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ABSTRACT

Block copolymers by virtue of their ability to self assemble amdrophase-
separatiordue to the contrast in chemical and physical properties aowedently linked
blocks constitute the essential building blocks towards various nanoicoo Bized
architectures. Polyoxometalates (POM), on the other hand, beingeagstitig class of
metal-oxygen nanometer-sized anionic clusters, are regarded hightly thes excellent
electron accepting capability. Combining POM clusters with diblock copolyiwan lead
to a fascinating class of hybrid materials where the P@ister not only affect the self-
assembly process of various diblock copolymers but also brings fsieuiectronic
properties into the hybrid system. Herein we report the detalgthesis and
characterizations of two hybrid coil-coil diblock copolymers alariip two hybrid rod-
coil diblock copolymers through polymerization-hybridization approach. ddikecoll
diblocks were synthesized via atom transfer radial polymesizd ATRP) of styryl-type
monomers and 4-vinylpyridine in sequence. For rod-coil diblock copolyntegscoll
block was synthesized through ATRP, followed by the conversion of eiminal

bromide to an azide. Ethynyl terminated poly (p-phenylenevinyl@Yy) and poly (3-



hexylthiophene) (P3HT) were prepared separately as the rod bidoksod block and
the coil block were connected through click chemistry to vyield cad-diblock

copolymers. After removing the phthalimide protecting groups to regenaryl amines,
POM clusters were finally linked to the coil block of all diblodpolymers to yield the
targeted hybrid diblock copolymers. The covalent cluster attachmenhtcanfirmed by
UV-Vis spectroscopy, FTIR and cyclovoltammetry measurements. sthectures,
solution and film optical properties, self-assembled morphologies sarar cell

performances of these hybrids have been studied. It has been fatuadl#n cell devices
based on hybrid P3HT exhibited rather poor performances. Fluoresbgramaic studies
indicate that the photoinduced electron transfer process fronodhblock to pendant
POMs is quite inefficient which may account for the poor deviceopeance. Though
the self-assembly process of these hybrid diblock copolymers rendoreliminary
morphologies has been demonstrated, detailed and systematic stooyrpbiological

control requires further extensive research.

This abstract of 334 words is approved as to form and content.
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CHAPTER 1

INTRODUCTION
1.1. Block Copolymers

Block copolymers by virtue of their ability to self-assemBlelue to the
immiscibility of the covalently linked blocks and the contrastlwemical and physical
properties, constitute the essential building blocks of various nanamicro- sized
architectures. As the blocks are covalently linked to each datherdifficult for the
individual domains to grow that much larger than a typical blocktherigue to this
molecular size constraint microphase separation and microdomaiati@nnare natural
phenomenon in block copolymersHowever the orientation of these domains is not
always perfect. So controlling the self-assembly and orientatidiook copolymers is
an important research arena. Numerous experimental and theosaidials have been
devoted to the understanding of the phase separation of the simplestf chbick
copolymer i.e. fully flexible one or coil-coil diblock copolymer whehe molecular
shape closely matches Gaussian coil models. An unfavorable mindmgi@y and small
mixing entropy drives the self-assembly process. They can assdiverse
microseparated phases like spheres, gyroids, hexagons, vesitieders, lamellae, etc.
depending on the total degree of polymerization or N (entropy fatherFlory-Huggins
parameter or interaction enthalpgy @nd the volume fractions of the constituent blotks.
The strength of microphase separation of two blocks is proportioriakteegregation
parameteryN). Three separate regions are distinguished in the phasendidgpending

on the value ofyN: weak segregation limit (WSL) whegN < 10, intermediate



segregation region (ISR) when 1GMN < 50 and strong segregation limit (SSL) whédh

— oo. Most of the work has been done in the SSL region. The phase bourataries
vertical lines and the different morphologies can be alteredhlayging the volume
fraction of the blocks? The ordered system is predicted to become disordered or pass
through its order-disorder temperature (ODT) whBh< 10. Morphology can also be
adjusted by changing the chemical structure of constituent blalcksy with their
conformational properties and composition. Figure 1a shows the typicattpe phase
diagram for coil-coil diblock copolymer and 1b elucidates some eplseparated

geometries as function of relative block lengths.

Y L ls | | sl ' S: Sphere
o {1 | _ | - C:Cylinder
H c ' L c'
_ _ : _ G: Gyroid
2 40 — ! -
{\ V e - / L: Lamellae
cPs \ __..c.// cPS
Drs-urdamd

Figure 1. a) Predicted microphase separated self-assembled struciitecoil diblock
copolymers. b) Different geometries as a function of block lengths.
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Rod-coil diblock copolymers, on the other hand, are a fascinating afddock
copolymerswith hierarchical ordered structures at various length s€aldsere one of
the block has a persistence length of the order of the end-to-elmdcdisor greater
corresponding to the number of monomer units. The long persistendé ey be
formed either byu-helices in case of polypeptides or fyelectron delocalization over
multiple carbon atoms in the casemtonjugated systenisThe self-assembly of rod-
coil diblocks is fundamentally different from that of coil-coil daethe effect of chain
topology on conformational entropy and molecular packing geometriesrothblock
lacks the same conformational entropy as that of coil block whiclomigt limits its
ability to stretch to accommodate packing within self-assembiecttgre but also
prevents to gaining conformational entropy when dissolved in softifiba.introduction
of a rigid rod segment results in a disparity in stiffneswéen constituent blocks which
in turn increases thg value compared to the coil-coil diblockAnother phenomenon
competing with the phase separation during self-assembly is éradtibns between the
anisotropic rod blocksThe rigid rod block serves as a liquid crystal forming mesogen,
which may coexist with the microdomains during microphase sémardt addition to
the Flory-Huggins parameter and volume fraction of two blocks sinmlacoil-coil
systems, two other parameters contribute to the phase behaviod-obil diblock
copolymers. One is the Maier-Saupe paramesb¢rfd@r liquid crystalline interactions or

rod-rod steric repulsion while the other one is a geometriorfamtcounts for the
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conformational asymmetry between the rod and the coil bfSckise possible routes for
self-assembly of a rod-coil type diblock from an isotropic melrorsotropic solution is

illustrated in Figure 2.

A
Isotropic Solution
oDT
Microphase
separation
@ Tic_i (rod) T, (coil) a2
g 2
£ v ¢
2@ . . . . (=g
£ | | Liquid crystalline rod domains Glassy coil domains Homogeneous £
& | | with rubbery coil phase and isotropic rod phase lyotropic solution E'
T, (coil) Trc_i (rod)
Liquid crystalline rod domains Glassy coil domains and Microphase
with glassy coil phase liquid crystalline rod phase separation
v

Figure 2. Probable routes for the self-assembly of rod-coil diblock copolymers.

Different scenarios evolved on cooling an isotropic melt depending ogldise
transition temperature gJ of the coil block and the isotropization temperature () of

the rod block. The interplay between liquid crystalline ordewith extended crystalline
4



phases or higher order smectics and microphase separation rbegeemetrically
mismatched rods and coils coupled with multiple parameters for ghasacterizations
render complexity to its phase diagrahfor instance, seven different lamellar phases
(according to liquid crystal nomenclature, lamellar phase fecaids known as smectic
phase) namely monolayer smectic A (mbilayer Sm, bilayer smectic C (Sg),
smectic B, smectic E, smectic F and smectic Od)Simave been reported for rod-coil
DCP’s as opposed to the simple lamellar morphology of the cdiboei” Nevertheless,
unique morphologies exhibited on nanometer scale have been explditeddesign of
diverse functional systems with tailored optical and photonic prope@ies interesting
kind of functional system is the use of conjugated polymers as the rod segnreateaac
new class of self assembling electroactive materialshichwarious diblock copolymer
morphologies enables the one-, two-, or three dimensional confinemelgctbactive
regions'® These diblocks have emerged as efficient optoelectronic devives Iast
decade due to its flexibility towards attaching different fiomal units through chemical
linkage at the same time allowing the fine tuning of the opttrel@ic propertiesMutual
interactions of the rod-like mesogens to form the ordered phasesicentine
optoelectronic properties of these diblo¢ksontaining a conjugated hole-transporting
rod block and an electron transporting block. Donor-acceptor block copywhich
exhibit optimized orientation and ordering of the phase separated micodom@re
potential efficient photovoltaic materidf¥.Control of the interfacial structure and

morphology on the exciton diffusion length scale (10 nm) is critmattHe optimization



of device performances. Rod-coil diblock copolymers have been extgnased for

such applications.

1.2. Polyoxometalates (POM) and their Functionalization

The early transition metals like V, Nb, Ta, Mo, and W in theghbr oxidation
states are capable of forming metal-oxygen cluster anions &wheotommonly known as
polyoxoanions or polyoxometalates (PONI¥* These are characterized by an intriguing
variety of architectures and topologies with applications in ysfalbiology, medicine,
magnetism, materials science, optics and nanoscténiieey are actually oligomeric
aggregations of metal cations (mostfyspecies) bridged by oxide anions formed by self-
assembly precessés.

POMs can be classified as two major categories: i) isopolyaréoms ii)
heteropolyanions. The isopolyanions contain tflemetal cations with oxide anions
having the general formula of [MDo]®. The heteropolyanions as the name suggests
contain one or more heteroatoms in addition to fheetal cations and oxide anions and
have the general formula of {M,Oo] 9. M is molybdenum or tungsten, less commonly
vanadium, niobium and tantalum whereas X could Be B, B" v and others. Based
on the shapes and symmetries, POMs can be classified mtmagor categories:
Lindqvist, Keggin, Dawson, Anderson, Waugh and Silvettdt’ Figure 3 shows the
structures of some important isopolyanitifis®while some heteropolyanion structures

are shown in Figure 2%



-Mo:0,* Mo.O,. ] 40
B-MogOs6 [M.O,,]> M= Mo, W [MogOs¢],

[Mog 0,1,

[V10025] & [HyW,04,] 1

Figure 3. Some important isopolyanion structures.



[XM,040]™

[XoM 50, ]™

[XMgOyp4]™

Figure 4. Some heteropolyanion structures.

The POM structures are formed by MOctahedra that share points, edges or
faces. Each octahedron represents a metal atom in the cerdgetabédron and each
corner represents an oxygen atom in the structure. The oxygen etwmmserve as
bridging ligands besides terminal ligands. Heteropolyanions haweaténeteroatoms
which are tetrahedrally coordinated for Keggin and Dawson stasctuhereas for

Anderson structures the central heteroatom is octahedrallginated. Considering the
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possibility of different atoms that can be incorporated into POMs and thgamants of
those atoms, the number of POMs is very large. In general thestable towards 40",
and numerous crystalline heteropoly acids are known.

One interesting feature of POMs is their rapid and reversédexr processes
which are easily achievable if each Mwtahedron possesses only one terminal oxygen
atom. As the added electron enters the non-bonding orbital of M, noeclarpnd
length is observed. This is applied to Keggin (%0, Dawson (%M150e2),
hexametalate (WD,g), decatungstate (WOs32) and related structures. These are strong
oxidizing agents which undergo multiple reversible one-two-electunct®ns leading
to intense colored (mostly blue) mixed-valence species known a®paieblues®
Some of them can accommodate as many as 32 electrons without straural
changes. If the Mpoctahedron has two cis-terminal oxygen atoms as in the case of
Anderson structure, XM®-,4, the extra electron enters the anti-bonding orbital resulting
in large structural variation. These are either inactivexbibd irreversible reduction in
cyclic voltammetry (CV) spectra. This sharp contrast in riédlitg can be rationalized
on the basis of individual Mamctahedron electronic structures, hinting that the bonding
in POMs is not extensively delocalized compared to organic aromatic sy&fems

One of the prototype of the Lindqvist type metal-oxygen clusterthes
hexametalates, [(M®19) ", when n = 2, M= Mo or W; when n = 8, M= Nb or Ta] along
with variety of mixed-metal analogues. Because of their patemafplications in

electrochemistry, analytical chemistry, photocatalytic reastand optoelectronic fields,



significant effort has been devoted in the experimental invesingabf these isopoly

oxometalates. The structure is shown in Figure 5.

Mo-0, : 1.68A
Mo-Oy,: 1.93 A

Mo-O,: 2.32A

3.0A

Figure 5. Structure of the hexamolybdate anion.

The structure consists of a central oxygen atom) (&ound which six
molybdenum atoms are arranged in an octahedral fashion. Each molybdéomm
carries one terminal oxygen atom{(@nd shares additional four, —oxygen atoms
(bridge oxygen, ¢ with adjacent molybdenum atoms. Overall symmetry of the syste
approaches approximately,Ot can be assumed that the structure contains mutually

perpendicular M (u-O), planar rings. The short M.Qlistances point to the possible
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existence of (d-pyx conjugation effectd? The mean bond lengths are as follows: Mo-O

1.68A, Mo-Q, 1.93A and Mo-Q 2.32A. The size of hexamolybdate is\&omparable to

fullerene Go (7.1 A).% In Pope’s classificatiof?. this is a type-I polyanion, i.e., each

metal center only has one terminal oxo ligand. The bonding of theobahedron unit,

consisting of one terminal triple bonds, four bridging single bondsoae weak internal

single bond, is the basis of qualitative understanding of the electronic strdétures.

Hexamolybdates undergo reversible one electron reductigh XE830 mV)

without any loss of stability’* The very small changes of the bond distances before and

after reduction ensure the similar stability even afterceoin. Table 1 shows the Mo-O

bond distances before and after reduction.

Table 1. Mo-O bond distance’)(of [(M0ogO10)*]

Molecule Mo-Q Mo-O, | Mo-G
Before reduction| [(Mg019)*]° 2.32 1.93 1.68
[(M0cO19)"]° | 2.32 1.93 1.71
After reduction | [(M@O19)°]° 2.33 1.93 1.73

(a) experimental results (b) calculated results
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Table 2 shows the calculated charge distribution of hexamolybdate laefiore
and after reduction which reveals that the negative charges aerd atittron in the

reduction are distributed over all types of atdfhs.

Table 2. Calculated charges of [(Miqg)z]

Molecule Mo Q Gy Oc

Before reduction| [(MgD10)*] |2.19 -0.66 | -0.83 | -1.19

After reduction | [(M@Ow)®] |2.11 -0.72 | -0.85 | -1.18

Polyoxometalates, among various metal-oxygen clusters, aretigdraot only
because of their structural versatility and rich optoelectrproperties but also because
of their discrete molecular structures which allow surface tionalization in a
controlled and rational way. This nanometer sized, spherical anionic clusters are
regarded highly due to their excellent electron acceptipglahbty similar to fullerene
but at a much lower cost. Their molecular identity is maintalpogld in solid state and in
solutions. Over the years there has been increasing interest in the ghefrosganically
derived POMS®® Among the many organic derivatives, organoimido derivatives have

attracted particular attention as the orgarnmectrons can extend their conjugation into
12



the inorganic framework resulting in strongndinteractions. In addition to that
organoimido derivatives of POMs with a remote functional group can loeasdeuilding
blocks to generate complicated POM-organic hybfits.

In organoimido derivatives majority of the work has been centered on
hexamolybdate ion, (M@®10)*> where the terminal oxygen atoms can be replaced by
various organic species or ligands like nitrd8yl, diazenido, hydrazid®,

1%° and imino ligand$®® 2+*%%%For organoimido derivatives,

organometalli¢® diazoalky
three types of reactions have been developed so far. All thi@®reschemes are shown
in Figure 6.

The first reaction (eq. 1), which was discovered by Matta,lgtinolves the
reaction of phosphinimines with hexamolybdate. It demonstrates thect dir
functionalization of parent clust&t.! The second one (eq. 2), which was reported by
Errington and Matta, et. al., involves the reaction of hexamolybdate watious
isocyanates. The reaction is required to run in strictly anhydrondition at higher
temperature for prolonged tim&:?**2**The third method (eq. 3), reported by Errington,

et. al., involves the reaction of aromatic diamines with hexamolyladid& sh conditions

but unfortunately no pure imidoderivative has been isof4t&.
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_ ”
[MogO10]* + Ph3P=N©— % [MogO1g (NCqH,CH)>  eq. |

N
PhsP=0

pyridine 5.
MogO9]> +  ArNCO = [MogO19.x (NADK]™ + CO,  eq.2
[MogOro] 110 °C, 2-13 days OO X 2 ™

PhCN, EN

[MogO1s (NADI® + H,0  eq.3
150 °C

[MogO19]* + NH,—Ar—NH,

Figure 6. Three reaction schemes of organoimido derivatives.

All these above mentioned reactions require harsh conditions includihgr hig
temperatures and prolonged reaction times. But it has been demahstaatly that
one equivalent of dicyclohexylcarbodiimide (DCC) can facilitatertdaetion of variety
of aromatic amines with hexamolybdate under refluxing acetenfiriThe enhancement
of the rate of reaction is most likely due to the activation ofMieeO; bond, similar to
activating effect on the carbonyl group in the synthesis of €Sfeffigure 7 shows the
revised synthetic scheme of the reaction. All these derivatiaes a short Mo-N bond

length (~ 1.7A) with near linear Mo-N-C bond length (>170°).
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DCC, CH;CN

[MogO10]” + Ar-NH, > [MogO1s(NAr)]*

reflux

Figure 7. Reaction of hexamolybdate with aromatic amine in presence of DCC.

The X-ray crystal structures of three different imido denxesti from three
different aromatic amines namely, a) 2,6-dimethyl-4-iodoaniline 2 6}dimethyl-4-

ethynylaniline and c) 4-(N,N-diethyl) aminoaniline are shown in Figure

Figure 8. X-ray crystal structures of three j@as(MoNAr)]% anions. a) Ar = 2,6-
dimethyl-4-iodophenyl, b) Ar = 2,6-dimethyl-4-ethynylphenyl, c) Ar =
4-(N,N-diethyl) aminophenyl.
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1.3. POM Containing Block Copolymers

Research on block copolymers has evolved from all organic systetne early
years to hybrid systems lately.In particular metal-containing diblock copolymers
(DCPs’) have been actively pursued in recent years. The inatigrorof metals into
block copolymers not only affects the self-assembly process, loubiatgys about novel
physical and chemical properties. For example, Manners has studatety of DCP’s
with one block containing ferrocen&Chan,*® Schuberf® and others* have explored
DCP’s containing transition metal complexes. While these state®xemplary, they
include only discrete mononuclear metal centers and most of thEsnietve been
introduced as coordination complexes. Block copolymers containing metgén
clusters especially POM has not been reported. A great detibdfhas been devoted in
developing covalently bonded POM containing organic-inorganic hyffffisamong
which a few examples involve POM-containing polynférslajority of research has
been limited to composite materials where POM clusters iéiner eembedded in a
polymer matrix*? or sandwiched between cationic polymers through layer by layer
assembly? Since Judeinstein reported the first POM-polymer hyliiagreasing efforts
have been devoted to develop variety of approaches to develop a uniqumatsriis.
After Judeinstein, Lalot came up with the idea of malpotymer-POM cross linked
network$§>and later on Stein with the functionalization of POM with sifft®olystyrene

having POM pendants by Matfeand POM containing polymer formed by metal-ligand
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coordination have also been report®d While most POM-containing polymers are
based on an insulating polymer backbone, Peng, et. al. reported botbhaiairand side
chain POM-containing conjugated polymers as shown in Figure 9 ngilthe imido
functionalization and demonstrated that POM clusters as electtoaptars, in
conjunction with organiczn-conjugated segments as electron donors, may find
applications as novel photovoltaic (PV) materfai$he functionalized imido-derivatives
can be realized as the bedrock for rational synthesis of nowdtdt@anic hybrids. Such
hybrid materials not only combine the advantages of organic majesiath as ease in
processing and structural fine-tuning, but the close interacti@ngaiic delocalizeat-
electrons with the cluster d-electrons may bring exciting rgystec effects. While all
these developments are exciting, research on covalently bonded POM-ordpmius age
still in the stage of focusing on their primary structures. Mowgdioal control or

ordering on such hybrid materials is an uncharted territory which needs tedsedtr

1.4. Objectives
The objectives of this research account are to develop synthetioaapps for the
preparation of block copolymers containing POM clusters, study #ed-assembly
processes leading to phase-separated nanostructures and explagptications as new
photovoltaic materials. POM clusters not only bring their rich edebemical and

photophysical properties into block copolymers, but also by virtueeaf inique shape,
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nanometer or near nanometer size and anionic nature impact sigtyficand
unprecedentedly the self-assembly processes of block copolymadsd to possibly
new morphologies. It should be emphasized that POM clusters astmmy another
different structural unit which can be incorporated into block copolymers, theyianee
in their nanometer size and anionic nature. Introducing a nanomegestsiztural unit
into a block copolymer has been shown to be an attractive approacHize teaque
domain structures. For example, block copolymers containing polyheligaimeric
silsesquioxane (POSS) (1.5 nm diameter) have been sfiidied.aggregation tendency
of POSS coupled with the self-organization of polymer blocks cait reshierarchically
ordered hybrid structures such as hexagonally packed micropoeplphse-separated
nanodomain&? Block copolymers containing ionic pendants constitute another important
class of materials-polyelectrolyte block copolymers. A tremendousunt of work has
been devoted to study their micellar structures in soluffofike repulsive interactions
between pendant ions tend to stretch the polyelectrolyte ch&imsaking them
rodlike®® In addition, the polyelectrolyte block allows the modification or mran the
self-assembly process through counter ions or another polyej¢etoalrrying opposite
charge$°*®®POM clusters, being ionic and with nanometer size, are expectegpact
the self-assembly of diblock copolymers in an unprecedented way. pEedic aim
would be at preparing two different diblock copolymers: one contieriblke blocks or
coil-coil diblock while the other one is rod-coil one. Realizing tigither POM clusters,
nor any charged nanoparticles have ever been covalently linkedloxzlacopolymer,

synthesizing such hybrid diblock copolymers and studying their se#frably process
18



would be a conceptual advance in true sense. In addition to seek a thorough
understanding of how POM clusters affect the self-assemblggsad both coil-coil and
rod-coil diblocks, we are curious to find out how POM clusters wiin eiectrochemical
and photophysical properties can lead to functional rod-coil diblock copodyrit has
already been demonstrated as shown in Figure 9 that hybrid polpaszd on POM
clusters and organig-conjugates exhibit efficient photoinduced charge separation. The
limited charge transporting properties of such polymers howewer linadered their PV
performances. Since electrons transport through hopping among POMr<ludile
holes transport through aggregated conjugated segments, a polgtesn syhich can
segregate the two structural components may be able to providephrate domains for
different charge transpotf.A rod-coil donor-acceptor type diblock copolymer with POM
attached to the coil block can be considered as a potential candidsiketh applications.
The strong mutual interactions of liquid crystalline rod blocks, mostendedsn-
conjugated systems, not only drive the formation of highly ordered ghastealso result
in enhanced optoelectronic properties. Thus the motivation to such hyakidoil
diblock copolymers are two fold: to study their complex phase behawbcantrol the
hierarchical orders and to explore such hybrids as photovoltaiciataterhough the
self-assembly process of these hybrid diblock copolymers airdutiigue morphologies
has been demonstrated, detailed and systematic study of morpHobogitral requires
extensive research. This account primarily focuses on the synshetiegies to develop
these hybrid diblock copolymers and their characterizations tbliektéhe fundamental

concept of metal cluster containing block copolymers.
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Figure 9. Conjugated polymers containing POM cluster a) Main chain R@diging
conjugated polymer b) Side chain POM containing conjugated polymer
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1.5. Synthetic Approaches

With these considerations in mind, we have set out to syntheswelifferent
types of coil-coil DCP with POM clusters linked to one of thel tdock and two
different types of rod-coil DCP with POM clusters linkedhe toil block. Atom transfer
radical polymerization (ATRP), the most robust and widely appliedralbed radical
polymerization technique, was used to synthesize the flexiblédlomiks. Polymer with
narrow molecular weight distribution was the product and used asc@imbator by
retaining the end functional Br- group for subsequent polymerizatiothef monomers.
These polymer hybrids can be realized, in principle, by two difterschematic
pathways: the polymerization-hybridization (polymerization firapproach and the
hybridization-polymerization (hybridization) approach. The approaafesemonstrated
in Scheme 1a for coil-coil hybrid diblock and in Scheme 1b forcabhybrid diblock
copolymers. The first route involves the synthesis of precursor #ilslmoolymers with
functional amine pendants on one block followed by the covalent linkades (?®M
cluster. The second route initiates with the synthesis of hyboicomers, which are in
turn used directly for polymerization. Both the avenues enjoy salvantages at the
same time inflict with some serious drawbacks. The former apprbas better control
over the degree of polymerization of each block with the flexybibt synthesizing
polymer hybrids with varying clusters. There may be, howeveagkadf control over the
extent of cluster attachment. The latter approach while ensuongplete cluster
functionalization on the coil block, demands the development of new chentlstry

living polymerization method of POM containing monomers has yet teb®nstrated
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though living polymerization of styrene monomer using trivanadium isutest
polytungstate type POM initiator has been repotté@hough we have made efforts on
both fronts concomitantly, our major focus was concentrated on expltrendirst
approach. For comparison purposes, the investigation of the second apprghachemi
interesting, but only for the synthesis of coil-coil diblock copolymers.

Both the coil-coil DCPs and the rod-coil DCPs utilized one commamlock which
was polymerized from amine-protected styryl-type monomer viRRATnethod. This
polymer was utilized as a macroinitiator to either polymetlz same block or 4-
vinylpyridine monomer (4-VP) to form the second coil block. The viyiytine-based
coil-coil diblock copolymer exhibits pH-dependent morphologies. Undéerdrit pH,
the vinylpyridyl ring will be protonated to different extents, ahds modulating the
interactions between the two blocks. A gradual transition fromassémbled domain
structures to one homogenous phase is expected when the pH idloA@rall these
coil-coil DCPs the amine protected styryl type functionalimezhomer is an important
precursor and its polymerization via ATRP plays a significal® Thus optimization of
the ATRP conditions for this functionalized monomer is necessaryh&aod-coil DCP,
two different rod blocks namely poly(phenylene vinylene) (PPV) aqoady(3-
hexylthiophene) (P3HT) have been chosen as they are among the xterstively
studied conjugated polymers which show most promise in various moletd&omric
devices. In the following chapter, besides optimizing the ATREti@n conditions for
the polymerization of amine protected styryl type functionalizedamer, the ATRP of

POM cluster containing styryl type monomer was also demonstrated.
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a) Polymerization-Hybridization

'

'ﬁwiM
@W

Hybridization-Polymerization

& = coil monomer ® =POM
& = coil monomer : = hybrid monomer

b) Polymerization-Hybridization
>
8 - Qqa®%Q — qo®*%e snums

PN = pigdd e

Hybridization-Polymerization

& = coil monomer @ =pPOM
B = rod monomer : = hybrid monomer

Scheme 1. Two synthetic routes each for a) coil-coil hybrid diblock copolymer and b)
rod-coil hybrid diblock copolymer.
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CHAPTER 2

ATOM TRANSFER RADICAL POLYMERIZATION OF FUNCTIONALIZED

MONOMERS

2.1. Living Polymerization Method: ATRP

Free-radical polymerization is one of the major commercial gesse for the
production of high molecular weight polymers due to its versaiiitpolymerizing a
wide variety of monomers using simple experimental condifibnslevertheless
uncontrolled molecular weights combined with high polydispersities preteat
synthesis of well-defined polymers with narrow molecular weigjbtributions, high
degree of chain-end functionalization and complex architectiifé®reover the short
lifetime of the propagating chain radicals restricts any kihdynthetic maneuver, end-
functionalization or block copolymer synthesis. Over the last fewadks living
polymerization methods have been able to succeed tremendously wadscbtherwise
unthinkable with conventional polymerization meth&43hough living anionic’* and
cationic "® polymerization techniques have been instrumental in realizing numerous
polymeric materials, their success story is somewhat dampepethdr severe
drawbacks in the limited choice of monomers and solvents, intolerancariefy of
functional groups and sensitivity towards moisture and carbon dioxide. Vampment
of controlled/living radical polymerization (CRP) over the last tlagades has paved the
way for the successful synthesis of various polymers and copaymih precise
composition, topology and functionality’ The rapid growth of CRP is the combination

of the achievements of conventional free radical polymerizatiomadsttowards the
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polymerization of various monomers along with their tolerance oetyaof functional
groups and the distinct features of ionic living polymerizationhout of controlling
molecular weight and chain-end functionalization. Despite the inevitdiffesion

controlled termination reactions e.g. bimolecular radical couplingdemptoportionation
reactions, the minimal influence of these detrimental reactions tigorfinal product
make CRP methods a powerful tool to craft a host of unique matérisisthe different

CRP methods are based on the rapid dynamic equilibration betwesmsaue amount
of growing free radical chains or the active species and a Emgmunt of various
dormant species.

One such CRP method which stands out among its peers is atorertraastal
polymerization (ATRP) metho& where the control is achieved through the dynamic
equilibrium between propagating radicals and dormant halide-capped cdRaihs
established with the help of a transition metal catalyst. Therge mechanism® for

ATRP is shown in Scheme 2.

k
R-X +MVLigand <—=_ R+ X-M""/Ligand

kg @ )

R-X: Alkyl halide initiator kp it
M{" : Transition metal catalyst ' .
M : Monomer A

R-R

R :radical chain

k, - @ activation rate constant
kq :deactivation rate constant
k, :propagation rate constant
ki :termination rate constant

Scheme : General Mechanism of ATF



2. 2. General Mechanistic Description of ATRP

Homolytic cleavage of an alkyl halide (R-X) initiator (dormapecies) and a
one-electron oxidation process catalyzed by a transition metapleomactivator
(M{"/Ligand: copper halide in presence of amine ligands) with conconaitestitaction of
halogen atom from dormant species generates the radical and thedxgladion metal
complex deactivator (M/Ligand)’ This process occurs with an activation rate constant
of ko.The radical can then propagates by the subsequent addition of mononvatH(d)
propagation rate constant gf &nd terminates with another radical to form dead chain (R-
R) or reversibly deactivated with a rate constantydfykthe deactivator to get back the
dormant chain. A very few polymer chains terminate during theaalinishort,
nonstationary stage of polymerization. This initial terminatiorgestgenerates the
oxidized metal complex or the deactivator as persistent radtoalminimize the
stationary concentration of growing radicals and thereby lowehadermination event.
The dynamic equilibrium between activation and deactivation stepasrrelated to the
equilibrium constant @) by the ratio of kky. Each termination results in decrease in
concentration of radicals with increase in deactivator concentratibha sufficiently
high concentration of deactivator is formed to lower the raterofimation. This self-
adjustment process during the initial stages of polymerizatioallisd ‘persistent radical
effect’ (PRE)’® Due to this effect the equilibrium between the activation and iglation
steps is shifted strongly towards the dormant species so tkat lg. In addition, fast
deactivation of the active species in comparison to propagation ettseirgowth of all

polymer chains at the same rate with a controlled or living behdViln systems like
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ATRP obeying the PRE, steady state of growing radicals @ah i@ue to the activation-
deactivation process, rather than the initiation-termination procdsserved in

conventional free radical polymerizations.

2.3. Kinetics of ATRP

The rate of polymerization in ATRP is dictated by the ratioaofivator to

deactivator concentration according to €4.1.

Ry =kp [M] [R'] =k, [Mlkeq [R-X] (IM{VLY/ [XM*'/L])

keq = Ka/kg cq. 1

ATRP follows first-order kinetics with respect to monomer, itotiaand activator
but negative first-order kinetics with respect to deactiitdhe polymerization rate
increases with initiator concentration and depends on the ratictiehtad/deactivator
concentrations. So in principle, the absolute amount of catalyst coate@mtcan be
reduced without altering the rate of polymerization. Deactivetmcentration plays a
crucial role in adjusting the rate of polymerization and the polydiiyeof the final
polymer. Equation 2 shows how the polydispersity decreases with theasimgy
conversion rate, where p is the degree of conversion. This equatiohabtéywell when
the initiator is fully consumed and the degree of polymerization is very high. Ggkeawv
Poisson term (1/Df needs to be included in the equation wherg BRhe degree of
polymerization. At the same time PD should be lowep/dcatio is small, which means

that faster deactivation of growing polymer chains resultowet PD. Polydispersity
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should also decrease with increasing deactivator concentratidre atost of slower

polymerization rate¥’

_ _ [RX]okp\( 2
PDMW/M,,1+<WP><F 1>

Another significant conclusion which can be derived from eq.2 is thaidllydispersity

eq. 2

increases for the shorter chain lengths or lower molecular weiglyters (higher
initiator concentration) as RQHs the ratio of the monomer concentration to initiator

concentration derived from eq. 3.

[o] eq. 3
Deactivation rate constantgjlkdepends on a number of factors including transition metal,
ligand and the lability of the X-M bond in the deactivator. The control of molecular
weight is based on the fast initiation and deactivation allowihghal chains to grow

almost the same time and maintaining a low concentration of radicals.

2.4. Individual Components of ATRP
ATRP is a multicomponent system comprises of monomer, an anitigith a
transferable halogen atom, a transition metal catalyst with a suitdoel |
Different types of monomers have been used including styfémerylates,™?
acrylamides® and acrylonitril&, etc. Each monomer possesses a unicgseusing the

same catalyst system for its active and dormant spediehwn turn determines the
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polymerization rate. Each monomer has its own propagation rate. Sanadbaeeds to
be maintained between the concentration of radicals and rate aivddac to control
the rate of polymerization.

Fast initiation is a prerequisite for controlled ATRP reactidieir major role is
to determine the number of polymer chains. Generally alkyl halRie§ with activating
a-substituents such as carbonyl or aryl are the best choiae iagiator. Another basic
criterion of an initiator is that the halide group, X, must migsaectively between
radical chain and transition metal complex and so far, bromine orirehlproduces the
best control over molecular weigfit.

Arguably the most important component is the catalyst-ligand c¢w@tibn as it
determines the position of the atom transfer equilibrium step. $daetars need to be
taken into account while choosing an efficient transition metalysata.g. the metal
must possess two readily accessible oxidation states, highyatomiards halogen, and
easily tunable activation rate constants for specific monomées.nietal should form
strong complexes with ligand and can rearrange and expand coordingliere <o
accommodate incoming halogens, 8fcCopper catalysts are found to be the most
reactive catalyst systems besides being versatile anaétessisivé’ The equilibrium
constants should be so adjusted to avoid any type of side reactiotiselikater-sphere
electron transfer process or reduction/oxidation of radicals. ly@lataactivity and
selectivity mainly depends on ligands. Ligands are the key playadjusting the redox
potential of the metal for appropriate reactivity along with sdikibg the metal saft®

These ligands should not be involved in any sort of side reactions su@hHas
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abstraction. Primarily nitrogen-based ligands are used in copgmiated ATRP? Due
to the unsuitable electronic effects and unfavorable binding consalits, oxygen and
phosphorous based ligands are avoided. For copper based systems ratdtitignoigen
ligands are used instead of monodentate ones as these ligandfainbte controlled
ATRP. Electronic and steric effects have profound influence on tadyta activity.
Strong electron withdrawing substituents on ligand and large &tedcance around the
metal center diminish the catalytic efficiency. Bridged yxlic systems are better than
linear analogues. The activity of nitrogen based ligands desedth fewer number of
coordinating N sites and higher number of linking carbon atomietween the N
coordinating sites. So the general order of activities of thgseds are as follows:
teradentate (cyclic-bridged) > tertadentate (branched)radesttate (cyclic) > tridentate
> tetradentate (linear) > bidentate. The nature of the N atoraggal too and the order is
pyridine> aliphatic amine > imine. Some of the structures of ligandskayen in Figure

10.
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PMDETA: N, N, N, N”, N"’-pentamethyldiethylenetriamine
Me6TREN: Tris [2-(dimethylamino) ethyl] amine
TPMA: Tris (2-pyridylmethyl) amine

Cyclam-B: 4, 11-dimethyl-1, 4, 8, 11-tetraazabicyclo [6.6.2] hexadecane

Figure 10. Structures of different nitrogen based ligands.

According to the redox potentials of the Cu (I) and Cu (Il) complexes with these
amine ligands, enhanced catalyst activity is found with morecnegluproperty. The
higher the reduction potential, the higher the activity of thalysttis® The reactivity
order of the ligands shown in Figure 10 is as follows: bipyridifdDETA < TPMA <

Me6TREN < Cyclam-B.

2.5. Optimization of ATRP Reaction Conditions
The most commonly used ATRP catalysts and ligand combinationseatauBr-
PMDETA ligand systeni: CuBr is the choice of catalyst over other copper halides e.g.
CuCl as the halide exchange between the catalyst and polymerectthis faster in the

bromo system due to the labile C-Br bdfAdHowever chain transfer/termination
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processes for R-Br/CuBr systems exist which reduce the mafteadights at higher
conversion and increase polydispersity. One of the major drawbadkSR® with the
aliphatic amine ligands are their participation of various sideti@ns. In the course of
reaction potentially active bromo terminated macromolecules carobgerted to
inactive macromolecules due to a possible chain transfer reaztibese aliphatic amine
ligands. In addition, the amine ligands can react with the alkiddsaby a nucleophilic
substitution reactio® Another side reaction is the elimination reaction via an outer-
sphere electron transfer (OSET) process induced by the Cspétjes in the reaction
system. In the OSET process the growing chain radicalexaleed to carbocations by
Cu (ll) species followed by the loss of HX as shown in Figur&* One can predict the
likelihood of the OSET process by considering the rguiggntial of the transition metal
complexes and their halogenophilicitfdsAs a result well defined end functionalized
polymer is difficult to obtain owing to these detrimental sidecttems. Post-
polymerization modification of end functional groups or diblock copolymeandtion
requires the end functional group to remain active. So there mudirédesoff between

synthesis of higher molecular weight polymers and retention of active chain ends.
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H

Figure 11. Possible mechanism of elimination by deactivator

Solvent also plays an important role in ATRP reactions. Choice wérdsl is
governed by multiple factors e.g. chain transfer to solvent, ssigoty halogen ligands,
etc. Polar solvents offer good control on the polymerization by solgilihe catalyst
complex as a homogenous catalyst system enhances the rateymenmdtion and
reduces the polydispersity. Polar solvents, however have drasticalyerate the above
mentioned elimination side reactions, as W&INon-polar solvents, though exert little
effect on those elimination reactions, decrease the solubilitgopper complexes
especially Cu (I) complexes and reduce the polymerization raAlthough ATRP

performs in a similar fashion whether or not the catalyst isbémlas the catalyst is not
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bound to the growing chain, heterogeneous medium tends to result in higher
polydispersity due to the lower concentration of Cu (ll) and the esladeactivation
process. In essence to obtain polymers with high end functionality fot- pos
polymerization modification, a thorough understanding of the reaction dsnési

essential.

2.6. Design of Functionalized Monomers

In order to realize post polymerization functionalization and to aectsuilding
blocks for hybrid diblock copolymers through polymerization-hybridizaagproach,
polymerization of an amine-protected styryl type monomer through PATRS been
designed. The structure of the monomer is given in Figure 12a. Time gmaup after
deprotection of the phthalimide group and the chain end functional group wouddaser
handles for post polymerization reactions. If the active chain enddoabty is retained
for all polymers, it can be utilized to prepare block copolymArgolyoxometalate
cluster- containing styryl type monomer shown in Figure 12b has also been deSigned.
direct ATRP of this monomer may lead to the cluster-containing amkbh one step. In
addition, it will facilitate in constructing hybrid diblock copolymers with corteotduster
functionalization of all repeating units. The synthesis of POM aunta monomer and
its polymerization via ATRP for the development of hybrid diblock cgpel through
hybridization-polymerization (hybridization first) approach wite discussed first

followed by the synthesis and ATRP of amine-protected styryl tgpaomer for the
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construction of hybrid diblock through polymerization-hybridization (polyration

first) approach.

a) b) X
oN_o ]
(MogO1g)(nBusN),
3
6

Figure 12. Structure of monomers for ATRP: a) amine protected styryirtgpemer
(6) and b) POM containing styryl type monomer (3)

2.7. Results and Discussion: Synthesis of the Colil Block using Hybridization-
Polymerization Method
2.7.1. Synthesis of POM Containing Monomer and its ATRP Process
In this method a POM functionalized hybrid monomer is synthesizet, fir
followed by its polymerization via ATRP to realize the coil Blothe synthetic scheme

for the preparation of POM containing hybrid monomer is shown in Scheme 3.
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Scheme 3. Synthesis of POM containing monomer

The POM containing monomer 3 was synthesized in two steps via imido
functionalization reaction of 4-iodo-2, 6-dimethylaniline (1) with thexamolybdate
cluster in the presence of DCC followed by the Stille coupleartion. Realizing the
synthetic challenge of converting the iodo functional group to vingugrby Stille
coupling reaction in the presence of free amines, the free ammérat capped with the
molybdenum cluster by imido functionalization reaction according tdtesature
procedure to produce compound 2 in high yields. Compound 2 was then reacted with
tributyl vinyltin in the presence of Pd (0) catalyst under standitille coupling
conditions to give monomer 3 with a 75% yield. It was observed tedigdkamolybdate
moiety in compound 2 accelerated the coupling reaction presumably the eétectron

withdrawing nature of the Ma\ which activates the aryliodo group.
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A mixture containing monomer 3 and styrene was then subjected td® ATR
polymerization as shown on Scheme 4. Homopolymerization of the monomes 3
difficult to achieve due to the steric bulkness of the repeatirtgandithe perceived poor
solubility of the resulting polymer. The ATRP of the monomer mixtuss warried out in
DMF with the CuBr-PMDETA catalyst ligand combination at 110%a€ 12 h. The
reaction mixture after diluting with THF was passed through aaealtimina column to
get rid of the catalyst. Upon evaporation of the solvent, the cprdduct was
precipitated out of methanol. The NMR spectra identified the produa {polystyrene.
No signal corresponding to the cluster containing polymer was obsertieel NMR. So,
in order to investigate whether the cluster-containing monomer inddwchgrized, the
alumina column was again eluted with DMF solvent. The eluted DMEisnlwas little
cloudy. The solution was distilled off and the resulting solid wasipitated out from
methanol. The resulting polymer which was believed to be compound 4owgndetely
insoluble in any solvent. So it was difficult to characterizeltitseemed the ATRP
reaction occurred but due to the insoluble nature of the polymeragt difficult to
proceed further with it. Realizing the need for additional erpents we shifted our
focus toward the second approach of making hybrid diblock copolymer i.e.

polymerization-hybridization (polymerization first) method.
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Scheme 4. ATRP of POM containing monomer.

2.7.2. Structural Characterization of POM Containing Monomer
'H NMR spectra (CDG| 400 MHz) of compound 2 and 3 are illustrated in Figure
13. All the '"H NMR peaks can be assigned to the products. The vinyl protons in
compound 3 at 5.27, 5.75 and 6.71 ppm are observed. The aromatic proton gjgahl (si

f) is shifted upfield by 1 ppm in compound 3 compared to 2.
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Figure 13 H NMR spectra (CDG| 400 MHz) of 2 (top) and 3 (bottom).

2.8. Synthesis of the Coil block using Polymerization-Hybridization Approach
2.8.1. Synthesis of Amine-Protected Styryl Type Monomer

The synthetic approach is shown in Scheme 5.
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Scheme 5. The synthetic scheme of monomer 6.

Benzyltriethylammonium dichloroiodate was synthesized accordiaditerature
method and was used for the iodination of 2, 6-dimethylanifif@lowed by protection
of the free amine group using phthalic anhydride to give compodhBrtection of the
arylamine group is needed as the free amine group can act as a ligand anmtwoiith
the copper catalyst, thus interfering the ATRP process. Stillpling reaction of 5 with

tributyl vinyltin afforded the monomer 6 in 60 % yield.

2.8.2. Structural Characterization
The structures of the intermediates and monomer were confirmet ¥WR and
3C NMR. The'H NMR (CDCk, 400 MHz) spectrum andC NMR (CDCE, 400 MHz)

spectrum of monomer 6 are depicted in Figure 14 and 15 respectively.
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The proton peaks around 5.27 ppm, 5.75 ppm and 6.67 ppm are corresponding to
vinyl protons. Three distinct aromatic peaks are observed whepe#kearound 7.21 is
due to the aromatic ring attached to the vinyl group. Two other peakadi7.79 and
7.95 ppm are attributed to the phthalimide aromatic protons. The domingnpaton

signal at 2.03 ppm is assigned to the two phenyl-bonding methyl groups.
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2.9. Synthesis of Polymer via ATRP
The reaction path for the polymerization of the monomer 6 through ASRP i
shown in Scheme 6. CuBr was used as the catalyst and PMDERA Bgand. Methyl-
2-bromopropionate was employed as the initiator. The polymers wecgitated out

from methanol several times.

o O
Br
\O)‘\(BI" H3CO n

CuBr, PMDETA
O?NgO o_N_o

PS-Br

Scheme 6. ATRP of monomer 6.

2.10. Optimization of ATRP Conditions through NMR Analysis
To explore the optimized conditions under which the resulting polymizis tae
end-functional group, monomer 6 was polymerized via ATRP under varied ioosdit
The three parameters which have been altered are temperatugat sold stoichiometric
ratio of the reactants. The list of different temperatu@sesats and stoichiometric ratios

is shown in Table 3.
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Table 3. Different reaction parameters for ATRP of monomer 6

Molar Ratio (Monomer : Initiator: Catalyst: Ligand)
44:1:1:1 80:2:1:1
Temperature | 95°C 110°C 110°C
Solvent Anisole Anisole Anisole
p-xylene p-xylene p-xylene

Primarily two different sets of molar ratios of the reagevese chosen. For each
molar ratio two different solvents and temperatures were usedmo®hemer, initiator,
catalyst and ligand molar ratio for the first set ishie trder of 44:1:1:1. Anisole was the
solvent of choice as it can dissolve the catalyst complex andadrmmogenous solution
to render a better control in polymerization. At a higher temperathe rate of
polymerization increases because the ratio #; kvould be higher. However, some
unavoidable side reactions can become dominant which could make thelehaith of
end functionality. We carried out ATRP of the monomer 6 at twordiftecemperatures.
The *H NMR spectra (CDG| 400 MHz) of the reaction mixtures at different time

intervals at a polymerization temperature of 95° C are shown urd-is. The reaction
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mixture was passed through a short neutral aluncolamn andthe solvent was

evaporated before the NMR was tal

1 Monomer 6
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Reaction mixture: 3 h
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9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 ppm

Figure 16H NMR specta (CDCk, 400 MHz) ofreaction mixtures at differe
time intervals
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The spectra of the monomer show three vinyl protons at 5.27 and 5.75 and 6.67
ppm. As the reaction progresses, the vinyl proton signals have gyadaateased. At
21h, the vinyl proton peaks almost disappeared with an appearanceveofoaoae peak
at 6.67 ppm. The sharp aromatic peaks around 7.79 and 7.95 ppm (marked as Q)
corresponding to the phthalimide aromatic protons get broadened.réka#ts indicated
that the polymerization has really occurred. The reaction apfebhesrelatively slow as
the significant vinyl protons remain even after 10 h. The i@aegtas stopped after 21 h
and diluted with THF. The resulting reaction mixture was passedghrthe neutral
alumina column to get rid of the copper catalyst. The solution was stripped off\iaetsol
and precipitated the polymer from methanol. The precipitation progassrepeated
several times. Th&H NMR spectra (CDG| 400 MHz) of the final polymer is shown in

Figure 17.
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Figure 17*H NMR spectrum (CDG| 400 MHz) of pure polymer

The two broad overlapping peaks at 7.71 and 7.80 ppm (proton g) in Figure 17
correspond to the phthalimide unit whereas a broad peak around 6.65 ppiautedtto
the bridging phenyl ring protons (protons e). The broad and dominansajkgl at 2.03
ppm (proton f) can be assigned to the two phenyl bonding methyl groupsifldteng
end methoxy signal (proton a) appeared at 3.42 ppm as a small broddasa@ynaethyl
fragment of the initiator (proton b) at 0.9 ppm. There is no sioserved corresponding
to the proton associated with the end Br-bonding carbon in the region betve® 5.0

ppm. Instead one small but significant peak evolved (shown with laliaoky) around
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6.1-6.2 ppm region which can be attributed to the protons involving unsaturateendead
through elimination of HBr. It is evident from the spectrum thattrbshe chain ends
are not active. It is likely that the reaction time is too loAg.higher monomer
conversions, the rate of propagation becomes slower while the ratdeofesctions
proceed at their normal rate as their rate is not dependetiteoconcentration of the
monomer. Longer reaction time leads to higher conversions but mathoss of end
group functionality.

Considering the sluggish nature of the reaction at the lower tatoperand the
loss of end functionality, the reaction temperature was rass@dQ@° C while the molar
ratios of monomer to initiator to catalyst to ligand remaindhme. The reaction was
quenched after 5 h. THel NMR spectrum (CDG| 400 MHz) of the resulting polymer is
shown in Figure 18. The proton signals are similar to the previous one. It is nbtetoort
mention that by increasing the temperature from 95° C to 116& @dlymer formed in a
short period of time. But once again no signals corresponding totitie elsain end are

observed, indicating that the majority of the polymers have lost the terminatierom
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Figure 18H NMR spectrum (CDG| 400 MHz) of pure polymer

The presence of dead polymer chains is significant at everesheaction time.
It is unlikely that the concentration of the catalyst is too hlghs known [Cu (II)]
complex can promote the elimination of HBr, rendering unsaturationeattain end.
Keeping that in mind, the molar ratio of the reaction mixture wsl@anged so that the
catalyst concentration remains low. The revised monomer: initigialyst: ligand

molar ratio was 80: 2: 1: 1. With this ratio, the monomer washggalymerized at two
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different temperatures: 95° C and 110° C. Both the reactionsaNevesd to run for 5 h.

The 'H NMR spectra (CDG| 400 MHz) of the two resulting polymers are shown in

Figure 19.
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Figure 19H NMR spectrum (CDG| 400 MHz) of pure polymer at two different
temperatures
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At 95°C, the polymer formed at a very shorter period of timepgmsed to the
previous case as shown in Figure 16. The probable reason midie lwevering of the
deactivator concentration as it is inversely proportional to tteeafapolymerization. At
both temperatures dead chain proton signals are still present. Thdifelgnce is that
at the higher temperature (110° C) the active chain end proton §gatin attached to
the Br-containing carbon) around 4.5 ppm (dotted box in Figure 19) is obsaiveg
with dead chain proton signals.

The results of these experiments revealed that changing maler or
temperature is not very effective in retaining majority of thetive chain end
functionality. Considering the fact that polar solvents are conduci# elimination of
alkyl bromides, we decided to change the reaction solvent fnisonla to a non-polar p-
xylene. First the molar ratio of 44:1:1:1 was chosen and théaeagas run at 110° C.
The higher temperature was chosen because the catalyst systens gubgolubility in
p-xylene. The'H NMR spectra (CDG| 400 MHz) of the reaction mixture at different
time intervals are shown in Figure 20. The vinyl proton sigmalsign 1 and 2 in Figure
20) are decreasing gradually along with the broadening of theaticopnotons (g) during
the course of the reaction. The reaction was quenched after @ FH T#MR spectrum
(CDCl3, 400 MHz) of the resulting polymer is shown in Figure 21. The dead polyme
chain is still dominant though a faint active chain end proton signakiisle (dotted
box). The reactant ratio of monomer to initiator to catalystg@nid molar ratio was then
changed to 80:2:1:1. The reaction was quenched after 12 h'HTINMR spectrum

(CDCls, 400 MHz) of the crude polymer is shown in Figure 22. It is evidentth®a
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active chain end proton signal (dotted box in Fec22) is dominant over the dead chi

end signal for the first time. This is the bestctam cordition achieved so fealthough
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Figure 20H NMR spectrum (CD(, 400 MHz) of reaction mixture at different tir
intervals
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the dead chain end signal still persists. In order to minimizddhd chains, the reaction
time is further shortened to 11 h. Th¢ NMR spectrum (CDG| 400 MHz) of the crude

polymer after 11 h is shown in Figure 23.

%
ARBEM SRR SAREINEERL VAL NEEEA ERET RLLRE SRR
9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 ppm

Figure 21H NMR spectrum (CDG| 400 MHz) of crude polymer
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It is obvious from the spectrum (Figure 23) that no dead chain protorissayea
visible whereas the small but prominent peak at 4.45 ppm confirmsh&hatdjority of
the polymer chains are still active i.e. majority of the polyatein ends carry the bromo
functionalized group. In summary, the ATRP of monomer 6 is best tatrih0° C in p-
xylene with a reactant ratio of 80:2:1:1 (monomer: initiatoralgat: ligand) and a
reaction time around 11 h. Under such conditions, the overwhelming magbritye

polymers obtained bear the active bromide end functional gfoup.
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Figure 22H NMR spectrum (CDG| 400 MHz) of crude polymer
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Figure 23H NMR spectrum (CDG| 400 MHz) of crude polymer

2.11. Results and Discussion

2.11.1. Structural Characterization of the Polymers

The structure of the polymer synthesized via ATRP was cordifoyé*C NMR
spectroscopy besidésl NMR. The'H NMR spectrum (CDG| 400 MHz) and*C NMR

(CDCls, 400 MH2z) of the polymer is depicted in Figure 24 and 25 respectively. All the
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peaks ofH NMR can be unambiguously assigned to the polymer structure. Bogsgr
give small but clear signals. The initiating end gives methoxy signals at 3.42 ppm
and methyl signals (b) around 0.9 ppm. Signals corresponding to propagaisgre
not as clear. If one expands the region with chemical shits4t@rppm to 5.0 ppm, one
sees a clear signal around 4.43 ppm which can be assigned to tregestciated with
the Br-bonding carbon. Using the integration ratio of a signal distatg attributed to
the repeating unit versus one to the end groups, one may calculateegltee of
polymerization (DP) to be around 22. The carbon peak at 114 ppm ire Z§wassigned
as vinyl carbon in monomer 6 has disappeared in the polyi@GeNMR spectra. The

carbon peaks of the polymer are somewhat broadened too.

2.11.2. Molecular Weight Determination

The molecular weight of the polymer was determined by gel-pdionea
chromatography (GPC). The measurement was run at 30° C usingslelkent and the
molecular weight was calculated relative to polystyrene stalsd The polymer has a
number average molecular weight JMf 2732 and a polydispersity (PD) of 1.10. The
GPC trace is shown in Figure 26. The relatively narrow moleauéaght distribution
indicates the living nature of polymerization.
Realizing the relative nature of the molecular weight obtaireed f6PC, matrix-assisted
laser  desorption/ionization-time-of-flight  (MALDI-TOF) mass pestrometry

measurement was also carried out to get the absolute moleaitdrt vand molecular
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weight distribution. The MALDI-TOF spectrum is shown in Figure 2i7e Epectrum of

the polymer shows a regularly distributed set of peaks with rdidfesence of one
repeating unit (277.11). On the basis of molecular weights and imtsngft peaks the
calculated M is 4494 and which corresponds to an average degree of polymerization of
18, reasonably consistent with what obtainedHyNMR. The narrow molecular weight
distribution of the polymer (PD= 1.10) confirms the living nature ofpiblgmerization.

It is to be noted that the molecular weight of the polymer oldaisenot high. One
plausible reason is the early quenching of the reaction in ordetaio the active chain
ends. Another probable reason is the lower rate of polymerizatiomiliitime span of

the polymerization.
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Figure 26. GPC trace of polymer using THF as the eluent
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Figure 27. MALDI-TOF spectra of the polymer

2.12. Conclusions
Atom transfer radical polymerization (ATRP) method has been pairku¢he
successful polymerization of a novel amine-protected styryl typeomer. The amine
group in the monomer was protected by phthalic anhydride to avoithtmierence in
the subsequent Stille coupling reaction and ATRP. The reaction conditiodsT RP
have been optimized to realize the living nature of the polymereThasic parameters,

namely, the reactant molar ratio, temperature and solventmauldied with CuBr and
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PMDETA as the catalyst-ligand system. The reactions wesritared by’H NMR
spectroscopy. Anisole being a polar solvent rendered the homogehéitg reaction
medium but provided poor end group control of the reaction. When ATRP wan run i
anisole, the majority of the polymer chains were devoid of thgeabtiomo chain end
functionality whether the reaction was run at 95°C or 110°C. The bemudgroup was
apparently eliminated as HBr which is favored in the polatiome. With p-xylene as the
solvent, optimum reaction conditions were realized at 110°C and a leaant ratio.
While majority of the polymer chains retain the active end foneligroup, the polymer
molecular weights are only moderate due to the lower polymierzeate and shorter
reaction time. The narrow molecular weight distribution of theymel confirmed the
living nature of the ATRP method. The direct ATRP of POM-functiaedl styryl type

monomer was also explored which resulted in an insoluble product.

2.13. Experimental Section
Materials. THF was purified by distillation over sodium pellets and
benzophenone. CuBr was purified by washing consecutively with glamdic eacid,
absolute ethanol and diethyl ether, and then dried under vacuum. 2, 6-dimethyl aniline, N,
N, N, N, N”-pentamethyldiethylenetriamine (PMDETA, 99%), thgl-2-
bromopropionate and p-xylene were distilled in vacuo before use. #dl ahemicals
were purchased either from Aldrich or Acros and were useéelcasved unless otherwise

stated.
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Instrumentation. All reactions were conducted under protection of nitrogen. The
'H NMR and**C NMR spectra were collected on a Varian INOVA400 MHz FT NMR
spectrometer. All samples were referenced to the deuteratethtsoGPC measurements
were performed at 30°C on a Waters system equipped with as\MHE6 differential
refractometer, Waters 515HPLC pump and a styragel HR 4E coluthnTWiF as the
eluent. The calibration curve was determined by the use of fivestgodype standards
from 800 to 90,000. A Voyager DE Pro (Perceptive Biosystems/ABI) DIALOF mass
spectrometer was used for mass measurement operating in both linedleahal raode.
A mixture of silver trifluoroacetate/dithranol (1, 8-dihydroxyanotig) (1:25 w/w) was
used as the matrix.

4-iodo-2, 6-dimethylaniline (1).2,6-dimethylaniline (10 g, 82.5 mmol), methanol
(100 mL), methylene chloride (100 mL) and sodium bicarbonate (15 gni8) were
mixed in a two-neck round bottom flask and cooled in an ice-water Batrellow
solution of benzyltriethylammonium dichloroiodate (32 g, 92 mmol) in nhetey
chloride (80 mL) was added dropwise to the above ice cooled solutionkebkiéng the
reaction temperature below 15°C. The resulting reaction mixtuse stiered for 20
minutes in the ice water bath and another 30 minutes without the Wehre3ulting
mixture was washed with water and the organic layer was striggpéloe solvent to get
dark black solids which were purified by recrystallization frbexanes several times to
yield compound 1 as a gray solid (18.5 g, 74.5 mmol, 90.3%, mp 50-51F QMR
(400 MHz, CRCN, 25° C):5 2.10 (s, 6H), 3.55 (s, 2H), 7.22 (s, 2HiC NMR (400

MHz, CDsCN, 25° C):5 17.39, 79.25, 124.23, 136.56, 142.73.
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Compound 2. A mixture of 4-iodo-2, 6-dimethylaniline (1.0 g, 4.05 mmol),
dicyclohexylcarbodiimide (0.89 g, 4.36 mmol), hexamolybdates[Mg[BusN]. (5.6 g,
4.08 mmol) and acetonitrile (40 mL) was stirred under reflux for ab®dtt. After cooled
to room temperature, the resulting red-orange solution wasedltéo remove the
byproduct (N, N’-dicyclohexylurea). Absolute ethanol (20 mL) was theted into the
filtrate. The product precipitated out of the solution as orangeatsyahd was collected
by filtration. The product was washed successively with ethanol atitydether several
times and dried under vacuum to yield organoimido compound 2 as reddish orange
crystals (5.5 g, 85%}H NMR (400 MHz, CRCOCD;, 25 °C):5 7.45 (s, 2H), 3.45 (t)
= 8.6 Hz, 16H), 2.58 (s, 6H), 1.83 (@= 7.9 Hz, 16H), 1.46 (m, 16H), 0.98 = 7.3
Hz, 24H).

Compound 3 Compound 2 (1.04 g, 0.652 mmol) and tetrakis
(triphenylphosphine) palladium (0) (0.023 g, 0.019 mmol) were taken intoeakflask.
The flask was evacuated and backfilled with nitrogen three tifsutyl (vinyl) tin
(97%, 0.27 g, 0.83 mmol) and DMF were added dropwise to the flask witlgsyiihe
resulting mixture was stirred at 100° C for 4 h and then poured intr.vidte solution
was extracted with methylene chloride (3x 300 mL). Theigylayer were combined
and dried over magnesium sulfate. The solvent was evaporatest # dprk reddish
liquid. The product precipitated out when cold ethanol was added tathe #is reddish
orange solid (0.73 g, 75%H NMR (400 MHz, CDC, 25 °C):5 7.17 (s, 2H), 6.66 (dd,
J=10.8 Hz, 17.6 Hz, 1H), 5.76 (d#i=0.8 Hz, 17.6 Hz, 1H), 5.19 (dd= 0.8 Hz, 10.8

Hz, 1H), 3.10 (tJ = 8.6 Hz, 16H), 2.59 (s, 6H), 1.56 (= 7.9 Hz, 16H), 1.34 (m, 16H),
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0.96 (t,J = 7.3 Hz, 24H). Anal. Calcd. Forys&1gs:N3O1sMog: C, 34.25; H, 5.68; N, 2.79;
Mo, 38.18. Found: C, 31.33; H, 5.07; N, 2.50; Mo, 40.57.

Compound 5. 4-iodo-2, 6-dimethylaniline (1, 10 g, 36.4 mmol), phthalic
anhydride (6.0 g, 36.4 mmol) and glacial acetic acid (180 mL) wembined and
refluxed for 4 h. After cooled to room temperature, the precipitae @ollected by
filtration and washed with acetic acid, and then water. The prosastdried under
vacuum to produce 5 as white crystals (12.1 g, 32.1 mmol, 88%, mp 228-23%% C).
NMR (400 MHz, CRCN, 25° C):5 2.12 (s, 6H), 7.56 (s, 2H), 7.80-7.83 (m, 2H), 7.95-
7.98 9m, 2H).}*C NMR (400 MHz, CRCN, 25° C):8 17.90, 95.82, 124.04, 130.00,
131.96, 134.68, 137.55, 139.24, 167.03.

Compound 6. Compound 5 (895 g, 23.7 mmol), and tetrakis
(triphenylphosphine) palladium (0) (0.522 g, 0.435 mmol) were added into anlLOO
two-neck flask. The flask was evacuated and backfilled with nitraipeee times.
Tributyl (vinyl) tin, (97%, 7.75 g, 24.4 mmol) and DMF (10 mL) were tresided
dropwise to the flask with a syringe. The resulting mixture staeed at 100 °C for 3 h
and then poured into water. The solution was extracted with methgidorede (3 x 300
mL). The organic layer was collected, washed with water 89& mL) and dried over
magnesium sulfate. The solvent was evaporated to yield a yellme product, which
was purified by column chromatography (silica gel, hexane/metéyikloride 4:1 as the
eluent) to afford compound 6 as a white solid (4.00 g, 60%, mp 186-188FGIMR
(400 MHz, CDC}, 25 °C):5 7.95 (m, 2H), 7.79 (m, 2H), 7.21 (s, 2H), 6.71 (@ld; 10.8

Hz, 17.6 Hz, 1 H), 5.78 (dd,= 0.8 Hz, 17.6 Hz, 1H), 5.28 (ddi= 0.8 Hz, 10.8 Hz, 1H),
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2.14 (s, 6 H).**C NMR (CDC}, 400 MHz):8 167.2, 138.6, 136.9, 136.1, 134.3, 131.9,
129.1, 126.3, 123.8, 115.0, 18.1. Anal. Calcd. FgHENO,: C, 77.90; H, 5.45; N, 5.05.
Found: C, 77.65; H, 5.33; N, 5.17.

PS-Br (ATRP of compound 6).Compound 6 (0.500 g, 1.803 mmol) and CuBr
(0.006 g, 0.041 mmol) were added to flame-dried two-neck round-bottom flaskaske
was degassed and back-filled with nitrogen three times, and ledtr umitiogen. Then
PMDETA (0.009 mL, 0.008 g, 0.041 mmol) was added via a gas-tight syrinteyddl
by p-xylene (0.900 mL). After addition, three freeze-pump-thaw cyeslee performed
and the mixture was allowed to stir at room temperaturd3anin under nitrogen. The
solution became light green-colored. The flask was then placednrib lzath at 110 °C
and deoxygenated methyl-2-bromopropionate (0.005 mL, 0.007 g, 0.041 mmol) was
added through a gas-tight micro liter syringe to initiate the polymemzaifter 11 h, the
contents of the flask were exposed to air to quench the polymenzatiF (30 mL) was
then added to the flask to dissolve the polymer. The solution was tteradikhrough
neutral alumina to remove the copper catalyst. The resulting cdgsl@ymer solution
was concentrated and twice precipitated into 10-fold excessetiianol. The white
polymer was collected by vacuum filtration and dried under vacuum far (02600 Q).

'H NMR (400 MHz, CDCY, 25 °C):8 7.75 (br), 6.69 (br), 3.42 (br), 2.03 (br), 1.00 (br).
13C NMR (CDCE, 400 MHz):8 167.0, 145.9, 136.2, 133.9, 132.2, 127.8, 123.4, 40.4,
18.0. Anal. Calcd: C, 76.36; H, 5.41; N, 4.88. Found: C, 74.44; H, 4.67; N, 4.75. GPC:

Mn= 2732, PD=1.10. MALDI-TOF MS: M= 4494, PD = 1.10.
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CHAPTER 3
SYNTHESIS OF COIL-COIL DIBLOCK COPOLYMERS WITH COVALENT
ATTACHMENT OF POLYOXOMETALATE CLUSTERS TO THE COIL BLOKS
3.1. Flexible Block Copolymer-Inorganic Hybrids

Introducing a nanometer size structural moiety into a flexibbek copolymer
has been an innovative way to develop a variety of self-assdmbrphologies with
ordered domain structur8%°°° Controlling the self-assembled multiphase domain
structures has been key in realizing their potential in multipldsf including materials
science and pharmaceutical industries. The shape and size of the tearoreel units
has found to profoundly affect the self-organization process of tio& bbpolymers. For
instance, the polyhedral oligomeric silsesquioxane (POSS) contdilaok) copolymers
have been widely studi€éd®* In one example where POSS was introduced as a pendant
in a PMMA-b-PMA diblock copolymer as shown in Figure 28a. The agtoegaf the
POSS units along with the self-assembly of the PMMA-b-PMA dibloas resulted in
hexagonally packed micro pores with phase-separated nanodomains. @lobkners
with ionic pendants constitute another important class of materath are commonly
known as polyelectrolyte block copolymers. A great deal of effstldeen devoted to
study the complex micelle formation of these ionic diblocks imtEmi®®> Addition of
inorganic salts, counter ions, and another polyelectrolyte carrying impbarges can
modify or control the self-assembly process of the polyelgte block copolyme?>®°

In many cases addition of inorganic salts resulted in the shrinkage of micelha @ord
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Figure 28. a) Structure of PMMA-b-PMAPOSS block copolymer b) Cartoon
representation of thermally annealed morphology. Adapted with
permission from Hirai, T.; Leolukman, M.; Jin, S.; Goseki, R.; Ishida,

Y.; Kakimoto, M.; Hayakawa, T.; Ree, M.; Gopalan, P. “Hierarchical
Self-Assembled Structures from POSS-Containing Block Copolymers
Synthesized by Living Anionic Polymerizatideicromolecule2009

42, 8835. Copyright @ 2009, American Chemical Society.
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the aggregation increases due to the electrostatic screenimgpuisions between
chains® For a poly(acrylic acidplock poly(methyl acrylateplockpolystyrene (PAA-b-
PMA-b-PS) polyelectrolyte triblock copolymer system it has #®monstrated that the
micellar structure of the triblock copolymer can be controlledalution by choosing
organic diamine counterion of varying structures as shown in Figafé® Three
different diamines with different spacer length between the two amingreuads interact
differently with the PAA blocks which induce the formation of dikle micelles,
cylindrical micelles or spherical micelles.

POM clusters being anionic in nature and by virtue of its nanonsete are
expected to impact the self-assembly process of flexible dildopolymers similarly as
mentioned above. So a styrene monomer was copolymerized with thearfiee
protected styryl type functionalized monomer 6 (as synthesized in chapterA)Riato
realize the first coil-coil diblock copolymer. The hybrid diblodopolymer was
synthesized by reacting with polyoxometalate cluster through golymerization-
hybridization approach.

A second type of hybrid coil-coil diblock copolymer based on 4ipynidine
(4VP) was also synthesized. It is well known that the interadtetween the two
chemically linked blocks in a diblock copolymer plays a significeole in the self-
assembly process. One way to tune the interaction betweemdahxoicks is by adjusting

the pH of the system. So the coil-coil diblock copolymer based ort4peiyylpyiridine)
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(PVP) similar to PS-b-PVP can be envisioned. PS-b-PVP block copidyhave been
prepared by both anionic living polymerizatidhand ATRP**'®|n our case we used
ATRP to synthesize the diblock copolymer using free amine protesiygyl type

functionalized monomer 6 (as synthesized in chapter 2) along wihylpyridine.

Likewise the hybrid diblock copolymer was realized by allowing diblock copolymer
to react with polyoxometalate cluster through polymerizatigiridization approach.
Under different pH, pyridine will be protonated to a different extant thus by tuning
the attractive interaction between the polystyryl type blocktbed®VP block a gradual

transition from self-assembled domain structures to one homogenous phase edexpect
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Figure 29. TEM images of micellar structure of triblock copolymer depending on
diamine spacer length. A) disklike micelles, B) cylindrical rescetid
C) spherical micelles. Scale Bar: 100 nm. Adapted with permission from
Cui, H.; Chen, Z.; Wooley, K.L.; Pochan, D. J. “Controlling Micellar
Structure of Amphiphilic Charged Triblock Copolymers in Dilute Solution
via Coassembly with Organic Counterions of Different Spacer Lengths”,
Macromolecule2006 39, 6599. Copyright @ 2006, American Chemical

Society.
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3.2. Results and Discussion
3.2.1. Synthesis of Two different Coil-coil Diblock Hybrid
In order to obtain the first hybrid coil-coil diblock copolymer through
polymerization-hybridization method the coil-coil diblock copolymer witee aryl
amine pendant groups was synthesized followed by polyoxometalater @dttsichment.
To synthesize the coil-coil diblock copolymer first of all st@gemas polymerized via
ATRP for certain amount of time to form one block and while the polse chain is
still active a mixture of styrene and amine-protected stypg functionalized monomer
6 in 1:1 stoichiometric ratio were added into the same reactiselves polymerize

further to form the second block of mixed monomers as shown in Scheme 7.

(0]
Q N Br
N Br H;CO n
CuBr, PMDETA, |H3CO n + 6
p-xylene, 110° C o O O O
—_— >
p-xylene, 12h
Sh o.N_o
N g
‘ PS-PSPSBr

Scheme 7. Synthetic scheme of a PS-PSPSBr coil-coil diblock copolymer
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The resulting coil-coil diblock copolymer PS-PSPSBr was thentedawith
hydrazine hydrate according to Ing-Manske procedtite obtain a diblock copolymer
with pendant amine functional groups in the mixed monomer block by remdweng
phthalimide protecting group. The hybrid diblock was realized by repgtith excess
hexamolybdate and DCC in DMF solvent as shown in Scheme 8. Bxeesslusters
were removed by precipitating the hybrid polymer from hotaagtle. The resulting
cluster attached hybrid DCP or PS-4®SPS is soluble in DMSO and DMF but

insoluble solvents like chloroform, THF, acetonitrile, etc.
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Scheme 8. Synthetic route for hybrid diblock copolymer

For the PS-P4VP coil-coil diblock copolymer, our initial attemptswa
polymerize monomer 6 (as shown in Scheme 6 in Chapter 2), followén lmpmtinuous
polymerization of 4-vinylpyridine (4-VP) using ATRP as shown inh&ue 9.
Unfortunately the reaction resulted in no diblock copolymer even afteddd@ho the
very slow polymerization rate of 4-VP. Considering the low solybdf reactants in p-
xylene, DMF was used as the solvent which dissolved the reaciamipletely. But the
polymerization rate was still very slow as shown in Figure 3&revthe monomer peaks

still dominate the'H NMR spectrum even after 12 h of reaction, indicating very low
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monomer conversion. These results prompted us to investigate funtihehe details of

the polymerization of 4VP via ATRP.

Br
H;CO h N

G

CuBr/PMDETA
p-xylene, 110° C

Scheme 9. ATRP of 4VP from macroinitiator
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Figure 30'H NMR spectrum (CDG| 400 MHz) of ATRP reaction mixture of 4VP

ATRP of 4-VP poses a challenging task as both 4-VP and polygyingine)
(P4VP) are strong coordinating ligands which can compete fdsitigéeng of the copper
catalysts in the polymerization systéfiAs the monomer is present in large excess over
the ligand, complexation of pyridine with copper can occur resultingymdine-
coordinated copper which is not a very effective catalyst-ligastksyfor ATRP. It has
been shown that addition of 5 vol% pyridine to styrene can signifycalaw down the
ATRP of styrene with CuBr/dNbpy. [dNbpy: 4,4'- di(5-nonyl)-2,2’-bipyrid]}°? In
addition to that the polymer solution remained green even afterngawiough an
alumina column indicating the complexation of P4VP with copper.derao avoid such
detrimental effect on the polymerization of 4VP, Matyjaszewskake emphasized on

using a stronger binding ligand whose high complexation constant to asgpecial in
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the control of the polymerization method. Though PMDETA is a strdnigeling ligand
than bipyridine (bpy) type ligand, the competitive coordination of 4VIofper was
evident. When even stronger binding ligands like tris[2-(dimethylajethyllamine
(MesTREN) was used in the ATRP of 4VP, the molecular weightessed linearly with
conversion resulting in narrow polydispersitt€%*°*Two other factors contributed to the
successful ATRP of 4VP in solution. First one deals with the chaoficeitiator and
catalyst. In generalqk(deactivation rate constant) for ATRP as shown in eq. 2 is higher
for alkyl bromide initiators and copper bromide catalyst systeomspared to chloride
based ones. However, for styryl type monomers the polymer chdsnage susceptible to
nucleophilic substitution or elimination reactions which are more promounn
nucleophilic monomers like 4VP. This type of substitution reactions knagn
pyridinolysis leads to the formation of pyridinium salts and branclsgshown in
Scheme 18% The rates of the nucleophilic substitution reaction are determinedeb
nature of the halogen at the polymer chain end. The stronger C-Cl| bopdu@d to C-

Br and the inferior ability of the Cl atom as a leaving groupomparison to Br make it
less susceptible forn@ type nucleophilic attack. So to preserve the living polymer chain
throughout the course of the reaction and to obtain a narrow moleculghtwe
distribution, alkyl chloride initiator along with CuCl systenpieferred. Moreover it has
been shown that the polymerization system involving Br has mudterdgreen color

than that with Cl indicating a significant amount of Cu(ll) present in the solution.
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Scheme 10. Pyridinolysis of polymer chain end by 4VP and P4VP

The second one is the choice of solvent. It is important to carrytheut
polymerization in protic solvent like 2-propanol which not only solubilipesgolymer
formed but also reduces the coloration of the polymerization systssibly through
hydrogen bonding to 4VP/ P4VP, thus lowering the contamination of the catalyst.

Considering all the facts about the ATRP of 4VP we changed thlystatigand,
initiator and solvent system for the polymerization of 4VP. In otdeeliminate the
possibility of above mentioned side reactions the macroinitiaterfingt synthesized to
obtain a chloro—end functional polymer chain. The chloro end functiodalize
macroinitiator was obtained from the monomer mixture of styrene and compound 6 in 1:1

stoichiometric ratio in the presence of CuCI/PMDETA catabysitem and 1-chloro-1-
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phenylethane initiator system as shown in Scheme 11. The reac®mptimized to
ensure that the polymer chain remains active. The macroinitiedsr then used to
polymerize 4VP for the synthesis of coil-coil diblock copolymer. HEoe diblock
copolymerization of 4VP as shown in Schemel2;TWR&EN was synthesized according
to literature procedure¥” and employed as the strong coordinating ligand along with

CuCl as the catalyst. In addition, a high boiling point solvent 1-butanol was used as the

Cl
= =
n

CuCl/PMDETA
+

1-PEC], p-xylene,>

110° C
Oi ENE io 0= ENE _0

Macroinitiator

Scheme 11. Synthesis of macroinitiator via ATRP of styrene and monomer 6
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protic solvent instead of the widely used 2-propanol so that the tetupe of the
reaction mixture can be better tuned. The reaction mixture tumedrk brown color
after 1 h. The solution became viscous as the reaction progréssdtie resulting
diblock copolymer is soluble in methanol, the reaction mixture wasipiiated from
hexanes after passing through a neutral alumina column. The produgreapitated
out from the hexanes several times to obtain a light brownisle wblbred copolymer.
The diblock copolymer was then reacted with hydrazine hydrateemoove the
phthalimide protecting group. Finally the hybrid diblock copolymer waghesized
from the free amine functional group containing diblock copolymer byngdekcess
DCC and polyoxometalate cluster in DMF as shown in Scheme 13. Xdessefree
clusters were removed by precipitating the polymer mixture fnomacetonitrile. The
resulting hybrid diblock copolymer is soluble only in hot DMF arat BMSO but

completely insoluble in most other common organic solvents.
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Macroinitiator PSPS-P4VP

Scheme 12. ATRP of 4VP via ATRP from macroinitiator
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Scheme 13. Synthetic route for the PSPS-M4éVP

3.2.2. Structural Characterizations
The structures of all the synthesized products were confirmedHb§{MR
spectroscopy. ThéH NMR spectra (CDG| 400 MHz) of our first coil-coil diblock
copolymer PS-PSPSBr is depicted in Figure 31. All the peaks assigned
unambiguously to the polymer structure. The methoxy (a) end groo@lsigt 3.45 ppm
and methyl (b) signals around 0.9 ppm are clearly visible. The gatipg end group

signals around 4.45 ppm related to the proton associated with the dndpaarbon is
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perceived when the region with chemical shifts from 4.00 ppm to 5.0 p@xpanded.
As the aromatic proton signals of styrene monomer (h) andofhanomer 6 (e) are
overlapped in the region between 6.3 ppm to 7.3 ppm it is difficult tolesdcthe degree

of polymerization of each block.

* CDCl,
#H,0
e+h #
*

(RGO, NU—]
—_ c

9 5.0 4.0 f

A a b

N

9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 ppm

Figure 31*H NMR spectrum (CDG| 400 MHz) of diblock copolymer PS-PSPSBr
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The complete removal of phthalimide protecting group is confirmecheyH
NMR spectrum as shown in Figure 32. For comparisomth&MR spectrum of the
diblock is also shown. The aromatic proton signal g is disappeatiethe emergence of

a new proton peak at 4.1 ppm corresponding to the free amine.

* CDCl,
#H,0

9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0
ppm

Figure 32H NMR spectrum (CDG| 400 MHz) of PS-PSPSBr (top) and deprotected
diblock copolymer(bottom).
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The solubility of the hybrid diblock is very poor in chloroform. So tHeNMR
spectrum of the hybrid was taken in DM$©as shown in Figure 33. Weak aromatic
proton signals are evident from the spectrum. The signals porméisig to the
tetrabutylammonium counterion and the aliphatic signals from the orgst are
overlapped in the region between 0.5 ppm to 2.2 ppm. Though one strong pgogn si
(a) corresponding to the —NGHprotons of the counterion at 3.3 ppm is clearly visible. It
is difficult to estimate the number of cluster attachmentcpain though the elemental

analysis data of the hybrid diblock estimated the percentage of the elitiatdmment.

(0]
Br
H;CO A
N
a

3 2 BusN” N
* DMSO—d6 # *
# HZO O . M06018

- -

9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 opm
Figure 33H NMR spectrum (DMSQls, 400 MHz) of hybrid diblock PS-MePSPS
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The'H NMR spectra (CDG| 400 MHz) of the macroinitiator for the preparation
of the second coil-coil diblock copolymer is depicted in Figure 34.t#dl peaks are
assigned correctly to the polymer structure. The initiatingreathyl (e) proton signals
are clearly visible at 1.05 ppm. A clear signal at 4.4 ppm sggasd to the proton
associated with the Cl-bonding carbon if the region between 4.0 ppm to 5.Gsppm
expanded. The aromatic proton signals of styrene (b) and that of the Bro6o(a)
overlapped between 6.2 ppm to 7.2 ppm region. The aromatic proton signals (c)
corresponding to the phthalimide aromatic ring is evident. From ntemgity of the
aromatic peak signals it appeared that the two monomers are aorhdosition in the

macroinitiator chain.
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9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0
ppm
Figure 34H NMR spectrum (CDG| 400 MHz) of macroinitiator

The '*H NMR spectrum (CDG| 400 MHz) of the second diblock copolymer

PSPS-P4VP is shown in Figure 35. The proton signals from the miéietor are clearly

visible. Two additional broad aromatic proton signals corresponding to tylepyindine

block appeared after the diblock copolymerization: one at 8.4 ppm (@rentider at 6.5

ppm (h). The small aromatic proton signals of the macroinitiat@ easily

distinguishable. Comparing the intensity of the aromatic proton sigmetween the

vinylpyridine block and the macroinitiator block it can be concludedttieidegree of

polymerization of the vinylpyridine block is much higher than that of the macedoniti
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* CDCl, R

9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0
ppm
Figure 35H NMR spectrum (CDG| 400 MHz) of diblock copolymer PSPS-P4VP

The'H NMR spectrum (CDG| 400 MHz) of the deprotected diblock copolymer
after complete elimination of the phthalimide protecting group is shown in RBgurehe
'H NMR spectrum (CDG| 400 MHz) of the diblock copolymer is also shown for

comparison. The proton signal ¢ is completely missing.
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a+b

9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 ppm

Figure 36H NMR spectrum (CDG| 400 MHz) of diblock copolymer (top) and
deprotected diblock copolymer (bottom).

The 'H NMR spectrum (DMSQ@ls, 400 MHz) of the hybrid diblock copolymer
PSPS-Mg-P4VP is shown in Figure 37. The weak but clear aromatic signalslearly
visible. The signals corresponding to the tetrabutylammonium countamon the
aliphatic signals from the organic part are overlapped in the régioveen 0.7 ppm to
2.2 ppm. The signal at 3.3 ppm (a) is corresponding to the -N@tdtons of the
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counterion. The percentage of cluster attached to the diblock isatsdinfrom the

elemental analysis data though the number of cluster attachment per chairlgamot c

* DMSO-d,
#H,0

Q : (MogOy) J a
M\J —

9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0
ppm
Figure 37*H NMR spectrum (DMSQis, 400 MHz) of hybrid diblock PSPS-Md&®4VP

3.2.3. Molecular Weight Determination
The gel permeation chromatography (GPC) trace of the firstcoidiblock
copolymer PS-PSPSBr is shown in Figure 38. The measurement wast®iIf€ using
THF as the eluent. This coil-coil diblock copolymer has a numberagsemolecular

weight (M,) of 3560 and a polydispersity (PD) of 1.2. The molecular weight diswibuti
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is relatively narrow. Unfortunately no GPC data was albaldor the hybrid diblock
copolymer PS-MgPSPS after cluster linkage due to its very poor solubilitynp a
common organic solvents.

The GPC traces of the second coil-coil diblock copolymer and the ehloro
functionalized macroinitiator are shown in Figure 39. The numberaggemolecular
weight (M,) of the macroinitiator is 3800 with a polydispersity (PD) of 1Heweas the
M, for the diblock copolymer PSPS-P4VP is 6361 with a PD of 1.2. The hoggcuiar
weight and the lack of bimodal distribution of the GPC curve contimm diblock
copolymer formation. Similarly due to the poor solubility of the hylalillock PSPS-
Mog-P4VP in common organic solvents no GPC data was generated afster cl

attachment.
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Figure 38. GPC trace of the PS-PSPSBr diblock copolymer using THF asehe el

PSPSP4V

N

PSPSCI

Response (au)

/

1 > 3 4
Hution Volume (mL)

Figure 39. GPC traces of the macroinitiator PSPSCI and the diblock copolymer
PSPSP4VP using THF as the eluent.
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Matrix-assisted laser desorption/ionization-Time-of-Flight (MDA-TOF) mass
spectrometry (MS) measurements were carried out for the dibtguxdymer as shown in
Figure 40 to ascertain the absolute molecular weight. From theDMWAOF data the

number average molecular weight{Ns calculated to be 4350 with a polydispersity

Intensity

2400 3800 5200 6600 8000

1000
mfz

Figure 40. MALDI-TOF spectra of the PS-PSPSBr diblock copolymer
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(PD) of 1.1 based on the molecular weights and the intensititee ggeaks. MALDI —
TOF measurement for the hybrid diblock PSsNRSPS did not yield any peak whether
using a positive or negative detection mode. This might either beodhbe tifficulty in
vaporizing cluster attached diblock copolymers under MALDI conditionduer to the
higher charge of the hybrid diblock making it impossible to show the imigss/charge
signals. While MALDI measurements reveal the absolute molewadaght information
about the first coil-coil diblock copolymer (PS-PSPSBr), the secdnidali copolymer
(PSPS-P4VP) and the macroinitiator (PSPSCI) were unable to pradycpeaks. No
signals were detected despite attempting different meascoimgitions which includes

various matrixes like dithranol, 2,5-dihydroxybenzoic acid (DHB) and cationigjegts.

3.2.4. FT-IR Spectroscopy Studies

Besides'H NMR spectroscopy, the covalent cluster attachment to tiectiis
confirmed by the FT-IR analysis. The FT-IR spectra of thst faoil-coil diblock
copolymer (PS-PSPSBr) and the hybrid diblock (PS-M8PS) and free Maluster are
summarized in Figure 41. A sharp and intense peak at 1722oénthe diblock
copolymer PS-PSPSBr due to the carbonyl stretching of the phiti@lprotecting group
is observed. Moreover two new peaks at 790 amd 950 cni corresponding to the Mo-
O stretching vibrations are clearly visible in the IR speocfrthe hybrid. In addition to

that a side/shoulder peak at 975 twhich is attributed to the Mo-N stretching vibration
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%2bjs easily detectable when the region is expanded as shown iiytite &1. The FT-IR
spectra of the second coil-coil diblock copolymer (PSPS-P4VP) alathgthe hybrid
diblock (PSPS-MgP4VP) and free Mocluster are depicted in Figure 42. The diblock
copolymer PSPS-P4VP exhibits an intense peak at 172imnilar to the first coil-coil
diblock due to the carbonyl stretching of the phthalimide protectingpgrTwo sharp
peaks at 1598 cthand 1417 cm related to the characteristic ring vibration of pyridine
can be distinguishe® Along with two small but significant peaks at 800 tand 950
cm* the hybrid diblock reveals a small shoulder peak at 975which can be assigned
to the Mo-N stretching vibration. The appearance of this peak in hetmybrid diblocks

is a clear evidence of the covalent attachment of the clisstee two types of diblock

copolymers.
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Figure 41. FT-IR spectra of diblock copolymer PS-PSPSBr (top), free Moérclust
(middle) and hybrid DCP (bottom).
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Figure 42. FT-IR spectra of diblock copolymer PSPS-P4VP (top), free Mo6rcluste
(middle) and hybrid DCP (bottom).



3.2.5. Optical Properties

The absorption spectra of the PS-PSPSBr diblock copolymer and thel hybri
diblock copolymer PS-M@ePSPS are shown in Figure 43a. The diblock copolymer has a
small absorption peak at 252 nm due tosthe transition of the styrene backbone. After
cluster attachment, a new peak appeared at 370 nm which matchdbenatbsorption
spectrum of the imido-POM derivative of 2,6-dimethylaniffieThis peak can be
assigned to the ligand-to-metal-charge transfer (LMEansition of the pendant imido-
POM component and confirms the covalent cluster attachment thraugho-i
functionalization of POM clusters. But the absorption spectra dP?8fS-Mo6-P4VP as

shown in Figure 43b did not show any peak corresponding to the imido-POM derivatives.
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Figure 43. UV/Vis absorption spectra of a) diblock copolymer (PS-PSPSy/dister
(Mo6) and hybrid diblock copolymer (PS-M8SPS) and b) diblock
copolymer (PS-PSPS), free cluster (Mo6) and hybrid diblock copolymer

(PSPS-M&4VP)

3.2.6. Thin Film Morphologies

Film morphologies of the two diblock copolymers and the two hybrid diblock

copolymers were studied using AFM. The topography and phase imfatlpesR5-PSPS

diblock copolymer and the hybrid PS-MBSPS are shown in Figure 44 whereas the

topography and phase images of the PSPS-P4VP diblock and the correspytdidg

PSPS-Mo06-P4VP are shown in Figure 45. The diblock copolymers wesaveid in

chloroform whereas the hybrid diblock copolymers were dissolved in DMie

solutions were spin coated onto ITO glass slides at a speed of ®OrR0 s and

annealed at 120 °C for 10 min. The topography image and phase imadexhf the

100



diblock copolymers are featureless. But the phase images foluter attached hybrid

diblock copolymers in both cases showed some aggregates throughoirmihEhése

aggregates must have come from the clusters as they are abstre diblock

copolymers. No significant morphological pattern is observed for any of the Tilmese

Topography image
a) 00pm 05 1.0 15

2.33nm

0.00 nm

c) 0.0 um 20 4.0
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4.0
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Phase image
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13.5 deg
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0.0deg

19.0 deg

0.0 deg

Figure 44. AFM images of diblock copolymer (PS-PSPS) film spin coated from

chloroform on ITO glass. a) topography b) phase; AFM images of hybrid

diblock copolymer (PS-Mo6-PSPS) film spin coated from DMF on ITO

glass.
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are the preliminary results. Further investigation into the mooglyobf these diblock

copolymers and hybrid diblock copolymers are needed by changingedifferocessing

conditions.

Topography image Phase image
a) oowm 05 10 15 b) 00wm 05 10 15
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C) 00pm 05 10 15 d) o0.00pm 020 0.40
0.0 1010m 000 88 deg
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15
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Figure 45. AFM images of diblock copolymer (PSPS-P4VP) film spin coated from
chloroform on ITO glass. a) topography b) phase; AFM images of hybrid
diblock copolymer (PSPS-Mo6-P4VP) film spin coated from DMF on ITO
glass.
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3.3. Conclusions
The first coil-coil diblock copolymers containing POM clusters hadwsen
synthesized successfully. GPC showed the formation of the twereahtf diblock
copolymers with narrow molecular weight distribution. IR and UV measents were
used to confirm the covalent cluster linkage. Initial AFM study showed clagtgegates

throughout the films in the phase images for both hybrid diblock copolymers.

3.4. Experimental Section

Materials. Tetrahydrofuran (THF) was purified by distillation over sodium
pellets and benzophenone. CuBr and CuCl was purified by washing conslgcwith
glacial acetic acid, absolute ethanol and ethyl ether, anddtieshunder vacuum. N, N,
N, N’, N’-pentamethyldiethylenetriamine (PMDETA, 99%) wastitiéd in vacuo
before use. Styrene was purified by vacuum distillation. 4-vimgme (4-VP) was
passed through a basic alumina column and distilled in vacuo and stored-4fmde
MesTREN was synthesized according to literature proceddreAll other chemicals
were purchased either from Aldrich or Acros and were useelcasved unless otherwise
stated.

Instrumentation. All reactions were conducted under the protection of nitrogen.
The 'H and ®*C NMR were collected on a Varian INOVA 400 MHz FTNMR
spectrometer. All samples were referenced to the deuterdvedtso GPC measurements

were performed at 30°C on a Tosoh Ecosec HLC 8320GPC system equipipeal w
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differential refractometer, UV detector, and styragel columh WHF as the eluent. PSS
(polymer standards service) WinGPC Unity version 7.5.0 system equipipiedight
scattering detector coupled to the Tosoh Ecosec system wasfausadalysis. The
calibration curve was determined by the use of five polystystar@dards from 8000 to
90,000. FT-IR spectra were obtained from IR Affinity-1 FTIR-8400Strumnsent
(Shimadzu Co.) using the attenuated total reflection (ATR) megfho8e crystal). UV-
Vis absorption spectra were measured on a Hewlett-Packard 845l dirray
spectrophotometer. A Voyager DE Pro (Perceptive BiosystemsMBLDI-TOF mass
spectrometer was used for mass measurement, operating in beath dime reflector
mode. Dithranol (1, 8-dihydroxyanthrone) was used as the matrix inthall
measurements. AFM images were taken in air under ambient conditsing the
intermittent contact mode on an Agilent 5500 AFM/SPM microscope.

Sample Preparation for AFM. Indium tin oxide (ITO) glass with a sheet
resistance of 8-1Z)/square was cut into 2 cm by 2 cm pieces. Then the ITO glass
substrates were cleaned in an ultrasonic bath sequentially bytbajede, hot deionized
water, acetone and isopropyl alcohol, each for 15 min, and then drigtbgren stream.
The diblock copolymers PS-PSPS and PSPS-P4VP were dissolved iofaifoat a
concentration of 9mg/mL and 4 mg/mL, respectively. The hybrid diblock copolyrgers P
Mog-PSPS and PSPS-M&4VP were dissolved in DMF at a concentration of 3 mg/mL
and 3 mg/mL, respectively. The chloroform and DMF solutions wpne coated onto
pre-cleaned ITO glass substrate at 600 rpm for 20 s. Then the samgpkeannealed at

120 °C for 10 min in air.
104



Synthesis of PS-PSPSBICuBr (0.008 g, 0.060 mmol) was taken in a flame dried
two-neck round bottom flask. The flask was degassed and back-filledhitviten three
times, and left under nitrogen. Then PMDETA (0.012 mL, 0.010 g, 0.060 mmol) and
styrene (0.500 g, 4.80 mmol) were added via a gas-tight syringe, éolloy p-xylene
(.10 mL). After addition, three freeze-pump-thaw cycles wereopedd and the
mixture was allowed to stir at room temperature for 45 min unttegen. The flask was
then placed into an oil bath at 110°C and to which was added deoxygenatgti2ne
bromopropionate (0.013 mL, 0.020 g, 0.120 mmol) through a gas-tight microliter syringe.
After 5 h, a mixture of styrene (0.275 mL, 0.250 g, 2.400 mmol) and mar®I{@e666
g, 2.400 mmol) in 1.00 mL p-xylene was added to the reaction mixturagira gas-
tight syringe and let the reaction stir for another 12 h. Altat the contents of the flask
were exposed to air to quench the reaction. The reaction mixtgrelilueed with THF
and the solution was filtered through neutral alumina to removeottygec catalyst. The
resulting colorless polymer solution was concentrated and preaitate 10-fold
excess of methanol. The white polymer was collected by vacutratién and dried
under vacuum for 12 h. (0.750 gH NMR (400 MHz, CDC}, 25°C):5 7.94 (br), 7.78
(br), 7.10 (br), 6.62 (br), 3.43 (br), 2.28 (br), 1.94 (br), 1.42 (br), 1.90 i@)NMR
(CDCls, 400MHz): 6 167.3, 145.1, 134.2, 132.1, 127.8, 125.5, 123.6, 51.4, 45.9, 44.0,
40.5, 37.1, 18.2, 16.3. Anal. Calcd. Fos439/N10020Br: C, 83.9; H, 6.60; N, 2.31.
Found: C, 86.93; H, 7.32; N, 0.69. GPC;\8560, PD= 1.2.

Deprotection of Phthalimide Group. PS-PSPSBr diblock copolymer (0.148 g,

0.049 mmol) was dissolved in freshly distilled THF in a two-néa&kf Then hydrazine
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monohydrate (0.148 g, 2.96 mmol) was added dropwise into the above solution with
constant stirring and the entire reaction mixture was reflugedt8 h under nitrogen
protection. The resulting solution was cooled to room temperature, anchiteesolid
precipitate was filtered off. The filtrate was strippedtb# solvent and precipitated from
methanol to yield white colored solid product. (0.150').NMR (400 MHz, CDC},
25°C):8 7.10 (br), 6.60 (br), 4.05 (br), 3.43 (br), 2.01 (br), 1.44 (br), 0.88 (br).

Hybrid Diblock Copolymer. PS-Mog-PSPS.In a two-neck flask were added
deprotected diblock (0.100 g) and DCC (0.04 g, 0.194 mmol). The flask wasel@gas
and backfilled with nitrogen. Hexamolybdate cluster {®@g]*. 2N(CiHs)." (0.300 g,
0.219 mmol) dissolved in anhydrous DMF (1.00 mL) was then added into theafldsk
the reaction mixture was stirred at 100° C for 5 h. The resulting reéa solution was
cooled to room temperature and the white solid precipitate (uras)iltered off. The
solvent was dried under vacuum and the resulting concentrated solutiguouved into
hot acetonitrile to yield the crude product, which was furtheshed with hot acetonitrile
to get rid of any remaining free cluster. The resulting laylsi an orangish-red solid
(0.122 g).H NMR (400 MHz, DMSO#ds, 25°C):5 7.09 (br), 6.54 (br), 3.16 (br), 1.93
(br), 1.56 (br), 1.29 (br), 0.90 (br). Molybdenum content: 27.91%

Macroinitiator. PSPSCI. Monomer 6 (0.500 g, 1.803 mmol) and CuCl (0.002 g,
0.023 mmol) were added to a flame dried two-neck round bottom flask.|adkewas
degassed and back-filled with nitrogen three times, and left untteigen. Then
PMDETA (0.005 mL, 0.004 g, 0.023 mmol) and styrene (0.187 g, 1.803 mmol) were

added via a gas-tight syringe, followed by p-xylene (0.960 mL)erAdddition, three
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freeze-pump-thaw cycles were performed and the mixtureallawed to stir at room
temperature for 45 min under nitrogen. The flask was then placed intd batloiat
110°C and deoxygenated 1-chloro-1-phenylethane initiator (0.006 mL, 0.006 g, 0.045
mmol) was added through a gas-tight microliter syringe toateitthe polymerization.
After 11 h, the contents of the flask were exposed to air to quengiolyraerization.
The reaction mixture was diluted with THF and the filtered thinomgutral alumina to
remove the copper catalyst. The resulting colorless solution coasentrated and
precipitated into 10-fold excess of methanol several times. The wiatroinitiator was
collected by vacuum filtration and dried under vacuum. (0.558HgNMR (400 MHz,
CDCls, 25°C):8 7.88 (br), 7.72 (br), 7.08 (br), 6.58 (br), 1.96 (br), 1.54 (br), 1.04 (br).
3C NMR (CDCk, 400MHz): 8 167.1, 135.9, 134.1, 132.4, 127.7, 125.6, 123.5, 40.3,
18.4. Anal. Calcd. For £3g8H46dN20040Cl: C, 81.6; H, 6.08; N, 3.61. Found: C, 81.84; H,
6.28; N, 3.31. GPC: M 3800, PD=1.1.

Synthesis of PSPS-P4VPIn a two-neck flask, CuCl (0.003 g, 0.033 mmol),
MesTREN (0.018 mL, 0.066 mmol) and 1-butanol (0.65 mL) were added, followed by
multiple free-pump-thaw cycles. The solution was the stirre@@min at 60°C. Then
4VP (0.500 g, 4.75 mmol) and the macroinitiator (0.100 g, 0.033 mmol) were added to
the above green solution and several freeze-pump-thaw cycleperéoemed. Finally
the entire reaction mixture was stirred at 110°C for 12 h. The obltve solution turned
brown. After the reaction, the contents of the flask were expostxk tair to quench the
polymerization. The reaction mixture was diluted with THF and ihlerdd twice

through neutral alumina to remove the copper catalyst. The restdiimgbrownish
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solution was concentrated and precipitated into 10-fold excess hexEmeslight
brownish solid diblock copolymer was collected by vacuum filtration aretl dinder
vacuum. (0.60 g)*H NMR (400 MHz, CDC}, 25°C):$ 8.30 (br), 7.90 (br), 7.74 (br),
7.11 (br), 6.36 (br), 1.96 (br), 1.40 (br), 0.84 (br). Anal. Calcd. FedHg7dN50040Cl: C,
81.1; H, 6.26; N, 8.25. Found: C, 80.0; H, 6.82; N, 10.92. GR&:3860, PD=1.2.

Deprotection of Phthalimide Group. PSPS-P4VP diblock copolymer (0.100 g)
was dissolved in freshly distilled THF in a two-neck flask. Thgdrazine monohydrate
(0.500 g, 9.98 mmol) was added dropwise into the above solution with constamg stir
and the entire reaction mixture was refluxed for 48 h under nitroDe@d. resulting
solution was cooled to room temperature, and the white solid preeipitet filtered off.
The filtrate was stripped off the solvent and precipitated fromames to yield light
brown colored solid product. (0.050 g{ NMR (400 MHz, CDC}, 25°C):§ 8.30 (br),
7.08 (br), 6.36 (br), 2.02 (br), 1.45 (br), 0.88 (br).

Hybrid Diblock Copolymer. PSPS-Mas-P4VP. In a two-neck flask were added
deprotected diblock (0.023 g) and DCC (0.011 g, 0.053 mmol). The flask waseatkgass
and backfilled with nitrogen. Hexamolybdate cluster {@a]*. 2N(CHo)s" (0.113 g,
0.083 mmol) dissolved in anhydrous DMF (1.00 mL) was the added into tkeafildghe
reaction mixture was stirred at 100° C for 5 h. The resultink it solution was cooled
to room temperature and the white solid precipitate (urea)fite®d off. The solvent
was dried under vacuum and the resulting concentrated solution waed potg hot
acetonitrile to yield the crude product, which was further washédhet acetonitrile to

get rid of any remaining free cluster. The resulting hytsrid fed solid (0.03 gjH NMR
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(400 MHz, DMSO#s, 25°C): 3 8.27 (br), 7.11 (br), 6.69 (br), 3.15 (br), 1.91 (br), 1.56

(br), 1.31 (br), 0.94 (br). Molybdenum content: 26.41%.
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CHAPTER 4

SYNTHESIS AND OPTOELECTRONIC PROPERTIES OF A PPV-BASED ROD
COIL DIBLOCK COPOLYMER WITH POLYOXOMETALATE CLUSTERS
COVALENTLY ATTACHED TO THE COIL BLOCK
4.1. Energy Demand and Organic Photovoltaics
From the dawn of human civilization, energy has been the key eletment

stimulate the life cycle of the living species. Startingrfrthe stone age to rubbing the
stones for fire to unearthing of coal from mines to spinning thentarbines for hydro-
electricity to digging out of petroleum from wells, every humdarehas broadened the
spectrum of utilization of the natural energy resources. But du@etancreasingly
unorganized usage of these natural resources, the ‘once abundamit@sshave been
facing the problem of rapid depletion. To cope up with this precarsustion,
endeavors have been made since past few decades in the questgensive renewable
energy sources. In this respect enormous research has beseddér alternative
efficient low cost energy source in the form of photovoltaic deViteShe easily
available sunlight to produce energy opens up a new horizon for orgapmgrdiased
photovoltaics which has so far gained umpteen attentions. Since the aflusslecular
thin film organic solar cell by Tan{y? scientists have explored different materials
ranging from small molecules, conjugated polymers, conjugated polpteads, to
molecule polymer bilayers, combinations of organic inorganic mieetc. **° New

innovative synthetic designs have been implemented. Polymer-basedcett are
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lagging far behind in terms of power conversion efficiency comperetbnventional
silicon-based solar cells. The operating principle in organicopbtitics is shown in
Figure 46 Inorganic photovoltaic materials where absorption of photon creaes fr
charge carriers (electrons and holes), photoexcitation of polyneEunterparts
generates bound electron-hole pairs (excitons), connected togethighby Coulombic
binding energy. These excitons may diffuse to an interface like a dongt@ciceerface
where dissociation to free electron and hole can occur. The fiageshare then
transported to the two opposite electrodes. Recombination of electrdnsoes may
occur if their transportation crosses paths which necessitatexibience of separate
charge transporting pathways. Excitons have a limited diffusionhesfgaround 10 nm.

One way to achieve the donor-acceptor domain distribution in the desired size is the bulk

1) Photoexcitation to generate
exciton

s 2) Exciton diffusion

3) Exciton dissociation at
interface

4) Free charge transport towards
electrode

HOMO

Donor Acceptor

Figure 46. Operating principles in organic photovoltaics (OPV).
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heterojunction devices (BHJ) where the interfaces are distribtitemighout the
material™'® **?Efficiencies in the range of 5% have been achieved in the B¥idedan

the form of a blend of donor with acceptbiOne major drawback of these blends is the
tendency for macrophase separation, where domain sizes can beocdarge to obtain
efficient exciton dissociation. Realizing this shortcoming of blemikthe importance of
self-structuring and self-reorganizatibtf processes, the concept of unique microphase-
separation phenomenon of diblock copolymers (DCP%# an ordered nanometer sized
domain structure is a huge leap towards achieving the geaimierrupted charge flow.
Controlling the active layer morphology and interfacial structuréhen10 nm length
scale of an exciton diffusion is critical to optimize devicdqrenance and rod-coil block

copolymers are promising candidates in this regard.

4.2. Synthetic Approaches: Click Chemistry

A rod-coll diblock copolymer can be prepared in three primarycgmhes. The
first one is diblock copolymer precursor approach where one canr@rapeoil-coil
diblock and then converts one of the coil blocks to a rod block. This isvieowestricted
to certain polymer like PPB® The second one is a divergent path where the coil block is
formed from the rod block by a living polymerization methd&*®Though this method
is applicable to variety of monomers, the presence of residual hoynmgrsl due to
partial functionalization of the starting rod polymer and the incotaptetiation of the

second monomer’s polymerization is a potential problem. The third cneosvergent
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path where the coil block and the rod block are prepared separdi@ig being joined
together either by quenchirt@® *°or condensatiol?° Majority of the rod-coil diblock
copolymers have been synthesized by the convergent method asattistdewell-
controlled block copolymers.

We followed the convergent approach of making the rod-coil diblock copalymer
The coil block is prepared by atom transfer radical polyragdm (ATRP). The
polymers produced by ATRP preserve the end functional bromide group wéin be
converted to other end groups through appropriate transformations.iedyvair rigid
conjugated blocks may be incorporated. At first we choose to focus orfghagylene
vinylene) (PPV) conjugated system because PPV is not only dhe afost extensively
studied conjugated polymer system but also a polymer which has shimtvof promise
in various molecular devices such as light-emitting diodes, fiéddtetransistors and
solar cells?? Instead of combining the two blocks together by quenching or
condensation, we followed the route of click chemi&tfy}*

As mentioned earlier in chapter 1 polymer hybrids can be eehliby two
different mechanistic pathways: the polymerization-hybridra{jpolymerization first)
approach and the hybridization-polymerization (hybridization) appr@ecishown in
Scheme 1. We have made efforts on both fronts concomitantly. Asykhmiibation-
polymerization (hybridization first) method demonstrated in chapteeeded further
exploration due to the insoluble nature of the product, the second appreach i
polymerization-hybridization (polymerization first) method was aeldpor the synthesis

of POM containing PPV based hybrid rod-coil diblock copolymer.
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4.3. Results and Discussion
4.3.1. Synthesis of Rod-coil Hybrid

In this approach a rod-coil DCP with pendant free aryl amine syathesized
first, followed by cluster attachment to yield the hybrid DOB. prepare the rod-coil
DCP, an azide terminated coil block and an ethynyl functiosdli;od block was
developed. Then the two blocks were joined together through click dhnermsa
convergent process of making rod-coil diblock copolymer. Phthalimideqgteat styrene
based monomer 6 (structure shown in Figure 12) is the monomer okchbich was
synthesized according to Scheme 5. The monomer was then subjectenh tvamsfer
radical polymerization (ATRP) to produce the flexible coil blockhwCuBr as catalyst,
PMDETA as ligand and methyl-2-bromopropionate as the initiatogrev the ratio of
monomer to initiator to catalyst to ligand was 80:2:1:1 accordingecsynthetic route
shown in Scheme 6. As described earlier the reaction condition®pitargzed to obtain
a coil block which retains majority of the bromo end functional grmupsubsequent
modification. This bromo end functionalized coil block was then converted tzide
(shown in Scheme 14) group by the nucleophilic substitution reactitn sedium

azidel?®
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Scheme 14. Bromo- end functionalization with sodium azide

PPV blocks with well-defined lengths can be prepared using seppproach like the
orthogonal pathway initially developed by Yu et.#’ which helped to realize the
ethynyl terminated PPV block. In order to avoid the tedious stegwig®ss, a one-step
approach was adopted. The synthetic scheme of ethynyl teeaiR&V block is shown

in Scheme 15. The monomer 9 was synthesized starting from théiehen of 2-
methyl hydroquinone with 1-bromohexane to produce 7. lodination of 7 yielded
compound 8. The iodo group was converted to a formyl group by a literature
proceduré® PPV block with one terminal aldehyde group was synthesized intepe s
via Siegrist polycondensation of monomer 9, an approach demonstrated pyelious

Kretzschmann et.al. and Hadziioannou &t¥}. 18 128 this reaction the aldehyde
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containing monomer 9 was first reacted with one equivalent ohartii form an imine
intermediate. Polycondensation of the intermediate was performed in tbaqeaed base
to form the imine end functionalized polymer. Hydrolysis with hydlodc acid yielded
the polymer PPV-CHO. This polycondensation reaction is highly sedsmbise with no
traces of Z-configuration. Generally, yields of Siegrist pohgensation reaction are
lower. The intramolecular activation by the imine group enhances thevityaaf methyl
group through its electronic effect. But the activation effecreteses with increasing
chain length and finally reactivity approaches to a non-activatethylarene system.
Due to this effect, a relatively narrow molecular distributiothef polymer is observed.
The PPV-CHO was converted to ethynyl terminated PPV by tradd-Wittig-Emmons
reaction with compound 13. Compound 13 was successfully prepared inramiltig
guantities from 4-iodotoluene in three steps as shown in Scheme 16. iBenzyl

129 of 4-iodotoluene followed by Arbuzov reactiof! with triethyl phosphite

bromination
yielded compound 12. Then it was coupled with trimethylsilylacetylerf@onogashira
coupling reaction and subsequent desilylation with tetrabutylammoniworidié >*° to

obtain the targeted product.
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Scheme 15. Synthesis of ethynyl functionalized PPV
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Scheme 16. Synthetic scheme of compound 13.

The azide terminated flexible coil block (P§Nand ethynyl terminated rigid
block (PPV=) were joined together through click chemistry as shown in ScHeme
While PSN is soluble in common organic solvents such as, chloroform,
dichloromethane, dimethylformamide (DMF), dimethyl sulfoxide (BDJS acetone,
tetrahydrofuran (THF), the PP¥block is soluble only in chloroform, dichloromethane
and THF. The click reaction was thus carried out in THF using Guigr PMDETA
catalyst-ligand combination. After completion the reaction mixiuae passed through a
neutral alumina column to get rid of copper. The resulting diblock coplyS-PPV
was found to exhibit similar solubility to that of PPV block, makimg separation of any
unreacted PPV block difficult. To ensure complete reaction of PP\ hiegre than one
equivalent of PSpblock was used. The unreacted B®Mck was easily removed by
precipitating the mixture from acetone: PS$#\soluble in acetone but PPV is not.

The phathalimide protected amine group was made free with hydiayinate

according to Ing-Manske procedure to get a diblock (PS2-PP\) pahdant amine
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functional groups dangling from each repeating titt is noteworthy that the free
amine pendant group is not very stable. So without delay, final clagéshment was
carried out in 1-methyl-2-pyrrolidinone (NMP) with excess hexgbuasdte cluster and
DCC as shown in Scheme 17. Both the cluster and PS-PPV diblootdainke sn NMP.

Excess free clusters after the reaction were removeddryppiating the polymer from
hot acetonitrile. The resulting cluster attached DCP or PSHWRY is soluble in NMP
but partially soluble in chloroform and THF, and insoluble in most otrganic

solvents.
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Scheme 17. Synthetic route for PS-PPV diblock and hybrid diblock

4.3.2. Structural Characterization
The structures of the synthesized products were confirmed'HoyNMR
spectroscopy. ThéH NMR spectrum (CDG| 400 MHz) and*C NMR (CDCE, 400
MHz) of the coil block (PS-Br) are depicted in Figure 24 and Figbreespectively. All
the peaks of the polymer were assigned unambiguously.!HHiEMR spectrum for

bromo end functional polymer (PS-Br) and azide end functional polyng&N{Pare

120



shown in Figure 47 for comparison. As expected HHeNMR spectrum for both
polymers are identical except the signals corresponding to the pabdtdhe end
functional group. After expanding the region with chemical shifts oftél.5.0 ppm, a
clear signal is observed around 4.43 ppm for PSBr which can beessmthe proton
associated with the Br-bonding carbon. After converting to azidesigmal shifted

towards upfield to 3.95 ppm.

Figure 47H NMR spectrum (CDG| 400 MHz) of PSBr (top) and P$bottom)
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The'H NMR spectra (CDG| 400 MHz) of monomer 9 for the rod block and the

two PPV polymers are shown in Figure 48 for comparison.
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Figure 48H NMR spectrum (CDG) 400 MHz) of monomer 9 (top) and two PPV
blocks: PPV-CHO (middle) and PR\ottom)
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After polymerization, two major peaks appeared at 7.48 (8) and 7.15 (2h whi
are assigned to aromatic and vinyl protons, respectively. Theylnattl aldehyde end
groups (1 and 6) are clear. Other end group signals such as 2,3,4,% aisilals. Using
the integration ratio of signal 7 versus 1 (7:1= 76:1), the degneelyherization can be
calculated to be around 11. Signals associated with the —-CHO end gobupssl, 2, 4
disappeared upon conversion to alkyne. Signals corresponding to the neywepd
such as alkyne signal 1' (3.12) are clearly visible. Signals at the othesuehds 3, 5 are
again clear with no change in chemical shift observed. Usinoptdgration of signals 7
and 6 (7:6 = 60:2.5), a degree of polymerization of 11 is again obtained.

The'H NMR spectra (CDG| 400 MHz) of click product (PS-PPV), deprotected
diblock (PS2-PPV) and hybrid diblock (PS-MBPV) are shown in Figure 49. The
spectra of the ‘clicked together’ diblock copolymer is esseptaltombination of the
spectra of the two polymer blocks, except for the missing tednalkyne proton signal
(signal 1'). When the spectral region of 5-6 ppm is expanded, d argnad 5.15 ppm is
observed which can be assigned to the proton associated with triaatileglgarbon in
the PS block?® Using the integration of signals attributed distinctively thegitblock,
n/m ratio can be calculated (where n and m are the degreeyaigr@ations of the PS
and PPV block, respectively). For example using the integratiasigogls g (34) and
8(8), the n/m ratio is calculated to be 2.1 to 1 consistent with tlyeeee of

polymerization of two blocks.
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Figure 49H NMR spectrum (CDG| 400 MHz) of PS-PPV DCP (top), deprotected
DCP (middle) and the cluster attached DCP (bottom).

The complete removal of the phathalimide protecting group is caedirny the
'H NMR spectrum of the resulting polymer where signal g is cetalyl missing (shown
in Figure 49). ThéH NMR spectrum of hybrid DCP was taken in CR@ecause of its

limited solubility, the spectrum reflects only the structureshoke soluble DCPs. As
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evidenced from Figure 49 rather weak aromatic signals areisegbe spectrum. The
broad signals e and f seen in th¢ NMR spectrum of the deprotected DCP have
disappeared. Weak but discernible signals seen at 6.92 and 2.80 ppkalamcolvnfield
shifted signals e and f, respectively. The hybrid DCPs whicls@gle in chloroform
are likely to have only short PS segments which may accounhdéounusually low
intensity of proton signals associated with the PS segment. igealscorresponding to
the tetrabutylammonium counterion, such as the one at 3.42 ppm, appedredHn t
NMR spectrum of the cluster-attached DCP. While signals qvestéensively in the 1.0
to 2.0 region and the aromatic region, in the 3.0 to 5.0 ppm range, two atrdvgell-
resolved broad signals at 4.05 and 3.42 ppm are observed, which caighedassthe -
OCH,- proton of the PPV block and the -NgHprotons of the tetrabutylammonium
counterion, respectively. On the basis of their 1:1 integratiow, rétie number of
attached clusters can be estimated to be about one-fourth ofgtlee dé¢ polymerization

of the PPV block, yielded about 3 POM clusters per PS block

4.3.3. Molecular Weight Determination
The gel-permeation chromatography traces of the rigid PP\k,blloe PS block, the PS-
PPV DCP, free cluster Mp and the hydrid DCP are shown in Figure 50. All
measurements were run at 30 °C using THF as the eluent. ThBESdlock has a
number average molecular weight {Mof 2732 and a polydispersity (PD) of 1.10 as
already shown in Figure 16. The relatively narrow molecular weighttiitbn indicates

the living nature of the polymerization. The PPV block has a Mn of 2808&aslightly
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larger PD of 1.27. Such a PD is consistent with literature rep8ftéfter “click”
coupling, the PS-PPV DCP shows g bf 5900 and a PD of 1.22. No uncoupled PPV
block or PS block is seen in the DCP’s GPC trace, indicatimgnaplete coupling
reaction. Such a result also confirms that all the PS coil bloegsared from the ATRP
process possess the active Br end group. After cluster attachtheemésulting hybrid
DCP shows a peak with a significantly shortened retention tim@eldks corresponding
to the unreacted DCP and the freegMluster are observed, indicating that all DCPs have
reacted and free clusters have completely washed out. Whdanbt be concluded that
all amines have reacted and most likely that did not happen becasisei®feasons, the
narrow PD of the resulting hybrid DCP indicates that the exdefiinctionalization is

fairly consistent among different DCP chains.
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Figure 50 GPC traces of the I-Br block, PPV= block, PSPPV DCP and the hybr
DCP using THF as elue

Realizing that GPC pduces only a relative moleculaveight (in reltion to
polystyrene standards),matrix-assisted laser desorption/ionizatidime-of-Flight
(MALDI-TOF) mass spectrometry (MS) measuremerwere also carried out on
polymers to yield inforration on their absolutenolecular weights and moleculweight
distributions. MALDI-TOF spectrum of F-Br has already been shown in Fig27 from
which M, was calculated to be 4494 on the basis of moleeutéghtsand the intensitie
of the peak. MALDITOF spectrum oPS-N; also depicta regularly distributeset of
peaks with massiffierence of one repeating ur(277.11) as illustrated in Figu51, and

the M, of PS-N is calculated to be 4596, which corresponds to\arage degree ¢
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polymerization (DP) of 18, reasonably consistent with the DP obtaindd NMR. Both
polymers (PS-Br and PSsNshow narrow molecular weight distributions with PD of
1.10 and 1.11, respectively, confirming the living nature of the polyatemn. The
MALDI-TOF spectrum of the PPV block shows one major peak atssitizarge ratio of
2209.8, corresponding to 7 repeating units. Theaktl PD of PPV are calculated to be
2116 and 1.03, respectively. After being clicked together, the resti@i®yshows a M

of 6644 and a PD of 1.04. The molecular weight of PS-PPV DCP matehewell with
the theoretical value of 6712 (4596 + 2116) calculated based on {fkeofVithe two
blocks. Taking the distributions of the PS-N3 block and the PPV block anthiagsa
random reaction between them, the theoretical statistical nlateseight distribution of
the PS-PPV DCP is calculated and shown in Figure 51 ashelltheoretical molecular
weights and their distribution of the PS-PPV diblock copolymerasvs in Figure 51
are calculated depending upon the molecular weight and their irden&tsed on the
MALDI-TOF mass spectrum of PS3Nits molecular weights (MPS)) and mol fraction
(X; (PS)) can be obtained. Similarly; ®PV) and X(PPV) can be obtained. Assuming a
random reaction between the PS and PPV blocks, the mole fractiba wdsulting PS-
PPV diblock copolymer with a molecular weight of(RS)+M(PPV) can be calculated
as X(PS)X(PPV), from which the theoretical plot of molecular weight vserfaktion
can be obtained. A nice match between the theoretical prediction hendctual
experimental results can be observed, confirming the diblock copofpmmeation. It is
noted that a lower molecular weight distribution in the 1000-3000 rangbsisrved,

which was initially attributed to any unreacted PPV block. Repeatttempts in
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chromatography separation failed to remove these low molecd@@ghivcomponents.
Since GPC trace of PS-PPV does not show a corresponding low mol#istriidution, it
is possible that those low molecular weight components are fragnoénPS-PPV,
generated during the MS measurements. While MALDI-TOF measants yield
molecular weight information for the PS block, PPV block and th@P@-DCP, spectra
of the cluster attached DCP revealed no peaks beyond a mass/citeogef 3000,
whether using a positive or negative detection mode. The lack bf rags/charge
signals may be due to the difficulty in vaporizing clustereiitdl DCPs under the
MALDI conditions or due to the simple fact that the hybrid DERighly charged (as

each attached cluster carried a -2 charge).
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Figure 51MALDI-TOF spectra of the PS block, the PPV block, and the PS-PPV DCP.

The theoretical MW distribution is calculated based on the random atatistic
reaction of the two blocks with the known MW distribution.

4.3.4. Thermal Properties
Thermal properties of the two blocks, PS-PPV DCP and the chyd@P were
studied by thermogravimetric analysis (TGA), and the resuksshown in Figure 52.

While both the cluster and the PS-PPV DCP are thermally stghie 300°C, the hybrid
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DCP started to decompose at a much lower temperature of 200ight\éss continued
until 530°C when no further loss is observed up to 700°C. A residual waig34%
remains. For the free Maluster, a similar no weight loss region from 530 to 700°C is
observed, and the residual weight is 64%, which is consistent tsitbluster anion
content of 64%. The PS block, the PPV block, and PS-PPV, on the other Ihatadtex
to degrade around 300°C and continued to lose weight up to 700°C. All theseeply
have less than 8% residual weight at 700°C. It is thus reasonassuime that at 700°C
the thermally decomposed residue of the hybrid DCP is M&@m which the weight
percentage of Mo in the hybrid DCP can be calculated to be 22%g the DPs of 18
and 7, obtained from the above MALDI-TOF measurements, for the ®®BRM blocks,
respectively, and assuming a complete phthalimide deprotection, a 22é6rimt in
the hybrid DCP indicates that the number of attached clys¢erBS block is between 3
(20% Mo) and 4 (23% Mo), quite consistent with the result obtained frorNMR

studies.
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Figure 52. TGA thermograms of PS-Br, PBVPS-PPV DCP, [MgD1d].
2NBucluster and the hybrid DCP.

4.3.5. FT-IR Measurements

Besides'H NMR and GPC, the covalent formation of PS-PPV diblock is evident

by IR measurements, too. The azide stretching peak around 21'06bserved for the

PSN; coil block as shown in Figure 53 is completely disappeared itRirspectrum

after PS-PPV diblock copolymer formation.

Both 'H NMR and TGA analysis confirm the existence of clusterthénhybrid

DCP, and GPC indicates that those clusters are attached covédetité DCP polymer.
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The cluster attachment is also confirmed by IR measuremestshdwn in Figure 54,
the PS-PPV DCP shows a sharp and intense peak at 172&tich can be assigned to
the carbonyl stretching of the phthalimide protecting group. Aftearadection and
cluster attachment, this peak is significantly weakened. Onttiex hand, new peaks at
798 and 953 cih which are characteristic Mo-O stretching vibrations, are stubearly

in the IR spectra of the hybrid DCP. A side/shoulder peak ned%3ccn' is detectable
more clearly when expanded. This peak is attributed to the Moel¢tsing vibratiorf?°
The observation of this peak is a good indication thaf dllesters are attached to the coill

block.
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Figure 53. IR spectra of PSzlnd PS-PPV
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Figure 54. IR spectra of the PS-PPV DCP, freg daster and hybrid DCP.

4.3.6. Cyclic Voltammetry Studies
Cyclic voltammetry (CV) measurements of the DCP and hybrid DCP \aetiedt

out in acetonitrile using a Pt-disk working electrode coated \wghréspective polymer
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film. Under identical conditions, a reversible oxidation wave at 0.3%sa&)bserved for
the ferrocene/ferrocenium couple. As shown in Figure 55, the cyclovolbgram of the
hybrid DCP shows clearly a reduction process around -1.1 eV whiclndbesist in the
precursor DCP, and is cathodically shifted compared to that of\ieg. This reduction
process can be attributed to the imido-POM clusters, whickrenen to exhibit higher
reduction potentials (more difficult to be reduced) than the freelllister'® ?* The clear

observation of this reduction wave and the absence of reduction process of fezs clust

PS-Mo6-PPV

Mob6

Current (uA)

Figure 55. Cyclic voltammograms of the PS-PPV DCP, freg dster, and the hybrid
DCP.
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indicate that all POM clusters in the hybrid DCP are caovbldonded to the coil block
through the imido Mo-N bond. Both the PS-PPV DCP and the hybrid $06® a semi-
reversible reduction process at around -1.5 eV, which is due to thaioedof the PPV

block.

4.3.7. Optical Properties

The absorption spectra of the PS block, PPV block, a 1:1 PS/PPirenatd the
“click” coupled DCP is summarized in Figure 56. The absorption spactf the DCP
closely matches that of the 1:1 PS/PPV mixture in both the UMlandisible region,
indicating again a complete coupling between the two blocks. ltirmisles that there
are minimal electronic interactions between the two blocks in ¢gneund states. After
cluster attachment, a new peak at around 370 nm appeared whilg,tlhe the visible
region is blue-shifted as illustrated in Figure 57. The new ped8KGhm matches well

with the absorption spectrum of the imido-POM derivative of 2, 6-dimethylariifihe,
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Figure 56. UV/Vis absorption spectra of PS-Br, PR\& 1:1 PS/PPV mixture and the
PS-PPV DCP in dilute chloroform solutions.

and can thus be assigned to the ligand-to-metal charge-tréidSf€M) transition of the
pendant imido-POM component. The observation of this peak indicatasy diea

formation of imido-functionalized POM clusters, again confirming ¢bealent cluster
attachment. The absorption band in the visible region of thachRI@P is due to the-

n* transition of the PPV block. The slight blue shift of this band, congptr¢hat of PS-
PPV DCP, indicates that the attachment of POM clusters to the coil bloctrhaseffect
on the effective conjugation length of the PPV block. It is posdilaliethe bulky cluster-
containing PS block may twist the bridging phenylene vinylene seigmwed thus

decreases the effective conjugation length of the PPV block.
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Figure 57. UV/is spectra of thPSPPV DCP, the hybrid DCP, and 2, 6-
dimethylaniline functionalizehexamolybdate cluster in dilu
chloroform solution:

Both the DCP and hybrid DCP exhibit strong fluosrsz in dilute solutons.
Their fluorescence quantuyields are 0.21 and 0.19, respively, indicating negligibl:
fluorescence quenching in ution after cluster attachmenthis observation is consiste
with previousreport on side chain PC-containing conjugated polymewhere POM
clusters exhibit inefficient fluorescer quenching when they araked to the conjugate
backbonethrough flexible alkyl bridge®® In the hybridDCP, the POMs are furth

away from the PPV don@nd thus photoindud electrontransfer from PPV tPOM is
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kinetically hampered. In the solid film, however, hybrid DCP ddesvsmuch weaker
fluorescence. Compared to PPV and PS-PPV, whose films show Flunugigids of
0.48 and 0.34, respectively, hybrid DCP shows a fluorescence quantunofyietdy
0.09, indicating the quenching of 74% of the PPV fluorescence when cahtpalRsS-
PPV. It is noted that while PS-PPV shows identical fluorescent®at of PPV in dilute
solution, the emission of PS-PPV films is red-shifted by 15 nntevthe hybrid DCP
blue-shifted by 10 nm, as shown in Figure 58. Clearly, the PPV segagmtegate quite
differently after the cluster attachment. Since the PP\é&om in the hybrid DCP is not
as red-shifted as that in PS-PPV, the observed fluorescence aqueonthybrid DCP
may not be attributed to a better PR\stacking. The more plausible cause is the
photoinduced electron transfer from the PPV exciton to the POM dussech an
electron transfer becomes facile in the solid state becdube close proximity of the
donor PPV of one DCP and the acceptor POM clusters of another DGfemwords,
the inefficient intrapolymer photoinduced electron transfer in aeddatution is replaced
with efficient interpolymer electron transfer in the solidtestavhich accounts for the
observation that the hybrid DCP is highly fluorescent in dilute solsitbut exhibits

much weaker fluorescence in the solid state.
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Figure 58 Fluorescence emission spectra of PPV (black-PPV (red).and the hybri
DCP (PS-MoBPV, blue in dilute chloroform solutionand as solid film:

4.3.8. Thin Film Morphology
Film morphologies for the F-PPV DCP and hybrid DCP were studied by A
(atomic force microscopy) and SEM (scanning electroicroscopy) measuremen
Chloroform solutions of PPV, and the hybdi DCP (1 mg in 1 mL chloroformwere
spin-coated onto silan wafer at a spin rate of 30(and 1500 rpm. After ding in a
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vacuum oven overnight, AFM was performed at tapping mode. The heidhplase

images at both spin rates for PS-PPV are shown in Figure 59.

1500 rpm

Figure 59. AFM height and phase images of PS-PPV. Height image: (a) pgheats,
(c) lower spin rate; Phase image: (b) higher spin rate, (d) lower spin rat

The PS-PPV diblock copolymer at higher spin rate (300 rpm) exhibitadg

type irregular structure with a hollow at the center where&saeer spin rate the diblock
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formed globular structure scattered on the surface. The hamghphase images at both

spin rates for the hybrid are illustrated in Figure 60.

PS-Mog-PPV

Spin Rate Height image Phase image

3000 rpm

1500 rpm

Figure 60. AFM height and phase images of P$-FBV. Height image: (a) higher spin
rate (c) lower spin rate; Phase image: (b) higher spin rate, (d) powerts

In contrast to the PS-PPV DCP, no distinct phase separated nogphshs
observed for the hybrid DCP both in higher and lower spin rateM @iy provides an

image of the surface topography. To get a clear idea abosathgles at bulk scanning
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electron microscope (SEM) can be a useful tool. The samplespnegared the same
way as for AFM. After that the films were sputter-coateith a thin layer of gold/
palladium. Field-emission scanning electron microscope (SEM3OX(EEI Company,
Hillsboro, OR) was used with an accelerating voltage of 15.0 kV. The SEM irohtes

PS-PPV films as shown in Figure 61 show interesting microporous structures.

PS-Mog-PPV
c) A

Spin Rate: 3000 rpm

Spin Rate: 1500 rpm

Figure 61. SEM images of PS-PPV films (a, b) and the hybrid DCP filnag, (spin-
coated at spin rates of 3000 rpm (a and c) and 1500 rpm (b and d).

At a high spin rate, the pores have irregular shape and varesd 8iza spin rate

of 1500 rpm, the pores show a regular spherical shape and much more sEfarirhe
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average diameter of the pores is around 500 nm. While a number obiratibbock
copolymers have been shown to give microporous filflssuch morphologies are
usually obtained by drop-casting with slow evaporation of the sblféne formation of
microporous films by spin-coating indicates that the PS-PPV B&lfPassembles rather
quickly as solvent evaporates. This type of microporous structuegyissimilar to the so
called “breath figure” structuré? During the fast evaporation of the volatile solvent the
temperature drops to -6° C. The subsequent condensation of water fromoigkte
environment onto solution surface results in the presence of isolatent droplets
floating on the organic surface. The density of the dropletgasess with the increasing
diameter of the droplets. After some time rafts of non-coalgsdroplets form and
organize on the surface. These arrays do not coalesce rathentsirike solution of
polymer when a second layer of droplets can be deposited on top akthen&. There
are multiple theories which explain the absence of coalescemte as Marangoni
convection or the instant precipitation of the polymer layer around #ter wiroplets
forming a solid envelope. The long range order of these bubblgsaigadriven by
competing repulsive and attractive forces leading to a suriléee With water droplets
stabilized by a solvated polymer layer. Upon further evaporation wérsplviscosity of
solution increases which in turn effectively locks the porous streich place. Both open
and closed bubble-arrays are observed and explained by the suriioa tffect that
opens up the bubble arrays if the connecting skin is very thin. hissigto the self-
assembly process and the micropore formation mechanism requiketaded and

systematic study of how the block sizes, solvent, polymer condenirapin rate,
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thermal treatment, and so forth affect the film morphologie®rAfuster attachment, the
resulting hybrid DCP yields films with very different morphakgy As shown in Figure
61 (c and d), spin-coating of a hybrid DCP solution gives film& wait uneven surface
and non-uniform coverage. While one sees pits in the film and soa® @fraggregated
lumps, the widespread pores seen in the DCP film are cledsking. When the smooth
film area is magnified, one sees no phase separated domaimsulit be noted that the
morphology of a spin-coated pristine film is formed through a kin@bcess rather than
a thermodynamic one, and thus it may be altered with time anuetatare. The actual
morphology depends on several factors like choice of solvent, anneatmpgrature,

drying speed, and, above all, the degree of polymerization of bkdk. In our

preliminary morphology studies, chloroform, a good solvent for both blods used as
the solvent. While no phase-separated morphologies were observétdothe PS-PPV

DCP or the hybrid DCP films without prior thermal treatmehtiemains to be seen
whether spin coating from different solvents, under different saasrand after thermal

annealing at various temperatures will be able to create any new typepbdfatogy.

4.4. Conclusions
The first POM-containing rod-coil DCP through the post-polymdonat
functionalization approach was successfully prepared. Click chigrias used to join
together a rigid PPV block and a flexible PS block to form theysser DCP. Both GPC

and MALDI-TOF measurements have confirmed the formation of thieé ®ith a narrow
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molecular weight distribution. POM cluster attachment wasethout in NMP, a solvent
in which both the precursor DCP and theghdtuster are soluble. The cluster attachment
was confirmed by GPC, IR, CV, and optical spectroscopy. The hilid shows two
absorption bands, one at 450 nm due-td transition of the PPV block, and the other at
370 nm attributable to the ligand-to-metal charge transferiti@nsf functionalized
Mo6 clusters. Spin-coated PS-PPV films show microporous struciuneh are not
observed in the hybrid DCP films. Significant fluorescence duagas observed for the
hybrid DCP because of photoinduced electron transfer from the Rétwreto POM
cluster, indicating its potential as photovoltaic materials. Tihe fmorphology was not
the desired one for photovoltaic applications as the cluster attacbBddi@dn’t exhibit
any phase separation. POM-containing DCPs with different block strudtumger block
lengths, different volume fractions of each block needed to rethz®OM containing

DCP as a potential candidate for photovoltaic applications.

4.5. Experimental Section
Materials. Triethylamine was distilled over CaHTHF was purified by
distillation over sodium pellets and benzophenone. CuBr was purified khinvga
consecutively with glacial acetic acid, absolute ethanol and tliethgr, and then dried
under vacuum. N, N, N, N, N”-pentamethyldiethylenetriamine (PBIA, 99%),

aniline and 1-methyl-2-pyrrolidinone were distilled in vacuo before. Wl other
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chemicals were purchased either from Aldrich or Acros and us®d as received unless
otherwise stated.

Instrumentation. All reactions were conducted under protection of nitrogen. The
'H NMR and**C NMR spectra were collected on a Varian INOVA400 MHz FT NMR
spectrometer. All samples were referenced to the deuteratethtsoGPC measurements
were performed at 30° C on a Waters system equipped with a \a@rdifferential
refractometer, Waters 515HPLC pump and a styragel HR 4E coluthnTWiF as the
eluent. The calibration curve was determined by the use of fiystgodne standards
from 800 to 90,000. FT-IR spectra were obtained from samples dispersdit pellets
on an IR100 FT-IR spectrometer (Thermo-Nicolet Co.).UV-vis absormpectra were
measured on a Hewlett-Packard 8452A diode array spectrophotpmater
photoluminescence spectra were measured using a Shimadzu RF-5301PC
spectrofluorophotometer. Fluorescence quantum yields for solution wesemded
using quinine sulfate in 1 N JB80, (ps =~ 0.55) as the standard. For films,
diphenylanthracene (dispersed in PMMA film with concentration thss 10° M,
assuming PL efficiency of 0.83) was used as the standard.cGyoliammetry (CV)
studies were carried out in acetonitrile at room temperature angen protection using
a BAS Epsilon EC electrochemical station employing a 1°ndisk as the working
electrode, silver wire as the reference electrode, and ar®taw the counter electrode.
[BusN]PFs was the supporting electrolyte, and the scan rate was 50 nolymd? films
were cast from chloroform onto the Pt disk working electrode. Fameowas used as an

internal standard. Thermal analyses were performed on Shimadx60d @t the heating
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rate of 10°C/min. A Voyager DE Pro (Perceptive BiosysteiB§/MALDI-TOF mass
spectrometer was used for mass measurement operating in both linedleahal raode.
A mixture of silver trifluoroacetate/dithranol (1, 8-dihydroxyanotig) (1:25 w/w) was
used as the matrix. Field-emission scanning electron mapes¢SEM) XL30 (FEI
Company, Hillsboro, OR) was used with an accelerating voltaged50® kV. A
Multimode Nanoscope llla Atomic Force Microscope (AFM, Digitaé¢o instruments,
CA) was used to observe the samples. J type of piezoele@nnescwith scan range of
100 x100um?® was selected. Oxide sharpenegNgicantilevers having a nominal force
constant of 0.08 N/m (OMCL TR400PS) were purchased from Olympud blgo) and
used in experiment. Contact/tapping Mode was employed to obtain Afdges. The
scan rate was 0.5 Hz with the imaging force as low as posailgethe resolution of
images was 512x512 pixels. Height and defection data were rechrded experiment.
Image formation and data analysis including D-banding and diameter caeied out
using section analysis with Nanoscope Software 5.30 version.

Sample Preparation for AFM and SEM. One mg of each of the three polymer
samples was dissolved separately in 1mL of chloroform solutiodeingi glovebox.
Though PPV and PS-PPV were readily soluble in chloroform, hybrid &P heated at
50° C and stirred overnight under nitrogen protection to make a homogeneoissolut
The solutions were filtered through 0.460 PTFE filter prior to spin coating on silicon
wafers at spin rates of 3000 or 1500 rpm. All the films wereddnea vacuum oven
overnight. For SEM only, the samples were sputter-coated with #atl@nof gold after

drying.
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Compound 7. 2-methyl hydroquinone (10.0 g, 80.5 mmol), 1-bromohexane
(26.6 g, 161.0 mmol), potassium hydroxide (9.94 g, 177.2 mmol) and DMSO were
combined and stirred at 110° C for 4 h. After cooled to room temperé#tereeaction
mixture was diluted with methylene chloride (300 mL) and poured ioitd water (400
mL). The organic layer was collected and washed with aqueous ®®K 100 mL),
aqueous HCI solution (1M, 100 mL) and water (300 mL) respectively. Tlamiorayer
was collected, and after the evaporation of the solvent, yielded composral dag red
liquid. (22.4 g, 95 %)'H NMR (400 MHz, CDC}4, 25 °C):5 6.68 -6.75 (m, 3H), 3.88 (t,
J=6.4 Hz, 4H), 2.23 (s, 3H), 1.73 (m, 4H), 1.47 (m, 4H), 1.35 (m, 8H), 0.93 (t, J= 7.2 Hz,
6H). *C NMR (CDC}, 400 MHz):§ 152.38, 150.98, 127.63, 117.86, 116.46, 111.71,
68.29, 66.84, 31.25, 29.05, 25.41, 22.26,13.19.

Compound 8. Compound 7 (5 g, 17.10 mmol), iodine (2.60 g, 10. 26 mmol),
iodic acid (0.90 g, 5.13 mmol), sulfuric acid (6.25 mL, 30% w/w iOH carbon
tetrachloride (5 mL) and acetic acid (20 mL) were combined dhdkeel for 4 h. The
resulting reaction mixture was washed with saturated sodiuarbmicate (900 mL) to
neutralize the solution. The entire reaction mixture was themaat&th with methylene
chloride (300 mL). The organic extract was washed with satusaididm bisulfite (900
mL) followed by water. The organic layer was collected, dried av&@gnesium sulfate,
filtered and evaporated the solvent to get a crude product. Thisheagcrystallized
from methanol to get compound 8 as a white solid (5.75 g, 80%, mp 39-48°RMR
(400 MHz, CDC}, 25 °C):8 7.15 (s, 1H), 6.64 (s, 1H), 3.84-3.93 (m, 4H), 2.16 (s, 3H),

1.76 (m, 4H), 1.47 (m, 4H), 1.35 (m, 8H), 0.93 (t, J= 7.2 Hz, 8@ NMR (CDCE, 400
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MHz): & 152.05, 151.63, 128.06, 121.93, 115.39, 82.23, 70.18, 68.84, 31.14, 29.28,
25.74, 22.59, 16.44. 14.05.

Compound 9. Compound 8 (2.00 g, 4.78 mmol) was dissolved in dry THF (7
mL) and cooled to -1 in an ice-salt bath. n-Butyllithium (2.5M in hexanes) (2.86 mL,
7.17 mmol) was added drop wise to the above solution with a nitrdigehdyringe. The
resulting mixture was stirred at -10°C for 15 min and then anhyd®fs (2 mL) was
added drop wise with a nitrogen filled syringe. The ice-salt bath removed and the
mixture was stirred for 1 h under nitrogen at room temperatieerdaction mixture was
then poured in water (100 mL) followed by addition of 6N HCI (100 mL). mindure
was then extracted with methylene chloride (3 x 200 mL), washéd saturated
NaHCG; (200 mL) and water (200 mL). The organic layer was collected aed dver
magnesium sulfate. The solvent was removed to obtain yellow of. Wé&s purified by
column chromatography (silica gel, hexanes/methylene chlo2idg &s the eluent) to
yield compound 9 as a white solid. (0.9 g, 59%, mp 41-429€)NMR (400 MHz,
CDCls, 25°C):8 10.40 (s, 1H), 7.20 (s, 1H), 6.77 (s, 1H), 3.98 (m, 4H), 2.25 (s, 3H), 1.77
(m, 4H), 1.43 (m, 4H), 1.32 (m, 8H), 0.88 (m, 6H)>C NMR (CDC}k, 400MHz): &
189.47, 156.14, 151.30, 136.79, 122.89, 115.57, 108.16, 69.10, 68.42, 31.51, 29.17,
25.74, 22.59, 17.30, 14.02.

Compound 13. A mixture containing compound 12 (4.00 g, 11.3 mmol),
trimethylsilylacetylene (1.33 g, 13.5 mmol), bis (triphenylphosphinedagiaim (II)
chloride (0.161g, 0.226 mmol), copper (I) iodide (0.148 g, 0.777 mmol), triethylamine

(45 mL) and triphenylphosphine (0.059 g, 0.226 mmol) was stirred at 50°C under
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nitrogen for 3 h and then extracted with methylene chloride (3 x I50folowed by
water (50 mL) wash. The organic layer was collected, dried megnesium sulfate and
evaporated the solvent to get a dark brown liquid. The liquid was then pmuoced
hexanes (200 mL). The resulting mixture was washed with water Z80 mL). The
organic layer was then filtered through Celite 545 (Fisher Co.). Eataporof solvent
afforded 4.13 g of trimethylsilyl-protected precursor as a histred liquid, which was
then desilylated by following procedure: tetrabutylammonium ftlefil M solution in
THF, 20 mL) was added to a solution of trimethylsilyl-protdcpeecursor (4.13 g) in
methylene chloride (50 mL). The resulting mixture wasedit room temperature for 1
h and was then poured into hexanes (200 mL). The resulting solution wasasieed
with water (3 x 200 mL). The organic layer was collected andnafijtered through
Celite 545 to get a yellow liquid. The liquid was dried over magnesulfate and
evaporated the solvent to yield dark brown crude oil. The crude produguniied by
flash chromatography (silica gel, ethyl acetate as thenél to yield compound 13 as
yellow oil. (2.1 g, 74%)*H NMR (400 MHz, CDCJ, 25°C):$ 7.42 (d, 7.6, J= 7.6 Hz,
2H), 7.24 (d, J= 8 Hz, 2H), 3.98 (m, 4H), 3.14 (s, 1H), 3.09 (s, 1H), 3.04 (s, 1H), 1.21 (t,
J= 7 Hz, 6H). *C NMR (CDC}, 400MHz):$ 132.35, 132.26, 131.99, 129.54, 128.33,
120.43, 83.10, 62.03, 34.16, 32.79, 16.15.

PPV-CHO. Synthesis of Poly(2,5-Dihexyloxy-1,4-phenylenevinylene).
Compound 9 (1.46 g, 4.68 mmol) was added into a two-neck flask. The flask w
evacuated and backfilled with nitrogen three times. To the flaskadded a sample of

aniline (0.480 g, 5.15 mmol) with a nitrogen-filled syringe. The reactixture was
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stirred at 60° C for 1.5 h. Potassium tert-butoxide (1.05 g, 9.36 mmoljhwasadded
into the above mixture, followed by dry DMF (36 mL). The resultiegction mixture
was stirred at 80° C under nitrogen for 3 h. After being cooled dtmwmoom
temperature, the solution was poured into mixture of 150 mL of 1 N R&CRPA0 mL of
CHCI; to hydrolyze the aldimine end group. After the mixture wasestifor 1 h, the
organic layer was collected and washed with water until theoagyghase was neutral.
The organic layer was dried over sodium sulfate. After strippfhgiost of the solvent,
the concentrated residue solution was poured into a large ex@stane. The resulting
dark red precipitates were filtered and dried at 50° C under vacuwivecol.2 g of
product (yield 55%)'H NMR (400 MHz, CDC}, 25° C):5 10.43 (s, 1H), 7.48 (m, 16H),
7.15 (m, 14H), 6.71 (s, 2H), 4.04 (br), 2.22 (s, 3H), 1.84 (br), 1.53 (br), 1.35 (br), 0.89
(br). *C NMR (CDC}, 400 MHz):6 189.2, 156.3, 151.1, 127.1, 123.0, 110.4, 69.5, 31.7,
29.5, 26.0, 22.7, 14.1. Anal. Calcd. For#£l244017: C, 78.91; H, 9.98. Found: C, 77.63;
H, 9.92. GPC: M=2208, PDI=1.27. MALDI MS: M = 2116, PDI = 1.03.

PPV=. PPV-CHO (0.600 g) was added into a two-neck flask, and the flask w
evacuated and then backfilled with nitrogen three times. Dry THFn{L) was then
added, followed by sodium hydride (0.08 g, 3.33 mmol). After stirringroaim
temperature for 5 min, compound 13 (0.075 g, 0.297 mmol) in dry THF (5 mLhemas t
added dropwise to the above solution, and the resulting reaction nwasnefluxed for
16 h. The solution was then poured into water (50 mL) and extractedckoroform.
The organic layer was washed with water (100 mL) and dried oagn@sium sulfate.

After stripping the majority of the solvent, the concentrateldt®n was poured into
153



methanol to yield the polymer as red solids, which were dried aC5ider vacuum
(0.700 g, 90%)*H NMR (400 MHz, CDC}, 25° C):$ 7.48 (m, 19H), 7.15 (m, 12H),
6.71 (s, 2H), 4.04 (br), 3.12 (s, 1H), 2.22 (s, 3H), 1.86 (br), 1.53 (br), 1.36 (br)b)90
13C NMR (CDCE, 400 MHz):8 151.1, 132.4, 127.6, 126.3, 124.8, 123.2, 110.4, 69.5,
31.7, 29.5, 26.0, 22.7, 14.1. Anal. Calcd. Fagd@,4¢016: C, 79.97; H 9.85. Found: C
76.40; H, 9.51. GPC: M2208, PDI=1.27. MALDI MS: M = 2110, PDI = 1.03.

PS-Ns. PS-Br block (0.500 g, 0.164mmol), sodium azide (0.032 g, 0.492mmol),
and DMF (4.00mL) were added in a two-neck flask. The resulting solutas stirred at
room temperature for 14 h. The reaction mixture was then precipitatecbld methanol
(50 mL). The white solid was collected by vacuum filtration aadived with water. The
solid was dried under vacuum. (0.450%%).NMR (400 MHz, CDC}4, 25° C):5 7.80 (br),

7.71 (br), 6.65 (br), 3.37 (br), 2.03 (br), 1.70 (br), 0.93 (biy. NMR (CDCE, 400
MHz): & 167.0, 146.5, 136.3, 133.9, 132.2, 127.7, 123.5, 40.6, 18.1. Anal. Calcd. For
Cs2gH27MN21038: C, 76.90; H, 5.45; N, 5.75. Found: C, 75.40; H 4.89; N, 5.21. GPC:
M,=2700, PDI=1.10. MALDI MS: M=4537, PDI=1.11.

PS-PPV.PS-N3 (0.092 g, 0.031 mmol) and CuBr (0.005 g, 0.035 mmol) were
charged to a two-neck flask. The flask was then evacuated andllbdokith nitrogen
three times. PMDETA (0.007 mL, 0.006 g, 0.035 mmol) and freshly disfilldd (15
mL) were then added to the above mixture. To the resulting lgjldww homogeneous
solution was added dropwise a THF solution of BP{@-060 g, 0.024 mmol in 15 mL of
THF). The resulting red solution was stirred at 45° C for ZBhle. reaction mixture was

filtered through neutral alumina to remove the copper catalystreBudting red solution
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was concentrated and precipitated into methanol (100 mL). The ceddsotid was
collected by vacuum filtration and washed with acetone to remows&RS-Bl The red

solid was dried under vacuum at 50° C (0.182 g, 9B6NMR (400 MHz, CDCY, 25°

C): 6 7.78 (br), 7.65 (br), 7.43 (br), 7.11 (br), 6.6 (br), 3.99 (br), 2.17 (br), 1.99 (br), 1.81
(br), 1.60 (br), 1.54 (br), 1.30 (br), 0.85 (b}JC NMR (CDCk, 400 MHz): & 167.0,

151.0, 136.3, 133.9, 132.2, 127.6, 123.5, 110.4, 69.4, 40.6, 31.7, 29.5, 26.0, 22.7, 18.1,
14.1. Anal. Calcd. For £gH525N210s4: C, 77.80; H, 6.91; N, 3.44. Found: C, 77.44; H,
6.96; N, 2.80. GPC: M5900, PDI=1.22. MALDIMS: M=6644, PDI=1.04.

Deprotection of Phthalimide Group. PS-PPV DCP (0.050 g, 0.008 mmol) was
dissolved in freshly distilled THF in a two-neck flask. Then hyoira monohydrate
(0.200 g, 3.99 mmol) was added dropwise into the above red solution with constant
stirring, and the entire reaction mixture was refluxed for 13 h umid®gen protection.

The resulting solution was cooled to room temperature, and the lighgewhite
precipitate was filtered off. The orange color filtrate wagged off the solvent and
precipitated from methanol to yield an orange-red colored powder. (0,040%). 'H
NMR (400 MHz, CDC}, 25° C):5 7.41 (br), 7.11 (br), 6.25 (br), 4.04 (br), 3.45 (br), 2.06
(br), 1.85 (br), 1.54 (br), 1.35 (br), 0.89 (br).

Hybrid DCP (PS-Mos-PPV). In a two-neck flask were added deprotected DCP
(0.030 g) and DCC (0.090 g, 0.436 mmol). The flask was degassed and backfliled w
nitrogen. Hexamolybdate cluster, [M®g*. 2N(CHo)s" (0.900 g, 0.659mmol)
dissolved in NMP (4 mL) was then added into the flask, and the oractixture was

stirred at 100° C for 12 h. The resulting dark red solution was cooleaacim
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temperature, and the white solid precipitate (urea) wasefilt®ff. The solvent was
distilled off from the dark filtrate solution under vacuum, and the tiagutoncentrated
solution was poured into hot acetonitrile to yield the crude hybrid ,D@ich was
further washed with hot acetonitrile to get rid of any remainiag €luster. The resulting
hybrid DCP is a brownish red solid (0.035 g, 89%MINMR (400MHz, CDC}, 25° C):8

7.48 (br), 7.15 (br), 6.71, (br), 4.05 (br), 3.42 (br), 1.85 (br), 1.66 (br), 1.54 (br), 1.30 (br),

1.05 (br), 0.89 (br).
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CHAPTER 5

SYNTHESIS AND THIN FILM MORPHOLOGICAL STUDIES OF P3HT-BAZE
ROD-COIL DIBLOCK COPOLYMER WITH POLYOXOMETALATE CLUSTRS
COVALENTLY ATTACHED TO THE COIL BLOCK
5.1. Transition from PPV to P3HT as Conjugated Rod Block
While morphological diversities in coil-coil diblock copolymers (DGM)ose
molecular shape closely matches Gaussian coil models dteumdgerstood, phase
separation in rod-coil diblock copolymer remains more debated anduingyi An
increasing interest in rod-coil diblock copolymers for use in ooyeleictronics is evident
where importance of interface between two incompatible mkstesigh different work
functions is apparent. These diblock copolymers are promising in camgrtiie active
layer morphology and interfacial structure in multicomponent deviceshe 10 nm
exciton diffusion length critical to device performant&8Chemically connected donor-
acceptor type blocks microphase separate into equilibrium orderedojbhattion
structures driven by factors such as immiscibility or thetahysity difference between
two segments. In this connection PPV based rod-coil hybrid DCP kasdoeumented
in chapter 4 where PPV acts as the conjugated donor systeROdatluster acts as the
electron acceptor. But limited molecular weight and lower hole itybil PPV rendered
very poor phase separated domains for useful application in PV devites
microporous structures of DCP disappeared after attaching the di@ter®® Besides

PPV is highly susceptible to photo oxidation due to the reactive ¥mayisbonds in the
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backbone which in turn leads to deterioration of photoconductivity and device
performanceé® So by changing the block structure especially the rod block steuct
phase separated morphology suitable for the PV devices can be achievedly that

by varying the length of rod blocks the size of the surfactsees donor and acceptor
blocks, the exciton diffusion length and the shape of the domain through th
photocharges percolate to the electrodes might be controlled. espisct regioregular
poly (3-hexylthiophenes) (P3HT) is extensively studied becausdsofaod photo
chemical stability and higher field-effect mobility (0.01-0.h%cV™* s*) compared to
PPV its regular end to end arrangement of side chains allffisieet n-n stacking of

the conjugated backbones making charge transfer efficiértigh solubility and good

film forming properties make it attractive as a printableisenducting polymet*® The
electron transfer occurs through intra-chain and inter-chain transporsialtng portion
whereas amorphous region does the same through hopping and tufifiektigh
regioregularity is required for the formation of highly orderdohgi with high charge
carrier mobility'*® Besides regioregularity, number average molecular weight and
processing conditions affect the charge carrier mobility émsely**® It has been
demonstrated that low molecular weight films exhibited low mgbiitie to domain
boundaries or in other words due to the poor interconnection of highly aggregate
domains whereas in higher molecular weight films small orderegioms are
interconnected through the long chains and thus prevent the charges daoneibeing
trapped by disordered boundary regions. The charge carrier transpavt molecular

weight and higher molecular weight P3HT has been illustratethurd-62 as proposed
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by a chain-packing model. After thermal annealing the mohitityhe low molecular
weight films increased as a result of the ordering and overlathefneighboring
aggregated domains. So, by changing the conjugated system of theuglsevi
synthesized rod-coil diblock copolymer with varying sizes of regolar
polythiophenes, and if bicontinuous phase separated domains can be rémboegth t
self-assembly under various processing conditions for efficieatge transport, these
hybrid rod-coil systems can be envisioned as a potent activeitaylee fabrication of

photovoltaic (PV) devices.

5.2. Synthetic Approaches for Rod-Coil Diblock Copolymer Hybrid
An important breakthrough in the development of polythiophene occurred in 1985
when the poly(3-alkylthiophene), a soluble, processable and stable pohasachieved
by the introduction of the alkyl group in tileposition of the thiophene rind® The
introduction of the long chain functional groups into the 3-position not onlyeinfles
the solubility and processability but also control other physicactrenic and
optoelectronic properties of polythiophelf&This 3-substituent breaks tk symmetry
of the thiophene structure. The 3-alkyl substituent in a thiopheneambecincorporated

into a polymer chain with two different regioregularities: head-tiodtéi’) and head-to-
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Figure 62. Chain-packing model of P3HT. a) Charge transport in low-MW and b) high-

MW films. Charge carriers trapped on poorly connected aggregated domains
in low-MW films. Long chains in high-MW bridge the ordered regions.

head (HH). This result in three types of dyad structures e.g.HHHand TT and four

structurally nonequivalent, spectroscopically distinct triad regmaers in polymer chain:
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HT-HT, HT-HH, TT-HT and TT-HH as shown in Figure §%.Head-to-head couplings
are unfavorable due to the steric repulsion between both alkyl chaimghe lone pairs
of adjacent sulfur atom§® Polythiophenes that contain significant amount of HH
couplings are referred to as regioirregular, while polymershbar only HT couplings
are referred to as regioregular. Regioirregular polymers camampt planar
conformations mainly due to the repulsive interactions betweernkylesale chain and
the sp lone pair on the sulfur, which forces the backbone out of coplankriaddition
to that irregular placement of alkyl groups prevents efficient-sphte packing causing
defects and limits physical properties which in turn influence phetophysical
phenomenon. In contrast, the planar backbone in the HT regioregular poigoreesed
the conductivity, non-linearity and other physical properties. Injitififiree general
synthetic procedures for polythiophenes were developed which includesahechical

* oxidative polymerization with Feg@f® and polymerization by

polymerization, **
catalyzed dedihalogenation of 2,5-dihalo-3-alkylthiophene, such as niekallyzed
coupling of thiophene Grignard reagéfitsor dihalothiophene monomer¥'® Though
these methods lead to higher molecular weight polymers, regionggebgpressed as the
percentage of HT-HT triads was rather low (usually between 50-60 %).

Recently with the modification of Grignard type polycondensation method
poly(3-substituted)thiophenes was synthesized with almost excli$ivecouplings
(>98%) in two step$?’ Lithiation of 2-bromo-3-alkylthiophenes using LDA at cryogenic

temperatures followed by transmetallation with MgB&O afforded only one metalated

regioisomer. The lower temperature prevents the so called scramblingtélylvalogen
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Figure 63. 3-substituted thiophene regioisomers: three dyads and four triads

exchange between lithiated aryl and heteroaryl hafife¥he polymerization was
achieved by Kumada coupling in head-to-tail fashion using Ni(ddppldppp =
diphenylphosphinopropan}? Alternatively Rieke et a® synthesized HT poly(3-

substituted)thiophenes by the oxidative addition of Rieke Zn, noted astife 2,5-
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dibromo-3-alkylthiophenes at cryogenic temperature to afford omgocteemical
intermediate which was regioselectively polymerized in Negisross-coupling
reaction™>* The HT coupling percentage can be altered by the use of difféoket and
palladium catalyst$°*? The regioselective control was proposed to be based on the
steric congestion at the reductive elimination step of the tiatalycle. Besides these
two above mentioned methods, regioregular poly(3-substituted)thiophenes ecan b
synthesized using Stilfe? and Suzuki cross couplitif methods. In spite of these new
advancements in synthesizing regioregular HT poly (3-alkyl)thiophiethe synthetic
procedures mentioned above have some drawbacks. The Grignard tymsgehsation
method requires highly purified materials especially the monorebromo-3-
alkylthiophene. Besides polycondensation methods or step growth processeproduc
polymers with higher polydispersity along with uncontrolled molecwi@ight. In
addition to that cryogenic temperature and long polymerization &mneetwo other
important requirements needed to be fulfilled. Though the purificafithe monomer 2-
bromo-3-alkylthiophene in the Rieke method is not tedious as the compouhd is t
highest boiling fraction in the crude mixture, the method requiresmoak{preparation

of Rieke zinc via alkali metal reduction of zinc halides, cryngdg¢emperatures and
longer reaction times. The Suzuki and Stille coupling methods alseretdiffrom many

of the drawbacks similar to the above two methods. These methoddsarenca
economically viable for the large scale synthesis. Keepihghake things in mind,

McCullough et al. set out to describe a novel method as shown in Scttenre

163



synthesizing HT-poly (3-alkylthiophenes) in a simple, fasticieiit and economical

way 154

R R
R'MgX, THF N /@\
/d\ rt or reflux MQ/Q\BF Br S MaX

80% 20%
Ni(dppp)Cl,,
reflux

R

s. J \ s
\ /S \_[h

Scheme 18. Synthesis of HT-poly(3-alkylthiophene) by GRIM method.

The easy-to-purify 2,5-dibromo-3-alkylthiophene treated with 1 equivadé
commercially available alkylmagnesium bromide results irmgmesium-bromine
exchange, also referred to as Grignard metathesis or GRIMe@hean proceeds with a
moderate degree of regioselectivity leading to a mixture obisegners in the ratio of

80:20 regardless of the Grignard reagent used as shown in the Skieie Grignard
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metathesis occurred due to the formation of a more stable Grigeageént i.e. the
thienyl Grignard reagent. This is then polymerized in presehaatalytic amount of
Ni(dppp)Ch to produce HT-coupled highly regioregular polythiophenes. To test the
hypothesis of GRIM, the monomer was treated with variety of Margy reagents
followed by quenching with trimethylsilylchloride. The quenchingules strongly
support the magnesium-bromine exchange reaction. It is found that &eofus
methylmagnesium bromide leads to the best results for polyetienz The gaseous
byproduct methyl bromide in the Grignard metathesis reaction helpise complete
formation of the intermediate regioisomers. The GRIM reactionursc between
temperatures as low as -40° C to refluxing conditions in THF. Lioge¢he temperature
during the magnesium-halogen exchange results in the formatiba bifst isomer at the
first step of Scheme 18 in higher proportion. Despite the regussty of the
metathesis step (80:20 mixture of isomers), degree of regioréguthsplayed in
resulting polymer is very high (99% HT-HT coupling). It hagatly been demonstrated
that catalysts with sterically demanding ligands like dppp and d@ppesmall metal
centers like Ni afford poly(3-alkylthiophenes) with a high degoéeegioselectivity
whereas less bulky and labile ligands combined with largen wetéers like Pd result in
regiorandom poly(3-alkylthiopheneSf*? Advantages of this new GRIM method are
manifold. Easy and quick preparation and purification of thiophene mon@ndrthe
corresponding Grignard reagents are cheap and easy to handleeathien can be
carried out at large scales without the use of cryogenic tetpesa The process is

economically viable shunning the use of expensive MgBd ZnCj.
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It has been elucidated that the nickel catalyzed regionegolgmerization of
alkyl thiophenes proceed by a chain growth mechanism rdtharthe widely accepted
step growth mechanisii> The degree of polymerization increases with conversion and
can be predicted by the molar ratio of monomer to nickel initi&orthe polymerization
is essentially a living system rendering low polydispessitiin a step-growth
polymerization method one would expect a fast disappearance of dhenmar and
increase of molecular weight at the end of the reaction. Batively high molecular
weight polymers formed almost immediately as the reacti@mtsstbased on the
experimental results. The mechanism of this chain growth poiyaten is outlined in
Scheme 19>° The monomer 1 generated in situ from 2,5-dibromo-3-hexylthiophene
reacts with the nickel catalyst to yield the organonickel compound 2.rdthective
elimination of 2 forms as associated pair [3-4] consists obthwottail dimer and Ni (0).
This associated pair is proposed to form by coordination of 1,3-bis(diphesphino)-
propane-nickel (0) to the thiophene ring imza- or n4 - bonded fashion similar to the
reported Ni(0)q? arene compleX’ After the initial oxidative addition steps of dimer 4 to
the nickel center compound 5 generated. Subsequent growth of the polymesachas
by monomer insertion one at a time as illustrated in the reaction cycle theeNi(dppp)
moiety is always attached to the polymer chain as end group sucladtigional
Grignard reagents can be added resulting in end-capping of poltiervarious
functional groups. This phenomenon supports the fact that the Ni(dpmmtSlas an
initiator rather than a catalyst. The molecular weight of thgnpet can be predicted by

the molar ratio of monomer to Ni(dppp}Ghhich means 1 mol of Ni(dppp)ECinitiates
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one polymer chain. The increase of molecular weight with the coowessipports the

living nature of the system. According to the mechanism, only one tailloetgling or

Br
R
R s = R
J \  Ni(dppp)Cl, = reductive L /A
L L. U “Ni + S
CIMg/g\Br CL/Ni s elimination CL Ni (0) Br S \ / Br
3
1 2 | Y, Br 4

Associated pair [3 - 4]

R

Oxidative addition
after several catalytic
cycles

L
CONigo) +
LN (0) Br

3

R 7

Associated pair [3 7] \/

Reductive elimination

Scheme 19. Proposed mechanism for GRIM polymerization method

structural defect per polymer chain is generated during the course cathiene
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The importance of end group functionalization in the synthesis of diblock
copolymers and other applications prompted to develop a method of aogttb# end
group composition of regioregular polythiophenes in the GRIM method. Vhgeeat
deal of work has been devoted to the modification and variation of &@@scof
regioregular HT polythiophenes$® less attention has been directed to the nature and
control of the end groups of such polymErsTypical GRIM polymerization yields
polymer having one end group composition either H or Br. As the mischa
demonstrated above shows the polymerization to be chain growth instetag growth,
proper reaction conditions needs to be found to cap or terminate thesalatio yield an
end-functionalized poly(3-alkylthiophenes). So simple addition of andBregnard
reagent would terminate the polymer growth by end capping polymerprandle a
simple one-pot method to control the end group composition of the HT polyitier
various functional groups as shown in Schemé®2@. is interesting to note that some
Grignard reagents produce mono-capped product while others prodoappeéd one.
Mono or di capped product is neither the function of the concentratitimed&rignard
reagent nor the reaction time with the Grignard reagent.féuisd that double or triple
bond containing Grignard reagents produce mono-capped product whiéstlygeld di-
capped polymer. Thorough examination of the mechanism revealed tbhat tlad
reductive elimination to produce mono-capped polymer and reactive ,Nh€d)form an
associative pair and undergoes oxidative addition followed by oeaeith another mole

of Grignard reagent to yield the di- capped product. In the caskefya or alkynyl
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Grignard reagents, the unsaturated group can react withveeBlet{O) to form a stable-

complex'®* which prevents further reaction with the bromine end group of the polymer.

R R R :
Ni(dppp)Cl, Br, ] R'MgX N7
J\ WL N NS e
n BrMg S Br after several Cﬂl S Br CJL
catalytic cycles reductive
elimination
R
M R Oxidative R
L\ \ R'MgX m addition L / \
_Ni + R ' / \ L “Ni '
CL 1 (0) R S R R s h/li\Lj CL/Nl (0) + R S Br
Di-capped Br
MeOH
R'MgX = XMQ\/
XMg—=— N
R S Br

-
Mono-capped
xm@w

XMg/\/\

XMg\{/

XMg—

Scheme 20. Proposed mechanism of end-capping of P3HT.

So similar to the PPV based rod-coil diblock copolymer systemsecgent

approach has been pursued to synthesize the P3HT based rod-coil diblockneopoly
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where the coil block synthesized using living radical polymerizatiethod is coupled to
the end-functionalized rod block. As discussed earlier the rod blocknibesized by
GRIM method followed by in situ end group functionalization with eyfhygroup. The
azide functionalized flexible block was then joined separately to dhgne
functionalized three different molecular size P3HT rod blocks through click dingmis
As the hybridization-polymerization (hybridization first) apptoaas shown in
Scheme 4 is restricted by the unsuccessful ATRP of the hyboidomer, rod-coil
diblock copolymer hybrid was realized by polymerization-hybridtra{polymerization
first) approach. This route involves the synthesis of precursor dilciopgilymers with
functional amine pendants on coil block followed by the covalent linkagBQil
cluster. Though this approach has better control over the degmeayaierization of
each block but the number of cluster attachment is limited bgtdre bulk of these
inorganic charged species. In order to realize these compouraistias photoactive
materials in photovoltaics, solar cell devices had been preparaditotke efficiency of

these organic-inorganic hybrid materials.

5.3. Results and Discussion
5.3.1. Synthesis of Rod-coil Block
In this approach a rod-coil DCP with pendant free aryl amine syathesized first,
followed by cluster attachment to yield the hybrid DCP. To peefiee rod-coil DCP, the

azide terminated coil block and the ethynyl functionalized rod P3HbCk was
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developed. Then the two blocks were joined together through click stngmihe coil
block remained same as synthesized via ATRP of monomer 6 acctod®cheme 6
followed by the modification of the end-functionality to azide groupllastrated in
Scheme 14. The synthetic route of three different molecular P3¢l rod block is

shown in Scheme 21.

/ \ tBuMgCl, Ni(dppp)Cl, ~=—MgBr / \
ar i Br THF, 1t Br S
14 PT—==
PT1: m =25
PT2: m =37
PT3: m=84

Scheme 21. Synthesis of three ethynyl terminated PT block

Commercially available 3-hexylthiophene is brominated with  N-

bromosuccinimide (NBS) according to a literature procedftffeo yield the dibromo-3-
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hexylthiophene monomer 14. Then the monomer is polymerized via Gfigretathesis
polymerization (GRIM) to obtain regioregular poly (3- hexylthiophe(f3HT) with
reasonably narrow molecular weight. Initially tert-butylmagmeschloride was added to
produce the 2-bromo-5-magnesiobromo-3-hexylthiophene intermediate and then
polymerization initiated with the addition of nickel catalyst tonfothe living chain.
While the polymer was still in solution a second Grignard nmelageamely
ethynylmagnesium bromide was introduced to cap the polymer and preducesgular
P3HT with ethynyl end functionalized polymer. As explained eani®no-capped
polymer was the product. Three different ethynyl end-functinedliP3HT were
synthesized by varying the catalyst concentration. The maleadight is a function of
monomer to Ni(dppp)G! Here the Ni(dppp)Glacts as an initiator rather than catalyst.
As catalyst loading decreased higher molecular weightregular P3HT obtained with
narrow molecular weight distribution. The three molecular size PBblymers are
designated as PT1, PT2 and PT3 in order of increasing moleculgntwall the PT
polymers were purified by soxhlet extraction starting witletimnol (to dissolve
unreacted monomers), followed by hexanes (to dissolve oligomers talgsgaand
finally with chloroform. The red chloroform extract was coléettand evaporated to get
the pure polymers.

The azide terminated flexible coil block (P§nd three ethynyl terminated rigid
block (PT=) were joined together through click chemistry as shown in Sclah¥®
While PSN is soluble in common organic solvents such as, chloroform,

dichloromethane, dimethylformamide (DMF), dimethyl sulfoxide (BDD)S acetone,
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tetrahydrofuran (THF), and so forth all the PBlocks are soluble only in chloroform,
dichloromethane and THF. The click reaction was thus carried out huBihg CuBr

and PMDETA catalyst-ligand combination to get three diblock copalyni®S-PT1, PS-
PT2 and PS-PT3. After completion the reaction mixtures weregadbsough a neutral
alumina column to get rid of copper. The resulting diblock copolym&$ s were

found to exhibit similar solubility to that of PT blocks, making Heparation of any
unreacted PT blocks difficult. To ensure complete reaction of Pk,bfoore than one
equivalent of PSplblock was used. The unreacted BR®Mck was easily removed by

precipitating the mixture from acetone as B8Noluble in acetone but PT is not.
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Scheme 22. Synthetic routes for three PS-PT blocks and corresponding hybrid blocks.

The next step was the deprotection of the phathalimide protected groune

which was carried out with hydrazine hydrate according to lagd®e procedure to get

three different diblocks (PS2-PT) with pendant amine functional grdapgling from

each repeating unit. The final cluster attachment wasedaotit in nitrobenzene solvent

with excess hexamolybdate cluster and DCC as shown in Schembd®h the cluster

is easily soluble in nitrobenzene, PS2-PT diblocks require somedpeatinake them

dissolve in this solvent. After the completion of the reaction the ptadang with the
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byproduct DCU precipitated out from the solution on cooling while tkeess free
cluster was still in solution. The precipitated products wkes twashed in chloroform
which solubilized the cluster attached diblocks leaving behind the DG .resulting
cluster attached DCPs or PS-¢eT1l, PS-Me-PT2 and PS-MgPT3 are soluble in

soluble in chloroform, THF, toluene and insoluble in most other organic solvents.

5.3.2. Structural Characterization
The structures of the synthesized products were confirméeti ByMR and**C NMR
(CDCls, 400 MHz) spectroscopy. THel NMR spectrum (CDG| 400 MHz) of all the
three rod blocks (P¥ are depicted in Figure 64. All the peaks of the polymers were
assigned unambiguously. After GRIM polymerization and subsequent end
functionalization one small but sharp peak around 3.5 (2) ppm appeared ftioreall
polymers which can be assigned to the terminal alkyne protongy St@matic proton
signal around 6.9 (1) ppm is also clearly visible. Along with othesylhside chain
signals, one peak around 2.8 (3) ppm corresponding to the end methyl groepybf
chain and another at 0.9 (4) ppm are prominent. It should be noted that ope sha
aromatic peak around 6.9 ppm and one shanpethylene proton peak of side hexyl
chain around 2.8 ppm clearly indicates that degree of regioregukaimost 98 % as
majority of the linkage is of H-T type. Formation of verylditamount of regiorandom

polymer can’t be avoided.
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Figure 64XH NMR spectrum (CDG| 400 MHz) of PT1 (top), PT2 (middle) and PT3
(bottom)

The higher degree of regioregularity of the three rod PT blocilsasconfirmed
by the*C NMR spectrum (CDG) 400 MHz) as shown in Figure 65. The four sharp

aromatic peaks at 139.9 ppm, 133.7 ppm, 130.4 ppm and 128.4 ppm denote the HT-HT
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Figure 652C NMR spectrum (CDG) 400 MHz) of PT1 (top), PT2 (middle) and PT3
(bottom)

coupling of the polythiophene backbone. These peak assignments arecobngibt the

literature assignments of HT regioregular P3¥Pf After diblock copolymer formation
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through click chemistry théH NMR spectrum (CDG| 400 MHz) of all three PS-PT
blocks (PS-PT1, PS-PT2 and PS-PT3) are exhibited in Figure B6evtdent from the
spectra that the click reaction occurred as the terminal alkyB3e5 ppm is completely
missing. The broad proton peaks a, b and f are the signaliradatee PSR coil block
as described earlier.

The 'H NMR spectrum (CDG| 400 MHz) of the three individual deprotected
diblocks and their corresponding cluster attached hybrid polymersngtérom the
lowest molecular size diblocks to highest molecular size omeshaxwn in Figure 67, 68
and 69, respectively. The diblock copolymers are also shown for coompaiitie
complete removal of the phthalimide protecting group in all three diblae confirmed
by the™H NMR spectrum of the resulting polymer where proton si¢aidgs completely
missing (shown in Figure 67, 68, 69). While the small signal ‘b’ ofRBeblock is still
discernible in lowest and medium molecular size deprotected diblodkgure 67 and
68, respectively, it is difficult to trace the signal in the hieigt molecular weight
deprotected diblock as seen in Figure 69. After deprotection thd $gappears to be
shifted upfield. On the contrary, the proton signals correspondinget®Thblocks are

very clear in all the deprotected diblock copolymers.
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Figure 66.*H NMR spectrum (CDG| 400 MHz) of diblock copolymer PS-PT1 (top),
PS-PT2 (middle) and PS-PT3 (bottom).
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Figure 67 H NMR spectrum (CDG| 400 MHz) of diblock copolymer PS-PT1 (top),
deprotected diblock PS2-PT (middle) and hybrid RSPWIb (bottom).

After cluster attachment the proton signals from the PS block dliaost
disappeared. Short PS chain segments may be responsible for thigliyrios/ intensity
proton signals. The small but prominent PT proton signals are \clesible. New
signals corresponding to the tetrabutylammonium counterion, e.g. at 3.42appeared
in the '"H NMR spectrum of the cluster-attached DCP. The cluster coomtgroton

signals and the hexyl chain proton signals of the PT blocks overlap in between the 1.0-2.0
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Figure 68H NMR spectrum (CDG| 400 MHz) of diblock copolymer PS-PT2 (top),
deprotected diblock PS2-PT (middle) and hybrid RSPWI2 (bottom).
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Figure 69*H NMR spectrum (CDG| 400 MHz) of diblock copolymer PS-PT3 (top),
deprotected diblock PS2-PT (middle) and hybrid RSPWI8 (bottom).

ppm region. The well-resolved broad signal at 3.42 ppm can be assigtier-NCH-

protons of the tetrabutylammonium counterion.
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5.3.3. Molecular Weight Determination

The three different molecular size PT blocks and the formatiortheir
corresponding diblock copolymers are confirmed by the gel-permeatimmatography
or GPC. All measurements were run at 30 °C using THF as thet.eluee shift of the
GPC traces for the three different PT blocks towards shorgore time assured the
incerement in the molecular weight. The GPC curves are showngureFi70. The
number average molecular weights,JMnd polydispersity (PD) of the PT blocks are as
follows: PT1 (M= 6634, PD = 1.1), PT2 (M 8810, PD =1.2) and PT3 (M 16150,
PD =1.2). The relatively narrow molecular weight distribution iaths the living nature
of the polymerization. The molecular weight determination of P3Hl/SGPC using
polystyrene standards is erroneous. GPC is based on correlatingydhmlynamic
volume of the randomly coiled polymer chains with polymer moleculaightie
Conjugated systems adopt a rodlike conformation in solution, so GPC tends
overestimate the molecular weight and it can be off by @rfaft1.5-2.0'* It can be
noted that each PT blocks have a small shoulder peak of higher moleeigat which
would be formed after quenching with methanol, not during polymerizasi@xgplained
in the literaturé® Formation of these small amount of higher molecular weight palyme
during quenching is best accounted for by disproportionation of the P3tHJ-B¢
complex, followed by reductive elimination of P3HT-P3HT.This may be wuéhe
change of a ligand of the P3HT-Ni(Il)-Br complex after additof methanol as shown in
Scheme 23. The GPC traces of the individual diblock copolymers DR &ith their

PS-N; and PT blocks are shown in Figure 71. No uncoupled PPV block or PS block can
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Figure 70. GPC traces of the PT1 (black), PT2 (green) and PT3 (brown) block from RI
detector using THF as eluent.
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Scheme 23. Synthetic pathway for the formation of higher molecular weightishoul
peak in GPC trace of P3HT.

be seen in the DCP’s GPC trace, indicating a complete couglawgion. Such a result
also confirms that all the PS coil blocks prepared from the ApRIess possess the
active Br end group. The number average molecular weights dMl polydispersity
(PD) of the PSPT DCP blocks are as follows: PSPT1XN8396, PD = 1.3), PSPT2
(Mp= 10550, PD =1.3) and PSPT3 (M 18798, PD =1.3). Unfortunately the hybrid
diblock copolymer didn’t show any GPC traces using the RI detdgtdrwhen the light
scattering (LS) detector was used for the free clusterzB&Nblock, PT rod blocks, PS-
PT DCPs and hybrid DCPs as shown in Figure 72, the hybrid DQRsl edut of the
column very fast due to their unique hydrodynamic volume. The sharp péaks
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hybrid DCPs’ (blue) are well separated from the rest of thegnpei peaks which also
confirmed the formation of covalent linkage between cluster an®@fes. It is evident
from the GPC curves of the hybrid diblock that there is no uneda@P and free

cluster left in the system indicating complete reaction and céenpéenoval of free

clusters.
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Figure 71. GPC traces of the DCPs, PTs and;@8Nm RI detector using THF as
eluent. a) PghBlock (black), PT1 block (red), PSPT1 (green); b) PSN3
block (black), PT2 block (red), PSPT2 (green); c} BBk (black), PT3
block (red), PSPT3 (green).
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Figure 72. GPC traces of free cluster (green), PSN3 (black), PT blocks PEPs’and
hybrid DCPs’from LS detector using THF as eluent. a) PT1 block (red), PS-
PT1 (brown), PS-M06-PT1 (blue); b) PT2 block (red), PS-PT2 (brown), PS-
Mo6-PT2 (blue); c) PT3 block (red), PS-PT3 (brown), PS-Mo6-PT3 (blue);

Matrix-assisted laser desorption/ionization-Time-of-Flight (MDA-TOF) mass
spectrometry (MS) measurements were also carried agatked in Figure 73 to yield
information on their absolute molecular weights and molecular welgttibutions.
Sample preparation was somewhat critical in obtaining theseapethough dithranol
was used for both PT1 and PT2 blocks, a different matrix naméyojginene was used
to get the mass spectra of PT3 block. A solution of terthiophene (75mg/mL) in THF and a
solution of polymer (5mg/mL) in THF are mixed in 10:1 ratio and splotin the sample
well. All three PT polymers depict a regularly distributed eétpeaks with mass
difference of one repeating unit (166.30). Thedthree PT blocks is calculated to be as
follows: PT1 (M, = 4230.04, which correspond to an average degree of polymerization
(DP) of 25), PT2 (M =6243.97, which correspond to an average degree of

polymerization (DP) of 37) and PT3 (M 14018.99, which correspond to an average
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degree of polymerization (DP) of 84). All of them show narrow molecweight
distributions with PD of 1.04, 1.05 and 1.01, respectively, confirming threglnature of

the polymerization.
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Figure 73. MALDI-TOF spectra of the three PT blocks: PT1 (top), PT2 (n)iddPT3
(bottom).
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MALDI is a very powerful technique for end-group analysis and siract
confirmation for PT systems. For PT1 and PT2 in Figure 73 Widest that there exist
two significant types of signal peaks per repeat unit. Therdifice between each type of
end group is found to be 166 Da. Masses of each peak can be accunatebsex by
(166n + 79.9 + 25) and (166n + 1 + 25) where n is equal to the number of repedsng
So it can be concluded that the polymer samples has two majgraunul configurations.
The peak corresponds to (166n + 79.9 + 25) is the polymer chain termyabeomine
atom at one end and alkyne functionality on the other end. The peaspoomeng to the
(166n +1+ 25) refers to the polymer chain capped with a hydrogenaatore end and
the alkyne functional group on the other end. For PT3 polymer, end gaoaip®t very
clear from the spectra. Though the individual PT blocks revealedM#deD| spectra,
the spectra of PS-PT DCPs’ were unavailable as it wasudifto get them fly in the
ionization conditions. Similar to the PS-PPV systems, specttedfluster attached DCP
revealed no peaks whether using a positive or negative detection Tinedieck of high
mass/charge signals may be due to the difficulty in vaporiciagter-attached DCPs
under the MALDI conditions or due to the simple fact that the dyBCP is highly

charged (as each attached cluster carried a -2 charge).
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5.3.4. FT-IR Characterization

All the polymers are also characterized by the IR spectroscopy.TFHe $pectra
of all three PT rod blocks are summarized in Figure 74. Two cleaisict peaks are
evident from the spectra. A broad peak around 2950-2858 @mresponds to the
aliphatic C-H stretching while a small sharp peak at 3350 coresponding to the
alkyne C-H stretch confirms the end functionality. Aftericlieaction of these PT blocks
with the azide end functionalized PS blocks the alkyne C-H stngtgieak disappeared
which are illustrated in Figures 75, 76 and 77 for all three diblopklgmers. The PS-
PT DCPs’ show a sharp and intense peak at 1728 which can be assigned to the
carbonyl stretching of the phthalimide protecting group of the PS&blbus peak is
significantly weakened after deprotection. For comparison IR spettMag; cluster is
also shown. Two new peaks at 798 and 953%cmhich are characteristic Mo-O
stretching vibrations, are clearly observed in the IR spectiaedfybrid DCP similar to
the spectra of the free cluster. In addition to that a side/shquédédrnext to 953 cimat
around975 cn' is detectable more clearly when expanded. This peak is attlibaithe
Mo-N stretching vibratiofi?®® This clearly indicates that Moclusters are covalently

attached to the coil block.
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Figure 74. FT- IR spectra of the three PT blocks: PT1(top), PT2 (middle) and PT3
(bottom).
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Figure 75. FT-IR spectra of diblock copolymer (PS-PT1) (top), fregdilister (middle)
and hybrid DCP (bottom).
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Figure 76. FT-IR spectra of diblock copolymer (PS-PT2) (top), fregdilister (middle)
and hybrid DCP (bottom).
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Figure 77. FT-IR spectra of diblock copolymer (PS-PT3) (top), freediister (middle)
and hybrid DCP (bottom).
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5.3.5. Thermal Properties
Thermal properties of all the three PT blocks and their corresppmiCPs’ and hybrid
DCPs’ were studied by thermogravimetric analysis (TGAis &vident that all the three
PT blocks, three DCPs’ and the cluster are thermally stable30pt&€ while the hybrid
DCP started to decompose at a much lower temperature of 2008h0vais in Figure 78
a), b) and c) for the lower molecular weight systems, mediureaular weight systems
and higher molecular weight systems, respectively. This dadyadation in the hybrid
diblocks cannot be accounted for the cluster counterion loss as ttey diself is stable
over 300°C. This can be attributed to the free amine groups in the @dil Wwhich left
unreacted in the hybridization step. These unreacted amine groupstmeatgbrids
unstable resulting in early degradation. The initial degradatian itoslifferent for the
three hybrid diblock copolymers. The PS-Mo-PT1 has the lowesdlifoss and the PS-
Mo-PT3 has the highest initial loss while the PS-Mo-PT2 hybmdareed in between.
This might be due to the amount of free amine groups in the coil bldtiesé hybrids.
Though the coil block for all the three hybrids is same, thengxf cluster attachment is
different for the three different diblock copolymers. As the PSRM@8 hybrid has the
lowest amount of cluster attachment, the highest amount of unrefieteédmine is
responsible for the highest initial degradation loss. Similasiythe PS-Mo-PT1 hybrid
has the highest amount of cluster attachment, the initial degmadiass is the least. For
PS-Mo-PT1 hybrid DCP, weight loss continued until 550° C when no furdssr ik
observed up to 700° C. A residual weight of 42% remains. For the freecliBier, a

similar no weight loss region from 530 to 700° C is observed, ancsdtual weight is
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64%, which is consistent with its cluster anion content of 64%. BUW&$HT2 and PS-
Mo-PT3 hybrid DCPs’ continued to lose weight even after 550° C haddsidual
weight is 32% and 12%, respectively. Not only that, for the three 83kdbland their
corresponding PS-PT blocks, though started to degrade after 300° C amdiexbrit
lose weight till 700° C, a significant amount of residue stitl éeen after 700° C. So it is
thus difficult to assume that at 700° C the thermally decomposetlieesf the hybrid
DCP is only MoQ@ due to the incomplete degradation of the DCP’s at this temperature
Consequently weight percentage of Mo in the hybrid DCP cannotcéatad using the
TGA data unlike of the hybrid PS-PPV systems. The molybdemmet obtained from
the elemental analysis clearly indicates that clustectattant is highest in PS-Mo-PT1
hybrid of 33.5% and lowest in PS-Mo-PT3 of 6.3% whereas PS-MoeBiitains around
29.1% of molybdenum. So using the degree of polymerization of the coil &$ot& and
assuming complete phthalimide deprotection, the number of attachest @astPS coil
block for PS-Mo-PT1 hybrid of 33.5% Mo content is 6, for PS-Mo-PT2 dydiri29.1%

Mo content is 5 and for PS-Mo-PT3 hybrid of 6.3% Mo content is 1.
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Figure 78. TGA thermograms of coil PS block, PT blocks, PS-PT DCPssdMo
2NBuy cluster and the hybrid DCP. a) lowest molecular weight systems, b)
medium molecular weight systems and c) highest molecular weight system

The thermal properties of all the polymers and diblocks wecei®stigated by
differential scanning calorimetry (DSC). The measurementse wearried out under
nitrogen atmosphere with heating and cooling rates of 10° C/minhdlhtelting and

crystallization temperatures were determined from the secaiohfpeind cooling cycles.
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First heating and cooling cycles were performed only to ehiai the thermal history.
The DSC thermograms for all three PT rod blocks are showngurd=i79. All the PT
samples exhibited one sharp endothermic or melting pegkafid one sharp exothermic
or crystallization peak (. The T, and T peaks for all the polymers are given in Table
4. It is interesting to note that with increasing molecular kateilge melting point of the
polymers increases. Several factors can be responsibl@isodepression of melting

point with molecular weight®® These two are related as shown in equation 4,

1 1 _ R 2
n

m m m eq. 4
T%, = melting temperature of perfect crystal, R = gas consii’, = heat of
fusion per mole of crystalline monomer, n = average number of monomers per chain.
It has been shown that the decrease in melting point is nogousrned by the
decrease of molecular weight but also related to the chamg®morphology with
molecular weight. In addition to that the degree of crysigfliof the three different sizes

P3HT chains can also be calculated from the equation 5,

Ut

_AH,
0
AH®

eq. 5
AHm = heat of fusionAH%, = 99.0 J/g is heat of fusion of ideal perfect crystal.
The heat of fusion or melting enthalpies of PT1 is 19.02 J/g, PT2 is 2g.256d

PT3 is 62.30 J/g from which the degree of crystallinity candbeutated to be 19.2%,

23.5% and 63% for PT1, PT2 and PT3, respectively. It can be seentthdievdecrease
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of molecular weight from PT3 to PT1, the enthalpy of melting aleith degree of
crystallinity decreases. The glass transition temperaligg®f all the PT blocks are not
very clear in the Figure 79 but they can be clearly visible wieargled as shown in
Figure 80. The {is not a thermodynamic property of a polymer, and thus is dependent of
the processing history combined with differences in molecular hiveignd
regioregularity. As a result wide spectrums qof Vialues are reported for P3HT in
literature, such as 5.8, -14, 24, 12 and -$¥Qn the present case, thg Values are

almost same for all three PT blocks at around -7°C to -5° C.
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Figure 79. DSC thermograms of three different size PT blocks at a searf rat
10°C/min.
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The DSC thermograms of the three diblock copolymers (PS-Ré&sghawn in
Figure 81. All the diblocks show a sharp melting endotherm and staliization
exotherm similar to the PT blocks. Theg, &nd T values are given in Table 4. The
melting temperatures decrease with decrease in moleculghtwBut it was difficult to
observe any significant endo- or exothermic peaks for all tin@dybrid PS-Mo-PTs

diblock copolymers.
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Figure 80. The DSC thermograms showing thefTthree PT block
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Figure 81. DSC thermograms of three different size PSPT blocks at atecah ra
10°C/min.

5.3.6. Optical Properties
The UV-Vis absorption spectra of the three different size ROkl in two
different solvents namely, chloroform and toluene are elucidateldigare 82. The
absorption band at 450 nm in both the solvents is due ta-ifieransition of the PT

backbone. It is also noted that though there is not much difference between theabsorpti
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Table 4. Melting and crystallization temperatures for PT blocks and diblocks

Tn°C (onset) | T°C (onset)
PT1 188.2 172
PT2 210.0 197
PT3 211.69 195
PS-PT1 | 191.57 159
PS-PT2 | 215.04 192
PS-PT3 | 227.28 205

spectra in toluene from PT1 to PT3. This slight shift can biébuaiidd to the increased

conjugation length with increased molecular weight of the PT blocks.
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Figure 82. UV-Vis spectra of three different size PT blocks in two diffe@uents a)
chloroform, b) toluene

After diblock copolymer formation the absorption spectra of the tHiberent
diblocks (PSPT) matches exactly with their corresponding PT bladbsth chloroform
and toluene as shown in Figure 83 for PT1, in Figure 84 for PT2makdjure 85 for

PT3.
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Figure 83. UV-Vis spectra of PT1 block and the corresponding diblock PS-PT1 in a)
chloroform and b) toluene solution

in chloroform in toluene

—PT2 —PT2
—PS-PT2 —PS-PT2

Q
-~

o
-

Absorbance (au)
Absorbance (au)

300 400 500 600 700 300 400 500 600 700
Wavelength (nm) Wavelength (nm)

Figure 84. UV-Vis spectra of PT2 block and the corresponding diblock PS-PT2 in a)
chloroform and b) toluene solution
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in chloroform in toluene
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Figure 85. UV-Vis spectra of PT3 block and the corresponding diblock PS-PT3 in a)
chloroform and b) toluene solution

After cluster attachment it is evident that a new peak appedraround 350 nm
in both chloroform and toluene solutions as shown in Figures 86-88 whiclibecan
assigned to the ligand-to-metal charge-transfer (LMEansition of the pendant imido-
POM component. This peak indicates clearly the formation of imidotionalized POM
clusters. The LMCT peak is prominent in both Figure 86 for the lmlecnlar weight
hybrids and in Figure 87 for medium molecular weight hybrids wkemeadittle
broadening of the hybrid absorption spectra compared to the DCPRasp&tiout any

noticeable peak is observed in Figure 88 for the highest moleweight hybrids. In
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addition, a little blue shift of the-n* transition compared to the diblock is observed only
for PS-Mo-PT1 in both chloroform and toluene. It is possible that the loldkyer group
may twist the conjugated system and decrease the effective conjugatgtn The effect
of this kind of twist by bulky cluster groups has minimized in P&®T3 hybrids due to
the higher molecular weight of the PT block compared to the &% lbihd lower cluster
attachment. The absorption spectra of all the three differeathsibrid films formed
from chloroform and toluene are also shown in Figure 86-88. It can bdlsdea major
peak at 520 nm with a shoulder peak of 560 nm is evident for the PS-MdHRIT
whereas for PS-Mo-PT2 and PS-Mo-PT3 films the major peak red-shifted to 5&@mm
the small shoulder peak around 600 nm. The broadening and red-shiftitige of
absorption peaks with respect to their absorption spectra in solutidmectne result of

molecular aggregation forming larger crystallites in the films.
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Figure 86. UV-Vis spectra of PS-PT1 block (solution) and PS-Mo-PT1 (solution and
film) in @) chloroform and b) toluene.
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Figure 87. UV-Vis spectra of PS-PT2 block (solution), and PS-Mo-PT2 (solution and
film) a) chloroform and b) toluene
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Figure 88. UV-Vis spectra of PS-PT3 block (solution), and PS-Mo-PT3 (solution and
film) a) chloroform and b) toluene

All the PT blocks, diblock copolymers and hybrid diblocks show little
fluorescence in both dilute chloroform and toluene solutions under titatexc of 450
nm. The photoluminescence spectra of all three PT blocks are sh&wguie 89 and the
guantum vyield values are shown in Table 5. The emission spbloins @ peak at 580
nm with a little broadening of the peak and a very little shouldak p& 620 nm. These
spectral profiles are corresponding to the intra-chain dimig Strong vibrational
motions of P3HT moiety corresponding to torsional twisting and cheetcking cause

many vibrational electronic states in its ground state ad a®l change of its
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conformational structure from a rigid planar excited structura tiexible ground state
structure. These motions led to broadened emission spectra Withulder peak®® The
fluorescence quantum yield of the PT blocks and the diblock copolymensoa very
high which are in good agreement with literattffeOne of the reasons for the lower
fluorescence quantum vyields of PT based systems in solution begtte to several
non-radiative deactivation processes. Twisted nature of conjugated rdegduee to
torsional vibrations in solutions can be one such pro€&dhe fluorescence spectra for
all three hybrid diblock copolymers in both chloroform and toluene soluteshown in
Figure 90 for lowest molecular weight hybrid, in Figure 91 fodime molecular weight
hybrid and in Figure 92 for highest molecular weight hybrid. Thesetsa are not
corrected for absorption. After cluster attachment thengéles dr negligible fluorescence
guenching in both chloroform and in toluene as evident from the quantum yield. |
contrast, the thin films of all the polymer samples exhibitedIynesro fluorescence
quantum vyield$®® There are several explanations for this large drop in fluenescin
solid state compared to the solution photoluminescence of polythiophdéemsy©ne
explanation invoked the concentration quenching considerations which areresbser
when a planar ground state molecule is in close face-to-fawenpty with a planar
excited state molecule. In this case the excitation energjased intermolecularly,
forming a new excited species called excimer, which can gatethon-radiatively. In
addition to that these strong interchain interactions in solid statd extend the ground
state conjugation across several chains enables the elecushdalocalization in two-

dimension:™ This non-radiative interchain interactions coupled with inteesyst
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crossing caused by the heavy atom effect of sulfur arevedlit® be responsible for the
low quantum yield values of film€! Another alternative explanation is the polaron
(charged species) formation following light absorption. It's been rebdethat both
neutral emissive singlet states and charged polaron speciésrraesl in solid states.
Charge generation in P3HT films is found to be an intrinsic sipigteéon process made
possible by the strong interactions between chains leadingg® d@localization of the

excited staté’?
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Figure 89. Fluorescence emission spectra of PT1, PT2 and PT3 in two défevemits
a) chloroform and b) toluene solution.
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Figure 90. Fluorescence emission spectra of PT1, PS-PT1 and hybrid dilddok in
different solvents a) chloroform and b) toluene solution.
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Figure 91. Fluorescence emission spectra of PT2, PS-PT2 and hybrid diblook in tw
different solvents a) chloroform and b) toluene solution.
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Figure 92. Fluorescence emission spectra of PT3, PS-PT3 and hybrid diblook in tw
different solvents a) chloroform and b) toluene solution

Table 5. Quantum yields of PT blocks, DCPs and hybrid DCPs in chloroform and
toluene solution

Quantum Yields

Chloroform Toluene
PT PS-PT | PS-Mo-PT PT PS-PT | PS-Mo-PT
1 0.09 0.08 0.09 0.08 0.10 0.08
2 0.11 0.09 0.09 0.10 0.10 0.08
3 0.13 0.12 0.06 0.11 0.11 0.10
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In order to reveal the excitation behaviours of these diblock copaymikrafast
time-resolved fluorescence dynamics of all three hybrid dibtmgolymers in solution
were investigated. Generally upon photoexcitation, the excited stitee P3HT moiety
within the diblock copolymers follow self-trapping (dynamic locatiian) of excitons by
nuclear motion within 100 & exciton relaxation [i.e. energetically downhill excitation
energy transfer (EET), or downhill resonant energy transfefl JR&d migration (i.e.
EET between segments with comparable enérd$)lt was reported that the
energetically downhill EET occurs in less than 1 ps to several after

r}73,174
b

photoexcitatio while the EET between segments with comparable enerdyeat t

bottom of the density of states occurs within a much slower thae gbetween 10 ps to
100 pS)J:GSa,173a,174a,175
Figure 93 and 94 show the short- and long- time fluorescence dynamiggfal

diblock copolymers PS-Mo-PT1, PS-Mo-PT2 and PS-Mo-PT3 in solutiomessien
wavelengths of 580 nm and 620 nm, respectively, under the excitatddOaam. The
fitting results are compiled in Table 6. The short-time fluease (< 8000 fs) reveals
the dynamics of photo-induced ultrafast initial processes. Fastibi-time fluorescence
dynamics, a fast decay component of 692 fs and 804 fs for PS-Mo-PBD aim and
620 nm, respectively, and 6.3 ps for PS-Mo-PT3 at 580 nm were observed.fa$ies
decay components were ascribed to energetically downhill EEfR ti@gh energy

segments to low energy segments within the P3HT moiety, as typically ateutisne
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Figure 93. Shortime (a,c,e) and lor-time (b,d,f) fluorescence dynamics of 1
hybrid diblock copolymers F-Mo-PT1, PS-MoPT2 and P-Mo-PT3
in chloroform solution with emission at 580 nm andtitation at 40
nm. The red lines are plotted instrument respouasetion and blu
lines are the fitted curve
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Table 6. Multi-exponential fitting parameters for the fluorescencendyseof the
hybrid diblock copolymers in chloroform with excitation at 400 nm. The sign
of minus represents a rising behavior.

emission@| sample time 7 (fs) | A1 (%) | 2 (ps) | A (%) | z3(pS) | As (%)
pg. | Short 95 37.5 11 62.5
time
Mo- long-
PT1 Ng- 1 1760 40 13 30 115 30
time
ps- | SO 40 | 155 34 | 845
580 nm Mo- lona-
PT2 ng 16 30 233 70
time
pg. | Short- 6.3 40 67 60
time
Mo- long-
PT3 ng 9.5 38.8 160 61.2
time
ps- | SO g04 | 514 85| 486
Mo- time
pT1 o9 4500 s50 98 270 90| 180
time
short-
620 nm Gi e | 153 | -56.6 33 43.4
pr2 | 1ON0- | 497 | 450 170 | 85.0
time
ps- | SO o9 | 60 | 496 940
time
Mo- long-
PT3 ng 13 12.0 | 179 | 88.0
time
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scale of sub-ps to several P&t is worth noting that an ultrafast rising component of
40 fs and 153 fs for PS-Mo-PT2 at 580 nm and 620 nm, respectively, anda2PsS-f
Mo-PT3 at 620 nm was observed. It has been reported that strongiexc#f-trapping
by the phonon mode and the intramolecular vibrational energy fledigin can happen
within 100 fs or sub 100 fs for P3HT and other polymers and oligotff&fs:™®
However, such ultrafast processes were usually hard to be yliobsttrved because of
their time scales which are shorter than the instrument resphong®n (IRF) (~ 255 fs,
FWHM) of the measuremeht®® The observed ultrafast rising component in the present
case might suggest energy transfer process froex@ted states to the 8xcited states.
The relatively slow decay within time scale of 11 ps to 670pP5-Mo-PT1, PS-Mo-
PT2 and PS-Mo-PT3 at 580 nm and of 8.5 ps to 33 ps for PS-Mo-PT1 and-P$2vid
620 nm can be assigned to the EET between segments of comparafjle €herEET
between segments of comparable energy was reported to oectimia scale of 10 ps to
100 ps'o8a 173 1742, 1% ha slow decay of 496 ps (with large error) for PS-Mo-PT&2at
nm might be designated to the lifetime of the fluorescence from §.26821732

The long-time fluorescence (upto 100,000 fs) was mainly aimed tocextra
fluorescence lifetimes usually within relatively longer d¢inscale. The fast decay
component of 1760 fs and 1500 fs for PS-Mo-PT1 at 580 nm and 620 nm, respectively,
corresponding to the energetically downhill EET from high enesgments to low
energy segments within the P3HT moiety, was observed. The sitrefilag component
of 797 fs for PS-Mo-PT2 at 620 nm might be ascribed to the enaaggfér from $

excited states to the 8xcited states. The decay component of 13 ps, 16 ps and 9.5 ps for
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PS-Mo-PT1, PS-Mo-PT2 and PS-Mo-PT3, respectively, at 580 nn9.8ruk and 13 ps
for PS-Mo-PT1 and PS-Mo-PT3, respectively, at 620 nm can be assigneither
downhill or iso-energetic EET. Considering the system error foslioet- and long-time
measurement, these data were in proximate agreement withtisterfluorescence
dynamics results. The slow decay of 115 ps, 233 ps and 160 ps Mo#S1, PS-Mo-
PT2 and PS-Mo-PT3, respectively, at 580 nm, and 90 ps, 170 ps and 179 $sMor P
PT1, PS-Mo-PT2 and PS-Mo-PT3, respectively, at 620 nm can be assigned to the lifetim
of the fluorescence fromy$o $.1%% 1732

Figure 95 shows the anisotropy initial decay of the emissid?SeMo-PT1, PS-
Mo-PT2 and PS-Mo-PT3 at both 580 nm and 620 nm. These emission anisteoays
were fitted by a function with two-exponential components and thdtseare compiled
in Table 7. In line with the previous results for P3HT solution, thafakt component
from 138 ps to 226 ps for all three hybrid diblocks and slow component of 20 BS-
Mo-PT1 at emission of 580 nm can be attributed to EET among sesgyma#ile the slow
component from 202 ps to 796 ps for PS-Mo-PT2 and PS-Mo-PT3 mightibatatt to
the dipole moment rotation diffusidf®® For the anisotropy initial decay at emission of
620 nm, an ultrafast depolarization process within a time scaé@ & to 142 fs and a
slow component in 11.7 fs to 460 ps were observed. The ultrafast depaar(B2i142
fs) suggested a strong and ultrafast reorientation of excited dteole moments which
was induced by the energy transfer process originated famaxciton delocalization via
energy vibrational relaxation or redistributitfi* The slow depolarization process of

11.7 ps for PS-Mo-PT 3 was attributed to EE*fFrom all these measurements it can be
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Figure 95 Anisotropy decay profiles for the emissions ahl&80 nm (, ¢, €) and 62
nm (b, d, f) of the hybrid diblock copolymers,-Mo-PT1, PSMo-PT2 and
PS-Md?T3 in chloroform under the excitation at 400 nreTes lines a
plotted instrument response function and blue anedtted curves
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Table 7. Bi-exponential fitting parameters for the fluorescence anigadesay of the
diblock copolymers PS-Mo-PT(1-3) in CH@lith excitation at 400 nm

emission @ sample 71 (fs) A1 (%) 72 (PS) A (%)
PS-Mo-PTL 226 0.140 20 0.210
580 nm PS-Mo-PP 215 0.137 796 0.261
PS-Mo-P1B 138 0.160 202 0.210
PS-Mo-PTL 82 0.170 392 0.170
620 nm PS-Mo-PR | 142 0.131 460 0.234
PS-Mo-P1B 97 0.100 11.7 0.230

concluded that the energy transfer from the P3HT donor to the acaegtauiion is not
very efficient. The ultra-fast time resolved fluorescenceadyics study of all these

hybrid diblock copolymers in film is required further to explain the behavior.

5.3.7. Thin Film Morphology
The film morphology of the three different size PS-PT blocks dwelr t
corresponding hybrid PS-Mo-PT blocks were studied in chloroform@ndne in order
to understand the effect of molecular size of the film deposited $olvents of varying
boiling points on the morphology. The films were spin coated from the rgshamto

indium tin oxide (ITO) glass slides and dried under vacuum which mafetl by thermal
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annealing at around 170°C for 6 h. The spin coating on ITO glabtedra realize the
conducting images in addition to the topography and phase images. Theapbyogr
phase and conducting images of the three diblock copolymers PS-PPI,2P&8d PS-
PT3 spin coated from chloroform and toluene are shown in Figure 96 amgune B7,
respectively. Topography and phase images of these films depdsite both the
solvents are not very well resolved. But the white conductive regmtigeiconducting
images are clearly discernible by using the conductive eaatiltip of AFM. It is
important to note that the lowest molecular size diblock PS-PT1theshighest
conductive region covering the entire ITO glass whereas the medioiecular size
diblock PS-PT2 and highest molecular size diblock PS-PT3 has almgkgibie
conductivity for the films spin coated from chloroform. On the cowptréghe films
deposited from toluene exhibit a complete opposite trend. Here theshigblkecular size
diblock PS-PT shows the maximum conductive region which decreasemefdium
molecular size diblock and become negligible for lowest molesidardiblock PS-PT3.
One plausible reason for this contrasting behavior lies withinwhpogation rate of the
solvents during spin coating. In the low boiling chloroform solvent treaquilibrium
state is trapped by fast drying as the highest molecdardblock has limited time to
organize itself into a well-ordered arrangement while the lon@ecular size diblock is
able to rearrange itself into ordered structure resulting in yhighhductive regions. In
toluene the highest molecular size diblock experience sufficierg to arrange into
ordered equilibrated structure due to the slow evaporation of high bddiogne

resulting in higher conductive regions.
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Figure 96. AFM images of three different diblock films spin coated from cldorobn
ITO glass. a), d), g): topography images; b), e), h): phase imgadgs):c
conducting images.
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Conducting image

PS-PT1EY

PS-PT2

g)

PS-PT3;

Figure 97. AFM images of three different diblock films spin coated from toluene on
ITO glass. a), d), g): topography images; b), e), h): phase images; ¢), f), i):
conducting images.

Similarly the three different hybrid diblock copolymers PS-MsRilere spin
coated on ITO glasses from chloroform and toluene solvents. Thefilrtise were
annealed at lower temperature compared to the diblocks at around 1206 @ & the
hybrid diblocks start degrading around 150° C evident from the TGA stuties.
topography and conducting images before and after annealiadl foree different size

hybrid diblock films of PS-Mo-PT1, PS-Mo-PT2 and PS-Mo-PT3 obtained &pim-
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coating from chloroform solvent are shown in Figure 98, 99 and 100, respeciike
topography images for all three hybrid films before anngadire featureless and similar
to the diblock PS-PT films. An insignificant amount of change in topogragn be
observed for these films after thermally annealed. On the b#ref the conductivity of
these films has improved after thermal annealing as evidenttieroonducting images.
Though the conductive regions are not very high in PS-Mo-PT1 filmsbutare much
more pronounced in PS-Mo-PT2 films whereas for PS-Mo-PT3 filmssilthe entire

film is covered with white conductive regions as shown in Figure 100.

Topography
£ 1400A b)) PR ARG 107 m
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2L
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i

0:0mA -9.7 nm

. 15.5 nm
10.0 nA d) 37

0.0nA -13.0 nm

Figure 98. AFM images of hybrid diblock PS-Mo-PT1 films spin coated from
chloroform on ITO glass. a), b): before annealing; c), d): after annealing
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Figure 99. AFM images of hybrid diblock PS-Mo-PT2 films spin coated from
chloroform on ITO glass. a), b): before annealing; c), d): after annealing

Conducting image
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Figure 100. AFM images of hybrid diblock PS-Mo-PT3 films spin coated from
chloroform on ITO glass. a), b): before annealing; c), d): after annealing
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The topography and conducting images, before and after annealing, of the
three hybrid diblock films, spin coated from toluene are illustratdelgure 101,
102 and 103 for PS-Mo-PT1, PS-Mo-PT2 and PS-Mo-PT3 hybrid diblocks,
respectively. Likewise, the topography images for all three idiyybremain
unchanged after thermal annealing. The conductivity increase afhealing as
can be seen from the conducting images. Though the conductive reggons a
distributed all over the hybrid films in all three hybrids,Hagt conductivity is

observed in the PS-Mo-PT1 film.

Conducting image

a) 400A 95nm
0.0nA -9.9 nm
10.0 nA 10.6 nm
A
: P g
0.0nA RS -9.9mm

Figure 101. AFM images of hybrid diblock PS-Mo-PT1 films spin coated from
toluene on ITO glass. a), b): before annealing; c), d): after annealing
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Conducting image
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Figure 102. AFM images of hybrid diblock PS-Mo-PT2 films spin coated from
toluene on ITO glass. a), b): before annealing; c), d): after annealing

Topography

16.2 nm

=11.1nm

Figure 103. AFM images of hybrid diblock PS-Mo-PT3 films spin coated from
toluene on ITO glass. a), b): before annealing; c), d): after annealing
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5.3.8. Photovoltaic Study

The photovoltaic devices for all three hybrid didho copolymers were
prepared into a cell structure of Glass/ITO/ZnOefkdayer, 150-160 nm)/ZnO
nanords (~400 nm)/PS-Mo-PI{3)/Au (150 nm). A 150-160 nm thick ZnO seed
layer was deposited onto the ITO substrate by spatte On the seed layer ZnO
nanorod arrays were grown by hydrothermal reactioan aqueous precursor solution
of Zn(NGs),.6H,O (0.05 M) and hexamethylenetetramine (0.05 M) éeatt 90°C as
explained in the experimental sectidh.The ZnO nanorods, after heating to 80°C,
were immersed into the chloroform solutions of hghaiblock copolymer (5mg/mL)
and dried. The active layer was made by spin coatinthe chloroform solution of
hybrid diblock copolymer (20 mg/mL) onto the predted ZnO nanorod arrays. The
spin coated films on the ZnO nanorods were anneatet?0°C in air for 10 min,
followed by deposition of Au contact via thermabkgwration in high vacuum.

A general working principle of solar cell is based the mechanism of the
donor-acceptor bulk heterojunction devices (BHIH)e Tonor material (P3HT) after
harvesting incoming sunlight through ITO/ZnO sidengrates excitons. These
generated excitons diffuse to the donor-acceptoerfiace to dissociate into free
charge carriers. Separated holes transport witbmod material through hopping to
the anode, whereas the separated electrons transpbim the acceptor material to
the cathode. Initially solar cells were preparedabsence of ZnO from these hybrid

diblock copolymers. Negligible efficiency of thossolar devices prompted the
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fabrication of solar cells with ZnO nanorods. Zn(taerials are excellent electron
acceptors. They are environmental friendly, indédly stable and can be synthesized
inexpensively into different shapes and sized usuagious methods. Although
efficient charge separation is achieved in BHJ dewj they usually suffer from
discontinuous charge transport pathways. Sometithese is a possibility of the
trapping of charges in some isolated phases leatbngecombination loss. These
problems can be overcome with a structuring of @aos&ructured acceptor by
improving electron transport through it. These mads are well defined robust
charge carrier pathways with high carrier mobiliBy controlling the dimension of
the vertically aligned nanostructures, polymersase allowed to align themselves in
a way to improve interchain coupling leading to betxciton diffusion and charge
transport. This makes donor material to penetratéatween the scaffold of ZnO
nanorods. The ZnO nanorods anchored to the comdustibstrate not only provide a
direct pathway for electron transport to the backntaot but also increase
polymer/ZnO interfacial area, which in turn improwve overall cell performancé®
The transmittance spectra of the ZnO seed layeiZax@l nanorods on the ZnO
seed layer in the UV-visible region are shown igufe 104. High transparency (77-
100%) was observed for the sputtered ZnO seed layire range of 385 nm to 1100
nm. The growth of ZnO nanorods on the seed laygnisicantly decreased the
transparency of the whole film down to 40-72% ab 3@ 1100 nm and down to O-

32% at 380-485 nm.
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Figure 104. Transmittance of the ZnO seed layer on ITO glass and Zn@a&oarZnO
seed layer

The AFM topography images of the ZnO seed layer Z2n® nanorods are
shown in Figure 105. It can be observed from FigL0Ba that the ZnO nanoparticles
deposited by sputtering with average particle sike2b nm are connected closely
and form an irregular ZnO seed layer. The uniformdytical alignment of the ZnO
nanorods on this sputtered ZnO seed layer canlgléar seen in Figure 105b. The
nanorod formation was further supported by the SEMges as shown in Figure 106.
The average length of the nanorods is evaluatdete400 nm. The arrays consist of
nanorods with diameter of ~160 nm and inter-distaio¢ several tens to a few

hundreds of nanometers.
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Figure 105. AFM topography images of the films of (a) ZnO seed layerpa@eh©
nanorods
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Figure 106. SEM images of the ZnO nanorods growZm@ seed layer, a) surface
and b) cross-section
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The current density-voltage (J-V) curves of all the three itylaiblock
copolymers were measured with a solar simulator with an AM1é&s &t an intensity of
~100 mW/cnf and plotted in Figure 107. The short-circuit current densitigs (de
open-circuit voltages (3, the fill factors (FF) and the power conversion efficiencigs (

for all three devices are summarized in Table 8.
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Figure 107. Current density—voltage curves (empty: dark; filled: illundidioe
the cell structures of Glass/ITO/ZnO (seed layer, 150-160 nm)/ZnO
nanords (~400 nm)/PS-Mo-BF3/Au (150 nm), under 1-sun AM
1.5G illumination.
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Table 8 Parameters of solar cells made by diblock copolymers PS-Mb-BTWith cell
structures of Glass/ITO/ZnO (seed layer, 150-160 nm)/ZnO nanords (~400
nm)/PS-Mo-PTE3/Au (150 nm), under 1-sun AM 1.5G illumination.

. ., cell area Jsc 0
active material ) Voc (V) (mA/en?) FF 1 (%)
PS-Mo-PTL 0.36 0.34 0.21 0.17 0.012
PS-Mo-PR2 0.36 0.36 0.43 0.12 0.019
PS-Mo-PT3 0.36 0.38 0.51 0.28 0.055

The efficiencies of all three hybrid diblock copolymers basettcds are not very
encouraging. The one probable reason might be the inefficient dinangéer rather than
inefficient charge transport pathways. However, the device based®Mo-PT3
exhibited the highest efficiency due to the increased current yemsitfill factor (FF).
Cells with higher fill factor have a low series resistanoé less dissipation of current
produced by light to internal losses. Increased current in higb&rcular weight films
might be due to the higher charge carrier mobility because in high mole@iddat ilms
longer chains connect the ordered domains (where several chaileaty aligned) to
provide a pathway for charge transport between crystalline doffidlins addition, the
charge carriers can travel farther along longer chairmddfiey have to hop to another

chains, and as longer chains give charge carriers more opportdaitié®pping to

234



neighboring chains. This net reduction on hopping events can result Easedr

mobility.

5.4. Conclusions

Three varying molecular size regioregular PT based POMarrong hybrid
diblock copolymers through post-polymerization approach were synthesized. T
absolute molecular weights of all the three different PT blockse vdetermined by
MALDI-TOF measurements. Click chemistry was used to coupleigict P3HT blocks
with the flexible PS blocks. GPC measurements have confirmetbtimation of the
diblock copolymers with narrow molecular weight distributions. The PCkter
attachments were carried out in nitrobenzene solvent. The chisiehments to all the
diblock copolymers were confirmed by GPC using light scattedetgctor, IR, and
optical spectroscopyhe PT blocks and the corresponding diblock copolymers exhibited
sharp melting temperatures in DSC thermograms which increasi&d increasing
molecular weight of the PT blocks. The hybrid diblock copolymers sthotme
absorption bands in both chloroform and toluene solutions, one at 450 nm wha# to
transitions of the PT backbone and the other at 350 nm attributed tgahe-lo-metal
charge transfer transition of functionalized Mo6 clusters. The absorption péuektbfde
hybrid diblock copolymer films exhibited broader absorption peaks withinclis
bathochromic shift which indicates a regular ordered arrangepfetite backbone

chains. Though the fluorescence quantum vyields of any of the PT pbldikeck
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copolymers and hybrid diblocks in both chloroform and toluene solvents wexenyot
high, little fluorescence quenching observed for the hybrid diblock copatynmer
solutions. The conductive AFM images of the three diblock copolyrimes §pin coated
from chloroform showed opposite trends than those of films spin coatedtdtoene.

Highest conductive regions were observed for the lowest molesigkadiblock in case
of spin coated film from chloroform whereas for toluene it wasigkeest molecular size
diblock. The fluorescence dynamic studies of the three hybrid diblopklymers

revealed that the charge transfers were not very effiaresblution which resulted in

poor photovoltaic device efficiencies.

5.5. Experimental Section

Materials. Tetrahydrofuran (THF) was purified by distillation over sodium
pellets and benzophenone. CuBr was purified by washing consecutivélyglatial
acetic acid, absolute ethanol and ethyl ether, and then dried under vaguNm\“, N,
N’-pentamethyldiethylenetriamine (PMDETA, 99%) was dadilin vacuo before use.
All other chemicals were purchased either from Aldrich or Aaod were used as
received unless otherwise stated. PS-N3 coil block was syagbesn two steps
according to our previously published metfddCompound 14 was prepared by
bromination with NBS according to literature procedifa.

Instrumentation. All reactions were conducted under the protection of nitrogen.

The *H and ¥®*C NMR were collected on a Varian INOVA 400 MHz FTNMR
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spectrometer. All samples were referenced to the deuteratexhtsolGPC measurements
were performed at 30°C on a Tosoh Ecosec HLC 8320GPC system equipipeal w
differential refractometer, UV detector, and styragel columh WHF as the eluent. PSS
(polymer standards service) WinGPC Unity version 7.5.0 system equipipiedight
scattering detector coupled to the Tosoh Ecosec system wasfausadalysis. The
calibration curve was determined by the use of five polystystaredards from 8000 to
90,000. FT-IR spectra were obtained from IR Affinity-1 FTIR-8400Strumnsent
(Shimadzu Co.) using the attenuated total reflection (ATR) megfho8e crystal). UV-
Vis absorption spectra were measured on a Hewlett-Packard 845tk dirray
spectrophotometer, and photoluminescence were measured using a 8hiRfadz
5301PC spectrofluorophotometer. Fluorescence quantum yields for solution were
determined using quinine sulfate in INS®, (¢q ~0.55) as the standard. Thermal
analysis was performed on Perkin EImer DSC 8000 and on Shimadzu60 @A the
heating rate of 10°C/min. A Voyager DE Pro (Perceptive BiesystABI) MALDI-TOF
mass spectrometer was used for mass measurement, operdotly linear and reflector
mode. Dithranol (1, 8-dihydroxyanthrone) was used as the matrixtimeatheasurements
except for the highest molecular weight P3AT. In this case terthiopheshéher matrix of
choice. A solution of highest molecular weight P3AT (5mg/mL) in Tl a solution of
terthiophene matrix (75mg/mL) in THF were mixed in a ratio @D1A current sensing
AFM (CSAFM) produced by Molecular Imaging Corporation was ueedthe AFM
study. The measurements were done on contact mode. The voltagaualfsset at 0.5

V and the intensity of the laser was 1mW at 670 nm.
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Sample Preparation for AFM on ITO glass The ITO glass was cleaned by
sonication in detergent followed by water, acetone and isopropanol anetjsebsy
dried in an oven overnight. One mg of each of the polymer sampleslisssved
separately in 1mL of chloroform and toluene solution inside a glovebox.hyined
DCPs were heated at 50° C to get them dissolve in toluene. Thesslutere filtered
through 0.45um PTFE filter prior to spin coating on ITO glasses at sptes of 500
rpm. All the films were dried in a vacuum oven overnight. The diblock copely were
thermally annealed at 170° C for 6 h and the hybrid diblocks wereladraal 20 °C for
6 h.

Femtosecond time-resolved fluorescence measurement$ime-resolved
fluorescence measurements for PS-MoZB in solution were carried out by using
a femtosecond fluorescence upconversion (FFU) igaen1-2]. The solutions were
prepared with anhydrous, deoxygenated GHla concentration of ~0.48 mg/mL for
PS-Mo-PT, ~0.53 mg/mL for PS-Mo-PZ; and ~0.54 mg/mL for PS-Mo-BT The
FFU system used in this work is a FOG 100 syste@dRCRussia) with a mode-
locked Ti:sapphire laser (Tsunami, Spectra Phydigh} source pumped by a 10-W
CW Nd:YVOQ, laser (Millennia, Spectra-Physics). Briefly, thanrgples were excited
by the second harmonic light (400 nm) generatedidybling a fundamental light at
wavelength of ~800 nm from the mode-locked Ti-sapplaser with a pulse width of
~57 fs and a pulse repetition rate of 86 MHz, tlgtow f-barium borate nonlinear
crystal. The output spectrum of the laser radiatias monitored with a spectrum

analyzer (Ocean Optics), to ensure pure mode-lgckegime of the femtosecond
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laser. The polarization of the excitation beam #orsotropy measurements was
controlled by a Berek's plate. The sample was emtato avoid possible photo-
degradation and other accumulative effects. Therflscence emitted from the sample
was collected with an achromatic lens and thenctick onto anothef-barium borate
nonlinear crystal. The fundamental light passeduggh a motorized optical delay line
and then mixed with the sample emission in the inealr crystal to generate a sum
frequency light. The sum frequency light was disper by a monochromator and
detected via a photomultiplier tube (Hamamatsu P2 The instrument response
function (IRF) was estimated to be ~255 fs (fuldth at half maximum, FWHM).
Fluorescence anisotropy)(can be given by the equation:
? = (Fpar- GFper) / (Fpar + 2G Fper), (1)
where Fpar and Fper are the fluorescence intensity for the paralled gerpendicular
polarization, respectively; G factor was calibrategg measuring the polarized
fluorescence decay of perylene in toluene, whicregiequal polarized fluorescence
intensity after a complete rotation diffusion imseof picoseconds.

The fluorescence data were fitted with a multi-exgatial decay/rise model,
in which the fluorescence (or anisotropy) sighé) can be theoretically expressed by

convolution of the IRK(t) with a molecule-response functif(a),

F(t) = I:r(t—r)f(r)dr (2)

wherer(t) is a Gaussian function with laser pulse width #ayls given by:
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f0) =3 A ex;{— 1J (3)
i T

where the factorA represents the relative weights (or amplitudes) tbé
corresponding components, whose sign can distihgussng or decay process;is
the rising or decay time constant.

Photovoltaic device fabrication and characterizatio. Indium tin oxide
(ITO) pre-coated glass with a sheet resistance-a2&/square was purchased from
Delta Technologies. The ITO glass was cut into mred by one inch pieces, and the
ITO was patterned into 1.4 cm wide and 1 inch loegtangle in the middle by
etching with aqua regia vapour. The ITO glass gabss were then cleaned in an
ultrasonic bath sequentially by hot detergent, hetonized (DI) water, toluene,
acetone, and isopropyl alcohol (IPA), each for libutes, and then dried in nitrogen
stream. A 150-160 nm thick ZnO seed layer was dgmbonto the ITO substrate by
sputtering. ZnO nanorod arrays were grown on th® Zeed layer by hydrothermal
reaction in an aqueous precursor solution of Zn{d6H,O (0.05 M) and
hexamethylenetetramine (0.05 M) heated at 90°C stirded at 500 rotations per
minute (RPM) for 2 H’” The ZnO nanorods were rinsed with DI water and B
dried in nitrogen stream. Solutions of PS-Mo-P3J) for solar cell device fabrication
were prepared by dissolving the diblock copolymerGHCI; at 5 mg/mL and 20
mg/mL followed by ultrasonication for 20 s. Righéfbre use, the solutions were
filtered to remove the undissolved large particlBise substrates with ZnO nanorods

were heated to 80°C, immediately immersed into 3heag/mL diblock copolymer
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solution for 5 min, taken out and dried with Blowing. Then the 20 mg/mL diblock
copolymer solution was spin coated on the abowesfiait 600-800 rpm for 40 s. The
films were annealed at 120°C in air for 10 min. Sadpuently, a 150 nm thick Au
contact was deposited on the top of the diblock obgper film by thermal
evaporation in high vacuum (< 5 x 4Gnbar). The active area of 0.36 Twf the
devices was defined by the area of deposited Actrelde through shadow mask.
Current-voltage characteristics were measured using an Agddm5C
semiconductor parameter analyzer. Devices were illuminatddan Oriel Xenon Arc
Lamp Solar Simulator with an AM1.5 filter at anénsity of ~100 mW/cf(1-sun air
mass 1.5 global illumination), which was calibratedth a Hamamatsu mono-
crystalline Si cell standardized by National RenkbleaEnergy Laboratory (NREL).
Short circuit current densityléc), open circuit voltageMoc), and fill factor (FF) were
obtained from theJ-V curves. The conversion efficiency was calculatedyby
JscVocFFPi,, where P, is the incident power density; and FF is given by
ImaxVmaxJscVoc, WherednaxVmax IS the maximum output power density of solar cell.
Synthesis of HT-PATs by GRIM. PT1.2, 5-dibromo-3-hexylthiophene (3.00 g,
9.19 mmol) (14) was dissolved in 10 mL freshly distilled THF andestiunder nitrogen
protection. Then tert-butylmagnesium chloride (1.0M solution in THF) (9.51 9ril9
mmol) was added to it through a pump-purged syringe and stirresbliteon for 2 h at
room temperature. The reaction mixture was then diluted with 100fiiHF followed
by addition of Ni(dppp)Gl (0.095 g, 0.190 mmol, 2.10 mol %) and the red colored

solution was stirred for 30 min at room temperature. After thatethalting polymer was
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capped at one end of the chain with one shot addition of ethynylmagnaesionde (0.5

M solution in THF) (9.19 mL, 4.60 mmol) and the solution was stirreddditianal 15
min at room temperature. The reaction was quenched with 300 mL loamokt Soxhlet
extractions were performed with methanol (to remove monomer), ®iidwy hexanes
(to remove catalyst and oligomers) and finally chloroform. Therofdrm fraction was
concentrated and dried under vacuum to afford 1.2 g (78% yield) adek ppblymer*H
NMR (400 MHz, CDC}, 25° C):5 6.96 (br), 3.51 (br), 2.78 (br), 1.69 (br), 1.42 (br), 1.33
(br), 0.89 (br)."*C NMR (CDCE, 400 MHz):§ 139.88, 133.68, 130.47, 128.59, 31.71,
30.52, 29.47, 29.28, 22.67, 14.15. Anal. Calcd. FapHGEs1S,sBr: C, 71.01; H, 8.30.
Found: C, 70.35; H, 8.26. GPC:;#6634, PDI=1.10. MALDI MS: M=4230, PDI=1.04.

PT2. The exact same procedure as for PT1 was adopted except that the
Ni(dppp)Ch catalyst (0.083 g, 0.156 mmol) loading was decreased to 1.70 mol%. The
resulting dark violet colored polymer was obtained in 80% yield (1.244g)NMR (400
MHz, CDCk, 25° C):8 6.96 (br), 3.51 (br), 2.78 (br), 1.69 (br), 1.42 (br), 1.33 (br), 0.89
(br). ®*C NMR (CDCEB, 400 MHz):5 139.88, 133.68, 130.47, 128.59, 31.71, 30.52, 29.47,
29.28, 22.67, 14.15. Anal. Calcd. Fog/£151057Br: C, 71.39; H, 8.36. Found: C, 71.10;

H, 8.11. GPC: M=8810, PDI=1.2. MALDI MS: M=6244, PDI=1.05.

PT3. The exact same procedure as for PT1 was adopted except that the
Ni(dppp)Ch catalyst (0.035 g, 0.06 mmol) loading was further decreased tor@I[P0.

The resulting dark violet colored polymer was obtained in 72% yiel® @).1H NMR
(400 MHz, CDC}, 25° C):5 6.96 (br), 3.51 (br), 2.78 (br), 1.69 (br), 1.42 (br), 1.33 (br),

0.89 (br).**C NMR (CDCE, 400 MHz):5 139.88, 133.68, 130.47, 128.59, 31.69, 30.51,
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29.46, 29.26, 22.66, 14.13. Anal. Calcd. Fesl8117:5g4Br: C, 71.85; H, 8.43. Found: C,
70.04; H, 8.20. GPC: 16150, PDI=1.2. MALDI MS: M=14019, PDI=1.01.
Representative synthetic procedure of PS-PT by click chemistr{eS-PT1.PS-
N3 (0.22 g, 0.05 mmol) and CuBr (0.007 g, 0.05 mmol) were charged to a two-neck
flask. The flask was then evacuated and backfilled with nitrogee thmes. PMDETA
(20.5 pL, 0.05 mmol) and freshly distilled THF (5 mL) were added t@albloee solution.
To the resulting yellow colored homogenous solution was added dropwiddFa
solution of PT1 (0.1 g, 0.025mmol in 5 mL THF).The resulting red solutiorstirasd at
60°C for 48h. The reaction mixture was then filtered through neaitradina to remove
the copper catalyst. The solution was concentrated and precipi&becheéthanol (100
mL). The crude red solid was collected by vacuum filtration aashed with acetone to
remove excess PS-N3. The red solid polymer was dried under vac®®iCat(0.150 g,
75%)."H NMR (400 MHz, CDGJ, 25° C):8 7.80 (br), 7.71 (br), 6.96 (br), 6.70 (br), 2.78
(br), 2.05 (br), 1.67 (br), 1.42 (br), 1.33 (br), 0.89 (Bi. NMR (CDCE, 400 MHz):§
139.87, 133.66, 130.45, 128.58, 123.45, 31.69, 30.50, 29.46, 29.26, 22.65, 14.13. Anal.
Calcd. For GggHe2855N21038Br: C, 74.24; H, 6.75; N, 3.13. Found: C, 71.01; H, 7.25; N,
1.98. GPC: M=8396, PDI=1.3.
PS-PT2.Red solid polymer yielded (0.120 g, 83%). NMR (400 MHz, CDC},
25° C):8 7.80 (br), 7.71 (br), 6.96 (br), 6.70 (br), 2.78 (br), 2.05 (br), 1.67 (br), 1.42 (br),
1.33 (br), 0.89 (br)}*C NMR (CDCE, 400 MHz): 5 139.87, 133.66, 130.45, 128.58,
123.45, 31.69, 30.50, 29.46, 29.26, 22.65, 14.13. Anal. Calcd. A&gt766S37N21038Br:

C, 73.88; H, 7.05; N, 2.59. Found: C, 71.49; H, 7.30; N, 1.26. GRE105650, PDI=1.3.
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PS-PT3.Red solid polymer obtained (0.100 g, 77%).NMR (400 MHz, CDC},
25° C):8 7.80 (br), 7.71 (br), 6.96 (br), 6.70 (br), 2.78 (br), 2.05 (br), 1.67 (br), 1.42 (br),
1.33 (br), 0.89 (br)}*C NMR (CDCE, 400 MHz): 5 139.87, 133.66, 130.45, 128.58,
123.45, 31.69, 30.50, 29.46, 29.26, 22.65, 14.13. Anal. Calcd.1@HGs:54N21038Br:

C, 73.21; H, 7.64; N, 1.53. Found: C, 70.20; H, 7.56; N, 1.01. GRE18798, PDI=1.3.

Representative synthetic procedure for deprotection of plmalimide group.
PS2-PT1.PS-PT1diblock copolymer (0.050 g) was dissolved in freshly distilled THF in
a two neck flask. Then excess of hydrazine monohydrate was tmitlesl red solution
with constant stirring and the reaction mixture was refluxe@vernight under nitrogen
protection. The resulting solution was cooled to room temperature aneditsh white
precipitate was filtered off. The red colored filtrate waspped off the solvent and
precipitated from methanol to yield a dark violet colored powder. (0g)4tH NMR
(400 MHz, CDC}, 25° C):5 6.96 (br), 6.29 (br), 2.78 (br), 2.03 (br), 1.67 (br), 1.42 (br),
1.33 (br), 0.89 (br).

PS2-PT2.Dark violet colored solid obtained. (0.065 g NMR (400 MHz,
CDCls, 25° C):6 6.96 (br), 6.29 (br), 2.78 (br), 2.03 (br), 1.67 (br), 1.42 (br), 1.33 (br),
0.89 (br).

PS2-PT3. Dark violet colored solid obtained. (0.030 g NMR (400 MHz,
CDCls, 25° C):6 6.96 (br), 6.29 (br), 2.78 (br), 2.03 (br), 1.67 (br), 1.42 (br), 1.33 (br),
0.89 (br).

General synthetic procedure for hybrid DCP. PS-Mg

PTL1. In a two-neck flask were added deprotected DCP (0.030 g) ad(DC7 g, 0.824
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mmol). The flask was degassed and backfilled with nitrogen. Then hexamolyhcaéz cl
[M06O16]% . 2N (GHog)s" (1.00 g, 0.733 mmol) dissolved in nitrobenzene was added to
the reaction vessel and the reaction mixture was stirred atd286f 5 h. The reaction
mixture turned to brownish red color. The resulting solution was cotetom
temperature. Dark violet solid precipitated out which was filtened washed thoroughly
with chloroform to get rid of byproduct urea. The chloroform filtnates stripped off the
solvent and the resulting solid was washed with hot acetonitrilgetorid of any
remaining free cluster. The hybrid DCP thus formed is brown s@id0 g).'H NMR
(400 MHz, CDC}4, 25° C):5 6.96 (br), 4.03 (br), 3.45 (br), 3.30 (br), 2.78 (br), 2.16 (br),
1.91 (br), 1.66 (br), 1.57 (br), 1.35 (br), 1.07 (br), 0.97 (br). Molybdenum content:
33.45%

PS-Mos-PT2. Brown solid powder formed0.12 g).'"H NMR (400 MHz, CDC},
25° C):8 6.96 (br), 4.03 (br), 3.45 (br), 3.30 (br), 2.78 (br), 2.16 (br), 1.91 (br), 1.66 (br),

1.57 (br), 1.35 (br), 1.07 (br), 0.97 (br). Molybdenum content: 29.13%

PS-Mos-PT3. Brown solid powder obtained. (0.15 g NMR (400 MHz,
CDCl3, 25° C):4 6.96 (br), 4.03 (br), 3.45 (br), 3.30 (br), 2.78 (br), 2.16 (br), 1.91 (br),

1.66 (br), 1.57 (br), 1.35 (br), 1.07 (br), 0.97 (br). Molybdenum content: 6.29%
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