14) 37(4)
H(23) 3050(20) 7440(20) -280(16) 42(5)
H(24) 2760(20) 8820(20) 529(15) 39(4)
H(25) 5449(19) 7832(19) 919(14) 38(4)
H(26) 5395(19) 9340(20) 715(14) 37(4)
H(27) 6370(19) 10003(18) 2621(14) 34(4)
H(28) 4763(17) 10356(17) 2321(13) 27(4)
H(29) -2163(16) 6370(15) 3949(11) 18(3)
H(30) -2131(18) 4426(18) 2387(13) 31(4)
H(31) -569(17) 5350(16) 2380(12) 24(4)
H(32) -3340(20) 6190(20) 1992(15) 41(5)
H(33) -2550(20) 5578(19) 1016(15) 39(4)
H(34) -396(18) 7695(18) 1838(13) 30(4)
H(35) -1888(18) 8197(17) 1652(13) 29(4)
H(36) -1902(16) 8692(15) 3497(11) 16(3)
H(37) -298(19) 9628(19) 3465(14) 34(4)
H(38) 799(18) 7910(17) 3935(13) 27(4)
H(39) 12(16) 8462(16) 4817(13) 21(3)
Compound 4

Table 2. Atomic coordinates ( x i))and equivalent isotropic displacement parameﬂ%?x 103) for sh3055.
U(eq) is defined as one third of the trace ofattbogonalized U tensor.

X y z U(eq)

Al(1) 6667 3333 833 42(1)

Al(2) 8082(1) 3333 833 49(1)

0(1) 6107(1) 2400(1) 591(1) 45(1)
0(2) 8202(2) 2705(2) 595(1) 64(1)
C(1) 6303(2) 2065(2) 315(1) 52(1)
C(2) 5932(3) 2106(3) 1(1) 70(1)
C(3) 6145(3) 1759(3) -288(1) 87(2)
C(4) 5938(3) 954(3) -212(1) 83(2)
C(5) 6306(3) 915(3) 103(1) 76(1)
C(6) 6085(3) 1256(2) 394(1) 60(1)
C(7) 8729(3) 2479(2) 551(1) 67(1)
C(8) 9227(4) 2851(3) 262(2) 137(3)
C(9) 9794(5) 2587(4) 197(2) 186(4)
C(10) 9421(4) 1746(3) 157(2) 119(2)
C(11) 8928(3) 1359(3) 461(1) 95(2)
C(12) 8364(3) 1626(3) 528(1) 93(2)

Table 3. Bond lengths [A] and angles [°] for sh3055

Al(1)-O(1) 1.919(2) Al(2-0(2)  1.711(3) C(2)-C(3) 1.535(6)
Al(1)-O(L)#1 1.919(2) Al(2)-0(2)#1 1.711(3) C(3)-C(4) 1.503(7)
Al(1)-O(1)#2 1.919(2) Al(2)-0(L)#5 1.797(3) C(4)-C(5) 1.499(6)
Al(1)-O(1)#3 1.919(2) Al(2)-0(1)#3  1.798(3) C(5)-C(6) 1.540(5)
Al(1)-O(1)#4 1.919(2) 0(1)-C(1) 1.464(4) C(7)-C(8) 1.480(6)
Al(1)-O(1)#5 1.919(2) O(1)-Al(2)#4  1.798(3) C(7)-C(12)  1.509(6)
Al(1)-Al(2)#4 2.8728(16) 0(2)-C(7) 1.369(5) C(8)-C(9) 1.517(8)
Al(1)-Al(2)  2.8728(16) C(1)-C(2) 1.498(5) C(9)-C(10)  1.491(8)
Al(1)-Al(2)#3 2.8728(16) C(1)-C(6) 1.506(5) C(10)-C(11)  1.529(7)
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C(11)-C(12)  1.516(7)

O(1)-Al(1)-O(1)#1 168.71(14) O(L#1-Al(1)-Al(2)  95.64(7)  O(L)#5-Al(2)-Al(1)  40.95(8)
O(1)-Al(1)-O(1)#2 75.73(13) O(L)#2-Al(1)-Al(2)  133.71(7)  O(1)#3-Al(2)-Al(1)  40.95(8)
O(L)#1-Al(1)-O(1)#2  96.35(9) O(L#3-Al(1)-Al(2)  37.87(7) C(1)-0O)-Al(2#4 125.1(2)
O(1)-Al(1)-O(1)#3 96.34(9) O(L)#4-Al(1)-Al(2)  133.71(7)  C(1)-O(1)-Al(1) 133.2(2)
O(L)#1-Al(1)-O(1)#3  92.57(14) O(L#45-Al(1)-Al(2)  37.87(7)  Al(2Q#4-O(1)-Al(1) 101.18(11)
O(L)#2-Al(1)-O(1)#3  168.71(14) Al(2)#4-Al(1)-Al(2) 120.0 C(7)-0(2)-Al(2) 138.5(3)
O(1)-Al(1)-O(1)#4 96.34(9) O(L)-Al(1)-Al(2Q#3  133.72(7)  O(1)-C(1)-C(2) 111.1(3)
O(L)#1-Al(1)-O(L)#4  75.74(13) O(L#1-Al(1)-Al(2)#3 37.87(7)  O(1)-C(1)-C(6) 110.2(3)
O(L)#2-Al(1)-O(L)#4  92.58(14) O(L}#2-Al(1)-Al(2#3 95.65(7)  C(2)-C(1)-C(6) 111.0(3)
O(L)#3-Al(1)-O(L)#4  96.34(9) O(L#3-Al(1)-Al(2#3 95.65(7)  C(1)-C(2)-C(3) 110.8(4)
O(1)-Al(1)-O(1)#5 92.57(14) O(L)#4-Al(1)-Al(2#3 37.87(7)  C(4)-C(3)-C(2) 110.7(4)
O(L)#1-Al(1)-O(1)#5  96.34(9) O(L45-Al(1)-Al(2)#3 133.71(7)  C(5)-C(4)-C(3) 110.8(4)
O(L)#2-Al(1)-O(1)#5  96.34(9)  Al(2)#4-Al(1)-Al(2)#3 120.0 C(4)-C(5)-C(6) 111.1(4)
O(L)#3-Al(1)-O(1)#5  75.73(13) AI(2)-Al(1)-Al(2)#3  120.0 C(1)-C(6)-C(5) 109.7(4)
O(L)#4-Al(1)-O(1)#5  168.71(14) O(2)-Al(2)-0(2Q#1  117.9(2) 0(2)-C(7)-C(8) 112.3(4)

O(1)-Al(1)-Al(2)#4 37.87(7) O(2-Al(2Q-O(L)#5  117.37(12) O(2)-C(7)-C(12) 112.1(4)
O(L)#1-Al(1)-AlQ#4 133.71(7)  O(2)#1-Al(2)-O(1)#5 108.59(12)  C(8)-C(7)-C(12) 110.8(4)
O(L)#2-Al(1)-AlQ#4 37.86(7)  O(2)-Al(2)-O(1)#3  108.59(12)  C(7)-C(8)-C(9) 113.7(5)
O(L)#3-Al(1)-AlQ#4 133.72(7)  O(2#1-Al(2)-O(1)#3 117.37(12)  C(10)-C(9)-C(8) 112.6(6)
O(L)#4-Al(1)-AlQ#4  95.65(7)  O(L)#5-Al(2)-O(1)#3 81.90(16)  C(9)-C(10)-C(11)  109.2(5)
O(L)#5-Al(1)-AlQ#4  95.65(7)  O(2)-Al(2)-Al(1) 121.02(11)  C(12)-C(11)-C(10) 112.1(5)
O(1)-Al(1)-Al(2) 95.65(7)  O@)#1-Al(2)-Al(l) 121.03(11) C(7)-C(12)-C(11)  113.4(4)

Symmetry transformations used to generate equivatems: #1 x-y+1/3,-y+2/3,-z+1/6 #2 y+1/3,x-1/31#6
#3 -y+1,x-y,z #4 -Xx+y+1,-x+1,z  #5 -x+4/3,-x#3(3,-z+1/6 #6 y-2/3,x+2/3,-z+1/6  #7 -X,-y,-Z

Table 4. Anisotropic displacement parameter&(&@) for sh3055. The anisotropic displacement factor
exponent takes the form: n@[ h2a2ull+ | +2hka* b GZ]

ull u22 u33 u23 ul3 ul2
Al(1) 48(1) 48(1) 32(1) 0 0 24(1)
Al(2) 50(1) 54(1) 45(1) 11(1) 5(1) 27(2)
o(1) 51(2) 51(2) 36(1) -4(1) 3(1) 27(1)
0(2) 72(2) 67(2) 65(2) 4(2) 12(2) 44(2)
c(1) 56(2) 58(3) 42(2) -11(2) 7(2) 29(2)
C(2) 100(4) 77(3) 41(2) -7(2) -5(2) 51(3)
C(3) 132(5) 92(4) 45(3) -13(3) 4(3) 62(4)
C(4) 112(4) 87(4) 57(3) -27(3) 2(3) 54(3)
C(5) 93(4) 84(3) 66(3) -19(3) -3(3) 56(3)
C(6) 77(3) 66(3) 49(2) -12(2) -5(2) 45(3)
c(7) 74(3) 67(3) 63(3) -1(2) 4(2) 38(3)
C(8) 158(6) 85(4) 192(7) 61(4) 118(5) 79(4)
C(9) 175(7) 89(5) 317(11) 75(6) 171(7) 85(5)
C(10) 173(6) 113(5) 119(5) 30(4) 61(5) 108(5)
C(11) 116(5) 77(4) 111(4) 8(3) 21(4) 63(4)
C(12) 95(4) 68(4) 120(5) 8(3) 19(3) 43(3)
Compound 5

Table 1 Atomic coordinates ( x #pand equivalent isotropic displacement parameik?s 10%) for sh2888.
U(eq) is defined as one third of the trace ofdhtogonalized Wtensor.

X y z U(eq)
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Al() 344(1) 1020(1) 4377(1) 27(1)

o(1) 119(1) 1021(1) 5513(1) 22(1)
c@) -60(1) 2391(1) 6060(1) 25(1)
c(2) 746(1) 3644(1) 5823(1) 32(1)
c@3) 1864(1) 3162(1) 6020(1) 35(1)
C(4) 1982(1) 2714(2) 6941(1) 37(1)
C(5) 1219(1) 1402(1) 7173(1) 32(1)
C(6) 98(1) 1857(1) 6966(1) 29(1)
c(7) -1172(1) 2961(2) 5913(1) 42(1)

Table 2 Bond lengths [A] and angles [°] for sh2888.

Al(1)-O(1)#1  1.8314(7) O(1)-Al(L)#1 1.8314(7) C(2-C(3)  1.5192(17)
Al(1)-0(1) 1.8348(6) C(1)-C(7) 1.5207(15) C(3)-C(4)  1.5260(14)
Al(L)-Al(L)#1  2.7742(5) C(1)-C(2) 1.5252(15) C(4)-C(5)  1.5226(16)
0(1)-C(1) 1.4685(10) C(1)-C(6) 1.5279(12) C(5)-C(6)  1.5208(15)
O(1)#1-Al(1)-0(1)  81.65(3) O(1)-C(1)-C(7)  107.66(8) C(3)-C(2)-C(1)  113.49(8)
O(L)#1-Al(1)-Al(1)#1 40.87(2) 0O(1)-C(1)-C(2)  107.17(8) C(2)-C(3)-C(4)  110.98(9)
O(1)-Al(1)-Al(L)#1  40.78(2) C(7)-C(1)-C(2)  111.99(9) C(5)-C(4)-C(3)  110.59(8)
C(1)-0(1)-Al(L)#1  129.42(6) O(1)-C(1)-C(6)  108.01(7) C(6)-C(5)-C(4)  111.58(9)
C(1)-0(1)-Al(1) 127.74(5) C(7)-C(1)-C(6)  111.26(9) C(5)-C(6)-C(1)  113.84(8)
Al(1)#1-O(1)-Al(1)  98.35(3) C(2)-C(1)-C(6)  110.53(8)

Symmetry transformations used to generate equivatems: #1 -x,-y,-z+1
Table 3. Anisotropic displacement parameters2(A10%) for sh2888. The anisotropic displacement factor
exponent takes the form: ™ h2 a*2U11+ ... + 2 hk a* b* 2]

Ull U22 U33 U23 U13 U12
Al(D) 38(1) 24(1) 19(1) 0(1) 4(1) 9(1)
o(1) 29(1) 19(1) 18(1) -3(1) 2(1) -2(1)
C(1) 30(1) 22(1) 23(1) 7(1) -2(1) 4(1)
c2) 48(1) 20(1) 29(1) -1(1) -8(1) -3(1)
C(3) 37(1) 37(1) 31(1) 0(1) -3(1) -13(1)
C(4) 36(1) 42(1) 32(1) -2(1) -9(1) -4(1)
C(5) 41(1) 33(1) 23(1) 2(1) -6(1) 2(1)
C(6) 35(1) 32(1) 20(1) -6(1) 3(1) -1(1)
C(7) 36(1) 45(1) 45(1) -15(1) -8(1) 15(1)

Table 4. Hydrogen coordinates ( x 49and isotropic displacement parameter(£0 3) for sh2888.

X y z U(eq)
H(1) 1501(11) 1063(16) 4072(8) 37(3)
H(2) -391(11) 2068(18) 3939(9) 43(4)
H(3) 573(12) 4610(20) 6121(9) 48(4)
H(4) 646(11) 3905(15) 5237(9) 36(3)
H(5) 2323(13) 4023(17) 5883(9) 46(4)
H(6) 2076(10) 2268(17) 5688(8) 37(3)
H(7) 2680(12) 2393(17) 7054(9) 47(4)
H(8) 1827(11) 3668(17) 7282(9) 42(4)
H(9) 1257(11) 1158(16) 7777(9) 41(4)
H(10) 1416(10) 450(15) 6868(8) 34(3)
H(11) -397(9) 996(15) 7089(8) 28(3)
H(12) -135(11) 2754(17) 7327(9) 40(4)
H(13) -1279(14) 3890(20) 6263(12) 68(5)
H(14) -1647(13) 2079(19) 6079(9) 52(4)
H(15) -1252(12) 3243(18) 5335(10) 50(4)
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Compound 7

Table 1 Atomic coordinates ( x ) and equivalent isotropic displacement parametk?s 10°) for sh2887.
U(eq) is defined as one third of the trace ofdtthogonalized Wtensor.

X y z U(eq)
Al(1) 5987(1) 5813(1) 3679(1) 15(1)
0(1) 5633(1) 4061(1) 4768(1) 16(1)
0(2) 7492(1) 6585(1) 3344(1) 21(1)
0(®3) 5626(1) 6099(1) 2272(1) 23(1)
C(1) 6436(1) 2909(1) 4526(1) 17(1)
C(2) 7177(2) 2504(2) 5500(2) 22(1)
C(3) 8197(2) 1431(2) 5170(2) 28(1)
C(4) 9281(2) 1854(2) 3594(2) 32(1)
C(5) 8555(2) 2252(2) 2610(2) 31(1)
C(6) 7531(2) 3318(2) 2952(2) 24(1)
C(7) 8393(2) 6788(1) 3925(1) 20(1)
C(8) 9763(2) 6119(2) 3311(2) 24(1)
C(9) 10578(2) 6694(2) 1682(2) 29(1)
C(10) 10930(2) 8174(2) 1221(2) 33(1)
C(11) 9590(2) 8882(2) 1803(2) 29(1)
C(12) 8759(2) 8280(2) 3430(2) 24(1)
C(13) 6020(2) 6723(1) 791(1) 18(1)
C(14) 4704(2) 6580(1) 582(2) 20(1)
C(15) 4872(2) 7340(2) -931(2) 27(1)
C(16) 5292(2) 8790(2) -1341(2) 31(1)
C(17) 6604(2) 8978(2) -1164(2) 32(1)
C(18) 6420(2) 8196(2) 358(2) 27(1)
C(19) 5378(2) 1810(2) 4882(2) 29(1)
C(20) 7673(2) 6226(2) 5564(2) 28(1)
C(21) 7251(2) 6043(2) -66(2) 30(1)
Table 2 Bond lengths [A] and angles [°] for sh2887.
Al(1)-0(3) 1.6760(10) C(1)-C(6) 1.5228(19) C(9)-C(10) 1.524(2)
Al(1)-0(2) 1.6838(10) C(1)-C(2) 1.523(2) C(10)-C(11) 1.522(2)
Al(1)-0(1) 1.8305(10) C(2)-C(3) 1.527(2) C(11)-C(12) 1.522(2)
Al(1)-0O(1)#1 1.8323(10) C(3)-C(4) 1.520(2) C(13)-C(21) 1.519(2)
Al(1)-Al(1)#1 2.7740(8) C(4)-C(5) 1.520(2) C(13)-C(14) 1.528(2)
0(1)-C(1) 1.4684(16) C(5)-C(6) 1.527(2) C(13)-C(18) 1.5309(19)
O(1)-Al(1)#1 1.8323(10) C(7)-C(20) 1.523(2) C(14)-C(15) 1.525(2)
0(2)-C(7) 1.4195(16) C(7)-C(8) 1.527(2) C(15)-C(16) 1.517(2)
0(3)-C(13) 1.4104(15) C(7)-C(12) 1.534(2) C(16)-C(17) 1.516(2)
C(1)-C(19) 1.5219(19) C(8)-C(9) 1.519(2) C(17)-C(18) 1.532(2)
0O(3)-Al(1)-0(2) 116.21(5) 0O(1)-C(1)-C(19) 107.35(2) C(20)-C(7)-C(12) 110.45(1)
0O(3)-Al(1)-0(1) 111.16(5) 0O(1)-C(1)-C(6) 107.57(2) C(8)-C(7)-C(12) 108.64(1)
0O(2)-Al(1)-0(1) 117.16(5) C(19)-C(1)-C(6) 111.66(1) C(9)-C(8)-C(7) 112.84(1)
O(3)-Al(1)-O(1)#1 108.88(5) 0O(1)-C(1)-C(2) 108.88(1) C(8)-C(9)-C(10) 110.64(1)
O(2)-Al(1)-O(1)#1 116.92(5) C(19)-C(1)-C(2) 111.13(1) C(11)-C(10)-C(9) 110.93(1)
O(1)-Al(1)-O(1)#1  81.54(5) C(6)-C(1)-C(2) 110.11(1) C(12)-C(11)-C(10) 111.32(1)
O(3)-Al(1)-Al(1)#1 116.87(4) C(1)-C(2)-C(3) 112.15(1) C(11)-C(12)-C(7) 113.01(1)
O(2)-Al(1)-Al(1)#1 126.89(4) C(4)-C(3)-C(2) 111.40(1) 0O(3)-C(13)-C(21) 108.83(1)
O(1)-Al(1)-Al(1)#1 40.79(3) C(5)-C(4)-C(3) 111.12(1) 0O(3)-C(13)-C(14) 106.14(1)
O(1)#1-Al(1)-Al(1)#1 40.75(3) C(4)-C(5)-C(6) 111.24(1) C(21)-C(13)-C(14) 111.64(1)
C(1)-0(2)-Al(2) 131.29(7) C(1)-C(6)-C(5) 112.48(1) 0O(3)-C(13)-C(18) 110.32(1)
C(1)-0(1)-Al(1)#1  130.16(7) 0(2)-C(7)-C(20) 110.98(2) C(21)-C(13)-C(18) 111.13(1)
Al(1)-O(1)-Al(1)#1  98.46(5) 0(2)-C(7)-C(8) 108.36(1) C(14)-C(13)-C(18) 108.66(1)
C(7)-0(2)-Al(1) 146.16(8) C(20)-C(7)-C(8) 110.26(1) C(15)-C(14)-C(13) 113.78(1)
C(13)-O(3)-Al(1)  149.08(9) 0(2)-C(7)-C(12) 108.08(1) C(16)-C(15)-C(14) 110.79(1)
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C(17)-C(16)-C(15) 111.79(1) C(16)-C(17)-C(18)11.51(1) C(13)-C(18)-C(17) 112.86(1)

Symmetry transformations used to generate equivatems: #1 -x+1,-y+1,-z+1
Table 3. Anisotropic displacement parameters2(A10%) for sh2887. The anisotropic displacement factor
exponent takes the form: ® h2 a*2U11+ ... + 2 hk a* b* 2]

Ull U22 U33 U23 U13 U12

Al(1) 15(1) 16(1) 13(1) -4(1) -6(1) 1(1)

o(1) 17(1) 14(1) 16(1) -5(1) -6(1) 3(1)
0(2) 18(1) 25(1) 21(1) -6(1) -9(1) -3(1)
0(3) 26(1) 28(1) 15(1) -2(1) -11(1) -2(1)
c@) 18(1) 13(1) 19(1) -6(1) -7(1) 4(1)
c(2) 23(1) 24(1) 20(1) -7(1) -12(1) 6(1)
c@3) 26(1) 28(1) 31(1) -8(1) -16(1) 9(1)
C(4) 21(1) 28(1) 38(1) -12(1) -6(1) 7(1)
C(5) 35(1) 27(1) 23(1) -11(1) -4(1) 9(1)
C(6) 29(1) 22(1) 17(1) -6(1) -8(1) 7(1)
c(7) 19(1) 22(1) 21(1) -8(1) -10(1) 1(1)
C(8) 21(1) 23(1) 32(1) -10(1) -14(1) 4(1)
C(9) 21(1) 32(1) 31(1) -15(1) -6(1) 2(1)
C(10) 22(1) 33(1) 33(1) -7(1) -4(1) -5(1)
c(11) 27(1) 21(1) 35(1) -5(1) -11(1) -2(1)
c(12) 22(1) 22(1) 31(1) -12(1) -12(1) 3(1)
C(13) 21(1) 19(1) 13(1) -3(1) -8(1) 0(1)
C(14) 25(1) 19(1) 18(1) -5(1) -12(1) 0(1)
C(15) 35(1) 28(1) 22(1) -6(1) -17(1) 3(1)
C(16) 40(1) 25(1) 24(1) 1(1) -17(1) 3(1)
c(17) 39(1) 22(1) 25(1) 1(1) -11(1) -7(1)
C(18) 31(1) 23(1) 26(1) -4(1) -14(1) -6(1)
C(19) 24(1) 20(1) 45(1) -12(1) -14(1) 2(1)
C(20) 28(1) 33(1) 24(1) -10(1) -13(1) 4(1)
C(21) 27(1) 33(1) 22(1) -6(1) -8(1) 7(1)

Table 4. Hydrogen coordinates ( x 49and isotropic displacement parameter& (&0 3) for sh2887.

X y z U(eq)
H(1) 7710(17) 3274(16) 5348(16) 26(4)
H(2) 6464(17) 2242(15) 6516(18) 31(4)
H(3) 8657(19) 1238(16) 5796(18) 36(5)
H(4) 7650(17) 584(16) 5445(16) 28(4)
H(5) 9880(20) 1139(19) 3402(19) 47(5)
H(6) 9906(18) 2603(17) 3388(17) 35(5)
H(7) 8020(18) 1481(17) 2716(17) 34(5)
H(8) 9250(20) 2604(18) 1590(20) 48(5)
H(9) 7048(17) 3520(16) 2363(17) 29(4)
H(10) 8085(16) 4105(15) 2730(16) 25(4)
H(11) 9535(17) 5117(16) 3661(17) 31(4)
H(12) 10358(18) 6214(15) 3735(17) 30(4)
H(13) 10028(18) 6546(16) 1228(17) 31(5)
H(14) 11450(20) 6250(17) 1343(18) 39(5)
H(15) 11442(18) 8533(16) 186(19) 37(5)
H(16) 11572(19) 8308(16) 1607(18) 35(5)
H(17) 9866(17) 9825(16) 1544(17) 32(4)
H(18) 8999(19) 8794(17) 1329(18) 40(5)
H(19) 7871(17) 8733(14) 3783(16) 22(4)
H(20) 9322(18) 8420(16) 3905(18) 34(5)
H(21) 4456(17) 5603(16) 854(16) 27(4)
H(22) 3908(17) 6939(15) 1269(17) 27(4)
H(23) 5639(18) 6967(15) -1633(17) 28(4)
H(24) 3970(19) 7261(16) -999(17) 33(5)
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H(25) 5440(19) 9235(17) -2310(20) 42(5)
H(26) 4484(19) 9188(16) -727(18) 34(5)
H(27) 7437(19) 8676(16) -1867(18) 37(5)
H(28) 6791(17) 9920(17) -1343(17) 32(4)
H(29) 5602(19) 8540(16) 1079(18) 36(5)
H(30) 7266(18) 8300(16) 429(17) 32(5)
H(31) 4640(20) 1587(17) 5910(20) 45(5)
H(32) 5851(18) 987(17) 4819(17) 34(5)
H(33) 4920(19) 2049(17) 4192(19) 40(5)
H(34) 6851(19) 6700(16) 5946(17) 34(5)
H(35) 7368(18) 5255(18) 5927(18) 39(5)
H(36) 8300(20) 6334(17) 5982(19) 43(5)
H(37) 7580(20) 6425(18) -1130(20) 47(5)
H(38) 6993(17) 5100(17) 215(17) 32(4)
H(39) 8060(20) 6151(17) 101(18) 38(5)
Compound 8

Table 1 Atomic coordinates ( x ) and equivalent isotropic displacement parameti?g 10°) for sh2943.
U(eq) is defined as one third of the trace ofdtthogonalized Wtensor.

X y z U(eq)
Cl 2346(1) 1300(1) 840(1) 38(1)
Al 3949(1) 1266(1) -106(1) 24(1)
@) 5889(2) 733(2) 678(1) 22(1)
C(1) 6883(3) 1516(3) 1640(2) 22(1)
C(2) 6509(3) 708(4) 2598(2) 30(1)
C(3) 7642(4) 1215(4) 3652(2) 36(1)
C(4) 9307(3) 889(4) 3634(2) 36(1)
C(5) 9684(3) 1715(4) 2683(2) 34(1)
C(6) 8560(3) 1196(3) 1640(2) 26(1)
C(7) 6486(3) 3313(3) 1550(2) 31(1)
Table 2 Bond lengths [A] and angles [°] for sh2943.
CI-Al 2.1197(9) O-Al#1 1.8231(17) C(3)-C(4) 1.517(4)
Al-O 1.8224(17) C(1)-C(7) 1.514(4) C(4)-C(5) 1.527(4)
Al-O#1 1.8231(17) C(1)-C(6) 1.522(3) C(5)-C(6) 1.527(4)
Al-Al#1 2.7660(14) C(1)-C(2) 1.527(3)
0-C(1) 1.483(3) C(2)-C(3) 1.539(4)
O-Al-O#1 81.30(8) C(1)-0O-Al#1 129.99(14) C(6)-C(1)-C(2) 110.5(2)
O-Al-Cl 111.35(6) Al-O-Al#1 98.70(8) C(1)-C(2)-C(3) 112.4(2)
O#1-Al-Cl 112.81(6) 0O-C(1)-C(7) 106.27(19) C(4)-C(3)-C(2) 111.0(2)
O-Al-Al#1 40.66(5) 0-C(1)-C(6) 107.35(18) C(3)-C(4)-C(5) 111.0(2)
O#1-Al-Al#1 40.64(5) C(7)-C(1)-C(6) 112.3(2) C(4)-C(5)-C(6) 111.6(2)
CIl-Al-Al#1 119.70(5) 0-C(1)-C(2) 107.14(19) C(1)-C(6)-C(5) 111.8(2)
C(1)-0-Al 130.12(14) C(7)-C(1)-C(2) 112.9(2)

Symmetry transformations used to generate equivatems: #1 -x+1,-y,-z
Table 3. Anisotropic displacement parameters2A10%) for sh2943. The anisotropic displacement factor

exponent takes the form: ™ h2 a*2U + ... + 2 hk a* b* 32]

Ull U22 U33 U23 Ul3 U12
cl 33(1) 50(1) 36(1) 7(1) 15(1) 6(1)
Al 23(1) 27(1) 22(1) -5(1) 5(1) 4(1)
o) 21(1) 28(1) 18(1) -6(1) 4(1) 0(1)
c@) 24(1) 26(1) 16(1) -6(1) 5(1) -3(1)
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C(2) 33(1) 38(2) 22(1) -3(1) 11(1) -8(1)

c(3) 49(2) 42(2) 17(1) -3(1) 11(1) -9(1)
C(4) 43(2) 44(2) 16(1) -2(1) -2(1) 5(1)
c(5) 28(1) 44(2) 27(1) -2(1) 3(1) -6(1)
c(6) 26(1) 33(1) 19(1) -1(1) 7(2) -2(1)
c(7) 36(2) 28(1) 28(1) -6(1) 6(1) 2(1)

Table 4 Hydrogen coordinates ( x 90and isotropic displacement parameter&(20 3) for sh2943.

X y z U(eq)
H(1) 3713(12) 2894(13) -858(9) -44(2)
H(3) 6550(30) -440(40) 2530(20) 33(8)
H(4) 7480(30) 2330(40) 3760(20) 31(8)
H(11) 8660(30) 60(30) 1527(19) 18(6)
H(10) 8760(30) 1690(30) 1050(20) 25(7)
H(9) 10650(40) 1530(40) 2630(30) 45(9)
H(2) 5490(40) 900(40) 2580(20) 40(8)
H(6) 9510(30) -270(40) 3620(20) 41(8)
H(8) 9580(30) 2830(40) 2720(20) 32(8)
H(7) 9950(40) 1290(30) 4240(30) 36(8)
H(5) 7440(40) 670(40) 4230(30) 47(9)
H(14) 7080(30) 3910(30) 2140(20) 35(8)
H(13) 6670(30) 3770(30) 890(20) 38(8)
H(12) 5380(40) 3480(40) 1520(20) 43(9)
Compound 9

Table 1 Atomic coordinates ( x ) and equivalent isotropic displacement parametk?g 10°) for sh2966.
U(eq) is defined as one third of the trace ofdhtbogonalized Wtensor.

X y z U(eq)
Cl(1) 4798(1) 5807(1) 2260(1) 32(1)
Al(1) 4517(1) 4647(1) 849(1) 18(1)
0(1) 5825(1) 4419(1) 389(1) 18(1)
0(2) 3731(1) 3353(1) 825(1) 25(1)
C(1) 6906(1) 3839(2) 933(1) 18(1)
C(2) 7526(2) 4781(2) 1765(2) 26(1)
C(3) 8734(2) 4351(2) 2270(2) 32(1)
C(4) 9394(2) 4112(2) 1391(2) 34(1)
C(5) 8791(2) 3164(2) 556(2) 32(1)
C(6) 7577(2) 3573(2) 65(2) 25(1)
C(7) 6608(2) 2639(2) 1466(2) 28(1)
C(8) 3022(2) 2642(2) 1370(2) 24(1)
C(9) 1880(2) 2465(2) 589(2) 30(1)
C(10) 1945(2) 1665(2) -398(2) 34(1)
C(11) 2475(2) 386(2) -51(2) 39(1)
C(12) 3635(2) 553(2) 694(2) 40(1)
C(13) 3571(2) 1361(2) 1671(2) 32(1)
C(14) 2865(2) 3332(2) 2392(2) 40(1)

Table 2 Bond lengths [A] and angles [°] for sh2966.

CI(1)-Al(1) 2.1230(6) O(1)-AI(1)#1  1.8132(12) C(3)-C(4) 1.517(3)
Al(1)-0(2) 1.6685(13) 0(2)-C(8) 1.424(2) C(4)-C(5) 1.520(3)
A(1)-O(1)#1  1.8132(12) C(1)-C(7) 1.517(2) C(5)-C(6) 1.532(2)
Al(1)-O(1) 1.8157(12) C(1)-C(6) 1.520(2) C(8)-C(14)  1.524(3)
Al(L)-Al(L)#1  2.7456(10) C(1)-C(2) 1.522(2) C(8)-C(13)  1.524(3)
0(1)-C(1) 1.4759(18) C(2)-C(3) 1.534(3) C(8)-C(9) 1.526(3)
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C(9)-C(10)  1.517(3) C(11)-C(12)  1.523(3)

C(10)-C(11)  1.524(3) C(12)-C(13) 1.512(3)

O(2)-Al(1)-O(1)#1 114.22(6) Al(1)#1-O(1)-Al(1) 98.33(5) C(1)-C(6)-C(5)  112.33(1)
0(2)-Al(1)-0(1)  114.75(6) C(8)-0(2)-Al(1)  146.01(1) 0(2)-C(8)-C(14)  110.29(1)
O(1)#1-Al(1)-O(1)  81.67(5) 0(1)-C(1)-C(7) 106.41(1) 0(2)-C(8)-C(13)  108.38(1)
0(2)-Al(1)-CI(1) ~ 118.71(5) 0(1)-C(1)-C(6) 107.71(1) C(14)-C(8)-C(13)  110.31(1)
O(1)#1-Al(1)-CI(1) 111.33(5) C(7)-C(1)-C(6) 112.01(1) 0(2)-C(8)-C(9) 108.32(1)
O(1)-Al(1)-CI(1) ~ 110.39(5) 0(1)-C(1)-C(2) 107.51(1) C(14)-C(8)-C(9)  109.81(1)
0(2)-Al(L)-Al(L)#1  123.22(5) C(7)-C(1)-C(2) 112.25(1) C(13)-C(8)-C(9)  109.69(1)
O(1)#1-Al(1)-Al(1)#1 40.87(4) C(6)-C(1)-C(2) 110.64(1) C(10)-C(9)-C(8)  113.20(1)
O(1)-Al(1)-Al(1)#1  40.80(4) C(1)-C(2)-C(3) 111.94(1) C(9)-C(10)-C(11)  110.97(1)
CI(1)-Al(1)-Al(1)#1 118.07(3) C(4)-C(3)-C(2) 110.82(1) C(12)-C(11)-C(10) 110.40(1)
C(1)-O(1)-Al(1)#1  129.88(1) C(3)-C(4)-C(5) 111.18(1) C(13)-C(12)-C(11) 111.20(1)
C(1)-0(1)-Al(1)  131.10(1) C(4)-C(5)-C(6) 111.54(1) C(12)-C(13)-C(8)  113.63(1)

Symmetry transformations used to generate equivatems: #1 -x+1,-y+1,-z
Table 3. Anisotropic displacement parameters?A10%) for sh2966. The anisotropic displacement factor
exponent takes the form:/™ h? a*2U11 + ... + 2 h k a* b* U?2]

Ull U22 U33 U23 U13 U12

CI(1) 30(1) 37(1) 28(1) 12(1) 6(1) 0(1)
Al(1) 17(1) 19(1) 20(1) 0(1) 5(1) 1(1)

o(1) 12(1) 20(1) 20(1) 3(1) 2(1) 2(1)
0(2) 26(1) 22(1) 29(1) 0(1) 13(1) -3(1)
C(1) 13(1) 19(1) 22(1) 1(1) 1(2) 3(1)
c(2) 17(1) 29(1) 29(1) 7(1) 2(1) 1(1)
C(3) 18(1) 38(1) 35(1) -8(1) -3(1) 1(1)
C(4) 15(1) 42(1) 43(1) -1(1) 4(1) 2(1)
C(5) 20(1) 43(1) 34(1) -4(1) 7(1) 11(1)
C(6) 20(1) 31(1) 24(1) -1(1) 5(1) 6(1)

C(7) 22(1) 25(1) 35(1) 8(1) 2(1) 1(1)

C(8) 24(1) 24(1) 28(1) 4(1) 11(1) -2(1)
C(9) 21(1) 31(1) 40(1) 6(1) 10(1) 1(1)
C(10) 33(1) 37(1) 30(1) 3(1) 1(1) -5(1)
c(11) 49(1) 28(1) 39(1) 7(1) 7(1) -6(1)
C(12) 38(1) 26(1) 56(1) -2(1) 8(1) 6(1)
C(13) 31(1) 25(1) 36(1) 8(1) 1(1) -2(1)
C(14) 51(1) 40(1) 35(1) -4(1) 25(1) -6(1)

Compound 10

Table 1 Atomic coordinates (x ) and equivalent isotropic displacement paramet&fs 10%) for sh2947.
U(eq) is defined as one third of the trace ofdhtbogonalized Wtensor.

X y z U(eq)
Al(1) -1055(1) 8887(1) 16(1) 16(1)
CI(1) -1244(1) 6873(1) -882(1) 28(1)
Cl(2) -2634(1) 9005(1) 939(1) 31(1)
0(1) 881(1) 9396(1) 718(1) 15(1)
C(1) 1907(1) 8716(1) 1684(1) 17(1)
C(2) 1580(1) 9530(1) 2630(1) 24(1)
C(3) 2718(1) 9061(2) 3662(1) 30(1)
C(4) 4362(1) 9343(2) 3614(1) 33(1)
C(5) 4695(1) 8547(2) 2666(1) 35(1)
C(6) 3548(1) 9020(1) 1637(1) 25(1)
C(7) 1534(2) 7015(1) 1648(1) 35(1)

Table 2 Bond lengths [A] and angles [°] for sh2947.

215



A(1)-O(L)#1  1.8043(7) O(1)-C(1)  1.4892(11) C(2)-C(3)  1.5321(15)

Al(1)-0(1) 1.8083(7) O(1)-Al(L)#1  1.8043(7) C(3)-C(4)  1.5201(17)

Al(1)-CI(1) 2.0919(4) C(1)-C(7) 1.5119(14) C(4)-C(5) 1.5211(17)

Al(1)-CI(2) 2.0968(4) C(1)-C(6) 1.5207(14) C(5)-C(6)  1.5339(15)

Al(L)-AI(L#L  2.7194(5) C(1)-C(2) 1.5236(13)

O(1)#1-Al(1)-0(1)  82.34(3) CI(1)-Al(1)-Al(1)#1122.789(1) O(1)-C(1)-C(2) 107.76(7)
O(1)#1-Al(1)-CI(1) 113.21(2) CI(2)-Al(1)-Al(1)#1123.737(1) C(7)-C(1)-C(2) 113.01(9)
O(1)-Al(1)-CI(1) =~ 114.90(3) C(1)-0(1)-Al(1)#1  131.62(5) C(6)-C(1)-C(2) 110.23(8)
O(1)#1-Al(1)-Cl(2) 115.71(3) C(1)-O(1)-Al(1) 130.27(5) C(1)-C(2)-C(3) 111.99(8)
O(1)-Al(1)-Cl(2) =~ 113.72(3) Al(1)#1-O(1)-Al(1)  97.66(3) C(4)-C(3)-C(2) 111.06(9)
CI(1)-Al(1)-CI(2)  113.473(1) 0(1)-C(1)-C(7) 106.02(8) C(3)-C(4)-C(5) 111.13(10)
O(1)#1-Al(1)-Al(1)#1 41.23(2) 0(1)-C(1)-C(6) 107.15(7) C(4)-C(5)-C(6) 111.78(10)
O(L)-A(L)-Al(L#L  41.11(2) C(7)-C(1)-C(6) 112.31(9) C(1)-C(6)-C(5) 111.19(9)

Symmetry transformations used to generate equivatems: #1 -x,-y+2,-z
Table 3. Anisotropic displacement parameters?A10°%) for sh2947. The anisotropic displacement factor
exponent takes the form: ™ h2 a*2U11+ ... + 2 hk a* b* 2]

Ull U22 U33 U23 U13 U12
Al(1) 14(1) 14(1) 18(1) 0(1) 4(1) -3(1)
cl(1) 30(1) 18(1) 31(1) -7(1) 2(1) -4(1)
cl(2) 25(1) 43(1) 30(1) 2(1) 15(1) -3(1)
o(1) 14(1) 15(1) 16(1) 2(1) 2(1) -1(1)
c() 17(1) 17(1) 16(1) 2(1) 2(1) 1(1)
c(2) 23(1) 31(1) 18(1) 0(1) 8(1) 5(1)
c(@3) 31(1) 41(1) 16(1) 1(1) 6(1) 5(1)
C(4) 28(1) 48(1) 19(1) -1(1) -2(1) -1(1)
C(5) 19(1) 62(1) 22(1) 2(1) 1(1) 11(1)
C(6) 16(1) 42(1) 17(1) 1(1) 3(1) 4(1)
c(7) 46(1) 18(1) 31(1) 7(1) -6(1) -3(1)

Table 4. Hydrogen coordinates ( x 49and isotropic displacement parameter& (&0 3) for sh2947.

X y z U(eq)
H(1) 1674(16) 10589(17) 2544(10) 27(3)
H(2) 520(20) 9357(19) 2648(13) 50(5)
H(3) 2540(20) 9650(20) 4248(13) 48(4)
H(4) 2557(17) 7949(17) 3774(11) 27(3)
H(5) 4506(18) 10454(19) 3591(12) 39(4)
H(6) 5065(18) 9011(15) 4249(12) 31(4)
H(7) 5700(20) 8750(20) 2613(15) 56(5)
H(8) 4609(17) 7460(20) 2725(11) 33(4)
H(9) 3645(16) 10158(16) 1554(10) 22(3)
H(10) 3750(20) 8445(19) 1049(14) 47(4)
H(11) 510(20) 6921(19) 1661(13) 46(5)
H(12) 2120(20) 6513(19) 2187(14) 46(4)
H(13) 1770(20) 6580(20) 1013(15) 55(5)

Compound 11

Table 1 Atomic coordinates (x #) and equivalent isotropic displacement paramet&fs 10°) for sh2848.
U(eq) is defined as one third of the trace ofdhtbogonalized Wtensor.

X y z U(eq)
Ge(1) 3739(1) 5114(1) 6318(1) 70
o(1) 4024(1) 6021(1) 4610(1) 18(1)
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0(2) 6131(1) 5983(1) 6746(1) 22(1)

c@) 2023(1) 6740(1) 4099(1) 18(1)
c(2) 922(2) 7705(1) 4940(1) 21(1)
c@3) -1172(2) 8498(1) 4402(1) 26(1)
C(4) -404(2) 9185(1) 3111(1) 27(1)
C(5) 764(2) 8222(1) 2280(1) 31(1)
C(6) 2868(2) 7449(1) 2826(1) 26(1)
c(7) 5700(2) 6451(1) 7901(1) 18(1)
C(8) 5178(2) 7914(1) 7718(1) 34(1)
C(9) 4879(3) 8467(1) 8927(1) 44(1)
C(10) 7012(2) 8115(1) 9622(1) 32(1)
c(11) 7539(2) 6653(1) 9804(1) 35(1)
C(12) 7849(2) 6109(1) 8588(1) 31(1)

Table 2 Bond lengths [A] and angles [°] for sh2848.

Ge(1)-0(2)  1.8148(6) C(1)-C(6) 1.5195(13) C(7)-C(8) 1.5137(12)
Ge(1)-O(1)#1 1.9676(6) C(1)-C(2) 1.5203(11) C(7)-C(12)  1.5139(13)
Ge(1)-0(1)  1.9771(6) C(2)-C(3) 1.5336(13) C(8)-C(9) 1.5239(15)
0(1)-C(1) 1.4475(10) C(3)-C(4) 1.5198(15) C(9)-C(10)  1.5128(17)
O(1)-Ge(L)#1 1.9676(6) C(4)-C(5)  1.5229(15) C(10)-C(11) 1.5139(15)
0(2)-C(7) 1.4260(10) C(5)-C(6) 1.5328(14) C(11)-C(12) 1.5280(14)
0(2)-Ge(1)-O(L)#1  93.47(3) O(1)-C(1)-C(2)  109.68(6) 0(2)-C(7)-C(12)  109.75(7)
0(2)-Ge(1)-0(1) 94.72(3) C(6)-C(1)-C(2)  110.69(7) C(8)-C(7)-C(12)  110.76(8)
O(1)#1-Ge(1)-0(1)  75.72(3) C(1)-C(2)-C(3)  110.53(7) C(7)-C(8)-C(9) 111.93(9)
C(1)-0(1)-Ge(1)#1 122.48(5) C(4)-C(3)-C(2)  111.59(8) C(10)-C(9)-C(8)  112.11(1)
C(1)-0(1)-Ge(l)  122.25(5) C(3)-C(4)-C(5)  111.27(8) C(9)-C(10)-C(11)  111.19(9)
Ge(1)#1-0(1)-Ge(1) 104.28(3) C(4)-C(5)-C(6)  111.11(8) C(10)-C(11)-C(12) 111.53(9)
C(7)-0(2)-Ge(l)  117.11(5) C(1)-C(6)-C(5)  110.21(8) C(7)-C(12)-C(11) 111.96(8)
O(1)-C(1)-C(6) 109.78(7) 0(2)-C(7)-C(8)  110.38(7)

Symmetry transformations used to generate equivatems: #1 -x+1,-y+1,-z+1
Table 3. Anisotropic displacement parameters?A10°%) for sh2848. The anisotropic displacement factor
exponent takes the form: ™ h2 a*2U + ... + 2 hk a* b* 2]

Ull U22 U33 U23 Ul3 U12
Ge(1) 18(1) 17(1) 16(1) -5(1) -3(1) 1(1)
o(1) 21(1) 18(1) 17(1) -5(1) -7(1) 6(1)
0(2) 23(1) 28(1) 18(1) -11(1) -3(1) -3(1)
c() 20(1) 16(1) 19(1) -4(1) -8(1) 2(1)
c(2) 24(1) 22(1) 18(1) -3(1) -4(1) 6(1)
c@3) 24(1) 24(1) 28(1) -1(1) -4(1) 8(1)
C(4) 33(1) 22(1) 27(1) -1(1) -10(1) 7(1)
C(5) 43(1) 31(1) 20(1) -3(1) -13(1) 11(1)
C(6) 32(1) 29(1) 16(1) -3(1) -4(1) 10(1)
c(7) 22(1) 19(1) 15(1) -6(1) -3(1) 0(1)
C(8) 54(1) 22(1) 30(1) -10(1) -24(1) 12(1)
C(9) 59(1) 37(1) 44(1) -28(1) -29(1) 25(1)
C(10) 46(1) 27(1) 26(1) -12(1) -15(1) 2(1)
C(11) 55(1) 31(1) 23(1) -8(1) -20(1) 8(1)
C(12) 38(1) 31(1) 29(1) -14(1) -18(1) 14(1)

Table 4 Hydrogen coordinates (x 90and isotropic displacement parameter& (&0 3) for sh2848.

X y z U(eq)
H(1) 830(20) 6160(12) 4050(12) 25(3)
H(2) 2170(20) 8262(13) 5033(13) 27(3)
H(3) 380(30) 7217(14) 5685(14) 35(4)
H(4) -1770(30) 9157(14) 4931(14) 33(4)
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H(5) -2380(30) 7937(14) 4402(14) 34(4)

H(6) 780(20) 9856(13) 3111(13) 32(3)
H(7) -1770(30) 9629(16) 2810(16) 54(5)
H(8) 1230(30) 8629(15) 1497(16) 43(4)
H(9) -450(30) 7594(15) 2171(15) 41(4)
H(10) 4120(30) 8027(14) 2895(13) 30(3)
H(11) 3460(30) 6809(14) 2314(15) 37(4)
H(12) 4240(20) 6048(11) 8406(11) 20(3)
H(13) 6440(30) 8288(17) 7212(18) 55(5)
H(14) 3730(30) 8086(15) 7346(15) 42(4)
H(15) 4640(30) 9419(17) 8784(17) 60(5)
H(16) 3550(30) 8098(16) 9417(16) 43(5)
H(17) 6800(30) 8450(15) 10410(15) 43(4)
H(18) 8460(30) 8535(14) 9121(14) 38(4)
H(19) 6130(30) 6230(14) 10355(14) 33(4)
H(20) 8900(30) 6448(15) 10212(15) 41(4)
H(21) 8110(30) 5143(16) 8744(15) 48(4)
H(22) 9210(30) 6523(14) 8089(14) 39(4)

Compound 12

Table 1 Atomic coordinates (x ) and equivalent isotropic displacement paramet&fs 10%) for sh2891.
U(eq) is defined as one third of the trace ofdhtogonalized Wtensor.

X y z U(eq)
Ge(1) 526(1) 4870(1) 1145(1) 12(1)
0(1) 1646(1) 6272(1) 1208(1) 16(1)
0(2) -772(1) 5811(1) 165(1) 13(1)
C(1) 2532(1) 6656(1) 2086(1) 14(1)
C(2) 1886(1) 6996(1) 2952(1) 18(1)
C(3) 2804(1) 7312(1) 3920(1) 20(1)
C(4) 3738(1) 6143(1) 4206(1) 22(1)
C(5) 4399(1) 5784(1) 3362(1) 24(1)
C(6) 3463(1) 5474(1) 2406(1) 20(1)
C(7) 3194(1) 7918(1) 1774(1) 27(1)
C(8) -1345(1) 7146(1) 284(1) 15(2)
C(9) -1393(1) 7345(1) 1383(1) 20(1)
C(10) -2251(1) 6326(1) 1769(1) 23(1)
C(11) -3565(1) 6376(1) 1138(1) 24(1)
C(12) -3533(1) 6109(1) 48(1) 18(1)
C(13) -2676(1) 7132(1) -335(1) 16(1)
C(14) -572(1) 8285(1) -67(1) 25(1)

Table 2 Bond lengths [A] and angles [°] for sh2891.

Ge(1)-0(1) 1.8204(5) C(1)-C(2)  1.5338(10) C(8)-C(9) 1.5321(11)
Ge(1)-0(2) 1.9760(5) C(1)-C(6)  1.5382(11) C(8)-C(13)  1.5338(10)
Ge(1)-0(2#1 1.9819(5) C(2-C(3)  1.5316(11) C(9)-C(10)  1.5264(13)
O(1)-C(1) 1.4390(8) C(3)-C(4)  1.5242(12) C(10)-C(11)  1.5258(13)
0(2)-C(8) 1.4615(8) C(4)-C(5)  1.5220(12) C(11)-C(12)  1.5266(12)
O(2)-Ge(1)#1  1.9819(5) C(5)-C(6)  1.5272(11) C(12)-C(13)  1.5259(11)
C(1)-C(7) 1.5245(11) C(8)-C(14) 1.5247(11)

0(1)-Ge(1)-0(2) 94.24(2) Ge(1)-0(2)-Ge(1)#1 104.89(2) C(2)-C(1)-C(6)  108.53(6)
O(1)-Ge(1)-O(2)#1  94.70(2) 0(1)-C(1)-C(7) 104.57(6) C(3)-C(2)-C(1)  113.14(6)
0(2)-Ge(1)-0(2)#1  75.11(2) 0(1)-C(1)-C(2) 111.58(6) C(4)-C(3)-C(2)  111.50(7)
C(1)-0(1)-Ge(l)  124.70(4) C(7)-C(1)-C(2) 111.15(7) C(5)-C(4)-C(3)  111.59(7)
C(8)-0(2)-Ge(1)  126.80(4) O(1)-C(1)-C(6)  110.23(6) C(4)-C(5)-C(6)  111.15(7)
C(8)-0(2)-Ge(1)#1 122.27(4) C(7)-C(1)-C(6)  110.77(7) C(5)-C(6)-C(1)  113.14(7)
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0(2)-C(8)-C(14)  109.23(6) C(14)-C(8)-C(13)  110.85(7) C(10)-C(11)-C(12) 110.49(7)
0(2)-C(8)-C(9)  108.69(6) C(9)-C(8)-C(13)  109.53(6) C(13)-C(12)-C(11) 111.20(7)
C(14)-C(8)-C(9)  110.38(7) C(10)-C(9)-C(8)  113.70(6) C(12)-C(13)-C(8)  113.26(6)
0(2)-C(8)-C(13)  108.12(5) C(11)-C(10)-C(9)  110.90(8)

Symmetry transformations used to generate equivatems: #1 -x,-y+1,-z

Table 3. Anisotropic displacement parameters?A10°%) for sh2891. The anisotropic displacement factor
exponent takes the form: ® h2 a*2U11+ ... + 2 hk a* b* 2]

Ull U22 U33 U23 U13 U12
Ge(1) 11(1) 14(1) 11(1) 1(1) 1(1) -1(1)
o(1) 15(1) 20(1) 11(1) -1(1) -1(1) -6(1)
0(2) 12(1) 12(1) 13(1) -2(1) 1(1) 2(1)
c() 14(1) 18(1) 11(1) -1(1) 1(1) -4(1)
c(2) 14(1) 24(1) 14(1) -4(1) 1(1) 2(1)
c@3) 19(1) 26(1) 14(1) -6(1) 1(1) 2(1)
C(4) 25(1) 26(1) 13(1) -1(1) -2(1) 3(1)
C(5) 18(1) 32(1) 19(1) -7(1) -3(1) 7(1)
C(6) 16(1) 26(1) 16(1) -6(1) 1(1) 3(1)
c(7) 32(1) 30(1) 18(1) 3(1) -2(1) -17(1)
C(8) 12(1) 11(1) 20(1) -3(1) 1(1) 0(1)
C(9) 16(1) 22(1) 21(1) -10(1) -1(1) 2(1)
C(10) 21(1) 33(1) 16(1) -4(1) 4(1) 4(1)
c(11) 17(1) 32(1) 24(1) -5(1) 8(1) 1(1)
C(12) 12(1) 21(1) 21(1) -3(1) 1(1) -1(1)
C(13) 14(1) 15(1) 19(1) -1(1) 0(1) 2(1)
C(14) 20(1) 14(1) 40(1) 3(1) 5(1) -4(1)

Table 4. Hydrogen coordinates (x 90and isotropic displacement parameterx(£0 3) for sh2891.

X y z U(eq)
H(1) 1386(11) 6197(12) 3079(9) 21(3)
H(2) 1335(12) 7750(14) 2760(10) 29(3)
H(3) 3248(11) 8172(13) 3831(9) 25(3)
H(4) 2372(12) 7488(14) 4445(11) 32(3)
H(5) 3275(14) 5320(15) 4374(11) 32(4)
H(6) 4333(12) 6366(14) 4810(10) 32(3)
H(7) 4974(17) 4988(13) 3544(14) 39(4)
H(8) 4881(11) 6546(13) 3227(9) 24(3)
H(9) 3917(14) 5278(14) 1852(12) 34(4)
H(10) 2999(13) 4661(13) 2527(10) 25(3)
H(11) 3815(13) 8295(15) 2313(11) 38(4)
H(12) 2604(12) 8613(14) 1583(10) 29(3)
H(13) 3570(13) 7674(14) 1245(11) 35(4)
H(14) -1666(11) 8260(12) 1464(9) 23(3)
H(15) -562(10) 7317(12) 1769(9) 19(3)
H(16) -1888(11) 5354(13) 1761(9) 19(3)
H(17) -2247(12) 6572(13) 2474(11) 34(3)
H(18) -3915(13) 7282(15) 1205(10) 34(3)
H(19) -4125(13) 5697(16) 1356(10) 34(3)
H(20) -4381(12) 6161(14) -349(10) 30(3)
H(21) -3252(13) 5176(11) -36(11) 20(3)
H(22) -2986(11) 8061(13) -316(9) 22(3)
H(23) -2680(11) 6946(12) -1046(9) 21(3)
H(24) 309(12) 8277(13) 307(10) 25(3)
H(25) -554(12) 8171(14) -756(11) 32(3)
H(26) -943(13) 9201(16) 21(10) 37(4)
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Compound 14

Table 1 Atomic coordinates (x ) and equivalent isotropic displacement paramet&fs 10%) for sh2919.
U(eq) is defined as one third of the trace ofdtthogonalized Wtensor.

X y z U(eq)
Al(1) 5963(1) 445(1) 5828(1) 18(1)
Si(1) 8360(1) 809(1) 7574(1) 22(1)
Si(2) 7890(1) -1167(1) 6607(1) 21(1)
N(1) 7440(1) -9(2) 6607(1) 19(2)
0(1) 5432(1) 213(1) 4054(1) 19(2)
C(1) 7752(2) 1056(1) 9135(2) 37(1)
C(2) 8474(1) 1927(1) 6673(2) 31(1)
C(3) 9988(1) 436(1) 8073(2) 35(1)
C(4) 8299(2) -1650(1) 8329(2) 38(1)
C(5) 9222(1) -1328(1) 5742(2) 31(1)
C(6) 6660(1) -1946(1) 5740(2) 29(1)
C(7) 6023(1) 371(1) 2890(1) 24(1)
C(8) 6488(2) -560(1) 2473(2) 46(1)
C(9) 5094(2) 776(2) 1784(2) 43(1)
C(10) 7066(2) 1036(2) 3299(2) 50(1)
Table 2 Bond lengths [A] and angles [°] for sh2919.
Al(1)-N(1) 1.8244(11) Si(1)-C(1) 1.8752(17) O(1)-C(7) 1.4770(16)
Al(1)-0(1) 1.8415(10) Si(1)-C(3) 1.8801(16) O(1)-Al(1)#1 1.8433(10)
Al(1)-O(1)#1 1.8433(10) Si(2)-N(1) 1.7359(12) C(7)-C(10) 1.508(2)
Al(1)-Al(1)#1  2.8062(8) Si(2)-C(6) 1.8719(15) C(7)-C(9) 1.514(2)
Si(1)-N(1) 1.7491(12) Si(2)-C(5) 1.8726(16) C(7)-C(8) 1.521(2)
Si(1)-C(2) 1.8669(17) Si(2)-C(4) 1.8766(16)
N(1)-Al(1)-O(1) 118.63(5) C(2)-Si(1)-C(3) 103.48(8) Si(1)-N(1)-Al(1)  113.95(6)
N(1)-Al(1)-O(1)#1 119.94(5) C(1)-Si(1)-C(3) 107.33(8) C(7)-0(2)-Al(1) 131.01(8)
O(1)-Al(1)-O(1)#1  80.80(4) N(1)-Si(2)-C(6) 112.56(6) C(7)-0O(1)-Al(1)#1 129.20(8)
N(1)-Al(1)-Al(1)#1 129.96(4) N(1)-Si(2)-C(5) 111.85(7) Al(1)-0(1)-Al(1)#1  99.20(4)
O(1)-Al(1)-Al(1)#1  40.42(3) C(6)-Si(2)-C(5) 106.23(7) 0O(1)-C(7)-C(10) 107.72(2)
O(1)#1-Al(1)-Al(1)#1 40.37(3) N(1)-Si(2)-C(4) 112.13(7) 0O(1)-C(7)-C(9) 108.60(1)
N(1)-Si(1)-C(2) 112.40(6) C(6)-Si(2)-C(4) 105.34(8) C(10)-C(7)-C(9) 111.20(1)
N(1)-Si(1)-C(1) 110.21(7) C(5)-Si(2)-C(4) 108.31(8) O(1)-C(7)-C(8) 108.24(1)
C(2)-Si(1)-C(1) 108.92(8) Si(2)-N(1)-Si(1) 120.05(6) C(10)-C(7)-C(8) 110.45(1)
N(1)-Si(1)-C(3) 114.14(7) Si(2)-N(1)-Al(1) 125.56(6) C(9)-C(7)-C(8) 110.52(1)

Symmetry transformations used to generate equivatems: #1 -x+1,-y,-z+1

Table 3. Anisotropic displacement parametergXA(®) for sh2919. The anisotropic displacement factor
exponent takes the form: ™ h2 a*2U11+ ... + 2 hk a* b* 2]

Ull U22 U33 U23 U13 U12

Al(1) 16(1) 19(1) 18(1) 0(1) 2(1) 0(1)

Si(1) 20(1) 26(1) 20(1) -3(1) 0(1) -2(1)
Si(2) 21(1) 21(1) 22(1) 2(1) 3(1) 3(1)
N(1) 17(1) 21(1) 19(1) 0(1) 1(1) 0(1)

o(1) 18(1) 24(1) 16(1) 1(1) 5(1) -2(1)
c() 40(1) 46(1) 25(1) -11(1) 7(1) -5(1)
C(2) 28(1) 28(1) 37(1) -3(1) 2(1) -7(1)
c(@3) 23(1) 43(1) 36(1) -4(1) -6(1) -2(1)
C(4) 43(1) 37(1) 32(1) 12(1) 2(1) 6(1)
C(5) 24(1) 35(1) 35(1) -5(1) 6(1) 6(1)
C(6) 28(1) 22(1) 38(1) 0(1) 5(1) 1(1)
c(7) 22(1) 32(1) 19(1) 4(1) 8(1) -1(1)
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c(8) 56(1) 45(1) 47(1) 4(2) 33(1) 11(1)
C(9) 35(1) 70(1) 25(1) 16(1) 8(1) 10(1)
C(10) 51(1) 69(1) 34(1) -1(1) 16(1) -34(1)

Table 4. Hydrogen coordinates (x 4)0and isotropic displacement parameterd(£0 3) for sh29109.

X y z U(eq)
H(1) 5801(15) 1449(12) 6240(17) 31(4)
H(1A) 6940 1334 8910 55
H(1B) 8296 1490 9688 55
H(1C) 7701 473 9621 55
H(2A) 8842 1811 5886 47
H(2B) 8981 2367 7258 47
H(2C) 7660 2192 6402 47
H(3A) 10023 -141 8588 53
H(3B) 10444 925 8613 53
H(3C) 10347 331 7277 53
H(4A) 9044 -1350 8784 57
H(4B) 8431 -2323 8283 57
H(4C) 7636 -1528 8820 57
H(5A) 9041 -1049 4857 47
H(5B) 9383 -1995 5661 47
H(5C) 9939 -1026 6256 47
H(6A) 5951 -1910 6185 44
H(6B) 6956 -2590 5766 44
H(6C) 6428 -1747 4816 44
H(8A) 7061 -825 3213 70
H(8B) 6900 -467 1712 70
H(8C) 5802 -987 2226 70
H(9A) 4402 349 1579 65
H(9B) 5466 862 992 65
H(9C) 4813 1379 2063 65
H(10A) 6754 1630 3572 75
H(10B) 7489 1141 2549 75
H(10C) 7634 769 4041 75

Compound 15

Table 1 Atomic coordinates (x #) and equivalent isotropic displacement paramet&?s 10°) for sh2925.
U(eq) is defined as one third of the trace ofdhtbogonalized Wtensor.

X y z U(eq)
Al(1) 10562(1) 9266(1) 4375(1) 18(1)
Si(1) 7982(1) 8010(1) 4533(1) 22(1)
Si(2) 10980(1) 7396(1) 3326(1) 23(1)
N(1) 9814(2) 8176(1) 4128(1) 18(1)
0(1) 9208(2) 10734(1) 4608(1) 17(1)
C(1) 8414(2) 11707(2) 4088(1) 19(1)
C(2) 6965(3) 12503(2) 4588(1) 24(1)
C(3) 6188(3) 13662(2) 4145(2) 29(1)
C(4) 7383(3) 14287(2) 3798(2) 33(1)
C(5) 8805(3) 13510(2) 3274(2) 33(1)
C(6) 9573(3) 12360(2) 3726(1) 26(1)
C(7) 7948(3) 11184(2) 3480(2) 30(1)
C(8) 6868(3) 9057(2) 5302(1) 25(1)
C(9) 6690(3) 8301(3) 3776(2) 34(1)
C(10) 8161(4) 6527(2) 5028(2) 35(1)
C(11) 10956(4) 8385(2) 2414(1) 33(1)
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C(12) 13075(3) 6644(2) 3463(2) 33(1)

C(13) 10335(4) 6161(2) 3145(2) 39(1)

Al(2) 4362(1) 4300(1) 592(1) 16(1)

Si(3) 3761(1) 2249(1) 1603(1) 23(1)

Si(4) 6942(1) 1774(1) 528(1) 21(1)

N(2) 5074(2) 2727(1) 860(1) 19(1)

0(2) 5694(2) 5187(1) 441(1) 16(1)

C(14) 6367(2) 5524(2) 1024(1) 17(2)

C(15) 5352(3) 6760(2) 1235(1) 24(1)

C(16) 6071(3) 7273(2) 1752(2) 29(1)

C(17) 7750(3) 7236(2) 1369(2) 36(1)

C(18) 8774(3) 5992(3) 1193(2) 33(1)

C(19) 8055(3) 5483(2) 669(1) 28(1)

C(20) 6327(3) 4649(2) 1727(1) 28(1)

C(21) 3587(3) 2860(2) 2548(1) 30(1)

C(22) 1747(3) 2655(3) 1351(2) 35(1)

C(23) 4357(4) 623(2) 1803(2) 42(1)

C(24) 6899(4) 553(2) 1(2) 35(1)

C(25) 8095(4) 1116(3) 1336(2) 36(1)

C(26) 8179(3) 2544(2) -172(1) 27(1)

Table 2 Bond lengths [A] and angles [°] for sh2925.

Al(1)-N(1) 1.8236(18) C(1)-C(7) 1.516(3) Si(3)-C(23) 1.871(3)
Al(1)-0(1) 1.8359(14) C(1)-C(6) 1.519(3) Si(4)-N(2) 1.7334(18)
Al(1)-0O(1)#1 1.8451(14) C(1)-C(2) 1.525(3) Si(4)-C(26) 1.867(2)
Al(1)-Al(1)#1  2.8197(12) C(2)-C(3) 1.533(3) Si(4)-C(24) 1.873(3)
Si(1)-N(1) 1.7401(18) C(3)-C(4) 1.517(4) Si(4)-C(25) 1.876(3)
Si(1)-C(10) 1.865(3) C(4)-C(5) 1.524(4) 0(2)-C(14) 1.470(2)
Si(1)-C(8) 1.869(2) C(5)-C(6) 1.532(3) O(2)-Al(2)#2 1.8429(14)
Si(1)-C(9)  1.883(3) Al(2)-N(2) 1.8295(18) C(14)-C(20) 1.519(3)
Si(2)-N(1)  1.7491(17) Al(2)-0(2)#2  1.8429(14) C(14)-C(19) 1.520(3)
Si(2)-C(11) 1.868(3) Al(2)-0(2) 1.8443(14) C(14)-C(15) 1.522(3)
Si(2)-C(12) 1.870(3) Al(2)-Al(2)#2  2.8193(12) C(15)-C(16) 1.530(3)
Si(2)-C(13) 1.879(3) Si(3)-N(2) 1.7564(18) C(16)-C(17) 1.525(4)
0(1)-C(1) 1.471(2) Si(3)-C(21) 1.868(2) C(17)-C(18) 1.519(4)
O(1)-Al(1)#1 1.8451(14) Si(3)-C(22) 1.868(3) C(18)-C(19) 1.536(3)
N(1)-Al(1)-O(1) 120.34(7) O(1)-C(1)-C(7) 107.47(1) N(2)-Si(4)-C(24) 113.28(1)
N(1)-Al(1)-O(1)#1 118.87(7) 0O(1)-C(1)-C(6) 107.63(1) C(26)-Si(4)-C(24) 106.11(1)
O(1)-Al(1)-O(1)#1  80.00(6) C(7)-C(1)-C(6) 112.22(1) N(2)-Si(4)-C(25) 112.41(1)
N(1)-Al(1)-Al(1)#1 130.15(7) 0(1)-C(1)-C(2) 107.51(1) C(26)-Si(4)-C(25) 104.81(1)
O(1)-Al(1)-Al(1)#1  40.12(4) C(7)-C(1)-C(2) 111.40(1) C(24)-Si(4)-C(25) 108.18(1)
O(1)#1-Al(1)-Al(1)#1 39.88(4) C(6)-C(1)-C(2) 110.38(1) Si(4)-N(2)-Si(3) 120.19(2)
N(1)-Si(1)-C(10) 112.56(1) C(1)-C(2)-C(3) 112.78(1) Si(4)-N(2)-Al(2) 125.78(1)
N(1)-Si(1)-C(8) 111.59(9) C(4)-C(3)-C(2) 110.9(2) Si(3)-N(2)-Al(2) 113.58(9)
C(10)-Si(1)-C(8) 105.30(1) C(3)-C(4)-C(5) 111.3(2) C(14)-O(2)-Al(2)#2 131.05(1)
N(1)-Si(1)-C(9) 111.58(1) C(4)-C(5)-C(6) 110.4(2) C(14)-0O(2)-Al(2)  128.51(1)
C(10)-Si(1)-C(9)  108.90(14) C(1)-C(6)-C(5) 112.72(1) Al(2)#2-0(2)-Al(2)  99.75(6)
C(8)-Si(1)-C(9) 106.55(12) N(2)-Al(2)-O(2)#2 119.29(7) 0(2)-C(14)-C(20) 106.91(1)
N(1)-Si(2)-C(11)  110.69(1) N(2)-Al(2)-O(2) 120.99(7) 0(2)-C(14)-C(19) 108.41(1)
N(1)-Si(2)-C(12)  112.24(1) O(2)#2-Al(2)-0(2)  80.25(6) C(20)-C(14)-C(19) 111.34(1)
C(11)-Si(2)-C(12) 109.27(1) N(2)-Al(2)-Al(2)#2 131.04(7) 0(2)-C(14)-C(15) 108.05(1)
N(1)-Si(2)-C(13)  113.94(1) O(2)#2-Al(2)-Al(2)#2 40.14(4) C(20)-C(14)-C(15) 111.38(1)
C(11)-Si(2)-C(13) 107.21(1) 0O(2)-Al(2)-Al(2)#2  40.11(4) C(19)-C(14)-C(15) 110.59(1)
C(12)-Si(2)-C(13) 103.10(14) N(2)-Si(3)-C(21) 111.15(1) C(14)-C(15)-C(16) 112.71(1)
Si(1)-N(1)-Si(2) 119.72(10) N(2)-Si(3)-C(22) 111.95(1) C(17)-C(16)-C(15) 110.7(2)
Si(1)-N(1)-Al(1)  125.52(10) C(21)-Si(3)-C(22) 109.10(1) C(18)-C(17)-C(16) 110.4(2)
Si(2)-N(1)-Al(1)  114.18(10) N(2)-Si(3)-C(23) 114.11(1) C(17)-C(18)-C(19) 110.9(2)
C(1)-0(1)-Al(1) 129.57(12) C(21)-Si(3)-C(23) 106.12(1) C(14)-C(19)-C(18) 112.08(1)
C(1)-0(1)-Al(1)#1 129.49(12) C(22)-Si(3)-C(23) 103.99(1)

Al(1)-O(1)-Al(1)#1 100.00(7) N(2)-Si(4)-C(26) 111.51(1)
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Symmetry transformations used to generate equivatems: #1 -x+2,-y+2,-z+1 #2 -x+1,-y+1,-z
Table 3. Anisotropic displacement parameters2(A10%) for sh2925. The anisotropic displacement factor
exponent takes the form: ™ h2 a*2U + ... + 2 hk a* b* 32]

Ull U22 U33 U23 U13 U12
Al(1) 17(1) 19(1) 16(1) -2(1) -4(1) -4(1)
Si(1) 20(1) 24(1) 24(1) -6(1) -4(1) -8(1)
Si(2) 24(1) 23(1) 21(1) -7(1) -4(1) -1(1)
N(1) 16(1) 18(1) 18(1) -5(1) -4(1) -3(1)
o(1) 18(1) 16(1) 15(1) 0(1) -7(1) -2(1)
c@) 20(1) 16(1) 18(1) 1(1) -9(1) -1(1)
c(2) 23(1) 22(1) 23(1) -2(1) -6(1) -1(1)
c@3) 27(1) 23(1) 31(1) -5(1) -11(1) 3(1)
C(4) 44(2) 18(1) 37(1) 2(1) -22(1) -4(1)
C(5) 33(1) 29(1) 34(1) 12(1) -11(1) -9(1)
C(6) 23(1) 25(1) 27(1) 7(1) -7(1) -4(1)
c(7) 34(1) 26(1) 28(1) -5(1) -18(1) 1(1)
C(8) 20(1) 28(1) 25(1) -5(1) -1(1) -6(1)
C(9) 26(1) 44(2) 37(1) -13(1) -11(1) -9(1)
C(10) 41(2) 30(1) 37(1) -7(1) -2(1) -17(1)
c(11) 41(2) 31(1) 20(1) -5(1) -6(1) 0(1)
c(12) 24(1) 37(1) 29(1) -13(1) -4(1) 5(1)
C(13) 45(2) 30(1) 44(2) -16(1) -8(1) -10(1)
Al(2) 15(1) 18(1) 15(1) -1(1) -3(1) -5(1)
Si(3) 25(1) 24(1) 21(1) 1(1) -3(1) -11(1)
Si(4) 21(1) 19(1) 21(1) -2(1) -6(1) -3(1)
N(2) 20(1) 18(1) 17(1) -1(1) -3(1) -5(1)
0(2) 16(1) 20(1) 14(1) -1(1) -6(1) -7(1)
C(14) 17(1) 19(1) 16(1) -3(1) -7(1) -5(1)
C(15) 22(1) 21(1) 28(1) -6(1) -10(1) -2(1)
C(16) 34(1) 21(1) 33(1) -8(1) -14(1) -4(1)
c(17) 47(2) 40(1) 34(1) -2(1) -14(1) -29(1)
C(18) 22(1) 53(2) 32(1) -13(1) -4(1) -19(1)
C(19) 19(1) 44(1) 24(1) -11(1) -4(1) -12(1)
C(20) 42(2) 26(1) 23(1) 2(1) -16(1) -15(1)
C(21) 35(1) 38(1) 20(1) 0(1) -1(1) -19(1)
C(22) 30(1) 49(2) 34(1) 5(1) -8(1) -24(1)
C(23) 50(2) 28(1) 46(2) 4(1) -1(1) -18(1)
C(24) 40(2) 23(1) 41(2) -10(1) -7(1) -4(1)
C(25) 34(1) 36(1) 32(1) 2(1) -14(1) -2(1)
C(26) 21(1) 27(1) 29(1) -5(1) -1(1) -4(1)

Table 4. Hydrogen coordinates (x 4)0and isotropic displacement parametersx(£0 3) for sh2925.

X y z U(eq)
H(1) 12120(30) 9330(20) 3706(15) 29(7)
H(2) 2820(30) 4900(20) 1145(16) 37(7)
H(1) 6250(30) 12120(20) 4784(15) 30(7)
H(2) 7260(30) 12690(20) 5020(16) 32(7)
H(3) 5770(30) 13500(20) 3720(15) 24(6)
H(4) 5350(30) 14140(30) 4493(17) 41(8)
H(5) 6890(30) 15000(30) 3527(17) 41(8)
H(6) 7790(30) 14460(30) 4207(18) 42(8)
H(7) 9610(30) 13880(20) 3061(17) 39(8)
H(8) 8480(30) 13340(20) 2799(14) 21(6)
H(9) 10460(30) 11850(20) 3384(15) 27(6)
H(10) 9920(30) 12550(20) 4148(15) 25(6)
H(11) 7250(40) 10680(30) 3722(19) 52(9)
H(12) 8830(40) 10770(30) 3193(17) 36(8)
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H(13)
H(14)
H(15)
H(16)
H(17)
H(18)
H(19)
H(20)
H(21)
H(22)
H(22)
H(23)
H(24)
H(25)
H(26)
H(27)
H(28)
H(29)
H(30)
H(31)
H(32)
H(33)
H(34)
H(35)
H(36)
H(37)
H(38)
H(39)
H(40)
H(41)
H(42)
H(43)
H(44)
H(45)
H(46)
H(47)
H(48)
H(49)
H(50)
H(51)
H(52)
H(53)
H(54)
H(55)
H(56)
H(57)
H(58)
H(59)
H(60)
H(61)

7420(30)
6620(30)
5880(40)
7460(40)
6880(50)
5710(60)
6700(60)
7160(60)
8590(50)
9930(40)
8670(60)
11400(40)
11440(40)
13540(40)
13580(40)
13050(40)
9170(40)
10430(40)
11050(50)
5300(30)
4320(30)
5460(30)
6120(30)
7760(40)
8210(40)
9700(40)
8860(30)
8030(30)
8710(30)
5350(40)
6810(30)
6870(30)
3170(30)
4600(40)
2960(40)
1270(40)
1810(40)
1050(40)
3590(40)
5410(40)
4350(50)
6600(50)
7890(60)
6510(50)
8390(40)
7620(40)
9050(40)
8410(30)
9130(40)
7770(40)

11790(20)
9860(20)
8860(20)
8970(30)
8800(30)
8630(40)
7670(50)
6520(40)
6010(30)
8800(30)
6350(40)
8940(30)
7980(30)
7180(30)
6220(30)
6130(30)
6380(30)
5560(30)
5880(30)
7210(20)
6740(20)
8000(30)
6840(20)
7720(30)
7560(30)
5980(30)
5520(20)
5920(20)
4660(20)
4650(30)
4800(20)
3910(30)
3650(30)
2680(30)
2570(30)
3450(30)
2350(30)
2390(30)

450(30)
250(30)
260(40)
820(30)
110(40)
50(40)
1680(30)
690(30)
610(30)
3130(30)
1980(30)
2970(30)

3116(14)
5096(15)
5546(17)
5720(20)
3400(20)
3950(30)
3590(30)
5290(20)
4760(20)
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