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Abstract

The: sol-gd proce:ss is a low lemperarure solution rOUle 10 amorphous and

crystalline malerials. Organic modification of the precursors allows the formation of

organic-inorganic composile malerials. We use the sol-gel process 10 produce an

organically-modified ceramic for integraled optical applications. Pholosensitive organic

components allow the fabrication of passive integraled optical devices by

phololithography. We demOnStrale the fabrication and characlerization of channel

waveguides. waveguide devices and gratings in this material. Active devices based on the

enùssion of erbium al 1.55 f.lIIl are under much investigation because of their polential use

in telecommunications. Lwninescence quenching is a major problem as an V ion in ilS

excited state transfers its energy to a nearby vibrational mode of its environment and

decays non-radiativcly tO the ground state. Encapsulation of the ion into a ccordination

sphere to shield the ion from its SUITOundings may lead to reduced quenching. We

synthesize severa! erbium tetrakis lXIiketone complexes and dope them into different

solvent environments and sol-gel hasts to probe guest-host interactions in the excired

state.
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Résumé

Le procede sol-gel est une solution de bas>c temperaturt: sur la voie de, nuteri:lUX

amorphes et cristallins. La modification organique des precun;eun; permet la formation de

matériaux composites organiques-inorganiques. Nous utilisons le procede sol-;;<:I afin de

produire une ceramique modifiée par voie organique pour des applications en optique

intégrée. Les composantes photosensibles organiques permencnt la fabrication de

dirositifs passifs d'optique intégrée par photolithographie. Nous demontrons la 11brication

ai.1si que la caratérisation de canaux de guides d·ondes. de dispositifs il guide d·ond..:s ainsi

que de reseaux à partir de ce matériau. Les dispositifs actifs basés sur 1"émission de:

l"erbium à 1.55 fJ.!D font l'objet de plusieurs investigations il cause de leur utiIization

potentielle dans le domaine des télécommunications. La désactivation de la luminescence

est un problème ma_~ur car un ion V dans son état excité !l'3Ilsfère son énetgie à un

mode de vibtation voisin et revient de façon non-radiative à l'état fondamental.

L'encapsulation de l'ion à l'intérieur d'une sphère de coordination pour protéger l'ion de

son environnement pourrait mener à une réduction de la désactivation. Nous synthétisons

plusieurs co~lexes d'erbium tetrakis j:kIiketone et les dopons dans différents solvents et

hôtes sol-gel pour sonder les interactions dans l'état excité.
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General Introduction

Th~ l~rm "inl~gralc:d optiCS" was flfS[ coinc:d in 1969 by S.E. :\tillcr 10 de",-Tibc: the

fabrication of compl~x optical circuit' on a single chip consisting of miniaturiz.:d

components inlerconn&lc:d by small optical transmission lin~s. or waveguides. This. he

proposed. could œ accomplishc:d using lithographie teehniqu~s analogous [0 the

fabrication of el&tronic integraled circuits. Th~ field of integraled optics includes the

guiding, generation, manipulation and delection of lighl waves. and the coupling of these

waves into and out of integrated optical circuits. The devices thal make up these circuits

can be classified as active or passive. Active devices. such as lasers and electro-optic

modulators. perform their functions due to the application of an extemal field. Passive

devices, such as power dividers and wavelength division multiplexers, are dcsigned 10

operaœ without application of an external field.

There are severa! marerials that are currenùy being used for integmed optics., bath

commetcially and m the laboratory. Lithium niobate. with its exccllent electro-optic and

piezoelectric properties, and semiconduetor materials, with the advantage of full

mtegration with eleetronics., have been the marerials of choice to date. Interest m glass bas

been mcreasing due to its many inherent advantages over the previously mentioned

materials. These include high mechanical, thermal and cbemica1 stability. high thresbold

nroptical damage ratio. and smaIl coupling lasses between optical fibers and glass

waveguicles due to a close match in rcfractjve index. Among the many different processes

for making glass integmed optics devices. the sol-gel process is panicu1arly attractive. Il

1
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is a low lemperarure. solution process in which metal alkoxides undergo hydrolysis and

polycondensation 10 yield glasses. Resulting material properties can be tailored via

judicious choice of reagents. Because the reactions occur in solution, doping with active

materials readily oocurs.

Active deviees based on erbium doped glasses are CUIIeI1ùy n:ceiving much

attention. Their importance lies in the characteristic emission of erbium at 1.55 lJ.IIl, which

is an important wavelength in optical fiber te1ecommunications. Deviees such as

waveguide 1aseIs and amplifiers utilizing this wavelength are expec:ted. to be important

elements in future fiber optic netWOtks.

The materials we have studied are organical1y modified sol-gels. One, (referred to

throughout this thesis as the onnocer) wbich was investigated priTmmly in thin film faIm,

consists of a silicon alkoxide with a photopolymerizable œganic substituent, and a

zirconium alkoxide complexed by the carboxylate of merhaaylic acid. On exposure to

ultraviolet mliation, the organic components polymerize, causing an increase in Iefractive

index. Its material ptoperties are discussed in Chapœr 1. Waveguidcs, waveguide devices,

and gratings wete made from this material and are discussed in Chapœr 2. Emium, in the

form of coordination complexes, was doped inlD the sol for Inminesœnce investigations.

Another sol-gel was prepared from methyltrimethoxysilane (MTMS). This was used

primanly as an altemate host material for erbium complexes. Etbium doped sol-gels are

presented in Chapter 3•

2
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1. Optical Materials via the Sol-Gel Process

1.1. Introduction

1.1.1. Sol-Gel Cbemistry

The sol-gel process is a low temperature liquid phase route to amolphous and

crystalline materials that proceeds via the hydrolysis and polycondensation of alkoxides.1

In principle, the process is applicable to any metaI alkoxide (M =B. Al, n. Zr. ete.);

however. silicon a1koxides have been the most intell3i\'ely Stlldied. There are three general

reactions that can be WIÏtten to represent the sol-gel process, for \\'hi.ch silicon alkoxides

will be used as exampl~

hydrolysis eSi-OR+Hp+-+eSi-OH+ROH (1.1)

alcoholcondensalion "Si-OR+HO-Si=E leSi-O-Sie+ROH (1.2)

waterCODdensalion "Si-OH+HO-Si=E lf!!Si-O-Si=+H20 (1.3)

Solvents are commonly used to homogenize the aJkoxides and water which are most often

jmmisti1)le. Solvents aIso help tD control the concentrations of Silicate species and water in

IegaIds to gelation kinetics.

One of the most impoua.at parameterS in sol-gel chemistry is the ~o-.si molar

ratio (r-value). In theory, complete hydrolysis of a œttafunc:tional a1koxide can be

ace. wp1isbrxl with an r-value of 2. In practice, Ibis does Dot occur. In fact, even with

r-values up to 50, some aUroxidc groups IenllÙD unhydrolyzed. This is most probably due

to a1coholysis of Si-Q-Si bonds (the ICVerSe of mlCtion 1.2) lefaming alkoxy groups.

3



• Another important factor in regards to the kinetics of the reactions is the steric bulk and

electron donating or withdrawing characteristics of the a1koxide groups or organic

substituents. These have a great influence on the rates of the hydrolysis and condensation

reactions.

Brinker and SchererJ have described the hydrolysis and condensation reactions in

detail. It is generally accepted that the hydrolysis reaction occurs by nucleophilic anack of

oxygen in water at the Si atom. The reaction is usually caralyzed by acid or base. In acid

caralyzed hydrolysis., an a1koxide group is protonated, drawing electron density away from

Si. This makes Si more electropbilic and prone to nucleopbilic anack by water. As a water

molecuIe attaeks, it acquires a partial positive charge, making the protonated alkoxide a

better leaving group. The transition swe bas SN2 character and inversion of configuration

usually occurs with good leaving groups.

RO~ ,OR
H5---':~j---5R~

H 1 H
OR

/OR

Ho-S~"'OR
OR

ROH

H+

•

Rgure 1.1 Acid eataJyzed hydrolysis with inversion ofconfiguration

Hydrolysis rates are increased with groups that do not give rise 10 substantial steric

aowding around Si. Substitution of alkoxide groups with alkyl groups aIso increases the

rate. since these electron donating substituents help stabilize the positive charge Si

acquiIes in the transition state.

In base caralyzed hydrolysis, QI!" a!tllcks Si, displacing OR- in an SN2 rœ:banism

This results in inversion ofconfiguration.

4



• RO"
RO\',Sr-OR~

RO

~O" /OR
HO----r---6R~

OR

/OR

Ho-S\"IOR

OR

Figure 1.2 Base catalyzed hydrolysis with inversion ofconfiguration

Another mecbanism suggests the formation of a stable five-coordinate imermediale. Two

transition states are formed, the second of which cao lead to loss ofany ligand.

RO". ~ôH RO'" ?::
"~-OR ~ "rOR~

RO"'I RO'"
OR OR

RO t Si(OR)3OH
""'~--ÔR .......

RO"'I Rct
OR

•

Figure 1.3 Base catalyzed hydrolysis with retention or inversion ofconfiguration

Electron withclrawing substituents wbich heIp to stabilize the negative charge on Si

inctease the hydrolysis rate. Electron donating groups, e.g., alkyls, do just the opposite.

Condensation IeaClÏons produce either alcohol or water. The product that

dQminares is ptimarily detcrmined by the r-value: forr« 2 the a1cohol producing reaction

is favoured, while for r» 2 the water producing reaction is favomed. In base eatalyzed

condensation, mi" dcprotonates a silanol wbich then takes pan in a nucleopbiIic attaek on

a siloxane. Acidily of the silanols is determined by the other substituents on Si As more

basic groups (OR and OH) are rep1aced by OSi, the acidity of the mnaining silanoIs

increases due to the poIarizing effect of red'lced electron density on Si ODe possible

mechaniqn involving a stable pentllCOOldinate inter"lediate is shawn in Fig. 1.4•

5



• Si(OR)4
=SiOH + Hcf- =5icf + H20 ~

Figure 1.4 Base eataJyzedcondensation

In acid eatalyzed condensation, nucleophilic attack by a neutral species on a protonated

silanol OCCIIIS. Silanols most likely to be protonated are found on monomers and on end

groups ofchains, since these are the most basic silanols.

R-Si(OHh HO, ,H

W~ R\"'l~H
HO

R-Si(OHh
---.----

•

Figure 1.5 Acid eataJyzedcondensation

Th~ it can be seen that basic eatalysts 1ead to compact, branched structures which

are more suited to formation of monoliths. Acid eatalysts produce exteDded, Jess branched

polymers suitable for film formation since these chains can mate easily flow past each

other and coyer the substra1e slIIface?

As condensation IeaCtiODS OCCIII, panicles cominually increase in size until a sol

results (a colloidal suspension of solid panicles in a liquid). The size of the sol panicles

depends heavily on the pH of the solution. For e.ample, in the :range of pH 2-7 for acid

eatalysts, panicle size is -2-4 Dm since solubility of silica is low in this pH range. Under

6
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basic conditions, sol particles are larger due 10 grealer silica solubility al higher pH. \Vith

time. the sol particles aggregale 10 fOiIII a gel (a ttlOlecule of macroscopic dimer.sions

eXlending throughoul the solution). Further aging results in solvent evaporation and

sltrinkage of the solid nelWOlk finally yielding a porous, amorphous, bulk solid known as a

xerogel. Densification of xerogels can he accomplished by sintering al elevated

temperaltlreS. If the gel is dried under supercritical conditions. no sltrinkage occurs.

resulting in a very porous solid known as an aerogel.

Some researchers have developed procedures for making non-shrinlàng gels which

do not require supercritical drying conditions. Ellsworth et al.3 have produced transparent

non-shrinlàng composites with a wide range of glassIpolymer ratios. They use poly(silicic

acid esters) bearing polymerizable alkoxides where the cosolvent and liberaled alcohol

polymerize. Thus gel drying is unnecessary and slninkage does not OCClD". Prakash et al.4

have prepared aerogel films by adding surface groups to inorganic gels. As the solvenl

evaporates, the gel springs back to a porous state. They have reponed thal porosities up

to 98.5% are anainable by Ibis method.

LU OpticaJ Applic:atioas

One of the greatest aaributes of making glasses by the sol-gel piocess is the ability

to dope with a wicle range of active maœrials. Dopants are usually introduced al the sol

stage and become entrapped in the pores of the gtadually forming matri:x. Forous

transparent materials make very good hosts for biomolecules. Those which retain their

activity while encapsu1ated in a silicate glass can have applications as optically based

7
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biosensors.S ,6 .7 ,8 The porosity of sol-gel g1asses alIows smalI analyte molecules to diffuse

into the matrix whiJe large receptor molecules Ce.g., enzymes or pt'Oteins) remain fixed in

the pores. Reactions occurring in the glass can then be monitored spec:trOSCOpicalIy. The

same is truc for opàcalIy based chemical sensors whete a number of different indicator

molecules have becn encapsulated for sensing pH,9 metal ions9and gases.IO

Other molecules that have becn doped into sol-gels include thase that are

phOlochromic,1I electro-opàC,t2 and luminescent (bath laser dyesl3,14 and rare earth

ionslS
,16,17). The sol-gel process bas also been used to make non-linear opàcal (NLO)

materials. NLO acàve molecules such as organicsll,I9 and quantum dots20

(semiconduetor microcrystallites which exhibit tluee-dimensional quantum confinement)

can be doped into the soL AlternaIively, NLO chromophores cao be bonded directly to the

siloxane monomer and become a pan of the framework on gelation.21
,22,23

Thin fiJms are used extensively in opàcal applicaàœs, from antiIefleetive

coatin~ to waveguide lasers2S
• The case of depositing thin, homogeneous fiJms suitable

for a particuIar applicaàon is no uivial matter, Iegmdless of the method used. In Iegards

to the sol-gel process, the sol stage is very conducive to casting films either by spin- or

dip-coating. Rapid evaporation of solvent incIeases rares of condensation. Accxmiingly,

gelation occurs much lDOIe quicldy in films !han in monoliths. Factors that must be taken

ioto consideration hete are inte:rfacial adhesion between the substrate and the film,

thermal, chemirà and mechanical Sl'Ù"1ity, cracking of the film on drying, and the need for

multi-layer ptoc:essing.

8
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1.1.3. Organic Modification

Purely inorganic sol-gels lead to fi1ms that are britt1e and often crack on drying.~·

In addition. fi1ms are very thin «<llUD) and multiple coatings are often necessary for

integrated optica1 applications. The use of a hybrid organiclinorganic system :illows the

formation of thicker, crack-free films. These materials are known as ormosils (organic:illy

modified silicateS), or ormocers (organic:illy modified ceramics). Physica1 and optica1

propenies of the glasses can easily be tailored via choice oforganic substituents.

Novak bas out1ined different ways in which organic modification can be

accomp1ished.27 One method involves embedding organie polymers in a glassy matrix.

This is achieved by canying out the hydrolysis and condensation of a1koxides in the

pIeSCI1CC of organie polymers, provided there is no phase separation. Another method is to

use organie polymers containing tria1koxysilyl pendant groups, which then hydrolyze and

condense with inorganie a1koxides. Additionally, substituted organo-siloxane monomers

may be used. For simple a1kyl substituents, the resulting glass bas some organic character,

but thete is no organie polymer netWOrk. If the organie substituent is polymerizable, then a

secondary organic netwOrk ClIII be formed within the sol-gel The maœrial pxoperties of

this type of system cari be exploited in many ways. Photolithographie writing of integrated

optical devices in films ofthis type ofmaterial will be discussed in 0Iapter 2

LL4. Kinetics ofSol-Gei Reactioas

The cbaracœristics of the organic substituent DOt only influenees the resulting

material pxoperties, but also the sol-gel IeaCtions lhemselves. As pleVÏously mentiOlled,

9
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electron donating alkyl groups tend to increase acid-caralyzed hydrolysis rates but retard

base-catalyzed rates. The size of the organic substituent a1s0 influences rates. Large, bulky

groups decrease rates compared with smaller, unbranched groups. Kinetic centrol of a sol

gel reaction by choice of reagents is very usefuL

In multicomponent systems, where IWO or more metal alkoxides are present,

reagents may hydrolyze at different rates sufficient to fOIm domains richer in one

component than the other. Precipitation may a1s0 OCCInO. One solution to this prcblem is to

use mixed-metal alkoxides, where the starting alkoxide contains ail the metals in the

proper stoichiomerry. The use of a double metal alkoxide is quite common in the

formation of a1uminosilicate gels.28 Another approaeh is to add reagents in reverse order

of their reactivities. In this method, partial hydrolysis of the less reactive ccmponent

occurs first 50 that when the more reactive ccmponent is added, heterocendensation is

promoted.29 Reagents cao aIso be modified cbemically to control rates. Transition metal

alkoxides hydrolyze much faster than their silicon countcrpans and Iequire strict

ptocessing control to ptevent precipitation. Chelating agents cao be very effective at

slowing down bydrolysis and condensatiOll rates provïded they are stable in aqueous

5OlutiOll.

LLS. Refractive IDdex Control

One of the most imponal1t ptopenies ofoptical matr:rials tbat cao be controlled by

cbuice of reagents is IdIaetive index. Bœkman provides a thOIOUgb discussion of bow

polarizability al the molecular level deœrmines refractive index of the bulk maœrial30

10



• The microscopie process of polarization delermines the effecl a dieleetri.: material

has on lighl propagating through il. Dipole moments are crealed by the electrie field of

Iighl. E. and these microscopie dipole moments add up 10 give a macroscopie dipole

moment per unit volume. P. For optically linear materials. P is related to E by:

P= 'XE,E (lA)

where X is the dielectrie susceptibiIity and €a is th;: permittivity of vacuum. The electrie

disp\acement, D, is related to E by:

(1.5)

The refractive index. n, is thus determined by microscopie dipole moments induced in

response to an electric field.

The miaoscopic dipole moment produced by an electric field is given by:

p=aE {1.6}

where ex is the polarizability of the atOIn. A typical solid can consist of many different

po1arizable species. The macroscopic polarization, P, can be calculated at any given

position in a solid consisting of k different kinds of poIarizable species with volume

concentrations Nj by:

(1.7)

whcre El«: is the local electric field. This P aets as a driving force for funher formation of

microscopie dipole moments. The exptession which shows how all polarizable species in

the so1id combine to foIm the tefral:tive index is given by the Oanssius-Mossoai relation:

•
(1.8)
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• Thus. the refractive index of the material can be tailored by suitable choice of reagems.

For exarnple, large. easily polarizable atoms such as lead, silver or zirconium willlead to

materials with high refractive indices. Refractive index control is imperative in the field of

integrated optics since the fundamental concept is the control and manipulation of light

through materials. The most basic structure in integrated optics is the waveguide.

1.1.6. Waveguiding

A waveguide, depieted in Fig. 1.6, is a dielectric medium which transports

energy at wavelengths in the infrared and visible portion of the elecaomagnetic spectrum.

A necessary condition for waveguiding is that the refractive index of the waveguide must

be greater tban tbat of the surrounding media (n2 > nl>n]). In addition, there is a minimum

waveguide thickness tbat must exist which depends on the refractive indioes of all media

and on the wavelength of light tbat is to be guided. The propagation of a beam in a

waveguide may be described in ray optics terms by applying Sne\l's Law for total internaI

reflection aI bath interfaces.

",

•
Rgure 1.6 Ray optics approximation ofpropagation ofDght in a waveguide
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• Light waves propagate through the wavc:guide in distinct modes. A mod~ can be

described as a spatial distribution of optical energy in one or more dimensions. Fig. 1.7

shows the electric field distribution for the m =O. 1 and 2 modes.

m=1 m=2

•

Figure 1.7 Electric field distributions for the m=lJ,1, and 2 modes

Each of these allowed modes (m = 0.1.2•...) bas a propagation constant fJ,. given by

Eqn. 1.g31:

~'" =~sin~", (1.9)

where k is a constant dependent on wavelength.

Modes possess well defined po1arizations which are cither uansverse electric <TE.

po1arization of the electric field in the plane of the waveguide). or uansverse magnetic

(TM, polarizatiOD of the magnetic field in the plane of the waveguide). In both cases. the

wave field extends outside the physical boundaries of the waveguide and is present as an

evanescent field. As the mode orcier increases, the length of the evanescent tails in the

SUpexStllUe and substtate increase, and thus cmy a greater fraction of their total power

outside the guiding layer than do lower orcier modes. It is therefore desiIable in many

cases te have waveguides that guide ooly the fmY!amentaJ mode.
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1.2. Experimental

1.2.1. Materials

3-Methacryloxypropyltrimethoxysilane (MAPTMS) inhibited with 250 ppm

hydroquinone, and methylnimethoxysilane (MTMS) were obtained from United Chemical

Technologies !ne. (Bristol, PA). Methacrylie acid (MAA), 99% purity, inhibited with

250 ppm hydroquinone monomethyl ether, was obtained from Aldrich. The inhibitots were

removed by passing the liquids tbrough an inhibitor remover column packed with a

polystyrene-divinylbenzene copolymer obtained from Aldrich. Zirconium (IV) n-propoxide

(Zr(O~), 70 wt% solution in l-propanol, was also obtained from Aldrich and used

without further purification. IRGACURE-l84 (l-hydroxycyclohexyl-l-pheny1ketone) was

obtained from CIBA.

Substrates

Comïng glass (2947) miaoscope slides (l mm tbick), no=1.S11S, were purcbased

from Aldrich. Silicon wafm; «100) crystal cut) with a 2 J.U11 ± 2.5% tbick thermal oxide

layer were purcbased from Si-Tech !ne. (fopsfield, MA). Silicon wafm; «111) crystal.

cut) were purchased from Silicon Quest Intemational (Santa C1aIa, CA). Substrates were

cleaned ~f.m a miId detergent, rinsed in flowing dcionized waœ:r, then soaked in hot 1,1,1

trichloroethylene for 10 minuœs. This was followed by rinsing in hot acetone then hot

isopropanol and finally drying with nilrogen.
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1.2.2. Sol-Gel S~nthesis

Synthesis of the ormocer sol-gel was based on a procedure developed by H. Krug

el al.31 The glass can he prepared \,;ith various ratios of MAPTMS:Zr\OPr"l.:MAA:

however. the ratio of Zr\OPr").:M.-\ is always 1: 1. The following is a detailed

experimental procedure for a sol-gel with molar ratios of componelllS of 5:2:2:

0.54 g (0.030 mol) of 10'1 M Ha is added dropwise 10 10 g (0.040 mol) of

MAPTMS stirred al room lemperature in a 5 dram \ial. ln another 5 dram \ial. 1.39 g

(0.016 mol) of MAA is added dropwise 10 7.54 g (0.016 mol) of Zr\OPr").,. also stirred al

room temperature. 1bis forms a complex allowing the zirconium 10 he incorporated

homogeneously inlO the sol without precipitation. After approximateIy 45 minutes, the

pre-hydrolyzed MAPTMS is added slowly to the zirconium complex. and the combination

allowed to stir for a funher 45 minutes. 1bis is followed by dropwise addition of 0.98 g

(0.054 mol) of water. Following another 45 minutes of stirring, 0.31 g (1.5 wt%) of

pholOinitiator (IRGACURE 184) is IllpidIy dissolved. HnaJ.ly the sol is fil1Cred through a

0.2 llJIl Teflon filter and kept in a covered vial.

The MTMS sol-gel was prepared following the procedure of Haruvy and

Webber.33 0.40 g (0.022 mol) of 10~M Ha was added to 2.0 g (0.015 mol) of MTMS

(r =1.5) at room temperanJIe in a vial. StiIrîng was COIDi11dICed and then the \ial was

lowered inlO a 75°C water bath. The initial1y diphasic 1DÎXIUIe of clear and colourless

Iiquids homogeIlized after 1 miDlne DuIing the reacti.on. some rnetbal!()l was lost due to

boi1ing dming the course of the reacti.on (b.p. MeOH, 64.60C). After 15 minnœs. a clear,

colourless, viscous sol was prodnced
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• 1.2.3. Sample Fabrication

Bulk samples were prepared by pouring the sol into a glass vial then covering il

with perforaled ParafiImIP 10 leI the solvent slowly evaporate al room leIDperatUI'e for

several c1ays.

Ormocer films were prepared by dip-coating. This procedure consists of

sub1IleIging a SUbstrale in the sol, then withdrawing it at a constant velocity to produce

thin, homogeneous films. The dip-coating apparatus consisted of IWO Nanomovere

micropositioners (Melles Griol) mounted in parallel to give a total vertical displacement of

5 cm. Fig. 1.8 schematically shows the dip-coating p'œeSS.

• • •
bulksol

~dePOSited film

~ gelation at film/sol
boundary

••

withdrawal i
directiongravitational

drainage

• • • •

alcohoV
water ~- ••••-"'\.. .

evaporation •• .:.~aggregation
~ ..

• •

Figure 1.8 The dip-coating process showing the many factors involved in film
deposition

Resll1ring film cbaracœ:rislics aIe dependent on many factors. Film thickness is

govemed by several wwpeting forces incbMting viscous drag upward on the liquid by the

•
moving substtaJe, fon:e of gravit)', and surface 1eDSÏon gradient. During dcposition,

evaporaJion isprimarily responsible for solidification ofthe film. The mie of evapora%ion is
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dependent on the diffusion rate of vapour away from the film surface. which in turn is

dependent on convection cunents near the film surfa..--e. partial pressure of the volatile

species, and deposition atmosphere. Deposition occurs as small polymeric particles that

make up the dilule sol become highly concentrated, both due to gravitational draining and

solvent evaporation, in the Iegion near the boundary between film deposition and bulk

solution. Condensation reactions are accelerated as the particles in the initially dilute sol

are brought into close proximity. Viscosity dramatically increases and gelation occurs in

seconds ta minutes as opposed ta hours ta days with bulk gels.

Once cast, the film was placed in the aven ta dry at 100°C for 30 minutes. Films

were then exposed 10 UV light from a 100 W Hg arc lamp (Oriel Cotp.) with a water filter

ta remove infrared radiation. Exposure times ranged from 1 ta 60 minutes. The film was

placed in a sample bolder where the entire film was illuminated. After UV exposure for the

desired length of time. the sample was removed from the holder and thermally treated for

60 minutes at temperatureS selected from 80 ta 14Q°C. 'Ibis step enhancfld the refractive

index change and baIdened the film.

MTMS sol-gel films were pxepared by spin-coating on a photoresist spinner

(Headway Research Ine.. GarIand. TX). The substrate was positiooed fiat on the rotatable

chuck where a weak vacuum he1d it in place. The sol was passed througb a 0.2 pm filter

and deposited onto the substrate which was then spUD at 2500 IptD for 120 seconds. Films

were then baked for 12 hours al 100°C.
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1.2.4. UV-Visible Absorption Spectroscopy

UV-visible absorption spectIa were recorded with a Hewlen Packard 8452A diode

array spectrophotometer over the wavelength range of 200 tO 800 nID. Spectta were

collected from the onnocer sol and were imponed inm GRAMS spectral analysis software

(Galactic Industries, Salem, NH) where spectral processing was performed.

1.2.5. Fourier Transfonn lnfrared (FTIR) Spectroscopy

Infrared spectta were collected with a Bruleer lFS-48 Fourier transform infrared

spectrometer, in the range of 400 to 5000 cm·!. The data acquisition software used was

OPUS (Version 2.0) running under Operating System 2 (OS/2). Specttal processing was

performed in GRAMS.

1.2.6. Raman Spectrosc:opy

Raman spectta were collected on a system purchased from Instruments SA, IDe.,

consisting of a Jobin Yvon 1HR640 asywmeaie Czerny-Turner single monochIOmator

equipped with a UV-enhanced CCD deteetor. The laser excitation source was a

Spectraphysics argon ion laser (i.. = 514.5 nm). Data-acquisition software used was Prism

software, Version 1.0 (1nstIuments SA, IDe.). Specttal processing was perfolwed in

GRAMS.
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• 1.2.7. Film Tbickness Measurements

Film thickness was measured on a Dcl..tak$ 3030ST surface profiler (Vceco

Instruments Inc.• Santa Barbara, CA) where a stylus scans the surface across the edge of

the film to measure the step height between the baIe substrate and the adjacent film.

1.2.8. Refractive Index Measurements

Refractive index measurements were perfonned using the prism coupling

method.34 Fig. 1.9 schemalically shows the principle ofprism coupling.

CoUP_lin..::g-=~=~E._----!~ __~_---I...o:::--__gap

Substrate

•

Figure 1.9 Principle ofprism coupHng

A prism with Iefractive index np > n.., is pressed onto the film. A smaIl gap of air may be

present between the base of the prism and the film due to smface iIIegularities and dust. A

HeNe 1aser beam Q.. = 0.6328 j.UII) directed onto the face of the prism is totally intemal1y

Ieflected at the prism-air gap interface and a sœnding wave mode develops. If the gap is

smaIl enough, the evanescent tail of this mode penetrates into the smface of the film.

When the propagation constant in the z-diIection, 4. for this prism mode matches one of

the propagation constants for an allowed mode in the waveguide. p., coupling of energy
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• occurs from the prism mode to the waveguide mode. This is often refetred to as optical

tunncling. Th~ mU. mode in the waveguide cao be selected by changing the incident angle

él... Effective indices for each mode, Nm, are then calC'.Jlated from the coupling angles (él..)

according to Eqn. 1.I<r2
:

N . { . _I(sinem } }m=npsm sm -;;;- A

where A is the base angle of the prism.

1.3. Results and Discussion

1.3.1. Ormoœr

(1.10)

The main reagents used tO synthesize the ormocer sol-gel glass are shown in

Fig. 1.10.

?Pr"
pro-fïOPr"

OPr"
(II)

•

Figure 1.10 Reagents used ta synthesize the ormocer sol-gel

MAPTMS (I) is the primaIy network fonning componenL It not only provides an

inorganic framework, but the organic substituent also adds flexibility to the resulting glass,

which helps prevent cracidng. The metbacryloxy group is photopolymetizable, aIlowing

the formation of a secondary organic network on exposure to uluaviolet lighL ZiIconiwn

(IV), which bas a high polarizability, is added as Zr(OPr">4 (II) to increase the refractive
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index of the glass and provide mechanical stability. It is homogeneously incorporated inlo

the sol-gel probably by complexation with MAA (III). "This decreases the raIe al which the

Zr(OPr"). hydrolyzes, effectively preventing precipitation of ~. MAA is also

pholopolymerizable and is incorporated into the organic network on exposure to UV lighl.

The fust addition ofHa tO MAPTMS amounts to one half the theoretical quantity

necessary to hydrolyze aIl methoxy groups in MAPTMS. Since there are three moles of

methoxy groups for each mole of MAPTMS, and one water molecule is produced in the

condensation reaetion for each water molecule added, 1.5 moles of water is theoreticaI1y

sufficient for complete hydrolysis. With half of this amount, 0.75 moles, the MAPI'MS

only undergoes partial hydrolysis and lime, if any condensation. Unlike most sol-gel

reaetions, no solvent is used in this hydrolysis reaClion. Silicon alkoxides and water are

immiscible and usually a mutual solvent is used to homogenize the solution and aIlow the

components to react. Tettaalkoxysilanes in panicuIar, which have been studied in the

gIeatest detail, are extremely slow to reaet unless a solvent is used Alkyl substitution of

the siloxane increases the eleetron density on Si and stabilizes the positively charged

transition state in the hydrolysis reaClion. Under acidic conditions, the hydrolysis rate is

thetefole increased. Initially, the MAPTMS and Ha are immiscibIe; however, within

about 10 minutes the hydrolysis reaetion bas proceeded far enough to produce enough

methanol to aet as the solvent for the unreaeted HCl and MAPTMS and the solution is

homogenized. Metal alkoxides n:adily fonn complexes with carboxylic acids,3S and

addition of the 'à/MAA complex al this stage should promote heteroeondensation

reactions between silanol groups and unhydrolyzed propoxide groups on Zr.
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The second addition of water tO the sol is perfonned tO complete the hydrolysis of

the remaining methoxide and propoxide groups of MAPTMS and the 'àfMAA complex

respecrlvely. TIùs amount is made up of the funher 0.75 mol water/mol MAPTMS as weil

as 1.5 mol water/mol Zr(OPr")•. Since the formation of the 'àfMAA complex generates

one molecule of propanol, there are three propoxy groups rernaining on each zirconium.

1.5 moles of water are again theoreticaIly sufficient for hydrolysis. TIùs makes up the

remaining portion of the second water addition.

Transition metal alkoxides generally hydrolyze very rapidly, leading to

uncontrolled condensation reactions and precipitates. Perfonning the hydrolysis of the

'àfMAA complex in the presence of prehydrolyzed MAP1MS avoids unwanted

precipitation of ~. Instead, zirconia-methacIylate colloids are fonned following

hydrolysis and condensation of the 'b/MAA complex. Schmidt and KIng repon that wide

angle x-ray scattering (WAXS) measurements on this material show particle sizes of about

2 nm for these colloids.36 Since they could not prove the existence of 'à-o-Si bonds, they

propose a model for the unpolymerized system with zirconia-methacIylate colloids

dispersed throughout a siloxane network. On polymerization of the methacrylate groups,

the colloids become attaehed to the siloxane backbone. The model is shown in Fig. 1.11.
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Figure 1.11 Model ofzirconia-methacrylate colloids dispersed throughout a
siloxane network

The sol is pale yellow due to the Zr(O~ which is yellow in colour. The colour is

due ta a tailing absorption beyond 380 nm as shown in Fig. 1.12.

500 700
Wavelength (nm)

Figure 1.12 UV-vis absorption spectrum of the onnocersol
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The sol is stable for severa! months if stored in a sealed container so that solvent is not

allowed to evaporate. The viscosity does nevertheless increase somewhat with time due to

condensation reactions which continue slowly.

1.3~ MTMS

The MTMS sol-gel system was synthesized to be a possible host for erbium

complexes. The reasons for choosing this material were: (1) it produœs crack-free films

and bulk samples, (2) it can accommodate relatively high concentrations of dopants, and

(3) it allows rapid fabrication of samples. Cracking of sol-gel films normally occurs due to

the severe contraction of the rigid gel as the hydrolysis and condensation prodUCts

(alcohol and water) are expelled during cross-linking. Maintaining a low volume of

reactants helps avoid cracking in sol-gel films since this deaeases the volume contraction

in the glass. In this sol-gel, the molar ratio of water to MTMS (r-value) is 1.5. Although

this is theoretically sufficient for complete hydrolysis of the three methoxy groups on

MTMS, it does leave some unhydrolyzed methoxy groups. A higher r-value would leacI to

more complete hydrolysis and condensation, but would increase the volume ofreactants to

an exteDt that might cause films to crack.

Phase separation is a problem that often 0CC1IIS when using a low r-value. lnstead

of obtaining a uniform distribution of partiaIly hydrolyzed mte...nediateS. about ha1f the

molecules are almost complete1y hydrolyzed, whe"ellS the mnaining ha1f are almost

umeacted. This 0CC1IIS becallse ofpleferential attaek by water on a siloxane monomer that

bas a1Ieady bcen hydrolyzed once. A solution to this problem is to raise the temperamre.
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This overcomes the activation energy for the water to attack fulIy unhydrolyzed siloxanes.

resulting in a more wùform distribution of panially hydrolyzed species (a kinetic solution

to an otherwise thermodynamicaIly driven reaction). Another effect of increasing the

temperature is that the resulting sol is much more viscous because of the distillation of

methanoL This is an advantage in funher reducing the volume. allowing casting of films at

a low degree of condensation. Overall, this permits the polymeric chains to rearrange and

allow some stress-relaxation during alcohol evaporation.

1.3.3. FTIR

The sol-gels were funher chaxaeterized by FTIR. Spectta are presented in

Figs. 1.13 (ormoeer) and 1.14 (MTMS glass). Tables 1.1 and 1.2 give observed

frequencies and assigmnet1ts for both materials, zespectively. The ormocer spectrum shows

a very prominent peak at 1720 an'I from the carbonyl, and at 1639 an" from the viny!

group. both belonging to the methaayare group. The sIightly broad peak at 1550 cm,l is

assigned to the C-Q stretch in the 'à/MAA complex. The assignment is made based on

reponcd vibrations for C-o stretching in Cu(acacn. which aIso exhibits bidentate chelation

through oxygen.37 The spectrum also contains severa! overIapping peaks between about

1200 and 900 an'I. The band profile in this region indieates Si-o stretching modes

Maœrials containing Si~ generally show IWO very distinguishable peaks at 1080 an" and

1220 cm-
I due to the Si-o-Si asymmetric streteh.1 Accordingly. wc assign the broad

intense absoIption in Fig. 1.13 in the range 1000 - 1200 an'I ta VSloOo The MTMS
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spectrurn is :auch Jess complicated !han that of the ormocer_ Again, we assign the broac!

absorption belWccn 1000 - 1200 cm-! to Vs;.o_
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• Table 1.1 Observed vibrational frequencies (cm-') and assignments for the
ormocer sol-gel'

Ormocer
3421 b
29SSm
2893 w
1720 vs
1639m

ISS0m

1460m
1429m
137Sw
1323m
1298m
1248m
1200sh
II69s
1II5s
10II s
980m
941 s
899w
831 w
816w
nOb
696w
662w
6Ilm
528sh
474sh
428m

Assi!!lllDent'
v (Q-H)
v. (C-H)

v.(C-H)
v (C=O)
v.(C=C)

v (C--<» t?r~~C1
0.. (Oh)

0.. (Oh)
as (Oh)

as (Si-eHti
v (C-C(=O)-Q)

v (Si-Q(H)

8(Si-O-Si)

•
"AbbreviatioDS used for band desaiptions: vs, very SlIODg; 50 stroIlg; III, medium; w, weak;
sb, shouIder; b, broad.
tovibrational mode descriptions: v, sttetehing; S. bending; as, llSyIlm1Cttic; 50 Sjt1l111etlic.
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Table 1.2 Observed vibrational frequencies (cm"') and assignments for the

MTM5 so/-ger

MTMS Sol-gel
3444 b
2974m
2916w
2843w
1412m
1275s

1122 vs
1028 vs
920vw
854m
n3s;d
679w
554m

v (Q-H)
v.. (C-H)
v,(C-H)
v, (C-H) Si-OCliJ
ô",(Qh)
ô,(Qh)

•

aAbbrevialions used for band descriptions: VS, very SIroDg; 50 strong; ID, medium; w, weak;
vw, very weak; sb, shoulder, b, broad; d, doubleL
'Vibrational mode descriptions: v, suerching; Ô, bending; as, asymmettic; 50 symmetlic.

1.3.4. Pbotopolymerization

PholOpolymcriza!iOD of the vinyl groups in the ormocer was followed by Raman

specauscopy. Fig. 1.15 clearly shows a dec:rease in the intensities of the bands associated

with the vinyl groups (Le., the allœne C-H asymmetric suerch at 3105 an-llIIId the C=C

stIerch at 1640 an-I) on exposme to UV lighL
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Figure 1.15 Raman spectrum oformocer solbefore and afterexposure ta UV
light

In OIder for the photopolymerization reactian ta occur efficitntly. a photoiniliaror

must Ile preseI1L We used I-hydroxycyclohexyl-l-phenylkelone wIüch is excited ta the

triplet state when exposed ta UV lighL It then undergoes a·deavage ta produce benzoyl

and I-hydroxycyclohexyl radicals
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Rgure 1.16 RadicaJs produced from a-eleavage of 1-hydroxycyclohexyl-1
phenylketone

The benzoyl radical is primarily responsible for initiation of the polymerîzalion process.

Fig. 1.17 shows the addition of the benzoyl radical to the methacrylate group.

OR

Rgure 1.17 Addition ofbenzoyl radical 10 methacrylate group

There is SOlDe evidcnce38 that the I-hychoxycyc1ohexyl radical is also involved in the

photoinitiation of aaylaœ polymerizalions and Fig. 1.18 shows the addition of this radical

to the methacrylaœ group.

CH3

OR

•
Rgure 1.18 Addition of 1-hydroxycyclohexyl racfcal 10 methacrylate group
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• The refractive index of me ormocer increases on exposure to UV lighL This may

be due to me polymer nelWork filling in voids wiÙlin me inorganic network. Sol-gels are

porous materials, and an organic polymer can form wiÙlin mese pores and densify me

structure. Since refractive index is not just a function of polarizability. but also of volume

concentrations of polarizable entities, then it is reasonable to suggest that a denser

Structure should have a slightly higher refractive index.

1.3.5. Films

The ormocer sol-gel produced good quality homogeneous films in one step by the

dip-coating process. As can be seen in Fig. 1.19 the film thickness depends linearIy on

drawing speed. ThUS, excellent control over film tbiclcness was achieved.

2.52.0

.•

1.0 1.5
DraiIirg~ (nm's)

o.s

10

9

8

17

:5. 6

j :
E 3
Fi: 2

1

0+-__......,r----..--r--,----r-..,..-T"""""""Ir---.
0.0

•
Rgure 1.19 Variation of film thickness with drawing speed
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• These results were reproducible for sols that had Dot aged significantly. After about a

week, sols became more viscous and thicker films resulted from the same drawing speeds.

The refractive index of the films as cast was measured to he 1.518 at

;. = 0.6328!J.Ill. Exposure of the films to UV light for up to 60 minutes increased the

refractive index. Fig. 1.20 shows the change in refractive index with UV exposure time.

0.010

o.cœ

0.006

c
... 0.004

0.lX2

. ~.!-------------•.

0.000 -+-T'""--r-"T"-r---r-'T""--'-"'T"-r---r-'T""--':--'"
o 20 30 40

lN8plsue lill1l (rrin)

•

Rgure 1.20 Change in refraetive index with UVexposure lime (the Une is a
guide ta the eye)

As can be seen from Fig. 1.20. the maximum refractive index change occuued after about

20minu~ BeyODd tbis exposure timc, no discernible change was measured.

The effect of postbaking on refractive index change was aIso investigared.

TemperatureS between 80 aDd 140°C for 60 minutes were used for different UV exposure

limes. Fig. 1.21 displays the results.
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Figure 1.21 Change in refraetive index with postbaking temperature

Films baked below -IOOce showed low mechanical stability as evidenced by the fact that

they were easùy scratehed. Some films baked at 140ce showed cracks. thus the best

postbaking temperatures were determined to be between 100 and 1200C.

MTMS films were not investigated in great detail. They did produce

homogeneous, crack-fIee films with thicknesses in the range of 10 to 12 J.UI1. PIecise

control of thickness was difficult sinœ this is sttongly dependent on the viscosity of the

sol The viscosity, in tum, is sttongly dependent on the amount of methanol which

evaporales during the reaction. Bener control of reaction conditions, such as gravimebÏc

monitoring of methanol evaporation, should lead to better reproducibility of film

•
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1.4. Conclusions

The combination of complexing Zr(OPr"). with MAA and the addition of tlùs

complex to a prehydrolyzed siloxane prevented precipitation of large particles of Z1'Ü2 in

the ormocer sol-gel. Photopolymerization of the ormocer sol was followed by Raman

speetroscopy and the speetra clearly show a decrease in the bands associated with the

vinyl groups (v(C=C) and the alkene v(C-H». This indieated the polymerization of the

methacIylate groups does indeed OCCllr. Ormocer films produced bydi~g were of

very good quality, and film thicknesses were accurately controlled from 2 to 8 J.I.IIl by

varying the withdrawal speed of the substrate from the soL Refractive index of these films

inaeased after exposure to UV light due to polymerization of the methacIyl groups. A

maximum~ was obtained after about 20 minutes exposure. Post-baking also induces a

refractive index change, with the best temperatuIes being between 100 8IId 120°C. The

MTMS sol also produced good quality films and is potentially a good host for erbium.
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• 2. Sol-Gel Integrated Optics Deviees

2.1. Introduction

The goal of integrated optics is to realize the development of optical devices and

systems on a single substtate, analogous to integrated electronics. Some applications of

this œchnology include signal processing, computing, sensors and telecommunications.1

Glass is a desirable material for fabricating these devices. It bas excellent uansparency,

high threshold-to-optical damage ratio, thermal, mechanical, and chemical stability, and

smaI1 coupling losses between silica waveguides and optical fibers.2 In particular, silica

based devices on silicon substtates bave many advantages over other configurations.3

Silicon teehnology is very weIl established and many of its facets can be applied to glass

integrated optics. Silicon is available in cheap, large area substrates tbat permit fabrication

of complex circuits or mass production of severa! simpler ones. Fiber-to-waveguide

coupling can be accomplished using etched grooves in silicon. Perbaps most impottantly,

silicon can be used as a substtate for eIectronie, optoelectronic and waveguide

components ta maIœ hybrid circuits.

Glass integrated optical devices bave been fabricated by a number of diffelent

methlXls, including ion-eYclJange, flamc hydrolysis deposition (FHD), plasma enhanced

chemical vapour deposition (PECVD), low pressme chemical vapour deposition

(LPCVD), and sputtering. Each of these methods bas their own advantages in terms of

quaIity and perfœmance of the IeSU1ting devices. However, they aIl œquire expensive

• equipment, high tempc:&atUIe processing and labour intensive fabrication. Deviees made by
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the sol-gel process can be fabricated inexpensively at low temperarures in relatively few

steps.

In fabricating any device. there are certain materials related criteria thal must be

meL Table 2.1 illustrates a general strategy involved in the application of materials

chemistry to device fabrication, while Table 2.2 presents these strategies applied to a

particular device (e.g., diIectional coupler). These strategies apply to ail the devices

presented in !bis thesis.

Table 2.1 Strategy for app6eation ofmateria/s chemistry to meet device criteria

Deviee Criteria Materials CbemistrV Considerations

compatibility with silicon substrates and use a silica based system
optical fibers

companbility with optoelectronic devices low temperature processing «400°C)

lowlosses optical transparency al operating
wavelengths

facile processing into waveguides and thin film properties; pbotolithography
devices

device Ie1iability factors sucb as adhesion, mechanical,
environmental stability ultimaœly under
chemical conU'OI

doping with active maœriais systematic chemical modification to achieve
desiIed effect
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Table 2.2 Materials chemistry solutions to directional coupler criteria

Dircctional CoUDIer Criteria Matcrials ChemislIY Solutions

compaIibility with silicon and optical fiber use sol-gel process (low tempet'ature) to
technologies make silica based materials

low lasses sol-gel glass

facile device fabrication thick films in one step with organically
modified sol-gel

photoinsaiption (use photosensitive
organie compounds in sol-gel synthesis)

mechanical stability inorganie components (e.g., zirconium)

The system we have worked with allows device fabrication from stan to finish in

only four steps. These steps can be summarized as:

1 sol-gel synthesis

D. film depositiOll by dip-coating

DI. photolithographie inscription ofdevice pattern by UV light

IV. post-baking

By using this metbod, waveguides, dim:tional couplers, beamsplitœrs and gratings were

fabricated and characœrized. In addition, an emOOssing œchnique was also used to make

gralings. In this case, a surface relief pattern pressed inlO adefonnable film is Ieplieated.
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• 2.2. Deviee Fabrication (General)

AIl devices were made from thin films of the photosensitive ormocer described in

Chapter 1. Synthetic details will not be repeated here. Films were cast by the dip-coating

technique on glass, fused silica. silicon or silicon with Si~ buffer layer. For devices

fabrieated by exposure of the film tO UV light through a mask, films were placed in the

oyen at lOO"C for 30 minutes after dip-coating. This dried the films. preventing them from

sticking to the mask. A mask with the appropriate panem was placed in contact with the

film using the sample holder shown in Fig. 2.1. It contained a spring loaded support to

ensure good contact between the mask and the film.

/

rearplate~

boit --"'~::J

spring loaded~-+-
-- base -

mask-----l~

front plate

liiF""-----nut

+-+-sample

•

Figure 2.1 5ample holder used ID expose films ID UV Ught through a mas/(

Films were then ex:posed tO UV light for vmying lengths of lime to dcfiDe die

dcvices. After UV exposme, the sample was removed froID die holder and treared for

60 miontes at -lOO"C to c:nhance the refraaive iDdex: change and providc adctitiooal

mechanicaI stability. Finally. the IWO c:nds ofdie sample were cleaved for optical tesring.
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• MOSI devices were made in the above manner. Any differences 10 this procedure

are noted in the Fabrication section for the panicular device.

2.3. Waveguides

2.:U. Introduction

Waveguides are the ftmdamental building blocks of any integraIed optical device.

Recall from Chapter 1, where we defined a waveguide as a dielecttic medium which

tranSpOrts energy at wavelengths in the infrared and visible portion of the elecnowagnetic

spectrum. Waveguides can be èYlinchical fibers, planar laminares orchannel SlIUetIlIeS.

Flber Channel

•

Rgure 2.2 Different waveguide forms

Planar waveguides can be considered as one-dimensional since meir index

boundaries are only along one axis. OIannel waveguides have index boundaries along IWO

cootdiJlaœ axes. This two-dimeosiooal cxmfinement allows the toUting of optical signaIs

between various compooents on a chip, much like a \\z in an e1ectIonic circuit.

Asymmetric waveguides ("Le., n, » ni) are usually fouDd in integraIed optical ciIcuits

where a film oflefraclive index lIz is deposited on a St\b$1laIe with index n" SUlXOUIIded by

air with index ni•
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• Recall also that light waves propagate through the waveguide in distinct modes

with propagation constants ft. (for m = 0.1.2....). Waveguide dimensions. and refraetive

index differences between the waveguide and its surrol'!::iÏngs. determine the modal

propenies: For single mode operation, low refractive index differences (l to 2%) demand

éimensions on the order of one to sevetal ope.-ating wavelengths. Higher differences (10

tO 30%) require one-third to one-fourth the operating wavelength. If these dimensions are

exceeded, the waveguides become multi-mode.

An imponant consideration in evaluating waveguide quality is anenuation, or

equivalently, loss. The attenuation coefficient, a, describes these losses in a fOttO given by:

1010g(Po/~)
a- (2.1)

•

where Po and PI are the optical power at points Zo and ZI along the waveguide. Dnits of a

aredB/cm.

The IWO main loss mechanisms in glass waveguides are scanering and radiation.'

AIl waveguides contain Ï1Dpetfections wbich Iead to scanering. Surface scanering 1055 is

particularly impollaat since the zigzag manner in wbich light lI'avels along the waveguide

canses scanering at each reflection. BuIk scanering due to imperfections in the waveguide,

including density fluctuations, is another loss channel 80th scanering mecbanisms cao

Iead ta polarization saambling and mode mixing. The &ct that a streak is visible in a

guiding layer indicates !osses - the brighter the saeak, the greater the losses. Radiation

!osses, where photons are emitœd from the waveguide inlO the surrounding media, are

impollaJlt when waveguidcs are beut through a CUIVe. Many channel waveguide devices
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such as directional couplers. beamsplitters and Mach-Zender interferometers, have bends,

In addition. high optical component density on a single substrate requires the bending of

waveguides to guide light frott! one component to another.6

2.3.2. Fabrication ofWaveguides

Planar waveguides were fabrieated by exposing the entiIe film to UV light (I.e.. no

mask was used). To make the channel waveguides, a mask with channel waveguide

patterns (containing 17 openings with widths ranging from 2 tO 10 J.I.tII, increasing at

0.5 J.I.II1 increments) was placed in contact with the film. Exposme limes for both rangcd

from 1 to 60 minuœs. Postbaking was pc:rformed at tempe:ratures ranging from 80 to

140°C ior planar waveguides and was 100°C for channel waveguidcs.

2.3.3. Cbaracterization

(a) PIaDar Waveguides

Details on fiI:".1 tbickness and Iefractive indices as a function of UV exposuIe and

postbake~ aIe given in Clapier 1 (Section 1.35) and aIe not repe:ated here.

(b) Cbanne1 Waveguides

A pictuIe of a channel waveguide, 5 J.I.II1 in width, viewed through an

optical microscope is shown in Fig. 2.3•
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Figure 2.3 Digitized opticaJ microscope pieture ofchannel waveguide

Refractive index measumnents of the waveguidewere pCifOimed using Ùle prism

coupling method. Results expressed in UV exposure time for channel waveguides made in

3.8 lJ.IIl thick films are given in Fig. 2.4.

0.00

0.00

o 10 20 30 40 50
UV Exposure Trme (min)

•

60

•
Rgure 2.4 Change in refractive index with UVexposure time for channel

waveguides (the line is a guide ta the eye)
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• The cwve characterizing me buried channel waveguides is somewhat different

from mat of me planar waveguides in Fig. 1.20. Here, mere is a more graduai increase in

refractive index change as exposure limes increase in comparison wim planar waveguides.

Longer exposure limes were necessary for maximal refractive ind::x changes since me

mask was made from glass that absorbed in me UV. An atomic force microscope (AFM)

image of me channel waveguides is shown in Fig. 2.5.

As can be seen in Fig. 2.5, me waveguides are slightly raised Iclative to me

unexposed tegions of the film. This may lead one to believe that a ridge-type waveguide

had been fabricaœd; however, this increase in thickness is only -lOOnm. Waveguides

were anaJyzed using the beam propagation method (BPM),' a modeIling toOl for

calculating the propagation of optical fields through waveguides and waveguide devices.

The effective depth of the waveguides were detennined to be -3.5 J1D1 from BPM. Thus,

these waveguides are ptedominantly channel-type.

•
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• The waveguides guided light at Â =0.6328 J.lIIl, but this was not always the case

when a longer wavelength (Â = 1.55 1J.IIl) was used. Whether or not a waveguide cao

suppon modes and how many it can suppon at a given wavelength, Â." depends on the

thickness of the waveguiding layer, d, and on nJ, nz, and n]. For an asymmetric waveguide

where n]» nJ, the difference in refractive indices necessary for guiding is given by Eqn.

(2.2)

•

For films thicker !ban 3.5 J.lIIl, & is quite small (-0.007) since this is just the

difference in refractive indices between the exposed and non-e~sed sol-gel. This is

suitable for guiding at 0.6328 J.lIIl, but for guiding at 1.55 lJ.IIl a greater & is necessary.

This was accomplished by deaeasing the film tbicla!ess ta 3.5 J.UD, and the difference in

refractive indices was then between the exposed sol-gel and the substrate thermaloxidc,

SiOz. For a glass substrate with n =1.5115, & was raised to 0.014. For a silicon substrate

with an SiOz buffer layer with n =1.454, & was raised to 0.071. lbese waveguide

configurations are shawn schematically in Fig. 2.6.

FIgure 2.6 Different channel waveguide configurations forguiâng stÂ.=1.5S pm
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• To test these waveguides, the samples were cleaved. Light at À. = 1.55~ from a

laser diode was then coupled inte the waveguides via a single mode optical fiber. AlI

waveguides ranging from 2 10 10~ in width were able to guide al this wavelength. Lighl

from the output of the 3 lJ.II1 and 10 lJ.II1 waveguides was focused onto a camera equipped

with an infrared deteetor. Fig. 2.7 shows the mode profile of these guides. Il can be seen

that the 3 lJ.II1 guide is single mode and the 10 lJ.II1 guide exhibits IWO modes at À = 1.55

a) b)

Figure 2.7 Digitizedphotograph showing mode profile of waveguides that are
(a) 3 JI1TI and (b) 10pm in width

Propagation losses were detel'mined by the following ptocedure. Lighl was

coupled inte and out of the waveguide via optical fiber. A deteetor measured the intensity

at the output and !bis was related te the input intensity by:

1_1 = l iA1 (I-U, X1-u.)2TI (2.3)

•

wherel_ is the output intensity,l.. is the input intensity,~ is the propagation attenualÏon

coefficient, ex" is the coupling attenuation coefficient and TI is the fiber transmission (-1).

The measurement was repeated, but !bis lime instead of OUlCOupling with a fiber, the Iight
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• was focused by a microscope objective onto a deteetOT. The intensity relationslùp in the

laner case is:

(2.4)

where T. is the objective transmission (-0.8). TI and T. are both easily measured, and

substituting for <Xe in the above expressions aIlows the calculation of C1.p.

For loss measurements at Â = 1.55~ • a 3 ~ single mode waveguide was

selected. Losses were less than 0.3 dB/cm.

Another channel waveguide configuration was fabrieated using a silicon substrate

without an Siû.l buffer layer. Silicon has a very high tefractive index (n = 3.85) therefore a

channel waveguide in a thin sol-gel film on a silicon substrate would not be able to guide

IighL Any Iight coupled inlO the waveguide would rapidly auenuate after a very short

distance. Using the fact that the UV penetration depth is only -3.5 J1III, channel

waveguides were fabricated in an 8~ thick sol-gel film. 11I;s left a "buffer layer" of

lower refractive index unexposed sol-gel wmch was -4.5~ in thiclmess. Fig. 2.8 shows

a schematic of the waveguide configuration.

3.5 JlITl Waveguide

8 JlITl SoJ.gellayer

•
Silicon

Rgure 2.8 Channel waveguide configuration utilizing '1Juilt-in- buffer layer
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• To leSI the waveguides. lighl at À. =0.6328 J.lm was coupled imo each of the

waveguides via an optical fiber. The transmitted lighl was focused and observed on a

screen indicating that the built-in buffer layer was sufficiently thick to prevem light from

radiating to the subslI'ate. Depending on the width of the waveguides. two to four modes

were observed. Propagation losses varied between 0.1 and 0.5 dB/cm. The testing set-up

is shown in Fig. 2.9.

1HeNe I~O~_ --_1C........_
optical waveguide microscope
fiber objective sereen

•

Figure 2.9 Set-up for testing of waveguides on silicon

The demonslI'ation of !bis waveguide configuration is sigrùficant because it does

not require the presence ofa buffer layer on the silicon substrate. This removes one step in

the fabrication of waveguides on silicon. contributing not ooly to a decrease in the period

of lime it takes to malte a device, but also to a decrease in production COSL
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• 2.4. Directional Coupler

2.4.1. Introduction

Guia~d light in integrated optical circuits can be dividcd or combined by use of

directional couplers. Fig. 2.10 schematically shows a directional coupler.

:--Interaction---J
ln, I__~I Len~h 1::/--1 Out,

ln, Ir--;/ ~----'I Out.

Figure 2.1D Schematic ofa directionaJ coupler

The principle of operation is as follows. Two identical channel waveguides placcd

in close proximity periodica1ly exc:bange energy between themselves by optical tunneling.

Energy transfer occurs by a process of synchronous coherent coupling between the

overlapping evanescent taüs of the guided modes in each waveguide. Energy propagating

in one guide transfCl'S to the other, then back again if the interaetion length is snfficïent.

For !bis transfer to occur, the two guides must have jdentiall propagation constants (Le.,

.6.p=0). The distance requimi for complete energy exc:bl!!!ge from one guide to the other,

Le (coupling length). is given by:

•
m2t

L=c2lc:
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• where le is the coupling coefficient (depends on the degree of overlap of the guided wave

fields). and m = 0.1.2•... The power division ratio between the two OUtpUl pons is given

by:

P,
P, +P,

(2.6)

•

where PJ is the power remaining in the input guide. Pl is the power transfered to the

second guide and z is the interaction length. Symmetrical clirectional couplers.. such as the

one shown in Fig. 2.9. are used ptimarily as power clividersl and dual-wavelength division

multildemultiplexers (WDMl. As a power divider. its function is to split a guided wave

into IWO pans of lesser power which are then routed to another destination. By tailoring

device design (e.g., interaction length, waveguidc separation in coupling region), the

coupler can be used to divide power at any ratio. As a WDM, it serves to mix (multiplex)

or separate (demultiplex) IWO optical signals of different wavelengths. Normally, the

interaction length of the coupler is chosen to be L" for the shaner wavelength and 2l..: for

the longer wavelengtb.

2.4.2. Fabrication of Direc:tionaJ Coupler

S pm thick films on glass substrates were exposed to UV Iight for 60 minutes. The

waveguide width of the diIectional coupler mask was S J.UD. The separation between the

waveguides in the coupling region was 6~ and the coupling length was 17 mm.
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2.4.3. Cbaraeterization

A Nd:YAG Iasc:r at À =1.06 I1m was used to couple light inta the 1nJ arm of the

coupler via a single-mode optical tiber. The waveguides of the directional coupler were

single mode at this wavelength. A silicon deteetor was used to measure output light

intensity, as shown in Fig. 2.11. The output power ratio of Outz to Outl was -1.5. The

beam propagation method was used to analyze the coupler. From the measured output

power ratio. the width and depth of the waveguides were computed to conform to the

results. These values were 5.5 lJ.m and 3.7 lJ.m respectively. Fig. 2.11 also shows the

electric field distribution of guided light in the coupler as calculated by the beam

propagation method. The traDSfer of power can clcady be seen in the coupling Iegion as

the intensity in arm 1 gradually decreases wbile that in arm 2 incIeases.

Figure 2.11 Electric field distribution ofguided Dght in directionaJ coupler
determined by BPM, and experimental Ught output
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2.5. 1 x 8 Beamsplitter

2.5.1. Introduction

y -junetion waveguide devices are usually used to divide light equally intO two

waveguides. They can be split into 4, 8 or more equal parts by cascading the Y-branches.

making 1 x N spliners. hl a sytmnetric Y-branch, the l'llo outgoing branches in the Y are

of equal width and make equal angles with the axis of the incoming branch as seen in

Fig. 2.12.

Figure 2.12 Schematic ofa Y-braneh waveguide

If all branches support oo1y one mode, then an equal power division between the IWO

branches takes place. Losses cao be minjmized by maintaining a small separation angle

(less than one degree). Use of curved waveguides after the junetion mirrimjzes device

length.
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2.5.2. Fabrication of 1 x 8 Beamsplitter

8 lJ.lIl thick films were deposited on silicon substrates and exposed to UV light for

4 hours. TI-.is gave a refractive index change of 0.01. which was sufficient to guide light at

1.55 lJ.IIl. This W2S followed by a 60 minute postbake at IIO°c. A schematic of the 1 x 8

beamsplitter mask is shown in Fig. 2.13. The mask also contained a channel waveguide

which was utilized 10 determine the configuration losses (l.e.. those due 10 curvature in the

beamsplitter).

•__-....::::::::::JI5O l1IIl
t

L=1.7cm

Rgure 2.13 Diagram ofmask used in fabrication ofbeamspHtter

2.5.3. Cbaracterizatioa

An AFM image of one of the Y-junC1ÎODS in the beamsplitter is shown in Fig. 2.14.

As with the channel waveguides, the 3IIDS of the Y-branch are slightly raised.
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Light from both a 0.6328 J.UD HeNe laser and a 1.55 J.UD laser diode were coupled

into the input waveguide via optic<ù fiber. The waveguides were multimode at 0.6328 J.UD

and single mode at 1.55 J.UD. The output light was focused onto an infrared camera using a

microscope objective. A photograph of lighr at 1.55 J.UD from the eight output pons of the

beamsplitter is shown in Fig. 2.15.

Rgure 2.15 DigitizedpholOgraph of lightat Â. =1.55pm frDm output waveguides
of 1 x 8 beamspDtter

Light €rom the output portS was focused onto a germanium photodeteetor to

detetmine insertion losses. Fig. 2.16 displays measmed insertion lasses for each output

port at 0.6328 IUD and 1.55 JUD.
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Figure 2.16 Insertion losses measured from the output waveguides of the
beamsplitterat (a) 0.6328/-lm, and (b) 1.55J.lfT1

As can be seen in Fig. ::"16. a relatively uniform power distribution was obtaincd in this

beamsplitter for both wavelengths.

Configuration losses were obtained by measuring me total intensity from ail output

waveguidcs of me beamsplitter and subtracting this from me intensity from the output of

me channel waveguide on me same substrate. The result gives the configuration lasses.

These lasses were ca1culated to be 0.83 dB at 1.55 JUI1 while at 0.6328 J.I.III, me losses

were too sma1l to be calcuIated. Configuration losses are inherent in ~~ device design, and

in this device~ considered to bc C.uite small. Propagation lasses measured at 1.55 JUI1

were detennined to be 1ess man 0.3 dB/cm, which is also considered to be relatively low.
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2.6. Gratings

2.6.1. Introduction

Diffraction gratings are opôcal clements that consist of a highly regular groove, slit

pattern, or refraetive index oodulaôons.1o They direct light into directions that are a

fonction of wavelength and the spacing of the moduIations (period, A). Modualôons can

cither he refraetive index or surface relief type. A surface relief type :;"liôn~ is shown in

Fig. 2.17.

Figure 2.17 Schematic ofsurface relief type gratings

Diffraction gratings are important components in integrated opôcs devices. They

are used in many areas including distributed feedback (DFB) lasers, distributed Bragg-

reflectOT (DBR) lasers, optical filters, beatn deflectOTS, waveguide couplers. wavelength

multiplexers and demultiplexers. Their panicular end use depends on design requiremcnts

in regards to graông depth and iength, and the wavelength(s) ofoperation. For eramplt", a

nonnally incident guided wave will he reflected by graôngs if the Bragg condition is

satisfied: Il
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where mg is the gr.;.ting order, }o/> is the Bragg wavelength and Tl<ff is the effective index of

the waveguide. This type of grating can be used in a DBR laser to form a laser caviry.

Current fabrication techniques use ion-exe~ge and elChing. Ion e.~ehange

produces low efficiency gratings. ElChed gratings can be very efficient and are usually

made in one of three ways: holographie exposure. focused ion-beam Iithography, and

photomask ptinting. Although these techniques can produee high efficiency gratings, they

require time-cotlS'.uning multi-layer fabrication. Gratings made by the sol-gel process are

inexpensive and can be fabricated in one step. avoiding multi-layer processing.

We have made gratings in the ormocer by two techniques. The fust was

photoimprinting. which involved UV illumination through a mask containing both a

grating pattern and a channel waveguide. This method resulted in an index modulation-

type grating. Organic components in the sol-gel impan some flexibiIiry lO the film. This

faciliwes embossing for use in dc:fining the grating structure. In the second method, a

master surface relief grating was pressed into the soft, ùeformable film and the pattern

repIicated in the film.

2.6.2. Fabrication of Gratinp

For gratings made by UV light imprinting. a mask consisting of gratings

(A =20 J.I.tD) and a channel waveguide was p\aced in contact with a 5 J.I.tD thick film. Il

was exposed to UV lighl for 20 minutes followed by post-baking al 110°C for 60 minutes.
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• Exposed regions 0: the film increased in refr3etive index, producing an index modulation

type grating.

For embossed gratings. a master was fabricated in a fused silica substra'.e by

holographic interference lithographic techniques. This procedure rendered rectangular (0.3

cm x 1.0 cm) holographic gratings (A = 0.41 J.LIIl). To prevent the sol-gel film from

sticking during the embossing procedure, hexamethyldisilazane (HMDS) was used to treat

the smface of the master. HMOS is commonly used to passivate silica surfaces.12 It reacts

with free smface hydroxyl groups in the following manner:

(CHsbSi.........N"'Si(CHSb

(~
surface

OH OH OH
--1 1 1--
'" Si SL Si .'

..~: '0/: ......0/: 'O··'
• •1 1

subs1rale

Figure 2.18 Reaction ofHMDS with siDes surface

With nearly complete surface passivation there is little 1eDdency for the sol-gel to bond

chemically with surface hydroxyl groups.

•
Samples were placed in tl!.:~g apparatus 4 minulCS afœr dip-coaIing to

ensme the film was sli1l soft aud dcfOImable. Pressmes between 10 llIId 50 Nlcm2 were

applied for 10 minutes. Seme samples were then hi" iediately exposed to UV light for 20
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minutes to leck-in the embossed panern for comparison with unexposed embossed

samples. Ali samples were then postbaked al 110°C for 60 minules.

2.6.3. Characterization

There is a very slight increase in film thickness on exposure tO UV light. as

evidenced by atomic force microscopy (AFM) of the photoimprinted grarings shown in

Fig. 2.19; however. this increase is small, amounting to -5 nm. Thus. gratings made by

exposure through a mask cao be assumed to he predominantly index modulation type

gratings. The gratings look quite uniform, both in period and in height. AFM images of the

surface re1ief type gratings made by the combined embossing/photocuring process. with a

depth of -100 Dm, are shown in Fig. 2.20. Here. the period looks uniform; however. there

is sorne variation in thickness along the ridges of the gratings (light coloured patehes in the

AFMimage).
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The period of the gratings was mcasured in the following way: a HeNe laser

incident on the gratings produced a diffraction beam at an angle e to il. The grating

period was then calculated from the relation A=)J2sinéJ. Results for bath photo-imprinted

and embossed gratings were in agreement with the periods of the masters. Calculated

periods were confumed by AFM images.

Diffraction efficiencies were obtained from the ratio of the power of the first order

diffracted beam to the power of the incident HeNe laser. Photo-imprinted gratings had an

efficiency of 0.22%. The low efficiency was attributed large1y to the small refractive index

change on exposure to UV lighl. A larger refractive index change on exposure to UV light

may be possible by using a different photoinitiator and/or higher concentrations of

photoinitiator. The latter method is known to induce Iarge refractive index changes in

PMMA.13

Embossed Sbmples !hat were exposed to UV light, followed by heat treatment, had

an efficiency of 1.25%, while embossed samples Wldergoing heat tteatlIlent only had an

efficiency of 0.69%. The master gratings for the embossed samples had an efficiency of

1.66%. When comparing these values to the master grating, relative diffraction efficiencies

of 75% and 42% respectively were obtained. A relative efficiency in this case is a good

indication of the degree of replication !hat was achieved. Losses were attributed to

reflection, absorption lIIId difliaction into other orders. Post-embossing UV exposure had

a considerable effect on the efficiency of embossed gratings. Unexposed embossed

gratings had a lower efficiency, probably due to Ielaxation of the grating structure before

heat treatment was able to solidify the S\IUeture•
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Gratings produced by simultaneous embossingtUV exposure14 may lead 10

improved efficiencies since any relaxation thal may occur during transfer from the

l:lIlbossing apparalUs 10 the UV lighl source can be avoided. In addition. improvemenl of

the quality of the masler gratings would direct!y lcad 10 improved efficiencies for the

embossed samples.
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2.7. Conclusions

We have demOnstraled thal channel waveguides and passive waveguide devices

(directional coupler and 1 x 8 beamsplitter) can be fabricaled in films of the ormocer sol

gel described in Chapler 1. The procedure consislS of four basic steps: sol-gel synthesis,

dip-eoating, lN exposure, and poslbaking. Il is a low cos! procedure and is nOI labour

intensive. unlike mos! CUITent fabrication technologies. Waveguides and devices are

defined by UV lighl through a mask which ineteases the refractive index of the sol-gel in

the exposed regions. This material and proccss leads 10 waveguides with very low losses.

We were able 10 demonsrrate waveguides capable of guiding al À = 0.6328, 1.06

and 1.55!J.tll on silicon substraleS, both with and withoul an SiÛ2 buffer layer. This was

accomplished by modifying waveguide configurations. The directional coupler was

functional al À = 1.06 J.I.III, with power being ttansfered from = 1 to = 2 such that the

output power ratio of = 2:= 1 was -1.5. The 1 li: 8 beamsplitter was functional at both

À = 0.6328 and 1.55 J.U11. A uniform power distribution in the oUIput pons was observed

for both wavelengths.

We have demonstratcd thal gratings cao be fabricated in the ormocer sol-gel by

two diffeI':4t methods. Photoimprinting produces index modulation type gratings while

embossing produces sUIface relief type gratings. Exposure of embossed gratings to UV

Iight locks in the grating structure and improves efliciency over embossed gratings

subjected 10 thermal treannent only.
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3. Erbium Coordination Chemistry

3.1. Introduction

Rare earth ions have long been known for their luminescence properties. In the

field of opties, two rare earth io!!s in particular have Ieceived much attention: Nd3+ and

V. Their cbaraCteristic eT"..àssion wavelcngths of interest are 1.3 lJ.IIl and 1.55 lJ.IIl

respectively. The signific:mce of these wavelengr.l1s is that they lie in the regions where

dispersion and absorption, respectively, are lowesE in siIica glass: the so-called second and

third teleco" li 1mnications windows. Silica glass bas many desirable ptopetties that make it

a good choice for optical applications. These include high UV transparency, high

mecbanical strength, high glass transition temperature, and extiemeIy low thermal

expansion.1 The deve10pment of low loss single mode siIica optical fibers, with lasses as

low as 0.2 dB/km, revolutionized the teleco' li'"mications indusny. Continued efforts have

led to high gain, !ow noise V fiber amplifiers,2 allowing all-optical transoceanic fiber

links, funher demonstrating silica's impoxtance and versatility in optics.

The relevant energy levels for V and Nd3+ are shown in Fig. 3.1.
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Figure 3.1 Energy level diagrams for eroium and neodymium

The transitions of interest are the 411312~ 411S12 in Er"" at 1.55 J.I.Dl and the "Fm ~ 411312 in

Nd3+ at 1.32 J.l.IIl. As can he seen in Fig. 3.1, deviees that utiIize the "Fm ~ 411312 Nd3+

transition operate as four-level systems. Population inversions are achievable with very

smaIl pump powers. Deviees using the '11312~ 411S12 Er"" transition operate as three-level

systems. Greater pump powers are requiIed since the system must he bleached before a

population inversion OCCUIS. Deviees uti1izing three-level systemS present the additional

problem of absorption of the luminescent signal by portions of the waveguide DOt

pumped.3

The performaoce of active devices based on rare eanh ions is detennined by the

relevant electronic and opticaI characteristics of the ion. These include absorption cross-

S<lCtion, specuai shapes of absorption and emission bands, excited state lifciimes. ion-ion

iI:teraetions and ion-Iattice interactions.4 A major influence on aIl these properties is the

host IIIlll:erial Silica glass bas the drawback of being able to dissolve only Iow

concentrations of rare eanh ions. At higber concentrations, microscopie cIUStering of rare
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eanh ions occurs. rendering them unavaiIable for lasing applications. '\Vith Nd:;'. clustering

leads to concentration quenching, whereb). an ion in an cxcited state transfers pan of its

energy to a nearby ground state ion. The result is that bath ions decay to the ground state

non-radiatively. '\Vith V, cooperative upconversion can oceur. In this process, IWO

excited ions interaet and one transfers its energy tO the other. The result is one ion in the

ground state with the other in a higher level which quickly non-radiatively àecays back to

its metastable state. The net result of the whole process is the conversion of one quantum

of excitation into heaL This is of particular coneern at high pump powers where high

population inversions are neeessary for efficient devices.

For optical fiber amplifiers, low concentrations are sufficient sinee device lengths

are on the order of a few metres. For many integrated optical applications, higher

concentrations are necessary since bigb gain is requiIed over a short interaction length.

One solution is to modify device structures so tbat interaction lengths are inaeased,

allowing lower rare eanh concentrations to he used. This was achieved for ÏDSllII1ce in an

etbium doped integrated optical amplifier demonsttated by Kitigawa et alS The

waveguide length was inaeased by baving severa! S-bends on the substrate. Another

solution to tbis problem is acbieved by material modification.

Aluminum or phosphorus co-doping in silica glass bas been shown 10 inc:œase the

solubility of both Nef'" and V.1
,6,7 Arai et al· have described tbis effect for Nd-doped

silica glasses Rare eanh ions need to he coordinated to a large number of non-bridging

oxygens in the silica netWOrk to sa=n the charge on the cation. This places the Nd3+- in a

bigb enthalpy state due 10 the ctiffit:lJ1ty in reaching COOIdinalion satltration. The Arai
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mode! proposes that co-dopant oxides preferably coordinate Nd3+ ions and form a

solvation shell, reducing the high enthalpy state. In tetms of solution chemistry. SiC>:! is a

poor solvent for Nd;·, while both AlzÛ:3 and P20s are soluble in SiÛ2 and easily dissolve

Nd20s. SimillIr results have been found for V in Al-doped silica g1asses s

Rare eanh doped gJasses have been prepared by severa! different methods

including flame hydrolysis deposition (FHD), ion exchange, chemical vapour deposition

(CVD~, and melting.3 These are all high tempeniture nocl!niques, which precludes them for

many applications. In conttast, the sol-gel method for making rare eanh doped g1asses is a

low tempeniture process. Severa! other advantages, including the ability to dope to higher

concentrations and uniform rare eanh ion distribution, make the sol-gel method a good

choice. One of its main drawbacks, however, is residual hydroxyl WhiCD quench the

"11312~ "lIS12 emission. Non-radiative relaxations may occur in rare eanh ions by

interaction between one of its excited state electronic 1evels and a suitable vibrational

mode ofits environment. Very efficient non-radiative transitions can occur due to vibronic

coopling with the bighly energetic vïbrational states ofOH oscil1attm nearby.' ,10 The very

nature of the sol-gel process implies that there is alcohol and water present (Le.,

hydroxyls). Drying retnoves most of the residual water and alcohols, but SOlDe may temain

trapped in pores, or may he inC01JlOIllled into the coordination sphere of the rare eanh

ion. In addition, SOlDe silanol groups produced during :he hydrolysis reaetion may not

have undergone coDClens-Aion reactions, leaving hydroxyl groups in the glass. Thus there

are numerous sinks which may reduce or eJiminare altogether, luminescence in sol-gel

glasses
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One possible solution to this problem is to encapsulate the ion in a coordination

sphere, thereby shielding it from ilS local environmenL TIûs may help to reduce, or

eIiminate the effects of hydroxyl quenching. In addition, there is the possibility of

optimizing the luminescence properties of che ion by suitable choice of Iigands.9 It has

been known for quite some rime that rare earth fluorinated /Hliketonates can

lase.ll .12.13 )4 .IS .16

The aforementioned studies have focused almost exclusively on europium

complexes. These have a very intense, narrow emission at -610 nm (the SOo -+ 7F2

transition), facilitating ilS study. Matthews and Knobbel7 repon that some of these

europium fluorinated /Hliketonate complexes can be doped into sol-gel glasses The

emission intensity was fifty rimes greater !han from the same glasses doped with Eueh. In

additiO:1, they found that the spontaDeous-emîssion cross-sections of the europium

complexes (a measure of the radiation emission intensity from a given sample volmne)

were !Wo to three orders of magnitude bigher.

These results suggest that rare earth coordination complexes aIe good vebicles for

introducing the ion into a sol-gel glass hast. We have concentrated our effons on

fluorinated~ne complexes of erbium (III) to obtain luminescence at 1.55 llJD. It

seemed 1ikely that synthetic puxednres for europium would transfer to erbillI11. The

chemisay among the rare eanhs is similar for the same oxidarion staleS; diffe:tences among

the lanthanides lie mainIy in the nnmber of 4f electrons.IB These aIe snfficiemly weIl

sbielded by the outlying Ss and Sp orbitais that they aIe esse:ttlially unavailable for chemical
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interaction. The primary consequence of differing numbers of f-electrons is something

known as the "lanthanide contraction": a decrease in ionic radius with increasing atomic

number along the lanthanide series. This occurs because the addition of electrons to the

a1Ieady shieldedf-orbitals cannOt compensate for the stronger effect of increasing poorlj

screened nuclear charge. Thus there are slight differences in chemistry of rare earths.

especiallY .II coordination number, that are due to atomic or ionic size.

There is little information available on j>.diketone coordination complexes of

erbium. Sorne authors repon preparing complexes over a series of rare earth ions.

including erbium. However, they generally do not discuss specifies in regards to the

erbium complexes. In addition, erbium coordination chemistry bas concentrated on tris

complexes. Accordingly, for the present studies a series of tetrakis erbium complexes were

prepared and characterized. These were then doped inlO bath the ormocer and MTMS

sol-gels, .:.nd the resulting doped-glasses were further studied.

3.2. Experimental

3.2.L Materials

The following chemicals were obtained from Aldrich: ErC13~0 (99.9%);

Er(NOJ)·5HzO (99.9%): 4,4,4-trifluoro-l-(2-thienyl)-1,3-butanedione (TIFAH) (99%);

4,4,4-trifluoro-l-phenyl-l,3-butanedione (PTFAH) (99%); 1,1,1,5,5.5-hexafluoro-2,4

pentanedione (HFAH) (99%); tetrapropylammonium hydroxide (1.0 M solution in water).
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• TriethyIamine (99.5%) '.lias obtained from Caledon. Tetraethylammonium bromide was

obtained from l.T. Baker O1emical Co. Sodium hydroxide '.lias obtained from BDH. Al!

chemicals 'Nere used without further purification.

3.2.2. Synthesis of Erbium Complexes

Erbium (IIi) complexes of the type AErB. were prepared where A is an

ammonium ion (lINEt3-, NEts-, or NPr."') and Bisa fluorinated Ii-diJcelOne of the type:

where R = thienyl, phenyl or CF3. The synthetic Pj()(;edures of Melby et all3 and B~::er et

all' were followed.

A Triethylammonium tetrakis(4,4,4-trifluoro-l-(2'-thienyl)-1.3-butanedionatcrO,O')

erbate(IlI) [HNE13]1Et(TIFA).r (Procedure #13 in Melby et al.)

•

2.0 g (9.0 mmol) of TIFAH was dissolved in 30 mL 95% etilanol and heated to

reflux. 0.91 g (9.0 mmol) of NE13 was added and the solution was again heated to reflux.

0.89 g (2.0 mmol) of Er(NOJh'5lhO dissolved in 10 mL water was added and the

solution heated to reflux. Rdluxing coDtinued for appLoxhnareJy 30 min. A hot filtration

was paformed to remove insoluble impurities. Ctystals deposited froID the room

78



•

•

temperarure solution afler one hour. These were collected by suction filtration and washed

with cold ethanol. To dry the crystals. air was drawn through for 15 min. Lighl pink.

small, fiai]' crystals were produced.

B. Triethylammonium letrakis(4,4,4-trifluoro-l-phenyl-1,3-butanedionalo-O.O')

erbate(llI) [HNEt3r[Er(PTFA).r (Procedure #13 in Melby el al.)

2.92 g (13.5 mmol) of PTFAH was dissolved in 45 mL 95% ethanol and healed 10

reflux. 1.37 g (13.5 mmol) of NEt] was added and the solution was again heated 10 reflux.

1.33 g (3.0 mmol) of ErCNÜJh·5H20 dissolved in 15 mL water was added and the

solution heated to reflux. Refluxing continued for approximately 45 min. A hOl filtration

was performed 10 remove insoluble impurities. CIystals deposiled from the room

tempetature solution after 12 hours. These were collected by suction filtration and washed

with cold ethanol. To dry the crystals, air was drawn through for 15 min. Light pink,

small, flaky crystals were produced.

C. Triethylammonium letrakis(I,I,I,5,5,5-hexafluoro-2,4-pentanedionato-O,O')

erbate(llI) [HNEt3]lEr(HFA).f (Procedure #15 in Melby el al.)

1.52 g (15 mmol) of NEt3, 3.90 g (18.7 mmol) of HFAH, and 1.66 g (3.7 mmol)

ofErCNÜJh'~O dissolved in 18 mL water were added in the above orcier to 37.5 mL of

95% ethanol The solution was heated to boiling and allowed to boiI down to half its

original volume. 50 mL of water was added to produce a sticlcy pink precipitate.
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• ScralChing of the flask induced crystallization. The product was collected by suction

filtration. Recrystallization in chloroform yielded long brigh~ pink needles.

D. Tetraethylammonium tetrakis(4,4,4-trifluoro-1-phenyl-1,3-butanedionato-O,O')

erbate(llI) [NEr.t[Er(PIFA).r (Procedure #14 in Melby et al.)

•

2.16 g (l0 mmol) of PIFAH and 0.53 g (2.5mmol) of NEt.J3r were added tO

25 mL of 95% ethanol and heated to reflux. 10 mL of 1.0 M NaOH was added and the

solution returned to reflux. After 10 min. 1.11 g of Er(NÜJ)3·5fh0 dissolved in 10 mL

water was added and the solution was refluxed for a further 20 min. The solution was left

to stand at room temperature for IWO days, after which the precipitate was collected by

suction filtration and washed with cold 50% ethanoL The product was a light pink

coloured powder which was teerySta1lizl:d from ethanoL

E. Tettapropy1ammonium tetrakis(4,4,4-trifluoro-1-(2'-thienyl)-1,3-butanedionato-

0,0') erbate(lD) [NPr.J1Et(ITFA).f (Method B in Bauer et al)

2.67 g (12 mmo1) of TIFAH and 1.15 g (3 mmol) of EJ:Ch~0were added to

100 mL of 95% ethano1 and heated to reflux. To Ibis was added 12 mL of a 1.0 M

solution (12 mmol) of NPr.OH. The solution was brought 10 reflux once again and healing

was continued for one hour. Approximate1y 30 mL of solven! was then distilled off at

6S0 C. It Wl!S then cooled to room temperatUre and small etySta1:s slow1y began 10 fonn.

Smal1, flaky, pinkish-orange crystals were coUected by suction filtration and washed with

cold ethanoL These were then recrystallized with 95% ethanoL
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3.2.3. Preparation of Erbium-doped Sol-Gels

Erbium l3-diketone complexes as weil as erbium salts <Er<NÜJh. Etel3 and Er

acetate) were doped into both the ormocer and MTMS sol-gels described in Chapter 1.

Doping levels were usually 2 Wl% erbium ion. TIùs was based on a calculation of the

amount of solid material that would fonn per gram of sol. assuming that the sol-gel

reactions went to completion and ail residual water and alcohol evaporated. When doping

into the ormocer. the desired complex or salt was added in solid form inlO the stirred sol

approximately 4S minutes following the final addition of water. The compounds dissolved

in minutes to hours. depending on the particuIar dopant When preparing doped MTMS

sol-gels, the particuIar dopant was dissolved inlO MTMS. then Ha was added to initiale

the hydrolysis reactions. The PIFA complexes were not soluble in MTMS. Bulk samples

and films were prepared from both sol-gel materials by the methods described in

Chapter 1.

3.2.4. UV-VISible Absorption Specb oscoPY

UV-visible absorption spt.."'tra were recorded with a Hewlett Packard 84S2A diode

anay spectropholOmeter over the wavclength range of 200 to 800 nm. Spectra were

collected from ail erbium jHiiketone complexes dissolved in acelOne. and from selected

complexes dissolved in the ormocer soL
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3.2.5. Fourier Transfonn Infrared (FTIR) Spectroscopy

Infrared spectra were collected with a Bruleer IFS-4S Fourier transform infrared

speetrometer, in the range of 400 to 5000 cm". The data acquisition software was

supervised by OPUS Spectroscopic Software, Version 2 (Bruleer) running under OS/2

operating system. Infrared speetra were imported into GRAMS spectral analysis software

(Galactic Industries, Salem, NH) where spectral processing was performed.

3.2.6. Near Infrared (NIR) Spectroscopy

Near infrared speetra were collected with a Nicloet, Magna-IR 550 Spectrometer.

The data acquisition software used. was OMNIC, running under Wmdows 3.11

(Microsoft). Spectral processing was performed in GRAMS. Spectra were taken of

erbium complexes dissolved in acetone, ethanol and/or dimethylformamide to a

concentration of 10.2 M in a cuvene with a 1 cm path length. Spectra were also taken of

the complexes in bath the ormocer and MTMS glass hastS.

3.2.7. Elemental Analysis

Eemental analyses were performed on al! erbium complexes by Guelph Chemical

Laboratories Lui (Guelph, Ontario).

3.2.8. X-ray Cl'J5ta1lograpby

Single crystal.s of NE14Er(P1'FAk were grown for x-ray aystallography by

dissolving the complex in a mininn!JD amount of 100% ethanol and iening the solvent

evapome over a period of four days. The diffractometer used was a Rigaku AFC6S with
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a Molybdenum Ka radiation source (À=O.70930 ..\). Funher details are given in

Appendix 1.

3.2.9. MeIting Point Determination

Melting point detetminations were performed on a Capillary Digital Melting Point

Apparatus (Electrothemtal).

3.3. Results and Discussion

3.3.1. Erbium I>Diketone Complexes

Fluorinated erbium J>dilcetone complexes were prepared with the intention of

introducing erbium into a sol-gel glass host to obtain luminescence at 1.55 llJ11. Ligand

encapsulation of erbium may offer the advantage of enabling Iùgher concenaations of

ecbium to be dissolved into organically modified sol-gel glasses

The reasons for choosing the particular erbium complexes are ti1reefold. FtrStly,

there is a large amount of information available on analogous complexes of europium.

These complexes have been intense1y studied by a number of groups since the carly 1960's

for their luminescence propenies. It is known that for the europium complexes, variations

in the cation and ligand structure can affect fluorescence intensity and emission fine

structure.12 For example. fluorinated chelates show much more intense fluorescence than

hydrocarbon chelates, whereas some cations quench fluorescence. Secondly, a
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hydrophobie coordination shell was desired to lI)' and reduce the effect of hyclroxyl

quenching. Thirdly, some of the ligands have low symmelI)'. TIùs reduces the local-field

symmelI)' of the rare eanh ion making the radiative transitions more allowed.

With the above rationale in mind, the ligands chosen were thenoyltrifluoroacetone

(TfFAH), phenyltrifluoroacetylacelOne (PTFAH) and hexaflouroacetylacetone (HFAH).

AlI ligands are bidentate and coordinate to the erbium through the oxygen substituents.

The trifluoro groups, in addition to providing possible luminescence enhancement, are also

very hydrophobie. The l'Ole of the organic base in the synthesis is to ionize the diketone

(forming the enolate anion) and also to act as a cation in the resuiting salts. The

counterions (HNEtJ·, NEt.·, or NPr.") were selected becanse complexes of europium

containing these cations have exhibited luminescence. The complexes are soluble in many

organic solvents. They are insoluble in water. AlI of the complexes were obtained in

crystalline form with COIOUIS ranging from light pink 10 pinkish-orange.

As prevîousiy mentioned, both tris and tetrakis europium !Hliketone complexes

are readily synthesized by reaeting SlOicbiometric quantities of ligand and el "·'Opium. In the

case of erbium. this may not necessarily occur due to differences in ionic radii (Eu3+,

r =o.9sA; V, r = O.88A). With a smaller ionic radius, there is less room for the ligands

to apI'roach the ion, and perhaps only the tris complexes may fonn, especialIy with the

sterically bulky PTFA and TrFA ligands. Indeed. the only reference to the foImation of a

tetrakis erbium \Hliketone complex is for the HFAH ligand.U This is of seme

consequence since some of the groups studying europium complexes fowxi !hat the
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tetrakis complexes showed stronger luminescence !han the corresponding tri.'

complexes.19

Lanthanides can have coordination numbers ranging from six to ten. although eight

is most frequently found. The ion attr3ClS ligands by ovenùl electros13tic forces. since the

weIl shielded f-electrons don't interaet with ligands the \\Iay d-electrons do in transition

metal complexes. This absence of strong covalent. directional bonding. and large ionic size

allows for a variety of coordination numbers. In addition, crystal field splitting is quite

small (200-300 cm·I
). Complexes reported to have coordination numbers of six usually

have coordinated solvent molecules. The tetrakis f3-diketone complexes are believed tO be

oc13coordinate,13 where the lanthanide ion is surrounded by four chemically CQuivaient

~-diketone moieries. X-ray crystailography on the NE4Er(PTFAk complex confirmed

that this was indeed the case. An ORTEP view of the Er(P1FAk' anion is shown in

Fig. 3.2. Ellipsoids are drawn at the 50% probability level, and hydrogens are omined for

clarity. The compound is monoclinic. Funher crystallographic details. including ato!r.ic

coordinates and bond lengths are given in Appendix 1.
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Octaccvrdina;e lanthanide complexes most commonly adopt square antiprismatic

and dodecahedraJ geometries. The erbium ion in this complex has tetragonal antiprism

coordination. The preference for one sym:netIy over the other is driven mainly by stenc

:-equirernents of the ligands or molecular padang forces.20 Severa! different stereo- and

geon..;tric isomers are possible. especially with bidentate ligands. Bauer et al13 even found

that it is possible to obtain IWO different forms of the same compounci, having different

mclting points and emission spectra. This may explain the Iarge mclting point ranges (6

degrees) for IWO of the complexes since no anempt was made to isolate different isomers.

Melting point data are given in Table 3.1.

Table 3.1 Melting points oferbium r>-diketone complexes

Complex Melting Point (oC)

HNEtJEr(TIFA). 156-158

HNEtJEr(P'IFA). 110-113

HNEtJEr(HFA). 143-149

NPrb(1TFA). 197-198

NEt.&(PTFA). 166-172

ln addition 10 the X-IllYaystallographic data, funher support for the existence of

teaaIàs chelates is given by elemenl818DlÙysis. Results are presenœd in Table 3.2.
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• Table 3.2 Elemental analysis of erbium ~-diketone complexes

%C 'iëH 'iëF '/ëS
Complex cale. meas. cale. meas. cale. meas. cale. meas.

Hl'o"E13Er(TTFA): 39.55 40.22 2.79 3.26 19.75 19.97 1I.l 1 11.02

Hl'lEt;Er(PTFA): 48.89 48.87 3.57 3.66 20.17 20.62

HNEt3Er(HFA): 28.45 28.39 1.84 1.97 41.54 40.78

NPr.Er(TTFA): 42.68 42.77 3.58 3.76 18.41 17.52 10.36 9.68

~"Er..Er(PTFA): 49.78 49.58 3.83 3.62 19.68 19.72

Measured vaIues are in good agreement with calculated vaIues.

UV-vis speetra were taken of the erbium complexes dissolved in aeetone. The

peaks and their COllespondingj-orbital electronie transitions are given in Table 3.3.

Table 3.3 UV-Visible Absorption Spectra ofErbium Complexes

Peak Position (nm) Assignment

378 4GII/2 +- 411512

450 ~,"F512 +- 411512

487 "1:,/2 +- "I1512

521 "H11I2 +- "I\S12

543 4S3/2 +- "I1512

• 653 "F!//2 +- "I1512
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There were no =jor differences be!Ween specrra. This is to be expected since

absorption bands for f-f electronic transitions show lime dependence on the nature of the

tgand.'1 These bands are very sharp because the f-<>rbitals are weil shielded from their

surroundings. Externai field induced splittings amount to only about 100 cm-Ion states

arising from the various f • configurations. The peak at 378 nID is only evident in the

specourn of the HFA complex. ln the PTFA and TIFA complexes, this peak is hidden by

intense ligand absorption bands which begin around 400 mn. The ligand absorption for the

HFA complex does not begin until around 365 nm. The l-JV-vis absorption spectrurn for

the HFA complex in acelOne is shown in Fig. 3.3.
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Rgure 3.3 UV-vis absorption spectrum ofHNE1]Er(HFA). in acetone
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Ali complexes were fumer characterized by FrIR. Figs. 3.... 3.5. and 3.b show

FTIR specrra of H'''IiCt3Er(TIFA)•. H.."Œt3Er(P1FA)•. ancl H!'Œt3Er(HFA). res-pecrively.

Tables 3.4. 3.5 and 3.6 present the respective peak assignments. Specrra of both lTFA

complexes were essentially identical. indicating that the counterion had no eff('~t on the

speetra. The same was lIUe for the P1FA complexes. Assignments were made from

vib=ational assignments for similar l:\-dikewl1e complexes in the literature.'"' .n oZ>
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• Table 3.4 Observed vibrational frequencies (cm') and assignments for Erbium
TTFA complexes·.

0.... (C-C thenoyl ring)

Assü.!n..-nem"... - .

Oq, (C-H thenoyl ring)

0.... (C-H)

0.... (C-H thenoyl ring)

v,(C=O)

v. (CF3)
v (C-CF3) and v, (C=C)

o(C-H) and v (C=O)

v (thenoyl ring~

v~ (C=O)

v. (C=C=c)

642m

605w
580m
520w

496w 492 w
461 w 463 w v (Er-0 and C-R*)"

644m

605w
580m

6S0m

.... ~~I,q(I.TI."~~k ......h.~~~(r.TFA)~
1608 vs 1612 vs
15ï7 sh 1568 w

1541 s 1537 s
1521 m 1520m
1504m 1502 m
1463m 1475 m
1413m 1414m
1376 w 1390 w
1356m 1355 m
1304 vs 1302 vs
1248 m 1244 ln

1230m 1230m
1184 s 1178 m
1141 s 1140 s
1084w lO84w
1~lm 1~lm

935 w 933w
858w 858w
783m 783m
767w 767w
746w 748 w
721 m 'T'..5m

692w
679w

•
"Abbreviations used for band descriptiOllS: VS, very stroIlg; S, stroIlg; ID, medium; w, weak;

sb. shoulder.
'Vibrational mode descriptions: v, stIetChing; Ô, bending; as, asymmetric; S, symmetric; ip,

in-plane; oop, out-of-plane.
"R*=CF3 or q>
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• Table 3.5 Observed vibratlonal frequencies (cm"') and assignments for Erbium
PTFA comple>.es'

1626 vs
1618 sh
1598 ni

1577 s
1539 s
1500 m
1475m
1442 sh
1398w
1319 s
1292 vs
1242m
1184s
1134s
1097 sb
1078m
1026w
1001 w
947w
837w
810w
794w
764m
717m
704m

632m

1626 vs

1598 m
1579m
1537m
1504m
1479m
1441 w
1394w
1319 s
1292 vs
1242m
1184s
1130s
1097 sh
1078m
1026w
1001 w
945w

808w
794w
764m
717m
702m

632m

Assignment"

v ($ ring)
v (<Il ring)
v.. (C=C=C)
v (<Il ring)
li (CH) and v (C=O)

Vs (C=O)
v.. (CF])
v (C-CF])and v. (C=C)
li (C-H)
VS (CF])

Ô;p (<Il C-H)

Ô;p (cl> C-H)

Ôacp (C-H)

Ôacp (cl> C-H)
Ôacp (cl> C-H)

Ôacp (cl> C-H)

Ôacp (cl> C-C)
Ôacp (cl> C-C)

~(CF3-<)

•

580 m 580 m ring deformation
517 w 519 w Ô;p (CP ring)
463 w 463 w v(Er-O) and v(C-R*)"

440 w 428 w 0;. (cl> ring)
"Abbreviations used for band descriptions: VS, very sttong; 50 sttong; ID, medium; w, weak;
sb, shou1der.
~mode descriptions: v, stretehing; a, bending; as, asymmcttic; 50 symmcttic; ip,
in-plane; oop,out-of-plane.
"R~orep
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Il (C-R)

l5..., (C-R)

V (CF3)

v, (C=C) and V (C-CF3)

• Table 3.6 ObseNed vibrationa/ frequencies (cm·') and assignmems for Erbium
HFA comp/ex'

.......... It.~~!3.2:(I!F.':~).:............................. :~~~I1~b.
1655 S Va (C=O)
1610w
1560 m Va (C=C)

1533m
1514m
1481 sh
1402w
1350w
1255 s
1218 m
1201 m
1145 vs
l099m
1032w
951 w

800m
767w
742w

661m

•

588 m ring deformation
528w
470 w V (Er-O) and V (C-CF])

•Abbreviations used for band desaiptions: VS, very stIOng; 50 stroDg; m, medium; w, weak;
sb, shoulder.
tovibrational mode desaiptions: V, saetehing; Il, bending; as, asynnœuic; 50 symmetric; ip,
in-plane; oop, out-of-plane.
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Near infrared (!'olR) speccra were taken berween 0.9 and 1.7 JlIIl of ail the

complexes dissolved in ac"elone. Of particular imeresl were the cran"itions centree! al

0.980 l1m ('11l12 +- ~Ill,~) and al 1.55 JlIIl ('lt3,~ +- .11512). AIl speCll'a displayed a relarively

sharp srruetured absorption peak al -o.975!J.IIl, and a much broader absorption centree!

around 1.52 l1m consisting of severa! overlapping peaks. Again, there were no differences

herween the speCll'a of the rwo TIFA complexes, or the [wo PTFA complexes, indicating

the coumerion had no effect on absorption in !bis region. Spectra of the complexes with

differenl ligands were very simiIar in appearance. There were some very slighl differences

in the shapes and inœnsities of the bands near 1.52 J,Lm; however. no greal differences in

cither !bis transition or the one at 975 I.LID were to he expected. RecalI that absorption

bands for f-f electronic transitions show little dependence on the nature of the ligand The

ooly major difference was the intensity and position of a band near 1.64 I.LID which was

amibuted to the ligand This was detetmined from NIR spectra of the ligand in acetone.

Thus. the peaks arising from the 411112 and '11312 states are essentiaIIy ligand insensitive.

Specrra of the erbium complexes derived from three different ligands with

triethylammonium countetion, dissolved in acetone, are shown in Fig. 3.7.
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Two of the complexes (HNEl~A). and HNEl~A).)were dissolved in

DMF and ethanol 10 study the effecr of solvent etlvironmetll on the NlR spectra of the

complexes. The etbium ion can be thoughl of as a Lewis acid and the solvetlts as Lewis

bases. As lone pairs on SOlvetll molecules bring electron density inlO the erbium caôon

(donor-accepror interactions). il is expected thal the spectrum will be pertUrbed. Solvetlt

polarity may influence the degree 10 wbich the spectrum is perturbeci DMF bas a bigher

dipole moment than acelone while ethanol bas a lower dipole moment There is also some

incentive to see how the hydroxyl group of ethanol might pe:rtUIb the spectra. OH

osciUalors are known 10 quench luminescence of lanthanide ions as the hydroxyl density of

states are resonant with the lanthanide ion excited state 1evels.9 Thus it is useful to probe

the erbium 411312 level to see the effect of hydroxyl groups. As can be seen in Fig. 3.8 for

the TIFA complex and in Fig. 3.9 for the HFA complex, Ù1e:re we:re indecd seme changes.

For bath complexes, the absoIption at 0.975 Jl.I11 was slightly oensitive to solvent

We observe no sbift in peak position, and OIÙY slight changes in peak inœnsity. The

structure of this band is less well resolved in DMF and ethanol as c:otlIpllœd to acelODC.

The ligand band near 1.64 Jl.I11 was solvent in....,sitive for bath complexes. By contrast wc

observe significant pertUrbation assocïateci with the absoIption centred around 1.52 J.UD.

DMF cansed the band profile of the '11312 +- '11S12 ttansitiœ in the speclrWD of the

TIFA comp1elt (top specttUID, Fig. 3.8) to exhibit a s1ight inclease in intensity as

COIDplImi with the specIIUm oNained in acerone. Ethanol, bowever. seve:rely pe:rtUIbed

this ttansitiœ (bottom spectnDD, Fig. 3.8). The resolvable peaks that we:re pm;ent in the

acetoDe and DMF specoa near 1.52 Jl.I11 were teplaced by a VCIy DOisy. broad absOIptiœ
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band in the ethanol spectrum. The peaks corresponding to the <Iut.! ~ <II~!! transition in

t.lJe spectrum of the RFA complex in DMF (top spectrUIll. Fig. 3.9) had less reso!ution and

a slight red shift. as weil as an increase in intensity as compared to the acetone spectrUm.

Again, ethanol had a much larger effec: on this transition (bottom spectrum. Fig. 3.9). The

band near 1.52~ was broadened and very noisy. with less resolution compared to the

other {wo spectra.
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From these observations. we can conclude that the <11112 +- <I,sr. transition at

O.97511m shows oruy a weak solvem effect, whereas the <113r. +- <I,sr. transition near

1.52 lJ.rn is very sensitive to its surroundings. This suggests that in these complexes. there

is sorne access tO the erbium ion in a liquid solvent environmenL We do not know to what

degree solvent molecules can penetrate the coordination sphere; however. complete

shielding of the erbium ion in these complext:S does not cccur. The presence cf hydroxyl

groups bas a veJ .. large pertUIbat:ion on the "11312 +- "lISil transition in the spectra of both

complexes. This helps to explain the problem of luminescence quenching in erbium doped

sol-gel g1asses Residual hydroxyl groups are most probably responsible since there is

clearly a hydroxyl penurbation on this transition. The effect of solvent polarity seems to be

minimal.

NIR is an exllemcly usefuI spectrOSCOpie probe of the 411312 excÏtee" :tate of Er'+.

This state bas been shown to be exttemely sensitive to its environment, and funher studies

will aIlow systematie investigations into guest-host interactions.

3.3.2. Erbium p-Diketone Complexes in SoI-Gei Glasses

Erbium doped sol-gels were prepared both in bulk and tbin film fonDs. Dopants

included erbium in the fonn of the previously discussed coordination complexes and as

sal1$. AIl of the erbium complexes, erbium acelllte, and Er(NÜ3h were very soluble in the

ormocer sol Monoliths of the ounocer were not oblained becallse as the gel dried, il

adhered to the container waIls resulting in uneven shrinkage and aacking. In addition. the

dried gel was rather soft. No attempt was made to investigaœ drying conditions wbich
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may hav.:. resulted in better samples. Only IWO dopants were soluble in the MTMS sol-gel:

HlIiEt;JEr(HFA). and H!'o"Et~A)•. The HFA complex was very soluble al high

concentrations and beautiful pink monoliths were readily obtained. The TIFA complex

was only soluble at low concentrations. At higher concentrations. it was soluble at the

reaction temperature of 75°C. but on cooling. it began to ctystallize out of the sol. No

investigations were made ta optimize doping levels in either sol-gel.

NIR speetra were taken of the ormocer sol, both undoped and doped with the

HNEt~A)4 complex. These are displayed in Fig. 3.10. Also shown is the doped

spectIUm with the undoped spectrum subtraeted. The undoped spectrum exhibits a very

broad absorption from about 1.35 llJXl to beyond 1.7 JUIl. The spectrum of the doped sol

was very similar to the undoped soL There was a very small peak at 0.980 llJXl and one at

1.53 JUIl. These IWO peaks became mote apparent when the undoped specttum was

subttaeted from the doped spectrUm. Further studies inta which sol-gel components give

tise to the absorptions in this zegion may permit some maœrial modifications to Ieduce

absorption•
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!'l"IR speetra of undoped and H!'Œt~A). doped MfMS sol-gel monoliths are

shown in Fig. 3.11. The 0.980~ absorption in the doped sample occurs in a region

where there is minimal absorption in the MTMS host. There is a very large absorption in

the doped samp1e in the 1.52~ region: however. there is an absorption in the undoped

MTMS sol-gel in the same tegion wbich may cause some interference. Other peaks arising

from the MTMS host are observed at 1.19 and 1.40 l1tll. A spectrUm of the doped samp1e

with the undoped samp1e subttacted (relative to the peak at 1.40~) is shown in

Fig. 3.12. The peak at 0.978~ is basica11y unchanged, while the peak near 1.52~

resemb1es the spectra of the complex disso1ved in DMF, in that there are some reso1vab1e

peaks with a very similar shape. At tbis point, it is unc1ear as to whether or not MTMS is a

suitable host for erbium complexes. FUIther studies to investigatl: the origin of the peak at

1.55 J.I.IIl and tO what extent, if any, it inlClfetes with the erbium ion absorptionlemission

may detetmine the suitability ofMTMS as a oost for erbium.
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• Severa! anempts were made to obtain luminescence from bulk samples of the

etbium doped otmoeer and MTMS sol-gels. Anempts were also made with etbium doped

ehannel waveguides fabtieated in the otmoeer using the photolithographie teehnique

described in Chapter 2, Section 2.3.2. AIl samples were pumped with light from a nmable

Ti:sapphire laser operating near 0.980 lJ.IIl. No luminescence was observed in any of the

samples. It is unclear at this lime whether this is due to problems with the experimental

set-up or the samples. Improvements to the collection optics may improve results.

A very weak luminescence signal was observed in an etbium doped ormoeer sol at

the Optical Sciences Center at the University of Arizona as shown in Fig. 3.13.2S The

dopant was 1Œr(TIFA)..

1450 1500 1550 1600
Wavelength (nm)

•
Figure 3.13 Luminescence spectrum ofan erbium doped ormocersol

This is the first example of the observation of luminescence Dom an erbium

complex doped inlD an organically nvvlified sol-gel glass.
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3.4. Conclusions

Severa! tetrakis erbium !3-diketonate coordination complexes wen: synthesizerl. of

which the TIFA and PTFA complexes are believed to he nove!. A crystal structure of the

!ljEt;Er(PTFA). complex was obtained and ~owed that the complexes are tetrakis

OCIacoordinate. with tetragonal antiprism coordination about the erbium ion. NIR proved

to he an extremely useful tool for the smdy of penurbations of the ·11Jr. e:tcited state in

different hosts. This state is very sensitive to the host environment. while the '1 lIr. state is

relatively insensitive. The above complexes were doped iDto both the ormocer and the

MTMS SOI-gt>ls. The ormocer was able to dissolve ail complexes at relatively high

concentrations; however, monoliths were not produced. The ormocer sol absorbs in the

tegion around 1.5 J.l.II1, and thus may not be an ideal host for erbium. The MTMS was able

to dissolve the HFA and TIrA complexes and produce sol-gel monoliths. MTMS sol-gels

have an absorption near 1.5 J.l.II1, which may interfere with the erbium ion, thus funher

studies are required tO determine the suitability of this host. A very weak luminescence

signal from an erbium doped œmocer sol was observed. Several other anempts to observe

luminescence proved unsuccessful Improvements to the expo:imental setup may lead to

positive results. Future investigations into the source of host absorptions near 1.5 j.LII1 may

permit some material nyxlj6c:alions to reduce these absorptions and improve hast

compalibility with erbium.
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Appendix 1. X-Ray Crystallography Data

113



•

•

Discussion of sttucture detennination and refinement procedure

Pale pink crystals of [(P1FA}4Er]NEt4 were obtained from ethanol. Compound is monoclinie.
ClIc. Data was eollected ove!' 4 octants to allow for averaging. Data was processed by the
NRCVAX package (Gabe et al 1989). The sttuelure \Vas solved by direct method using
SHELXS-86 (Sheldriek, 1986) and difmap synthesis and refined using SHELXL-93 (Sheldriek.
1995). Anion silS in general position (2=8). Two of the four PTFA ligands have disordered
fluorines in the CF3 group. On both cases the oceupancies for the disordered atoms were refined
(final values 0.54 and 0.46) and fixed at these values. Thermal IJarameters were then refined.
Geometries for both orientations of disordered CF3 groups were restrained to be similar the
undisordered group formed by C34, FlO, Fil and F12. There are IWO cations on IWofold sites
(2=4 each). Both NEt4 groups are disordered.

AIl non-hydrogen atoms anisotropie. Hydrogen atoms were caleulated at idealized positions
using a ricling model with different C-H distances for type of hydrogen. The isotropie
displacement fuctors, Uiso' were adjuSled to 30% higher value of the bonded carbon atom
(""'·byl) and 20% higher (others). Hydrogens for methyl groups of NEt4 no 1 were not
introduced in the mode!. Principal crystal10graphic data are in Table 1.

The Erbium atom has tettagonal antiprism coordination.
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• Table 1. Crystal data and structure refinemem for [(PTFA)4ErjNEt4.

Crystal Data

•

Crystal source
Chemical formula, SUIn

Chemical formula, moiety
Chemical formula weight, MT
Cell setting
Space group
Unit cell dimensions (Â. 0)

Volume of unit cell, V (Â3)
Formula units per cell, Z
Density calculated from
formula and cell, Dx (Mg/m3)

F(OOO)
Radiation type
Wavelength, lambda (Â)
Ne-. of reflections
for cell measurement
Theta range (deg)
Linear absorption coefficient, mu (mm'!)
MeasUIe1Ilent temperature (K)
Clystal shape
Colour
Size (mm)

Data collection

Diffractometer type
Data-collection method
Absorption correction type
Maximum and minimum transmission
No. of reflections measw:ed
No. of independent reflections (Rint)
No. of observed reflections
Criterion for observed reflections
Min. and max values of 9 (0)
Ranges of h,k,l
No. of standaId reflections
Interval, (no reflections)
Intensity decay ('Il)

C48 H48 Er F12 N 08
[(CI0H702F3)4ErjN(C5H5)4
1162.13
Monoclinic
C 21c
a =23.428(8)a =90
b =22.727(3)~ =120.59(2)
c = 21.678(7)y = 90
9936(5)
8

1.554
4664
Molybdenum Ka
0.70930

24
10 10 15
0.125
293(2)
prism
light pink
0.42 x 0.30 x 0.08

Rigaku AFC6S
roI29 scans
None

17711
8754 (0.068)
4924
I>2a(I)
2.00 10 25.00
-27<=h<=23, 0<=k<=27, 0<=1<=25
3
200
0.77



• Refinement

Refinement metllod
Final R indices, 1>2cr(I)
R indices, aIl data
Goodness-of-fit on F"2, S

Full-mattix on F2

RI =0.0666. wR2 =0.1301
RI =0.1296, wR2 =0.1530
0.961

RI = sum (absabs Foabs -abs Fcabsabs )/sum (abs Foabs ),
wR2 = r~: [w(F02-Fc?)2]Œ [w(F02)2]]112 and
GoF = [L [w(F02-Fc2)2]/(No. of reflns - No. of params.)]112

No. of reflections used in refinement
No. of parameters refined
No. of restraints
Method of locating and refining H atoms
Weighting scherne
Function minimized

8754
736
106
calculated!riding
based on measured e.s.d's
L w(F02-Fc2)

•

Maximum shifrlsigma
li mo max (e A-3)
li mo min (e k 3)

li mo background (e A-3)

Source of atomic
scattering factors

-0.183
1.421
-1.831
0.62

International Tables for
Crystal10graphy (1992)



• Table 2. Atomic coordinates anè eC'..:.ivalent isotropie
èisplacement parameters U;:: x 102 ) fe:: [ (PTFA) 4Er JNEt4 .

Ue :;: - (1/3) S um, SUln.Ü, .a· ,a' .a, . a ... - -, . - - -

x y z ü.q

Er 0.25640(2) 0.12139(2) 0.73907 (2) 4.258(13}
o (1) 0.2966(3) 0.1490 (2) 0.6644(3) 5.3(2)
O(2} 0.2828(3) 0.0367(3) 0.6990(3) 5.6(2}
o (3) 0.1898(3) 0.0486(3) 0.7462(3) 5.9(2)
0(4 } 0.1614 (3) 0.1143(3) 0.6282(3) 5.6(2)
o (5) 0.2187(3} 0.1579(3) 0.8116(3) 5.6(2)
o (6) 0.3219(3} 0.0736(3) 0.8504(3} 5.2(2}
O(7} 0.2182(3} 0.2168(2) 0.7035(3} 5.7(2}
o (8) 0.3463(3} 0.1810(3) 0.8081(3} 5.6(2)
C(l) 0.2951(4) 0.1271 (4) 0.6104(4) 5.1(2}
C(2} 0.2799(5} 0.0673(4) 0.5929(5} 6.3(3}
C(3} 0.2768(4} 0.0270(4} 0.6396(5) 5.6(2)
C(4) 0.2676(7) -0.0366(5} 0.6171(6} 9.7(4}
F (l) 0.3239(4} -0.0655(3} 0.6497(6} 16.5(4}
F(2} 0.2287(4) -0.0659(3} 0.6310(4) 12.9(3}
F(3} 0.2473(6} -0.0458(3} 0.5494(4) 19.0(5}
C(5} 0.3135(5} 0.1657(4) 0.5679(5} 5.6(3}
C(6} 0.3233(5) 0.2252 (5' 0.5831(5) 7.1(3)
C(7} 0.3419(5} 0.2602(5) 0.5455(6} 8.7(4}
C(8) 0.3492(6} 0.2387(6) 0.4903(6} 10.0 (4)
C(9) 0.3400(7} 0.1814 (6) 0.4760(6} 10.7(4)
C(lO} 0.3217 (5) 0.1437(5} 0.5129(5} 7.7 (3)
C(l1} 0.1468(4} 0.0124(4} 0.7033(5) 5.5(2)
C(12) 0.1127 (4) 0.0221(4} 0.6271(5} 6.4(3)
C(13} 0.1223(4) 0.0721 (4) 0.5963(5} 6.2(3}
C(14} 0.0780(5) 0.0805(5) 0.5164(6} 9.2(4}
F (4) A 0.0596(9} 0.0308 (7) 0.4821(7} 10.4(6}
F(5) A 0.1070(11} 0.107(2} 0.4877(7} 19(2}
F (6) A 0.0530(12) 0.1336(9} 0.5026(12} 20(2)
F(4l}b 0.031(2) 0.045(2} 0.4848(11) 29 (3)
F(51}b 0.1113 (11) 0.084(2} 0.4845(11} 17(2}
F(61}b 0.0225(9} 0.1051(12} 0.5011(10} 13.5(12}
C(15} 0.1313(4} -0.0389(4} 0.7331(5} 5.0(2}
C(16} 0.1687(5} -0.0504(5} 0.8049(6} 8.2(4}
C(17} 0.1570(7} -0.0965(6} 0.8371 (7) 11. 7 (5)
C(18} 0.1062 (7) -0.1330 (6) 0.7963(8) l1.1(5}
C(19) 0.0664(6) -0.1237(5} 0.7233(7} 9.5(4)
C(20} 0.0793(5} -0.0771 (5) 0.6925(6) 7.5(3)
C(2l} 0.2382(4} 0.1554(4} 0.8769(5} 5.0(2}
C(22} 0.2894 (4) 0.1188(4} 0.9265(5} 5.5(2}
C(23} 0.3243(4} 0.0828(4} 0.9075(4} 4.8(2}
C(24} 0.3792(5} 0.0459(5} 0.9702(5} 7.8 (3)
F (7}A 0.4090(11) 0.0772(9} 1. 0307 (7) 15.0(12}
F (8}A 0.4370(7) 0.05l6(12} 0.9756 (12) l4.5(12}
F(9}A 0.3566(8) -0.0022 (7) 0.9832 (lO) 12.3 (8)
F(71}b 0.3891(13} 0.0519(12} 1.0331 (7) 12.2(10}• F(81}b 0.4231(9} 0.0254 (12) 0.9563(10} 9.4 (7)
F(91}b 0.370(2) -0.0104(6} 0.9554(11} 17(2}
C(25} 0.1999(4} 0.1928(4} 0.9005(4} 5.0(2}



• C(26) 0.1654(5) C.2413(4) 0.8588 (5) 6.7(3)
C(27) 0.1294(5) 0.2772 (5) 0.8779(6) 7.9(3)
C(2e) 0.1252(6) 0.2640(6) 0.9375(7) 9.2(4)
C(29) 0.1592 (5) 0.2170(6) 0.9784(6) 8.8(4)
C(30) 0.1962(5) 0.1822(5) 0.9615(5) 6.6 (3)
C(31) 0.2371(4) 0.2657(4) 0.7351(4) 4.3(2)
C(32) 0.3010 (5) 0.2758(4) 0.7950(4) 6.0 (3)
C(33) 0.3496(4) 0.2337(4) 0.8250(5) 5.0(2)
C(34) 0.4172(5) 0.2510 (5) 0.8895(5) 6.9(3)
:(10) 0.4332 (3) 0.2160(3) 0.9440 (3) 11.2(3)
: (11) 0.4201 (3) 0.3049(3) 0.9129(4) 10.9(2)
F(12) 0.4643 (3) 0.2453(3) 0.8745(3) 10.5(2)
C(35) 0.1871 (5) 0.3142 (4) 0.7033(5) 5.5(2)
C(36) 0.2046(6) 0.3734 (4) 0.7140 (6) 7.7(3)
C(37) 0.1567(8) 0.4165(6) 0.6808 (7) 10.8i 4 )
C(38) 0.0913(7) 0.4005(6) 0.6399(7) 9.5(4)
C(39) 0.0751(6) 0.3422(5) 0.6310(6) 8.1(3)
C(40) 0.1222(5) 0.2989(4) 0.6614 (5) 6.4(3)
N(1) 0.5000 0.3983(5) 0.2500 8.5(4)
C(41)C 0.4312(8) 0.4108(11) 0.1876(12) 14 (2)
C(41A)C 0.4739(11) 0.4530 (8) 0.1963(11) 9.8(8)
C(42) 0.4133(9) 0.4524 (7) 0.1318(9) 14.9(7)
C(43)C 0.5069(10) 0.3446(8) 0.2990(12) 8.6(7)
C(43A) C 0.4499(9) 0.3863(10) 0.2753(12) 10.2 (9)
C(44) 0.4663(7) 0.3425(7) 0.3313(8) 12.5(5)
N(2) 1.0000 0.4235(6) 0.2500 9.4(5)
C(45)C 1. 0367 (11) 0.4224(13) 0.3341 (9) 11.9(10)
C(46C 0.997(2) 0.416(2) 0.371(2) 11. 0 (13)
C(47)C 0.9539(11) 0.4774(10) 0.225(2) 13.5(12)
C(48)C 0.984 (4) 0.5373(11) 0.252(6) 23 (4)
C(49)C 0.9600(12) 0.3660 (9) 0.2313(13) 13.0(12)
C(50) 1. 0000 0.3101(9) 0.2500 14.3(9)
C(51)C 1.0560(9) 0.431(2) 0.2348(13) 11.3 (10)
C(52)C 1.030(2) 0.430(3) 0.155(2) 14(2)

• occupancy 0.54: b occupancy 0.46: C occupancy 0.50

•



• Table 3. Bond lengths (.;, ) a:1d. a:-:gles ( , ) :0= [ (?TFAl4Er 1NEt 4.

Er-O (8) 2.302(6)
Er-0(4) 2.304 (6)
Er-O (5) 2.314(6)
Er-0(2) 2.321(6)
Er-O (7) 2.323(6)
Er-0(3) 2.334 (6)
Er-O (1) 2.335(6)
O(l}-C{l) 1.255(9)
0(2)-C(3} 1. 242 (10)
0(3)-C(11) 1.265 (10)
0(4)-C{13} 1.261(10)
0{5}-C{21} 1.249 (10)
0{6}-C(23) 1.228 (9)
o (7) -C {31} 1.260 (9)
o {8} -C {33} 1.244(10)
C{1}-C{2} 1. 408 (12)
C(1}-C{5) 1.485(12)
C{2}-C(3) 1.394(12)
C{3}-C{4} 1.505{13}
C{4}-F{2} 1.282 (13)
C{4}-F{3} 1.309(12)
C{4}-F(1) 1.3'-3 (13)
C{5}-C{6} 1.383(12)
C(5}-C(10} 1. 394 (13)
C(6}-C(7} 1. 360 (13)
C(7}-';(8) 1.38{2}
C(8}-C{9} 1.33(2}
C(9}-C(10} 1.381 (14)
C (11) -C (12) 1.440(12}
C(11}-C{15} 1.465 (12)
C(12}-C(13} 1.393(12)
C(13}-C(14} 1. 511 (13)
C (14) -F (41) 1.26 (2)
C(14}-F(5} 1.28 (2)
C (14) -F (51) 1. 28 (2)
C (U) -F (61) 1. 29 (2)
C(14}-F(4} 1.301(14)
C (U) -F (6) 1.31 (2)
C (15) -C (16) 1.368 (12)
C(15}-C(20} 1.386 (12)
C (16) -C (17) 1. 361 (14)
C (17) -C (l8) 1.35 (2)
C (18) -C (19) 1.38 (2)
C (19) -c (20) 1.367 (14)
C(21}-C(22} 1.405 (12)
C(21}-C(25} 1. 500 (12)
C(22}-C(23} 1.360 (11)
C(23}-C(24} 1.559 (12)
C(24}-F(71} 1.27(2}
C (24) -F (81) 1.30(2}
C(24}-F(8} 1.30 (2)
C(24}-F(9} 1.31 (2)
C (24) -F (91) 1. 31 (2)• C(24}-F(7} 1.33(2}
C(25}-C(30} 1. 390 (11)
C (25) -c (26) 1.393{12}



• C(26)-C(27) 1.379(13)
C(27)-C(28) 1.38 (2)
C (28) -C (29) 1.36 (2)
C(29)-C(30) 1.357 (14)
C(31)-C(32) 1.416(11}
C(31)-C(35) 1.496(12}
C(32)-C(33) 1.37l(12)
C(33)-C(34) 1.538 (12)
C(34)-F(12) 1.306(10)
C(34)-F(10) 1.310(1l}
C(34)-F(1l) 1.314 (11)
C(35)-C(40) 1.360(12)
C (35) -C (36) 1.392(12)
C (36) -C (37) 1.38(2)
C(37)-C(38) 1.37(2)
C(38)-C(39) 1.37(2)
C(39)-C(40) 1.370 (13)
N (1) -C (41)#1 1.51(2)
N(l)-C(41) 1.51(2)
N (1) -C ( 43A) 1.55(2)
N (1) -C (43A) n 1.55(2)
N(1)-C(43)U 1.57(2)
N(1)-C(43) 1.57(2)
N (1) -C ( 41A) in 1.60(2)
N (1) -C (41A) 1.60(2)
C(41)-C(42) 1.42(2)
C(41A)-C(42) 1.40 (2)
C(43)-C(44) 1.44 (2)
C(43A)-C(44) 1.46(2)
N(2)-C(51) 1.52(2)
N(2)-C(51)#2 1.52(2)
N(2)-C(49) 1.54(2)
N(2)-C(49)t2 1.54(2)
N(2)-C:47)#2 1.54 (2)
N(2)-C(47) 1. 54 (2)
N(2)-C(45)#2 1.57(2)
N(2)-C(45) 1.57(2)
C (45) -C (46) 1.51(2)
C (47) -C (48) 1. 51 (3)
C(49)-C(50) 1.51(2)
C(51)-C(52) 1. 51 (2)
O(8)-Er-O(4) 142.9(2)
O(8)-Er-O(5) 83.5(2)
O(4)-Er-O(5) 103.5(2)
O(8)-Er-o(2) 113.6(2)
O(4)-Er-o(2) 81.5 (2)
O(5)-Er-o(2) 144.9(2)
O(8)-Er-O(7) 74.8 (2)
0(4) -Er-o (7) 73.5(2)
0(5) -Er-O (7) 71.0(2)
0(2) -Er-o (7) 141.4(2)
O(8)-Er-o(3) 142.7(2)
O(4)-Er-o(3) 72.3(2)
O(5)-Er-o(3) 73.1(2)
O(2)-Er-o(3) 75.6(2)
0(7) -Er-O (3! 121. 7 (2)• O(8)-Er-O(1) 74.6(2)
O(4)-Er-o(1) 79.2(2)
O(5)-Er-o(1) 143.4(2)



•

•

0(2)-Er-0(l)
O(ï)-Er-O(l)
o (3) -Er-O (l)
C(l)-O(l)-Er
C(3)-O(2)-Er
C (H) -0 (3) -Er
C(l3)-0(4)-Er
C(2l)-O(5)-Er
C (31) -0 (ï) -Er
C(33)-o(8)-Er
0(1)-C(1)-C(2)
o (1) -C (l) -C (5)
C(2)-C(l)-C(5)
C(3)-C(2)-C(1)
O(2)-C(3)-C(2)
O(2)-C(3)-C(4)
C(2)-C(3)-C(4)
F(2)-C(4)-F(3)
F (2)-C(4)-F (1)
F(3)-C(4)-F(1)
F(2)-C(4)-C(3)
F(3)-C(4)-C(3)
F(1)-C(4)-C(3)
C(6)-C(5)-C(10)
C(6)-C(5)-C(1)
C(lO)-C(5)-C(l)
C(7)-C(6)-C(5)
C(6)-C(7)-C(8)
C (9) -C (8) -C (7)
C(8)-C(9)-C(lO)
C(9) -C (10)-C (5)
O(3)-C(11)-C(12)
0(3)-C(I1)-C(15)
C(12)-C(11)-C(15)
C(13)-C(12)-C(11)
0(4)-C(13)-C(12)
O(4)-C(13)-C(14)
C(12)-C(13)-C(14)
F(41)-C(14)-F(51)
F(51)-C(14)-F(61)
F(5)-C(14)-F(4)
F(5)-C(14)-F(6)
F(4)-C(14)-F(6)
F(41)-C(14)-C(13)
F(5)-C(14)-C(13)
F(51)-C(14)-C(13)
F(61)-C(14)-C(13)
F(4)-C(14)-C(13)
F(6)-C(14)-C(13)
C(16)-C(15)-C(20)
C(16)-C(15)-C(ll)
C(20)-C(15)-C(11)
C(17)-C(16)-C(15)
C(18)-C(17)-C(16)
C(17)-C(18)-C(19)
C(20)-C(19)-C(18)
C(19)-C(20)-C(15)
O(5)-C(21)-C(22)
O(5)-C(21)-C(25)

~:. ~ (2)
~5.l (2 \

l39.l(2)
135.2(6}
l28.€(6)
l36.l(5)
U2.2 (6)
135.2 (6)
132.3(5)
l31.0 (6)
121.1 (8)
H7.7(S)
121.1 (S)
122.6(S)
128.0(9)
115.5 (9)
116.5(9)
106.5(1I)
104.6(11)
102.5(10)
115.0 (10)
115.3(10)
111.5 (11)
118.4 (9)
119.7(9)
122.0(9)
119.6(10)
122.1(11)
118.1(12)
122.2(12)
119.5(11)
120.9(8)
118.4(8)
120.7(9)
123.0(9)
127.3(9)
114.6(8)
117.9(8)
111 (3)
130(2)
103(2)

75(2)
134 (2)
116.3(13)
113.0(11)
112.0(13)
111.4 (12)
112.3(11)
110.3(13)
116.7(9)
119.7(9)
123.7(9)
123.5(11)
118.5(12)
120.9(12)
119.3 (11)
121. 2 (10)
124.8(8)
115.0(8)



•

•

C(ZZ)-C(Z')-C(Z5) lZ0.1(S)
C(23)-C(22)-C(21) 122.4 (S)
O(6)-C(Z3)-C(22) 133.0(S)
O(6)-C(23)-C(24) 112.4(S)
C(22)-C(23)-C(24) 114.6(S)
F(71)-C(24)-F(SI) 124(2)
F(S)-C(24)-F(9) 126(2)
F(71)-C(24)-F(91) 107(2)
F (SI) -C (24) -F (91) 69 (2)
:(8)-C(24)-F(7) 82(2)
:(9)-C(24)-F(7) 108(2)
:(71)-C(24)-C(23) 119.8(12)
F(81)-C(24)-C(23) 113.0(11)
F(8)-C(24)-CI23) 112.5(12)
F(9)-C(24)-C(23) 113.1(lC)
:(91)-C(24)-C(23) 110.7(12)
F(7)-C(24)-C(23) 110.9(11)
C(30)-C(25)-C(26) 117.2(9)
C(30)-C(25)-C(21) 124.2(9)
C(26)-C(25)-C(21) 118.6(8)
C(27)-C(26)-C(25) 121.1(10)
C(28)-C(27)-C(26) 119.9(11)
C(29)-C(28)-C(27) 119.1(11)
C(28)-C(29)-C(30) 121.7(11)
C(29)-C(30)-C(25) 120.9(11)
O(7)-C(31)-C(32) 123.8(8)
O(7)-C(31)-C(35) 115.0(7)
C(32)-C(31)-C(35) 121.2(8)
C(33)-C(32)-C(31) 123.8(9)
O(8)-C(33)-C(32) 128.4(9)
O(8)-C(33)-C(34) 113.2(8)
C(32)-C(33)-C(34) 118.3(9)
F(12)-C(34)-F(10) 106.0(9)
F(12)-C(34)-F(11) 107.7(9)
F(10)-C(34)-F(11) 106.4(9)
F(12)-C(34)-C(33) 110.9(8)
F(10)-C(34)-C(33) 110.7(8)
F(11)-C(34)-C(33) 114.6(9)
C(40)-C(35)-C(36) 119.5(10)
C(40)-C(35)-C(31) 117.8(8)
C(36)-C(35)-C(31) 122.7(9)
C(37)-C(36)-C(35) 120.3(11)
C(38)-C(37)-C(36) 119.6(12)
C(39)-C(38)-C(37) 119.0(12)
C(38)-C(39)-C(40) 122.2(11)
C(35)-C(40)-C(39) 119.4(10)
C(41)'1-N(1)-C(43A) 111.8(13)
C(41)-N(1)-C(43A)'1 111.8(13)
C(41)'1-N(1)-C(43)'1 116.5(13)
C(41)-N(1)-C(43).1 81.1(13)
C(43A)-N(1)-C(43).1 105.5(12)
C(41)'1-N(1)-C(43) 81.1(13)
C(41)-N(1)-C(43) 116.5(13)
C(43A)'1-N(1)-C(43) 105.5(12)
C(41)-N(1)-C(41A)'1 110.2(14)
C(43A)-N(1)-C(4lA).1 87.6(13)
C(43A)'1-N(1)-C(4lA)tll08.4(12)
C(43)-N(1)-C(41A).1 104.0(12)
C(41)'1-N(1)-C(41A) 110.2(14)



• C(~3A)-N(1)-C(~lA)

C(~3A)*1-N(1)-C(41A)

C(~3)#1-N(1)-C(~lA)

C(~2)-C(41)-N(1)

C(~2)-C(~lA)-N(1)

C(~~)-C(~3)-N(1)

C(44)-C(43A)-N(1)
C(51)-N(2)-C(49)
C(51)#2-N(2)-C(47)#2
C(49)#2-N(2)-C(47)#2
C(~9)*2-N(2)-C(45)#2

C(~7)#2-N(2)-C(45)#2

C(51)-N(2)-C(45)
C(49)-N(2)-C(45)
C(47)-N(2)-C(45)
C(46)-C(45)-N(2)
C(48)-C(47)-N(2)
C(50)-C(49)-N(2)
C(52)-C(51)-N(2)

1CS.~(1

8i.6(1
lO~.C(l

127 (2)
123 (2)
119.3(13)
119.1 (14)
ln (2)
111 (2)
111.1 (13)
101 (2)
107(2)
103.3(12)
101 (2)
107(2)
120(2)
118(3)
116(2)
110 (2)

•

Symmetry transformations used to generate equivalent atoms:
#1 -x+l,y,-z+1/2 #2 -x+2,y,-z+1/2



•

•

O(8)-E~-O(1)-Ç(1)

O(4)-E~-O(1)-C(l)

O(5)-E~-O(1)-Ç(l)

O(2)-Er-O(1)-C(1)
O(7)-Er-O(1)-C(l)
O(3)-Er-O(1)-C(1)
O(8)-Er-O(2)-C(3)
O(4)-Er-O(2)-C(3)
O(5)-E~-O(2)-C(3)

O(7)-Er-O(2)-C(3)
O(3)-Er-O(2)-C(3)
O(1)-Er-O(2)-C(:)
O(8)-Er-O(3)-C(11)
O(4)-Er-O(3)-C(11)
O(5)-E~-O(3)-C(11)

O(2)-Er-O(3)-C(ll)
O(7)-Er-O(3)-C(11)
O(l)-Er-O(3)-C(11)
O(8)-Er-O(4)-C(13)
O(5)-Er-O(4)-C(13)
O(2)-Er-o(4)-C(13)
O(7)-Er-O(4)-C(13)
O(3)-Er-o(4)-C(13)
O(1)-Er-o(4)-C(13)
O(8)-Er-O(5)-C(21)
O(4)-Er-o(5)-C(21)
O(2)-Er-O(5)-C(21)
O(7)-Er-o(5)-C(21)
O(3)-Er-o(5)-C(21)
O(1)-Er-O(5)-C(21)
O(8)-Er-O(7)-C(31)
O(4)-Er-O(7)-C(31)
O(5)-Er-O(7)-C(31)
O(2)-Er-o(7)-C(31)
O(3)-Er-o(7)-C(31)
O(1)-Er-O(7)-C(31)
O(4)-Er-o(8)-C(33)
O(5)-Er-o(8)-C(33)
O(2)-Er-o(8)-C(33)
O(7)-Er-o(8)-C(33)
O(3)-Er-o(8)-C(33)
O(1)-Er-o{8)-C(33)
Er-O(1)-C(1)-C(2)
Er-O(1)-C(1)-C(5)
O(1)-C(1)-C{2)-C(3)
C(5)-C(1)-C(2)-C(3)
Er-O(2)-C(3)-C(2)
Er-O(2)-C(3)-C(4)
C(1)-C{2)-C{3)-o{2)
C(1)-C{2)-C{3)-C{4)
O(2)-C{3)-C{4)-F{2)
C(2)-C{3)-C{4)-F{2)
O(2)-C{3)-C{4)-F{3)
C (2) 'C (3) -C (4) -F (3)
O(2)-~{3)-C{4)-F{1)

153.9(8)
-52.6(8)

-:"5D.7(7)
31.9(8)

-l28.1(81
-6.5 (9)

-99. C (8)
45.6(8)

14"7.0(ï)
-3.9(9)

1:9.4 (8)
-35.8 (7)

-166.8(8)
29.0(8)

139.7(9)
-56.5(8)

85.7(9)
-19.0(10)
167.5(7)
-95.4 (8)

49.2(8)
-160.5(8)
-28.3(8)
122.0 (8)
-63.2(8)
153.8(8)
59.4(10)

-139.3(9)
87.4(8)

-116.2 (8)
-25.1(7)
174.3(8)

63.2(7)
-134.0(7)

118.2(7)
-102.8(7)

54.0(9)
-49.8(7)
162.1(7)
22.2(7)

-100.6(8)
100.6(8)
-17.2(13)
166.0(6)
-11.2 (H)
165.5(9)
29.6(14)

-152.9(7)
4(2)

-173.3(9)
41 (2)

-140.8 (10)
166.0 (11)
-16(2)
-77.6(13)



•

•

C(2)-C(3)-C(;)-:(:)
0(:)-C(1)-C(5)-C(6)
C(2)-C(1)-C(5)-C(6)
0(1)-C(1)-C(5)-C(10)
C(2)-C(1)-C(5)-C(:O)
C(10)-C(5)-C(6)-C(7)
C(1)-C(5)-C(6)-C(7)
C(5)-C(6)-C(7)-C(S)
C(6)-C(7)-C(B)-C(9)
C(7)-C(B)-C(9)-C(:0)
C(S)-C(9)-C(10)-C(5)
C(6)-C(5)-C(10)-C(9)
C(1)-C(5)-C(10)-C(9)
E=-0(3)-C(11)-C(12)
E=-O(3)-C(11)-C(15)
0(3)-C(11)-C(12)-C(13)
C(15)-C(11)-C(12)-C(13)
E=-0(4)-C(13)-C(12)
E=-0(4)-C(13)-C(14)
C(11)-C(12)-C(13)-0(4)
C(11)-C(12)-C(13)-C(14)
0(4)-C(13)-C(14)-:(41)
C(12)-C(13)-C(14)-:(41)
0(4)-C(13)-C(14)-:(5)
C(12)-C(13)-C(14)-:(5)
0(4)-C(13)-C(14)-F(51)
C(12)-C(13)-C(14)-:(51)
0(4)-0(13)-0(14)-F(61)
C(12)-0(13)-0(14)-F(61)
0(4)-0(13)-0(14)-:(4)
0(12)-0(13)-0(14)-F(4)
0(4)-0(13)-C(14)-F(6)
C(12)-C(13)-C(14)-:(6)
0(3)-0(11)-C(15)-C(16)
C(12)-C(11)-C(15)-C(16)
0(3)-C(11)-0(15)-C(20)
0(12)-C(11)-0(15)-0(20)
C(20)-C(15)-C(16)-C(17)
0(11)-C(15)-C(16)-C(17)
C(15)-C(16)-C(17)-C(18)
C(16)-C(17)-0(18)-C(19)
C(17)-C(18)-0(19)-0(20)
C(18)-C(19)-0(20)-0(15)
C(16)-C(15)-0(20)-0(19)
0(11)-0(15)-0(20)-C(19)
Er-o(5)-C(21)-C(22)
Er-o(5)-C(21)-C(25)
0(5)-0(21)-0(22)-C(23)
0(25)-C(21)-0(22)-C(23)
0(21)-C(22)-C(23)-o(6)
C(21)-C(22)-C(23)-C(24)
O(6)-C(23)-0(24)-F(71)
0(22)-C(23)-C(24)-F(71)
0(6)-C(23)-C(24)-F(81)
C(22)-C(23)-C(24)-F(81)
0(6)-0(23)-C(24)-F(8)
0(22)-0(23)-C(24)-:(8)
C(6)-0(23)-C(24)-F(9)
0(22)-C(23)-C(24)-F(9)

::,~,':\:'':}

-~.:(:3)

:-=.:(~\

:-:.:\?)
-:.2(::"';)
-':(2)

:'-S.2(?\
3121

-312 )
2(21

-: (2)

1 (2)
-1"7S.9(:C}
-2:.,](:';)
160.6(6)
-3(2)

175.5(9)
23(2)

-162.5(7)
2 (2)

-173.1(9)
-168(3)

8 (3)
37(2)

-147 (2)
63(2)

-122(2)
-91(2)

B4(2)
153.6(14)
-31(2)
-45(2)
130(2)
-8.1(14)

173.5(10)
171.1(9)
-7.3(14)

0(2)
178.8(11)

1(2)
-1 (2)

1(2)
-1(2)

0(2 )
-178.9(10)

-10.0(14)
173.3(5)

2 (2)
178.1(8)

1(2)
179.8 (8)
178(2)
-1(2)
18(2)

-162(2)
52(2)

-127(2)
-97(2)

83(2)



• O(6)-C(23)-C(2~)-F(91)

C(22)-C(23)-C(2~)-F(91)

O(6)-C(23)-C(24)-F(7)
C(22)-C(23)-C(2~)-F(7)

O(S)-C(21)-C(2S)-C(30)
C(22)-C(21)-C(2S)-C(30)
O(S)-C(21)-C(2S)-C(26)
C(22)-C(21)-C(2S)-C(26)
C(30)-C(2S)-C(26)-C(27)
C(21)-C(25)-C(26)-C(27)
C(2S)-C(26)-C(27)-C(2S)
C(26)-C(27)-C(2S)-C(29)
C(27)-C(28)-C(29)-C(30)
C(2S)-C(29)-C(30)-C(25)
C(26)-C(25)-C(30)-C(29)
C(21l-C(25)-C(30l-C(29)
Er-O(7)-C(31)-C(32)
Er-O(7)-C(31)-C(35)
O(7)-C(31)-C(32)-C(33)
C(3S)-C(31)-C(32)-C(33)
Er-O(S)-C(33)-C(32)
Er-O(8)-C(33)-C(34)
C(31)-C(32)-C(33)-o(8)
C(31)-C(32)-C(33)-C(34)
O(8)-C(33)-C(34)-F(12)
C(32)-C(33)-C(34)-F(12)
O(S)-C(33)-C(34)-F(10)
C(32)-C(33)-C(34)-F(10)
O(8)-C(33)-C(34)-F(11)
C(32)-C(33)-C(34)-F(11)
O(7)-C(31)-C(35)-C(40)
C(32)-c(31}-C(35}-C(40)
O(7)-C(31)-C(35}-C(36}
C(32)-C(31)-C(35}-C(36)
C(40)-C(35)-C(36)-C(37)
C(31)-C(35)-C(36)-C(37)
C(35)-C(36}-C(37)-C(38)
C(36)-C(37}-C(38}-c(39)
C(37)-C(38}-C(39)-c(40)
C(36)-C(35}-C(40}-C(39)
C(31)-c(35)-C(40)-c(39}
C(38}-C(39)-C(40)-C(35}

-57(2)
123 (2)
142 (2)
-38(2)
156.2 (9)
-20.7(1~)

-23.4(12)
159.7(9)

0.3(14)
-180.0 (9)

-3(2)
3(2)

-1(2)
-1(2)

1.5(14)
-178.2 (9)

20.4 (12)
-161.4(5)

0.4(14)
-177.8(8)

-15.7(14)
162.4(6)
-3(2)

179.4(8)
64.0(11)

-117.7(10)
-53.4 (11)
124.9(10}

-173.8(8)
4.5(13)

21.1(12)
-160.6(8)
-157.9(9)

20.4(13)
-2(2)

177.2(9)
3(2)

-2(2)
0(2)

-1(2)
-179.5(9)

2 (2)

•

Symmetry transformations used to qe~~rate equiva1ent atoms:
.1 -x+1,y,-z+1/2 .2 -x+2,y,-z+1/2



• Table Eyè=ogen coor~ina~e? a~è iso~ropic displacement~ .
pa:ar::ete:s (A- x 10') ::c= [ (PTFA)4E:lNEt4.

x y " U,.c

E (2A) 0.2372(5) 0.0660 (4) 0.5489(5) 7.5
E(2B) 0.3122(5) 0.0521(4) 0.5816(5) 7.5
E(6) 0.3171(5) 0.2412(5) 0.6188(5) 8.5
8 (7 i 0.3501(5) 0.2999(5) 0.5574(6) 10.58(E.) 0.36~: (6) 0.2636(6) 0.4638(6) 12.0
E (9) 0.3460(7) 0.1663(6) 0.4398(6) 12.8
E(10) 0.3150(5) 0.1039(5) 0.5012(5) 9.2
E(12A) 0.1226(4) -0.0114(4) 0.6065(5) 7.7
E(12B) 0.0657(4) 0.0203(4) 0.6103(5) 7.7
E(16) 0.2040(5) -0 n255 (5) 0.8332(6) 9.9
8(11) 0.1835 (7) -c .102~~G} 0.8862(7) 14.1
E(18) 0.0919(7) -r.1649(6) 0.8174(8) 13.3
E(19) 0.0312(6) -0.1489 (5) 0.6956(7) 11.4
E(20) 0.0528(5) -0.0709 (5) 0.6434 (6) 8.9
E (22A) 0.3214(4) 0.1441(4) 0.9644(5) 6.6
8 (22B) 0.2703(4) 0.0940(4) 0.9478(5) 6.6
E(26) 0.1666(5) 0.2496(4) 0.8175(5) 8.0
8(27) 0.1081(5) 0.3103(5) 0.8506(6) 9.5
8(28) 0.0994(6) 0.2869(6) 0.9495(7) 11.0
8 (29) 0.1510(5) 0.2085(6) 1. 0191 (6) 10.6
8(30) 0.2195(5) 0.1507(5) 0.9911(5) 7.9
8(32A) 0.3197(5) 0.3083(4) 0.7820(4) 7.2
8 (32B) 0.2944(5) 0.2900(4) 0.8331(4) 7.2
8(36) 0.2488(6) 0.3841(4) 0.7436(6) 9.2
8(37) 0.1687(8) 0.4560 (6) 0.6863 (7) 12.9
8(38) 0.0584(7) C. 4291 (6) 0.6184(7) 11.5
8 (39) 0.0308(6) 0.3314(5) 0.6034(6) 9.7
8(40) 0.1099(5) 0.2595(4) 0.6536(5) 7.6
8 (41A) 0.4145(8) 0.3733(11) 0.1638(12) 17 .2
H(41B) 0.4047(8) 0.4207(11) 0.2089(12) 17 .2
8 (41C) 0.4727(11) 0.4865(8) 0.2234 (11) 11.8
H(410) 0.5077 (11) 0.4614(8) 0.1843(11) 11.8
H(43A) 0.4981(10) 0.3092(8) 0.2706(12) 10.3
H(43B) 0.5528(10) 0.3428(8) 0.3373(12) 10.3
H(43C) 0.4420(9) 0.4233(10) 0.2919(12) 12.2
H(430) 0.4083(9) 0.3746(10) 0.2336(12) 12.2
H(45A) 1. 0685 (11) 0.3904 (13) 0.3504(9) 14.2
8 (45B) 1.0619(11) 0.4586(13) 0.3514(9) 14.2
H(46A) 1. 026 (2) 0.416(2) 0.422(2) 14.3
H(46B) 0.973(2) 0.379(2) 0.357(2) 14 .3
H(46C) 0.966(2) 0.448(2) 0.358(2) 14.3
H(47A) 0.9310(11) 0.4785 (10) 0.173(2) 16.3
H(47B) 0.9206(11) 0.4712 (10) 0.238(2) 16.3
H(48A) 0.951(4) 0.5668 (11) 0.233(6) 29.7
5 (48B) 1.016(4) 0.5452 (11) 0.238(6) 29.7
5 (48C) 1.006(4) 0.5379(11) 0.304(6) 29.7
5 (49A) 0.9351(12) 0.3659(9) 0.2557(13) 15.5
5 (49B) 0.9283 (12) 0.3659(9) 0.1802(13) 15.5• 5(50A) 0.9708 0.2768(9) 0.2363 18.6
5(50B) 1.0308 0.3089(9) 0.3007 18.6
5 (SOC) 1.0239 0.3089(9) 0.2249 18.6
5(51A) 1. 0780 (9) 0.469(2) 0.2543 (13) 13.6



•

•

H(513)
H (52A)
H (523)
H (52(;)

1.0883 (9)
1.065(2)
0.998(2)
1.008(2)

0.~00(2)

0.~35(3)

0.461(3)
0.393(3)

0.2579(13)
0.146(2)
0.132(2)
0.136(2)

13.6
17.6
17.6
17.6



• Table 6. Anisotropie para~eters (A: " 10=) for [ (?TFA)4Er)NEt4.
The anisotrooie disolaeement factor e"ponent takes the form:

-2 pir [ h2 a*2 till + ••. + 2 h k a* b* 012 1

U11 022 033 023 013 012

Er 4.52 (2) 4.57(2) 3.35(2) -0.49(2) 1.76(2) -0.07(2)
0(1 ) 7.2 (4) 5.1 (3) 4.2(3) -1.4(3) 3.3(3) -1.1(3)
0(2) 7.6(4) 6.0(4) 3.9 (3) -0.1(3) 3.5(3) 0.9(3)
0(3 ) 6.2 (4) 7.8(5) 3.6 (3) -0.8(3) 2.5(3) -2.3(4)
0(4 ) 5.1 (3) 5.8 (4) 4.7(3) 0.1 (3) 1.6(3) -0.5(3)
0(5) 6.8(4) 6.2(4) 4.2(4) -1.0(3) 3.2 (3) -0.1(3)
0(6 ) 5.4(4) 5.8 (4) 3.5 (3) 0.1 (3) 1.6(3) 1.6(3)
0(7) 7.0(4) 4.1(4) 5.2 (4) -0.2(3) 2.6(3) -0.2(3)
0(8) 5.4(4) 6.3 (4) 4.1(3) -0.9(3) 1.8(3) -0.4 (3)
C (1) 4.8(5) 6.4(6) 3.7 (5) -1.6(5) 1.8 (4) -0.7(5)
C(2) 5.1(6) 8.2(8) 5.3(6) -1.3(6) 2.6(5) 0.0(5)
C (3) 5.4(6) 4.9 (6) 7.0(7) -0.8(5) 3.5(5) 0.2(5)
C(4) 15.1(12) 6.6 (8) 9.4(9) -2.5(7) 7.6(9) 0.3(8)
F(l) 17.7(8) 8.3(6) 26.1 (11) -1. 7 (6) 13.1(8) 3.3(6)
F(2) 17.6(7) 7.9(5) 16.5(7) -3.3(5) 11.1(6) -4.5(5)
F(3) 41(2) 7.1(5) 12.6 (6) -5.2(4) 16.6(8) -6.0(7)
C(5) 6.2(6) 6.5 (7) 4.6(5) -0.6(5) 3.2 (5) -0.5(5)
C (6) 9.7(8) 7.4 (8) 5.5(6) -1.1 (5) 4.8(6) -1. 8 (6)
C(7) 10.1(9) 8.5 (8) 7.5(8) -1. 0 (7) 4.4(7) -3.3 (7)
C(8) 14.6(11) 10.7(10) 8.4 (8) 0.7(7) 8.6(8) -1.1 (9)
C(9) 18.0(13) 9.5(10) 8.3(8) 0.1(7) 9.5(9) -0.7(9)
C(10) 10.3(8) 7.5(7) 6.3(7) -0.4(6) 5.0(7) 0.2 (6)
C (11) 5.2(6) 6.5(6) 5.3(6) 1. 2 (5) 3.2(5) 0.9(5)
C(12) 4.7(6) 7.1(7) 6.9(7) 0.5(6) 2.6(6) -1.2 (5)
C(13) 5.0 (6) 6.0 (7) 5.2(6) 0.1(5) 0.9(5) -0.5(5)
C(14) 8.7(10) 8.8 (10) 5.1(7) 1.5(7) -0.1(7) -3.1(8)
F(4) 15(2) 8.9(10) 4.7(8) -1. 7 (7) 3.2(9) -3.9(11)
F (5) 22 (2) 22 (2) 2.9(8) 1.8 (11) 0.1(13) -15(2)
F (6) 14 (2) 23(3) 13(2) 11(2) 0(2) 2 (2)
F(41) 20 (3) 38(5) 8(2) 10(2) -8(2) -25(3)
F(51) 15 (2) 29(4) 10(2) 1(2) 8 (2) 0(3)
F(61) 7.8(14) 20(3) 5.9(11) 1(2) -1.9(11) 8(2)
C(15) 4.5(5) 5.4(6) 5.1(5) -0.1 (4) 2.4(5) -0.8(4)
C(16) 5.6 (7) 10.6(9) 6.2(7) 2.8(6) 1.3(6) -1.2(6)
C(17) 9.5(10) 13.4(12) 9.1 (9) 5.7(9) 2.5(8) -1.6(9)
C(18) 13.1(12) 9.6(10) 10.9(11) 4.0(8) 6.4(10) -0.6(9)
C(19) 9.9(9) 8.8(9) 10.5(9) -0.4(8) 5.8(8) -3.7(7)
C (20) 8.4(8) 7.2 (7) 6.2(7) 0.6(6) 3.3(6) -1.1 (6)
:: (21) 5.7(6) 5.0(6) 5.2(6) -0.9(4) 3.5(5) -0.5(5)
C(22) 6.4(6) 5.8(6) 5.0 (5) 0.2 (5) 3.3(5) -0.4(5)
C(23) 4.5(5) 5.2(6) 3.3(5) -0.2(4) 1.1(4) -0.8(5)
C(24) 7.0(8) 9.2(10) 6.3(8) 3.0(7) 2.7(7) 2.6(7)
F(7) 14(2) 12(2) 6.3(11) -1.6(10) -4.1(11) 5.2(12)
F(8) 6.6(10) 25(3) 11 (2) 5(2) 3.6(10) 4.2(13)
F(9) 10.6(11) 14(2) 12(2) 7.9(12) 5.3(11) 3.0(10)
F(71) 19(2) 14 (2) 4.1(10) 4.9(10) 6.6(12) 11 (2)
F(81) 8.5(14) 13(2) 5.4 (10) 5.1(11) 2.8 (10) 5.6(12)• F(91) 32(4) 7.3(14) 12(2) 6.7(11) 10 (2) 7 (2)
C(25) 6.6 (6) 5.3(6) 4.4(5) -0.2(4) 3.6(5) -0.8(5)
C(26) 7.9 (7) 6.9(7) 6.0(6) -0.1(5) 4.1(6) 0.3 (6)



• C (27) 6.6 (7) 6.7(7) E.l (9) 0.2 (7) 5.0 (7) 1.4(6)
C(28) 8.6(8) 10.5(10) 10.9(10i -3.1(8) 6.8(8) o.5 (7)
C (29) 8.4 (8) 13.8 (12) 6.2(7) -2.2(7) 5.2(7) -0.2(8)
C (30) 8.1(7) 7.3(7) 5.9 (6) -0.5(5) 4.7(6) -0.7(6)
C (31) 5.8(6) 5.1 (5) 2.9(4) -0.6(4) 2.8 (4) -0.9(4)
C(32) 7.5(7) 7.2(7) 3.7(5) -1.4(5) 3.2(5) -2.4 (6)
C (33) 4.7(5) 5.9 (6) 4.6(5) -0.3(5) 2.5(5) -0.2 (5)
C (34) 5.9 (7) 8.9 (8) 5.5 (6) -2.1(6) 2.7(6) -1.9(6)
F (10) 9.8 (5) 14.3(7) 5.7(4) 0.5(4) 1.1(4) -2.4(5)
F (11) 9.0 (5) 10.8(5) 9.3 (5) -4.5(4) 2.2(4) -2.7(4)
F(12) 6.0 (4) 15.2(7) 9.3 (5) -3.9(4) 3.2(4) -2.8(4)
C (35) 8.0(7) 4.2(5) 5.9(6) 0.1 (5) 4.7(5) -0.4(5)
C (36) 9.4 (8) 5.1 (7) 7.4(7) -1.0(6) 3.5(6) 0.0 (6)
C (37) 16.8(13) 6.5(8) 9.6(10) 0.3(7) 7.2(10) 0.8(10)
C(38) 10.2 (10) 7.5(9) 9.2 (9) 0.3(7) 3.7(8) 3.4 (8)
C (39) 7.7(8) 7.2(8) 8.6 (8) 1. 5 (6) 3.6(7) 0.5(7)
C (40) 5.5(6) 6.4(7) 6.8 (7) 2.0(5) 2.9 (6) 0.6(5)
N (1) 10.1(10) 4.8(8) 13.4(12) 0.0 8.0 (10) 0.0
C (41) 3.0(13) 14 (3) 22(4) -10(3) 3(2) 0(2)
C(41A) 14 (2) 4.5(13: 14 (2) 0.4(14) 10(2) -1(2)
C(42) 15(2) 14.0(14) 12.9(13) 7.7(11) 5.3(12) 3.7(12)
C (43) 5.2(12) 8 (2) 12(2) 1.1(14) 4 (2) 2.5(13)
C (43A) 5.2(13) 11 (2) 15(2) -4(2) 6(2) -1.8(14)
C(44) 12.7(11) 12.5(12) 15.0 (13) 5.0(10) 8.9(11) 0.3(10)
N(2) 6.4 (9) 11.1(13) 8.1(10) 0.0 1. 7 (9) 0.0
C (45) 8 (2) 12 (2) 12(2) 0(2) 2 (2) -1(2)
C (46) 10(2) 15 (3) 10(2) -1(2) 7(2) -1(3)
C(47} 7 (2) 17 (3) 17(3} 9(3} 7 (2) 7 (2)
C (48) 31 (8) 8 (2) 34 (5) 1 (5) 20 (7) -2 (4)
C (49) 13(2} 18(3) 6(2) -1(2) 3 (2) -4(2}
C(50) 21 (3) 9(2) 15(2) 0.0 11(2) 0.0
C(51} 6 (2) 19 (3) 10(2) 5(2} 5(2} 2 (2)
C(52} 12 (3) 19 (4) 12 (3) o(3) 8(3} -2(3}

•
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