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Abstract

With the rapid rise in the importance of nanoscale materials, many standard
structural characterization methods based on ordered structures have become
much less useful, and need to be supplemented by innovative application of
techniques such as NMR. In this work two examples in nanomaterials and
interfacial chemistry are described where critical atomic level structural details,
as well as information on dynamics, were obtained by the use of solid state NMR
spectroscopy in conjunction with computational and related experimental

approaches.

The first instance addresses the question of the activation of a grafted
organometallic thenium complex by virtue of its interaction with a particular
support, namely amorphous silica-alumina. The objectives of this research are to
establish the molecular origin of the catalytic activity of this supported Re
complex including the structures of adsorption and reaction sites and their
relationship to its activity for olefin metathesis. The chemisorption of CHsReO:s
on the surface of a dehydrated, amorphous silica-alumina generates a highly
active catalyst for the metathesis of olefins, including functionalized olefins.
Synthesis of this catalytic system is accomplished by chemical vapor deposition
onto the support. The principal characterization methods were 1D and 2D solid
state NMR (*H, °C, ¥Al), EXAFS, IR, and computational modeling. This catalyst
was found to contain two families of chemically and spectroscopically distinct
sites, which react differently with olefinic reagents, depending on the grafting
conditions, support modification, and/or Re loading. The active grafting site is
one with a two-point interaction of the Re complex with the support, wherein

one oxo ligand interacts with an Lewis acidic Al site and a support oxygen is



weakly coordinated to the Re center. A second, highly mobile CHsReO:s species is
primarily found at higher catalyst loadings, and was determined to be bound by
hydrogen-bonding to surface silanols. Its presence furthermore decreases the
catalytic activity in propylene self-metathesis reactions. This work demonstrates
that the olefin metathesis activity is correlated with the presence of Lewis acid
activated CH3ReOs, so that a material with high (10 wt.%) Re loading with a large
number of H-bonded sites is no more active than that with low (1 wt.%) Re

loading and only Lewis acidic site bonded CH3ReOs.

In the second part of this work the effect of rather different interfacial
interactions are examined, namely those of structural changes following surface
treatments on the optical properties of nanoscale Group III-V semiconductors
and their ternary analogs. Recent advances in chemical synthesis protocols have
made certain coated InosiGaoowP nanoparticles attractive, less- toxic alternatives to
Cd-, Se-, and Te-based Group II-VI compounds for electrical, opto-electronic, or
biological device applications. 1D and 2D MAS NMR experiments (*'P, 'Ga, °In)
were used to establish surface reconstruction and changes in local environments
of sites linked to increased photoluminescence upon etching of 4.5 nm InGaP
quantum dots. These experiments provide a picture of the atomic and molecular
distribution on the surface and the interior of the nanoparticle, and show that
etching with HF results in significant reorganization of the InGaP nanoparticle
surfaces and removal of surface defects. This leads to the "’Ga species being
located in chemically and electronically more ordered molecular environments

near the periphery of the nanoparticle, and hence improved photoluminescence.



Kurzfassung

Mit zunehmender Bedeutung von nanoskaligen Materialen erweisen sich viele
Standard-Charakterisierungsmethoden, die auf geordneten Strukturen basieren,
als weniger geeignet und miissen durch zusatzliche, innovative Techniken, wie
NMR erganzt werden. In der vorliegenden Arbeit werden zwei Beispiele aus den
Bereichen Nanomaterialien und Grenzflachenchemie beschrieben. Mittels
Anwendung von Festkorper-NMR-Spektroskopie in Kombination mit
theoretischen Berechnungen und zusitzlichen experimentellen Methoden
konnten Einblicke in atomare Strukturdetails und Systemdynamiken erlangt

werden.

Im ersten System gilt es, der Frage der Aktivierung eines metallorganischen
Rheniumkomplexes durch Wechselwirkung mit einem amorphen Siliziumoxid-
Aluminiumoxid-Trager nachzugehen. Das Ziel ist, die molekularen Herkunft der
Katalysatoraktivitat des aufgebrachten Re-Komplexes zu erforschen, sowie die
Strukturen der Adsorptions- und Reaktionsstellen in Zusammenhang mit der
Aktivitat in Olefinmetathese-Reaktionen aufzukldaren. Die Chemisorption von
CHsReOs auf der Oberfliche von dehydrierten, amorphen Siliziumoxid-
Aluminiumoxid resultiert in einem sehr aktiven Katalysator fiir die Metathese
von Olefinen, einschliefslich funktionalisierter Olefine. Das Katalysatorsystem
wurde durch Aufdampfen (CVD) hergestellt und als Charakterisierungs-
methoden 1D und 2D Festkorper-NMR (*H, B3C, 27Al) kombiniert mit EXAFS, IR
und theoretische Modellierungen herangezogen. Es konnte gezeigt werden, dass
der Katalysator je nach Tragermodifizierung und Re-Ladung zwei Arten von
chemisch und spektroskopisch verschiedenen Stellen aufweist, welche mit dem

Olefin-Reagens unterschiedlich reagieren. An der aktiven Stelle findet eine



Zweipunkt-Wechselwirkung des Re-Komplexes mit dem Trager statt, in welcher
ein Oxo-Ligand mit einer Lewis-sauren Al Stelle wechselwirkt und ein
Tragersauerstoff schwach mit dem Re-Zentrum koordiniert ist. Eine zweite, hoch
mobile  CHsReOs-Spezies  findet sich  hauptsdchlich bei  hoheren
Katalysatorladungen = und  resultiert aus  Wasserstoffbindungen zu
Siliziumhydroxid-Gruppen an der Trageroberfliche. Thre Anwesenheit
verringert die Katalysatoraktivitat fiir Propylen-Selbstmetathese-Reaktionen. In
dieser Arbeit wird gezeigt, dass die Olefinmetathese-Aktivitdt mit Lewis-sauren
aktivierten CHsReO:s korreliert ist, sodass ein Material mit hoher Re-Beladung (10
wt.%) und einer grofien Anzahl von H-gebundenen Stellen nicht aktiver ist als
ein Katalysatorsytem mit geringerer (1 wt.%) Re-Beladung, in welchem CHzReO:s

ausschliefilich an Lewis-saure Stellen gebunden ist.

Im zweiten Teil der Dissertation werden strukturelle Veranderungen in Folge
von Oberflichenbehandlungen fiir optische Eigenschaften in nanoskaligen
Halbleitern der Gruppe III-V und ihre terndaren Zusammensetzungen untersucht.
In letzer Zeit haben Fortschritte in der Entwicklung von chemischen
Syntheseprotokollen  ligandenstabilisierte = InGaP-Nanopartikel zu einer
attraktiven, weniger toxischen Alternative zu Cd-, Se-, und Te- basierenden
Gruppe II-VI-Materialien fiir elektrische, opto-elektronische und biologische
Anwendungen gemacht. 1D und 2D MAS NMR Experimente (*'P, 7'Ga, °In)
wurden durchgefithrt um Oberflachen-Rekonstruktionen und Anderungen in
der lokalen Umgebung von P, In und Ga Stellen zu beschreiben, welche durch
einen Atzvorgang der 4.5 nm groflen InosiGaowP-Nanopartikel hervorgerufen
werden. Diese Experimente liefern Einblicke in die atomare und molekulare
Verteilung auf der Oberfliche und im Inneren der Nanopartikel, und zeigen,

dass Atzen mit HF mit signifikanter Reorganisation der InGaP-Nanopartikel-



Oberflache und dem Entfernen von Oberflachendefekten einher geht. Dies fiihrt
dazu, dass 7'Ga Spezies sich in chemisch und elektronisch geordneteren
Umgebungen nahe der Peripherie des Nanopartikels befinden, und zu einer

daraus resultierenden erhohten Photolumineszenz.
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Chapter 1. Introduction

1.1 Olefin metathesis

The Nobel Prize in Chemistry was awarded in October 2005 to Yves Chauvin,
Robert H. Grubbs and Richard R. Schrock for “the development of the metathesis
method in organic synthesis”.! The Press release from the Royal Swedish
Academy of Sciences further reads: “This year's Nobel Prize Laureates in
chemistry have made metathesis into one of organic chemistry's most important
reactions. Fantastic opportunities have been created for producing many new
molecules- pharmaceuticals, for example. Imagination will soon be the only limit
to what molecules can be built!” The significance of their work is manifold,
perhaps most noteworthy is that it represents a contribution to green chemistry
in that the increase in chemical efficiency offered by metathesis for chemical
syntheses creates new synthetic pathways of fewer reaction steps that generate
less waste. New catalyst developments allow operation under milder reaction
conditions, such as lower temperature, and also in the presence of stabilizers,
fillers, and additives.? Some catalysts can also function in polar solvents and air,
and have the ability to catalyze the metathesis of functionalized olefins. Several
existing or imminent commercial operations which include olefin metathesis as a
key step are summarized in Table 1-1. The catalysts used in these reactions
function at low pressures and mild temperatures, which serve to maximize
selectivity.> Nevertheless, these processes often operate near the limit of

economic viability because of low catalyst efficiency.

The word metathesis is assembled from the Greek words meta (change) and thesis
(place) indicating a “change of place”. Applied to olefins it describes a chemical
reaction in which the carbon-carbon double bonds are cleaved and reassembled

on account of the catalyst such that the alkyl substituents on the C=C bond are
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exchanged, Scheme 1-1.% 5 The importance of the metathesis reaction lies in the

fact that it changes a carbon double bond which is unreactive with many

reagents to one that is.

R'I FtE
3
R1 FtE

catalyst

Scheme 1-1. General olefin metathesis reaction.

Table 1-1. Industrial productions based on olefin metathesis.

Process Company (annual Reaction Use Catalyst
production capacity) (operating
conditions)
SHOP Shell a-olefins 55 linear internal detergent alcohols,  MoO3/ALO:
(Shell Higher (1,200,000 t/a) alkenes (C11-C14) plasticizers (100-123°C,
Olefins Process) 10 bar)
Phallips Phillips ‘BuCH=C'By + CH:CH: & intermediate in WO:/510:
nechexene (1400 t/a) '‘BuCH=CH: + CH;=CMe2 bicyclic musks (370°C, 30 bar)
process
ROMP Hulls Cycloalkenes — specialty (small soluble Ru
(Ring-Opening CdF Chemie polyalkenamers volume) polymers catalyst
Metathesis Hercules for reaction
Polvmerization) Hitachi injection molding
FEAST Shell Cycloocta-1,5-diene + CH,CH; cross-linking Re:0-/ALO;
(Further (not currently —  hexa-15-diene agents, specialty  promoted with
Exploitation of operating) + deca-1.9-diene (co)monomers, SnBuy
Shell Advanced aldehydes (0-20°C, 1-2
Technology) bar)
Ieta-4 Axen CH,CH; + MeCH=CHMe monomer for Re:0-/ALO;
% 2 MeCH=CH: polypropylene (35°C, 60 bar,
ligquid phase)
Phillips Phallips CH.=CH, + MeCH=CHMe Ethvlene or W03/510,,
Triolefin (not currently 2 2 MeCH=CH: propylene, Na -doped
Process operating) depending on (350-425°C,
market demand gas phase)
Olefin ABB Lummus CH,=CH, + MeCH=CHMe meonemer for W03/510,,
Conversion % 2 MeCH=CH: polypropylene Na -doped
Technology (350-425°C,
(OCT) gas phase)
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Examples of different types of olefin metathesis reactions are shown in Scheme 1-
2. and involve (a) cross metathesis (CM), (b) ring-closing metathesis (RCM), (c)
acyclic diene metathesis polymerization (ADMEP), (d) ring opening metathesis

polymerization (ROMP), (e) enyne metathesis (EYM) and (f) ring opening cross

metathesis (ROCM).
RQ
A H'|= + =\HE —_— Hl_ + -
O - -
P2 Su
C t =
n
« O — M
- n
e C 0‘1 - C(IC;I: =1
G=G-R? \r,AH,
H.2
f ( } + H'i{=\HE }=(3=1'
- =1l H2

Scheme 1-2. Different types of olefin metathesis reactions.

The crucial involvment of a metal carbene species in the mechanism of olefin
metathesis was first suggested by Hérisson and Chauvin (Scheme 1-3.).6 This
Chauvin mechanism involves a metal-alkylidene, the coordination of the olefin
onto the metal atom of this species forming a metallocyclobutane intermediate
which then cleaves to form a new olefin and new metal carbene. This new olefin

contains a carbene from the catalyst and another from the starting olefin.
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Scheme 1-3. Chauvin’s mechanism, proposed in 1971, for the catalyzed olefin metathesis.

The application of olefin metathesis in oleochemistry will in the future be
particularly important, as it is a clean catalytic reaction that will enable the
development of chemical technologies based on biorenewable feedstocks, such as
seed oils (e.g. olive oil, rapeseed oil, soybean oil) as sustainable alternatives to
petroleum oils. Metathesis reactions increase the versatility of seed oil chemistry
and can convert natural oils and fats into valuable chemical products, such as
soaps, lubricants, solvents and biodiesel, directly or only in a few steps. Potential
targets for platform chemicals derived from seed oil (after transesterification to

fatty esters such as methyl oleate), using metathesis are shown in Scheme 1-4.7

detergent-range alcohols

[hydrofclmylation

o] CH,y AVAVAVAVAN
catalyst
Me ) *
methyl cleate cross-metathesis [o]

y"\/\/\/\)LOM,3

plasticizers, fragrances,
pheromones, polymers

self-metathesis

Lcm

dimerizaton lube-oi-range
AVANVAVAN AV VA VAN hydrocarbons

hydrogenation

+

o] o}

macrocycles
* unsaturated {vulcanizable)
MeO e polyesters and polyarrides

Scheme 1-4. Methyl-oleate metathesis products and their uses.
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1.2 Olefin metathesis catalysts and supports

1.2.1 Homogeneous catalysts

The catalysts that are the subject of the Nobel Prize awarded in 2005 are in fact
employed in homogeneous catalysis. They are currently used in the production
of fine and specialty chemicals, in organic syntheses and polymer chemistry.?
Polymerization reactions carried out with the aid of homogeneous metathesis
catalysts allow for a high degree of control over polymer morphology and
facilitate the design of highly specialized polymers. It can also occur in the
presence of additives, which helps to reduce or eliminate subsequent blending
steps. Commercial ROMP polymers include polycyclooctane, polynorbornene
and polydicyclopentadien, with their applications ranging from asphalt
formulations, car body components, corrosive containers and electrical

equipment housing.

Some of the transition metals that have been reported to be active for the
metathesis of olefins are Ti, Nb, Mo, Ru, Ta, W, Re, Os and Ir with Mo, W, Re
being the most effective amongst them. It is universally agreed upon, that the
key structural feature of the metathesis activity is a carbene species (shown in

Scheme 1-3.) as proposed originally by Chauvin.

One of the early catalysts for olefin metathesis, discovered in the late 1970s, was
pentacarbonyl(diphenyl-methylene)tungsten, Figure 1-la. It was the first
compound to catalyze the metathesis polymerization of acetylene and of enyne
metathesis. It also has the ability to prevent acid-catalyzed side reactions and

thereby possesses high selectivity for formation of cis alkenes over trans.” The
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homogeneous catalysts developed more recently have appreciably higher
activity and stability. The molybdenum-based Schrock catalyst, Figure 1-1b, is
efficient for the metathesis of functionalized olefins, but is less reactive than

many tungsten-based catalysts.>

Pcyg
i-Pr 1-Pr
M Me Flh‘i\“\cl \\\H
il frm—
{F-Cl.MaC0, | v ~
_ph -z "\AD‘H\ . Cl | Ph
a  (COKW=C b (FC)aMeCO Ma C PCya

Ph

Figure 1-1. Homogeneous olefin metathesis catalysts: (a) pentacarbonyl(diphenyl-methylene)
tungsten, (b) commercial Schrock molybden catalyst (i-Pr= iso-propyl, Ph= phenyl), (c) Grubbs 1+t
generation ruthenium catalyst (Ph= phenyl, Cy= cyclohexyl).

The most widely-used homogeneous catalysts are those based on isolated or in
situ-generated Ru carbenes with ancillary phosphine ligands (first-generation
Grubbs’ catalyst), Figure 1-1c.® Although they are functional-group-tolerant,
their cost and inherent instabilities make them ill-suited for prolonged use in
large scale industrial production; nevertheless some small volume specialty
polymers are in fact produced in this way. Activity and stability issues have been
overcome with the second-generation Grubbs’ catalysts, in which one phosphine
ligand is replaced by a strongly o-donating and kinetically inert N-heterocyclic
carbene.!’ Nonetheless, it are these relatively exotic ligands which make
members of this catalyst family too expensive for the production of commodity
chemicals, and the presence of phopshine and/or chloride ligands can also be

incompatible with some processes.
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1.2.2 Heterogeneous catalysts

For many industrial applications heterogeneous metathesis catalysts are much
more desirable than the homogeneous Ru catalysts because of the more facile,
and much less costly, catalyst separation and recycling and the ability to use gas
phase reactors. Commercial processes involving olefin metathesis with
heterogeneous catalysts include the Philips Triolefin process, the Philips
Neohexene process, the Shell SHOP process, the Shell FEAST process, Axens'
Meta-4 process, and ABB Lummus Global's OCT process, all of which use
olefinic feedstocks containing no polar functionality (see Table 1-1.). A
heterogeneous catalyst with a reasonable lifetime and productivity in the
presence of polar functional groups and protic impurities has yet to be identified,
a serious drawback which dramatically limits the commercial potential for this

technology.

Heterogeneous metathesis catalysts are normally dispersed on and supported by
solid oxide catalysts and typically used in gas-phase flow systems operating
from 0-400 °C. There are several methods of dispersing the catalyst onto a solid
support: dry mixing, coprecipitation, impregnation of catalyst precursor
followed by calcination, and chemical vapor deposition. The most common
supports for heterogeneous olefin metathesis catalysts are SiO: and Al2Os, which
in many cases also play a critical role in activating the catalyst. Common
heterogeneous metathesis catalysts include MoOs supported on alumina, WOs

supported on silica and Re20O7 on alumina.
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Fundamental studies of truly heterogeneous catalyst systems are among the most
challenging areas of catalyst research since the nature and inherent distribution
of the active sites often renders their identification ambiguous at best. The use of
surface organometallic chemistry with metal complexes grafted onto oxide
supports, however, generates a class of hybrid catalysts, which bridge the realms
of homogeneous and heterogeneous catalysis. They differ from heterogeneous
catalyst in that they retain much of their molecular identity and thereby produce
active sites with a high degree of compositional uniformity. Unlike
homogeneous catalysts (and their “heterogenized” derivatives, the tethered
catalysts) they have important advantages given the intimate interaction with the
solid support, which can result in new modes of catalyst activation. These
supported organometallic catalysts have been shown to possess remarkable
activity in C-H and C-C bond activation'> and olefin polymerization', and often
do that under very mild reaction conditions. An additional advantage of these
molecular organometallic complexes is that synthetic techniques can readily

incorporate specific design elements into these supported catalysts.

1.2.3 Metal oxide supports: Silica-alumina

High surface area forms of amorphous silica-alumina are commonly used both as
catalysts themselves, e.g. in the cracking of heavy oils', and as catalyst supports.
While the pure materials silica and alumina are not acidic, a dispersion of least 10
wt.% alumina into a silica substrate results in a large increase in the acidity,
especially after heat treatment. The surface of amorphous silica-alumina is
composed of silanol groups, which are Brensted acid sites, and Lewis acidic

aluminum sites (Scheme 1-5.). The acidic properties of the silica-alumina surface

10
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can furthermore be varied by the pretreatment temperature. As surface bound
water is liberated upon heating, octahedral Al sites become tetrahedrally

coordinated, and acquire such Lewis acidic properties.¢

0 ) / OH, / OH 0 0 /
(0] Si/ /A1<O//Sl\ | O—_ i/O\Al 0//Si\ (I)H
0/ \ \ o o/T\O H,0 o 0/\ O/l) o o— 8~
N N L o b Thno NN = N
i __Si 1\0 Si (0] i SI\O /
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0 0

Scheme 1-5. Origin of silica-alumina Lewis acidity by dehydration.

1.3 Heterogeneous rhenium catalysts for olefin

metathesis: methyltrioxorhenium CH:ReOs

Heterogeneous rhenium catalysts are very attractive as olefin metathesis
catalysts because they are highly active at relatively low temperatures. However,
they possess rather low tolerance of polar functional groups, which effectively
prevents the use of metathesis processing to biorenewable feedstocks. One
notable exception are certain Re-based catalysts (e.g. Re207/Al203) promoted by
alkyltin or alkyllead reagents, which do exhibit modest activity for metathesis of
functionalized olefins.!* Once these catalysts become deactivated, however, they
are not regenerable by calcination since the activator oxide formed upon
calcination acts as a catalyst poison. Thus there exists an urgent need for longer-

lived, highly active and selective heterogeneous catalysts which can tolerate

11
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polar groups, and this imperative has lead to the investigation of

methyltrioxorhenium, CHsReOs, Figure 1-2., as a catalyst for olefin metathesis.

CHs

0=1°==0
O

Figure 1-2. The structure of methyltrioxorhenium.

The mechanisms by which CHsReO:s catalyzes the homogeneous epoxidation of
olefins and the olefination of aldehydes are now fairly well-understood.”® In
contrast, the origin of its reactivity in olefin metathesis remains unclear,
particularly the step in which the initiating carbene is formed. Although
tautomerization to CH2=ReO:(OH) occurs upon UV irradiation, this carbene is
not thermally accessible,' 17 and CHsReOs shows no reactivity towards olefins in
solution. Metathesis activity is conferred by interaction with a Lewis acid, either
soluble (e.g., RnAlClsn, AICIs or AICl3/SnMes)'® ¥ or solid (e.g. silica-alumina,
alumina, niobia or zeolite Y).!1%2? Interestingly, a methylene tautomer of CHsReOs
was formed in the presence of SnMe:Cl> by trapping with pyridine,® however,

no reactivity for the product was reported.

Early accounts presented conflicting evidence for direct involvement of a carbene
tautomer of Lewis-acid activated CHsReO:s in metathesis. In a study of 1-butene
homometathesis catalyzed by CDsReOs supported on silica-alumina, the
deuterium label was incorporated in the olefinic products as both
CD:=CHCH:CHs and CD:=CH.." Reaction of trans-2,5-dimethyl-3-hexene with

BCHsReOs supported on niobia produced 3-methyl-1-butene, the expected

12
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product of a metathesis reaction with a carbene site Re=CH:, but the olefin
contained less than 5% of the ¥C-label.?* However, the mechanisms of D and 3C
transfer to olefin may differ; furthermore, CHsReOs may not interact in the same
way with the different oxide supports, since niobia, unlike silica-alumina, readily

exhibits oxygen non-stoichiometry.?

Even the structure of grafted CHsReOs remains obscure. Metathesis activity was
correlated with Lewis acidity for the 3CHsReOs/niobia catalyst,?" although no
model for the grafted site was proposed. On silica-alumina, grafting of CHsReO:s
via condensation with a pair of adjacent surface hydroxyl groups was assumed,*
by analogy to the homogeneous reactions of CHsReOs with diols.26%
Computational studies showed such a condensation reaction with the molecular
disilanol H:Si(OH)OSi(OH)H: to be endothermic.”” Nevertheless, subsequent
tautomerization of the silanolate complex was proposed, aided by relaxation of
the silica surface via protolytic opening of a strained siloxane ring.
Understanding the CHsReOs-support interaction is the first step towards
explaining how heterogeneous rhenium-based catalysts acquire their unique
metathesis activity: both CHsReOs on silica-alumina® 2 2 and alumina-
supported perrhenates promoted by SnRs are capable of transforming even

functionalized olefins at room temperature.

Upon deposition onto amorphous silica-alumina, CHsReOs becomes a catalyst
for the metathesis of olefins.!’® 1° The silica-alumina serves as an activator as well
as a support, since solutions of CHsReOs do not catalyze homogeneous olefin
metathesis. The amorphous nature of the silica-alumina is crucial, since
crystalline aluminosilicates are much less effective in activating CHsReOs. It was

originally suggested,'® and recently demonstrated, that CHsReOs forms upon

13
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treatment of oxide-supported perrhenates with a SnMes promoter, which
simultaneously confers tolerance of olefins bearing functional groups.®
Amorphous solid oxides generally possess a variety Lewis and Brensted acidic
and basic centers which can serve as adsorption sites for organometallic
catalysts. Positive identification of the structures of the grafted sites and their
relationship to catalyst activity is very challenging in the absence of both site
uniformity and long-range order. Solid state NMR spectroscopy can be a
powerful tool for investigating supported organometallic catalysts, since the
chemical shift can be highly sensitive to variations in the ligand environment,
while the linewidth provides information about site mobility. Furthermore,
grafted organometallic complexes are readily modified by selective introduction

of isotope labels.

In this work, solid state NMR experiments are combined with other
spectroscopic analyses (such as IR and EXAFS) and computational calculations to
explore the structures of the major sites formed by grafting CHsReOs onto
amorphous silica-alumina, and their relationship to the olefin metathesis activity

of these materials.

1.4 Heterogeneous catalysis and nanoscience

The majority of today’s industrial catalysts consist of high surface-area solids
onto which the active component is dispersed in form of small particles with
dimension of 1-20 nm. The initial incentive to reduce the particle size of the
active components was to maximize the surface area exposed to the reactants

and thus minimize the specific cost per function. Recent advances in nanoscience

14
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have contributed to improved characterization methods and to novel synthetic

approaches for these systems.3!-

Particles ranging in size from 1 to 50 nm exhibit physical and chemical properties
that are intermediate between those of the smallest element from which they can
be composed (such as a metal atom or the stoichiometric unit of a metal oxide)
and those of bulk material. The catalytic activity, selectivity and physical
properties of nanoparticles are strongly dependent on their size, shape and
surface structure, as well as on their bulk and surface composition. It is therefore
of crucial importance to characterize structure and composition of such
nanoparticles to contribute to a molecular-level understanding of the structure-

performance relationship.

1.5 Description of nanocrystals and surface
reconstruction

Nanotechnology is one of the most prominent disciplines in science and
technology today as it bridges the fields of biology, physics, chemistry and
engineering, and holds enormous promise for much improved, as well as
completely new technologies, in many different areas. A structure-based,
molecular level understanding of the function of the nanosized materials
involved does, however, require innovative approaches in the characterization
methods used. Moreover, a successful development of nanomaterials requires a
thorough  understanding of surface chemistry, reconstruction and
inorganic/organic interfaces, as these are associated with the physical properties

(electronic and optical) in nanoscale particles.3** Semiconductor nanocrystals, for
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example, offer a unique opportunity to observe the evolution of physical
properties with size as these quantum dots are applied in a wide range of areas,

including solid state lighting, light emitting diodes and biological labeling.*-%°

Nanocrystals are indeed crystalline, possess crystal facets, but are usually
approximated by a spherical model. The structural features of a nanocrystal are
shown in Figure 1-3. and comprise a core inorganic bulk structure, a

reconstructed inorganic surface shell and an organic passivating layer.>-*°

Organic
Molecules

Nanoparticle ™

Figure 1-3. Domains of a nanocrystal: (A) passivating layer, (B) surface of particle, (C) near-
surface of particle, (D) core of particle.

The passivation layer, region A, can be described as a three-dimensionally
constrained, self-assembled monolayer of tightly packed organic amphiphiles
which thermodynamically stabilizes the surface through a head group-surface
interaction® * and makes the particle soluble in various liquids. Molecular level
interactions take place at the inorganic-organic interface, region B, between the
surface atoms as well as the head group of the passivant and the outermost
surface sites.’® % Region C, the near-surface sites, consists of the top layer of the

particle and the crystallographic plane below and is prone to reconstruction.>* -6
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A bulky core forms region D of the nanocrystal and it is only minimally affected
by surface interactions. Reconstruction may also occur in the core, but only
passivant-driven surface reconstruction has recently been suggested to influence
the observed optical properties of CdSe and InP nanomaterials.® ¢ The
exposed atoms on the facets dictate the nature of the organic passivant
interaction and can lead to surface reconstruction following passivant binding.
This interaction has been shown to affect important aspects of the materials
including size, shape, stability, photoluminescence and oxidation.’ ¢ ©70 The
ability of the passivant layer to provide stability in appropriate solvents is also
important for technological applications as are its terminal functionalities, which
allow for selective interactions in the fabrication of nanoscale 2- and 3-
dimensional architectures.®” 717 Because of the significance of the passivation
layer and the corresponding inorganic/organic interface, investigations into the
nature of the organic ligands on the surface of the particles are of considerable

importance.

The nature of the surface interfacial region is most crucial for the understanding
of the correlation between optical response and reconstruction but is also most
difficult to access experimentally because of the low ratio of surface species
relative to core species in nanoscale materials. Many standard spectroscopic
techniques, such as photoluminescence, X-ray diffraction and transmission
electron microscopy have been used to gain information on optical nature, size,
facets, and crystal structure of a variety of nanomaterials. These studies however
do not reveal unambiguous structural features or details because of the small
number of atoms and high surface to volume ratio. Nuclear magnetic resonance
spectroscopy, however, is highly sensitive to local chemical and electronic

environments, is element-specific, quantitative, and can be used to selectively

17



Chapter 1. Introduction

probe distances with special pulse techniques. NMR therefore offers an
invaluable analytical method for the observation of reconstruction in
nanomaterials and for information on surface and interface arrangements in
nanocrystals. 3C and 'H NMR have been employed as techniques sensitive to
local environments and mobility in solution and the solid state to probe the
binding sites (chemical shift) and freedom of rotation (line width) of the
passivant layer in nanocrystals.5 5 ¢ ¢ 7579 Vijtal information about the nature,
binding motif, ligand exchange, solubility and spatial proximities of the

corresponding organic ligands can be obtained.

1.6 Semiconducting quantum dot systems (CdSe, InP,
InGaP)

Semiconductor nanocrystals exhibit unique size-dependent optical and electronic
properties that are strongly influenced by reconstruction of the surface and of the
crystal lattice of the particles. They have therefore been widely studied by optical
spectroscopies®> % 882 which have provided valuable information on these
materials. Optical excitations are, however, delocalized and therefore respond to
an average environment in the nanocrystal which limits the insight into the
nature of the material surface. Solid state NMR on the other hand has been
shown to selectively probe distinct regions of the nanocrystal by utilizing special
pulse sequences.>" 7 76 7% 8 This ability of NMR methods represents a powerful
tool for probing the surface, near surface and core species of semiconductor
nanocrystals and thereby elucidate distinct size-dependent properties of the

respective regions in relation to the particle as a whole.
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Concerns about the toxicity of Se and Te based II-VI materials have led to an
interest in developing the chemistry of III-V semiconductor nanocrystals (InP,
GaP, InN, GaN) and their ternary analogs (i.e InGaP, InAlIP, etc).60-6% 64 65 8591
Extensive investigations of the widely studied CdSe have led to a model which
invokes surface reconstruction events as a critical manipulator of the physical
properties of these systems.> 70 75 929 A number of recent investigations have
addressed the details of these reconstructive processes in order to develop an
atomistic picture of the nanocrystal surface, near-surface and core atoms with the
use of X-ray absorption (XAS) and neutron techniques®“, X-ray photoelectron
spectroscopy (XPS)el 81858919 transmission electron microscopy (TEM)2 1% and
solid state NMR® o1 75 76,78, 79, 85, 101 A 'lack of knowledge about the nature of the
surface reconstruction, including vacancies, and the oxidation process on the
surface of the particle in nanoscale materials, however, makes it difficult to
systematically design these materials with the desired physical properties in the
manner in which it is carried out for quantum well structures grown by

molecular beam epitaxy.

The influence of surface states in InP materials has been investigated in both bulk
and nanoscale materials.®-¢% 8 8 91, 102109 Chemical or thermal treatment of bulk
InP materials leads to surface oxidation and reconstruction.10>10% 106-109
Nanocrystalline InP has been reported to have enhanced photoluminescence
quantum efficiency when treated by wet-chemical etching of the nanoparticle
surfaces.t! 6% 64991110 A number of different models have been suggested for the
correlation between optical properties and molecular structure in pre and post
hydrogen fluoride- etched InP quantum dots. Various models for HF etching of
the surface-passivated InP nanoparticles have been proposed, such as a filling of

phosphorus vacancies at the surface with fluoride ions with a small amounts of

19



Chapter 1. Introduction

phosphorus vacancies left in the core;®* ¢ or the removal of non-passivated
phosphorus atoms from the particle surface, followed by increased surface
passivation with fluorine and reduction of phosphorus dangling bonds
(vacancies).®! Alivisatos et al. observed that a thin oxide layer in lyothermally-
prepared InP nanomaterials may be important for the observation of
photoluminescence.® These findings clearly point to changes in composition and
ordering of the nanoparticle surface upon etching, but address neither the
chemical nature, growth, depth or connectivity of the oxide species nor the

details of the surface reconstruction following chemical treatment.

In this work 1D and 2D MAS 3'P NMR investigations as well as 7'Ga and 'In
NMR measurements of thermally-grown, hexadecylamine-coated InGalP
quantum dots before and after HF etching have been carried out to significantly
expand on previous studies. Valuable information on nature and position of the
gallium and indium sites, as well as on the correlation of surface reconstruction
and improved PL quantum efficiency in etched semiconducting nanocrystals are

thereby obtained.
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This section consists of an overview of the various characterization techniques
utilized in this thesis. Solid state NMR techniques were the principal analytical
method used and are therefore more extensively described including the pulse
sequences employed in these experiments. The basic concepts behind Density
Functional Theory (DFT) calculations and Extended X-ray Absorption Fine
Structure (EXAFS) measurements are then briefly introduced. For further and
more detailed reading on these characterization techniques various standard
textbooks, review articles and the references provided herein may be consulted.
Synthesis procedures, materials used as well as the experimental settings for
each technique are given separately for the respective metathesis and nanocrystal

subjects.

2.1 Solid state Nuclear Magnetic Resonance (NMR)

spectroscopy

2.1.1 Basics of NMR spectroscopy

Solid state NMR has emerged as a powerful and highly versatile tool for the
study of molecular structures and dynamics in solids.!'! Each isotope of an
element (with a natural abundance N) can be assigned a ground-state nuclear
spin quantum number (I) which can be integral, half-integral or zero. Nuclei with
a ground-state values of I =0, e.g. 12C, 1O or 5, give no NMR signal and have
little influence on NMR properties. The active NMR nuclei in the periodic table
are shown in Table 2-1.12 Nuclei with values of I up to 9/2 can currently be

studied by NMR.

23



Chapter 2. Characterization Techniques and Experimental Details

Table 2-1. NMR periodic table showing nuclei with I= 1/2 (white), [ >1/2 (violet) and nuclei with
both options (yellow).
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For a nonzero value of I the nucleus has a magnetic moment pugiven by Equation

2-1.
w=yh[I(I+ D] (eq21)

where yr1is the magnetogyric ratio. The most common NMR experiments are
performed on I= 1/2 nuclei, e.g. ®C, »Si and 35'P. Recent technological
advancements and new pulse sequences in solid state NMR have made the ca.
73% of NMR active nuclei that are quadrupolar (I>1/2) accessible. Their nuclear
electric quadrupole moments shorten relaxation times and broaden lines which
renders NMR experiments more challenging than for I= 1/2 nuclei. The few
integer quadrupolar nuclei investigated on a regular basis include 2H and *N. By
convention nuclear spins are labeled as I for “abundant” spins (e.g. 'H) and S for

“rare” spins (e.g. 1°C).
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Another factor which affects the ease with which NMR signals may be observed
is the nucleus dependent magnetogyric ratio, y, which governs both the
frequency with which the nucleus will precess about an externally applied

magnetic field and the intensity of the resonance.

When a nucleus with a non-zero value of I is placed in a strong magnetic external
tield Bo (usually between 1 and 10 T) the orientation of its spin axis becomes
quantized with each possible orientation having a different energy.
Electromagnetic radiation is used to flip the alignment of nuclear spins from the
low energy spin aligned state to the higher energy spin opposed state. The
energy required for this transition depends on the strength of the applied
magnetic field but is small and corresponds to the radio frequency range of the

electromagnetic spectrum.

In an external magnetic field, the Zeeman interaction describes the energy of spin
I based on its orientation, either parallel or antiparallel with respect to the

external field, Equation 2-2.

EZemamz - - hBomI (eq.2-2.)

with m: being the nuclear spin quantum number (which is either + %2 or — %2 for a

spin 1/2 nucleus).

A basic schematic of an NMR spectrometer is shown in Figure 2-1. The sample is
positioned in the magnetic field and excited via the pulsed radio frequency input
circuit. The realigned magnetic field induces a radio signal in the output circuit

which is used to generate the output signal. Fourier analysis of the complex
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output produces the actual spectrum. The pulse is repeated as many times as

necessary to allow the signals to be identified relative to the background noise.
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Figure 2-1. Basic arrangement of an NMR spectrometer.

2.1.2 Nuclear spin interactions and averaging techniques

An external magnetic field applied to a particular atom not only perturbs the
nuclear spins of that atom, but also affects the surrounding electrons since they
have magnetic moments as well. The external field induces circulating currents
of electrons that in turn produce small magnetic fields (typically 10° times
smaller than Bo) which either add to or substract from the external field. This
alters the effective magnetic field experienced by the nucleus, as thereby its
resonance frequency. This so-called chemical shift is very sensitive to the
chemical environment and it is anisotropic (orientation-dependence) because the

atoms in molecules rarely possess spherically symmetric electron distributions.

The degree to which the electron density affects the resonance frequency of a

nucleus depends on the orientation of the electron cloud with respect to Bo. In

26



Chapter 2. Characterization Techniques and Experimental Details

liquids, molecules randomly and rapidly sample the full range of orientations so
that even a strongly assymetric electron distribution will appear spherical when
viewed on the NMR timescale. The chemical shift Hamiltonian He can be
divided into an isotropic and anisotropic term. For an axially symmetric shift
tensor (611=022) the chemical shift Hamiltonian can be written as shown in

Equation 2-3.
H. = 7B0]Z[5so + % &&1(3 COS2 0- 1) (eq. 2-3)

where diw is the (isotropic) chemical shielding factor (6io= 1/3(611+ 622+ 633)) and 0

the angle between the principal axis of the chemical shift tensor and Bo.

In solids the chemical shift anisotropy (CSA) can be averaged out when spinning
the sample around a unique, well-chosen axis, so that the anisotropic term of the
chemical-shift Hamiltonian is eleminated ((3c0s?0-1)=0). This is the case when the
vector between two nuclei forms an angle 0= 54.74° (the magic angle) with the
static magnetic field, Figure 2-2. Spinning sidebands may appear at frequencies
that are integer multiples of the spinning speed, resulting from an incomplete
motional averaging of the chemical shift anisotropy by the rotation (primarily at

lower spinning speeds).

0 =54.74°

Figure 2-2. Magic angle.

Interactions between the nuclear magnetic moments of two different nuclear

spins (I and S) leads to heteronuclear dipolar coupling. The magnetic field
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produced by spin I will either add or substract from the external field felt by the
spin S, thereby increasing or decreasing the effective local magnetic field at the
site of spin S and changing its resonance frequency. The degree to which spin I
affects the magnetic field felt by spin S is represented by the heteronuclear

dipolar coupling Hamiltonian in Equation 2-4.

Hs= - d(3 0082 O - 1)]zSz (eq 2-4.)

The paramter d is the dipolar coupling constant, Equation 2-5.

ViVs

3
Vis

o h
d = (4

with 71s as the internuclear distance, uo then permeability of free space, I, S: the z

) (eq. 2-5.)

components of the nuclear spin angular momentum operators I and S, and 6 the
angle describing the orientation of the internuclear vector with respect to the
orientation of the external magnetic field. The magnitude of the coupling
between two nuclear spins depends on the inernuclear distance, so that this
dipolar coupling is a through-space interaction. In contrast, J-coupling requires
the presence of chemical bonds. It is transferred through the electrons engaged in
these bonds and thus is confined to nuclei within a molecule. Through-space

dipolar coupling, however, also occurs between nuclei in different molecules.

The magnitude of the coupling is proportional to the product of the
gyromagnetic ratios, inversely proportional to the cube of the internuclear
distance and dependent on the orientation. The most commonly used
heteronuclear dipolar decoupling techniques are Magic Angle Spinning (MAS)
as well as continous-wave spin decoupling (which also can be applied to the J-

couplings).
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Interactions between the magnetic fields produced by the same type of
neighboring nuclear spins lead to homonuclear dipolar couplings which have
perhaps the largest impact in 'H solid state NMR spectroscopy, where the
strength of this homonuclear dipolar coupling between two proton spins can
routinely approach 100 kHz because of their large gyromagnetic ratio. As a result
the spectra often consist of single broad peaks. Although MAS helps to reduce
this linewidth it is frequently still too broad to be of general use, even at high
MAS speeds (>30 kHz). Special RF pulse sequences are therefore necessary to

obtain 'H solid state NMR spectra.

In contrast to spin 1/2 nuclei, quadrupolar nuclei (I>1/2) have an asymmetric
distribution of nucleons which gives rise to a spheroidal (non-spherical) positive
electron charge distribution described by the nuclear electric quadrupolar
moment. The latter is an intrinsic property of the nucleus and therefore
independent of the environment. Interactions between the electric quadrupole at
the nucleus and an electric field gradient (spatial changes in electric field) caused
by surrounding atoms at the site of the nucleus result in strong changes in
linshapes and large linewidts.!”® The first order quadrupolar interaction is

characterized by the first-order quadrupolar splitting Q(6,¢), Equation 2-6.

0(0.9) = (V) (3cos? 01+ 75> 0cos® 9)  (eq. 20

where wq is the quadruoplar frequency, Equation 2-7.

o — 3e’q0
0 2](21 _ l)h (eq. 2-7.)
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n is the asymmetry paramter, 0 and ¢ are the polar angles of the Zeeman field
with the electric field gradient principal axes and e’qQ/% is the quadrupolar
coupling constant. The MAS method leads to some line narrowing by removing
the first order quadrupolar coupling but the secondary quadrupolar interaction
is not averaged out. This secondary quadrupolar interaction becomes significant
for sites where a substantial electric field gradient is present, and can broaden the
signal from these nuclei to the point where it just appears as a broad hump in the
baseline, which becomes “invisible” in the presence of any baseline distortion.
An increasing spherical or undistorted environment of charge from the
surrounding molecular environment can, on the other hand, cause the electric
field gradients to cancel each other, which results in a smaller interaction and a
smaller electric field gradient felt at the nucleus. The “invisible” spins then give
rise to a signal that is not as broad, and then can be detected in the NMR
spectra.* A number of techniques, such as Multiple Quantum Magic Angle
Spinning (MQMAS), have been developed to counter the effects of the second-
order quadrupolar interactions to produce sharper NMR spectra of

quadruopolar nuclei.!>118

The relaxation time for a nucleus is an additional, commonly used NMR
parameter. It measures the rate at which a nucleus recovers its equilibrium
properties after being disturbed and thereby gives information about dynamics
of the system. There are two distinct relaxation times for a nucleus, T: the spin-
lattice (longitudinal) relaxation time, which relates to magnetisation parallel to
Bs, and T the spin-spin (transverse) relaxation time, which refers to

magnetisation perpendicular to Bo.
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The NMR properties of the nuclei measured in this work are summarized in

Table 2-2.112

Table 2-2. NMR properites of selected nuclei.

Natural Magnetic Magnetogyric | Quadrupole Reference
Isotope | Spin | abundance | moment ratio vy /107 moment

N/% [SVRVIN rad T-1s! Q/ 108 m?2
1H 1/2 99.985 4.8371 26.7510 - Me:Si
BC 1/2 1.108 1.2162 6.7263 - Me:Si
1p 1/2 100 1.9581 10.829 - 85 % HsPOs
27 Al 5/2 100 4.3051 6.9706 0.149 Al(NOs)s
1Ga 312 39.6 3.2984 8.1578 0.112 Ga(NOs)s
115 [ 9/2 95.72 6.0892 5.8622 1.16 In(NOs)s

2.1.3 Decsription of NMR pulse sequences employed in this work

Single-Pulse MAS

A simple single-pulse NMR experiment is depicted in Figure 2-3.

90°
1H, BC, 3P, ZAl

Hdecoupled

Figure 2-3. General pulse scheme for a single-pulse NMR experiment.

A 90° RF excitation pulse rotates the magnetization in the xy plane. After the
termination of the pulse the nuclei relax towards equilibrium by exponential

processes and yield by free inducation decay (FID) the time-domain spectrum of
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the sample, which upon Fourier transform provides the frequency domain

spectrum.

Cross Polarization (CP) MAS

To enhance the signals from rare (dilute) nuclei such as 3C, polarization is
transferred from abundant nuclei (often 'H nuclei). The process of CP occurs
through the tendency of the magnetization to flow from highly polarized nuclei
to nuclei with lower polarization, when the two are brought into contact. For
homonuclear spins, the magnetization can be exchanged through mutual energy-
conserving spin flips, while for heteronuclear pairs such as 'H and *C, these spin
flips are not energy-conserving at high magnetic fields and the exchange of
magnetization must be driven externally by the application of RF fields. To
create a dipolar contact between two spin systems the Hartmann-Hahn method
is used in which two continuous RF fields are simultaneously applied at the

respective resonance frequencies of the spin systems, Figure 2-4.

Z

x| Y X[y
9p° (Spinlock)

Figure 2-4. Pulse sequence for a CPMAS experiment.

The magnetization of the proton is brought into the xy plane by a 11/2 pulse. RF

tields are then applied to the spins for a period T, which causes the
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magnetization to be exchanged between the spin systems. Finally, the signal
from (e.g.) the C spin system is detected while that from 'H is decoupled. For
long CP mixing times, the magnetization will be transported farther away, even
to carbon atoms that are not directly bonded. Strongly coupled spins transfer
polarization more rapidly than weakly coupled spins. Under CP conditions the
sampling rates depend on the relaxation time of the nuclei from which the
magnetization is transferred. As the protons in the solid state typically relax
more rapidly than most other spin 1/2 nuclei, many more scans can be acquired
in a given amount of time than in simple single-pulse experiments that detect the
rare C nucleus directly. While cross polarization for spin 1/2 nuclei is readily
accomplished by matching the nutation frequencies of the two spin systems
during the contact times, the spin dynamics of Hartmann-Hahn cross

polarization change for quadrupolar nuclei.!8

2D HETCOR MAS

The HETCOR experiments correlate the 'H chemical shift with the chemical
shifts of another nucleus, such as *C or 3'P. The 'H magnetization is first excited
by a 1/2 pulse. During the t1 period (homonuclear decoupling) the protons are
decoupled from each other. Following the t1 period the magnetization is
transferred to the *C nuclei by CP and is then detected during t., Figure 2-5.
HETCOR relies on dipolar interactions and thus correlates spatially closely

bonded and non-bonded nuclei.
In some of the experiments in the prersent work a frequency-switched Lee-

Goldberg (FSLG) irradiation was employed during the proton evolution ti, to

decouple the homonuclear dipolar interactions between the abundant protons.
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90°

t

Preparation  Evolution

Figure 2-5. Pulse sequence for a 2D HETCOR experiment.

Spin-Echo MAS

Spin-echo experiments are a useful method to detect quadrupolar nuclei since
the spin echo will refocus any time-independent variations in the resonance
frequency, including field inhomogeneity, chemical shifts and heteroncuclear

spin couplings. The simplest RF pulse created echo is the two pulse sequence
shown in Figure 2-6.

& z

$ z% < $ 7

X y >//y‘ X y X y Xéy
90°

— —_—

T T

180°

Figure 2-6. Spin-echo NMR pulse sequence.

The first 90° RF pulse rotates the magnetization from the z-axis into the

transverse plane. The transverse magnetization begins to dephase and, after a
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certain delay time 1, a 180° refocusing pulse is applied. This pulse rotates the
magnetization by 180° about the x axis, which causes the magnetization to at
least partially rephase and, after a second delay (of the same size as the first

delay) a nuclear spin-echo can be detected at time 2t.

2D Double-Quantum (DQ) MAS

Figure 2-7. presents a general scheme of 2D DQ NMR spectroscopy. During the
DQ excitation period (Tex) and reconversion period rotor-synchronized pulse
sequences are applied. The excitation part is phase-cycled in 90° steps to provide
a double-quantum filter, while the reconversion period is 90° phase shifted from
the excitation sequence but without phase cycling. The delay after the
reconversion part (td) is included for the dephasing of spurious transverse

magnetization.

Detection

Double Quantum| gyoltion [Pouble Quantum )
2

Excitation t1 Reconversion |

Texc = 2TrR*N

X Xy -yX X-y 'Yy

[ ]

n

Figure 2-7. 2D DQ MAS NMR scheme with BABA pulse sequence.

The pulse sequence used in this experiment involves back-to-back (BABA) 90°
radio frequency pulse cycles acting on multiple (n) of two rotor periods (27r). A

further improvement of the signal-to-noise ratio is achieved by sign inversion of
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all pulse phases after two rotor periods for the compensation of radio frequency

pulse imperfections.

2.2 Basics of Density Functional Theory (DFT)

Density functional theory has become the standard quantum mechanical method
to investigate the electronic structure of many-body systems, in particular of
molecules and the condensed phases. Traditional methods in electronic structure
theory are based on the use of local one-particle potentials to describe the
interaction of the electrons and the use of complicated many-electron
wavefunction. The main objective of DFT is to replace the many-body interaction
of electronic wavefunctions with an electronic density as a ficticous interaction
potential. The approach of Kohn-Sham!'" allows an exact description of the
interacting many-particle systems in terms of an effective non-interacting
particles system, Scheme 2-1. The effective potential in this non-interacting
particle system (Kohn-Sham system) is determined by the electron density of the

interacting system and therefore called a density functional.

DFT uses a functional that acts on the electronic properties of an atomic system
to determine its energy. Hohenberg and Kohn'* proved that for a non-
degenerate quantum system there exists a functional that gives the ground state
energy of a given configuration. If this functional is known, the ground state

energies can be calculated using an iterative approach.
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@ Kohn-Sham
e

Interacting electrons Non-interacting, fictitious particles
and real potential and effective potential

Scheme 2-1. Simplified illustration of Kohn-Sham approach to DFT.

The advantage of DFT is the fact that the electron density is a variable of only
three spatial coordinates, whereas the wavefunction of an N-electron system has
3N variables. This results in an enormous improvement of computational speed.
The theorem of Hohenberg and Kohn is a proof of the existence of such a density
functional, and that the properties of a many-electron system are a functional of
the density, but there is no prescription of how to derive it. It is necessary to use
approximations regarding the parts of the function that deals with kinetic
energy, exchange and correlation energies of the system of electrons. The energy
of a conformation of the nuclei is calculated by performing a self-consistent
iteration procedure of finding a density and evaluating the energy. The
functional changes every step as it depends on the density itself. The new density
can be found by several minimization schemes such as the method of the steepest
descend. When the energy changes are below a given limit, this procedure is
considered converged. The functionals used in the present work are the Becke
exchange functional (B3) and the Perdew-Wang correlation functional, i.e.

B3PWO1.
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Historically, the quantum calculations for molecules were performed as Linear
Combination of Atomic Orbitals- Molecular Orbitals (LCAO MO), in which
molecular orbitals are formed as a linear combination of atomic orbitals (Scheme
2-2.). Originally, Slater Type Orbitals (STO) were used as basis functions due to
their similarity to atomic orbitals of the hydrogen atom. Because the necessary
integrals over STOs cannot be performed very efficiently, Gaussian Type Orbitals
(GTO), or primitives, were introduced to facilitate much faster calculations. They
can approximate the shape of the atomic orbitals by means of a linear

combination of GTOs with different exponents and coefficients.

For molecular calculations the Gaussian primitives are contracted by forming
appropriate linear combinations which are then used as basis functions.
Gaussian primitives and contractions are derived from Hartree-Fock
calculations, and therefore may not be optimal for DFT methods where the
electron density is somewhat more diffuse than in the Hartree-Fock description,
particularly in the case of transition metals. A fully uncontracted basis set for the

valence electrons of Re was therefore used in the present work.

Starting geometry

of the molecule Q
LCAO
Properties q =
to be calculated 0

Type of calculation:

Methods and : :

- Atomic Orbitals Molecular Orbitals
assumptions (AOS) (MOS)
Basis set and Wavefunction
basis function (¥)

Scheme 2-2. Simplified diagram for calculations of molecular orbitals.
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For all atoms other than Re a 6-31G* basis set was used, as provided in the
Gaussian(03 software. In this nomenclature the number 6 refers to the use of 6
Gaussian functions summed to describe the inner shell orbitals, 3 being the
number of Gaussian functions that comprise the first STO, and 1 refers to the
number of Gaussian functions summed in the second STO. The asterisk denotes
that additional d-type polarization functions are added (distorted shape of
atomic orbitals caused by charge distribution) which are important for proper

description of chemical bonding.

The inner (core) electrons on the transition metal are in generally not
significantly affected by changes in the chemical bonding. They are therefore
described by so-called Effective Core Potentials (ECP), which treat the inner shell
electrons as if they were an averaged potential rather than individual particles.
Relativistic effects can be easily incorporated into ECP. These arise from the fact
that the effective mass of the electron increases as its speed approaches that of
the speed of light, which in turn results in an effective reduction of the Bohr
radius (relativistic contraction). These relativistic effects can be appreciable for

heavier atoms, such as transition metals.

2.3 Basics of X-Ray Absorption Spectroscopy (XAFS)

Structural information on the active sites in catalysts as well as reactant and
product complexes formed are crucial to an understanding of the origin of the
catalytic activity of a particular system. In cases where the catalyst and support

are not crystalline, i.e. do not possess a long-range ordered structure, only local
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structural probes can be employed. Apart from NMR studies, it is the use of X-
ray absorption spectroscopy that can provide the necessary information even on
relatively complex systems as the one under study in this work. The manner in
which this information can be extracted from this type of experiment is briefly

described in the following sections.

The oscillating electric field of electromagnetic radiation, such as X-rays, will
interact with the electrons bound in the atoms that compose a material struck by
this radiation. As a result of this interaction the radiation will either be scattered
by these electrons or absorbed. The intensity of an X-ray beam entering a

material is attenuated exponentially, Equation 2-8.

I=Toerx (eq. 2-8.)
where I represents the transmitted intensity, Io the initial intensity, x is the path
length of the beam in the sample and p the X-ray absorption co-efficient. The
absorption coefficient varies with energy of the incident X-rays, i.e. u decreases
with increasing X-ray energy. If the energy of the incident photon is large
enough to excite a core electron into an unoccupied higher level, or into the
continuum, a sharp increase is observed in the absorption coefficient at this
particular energy. The energies at which these processes occur are characteristic
of the electronic structure of the electronic state of a given element. Experimental
observation of the X-ray absorption spectrum (XAS) and its fine structure can
therefore be used for atomic level characterization of materials that contain

elements with experimentally accessible absorption spectra.

X-ray absorption spectra are produced over the range of 200 — 35,000 eV and are

displayed as a graph of the absorption coefficient of a given material versus
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energy. The complete XAS can be diveded into four regions as shown in Figure
2-8. The pre-edge region, the X-ray absorption near edge structure (XANES), the
near edge X-ray absorption fine structure (NEXAFS) in the region between 10 eV
up to 50 eV above the edge, and the extended x-ray absorption fine structure
(EXAFS) region which starts approximately from 50 eV to 1,000 eV above the
edge? 12 XANES and NEXAFS are, however, frequently taken to be

synonymous.
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Figure 2-8. Representative generic XAS spectrum with the different energy regions.

Minor features observed in the pre-edge region usually have their origin in
electron transitions from the core level to the higher unfilled or half-filled valence
orbitals. The XANES region includes the actual absorption edge and consists of
transistions of core electrons to vacant non-bound levels close to the Fermi
energy. Because of the high probability of such transition, a strong rise in the
absorption is observed. There is now enough energy provided to the electron to
cause ionisation and eject a photoelectron. In NEXAFS, the ejected
photoelectrons have low kinetic engery and experience strong multiple scattering

by the first or even higher coordination shell. In the EXAFS region, the
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photoelectrons have high kinetic energy and single scattering by the nearest

neighbouring atoms usually dominates.

The dominant physical process in EXAFS is one where the absorbed photon
ejects a core photoelectron from the absorbing atom, which leaves behind an
excited atom with a core hole. For this to occur the energy of the incident X-rays
must surpass the ionization treshold (the edge energy). Below the absorption
edge, the photons cannot excite the electrons of the relevant atomic level and
thus absorption is low. However, when the photon energy is just sufficient to
excite the electrons, a large increase in absorption occurs (absorption edge). The
energies of the absorbed radiation at these edges correspond to the binding
energies of electrons in the K, L, M, etc. shells of the absorbing elements. The
ejected photoelectron’s energy will be equal to that of the absorbed photon

minus the binding energy of the initial core state.

The ejected photoelectrons interact with and scatter from electrons in the
surrounding non-excited atoms. Backscattered electron waves interfer with the
forward-propagating waves and give rise to an interference pattern, which
appears as a modulation of the measured absorption coefficient, i.e. the
oscillations in the EXAFS spectrum, Figure 2-9. The detailed form of these
oscillations contain information on the atomic number, interatomic distances and
the coordination number of the atoms surrounding the element whose
absorption edge is being examined, i.e., the local structure around the absorbing
atom. The wavelength of the photoelectron is dependent on the energy and

phase of the backscattered wave which exists at the central atom.
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Figure 2-9. Interference of the photoelectron wave (solid lines) created by the absorption process
being backscattered by the neighbouring atoms (dotted lines).

The probability of backscattering is dependent on the energy of the
photoelectrons. The phase and amplitude of the backscattered wave depend on
the type of atom doing the backscattering and the distance of the backscattering
atom from the central atom. The dependence of the scattering on atomic species
makes it possible to obtain information pertaining to the chemical and structural
coordination environment of the absorbing (centrally excited) atom from analysis

of these EXAFS data.

2.4 Experimental details

2.4.1 Catalyst materials, synthesis procedures and instrument

settings

Silica-alumina, silica and zeolite HY. Amorphous silica-alumina, Davicat 3113
(7.6 wt.% Al, BET surface area 573 m?/g, pore volume 0.76 cm3/g), was provided
by Grace-Davison (Columbia, MD). Nonporous, fumed silica Aerosil 380 (BET
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surface area 340 m?/g, average particle size 7 nm) was provided by Degussa
(Piscataway, NY). The zeolite HY powder CBV 400 (SiO2/Al2Os 5.1, surface area
730 m?/g, unit cell 24.5 A) was purchased from Zeolyst International (Valley
Forge, PA). Mesoporous aluminosilicates AI-MCM41 (Si/Al=7, surface area 1070
m?/g) and Al-SBA16 (Si/Al=14, surface area 555 m?/g) were prepared according to

literature procedures.!?312

In each experiment, the appropriate amount of support was first outgassed in a
Pyrex reactor for 4 h at 450 °C under dynamic vacuum (< 10 Torr), then calcined
for 12 h under 350 Torr static Oz at the same temperature, and allowed to cool to
room temperature under dynamic vacuum. The choice of 450 °C was dictated by
the minimum temperature required to remove adsorbed water, hydrocarbon
impurities and surface carbonates during the calcination step. The resulting
material will be referred to as “dehydrated”, since spectroscopic signals
characteristic of adsorbed water (IR: 1640 cm?; 'H MAS NMR: 6.4 ppm)'?
disappear when silica-alumina is treated under vacuum at temperatures above
340 °C.1?” They were subsequently handled with strict exclusion of air at all times.
Hexamethyldisilazane (HMDS, Aldrich, >99.5%) was subjected to multiple
freeze-pump-thaw cycles to remove dissolved gases, then stored under vacuum
over P20s in a glass reactor. For the preparation of capped silica-alumina HMDS
was transferred via the vapor phase under reduced pressure onto the dehydrated
support, until there was no further uptake (as judged by stabilization of the
pressure). The reactor was then evacuated and the solid was heated to 350 °C for
4 h under dynamic vacuum to remove unreacted HMDS as well as ammonia

produced during the silanol capping reaction.
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Methyltrioxorhenium. CH:sReOs, a polycrystalline, colorless solid, was
purchased from Aldrich and used as received. Volatile CHsReOs was sublimed at
10 Torr and room temperature into a reactor containing dehydrated support,
while the solid was shaken vigorously to promote its uniform exposure to the
volatile organometallic complex and thus macroscopic sample homogeneity. At
loadings higher than 1 wt.% Re, the white silica-alumina acquired a distinctly
yellow-brown color that was stable under room light, but bleached rapidly upon

exposure to air.

a b (& d

S

Image 2-1. Photos of (a) MeReOs, (b) silica-alumina, (c) MeReOs grafted onto uncalcined silica-
alumina and (d) MeReO:s grafted onto calcined silica-alumina.

Physisorbed material was generally recovered by subsequent desorption (ca. 12
h) to a liquid N2 trap at room temperature under vacuum. This step was omitted
for samples with low Re loadings (far below the maximum wuptake by
chemisorption, ca. 10 wt.% Re on Davicat 3113) and for the silica support (since
CHsReOs desorbs completely from silica under these conditions). Where noted,
desorption from silica-alumina was performed at 80 °C, by heating the material
under vacuum and collecting volatile CHsReO:s in a liquid N2-cooled receiving
flask. In order to minimize materials transfers and ensure sample integrity, a new
batch of the highly air-sensitive grafted CHsReOs was made for each
measurement (with the exception of sequential NMR experiments); therefore, the

weight loading varied from sample to sample (typically 1-2 wt.%).
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Labeled CD3;ReO3 (>99% D) and BCHsReOs (>99% *C) were prepared from
BBCHsSnBus, respectively, according to literature procedures!” 2% in an effort to
resolve signals in 'H solid state NMR and to enhance sensitivity in *C solid state

NMR experiments.

Rhenium analysis. Re loadings were determined by quantitative extraction,
followed by UV spectrophotometric analysis. Approximately 15 mg of solid
material was first weighed precisely in a dry N2 atmosphere. Re was then
extracted quantitatively as perrhenate by stirring overnight in air with 5 mL 3 M
NaOH. Samples were diluted to 25 mL with 3 M H2SO, filtered, and their UV
spectra recorded on a Shimadzu UV2401PC spectrophotometer. The Re
concentration was determined at 224 nm, using a calibration curve prepared with

NH:ReO: (Aldrich).

Solution NMR. All solution NMR experiments were performed at room
temperature on a Bruker AVANCE 200 spectrometer with a 10-mm broadband
probehead, operating at 200.1012 MHz for 'H and 50.3202 MHz for 3C.
Chloroform-d (99.8% D) and benzene-ds (99.5% D) were purchased from

Cambridge Isotopes Laboratories, Inc. (Andover, MA).

Solid state NMR. All solid state NMR experiments were performed on a Bruker
AVANCE 300 NMR spectrometer with a 4-mm broadband MAS probehead
operating at 300.1010 MHz for 'H, 75.4577 MHz for 13C and 78.2067 MHz for *Al.
This instrument is equipped with a variable temperature unit. The highly air-
sensitive samples were packed into zirconia MAS rotors with tightly fitting caps
sealed with Viton R O-rings (Wilmad) under an argon atmosphere in a glovebox

equipped with O2- and moisture-sensors. Room temperature MAS spectra were
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acquired at spinning speeds of 12 or 30 kHz. Low-temperature MAS experiments

were recorded while spinning at 8 kHz.

Single-pulse 'H MAS experiments were performed with a 90° pulse length of 3.7
Us, an acquisition time of 25 ms and a recycle delay of 3 s. For quantitative 'H
MAS NMR, 60 mg dehydrated silica-alumina was weighed in an atmosphere of
dry N2. A small piece of poly(dimethylsiloxane) (PDMS, ca. 1 mg, weighed to
within + 0.05 mg) was used as an internal standard for quantifying 'H NMR
signal intensities. PDMS was chosen because it exhibits a single signal with an
isotropic 'H chemical shift of -0.1 ppm (relative to TMS) that does not overlap
with the signals of interest.!? Spectra were deconvoluted using the program

DMEFIT, to obtain Gaussian fits to spectral line shapes.!3

B3C CP spectra were recorded using a *C 90° pulse length of 3.5 us, a contact time
of 3 ms or 12 ms, an acquisition time of 21 ms and a recycle delay of 2 s. For
single-pulse *C MAS experiments, a 1*C 90° pulse length of 3.5 us, an acquisition
time of 25 ms and a recycle delay of 15 s were used. 'H and C chemical shifts
were referenced to tetramethylsilane (TMS). The same experimental conditions
were used in the two-dimensional C{'H} HETeronuclear chemical shift
CORrelation (HETCOR) experiments. For each of the 256 t1 increments, 128 data
acquisitions were collected with a 2 s recycle delay. During the detection period
t2, 1024 points were collected with a dwell time of 20 us. The outer contour levels
are drawn at 45% of the maximum intensity. No additional correlations were

found using lower 2D threshold levels.

The same experimental settings were used for spectra recorded sequentially

under MAS/static conditions or at room temperature/-100 °C. However, in low
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temperature experiments, dry nitrogen was used as the spin gas instead of air.

Single-pulse 27Al MAS experiments were performed with a 90° pulse length of 3.8
s, an acquisition time of 4.1 ms and a recycle delay of 15 s. Chemical shifts were
referenced to an aqueous solution of AI(NOs)s as an external standard. A small
piece of dense AIN (2.3 mg, containing 0.057 mmol Al) was used as an internal
“spin-counting” standard to quantify Al MAS signal intensities. AIN was
chosen because its isotropic signal at 113 ppm does not overlap with the Al
signals of interest, and a spinning speed of 14 kHz was used to avoid overlap
with the ZAIN spinning sidebands. A recycle delay of 15 s was used to allow for
the long spin-lattice relaxation time of polycrystalline AIN.!*! 16,000 scans were
acquired for each Al spectrum, which were subsequently deconvoluted with
DMEFIT, using Gaussian fits and including spinning sidebands for comparison of

integrated Al peak areas.!®

Infrared spectroscopy. The IR experiments were performed in a Pyrex cell
equipped with KCl windows affixed with TorrSeal (Varian). Its high-vacuum
ground-glass stopcock and joints were lubricated with Apiezon H grease
(Varian). A self-supporting pellet of silica-alumina was prepared in air by
pressing ca. 25 mg of the solid at 40 kg/cm? in a 16 mm stainless steel die, and
was transferred to a Pyrex pellet holder. Sublimation of CHsReOs via a vacuum
manifold directly onto a calcined, dehydrated silica-alumina pellet in the
presence of TorrSeal led to unwanted side-reactions of the latter with the
organometallic complex. Instead, the pellet was calcined and dehydrated in an
all-glass Schlenk tube, exposed to CHsReOs by sublimation, then transferred to
the IR cell under argon in a glovebox. IR spectra of the self-supporting pellet

were recorded in vacuo in transmission mode on a Shimadzu PrestigelR
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spectrophotometer equipped with a DTGS detector, and purged with CO:-free
dry air from a Balston 75-52 Purge Gas Generator. Background and sample

spectra were recorded by adding 64 scans together at a resolution of 4 cm.

Kinetics and selectivity of propylene metathesis. A precisely weighed amount
(10.0 mg) of each catalyst was loaded into a glass batch reactor (volume ca. 120
mL) in an Ar-filled glovebox. The reactor was removed from the glovebox and
evacuated. The section of the reactor containing the catalyst was immersed in an
ice bath at 0 °C in order to control the rate of the reaction on a readily-monitored
timescale, as well as to maintain isothermal reaction conditions. Propylene was
introduced at the desired pressure via a high vacuum manifold. Aliquots of 1.9
mL were expanded at timed intervals into an evacuated septum port that was
separated from the reactor by a stopcock. 50 pL samples of the aliquot were
removed with a gas-tight syringe via a septum. Gases were analyzed by FID on a
Shimadzu GC 2010 equipped with a 30 m Supelco® Alumina Sulfate PLOT
capillary column (0.32 mm i.d.). Quantification was achieved using the peak area

of the small propane contaminant present in the propene as an internal standard.

Density functional theory calculations. Computations were performed on an
Intel Xeon computer running Linux, as well as the VRANA-5 and VRANA-8
clusters at the Center for Molecular Modeling of the National Institute of
Chemistry (Ljubljana, Slovenia), using the DFT implementation in the
Gaussian(03 code, Revision C.02.1*2 The orbitals were described by a mixed basis
set. A fully uncontracted basis set from LANL2DZ was used for the valence
electrons of Re,'® augmented by two f functions ( = 1.14 and 0.4) in the full
optimization. Re core electrons were treated by the Hay-Wadt relativistic

effective core potential (ECP) given by the standard LANL2 parameter set
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(electron-electron and nucleus-electron). The 6-31G* basis set was used to
describe the rest of the system. It is well-established for use with organic
molecules and has also been shown to reproduce experimentally-determined
aluminosilicate structures.’® The B3PW91 density functional was used in all
calculations. For reactions involving hydrogen bonds, additional calculations
were performed using the larger basis set 6-31+G**, to verify binding energies

and obtain improved H-bond geometries.

EXAFS analysis and curve fitting. Acquisition of XAFS spectra requires the use
of a tuneable X-ray source, which is normally that of an electron or positron
synchroton. Spectra for this work were recorded at the Re Lm edge (10,535 eV) at
the Stanford Synchrotron Radiation Laboratory on beamline 2-3 (bend),
operating at 3.0 GeV with a current of 75-100 mA. X-rays were monochromatized

via reflection from a pair of Si(111) crystals through a 1 mm entrance slit.

The incident beam was detuned 30% to suppress harmonics. Samples were
mounted at a 45° angle to the beam in order to collect transmission and
fluorescence spectra simultaneously. The intensity of the incident beam was
measured with a N-filled ion chamber detector installed in front of the sample.
Transmitted X-rays were detected in a second, No-filled ion chamber.
Fluorescence from the sample was recorded at right angles to the beam by an Ar-

tilled Lytle detector installed without Soller slits.

Powder samples were packed in 35 x 5 x 2 mm slots in aluminum sample plates
with windows of 12.0 pm polypropylene film (Chemplex #475) affixed with
double-sided tape to each side of the plate. This sample preparation technique

has been shown to prevent even highly air-sensitive samples from
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decomposing.’®® To avoid spectral artifacts due to sample thickness,'*¢ the sample
of polycrystalline CHsReOs was diluted to ca. 3 wt.% Re by mixing the solid with
powdered boron nitride (Strem) in air. Highly air-sensitive CHsReOs/silica-
alumina was packed, without dilution, into the sample plate under N2. A single
data sweep (collection time ~20 min) was sufficient to obtain a good signal-to-
noise ratio in the fluorescence channel. Subsequent data sweeps showed no
change due to sample decomposition. Fluorescence data generally showed better
signal-to-noise ratios and were used in subsequent data analyses instead of

transmission data.

EXAFS data fitting can be either performed in k-space (reciprocal) or R-space
(real, Fourier transformed). The Fourier transformation of y (eq. 2-9.) gives a
quantity related to the pair distribution function which describes the
coordination geometry about the EXAFS atom. In this work EXAFS spectra were
analyzed in k-space using WinXAS v.3.1.%” The data were first background-
corrected, then normalized by a 3rd degree polynomial fitted to the post-edge
region. EXAFS spectra were k-weighted and fitted with a polynomial spline. A
Kaiser-Bessel window function (a« =4) was applied to the data range prior to
Fourier transformation, to minimize spectral ringing. Only single-scattering
paths in the EXAFS equation, Equation 2-9., were fitted to the k-space spectra

with least-squares refinement.!

— Q2 NiFi(k) 22 2Ri ; eq. 2-
;((k)—SOZ e exp(—2k-o, )eXp(,l(k)jSIH(ZkRi—i_ @.(k)) (eq. 2-9.)

i i

where Ni is the number of scatterers in the ith shell at a distance R from the

absorber. The Debye-Waller factor, o? is the root-mean-squared relative
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displacement of the scatterer, A(k) is the mean-free path of the photoelectron and
¢(k) and F(k) are its phase shift and backscattering amplitude, respectively. The
phase-shift and backscattering amplitude functions were calculated using FEFF
8.20.1% Since curve-fitting was performed using a priori electronic calculations, no

reference spectra were needed or used in the EXAFS analysis.

The EXAFS equation has a large number of degrees of freedom, and some of its
parameters are strongly correlated. Parameters were varied sequentially during
curve fitting. Since each model involves a well-defined organometallic complex
as its starting point, coordination numbers were initially fixed at their
corresponding integer values. Path lengths and Debye-Waller factors were then
allowed to vary sequentially, while So>and AEo were held fixed, until the residual
changed by <1%. The fitted values were then fixed, while So> and AEo were
sequentially refined. Goodness-of-fit was evaluated via the magnitude of the
residual, defined as X(yobs(7)-ysit(i) )/ Lyobs(i) where yobs(7) and yse(i) are the observed
and calculated values of each (unweighted) data point in k-space, as well as the
appropriateness of the fit parameters (path lengths, Debye-Waller factors). The
total number of independent fitted parameters may not exceed Nix, given by

Equation 2-10.14°

_ 2AKAR
T

N,

idp

(eq.2-10.)

where Ak and AR are the ranges over which the data are substantial (i.e.,
containing features distinguishable from the noise) in k-space and R-space,

respectively.14! 142
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2.4.2 Nanoparticle synthesis procedures and instrument settings

Synthesis of InGaP nanoparticles (unetched). All chemicals were purchased
from Aldrich. Ini-Ga:P nanoparticles with 9% Ga inclusion (as-synthesized,
x=0.09) were prepared as described previously.® & % Briefly, 0.3826 g (1.31 mmol)
indium(III) acetate and 0.0481 g (0.131 mmol) gallium(Ill) acetylacetonate, were
degassed at 120 °C in 45.5 g n-hexadecylamine (HDA) for approximately 30 min.
P(Si(CHs)s)s (0.63 m, 2.17 mmol) was injected via syringe at 120 °C under an
argon atmosphere, and the temperature was ramped to 280 °C over ~7 h. The
reaction proceeded for ~8 h, while the size and dispersity were monitored by
removing aliquots and performing UV-VIS absorbance spectroscopy in dilute
solutions of toluene. The reaction was quenched by cooling to 60 °C, followed by
collection of the nanoparticles via the addition of approximately 100 mL of dry
methanol and centrifugation. The nanoparticles were purified by dissolution in a
minimum amount of dry toluene, re-precipitation by addition of dry methanol,
and centrifugation under argon (3x), and dried under a flow of argon overnight.
The unetched HDA-passivated InixGa:.P particles were spherical with mean
diameters of 4.5 nm + 0.2 nm and x measured to be 0.09 for Ga (verified
independently for In) by using Atomic Emission-Inductively Coupled Plasma

(AE-ICP) spectroscopy.

HF etching of InGaP nanoparticles. Ini«Ga.P nanoparticles with strong
photoluminescence properties were prepared by treatment with hydrofluoric
acid. 10 mg of the un-dried Inos1GaowP nanoparticles from the above reaction
were first dissolved in ~35 mL of toluene under ambient conditions. The dilute
conditions were necessary to ensure more uniform etching of the particles under

low power (ca. 100 mW) near-UV (365 nm) irradiation. To maintain solubility
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during etching, hexadecanoic acid (~200 mg) was added, and the mixture was
sonicated to produce an optically clear solution. Etching was carried out in an
aerated solution by the addition of ~30 pL of a 5% HF solution in methanol and
excitation using a low-power 365-nm fluorescent hand lamp for ~3 min, followed
by precipitation with methanol and centrifugation. The isolated, etched InGaP
nanoparticles were purified by dissolution in a minimum amount of toluene,
reprecipitated by addition of methanol, centrifuged under argon (3x), and the
solid precipitate dried overnight under Ar. The HF-etched IniyGa,P
nanoparticles were spherical-like with a mean size of 4.0 nm and y measured to

be 0.06 for Ga (verified independently for In) by AE-ICP.

Optical measurements. The expression used to determine the quantum
efficiencies of the as-synthesized InosiGaoowP and HF-treated InossGaoosP

nanoparticles in toluene is given by Equation 2-11.%

(Pem =(P ’em(l /1 ’)(A, /A)( n/ Vl’) (eq. 2-11.)

where I (sample, InGaP nanoparticles in toluene) and I’ (reference, rhodamine 6G
in ethanol) are integrated emission peak areas, A (sample) and A’ (reference) are
the absorbances at the excitation wavelength (460 nm), n (sample) and #’
(reference) are the refractive indices of the solvents, and ¢’ is the quantum
efficiency of the reference. Rhodamine 6G was purchased from Exciton, Inc.
(Dayton, Ohio, USA). The toluene and ethanol solvents were spectroscopic grade
(UHP). The 10 x 10 mm and 10 x 4 mm quartz fluorescence cells were purchased
from Starna (Atascadero, California, UCS). The solutions were prepared and

studied under ambient conditions without degassing.
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Transmission electron microscopy. A drop of nanoparticles in toluene was
directly placed on a copper grid. Images were taken on a JEOL 2010 high

resolution microscope.

Solid state NMR experiments. 3P MAS NMR experiments were performed at
room temperature on a Bruker 300 MHz Avance spectrometer with a 4-mm
broadband MAS probe tuned to 121.5 MHz and 300 MHz for *P and 'H,
respectively. A spinning speed of 12 kHz was used in all experiments and the
chemical shifts of 3P and 'H were referenced to 85% Hs3PO: and TMS,

respectively.

The 3P single-pulse MAS experiments were performed with an acquisition time
of 2.1 ms, a recycling delay of 30 s, and a 90° pulse of 2.75 us. The 3'P CPMAS
experiments were acquired using TPPM (Two Pulse Phase Modulation) 'H
decoupling, ramped cross-polarization, an acquisition time of 2.1 ms, a recycle
delay of 3 s, contact time ranging from 0.1 to 20 ms, and a 'H 90° pulse length of
5.25 ps. The 2D 3P{'H} HETCOR experiments were performed with a frequency-
switched Lee-Goldberg (FSLG) irradiation of 85 kHz applied to the 'H spins
during the t1 evolution period, ramp CP during mixing, a TPPM 'H decoupling
during the data acquisition of 2.1 ms, a recycling delay of 1 s, and a 'H 90° pulse

length of 3us.

The 2D 3'P{*'P} double quantum MAS NMR experiments were acquired using a
rotor-synchronized BABA pulse sequence’* with an excitation time of 1.66 ms to
reintroduce dipole-dipole couplings. The m/2 radio frequency pulses were set to a
length of 4us. TPPM decoupling was applied during the acquisition and the
dipole-dipole recoupling periods and States-TPPI (Time Proportional Phase
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Incrementation) was used in t:1 for phase sensitive detection. Long Ti relaxation
times were circumvented by cross polarization of 'H magnetization to nearby 3'P
surface sites so that a recycle delay of 1s was sufficient. The 'H radio frequency

tield of the CP was ramped between 80 and 100% of its maximum value.

Solid state "'Ga and '"In MAS NMR spectroscopy experiments were performed
on powder InGaP nanoparticle samples at room temperature on a Bruker 500
MHz AVANCE spectrometer operating at 152.7 MHz for 7'Ga and for 109.6 MHz
In. All MAS experiments were performed with a 4-mm broadband MAS
probehead using a spinning rate of 14 kHz. The 7?Ga and In signals were
referenced to those from 1 M aqueous solutions of Ga(NOs)s and In(NO:s)s,

respectively.

Spin-echo 7?Ga MAS NMR experiments were performed with an acquisition time
of 4.2 ms, a recycle delay of 2 s, and 90° and 180° pulses of 1.6 ps and 3.2 ps,
respectively. The 7?Ga MAS spectra of the InGaP nanoparticles before and after
HF-etching were acquired with 216,100 transients from 75 mg of the as-
synthesized nanoparticles and with 81,100 transients from 64 mg of the etched

nanoparticles, respectively.

Spin-echo *In MAS NMR experiments were performed with an acquisition time
of 1.7 ms, a recycle delay of 1 s, and 90° and 180° pulses of 0.64 us and 1.28 s,
respectively. The "In MAS spectra of the InGaP nanoparticles before and after
HF etching were acquired with 128,000 transients from 75 mg of the as-
synthesized nanoparticles and with 96,640 transients from 64 mg of the etched
nanoparticles, respectively. The same as-synthesized and etched samples were

used for the respective 7'Ga and ""In MAS experiments.
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31 NMR and EXAFS investigations on molecular
CHsReOs

NMR spectroscopy of non-grafted CHsReOs. The dispersion of adsorbed
CHsReOs on high surface area oxide supports may be characterized with
reference to the spectral differences observed in the solvated and polycrystalline
forms of CHsReOs. The 'H and C NMR chemical shifts differ widely for
CHsReOs dissolved in various non-coordinating solvents, and in the
polycrystalline material.’*> 146 For example, the 'H chemical shift of CHsReOs in
polar CDCls is 2.64 ppm (4.5 Hz fwhm), compared to 1.25 ppm in non-polar
CsDs. The H MAS spectrum of the polycrystalline material shows an even
greater downtfield shift, to 3.7 ppm, Figure 3-1a. Its linewidth decreases from 3.8
to 2.1 kHz when the spinning speed is increased from 12 to 30 kHz, consistent

with line broadening due to homonuclear dipole-dipole coupling.

The BC spectrum of CH3sReOs in CDCls consists of a signal at 19.6 ppm (31 Hz
fwhm), compared to 18.1 ppm in GCsDs. The B¥C CPMAS spectrum of
polycrystalline CHsReOs, on the other hand, has a peak with maximum at 34
ppm, Figure 3-1b, although the isotropic chemical shift is not revealed due to the
complex lineshape. This lineshape may be a consequence of intermolecular
interactions in the crystal lattice with multiple adjacent quadrupolar Re nuclei (I=
5/2, Q(®Re)= 2.2 barn), which are incompletely averaged by magic angle

spinning.
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Figure 3-1. NMR spectra of CHsReOs: (a) "H MAS NMR spectrum for polycrystalline CHsReOs (12
kHz MAS: solid red line; 30 kHz MAS: dashed red line) and "H NMR spectrum of CHzReQOszin
CDClIs (black); (b) 3C CPMAS NMR spectrum for polycrystalline CHsReOs (12 kHz MAS, red)

and 3C NMR spectrum of CHsReOsin CDCls (black). * denotes solvent.

EXAFS results on solid CHsReOs. The XAS spectrum of polycrystalline CHsReOs
(3 wt.% in BN) recorded at the Re Lu edge is shown in Figure 3-2. Structural
parameters were confirmed by curve-fitting the EXAFS spectrum, using
literature values for its bond distances'¥” as the starting point for the analysis.
EXAFS fit parameters for polycrystalline CHsReOs are compared to reported
values for molecular CHsReOs in Table 3-1. The close agreement between
structural parameters derived from electron diffraction and EXAFS curve-fitting
lends confidence to the method used of EXAFS data analysis. The magnitudes of
the fitted Debye-Waller factors confirm that polycrystalline CHsReOs contains a
single site as far as the coordination environment of Re is concerned, and are of
the same order of magnitude as those reported for other well-defined, single-site
materials (ca. 1-3 x 10° A?) as calculated using the vibrational force constants for

each single-scattering path.!4 14

60



Chapter 3. Results and Discussion. Heterogeneous Re catalysts for olefin metathesis

L B T T T \-\ T i 7\ L I N ) I \7
A : b 012"y, ]
1 o008 .
2 . i i
w 1 & 0.04" ]
-0 - i i
= | 1 < 0.007 g
20 v - i I
- 1 Y 004r .
4 : g ]
i g -0.08r i
L Caa b b ." - ] L I T YT Y B B ]
2 4 6 8 10 12 0.0 1.0 2.0 3.0 4.0
k/ AT R/ A

Figure 3-2. EXAFS data in (a) k*>-weighted k-space (red points) and (b) non-phase-corrected R-
space (imaginary, black points and FT magnitude, red points), for polycrystalline CHsReOs
diluted in BN (3 wt.% Re). Parameters for the curve-fit (blue lines) are given in Table 3-1.

Table 3-1. Comparison of bond distances (A) reported for CHsReOs

path | N | EXAFS curve- DFT gas phase neutron powder
fita calculation? electron diffraction 150
diffraction¥”
Re=0O | 3 1.71 (0.0032) 1.703 1.709 1.702,1.702, 1.709
Re-C |1 2.11 (0.0028) 2.076 2.060 2.063

2 This work, for polycrystalline CHsReO:s diluted to 3 wt.% Re in BN. Coordination numbers were
held fixed at integer values; Debye-Waller factors 02 (A2) are shown in parentheses. So> = 0.98; AEo
=0.8 eV; residual = 21.; * Isolated molecule (see text).

After optimization of path lengths and Debye-Waller factors, the global
amplitude reduction factor 50> and the inner potential energies 4Eo were allowed
to vary from their initial values of 1.0 and 0.0, respectively. The fit returned
values of 0.98 and 0.80 eV, respectively, and improved the goodness-of-fit only
slightly, causing the residual to decrease from 24 to 21. Path lengths and

corresponding Debye-Waller factors were unchanged.

61



Chapter 3. Results and Discussion. Heterogeneous Re catalysts for olefin metathesis

3.2 Grafted CH3ReOs on silica-alumina: low loadings

Methyltrioxorhenium can be deposited (10* Torr and room temperature) onto
dehydrated amorphous silica-alumina (7.6 wt.% Al) in amounts as high as 10
wt.% Re of CHsReOs without subsequent loss of CHsReOs during prolonged
evacuation at room temperature (<10* Torr). However, in an effort to maintain
structural uniformity of the grafted sites on the amorphous silica-alumina
support the loading of CHsReOs was kept much lower (< 2.3 wt.% Re) in the
initial experiments. The grafting sites become less uniform at higher loadings

and complexity arises in the NMR spectra, which will be described in section 3.3.

Infrared spectroscopy. The IR spectrum confirms that the methyl group remains
intact upon grafting: vas(CHs) and vs(CHs) modes appear at 2993 and 2907 cm,
respectively, Figure 3-3., while das(CHs) appears at 1370 cm ™. Both the frequencies
and the relative intensities of the stretching modes differ from those observed in
the spectrum of polycrystalline CHsReOs (2989 and 2900 cm™),'>! which suggests

that the symmetry at Re changes as a result of adsorption.

1D and 2D BC MAS NMR spectroscopy. The sensitivity of the NMR chemical
shifts to local structure in grafted metal complexes can be utilized to obtain
information on the environment of the methyl group in the adsorbed
organorhenium complex. The 3C CPMAS spectrum of *CHsReOs grafted onto
dehydrated silica-alumina (0.4 wt.% Re) consists of a single isotropic signal at 29
ppm (460 Hz fwhm), Figure 3-4a. This chemical shift is consistent with retention

of the methyl group at Re in the grafted complex even though the electronic
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structure of the grafted site is clearly different from the isolated molecule (Figure

3-1b).
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Figure 3-3. Comparison of FTIR spectra obtained for polycrystalline CHsReO:s (in a KBr pellet,
dashed line) and CHsReO:s grafted on silica-alumina (2.3 wt.% Re, solid line), in the v(CHb)
region.

The single-pulse 'H MAS NMR spectrum of the unmodified, dehydrated silica-
alumina is shown in Figure 3-4b. The peak at 1.6 ppm and its downfield shoulder
at 2.3 ppm are attributed to isolated (non-interacting), terminal silanol
groups'? 152 with a distribution of acidities and hence chemical shifts.”* No
signals for terminal AIOH groups (ca. 1 ppm), bridging AIOHAI groups (2.5-3.6
ppm) or zeolite-like bridging hydroxyls AIO(H)Si are observed (3.8-4.4 ppm)!?
15, 15 in agreement with literature reports that all protons in silica-rich

amorphous silica-aluminas are associated with silanol sites.! 15
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Figure 3-4. (a) 3*C CPMAS spectrum for silica-alumina modified with *CHsReO:s and (b) single-
pulse "H MAS NMR spectra of dehydrated silica-alumina before (dashed line) and after (solid
line) modification with 3CHsReOs (0.4 wt.% Re). Spinning rate 12 kHz.

The 'H MAS spectrum retains the strong signals for the silanol protons with
virtually unchanged chemical shifts relative to the unmodified support upon
grafting of *CHsReOs onto the dehydrated silica-alumina support at a loading of
0.4 wt.% Re. However, the downfield shoulder is slightly broader, with the
presence of an additional signal at ca. 3 ppm from the methyl protons of grafted
organorhenium fragments. For comparison, the 'H spectrum of CHsReOs in

CDCIs consists of a single peak at 2.64 ppm (Figure 3-1a).

In an effort to locate the 'H signal from the adsorbed CH:ReOs a two-
dimensional BC{'H} HETCOR MAS NMR experiment was carried out. The
HETCOR contour plot, Figure 3-5., shows a strong intensity correlation between
the °C and 'H signals at 29 ppm and 2.8 ppm, respectively, which establishes
that a weak 'H signal at this position corresponds to the methyl protons of
grafted CHsReOs. Moreover, the absence of any intensity correlation between the

BBC methyl signal and the silanol signal at 1.6 ppm demonstrates that dipole-

64



Chapter 3. Results and Discussion. Heterogeneous Re catalysts for olefin metathesis

dipole coupling between the methyl group and these hydroxyl groups was weak
during the 3 ms contact time, which in turn suggests that most of the grafted
CH:sReO:s sites are not within molecular proximity of the silanol sites at this low
Re loading. This finding is in contrast to a study of the adsorption of CHsReO:s in
zeolite HY, which concluded that H-bonding between an oxo ligand and an

internal hydroxyl group was the main mechanism for binding of CHsRe(QOs5.2 147
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Figure 3-5. Two-dimensional *C{'H} HETCOR MAS NMR spectrum for silica-alumina modified
with BCH3ReOs (0.4 wt.% Re). The corresponding 1D 3C CPMAS and single pulse 'H MAS NMR
spectra are plotted along their respective axes.

Quantitative MAS NMR spectroscopy. A possible participation of silanol
groups in the grafting process was investigated in more detail by quantitative
analyses of the single-pulse 'H MAS NMR spectra of silica-alumina before and

after deposition of CHsReOs. The fitted integrated 'H peak areas were compared
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to that of the well-resolved 'H signal at -0.1 ppm of PDMS, a small (ca. 1 mg)
piece of which was added as an internal intensity standard. Within the
uncertainty of the NMR measurements (+ 5%), the intensity of the 'H silanol
peak remains unchanged in the presence of 2.3 wt.% Re (Figure 3-6.) which
indicates that the silanols are not consumed during grafting. The quantitative 'H
MAS spectrum yields a silanol content of the dehydrated silica-alumina as 2.0 +
0.2 OH/nm?, which is consistent with a previously reported literature values.!®
The 'H signal of grafted CHsReOs is in fact clearly observed at 2.8 ppm at a
higher Re loading. These experiments indicate that grafting of CHsReOs does not
involve the surface silanols of silica-alumina at low Re loadings. Instead

CH:sReO:s appears to bind selectively at Lewis acidic Al sites.

-[OSi(CHs).)-
-0.1 ppm

Figure 3-6. Single-pulse '"H MAS spectra for the same quantity (60 mg) of the dehydrated silica-
alumina support before (dashed line) and after (solid line) grafting CHsReOs (2.3 wt.% Re). A
small piece of PDMS (-0.1 ppm) was included as an internal intensity standard.
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This hypothesis was investigated with the use of quantitative ¥ Al MAS NMR
measurements, which can be accomplished by utilizing the signal at 113 ppm
from a small (2.3 mg) piece of AIN included as an internal intensity standard.
The hydrated form of silica-alumina (5.7 wt.% Al) exhibits (Figure 3-7.) two Al
peaks at 55 and 2 ppm, with relative intensities of 1.5:1. These are assigned to
four- and six-coordinate AlOx sites, respectively.®® After dehydration at 450 °C
for 12 h, a dramatic reduction (ca. 90%) in ¥ Al signal intensity occured under
otherwise identical conditions (same quantity of sample on a water-free basis,
same NMR acquisition parameters, etc). This loss of ¥Al signal intensity is
attributed to the presence of locally distorted Al environments, resulting in large
quadrupolar coupling constants, as has been reported for dehydrated zeolite!*”

and MCM-41-type'? materials.

A0,

\ \ \ \ \ \ \ \
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& / ppm
Figure 3-7. Al MAS NMR spectra for hydrated silica-alumina (solid line) and dehydrated silica-
alumina (dashed line), recorded in the presence of bulk aluminum nitride (2.3 mg) as an internal
standard. The superimposed spectra were acquired with similar amounts of samples (dry basis)

and identical experimental parameters and conditions (spinning speed, 14 kHz).
* denotes a spinning side-band of AIN
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Rehydration of the dry silica-alumina by exposure to water vapor at room
temperature only partly restored the total 2’Al signal intensity to about 60% of its
value for the hydrated support, while the Al peaks remain broadened and
indistinct. The distortion of the Al sites that occurs during dehydration is,
therefore, not readily reversible. Grafting CH:ReOs onto dehydrated silica-
alumina resulted in virtually no change in the ¥ Al MAS spectrum, relative to the
spectrum of the dehydrated support before grafting. This result is consistent with
associating the bound CHsReOs with the distorted, low symmetry Al sites, whose
resulting coordination number is thereby not directly revealed and remains a
challenging objective for further characterization. Application of high magnetic
tields and high MAS spinning speeds may contribute significantly to this
understand and help correlate the structures of sites containing quadrupolar

nuclei with adsorption or active sites.

X-ray absorption spectroscopy. The precise details of binding of CH:ReO:s to
silica-alumina could, however, be established by careful analysis of Re Lu edge
EXAFS data. A striking change in this EXAFS spectrum occurs when CH3ReOs is
grafted onto silica-alumina (Figure 3-8.) compared to of the ungrafted CHsReO:s
(Figure 3-2.). Most notably, a reproducible feature in non-phase-corrected R-
space appears at ca. 2.7 A, Figure 3-8b. It is attributed to interaction of the
photoelectron wave with an atom Y of the silica-alumina support. Features at
this distance are typically observed only for absorbers surrounded by large, rigid
ligands, or in crystal lattice sites.!® They are not usually prominent in amorphous
materials or in metal complexes grafted to amorphous supports.’® The
appearance of this peak therefore requires a high degree of organization and

uniformity in the grafted CHsReO:s sites, i.e., the presence of a well-ordered shell
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in the second coordination sphere of Re. Such a shell implies a highly specific

interaction between CHsReOs and the silica-alumina surface.
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Figure 3-8. EXAFS data in (a) k*>-weighted k-space (red points) and (b) non-phase-corrected R-
space (imaginary, black points and FT magnitude, red points), for CHsReOs adsorbed on
dehydrated silica-alumina (1.3 wt.% Re). Parameters for the curve-fit (blue lines) with integer
coordination numbers are given in Table 3-2.

The starting point for curve-fitting the EXAFS spectrum of grafted CHsReOs was
the isolated CHsReOs as a model, with an additional Re-Al path to account for
the peak at 2.7 A in R-space. In order to minimize the number of correlated
parameters, coordination numbers were fixed at their integer values. For each

path, the distance (R) and Debye-Waller factor (0?) were refined sequentially.

The curve fit improved significantly when the symmetry of the oxygen shell was
relaxed. Two Re=O paths converged to the same distance, while the third was
significantly elongated. However, the fit contained unreasonably small Debye-
Waller factors (<1 x 10% A?) for some paths.'® This result suggests the presence of

an additional scatterer in the first coordination sphere. Inclusion of a fourth Re-O
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scattering path, presumed to involve an oxygen atom of the support, caused the
Debye-Waller factors to increase to physically meaningful values, comparable in
magnitude to those obtained for molecular CHsReOs. The curve-fit and its
associated fit parameters are shown in Figure 3-8. and Table 3-2., respectively.

The fit and the experimental data match very well in both k-space and R-space.

Table 3-2. Comparison of EXAFS path lengths (A) for CHsReOs grafted onto dehydrated silica-
alumina, with DFT-calculated bond distances for two models of CHsReOs grafted onto an
aluminosilsesquioxane cube.

EXAFS curve-fit? DFT calculated distances
path N | R(A) o2 (A?) model IV | model II
Re=0 2 1.69 0.0012 1.690 1.694,1.695
Re=0 1 1.79 0.0016 1.804 1.811
Re-C 1 2.07 0.0012 2.095 2.096
Re-Osupport 1 2.13 0.0056 2.282 2.182
Re-Al 1 3.06 0.0054 2.988 3.067

2 The inner potential energies (AEo) and global amplitude reduction factor (S¢?) were fixed at 0.0
eV and 1.0, respectively, during the fit (see text). Coordination numbers were fixed at their
integer values (N). Residual = 21.

When coordination numbers for the EXAFS fit were also allowed to vary, they
produced integer values for all shells (+ 15%), well within the accepted error of

the EXAFS technique.'®

It was further investigated whether an additional oxygen shell or a multiple
scattering interaction might be responsible for the EXAFS peak at ca. 2.7 A. Both
were ruled out by poor agreement between the curve-fit and the data. The
possibility was also considered that this feature is a Re-Re path, caused by

association of CHsReOs on the silica-alumina surface. Direct interactions of
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CHsReOs are not observed in organic solvents, nor in polycrystalline CHsReOs,!%°
however, spontaneous polymerization of CHsReOs occurs in aqueous solution.'®
Curve-fitting to a model constructed from the structure of polymeric CHsReO:s
resulted in a physically implausible Re=O path length and an unreasonably large
Debye-Waller factor for the Re-Re path.!

Computational modeling. DFT calculations were employed in an effort to probe
the soundness of the EXAFS model reported in Table 3-2., which in turn, would
serve to verify that the model chosen for the computational analysis was realistic.
In the first instance the structure of the isolated CHsReOs molecule was
minimized using DFT to optimize the combination of functional and basis set to
be used in further calculations. Table 3-1. compares the calculated Re=O and Re-
C distances with those obtained for polycrystalline CHsReOs by EXAFS in this
work, as well as published results from gas-phase electron diffraction, and
neutron powder diffraction on polycrystalline CHsReOs. The high level of overall

agreement establishes the legitimacy of the computational approach.

The first step in a computational investigation of possible structures for grafted
CHsReOs must be the selection of a structural model for the silica-alumina
support. Since silica-aluminas are amorphous with respect to their short- and
long-range order, all models are necessarily approximate. Crystalline
aluminosilicate frameworks, such as the zeolites, are not appropriate models,
because their structures contain charge-compensating alkali cations and/or
strongly acidic, bridging hydroxyl sites that are absent in amorphous silica-
aluminas.'® Periodic structures for crystalline silica have been used to represent
amorphous silica in calculations.’® However, it has been observed

experimentally that CHsReOs does not adsorb strongly onto silica, nor does the
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resulting physisorbed material catalyze olefin metathesis.!¢> Crystalline aluminas
are also inappropriate models because they lack the strong acidity of silica-
alumina, which appears to be necessary for high catalytic activity in olefin

metathesis.

Structural information for amorphous silica-alumina is difficult to obtain,
although neutron diffraction methods have recently provided insight on the
distribution of Si-O-Si angles in amorphous silica.!®® Some parameters for silica-
alumina have been obtained by ¥Al and ¥Si solid state NMR* 165 16 and Al
XANES.*” In fully dehydrated silica-aluminas with low alumina contents (< 32
wt.% Al20s), the vast majority of Al sites are four-coordinate!®” 1% and they do not
bear hydroxyl groups, either terminal or bridging.!®* Reversible changes to and
from six-fold coordination during chemisorption of water and ammonia have
been documented by Al NMR" and Al K-edge XANES.®® A minor component
(< 10 mol%) of tricoordinate Al has been identified in steamed zeolites,'”* which
likely contain an amorphous silica-alumina component.'®® The Lewis acidity of
amorphous silica-aluminas is believed to arise from the presence of
coordinatively unsaturated Al sites,'”? while their Bronsted acidity is associated

with terminal silanols located adjacent to these Al sites.!”

Cage-like structures, including the partially and fully condensed
silsesquioxanes,'” are better models for silica surfaces than the small clusters
often used, because of their constrained Si-O-5i angles,'”* 17> and because of their
oxygen-rich nature. The analogy has been extended experimentally to
aluminosilsesquioxane cubes, which were synthesized and characterized by
single crystal X-ray diffraction as models for silica-alumina and aluminum-

modified silica surfaces.'”®'”” Therefore an Al-substituted silsequioxane
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monosilanol was selected to model both Lewis and Brensted acid sites on the
surface of silica-alumina. The hydride-capped, all-Si version was modified by
replacing one SiH corner with an Al atom, Scheme 3-1. An additional siloxane
ligand (HsSiOSiHs) was included in order to impose four-fold coordination at Al
(although this site is not tetrahedral, due to the constrained Si-O-Al angles of the
cube, 115.6°). In the presence of a stronger Lewis base, the siloxane ligand could

be displaced, modeling latent Lewis acidity in silica-alumina.!”

After minimizing the energy of the aluminosilsesquioxane cube, CHs:ReOs was
attached to determine its optimal binding geometry. Since a suitable empirical
potential for Re was not available, starting geometries could not be determined
by typical docking calculations. Instead, the energies of plausible grafted forms

of CHsReOs were compared.

The most energetically favorable interaction of CHsReOs with the
aluminosilsesquioxane cube model involves coordination at the Al corner. The
cube prefers to bind CHsReOs rather than HsSiOSiHs at this site, shown in
Scheme 3-1.,, as model IV, by 12 kJ/mol. Calculated bond distances are
summarized in Table 3-2. One of the oxygen atoms of CHsReOs interacts with the
Al corner of the cube, at an O-Al distance of 1.873 A. Substantial lengthening of
this Re=O bond upon grafting, from 1.690 to 1.788 A, suggests a reduction in its
bond order. This Lewis acid-base interaction is reinforced by a second interaction
between Re and an adjacent, bridging oxygen of the cube (SiOAl). The
interaction is slightly stronger with the more basic bridging oxygen on the
OSi(H)OALI cube edge, at a Re-O bond distance of 2.260 A and a Re-Si distance of
3.474 A, compared to the OSi(OH)OAI edge. However, this is likely an artifact of

H-termination in the model. There is ample experimental precedent for
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coordination of Lewis bases to the electrophilic Re(VII) center in CHszReOs.!78 179 180
Association of CH3ReOs with a Lewis acidic Al site is expected to make Lewis
base coordination even more favorable. CH3sReOs also formed a stable adduct
with the cube by binding to the Al corner only (i.e., without interacting with an
adjacent bridging O), or by hydrogen-bonding via an oxo ligand to the silanol
corner, although each of these configurations was of considerably higher energy

than model IV.

1
- 199 kJ/mol
+ 163 kJ/mol

Scheme 3-1. DFT-calculated reaction energies and structures for two models of the interaction
between a siloxane-capped aluminosilsesquioxane monosilanol cube (representing the silica-
alumina surface) and CHsReQ:s. Separated molecules should be interpreted as infinitely
separated. Color scheme: Re (yellow), Al (purple), Si (blue), O (red), C (green), H (white).
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Binding CHsReO:s to the cube in the same geometry as in model IV but without
displacing the siloxane, i.e., by expanding the coordination number at Al to five
(model II), is even more stable, with the total energy lowered by an additional 24
kJ/mol relative to model IV. Similar changes in bond lengths upon grafting were
predicted for model II. As expected, the O-Al distance involving the oxo ligand
is longer (1.866 A) in model II than in model IV, as is the Re-Al distance, at 3.044
A. However, the approach of Re to the bridging oxygen of the cube, at 2.172 A, is
closer in model II. These results are consistent with a less Lewis acidic Al site in
model II, and consequently a more basic oxygen donor in the adjacent cube

bridging site.

Comparison of EXAFS and DFT-calculated structures. Fitted bond lengths from
EXAFS are compared to the values calculated for both DFT models in Table 3-2.
The agreement in the first three shells (i.e., the oxo and methyl ligands) is
striking, especially for the highly constrained fit in which the coordination
numbers, So> and AEo parameters are all held fixed. In particular, the EXAFS-
derived elongation of one Re=O path by 0.10 A relative to the other two is
reproduced in the Re=O distances predicted by DFT. Curve-fitting was unable to
distinguish between an Al or a Si scatterer in the second coordination sphere;
both Re-Al and Re-Si paths resulted in reasonable fits. However, it would appear
that Al is more likely to be responsible for the peak at 2.7 A, because its flexible
coordination number allows Al to interact directly with CHsReO:s. In contrast, a
Si neighbor would not be expected to expand its coordination sphere to
accommodate CHsReOs, and indeed CHsReOs does not attach itself irreversibly
to silica. Furthermore, the DFT models confirm that CHsReOs can engage in a
highly favorable Lewis acid-base interaction with the Al site. The additional

interaction of the organorhenium complex with an adjacent bridging oxygen of

75



Chapter 3. Results and Discussion. Heterogeneous Re catalysts for olefin metathesis

the SiOAl bond creates a two-point attachment of CHsReOs to the surface,
anchoring Re at a fixed distance from Al and thereby decreasing the Debye-

Waller factor for this path.

The bond lengths of the shells representing interactions with the support (i.e., Re-
Osupport and  Re-Al paths) given by the EXAFS curve-fit show reasonable
agreement with both 4- and 5-coordinate Al models. Heterogeneity of the
amorphous silica-alumina surface and the approximate nature of the cube model
may contribute to the small differences. Nevertheless, the agreement is better
with model IT which suggests that most grafting events involve the formation of
five-coordinate Al sites. This is consistent with the ZAl MAS NMR results, which
show that the Al signal that disappears nearly completely upon dehydration of
silica-alumina is not restored upon grafting CHsReOs. Thus the low symmetry of

the Al sites is preserved even after surface modification.

The spectroscopic and computational analyses therefore concur that the Lewis
acidic Al sites of silica-alumina represent the most favorable chemisorption sites
for CHsReO:s at low loadings. The interaction of the organometallic complex with
the support results in elongation of one Re=O bond and coordination to Re of an
adjacent bridging oxygen from the surface. The resulting two-point attachment
creates a well-defined grafted site that is electronically distinct from its molecular

precursor
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3.3 Deposition of higher loadings of CHsReOs on silica-

alumina

While the chemisorption of CHsReOs at Lewis acid sites described in detail in
section 3.2 above applies to loadings of less than 1 wt.% Re on the dehydrated
Davicat 3113 silica-alumina, the maximum amount of CHsReOs that is strongly
adsorbed by this support (i.e., that resists desorption during several hours of
evacuation at 10* Torr and room temperature) corresponds to as much as 10
wt.% Re. Materials with Re loadings higher than that are unstable, and the excess
CHsReOs desorbs rapidly upon evacuation of the reactor. These results suggest
that different, but also rather specific grafting sites are responsible for the

adsorption of CHsReO:s at loadings between 1 and 10 wt.% Re.

1D and 2D NMR spectroscopy. Spectroscopic studies were employed to obtain
information on the nature of the CHsReOs species bound to the silica alumina
support at these higher loadings. First, the 'H MAS spectrum of silica-alumina
containing 10 wt.% Re as CHsReO:s (Figure 3-9a) is found to be very similar to
that for the material containing only 0.4 wt.% Re, although the peak for the
methyl protons at 2.8 ppm is clearly resolved and is more intense relative to the

signal at 1.6 ppm for the surface hydroxyl protons.

The 13C CPMAS spectrum, on the other hand, is qualitatively different. Whereas
at low loading (0.4 wt.% Re), only one relatively broad signal is present at 29
ppm, at higher loadings (10 wt.% Re) a much more narrow signal now appears at
20 ppm (Figure 3-9b). At least two chemically distinct environments for grafted

CHsReOs must therefore be present at these higher Re loadings.

77



Chapter 3. Results and Discussion. Heterogeneous Re catalysts for olefin metathesis

AN

Lol 0]
43210 50 40 30 20 10 O
S/ ppm &/ ppm

Ly |
6 5

Figure 3-9. NMR spectra of ®*CHsReOs adsorbed onto dehydrated silica-alumina, at two different
loadings, 0.4 wt.% Re (black) and 10 wt.% Re (red): (a) single-pulse '"H MAS NMR spectra; (b) 1*C
CPMAS NMR spectra. Spin rate 12 kHz.

The chemical shift of the more shielded of the two groups of methyl sites (20
ppm) strongly resembles that of CHsReOs in CDCls solution (19.6 ppm, 31 Hz
fwhm). Furthermore, the narrow linewidth of 95 Hz fwhm suggests that the
CHsReOs molecules grafted to these sites experience significantly higher mobility
than the sites represented by the broad peak centered at 29 ppm (460 Hz fwhm).
This narrow signal does, however, persist even after room temperature
evacuation of the solid for several hours at <10* Torr, so that the CH3ReO:s
molecules involved cannot be simply be weakly physisorbed. Narrow *C MAS
NMR lines are unusual for supported organometallic complexes, which typically
experience greatly reduced mobility when covalently bound to oxide surfaces,
and thus exhibit broad solid state NMR peaks.!®! The sites that give rise to the
broad *C signal at 29 ppm, attributed to CHsReOs immobilized by two-point
grafting onto Lewis acid/base sites, indeed appear to be just such low-mobility

sites.

78



Chapter 3. Results and Discussion. Heterogeneous Re catalysts for olefin metathesis

Further information on the nature and interactions of the grafted species can be
derived from 2D HETCOR NMR experiments. The integrated intensities of the
correlations observed in these spectra depend on the strengths and populations
of dipole-dipole coupled 'H and BC sites. The 2D *C{'H} HETCOR spectrum
shows strong intensity correlations for both 3C methyl signals with the 'H
signals centered at 2.8 ppm, Figure 3-10. Only one 'H signal was resolved, even

at high loading (10 wt.% Re), presumably because of the smaller chemical shift

range for 'H compared to 3C.

"H dimension

40 30 20 10 F2[ppm]

Figure 3-10. Two-dimensional *C{'H} HETCOR MAS NMR spectrum for silica-alumina modified
with ¥CH3ReOs (10 wt.% Re) recorded at room temperature with a mixing time of 3 ms and a
spinning speed of 12 kHz. The corresponding 1D 3C CPMAS and single pulse 'H MAS NMR

spectra are plotted along their respective axes.

The correlation for the *C peak at 20 ppm is surprisingly strong, considering that
dipolar couplings in very mobile systems tend to average to zero. Therefore it is

concluded that the narrow BC signal at 20 ppm must be comprised of
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contributions from at least two different populations of adsorbed CHsReO:s: (1) a
relatively immobile species experiencing strong *C-'H heteronuclear dipole-
dipole coupling such that its signal is enhanced by cross polarization and gives
rise to the correlated signal intensity detected in the 2D BC{'H} HETCOR
spectrum; and (2) a highly mobile CHsReO:s species that experiences weak BC-'H
coupling, is not cross-polarized and does not contribute to the correlated

HETCOR signal intensity.

The dynamics of the more mobile of the two families of grafted species were
probed with static (non-MAS) solid state NMR experiments. The room
temperature single-pulse 3C spectra of a sample of *CHsReOs on silica-alumina
(6.5 wt.% Re), acquired consecutively under MAS and static conditions, are
compared in Figure 3-11a. Whereas chemical shift anisotropy and dipole-dipole
interactions are averaged by rapid molecular motion or under MAS conditions,
they generally broaden spectral lines in non-MAS experiments. Consequently the
BBC signals for grafted organometallic species are often undetectable without
MAS. The peak at ca. 29 ppm is broadened into the spectral baseline without
MAS, which confirms that the species responsible for this signal possess low
mobility. The linewidth of the peak at 20 ppm increases slightly to 200 Hz (from
95 Hz with 12 kHz MAS), but remains surprisingly narrow. However, its area
decreases by approximately 20%, compared to that for the same sample recorded
under MAS conditions. This result confirms that the peak at 20 ppm represents
two, chemically similar populations of grafted CHsReOs that differ in the degree

of their mobility.

Since the molecular mobility is reduced as the temperature is lowered, motional

averaging of chemical shift anisotropy and dipole-dipole interactions are
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diminished. This lower mobility is generally manifested in greatly increased
linewidths. However, the 3C signal at 20 ppm is still visible at -100 °C under
static recording conditions, Figure 3-12., albeit broadened (1000 Hz fwhm) which
shows the remarkable result that this grafted CHsReOs species retains some

mobility even at such a low temperature.

40 30 20 10 O 40 30 20 10 O
8/ ppm 3/ ppm

Figure 3-11. Single pulse *C NMR spectra for *CHsReOs adsorbed onto dehydrated silica-
alumina. (a) Spectra were acquired consecutively for the same sample (6.5 wt.% Re) with the
same number of scans under both MAS conditions (12 kHz, red) and static conditions (black); (b)
MAS spectra (12 kHz) were acquired for the same material before (10 wt.% Re, red) and after (6
wt.% Re, black) desorption of volatiles at 80 °C for 6 h.

A 2D BC{H} HETCOR MAS study was therefore also carried out at -100 °C. The
results support the conclusions made from the room temperature measurements,
in that strong correlations exist between the broadened 'H signal at ca. 2.8 ppm
and in both carbon signals (Figure 3-13.). No correlation was detected between
either of the 1*C signals and the terminal, non-hydrogen-bonded silanol 'H signal
at 1.6 ppm, even when the contact time was increased from 3 to 12 ms in order to

probe weaker coupling over longer intermolecular distances.
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8 / ppm

Figure 3-12.13C CP NMR spectra for CHsReOs grafted onto dehydrated silica-alumina (10 wt.%
Re). Both spectra were recorded at -100°C, (a) with 8 kHz MAS; and (b) without spinning.
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Figure 3-13. Two-dimensional BC{"H} HETCOR MAS NMR spectrum for silica-alumina modified
with ®CHsReOs (10 wt.% Re), recorded at -100°C with a mixing time of 12 ms and a spinning
speed of 8 kHz. The corresponding 1D *C CPMAS and single pulse 'H MAS NMR spectra are
plotted along their respective axes.
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While all of the grafted CHsReOs is stable to prolonged evacuation at room
temperature, evacuation at elevated temperatures does result in partial
desorption of some CHsReOs from the silica-alumina surface. Single-pulse *C
MAS NMR spectra recorded before and after heating a sample initially
containing 10 wt.% Re at 80 °C for 6 h are compared in Figure 3-11b. Prior to
heating, the relative areas of the peaks at 29 and 20 ppm are ca. 2:1. Upon
thermal treatment, the 3C signal at 20 ppm disappeared, consistent with weaker
binding of the more mobile grafted CHsReOs sites. At the same time, the Re
content of the solid declined to 6 wt.% Re, consistent with desorption of some of

the organometallic complex from the silica-alumina.

Computational study of mobile, grafted CHsReOs on silica-alumina. Highly
mobile supported organic and organometallic molecules with narrow MAS NMR
spectral lines have been reported where adsorption occurs via weak, electrostatic
interactions, or by ion-pair formation.!88 Some of these structures were used as
starting points for DFT models of the highly mobile CHs:ReO:s species that give
rise to the narrow C signals at ca. 20 ppm (Scheme 3-2.). For example, CHsReO:s
was found to form a weakly bound (-2 kJ/mol) van der Waals adduct V with the
Lewis-grafted CHsReO:s in structure IV. The non-specific nature of the attractive
forces in the adduct V suggests that the second CHsReO:s site should be highly
mobile. However, the very low binding energy makes it unlikely that the van der
Waals adduct V could resist desorption under dynamic vacuum at room
temperature. Conversion of the van der Waals adduct to the Lewis acid-base
adduct VII is unfavorable (+16 kJ/mol) because of the simultaneous loss of a
Lewis acid-base interaction with the aluminosilsesquioxane cube. The possible

protonation of CHsReOs to form a highly mobile cation [CHsRe(O)2(OH)]* was
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also investigated. This structure is highly energetic, and the proton moved

spontaneously back to the aluminosilsesquioxane monosilanolate anion.

+ CH3;ReO-
T T T e

- 2 kJ/mol
v
l + 43 kd/mol
+ CH3R90§
- 29 kd/mol

Vi

Scheme 3-2. DFT-calculated structures and reaction energies for postulated mobile forms of
CHsReOsinteracting with an aluminosilsesquioxane cube (representing the silica-alumina
surface), and an immobile CHsReOs-aluminosilsesquioxane adduct.

CH:ReOs has also been suggested to interact with acidic bridging hydroxyl
groups in zeolites via H-bonding, on the basis of the close resemblance in the
EXAFS spectra of polycrystalline CHsReOs before and after its adsorption in
zeolite HY, as well as a red-shift in the frequency of a mode assigned to
v(Re=0).20 146 There is no spectroscopic evidence for the presence of zeolite-like
bridging hydroxyls AIO(H)Si in dehydrated silica-alumina, either by IR or 'H
MAS NMR,* however, it has been suggested that the terminal silanols of silica-

alumina acquire strong Brensted acidity by virtue of possessing one or more Al
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neighbors.!® Therefore hydrogen-bonding interactions between CHsReOs and
surface hydroxyl groups were considered as a means of creating highly mobiles
sites. Hydrogen-bonding between CHsReOs and the terminal silanol of the
aluminosilsesquioxane cube I is shown in structure VIII, Scheme 3-3. The energy
of the H-bonding interaction was calculated to be 21 kJ/mol using the 6-31G*
basis set, declining slightly to 17 kJ/mol with the larger 6-31+G** basis set. The
energies computed for H-bonding of CHsReOs to the silanol of structure IV
(containing CHsReOs grafted via Lewis acid-base interactions on the
aluminosilsesquioxane cube) are similar (6-31G*: -17 kJ/mol;, 6-31+G**: -15

kJ/mol).

\ 4

- 21 kJ/mol
- 17 kJ/mol

- 19 kJ/mol
- 15 kJ/mol

Scheme 3-3. DFT-calculated structures and reaction energies for CHsReOsinteracting by H-
bonding with an aluminosilsesquioxane monosilanol cube (representing the silica-alumina
surface) and a silsesquioxane monosilanol cube (representing the silica surface). Binding energies
shown in black and blue were calculated using 6-31G* and 6-31G** basis sets, respectively. Color
scheme: Re (yellow), Al (purple), Si (blue), O (red), C (green), H (white).
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The effect of the aluminum neighbor on silanol acidity was investigated using
CHsReOs hydrogen-bonded to the all-Si silsesquioxane monosilanol cube IX. The
calculating binding energy is insignificantly different (-15 vs. -17 kJ/mol with 6-
31G**) from that involving the aluminosilsesquioxane cube I. This result is
inconsistent with the observation that CHs:ReOs desorbs from silica under
vacuum at room temperature, while depopulation of the analogous sites on
silica-alumina requires heating to 80 °C. The higher Brensted acidity of the
surface hydroxyls on silica-alumina relative to silica is thus not well reproduced
in the simple silsesquioxane models. The reason for this is likely to be the
presence of the siloxane ligand used to keep the Al, which replaces a H-

terminated Si, four-coordinate.

A second model for the strong Brensted acidity in silica-alumina proposes that
the acidity is latent, i.e., manifested only in the presence of a suitable proton
acceptor.'’? 18 Scheme 3-4. illustrates this for CHsReOs. A terminal silanol
becomes coordinated to Al as it transfers its proton to a bridging oxygen. The
driving force for proton transfer is the strong hydrogen-bond created between
the bridging hydroxyl and an oxo ligand of CHsReOs structure XI. The
calculated *C NMR chemical shifts for structures XI and VIII (25 and 17 ppm,
respectively) bracket the observed chemical shift (20 ppm) for the mobile
CH:ReO:s site on silica-alumina. This may indicate that the acidity of silica-
alumina, and hence the actual strength of the hydrogen-bonding interaction, is

intermediate between these two models for the acidic hydroxyls.

High mobility in any of the H-bonded CHsReO:s sites could arise by rotation of
the [CHsReO2] fragment about the Re-O-H-O axis, as well as rotation of the

[CH:ReOsH] fragment about the Si-O axis. In addition, CHsReOs may
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interchange H-bonded and non-H-bonded oxo ligands via a hopping
mechanism. The less mobile sites contributing to the cross polarization of the *C
signal at 20 ppm may involve simultaneous hydrogen-bonding interactions
between CHsReOs and more than one surface hydroxyl group, restricting its

rotational motion.

Scheme 3-4. DFT-calculated structure and reaction energy for CHsReOsinteracting by H-bonding
with a bridging hydroxyl formed upon reaction of a terminal silanol with the Al corner of an
aluminosilsesquioxane cube (representing the silica-alumina surface). Color scheme: Re (yellow),

Al (purple), Si (blue), O (red), C (green), H (white).

Experimental Evidence for H-bonded CH:ReOs on silica-alumina. The IR
spectrum of a self-supporting pellet of dehydrated silica-alumina was recorded

before and after deposition of CHsReO:s. Grafting results in a decrease in intensity
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of the v(SiO-H) mode at 3747 cm, which is attributed to non-interacting surface
silanols, accompanied by the appearance of a broad, red-shifted peak
characteristic of v(SiO-H) for H-bonded silanols (Figure 3-14.). The changes in
the v(SiO-H) region were reversed when the sample was heated to 80 °C for 5
hours to remove the CHsReOs, i.e., the peak assigned to H-bonded silanols
disappeared while the peak from the non-interacting silanols was restored to its

initial intensity.
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Figure 3-14. IR spectra of dehydrated silica-alumina before (black) and after (red) adsorbing
CHsReOs (ca. 10 wt% Re), and the difference spectrum (inset).
Hydrogen-bonding is also expected to cause a significant downfield shift in the
'H MAS NMR signal of the silanol protons that form the H-bond.!3* The strongly
correlated signal intensity between the C peak at 20 ppm and the 'H signals
between 2 and 3 ppm (Figure 3-10.) is in fact consistent with this interaction.
Unfortunately, the signals from these H-bonded silanols overlap with those of
the methyl protons of grafted CHsReOs. Furthermore, it was observed that the

use of deuterium-labeling in CDsReOs to suppress the signal due to methyl
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protons is precluded by rapid H/D exchange between the methyl group and the

surface silanols of silica-alumina.

The presence of this hydrogen bonding interaction for the mobile grafted
CHsReOs species can furthermore be indirectly verified by preventing the
formation of H-bonded CHsReOs sites on silica-alumina by converting the
accessible surface silanol groups to silyl ethers prior to grafting. Treatment of
dehydrated silica-alumina with an excess of hexamethyldisilazane (HMDS) at
room temperature effects this transformation and generates ammonia,'®

Equation 3-1.
2 =SiOH + (CHs):SiNHSi(CHs)s — 2 =5i0Si(CHs)s + NHs  (eq. 3-1.)

After reaction, the capped silica-alumina must be heated to 350 °C under
dynamic vacuum to effect complete desorption of NHs from the Lewis acid sites,
as judged by the disappearance of the v(N-H) modes by IR. Deposition of
BCHs3ReOs onto capped silica-alumina produced a material with two *C NMR
signals, Figure 3-15. The peak at -2 ppm is assigned to (CHs)sSi, while that at 30
ppm is assigned to CHsReOs grafted onto Lewis acid sites. No signal at 20 ppm
was observed, consistent with the absence of silanols available to hydrogen-bond

to CHsReO:s.

The corresponding 2D BC{'H} HETCOR MAS spectrum shows strong intensity
correlations for the *C methyl signals at 30 ppm with the 'H signals centered at
2.8 ppm, Figure 3-16., but no correlation with residual silanols (capping
efficiency ~ 80%) is observed. The correlation between the carbons and protons of
the capping agent hexamethyldisilazane is weakly seen with the mixing time of 3

ms.
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Figure 3-15.13C CPMAS NMR spectrum for dehydrated silica-alumina modified with
hexamethyldisilazane, then by *CH3sReOs (1 wt.% Re). Spin rate 12 kHz.
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Figure 3-16. Two-dimensional *C{'"H} HETCOR MAS NMR spectrum for dehydrated silica-
alumina modified first with hexamethyldisilazane followed by *CHsReOs (1 wt.% Re) recorded at
room temperature with a mixing time of 3 ms and a spinning speed of 12 kHz. The
corresponding 1D 3C CPMAS and single pulse "H MAS NMR spectra are plotted along their
respective axes.

90



Chapter 3. Results and Discussion. Heterogeneous Re catalysts for olefin metathesis

3.4 Deposition of CH3ReOs on silica

In order to explore hydrogen bonding interactions between CHsReOs and surface
silanols in the absence of Lewis acid sites similar NMR studies were performed
on CHsReOs deposited onto amorphous silica. CHsReO:s is not strongly adsorbed
onto silica at room temperature and can be removed by prolonged evacuation
(10 Torr). 'H MAS and C CPMAS NMR spectra of CHsReOs dispersed by
vapor deposition onto dehydrated silica (containing 4 wt.% Re) are shown in
Figure 3-17. After a brief (10 mins) exposure to dynamic vacuum, the 'H NMR
spectrum contains a doublet attributed to the methyl protons (2.6 ppm, Juc =135
Hz) in addition to a signal at 1.7 ppm from the unperturbed silanol protons. The
'H signals of grafted CHsReOs are presumably broader on silica-alumina than on
silica, since no 'H-'*C coupling was detected on silica-alumina, even when *C-
enriched samples were utilized for the 'H MAS spectra. The coupling constant on
silica, however, is the same as that measured for *CH3ReOs in CDCls. The *C
spectrum of CHsReO:s dispersed on dehydrated silica consists of a single, sharp

BBC peak at 19 ppm (85 Hz fwhm).
The BC{'H} HETCOR MAS experiment, Figure 3-18., confirmed that the *C

signal correlates with the center of the 'H doublet, whereas the non-interacting

silanol signal shows no such intensity correlation.
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Figure 3-17. NMR spectra of ?*CHsReOs adsorbed onto dehydrated silica (4 wt.% Re): (a) single-
pulse 'H MAS NMR spectrum; (b) *C CPMAS NMR spectrum. Spin rate 12 kHz.
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Figure 3-18. Two-dimensional *C{'H} HETCOR MAS NMR spectrum for silica modified with
1BCHsReOs (4 wt.% Re), recorded at room temperature with a mixing time of 3 ms and a spinning
speed of 12 kHz. The corresponding 1D 3C CPMAS and single pulse '"H MAS NMR spectra are
plotted along their respective axes.
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The chemical shift and linewidth of the 3C signal observed for CHsReO:s on silica
are thus shown to be remarkably similar to those of the mobile CHsReOs species
present at high Re loading on dehydrated silica-alumina. Moreover, the 13C
signal for CHsReOs on silica is still visible without MAS and decreases in
intensity by just 12% under static recording conditions. Since silica possesses no
Lewis acidity and only weak Bronsted acidity, these results strongly support the
assignment of the *C signal at 20 ppm for CH3ReOs on silica-alumina to a mobile

species that is hydrogen-bonded to surface silanol groups.

Finally, the silanol protons themselves are expected to show broadened,
downfield-shifted signals in 'H MAS NMR* upon formation of a hydrogen
bond. The strength of the hydrogen bond is reflected in the magnitude of the
change in chemical shift. For example, the 'H signal at 1.7 ppm attributed to
isolated silanols in a mesoporous silica was observed to shift to 5.5 ppm in the
presence of adsorbed water.’® Similar changes in proton chemical shift are
expected for silica silanols perturbed by H-bonding to adsorbed CHsReOs.
Indeed, the 'H MAS NMR spectra of silica before and after adsorption of
CDsReOs show the appearance of a very broad signal in the range 2-5 ppm, in
addition to the expected peak for non-interacting silanols at 1.7 ppm and a small
signal for incompletely deuterated methyl groups at 2.5 ppm, Figure 3-19. The
broad signal may thereby be attributed to silanols perturbed by hydrogen
bonding to CDsReOs .
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Figure 3-19. 'TH MAS NMR spectra for (a) dehydrated silica, and (b) CD3ReOs (ca. 1 wt.% Re) on
dehydrated silica, both recorded with 12 kHz MAS.

3.5 Activity and selectivity in olefin metathesis

Information obtained on the different CHsReOs species found on silica-alumina
by the extensive spectroscopic, structural and computational studies described
above, will now be related to the activity and selectivity for olefin metathesis of
this catalyst. Silica-alumina is known to catalyze the self-metathesis of propylene
over a wide range of CHsReO:s loadings (0.1-10 wt.% Re). First, the activities of
two samples with different loadings were compared, i.e. one containing 10 wt.%
Re (two BC CPMAS NMR signals, at 29 and 20 ppm) and the other one with 1.0
wt.% Re (only one *C CPMAS NMR signal, at 29 ppm). Under identical reaction
conditions (0 °C, 46 Torr CsHs, 10.0 mg catalyst), the material containing 10 wt.%

Re is in fact slightly less active (kobs = 0.11 min™) than the material with ten times
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less CHsReO:s (kobs = 0.18 s1). The corresponding kinetic profiles are compared in
Figure 3-20. A catalyst prepared with capped silica-alumina, i.e. without any

Bronsted acid sites, behaved similarly in this reaction (0.5 wt.% Re, kobs = 0.13 s1).
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Figure 3-20. Kinetics of propylene metathesis (top: disappearance of CsHs; bottom: appearance of
C:2H4) over 10 mg CHsReOs/silica-alumina containing 1 wt.% Re (solid circles) and 10 wt.% Re
(open circles), at 0 °C. Solid lines are non-linear least-squares curve fits to the integrated first-

order rate equation.

As far as the selectivity is concerned, the catalyst containing 10 wt.% Re on silica-
alumina yielded no olefins other than the expected metathesis products
(ethylene, trans- and cis-2-butene) as found by GC/FID after equilibrium was
attained, in ca. 1 h. The catalyst containing only 1 wt.% Re on silica-alumina,
however, did produce detectable amounts of side-products in the same reaction
time, including 1-butene and other higher olefins. These products are typical of
the olefin isomerization and oligomerization reactions that are catalyzed by the
acidic hydroxyl groups of silica-alumina.!® At longer reaction times their

formation eventually perturbs the equilibrium distribution of olefins arising from
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propylene homometathesis. The absence of such side-reactions with the catalyst
having higher Re loading therefore demonstrates the effect of blocking of the
acidic hydroxyl sites by adsorption of CHsReOs on the metathesis-inactive sites,

as modeled by structures VIII and XI.

Another sample of CH:ReOs on amorphous silica with 4 wt.% Re, which
exhibited only one C NMR signal at 19 ppm (Figure 3-17.) showed no activity
towards propylene under the same reaction conditions. It is therefore inferred
that metathesis activity is associated with the C NMR signal at 29 ppm, i.e.,
CHsReOs bound at Lewis acid sites. Conversely, CHsReOs which is hydrogen-
bonded to hydroxyl groups on either silica or silica-alumina (and is responsible
for the 13C signals at 19-20 ppm) is shown to be inactive for olefin metathesis. A
correlation between metathesis activity and Lewis acidity was previously noted
for a related niobia supported CHsReO:s catalyst, but no structural model for the
grafted sites was proposed. From this study, it is clear that the use of this catalyst
with high CHsReO:s loadings is an inefficient use of Re, despite the improvement
in selectivity. Furthermore, the weakness of the hydrogen-bonding interaction on
the catalytically inactive CHsReO: sites is a likely cause of the leaching that has

been observed to contaminate metathesis products.?
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3.6 Effect of different oxide supports on the binding and

catalytic activity of CHs:ReOs

The precise function of the support in heterogeneous Re-based olefin metathesis
catalysts is rather complex, as it serves to activate the otherwise inactive
molecular CHsReOs in providing binding sites for the catalyst. A number of
oxides including silica-alumina', niobia'* > alumina® > and zeolites?” 4 have
been investigated as supports for CHsReOs. Most of these reports on the catalytic
activities of these systems are, however, essentially of rather qualitative nature,
and do therefore not allow for a consistent, quantitative comparison of the effect
of the different supports. The following discussion attempts to elucidate the
importance of the interactions of CHsReOs with the support and the resulting

mechanism for the activation of CHzReQs.

The unique properties of dehydrated, amorphous silica-alumina as the activating
support were described in some detail in section 3.3 above. This material is
derived from its hydrated form by calcination, which is accompanied by a
weight loss of 15 wt.% as shown by thermogravimetric analysis. Discussion of
the effect of different supports should therefore begin with hydrated silica-
alumina, whereby the effect of the presence of water on the support on the

activity of CHsReOs may be assessed.

Hydrated silica-alumina support. The 'H MAS NMR spectrum of hydrated,
silica-alumina treated with CHsReO:s (1 wt.% Re) exhibits a very broad signal in
the range from 0 to 10 ppm with sharper peaks at 6.7 ppm and 1.6 ppm. The

signals can be attributed to physisorbed water molecules (6.7 ppm) and isolated
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silanol moieties (1.6 ppm).'* 152 Furthermore bridging hydroxyls (4 ppm), silanol
groups with hydrogen-bonded water!®® 18 and water clusters are also expected to
be present on the hydrated material and contribute to the wide range of site
distributions.!? 1% 154 Additional 'H peaks at 2 ppm and 3.8 ppm may be
attributed to interactions of CHsReOs with acidic centers of the support, Figure 3-

21a.

20 15 10 5 0 5 10 g0 70 60 50 40 30 20 10 O
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Figure 3-21. Hydrated silica-alumina with grafted *CHsReO:s (1 wt.% Re): (a) 'H single-pulse
MAS NMR and (b) ®*C CPMAS NMR spectrum (RT, 12kHz).

The 3C MAS NMR spectrum of this system reveals a multitude of sites with
chemical shifts spanning the range from 20 to 50 ppm including distinct peaks at
22, 30, 35, 40 and 48 ppm (Figure 3-21b). Two of these peaks may be assigned
based on the above discussion of CH:ReOs grafted onto dehydrated silica-
alumina. In that case the interaction of CHsReOs with the Lewis acidic Al sites of
the support results in a *C chemical shift of 29 ppm, whereas CHsReOs H-
bonded to silanols has a 3C chemical shift of 20 ppm. Similar 3C peaks chemical
shifts (22 and 30 ppm) in the hydrated material, along with peaks between 2 and

3 ppm in the 'H spectrum, suggest that these interactions also occur on this
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support. Similar sites with water present and the associated H-bonding
interactions may alter the electronic environments around the Lewis acidic Al
centers sufficiently to give rise to a related set of peaks between 30 and 40 ppm.
Finally, impurities in the support, which would otherwise have been removed in
the calcination process, may give additional NMR signals, as would the

formation of species such as methoxytrioxorhenium species (48 ppm).19 1%

The two-dimensional BC{'H} HETCOR experiment indeed (Figure 3-22.) shows
that all these *C signals between 20 and 50 ppm are correlated to 'H signals
between 2 and 3 ppm, which in turn are associated with the organometallic

species.
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Figure 3-22. Two-dimensional *C{'H} HETCOR MAS NMR spectrum for hydrated silica-alumina
modified with ®*CHsReOs (1 wt.% Re) (RT, mixing time 3 ms, spinning speed 12 kHz). The
corresponding 1D 3C CPMAS and single pulse "TH MAS NMR spectra are plotted along their
respective axes.
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Hydrogen bonding of CHsReO:s to a silanol was shown in section 3.4 to allow a
high degree of mobility as indicated by a *C signal at 20 ppm, which persists
under static solid state NMR conditions. These types of interaction are, of course,
also expected to occur at low loadings on the hydrated support. For the hydrated
sample with grafted CHsReOs, however, it is observed that all 3C NMR signals
are broadened almost completely into the baseline under non-spinning
conditions. This more limited mobility may be attributed to steric hindrance
caused by surrounding water molecules/clusters, or the possibility that these will

result in multiple hydrogen-bonding interactions with the CHsReO:s.

The activity for homometathesis of propylene of CHsReOs grafted to the
hydrated support is rather low. While there is evidence that small traces of water
on the otherwise dehydrated silica alumina support can be advantageous for the
catalytic activity,'®® the large amount of water (ca 15 wt.%) present on the
hydrated support is clearly detrimental to the reaction kinetics. The active site
was shown above to arise from interactions of CHsReOs with the Lewis acid Al
sites of the support. DFT calculations show that both water and CHsReOs may
bind at the Lewis acid site in preference to the siloxane, but also the detrimental
effect of water in that water binds at the Lewis Acid site in preference to
CHsReOs when the Al is 4-coordinate, Scheme 3-5. Larger amounts of water may,
however, block Lewis acidic sites, perhaps by formation of clusters and make
them effectively inaccessible to CHsReOs, which would inhibit the formation of
the active site. This is also in agreement with the DFT calculations which show
that the Lewis acid site in fact prefers a second water molecule over CH:ReO:s
along with one water molecule. H-bonding interactions may also be more
numerous in the hydrated support which would result in inactive metathesis

sites.

100



Chapter 3. Results and Discussion. Heterogeneous Re catalysts for olefin metathesis

% Xr:ﬂ[}
AE =-50.3 kdJimol L

AE =-35.5 kJ/mol

-]
i ]
A:O - siloxane

0

Scheme 3-5. DFT-calculated structures and reaction energies for CHsReOsinteracting with an
aluminosilsesquioxane cube (representing the silica-alumina surface) in the presence of water.
Color scheme: Re (yellow), Al (purple), Si (blue), O (red), C (green), H (white).

Zeolite HY as support. The H-forms of crystalline, microporous silica-aluminas,
such as zeolite HY, possess a large number of Brensted acid sites inside their
pore structures, which include bridging OH groups (SiOHAI), unlike the case of
amorphous silica alumina, as well as silanols and external surface Si-OH groups,
along with exchangeable cations. Several reports in the literature® 14 have
examined the encapsulation of CHsReOs in the supercage of zeolite Y. These
authors conclude, based primarily on EXAFS studies, that the favored mode of
binding for CHsReOs in the zeolite arises from the interaction of an oxorhenium
with an extra-framework cation or a proton site. This interaction is confirmed by
the NMR results presented below and the formation of this site is also linked to

the metathesis activity.
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The 'H MAS NMR spectrum of the acidic form of zeolite Y (HY) for the as-
received (hydrated) sample is shown in Figure 3-23a. It consists of a single peak
at 4.5 ppm which is assigned to Brensted acid sites (bridging hydroxyls) and
contributions from physisorbed water, water bound to Lewis acidic site, and H-
bonded to terminal silanol groups.!> Upon calcination (at 450 °C, 12 h in oxygen)
the "H NMR spectrum (Figure 3-23b) is dominated by a peak at 1.6 ppm which
represents the non-acidic, terminal (external and internal) Si-OH groups, as well
as small peaks between 4 and 5 ppm for the bridging hydroxyl groups and extra-
framework AIOH at around 2.5 ppm.!*”

5/ ppm

Figure 3-23. 'H single-pulse MAS NMR spectra for zeolite HY: (a) hydrated, as-received,
(b) calcined and (c) ®*CHsReOs-grafted (6 wt.% Re) (RT, 12 kHz).

When CHsReOs (6 wt.% Re) is adsorbed in the calcined zeolite two additional 'H
signals appear at 2.2 ppm and 2.7 ppm. This doublet may then be assigned to H-
bonded protons of terminal silanols with SiOH-OsReCHs interactions, similar to
the grafting sites on silica (section 3-4). The 3C MAS NMR spectrum of zeolite
HY with adsorbed CHsReOs, on the other hand, surprisingly resembles that for

CHsReOs grafted onto amorphous silica-alumina, and shows similar
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characteristics. For example, both peaks at 18 ppm and 33 ppm remain upon
evacuation (> 24h) at room temperature. Under static conditions the signal at 33
ppm is broadened into the baseline whereas the peak at 18 ppm persists and

therefore indicates a highly mobile species.

The 2D BC{H} HETCOR spectrum in Figure 3-24. shows strong intensity
correlation between the °C signal at 18 ppm and the average of the 'H signals at
2.2 and 2.7 ppm, which unambiguously confirms the assignment of the signal at
18 ppm to CHsReOs hydrogen-bonded to Brensted acid sites. DFT calculations
support this assignment scheme despite the fact that binding of CHsReO:s to the
bridging silanols is appreciably stronger (AE = - 44 kJ/mol) than binding to the
terminal silanols. The carbons at 33 ppm show very weak correlation to protons
at ca. 3 ppm with the chemical shifts resembling CHsReOs in its bulk form
(Chapter 3-1., '"H MAS: 3.7 ppm, *C MAS: 34 ppm).

Investigations of the reaction kinetics show very low propylene conversion for
CHsReOs in zeolite Y which is in agreement with the presence of a very small
number of available Lewis acidic sites previously shown to be necessary for the
formation of the active site. The majority of the *C peak at 33 ppm is therefore
assigned to the agglomeration of CHsReO:s trapped inside the channels of zeolite
HY to form small clusters of bulk CHsReOs. These crystallites would be able to
sustain prolonged vaccum desorption and do not contribute to the catalytic

activity.
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Figure 3-24. Two-dimensional *C{1H} HETCOR MAS NMR spectrum for zeolite HY modified
with BCHsReOs (6 wt.% Re). (RT, mixing time 3 ms, spinning speed 12 kHz). The corresponding
1D 3C CPMAS and single pulse '"H MAS NMR spectra are plotted along their respective axes.

Al-MCM41 and Al-SBA16 supports. Mesoporous aluminosilicates possess very
high surface areas, a narrow pore size distribution and an ordered arrangement
of the mesopores, which is hexagonal for AI-MCM41 and cubic for AI-SBA16, but
unlike zeolites their walls are amorphous. They can possess both Brensted and
Lewis acid sites whose numbers are dependent on the Si/Al ratio and the method
of synthesis.!”® In preliminary studies the reaction kinetics for propylene
conversion were carried out for AI-MCM41 and Al-SBA16 (Si/Al=10) loaded with
1 wt.% CH:ReOs. Neither of these materials show appreciable propylene

metathesis activity which again must be attributed to a lack of Lewis acidity.
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The above results may be summarized with the unambiguous conclusion that
amorphous silica-alumina does not only act as catalyst support in this case, but is
in fact the activator of CHsReOs, which otherwise cannot catalyze olefin
metathesis. Indeed, many of the unique properties of silica-alumina as a catalyst
support arise because it is neither an admixture of silica and alumina nor a
poorly ordered aluminosilicate, but a solid solution that possesses both strong
Lewis acidity (unlike silica) and strong Brensted acidity (unlike alumina)

without charge-compensating/exchangeable cations.

Silica-alumina is the support for CHsReOs which gives by far the highest activity
for propylene homometathesis compared with that of other oxides, such as
alumina and niobia. The latter show only low conversion in preliminary kinetic
studies, which can be attributed to the absence of strong acidity compared with
silica-alumina. The somewhat more regular structure of mesoporous silica-
aluminas did not turn out to be an asset for higher propylene metathesis activity.
Crystalline silica-aluminas such as zeolite HY, which contains very strong
Bronsted acid sites, but much less Lewis acidity, also show low activity

compared with amporphous silica-alumina.

105



Chapter 3. Results and Discussion. Heterogeneous Re catalysts for olefin metathesis

106



Chapter 4
Results and Discussion

Semiconducting InGaP Nanoparticles



Chapter 4. Results and Discussion. Semiconducting InGaP nanoparticles

108



Chapter 4. Results and Discussion. Semiconducting InGal®> nanoparticles

4.1 Surface passivation and physical properties (*C MAS

NMR, TEM, photoluminescence)

Extensive series of NMR and related measurements were carried out to
investigate the complex structural relationships of photoluminescence (PL) of
InGaP nanocrystals with its surface layers, and the effect of etching treatments of
the crystals. 3C MAS NMR measurements confirm that hexadecylamine (HDA,
H2N-CiHss) is the passivant layer before as well as after etching. The a-, $- and
y-carbon signals in free HDA appear at chemical shifts of 42.5, 34.4 and 27.0
ppm, respectively.”” The solid state *C NMR spectrum in Figure 4-1. shows these
carbon resonances to be broadened and poorly resolved because of overlapping
peaks from the methylene carbons between 29 and 32 ppm. The broadening of
the a-, B- and y-carbons signals in the nanocrystals samples is consistent with the
presence of hindered rotation combined with a chemical shift distribution from
binding to the surface of the particle. The rate of rotation in the HDA chain
increases when moving down the chain towards the methyl group. This effect is
evidenced by two narrow signals at 25 and 16 ppm which represent carbon

number 15 and the methyl carbon, respectively.

The size of the nanoparticles is confirmed by TEM images and size-dependent
absorbance spectra. Image 4-1. shows the TEM images of 4.5 nm InGaP
nanocrystals that are (a) unetched and (b) etched in HF. The HF treatment of the
unetched particles may cause a slight decrease in the number of surface atoms

and size of the particle, but no significant change in size is observed with TEM.
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Figure 4-1. Solid state °C single-pulse spectra of HDA-capped InGaP nanocrystals recorded
under MAS at 12 kHz for the (a) unetched and (b) HF-etched sample.
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Image 4-1. TEM images of (a) unetched and (b) etched 4.5 nm-sized InGaP nanocrystals. Beam
damage and sample aggregation cause the decreased quality of the images.
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The PL quantum yields of as-synthesized ternary InGaP nanoparticles are
modest, but can be significantly enhanced by treating the particles with HF in
methanol. Figure 4-2. shows an overview of the optical properties of the 4.5 nm-
sized InGaP nanoparticles before and after the etching treatment. The optical
absorbance spectrum of the etched nanoparticles exhibits a small blue-shift and
broadening in comparison to the unetched particles. More striking, however, is
the increase in photoluminescence quantum efficiency after the HF treatment.
While the unetched particles exhibit no detectable PL in toluene, the etched
particles show an emission peak at ca. 570 nm with a PL quantum efficiency of
50% upon excitation at 420 nm. After HF-treatment, the PL quantum yields of
ternary InooaiGaowP nanoparticles approach those sought for optoelectronic
device applications, for which quantum efficiencies above 50% are often required

for commercial cost-effectiveness.
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Figure 4-2. Optical absorbance spectra of 4.5 nm Inos1GaoowP nanoparticles (a) as-synthesized
and (b) after HF etching. Optical images of the nanoparticles in toluene accompany the respective
spectra. (c) shows the emission spectrum (Aexc = 420 nm) of the same etched sample as in (b).
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4.2 Total phosphorous site identification (¢'P MAS NMR )

The identity of the phosphorous sites in the material were determined by means
of 3P MAS single-pulse NMR spectra of the unetched and etched InGaP
nanocrystals, as shown in Figure 4-3. The spectra for the two materials are very

similar with 3'P NMR peaks at 24, 1, -9 (shoulder) and -210 ppm.

200 100 0 -100 -200  -300 NHz NH,

(b)

30 0 -30

200 100 0 -100 -200 -300

Figure 4-3. Solid state 3'P single-pulse spectra recorded under MAS conditions (12 kHz) for (a)
unetched and (b) HF-etched InGaP nanocrystals. The insets show the magnified peak at 1ppm
with the shoulder at -9 ppm. The spinning sidebands are marked with *.

The 3'P peak at -210 ppm can be assigned to core (interior) 3'P sites occupying a
tetrahedral lattice site bound to either In or Ga in the zincblende lattice of the
InGaP quantum dots on account of its chemical shift and line width, as those for

bulk InP and GaP have been observed at -147 and -142 ppm, respectively.! 200
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The upfield shift for the tetrahedral 3'P sites in the nanocrystal relative to that in
the bulk material can be correlated with the size of the nanoparticles, which
exhibit an increasing upfield shift with decreasing dot size.®> 2! The broad
linewidth of the -210 ppm peak (fwhm 60 ppm) is likely to arise from a
distribution of chemical shifts from different sites as well as exchange
interactions with the nearby quadrupolar indium and/or gallium nuclei, which

have also been reported for bulk InP and in InP nanocrystals.3 2%

The three downfield 3'P resonances at 24 ppm, 1 ppm and -9 ppm can be
attributed to oxidized phosphorus sites located mostly on or near the surface.
This assignment is based upon previously reported chemical shifts, the
observation that these lines grow in intensity with time when exposed to air,
along with the well known presence of a relatively thick native oxide in bulk,
nanocrystalline and micron-sized InP.6% 8 8 91, 102109 The formation of oxides is
further supported by the appearance of spinning side bands for those three 3P
resonances. They result from an asymmetrical electron density around the
phosphorus sites which is caused by breaking of the tetrahedral symmetry

following oxidation.

The differences in the oxide population for unetched and etched InGaP samples
and the changes in oxidation over time were investigated by comparing the
integrated peak intensities of the three phosphorus sites combined (24, 1, and -9
ppm and corresponding spinning sidebands) and of the peak at -210 ppm. For
the initial 3'P MAS experiment the materials were used directly after drying,
ground to a fine powder (for stable MAS spinning) and packed into a rotor in air.
For the time-dependent oxidation studies the samples were stored under argon

and only briefly exposed to air during the sample packing. The freshly prepared
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materials exhibit a relative population of oxidized to tetrahedral phosphorous
sites of 1:1.15 and 1:1.11 (+ 0.05) for the unetched and etched particles,
respectively. After two months the integration of the signals from the oxidized to
internal phosphorus sites had changed to 1:0.79 and 1:0.82 for the unetched and
etched samples, respectively. No changes in peak position for the four sites were
observed over this time period. The air-stable samples were exposed to air only
for a brief period, and oxidation occurred slowly. The lack of controlled O:
concentration, however, does not allow the kinetics of the process to be analyzed.
These experiments were repeated on various samples, and in all cases a larger
number of oxidized phosphorous sites was observed following wet-chemical
etching in air as well as a time-dependent increase in oxidized phosphorous sites.
It is interesting to note that no significant change of size was observed in the
TEM spectra, or of the absorption properties, or the size-dependent chemical
shift of the -210 ppm phosphorous peak. These findings suggest that the
oxidation is primarily occurring on the surface of the particle and that the oxide
layer lies within only the top few monolayers. This observation adds to the
support of the assignment of the tetrahedral phosphorous sites (peak at -210
ppm) to the core of the nanoparticle and that of the oxidized phosphorous sites

to the outermost layers of the nanocrystals.

The nature of the oxidation process on a nanomaterial therefore appears to differ
from that of the bulk, where the native oxidation thickness is nearly equivalent to
the radius of the nanoparticle, namely ~ 2nm. Based on this comparison one
would predict complete oxidation of the particle with a loss of optical properties
with time.2”2 The lack of a native oxidation thickness in the nanocrystal compared
to bulk may arise from the presence of strain on the surface or differences in the

nature of the oxide at the surface.
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4.3 Surface phosphorous oxidation sites identification

2D 31P{1H} HETCOR MAS NMR. Further information on the nature of the oxides
at the surface, as well as the identity of the species represented by the various 3'P
resonances in the InGaP nanocrystals, was obtained by the use of 2-dimensional
SIPIH}  frequency-switched-Lee-Goldberg (FSLG) HETCOR NMR. The
dependence of the cross polarization on interatomic distance was used in the
pulse sequence to carry out depth profiling of the material. The 3P{'H} FSLG
HETCOR NMR spectra of unetched InGaP, with CP contact times of 2 and 15 ms
are shown in Figure 4-4a and b. The HETCOR spectra of the unetched and etched
InGaP nanocrystals are nearly identical and therefore only the spectrum for the

unetched sampled is presented here.

The '"H NMR peaks between ~0 and 3 ppm on the vertical axis in Figure 4-4.
correspond to the protons of the HDA passivating layer. Strong correlations
between the *'P resonances at 24 ppm and 1 ppm with the protons of the HDA
chain centered at 1.6 ppm are evident in Fig. 4-4a. At this mixing time (2 ms) no
correlation between the HDA protons and the phosphorous sites at -210 ppm are
observed. This suggests that the oxidized phosphorous sites at 24 and 1 ppm are
in close spatial proximity to the protons on the passivating ligands. It is not
apparent, however, if there is a correlation between the HDA protons and the
peak at -9 ppm because of the overlap with the peak at 1 ppm. From the
observed correlations it can be concluded that the passivating layer is interacting
strongly with at least two of the sites corresponding to the oxide 3'P peaks, which
confirms that these are surface oxides, rather than core-oxidation or impurities in

the sample.
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Figure 4-4. ¥P{'"H} FSLG HETCOR spectra of unetched InGaP nanocrystals recorded under MAS
at 12 kHz with CP contact times of (a) 2ms and (b) 15ms. The respective single pulse 3'P MAS and
H MAS spectra are plotted along the horizontal and vertical axes.

Weaker dipole-dipole couplings and thus longer distances between two nuclei
can be observed with longer contact times. An increase in contact time to 15 ms

(Figure 4-4b) results in the transfer of magnetization of the protons to more
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distant (interior) 3'P sites and thereby gives rise to a correlation with the core

peak at -210 ppm, which reflects the depth profile of the material.

SIP. CPMAS NMR. The HETCOR NMR data in combination with the 3P
resonance positions clearly establish the formation of an oxide layer at the
surface of the nanoparticle. No significant change in the intensity between the
oxized and unoxidized phosphorous sites in either the 3P MAS or HETCOR data
was detected, which leads to the conclusion that the thickness of the oxidation
layer and identity of the sites are the same. An extensive review of the chemical
shifts reported in the literature as well as measurements of the 'H-3'P cross-
relaxation time constants provide further insights on the nature of the
phosphorus sites. Many studies to date have utilized XPS to characterize the
oxidation species of bulk InP, where the oxidation species on the surface of the
InP crystals have been identified as InPOs and InPOs as well as In203.10% 104109
Wilmsen et al.'® summarize the oxidation of bulk III-V semiconductors and
identify the thermal oxidation species of GaP to be predominately GaPOx with
the possibility that Ga:0s occurs primarily at high temperatures. These XPS
studies on bulk materials suggest a likely assignment of the phosphorus species
at 24 ppm to be POs. A study by Bujoli-Doeutff et al.2® strongly supports this
conclusion with a measured 3P chemical shift of 256 ppm for
Ga(OH)(OsPCH:CsHs). The resonances at 1 and -9 ppm are then most likely due
to POs resonances. Recently, Kulshreshtha et al.2* have measured the 3P NMR
chemical shift of bulk GaPOs at -8.5 ppm, while Tomaselli et al.®* have found a
surface *POs: resonance at 5 ppm for InP quantum dots passivated by
trioctylphosphine oxide. These results suggest that the phosphorous sites for the
1 ppm and -9 ppm signals arise from POs species. The slight differences in

chemical shift from those in the literature can readily be attributed to ligand
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effects and the mixed metal (gallium and indium) *POs species in the ternary

InGaP particles.

Further analysis of the nature and depth of oxidation of the phosphorus sites can
be gained from measurements of the 'H-*'P cross-relaxation time constants, Trh.
The values of the 'H-3'P cross-relaxation time constants have a dependence on
the interatomic distance R of 1/R® and can thus be used to compare distances
between 'H and 3'P nuclei.?®® A closer spatial proximity of the ligand protons to
the phosphorus sites will give stronger dipole-dipole couplings so that the
maximum integrated peak intensity for CPMAS will be reached at a shorter
contact time and yield lower values of Tru. The cross-relaxation time constant
was calculated by 'H-*'P cross polarization magic angle spinning measurements

with varying contact times between 0.1 and 20 ms.

3IP CPMAS spectra of unetched InGaP nanocrystals with mixing times of 2 and
15 ms (Figure 4-5.) demonstrate representative changes in signal intensity with
differences in the distance-dependent 'H-*'P contact times. As in the HETCOR
section above only the spectra for the unetched InGaP nanocrystals are shown

because of the similarity of the data for the etched samples.
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Figure 4-5. 3'P CPMAS spectra of unetched InGaP nanocrystals recorded with
CP contact times of (a) 2 ms and (b) 15 ms and a spinning speed of 12 kHz.

The integrated 3'P peak intensities from 'H-*P CPMAS spectra were plotted as a
function of the various contact times T and show that the signal intensity, M(t),
passes through a maximum and then falls off exponentially with increasing t.
The value of Tru is common to all 3'P atoms and was determined by fitting, M(7)

to Equation 4-1. using a nonlinear least-squares analysis.?%
M(t) =Mylexp (-UT ) — exp(-V Ty NV -Toy IT0) (eq 4-1.)
The proton spin-lattice time constant, T10, was determined following a procedure

from Voelkel.?” The resulting plots and fitted values are shown in Figure 4-6. and

Table 4-1., respectively.

119



Chapter 4. Results and Discussion. Semiconducting InGaP nanoparticles

AA u-- =
A
—
g N |
S
e} \
&) \
© o
g *a
c AN
£ ‘e
* --@ - 24 ppm
- - 1ppm
--A - -9ppm
--m- -210 ppm
0 5000 10000 15000 20000

contact time (us)

Figure 4-6. Plots of the integrated 3'P peak intensities from 'H-'P CPMAS measurements as a
function of CP contact times for the phosphorous peaks at 24 ppm, 1 ppm, -9 ppm and -210 ppm.
The connecting lines are drawn to help the eye.

Table 4-1. InGaP nanocrystal '"H-*'P cross-relaxation time constants, Tru, for the various P peaks
determined from a least-square analysis of the data in Figure 4-6.

1P peak (ppm) Teu (ms) + 0.5
24 1.5
1 1.5
-9 3.8
-210 12

The POs and POs sites at 24 and 1 ppm have identical CPMAS build-up curves
and the lowest Tru values (1.5 ms) of all the phosphorus sites. This supports the
assumption that these phosphorous sites are on the surface of the particle and at
approximately the same distance from the protons of the HDA chain. The
CPMAS curve for the PO: species at -9 ppm, on the other hand, exhibits a slower

build-up and has a higher Tru value of 3.8 ms. The slower build-up for the same
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nuclear species indicates that the corresponding phosphorous site is at a lower
depth relative to the protons of the HDA chain which in turn suggests that some
oxidation also occurs within the particle. The much longer build up time (12 ms)
for the peak at -210 ppm would then lead to the conclusion that no oxidation is
occurring in the core of the particle and that the oxide formation on the particle
surface terminates at some finite depth. The differences in chemical shifts of the
31PQs sites corresponding to the 1 ppm and -9 ppm signals may then be inferred
to stem from sites at different depths relative to the HDA passivant (with the -9
ppm site occurring deeper) rather than segregated InPOs and GaPOs species on

the surface.

Given the characterization of the oxidation sites as POs and POs an integration of
the resonances for these 3'P species can then be used to determine the relative
amounts of phosphorus in these sites, as well as their rate of growth. It is of
interest to note that the rate of growth of POs is faster than POs both in the
unetched and etched samples, where the etched sample originally had a slightly
higher amount of POs. Approximately three months after synthesis, however, the
ratio of POs to POs for the unetched and etched samples was very close, namely

1:6.5 and 1:6.0, respectively.

Spatial proximity of POs and POs on the surface (2D DQ *P{*P} MAS NMR).

More detailed information on the positions of the POs and POs sites on the
surface of the InGaP nanomaterials can be obtained from 2D dipole-dipole
mediated solid state double quantum (DQ) 3P NMR. Since the creation of a
double quantum coherence (DQC) between two P nuclei relies on a sufficiently
strong dipole-dipole coupling between them, it provides information about

through-space 3P-3'P connectivities. If two phosphorus sites are in close
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proximity in the material, they will share the same double-quantum frequency,
which is the sum of the single quantum frequencies of the two nuclei involved.
Thus, DQC signals between the same phosphorus sites appear as so-called auto
peaks on the diagonal of the DQ spectrum, while those of different phosphorous
sites appear as so-called cross peaks. The spectrum of the unetched sample is

shown in Figure 4-7.

LN

PO,-PO, 2

PO,-PO,

1p doub: quarium dimension

T
a
o

25 20 15 10 5 0 -5 ppm
31P single quantum dimension

Figure 4-7. 2D Double Quantum 3'P {3'P} NMR spectrum of unetched InGaP nanocrystals
recorded under MAS at 12 kHz and an excitation time of 1.66 ms. The one-dimensional spectrum
plotted at the top is the sum projection of the single quantum dimension.

The sum-projection of the single quantum dimension is shown at the top of the
spectrum. Since the BABA pulse sequence must be acquired with rotor-
synchronization, the spectral width in the indirect dimension is limited by the
spinning speed.!* Even at 30 kHz MAS the spectral width would be too small to

cover the entire 3P spectrum. Only the surface P sites were therefore
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investigated, while the bulk *P resonance at -210 ppm was eliminated by
employing cross polarization with a contact time of 2 ms. In this manner possible
fold-over effects of the bulk 3'P resonance can be prevented, while the cross
polarization circumvents long 3P Ti relaxation times and allows for a much

shorter recycle delay.

The close proximity of POs and POs species is revealed in the DQ spectrum
shown Figure 4-7. by the cross peaks at a double quantum frequency of 25 ppm,
marked with a solid grey connecting line. Also present is an auto peak at a DQ
frequency of 2 ppm which indicates a close spatial proximity of POs with other
PO sites. The shoulder at -9 ppm, as observed in the single-pulse experiments
(Figure 4-3.), is not well enough resolved in the DQ spectrum so that no
conclusions can be drawn about other possible spatial proximities to other 3'P
sites. If POs sites were in close proximity to each other, an auto peak at a double
quantum frequency of 48 ppm would be expected, which is not observed. The 2D
solid state double quantum 3P NMR analysis therefore indicates that PO sites
are in close proximity to POs as well as other PO sites, but not POs to other POs
sites. These observations lead to the conclusion that the POs sites bust be
surrounded by POus sites. The POs species must therefore be the predominant
oxidation species seen in the MAS spectra. More importantly, the POs sites in
turn cannot be occupying a specific face, step-edge, or exist as a phase segregated
domain. The POs site is therefore most likely a partial oxidation site on the
surface, or possibly on a vertex on the nanocrystal, while POuspecies are present

on the surface, as well as within the quantum dot.

In conclusion, Table 4-2. summarizes the assignments of the 3'P peaks. Solid state

NMR experiments provide vital information on the nature of the structure and

123



Chapter 4. Results and Discussion. Semiconducting InGaP nanoparticles

surface oxidation of InGaP nanocrystals. Analysis of the NMR experiments
indicate that oxidation is primarily a surface process and is constrained to the

outermost layers in both unetched and HF-etched nanoparticles.

Table 4-2. Summary of 3'P site assignments, positions and characterization methods for unetched
and HF-etched InGaP nanocrystals.

3p Species .
) ) Position L
chemical | assignment Characterization methods
shift
%P MAS integration in time, bulk InP and GaP oxidation products,
24 ppm " chemical shift correlation with Ga phosphonate materials,
PO suriace HETCOR, shortest (same as 1 ppm)T,x value from CPMAS data
3 p!
%P MAS integration in time, bulk InP and GaP oxidation products
1 ppm PO, chemical shift correlation with GaPO, and *'PO4 on InP nanocrystals,
surface HETCOR, shortest (same as 24 ppm) T, from CPMAS data
near %P MAS integration in time, bulk InP and GaP oxidation products
chemical shift correlation with GaPO, and 3'PO, on InP nanocrystals,
-9 ppm PO
Pp 4 surface HETCOR, shortest (same as 24 ppm) T,x from CPMAS data
a1 . . . .
. P MAS chemical shift correlation with InP and GaP,
-210 ppm | P tetranedral | internal HETCOR, longest T from CPMAS data, optical data

The observation of identical surface oxidized species present in both the etched
and unetched samples appears to be surprising in light of similar work on bulk
InP. Kikuchi et al.'® have shown by means of XPS that chemical cleaning of
InP(100) surfaces in aqueous HF solutions removes the native oxide layer and
leaves behind a surface terminated by fluorine. For freshly etched nanoparticles,
however, YF MAS NMR suggests only the presence of a very small amount of
transient fluoride species with weak NMR signals, while no F species could be
detected after approximately one month. This suggests that the improved
photoluminescent behavior following etching is not the result of fluorine ions at

the surface or removal of the oxide layer. The fluoride ion appears to be labile,
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with re-oxidation of the particle occurring after exposure to air and the formation
of a reconstructed surface, which would indicate this to be the critical process for

enhanced photoluminescence.

On the basis of this conclusion the similarity of NMR signals from the unetched
and etched oxidized phosphorus sites would point to a tendency of InGaP
nanocrystals to oxidize to a specific structure. A further investigation of the
gallium and indium sites is therefore necessary for a full understanding of the
correlation of structure and quantum efficiency in HF etched and unetched

InGaP nanocrystals.

4.4 Indium site occupation (**In spin-echo MAS NMR)

The nature of the indium sites in the InGaP nanocrystals was investigated by
means of °In spin-echo MAS NMR measurements of both the unetched and HF-

etched samples (Figure 4-8.).

The spectra extend over a large range of chemical shifts (~ -250 ppm to 1100
ppm) and exhibit a resonance centered at 780 ppm, which is close to the chemical
shift (787 ppm) for polycrystalline “InP powder (bulk InP). This peak at 780
ppm in both spectra can therefore readily be assigned to tetrahedral "*In species
coordinated to four phosphorous atoms in the core of the nanoparticles. The
downfield shoulder at ~890 ppm in both spectra could then possibly be a
reconstructed indium site near the oxide layer/core interface. The magnitude of

this shift would still suggest tetrahedral coordination to phosphorus for this In
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site. Both spectra exhibit broad upfield shoulders ranging from approximately
610 ppm to 250 ppm, which most likely correspond to °In species in the more
distorted environments closer to the surface of the nanoparticle. The upfield
signal intensity reflects a distribution of In sites that points to partial
replacement of phosphorus atoms by oxygen atoms, consistent with upfield °In.
Wilmsen et al. report the thermal oxidation species of bulk InP as predominately
InPOx and In203!” and it is likely that both of these can be found in the present

system.

780
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Figure 4-8. Spin-echo In MAS NMR spectra of InGaP nanoparticles (a) before and (b) after
etching, recorded at a spinning speed of 14 kHz.
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It is of interest to note that the "*In spectra are barely influenced by the etching
process, which suggests that most ’In species in the particles are closer to the
core and farther away from the surface reconstructions that occur upon etching.
The ™In MAS NMR spectrum of the etched particles, however, shows a
significantly higher sensitivity: fewer scans were necessary in acquiring the
spectra despite the smaller amount of material, i.e., unetched: 128,000 scans, 75
mg; HF etched: 96,640 scans, 64 mg. This observation suggests that after the
etching process some *In nuclei can be detected which were “NMR-invisible”
prior to etching because of their large second-order quadrupole couplings caused
by the distorted environments on the surface. The quadrupolar interactions
therefore decrease in response to the more ordered environment created by the
etching process and accompanying surface reconstruction. The presence of some

indium in these regions is thereby indicated.

4.5 Gallium siting and ordering (" Ga spin-echo MAS NMR)

Very clear changes as a result of the etching procedure are visible in the solid
state 77Ga MAS NMR spectra in contrast to the ®In MAS NMR spectra. The "'Ga
spin-echo MAS NMR spectrum prior to etching exhibits a strong resonance
centered at 300 ppm with a full width at half-maximum of 170 ppm (Figure 4-9.).
This resonance corresponds closely to the chemical shift in polycrystalline GaP
powder, namely 302 ppm (fwhm 3 ppm). The 300 ppm peak can therefore be
assigned to gallium coordinated to four phosphorus away from the nanoparticle
surface. A second peak is centered at 25 ppm and extends to a small shoulder at -

200 ppm. In view of the fact that the nanoparticles have an oxide layer on the
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surface these upfield resonances are most likely to be attributed to "'Ga species in

oxide environments near the surface.
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Figure 4-9. Spin-echo 77Ga MAS NMR spectra of InGaP nanoparticles (a) before and (b) after
etching, recorded at a spinning speed of 14 kHz.

GaPOx moieties and to a lesser extent Ga20s have been found to be the main
oxidation products in bulk GaP.!” Bujoli et al.?® reported chemical shifts of
gallium based phosphonate hybrid materials for Ga(OH)(OsPCHs) and

Ga(OH)(OsPCH:2CsHs) of -13 ppm + 10 ppm and 10 ppm + 10 ppm, respectively.
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Tetrahedral and octahedral sites in 3-Ga:0s were associated with 7Ga NMR
chemical shifts of 40 ppm and 200 ppm.?® The 7'Ga signal centered at 25 ppm in
the InGaP nanocrystals may well contain overlapping peaks of both of these
gallium oxidation species, and would therefore be consistent with the NMR
results. The peak with a large upfield shift at -200 ppm could conceivably be
assigned to some type of reconstructed gallium site which is also bound to an
oxidized phosphorus species, such as gallium in a vertex or edge site on the

surface.

Significant changes after etching are evident in the spin-echo ?Ga MAS spectrum
(Figure 4-9b). The resonance attributed to gallium coordinated to four
phosphorous atoms at 305 ppm shows a significant decrease in relative intensity
and a smaller linewidth (fwhm 130 ppm). The upfield resonances corresponding
to 7'Ga in oxidic environments, on the other hand, shift markedly to -40 ppm
with a shoulder at 120 ppm and exhibit a strong increase in relative intensity with
sharper peaks compared to the spectrum of the unetched sample. The HF
treatment of the unetched particles may result in a slight decrease in the number
of surface atoms so that a ?Ga NMR signal which is weaker than in the unetched
particles could be expected. A dramatically stronger 'Ga signal was, however,
observed for the etched InGaP nanocrystals despite the smaller sample size (75
mg for etched vs. 64 mg for unetched). Furthermore, the spectrum for the etched
sample has a similar signal-to-noise ratio than that of the unetched sample even
though it was recorded with approximately a third of the number of scans
(81,088 vs. 216,096 scans). This again points to 7?Ga nuclei sited in more ordered
“NMR-visible” environments, as the “invisible” gallium sites, which were
broadened beyond detection in the unetched particles, become visible and

thereby give a stronger signal detected in a much shorter amount of time. An
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annealing of surface defects sites and the increase in order resulting from the
etching treatment would also be in accord with the smaller linewidths of both
resonances in the etched 7Ga MAS NMR spectrum compared with that of the

unetched particles.

Since etching with HF is a surface treatment, only surface or near-surface atoms
should be affected by the removal of atoms and the associated reconstruction.
The significant change in the peaks in the upfield region of the "'Ga spin-echo
spectra with etching therefore confirms that these peaks originate from gallium

coordinated to the oxidized surface or near-surface.

It can therefore be concluded that the pronounced differences in the effect of the
etching process on the 7'Ga and 'In spectra clearly suggest that '*In species are
predominantly found in the core of the nanoparticles, while '!Ga species are
located near the surface and in the oxide surface layer. The etching process leads
to reorganization of the nanoparticle surface resulting in annealing of surface
defects and producing a more chemically and electronically ordered
environment for the 7'Ga species. These changes must therefore be closely
connected to the increase in photoluminescence quantum efficiency. This
conclusion is further supported by findings that nanoparticles prepared by
microwave synthesis, which yields particles with a more ordered structure,
exhibit enhanced PL quantum efficiencies even prior to HF etching.®® Figure 4-10.

summarizes the structural changes upon the etching process.
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Figure 4-10. Schematic diagram depicting structures and changes produced in 4.5 nm InosGao.ooP
nanoparticles by HF surface-etching, which are consistent with the 3P, 15In and 7?Ga MAS NMR
and optical spectroscopy results.
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This work describes the use of solid state NMR spectroscopy as the primary
investigational tool for correlating properties and function to structural features
of surfaces and interfaces in two rather different systems of considerable current
interest. The first of these concerns a heterogeneous catalyst for olefin metathesis,
namely methyltrioxorhenium supported on solid oxide surfaces, and the
remarkable property that this inactive organometallic molecule gains catalytic
activity upon binding to a particular support, while the second part of this work
deals with the correlation of structural aspects of InGaP nanoparticles with their

photoluminescent properties.

5.1 Heterogeneous Re catalyst for olefin metathesis

In order for the applications of olefin metathesis to become more widely useful,
as well as economically viable, it is essential that new heterogeneous metathesis
catalysts are developed with higher activities and stabilities and improved
functional-group tolerance. The major challenges to be addressed are to increase
the activities of established combinations of metal and support, to prolong the
useful lifetimes of working catalyst, to simplify regeneration procedures as well
as to modify the active site structures to improve functional-group tolerance as

well as resistance to poisoning.

The inspiration for this work came from reports that promoters such as SnRs and
PbRs confer activity on a common low-temperature Re2O7-Al:Os catalyst for the
metathesis of polar olefins, albeit at the cost of regenerability.® Calcination of the

promoted catalysts results in the formation of an overlayer of SnO: or PbO which
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prevents reactivation. A molecular-level understanding of the role of the
promoter is therefore necessary in order to design activation pathways that do
not require the use of Sn or Pb reagents. This may also lead to an extension of the
usefulness of these catalysts to substrates such as seed oils, which require mild,
liquid phase reaction conditions and tolerance of polar groups. Since this
heterogeneous catalyst does not initially possess a carbene ligand, it must
spontaneously generate one from the olefin substrate. Herrmann'® originally
speculated that the action of the promoter SnMes on a conventional
heterogeneous perrhenate/alumina catalyst involves the formation of in situ

CH:sReOs, which was in fact only recently demonstrated.®

The CHsReOs molecule, however, is not by itself a catalyst for olefin metathesis,
either in solution or in the solid state. It is therefore apparent that it is the
interaction between CHsReO:s and the solid oxide surface which conveys activity
to the organometallic molecule, and that an understanding of this interaction is
the first step towards explaining how heterogeneous rhenium-based catalysts

acquire their unique metathesis acticity.

Only when CHsReOs is supported on silica-alumina is this catalyst effective for
the metathesis of both simple and functionalized olefins at room temperature,
without further thermal or chemical activation.!® ' The identification and
structural characterization of the energetically most favored interaction of
CHsReOs with the surface of an amorphous, dehydrated silica-alumina was the
first task to be undertaken on samples with low loading of Re (<1 wt.%) and high
Re dispersion. This was accomplished by a synergistic approach which utilized
spectroscopic experiments in conjunction with computational modeling. 'H

MAS, 3C CPMAS and 2D HETCOR NMR spectra obtained on this system clearly
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revealed that the grafted CHsReOs molecule at this low loading does not interact
with the surface silanols, retains the methyl group intact, and that the single
species observed has a 3C chemical shift which is intermediate between that of
solvated and polycrystalline CHsReOs. As the spectrum of the grafted CHsReOs
does not exhibit the rather complex shape of the polycrystalline material, it can
be concluded that it is indeed molecularly dispersed on the silica-alumina
support and thereby not subject to the same quadrupolar interactions. The
chemical shift differences between solvated and adsorbed CHsReOs, on the other
hand, clearly reflect an altered electronic environment for the molecule

experienced by grafting to the support.

DFT calculations reveal that binding of the CH3ReOs molecule in this favored
configuration involves two synergistic Lewis acid-base interactions: one of the
oxo ligands of CHsReOs binds to a Lewis acidic Al site of the silica-alumina
surface, while a neighboring framework oxygen (AlOSi) weakly coordinates to
Re (Figure 5-1.). An aluminosilsesquioxane monosilanol cube was chosen as a
model for the amorphous support and to represent the functional groups (Lewis
acid and base, Bronsted acid) present on the surface of amorphous silica-
alumina. The aluminum site is capped with a neutral siloxane ligand to model a
distorted, four-coordinate Al site, which remains Lewis acidic and binds
CHsReOs, with an energy of -36 kJ/mol, whereby the aluminum becomes 5-
coordinate. This finding was also supported by the results of EXAFS
experiments. The broad ®C NMR signal at 29 ppm, which is the only one
observed at low CHsReOs loadings, is therefore assigned to the actual surface
analog of this species. The Lewis acidity at aluminum depends strongly on the
extent of distortion of the four-coordinate aluminum away from its preferred

tetrahedral symmetry. Thus, when the siloxane is held at its final position, the
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binding energy of CHsReO:s increases to -199 kJ/mol. Since the extent of distortion
from tetrahedral symmetry at the Al sites in amorphous silica-alumina is not
known, and likely varies from site to site, the experimental binding energy of

CH3sReOs should be within this broad range, i.e., -199 < AE < -36 kJ/mol.

O
@]
H3C_\l€‘¢
Ny
—Si /O\ /

Figure 5-1. Energetically most favorable grafting site:
Two-point interaction of CHsReOs with the silica-alumina surface.

When the Re loading of this support is increased above 1 wt.% the catalytic
activity of the system is not enhanced. NMR spectra in this range of Re loadings
(1-10 wt.%) now show two families of chemically and spectroscopically distinct
species: the more strongly-bound, active sites (§(*C) 29 ppm, fwhm 460 Hz) as
observed at low Re loadings (<1 wt.%), but also highly mobile sites (5(*C) 20
ppm, fwhm 95 Hz) which are attributed to CHsReOs molecules interacting with
surface silanols. The latter are not catalytically active and are identified by DFT
calculations and IR spectroscopy to bind by hydrogen-bonding of a Re oxo to the
surface silanol. These H-bonded molecules also resist desorption from silica-
alumina at room temperature; but are readily removed at 80 °C. Their formation
can be prevented by capping the surface hydroxyl groups with
hexamethyldisilazane prior to grafting of CHsReOs. These conclusions were
verified for CHsReO:s on silica, which lacks Lewis acidity, by direct observation of
the hydrogen-bonding interaction using 'H MAS NMR. Olefin metathesis

activity is thereby unambiguously correlated with the presence of Lewis acid

138



Chapter 5. Summary and Outlook

sites that activate CH3ReOs, Figure 5-2. While the H-bonded CH3ReOs molecules
do not contribute to the metathesis activity, they are the likely cause of the severe
leaching reported for CHsReOs/SiO2-Al:Os metathesis catalysts prepared with
high Re loadings.?? For the same reason that CHsReOs on silica is not active, other
supports which possess mainly Brensted acid sites as zeolite HY, or mesoporous
aluminosilicates with very few Lewis acid centers also show little or no catalytic
activity for propylene self metathesis. Thus models for CHsReO:s activation based
on proposed interactions with silica and, in particular, the surface silanols,'” or
mechanisms without any organometallic-support interactions,?” cannot account

for the observed reactivity.

\\\\‘\\\\‘\I\\‘\\\\

50 40 30 20 10 0
o/ ppm

Figure 5-2. 3C MAS NMR spectrum and computational models of CHsReO:s grafted at high
loading (10 wt.% Re) onto silica-alumina. The two distinct grafting sites exhibit very different
olefin metathesis activities.

Following the identification of the structure of the active site and the mechanism
for activation of CH:ReOs by the amorphous silica-alumina support, the
determination of the reaction conditions (dehydration of the support, low Re
loading) that are necessary to produce uniform active sites, the next crticial

question to be addressed is that of how this Re-support interaction leads to
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activity in olefin metathesis which is generally assumed to require the presence
of a carbene ligand. Possible pathways of generating the initiating carbene ligand
on the grafted CHsReO:s are currently being explored using various experimental

and computational approaches.

Extensive kinetic studies are underway to address the relatively low rate for
metathesis activity as well as the selectivity of the metathesis reaction. These
experiments use propylene homometathesis (propylene to ethylene and
cis/trans-2-butene), Equation 5-1., as a convenient standard with which to

compare different catalyst formulations.

2 CHsCH=CH: « CH>=CH2: + (cis/trans)-CHsCH=CHCH (eq. 5-1.)

Capping the surface hydroxyls with hexamethyldisilazane prior to adsorption of
the catalyst was observed to leave the metathesis activity unaffected but to lead
to an increase in the product selectivity. The capped catalyst also shows no
deactivation in subsequent additions of propylene, whereas the uncapped
catalyst deactivates strongly between additions of substrate, as does the

heterogeneous Re207/Al:Os system.

Additional multidimensional NMR studies as well as experiments at very high
magnetic field strengths (e.g. 800 MHz) are being carried out in an attempt to
observe directly nuclei with very large quadrupolar coupling constants such as
185Re/1Re. Promising insights at high magnetic fields are also expected into
distorted, penta-coordinated #Al sites in amorphous silica-alumina which

evidently play a significant role to the activating ability of this support.
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5.2 Semiconducting InGaP nanoparticles

Correlations between the structural aspects of InGaP nanoparticles and their
photoluminescent properties were investigated by NMR methods and this work
forms the second part of this thesis. Semiconductor nanoparticles find diverse
applications in light-emitting devices 2!° and as fluorescent biomarkers,?!! because
their optical and electrical properties depend in subtle and unique ways on
particle sizes and compositions.?’> Most applications have been based on
colloidal Group II-VI semiconductor compounds, such as CdSe or CdS, which
have been extensively studied.?’*?'> Group III-V semiconductors, such as InP,
GaP, InN, or GaN, on the other hand, are less toxic, but have received less
attention, in part because they have been available only in the form of large,
polydisperse particles.®" 23 Advances in chemical synthesis protocols, however,
have recently made it possible to prepare nanoscale Group III-V semiconductors
and their ternary analogs (e.g., InGaP, InAlP) as monodisperse nanoparticles
with discrete and tunable sizes.5* 890 110,216-220 The emission wavelengths of Group
[I-V compounds are dependent on their particle sizes and composition, while
photoluminescent quantum efficiencies, on the other hand, are dependent on
defect densities and vacancies at the surface of the nanoparticles. It is therefore
essential for the utilization of these Group III-V quantum dots to elucidate the
molecular and atomic level origins of the surface-dependent photoluminescent
properties. These are at present largely unknown because of the difficulty of

probing their internal structures, particularly near their surfaces.

The dramatic enhancements in photoluminescence quantum efficiencies are

shown with the use solid state NMR methods to correspond directly to molecular
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changes in nanoparticle surface structures following etching with HF. More
specifically, large and correlated changes are observed in the local chemical and
electronic environments of different nanoparticle components for lyothermally-
grown, hexadecylamine-coated, nearly-monodisperse InosiGaoowP quantum dots,
before and after HF etching. The combination of photoluminescence and solid
state 3P, 71Ga and ""In MAS NMR measurements establishes the heterogeneous
distributions of different molecular In and Ga environments and their effects on

the photoluminescent quantum efficiencies of these materials.

The 1D 3P MAS NMR spectra are nearly identical for the unetched and etched
nanoparticles and show 3'P signals at 24, 1, -9 and -210 ppm which corrsspond,
respectively, to oxidized phosphorous sites (POs and POs) located mostly on or
near the surface and to interior, bulk-like 3P sites (-210 ppm) in tetrahedral
coordination. 2D 3P MAS NMR measurements show that the PO species are
present on the surface, as well as within the quantum dot, while the POs sites are

primarily partial oxidation site on the surface.

The 5In spectra of the InGaP nanoparticles show a broad distribution (centered
at 780 ppm) of local *In environments both before and after etching, similar to
that in bulk InP. A broad upfield shoulder stretching from 780 ppm to 0 ppm
may be attributed to “In species in environments closer to the nanoparticle
surfaces. The fact that these In MAS spectra are barely influenced by the
etching process further indicates that most ’In species are sufficiently distant

from the surface and thus unaffected by any surface modification.

The "'Ga species, on the other hand, exhibit more significant changes in the

molecular environments before and after HF treatment in the solid state "'Ga
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MAS NMR spectra. The spin-echo "Ga MAS spectrum of the unetched InGaP
nanoparticles shows a signal (305 ppm) similar to that of bulk Ga, as well as a
second peak (90 ppm; along with a shoulder at 65 ppm) assigned to Ga in the
oxide layer near the surface. Dramatic changes in this spectrum are observed
after HF-etching of the InGaP nanoparticles, and these are coincident with the
development of strong photoluminescence properties. The same 7'Ga signals are
present, but in different relative intensities: the upfield resonance assigned to
7IGa in phosphonate-like environments at -65 ppm shows a substantial increase
in relative intensity compared with the other two signals. The linewidths of both
main resonances in the HF etched InGaP nanoparticles have narrowed, which
suggest a narrower distribution of local 7’Ga environments as a result of the

etching process. These results are summarized in schematic form in Figure 5-3.

780 305
: "Ga MAS NMR
iy B b, -
‘ .

M A-65

"51n MAS NMR

C) (c)

(b) (d)

3000 2000 1000 0 -1000 -2000 - 2000 1500 1000 500 0  -500 -1000 -1500 -2000

[ppm] [ppm]
Figure 5-3. Structural changes upon HF-etching lead to enhanced photoluminescence in

InGaP nanoparticles.

These series of measurements have provided a clear demonstration of the effects
and importance of surface treatments on molecular-level composition, structures,
and macroscopic optical properties of Ini-»Ga.P nanoparticles. Such results may

be expected to be general for other semiconducting nanoparticle systems,
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particularly those based on technologically important ternary Group III-V

materials.

Ongoing efforts involve NMR measurements extended to systematic variations
of these materials as well as into high magnetic field settings. These results in
turn will guide the optimization of the semiconducting and optical properties of
InGaP nanoparticles with respect to syntheses routes, particle sizes, particle

compositions and choice of passivating ligands.

High-quality, nearly monodisperse nanoscale InGaP particles have since been
prepared via direct microwave heating of the molecular precursors rather than
convective heating of the solvent. Microwave dielectric heating not only
enhances the rate of formation, but also improves the material quality and size
distribution. InGaP particles are rapidly formed at 280 °C in minutes in clean
reactions and yield monodisperse size distributions, which do not require size-
selective precipitation and thereby result in the highest out-of-batch quantum
efficiency reported to date at 15% prior to chemical etching. The use of
microwave methodology is readily scalable to larger reaction volumes, has faster
reaction times and removes the need for high temperature injection. These
factors represent an important improvement of potential industrial significance

in nanocrystal synthetic practice over current convective methods.
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