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Repeat Sequence Fluorene-Co-Methylene Polymers and Phosphorescent Mercury
Sensors

Robert W. Walters, PhD

University of Pittsburgh, 2009

The synthesis of liquid crystalline alternating copolymers containing exact segment lengths of
fluorene and methylene units is described. The copolymers were made by first assembling the
9,9-bis-(2-ethylhexyl)-flourene oligomers with repeat units of 3-8 followed by attachment of
alkyl groups with terminal olefins capable of undergoing acyclic diene metathesis (ADMET)
polymerization. The photophysical and thermal properties of these polymers were studied and
are described. The absorption and emission maximums as well as the liquid crystalline transition
temperatures are directly related to the number of repeat fluorene and methylene units contained
in each segment.

Two different mercury sensors that use long lived luminescence as the detecting signal
are described. The long lived emission allows for time resolved emission spectroscopy that can
eliminate background noise that is problematic in detecting very low levels of mercury in
samples. Both sensors use mercury coordinating species based upon thymine groups that are
capable on binding mercury ions selectively over other metal ions that may be present in
mercury containing samples. The two sensors differ greatly in the mechanism for the generation
of long lived luminescence. One is based on phosphorescent 2-phenylpyridine iridium
complexes and the other is based upon fluorene sensitized europium complexes. The two
sensors both show the ability to detect mercury ions at 10 molar levels and it is believed that the
detection level should be even lower when time resolved emission spectroscopy is used. The

v



iridium sensor shows a quenching of phosphorescence in the presence of mercury and the
europium sensor shows an increase in the long lived luminescence but a decrease in fluorescence

in the presence of mercury ions.
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1.0 FLUORENE-co-METHYLENE POLYMERS (PFMs)

11 INTRODUCTION

1.1.1 Overview and Relationship to Previous Work

An incomplete series of fluorene-co-methylene repeating sequence copolymers (RSCs) with
similar structures to the polymers made and discussed in this work had been made by a previous
Meyer group member (James Copenhafer). My initial work on this project began with the
completion of the work on this project which included the synthesis of two new polymers
(Figure 1.1 and Table 1.1) to complete the series and the repeat synthesis of a previously made
polymer that had a very low molecular weight. [ acquired the absorption and emission
spectroscopic data for these three polymers and recollected the thin film emission spectra for all
the polymers in this series for publication. Finally, I determined the thermal properties by DSC
(differential scanning calorimetry) for a subset of these polymers. Since this work has been
previously published' and discussed in Copenhafer’s thesis, the experimental details for
synthesis of these polymers are included in the experimental section but neither the synthetic
schemes nor the spectroscopic data for these polymers will be discussed in detail herein. Instead,
this chapter will focus on the synthesis of a new set of fluorene-co-methylene RSCs that were

completely synthesized and characterized by me and have not yet been reported in the literature.
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L 4 n
P(FxMy)

Figure 1.1. General structure of polymer series started by Jim Copenhafer and finished by the author of this
dissertation, Robert Walters. Fy = number of repeat fluorene units and M, = number of repeat methylene units.

Table 1.1. Summary of polymers prepared in the Copenhafer series.
Polymer” Fluorene Methylene Synthesized

Repeat Repeat Byb

Units Units
p(F1Myo) 1 10 J.C.
p(F2Myo) 2 10 J.C.
P(FsM1o) 3 10 JC.
p(F4Myo) 4 10 R.W.
p(F1M3s) 1 18 J.C.
P(F2M1s) 2 18 JC.
p(F3M3s) 3 18 J.C.
p(F4M3s) 4 18 J.C.
P(FsMs) 5 18 R.W.
p(FsM3s) 6 18 R.W.
p(F7M3s) 7 18 J.C.
P(FsMs) 8 18 JC.

* F = fluorene units, M = methylene units
®J.C. = Jim Copenhafer; R.W. = Robert Walters.

The polymers discussed in this dissertation (Figure 1.2 and Table 1.2) differ from the
Copenhafer materials in that they bear a 2-ethylhexyl substitution on the fluorene unit and as a
consequence exhibit enhanced liquid crystalline properties. The enhancement of the liquid
crystalline properties was important to our goal of correlating sequence with phase transition

behavior. The repeating sequence structure of these polymers was characterized by NMR



spectroscopy and the photophysical properties and thermal properties of these polymers were
also studied. We report herein on our findings that confirm that the photophysical properties and
the transition temperatures of the liquid crystalline phases do, in fact, depend on the sequence of
fluorene and methylene repeat units. The ability to control the photophysical and thermal
properties of the polymers is of importance for their potential use in organic light emitting
devices where control of the desired frequency of emission and stable thin film forming

properties are necessary.

/

C-Opey
[ ' dn
p(ehFy,My)

Figure 1.2. General structure of the RSC series with enhanced liquid crystal behavior discussed in this work.

Table 1.2. Summary of polymers from the series bearing branched substituents on the fluorene units.

Polymer® Fluorene = Methylene
Repeat  Repeat Units
Units
p(ehFsMyy) 3 10
p(ehF3Myg) 3 18
p(ehF4Myp) 4 10
p(ehF;Mag) 4 18
p(ehFsMyy) 5 10
p(ehFsMag) 5 18
p(ehFsMyg) 6 18
p(ehF7Myg) 7 18
p(ehFgMys) 8 18

* ehF = 2-ethylhexyl fluorene; M = methylene




1.1.2 Repeating Sequence Copolymers (RSCs)

The fluorene-co-methylene polymers, whose preparation and characterization are
discussed herein, belong to a unique architectural class of macromolecules known as repeating
sequence copolymers (RSCs) (Figure 1.3). The study of copolymers with exact lengths of the
repeating units is an interesting approach for the design of high performance polymers. It is
hoped that by controlling the lengths and functionality between the linking groups the physical
and photophysical properties of the polymers can be controlled to a greater extent than the
randomly distributed polymers that are often made. For example, the fine tuning of the polymers
physical properties could lead to improved performance of the polymers used in the medical and

electronics fields.

Homopolymer

1000000000000000000000000000000000 -

Diblock copolymer Common
10008008888888888! - OO0k polymer
Alternating copolymer \ architechtures

8 6666066066666 C66C 1

Random copolymer

08 ____ 66 86 800098 S __ O & _

4,2-Repeating sequence copolymer Proposed

Sloose _eves eses eese eses n } repeating

1,3,2-Repeating sequence copolymer sequence

polymers
¢ NG _EEG _ ENG _ ENG _ EmF (RSC's)

Monomer A O Monomer C
Monomer B

Figure 1.3. Examples of common architectures and comparison with the repeating sequence architecture.

Polyamides,” polyurethanes,’ polyesters,* > etc. copolymers with exact segment lengths
have properties that are dependent upon the sequence and the number of repeat units of the
monomers. The hydrogen bonds that are formed between the urethane and amide linkages for

example can control the melting and flow temperatures of the copolymers. Although examples



of copolymers with exact segments lengths have been demonstrated, most of the polymers with
these common linkages have segments with inexact or oligomeric spacers.  For example
polyurethanes are typically made by reacting diisocyanates with oligomeric or polymer diols
with repeating ether groups with imprecise segment lengths.*”

Many main chain liquid crystalline polymers also have a repeating-sequence-like
structure and the thermal properties of these polymers are often dependent upon the lengths of
the spacing segment.'” These copolymers usually contain aromatic mesogenic functionalities
with alkyl, ether, or ester spacing groups. In most studies, only the segment length of the spacer
group is changed and the mesogenic segment remains at a constant length. The inability to alter
both of the repeating segments in these polymers limits the ability to have the control over the
physical properties of the polymers that we desire in our work on RSCs.

Recently, biodegradable polymers with repeating ester groups'' and combinations of
ester and amide groups'> * have been reported. The exact sequence control is of interest for
controlling the degradation rates as well as the thermal and processing properties of the
polymers. In particular the work by Tetsuka et al demonstrated a large number of polymers
(Figure 1.4) with different numbers of methylene spacers between ester and amide linkages as
well as varying number of oligoester repeat units.'””> The melting temperatures and tensile
strength of the polymers were related to the spacing of the amide groups by both the methylene

units and the oligoester groups.

Q Q\ H B O Q
O—(CHy),70-C—(CH,)4-C—N—(CH,);N—L—(CH,),
m

Figure 1.4. Structure of repeating sequence copolymers made by Tetsuka and coworkers.
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Other studies of RSCs have shown the effect of branching and of various

. . 17-20
substitutions'’

on polyethylene where the distance between substitutions is controlled (Figure
1.5). In most cases these model polymers were made to understand the relationship of random
copolymers to copolymers with specific sequences. The model polymers were made by acyclic
diene metathesis (ADMET) to mimic random polymers of ethylene copolymerized with halogen
or alkyl substituted ethylene as well as copolymers of ethylene and acrylic acid. The thermal

properties of the polymers were shown to be dependent of the exact sequence of the polymers

when compared to the random copolymers.

CHg Ox-OH F Cl
n n n n

Figure 1.5. Poly(ethylene) based copolymers with exact segment control made by Wagener and coworkers.'*!

1.1.3 Organic Electronics and Devices

The fluorene segments in the RSCs discussed herein are of particular importance because
polymers and oligomers that contain fluorene repeat units have been shown to exhibit conductive
and emissive properties that make them suitable for applications in electronic devices.”” The use
of organic materials in electronic devices is an area of great focus in the fields of chemistry and
materials science. The advantages of replacing traditional inorganic based materials with
organic molecules, such as fluorene, include more economical manufacturing processes and the
potential for improved performance. As such, organic electronic materials are being studied for
use in organic field effect transistors (OFETs), organic light emitting devices (OLEDs), and solar

cells.”® The study of these materials for OLEDs is of importance because of their use as highly



efficient next generation displays and lighting applications. Organic solar cells can offer
improved efficiencies of energy generation from solar radiation.”

The growing field of organic electronic materials can be traced to the original Nobel prize
winning work on conducting polymers by MacDiarmid and coworkers.”’ Since their discovery
of doped polyacetylenes, many conjugated polymers with conductive properties have been
reported: polythiophenes,?® polyaniline,”” polycarbazoles,”® and polyfluorenes® (Figure 1.6).
Structural modification of the conductive polymers to improve the bulk packing of the

conjugated groups has resulted in significant improvements in conductivities compared with the

early generation polymers.

R s
S N R R
< Tor O] {00
a b c d
Figure 1.6. The structures of various conjugated polymers: (a) polyaniline, (b) polythiophene, (c) polycarbazole,
and (d) polyfluorene.

Organic electronic materials, both polymers and small molecules, have been heavily
studied due to their potential for use in next generation displays or in highly efficient lighting
systems when incorporated into OLEDs.”! The OLED structure in the simplest form contains an
anode and cathode with an electroluminescent organic layer sandwiched between them. The
recombination of the hole (radical cation) and the electron (radical anion) in the organic layer
creates excitons or excited states that can then emit light.*> The higher efficiency of light
generation for OLEDs when compared to conventional lighting systems is appealing for obvious
reasons. OLEDs high efficiencies are also of interest for hand held electronics where power
consumption of the display and battery lifetimes are interrelated. Two different families of

OLEDs are currently being developed. Small molecule OLEDs generally rely on the vapor



deposition of the multiple layers needed to create a high performance device. The high cost of
vapor deposition makes this method less desirable than polymer OLEDs (or PLEDs) where the

organic layers can be formed by ink jet printing.”

1.1.4 Fluorene Based Polymers and Oligomers as Electroactive Materials

The emission color of the polymer OLEDs is of one of the major factors in determining which
polymers are most used. Blue, green, and red light are all necessary for the generation of a full
color display or for the formation of white light. Materials such as poly(phenylenevinylene) and
derivatives have been used as green emissive polymers. Polyfluorene is often doped with small
molecule red emitting materials to generate the red light component by energy transfer from the
wider band gap host to lower band gap emissive dopant material.**

The most important family of polymeric blue emitting materials is based upon
polyfluorene, which is a widely studied conjugated polymer with a unique set of optical,
electronic, and physical properties that make it appealing for a variety of applications including
organic light emitting diodes (OLEDs) and organic field effect transistors (OFETs).”' The

polymer has a high quantum yield of blue emission necessary for full color or white OLED:s.

Recent research on polyfluorene or oligofluorenes has focused on improving the emission color

35-40 41-48

and efficiency or the photo and electroluminescent stability of the material. Additional
work has focused on the liquid crystalline properties of the materials that allows for their
alignment and subsequent generation of polarized blue light or improvement of conductive
properties.” The polarization of the light is an area or interest in LCD technology where 50% of

the light generated by the back plane is lost by the absorption of the cross polarized films. If



polarized OLEDs could be used as the back plane light source then the first polarized film could

be removed and a theoretical increase of 50% in the efficiency of the display would be obtained.
Shorter chains of fluorenes have also proven useful because of their inherent tunability.

The number of repeat units in an oligofluorene can be altered to directly control the emission

color of the material 2% >34

Thermal properties of these oligomers are also controlled by the
number of repeat units. One limitation of these systems is the difficulty in making usable films
for devices because of the potential for crystallization to occur during printing or spin casting
techniques unless the oligomers have a large number of repeat units. The incorporation of the
oligofluorenes into a polymer backbone separated by methylene spacing groups, such as the ones
described herein, is one way to avoid film forming problems since polymers are know to be well
behaved in the film forming process.

Many conjugated copolymers have been made with fluorene units and other aromatic
optically active groups that alter the emissive and conductive properties of the polymer. The
pure blue emission of oligofluorenes is often lost in these copolymers. The spacing of
oligomeric fluorenes by optically inactive groups has been demonstrated prior to our work,” >
but these examples used either ether or ester linking groups in the spacers which are potential
sites of degradation in OLEDs.

In this report oligofluorene-co-methylene polymers with tunable emission properties and
liquid crystalline phases are discussed. Previous work, initiated by James Copenhafer and
continued by the author of this thesis, in the Meyer group has shown photophysical and thermal
properties of oligomeric fluorenes with methylene spacers. The published initial results

demonstrated that by spacing the conjugated oligofluorenes with an optically inactive and inert

methylene spacer, the desirable properties of the oligofluorenes could be combined with the



desirable film forming and processing properties of the polymers.' The polymers did not exhibit
any liquid crystalline properties and these previous results will be discussed only briefly in this
report. None of the previous reports of block copolymers containing oligofluorenes as well as

optically inactive spacer groups demonstrated liquid crystalline properties.”™ >

1.1.5 Liquid Crystalline Polymers

One of the properties that would be expected to respond strongly to changes in sequence in
polymeric RSCs is liquid crystallinity. Many liquid crystalline main chain polymers have been
studied and have been shown to have interesting thermal, physical, and optical properties.’” *®
Main chain liquid crystals polymers have mesogenic units as part of the back bone of the
polymer. These mesogenic groups can orient themselves into ordered phases that have both
properties of both liquids and crystals. There are numerous phases possible for these materials
and Figure 1.7 shows three of the more common phases seen. As can be seen in Figure 1.7, the
nematic phase has less order than the smectic A phase since there is only orientation in one
direction. Liquid crystalline polymers can have multiple phases that present themselves at
different temperatures. The crystal to smectic to nematic to isotropic phases would appear as an
increase in temperature causes more disorder in the system. The liquid crystalline phases can be
examined by polarized optical microscopy. When the materials are in liquid crystalline phases
they cause a twisting in the phase of the light. Cross polarized lenses are used and no light is
passed through unless the sample causes a twist of the light. A sample in its isotropic or random

phase appears dark but a nematic phase sample allows light though and gives the appearance of a

distinctive texture.
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Figure 1.7. A visual representation of the alignment of mesogens in the three most common liquid crystalline
phases.

1.2  SYNTHESIS OF PFMS

1.2.1 Introduction

9
1 8
2 )
3 1 5 6

Figure 1.8. The numbering convention for fluorene.
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Synthesis of fluorene-containing materials most often involves the reactions involving the 2-, 7-,
and 9-positions of fluorene. Figure 1.8 illustrates the numbering scheme of fluorene. The 9-
position is often substituted by deprotonation and subsequent quenching with an electrophile in a
Sn2 reaction. The 2- and 7-positions are the sites where electrophilic aromatic substitutions are
most likely to occur. Thus, the 9-position can be bis-substituted with a variety of alkyl groups

and the 2- and 7- positions are often brominated or iodinated for further manipulation.

S0

p(ehFyMys) s(ehF,Myg)

|

MesSi Q'O fiMe3 —— | Q'O I

X

Si-ehF,-Si l-ehFye|

Figure 1.9. Retro synthetic reaction scheme for the formation of the poly(fluorene-co-methylene) polymers.

The general synthetic approach to the PFM RSCs is shown in Figure 1.9. The formation
of p(ehFxMjg) with varying fluorene repeat units and different alkyl substitutions was
accomplished by ADMET polymerization of bis terminal olefin monomers s(ehFxMsg). The
terminal olefin monomers were prepared from the bis iodo oligomers I-ehFy-1 through alkyl-aryl
Suzuki couplings. Deprotection of the bis silyl groups Si-ehFy-Si allowed for the formation of
the bis iodo fluorene oligomers. The synthetic methodologies developed by Geng et al>® were

used for the synthesis of oligomeric fluorenes with either n-hexyl or 2-ethylhexyl alkyl side
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chains at the 9-position. By incorporating a convergent/divergent methodology, many of the
same synthetic intermediates were used in the synthesis of oligomers with different numbers of
repeat units. The synthetic procedures also allowed for exact control over the number of repeat

units in the oligomer.

1) n-BulLi
2) CISiMeg ICl
Orer 252 Grame, 2o G

Figure 1.10. The trimethyl silyl protection and deprotection of aryl halides.

One of the most commonly used techniques in our synthetic approach used to prepare the
RSC segmers is the protection and subsequent deprotection of aryl halogen groups (Figure 1.10).
The use of trimethyl silyl groups as halogen protecting groups allows for the generation of the
oligomers with only one challenging Suzuki coupling involving the mono substitution of 2,7-
dibromofluorenes. This methodology was first developed for the synthesis of oligomeric
phenylenes with precise control over the number of repeat units.”” ®° Aryl trimethyl silyl groups
were incorporated by lithium-halogen exchange and the subsequent quenching with
chlorotrimethylsilane. The deprotection of the trimethyl silyl groups was accomplished with
iodine monochloride to form iodo groups. The deprotection reaction is nearly quantitative which
is necessary for the synthesis of higher oligomers where separation of starting materials and

products is very difficult.
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9-hex-5-enyl-9-BBN 9-dec-5-enyl-9-BBN

M
&

Figure 1.11. w-Alkenyl boranes used in this work and a representative alkyl-aryl Suzuki coupling reaction.

Another important reaction in our synthetic approach is the Suzuki coupling reaction,”

which is the methodology employed for the formation of aryl-aryl bonds and is used extensively
in this reaction scheme to make exact fluorene segments. Suzuki methodology was also used for
coupling of the aryl iodides with w-alkenyl boranes to form the segmers that can then be
polymerized with metathesis reactions.®*

The key reaction in our synthetic scheme is the ADMET polymerization technique
(Figure 1.12) originally developed by Wagener and coworkers using ruthenium based olefin

metathesis catalysts.>%

The ADMET polymerization reaction is capable of making polymers
with exact sequence control. The loss of ethylene, which is the only byproduct in the reaction,
shortens the methylene chain by two carbon atoms relative to the starting material. Since the
purification of the polymers is important for OLEDs, where impurities have been shown to be a

cause of degradation, the lack of other by-products is a significant advantage.®” ADMET is also

attractive because Wagener has also shown that the disubstituted olefin formed in the ADMET

14



reaction can be hydrogenated by the same ruthenium catalyst when silica gel and hydrogen gas is

added to the reaction.®

\
Ii’(Cy)s Mes-N._N-Mes
Cla Ph
‘Ru~/ Cl Ph
o R
P(CY)s |
P(Cy)s
Grubbs I Grubbs Il

Gubbs | or Il

Figure 1.12. Grubbs I and II catalysts and a representative ADMET polymerization.

1.2.2 Naming Conventions

A) B)

wo Y Ty ST
2

5
B-ehF,-Si Si-F5-Si

Figure 1.13. Examples of fluorene units with various substitution patterns provided to illustrate the naming
convention.

15



Descriptive abbreviations for the intermediates and final polymer products will be used through
the remainder of this chapter due to the complexity of the IUPAC names of such materials.
Synthetic intermediates will be designated by the functional end groups as well as the alkyl
substitution on the 9-position and the number fluorene units. For example the name B-ehF,-Si,
shown in Figure 1.13A, indicates a bifluorene unit with the 9-position being substituted with bis
2-ethylhexyl groups. The B indicates one end has a boronic acid functionality and the Si
represents a trimethyl silyl group on the other end of the fluorene unit. The other end groups
used in this work are Br for bromine and | for iodine. Fluorene units with n-hexyl substitutions
at the 9-position are represented as a simple F. For example, Si-Fs-Si is the abbreviation for the

material shown in Figure 1.13B.

s(ehFzMyg)

8

p(ehF3Myg)

Figure 1.14. Structures of the trifluorene segmers and polymers.
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Segmers and polymers are represented by a slightly different nomenclature (Figure 1.14).
For example s(ehF3Mig) represents a segmer with 3 fluorene repeat units and two 10-carbon
terminal alkene arms. This segmer would then be used to make the polymer p(ehF3Mig) via
ADMET polymerization. One carbon from each terminal olefin arm is lost during ADMET

creating an 18-methylene chain designated as Mig.

1.2.3 Synthesis of Monofluorene Intermediates

Br Q. SiMes;
Br-ehF-Si
OO L5 OO
88% 100% 91%

Br-ehF-Br

Me;Si O. SiMe;

Si-ehF-Si

iv
Br-ehF-Si —= (HO),B @.O SiMes
7%
B-ehF-Si
Scheme 1.1. Synthesis of monofluorene derivatives. (i) Br,, FeCl;, CHCl;, 0 °C to RT. (ii) KOH, TBABr, 2-

ethylhexyl bromide, toluene, water, 80°C, 2 h. (iii) nBuLi, C1SiMes, THF, -78 °C to RT. (iv) nBuLi, B(OiPr);, THF,
-78 °C to RT.
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The monofluorene synthetic intermediates, 2,7-dibromofluoene, Br-ehF-Br, Br-ehF-Si,
and B-ehF-Si, were prepared in multi-gram quantities using established methods (Scheme 1.1).
The bromination of fluorene with bromine and FeCls, as the catalyst, produced 2,7-
dibromofluorene in an 88% yield on a 100 g scale with recrystallization being the only
purification step.”® The alkylation of 2,7-dibromofluorene was performed with toluene, aqueous
KOH, TBABE, and 2-ethylhexyl bromide at 80 °C for 2 h to produce Br-ehF-Br in a quantitative
yield on a 100 g scale. These reaction conditions offer a significant advantage over the more
commonly used alkylation in DMSO with KOH and 2-ethylhexyl bromide.” It was found that
DMSO reaction was quite slow and purification was difficult.

The synthetic methods of Geng et al.”> were used for the synthesis of Br-ehF-Si and B-
ehF-Si. Lithium-halogen exchange with one of the bromo groups of the dibromo Br-ehF-Br
with n-butyllithium at -78 °C followed by quenching with trimethyl silyl chloride gave Br-ehF-
Siin a 91% yield. The reaction does not produce the desired product exclusively since both the
starting material and the bis silyl Si-ehF-Si product, which are not separable by chromatography,
are present in the crude mixture as determine by GC-MS. Although these impurities are
inseparable at this stage, they are easily separated from the products formed in subsequent
reactions with this mixture of compounds. The metal halogen exchange of the bromo group of
Br-ehF-Si with n-butyllithium at -78 °C followed by quenching with triisopropyl borate and the

subsequent hydrolysis gave the boronic acid B-ehF-Si in a 77% yield.
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1.2.4 Synthesis of Bifluorene Intermediates

B-ehF-Si + Br-ehF-Si — > Me3Si Q.O SiMes Q.O
86% 0%

Si-ehF,-Si I-ehFp-l
, i v
B-ehF-Si + Br-ehF-Br — =  Br Q. SiMe; —* (HO),B . SiMe3
49% 2 50% 2
Br-ehF,-Si B-ehF,-Si

Scheme 1.2. Synthetic route to bifluorene building blocks. (i) Pd(PPhs)s, 2 M K,CO;, TBABr, Toluene, 75 °C, 24 h
(i1) IClL, CH,Cl,, 0 °C to RT. (iii) Pd(PPh;),4, 2 M K,CO;3, ethanol, toluene, reflux, 18 h. (iv) nBuLi, B(OiPr);, THF, -
78 °C to RT.

The bifluorene units were assembled by aryl-aryl Suzuki coupling reactions of the
monofluorene intermediates (Scheme 1.2). The coupling of the monobromo fluorene Br-ehF-Si
and the fluorene boronic acid B-ehF-Si, with Pd(PPhs)s as the catalyst, produced the bis silyl
bifluorene Si-ehF,-Si in an 86% yield. The oxidative deprotection of the trimethyl silyl groups
with IC1 gave the bis iodo bifluroene 1-ehF,-1 in a 90% yield. The iodo groups were introduced
to enable future Suzuki coupling reactions. The synthetically useful boronic acid B-ehF,-Si was
made by the Suzuki coupling of the dibromo fluorene Br-ehF-Br and the boronic acid B-ehF-Si.
As there was no significant difference in the reactivities of the two aryl bromides in the reaction,
a statistical mixture of starting material Br-ehF-Br, Br-ehF,-Si, and Si-ehF3-Si were present
after workup. The ratio of Br-ehF,-Si versus Si-ehF3-Si can be improved by using excess Br-

ehF-Br. Br-ehF;-Si was formed in a 49% yield when 2 equivalents of the dibromo Br-ehF-Br
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were used. Fortunately, the products and the starting materials are separable by chromatography.
Boronation of Br-enF-Si was accomplished by lithium-halogen exchange with n-butyllithium
followed by quenching with triisopropyl borate and hydrolysis to yield the mono-boronated

product in a 50% yield.

1.2.5 Synthesis of s(ehF3;My) Segmers

i . . i
2B-ehF-Si + Br-ehF-Br —»  MesSi Q'O SiMe; — 3 | Q.O '
3 74% 3

85%
Si-ehF3-Si I-ehF3-I

—
81%
S (eh F3M 10)
G-
3
l-ehF-l v
—
90%

s(ehF3Myg)

Scheme 1.3. Synthesis of trifluorene segmers. (i) Pd(PPh;)4, K,COs, ethanol, toluene, reflux, 18 h. (ii) IC1, CH,Cl,,
0 °C to RT. (iii) 9-hex-5-enyl-9-BBN, PdCl,(PPhs),, 2 M K,COs, TBABE, toluene, 45 °C, 20 h. (iv) 9-dec-5-enyl-9-
BBN, PdCl,(PPhs),, 2 M K,COs, TBABTI, toluene, 45 °C, 18 h.

The trifluorene segmers (Scheme 1.3) were made by a Suzuki coupling of the dibromo

Br-ehF-Br with the mono-boronated B-ehF-Si to yield the trimer Si-ehF3-Si in an 85% yield.
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The yield of this reaction is much higher than for the reactions to make Br-ehF,-Si because a
small excess of boronic acid was used and the reaction proceeded to completion. The conversion
of the silyl groups to the iodo substituents of the trimer I-ehFs-1 in a 74% yield was then
followed by alkyl-aryl Suzuki coupling reactions. The trimer I-ehF3-1 was coupled with the arm
precursor 9-hex-5-enyl-9-BBN using a palladium catalyst to yield the two armed s(ehF3zMjp) in
an 81% yield. The I-ehFs3-1 was also coupled with the longer arm precursor 9-dec-5-enyl-9-

BBN with a palladium catalyst to yield s(ehFzMss) in a 90% yield.

1.2.6 Synthesis of s(ehF;My) Segmers

l-ehF,-l + 2B-ehF-Sj — MesSi Q'O SiMe; —m | @.@ [
76% 4 85% 4

Si-ehF,-Si l-ehF-I

75%
s(ehF4My)
[ Q'O |
4
I-ehF4-1 iv
81%

s(ehF4Myg)

Scheme 1.4. Synthesis of the tetrafluorene segmers. (i) Pd(PPhs),, 2 M K,CO3, TBABT, toluene, reflux, 18 h. (ii)
ICl1, CH,Cl,, 0 °C to RT. (iii) 9-hex-5-enyl-9-BBN, PdCl,(PPhs),, 2 M K,CO;, TBABT, toluene, 45 °C, 20 h. (iv) 9-
dec-5-enyl-9-BBN, PdCl,(PPh;),, 2 M K,CO3, TBABT, toluene, 45 °C, 18 h.
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The tetrafluorene oligomers were synthesized by the same procedures as the trifluorene
oligomers (Scheme 1.4). The diiodo bifluorene I-ehF,-1 was reacted with excess of the boronic
acid B-ehF-Si to form the bis silyl tetrafluorene Si-enF4-Si in a 76% yield. The Si-ehFs-Si was
reacted with ICI to form diiodo tetrafluorene 1-ehF4-1 in an 85% yield. The Suzuki couplings
with the 9-BBN derivatives and 1-ehF4-1 produced s(ehF4Myp) in a 75% yield and s(ehF4;Mig) in

a 81% yield.

1.2.7 Synthesis of the s(ehFsMy) Segmers

lehFsl + 2B-ehF-Si — MesSi Q.O SiMe; Ly | @'O !
37% 5 92% 5

Si-ehFs5-Si I-ehFs-1

89%
S(eh F5M 10)
107
5
- - iv
l-ehFy-I
88%

s(ehFsMqg)

Scheme 1.5. Synthesis of pentafluorene segmers. (i) Pd(PPh;),, K,CO;, TBABE, toluene, ethanol, reflux, 18 h. (ii)
ICl, CH,Cl,, 0 °C to RT. (iii) 9-hex-5-enyl-9-BBN, PdCl,(PPhs),, 2 M K,CO;, TBABT, toluene, 45 °C, 18 h. (iv) 9-
dec-5-enyl-9-BBN, PdCl,(PPh;),, 2 M K,COs, TBABT, toluene, 45 °C, 20 h.
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The pentafluorene segmers were prepared by coupling of the trimeric unit with two
monomeric fluorene units (Scheme 1.5). The Suzuki coupling of the terfluorene I-ehF3-1 with 2
equivalents of the boronic acid B-ehF-Si only produced the desired pentamer Si-ehFs-Si in a
37% yield. The reaction conditions here did not use TBABTr (tetrabutylammonium bromide) as a
phase transfer catalyst. The TBABr appears to be an important reagent for the Suzuki coupling
of the very non polar fluorene units. Isolation of this product from starting materials is difficult
as there is only a small change in polarity of the Si-ehFs-Si and I-ehFs-1 by silica gel column
chromatography. The conversion of the trimethyl silyl group to iodine works cleanly using ICIl
to generate l-ehFs-1 in a 92% yield. The Suzuki couplings of I-ehFs-1 with the 9-BBN

derivatives produced s(ehFsMjp) in an 89% yield and s(ehFsMig) in an 88% yield.

1.2.8 Synthesis of the s(ehFsM1g) Segmer

l-ehFyl + 2 B-ehF,-Si ——=MesSi @' S'Mes I Q'O

51% 85%

Si-ehF4-Si I-ehFg-I

i
05 i
6 83%

l-ehFg-I s(ehFgMyg)

Scheme 1.6. Synthesis of hexafluorene segmer. (i) Pd(PPhs)y, 2 M K,CO;, TBABY, toluene, reflux, 24 h. (ii) ICl,
CH,Cl,, 0 °C to RT. (iii) 9-dec-5-enyl-9-BBN, PdCl,(PPh;),, 2 M K,CO;, TBABT, toluene, 45 °C, 18 h.
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The hexafluorene oligomer was made by first reacting diiodo bifluorene I-ehFj-1 with
excess B-ehF»-Si in a Suzuki coupling reaction with a Pd(0) catalyst to form Si-ehFg-Si in a
modest 51% yield (Scheme 1.6). The Suzuki coupling to form the higher oligomers proceeds in
modest yields but purification of the product is facile when using the bifluorene boronic acid B-
ehF,-Si as the coupling partner. The oxidative deprotection with IC1 to form the diiodo 1-ehFs-1
proceeded in an 85% yield. The Suzuki coupling of I-ehFes-1 with 9-dec-5-enyl-9-BBN produces

s(ehFgMjg) in an 83% yield.

1.2.9 Synthesis of s(ehF;Myg) Segmer

i ;
l-ehFsl + 2B-ehF,-Si —3 Me;Si C Y\ sive; —m | Q.O |
37% 92% ;

7

Si-ehF;-Si l-ehF4-I

iii
| | —
oL W

I-ehF-I s(ehF7Myg)

Scheme 1.7. Synthesis of heptafluorene segmer. (i) Pd(PPh;),, 2 M K,COs, TBABT, toluene, reflux, 24 h. (ii) ICI,
CH,Cl,, 0 °C to RT. (iii) 9-dec-5-enyl-9-BBN, PdCl,(PPh;),, 2 M K,CO3, TBABET, toluene, 45 °C, 18 h.

The synthesis of the heptafluorene oligomer begins with the Suzuki coupling of the
diiodo I-ehF3-1 with excess B-ehF;,-Si to form Si-ehF7-Si in a 43% yield (Scheme 1.7). The

deprotection to form the diiodo I-ehF7-1 proceeded in an 83% yield after purification. The
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Suzuki coupling of this with 9-dec-5-enyl-9-BBN was completed in a 73% yield. Again, the
separation of the products of the previous two reactions from the starting materials is difficult

with silica gel chromatography.

1.2.10  Synthesis of s(ehFgMg)

i . . ii
ehFyl + 2B-ehFpSi — Me3S Q.O SiMes —p | Q'O !
32% 8 90% g

Si-ehFg-Si I-ehFg-I

i
| () ! —>

I-ehFg-I s(ehFgMyg)

Scheme 1.8. Synthesis of octafluorene segmer. (i) Pd(PPhs)s, 2 M K,CO;, TBABt, toluene, reflux, 24 h. (i) ICl,
CH,CL, 0 °C to RT. (iii) 9-dec-5-enyl-9-BBN, PdCL,(PPhs),, 2 M K,CO;, TBABE, toluene, 45 °C, 18 h.

The synthesis of the octafluorene oligomer begins with the Suzuki coupling of the
previously described I-ehF4-1 with excess B-ehF,-Si to form Si-ehFg-Si in a 32% yield (Scheme
1.8). The yields for the Suzuki coupling, to form the long oligomers, are poor but purification of
the product can be accomplished easily with silica gel chromatography. The standard
deprotection of Si-ehFg-Si to form I-ehFg-1 proceeded in a 90% yield. The Suzuki coupling of

I-ehFs-1 with 9-dec-5-enyl-9-BBN is completed in an 85% yield.
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1.2.11  Synthesis of s(FxMy) segmers

The synthesis of the 9,9-bis (n-hexyl)fluorene segmers was performed in an analogous manner as
their respective 2-ethylhexyl segmers. The synthesis of the S(F4Mig), S(FsMig), and S(FsM1g) are
described in more detail in the experimental section and in Copenhafer et al' where evaluation of
the photophysical and thermal properties of the respective properties are also described. The
alkyl group substitution does not alter the synthetic schemes or greatly affect the yields of the

reactions.

1.2.12  Synthesis of p(ehFxMy) polymers

Two different methods (Scheme 1.9) were employed to carry out the polymerization of
the segmers and subsequent hydrogenation. Method A followed the procedures developed by
Wagener et al®® and used Grubbs I as the catalyst and toluene with a small amount diphenyl ether
as the solvent system. This method involved the slow removal of ethylene and toluene under
vacuum at RT. The reaction is was heated to 45 °C and stirred under vacuum with the remaining
non-volatile diphenyl ether keeping the reaction from gelling. The residual ruthenium catalysts
from the polymerization were then used to hydrogenate the remaining internal olefins. The
reaction was performed in toluene with silica gel under H, atmosphere at 80 °C. The polymer
can then be purified by precipitation into acetone. Method B used the Grubbs II catalyst to
perform the ADMET polymerization. The more active catalyst does not require the removal of
ethylene under vacuum and the reaction was carried out in refluxing CH,Cl,. In this method, the

hydrogenation was then performed using Wilkinson’s catalyst under H, pressure in toluene. This
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hydrogenation was also faster and more reliable than using the residual Grubbs I or II catalyst

and silica gel that were used for method A.

s(ehF,Mqq) —4 Q.O

i orii n

iii or iv

S0

p(ehFpMg)

n

Scheme 1.9. ADMET polymerization of s(ehF,Mj,) and subsequent hydrogenation. (i) Grubbs I, diphenyl ether,
toluene, vacuum, RT to 45 °C, (ii) Grubbs I, reflux CH,Cl,, (iii) Grubbs I, SiO,, toluene, H, 180 psi, 80 °C, (iv)
Wilkinson’s catalyst, toluene, 180 psi, 80 °C.

Gel permeation chromatography (GPC) was used to determine the relative molecular
weights of the final polymers using polystyrene standards for calibration. A typical GPC
chromatogram of p(ehFsMig) is show in Figure 1.15 and demonstrates the monomodal
distribution of the majority of the polymers that were isolated. The results of the
polymerizations and subsequent hydrogenations are shown in Table 1.3. The polymers have
reasonable molecular weights but the degrees of polymerization are quite modest. The large
segmers begin with high molecular weights and only a few repeat units are necessary to get a M,
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of greater than 20 K g/mol. The low degrees of polymerization are likely caused by impurities in
the segmers that terminate the metathesis polymerization. Typically, the final three steps of the
segmer synthesis result in products that are inseparable from the starting materials. For example,
Si-ehF4-Si, 1-ehF4-1, and s(ehF4M;3g) all have the same Ry on silica gel with all elution solvents
that were tried. Therefore, some of the final segmers are likely to have some terminating end
groups such as trimethyl silyl, iodo, or hydrogen instead of the desired 5-hexenyl or 9-decenyl

alkene units.

Detector Response

Vv

0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00

Elution Volume (ml)

Figure 1.15. A typical GPC chromatograph of p(ehF4;Mig) performed in THF at RT.
It is well known that monomer purity is a major cause of low degrees of polymerization

1"° showed that by switching from

in condensation polymerizations. Previous work by Walba et a
Grubbs I to Grubbs II could increase the degrees of polymerizations in ADMET systems
dramatically. If impurities were the cause of the low degrees of polymerization then no change
would be seen in the M,, when different catalysts were used. Since no change in M, was seen for
the polymerization of same S(FsMjg) segmer with Grubbs I and Grubbs II, the impurities are

therefore the likely cause of low degrees of polymerizations for most of the polymers that were

made.
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Table 1.3: The synthesis and characterization data for the p(ehF«My) series of RSCs.

Polymer Method®  Yield M, M, PDI  DP®
% (10° g/mol) (10° g/mol)
p(ehF3My) B 73 22 39 1.8 12
p(ehFsMg) A 60 22 29 1.3 15
p(ehF4My) A 80 20 28 1.4 12
p(ehF4Mg) A 90 42 54 1.3 23
p(ehFsMy) B 66 25 33 1.3 12
p(ehFsMg) A 90 27 40 1.5 12
p(ehFsMag) A 66 32 40 1.3 12
p(ehF7Mg) A 86 49 57 1.2 15
p(ehFgMag) A 75 25 32 1.3 8
50% p(ehF3Mp) B 58 25 34 1.4
50% p(ehF5M10)
10% p(ehF3Mp) B 71 33 46 1.4
90% p(ehF5M10)
p(F4sMis) A 90 25 36 1.4 16
P(FsMs) A 69 25 37 1.5 13
p(FsM1s) A 66 23 33 1.4 10

*Method of polymerization (A) Grubbs I under vacuum or (B) Grubbs II in refluxing CH,Cl,. °The number
average molecular weight from GPC with polystyrene standard. °The weight average molecular weight from
GPC with polystyrene standard. “Polydispersity from M,/M,,. °Degree of polymerization from M, / monomer
molecular weight.

The ADMET polymerization and hydrogenation results for two mixed copolymers that
were made from mixtures of two different segmers are also included in Table 1.3. The two
segmers were combined at different weight ratios in one reaction vessel and since the ADMET
polymerization should not exhibit any reactivity difference between the monomers there should
be a random distribution (not RSCs) of the trifluorene oligomers and the pentafluorene oligomers
in the polymer backbone. The mixed copolymers were made at two different ratios of segmers,
one is a 50:50 mole ratio mixture of the s(ehF3Mjo) and s(ehFsMjg) and the other a 10:90 mole
ratio mixture of s(ehF3Myg) and s(ehFsMy). These polymers were made to examine the
copolymers made from mixed monomer systems and are further discussed in the physical

properties section of the chapter.
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1.2.13  NMR Spectroscopy of p(ehFxMy) RSCs

The structures of the intermediates and final polymer products were examined by 'H and
BC NMR spectroscopy and in this section is presented a detailed analysis of the spectra
associated with an example polymer, p(ehF4Mig), including selected intermediates on the
synthetic pathway is presented. It should be noted that despite the broadness of peaks in the
spectra and complexity of the '"H NMR spectroscopy of these high MW species, this was the
primary analytical method used to both to monitor the progress of certain reactions and to
confirm the identity of the products. Mass spectroscopy did not prove useful as the high
molecular weights precluded the use of most techniques and MALDI was not readily available.
In addition, changes in polarity of the starting materials and products were often quite small
making reaction monitoring via thin layer chromatography difficult.

The structure of the oligomers with trimethyl silyl groups and the subsequent replacement
of these silyl end groups with iodo groups were verified with '"H NMR spectroscopy. The
protons of the trimethyl silyl groups (H,) of Si-ehF4-Si are clearly distinguishable as a singlet at
0.31 ppm (Figure 1.16a).  The trimethyl silyl groups at 0.31 ppm, the protons of the alkyl
carbon attached at the 9 position of fluorene (Hp) at 2.1 ppm, and the aryl region from 7.4 to 8.0
ppm integrated to ratios consistent with the proposed structure. The reaction of Si-ehF4-Si with
iodine monochloride replaces the trimethyl silyl groups with an iodo groups and the spectrum of
the product is nearly identical to that of the precursor with the exception of the disappearance of

the singlet at 0.31 ppm (Figure 1.16b).
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Figure 1.16. The '"H NMR spectra of (a) Si-ehF,-Si and (b) 1-ehF-1.

The Suzuki coupling to graft the 9-decenyl groups to the tetramers was monitored by
observation of the characteristic chemical shifts in the '"H NMR spectrum for the newly formed
benzylic groups and terminal olefins. The "H NMR spectrum of s(ehFsMag), shown in Figure
1.17, exhibits a characteristic broad triplet at 2.8 ppm for the benzylic protons. The terminal
olefin group’s '"H NMR signals are a multiplet for the external olefin (H,) at 5.00 ppm and a
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multiplet for the internal olefin protons at 5.85 ppm (Hp). The integration of the terminal olefin

resonances with those from the fluorene unit is consistent with the desired bis-substitution.
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Figure 1.17. The "H NMR spectrum of s(€hF;Mg).

0
o
-
@
oy
=y
w
M —
i
o]
o]
=4

2,113

Figure 1.18. "H NMR spectrum of the ADMET polymerization reaction mixture for s(ehF;Mg).
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The ADMET polymerization was monitored by '"H NMR spectroscopy as well. The
crude reaction mixture spectrum, shown in Figure 1.18, no longer shows resonances for the
terminal olefin groups from the segmer but rather exhibits a signal at 5.35 ppm for new internal
olefin peak (H,) produced by metathesis. After hydrogenation, this internal olefin peak also
disappears (not visible even after 100 scans of a 0.2 M sample), which suggests that the
hydrogenation proceeds nearly quantitatively (Figure 1.19). The purified p(ehFsMyg) '"H NMR
spectrum shows no remaining olefin protons and the expected ratios for the integration of

aromatic, benzylic, and alkyl protons.
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Figure 1.19. 'H NMR spectrum of p(ehF;Mg) after hydrogenation.

The *C NMR spectra of the compounds can also be used to verify the formation of the
desired products. Figure 1.20 shows the spectra of the transformation of I-ehF4-1 (a) to
s(ehF4;Mig) (b) and then to p(ehF4sMsg) (¢). The presence of the iodo groups can be verified by
the characteristic shift for the C-I group at 92 ppm. This peak disappears as the iodo group is
transformed to the 9-decenyl group in the Suzuki coupling reaction. A new characteristic peak
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for the RC=CH is now apparent at 114 ppm. The polymerization and subsequent hydrogenation

of the segmer produces p(ehF;Msg) with a *C spectrum where the RC=CH peak is no longer

present.
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Figure 1.20. ®C NMR spectra of (a) I-ehF -1, (b) s(ehF4;Myg), and (c) p(ehF4Mys).

The NMR spectra for p(ehF4sMig) and the precursors to this compound are typical of
those found for other members of the series. Spectra for other members of this series can be

found in Appendix A.
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1.3 PHOTOPHYSICAL PROPERTIES OF POLYMERS

1.3.1 Absorption Spectroscopy

1.2
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Figure 1.21. Normalized absorption spectra of the p(ehF,M,) series of polymers in CH,Cl, (~10° M)

The absorption spectra the of the p(ehFxMy) series shows the expected trend of decreasing
energy for the absorption maximum with increasing fluorene units. Figure 1.21 shows the
normalized absorption spectra and Table 1.4 lists the absorption maximums of the polymers in
CH,Cl,. The shift in wavelength of the maximum absorption begins to become smaller as the
number of repeat units increases. For the change from p(ehFsMig) to p(ehFsMig) a 8 nm

increase in absorption maximum is seen but for the change from to p(ehFsMig) to p(ehFgM;s)
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only a 1 nm increase in absorption maximum is seen. The effective conjugation length for the
fluorene units appears be maximized at around 6 repeat units in the solution absorption spectrum.
Previous work’” *> 7' has shown very similar results with respect to chain lengths of

oligofluorenes in their absorption and emission spectra.

Table 1.4. The absorption and emission maxima for the p(ehF,Myg) series.

Polymer Solution Absorption®  Solution Emission” Thin Film Emission®
Max (nm) Max (nm) Max (nm)
p(ehF3Mgg) 351 397 400
p(ehFsMss) 360 406 409
p(ehFsMgg) 368 410 416
p(ehFsMss) 371 412 417
p(ehF7;M1s) 373 412 419
p(ehFgM;s) 373 412 419

Absorption maximum measured in dilute CH,Cl, solutions (~10° M). °The solution emission maximum measured
in dilute CH,Cl, solution (~10® M). °The thin film emission maximum. The films were dropcast onto quartz slides
from a CHCI; solution.

1.3.2 Emission Spectroscopy

Due to their intense blue emission, fluorene based polymers and oligomers have been widely
studied for use in OLEDs. The number of repeat units in the fluorene segment also controls the
emission energy for the oligomer.*' Increasing the number of fluorene repeat units increases the
maximum emission wavelength in both solution and thin film emission.>* Although the emission
tunability has been shown previously for oligomeric fluorenes, the ability to control both the
emission maximum and have a process-friendly polymer is a major advantage of the polymers

discussed in this report.
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Figure 1.22. Normalized solution emission intensity spectra of p(ehF.My) series of polymers in CH,Cl, (~10° M).

The normalized solution emission of dilute mixtures of the polymers in CH,Cl, is shown
in Figure 1.22 and tabulated in Table 1.4. The effect of increasing the number of fluorene units
becomes smaller as the number of repeat units is increased.  This increase in emission and the
leveling effect of the number of repeat fluorene units on emission matches what has been
previously shown in the literature for fluorene oligomers by Yoon and coworkers.”® The three

emission bands of the fluorene can be assigned to the 0-0, 0-1, and 0-2 singlet emission bands.”

37



1.2

— p(ehF3M18)
Al —+ p(ehF4M18)
——p(ehF5M18
0.8 | p(e )
—— p(ehF6M18)
0.6 - o—p(ehF7M18)

—— p(ehF8M18)
0.4

Normalized Emission Intensity (a.u.)

L2 4

0 ‘
370 390 410 430 450 470 490
Wavelegnth (nm)
1.2
Bl | ——p(ehF6M18)
—— p(ehF7M18)

o
©

—— p(ehF8M18)

I
IS
|

Normalized Emission Intensity (a.u.)
o o

400 410 420 430 440 450 460 470
Wavelegnth (nm)

Figure 1.23. (A) The normalized thin film emission spectra of the p(ehF«My) series of polymers drop cast from
CHCI; on glass slides. (B) An expansion of selected spectra to highlight the small change in emission maximum
wavelength.

The emission spectra of thin films of the polymers were also measured. The emission
maximum wavelength of thin films of the polymers also begins to reach a maximum value as the
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number of fluorene repeat units increases (Figure 1.23a and b). The thin film emission of the
polymers is of importance since OLEDs are made by layering thin films of the organic materials.
There is a small bathochromic (red) shift of the emission maximum in the thin film when
compared to the solution emission. The interaction or aggregation between the closely packed
fluorene groups is likely responsible for this shift although the polarity of the medium may have
some effect on the emission maximum. Aggregation would cause a decrease in the band gap of
the polymer through a stabilization of the ground state of the molecule. The solution emission
was measured in methylene chloride which is likely to be a more polar environment than the
solid polymer film. The polarity of the media may have an ieffect on the stabilization or

destabilization of the excited states.

1.4 PHYSICAL PROPERITES OF POLYMERS

The fluorene-co-methylene RSCs made in this work have tunable liquid crystalline properties, as
well as control of emission maximums. The ability of mesogenic fluorene containing polymers
to be aligned and generate polarized emission is of interest for creating higher efficiency LCDs
with OLEDs as back light. No previous work has demonstrated the control over the liquid
crystalline phase temperatures and emission maximums combined with the good film forming
properties of polymers that is demonstrated in this report.

In our work, the switch from n-hexyl groups to 2-ethylhexyl groups at the 9-position of
fluorene unit resulted in polymers that exhibit mesophases in polarized optical microscopy. The
alkyl groups of the fluorene units have been shown to have a significant effect on the

mesophases of other fluorene polymers or oligomers. Changes are seen in the mesophase

39



behavior when the side chains are switched from n-hexyl, n-octyl, or 2-ethylhexyl groups in
polyfluorene and chiral alkyl side chains have been used for the generation of circularly
polarized emission in fluorene oligomers.”>  The structural properties of flourene based
polymers and oligomers have been studied by different groups using a variety of techniques to

7381 The side chains

determine how the structure affects the thermal and the optical properties.
help to space the conjugated backbones and eliminate the formation of aggregates caused by the
close packing of conjugated groups.

The structure of polyfluorene with 2-ethylhexyl substituents has been evaluated and the
mesophase is believed to have a hexagonal structure that is often seen in hairy rod polymer

81-83

systems (Figure 1.24). This structure is quite similar to the nematic phase in that it has only

one degree of directional order. The mesophases of oligofluorenes may have similar solid state
structures depending upon the number of fluorene units in the chain. The spacing, with
methylene units, of the oligofluorene units in our polymers would likely disrupt such a structure
form forming. Oligofluorenes with 2-ethylhexyl side chains are believed to exhibit a nematic
54

phase but studies are still on going to determine the true mesophase.
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Figure 1.24. Representation of the self assembled nematic and hexagonal phases of hairy rod polymers (a,b) drawn
end on and (c,d) side on. Figure used without permission from reference 82.
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The p(ehFyMy) and s(ehFyM,) materials were studied by polarized optical microscopy
with a hot stage to control temperatures of dropcast films on glass slides. Phase transitions were
observed by changes in the appearance of the films as the temperature was varied. Some of the
films formed by dropcasting started as amorphous glasses; others already showed some
organization as determine by the appearance of a mesophase. Figure 1.25 shows the texture of
the phases of two representative polymers studied here. The textures of these mesophases and
the other polymers and segmers studied are consistent with nematic phases based on the
Schlieren patterns. The nematic to isotropic phase change can be seen during both heating and
cooling cycles. The values reported are the average of these temperatures. As can be seen the
temperature of the nematic to isotropic phase is greatly affected by the number of fluorene units
in the polymer of segmer. Increasing the number of fluorene units increases the rigidity of the

polymer or segmer which increases the N-I (nematic to isotropic) transition temperature.

Figure 1.25. Polarized optical microscopy images of the mesophase textures of (a) p(ehF;M;g) and (b) p(ehFsMys).

A transition that is very close in temperature to what is observed for the N-I transition as
determine by polarized optical microscope is easily observable in both the heating and cooling
scan using differential scanning calorimetry (DSC). Figure 1.26 shows the DSC trace for
p(ehF3Mig) and Table 4 includes the transition temperature for the other polymers.
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Unfortunately, no glass transitions are identifiable in the DSC traces for any of the polymers

made in this work.
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Figure 1.26: DSC trace of p(ehF3M;g) with a scan rate of 10 °C per minute.

The difference in phase transition temperature between the segmers and polymers is
affected by the number of fluorene repeat units. For longer the repeat fluorene units a smaller
difference in N-I transition temperature between the segmer and the respective polymer is
observed. Smaller fluorene repeat units show a greater effect from the polymerization of the
segmer on the N-I transition. For example, the N-I transition temperature for p(ehFsMig) is
nearly double that of s(ehFsMjg) but the N-I transition temperature for p(ehFsM;s) is less than

10% greater than that of s(ehFgMys).
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Table 1.5. The nematic to isotropic phase transition for the segmers and polymers as measured by polarized optical

microscopy and DSC.
Repeat Unit POM POM DSC Transition
Segmer Polymer Polymer
N-I (°C)* N-1 (°C)" N-I (°C)°
ehFsM;; RT 62 55
ehFsM g 65 83 81
ehFsM;; 55 141 143
ehF4M10 &0 151 147
ehFsM;; 202 225 230
ehFsM g 230 242 247
ehFeM;5 248 269 275
ehF7M18 > 300 > 300 -

*The nematic to isotropic transition temperature for the different lengths of segmers as
measured by POM. "“The nematic to isotropic transition temperatures of the
polymers with different fluorene and methylene lengths as measured by POM® and
DSC".

The methylene spacer length has a greater effect on the N-I transition temperature for
polymers with shorter fluorene units than polymers with longer fluorene units. For p(ehFsMy), a
25% increase in the N-I transition is observed when the methylene spacer is shortened from 18 to
10 carbons. For the p(ehFsMy) system, only a 8% increase in the N-I transition is observed when
the methylene spacer is shortened from 18 to 10 carbons. The fluorene units are more rigid than
the flexible methylene spacers and can have a dominate effect on the N-I transition temperature.
The polymers and segmers with longer fluorene repeat units have a higher percentage of
fluorenes relative to methylene groups and changes from 10 to 18 methylene units has only a
small effect on the N-I transition temperature.

Two random mixed copolymers were also made and compared to RSC polymers to
determine the effect of the specific sequence. Figure 1.27 shows the plot of the N-I temperature
for pure p(ehF3Myg) and p(ehFsMyg). The plot also includes the random mixed copolymers of

the two segmers one with 10% s(ehFsMjg) and 90% s(ehFsMjg) and the other with 50%
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s(ehFsMjp) and 50% s(ehFsMsyg). The nearly linear relationship indicates that there is no
unusual effect on the N-I transition temperature caused by mixing the mesogens. Also, there is
only one transition seen in the DSC data for these materials. These results are further proof that
the mesophases are caused by the side chain groups and their interactions are not directly
dependent on the segmer unit lengths. These results would also add further proof that the
mesophase of the polymers is nematic in nature since a change in the mesogen length should
cause a greater disruption of the more ordered smectic phase like a suppression in melting points
of impure crystals. An advantage of this phenomena is that the N-I phase transition can be
varied by mixing of different segmers to obtain a polymer with the desired transition

temperatures for processing.
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Figure 1.27. The N-I phase transition temperatures for p(ehFsMyp) (circle), p(50% ehF3;My, @ 50% ehF;Myg)
(square), p(10% ehF3;My, 1 90% ehF3Myy) (triangle), and p(ehFsMyp) (diamond).
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1.5 CONCLUSIONS

A series of 9,9-bis-(2-ethylhexyl)fluorene-co-methylene polymers have been synthesized by
methods that allow for exact control over the segment lengths of the fluorene and methylene
units independently. The synthesis involved the multi-step procedure to make the fluorene
segments with 3-8 repeat units followed by the attachment of arms with terminal olefin groups.
These monomers were then polymerized via ADMET and the remaining olefin groups were
subsequently hydrogenated. The resulting polymers contained exact fluorene units connected by
methylene linkers with exact lengths.

The change of the alkyl group at the 9-position of fluorene from n-hexyl to 2-ethylhexyl
resulted in polymers that exhibit mesophases as determined by polarized optical microscopy and
DSC. The mesophase of the polymers is believed to be nematic in nature based upon previous
reports, the Schlieren texture of samples in the liquid crystalline phase, and the results of the
polymers made by copolymerization of two different segmers.

The transition temperatures of the repeating sequence copolymers show an increase as the
length of the fluorene units is increased and a decrease in transition temperatures are observed as
the number of methylene units is increased. These results can be explained by the higher T, or
rigidity of fluorene segments compared to the methylene units. The structures of the RSCs could
therefore be varied to fine tune the thermal properties that would be desirable for fabrication and
operation of devices. No abnormal results, such as an odd-even effect, were observed for these
materials and therefore the precise segment control of the RSCs has a minimal effect on the
thermal properties of these polymers.

The exact segment control of the fluorene units allows for control of the absorption and

emission maximum of the polymers. The increase in the number of fluorene units results in a
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decrease in the both the absorption and emission energies as would be predicted from the
increase in conjugation length. Amorphous films of these polymers exhibit emission maximum
that can be tuned from 400 nm to 420 nm as the fluorene units are increased from 3 to 8. This

control would allow for fine tuning of emission color of OLEDs made with these polymers.

1.6 EXPERIMENTAL

1.6.1 UV- Vis Spectroscopy

The absorption spectra for the p(ehFxMy) and p(FxMy) series of polymers were obtained in a
dilute methylene chloride solution on a Perkin-Elmir UV/VIS/NIR Spectrometer Lamda 9 and

analyzed using UV Winlab software.

1.6.2 Emission Spectroscopy

All emission spectra for the p(ehFxMy) and p(FxMy) series of polymers were made on a Varian
Cary Eclipse Fluorescence Spectrophotometer. The solution emission spectra were obtained in
dilute methylene chloride solutions and the thin film emission spectra were obtained by
dropcasting a dilute solution of the polymer in chloroform onto a quartz slide and removal of

solvent by heating at 60 °C.
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1.6.3 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) was performed on a Perkin-Elmer Pyris 6 using ~10 mg
samples. The samples were heated from 0 °C to typically 250 °C held for 5 min and then cooled
back to 0 °C at 10 °C/min. This same heat cycle was repeated and the transition data is reported

from the second heat cycle.

1.6.4 Polarized Optical Microscopy

The optical detection of the liquid crystal phase transitions were obtained on an Olympus BH-2
microscope with cross polarizers equipped with a Mettler FP52 hot stage connected to a Mettler
FP5 temperature controller. The samples were prepared by dropcasting the sample from a dilute

chloroform solution onto a glass slide.

1.6.5 Synthetic Procedures

Toluene was distilled under N, from sodium. THF (Fisher, HPLC grade) was passed through
activated alumina using a SPS 400 (Innovative Technology). Pd(PPhs)s (Strem), Pd(CI),(PPh;),
(Strem), and Grubbs I and Grubbs II catalysts (Aldrich) were commercially obtained and stored
in a nitrogen-filled glove box. All other reagents were commercially obtained and used without
further purification. 'H- (300 MHz) and >*C-NMR (75 MHz) spectra were recorded with Bruker
spectrometers. Chemical shifts were referenced to residual 'H or "*C signals in deuterated
solvents. Column chromatography was performed using Sorbent 60A 40-63 pm standard grade

silica. GC-MS was performed on a Hewlett Packard Series 5980 GC/5971 A MS with a Hewlett
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Packard Series 1 column. GC was performed on a Hewlett Packard Series 6850 GC with a
Hewlett Packard Series 1 methyl siloxane column. HRMS were obtained on a Fison VG
Autospec in the Mass Spectral Facility of the University of Pittsburgh. GPC data were acquired
in THF (HPLC grade, Fisher) on a Waters system equipped with a 515 pump, a U6K universal
injector and a 2414 differential refractometer. Separations were achieved at 25° C on Jordi
columns eluting at 0.5 mL/min. Elemental analysis was performed independently by Atlantic

Microlab, Inc., Norcross, Georgia. Synthesis of Fluorene Intermediates

S0
9,9-Dihexylfluorene rwil: According to the methods of Ranger et al.,** fluorene (100 g, 0.301
mol) was dissolved in 500 ml of anhydrous THF and cooled to -78 °C under an N, atmosphere.
n-Butyllithium (2.5 M, 265 ml, 0.662 mol) was added dropwise. After the reaction was allowed
to stir for an additional 60 min, 1-bromohexane (140 g, 0.72 mol) was added dropwise. After the
reaction was allowed to warm to RT, the reaction was quenched with water. The mixture was
washed with diethyl ether (2 x 200 ml). The combined organics were washed with brine, dried
over magnesium sulfate, and the solvent removed by rotary evaporation. The product was
crystallized from hexanes at -30 °C to yield the product as colorless crystals (69.5 g, 70 %). 'H
(300 MHz, CDCls) & 0.58 (b, 4 H), 0.72 (t, 6 H), 1.03 (b 12 H), 1.92 (m, 4 H), 7.28 (m, 6 H),
7.65 (m, 2 H). C NMR (75 MHz, CDCl3) § 14.6, 23.2, 24.3, 30.3, 32.1, 41.0, 55.6, 120.2,

123.5,127.3, 127.6, 141.7, 151.3. MS (EI) m/z 334 (M) 249, 179, 165.
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Br @'@ Br
2,7-Dibromo-9,9-dihexylfluorene (Br-F-Br) rwi3: According to the methods of Price et al.,*®
9,9-Dihexylfluorene (69.0 g, 0.207 mol) and FeCl; (0.5 g) were added to 400 ml CHCl;. The
mixture was cooled to 0 °C and Br; (75.9 g, 0.475 mol) in 50 ml CHCl; was added dropwise over
60 min. The reaction was allowed to warm to RT and after 2 h the reaction was quenched with
sodium thiosulfate solution. Water was added and the aqueous layer was washed with CHCl; (2
x 100 ml). The organic layers were combined and then washed with water, brine, and then dried
over magnesium sulfate. The white solid Br-F-Br (75.1 g, 80%) was collected by crystallization
from hexane at -30°C. '"H (300 MHz, CDCls) & 0.58 (b, 4 H), 0.76 (t, 6 H), 1.04 (b, 12 H), 1.91

(m, 4H), 7.47 (m, 6 H). *C NMR (75 MHz, CDCL3) & 14.6, 23.2, 24.2, 30.2, 32.1, 40.8, 56.3,

121.7,122.1, 126.8, 130.8, 139.7, 153.2.

Br Q' SiMes

Br-F-Si rwi2: Adapting the method of Geng et al.,”® 2.7-dibromo-9,9-dihexylfluorene (60.0 g,
0.122 mol) and 400 ml of anhydrous THFwere added to a flame dried flask and cooled to -78 °C
under an N, atmosphere. n-Butyllithium (2.5 M, 48.7 ml, 0.122 mol) was added dropwise and
the reaction mixture was allowed to stir an additional 60 min before chlorotrimethylsilane (14.6
g, 0.134 mol) was added dropwise. After warming to RT, the reaction was quenched with water

and the aqueous layer was washed with hexanes (3 x 100 ml). The organic layers were
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combined, washed with brine, and dried over magnesium sulfate. The solvent was removed and
the product was purified by Kugelrohr distillation at 200 °C to yield Br-F-Si as a clear oil (57.1
g, 80%). 'H (300 MHz, CDCI3) 8 0.31 (s, 9 H), 0.77 (m, 6H), 1.05 (b, 12 H), 1.92 (m, 4 H), 7.4-
7.7 (m, 6H). C NMR (75 MHz, CDCl3) § 14.6, 23.1, 23.2, 24.2, 24.3, 30.1, 30.2, 32.0, 32.1,
56.0, 119.6, 121.7, 126.8, 128.2, 130.5, 132.6, 140.2, 140.7, 141.3, 150.1, 153.8 MS (EI) m/z 486

(M), 471, 399, 315.

(HO),B Q'O SiMe,

B-F-Si rwi4: Adapting the method of Geng et al.,”® Br-F-Si (24.0 g, 49.4 mmol) and 150 ml of
anhydrous THFwere added to a flame dried flask and cooled to -78 °C under an N, atmosphere.
n-Butyllithium (2.5 M 25.6 ml, 64 mmol) was added dropwise and the reaction was allowed to
stir an additional 60 min before triisopropyl borate (13.0 g, 69.2 mmol) was added over 5 min.
After warming to RT, the reaction was quenched with water and the aqueous layer was washed
with diethyl ether (3 x 100 ml). The organic layers were combined, washed with brine, and dried
over magnesium sulfate. The solvent was removed and the product was purified by column
chromatography (silica gel, 100% hexanes then 40% ethyl acetate / hexanes as the eluent) to
yield B-F-Si as a clear oil (19.1 g, 81%). 'H (300 MHz, CDCI3) & 0.36 (b, 9 H), 0.75 (t, 8 H),
1.11 (b, 12 H), 2.1 (t, 4 H), 7.56 (m, 3 H), 7.81 (d, 1 H), 7.91 (d, 1H), 8.25 (s, 1 H), 8.33 (pd, 2
H). >C NMR (75 MHz, CDCls) § 14.6, 23.1, 23.2, 24.4, 30.2, 32.0, 40.8, 55.6, 120.0, 120.3,
128.4, 130.4, 132.5, 135.2, 140.8, 142.0, 146.2, 151.0, 151.4. MS (EI) m/z 406 (loss of B(OH),)

(M) 391, 321, 235.
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Me;Si @.O SiMe;
3

Si-F3-Si rwi5: Adapting the method of Geng et al.,>® B-F-Si (5.0 g, 10.2 mmol), Br-F-Br (11.4
g, 25.4 mmol), Pd(PPh3)4 (0.70 g, 0.61 mmol), K,COs (5.6 g, 41 mmol), 150 ml of toluene, and
50 ml ethanol were added to a Schlenk flask under an N, atmosphere. The mixture was heated to
reflux for 20 h before water was added and the aqueous layer was washed with toluene (2 x 100
ml). The organic layers were combined, washed with brine, and dried over magnesium sulfate.
The product was purified by column chromatography (Silica gel, 100% hexanes then 10%
CH,Cly/hexanes as the eluent) to yield Si-Fs-Si as a clear, glassy solid (10.8 g, 93%). 'H (300
MHz, CDCl3) 6 0.36 (b, 18 H), 0.75 (t, 25 H), 1.11 (b, 36 H), 2.1 (t, 12 H), 7.50-7.9 (m, 18 H).
3C NMR (75 MHz, CDCl3) § 14.6, 23.1, 23.2, 24.4, 24.5, 30.2, 30.3, 32.0, 32.1, 40.8, 40.1, 55.7,
55.9, 119.6, 120.6, 120.6, 122.1, 126.6, 126.8, 128.3, 132.5, 139.6, 140.6, 140.9, 141.2, 141.3,

142.1, 150.8, 152.3, 152 .4.

Me;Si Q'O SiMe;
2

Si-F»-Si rwi7: Adapting the method of Geng et al.,”® B-F-Si (5.55 g, 12.3 mmol), Br-F-Si (5.0 g,
10.3 mmol), Pd(PPhs)4 (0.35 g, 0.311 mmol), K,CO; (2,84 g, 2.06 mmol), 150 ml toluene, and
50 ml ethanol were added to a Schlenk flask under an N, atmosphere. The mixture was heated to
reflux under a N, atmosphere for 20 h before water was added and aqueous layer was washed

with toluene (3 x 50 ml). The organic layers were combined, washed with brine, and dried over
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magnesium sulfate. The product was purified by column chromatography (Silica gel, 100%
hexanes then 5% CH,Cl,/hexanes then 10% CH,Cl,/hexanes as the eluent) to yield Si-F,-Si as a
clear, glassy solid (5.5 g, 66%). "H (300 MHz, CDCls) & 0.36 (b, 18 H), 0.75 (t, 25 H), 1.11 (b,
36 H), 2.1 (t, 12 H), 7.50-7.9 (m, 18 H). *C NMR (75 MHz, CDCl;) § 14.6, 23.1, 23.2, 24.3,
30.2, 30.3, 32.0, 32.1, 40.7, 55.7, 119.6, 120.5, 122.1, 126.6, 128.2, 132.4, 139.5, 140.6, 140.9,

141.2, 141.3, 142.0, 150.8, 152.3.

Br Q.O SiMe;
2

Br-F,-Si rwi8: Adapting the method of Geng et al.,>® Br-F-Br (5.0 g, 10.2 mmol), B-F-Si (3.4 g,
7.6 mmol), Pd(PPh3)4 (0.18 g, 0.15 mmol), K,CO; (1.4 g, 10.2 mmol), 150 ml toluene, and 50 ml
ethanol were added to a Schlenk flask under an N, atmosphere. The mixture was heated to
reflux under a N, atmosphere for 24 h before water was added and the aqueous layer was washed
with toluene (2 x 100 ml). The organic layers were combined, washed with brine and dried over
magnesium sulfate. The product was purified by column chromatography (Silica gel, 100%
hexanes then 10% CH,Cl, / hexanes as the eluent) to yield Br-F,-Si as a clear, glassy solid (2.7
g, 44%). 'H (300 MHz, CDCl3) § 0.36 (b, 6 H), 0.83 (t, 18 H), 1.15 (b, 22 H), 2.1 (t, 8 H), 7.50-
7.9 (m, 12 H). C NMR (75 MHz, CDCl;) & 14.7, 23.2, 23.2, 24.2, 30.2, 30.3, 32.0, 32.1, 40.8,
41.0, 55.8, 56.2, 119.8, 120.7, 120.7, 121.7, 121.7, 122.1, 122.2, 126.7, 126.9, 127.0, 128.3,

130.7, 132.6 139.7, 139.9, 140.6, 141.1, 141.8, 142.1, 150.9, 151.8, 152.4, 153.9.
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[ @'@ 3|

I-Fs-1 rwi9: Adapting the method of Geng et al.,”® Si-F3-Si (10.0 g, 8.8 mmol) and CH,Cl, (100
ml) were added to a round bottom flask and cooled in an ice bath. Iodine monochloride (2.84 g,
17.5 mmol) in CH,Cl, (20 ml) was added dropwise over 10 min. After warming to RT, the
reaction was quenched with a solution of sodium thiosulfate. The CH,Cl, layer was washed with
water, brine, and then dried over magnesium sulfate. The product was crystallized from CH,Cl,
and hexane mixture to yield I-Fs-1 as a white solid (8.1 g, 73%) after filtration. 'H (300 MHz,
CDCls) & 0.83 (t, 32 H), 1.15 (b, 36 H), 2.1 (m, 12 H), 7.50-7.9 (m, 18 H). °C NMR (75 MHz,
CDCls) 6 14.2, 20.7, 22.6, 23.8, 29.6, 31.5, 40.3, 55.5, 92.5, 120.1, 121.4, 151.5, 126.2, 126.3,

132.1, 135.9, 139.3, 140.1, 140.4, 140.5, 141.2, 150.9, 151.8, 153.5.

2

I-F2-1 rwil0: Adapting the method of Geng et al..> Si-F-Si (5.4 g, 6.7 mmol) and CH,Cl, (200
ml) were added to a round bottom flask and cooled in an ice bath. Iodine monochloride (2.16 g,
13.3 mmol) in CH,Cl, (20 ml) was added dropwise over 10 min. After warming to RT, the
reaction mixture was quenched with a solution of sodium thiosulfate. The CH,Cl, layer was
washed with water, brine, and then dried over magnesium sulfate. The product was crystallized
from hexanes to yield 1-Fo-1 as a white solid (4.2g, 69%) after filtration. '"H (300 MHz, CDCI3) &

0.83 (t, 21 H), 1.15 (b, 25 H), 2.1 (m, 8 H), 7.50-7.9 (m, 12 H). 'C NMR (75 MHz, CDCL;) &
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14.6, 23.1, 24.3, 30.2, 32.0, 40.8, 56.1, 93.1, 120.7, 122.0, 122.1, 126.9, 132.7, 136.5, 140.0,

141.0, 141.6, 151.5, 154.0.

(HO),B Q.O SiMe;
2

B-F2-Si rwill: Adapting the method of Geng et al,” Si-F»-Br (3.6 g, 4.4 mmol) and 30 ml of
anhydrous THF were added to a flame dried flask and cooled to -78 °C in a N, atmosphere. n-
Butyllithium (2.5 M 2.2 ml, 5.7 mmol) was added dropwise and the reaction was allowed to stir
an additional 60 min before triisopropyl borate (13.0 g, 69.2 mmol) was added all at once. After
warming to RT, the reaction was quenched with dilute hydrochloric acid and the aqueous layer
was washed with diethyl ether (2 x 50 ml). The organic layers were combined, washed with
brine, and then dried over magnesium sulfate. The solvent was removed and the product was
purified by column chromatography (silica gel, 100% hexanes then 40% ethyl acetate / hexanes
as the eluent) to yield B-F2-Si as a clear oil (2.8 g, 82%). '"H (300 MHz, CDCls) & 0.33 (s, 9 H),
0.80 (b, 23 H), 1.11 (b, 29 H), 2.1 (t, 4 H), 2.2 (b, 4 H) 7.5-8.0 (m, 12 H), 8.25 (s, 1 H), 8.33 (d, 1
H). °C NMR (75 MHz, CDCl3) § -0.2, 14.6, 23.1, 23.2, 24.4, 24.5, 30.2, 30.4, 32.0, 32.1, 40.7,
41.0, 55.7, 55.8, 119.7, 120.0, 120.7, 121.3, 122.2, 126.7, 128.3, 128.4, 132.5, 132.4, 139.7,

140.5, 141.1, 142.0, 142.1, 145.9, 150.8, 151.6, 152.4, 153.0.

Me;Si Q' SiMe;

5
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Si-Fs-Si rwil3: According the method of Geng et al.,”® B-F-Si (3.0 g, 6.7 mmol), I-Fs-1 (3.78 g,
3.0 mmol), Pd(PPh;)4 (0.10 g, 3 mol %), K,CO; (5.6 g, 41 mmol), TBABr (0.29 g, 0.9 mmol), 50
ml of toluene, and 20 ml water were added to a Schlenk flask under N;. The mixture was heated
to reflux for 18 h under an N, atmosphere before water was added and the aqueous layer was
washed with diethyl ether (3 x 50 ml). The organic layers were combined, washed with brine,
and then dried over magnesium sulfate. The product was purified by column chromatography
(Silica gel, 100% hexanes then 20% CH,Cl, / hexanes as the eluent) to yield Si-Fs-Si as a clear,
glassy solid (4.0 g, 74%). 'H (300 MHz, CDCl3) & 0.33 (s, 18 H), 0.80 (b, 50 H), 1.11 (b, 60 H),
2.1 (b, 20 H), 7.5-8.0 (m, 30 H) °C NMR (75 MHz, CDCl3) § -0.2, 14.6, 23.1, 23.2, 24.4, 24.5,
30.2, 30.3, 32.0, 32.1, 40.8, 41.0, 55.7, 56.0, 119.6, 120.6, 122.2, 126.7, 126.8, 128.3, 132.5,

139.6, 140.7, 140.9, 141.1, 141.3, 142.1, 150.8, 152.3, 152.4.

[ Q.O 5|

I-Fs-1 rwil5: According the method of Geng et al.,” Si-Fs-Si (3.9 g, 2.2 mmol) and CH,Cl, (30
ml) were added to a round bottom flask. After cooling in an ice bath, iodine monochloride (0.73
g, 4.5 mmol) in CH,Cl, (10 ml) was added dropwise over 10 min. After warming to RT, the
reaction was quenched with a solution of sodium thiosulfate and the aqueous layer was washed
with CH,Cl, (3 x 30 ml). The combined organic layers were washed with water, brine, and then
dried over magnesium sulfate. The product was purified by column chromatography (Silica gel,
90% hexanes / CH,Cl, as the eluent) to yield I-Fs-1 as a clear, glassy solid (3.5 g, 85%). 'H (300

MHz, CDCls) § 0.8 (b, 50 H), 1.14 (b, 60 H), 2.1 (m, 20 H), 7.40-7.9 (m, 30 H). "°C NMR (75
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MHz, CDCL) ¢ 14.1, 22.6, 23.8, 23.9, 29.7, 31.5, 40.3, 40.4, 55.4, 55.5, 92.5, 120.0, 121.6,

126.2, 132.2, 135.9, 139.3, 140.0, 140.2, 140.3, 140.5, 140.6, 141.2, 151.0, 151.8, 153.5.

Me;Si Q.O SiMe;
6

Si-Fe-Si rwil7: According the method of Geng et al,” B-F-Si (2.7 g, 3.5 mmol), Br-F»-Si (1.44
g, 1.6 mmol), Pd(PPhs)4 (0.07 g, 4 mol%), K,CO5 (0.87 g, 6.3 mmol), TBABr (0.15 g, 30
mol%), 20 ml of toluene, and 10 ml water were added to a Schlenk flask under an N,
atmosphere. The mixture was heated to reflux for 24 h before water was added and the aqueous
layer was washed with diethyl ether (3 x 50 ml). The organic layers were combined and washed
with brine and then dried over magnesium sulfate. The product was purified by column
chromatography (silica gel, 100% hexanes then 20% CH,Cl, / hexanes as the eluent) to yield Si-
Fs-Si as a white solid (2.1 g, 62%). 'H (300 MHz, CDCl3)  0.36 (b, 18 H), 0.75 (b, 60 H), 1.11
(b, 72 H), 2.1 (b, 24 H), 7.50-7.9 (m, 36 H). ">C NMR (75 MHz, CDCl;) § -0.2, 14.6, 23.1, 23.2,
24.3, 24.5, 30.2, 30.3, 32.0, 32.1, 40.7, 41.0.1, 55.7, 55.9, 119.6, 120.6, 122.1, 126.6, 126.8,

128.3, 132.5, 139.6, 140.6, 140.9, 141.2, 141.3, 142.0, 150.8, 152.4

6

I-Fe-1 rwil9: According the method of Geng et al.,” Si-Fg-Si (1.0 g, 0.5 mmol) and CH,Cl, (10
ml) were to a round bottom flask. After cooling in an ice bath, iodine monochloride (I M in

CH,Cl,, 1.0 ml, 1.0 mmol) was added dropwise over 10 min before the reaction was allowed to
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warm to RT. The reaction was then quenched with a solution of sodium thiosulfate and the
aqueous layer was washed with CH,Cl, (3 x 30 ml). The combined organic layers were washed
with water, brine, and then dried over magnesium sulfate. The product was purified by column
chromatography (silica gel, 90% hexanes / CH,Cl; as the eluent) to yield I-Fe-1 as a white solid
(0.81 g, 81%). 'H (300 MHz, CDCl3) & 0.81 (b, 60 H), 1.13 (b, 72 H), 2.1 (b, 24 H), 7.40-7.9 (m,
36 H). °C NMR (75 MHz, CDCl;) § 14.61, 22.6, 23.8, 23.9, 29.7, 31.5, 40.3, 40.4, 55.4, 55.5,
92.5, 120.0, 121.6, 126.2, 132.1, 135.9, 139.3, 139.9, 140.0, 140.2, 140.3, 140.5, 140.6, 141.2,

150.9, 151.8, 153.5

Br Q'O Br
2,7-dibromofluorene rwi59: Adapting the method of Price et al.,*® fluorene (100.0 g, 0.6 mol),
FeCl; (100 mg), and 500 ml chloroform were added to a round bottom flask and cooled in an ice
bath. Bromine (202 g, 1.26 mol) was added dropwise over 60 min and the reaction was allowed
to warm RT. The reaction was then quenched with sodium thiosulfate and the aqueous layer was
washed with chloroform (3 x 200 ml). The organic layers were combined and dried over
magnesium sulfate before the solvent volume was reduced and hexane was added to induce
crystallization. 2,7-dibromofluorene was collected as white crystals (170 g, 88%). 'H (300 MHz,
CDCls) 8 3.82 (s, 2 H) 7.3-7.7 (m, 6 H) >C NMR (75 MHz, CDCl3) § 31.2, 121.6, 121.8, 128.9,

130.8, 140.3, 145.4.

Br @.@ Br
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Br-ehF-Br rwi62: 2,7-dibromofluorene (50 g, 0.154 mol), 2-ethylhexyl bromide (89 g, 0.462
mol), KOH (64 g, 1.23 mol), TBABr (5 g, 15.4 mmol), 100 ml toluene, and 100 ml water were
added to a Schlenk flask. The mixture was heated to 80 °C under an N, atmosphere for 2 h.
before water was added and the aqueous layer was washed with hexanes (2 x 100 ml). The
combined organic layers were washed with brine and then dried over magnesium sulfate. Br-
ehF-Br was purified by column chromatography (silica gel, 100% hexanes as the eluent) to yield
a clear solid (85 g, 100%). 'H (300 MHz, CDCl3) § 0.4-0.6 (m, 8 H), 0.6-1.0 (b, 22 H), 1.92 (d, 4
H, ] =5.4 Hz), 7.3-7.5 (m, 6 H). >C NMR (75 MHz, CDCl;) & 10.3, 14.0, 22.7, 27.1, 28.0, 28.1,

33.6,34.7,44.4,55.4,120.9, 127.3, 127.5, 130.1, 139.2, 152.5.

Br @.@ SiMe,

Br-ehF-Si rwi63: According to the method of Geng et al,”® Br-ehF-Br (100 g, 0.182 mol) and
300 ml of anhydrous THFwere added to a flame dried flask and cooled to -78 °C under an N,
atmosphere before n-Butyllithium (1.6 M, 114 ml, 0.182 mol) was added dropwise. After the
reaction was allowed to stir an additional 60 min, chlorotrimethylsilane (23.7 g, 0.218 mol) was
added dropwise. After warming to RT and the reaction was quenched with water and the
aqueous layer was washed with hexanes (2 x 100 ml). The organic layers were combined,
washed with brine, and dried over magnesium sulfate. The product was purified by column
chromatography (silica gel, 100% hexanes as the eluent) to yield Br-ehF-Si as a clear solid (90
g, 91%). 'H (300 MHz, CDCls) & 0.30 (s, 9 H), 0.4-0.6 (m, 8 H), 0.6-1.0 (b, 22 H), 1.97 (m, 4

H), 7.4-7.6 (m, 6 H). '*C NMR (75 MHz, CDCL) § -0.5, 10.9, 14.6, 23.3, 27.7, 27.8, 28.8, 29.0,
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34.4, 34.8, 35.0, 35.2, 35.3, 44.6, 44.9, 55.7, 119.5, 121.1, 121.2, 127.9, 128.0, 128.1, 129.6,

130.4, 132.4, 132.5, 139.4, 140.9, 141.4, 149.5, 153.5.

(HO),B Q.O SiMeg

B-ehF-Si rwi65: According to the method of Geng et al,” Br-ehF-Si (80 g, 0.140 mol) and 300
ml of anhydrous THF were added to a flame dried flask and cooled to -78 °C under an N,
atmosphere. n-Butyllithium (1.6 M, 105 ml, 0.168 mol) was added dropwise over 30 min. After
the reaction was allowed to stir an additional 60 min, triisopropyl borate (38.4 g, 0.196 mol) was
added over 5 min. After warming to RT and the reaction was quenched with dilute hydrochloric
acid and the aqueous layer was washed with diethyl ether (2 x 100 ml). The organic layers were
combined, washed with brine, and dried over magnesium sulfate. The product was purified by
column chromatography (silica gel, 100% hexanes then 50% ethyl acetate / hexanes as the
eluent) to yield B-ehF-Si as a clear solid (60 g, 77%). 'H (300 MHz, CDCls) & 0.30 (s, 9 H),
0.4-0.6 (m, 30 H), 1.97 (m, 4 H), 7.4-8.0 (m, 6 H), 8.29 (m, 2 H). *C NMR (75 MHz, CDCl3) &
-1.0, 10.3, 14.0, 22.6, 22.8, 27.1, 27.2, 28.3, 34.1, 34.1, 34.3, 34.7, 34.9, 44.2, 44.4, 54.9, 119.3,

119.6,129.2,131.2, 131.7, 134.4, 139.3, 141.7, 145.7, 149.9, 150.3.

Me3Si . SiMeg
OO
Si-ehF2-Si rwi64: According to the method of Geng et al,”> Br-ehF-Si (9.5 g, 17.5 mmol), B-

ehF-Si (10.6 g, 21 mmol), K,CO; (2 M, 35 ml, 70 mmol), Pd(PPhs)4 (0.41, 2 mol%), TBABr
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(1.7 g, 5.3 mmol) and 100 ml of toluene were added to a Schlenk flask under an N, atmosphere.
The mixture was heated to 75 °C for 24 h before water was added and the aqueous layer was
washed with hexane (2 x 100 ml). The organic layers were combined, washed with brine, and
dried over magnesium sulfate. The product was purified by column chromatography (silica gel,
100% hexanes then 10% CH,Cl, / hexanes as the eluent) to yield Si-ehF,-Si as a clear solid (15.5
g, 86%). 'H (300 MHz, CDCl3) & 0.31 (s, 18 H), 0.4-1.2 (m, 60 H), 2.06 (m, 8 H), 7.4-7.8 (m, 12
H). "C NMR (75 MHz, CDCl;) & -0.4, 10.9, 14.6, 14.7, 23.4, 23.4, 27.6, 27.6, 27.8, 28.9, 29.0,
34.7, 34.8, 35.0, 35.3, 44.8, 55.6, 119.4, 119.5, 120.5, 123.5, 123.5, 123.6, 123.7, 126.7, 126.8,

129.6, 132.2,132.3, 132.4, 138.6, 141.0, 141.2, 142.4, 150.2, 151.7.

1C-Or!

I-ehF,-1 rwi66: According to the method of Geng et al.,”> Added Si-ehF,-Si (14.2 g, 13.8
mmol) and CH,Cl, (200 ml) to a round bottom flask and cooled in an ice bath before iodine
monochloride (4.9 g, 30.3 mmol) in CH,Cl, (50 ml) were added dropwise over 10 min. After
warming to RT and the reaction was quenched with a solution of sodium thiosulfate, the CH,Cl,
layer was washed with water then brine and then dried over magnesium sulfate. The product
was purified by column chromatography (silica gel, 100% hexanes then 10% CH,Cl, / hexanes
as the eluent) to yield 1-ehFy-1 as a clear solid (12.8 g, 90%). 'H (300 MHz, CDCls) & 0.4-1.2 (b,
60 H), 2.06 (m, 12 H), 7.4-7.8 (m, 12H). *C NMR (75 MHz, CDCl3) & 10.3, 10.5, 14.0, 14.2,
22.7,22.8, 27.1, 27.2, 28.1, 28.2, 33.8, 34.0, 34.7, 44.2, 44.4, 55.2, 91.7, 120.0, 121.3, 122.7,
122.8, 122.8, 122.9, 126.1, 126.3, 126.4, 127.2, 128.8, 133.3, 133.4, 135.8, 139.4, 140.6, 140.8,
140.9, 150.4, 150.5, 153.2.
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Br Q'O ?Meg
Br-ehF,-Si rwi70: According to the method of Geng et al.,>® Br-ehF-Br (5.0 g, 9.1 mmol), B-
ehF-Si (2.3 g, 4.6 mmol), K,COs (2.53 g, 18.4 mmol), Pd(PPh3)4 (0.16 g, 3 mol%), 20 ml of
toluene, and 10 ml ethanol were added to a Schlenk flask under N,. The mixture was heated to
reflux for 18 h before water was added and the aqueous layer was washed with hexane (2 x 50
ml). The organic layers were combined, washed with brine, and dried over magnesium sulfate.
The product was purified by column chromatography (silica gel, 100% hexanes then 10%
CH,Cl,/ hexanes as the eluent) to yield Br-ehF,-Si as a clear solid (2.05 g, 49%). 'H (300 MHz,
CDCl3) 8 0.30 (s, 9 H), 0.4-1.0 (b, 60 H), 2.02 (m, 8 H), 7.4-7.7 (m, 12 H). *C NMR (75 MHz,
CDCh) 6 -1.0, 10.3, 10.4, 14.0, 22.7, 27.1, 27.2, 28.1, 28.2, 28.4, 31.6, 33.8, 33.9, 34.0, 34.2,
34.4,34.7, 44.2, 44.6, 55.0, 55.3, 118.8, 118.9, 119.9, 120.4, 120.9, 122.8, 123.0, 125.9, 126.0,
126.3, 126.4, 127.4, 127.5, 129.0, 131.7, 138.1, 139.2, 140.1, 140.6, 140.8, 141.0, 141.7, 149.6,

150.6, 151.1, 153.0.

HOYBLZ X T\ siMe,
OO
B-ehF2-Si rwi29: According to the method of Geng et al.,® Br-ehF,-Si (3.1 g, 3.3 mol) and 50
ml of anhydrous THF were added to a flame dried flask and cooled to -78 °C under a N,

atmosphere. n-Butyllithium (1.6 M, 2.5 ml, 4 mmol) was added dropwise. After the reaction

was allowed to stir an additional 60 min, triisopropyl borate (0.88 g, 4.7 mmol) was added over 5
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min. After warming to RT, the reaction was quenched with dilute hydrochloric acid and the
aqueous layer was washed with diethyl ether (3 x 100 ml). The organic layers were combined,
washed with brine, and dried over magnesium sulfate. The product was purified by column
chromatography (silica gel, 100% hexanes then 50% ethyl acetate / hexanes as the eluent) to
yield a clear solid (1.5 g, 50%). 'H (300 MHz, CDCl3) § 0.0.31 (s, 9 H), 0.66-1.00 (m, 60 H),
2.06-2.24 (b, 8 H), 7.48-7.92 (m, 10 H), 8.32 (m, 2 H). °C NMR (75 MHz, CDCl5) & 10.3, 10.5,
14.0, 22.7, 22.8, 27.0, 27.2, 28.1, 28.4, 34.0, 34.4, 34.6, 44.2, 54.9, 118.9, 119.2, 119.9, 120.5,
123.1, 126.1, 128.3, 129.0, 131.1, 131.7, 134.6, 138.1, 140.0, 140.3, 140.6, 141.2, 141.7, 145.5,

149.6, 150.0, 151.1, 152.0.

Me;Si Q.O ?Me3
Si-ehF3-Si rwi54: According to the method of Geng et al..>* Br-ehF-Br (10.0 g, 18.3 mmol), B-
ehF-Si (23.7 g, 44 mmol), K,CO; (10.1 g, 73 mmol), Pd(PPhs)4 (1.27 g, 6 mol%), 100 ml of
toluene, and 50 ml ethanol were added to a Schlenk flask under N,. The mixture was heated to
reflux for 18 h before water was added and the aqueous layer was washed with hexane (3 x 50
ml). The organic layers were combined, washed with brine, and dried over magnesium sulfate.
The product was purified by column chromatography (silica gel, 100% hexanes then 10%
CH,Cl, / hexanes as the eluent) to yield Si-ehFs-Si as a clear solid (20.2 g, 85%). 'H (300 MHz,
CDCl;) & 0.31 (s, 18 H), 0.4-1.2 (b, 90 H), 2.06 (m, 12 H), 7.4-7.8 (m, 18H). "*C NMR (75
MHz, CDCls) & -0.4, 10.9, 14.6, 23.4, 27.6, 27.8, 29.0, 32.2, 34.8, 35.0, 35.3, 44.3, 55.5, 55.7,

119.5,120.4, 123.5, 123.6, 126.6, 129.6, 132.3, 138.6, 140.7, 141.0, 142.4, 150.2, 151.8.
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C-Or!
I-ehFs-1 /wi56: According to the method of Geng,” Si-ehFs-Si (25.0 g, 19 mmol) and CH,Cl,
(200 ml) were added to a round bottom flask and cooled in an ice bath. Iodine monochloride (1
M in CH,Cl,, 42 ml, 42 mmol) was added dropwise over 30 min. After warming to RT, the
reaction was quenched with a solution of sodium thiosulfate. The CH,Cl, layer was washed with
water, brine, and then dried over magnesium sulfate. The product was purified by column
chromatography (silica gel, 100% hexanes then 5% CH,Cl, / hexanes as the eluent) to yield I-
ehFa-1 as a clear solid (20.1 g, 74%). '"H (300 MHz, CDCls) & 0.4-1.2 (b, 90 H), 2.06 (b, 12 H),
7.4-7.8 (m, 18H). ">C NMR (75 MHz, CDCls) § 11.5,14.0, 14.2, 22.8, 26.9, 27.1, 28.1, 28.2,
28.3, 31.6, 33.9, 34.0, 34.7, 44.1, 44.4, 55.0, 55.1, 55.2, 91.6, 199.6, 119.9, 120.0, 121.3, 122.7,
122.9, 124.1, 126.1, 126.3, 126.4, 126.8, 133.3, 133.4, 135.8, 139.3, 140.0, 140.1, 140.2, 140.7,

140.9, 141.0, 150.4, 151.0, 151.2, 153.2

Me;Si Q.O lee3
Si-ehF4-Si rwi71: According to the method of Geng et al.,” I-ehF,-1 (6.0 g, 5.8 mmol), B-ehF-
Si (6.5 g, 12.8 mmol), K,CO;5 (2 M, 12 ml, 23 mmol), Pd(PPh;)4 (0.20, 3 mol%), TBABr (0.56 g,
1.7 mmol) and 50 ml of toluene were added to a Schlenk flask under N,. The mixture was

heated to 80 °C for 24 h before water was added and the aqueous layer was washed with hexane

(2 x 100 ml). The organic layers were combined, washed with brine, and dried over magnesium
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sulfate. The product was purified by column chromatography (silica gel, 100% hexanes then
10% CH,Cl, / hexanes as the eluent) to yield Si-ehF4-Si as a clear solid (7.5 g, 76%). 'H (300
MHz, CDCl3) & 0.31 (s, 18 H), 0.4-1.2 (b, 130 H), 2.06 (b, 16 H), 7.4-7.8 (m, 26 H). *C NMR
(75 MHz, CDCls) 6 -0.4, 10.9, 14.6, 23.4, 27.7 27.8, 29.0, 34.7, 34.9, 35.3, 44.8, 45.2, 55.6,
55.7, 119.5,120.4, 123.5, 123.6, 126.6, 127.5, 127.7, 129.3, 129.6, 132.3, 138.6, 140.8, 141.0,

142.4,150.2, 151.8.

4
I-ehF4-1 *wi78: According to the method of Geng et al.,”® Si-ehF,-Si (7.0 g, 4.0 mmol) and
CH,Cl; (100 ml) were added to a round bottom flask and cooled in an ice bath before iodine
monochloride (1 M in CH,Cl,, 9 ml, 9 mmol) was added dropwise over 30 min. After warming
to RT, the reaction was quenched with a solution of sodium thiosulfate and the aqueous layer
was washed with CH,ClI, (2 x 100 ml). The combined organics were washed with water, brine,
and then dried over magnesium sulfate. The product was purified by column chromatography
(silica gel, 10% CH,Cl,/ hexanes as the eluent) to yield 1-ehF4-1 as a clear solid (6.1 g, 85%). 'H
(300 MHz, CDCl3) & 0.4-1.2 (b, 120 H), 2.06 (b, 16 H), 7.4-7.8 (m, 24 H). °C NMR (75 MHz,
CDCl) 6 10.9, 11.0, 14.6, 14.7, 23.3, 23.4, 26.2, 27.7, 28.8, 28.9, 32.2, 34.5, 34.7, 35.4, 45.1,
55.7,55.8,68.6,92.2, 120.5, 121.9, 123.5, 126.7, 126.9, 127.7, 133.9, 134.0, 136.4, 139.9, 140.6,

140.7, 140.9, 141.3, 141.6, 151.0, 151.8, 153.8.
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Me;Si Q.O ?Me3
Si-ehFs-Si rwi57: According to the method of Geng et al.,”® I-ehFs-1 (15.7 g, 11.1 mmol), B-
ehF-Si (12.3 g, 24.0 mmol), K,COs (6.1 g, 44 mmol), Pd(PPhs)4 (0.38 g, 3 mol%), 200 ml of
toluene, and 100 ml ethanol were added to a Schlenk flask under N,. The mixture was heated to
80 °C for 24 h. Water was added and the aqueous layer was washed with hexane (2 x 100 ml).
The organic layers were combined, washed with brine, and then dried over magnesium sulfate.
The product was purified by column chromatography (silica gel, 100% hexanes then 10%
CH,Cl, / hexanes as the eluent) to yield Si-ehFs-Si as a clear solid (8.5 g, 37%). 'H (300 MHz,
CDCls) & 0.31 (s, 18 H), 0.4-1.2 (b, 150 H), 2.06 (b, 20 H), 7.4-7.8 (m, 30 H). *C NMR (75
MHz, CDCls) 6 -0.4, 11.0, 14.6, 23.4, 27.7, 27.8, 29.0, 34.7, 34.8, 35.0, 35.3, 44.8, 45.1, 55.6,

55.7,119.5, 120.4, 123.4, 123.6, 126.6, 126.7, 126.9, 129.6, 140.8, 141.0, 142.4, 151.8.

GO
I-ehFs-1 rwi86: According to the method of Geng et al.,53 Si-ehFs-Si (2.5 g, 1.20 mmol) and
CH,Cl; (30 ml) were added to a round bottom flask and cooled in an ice bath before iodine
monochloride (1 M in CH,Cl,, 4.8 ml, 4.8 mmol) was added dropwise over 30 min. After
warming to RT, the reaction was quenched with a solution of sodium thiosulfate and the aqueous

layer was washed with CH,Cl, (2 x 50 ml). The combined organics were washed with water,

brine, and then dried over magnesium sulfate. The product was purified by column
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chromatography (silica gel, 10% CH,Cl,/ hexanes as the eluent) to yield I-ehFs-1 as a clear solid
(2.4 g, 92%). 'H (300 MHz, CDCl3) § 0.4-1.2 (b, 150 H), 2.06 (b, 20 H), 7.49 (m, 2 H), 7.6-7.8
(m, 28 H). >C NMR (75 MHz, CDCls) § 11.0, 11.1, 14.7, 14.8, 14.9, 21.4, 23.4, 23.5, 26.0,
27.6,27.9, 28.9, 29.0, 32.3, 34.5, 34.8, 34.9, 35.2, 35.4, 44.4, 45.2, 55.6, 55.8, 55.9, 92.3, 120.5,
122.0, 123.6, 126.8, 127.0, 134.0, 134.1, 136.5, 140.0, 140.6, 140.8, 140.9, 141.0, 141.4, 141.6,

141.8, 151.0, 151.1, 151.9, 153.9.

Me3Si Q.O ?Me3
Si-ehFg-Si rwi31: According to the method of Geng et al.,”* 1-ehF2-1 (0.73 g, 0.71 mmol), B-
ehF»-Si (1.4 g, 1.57 mmol), K,COs3 (2 M, 1.7 ml, 3.6 mmol, Pd(PPh;)4(0.03 g, 4 mol%), TBABr
(0.069 g, 0.2 mmol) and 20 ml of toluene were added to a Schlenk flask under N,. The mixture
was heated to 80 °C for 24 h before water was added and the aqueous layer was washed with
hexane (2 x 15 ml). The organic layers were combined, washed with brine, and dried over
magnesium sulfate. The product was purified by column chromatography (silica gel, 5%
CH,Cly/hexanes then 10% CH,Cl, / hexanes as the eluent) to yield Si-ehFg-Si as a clear solid
(0.9 g, 51%). 'H (300 MHz, CDCl3) & 0.31 (s, 18 H), 0.4-1.2 (b, 180 H), 2.06 (b, 24 H), 7.4-7.8
(m, 36 H). C NMR (75 MHz, CDCl3) § -1.0, 10.4, 14.0, 22.8, 27.2, 28.4, 34.1, 34.2, 34.4, 34 8,
443, 44.6, 55.0, 55.1, 118.9, 119.8, 122.8, 123.0, 126.0, 126.2, 129.0, 131.7, 140.2, 140.5, 141.8,

149.6, 151.1, 151.2.
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C-Or!
I-ehFg-1 rwi39: According to the method of Geng et al.,” Si-ehFg-Si (0.40 g, 0.16 mmol) and
CH,Cl; (10 ml) were added to a round bottom flask and cooled in an ice bath before iodine
monochloride (I M in CH,Cl,, 0.35 ml, 0.35 mmol) was added dropwise over 30 min. After
warming to RT, the reaction was quenched with a solution of sodium thiosulfate and the aqueous
layer was washed with CH,Cl, (2 x 15 ml). The combined organics were washed with water,
brine, and then dried over magnesium sulfate. The product was purified by column
chromatography (silica gel, 10% toluene / hexanes as the eluent) to yield I-ehF-1 as a clear solid
(0.35 g, 85%). 'H (300 MHz, CDCl3) § 0.4-1.2 (b, 180 H), 2.06 (b, 24 H), 7.4-7.8 (m, 36 H). "°C
NMR (75 MHz, CDCls3) & 10.4, 14.0, 22.8, 27.2, 28.4, 34.1, 34.2, 34.4, 34.8, 44.3, 44.6, 55.0,
55.1, 91.1, 119.2, 121.0, 122.8, 123.0, 126.0, 126.2, 129.0, 131.7, 140.2, 140.5, 141.8, 149.6,

151.1, 151.2.

Me;Si Q.O lee3
Si-ehF7-Si rwi88: According to the method of Geng et al.,” I-ehFs-1 (2.8 g, 1.97 mmol), B-
ehF,-Si (4.23 g, 4.7 mmol), K,CO; (2 M, 4.0 ml, 7.9 mmol), Pd(PPhs), (0.09, 4 mol%), TBABr
(0.20 g, 0.6 mmol), and 30 ml of toluene were added to a Schlenk flask under N,. The mixture

was heated to 80 °C for 24 h before water was added and the aqueous layer was washed with

hexane (2 x 50 ml). The organic layers were combined, washed with brine, and dried over
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magnesium sulfate. The product was purified by column chromatography (silica gel, 5% CH,Cl,
/ hexanes then 10% CH,Cl, / hexanes as the eluent) to yield Si-ehF+-Si as a clear solid (2.4 g,,
43%). 'H (300 MHz, CDCl3) § 0.31 (s, 18 H), 0.4-1.2 (b, 210 H), 2.06 (b, 28 H), 7.4-7.8 (m, 42
H). "C NMR (75 MHz, CDCl;) § -1.0, 10.4, 14.0, 20.7, 22.7, 22.8, 25.3, 27,2, 28.4, 31.6, 34.1,
34.2, 344, 34.8, 44.2, 44.6, 55.0, 55.1, 118.9, 119.8, 119.5, 122.7, 122.8, 122.9, 123.0, 126.1,

126.2, 126.3, 129.0, 131.7, 138.0, 140.2, 140.4, 140.5, 141.8, 149.6, 151.1, 151.2.

7

I-ehF7-1 rwi90: According to the method of Geng et al,”® Si-ehF7-Si (1.2 g, 0.42 mmol) and
CH,Cl; (10 ml) were added to a round bottom flask and cooled in an ice bath before iodine
monochloride (1 M in CH,Cl,, 1.0 ml, 1.0 mmol) was added dropwise over 30 min. After
warming to RT, the reaction was quenched with a solution of sodium thiosulfate and aqueous
layer was washed with CH,Cl, (2 x 15 ml). The combined organics were washed with water,
brine, and then dried over magnesium sulfate. The product was purified by column
chromatography (silica gel, 10% CH,Cl,/ hexanes as the eluent) to yield I-ehF;-1 as a clear solid
(1.0 g, 83%). 'H (300 MHz, CDCl3) § 0.4-1.2 (b, 210 H), 2.06 (b, 28 H), 7.48 (m, 2 H) 7.6-7.9
(m, 38 H). >C NMR (75 MHz, CDCLs) § 11.0, 11.1, 12.1, 14.7, 14.8, 21.4, 23.4, 26.0, 27.8,
28.9, 29.0, 29.7, 32.3, 34.6, 34.7, 34.9, 35.2, 35.4, 44.8, 45.2, 55.7, 55.8, 92.3, 120.5, 122.0,
123.6, 126.8, 126.9, 134.0, 134.1, 136.5, 140.0, 140.6, 140.8, 140.9, 141.0, 141.4, 141.6, 141.8,

151.0, 151.9, 153.7.
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Me;Si Q.O ?Me3
Si-ehFg-Si rwi8I: According to the method of Geng et al.,” I-ehF,-1 (2.5 g, 1.38 mmol), B-
ehF»-Si (2.73 g, 3.05 mmol), K,CO;3 (2 M, 2.7 ml, 5.5 mmol), Pd(PPh3)4 (0.06, 4 mol%), TBABr
(0.13 g, 0.41 mmol) and 15 ml of toluene were added to a Schlenk flask under N,. The mixture
was heated to 80 °C for 24 h before water was added and the aqueous layer was washed with
hexane (2 x 100 ml). The organic layers were combined, washed with brine, and dried over
magnesium sulfate. The product was purified by column chromatography (silica gel, 5% CH,Cl,
/ hexanes then 15% CH,Cl, / hexanes as the eluent) to yield Si-ehFg-Si as a clear solid (1.4 g,
32%). 'H (300 MHz, CDCl3) § 0.31 (s, 18 H), 0.4-1.2 (b, 240 H), 2.06 (b, 32 H), 7.4-7.8 (m, 48
H). *C NMR (75 MHz, CDCls) & -0.3, 11.0, 14.7, 21.3, 23.4, 25.9, 27.8, 29.0, 32.2, 34.7, 34.8,
35.0, 35.4, 449, 45.2, 55.6, 55.7, 119.5, 120.5, 123.5, 123.6, 126.7, 127.8, 129.4, 129.7, 132.4,

138.6, 140.8, 141.1, 142.4, 150.2, 151.7, 151.9.

heS s
I-ehFg-1 rwi84: According to the method of Geng et al.,>* Added Si-ehFg-Si (1.4 g, 0.43 mmol)
and CH,Cl, (20 ml) to a round bottom flask and cooled in an ice bath before iodine
monochloride (1 M in CH,Cl,, 1 ml, 1.0 mmol) was added dropwise over 30 min. After

warming to RT, the reaction was quenched with a solution of sodium thiosulfate and the aqueous

layer was washed with CH,Cl, (2 x 20 ml). The combined organics were washed with water,
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brine, and then dried over magnesium sulfate. The product was purified by column
chromatography (silica gel, 15% CH,Cl,/ hexanes as the eluent) to yield I-ehFg-1 as a clear solid
(1.3 g, 90%). %). 'H (300 MHz, CDCl3) & 0.4-1.2 (b, 240 H), 2.06 (b, 32 H), 7.3-7.8 (m, 48 H).
C NMR (75 MHz, CDCl3) § 10.3, 10.4, 11.4, 14.0, 14.2, 20.7, 22.8, 25.3, 27.2, 28.3, 28.6, 29.1,
29.7,31.6, 33.9, 34.1, 34.2, 34.7, 44.5, 55.0, 55.2, 91.6, 119.8, 120.9, 121.3, 122.9, 123.0, 124.1
126.1, 126.3, 126.8, 127.1, 128.7, 133.3, 133.4, 135.8, 139.0, 139.3, 139.9, 140.2, 140.3, 140.7,

140.9, 141.1, 150.4, 150.6, 151.3, 153.2.

1.6.5.1 Synthesis of Oligomeric Fluorene Segmers

S(FsM1g) rwi35: Adapting the method of Thiem et al.,* I-Fs-1 (1.45 g, 0.76 mmol), TBABr (0.07
g, 0.23 mmol), K,COs3 (2 M, 7.6 ml, 15.2 mmol), and 20 ml of toluene were added to a Schlenk
flask and thoroughly degassed. 9-dec-5-enyl-9-BBN (1.2 g, 4.6 mmol) and PdCl,(PPhs), (16
mg, 3 mol%) were added under an N, atmosphere. The reaction mixture was heated to 45 °C for
18 h before water was added and the aqueous layer was washed with hexanes (2 x 20 ml). The
combined organic layers were washed with brine and then dried over magnesium sulfate. The
product was purified by column chromatography (silica gel, 85% hexanes / CH,Cl, as the eluent)
to yield s(FsMg) as a clear solid (1.0 g, 68%). 'H (300 MHz, CDCl3) & 0.79 (b,56 H), 1.0-1.5 (b,
94 H), 1.67 (b, 4 H) 2.1 (b, 24 H), 2.71 (m, 4 H), 4.96 (m, 4H), 5.83 (m, 2 H),7.17 (m, 4 H),

7.50-7.9 (m, 26 H). °C NMR (75 MHz, CDCl3) & 14.6, 23.2, 24.5, 29.6, 29.8, 29.8, 30.1, 30.3,
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32.1, 32.4, 34.4, 36.9, 41.0, 55.6, 55.9, 114.7, 120.1, 120.6, 122.1, 123.7, 126.6, 126.8, 127.7,

128.8, 139.0, 139.8, 140.5, 140.6, 141.2, 141.3, 142.6, 151.8, 152.1, 152.4.

s(FsM1g) rwi30: Adapting the method of Thiem et al.,* I-Fg-1 (0.70 g, 0.31 mmol), TBABr (0.03
g, 30 mol%), K,COs3 (2 M, 3.1 ml, 6 mmol), and 20 ml of toluene were added to a Schlenk flask
and thoroughly degassed. 9-dec-5-enyl-9-BBN (0.32 g, 1.3 mmol) and PdCl,(PPhs), (6 mg, 3
mol%) were added under an N, atmosphere. The reaction mixture was heated to 45 °C for 18 h
before water was added and the aqueous layer was washed with hexanes (2 x 20 ml). The
combined organic layers were washed with brine and then dried over magnesium sulfate. The
product was purified by column chromatography (silica gel, 100% hexanes to 90% hexanes /
CH,Cl, as the eluent) to yield S(FsM1g) as a clear solid (0.30 g, 43%). 'H (300 MHz, CDCl;) &
0.79 (b, 80 H), 1.0-1.5 (b, 120 H), 1.67 (b, 4 H) 2.1 (b, 28 H), 2.70 (t, 4 H), 4.96 (m, 4H), 5.83
(m, 2 H) 7.16 (b, 4 H), 7.50-7.9 (m, 32 H). C NMR (75 MHz, CDCls) § 14.0, 22.5, 23.8, 28.9,
29.1, 29.2, 29.5, 29.7, 31.4, 31.8, 33.8, 36.3, 40.4, 55.0, 55.3, 114.1, 119.4, 119.5, 119.9, 121.5,
123.0, 125.9, 126.1, 127.0, 138.4, 139.2, 139.8, 139.9, 140.0, 140.5, 140.6, 142.0, 151.1, 151.4,

151.8.
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s(ehF3Mag) rwi75: Adapting the method of Thiem et al,*> 1-ehFs-1 (1.0 g, 0.71 mmol), TBABr
(0.07 g, 0.21 mmol), K,CO3 (2 M, 7.0 ml, 14.1 mmol), and 15 ml of toluene were added to a
Schlenk flask and thoroughly degassed. 9-dec-5-enyl-9-BBN (1.1 g, 4.2 mmol) and
PdCIy(PPhs), (15 mg, 3 mol%) were added under an N, atmosphere. The reaction mixture was
heated to 45 °C for 18 h before water was added and the aqueous layer was washed with hexanes
(2 x 20 ml). The combined organic layers were washed with brine and then dried over
magnesium sulfate. The product was purified by column chromatography (silica gel, 5% CH,Cl,
/ hexanes then 10% CH,Cl, / hexanes as the eluent) to yield s(ehFsMjg) as a clear solid (0.9 g,
90%). 'H (300 MHz, CDCl3) § 0.4-1.2 (b, 90 H), 1.3 (b, 16 H), 1.65 (b, 4 H), 2.06 (b, 16 H), 2.67
(t, 4 H, ] = 7.5 Hz), 4.96 (m, 4 H), 5.82 (m, 2 H), 7.13 (m, 4 H), 7.5-7.8 (m, 16H). >C NMR (75
MHz, CDCls) 6 10.3,14.0, 22.8, 27.0, 27.1, 28.3, 28.9, 29.2, 29.1, 29.5, 29.6, 31.9, 33.8, 33.9,
34.0, 34.1, 34.6, 34.7, 36.3, 44.5, 54.8, 54.9, 55.0, 114.1, 119.3, 119.4, 119.6, 119.7, 122.8,
122.9, 124.1, 124.2, 125.8, 125.9, 126.0, 127.1, 138.7, 139.2, 139.9, 140.1, 140.3, 140.6, 141.3,

150.7, 150.9, 151.2.

s(ehF3Myg) rwii54: Adapting the method of Thiem et al.,*” 1-ehFs-1 (3.6 g, 2.5 mmol), TBABr
(0.24 g, 0.75 mmol), K,COs3 (2 M, 25 ml, 50 mmol), and 20 ml of toluene were added to a
Schlenk flask and thoroughly degassed. 9-hex-5-enyl-9-BBN (3.1 g, 15 mmol) and PdCI,(PPh;),
(50 mg, 3 mol%) were added under an N, atmosphere. The reaction mixture was heated to 45 °C
for 20 h before water was added and the aqueous layer was washed with hexanes (2 x 50 ml).
The combined organic layers were washed with brine and then dried over magnesium sulfate.
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The product was purified by column chromatography (Silica gel, 5% CH,Cl, / hexanes then 10%
CH.Cl, / hexanes as the eluent) to yield s(ehFsMig) as a clear solid (3.3, 94%). 'H (300 MHz,
CDCls) 6 0.4-1.2 (b, 90 H), 1.3 (m, 4 H), 1.65 (m, 4 H), 2.06 (b, 16 H), 2.68 (t, 4 H, ] = 7.2 Hz),
4.96 (m, 4 H), 5.82 (m, 2 H), 7.16 (m, 4 H), 7.5-7.8 (m, 14 H). *C NMR (75 MHz, CDCl;) &
10.4, 14.1, 22.9, 27.1, 27.2, 28.4, 28.6, 28.8, 31.4, 33.8, 34.0, 34.2, 34.7, 34.8, 36.2, 44.6, 53.4,
54.9, 55.1, 114.5, 119.4, 119.8, 122.8, 124.2, 125.9, 126.0, 126.2, 126.3, 127.2, 138.9, 139.9,

140.0, 140.2, 140.4, 140.5, 140.6, 141.1, 150.8, 150.9, 151.2.

s(ehF4Mag) rwi83: Adapting the method of Thiem et al.,*” 1-ehF4-1 (1.6 g, 1.0 mmol), TBABr
(0.10 g, 0.30 mmol), K,COs3 (2 M, 10.0 ml, 20 mmol), and 20 ml of toluene were added to a
Schlenk flask and thoroughly degassed. 9-dec-5-enyl-9-BBN (1.6 g, 6.0 mmol) and
PdCly(PPhs), (20 mg, 3 mol%) were added under an N, atmosphere. The reaction mixture was
heated to 45 °C for 18 h before water was added and the aqueous layer was washed with hexanes
(2 x 15 ml). The combined organic layers were washed with brine and then dried over
magnesium sulfate. The product was purified by column chromatography (silica gel, 5% CH,Cl,
/ hexanes as the eluent) to yield s(ehFsMag) as a clear solid (1.3 g, 81%). 'H (300 MHz, CDCls)
0 0.4-1.2 (b, 120 H), 1.65 (b, 4 H), 2.06 (b, 20 H), 2.67 (t, 4 H, J = 7.5 Hz), 4.96 (m, 4 H), 5.82
(m, 2 H), 7.20 (m, 4 H), 7.5-7.8 (m, 20 H). *C NMR (75 MHz, CDCl;) & 10.3,14.0, 22.8, 27.0,
27.1, 28.3, 28.9, 29.2, 29.1, 29.5, 29.6, 31.9, 33.8, 33.9, 34.0, 34.1, 34.6, 34.7, 36.3, 44.5, 54.8,
54.9, 55.0, 114.1, 119.3, 119.4, 119.6, 119.7, 122.8, 122.9, 124.1, 124.2, 125.8, 125.9, 126.0,
127.1, 138.7, 139.2, 139.9, 140.1, 140.3, 140.6, 141.3, 150.7, 150.9, 151.2.
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s(ehF4sMyg) rwil0I: Adapting the method of Thiem et al.,* I-ehF,-1 (0.6 g, 0.38 mmol), TBABr
(0.04 g, 0.11 mmol), K,COs3 (2 M, 4.0 ml, 8 mmol), and 20 ml of toluene were added to a
Schlenk flask and thoroughly degassed. 9-hex-5-enyl-9-BBN (0.46 g, 2.3 mmol) and
PdCl(PPhs), (8.0 mg, 3 mol%) were added under a N, atmosphere. The reaction mixture was
heated to 45 °C for 18 h before water was added and the aqueous layer was washed with hexanes
(2 x 20 ml). The combined organic layers were washed with brine and then dried over
magnesium sulfate. The product was purified by column chromatography (silica gel, hexanes
then 10% CH,Cl, / hexanes as the eluent) to yield s(ehF4;My) as a clear solid (0.45 g, 75%). 'H
(300 MHz, CDCl3) 6 0.4-1.2 (b, 120 H), 1.3 (b, 4 H), 1.65 (b, 4 H), 2.06 (b, 20 H), 2.68 (t,4 H, J
= 7.5 Hz), 4.96 (m, 4 H), 5.82 (m, 2 H), 7.13 (m, 4 H), 7.5-7.8 (m, 20 H). °C NMR (75 MHz,
CDCl) 6 10.4, 14.0, 22.8, 27.0, 27.1, 28.3, 28.6, 28.7, 31.3, 33.7, 34.0, 34.2, 34.7, 34.8, 36.2,
44.6, 54.8, 55.1, 114.4, 119.3, 119.8, 123.0, 124.2, 124.2, 125.9, 126.0, 126.3, 127.2, 128.7,

138.9, 139.8, 139.9, 140.1, 140.2, 140.4, 140.6, 141.1, 150.8, 150.9, 151.2.

s(ehFsMsg) rwi98: Adapting the method of Thiem et al.,85 I-ehFs-1 (0.8 g, 0.36 mmol), TBABr
(0.04 g, 0.11 mmol), K,COs3 (2 M, 3.6 ml, 7.2 mmol), and 20 ml of toluene were added to a

Schlenk flask and thoroughly degassed. 9-dec-5-enyl-9-BBN (0.56 g, 2.2 mmol) and
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PdCIy(PPhs), (7.5 mg, 3 mol%) were added under an N, atmosphere. The reaction mixture was
heated to 45 °C for 18 h before water was added and the aqueous layer was washed with hexanes
(2 x 20 ml). The combined organic layers were washed with brine and then dried over
magnesium sulfate. The product was purified by column chromatography (silica gel, 10%
CH,Cl, / hexanes as the eluent) to yield s(ehFsMsg) as a clear solid (0.7 g, 88%). 'H (300 MHz,
CDCl3) 6 0.4-1.2 (b, 150 H), 1.65 (b, 4 H), 2.06 (b, 24 H), 2.67 (t, 4 H, J = 7.8 Hz), 4.94 (m, 4
H), 5.82 (m, 2 H), 7.13-7.20 (m, 4 H), 7.5-7.8 (m, 26 H). °C NMR (75 MHz, CDCl;) § 10.3,
14.0, 22.8, 27.1, 28.3, 29.0, 29.2, 29.3, 29.5, 29.6, 31.9, 33.8, 34.0, 34.1, 34.6, 34.7, 36.3, 44.5,
54.8, 55.1, 114.1, 119.3, 119.4, 119.8, 123.0, 124.2, 126.1, 126.3, 127.1, 138.7, 139.2, 140.0,

140.2, 140.6, 141.3, 150.7, 150.9, 151.2.

s(ehFsMyg) rwii56: Adapting the method of Thiem et al.,* 1-ehFs-1 (0.95 g, 0.43 mmol), TBABr
(0.04 g, 0.13 mmol), K,CO; (2 M, 4.3 ml, 8.6 mmol), and 20 ml of toluene were added to a
Schlenk flask and thoroughly degassed. 9-hex-5-enyl-9-BBN (0.53 g, 2.6 mmol) and
PdCl,(PPhs), (9.1 mg, 3 mol%) were added under an N, atmosphere. The reaction mixture was
heated to 45 °C for 20 h before water was added and the aqueous layer was washed with hexanes
(2 x 25 ml). The combined organic layers were washed with brine and then dried over
magnesium sulfate. The product was purified by column chromatography (Silica gel, 10%
CH,Cl, / hexanes as the eluent) to yield s(ehFsMyo) as a clear solid (0.8 g, 89%). 'H (300 MHz,
CDCl3) 6 0.4-1.2 (b, 150 H), 1.3 (b, 4 H), 1.65 (b, 4 H), 2.06 (b, 26 H), 2.68 (t, 4 H, ] = 7.2 Hz),
4.96 (m, 4 H), 5.82 (m, 2 H), 7.13 (m, 4 H), 7.5-7.8 (m, 25 H). >C NMR (75 MHz, CDCl;) &
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10.4, 14.1, 22.8, 27.1, 27.2, 28.4, 28.6, 28.7, 31.4, 33.8, 34.1, 34.2, 34.1, 34.2, 34.7, 34.8, 36.2,
44.6, 54.9, 55.1, 114.5, 119.4, 119.8, 122.7, 122.9, 123.0, 124.2, 125.9, 126.0, 126.2, 126.3,

127.2, 138.9, 139.9, 140.0, 140.1, 140.2, 140.3, 140.4, 140.6, 141.1, 141.2, 150.8, 150.9, 151.3.

s(ehFgMag) rwi41: Adapting the method of Thiem et al.,* 1-ehFg-1 (0.30 g, 0.12 mmol), TBABr
(0.011 g, 0.035 mmol), K,CO3; (2 M, 1.2 ml, 2.3 mmol), and 15 ml of toluene were added to a
Schlenk flask and thoroughly degassed. 9-dec-5-enyl-9-BBN (0.18 g, 0.70 mmol) and
PdCly(PPhs), (2.4 mg, 3 mol%) were added under an N, atmosphere. The reaction mixture was
heated to 45 °C for 18 h before water was added and the aqueous layer was washed with hexanes
(2 x 10 ml). The combined organic layers were washed with brine and then dried over
magnesium sulfate. The product was purified by column chromatography (silica gel, 10%
toluene / hexanes as the eluent) to yield s(ehFsMisg) as a clear solid (0.25 g, 83%). 'H (300 MHz,
CDCl) & 0.4-1.2 (b, 180 H), 1.65 (b, 4 H), 2.06 (b, 28 H), 2.67 (t, 4 H, J = 6.9 Hz), 4.94 (m, 4
H), 5.82 (m, 2 H), 7.13-7.20 (m, 4 H), 7.5-7.8 (m, 32 H). "*C NMR (75 MHz, CDCl;) § 10.3,
14.0, 22.8, 27.1, 28.3, 29.0, 29.2, 29.6, 31.9, 33.8, 34.0, 34.6, 34.7, 44.5, 55.1, 114.1, 119.8,

123.0, 124.2, 126.1, 140.2, 151.2.
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s(ehF;Mag) rwi92: Adapting the method of Thiem et al.,*> 1-ehFs-1 (1.1 g, 0.33 mmol), TBABr
(32 mg, 0.10 mmol), K,CO; (2 M, 3.3 ml, 6.6 mmol), and 20 ml of toluene were added to a
Schlenk flask and thoroughly degassed. 9-dec-5-enyl-9-BBN (0.51 g, 2.0 mmol) and
PdCl(PPhs), (6.9 mg, 3 mol%) were added under an N, atmosphere. The reaction mixture was
heated to 45 °C for 18 h before water was added and the aqueous layer was washed with hexanes
(2 x 20 ml). The combined organic layers were washed with brine and then dried over
magnesium sulfate. The product was purified by column chromatography (silica gel, 10%
CH,Cl, / hexanes as the eluent) to yield s(ehF7Msg) as a clear solid (0.8 g, 73%). 'H (300 MHz,
CDCls) 6 0.4-1.2 (b, 210 H), 1.65 (b, 4 H), 2.06 (b, 32 H), 2.67 (m, 4 H), 4.98 (m, 4 H), 5.87 (m,
2 H), 7.13-7.20 (m, 4 H), 7.5-8.0 (m, 38 H). "*C NMR (75 MHz, CDCls) & 10.3, 14.1, 14.2,
20.7,22.7, 22.8, 25.3, 27.2, 28.4, 28.9, 29.1, 29.2, 29.3, 29.5, 29.6, 29.8, 31.7, 31.9, 33.9, 34.1,
34.2, 34.6, 34.7, 34.8, 36.4, 44.6, 54.8, 55.1, 114.2, 119.5, 119.9, 123.0, 124.2, 126.2, 127.2,

138.8, 139.1, 139.8, 140.1, 140.2, 140.4, 140.6, 141.3, 150.7, 150.9, 151.2.

s(ehFgMsg) rwi96: Adapting the method of Thiem et al.,85 I-ehFg-1 (1.3 g, 0.39 mmol), TBABr
(40 mg, 0.10 mmol), K,COs3 (2 M, 4.0 ml, 8.0 mmol), and 20 ml of toluene were added to a

Schlenk flask and thoroughly degassed. 9-dec-5-enyl-9-BBN (0.60 g, 2.3 mmol) and
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PdCI,(PPhs), (8.0 mg, 3 mol%) were added under an N, atmosphere. The reaction mixture was
heated to 45 °C for 18 h under before water was added and the aqueous layer was washed with
hexanes (2 x 20 ml). The combined organic layers were washed with brine and then dried over
magnesium sulfate. The product was purified by column chromatography (silica gel, 10%
CH,Cl, / hexanes as the eluent) to yield s(ehFgMsg) as a clear solid (1.1 g, 85%). 'H (300 MHz,
CDCI3) 6 0.4-1.2 (b, 240 H), 1.65 (b, 4 H), 2.06 (b, 32 H), 2.67 (m, 4 H), 4.98 (m, 4 H), 5.87 (m,
2 H), 7.13-7.20 (m, 4 H), 7.5-8.0 (m, 38 H). *C NMR (75 MHz, CDCI3) & 10.3, 14.1, 14.2,
20.7,22.7,22.8, 25.3, 27.2, 28.4, 28.9, 29.1, 29.2, 29.3, 29.5, 29.6, 29.8, 31.7, 31.9, 33.9, 34.1,
34.2, 34.6, 34.7, 34.8, 36.4, 44.6, 54.8, 55.1, 114.2, 119.5, 119.9, 123.0, 124.2, 126.2, 127.2,

138.8, 139.1, 139.8, 140.1, 140.2, 140.4, 140.6, 141.3, 150.7, 150.9, 151.2.

1.6.5.2 Synthesis of Polymethylene-co-Fluorenes.

p(FsMig) rwi37: Adapting the method of Watson et al..®® s(FsMig) (0.53 g, 0.26 mmol), Grubbs
1 (4 mg, 2 mol%), 0.50 g of phenyl ether, and 10 ml of toluene were added to a Schlenk flask
under a N, atmosphere. The ethylene by-product and toluene were slowly removed under
vacuum before the reaction mixture was heated to 45 °C for 18 h under vacuum. The mixture
was dissolved in 10 ml of toluene and transferred to a stainless steel reaction vessel. Silica gel
(0.2 g) was added and the vessel was charged to 180 psi with H,. The mixture was heated to 80
°C for 20 h. After cooling to RT, the silica gel was filtered and the toluene was removed under

reduced pressure. The polymer was dissolved in a small amount of CH,Cl, and precipitated into
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acetone to yield p(FsMg) (0.35 g, 69%) as a tan powder. 'H NMR (300 MHz, CDCls) 5 0.76 (b,
64 H), 1.10-1.32 (b, 104 H), 1.52-1.65 (b, 5 H), 2.09 (b, 22 H), 2.68 (b, 4 H), 7.14 (b, 4 H), 7.59-
7.83 (b, 24 H). °C NMR (75 MHz, CDCl;) 14.0, 22.6, 23.9, 29.3, 29.7, 29.8, 30.9, 31.5, 31.9,
36.3,40.4, 55.0,55.3,119.4, 119.5, 120.0, 121.5, 123.1, 126.0, 126.2, 127.1, 138.4, 139.9, 140.0,

140.6, 140.7, 142.1, 151.2, 151.5, 151.8.

OO

5 n
p(FsM1g) rwi32: Adapting the method of Watson et al..®® s(FgM1g) (0.25 g, 0.11 mmol), Grubbs
1 (2 mg, 2 mol%), 0.45 g of phenyl ether, and 10 ml of toluene were added to a Schlenk flask
under a N, atmosphere. The ethylene by-product and the toluene were slowly removed under
vacuum before the reaction mixture was heated to 45 °C for 18 h under vacuum. The mixture
was dissolved in 10 ml of toluene and transferred to a stainless steel reaction vessel. Silica gel
(0.5 g) was added and the vessel was charged to 180 psi with H,. The mixture was heated to 80
°C for 20 h. After cooling to RT, the silica gel was filtered and the toluene was removed under
reduced pressure. The polymer was dissolved in a small amount of CH,Cl, and precipitated into
acetone to yield p(FsMisg) (0.20 g, 80%) as a tan powder. 'H NMR (300 MHz, CDCl5) & 0.76 (b,
76 H), 1.10-1.32 (b, 120 H), 1.52-1.65 (b, 4 H), 2.09 (b, 24 H), 2.68 (b, 4 H), 7.14 (b, 4 H), 7.59-
7.83 (b, 336 H). C NMR (75 MHz, CDCl3) 14.0, 22.6, 23.9, 29.3, 29.7, 31.5, 31.8, 40.4, 55.0,

55.4,119.5, 120.0, 121.6, 123.1, 126.2, 127.1, 138.4, 140.0, 140.6, 142.1, 151.2, 151.5, 151.8.
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p(ehF3Myg) rwi77: Adapting the method of Watson et al.,®® s(ehFsMig) (0.5 g, 0.35 mmol),
Grubbs 1 (6 mg, 2 mol%), 0.7 g of phenyl ether, and 10 ml of toluene were added to a Schlenk
flask under a N, atmosphere. The ethylene by-product and the toluene were slowly removed
under vacuum before the reaction mixture was heated to 45 °C for 18 h under vacuum. The
mixture was dissolved in 10 ml of toluene and transferred to a stainless steel reaction vessel.
Silica gel (0.5 g) was added and the vessel was charged to 180 psi with H,. The mixture was
heated to 80 °C for 20 h. After cooling to RT, the silica gel was filtered and the toluene was
removed under reduced pressure. The polymer was dissolved in a small amount of CH,ClI, and
precipitated into acetone to yield p(ehF3Myg) (0.3 g, 60%) as a white very viscous tar. 'H (300
MHz, CDCls) 6 0.4-1.2 (b, 90 H), 1.3 (b, 28 H), 1.65 (b, 4 H), 2.06 (b, 12 H), 2.67 (t, 4 H,J =7.5
Hz), 7.13 (m, 4 H), 7.5-7.8 (m, 16H). °C NMR (75 MHz, CDCl;) & 10.3, 14.0, 22.8, 27.1, 28.3,
29.2, 29.3, 29.5, 29.7, 31.9, 34.0, 34.1, 34.6, 34.7, 36.4, 44.5, 54.8, 55.1, 119.3, 119.4, 119.8,

123.0, 124.2, 126.0, 127.1, 138.7, 139.7, 140.0, 140.2, 140.6, 141.3, 150.7, 150.9, 151.2.

S0

p(ehFsMyg) rwi93: Adapting the method of Watson et al.,’® s(ehFsMyg) (0.45 g, 0.27 mmol),

4
n

Grubbs 1 (4.5 mg, 2 mol%), 0.5 g of phenyl ether, and 10 ml of toluene were added to a Schlenk

flask under a N, atmosphere. The ethylene by-product and the toluene were slowly removed
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under vacuum before the reaction mixture was heated to 45 °C for 18 h under vacuum. The
mixture was dissolved in 15 ml of toluene and transferred to a stainless steel reaction vessel.
Silica gel (0.5 g) was added and the vessel was charged to 180 psi with H,. The mixture was
heated to 80 °C for 24 h. After cooling to RT, the silica gel was filtered and the toluene was
removed under reduced pressure. The polymer was dissolved in a small amount of CH,Cl, and
precipitated into acetone to yield p(ehF4sMag) (0.4 g, 90%) as a gummy, white solid. 'H (300
MHz, CDCls) 6 0.4-1.2 (b, 120 H), 1.3 (b, 28 H), 1.65 (b, 4 H), 2.06 (b, 16 H), 2.67 (b, 4 H),
7.13 (m, 4 H), 7.5-7.8 (m, 10H). ">C NMR (75 MHz, CDCl3) & 10.3, 14.0, 22.8, 27.0, 27.1, 28.3,
29.2,29.3, 29.5, 29.7, 31.9, 34.0, 34.1, 34.6, 34.7, 36.3, 44.5, 54.8, 55.1, 119.3, 119.4, 119.8,
122.9, 124.2, 125.3, 126.0, 126.1, 127.1, 138.7, 139.8, 140.0, 140.2, 140.3, 140.6, 141.3, 150.7,

150.9, 151.1.

S0

p(ehFsMyo) rwil02: Adapting the method of Watson et al.,*® s(ehF4sMyg) (1.0 g, 0.58 mmol),

4 n

Grubbs 1 (10 mg, 2 mol%), 0.5 g of phenyl ether, and 10 ml of toluene were added to a Schlenk
flask under a N, atmosphere. The ethylene by-product and the toluene were slowly removed
under vacuum before the reaction mixture was heated to 45 °C for 18 h under vacuum. The
mixture was dissolved in 20 ml of toluene and transferred to a stainless steel reaction vessel.
Silica gel (1.0 g) was added and the vessel was charged to 180 psi with H,. The mixture was
heated to 80 °C for 24 hours. After cooling to RT, the silica gel was filtered and the toluene was
removed under reduced pressure. The polymer was dissolved in a small amount of CH,Cl, and
precipitated into acetone to yield p(ehFsMio) (0.8 g, 80%) as a gummy, white solid. 'H (300
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MHz, CDCl3) 8 0.4-1.2 (b, 120 H), 1.3 (b, 12 H), 1.65 (b, 4 H), 2.06 (b, 16 H), 2.67 (b, 4 H, 7.13
(m, 4 H), 7.5-7.8 (m, 20 H). °C NMR (75 MHz, CDCl3) & 11.0, 14.7, 23.4, 27.7, 28.9, 29.8,
30.0, 32.6, 34.6, 34.8, 35.3, 35.4, 37.0, 45.3, 55.4, 55.7, 119.9, 120.0, 120.4, 123.6, 124.8, 126.6,

126.7, 126.9, 127.7, 139.4, 140.7, 140.8, 141.0, 141.2, 141.9, 151.4, 151.5, 151.8.

p(ehFsMyg) rwil00: Adapting the method of Watson et al.,®® s(ehFsMig) (0.45 g, 0.27 mmol),
Grubbs 1 (4.5 mg, 2 mol%), 0.5 g of phenyl ether, and 10 ml of toluene were added to a Schlenk
flask under a N, atmosphere. The ethylene by-product and the toluene were slowly removed
under vacuum before the reaction mixture was heated to 45 °C for 18 h under vacuum. The
mixture was dissolved in 15 ml of toluene and transferred to a stainless steel reaction vessel.
Silica gel (0.5 g) was added and the vessel was charged to 180 psi with H,. The mixture was
heated to 80 °C for 24 h. After cooling to RT, the silica gel was filtered and the toluene was
removed under reduced pressure. The polymer was dissolved in a small amount of CH,ClI, and
precipitated into acetone to yield p(ehFsMag) (0.4 g, 90%) as a gummy, white solid. 'H (300
MHz, CDCls) 6 0.4-1.2 (b, 150 H), 1.3 (b, 28 H), 1.65 (b, 4 H), 2.06 (b, 20 H), 2.67 (b, 4 H),
7.13 (m, 4 H), 7.5-7.8 (m, 26H). >C NMR (75 MHz, CDCl3) § 10.3,14.0, 22.8, 27.0, 27.1, 28.3,
28.9, 29.2, 29.1, 29.5, 29.6, 31.9, 33.8, 33.9, 34.0, 34.1, 34.6, 34.7, 36.3, 44.5, 54.8, 54.9, 55.0,
114.1, 119.3, 1194, 119.6, 119.7, 122.8, 122.9, 124.1, 124.2, 125.8, 125.9, 126.0, 127.1, 138.7,

139.2, 139.9, 140.1, 140.3, 140.6, 141.3, 150.7, 150.9, 151.2.
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p(ehFsMyg) rwi43: Adapting the method of Watson et al.,*® s(ehFsMyg) (0.30 g, 0.12 mmol),
Grubbs 1 (2 mg, 2 mol%), 0.5 g of phenyl ether, and 10 ml of toluene were added to a Schlenk
flask under a N, atmosphere. The ethylene by-product and the toluene were slowly removed
under vacuum before the reaction mixture was heated to 45 °C for 18 h under vacuum. The
mixture was dissolved in 15 ml of toluene and transferred to a stainless steel reaction vessel.
Silica gel (0.5 g) was added and the vessel was charged to 180 psi with H,. The mixture was
heated to 80 °C for 24 h. After cooling to RT, the silica gel was filtered and the toluene was
removed under reduced pressure. The polymer was dissolved in a small amount of CH,ClI, and
precipitated into acetone to yield p(ehFgMag) (0.20 g, 66%) as a gummy, white solid. . 'H (300
MHz, CDCls) 6 0.4-1.2 (b, 180 H), 1.3 (b, 28 H), 1.65 (b, 4 H), 2.06 (b, 24 H), 2.67 (b, 4 H),
7.13 (m, 4 H), 7.5-7.8 (m, 32 H). "*C NMR (75 MHz, CDCl3) § 10.4, 14.0, 22.8, 27.2, 28.4,
29.2,29.4,29.7,31.9, 34.1, 34.7, 34.8, 36.4, 44.6, 54.8, 55.1, 119.4, 119.8, 123.0, 124.2, 126.1,

127.1, 138.8, 139.8, 139.9, 140.0, 140.2, 140.6, 141.3, 150.8, 150.9, 151.2.

p(ehF7Mig) rwi94: Adapting the method of Watson et al.,*® s(ehF;Mag) (0.70 g, 0.21 mmol),
Grubbs 1 (3.4 mg, 2 mol%), 0.7 g of phenyl ether, and 15 ml of toluene were added to a Schlenk

flask under a N, atmosphere. The ethylene by-product and the toluene were slowly removed
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under vacuum before the reaction mixture was heated to 45 °C for 18 h under vacuum. The
mixture was dissolved in 15 ml of toluene and transferred to a stainless steel reaction vessel.
Silica gel (0.5 g) was added and the vessel was charged to 180 psi with H,. The mixture was
heated to 80 °C for 24 h. After cooling to RT, the silica gel was filtered and the toluene was
removed under reduced pressure. The polymer was dissolved in a small amount of CH,Cl, and
precipitated into acetone to yield p(ehF7Mig) (0.60 g, 86%) as a gummy, white solid. 'H (300
MHz, CDCls) 6 0.4-1.2 (b, 210 H), 1.3 (b, 28 H), 1.65 (b, 4 H), 2.06 (b, 20 H), 2.67 (b, 4 H),
7.13 (m, 4 H), 7.5-7.8 (m, 38 H). >C NMR (75 MHz, CDCl3) & 10.3, 14.0, 22.8, 27.0, 27.1,
28.3, 29.2, 29.3, 29.5, 29.7, 31.9, 34.0, 34.1, 34.6, 34.7, 36.3, 44.5, 54.8, 55.1, 119.3, 119.4,
119.8, 122.9, 124.2, 125.8, 126.0, 126.1, 126.2, 127.1, 138.7, 139.8, 140.0, 140.2, 140.6, 141.3,

150.7, 150.9, 151.2.

p(ehFgMyg) rwi97: Adapting the method of Watson et al.,’® s(ehFgMyg) (0.40 g, 0.12 mmol),
Grubbs 1 (2 mg, 2 mol%), 0.5 g of phenyl ether, and 10 ml of toluene were added to a Schlenk
flask under a N, atmosphere. The ethylene by-product and the toluene were slowly removed
under vacuum before the reaction mixture was heated to 45 °C for 18 h under vacuum. The
mixture was dissolved in 15 ml of toluene and transferred to a stainless steel reaction vessel.
Silica gel (0.5 g) was added and the vessel was charged to 180 psi with H,. The mixture was
heated to 80 °C for 24 h. After cooling to RT, the silica gel was filtered and the toluene was
removed under reduced pressure. The polymer was dissolved in a small amount of CH,ClI, and

precipitated into acetone to yield p(ehF8Mig) (0.30 g, 75%) as a gummy, white solid. 'H (300
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MHz, CDCl3) & 0.4-1.2 (b, 210 H), 1.3 (b, 28 H), 1.65 (b, 4 H), 2.06 (b, 20 H), 2.67 (b, 4 H),
7.13 (m, 4 H), 7.5-7.8 (m, 38 H). *C NMR (75 MHz, CDCl3) § 10.3, 14.0, 22.8, 27.0, 27.1,
28.3,29.2, 29.3, 29.5, 29.7, 31.9, 34.0, 34.1, 34.6, 34.7, 36.3, 44.5, 54.8, 55.1, 119.3, 119.4,
119.8, 122.9, 124.2, 125.8, 126.0, 126.1, 126.2, 127.1, 138.7, 139.8, 140.0, 140.2, 140.6, 141.3,

150.7, 150.9, 151.2.

p(ehF3Myq) rwii55: According to the method of Galli et al.,*® s(ehFsMyg) (0.15 g, 0.11 mmol),
Grubbs 2 (2 mg, 2 mol %), and 3 ml CH,Cl, were added to a round bottom flask and heated to
reflux under N, atmosphere for 20 h. The reaction was quenched with ethyl vinyl ether and the
solvent was removed under vacuum. The polymer was dissolved in 10 ml toluene and
transferred to a stainless steel reaction vessel. Wilkinson’s catalyst (10 mg) was added and the
mixture was stirred for 18 h under an H, atmosphere. The polymer was dissolved in a small
amount of CH,Cl, and precipitated into acetone to yield p(ehFzMjg) (0.11 g, 73%) as a gummy,
white solid. "H (300 MHz, CDCls) § 0.53-0.88 (b, 90 H), 1.3 (b, 12 H), 1.62 (b, 4 H), 2.06 (b, 12

H), 2.64 (t,4 H, ] = 7.5 Hz) 7.09-7.17 (m, 4 H), 7.5-7.8 (m, 14 H).
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p(ehFsMio) rwii63: According to the method of Galli et al..*® s(ehFsMyg) (0.15 g, 0.07 mmol),
Grubbs 2 (1.2 mg, 2 mol%), and 5 ml CH,Cl, were added to a round bottom flask and heated to
reflux under N, atmosphere for 20 h. The reaction was quenched with ethyl vinyl ether and the
solvent was removed under vacuum. The polymer was dissolved in 10 ml toluene and
transferred to a stainless steel reaction vessel. Wilkinson’s catalyst (10 mg) was added and the
mixture was stirred for 18 h under a H, atmosphere. The polymer was dissolved in a small
amount of CH,Cl, and precipitated into acetone to yield p(ehFsMjp) (0.10 g, 66%) as a white
solid. . 'H (300 MHz, CDCl3) § 0.53-0.88 (b, 150 H), 1.3 (b, 12 H), 1.62 (b, 4 H), 2.06 (b, 20 H),
2.64 (b, 4 H) 7.09-7.17 (m, 4 H), 7.5-7.8 (m, 26 H). >C NMR (75 MHz, CDCl3) & 10.3, 14.0,
22.8,27.1,28.3,29.4, 31.9, 34.1, 34.7, 36.4, 44.6, 54.8, 55.1, 119.3, 119.8, 123.0, 124.2, 126.1,

127.1, 138.8, 140.0, 140.2, 140.6, 141.3, 150.8, 151.2.

50% p(ehFsMy) / 50% p(ehFsMio) rwii66: According to the method of Galli et
al.,**s(ehFsMyg) (0.10 g, 0.075 mmol) s(ehFsMi) (0.16 g, 0.075 mmol), Grubbs 2 (2.6 mg, 2
mol%), and 3 ml CH,Cl, were added to a round bottom flask and heated to reflux under N,
atmosphere for 20 h. The reaction was quenched with ethyl vinyl ether and the solvent was
removed under vacuum. The polymer was dissolved in 10 ml toluene and transferred to a
stainless steel reaction vessel. Wilkinson’s catalyst (10 mg) was added and the mixture was
stirred for 18 h under a H, atmosphere. = The polymer was dissolved in a small amount of

CH,Cl, and precipitated into acetone to yield the copolymer (0.15 g, 58%) as a white solid.

10% p(ehF3Myg) / 90% p(ehFsMag) rwii66: According to the method of Galli,**s(ehFsMio)

(0.014 g, 0.011 mmol) s(ehFsMjg) (0.20 g, 0.095 mmol), Grubbs 2 (2.6 mg, 2 mol%), and 5 ml
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CH,Cl, were added to a round bottom flask and heated to reflux under N, atmosphere for 20 h.
The reaction was quenched with ethyl vinyl ether and the solvent removed. The polymer was
dissolved in 10 ml toluene and transferred to a stainless steel reaction vessel. Wilkinson’s
catalyst (10 mg) was added and the mixture was stirred for 18 h under a H, atmosphere. ~ The
polymer was dissolved in a small amount of CH,Cl, and precipitated into acetone to yield the

copolymer (0.15 g, 71%) as a white solid.
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20 PHOSPHORESCENT MERCURY SENSORS

The detection of toxic metal ions, such as mercury, in environmental samples is of great
importance for the health of humankind. Mercury, in particular, is especially hazardous. The
EPA has set limits of 2 ppb in drinking water due to its toxicity and potential for causing health

87-89 . . .
7 Detection of low levels of mercury ions in aqueous samples,

issues such as birth defects.
where other metal ions may also be present at high levels, is therefore an area of much current

interest in the scientific research community.

43, 90-94 95-106

Mercury detecting systems generally use absorption, emission, or dual

107110 a5 the reporting signal for mercury detection and, of these different detectors,

channels
fluorescent sensors are the most widely studied due to the sensitivity of the emission
measurement. Fluorescent mercury sensors usually exhibit an increase or a decrease in the
intensity of the emission in the presence of mercury because of a perturbation of the
chromophore or an energy transfer that affects the photophysics. Many of the fluorescent
mercury sensors are capable of detecting concentrations of mercury on an equal molar level as

111
For

the sensor and can generally detect mercury ions at concentrations down to 10° M.
example a 10° M solution of the sensor is capable of measuring a 10® M concentration of
mercury in the solution. Therefore, the limit for mercury detection is determined by the

sensitivity of the instrument used to measure the emission and any background fluorescence

from other emitting materials in the sample which may mask the signal from the fluorescent
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sensor. As the sensor’s fluorescence becomes weaker because of dilution, the background

fluorescence from other materials in the sample becomes more and more troublesome in the

measurement.
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Figure 2.1. An illustration of time resolved emission spectroscopy. The phosphorescent emission can be measured
during the gate time after the delay thereby eliminating the background fluorescence.

Time resolved emission measurements of phosphorescent based sensors, the
methodology that we exploit in the systems described herein, can circumvent the problem of
background fluorescence that limits the detection of very low levels of the metal ions in many
fluorescent sensors of metal ions. Phosphorescent or other materials with long lived
luminescence generally have excited state lifetimes (> 1 pus) considerably longer than fluorescent
materials (< 200 ms). Time resolved emission spectroscopy (Figure 2.1) allows for the for
background fluorescence to be eliminated from the collected spectra. After excitation of the

sample with a light source there is a delay before the measurement of the of the longer lived
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luminescence. This delay time is longer than any fluorescence emitted from the sample which
eliminates any background fluorescence from the emission spectrum. The gate time is the only
period during which the emission spectrum is collected. This cycle of emission data collection
can be repeated and combined for many cycles thereby increasing the signal of the
phosphorescent material. The accumulation of the time resolved emission cycles allows for the
acquisition of spectrum with no background noise even from weakly emitting phosphorescent
samples. Only a few examples of phosphorescent detection systems for mercury have reported in
the literature,'*!1%- 112 113

A coordinating species capable of binding mercury selectively is a key component in the
design of selective phosphorescent and fluorescent mercury sensors. This coordinating species
must have a high binding constant for mercury and a low binding constant for other metals such
as iron and zinc that may be present at high levels in environmental samples. The binding of
mercury must also be capable of causing a change in the photophysical properties of the sensor
and therefore proper connectivity of the binding ligand to the emitting chromophore is also
critical in the mercury sensor design.

Herein, is presented the preparation and characterization of two different phosphorescent
mercury sensors. The sensors use either a thymine or the similar uracil functionality as the
mercury coordinating species. The first sensor, discussed in this chapter, is based on iridium
complexes with substituted 2-phenylpyridines as ligands. The second mercury sensor, discussed
in Chapter 3, is a combination of fluorene chemistry discussed in Chapter 1 and lanthanide ions
that have long luminescent properties. Both systems show sensitivity to mercury salts with

selectivity for mercury over other metal ions.
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2.1 IRIDIUM COMPLEXES FOR MERCURY SENSING

2.1.1 Introduction

Our first sensing system exploits the well-known phosphorescent properties of iridium bearing
cyclometalated 2-phenylpyridine (ppy) derivatives as ligands. The use of iridium complexes as
emissive materials has been extensively studied due their potential application in OLEDs where
high quantum yields of emission and radiative decay from the triplet state are desired features.''*
19" Complexes bearing ppy ligands have well studied photophysical properties and it is known
that these ligand systems can be easily modified to tune the photophysical and electrochemical
properties. Compounds in this class also have good chemical stability as well as the high degree
of photostability that is necessary for OLEDs. These properties make this family of compounds
attractive for use as sensors. Although the excited state lifetimes of iridium complexes are
relatively short (<5 us) for phosphorescent materials, time resolved emission measurements of a
120

fluoride anion sensing iridium complex has been demonstrated with proper equipment.

Iridium complexes with derivatives of 2-phenylpyridine have been used as sensors for a variety

of species such as oxygen,m'123 fluorine anions,"*® '** assorted metal cations,”” and
homocystine.'*
® | ]
~-N
il R i \
SN \O_ \>Ir/o \
SN \O_
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Ir(btp).(acac) Ir(thq),(acac)

Figure 2.2. Two reported iridium based mercury sensors capable of detecting mercury by coordination through the
sulfur atoms. ' '1°
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Two iridium complexes capable of detecting mercury have been reported and these
complexes use ligands with thiophene or benzothiophene groups (Figure 2.2) which can

19119 The complexes show a change in both absorption

coordinate mercury with a sulfur atom.
and emission energy as well as a change in the oxidation potentials of the complexes in the
presence of mercury ions. These iridium compounds also demonstrate some selectivity for
mercury over other metal ions in the absorption spectrum but show emission quenching when
some other metal ions, notably iron, are present. This possibility of the sulfur atom binding to a

variety of metal ions is problematic for the use of this mercury binding motive in selective metal

10n Sensors.
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Figure 2.3. Previously reported fluorescent based mercury sensors that utilize thymine units for mercury
coordination. *>'%

The use of the thymine functionality as a mercury ion coordinating species in

93. 105 27131 3d calometric® mercury ion sensors has been recently been exploited

fluorometric
by several groups. The thymine group has been shown to be highly selective in coordinating
mercury in DNA strands as well as small molecules and polymers containing thymine
functionalities. The fluorescent mercury sensors with the thymine functional groups shown in
Figure 2.3 use aggregation as the quenching mechanism since the mercury ions prefer bind to
two thymine units.”> ' The aggregation causes the chromophores attached to the thymine units

into close proximity with another chromophore causing quenching through n-stacking or energy
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transfer. These sensors have been shown to be highly sensitive toward mercury and show no
effect of other metal ions in competing ion studies.

The reversible binding of mercury to DNA was first discovered in 1952 and the crystal
structures of 2:1 complexes of 1-methylthymine to mercury atoms have been studied."”* The 1-
methylthymine-mercury complex was formed by reacting mercury oxide with 1-methylthymine
in methanol at neutral pH. The complex shows a coordination of mercury to the 3-nitrogen

position of the two 1-methylthymine ligands (Figure 2.4).

Figure 2.4. The crystal structure of a 2:1 complex of 1-methylthime and mercury. (Figure reproduced without
permission from reference 132).

In this report, we describe the conjugated attachment of the uracil, which differs from
thymine in that is has no 1-methyl group, directly to the 2-phenylpyridine ligand of an iridium
complex and the study of its potential as a selective, phosphorescent, turn-off mercury sensor.
The uracil group has a similar mercury coordinating environment as thymine and should also be
useful as a mercury coordinating ligand for mercury detection. The commercial availability of 5-
iodouracil makes the direct linking of the emissive chromophore to the double bond of uracil via
Suzuki couplings an attractive technique for creating mercury sensors. This linkage incorporates

the mercury coordination site into the emissive chromophore creating a system where the
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electronic effects of mercury binding could cause changes in the emissive properties of the

chromophore system.

2.1.2 Design of the Mercury Sensing Iridium Complex

N S
I/N Nl
X P
| Ir
~-N
Ir
2
o
3 H

N\n,\

N
Ir(PPY)s Ir(ppy)uppy ©

Figure 2.5. A well studied phosphorescent iridium complex, Ir(ppy)s, and the mercury sensing iridium complex,
Ir(ppy)2(uppy), made in this work.

The iridium complex, Ir(ppy)2(uppy) (uppy = uracil-phenylpyridine) (Figure 2.5), was
designed to exploit the known proclivity of cyclometalated iridium compounds of this type to
emit from phosphorescent "MLCT states. It is also know from this literature that the
modification of the ligands can be used to tune the emission energy by manipulating the HOMO-
LUMO gap of the molecule. In the case of heteroleptic derivatives, the emission of complexes
with different photoactive ligands is dominated by the lowest energy ligands.'*'*° Figure 2.5
shows the previously reported and well studied homoleptic complex Ir(ppy)s and the mercury
sensing derivative, Ir(ppy)2(uppy), that is the focus of this work. In Ir(ppy)2(uppy), the uracil
group is conjugated through the 2-phenylpyridine group that is coordinated to the iridium atom.
Concerns about the complexation of the uracil group to iridium as well as the uppy
ligand’s more challenging synthesis were both factors in our decision to prepare a heteroleptic

cyclometalated iridium complex. Smaller amounts of the uracil containing ligand are needed
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for the synthesis of the heteroleptic complex and there is less probability for coordination of the
uracil group to iridium. Previous groups have shown that the coordination of uracil and similar
functional groups through the 1-nitrogen position with platinum to be facile and concerns over

the potential coordination of the uracil group on the uppy ligand to iridium and subsequent

137,138

interference with the cyclometalation reaction lead to the heteroleptic design.

uppy
ppy
d  ——— =* ppy
* uppy
E
HOMO ———— HOMO

Figure 2.6. The (a) LUMO, (b) LUMO +1, and (c) HOMO surfaces of Ir(ppy).(uppy) as calculated using B3LYP
Density Functional Theory. (d) An energy level diagram illustrating the lower energy m" level of the uppy ligand
compared to the unsubstituted ppy ligand.
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Table 2.1. HOMO and LUMO energy values from B3LYP Density Functional Theory calculations® for
Ir(ppy)o(uppy) and Ir(ppy)s .

Energy (eV)
Ir(ppy)2(uppy)  1r(PpY)s
LUMO -1.35 -1.20
HOMO -4.83 -4.84
Calculated by Spartan (Wavefunction, Inc.) software

package

As the electronic spectra of the Ir(ppy)2(uppy) will be of primary importance to the
function of the complex as a phosphorescent sensor, a discussion of the electronic structure is
relevant. One would expect that the increase in the conjugation of the uppy ligand as compared
to the ppy ligand decreases the band gap of Ir(ppy)2(uppy) due to the lower lying LUMO of the
uppy ligand relative to ppy. Since the HOMO energy of the complex should remain nearly the
same, the band gap of the complexes would be expected to decrease. To examine this
hypothesis, Density Functional Theory (DFT) calculations using a 6-31G* basis set were
performed on Ir(ppy)s and Ir(ppy)2(uppy) using the Spartan (Wavefunction, Inc.) software
package. The HOMO and LUMO energies are shown in Table 2.1 and the HOMO, LUMO, and
LUMO™ surfaces of Ir(ppy)z(uppy)are shown in Figure 2.6. The LUMO surface shown in
Figure 2.6 clearly resides on the uppy ligand with the HOMO residing mainly on the iridium
atom. The most likely MLCT transition would occur from the iridium to the uppy ligand in this
complex. The linking of the uracil group to the 2-phenylpyrdine through the double bond
increases the conjugation of this ligand and lowers the LUMO energy of the complex by 0.15 eV
when compared to Ir(ppy)s. It was hoped that the coordination of mercury by the uracil group

would then perturb the photophysics either by the shifting of the emission color or by quenching
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of the emission. Aggregation of the complexes in solution could potentially cause a quenching

of the emission intensity as well.

2.1.3 Synthesis of Iridium Based Mercury Sensor

A
B(OH), I N =
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N” ~Br 91% 67%
Br
OB\
o0
Br
1 2
o Q
| | Jﬂ_{
—_—
54% ’g
H
3
2 + 3
52% 73%
O
4 5

Scheme 2.1. The synthesis of the uppy ligand. (i) Pd(PPhs),, K,COs, toluene, ethanol, 80 °C. (iii) bis-(pinacolato)-
diboron, PdClLdppf, KOAc, dioxane, 70 °C, 20 h. (iii) ) Mel, K,CO;, DMSO, RT then BnBr, K,CO;, DMSO, RT.
(iv) PACl,dppf, K,COs, THF, 60 °C, 6 h. (v) AlCls, benzene, reflux, 3 h.
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The synthetic strategy for incorporation of the wuracil functionality into the 2-
phenylpyridine ligand exploited two Suzuki couplings (Scheme 2.1). The high reactivity of 2-
bromopyridine in Suzuki coupling conditions allowed for the selective coupling of 4-
bromophenylboronic acid with 2-bromopyridine to give 2-(4-bromophenyl)pyridine 1 in very
good yields. The conversion of the bromide 1 to the boronic pinacolate ester 2 by the Miyura
reaction worked well with reasonable yields. An earlier attempt to convert bromide 1 to the
boronic acid via lithium-halogen exchange and subsequent quenching with triisopropylborate
was unsuccessful.

The uracil coupling partner 3 was produced by protection of the 3-nitrogen of 5-
iodouracil with a benzyl group and alkylation of the 1-nitrogen with iodomethane. This two step
reaction took advantage of the higher reactivity of the 3-nitrogen position in S,2 reactions over
that of the 1-nitrogen which allowed for selective 3-methyl and 1-benzyl substitution.

Suzuki coupling of protected uracil 3 and the boron pinacolate 2 proceeded rapidly to

139, 140
d >

give product 4 in with a satisfactory yield. Deprotection of the benzylic group with

141, 142 -

aluminum chloride in benzene proceeded in high yields to produce the desired uppy ligand
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I ~-N i
IrC|3 + —
43%

; ZN O=
o o " g "o,
6 ¢+ )l\/ll\ 45% O
2

5.

/\
\/

Ir(ppy)2(acac)

98



Scheme 2.2. Synthesis of Ir(ppy).(acac). (i) 2-methoxyethanol, water, 90 °C, 20 h. (ii) K,COs, 2-methoxyethanol,
80 °C. 20 h.

The cyclometalation reaction of 2-phenylpyridine with iridium chloride to form the
chloro-bridged dimer 6 and the subsequent reaction of this chloro-bridged dimer with 2.4-

pentanedione to form Ir(ppy)z(acac) were accomplished by literature methods (Scheme 2.2).''>

¢ Previous reports have shown that the acac ligand can be displaced by substituted 2-

phenylpyridine ligands.'*

Replacement of the acac ligand by the uppy ligand (Scheme 2.3) in
refluxing ethylene glycol followed by purification by column chromatography and crystallization

produced Ir(ppy)2(uppy) in acceptable yields.
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Scheme 2.3. Synthesis of Ir(ppy).(uppy). (i) Ethylene glycol, reflux, 6 h.

2.1.4 Structure of Ir(ppy)2(uppy)

2.1.4.1 NMR Spectroscopy
The simplicity of the "H NMR spectra of Ir(ppy).(uppy) is consistent with a pseudo facial
arrangement of the ligands when compared to literature results for mer- and fac-1r(ppy); (Figure

2.7). The integration of the doublet H, at 8.15 ppm integrates to 3 protons which is consistent
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Figure 2.7. The '"H NMR spectra of (A) Ir(ppy).(uppy), (B) fac-Ir(ppy)s, and (C) mer-lr(ppy)s (reproduced
without permission) '**
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with the pseudo fac isomer of Ir(ppy)2(uppy) where the mer isomer should have two different
H, species and should not integrate to 3 protons. Interestingly, only one doublet is observed at
8.15 ppm for H, of Ir(ppy)2(uppy) even though there are two different ligands and potentially
two different H, signals. It is likely that the close proximity of these protons to the iridium atom
dominates their chemical shift. Based on these results the structure of the complex is assigned as

a facial orientation.

2.1.5 Crystal Structure

Although the NMR spectra of Ir(ppy)(uppy) are consistent with a pseudo facial
arrangement of the ligand the x-ray crystal structure of the complex shows the ligands in a
meridional orientation. Single crystals of the complex were grown from slow diffusion of
hexane into a concentrated solution of Ir(ppy).(uppy) in CH,Cl,. The structure shows that the
complex has the three pyridine rings in an equatorial or meridonal orientation (Figure 2.8). The
facial isomer has been shown to be the more stable thermodynamically stable isomer compared
to the meridional isomer for tris substituted 2-phenylpyridine iridium complexes as the
meridional isomers can be converted to the facial isomers thermally or by photoconversion with
UV light.'"* The relatively high reaction temperature (180 °C) to form the complex generally
produces the facial isomer of homoleptic tris 2-phenylpyridine complexes. It is possible that the
sample that the crystals were isolated from contained small amounts of meridional complex in
the bulk of the solution or that a different synthesis of the complex contained higher amounts of
the meridional isomer than the samples that were analyzed by NMR spectroscopy.

The bond lengths for the iridium containing bonds of Ir(ppy).(uppy) are also consistent
with the bonds lengths of mer-Ir(tpy)s (4-tolylpyridine) (Table 2.2). Ir(ppy)2(uppy) has bond
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lengths that are comparable to those for the corresponding bonds of mer-Ir(tpy)s whereas the
bond lengths of the carbon to iridium and nitrogen to iridium bonds of fac-1r(ppy)s are all of

nearly equal lengths.'*'**

Meridonal complexes exhibit longer nitrogen to iridium bonds for
the pyridine rings that are trans to the phenyl ring when compared to the nitrogen to iridium
bonds of pyridine rings that are trans to each other. This longer bond length is possibly the

reason that the meridonal isomers have been shown to be less thermodynamically stable than the

facial isomers of this family of 2-phenylpyridine iridium complexes.

Figure 2.8. Structure of Ir(ppy)2(uppy). (Thermal ellipsoids drawn at 90% probability)
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Table 2.2. The iridium containing bonds lengths of Ir(ppy).(uppy), mer-Ir(tpy)s, and fac-1r(ppy)s,

Bond Type Bond Distance (A)
Ir(ppy)o(uppy)  mer-Ir(tpy)s* fac-Ir(ppy)s”
Ir-C(11) 1.994 2.020 2.006
Ir-C(38) 2.015 2.076
Ir-C(17) 2.095 2.086
Ir-N(4) 2.034 2.044 2.088
Ir-N(1) 2.108 2.065
Ir-N(5) 2.144 2.151

"From reference 144. ° From reference 145,

2.1.6 Photophysical Properties

The focus compound belongs to a family of phosphorescent iridium compounds whose
photophysical properties are suitable for sensing applications. The heavy atom effect of iridium
creates interesting changes in the photophysical properties of this family of iridium compounds
when compared to many other transition metal complexes. The heavy atom effect and strong
spin orbital coupling creates efficient intersystem crossing from the spin paired singlet state to
the spin unpaired triplet state as illustrated in Figure 2.9. The radiative decay from this triplet
state back to the ground state is an allowed transition and the quantum yields of emission for
iridium complexes of this type in degassed solutions can be greater than 50%. The excited state
lifetimes of the compounds are longer than fluorescent materials and are generally in the 1-100
us range in degassed solutions. In air-saturated solutions the excited state lifetimes and quantum
yields of emission are shortened due to the reaction of the triplet excited state with oxygen which

generates singlet oxygen.
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Figure 2.9. Illustration of the S; to T, transition for phosphorescent iridium complexes.
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Figure 2.10. The absorption and emission spectra of Ir(ppy).(uppy).

Although similar in overall behavior to Ir(ppy)s and Ir(ppy)2(acac), the new uracil

containing 2-phenylpyridine ligand changes the photophysics of the complex to a small degree
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(Figure 2.10). The intense n-m band at 300 nm with extinction coefficient of 28000 M'cm™ is
shifted to lower energy compared to Ir(ppy)s. Weaker, less defined bands are seen at lower
energies where the metal to ligand charge transfers are complicated due to the two potential
ligands of different LUMO energies. The assignment of the weaker bands for 'MLCT near 440
nm and the *MLCT bands near 440 m with extinction coefficients of 5000 M'cm™ and 2400 M”
'em™ respectively is consistent with previous literature values for similar compounds. The
similar extinction coefficients for the triplet and singlet MLCT bands shows the strong spin
orbital coupling caused by iridium for the spin forbidden triplet excited states

The maximum emission peak at 537 nm of the complex is also shifted to lower energy by
20 nm when compared to Ir(ppy)s or Ir(ppy)z(acac) due to of the incorporation of the uracil
group. This yellowish green emission has an excited state lifetime of 2.5 ps in an oxygen free 1:1
ethylene glycol to water solution which is comparable to Ir(ppy)s. This family of compounds is
significantly quenched by triplet oxygen and the excited state lifetimes become very short in the

presence of oxygen.
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2.1.7 Mercury lon Sensing

— No Hg

Emission Intesity (au)

470 490 510 530 550 570 590 610
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Figure 2.11. Emission spectrum of Ir(ppy).(Uppy) at a concentration of 1 pM with varying levels of mercury
acetate in 50% ethylene glycol / 50% water.

Ir(ppy)2(uppy) exhibits the targeted mercury-sensing behavior as would be expected
given the properties of the components. Although the complex is not completely soluble in
water, it is soluble at 10° M in a 1:1 ethylene glycol: water solution. The emission and
absorption of Ir(ppy)2(uppy) was measured with varying levels of mercury ions present in the
1:1 ethylene glycol to water solutions. As shown in Figure 2.11, the compound is quenched by
about 55% when 1 equivalent of mercury is present. Less significant decreases are seen as more

equivalents are added. No spectral shift in emission is seen in the spectrum and only quenching
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of emission is seen in a neutral solution. No change in the excited state lifetime is observed in
the presence of mercury. In addition, there are very little spectral changes in the absorption

spectrum in the mercury containing solutions.

1.2

0.8 ~

0.6 ~

0.4 -

Intensity @ 536 nm

0.2 ~
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Figure 2.12. The relative emission intensity of Ir(ppy).(Uppy) at a concentration of 1 pM with various metal ions
at a concentration of 10 pM in 50% ethylene glycol / 50% water.

To determine the compound’s ability to detect mercury ions selectively, the emissive
properties of Ir(ppy)2(uppy) were measured in presence of other common metal ions that could
be present in environmental samples (Figure 2.12). The bar graph shows the emissive response
of the compound to various metal ions (10 equivalents) when measured at 536 nm in a 1:1
ethylene glycol to water solution. No spectral shift is seen for any of the other ions and only
significant quenching is seen for the mercury ions. This finding is not surprising given the
previous work establishing the selectivity of the thymine functionality for binding mercury.

The formation of aggregates of the complex is the most likely cause of the decrease in

emission of the complex in the presence of mercury. Although the mercury binding site of the
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complex is conjugated into the emitting chromophore, this replacement of a proton with mercury
does not seem to alter the photophysical properties of the complex dramatically. The lack of
change in the absorption and shape of the emission bands does not indicate a major perturbation
of the HOMO or LUMO of the complex at neutral pH. The coordination of mercury to the
thymine groups has been studied and it has been shown that a complex with a 2:1 ratio of the
ligand to mercury is formed. The similarity of thymine and uracil would suggest a 2:1 ligand to
mercury complex would also be preferred for our complex. The formation of such an aggregate
would be expected to quench the phosphorescent emission. In addition, it has been shown that
increasing the concentration of iridium complexes in films and solution generally lowers the
quantum yields of emission due to aggregation quenching.m'152 Such aggregates can be difficult
to identify since, in many cases, only small changes in the wavelength and shape of the emission
spectrum is observed. Generally, the emission maximum shifts to slightly lower energy and a

broadening of the emission spectrum is also observed.

2.1.8 Conclusions

An iridium complex with an uracil functionality for mercury binding was designed, synthesized,
and the photophysical properties including its mercury sensing capabilities were measured. The
complex showed the potential for mercury detection by phosphorescence quenching at 10° M
levels as well as the selectivity for detecting mercury over other common metal ions that may be
present in environmental samples. The sensitivity of the complex may be improved by use of
time resolved emission spectroscopy on an appropriate instrument. The complex has reasonable

solubility in water and ethylene glycol solutions that should be compatible with environmental
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samples and similar materials have been proven to have a robust structure for long term studies

making Ir(ppy)2(uppy) potentially useful as a phosphorescent mercury sensor.

2.1.9 Experimental

2.1.9.1 Photophysical Characterization
The UV-Visible spectra were recorded on a Perkin-Elmer UV/VIS/NIR Spectrometer Lambda in
DMSO at 10° M concentration. The steady state emission spectra were determined using a
Varian Cary Eclipse Fluorescence Spectrophotometer in DMSO at 10° M. The mercury ion and
competitive ion study was performed at 10° M in a non-degassed 50% ethylene glycol aqueous
solution using the Varian Cary Eclipse Fluorescence Spectrophotometer. The relative emission
intensity of the metal ions is the ratio of the metal containing sample versus the non metal

containing solution.

2.1.9.2 X-Ray Crystallography
The single crystal X-ray structure was collected and solved by Dr. Steven Geib at the University
of Pittsburgh. The data was collected at 203(2) K on a Bruker Smart Apex CCD diffactometer

with graphite-monochromated MoKa (A = 0.71073 A) radiation.

2.1.9.3 Density Functional Calculations
The Density Functional Calculations were performed at the B3LYP/6-31G* level using the
Spartan software package (Wavefunction, Inc.). The HOMO and LUMO energies and surfaces

were calculated from minimized singlet geometries to approximate the ground state.
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2.1.9.4 Synthetic Methods and Equipment
Pd(PPhs3)s (Strem), and Pd(Cl),dppf (Strem), were commercially obtained and stored in a
nitrogen-filled glove box. All other reagents were commercially obtained and used without
further purification. 'H- (300 MHz) and *C-NMR (75 MHz) spectra were recorded with Bruker
spectrometers. Chemical shifts were referenced to residual 'H or "C signals in deuterated
solvents. Column chromatography was performed using Sorbent 60A 40-63 pm standard grade
silica. GC-MS was performed on a Hewlett Packard Series 5980 GC/5971 A MS with a Hewlett
Packard Series 1 column. GC was performed on a Hewlett Packard Series 6850 GC with a
Hewlett Packard Series 1 methyl siloxane column. HRMS were obtained on a Fison VG

Autospec in the Mass Spectral Facility of the University of Pittsburgh.

3-benzyl-5-iodo-1-methyl-uracil (3) rwiii90: 5-iodouracil (2.0 g, 8.4 mmol), iodomethane (1.31
g, 9.0 mmol), and K,CO; (1.24 g, 9.0 mmol) were added to 30 ml of DMSO and stirred at RT for
4 h. Benzyl bromide (1.86 g, 11.0 mmol) and K,CO; (1.39 g, 0.010 mmol) were then added and
the mixture was allowed to stir for 16 h. Water (200 ml) was added and aqueous layer was
washed with ethyl acetate (3 x 50ml). The organic layers were combined, washed with brine,
and dried over magnesium sulfate. The solvent was removed and the product was purified by
column chromatography (silica gel, 10% ethyl acetate in CH,Cl; as the eluent) to yield a white
solid (1.56 g, 54%). 'H (300 MHz, CDCl3) & 0.3.38 (s, 3 H), 5.14 (s, 2 H), 7.25 (m, 3 H), 7.43
(d,2 H,J= 7.5 Hz), 7.56 (s, 1 H). °C NMR (75 MHz, CDCls) & 37.2, 46.1, 67.5, 127.9, 128.5,
129.5, 136.3, 147.6, 151.4, 160.3. MS (EI) m/z 342 (M™), 233, 154. HRMS calcd for

C12H111N2021 341.9848. Found 341.9865.
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1
2-(4-bromophenyl)-pyridine (1) rwii94: 2-bromopyridine (5.93 g, 37.5 mmol), 4-bromophenyl
boronic acid (3.0 g, 15 mmol), Pd(PPhs)4 (0.34 g, 2 mol%), and potassium carbonate (8.3 g, 60
mmol) were added to 30 ml toluene and 20 ml of ethanol under N,. After the reaction was heated
to 80 °C for 20 h, water was added and the aqueous layer was washed with ethyl acetate (2 x 50
ml). The combined organic layers were washed with brine and dried over magnesium sulfate.
The excess 2-bromopyridine was removed under vacuum and the product was purified by
column chromatography (silica gel, CH,Cl, as the eluent) to yield a white solid (3.2 g, 91%). 'H
(300 MHz, CDCl3) & 7.27 (m, 1), 7.64 (d, 2 H, J = 8.1 Hz), 7.77 (m, 2 H), 7.88 (d, 2 H, J=8.7),
8.7 (d, 1 H, ] = 4.8 Hz). °C NMR (75 MHz, CDCl3) & 120.3, 122.4, 123.5, 128.5, 131.9, 136.9,
138.3, 149.8, 156.3. MS (EI) m/z 234 (M'+), 154, 127, 119, 101. HRMS calcd for C;;HgBrN:

232.9840. Found 232.9838.
=N e}
2

2-[4-(4,4,5,5-Tetramethyl-[1,3,2]dioxaborolan-2-yl)-phenyl]-pyridine (2) rwii95: Under an N,
atmosphere, 2-(4-bromophenyl)-pyridine 1, bis-(pinacolato)-diboron (1.63, 64 mmol), PdCl,dppf
(0.10, 3 mol%), and potassium acetate (1.7 g, 17.2 mmol) were dissolved in 15 ml of 1,4-
dioxane. The mixture was sparged with N, for 20 min and then the reaction was heated to 70 °C
for 20 h. The solvent was removed under reduced pressure and the solids were extracted with
CH,Cl; and water. The organics were washed with brine, dried over magnesium sulfate. The
product was purified by column chromatography (silica gel, 40% ethyl acetate / hexanes as the

eluent) to yield a white solid (0.81 g, 67%). 'H (300 MHz, CDCls) & 1.35 (s, 16 H), 7.25 (m, 1
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H), 7.7-7.9 (m, 4 H), 8.0 (d, 2 H, J = 6.3 Hz), 8.67 (d, 1 H, J = 1 Hz). °C NMR (75 MHz,
CDCly) & 24.7, 83.9, 120.5, 122.4, 126.0, 135.0, 136.7, 149.7 MS (EI) m/z 281 (M), 266, 239

HRMS caled for C7H0BNO,: 281.1578. Found 281.1587.

/
7\ 7 N

=N 4 N@

4
3-Benzyl-1-methyl-5-(4-pyridin-2-yl-phenyl)-uracil (4) »wii92: The boron pinacolate 2 (0.36
g, 1.3 mmol), 3-benzyl-5-iodo-1-methyl-uracil 3 (0.44 g, 1.3 mmol), PdCl,dppf (0.05 g, 5
mol%), K;CO; (2.6 ml, 2 M, 5.2 mmol), were added to 10 ml THF. After the reaction was
heated to 60 °C for 6 h under an N, atmosphere, water was added and the aqueous layer was
extracted with ethyl acetate (2 x 20 ml) The combined organic layers were washed with brine
and dried over magnesium sulfate. The product was purified by column chromatography (silica
gel, 20% ethyl acetate / CH,Cl, as the eluent) to yield a white solid (0.25 g, 52%). 'H (300 MHz,
CD,Cl,) 6 3.42 (s, 3 H), 5.18 (s, 2 H), 7.28 (m, 4 H), 7.40 (s, 1 H), 7.63 (d, 2 H, ] =3.9 Hz), 7.77
(m, 2 H), 8.04 (d, 2 H, J = 6.3 Hz), 8.66 (d, 1 H, J = 1 Hz). C NMR (75 MHz, CD,Cl,) § 24.6,
37.0, 44.6, 113.6, 120.2, 122.2, 126.7, 127.4, 128.3, 128.5, 128.7, 133.9, 136.7, 137.3, 138.6,
141.1, 149.7, 156.5, 162.0. MS (EI) m/z 369 (M), 235, 208 HRMS calcd for Co3H;oN;0,:

369.1479. Found 369.1477.

1-Methyl-5-(4-pyridin-2-yl-phenyl)-uracil (5) rwiii93: 3-Benzyl-1-methyl-5-(4-pyridin-2-yl-
phenyl)-uracil 4 (0.20 g, 0.54 mmol) and aluminum chloride (0.35 g, 2.7 mmol) were added to 5

ml of benzene and the mixture was heated to reflux for 3 h. The reaction was quenched into
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water and the aqueous layer was extracted with CHCl;. The aqueous layer was adjusted to pH =
9 with potassium carbonate and this aqueous solution was extracted CHCl; (3 x 50 ml). The
combined organics were washed with brine and dried over magnesium sulfate. The solvent was
removed to yield a white solid product (0.11 g, 73%). 'H (300 MHz, de-DMSO) & 3.45 (s, 3 H),
733 (t,1H,J=6.6 Hz), 7.72 (d, 2 H, J = 8.4 Hz), 7.86 (t, 1 H, 7.5 Hz), 7.96 (d, 1 H, J = 7.5 Hz),
8.07 (m, 3 H), 8.65 (d, 1H, J = 4.5 Hz), 11.74 (s, 1 H). °C NMR (75 MHz, de-DMSO) & 35.9,
55.4, 112.0, 120.6, 123.0, 126.6, 128.4, 134.1, 137.6, 137.7, 145.0, 150.0, 151.2, 156.1, 163.2

MS (EI) m/z 279 (M) 256, 235, 230. HRMS caled for Ci6H;3N305: 279.1008. Found 279.0994.

| N
N Cl
[ Ir/ \Ir
\CI/ N~“ |
X
2 2
6

[(ppy)2lr(u-CD]2  (6) rwiil4: According to the methods of Lamansky et al,'" '® 2-
phenylpyridine (1.04 g, 6.7 mmol) and IrCl; (1.0 g, 3.3 mmol) were added to 2-methoxyethanol
(8 ml) and water (2 ml) under N,. The mixture was heated to 90 °C for 24 h during which a
yellow precipitate was formed. The precipitate was filtered and washed with methanol to yield a
yellow solid (1.5 g, 43%) '"H (300 MHz, de-DMSO) & 3.45 (s, 3 H), 7.51 (t, 1 H), 7.72 (d, 2 H),

7.85 (t, 1 H), 7.96 (m, 3 H), 8.65(d, 1H), 11.74 (s, 1 H).

I\
~-N /O_
Ir
o /
2

Ir(ppy)2(acac)
Ir(ppy)z(acac) rwiil9: According to the methods of Lamansky et al,'” ''® [(ppy)aIr(n-C1)], 6
(0.50 g, 0.46 mmol), 2,4-pentanedione (0.19g, 1.9 mmol) and K,CO; (0.26 g, 1.9 mmol) were
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added to 10 ml of 2-methoxyethanol and heated to 80 °C for 20 h. After the solvent was
removed under reduced pressure, water was added and the aqueous layer was washed with
CH,ClI; (2 x 20 ml). The combined organics were washed with brine and dried over magnesium
sulfate. The product was purified by column chromatography (silica gel, CH,Cl, as the eluent)
and crystallized from CH,Cl, and hexanes to yield a yellow solid (0.25 g, 45%). 'H (300 MHz,
CDCls) 6 1.81 (s, 6 H), 6.23 (dd, 2 H, J=7.5, 0.9 Hz) 6.70 (td, 2H J=7.4, 1.5 Hz), 6.86 (td, 2H
J=7.4,1.5 Hz), 7.19 (td, 2 H, J=5.7, 1.5) 7.59 (dd, 2H, J=7.5, 1.2), 7.78 (td, 2 H, J=7.5, 1.5), 7.88
(d, 2 H, J=8.1), 8.51 (d, 2 H, J=5.7) °C NMR (75 MHz, CDCls) § 26.3, 100.3, 118.5, 120.8,
121.8, 123.8, 128.8, 133.1, 137.1, 145.1, 147.4, 148.2, 168.2, 184.7. MS (TOF ES) m/z 623.

HRMS caled for C27H23N20,1rNa: 623.1204. Found 623.1287.

N S
I ~-N Nl
- ~
Ir
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0 N
HNS N
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Ir(ppy)2(uppy)
Ir(ppy)2(uppy) rwiil9: Ir(ppy)z(acac) (0.13 g, 0.22 mmol) and uppy 5 (0.06g, 0.22 mmol)
were added to 5 ml of ethylene glycol and heated to reflux for 6 h under N,. Water was added
and the aqueous layer was washed twice with CH,Cl,. The combined organics were washed
with brine and dried over magnesium sulfate. The product was purified by column
chromatography (silica gel, 40% ethyl acetate / CH,Cl, as the eluent) and crystallized from
CH,Cl, and hexanes to yield a yellow solid (0.08 g, 50%). 'H (300 MHz, de-DMSO) & 3.31 (s,
3 H), 6.6-6.8 (m, 8 H), 7.06 (dd, 1 H, J = 8.4 Hz, ] = 1.8 Hz), 7.13 (b, 3 H), 7.22 (s, 1 H), 7.47

(m, 3 H) 7.76 (m, 7 H), 8.12 (d, 3 H, J = 7.8 Hz), 11.19 (s, 1 H). >C NMR (75 MHz, d¢-DMSO)
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0 35.7,114.1, 119.6, 120.0, 120.5, 123.2, 124.1, 124.6, 129.6, 133.8, 135.6, 136.9, 137.3, 143 .4,
143.6, 144.3, 147.2, 151.0, 160.6, 161.1, 162.9, 165.8, 166.1, 166.2 MS (TOF ES) m/z 802.

HRMS calcd for C3sHosNsO,Ir: 802.1700. Found 802.1770.
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3.0 LANTHANIDE BASED MERCURY SENSORS

3.1 INTRODUCTION

In this chapter the development of a mercury sensor that is based on a combination of fluorene
chemistry (discussed in Chapter 1) and lanthanide ions that are capable of long live luminescence
is presented. The fluorene units were substituted so that they are capable of coordinating and
photosensitizing lanthanide ions as well as including mercury binding thymine groups.
Different ideas were explored for the development of the mercury sensor and these ideas were
tested to determine the feasibility of the concept. The design of the proper ligand structure for
the binding of the lanthanide ions and the proper linking of thymine groups to fluorene, for
mercury coordination, were explored independently before being combined to make the final
mercury sensor. A general introduction to mercury sensors is included at the beginning of
Chapter 2 and will not be discussed in detail in this chapter.

The long excited state lifetimes of lanthanide complexes make them useful in

applications, such as biological imaging,153'16°

where background fluorescence can be
problematic and time resolved imaging is necessary to eliminate background noise. Many
lanthanide containing complexes exhibit luminescent lifetimes on the order of 100’s of

161

microseconds to milliseconds.”” Due of these long excited state lifetimes, the emission from

these lanthanide complexes is easy to measure with time resolved emission spectroscopy.
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Lanthanide complexes with a variety of different ligands have been widely studied for these
special luminescent properties.

Due to the weak f-f transitions associated with the lanthanide ions, organic chromophores
that are capable of sensitizing the lanthanide emission by energy transfer are often used as
ligands or they are attached by a spacer to the coordinating species. The organic chromophores
have much higher extinction coefficients than the lanthanide f-f transitions increasing the
probability of the complex absorbing a photon. The S, excited state of the organic chromophore,
formed after absorption of a photon, can undergo intersystem crossing to the T, state and then

1197170 The sensitization of the

transfer energy to the lanthanide ion as shown in Figure 3
lanthanide has been performed with a variety of organic chromophores and the S; and T; energy

levels of the organic chromophore can be tuned to alter the amount of energy transfer to the

lanthanide ion.

Absorption Energy Transfer Emission

Sensitizer Ln3
Spacer

Figure 3.1. Tllustration of the energy transfer mechanism of organic sensitizers to lanthanide ions.

The long lived luminescence of lanthanide complexes has been used as a reporter for the

. . . . . . . 172-178
sensing a variety of species and this phenomenon has been discussed in several reviews.

179-187 191, 192

- : 188-190 -
The lanthanide complexes have been used as sensors for anions, pH, proteins,

" . 193-196
and transition metal ions.

These lanthanide based sensors have used a variety of techniques
for the detection of different materials. One type of sensor relies on the displacement of labile

solvent ligands with an incoming anionic ligand that changes the coordination environment of
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the lanthanide ion.'™

The complexes can detect the presence of different anions such as acetate,
fluoride, and chloride which can displace weakly bond solvent ligands. This displacement of
solvent ligands can greatly affect the photophysical properties of the lanthanide ion and in some
cases greatly increases the quantum yield of emission.

Other sensors rely of the complexing of anions or metal ions with a coordinating species
attached to the organic chromophore that affects the sensitization of the lanthanide ion. The
change in the sensitization of the lanthanide results in a detectable change in the phosphorescent
emission. This type of sensor has been used to detect alkali cations, changes in pH, and metal
ions such as zinc and copper. An increase in the long lived luminescence was observed for the
compound shown in Figure 3.2 when zinc was present although there was no discussion of the

mechanism for the phosphorescent enhancement.” There have been are no reports of lanthanide

complexes being used as mercury sensors.

Figure 3.2. Lanthanide based zinc sensor where Ln** = Eu or Gd made by Hanaoka et al. '**

In this report, a europium complex with a combination of mercury coordinating thymine
groups and a bifluorene sensitizing groups will be discussed. The coordination of mercury to the

thymine group causes a decrease in fluorescent emission from the bifluorene unit as well as an
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increase in the long lived luminescence form the europium ion. Prior to the synthesis of the
mercury sensing compound, a series of fluorene based DTPA lanthanide complexes were made
to determine the ability of fluorene to sensitize lanthanide ions and will be discussed briefly.
The design and synthesis of the mercury sensing lanthanide complex was performed by the
author of this thesis and the photophysical testing, which is not yet complete, is being undertaken
by our collaborators, Stephane Petoud and Hyounsoo Uh. Dr. Harry Edenborn from the National

Energy Technology Laboratory (NETL) is also a collaborator on this project.

3.2 FLUORENE DTPA LANTHANIDE COMPLEXES

Our initial work focused on demonstrating the ability of fluorene to act as a sensitizer for

lanthanides.'®’

In this first generation, no mercury binding unit was installed. Since the
phosphorescent mercury sensors were to be based on fluorene sensitizing groups and lanthanide
ions, it was desirable to determine the potential for fluorene units to transfer energy to the
lanthanide ion and generate long lived luminescence before undergoing more extensive synthesis
to incorporate mercury binding units. The ability to tune the emission energy of fluorene
oligomers by the number of repeat units and examine the effect that the sensitizer’s excited state
energy has on the energy transfer to the lanthanide ion was another interesting feature of these
complexes.

Fluorene monomers and trimers were shown to be lanthanide sensitizing units by
incorporating lanthanide binding units linked to fluorene at the 9,9-position (compounds 11-14 in

Scheme 3.1). The lanthanide was coordinated by a DTPA based macrocyclic ligand that has

been shown to exhibit high affinities for lanthanide guests. This work showed the ability of the
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fluorene units to sensitize phosphorescent emission of lanthanide ions but the observed tendency
of the system to self-polymerize made characterization and isolation of pure materials difficult.
The synthetic work on these complexes was started by James Copenhafer in the Meyer group
and D. Samuel Oxley from the Petoud group and continued by the author of this thesis. D.
Samuel Oxley performed the photophysical measurements for these complexes. A significant

portion of this investigation has been recently published."’

3.2.1 DTPA-Fluorene Synthesis

Br Br NH, NH,
i i, ii
OO -
78% X O'O X 36% X O' X
7X=H 9 X=H

8 X =2-(9,9-bis(n-hexyl)fluorene) 19 x = 2-(9,9-bis(n-hexyl)fluorene)

) HO o
NH, NH, N o (N o Ho? \[SN ’C)q\
n

) o] HNO O7 'NH NH  O”'NH
Y Y
d
YT v, 20 "
oo GO
9 X=H 11X=H 13X =H
10 X = 2-(9,9-bis(n-hexyl)fluorene) 12 X = 2-(9,9-bis(n-hexyl)fluorene) 14 X = 2-(9,9-bis(n-hexyl)fluorene)

Scheme 3.1. Synthesis of monofluorene DTPA ligand (X=H) and terfluorene DTPA ligand (X=2-(9,9-dihexyl)-
fluorene). (i) 1,6-dibromohexane, TBABr, KOH, toluene, H,O, 75 °C, 15 min. (ii) NaN;, DMF, 80 °C, 24 h. (iii)
LiAlH,, THF, 0 °C to RT. (iv) DBU, DMSO, RT.

James Copenhafer and D. Samuel Oxley prepared the ligand system shown in Scheme 3.1 as

compounds 12 and 14."”7 The synthesis of the ligands 11 and 13, which were made by the author
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of this thesis, begins with the alkylation of fluorene with an excess of 1,6-dibromohexane to
yield bis(6-bromohexyl)fluorene 7 in a 78% yield. Dibromo 7 is converted to the bis(6-
aminohexyl)fluorene in a two-step process. Reaction with sodium azide gives the bis azide
compound which is then reduced with lithium aluminum hydride to yield the diamino 9 in a 36%
yield overall.

The attachment of the DTPA proved difficult to control. The goal was to react both of
the amine functional groups with a single DTPA to give a macrocyclic product. To achieve this
configuration, diamino fluorene 9, was treated with DTPA anhydride under very dilute
conditions in DMSO with DBU as the base. The product of the reaction was poorly soluble and
did not give interpretable GPC or MALDI data. James Copenhafer did obtain an elemental
analysis of the ligand, however, which established a 1:1 ratio of DTPA to fluorene unit."”’ Based
on these data we conclude that the product is likely a mixture of the desired macrocyclic product
11 and the polymeric species 13 as depicted in Scheme 3.1. The difficulty in forming the desired
macrocycle can be explained by the known tendency of the alkyl arms attached at the 9,9-
position of the fluorene have been shown to wrap back over the plane of the fluorene. This
conformation would be expected to inhibit the formation of the macrocycle. The lanthanide ion
was introduced by reacting the ligands 11 and 13 with 1 equivalent of the lanthanide chloride salt
and 1.5 equivalents of sodium carbonate in DMSO. The DMSO was removed and the complex

was evaluated without further purification.
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3.2.2 Photophysical Properties of the DTPA Fluorene Lanthanide Complexes

Mono:Eu®
Ter:Eu®

Molar Absorptivity
e/M*cm™
o
o
8
1

T T T T T T T T T T T T T T T 1
260 280 300 320 340 360 380 400 420
Wavelength / nm Magnification of Eu®

. signal for Ter:Eu®"

—4,=304nm

—%,=353nm AA-/Y
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350 400 450 500 550 600 650 700 750
Wavelength / nm

Normalized Intensity

Figure 3.3. Upper: absorption spectra of both Eu’* complexes formed with the mono 11 (blue line) and terfluorene
12 (red line) ligands in DMSO, 80 uM, 298 K. Lower: normalized steady-state emission spectra of both Eu’"
complexes formed with the mono 11 (purple line) and terfluorene 12 (black line) ligands in DMSO, 80 uM, 298 K.
Lower inset: magnification of the Eu’" signal on the spectrum of the Eu’" complex formed with the terfluorene
ligand 12 in DMSO, 80 uM, 298 K. Figure from reference 198.

The lanthanide complexes made with the fluorene-DTPA ligands showed the expected
sensitization behavior, although the transfer of energy from fluorene to lanthanide is incomplete.
Figure 3.3 shows the absorption and emission spectrum of the compounds as measured by D.
Samuel Oxley."”” The long lived luminescence of the europium ion is clearly visible in 600 nm
range. The fluorescence from the fluorene units remains strong, however, establishing that the

energy transfer from the lanthanide ions is not complete. ~The quantum yields of the fluorene
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units and the europium ion as well as the excited state lifetimes of the europium centered
emission are shown in Table 3.1 The quantum yield of europium long lived luminescence and
the fluorescence from the fluorene sensitizer is much higher for the terfluorene unit compared to
the monofluorene unit. The increase in quantum yield for the terfluorene demonstrates the
ability to tune the energy transfer from the sensitizer to the lanthanide by altering the energy
level of the organic chromophore. A multi-component excited state lifetime is observed for the
long lived luminescence of both complexes indicative of multiple coordination environments for
the europium ion. This multi-component excited state lifetime may be caused by the different
coordinating environments of the monomeric (11,12) and polymeric ligand systems (13,14).
These results show the potential for sensitization of europium by fluorene units and proved that

these types of complexes may have potential for mercury sensing with the proper design.

Table 3.1. The luminescence lifetimes and quantum yields of emission of the 11-Eu and 12-Eu complexes.

Complex Luminescence Quantum Yield
p Lifetimes (ms)® Eu3-+-centered” Fluorene-centered®
11-Eu** 144+ 0.01 0.010  0.002 0.036 + 0.005
" 0.51 +0.03 ' ' ' '
. 1.46 +0.01
12-Eu 0.61 < 0.01 0.067 £ 0.006 0.84 +0.08

* A= 266 nm for 11-Eu®’, RT; Ay = 355 nm for 12-Eu®’, RT. "TbH22IAM used as
reference.'”® “Quinine sulfate in 0.1 N H,SO, used as reference (¢ = 0.546). Ay = 300 nm for
11-Eu’" and A, = 350 nm for 12-Eu’".
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3.3 FLUORENE THYMINE COMPLEXES AS FLUORESCENT MERCURY

SENSORS
.O 0
NH i
N
Br + IN o 7 N)H=O 5
H 75%
o HNJ(
N
Br O‘Sﬁ

15

Scheme 3.2. The synthesis of a model compound to determine its ability to detect mercury by emission quenching.
(i) K,CO;, K1, DMSO, RT.

As we planned to use the thymine group to coordinate the mercury in our final sensing molecule,
a model compound, 15, was prepared to test the potential for fluorene groups with thymine
functional groups to detect mercury was made and quickly evaluated. A background discussion
of the mercury binding ability of thymine is included in Chapter 2. The attachment of thymine
groups to the fluorene unit was accomplished in a similar manner to the synthesis of the DTPA
fluorene compounds (Scheme 3.2). Thus, the bis(6-bromohexyl)fluorene 7 was reacted with
thymine in DMSO with potassium carbonate as the base. The desired regio-isomer, with the
thymine linked at its 3-nitrogen position, was found to be preferred at low temperatures with a
very high yield (~90%) of the desired isomer being formed at room temperature. Simple
qualitative experiments with this compound showed its ability to sense mercury ions with

emission spectroscopy (Figure 3.4). The emission intensity of the bis thymine 15 was found to
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be quenched significantly in the presence of approximately one equivalent of mercury. This
change in the excited state properties of this material in the presence of mercury was
encouraging in that sensitization of lanthanides and the resulting long lived luminescence would

also likely be affected if fluorene units containing thymines and lanthanide groups were

combined.
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Figure 3.4. The quenching of the fluorescent emission form the bis thymine fluorene 15 by ~1 equivalent of
Hg(OAc), in a 1:1 methanol:water solution.
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34  FLUORENE AND LANTHANIDE BASED MERCURY SENSOR

3.4.1 Design and Synthesis Lanthanide Based Mercury Sensor

Based upon the previous results of the fluorene DTPA lanthanide complexes (11 and 12) and the
thymine-fluorene conjugate 15 capable of sensing mercury, a bifluorene unit 16 was designed in
which one fluorene unit would have thymine units capable of coordinating mercury and the other
fluorene unit would contain a ligand capable of binding lanthanide ions (Figure 3.5). Although
the designed molecule appears complex, the two fluorene units could made independently and
the convergent synthesis would utilize a Suzuki coupling to link the two fluorene units together
to make a bifluorene unit. Although all the methods needed for the synthesis were well know
difficulties in purification and problems with the compatibility of different functional groups had

to be over come.

Figure 3.5. The structure of the bifluorene europium compound 16 capable of coordinating mercury through the
thymine units.
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Due to the difficulties in forming the desired DTPA fluorene lanthanide complex, another
approach using a more hydrolytically stable lanthanide binding ligand based on DOTA (1,4,7,10-
tetraazacyclododecane-N-N’-N’"-N "’ -tetraacetic acid) was selected for the mercury sensing

197199 The improved stability of the lanthanide coordination is also advantageous due to

complex.
the intention of exposing the complexes to environmental samples that might otherwise cause

displacement of the lanthanide. It was particularly important that the synthesis of DOTA

containing fluorene units could be designed to only produce the desired monomeric species.

Br

—_—— 'O
18 60% n ¥:1 ?
0
19

Scheme 3.3. Synthesis of the mono fluorene DOTA precursor. (i) n-BuLi, THF, -78 °C, 1 h, 1-bromohexane, -78 °C
to RT, n-BuLi, THF, -78 °C, 1 h, 1,3 dibromopropane, -78 °C to RT. (ii) Bromine, CHCI;, reflux, 18 h. (iii) ) bis-
(pinacolato)-diboron, PACl,dppf, KOAc, dioxane, 70 °C, 20 h.

The incorporation of the DOTA ligand onto a fluorene unit required development of a
synthetic procedure to make a precursor, such as the monobromo fluorene 17, that was capable
of being mono substituted with DOTA. This was accomplished by alkylation of fluorene at the
9,9-position with a two step reaction to form compound 17 (Scheme 3.3). Fluorene was
deprotonated with one equivalent of n-butyllithium and the anion was quenched with one
equivalent of 1-bromohexane. This mono hexyl fluorene was then deprotonated with n-

butyllithium and the anion was quenched with an excess of 1,3-dibromopropane to give 17. The
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overall yield for the two step reaction was 72%. The mono bromo 17 was then converted to the
2-bromo fluorene 18 the reaction with Br, in refluxing CHCl;. The reaction was non-selective
and a mixture of starting material, mono-brominated 18 and di-brominated products were
obtained. These three materials were not separable by standard techniques but the reaction of
this mixture with pinacolate borate using palladium as a catalyst produced the desired mono

boron pinacolate 19 that was easily isolated by column chromatography in a 60% yield.

Bf e 7L‘}ﬂﬂf«ik
C I,

N N

Q.O ? >(HBrN“\_?‘u<_'/\ — \_'q(o"l/\

79% o
D
19 20 ©
21

Scheme 3.4. Synthesis of mono fluorene #-butyl DOTA coupling partner. (i) CsCOs, acetonitrile, RT, 24 h.

The #-butyl protected DOTA fragment 20 was attached to the fluorene unit 19 by a S,2
reaction to yield the #-butyl DOTA fluorene 23 in a 79% yield (Scheme 3.4). Attempts were
made to incorporate the #-butyl DOTA fragment before the Miyura coupling to make the boron
pinacolate group but separation of the product from the starting material proved to be difficult. It
was also envisioned that the boron pinacolate monobromo alkyl compound 19 could be Suzuki
coupled with a thymine fragment for ease of purification but the potential for thymine groups to

react with the alkyl bromide in Suzuki coupling conditions precluded this approach.
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Scheme 3.5. The synthesis of the mono fluorene thymine coupling partner 23. (i) 1,6-dibromohexane, KOH
aqueous, TBABT, toluene, 80 °C, 2 h. (ii) thymine, K,COs, KI, DMSO, RT, 24 h.

Thymine units were chosen as the mercury binding functionality and can be incorporated
into the fluorene units through the alkyl substitutions at the 9-position as shown in an analogous
manner to Scheme 3.2. In this case 2-bromofluorene was used as the starting material since the
alkylation reaction with KOH as the base does not reacted with aryl halide group (Scheme 3.5).
Thus bis-bromohexyl fluorene 22 was made in one step with a 60% yield. The terminal alkyl
bromides were then reacted with thymine at room temperature to form the bis-thymine fluorene

23 in an 80% yield.

e
Q(ﬁ—_}ﬂ i /47
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N N
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21 23 24

Scheme 3.6. Suzuki coupling to form bis fluorene unit 24. (i) PACl,dppf, Na,COs;, DMF, water, 90 °C, 24 h.
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The Suzuki coupling of the thymine fluorene unit and the #-butyl DOTA fragment was
accomplished using PdCl,(dppf) as the catalyst to form the #-butyl DOTA bis thymine bifluorene
24 in a 29% yield (Scheme 3.6). It was found that the bidentate ferrocene based phosphine
ligand was necessary for the coupling to proceed in high yields. The coupling in the presence of
thymine groups and the DOTA species was a concern because of there potential for binding to
the palladium catalyst. Purification of the product was more challenging since the DOTA
fluorene starting material and the product were inseparable by silica gel chromatography.
Preparative HPLC was attempted but the poor solubility of the product in water rendered this
technique ineffective. Purification was accomplished by first chromatography on silica gel
followed by chromatography on basic alumina oxide.

The #-butyl groups can then be removed from 24 with trifluoroacetic acid to form the free
acid 25 in a quantitative yield (Scheme 2.7). The high yield of the deprotection step was
important as the free acid product is difficult to purify by standard methods. After the
deprotection of the #-butyl groups with trifluoroacetic acid, the solvent and excess acid need only
to be removed under reduced pressure. The deprotected DOTA ligand was now ready for
coordinating lanthanide ions and the free acid 25 was reacted with EuCl; in a DMSO and water
mixture with NaOH as the base. The europium complex 17 was purified by precipitation into

water and was isolated in a 44% yield.
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Scheme 3.7. Deprotection of t-butyl groups and formation of final europium complex. (i) Trifluoroacetic acid,
CH,Cl,, RT, 24 h. (ii) EuCly(H,0)s, K,CO;, DMSO, 90 °C, 24 h

3.4.2 Photophysical Properties and Mercury Sensing

After some initial screening by the author of this thesis to show that the europium ion in

compound 16 is sensitized by the fluorene dimer chromophore and that the compound does show
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changes in the emission properties when mercury was present, the final compound 16 was
further evaluated by Hyounsoo Uh in the Petoud group. A discussion of his initial photophysical

measurements is included in this thesis.
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Figure 3.6. Absorption spectrum of 16 with and without mercury in a 1:1 methanol / water mixture at 10™ M.

A small shift to lower energy is observed in the absorption spectrum of the mercury
sensing compound 16 when mercury is present. The absorption spectrum of the europium
complex is shown in Figure 3.6 with no mercury present and with one equivalent of mercury
present. The extinction coefficient of the m-n* transition of the complex is similar to what has
been reported for other m-7* transitions bifluorene chromophores.”® The small decrease in
intensity for the mercury containing sample may be within experimental error but the slight

bathochromic shift appears to be a real phenomena. This shift is likely to be caused by some
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aggregation of the chromophores due to the coordination of different bifluorene thymine units to

the same mercury ion. The bathochromic shift in absorption has been reported for the

aggregation of many different chromophores. 145, 149
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Figure 3.7. Fluorescent emission spectra of 16 with and without mercury in a 1:1 methanol / water solution
at 10° M.

A dramatic decrease in the in the fluorescent emission intensity of the mercury sensor 16
is seen when one equivalent of mercury is present. The fluorescence emission spectrum of the
complex with and without mercury is shown in Figure 3.7. This decrease can also be explained
by an aggregation of the sensor molecules in the presence of mercury. The aggregation of the
chromophores can cause energy transfer to occur before emission thereby decreasing the

quantum yield of emission. This decrease in emission intensity by thymine containing
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fluorescent mercury sensors has been reported by others and determined to be caused by the

aggregation of the chromophores.” '*
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Figure 3.8. Bong lived luminescence spectra of 16 with and without 1 equivalent of mercury in al:1 methanol /
water mixture at 10° M.

Interestingly the intensity of the long lived luminescence of the europium ion in the
mercury sensor 16 increased in the presence of mercury (Figure 3.8). The long lived
luminescence excitation spectrum also shows an increase in intensity when mercury is present
(Figure 3.9). Since no major change in the absorption spectrum is seen when mercury is added
the increase in long lived luminescence is likely attributed to an increase in energy transfer from
the fluorene unit to the europium ion. The reason for this increase is not completely understood.
One possible explanation is that the increase in long lived luminescence is caused by a heavy

metal effect from the mercury ion which could increase intersystem crossing of the bifluorene
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excited state leading to an increase in triplet state formation and an increase in energy transfer to

the europium ion. It has been shown that the energy transfer to lanthanide complexes occurs

from the triplet state of the sensitizing chromophore.”” An increase in the triplet state population

of the sensitizer would then lead to more efficient energy transfer to the europium ion.
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Figure 3.9. Phosphorescence excitation spectrum of 16 measured at an emission wavelength of 615 nm in a 1:1

methanol / water mixture at 10° M.

Another possible cause for the increase in long lived luminescence is that longer excited

state lifetimes caused by aggregation of the fluorescent bifluorene chromophore increases energy

transfer to the europium. A longer excited state lifetime would increase the probability of

intersystem crossing to the triplet state which would increase energy transfer to the europium ion

or potentially the longer excited state singlet lifetime would have more chance for energy

transfer. Another potential theory is the thymine chromophore is capable of transferring energy
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to the europium ion when mercury is present. Further photophysical studies should help to help
to find the true cause of the increase in long lived luminescence. Whatever the cause of this
increase in long lived luminescence intensity, the combination of a fluorescence decrease and a

long lived luminescence increase is a new phenomenon for mercury sensing.

3.5 CONCLUSIONS

A novel multi-signal mercury sensor that shows a decrease in fluorescence and an increase in
phosphorescence has been developed. The dual reporting signals of the sensor should make the
detection of mercury more reliable as well as more qualitative and the different signals may also
make the system more selective for the detection of mercury. The complex, based upon thymine
functionalized fluorene ligands capable of binding europium and mercury, was made by a
challenging convergent synthesis of two different functionalized fluorene units. Many synthetic
methods and purification techniques were explored during the development of the ultimately
successful synthetic method. The compound is capable of detecting mercury at a 10° M level
and it is expected that the sensitivity will be even greater when proper time resolved
measurements are made. The thymine groups have been show to be very selective in mercury
binding over other ions and it is expected that this new mercury sensing complex will be

selective in detecting mercury.
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3.5.1 Experimental

3.5.1.1 Photophysical Characterization
The UV-Visible spectra were recorded on a Perkin-Elmer UV/VIS/NIR Spectrometer Lambda.
The steady state emission spectra were determined using a Varian Cary Eclipse Fluorescence

Spectrophotometer.

(a) Synthetic Methods and Equipment
Pd(PPhs)s (Strem), and Pd(Cl).dppf (Strem), were commercially obtained and stored in a
nitrogen-filled glove box. All other reagents were commercially obtained and used without
further purification. 'H- (300 MHz) and >C-NMR (75 MHz) spectra were recorded with Bruker
spectrometers. Chemical shifts were referenced to residual '"H or "C signals in deuterated
solvents. Column chromatography was performed using Sorbent 60A 40-63 pm standard grade
silica. GC-MS was performed on a Hewlett Packard Series 5980 GC/5971 A MS with a Hewlett
Packard Series 1 column. GC was performed on a Hewlett Packard Series 6850 GC with a
Hewlett Packard Series 1 methyl siloxane column. HRMS were obtained on a Fison VG

Autospec in the Mass Spectral Facility of the University of Pittsburgh.

Br Br

S0
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9,9-(6,6-Dibromohexyl)-fluorene 7: Adapting the method of Liu,”" fluorene (1.7 g 10.2 mmol),
1,6-dibromohexane (20 g, 82 mmol), 75 ml of a 50% KOH,q solution, and tetrabutylammonium
bromide (0.65 g 2 mmol) were added to a round bottom flask and stirred at 70 °C for 60 min.
The reaction mixture was cooled to RT and extracted with diethyl ether (3 x 50 ml). The organic
fractions were combined, washed with brine, dried over magnesium sulfate. The excess 1,6-
dibromohexane was removed by vacuum distillation and the product was purified by column
chromatography (silica gel, 10% CH,Cl, / hexane) to yield a clear, viscous oil (4.6 g, 78%). 'H
(300 MHz, CDCls) 6 0.58 (m, 4 H), 0.99-1.24 (m, 8 H), 1.62 (p, 4 H), 1.95 (m, 4 H), 3.25 (t, 4 H)
7.24-7.34 (b, 6 H), 7.69 (b, 2 H). C NMR (75 MHz, CDCl3) § 23.5, 27.8, 29.1, 32.7, 33.9,

40.2,54.9,119.7, 122.8, 126.9, 127.1, 141.1, 150.3.MS (EI) m/z 492 (M) 327

N3 N3

S0
9,9-(6,6-azidohexyl)-fluorene: To a round bottom flask, 9,9-(6,6-dibromohexyl)-fluorene 7 (3.6
g, 7.3 mmol), sodium azide (1.14 g, 17.5 mmol), to 30 ml of DMF were added After heating at
80 °C for 24, water was added (100 ml) and the aqueous layer was extracted with hexane (3 x
100ml). The combined organic layers were then washed with water, brine, and then dried over
magnesium sulfate. The product was purified by column chromatography (silica gel, 50%
CHCls/ hexanes as the eluent) to yield a clear oil (2.1 g, 68%). 'H (300 MHz, CDCl3) & 0.62 (m,
4 H), 0.99-1.08 (b, 8 H), 1.37 (m, 4 H), 1.95 (m, 4 H), 3.10 (t, 4 H) 7.24-7.34 (b, 6 H), 7.69 (b, 2
H). C NMR (75 MHz, CDCls) § 23.5, 26.3, 28.7, 29.4, 40.2, 51.4, 119.7, 122.8, 126.9, 127.1,

141.1, 150.3. MS (EI) m/z 416 (M) 262
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9,9-(6,6-aminohexyl)-fluorene 9: A round bottom flask was charger with 9,9-(6,6-azidohexyl)-
fluorene (2.0 g, 4.8 mmol) and 30 ml of anhydrous THF. After cooling to 0 °C, LiAlH4 (19.2
ml, 1 M in diethyl ether, 19.2 mmol) was added dropwise and the reaction was stirred 1 h. The
reaction was quenched by slow addition of ethanol followed by water. The aqueous layer was
extracted with diethyl ether (3x100ml) and the combined organics were then washed with brine
and dried over magnesium sulfate. The solvent was removed under vacuum to yield product as
clear, viscous oil (0.9 g, 52%). 'H NMR (300 MHz, CDCl3) & 0.62 (m, 4 H), 0.99-1.08 (b, 8 H),
1.37 (m, 4 H), 1.95 (m, 4 H), 3.10 (t, 4 H) 7.24-7.34 (b, 6 H), 7.69 (b, 2 H). *C NMR (75 MHz,
CDCls) 6 23.5, 26.3, 28.7, 29.4, 40.2, 51.4, 119.7, 122.8, 126.9, 127.1, 141.1, 150.3. MS (EI)
m/z 364 (M) 279, 265
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11,13
Fluorene DTPA Ligand 11,13: 9,9-(6,6-aminohexyl)-fluorene 9 (1.06 g, 29 mmol) and

diethylenetriaminepentaacetic acid bisanhydride (1.04 g, 29 mmol), and 2 ml of DBU were
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added to 200 ml of DMSO. After stirring at RT for 24 h, the DMSO was removed under reduced
pressure at 40 °C. The reaction was adjusted to neutral pH with acetic acid and the product was
precipitated into water. The crude product was dissolved in DMSO and then precipitated into
THF to yield 0.5 g of white solid. 'H (300 MHz, CDCl3) & 0.46 (b, 4 H), 0.94 (b, 8 H), 1.14 (m,

4 H), 1.91 (b, 4 H), 2.6-3.6 (b, 28 H) 7.3-7.5 (b, 6 H), 7.75 (b, 2 H), 7.91 (b, 2h).

Br

50
17
2-Bromo-9-(3-bromopropy)-9-hexyl-fluorene 17 rwiil5: Fluorene (3.0 g, 28.2 mmol) was
dissolved in 150 ml of anhydrous THF, cooled to -78 °C, and n-butyllithium (1.6 M, 11.3 ml,
18.1 mmol) was added dropwise over 20 min. The mixture was stirred at -78 °C for 60 min and
then 1-bromohexane (3.0 g, 18.1 mmol) was added dropwise. The reaction was allowed to warm
to RT and then cooled to -78 °C. n-Butyllitium (1.6 M, 13.6 ml, 21.7 mmol) was added dropwise
over 20 min. After 60 min, 1,3-dibromopropane (18.3 g, 91 mmol) was added quickly. The
reaction was allowed to warm to RT and the reaction was quenched with water. The aqueous
layer was washed with hexane (2 x 50 ml) and the combined organic layers were washed with
brine and dried over magnesium sulfate. The excess 1,3-dibromopropane was removed by
vacuum distillation and the crude product was purified by column chromatography (silica gel,
hexanes then 5% CH,Cl, / hexanes as the eluent) to yield the product as a colorless oil (4.8 g,
72%). 'H NMR (300 MHz, CDCls) & 0.57 (b, 2 H), 0.63 (t, 2 H, J = 7.5 Hz), 1.0-1.3 (b, 8
H),1.97 (m, 2 H), 2.15 (m, 2 H), 3.01 (t, 2 H, J = 6.6 Hz) 7.26-7.40 (b, 6 H), 7.69 (b, 2 H). °C

NMR (75 MHz, CDCls) 6 14.2, 22.7, 23.8, 27.5, 29.8, 31.7, 34.7, 38.9, 40.7, 54.7, 120.0, 123.0,
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127.3, 127.5, 141.3, 150.0. MS (EI) m/z 372 (M) 285, 249. HRMS calcd for C,,HyBr:

370.1296. Found 370.1280.

Br

Q‘O Br
18
2-Bromo-9-(3-bromopropy)-9-hexyl-fluorene 18 rwiii34:  2-Bromo-9-(3-bromopropy)-9-
hexyl-fluorene 17 (0.93 g, 2.5 mmol) was dissolved in 50 ml of CHCl; and bromine (0.40 g, 2.5
mmol) was added slowly. The reaction mixture was heated to reflux for 18 h and then quenched
with a sodium thiosulfate solution. The aqueous layer was washed with CHCI; (2 x 25 ml) and
the combined organics were dried over MgSQO4. The product was purified by column
chromatography (silica gel, 5% in CH,Cl, / hexanes as the eluent) to yield the product as a clear
0il (0.85 g, 76%). 'H NMR (300 MHz, CDCl3) & 0.60 (b, 2 H), 0.75 (t, 2 H, J = 7.5 Hz), 1.0-1.3
(b, 8 H), 1.97 (m, 2 H), 2.14 (m, 2 H), 3.10 (t, 2 H, ] = 6.6 Hz) 7.33 (m, 5 H), 7.69 (m, 2 H). "*C
NMR (75 MHz, CDCls) ¢ 14.0, 22.6, 23.6, 27.2, 27.3, 29.6, 31.5, 34.6, 38.7, 40.5, 54.5, 119.8,

121.2,122.8, 126.1, 127.1, 127.3, 127.8, 130.3, 141.1, 149.8. MS (EI) m/z 450 (M) 365, 285

600 s

Boron pinacolate fluorene 19 rwiii67: 2-Bromo-9-(3-bromopropy)-9-hexyl-fluorene 18 (3.2 g,
7.1 mmol), bis(pinacolato) diboron (2.7 g, 10.7 mmol), PdCl,dppf (0.29 g, 5 mol %), potassium

acetate (2.8 g, 28 mmol), and 25 ml of 1,4-dioxane were added to a Schlenk flask and sparged
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with N, for 20 minutes. After the reaction was heated to 70 °C for 24 h, water was added and the
aqueous layer was washed with diethyl ether (3 x 50 ml). The combined organics were was
washed with brine and dried over magnesium sulfate. The product was purified by column
chromatography (silica gel, 10% CH,Cl, / hexanes then 50% CH,Cl, / hexanes as the eluent) to
yield the product as a colorless oil (2.1 g, 60% yield). 'H NMR (300 MHz, CDCls) & 0.57 (b, 2
H), 0.73 (t,2 H, J = 7.5 Hz), 1.0-1.3 (b, 8 H), 1.98 (m, 2 H), 2.15 (m, 2 H), 3.10 (t, 2 H, ] = 6.6
Hz) 7.33 (m, 3 H), 7.68-7.83 (m, 4 H). ">C NMR (75 MHz, CDCl;) § 14.0, 22.6, 23.6, 24.9,
25.0, 27.3, 29.6, 31.5, 34.5, 38.6, 40.3, 54.5, 83.8, 119.2, 120.3, 122.9, 127.1, 127.8, 128.8,
134.1, 140.9, 144.1, 149.0, 150.3. MS (EI) m/z 498 (M) 411, 375. HRMS calced for

CsH33BO,Br: 496.2148. Found 496.2129.
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1,4,7-Tris(tert-butoxycarbonylmethyl)-1,4,7,10-tetraazacyclododecane, hydrobromide salt
20 rwiil03: According to the method of Dabadhoy et al,164 1,4,7,10-tetraazacyclododecane (5.0
g, 29 mmol), NaHCO; (8.06 g, 96 mmol), and 100 ml of anhydrous acetonitrile were added to a
round bottom flask and cooled to 0 °C. fert-Butyl bromoacetate (18.7 g, 96 mmol) was added
dropwise over 20 min and then the reaction was allowed warm to RT. After 24 h, the solids
were filtered and the solvent was removed from the filtrate. The solids was recrystallized twice
from toluene to yield the product (5.0 g, 29%) as white solid. 'H NMR (300 MHz, CDCl3) & 1.46

(s, 27 H), 2.9 (m, 12 H), 3.1 (m, 4 H), 3.26 (s, 2 H), 3.35 (s, 4 H), 10.01 (b, 2 H). 3C NMR (75

MHz, CDCls) 6 28.2,47.5, 48.9,49.3, 51.3, 51.4, 58.2, 81.7, 81.8, 169.6, 170.5.
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t-butyl-DOTA-B(0,C;Me,)-Fluorene 21 rwiii69: According to the method of Wilkinson et
al,**> Boron pinacolate fluorene 19 (1.7 g, 3.4 mmol), 1,4,7-Tris(fert-butoxycarbonylmethyl)-
1,4,7,10-tetraazacyclododecane, hydrobromide salt 20 (2.04 g, 3.4 mmol), cesium carbonate
(3.32 g, 10.2 mmol), and 20 ml of acetonitrile were added to a round bottom flask and stirred at
RT for 24 h. The solids were filtered and the solvent was removed under reduced pressure. The
crude product was purified by column chromatography (silica gel, 5% CH3;OH / CH,Cl, then
10% CH3;0H / CH,Cl,) to yield the product as a colorless oil (2.5 g, 79% yield). '"H NMR (300
MHz, CDCls) 6 0.3-1.0 9 (m, 10) 1.3 (m, 40 H), 1.5-3.5 (b, 32 H), 7.1-7.3 (m, 3 H), 7.5-7.9 (m, 4

H). MS (TOF ES) m/z 932 HRMS calcd for Cs4sHggBN4Og: 931.6739. Found 931.6695.

Br Br

oo

22
2-Bromo-9,9-bis-(6-bromo-hexyl)-fluorene 22 rwii69: 2-Bromofluorene (2.5 g, 10.2 mmol),
1,6-dibromohexane (20.0 g, 82 mmol), KOH (20 ml, 50 % in H,O), TBABr (0.65 g, 2 mmol),
and 20 ml of toluene were added to a Schlenk flask and heated to 80 °C under N,. After 2 h the
reaction was cooled to RT and water was added. The aqueous layer was washed with hexanes (2

x 100 ml) and the combined organic layers were washed with brine and dried over magnesium
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sulfate. The excess 1,6-dibromohexane was removed under reduced pressure and the crude
product was purified by column chromatography (silica gel, 5% CH,Cl, / hexanes) to yield the
product (3.5 g, 60%) as a colorless oil. 'H NMR (300 MHz, CDCl;) § 0.58 (m, 4 H), 1.0-1.3 (m,
8 H), 1.65 (m, 4 H), 1.94 (m, 4 H), 3.26 (t, 4 H, ] = 6.6 Hz) 7.31 (m, 3 H), 7.44 (m, 2 H), 7.55
(m, 1 H), 7.65 (m, 1 H). >C NMR (75 MHz, CDCl;) & 23.5, 27.8, 29.0, 32.6, 33.9, 40.1, 55.3,
119.8, 121.1, 122.8, 126.0, 127.1, 127.6, 130.1, 140.0. 140.2, 149.9, 152.6. MS (EI) m/z 570

(M'+) 407, 328. HRMS calcd for C,sH31Br3: 567.9976. Found 567.9973.

Q.O Br
23
Bis(thymine)-2-bromo-fluorene 23 rwii72: 2-Bromo-9,9-bis-(6-bromo-hexyl)-fluorene 22 (1.32
g, 2.3 mmol), thymine (1.74 g, 13.9 mmol), K,COs (1.92 g, 13.9 mmol), KI (10 mg), and 25 ml
of DMSO were added to a round bottom flask and stirred at RT for 24 h. Water was added and
the aqueous was washed with ethyl acetate (4 x 50 ml). The combined organic layers were
washed with water, then brine, and then dried over magnesium sulfate. The crude product was
purified by column chromatography (silica gel, 10% CH,Cl, / ethyl acetate) to yield the desired
product (1.2 g, 80%) as a white solid. "H NMR (300 MHz, CDCl3) § 0.50 (b, 4 H), 0.98 (b, 8 H),
1.37 (b, 4 H), 1.73-1.86 (m, 8 H), 3.47 (t, 4 H, J = 6.6 Hz ), 6.83 (s, 2 H), 7.36-7.60 (m, 7 H),
10.33 (s, 2 H). "C NMR (75 MHz, CDCl;) & 12.3, 23.4, 23.6, 25.9, 28.8, 29.3, 40.0, 48.3, 53.6,

55.2, 110.3, 120.9, 121.2. 121.5, 122.8, 127.0, 127.1, 127.6, 130.0, 139.0, 139.9, 140.6, 149.9,
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151.2, 152.6, 164.9. MS (El) m/z 662 (M'+) 581, 452. HRMS calcd for CssH41N4O4Br:

660.2311. Found 660.2305.

Bis(thymine)-t-butyl DOTA-bifluorene 24 rwiii75: Bis(thymine)-2-bromo-fluorene 23 (0.59 g,
0.90 mmol), #-butyl-DOTA-B(0,C,Mey)-fluorene 21 (0.70 g, 0.75 mmol), PdCl,dppf (0.06 g,
0.1 equiv), Na,CO; (0.40 g, 3.5 mmol), 15 ml of DMF, and 1 ml of water were added to a
Schlenk flask. After heating to 90 °C for 24 h, water was added and the aqueous layer was
washed with CH,Cl, (3 x 50 ml). The combined organic layers were washed with brine and
dried over magnesium sulfate. The crude product was purified by column chromatography
(silica gel, 10% methanol / CH,Cl, then on basic alumina oxide 5% methanol / CH,Cl,) to yield
the desired product (0.3 g, 29%) as a tan solid. 'H NMR (300 MHz, D¢-DMSO, 360 K) & 0.72
(b, 8 H), 1.08 (b, 16 H), 1.44 (s, 27 H), 1.75 (m, 4 H), 2.10 (b, 8 H), 2.65 (b, 8 H), 3.1 (b, 5 H),
3.69 (t,4 H, J = 6.9 Hz) 7.20- 8.0 (m, 16 H), 10.5 (b, 2 H). *C NMR (75 MHz, CD,Cl,) § 20.1,
22.5,23.7,23.8, 259, 27.6, 27.8, 28.0, 28.8, 29.5, 31.4, 36.5, 38.2, 39.4, 40.1, 48.2, 49.1, 49.7,
50.4, 81.5, 82.6, 82.9, 110.0, 119.7, 120.0, 120.3, 121.2, 121.3, 123.0, 125.9, 126.2, 126.6, 127.0,

127.1, 127.5, 140.2, 140.4, 140.7, 140.9, 149.8, 150.3, 150.4, 150.7, 151.1, 151.3, 151.5, 164.6,
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169.8, 169.9, 172.6, 173.5. MS (TOF ES) m/z 1387. HRMS calcd for Cg3H;17NgO1o: 1385.8934.

Found 1385.8893.
Oy OH o
\\(N/—\ ALon

N N
/

25

Bis(thymine)-DOTA-bifluorene 25 rwiii74: According to the method of Wilkinson et al,***

Bis(thymine)-z-butyl DOTA-bifluorene 24 (0.25 g, 0.18 mmol), 3 ml of trifluoroacetic acid, and
2 ml of CH,Cl, were to a round bottom flask and let stir at RT for 24 h. The trifluoroacetic acid
and CH,ClI, were removed under reduced pressure to yield the desired product 25 (0.22 g, 100%)

as a tan viscous oil. HRMS calcd for C71Hg3NgO1g: 1217.7015. Found 1217.7053.




Bis(thymine)-DOTA-bifluorene-Eu-complex 16 rwiii96: Bis(thymine)-DOTA-bifluorene 25
(0.053 g, 0.04 mmol), EuCls-(H,0)6 (0.016 g, 0.04 mmol), K»,COs (0.024 g, 0.17 mmol), and 3
ml of DMSO were added to a Schlenk flask and heated to 90 °C for 24 h. After cooling to RT,
the crude product was purified by precipitation into water. The white solid was dried under
vacuum for 24 h to yield the desired product 16 as a white solid (0.024 g, 44%). MS (TOF ES)

m/z 1389 (Mass + Na) and 1411 (Mass + 2 Na).
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APPENDIX A

SELECTED NMR SPECTRA
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Figure A.1. '"HNMR Spectrum of Br-ehF-Br.
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Figure A.2. °C NMR Spectrum of Br-ehF-Br.
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Figure A.3. "H NMR Spectrum of Br-ehF-Si.
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Figure A.4. °C NMR Spectrum of Br-ehF-Si.
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Figure A.5. '"H NMR Spectrum of B-ehF-Si.
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Figure A.7. "H NMR Spectrum of s(ehF3;Myg).
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Figure A.8. "H NMR Spectrum of p(ehF;Mg).
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Figure A.9. *CNMR Spectrum of p(ehF;Mg).
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Figure A.13. 'H NMR Spectrum of compound 2.
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Figure A.14. ">C NMR Spectrum of compound 2.
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Figure A.15. 'H NMR Spectrum of uppy (compound 5).
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Figure A.16. ">C NMR Spectrum of uppy (compound 5).
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Figure A.17. "H NMR Spectrum of Ir(ppy)z(uppy).
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Figure A.19. 'H NMR Spectrum of compound 17.
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Figure A.21. 'H NMR Spectrum of compound 19.
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Figure A.23. >C NMR Spectrum of compound 22.
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Figure A.25. >C NMR Spectrum of compound 23.
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Figure A.27. ">C NMR Spectrum of compound 24.
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APPENDIX B

GPC TRACES OF P(ehFxMy)s
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Figure B.1. GPC trace of p(ehFsMyg) in THF.
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Figure B.2. GPC trace of p(ehFsMyp) in THF.
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Figure B.3. GPC trace of p(ehF;Myg) in THF.
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Figure B.4. GPC trace of p(ehF;Myp) in THF.
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Figure B.5. GPC trace of p(ehFsMyg) in THF.
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Figure B.6. GPC trace of p(ehFsMyp) in THF.
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Figure B.7. GPC trace of p(ehFsMig) in THF.
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Figure B.8. GPC trace of p(ehF;Myg) in THF.
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Figure B.9. GPC trace of p(ehFgMyg) in THF.
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Figure B.10. GPC trace of 10% p(ehF3Myo) : 90% 10% p(ehFsMy) in THF.
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Figure B.11. GPC trace of 50% p(ehF3Myo) : 50% 10% p(ehFsMy) in THF.
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Figure B.12. GPC trace of p(FsMyg).
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Figure B.13. GPC trace of p(FsMg) in THF.
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Figure B.14. GPC trace of p(FsM3s) in THF.
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Endothermic ——

DIFFERENTIAL SCANNING CALORIMETRY (DSC) DATA

APPENDIX C
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Figure C.1. DSC scan of p(ehFsMg) at 10°C / min.
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Figure C.2. DSC scan of p(ehFsMyg) at 10°C / min.
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Figure C.3. DSC scan of p(ehF;Mg) at 10°C / min.
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Figure C.3. DSC scan of p(ehF;Myg) at 10°C / min.
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Figure C.5. DSC scan of p(ehFsMg) at 10°C / min.
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Figure C.6. DSC scan of p(ehFsMg) at 10°C / min.
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Figure C.7. DSC scan of 50% p(ehF3My) : 50% p(ehFsMyg) at 10 °C / min.
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Figure C.8. DSC scan of 10% p(ehF3;Myo) : 90% p(ehFsMy) at 10 °C / min.
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APPENDIX D

X-RAY STRUCTURE REFINEMENT FOR Ir(ppy)2(uppy)

Table D.1. Crystal data and structure refinement for Ir(ppy).uppy

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

V4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°

Absorption correction

rwm1027s

C40 H32 Cl4 Ir N5 O4

980.71

203(2) K

0.71073 A

Monoclinic

P2(1)/n

a=13.293(4) A o= 90°.
b=13.226(4) A B=90.620(7)°.
c=23.259(7) A v =90°.
4089(2) A3

4

1.593 Mg/m?

3.573 mm’!

1936

0.16 x 0.16 x 0.26 mm?

1.77 to 25.00°.

-15<=h<=15, -15<=k<=15, -27<=1<=27
31544

7194 [R(int) = 0.1898]

99.9 %

multi-scan
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Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

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

Largest diff. peak and hole

Full-matrix least-squares on F2
7194 /4 /487

1.047

R1=0.0872, wR2=10.1779
R1=0.1679, wR2 = 0.2040
1.380 and -1.878 e.A3
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Table D.2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x 103)

for rwm1027s. U(eq) is defined as one third of the trace of the orthogonalized U tensor.

X y z U(eq)
Ir 5554(1) 3576(1) 8241(1) 47(1)
N(1) 6934(9) 3137(9) 8621(5) 45(3)
(1) 7834(12) 3434(12) 8462(7) 54(4)
o(1) 2704(9) 840(12) 10336(6) 97(4)
0(2) -107(9) 214(11) 9300(5) 89(4)
NQ) 1313(10) 516(11) 9810(6) 66(4)
CQ) 8716(15) 3140(15) 8724(9) 82(6)
N@G3) 1233(10) 833(11) 8820(5) 63(4)
CQ3) 8652(13) 2498(15) 9201(7) 75(5)
C(4) 7669(12) 2190(12) 9379(7) 60(4)
N(4) 4157(13) 4021(14) 7983(7) 97(5)
N(5) 6253(9) 4413(9) 7564(5) 48(3)
C(5) 6832(10) 2522(11) 9075(6) 46(4)
C(6) 5814(11) 2184(11) 9192(6) 45(4)
C(7) 5552(12) 1485(11) 9596(7) 57(4)
C(8) 4581(13) 1178(11) 9689(6) 57(4)
C(9) 3821(11) 1581(10) 9333(6) 44(4)
C(10) 4085(12) 2307(10) 8936(6) 51(4)
(1) 5070(10) 2632(10) 8847(6) 42(4)
C(12) 2789(12) 1178(11) 9350(6) 53(4)
C(13) 2297(15) 861(16) 9857(7) 76(5)
C(14) 2213(12) 1106(11) 8870(7) 59(4)
C(15) 756(14) 476(13) 9309(8) 64(5)
C(16) 665(14) 853(18) 8271(8) 98(7)
c(17) 5385(13) 4808(12) 8798(6) 47(4)
C(18) 6008(19) 5124(14) 9212(9) 99(8)
C(19) 5880(30) 5933(19) 9571(11) 138(12)
C(20) 5010(30) 6400(30) 9524(13) 154(15)
1) 4320(30) 6170(20) 9102(13) 140(12)
C(22) 4520(20) 5321(15) 8726(10) 93(7)
C(23) 3823(16) 4950(15) 8293(8) 71(5)
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C(24)
C(25)
C(26)
c@27)
C(28)
C(29)
C(30)
c@31)
C(32)
C(33)
C(34)
C(35)
C(36)
Cc(37)
C(38)
CI(1)
Cl2)
Cl(3)
Cl(4)
C(39)
C(40)
0@3)

04)

2930(20)
2320(20)
2596(16)
3509(13)
6505(11)
6997(13)
7235(12)
6951(12)
6481(11)
6193(11)
6383(12)
6058(15)
5546(13)
5362(12)
5663(10)
4341(5)

5638(6)

3037(5)

4986(7)

5567(9)

4252(12)
8622(8)

8348(13)

5360(30)
4890(30)
3990(30)
3568(18)
5375(12)
5834(14)
5301(15)
4283(14)
3841(11)
2768(12)
2082(16)
1067(15)
805(13)
1464(13)
2471(12)
9091(5)
7978(6)
3136(6)
2548(10)
8777(14)
2700(30)
6514(9)
4681(11)

8128(13)
7731(15)
7469(11)
7589(8)
7583(7)
7162(8)
6687(8)
6638(7)
7112(6)
7136(6)
6699(6)
6740(9)
7213(8)
7665(7)
7649(6)
8722(3)
8007(3)
5983(3)
5515(3)
8599(7)
6123(6)

10702(7)

10134(8)

142(13)
168(19)
133(11)
99(8)
57(4)
72(5)
69(5)
66(5)
49(4)
48(4)
70(5)
84(6)
67(5)
64(4)
47(4)
122(2)
155(3)
136(2)
226(5)
107(8)
195(17)
106(5)
156(8)
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Table D.3. Bond lengths [A] and angles [°] for rwm1027s.

Ir-C(11) 1.994(14)
Ir-C(38) 2.015(15)
Ir-N(4) 2.034(18)
Ir-C(17) 2.095(15)
Ir-N(1) 2.108(12)
Ir-N(5) 2.144(11)
N(1)-C(1) 1.315(17)
N(1)-C(5) 1.342(17)
C(1)-C(2) 1.37(2)
C(1)-H(1A) 0.9400
0(1)-C(13) 1.233(18)
0(2)-C(15) 1.199(18)
N(2)-C(15) 1.37(2)
N(2)-C(13) 1.39(2)
C(2)-C(3) 1.40(2)
C(2)-HQ2A) 0.9400
N(3)-C(14) 1.356(19)
N(3)-C(15) 1.391(19)
N(3)-C(16) 1.48(2)
C(3)-C(4) 1.43(2)
C(3)-H(3A) 0.9400
C(4)-C(5) 1.38(2)
C(4)-H(4A) 0.9400
N(4)-C(27) 1.39(2)
N(4)-C(23) 1.49(2)
N(5)-C(28) 1.316(17)
N(5)-C(32) 1.334(17)
C(5)-C(6) 1.454(19)
C(6)-C(7) 1.366(19)
C(6)-C(11) 1.399(19)
C(7)-C(8) 1.37(2)
C(7)-H(7A) 0.9400
C(8)-C(9) 1.41(2)
C(8)-H(8A) 0.9400
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C(9)-C(10)
C(9)-C(12)
C(10)-C(11)
C(10)-H(10A)
C(12)-C(14)
C(12)-C(13)
C(14)-H(14A)
C(16)-H(16A)
C(16)-H(16B)
C(16)-H(16C)
C(17)-C(18)
C(17)-C(22)
C(18)-C(19)
C(18)-H(18A)
C(19)-C(20)
C(19)-H(19A)
C(20)-C(21)
C(20)-H(20A)
C(21)-C(22)
C(21)-H(21A)
C(22)-C(23)
C(23)-C(24)
C(24)-C(25)
C(24)-H(24A)
C(25)-C(26)
C(25)-H(25A)
C(26)-C(27)
C(26)-H(26A)
C(27)-H(27A)
C(27)-H(27B)
C(28)-C(29)
C(28)-H(28A)
C(29)-C(30)
C(29)-H(29A)
C(30)-C(31)
C(30)-H(30A)

1.380(18)
1.47(2)
1.395(19)
0.9400
1.35(2)
1.42(2)
0.9400
0.9700
0.9700
0.9700
1.333)
1.35(3)
1.373)
0.9400
1.31(4)
0.9400
1.37(4)
0.9400
1.45(3)
0.9400
1.44(3)
1.36(3)
1.37(4)
0.9400
1.39(4)
0.9400
1.36(3)
0.9400
0.9800
0.9800
1.33(2)
0.9400
1.35(2)
0.9400
1.40(2)
0.9400
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C(31)-C(32)
C(31)-H(31A)
C(32)-C(33)
C(33)-C(34)
C(33)-C(38)
C(34)-C(35)
C(34)-H(34A)
C(35)-C(36)
C(35)-H(35A)
C(36)-C(37)
C(36)-H(36A)
C(37)-C(38)
C(37)-H(37A)
CI(1)-C(39)
Cl(2)-C(39)
CI(3)-C(40)
Cl(4)-C(40)
C(39)-H(39A)
C(39)-H(39B)
C(40)-H(40A)
C(40)-H(40B)

C(11)-Ir-C(38)
C(11)-Ir-N(4)
C(38)-Ir-N(4)
C(11)-Ir-C(17)
C(38)-Ir-C(17)
N(@)-Ir-C(17)
C(11)-Ir-N(1)
C(38)-Ir-N(1)
N(@)-Ir-N(1)
C(17)-Ie-N(1)
C(11)-Ir-N(5)
C(38)-Ir-N(5)
N(@)-Ir-N(5)
C(17)-Ir-N(5)

1.40(2)
0.9400
1.47(2)
1.39(2)
1.445(18)
1.41(2)
0.9400
1.35(2)
0.9400
1.39(2)
0.9400
1.39(2)
0.9400
1.709(9)
1.740(9)
1.743(9)
1.738(9)
0.9800
0.9800
0.9800
0.9800

93.2(6)
95.1(6)
94.6(6)
90.8(5)
174.8(6)
81.6(7)
79.5(5)
91.0(5)
172.5(5)
93.1(6)
170.9(5)
80.6(5)
92.0(5)
95.9(5)
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N()-Ir-N(5)
C(1)-N(1)-C(5)
C(1)-N(1)-Ir
C(5)-N(1)-Ir
N(1)-C(1)-C(2)
N(1)-C(1)-H(1A)
C(2)-C(1)-H(1A)
C(15)-N(2)-C(13)
C(D)-C(2)-C(3)
C(1)-C(2)-H(2A)
C(3)-C(2)-H(2A)
C(14)-N(3)-C(15)
C(14)-N(3)-C(16)
C(15)-N(3)-C(16)
C(2)-C(3)-C(4)
C(2)-C(3)-H(3A)
C(4)-C(3)-H(3A)
C(5)-C(4)-C(3)
C(5)-C(4)-H(4A)
C(3)-C(4)-H(4A)
C(27)-N(4)-C(23)
C(27)-N(4)-Ir
C(23)-N(4)-Ir
C(28)-N(5)-C(32)
C(28)-N(5)-Ir
C(32)-N(5)-Ir
N(1)-C(5)-C(4)
N(1)-C(5)-C(6)
C(4)-C(5)-C(6)
C(7)-C(6)-C(11)
C(7)-C(6)-C(5)
C(11)-C(6)-C(5)
C(6)-C(7)-C(8)
C(6)-C(7)-H(7A)
C(8)-C(7)-H(7A)
C(7)-C(8)-C(9)

93.9(5)
120.2(13)
126.2(11)
113.7(9)
124.5(16)
117.8
117.8
125.3(14)
117.7(17)
121.2
121.2
117.8(15)
123.5(14)
118.7(14)
117.6(16)
121.2
121.2
119.6(16)
120.2
120.2
119.2(19)
129.0(16)
111.7(13)
120.9(13)
126.0(11)
113.0(10)
120.4(14)
115.9(12)
123.6(14)
119.9(14)
125.5(14)
114.6(13)
123.8(16)
118.1
118.1
117.8(14)
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C(7)-C(8)-H(8A)  121.1
C(9)-C(8)-H(8A)  121.1
C(10)-C(9)-C(8) 118.1(14)
C(10-C(9)-C(12)  120.9(14)
C(8)-C(9)-C(12) 120.8(13)
C(9)-C(10)-C(11)  124.1(14)
C(9)-C(10)-H(10A) 118.0
C(11)-C(10)-H(10A) 118.0
C(10-C(11)-C(6)  116.3(13)
C(10)-C(11)-Ir 127.5(11)
C(6)-C(11)-Ir 116.0(10)
C(14)-C(12)-C(13)  113.9(15)fina
C(14)-C(12)-C(9)  121.5(13)
C(13)-C(12)-C(9)  124.6(15)
O(1)-C(13)-N(2) 117.9(15)
O(1)-C(13)-C(12)  123.8(18)
N(Q)-C(13)-C(12)  118.3(16)
C(12)-C(14)-N@3)  128.7(15)
C(12)-C(14)-H(14A) 115.7
N(3)-C(14)-H(14A)  115.7
0(2)-C(15)-N(2) 122.2(16)
0(2)-C(15)-N(3) 121.9(17)
N(2)-C(15)-N(3) 115.7(15)
N(3)-C(16)-H(16A)  109.5
N(3)-C(16)-H(16B)  109.5
H(16A)-C(16)-H(16B) 109.5
N(3)-C(16)-H(16C)  109.5
H(16A)-C(16)-H(16C) 109.5
H(16B)-C(16)-H(16C) 109.5
C(18)-C(17)-C(22)  117.2(19)
C(18)-C(17)-Ir 128.4(15)
C(22)-C(17)-Ir 114.4(14)
C(17)-C(18)-C(19)  127(3)
C(17)-C(18)-H(18A) 116.4
C(19)-C(18)-H(18A) 116.4
C(20)-C(19)-C(18)  116(3)
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C(20)-C(19)-H(19A)
C(18)-C(19)-H(19A)
C(19)-C(20)-C(21)
C(19)-C(20)-H(20A)
C(21)-C(20)-H(20A)
C(20)-C(21)-C(22)
C(20)-C(21)-H(21A)
C(22)-C(21)-H(21A)
C(17)-C(22)-C(23)
C(17)-C(22)-C(21)
C(23)-C(22)-C(21)
C(24)-C(23)-C(22)
C(24)-C(23)-N(4)
C(22)-C(23)-N(4)
C(23)-C(24)-C(25)
C(23)-C(24)-H(24A)
C(25)-C(24)-H(24A)
C(24)-C(25)-C(26)
C(24)-C(25)-H(25A)
C(26)-C(25)-H(25A)
C(27)-C(26)-C(25)
C(27)-C(26)-H(26A)
C(25)-C(26)-H(26A)
C(26)-C(27)-N(4)
C(26)-C(27)-H(27A)
N(4)-C(27)-H(27A)
C(26)-C(27)-H(27B)
N(4)-C(27)-H(27B)

122.1
122.1
122(3)
118.8
118.8
119(3)
120.6
120.6
117.0(17)
118(3)
125(3)
128(2)
117(2)
115.2(17)
121(3)
119.6
119.6
122(3)
118.8
118.8
120(3)
120.2
120.2
121(3)
107.2
107.2
107.2
107.2

H(27A)-C(27)-H(27B) 106.8

N(5)-C(28)-C(29)
N(5)-C(28)-H(28A)
C(29)-C(28)-H(28A)
C(28)-C(29)-C(30)
C(28)-C(29)-H(29A)
C(30)-C(29)-H(29A)
C(29)-C(30)-C(31)

123.0(16)
118.5
118.5
119.0(18)
120.5
120.5
120.2(15)
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C(29)-C(30)-H(30A) 119.9
C(31)-C(30)-H(30A) 119.9
C(32)-C(31)-C(30)  117.3(16)
C(32)-C(31)-HB1A) 121.4
C(30)-C(31)-HB31A) 121.4
N(5)-C(32)-C(31)  119.5(14)
N(5)-C(32)-C(33)  117.0(13)
C(31)-C(32)-C(33)  123.5(14)
C(34)-C(33)-C(38)  121.4(15)
C(34)-C(33)-C(32)  123.6(14)
C(38)-C(33)-C(32)  115.0(13)
C(33)-C(34)-C(35)  121.0(15)
C(33)-C(34)-H(34A) 119.5
C(35)-C(34)-H(34A) 119.5
C(36)-C(35)-C(34)  117.1(16)
C(36)-C(35)-H(35A) 121.4
C(34)-C(35)-H(35A) 121.4
C(35)-C(36)-C(37)  123.5(17)
C(35)-C(36)-H(36A) 118.3
C(37)-C(36)-H(36A) 118.3
C(36)-C(37)-C(38)  121.8(15)
C(36)-C(37)-H(37A) 119.1
C(38)-C(37)-H(37A) 119.1
C(37)-C(38)-C(33)  115.2(14)
C(37)-C(38)-Ir 130.8(11)
C(33)-C(38)-Ir 114.0(11)
CI(1)-C(39)-Cl(2)  109.9(7)
CI(1)-C(39)-H(39A) 109.7
Cl(2)-C(39)-H(39A) 109.7
CI(1)-C(39)-H(39B)  109.7
Cl(2)-C(39)-H(39B)  109.7
H(39A)-C(39)-H(39B) 108.2
Cl(4)-C(40)-CI(3)  114.4(9)
Cl(4)-C(40)-H(40A) 108.7
CI(3)-C(40)-H(40A) 108.7
Cl(4)-C(40)-H(40B)  108.7
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CI(3)-C(40)-H(40B)  108.7
H(40A)-C(40)-H(40B) 107.6

Symmetry transformations used to generate equivalent atoms:
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Table D.4. Anisotropic displacement parameters (A2x 103) for rwm1027s. The anisotropic

displacement factor exponent takes the form: -2m2[ h2 a*2U!l + ... +2hka* b* Ul2]

Ull U22 U33 U23 U13 U12
Ir 53(1) 46(1) 41(1) 0(1) 13(1) -1(1)
N(1)49(8) 47(7) 39(7) -5(6) 8(6) -3(6)
C(1)47(9) 54(11) 63(10) -5(9) 8(8) -16(8)
0(1)61(8) 165(14) 66(9) 21(9) 24(7) -18(8)
0(2)63(8) 133(12) 71(9) 28(8) 6(7) -25(8)
N(2)53(9) 90(11) 55(9) 12(8) -1(7) -20(8)
C(2)81(15) 81(14) 83(15) -14(12) 19(12) -38(12)
N(3)58(9) 79(10) 51(8) 4(8) 15(7) -13(8)
C(3)67(13)  101(16) 57(11) 21(12) -19(10) 6(11)
C4)61(11) 66(11) 53(10) -6(9) 8(9) -11(9)
N@)110(14)  122(15) 60(10) 23(10) 17(10) -16(12)
N(5)53(8) 41(8) 50(8) 0(7) 9(6) -9(6)
C(5)39(9) 54(10) 44(9) -3(8) -6(7) -4(7)
C(6)50(9) 46(9) 39(8) 2(8) 10(7) 6(8)
C(7)69(11) 43(9) 60(10) 5(9) 12(9) -3(9)
C(8)91(13) 45(10) 36(9) 5(7) 7(9) 2(9)
C(9)50(9) 38(9) 43(8) 1(7) 14(7) -6(7)
C(10)68(11)  40(9) 44(9) 7(8) 2(8) 1(8)
C(11)37(8) 41(9) 47(9) -19(7) 12(7) -5(7)
C(12)65(10)  56(11) 37(8) 14(8) 8(8) 0(8)
C(13)81(14)  108(16) 38(10) 26(11) -4(10) -3(12)
C(14)54(10)  65(12) 58(11) 0(9) 13(9) 3(8)
C(15)60(12)  68(12) 66(12) 14(10) 15(10) -7(9)
C(16)85(14)  140(19) 70(13) 13(14) -13(11) -30(14)
CAT)74(11)  44(9) 22(8) 3(7) 5(8) 0(9)
C(18)170(20)  58(13) 68(14) -15(11) 50(15) -10(14)
C(19)220(30)  90(19) 100(20) -55(16) 50(20) 10(20)
C(20)230(40)  140(30) 90(20) -40(20) 90(20) 10(30)
C(21)210(30)  110(20) 100(20) 7(18) 80(20) 60(20)
C(22)150(20)  59(13) 74(15) -3(12) 57(15) 6(14)
C(23)95(15)  71(13) 49(11) 11(10) 33(11) 39(12)
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C(24)100(20)
C(25)80(20)
C(26)43(13)
C@27)51(11)
C(28)56(10)
C(29)79(13)
C(30)61(11)
C(31)75(12)
C(32)56(10)
C(33)54(9)
C(34)63(11)
C(35)94(15)
C(36)81(13)
C(37)74(11)
C(38)34(8)
CI(1)136(5)
Cl(2)186(7)
CI(3)133(6)
Cl(4)176(8)
C(39)97(16)
C(40)100(20)
0(3)55(7)
0(4)147(14)

200(30)
290(50)
260(40)
180(20)
44(10)
69(12)
90(15)
75(13)
51(10)
66(11)
127(18)
78(14)
51(11)
51(10)
76(12)
128(5)
111(5)
146(6)
404(17)
130(20)
350(50)
64(8)
105(12)

130(20)
140(30)
100(19)
65(12)
71(12)
67(12)
57(11)
48(10)

41(9)
26(8)
20(8)
82(15)
69(12)
69(11)
32(8)
103(4)
169(7)
129(6)
96(6)
92(16)

130(20)
198(15)

220(20)

60(20)
80(30)
30(20)
38(15)

3(9)
31(11)
38(11)
22(10)

6(8)

10(8)

-14(10)

-39(12)
-9(10)

1(10)

-5(8)
-34(4)
-24(5)

7(5)

12(8)

25(15)

130(30)
-59(9)

-119(13)

68(17)
24(18)
-1(12)

-13(10)

8(9)
16(11)
19(9)
5(9)
5(7)
8(7)
22(7)
6(12)
11(10)
18(9)
-1(7)
-19(4)
78(6)
-33(4)
95)
-9(13)

39(17)
30(8)

-50(13)

90(20)
100(30)
26(18)
-48(14)
7(8)
2(10)
4(10)
-15(10)
18(7)
13(8)
17(12)

-11(11)

8(9)
-9(10)
-5(8)
37(4)
10(5)
-12(5)

-24(10)
-14(14)

60(20)
-4(6)
21(10)

188



Table D.5. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2x 10 3)

for rwm1027s.

X y z U(eq)
H(1A) 7875 3878 8148 65
H(2A) 9342 3362 8588 98
H(3A) 9233 2276 9398 90
H(4A) 7595 1765 9699 72
H(7A) 6066 1198 9824 68
H(8A) 4430 714 9982 69
H(10A) 3570 2601 8712 61
H(14A) 2535 1266 8523 71
H(16A) 1088 1126 7971 148
H(16B) 73 1273 8312 148
H(16C) 462 171 8169 148
H(18A) 6604 4752 9263 118
H(19A) 6375 6140 9835 165
H(20A) 4853 6912 9790 185
H(21A) 3734 6562 9056 168
H(24A) 2728 5982 8287 170
H(25A) 1703 5179 7633 201
H(26A) 2152 3665 7210 160
H(27A) 3870 3514 7225 119
H(27B) 3389 2877 7723 119
H(28A) 6328 5754 7908 68
H(29A) 7176 6520 7195 86
H(30A) 7592 5613 6388 83
H(31A) 7072 3913 6300 79
H(34A) 6733 2295 6372 84
H(35A) 6194 596 6448 101
H(36A) 5300 140 7239 80
H(37A) 5025 1223 7990 77
H(39A) 5852 8438 8939 128
H(39B) 5960 9391 8529 128
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H(40A) 4589 3175 6384 234
H(40B) 4208 2047 6322 234
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