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Abstract

The sol-gel process is a low temperature solution rovte to amorphous and
crystalline materials. Organic modificadon of the precursors allows the formatdon of
organic-inorganic composite materials. We use the sol-gel process 1o produce an
organicallv-modified cerarnic for integrated optical applications. Photosensitive organic
components allow the fabricadon of passive integrated opdcal devices by
photolithography. We demonstate the fabricanon and characterization of channei
waveguides, waveguide devices and gratings in this material. Active devices based on the
emission of erbium at 1.55 pm are under much investigation because of their potential use
in telecommunications. Luminescence quenching is a major problem as an Er** jon in its
excited state transfers its energy to a nearby vibrational mode of its environment and
decays non-radiatively to the ground state. Encapsulation of the ion into a ccordination
sphere to shield the ion from its swrroundings may lead to reduced quenching. We
synthesize several erbium terrakis R-diketone complexes and dope them into different
solvent environments and sol-gel hosts to probe guest-host interactions in the excired

state.



Résumeé

Le procede sol-gel est une solution de basse température sur 12 voie des matenaux
amorphes et cristallins. La modificaton organique des précurseurs permet la formation de
mate€riaux composites organiques-inorganiques. Nous utlisons le procédé sol-gel afin de
produire une céramique modifide par voie organique pour des applications en optique
intégrée. Les composantes photosensibles organmiques permettent la fabricaton de
dirositifs passifs d optique intégrée par photolithographie. Nous demontrons la tabricanon
aiasi que la caratérisation de canaux de guides d'ondes. de dispositifs a guide d’ondes ainst
que de resecaux 2 partr de ce matériau. Les dispositfs actfs basés sur 1'émussion dc
I'erbium a 1.55 um font I'objet de plusicurs investgadons a cause de leur utilizaton
potentielle dans le domaine des télécommunications. La désactivation de la luminescence
est un probléme maseur car un jon Er” dans son état excité wransfere son énergie a un
mode de vibration voisin et revient de fagon non-radiatve 3 1'¢état fondamental.
L’encapsulation de 'ion 2 I'intérieur d’une sphére de coordination pour protéger I'ion de
son environnement pourrait mener a une réduction de la désactivation. Nous synthétisons
plusieurs commlexes d’erbium tetrakis f-diketone et les dopons dans différents solvents et

hotes sol-gel pour sonder les interactions dans 1’état excité.
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General Introduction

The term “integrated oprcs”™ was first coined in 1969 by S E. Miller 1o describe the
fabricaton of complex optcal circuits on a single chip consistng of miniawnzed
components interconnected by small optical ransmission lines. or waveguides. This, he
proposed, could be accomplished using lithographic techniques analogous to the
fabricanion of electonic integrated circuits. The field of integrated optics includes the
guiding, generation, manipulation and detection of light waves, and the coupling of these
waves into and out of integrated optical circuits. The devices that make up these circuits
can be classified as active or passive. Acdve devices, such as lasers and electro-optic
modulators, perform their functions due to the applicaton of an external field. Passive
devices, such as power dividers and wavelength division muldplexers, are designed to
operate without application of an external field.

There are several materials that are currently being used for integrated optics, both
commercially and in the laboratory. Lithium niobate, with its excellent elecmo-optic and
piezoclectric propernes, and semiconductor materials, with the advantage of full
integration with electronics, have been the materials of choice to date. Interest in glass has
been increasing due to its many inherent advantages over the previously mentioned
materials. These include high mechanical, thermal and chemical stability, high threshold-
to-optical damage ratio, and small coupling losses berween optical fibers and glass
waveguides due to a close match in refractve index. Among the many different processes

for making glass integrated optics devices, the sol-gel process is partcularly attractive. It



is a2 low temperature, solution process in which metal alkoxides undergo hvdrolysis and
polycondensaton to yield glasses. Resulting material propertes can be tailored via
judicious choice of reagents. Because the reactions occur in solution, doping with active
materials readily occurs,

Active devices based on erbium doped glasses are currently receiving much
artention. Their importance lies in the characteristic emission of erbium at 1.55 pm, which
is an important wavelength in optical fiber telecommunicatons. Devices such as
waveguide lasers and ampiifiers utilizing this wavelength are expected to be important
elements in future fiber optic networks.

The materials we have studied are organically modified sol-gels. One, (referred to
throughout this thesis as the ormocer) which was investigated primarily in thin film form,
consists of a silicon alkoxide with a photopolymerizable organic substituent, and a
zirconium alkoxide complexed by the carboxylate of methacrylic acid. On exposure to
ultraviolet radiation, the organic components polymerize, causing an increase in refractive
index. Its material properties are discussed in Chaprer 1. Waveguides, waveguide devices,
and gratings were made from this material and are discussed in Chapter 2. Erbium, in the
form of coordination complexes, was doped into the sol for lominescence investigations.
Another sol-gel was prepared from methyltmimethoxysilane (MIMS). This was used
primarily as an alternate host material for erbium complexes. Erbium doped sol-gels are
presented in Chapter 3.



1. Optical Materials via the Sol-Gel Process

1.1. Imtroduction

LL1 Sol-Gel Chemistry

The sol-gel process is 2 low emperature liquid phase route to amorphous and
crystalline materials that proceeds via the hydrolysis and polycondensation of alkoxides.'
In principle, the process is applicable to any metal alkoxide (M = B, Al, Ti, Zr, etc.);
however, silicon alkoxides have been the most intensively studied. There are three generat
reactions that can be written to represent the sol-gel process, for which silicon alkoxides
will be used as examples:

hydrolysis =Si—OR+ H,0 &= Si-OH + ROH (i.1)

alcohol condensation =Si—OR+HO-Si==8i—-0-Si=+ROH (1.2)

water condensation =2 Si-OH + HO - Si == §i-0-Si=+H,0 (1.3)
Solvents are commonly used to homogenize the alkoxides and water which are most often
immiscible. Solvents also help to control the concentrations of silicate species and water in
regards to gelation kinetics.

One of the most important parameters in sol-gel chemistry is the H,0:Si molar
ratio (r-value). In theory, complete hydrolysis of a tewrafunctional alkoxide can be
accomplished with an r-value of 2. In practice, this does not occur. In fact, even with
r-values up to 50, some alkoxide groups remain unhydrolyzed. This is most probably due

to alcoholysis of Si-O-Si bonds (the reverse of reaction 1.2) reforming alkoxy groups.



Another imporant factor in regards to the kinetics of the reactons is the steric bulk and
electron donating or withdrawing characterisics of the alkoxide groups or organic
substituents. These have a great influence on the rates of the hydrolysis and condensation
reactions.

Brinker and Scherer’ have described the hydrolysis and condensation reactions in
detail. It is generally accepted that the hydrolysis reaction occurs by nucleophilic attack of
oxygen in water at the Si atom. The reaction is usually catalyzed by acid or base. In acid
catalyzed hydrolysis, an alkoxide group is protonated, drawing electron density away from
Si. This makes Si more electrophilic and prone to nucleophilic artack by water. As a water
molecule artacks, it acquires a partial positive charge, making the protonated alkoxide a
better leaving group. The transition state has Sx2 character and inversion of configuration

usually occurs with good leaving groups.

RO RO, OR
Ns—0R == H—islBR == Ho—S'/OR ROH
30“‘7 '——H H r H l\"""OR H*
RO OR OR

Figure 1.1 Acid catalyzed hydrolysis with inversion of configuration

Hydrolysis rates are increased with groups that do not give rise to substantial steric
crowding around Si. Substitution of alkoxide groups with alkyl groups also increases the
rate, since these electron donating substituents help stabilize the positive charge Si
acquires in the transition state.

In base catalyzed hydrolysis, OH" attacks Si, displacing OR”™ in an Sx2 mechanism.

This results in inversion of configuration.



RO RO OR OR
SS—OR == &gl o—st. RO
O\\“l HO r R=—H Stw OR

RO OR OR

Figure 1.2 Base catalyzed hydrolysis with inversion of configuration

Another mechanism suggests the formation of a stable five-coordinate intermediate. Two

transition states are formed, the second of which can lead to loss of any ligand.

p—— — prn

H .

HP RO, i_ RO, ?H RO ,,".?: 5n Si(OR)3OH
==| _S—OR[== _S—OR=¥=|___Sr—ORf==
Si(OR)s |RO RO T'— RO RSP
. OR | | OR

Figure 1.3 Base catalyzed hydrolysis with retention or inversion of configuration

Elecron withdrawing substituents which help to stabilize the negative charge on Si
increase the hydrolysis rate. Electron donating groups, ¢.g., alkyls, do just the opposite.
Condensation reactions produce eitl:\ncr alcohol or water. The product that
dominates is primarily determined by the r-value: forr << 2 the alcohol producing reaction
is favoured, while for r >> 2 the water producing reaction is favoured. In base catalyzed
condensation, OH deprotonates a silanol which then takes part in a nucleophilic attack on
a siloxane. Acidity of the silanols is determined by the other substituents on Si. As more
basic groups (OR and OH) are replaced by OSi, the acidity of the remaining silanols
increases due to the polarizing effect of reduced electron density on Si. One possible

mechanism involving a stable pentacoordinate intermediate is shown in Fig. 1.4.



Si(OR)s
=SiOH + H~» =Si® + H0 ==

R |¥ R R |# o
5 +OR ol » OR o OR| =S~ "sE
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Figure 1.4 Base catalyzed condensation

In acid catalyzed condensation, nucleophilic attack by a neutral species on a protonated
silanol occurs. Silanols most likely to be protonated are found on monomers and on end

groups of chains, since these are the most basic silanols.

RSiOH)s  HO( W msioHs HOQ /O
H* -_— R\\!“‘fl__O?H _— R\\\\" —O— i'-wR H30+
HO HO OH

Figure 1.5 Acid catalyzed condensation

Thus it can be seen that basic catalysts lead to compact, branched structures which
are more suited to formation of monoliths. Acid catalysts produce extended, less branched
polymers suitable for film formation since these chains can more easily flow past each
other and cover the substrate surface.”

As condensation reactions occur, particles continually increase in size until a sol
results (a colloidal suspension of solid particles in a liquid). The size of the sol particles
depends heavily on the pH of the solution. For example, in the range of pH 2-7 for acid

catalysts, particle size is ~2-4 nm since solubility of silica is low in this pH range. Under



basic conditons, sol particles are larger due to greater silica solubility at higher pH. With
tme. the sol particles aggregate to form a gel (a2 molecule of macroscopic dimensions
extending throughout the solution). Further aging results in solvent evaporation and
shrinkage of the solid network finally vielding a porous, amorphous. bulk solid known as a
xerogel. Densification of xerogels can be accomplished by sintering at elevated
temperatures. If the gel is dried under supercritical conditions. no shrinkage occuss.
resulting in a very porous solid known as an aerogel.

Some researchers have developed procedures for making non-shrinking gels which
do not require supercritical drying conditions. Ellsworth et al*> have produced transparent
non-shrinking composites with a wide range of glass/polymer ratios. They use poly(silicic
acid esters) bearing polymerizable alkoxides where the cosolvent and liberated alcohol
polymerize. Thus gel drying is unnecessary and shrinkage does not occur. Prakash et al*
have prepared aerogel films by adding surface groups to inorganic gels. As the solvent
evaporates, the gel springs back to a porous state. They have reported that porosities up
to 98.5% are attainable by this method.

1L.1.2. Optical Applications

One of the greatest attributes of making glasses by the sol-gel process is the ability
to dope with a wide range of active materials. Dopants are usually introduced at the sol-
stage and become entrapped in the pores of the gradually forming matrix. Porous
transparent materials make very good hosts for biomolecules. Those which retain their

activity while encapsulated in a silicate glass can have applications as optically based
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biosensors. The porosity of sol-gel glasses allows small analyte molecules to diffuse
into the marrix while large receptor molecules (e.g., enzymes or proteins) remain fixed in
the pores. Reactons occurring in the glass can then be monitored spectroscopically. The
same is true for optically based chemical sensors where a number of different indicator
molecules have been encapsulated for sensing pH,’ metal ions” and gases.™

Other molecules that have been doped into sol-gels include those that are
photochromic,’! electro-optic,’? and luminescent (both laser dyes** and rare earth
jons'S*'¢'7), The sol-gel process has also been used to make non-linear optical (NLO)
materials. NLO active molecules such as organics™"’ and quantum dots®
(semiconductor microcrystallites which exhibit three-dirnensional quantum confinement)
can be doped into the sol. Alternatively, NLO chromophores can be bonded directly to the
siloxane monomer and become a part of the framewark on gelation.> 22

Thin films are used extensively in optical applications, from antireflective
coatings™ to waveguide lasers™ . The ease of depositing thin, homogeneous films suitable
for a partcular application is no trivial matter, regardless of the method used. In regards
to the sol-gel process, the sol stage is very conducive to casting films either by spin- or
dip-coating. Rapid evaporation of solvent increases rates of condensation. Accordingly,
gelation occurs much more quickly in films than in monoliths. Factors that must be taken
into consideration here are interfacial adhesion between the substrate and the film,
thermal, chemical and mechanical stability, cracking of the film on drying, and the need for

multi-layer processing.



1.1.3. Organic Modification

Purely inorganic sol-gels lead to films that are brittle and often crack on drying.™
In addition, films are very thin (<<lpm) and multiple coatings are often necessary for
integrated optical applications. The use of a hybrid organic/inorganic system allows the
formation of thicker, crack-free films. These materials are known as ormosils (organically
modified silicates), or ormocers (organically modified ceramics). Physical and optical
properties of the glasses can easily be tailored via choice of organic substituents.

Novak has outlined different ways in which organic modification can be
accomplished.”’ One method involves embedding organic polymers in a glassy matrix.
This is achieved by carrying out the hydrolysis and condensation of alkoxides in the
presence of organic polymers, provided there is no phase separation. Another method is to
use organic polymers containing trialkoxysilyl pendant groups, which then hydrolyze and
condense with inorganic alkoxides. Additionally, substituted organo-siloxane monomers
may be used. For simple alkyl substituents, the resulting glass has some organic character,
but there is no organic polymer network. If the organic substituent is polymerizable, then a
secondary organic network cun be formed within the sol-gel. The material properties of
this type of system can be exploited in many ways. Photolithographic writing of integrated
optical devices in films of this type of material will be discussed in Chapter 2.

1.1.4. Kinetics of Sol-Gel Reactions

The characteristics of the organic substituent not only influences the resulting

material properties, but also the sol-gel reactions themselves. As previously mentioned,



electron donating alkyl groups tend to increase acid-catalyzed hvdrolvsis rates but retard
base-catalyzed rates. The size of the organic substituent also influences rates. Large, bulky
groups decrease rates compared with smaller, unbranched groups. Kinetic ceatrol of a sol-
gel reaction by choice of reagents is very useful

In multdcomponent systems, where two or more metal alkoxides are present,
reagents may hydrolyze at different rates sufficient to form domains richer in one
component than the other. Precipitation may also occur. One solution to this problem is to
use mixed-metal alkoxides, where the starting alkoxide contains all the metals in the
proper stoichiomemy. The use of a double metml alkoxide is quite common in the
formation of aluminosilicate gels.”® Another approach is 1o add reagents in reverse order
of their reactivities. In this method, partial hydrolysis of the less reactive component
occurs first so that when the more reactive component is added, hemndc@on is
promoted.”” Reagents can also be modified chemically to control rates. Transition metal
alkoxides hydrolyze much faster than their silicon counterparts and require strict
processing control to prevent precipitation. Chelating agents can be very effective at
slowing down hydrolysis and condensation rates provided they are stable in agueous

solution.

1.L.5. Refractive Index Control

One of the most important properties of optical materials that can be controlled by
choice of reagents is refractive index. Buckman provides a thorough discussion of how

polarizability at the molecular level determines refractive index of the bulk material *
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The microscopic process of polarization determines the effect a dielectric material
has on light propagating through it. Dipole moments are created by the ¢lectric field of
light, E. and these mucroscopic dipole moments add up to give a macroscopic dipole
moment per unit volume, P. For optcally linear materials. P is related to £ by:

P=yg E (1.9
where ¥ is the dielectric susceptibility and &, is the permitdvity of vacuum. The electric
displacement, D, is related to £ by:

D=gnr’E=¢E+P (1.5)
The refractive index, n, is thus determined by microscopic dipole moments induced in
response 1o an electric field.

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

p=0E (1.6)
where @ is the polarizability of the atom. A typical solid can consist of many different
polarizable species. The macroscopic polarization, P, can be calculated at any given
position in a solid consisting of k different kinds of polarizable species with volume
concentratons N; by:

= 17
P=ENgoE, (L.7)

where E,,. is the local electric field. This P acts as a driving force for further formation of
microscopic dipole moments. The expression which shows how all polarizable species in
the solid combine to form the refractive index is given by the Claussius-Mossotti relation:

n"-1 1
= — . 1.8
nP+2 3¢, %N‘a‘ (1.8)
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Thus, the refractive index of the material can be wilored by suirable choice of reagents.
For example, large, easily polarizable atoms such as lead, silver or zirconium will lead to
materials with high refractive indices. Refractve index contol is imperative in the field of
integrated oprics since the fundamental concept is the control and manipulatdon of Light

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

1.1.6. Waveguiding

A waveguide, depicted in Fig. 1.6, is a dielectric medium which transports
energy at wavelengths in the infrared and visible portion of the electromagnetic spectrum.
A necessary condition for waveguiding is that the refractive index of the waveguide must
be greater than that of the surrounding media (n; > n;,n;). In addition, there is a minimum
waveguide thickness that must exist which depends on the refractive indices of all media
and on the wavelength of light thar is to be guided The propagation of 2 beam in a

waveguide may be described in ray optics terms by applying Snell’s Law for total internal

reflection at both interfaces.
! n,
b 4
t
[} n2 2
: i
5 n,

Figure 1.6 Ray optics approximation of propagation of light in a waveguide
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Light waves propagate through the waveguide in distinct modes. A mode can be
described as a spatial dismribution of optical energy in one or more dimensions. Fig. 1.7

shows the electric field distribution for the m = 0. 1 and 2 modes.
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m=0 m=1 m
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~

Figure 1.7 Electric field distributions for the m=0,1, and 2 modes

Each of these allowed modes (m = 0,1,2,..) has a propagation constant £, given by
Eqn. 1.9°!:

Bm =kny sino, (1.9)
where k is a constant dependent on wavelength.

Modes possess well defined polarizations which are either transverse electric (TE,
polarization of the electric field in the plane of the waveguide), or transverse magnetic
(TM, polarization 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 order increases, the length of the evanescent tils in the
superstrate and substrate increase, and thus carry a greater fraction of their total power
outside the guiding layer than do lower order modes. It is therefore desirable in many

cases to have waveguides that guide only the fundamental mode.
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1.2. Experimental

1.2.1. Materials

3-Methacryloxypropyltrimethoxysilane (MAPTMS) inhibited with 250 ppm
hydroquinone, and methyluimethoxysilane (MTMS) were obtained from United Chemical
Technologies Inc. (Bristol. PA). Methacrylic acid (MAA), 99% purity, inhibited with
250 ppm hydroquinone monomethyl ether, was obtained from Aldrich. The inhibitors were
removed by passing the liquids through an inhibitor remover column packed with a
polystyrene-divinylbenzene copolymer obtained from Aldrich. Zirconium (IV) n-propoxide
(Zr(OPr")), 70 wt% solution in 1-propanol, was also obtained from Aldrich and used
without further purification. IRGACURE-184 (1-hydroxycyclohexyl-1-phenylketone) was
obtained from CIBA.
Substrates

Coming glass (2947) microscope slides (1 mm thick), np=1.5115, were purchased
from Aldrich. Silicon wafers ({100} crystal cut) with a 2 pm * 2.5% thick thermal oxide
layer were purchased from Si-Tech Inc. (Topsfield, MA). Silicon wafers ({111) crystal
cut) were purchased from Silicon Quest International (Santa Clara, CA). Substrates were
cleaned with a mild detergent, rinsed in flowing deionized water, then soaked in hot 1,1,1-
trichloroethylene for 10 minutes. This was followed by rinsing in hot acetone then hot

isopropanol and finally drying with nitrogen.
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1.2.2. Sol-Gel Synthesis

Synthesis of the ormocer sol-gel was based on a procedure developed by H. Krug
et al*® The glass can be prepared with various ratios of MAPTMS:Zr{OPr)::MAA;
however, the rado of Zr(OPr)aMA is always 1:1. The following is a detailed
experimental procedure for a sol-gel with molar ratios of components of 5:2:2;

0.54 g (0.030 mol) of 10° M HCl is added dropwise 10 10 g (0.040 mol) of
MAPTMS stirred at room temperature in a 5 dram vial. In another 5 dram wvial, 1.39 g
(0.016 mol) of MAA is added dropwise to 7.54 g (0.016 mol) of Zr(OPr").. also stirred at
room temperature. This forms 2 complex allowing the zirconium to be incorporated
homogeneously into the sol without precipitation. After approximately 45 minutes, the
pre-hydrolyzed MAPTMS is added slowly to the zinconium complex, and the combination
allowed to sdr for a further 45 minutes. Thus 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
photoinitiator (IRGACURE 184) is rapidly dissolved. Finally the sol is filtered through a
0.2 pm Teflon filter and kept in a covered vial

The MTMS sol-gel was prepared following the procedure of Haruvy and
Webber. 0.40 g (0.022 mol) of 10° M HCl was added to 2.0 g (0.015 mol) of MTMS
(r = 1.5) at room temperature in a vial. Stming was commenced and then the vial was
lowered into a 75°C water bath. The initially diphasic mixmre of clear and colouriess
liquids homogenized after 1 minute. During the reaction, some methanol was lost due to
boiling during the course of the reaction (b.p. MeOH, 64.6°C). After 15 minutes, a clear,

colourless, viscous sol was produced.
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1.2.3. Sample Fabrication

Bulk samples were prepared by pouring the sol into a glass vial then covering it
with perforated Parafilm® to let the solvent slowly evaporate at room temperarure for
several days.

Ormocer films were prepared by dip-coanng. This procedure consists of
submerging a substrate in the sol, then withdrawing it at a constant velocity to produce
thin, homogeneous films. The dip-coating apparatus consisted of two Nanomover®
micropositioners (Melles Griot) mounted in parailel to give a total vertical displacement of

5 em. Fig. 1.8 schemarically shows the dip-coating process.

deposited film
withdrawal
gravitational  direction gelation at film/sol
drainage "\_\' boundary
alcohol/
water
evaporation /aggmgaﬁon
M\,

Figure 1.8 The dip-coating process showing the many factors involved in film
deposition
Resulting film characteristics are dependent on many factors. Film thickness is

govemed by several competing forces including viscous drag upward on the Liquid by the
moving substrate, force of gravity, and surface tension gradient During deposition,

evaporation is primarily responsible for solidification of the film. The rate of evaporation is
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dependent on the diffusion rate of vapour away from the film surface, which in wrmn is
dependent on convection currents near the film surface, partial pressure of the volatile
species, and deposition atmosphere. Deposition occurs as small polymeric particles that
make up the dilute sol become highly concentrared, both due to gravitatonal draining and
solvent evaporaton, in the region near the boundary between film deposition and bulk
soludon. Condensation reactions are accelerated as the particles in the inidally dilute sol
are brought into close proximity. Viscosity dramatically increases and gelation occurs in
seconds to minutes as opposed to hours to days with bulk gels.

Once cast, the film was placed in the oven to dry at 100°C for 30 minutes. Films
were then exposed to UV light from a 100 W Hg arc lamp (Oriel Corp.) with a water filter
to remove infrared radiation. Exposure times ranged from 1 to 60 minutes. The film was
placed in a sample holder where the entire film was illuminated. After UV exposure for the
desired length of ame, the sample was removed from the holder and thermally treated for
60 minutes at temperatures selected from 80 to 140°C. This step enhanced the refractive
index change and hardened the film.

MTMS sol-gel films were prepared by spin-coating on a photoresist spinner
(Headway Research Inc., Garland, TX). The substrate was positioned flat on the rotatable
chuck where a weak vacuum held it in place. The sol was passed through a 0.2 pm filwer
and deposited onto the substrate which was then spun at 2500 rpm for 120 seconds. Films
were then baked for 12 hours at 100°C.

17



1.2.4. UV-Visible Absorption Spectroscopy

UV-visible absorption spectra were recorded with a Hewlett Packard 8452A diode
array spectrophotometer over the wavelength range of 200 to 800 nm. Spectra were
collected from the ormocer sol and were imported into GRAMS spectral analysis software
(Galactic Industries, Salem, NH) where spectral processing was performed.

1.2.5. Fourier Transform Infrared (FTIR) Spectroscopy

Infrared spectra were collected with 2 Bruker IFS-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 (0OS/2). Spectral processing was
performed in GRAMS.

1.2.6. Raman Spectroscopy

Raman spectra were collected on a system purchased from Instruments SA, Inc.,
consisting of a Jobin Yvon THR640 asymmetric Czemy-Tumer single monochromator
equipped with a UV-enhanced CCD detector. The laser excitation source was a
Spectraphysics argon ion laser (A = 514.5 nm). Data-acquisition software used was Prism

software, Version 1.0 (Instrurnents SA, Inc.). Spectral processing was performed in
GRAMS.
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1.2.7. Film Thickness Measurements

Film thickness was measured on a Dektak® 3030ST surface profiler (Veeco
Instruments Inc., Santa Barbara, CA) where a stylus scans the surface across the edge of

the film to measure the step height between the bare substrate and the adjacent film.
1.2.8. Refractive Index Measurements

Refractive index measurements were performed using the prism coupling

method.* Fig. 1.9 schematically shows the principle of prism coupling.

Substrate f A

Figure 1.9 Principle of prism coupling

A prism with refractive index n, > n., is pressed onto the film. A small gap of air may be
present between the base of the prism and the film due to surface regularities and dust. A
HeNe laser beam (A = 0.6328 um) directed onto the face of the prism is totally internally
reflected at the prism-air gap interface and 2 standing wave mode develops. If the gap is
small enough, the evanescent tail of this mode penetrates into the surface of the film.

‘When the propagation constant in the z-direction, A,, for this prism mode matches one of

the propagation constants for an allowed mode in the waveguide, S., coupling of energy
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occurs from the prism mode to the waveguide mode. This is often referred to as optcal
tunneling. Th. m™ mode in the waveguide can be selected by changing the incident angle

&,. Effectve indices for each mode, N, are then calculated from the coupling angles (6,)

N.=n, sin{sin"(ste"‘ } A} (1.10)
P

where A is the base angle of the prism.

according 1o Eqn. 1.10°%

1.3. Results and Discussion

1.3.1. Ormocer

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

Fig. 1.10.
CHa ?Prn CHs
CHsO" ,3'\/\/0\,(& PrO—2rOPr" HO\n/KCHZ
CHsO OPr° 5

() m my

Figure 1.10 Reagents used to synthesize the ormocer sol-gel
MAPTMS (1) is the primary network forming component. It not only provides an
inorganic framework, but the organic substituent also adds flexibality to the resulting glass,
which helps prevent cracking. The methacryloxy group is photopolymerizable, allowing
the formation of a secondary organic network on exposure to ultraviolet light. Zirconium

(IV), which has a high polarizability, is added as Zr(OPr"). (II) to increase the refractive
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index of the glass and provide mechanical stability. It is homogeneously incorporated into
the sol-gel probably by complexadon with MAA (III). This decreases the rate at which the
Zr(OPr"). hydrolyzes, effectively preventng precipitadon of ZrO.. MAA is also
photopolymerizable and is incorporated into the organic nerwork on exposure 1o UV light.

The first addition of HCl to MAPTMS amounts to one half the theoretical quantity
necessary to hydrolyze all 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 reaction for cach water molecule added, 1.5 moles of water is theorctically
sufficient for complete hydrolysis. With half of this amount, 0.75 moles, the MAPTMS
only undergoes partial hydrolysis and kittle, if any condensation. Unlike most sol-gel
reactions, no solvent is used in this hydrolysis reaction. Silicon alkoxides and water are
immiscible and usually a muaual solvent is used to homogenize the solution and allow the
components to react. Tetraalkoxysilanes in particular, which have been studied in the
greatest detail, are extremely slow to react unless a solvent is used. Alkyl substitution of
the siloxane increases the electron density on Si and stabilizes the positively charged
ransition state in the hydrolysis reaction. Under acidic conditions, the hydrolysis rate is
therefore increased. Injtially, the MAPTMS and HCl are immiscible; however, within
about 10 minutes the hydrolysis reaction has proceeded far enough to produce enough
methanol to act as the solvent for the unreacted HCl and MAPTMS and the solution is
homogenized. Metal alkoxides readily form complexes with carboxylic acids,”® and
addition of the Zt/MAA complex at this stage should promote heterocondensation

reactions between silanol groups and unhydrolyzed propoxide groups on Zr.

21



The second addition of water 1o the sol is performed to complete the hydrolysis of
the remaining methoxide and propoxide groups of MAPTMS and the Zr/MAA complex
respectively. This amount is made up of the further 0.75 mol water/mol MAPTMS as well
as 1.5 mol water/mol Zr(OPr").. Since the formation of the Zr/MAA complex generates
one molecule of propanol, there are three propoxy groups remaining on each zirconium.
1.5 moles of water are again theoretically sufficient for hydrolysis. This makes up the
remaining portion of the second water addition.

Transiton metal alkoxides generally hydrolyze very mapidly, leading to
uncontrolled condensation reactions and precipitates. Performing the hydrolysis of the
Z1/MAA complex in the presence of prehydrolyzed MAPTMS avoids unwanted
precipitation of Zr(O,. Instead, zirconia-methacrylate colloids are formed following
hydroiysis and condensation of the Zr/MAA complex. Schmidt and Krug report that wide
angle x-ray scattering (WAXS) measurements on this material show particle sizes of about
2 nm for these colloids.?® Since they could not prove the existence of Zr-O-Si bonds, they
propose a model for the unpolymerized system with zirconia-methacrylate colloids
dispersed throughout a siloxane network. On polymerization of the methacrylate groups,
the colloids become attached to the siloxane backbone. The model is shown in Fig. 1.11.



Figure 1.11 Model of zirconia-methactylate colloids dispersed throughout a
siloxane network

The sol is pale yellow due to the Zr{(OPr"), which is yellow in colour. The colour is

due to a tailing absorption beyond 380 nm as shown in Fig. 1.12.
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Figure 1.12 UV-vis absorption spectrum of the ormocer sol
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The sol is stable for several 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.

1.3.2. MTMS

The MTMS sol-gel system was synthesized 1 be a possible host for erbium
complexes. The reasons for choosing this material were: (1) it produces 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 decreases the volume contracton
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 lead to
more complete hydrolysis and condensation, but would increase the volume of reactants to
an extent that might cause films to crack.

Phase separation is a problem that often occurs when using a low r-value. Instead
of obtaining a uniform distribution of partially hydrolyzed intermediates, about half the
molecules are almost completely hydrolyzed, whereas the remaining half are almost
unreacted. This occurs because of preferential attack by water on a siloxane monomer that

has already been hydrolyzed once. A solution to this problem is to raise the temperature.



This overcomes the activation energy for the water to attack fully unhydrolvzed siloxanes.
resulting in 2 more uniform distribution of pardally hydrolyzed species (a kinetc solution
10 an otherwise thermodynamucally 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 further 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.

13.3. FITIR

The sol-gels were further characterized by FTIR. Spectra are presented in
Figs. 1.13 (ormocer) and 1.14 (MTMS glass). Tables 1.1 and 1.2 give observed
frequencies and assignments for both materials, respectively. The ormocer spectrum shows
a very prominent peak at 1720 cm™ from the carbonyl, and at 1639 cm™ from the vinyl
group, both belonging to the methacryate group. The slightly broad peak at 1550 cm™ is
assigned to the C-O stretch in the Zr/MAA complex. The assignment is made based on
reported vibrations for C-O stretching in Cu(acac),, which also exhibits bidentate chelation
through oxygen.>” The spectrum also contains several overlapping peaks between about
1200 and 900 cm’. The band profile in this region indicates Si-O stretching modes.
Materials containing $i0, generally show two very distinguishable peaks at 1080 cm™ and
1220cm™ due to the Si-O-Si asymmetric stretch.! Accordingly, we assign the broad

intense absorption in Fig. 1.13 in the range 1000 - 1200 cm® to Vsio. The MTMS



' spectrum 1s niuch less complicated than that of the ormocer. Again, we assign the broad

absorption between 1000 - 1200 cm to vsio.
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. Table 1.1 Observed vibrational frequencies (crm’') and assignments for the

ormocer sol-gef’

Ormocer

Assignment

3421 b
2955m
2893 w
1720 vs
1639 m

1550 m

1460 m
1429 m
1375w
1323 m
1298 m
1248 m
1200 sh
1169s
1115s
1011s
980 m
941s
899 w
831w
816 w
770b
696 w
662 w
611m
528 sh
474 sh
428 m

v (O-H)
Vas (C‘H)
Vs (C‘H)
v (C=0)
Vs (C=C)
v (C=0) (—#:{%)c—)
0w (CH2)
8 (CH;)
S, (CH;)

&, (Si-CHz)

v (C-C(=0)-0)

v (Si-O())

&(Si-0-Si)

*Abbreviations used for band descriptions: vs, very strong; s, strong; m, medium; w, weak;

sh, shoulder; b, broad.

*Vibrational mode descriptions: v, stretching; §, bending; as, asymmerric; s, symmetric.
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Table 1.2 Observed vibrational frequencies (cm’’) and assignments for the

MTMS sol-gel®
MTMS Sol-gel Assienment”
34440 v (O-H)
2974 m v (C-H)
2916w v (C-H)
2843 w v (C-H) Si-OCH;
1412m 8. (CHs)
1275 s d; (CHy)
1122 vs
1028 vs
920 vw
854m v, (Si-0-C}
773s;d & (CHy)
6719w
554m

*Abbreviations used for band descriptions: vs, very strong; s, strong; m, medivm; w, weak;

vw, very weak; sh, shoulder; b, broad; d, doublet.
*Vibrational mode descriptions: v, stretching; 8, bending; as, asymmerric; s, symmetric.

1.3.4. Photopolymerization

Photopolymerization of the vinyl groups in the ormocer was followed by Raman
spectroscopy. Fig. 1.15 clearly shows a decrease in the intensities of the bands associated

with the vinyl groups (i.e., the alkene C-H asymmetric stretch at 3105 cm™ and the C=C

stretch at 1640 cm™) on exposure to UV light.
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Figure 1.15 Raman spectrum of ormocer sol before and after exposure to UV
light

In order for the photopolymerization reaction to occur efficiently, a photoinitiator
must be present. We used 1-hydroxycyclohexyl-1-phenylketone which is excited to the
triplet state when exposed to UV light. It then undergoes -cleavage to produce benzoyl

and 1-hydroxycyclohexyl radicals.
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Figure 1.16 Radicals produced from a-cleavage of 1-hydroxycyclohexyl-1-
phenylketone

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

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

,CHz CHs

HoC=C

+ \ﬁ-—o—n — OR
0

O

Figure 1.17 Addition of benzoyl radical to methacrylate group

There is some evidence®™ that the 1-hydroxycyclohexyl radical is also involved in the
photoinitiation of acrylate polymerizations and Fig. 1.18 shows the addition of this radical

to the methacrylate group.

OH ,CHz OH  GHg
H20=C\ < OR
+ ﬁ—o—a —
o) o]

Figure 1.18 Addition of 1-hydroxycyciohexy! radical to methacrylate group

32



The refractive index of the ormocer increases on exposure to UV light. This may
be due to the polymer network filling in voids within the inorganic network. Sol-gels are
porous materials, and an organic polymer can form within these pores and densify the
structure. Since refractive index is not just a function of polarizability, but also of volume
concentrations of polarizable entides, 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
dipcoating process. As can be seen in Fig. 1.19 the film thickness depends linearly on

drawing speed. Thus, excellent control over film thickness was achieved.
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Figure 1.19 Variation of film thickness with drawing speed
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These results were reproducible for sols that had not 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 be 1.518 at
A =0.6328 pm. 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

| ¥ 1 ! | ' | ' | ¥ | ¥ | 1
0 10 20 0 40 50 €0
UV Bposure Time (min)

Figure 1.20 Change in refractive index with UV exposure time (the line is a
guide to the eye)

As can be seen from Fig. 1.20, the maximum refractive index change occurred after about
20 minutes. Beyond this exposure time, no discernible change was measured.

The effect of postbaking on refractive index change was also investigated
Temperatures between 80 and 140°C for 60 minutes were used for different UV exposure

times. Fig. 1.21 displays the results.
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Figure 1.21 Change in refractive index with postbaking temperature

Films baked below ~100°C showed low mechanical stability as evidenced by the fact that
they were easily scratched. Some films baked at 140°C showed cracks, thus the best
postbaking ternperatures were determined to be between 100 and 120°C.

MIMS films were not investigated in great detail They did produce
homogeneous, crack-free films with thicknesses in the range of 10 to 12 um. Precise
control of thickness was difficult since this is strongly dependent on the viscosity of the
sol. The viscosity, in turn, is strongly dependent on the amount of methanol which
evaporates during the reaction. Better control of reaction conditions, such as gravimetric
monitoring of methanol evaporation, should lead to better reproducibility of film
thickness.
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1.4. Conclusions

The combination of complexing Zr(OPr"). with MAA and the additon of this
complex to a prehydrolyzed siloxane prevented precipitation of large particles of ZrQO; in
the ormocer sol-gel. Photopolymerization of the ormocer sol was followed by Raman
spectroscopy and the spectra clearly show a decrease in the bands associated with the
vinyl groups (v(C=C) and the alkene v(C-H)). This indicated the polymerization of the
methacrylate groups does indeed occur. Ormocer films produced by dip-coatring were of
very good quality, and film thicknesses were accurately controlled from 2 to 8 pm by
varying the withdrawal speed of the substrate from the sol. Refractive index of these films
increased after exposure to UV light due to polymerization of the methacryl groups. A
maximum An was obtained after about 20 minutes exposure. Post-baking also induces a
refractive index change, with the best temperatures being between 100 and 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 Devices

2.1. Introduction

The goal of integrated optics is to realize the development of optical devices and
systems on a single substrate, analogous to integrated ¢lectronics. Some applications of
this technology include signal processing, computing, sensors and telecommunicarions.’
Glass is a desirable material for fabricating these devices. It has excellent transparency,
high threshold-to-optical damage ratio, thermal, mechanical, and chemical stability, and
small coupling losses between silica waveguides and optical fibers.? In particular, silica
based devices on silicon substrates have many advantages over other configurations.
Silicon technology is very well established and many of its facets can be applied to glass
integrated optics. Silicon is available in cheap, large area substrates that permit fabrication
of complex circuits or mass production of several simpler ones. Fiber-to-waveguide
coupling can be accomplished using etched grooves in silicon. Perhaps most importantly,
silicon can be used as a substate for electronic, optoeclectronic and waveguide
components to make hybrid circuits.

Glass integrated optical devices have been fabricated by a number of different
methods, including ion-exchange, flame hydrolysis deposition (FHD), plasma enhanced
chemical vapour deposiion (PECVD), low pressure chemical vapour deposition
(LPCVD), and spurttering. Each of these methods has their own advantages in terms of
quality and performance of the resulting devices. However, they all require expensive

equipment, high temperature processing and labour intensive fabrication. Devices made by



the sol-gel process can be fabricated inexpensively at low temperatures in relatively few

steps.

In fabricating any device, there are certain materials related criteria that must be

met. Table 2.1 illustrates a general stmrategy involved in the application of materials

chemistry to device fabricaton, while Table 2.2 presents these strategies applied 10 a

particular device (e.g., directonal coupler). These strategies apply to all the devices

presented in this thesis.

Table 2.1 Strategy for application of materials chemistry to meet device criteria

Device Criteria Materials Chemisty Considerations
compatibility with silicon substrates and use a stlica based system
optical fibers
compatibility with optoelectronic devices low temperature processing (<400°C)
low losses optical transparency at operating
wavelengths

facile processing into waveguides and
devices

device reliability

doping with active materiais

thin film properties; photolithography

factors such as adhesion, mechanical,
environmental stability ultimately under
chemical control

systematic chemical modification to achieve
desired effect
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Table 2.2 Matenals chemistry solutions to directional coupler criteria

Directional Coupler Cniteria

Matenals Chemistry Solutions

compatibility with silicon and optcal fiber
technologies

low losses

facile device fabrication

mechanical stability

use sol-gel process (low temperature) to
make silica based materials

sol-gel glass

thick films in one step with organically
modified sol-gel

photoinscription (use photosensitive
organic compounds in sol-gel synthesis)

Inorganic components (€.g., Zirconium)

The system we have worked with allows device fabricaton from start to finish in

only four steps. These steps can be summarized as:

L sol-gel synthesis

. film deposition by dip-coating

IIL. photolithographic inscription of device pattern by UV light

IV. post-baking

By using this method, waveguides, directional couplers, beamsplitters and gratings were
fabricated and characterized. In addition, an embossing technique was also used to make

grasngs. In this case, a surface relief pattern pressed into a deformable film is replicated.
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. 2.2. Device Fabrication (General)

All 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 SiQ, buffer layer. For devices
fabricated by exposure of the film to UV light through a mask, films were placed in the
oven at 100°C for 30 minutes after dip-coating. This dried the films, preventing them from
sticking to the mask A mask with the appropriate partern 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.

rear plate\
— N
| _——bott
/ ; spring loaded
s T base |
,09 2 sample
. s
/7 mask
y ‘/y/mm plate—" |
JoS
/G Tfé_' nut -

Figure 2.1 Sample hoider used to expose films to UV light through a mask

Films were then exposed to UV light for varying lengths of time to define the
devices. After UV exposure, the sample was removed from the holder and treated for
60 minutes at ~100°C to enhance the refracive index change and provide additional

. mechanical stability. Finally, the two ends of the sample were cleaved for optical testing.
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Most devices were made in the above manner. Any differences to this procedure

are noted in the Fabrication section for the particular device.

2.3. Waveguides

2.3.1. Introduction

Waveguides are the fundamental building blocks of any integrated optical device.
Recall from Chapter 1, where we defined a waveguide as a dielectric medium which
wransports energy at wavelengths in the infrared and visible portion of the electromagnetc

spectrum. Waveguides can be cylindrical fibers, planar laminates or channel structures.

Fiber Planar Channel

Figure 2.2 Different waveguide forms
Planar waveguides can be considered as one-dimensional since their index
boundaries are only along one axis. Channel waveguides have index boundaries along two
coordinate axes. This two-dimensional confinement allows the routing of optical signals
between various components on a chip, nmch like a wire in an electronic circuit
Asymmetric waveguides (e, #3 >> n;) are usually found in integrated optical circuits
where a film of refractive index »; is deposited on a substrate with index n;, surrounded by

air with index n,.



Recall also that light waves propagate through the waveguide in distinct modes
with propagation constants S, (for m = 0,1.2....). Waveguide dimensions, and refractive
index differences between the waveguide and its surrorwdings, determine the modal
properties.” For single mode operation, low refractive index differences (1 to 2%) demand
¢imensions on the order of one to several operating wavelengths. Higher differences (10
to 30%) require one-third to one-fourth the operating wavelength. If these dimensions are
exceeded, the wavegnides become mult-mode.

An important consideration in evaluating waveguide quality is attenuaton, or
equivalently, loss. The attenuation coefficient, ¢, describes these losses in a form given by:

oo 10108(Ro/R)

.0
H—%

where P, and P, are the optical power at points z and z; along the waveguide. Units of o
are dB/cm.

The two main loss mechanisms in glass waveguides are scanering and radiation.®
All waveguides contain imperfections which lead to scattering. Surface scattering loss is
particularly important since the zigzag manner in which light travels along the waveguide
causes scattering at each reflection. Bulk scartering due to imperfections in the waveguide,
including density fluctuations, is another loss channel Both scattering mechanisms can
lead to polarization scrambling and mode mixing. The fact that a streak is visible in a2
gﬁdinghyahdimbm-mebﬂghmmcmahmemmebsmkﬁiaﬁon
losses, where photons are emitted from the waveguide into the surrounding media, are

importamt when waveguides are bent through a curve. 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 from one component to another.®

2.3.2. Fabrication of Waveguides

Planar waveguides were fabricated by exposing the entire film to UV Light (i.e., no
mask was used). To make the channel wavegunides, a mask with channel waveguide
patterns (containing 17 openings with widths ranging from 2 t0 10 um, increasing at
0.5 pm increments) was placed in contact with the film. Exposure times for both ranged
from 1 to 60 minutes. Postbaking was performed at temperatures ranging from 80 to

140°C tor planar waveguides and was 100°C for channel waveguides.

2.3.3. Characterization
(a) Planar Waveguides
Details on fila thickness and refractive indices as a function of UV exposure and
postbake temperature are given in Chapter 1 (Section 1.3.5) and are not repeated here.
(b) Channel Waveguides
A picture of a channel waveguide, 5 pm in width, viewed through an

optical microscope is shown in Fig. 2.3.



Figure 2.3 Digitized optical microscope picture of channel waveguide

Refractive index measurements of the waveguidewere performed using the prism
coupling method. Results expressed in UV exposure time for channel waveguides made in

3.8 um thick films are given in Fig. 2.4.

0.0087
) ®
0.008+
0.004
g i
0.002-
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0 10 20 30 40 50
UV Exposure Time (min)

Figure 2.4 Change in refractive index with UV exposure time for channel
waveguides (the line is a guide to the eye)
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The curve characterizing the buried channel waveguides is somewhat different
from that of the planar waveguides in Fig. 1.20. Here, there is a2 more gradual increase in
refractive index change as exposure times increase in comparison with planar waveguides.
Longer exposure times were necessary for rpaximal refractive indcx changes since the
mask was made from glass that absorbed in the UV. An atomic force microscope (AFM)
image of the channel waveguides is shown in Fig. 2.5.

As can be seen in Fig. 2.5, the waveguides are slightly raised relative 1o the
unexposed regions of the film. This may lead one to believe that a ridge-type waveguide
had been fabricated; however, this increase in thickness is only ~100 nm. Waveguides
were analyzed using the beam propagation method (BPM),’ a2 modelling tool for
calculating the propagation of optical fields through waveguides and waveguide devices.

The effective depth of the waveguides were determined to be ~3.5 pm from BPM. Thus,

these waveguides are predominantly channel-type.
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The waveguides guided light at A = 0.6328 um, but this was not always the case
when a longer wavelength (A = 1.55 pm) was used. Whether or not a waveguide can
support modes and how many it can support at a given wavelength, A,, depends on the

thickness of the waveguiding layer, 4, and on n;, n;, and »;. For an asymmetric waveguide
where n; >> n,, the difference in refractive indices necessary for guiding is given by Eqn.
2.2%

Qm+1)°22

An=ny—ny 2= 5 2.2
Ry —ny 2nd? 2.2)

For films thicker than 3.5 pm, 4n is quite small (~0.007) since this is just the
difference in refractive indices between the exposed and non-exposed sol-gel. This is
suitable for guiding at 0.6328 pm, but for guiding at 1.55 pm a greater An is necessary.
This was accomplished by decreasing the film thickness to 3.5 pm, and the difference in
refractive indices was then between the exposed sol-gel and the substrate thermaloxide,
$i0;. For a glass substrate with n = 1.5115, An was raised to 0.014. For a silicon mbsu-a;g
with an SiO; buffer layer with » = 1.454, An was raised to 0.071. These waveguide

configurations are shown schematically in Fig. 2.6.

3.5 pm Sol-ge!
layer

Figure 2.6 Different channel waveguide configurations for guiding at A=1.55 um



To test these waveguides, the samples were cleaved. Light at A = 1.55 um from a
laser diode was then coupled into the waveguides via a single mode optical fiber. All
waveguides ranging from 2 to 10 itm in width were able to guide at this wavelength. Light
from the output of the 3 um and 10 ptm waveguides was focused onto a camera equipped
with an infrared detector. Fig. 2.7 siiows the mode profile of these guides. It can be seen
that the 3 um guide is single mode and the 10 pm guide exhibits two modes at A = 1.55

pm

a) _ b) -
Figure 2.7 Digitized photograph showing mode profile of waveguides that are
(a) 3 um and (b) 10 um in width

Propagation losses were determined by the following procedure. Light was
coupled into and out of the waveguide via optical fiber. A detector measured the intensity
at the output and this was related to the input intensity by:

Ly =Ia(1-, J1-0.)'T, 2.3)
where . is the output intensity, [, is the input intensity, o, is the propagation attenuation
coefficient, o, is the coupling artenuation coefficient and Ty is the fiber transmission (~1).

The measurement was repeated, but this tirne instead of outcoupling with a fiber, the light
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was focused by a microscope objective onto a detector. The intensity reladonship in the

latter case is:

Luz = Ina(1-0, J1-a )T, T, (2.4)
where T, is the objective ransmission (~0.8). Ty and T, are both easily measured, and
substituting for Q. in the above expressions allows the calculation of @,.

For loss measurements at A = 1.55 pm , a 3 pm single mode waveguide was
selected. Losses were less than 0.3 dB/cm.

Another channe] waveguide configuration was fabricared using a silicor substrate
without an SiO; buffer layer. Silicon has a very high refractive index (n = 3.85) therefore a
channel waveguide in a thin sol-gel film on a silicon substrate would not be able to guide
Light Any light coupled into the waveguide would rapidly attenuate after a very short
distance. Using the fact that the UV penetration depth is only ~3.5 pm, channel
waveguides were fabricated in an 8 pm thick sol-gel film. This left a “buffer layer” of
lower refractive index unexposed sol-gel which was ~4.5 Um in thickness. Fig. 2.8 shows

a schematic of the waveguide configuration.

3.5 um Waveguide

8 um Sol-gel layer

Silicon

Figure 2.8 Channel waveguide configuration utilizing “built-in" buffer layer
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To test the waveguides, light at A = 0.6328 pm was coupled into each of the

waveguides via an optical fiber. The transmitted light was focused and observed on a
screen indicating that the built-in buffer layer was sufficienty thick to prevent light from
radiaring to the substrate. 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.

HeNe optolcal H C

waveguide  microscope a
fiber objective  Screen

Figure 2.9 Set-up for testing of waveguides on silicon

The demonstration of this waveguide configuration is significant because it does
not require the presence of a buffer layer on the silicon substrate. This removes one step in
the fabrication of waveguides on silicon, contributing not only to a decrease in the period

of dme it takes to make a device, but also to a decrease in production cost.
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2.4. Directional Coupler

2.4.1. Introduction

Guiaed light in integrated optcal circuits can be divided or combined by use of

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

. Interaction__

In, \—\\ Length —’ ge— )
" — N

Figure 2.10 Schematic of a directional coupler

The principle of operation is as follows. Two identical channel waveguides placed
in close proximity periodically exchange energy between themselves by optical munneling.
Energy transfer occurs by a process of synchronous coherent coupling between the
overlapping evanescent tails of the guided modes in each waveguide. Energy propagating
in one guide transfers to the other, then back again if the interaction length is sufficient.
For this transfer to occur, the two guides must have identical propagation constants (i.e.,

Af=0). The distance required for complete energy exchange from one guide to the other,
L. (coupling length), is given by:

mRr
L, —EK— 2.5)



where x 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 output ports is given

by:

7 fP. = cos’(:j%) (2.6)
where P; is the power remaining in the input guide, P- is the power wansfered to the
second guide and z is the interacton length. Symmerrical directional couplers, such as the
one shown in Fig. 2.9, are used primarily as power dividers® and dual-wavelength division
mult/demultiplexers (WDM)’. As a power divider, its function is to split a guided wave
into two parts of lesser power which are then routed to another destination. By tailoring
device design (e.g., interaction length, waveguide separation in coupling region), the
coupler can be used to divide power at any ratio. As a WDM, it serves to mex (multiplex)
or separate (demultiplex) two optical signals of different wavelengths. Normally, the
interaction length of the coupler is chosen to be L. for the shorter wavelength and 2L, for

the longer wavelength.

2.4.2. Fabrication of Directional Coupler

5 pm thick films on glass substrates were exposed to UV light for 60 minutes. The
waveguide width of the directional coupler mask was 5 um. The separation between the

waveguides in the coupling region was 6 ytm, and the coupling length was 17 mm.
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2.4.3. Characterization

A Nd:YAG laser at A = 1.06 um was used to couple light into the Jr; arm of the
coupler via a single-mode optical fiber. The waveguides of the directional coupler were
single mode at this wavelength. A silicon detector was used to measure output light
intensity, as shown in Fig. 2.11. The output power ratio of Our: to Qur; was ~1.5. The
beamn propagation method was used to analyze the coupler. From the measured output
power rato, the width and depth of the waveguides were computed to conform t0 the
results. These values were 5.5 um and 3.7 pm respectively. Fig. 2.11 also shows the
clectric field dismibution of guided light in the coupler as calculated by the beam
propagation method. The transfer of power can clealy be seen in the coupling region as

the intensity in arm 1 gradually decreases while that in arm 2 increases.

b4 (mm)
0 2

30+ L
T =
EN ((««((([[I“
> C

60 -

90 1

Figure 2.11 Electric field distribution of guided light in directional coupler
determined by BPM, and experimental light output
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2.5. 1 x 8 Beamsplitter

2.5.1. Introduction

Y-juncuon 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 splitters. In a symmetric Y-branch, the two 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 of a Y-branch waveguide

If all branches support only one mode, then an equal power division between the two
branches takes place. Losses can be minimized by maintaining a small separation angle
(less than one degree). Use of curved waveguides after the junction minimizes device
length.



2.5.2. Fabrication of 1 x 8 Beamsplitter

8 um thick films were deposited on silicon substrates and exposed to UV light for
4 hours. This gave a refractive index change of 0.01, which was sufficient to guide Light at
1.55 pm. This was followed by a 60 minute postbake at 110°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 configuranon losses (i.e., those due to curvature in the

beamsplitter).

L=17cm

Figure 2.13 Diagram of mask used in fabrication of beamsplitter

2.5.3. Characterization
An AFM image of one of the Y-junctions in the beamsplitter is shown in Fig. 2.14.

As with the channel waveguides, the arms of the Y-branch are slightly raised.
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Light from both a 0.6328 pm HeNe laser and a 1.55 pm laser diode were coupled
into the input waveguide via opticu fiber. The waveguides were multimode at 0.6328 um
and single mode at 1.55 um. The outpur light was focused onto an infrared camera using a
microscope objective. A photograph of light at 1.55 um from the eight output ports of the

beamsplitter is shown in Fig. 2.15.

Figure 2.15 Digitized photograph of light at A = 1.55 um from output waveguides
of 1 x 8 beamsplitter

Light from the output ports was focused onto a germanium photodetector to
determine insertion losses. Fig. 2.16 displays measured insertion losses for each output

port at 0.6328 pm and 1.55 pm.
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Figure 2.16 Insertion losses measured from the output waveguides of the
beamspilitter at (a) 0.6328 um, and (b) 1.55 um

As can be seen In Fig. %.16, a relatively uniform powsr distribution was obtained in this
beamsplitter for both wavelengths.

Configuration losses were obtained by measuring the total intensity from all output
waveguides of the beamsplitter and subtracting this from the intensity from the output of
the channel waveguide on the same substrate. The result gives the configuration losses.
These losses were calculated to be 0.83 dB at 1.55 pm while at 0.6328 um, the losses
were too small to be calenlated. Configuration losses are inherent in tic device design, and
in this device are considered to be cuite small Propagation losses measured at 1.55 um

were determined to be less than 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 optcal elements that consist of a highly regular groove, slit
pattern, or refractive index modulations.'® They direct light into directions that are a
functicn of wavelength and the spacing of the modulations (period, A). Modualtions can
either be refractive index or surface relief type. A surface relief type srating is shown n

Fig. 2.17.

substrate

Figure 2.17 Schematic of surface relief type gratings

Diffraction gratings arc important components in integrated optics devices. They
are used in many areas including distributed feedback (DFB) lasers, distributed Bragg-
reflector (DBR) lasers, optical filters, beam deflectors, waveguide couplers, wavelength
multiplexers and demultiplexers. Their particular end use depends on design requirements
in regards to grating depth and iength, and the wavelength(s) of operation. For example, a
normally incident guided wave will be reflected by gratings if the Bragg condition is

satisfied: "'
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where m, is the grating order, 4, is the Bragg wavelength and ng is the effective index of
the waveguide. This type of grating can be used in 2 DBR laser to form a laser cavity.

Current fabricatdon techniques use ion-exchange and erching. lon exchange
produces low efficiency gratings. Etched gratings can be very efficient and are usually
made in one of three ways: holographic exposure, focused ion-beam lithography, and
photomask printing. Although these techniques can produce high efficiency gratings, they
require time-consuming multi-layer fabricaticn. Gratings made by the sol-gel process are
inexpensive and can be fabricated in one step, avoiding muld-layer processing.

We have made gratings in the ormocer by two techniques. The first 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 impart some flexibility to the film This
facilitates embossing for use in defining the grating structure. In the second method, a
master surface relief grating was pressed into the soft, deformable film and the pattern
replicated in the film.

2.6.2. Fabrication of Gratings

For gratings made by UV light imprinting, a mask consisting of gratings
(A = 2.0 pm) and a channel waveguide was placed in contact with a 5 pm thick film. It

was exposed to UV light for 20 minutes followed by post-baking at 110°C for 60 minutes.
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Exposed regions o. the film increased in refractive index, producing an index modulation
type grating.

For embossed gratings, a master was fabricated in a fused silica substrate by
holographic interference lithographic techniques. This procedure rendered rectangular (0.3
cm x 1.0 cm) holographic gratings (A =0.41 pum). To prevent the sol-gel film from
sticking during the embossing procedure, hexamethyldisilazane (HMDS) was used to treat
the surface of the master. HMDS is commonly used to passivate silica surfaces.”” It reacts

with free surface hydroxyl groups in the following manner:

(CHalaSi~. - Si(CHa)3 e,
| CHy, ¢ CHg
/ H CHy~—g” o o I o
OH OH OH 0 OH O
! ! ! — ; !
S oS St S T A S Si .~
‘o \0/51\0/5 ~No~ o N0 N0 Vo
o 1 t k ] ] | 4

Figure 2.18 Reaction of HMDS with silica surface

With nearly complete surface passivation there is lintle tendency for the sol-gel to bond
chemically with surface hydroxyl groups.

Samples were placed in the mbossing apparatus 4 minutes after dip-coating to
ensure the film was still soft and deformable. Pressures between 10 and 50 Nfcm® were

applied for 10 minutes. Some samples were then immediately exposed to UV light for 20



minutes to lock-in the embossed partern for comparison with unexposed embossed

samples. All samples were then postbaked at 110°C for 60 minutes.
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 gratings shown in
Fig. 2.19; however, this increase is small, amounting to ~5 nm. Thus, gratings made by
exposure through a mask can be assumed to be predominantly index modulaton type
gratings. The gratings look quite uniform, both in period and in height. AFM images of the
surface relief type gratings made by the combined embossing/photocuring process, with a
depth of ~100 nm, are shown in Fig. 2.20. Here, the period looks uniform; however, there
is some variation in thickness along the ridges of the gratings (light coloured patches in the

AFM image).
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The period of the gratings was measured in the following way: a HeNe laser
incident on the gratings produced a diffraction beam at an angle & to it. The grating
period was then calculated from the relation A=A4/2sin8. Results for both photo-imprinted
and embossed gratings were in agreement with the periods of the masters. Calculated
periods were confinmed 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 cfﬁcicncy‘ was attributed largely to the small refractive index
change on exposure to UV light A larger refractive index change on exposure to UV light
may be possible by using a different photoinitator and/or higher concentrations of
photoinitiator. The latter method is known to induce large refractive index changes in
PWA.IS

Embossed ssmples that were exposed to UV lLight, followed by heat trearment, had
an efficiency of 1.25%, while embossed samples undergoing heat treatment 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 2 good
indication of the degree of replication tha: was achieved. Losses were attributed to
reflection, absorption and diffraction 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 relaxation of the grating structure before

heat treatment was able to solidify the structure.



Gratings produced by simultaneous embossing/UV exposure™ may lead 10
improved efficiencies since any relaxatdon that may occur during mansfer from the
embossing apparatus to the UV light source can be avoided. In addition, improvement of
the quality of the master gratings would directly lead to improved efficiencies for the

embossed samples.



2.7. Conclusions

We have demonstrated that channel waveguides and passive waveguide devices
(directional coupler and 1 x 8 beamsplitter) can be fabricated in films of the ormocer sol-
gel described in Chapter 1. The procedure consists of four basic steps: sol-gel synthesis,
dip-coating, UV exposure, and postbaking. It is a low cost procedure and is not labour
intensive, unlike most current fabricaton technologies. Waveguides and devices are
defined by UV light through 2 mask which increases the refractive index of the sol-gel n
the exposed regions. This raterial and process leads to waveguides with very low losses.

We were able to demonstrate waveguides capable of guiding at A = 0.6328, 1.06
and 1.55 um on silicon substrates, both with and without an SiO. buffer layer. This was
accomplished by modifying waveguide configurations. The directional coupler was
funcdonal at A = 1.06 um, with power being transfered from arm ! to arm 2 such that the
output power ratio of arm 2:arm 1 was ~1.5. The 1 x 8 beamsplitter was functional at both
A =0.6328 and 1.55 pm. A uniform power distribution in the output ports was observed
for both wavelengths.

We have demonstrated that gratings can be fabricated in the ormocer sol-gel by
two diffexzat methods. Photoimprinting produces index modulation type gratings while
embossing produces surface relief type gratings. Exposure of embossed gratings to UV
light locks in the grating structure and improves efficiency over embossed gratings
subjected to thermal treatment only.
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3. Erbium Coordinaticn Chemistry

3.1. Introduction

Rare earth jons have long been known for their luminescence properties. In the
field of optics, two rare earth ions in particular have received much amtention: Nd** and
Er*>. Their characteristic ermission wavelengths of interest are 1.3 um and 1.55 pm
respectively. The significance of these wavelengths is that they lie in the regions where
dispersion and absorption, respectively, are lowest in silica glass: the so-called second and
third telecommunications windows. Silica glass has many desirable properties that make it
a good choice for optical applications. These include high UV wansparency, high
mechanical strength, high glass transition temperature, and extremely low thermal
expansion.’ The development of low loss single mode silica optical fibers, with losses as
low as 0.2 dB/km, revolutionized the telecommunications industry. Continued efforts have
led to high gain, low noise Er** fiber amplifiers,” allowing all-optical transoceanic fiber
links, further demonstrating silica’s importance and versatiiity in optics.

The relevant energy levels for EP* and Nd™ are shown in Fig. 3.1.
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Figure 3.1 Energy level diagrams for erbium and neodymium

The mansitions of interest are the *Ij3z =3 “Iisp in E~ at 1.55 pum and the *Fap = “Lsz in
Nd* at 1.32 um. As can be seen in Fig. 3.1, devices that utilize the ‘Fap = “liz Nd*
transition operate as four-level systems. Population inversions are achievable with very
small pump powers. Devices using the “Liz, — *Iisp Er’* transition operate as three-level
systems. Greater pump powers are required since the system must be bleached before a
population inversion occurs. Devices utilizing three-level systems present the additional
problem of absorption of the luminescent signal by portions of the waveguide not
pumped.®

The performance of active devices based on rare earth ions is determined by the
relevant electronic and optical characteristics of the ion. These include absorption cross-
section, spectral shapes of absorption and emission bands, excited state lifetimes, ion-ion
irteractions and ion-lattice interactions.* A major influence on all these properties is the
host material. Silica glass has the drawback of being able to dissolve only low

concentrations of rare earth ions. At higher concentrations, microscopic clustering of rare
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earth ions occurs, rendering them unavailable for lasing applicadons. With Nd**, clustering
leads 1o concentration quenching, whereby an ion in an excited state transfers part of its
energy 1o a nearby ground state ion. The result is that both ions decay to the ground state
non-radiatively. With Er’", cooperative upconversion can occur. In this process, two
excited ions interact 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 decays back to
its metastable state. The net result of the whole process is the conversion of one quantum
of excitation into heat. This is of particular concern at high pump powers where high
population inversions are necessary for efficient devices.

For optical fiber amplifiers, low concentrations are sufficient since device lengths
are on the order of a few mewes. For many integrated optical applications, higher
concentrations are necessary since high gain is required over a short interaction length.
One solution is to modify device smuctures so that interaction lengths are increased,
allowing lower rare earth concentrations to be used. This was achieved for instance in an
erbium doped integrated optical amplifier demonswated by Kitigawa et al® The
waveguide length was increased by having several S-bends on the substrate. Another
solution to this problem is achieved by material modification.

Alurninum or phosphorus co-doping mn silica glass has been shown to increase the
solubility of both Nd&** and Er**."*" Arai et al.® have described this effect for Nd-doped
silica glasses. Rare earth ions need to be coordinated to a large number of non-bridging
oxygens in the silica network to screen the charge on the cation. This places the Nd* in a

high enthalpy state due to the difficulty in reaching coordination samration. The Ara
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model proposes that co-dopant oxides preferably coordinate Nd* ions and form a
solvadon shell, reducing the high enthalpy state. In terms of solution chemistry, SiO- is a
poor solvent for Nd*, while both Al;O; and P,Os are soluble in $iO; and easily dissolve
Nd2Os. Similar results have been found for Er** in Al-doped silica glasses.’

Rare earth doped glasses have been prepared by several different methods
including flame hydrolysis depositon (FHD), ion exchange, chemical vapour deposition
{(CVD}, and melting.® These are all high temperature techniques, which precludes them for
many applications. In contrast, the sol-gel method for making rare earth doped glasses is a
low temperature process. Several other advantages, including the ability to dope to higher
concentrations and uniform rare earth ion distribution, make the sol-gel method a good
choice. One of its main drawbacks, however, is residual hydroxyl whicn quench the

“iaz = “Lisp emission. Non-radiative relaxations may occur in rare carth ions by

interaction between one of its excited state electronic levels and a suitable vibrational
mode of its environment. Very efficient non-radiative transitions can occur due to vibronic
coupling with the highly energetic vibrational states of OH oscillators nearby.” *° The very
nature of the sol-gel process implies that there is alcohol and water present (ic.,
hydroxyls). Drying removes most of the residual water and alcohols, but some may remain
trapped in pores, or may be incorporated into the coordinadon sphere of the rare earth
ion. In addition, some silanol groups produced during tue hydrolysis reaction may not
have undergone condensation reactions, leaving hydroxyl groups in the glass. Thus there
are numerous sinks which may reduce or climinate altogether, luminescence in sol-gel
glasses.
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One possible solution to this problem is to encapsulaie the ion in a coordination
sphere, thereby shielding it from its local environment This may help to reduce, or
eliminate the effects of hydroxyl quenching. In addition, there is the possibility of
optimizing the luminescence properties G+ the ion by suitable choice of ligands.” It has

been known for quite some tme that rare earth fluorinated B-diketonates can

lase ! 12,13 14 15 .16

The aforementioned studies have focused almost exclusively on europium
complexes. These have a very intense, narrow emission at ~610 nm (the *Dy — 'F»
transition), facilitating its swdy. Matthews and Knobbe!’ report that some of these
europiumn fluorinated P-diketonate complexes can be doped into sol-gel glasses. The
emission intensity was fifty times greater than from the same glasses doped with EuCls. In
addition, they found that the spontaneous-emission cross-sections of the europium
complexes (a measure of the radiation emission intensity from a given sample volume)

were two to three orders of magnitude higher.

These results suggest that rare earth coordination complexes are good vehicles for
introducing the ion into a sol-gel glass host. We have concentrated our efforts on
fluorinated B-diketone complexes of erbium (OI) to obtain luminescence at 1.55 um. It
seemed likely that synthetic procedures for europium would transfer 0 erbiume The
chemistry among the rare earths is similar for the same oxidation states; differences among
the lanthanides lie mainly in the number of 4f electrons.’® These are sufficiently well

shielded by the outlying 5s and 5p orbitals that they are essentially unavailable for chemical
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interaction. The primary consequence of differing numbers of f-electrons is something
known as the “lanthanide conmraction™: a decrease in ionic radius with increasing atomic
number along the lanthanide series. This occurs because the additon of electrons to the
already shielded f-orbitals cannot compensate for the stronger effect of increasing poorly
screened nuclear charge. Thus there are slight differences in chemistry of rare carths.

especially .n coordination number, that are due to atomic or ionic size.

There is little information available cn B-diketone coordination complexes of
erbium. Some authors report preparing complexes over a series of rare carth ions,
including erbium. However, they generally do not discuss specifics in regards to the
erbium complexes. In addition, erbium coordination chemistry has concentrated on tris
complexes. Accordingly, for the present studies a series of tetrakis erbium complexes were
prepared and characterized. These were then doped into both the ormocer and MTMS

sol-gels, and the resulting doped-glasses were further studied.

3.2. Experimental

3.2.1. Materials

The following chemicals were obtained from Aldrich: ErCly6H.0 (99.9%);
Er(NO;)SH.0 (99.9%): 4.4.4-uifluoro-1-(2-thienyl)-1,3-butanedione (TTFAH) (99%);
4.4 4-trifluoro-1-phenyl-1,3-butanedione  (PTFAH) (99%); 1,1,1,5,5,5-hexafluoro-2,4-

pentanedione (HFAH) (99%); tetrapropylammonivm hydroxide (1.0 M solution in water).



Triethylamine (99.5%) was obtzained from Caledon. Tetraethylammonium bromide was
obtained from J.T. Baker Chemical Co. Sodium hydroxide was obtained from BDH. All

chemicals were used without further purificagon.

3.2.2. Synthesis of Erbium Complexes

Erbium (HI) compiexes of the type AErB. were prepared where A is an

ammoniurm ion (HNEt;", NEL", or NPr.") and B is a fluorinated B-diketone of the type:

where R = thienyl, phenyl or CF;. The synthetic procedures of Melby et al** and Bzuer et

al.’® were followed.

A. Triethylammonium tetrakis(4,4,4-trifluoro-1-(2’-thienyl)-1,3-butanedionato-0,0")

erbate(lll)  [HNEG]'[Ex(TIFA).]”  (Procedure #13 in Melby et al.)

2.0 g (9.0 mmol) of TTFAH was dissolved in 30 mL 95% ethanol and heated to
reflux. 0.91 g (9.0 mmol) of NEt; was added and the solution was again heated to reflux.
0.89 g (2.0 mmol) of Er(NO3);:5H,O dissolved in 10 mL water was added and the
solution heated to reflux. Refluxing copntinued for approximately 30 min. A hot filration

was performed to remove insoluble impurities. Crystals deposited from the room
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temperature solution after one hour. These were collected by suction filration and washed
with cold ethanol, To dry the crystals, air was drawn through for 15 min. Light pink.

small, flaky crystals were produced.

B. Triethylammonium tetrakis(4,4,4-tifluoro-1-phenyl-1,3-butanedionato-0.0°)

erbate(II) [(HNEw] TEr(PTFA)]”  (Procedure #13 in Melby et al.)

2.92 g (13.5 mmol) of PTFAH was dissolved in 45 mL 95% e¢thanol and heated to
reflux. 1.37 g (13.5 mmol) of NEt; was added and the solution was again heated to reflux.
1.33 g (3.0 mmol) of En(NO;)-5H,0 dissolved in 15mL water was added and the
soluton heated to reflux. Refluxing continued for approximately 45 min. A hot filtraton
was performed to remove insoluble impurities. Crystals deposited from the room
temperature 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 tetrakis(1,1,1,3,5,5-hexafluoro-2,4-pentanedionato-0,0°)

erbate(@I)  [HNEL]'[Er(HFA)]~ (Procedure #15 in Melby et al.)

1.52 g (15 mmol) of NEt;, 3.90 g (18.7 mmol) of HFAH, and 1.66 g (3.7 mmol)
of Er(NO;)s-5H,0 dissolved in 18 ml water were added in the above order t0 37.5 mL of
95% ethanol. The solution was heated to boiling and allowed to boil down to half its

original volume. 50 ml of water was added to produce a stcky pink precipitate.
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Scrawching of the flask induced crystallization. The product was collected by suction

filration. Recrystallizaton in chloroform yielded long bright. pink needles.

D. Tetracthylammonium tetrakis(4,4,4-trifluoro-1-phenyl-1,3-butanedionato-0,0°)

erbate(III) [NEW]'[Er(PTFA):)”  (Procedure #14 in Melby et al.)

2.16 g (10 mmol} of PTFAH and 0.53 g (2.5mmol) of NEuBr were added to
25 ml. of 95% ethanol and heated to reflux. 10 mL of 1.0 M NaOH was added and the
soluton returned to reflux. After 10 min, 1.11 g of Erf{NO;):-5H>0 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 two 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 recrystallized from ethanol.

E. Tetrapropylammonium tetrakis(4,4,4-trifluoro-1-(2’-thienyl)- 1,3-butanedionato-

0,0’) erbate(III) [NProJ [EXTTFA)]” (Method B in Baueretal)

2.67 g (12 mmol) of TTFAH and 1.15 g (3 mmol) of ExCly6H,O were added to
100 mL of 95% ethanol and heated to reflux. To this was added 12 mL of 2 1.0 M
solution (12 mmol) of NPr;OH. The solution was brought to reflux once again and heating
was continued for one hour. Approximately 30 mL of solvent was then distilled off at
65°C. It was then cooled to room temperature and small crystals slowly began to form.
Small, flaky, pinkish-orange crystals were collected 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 B-diketone complexes as well as erbium salts (Er{NOs);, ErCl; and Er-

acetate) were doped into both the ormocer and MTMS sol-gels described in Chapter 1.
Doping levels were usually 2 wt% erbium ion. This was based on a calculaton of the
amount of solid matenial that would form per gram of sol, assuming that the sol-gel
reactions went to completion and all residual water and alcohol evaporated. When doping
into the ormocer, the desired complex or salt was added in solid form into the stirred sol
approximately 45 minutes following the final addition of water. The compounds dissolved
in minutes to hours, depending on the particular dopant. When preparing doped MTMS
sol-gels, the particular dopant was dissolved into MTMS, then HCl was added to initiate
the hydrolysis reactions. The PTFA complexes were not soluble in MTMS. Bulk samples
and films were prepared from both sol-gel materials by the methods described in
Chapter 1.

3.24. UV-Visible Absorption Spectroscopy

UV-visible absorption spectra were recorded with a Hewlett Packard 8452A diode
array spectrophotometer over the wavelength range of 200 to 800 nm. Spectra were
collected from all erbium f-diketone complexes dissolved in acetone, and from selected

complexes dissolved in the ormocer sol.
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3.2.5. Fourier Transform Infrared (FTIR) Spectroscopy

Infrared spectra were collected with 2 Bruker IFS-48 Fourier ransform infrared
spectrometer, in the range of 400 to 5000 cm. The data acquisition software was
supervised by OPUS Spectroscopic Software, Version 2 (Bruker) running under OS/2
operating system. Infrared spectra 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 spectra were collected with a Nicloet, Magna-IR 550 Spectrometer.
The data acquisition software used was OMNIC, running under Windows 3.11
(Microsoft). Spectral processing was performed in GRAMS. Spectra were taken of
erbium complexes dissolved in acetone, ethanol and/or dimmethylformamide to a
concentration of 10 M in a cuvette with a 1 cm path length. Spectra were also taken of

the complexes in both the ormocer and MTMS glass hosts.

3.2.7. Elemental Analysis

Elemental analyses were performed on all erbium complexes by Guelph Chemical
Laboratories Ltd. (Guelph, Ontario).
3.2.8. X-ray Crystallography

Single crystals of NEGER(PTFA), were grown for x-ray crystallography by
dissolving the complex in a minimmm amount of 100% ethanol and letting the solvent

evaporate over a period of four days. The diffractometer used was a Rigaku AFC6S with



a Molybdenum Ko radiaton source (A=0.70930 A). Further derails are given in

Appendix 1.

3.2.9. Melting Point Determination

Meltng point determinations were performed on a Capillary Digital Melting Point

Apparatus (Electrothermal).

3.3. Results and Discussion

3.3.1. Erbium B-Diketone Complexes

Fluorinated erbium B-diketone complexes were prepared with the imenton of
introducing erbium into a sol-gel glass host to obtain luminescence at 1.55 pm. Ligand
encapsulation of erbium may offer the advantage of enabling higher concentrations of

erbium to be dissolved into organically modified sol-gel glasses.

The reasons for choosing the particular erbium complexes are threefold. Firsty,
there is a large amount of information available on analogous complexes of europium.
These complexes bave been intensely studied by a number of groups since the early 1960’s
for their luminescence properties. It is known that for the europium complexes, variations
in the cation and ligand structure can affect fluorescence intensity and emission fine
structure.? For example, fluorinated chelates show much more intense fluorescence than

hydrocarbon chelates, whereas some catons quench fluorescence. Secondly, a
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hydrophobic coordinaton shell was desired 1o try and reduce the effect of hydroxyl
quenching. Thirdly, some of the ligands have low symmetry. This reduces the local-field

symmetry of the rare earth ion making the radiative transidons more allowed.

With the above rationale in mind, the ligands chosen were thenoyitrifluoroacetone
(TTFAH), phenyluifluoroacerylacetone (PTFAH) and hexaflourvacetylacetone (HFAH).
All ligands are bidentate and coordinate to the erbium through the oxygen substituents.
The trifluoro groups, in addirion to providing possible luminescence enhancement, are also
very hydrophobic. The role of the organic base in the synthesis is to ionize the diketone
(forming the enolate anion) and also to act as a caton in the resulting salts. The
counterions (HNEt", NEL', or NPr:") were selected because complexes of europium
conuaining these cations have exhibited luminescence. The complexes are soluble in many
organic solvents. They are insoluble in water. All of the complexes were obtained in

crystalline form with colours ranging from light pink to pinkish-orange.

As previously mentioned, both tris and tetrakis europium P-diketone complexes
are readily synthesized by reacting stoichiometric quantities of ligand and erropium. In the
case of erbium, this may not necessarily occur due to differences in ionic radii (Eu*,
r=0.95A; Er*", r =0.88A). With a smaller ionic radius, there is less room for the ligands
to approach the ion, and perhaps only the wis complexes may form, especially with the
sterically bulky PTFA and TTFA ligands. Indeed, the only reference to the formation of a
tetrakis erbium P-diketone complex is for the HFAH Lgand™ This is of some

consequence since some of the groups stdying europium complexes found that the



terakis complexes showed stronger luminescence than the comresponding mis

18
complexes.

Lanthanides can have coordination nurnbers ranging from six to ten. although eight
is most frequenty found. The ion attracts ligands by overall electostatic forces, since the
well shielded f-electrons don’t interact with ligands the way d-electrons do in ransiion
metal complexes. This absence of strong covalent, directional bonding. and large ionic size
allows for a variety of coordinatdon numbers. In addidon, crystal field spliting is quite
small (200-300 cm™). Complexes reported to have coordination numbers of six usually
have coordinated solvent molecules. The terrakis §-diketone complexes are believed to be
octacoordinate,'® where the lanthanide ion is surrounded by four chemically equivalent
B-diketone moietes. X-ray crystallography on the NELEr(PTFA): compiex confirmed
that this was indeed the case. An ORTEP view of the Ef(PTFA), anion is shown in
Fig. 3.2. Ellipsoids are drawn at the 50% probability level, and hydrogens are omitted for
clarity. The compound is monoclinic. Further crystallographic details, including atorric

coordinates and bond lengths are given in Appendix 1.
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Figure 3.2 ORTEP view of the Er(PTFA), anion with the numbering scheme adopted.
. Ellipsoids drawn at 50% probability level. Hydrogens omitted for clarity.
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Octaccordina:e lanthanide complexes most commonly adopt square angprismatc
and dodecahedral geometries. The erbium ion in this complex has terragonal anfiprism
coordinaton. The preference for one sym:nemy over the other is driven mainly by steric
requirements of the ligands or molecular packing forces.”® Several different stereo- and
geon. tric isomers are possible, especially with bidentate ligands. Bauer et al.”” even found
that it is possible 1o obtain two ditferent forms of the same compound, having different
melting points and emission spectra. This may explain the large meling point ranges (6
degrees) for two of the complexes since no attempt was made to isolate different isomers.

Melting point data are given in Table 3.1.

Table 3.1 Melting points of erbium B-diketone complexes

Complex Melting Point (°C)
HNEGLEN(TTFA): 156-158
HNEGE(PTFA) 110-113
HNEE(HFA), 143-149

NPr.Er(TTFA) 197-198
NELEr(PTFA) 166-172

In additon to the x-ray crystallographic data, further support for the existence of

tetrakis chelates is given by elemental analysis. Results are presented in Table 3.2.



Table 3.2 Elemental analysis of erbium B-diketone complexes

%C %H SF %S
Complex calc, meas. cale, meas. calc. meas. calc. meas.

HNEGEr(TTFA): 3955 40.22 279 326 1975 1997 1111 11.02
HNEnEr(PTFA). 48.89 48.87 357 366 2017 2062

HNEGEr(HFA): 2845 28.39 1.84 197 4154 4078 -
NPr:Er(TTFA). 4268 4277 358 376 1841 1752 1036  9.68

NEuEr(PTFA): 49.78 4958 383 362 1968 1972 -

Measured values are in good agreement with calculated values.

UV-vis spectra were taken of the erbium complexes dissolved in acetone. The

peaks and their corresponding f-orbital electronic transitions are given in Table 3.3.

Table 3.3 UV-Visible Absorption Spectra of Erbium Complexes

Peak Position (nm) Assignment

378 ‘Gue « ‘hise
450 “Fan,'Fsn « ‘Lise
487 ‘Fm - ‘I:sn
521 ‘Hun « ‘L
543 “Siz & “hisn
653 “Fop ¢ ‘Tise




There were no mzjor differences berween spectra. This is to be expected since
absorption bands for f-f elecronic mansitons show litile dependence on the nature of the
Lgand.®' These bands are verv sharp because the f-orbitals are well shielded from their
surroundings. External field induced splittings amount to only about 100 cm™ on states
arising from the various f * configuratdons. The peak at 378 nm is only evident in the
spectrum of the HFA complex. In the PTFA and TTFA complexes, this peak is hidden by
intense ligand absorption bands which begin around 400 nm. The ligand absorption for the
HFA complex does not begin untl around 365 nm. The UV-vis absorpton spectrum for

the HFA complex in acetone is shown in Fig. 3.3,

‘Gye

Absorbance

4

b

400 500 600 700 800
Wavelength (nm)

Figure 3.3 UV-vis absorption spectrum of HNE&Er(HFA). in acetone



All complexes were further characterized by FTIR. Figs. 3.4, 3.5, and 3.6 show
FTIR spectra of HNEGER(TTFA)., HNEGE(PTFA).. and HNEGErHFA), respectively.
Tables 3.4, 3.5 and 3.6 present the respective peak assignments. Spectra of both TTFA
complexes were essentially identical. indicating that the counterion had no effe-t on the
spectra. The same was true for the PTFA complexes. Assignments were made from

vibrational assignments for similar B-diketune complexes in the literature.™ = **
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Table 3.4 Observed vibrational frequencies (cm'') and assignments for Erbium-

TTFA complexes®.
..... HNELEN(TTFA): e NPLEOTTEA):  Assigmment®
1608 vs 1612 vs Ve (C=O)
1577 sh 1568 w
1541 s 1537 s Ve (C=C=0O
1521 m 1520 m
1504 m 1302 m
1463 m 1475 m 8 (C-H) and v (C=0)
1413 m 1414 m v (thenoyl ring,
1376 w 1390 w
1356 m 1355m v, (C=0)
1304 vs 1302 vs Ve (CF3)
1248 m 1244 m v (C-CFs) and v, (C=C)
‘ 1230 m 1230 m
1184s 1178 m 6 (C-H)
1141s 1140 s v, (CFs)
1084 w 1084 w
1061 m 1061 m O (C-H thenoyl ring)
935 w 933w Sop (C-H)
858 w 858 w
783 m 783 m 8oep (C-H thenoyl ring)
767 w 767 w
746 w 748 w
721 m 725m Sop (C-C thenoy! ring)
692 w
680 m 679w 3 (C-S)
644 m 642 m Ooer (cr,—c(g )
605 w 605 w o (CFs)
580 m 580 m ring deformation
520 w
496 w 492 w
461 w 463 w v (Er-O and C-R*)°
*Abbreviations used for band descriptions: vs, very strong; s, strong; m, medium; w, weak;
sh, shoulder.
®Vibrational mode descriptions: v, stretching; 8, bending; as, asymmetric; s, symmetric; ip,
in-plane; oop, out-of-plane.
‘R*=CFsor ¢
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Table 3.5 Observed vibrational frequencies (cm'’) and assignments for Erbium-

PTFA comple.es’

HNEGER(PTFA). NELEr(PTFA). Assienment”

1626 vs 1626 vs va (C=0)

1618 sh

1598 m 1598 m v (¢ ring)

1577 s 1579 m v (¢ ring)

1539 s 1537 m Va (C=C=0)

1500 m 1504 m v (¢ ring)

1475 m 1479 m o (CH) and v (C=0)

1442 sh 141w

1398 w 1394 w

1319 s 1319s v, (C=0)

1292 vs 1292 vs Ve (CF3)

1242 m 1242 m v (C-CF3)and v, (C=C)

1184 s 1184 s 6 (C-H)

1134s 1130 s v, (CF3)

1097 sh 1097 sh

1078 m 1078 m 55 (0 C-H)

1026 w 1026 w Op (& C-H)

1001 w 1001 w

947 w 945 w Oop (C-H)

837w

810w 808 w o (9 C-H)

794 w 794 w Sp (¢ C-H)

764 m 764 m Sop (¢ C-H)

717 m 717m Scp (9 C-C)

704 m 702 m Socp (6 C-C)

632m 632m oo (ca—cig)

530 m 580m ring deformation

517w 519w S (¢ 1ing)

463 w 463 w v(Er-0) and v(C-R*)°

440 w 428 w 8y (¢ ring)
*Abbreviations used for band descriptions: vs, very strong; s, strong; m, medium; w, weak;
sh, shoulder.
*Vibrational mode descriptions: v, stretching; 8, bending; as, asymmetric; s, symmetric; ip,
in-plane; oop, out-of-plane.
‘R*=CF; or ¢
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Table 3.6 Observed vibrational frequencies (cm’’) and assignments for Erbium-
HFA complex’

1655 s Ve (C=O)
1610 w

1360 m Vv (C=C)
1533 m

1514 m

1481 sh

1402 w

1350 w

1255s v (CF3)
1218 m v; (C=C) and v (C-CF)
120l m

1145 vs S (C-H)
1099 m

1032 w

951 w Soep (C-H)
300 m

767 w

742 w

661 m oo (c&—c(ﬁ)

588 m ring deformation
528 w

470w Vv (Er-O) and v (C-CF3)

*Abbreviations used for band descriptions: vs, very strong; s, strong; m, medium; w, weak;
sh, shoulder.

*Vibrational mode descriptions: v, stretching; 8, bending; as, asymmetric; s, symmetric; ip,
in-plane; oop, out-of-plane.



Near infrared (NIR) spectra were taken between 0.9 and 1.7 um of all the
complexes dissolved in acerone. Of particular interest were the tan-itions centred af
0.980 um (C°I;iz < “lis2) and at 1.55 um (hsz < “Tisz). All spectra displaved a relatvely
sharp strucrured absorption peak at ~0.975 pm, and a much broader absorption centred
around 1.52 um consistng of several overlapping peaks. Again, there were no differences
between the spectra of the two TTFA complexes, or the two PTFA complexes, indicating
the counterion had no effect on absorption in this region. Spectra of the complexes with
different ligands were very similar in appearance. There were some very slight differences
in the shapes and intensities of the bands near 1.52 pm; however, no great differences in
either this transition or the one at 975 tm were 10 be expected. Recall that absorption
bands for f-f electronic transitions show little dependence on the namre of the ligand. The
only major difference was the intensity and position of a band near 1.64 pm which was
arributed to the ligand. This was determined from NIR spectra of the ligand in acetone.
Thus, the peaks arising from the ‘L1, and ‘L, states are essentially ligand insensitive.
Specra of the erbium complexes derived from three different ligands with

riethylammmonium counterion, dissolved in acetone, are shown in Fig. 3.7.
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Figure 3.7 NIR spectra of HNEL,E(TTFA),, HNEL,Er(PTFA),, and
HNELEr(HFA), in acetone
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Two of the complexes (HNELE(TTFA): and HNEGEr(HFA).) were dissolved in
DMF and ethanol to study the effect of solvent environment on the NIR spectra of the
complexes. The erbiwm ion can be thought of as a Lewis acid and the solvents as Lewis
bases. As lone pairs on solvent molecules bring electron density into the erbium caton
(donor-acceptor interactons), it is expected that the spectrum will be perturbed. Solvent
polarity may influence the degree to which the spectrum is perturbed. DMF has a higher
dipole moment than acetone while ethanol has a lower dipole moment. There is also some
incentive to see how the hydmoxyl group of ethanol might permurb the specra. OH
oscillators are known to quench lurninescence of lanthanide ions as the hydroxyl density of
states are resonant with the lanthanide ion excited state levels.” Thus it is useful to probe
the erbium “Iis, level to see the effect of hydroxyl groups. As can be seen in Fig. 3.8 for
the TTFA complex and in Fig. 3.9 for the HFA complex, there were indeed some changes.

For both complexes, the absorption at 0.975 pum was slightly sensitive to solvent
We observe no shift in peak position, and only slight changes in peak intensity. The
structure of this band is less well resolved in DMF and ethanol as compared to acetone.
The ligand band near 1.64 pm was solvent insensitive for both complexes. By contrast we
observe significant perturbation associated with the absorption centred around 1.52 pm.

DMF caused the band profile of the “L;32 < “Iis» transition in the spectrum of the
TTFA complex (top spectrum, Fig. 3.8) to exhibit a slight increase in intensity as
compared with the spectrum obtained in acetone. Ethanol, however, severely perturbed
this transition (bottom spectrum, Fig. 3.8). The resolvable peaks that were present in the

acetone and DMF spectra near 1.52 pn were replaced by a very noisy, broad absorption



band in the ethanol spectrum. The peaks corresponding to the *Ijsz « “I;s» transition in
the spectrum of the HFA complex in DMF (top spectrum, Fig. 3.9) had less resolution and
a slight red shift, as well as an increase in intensity as compared to the acetone spectrum.
Again, ethanol had a much larger effect on this wansition (bottom spectrum. Fig. 3.9). The
band near 1.52 pm was broadened and very noisy, with less resolution compared to the

other two spectra.
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Figure 3.8 NIR spectra of HNELEr(TTFA), in different solvents, showing
large perturbation in presence of hydroxy! groups
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Figure 3.9 NIR spectra of HNEt,Er(HFA), in diffarent solvents, showing
large perturbation in presence of hydroxyl groups
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From these observatons, we can conclude that the “I;;p < ‘Ij<n transition at
0.975 um shows only a weak solvent effect, whereas the “lj3p < “Iisp wransition near
1.52 um is very sensitive to its surroundings. This suggests that in these complexes, there
is some access to the erbium ion in a liquid solvent environment We do not know to what
degree solvent molecules can penetrate the coordinanon sphere; however, complete
shielding of the erbium ion in these complexes does not occur. The presence of hydroxyl
groups has a ver: large perturbanion on the 13 ¢ “Lisp transition in the spectra of both
complexes. This helps to explain the problem of luminescence quenching in erbium doped
sol-gel glasses. Residual hydroxyl groups are most probably responsible since there is
clearly a hydroxyl perturbation on this transition. The effect of solvent polarity seems to be
minimal.

NIR is an extremely useful spectroscopic probe of the “Ij3; excitec tate of Er™.
This state has been shown to be extremely sensitive to its environment, and further smdies

will allow systematic investigations into guest-host interactions.

3.3.2. Erbium B-Diketone Complexes in Sol-Gel Glasses

Erbium doped sol-gels were prepared both in bulk and thin film forms. Dopants
included erbium in the form of the previously discussed coordination complexes and as
salts. All of the erbium complexes, erbium acetate, and Er(NO;); were very soluble in the
ormocer sol. Monoliths of the ormocer were not obtained because as the gel dried, it
adhered to the container walls resulting in uneven shrinkage and cracking. In addition, the

dried gel was rather soft. No attempt was made to investigate drying conditions which
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may have resulted in better samples. Only two dopants were soluble in the MTMS sol-gel:
HNEGEr(HFA): and HNEGER(TTFA).. The HFA complex was very soluble at high
concentrations and beautiful pink monoliths were readily obtained. The TTFA 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 crystallize out of the sol. No
investigations were made to optimize doping levels in either sol-gel.

NIR spectra were taken of the ormocer sol, both undoped and doped with the
HNEGEr(PTFA): complex. These are displayed in Fig. 3.10. Also shown is the doped
spectrurn with the undoped spectrum submracted. The undoped spectrum exhibits a very

broad absorption from about 1.35 um to beyond 1.7 pm. The spectrum of the doped sol
was very similar to the undoped sol. There was a very small peak at 0.980 wm and one at
1.53 pm. These two peaks became more apparent when the undoped spectrum was

subtracted from the doped spectrum. Further studies into which sol-gel components give
rise to the absorptions in this region may permit some material modifications to reduce

absorption.
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Figure 3.10 NIR spectra of undoped and HNEt,Er(PTFA),,doped ormocers,
and subtracted spectrum
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NIR spectra of undoped and HNEGEr(HFA): doped MTMS sol-gel monoliths are
shown i Fig. 3.11. The 0.980 um absorpdon in the doped sample occurs in a region
where there is mimimal absorption in the MTMS host. There is a very large absorption in
the doped sample in the 1.52 um region: however, there is an absorpton in the undoped
MTMS sol-gel in the same region which may cause some interference. Other peaks arising
from the MTMS host are observed at 1.19 and 1.40 pm. A spectrum of the doped sample
with the undoped sampie subtracted (relanve to the peak at 1.40 pm) is shown in
Fig. 3.12. The peak at 0.978 um is basically unchanged, while the peak near 1.52 pm

resembles the spectra of the complex dissolved in DMF, in that there are some resolvable
peaks with a very similar shape. At this point, it is unclear as to whether or not MTMS is a
suitable host for erbium complexes. Further studies to investigate the origin of the peak at
1.55 pm and to what extent, if any, it interferes with the erbium ion absorption/emission

may determine the suitability of MTMS as a host for erbium.
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Fig. 3.11 Comparison of HNELEr(HFA), doped MTMS sol-gel with undoped MTMS sol-gel
(referenced to peak at 1.18 microns)
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. Several attempts were made 1o obtain luminescence from bulk samples of the
erbium doped ormocer and MTMS sol-gels. Anempts were also made with erbium doped
channel waveguides fabricated in the ormocer using the photolithographic technique
described in Chapter 2, Secton 2.3.2. All samples were pumped with light from 2 mnable
Ti:sapphire laser operating near 0.980 um. No luminescence was observed in any of the
samples. It is unclear at this time 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 erbium doped ormocer sol at
the Optical Sciences Center at the University of Arizona as shown in Fig. 3.13% The
dopant was KEr{TTFA)..

[ m

Luminescence (a.u.)

1450 1500 1550 1600 1£50
Wavelength (nm)

Figure 3.13 Luminescence spectrum of an erbium doped ormocer sol

This is the first example of the observation of luminescence from an erbium

. complex doped into an organicaily modified sol-gel glass.
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3.4. Conclusions

Several tetrakis erbium B-diketonate coordination complexes were svnthesized. of
which the TTFA and PTFA complexes are believed 1o be novel. A crystal structure of the
NELEr(PTFA): complex was obtained and showed that the complexes are tetrakis
octacoordinate, with tetragonal antprism coordination about the erbium jon. NIR proved
10 be an exwremely useful 100l for the study of perturbations of the *I;3» excited state in
different hosts. This state is very sensitive to the host environment, while the °I,;» state is
relatively insensiive. The above complexes were doped into both the ormocer and the
MTMS sol-ge's. The ormocer was able to dissolve all complexes at relatively high
concentrations; however, monoliths were not produced. The ormocer sol absorbs in the

region around 1.5 pm, and thus may rot be an ideal host for erbium. The MTMS was able

to dissolve the HFA and TTFA complexes and produce sol-gel monoliths. MTMS sol-gels
have an absorption near 1.5 um, which may interfere with the erbivm ion, thus further
studies are required to determine the suitability of this host. A very weak luminescence
signal from an erbium doped ormocer sol was observed. Several other attempts to observe
luminescence proved unsuccessful. Improvements to the experimental setup may lead to
positive results. Future investigations into the source of host absorptions near 1.5 pm may
permit some material modifications to reduce these absorptions and improve host

compatibility with erbium.
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Appendix 1. X-Ray Crystallography Data
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Discussion of structure determination and refinement procedure

Pale pink crystals of [(PTFA}4Er]NEt4 were obtained from ethanol. Compound is monoclinic.,

C2/c. Data was collected over 4 octants to allow for averaging. Data was processed by the
NRCVAX package (Gabe et al 1989). The stmucture was solved by direct method using
SHELXS-86 (Sheldrick, 1986) and difmap synthesis and refined using SHELXI.-93 (Sheldrick,
1695). Anion sits in general position (Z=8). Two of the four PTFA ligands have disordered
fluorines in the CF3 group. On both cases the occupancies for the disordered atoms were refined
(final values 0.54 and 0.46) and fixed at these values. Thermal parameters were then refined.
Geometries for both onientations of disordered CF3 groups were restrained to be similar the
undisordered group formed by C34, F10, F11 and F12. There are two cations on twofold sites
(Z=4 each). Both NE4 groups are disordered.

All non-hydrogen atoms anisotropic. Hydrogen atoms were calculated at idealized positions
using a riding model with different C-H distances for type of hydrogen. The isotropic
displacement factors, U,,, were adjusted to 30% higher value of the bonded carbon atom
(mehyl) and 20% higher (others). Hydrogens for methy! groups of NEt4 no 1 were not
introduced in the model. Principal crystallographic data are in Table 1.

The Erbium atom has tetragonal antiprism coordination.
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Crystal Data

Crystal source

Chemical formula, sum
Chemical formula, moiety
Chemical formula weight, Mr
Cell seuting

Space group

Unit cell dimensions (A. ©)

Volume of unit cell, V (A%)
Formula units per cell, Z
Density calculated from
formula and cell, Dx Mg/m®)
F(000)

Radiation type

Wavelength, lambda (A)

Ne. of reflections

for cell measurement

Theta range (deg)

Linear absorption coefficient, rau (mm'™)
Measurement temperature (K)
Crystal shape

Colour

Size (mm)

Data collection

Diffractometer type

Data-collection method

Absorption correction type
Maximum and minimum transmission
No. of reflections measured

No. of independent reflections (Rint)
No. of observed reflections
Criterion for observed reflections
Min. and max values of 8 (°)
Ranges of hk]

No. of standard reflections

Interval, (no reflections)

Intensity decay (%)

Table 1. Crystal data and stucture refinement for [(PTFA)MEr]NEW.

C48 H48 Er F12 N 08
[(C10H702F3)4Er]N(CSHS5 M4
1162.13

Monoclinic

C 2/

a =23.428(8)x =90

b = 22.727(3)B = 120.59(2)

¢ =21.6787)y =90

9936(5)

8

1.554

4664
Molybdenum Ko
0.70930

24

10to 15

0.125

293(2)

prism

light pink

0.42 x 0.30 x 0.08

Rigaku AFC6S
®/20 scans
None

17711
8754 (0.068)
4924

I>2o()
2.00 1o 25.00

-27<=h<=23, O<=k<=27, O<=l<=25

3
200
0.77



Refinement

Refinement method Full-matrix on F*

Final R indices, I>20() R1 = 0.0666, wR2 = 0.1301
R indices, all data R1 =0.1296, wR2 = 0.1530
Goodness-of-fit on FA2, S 0.961

R1 = sum (absabs Foabs -abs Fcabsabs )/sum (abs Foabs ),
wR2 = [T [w(Fo*-F2)3)/T. [w(Fo»?]1'? and
GoF = [3 [w(Fo?-Fc?)?)/(No. of reflns - No. of params.)]'?

No. of reflections used in refinement 8754

No. of parameters refined 736

No. of restraints 106

Method of locating and refining H atoms  calculated/riding
Weighting scheme based on measured e.s.d’s
Function minimized 3 w(Fo’-Fc?)

calc w=1/D\s¥(F0?)+(0.0725P)*+0.0000P] where P=(Fo*+2Fc?)/3

Maximum shift/sigma -0.183

A tho max (e A%) 1.421

A tho min (e A3) -1.831

A rho background (¢ A®) 0.62

Source of atomic International Tables for

scattering factors Crystallography (1992)



Table 2.

Atondc coorzdinates

and eguivalent

displacement parametexrs (AT x 10°)

Ueg = (1/3)sum,sum.U .2’ a".a,.2a..

isotropic

for [(PTFA)4Er]NELS.

X v z Ueq
Ex 0.25640(2) 0.1213%(2) 0.73907(2) 4.258(13)
o(1) 0.2866(3) 0.1480(2) 0.6644(3) 5.3(2)
0(2) 0.2828(3) 0.0367¢(3) 0.6990(3) 5.6(2)
0(3) 0.1898¢(3) 0.0486(3) G.7462(3) 5.9(2)
0(4) 0.1614(3) 0.1143(3) 0.6282(3) 5.6(2)
0(5) 0.2187(3) 0.1579(3) 0.8116(3) 5.6(2)

0 (6} 0.3219(3) 0.0736(3) 0.8504{3) 5.2(2)
0(7) 0.2182 (3} 0.2168(2) 0.7035(3} 5.7(2)

0 (8} 0.3463(3) 0.1810(3) 0.8081 (3} 5.6(2)
c(1) 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)
Cc(4) 0.2676(7) -0.0366(5) 0.6171(6) 9.7(4)}
F(1l) 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(86) 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(10) 0.3217(5) 0.1437(5) 0.5129(5) 7.7(3)
C(11) 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) 8.2(4)
F(4)* (0.059€(9) 0.0308(7) 0.4821(7) 10.4(6)
F(5)* 0.1070(11) 0.107(2) 0.4877(7) 18(2)
F(6) * 0.0530(12) 0.1336(9) 0.5026(¢12) 20(2)
F(41)° 0.031(2) 0.045(2) 0.4848(11) 29(3)
F(51)> 0.1113(11) 0.084(2) 0.4845(11) 17(2)
F(61)®> 0.0225(9) 0.1052{12) 0.5011¢10) 13.5(12)
C(15) 0.1313(4) -0.03895(4) 0.7331(5) 5.0(2)
C(16) 0.1687(5) -0.0504(5) 0.804%(86) 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) 11.1¢(5)
C(19) 0.0664(6) -0.1237(5) 0.7233(7) 8.5(4)
C(20) 0.0793(5) -0.0771(5) 0.6925(6) 7.5(3)
C(21) 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) 0.8702(5) 7.8(3)
F(7)* 0.4080(11) 0.0772(9) 1.0307(7) 15.0¢12)
F(8)* 0.4370(7) 0.0516(12) 0.9756(12) 14.5(12)
F(9)® 0.3566(8) =0.0022(7) 0.9832(10) 12.3(8)
F(71)® 0.3891(13) 0.0519(12) 1.0331(7) 12.2(10)
F(81)> 0.4231(9) 0.0254(12) 0.9563(10) 8.4(7)
F(91)® 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(ze)
c(27)
c(2g)
C(29)
c(30)
C(31)
C(32)
C(33)
C(34)
F(10)
F{ll)
F(l2)
C(35)
C(36)
C(37)
C(38)
C(3%8)
C(40)
N(l)
C(41)°¢
C(41a)¢
C(42)
C(43)°
C(43a)¢
C(44)
N(2)
C(45)¢
c(46°
c(47)*©
c(48)*
c(49)°¢
C(50)
c(s1)¢
c(52)°¢

occupancy 0.54;

.1€54 (%)
L1284 (3)
.1252(8)
.1592(5)
L1262 (3)
L2371 (8)
.3010¢(5)
.3496 (4)
.4172(5)
.4332(3)
L4201 (3)
.4643 ()
.1871(5)
.2046(6)
.1567(8)
.0813(7)
0751 (&)
L1222 (3)
.5000
0.4312(8)
0.473%(11)
0.4133(9)
0.5068(10)
0.4499(9)
0.4663(7)
1.0000
1.0367(11)
0.997(2)
0.8539(11)
0.984(4)
0.9600(12)
1.0000
1.0560(9)
1.030(2)

COQOQOOOCOOOOOCOODOOO

b

0.3048(3)
0.2453(3)
0.3142(4)
0.3734(4)
0.4165(6)
0.4005(6)
0.3422(5)
0.2989(4)
0.3983(5)
0.4108(11)
0.4530(8)
0.4524(7}
0.3446(8)
0.3863(10)
0.3425(7)
0.4235(6)
0.4224(13)
0.416(2)
0.4774(10)
0.5373(11)
0.3660(9)
0.3101(9)
0.431(2)
0.430(3)

0.8588 (5)
0.8775(6)
¢.9373(7)
£0.9784 (6)
0.9613(5)
0.7351(4)
0.7950(4)
0.8250(5)
0.8895(5)
0.9440 (3)
0.812%(4)
0.8745(3)
0.7033(5)
0.7140(86)
0.6808(7)
0.639%(7)
0.6310(6)
0.6614(5)
0.2500
0.1876(12)
€¢.1963(11)
0.1318(9)
0.2980(12)
0.2753(12)
0.3313(8)
0.2500
0.3341(9)
0.371(2)
0.225(2)
0.252(6)
0.2312(13)
0.2500
0.2348(13)
0.155(2)

occupancy 0.46; ¢ occupancy 0.50

s OO s s s

11.9(10)
11.0(13)
13.5(12}
23(4)
13.0(12)
14.3(9)
11.3(10)
14(2)



Table 3. Bond lengths

r=0(7)
Ex=0(3)
Ex=-0(1)
0(1)-C (1)
0{2)-C(3)
0(3)-C(11)
0(4)-C(13)
0(5)-C(21)
O(8)-C(23)
O(7)-C(31)
0(8)=C(33)
C{l)-C(2)
C(1L)Y-C{(3)
C(2)-C(3)
C(3)-C(4)
C(4)-F(2)
C{4)-F(3)
C(4)-F(1)
C(3)-C(6)
C{53)-C(10)
C{6)}-C(7)
C(7)=2(8)
C({8)-C(9)
C({(9)-C(10)
C({il)-C(12)
C(11)-C(15)
C(12)-C(13)
C(13)-C(14)
C{14)~-F (41)
C(14)-F(5)
C(l4)-F (51)
C{14)-F (61)
C{14)-F (4)
C(1l4)-F(6)
C(15)=-C(16)
C(15)-C(20)
C{16)=~C(17)
C(17)-C{18)
C(18)=C(19)
C(19)-C(20)
C(21)~C(22)
C{21)-C(25)
C(22)-C(23)
C(23)-C(24)
C(24)=F(71)
C{24)-F(81)
C(24)-F (8)

C(24)=-F(9)
C({24)-F(91)
C(24)=F (7}
C(25)=-C(30)
C(25)-C(26)

(d) an

2.302(5)
2.304(6)
2.313(6)
2.321(6)
2.323(6)
2.334(6)
2.335(6)
1.235(%)
1.242(10)
1.265(10)
1.261(10)
1.248(10
1.228(9)
1.260(9)
1.244(10)
1.408(12)
1.485(12)
1.384(12)
1.505(13)
1.282(13)
1.309(12)
1.313(13)
1.383(12)
1.3%4(13)
1.360(13)
1.38(2)
1.33(2)
1.381(14)
1.440(12)
1.465(12)
1.393(12)
1.511(13)
1.26(2)
l.28(2)
1.28(2)
1.28(2)
1.301(14)
1.31(2)
1.368(12)
1.386(12)
1.361(14)
1.35(2)
1.38(2)
1.367(14)
1.405(12)
1.500(12)
1.360(11)
1.559(12)

angles (%) [ (PTFA)SEXINET 4.



C{26)-C(2T)
Ct27)y-C(28}
c(28)-C(29)
C(29)-C(30)
C{31)-C(32)
C(31)-C(35)
C(32)-C(33)
C{33)=C(34)
C(34)-F(12)
C(34)}-F(10)
C(34)-F (11}
C(35)-C (40}
C{35)-C(36}
C(36)-C{37)
C({37)-C(38)
C(38)-C(39)
C(39)-C(40)
N{(1}-C{41)#l
N(l)}-C(4l)
N(1)-C(43Aa)
N(1l)-C(43A7) #1
N(L)-C(43)#1
N(1})-C(43)
N(1)}=~C(41Aa)#1
N(1l)—-C(41A)
C(41)-C(42)
C(41A)~C(42)
C(43)=-C(44)
C{4a3n)-C{44)
N{2)-C(51)
N{2)-C(51)#2
N(2)=C(49)
N(2)~C(49)#2
N(2)-C:47)#2
N{(2)=-C(47)
N({2)-C(45)#2
N(2}-C(45)
C(45)-C(46)
C(47)-C{48)
C({49)-C(50)
C(51)-C(52)
O(8}~-Er-0(4)
0 (8)-Er-0(5)
0(4)=Ex=0(5)
QO (8)=EBr-0(2)
Q(4)=-Er—-0(2)
0(5)-Er-0(2)
QO(8)}=Ex-0(7)
0(4)=Exr=0(7)
0(5)-Er-0(7)
C{2)=Ex=0(7)
0(8)-Ex-0(3)
0(4)-Exr-0(3)
0(5)-Exr-0(3)
Q0(2)-Ex=-0(3)
Q(7)-Exr-0 (3}
Q(8}=Er-0(1)
0(4)~Exr-0({1)
O (5)=-Er=-0(1)

1.379(13)
1.38(2)
1.36(2)
1.357(14)
1.416(11)
1.495(12)
1.371(12)
1.538¢(12)
1.306(10)
1.310(1%)
1.314(11)
1.360(12)
1.392(12)
1.38(2)
1.37(2)
1.37(2)
1.370(13)
1.51(2)
1.51(2)
1.55(2)
1.55(2)
1.57(2)
1.57(2)
1.60(2)
1.60(2)
1.42(2)
1.40(2)
1.44(2)
1.46(2)
1.52(2)
1.52(2)
1.54(2)
1.54(2)
1.54(2)
1.54(2)
1.57¢2)
1.57(2)
1.51(2)
1.51(3)
1.51(2)
1.51(2)
142.9(2)
83.5(2)
103.5(2)
113.6(2)
81.5(2)
144.9(2)
74.8(2)
73.5(2)
71.0(2)
141.4(2)
142.7(2)
72.3(2)
73.1(2)
75.6(2)
121.7(2)
74.6(2)
79.2(2)
143.4(2)



C(2)-Zz-0(1)
Q(7)-=z-0 (1)
C{3)-=z-0 (1}
C(1}-0(i)-=x
C(3)-0(2)-=x
C{lL)-C(3)-Ex
C(13)-0(4)-Erx
C(21)-0(5)-Ex
C(31)-0(7)-2zx
C(33)-0(8)-Ex
0(1)=-C(1)-C(2)
0(1)~C(1}-C(5)
C(2)=C(L)-C(5)
C(3)-C(2)-C(1)
0(2)-C(3)-C(2)
0(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}1-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(10)-C(5)-C(1)
C(7)=C(6)-C(5)
C(6)~C(T)-C(8)
C(9)-C(8)-C(T)
C(8)-C(9)-C(10)
C({8)-C(10)-C(5)
0(3)-C(11)-C(12)
0(3)-C(11)-C(15)
C(12)~-C(11)-C(15)
C{13)-C(12)-C(11)
0{4)-C(13)-C(12)
0(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(l4)-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(11)
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)
0(5)-C(21)-C(22)
0(5)=C(21)-C(25)}

]
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106.3(11)
104.6(11)
102.3(10)
115.0(1))
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(%)
127.3(9)
114.6(8)
117.9(8)
111¢(3)
130(2)
1031(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(22)-C(27)-C(25)}
C(23)-C(22)-C(21)}
0(6)=-C(23)-C(22)

C{6)~-C(23)-C(24)

C(22)-C(23)-C(24)
F(71)-C(24)-F (81)
F(8)-C(24)-F (9}

£{71)y-C(24)-F (81)
F(81)-C(24)-F(91)
F(8)-C(24)-F(7)

T(9)-C(24)-F(7)

F(71)-C(24)-C(23)
F(81)-C(24)-C(23)
F(8)-C{24)-C123)

F(9)-C(24)-C(23)

T({91)~C(24)-C(23)
F(7)-C(24)-C(23)

C(30)=C(25)-C(26)
C(30)-C(25)~-C(21)
C(26)=-C(25)-C(21)
C{27)-C(26)-C(25)
C(28)-C(27)-C(26)
C{29)-C(28)-C(27)
C(28)-C(29)-C(30)
C(29)-C(30)-C(25)
0(7)-C(31)-C(32)

0(7}-C(31)-C(35)

C(32)-C(31)-C(35)
C(33)-C(32)-C(31)
0(8)-C(33)=-C(32)

0(8)-C{33)-C(34)

C(32)-C(33)-C(34)
F(12)-C(34)-F(10)
F(12)-C(34)~F(11)
F(10)~C(34)-F(11)
F(12)-C(34)-C(33)
F(10)-C(34)-C(33)
F(11)-C(34)~C(33)
C(40)-C(35)-C(36)
C(40)-C(35)-C(31)
C(36)=-C(35)~C(31)
C(37)-C(36)-C(35)
C(38)-C(37)~C(36)
C(39)-C(38)-C(37)
C(38)-C(39)-C(40)
C(35)-C(40)-C(39)

C{41)#1-N(1)~C(43A)
C{41)-N{(1)-C(43a)#]1
C(41)#1-N(1)-C(43)#1
C(41)-N(1)-C(43)#1
C(43R)-N(1)-C(43)#1
C{41)#1-N(1)-C(43)

C(41)-N(1)-C(43)

C(437)#1-N(1)-C(43)
C(41)=N(1)~C(41A)#1
C{43a)-N(1)=C(41Aa)#1

120.12
122.
133.
112.
114.
1241(2)
126 (2}
107 (2)
£68(2)
82(2)
108(2)
119.8(12)
113.0(11)
112.5(12)
113.1(10)
110.7(12)
110.9(1L)
117.2(9}
124.2(9)
118.6(8)
121.1(10)
119.9(11)
118.1(11)
121.7(11)
120.9(11)
123.8(8)
115.0(7)
121.2(8)
123.8(9)
128.4(9)
113.2(8)
118.3(9)
106.0(9)
107.7(9)
106.4(9)
110.9(8)
110.7(8)
114.6(9%)
119.5(10)
117.8(8)
122.7(9)
120.3(11)
118.6(12)
118.0(12)
122.2(11)
119.4(10)
111.8(13)
111.8(13)
116.5(13)
81.1(13)
105.5(12)
81.1(13)
116.5(13)
105.5(12)
110.2(14)
87.6(13)
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C(43Aa) #1-N(1)-C(41A)#1108.4(12)

C(43)-N(1)-C(41Aa)#1
C(41) #2-N(1)-C(41A)

104.0(12)
110.2(14)



-+

C{a3a)-N(1)-C(41R)
C(e3a)#1-N(1)-C(s&1iA)
C{43)Y#1-N(1)-C(413A)
Ca2)Y-C(41)-N (1)
C(42)~-C(41A)-N(1)
C{44)-C(43)-N (1)
C(44)-C(43A)-N({21)
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(47) #2-N({2)-C(45)#2 107 (2)
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C(S1)-N(2)-C(45) 103.3(12)
C(48)=N(2)-C(45) 101(2)
C(47)-N(2)-C(45) 107 (2)
C(48)—-C(45)~-N(2) 120(2)
C{48)-C(47)-N(2) 118 (3}
C(50)-C(49)-N(2} 116 (2)
C(52)-C(31)-N(2) 110(2)

Symmetry transformations used to generate eguivalent atoms:
#1 «-x+1,y,-z+1/2 #2 =x+2,y,-2z+1/2



Table 4.
Q(B)=Er-0(1)=-C{l)
O(4y-=2x—-0(1)=-C(1)
O(5)-Er=0(1)-C(1)
Q{2}-Er=-0(1)-C{1l)
(L)

0(7)=-Exr-0(1)-C(:
Q(3)-Er-Q(1)-C(1)
0(8)-Exr-0(2)-C(3)
0({4)-Er-0(2)-C(23)
O(5)-Exr-0(2)-C(3)
0{7)-Ex-0{2)-C(3)
0(3)-Exr-0(2)~C(3)
C{l}=Exr-0(2)-C(2)
0(8)-Ex-0(3)-C{11)
0(4)-Exr—-0(3)-C(1lL)
O(5)-Exr-0(3)-C(11)
0(2)-Exr-0(3)-C{1ll)
O(7)-Ex-0(3)~-C({1l1)
0(l)}-Exr=0(3)-C(1l)
O(8)-Ex~0(4)-C(13)
0(5)-Er-0(4)-C(13)
0(2)-Ex-0{4)-C(13)
0(7)-Exr-0(4)-C(13)
O(3)-Er-0(4)-C{13)
O(1)-Er-0(4)-C(13)
0(8)-Er-0(5)-C(21)
0(4)-Ex-0(5)-C(21)
0(2)-Ex-0(5)-C(21)
0(7)-Exr—0(5)-C(21)
0(3)}-Er-0(5)-C(21)
0(1)-Ex=0(5)-C(21)
0(8)=Ex—-0(7)-C(31)
0(4)-Exr=0(7)-C(31)
C(5)=Ex—-0(7)-C(31)
0(2)-Ex-0(7}-C(31)
0(3)-Ex—0(7)-C(31)
0{1)-Ex~0(7)-C(31)
0(4)-Exr—0(8)-C(33)
0(5)-Er-0(8)-C(33)
0(2)-Er-0(8)=C(33)
0(7)-Exr-0(8)—-C(33)
0(3)~-Exz-0(8)-C(33)
0(1)-Ex—0(8)-C(33)
Er-0(1)-C(1)=C(2)
Er-0(1)-C(1)-C(5)
0(1)=-C(1)-C(2)-C(3)
C(5)~C(1)=C(2)=C(3)
Ex-0(2)-C(3)-C(2)
Exr-0(2)-C(3)-C(4)
C(1)=-C(2)-C(3)-0(2)
C(1)-C(2}-C(3)}-C(4)
0(2)-C(3)-C(4)-F(2)
C(2)-C(3)-C(4)-F (2}
0(2)=C(3)=C(4)=-F(3)
C(2) ~C(3)-C(4)-F(3)
0(2)-C(3)—C(4)-F (1}

Torsion angles
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122.
-63.
183.
39.4(10)
-138.3(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)
1€6.0(¢6)
-11.2(14)
165.5(9)
29.6(14)
=152.9(7)
4{2)
=173.3(9)
41(2)
=14C.8(10)
166.0(11)
-16(2)
=-77.6(13)
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5)=C(8)=C(7}=C({8)
{(6)-C(7)~C(B)=-C(D)
C{7)y-C{(8)~C(8)=-C(10)
C(8Y-C(8)r=C(10)=-C (3
C(eY=-C(3)-C(10)1-C (™
C{LH~-C(3)-C(1D0)-C(%)
Er=-Q(3}-C{11)-C(12)
Exr=C(3)=-C(11)=-C(15)
O0(3)-C(i1)-C(12)=-C(1)
C(15)-C{11)-C(12)-C(13)
Er-0{4)-C(13)~-C(12)
Ex-0(4)-C(13)~-C(14}
C(ll)-C{1l2)-C(13)=-0(&)
C{1l)-C(12)-C({13)-C{14)
0(4)=C{13)—-C(14)-F(41)
C(12)-C(13)=-C(14)-F(42)
0(4)-C(13)~-C(14)-F(5)
C(12}=C{13}-C(l4)-F (%)
0(4)=-C(13)-C(14)=F(51)
C(12)-C(13)=-C(14)=-F(51)
0{4)-C(13)-C(14)-F(61)
C(12)-C(13)-C(14)-F(61)
0({4)-C{(13)-C(14)~F(4)
C(12)-C(13)-C(14)~F(4)
0(4)-C(13)-C(14)-F(6)
C(12)=-C(13)-C(14)-F (6)
0(3)-C(11)=C{15)-C(18)
C(12)-C({11)-C(15)~-C (16}
0(3)-C(11)-C{15)-C(20)
C(12)-C(11)-C(15)-C(20)
C(20)-C{15)-C(16)=-C(17)
C(11)-C(15)-C(16)—-C(17)
C(15)-C(16)—-C(17)-C(18)
C(le)=C(17)-C(18)-C(19)
C(17)-C{18)-C(19)-C(20)
C(18)-C(19)-C(20)-C(15)
C(16)—-C({15)-C(20)-C(19)
C({il)-C(15)=-C(20)-C(19)
Exr=-0(5)~C(21)-C(22)
Er-0(5)-C(21)-C(25)
Q(5)-C(21)-C(22)-C(23)
C(25)-C(21)~-C(22)-C(23)
C(21)~-C(22)=C(23)=0(6)
C(21)=C(22)-C(23)-C(24)
0(6)-C(23)-C(24)-F(71)
C{22)-C(23)=-C(24)-F(71)
0(68)—-C{23)-C(24)-F (81)
C(22)-C(23)-C(24)-F(81)
0(6)-C(23)=C(24)-F(8)
C(22)-C({23)~C(24)-F (8)
C(6)-C(23)-C(24)-F (D
C{22)~C(23})=C(24)=F(9)

C{2)=C(3)-C{a)=-F (1)

O{1)-C(2)-C(3)-C(8)

C2)y=-c(-C(z)y-C(9

C{L)-C(L)-C(2)y=-C(10)
S{2Y-C(LYy-C(=r-C (10
T{10)=C(3)=C(8)=C(7)
C{L)=C(5)=C(2y=-C(7)
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T(2)
5a(°)
-122(2)
=-31(2)
84(2)
153.€6(14)
-31(2)
=-45(2)
130¢2)
-8.1(14)
173.5(10)
171.1(9)
-7.3(14)
02y
178.8(11)
1(2)
=-1(2)
i(2)
-1(2})
0¢2)
=178.9(¢(1d)
=10.0(14)
173.3(5)
2(2)
178.1(8)
1(2)
179.8(8)
178(2)
=1{2)
18(2)
-162(2)
32(2)
=127(2)
=87(2)
83(2)



0(6)-C(23)-C(24)~F(81)
C(22)~C(23)-C(24)-F(91)
0(6)-C(23)~C(24)-F(7)
C(22)-C(23)-C(24)-F(7)
0(5)-C(21)-C(25)-C(30)
C(22)-C(21)-C(25)-C(30)
0(5)-C(21)-C(25)~C(26)
C(22)-C(21)-C(25)~C(26)
C(30)~C(25)-C(26)-C(27)
C(21)-C(25)-C(26)~C(27)
C(25)-C(26)-C(27)-C(28)
C(26)-C(27)-C(28)-C(29)
C{27)-C(28)-C(29)-C(30)
C(28)-C(29)~C(30)-C(25)
C(26)-C(25)-C(30)-C(29)
C(21)-C(25)-C(30)-C(29)
Er-0(7)-C(31)-C(32)
Er-0(7)-C(31)-C(35}
0(7)-C(31)~C(32)=-C(33)
C(35)-C(31)-C(32)-C(33)
Er-0(8)-C(33)~C(32)
Er-0(8)-C(33)-C(34)}
C(31)-C(32)-C(33)-0(8)
C(31)-C(32)-C(33)-C(34)
0(8)-C(33)-C(34)~F(12)
C(32)-C(33)-C(34)-F (12)
0(8)-C(33)-C(34)-F(10)
C{32)-C(33)-C(34)-F(10)
0(8)-C(33)-C(34)-F(1l)
C(32)-C(33)-C(34)-F(11)
0(7)-C(31)-C(35)-C(40)
C(32)-C(31)-C(35)-C(40)
0(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(38)-C(40)-C(35)

Symmetry transformations used to gencrate equivalent atoms:
#1 -x+1,y,-2+1/2

=37(2)
123(2)
142(2)
=3€(2)
156.2(9)
-2C.7(14
-23.4(12)
158.7(9)
€.3(14}
-180.0(9)
-3(2)
3(2)
-1(2)
-1(2)
1.5(14)
-178.2(%)
20.4(12)
-161.4(5)
C.4(14)
-177.8(8)
-15.7(14)
162.4(6)
=3(2)
172.4(8)
64.0(11)
=-117.7(10)
=53.4(11)
124.8(10}
-173.8(8)
4.5(13)
21.1(12)
-160.6(8)
=157.9(9)
20.4(13)
-2(2)
177.2(8)
3(2)
-2(2)
0(2)
-1(2)
=-178.5(9)
2(2)

#2 —-x+2,y,-2+1/2



Table 5. Eydrogen coordinates and isctropic displacement
parameters (A° x 10°) Zcx 1 (PTFA)4Ex]NELS.

~ vV =
£(23)  0.2372(5) 0.0660 (4) 0.5489(S)
E(28)  0.3122(3) 0.0821 (4) 0.5816(5)
B(8) 0.3171(5) 0.248312(5) 0.6188(5)
B(75  0.3501(3) 0.2959 (5) 0.5574(8)
B(6)  0.3602(8) 0.2636 (8) 0.2638 (6)
5(9)  0.3460(7) 0.1663(6) 0.4398(€)
£(10)  0.3150(5) 0.1039(5) 0.5012(5)
E(123) 0.1226(4) ~0.0214(4)  0.6085(3)
E(128) 0.0657(4) 0.0203 (4) 0.6103(5)
E(16)  0.2040(5) 20 8255(5)  0.8332(8)
£(17)  0.1835(7) -C.102645)  0.8862(7)
BE(18) 0.0979(7) = .1646(6) 0.8174(8)
E(19)  0.0312(6) -0.1489(5)  0.6956(7)
£(20)  0.0528(5) ~0.0709(5)  0.6434(6)
H(223) 0.3214(a) 0.1441 (4) 0.9644 (5)
B{22B) 0.2703(4) 0.0940(4) 0.9478 (5)
E(26) 0.1666(5) 0.2496 (4) 0.8175(5)
£(27)  0.1081(3) 0.3103(5) 0.8506(6)
H(28) 0.0994(8) 0.2869 (6) 0.9495 (7)
E(29)  0.1570(5) 0.2085 (6) 1.0191(6)
£(30) 0.2195(5) 0.1507 (5) 0.9911(5)
B(322) 0.3197(5) 0.3083(4) 0.7820 (a)
B(32B) 0.2944(5) 0.2900 (4) 0.8331(4)
H(36) 0.2488(8) 0.3841 (4) 0.7436(6)
E(37) 0.1687(8) 0.2560 (6) 0.6863(7)
B(38) 0.0584(7) 0.4291 (8) 0.6184(7)
B(39)  0.0308(6) 0.3314(5) 0.6034(6)
B(40)  0.1099(5) 0.2595(4) 0.6536(5)
B(41A) 0.4145(8) 0.3733(11)  0.1638(12)
H({41B)} 0.4047(8) 0.4207¢{11) 0.2089(12)
H{41C) 0.4727(11) 0.48865(8) 0.2234(11)
H{41D} 0.5077(11) 0.4614(8) 0.1843(11)
B(43A) 0.4981(10)  0.3092(8) 0.2706 (12)
H(43B) 0.5528(10)  0.3428(8) 0.3373(12)
H(43C) 0.2220(9) 0.4233(10)  0.2919(12)
B(43D) 0.4083(5) 0.3746(10)  0.2336(12)
H(45A) 1.0685(11)  0.3904(13)  0.3504(9)
H(45B) 1.0619(11)  0.4586(13)  0.3514 (5)
H(46A) 1.026(2) 3.416(2) 0.422 (2)
B(46B) 0.973(2) 0.379(2) 0.357(2)
H(46C) 0.966(2) 0.448(2) 0.358(2)
H(47a) 0.8310(11)  0.4785(10)  0.173(2)
H(47B) 0.9206(11)  0.4712(10)  0.238(2)
E(48A) 0.951(4) 0.5668(11)  0.233(6)
B (48B) 1.016(4) 0.5452(11) 0.238(86)
H(48C) 1.006(4) 0.5379(11)  0.304(€)
A(492) 0.9351(12)  0.3659(9) 0.2557 (13)
H(49B) 0.9283(12)  0.3659(9) 0.1802(13)
B(50a) 0.5708 0.2768(9) 0.2363
o B(50B) 1.0308 0.3089(8) 0.3007
B(50C) 1.0239 0.3089(9) 0.2249
H(51A) 1.0780(9) 0.465(2) 0.2543(13)
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H(513)
B(32a)
B(528)
E{522C)

1.0883(9)
1.065(2)
0.938(2)
1.008(2)

OO OO0

-400(2)
.435(3)
.461(3)
.393¢(3)

0.2579(13)
0.146(2)
0.132(2)
6.136(2)

13.6
17.6
17.6
17.6



Table 6.

Anisotropic parameters (A" x 107) for [ (PTFA)4Er]}NEt4.
The anisotropic displacement factor exponent takes the form:

-2 pi? { n? a*? U1l + ..

.+ 2 hk a* b* U12 ]

Ull U22 U33 U23 013 u12
Ex 4,.52(2) 4.574(2) 3.35(2) -0.43(2) 1.76(2) -0.07(2)
0{l) 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) 8.9(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 (3) 6.8(4) 6.2(4) 4.2(4) =1.0(3) 3.2(3) =0.1(3)
0 (&) 5.4(4) 5.8(4) 3.5(3) 0.1(3) 1.6(3) 1.6(3)
oM 7.0(4) 4.1(4) 5.2(4) =0.2(3) 2.6(3) ~0.2(3)
0(8) 5.4(4) £.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)
Cc(2) 5.1(6) 8.2(8) 5.3(6} =1.3(86) 2.6(5) 0.0(5)
C(3) 5.4(6) 4.9(6) 7.0(7) -0.8(3) 3.5(5) 0.2(5)
C{4 15.1(12) 6.6(8) $.4(9 =2.5(7) 7.6(9) 0.3(8)
F(1) 17.7(8) 8.3(6) 26.1(11) -1.7(6) 13.1(8) 3.3(6)
F(2}) 17.6(7) 7.8(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) 5.7(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(%) 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(1ll) 5.2(6) 6.5(6) 5.3(6) 1.2(5) 3.2(5) 0.9(5)
C(12) 4.7(6) T.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) =0.31(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) 28(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) S.6(7) 10.6(9) 6.2(7) 2.8(6) 1.3(6) =1.2(6)
C(1?) 8.5(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(8B) 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(8) -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(3)
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(T) 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 (%) -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)



ctz7)
c(28)
c(2%)
C(30)
C(31)
C(32)
C(33)
C(34)
F (10}
F(ll}
F(12)
C (35}
C(36)
C(37}
C(38)
C(3%)
c(40)
N(1l)
c(41)
C(41R)
c(42)
C(43)
C{43a)
C(44)
N(2)
C(495)
C(46)
C(47}
C(48)
C(49)
C(50)
C(51)
C(52}

.6 (7)
.6(8)
-4(8)
L1(7)
.8(6)
-5(7)
.74{5)
L9(7)
.8(5)
.0(5)
.0 (4)
L0(7)
.4(8)
.8(13)
.2(10)
.7(8)
.5(6)
.1(10)
.0(13)
(2)
(2)
.2(12)
5.2(13)
12.7{(11)
6.4(9)
8(2)
10(2)
7(2)
31(8)
13(2)
21(3)
6(2)
12 (3)
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14(3)
4.5(13;
14.0(14)
8(2)
11(2)
12.5(12)
11.1(13)
12 (2)
15(3)
17(3)
8(2)
18(3)
8(2)
19(3)
13(4)
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{10)
9 (%)
8.6(8)
€.8(7)
13.4(12)
22(4)
14(2)

12.3(13)
12(2)
15(2)
15.0(13)
8.1(10}

12(2)
10(2)
17(3)
34(5)

6(2)
15(2)
10(2)
12(3)

5.0(7) 1.4(86)
6.8(8) 0.5(7)
5.2(7) -0.2(8)
4.7(6) -0.7(86}
2.8(4) -0.9(4)
3.2(5) -2.4(6)
2.5(5) ~0.2(5)
2.7(86) -1.9(6)
1.1(4) ~2.4(3)
2.2(4) -2.7(4)
3.2(4) =2.8(4)
£.7(5) -0.4(5)
3.5(6) 0.0(6)
7.2(10) 0.8(10)
3.7(8) 3.4(8)
3.6(7) 0.5(7)
2.2(6) 0.6(5)
8.0(10) 0.0
3(2) 0(2)
10(2) =1(2)
5.3(12) 3.7(12)
4(2) 2.5(13)
6(2) «1.8(14)
8.9(11) 0.3(10)
1.7(9) 0.0
2(2) =-1(2)
7(2) =1(3)
7(2) 7(2)
20(7) =2(4)
3(2) -4 (2)
11(2) 0.0
5(2) 2(2)
8(3) =2({3)

















