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• Abstraet

WhiIe solid state NMR ::')JC(:troscopy represents a versatile and widely applicable

probe of molecular structure and behaviort the highly desirable goal of utilizing it ta

study surtàces of bath buJk materiaIs and thin films~ until recentlYt been Iimited by

the insensitivity inherent to the procedure. This work examines and seeks to combine two

approaches with which to overcome the problems arising ftom the physical restrictions of

the Boltzmann distributiollt which govems the NMR. experiment. In the first part the

bonding and dynamic properties of the highly popular selt:assembled monoIayers

(SAMs) are examined by multinuclear cross polarization magic angle spinning (CPMAS)

NMR, as weil as a variety of maIe complex two dimensional experiments. In the past.

many investigations of the tbree most widely studied SAMs (alkylsiIanes on silica,

alkylphosphonates on metal oxides and alkanethiols on gold) have been carried out on

monolayers synthesized on pIanar substrates. Whüe such systems have been extensively

examined by vibrational spectroscopYt elIipsometry and electron scanning techniquest

many fundamental issues bave remained umesolved. The use ofhigher surface area Metal

oxide particles and gold colloids as substrates for the same seIt:assembled layers allows

the useof~ which is shown ta be a very good taoL with which ta gain molecular

level information. This section addresses the vaIidity of comparing SAMs on planar and

particuIate surfaces and expounds upon the wide range ofexperiments made possible by

this methodology..

The NMR study of surfaces of bulk materlaIs such as polymers is precluded by

the difficulty ofdistinguishing between buIk and surfàce nuclei as weil as the relatively

low concentration ofsurface species compared with bulk nuclei. The probe nucleus œxe

bas previously proved useful in the study ofhigh surfàce area porous structures. Xenon is

a large mert nucleus, which exhibits a wide chemical shift range on interaction with

surfàces, aIlowing cven weak Van. der Waal forces to be observed. 115 use bas been

restrieted to pomus materiaIs and amorphous polymers and bas 1ypically required long

acquisition times and high pressures of gas Ca tàctor wbich complicates sample

• ptepatation). Recent advances have coupled the process ofoptical pumping ofxenon via.
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mbidium with the NMR experiment. leading to production of h~larizedxeno~

wbich in tum yields a huge signal enhancement. In the second part the practical detaiIs of

this experiment are presented. Initial worlc on buIk polypropylene and seme polyalkyl­

methacrylates is descnDed, the spectra above and below the glass transition temperattJres

are discussed. in terms ofchain dynamics. FinaIly the mxe probe is applied ta a variety

ofSAM systems as wenas a polymer coating. The potential utility ofthe experiment as a

complimentary tooI for examining chain behavior is assessed along with the drawbacks

and possible limitations ofthe current experimenta1 set-op•
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Résumé

Alors que la Rl'dN de l~état solide représente une sonde polyvalente et largement

applicable à l'étude de la structure et du comportement moléculaire, le but hautement

souhaitable d'utiliser la Rl'dN pour l'étude de surface de matériel en bloc et de films

minces a, jusqu·à récemmen~ été limité par le manque de sensibilité inhérent à cette

procédure. Ce travail examine et cherche à combiner deux approches pour surmonter les

problèmes provenant des restrictions physiques de la distribution de Boltzm~ qui

gouverne la Rl'dN. Dans la première partie, les liaisons et les propriétées dynamiques des

très populaires mono-couches auto-assemblées (SAMs - selt:assembled monolayers) sont

examinées de façon multinucléaire par RMN en utilisant l'expérience de polarization

croisée de rotation à l'angle magique (CPMAS), ainsi qu'une variété d'expériences plus

complexes à deux dimensions. Dans le passé, plusieurs recherches sur les trois "SAMs"

les plus étudiés (silanes d'alkyles sur silice, phosphonates d'alkyles sur oxide de métal, et

alkanethiols sur de l'or) ont été accomplies sur une mono-couche synthétisée sur un

substrat plat. Alors que de tels systèmes ont été examinés avec beaucoup de détails par

spectroscopie de vibration, ellipsométrie et des techniques d'exploration électronique

(electron scan), plusieurs aspects fondammentaux sont demeurés non-résolus.

L'utilisation de surface de plus grande dimension pour les particules d'oxyde de métal et

de colloïde d'or comme substrat pour les mêmes couches auto-assemblées permet

l'utilisation de la Rl'dN, qui.est reconnue comme étant un très bon outil avec lequel on

peut obtenir des informations au niveau moléculaire. Cette section discute de la validité

de la comparaison de "SAMs" sur surface plate ou particu1aire et expose un large évantaiI

d'expériences rendues possibles par cette technique.

L'étude de surface de matériel en bloc comme les polymères est exclue par la

difficuItée de distinguer entre les noyaux du bloc et ceux en surlàce ainsi que par la

relativement fatole concentration d'espèces en surface comparée avec les noyaux. de

l'ensemble.. La sonde nucléaire ~e a été utilisée avec succès dans le passé dans une

étude de structures poreuses de grande surlàce.. Le xénon est un gros noyau inerte~

caractérisé par un large intervalle de déplacements chimiques lorsqu'il interagit avec une
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surface~ permettant même l'observation de faibles forces de Van. der Waal.. Son utilisation

a été restreinte aux matériaux poreux et aux polymères amorphes~ et a requis typiquement

de long temps d'acquisition et des hautes pressions de gaz (un facteur qui complique la

préparation de féchantillon. De récentes études ont couplé le processus de pompage

optique du xénon par le mbidium avec l'expérience de RMN~ conduisant à la production

de xénon hyper-polarisé~qui à son tour produit un énorme accroissement du signaL Dans

la seconde partie~ les détails pratiques de cette expérience sont présentés. Le travail initiai

sur le polypropylene en bloc et quelques polyaIk.yls métacrylates est décrit, les spectres

au-dessus et en dessous de la température de transition de verre sont discutés en termes

de dynamiques de chaînes. Finallement la sonde l~e est appliquée à une variété de

systèmes SAMs aussi bien qu'à un enrobage de poLymère. L'utilitée potentielle de

l'expérience à titre d'outil complémentaire pour examiner le comportement de la chaine

est évalué avec les inconvénients et les limitations possibles du montage expérimental

courant.
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Foreword

In accordance with guideline 7 of the "Guidelines Conceming Thesis Preparation"

(FacuIty ofGraduate Studies and Research), the following text is cited:

"Candidates have the option of including, as part of the thesis, the text of

one or more papers submitted or te be submitted for publicatio~ or the

clearly-duplicated text ofone or more published papen. These texts must

he bound as an integral part ofthe thesis.

If this option is chosen, connecting texts that provide logical bridges

between the different papers are mandatory. The thesis must be written in

such a way that it is more tban a Mere collection ofmanuscripts; in other

words, resuIts ofa series ofpapers must be integrated..

The thesis must still confOnD. ta an the other requirements of the

"Guidelines for Thesis Preparationlf
• The thesis must include: A Table of

Contents, an abstraet in. English and Frenc~an introduction which clearly

states the rationale and objectives ofthe study, a review ofthe üterature, a

final conclusion and summary, and a thorough bibliography or reference

Iist.

Additional material must be provided where appropriate (e.g. in

appendices) and in sufficient detail to allow a clear and precise judgement

ta be made of the importance and originality of the œsearch reported in.

thethesis.

In the case of manuscripts co-authored by the candidate and others, the

candidate is required to make an explicit statement in the thesis as ta who

contributed. to such wode. and to what extent. SupervisaIS must attest to the

accuracy ofsuch statements at the doctoral oral defense.. Since the task of

the examiners is made more difticult in these cases. it is in the candidates

interest ta make perfi:ctly clear the responsibilities ofaIlthe authOIS ofthe

co-authored papers.~
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In accordance with university reguIations, the first part ofthis thesis is made op in

part of five papers., whose titIes and publication detaiIs are Iisted below. Copyright

clearance bas hem obtained from aIl the co-autho~ whose contributions will now he

outlined. In the interests of clarity~ and ta avoid repetition of the theoretical and

experimental detaiIs of the salid state NMR experiments, the relevant sections of the

papers have been amaIgamated. and expanded to provide the introduetory Chapter. AIl the

CPMAS and multidimensional NMR experiments were carried out by myself under the

supervision ofDr. Linda Rev~ and with the help ofDr. Fred Morin. The inclusion ofa

numberof"test-case" spectra in ChapterOne is intended ta ilIustrate the functions ofthe

varions puIse sequences.

Chapter Two consists of a literature survey undertaken prior to the study of the

selt:assembled monolayers ofoctadecyltrichlorosiIane on silica. foUowed by presentation

of experimental data and a comparison of this monolayer system with the bulk OTS

polymers. Part of tbis work is descnDed in paper one ("NMR Spectroscopy of Self­

Assembled Monolayers"). The synthesis was carried out by Wei Gao~ aIl other work in

this chapter is my own, carried out under the supervision ofDr. Reven.

Chapter Three is made up of the results included in the two papers "Self:

Assembled monolayers of Alkylphosphonic Acids on Metal Oxides" and "OrcIer­

Disorder Transitions in Self-Assembled Monolayers: A (Je SoIid-8tate NMR Study".

The synthesis of these samples was camed out by Wei Gao, with the help of an

undergraduate honors studen~ Christina Grozinger. They aIso raD. some of the infrared

spectroscopy reported hem. AlI of the soIid-state NMR spectra shown weœ acquired by

myselt; under the supervision ofDr Reven, except for that ofthe ZrOrQDPA sample at

-lOO°C~ which was pmvided by Dr Fred Morin. His name is aIso included on these

papers in recognition ofhis assistance and expertise in soIid-stateNMR.

The results presented in Chapter Four were obtained as part of a collaboration

with the group of Dr Bmce Lennox at McGill University. The synthesis of the gold

nanoparticle systems was carried out in bis Iaboratory by Dr. Antonella Badia, with the

heIp of two undergraduate stud~ Linette Demers and Helene Schmitt They aIso

acquired. an ofthe, liquid phase NMR data presented.. The solid state NMR. expetiments

pœsented were carried outby myselfunder the supervision of Dr. Linda. Reven. These
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results have been published in the fcon of two papers: "Gold-Sulfur Interactions in

Alkylthiol SeIt:Assembled Monolayers Formed on Gold Nanoparticles Studîed by Solid­

State NMR" and "The Effect of Terminal Hydrogen Bonding on the Structure and

Dynamics of Nanoparticle Self:.Assemble Monolayers (SAMs): An NMR Dynamics

Study".

The optica1ly poIarized œxe spectroscopy studies presented in Part Two of the

thesis are an my own wor14 carried out under the guidance of Dr. Reven. Some of this

work bas been published in a Conference Proceedings: "Optica1ly Polarized I~e NMR

Spectroscopy of Polymers and Thin Films". The monolayer samples were provided by

Wei Gao (as noted in the text), and the zirconia-PEG system was synthesized by Shane

Pawsey•
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Part One

Chapter One- General Introduction

1.1 Self assembled monolayers

The synthesis and characterization of selt:assembled monolayers (SAMs) have

become ofgreat interest due to the wide ranging potential uses of these systems. Possible

applications discussed in the literature include: optoelectronics and modified electrodes

(where the use of ordered organic components alIows for control oforder at a molecular

level)t catalysist creation of biomimetic and biocompatlble structures with capabilities

such as biochemical sensingt deve[opment of coatings designed for corrosion prevention

and wear protection.1.2.J More importantly these systems provide a general model for the

study ofbehavior in two dimensional systemst.J so that such research is of fundamentaI

importance in achieving an understanding of the chemistry and physics which occur at

surfaces and interfaces. In particular one would like to be able to connect macroscopic

behavior with precise microscopie structureSt a correlation which remains difficult to

elucidate. Comprehension of complex interfacial properties requires extensive

interdisciplinary approachest specifically the integration of theoryt synthetic techniques

and molecu1ar characterization.5 Both the Langmuir-Blodgett6 and self-assembly

techniques permit assembly ofmolecules into ordered architectures into which functional

groups can be incorporated and in which thermal stability can be controlled by

adjustment ofthe intra- and inter-molecular covaIent bonding.

A variety of SAM systems exists~ and their properties can be modified by

changing either the substrate and/or the organic film. In the case of seIf-assembled

monolayer structures~ a seem.ingly diverse group of assemblies have in common the

strength oftheir thin fiIm-substrate interactions which arise from the apparent formation

ofchemical bonds at the interface. The MOst widely investigated examples include:

a. organosilicon compounds on hydroxylated surfaces (e.g. silica or alumina)

b. aIkanethiois and dialkyIsulfides on coinage metaIs

c. alkyl phosphonates on metal oxides .
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cL n-alkanoic acids on Metal oxides

In addition these surface coatings often display bigh stability (including water

resistance and thermal stability) due to the effects of interchain Van der Waals forces.

The optimization of these two properties (both by changing the components of the

systems as weil as modifying synthesis conditions) necessitates thorough

characterization.

1.2 Characterization techniques

If the capacity of these systems for molecular level control is to be fully

understoo~ and tailoring ofthin films for specifie applications is to be realized it will be

necessary to characterize films at a molecuIar leveL7 Early work in this field used planar

substrates such as silicon wafers to give samples which couId be studied by contact angle

measurements~ ellipsometry~ infrared and Raman spectroscopy and atomic force and

scanning tunnel microscopy.s Ellipsometry and contact angle measurement give a rough

estimate of monoIayer quaIity. Vibrational spectroscopy is useful for determining the

conformation and orientation of the organic groups~ but the strong bands in the substrate

region often preclude observation of bands due ta substrate-film bonds. Scanning probe

microscopies can detect the formation ofdomains and the registry of the organic groups

with the underlying substrate but do not yield any chemical information.

The use of soUd stat~ NMR ta study surfaces of any type has been restrieted by

sensitivity problems inherent ta the NMR experiment. Nuclei at the surfaces of organic

materials such as polymers can not readily be distinguished from those of the bulk. High

surface area inorganic materiaIs such as zeolites and silica gels are frequently studied by

saIid state~8 and by extension of this approach, studies have been carried out on

organic species adsarbed or grafted onto high. surface area substrates. Investigations of

chemicaIly modified silica ge~ or polymers adsorbed onto metal oxidesIO bave

confirmed that NMR studies offer a weaith ofinformation wmch is difficuIt ta obtain by

other techniques~ speci:ficaIly details about surfàce bonding,.ll the mIe pIayed by the
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substrate in altering chain mobility ofadsorbed polymerslO or the dynamic properties of

aIkylsilyl-modified silica in the presence ofdifferent solvents.12

There have been attem.pts to reproduce these selfassembled monolayers on non­

porons high surface area materials snch as colloidal or fumed metal or metal aride

substrates. These substrates open up the opportunity of using buIle characterization

techniques snch as differential scanning calorimetry (DSC)~ transmission infrared

spectroscopy (FTIR) and elemental analysis. The rest ofthis chapter descnoes the various

characterization techniques us~ in particuIar the range of solid-state NMR. techniques

available. In chapters 2-4~ tbree different types ofSAMs are discussed; alkylsiloxanes on

silic~ alkylphosphonates on metal oxides~ and organothiols on gold nanoparticles. The

wide range ofinformation gained by solid state NMR is presented along with suggestions

about how this data compares with other methods of characterization. Finally the relative

strengths and weaknesses ofthese three types ofassemblies are compared and contrasted.

1.3 Basic high resolution solid state ~IR techniques

Nh.1R spectroscopy has many potential benefits~ being a non-destructive technique

capable ofyielding information about both chemicai structure and dynamic behavior. The

following sections will present the theory behind the solid state NMR. techniques tbat will

be applied to the SAM systems, along with examples of their applications to weil known

systems.

For a spin 112 nucleus, the NMR spectrum is determined by the Hamiltonian;

H =Hz + HDD + Ha Equation 1.1

•

where Hz is the Zeeman interactio~Hoo is the dipole-dipole interaction and Hes is the

chemicaI shift. These interactions will be examined independentIy in arder to outIine

their effects on a solid state NMR experiment. The scaIar coupling interaction, which is

common in solution state NMR, is small enough in the cases in wbich we are interested

that it can he neglectecL
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The Zeeman interaction

The Zeeman. interaction descnoes the interaction of the nuclear spin with the

applied fieI~ Bo• It is defined by equation 1.2:

Hz = - yhB 0[=/2" Equation 1.2

where y is the magnetogyric ratio of the nucleus,. h is Planck's constant, Bo is the

magnetic field strength and 1 z is the z component of the spin angular momentum

operator. This interaction produces two spin states~ the Iower and upper states being

denoted by a and t3 respectively. If aIl the nuelei placed in the magnetic field were

equivaIent, this interaction would give rise to a single transition and a single observed

peak. Transitions between these states occurs upon irradiation in the radiofiequency (RF)

range. The Zeeman interaction is the largest interaction seen in NMR spectroscopy,.

having a magnitude on the order of Megahertz. As shown in equation LL, the spin

Hamiltonians for spin 112 nuelei contain additionaI tenns, ail of which are much smalIer

than Hz. For the sake of the foIIowing discussion, consider the interactions between an

isolated [H and lJe pair.

Dipolar interaction

Each nuclear spin geilerates its own local magnetic field shawn by the field lines

in Figure 1.1. These have a component in the z direction and can be aligned with or

against Bo depending on whether the spin is in its Ct and ~ energy state. This companent

is denoted as Bz in Figure 1.1. The HamiItonian which descnoes this local field is given

byequation 13:

••
Equation 1.3
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where Ï H and Ï c are the spin angular momentum operators of the proton and carbon

nuclei respectively.

H

e
CH

c

~

•

Figure 1.1 Schematic depicting the heteronuclear dipolar coupling interaction between a

Be nucleus and a proton; rCH is the intemuclear vector and a is the angle between the

intemuclear vector and the applied field.

Sïnce the proton can be in either the <X or 13 stateyc the effect ofits local field at the

carbon nucleus is either ta aèld to or subtract from the applied field. The carbon nucleus

therefore experiences two different effective fieldsy resu1ting in two posSIble transitions

split by rCYHh (3 28 - 1)·
, j cos
_Kr CH

However this outcome assumes a single orientation between Întemuclear vector,.

rCH ofan isolated pair ofdipolar coupled nuclei and the applied. field direction. In reaIity,

for soIid samples an possible orientations are present.. Snrnrning over an possible angles 9

leads to a so-caIIed Pake doublet13 Presence of further dipolar coupIings to multiple

abundant proton spins broadens the line to give a Gaussian shaped resonance. The

cumulative effects ofthe Zeeman and dipoIar interactions are shawn inFigure 12.
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Zeeman term only

__1__
Frequency

zeeman + dipolarterms (one
orientation)

___1 1,-----
Zeeman + dtpolar

(an possible orientations)

zeeman + dtpolar terms
(with other couplfngs)

Figure 1.2 Depietion orthe effects ofthe Zeeman and heteronuclear dipolar interactions

on Iineshape•
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The dipolar coupling constant is defined in generaI as D = rCfs h2
/(41t2r1. The

width ofa dipolar broadened proton line is typically - 60-70 kHz. For the heteronuclear

Be_IH interaction (assuming a bond Iength of0.11 nm) the dipolarcoupling is about 15

kHz, since le is approximately four times smaller than rH. In order ta remove the

heteronuclear dipolar interactio~ the abundant spin nuclei are strongly irradiated by

application ofan RF field. This causes the lH nuclei ta undergo rapid transitions between

the ex and ~ states, averaging the dipolar interaction to zero. Efficient decoupling of

dipolar interactions requires that the strength ofthe RF irradiation (in frequency UDÏts) be

greater than the width of the broadened line. Experimentally this usually equates to

application of an RF field of -60 kHz. Use of a decoupling field aIso eliminates

broadening caused by the smalIer scalar coupling (a tbrough-bon~ non-orientational

coupling which is observed in solution state NMR). From equation 1.3 it is evident that

the dipolar interaction is independent ofexternal field stren~ Bo.

Molecular motion serves ta average the dipolar interaction. Large amplitude

motions with frequencies greater than the width of the resonance will reduce the dipolar

coupling. In the extreme ofthe solution state, D is zero.

Homonuclear dipolar couplings are only significant in solid state tH or l~

spec~being negligible in cases involving the observation ofdilute spins. This fortuitous

effect is due to the Iarger intemuclear distances involved as weil as the much smaller

magnetic moments of nuclei other than tH or I9p. In the case of 13e and 29Si~ the

intemuclear distances are large due to the low isotopie abundance ofthese nuclei (1.1 %

and 4.7 % respectively). In·the 3lp studies~ dilution is due to the Iower concentration

within the systems ofinterest.

Owing ta the fact that the proton spins in a system are strongly coupled by

homonuelear dipolar coupling, a process calIed spin diffusion occurs in wmch energy

conserving tlip-tlops of coupled spins' results in rapid diffusion of the state of spins

throughout the sample. This results in an equihoration ofthe IH spin reservoir to a single

spin temperature~ i.e.. the tH spins cm be considered as a uniform bath ofspins. It shouId

be noted that molecuIar motion will reduce the spin diffusion rate through a reduetion in

the dipolar coupIings as mentioned above.. The spin diffusion process is depicted in

Figure 1.3.
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Figure 1.3 A depiction of spin diffusion,. the spatial migration of magnetization via

energy conserving flip-tlops.

Cbemical shift

For dilute spins sucb. as [3e, the next Iargest interaction affecting the nuc[ear spin

is the chemical shift. The description in the preceding section assumed an isolated carbon

atom with a spherical electronic distribution.. In reality the electronic distribution is

determined by the chemical bonding between nuclei which serves to remove electron

density from the atoms and place it into the bonds.. In effect each nucleus is shielded from

the applied field by an amount detennined by the surrounding electron density..

Oassically electrons placed.within a magnetic field will circulate in sucb. a way as to

create a field whicb. opposes that ofthe external field. The magnitude ofthis induced field

depends on the electronic environment of the observed nucleus (specifically the electron

density in the plane perpendicuIar ta the applied field) and results in the weIl known

isotropie chemical shift observed in solution. In solution molecules tumble rapidIy and aIl

orientations with respect to Bo are sampled.

The study of soUd state samples is more compl~ since these will contain

molecules of fixed orientations with. respect to Bo.. Thus in addition ta the isotropie

chemicaI shifts arising from chemical environment observed in aD. samples~ for solids

there will aIso be orientation dependence ta the chemical shift. This orientation
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dependence is called chemical shift anisotropy. Consider a sample of solid benzene

placed in a magnetic field.14 Sorne molecules will reside with the plane of the moiecule

perpendicular to the magnetic field. Since the plane contains no Tt electron density, ooly cr

electron density, these molecuIes will resonate in the region ofthe NMR. spectrum typical

ofaIiphatic carbons. Sorne molecules will reside with Bo along the C-H bond. Since the

plane perpendicular to Bo contains Tt electron density, the molecuIes will resonate in the

aromatic region of the Be spectral range. Tt tS easy to see that a powder sample win

contain ail possible orientations and therefore produce a spectrum consÎsting of the

overlap ofa very large number of individual resonances.

The Hamiltonian descnoing the chemical shift is given by equation 4:

h - ­
Hes =-yI.fiB

]"
Equation 1.4

Sînce the distribution ofthe electronic density is a three dimensional property, the

chemical shift is descnoed by a tensor if, for which a principle axis system can he

chosen such that the tensor is diagonal with three principle values, Le:

(jzx(jzy(j'zz

cru 0 0
diagonalize

-----~ 0 0"22 0

o 0 0'33

The sum. and average of the diagonal elements are constant. The average, or isotropie

shift" which is what is observed in solution is descnoed byequation 1.5:

•
1

âSO=-(UII+U22+UJ3)
3

Equation 15
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The chemical shift anisotropy resulting from the orientational dependence of the

shifts observed in solids leads ta a lineshape defined by:

1
/lU' =U'33 - -(0"11 + CT22)

2
Equation 1.6

An additional parameter which characterizes the chemical shift: anisotropy tensor 1S the

asymmetry factor~Tl:

1

CT2~ - CTul
Tf = CT 11 - 81S0

Equation 1.7

This parameter takes on values between 0 and l~ where 0 is a result of axial symmetry~

i.e. at[= an ;: (133. This is the ease for Molecules ofeylindrical symmetry such as C02.

The elements of the diagonalized tensor~ along with the isotropie s~ are

depicted in Figure 1.4.

200 150 100 50

chemfcal shift (ppm)

o

•
Figure 1.4 Diagram showing a typical CSA powder pattern. aIong with the

corresponding isotropie shift..
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The shape of the CSA pattern gives information about the electronic distribution

for a given site. AIiphatic carbons tend to possess a small CS~ the presence of an

electron withclrawing group will increase the anisotropy. The Iargest CSAs are generaIly

exhibited by aromatic and carbonyI carbons. Although the CSA pattern. can give useful

informatio~ the presence of several overlapping powder patterns for chemically distinct

nuclei will obviously produce a featureless broad spectrum. This problem 1S

circumvented by the development of magic angle spinning (MAS) techniques as

descnoed below.

Magic an~le s.pinnjng

MAS was invented by ER Andrew in 195415 as a method of eliminating the

dipolar interaction. However it was subsequently discovered that MAS was aIso effective

in collapsing the CSA pattern. to give the isotropie shift. It can be shown that under

conditions of sample spinning~ the chemical shift Hamiltonian can be split into time

independent and time dependent parts.16 Rotation at a frequency COr about an angle ewith

respect to Bo Ieads to the fa l10wing equations for the time independent and time

dependent Hamiltonians:

ind rh [ 1 7 (~ ) 1 ( ,8 \J. ' R]Ha = - B 0[z - sin - f) L.O'ii + - 3 cos - - 1}L O1i cos - I-'i
27' 2 i=1 2 i=/

Equation 1.8

II..Cl) = l!!.- BoLli sin 2fJ(f ai sin2fiCOS(aJrt)) +!-sin!Bt Qij sin! ft cos2((i)ot)]
21r ~l2 i=1 2 i=l

Equatioll 1.9

where l3t are the angles between Bo and the principle axes ofthe CSA tensor..

If8=54.r then sin28=213 and (3co~8-I)=Owhieh simplifies the time independent

chemicaI shift HamiItonian to:



• intI rh 1 (", )Hcs =-Bo[:-\L(Tü
27' 3
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Equation 1.10

which is the Hamiltonian for the isotropie shift. This time averaging is depicted

schematieally for an a:<ially symmetric sample (Le. one where two of the principle axes

are equivaIen~ so that crI[=(J'n) in Figure 1.5:

Initial
Position

!1
al

Isotropie
Shift a t.67

HoS· .• plnnlng
54.7 ,JI' Axis

"au "

t· .165 ms

-.
~..........

"..( -_.....' -----.....' --~, t • .33 ms2 1.75 1.5 1.25

Chemical shüt (Hz)

•
Figure 15 Schematic depicting the concept ofrime averaging ofa CSA broadened line

via magic angle spitming.17
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On Fourier transformation to the frequency domain,. the time dependent term~

Hcs(t)~ gives cise to sidebands at multiples ofOlt' as shawn in Figure 1.6. Sïnce the powder

pattern is an inhomogeneous lineshape (see section 1.4) spinning at even low speeds is

successful in removing CSA. However~ at spinning speeds less than the width ofthe shift

anisotropy (in Hz units) the observed spectrum displays sidebands separated from the

isotropie average peak by the spinning frequencies. Spinning at higher speeds will

produce a spectrum consisting only of the isotropie peak. In sorne cases it can be helpful

to nID experiments at Iower speeds and analyze the resulting sidebands in order ta obtain

the principle values of the shift tensors as descnoed in work by Herzfeld and Berger. lS

The chemical shift anisotropy is linearly dependent on field, so that at higher fields the

sample must be spun more rapiclly in order to remove the anisotropy and reduce the

spectrum to a single lîne.

Relaxation parameters

Spin-Iattice relaxation rime

As descnoed above~ when a sample is placed in a magnetic fiel~ the nuclear spin

states split. The population ofthe two states is governed by the BoIztmann distribution so

that IL 1 D.+ = e~kTt where D.+ is the number of spins aligned with the fieI~ and IL is the

number aligned against the field. The difference~ 0+ - IL creates a net magnetization

aIigned with the field denoted Mo. PuIsed NMR involves the application of a radio

frequency puIse designed to retate Mo from the Bo direction into another plane. The

system subsequently relaxes back ta equihorium. In the most simple case, the spin system.

is subjected to a 90° pulse which mayes Mo from the z axis into the xy plane (see Figure

1.7).
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Figure 1.7 Schematic ofTt and Tz relaxation processes following a 90x pulse to move

magnetization from the z axis to the y axis.

•

The rate constant wmch defines the retum of the z component of Mo to

equih1>rium is given by Tl (the spin-lanice relaxation time)~ the rate constant for the

retum of the y component is Tz (spin-spin relaxation time). Motions which affect Tt

occur near the Larmor frequency of the spins. Such rapid motion is often lacking in the

solid state,. so that the Tt values of solids can he long. This has an effect on data

acquisitio~ sinee the system must be permitted to relax at least partiaIly to equih1>rium

after eaeh FID is recorded. Experimentally this requires a delay ofup to tive times the T[

value,. which can. greatly increase the overall experiment time. The relaxation of the

nuelei is brought about by severaI mechanisms,.19 predominantly via modulation of the

dipolar interactions through molecular motion. As such the measurement of relaxation

times can. be used to probe molecuIar motion and to obtain quantitative data on the

energy barriers associated with motional processes. In general proton T[ times in soIids

will be shoIter than those ofless abundant spins since each tH nucleus exluDits strong
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dipolar coupling with the other IH spins in the system. Therefore if one IH site is

undergoing rapid motion (e.g. in a methyI group) and rela"<es rapidIYt spin diffusion will

cause all the protons to relax at the same rate. In contrast the relaxation of Be nucIei is

often sIowert and even where one l3e site is undergoing rapid motion sufficient ta

shorten its T lt this effect will not he transmitted to the other (immobile) 13e spins because

the Bc_Be coupIings are smalL Sînce there can be a difference in the relaxation time of

individual t3C nuclei depending on the mobility of the sitet measurements can often be

made of these individual 13e Tl valuest and these oirer a source of dynamic

information.20

Spjn-Iattice relaxation in the rotarini frame. T tp

In order to fully understand the cross-poIarization experiment to he descnbed

shortlYt it is necessary to understand the process of spin-Iattice relaxation in the rotating

frame. The magnetization precesses around Bo at the Larmor frequency of the particular

nucleus. In arder to remove this precession frequency one visualizes that the axis system

is rotating at a frequency which is equal to the Larmor frequency and where Mo appears

stationary aIong the +z a.xis. This is called the rotating frame.

The experiment for measuring T lp is shown in Figure 1.8 as performed on a

system ofabundant spins (e.g. protons).
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90x Rly spin lock pulse

M(tp) = Moexp (-t/ftP )

Figure 1.8 Pulse sequence used in the determination ofTlp~ the spin lattice relaxation

time in the rotating frame. Adapted from reference 21.

A 90°x pulse rotates Mo to the +y axis in the rotating frame~ at which point the

phase of the applied RF field is switched by 90° to the y axis as shawn. At the outset of

the experiment the population distribution is descnoed as follows:

-yBo/n- 1-=e /kTL
n+

Equation 1.11

•
where IL. and D.t. are the populations of the upper and Iower energy states and TL is the

spin temperature of the system at equihDri~which is aIso the spin temperature of the

lanice since at this point the system is in equihèrium with its surroundings. After

application of the second puIse~ the magnetization is Iock:ed along B[y and the

magnetization shouldbe defined by a new spin temperature Ts:
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Equation 1.12

•

Sînce the magnitude of the magnetization is unchanged immediately after the

phase shift, the right-hand sides ofequations 1.11 and L12 must he equaL Sïnce Bt«Bo:t

this requires that Ts<<rL. As a result the proton spin system has effectively been cooled

to a very low spin temperaturet not by cooling the sampley but by lowering the effective

field experienced by the spins from Bo to BI. The implications of this will be explored

further in the section descn"bing cross-polarization. It is sufficient to state at this point

that the magnetization is no longer at equilt"brium since it was generated along Bo and

now resides along Bt • Rela~ation then takes place until it reaches the value determined by

Bt• The relaxation aIong the y axis in the spin locking condition to equihorium is called

spin lanice relaxation in the rotating frame, TIl'. TIl' is most often measured for protons.

The equation governing the rate ofspin lanice relaxation in the rotating frame contains a

tenn which depends on 2yB l •
21 Smce yB l is about 60 kHz (for protons) this makes the

measurement of TlpH very usefu! in the study of mechanical properties of polymer

systems, which involve relatively slow motions. Measurement of ue T tp is compücated

by the fact that the LiC_BC dipole-dipole couplings are small and the concept of spin

temperature is not valid.

Cross polarizatiou

Cross polarization takes advantage of the properties of the lH spins, specifically

their high abundance and relatively short TI relaxation times to enhance the signaIs of

more diIute spins.22 The concept ofspin temperature as outIined above is the basis for the

cross polarization process. The process ofcross polarization is most readily understood

using a thermodynamic anaIogy. For the sake of the following argument consider the

most popuIar case:t that of IH_l3e cross poIarization. The puIse sequence is shawn in

Figure 1.9•
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Figure 1.9 Cross polarization pulse sequence.

pulse delay

•

Figure LlO shows a schematic diagram of the IJe and IH spin reservoirs in a

typical organic soli~ aIong with the relaxation parameters associated with the couplings

between these reservoÎfs. Such a diagram is helpful in describing potentiai relaxation

pathways availabte to the spin systems after application ofspecific RF pulse sequences.

IH spins
(high natural abundance, TeH De
strongly coupted system) !/ ........

spInSl' ;'

.
~

h

.. ~ ..
T 1PC TIC

TIPE{ T la
;

~ ~r t ~,

LatticeT L

Figure 1.10 Be and tH spin. reservoirs in an organic solid.
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The tH spin reservoir is represented as being larger than the l3e reservoir because

of the higher natural abundance and larger magnetogyric ratio of protons. Bath spin

systems are in contact with the lattice through their respective Tt and T Ip relaxation

pathways. As descnëed in the section on spin-lanice relaxation in the rotating frame~ the

application of a 90° pulse followed by a 90° phase shift serves ta cool the abundant

proton spin system. This reservoir is brought into contact (the "contact time") with. the

smaller reservoir of rare Be spins allowing equihèration between the t\vo spin systems.

This cooling ofthe nuclei in the second pool is equivalent ta increasing the magnetization

of the Be spins (as shawn in Equation 1.11). This equihëration is analogons ta the

thermal equilibration of two soUd objects at different temperatures being brought into

contact with one another.

The mechanism by which equihèration of the two spin reservoirs occurs is the

heteronuclear dipolar coupling between protons and Be. The rate at which the

equihèration occurs is determined by TCH~ the cross polarization rate constan~ as shown

in Figure 1.10. The coupling is strongest and the transfer of magnetization is most rapid

for rigid methylene and methine groups where TCH is typically less than 1OOflS.22 Non­

protonated carbons experience smaller dipolar couplings with protons because of the

greater intemuclear distance and therefore cross polarize at a slower rate. t3e nuclei in

mobile environments't including methyl grouPSte a1so cross polarize more slowly due to

partial averaging ofthe dipole-dipole interaction.

In some instances it can be helpful to record a series of CPMAS spectra

employîng a range of cross polarization contact times. This alIows selection of the

optimal contact time value~ For samples containing different carbon sites which cross

polarize over a significant range oftimes~ a more accurate picture ofsample composition

can be obtained. The intensity as a function ofcontact time is given by equation L13:

...
Equation 1.13

•
where t is the contact time and Tœ and TIpH are the cross polarization and proton spin

lanice relaxation in the rotating frame time constants respectively.
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A specimen plot ofpeak intensity against contact time for a sample consisting ofa

mixture ofcrystalline and amorphous regions is shown in Figure LI L In the first part of

each curve~ the observed intensity is dominated by the build up effects of the cross

polarization rate. Since mobility will reduce this rate through averaging of the 13e_IH

dipolar couplings7 it is clear that the amorphous region will give rise to a smalIer pe~

i.e. the cross polarization experiment is not quantitative. As the contact time is increase~

the effects ofTtoR will start ta appear. Sïnce the protons and l3e nuclei are in contact. the

relaxation of the protons will aIso cause relaxation of uC. Thus7 although. use of longer

contact times will yield results which more accurately reflect the composition of the

sample7 they will aIse result in a decrease in overaII intensity of the peaks. Selection of

the most appropriate contact time for a given samples involves choosing a value long

enough to alIow the mast efficient possible cross polarization of more mobile

components, but without using a value so long that the signai-to-noise ratio is severely

compromised.

31 2
oontacttime (ms)
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•
Figure 1.11 Graph ofsignaI intensity against contact time for a mixture ofrigid (above)

and mobile (beIow) carbon chains. The TeH for the rigid component was assumed ta he

100 ElS, for the amorphous component 400 J1S,. the TlpHwas taken ta he 5 ms.
23
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Plots such as the one shawn in Figure 1.11 can be anaIyzed ta extract TeH and

T (pH for a system. In a more general sense, variable contact time measurements offer an

additional probe ofmobility, this will be further addressed in Chapter 2.

In practice the cross polarization energy transfer is carried out by application of

RF fields designed to cause the (H and l3e nuclei to precess in the rotating frame at the

same frequency, i.e. Q)t
H= ro[c, or equally yHB(H =yCB[c. Sïnce yH = 4yc, fuIfiIIment of

this resonance condition, the so-called Hartmann-Hahn match requires that Bt
c=4B!H.

This is depicted by a vector diagram in Figure 1.12.
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Figure 1.12 Diagram ilIustrating the development of nuclear spin vectors during the

cross poIarization experiment..20 During the Hartmann-Hahn contact time the protons and

Ile precess around their BI fields at the same rate. This allows for energy conserving fIip­

flops wmch buiId up the [Je signal.
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1.4 Advanced Solid State NMR Experiments

The preceding description of the fundamental spin interactions and puIse

sequences ofsolid-state NMR provided an introduction ta the advanced solid state NMR

experiments outlined in this section. These experiments were originally developed and

applied to solid polymers24 and the extension of their use ta study the SAM systems

represents the first application ofsuch techniques to surfaces.

A simple ID NMR experiment invoLves the acquisition of a free induction decay

during a time t2 which is then processed by a Fourier transformation. A general ID

experiment is shawn in Figure I.I3. It consists of (1) a preparation period whereby

transverse magnetization is created either by a 90° pulse or by cross-polarization; (2) an

evolution perio~ th during wmch the magnetization is allowed to evolve; (3) an optional

fixed mixing time during which the magnetization is returned to the z axis in sorne

experiments; (4) a detection periocl t2, in which the FIn is measured.25 In practice such

experiments usually involve the recording ofa series ofFIDs with incremented evolution

period. The resuIt is a data se~ S(thtÛ which is Fourier transformed twice to give a

spectrum with two frequency d.imensio~ S(fl,fi).

Preparation EVolution ~ Mixfng
l
l
1

Detection

•

l
l

.....I ..t-------t.~l.... - - - - - ....11------"1.~
1 •

Figure 1.13 GeneraIized schematic ofa 2D NMR experiment.

ID Wideline Sc:paration NMR

The measurement ofproton Iinewidths is complicated in solid state NMR. by the

broad nature of the Iines~ cansed by the strength of the proton-proton dipolar coupIing­

This broadness introduces an instrumental probI~ since broad Iines arise from short
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FIDs which are difficult to acquire due to the receiver deadtime (Le. the rime required ta

turn off the transmitter and tum on the receiver foUowing m RF pulse). The deadtime

problem is usuaIly circumvented by the use of spin echoes for the acquisition of an

undistarted broad line specttum. The spin echo sequence consists ofa 900 pulse followed

by a time7 "t~ then a 1800 pulse and a second waiting perio~ "t. The refocusing puise

creates an echo which appears after a period 2"t following the initial pulse. Thus the Fm

can be sampled at this point and since 't can be set ta be much larger than the receiver

deadtime~ the broadIine is samples without distortion. However~ even when an

undistorted proton FID is acquired using a spin echo~ the resulting spectrum consists of

overlapping broad resonances from all components of the sample. Solid-state proton

resonances are typically on the arder of-10-70 kHz as a result of the strength ofthe tH_

tH dipolar interaction. Since the entire chemicai shift range for protons is only a few

kilohe~ resolution of individual peaks is almost imposSIble without using complex

multipulse sequences which can only partially average these strong interactions.26

Decanvolution ofthese overIapping wideline resanances is diffieult or impossible in the

case ofmany chemically distinct sites.

The ID WISE experimenr uses the puise sequence shown in Figure 1.14 in

combination with MAS ta yield a ID spectrum consisting of the Be CPMAS spectrum in

one dimensio~while the second dimension contains the proton linewidth for each carbon

site. Thus the ID experiment separates the proton lineshape based on 13e isotropie

chemicai shifts.
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Figure 1.14 Pulse sequence for the ID WISE experiment. Proton FIDs carresponding ta

rigid (fast decay) and mobile (slow decay) proton systems are shawn during tlt the proton

evolution period ofthe pulse sequence.

During tit the incremented proton evolution period,. the transverse tH

magnetizatian created by the 90° pulse begins to decay due ta dipalar interactions. The

extent ofthis decay is monitored by cross poIarizing ta 13e and acquiring the FID in t2.

As t[ is incremented, the system will reach a point where the rigid component has

decayed to zero and does not contribute to the observed FIn. As an example the ID

WISE spectrum of a sample oflow density polyethylene is shawn in Figure L15 aIong

with a lJe CPMAS spectrum and the dipolar sUces of the crystaIline and amorphous

regions.
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Figure 1.15 ID WISE of low density polyethylene. The 2D WISE spectrum was

acquired with 12 scans, a contact time of3 ms~ recycle delay of3 s. The proton evolution

period consisted of32 increments of41lS.

The inset on the right band side in Figure l.15 is the simple 13C CPMAS speetrom

of the sample wmch consists of a peak at 33 ppm for the all-trans crystalline regions of

the hydrocarbon chains and a peak at 30 ppm for the mobile amorphous materiai. The

polymer chams in the mobile regions undergo trans-gauche jmnps. The increase in

population of the gauche state in the latter causes the well-known. gauche upfield shift..28

This is demonstrated in the Newman projections in Figure 1.16.
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Figure 1.16 Newman. projections of the trans and gauche conformers of butane. The

closer stene relationship apparent between the two methyl groups in the gauche

configuration leaels to an increase in chemical shielding of-6 ppm.28

The gauche effect is manifested as a shift of up to 4 ppm in the methylene

resonance depending on the chain conformation. The ID WISE experiment exploits the

difference in shifts between the crystalline and amorphous regions allowing for the

observation of separate proton Iineshapes for each of these domains. The dipolar slices

(shown on the left in Figure 1.15) corresponding to protons in the rigid aII-trans

crystalline region display a Gaussian linewidth with a peak width at halfheight (fwhh) of

50-70 kHz while the slice assoeiated with the amorphous region at 30 ppm shows a

motionallyaveraged Iineshape with fwhh-lO-20 kHz.

The proton linewidths offer a probe of mobility which has been exploited in a

variety ofother polymer systems. Reports in the literature inelude:

a) Stumes of diblock copolymers such as polystyrene-co-poLy(dimethyl siIoxane)24 in

which evidence is given ofa large difference in mobiIity ofthe two polymer segments

(the PS being highly crystaIline while the PDMS is bighly mobile) in spite of the

close spatial proximity (ca. 2Onm) and significant chemical interactions between the

two components..

b) A study ofthree polymers containing a stiffbackbones with Ct6 aIiphatic sidechains.29

These polymers are highly relevant to consideration of the SAMs which are aIse

essentially pinned aIkyI chaîns.. In these polymers,. the mobilities of the sidechains
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were shown to vary depending on the structure ofthe backbone. In the case where the

backbone is a polyimide, the Ct6 sidechains exhibited weIl resolved hroad (--70kHz)

and narrow «10kHz) proton slices corresponding ta phase separated crystalIine and

amorphous regions. On a polyester backbone the sidechains displayed intermediate

mobility, i.e. a proton linewidth of -40kHz, indicative of a single phase of

hydrocarbon chains undergoing highly ordered anisotropie motion. Finally Ct6 groups

on a polyamide backbone gave cise to the superposition of an intermediate proton

linewidth and a much narrower component. The authors descnèed this system as

having regions ofextended and coiled chains in close spatial proximity.

These examples illustrate the strengths orthe ID WISE experiment in studying

motional heterogeneity in polymers. In light of these studies it was proposed that this

experiment could be used on the high surface area SAM-colloid systems, which owing to

their relatively high surface areas produce ID Be CPMAS spectra of sufficiently good

signal-ta noise to make ID experiments a feasihle option. The 20 WISE spectra ofSAi\1s

which will he presented and discussed in Chapters 2-4 represent the first applications of

this e.xperiment to monolayer systems. It should be noted that the motional information

gathered by this approach is more qualitative in nature compared ta the information

which can be obtained on molecular reorientations by 2R wideline NMR.30 However 2H

NMR experiments have two major disadvantages compared ta use of the ID WISE

experiment, namely the need ta synthesize labeled samples9 and the overlap which is

observed in 2H patterns. {fse of this ID approach separates the proton widelines

according to the Be regions ta which the protons cross polarize~ and this separation of

spectra makes interpretation more straightforward.

DjpQ1ar filter experiment

The dipolar filter experiment exploits differences in. mobility to study migration

of magnetization via proton spin diflùsio~ giving an estim.ate of domain size..3t The

experiment utilizes proton multiple pulse decoupIin~ commonly used. in. CRAMPS

experiments (Combined Rotation And Multiple PuIse Sequence).32 CRAMPS is a
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technique whereby one obtains ''high resolution" proton spectra of solids. The rotation

refers to MAS which removes chemical shift anisotropy; the multiple pulse refers to a

train of closely spaced very short 90° pulses (typically -1.5Ils) which attempts to

eIiminate proton-proton dipolar couplings.

The effect of the 90° pulses is ta place the proton magnetization on the ~y and z

axes for equal periods oftime. The net effect ofthis is to produce the same behavior as

orienting the magnetization at the magic angle. since the diagonal of the cube formed by

the three axes lies at the magic angle with respect to Bo (the z axis). Thus the averaging

takes place in spin space rather than in real space, i.e. involves the manipulation of the

spins themselves rather than the sample, as is the case in MAS. If the CRAMPS

experiment is set up correctly dipolar interactions are eIiminated and transverse

magnetization is retained rather than rapidly dephasing.

A simiIar process is used in setting up the dipolar fiIter experiment.33 However in

this case the pulse train consists of longer pulses (typically -4.5J,Ls) and longer interpuIse

spaces. The pulse sequence is shawn in Figure 1.17. Magic angle spinning is employed.

l x -y X -x -y x -x y -:<. -:< y -:<. 90x
H ~ - ~ - 1"" 1"" - - 1"" spm r--~----~

diffusion

~-r--'" CP
m

(

dipoIar tilter

\
) n

detection

•
Figure 1.17 Dipolar fiIter puIse sequence•
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In this case the puIse train tends to eliminate weak dipolar couplings but fails ta

remove the stronger dipolar interactions. Thus proton magnetization from mobile

components is still present at the end ofthe fiIter cycle and can be cross polarized to Be.
A test case consisting ofa physically separated mixture of adamantane (a highly mobile

species) and poly(~-hydroxybutyrate),PHB (a rigid polymer) yields the spectra shawn in

Figure 1.18. Clearly the use of the dipolar filter bas successfully removed all peaks

arising from the rigid component.

1

1

1
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Figure 1.18 l3C CPMAS spectrum (above) and dipolar tilter spectrum (below) of a

physical mixture ofadamantane and PHB. The spectra were acquired via CP in 200 scans

with a contact rime of 1 ms and a recycle delay of 2 s. For the tilter spectrum a tilter

puIse Iength of4 I!S~ spacing of15~ and a total of10 filter cycles were used.
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This method is employed in spin diffusion experiments in the following way.

Conditions are optimized for a given sample in order to eliminate the rigid fraction (this

is achieved by varying the pulse spacmg). Once the amorphous component has been

successfully selected, its magnetization is restored ta the z axis. Spin diffusion (see

Figure 1.3 in the previons section) is aIIowed to occur at fuis point for a period tnb

resulting in a redistribution of magnetization through a build up of the rigid component

and concomitant decrease in the amorphous component. This is depicted in Figure L19~

along with a schematic ofthe resuItant NMR spectra for various mixing times.
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Figure 1.19 Schematic of the spin diffusion experiment and resulting NMR spectra.

Adapted from reference 24.

CUIVes of the magnetization build up can. be analyzed. to extract domain sizes.

However the sequence as provided fails to account for regrowth ofmagnetization during

tm due to Tl relaxation rather than spin diffusion. In practice this was carried out in the
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following way.J4 Firstly the application of a 1800 phase correction during altemate

acquisition cycles compensated for longitudinal relaxation for short mixing times. This

modification a1so means that experiments carried out at long mixing times do not yield

the CPMAS spectrum, but rather become dominated by Tt effects so that the spectral

intensities tend towards zero. In the final experiments this problem was overcome by

acquiring a second set of spectra with the same mixing times, but without including the

fiIter pulse sequence. In this way the contribution ta the relaxation behavior ofthe system

by spin-Iattice behavior is ascertained, and the normalized intensity of the rigid peak of

the fiIter experiment is divided by the corresponding intensity of the peak due ta simple

relaxation. This intensity is the parameter used in determining the domain me. The data

arising from snch experiments is analyzed according ta the work by Spiess er.a1.21 as

descnoed in Chapter 2.

ID exchange~ is an example of a ID experiment also used to probe

molecular mobility but which, in contrast to the 2D WISE experiment, contains a mixing

time.2S The pulse sequence is shawn in Figure 1.20

-
- -

CP
13

C

..

90x -9Ox

• Figure 1.20 PuIse sequence for ID exchange NMR.
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The preparation period consists of cross polarization (or a simple 90° pulse); the

transverse magnetization so created is pemritted to precess during the evolution period at

the end of which the magnetization is restored to the z axis for the mixing period. If

chemical exchange occurs during the mixing tinte, the nuclei will find themselves in a

different chemical environment which will aIter their precessional frequency when

another 90° pulse retums the magnetization to the transverse plane. Ifno exchange occurs

within the mixing rime, the two frequencies are equal and the ID spectrum contains

intensity only alang the diagonal. Ifexchange does occur, the two frequencies will differ

resulting in off-diagonal intensities. A useful example is provided by the case of

dimethylsulfone which is known to undergo 180° flipS.35 Sample spectra are shown in

Figure 121 for the mixing times indicated.

The nature of any off-diagonal intensities can be analyzed to give infonnation

about the type of exchange process which is occurring. ID exchange experiments can be

used to detect dynamic motion processes with correlation rimes in the range 10.5 to 102

seconcIr (the upper limit being determined by the spin lanice rela.xation tîme). Thus

slow dynamics are particulady amenable to detection by this technique.

Selective pulse excitation

As part of the investigation into the nature of the interaction between a goId

nanaparticle surface and the suIfur headgraup ofan alkanethiol it was necessary to find a

method with which to dî.stinguish between a homogeneous and inhomogeneous

lineshape.J6 A homogeneous line is the SUIn of individuai resonances which possess the

same lifetime broadening (Irr2) and which aIl have the same chemical shift. An example

in the solid state wouid be that ofa proton line where the spins in the sample are strongly

coupled via dipolar interactions rendering the individuaI protons indistinguishable (see

Figure 1.22 a). In contrast an inhomogeneous line consists of a superposition of non­

overlapping individual resonances. As a resuIt the Iinewidth is determined by a

distribution of shifts. There is no coupling between individual resonances (see Figure

1.22 h)•
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Figure 1.21 ID exchange spectra of dimethyIsuIfone with mixing times of tOms

(above) and 500ms (below).. Spectra were acquiIed via CP preparation with a contact

time of 3~ a recycle time of 3 s and 16 ScaDS.. The evolution period consisted. of 64

increments of50115..
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Figure 1.22 Depiction of (Ieft) inhomogeneous and (right) homogeneous lineshapes. A

representative example of the latter is a proton lineshape in the solid state (cl: Figure

L2d), a representative example orthe former is a CSA powderpattem (c.t: Figure 1.4).

Application of a irradiating RF field at any single frequency within a

homogeneous line will resuIt in a decrease in intensity of the entire lineshape. In contrast

irradiating a single ftequency within an inhomogeneous lineshape will bum a hole in the

lineshape. In practice there are two alternative methods for irradiation at a single

frequency. The first is by app[ication of a low power '~soft puIse'~. If the puise width is

denoted by tp, the range of frequencies that will be affected is ±lItp. This requires long

pulses and instrument stability during the course of the puise can be a problem. An

alternative which uses a series of bard pulses, called the DANTE (Delays Altemating

with Nutation for Tailored Excitation) sequence has been developed.31 The puIse

sequence is shown in Figure 1.23
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Figure 1.23 DANTE pulse sequence, tp is the DANTE pulse width, and td is the pulse

spacing.. The pulse sequence may include a mixing time which can he used to observe the

regrowth of intensity ifexchange takes place.

The repetition of a number of puIses of identical phase (e.g. x) and small flip

angle exerts a strong cumulative effect on those nuclei in resonance with the transmitter

frequency. This is because, by definition, in the rotating frame the on-resonance nuclei do

not precess during the spaces between puIses~ but remain in the yz plane. Nuclei that are

off..resonance will precess in the rotaring frame during the interpulse periods. Thus all

off-resonance magnetizations will precess away from the yz plane and consequently the

successive puIses will be applied at ever changing phases ofprecession. As an illustrative

example~ consider the case ofa nucleus which is off-resonance such that it precesses by

1800 around the z axis after the initial puise. On application of the second pulse, the

magnetization will be rotated back onto the z axis. The net efièet is ta leave this nucleus

unaffected by the puIses.. In summary~ at the end of the DANTE sequence~ the on­

resonance nuclei will lie aIong the +y axis and off:.resonance nuclei will remain at ornear

the +z axis.. The final read puise rotates the off-resonance nuclei onto the +y axis and the
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on-resonance nuclei to the -z axis~ Subsequent acquisition of the FID will detect only the

off:.resonance nucleL An example spectrum is shown in Figure 1.24.

Figure 1.24 3lp DANTE holebuming spectrum of a static sample of chirophos

(bis(diphenylphosphinobutane). The spectrum was acquired via CP detection in 16 scans

with a contact time of 2 ms and a pulse delay of 5 s. The selective DANTE pulse train

consisted ofpuIses of0.7 f.1S at a spacing of 10 kHz.

15 Infrared spectroscopy

The majority of work discussed here concems the use of NMR techniques.

However since previons literature on SAMs bas made extensive use of vibrational

specttoscopy~ some infta-red experiments have been carried out and their resuIts will be
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discussed in conjunction with the NMR. studies. Like 13C solid state NMR, IR. spectra in

this region offer useful information about the conformation ofMethylene Chains.38

Infrared spectroscopy involves the study of the eharacteristic stretching vibration

frequencies of inter-atontie bonds_ For the purpose of most of the systems to be

investigated here the prineiple region of interest is the C-H stretching region around 3000

cm-1 due to the hydrocarbon chains of the SAMs. CH2 groups in hydrocarbon chains

exluoit two infrared bands corresponding to symmetric and asymmetric stretching

vibrations of the C-H bonds.39 The frequencies and band widths of these vibrations are

higher for disordered, liquid-like chains. Representative values for crystalline (all-trans)

and amorphous chams are given in Table 1.1. Cleady these can he used to study chain

arder in thin fiIms~ experimentally this approach is MOst popuIar for species deposited on

planar substrates. The results presented for SMis on particulate substrates are similar to

those seen for planar SAMs. The limitations of infrared spectroscopy as a probe of

mobility and defects in monolayers as compared with 13C will be discussed in Cbapters 2­

4.

Chain Symmetric stretching Asymmetric stretching

environment Frequency (cm-t
) Width (cm-t

) Frequency (cm-1
) Width (cm-1

)

Ordered solid 2849 10 2917 15

Disordered 2856 18 2928 26

(liquid-like)

Table 1.1 Characteristic stretching frequencies for methylene C-H bonds in different

envÏromnents_

Due to skeletal vibrations in the substrates~only a Iimited amount of information

can he gathered from the regioa between 1000 and 1200 cm·t ~ precluding observation of

most of the headgroups of the SAMs and the effects of their interaction with the oxide
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surfaces. Additional information about chain dynamics has been obtained in sorne

instances by variable temperature infrared spectroscopy.

1.6 Experimental

1.6.1 Referencing ofCPMAS and optimization ofCP conditions

AlI CPMAS experiments were carried out on a Chemagnetics QvIX-210 NMR

spectrometer with a 1 mm double-tuned fast-MAS Doty probe. The probe was shimmed

by observing the proton spectrum ofacetone to rninjrnjze linewidth and give a symmetric

signal.. The 67.92-l\1Hz t3e spectra were referenced by a hexamethyIbenzene samplet

where the methyl peak is known ta be resonant at 17.3 ppm. The same sample was used

to optimize the IH_[Je cross-polarization by adjusting the power levels to achieve the

Hartmann-Hahn match at 60 kHz and also to set the magic angle. 109-l\1Hz 3tp spectra

were referenced to chirophos: bis(diphenylphosphino)butane~where the upfield peak is

set at -13.0 ppm. S3.66-l\1Hz 29Sî spectra were referenced ta the single silicon peak ofthe

sodium salt of3-(trimethylsilyl)-1-propane-sulfonic aci~ which appears at 0 ppm. Proton

90° pulse widths were between 35 and 45 J.1S and unless otherwise state~ contact times

of3 ms were used. Samples were spun at 35-5 kHz. The pulse delay aIse depends on the

relaxation times of the sample and must be chosen ta be sufficient to allow return to

equihèrium magnetization. Genera1ly delays of several times the Tt value are used. The

dwell time is the time between the sample points ofthe FID and is equal to the inverse of

the spectral width. These values depend on the T2 of the sample (Le. in a rapid decay

points must be acquired more frequently in order to adequately characterlze the Fm) and

must be chosen to give a wide enough spectral width ta include all expeeted signais.

1.6.2 Variable temperamre probe calibration

For the variable temperature CPMAS experiments the sample temperatuIe was

controlled to within +/- 2°C by a Chemagnetics temperature controller which heated the

bearing air~ and a variac which heated the drive air (and whose setting was monitored by
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a resistance meter). Temperature cahèration of the probe was carried out using a sample

of ethylene glycol added to TTIvfSS (tetrakis(trimethylsilyl)siIane) to allow MAS.40

Ethylene glycol gives two proton signais whose separation is related to temperature as

descnoed in reference 36. A series of plots of actual temperature vs. thermocouple

temperature for different levels of drive heating were produced allowing acquisition of

CPMAS spectra between room temperature and 170°C. Temperatures were accurate to

±2°C.

1.6.3 Processing oC ZD data (WISE and exchange experiments)

It is well known that ID data sets are ooly amplitude modulated in tl, and thus

produce spectra which are phase twisted.~l The phase problems are eliminated by

processing in the following manner: a complex Fourier transform is applied to the data in

t2. The imaginary data is then zeroed and the data in the tl dimension is complex Fourier

transfonned. The effect of this processing is to symmeterize the proton lineshapes (or

exchange spectra), however this approach is valid since the lineshapes are aIready

symmetric.

1.6.4 Vibrationai spectroscopy.

Samples for inftared analysis were prepared by dispersing the modified metal

aride into a KBr pellet. D~ta were collected on a Bruker IFS-48 Fourier transform

spectrometer equipped with an A590 microscope and operated at 05 cm-t nominal

resolution.
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Chapter Two- Dynamic Properties and CrossIinking of AlkyIsiloxane

~Ionolayers Investigated by Solid State NMR.

2.1 Introduction

Alkylsiloxane self-assembled manolayers (SAMs) are widely used to

hydrophobicize and functionalize metal oxide surfaces1 and for applications such as

DlÎcrocontact printing.! Despite the problems associated with reproducibility of high

quality monolayers, alkylsiloxane SAMs remain popuIar due to their relatively high

thermal stability compared with alkanethiol or long chain organic acid monolayers. As a

consequence, numerous studies concerning the influence 0 f water and temperature on

structural properties have been carried out. WeIl ordered monolayers are produced. below

a chain length dependent threshald temperature due ta an increasing surface coverage

with decreasing temperature.l Severa! studies have shawn that decoupling of the film

tram the substrate by surface hydratian is required to minimize gauche defects.J·,f

Sufficient water ta hydrate the silica surface is necessary, but excess water willlead ta

uncontrolled polymerization. Scanning probe microscopy shows that the alkylsilaxane

monolayers have an island structures and severa! groups have taken advantage of this

morphalogy in arder ta synthesize phase separated. mixed manolayers..6 Whereas sorne

studies assert that curing stabilizes the monolayer,T a recent scanning force microscopy

study indicates that above'a chain length dependent temperature (I5S0C for OTS­

oetadecyltrichlorosiIane)~ the surface roughness irreversibly increases.s In this study, the

authors proposed that the permanent structural changes in the monolayer~ which is

connected. to the substrate by a Iimited number of Sî-Q-Si linkages, occurs through

thermal hydrolysis ofSi...O-Si bonds, aIlowing the monaIayerto break up or foId back on

itselL The chain Iength dependence ofthe structuraI transition temperature indicates that

the rearrangement ofthe siIaxane network may occur following or simultaneous[y with a

loss ofchain. arder.

The effects of solvent on monoIayer quaIity have aIso been studied. It bas been

proposed that long chain hydrocatbons appear to intercaIate into the OTS chains in a rod-
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Iike manner, and are more easiIy replaced by subsequent OTS attachment ta the substratet

50 that longer chain 50lvents produce better ordered layers.9 However, another studyIO

indicated that the principle observed solvent effect involves the water extraction ability of

the sorvent. It is believed that the best results are obtained where the solvent extracts

sufiicient surface water from the substrate ta hydrolyze the OTS in solution, promoting

attachment ta the silica surface. If the extraction is tao great, this will cause

polymerization in solution, lowering film density. In accordance \Vith these literature

findingst we bave used toluene in production ofour SAMs.

Based on the vibrational spec~ the long chain alkylsiloxane monolayers on

silica have been generally descn'bed as crystalline although this technique probes only the

conformational arder and does not give direct information about the chain mobility. In

actuality, very littIe is known about the dynamic properties of alkylsiloxane SAlVfs. As

will be shawn in Chapters 3 and 4, we used solid-state NMR spectroscopy ta charaeterize

the structural and dynamic properties of phosphonatelt,l! and aIkanethiol1J monolayers.

For these two systems, we showed that the chains are not crystallized in the classical

sense and the conformationally ordered, but motionally disordered, chains undergo chain

length dependen~ reversible order-disorder transitions. In the aIkanethiol and

phosphonate monolayers, the free volume available for thermal disordering is provided

by the large me ofthe headgroup combined with the effects of surface roughness of the

substrate. Head group size is known ta affect hydrocarbon chain crystallinity in sucn

samples. In the thioIst for e~ample, the size of the suIfur atom is large enough to cause

significant chain tilting.11 A silicon atom head group is much smaller and a large

mismatch is not predicted. Literature valueslb suggest a Sî-O-Si distance of around 4.4À

and no significant chain tilting. However it shouId aIso be noted that the alkyIsiIoxane

monolayers are decoupled from the substrate and the final structure and dynamic

properties ofalkyIsiIoxane monolayers shouId depend more on the nature of the siloxane

network rather than the underlying substrate. In spite of the importance ofthis structuraI

feature? the actnaI degree of crosslinking in aIkyIsiIoxane monoIayers bas not been

directly characterized..
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In a prior study by this Iaboratory~ the 13e NMR and infrared spectra ofa partial

OTS monoIayers on fumed silica as weIl as buIk polymerized OTS were reported.r~This

study confirmed the island morphology of the monolayers as weIl as the temperature

dependence ofthe film formation. In arder to determine the extent ofcrossIinkin~as weil

as investigate the chain dynamicsy partial manolayers of OTS on nonporous silica

monospheres with a high enough coverage for 29Si and ID saUd state NMR experiments

have been prepared. The Be salid state ~1vIR spec~ detected by both direct and cross

polarization,. shows that this sample consists ofdomains of motionally restricted ordered

chains and highly mobile disordered chains. Comparison of the dynamic behavior of

monolayers ofOTS on Sl1ica with that orthe bulk polymerized OTS demonstrates that the

room temperature chain dynamics of the ordered regions of the OTS monolayer are

similar to the ather types ofself-assembled monolayers. Whereas a sharp transition due to

chain melting is observed in the bulk polymerized OTS, the ordered regions in the

monolayer disorder more gradually at higher temperatures. With regard ta the degree of

crosslinking~ the 29Si NMR spectra of the monolayer indicates that it contains mostly

RSiOH(OSih linkages. This network is closer to that of the buIk palymerized OTS

sample which was produced by rapid hydrolysis.

2.2 Synthesis

Silica RI00 monosp~eres (Merck) were hydrated and calcined at 380 oC in airy

degassed at 60 oC for 2 hoursymixed with tolueneysonicated and reacted with 15-2 ml

OIS in a N2 atmosphere. The reaction was carried out for 12 hours at 0 oC. From the

elementaI analysis the coverage is estimated to be 40%. Two samples of bulk OTS

polymer were produce~ one by slow hydrolysis by atmospheric water. The second

sample was produced by rapid hydrolysis with excess water at 0 oC•
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2.3 Results

2.3.1 Powder X-ray diffraction.

The poly(actadecyIsesquisiIoxane) produced by hydrolysis ofOTS is believed ta

be a comb polymer with a IamelIar structure.. fS The powder X-ray diffraction spectrum of

the sIo\vly hydrolyzed sample? sho'wn in Figure 2..1, displays severa! even reflection lines

in the Iow angle region (29 < 15°), typical oflameUar long-ehain compounds..16

2500

2000

~lOOOen
C
«)

ë- 500

•

Figure 2.1 Powder X-ray diffraction pattern. ofsIowly hydrolysed OTS polymer sample..

Analysis of the patt~ assumed to be due ta the OkO progression,. yielded a vaIue

of 52 À for the interIayer distance.. This value is close to that expected for extended aIl

trans C r8 chains, indicating that the chains are not interdigitated or greatly tilted.. ft
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should be noted that in another study17, in which a bulk polymer was produced by rapid

hydrolysis ofOTS at SoC, foUowed. by adjustment ta neutral pH and vacuum drying, only

a single peak was observed in the wide angle X-ray diffraction spectrum. This was fit to

give a Bragg plane separation of48.17A, a value which is comparable with OUIS.

2.3.2 Z9Si Solid State Nl'IR.

In Figure 22, the 29Si CP~1AS NMR spectra of the OTS monolayer and !Wo

polymer samples are shown.
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Figure 2.2 29Si CPMAS spectra of Si02-OTS monolayer and buIk: OTS polymer

samples as indieated. The spectrum ofthe monolayer was acquired in 10000 scans with a

contact time of4 ms and a recycle time of5 s. The bulk polymer samples required 2000

scans with a contact time of3 ms and recycle time of3 s•
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The monolayer sample has very strong peaks at -92 ppm, -102 ppm and -Ill

ppm corresponding to the geminal (Q:z)~ silanol (~) and siloxane (Q4) groups ofthe bulk

silica substrate.I11 Only one peak arising from the silane is visible at - -56 ppm. This

resonance~ assigned to the R-Si(OH)(O-)2 crosslinked species (TV:t aIso dominates the

spectrum. of the rapid.ly hydroLyzed polymer sample. The slowly hydroLyzed polymer

sample displays an equally intense peak at -68.3 ppm assigned to the R-Si(O-h species

(T3). Smaller peaks at -49 ppm for the R-Si(Ofih<O-) species (T1) and -68 ppm for R­

Si(O-h are aIso present at much lower intensity in the spectrum. ofthe rapidly hydrolyzed

poLymer but are absent or are too weak to be visible in the spectrum of the OTS

monolayer.

2.3.3 13C Variable Temperature CP ~IAS ~IR.

The variable temperature I3C CP and single pulse with proton decoupling MAS

NMR spectra of the two polymer samples and the OTS monolayer are shawn in Figures

2.3~ 2.4 and 2.5. Although the extent of crosslinking differs~ the cross polarized spectra

ofboth OTS polymer samples exhibit a strong~ narrow peak at 33.5 ppm for methylenes

in an aIl trans conformatio~ suggesting a highly ordered packing environment. The

monolayer sample aIso contains a significant component at 30.7 ppm corresponding to

gauchoid chain segments. The cross polarization experiment selectively enhances the

signal of the motionally restricted transoid chain segments in the monolayer sample.

Variable contact measurements show that the 30.1 ppm component has a much longer

cross polarization time requitement than the transoid chain signal at 33.5 ppm and is

therefore reveaIed more clearly by the single puIse~ proton decoupled spectrum. The

single pulse sequence also reveaIs small disordered regions in both of the bulk polymer

samples,. aIthough in the sIowly hydrolyzed sample this component is quite small.

Bath the cross polarization and single pulse sequences were used to monitor the

changes of chain confoID1ation with. temperature. The buIk polymer samples. undergo an

abrupt chain. melting which is manifested as a sudden. deterioration in the CPMAS

spectrum. at - 70 Oc as the chains become tao mobile for efficient cross polarization. The
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rapidly hydrolysed sample was aIso difficult ta spin at high temperatures, so the spectra

could only be recorded up to SO°C. Above 70 oC, the single pulse BC spectrum reveals a

liquid like spectrum with the inner Methylenes shifted to 30 ppm. This chain melting is

aIse detected by differentiai scanning calorimetry (DSC), shown in Figure 2.6.
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Figure 2.3 Variable temperature Oc CPMAS (above) and single pulse (below) spectra

ofrapiclly hydrolysed OTS at the temperatures indicated- CPMAS spectra were acquired

in 40 scans where ct=3ms and pd 35. Direct Ile polarized spectra used a recycle time of5

s and 200 scans.
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Figure 2.4 Variable temperature Ile CPMAS (above) and single pulse (below) spectra

ofsIowly hydrolysed OTS at the temperatUIes Ïndicate<L CPMAS spectra were acquired

in 200 scans where ct: 3ms and pd 35. Direct oC polarized spectra used a recycle time of

5 s and 200 scans•
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•
Figure 25 Variable temperature Uc CPMAS (above) and single puIse (below) spectra

ofSi02-OTS at the temperatnres indicated. CPMAS spectra were acquired in 1000 scans

where ct=3ms and pd~-:Js.. Direct llC poIarized spectra used a recycle time of35 and 1300

scans..
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Figure 2.6 DSC endothenns for rapidly hydrolyzed OTS (above) and sIowly hydrolyzed

OTS (below)•
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For the rapidly hydrolyzed OTS~ a booad endotherm centered at 85 °e with AH ­

66 J/g is observ~ indicative ofa relatively heterogenous sample. The DSe endotherm of

the highly crosslinked polymer is more complex with peaks at 55 oC and 85 oC and

smalIer enthalpies of13 and 7 J/g.

As shown by the variable temperature I3e CPMAS spectrum in Figure 2.4~ the

ordered domains of chains in the monolayer undergo a more gradual chain disordering.

The peak assigned to transoid chain segments gradually shLfts upfield from 33.3 ppm at

25 oC to 32 ppm at 120 oC. As reported here and previously for OTS monolayers on

fumed silica/~ this thermal disordering is completely reversible with the spectrum

retuming to its original state upon cooling back to room temperature.

2.3.4 2D WISE NMR.

The degree of chain mobility can be estimated from the proton linewidths as

measured by two-dimensional wide line separation (WISE) NMR. Crystalline organic

materials have proton linewidths up ta 60 kHz due to strong dipolar interactions between

the abondant proton spins.19 The large l H linewidths are highly sensitive ta the presence

ofmolecular motion which will average the dipoIar interaction. The use of this effect to

investigate IocaI dynamics is compIicated by the small1H chemicaI shift range and the

need ta distinguish the proton signais arising from different chemical or dynamic

environments. The 2D WISE experiment takes advantage of the much larger l3e
chemical shift range by providing a high-resolution Be CPMAS spectrum aIong one

dimension and the proton Iinewidths associated with individual carbon sites aIong the

second dimension. Thus the chain dynamics in crystalline and amorphous domains,

which have different l3e chemical shifts due to the y effect, can be separately monitored.

The ID WISE spectra of the rapidly hydrolyzed bulk polymer sample and the

OTS monolayer are shown. in Figures 2.7 and 2.8 aIong with the dipolar slices

corresponding ta methylene camons in extended trans segments at -33 ppm and mobile

chain segments at-30 ppm•
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Figure 2.7 2D WISE spectrum ofSi02-OTS; 500 scans~ 3ms contact time~ recycle delay

3s; proton evolution period of 120 increments of4Jls.
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• Figure 2.8 ID WISE spectrmn ofrapidly flydrolysed buIle OTS polymer; 200 scans~

contact time 3ms~ recycle delay 35; proton evolution period of120 increments of4J1S..
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The inner methylenes of the rapidly hydrolyzed OTS samples dispIay an

intermediate linewidth, ca. 30 kHZ- The dipolar slice of the ordered chains of the

monolayer can be simulated by two components with intermediate and narrow linewidths

of30 and 5 kHz respectively.. The disordered component at 30 ppm is quite mobile with a

linewidth of-1 kHz.

The ID WISE technique involves indirect detection of the proton signal~ and this

allows deconvolution of proton lines associated with amorphous vs. crystalIine regions..

These broad peaks due ta protons with large dipolar coupling are not visible in the l

pulse 1H MAS spectra shown in Figure 2..9 ..

CH~

OTS

SiO! -OTS

d
ppm

Figure 2.9 tH MAS spectra of OTS, SiO;t-OTS and Si02 as indicated.. Spectra were

acqui:red in 16 scans with a recycle delay of3 s.
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However the ID proton spectra are interesting in that they confirm that very

narrow components are present. Comparison ofthe spectra indicates that the peaks at 4-5

ppm (width -300 Hz) and 7.7 ppm (width -360 Hz) are due to surface silanol groups~

since these are aIse seen (at slightly higher field) on the unreacted substrate surface. By

comparison with literature vaIues,2D the broader more downfield peak is likely due to

hydrogen bonded silanol groups and strongly H-bonded water~ while the Iarger peak is

due to physisarbed water. Silîca contains intemaI silanal groups~ and thase on the surface

are not consumed by the interaction with OTS since under these synthetic conditions (Le.

without heating or using a catalyst) the OTS monolayer is not extensively attached to the

surface, but exists as a decoupled thin film.7b.17 Renee the silanol peaks remain nearly

unaltered by the addition of OTS. The OTS monolayer sample gives rise ta at least !wo

otherpeaks at 1.3 ppm (width 90 Hz) and 0.8 ppm (width 120 Hz), in the same positions

as in the bulk polymer. These arise from the protons on the hydrocarban chain (typicallH

values for CHl and CH! groups are 0.9 ppm and 1.3 ppm respectively).!l The narrow

linewidths (compared with the e."qlected 60 kHz width observed for dipolar coupling

between protons in rigid systems) is due ta substantial motion orthe chams.

2.35 Spin diffusion NMR. studies.

The use of l H spin diffusion experiments to determine domain sizes has been

implemented in accordance '.VÎth work on muIti-component polymer systems as descooed

in Chapter 1. Differences in mobility can be exploited to study migration of

magnetization via dipolar coupling. Sînce the crystaIIine and amorphous regions are

clearly visible in our monoIayer syst~ we have appIied the same principles to this

sample. The set of spectra obtained for incremented mixing times following selection of

the amorphous component by the dipoIar tilter is shown in Figure 2~lO. The signal-ta­

noise is significantly worse than in the simple cross-polarization spectra,. since the total

magnetization in the system arises from the amorphous component only~ which displays

haIfthe intensity ofthe rigid peak.. This 10ss in signal bas consequences for the quaIity of

the data fit. However~ a plot of intensity against the root of the mixing time as shown in
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Figure 2.11 confirmed that spin diffusion occurs between the amorphous (mobile) and

crystalline (rigid) regions, reacbing a maximum at around tm=IOO ms, then decreasing as

Tl effects start to dominate.

50
;
«

•

Figure 2.10 Spin diffusion experiment using lJe detection and dipoIar tilter sequence of

SîO!-OTS. Spectra were acqùired in 2000 scans with a contact rime of3 ms and recylcle

deIay of3 s. The tilter sequence consisted of8 filter cycles and a pulse spacing of 15 ms.

The mixing time was incremented from 0.2 to 500 ~s.
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Figure 2.11 Plot ofcrystalline peak intensity against the root ofthe mixing rime.

A second series of spectra were acquired with the same mixing rimes but without

implementation of the tilter puIse sequence. In this way the contribution ta the relaxation

behavior 0 f the system by spin-Iattice relaxation at each given mixing tinte is

ascertaine~II and the normalized intensity of the rigid peak of the tilter experiment is

divided by the corresponding intensity of the peak after simple relaxation.. The domain

size is proportional to the square mot ofthe product ofthe spin diffusion constant and the

rime for spin diffusion to eIiminate the initial polarization gradient.n This value can be

obtained from a plot of the corrected intensity of the crystaIline peak against the root of

the mix time~ this plot is shawn in Figure 2.12•
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mobility and sizes.. In ather words~ there is Iikely a range ofmobilities and domain sizes

that is not a complication in the weIl defined morphologies of semicrystalline polymers..

In light of this problem it was deemed inappropriate to attempt an exact fit of the data

following the theories of Spiess et.aL26 A simplified fonnula bas heen proposed ta he

adequate in estimating approximate domain sizes:

(I:ci) = .JDtm * Equation 2.1

•

where <lxl> is the average distance over which magnetization diffuses in a rime tm*.. tm* is

estimated from the intersection of the two straight line sections of the grap~ and D is the

spin diffusion constant (not ta he confused with the dipolar coupling constant DiJ for the

amorphous region.. The rate of spin diffusion in the amorphous phase limits the overall

rate of diffusion to the interface with the rigid component,. from where it more rapidly

diffuses mto the rigid domains..

lt is necessary to use an appropriate value for D.. For rigid systems this is known

to be -0.8 nm!/ms. If motion reduces the proton linewid~ D can he caIculated by the

relation: D- t.lu 1/2 (rHW2 where rHH is the average Ïnterproton distance and au lI2 is the

proton linewidth. This formula is appropriate for Iinewidths down ta 5 kHz..!7 Below this

the fonnula predicts too [ow a vaIue for D~ suggesting that linIe or no spin diffusion

should occur. However it has heen established that even in cases where the proton

linewidths have been motionally narrowed to 1kHz or less~ spin diffusion is still

possihle.23.1S.!9This is more easily understood when we consider that snch mobile material

can still he cross-polarized to IlCy a process which depends on the ue-IH dipoIar

coupling. Sînce this is smiller than the IH-IH dipoIar coupIin~ this suggests that the

latter is large enough to aIlow spin diffusion to OCC\lr. Using weIl defined polymer

systems~ otherg!4
.2S have determined values for D of 0.05 to 0..09 nm2/ms for proton

linewidths of Iess than 1 kHz. Sïnce an estimation of domain size requires that a

reasonable value for D be assumed" we have taken D ta he 0.09 nm2/ms (at any rate the

square mot ofD is employed in equation 2..1, and thus the estimate for <lxl> is not sa
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sensitive ta the exact value of D used in the calculation). From the plot of intensity

against tmlJ2
, we obtain a !mlJ2* value of 14 ± 2 ms. These values indicate a domain me of

around 42 ± 0.6 Dm for the amorphous domains. The error analysis is not rigorous~

however even studies using the more exact theoretical treatments quote uncertainties on

the order of± 20%.2J

Additional attempts ta confirm fuis data by use of alternative spin diffusion

experiments were made. However implementation of the Goldman-Shen pulse sequence

proved unsuccessfu.l~ selection of the amorphous peak over the crystaIline peak being

insufficient. An alternative method would be ta nm a series of ID WISE spectra \Vith

increasing mi'"<Ïng times inserted into the pulse sequence. Agam the selection ofone peak

over the other in the experiments was inadequate due to the overlap of resonance in the

ue dimension. Altemate ways for producing a gradient in magnetization exist. If

significant differences in either Tt or Ttp exi5t these can be exploited for spin diffusion

studies.JO In the experiment which utilizes differences in T lo' the protons are spin locked

as described in section 1.3. A suitably long spin locking period is employed such that one

of the components decays essentially ta zero, at which point the remaining magnetization

is restored to the z axis and spin diffusion is allowed to occur.

2.4 Discussion

80th the thermal behavior and the nature of the siloxane network of OTS

monolayers deposited on silica can be usefully compared with the buIk polymerized OTS

samples. The solid-state~ XRD and ose analysis of the bulle polymerized OTS

indicate that the siloxane units organize mto a [amenar structure~ driven by the van der

WaaIs interactions between the long hydrocarbon chams. The slowly hydrolyzed sample

is highly crossIink~containing an equal proportion ofRSiOH(OSi)2 (TV and RSi(OSi)3

(T3) unÏts. In aIkyIsesquioxanes~such as phenyIsilsesquioxane and methyIsiIsesquioxane~

the T3 units can be arranged in random,. ladder and cage structures depending on the

initial reaction conditions used.31 In the slowly hydrolyzed OTS,. the chains or rings

initially form~ gradually cross Iink to produce either ladder or cage units,. allowing the
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overaII lamellar structure to be retained. The higher degree of order achieved by slow

hydrolysis is reflected by the XRD spectra. Whereas the XRD spectrum of rapidly

hydrolyzed OTS sample displays only one pe~ several more peaks appear at small

angles in the sIowly hydrolyzed sample~ indicating that more long range order is present.

In contras~ the networks of both the rapidly hydrolyzed OTS and the OTS monolayer

contains mostly RSiOH(OSi)2 linkages, consistent with smaIIer oligomers, arranged into

linear chains or rings.

The DSe scans combined. with the variable temperature l3e solid-state NMR

spectra show that the slowly hydrolysed buIk OTS polymer undergoes a broad transition

due to chain melting. Since the structure consists ofa bilayer, sorne expansion must occur

in the siloxane backbone in order to provide the additionai free volume for chain

disordering. The transition is much sharper in the rapidly hydrolyzed OTS, where,

presumably, the smaller less cross-linked siloxane units can more easily accommodate

chain disordering than a rigicL highly crosslinked network. Increasing the rigidity of the

siloxane backbone inhibits this transitio~ as evident from the much smaller enthalpies

measured for the slowly hydrolyzed polymer.

In a similar fashio~ the gradual thermal disordering of the trans domains of the

OTS monolayers, as compared to the discrete chain melting in the bulk analog~ may be

due to the immobilization of the siloxane network ante the silica surface. In addition, the

substantial population of gauche defects indicates that much smaller domains of ordered

chains are present in the OTS monolayer as compared to the bulle polymer, and the

approximate size of these domains is estim.ated from spin diftùsion measurements to be

-3.5 nm. Small domains ofordered chains or a range ofdomain sizes will broaden out a

thermal transition. It wouId be usefuI to obtain an estimate of the size ofany domains of

greater mobility in the buIk polymer, in arder to relate the domain size to the transition

width.. However since no significant disordered components are observed in either of the

buIk polymer samples, the dipolar filter can not be used. It shouId be noted~ even in

more complete and highly ordered monolayers~ such thase formed by the thiols and

phosphonates~ the order-disarder transitions are quite broad as compared to phase

transitions in bulk materials.
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As indicated by the proton Iinewidth measurements~ sufficient free volume to

accommodate chain motion exists at room temperature in both the monolayer and bulk

polymer samples. Even in the case of the more highly crosslinked OTS polymer~ the ID

WISE spectrum reflects the presence of substantial chain mobility below the order­

disorder transition. The triangular Iineshapes of the Methylene protons are characteristic

ofan intermediate motional state in contrast to the broad 60 kHz Gaussian lines normally

observed for crystaIline organic materiais. Like certain other stiff macromolecules with

flexible aliphatic sidechains~32 the chains in the polymerized OTS do not crystallize in the

traclitionai sense't i.e. aIthough there is significant ordering of the hydrocarbon chains~

there is also substantial mobility~ as in liquid crystals or membranes.33

The ID WISE spectrum ofthe OTS monolayer exhibits an even greater degree of

mobility and conformational disorder. The Island structures formed by OTS~ which have

been observed by scanning force microscopy,S:l consist of separate domains of ordered

and disordered chams. This morphology i5 reflected in the ID WISE spectrum of the

monolayer. The disordered chains are highly mobile, exhibiting proton linewidths < 5

kHz; this greater mobility being due to the larger number of conformational defects as

weIl as the fact that the chain motion will be less restricted in a monolayer as compared to

a bilayer environment. The more motionally restricted chains in the ordered domains

contain both narrow and broad components with the linewidth of the broad component

being similar to that of the bulk polymerized OTS. The spin diffusion studies indicate a

domain size ofabout 3.5 nm. for the disordered regions. This value is clearly a reasonable

estimate, each silica sphere having a surface area of around 3x104 am!. However since

this technique does not give any information about the me of the crystalline regions~

there remains sorne concern as to whether vertical polymerization May occur,. leading to

patches of huIle polymer. This question will he addressed again by I~e NMR in Part

Two of this thesis, at this stage it is sufficient to note that the size of the disordered

hydrocarbon chain domains is smaII compared to that of the substrate~ suggestive of an

adsorbed layer rather than bulk polymer.

The close packed chains ofalkyIsiIoxane monolayers have heen descnèed as 2D

crystaIs~[7 based on an estimated interchain distance of-4.4Â and a measured chain tilt
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angle of - 0 Q. However~ the interIayer distance in the buIle polymer is aIso consistent

with MIy extended chains~ oriented perpendicular to the siIoxane Iayers. NevertheIess~

considerable chain motion is occurring even in the highly crossIinked OTS polymer.

Based on these observations~ we assert that even in a complete~ highly ordered OTS

monolayer, the chains are in a conformationally ordered but motionally disordered state.

This type of dynamic behavior aIse occurs in thiol and phosphonate monolayers where

the free volume for chain motion is provided by the large headgroup combined with

surface roughness. Although the crosslinking in alkyisiloxane monolayers leads to a

reIatively small interchain distance~ this does not lead to crystallization. The chain

packing~ determined by the underlying siloxane networ~ still provides sufficient free

volume for motion about the chain axes. A Iiterature discussion of the issue ofstructural

properties ofthe octadecyl chains on the siloxane network points out that alkyl chains can

be connected in two positions.1Sil The siloxane network can be described as sheets of

interlocked Si-Q trimers which have bath axial and equatoriai positions available for

alkyl chain attachment as shown in Figure 2.10.

.~
o-.3~O'\ ~G---ii_ ~

S~ ~Sl

1 C> 1

o / 0
/ '-

•
Figure 2.10 Schematic depicting the potential for axial (left) or equatoriaI (right)

positioning ofalkyl chains relative to the siIoxane network produced on interaction wit..h

the siIica surface•
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The resulting difference in free chain volume is apparent. In additio~ the a~al

isomer al10ws connection of exocyclic Sî-Q bonds to other polysiloxane units~ or in the

case of the monolayer syst~ to the siIica surface, by equatoriai Si-O bonds. This

structure does not impose additionai distortion on the siIoxane backbone. Thus we can

view the bulle OTS polymer as a comb-shaped polymer with a siloxane backbone and C18

h.ydrocarbon sidechains as descnoed by Allara et al .4 Chain melting will require an

increase in free volume which May involve a change in configuration of the siloxane

backbooe to yield the less dense equatorial-aIkyl based structure. However, attachment of

the siloxane network to a silica substrate will clearly inhibit such a structural chance, so

that the onset of chain melting is much higher than in the buIk polymer. There is

significant motion observed in the h.ydrocarbon chams of both systems at room

temperature, as indicated by the proton linewidth.

In summary, the crosslinking ofthe aIkyl chains in alkylsiloxane SAMs results in

an island structure \vith the coexistence of ordered and disordered domains but aIso

imparts a greater thermal stability to these monolayers. However, this additional

structural feature does oot lead to rigid, crystalline chains. Instead, the degree of chain

motion is similar to that seen in the thiol and phosphonate SAi\1s. The siIoxane oetwork

of the OTS monolayers is only partially crossIinke~ with a significant number of Si-OH

groups remaining, sunilar to the network produced by rapid hydrolysis ofOTS in the bulk

phase. Future studies of OTS monolayers by 29Si NMR. spectroscopy will focus on

determining whether ann~g cm induce further condensation of these silanol groups.

The presence of regions of differing conformation is confirmed by tJe NhiIR the

mobilities ofthese regions are probed by the ID WISE experiment. Proton spin diffusion

experiments were carried out via Be detectio~ these allowed an approximate estimate of

domain size~ This experiment should prove ta be highly useful in systems where selection

of the mobile region is more successfully accomplished, future samples could include

mixed monolayers of two different chain lengthst and adsorbed polymer systems~ where

signai-ta-noise wouId be improved.
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Chapter Three: Structure and Dynamics in Self-Assembled Monolayers

ofAlkylphosphonic Acids on l\'[etal Oxides

3.1 Introduction

In a previous study from this laboratory.. the possibility of synthesizing metal

phosphonate monolayers on high surface area fumed silica was exp10red.1 Zirconium

octadecylphosphonate (ODPA) monolayers were deposited on Cab-O-Sil according to the

procedure developed by Mallouk..2. The resuIting coverage was estimated by elemental

analysis to be around 26%. This was shown to be sufficient for solid state NMR studies,

and the ue spectrum indicated a predominantly trans conformation ofthe chains, but aIso

identified a small population of gauche sites which was not visible by infrared

spectroscopy. Zirconation of the fumed silica was round to provide a better surface for

alkyphosphonate addition than initial phosphonate derivitization. In addition the Hp shift

confirmed that the majority of the phosphorus atams had reacted with the surface't

provoking a significant shift from 31.3 ppm to 7 ppm. These initial results confirmed that

the self-assembly of dense, weIl ordered metaI phosphonates was experimentally more

straightforward than the synthesis of the silica-OTS systems, being less sensitive to

reaction conditions. As indicated in the previons chapter, the formation of OTS

monolayers involves a degree of polymerization which may limit the degree of coverage

achieve~ with vertical rather than horizontal polymerization of the siloxane headgroups

occurring, and no evidence of surface Si-O bond formation. In con~ the long chain

alkylphosphonic acids self-assemble in an epitaxial fashio~ and the nature of the

interfacial region is more easiIy characterized. The use of IIp NMR. ta characterize

surface bonding has aIso been reported for hafirium. Ct,ro-bis(phosphonate) muItiIayer

films where it was successful in distinguishing between phosphonate ester and

phosphonic acid moieties ta confirm surface bonding in non-linear optical materials.1

Phosphonic acids have been shown to exhibit strong chelation properties which

bas led ta their use in corrosion inhibition,..J Metal extractions and calcification
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prevention.6 In addition they can be reacted with a variety ofaIkali and transition metals

to produce bulk IameUar metal phosphonates used in ion exchange~ selective sorption and

catalysis.ï These multilayer compounds can be deposited by self.assembly or Langmuir­

Blodgett techniques enta a variety ofsubstrates.s In related worI4 our group bas reported

on the interesting heat storage capabilities manifested by sorne ofthese systems.9 There

have been very few reports in the literature conceming the preparation ofmonolayers.1o In

the study on which this current work is baserl.r the work of Mallouk and co-workers

involving metalphosphonate multilayer synthesis was used as a basis for developing

dense monolayers.! wla1louk:t s study used primer layers of either Zr~ cations or P01H!

functional groups attached to silica. As stated earlier,. initial studies sho\ved the zirconated

silica to be a better substrate, film. growth on a phosphonated surface being incapable of

producing ordered monolayers owing to defects in the early stages of film formation and

a mismatch between the organic and inorganic lanices. The degree of coverage in the

zirconated silica phosphonate films was still limited owing to insufficient zirconatio~

and this synthetic approach aIso tended to produce some buIk zirconium phosphonate so

the work to he reported here focused instead on the direct adsorption of the

alkylphosphonic acids onto metal oxides.

The direct reaction of methyl- and phenylphosphonic acids with a silica surface

has been confirmed by a soUd state NMR study ofthese acids adsorbed onto silica geI.u

The :9Si and IIp NMR shifts confirm the formation of a single covalent P-O-Si ester

linkage. Unfortunately the I~nger chain phosphonic acids have higher pKa values and

will not condense directIy with the surface siIanols~ hence the need for a primer layer as

rnentioned above. However, in recent biotechnology studies~12 TiO! and ZrO! powders

were successfully modified with phosphoric acid and short chain alkylphosphonic acids

to produce systems for use in Iiquid chromatography and to increase the hydrophobicity

of membranes. The presence of the alkyl chain was round ta promote formation of a

permanent hydrophobie layer, wbic~ unIike phosphonate ions~ can not be removed from

the oxide surfaces by water washing.. The strength of the interaction with the phosphonie

acid moiety is aIso great enough ta alIow modification of In20/SnO! electrodes by

orientation of individuaI macromolecuIes between extemaIIy addressable contactsll as
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weIl as anchoring of transition metal compounds through phosphonated polypyridyl

ligands for use in photovoltaic devices.l~ The evidence of strong substrate-phosphonate

bonding in these cases 100 us to investigate the possibility of synthesizing weIl ordered

aIkylphosphonate SAMs on metal orides. While a contact angle study15 of various long

chain hydroxamic: carboxylic and phosphonic acids adsorbed onto native oxide surfaces

suggested that the hydroxamic acid systems were the most stable for a majority ofmetal

arides (copper, silver, aluminium and zirconia) and the phosphonic acids were most

stable on titani~ the following work shows that absorption of octadecylphosphonate on

both zirconia and titania produces high quality monolayers~ with greater coverage than

that observed for the silica-OTS system.

This chapter compares the conformational order and surface bonding ofoctadecyl

phosphonic acid adsorbed onto Al20 J, TiO!" Zr02 and zirconated silica as characterized

by solid state NMR and vibrational spectroscopies. In addition the effects ofchain length

and temperature on the ordering of aIkylphosphonates on zirconia (with which the

strongest monolayer-substrate interaction is observed) is studiOO through the synthesis of

a series ofZr02-aIkylphosphonate systems with 8, 12, I4~ 16 and 18 carbon atoms in the

hydrocarbon chains and variable temperature NMR of the Zr02-ODPA system. The

thermal stability of the ZrO:-ODPA system is compared with buIk microcrystalline

zirconium aIkylphosphonate. Thermal stability is particularly important when considering

the potential applications ofthese systems in technological applications.16 As discussed in

the previous chapter~ the ~Isilanes produce monolayers with very high thermal

disordering temperatures. The chain packing of aIkanethioIs on gold nanoparticles~ as

discussed in the next chapter is complicated by the smaII size of the gold colloids (-2.5

Dm diameter) which leads to intercalation of chains on neighboring particles. Inco~

the Metal oxide particles used in this study are larger (average size 30 nm) and hence a

cIoser model for monolayers on planar substrates.
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3.2 Synthesis

Commercial nonporous fumed silic~ (Cab-O-SiI~ BET surface area 100 m2/g,

Cabot COrp~)7 Zr02 (VP Zirconium Oxide~ BET surface area 40 m2/g, DeGussa AG},

Ti02 (Titanium Dioxide P25, BET surface area 50 m2/g, DeGussa AG), and Al203

(Aluminum Oxide C~ BET surface area 100 m2/g, DeGussa AG) were used as receiv~

The n-alkyl phosphonic acids were synthesized by the Michaelis-Arbuzov reaction17 of

the n-alkyl bromides and triethyl phosphite~The ODPA-Zr/Si02 \vas prepared as reported

by NlalIouk.1s In a typicaI preparation of alkylphosphonate monolayers on the metal

oxides~ a S-fold excess of aIkylphosphonic acid relative to the moles estimated for a full

surface coverage on the metal oxide was dissolved into 1000 ml of3:1 methanol-water

mixed solvent~ A suspension of2 g ofmetal oxide in 200 ml deionized \vater was added

dropwise to the acid solution. The resulting suspension was held at 100 oC for three days

with stirring_ The solid was washed and centrifuged with 200 ml ofmethanol seven times

to remove any physisorbed alkylphosphonic acid and then dried under vacuum at room

temperature~ A portion orthe ODPA-Al203 sample was annealed forseveral hours at 100

oC under vacuum (10-5 torr)~ Microcrystalline Zr(0lPCtsHnh (ZrODPA) was prepared

from a solution of2~0 g octadecylphosphonic acid (OOPA) in 1000 mL ethanol and 1.2 g

of ZrOCI2-SH20 in 200 mL water~ The solutions were adjusted ta pH 2 and filtered

through 0.22 mm tilter paper. The aqueous solution ofZrOCI2 was added cIropwise to the

solution of ODPA with stirring~ A fine white precipitate of poorly crystalline ZrODPA

formed immediately. The solution was kept at 100 oC fortwo days~ then held at 60 oC for

a week to increase the crystaIlinity~The precipitate was washed repeatedIy with ethanoI

and water and the dried under vacuum. Eemental analyses were carried out by Galbraith

Laboratories~ Knoxville, TN~
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3.3 Results

3.3.1 Elemental analysis and caicuIated coverage of ODPA on metal ondes

The caIcuiated coverages shawn in Table 3.1 assume an area of 24 A for each

bound ODPA molecule/ and use surface areas for Cab-O-Sil as caicuIated from a N!

BET isotherm,. and for the other metal oxides as provided by the supplier (Degussa AG,.

FranIdùr4 Germany,. Technical bulletin No.56).

~retal Oride surface area (m2/g) %C
caIcuiated eVo) surface

coverage

ZrlSi02 100 4.0 26

Zr02 40 3.99 73

Ti02 50 4.10 61

Al20 ) 100 28.05 230

Table 3.1 Characterization by Elemental Analysis ofODPA Adsorbed onto ~{etai Oxides

The coverage ofODPA on zirconated silica is considerably less than a monolayer,

while the coverage on titania and zirconia is substantially higher.1 The quality of the

initiaI zirconium primer layer on the Cab-O-Sil is vital in producing high quality

coatings. Without any Zr layer the adsorption of ODPA is negligible. Previously tbis

approach has been used2 ta synthesize muItiIayer films of metai phosphanates on silica,

as discussed in the introduction to this chapter. In the assembly af multiIayer films, a

primer layer of phosphanic acid terminated silane appeared ta produce a more uniform

film.. It has aIso been reported in an FIlR and palarized IR. study that subsequent addition

offurther Iayers (i.e. sequentiaI adsorption of aIkylbisphosphonic acids and ZrOCIJ can

promote "seIf.annealing" afthe fiIm..19 This is disputable as anather group reports simiIar
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average thicknesses for both forms of primer layer.2D SimiIar resuIts were observed. for

aIkyIbisphosphonates on hafirium treated gold films.!t An AFM study of mono and

muItiIayers ofzirconium bis(phosphonate) on silica treated with a primer layer ofP03H!~

then zirconated, indicates that the growth ofthe film occurs tbrough island formation.!!

The coverage achieved for the preparation ofODPA on zirconated silica seems ta

indicate that sorne of the initial Zr primer layer is lost during the steps of washing and

centrifuging the sample to rem.ove physisorbed speciesy and since no subsequent layers

are added,. no sel.t:annealing can occur- hence the production ofa patchy film on fumed

silica. These synthetic problems were the impetus behind the search for a better substrate

and coating route. Fortunatelyy as discussed previouslyy ODPA can be reacted directly

with metal oxide surfaces7 and the observed coverages on titania and zirconia are much

higher. However they still do not appear to give full monolayer coveragey in contrast with

the literature report of the reaction of phosphoric acid and short chain aIkylphosphonic

acids (\vith l ta 4 carbon atoms) on ZrO;! and TiO! powders prepared by a sol-gel

process. lOb Sînce the Metal oxides used here consist of aggIomerated panicles7 and the

ODPA has a substantially longer ch~ it is reasonable ta assume tha~ as discussed in

reference 167 not all ofthe BET surface area is available for ODPA absorption.

The reaction of ODPA with Al!Ol produces a sample with elemental analysis

results indicative either of multilayer formatiofiy or the formation of a buIk:

aluminophosphonate. The lowangle region ofthe X-ray diffraction spectrum (not shown)

displays a sharp series of p~aks typical of the patterns observed for long chain lamellar

aIkylphosphonate metal salts.!J The pattern. can be analyzed (assuming it is based on the

OkO progression) to give an interIayer spacing value of45.2 A., simiIar to that observed in

Zr and Mn octadecyIphosphonate multilayers~!~The strength ofthe reflections in the high.

angle region seems to indicate the presence of more than two layers of the bulk

compoun~ being stronger than the XRD reflections observed for multiIayer Zr

phosphonate films.2S Bulk formation was aIso observed onder milder reaction conditions~

and the nature of this compound will he addressed Iater in the chapter7 where its NhtIR

spectra will provide a nseful source of comparison in the study of the ZrO!-ODPA and

Ti02-ODPA monolayer systems.
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3.3.2 Vibrationai spectroscopy

Many previous studies have used the Methylene regions of the FUR spectra to

estimate the degree of alkyl chain ordering compared to bulk crystalline samples.!6

A1though most of these studies involved coatings on planar substrates~ the four samples

examined here do produce sufficie!ltly weIl resolved spectra to use this technique. The

Methylene stretching regian is shawn in Figure 3.1~ and the frequencies and peak widths

orthe methylene asymmetric (V;t{CHJ) and symmetric (vs(CHJ) modes are sumrnarized

in Table 32.

B ZrO%

A ZrlSi01

C TlO%

27002950 2900 2850 2800
Wavenumber (cm-I )

3050 3000

E

D Al203

3100

•
Figure 3.1 Infrared spectrum ofDDPA on varions Metal oxides as indicated; Methylene

stretching region•
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lVIetaI Oxide va(CH:z) (cm· t
) fwhh (cm-I

) vs(CH:z) (cm- l
) fwhh(cm-l )

Zr/Si02 2918.6 17..4 2849.3 9..9

Zr02 2918.8 18..4 2850.6 10.4

Ti02 29182 19.9 2850..4 12..0

Al20 3 2918.8 19.3 28502 102

Al20 3 (anneaIed) 2915..0 30 2848.0 12.0

Table 3.2: Peak Positions and Line Widths for the Methylene Stretching Region

Ail of the samples studied have very similar methylene frequencies (2918 cm-t

and 2850 cm- t for the asymmetric and symmetric stretches respectively). The linewidths

provide additional informatio~ with the zirconated silica based system displaying the

narrowest band (fwhh=17cm.-I
) and the titania-ODPA the broadest (fwhh=20cm·I

) .. Lower

frequencies and narrower bands are generally indicative of more ordered chains, as

observed for the octadecylsilane system~ for which frequencies as low as 2917cm-1

(fwhh=15cnf l
) have been reportecl Annealing of the ODPA-Al20 1 sample leads ta line

broadening and a more asymmetric line shape for (v;a(CH~lr but the Iow frequency edge

does maye ta lower wave number, indicating an increase in crystallinity in part of the

sample.. In general the values obtained for these systems seem ta be consistent with those

reported for ODPA on a silicon wafer..sc: Such values are typically taken as evidence of a

high degree of conformational arder suggestive of a crystalline region as compared with

the higher frequencies (v~(CHJ = 2925cm.-1
) and broader Iines (fwhh>35cm-t

) observed in

more disordered ....1iquid-Iike" films. However~ our work shows that such characterization

presents an incomplete picture~ and in additio~solid state N1vIR provides a description of

the dynamic nature ofthe hydrocarbon chaîns.
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Another disadvantage inherent to the infrared studies of these systems is the

difficuIty encountered in detennining the nature ofthe interfacial layer. In the case of the

silic~ alumina and titania substrates~ the oxides themselves give cise ta large adsorption

bands which mask any information in the phosphorus stretching region. However ZrOz

does not have a strong adsorption band in this regionofthe infrared spec~ so the P-O

stretching region can he observed for the ZrOz-ODPA system, and is shawn in Figure 32.
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•
Figure 3.2 Infrared spectrum of (a) ODPA on ZÏrconia and (b) bulk ODPA; P-O

stretching regiOtL
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This region ofthe spectrum is compl~ but the substantial changes on bonding to

ZrOz indicate a strong interaction between the substrate and the aIkylphosphonate_ P-O

bands at 1228 and 950cm-1 disappear following adsorptio~ and the POl stretching bands

at 1077 and l006cm-1 are broadened and shifted. The three bands observed in the bound

ODPA can be assigned by comparison with a study on LB films and bulk samples of

cadmium octadecyl-phosphonate~!6the upper of these frequencies is likely due to the

asymmetric POl!· stretch~ while the lower bands are the symmetric POl !- stretches~which

are split due ta the local symmetry of the phosphonate headgroups (less than C1v). The

disappearance ofpeaks at around 1200 and 950cm-1 is aise reported for phenylphosphonic

acid on ZrO!/Ob where the authors attributed these bands to the P=O and P-O-H groups

respectively, and interpreted their disappearance as evidence of a tridentate bonding

mode. In our spectrum the bands are broad and overlappe~so that the suggested spectral

assignments may he înaccurate. Fortunately this is another area where ~IR. is helpfu4

the Hp shifts being more revealing.

3.3.3 Jlp Solid-8tate ~IR.

The nature of the interaction between the phosphonic acid headgroup and the

various substrates can he more fully characterized by the J1p solid state mm. spectra

shown in Figure 3.3.

In bulk Metal aIkylphosphonate salts the IIp chemical shifts decrease with

increasing valency and electronegativity of the catio~ ranging from 26 to 0 ppm.1
.27 BuIk

zirconium octadecylphosphonate has one peak at 7 ppm while pure ODPA displays one

peak at 31.5 ppm. These spectra are aIse shown in Figure 3.3 for comparison.

The similarities between the spectra of ODPA on zirconated silica and the bulk

metal. compound confirm the earüer suspicions that this synthetic route tends to produce

mainly buIk compound Ca small additionaI broad peak at -16 ppm remains unassigned

but may be due to partially coordinated PO)2- groups). The formation ofsmalI amounts of

bulk material is aIso observed in the Ti02-ODPA and Zr01-QDPA samples prepared

under prolonged reaction times.
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A ZrlSi02

B

C TiOz
•

•

D Al%03 (anneaIed)

•
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Figure 3.3 31p CPMAS spectra ofmetal oxide-octadecyIphosphonic acids as indicated.

Spectra were acquired in 100 scans, with a contact time of2 ms and recycle deIay of5 5,

except for the bulk zirconium octadecyIphosphonate which required 1000 scans. Spinning

sidebands are indicated by *~ the arrows indicate peaks due ta the presence ofbulk metal

phosphonate in the monolayer samples.
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For the TiO! and ZrO! systems~ the extent ofinteraction with the phosphonic acid

headgroup can be assessed by the magnitude of the upfield shift from the unbound

ODPA- In the TiO!-ODPA sample the Jlp shift is only sIightly upfield at 28 ppm

compared to 31.5 ppm, indicating a relatively weak interaction with the substrate and

possibly incomplete deprotonation of the phosphonic acid headgroup. The change

observed on bonding to ZrO! is much greater~ not only does the Jlp peak move to 25

ppm, but the line is inhomogeneously broadened. Broad phosphorus signais in MAS

spectra are quite commo~ the Jlp shift is very sensitive to environmen~ varies with the

O-P-O bond angle and/or the number and electronegativity of nearest neighbor atoms.

The distribution ofchemical shifts observed here is due ta the presence ofdifferent types

ofsurface bonds and/or bonding sites on the ZrO! surface.

The surface of ZrO! is known ta he very complex,. having two types of surface

hydroxyls which can be protonated or deprotonated in addition to sorne coordinatively

unsaturated zircanium(IV) ion sites which act as strong Lewis acid centers.!S These

different sites are depicted in Figure 3.4.

OH

Type 1

hydroxyl

H

1o

zr/ '" Zr

TypeH

hydroxyl

b
zr/I" Zr

Zr

Type ([[

hydroxyl

Lewis

acid site

•
Figure 3..4 Depietion of different types of surface groups on zirconia. Adapted. from

reference 28•
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In accordance with the shifts observed in the study ofporons ZrO! modified with

phosphoric aci~Ioa it is proposed that the binding of ODPA occurs principally through

esterification with the surface hydroxyls. In a study of methylphosphonic acid reacted

onto siIic~9 the IIp chemical shifts expected for mono-t bi- and tri-dentate ester linkages

were estimated by comparisons with model silyl compounds. The methylphosphonic acid

shifted upfield by 5 ppm on absorption with silic~ as consistent with formation of a

single ester linkage. A system with two ester linkages would be expected to show an

upfield shift of 14 pp~ giving a chemical shift of around 17 ppm. The bulk ZrODPA

with coordination through ail three phosphonate oxygen atoms to Zr cations displays the

largest upfield shift moving 24 ppm to 7 ppm. Assuming a similar trend for OOPA bound

to ZrO! rather than silic~ mono- and bidentate species would appear around 26 and 17

ppm respectively. The bidentate mode May be the origin of the additional peak observed

at -16 ppm in the ODPA-mconated silica sample, which would mean that aIthough this

technique produced mostly bulk zirconium octadecylphosphonate, and any monolayer

formed was oflow coverage. The bidentate bonding mode can aIse be inferred for shorter

chain phosphonic acids (CnH2tt-IPO~! where n=1,2,8,12) adsorbed on alumin~ all of

which display ltp peaks around 13-16 ppm (with the exception of the octylphosphonic

aci~ OPA, on alumina which produces a bulk metaI phosphonate with spectra similar to

those descnoed for ODPA- Al!Ol below). The average upfield shift of6.5 ppm from the

free acid for the ZrO!..ODPA is taken as proof that the primary mode of attachment is

monodentate rather than tridentate, in contrast to the conclusions drawn from the p..O

region of the IR. data.IOb The broadening of the phosphorus peak mayaiso arise from

adsorption ofsorne ODPA species to the strong Lewis acid sites. A study of phosphoric

acid adsorption on zirconialO;a round that initial adsorption occurred primarily at the

coordinatively unbound Zr~ sites, with esterification of the acid with the surface

hydroxyls requiring longer reaetion tÎmes. Unfortunately stronger reaction conditions

here Oow pa bigh acid concentratio~high temperatnre and longer reaction times) were

found to promote dissolution of the bulk ZrOz matrix, increasing the amount of buIk

zirconium phosphonates formed. The advantage of using IIp NMR. is that these species

can he easiIy identified by the peak at -1 ppm (see Figure 3..3). While this is seen in
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samples prepared at long reaction times and low pH (<2)~ in samples obtained under

milder conditions this reaction seems to be suppress~whiIe equally high coverages are

still achievedOo ZrO! was aIso reacted with shorter chain alkylphosphonic acids for an

investigation ofalkyI chain arder dependence on chain length ta be cliscussed belawOo The

IIp spectra of these systems aIso exhibited single broad peaks around 26 ppm, indicative

of simiIar bonding ta the substrate and thus validating the comparison between these

systems..

Reaction of ODPA or OPA with alumina produces a sample which displays a

complex 31p spec~ as shawn in Figure 3.5~ apparently owing to the partial formation

ofa bulk aIuminophasphonateOo

i 1 1

200

i 1 l

150
Iii

100

i 1 l 1 [ i 1
-1.00 -1.50

•
Figure 3.5 3ip CPMAS spectra of anneaIed (above) and non-annealed (below) Al20 J­

ODPA sample; spectra were acquired in 100 scans with a contact time of 3 ms and a

recycle delayof3 5..
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AnneaIing of the sample at 100°C 100 ta a simplification of the spectrum to give

two isotropie peaks at 25 ppm and 8 ppm as shown. The synthesis of a microporous buIk

(aluminomethyl)phosphonate by reaetion of methylphosphonic acid with Al20 1 in water

under e."ctreme conditions of high temperature and pressure has been reported in the

Iiterature.29 The longer chain phosphonie acids presumably undergo similar reactions to

fonn lamellar eompounds similiar to those reported for other metaIs.:ll The simplification

oÎ the !!p spectrum on heating is assumed. to be due ta sorne rearrangement of the

aluminophosphonate network.

3.3.4 13C Solid-state~IR

While the JIP cp~[AS spectra provide insights into the bonding to the surface~

they reveal nothing about the nature of chain packing. For that we tum to [Je CP~1AS

~lR. As stated in section 3.3.2~ the methylene stretching frequencies of the four systems

under investigation all appear to be very similar~and based on previous work would seem

to indicate that the hydrocarbon ehains are in an ordered environment. The 13e CPMAS

NMR spectra shawn in Figure 3.6 confirm this and provide additional information.

Regions of ordered and disordered chains can be resolved as descnèed for the

silica-OTS system in Chapter 2. The differing shifts of the alI-trans and partially gauche

conformations (resonant at 33 ppm and 30 ppm respectively)JO of the interior Methylene

populations are clearly seen. in the TiO!-ODP~ indicating bath ordered regions and a

significant population of disordered chains on this substrate. In contrast the ODPA on

Zr02, zirconated silica and Al20 3 exhibit intense peaks at 33 ppm, but no evidence of

substantiai disordering in the forro of separately resolvable peaks at 30 ppm. However,

the greater linewidth of aIl the monolayer trans peaks compared to the buIk:

aIuminophosphonate is aIso suggestive of greater disorder in the SAM systems. The Ile

spectrum ofthe Al2.01-ODPA before annealing elearly shows a larger disordered signal at

30 ppm along with multiple splitting of the chain end peaks around 12 ppm. This

suggests that the presumed rearrangement on anneaIing aIso Ïncreases the crystaIIinity of

thechains.
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Figure 3.6 Ile CPMAS spectra ofODPA on A) zirconated silic~ B) zirconi~C) titania

and D) alumina.. Spectra were acquired in 2000 scans with a contact time of 3 ms and a

recycle deIay of3 s.

The terminal methyl groups appear at around 125-13..0 ppm in aIl the spectra.

Single peaks are observed for the two monoIayer samples on TiO! and ZrO~ while the

Zr/SiO! and annealed Ai!03 samples give rise ta two methyl peaks at 12.5-13.0 ppm and

14-15 ppm. The bigher field shifts are again indicative ofcanfannational disorder~ in this

case due ta the situation of the methyl peaks at the chain termini. Methyls in a bulk

crystalline or bilayer environment will be Iess disordered and appear further downfiel~

e..g.. the bulk aluminophosphonates. The bilayer situation is demonstrated for
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octadecanethioI-capped goI~ where the small size of the gold coIIoids leads ta

intercalation ofchains on neighboring particles, and the chain termini are resonant at 15.0

ppm.1l In. some instances the presence ofordered and disordered components is sufficient

ta provide difÏerent chain termini environments, as seen for alkylsilanes on silica.l! The

origin of the two methyl peaks in the spectrum ofODPA on Zr-5i02 must be considered

in conjunction with the earlier conclusions. Ifthis splitting were due to regions ofordered

and mobile chams, these wouid be visible in the methylene region at 33 and 30 ppm

respectively. Furthennore raising the sample temperature shouid lead to coalescence of

the peaks as all the chains become disordered. The lle spectrum at 120°C is shown in

Figure 3.7.
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Figure 3.7 Direct polarization ue MAS spectrum ofZrISi02..ODPA at 120°C. Spectrum

was acquired in 20,000 scans with a recycle delay of3 s.

Direct poIarization was used in the acquisition ofthis speetrum. since the chain

mobility was substantiaI enough to make cross polarization inefficient. AIthough. the

chains have become completely mobiIe~ as refIected in the shift ofthe interior methylene
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peak to 31 pp~ the two terminal methyl peaks remain weil resolved. A simiIar splitting

is aIso seen in the AllOl -ODPA sample in which multilayer formation is confirm~ thus

the two peaks are assigned to methyl end groups in the buIk and monolayer

environments.

These assignments were confirmed by studying an octyIphosphonic acid (OPA)­

Zr02 sample treated by zirconating with a ZrOCl! solution. Spectra before and after

treatment are shown in Figure 3.8.

B

OPA.~

*

....
OPA·Z1'Ot. Zr

Il 'l' lili I:tfil.la ••• '1'" ':t' il lit."'. i r-l~i~-'--'l--Tl--r,-'--r--r'~i ~.-r-~~l -'1
40 20 ppm 0 225 100 0 ppm -150

Figure 3.8 [Je CPMAS spectra (left) and IIp CPMAS spectra (right) ofZrO!-OPA with

and without added Zr~ as indicated. Spectra were acquired in 2000 scans~ with contact

times of3 ms and recycle deIays of3 s. *- inclicates peaks due to bulk ZrOPA.

The methylene groups in the chain centers resonate at 30 pp~ indicating that this

shorter phosphonic acid is conformationaIly disordered at room temperature, and the end

methyl group is at 125 ppm.. The surface bound phosphonate headgroup gives rise to a
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broad .Hp peak at 25 ppm as descnoed previously. The zirconation leads to addition of a

new peak in the IIp.spectrum at 7 ppm; the result of Zr4-- reacting with weakly bound

OPA moiecules to produce some bulk ZrOPA. The llC spectrum. no\v displays two

methyl peaks~ confirming the assignment of the peak at 14-15 ppm as the methyl in a

buIk hydrocarbon environment and the upfield peak at 12.5-13 ppm as methyls at the

hydrocarbonlair interface. In a complete monolayer environmen~ chain termini are

expected to remain very disordered at room temperature. For highly ordered systems such

as a1kanethiol SAMs on planar gol~ evidence of clisorder at the chain ends has been

observed for temperatures as low as lOOK.li The metal oxide particles used here have

rough surfaces and exhibit varions types of surface boncling both of which may be

expected to lead to a Iack oforder and high population ofthe gauche conformations at the

chainends.

3.3.4.1 Dependence of SAl\'[ conformational order on chain length

The y-gauche effec~ which was used to study the relative degrees of chain order

ofODPA on a variety ofsubstrates, has aIso been used to study the effect ofchain length

by examination of the t3C soUd state NMR. spectra of a series of aIkylphosphonic acids

absorbed on zirconia. This substrate was chosen because the reaction with ODPA was

strongest, and the monolayer coverage was highest. The series of acids (CJf~t)-P03H2

(with n=8712714716~18) aIl gave similar J1p spectra on reaction with zirconia, with the

broad peak at -26 ppm being assigned to monodentate bonding through the phosphonate

headgroup. The 13e spectra ofthese systems are shown in Figure 3.9.
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As shawn previously ODPA-Zr02 displays a predominantly ordered environmen~

with a small disordered shoulder at -31 ppm arising from some gauchoid segments~

Decreasing chain length. is accompanied by an upfield shift of the interior methylene

resonances~ with the spectrum of the oetylphosphonic acid system showing a resoLvable

peak for the C6 carbon at 33 ppm and shifting ofthe inner methylenes (C4 and CS) to 30

ppm~ The chams with less than 16 carbon atoms are disordered at room temperature. This

same cut-off length was observed for gold aIkanethiols.!6 The gold alkanethiol systems

undergo distinct chain length dependent phase transitions observable by ose. The peak

maxima of the DSC thermograms occur at 22~ 41 and 51°C for CI~' Cl6 and Cl8

respectivelYt sa that gold aIkanethiol monolayers with 16 or more carbon atoms are

ordered at room temperature.26

3.3.4.2 Thermal disordering of Zr01-ODPA, SiOiZr-ODPA and bulk

Zr(03PCtSHJ7)1

On heating~ the hydrocarbon chains in the Zr02-ODPA system undergo thermal

disordering, causing a gradual upfield shift ofthe carbon signal originating from the inner

methylene group~ as shown in Figure 3.10a.
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Figure 3.10: (a) The spectra displayed for temperatures above 60°C were acquired by a

single pulse experimen~ since the chain mobility decreases the cross-polarization

efficiency~ and this IO\1lers the signal-to-noise ratio. The cross-poIarization spectra which

were also taken for compariso~ confirmed the dat~ but had a significantly poorer SIN

ratio. By sooe the chain peak intensity has shifted to 31 pp~ indicating that the chams

are predominantly disordere~ and above 60°C littie change is seen. The thermal

disordering is fulIy revemole, the spectrum retuming to its original appearance on

cooling. Spectra were acquired in 2000 scans with a contact time of 3 ms (CPMAS

experiments) and a recycle de[ay of5 s. (b) ue CPMAS spectrum at -Ioooe.

The low temperature spectra are aIso interesting~ the peak arising from the mobile

chain termini at 13 ppm, as discussed in section 3.3.4, remains at the same shift in the

spectrum acquired at -loooe (shown in figure 3.10b). However the shoulder for gauche

chain populations at 31 ppm is not present at this temperature. Since the 13 ppm peak was

assigned to chain end gauche defects" it is apparent that these ends remain dynamicaIly

disordered at Iow temperature~ as seen in the aIkanethioI SAMs on planar goId

substrates.2S
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The J1p spectra were aIse acquired at each temperature~and remained unchanged

throughout the chain melting process, indicating that the integrity of the substrate­

phosphonate headgroup bond is maintained. The Ti02-ODPA system aIso undergoes

reversible chain melting over a simiIar ternperature range.

In section 3.3.4, the spectrum ofODPA deposited on zirconated silica was shown

at 120oe, in order to praye that the two end methyl peaks observed arase from buIk and

monolayer chain ends. The Methylene peak at this temperature indicates that only partial

disordering has occurred, the chains showing a broad resonance at 31 ppm. The formation

ofbulk material aIso occurs for shorter aIkyl chams., as evidenced by the presence of two

methyl peaks in the spectrum. Figure 3.12 shows BC CPMAS spectraof(CJI2rt)-P01Hz,

n=12,14,18 on zirconated silica. No chain length dependence is observed, with ail the

systems showing methylene carbon shifts of 33.5 ppm due to chains in an aIl-trans

conformation. This is further evidence ofbulk rather than monolayer formation.
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C18-Zr/SiÜ2
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Figure 3.11 lle CPMAS spectra of zirconated silica-aIkylphosphonic acids (chain

lengths as indicated). Spectra were acquired in 10,000 scans with a contact time of 2 ms

and a recycle deIay of3 s.

A sample of semicrystalline Zr(03PCtaH17) was also studied by variable

temperature I3e CPMAS7 shown in Figure 3.12. Chain disordering is not complete until

above l IO°C, confinning the higher thermal stability ofthe bulk crystalline materiaL
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3.3.5 ID WISE

A further probe of chain mobility in the different regions of these samples was

provided by the ID WISE experiment descn'bed in section L4. This technique alIows the

indirect determination of proton Iinewidths, wmch are broad in crystalline soIids~ and

narrowed by moiecular motion..!4 The ID WISE spectra acquired for the two monolayer

samples; ZrO!-ODPA and TiO!-ODPA, and the spectrum of the bulk Al!Ol -ODPA are

shown in Figures 3.13, 3.14 and 3.15 respectively together with the slices in the proton

dimension for the hyclrocarbon chain carbons in the extended trans segments (&-33 ppm)

and the gauchoid segments (&-30 ppm).

ODPA-AI203

20

li i' i (' l' II i' li Il i i' 1
100 0 kIh ·100

•
Figure 3.13 ID WISE spectrum of Al20 l -GDPA; spectrum was acquired in 142 scans

with a contact time of 3 ms and a recycle deIay of 3 5.. The proton evolution period

consisted of128 increments wit&. a dwell time of l ~..
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Figure 3.14 ID WISE spectrum ofTi02-ODPA; spectrum was acquired in 500 scans

with a contact tinte of 5 ms and a recycle delay of 1 s. The proton evolution period

consisted 0 f 64 increments with a dwell time of2 IlS.
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Figure 3.15 ID WISE spectrum of Zr02-oDPA; spectrum was acquired. in 148 scans

with a contact time of 3 ms and a recycle delay of 2 s.. The proton evolution period

consisted of128 increments with a dwell time of l !1S.
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The bulle Al20 3-ODPA sample exhibits two domains with very different proton

Iinewidths. The 30 ppm carbon peak bas an associated [H Iinewidth of only -7 kHz,

typical ofa highly mobile chain.. The trans carbon peak at 33 ppm has a corresponding IH

Iinewidth ofâul /! =52~ comparable to those seen in crystaIline polymers. By contrast,

the TiOz-ODPA monolayer sample~ which aIse has so-called trans and gauche regions

yields corresponcling IH Iinewidths of-20 and -7 kHz respectively. The narrow width of

the proton line associated with the so-called trans region ret1ects a less rigid packing of

the aII-trans chains compared with the packing seen in a bulle crystalline structure. A

similar Iinewidth is also observed for the proton line associated with the single resolvable

methylene carbon peak of the Zr02-ODPA (dUtJ2 =23kHz). Comparable reductions in

proton linewidths of the trans chains are evident for both the silica-OTS system and

octadecanethiol-capped goId colloids. In the former case, the substantiai motion of the

chains was thought to be aIlowed for by the underIying siloxane network. In the goId

aIkanethiol sample the headgroup size along with the small particle size is thought to

provide the additional volume needed for chain motion. The ZrO! particles have a much

larger particIe me, 50 that any intercalation is thought to he negligible, and chain packing

shouid he similar to that observed on pIanar substrates. The loose packing of the chains

must therefore be due to headgroup size and defects in surface bonding.

3.3.6 Spin diffusion

A number of attempts were made to carry out spin diffusion experiments on the

TiO!-ODPA syst~ where separate domains of ordered and disordered chains can be

seen by l3e CPMAS NMR.. The dipolar tilter and Goldman-Shen puIse sequences were

unabIe to preferentially remove the rigid component. A series of ID WISE spectra with

incremented spin diffusion times aIso failed to isolate any appreciable spin diffusion.

These pulse sequences succeed when the differential in dipolar couplings is large (i.e. the

rigid and mobile regions have significantly different tH Iinewidths). Here the differential

is reIatively smaII (20 and 7 kHz)~ so it is impossible to discriminate against the more

ordered component. In Iight of the small domain sizes caiculated for the Sî02-OTS
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system (see Chapter 2), ft is aIso possible that the different phases in this sample are not

sufficiently separated.

3.3.8 2D Exchange

1tp ID exchange spectra were carried out on non-spinning samples ofTi02-ODPA

and ZrO!-ODPA in order to detennine whether the proposed rotationaI motion of the

hydrocarbon chains along their a.xes involves concomitant motion of the phosphonic acid

head group. Spectra are shown in Figures 3.16 and 3.17 for Zr02-ODPA at room

temperature with mixing times of 10 ms and 500 ms respectively. The slight growth in

off diagonal intensity on increasing the mixing time suggests some slow motion of the

phosphorus atom. This motion is likely random reorientation on the surface. Sînce we

propose a monodentate binding, this motion could involve very slow smalI angle

reorientations about the -P(OzH)-Zr surface linkage. Given the lack of substantial weIl

defined off-diagonal patterns such as those seen in dimethylsuIphone~a two site exchange

is unlikely. Further interpretation of this data requires the use of simulation programs.

These spectra \lIilI be repeated at higher and lower temperatures to confirm that a

dynamic process is occurring.
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Figure 3.16 3lp ID exchange spectrum ofZr02-ODPA (statie) with a mixing time of 10

ms. Spectrum was acquired in 660 scans with a contact time of 3 ms and a recycle delay

of l s. The evolution period consisted of 128 increments with a dwell time of20 J1S•
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Figure 3.17 :np ID exchange spectrum. ofZrO!-ODPA (starie) with a mixing time ofSOO

ms. Spectrum was acquired in 660 scans with a contact rime of3 ms and a recycle delay

of l s. The evolurion period consisted of 128 increments witb. a dwell time of20 IlS-

3.4 Discussion

Of the four substrates used in this study, Zr02 produces the most ordered

monoIayers. Once again the potential of Oc CPMAS NMR. in assessing chain

conformation has heen demonstrated. In addition this system. bas aIso benefited from the

use of11p CPMAS NMR. In spite ofthe heterogeneityofthe Zr02 surface, and the large
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size ofthe phosphonic acid headgroUP7 the bonding between SAM and substrate is strong7

and the resuIting monolayers have a high degree ofconformational order7 although with

significant motional freedom around an axis paraIIel to the chain a.xis. TiO! provides a

less satisfactory substrate7 with a higher fraction ofdisordered. chains7 lower coverage and

a weaker interaction between the phosphonate group and the aride surface (as indicated

by the smaller IIp shift). Subsequent work bas produced more highly ordered monolayers

on titani~ and ùptimization of preparation conditions is ongoing in our laboratory.

Reaction with Alla] produces a buIk aluminoalkyl-phosphonate7 rather than the desired

monolayer structure. Literature from the supplier on this surface indicates that the Allal

is more susceptIble to attack by acids than the titania and zirconia samples. The use ofa

silica substrate is aIso shown to be problematic due to the formation of a buIk complex

when a Zr primer layer is employed. The other alternative primer layery that of a

phasphonic acid terminated silane is unfortunately prone ta the prablems commonly

associated with the alkylsilane monolayers, namely vertical polymerization and lack of

surface siloxane bonds.

The high conformational order and coverage displayed by the ZrO!-OOpA

system make it a good model for ID SAMs on planar metaI arides. The reIatively large

average particle me as compared ta the gold colloids produces monolayers without

intercalation with chains on other particles" since extensive intercalation is only pOSSIble

with very small particles (2-5 nm). The mobility within the hydrocarbon chains appears

to he similar to that of the gold thioIs~ while the end methyL groups~ which are at the

hydrocarbonJair interface rather than a bilayer type environment, are more disordered in

the OOPA mono[ayers. The principle importance of the NMR study lies in the more

complete dynamic and structural picture offered by l3C and IIp CPMAS NMR, compared.

with earlier data from vibrational spectra.. Like the alkyIsiIane system discussed in

Chapter 3? the ZrO:t-ODPA and TiOl-ODPA systems contain conformationally ordered,

but motionaIIy disordered chains. The presence ofconsiderable motions about the chain

axes make the dynamic state ofthese SAMs more closely resemble that ofalkyI chains in

stiffmacromolecules with flexible side chaîns, ormodel hilayer systems•
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The IIp spectra aIIow more detailed analysis of interfacial bonding, which in the

case ofZrOl-aIkylphosphonates is most probably due ta monodentate surface-phosphonic

acid ester linkages. These spectra aIso confirm the simiIarities in bonding to SAMs of

different chain lengths, permitting the elucidation of the dependence of conformational

order on chain Iength (chains with less than 16 carbon atoms are disordered at room

temperature).

V'ariable temperature ne CPNfAS specna of bath Zr01-ODPA and riûl-OOPA

indicate a reversible graduai thermal disordering which is complete by 60°C. The

presumed monodentate surface bonding mode would lessen the steric constraints on the

rough surface ofthe metal oxide, while the large size of the phosphonate headgroup will

increase the free volume available to the chains. Both these factors allow for more motion

of the chams. In the bulk zirconium phosphonate salt the cross section of the chains is 25

Â (as estimated from X-ray diffraction studies ofbuIk zirconium. phosphonates),1 which

is large compared to the cross section of 18 Afor the chams in crystalline polyethylene.35

In the buIk structure the phosphonate headgroup is tridentate, with the oxygen atoms

bound to three ditrerent Zr ions. Here the aIkyl chains have large tilt angles ofaround 310
•

The monolayer bas [ess steric constraints and the Iarger available free volume is cIearly

manifested in the greater mobility of the chains at room temperature, and the relatively

Iow temperature orthe chain melting procedure (-60°C, compared with -120oe in bath

the bulk zirconium phosphonate and the alkylsilane SAM). As evidenced by the

broadness of the transitio~. the cooperative nature of the order/disorder transitions is

restricted due to the attachment of the headgroup. The ID exchange spectra Îndicate some

very slow motion of the phosphonate group OCCUIS. Further variable temperatnre studies

will confirm that the observed patterns are motion related.

These resuIts are helpful in considering the behavior of the thiol SAMs on goId

(to be discussed in Chapter 4). The evidence suggests that order-disorder transitions are a

generaI feature of self-assemhled monolayers. The simiIarities observed between. the

aIkylphosphonate systems and the aIkane thiols,. in. spite of the differences in substrate

me and surface type (Le. sphericaI for the metal oxides compared with faceted surfaces

on the gold coIIoids) shows that these transitions are inherent to self-assembled chains.
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The aIkylphosphonates are descnoed as ID SAMs, while the intercalation caused by the

smaIler me of the goId particles has 100 ta their being descnèed as 3D SAMs, yet the

correspondence in the cbainlength dependence ofthe order-disorder transition, aIong with

cIear evidence tbat the headgroups in both cases remain immobilized shows that the

nature ofthe transitions is inherently simiIar in both cases~
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Chapter Four: Surface bonding issues and the effect of terminal

hydrogen bonding on the structure and dynamics of aIkanethiol-capped

gold particles.

4.1 Introduction

Many of the structural and dynamic properties of aIkanethiol SAMs on gold

colloids have aIready been studied using the soUd state NMR techniques employed in the

preceding chapters.1 The synthesis ofhigh surface area analogues of the ubiquitous planar

gold-aikanethioi systems! proved helpful in resolving some of the questions conceming

conformational order along the hydrocarbon chains.l In previous wor~l the broadening of

the [le spectra on absorption of both long (18 camons) and shorter chain (7 carbons)

a1kanethiols onto colloïdal goI~ aIong with the complete disappearance of the carbon

resonances of those nuelei closes! to the sulfur headgroup has been cited as evidence ofa

strong interaction with the metal surface. In addition the y-gauche effect observed in [Je

CPl'JfAS NNIR has been observed for the octadecylthiol-capped gold and the ID WISE

spectrum yields proton linewidths of -20 kHz for the conformationally disordered

shoulder at 31 ppm and -35 kHz for the all-trans region. The similarities between these

results and those obtained for the metal oxide-octadecylphosphonic acid systems was

explored in Chapter 3. One important factor in considering the gold colloid substrates is

the smalI size of the goId nimoparticle~ which Ieads to significant intercalation between

groups ofchains on neighboring particles as shawn by transmission electron microscopy.

This will aIso affect the free volume available to the hydrocarbon chains. Chain Iength

dependent orderldisorder transitions were observed as a graduaI increase in the

component at 31 ppm and concomitant decrease in ïntensity of the 33 ppm peak. The

overall degree of confonnational ordery along with the degree of thermal stabiIity was

found ta be increased for a hydroxy terminated aIkane thio~ HO(CHJI6SH on goI~

which underwent chain meIting at around 70°C compared with SSOC for Au-SC1aEi17-
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Synthesis of Ile Iabeled gold-thioIs was carried out in arder to better determine

the nature of the metal-thiol bon~ which bas been the source ofmuch speculation in the

literature.~ Suggested bonding modes have included goId thiolates (RS-l) and diaIkyl

disulfides (R-S-R). In the first part ofthis chapter~ Ile CPMAS NMR spectra of l-Ile and

2-tlC labeled CH3(CH:J12CH!S/Au colloids and [AU{SCI4H!9})11 polymer complexes~

aIong with their unlabeled shorter chain (4 carbons) analogues will be presented. It is

believed that these spectra are indicative of the formation of a thiolate bond on

chemisorption of the aIkanethiois to gol~ and tha~ in spite of the intercalation between

hydrocarbon chains on adjacent colloids~ the correspondence observed between the

properties of the SAMs on colloidal and p[anar surfaces is good enough that this

conclusion about the bonding mechanism can be extended ta the planar SAMs.

Finally the effects ofhydrogen bonding on chain conformation and stability have

been further investigated through the solid-state NlvIR spectra of CO!H terminated

aIkanethioIs of intermediate chain length deposited on gold colloids. As discussed in

Chapter 3~ the simple aIkanethiols are disordered for chain lengths under 16 carbon

atoms. The presence of carboxylic acid moieties is shawn to significantly improve

thermal stability~ offering a number 0 f possibilities for future study.

4.2 Surface bonding characterization

Use of the go[d-~ethiolcolloids in exarninÏng the nature of the surface bond

depends on the viability ofmaking a direct link between these nanoparticle systems and

the planar systems. This connection has been proposed on the basis oftbree simiIarities:

a. an excellent correspondence between the chain-Iength dependent order/disorder phase

transitions observed both by ose and variable temperature FTIR spectroscopy studies on

both systems.5

b. the fact that the coIIaids are actuaIIy highly faceted,. with (Ill) and (IaO) single crystal

faces" as shawn by high resolution electron microscopy6 (the III face is the one generaIIy

used. in 5tudies on planar gold samples).
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c. the simiIarity in gauche hydrocarbon chain populations at room temperature as

detennined by FTIR studies.

Since the aIkyl chain spacing, chain tilt and cooperative thermal behavior are

Iargely controlled by the surface bonding, the assumption that both the planar and

colloidal systems exhibit similar structural features seems reasonable. The similarities in

the mode ofalkylsulfur-gold bonding is confirmed by XPS data.7

The nature of the interracial region c:m be imrestigated by solid state ~~1R, but

unlike the alkylphosphonates and aIkylsiIanes, no information is available from the

headgroup itself: This is because the Dg nucleus is quadmpolar (it has spin 5/2) which

make resonances too broa~ and relaxation times too rapid for spectra to he observed. In

addition the extensive line broadening of those signais for carbons close to the gold

surface makes resolution of individuai carbon sites difficult. For this reason the Ct,; thiol

capped gold and its equivalent polymerie complex have been selectively nC labeled as

close to the headgroup as possible. The solid state Ile CPMAS NNIR spectra of the Cl

and C21abeled nanoparticles and complex are sho9in in Figure 4.1,. along with spectra of

the unIabeled shorter 4-carbon thioI nanoparticIe and complex. The chemical shifts are

sumrnarized in Tables 4.1 and 4.2.. together with shifts for the free thiol, thiolate and

disulfide salts. The selective peak enhancement provided by labeling indicates that in the

l-IlC and 2-IJC labeled Ct.JS/Au colloids, broad resonances are seen for Cl and C2 which

are shifted downfield by 18 ppm and 12 ppm respectively from the unbound thioI shifts.

Comparison of these shifts with the Cl and C2 shifts in the C14 thioIate salt, shifted

downfieId ftom the free !hiol by L7 ppm (Cl) and 52 ppm (C2) preclude the formation

of a simple physisorbed thiolate sait, the shifts being much too large. SimiIarly other

weakly associated organosulfur species can be eIiminated from consideration; the l3C

chemical shift trend in the nanoparticles, where C2 is 4 ppm downfield from Cl is the

reverse of the shifts observed in the disuI.fide or suIphonate where C2 appears upfield

from Cl by 9.6 ppm and 22.9 ppm respectively. When attempting to assign the peaks and

determine the most Iikely farm of the goId species, it is therefore important to consider

both the (X and li camons, sinee the C2 shifts are aIso known to be sensitive to

substituents. SimiIarities in shift between only Cl or C2 and the model vaIues MaY be
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coincidentaL By observing the trend ofboth the Cl and C2 shifts~ it was concluded that

the nanoparticles were MOst similar to the polymer~ suggesting that the Au-S bonding is

comparable in these two systems.

The inclusion of the shifts of the diamagnetic Au(l) aIkylthiolates

[Au(I){SCt~H29}ln in this study was aimed at ruling out a metallie contribution in the Cl

shift of the thiol-capped colloids. Although lJC Knight shifts have only previously been

reported for camons directly bound ta metaIs~S it was considered mat the Knight effect (a

shift contribution from the conduction electrons of the gold core) May be operationaI

here. Knight shifts for adsorbates on metals such as Pt and Pd are confirmed

experimentaIly if the relaxation follows the Korringa law, i.e. a linear relationship is

observcd between Tt and temperature. The contribution of the Knight shift leads to Uc
shifts wmch are much greater than the usuaI chemical sbift range of diamagnetic

organometallic species. The modified nanoparticles do not exhibit Korringa behavior, the

spin-Iattice relaxation time shows a temperature dependence which is typical of dipolar

rela.xation in the slow limit side of the correlation rime vs. Tl curve. However additionaI

confirmation that a Knight shift is not responsible cornes from both the Cl and C2

resonances in the [Au(l) {SCt.JH29} 1ft and the [Au(I){SC.J~} III complexes. In both

cases,the Cl and C2 shifts are coinciden4 appearing at about 40 pp~ which is a

downfield shift of -16 ppm for Cl and -4-5 ppm for C2 from the parent thioI. The

majority of Au(l) thiolates are reportedly 2-coordinate with linear polymeric or ring

strucmres.9 The corresponde~cebetween the shifts ofthe complexes and the nanoparticles

as indicated in Figure 4.1 suggest that the former can be used as a structural analogue in

mling out the contribution of a metallic Knight effect. This means that the large

downfield shifts seen for those carbons closest to the headgroup much originate from

interactions between the goId and the sulfur•
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Figure 4.1 t:IC CPMAS spectra of varions goIdthioI compounds as indicated. For the

nanoparticles between 1O~OOO and 2S~OOO scans were acquired., while the polymers were

acquired with 100 to 1000 scans. Contact times were 2 ms~ recycle delay was 3 s. The

inset shows a DANTE experiment orthe C2 Iabeled AuSCt~ nanoparticle. This spectrum

was acquired in 100 scans~ with a contact time of2 ms and a recycle delay of 3 s. The

DANTE sequence employed 12 pulses with a fp of0.7 ils and a ~of IOOIlS•
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c.;~
C.;f4SH C4~SNa (C4HgS)! AU(l)SC4~ AulSC4Hg nanoparticlesl:

(thiolt (thiolate);l (disuIfide)b (complex)C shift width(kHz)

Cl 24.1 24.1 38.9 40.1(sh 38)d -461: 1115

1
C2 35.9 38.6 31.4 40.1d -46e 1115

C3 21.3
1

21.6 21.7 23.4 252 285

C4 13.3 13.1 13.7 14.7 15.0 265

Table 4.1 Carbon-13 Chemical Shifts (8 (ppm» for R = C~fIqS. a Solution spectrum. b

from reference 13. c: Solid-state spectrum. d Deconvolution yields twa peaks integrating at

3:1. e Integration yields two carbons.

C1-lH!9 Cl-lH!9SW Cl-lH!9SNa~ (C[4H!9S)!~ Ct!H:!5S0~a~ AU(l)Cl~H!9c AulSCt4H!9c

Cl 24.5 26.2 39.2 52.74 40..l(sh 38)" -42& 1300

C2 33.9 39.1 29.6 29.87 39.4& -461 1015

Table 4.2 Carbon-13 Chemicai Shifts (8 (ppm» for R = C~~S. a. Solution spectrum. b

from reference . C Solid-state spectrum. d Deconvolution yields two peaks integrating at

3:1. e Integration yields two carbons. r Two peaks integrate as 1:1. g From Uc Iabeled

thioL

Speculation in the Iiterature in regards to the goId-suIfur interaction bas suggested

either a metal-thiolate or a metal-disuIfide bond.1 The Cl shifts in the Au(I) complexes

(40 ppm) and AulSCt4 nanoparticles (42 ppm) are closest ta those of the unbound

diaIkyIsulfides (39 ppm).. WhiIe this could he indicative ofdisuIfide type bonding in both
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the complex and, by extensio~ the thiol-capped colIoi~ there are exampIes in the

literature ofsimilar shifts for thiolate rather than disuIfide structures. Fijolek et al studied

a silver alkylthioI comple'41o AgS(CHJ1CH1, which was fully characterlzed by Raman

spectroscopy, elearly indicating that the bridging organosulfur is a thiolate. lJC NIv1R of

the aIl trans faIm of this compIex yielded peaks at 15.8, 226.4, 39.3 and 40.5 ppm. It

therefore seems unIikely that the gold-sulfur bonding mechanism can be definitively

assigned on the basis ofcorrespondence with the shifts of the unbound diaIkylsnlfide. As

stated previously, the trend in both Cl and C2 shifts must he eonsidered, and for the

present the relationship between the complex and the colloid system seems ta suppon the

assertion of a metaI-thioIate bond. Finally this assertion is supported by the Raman

spectra of the Au(!) thiolate complexes which are not consistent with a bridging disulfide.

In addition to the large shifts of the Cl and C2 camons in the goId aIkanethioI

nanoparticles, the !JC NMR spectra are notable for the extreme broadness of the Cl and

C2 resonances. These linewidths vary linearLy with field strength (the linewidth measured

at 2~ being one third of the linewidth acquired at 7~). This kind of field

dependent broadening must arise from a distribution of isotropie chemical shifts, or

similar shift-Iike interactions snch as the Knight shift or bulk magnetic susceptibility

(discussed below).

rn arder ta confirm that a residual linewidth in the soUd state which can not be

narrowed via magic angle spinning is inhomogeneously broadened an experiment

whereby strong irradiation a~ one frequency within the broad line produces a hole in the

lineshape can be carried out. Strong irradiation at one frequency within a homogeneously

broadened line will reduce the intensity of the whale lineshape uniformly.ll A

holeburning spec~ acquired by the Dante pulse sequence descnèed in sections 1.4 is

aIso shawn in Figure 4.1 and demonstrates that the [ine is indeed inhomogeneously

broadened.

As discussed previouslYt the Knight shift has been ruled out as a possible cause of

broadening. Inhomogeneous broadening via existence of a range of isotropie shifts

probably arises from the presence of different chemisorption sites and/or non-sphericaI

particle shapes. As desco"bed previouslYt the goId colloids are actuaIly facet~ so that
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thiolates can be adsorbed. onto either the (111) or (100) faces of the smaII crystaIlites as

weIl as on edge and corner sites. In diamagnetic substances materiaIs tend to slightly

exclude the magnetic lines of force~ so that the internai field experience is somewhat

Iower than the appIied field. This effec4 known as bulk magnetic susceptibilityI2 stems

from the magnetic moments of the electrons~ and causes a slight shift in ail NMR signais.

The effect is usually too smaII to be of concera However in muItifaceted particle~ the

BNIS will vary tàr each type of tàce and it must theretbre be considered a potentiaI source

ofbroadening. The linewidths ofeach carbon site in the short chain AulSC4 nanoparticle

are aIso shown in Table 4.l~ the fact that the line broadening drops offsharply along the

chain is probably an indication that a chemicaI shift distribution is the major contributor

(the BMS effect wouid have a more graduai decrease along the chain).

In summary, the similarity in 13C chemical shifts of the Au/SR colloids and Au(!)

aIkylthiolates suggests that the chemisorbed species on the gold nanoparticle is probably

a thiolate rather than a disulfide. The faceted nature ofthe particles give cise ta broadened

lines for the Cl and C2 positions. No e~idence of a Knight sbift contribution to the Cl

shift is observed. The close correspondence observed thus far~ between the properties of

thiols absorbed on planar and colloidal surfaces indicates that any conclusions based on

l3C NMR studies of gold-sulfur interactions in the nanoparticle system can he

legitimately transferred to the planar RSIAu SMfs.
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4.3 The effects on chain stability, structure and dynamics of terminal hydrogen

bonding in the goId-alkanethiol nanoparticle system.

4.3.1 Introduction

The effects of terminal group induced hydrogen bonding on the dynamics and

thermal stability of the gold-alkanethioi system has been investigated for a wide variety

of terminal groups.lJ Addition of terminal groups other than methyl entities has

implications not only on structural properties of the SMls themselves, but aIso opens up

possibilities for further reactive steps, catalysisI4 and chemicaI sensor design.ls Surface

hydroxyl and carboxyI groups provide useful sites for chemicai transformations, e.g.

reactions with alkanoic acids or bases to give bilayer type structures stabilized by

hycirogen bonds.16 Characterization ofthese functionalized films~ has been predominantly

carried out on pIanar samples and using the usuaI methods popuIar in such studies,

principally~ ellipsometry, XPS and electrochemical investigations. Such work bas

ascertained that while intramonolayer hydrogen bonding can increase film stability/7 it

may aise introduce conformational disorder through electrostatic repulsive interactions

between polar terminal groupS.t8 The extent to which this disorder penetrates aIong the

hydrocarbon chain is aIso a relevant concem. Studies on planar systems have yielded a

number of results, sometimes contradictory. Polar derivatives are prone ta environmentai

contamination,. snch as moi~ adsorption, 50 that long tenn stability May be low.19

Certainly the hydroxy terminated monoIayers seem to be problematic, with. evidence for

Iong-term reorganization, the rate ofwhich depends on chain Iength and temperature.20

Fortunately the functionaIized monolayers can aIso be încorporated into the

colloidal goId-alkanethioI synthetic procedure. ResuIts ofsolid state m.1R ofthe hydroxy

terminated alkanethiol-capped goId nanoparticles have been reported previouslY71 and

will be presented here only as a basis ofcomparison for the carboxyl terminated systems.

Like the unfunctionalized SAMs7 a close correspondence is seen between resuIts on the

planar and colloidal systems~ e.g thermal transitions are observed at 70°C for the HO­

(CHJ16S-Au colloid as seen by variable temperature Ile CPMAS and for the pIanar
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system ofthe same thiol investigated by electrochemistry. Such similarities in behavior as

seen by techniques with very different time scales and sensitivities is a good indication

that the two dimensional and three dimensional systems are closely reIated.

4.3.2 Results and discussion

The presence of the carboxyl groups greatly enhances the conformational order

seen in the SAMs. Due to this increased stabilization conferred on the assemblies by the

intra particle hydrogen bonding~ chains as short as eight carbons in length display IJC

spectra indicative 0 f hydrocarbon environments with a predominantly trans chain

structure~ as shawn in Figure 4.2.

In addition~ this chain ordering persists to much higher temperatures~ with the

onset of chain melting occurring at 140°C~ and a completely liquid-like spectrum. ooly

visible at 160°C. The FTIR spectra also retlect a high degree of order~ but more

informative is the position of the C=O stretching ban~ which appears at 1ï08cm-l
, a

value typical for systems with extensive hydrogen bonding. No band is seen at l 740cm-1
,

sa that no non-hydrogen bonded carboxyl chain ends are present.

This increased thennal stability is not ooly significantly higher than that observed

for hydroxy term.inated thiols (where the transition temperature is only increased by about

20°C from the methyI terminated thiol}, but is also accompanied by evidence of much

greater dynamic stability uqder ambient conditions. The ID WISE spectra of the Au­

S(CHz}t60H and Au-S(CH:J7C01H samples, along with the proton slices of the 33 ppm

tlC peaks are shown in Figure 4.3. The acid terminated SAl'A: displays a proton Iinewidth

of53 kHz" a value typicai of rigid soIids, indicative ofa immobilized hydrocarbon chain

structure.;!! By contrast the aIcohol terminated. monolayer bas a reduced. proton Iinewidth

of around 30 kHz,. and a triangular shape Iinewidth. This dipolar sIice is simiIar to those

seen for the aIkylphosphonic acids and indicates that considerable motion occurs aIong

the chain axis ofthe aII-trans aIkyl chains.Z!
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Figure 4.2 Ile spectra ofHOzC(CHz),s-Au nanoparticles at the temperatures indicated.

At 20 oC the spectrum was acquired by CPMAS in 1000 scans with a contact time of2 ms

and a recycle delay of2 So. At 160°C direct Oc polarization was used with 200 scans and

a recycledeIayof5 5..
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Figure 4.3 ID WISE spectra of (A) HO(CHJ16S-Au and (B) HO!C(CHJ~-Au

nanoparticles. Spectra were acquired in. 1000 scans with a contact time of 2 ms and a

recycle delay of l s. The proton evolution period consisted of32 increments of2 ILS•
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An additional indication of static character is given by the carbon Iinewidths for

particular sites or regions. The carboxyl chain tennini of the Au-S(CH:J7COJ{ system

resonate at 182 ppm. This resonance is quite bro~ àUlJ!- 325 Hz~ consistent with a

distribution of hydrogen bonded states at the monoIayer/air interface. Comparing the

three termini- methy~ hydroxy and carboxy- and their effects on the hydrocarbon chains~

carbon linewidths ofàUlJ2 -170Hz, -205Hz and -230Hz respectively are observed for the

inner methylene (33 ppm) carbon peak. Thus both the terminal alcoho1and the terminal

carboxylic acid groups increase the population of gauche defects within the hydrocarbon

chain region. However the disorder induced is similar~ despite the much more extensive

nature ofthe hydrogen bonding in the Au-5(CH:J7CO!H system.

An understanding of the nature ofthis bonding is desirable in assessing ho\v the

stahilization effect works. Sînce no solvent is present in the system~ three possible

mechanisms for hydrogen bonding exist:

a. interactions between acid groups on adjacent particle faces

b. interactions between acid groups on the same particle

c. interactions with surface bound water

The first two ofthese are depicted in Figure 4.4.

intramonoIayer
H-bonding

c!0'-'~~

'O-H-~

interparticle
H-bonding

•
Figure 4.4 Figure depicting intIamonolayer and interparticle hydrogen bonding•
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A potential model for the formation ofhydrogen bonding network is suggested by

the thermal behavior of the system. As stated previously the chains do not melt until

160°C. On cooling the system recrystallises, but a small residual disordered component

persists as evidenced by the shoulder at 31 ppm. A degree of hysteresis is also indicated

by the narrower linewidth of the carboxyl resonance at 182 PP1I4 which narrows on

heating, and remains narrowed (dUlJ!-180 Hz) after the first heating cycle is complete.

Subsequent application of a second heating and cooling cycle leads ta apparently

permanent disordering of the assemblY7 50 that on cooling the chain peak remains at 30

ppm7as shawn in Figure 4.5. The 2D WISE spectnlm at this stage is shown in Figure 4.6.

and indicates a much higher chain mobiIity. This behavior seems to suggest that on initial

heating and cooIing7 rearrangement of the hydrogen bonded network occurs, and a

disordered chain component is trapped in the monolayer structure. If this hysteresis were

related ta complete chain desorptio~ the resuIting high mobility of the free alkanethiol

moeities would be seen in the 1 puise (no cross poIarization) experiment. In fact use of

direct polarization does not give any evidence of untethered chains7 and the signal-to­

noise ratio of the l3e CPrvrAS WYIR. experiment actually improves after the two heating

cycles (this effeet is most probably due to a coincidental change in the CP rela.xation

parameters).

Further study of the disordered system Ieft by the second heating cycle showed

that in fact very slow recrystallisation of the chains does occur. 13e CPMAS and ID

WISE WYIR. spectra of the. sample taken several weeks after the two heating cycles

proved to be identical to the spectra of the virgin sample. Thus not only is the system

highly stable, but the disorder incurred at very high temperatures takes place via sorne

gradually reversible reorganization in the network. The proposed model is as foI1ows:2J

constraint of the Q) terminus through hydrogen bonded carboxylic acid groups alters the

chain dynamics ofthe SAM through the strength orthe hydrogen bond.ing~ aIong with the

interchain Van der Waals forces. The rigid crystaIline carbon chain regionst and

concomitantly higher thermal transition temperature depend on intra-monolayer hydrogen

bonding between chains on the same face. This produces bundIes which are bonded

IaterallYt and therefore are more closely packed and motionaI1y restrained.
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, 1 (

50

Figure 4.5 IJe CPMAS spectrum ofAuS(CHJ7COJl at room temperature before (above)

and after (middIe) heating to 160°C twice as weil as severaI weeks Iater (below)•

Spectrum was acquired in 1000 SC3DS7 contact time was 2ms7 recycle delay 1s.
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Figure 4.6 2D WISE spectrum. of AuS(CHJ7C02H at room temperature immediately

after heating to l60°C twÏce. Spectrum was acquired in 1000 scans~ contact rime was

2ms~ recycle delay ls. proton evolution period 32 increments with a dwell of2 J,ls.

The structural disorder following the first heating cycle \vouid presumably be due

ta a change in the ratio of iotra and interparticle hydrogen bonding as depicted in Figure

4.4. The persistence of the gauche defects on cooling would be aided by the hydrogen

bonded network which wouId effectively lock the defects into place. Further annealing

Ieads to total disordering, which may be due to dimerization of carboxyl groups on

neighboring gold particles.

The FTIR. carboxyt bands, as mentioned earlier, are a good measure of

dimerization. In the planar systems two C=O stretching bands are seen at 1740cm-( (non

hydrogen bonded monomers) and 1718cm-( (IateraIly hydrogen bonded acid dimers). The

dimerization of carboxylic acid groups may be sterically hindered in a close-packed

SAM, but the hydrogen-bond formation may energetically compensate for the barrier

associated with rotation of the terminaI C-C bond- WhiIe bath free and bonded forms are

seen on the planar substrate, as noted previously, the colloidal system does not display a

band for unbound acid groups.. The frequency of the carboxyl group, seen at 1708cm-r,

wouid be consistent with head-to head dimerized aIkanoic acids. The change from intra ta

inter particle bonding can be seen. as a change from a two dimensional to a three
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dimensional type networ14 where the thermal treatment causes debundling of laterally

bound chains on a single face and promotes interparticle bonding with associated loss of

order.

This model will be tested by the preparation of systems with different

hydrocarbon chain lengths and by variable temperature infrared studies. In addition a

more extensive variable temperature Ile NMR study ofthe hysteresis is pIanned. Through

heating and cooling to different temperatures it is possible to obtain more detailed data

on thermal transitions.!4 The kinetics involved couId be compared with similar slow chain

reorganization processes observed in sorne polymer systems.

rn conclusion~ the presence ofstrong hydrogen bonds between terminal carboxylic

acid groups was found to induce order in intermediate chain length SAMs on gold

colloids. Unlike the methyl and h.ydroxyl terminated chains 0 f the same Ien~ which. are

motionally isordered and exhIoit reversible chain-Iength dependent order-disorder

transitions~ the all-trans chains of the HO!e(CHJ~-Au nanoparticles are in a thermally

stable~ motionally restricted state with a very high chain melting temperature. It is

proposed that the strong thermal hysteresis observed may be due to a rearrangement of

the hydrogen-bonding network from ID (intraparticle)-like to 3D (interparticle)-like.
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Part One: Conclusions, contributions to original knowledge, ideas for

continued research.

The synthesis of self assembled monolayers on small metal oxide particles and

metal colloids bas been shown to result in systems which are generaIly good modeI

analogues for the two dimensional~planar systems. The increased surface area of these

samples is particularly helpful because it allows the use ofsolid state~ a technique

which suffers from sensitivity problems and can not be used on the two dimensional

SAl\Jfs (e.g. those deposited on silicon wafers). The studies outlined in the previons

chapters represent a breakthrough in the understanding of the structural and dynamic

properties of monolayers, by providing a molecular Ievel characterization method with

which to investigate particuIar regions of the systems. Whereas planar substrate­

monolayer samples could ooly be investigated on an atomie scale by~ and other

wode obtained more general information about composition (e.g. by electron

microscopies etc.), the nanoparticle based SAMs have been examined by l3e and ID

NMR experiments, and where relevant by Hp and 29Si NMR. These e..xperiments have

shed much Iight on the principle areas of int~ namely the issue of the nature of

surface bonding at the interfacial regions of the three different systems, as weil as the

chain arder and dynamics ofthe monolayers themselves. The principle conclusions drawn

from the NMR data are surnmarized below:

Surface bonding

• !9Si NMR has been used to compare the siloxane network formed at the interface of

the silica particles and the oetadecylsiIane monolayers. The network is similar to that

seen in the polysesquisiloxane produced by rapid b.ydrolysis of OTS~ and consists

predominantly ofR-Si(OH)(O-Si)z linkages•
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• The modes ofsurface attachment seen in the SAMs ofphosphonic acids vary greatly

according to substrate. Jlp NMR has shown that the bond with TiOz is comparatively

w~ while reaction with the ZrO! surface is stronger and probably occurs via a

monodentate linkage. The synthesis of DDPA monolayers on AIzOl and zirconated

silica produced buIk metaIa1kylphosphonates.

• Alkanethiols are chemisorbed ante the gold colloids via a thiolate linkage: a covalent,

two-coordinate bond similar ta that observed in Au(I) thiolate complexes. Assuming

that the two dimensional system bas the same structure, this resolves a long-standing

debate about the nature of the goId-sulfur bond.

Chain arder, dynamic and thermal transitions

• The hydrocarbon chams containing 18 carbon atoms exhibit similar dynamic states in

all three SAM systems. Lie CPMAS can determine whether trans and/or gauche chain

confonnations are present. AIl the monolayers have large trans populations, the OTS­

silica and ODPA-titania samples aIso show substantiai gauche populations. The

mobilities orthe so-called trans chains in aIl the systems studies have been more fully

characterized by the 2D WISE experiment.. The proton linewidths of the

conformationaIly ordered signais indicate chat the chains are more loosely packed than

conventional crystalline ~amples. The chains appear to undergo axial rotation about

the chain axis and trans-gauche isomerizations~ with a large mobility gradient aIong

thechains.

• On the rough surfaces provided by the nanoparticles~a1kylphosphonate and aIkanethiol

monolayers ofchains with. less than l6 carbon atOInS are conformationaIly disordered.

• Chainlength dependent order-disorder transitions occur in both aIkylphosphonate and

alkanethiol SAMs, as foIIowed by variable temperature oC CPMAS. The

octadecyIsiIane SAMs aIso undergo reversi'ble thermal disordering, but tbis OCCUIS at
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much higher temperatures due to the sterie constraints imposed by the siIoxane

backbone. In none of these cases is chain melting accompanied by desorption of the

SM! from the surface.

• In the case of the silica-OTS system~ the differenees in mobility between the

crystalline and amorphous regions were used as the basis with which to carry out spin

diffusion experiments \ia selection of the mobile component through the dipolar filter

sequence. The resulting regrowth in intensity of the crystalline peak during an

incremented mixing rime was analyzed to give an approximate domain size of3.5 nm~

which was shown ta be a reasonable resuIt in light of the substrate size.

• The inclusion of terminal carboxylic acid groups on the aIkanethiol monolayers greatly

reduces the chain motion. This confers conformational order on chains much tao short

to he ordered by Van der WaaIs forces aIone~ and greatly increases the thermal

stability of the chains.

Future research ideas

The experiments described here have concentrated mostly on the study of simple

aIkyI chains grafted to a variety of surfaces. The silica-OTS system is more difficuIt to

synthesize than the metai-oxide phosphonate systems~ but it would he useful ta determine

whether annealing of these samples wouId induce tùrther condensation of the silanol

groups~ increasing the strength ofthe assembly. The aIkylphosphonate and gold aIkylthiol

systems offer easily taiIored SAMs which can be further exploited in fundamental studies

including:

• The influence orthe snbstrate OD the IDOUQ(ayerproperties

Evidence bas shawn that the goId colloids are not actually sphericaI, but consist of

truncated octahedra with (Ill) and (100) single crystal faces. This bas led to the assertion
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that the gold particles offer planar surfaces for the attached aIkyl chains which then exist

in bundles on the crystal faces. It bas proven difficult to synthesize larger gold colloids

wim which to explore this issue~ but this approach would be helpful in resolving this

question.

The metal orides used in the deposition of aIkylphosphonates are more readily

available in a variety ofsizes. Preliminary results ofan ODPA SAJ.\If deposited on smaller

3 Dm spherical ZrO! colloids indicates a completely disordered environment. The

characterization of a number of different sizes of titania and zirconia colloids is being

undertaken as a precursor to studying the effects of surface curvature on monolayer

properties. !H lineshapes and llC chemical shifts will be used to determine a limiting

radius ofcurvature ofID behavior.

A number of alternative substrates are also being investigated as surfaces for the

deposition of alkylphosphonate SMIs. Colloidal SnO! and CC-AI!OI are being

investigated. In addition further work is underway ta produce primed silica surfaces.

Although use of a Zr.J~ primer layer proved unsuccessfu1~ it is possible to create a POIR!

surface via silanization with an amine terminated silane. This reaction will be monitored

by IlC. :9Si and IIp NMR. These substrates exlnbit an opticaI response based on the

substrate type which makes the properties of monolayers deposited on sucn materiaIs

worthy offurther study.

• Molecular interactioDs in self-assembled monolayeT§.

The influence of the presence of two adsorbing groups on the deposition of SAMs

remains relatively unexplored. A study of~ Q}- aIkanedioic acid (H02C(CHJ30C02H on

siIver1 found that a monolayer of tightly folded molecules is formed. The alkanethiol

system has been modified to incorperate dithioIs which form networks of goId

nanoparticles. In the study of aIkylphosphonate multiIayers~ sequential adsorption is

achieved by aItemate addition of~ Q)- organobis(phosphonic acids) and metaI ioDS_

AIthough structural studies indicate a Iinear increase in. film tbickness as Iayers are added,

as yet there is no evidence to determine whether both acid groups ofa molecule attach ta
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the surface ta form a looped structure. This issue will he addressed by the synthesis ofa

series ofamphibolic surfactants containing phosphonic acid functional groups at one en~

and a second functional group (p03H~ Oa C02H or NHJ at the other. :Hp~ lJC and IH

solid-state NMR will be used to investigate the extent of looping, hydrogen bonding

between terminal groups and the effect of chain lengths (specifically whether a chain

contains an even or odd number of carbon atoms). This will reveai the specificity of the

phosphonic acid-substrate interaction and the role played by competition between

different types of intermolecular forces on the seU:assembly. Selective deuteration May

aIso be useful in studying the mobility ofsuch systems. The behavior ofsnch bifunctional

SAl\1s is important in the design of functionalized surfaces.. as weil as the assembly of

multilayers.

As demonstrated in Cbapter 4.. the presence of terminal groups capable of forming

hydrogen bonds has a dramatic effect on the stability and dynamics ofSAMs. The ID H­

bonding network formed in thio1 and phosphonate functionaIized monolayers will be

examined by IH CRAi\1PS~ offering the opportunity to use proton isotropie shifts to

determine H-bond Iength.! This informatio~ which can not he obtained through X-ray

diffraction for immobilized monolayers will be helpful in ascertaining the spacing and

acid-base interactions of the terminal groups. This information has applications in the use

ofSAM-based templates for crystal growth and biosensors.

• Studv ofmiXed roonolayersr

The dipolar filter sequence used in Chapter 2 for the determination ofdomain sizes in

the silica-OTS monolayer system offers a powerfuI tool for the study ofmixed monolayer

systems. The issue ofphase segregation in such systems is difficuIt ta study because very

few techniques exist with which to study spatial distributions on the 1-100 am scale. The

preparation of mixed films is of interest for applications such as artificial receptor or

molecuIar recognition sites in biomimetic systems. Previously the evidence for phase

separation bas come from scanning probe microscopy techniques, which. are not

sufficiently sensitive to fully characterize these systems. Mixed manolayers of thiols or
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phosphonates would provide an interestïng sample for Ile detected proton spin diffusion

measurements.
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PartTwo

ChapterOne

General Introduction

1.1 ConventionaI I!9Xe ~IR.as a probe of host structures

NMR. studies ofgases suifer from the same types ofsensitivity problems as those

encountered in the soUd state. In addition to the limitations imposed by the Boltzmann

distribution., a further restriction in the signal me is introduced by the lower density of

nuclei in the gaseous state. Nevertheless, NMR ofgas phase samples is used bath directIy

on samples of interest, and as a probe, where it is particularly useful in studying high

surface area substances, providing the degree ofadsorption is large enough ta produce an

observable signal. Gaseous samples do offer sorne unique advantages including the

significant reduction of intermolecular effects and in sorne cases the potentiaI to

extrapolate NMR variables to the limit ofzero-density to give the moiecular properties of

an isolated molecule. l In general both temperature and pressure can be varied in a sample,

and the variation in chemicaI shift can he modeled by a viriat expansion:

Equation 1.1

•

where ôl are the chemical shift parameters, and p is the pressure. This expression can he

madified ta take mta account whichever terms are appropriate for a given species and set

of physical conditions. The quadratic and higher terms are due to collisions between

more than two bodies and can be negIected for pressures Iess than 50 atm. Comparison

with condensed phase data cm give important information about soIvent effects,. while

interpretation ofchemical shift data ofgases physisorbed anto surfaces~or trapped inside
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pores~ can he an adclitional resource in the study of solids. It is this second technique

which will be explored. in this part ofthe thesis.

Amongst the NMR active nuclei available for gas phase studies~ 12~e is one of

the most versatile and widely employed. The 129Xe atom has no quadrupole momen~ is

large (free diameter = 4.4Â at room temperature) and chemically mert. Xenon is absorbed

mto samples often withou! greatly affecting the environment to be prob~ sinee its

principle interactions are via Van der Waals forces. The large number ofelectrons in the

atom give rise ta an extensive chemical shift range~ as indicated in Figure 1.1 ~ and smalI

changes in the environment will have a significant effect on the chemical shift.

Xe06~ XeF6 XeF% [C~sXer Xe on Pt/Na-Y• ~ ~ ~ ~

1 ( [ (
7500 5000 2500 OPPM-- ~, , \

, ,,' ~- \- ~-- \- ,- \--' ,- \-- ,

Xe/polyethylene XelNaY gas reL Xe!AgY

(Solid( (Liquid 1 ~ ~ ~

1 1 1

~ 300 -t200~ l00~ 0 -4Oppm
XelH2S{S) Xe/quinoL XeJH20(l) XelPolyacrylic acid

Figure 1.1 The chemical shift range observed for 129Xe.

Two xenon isotopes are accessible to NMR stndies. The l~e nucleus has spin

112 and 26.44% natural abundance and comprises the basis ofthe majority ofwork in the

literature. The 131Xe nucleus bas aquadrupoIarnucleus (spin 312) and natura! abundance

of21.18%. WhiIe the relaxation times of the~e nucleus can be very long in the pure

gas form (ap to an hour), the TI of xenon adsorbed inside solids is typically much
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shorter, in the range of a 10 ms to a few seconds. This alIows signai averaging to he

carried out on sealed samples~ to increase the signal to noise.

The sensitivity of 129Xe to local environment bas been exploited in many studies

of zeolites, cIathrates and porous materiais. The gas is aIso moderately soluble in many

liquids and the amorphous regions ofsoIid polymers, and has been used to investigate a

variety of systems ranging from proteins in solution to polymer blends. l'I[any review

articles have appeared on the use of xenon as a probe. The work on zeolites has been

reviewed by its principle authors, Ito and Fraissar~: and an additional more

comprehensive and critical paper bas been produced by Barrie and Klinowski.J In the

latter paper it was suggested that the net 129-){e chemical shift in zeolites couId he

describe~ by analogy with the viriaI expansion expression of the chemical shift

de~[oped for pure gaseous samples, as a sum of terms resulting from the various

interactions 0 f the xenon with its environment:

Equation 1.2

•

wbere Ôo is the reference, Ôs is related to collisions between xenon and the surface of the

adsorbate, ôxe-Xc.PXe arises from xenon-xenon interactions (and for low pressures

involving two-body collisions only will vary Iinearly with xenon density), ÔE is a term

invoked by Fraissard to account for the observed dependence of chemical shift on

excbangeable cations in the zeolite samples and ÔM is an extra term for use in situations

involving paramagnetic species.

A variety of zeolites were studi~ chemical shifts being recorded for dehydrated

samples and quoted relative tO a pure gas reference extrapolated to zero pressure. In the

simplest case, that ofzeolite Y, where onlyone possible adsorption zone is available, the

predicted linear increase ofchemical shift with xenon Ioadin~ arising from the ÔXe.;.ce.Pxe

term was observed. However tùrther experim.ental evidence disclosed finIe variation

when other small cations were us~ leading to the assertion that SE was equal ta zero~

Extension ofthe investigation ta other zeolite structures also gave Iinear dependencies of
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weak.. Thus the van. der WaaIs~ terms are the only significant ones. Various approaches1.2.J

have been proposed for the modeling of xenon shifts including statistical mechanical

caiculations in which a dispersive interaction between a pair of atoms or molecules is

considered, and a continuum model which treats the solvent as a homogeneous medium.

The initial investigations ofpolymers by 129Xe ~"MR.are reviewed by Miller.! The

morphology of homopolymers can be assessed by the chemical shift and breadth of the

xenon resonance. Sefcik et al. studied poly (vinyl chloride)O which displayed. a very broad

resonance at 250 ppm (75 ppm wide) indicative of adsorption sites small compared to

those in zeolites (chem.ical shifts typically around 60 ppm), and a heterogeneous

environment. Similarly a conventional study of poly(ethyl methacrylate)~ PEMA, by

Stengle and Williamson7 found a downfield shift of 193 ppm from the ftee gas resonance

at 8S'C. A decrease in temperature was found to cause a further downfield shift due to the

decrease in free volume caused as the polymer became more dense. The linewidth was

sharper in this sample (-1 ppm), but the decrease in temperature caused linebroadening as

the rapid diffusion between sites POSSlOle at higher temperatures became slower and the

distnbution of resonances due to heterogeneity became apparent. Studies of

polyethylene'~indicated shifts consistent with extrapolation of a plot of l29Xe chemical

shift vs. density for n-aIkanes. This result corroborates the assertion that absorption

occurs into the amorphous regions only. The temperature dependence and behavior ofthe

129Xe resonances around the glass transition point will be further discussed in Chapter 3,

where a series ofpolyaIkyI(methacrylates) are investigated by optically polarized 129Xe

NMR to provide a bridge between the conventional studies and the hyperpolarized xenon

experiments.

Regions of different heterogeneity, or separate regions within copolymers and

polymer blends can often be distinguished by xenon NMR even in the presence of

diffusioll- In a study oftm.crossIinked EDPM rnbber,IO four different amorphous regions

were identified. On crossIinking the number ofpeaks decreased,. and there was an overaIl

downfield shift attributed to densification ofthe polymer.
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Observation of multiple peaks in the spectra of polymer blends depends on the

xenon diffitsion time being long on the NMR. experimental timescale. Multiple peaks

have been observed in a variety ofsamples (including varions blends ofpolychloroprene,

poLyisoprene and epoxidised polyisoprene)~ll and are unambiguously associated with a

phase separated morphology. However~where a single line appears, this can not be taken

as conclusive evidence of miscibility. The blend may aIso he separated into sufficiently

smaIl domains such mat rapid diffusion averages the signal. Unlike the investigations of

porous structures, the existence ofmuItiple sites in the poLymers can not be confinned by

cooling the temperature to slow down diffusion,. since the xenon will be forced out of the

interchain void spaces helow the glass transition temperature (Tg). Temperature

dependence studies of relative solubility and the chemical shift can be helpful in

confirming miscibility. A study of a black copolymer of polystyrene and polyjsoprene1
:

round that while two resonances were observe~ these were broader than in the pure

materiaIs and increased in breadth with decreasing block size't indicating that the xenon

exchange between the two phases causes a Lifetime broadening. An investigation ofphase

transitions in a blend of polyisoprene and polybutadiene found that variable temperature

I!9Xe NMR was a more sensitive probe ofmorphology than calorimetry.u Heating of the

blend Ied to a phase separation detected by the appearance of two separate peaks wmch

subsequently recoalesced over time due to polymer Ïnterdiffusion to reestablish the

original miscible blend structure.

Although snch studies are mainly qualitative rather than quantitative in nature~

varions attempts have been made to better tm.derstand the physical processes involved.

The temperature dependence of the chemical shift has been modeled by Cheung and

Ch~l~ who proposed a free volume model which was tested on polypropylene and poly(4­

methyI-l-pentene), PMP~ and applied to the results of Stengle et al. on PEMA. Here a

short range attractive potentiaI between the xenon atom and the polymer was used­

However the mode! worked best for the PW, and was less successful for the other cases.

An alternative approach was suggested by Miller et aI.lS who proposed a scheme based on

an earIier model of gas diftùsion in polymers. The vm der Waals shift model assumes

that the xenon atom creates a hole between the neighboring polymer chains~ and the shift
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is proportional to the work required to break the van der Waals t bonds between the

chains, as calculated by a Lennard Jones potentiai. This model is more successfuI,

predicting the temperature dependence of most polymers above Tp as well as the

magnitudes of the chemical shifts ta an accuracy of+/-10%. Ofcourse, the model did not

hold for PEMA below its Tp where the assumption of rapid exchange is mos! in errer.. In

addition, since it involves a n smooth tuben approximatio~ it is not appropriate for

polymers with bulky side-groups.

1.2 OpticaI Pumping- a brie! history

The use of optically polarized xenon to enhance the NMR signal is a recent

advance based on work done by physicists following the discovery of the laser.. The

xenon is not directly excite~ instead the increase in nuclear spin polarization is created

through spin exchange with optically excited rubidium atoOlS (81Rb).16 A full quantum

mechanical theory has been developed to fully characterize the process,li here a more

intuitative overview will be presented. Figtl4~ 12 shows how optical pumping with laser

6gbt of a particular wavelen~ 79S~ creates a large polarization of the rubidium

electron spins. 11I

Figure 1.2 Schematic depicting the population buildup caused by circularly polarized.

light incident on aIkali metal electons. Dashed Iines represent relaxation processes.•

P (-1/2)

intersystem
crossing -.....--1lI!III1-- P (+1/2)

[

1
1
t
1
1
1
1
1

'- 1

~ ~~+,
~ S(+1/2)

population build-up



•

•

137

In order to selectively excite electrons between the desired magnetic sublevels of

the electronic states~ circularly polarized light, denoted in the diagram by (1+, is used.

Electrons in the 2St12(-1/2) sub-state will be excited according to the transition mIe

dm=+I, giving a population increase in the 2Pt12(+1I2) state. From here, intersystem

crossing will also populate the 2Pt12(-1/2) substate. Subsequent relaxation of the system

can occur either to the original ground state~ from which further e."<citation can occur~ or

to the 2S la(+1/2) substate. Thus optical pumping leads to a population inversio~ i.e. a

build up in the number of electrons in the rubidium 2Sta(+1/2) sublevel. This effect bas

been observed in a variety ofalkali metal atoms including rubidium, cesi~ sodium and

potassium, and the physics involved has been the subject of detaiIed investigation}'

Subsequent e.xperiments determined that angular momentum. produced in the pumped

ensemble of atoms could be transferred to other particles.:G In the presence of certain

noble gases, for example, the principle source of relaxation for the optically pumped

rubidium. was found to occur through the process of spin exchange, in \vhich the electron

spin polarization of the rubidium is transferred to the nuclear spins of gases such as

129X :1
~ e.

Comparisons between experimental evidence and theoretical calcuIations of spin

rotation coupling constants detennined that the energy transfer process takes place

through the formation ofshort Iived van der Waals molecules.:: This situation is depicted

schematicaIly in Figure 1.3.
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Figure 1.3 Schematic depicting the transfer of polarization between an electronically

excited mbidium. atom and a xenon nucleus.

The process involves a tbree-body coilisio~ in which the lifetime of the Rb-Xe

species is longer than that which wouId be the case in a simple binary collision. The spin

exchange between the electrons and the nuclei is caused by the Fenni contact interaction.

The Rb-Xe molecuIes are then broken up by further collisions ~ith other atoms or

molecules wmch cIissipate the anguIar momentum. of the combined species. The overaII

effect ofthis process is ta alter the population ofthe nuciear spin states~ producing a large

non-equihorium nuclear magnetization ofthe t~egas. CIearly this has ramifications for

the NMR. process~ the combination of optical pumping with NMR. offering a novel

method ofincreasing sensitivity.
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1.3 HyperpoIarized l~e~IR

Conventional xenon NMR is carried out by evacuating a sample~ then freezing a

known pressure of xenon into the tube and either seaIing the glass or using a high

pressure valve.:! Because of the low sensitivity~ high pressures of gas (Le.. severa!

atmospheres) are onen neede~ and the resuIting sampies may require long acquisition

times. When combined with the NMR experimen4 optical pumping leads to an optimum

signal enhancement factor of -1 O.$,. This approacn was first reported in 1991 ~:Il when

polarized 12~e NMR was used to detect the signal arising from the interaction of xenon

with the surface ofbenzanthracene (surface area -0.5 m2/g) and a low surface area carbon

black (surface area -10 m!/g). The low surface areas and the long relaxation times of

xenon adsorbed on organic materials wouId have prevented observation of these surface

signaIs by conventionai l29Xe NMR.. A subsequent study of a polymer surface~

polyacrylic aci~ further demonstrated the potential of this technique.~ The contribution

to the chemical shift from the xenon-surface interaction and an approximate diffusion

coefficient were estimated by combining the variable temperature and pressure chemical

shift data with xenon îsotherms. In order to probe only the surface,. these measurements

were carried out on a semicrystalline polymer far below the glass transition temperature

to avoid any diffusion of xenon into the polymer. We have extended this experiment to

thin organic films and polyniers in the vicinity ofTg where a signal for polarized xenon

dissolved into the polymer can be detected. This will be discussed in the following

chapters.

Other areas have aIse been investigated by optically polarized [!9Xe NMR.. Some

preIiminary reports in the Iiterature include; a study of semiconductor nanocrystals of

CdS,. ta investigate the surface distribution ofthe organic capping speciesZ6
; a stndy ofthe

influence of thennal treatments on the surface of a porons silicon (after anneaIing the

sample at 400°C~ the number ofdangling bonds increases wmch shortens the Tt ofxenon

but leaves the chemicaI shift dependence on temperature uncbanged.27); IJC0 2 bas been
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frozen fito polarized xenon and cross-polarization created enhancement of the Be
resonance3; poIarization of the surface proton spins of a polymer, poly(triarylcarbinol)

via a double resonance 12~e to lH cross polarization experiment:9; a double resonance

technique was aIse extended to enhancement of the surface proton signais of a fumed

silicasample.JO Biological imaging experiments and solution state studies have aIso made

use ofenhancement through polarization of129Xe.11J!>J3

This continues to be an active area of research~ amongst the most recent

developments are those based on a more complex. experimental set-up which uses high­

power diode lasers. This technique allows insertion of laser-polarized xenon ioto a

spinning rotor under continuons flow conditions.l4>JS Previously, the magnetization of the

poIarized xenon had been transferred to the surface protons ofa fumed silica under stade

conditions~ an experiment descnoed as spin polarized induced nuclear Overhauser effect

(SPINOE). The l29Xe spectrum of this sample at 173K exlnoits narrow peaks at 0 ppm

for the free gas and 302 ppm for solid 129Xe~ aIong with an additional resonance at about

150 ppm (with L\U[/2 =70 ppm) for xenon adsorbed at the surface. It is this adsorbed

xenon whose magnetization can be transferred to the surface protons. Spectra acquired

with and without laser illumination confirm that the observed proton peak at around 1.5

ppm is due to spin polarization transfer, with the efficiency ofthe SPINOE process being

temperatu..~ dependen~ and giving a m~ximum. intensity of 140% at 168~ where the

adsorbed xenon peak is MOst intense.

What the above Iite~ture review indicates is that at this point polarized l~e

NMR remains a relatively unexplored technique. Successful application of the method is

not automatic and is dependent on severa! factors. The experiment requires that xenon be

rapidly adsorbed into the region ofint~ and that equihoration of the gas with the

surface occurs before relaxation of the polarized xenon precludes the observation of a

signal. In the following chapters three areas of research will he descnàed. Immediately

foUowing the set-up ofthe experiment in the laboratory~a number ofstudies were carried

out on bulk polymers. These samples were chosen as a bridge from previons conventional

xenon stndies. Chapter Three descnoes this wode, in particular the study of a series of
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polyaIkylmethacrylates for which variable temperature polarized l~e NMR. spectra

were acquired above and below the glass transition temperatures ofthe polymers. Chapter

4 descnbes the extension of this approach to study the surfaces of the metal oxide-SAM

systems, and a number of metal oxide-polymer systems synthesized specifically for this

project. The aim was to use l~e NMR as a probe to examine the changes in mobility

observed in the monolayer and polymer chains anchored to a surface. The possibilities

and problems associated with this methodology wH! be examined.
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ChapterTwo

Experimental

2.1 Instrumentai

ï4.71-Nffiz !!9Xe single pulse Bloch decay spectra were acquired on a

Chemagnetics CMX-270 NMR instrument using a variable temperature staric probe with

a coil diameter of 9mm internai diameter. The probe can be heated or cooled using a

dewared stack which delivers gas directly into the sample region. Above room

temperature~ dry heated air is used while Iower temperatures are achieved by cooling

incoming nitrogen gas by passing through a coiI in a liquid nitrogen dewar. In this way

the temperature ofthe sample can he controlled ta within +/-loC. Temperature calibration

is carried out by acquiring a series ofspectra ofseaIed samples ofmethanol and ethylene

glycol and using the techniques outlined in reference 1.1 The t29Xe spectra were

referenced to a sealed sample of pure xenon containing approximately 2 atmospheres of

gas. The single free gas peak was referenced ta 0 ppm. This sample was aIso used to

determine the l~e 90° pulse widths, which were between 3.5 and 5 J.LS. An average of

400-50000 scans were acquired for the sealed samples, while the opticaIly pumped

spectra were acquired in l scan after 30 minutes oflaser pumping.

The laser beam for optical pumping of the rubidium-xenon mixture was produced

by a Ti-sapphire tunable-CW laser (Schwartz Electro-optics) in the single fi:equency ring

configuration. This laser was pumped by a water cooled argon laser (Spectra physics

modeI2030). A pumping power of 10 watts typicaIIy gave a 1.5 Watt beam at 794.9 Dm.

The experimental setup used to combine optical pumping with NMR is shown in

Figure 2.1. The gIassware is coated with SurfrasiIt a siliconizing agent wmch reduces the

rate ofwaII-induced relaxation ofthe pumped l~e.:tThe cell contains a film ofmbidimn

which is heated to between 80 and 120°C. The temperature required to vaporize the metal

varies depending on the amount of mbidimn suboxides dissolved in the metal fiIm.l It



NOTE TO USERS

Page(s) not included in the original manuscript
are unavailable trom the author or university. The

manuscript was microfilmed as received.

145

This reproduction is the best copy available

UMI



•

•

146

2.2 Sample preparation

Prior ta the acquisition ofoptically pumped l~espec~ samples were evacuated

at 90°C to remove physisorbed water (except for bulk polymer samples of Iow melting

points which were evacuated at room temperature). Sealed samples were made by

evacuatio~addition ofxenon and subsequent seaIing while the xenon was frozen into the

sample region.

2.2.1 Bulk polymers

In general buIk: polymers were used. as received from Scientific Polymer (New

York). Where samples were not available in powdered form~ polymers were powdered by

cooling in liquid nitrogen and grinding in a wiggle bug~ followed by sieving through a

100 mesa brass sieve.

222 Zirconia coated with polyethylene glycol

The high surface area zircania (Degussa) was the same substrate used for the

deposition ofseU:assembled alkyl-phosphonate monolayers in Part One. ft bas an average

particle size of about 30nm and a specifie surface ofaround 4Om.!/g. Polyethylene glycol

samples of two different molecuIar weights (Mw=400 and Mw=lO~OOO)were purchased

from Aldrich. Adsorption was carried out by addition of the oxide powder to 250ml of

ImM NaCI solution.~ A solution of the polymer was added to this suspensio~ reaction

was carried out for 48 hours under nitrogen and with pH adjustment to maintain pH=3.

The resulting samples were washed and centrifuged with toluene, dichIoromethane and

acetone. PreIiminary characterization of the coated sampIes was by elementaI analysis

and solid state Oc CPMAS NMR procedures simiIar to those descnoed in Pan One.

Bem.entaI analysis indicated a bigh. amount of organic material present in the samples;

8.4% carbon for the high molecuIar weight (IO~OOO)PEG on zirconia,. and 69% for the
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low molecuIar weight (400) PEG-ZrOzassembly. The selfassembled monolayer samples

are the same ones used in the conventional solid state NMR studies in Part One.

2.3 RET isothenns

Xenon isotherms were carried out on a number of the bare oxide and thin-film

sampies in order to measure the sunâee area and adsorption energies of xenon on the

surfaces. In generai the BET (Brunauer, Emmet, TelIer) isotherm.5 gave an e.xcellent fit to

the data. The treatment of isotherm data will be described as it arises in the text. The

apparatus used for these experiments is a standard volumetrie isotherm rack" provided

with bath xenon and helium reservoirs. Helium is used to carry out dead volume

measurements for each temperature at which an isotherm is obtainecL The samples are put

into a bulb with a narrow bore capillary attaehment blocked with glass wooL These are

then seaIed and inverted for attacbment ta the rack. The samples are heated at 100°C

under a diffùsion pump vacuum of 10-6 torr for 12 hours prior to isotherm measurements.

The pressure is read with an Edwards pressure gauge accurate to +/- 0.1 torr. Cold baths

ofliquid nitrogen and linearalkanes are used and the temperature monitored to +1-loC.
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Chapter Three

Optically Polarized 129Xe NMR ofBulk Polymers

One of our principle aims in this work has been to develop the use of polarized

129Xe as a permeate ofpolymers in order to study both. chain. mobility and the diffusion of

gases into polymer systems. To this end we decided to compare semicrystalline and

amorphous polymers. In general, xenon diffuses exclusively into the amorphous domains

of semicrystalline polymers where chain. motion creates free volume in which the xenon

can reside.1 In conventionall~estudies using sealed samples, adsorbed 129Xe signais in

both semicrystalline2 and amorpho~ polymers are still observed below the glass

transition. However, a break in the dependence of chemical shift on temperature is

observed around TI' and the xenon permeates more easily above Tg.

The rate of diffusion of xenon into polymers is a function of temperature,

pressure, surface are~ and chain mobility. Xenon diffusion coefficients range between

O.lx 10.1 to 10 x 10-; (cm!/sec) for amorphous polymers above their glass transitions.-l

Thus on the time scale of the polarized xenon experiment, we are probing severa!

micrometers iuto the polymer, keeping in mind that the diffusion will he slower at the

low xenon pressures ( < l atm) typically used. As discussed below, this has implications

for the l~e peaks observed in semicrystalline polymers using the optical pumping rather

than conventionaI sealed sample technique.

3.1 Polypropylene

Polypropylene samples were investigated by conventional and polarized xenon

mvm... Differential scanning calorimetry (OSC) confirmed that the Tg vaIues of these

sampIes are in the range -23 to -28
Q
C and the degree of crystalIinity was -- 37%. The

IBxe NMR. spectrum obtained with. one scan using the opticai pumping method is shown

in Figure 3.1a. Conventional lExe NMR spectra. ofa seaIed sample were aIso acquired,



•

•

149

Figure 3..1b~ in which the acquisition times were around 20 hours~ as compared ta a few

seconds for the single acquisition used with the aptically pumped gas.. The signal at 0

ppm is due ta gaseous xenon and the broad resonance centered at 216 ppm is due ta

xenon adsorbed in the amorphous regions ofpolypropylene..

The aptically polarized l~e shifts on polypropylene were studied as a function of

temperature.. Variable temperature spectra are shawn in Figure 32.. As the temperature is

Iowered the shift and linev,idth of the adsorbe<! 129Xe resonance graduaUy increase and at

-20°C the resonance is no longer visible.. The disappearance ofthe adsorbed peak is due ta

the decrease in mobility at the glass transition which greatly retards the diffusion of

xenon into the amorphous domains of the polymer.. The graduai increase in rigidity as the

polymer is cooled aIso causes broadening of the ~e resonance~ as the mobility of the

polymer affects the mobility orthe gas.. Slower xenon migration leads to observation ofa

wider range of isotropie shifts. ft should be noted that a seaIed sample study of

polypropylene! observed peaks for xenon dissolved in the polymer below Tg (and a break

in the temperature dependence of the l29J(e chemical shift at TJ. This is likely due to the

difference in timescales of the two experiments, where the use ofoptically polarized I~e

relies on rapid diffusion iota the polymer chains. In conventional studies, the gas bas

much longer to permeate iota the sample.. This difference in the way in which the glass

transition is manifested is not observed in the studies of amorphous polyaIkyl

methacrylates, for reasons to be discussed below.



•
L50

A

1 i • i 1 1 1 • , 1 1 1 1

300 250 200 150 100 50 0
chemical shift (ppm)

B

[ i •

300
1 i •

250
• i ( , • i , i • 1 1

200 150 100 50
chemical shift (ppm)

o

•
Figure 3.1 129Xe NMR spectra of xenon absorbed on polypropylene. A) Optically

pumped xeno~ 1 scan, acquisition time (including pumping) 30 minutes and B)

conventionai sealed xenon sample~800 scans~ acquisition time 10 hours.
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Figure 3.2 Variable temperature optically polarized ~e NMR. spectra of xenon

dissolved in polypropylene at the temperatures indicated. Spectra were acquired after 30

minutes optical pumping..
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3.2 Poly(n-alkyl)methacrylates: Amorphoos Polymers

Optically polarized 129xe spectra of poly(n-butyl methacryIate) Oeft)~ poly(iso­

butyl methacrylate) (center) and their copolymer (right) are shawn in Figure 3.3. At room

temperature the chemical shifts for the dissolved xenon peak are 199~ 206 and 204 ppm

respectively. The glass transition temperatures are at 29.9 oC for p(n-BMA)~ 56.6 oC for

p(iso-BMA) and 352 oC for the copolymer. The spectra observed for the copolymer

dispIay only one adsorbed 129Xe peak intermediate in shift to that of the two

homopolymers. This suggests either a rapid exchange of the dissolved xenon between the

different polymer sites~ and/or intimate mixing of the copolymer constttuents. There are

reports ofconventional xenon NMR. in the literature in which two peaks are observed for

block copolymers.s Miscible polymer blends are e."qlected ta show ooly one peak. Our

sample is a random copolymer with two similar constituents~ 50 the lack of phase

segregation indicated by the single peak is expected. In sorne of the spectra a resonance

near but separated from the free gas resonance is observed. This arises from gas residing

in the interparticle spaces. This is also observed in other samples and will be discussed

below.
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Figure 3.3 Variable temperature opticaIly polarized l~e spectra. of xenon adsorbed

in poly(n-butyl methacrylate)~ poly(iso-butyl methacrylate) and their copolymer.

Temperatures are shown in degrees celsius•
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In contrast to the polarized ~e spectra observed for xenon adsorbed in the

unbranched polypropylene7 signals for 129Xe adsorbed in polyaIkyI methacrylates are

observed at much lower temperatures~ up ta 60°C below their Tg values. Results for

poly(n-butyl methacrylate) show that xenon rapidly dissolves into the polymer at -30°C

(60 degrees below TJ~ whereas in poly(methyl methacrylate) the adsorbed peak does not

appear until the polymer is heated to 100°C (5 degrees below TJ. The molecuIar motions

of the poly(alkyl methacrylates) have been studied by conventional NMR.0 The main Ct

rela.xation (or slow chain motion) stops at Tp while the localized side chain motions~or 13

processes persists into the gIassy state.

The free surface is known ta affect the glass transition of polymers, where a

depression in Tg is observed at the surface because of the reduced chain density.7 This

effect can not be studied by solid state NMR. as the concentration ofsurface nucIei is too

low compared ta the bulle. In. addition conventional soUd state NMR e.xperiments study

the glass transition indirectly via probing of chain dynamics. The chain motions

associated with glass transitions are slow on the NMR timescaie. As shawn above,

polarized 1l9Xe~[R gives a direct observation ofTr It was hoped to use this experiment

ta detect a separate surface glass transitiOD, however the near surface region probed by

the polarized xenon experiment (0.1 - 10 micrometers) is essentially buIk-like with no

separate surface Tg being detected.

In the case of the poly(aIkyI methacrylates)t the degree to wmch the dissolved

xenon peak persists below the glass transition is related to the Iength of the side chains.

Sînce the bulkier butyI sidechains create a larger free volume for the xenon to occupYt the

gas can readily permeate this polymer far below Tg. Presumably~ as the side chain is

leDgthen~ the ~e signal will be observed until stiIl Iower temperatures. However,.

there is Iikely a limiting value for the side chain Iength above which crystallisation ofthe

aIkyl sidechains prevents any gas adsorption. In f~ l~e spectra of paly (octadecyl

methacrylate) did not display adsorbed xenon peaks at any temperature. These NMR.

experiments may thus be ofuse in the investigation ofgas permeability in polymers.

Miller et ai.. bave developed a van der WaaIs shift model which accurately

predicts the dependence ofthe I~eshift on temperature for a variety ofpolymers which
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are approximated as smooth tubes.! Providing the xenon loarling is sufficiently low to

disregard xenon-xenon collisions (a condition more adequately fuIfiIled by the lower

pressures used in the optical pumping experiment) and the xenon itselfdoes not alter the

polymer (aIso a better assumption at low xenon pressures)y the Lennard Jones potential

can he used ta predict plots of chemicai shift vs. temperature. However the presence of

bulky side groups complicates analysis of the 129Xe chemicai shiftsy since the polymer

tube approximation is no longer valid.

A plot of 129Xe chemical shift vs. temperature for aIl the polyaIkylmethacrylates

investigated is shawn in Figure 3.4. As in the case ofconventional l~e NMR studies of

poLymers in sealed samples under high gas pressuresy the plots of the chemical shift

against temperature are linear above Tg. The discontinuity is due to the densification of

the polymer at the glass transition since the xenon shift is inversely proportionai to the

available free volume. A study by Stengle and WilliamsonJ of poIy(ethyl methacrylate)

using sealed xenon samples aIso shows a break in the slope of chemicai shift vs

temperature at Tg. In fact the break is ooly small, and the authors point out that the

discontinuity in this case is better highlighted in the plot of linewidth vs. temperature.

Our extension to a wider range ofalkyl Methacrylates confirms this observation. In all the

poIy (alkylmethacrylates) where the dissolved xenon signal persists below the glass

transitio~ we see a break bath in the dependence ofchemical shift on temperature (Figure

3.4) as weil as in linewidth (Figure 3.5).
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Figure 3.4 Graph of adsorbed 129Xe shift against temperature for buIk poIy aIkyl

Methacrylates. Lines are to guide the eye indicating the break in the dependence of[~e

chemical shift on temperature at the glass transition temperatures. Tg values are: paly (n­

butyl methacrylate); 29..9°C~ poly (iso-butyImethacrylate); 56.~C~ n-buty~ iso-butyl

methacrylate copolymer; 35.2°C7 poIy (ethyI methacrylate); 6~C and poIy (n-propyl

methacrylate); 35°C.
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The smaller linewidths above Tg are due to the higher chemical exchange rate of

xenon amongst the distribution ofdifferent environments present in the amorphous phase~

although the polymer chain motions may aIso affect xenon line shape. The linewidths

above Tg for ail the samples are fmIy simiIar. Ofcourse, above the Tg the polymer chains

have significant mobility (exhibiting an aImost liquid-Iike state) and, ta the xenon atoms~

May appear to provide very simiIar averaged environments. Below the TI the resonances

are a function of the sidechain len~ the shorter the sidec~ the larger the linewidth.

EvidentlYt the shorter sidechain chain polymers create a more heterogeneous

environment.

ln conclusion, the optically polarized l~e NMR studies of semicrystalline

polypropylene and a range of amorphous poly (alkyl methacrylates) show that Tg can be

directly detectec4 but is manifested differently in the two types of polymer. In

semicrystalline polypropy[ene~ the glass transition is marked by the disappearance of the

adsorbed 129Xe peak. This effect should be Iooked for in other semicrystalline polymers.

In the polyaIkylmethacrylates the dissolved xenon peak is still observed below the TI' but

the glass transition is marked by a break in the dependence 0 f chemical shift and

linewidth on temperature. The extent to which xenon dissolves below Tl is related to the

size of the mobile sidegroups. An initial motivation was to look for a surface TI' but the

diffusion was discovered to he too rapid 50 that only the bulk Tl was observed.. It is

proposed that the observation of a surface glass transition May be possible through the

study ofthin polymer films..By coating a layer ofpolymeronto an inorganic substrate, a

free surface can he creat~ removing the effects ofbuIk polymer on the 129}{e spectra.

fnitiai investigations into l~eNMR.ofthin films will be explored in Chapter Four.

3.3 Exchange experiments

fn order to explore the dynamic nature of the xenon adsorption process in

polymers~ID exchange spectra of a sealed sample of poIy (n-butyl methacrylate) were

acquired at [Qom temperature at a range of mixing tintes. The principles of the

experiment are identical to those of the IIp tensor exchange investigation descnèed in
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Part One (ab. the pulse sequence used does not include cross-polarization) but the

resulting spectra are simplified due ta the observation of isotropie shifts only. Spectra

with mixing rimes of10 ms and 1 sare shown in Figure 3.6.

The longer mixing time is sufficient ta allow exchange of xenon between the free

gas and dissolved sites, leading ta the observed cross peaks. Ifthis experiment is carried

out on polymer sampIes consisting of monodisperse spheres of known dimensio~ then

the build-up of the cross peaks as a function of mi'"<ing time can he used to determine

xenon diftùsion constants (as shown in a study of polystyrene9 and for two model

polymer blends.S
) Sînce our polymer sample was nat praduced in a manner which would

produce controlled particle sizes, diffusion behavior can not he exactly determined.

However the spectra do show that xenon diffuses into the polymer on the timescale of-1

S7 consistent with the behavior observed in polarized xenon experiments.

In comparison an exchange spectrum with a mixing time of 10 ms of xenon

adsorbed on the surface ofa silica monosphere sample is shown in Figure 3.7. While this

sample is not directly related to the polymer sample~ the experim.ent demonstrates that

chemical e.'"<change in the silica system is faster because the xenon merely has to travel ta

the surface7 whereas in the polymer sample permeation into the bulk matena! is required.

The spectrum shown above in Figure 3.7 is the ID l29Xe spectrum which displays 3

peaks, a surface peak at -56 ppm, an interparticle peak at -4 ppm and the free gas peak at

-0 ppm. It is interesting to note that the exchange process in this sample involves not the

free gas, but rather the interparticle resonance (the ID data is shown as a contour plot to

more cIearly reveal this). The nature and origins ofthese shifts will be discussed more

fully in Chapter 4.
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Figure 3.6 ~e exchange spectra of a seaied sample of xenon in poly (n-butyl

methacryIate) at room temperature with mixing times of lOms (above) and ls (below).

The baseline distortians seen in the second dimension are due to insufficient data

acquisition length. in the tt dimension. Spectra were acquired in 100 scans with a recylcle

delay of16 s.. The evolution period coDSÎSted of64 increments with a dwell of25 J1S..



•
161

i i i , ,

co - 1
o

~---------------------------.....
Ut

~Î
1"'-

-20
1 1 •

o20
pp&

1

6050

J
1

1

!
'" 1

°i
j

1

1
l

~
~ 1

--,....--:--~-~-~-~-------,....-,....-,....--,....-,....--

•
Figure 3.7 I~e exchange spectmm ofa sealed sample ofxenon on silica acquired at

room temperature with. a mixing rime of lOms. The spectrum was acquired in. 1000 scans

with a recycle delayof 1 s. The evolution period consisted of64 increments with. a dwell

time of27.8 J1S. The one dimensional mxe spectnnn is shawn above.
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3.4 Polarization transfer experiments

One of the ultimate goals of this research involves the transfer of the large

optically pumped 129Xe nuclear poIarization ta other nuelei by cross polarization. In this

way the polarized l~e experiment has the potential ta enhance the sensitivity of Iow

concentration speciesy for example surface sites. Cross polarization can aIso be used on

xenon adsorbed in polymer blends to give information about the relative soIubility andior

residence times ofthe gas in different components ofthe polymer system. A conventional

l~e studylQ of a xenon dissolved in a sample of a polypropylene-polyethylene

copolymer dispersed in a polypropylene (PP) manix showed adsorbed 129Xe peaks for aIl

polymer sites at -30°C. Cross polarization was successfully carried out trom protons ta

xenon in the more rigid PP ma~ but not from protons to the more mobile copolymer

fraction.

In arder to ascertain the correct cross polarization parameters for the transfer of

magnetization fram laser pumped l~e to protons~ it was decided to first optimize the

conditions for the reverse process. This is a simpler procedure7 involving the conventional

sealed sample approac~ rather than the laser polarized experiment. Polarization transfer

requires eooling ofthe sample to reduce chain mobility and increase xenon sticking limes

in order to increase the l~e)H dipolar couplings. Poly (n-butyl methacrylate) was felt ta

be a good candidate for this studyy sinee the bulky side groups on this polymer facilitate

xenon adsorption at temperatures weil below the glass transition.

The single pulse with proton decoupling and the cross polarized IH-I~e spectra

are shown in Figure 3.8 The free gas peak is not observed in the lower spec~

confirming that the observed peak arises from cross polarization. The use of a seaied

sample alIowed for straightforward optimization of the contact timey the largest transfer

was achieved with a time of5 ms. This is short compared with the contact times required

for optimal poIarization transfer transfer to xenon on a surface (typically -20 ms)~ since

in general residency times on a surfàce wiII be smalIer~xenon not being trapped as it is by

the polymerchains.u
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Figure 3.8 [~e spectra ofa sealed sample ofxenon in poly(n-butyl methacrylate) at­

30°C: The single pulse with proton decoupling spectrum. (above) was acquired in 8 scans

with a recycle delay of 1 minute~ while the IH_l~e cross polarization spectrum (below)

required 200 scans with a contact time of5 ms and pulse delay of0.5 s.

3.5 ZD lH_mxe correlation spectroscopy

The mobility of the polymers involved in cross polarization to t~e was finther

explored by the acquisition of a ID correlation spectrum. This experiment uses the ID

WISE puise sequence descnoed in Part One (1.4) The spectrum at -30°C is shawn in

Figure 3.9. The observed proton Iinewidth is38~ consistent with a system displaying

sorne limited molecular mobility. As noted above, the mobile fractions which provide the

ftee volume required for xenon permeation below Tl are the side chaïns, which are
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expected to display linewidths narrower than those associated with rigid polymer chains•

This spectnnn is further proofofgood Xe-H (polymer) contact. The ooly other example

ofthis kind ofspectrum reported in the literature is for the PPIPE copolymer dispersed in

a pp matrix.1D That study reported a very large proton linewidth (82kHz) for xenon

dissolved in the rigid part of the pp matrix at -30°C. It should be noted that since the

protons throughout the system will he strongly coupl~ the xenon correlation experiment

will j'Îe!d :ln avenged proton lin~id~ and ~ilI not give information about the precise

location 0 f the xenon atoms with respect to the clifferent proton sites.

1
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•
Figure 3.6 1~e_1H correlation spectrum of xenon dissolved in poly(n-butyl

methacrylate) at -30°C. The spectrum was acquired in 2000 scans with a contact time of5

ms and recycle delay of OS s. The proton evolution period consisted of 16 increm.ents

with a dwell time of2 JlS.
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In S1Jmmary~ successful cross polarization bas been demonstrated between the

protons ofpoIy (n-butyl methacrylate) and l~edissolved in the polymer at temperatures

far enough below Tg ta promote long residency time of xenon at the proton sites. The

optimization of CP conditions opens up the possibility ofcarrying out cross polarization

from optically polarized mxe ta proton sites. This experiment was not implemented here

due ta time constraints. In arder to determine whether a proton signal arase from cross

poladzation from the laser polarized ~e~ it would he necessary ta first eIiminate the

proton magnetization which arises from the Boltzmann distnoution. This approach has

been reported in the literature~ll where the proton signal was destroyed by use ofa series

of saturating pulses. Subsequently right or left circularly polarized light was used to

pump the I!9Xe~ giving spectra that differ in phase by 180°. This confirmed that the

observed proton signal was due ta the 129Xe_IH cross polarization. However since the

cross polarization from 129Xe ta protons in the bulk polymer is much more efficient than

that observed on surfaces (where much lower temperatures are necessary ta increase

residency time), this shouId be our ne.xt attempted experiment on the poIy (n-butyl

methacrylate) system. Sînce the xenon diffuses into the bulk polymer, this will uItimately

be of use in the study of thin poIymer films, once samples have been synthesized in

which xenon adsorption is confirmed. In addition it May be possible to transfer the large

t29Xe polarization to other nucIeL Carbon-13 enhancement wouid be a desirable goal for

these studies, unfortunately the construction of a lJC-I~e double resonance probe is

complicated by the fact that the frequencies of these two nuclei are 50 close (67.9 and

74.7 MHz respectively). Another possible candidate is deuterium, using labeled thin

polymer films. This would be useful for obtaining further information on surface

mobiIity.
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Chapter Four

PoIarized 12~e NMR of Polymer Coated Metal Oxides and Self

Assembled Monolayers

4.1 Introduction

Polymer encapsulated inorganic particles are of interest for a variety of

applications where good coupling between the polymer matrix and inorganic substrate is

essentiaI.1 Like the SAM systems~ thin polymer coatings deposited onto inorganïc

substrates offer a range of potentiai uses in surface protection and modification. UnIike

the SAMs, thin polymer films are~ by their nature~ less conformationally ordered

structures. Even where a relatively narrow molecuIar weight range of polymer is

deposite~ the possible arrangements of the polymer chain are much greater than those

seen in the shorter chain monolayer systems. Polymers may be anchored to the surface by

end groups (terminal attachment)~ or by multiple functional groups in the polymer as

sho\vn in Figure 4.1.2 The final conformation of segmentally attached polymers can

involve brush conformations with a single polymer-substrate bond for each ch~ or

mushroom conformations containing so-called loaps, trains and taiIs.} The conformation

orthe film will depend on the chemical properties of the surface groups of the inorganic

substrate, the deposition conditions (solvent, temperature etc.) as weil as the nature of the

polymer itseIL

Characterization of the uniformity ofpolymer films on non-planar substrates is

difficult. Most of the fundamental studies ofadsorbed polymers have been carried out on

planar substrates where film thickness and uniformity can easiIy be determined by

ellipsometry, and structural information can be obtained through. vibrationaI

spectroscopy.
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Figure 4.1 Modes of attacbment for polymers on substrates. Open circles represent

functional groups.

Conventional solid state NMR has been used in the characterization ofnon-planar

polymer coated samp[es. CPMAS studies can be used ta determine the bound fraction of

sorne systems.1 However one of the principle areas of ïnterest in this field is in

determining the effect of the surface on the glass transition and chain dynamics of the

bound polymer. This is more difficult to study by solid state NMR because [3C NMR. is a

relatively insensitive technique. Spin Iattice rela.xation rime measurements probe high

frequency motions, so they cannat be used ta resolve questions about the slower motions

involved in the glass transition. Using other techniques including ellipsometry and FTIR

it has been shown that for physisorbed films Tg appears ta be Iowered, whiIe for

chemisorbed films it may ce raised or lowered depending on whether the polymer is

terminally or segmentally attached.'; In some cases deuterium NMR bas been successfully

appIied to this problem, but this requires labeling and more complex synthesis.5 Our aim

was to use opticaIly poIarized I~eNMR as a probe ofchain morphology and dynamics

as a fi.mction of temperature. To this end we have studied the polyethylene glycol -

zirconia system. whose synthesis was descnoed in Chapter Two. PoIarized [~e spectra

ofboth the coated and bare substrate have been acquired for a range of temperatures and

pressures•
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The studies ofseIf-assemhlOO monolayers outIinOO in Part One have 100 to a high

degree of characterization and a good understanding of the structure and dynamics of

these systems. 129Xe NMR. studies ofthe silica-OTS and Metal oxide-ODPA systems will

aIso be presented below, and the behavior of these systems can be usefuIly compared

with that orthe thin polymer films. Since these systems are based on Many of the same

substrates, snch studies will indicate the differences in surface coverage and protection

offered by polymer coatings over shorter chain selfassembled monolél}~ systems.

4.2 Silïca substrates

In the course of this research a variety of silica powders have been used as

substrates for SAMs and thin polymer films. Silica monospheres of diameter 70nm and

sOOnm have been investigated by 12~eNMR. Before presenting the data acquired for the

coated substrates, it May be helpful ta examine the effect of substrate size on the 12~e

spectra. The 129Xe chemicai shifts for the largest and smalIest particles are shown in

Figure 4.2.

Although these S11icas are descnèed by the manufacturers as non-porous, and

TEM does not indicate extensive particle aggIomeration, aIl the 129Xe spectra show

evidence of two sites, the more shifted site becoming progressively occupied at Iower

temperatures. ft is believed that the site which is predominantly occupied at higher

temperatures is a mesoporous environment. As the temperature is decreased a second site

becomes occupied, due ta the anset ofcondensation, increasing the residency time on the

surface. At Iow temperatures these downfield shi.fts tend towards a similar vaIue~

independent of particle sîze. The larger silica particIes (diameter sOOnm) have bigger

interparticle void spaces~ so that the I~e chemical shift at room temperatnre and abave

is claser ta that of the free gas. The smaIIer manaspheres have smaller void spaces~

resuIting in higher xenon densities in the interparticle spaces shifting the peak fittther

dawnfield.
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Figure 4.2 Plot of l29){e chemical shifts against temperature for silica monospheres of

diameter 70nm (RlOO) and 800mn (MSOO) as indicated. Spectra were acquired using

optically pumped xenon at pressures from 30 to 200 torr. The chemical shift depends on

pressure for the smaller particles below -40°C. The errorbars indicate the range ofshifts

depending on gas pressure (where higherpressures give higher shifts).
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The colloïdal silica bas an average particle diameter of75 Dm and is described by

the manufacturer to be nonporous. At 100°C~ the shift of37 ppm for the adsorbed xenon

on the uncoated silica coUoids is close to that measured for high surface area fumed

silicas which consist of aggregates of nonporous nanometer sized spheres.6 The lack ofa

pressure dependence and the large temperature dependence of the xenon shift on the

colloidal silica is aIso observed for fumed silicas. This behavior~ which greatly differs

from soIids with a uniform pore structure (zeoIites)~ is attributed to rapid exchange

between gaseous xenon residing in interparticle void spaces and adsorbed xenon. In the

absence of strong adsorption sites, the shift of xenon adsorbed into microporons solids

depends mainly on the dimensions and geometry of the void space, with larger void

volumes generally leading to smaUer shifts. The relatively large void spaces created by

the compression of fumed silicas (15-20 nm) should lead to much smalIer shifts than

zeolites \vhich have pore mes on the order orO.5 to 0.8 Dm. The observed shifts ofxenon

on both powdered and compressed fumed silicas are on the order of 120- 150 ppm~ much

higher than expected from extrapolation of the data from zeolites.Ï The large xenon shifts

on silica have been proposed to arise from adsorption of xenon iuto smalI volume void

spaces created by interparticle contact points or surface roughness. The larger silica

colloids (diameter 800 nm) showed a shift of 7.4 ppm at 20°C which increased to 124

ppm at -120Ge as discussed previously. The smaller xenon shifts on these larger colloids

are expected since the s~ the resuIt of exchange between adsorbed and gaseons xeno~

should he proportional to the' surface area.

Comparison of these spectra with previous seaIed sample studies of xenon

adsorbed on silica. only alIows qualitative conclusions~ since much higher gas pressures

are used. One study reports optically polarized xenon spectra ofa high surface area siIica

(aerosil 300) li. They report a shift of -120 ppm at 173K, but do not carry out further

analysis, since the pmpose ofthe study was to perform CP to surface protons. One ofthe

advantages of the opticaIly pumped œxe NMR. experiment is that the low pressures

absorbed onto the surfaces largely eIiminate xenon-xenon interactions~ and permit

interpretation ofthe chemical sbift data in terms ofcoverage.. This analysis makes use of
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isotherm data for xenon on the sample under investigation. A specimen isotherm. of

xenon adsorbed. on the 70nm silica spheres at 139K is shown in Figure 4.3.
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Figure 4.3 Xenon isotherm for silica particles (7Onm) at 139K.

An error propagation analysis showed that the largest source of uncertainty is

fluctuation in the bath temperature during the experiment. This is typically ± 2K (or

±-2% for the temperatures used here). Errer bars are shawn in the plot at the ± 2% leveL

The derivation of the BET isothenn arises from statistical mechanics~ and relies

on a number ofassumptiODS to produce an adsorption profile for m exposed surface. The

original treatment was developed from Langmuirs monolayer adsorption treatmen~9 in

which it is assumed that at equilibri~the rate ofcondensation ofgas moiecules to faIm

each adsorbed layer is equal ta the rate ofevaporation from the layer. By considering aIl

adsorption sites available to the first incoming gas layer to be equa4 treating the adsorbed
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Molecules of the first monolayer as if they were 10caIized (i.e. confined to a particular

adsorption site) and undergoing no interactions amongst themselves? and by further

proposing that additional multilayers are formed by a one-to-one correspondence of

Molecules with those in preceding Iayers? and that the additional layers behave as a

liquid-Iike structure (having no direct interaction with the surface), the BET theory

produces the following statistical expression:

() = n
-=s

ex
(1 - :c )[1 + (e - 1):C]

Equation 4.1

where n is the number ofadsorbed molecules, S is the number of sites, x is the reduced

pressure and c is a dimensionless constant which is a function of temperature. The

reduced pressures are cafculated from saturated vapor pressure measurements.1o e is the

coverage, which is equal to the volume of gas absorbe~ v., divided by the volume

required to give a full monolayer, Vm• The adsorption profile is the plot of the volume

adsorbed against the partial pressure, as shown above.

Rearrangement ofequation 2.1 in terms ofv and vm gives:

X
---:----~ =
V (1 - x)

1
---+
V nr C

Ce - t ):c
V lit C

Equation 4.2

•

Thus a plot of x 1 v (l-x) against x gives a straight line, with sIope., s, and intercept, l,

from which Vm = 11 (s+l) andc = 1 + sIL

In practice the assumptions made in this derivation lead to deviations from Iinear

behavior for values ofx<O.OS and x>O.3? sa that the analysis is usually camed out on the

reduced pressure range between these points. Having found Vm and c we can detennine

the surface area and adsorption energy(~ from equations 4.3 and 4.4;
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Equation 4.3

where No is Avagadro~s number~ cr is the cross-sectional area of a xenon atom

(1.4793*10-19 ml t R is the gas constant (82.05 cm.Jatm) and TQ=2732"K-

AH:u!s = (In c * RT ) + AH~

where MIl is the heat oflïquifaction ofxenon (= 3.78kcaVmol).

Equation 4.4

•

Isotherms are carried out at t\vo different temperatures" and the calculated MIms,
vm and surface area values are shown in Table 4.1.

Temperature (K) ~(kcaYmol) vm(cc STP) Surface area (m!/g)

±2K ±4% ±8% ±IO%

139 4.52 1.61 33.8

169 4.61 1.46 25.1

Table 4.1 Isotherm data ofbare silica (diameter -7Onm).

From the 90'7ô confid~ce limits for the slope and intercept in the linear regression

using equation 42, the uncertainty in vm is ± 8%.. The uncertainty in ln c is ± 2%, which

combined with the temperature uncertainty of ± 2% gives an uncertainty in~ of ±

4%. Subsequent caiculation of the surface area produces uncertainties of ± 10%.. The

differences in calculated surface area at the two temperatures are much Iarger than those

caiculated for the coated samples (see next section).. The bare oxide powders (both silica

and zirconia) pack Iess effectively than the coated samplesy and the increase in dead

volume caused by the Iower amount of sample used. introduces higher errars into the

subsequent caiculation. These eIIOrs can not be calculated.
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Ifthe~ values obtained. at different temperatures are in reasonable agreement,

these can then be averaged and used to caiculate values ofc for each temperature at which

~e spectra were obtained. The saturated vapor pressure measurements are used to

determine Po for each experimental temperature. In general it is only at Iow temperatures

that we observe a large pressure dependence in the 129Xe chemical shifl Providing two or

more pressures have been used in acquiring the optically pumped spec~ these calculated

values ofc can be combined with the partial pressures according to equation 4.1 to obtain

the xenon coverage for each spectrum.11 Thus the xenon chemical shift data at low

temperatures can be analyzed by using the isothenn parameters~and the xenon coverages

can be estimated relatively accurately without having to carry out isotherms at every

experimental temperature. The chemical shift of the surface peak (the more downfield

resonance~ i.e. peak l in Figure 4.2) is then studied as a function of coverage for each

experimental temperature. At each given temperature~ the chemical shifts are linearly

dependent on coverage and by extrapolating the data back to the intersection with the

chemical shift a.xis~ we can obtain the xenon shift at zero pres~ i.e. the surface-xenon

shift in the absence ofXe-Xe interactions. At the higher temperatures (above -40°C) the

surface coverage is much lower~ and it is sufficient to use the chemical shift obtained with

the lowest gas pressure. FinaIly these surface shifts are plotted against temperature~ as

shown in Figure 4.4.
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Figure 4.4 129Xe chemical shift extrapolated to zero pressure against temperature for

siIica (7Onm). The curve is the fit ofthe data ta equation 45.
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Error bars in the higher temperature region arise simply from uncertainty in the

measurement of the chemicaI shift. This is estimated ta he ± 3 ppm. At the [ower

temperatures, the error bars represent the error Iimits on the intercept of the linear

regressions ofshift vs. coveraget which are typically ± 3%. Error bars are shown at the ±

3 ppmleveL

Although siIica has been studied by optically poIarized I~e ~s as stated

eariiert no previous studies of silica have used this analysis. We can only compare our

results with the optically polarized ~e NMR. investigations available in the Iiterature.

This method was developed dnring a study of polyacrylic acid,12 where the observed

surface shift was around 95 ppm. The curve shown in Figure 4.4 is generated according

to the same model as that used in the polyacrylic acid study. Providing xenon-xenon

interactions can be excIuded (as is the case for the Iow pressures used in opticaRy
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pomped experiments}, the chemical shift intercepts of the adsorbed xenon-surface

resonances can be modeled as a chemical exchange problem. According to Raftery et.aI.

the data can be fit to a function ofthe form ofequation 4.5;

[

1:. exp (dH~,iT) J
Ô.b. = ô.P. = ô. . ( H ,/ )

'tv + 'ta exp d ~/kT
Equation 4.5

•

where Ps is the probability ~fxenon being on the surface, 8s is the surface shift, orv is the

reciprocal of the collision rate with the surface and 'ta is the preexponential factor which

is taken ta be l O-12S•Il By using the adsorption energy calculated from the xenon

isotherms, curves are generated by varying orvand ôs. It is well-known that in fits such as

these, the 'ta and 'tv variables can not be separat~ however by incremental variation and

minimization of the SUIn of the squares 0 f the differences between the calculated and

observed shifts, we were able to produce a quite reasonable fit as shown in Figure 4.4.

The resulting value of 8s=113 ppm is higher than that observee! on polyacrylic acid (95

ppm). Studies of sealed samples of xenon on a variety of substrates give ô5 vaIues at

144K and xenon loadings ofless than 02mmole of 122 ppm on amorphous silica and 86

ppm on NaY zeolite.14 The amorphous silica samples are descnoed as microporous,

which wouId account for the slightly larger shifts, however it is clear that the data for the

two silica systems are quite simîlar. It shouId aIso be noted that this study found the

dependence of shift: on loading for amorphous silica to be non-Iinear at Iow pressures of

adsorbed gas, indicating an excbange of gas between a broad distribution of pore sizes.

Smce the dependence of shift on coverage in our results is Iinear~ it is Iikely that any

mesoporous environment present is more homogeneous than in the amorphous samples.

A study ofa variety ofporons silica gels found a rangeof~e shifts between 42 and 108

ppm.lS This group used the temperature dependence ofthe chem.ical shifts to caIcuIate the

heats of adsorption which ranged from 2-5 kcaI marI ~ in agreement of our vaIues of

around 45 kcal mort.
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Unfortunately the data for the larger siIica monospheres (800 nm) can not he

analyzed using isotherm parameters, since isotherms of lower surface area samples can

not be determined with sufficient accuracy. However the I~e shift vs. coverage resuIts

for the bare 70nm silica particles can. be compared with those observed for xenon

adsorbed on the OTS coated silica particles.

4.3 Octadecyltrichlorosilane (OTS) on CoDoidal Sîlica

Selt:assembled monolayers of trichlorosilanes are commonly used to modify

Metal oxide surfaces. The film morphology resuIting from the hydrolysis of

octadecyltrichorosilane (OTS) under varions conditions bas been the subject ofnumerous

studies. The principle goal in using polarized xenon NMR on these systems is in

exploring its utility as a probe and a permeate in order to determine whether bulk polymer

is presen4 and bow the presence ofthe SMI affects the morphoIogy of the silica spberes.

There has been concem as to whether this synthetic route produces bulle polymer. ft is

difficult to differentiate between the formation of bulle polymer (through vertical

polymerization) from the crosslinking of the siloxane backbone (via horizontal

polymerization) which was proposed for this system in Part One. Neither 29Si NMR nor

vibrational speetroscopy can reso[ve this issue~ for the following reasons. The silica

substrate has both internal and surface silanoI groups,. so that detection of the

consumption of surface sil~oIs is not possible. In addition the decoupled nature of the

OTS film means that very few Si-O-Si linkages are formed with the surface (see Part

One: 2.4). The siIoxane network which is detected by 29Si NMR couid arise from either a

horizontal network. adsorbed across the surface~ or from vertical polymerization. We can

only propose the former scenario on the grounds ofthe preparation protoco[ us~ i.e. the

use of a hydrated silica surface, dry solvent and nitrogen atmosphere. In order to

determine whether œxe NMR could be heIpful in reso[VÎOg the question of buIk OTS

fonnatio~ [~eNMR studies were camed out on five samples:

a) Bulk polymerized OTS: poly(octadecyl sesquisiIoxane).
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b) Uncoated 70 nm diameter silica coUoids; preheated at 10SOC onder vacuum to remove

physisorbed water.

c) OTS modified silica coUoids with a substantial ord~ component Cle CPW~

spectrum indicating large peak at 33 ppm as weIl as one at 30 ppm as descnoed in Part

One? Chapter Three); aIse evacuated at 10SoC. OTS coverage is around 40%. This sample

is denoted silica-QTS#1

d) OTS modified silica colloids displaying ooly a disordered component (IlC CPMAS

spectrum \Vith a peak at 3Oppm); aIse evacuated at IOSoe. OTS coverage is around 25%.

This sample is denoted silica-OTS#2

e) Silica colloids with severa! multilayers orOTS produced by repeated coating reactions

at high temperature. This approach failed to produce significantly higher coverages

(elemeental analysis showed 5-10% carbon)? probably due to the formation of oligomers

ofOTS in solution which were removed during the washing steps.

Optically pumped xenon was used ta studyall these samples between +100 and­

140°C. For the bulk OTS polymer l~e NMR spectra are shown in Figure 4.5. Like the

ather buIk polymers studie~ the dissolved xenon peak decreases in intensity on lowering

the temperature, untiI at around -30°C it disappears. The l~e shift (ô=183 ppm at 2SOq

is close ta the range observed for xenon dissolved in liquid aIkanes (hexadecane: ô(Xe)

=181 ppm)I6 rather than polyethylene (ô(Xe) - 200 ppm).17 This indicates that the xenon

resides principally in the aIkYl chains. In simple linear aIkanes, the xenon shift increases

in a nonIinear fashion with the number ofmethylene groups, and in a Iinear fashion with

solvent density~ ranging from ISO to 180 ppm for C4 to C16.9 Solid-state t3e NMR and

FTIR studies by our group,UI and others~19of the polymer produced by the hydrolysis of

OTS? show that the actadecyI chains are in an. extended al1 trans conformation. WhiIe

AlIara and coworkers describe this polymer as crystaIIine. the observed shift for

polym.erized OTS is compatible with xenon residing in the octadecyl hydrocarbon chains.

The ID WISE spectrum ofthis material suggests that it is not a semicrystalIine polymer

containing domains of rigid and amorphous chains (like polyethylene). but rather a
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sample in which the aIk.y1 chains are undergoing sufficient motion ta alIow gas

permeation. The disappearance ofthe adsorbed 129Xe peak at -30°C must he related either

ta the freezing out of the substantial hydrocarbon sidechain motion detected in the OTS

sample by the ID WISE experiment or ta a broadening in the xenon peak until it is no

longer observable. This latter situation is observed for xenon dissolved in polyethylene~20

where the linewidth increases rapidly below -20°C as the ~ transition is approached.

lit
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•
Figure 4.5 OpticaIly polarized l~e NMR spectra of bulk OTS polymer at the
temperattIres indicated.
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For the two OTS monolayer samples and the uncoated siIi~ the spectra at 100°C

are shown (Figure 4.6 a,b~c). The l~e spectra did not display any significant pressure

dependence above -100 oC. Below -100De different l~e chemical shifts are observed

depending on the pressure (as shown in Figure 4.7; higher pressures produced higher

chemical shifts).

None of the monolayer or multilayer samples studied gave any indication of the

presence ofxenon adsorbed in bulk polymer. In the samples in which severa! additions of

OTS were carried out to encourage bulk polymer formatio~elemental analysis indicated

between 5 and 10% carbon content, which is not significantly higher than that observed

in the monolayer sample. Preparation of a significant coating of multilayers by this

synthetic route appears ta be difficult, it is believed that most of the second layer of OTS

is removed in the washing steps.

The fact that a resolved bulk polymer signal is not observed under these

conditions may aIso be due to the inability of the xenon ta detect very small domains.

Literature studies ofdomains in copolymers investigated by l~eNMR have established

that due to the dynamic nature of the experimen~ i.e. rapid exchange between free gas

and dissolved xeno~ there is a lower limit on the size ofdomains detected by 129Jce NMR

through the observation of separated xenon peaks.!l Domain sizes in copolymers can be

measured by ID ~xchange l~e NMR. The average distance traveled by a xenon atom

during a time t is descnoed by equation 4.6:

1/
XRMs =(6Ot)/2 Equation 4.6

•

where D is the xenon diffùsion coefficient. Sînce the d.i.tlùsion constant for xenon in the

OTS polymer is not kno~ the d.i.tlùsion coefficient for polyethylene bas been used

(O.69x10-i cm2sec·t ) in order to attempt an estimate ofthe cut-offIimit. It shouId be noted

that the aetnal d.i.tlùsion constant is probably smaIIer in OTS since the chains are shorter.
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Figure 4.6 Optically pumped ~e NMR. speetra for OTS monolayers on silica (7Onm)

particles and bare silica substrate as indieatecl
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The condition ofslow exchange is descnoed by equation 4.7:

'tôml:O >> 1 Equation 4.7

•

where ôm is the frequency difference between the sites when no exchange occurs. For a

Iower limit of the exchange time 't = lIôm inserted into equatian 4.6t and assuming a

necessary minjmum chemical shift separatian of 10 ppm in order tor the different

domains to be observablet this gives a Iower detection Iimit far domain sizes on our

instrument ofaraund 9Onm. Assuming that the chain environment in the OTS polymer is

simiIar to that in polyethylenet this cut-offsize May account for our inability to observe a

bulk polymer peak for the multilayer samples. As discussed in Cbapter 2 of Part Onet

spin diffusion measurements indicated domain mes for the disordered OTS regions of

around 3.5 nm~ clearly weIl belo\v the xenon detection lïmit. The size of the crystalline

regions is not kno~ and the spectra of xenon in the bulk OTS established that

permeation into the crystalline regions is possible. Nevertheless it seems reasonable to

propose that the absence ofany buIk peak in the monolayer or multilayer samples couId

be due to the size of the domains. Presumably exchange between sites is rapi~ and

attempts ta separate the peaks by cooling the sample will be prevented by the

concomitant Iowering of the xenon diffusion coefficient. As shown by the spectra of the

bulk OTS t gas is not able ta permeate the polymer below -30°C. As a test ofthe detection

limits in the silica-OTS syst~t a sample containing monitored amounts ofbuIk polymer

mixed with the silica colloids couid be used.

For both the bare sillca colloids and the two monolayer samplest two peaks are

observed at 100°C: 37 ppm and 14 ppm for uncoated silica, 40 ppm and 20 ppm for

silica-OTS#l and 33 ppm and 12.9 ppm for silica-OTS#2. As shown in Figure 4.7t the

xenon shifts of the peaks on uncoated and OTS coated silica aIl increase as the

temperatore is Iowered. The intensities of the Iower frequency peaks (at 20 ppm at 100°C

on silica-OTS#l~ 12.9 ppm on siIica-OTS#~and 14 ppm on uncoated sillca at the same

temperatore) gradually dirninjsb with decreasing temperatore and these are no longer

visible in any ofthe samples at - 60°C.
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bare and PEG caated ZÏIcania samples- vide infra}. However the surface areas of bath

samples can be quated as 29 ± 3m!/g. The isotherm data for the silîca-OTS sample aIIows

us ta carry out the coverage analysis descnoed for the bare siIica in the previous section..

The plot ofsurface shift against temperature is shawn in Figure 4.8, aIong with the curve

generated ta fit the data obtained on the bare siIica.

120

f 100~
enen
!
C-
O
~

CD
N.. 60CG

~
.s::
en 40

"Ci
(J

E 20CD.s::
(J

0
150 200 250 300 350

temperature

Figure 4.8 I~e chemical shift extrapolated ta zero pressure against temperature for

silica-OTS#1.

The results are very simiIar ta those observed. for the uncoated silica

monospheres~ supporting the assertion that in tbis sample the xenon does not samp[e the

thin film environment. The small changes in chemical shift are MOst Iikely due ta

variations in the int~articlevoid spaces, and aggIomeration ofthe silica particles•
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In conclusion we propose the following ta expIain the observed shifts and their

temperature dependence. Firstly~ the peak round to lower field in all cases belongs to

xenon in interparticle void spaces. As the temperature at which the experiment is carried

out is Iow~ the xenon tends to condense on the silica surface, and the higher field shift

disappears. The downfield resonance for the bare silica and the ordered sample of silica­

OTS (#1) are essentially identicaI because the xenon does not spend a significant time

within thè organic coating and resides onIy at the uncovered surface, aï which there is a

considerable amount due to the low coverage. No bulk OTS was detected, either because

there was not sufficient polymer deposited, or because the domain mes are tao small to

give cise to an adsorbed xenon signaL

4.4 Zirc:onia and titania substrates

As a further test of the ability of optically polarized 129Xe NMR ta act as a probe

of uniformity and defects in monolayers, we \vent on ta investigate SAM: systems of

higher coverage, namely the aIkylphosphonate systems discussed in Part One. The

behavior observed for I!9Xe adsorbed on these arides can be usefulIy contrasted with that

seen on the silica.

The use of silica in biochemical applications, in particuIar as a chromatographie

support, is widespread and the surface chemistry has been fully characterized and is weIl

understood.22 Investigation of zÏrconia with respect to similar applications is a more

recent area of research.!J The search for stable materiaIs for use in chromatography is

important. Silic~ in spite of its widespread use in this field, has many disadvantages, in

particular the susceptibility of its smface to attack by extreme acidity (below pH 2) and

even fairly mild basicity (above pH 8). 1t is aIso prone to dissolution at high temperatures.

Zirconia offers a much more stable surfac~ however as noted in the first part of this

thesis, the surface is considerably more camplex than that of silica. In particular zirconia

is noted for displaying four possible smface fimctionaIities: basicity~ acidity? reduction

and oxidation. IdeaIly chromatographie materiaIs shouId be energeticaIly homogeneous?

possess a high. surface area. (with no microporosity) and provide surface sites suitable for
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the binding ofmany different chemical groups~ while at the same time remaining stable

under extreme conditions of pH~ temperature~ pressure and variation in solvents. The

strengths ofzirconia with respect to these latter quaIities have recently increased interest

in better characterizing the surface.

Zirconia is available commercially with a wide range of surface areas~ pore sizes

and particle sizes. As stated previously~ the zirconia used in this work was provided by

Degussa. The principle impurity listed is HfO! (up ta 2f7o)t although small quantities of

Al20 3t Fez03t HC1~ TiO! and SiO! are aIso present.l
!1 The manufacturer descnoed the

product as predominantly ofthe monocIinic form (in which zirconium atoms are bound to

seven oxygen atoms). This structure is partially responsible for the greater chemical

stability compared with silica (where a silicon atom is coordinated to only four oxygen

atoms). However a recent X-ray diffraction studiO; ofthis material found that the sample

was actually an approximately 50-50 mixture of the monoclinic and tetragonal forros (a

ratio \vhich Ïs increased to 75-25 on treatment at SOO°C). The heptacoordination of

zirconia atoOlS in the monoclinic fonn is the basis of the surface acidity.2J The structure

contains planes of three coordinate and four coordinate oxygen atoms~ at the surface of a

particle every second oxygen atom will be coordinatively unsaturate~ i.e. a Lewis base

(negatively charged site: electron pair donor)t while the associated zirconium atom will

be a Lewis base (positively charged: electron pair acceptor). These sites are shown in Part

One (Figure 3.4).

When water molecuIes are avaiIable~ each of these Lewis acid-base pairs will

dissociatively absorb a water mo[ecule~ giving an attached hydroxyl group. Since the

zirconia atoms are still partially positiv~ it is vital to note that these hydroxyl groups will

be Bronsted bases (proton acceptors) rather than Bronsted acids~ as is the case for the

hydroxyI groups on silica. This has important ramifications for the interaction of other

chemicaI species with the zirconia surface. In addition a variety of hydroxyl types are

present. These each have different acidities~ as shown by infiared 5tUdies of the hydroxyl

vibration frequency on addition of a base. In spite of the presence of these various acid

groups~ the surface overaIl exhibits sIightly basic behavior. These subtle variations in the

acidiclbasic properties ofthe surface mean that special attention must be paid to the pH
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used for solutions when considering adsorption chemistry. As a general rul~ studies

involving the adsorption ofLewis bases (e.g. pyridine) have indicated that the Lewis acid

sites provided by the coordinatively unsaturated zirconium atoms are not very available to

incoming species.24

l~e relaxation times for gas adsorbed on the uncoated oxides were very short

and decreased with decreasing temperatures, 50 that sealed samples of these substrates

were prepared. Although exact Tl measurements were fiOt carrièd OU~ recycle dèlays of

0.5 seconds were sufficient for acquisition ofspec~ suggesting that the relaxation times

were less than 0.5 seconds. The relaxation on the zirconia was more rapid than on anyof

the other bare oxides studied. Sample spectra of sealed xenon-oxide samples containing

around 1 atm. ofgas at -60°C are shawn in Figure 4.9, along with spectra of the ODPA

coated ondes. The titania exhibited a single 129Xe pe~ and this resonance was quite

narrow at higher temperatures~ indicating a fairly homogeneous environment. In addition

the rela.xation tinte at higher temperatures was longer, allowing the acquisition of

optically pumped spectra for xenon on titania above l QOC. The l!9Xe resonances on the

zirconia were much broader, consistent with the more heterogeneous nature of the

zirconia surface. The relaxation behavior of 129Xe on the ZÏIconia sample will be

discussed in greater detail below.

By way of compariso~ samples of Iarger colloidal titania were synthesized by

reaction ofTi(OCH1Hs) .J with water in the presence ofalcohol. TTh[ indicated a particle

size of around 600 am. The titania colloids exhibited smaller I~e shifts than the

dispersed powder. Since the colloids are Iarger than the titania particIes, the decrease in

l~e chemical shift is analogous to the behavior observed on the silica particles~ where

an increase in particle size leads to a decrease in interparticle volume causing an upfield

shift. The l~e relaxation times on this sample were longer,. but on cooling the I~e

resonance became very broad.. The colloids are known to exhibit a wider distribution of

particle size than the smaIIer 30 nm particles,. the broadening ofthe xenon resonance aIso

suggests a more heterogeneous surface.

The differences in œxe spin-Iattice relaxation rates between the varions bare

oxides is interesting as it offers an additional probe ofthe characteristics of the surfaces.
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Previons work on relaxation rates of xenon in Na-Y zeolites discussed the possible

relaxation mechanisms on the zeolite surface.25 The following Tt dependencies were

observed:

1) Tt is independent of field strength- indicating that relaxation is not caused by

modulation ofthe xenon CSA.

2) liTt is inversely proportional to the gas density- indicating that the Torrey mechani~

which causes relaxation in buIle xenon gas by modulation of the electronic structure

during collision producing a fluctuating magnetic field of the order of the Larmor

frequencYt is not active here (the Torrey mechanism is indicated by linear dependence of

lIT t on gas density).

3) Tl dependence on gas density depends on water content.

4) Relaxation is more efficient at low densities.

5) Irradiation of the proton resonance does not affect relaxation- indicating that dipolar

relaxation is not involved.

In bulk solidst efficient relaxation apparently occurs by a complex mechanism

involving spin diffusion to a paramagnetic center. However on a surfacet this can only

occur if the species being relaxed is not mobiIet which xenon is. Hence we must further

hypothesize rapid exchange of xenon between two sites; one where xenon sticks for a

short period and is paramagnetically relaxe~ and the other where physisorbed xenon is

less efficiently relaxed. The hnpurities present in the zirconi~ most like[y the Ïron oxide

would appear to be a logicaI source of paramagnetic relaxation. A study of t~e in a

container filled with fineIy powdered F~03 round that the onde reduced the relaxation

rime ofthe gas from 400 to 10-z s..!6 Sînce diffusion ofthe gas on a surface is rapi~ even a

small percentage of paramagnetic impurities could be enough te cause a substantiaI

decrease in the Tl. In aIl our studies ofxenon on Metal oxidestc the relaxation rate will be

decreased by the presence of my species wmch. serves ta block the surfacet including

water~ and the organic coatings.
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Although an understanding of the behavior of the bare zirconia surface is vital in

determining its potential role in cbromatography, most separations are actually carried out

on modified supports. This is because Many separations involve biological species with

polar groups which are tao strongly adsorbed to the sites present on bare oxides.l7 A

straightforwar~ controllable route is therefore required for tailoring ofsurface activity by

the presence of adsorbed species. The more ionic nature of the zirconium-oxygen bond

(67~~) comp~~ to that of the silicon-oxygen linkage (50~~) has been cited23 as one

reason why the coatings commonly used in silica modificatio~particularly silanes, are

not successful for zirconi~ producing unstable assemblies. Although the literature in fuis

area remains smalI, sorne success has been achieved through grafting ofboth phosphate!!

and polymer6 coatings to zirconia. The addition of polybutadiene~by crosslinking the

butadiene monomer on the surface to creale a uniform complete coating led to the

formation ofa highly stable revers~dphase support. However this coating still alIowed a

degree of phosphate binding, it is thought that incomplete polymer coverage was

responstble. Sînce the polarized xenon appears to offer a probe of the uniformity of

coatings on titania and zirconia via the changes observed in the l~e relaxation rimes, it

was decided to use the ODPA coated samples descnèed in Part One (Chapter 3) to

investigate this approach.

4.4.1 Octadecylphosphonic acid monolayers on titania and zirconia

The properties ofODPA monolayers on these metal oxides have been investigated

by conventionai soUd state CPMAS NMR and were discussed at length in Part One~

Chapter 3. The coverage is known to be higher than that ofthe OTS monolayers on silica:

around 60% for ODPA on TiO! and 70% on ZrOz, compared with 40% for the most

ordered SiOz-QTS system. Sample spectra of xenon on the OOPA coated oxides are

shawn aIong with. those ofuncoated particles in Figure 4.9. In the case of the zirconi~

addition of the ODPA SAM does not Iengthen the relaxation time sufficiently to allow

use ofoptically pumped xenon. Onlyone broad peak is observed on the Zr02-QDP~ the

shift. is not very different ftom that seen on the bare oxide. The Oc CPMAS of this
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sample indicated that the hydrocarbon chains were in an alI-trans conformatio~ however

it seems that this coating is insufficient to black access of the xenan ta the surface. As

discussed previausly~ TEM has shown zirconia ta be a non-porous Metal onde in which

monospheres agglomerate to produce a void structure. Due to this agglomeratio~ it is

unlikeLy that the long chain phosphonic acids can access ail of the surface sites whase

presence is indicated by BET isathenns. These interparticle contact sites where the

adsorption of xenon leads ta the largest shift are Iikely the source of the f~Xe relaxation

in the ZrOz-ODPA sample. Alternatively~ if xenon does permeate the chains~ the

relatively Ioase padang indicated by the ID WISE experiment may still allow rapid

diffusion to the zirconia surface where rela.xation occurs. In light 0 f this, a thicker surface

coating, in the form of paly ethyleneglycol was aIse deposited on zirconia in arder ta

determine whether the relaxation of the xenon could be lengthened. This will be

discussed in section 4.4.2.

The I!9Xe chemical shifts of the caated and uncoated titania particles and calloids

are plotted against temperature in Figure 4.10. Addition of the monolayer further

increases the relaxation time~ so that the samples can be studied by optically pumped

J!9Xe NMR. Presumably this is because the coating is sufficient to prevent access of the

xenon atoms to the titania surface as weIl as due ta the generaIly longer Tt values on

titania. Unlike the ZrO!-ODPA and SiO!-OTS sample, the shifts are significantly aItered

by the presence ofthe monolayery and even at very Iow temperatures, the observed shifts

differ appreciably from those ofthe xenon-titania surface shift. The IJe CPMAS spectrum

of the TiO!-ODPA sample (see figure 3.7: Part One) indicates a substantiaI population of

disordered chains~ and the Oc CPMAS ofthe ODPA on the largercolloids aIso indicates

a simiIar proportion of disordered regions. The relaxation behavior of both caated

samples suggests a higher degree of uniformity and total area covered by the coating,

while the greater shift differences seen between the coated and uncoated titania impIies

that the ODPA particles are better dispersed. As noted for the siIica, the largest t~e

shifts are due to the interparticle contact pointsy 50 that an improvement in dispersion

which Iowers the number ofthese contact points will tend to Iower the shift.
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Figure 4.9 129Xe spectra at -600C for coated and uncoated metal oxides as indicated. AU

spectra were acquired by preparation of sealed samples containing -1 atm. of xenon,

except for the Ti0:t-OPDA where opticaITy pumped xenon (-60 torr) was used.
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UnIike the tend observed for xenon on silica,. the observed shifts are Iarger for the

larger titania colloids. This may be due to a wide distribution ofparticle mes, and/or the

presence of a parous structure. The shift changes observed on increasing the titania

particle size are mirrored in the spectra ofthe ODPA coated sample.

In conclusion the ODPA coating on zirconia is nat unifonn enough. to slow down

the mxe relaxation, probably due to insufficient coverage. The titanîa-ODPA can be
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studied by this technique, and the large differences in chamical shifts between coated and

uncoated samples confirm that the surface experienced by the xenon is substantially

altered by the presence ofthe monolayer.

4.4.2 Polyethylene glycol coatings.

Polyethylene glycol is popular in studies of adsorbed polymers, since it i5

commercially available in a wide range of molecular weights and with relatively low

polydispersity. rts low melting point (320K for PEG1500) is useful in that a high degree

of mobility can be induced at relatively [ow temperatures.30 As a hydrophilic polymer,

PEG creates coatings wmch lower the biological binding characteristics, minimizing

interactions in biological environments.J1 PEG is easy ta derivitize,. e.g. surface groups

can be added for ligand tethering snch as epoxy activationJ! and is aIse commonly

deposited as a copoLymer wmch Iocalizes each poLymer componen~n and allows

selection ofa second component wmch can penetrate mto the surrounding medium.J.J

PEG coatings on planar silica have been widely studied; AFM has been used ta

canfirm the self-assembly process and ta study the growth of the polymer caating on

silicon wafers.!1 The bulk PEG form, which consists oflamellae ofcrystaIline helices, is

preserved as alignment of the molecules on the silica at low coverages. However as the

amount of deposited polymer mcreases, the rate of solvent evaporation is too rapid ta

allow crystalIization and nucleation occurs, leading to branched structure. Over time

these clusters rearrange to caver the entire surface. Thus aIthough the growth process is

limited by the solvent, it appears that on flat substrates relaxation of the polymer can

produce a relatively even distribution of the polymer. An investigation mto the use of

caatings for applications involving protein adsorptionll found that protein rejection

capacity increases with increasing chain density~ and that providing the molecuIar weight

is sufficiently high, polymer Ioading is more important than moiecular weight.

The nature and sttength orthe interaction ofPEG with zirconia and titania has

been studied in. solutionby Siffert et aL3
6.lï.J8 Under the asstnnption that the interaction is

via hydrogen bonding between the oxygen atom of the ether segment and a surfàce
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hydroxyl on the oxid~ isotherms were measured both for the bulk polymers and for a

series ofmodel ether molecules. The adsorption energy ofa single segment was found to

be higher for the zirconia than for the titani~ and indicative ofa fairly strong interaction

with the surface. They aIso reported that the fraction ofbound segments was rather higher

on titania (between 5.7 and 9 %) compared with zirconia (-1.2 %) and that this fraction

decreased as the molecular weight increased because the number of taiIs increases due ta

sterie hindrance. This group aIso reponed tests of four patencia! methods wim which ta

determine the thickness of the adsorbed layer at the solid liquid interface. The most

accurate results were given by photon correlation spectroscopy, and indicated a thickness

of around 14 nm for PEG 10,000 on zirconia. The adsorbed PEG in the presence of

solvent does not lie across the substrate surface, but adopts an elongated form which

protrudes into the solution. In addition ie is beIieved that sorne surface sites remain

occupied by solvent molecuIes. Although no solid state studies ofthis system have been

carried OU4 it seems likely that in the absence of solvent the polymer chains will lie

across the oxide surface, and as discussed in the preceding sectio~ l~e NMR should

offer a method to confirm thîs.

Clearly it is not possible ta use elementai analysis resu1ts to caIcuIate polymer

coverage in the same manner as applied to the SAMs. Given the island structure formed

by PEG adsorbed onto zircoma in solutio~ we dehèerate[y used a high loarling ofPEG in

an attempt ta completely black the surface relaxation sites. Whereas we have a high.

loading of84 mglg7 Siffert e~.al. report -3 mg ofPEG per gram ofzirconia. ft should be

noted that the surface areas of the zirconia used are rather different (they report a BET

area of 12 m2/g) and nothing more is known about the nature of the zirconia used in that

study.

The studies by Siffert et.al.17
,JU9 were carried out using PEG polymers of MW

between 400 and 20000 and at working pH vaIues below the pH ofthe surface (i.e. pH 3

for the zirconia and pH 5.1 for the titania). This May explain why a study of high

molecuIar weight PEO (MW 8000000) carried out at pH 95 39 faiIed to observe any

detectable adsorption on titania or alumina, aIthough adsorption was seen on silica. This

group concluded that the lack of Bronsted acid sites in the fonn of hydroxyl groups



•

•

197

protruding from the surface (as on siIica) prevented polymer adsorptio~ because the ether

segments of the PEO were sterically hindered from interacting with the Lewis acid sites

snch as the exposed All-i- ions on the alumina surface. The stability and behavior of the

zirconia-PEG samples produced at pH 3 in our laboratory suggest tbat there is sorne

interaction with the meoDia surface~ it may be that this is due to the lower MW and pH

used. It has been reporte~40 that at low pH the ether linkages in PEO can be protonated ta

give positiveIy charged sites. These could interact with the negative basic sites on the

ZIrComa.

AIthough polymers can he grafted to higher surface area non-planar materials for

NMR studies~ the information available from soIid state N1vfR is less extensive than for

the SMt[ systems~ since the polymer is a less homogeneous surfactan~ and has a much

larger number of nuclei within the polymer layer. Stumes have been carried out by salid

state mvfR to estimate the baund fractions in a number of systems (e.g. PMMA on

alumina etc)~41 and since NMR can detect restricted mobility rather thanjust those groups

which are directly bound (as is the case for IR), N1vfR has been shawn to he a usefu[

complementary technique in sorne instances. Hawever the greater thickness of the

polymer layer means that in general the interface with the substrate is harder to study. An

ellipsometry study of PEG films on pIanar substrates in aqueons solution.J2 noted that

characterization of particuIate systems is more complex,. and investigation of model

systems of PEG on silica and ather oxides by any technique capable of extracting

information on particuIate ~ctureswould be helpful in the desirable goal ofoptimizing

sucb. systems.

Uniform coverage is criticaI if a coating is ta he successfu[ for biocompatibility

purposes~ As shawn by the study of xenon adsorbed on the ODPA coated zirconia in the

previons sectio~ the 70% coverage offered by this system is insufficient to mask the bare

zirconia surface groups. The work to he presented in the final part oftbis chapter invalves

a preliminary study into PEG coated zirconia,. where it is hoped that the thicker and more

complete layer offered by a polymer coating may praye to be a more effective phase.. The

strength of mxe N1vfR for this investigation is believed to lie principaIly in the

observation ofxenon relaxation behavior as a probe surface coverage.
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The Oc CPMAS spectra of the two zirconia-PEG samples are shawn in Figure

4.17. The spectrum of the higher molecuIar weight coating is similar to that of the bulk

polymer, while in the lower molecuIar weight sample resonances due ta carbons near the

chain ends can he seen. The elemental analysis indicates approximately 6-80/0 carbon in

these samples.
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Figure 4.11 lJe CPMAS spectra of PEG coated zirconia: Mw=10,OOO (above) and

Mw=400 (below).

The bulk PEG polymer ~r.=lO,OOO) gave only a free gas peak at room

temperature, and no evidence ofxenon adsorption roto the bulk polymer was observee! at

any temperature. Likewise investigation ofa sealed sample ofthe polymer containing -2

atm. of xenon did not exhibit any adsorbed peak. This sampIe bas a melting point of

70°C. The inability ta observe a t~e peak. may be due to the bigll crystaIIinit.y ofPEG

polymers with. molecuIar weights above 1000,. or a low solubility of xenon into PEG.

However,. no data was found in the Iiterature on gas soIubility in PEG.
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Optically polarized l~e spectra of bath samples are shown for a range of

temperatures in Figure 4.12. The most important observation is that the relaxation of

U9Xe on this sample is sIawed down sufficiently to aIIow observation of spectra by this

technique. This is evidence that the surface is completely covered by the polymer,

shielding the xenon from relaxation sites on the zirconia surface.

The l~e spectra ofthe mconia-PEG samples exhtàit multiple peaks. Presumably

particle aggregation leads to the formation of multiple environments. With the very high

polymer loading and small particle size, it is likely that sorne polymer chains are

adsorbed to more than one partiele (partieularly in the higher molecular weight sample).

Clearly the morphology is complex, but the 119Xe spectra demonstrate the utiIity of

carrying out studies of adsorbed polymer systems where polymer properties sueh as

molecuiar weight or sidechain lengths ean be varied. The next obvious experiment would

be to synthesize PEG-zirconia samples with a earefully controlled range of loadings in

arder to determine whether a eut-off exists, below wmch the thickness of the polymer

coating is insufficient ta allow the acquisition ofpolarized 119Xe spectra.
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For completeness~xenon isotherms of the uncoated zirconia and the two polymer

coated samples were carried OU4 giving cise ta the data summarized in Table 43.

Sample Temperature (K) ~(kcaYmol) Vm (ceSTP) Surface area(m!/g)

±2K. ±4% ±8% ±10%

139 4.91 0.72 33.8
ZrO!

169 4.96 0.70 25.3

ZrO!-PEG 139 423 0.90 13.1

(MW 400) 169 4.27 0.95 11.4

ZrO!-PEG 139 4.33 0.86 13.4

(MW 10000) 169 4.33 0.93 lL9

Table 4.3 Isotherm data ofbare and PEG coated monia samples.

Although the accuracy ofthe surface area estimated by the BET method decreases

for [ower surface areas, the large decrease observed in the surface area on addition of the

polymer indicates that besides procing a thick coating on the zirconia surface, the PEG

causes additional particle aggIomeration. CIearly the polymer coating bas a much more

significant effect on absorption behavior ofthe xenon than the OTS monolayers (see data

in Tables 4.1 and 4.2).

In. summary~ the use of a PEG coating bas been shown to retard relaxation of the

I~e sufficiently to carry out optically polarized xenon spectroscopy at a range of

temperatures. The technique therefore offers a way to study polymer adsorption in the

solid state. Until now stlldies of polymer coatÏngs on metaI oxide substrates~ bath by

NMR and ather techniques bave been mostly limited to the solution state•
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Conclusions,. contributions to knowledge and suggestions for future work

Polarized xenon is a sensitive probe ofsurface coverage and will be useful in the

study of SAMs. The conditions for obtaining uniform coatings of surfactants on metal

onde surfaces can be monitored by this technique. Amongst the areas of interest are the

thiol based. monolayers on Metal surfaces. Sïnce the Metal center itseIfwouid be expected

ta provide an extremely efficient xenon reia"<arion sitey study of the gold nanoparticles

eovered by a complete aIkylthiol monolayer wouId clarify whether thexenon relaxation is

due entirely to the presence of uncoated. surfaces, or if the gas can permeate the alkyl

ehains to access the surface. Since our conventional ue studies (in particular the 2D

WISE experiments) indicated that the chain motion occuring in the aIkyl thiol,

phosphonate and siloxane SAMs is simiIar, the ability of xenon to permeate any ofthese

chains shouId aIso be comparable.

As an extension to work presented here on the aIkanesilane-silica and metal

oxide-alkanephosphonate SAMs, it May be interesting to study monolayers of differing

chain length and deposition of the SAMs onto dispersed metal oxides ofdifferent mes.
Using dispersed zircoma colloids rather than the fumed zirconia which is commercially

available should allow the formation of a complete monolayer, sinee all of the surface

sites would be accesible to the long chain phosphomc acids. Synthesis and

characterization of a wider variety of SAMs on nanoparticles is ongoing in our group.

Although the 129Xe shifts thet;nselves are not readily interpret~ the rela.xation behavior of

xenon on these surfaces offers a sensitive probe ofmonolayer quality. Use ofsmall angle

tipping pulse experiments wouId aIlow more accurate determination ofthe Tt vaIues and

these coold be used for comparing the various types ofSAMs.

The influence of the substrate on the glass transition of supported polymer thin.

films is another problem which can be investigated by polarized xenon chemicaI shift

studies. The preliminary study of PEG on zirconia descnoed here illustrates both the

strengths and weaknesses of this technique. CIearly polymer coating on non-planar

substrates are difficult to characterize~ and the lack of morphological information

avaiIable via other techniques Iimits the potential for interpretation ofthis data. However
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the possibilities for further modification of the PEG-zirconia system by more careful

control of the PEG loadingt and further variation ofthe molecular weight of the polymer

shouId he explored. In addition other assemblies ofpolymers on metaI mades could he

synthesized. Amongst the potential areas of interest here are coating of the poIy

aIkylmethacrylates onto silica spheres or glass microbeads in order to determine the

effects of film thickness on chain mobility and glass transition. The diameter of the

spheres would need to be large enough to minirnize the interparticle contacts, fortunately

the lo\ver surface area resulting from the use ofIarger spheres will still be observable due

to the high sensitivity orthe poIarized xenon experiment. The synthesis ofother polymer

thin film samples in which xenon is known to dissolve iuto the buIk polymer, and the

polymer contains sufficiently strong functional groups to encourage stronger polymer­

oxide interactions is currently underway in our laboratory. Promising candidates include

polyacrylic aci~ and polypropylene-polyacrylic acid copolymer wœch strongly adsorb

ante zirconia.
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• P dose P final deltaP total x (p/pO) v (cc x/(v(1-x) 0.122625 : Vint*
dose STP)

6.8 2.6 6.8 6.8 0.0177 0.51 0.03515 0.124025 :Vint*+Vd*
10.4 7.9 7.8 14.6 0.0536 0.81 0.06995 147.3 :Po
16.2 14.1 8.3 22.9 0.0957 1.06 0.09995
22.2 20.3 8.1 31.0 0.1378 1.28 0.12455
30.8 28.8 10.5 41.5 0.1955 1.52 0.16025
36.1 34.4 7.3 48.8 0.2335 1.72 0.17745
41.7 40.3 7.3 56.1 0.2736 1.88 0.20025
47.1 45.9 6.8 62.9 0.3116 2.02 0.22415
58.5 56.7 12.6 75.5 0.3849 2.23 0.28125
82.3 n.3 25.6 101.1 0.5248 2.81 0.39305

102.2 98.1 24.9 126.0 0.6660 3.28 0.60725
174.6 147.3 76.5 202.5 1.0000 6.56 #DIV/Ol

280 150 132.7 335.2 JDIV/Ol

Si<h (70 nm) isotherm data 139K

•

P dose P final delta total x (p/pO) v (cc x/(v(1-x» 0.123696 :Vint*
P dose STP)

20.7 17.6 20.7 20.7 0.0186 0.36 0.05265 0.124999 :Vint*+Vd*
37.9 36.2 20.3 41.0 0.0383 0.55 0.07285 946 :Po
56.9 55.5 20.7 61.7 0.0587 0.69 0.08975
76.4 75.2 20.9 82.6 0.0795 0.82 0.10575
93.9 92.9 18.7 101.3 0.0982 0.92 0.11865

115.8 114.7 22.9 124.2 0.1212 1.03 0.13455
135.3 134.4 20.6 144.8 0.1421 1.11 0.14905
155.5 154.5 21.1 165.9 0.1633 1.21 0.16155
175.9 175 21.4 187.3 0.1850 129 0.17555
200.5 199.4 25.5 212.8 0.2108 1.40 0.19115
219.1 218.2 19.7 232.5 0.2307 1.48 020195
240.8 240 22.6 255.1 0.2537 1.56 0.21865
261.1 260.1 21.1 276.2 0.2749 1.65 0.22955
278.8 2n.8 18.7 294.9 0.2936 1.15 0.23712
298.6 297.6 20.8 315.7 0.3145 1.85 0.24793
367.6 364.9 10.0 385.7 0.3857 2.09 0.29938
476.7 472.4 111.8 497.5 0.4993 2.48 0.40070

SiOz (70 nm) isothenn data 169K
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• p P final delta P total x(p/pO) v (cc X/(v(1-x» 0.1219: Vint*
dose dose STP)

7.5 4.7 7.5 7.5 0.0323 0.33 0.09995 0.1235: Vint*+Vd*
11.2 9.4 6.5 14.0 0.0646 0.55 0.12655 145.4: Po
16.5 15.1 7.1 21.1 0.1039 0.71 0.16355
21.3 20.1 6.2 27.3 0.1382 0.85 0.18935
26.0 24.9 5.9 33.2 0.1713 0.97 O.21z16
32.5 31.4 7.6 40.8 0.2160 1.10 0.25085
38.0 37.3 6.6 47.4 0.2565 1.17 0.29375
45.6 43.6 8.3 55.7 0.2999 1.41 0.30405
53.2 51.3 9.6 65.3 0.3528 1.63 0.33475
61.5 59.7 10.2 75.5 0.4106 1.84 0.37955
68.7 66.8 9.0 84.5 0.4594 2.06 0.41335
772 76.6 10.4 94.9 0.5268 2.11 0.52655
87.1 83.9 10.5 105.4 0.5770 2.49 0..54715
96.0 93.2 12.1 117.5 0.6410 2.82 0.63295

104.3 101.2 11.1 128.6 0.6960 3.19 0.71855
113.7 111.7 12.5 141.1 0.7682 3.41 0..97075
127.3 121.8 15.6 156.7 0.8377 4.07 1.26815
138..8 133.7 17.0 173.7 0.9195 4.67 2.44515
146.7 140.8 13.0 186.7 0.9684 5.38 5.68715
155.7 145.4 14.9 201 ..6 1.0000 6.63 #DIV/OI

SiOrQTS (#4.2) isotherm data 139K

P P final delta P total x(p/pO) v (cc x/(v(1-x» 0.1236 :Vint*
dose dose STP)
20.7 17.6 20.7 20.7 0.0186 0.36 0.05265 0..1249 :Vint* + Vd*
37.9 36.2 20.3 41.0 0.0383 0.55 0.07285 946 :Po
56.9 55..5 20.7 61.7 0.0587 0.69 0.08975
76.4 75.2 20..9 82.6 0.0795 0..82 0.10575
93.9 92.9 18.7 101.3 0..098Z 0.92 0.11865

115.8 114..7 22.9 124.2 0.1212 1.03 0.13455
135.3 134.4 20.6 144.8 0.1421 1.11 0.14905
155.5 154.5 21.1 165.9 0.1633 1.21 0.16155
175.9 175 21.4 187.3 0.1850 1.29 0.17555
200.5 199.4 25.5 212.8 0.2108 1.40 0.19115
219.1 2182 19.7 232.5 0.2307 1.48 0.20195
240.8 240 22.6 255.1 02537 1.56 0.21865
261.1 260.1 21..1 276.2 0.2749 1.65 0.2295
278.8 277.8 18.7 294..9 0.2936 1..75 0.2371
298.6 297.6 20.8 315..7 0..3145 1.85 0..2479

• 367.6 364.9 70.0 385.7 0.3857 2.09 0.2993
476.7 472.4 111.8 497.5 0.4993 2.48 0.4007
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• SiOrQTS isothenn data 169K
P Pfinal delta P total x (p/pO) v (cc x/{v(1-x» 0.1218: Vint*

dose dose STP)
9.9 6 9.9 9.9 0.0394 0.47 0.08835 0.1234: Vint*+Vd*

15.9 13.9 9.9 19.8 0.0914 0.70 0.14455 152.1: Po
21.5 20.9 7.6 27.4 0.1374 0.76 0.21025
28.9 28.1 8.0 35.4 0.1847 0.84 0.26865

37 36.3 8.9 44.3 0.2387 0.92 0.34235
43.7 43.2 7.4 51.7 0.2840 0.97 0.41085
50.8 50.3 7.6 59.3 0.3307 1.02 0.48685
57.9 57.5 7.6 66.9 0.3780 1.05 C.Sn65
82.1 80 24.6 91.5 0.5260 1.27 0.87245
96.7 95.3 16.7 108.2 0.6266 1.42 1.18355

118.9 116.8 23.6 131.8 0.7679 1.64 2.01905
141 138.8 242 156.0 0.9126 1.87 5.57675

178.2 148.1 39.4 195.4 0.9737 5.52 6.70525
238.1 152.1 90.0 285.4 1 15.98 .0IV/Of

ZIÜ2 isothenndata 139K

P P final delta P total x(p/pO) v (cc x/(v(1-x» 0.1219424: Vint*
dose dose STP)
20.9 18.5 20.9 20.9 0.0196 0.26 0.0754 0.1234564: Vint*+Vd*
42.8 41.4 24.3 45.2 0.0438 0.40 0.1142 946: Po
54.1 53.3 12.7 57.9 0.0563 0.48 0.1243
71.5 70.8 18.2 76.1 0.0148 0.54 0.1501
88.4 87.8 11.6 93.7 0.0928 0.59 0.1744

102.6 102 14.8 108.5 0.1078 0.64 0.1894
120.8 120.3 18.8 127.3 0.1272 0.67 0.2170

141 140.3 20.7 148.0 0.1483 0.73 0.2397
154.6 154.3 14.3 162.3 0.1631 0..74 0.2627

177 176.5 22.7 185.0 0.1866 0.77 0.2982
196.1 195.6 19.6 204.6 0.2068 0.80 0.3253

219 218.4 23.4 228.0 0.2309 0.84 0.3573
240 239.5 21.6 249.6 0.2532 0.87 0.3901

256.9 256.5 17.4 267 0.2711 0.89 0.4170
275.7 275.4 19.2 286.2 0.2911 0.90 0.4562
314.2 312.9 38.8 325 0.3307 1.00 0.4933
399.1 396.9 86.2 411.2 0..4195 1.14 0.6324
503.4 499.4 106.5 517.7 0.5279 1.47 0.7578

ZIÜ2 isotherm. data 168K.

•
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• P dose P final delta total x (p/pO) v (cc x/(v(1-x» 0.1213452: Vint*
p dose STP)

6 4.9 6.0 6..0 0.0321 0.13 0.2610 O.1226284:Vint*+Vd*
11.2 10.1 6.3 12.3 0..0662 0..25 0.2792 152.5
17.1 16..1 7.0 19..3 0.1056 0.37 0..3211
20.7 20.1 4.6 23..9 0.1318 0.44 0..3487
25.9 25 5.8 29.7 0.1639 0.54 0..3643
28.7 28.1 3.7 33.4 0.1843 0..61 0.3721
32..5 32.2 4.4 37.8 0.2111 0.64 0.4194
35.5 35 3.3 41.1 0.2295 0.70 0.4284
37.9 37.7 2..9 44.0 0.2472 0.72 0..4586
41 ..7 40.9 4.0 48..0 0.2682 0.81 0.4530
45.4 44.9 4.5 52.5 0.2944 0..86 0.4826
61.3 60.1 16.4 68.9 0.3941 0.99 0.6565
70.9 70..1 10.8 79.7 0.4597 1.07 0.7914
85..1 83 15.0 94.7 0..5442 1.31 0.9093
98.5 97.3 15..5 110.2 0..6380 1.44 1.2236

116.5 115 19.2 129..4 0.7540 1.59 1.9169
129.5 128 14..5 143.9 0.8393 1..77 2..9598
188.4 152.5 60..4 204.3 1 6.09 #DIV/O1

ZrOrPEG (400) isotherm 1391{

P P final delta total x (plpO) v (cc x(v(1-x» 0.1204857: Vint*
dose P dose STP)
18.8 18.2 18.8 18..8 0.0173 0.05 0.3392 0..1216116:Vint*+Vd*
41.1 40.2 22.9 41 ..1 0..0381 0.14 0.2927 1054: Po
48.2 47.9 8.0 49.7 0..0454 0.16 0.2922
58.8 58..4 10..9 60..6 0..0554 0.20 0.2943
70..1 69..7 11.7 72.3 0..0661 0.23 0.3016
79..8 79.5 10.1 82..4 0.0754 0..26 0..3139
94..9 94.4 15.4 97.8 0..0896 0.30 0.3243

112..9 112.4 18.5 116.3 0.1066 0.34 O.34n
129..8 129.3 17.4 133.7 0.1227 0 ..38 0.3636
136..8 136.4 7.5 141.2 0.1294 0.42 0.3500
151.1 150.1 14.7 155..9 0.1430 0..46 0..3652
1682 167..7 17.5 173.4 0.1591 0.50 0..3800
180.9 180.5 13.2 186.6 0.1713 0.53 0.3888
201.7 200.9 21..2 207.8 0..1906 0.60 0..3891
208..4 208.2 7..5 215.3 0.1975 0.62 0..3963
228.2 227.6 20.0 235.3 0..2159 0.67 0.4101
256.6 255..8 29..0 264..3 0..2426 0.73 0..4353
269.1 268.8 13.3 277..6 0..2550 0.75 0.4518
282.4 282.1 13.6 291..2 0.2676 O~77 0.4692

• 301 ..6 301.1 19.5 310..7 0..2856 0'.81 0.4891
313 312.7 11.9 322.6 0..2966 0.84 0..5017



•
211

Zr02-PEG(400) isotherm data 169K
P P delta total x (plpO) v (cc x(v(1-x»

dose final
10.4 8..1
15.6 14..3
21.7 20.5
26.4 25.7
31.5 30..6
35.8 352
41.8 41.1
48.7 47.8
59..1 58
69.8 68.8
80.2 79.2
90.4 88.8
101 100

119..9 117.2
136 132.4

152..4 146..4
180 146..4

P dose STP) 0.1206223: Vint*
10.4 10.4 0.0553 0.27 0.2209 0.1221367: Vint*+ Vd*
7.5 17.9 0.0977 0.41 02624 146.4: Po
7.4 25..3 0.1400 0.55 0.2972
5.9 31.2 0.1755 0.62 0.3410
5.8 37.0 0.2090 0.73 0.3642
5.2 42.2 0.2404 0.79 0.4002
6.6 48.8 02807 0.87 0.4504
7.6 56.4 0.3265 0.96 0.5024

11.3 67.7 0.3962 1.08 0.6063
11.8 79.5 0.4899 1..19 0.7473
11.4 90.9 0.5410 1.29 0.9127
11.2 102.1 0..6066 1..47 1.0489
12.2 114.3 0.6831 1.57 1.3697
19.9 134.2 0.8005 1.87 2.1428
18.8 153 0.9043 2.28 4.1400
20.0 173 1 2.98 #DlV/Ol
33.6 206.6 1 7.03 #ON/Ol

ZrOrPEG (10000) isotherm 139K

P P
dose final
26.6 25..4
40.3 39..7
54.9 54.3
72..5 71.9
88.4 87.8

104.9 104.3
125 124.3

139.9 139.3
167.3 166.4
183.3 182.7
202.3 201.7
219.1 219.2
244.9 2442
259.2 258.7
270.5 270.2
294.5 293.8
328.8 327.8

delta
p

26.6
14.9
15.2
18.2
16.5
17.1
20.7
15.6
28.0
16.9
19.6
18.0
25.7
15.0
11.8
24.3
35.0

total x (plpO)
dose
26.6 0.0241
41.5 0.0377
56.7 0.0515
74.9 0.0682
91.4 0.0833

108.5 0..0990
129.2 0.1179
144.8 0.1322
172.8 0.1579
189.7 0.1733
209.3 0.1914
227.3 0.2080
253.0 0.2317

268 0.2454
279.8 0.2563
304.1 0.2787
339.1 0.3110

v (cc x/(v(1-x» 0..120061: Vint*
STP)
0.11 0.2252 0.121416: Vint*+Vd*
0.16 0.2412 1054: Po
0.21 0.2532
0.26 0..2787
0.31 0.2901
0.36 0..3026
0.42 0.3185
0.47 0.3230
0.54 0.3454
0.59 0.3537
0.64 0..3703
0.68 0.3888
0.73 0.4156
0..76 0..4247
0.78 0.4384
0.83 0.4609
0.91 0.4947

ZrOrPEa 10000 isotherm 169K




