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Abstract

Synthesis of heteroatom containing aromatic conggdypolymers using
Acyclic Diene Metathesis (ADMET)

by
Arijit Sengupta
Adviser: Prof. Ralf M. Peetz
This doctoral thesis describes the synthesis of heteroatom/GB/Snh) containing conjugated
macromolecules via Acyclic Diene Metathesis (ADMET) polyamghtion. The main objective
was to obtain a library of macromolecules with unique optical pregebased on different

aromatic segments and heteroatoms.

In chapter 2, the selective synthesis and characterization efmaigem containing macrocycle
with two stilbene fluorophores is reported. The structure and sizkeoimacrocycle were
determined by'H NMR, *C NMR, GPC (polystyrene standards) and MALDI — TOF. The
macrocycle featuresafl — trans’ configuration at the vinylene bonds. The optical properties
were studied by UV/Vis and fluorescence spectroscopy. The ialaemnits in the blue region
around 363 nm with a quantum efficiency of 0.4 relative to trans — ratilb&heoretical
calculations using B3LYP/6-31G** and Lanl2dz basis sets offeredttarbenderstanding of
structural and electrooptical properties. They showed the presétwe important transitions in
the absorption and the involvement of germanium orbital in the eéctconjugation with the

stilbene segments.

Chapter 3 outlines the extension of this aforementioned synthediegstrto the group 14
element boron, in order to generate a new class of conjugated noéexales — homopolymers

based on boronpRa, p2b) and co-polymers based on silicon and boneh2§ pl2b). The



structures and these new systems were determindd MR, **C NMR and correlation NMR
spectroscopy. The molecular weights were determined by GRQ psiystyrene standards.
Both the homopolymers and copolymers haa# = trans configuration around the internal
vinylene bonds. The copolymers were found to be random. The optical properties diaivedid t
the macromolecules absorbed in the range of 327 — 406 nm and eméif&irah p2a, p12a
and 494 nm{12b). The quantum efficiencies of these macromolecules were natige of 0.28
— 0.30.pl2awas found to be a potential fluoride ion sensor with very high satsitiue to a
polymer co-operative effect. Two distinct emissions dominatecithigsion spectrum qfl2b,
investigation of which indicated possible intermolecular energystea. The thermal properties
indicated higher stability of the copolymers compared to the homopatynbegradation of

pl2afollowed a two-step process apii2b was found to be more stable thztRa

Chapter 4 of this thesis reports the synthesis of a library of logma$ polymers based on Si,
Ge, or Sn alternating with dithienylthiophene segments. The ririgctisres were analyzed by
'H NMR, **C NMR and Correlation spectroscopy (HSQC, COSY). All the polgm@a — ¢
showed &ll — trans' configuration at the vinylene bonds. The molecular weights were
determined by GPC using polystyrene standards. No significdatpsoducts were observed
under the ADMET conditions employed. Optical property analysis shoadhe monomers
were non-emissive whereas they absorb in the range of 263 — 264 amolymers were highly
fluorescent emitting in the range of 419 — 423nm. The quantum effiesemeere found to
decrease from 0.18 to 0.11 from Si over Ge to Sn along with a smdillagjialue shift of the
emission maximum with the increase in size of the heteroaitvarmogravimetric analysis

indicated that Si basqaBa showed the highest stability among the three homologous polymers.



Vi

Chapter 5 is strongly related and involves alkyloxy homologous sideir-siiastituted systems.
The microstructures of the macromolecular products were adalygéH NMR, **C NMR
showing that these polymers also have @h-= trans' configuration around the vinylene bond.
The molecular weights were determined by GPC using polystystmedards. Alkyloxy
substituted silicon containing stilbene polymers showed a stronghrigdcempared to their
stilbene homologous without side chains, with an absorption maximum at 370haremission
maximum was observed at 412 nm. The quantum yield was 0.50 — 0.52 indibatinipere is

no photo — induced cis — trans isomerization.
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1. Introduction

1.1 Conjugated polymers — Toward novel electronic aterials

The discovery of a drastic increase in the conductivity of potykse after doping led to an
increase in the development of numerous generations of organic featevith goals that
included reaching conductivity values in the metallic regif@er the last 20 years, researchers
have reported various conducting or conjugated polymers based aemditieomatic units with
unique electronic properties. In 1990, Friend, et al reported the syndiesell-defined polyg-
phenylene vinylene) (PPV) systems and studied the photophysicalrtgspen particular,
polymers based on heterocyclic systems such as polypyrrole, pohghepetc. have been
studied much before PPV based materials were repbiited.interest in such polymers is rooted
in the ease of structural variations on these mateéridlse conducting or semiconducting
properties of such polymers depend on the delocalization electrons over the polymer
backbone. In general, as the length of delocalization increases thi®©HOLUMO band gap
decreases, enabling electron excitation at lower energies. ighoten accompanied by a
relaxation of the excited electron to the ground state with eh@ission of light
(photo/electroluminescence). The photophysical properties assbavah these polymers have
been exploited extensively in organic light emitting systems, phdtoesl and sensory

materials. Typical examples of conjugated or conducting polymers atm sihédcheme 1.1.



Nﬁ Poly(acetylene) (PA) @ Poyl(3-methyl thiophene) (P3HT)

m Poly(pyrrole) (PP) 7\ Poly (thiophene) (PT)
N /n s” h
@; Poly(p-phenylene) (PPP) ~Q©—S)< Poly(p-phenylene sulphide) (PPS)
n
+©—\\+Poly(p—phenylene sulphide) (PPS)
n

Scheme 1.Examples of conjugated polymérs
1.2 Heteroatoms in conjugated polymers

Our interest focuses on boron, silicon, germanium and tin containing cagugatymeric
systems. In particular, silicon containing conjugated systems have baetivemarea of research
over the last decade as potential materials for conductors, semndtorsd light emitters
(especially blue light), and photovoltaic systéfs.In such polymers made of alternating
conjugated segments and silylene linkages, the conjugated segifitemtan oligomeric mimic
of a homologous conjugated polymer, features a discrete size aotlirgtrand hence defined
electro-optical properties, in comparison to average distributionsmigated segments in their
polymeric analogues. The polymers featur&-conjugation, as the 3ybridized silylene
linkages allow for electronic delocalization through #hkonds, g — dr interactions between
the conjugated segments via the unoccupied d-orbitals on silicon itoaddi through-space
interactions between theconjugated segment&® The later are considered the dominating in

the literature. Scheme 1.2 illustrates these interactions.



Heteroatom

Wn Tty

Heteroatom

Scheme 1.2r — dr and through — space interactions in heteroatom containing system.

Incorporation of silicon into the main chain via hydrosilylation hasilveported by Luh et al in
2005 as shown in Scheme $%3n 2008, Kim et al reported the synthesis of conjugated block
copolymers with silicon in the main chéh.

Hadziioannou and co-workers prepared oligothiophene-dibutylsilanylene yomgrsl whose
emission maxima could be tuned between by altering the number of théeophd silanylene

units® Silylene copolymers with other chromophores have been made by a simil&*Fute.

A RhCI(PPh
| + | SHALCE /I/\/Afk/\si/\/ Afz/\e",i/}
H Ary H

Scheme 1.3Bynthesis of conjugated organosilane systems

Boron containing polymers are studied because the vacant p — orbitaf@ncan be exploited
in several different ways in order to develop polymers with lire@d non-linear optical
properties. For example, the electron deficient B can be incordaragelinear polymer with an

alternating aromatic system. Corriu et al reported the systhesron containing 2,5

3



diethynylthiophene systefil.Chujo and co-workers reported the synthesis of linear conjugated
systems with boron in the main chain via hydroboration of bifunctiokghaes with hindered
aryl boranes as shown in Scheme®#.

OR 1. nBuLi OR

T ;j s 2. ArB(OMe), ~ B
e3Si—— ——SiMe; ——— > \ )= )/
RO RO >
OR OR
ArB(OMe,)/M ol
RO R=CqH2p4q RO >
Ar=-- --
Mes Trip

Scheme 1.40rganometallic routes to conjugated organoboron polymers
In 2005, the Jakle group reported the synthesis of boron containing polythiopysirens
through tin — boron exchange reactions as shown in ScherfeThé.photophysical properties

of the polymers were controlled by varying the aryl substituent on the boron moiety.
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Scheme 1.8ynthesis of boron-modified polythiophenes via tin—boron excange
Organoboron quinolates have gained lot of attention because of theiveredtbility and
fluorescence efficiency compared to aluminium quinolate §p¥é*® The copolymerization of
8-hydroxyquinoline functionalized styrene via free radical polynation was reported by Weck
and co-workerg’ In 2006, Jakle group reported the synthesis of polystyrene based orgaroboran
quinolate polymers with tunable photoluminiscent propeffi€olymers containing germanium,
tin, and phosphorous are further examples of hybrid polymers synthegaemetathesis
polymerization particularly® acyclic diene metathesis (ADMET). For example, germanium-
based polymers are of interest for applications in microlithogregiy as precursors for
ceramics’?

While a great variety of different polymerization methods hawn lpeirsued for the preparation
of various heteroatom containing polymers mentioned above, acyclic dietathesis
polymerization (ADMET) is attractive because the reaction camditare typically quite mild,
ethylene formed as only byproduct is readily removed under vacuuhtha resulting polymer

structures are well-defined.



1.3 Olefin metathesis - Acyclic Diene Metathesis BMET)

The word "metathesis" originates from the Greek metatithgmaranspose)Meta (change) and
Tithenai (to place)]. It involves an exchange of atoms or atom groefgeen two different
molecules in a particular way. In olefin metathesis redistobubif carbon—carbon double bonds
occur in the presence of metal carbene compl&xiéswo identical olefins undergo metathesis,
it is termed homometathesis and in case of different olefiasting, it is termed cross

metathesis.

RIH RIH Homo metathesis R:[H H:[H
+ = = +
H H H H Cross metathesis

H™ "R H™ "H
Scheme 1.@®lefin metathesis
1.3.1 Mechanism

The mechanism of olefin metathesis was first predicted lgu@n and Herisson in 1972. As
shown in Scheme 1.7 the mechanism is associated with the formatgomefallacyclobutane
ring (formed between an olefin and a metal carbene complexgaadi the catalyst). This cyclic
intermediate can break apart productively or non-productively eithgermerate new olefin or
the starting materials respectively. The reaction is thermadically controlled, highly
reversible, and equilibrium mixtures of olefins are obtained, ofteturiag linear and cyclic

specie$?* The key step of the mechanism is shown in Scheme 1.7



Ho _Ry H R: LaM=(
ML, —_ LnM;
)j\~ ) | HS—
R H H™ °H RS "4 R:_:
Metallacyclobutane ring H H
L = Ligands

M = Metal center (Ru, Mo, W)
R, R' = Organic substituent

Scheme: 1. Metallacyclobutane — intermediate in olefin metathesis

Different modes of the metathesis reaction include ring opemetathesis, ring closing
metathesis, cross metathesis, etc have been explored in variocatapplifor several yeafs?’
Acyclic Diene Metathesis (ADMET) is a condensation reagti leading to make
oligomeric/polymeric materials, in which terminal diviny, (®) functional monomers are
polymerized using either Schrock or Grubbs type compl&xbtetathesis ob, » dienes was
proposed by Dall’Asta already in 193 however the term ADMET was popularized by
Wagener et al in the 1980’s. Other studies, e.g. by Doyle aedhZwithout observegblymer

probably are the result of the presence of competing side reattions.



\— X
XX A X
i * . j‘ M = Metal center (Ru)
+ = LM=\ | = LM L = Ligand
LaM=\ R 1 R n = number of ligands
R ] R = Organic substituent
N X = Heteroatom (B, Si, Ge, Sn)
N r

Scheme: 1.8ADMET catalytic cycle

The first step of the ADMET cycle of is characterized by an initialzatttn of the vinyl bond of
the monomer. In this step, a monomer fragment is transferred omoethéalkylidene system,
resulting in the formation of metallacyclobutane ring. This rtgaves in a productive way
generating a new alkylidene compl2xvhich is the propagating species for the polymerization.
The reaction propagates in the presence of additional monomer giving csagpled polymers
with internal vinylene linkages. The methylidene catabyist regenerated every cycle. Each step
in the reaction is a reversible and in equilibrium, and by remathiagside product (usually
ethylene) one can drive the reaction equilibrium to the proddet se. the polymer. This is
generally done by intermittently applying vacuum. The “trulgat” in the ADMET system is
the methylidene compleXx Depending on the structures of monomer and the catalyst complex,

ADMET can be employed for polymerization of an array of monomts a wide varieties of



functional groups, producing well-defined linear, cyclic, olefin-contenioligomers and
polymers.

The presence of cyclic oligomers or polymers is also expdmteduse, as the chain size
increases, the chain growth reaction starts to compete wgtclosing reaction in a chain/ring

equilibrium as reported by Ruhland ef&l.

1.3.2 Catalysts (Transition metal — alkylidene conlpx)
The catalysts are grouped into Schrock — type and Grubbs — type. In caseabirtoi 8/pe, the

metal center is either molybdenum or tungsteBepending on the combination of metal center
and ligands, the reactivity of the catalyst can be controlled.

The Grubbs — type systems are Ru — based alkylidenes developed1®9Q@’s. The Sl
generation system, the Ru metal center is bonded to two tripbleosphine ligands along with
two metal-halogen and a Ru=C (benzylidene/vinylidene) linkagékhis system showed
relatively low reactivity compared to Schrock systems. TH® generation catalyst was
developed from the combination of th& Generation Catalyst and alkyloxy-protected 1,3-
dimesityl-4,5-dihydroimidazol-2-yliden®.One of the triphenyl phosphine ligands is replaced
by a N-heterocyclic carbene (more basic and hence lettenation-ability towards the metal
center) in order to improve the reactivity. A' generation Ru-based catalyst, (also known as
Grubbs-Hoveyda ®1 generation catalyst) replaces a triphenyl phosphine ligand ly a
isopropoxyphenylmethylene ligand> *® Scheme 1.9 represents an overview over the most

important catalysts systems available to date.



L>= p(R2)3 L= N_ N- N_ N-
x H R, = Cyclohexyl, phenyl, isopropyl Ry N Rs Ry~ Rs
R|UI< R3 = Phenyl, vinyl

XL, Ry X=cClBrl

Scheme 1.9General representation of Grubb’s type catalyst. 1 GruBlyederation; 2 Grubbs
2" generation; 3 Grubbs-Hoveyd¥ deneration; 4 Grubbs-Hoveyd¥ generation catalyst

Grubbs — type systems are overall less reactive compared tcldatalysts but have become
very important for a wide variety of metathesis reactiong; &éne also less costly and are easily
available. In contrast to the Schrock systems, they can tolevatieaange of polar functional/
pendent groups and solvents. Even a water soluble Grubbs catalyst hasdwetad. After

reaction it can easily be removed by passing through a silica gel cdfuthn.

10



1.4 ADMET - synthesis of heteroatom containing comgated polymers

As indicated above, one particular opportunity of the Grubbs — systermsthe access to
functional and polar group containing conjugated polymers via ADMET. Jihesis of side-
chain substituted PPV systems was reported by Thorn-Csanyi @td by Nomura et af; ®°
using Grubb’s type catalysts. Over the last 10 years Wageakrhetve reported the synthesis of
less well defined heteroatom (silicon) containing polymers uéibiMET.%" 2 Recently,
cyclolinear carbosilane polymers made via ADMET have been repbytddterrante et &
However, hardly any attention has been focused on the the synthasgisarf/germanium/tin
containing conjugated polymers via ADMET, as the vinyl derivatofesilicon compounds are
very unreactive towards homometathesis due to steric and eleaffaats originating from the
silyl group, stimulating non-productive cleavage of the metallacydoleutintermediate
containing two silyl groups attached to adjacent carbon atbmeports on the ADMET of
silicon-containing monomers show ADMET dominated by side reactitsilylative coupling”,
as reported by Marciniec et al., and radically cross — limabgmeric side products as reported
by Bazan et al. are “exceptions” with no follow-up reports, probdhbby to unavoidable side-
reactions> ®®As discussed above, in silicon containing conjugated oligomers and pplyrae
silicon moeity acts as a “spacer group” betweennticenjugation of the conjugated oligomer
block, generating a well defined conjugation unit, usually with a band @apsponding to a
blue emission (difficult to make from inorganic counterpattsj.In place of silicon, germanium
and tin can also be used. Wagener reported the synthesis of polieanbogyia acyclic diene
metathesis chemistry utilizing both a well-defined molybdenumligéye and an aryloxo
tungsten catalyst systefhMain chain boronate polymers were successfully synthesized by

Wagener group by acyclic diene metathesis using both molybdenumutdrehiom based

11



catalytic system&' In 2008, Mukherjee and Peetz reported the successfully synthesis of
siloxane/silylene based macrocycle and polymers using Grubfpe-catalysf? No significant

side reactions were observed in this work. After this successful proof of prinbglestablished
synthetic strategy was further explored to access a lilmfadifferent heteroatom containing
conjugated polymer, i.e. germanium and tin.

The core of this thesis lies in expanding the strategy to in¢helelectron deficient boron and
exploring different aromatic segments based on silicon, germamantim This opens up a
unified synthetic strategy to a vast library of heteroatom aaintpiconjugated systems using

boron, silicon, germanium and tin with a variety of aromatic segments.
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2. A photoluminiscent Ge-containing conjugated maarcycle

2.1 Introduction

As mentioned earlier, macromolecules featuring alternatimgugated aromatic segments and
heteroatoms in the backbone are of fundamental interest in bothnacaded industrial
research. They often represent valuable candidates as electromubotonic materials in
advanced applications. Recently, we have reported on the synthesileofive —Si-O-Si
(siloxane) based ring structure with branched alkyl group on silidanAcyclic Diene
Metathesis along with silylene based linear chain architestwith well-defined microstructures
(see above) The photophysical properties of these materaks farther studied in order to
understand the effect of the heteroatoms on these systems. Hoh@welogous conjugated
architectures with germanium have remained largely unexploredsyiitbetic scope that we
have already presented for the siloxane/silylene systemuwthsr extended to the germanium
systems in order to develop new architectures, particularly $etegctive macrocycle based on
germanium. The objective of this was to develop a unified synthedtegy that can be utilized
to generate a new class of conjugated aromatic systerad basdifferent heteroatoms having

well defined microstructure and conjugation path length.
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2.2 Results and discussions

Here we describe the selective synthesis of a novel madeomyataining two aromatic stilbene
units that are connected by two —Ge-O-Ge (germoxane) link&gpéeme 2.2). The synthesis
involves olefin metathesis using the functional-group-tolerant HoveydbbS type Ru-based
initiators systems. As will be demonstrated, two germanium satstand in direct electronic
conjugation with each aromatic segment causing a bathochromicirshife optical spectra.
Electron density is transferred from the oxygen atoms through éherléials into the aromatic
segments. The optical properties are interpreted with the helpeofetical density functional
theory (DFT) calculations using two basis sets: B3LYP/6-31G** BBUYP/Lanl2dz. Using
trans-stilbene as aromatic segment enables the resultstmipared and interpreted based on a
large body of literature on the physico-optical properties of isolatedrstidved derivatives.

The bisstyryl-containing germoxane mononie(Scheme 2.1) was synthesized similarly to a
siloxane homolog reported in a literature mentioned earliecaBgfully choosing the alkyl side

— chain substitutions on Ge and optimizing the reaction conditions, dpean@nomer
concentration and catalystmonomer ratio, this olefin metathesidé sélectively vyielded
macrocycle? (Scheme 2.2) using Ru alkylidene complexes of the types “G&iBigeneration”
and “Hoveyda Grubbs "2 generation”.Quantitative conversions were observed at reaction
temperatures above ~80. The olefin metathesis reaction mixtures remained homogeneous and

a color change could be observed as the reaction progressed.
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2.2.1 Monomer synthesis

The monomerl was synthesized according to Scheme 2.1 shown below. In thetépsp —
bromostyrene was treated with magnesium in THF under reflux comslitor 6 h. The formed
Grignard reagent was added dropwise to a solution of dibutyldichionage in THF and the
reaction was continued overnight at room temperature. The magnestunymoduct was first
precipitated by adding hexane and then filtered off. To the hexam@solwater was added and
the mixture stirred for 48 h. The hexane fraction was collectedraatkd with sodium sulfate.
After evaporation of the hexane, a crude product was obtained dsere$his crude product

was purified by column chromatography. Typical yields after purificatior W&#o

= =
Mg/THF/reflux/6h 1. RyGeCl,/25°C/12h /\©\ /©/\
2. 25°C/H,0/48h e e
Br mger R BUY R RR R

1
Scheme 2.1Synthesis of monomédr

2.2.2 Olefin metathesis

The synthetic scheme for macrocy@as shown in Scheme 2.2. Successful olefin metathesis
was carried out in the presence of Hoveyda — GruBbgeheration catalyst in toluene at 55 —
60°C for 48 h under intermittent vacuum. The reaction mixture obtainegwiied by column
chromatography. The vyield of isolat&lafter purification was 75%. Reaction optimizations
included varying solvent, catalyst, catalyst/monomer ratios amgeature. Above reaction
conditions represent the optimized conditions. Exploring different ystsal Grubbs
generation catalyst did not result in significant monomer coioreesen at higher temperatures.

With the Hoveyda — Grubbs"®generation catalyst reaction occurred at temperatures above
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50°C. Below 58C, no conversion was observed. Of the solvent systems tested, ontglpare

yielded product (tested solvents: THF, toluene, hexane, DCM and mixtures thereof).

. . R R
Olefin metathesis .

2CH,=CH Ge \ O | R
- 2= Ge-
Ge  Ge Toluene/55°C/48h \

;o

R
|

R

1 2

Scheme 2. 2DMET of 1

2.2.3 Characterization

2.2.3.1 NMR (Microstructure analysis)

The microstructure of both the monomer and the macrocycle wesemileed by'H and**C
NMR spectroscopy as shown in Figures 2.1 — 2.4.

The proton resonances from the terminal vinyl group (—CHiz©f the monomer appear as two
doublets 5.28 (cisH,, J = 11 Hz) and 5.79 (tran$j,, J = 17 Hz) ppm respectively. The —
CH=CH,, (J = 11 Hz) proton resonance appears as a doublet of doublets at 6.70 ppm. The
resonances from the aromatic prototy (@and He) are centered around 7.46 ppm as two
doublets. The chemical shifts of the aliphatic chain protons (bubylpy are observed around
0.89 — 1.50 ppm.

After completion of the formation of macrocyck the resonances from the terminal vinyl
groups inl are no longer observed. A new singlet resonance at 7.13 ppmgiseast the new
internal trans vinylene protons (Hz=CH-). No resonances for a cis-configured double bond

were observed. Such resonance would be expected around 6.99 phenaromatic protons
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appear as a resonance at 7.53 ppm. The protons from the butyl chabsexeed in the range
of 0.89 — 1.37ppm. The down field shift of the aromatic proton2 melative tol can be
explained by the extended electron conjugation in the larger atimmegments of the

macrocycle compared to the monomer.
R = butyl

O
de « R RR R
c b a 1
Ll L

' I I
8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0

de R = butyl
= buty
R. B Ha'Hd He
W )
O
* 3 H, \
\ /O
O
- 0oy,
R
2
I W
T | T | T | T | T | T | T | T | T
8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0
ppm

Figure 2.2'H NMR (600MHz, CDC}') spectrum of

In 1, the carbon resonances associated with the terminal vinyl gi@plH{EAH>) are observed
at 114.9 and 136.6 ppm respectively. The carbon resonances from the bengane found at

126.1, 133.1, 137.1, 138.9 ppm. After metathesis, the carbon resonances of thd témgiina
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group disappear and a new resonance around 129.2 ppm is observed, correspotiding to

internal vinylene carbons @, H=CH-).The resonances of the carbons from the benzene rings

are observed at 138.5, 126.5, 133.2 and 137.1 ppm. The cortplEtdR and™*C NMR shifts

and assignments &fand2 are summarized in Table 2.1

B
C
e O
F
.0
D Ge  Ge
E R RRR R = butyl
o P g —
il | [
| Il ) I . .
I ' I ' I ' I ' I ' I ' I I '
160 140 120 100 80 60 40 20

Figure 2.3'%C NMR (125MHz, CDQ') spectrum ofl
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Figure 2.4%C NMR (125MHz, CDGJ') spectrum of

Table 2.1Summary ofH NMR and**C NMR assignments df and2

ppm

Structure a b C d,e a'
(*H NMR)

1 5.28 5.79 6.70 7.46 -

2 - - - 7.53 7.13
Structure A B C D E F A
(**C NMR)

1 114.9 136.6 138.9 133.1 137.1 126.1 -

2 - - 138.5 133.2 137.1 126.5 129.2




2.2.3.2 Size analysis (GPC and MALDI — TOF)

Figure 2.5 shows the gel permeation chromatograms of the modamerthe macrocycl2. In
case of the macrocycle a narrow monomodal distribution at 36.3 mlrséved for the major
product fraction in the system. Smaller amounts of higher molegudaght homologs are
indicated by the shoulder at higher molecular weights (35 mio$t tikely a large macrocyclic
byproduct. The tailing (31 — 34 min) indicates the possible preserigeaf polycondensates,
albeit in minor quantities. This is expected as ring closing awaynpetes with chain growth in
a ring/chain equilibrium typical for olefin metathesis;® diolefins can undergo linear as well
as cyclic polycondensation. The position of this equilibrium depends on thgremoits and
kinetics’* In this case, the conditions have been adjusted to almost exclusiaelyo dimeric

macrocycle.

Normalised dRI

25 30 35 40
Retention time (min)

Figure 2.5GPC chromatograms dfand2 (THF)
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MALDI — TOF of the monomer and the macrocycle was performete presence of dithranol
as matrix and silver acetate. The observed isotope distributiobstiofl and2 are in good
agreement with the calculated spectra. The observed molar mekse®nomer1l and
macrocycle2 are 703 Da and 1350 Da respectively, which takes into accouatiotinégc weights
of one Ad for monomerl and two Ag for macrocycle2. The experimental molar mass df

proves the presence of the dimeric macrocycle is as expected.

Experimental

Calculated

g Hn MMH Mﬂl.

T T T
698 700 702 704 706 708 710 7 1340 1345 1350 1% 130 1z
Mass m/e Mess me

Figure 2.6 Isotope distributions df and2 (experimental and calculated)
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2.2.3.3 Optical properties (UV/Vis and fluorescencepectroscopy)

UV/Vis absorption and emission spectra of hexane solutiorfs 8f andtrans stilbene are
shown in Figure 2.71 and2 show maxima for absorption at 256 nm and 320 nm and emission at
306 nm and 363 nm respectively. The absorption spectruhfezftures two major components
with maxima at 308 nm and 320 nm and a shoulder at 340 nm. Absorption asthemi? are
structurally very similar to trans-stilbene, but 24 and 16 nm red shiftecctegbe The red shift

of the macrocycl@ relative tol is expected and due to the extended conjugation. Compared to
siloxane containing homologoues band?2 reported earlier the recorded absorption spectra are
very similar however the emission spectrum is red shifted-by 3im compared to the siloxane
homologs (mentioned earlier). The shorter Ge — O bond length (1.776 éynésdor higher
electron density over the germanium atoms preseBt &s a result of which the HOMO of the
system is raised leading to a decrease in the HOMO — L& The fluorescence quantum
yield of 2 was determined as ~40% in hexane, relative to pure trans-sti{b&neyield in
hexaneY® Two stilbene units are tied through Ge-O-Ge linkages on both sideenging a
photo-induced cis — trans isomerization of the vinylene bond usuakéywaukin isolated trans-
stilbene. As a resulg features a lesser number of nonradiative pathways for thetielaof the
excited states compared to stilbéh€onsequently, a higher fluorescence quantum efficiency is

observed.
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1 stilbene 1 stilbene
: !\ I

Normalized Absorption (a.u.)
Normalized Emission (a.u.)

.,

250 300 350 250 300 350 400 450 500
Wavelength (nm) Wavelength (nm)
Figure 2.7 Absorptionand emission spectra df 2 and trans — stilbene (in hexane)

[1] = [2] = [trans-stilbene] = 3.1x1M
Excitation in absorption maxima: 256 nm foand 320 nm fo2
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2.2.3.3.1 Theoritical calculations

To investigate both the red shift and high quantum efficiency ire metail, we used theoretical
calculations to understand the influence of the heteroatoms amtustt confinements on the
electronic system of the trans-stilbene segment which adiseafluorophore. A large body of
experimental and theoretical literature on isolated trartses#l served as referer@&?In a first
step, the structures for R = methyl were optimized at the IB¥l using B3LYP/6-31G** and
B3LYP/Lanl2dz. The methyl group was chosen in place of butyl groupedsons of reduced
calculation time. No significant consequences are to be expestdtk hasis set 6-31G** treats
the polarizations of -Ciand extended alkyl chains similaff/The first basis set 6-31G** adds
polarization to both carbon and hydrogen. However, to understand tke adffeeavier atoms
like germanium, we also need a, second basis set, Lanl2dz, whick dladale zeta function
over the valence shell of the heavier atom, whereas the innes aheliepresented by electron
core potential (ECPY¥ Identical calculations were carried out fgr2, and trans-stilbene. With
the optimized structures, molecular orbitals were calculateddbasdime dependent density
functional theory (TDDFT). Forl, 2 and trans-stilbene, the optimized structure and the
molecular orbitals associated with the main transitions for bserption of2 are illustrated in
Figure 2.8 Calculated HOMO-LUMO energy gaps and absorption naaanmm listed in Table

2.2, together with the observed values for absorption.
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Figure 2.8 Two dominant absorptions i.e.:

HOMO to LUMO + 1; HOMO - 1 to LUMO

25



Figure 2.9 Optimizedstuctures ofl, 2 and trans-stilbene
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Table 2.2Absorption data ot and2 along with HOMO — LUMO gap

Molecule Experimental Calculated*
A max A max HOMO-LUMO(eV)
(nm) (nm)
1 256 257 5.05
2 320 330 3.82
trans-stilbene 294 309 4.16

* based on B3LYP/6-31G** structure

Table 2.3Geometrical Parameters for full geometry optimi2ed

Parameters Valué*”

d(C7-C7") 1.34¢ 1.36(
d(C7-C4) 1.46¢& 1.47:
d(C4-C7") 1.46¢ 1.47:
d(CzC4) 1.40¢ 1.417
d(Ge-C1) 1.96( 1.97(
d(Ge*-C1) 1.97( 1.97(
d(Ge-0) 1.79¢ 1.77¢
a (C7-C7-C4) 123.:2 126.¢
o (Ge-O- Ge¥) 133.1 160.4
a (C1- Ge-O) 110.4 109.:2
a (C1- Ge*-0O) 110.4 109.:2
a (CS- Ge-0) 104.: 107.z
a (C9’- Ge-O) 104.: 107.z
a (C-C7-C4'-C3) 178.¢ 178.¢
o (C4-C7-C7'-C4") 174.% 174.C

[a] d iR; a in degree$; [b] left value on B3LYP/6-31G** level right

value on B3LYP/Ladt level based calculations
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Table 2.4Geometrical Parameters for full geometry optimizehdtrans-stilbene

trans-stilbene 1
Parameters Valué* ™ Paremeters Valué ")

d(C7-C7) 1348 136 d(C7-C7) 1359  1.353
d(C7-C4) 1466 147 d(C7-C4) 1.471 1.479
d(C4-C7) 1466 147 d(C4-CT) 1405  1.479
d(C3-C4) 141 142 d(C3-C4) 1403  1.415
a (C7-C7-C4) 127.1 126.9 d(Ge-C1) 1.930 1.966
a (C7-C7-C4’-C3)) 179.7 180.0 d(Ge-O) 1.793 1.770
a (C4-C7- C7- C4) 174.9 180.0 o (C7’-C7-C4) 127.6 127.5

a (C7-C7-C4-C3’)  179.9 179.5

[a] din A; ain degree$; [b] left value on B3LYP/6-31G** level right valuen B3LYP/Lanl2dz level based calculations
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Geometrical Parameters for the full geometry optimizeate summarized in Table 2.3 along
with 1 andtrans — stilbene in Table 2.&he distance between two Ge atoms of one Ge-O-Ge
link was calculated as 38, well within the typicalr stacking distance as reported by Dufresne
et al. in the case of diamino stilbene derivatifeshereas the distance between the two vinylene
bonds was calculated as Z&(Figure 2.9).

Based on the calculated Mulliken charges, every stilbene segareiets a net partial charge of -
0.478 concentrated on the vinylene bond. The partial negative chargthewenylene bonds
comes from the two oxygen atoms that carry partial positivegelilie high electron density
results in repulsion, causing an outward deformation of the stilbeneawatsfrom each other.
This repulsion also leads to an opening of the GeOGe angle to°1380.4 on the
B3LYP/Lanl2dz level). In silicon based compounds, a more linear iS&ED§le is widely
accepted to result in more favorable orbital interactions betvieelome pairs of the O and the
empty orbitals of Si. In the case of the presented macrocyfdepeable through — space orbital
interaction between oxygen and stilbene or the involvement of dderbftthe germanium atom
would provide an explanation for the mechanism of moving electron deasthetaromatic
segments, and the red shift relative to isolated trans-stilbémecdlculated absorption results
are in excellent agreement with experimental valles,.f).The observation of two major
emission components at 308 nm and 320 nm are also supported by the icatcylzlc.
absorption: 330 nm). HOMO and LUMO show very different symmetrie®HDcalculations
suggest two about equally important absorptions involving transitiof@3M@®+1)/LUMO
(transition at 308 nm) and HOMO/(LUMO+1) (transition at 319 nmhwalative contributions

of ~40% and ~47%, respectively (see also Figure 2.8). Ongoingetlvabrinvestigations are
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aimed at optimizing the structure of the excited state and pngvaldetailed comparative study

involving the homologous siloxane and germoxane containing macrocycles.
2.3 Conclusion

The synthetic approach presented potentially allows accesgatoety of structural homologues
with different aromatic segments in direct electronic conjogato Ge or other heteroatoms.
This will enable detailed structure/property investigations itgotnically intriguing systems

with significant practical importance in organic light emittohegyvices (OLED) and photovoltaic

cells.
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2.4 Experimental

General Information

All of the experiments using air/moisture sensitive matenadre carried out in a nitrogen filled
Labconco protector glove box and/or by the use of dry argon filled daaifotd (inert gas/
vacuum) using standard Schlenk line techniques. All glasswarelegmsed and dried for at least
16 h in an oven at 12T prior to use.

Chemicals

Magnesium turnings, sodium sulfate and Grubbs-Hoveydd Generation) catalyst were
obtained from Aldrich. p-bromostyrene (98%) was obtained from Alfa Aesar and
dichlorodibutylgermane was obtained from Gelest Inc. Magnesium tsrwag flame dried
under high vacuum prior to use. Solvents e.g. tetrahydrofuran (THF)néglhexane came from
Fisher Scientific. All solvents were dried and degassed fBuee Solv”’ solvent purification
system (using activated alumina, copper catalyst, moleculassteemn when appropriate) by
Innovative Technology Inc. before use. All other chemicals were used as deceive
Instrumentation

'H NMR (600 MHz) and"*C NMR spectra were recorded in CQ®h Varian Unity NMR
instruments. CDClwas used as an internal deuterium lock for the spectra. Afieo$ignals in
the NMR spectra are reported in ppmultiplicity (s = singlet, d = doublet, t = triplet, q =
guadruplet, m = multiplet, dd = doublet of doublet).

UV-Visible absorption spectra were recorded using a Perkin ElMedel 650 UV
Spectrophotometer with 1-cm path length cells. The samples pepared with HPLC grade

hexane (“Spectrasolv”) in a sample cell.
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Photoluminescence spectra were recorded using a Horiba Jobin YwmrorRbx-3
spectrofluorometer with 1-cm path length cells. The samples prpared with HPLC grade
hexane (“Spectrasolv”) in a sample cell.

GPC analysis was carried out on an Alliance GPCV 2000 (Wadtesument equipped with
four Waters Styragel HR columns, i.e. HR-1, HR-3, HR-4, and HR-5ECHjtade THF was
used as eluent, at a flow rate of 1.0 mL/min al@0Measurements are relative to a calibration
with polystyrene standards and third order relative calibratiomecwas used to measure the
molecular weight of unknown samples.

Computer time for the theoretical calculations was provided by @iiversity of New York’s
High Performance Computing Research Center.

Synthesis of monomer 1

p-Bromostyrene (12.1 mmol) was dissolved in 25 ml THF. To this solution 2¢hal flame
dried magnesium was added. The reaction mixture was refluxed fourdr argon. The
solution was separated from unreacted magnesium and added drapwik@ mmol of di-n-
butyldichlorogermane in 15 ml dry THF under argon at room temperafire reaction was
continued for 12 h. After 12 h 60 ml pentane was added dropwise to themeactture until
precipitation seized. The mixture was immediately filtered. To thatiltt5 ml of distilled water
was added and stirred at room temperature for two days. The orggaicwas collected and
dried. The product was then dissolved in dichloromethane and filtered thn@magbd silica
column. Yield: 60%H NMR (600MHz, CDCJ): 6 = 7.46 (dd, 8H, aromatic —CH), 6.70 (dd, 2H,
-CH=CH,), 5.28 and 5.79 (d, 4H, -CH#+), 1.50 (m, 8H, —Ck), 1.36 and 1.45 (m, 16H, -

CH,), 0.886 (t, 12H, -CH).
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Synthesis of macrocycle 2

Monomer 1 (0.366 mmol) was dissolved in 2ml of dry toluene. To this solution192%xmol

of Grubbs-Hoveyda ™ generation catalyst was added [12]. The solution was stirred8fdr
under argon at 58C. Completion of reaction was indicated Hy-NMR (dissappearance of
resonance from vinyl-protons versus appearance of resonances froleneipyotons). The
crude product was washed in hexane. The hexane layer was sg@ardtthen evaporated. The
product was dissolved in DCM and then passed through silica column to fheifgroduct.
Yield: 75%'H NMR (600MHz, CDC})): & = 7.53 (br, s, 16H, aromatic —CH), 7.13 (br, s, 4H, -

CH=CH-), 1.54 (m, 16H, —CH, 1.35 and 1.37 (m, 32H, -GH 0.886 (t, 24H, -Ch),
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3. Boron and silicon containing conjugated macromelcules

3.1 Introduction

Silicon and boron-containing conjugated materials are of much cumterdst for their potential
use in organic light-emitting diodes, photovoltaics, and in sensory applis (see above
also)® While a great variety of different polymerization methods hasen pursued for their
preparation, acyclic diene metathesis polymerization (ADMET)atisactive because the
reactions conditions are typically mild, the ethylene formed lgpaoduct is readily removed
under vacuum, and the resulting polymer microstructures are well-defined.

We have recently demonstrated that silylene-containing conjugatedgrslgan be accessed via
ADMET of conjugated silanes that feature two styryl mogeti& red shift in the emission
spectra of the products compared to isolated stilbene showed tiogppaon of silicon in the
conjugation. In related work, Interrante and coworkers reported the prepashphotocurable
and photoluminescent polycarbosildh&he polymer films were thermally or photochemically
cross-linked to yield blue-photoluminescent films. Polymers containerghanium, tin, and
phosphorous are further examples of inorganic polymers synthesized ADMET
polymerization. For example, germanium-based polymers are oksntéor applications in
microlithography and as precursors for cerarfiics.

To our knowledge, conjugated boron polymers with boron in the backbone and panticipati
the conjugation have not been reported to date. In fact, the only exafmpleorporation of
boron-monomers into polymers by ADMET has been reported by Wiagadecoworkers, who
studied the polymerization ofi,0-vinyl-functionalized boronate¥. Although the boronate

monomers were metathesis active, ligand-exchange reactiomsgatine boronate functional
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groups and ring formation in solution prevented isolation and charatieniof the polymers.
The presence of these scrambling processes was confirmed via NMR spggtrosc

This thesis describes the extension of the ADMET synthetategly that we have discussed
earlier to Lewis acidic boron containing systems. The main dgeetas to develop and
synthesize well-defined boron containing homopolymers and co-padyrwith silicon
monomers) with high structural purity, and under the ADMET conditibaswe have already
established so far, thereby generating a new class of potyaretico-polymeric systems having
valuable photophysical properties arising from Lewis acidic bardhe case of homopolymers
or both boron and silicon in the case of co-polymers.

We describe here the preparation of two different luminescemytydisorane monomers and the
successful preparation of the first conjugated organoborane homopolymergaadom
copolymers with organosilicon monomers. One of the boron-containing monéeaarses the
8-hydroxyquinolato (q) chelate ligand, where the access to the adkevery reactive boron
center is limited by tetrahedral co-ordination of boron with thealate moiety in order to make
the systems stable under the ADMET conditions. A second luminesosminmer was prepared
in which the boron is tri-coordinated but in which access to the boromrcentterically
hindered using a sterically demanding tri-isopropyl phenyl lig@mrg), thus making it less

acidic and more stable.
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3.2 Results and discussions

The bisstyryl-containing silylene monomdr (Scheme 3.1) was synthesized according to
literature mentioned earlier. Olefin metathesid @nd2(a,b) using Ru alkylidene complexes of
the types “Hoveyda Grubbs'@generation” to generate homopolymex2a, p2b via homo-
metathesis and random co-polympi®a p12b via cross metathesis is summarized in Scheme
3.2.Quantitative conversions were observed at reaction temperatures €58€. Below 55C

no conversion was observed. The olefin metathesis reaction mixtuneseel homogeneous

(except in the case pRb) and a color change could be observed as the reaction progressed.
3.2.1 Monomer synthesis

The general strategy for the synthesis of the monomers isnsimocheme 1. Reaction of two
equivalents of monoacetal pfbromobenzaldehyde with dichloro dioctyl silane via lithiation
resulted in the formation of silylene bis-acetal product which fwether hydrolyzed to form
silylene bis-dibenzaldehyde. Wittig reaction of bis-benzaldehgd to the formation of co-
monomerl. This monomer was purified by passing through silica gel usxgne as the eluent
and was obtained as colorless oil. The experimental moleculghtveas 288 g/mole (measured
by GPC) which is in good agreement with the theoretical maeaukight 264 g/mole. The
synthesis of the boron monomers started wthlorostyrene, which was converted into the
Grignard reagent. Reaction of two equivalents of this Grignattd B(OR); (R = Me or Bu) in
THF gave distyrylalkyloxyborane, S&(OR). Subsequent treatment with a small excess of
triisopropylphenyl Grignard led to the formation of monor@aiin 25% isolated yield, whereas
reaction with 2n-hexyl-8-hydroxyquinoline gave the tetracoordinate monor@br The
monomers were purified by column chromatography using hexartee akient and isolated by

recrystallization from hexanes. Both monomers showed excellent I#glilbicommon organic
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solvents such as CBIl,, THF, and toluene. The described synthesis Zarand 2b was

developed and carried out by Dr. Ami Doshi of Rutgers University.

OO Ox N
0 .
/O O\ at-78 C in THF

1. nBulLi, 2h 1. nBuLi/Hexane

2. R,SiCl H;0*/H,0 2. BrCH,=PPh4/THF
S22 - R-S§-R —— 2~ . R-Si-R s R-Si-R

12 h
Br
o o7 0”7 Z 1
R= -C6H13
X
Mg/THF /\@\ /@& ArMgX/THF /\©\ /©/\
B(OR'3)
Cl R' = -CH3, -C4H9 OR‘
Sty,B(OR’) 2a
Ar = Triisopropyl benzene
OH X=Cl, Br
N_. R
N
=

\
/\©\ /©/\
B\
/‘ 0
R _N
e
R" = -C4H
\&/\© CG 13

2b

Scheme 3.1Synthesis of Boron and Silicon containing monomers

37



3.2.2 ADMET polycondensation

The synthetic scheme for homopolymefs p2a, p2b and copolymerpl2a pl2bis shown in
Scheme 3.2. Successful olefin metathesis was carried out imethenpe of Hoveyda — Grubbs
2" generation catalyst in toluene at 55 °@@or 48 h under vacuum. The reaction mixtures
obtained were purified by column chromatography. In the case of homagslyinandp2a the
isolated yields were around 70-75% after purification. However,sap2b, the polymerization

was stopped after 45 min due to the formation of insoluble precipiaieh was not
characterized further. The yield of isolated copolynpt2a and pl2bafter purification were

~70 - 75%. Reaction optimizations included varying solvent, catatysttemperature. Above
reaction conditions represent the optimized conditions. Exploring diffeetalysts, Grubbs"2
generation catalyst did not result in significant monomer cormmreeven at higher temperatures.
With the Hoveyda — Grubbs"®generation catalyst reaction occurred at temperatures above
55°C.Below ~58C no conversion was observed. The ratio of concentration of monomer to
catalyst ([monomer]/[catalyst]) in a typical homopolymeri@atcopolymerization was around
28:1. Of the solvent systems tested, only pure toluene yielded promsted( solvents:

tetrahydrofuran (THF), toluene, hexane, dichloromethane (DCM) and mixturesfiher
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3.2.3 Characterization

3.2.3.1 Size analysis

Molecular weights NI,) of the ADMET polycondensation products were determined by gel
permeation chromatography (GPC) relative to polystyrene standasses for the differential

refractive index (dRI) detector responses are showplfqn2a, p12a andpl12b (Figure 3.1).

1.0 A

0.8 -

0.6 1

Normalized dRI

0.4 -

0.2 -

0.0 ==y
20 25 30 35 40 45
Retention time (min)
Figure 3.1 GPC traces gb12a p2a, pl2bandpl
Table 3.1 summarizes representatie (GPC and NMR results) and polydispersiti&&,/(M,)
for p1, p2a pl2a andpl2b synthesized under similar reaction conditions. The calculdied
values based on NMR were calculated by end group analysis (istegsagnals from chain end

vinyl protons vs. chain internal vinylene protons, see also NMRusksan below). The

presented results characterize representative polycondensatessizgtt in toluene at 61C
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after 48 h reaction time. The homopolympisandp2a showedM, ~ 3,900 and 5,440 g/mol in
the GPC analysis and 6,260 and 7,070 g/mol in the NMR analysisctigepje Due to some
insoluble residue (~15%) the observigld for p2a most likely underestimates the real value.
Polydispersities were in the range of 1.7 — 2.2. Since mon2mwesas only partially soluble, a
GPC analysis was not performed.

Polymerization of2b resulted in an insoluble precipitate after 1-2 h reaction &nmewas not
investigated further with regard to molecular weight or structGfeC analysis opl2a and
pl2b yielded M, of 7,480 and 2,240 g/mol, NMR vyielddd, ~ 14,850 and 7,790 g/mol
respectively

Lower reaction temperatures generally resulted in lower cowvessihigher reaction
temperatures in an increase of insoluble precipitate, particutatlye case op2a. Reaction
temperatures below 5 did not yield any product at all, regardless of catalyst usigher
ratios of [monomer]/[catalyst] resulted in lower conversions, doder ratios of
[monomer]/[catalyst] in increased precipitation of insoluble bgpct in the case op2a
Among the solvents investigated, pure toluene yielded the bedsraadl pure THF resulted in
no conversion, using mixtures of toluene and THF resulted in low conversion.

As the chain size increases with conversion, it is expectethtéhahain growth reaction starts to
compete with ring closing, in an equilibrium described aBdvEhus it is possible that small
fractions of the polymeric products consist of cyclic macromolscdlbis might explain some
of the shoulders on the low molecular weight side of the distribuiotiee GPC traces as well
as the fact that end-group calculations based on well-resolM&l $pectra yielded significantly

higher molecular weights than GPC analysis.
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Table 3.1ADMET polycondensation results and molecular weights

Sample Reaction Condition Mn My /My,
g/mole
[Monomer] [Catalyst] GPC NMR
mM mM
pl 200 4* 3900 6260 1.75
p2a 70 2.5 5440 7070 2.23
p2b? 70 2.5 n.d. n.d. n.d.
pl2a 40, 40 2.3 7480 14850 2.03
([1],[2a])
pl2b 50, 50 3.2 2240 7790 1.68
([1],[2b])

1T = 60°C/ t = 48 h/ toluené? insoluble precipitate after 1-2 h reaction timej.r= not determined); * Grubb$“eneration
catalyst — all other entries: Grubbs-Hoveyda cataly
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3.2.3.2 NMR (Microstructure analysis)

The silylene monomet was characterized earlier By, 2*C and?°Si NMR spectroscopy in our
group in a literature mentioned earlier. The boron mono2eeend 2b were fully characterized
by H, *3C and™B NMR spectroscopy in a separate regdih the case o2a, the presence of a
broad B NMR signal at 70 ppm (frequency at half widtli, = 1900 Hz) is typical of
tricoordinate triarylborane species. In contrast, the hydroxyquinoliaeomer2b shows a
relatively sharp signal at 11.7 ppm (frequency at half widty = 610 Hz) that is strongly
upfield shifted, which is consistent with tetra-coordinated boron.*Fh&IMR spectra of the
new distyryloorane monomers showed the expected vinyl peaknsatiEne vicinal protons
=CH, exhibit two characteristic doublet resonance at around ~5.7 and ~5.ampthe —CH
proton showed a double doublet at around 6.7 ppm. Integration dfthNMR spectra of the
monomers confirmed the 2:1 ratio expected for the styryl grougs restpect to those of the
aromatic protons of the tri-isopropylphenyl and quinolate groups, respectively.

The microstructures of the polymeric produsi?aandpl12b were determined by means’sf-
NMR, Nuclear Overhauser Effect Spectroscopy (NOESY), ldeterlear Single Quantum
CoherencegHSQC) and Correlation SpectroscofyOSY) techniques. Figure 3.2 displays an
overlay of the'H NMR spectra 0p12a p2a andpl2b. Details forpl2aandpl2b are enlarged
separately in Figures 3.3 and 3.4, respectively, together with thspective structural

assignments.
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Homopolymerization of2a resulted in the formation of linear conjugated sysigta with
internal vinylene linkages. The internal vinylene proton resonang&2zappeared around 7.27
ppm. The aromatic protons from the stilbene unit appeared as two dowdaiétred around 7.76
ppm. The aromatic protons from the Trip moiety appeared as &tsargund 6.99 ppm. In the
event of partial degradation pRa after the reaction work up a doublet around 1.22 ppm was
observed which arose from a free Trip moiety. The co-condensatiai shonomersl with 2a

or 1 with 2b, lead to random co-polymers with three possible coupling modes, gigmdo
three distinct vinylene bonds. Coupling of the two monomers always led to theiforimftrans

— stilbene type repeat unit, either reaction of a Si monomerandther Si monomer or Si with a
boron monomer or boron with another boron monomer. Integration of the proton-NMR

resonances of these three vinylene types arising from the Si homocoupling, B —B
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homocoupling and Si — B heterocoupling, gave a ratio of 1:1:2 respectiviilg case ghl2a

This ratio proved the randomness of coupling vinyl groups, regardlessmbnomer structures.

This is only possible if both monomers and resulting chain ends havarsigactivities. This

fact is also supported by the observation, that both the monomer systdargo homo- and co-
polymerization under identical experimental conditions. The detassdynments fopl2a are
illustrated in Figure 3.3 in a representative drawing of a polygham segment showing the
three possible coupling modes, giving rise to three resonancési ‘dh both sides of stilbene),

‘e’ (B on both sides of stilbene), and ‘a’ with ‘b’ (Si and B dieiaate stilbene sides). They are
observed at 7.12ppm, 7.28ppm and as a quartet centered around 7.20ppm respeleevely. T
aliphatic protons from the octyl and the isopropyl groups show resonianitesrange of ~ 0.88

— 3.0ppm. Resonances from the vinyl protons from the chain end around 5.29 and 5.&8ppm a
very small. Integration of these resonances vis-a-vis the arses from the vinylene protons
allowed to calculate a number average molecular weight of ~14,8%fl. gfhis is about twice

the weight determined by GPC (Table 3.1). One explanation coulteh@ossible formation of
macrocycles by “back-biting” of the reactive chain ends (gigigra) as indicated by a shoulder

at 32 min in the GPC trace. Such macrocycles are common compondr@scomplex ADMET
equilibria (see above). Another possible explanation could be loweodwthmic volume of

pl2ain the GPC column.
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Figure 3.3'H NMR (600 MHz, CDCJ) spectrum opl2awith assignments
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ppm

Figure 3.4'H NMR (600 MHz, CDC{') spectrum op12b with assignments

The NMR spectrum op12b (Figure 3.4) shows the absence of vinyl groups for both the Si-
monomerl (doublets at 5.79 and 5.26 ppm) and B-monac2heidoublets at 5.71 and 5.12 ppm)
upon copolymerization. The new resonances observed around together with 5.@26cdppra4
ppm together with 5.68 ppm and 5.14 ppm arise from the two differemt-ehdivinyl functions
(attached to either a B- or Si- repeat units respectively).

As in the case gbl12a resonances from three distinct vinylene groups are observed at 7.27, 7.22,
7.18, and 7.12 ppm (e, b, a, and d respectively, Figure 3.3). A quaitificdttheir relative
amounts via integral ratios was not possible in this case. Sbhaaeces could be assigned with

the help of HSQC, NOESY, and COSY experiments. Figures 3.5 and 3&earpiselected
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regions from the HSQC spectrami2a andpl2b respectively. The resonances from the alkyl
protons (hexyl group of the B repeat unit and octyl group of the Sitrepéa lie in the range
0.7 — 1.7ppm. Table 3.2 and 3.3 representatively summarize the NMR olmsertatiding to

the assignments pl2aang12b.
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Figure 3.5HSQC spectrum ghl2a(assignments in Table 3.2)
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Table 3.2NMR assignments ip12ausing HSQC and NOESY

'"H-NMR e NOESY
Proton shift(ppm) with
¥C(ppm) with *H(ppm)
a 7.18 128.88 7.25, 7.56, 7.49
b 7.22 130.25 7.18, 7.56, 7.49
c 6.99 119.95 6.99, 2.39, 2.94
d 7.12 128.98 7.18,7.20
e 7.27 130.1 7.27,7.58,7.76
f 7.47 135.12 7.12,7.47
g 7.49 125.9 7.49,7.18
h, b’ 7.76 138.25 7.76, 7.56, 2.39
i 7.56 125.76 7.56, 7.20, 7.76
i 7.58 125.76 7.58,7.76, 7.27
-

R= 'C8H17
R' = -CH(CHa),



Table 3.3NMR assignments ip12b using HSQC and NOESY

"H-NMR et NOESY
Proton shift(opm) with
¥C(ppm) with *H(ppm)
i 7.08 109.56 7.55
k 7.55 131.39 7.2,7.08
| 7.19 112.03 7.57
m 8.33 138.87 7.42
n 7.42 125.6 7.06(weak), 8.33
f 7.45 135.09 7.12
g 7.47 125.6 7.11, 7.06
h,h' 7.35 133.23 7.11, 7.07,7.43, 7.04
i 7.43 123.68 7.10(weak), 7.35
a 7.11 129.1 7.46,7.35
b 7.07 128 7.46,7.35
d 7.12 128 7.45
e 7.04 128 7.35
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3.2.3.3 Optical properties (UV/Vis and Fluorescencspectroscopy)

The absorption and emission properties of all products were ch@&adtexrs solutions in
dichloromethane. As expected, the absorptions of all macromoleculan- hama co-poly
condensates are red-shifted compared to the respective monomerss @ifferent for the
emission characteristics. The polycondensates bas2d sitow emissions that are similar to the
emission of2a. Isolated trans-stilbene in dichloromethane absorbs at 295 nm arsdag¢r@s7
nm. A comparison between the boron polymer and the respective monoitiestiated in
Figure 3.7. The absorption spectrum of the polypa in THF shows a band with vibronic
structure and a maximum at approximately 405 nm that is re@dHoft approximately 80 nm
relative to that of the monométa This bathochromic shift is attributed to the extended
conjugation through the boron moiety{pmverlap). The emission data f2a is quite similar to
that of the polymep2a with Aem max = 423 nm, however the polymeric material shows two
distinct peaks at 423 and 448 nm, which are 0-0 and 0-1 intrachain $ragktions, where the
0-0 transition is the most intense transitibrhe perfectly mirrored absorption and emission
bands and relatively small Stokes shift is indicating a higlgligl ppolymeric structure and has
been observed for other rigid polyméfsThe fluorescence quantum yield of the polyp2a is
also higher than that of the monon&a due to the rigid polymer backbone, resulting in lesser
vibrational losses along with non-radiative losses during relaxaticaddition to the steric
hindrance offered by Trip groups may prevent aggregation, thefgiyer reducing the
probability of non-radiative decay. A similar enhancement of quantdicieeties has been
observed, for example, by Swager and co-workers upon incorporatiagicbfpentiptycene

moieties into polyphenylenevinylen®s’
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Figure 3.7 Comparison of Absorption and Emission Spectraadndp2ain THF

In the case ofpl2a (Figure 3.8) three absorptions are observed at 317, 350 and 381 nm
corresponding to the three different chromophores present in themsydthe homo-
polycondensat@2a had the lowest energy absorption with a maximum at 406 nm arg$ a le
intense one at 381 nmpl12b showed an absorption with less half width and a maximum at 327
nm. However there is a energy band around 390 nm which can be agsigmealligand charge
transfer to pyridyl ring present within the quinolate systemlthough this band is lower in
intensity in the absorption, the emission is centered almost gntimethis chromophore, which

is why we see mostly emission at 494 nm.
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Figure 3.8UV/Vis spectra ofl, 2a, 2b, pl, p2a, pl2a, p1dh DCM

The emission maxima qfl, p2a, p12a andpl2b were observed at 356, 416, 416, and 494 nm
respectively (Figure 3.9). The emission maxima f@a and pl2a are very close to the
maximum of2a at 424 nm. This emission behavior was also observed in the cdserrehé
based monomer¥, which is attributed to charge transfer and aggregation resulting in large Stoke
shift in case of the monom@e. The maximum emission @fLl2b overlaps well with that o2b
together less intensive emission around 356 nm that coincides witmib&ian ofpl. It seems

that the emission of B-containing polycondenspii?b is dominated by boron quinolate
chromophore rather than the trans-stilbene units in the backbone, ¢éhéntatiever dominating

the absorption behavior.
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Figure 3.9 Emission spectra df, 2a, 2b, pl, p2a, pl2a, pl2b

A possible explanation could be that the emission of the aromatid&ituents is less easily
guenched than the emission from the backbone. To support this, dilution exusrivwere
carried out. Figure 3.10 details the emissiorpd2b solutions upon sequential dilution with
additional solvent dichloromethane. With increasing dilution, the shortlersgtd emission
maximum gradually becomes relatively stronger, until it finalbminates and the originally
dominating emission with a maximum at 494 nm which now has been cettu@e shoulder.
Upon dilution, the polycondensate backbones quench less likely, resultirgjronger relative
emission. However it is also possible that due to molecular ititemaat high concentration
there is a possibility of excimer formation resulting in inteasgssion around 494 nm upon

excitation at a single wavelengttiThere is also a possibility of intermolecular energy migration
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from the backbone to the pyridyl ring of the quinolate chromophoreghtdauncentration upon
excitation at 324 nm.
[p12b] = X *10e -4 mg/ml

— 90
— 8.2

Emission Intensity

350 400 450 500 550 600
Wavelength (nm)

Figure 3.10Effect of dilution on the emission behaviorg#f2bin DCM.
([p12b] = 9 x 10" g/ml)

A unique capability of tricoordinate B-containing conjugated systesitis strong fluorescent
characteristics is their ability to indicate the presencd.edfis donors (see above). In the
presence of Hons (tetrabutylammonium fluoride), the fluorescence fpta is quenched as
shown in Figure 3.11, indicating the potential use of this system sensory material for
nucleophiles. The binding of the fluoride ion to the vacant p-orbital didhen center results in
the disruption of the conjugation path and fluorescence quenchingaseqgaence. It is also
observed that there is an abrupt reduction in fluorescence intah&f¥ ratio between 23 and

20 which might be due to polymer “co-operative effect” resultmgwitch — off. This polymer
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co-operative effect was further supported by reports from tkle g#oup® where similar co-

operative effect was observed for boron containing styrene basgdthgrsl The optical

properties of the products are summarized in Table 3.4.
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Figure 3.11Titration ofp12awith F ions in THF. [B] = 7.7 x 10M and
[F=8.5x10"M
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Table 3.4 Experimental absorption and emission maxima values of the mononger an

polymers
Sample Aaps (NM) Aem (NM)* et
1 256 307
2a 317 424
2b 265, 381 494
pl 324 356 0.25
p2a 406 416 0.30
pl2a 381 416 0.28
pl2b* 327,385 494 n.o.

*Fdke, the excitations wavelength fdr = 256 nm2a= 317 nm2b = 265 nmpl = 324 nm,
p2a= 406 nmpl2a= 381 nmpl2b= 327 and 385 nninot observed
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3.2.3.4 Thermal stability (in N)

The degradation opl2a followed two-step degradation process compared2a which
followed a one-step degradation process (Figure 3.12). In the cad@afthe average repeat
unit weight is 743 g/mol. Thelstep degradation resulted in a weight loss of 24-26% &C195
that corresponds to the fragmentation of triisopropyl benzene m@digpygroup) whose exact
mass is 203 g/mol. Rapid degradation of the polymeric backbone sta@@@C. The observed
residual weight ofp12a and p2a were negligible, but in case pfLl2b the residual weight is
considerable high around 18 — 20%. Considering the average repeat uiit ofgud2b is
around 810 g/mol, the residual weight mainly corresponds to the hydroxyquinolatg witose

exact mass is 144 g/mol. Agail2b has the highest stability comparedp®@a andpl2a (5%
weight loss @ 290- 300C) due to the added electron density around the boron center from the

8HQ moiety.
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Figure 3.12TGA curves fopl2a, p2a, pl2i{performed under nitrogen atmosphere)

3.3 Conclusion

The synthetic scope discussed in the previous chapter has beessfulbc extended for the
development of copolymers based on boron and silicon. The copgiridaandpl12b obtained
are stable under ambient conditions and are potential candidates foatmplin the field of
sensor materials and emissive materials. This will help ptoexa wide range of organometallic
materials based on Group 13 and 14. The discussed synthetic stategigo extended for the
development of intrinsic systems combining different organic hetdrocgystems with

inorganic counterparts based on Group 13 and 14.
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3.4 Experimental

General Information

All of the experiments using air/moisture sensitive matexigere carried out in a nitrogen filled
Labconco protector glove box and/or by the use of dry argon filled daaifotd (inert gas/
vacuum) using standard Schlenk line techniques. All glasswarelegmsed and dried for at least
16 h in an oven at 12T prior

Chemicals

Mg (turnings), 8-hydroxyquinoline, trimethyl borate, and triisoptolpgrate were purchased
from  Acros. 4-Chlorostyrene  was  purchased from Alfa  Aesar. (2,4,6-
triisopropylphenyl)magnesium bromid®, 2-butylquinolin-8-ol and 2-hexylquinolin-8-ol were
prepared as previously report€d Triphenylphosphonium methyl bromide, n-BuLi (2.5M) and
Hoveyda — Grubbs"2 Generation catalyst was purchased from Sigma - Aldricle werchased
from Sigma — Aldrich. Dibenzaldehyde dioctyl silylewas previously reported in a literature
mentione above. Solvents such as tetrahydrofuran (THF), toluene, handrtkethyl ether were
purchased from Fisher Scientific. Except for diethyl etherptider solvents were dried and
degassed by a “Pure Solv” solvent purification system (usingadeti alumina, copper catalyst,
molecular sieves column.) by Innovative Technology Inc. before useti#dr chemicals were
used as received. Column chromatography was carried out on sllié@ g&-230 mesh) form

EMD Chemicals Inc.
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Instrumentation

'H NMR (600 MHz) and"*C NMR spectra were recorded in CQ®h Varian Unity NMR
instruments. CDClwas used as an internal deuterium lock for the spectra. Afieo$ignals in

the NMR spectra are reported in ppmultiplicity (s = singlet, d = doublet, t = triplet, q =
guadruplet, m = multiplet, dd = doublet of doublet).

UV-Visible absorption spectra were recorded using a Perkin ElMedel 650 UV
Spectrophotometer with 1-cm path length cells. The samples pepared with HPLC grade
hexane (“Spectrasolv”) in a sample cell.

Photoluminescence spectra were recorded using a Varian spectrmoiterovith 1-cm path
length cells. The samples were prepared with HPLC grade hé¢i&mectrasolv”) in a sample
cell.

GPC analysis was carried out on an Alliance GPCV 2000 (Wadtesument equipped with
four Waters Styragel HR columns, i.e. HR-1, HR-3, HR-4, and HR-5ECHjtade THF was
used as eluent, at a flow rate of 1.0 mL/min al@0Measurements are relative to a calibration
with polystyrene standards and third order relative calibratiomecwas used to measure the
molecular weight of unknown samples.

Synthesis of 1

To a suspension of 12.885 mmol) of methyltriphenylphosphonium bromide in 100 mL of dry
THF, 12 mL ofn-BuLi [2.5 M in hexane, 30 mmol] were slowly added at 0 °C. Thetiea
mixture was stirred for 3 h. To the resulting solution, 4.64g (10 mmobilénzaldehyde
dioctylsilylene dissolved in 10 mL of dry THF were slowly adde@ &C. The resulting mixture
was stirred for 12 h and then washed with brine. The organic phasextasted with diethyl

ether twice, dried over sodium sulfate, and concentrated to yielddbgyldistyrylsilylene as a
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crude oil, which was purified by passing through a silica gelnonlusing hexane as an eluent to
obtain a colorless liquid. Yield: 66944 NMR (600 MHz, CDGY) § = 7.47 (d, J = 7.8 Hz, 4H),
7.39 (d, J = 8.1 Hz, 4H), 6.72 (dd, J =11.2 Hz, 17.7 Hz, 2H), 5.79 (d, J = 17.7 Hz, 2H},5126

= 11.2 Hz, 2H), 1.2 — 1.5 (m, 24H), 1.0 — 1.2 (m, 4H), 0.88 (t, J = 7Hz,BHNMR (125

Mhz, CDCE) 6 = 138.1, 136.9, 136.4, 135.1, 125.51, 114.2, 33.7, 31.9, 29.3, 29.2, 23.7, 22.7,
14.1, 12.6%°Si NMR (CDCE) & = -6.84.

Synthesis of 2a

To a suspension of Mg (2.67 g, 0.11 mol) in 300 mL THF was added slowllorbstyrene
(7.62 g, 0.055 mol) while maintaining the temperature below 60 °C. Theoreacixture was
stirred at 60 °C for 2 h and allowed to cool to room temperatdre.r@sulting styryl-Grignard
solution was decanted to another flask using a cannula. Trimethghwaa then added slowly

to the Grignard solution and the reaction was stirred for 3 h. Boéirg distyrylborate solution

was added slowly to a solution of (2,4,6-triisopropylphenyl)magnesitomide in THF and
refluxed for 36 h. The crude product was extracted using hexanes aed gasugh a silica gel
column using hexanes as the eluent. The pure product was obtained stadlizagion from
hexanes as colorless crystals (2.5 g, 25 #f).NMR (499.893 MHz, CDG): 5 = 7.75 (d,°J =

7.5 Hz, 4H, Ph-H2,6), 7.50 (d) = 7.5 Hz, 4H, Ph-H3,5), 7.00 (s, 2H, Tip-H3,5), 6.80 {dd;
18.0Hz, 2H, H9), 5.90 (d®J = 18 Hz, 2H, H10), 5.37 (d) = 12 Hz, 2H, H11), 2.95 (sep§, =

Hz, 1H), 2.40 (sepf) = Hz, 2H), 1.33 (d®J = 7.0 Hz, 6H), 0.98 (¢J = 12.0 Hz, 12H)**C
(125.698 MHz, CDG): 6 = 149.1, 148.7, 142.4, 140.8, 140.8, 138.4, 138.4 137.1, 125.7, 120.3,

115.7, 35.7, 34.4, 24 4B NMR (160.380 MHz, CDG): § = 70 (W,2= 1900).
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Synthesis of 2b

A solution of distyrylborate prepared as described above (29.0 mmol, 200HR)Lwas added
slowly to 2n-hexyl-8-hydroxyquinoline (5.0 g, 0.022 mol) in 50 mL THF and stirred foh24
Complete conversion was confirmed B8 NMR spectroscopy and the mixture was then
guenched with chlorotrimethylsilane (1.8 g, 0.017 mol) to remove any atade&rignard.
Insoluble salts were removed by filtration. The product was pdrifi crystallization from
hexanes and obtained as a yellow solid (2.0 g, 33%NMR (499.893 MHz, CDG): & = 8.35
(d,3J = 8.5 Hz, 1H, Q-H2), 7.58 (pstl = 8.5 Hz, 1H, Q-H6), 7.45 (d) = 8.5 Hz, 1H, Q-H3),
7.33 (dd,®J = 8.0 Hz and 12.0 Hz, 8H, Ph-H2,6 and Ph-H3,5), 7.211(d,8.5 Hz, 1H, Q-H5),
7.09 (d,%J = 7.5 Hz, 1H, Q-H7), 6.70 (dd] = 11.0 Hz, 17.5 Hz, 2H, H9), 5.72 fd,= 17.5 Hz,
2H, H10), 5.18 (d3J = 11.0 Hz, 2H, H11), 2.86 @) = 7.0 Hz, 2H, Hex), 1.11 (m, 2H, Hex),
0.99 (m, 6H, Hex), 0.78 (£J = 7.0 Hz, 3H, Hex)}*C (125.698 MHz, CDG): 6 = 158.7, 157.9,
145.6, 139.3, 137.5, 136.4, 133.5, 131.7, 126.9, 125.6, 124.0, 113.0, 112.4, 109.9, 34.8, 31.6,
29.5,29.3, 22.6, 14.2'B NMR (160.380 MHz, CDG): 8 = 11.7 (w,,= 610).

Synthesis of p1

The silicon based homopolymer was prepared according to a literature proéedure.

'H NMR (600 MHz, CDCJ) § = 7.57 (br, s, 8H), 7.13 (s, 2H), 6.6 — 6.9 (m, 2H), 5.78 (d, 2H),
5.26 (d, 2H), 0.88 — 1.38 (m, 34HJC NMR (125 MHz, CDGJ) 6 = 138.2, 137.4, 133.8, 129.1,
125.9, 33.5, 31.9, 29.2, 23.0, 22.6, 15.8, 15.2, 251 (CDC}) 5 = -6.83.

Synthesis of p2a

60 mg (0.14 mmol) oRa were placed in an air-free reaction tube and dissolved in 2 mL of
toluene. To the reaction tube 3.5 mg (0.0049 mmol) of Hoveyda-Griiblger2eration catalyst

was added. The reaction was carried out at 50z6fdor 24h under vacuum. The crude product
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was concentrated by removing the solvent, washed with methanol adfuged. The
precipitate was collected and traces of solvent were removed vadeum. The product was
obtained as a solid. Yield: 75%4 NMR (600 MHz, CDC}) & = 7.76 (d, J = 7.5Hz, 4H), 7.58
(d, J = 8.4 Hz, 4H), 7.27 (s, 2H), 2.92 (m, 1H), 2.41 (m, 2H), 1.35 (d, J = 7 Bz068 (d, J =
6.15 Hz, 12H).

Synthesis of p12a

55 mg (0.12 mmol) ol and 50 mg ofa (0.12 mmol) were placed in an air-free reaction tube
and dissolved in 3 mL of toluene. To the reaction tube were added 4(8.0830 mmol) of
Hoveyda-Grubbs ¥ generation catalyst. The reaction was carried out at 60 °C fourdér
vacuum. The crude product was concentrated by removing the solvent, wagheakethanol,
redissolved in dichloromethane and then passed through a short sliceolgmn with
dichloromethane as the eluent. The product was obtained as a sdlil. 78%.*H NMR (600
MHz, CDCk) & = 7.76 (br, 4H), 7.56 — 7.58 (dd, 4H), 7.49 (s, 4H), 7.47 (s, 4H), 7.27 (s, 2H),
7.18 = 7.2 (m, J = 11.1 Hz, 2H), 7.12 (s, 4H), 6.99 (s, 2H), 2.92 (m, 1H), 2.41 (m, 2H), 0.88 — 1.4
(m, 52H).2°C NMR (125 MHz, CDGJ, aromatic)s = 138.3, 135.1, 130.3, 130.1, 129.0, 128.9,
125.9, 125.8, 120.0.

Synthesis of p12b

91 mg (0.20 mmol) ofl and 96 mg oRb (0.22 mmol) were placed in an air-free reaction tube
and dissolved in 4 mL of toluene. To the reaction tube were added 7(9.04¢ mmol) of
Hoveyda-Grubbs ¥ generation catalyst. The reaction was carried out at 60 °C fourdér
vacuum. The crude product was concentrated by removing the solvent, wagheakethanol,
redissolved in dichloromethane and then passed through a short sliceolgmn with

dichloromethane as the eluent. The product was obtained as a sdlil. 70/.*H NMR (600
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MHz, CDCk) & = 8.33 (br, 1H), 7.55 (br, 1H), 7.47 (s, 4H), 7.45 (s, 4H), 7.43 (br, 4H), 7.42 (br,
1H), 7.35 (br, 4H), 7.19 (br, 1H), 7.12 (br, 2H), 7.11 (br, 1H), 7.08 (br, 1H), 7.07 (br, 1H), 7.04
(br, 2H), 2.84 (br, 2H), 0.8 — 1.3 (m, 45HJC NMR (125 MHz, CDGQ, aromatic)s = 138.9,

135.1, 133.2, 131.4, 129.1, 127.8, 125.6, 123.7, 112.0, 109.6.
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4. Heteroatoms containing conjugated thiophene badepolymer —Synthesis

and photophysical properties

4.1 Introduction

Polythiophenes are a class of compounds of conjugated systems thajaad considerable
attention over the past decades due to their potential applicatiphotoharvesting systems.
Because of their versatile synthetic approach with facilectiomalizations the electronic
properties can be easily tuntd.Oligothiophenes or polythiophenes are also candidates for
applications in organic thin film transistors and LEDs, in additiorphotovoltaic cell$%
Several classes of thiophene - based polymers and oligomers bleave reported. Poly
(alkylthiophene) (PAT) systems in genetdlhave been reported for applications as solar cell
materials. Several copolymers based on thiophene have also beeedepay., alternating
phenylene — thiophene copolymer by Salaneck, & &h another case, thiophene — fluorene
copolymers were used to fine tune HOMO - LUMO band gaps,, resuitithg improvement of
charge injection and transpdff.Apart from the aforementioned copolymers and homopolymers,
poly/oligo-2,5- thienylvinylenes are a class of thiophene — basatkrials that show long
average conjugation lengths and small band gap vallefiowever poly (2,5-
thienylenevinylene)s (PTV) have not been investigated dedfpae recently, Lecrec and
coworkers synthesized a 2, 7-carbazolylenevinylene — thienyleieviencopolymer and studied
their electronic properti€S® Integration of a heteroatom (Si) within the polymeric backbone of
thiophene systems was reported by Hadziioaannou and co-wtfkéhe polymers were found

to have a very well defined conjugation length because of theuptem offered by the
silanylene units. Later, Yoshino et al. reported similar block copetyg based on thiophene and
silanylene units, controlling the conjugation length and thus the emiskiamacteristics™®
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Bazan et al, reported the synthesis of poly[(silanylene)ditlengene] derivatives via acyclic
diene metathesis using a Schrock type catalyst and attemptadiyotise structure — property
relationship'** But the report describes the predominant formation of free raslimlproducts
which prevented further investigations. The following report desctlm&DMET synthesis of
conjugated poly(dithienylethylene) systems incorporating with Giguglements, particularly
Si, Ge and Sn via acyclic diene metathesis, using a Grubbgeperation catalyst. The
heteroatoms stand in direct electronic conjugation with the dytei#rylene units. Structural
investigations were carried out to understand the effect of theohtim on the overall
molecular structure and properties. This report then also attemptprebminary
structure/property study with regard to the effect of the hetmroain the absorption and
emission of the chromophore.

4.2 Results and discussions

The report involves first the synthesis of the homologous silicon, gammaand tin containing
monomers and then their subsequent ADMET polycondensation.

The heteroatom containing thiophene based monomers were synthesizedwo — step
synthetic strategy starting with a Wittig reaction follaay a lithiation reaction. The detailed
synthetic strategy for the monomers is described in Section 4.21in @hetathesis of the
monomers was carried out in the presence of GruBbgeheration catalyst at temperatures
around 60 — R for 2 — 6 days in toluene. The olefin metathesis reaction mixtareained
homogeneous and a color change could be observed as the reaction ptogfésse
polymerization was also carried out in the presence of Hoveyda — Giigeneration catalyst

under the same reaction conditions; however no considerable conversion was observed.
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4.2.1 Monomer synthesis

2-bromo 5-vinylthiophen@ which was used as a monomer precursor was synthesized from 5-
bromothiophene 2-carbaldehyti@ia Witting reaction as shown in Scheme 4.1.

All homologues monomer8a, 3b, 3cwere prepared by the same strategy, regardless of
heteroatom (see Scheme 4.1). 2-bromo 5-vinylthioptemas lithiated at -7%& for 2 h in a
solvent mixture of THF and diethylether. The lithiated thiophene isalwras coupled with a
difunctional Si, Ge, or Sn building block {RCL/R,GeCL/R,SnC}h) at -78C and left to react

for a time period of 12 h while the temperature slowly roseton temperature. The reaction
product was isolated by removing THF and ether under vacuum. The resadu¢hen re-
dissolved in hexane and washed with water. The hexane fractionollesterl and removed.
Product was obtained as a residue. and further purified by column c¢bgragphy.

Representative product yield were 75%, 72% and 67%3&r3b, 3c respectively after

purification.
1.-78°C, nBuLi
. . H ’ 1 / \
I ey WitisRemcton M»/Ux@
2. RyXCl, R R
1 2 -78°C tort, 12h 3a, 3b, 3¢
X R
Si -CeH13
Ge -C4Hg
c Sn -CgHq7

Scheme 4.1 Synthesis of 3a - ¢
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4.2.2 ADMET polycondensation

The synthetic scheme for polymep8a — ¢ is shown in Scheme 4.2 below. The ADMET
polycondensation aBa — cwas carried out in the presence of Grub¥sg2neration catalyst in
toluene at temperatures in the range &f-690FC for a period of 2 — 6 days under intermittent
removal of vacuum. The reaction mixtures obtained were purified lmyncothromatography.
The yields of isolated polymers3a — ¢ were ca. 67 — 75%. Reaction optimizations included
variation of solvent, catalyst and temperature. Above reaction comglitepresent representative
optimized conditions. Using Hoveyda - Grubb& Beneration catalyst did not result in
significant monomer conversion even at higher temperatures. WitGritebs 3¢ generation
catalyst, reaction occurred at temperatures in the range’ ef9%8C. Monomer conversion was
achieved at KT in the case o8c. In general, higher monomer conversions were observed only
at higher temperatures and after longer time. However, at temperatones 98C side reactions
and deactivation of catalyst started to compete with the ADM&Etion. Of the solvent systems
tested, only pure toluene yielded product. (tested: THF, DCM amtumes). The ADMET

polycondensation results and molecular weights\ia NMR) are summarized in Table 4.1.

Olefin Metathesis

= ’ S—/ Grubbs 2nd Generation Catalyst *(_-S /
Van. e\ \ Toluene/65°C-90°C/2-6d \ N \
R R §” "X

-(n-1) CH,=CH, R | n
3a, 3b, 3c X R p3a, p3b, p3c
p3a Si -CgH13

p3b Ge -C4Hg
p3c Sn -C8H17

Scheme 4.2 ADMET synthesis of p3a - ¢
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4.2.3 Characterization
4.2.3.1 Size analysis

Molecular weights (Mn) of the ADMET polycondensation products wistermined by gel
permeation chromatography (GPC) relative to polystyrene standasses for the differential

refractive index (dRI) detector are shown in Figure 4.1.

1.4 A

1.2 4
— p3a

—— p3b
1.0 — p3c

0.8 A

0.6

Normalized dRI

0.4 4

0.2 4

O-O I T T T T T
18 20 22 24 26 28 30

Retention time (min)
Figure 4.1 GPC traces gb3a, p3b andp3c
Table 4.1 summarizes reaction conditions, representdiv§GPC and NMR results) and
polydispersities MI./M,) for p3a — ¢ The M, values based on NMR were calculated by end

group analysis (integrals of signals from chain end vinyl prot@schain internal vinylene

protons).
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Table 4.1ADMET polycondensation results and molecular weights

Sample Reaction Conditions My, (g/mol) Mw/Mp
[Monomer] [Catalyst] NMR GPC
mM mM
p3a’ 160.0 8.0 12000 2726 1.8
p3b? 80.0 5.7 4000 3820 2.5
p3c® 123.3 11.9 5000 7326 2.2

T =65C/t =55 h T =7PC/t = 96 h,>T = 9°C/t = 6 d. All polycondensations were carried ou8iml of toluene.

In an end group analysis, the ratio of integrals of the termingl protons to that of the internal
vinylene protons yieldeil, of the polymerg3a — c. Forp3a, theM,, was 12000 g/mol with a
degree of polymerization (D.P.) of 34. Fa8b, theM, was 4000 g/mol with a D.P. of 11 and for
p3c, theM, was 5000 g/mol with a D.P. of 9.

The M, values determined by GPC were 2726 g/mol, 3820 g/mol and 7326 g/npddqo3b
and p3c respectively. Polydispersities were in the range of 1.8 — 2.5.midlecular weights
determined by GPC were found to be very different compared to the results obtaineditam N
In the case op3c, relatively higher temperatures and longer reaction times vegpgired in
order to achieve significant conversion.

Lower reaction temperatures generally resulted in lower cowwversReaction temperatures
below 60C did not yield any product at all, regardless of catalyst onamer used. Higher
[monomer]/[catalyst] ratios resulted in lower conversion in é three cases. Among the

solvents investigated, pure toluene yielded the best results.
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4.2.3.2 NMR (Microstructure analysis)

The microstructures of the monomess,(3b, 3c) were characterized B4 NMR and**C NMR.

Figure 4.2 represents an overlay of the proton NMR spectra of the three monomers.

*
(¢]
=T
=

%

-
= T
= Q

H e
* b a
i I
—e e e
7.2 6.8 6.4 6.0 5.6 5.2 4.8 4.0 3.6 3.2 2.8 2.4 2.0 1.6 1.2 0.8

4
Figure 4.2'H NMR (600 MHz, CDC{) of 3a-c

The proton resonances from the terminal vinyl group —COHi=@f the monomers appear as two
doubletsH, (cis) andHy, (trans) around 5.16 and 5.61 ppm, 5.13 and 5.57 ppm, 5.12 and 5.56
ppm for3a, 3b and3c respectively. It is to be noted that there is an upfield ehitte resonance
signals of the terminal vinyl protons fro8a to 3c. The “cis” resonance gradually changes from
5.16 ppm t05.13 ppm to 5.12 ppm f8g, 3b and 3c respectively. The “trans” resonance
gradually changes from 5.61 ppm to 5.57 ppm t86.56 ppm for3a, 3b, 3c respectively

indicating increase in shielding effect with increase in sizthe heteroatoms on the terminal

vinyl protons.
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The —CGH.=CH, proton appears as a double doublet at 6.84ppm, 6.82ppm and 6.83ppan for
3b, 3crespectively. The resonances from the aromatic protons appéaBand 7.06 ppm as a
double doublet in the case 8& For 3b the signals are observed at 7.07 and 7.04ppm3é&-or
only one resonance at 7.08 ppm is observed. The proton resonances frophtite alhain are
observed around 0.88 — 1.80 ppm.

Figure 4.3 represents an overlay % NMR of the monomer3a, 3b and3c.

-
N
A/BCSFS\
ADSa —
E gP A - . R =-CgHy3
‘C T o X = Si
LN R =-C,H,
SR
R =-CgHy7 /—H
E BD A 3c X = Sn ‘
c ®% I

.

‘ : I . ‘ : ‘ : ‘ T ‘ : ‘ : ‘ ; T : T :
150.0 140.0 130.0 120.0 110.0 100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0 10.0
ppm

Figure 4.3*C NMR (125 MHz, CD) overlay of3a, 3b, 3¢

The carbon resonances associated with the terminal vinyl grGgpl€¥CaH,) are observed at
113.99Ca) and 129.56Cg) ppm for 3a. In the cases 08b and 3c, the carbon resonances
associated with the terminal vinyl groupCgH=CsH,) are observed at 113%{) and
129.58(Cg) ppm and 113.48%,) and 129.52Cg) ppm respectively. The entire proton and carbon

assignment are summarized in Table 4.2 and Table 4.3 respectively with structures.



X R
S T 3a Si -CgH1q3
\
“ 3b Ge  -C4Hg
3c Sn -C8H17
ppm
Entry a, b c d e R
3a 5.16, 5.61 6.84 7.18 7.06 eid13=0.88-1.6
3b 5.13, 5.57 6.82 7.07 7.04 #4d5=0.88-1.6
3c 5.12, 5.56 6.83 7.07 (broad) gtz = 0.8-1.8
Table 4.2'H NMR assignments &a, 3b and3c
— X R
B SN 3a Si -CeH13
A ~Cs —
= F 3b Ge -C4Ho
/\E/%X‘ S CgH
DL R R 3¢ n  -CgHy
ppm
Entry A B C D E F R

3a 113.99 129.56 148.93 126.99 136.33 134.77 -6H13=15-36

3b 113.53 129.58 148.14 126.80 134.80 135.78 -Ho =13 - 28

3c 113.43 129.52 149.15 126.88 136.66 134.39 -gH17,=13 - 35

Table 4.3%C NMR assignments &a, 3b and3c
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Figure 4.4'H NMR (600 MHz, CDCJ) overlay ofp3a, p3b andp3c

An 'H NMR overlay of all three polymers3a —c is shown in Figure 4.4. After polymerization,
resonance signals from the terminal vinyl protons from the chainvegr@sobserved but none of
the vinyl protons from the monomer. The aromatic protons appeared assigpat$ around
7.08 ppm and 7.17 ppm f@3a, 7.08 ppm and 7.09 ppm fpBb, 7.07 ppm and 7.09 ppm for
p3c. The newly formed internal vinylene protons appeared as resoramocesl 7.09 ppm, 7.07
ppm and 7.05 ppm fgp3a, p3b and p3c respectively. This resonance experiences a gradual
upfield shift as the heteroatom changes from Si to Sn. The presefee o&dical based side
products was not observed in any of the three cases which is suppprtbd absence of
resonance signals in the range of 2.2 — 2.7 PpnComplete’H NMR and *C NMR
assignments are summarized in Table 4.4

Figure 4.5 represents 4C NMR overlay of the ADMET polycondensateg3é — c).The
resonance signal from the terminal vinyl carbon disappear after polymerization and a new

peak G — related peak appears for the chain and terminal vinyl. The gwbserved for the
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signals from the terminal vinyl carborsGshifted from 129.56 ppm to 121.81 ppm, 129.58 ppm
to 121.51 ppm, 129.52 ppm to 121.20 ppm @8g, p3b andp3c respectively. The resonance
signal from the internal vinylene carbon formed is dependenteohdteroatom: In the sequence

p3a-c (Si, Ge, Sn), the resonance is found gradually more upfield (Table 4.4).

R R
/ \ 2 S 6 X}\ *
« 7 | n R =-CgH1s
S A .
4 X = Si JJ
p3a ‘
| ) u[ l 1 M

R =-C4Hg
p3b ‘
X =Ge
L I.L N ]JL } L ety X l |
R= CSHNH
p3c
X =8n
b i J . i 0 SN, I l

T T T T T T T I T I T T T T T T T T T T T T
M 140.0 130.0 120.0 110.0 100.0 90.0 80.0 70.0 60.0 20.0 10.0

ppm

Figure 4.5 °C NMR (125 MHz, CD&') overlay ofp3a, p3b andp3c

In the case op3c, both the proton and the carbon spectra revealed the presence raf seve
additional resonances to the product. This might be explained by tlenégnaf tin compounds

to undergo penta-valent coordination at higher temperatures giisegto side products.
Regardless of the systems, from thé NMR and the'*C NMR the structures of the
polycondensates were found to be afl tfrans” configuration with regard to the vinylene bond.
In order to prove the microstructure of the polymers suggested almveatton spectroscopy,

particularly HSQC and COSY, was performed.
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4.2.3.2.1 HSQC analysis of p3a, p3b and p3c

Correlation spectroscopy (HSQC) of the three polyne8a - c¢ indicated very strong and
distinct C — H couplings from the aromatic part. In each of the ttases, three distinct signals
were observed from the aromatic part, which can be accounted f&@ #uvd coupling from the
thiophene unit (GH4 and G-Hs) and one C — H coupling from the internal vinylene pagt (C

H,). All these different couplings are summarized in Table 4.4.
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Figure 4.6 HSQC spectrum gf3a (selected region)
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4

o g 23,05 X R

W6 p3a Si -CgH13
/ S p3b Ge C4Ho

R R p3c Sn -CgH17

HSQC - coupling observed

between
Assignment 13C (ppm) 'H (ppm)
p3a 2 121.81 7.09
5 127.43 7.08
4 136.77 7.17
6 134.94 n.o.
3 148.38 n.o.
p3b 2 121.51 7.07
5 127.07 7.08
4 135.09 7.09
6 135.89 n.o.
3 147.65 n.o.
p3c 2 121.20 7.05
5 127.00 7.09
4 136.83 7.07
6 134.50 n.o.
3 148.70 n.o.

hot observed

Table 4.4Structural assignments based on HSQC*Bdnd'H NMR
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4.2.3.3 Optical properties (UV/Vis and Fluorescencspectroscopy)
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Figure 4.9 Absorption spectra &a-c andp3a-c([3a- c] ~ 10* M, [p3a- c] ~ 10* M)

UV/Vis absorption spectra of hexane solutions ohomers 8a—c) and polymersg3a—c) are
shown in Figure 4.9. The monomers showed absorpti@xima at 283 — 284 nm. The
absorption maxima of the polymgr8a — c were observed in the range of 361 — 363 nm. In the
cases op3aandp3b, the absorption spectra featured two major compisngith maxima ~363
nm and ~396 nm (shoulder peak). This shoulder pealeatly reduced in the case mdc,
instead a low energy band with relatively weaknsty around 448 nm is observed. A possible

explanation of such low energy componenp&t could be the presence of aggregated species.
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Figure 4.10Emission spectra @f3a—c ([p3a—c = 2.0 x 16 M])

Figure 4.10 represents the unnormalized emissientgpof polymers in hexane with identical
concentration. It is to be mentioned that monondetsnot show any emission due to the spin —
orbital coupling effect exerted by sulfur over theucture of the monomer resulting in the
formation of triplet staté$®, whereas the polymers are strongly fluorescerhénblue region,
with emission maxima are recorded in the rangel8f-4423 nm.

Gradually more quenching of fluorescence was oleskerfrom p3a —» p3c in similar
concentrations (2 x T0M) in hexane. It is possible that the increassine of the heteroatom
from Si to Sn (hetero-atom effect) is responsilde the transfer of the excited electrons to a
triplet state via intersystem crossing resultingtihe observed quenching of fluorescence;
although lifetimes of the excited states have renbmeasured here but decrease in quantum
efficiency has been observed. A gradual blue sfithe emission maxima was also observed

from p3ato p3c. As the size of the heteroatoms increases f38eto p3c (Si [117 pm]Ge [122
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pm], Sn [140 pm]}}* the through — space interaction between the conjugated segments
decreased resulting in the observed blue shift.
Table 4.5 summarizes the absorption and the emisisita of the monomers and the polymers.

Table 4.5Absorption and emission data34d- c, p3 - ¢

Sample Amax (abs) Amax em) * Peit
(nm) (nm)
3a 284 -
3b 283 -
3c 284 -
p3a 363 423 0.25
p3b 362 421 0.18
p3c 360 419 0.11

* referenced to the repeat units via NMR, relative to trans-stilbene
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4.2.3.3.1 Effect of concentration on the emissiorf p3a, p3b, p3c.

The effect of concentration on the emission behavidhe polymers was studied and is shown
in Figure 4.11.

The fluorescence spectrum pBa exhibited a shoulder at 440 nm which seems to irema
unchanged even when the concentration is increadeel.long hexyl chains on the silicon
moiety prevent aggregation of the polymeric bacldboks a result, the intensity of the lower
energy band around 440 nm did not increase witlinitrease in concentration or the emission at
440 nm is simply not related to aggregates.

For p3b, the shoulder at 440 nm increases insignificanilyn the concentration range studied
supporting the conclusion drawn frogp3a. There is however some tailing observed at longer
wavelengths, indicating the possible presence gfeggtes. The shorter butyl chains on the
germanium atom may allow for an easier aggregatimrmation of these weakly emissive
aggregated species in solution may also respon$ibléhe reduction in emission intensity
compared tp3a'®®

In the case gb3c, the concentrations are very similar to pi3 case. This observation is despite

of the presence of the longer octyl chains on ihetom. These aggregated species seems to

reduce the luminescence intensity compared to i@drandp3b.
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4.2.3.4 Thermal Analysis of p3a, p3b and p3c (inJN

120 ~
100 ~ — p3a
p3b
p3c
80 A
=S
S 60 -
(]
=
40 A
20 A
O T T T 1
200 400 600 800

Temp °C

Figure 4.12TGA curves fop3a-c

The thermo-gravimetric curves pBa — c are shown in Figure 4.12. Table 4.6 summarizes the
5% wt loss temperatures of the polymers. Out ofttiiee polymersp3a showed the highest
stability as 5% weight loss occurred at 490 For p3b and p3c the backbone starts to
decompose at earlier stage around®15a60C. In case op3c, a residual mass of 22% was

observed, whereas in casep8h, a residual mass of 24% was observed.
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Table 4.65% weight loss temperaturespfa—c

Entry 5%wt loss temp
(’C)
p3a 290
p3b 150
p3c 160

4.3 Conclusion

In conclusion, the synthesis of heteroatom (Sia@@& Sn) containing thiophene based polymers
has opened a new window for the development otrelecich heteroatom containing aromatic
conjugated systems and comparison of their phowpalyproperties. The polymers developed
are structurally pure i.e “all — trans” configumtiat the vinylene as indicated by the NMR. No
free radical based product was observed under ADBktiiditions studied.

Further studies can be carried out on the aggmyiehavior of these systems to understand
comprehensively the quenching phenomenon involvechigh concentration in solution.
Electrochemical studies of these materials may igeovfurther information for potential

applications of these systems.
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4.4 Experimental

General Information

All of the experiments using air/moisture sensitinaterials were carried out in a nitrogen filled
Labconco protector glove box and/or by the usergfaitgon filled dual manifold (inert gas/
vacuum) using standard Schlenk line techniquesglasware was cleaned and dried for at least
16 h in an oven at 12X prior to use.

Chemicals

nBuLi (2.5 M in hexane), sodium sulfate and Grubf®® Generation) catalyst, 5-
bromothiophene  2-carbaldehyde (98%) were obtainedomf Sigma  Aldrich.
Dichlorodihexylsilane,  dichlorodioctyltin ~ were obtad from Gelest Inc and
dichlorodibutylgermane was obtained from Arcos Cigais. Solvents e.g. tetrahydrofuran
(THF), toluene, hexane were purchased as HPLC dradeFisher Scientific. All solvents were
dried and degassed by a “Pure Solv” solvent patitbnr system (using activated alumina, copper
catalyst, molecular sieves column when appropriagelnnovative Technology Inc. before use.
All other chemicals were used as received.

Instrumentation

'H NMR (600 MHz) and*C NMR spectra were recorded as solutions in GDENarian Unity
NMR instruments. CDGlwas used as an internal deuterium lock for the tepedll of the
signals in the NMR spectra are reported in ppraltiplicity (s = singlet, d = doublet, t = triplet

g = quadruplet, m = multiplet, dd = doublet of dimt)

UV-Visible absorption spectra were recorded usingParkin Elmer Model 650 UV
Spectrophotometer with 1-cm path length cells. $amples were prepared with HPLC grade

hexane (“Spectrasolv”) in a sample cell.
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Photoluminescence spectra were recorded using @rvVapectrofluorometer with 1-cm path
length cells. The samples were prepared with HPtaZlegy hexane (“Spectrasolv”) in a sample
cell.

GPC analysis was carried out on an Alliance GPCO02(Waters) instrument equipped with
four Waters Styragel HR columns, i.e. HR-1, HR-R-#, and HR-5E. HPLC grade THF was
used as eluent, at a flow rate of 1.0 mL/min al@0Measurements are relative to a calibration
with polystyrene standards and third order relataébration curve was used to measure the
molecular weight of unknown samples.

Thermogravimetric Analysis was carried out on a-HRes TGA 2950 Thermogravimetric
Analyzer from TA instruments using platinum withhaating rate 1%C/min under continuous
flow of nitrogen. Elemental analyses were perfornmedtlantic Microlab. Inc.

Synthesis of 2-bromo 5-vinylthiophene (2)

6.2 mmol of triphenylphosphonium methyl bromide vgaspended in 30 ml dry THF. To this
suspension 5.7 mmol of nBuLi (2.5 M in hexane, 2)3was added dropwise af®. The
reaction mixture was stirred for 3h. To this rasgjtsolution 5.2 mmol of 2-bromo 5-thiophene
carbaldehyde (1) dissolved in 10ml of dry THF wadeled slowly at{C. The resulting solution
was stirred for 12h at room temperature and theremtrated under reduced pressure followed
by washing with hexane. The hexane layer was kegt sodium sulfate and then filtered. The
organic phase was then concentrated under reduesdupe to yield the crude product. Further
purification was carried by column chromatographthvihexane-dichloromethane (7:3) solvent
mixture as the eluent to obtain a reddish yellawili. Yield 65%.

'H NMR (600MHz, CDCY) & = 6.89 (d, 2H), 6.69 (d, 2H), 6.67 (q, 2H), 5.452H, J = 17.43

Hz), 5.13 (d, 2H, J = 10.99 Hz)
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Synthesis of 3a

1.25 mmol of2 was dissolved in a THF/diethylether solvent migt(8/0.5). To this resulting
solution 1.25 mmol of nBuLi (2.5 M in hexane, 0.3mfs added at -78. The reaction mixture
was stirred for 3h at -78. To the resulting solution, 0.6 mmol of dichloitekylsilane was
added dropwise at -78. The reaction mixture was then allowed to warm taproom
temperature over a period of 12h. The reaction unixtvas then concentrated under reduced
pressure. The crude product was then dissolveexarie and washed with water. The hexane
layer was collected and kept over sodium sulfatethan filtered. The hexane layer was further
concentrated under reduced pressure to obtainlewsh residue. Purification of the residue
was carried out by column chromatography using hef@CM (7:3) as the solvent mixture to
obtain a yellowish liquid. Yield 75%.

'H NMR (600MHz, CDC}) & = 7.18 (d, 2H, J = 3.51 Hz), 7.05 (d, 2H, J = 3:89), 6.84 (q,
2H), 5.62 (d, 2H, J = 17.46 Hz), 5.17 (d, 2H, J1=07 Hz), 0.89 — 1.45 (m, 26H).

3%C NMR (125 MHz, CD() 6 = 148.9, 136.3, 134.8, 129.6, 127, 114, 33.2,,3A346, 22.6,
14.6, 14.1.

Elemental analysis: 68.13% C, 8.51% H, 14.59% S.

Synthesis of 3b

0.96 mmol of2 was dissolved in THF/Diethylether solvent mixtB20.5). To this resulting
solution 0.96 mmol of nBuLi (2.5 M in hexane, 0.3Bwas added at -?8. The reaction
mixture was stirred for 3h at -#8. To the resulting solution 0.45 mmol of
dichlorodibutylgermane was added dropwise afG7&he reaction mixture was then allowed to
warm up to room temperature over a period of 12te fieaction mixture was then concentrated

under reduced pressure. The crude product wagdibsolved in hexane and washed with water.
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The hexane layer was collected and kept over sodulfate and then filtered. The hexane layer
was further concentrated under reduced presswietéin a yellowish residue. Purification of the
crude residue was carried out by column chromapdyrasing hexane/DCM (7:3) as the solvent
mixture to obtain a yellowish liquid. Yield 72%.

'H NMR (600MHz, CDC}) & = 7.08 (d, 2H, J = 3.35 Hz), 7.04 (d, 2H, J = 385, 6.82 (q,
2H), 5.57 (d, 2H, J = 17.52 Hz), 5.13 (d, 2H, J0=86), 0.89 — 1.48 (m, 18H).

13C NMR (125 MHz, CDGJ) & = 148.1, 135.8, 134.8, 129.6, 126.8, 113.5, ZHB2®, 15.6, 13.6.
Synthesis of 3c

1.69 mmol of2 was dissolved in THF/Diethylether solvent mixtB20.5). To this resulting
solution 1.69 mmol of nBuLi (2.5 M in hexane, 0.615 was added at -78. The reaction
mixture was stirred for 3h at -#8. To the resulting solution 0.84 mmol of dichloiauyltin
was added dropwise at ‘I8 The reaction mixture was then allowed to warmtagoom
temperature over a period of 12h. The reaction unixtvas then concentrated under reduced
pressure to obtain a crude product. The crude ptoslas dissolved in hexane and washed with
water. The hexane layer was collected and kept ewdium sulfate and then filtered. The
hexane layer was further concentrated under redpoessure to obtain a yellowish residue.
Purification of the crude residue was carried gutdlumn chromatography using hexane/DCM
(7:3) as the solvent mixture to obtain a yellowighid. Yield 68%.

'H NMR (600MHz, CDC}) § = 7.08 (br, 4H), 6.83 (g, 2H), 5.56 (d, 2H, J =3B7Hz), 5.12 (d,
2H, J = 11.02 Hz), 0.85 — 1.66 (m, 34H).

13C NMR (125 MHz, CDGJ) § = 149.1, 136.7, 134.4, 129.5, 126.9, 113.4, 119, 29.2, 27.8,
26.4,22.7,14.1, 13.1.

Elemental analysis: 57.04% C, 7.41% H, 10.28% S.
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Synthesis of p3a

0.48 mmol of3a was dissolved in dry toluene. To the solution @.68mol of Grubbs %
generation catalyst was added. The reaction mixtvae stirred for 48 — 55h at %@ The
reaction progress was monitored by observing ttengity of the terminal vinyl peaks usifig
NMR. At the end of the reaction, the mixture wasmaantrated under reduced pressure, re-
dissolved in hexane and passed through a silicagjeinn using small volume of DCM as a co-
eluent. Yield 70%

'H NMR (600 MHz, CDCJ) & = 7.08 (br, 4H), 6.83 (q, 2H), 5.59 (d, 2H), 5(t4 2H), 0.76 —
1.42 (m, 26H).

13C NMR (125 MHz, CDG)) & = 148.4, 136.8, 134.9, 127.4, 121.8, 33.2, 31345,22.6, 14.6,
14.1.

Synthesis of p3b

0.24 mmol of3b was dissolved in dry toluene. To the solution @.04mol of Grubbs
generation catalyst was added. The reaction mixuare stirred for 96h at 80. The reaction
progress was monitored by observing the intensith@terminal vinyl peaks usiriigd NMR. At

the end of the reaction, the mixture was concesdrainder reduced pressure, re-dissolved in
hexane and passed through a silica gel column gsiadl volume of DCM as a co-eluent. Yield
70%

'H NMR (600 MHz, CDCJ) § = 7.09 (br, 2H), 7.08 (br, 2H), 7.07 (br, 2H), G, 2H), 5.12 (d,
2H), 0.88 — 1.48 (m, 18H).

%C NMR (125 MHz, CDGJ) 6 = 147.7, 135.9, 135.1, 127.1, 121.5, 27.1, 262%,113.7.
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Synthesis of p3c

0.37 mmol of3c was dissolved in dry toluene. To the solution 8.08mol of Grubbs %
generation catalyst was added. The reaction mixtaestirred for 6d at 7@0°C. The reaction
progress was monitored by observing the intensith@terminal vinyl peaks usirigd NMR. At

the end of the reaction, the mixture was concesdrainder reduced pressure, re-dissolved in
hexane and passed through a silica gel column ssiad volume of DCM as a co-eluent. Yield
65%

IH NMR (600 MHz, CDCY) 6 = 7.09 (br, 2H), 7.07 (br, 2H), 7.05 (br, 2H), B, 2H), 5.12 (d,
2H), 0.86 — 1.68 (M, 34H).

13C NMR (125 MHz, CDGJ) & = 148.7, 136.8, 134.5, 127, 121.2, 34.1, 31.92,289.1, 26.5,

22.7,14.1, 13.1.
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5. Synthesis and characterization of alkyloxy side chain substituted SiPPV

systems

5.1 Introduction

As mentioned earlier, silicon containing stilben8iPPV), 2, 5-thienylene vinylene (Si
thiophene) based polymeric systems are promisingerabs for application in LEDs and
photovoltaic systems.

R

O 3\ O 5.% /S\ ) 2%
n

R = CpHan+1
SiPPV Si thiophene

Scheme 5.Representative SiPPV and Si thiophene systems

Possible size - effects were seen in heteroatortaitwmg thiophene based polymers resulting in
decrease in emission intensity with an increasesize. To have a better understanding on
interactions between a heteroatom like silicon andl — conjugated system, we developed
electron rich heteroatom containing polymeric syste The objective of this work lies in
designing such an electron rich monomer based l@morsicontaining a bistyryl system with
electron donating alkyloxy-substitution on the gtymoieties and its corresponding polymer
using the synthetic strategy we have discussegearid evaluate structure/property correlation
with respect to photo — physical properties in toatext of this earlier work. The monomer
developed was expected to be more radically actwepared to the stilbene systems because of
the presence of electron donating alkyloxy subetitu The challenge lies in achieving a
structurally pure polymeric system via ADMET and fnee radical based product under the

reaction condition for the metathesis.

94



5.2 Results and discussions

The alkyloxy — substituted distyryl containing &ige monome6 was prepared by following a
five — step synthetic strategy starting from hydriogne. Olefin metathesis of the monomer was
carried out using Grubbs'2generation catalyst and Hoveyda — GrubBsg2neration catalyst
under similar conditions. Considerable conversias wchieved at 7G for both systems after
72 h. The reaction progress was monitored using NiéRthe products obtained were soluble in

common organic solvent.
5.2.1 Monomer synthesis

The synthesis of the monomer involves a multi-sigghetic strategy as shown in Scheme 5.2.

OC7H15 OC7H15 OC7H15
Br
_KOH/DMSO_ _Glacial AcOH_ nBuLi/THF/-5°C
T C/HiBr ~ B, . DMF/H;0*
OC7H15 OC7H15 OC7H15
OC7H15 OC7H15 OC/Hy5 OC7H15
~O \Wittig reaction ™ BUL/THF/- 35°C, = N
Br M628|C|2 /SI\
OC7H1s OC7H15 OC7Hy5  OC7H4s5
5 6

Scheme 5.5ynthesis of monomeé&r

The synthesis of the monomer involved five stepgtisg from the conversion of hydroquinone
to its di-heptyloxy derivative2 using bromoheptane and potassium hyhroxide in tiiiyhe
sulfoxide (DMSO). The yield o was ~ 90% after crystallization from cyclohexaBewas
further treated with bromine in the presence ofciglaacetic acid to obtain the dibromo
derivative 3. The vyield of3 after purification was ~ 87%. Next, compouBdvas formylated

using butyl lithium and dimethyl formamide to syesize a bromo-aldehyde4 was purified by

95



column chromatography with a yield ~ 75%. Wittigcgon with the bromo-aldehyde was used
to obtain the bromo-vinyl derivativewith a yield ~ 70% after purification.

Finally, 5 was lithiated in THF at -38 for 3 h followed by the addition of
dichlorodimethylsilane at -88.The reaction was continued over a period of 12He product
was isolated by removing the solvent in vacuo. @ituele product was then dissolved in hexane,
filtered, and further purified by passing througktert silica gel column. The yield @fwas ~
30%

5.2.2 ADMET polycondensation

Scheme 5.3 represents the polycondensation of cmemer.

OC7His  OC7H45 OCrHs

OC7H15
= N ADMET polycondensation :* Q A O S||<>L
Ssi -(n-1)CH,=CH, C/H450 | /n
OC7His  OC7H4s C7H450
6 7

Scheme 5.3ADMET polycondensation of monomer

The ADMET polycondensation of the monomer was edrout using Grubbs"?generation
catalyst or Hoveyda-Grubb$8®Qeneration catalyst in toluene as a solvent. th bases, higher
temperatures ~ G and longer reaction times (72 h) were necessargchieve significant
molecular weight. Hoveyda — Grubb¥ generation catalyst resulted in higher moleculeigim
product compared to when Grubl§ generation catalyst was used, perhaps an indicafithe
higher stability of the Hoveyda — Grubb¥ Beneration catalyst, resulting in higher conversio
under similar conditions of concentration, time aewhperature.

As mentioned in all our earlier systems, reactiemgeratures below 5 did not yield any

product at all, regardless of catalyst ugdgdher ratios of [monomer]/[catalyst] also resuliad
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lower conversions. As the chain size increases wathversion, it is expected that the chain
growth reaction starts to compete with some rirasialg, the result of an expected chain/ring
equilibrium, discussed repeatedly above. Thuspbssible that small fractions of the polymeric
products consist of cyclic macromolecules. Thishhigxplain some of the shoulders on the low

molecular weight side of the distributions in theGtraces.
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5.2.3 Characterization
5.2.3.1 Size analysis

Molecular weights of”* and7° were determined by gel permeation chromatograplative to

polystyrene as standard. Figure 5.1 representestrat differential refractive index (dRI)

detector responses 6y 72 and7”.

1.2 ~

Normalized dRI

22 24 26 28 30 32

Retention time

Figure 5.1GPC traces o and7* °(®*Hoveda — Grubbs"2 generation catalyst,
Grubbs 2% generation catalyst)

Table 5.1 summarizes ti, along with the polydispersities of the polymerkeTcalculated,
values based on NMR are from end group analysiediials of signals from chain end vinyl
protons vs. chain internal vinylene protons). Thespnted results characterize representative
polycondensates synthesized in toluene &C78fter 72 h reaction time. The polym&fsand7”

showed GPC baséd, ~ 6000 and 8500 g/mol (NMR: 3360 and 6228 g/mrejpectively.
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Table 5.1Polycondensation conditions and molecular weights

Entry Reaction condition My PDI
[Monomer] [Catalyst] GPC NMR
7° 61 4.8 5938 3360 1.46
7° 51 4.7 8529 6228 1.49

3Grubbs 29 generation catalystHoveyda — Grubbs™® generation catalyst T = %0, t = 72h, solvent: toluene

99



5.2.3.2 NMR (Microstructure analysis)

The microstructure of both the monongeand the polymerg were determined b{H and**C
NMR spectroscopy as shown in Figures 5.2 — B3and 7° represent samples using different
catalysts under similar same reaction conditions.

The proton resonances from the terminal vinyl gre@H=CH, of the monomer appear as two
doublets 5.22 (cidd,) and 5.71 (trang;l,) ppm respectively. The H=CH, proton appear as a
double doublet at 7.03 ppm. The resonance sigrais the aromatic protons appear at 6.82 ppm
and 6.87 ppm as singlets. The signals from theyleeqt chain lie in the range of 0.86 — 3.81
ppm. The methyl protons resonance signal from tlieos moiety appears as a singlet at 0.52
ppm.

In case of the polymeéf, a decrease in the intensity of the terminal vgrgup is observed with
increase in reaction time. This decrease is morekedsy using Hoveyda — Grubbs'®2
Generation catalyst (see above). A new resonamgrelsat 7.46 ppm arises from the internal
vinylene protons (-8, =CH-) which once again are iall — trans configuration. The aromatic
protons appear as broader resonances at 7.03 @ndypm. The proton resonances from the

heptyloxy substitution lie in the range of 0.84.8@ppm.
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Figure 5.2'H NMR (600MHz, CDC}') spectral overlay o8, 7* and7°

The carbon resonances associated with the ternaingl group C; and C, are observed at
114.07 and 132.22 ppm. The aromatic carbon resesaam® observed at 158.04 ppm, 150.02
ppm, 128.61 ppm, 127.45 ppm, 121.15 ppm, 107.58. ppAfter metathesis, the carbon
resonances of the terminal vinyl group disappearetia new peak around 123.83 ppm appeared
corresponding to the internal vinylene carb@asThe resonance signals of the aromatic carbons
are observed at 158.24 ppm, 150.41 ppm, 129.19 pRMO8 ppm, 121.54 ppm, 107.39 ppm.
The completéH NMR and**C NMR assignments of the mononeand polymef7 are shown

in Table 5.2 and Table 5.3 respectively.
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Figure 5.3'%C NMR (125MHz, CDQ, selected region) spectral overlaysaind7

Table 5.2'H NMR assignments df and7

H. OR OR OR
Ha- He N Hy: OR
O Vg W
OR / \ OR d RO Hy / \n
RO  H,
6 7
ppm
Entry a b/b’ c d e -OCH, R -CHs (on Si)
6 522 571 6.82 7.03 6.87 3.81 1.25-1.75 0.52
7 - 7.46 - 7.03 6.87 3.86  1.30-1.77 0.53

102



Table 5.3"°C NMR assignments @& and7

OR OR

Entry 1 212’ 3 8

6 114.07 132.22 127.45 150.02 121.15 128.61 158.047.580

7 - 123.83 127.48 150.41 12154 129.19 158.24 107.39
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5.2.3.3 Optical properties (UV/Vis and Fluorescengpectroscopy)

The photophysical properties of the monomer andptiigmer are summarized in Figure 5.4.
The measurements were performed in hexane soluflom.absorption spectrum of mononger
showed three different transitions at 225 nm, 2%8amd 332 nm which correspondedrtte n*
transitions. The absorption maxima#®Was red shifted compared to the monogéry 40 nm.
This is due tor — delocalization in the stilbene segment. Two irtgod transitions were seen in
the absorption of the polymer at 297 nm and 371 winich corresponded to the — =*
transitions. The emission spectrum of the polyihemas again red shifted by 36 nm compared to
the monomeb. The emission spectrum of the polymer was charaetk by a maximum at 412
nm, a shoulder at 435 nm and a low energy tailihgchvsuggests the presence of aggregation in
the excited state. The quantum yield of polyriewas found to 0.52 in hexane with trans-
stilbene as the reference. The higher quantum giehpared to trans - stilbene may be a result
of the reduced vibrational degrees of freedom i éxcited state induced by the alkyloxy

substituents present on the main chain.
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Figure 5.4 Absorption and emission spectral overlay @nd7

The absorption and the emission spectruiveds compared with that of SiPPV and thiophene
based systems, which is shown in Figures 5.5 agur&i5.6. A strong red shift of the absorption
maxima was recorded fof compared to the SiPPV systems. The presence oéldwtron
donating heptyloxy group may lower the LUMO reswdtin reduction of the band gap compared

to that of the unsubstituted SiPPV.
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Figure 5.6 Emission spectral overlag SiPPV and Si thiophene (in hexane)
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The recorded UV/Vis and emission data7pSiPPV and Si thiophene are summarized in Table
5.4.

Table 5.4Experimental absorption and emission valueg &PPV and Si thiophene

Entry Amax (abs) Amax (em) ¢eff
(nm) (nm)
7 371, 297 412, 435 0.52
SiPPV 327 367 0.25
Si thiophene 363 420 -

5.3 Conclusion

In summary, we have presented the synthesis o¥al IBIPPV system where the aromats have
heptyloxy substitution. The resulting polymer skowstrong bathochromic shift compared to
unsubstituted SiPPV due to the electron donatirigreaf the heptyloxy group. The synthetic
approach presented potentially allows access triaty of structural homologues with different
substituted aromatic segments in direct electroagugation to Si or other heteroatoms like Ge
and Sn. This will enable detailed structure/propérvestigations into electronically intriguing
systems with significant practical importance byimg the photophysical properties as per

application.
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5.4 Experimental

General Information

All of the experiments using air/moisture sensitinaterials were carried out in a nitrogen filled
Labconco protector glove box and/or by the usergfaitgon filled dual manifold (inert gas/
vacuum) using standard Schlenk line techniquesglasware was cleaned and dried for at least
16 h in an oven at 12X prior to use.

Chemicals

Hydroquinone, Grubbs {2 Generation) and Grubbs-Hoveydd'(%eneration) catalyst were
obtained from Aldrich. Dichloro dimethyl silane wabtained from Sigma Aldrich. Silica gel
(230-400 MESH) was purchased from Fisher Sientfiolvents e.g. tetrahydrofuran (THF),
toluene, hexane came from Fisher Scientific. Alveots were dried and degassed by a “Pure
Solv” solvent purification system (using activataldimina, copper catalyst, molecular sieves
column when appropriate) by Innovative Technology. before use. All other chemicals were
used as received.

Instrumentation

'H NMR (600 MHz) and"*C NMR spectra were recorded in CQ®h Varian Unity NMR
instruments. CDClwas used as an internal deuterium lock for thetspedll of the signals in
the NMR spectra are reported in ppmultiplicity (s = singlet, d = doublet, t = tripleg =
quadruplet, m = multiplet, dd = doublet of douhlet)

UV-Visible absorption spectra were recorded usingParkin Elmer Model 650 UV
Spectrophotometer with 1-cm path length cells. $amples were prepared with HPLC grade

hexane (“Spectrasolv”) in a sample cell.
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Photoluminescence spectra were recorded using abadodobin Yvon Fluoromax-3
spectrofluorometer with 1-cm path length cells. Haeples were prepared with HPLC grade
hexane (“Spectrasolv”) in a sample cell.

GPC analysis was carried out on an Alliance GPCO02(Waters) instrument equipped with
four Waters Styragel HR columns, i.e. HR-1, HR-R-#, and HR-5E. HPLC grade THF was
used as eluent, at a flow rate of 1.0 mL/min al@0Measurements are relative to a calibration
with polystyrene standards and third order relatiaBbration curve was used to measure the
molecular weight of unknown samples.

Synthesis of 2, 3,4, 5

The synthetic strategy f@; 3, 4, 5 was followed from the dissertation submitted by Chivin

Sun116

Synthesis of monomer 6

Compoundb (809mg, 1.97mmol) was dissolved in 5ml of THF. Téperature of the resulting
solution was reduced to %% At —3%C, nBuLi (2.5M, 1.93mmol) was added dropwise arel th
reaction mixture was stirred for 3h. Dichloro ditmgtsilane (124.5mg, 0.965 mmol) was added
to the lithiated solution at —35 and the reaction mixture was stirred overnigllvént was
removed from the mixture under reduced pressurarandrude product was dissolved in hexane
and filtered. The crude product obtained after flpation was further purified by passing
through silica gel with hexane and toluene as theng in the ration of 5:1. Yield: 25%H
NMR (600MHz, CDC} ppm)$ = 7.03 (dd, 2H), 6.87 (s, 2H), 6.82 (s, 2H), 5@12H), 5.22 (d,
2H), 3.81 (m, 8H), 1.25 — 1.75 (m, 40H), 0.86 @H), 0.52 (s, 6H).

9Si NMR (120MHz, CDG, ppm):6 = -9.21.
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Synthesis of polymer 7

Monomer 6 (110mg, 0.153 mmol) was dissolved in ral5toluene. To the resulting solution
Grubbs 29 generation catalyst (10mg, 0.012 mmol) was ad@lkee.reaction mixture was stirred
for 72h at 78C. Completion of reaction was indicated B{*NMR (dissappearance of resonance
from vinyl-protons versus appearance of resonafroes vinylene-protons). The crude product
was purified by passing it through a short silied golumn with hexane and toluene as the
eluent. Yield 70%'H NMR (600MHz, CDC} ppm) s = 7.46 (s, br, 2H), 7.03 (s, br, 2H), 6.87
(s, br, 2H), 3.86 (m, 8H), 1.30 — 1.77 (m, 40HB4(m, 12H), 0.53 (s, br, 6H).

29Sj (120MHz, CDGY, ppm)s = -9.25.

Synthesis of polymer 7

Monomer 6 (55mg, 0.076 mmol) was dissolved in 1l5tatuene. To the resulting solution
Hoveyda-Grubbs"™ generation catalyst (4.6mg, 0.0071 mmol) was ad@ied reaction mixture
was stirred for 72h at ?G. Completion of reaction was indicated ¥+NMR (dissappearance
of resonance from vinyl-protons versus appearamgesmnances from vinylene-protons). The
crude product was purified by passing it througkhart silica gel column with hexane and
toluene as the eluent. Yield 68%1 NMR (600MHz, CDC}{ ppm)& = 7.46 (s, br, 2H), 7.03 (s,
br, 2H), 6.87 (s, br, 2H), 3.86 (m, 8H), 1.30 —71(ih, 40H), 0.84 (m, 12H), 0.53 (s, br, 6H)

9Sj (120MHz, CDCJ, ppm)3 = -9.25.
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