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PREFACE

Nature has the unique ability to control the self-organization of molecules for
various biological functions. The control of energy and electron transfer processes in
light harvesting assemblies and in photosynthetic reaction centers are classic
examples. In artificial systems, control of chromophore arrangements in nanoséopic
structural level has great significance from the viewpoint of optical, chiroptical and
related electronic propehies. In this context, self-assembly and gelation of linear =n-
conjugated systems, particularly oligo(p-phenylenevinylene)s (OPVs) and oligo(p-
phenyleneethynylene)s (OPEs) have received considerable attention because of
their unique optoelectronic properties and widespread usage as active
supramolecular organic materials in various electronic devices such as solar cells,
field effect transistors and light emitting diodes. Gelation allows the modulation of
optical and morphological properties of these functional chromophores. However, a
precise control over the packing of chromophores in such systems is extremely
important for the realization of desired functional properties. The present thesis
entitled “Design, Synthesis and Self-Assembly of a few Oligo(p-
phenylenevinylene) Derivatives: Control of Chromophore Assemblies and
Optical Properties of n-Organogels” describes the results of ouf attempt to control
the chromophore packing in gel forming OPVs and their application as donor

scaffolds for fluorescence resonance energy transfer (FRET).

The thesis is comprised of four chapters. In the first chapter, an overview of
chromophore based functional supramolecular organogels is described. Attention

has been paid to discuss various luminescent organogels with interesting optical and
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electronic properties. Light harvesting and stimuli responsive organogels are also
discussed in detail. At the end of the chapter, the aim-and outline of the thesis are

also presented.

The second chapter describes the design, synthesis and self-assembly of a few
‘cholesterol tethered OPV derivatives." The optical, chiroptical and morphological
features of the mono- and bischolesterol appended OPVs, MC-OPV and BC-OPV,
are significantly different from each other in the self-assembled gel state. These
observations are rationalized on the basis of distinct chromophore packing for these
molecules during the self-assembly. Monocholesterol OPV derivatives prefer to form
pseudo J-aggregates with tilted chromophore packing which is evident from the red-
shiffed bands in the absorption and emission spectra. However, the corresponding
bischolesterol OPV derivatives form pseudo H-aggregates with a twisted
chromophore arrangement having blue-shifted absorption and relatively iess shifted
emission bands when compared to those of the monocholesterol OPVs. The circular
dichroism (CD) spectra of the latter showed exciton coupled bisignate signals
whereas those of the former were of non-bisignate in nature. As a consequence of
the differences in chromophore packing, MC-OPVs form strong gels in hydrocarbon
solvents while BC-OPVs are weak gelators. The morphological features of the
hierarchical assemblies formed from the pseudo J-aggregates of MC-OPVs resulted
in flat, sidewise aligned and coiled structures with irregular helical pitch and uniform
height whereas the pseudo H-aggregates of BC-OPVs evolved into twisted helical

structures with zigzag pitch and variable height profiles as revealed by AFM studies.

The third chapter deals with the detailed study of the effect of chromophore
packing on the efficiency of fluorescence resonance energy transfer (FRET) in

cholesterol-OPV gelators in the self-assembled state. FRET studies were carried out
viii



using mono- and bischolesterol OPVs as the energy donors and a m-conjugated
oligomer, pyrrolylenevinylene-co—phenylenevihylene (PYPV), as the acceptor. This
donor-acceptor system was selected in view of their suitable coassembly and
photophysical properties. Time resolved emission spectroscopic (TRES) studies
revealed that excitation energy migration is highly efficient in the self-assembly of
MC-OPVs, whereas, it is found to be slow in BC-OPVs. Efficient energy migration
within the donor scaffold of the former results in an efficient energy transfer to the
encapsulated acbeptor (2 mol%) with 90% quenching of the donor fluorescence to
give bright red emission in the gel state at room temperature. Less efficient energy
migration in BC-OPVs results in a partial transfer of its excitation energy to the
acceptor with 63% quenching of the donor emission under similar conditions giving
rise to an intense white-light emission with CIE coordinates of (0.31,0.35). This is the

first example of an organogel showing white-light emission.

The fourth chapter illustrates the self-assembly of donor-acceptor type
organogelators with color tunable FRET emission.? TRES studies of a few OPV
derivatives in the gel state showed that energy migration is less efficient in OPV
gelators with bulky end groups (OPV1-2) when compared to that of the gelators with
small end groups (OPV3-4). FRET studies were carried out using OPV1 and OPV3
as the donors and OPV6 as the acceptor. Less efficient energy migration results
slow quenching of OPV1 fluorescence at 509 nm on addition of the acceptor (0-2
mol%) with the formation of the monomer emission of the latter at 555 nm. Upon
further addition of OPV6 (2-20 mol%), the emission was continuously red-shifted to
610 nm which corresponds to the aggregate emission of OPV6. Consequently, 98%
quenching of the donor emission was observed at 509 nm. Fluorescence

microscopic studies provided visual evidence for the tunable FRET emission. Thus

X



efficient trapping of excitons by “isolated” or “aggregated” acceptors through a subtle
control of the self-assembly and the photoph‘ysical properties of the donor-acceptor
building blocks allowed a continuous shift of the emission color from green to red
(Amax = 509-610 nm). However, OPV3> showed maximum quenching (82%5 even in
the presence of 3.1 mol% of the acceptor (OPVG) due to fast energy migration. Less
stable gel of OPV3 disrupted on further addition of the acceptor and hence monomer
emission of the former was observed. Emission tuning was not possible in this
system because of these two effects. Thus remarkable control on the FRET
emission could be achieved in a supramolecular light harvesting system by

controlling the self-assembly of the donor-acceptor molecules.

In summary, proper functionalization of OPVs with cholesterol moieties allowed
control of chromophore packing to give distinct optical, chiroptical and morphological
properties in the seif-assembled state. The difference in chromophore packing
affects the energy migration properties of fhe resulting self-assemblies which could
be exploited for the control of FRET resuiting in red emitting and white emitting
organogels. Self-location of a gel forming acceptor within the donor self-assembly as

“solated” or “aggregated” species result in color tunable FRET emission ranging

from green to red.
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Chapter 1

Chromophore Based Supramolecular Organogels:
An Overview |

1.1. Abstract

The development of functional organic materials for electronic and
photonic application is one of the most exciting areas of advanced
materials research. The “bottom up” approach towards the construction of
supramolecular architectures of chromophores and m-systems using
noncovalent interactions is of great importance in the field of
nanoelectronics. A class of soft materials that has received significant
attention is organogels derived from rm-conjugated molecules due to their
favorable oproelectronic properties. In many cases, gelation helps
alignment of chromophores which is vital for facilitating electron and
energy transport properties. Therefore, many of the chromophore derived
organogels are used as scaffolds for energy zra;sfer and light harvesting
processes. Gels that respond to external stimuli such as temperature, light,
pH and metal ions find applications in sensing and actuating. In this
chapter, an overview of chromophore based functional supramolecular

organogels is given. Finally, the aim and outline of the thesis are

presented.
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1.2. Introduction

Gels are viscoelastic solid-like materials comprised of an elastic, cross-
linked network and a solvent in.which the latter is the major compor;ent. Gels have
been used in everyday life in a variefy of forms such as cosmetics, food, medicines
etc. Most of these gels are composed of covalently crosslinked polymers having
high molecular weights.' More recently there has been an enormous increase of
interest in the design of low molecular weight gelators, which immobilize various
organic fluids or water as a result of three-dimensional supramolecular network
formation.” Gels derived from low molecular mass compounds are also known as
“supramolecular gels”. This novel class of supramolecular materials exhibit
striking properties with respect to self-assembly phenomena leading to diverse
architectures. The Vdiversity of nanbstructures provided by supramolecular gels
makes them promising candidates for several potential applications ranging from
medicines to material sciences and catalysis to optoelectronics and related areas.

In contrast to the macromolecular gels, low molecular weight organogel
network is held together solely by noncovalent interactions such as hydrogen
bonding, m-stacking, solvophobic, electrostatic and donor-acceptor interactions
rendering the gelation process thermally or mechanically reversible. The
directional nature' of intermolecular interactions allows gelator molecules to self-

organize in one-dimensional arrays producing elongated fibrous nanostructures.

Entanglement of these fibers subsequently produces three-dimensional networks
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capable of trapping solvent molecules thereby yi-elding a gel (Figure 1.1). Usually,
low molecular weight organogels are formed by dissolving a small amount of the
gelator in hot solvents and the subsequent cool‘ing below gel transition temperature
(Tee)- The gelation of organic molecules can be visualized by the formation of a
thick non-flowing mass. even when turned upside down. Organogels are usually
characterized by a variety of analytical methods, particularly spectroscopic and
microscopic techniques. At the microscopic level, the structures and morphologies
of supramolecular gels have been investigated by techniques such as scanning
electron microscopy (SEM), transmission electron microscopy (TEM) and atomic
force microscopy (AFM), while thermal and mechanical studies are used to
understand the interactions between these structures. However, at the nanoscale,
X-ray diffraction, small angle neutron scattering and X-ray scattering (SANS,

SAXS) are required to elucidate the structures of supramolecular gels.

Solient 0.& ~.' Fibers

o . v Cooling ‘. .3.0

ol N =
»

. ]
@ . . @ Heating
e. .e.
‘ .
Gelator 0.

One-dimensional
Aggregates

Gel

Figure. 1.1. Schematic representation of the self-assembly of low molecular weight organogetators
into one-dimensional aggregates and the subsequent formation of an entangled network.
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A large variety of low molecular weight organogelators are known in the 1

|
|

literature which includes molecules from the simplest alkanes to the complex ]

{

porphyrins and phthalocyanines. Incidentally, most of the early discovery of |

.

}
]
|

organogelators has been found by accident, in many cases during the workup
procedures of a synthetic experiment. However, the knowledge gained on the E
aggregation of gelator molecules durihg the past decade, has helped to ‘design’ J’
i
gelators through the incorporation of structural features that are known to promote |
aggregation. The‘following features are considered to be of importance in the |
design of organogelators: (i) formation of one-dimensional aggregates via
anisotropic growth process, (ii) intertwining of these one-dimensional aggregates
to form three-dimensional network and (iii) the prevention of crystallization or
precipitation of the self-assembled aggregates through a balance between order

and disorder. Therefore, the design of new gelling agents needs to account for all

these aspects and hence continues to be a challenging task.

1.3. Chromophore Based Functional Organogels

Highly organized arrays of chromophores are of great interest as mimics of
natural photosynthetic systems. Several organized chromophore assemblies with
functional properties are known in the literature, which are mainly based on
polymers, dendrimers, liquid crystals and gels. Supramolecular organogels based

on chromophores are suitable for various applications such as optoelectronic, light
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harvesting, sensing etc. In addition, the gel phase, which is different from either
the solid phase or the liquid phase, is so.unique as a medium that is expected to
provide a novel environment to arrange functional molecules indispensable to a
natural photosynthetic system. Functional organogels based on various
chromophores and their potential application is discussed in the following

sections.

1.3.1. Luminescent Organogels

There has been considerable interest in the development of organic based
luminescent materials because of their potential applications in optoelectronic
devices.® The optical and electronic properties of these materials are dependent not
only the structure but also rthe intermoleculér interactions. Self-assembly and
gelation of m-conjugated molecules induces considerable modulation of the
absorption and emission properties. Many fluorescent molecules such as
anthracene, pyrene, triphenylene, oligo(p-phenylenevinylene) etc. that are
functionalized with alkyl side chains, cholesterol moieties and various hydrogen
bonding groups have been reported to form gels. )

For example, molecular self-assembly of [n]acenes such as anthracene,
tetracene and pentacene has attracted much attention, because of their significant

charge mobility, photochromism, intense absorption and emission, which have

potential applications in the fields of organic electronics and photovoltaic
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devices.* Chart 1.1 shows some of the representative examples of this class of

organogelators based on polyaromatics.

OOO °

OCH,

SO @]

OCypHy4 OC1gH21 OCgH24

oc,,,Hﬂ L e OOOO oo
4

Chart 1.1

The serendipitous observation of the gel formation of 3-B-cholesteryl-4-(2-
anthryloxy)butanoate (1) in a variety of organic liquids has led to a novel class of
steroid based g'elators.5 They consist of an aromatic group (A), connected to a
steroidal moiety (S) via a linking group (L) and hence are called ALS gelators.
"Desvergne and coworkers have reported that alkoxy substituted anthracene (3)
tetracené (4) and pentacene (5) can form fluorescent gels in various alkanes,
alcohols, aliphatic amines and nitriles, through dipole-dipole interactions, van der
Waals forces and m-m stacking.® Gel formation is accqmpanied by significant
changes in the absorption and emission properties of the anthracene
chromophores.

Pyrene, due to its strong fluorescence and excimer formation is a useful

probe for photophysical and photobiological studies. Pyrene can also be used as a
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probe to study the self-assembly properties of organic molecules. In this context,
the two component system consisting of bile acid based molecular tweezers (6 and
7, Chart 1.2) and 2,4,7-trinitrofluorenone (TNF, 8) acceptor molecules are shown
to form organogels in a variety of hydroxyl and hydrocarbon solvents through

charge transfer interactions.’

‘ ° 6: X=NH 8 9: X=C00
i 7. X=CH, 10: X=0
H -
N X CH
Oy oy
S S ool
O 12: X=NH O 14
13: X=CH,

Chart 1.2

Later, a new class of pyrene derived organogelators in which the bile acid
part is replaced by alkyl chains through different linkers has been reported.®
- Compounds with ester (9) or ether (10) linkages are shown to fo;tn gels only in the
presence of TNF. However, the compounds with urethane (11), urea-(12) and
amide (13) linkers can self-assemble into one-dimensional gels through H-bond

and m-stack interactions.®® The chiral pyrene organogelator (14), substituted with a

(R)-2-octy!l urethane group self-assemble into P-helical aggregates.
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Fluorescent gelators containing pyrene /moieties and dendritic oligopeptides
(15-17) have béen developed by Kato and _coworkers.IO These molecules self-
assemble into 1D hélical columnar structures that lead to the formation_of 3D
fibrous random networks to form a gel (Figure 1.2). This gel material exhibited
monomer emission of pyrene because of the hydrogen-bonded arrays of the
oligopeptide moieties which greatly suppress the formation of pyrene excimers. In
contrast, in the sol state, green excimer emission of the pyrene is observed as a
result of the disﬁociation of intermolecular hydrogen bonds. This is the first
example of the reverse-mode color switching of ﬂuorescénce for supramolecular

pyrene assemblies.

Oc' 1H23

/\/(jo':1 o
OC"HZ' o QC(Hx

/\/Y o ° OCq1Hz3
‘ DC” “ )\VLO/.\/Q:OCM‘%
OCqu;. ° OVN'H OC 4z )
O /\/@OC“M 7‘{
\ O ‘O " OIO\A G S
l 7 o OYO O:OCHH:J O ‘\/QOCHHQJ B
O . N/T\/N\(O 17
v o_ OC yHgg
16 \CEOCNHH
Figure 1.2. Photograph of fluorescent a) gel and b) solution of 15 in cyclohexane. Corresponding
schematic illustration of the molecular arrangement is shown below. (adapted from ref. 10)

-

The triphenylene derivatives (18 and 19) substituted with six amide groups
and six hydrocarbon side chains are found to form organogels with unusual
emission properties in nonpolar solvents as a result of highly directional columnar

self-assemblies through a cooperative effect of n-n, hydrogen bonding and van der
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Waals interactions.'! Detailed fluorescence measurements have shown that the
triphenylene cores of 18 in the gel state are arranged in a staggered manner,
whereas, it is arranged in an eélipsed manner in 19 leading to an unusual
observation of excimer emission, at 525 nm (Figure 1.3). Furthermore, XRD
analysis of the xerogels revealed a lateral rectangular and hexagonal columnar
arrangement for 18 and 19 respectively, indicating the crucial role of alkyl chains

in controlling the packing mode.

T % P
O
\

Qo Echpsed overlap /
Rm H
o3 Sn 3
q R
18: R= C12H25 ' 35’0 lEl) AS'G ';0"0 55.0 61‘)0
19:R=CH, Staggered overlap o

Figure 1.3. Fluorescence spectra of a) chioroform solution of 18, b) cyclohexane gel of 18, c)
chloroform solution of 19 and d) cyclohexane gel of 19. (adapted from ref. 11)

3.4,5-Tris(n-dodecyloxy)benzoyl-amide appended 8-quinolinol/copper(Il)-,
palladium(Il)- and platinum(ll)-chelates (20-22) are efficient gelators for various
organic solvents."” The gelation ability of these molecules is attributed to the
cooperative effect of n-m interactions of the chelate moieties as well as the
hydrogen bond interactions among the amide groups. As confirmed by the field-
emission measurements, the electronic properties of the three kinds of gel fibers

obtained are evidently different depending on the metal centers. In the case of Pt
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chelate (22), the n-7 interaction results in lthermo- and solvatochromism. Color
change in the phosphorescence emission is observed in response to the sol-gel
phase transition (Figure 1.4). Furthermore, it was shown that dioxygen quenching
of the excited triplet state is efficiently inhibited in the gel phase. These findings

indicate that introduction of metal chelates into the low molecular weight gel

and electro active nanomaterials.

system is one of the most effective strategies to obtain a wide variety of photo-
o o ™Ciats b),
|

-
VAR

—_—
550 800 650 700
Wavelengin : nm

pJ
)
o2
I
o]
;
P4
|
N
1Y
Phosphorescence mtensiy / a.v

M= Cu, Pd, Pt
20-22

Figure 1.4. a) Photograph of p-xylene gel of 22 and the heated solution, b) Phosphorescence
spectra of p-xylene gel and tetrachloroethane solution of 22, ¢) photograph of 22 gel and solution
under UV light (365 nm) and d) CLSM image of the p-xylene gel of 22. (adapted from ref. 12)

Platinum-terpyridine complexes have attracted widespread interest as
functional materials because of their intense phosphorescence in the visible region.
Zeissel ef al. have reported the gelation of luminescent platinum-terpyridine
complex (23) containing long-chain alkoxydiacylamidotoluene platform in
nonpolar solvents . (Chart 1.3)." Dodecane gel of 23 showed intense
phosphorescence with an emission ma>'<imum at 850 nm. Self-assembly and

gelation of fluorescent borondipyrromethane (Bodipy) derivatives (24, 25)
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containing the same alkoxydiacylamidotoluene platform forms organogels with
intense absorption in the visible region, .high fluorescence quantum yields,vand

narrow emission bandwidths with high peak intensities."

.
O Jer

Hane1Cn ’@\ OCnHzn+1 it

Hane1Ca OIP)( k(;[oc Hane lh

H2n*1C O OCn 2n+1 !

24:R =

Chart 1.3

A number of molecules which are less emissive or non-emissive in solution
show strong emission in the gel state due to aggregation-induced enhanced
emission phenomenon. For example, a highly fluorescent organogel was reported
to be formed by the intermolecular hydrogen bonding interactions between the
non-emissive oxadiazole based benzene-1,3,5-tricarboxamide molecule (26).'5
Studies have shown that the intermolecular face-to-face H-bonding interactions in
the columnar gel aggregates play a key role in the enhancement of fluorescence
upon gelation, by providing significant singlet-triplet splitting to reduce the rate of
inter system crossing. Enhancement in fluorescence intensity on gelation has been

reported for a trifluoromethyl-based cyanostilbene derivative (27) (Figure 1.5).'
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The gelation of 27 is attributed to the cooperative effect of the n-m stacking
interactions of the rigid rod-like aromatic segments and the supplementary

intermolecular interactions induced by the four CF; units.
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Figure 1.5. a) Fluorescence emission of 27 in the solution (left vial) and gel phase (right vial) in
1,2-dichloroethane under UV light (365 nm). b) Fluorescence microscopy images of an organogel
of 27. (adapted from ref. 16)

]

Aida and co-workers have reported a phosphorescent organogel which
shows reversible RGB color switching tﬁrough metallophilic interactions.!” The
gelator consists of a trinuclear Au(l) pyrazolate complex bearing long alkyl chains
(28) which self-assembles in hexane via Au(l)-Au(l) metallophilic interaction. to
form a red-luminescent organogel (Figure 1.6). This gel on doping with a smaill
amount of Ag’” results in a blue luminescence without disruption of the gel, while
removal of doped Ag" with cetyitrimethylammonium chforide results in complete
recovery of the orig_inal red-luminescent gel. Upon heating, these organogels
undergo gel-to-sol transition due to thé destabilization of the metallophilic

interactions, where the red luminescence of the non-doped system becomes hardly
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visible. while the blue luminescence of the Ag" doped system turns green. On
cooling, these solutions undergo gelation and simultaneously recover the original
luminescence. The observed RGB (red-green-blue) luminescences are all long-

lived (3-6 ws) and assigned to electronic transitions from triplet-excited states.

Daylight

28 RO OR

Figure 1.6. Luminescence profiles of Au(l) pyrazolate complex 28 in hexane. Pictures and
schematic self-assembling structures: a} sol, b) gel, ¢) sol containing AgOTf, and d) gel containing
AgOTf. (adapted from ref. 17)

Linear m-conjugated molecules, due to the presence of delocalized =-
electrons. show interesting optical and electronic properties in the monomer as
well as in the self-assembled states. These properties make them useful to the
development of various organic electronic devices. Contrc;l of the optical and
electronic properties of c_onjugated systems is necessary for their applications in
electronic devices. A viable approach towards this end is the design of conjugated
building blocks that form organogels in appropriate solvents through noncovalent

interactions leading to entangled fibrous assemblies. Recent examples include the

thermoreversible gelation of fluorescent oligo(p-phenylenevinylene) (OPV)
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derivatives (Chart 1.4) and the control of their photophysical as well as
morphological properties by structural modifications and noncovalent
interactions.”'® For example, OPVs functionalized with C12-C16 alkyl chains and -

hydroxymethyl end groups are supergelators of nonpolar hydrocarbon solvents.

OR
HO OR a: R=CygHy
OR ~
S e,
RO RO oH ©:R=CgH,,

Chart 1.4

The most striking feature of the gelation of OPVs is the remarkable shift in
the emission towards the long wavelength region. For example, the absorption and
emission properties of OPV derivative 29a in chloroform showed characteristic
features of molecularly dissolved species. However, in dodecane at 20 °C, the
absorption spectrum showed a reduction in the intensity with the formation of a
red shifted shoulder (Figure 1.7). Similarly, the emission intensity is significantly
reduced and red shifted. Temperature induced reversible optical changes of 29a

revealed the co-existence of different self-assembled species in dodecane at room

temperature.
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heat

Figure 1.7. Temperature-dependent a) absorption and b) fluorescence spectra (Aex = 380 nm) of
292 in dodecane (1 x 10-> M). Inset shows the emission colors of the molecularly dissolved (blue)
and the self-assembled (green) species of 29a in dodecane. ¢) Photograph of 29a in decane (CGC
= (0.9 mM) under illumination at 365 nm before and after gelation. (adapted from ref. 18c)

Stupp and coworkers have reported the self-assembly of a series of linear n-
conjugated molecules with dendron rod-coil architecture that contain conjugated
segments of oligo(thiophene), oligo(phenylenevinylene) and oligo(phenylene) (33-
38) (Figure 1.8).’9 Electron and atomic force microscopy reveal that these
molecules self-assemble into high aspect ratio ribbon-like nanostructures which
induce gelation in nonpolar solvents. Self-assembly of these molecules induce a
blue-shift in the absorption spectra and a red-shift in the fluorescence spectra with

significant quenching indicating aggregation of the conjugated segments within

the ribbon-like structures. Moreover, self-assembly leads to three orders of
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magnitude increase in the conductivity of iodine-doped films of thiophene
derivatives. Electric field ‘alignment of these assemblies creates arrays of self-
assembled nanowires on suitable substrates which is useful for the fabrication of

electronic devices.
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Figure 1.8. a) Photographs of 33 in toluene (left) and THF (right) under illumination with 365 nrr
light and b) AFM texture of 34. (adapted from ref. 19b)

In contrast to the self-assembly of oligo(p-phenylenevinylene) to
nanotapes, an analogous oligo(p-phenyleneethynylene) (39) in decane resulted in
the formation of nanoparticles, microspheres, ‘bundled fibers and eventually to
blue-emitting organogels (Figure 1.9).2% At a concentration of 1 x 10° M,
nanopaﬂicle§ with average size: of 100 nm were formed whereas up to a
concentration of 1 x 10 M, microspheres of 5-10 um with intense blue
fluorescence were obtained. However, at higher concentrations elongated giant

structures of micrometer size were formed as evident from the SEM analysis.
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Figure 1.9. a) Optical microscopic picture under illumination with UV light (365 nm), b) HR-TEM
image of a sphere, ¢) SEM image of the gel and d) photograph of the gel of 39 in decane. (adapted
from ref. 20a)
1.3.2. Light Harvesting Organogels

Light harvesting is one of the fnost important natural processes by which
photosynthetic organisms absorb sunlight and transfer to the reaction center where
photoinduced redox processes are initiated to convert the energy harvested from
sunlight into increasingly more stable forms of cnergy.2l Pigments (chlorophylls
and carotenoids) are responsible for converting the energy of an absorbed photon
into an electronic excitation. The mesoscale orga}lization of these pigment
molecules in the photosynthetic membrane allows the unidirectional excitation
energy transfer tovx;ards the reaction certer (RC), which is the final destination of
the collected energy. Inspired by natural light harvesting systems, scientists have
been attempting to mimic such process with the help of synthetic molecular

23

; - - . 2 24
architectures. These include dendrimers,” polymers.” molecular complexes,



18 | a Chapter 1

3 self-assembled monolayers®® and

hydrogen bonded supramolecular assemblies,
self-assembled fibers (gels).'* "4 The light harvestiﬁg process involves photonic
excitation of the donor, followed by the transfer of the absorbed energy to a -
nearby energy acceptor. Organized arrayé of chrbmophores are important for
;iirectional and efficient energy transfer process. Gelation in many cases is known
to facilitate the preferential alignment of donor-acceptor chromophores which can
be used as scaffolds for efficient energy transfer and light harvesting. Described
below are the various examples of light harvesting organogels reported in
literature so far.

An early example of energy transfer process in an organogel medium is
reported by Sagawa et al. They have prepared fibrous gel assemblies of porphyrin

40 and pyrene 41 substituted by L-glutamic acid (Figure 1.10).* By amide

hydrogen bonding, both chromophores self-assemble co-facially into chiral fibers

CygHzsHNC— H—N—

CquHNﬁr(CHz)z excimer
0 350 nm 450 nm 550 nm

C-‘ZHHHNC—(iH"d" Cc
CﬂHz:.HN?l“— (CHz)z
° RS

ﬁ f energy transfer
CygMagHNC— H—
sz“stN?‘“Kzlz OgQ
° 41
Figure 1.10. Didodecyl L-glutamic acid substituted porphyrin (40} and pyrene (41) form mixed

assemblies in benzene, the energy transfer process in these assembiies is schematically depicted.
(adapted from ref. 28)
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of several micrometers in length which car; be controlled by temperature. The
porphyrin 40 forms a physical gel wixereas the pyrene 41 does not forrr; gel at
room temperature. When the two molecules were allowed to form a co-assembly,
energy transfer occurs from pyrene excimers to the porphyrin traps.

Shinkai and coworkers have designed a proton sensitive, fluorescent 1,10-
phenanthroline-appended cholesterol based gelator (42), which is an efficient
energy transfer system (Figure 1.11).% In the presence of two equivalents of TFA,
the purple emission (360 nm) of the gel phase is quenched completely, with the
appearance of an yellow emission (530 nm) corresponding to the protonated form
of 42, due to efficient energy transtfer from the neutral to the protonated form of
42. However, when the gel was converted into the solution phase at 90 °C in the
presence of TFA, a blue emission with bimodal emission maxima was obtained

indicating the absence of energy transfer.

heating

R
-

e —
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Figure 1.11. Emission color changes in phenanthroline based gelator 42 upon protonation and sol-
gel transition. (adapted from ref. 29)
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Co-assembled organogels of cholesterol functionalized perylene bisimide
derivatives (43a-d) exhibit cascade energy transfer.”® The absorption maxima of
these derivatives could be tuned across the visible spectrum by attaching different
substituents at the bay positions of the perylene moiety. Various binary, ternary
and quaternary perylene gels were prepared and subjected to energy transfel-r
studies. Selective excitation of 43a at 457 nm resulted in the quenching of its
emission at 544 nm with efficiencies of 68% for 43b, 53% for 43¢ and 34% for
43d, consistent with decreasing donor-acceptor spectral overlap (Figure 1.12). The
perylene derivative 43d acts as an energy sink because of its low emissive nature
which arises from the twisted intramolecular charge transfer (TICT) state. It is
interesting to note that the gel state guarantees the success of this cascade transfer

process, whereas in solution the mentioned effects are not observed.

CR= el I . 6 10300
43c.R———® 43d:R=—N O - ::mo
/ e 10330

110330

Figure 1.12. Fluorescence spectra of mixed perylene gels. The numbers in the inset denote the
molar ratios for 43a/43b/43c/43d. The corresponding photographs of the mixed gels are alsc
shown in the inset. (adapted from ref. 30)
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Recently, Del Guerzo et al. have demonstrated the versatility of anthracene
based organogel as a medium to study energy transfer process.”’ They have used
2.3-n-didecyloxyanthracene (3) as the excitation energy donor and 2,3-u-
didecyloxytetracene derivative (4) as the acceptor which are known to form
organogels (see section 1.3.1). DMSO gel of 3 on doping with 4 facilitates energy
transfer from excited anthracenes to the tetracene derivatives (Figure 1.13). The
energy transfer process was found to be highly efficient, as the acceptor is required
in very small quantities. Detailed energy transfer studies revealed that the
efficiency of the process is highly influenced by the structural and chemical
similarity between donor and acceptor as well as the involvement of exciton
migration in the donor gel scaffold.
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Figure 1.13. a) Emission spectra of the DMSO gel of 3 (Aexc = 384 nm) doped with increasing
proportions of 4, b) Fluorescence confocal microscopy image of the DMSO gel of 3 at 298 K with
2 mol % of 4 (Aexc = 405 nm) and ¢) Simplified representation of a doped gel fiber of 3 as well as
energy transfer pathways. (adapted from ref. 31a)
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The metallo-supramolecular gelator 44 forms stimuli responsive gels upon
addition of a lanthanoid (III) nitrate (3 moi%) followed by transition metal ion
perchlorate (97 mol%) in CHCl3/C‘H3CN.32 Different binding modes of the
tridentate ligand 2,6-bis(1'-methylbenzimidazolyl)-4-hydroxypyridine (44) with
transition metal ions (2:1 complex) and lanthanide ions (3:1 complex) afe
responsible for the formation of supramolecular gel (Figure. 1.14a). Excitation (A,
= 340 nm) of 44:Zn/Eu system results in intense emission from Eu(IIl) ions
(Figure. 1.14b). The emission is due to efficient ligand to metal energy transfer
process. While 44:Zn/La displayed emission from metal-bound ligand (4. = 397

nm), 44:Co/Eu did not emit at all, probably due to the presence of low energy
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Figure 1.14. a) Schematic representation of the formation of a metallo-supramolecular gel using
combination of lanthanoid and transiton metal ions mixed with the monomer 44. b
Photoluminescence spectra of metallo-supramolecular gels prepared in acetonitrile (Lex = 340 nm),
44:Co/Eu shows no photoluminescence and lies essentially along the baseline. The insets show
the gels under UV light (365 nm). (adapted from ref. 32)
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metal centered levels which will facilitate radiationless decay process. Addition of
small amount of formic acid to the luminescent gel of 44:Zn/Eu results in the
disruption of the gel and a strong quenching of Eu(IlT) emission. This could be due
to the displacement of the ligands by formate ions, which eventually ‘switch off’
the antenna effect. This process could be reversed by the evaporation of the
solvent folloWed by reswelling of the material with CH3;CN, which restore the
Eu(IIl) emission.

OPV derived n-gels are excellent energy donor scaffolds to encapsulated
acceptors. This could be due to efficient exciton migration within the aggregates
of different HOMO-LUMO levels. Therefore, emission occurs mainly from
aggregates of lower energy resulting in a red-shift in the wavelength. In the
presence of an acceptor, energy transfer occurs resulting in emission from the
latter. This has been demonstrated by entrapping rhodamine B dye within OPV

gels as shown in Figure 1 157

FRET ‘OFF . FRET ‘ON’

R’ = -CH,0H; -CH,OCH,;
-CH=CH-COOH Dye entrapped nanotape

Figure 1.15. Schematic representation of the energy transfer process in Rhodamine B dye
encapsulated OPV gel fibers. (adapted from ref 33b)
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The main drawback of the above system is the incompatibility of the polar
dyes with the OPV self-assembly in nonpol‘ar medium. In order to design an
efficient light harvesting system which can funnel excitation energy to a few
acceptor molecules, it is necessary to have an acceptor which is compatibl.e with
the donor self-assembly. Recently this issue was addressed with the help of OPVs
(45-48) having different HOMO-LUMO energy levels as donor and acceptor.'®"
The rational choice of OPVs with dipolar end functional groups allowed the tuning
of the emission in the molecular level and in the supramolecular level (Figure

1.16a). Detailed studies revealed that the optical properties of the gel-forming
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Figure 1.16. a) Photographs of the hexane gels under illumination at 365 nm. b) Energy transfer
between 45 and 48 in the gel state. Emission spectra of 45 in the absence (—) and in the
presence (— - — ) of 48 (2.62 mol%) in n-decane, emission of acceptor in the absence of donor
(---). The inset shows the emission of the acceptor on indirect excitation at 380 nm (o) and direct
excitation at 485 nm (e). (adapted from ref. 18h)
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molecule 45 (donor) and the nongelliig molecule 48 (acceptor) are ideal for
energy transfer. Addition of 2.62 mol% of 48 to the n-decane gel of 45 showed
90% quenching of the emission of donor and the simultaneous emission from the |
acceptor (Figure. 1.16b). A three fold increase in the luminescence of 48 after
energy transfer (4., = 380 nm) when compared to that of direct excitation (Ae =
495 nm) indicates efficient energy transfer in this system (Figure. 1.16b inset).
Development of inorganic-organic hybrid materials consisting of gold
nanoparticles and OPV gels has recently been reported which exhibit energy
transfer properties.”* The OPV derivative 29b which forms a gel in toluene was
selected as a template. Another OPV derivative 49 which contains a disulfide
moiety at one end was used to bind gold nanoparticles. Mixing of 29b/49-Au in
toluene at different ratios followed by heating and cooling of the solution resulted
in a coassembled gel. The formation of 29b/49-Au hybrid supramolecular tapes is
visualized by TEM that showed arrays of Au particles on both sides of the tape,
indicating the formation of supramolecular hybrid tapes of 29b/49-Au (Figure
1.17a). Fluorescence studies revealed that incorporation of 49-Au into the tapes of
29b results in the quenching of the OPV luminescence (Figure 1.17b). In the case
of the 100:1 29b/49-Au mixture, the intensity was reduced by a factor of 33 in
comparison with the emission intensity of 29b alone. Time resolved
ppotolumiﬁesccnce studies revealed shortening of the lifetime of 29b upon

| ;ddiﬁon of 49 attached nanoparticles, when compared to that of 29b alone. This
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observation indicates that at least part of quenching is due to a dynamic process
that takes place in nanosecond time scale and involves exciton energy migration
towards docked gold nanoparticles. Further confirmation to this speculation is
obtained from photoinduced absorption (PIA) studies, which showed a clear
difference in the population of the excited state of 29b and 29b/49-Au hybrid gels,
mainly in the nanosecond time scale. A very short lifetime observed for 49/Au
system in PIA studies points towards a rapid energy transfer from 49 to the gold
core. Result of these studies demonstrate that the close proximity of gold
nanoparticles to the OPV nanotapes facilitates strong electronic communication

which makes them attractive candidates for the fabrication of electron and energy

transport based nanodevices.
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Figure 1.17. a) TEM image of 29b/49-Au (100:1) tap'es deposited from toluene. b) Fluorescence
spectrum of a 100:1 mixed gel of 29b and 49-Au and of the separate compounds in toluene. Inset;
photographs of the luminescent 28b gel (left) and of the 100:1 29b/49-Au mixed gel (right).
(adapted from ref. 34)
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1.3.3. Organogels for Conducting Naﬁowires

The preparation of conducting.nanoﬁbers based on the self—asserﬁbly of
functional m-conjugated molecules is véry important since they may find
applications in molecular electronic devices. Even though supramolecular wires
offer many advantages, controlling the self-assembly process is a challenging task.
In particular, depbsition of nanostructures on surfaces is difficult to control, and in
many cases different morphologies and size distributions are common. Gelation of
molecules offers an interesting way to form fibers in 2 homogeneous medium,
which can then be physically deposited on any surface. Many supramolecular gels
based on functional chromophores are reported to form conducting nanowires.

Tetrathiafulvalene (TTF)* is knoWn as an organic conducting material

- whose high electron conductivity is originated from their n-stacked columnar

structures. They form fibrous aggregates as a result of hydrophobic and n-stacking
interactions. The first attempt to design self-assembling molecular wires using
TTF was done by Jorgensen and Bechgaard, in which TTF molecules were
attached to bis-arborol, to provide the compound 50 (Cha}t 1.5), which was found
to be an efficient organogelator.’® TTF core attached to 3,4,5-tridodecyloxy
benzene (51) through a flexible linker containing two amide groups  form
aggregates and gels in n-hexane.”” This on I doping, showed a characteristic near-
infrared (NIR) absorption band at room temperature assignable to a mixed-valence

state, which is known to be indispensable for constructing conductive nanowires.
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An amphiphilic | bis-TTF annulated macrocycle derivative (52) reported by
Nakamura et al. form redox active organogels as well as electrically active
nanostructures.”® TTF incorporated phthalocyanine derivatives (53a-b) showed
conductance when doped with 7,7,8,8-tetra-cyanoquinodimethane (TCNQ) in -
DMSO.?” A new absorption band was observed in the UV-vis spectrum at-750 nm
which corresponds to a mixed-valence state. Doping of 53b in CH,Cl, with I,

produced a similar effect in the UV-vis spectrum as in the case of doping with

TCNQ in DMSO.
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Chart 1.5

The amide-functionalized TTF (54) forms stable gels in decane or hexane.*

Nanofibers formed by this gelator was transformed into conducting or metallic

nanowires by doping (with iodine) and annealing, leading to a bulk material which
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conducts electricity. This procedure allows the formation of stable TTF-based
nanowires on different substrates and generation of a thin film whi;:h is electrically
conducting (Figure 1.18). The hydrogen-bonding amide unit plays the key to
generate the conducting nanowires. The ease of the processing method makes it

very appealing for applications in molecular electronics.
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Figure 1.18. a) Current-sensing AFM image showing the current response of a doped annealed
xerogel of 54 on graphite. b) Representative spectroscopic curves of different areas of the material
which correspond to the numbered areas in image a. (adapted from ref. 40)

The bisurea-appended oligo(thiophene)s (55a-b) have been reported to self-
assemble into elongated fibers resulting in the formation of organogels in solvents

' Electron microscopy and X-ray

such as tetralin and 1,2-dichloroethane.4
diffraction studies revealed that the fibers have a lamellar structure, in which the
molecules are arranged as one-dimensional ribbons with their long molecular axis

parallel to each other (Figure 1.19). Moreover, it was shown by pulse-radiolysis

time resolved microwave conductivity experiments that the good electronic
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overlap between the thiophene rings due to the H-bond assisted n-stacking of
adjacent oligomers results in high charge carrier mobility of 0.001 em*/Vs for 55a
and 0.005 cm?/Vs for 55b. These values are relatively high when compared to that

of simple thiophene oligomers.

2 B\ 2
C12H25\N N’VWN N'C12H25
Mot S
' 55a (n=1)

55b (n=2)

Figure 1.19. a) Electron micrographs of the lamellar fibers of 55a (A) and 55b (B). Possible
arrangement of 55a in the lamella: b) view of a H-bonded ribbon, and c) a tilted stack of ribbons
that form lamella. (adapted from ref. 41)

In recent years, there has been considerable interest in the self-assembly of
diacetylene derivatives as they allow the covalent fixation of supramolecular
assemblies through photopolymerization reactions to~ give polydiacetylencsv
(Figure 1.20), which are attractive candidates as conducting nanowires.” G¢'
forming diacetylenes are particularly interesting because the gel network which i
stabilized by the noncovalent interactions can be permanently supported by stron,
covalent bonds under photolytic conditions, thereby retaining the morphologict

characteristics with increased thermal stability.
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Figure 1.20. Photopolymerization of diacetylenes to polydiacetylenes and the schematic
representation of the concept of covalent fixation of diacetylenes derived self-assemblies.

Masuda et al. have reported diacetylene-1-glucosamide bolaamphiphiles
(56a-b), which self-assemble to form nanofibers leading to the gelation of organic
solvents (Chart 1.6).* Diacetylene dicholesteryl ester derivative (57) having
urethane linkages have been ;;olymerized in the organogel state to form
nanowires.” A series of 10,12-pentacosadiynoic acid derived organogelator with
‘conjugated diyene units (58) and their photopolymerization was reported by Weiss
and coworkers.*’ 1,2-Aminocyclohexyl derivative have also been polymerized in
the gel network, by incorporating diacetylene linkages to the alkyl side chains
(59).% Recently, Shinkai and coworkers reported a\ series of polydiacetylene based
conducting nan_oﬁbers from low molecular weight gelators.47 The gelator consists
of two trialkoxybenzoic acid connected to a diacetylene group on both ends (60)

through a flexible alkyl chain containing two amide groups. These molecules may

find applications as conductive materials for nanowires and nanodevices.
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Polycyclic aromatic hydrocarbons (PAHs) are considered as one of the
promising components for molecular electronics because of their strong tendency
to form one-dimensional columnar structures via m-stacking interactions.
Unidirectionally assembled PAHs have been shown to exhibit anisotropic charge-
and energy transport activities. A representative example of PAHs includes hexa-
peri-hexabenzocoronene (HBC), which consists of thirteen fused benzene rings.

Self-assembly and gelation of HBCs result in highly ordered nanostructures
with one-dimensional charge transport properties. First report of the gelation of
HBC derivatives (61-62) was from Miillen’s group (Chart 1.7).** Later Aida an(i

coworkers demonstrated that graphitic nanotubes and gels composed of achira
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and chiral hexa-peri-hexabenzocoronene amphiphile (63-64) can be readily
obtained by s.elf-atssembly,49 where majority of the nanotubes are aligned

unidirectionally along the fiber axis. The fiber upon doping with I, displays an

anisotropic conduction.

Chart 1.7

1.3.4. Stimuli Responsive Organogels
Stimuli-responsive supramolecular materials in general and gels in
particular are becoming increasingly important because of their implications in
controlled-release systems and sensing devices. Introduction of functional groups
that can reversibly change the structure of organogels by stimuli other than heat
has been of much interest as a method to design multiresponsive materials.
Self-assembled materials containing photoresponsive chromophores show

‘Iight-induced photoswitchable properties. Azobenzene, stilbene, dithienylethene
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and butadiene based stimuli responsive gels are reported in the literature. Gelators
containing substituted azobenzenes as the aromatic part have been studied
extensively by Shinkai and coworkers. In their first report, two types of
azobenzene gelators containing cholesterol units with either a natural (S)-
configuration (65-S) or the inverted (R)-conﬁguration (65-R) at the C-3 position
have been reported.’® These molecules specifically undergo gelation either in
nonpolar solvents '(S derivatives) or in polar solvents (R derivatives) and show
circular dichroism (CD) in the gel state. In this case, the sol-gel transition could be
controlled by the cis-to-frans isomerization of azobenzene, leading to

photoresponsive organogels (Figure 1.21)

RO—< >—N N
0 \N—Q—COO

)

gwd
RO 65(3) uv H Vis

trans (Gel)

0
/@’lL 0" RO coo
N=N .
Ro’Cr 65(R) @NzNQ

Figure 1.21. The trans-to-cis isomerization of 65(S). (adapted from ref. 50)

cis (Solution)

Tamaoki et al. have reported a photoresponsive azobenzene gelator
containing cholesterol end caps (66) connected through a flexible linker (Chart

1.8).>' The sol-gel properties and morphology of the self-assemblies are
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significantly influenced by the isomerization of the photochromic moiety. Huang
and coworkers reported. a two-component organogel system with tunable
morphology  and | photorésponsive 1:>roperties.5"2 The  (Cs-symmetrical
photoresponsive trisurea compounds connected with threc azobenzene moieties
through fiexible alkyl spacers (67) when mixed with another trisamide gelator (68)
formed a stable gel in 1,4-dioxane. Morphology of the self-assembled §tructure
varies with varying the composition between the two components. Since the
azobenzene moiety is present at the rim of the packing, the 67/68 gel exhibits
reversible photoisomerization from trans to cis without the breakage of the gel

state which is a rare observation.

o
RO (HZC)n—N}LO-—(HzC)m—:‘—@
Ty
1
Boaim=an=1  ()—=(CH-O, N-(CHs)~OR
66b: m=3 n=2 e}
R = 66c:m=4,n=2

N—< >—o (H C)O—@-HNOCHN—Q
NC N o NHCONH—@O(CHZ)no.Q_N”N'Q—CN

67 n=10
_ CigHg7HNOG CONHCgH37

- 68
CON HC,8H37

Chart 1.8

Yagai and coworkers have reported a photorésponsive organogel based on

hydrogen-bonded rosettes composed of azobenzene-appended melamine (69) and
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barbiturate (70) or cyanurate (71) derivatives.” In aliphatic solvents, rosette
possessing thé sterically bulky tridodecyloxyphenyl substituent in the barbiturate
component does not hierarchically organize into higher-order columnar
aggregates. However, sterically nondemanding N-dodecylcyanurate resulté
hierarchically organized elongated cqlumnar fibrous aggregates in cyclohexane,
which eventually leads to the formation of an organogel (Figure 1.22)7. Dynamic
light scattering and UV-vis studies revealed that the dissociation and the
reformation of | columnar aggregates can be controlled by the trans-cis
isomerization of the azobenzene moiety. Molecular modeling indicates that the
rosette possessing cis-azobenzene side chains loses its planarity on irradiation
resulting in the disruption of the aggregates and hence the dissociation of the

organogel.

7
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Figure 1.22. Agregation of 69 with 70/71 in cyclohexane. Red arrows indicate the hierarchical
organization of rosettes into intertwined fibers. Blue arrows show the dissociation of higher order
aggregates into rosettes on irradiation with light. (adapted from ref. 53)

The azobenzene-functionalized diaminopyrimidinone derivative (72) can

hierarchically organize into lamellar superstructures to form organogels in
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nonpolar media. which undergoes photoinduced disruption and reformation as
demonstrated by photochemically reversible sol-gel transition.>® lrradiation with
UV light (350 nm) slowly dissolve macroscopic aggregates. resulting in the

collapse of the gel into soluble supramolecular tapes (Figure 1.23).

Figure 1.23. Photoinduced collapse of the heptane gel of 72 (¢ = 1 x 102 M) in a 1 mm cuvette
{a—b, 1 h) and in a 1 cm cuvette (c—d, 4 h) upon irradiation with UV light (350 nm). (adapted
from ref. 54)

Among various types of photochromic compounds. bisthienylethene (BTE)
derivatives are the most promising because of their excellent fatigue resistance and
thermal stability in isomeric forms. picosecond swité\hing rate. and high
photochemical quantum yields. [n an interesting work, switching of the chirality of
the supramolecular aggregates of a gel derived from a BTE derivative (73) has
been realized through interconversion between cyclic and acyclic forms with the
aid of light.”® The gelator 73 exists in the acyclic form as P- and M-helical
conformers and undergoes reversible photocyclization to yield a diastereomeric

nair of cyclic forms. Both forms could gelate toluene. When an isotropic solution
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of the acyclic form of 73 in toluene was cooled, a stable gel of P-helicity was
obtained. Irradiating this gel at 313 nm resulted in.a metastable gel (P-helicity) of
the cyclic form with a diastereoselectivity of 96%. The high diastereoselectivity
obtained is attributed to the existence of only one of the acyclic conformers (}’-
helical or M-helical) in the fibers due to stereoselective aggregation. When this
metastable gel was heated to obtain an isotropic solution followed by cooling gave
a thermodynamically stable gel of the cyclic form with M-helicity. Furthermore,
irradiating this gel with visible light gave a metastable gel of the acyclic form with
M-helicity, which upon a heating and cooling cycle returned to the original gel
(acyclic form with P-helicity) (Figure 1.24). Thus, the supramolecular chirality
was preserved during both photochemical reactions (ring-opening and ring-closing
steps), yielding thermodynamically less favored aggregate structures. These
structures could easily be converted to the thermodynamically favored aggregates

via a heating and cooling cycle.

73 agi:ngn Heat,  Solof «liei acc;i:igfn
q \/CJ (P-helicity) ~ Cool  8cyelic73 (M-helicity)

Vis || UV
O\/ Gel of Heat Cool Gel of
ﬂ \(Q Sol of —_— A
77/5 cyclic 73 - Heat cyclic 73
(P-helicity) cyclic 73 A (M-helicity)

Figure 1.24. Four different chiral aggregate states and the switching processes of the chiroptical
supramolecular switch consisting of the open and closed forms of 73. (adapted from ref. 55}



Chromophore based Functional Organogels 39

Tian and coworkers have reported a multiple switching organogel based on
bisthienylethene bridged naphthalimides (74) which respond to light, temperature,
fluoride ion and proton.”® Both open and closed forms of 74 are found to be
excellent gelators. Upon irradiation with 365 nm UV light and visiblé light (A >
510 nm), the yellow colored open form of 74 can be interconverted through a red
colored closed-ring form in the gel or in solution. Irradiation of 74 with UV light
at 365 nm led to the appearance of a new absorption band around 540 nm and a
large enhancement in fluorescence. The interconversion between the gel phase and
solution could be easily achieved by thermal stimulus. In addition, the solutions of
74, both in the open form and in the clos_ed-ring form were sensitive to fluoride
ion. Upon addition of F~, the band around 330 nm progressively increases along
with a new peak at 495 nm and the solution become orange red in color (Figure
1.25). This could be due to the deprotonation of the amino moiety by F~, which
would result in a negative charge density on the amide nitrogen, with associated
enhancement in the push—pull effect of the ICT transition. Significant emission at
570 nm was also observed in presence of F~ ions possibly due to the change in
electron density of the amide moiety upon fluoride addition which influences the
charge transfer between the amide group ané the acceptor.

Bisurea-functionalized naphthalene derivatives (75a-c¢) are examples of
stimuli responsive organogelators. The gel-sol transition of these systems, as well

as the fluorescent emission are reversibly controlled by the change of temperature
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Figure 1.25. Multiple switching images of 74 under the cooperative effects of light, thermal, fluoride
anions and protons. a) Gel (open); b) Gel (closed); c) Sol (open); d) Sol (closed); e) Sol (open) +
F~ ) Sol (closed) + F~. (adapted from ref. 56) ~

or upon alternative addition of fluoride anions or protons.”” Organogels of 2H-
chromene derivative (76) were shown to be both light and pH sensitive.*® The
neutral carboxylic acid forms are readily soluble in DMF and DMSO and form
gels upon the addition of NaOH. Furthermore, on irradiation at 366 nm, an yellow
color was rapidly developed and the gel started to flow upon inversion. In dark, a

colorless viscous solution was formed, which on heating followed by cooling
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regenerated the original gel. These transitions were caused by the photoinduced
ring opening of the colorless cyclic form to the colored acyclic form, which
partially disrupts the gel structure due to its incompatibility with the network. The
acyclic form is, however, thermally unstable and returns to the cyclic form upon
heating and cooling resulting in the formation of a gel (Chart 1.9).
OR OR
W WL
RO NH HN OR
O%NHHN'&O

75a: R=CH,,
75b: R = C,,H,,
75¢: R =CHy,

76a: X = None
76b: X = CR,0

Chart 1.9

A two component system consisting of an acid derivative of anthracene
(77) and an amine derivative (78) with C10 alkyl chain shows good gelation
ability in cyclohexane.” It showed both thermal and photochemical responses.
Upon irradiation with mercury lamp, the gel in cyclohexane at 15 °C transformed
into a sol via photo-induced dimerization of the anthracene units leading to a non-
gelator. However,- warming this sol to.30 °C in the dark, thermally dissociates the
anthracene dimer and the gelator is regenerated leading to precipitate. The initially
formed precipitate may be heated to form a sol and subsequent cooling produces

the gel (Figure 1.26).
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Figure 1.26. a) Photo- and thermo-responsive phase changes in 77, b) Morphological change in
the gyclohexane gel of 77 monitored by dark-field optical microscopy with the photoirradiation time.
(adapted from ref. 59)

Several other photoresponsive chromophores are also used for the
development of stimuli responsive gels (Chart 1.10). Polycatenar-type
organogelators comprising a cyanochalcone unit and a half disi(-like phenyl group
with two or three long alkoxy chains (79-80) form photoresponsive organogels in
n-alkanes, cyclohexane, and. alcohols.® Upon photoirradiation, the [2 + 2] addition
reaction of the chalcone units occurred, which induced a gel-to-sol transition. The

oxalyl amide derivatives bearing 4-dodecyloxy-stilbene (81) formed stable gels in

the trans form, whereas the corresponding cis derivative showed a poor gelation
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ability or none at all.®' Recently Das et al. reported a novel class of donor-acceptor
substituted amphiphilic butadienes (82) capable of undergoing spontaneous
concentration dependent hierarchical self-assembly from vesicles to gels.®> The
self-assembly process was associated with unique changes in the fluorescence of
the system. Moreover, the presence of a photoisomerizable chromophore makes

these materials photoresponsive.

R, o Ry
R, : g: R, R,=0C.H,, " O
[e] O \ O TRy R; = OCH,, 2
Ry C:R,, R, =0C H, Ry ° Q \Q
@ d: R, R,=0C,H,, @
79a-e on € Ri=0C,Hz, R, = H 80: R,, R, = OCyoH,,
H ' 2 R=CgH
Ci2H250 N NN
127725 O \ N 0O O ' b:R=C_H
@ 120725
it RO o C:R=C.H
. Q OCH,CH,4 ) 16
81 82a-d d: R = OC,H,;

Chart 1.10

Shinkai et al. have reported a new class of stimuli responsive gels which
can be used for the colorimetric detection of various naphthalene derivatives
(Figure 1.27).8 Cyclohexane gel of 83a can differentia\te different classes of
electron-rich naphthale_ne compounds such as dihydroxynaphthalenes from
alkoxy- and hydroxynaphthalenes (84a-g). Naked-eye differentiation of several
positional isomers of dihydroxynaphthalene becomes possible as a result of
hydrogen bonding-driven recognition that significantly amplifies the binding in

the gel state.
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83a 83-84a 83-84b 83-84c 83-84d 83-84f  83-849 83-84h

Figure 1.27. The photographs showing the spontaneous color changes of organogel 83a upon
addition of positional isomers of dihydroxynaphthalene (84a—g). (adapted from ref. 63)

Redox active gels are important for the construction of electromechanically
active soft materials, such as artificial muscles and electro-rheological fluids.
Gelators that contain metal ions (metallo-geléltors) In several cases, form stimuli
sensitive gels that undergo sol-gel phase transition when the redox state or the
coordination number of the metal center changes. For example, a reversible color
change was observed during the sol—gel transition of a gel derived from the Cu(l)
complex of a 2,2’-bipyridyl derivative 85 of cholesterol in 1-butyronitrile.** The
reddish brown sol of 85 turned into a greenish blue gel upon ‘éooling. It is believed
that a distortion of the tetrahedral Cu(l) complex in the confined environment of

the gel fiber is responsible for this color change. The gelation ability of this

complex depends upon the oxidation state of copper and hence could be tuned by a
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redox process. Accordingly, heating the Cu(Il) complex with ascorbic acid — to
reduce Cu(ll) to Cu(l) - followed by cooling produced a greenish-blue gel.
Heating this gel with the oxidant NOBF, and cooling produced a sol with a small

amount of blue precipitate (Figure 1.28).

RO);—NH HN—{?R
g 2 S 5 85a:R =
O o)
HN NH

Sol . Gel

Figure 1.28. Reversible sol-gel transition and color changes of the Cu(ll) complex of 85a on
addition of ascorbic acid (AsA) and NOBF4. (adapted from ref. 64)

Recently, Shinkai er al. have reported a redox responsive organogel based
on oligothiophene bearing cholesteryl groups at both ends (86a-¢).** These
molecules showed unique thermochromic properties during sol-gel transition in
nonpolar solvents. When an oxidizing reagent such as FeCl; was added to the
tetrachloroethane (TCE) gel of 86¢ followed by vigorous stirring of the mixture
for two minutes, the red gel turned into dar.k-brown solution. Addition of reducing
agents such as ascorbic acid (AsA) to this solution regenerated the red gel after

keeping for 1 h (Figure 1.29).
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Figure 1.29. Sol-gel phase transition and color changes of the 86c gel in TCE triggered by
chemical oxidation and reduction. (adapted from ref. 65)

An analysis of the various reports as discussed above reiterate the
importance of functional organogels in the field of advanced materials. A large
number of chromophores and n-conjugated molecules have been exploited to the
design of organogels that show intriguing optical and electronic propertics. The
insights gained over the years from these studies have helped chemists to design

newer systems with improved properties.

1.4. Origin, Objectives and Approach to the Thesis

Self-assembly of electronically and photonically active molecules to
supramolecular architectures of different size and shapes are important to the
design of optoelectronic devices. Electronic properties of such molecules are
strongly dependent upon tﬁe way in which the ehromophores are organized. This
is particularly true in the case of linearly m-conjugated molecules which are

extensively used in the fabrication of organic electronic devices and light
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harvesting systems. Therefore, rational approaches to the synthesis of molecular
systems which are functionalized with proper self-assembly directing groups are
extremely crucial. In this context, self-assembly and gelation of linear n-
conjugated molecules such as OPVs and OPEs have been receiving much attention
in recent years.'®?® However, control on the organization of these molecules to
supramolecular structures of a definite size and shape is a challenging task. The
present work 1s a systematic investigation on the design, synthesis and properties
of OPVs having different functional groups, their ability to form controlled
supramolecular architectures and their use in excitation energy transfer processes.
We have decided to explore the end functionalization approach for
controlling the organization of OPVs through different packing modes, leading to
the control of the nanoscopic properties of resultant hierarchical self-assembly.
For this purpose, we have prepared mono- and bischolesterol functionalized
OPVs. Detailed investigation on the optical, chiroptical and morphological
properties has been planned. The use of these self-assemblies as donor scaffolds
for energy transfer processes in presence of suitable acceptors was another
objective of the present investigation. In another strategy we have utilized bulky
end functional -groups in controlling the self-assembly of OPVs and their
application to the design of supramolecular energy transfer systems with tunable
emission colors. Detailed morphological investigations and photophysical

properties of these OPV self-assemblies are presented.
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Chapter 2
|
Synthesis and Self-Assembly of Cholesterol Tethered
Oligo(p-phenylenevinylene) Derivatives:
Controlled Chromophore Packing in n-Organogels

2.1. Abstract

Precise control of chromophore self-assembly leading to long-range
supramolecular architectures of nanometer dimension is a challenging
task. Through a rational approach we have exploited cholesterol moieties
in directing chromophore assemblies» in controlled pathways leading to
helical assemblies with distinct optical, chiroptical and morphological
features. The monocholesterol attached oligo(p-phenylenevinylene)s (MC-
OPVI1-3) prefer to form pseudo J-aggregates with tilted chromophore
packing which showed red-shifted bands in the absorption and emission
spectra. However, the corresponding bischolesterol derivatives, (BC-
OPVI-3) form pseudo H-aggregates with a twisted chromophore
arrangement having blue-shifted absorption and relatively less shift in the
emission bands. The circular dichroism (CD) spectra of BC-OPVs showed
bisignate signals whereas those of MC-OPVs were of non-bisignate in
nature. Due to the differences in chromophore packing MC-OPVs form
strong gels in hydrocarbon solvents while the BC-OPVs resulted in weak

gels. The morphological features of the hierarchical assemblies generated
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Jrom the pseudo J-aggregates of MC-OPVs resulted in coiled helical
structures whereas the pseudo H-aggregates of BC-OPVs evolved into

twisted helical structures as revealed by AFM studies.

2.2. Introduction

Controlled self-assembly of chromophores in nano- to micrometer length
scale using the principles of supramolecular chemistry is a topic of considerable
importance.' The cooperative effect of weak noncovalent interactions are the
driving force behind the self-assembly of molecules, leading to a variety of novel
supramolecular architectures with reversible functional properties. In the domain
of functional molecular assemblies and nanoarchitectures, supramolecular control
of chromophore-linked molecular systems is a challenging task, particularly in the
fabrication of nanoscale devices since chromophore orientation has tremendous
influence on the optoelectronic properties.” This is particularly important in the
emerging area of supramolecular electronics.” Therefore controlled self-assembly

of polyaromatic and linear m-conjugated molecules to construct supramolecular

wires of nanometer range using the ‘bottom-up” self-assembly approach is gaining

-~

importance.

\

Miillen et al. have reported the uniaxially aligned thin films ofi
hexabenzocoronene (HBC) 1 by a simple solution zone-casting method.* Thef!
aromatic interaction and the out of plane orientation of the peripheral pheny! rings

j

in 1 induce a helical orientation of the HBC cores giving a helical crystalline phasé
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with a higher persistence length. Spin-casted films of 1 revealed arrays of uniform
parallel nanoribbons with lengths of 300 nm as studied by AFM (Figure 2.1). Slow
evaporation of the solvent resulted in long. isolated regular ribbons of 3.8 nm in
height and 21 nm in width representing parallel single columns with the columnar
axis oriented parallel to the substrate. XRD of the bulk samples shows that at room
temperature. the disks are tilted by approximately 45° with respect to the columnar

axes and this tilt alternates within adjacent columns (herringbone-like).

OCHn . K
Lo | A AN O
. Lo g ¢
i NN A P e
DTl
o Agm
,l -“-‘)\T‘\)”* N LA
e N
MDA I O
g 0 < Yok
OCih | OC Ry
- 1
oe g Y e,
ac P

Figure 2.1. AFM images showing nanoribbons of 1 having 21 nm width and 3.8 nm height,
obtained from a) spin-cast and b) drop-cast solutions. (adapted from ref. 4b)

Self-assembly of various donor and acceptor dendrons into supramolecular
columns has been shown to be useful for the design of organic electronic materials
(Figure 2.2).% This is a simple and versatile strategy for producing conductive -
stacks of aromatic molecules. The building blocks are composed of
semifluorinated dendrons bearing electroactive carbazole. naphthalene, and pyrene

as donors and trinitrofluorenone as acceptor. Moreover, co-assembly of donor and
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acceptor dendrons leads to columns incorporating a central donor-acceptor
complex. The columns further self-organiie between electrodes into highly
ordered homeotropic liquid crystals of various symmetries. The advantages'of the
ordering of m-conjugated moieties on material properties was reflected in the
electron and hole mobilities. which are 2-5 orders of magnitude higher than those
of the corresponding amorphous polymers.
L
| ® ® @ llL ® S-—- |

K

Figure 2.2. Schematic representation of the self-assembly of various~donors and acceptors into
highly ordered, complex structures. (adapted from ref. 5)

Long-range supramolecular ordering has been extensively studied in many
- . 7 . . .
other chromophoric assemblies.*’ However, precise control of such hierarchical

assemblies to functionally and morphologically different nanoscopic architectures
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through a preferred packing of the individual chromophore is a difficult task. This
is particularly true with linear n-conjuéated systems which play crucial role in
organic electronic devices.® ' |

Among various m-conjugated syétems, phenylenevinylenes are one of the
well studied class of molecules due to their importance in various electrooptical
devices such as LEDS,” photovoltaic cells'z, FETs'" etc. Control of the emission
properties of phenylenevinylenes by donor-acceptor interaction and by varying the
conjugation length of oligomers provide materials with well-defined functional
properties.'* Extensive studies have been reported in the literature, pertaining to
the optical and electronic properties of oligo(p-phenylenevinylene)s (OPVs).!* '8
Meijer and co-workers have made sigﬁiﬁcant contributions towards the
supramolecular organization of oligo(p-phenylenevinylene) based linear m-
conjugated molecules. Recently, we have shown the self-assembly induced
gelation of oligo(p-phenylenevinylene) and oligo(p-phenyleneethynylene) (OPE)
based systems in organic solvents to form supramolecular architectures of
different size and shape.m )

Among various npn-hydrogen bonded gelators, cholesterol based gelators
are the most extensively studied molecules.” In cholesterol based gelators, the C-3
bydroxy! group of the steroid unit is appropriately functionalized with a variety of

aromatic moieties through different linkers. In most of the cases, the driving force

for the gelation of such molecules is the aggregation of the cholesterol skeleton, as
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a result of dipole-dipole and van der Waals forces, which is assisted by the n-n
interactions between the aromatic moieties. In-the aggregated state, cholesterol
will interact in an asymmetric manner e;nd induce its chirality to the attac;hed
chromophores. A schematic representétion of the cholesterol based gel assemblies

are shown in Figure 2.3, in which the cholesterol groups are stacked in a helical

manner to form the central core thereby directing the aromatic groups outwards to
form a spiral staircase assembly. A large number of functional aromatic groups
such as anthracene, azobenzene, stilbene, squaraine, thiophene, perylene and
porphyrin have been appended to the cholesterol for designing new gelator

20
molecules.

Dipole-dipole
stacking of
cholesterols

I

cholesterol

_— — '

chromophore &
f

stacking o,
chromophores

Figure 2.3. Schematic representation of the self-assembly of cholesterol detived organogeiators.

Weiss and coworkers have carried out detailed investigation on low
molecular weight organogelators containing chelesterol moiety.20i Shinkai et al.
have reported an interesting case of sol-gel transition through photoisomerization

in a cholesterol based organogelator containing azo group.”® They have studied
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the application of these gels as a proton sensor’™ and used as templates for the
preparation of various inorganic nanostructures.”’ In the present study, we have
investigated the gelation, moiphology and optical properties of cholesterol
appended OPV self-assemblies and demonstrate distinct helical packing of mono-

and bischolesterol linked OPVs.

2.3. Results and Discussion
2.3.1. The Design Strategy

Since gelation is a delicate balance between crystallization, precipitation
and solubility of noncovalently interacting molecules in a suitable solvent, we set
to design m-conjugated molecules in such a way that they satisty most of the
conditions necessary for the formation of an extended seif-assembly required for
gelation. Thus, a variety of tailor-made OPV-cholesterol derivatives were
synthesized. In this design, an appropriate linear m-conjugated system (OPV) 1s
equipped with one or two cholesterol units and sufficient number of long
hydrocarbon side chains resulting in the OPV\derivatives MC-OPV1-3 and BC-
OPV1-3 (Chart 2.1). The presence of long hydrocarbon side chains provides
sufficient solubility to the molecules in various nonpolar solvents. It can also
facilitate the packing of the- chromophores through weak van der Waals
interactions. The end part of the OPV backbone is connected to the C-3 chiral

center of the cholesterol moiety. In the monocholesterol derivatives, the presence
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of the free hydroxyl group allows H-bonding interactions that reinforce n-stacking
of the rigid aromatic OPV backbone. A cooperative interaction of all these forces
will eventually lead the molecules to form ordered assembly, resulting in‘ the
formation of entangled nanoscopic structures which are able to hold large amount
of appropriate solvent molecules within the self-assembly, thereby forming a
stable gel at room temperature. The monocholesterol-OPV derivative without
hydroxy! groups (MC-OPV4) was prepared to study the role of hydrogen bonding

groups in the self-assembly process of MC-OPV1-3.

MC-OPV1-3

BC-OPV1-3

MC-OPV4

Chart 2.1. Structure of monocholesterol-OPV (MC-OPV1-4) and bischolesterol-OPV (BC-OPV1-3)
derivatives.
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2.3.2. Synthesis of Cholesterol-OPV Derivatives
The cholesterol appended OPVs were synthesized from the corresponding
OPV alcohols 10a-c and 11, which are prepared according to a known procedure
as shown in Scheme 2.1. The 1 ,4-hydroquinone (2) on reaction with | l-
bromoalkane in DMF in the presence of NaOH readily afforded the dialkoxy
benzene derivative 3 in 75% yield. Subsequent bromomethylation of 3, using
paraformaldehyde and HBr in acetic acid provided the bisbromomethyl derivative
4 with 90% yield. Compound 4 on acetylation with potassium acetate (5, 88%
yield) followed by hydrolysis with KOH, gave the bisalcohol 6 in 90% yield.
Oxidation of the bisalcohol with PCC gave the corresponding bisaldehyde 7 in
92% yield. The bisphosphonium salt 8 was prepared in situ by the reaction of the
soresponding bisbromo derivate 4 with PPh; in benzene under refluxing. Wittig
reaction of 7 with 8 in CH,Cl, in presence of LiOEt as catalyst yielded a mixture
ftrans- and cis-vinylene isomers of the conjugated bisaldehyde 9. These isomeric
tixtures were converted to the all-trans derivative by treating with iodine in
lichloromethane at room temperature, in 71% yield. This on reduction using
I#EBH4 in CH,Cl, and CH3;0H (5:1) resuits in the bisalcohol derivatives (10a-c)

92-96% yield. Controlled esterification reaction between the bisalcohol (9)

the octanoic acid in presence of DCC and DMAP in dichloromethane afforded

B OPV monoalcohol 11 in 41% yield.
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The cholesterol-OPV derivatives MC-OPV1-4 and BC-OPV1-3 were
prepared by refluxing the corresponding OPV alcohols (10a-¢, 11) with
cholesteryl chloroformate in benzene in presence of pyridine as catalyst (Scheme
2.2). These compounds were characterized by IR, 'H NMR, Bc NMR, and

MALDI-TOF mass spectrometry.

MC-0OPV1-3

BC-OPV1-3

MC-OPV4
R =Cy,Hy

Scheme 2.2. Synthesis of MC-OPV1-4 and BC-OPV1-3. Reagents and conditions: a) and c)
dolesteryl chloroformate (1.2 equiv.), pyridine (dry), benzene (dry), reflux, 8 h; b) cholesteryl
q"hloroformate (2.2 equiv.), pyridine (dry), benzene (dry), reflux, 12 h.
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2.3.3. Absorption and Emission Studies

Table 2.1. Photophysical Properties of Cholesterol-OPV Derivatives in Different Solvents

Absorption Emission
Compound Solvent £x 10° .
‘a

2’]115)( (nm) (M—lcm-l) _ //Ln'mx (nm) @! mf Z'(I’IS)
Chloroform 409 4.55 467, 495 0.74 - 1.74
MC-OPVE |y ecane 402 424 456, 483 0.71 - 1.83
Chloroform 408 4.63 466, 494 0.76 - 1.75
MC-OPV2 1y ecane 402, 470 3.17 555 - 0.32 3.93
Chloroform 407 4.75 465, 493 0.78 - 1.74
MC-OPV3  hyecane 400, 470 3.02 556 } 028  3.91
. Chloroform 409 4.54 468, 495 0.76 - 1.73
BC-OPVI Decane 402 429 457, 484 0.72 - 1.87
Be.opya  Chloroform 408 4.63 466, 494 0.77 - 1.77
- Decane 397,414, 444 3.54 494, 528 - 0.55 2.81
BC-OPV3 Chloroform 407. 4.77 465, 492 0.79 - 1.73
- Decane 396,413,442 331 493, 526 - 0.50 2.69
Chloroform 407 4.65 465, 493 0.75 - 1.74
MC-OPV4  1yecane 399, 414, 443 3.74 494,529 - 0.58 274

2 Fluorescence quantum yields of the monomeric species (in chloroform) was determined using
quinine sulphate as the standard (& = 0.546 in 0.1 N HzSOs) on excitation at 380 nm. b
Fluorescence quantum yields of the self-assembled molecules (in decane) was determined using
Rhodamine 6G (& = 0.9 in ethanol) on selective excitation at 470 nm, error limit £ 5%. ¢ Minor
contribution from the self-assembled species cannot be ruled out.

The photophysical properties of the cholesterol-OPV derivatives under
investigation are pfesented in Table 2.1. All of them exhibited absorption

corresponding to the m-m* transition and intense emission with high quantum
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yields in various solvents. In chloroform (3 x 10 M) MC-OPV1-3 and BC-

OPV1-3 showed identical absorption and emission properties. As a representative

case, absorption and emission spectra of MC-OPV2 and BC-OPV?2 in chloroform
are shown in Figure 2.4. They exhibit absorption maximum at 408 nm (n-n*

transition, £ = 4.63 x 10* M"cm") and emission maxima at 466 nm and 494 nm

(&=0.76 for MC-OPV2 and 0.77 for BC-OPV2).

1.5
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Figure 2.4. Absorption (—) and emission (- -) spectrum of a}) MC-OPV2, b) BC-OPV2 in
chloroform. (¢ =3 x 104 M, /=1 mm, Aex = 380 nm).

The absorption and emission spectra of MC-OPV1-3 and BC-OPV1-3 in
decane at elevated temperatures showed identical features as in chloroform.
However, the UV-vis spectrum of MC-OPV2-3 in decane at 20 °C exhibited a
broad absorption with a red-shifted shoulder around 470 nm. On the contrary, BC-
OPV2-3 showed structured absorptions with a blue-shifted maximum and a new
red-shifted shoulder under similar conditions. For example, the absorption spectra

of MC-OPV2 and BC-OPV2 at two different temperatures are shown in Figure
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2.5. MC-OPV2 showed an absorption maximum at 402 nm with a shoulder band
at 470 nm (£ =3.17 x 10*M'em™). This is a general feature of OPV derivatives
forming J-type aggregates in nonpolar hydrocarbon solvents.'%* However, BC-
OPV2 exhibited a slightly blue shifted emission maximum at 397 nm with a
.shoulder band at 444 nm (& = 3.54 x 10 M'fcm"). Noticeably, the new band of
BC-OPV2 at 444 nm is nearly 26 nm blue-shifted when compared to the shoulder
band of MC-OPV2 and appeared more structured. Similar blue-shifted spectra
_were reported for some OPV derivatives by other groups which are ascribed to the

formation of H—aggregates.24
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Figure 2.5. Absorption spectra of a) MC-OPV2 and b) BC-OPV2 in decane at two different
temperatures. (c=3 x 104 M, /=1 mm).

~

The emission spectra of MC-OPV2 and BC-OPV2 in decane above 50 °C
showed identical features with two maxima (456 nm and 484 nm for MC-OPV2;

457 nm and 485 nm for BC-OPV2). However, in decane at 20 °C, MC-OPV2

showed a broad structureless emission between 500-700 nm (&; = 0.32) with a
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maximum around’ 560 nm (Figure 2.6a) ;Jvhereas, BC-OPV2 had a structured
emission ( @Dy = 0.55) with two emiséion maxima at 494 nm and 528 nm (Figure
2.6b). Nature of the absorption and emissibn spectra with solvents and temperature
reveals that these molecules form aggregates in decane at ambient temperanlfes,

the electronic properties of which are different from each other.
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Figure 2.6. Fluorescence emission spectra of a) MC-OPV2 and b) BC-OPV2 in decane at two
different temperatures. (c =3 x 104 M, /=1 mm, Aex = 370 nm).

Though these observations can be rationalized invoking J-type and H-type
aggregation in analogy to previous reports, the optical properties of these species
indicate that they are different from the conventiona] H- and J-aggregates of
functional dyes. For example, the red- and blue-shift of the aggregates of MC-
OPV2 and BC-OPV2 with respect to the corresponding monomers are not very
predominant. Further, the emission spectrum of BC-OPV2 was more intense than

that of MC-OPV2. By normal practice, if the blue-shifted absorption spectrum of

BC-OPV2 is assigned to H-aggregates, it should be less emissive compared to the
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J-aggregates of MC-OPV2. Therefore, these aggregates may preferably be
represented as ‘pseudo-J’ and ‘pseudo-H’ with ‘tilted’ and ‘twisted” chromophore
stacks for MC-OPV2 and BC-OPV2, respectively. In such cases, the difference in
the excited state dipole moment orientation of the two aggregates results in distinct
optical and chiroptical features. Our studies on the chiroptical propertiés and AFM
morphological analysis provided strong support for the difference in the
chromophore packing as stated above.

The mono- and bischolesterol derivatives with C16 alkyl chains, MC-
OPV3 and BC-OPV3, showed similar properties as that of the corresponding C12
derivatives (MC-OPV2 and BC-OPV2 respectively). However, the mono- and
bischolesterol derivatives with C6 alkyl chains (MC-OPV1 and BC-OPV1) were
found to be highly spluble in decane and other nonpolar and polar solvents even at
low temperatures and high concentrations. Because of the absence of aggregation,
no chénges in the absorption and emission spectra were observed for these
molecules in hydrocarbon solvents.

The aggregate stability and the cooperative nz\mture of the self-assembly
process of mono- and bischolesterol derivatives in decane were studied by the
temperature dependent UV-vis absorption and fluorescence spectra. Both MC-
OPV2 and BC-OPV2 showed an incrcas.e in intensity at the absorption maximum
with a concomitant decrease in the intensity of the red-shifted shoulder band on

increasing temperature (Figure 2.7a,c). Similarly, the red-shifted emission
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comesponding to the aggregate fluorescence decreases with an increase in the
blue-shifted monomer emission (Figure 2.7b,d). These absorption and emission
changes in decane are due to the disruption of the self-assembled species to the

molecularly dissolved species with increase in temperature.
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Figure 2.7. Temperature dependent a) absorption and b) emission spectra of MC-OPV2,
¢) absorption and d) emission spectra of BC-OPV2 in decane. (¢ = 3 x 104 M, /=1 mm, Aex = 380

nm).

Plots of the fraction of aggregated species™ (o) versus the temperature was

drawn from the data obtained from the temperature dependent UV-vis absorption
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(Figure 2.8a) and fluorescence (Figure 2.8b) experiments. In both cases, a good
correlation was obtained for the melting temperatures of the self-assembled
species. The sigmoidal nature ‘of the plots reveal the cooperative noncovalen
interactions during the self-assembly and disassembly processes in these
derivatives. Moreover, these plots indicate better aggregate stability for
monocholesterol derivatives (MC-OPV2-3) than that of the bischolesterol
derivatives (BC-OPV2-3). The effect of the alkyl side chains on the stability of
the resulting self-assemblies is also established from the temperature transition
plots. These plots reveal that the stability is more for derivatives with hexadecyl
side chains (MC-OPV3 and BC-OPV3) than that of the corresponding derivatives

with dodecyl chains (MC-OPV2 and BC-OPV2).

1.04 1.0
a) b)
o 0.51 o 0.54
0.0 _ 0.0 .
20 40 60 20 h 40 60
Temperature (°C) Temperature (°C)

Figure 2.8. Plots of the fraction of aggregate {c) versus temperature of BC-OPV2 (M), BC-Om
(c1), MC-OPV2 (A) and MC-OPV3 (A). The data points were acquired by monitoring a) absorplial
and b) emission spectral changes with temperature in decane. |
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2.3.4. Circular Dichroism Studies |

As discussed earlier, chol;:sterol can induce chirality to the attached
chromophores in the aggregated state. Circular dichroism (CD) spectroscopy is a
useful tool for the detection of chiral induction and the helical organizatioﬁ of
chromophores in the aggregated state. Mono- and bischolesterol derivatives in
chloroform were CD inactive (Figure 2.9) indicating that they do not aggregate in
chloroform. However, the CD spectrum of BC-OPV2 in decane (3 x 10* M)
showed an exciton coupled bisignate signal with negative (Ana = 418 nm) and
positive (Amax = 385 nm) Cotton effects which changes the sign exactly through
the t-n* absorption maximum at 398 nm (Figure 2.9a). This is characteristic of a
left-handed helical bias of the supramoiecular chirality.26 However, in the case of

MC-OPV2, the CD spectrum in decane showed a strange behavior with a first

50+ — Decane ] — Decane
a) - = Chloroform 30 b) — = Chioroform
- 251
) —
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Figure 2.9. CD spectra of a) BC-OPV2 and b) MC-OPV2 in chloroform and.in decane at room
lemperature. (¢ =3 x 104 M, /=1 mm).
|
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positive (A, = .393 nm) followed by two negative (An., = 308 and 269 nm)

Cotton effects (Figure 2.9b). The nonbisignate exciton couplet with opposite
signals indicates the possibility of diffetent chiral dispositions. Furthermore, the
measure of chirality ‘g" of MC-OPV2 is low (g393,m = 5.2 x 10™*) when compared
to that of BC-OPV2 (g3gs5,m = 9.3 X 104 indicating a weak excitonic coupling in
the former. These differences in the CD spectra reiterate the differences between
the aggregates of MC-OPV2 and BC-OPV2 which agree with the absorption and
€mission properties.

Temperature dependent CD spectra of the mono- and the bischolesterol
derivatives (MC-OPV2 and BC-OPV2) showed decrease in the CD intensity with
increase in temperature (Figure 2.10). CD signals of both derivatives were
completely disappeared above 55 °C. This is due to the dissociation of the helical
self-assemblies into individual molecules with increase in temperature. CD
spectral changes with temperature showed good correlation with the
corresponding UV-vis and fluorescence changes.

Interestingly, the monocholesterol derivative MC-OPV4 in which the
hydroxy! group is protected with a C8 ester group showed similar properties as
that of the bischolesterol derivatives revealing that H-bonding play a crucial role
on deciding the propeﬁies of the monocholesterol-OPV derivatives. MC-OPV4
exhibited a structured absorption with a blue shifted maximum (A = 399 nm, £=

3.74 x 10* M'em™) and a red-shifted shoulder band at 443 nm in the gel state in
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Figure 2.10. Temperature dependent CD spectral changes of a) MC-OPV2 and b) BC-OPV2 in
decane. (=3 x 104 M, /=1 mm).

decane at room temperature (Figure 2.11a). Similarly, the emission spectrum is
structured with two emission ma_xima (Aem = 494 nm and 529 nm, &; = 0.58)
which is relatively less red-shifted. As in the other cases, the absorption and
emission corresponding to the aggregate species decreases with a concomitant
increase in the absorption and emission corresponding to the monomer species
(Figure 2.11).

CD properties of MC-OPV4 resemble that of bischolesterol OPV
derivatives. In this case, a bisignate CD signal with a first negative Cotton effect
(Amax = 417 nm) followed by two positive Cotton effects (An. = 382 and 312 nm)
with a zero crossing through the a—bsorption maximum at 399 nm (Figure 2.12) is
observed. This observation indicates an anticlockwise arrangement of the OPV

- chromophores in the aggregated state of MC-OPV4.
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Figure 2.11. Temperature dependent a) absorption and b) emission spectra of MC-OPV4 in
decane. (c=3x 104 M, /=1 mm, Aex = 380 nm).
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Figure 2.12, Temperature dependent CD spectra of MC-OPV4 in decane. (c = 3 x 104 M, /= 1

mm).

2.3.5. Gelation Studies

Gelation behavior of the newly synthesized cholesterol-OPV derivatives

was examined in a range of organic nonpolar solvents by dissolving different

amounts in a specific volume (1 mL) of the solvent under heating and cooling. It

has been observed that either gelation, precipitation or a clear solution could be

obtained depending upon the solvent and structure of the compound. Gel
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formation could be detected readily by the failure of the resultant mass to flow
when the wvial was tilted upside dowr; and also from the soft and trans-parent
appearance. A striking consequencé of the different chromophore arrangements in
MC-OPV and BC-OPYV is the disparity in the gelation behavior between the two.
For example, the MC-OPV gels had a weak yellow emission whereas the BC-
OPV showed a relatively strong green emission (Figure 2.13). Moreover, the
gelation ability of BC-OPVs is relatively weaker than that of MC-OPVs. For
example, the critical gelator concentration (CGC, the minimum amount of the
gelator required to form a stable gel in 1 mL solvent at room temperature) of BC-
OPV2 in decane is 7.0 mg/mL whereas that of MC-OPV2 is only 3.4 mg/mL
which is nearly two fold less compared td that of the former, showing a better

gelation ability of the latter.

Figure 2.13. Photographs of the decane gels of a) MC-OPV2 and b) BC-OPV2 on illumination with
UV light (365 nm) '

The results of the gelation experiments are summarized in Table 2.2. Both
mono- and bischolesterol derivatives with C6 alkyl side chains (MC-OPV1 and

BC-OPV1) failed to form gels in any of the tested solvents because of their high
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solubility, whereas, all other derivatives are excellent gelators of nonpolar solvents
such as hexane, methyl cyclohexane. cyclohexane, decane. p-xylene and toluene.
However, they form homogeneous solutions in more polar solvents such- as
chleroform, dichioromethane and tetrahydrofuran, indicating that polar solvents do
not (acilitate gelation. Mono- and bischolesterol derivatives with C16 alkyl chains
(MC-OPV3 and BC-OPV3) were found to be better gelators than that of the
corresponding C12 derivatives. Gelation ability of MC-OPV4 was found to be
less compared to that of the corresponding mono- and bischolesterol derivatives

with C12 alkyl chains (MC-OPV2 and BC-OPV2).

Table 2.2. Critical gelator concentration (mM) of MC-OPVs and BC-OPVs in various solvents.

Salvent MC-OPV2 MC-OPV3 BC-OPV2 BC-OPV3 MC-OPV4
mg/mL (mM}  mg/mL (mM)  mg/mL (mM) mg/ml {(mM) mg/mL (mM)

n-Hexane 0.6 (0.32) 0.5 (0.22) 2.4 (1.06) [.5(0.57) 2.8 (1.40)

Methyl .

. 0.8 (0.43) 0.7(0.31) 2.8(1.24) 2.4 (0.92) 3.1(1.55)

Cyclohexane

Cyclohexane 2.2 (1.13) 1.6 (0.73) 6.2(2.74) 4.0(1.3) 6.8 (3.40)

n-Decang 34 (1.83) 24 (L 7.0 (3.09) 5.0 (1 .9) 7.5(3.75)

p-Xylene 6.2 (3.33) 4.0 (1.8) 10.1(4.46) 7.002.7) 14.9 (7.43)

Toluene 12.0 (645 9.0(4.1) 30.0(13.3)y  20.09.1) S
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2.3.6. Gel Melting Studies

Thermotropic behavior of the cholesterol-OPV gels was investigated by the
dropping ball method®’ to understand the impact of the structure of cholesterol-
OPV derivatives and the length of alkyl side chains on the gel stability. All the
derivatives under study showed a regular increase in the gel melting temperature
(Tea) With increasing éoncentration of the gelator molecules. Phase diagrams of
these gels in decane were obtained by plotting the T, at different concentrations
(Figure 2.14). The phase above each curve is a solution, whereas the phase below
is a gel. Gel melting studies in decane have proved that MC-OPV gels are more
stable than BC-OPV gels and hence they show high Ty values. Also cholesterol
derivatives with hexadecyl alkyl chains (MC-OPV3 and BC-OPV3) form stable
gels than that of the corresponding derivatives with dodecyl chains (MC-OPV2
and BC-OPV2). This could be due to the solvation assisted intermolecular
packing of the long alkyl chains, which enhances the gelation ability of the
molecules. Figure 2.14 shows the plot of the gel melting temperatures (Ty;) of the
decane gels of MC-OPV2-3 and BC-OPV2-3 at different ;oncentrations. Gel
melting temperatures of MC-OPV4 in decane at different concentration is also
measured under similar conditions. It showed least gel stability compared to the

other derivatives.
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Figure 2.14. Plot of Tge versus temperature of a) MC-OPV3 (m), MC-OPV2 (O), BC-OPV3 (e),
BC-OPV2 (A) and MC-OPV4 {A) in decane.

2.3.7. Optical Polarizing Microscopic Studies

The mesoscopic properties of the cholesterol-OPV gelators were studied by
using optical polarizing microscopy (OPM). OPM texture of MC-OPV2 gel in
decane showed four-arm brush textures (Figure 2.15a) similar to other cholesterol
based gelators®®® and chiral OPV gelators.”®® On the other hand, BC-OPV2 gel in
decane showed streak-like texture with strong birefringence (Figure 2.15b), as
observed for many chiral lyotropic phases and thermally reversible organogels
containing cholesterol.?® This observation reveals the differences in the
supramolecular anisotropy leading to different mesoscopic structures. High
birefringence of the BC-OPV2 texture indicates well-deﬁﬁed organization of
chromophores in its gel strands. Similar textures were obtained for the Cl6
derivatives (MC-OPV3 and BC-OPV3) as "that of the corresponding CI2

derivatives (MC-OPV2 and BC-OPV2).
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Figure 2.15. Oplicallpoiarizing microscopic pictures of the decane gels of a) MC-OPV2 (3.5 x 103
M) and b) BC-OPV2 (7.2 x 10- M) (magnification is 400x).
2.3.8. Atomic Force Microscopic Studies

The atomic force microscopic (AFM) textures of MC-OPV2 and BC-
OPV2 sclf-assemblics drop-cast from decane solutions on freshly cleaved mica
surface showed significant differences although both have right-handed () helical
sense in most of the tibers. The helicity of MC-OPV2 is in agreement with the CD
spectrum. whereas that of BC-OPV2 is not in agreement with the bisignate CD
signal. Such contradiction of observed CD and morphological features are already
known in the literature.”” In many cases. the initially formed 1D aggregates with
left-handed twist may wind in the opposite direction during the hierarchical
assembly formation resulting in an ultimate right-handed twist as can be seen in
some of the large fibers of BC-OPV2.

AFM analysis reveals ribbon-like structures for MC-OPV2 self-assemblies
which are flat and aligned sideways to form coiled superstructures (Figure 2.16a

and 2.17a). Width of the individual ribbons varies from 30-70 nm with an average
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height of 4-8 nm. The height of 8 nm corresponds to two individual tapes lying
one over the other. Interestingly. BC-OPV2 showed the morphology of entangled
helical fibers of different sizes (Figure 2.16b and 2.17b). The width of the smallest
fiber is 40 nm with a height of 4 nm which 1s several micrometers in length. The
height profiles of large areas of the samples showed a uniform height for MC-

OPV2 whereas a height variation of 4-50 nm is observed for BC-OPV?2.

Figure 2.16. AFM height images of MC-OPV2 (top) and b) BC-OPV2 (bottom) with the
corresponding height profiles. Samples were prepared from decane solution (¢ = 1 x 10 M) and
transferred to freshly cleaved mica sheet by drop casting.
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Figure 2.17. Large area AFM height images of a) MC-OPV2 and b) BC-OPV2 self-assembly.

Furthermore. section analysis along the axis (Figure 2.18) revealed that
MC-OPV2 sclf-assemblies have irregular helical pitch of 40-80 nm whereas that
of BC-OPV2 is almost uniform with zigzag patterns having pitch length of 46 nm.
Irregular movements of the AFM tip through the long axis of the sclf-assembly
with variable pitch length and uniform height prefiles are characteristic of a
flexible and flattened coiled tape-like morphology of MC-OPV2. Contrastingly,
the uniform zigzag patierns along the axis and variable height profiles of BC-
OPV2 arc characteristic of twisted helical tibrillar assemblies of different size

which are intertwined.
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Figure 2.18. Zoomed region of MC-OPV2 (top) and isolated fibers of BC-OPV2 (bottom) self-
assembly with the corresponding section analysis. Samples were prepared from decane solution (¢
=1 x 10 M) and transferred to freshly cleaved mica sheet by drop casting.

Based on the differences in the optical, chiroptical, gelation and
morphological properties, it is clear that the molecular packing in the self-
assemblies of MC-OPV2-3 and BC-OPV2-3 are remarkably different. Nature of
the absorption, emission and CD spectra strongly support a tilted extended packing
of the H-bonded chromophores in MC-OPVs, whereas, a well organized twisted
helical arrangement of the chromophores is favored for BC-OPVs. The extended
supramolecular assembly of the tilted packing (pseudo J-aggregates) may result in
a coiled helical assembly, whereas, twisted pa-cking (pseudo H-aggregates) leads

to a twisted helical assembly the as shown in Figure 2.19.
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Figure 2.19. Schematic illustration of the probable self-assemblies of a) MC-OPV2-3 and b) BC-
OPV2-3 in decane.

2.4. Conclusions

We have shown that symmetrical and unsymmetrical functionalization of
OPVs with cholesterol moieties allow controlled supramolecular organization
resulting in helical nanoscopic architectures with remarkable optical, chiroptical
and morphologic-al differences as illustrated with two different classes of
molecules, mono- and bischolesterol OPV derivatives. Detailed studies revealed
that the monocholesterol attached oligo(p-phenylenevinylene)s prefer to form

pseudo J-aggregates with tilted chromophore packing, whereas, the corresponding
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bischolesterol derivatives, form pseudo H-aggregates with a twisted chromophore
packing. Monocholesterol derivative without ihe hydrogen bonding hydroxyl
groups showed similar properties of biscliolesterol derivatives indicating the role
of H-bonding on the chromophore packing. The approach described here can be
used as a general strategy to control the chromophore ordering which may be
useful to the design of nanoscopic functional assemblies for optoelectronic

applications.

2.5. Experimental Section

2.5.1. Synthesis and Characterization

Unless otherwise stated, all starting materials and reagents were purchased
from commercial suppliers and used without further purification. The solvents and
the reagents were purified and dried by usual methods prior to use. Alkyl
bromides, LiAlH,, triphenyl phosphine, NaBH,, were purchased from Sigma-
Aldrich. Hydroquinone, NaOH, paraformaldehyde, HBr in acetic acid, potassium
acetate, TBAB, and PCC were used as received from commercial suppliers. All
melting points were determined with a Mel-Temp-II melting-point apparatus and
are uncorrected. 'H and ">C NMR spectra were recorded on a 300 MHz Bruker
Avance DPX Spectromefer. FT-IR spectra were recorded on a Shimadzu
IRPrestige-21 Fourier Transform Infrared Spectrophotometer. MALDI-TOF mass

spectrometry was conducted on a Perspective Biosystems Voyager DE PRO



Cholesterol-OPV Gels 87

MALDI-TOF mass spectrometer using a-Cyano-4-hydroxy cinnamic acid as the

matrix.

General Procedure for the Syntheses of Cholesterol-OPV Derivatives:
The appropriate precursor bisalcohols (10a-¢, 1 mmol) or monoalcohol (11, 1
mmol) were dissolved in dry benzene (15 mL) by stirring. To this solution,
cholesteryl chloroformate (1.2 mmol) and catalytic amount of pyridine (0.1 mmol)
were added and refluxed for 8 h under argon atmosphere. The solvent was
evaporated and the residue was dissolved in chloroform followed by precipitation
by adding methanol. The crude mixture was filtered and the product was then
purified by eluting through a silica column using chloroform-hexane (1:2)
mixture. After purification, the monocholesterol derivatives were obtained as the
| major products (64-70%). The yields of the bischolesterol derivatives were around
10-20%, which could be improved by using 2.2 mmo! of cholesteryl
chloroformate followed by refluxing for 12 h under similar reaction conditions
(83-92% yield). Yield, melting point and spectral details of each product are given

below.

MC-OPV1: Yield 65%. mp 141-143

N\
MC-OPV1-3
ﬁoﬁéj:\g\\r °C. '"H NMR (300 MHz, CDCl,

His TMS): 8 0.70 (s, 3H), 0.89 (m, 18H),

0.94-2.45 (m, 88H), 4.04-4.06 (m,

12H), 4.49-4.52 (m, 1H), 4.70 (s, 2H), 5.22 (s, 2H), 5.42 (S, 1H), 6.87-6.94 (d,
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2H), 7.12-7.15 (d, 4H), 7.46 (s, 4H) ppm. *C NMR (75 MHz, CDCL): & 12.12,
13.86, 19.06, 19.63, 21.52, 22.63, 22.92, 24.28, 24.59, 25.76, 27.72, 28.32, 28.55,
29.13, 31.53, 32.13, 32,21, 36.15, 36.73, 37.06, 37.56, 37.93, 39.94, 40.12, 42.53,
49.72, 56.66, 56.98, 60.61, 63.70, 68.61, 69.92, 76.44, 108.43, 108.64, 114.25,
115.88, 116.03, 123.42, 126.64, 126.92, 128.13, 128.48, 128,54, 135.29, 139.95,
142.24, 142.53, 151.44, 152.84, 154.89, 155.08 ppm. FT-IR (KBr): v,y 694, 722,
806, 853, 965, 1012, 1073, 1208, 1255, 1345, 1388, 1423, 1458, 1466, 1508,
1740, 2850, 2921, 3327 ecm™. MALDI-TOF MS (MW = 1355.03): m/z = 1355.02
M]".

MC-OPV2: Yield 70%. mp 98-100 °C. 'H NMR (300 MHz, CDCl;, TMS): 5 0.68
(s, 3H), 0.87 (m, 18H), 0.93-2.43 (m, 160H), 4.02-4.04 (m, 12H), 4.49-4.51 (m,
IH), 4.68 (s, 2H), 5.20 (s, 2H), 5.40 (S, 1H), 6.84-6.89 (dd, 2H), 7.09-7.11 (4,
4H), 7.42-7.45 (d, 4H) ppm. °C NMR (75 MHz, CDCl,): § 12.14, 14.06, 19.00,
19.63, 21.55, 22.62, 22.95, 24.33, 24.64, 25.59, 27.72, 28.35, 28.55, 28.73, 28.92,
29.43,29.56, 29.63, 29.62, 29.84, 31.73, 32.23, 36.15, 36.73, 37.00, 37.54, 37.92,
39.89, 40.12, 42.58, 49.70, 56.66, 56.92, 60.72, 63.70, 68.21, 69.52, 76.44,
108.50, 108.73, 114.32, 115.88, 116.08, 123.42, 126.84, 127.02, 128.21, 128.48,
128,65, 135.23, 139.92, 142.42, 142.73, 151.64, 152.84, 155.08, 155.32 ppm. FT-
R (KBr): Vmax 694, 722, 806, 853, 965, 1012, 1073, 1208, 1255, 1345, 1388,
1423, 1458, 1466, 1508, 1740, 2850, 2921, 3327 cm”'. MALDI-TOF MS (MW =

1859.59): m/z = 1859.60 [M]".
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MC-OPV3: Yield 64%. mp 94-96 °C. 'H NMR (300 MHz, CDCl;, TMS): & 0.69
(s, 3H), 0.88 (m, 18H), 0.93-2:44 (m, 208H), 4.02-4.06 (m, 12H); 4.48-4.51 (m,
1H), 4.67 (s, 2H), 5.21 (s, 2H), 5.43 (S, 1H), 6.85-6.90 (dd, 2H), 7.11-7.15 (d,
4H), 7.46 (d, 4H) ppm. *C NMR (75 MHz, CDCl5): 8 12.09, 13.12, 19.06, 19.63,
21.52,21.72, 22.93, 24.35, 24.64, 25.65, 27.73, 28.32, 28.56, 28.73, 28.95, 29.34,
29.52,29.53, 29.54, 29.60, 29.62, 29.63, 29.68, 30.54, 30.52, 32.12, 31.67, 32.25,
36.09, 36.71, 37.06, 37.52, 37.88, 39.91, 40.16, 42.56, 49.71, 56.56, 56.95, 60.67,
63.69, 68.22, 69.52, 76.50, 108.52, 108.75, 114.33, 115.89, 116.10, 123.44,
126.85, 127.06, 128.25, 128.54, 128,66, 135.25, 139.94, 142.43, 142.75, 151.66,
152.82, 155.10, 155.33 ppm. FT-IR (KBr): v 694, 723, 805, 854, 967, 1011,
1073, 1209, 1255, 1343, 1389, 1425, 1459, 1466, 1508, 1741, 2851, 2920, 3328
e’ MALDI-TOF MS (MW = 2195.97): m/z = 2195.93 [M]".
T - ™\ BC-OPVL:  Yield
BC-OPV1-3 R m 92%. mp 144-146
K& °C. '"H NMR (300

01(0 oRrR 1 R=CgH,,
{“9:93 5k s

RGHE MHz, CDCl;, TMS).
¢ S

60.67 (s, 6H), 0.91 (m, 18H), 0.94-2.42 (m, 128H), 3.98-4.07 (m, 12H), 4.50-4.55

(m, 2H), 5.20 (s, 4H), 5.42 (s, 2H),6.92 (s, 2H), 7.12-7.15 (d, 4H), 7.44 (s, 4H)
ppm. °C NMR (75 MHz, CDCl): & 12.11, 13.93, 18.99, 19.67, 21.52, 22.63,
1288, 24.31, 24.62, 25.74, 27.67, 2831, 28.52, 29.13, 31.52, 32.09, 32.20, 36.12,

36.72, 37.00, 37.49, 37.89, 39.88, 40.06, 42.61, 49.72, 56.65, 56.82, 63.68, 63.66,
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69.80, 76.41, 108.62, 114.23, 116.08, 123.46, 126.82, 127.04, 128.12, 135.20,
135.89, 142.54, 151.43, 152.85, 155.1 ppm. FT-IR (KBr): Vmax 696, 724, 793, 855,
947, 967, 1010, 1031, 1070, 1208, 1265, 1347, 1383, 1426, 1465, 1510, 1739,
2850, 2926 cm™'. MALDI-TOF MS (MW = 1767.36): m/z = 1767.38 [M] "
BC-OPV2: Yield 90%. mp 110-112 °C. 'H NMR (300 MHz, CDCl;, TMS): &
0.68 (s, 6H), 0.90 (m, 18H), 0.92-2.43 (m, 200H), 3.98-4.05 (m, 12H), 4.49-4.53
(m, 2H), 5.21 (s, 4H), 5.41 (s, 2H), 6.88-6.92 (dd, 2H), 7.11-7.14 (d, 4H), 7.43-
7.46 (d, 4H) ppm. '3C NMR (75 MHz, CDClLy): & 12.11, 14.01, 19.00, 19.63,
21.55,22.64, 22.93, 24.30, 24.63, 25.59, 27.72, 28.28, 28.51, 28.75, 28.92, 29.34,
29.52,29.61, 29.62, 29.82, 31.71, 32.08, 32.21, 36.09, 36.72, 37.01, 37.52, 37.93,
39.92, 40.14, 42.62, 49.71, 56.63, 56.93, 63.72, 68.22, 69.53, 76.42, 108.72,
114.35, 116.14, 123.40, 126.81, 127.06, 128.22, 135.21, 139.93, 142.73, 151.63,
152.84, 155.35 ppm. FT-IR (KBr): Vaax 695, 723, 793, 856, 947, 968, 1007, 1030,
1071, 1206, 1267, 1349, 1384, 1426, 1465, 1508, 1740, 2851, 2924 cm™'. MALDI-
TOF MS (MW = 2271.93): m/z = 2271.92 [M]".

BC-OPV3: Yield 83%. mp 98-100 °C. "H NMR (300 MHz, CDCl;, TMS): 5 0.68
(s, 6H), 0.89 (m, 18H), 0.91-2.45 (m, 248H), 3.97-4.05 (m, 12H), 4.48-4.55 (m,
2H), 5.22 (s, 4H), 5.41 (s, 2H), 6.92 (s, 2H), 7.10-7.15 (d, 4H), 7.44 (s, 4H) ppm. |
C NMR (75 MHz, CDCl3): & 12.16, 13.11, 19.05, 19.62, 21.54, 21.72, 22.93, |
24.29, 24.61, 25.58, 27.72, 28.27, 28.51, 28.74, 29.35, 29.52, 29.55, 29.59, 29.60, |

29.62, 29.63, 29.70, 30.49, 32.07, 32.17, 36.09, 36.72, 37.01, 37.52, 37.91, 39.92, |
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40.12, 42.58, 49.70, 56.63, 56.93, 63.67, 68.22, 69.47, 76.42, 109.02, 114.35,
116.14, 123.40, 126.81, 127.04, 128.27, 135.21, 139.93, 142.73, 151.58, 152.76,
155.35 ppm. FT-IR (KBr): vmax 804, 854, 963, 1032, 1087, 1209, 1265, 1344,

1390, 1417, 1424, 1518, 1746, 2863, 2953 cm’'. MALDI-TOF MS (MW =

2608.30): m/z = 2608.31 [M]".

MC-OPV4:; Yield 95 %. mp 87-

) 7\
MC-OPV4
R O W 89 °C. 'H NMR (300 MHz,
OR « O )\)
LT T & CDCl;, TMS): & 0.70 (s, 3H),
Q‘H”}ro O OR R=CHy
. /086 (m, 21H), 0.95-2.44 (m,

174H), 3.8 (t, 2H), 4.01-4.03 (m, 12H), 4.50-4.52 (m, 1H), 4.92 (s, 2H), 5.20 (s,
2H), 5.40 (s, 1H), 6.84-6.90 (dd, 2H), 7.10-7.12 (d, 4H), 7.42-7.46 (d, 4H) ppm.
BCNMR (75 MHz, CDCL): & 12.13, 14.06, 19.02, 19.64, 21.55, 22.62, 22.98,
2433, 24.65, 25.60, 27.72, 28.34, 28.56, 28.72, 28.93, 29.44, 29.56, 29.63, 29.73,
29.24, 31.73, 32.23, 36.16, 36.74, 37.01, 37.54, 37.92, 39.90, 40.13, 42.58, 49.71,
56.66, 56.92, 60.73, 63.72, 68.23, 69.53, 76.45, 108.50, 108.72, 114.31, 115.88,
116.08, 123.42, 126.85, 127.03, 128.21, 128.49, 128,65, 135.24, 139.93, 142.42,
14273, 151.64, 152.85,.155.09, 155.33 ppm. FT-IR (KBr): Vuax 696, 722, 805,
854, 966, 1013, 1074, 1208, 1256, 1344, 13.89, 1423, 1458, 1467, 1508, 1741,

2852, 2922 cm’'. MALDI-TOF MS (MW = 1999.71): m/z = 1999.86 [M]".
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2.5.2. General Procedure for Gelation Studies

The gelation studies were carried out as per reported procedures.23b A
typical procedure is as follows: A weighed amount of the compound in an
appropriate solvent (1 mL) was placed in the vial (1 cm diameter), which was
sealed and heated until the compound was‘dissolved. The solution was allowed to
cool. The gel formation was confirmed by the failure of the content to flow by
inverting the glass vial. Repeated heating and cooling confirmed the thermal
reversibility of gelation. The critical gelator concentration (CGC) is determined
from the minimum amount of gelator required for the formation of a stable gel in |

mL solvent at room temperature.

2.5.2. Description of Instrumental Techniques

2,5.2,1. Optical Measurements

Electronic absorption spectra were recorded on a Shimadzu UV-3101 PC
NIR scanning spectrophotometer and the emission spectra were recorded on a
SPEX-Fluorolog F112X spectrofluorimeter using the front face geometry. Optical
studies were carried out in a quartz cuvette with 1 mm path length. Temperature

dependent studies were carried out using a thermistor directly attached to the wall

of the cuvette holder.
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2.5.2.2. Quantum Yield Measurements

Fluorescence quantum yields of molecularly dissolved OPV molecules
upon excitation at 380 nm are reported relative to quinine sulfate (@ = 0.546),
whereas the quantum yields of the self-assembled molecules are reported relative\
to Rhodamine 6G (@; = 0.9). The experiments were done using optically matching

solutions and the quantum yield is calculated using equation 1.1.%°
B; = @ (AFJAF) (0In) L1

where, A; and A, are the absorbance of the sample and reference solutions,
respectively at the same excitation wavelength (380 nm), F; and F, are the
corresponding relative integrated fluorescence intensities and 7 is the refractive

index of the solvent.

'2.5.2.3. Fluorescence Lifetime Experiments

Fluorescence lifetimes were measured using IBH (FluoroCube) time-
correlated picosecond single photon counting (TCSPC) system. Solutions were
excited with a pulsed diode laser (<100 ps pulse duration) at a wavelength of 375
nm (NanoLED-11) with a repetition rate of 1 MHz. The detection system consists
of a microchannel plate photomultiplier (S000U-09B, Hamamatsu) with a 38.6 ps
response time coupled to a monochromator (5000M) and TCSPC electronics
(DataStation Hub including Hub-NL, NanoLED controller and preinstalled

Fluorescence Measurement and Analysis Studio (FMAS) software). The
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fluorescence lifetime values were determined by deconvoluting the instrument
response function vﬁth biexponential decay using DAS6 decay analysis software.
The quality of the fit has been judged by the fitting parameters such as 3> (<1.2) as
well as the visual inspection of the residuals. All measurements were carried out in

a Imm cuvette using the front face sample holder (5000U-04).

2.5.2.4. Optical Polarizing Microscopic Studies
The gel texture was observed on a polarizing light microscope (Nikon HFX
35 A Optiphot equipped with a Linkan THMS 600 heating and freezing stage

connected to Linkan TP 92 temperature programmer).

2.5.2.5. Atomic Force Microscopic Studies

Atomic Force Microscopic images were recorded under ambient conditions
using a Digital Instrument Multimode Nanoscope IV operating in the tapping
mode regime. Micro-fabricated silicon cantilever tips (MPP-11100-10) with a
resonance frequency of 299 kHz and a spring constant of 20-80 Nm™' were used.
The scan rate varied from 0.5 to 1.5 Hz. AFM section analysis was done offline.
Samples for the imaging were prepared by drop casting the decane solution at the
required compositions on freshly cleaved mica. Concentration of the solution was
kept at 1 x 10° M. Blank experiments with neat solvents on mica sheet were

carried out to eliminate the possibility of any artifacts, prior to the measurements

of the samples.
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Effect of Chromophore Packing on |
Fluorescence Resonance Energy Transfer: Design of
Red and White Light Emitting Organogels

—

3.1. Abstract

The effect of chromophore packing on the efficiency of fluorescence
resonance energy transfer (FRET) in m-organogels is described. Mono- and
bischolesterol oligo(p-phenylenevinylene) derivatives (MC-OPYV2-3 and
BC-OPV2-3 respectively) were used as the donors. A n-conjugated
oligomer, phenylenevinylene-co-pyrrolylenevinylene (PYPV) was found to
be a good acceptor for the excitation energy from MC-OPVs and BC-
OPVs. Time resolved emission studies revealed that excitation energy
migration is highly efficient in MC-OPYV gels, whereas, it is found to be less
efficient in BC-OPV gels. Efficient energy migration in MC-OPV2 gels
leads to an efficient energy transfer to the encapsulated acceptor (2 mol%)
with 90% quenching of the donor fluorescence resulting in bright red
emission in the ge.I state. Under similar conditions, partial energy fransfer
with 63% quenching of donor fluorescence was observed for BC-OPV2 to
give an intense white light emission. These observations are rationalized
based on the difference in the packing of the OPV molecule§ in the mono-

and bischolesterol derivatives in the gel state.
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3.2. Introduction

The understanding of natural light harvesting process' has brought
significant importance to the energy transfer processes in self-assembled
multichromophoric arrays. Several strategies have been employed for the
realization of higher order multichromophoric assemblies such as the use of
hydrogen bonded supramolecular complexes,” dendrimers,” chromophore-linked
polymers,’ Langmuir-Blodgett films® and self-assembled monolayers.® In this
context, higher order multichromophoric assemblies derived from linear n-
conjugated systems, particularly oligo(p-phenylenevinylene)s (OPVs) have
attracted attention because of their interesting optoelectronic properties and wide
spread use in device fabrication.” Since OPVs are known to be efficient energy
donors to suitable acceptors, self-assembled OPVs are excellent supramolecular
scaffolds for energy transfer processes. Therefore, energy transfer (ET) properties
of OPVs have been extensively studied by several groups.s'”

The transfer of excited-state energy from an initially excited molecule to
another which is in the ground state is often referred to as excitation energy
transfer. In an energy transfer process, the molecule which donates energy is
called donor, whereas, the molecule which accepts energy is called acceptor. The
energy transfer mechanisrﬁs can be of two types, viz., radiative (trivial) and non-
radiative.'? Trivial mechanism of energy transfer can be considered as a simple

emission re-absorption process in which the emission of the excited donor is
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absorbed by the ground state acceptor resulting in the excitation of the latter.
Interactions of the donor-acceptor molecules are not needed in this mechanism. -
On the other hand, electronic interactions of the donor-acceptor molecules
are necessary for non-radiative energy transfer. In addition, they must satisfy the
following requirements: (i) the energy of the donor excited state should be higher
than that of the acceptor excited state and (ii) the rate of energy transfer should be
more rapid than the decay rate of the donor excited state. Non-radiative energy
transfer can occur either by through-bond (Dexter) or through space (Forster)
mechanisms (Figure 3.1). In the former case, excitation of the donor results in
electron exchange from the excited state of the donor to the excited state of the
acceptor, with a simultaneous exchange of a ground state electron from the
acceptor to the donor ground state. This electron exchange requires strong donot-
acceptor orbital overlap and is therefore a short range (<10 A) interaction that
diminishes exponentially with distance. In contrast, the Forster mechanism does
not require electron exchange and is rather a through-space dipole-dipole
interaction. This energy transfer mechanism is termed "Forster resonance energy
transfer”, named after the German scientist Theodor Forster. When both molecules
are fluorescent, the term "fluorescence resonance energy transfer” (FRET) is often
used, although the energy is not actually transferred by fluorescence. In this case,
donor-acceptor orbital overlap is not necessary, allowing the chromophores to be

separated by a relatively large distance (10 — 100 A). The FRET efficiency of a
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donor-acceptor system mainly depends on the distance between the donor and the
acceptor molecules, the spectral overlap of the donor emission and the acceptor

absorption and the relative orientation of the donor-acceptor chromophores.

Initial | (
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Figure 3.1. Schematic representation of excitation energy transfer processes. a) Electron
exchange (Dexter}) mechanism and b) coulombic (Férster) mechanism. ‘D' is the energy donor, ‘A'
is the energy acceptor and * denotes an excited state.

The original theory of Férster resonance energy transfer,” which was
developed more than 50 years ago, considered the transfer of electronic excitation
energy from a single chromophoric donor to a single chromophoric acceptor.
Recent studies on the energy transfer properties of multichromophoric assemblies

shows that these systems show considerable deviation from the Forster theory.
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Studies have shown that temperature and order of the chromophore arrangements
play a crucial role on the energy transfer ‘efﬁciency in multichromophoric systems,
which are not considered in the original Forster mechanism. In a recent work,
Silbey et al. have generalized the Forster theory by stressing the importance of
order-disorder and temperature on energy transfer properties of
multichromophoric systems. '
Meijer and coworkers experimentally proved the importance of structural
order of chromophore assemblies on the efficiency of energy transfer using
hydrogen bonded helical co-assembly of OPVs (1-3, Chart 3.1).'% The OPV
derivative 1 and its bifunctional analogue 2 bearing quadruple hydrogen bonding
ureido-s-triazine motif acts as the donors, whereas, 3 of higher conjugation length
‘containing the same hydrogen bonding motif was used as the acceptor. The
molecule 1 self-assemble to ordered helical structures, whereas, 2 forms
disordered polymeric aggregates owing to the presence of a connecting hexyl
spacer between the hydrogen bonding motifs (Figure 3.2). Fast and efficient
energy transfer was observed from 1 to 3 on increasing the concentration of the
acceptor molecules as evident from the decrease in the fluorescence intensity of
the donor. Under idenﬁcal conditions, the quenching efficiency for the disordered
aggregates of 2 was found to be much lower than that of the well-ordered stacks of
1. Detailed time resolved fluorescence studies indicates that for ordered helical

assembly of 1, a fast initial fluorescence depolarization and excitation transfer to
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dopant occurs, which is in agreement with semi-coherent exciton diffusion along
the chiral stacks of 1. For disorder.ed polymeric assemblies of 2, both
depolarization and energy transfer dynamics take place en a much longer time
scale which is attributed to weak electronic coupling of chromophoric units that

result in slow incoherent motion of excitations along the stacks of 2."

3 O
2 R=CHys

order disorder

Figure 3.2. Schematic representation of the energy transfer process in helically ordered and
disordered assemblies of 1 and 2, respectively. (adapted from ref. 25a)
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In addition to the order-disorder and temperature, chromophore packing
may also affect the energy migration and FRET efficiency in multichromophoric
supramolecular assemblies. With the help of various spectroscopic and
microscopic techniques, we have established the different chromophore packing in
the mono- and bischolesterol OPV derivatives (see Chapter 2). Monocholesterol
derivatives (MC-OPV2-3) prefers to form ‘pseudo J-aggregates’ with tilted
chromophore packing to give coiled helical structures, whereas, bischolesterol
derivatives (BC-OPV2-3) form ‘pseudo H-aggregates’ with twisted chromophore
packing to give twisted helical structures in the self-assembled gel state. In the
present chapter, the details of the FRET properties of the mono- and bischolesterol

OPV derivatives in the gel state are described.

Chart 3.2. Structure of the donor and acceptor molecules under study.
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3.3. Results and Discussion

3.3.1. Synthesis of PYPV

Synthesis and characterization of ‘the mono- and bischolesterol OPV
derivatives were described in Chapter 2. The starting compound for the
preparation of phenylenevinylene-co-pyrrolylenevinylene (PYPV) oligomer was
the bispyrrole derivative 11 which was prepared by the Wittig-Homer-Emmons
reaction of the bisphosphonate 10a and the N-dodecyipyrrole-2-carbaldehyde (6)
using NaH in 64% yield (Scheme 3.1).'® The required N-dodecylpyrrole-2-
carbaldehyde (6) was prepared by the Vilsmeier formylation of the M-

dodecylpyrrole (5) in 78% yield using a reported procedure (Scheme 3.1).'® The

b
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CizHzs : CyaHas
4 6
Et0_ OEt oR
R
RO g0 OEt
8a-b 10a-b
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Scheme 3.1. Reagents and conditions: a) 1-Bromododecane, potassium t-butoxide, THF, 27 °C,
21 h (88%); b) DMF, POCl3, 5-10 °C, 45 min (78%); c) alkyl bromide, NaOH, DMF, 100 °C, 24h.
(70%); d) Paraformaldehyde, 33% HBr in CHsCOOH, glacial CHsCOOH, sonication, 4 h (90%); €}
P(OEt)s, 100 °C, 12 h (90-92%); fy NaH, THF, 70 °C, 10 h (64 %).
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bisphosphonate derivatives (10a-b), were prepared starting from the hydroquinone
7 as reported earlier.'® The dialkoxyhydroquinone 8a-b were bromomethylated
with 33% HBr in acetic acid under sonication to get the bisbromomethyl
derivatives (9a-b) in 90-92% yields, which on reaction with triethyl phosphite
gave the corresponding bisphosphonate derivatives (10a-b) (Scheme 3.1).

The oligomer PYPV was prepared by the Wittig-Horner olefination
procedure (Scheme 3.2) as reported previously.” For this purpose, the bispyrrole
11 was converted to the corresponding bisaldehyde 12 by Vilsmeier formylation
(62% yield)."™ After column chromatographic purification, the product 12 was
characterized by spectral analysis. Reaction of 12 with the bisphosphonate 10b in
THF using NaH as base turned the initial green fluorescence of the reaction
mixture to red on progress of the reaction indicating the formation of the

conjugated oligomer 13 (PYPV). The deep red solution obtained was concentrated
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Scheme 3.2. Reagents and conditions: a) DMF, POCIs, 1,2-dichlorobenzene, 0 °C, 3 h {62%}; b)
NaH, THF, 70 °C, 26 h (53 %).
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and the oligomer was purified by repeated precipitation by adding methanol into a
dichloromethane solutién. The product (PYPV) was obtained as a dark red solid in
53% yield.

The molecular weight of PYPV was determined by gel permeation‘
chromatography (GPC) after calibration with standard polystyrene. Number
average molecular weight (M,) was found to Ee 4358 with a polydispersity index
of 1.12. "H NMR spectrum of PYPV showed the required resonance peaks of the
aromatic and vinylic profons (6 6.60-7.40 ppm), -NCH,— and —~OCH,- protons at
\8 4.04 and 4.47 ppm, respectively and the aliphatic protons (& 0.85-1.90 ppm). In
addition, '"H NMR spectrum of PYPV showed weak resonance peaks at & 9.46,
corresponding to the terminal —CHO group. The all trans conformation of PYPV
is established from the FT-IR spectral analysis. The absorption corresponding to
"the C—H out-of-plane vibration mode of the trans-vinylic group at 964 cm’ is very

strong when compared to the C-H out-of-plane mode of the cis-vinylic group at

863 cm™.!8

3.3.2. Excitation Energy Migration

Excitation energy migration (exciton migration or exciton hopping) could
be defined as the movement of electronic excitation energy from one molecular
entity to another of the same species, or from one part of a molecular entity to

another of the same kind. Energy migration within the self-assembled
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chromophoric aggregates plays a crucial role in natural light harvesting complexes
of purple bacteria, algae, plants etc. Energy migration process in organized
polymers has been extensively studied in recent years.'®

Molecules with a weaker overlap of the m-electrons, exhibit a larger
difference in energy between the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO), and therefore can transfer
energy to molecules with a lower HOMO-LUMO spacing. Thus, energy migration
can occur in similar types of species due to small local variations of the overlap of
the nt-electrons and hence the HOMO-LUMO spacing.20 As a result of energy
migration, the energy transfer process in polymers includes at least two steps: (1)
diffusion within the host polymer and (2) transfer from the host polymer to the
guest (Figure 3.3).%' The former process plays a major role in systems in which
efficient energy transfer is taking place in presence of low concentrations of the
acceptor molecules.” The migration process of singlet excitons can be explained
by a Coulomb or exchange interaction (Forster or Dexter)> depending on the
distance of the molecules.

Energy migration may be possible in self-assembled aggregates and
organogels due to the difference in the energy levels of the self-assembled species.
In the gel state, the gelator molecules are self-assembled to form a continuous
network in which the chromophores are close to each other (~ 3.8 nm). This

continuum of energy levels allows fast and efficient energy migration from the
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Figure 3.3. Schematic representation showing the energy migration process within the donor
assembly (blue arrows) followed by energy transfer to the acceptor (red arrow).

lower order (large HOMO-LUMO gap) aggregates to higher order (small HOMO-
LUMO) aggregates within the self-assembled scaffolds of the gelators. Since the
distance between the interacting chrothophores are ~ 3.8 nm, Forster type energy
transfer will be the feasible mechanism in such systems.

Energy migration, which is initiated upon photoexcitation of the donor,
proceeds to the lower energy sites present within the donor molecules. During this
process, energy transfer occurs when the exciton meet an energy trap (acceptor).
Since the energy migration proceeds toward lower energy sites, a time-dependent
red-shift in the donor emission could be observed.'* Therefore, time resolved
emission spectroséopy (TRES) is an appropriate tool for the study of excitation
energy migration.

Time resolved emission spectra of MC-OPV2 and BC-OPV2 (3 x 10™ M)
in the gel state in decane at different time settings at room temperature are shown

in Figure 3.4. In both cases, a red-shift was observed in the emission spectrum
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with time. The dynamic red-shift of the emiséion maximum with time is due to the
population build up of the excited stat;:s of the higher order aggregates with lesser
HOMO-LUMO energy gap through exciiation energy migration. It should be
noted that under identical conditions, MC-OPV2 and BC-OPV2 exhib‘it
remarkable differences in the time resolved emission spectrum. In the case of MC-
OPV2, with increase in time after excitation, the emission spectrum becomes
broad with a red-shift in the emission maximum. The spectrum obtained after
672 ps was almost identical with the steady state emission of MC-OPV2 gel in
decane (Figure 3.4a). Initially the emission maximum was at 485 nm and finally it
reached around 560 nm. In the case of BC-OPV2, the red-shift of the emission
maximum (494 nm) was marginal but the shoulder at 528 nm was intensified with
time (Figure 3.4b). More over, 1.46 ns was needed to get the emission similar to
steady state. These observations reveal slower or less efficient excitation energy
migration in BC-OPV2 when compared to that of MC-OPV2 in the gel state. This
difference in the efficiency of excitation energy migration could be due to the
difference in the packing of chromophores in the self-assémbled state.

Wavelength dependence of the emission decay of MC-OPV2 and BC-
OPV2 in the gel staté in decane is shown in Figure 3.5, which provides further
evidence for energy migration. The lifetime profile collected at 430 nm is
biexponential and decays faster when compared to the lifetime profile collected at

higher wavelengths (lower energy), which has slow decay with multiexponential
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Figure 3.4. Time-resolved emission spectra of the decane gels of a) MC-OPV2 and b) BC-OPV2
at room temperature. (¢ =3 x 104 M, /=1 mm, Aex = 375 nm). The corresponding steady state
emission spectrum of ¢) MC-OPV2 and d) BC-OPV2 under similar conditions for comparison.

fit. This effect is more predominant in the case of MC-OPV?2. It is known that the
radiative lifetime of the aggregates with smaller HOMO-LUMO energy gap
(higher order) is higher than that of the aggregates with the larger HOMO-LUMO
energy gap (lower order).”* The lifetime profiles of both derivatives showed a
growth component at the initial time scales when collected at higher wavelengths

(Figure 3.5c,d). Such delayed growth in the initial time scales indicate fast
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migration of exctions from higher to lower energy sites-and the population of the
excited states of the latter.”> The growth component of MC-OPV2 and BC-OPV2
corresponds to 332 ps and 764 ps, respectively indicating that energy migration is

slow in the latter when compared to that of the former.
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Figure 3.5. Wavelength dependent lifetime decay profiles of a) MC-OPV2 and b) BC-OPV2 in
decane in the gel state at room temperature. (¢ = 3 x 104 M, / = 1 mm, Aex = 375 nm). Zoomed
initial time scale of the decay profile of t) MC-OPV2 and d) BC-OPV2 monitored at two different

wavelengths.

Another evidence for the energy migration was obtained by fluorescence

depolarization measurements. This is based on the principle that the emission from
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molecules, which are excited by polarized light, is partially polarized.”® Emission
depolarization is caused by dipole orientation displac;ements of chromophores. A
well-known factor leading to emission depolari.zation is the rotational diffusion of
ghromophores in solution.”” Energy migration betwe;:n like chromophores can also
cause emission depolarization.”® In this casé, the polarized emission of the
chromophore has two contributions: one from the original molecule which is
excited by the polarized li>ght and the other from the molecule to which the energy
has been transferred. In rigid disordered systems, fluorescence depolarization via
energy migration is caused by the different dipole orientations of the “donor” and
“acceptor” chromophores. The more steps over which the energy is transferred,
the greater the degree of depolarization.

Time-resolved fluorescence anisotropy meésurement is a useful technique
to measure the time-dependent emission polarization loss. Unlike fluorescence
intensity decay, anisotropy decay is very sensitive to the change of the dipole
orientation.”” Fluorescence anisotropy is defined by eq 3.1 in terms of the ratio of
the fluorescence intensity of the emitted light which is polarized either parallel

~

(1) or perpendicular (/)) to that of the excitation source.'*

IH (t) — G]_L(t)
rt) =
I () +2G1 (1)

3.1

where G is an experimentally determined correction factor for the instrumental

anisotropy, and r(¢) is a dimensionless quantity which is independent of the total
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intensity emitted by the sample. For disordered chromophore dipole orientations,

the anisotropy has a maximum value of 0.4 when the chromophores have collinear -
absorption and emission dipoles and when no rotational depolarization and/or

‘energy migration take place. If the chromophore dipoles have a preferred

orientation, a higher anisotropy value (> 0.4) is expected.'?

The fluorescence anisotropy decay of MC-OPV2 gel in decane is shown in
Figure 3.6a. The initial anisotropy value (rg) is 0.29, which rapidly lose the
anisotropy memory and reaches the plateau region (r) at 0.04 with a decay time r;
= 169 ps. This extremely fast depolarization is an indication of the fast
interchromophore singlet exciton migration leading to energy transfer to the
acceptor in the gel state.”® Under similar conditions, BC-OPV2 showed slow
\depolarization (Figure 3.6b) indicating less efficient energy migration when

compared to the former. In this case, the initial anisotropy (7,) is 0.25 and the final
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Figure 3.6. Anisotropy decay profiles of a) MC-OPV2 and b) BC-OPV2 gels in decane on
excitation at 375 nm. (c =3 x 104 M, /=1 mm).
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anisotropy value is (.02 with a decay time of 880 ps. The mono- and
bischolesterol derivatives with C16 alkyl side chains (MC-OPV3 and BC-OPV3)
exhibited similar properties as that of the corresponding C12 derivatives (MC-

OPV2 and BC-OPV2) in the gel state in decane.

3.3.3. The Selection Criteria of Donor-Acceptor Systems

The mono- and bischolesterol OPV derivatives (MC-OPV2-3 and BC-
OPV2-3) were selected as the donors and an oligomer phenylenevinylene-co-
pyrrolylenevinylene (PYPV) with an average molecular weight (Mn) of ~ 4358
g/mol having a polydispersity index of 1.12 as the acceptor. This donor-acceptor
system is selected in view of the formation of stable coassembly between them
and due to the matching absorption and emission properties.

The emission of the self-assembled donors is significantly shifted towards
the long wavelength side as a result of the excitation energy migration. Because of
this\red-shift, the donor emission in the gel state showed good spectral overlap
with the acceptor (Figure 3.7). This is an important criterion for the selection of
the donor-acceptor systems for energy transfer. The overlap integral expresses the
degree of spectral overlap between the donor emission and the acceptor
absorption. This overlap indicates that some of the energy levels of the donor
match with that of the accéptor, i.e., the quantum mechanical coupling between

donor and acceptor is possible and hence energy transfer will also be possible.'?
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Figure 3.7. Spectral overlap between the absorption {(—) of the acceptor (PYPV) and the
emission (~ -) of a) MC-OPV2 and (b) BC-OPV2 in decane at raom temperature. (¢ =3 x 104 M, /

=1 mm, Aex = 380 nm).

The spectral overlap integral J(A) of the donor emission and the acceptor

absorption was calculated from the above graph using eq 3.2.'%

TF (e, (A
JA) = = 32
IFp(2)

where Fp(A) is the fluorescence intensity of the donor in the wavelength range A to
AAA, £a() is the extinction coefficient of the acceptor at A. The spectral overlap
_integral, J(A) for the donor-acceptor system MC-OPV2/PYPV and BC-
OPV2/PYPV was found to be 3.61 x 10" M'em'nm' and 4.64 x 10" M

om’'nm* respectively.
The fluorescence quantum yield of MC-OPV2 and BC-OPV2 was found

to be 0.32 and 0.55 respectively in the gel state in decane at room temperature.
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The high quantum yield of the donor molecules makes them suitable for
transferring their excitation energy to the acceptor.molecules with high efficiency.
Another important criterion for an ideal energy transfer system is the less
possibility for direct excitation of the acceptor on excitation of the donor in a
donor-acceptor coassembly. In the present work, the energy transfer studies were
carried out by exciting the donor at 375 or 380 nm. It was found that atrthese
wavelengths, the acceptor has negligible absorption (Figure 3.8). Moreover, the
maximum amount of acceptor used for energy transfer experiments was <2 mol%.
At this concentration, the relative absorption of the acceptor is minimum when
compared to that of the donor. Because of these two reasons, the direct excitation

of the acceptor will be negligible in this donor-acceptor system.
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Figure 3.8. Comparison of the individual absorption spectra of the donor and the acceptor. a) MC-
OPV2 (—) and PYPV (- -). b) BC-OPV2 (—-) and PYPV (- -} in decane at room temperature
(Conc. of donor = 3 x 104 M, Conc. of acceptor = 6x 106 M,/=1mm)
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The coassembly between the donor and acceptor was studied using UV-vis
absorption and circular dichroism spectroscopy. No absorption spectral changes
were observed for the donor on addition of 2 mol% of the acceptor (Figure 3.9)
indicating the absence of ground state interactions between the donor and the
acceptor molecules. However, after the addition of the acceptor to the donor gel
scaffold, absorption maximum of the former was red-shifted (23 nm in MC-OPV2
and 17 nm in BC-OPV2) when compared to that of the acceptor alone. This could
be due to the planarization of the PYPV in the constrained gel medium leading to
an increase in the effective conjugation length. This red-shift in the absorption of

the acceptor further reduces the possibility of its direct excitation.
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Figure 3.9. Absorption spectrum of a) MC-OPV2 and b) BC-OPV2 in the absence (—) and in the
presence (—-) of 2 mol% of PYPV

Plots of the fraction of aggregated species (o) versus the temperature
obtained from the temperature dependent UV-vis spectra showed a considerable

decrease in the aggregate stability for the donor self-assembly in presence of the
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acceptor. It is observed that the stability of the self-assembled species is decreased
by 5 °C for MC-OPV2 and 4 °C for BC-OPV2 in presence of the acceptor

(Figure 3.10). This observation is an indication of the coassembly of PYPV with

the donor OPVs.
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Figure 3.10. Plots of the fraction aggregate (at) versus temperature of a) MC-OPV2 and b) BC-
OPV2 in the absence (A ) and in the presence (m) of 2 mol% of PYPV in decane.

The donor molecules show signiﬁcanf CD intensities during the self-
assembly (see Chapter 2). CD spectra of the donors were monitored in presence of
the acceptor to get an insight into the coassembly processes. Upon addition of the
acceptor (0-2 mol%), the CD intensity of both donor molecules (MC-OPV2 and
BC-OPV2) gradually decreases indicating the encapsulation of the acceptor with

-~

the donor self-assembly (Figure 3.11).
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Figure 3.11. Circular dichroism spectral changes of a) MC-OPV2 and b) BC-OPV2 on addition of
increasing amounts of the acceptor (0-2 mol%) in decane at room temperature. (conc. of donor = 3
x104M, /=1 mm).
3.3.4. Energy Transfer Studies

The energy transfer studies were carrigd out in the gel state at room
temperature using a quartz cuvette with | mm path length. Encapsulation of the
acceptor within the self-assembly of the donor is achieved by dissolving small
quantities of the former (0-2 mol%) in the decane solution of the latter keeping the
donor concentration at 3 x 10™* M. The solution was then heated to 80 °C and kept
under room temperature to form a coassembled self-supporting soft organogel.
Excitation of MC-OPV2 at 380 nm in the absence of PYPV gave a broad
emission between 500 — 700 nm with a maximum around 560 nm. Addition of
small amounts of PYPV to the donor gel followc;d by heating and cooling resulted

in the quenching of the donor emission with a concomitant emission from the

acceptor at 613 nm (Figure 3.12a). The quenching was found to be maximum
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(90%} in presence of 2 mol% of the acceptor. No spectral changes were observed
on addition of more than 2 mol% of the acceptor.

Upon excitation with 380 nm light in the absence of PYPV, the emission
spectrum of BC-OPV2 in the gel state exhibited two maxima at 492 nm and 528
nm with shoulders on either side (Figure 3.12b). The shoulder at 464 nm
corresponds to the residual monomer emission of the donor. Addition of small
amounts of the accepfor in decane, resulted in the quenching of the emission at
492 nm and 528 nm with the concomitant formation of a new peak at 607 nm
which corresponds to the emission of the acceptor. Interestingly, only partial
quenching (63%) was observed for the donor fluorescence in presence of 2 mol%
of the acceptor. In this case also no spectral changes were observed on addition of

more than 2 mol% of the acceptor.
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Figure 3.12. Fluorescence emission of the decane gels of a) MC-OPV2 and b) BC-OPV2 on
addition of increasing amounts of PYPV (0-2 mol %) at room temperature. (Conc. of donor = 3 x

104 M, I=1 mm, Aex = 380 nm).
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Efficient energy transfer in the MC-OPV2 — PYPV system resulted in a

bright red emission (Figure 3.13a). On the other hand, in the case of BC-OPV2,

" due to the partial quenching, a broad emission spectrum is obtained in the range of
400-750 nm which covers the red, green and blue regions leading to a white light
emission with CIE co-ordinates of (0.28,0.34). Intense white light emission was
- observed on varying the donor (3.2 x 10® M) and acceptor (2.1 mol%)
concentrations (Figure 3.13b). The white-light emission is a combination of the
blue emission of the monomer species, green emission from the aggregated state
and the red emission froimn the acceptor since all these species are simultaneously
present. The chromaticity diagram (Figure 3.14) revealed that the CIE coordinates
at this particular composition i1s (0.31,0.35) which are ideal for white light
emission according to the 1931 CIE diagram.30 Even though several strategies
have been worked out for the realization of white light emission including polymer
based systems,’' transition metal complexes,’”” low molecular weight organic
molecules™ etc., this is the first report of white light emission using the concept of

molecular self-assembly.

a)

Figure 3.13. Photographs of the decane gels of a} MC-OPV2 (¢ = 3 x 10+ M) and b) BC-OPV2
{3.2 x 104 M) in presence of PYPV on excitation with 365 nm light.
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Figure 3.14. a) Fluorescence emission spectrum of BC-OPV2 (3.2 x 104 M) in presence of 2.1
mol% of PYPV (Aex = 380 nm, /= 1 mm). b) CIE coordinate diagram of the resuilting white light
emission (x = 0.31, y = 0.35).

In order to confirm that the enhanced emission of PYPV in the presence of
donor gels is due to energy transfer and not due to the restricted environment of
the gel medium, we have carried out the following experiments. When the
encapsulated PYPV is directly excited at 530 nm in the donor gel, the resultant
emission spectrum (A, = 613 nm for MC-OPV2 and 607 for BC-OPV2)
resembled that of the 380 nm excitation with less intensity (Figure 3.15). On the
other hand, when PYPV alone in decane is excited at 530 nm, the resultant
emission spectrum was ‘blue-shifted (A, = 587 nm) with almost same intensity as
that of the spectrum obtained in the gel state upon 530 nm excitation (Figure 3b).
These observations strongly support the fact that the enhanced emission of the
encapsulated PYPV in the gel is due to energy transfer.”®® The red-shift (26 nm in

MC-OPV2 and 20 nm in BC-OPV2) in the emission of the encapsulated PYPV
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when compared to that in the absence of donor gels in decane (A, = 530 nm),
could be due to the planarization of the former in the constrained gel medium
leading to an increase in the effective conjugation length which is also obvious

from the shift in the absorption maximum (Figure 3.9).
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Figure 3.15. a) Comparison of the emission intensity of PYPV (2 mol%) in MC-OPV2-decane gel
when excited at 380 nm (m) and at 530 nm (a), PYPV in decane upon excitation at 530 nm (A)
and MC-OPV2-decane gel upon excitation at 530 nm (). b) Comparison of the emission intensity
of PYPV (2 mol%) in BC-OPV2-decane gel when excited at 380 nm (=) and at 530 nm (A),
PYPV in decane upon excitation at 530 nm (A) and BC-OPV2-decane gel upon excitation at 530
nm (D).

Fluorescence spectra of PYPV excited at 380 nm in the presence and in the
absence of the donors is also compared under identical conditions (Figure 3.16).
Direct excitation of the-acceptor in the absence of the donor at 380 nm shows
extremely weak fluorescence. This weak fluorescence ruled out the possibility of

the contribution of acceptor emission due to direct excitation in the emission

intensity obtained on energy transfer.
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Figure 3.16. Comparison of emission intensity of PYPV in the presence (—-) and in the absence
(- -) of a) MC-OPV2 and b) BC-OPV2 in decane at room temperature. (conc. of donors = 3 x
104 M, conc. of acceptor = 6 x 106 M, Aex = 380 nm)

Figure 3.17 shows the relative fluorescence intensities of the donor and the
acceptor when plotted against their molar ratio. The relative fluorescence intensity
value is a measure of the energy transfer efficiency,’® and the values obtained for
MC-OPV2 is greater than that of the BC-OPV2. For BC-OPV2, the emission
ratio exhibited a slow increase, whereas, in the case of MC-OPV2, the emission
ratio showed remarkable increment with increase in the molar ratio. When the
ratio reached to 2 x 107, the emission from MC-OPV2 showed maximum
quenching. The apparent efficiency of energy transfer estimated from the donor
fluorescence quenching profile was 90% for MC-OPV2 and 63% for BC-OPV2

in the gel state at room temperature. These results indicate that the energy transfer

process is highly efficient in MC-OPV2, whereas it is less efficient in BC-OPV2,
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Figure 3.17, Plots of the relative fluorescence intensities against the molar ratio of PYPV and MC-
OPV2 (m)/BC-OPV2 (A) in decane.
3.3.5. Single Photon Counting Studies

Single photon counting has provided evidence for the nonradiative energy
transfer processes between the donor and the acceptor molecules. Fluorescence
lifetime decay profiles (Adex = 375 nm) monitored at the aggregate emission
maximum of MC-OPV2 (Figure 3.18a) and BC-OPV2 (Figure 3.18b) showed
shortening of the decay profile on addition of increasing amounts (0-2 mol%) of
PYPV. The accelerated decay of the donor fluorescence in presence of the
acceptor rules out any trivial energy transfer pathway. Even though both systems
showed a similar trend on addition of the acceptor, shortening of the decay profile
is much more predominant in the case of MC-OPV2 than that of BC-OPV2. This
observation again proves that energy transfer efﬁ-ciency is high for MC-OPV2

than that of BC-OPV2.
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Figure 3.18. Lifetime decay profiles of a) MC-OPV2 (monitored at 560 nm) and b) BC-OPV2
(monitored at 528 nm) on addition of increasing amounts of PYPV in decane at room temperature.
(c=3x104M,/=1mm, Aex= 375 nm).

The fluorescence lifetime decay profiles of MC-OPV2 gel (4., = 375 nm)
exhibited biexponential decay with lifetimes 2.47 ns (54.4%) and 4.82 ns (45.6%)
in the absence of the acceptor when monitored at the aggregate emission
maximum (560 nm). Addition of increasing amounts of the acceptor increases the
rate of the fluorescence decay of the donor. In presence of 2 mol% of the acceptor,
donor exhibited fast biexponential decay with time constants 0.58 ns (73.3%) and
1.8 ns (26.7%). Similarly, the fluorescence lifctin'w decay profile of BC-OPV?2 gel
(Aex = 375 nm) in the absence of the acceptor monitored at the aggregate emission
maximum (528 nm) exhibited biexponential decay with lifetimes 2.38 ns (79.6%)
and 3.79 ns (20.4%). An acceleration of the fluorescence decay was observed with

increase in the acceptor concentration. In the presence of 2 mol% of acceptor, BC-
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OPV2 exhibited fast biexponential decay with time constants of 1.85 ns and 0.57
ns with relative amplitudes of 93% and 7% respectively.

Further evidence for excitation energy transfer was obtained from the
temporal rise in the decay profile of PYPV when excited at 375 nm after
encapsulation within the donor gel (Figure 3.19). The growth observed for the
coassembly at short time scales is associated with the initial population buildup of

the excited states of PYPV upon energy transfer from the donor singlet which is

followed by the decay.
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Figure 3.19. Fluorescence decay profiles of PYPV (6 x 106 M) alone (4A) and in_the decane gel of
a) MC-OPV2 (m) and b) BC-OPV2 ( m ) monitored at 660 nm. {conc. of donors = 3 x 104 M, Aex =
375 nm)

An estimate of the rate of energy transfer (kg7) could be possible from the

steady state fluorescence quenching studies and the excited state lifetimes of the

donors (7p) according to the eq 3.3, assuming that the observed quenching is due

12a,10£,11
to energy transfer.'*>'%"! 18
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. Qmax —1
kET -~ T 33

Omax = Ip/Ipa, 1s the maximum quenching observed in the fluorescence titration

studies, Iy and /p, are emission intensities of donor in the absence and in the

presence of acceptor respectively. Since the lifetime of donors in the gel state

shows biexponential decay, the average lifetime was calculated as per eq 3.4.'*
[ei72 + 5]

<r>= 34
[y + a4, 7,)

r is the lifetime and « is the corresponding amplitude of the decay components.
The average lifetime of MC-OPV?2 in decane iﬁ the gel state was found to be 3.93
ns and the rate of energy transfer (kg7) was found to be 1.97 ns™' in the presence of
2 mol% of the acceptor. BC-OPV2 also exhibited biexponential decay with
average lifetime 2.81 ns and the value of kgt obtained was 0.62 ns”.

In order to study the importance of the self-organization of donor-acceptor
chromophores on fluorescence resonance energy transfer, we extended the energy
transfer studies of MC-OPV2 and BC-OPV2 in chloroform, in which both the
derivatives exist as the monomeric species. Steady state emission studies showed
that even though significant spectral overlap is observed between the emission of
the cholesterol-OPV donors with the absorption of acceptor PYPV, energy

transfer quenching of the donor emission is negligible. For example, the spectral
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overlap of the MC-OPV2 emission and the PYPV absorption (Figure 3.20a) and
the fluorescence spectra of MC-OPV2 in the presence and in the absence of
PYPV (Figure 3.20b) are shown below. The emission of MC-OPV2 remained
nearly the same in the presence of PYPV which indicates practically no energy

transfer between the two molecules in chloroform.
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Figure 3.20. a) Spectral overlap of the emission of MC-OPV2 (- -) and the absorption of PYPV
(—) in chloroform. b) Fluorescence spectrum of MC-OPV2 in the absence (—) and in the
presence (—-) of PYPV (2 mol%) in chioroform. Fluorescence of PYPV alone in chloroform («++-) is

also shown for a comparison {conc. of donor = 3 x 104 M, /=1 ¢m, Aex = 380 nm).

In order to confirm the above observation, we have carried out detailed
lifetime studies of the donors in the absence and in the presence of the acceptor in
chloroform. Lifetime studies showed no shorteninglof the decay profiles of the
donor fluorescence even in the presence of maximum loading of the acceptor (2
mol%) as shown in Figure 3.21. These observations indicate that mono- and

bischolesterol OPV donors fail to bring about the energy transfer when they exist



134 Chapter 3

as monomeric species. Moreover, these results substantiate the importance of the

gelation of the donor-acceptor chromophores for efficient energy transfer process.
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Figure 3.21. Lifetime decay profile of MC-OPV2 (monitored at 468 nm) on addition of increasing
amounts of PYPV in chloroform at room temperature. (¢ =3 x 104 M, /=1 mm, Aex = 375 nm).

3.3.6. Thermoreversible Control of Energy Transfer

Since the donor-acceptor coassembly is a thermoreversible process,
temperature plays a crucial role in the optical as well as the energy transfer
properties. This is clear from the temperature dependent emission changes of MC-
OPV2 and BC-OPV2 in presence of the acceptor (Figure 3.22). Energy transfer
efficiency is high at low temperature and decreases on increasing the temperature.
When the temperature reached above 55 °C, emission from the acceptor was
completely disappeared and emission from the donor (monomer) was intensified.
This phenomenon is the result of the thermoreversible breaking and making of the
self-assembly which in turn thermally modulate the spectral overlap of the donor

and the acceptor thereby controlling the energy transfer process.
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Figure 3.22. Temperature dependent fluorescence emission of a) MC-OPV2 and (b) BC-OPV2 in
decane containing 2 mol % of PYPV. (conc. of donor = 3 x 104 M, /= 1 mm, Aex = 380 nm)

3.4. Conclusions

The effect of chromophore packing on the efﬁciency of energy transfer in
multichromophoric assemblies is established using mono- and bischolesterol OPV
organogelators as the donors and a n-conjugated oligomer, phenylenevinylene-co-
pyrrolylenevinylene, as the acceptor. Because of the difference in the
chromophore packing, energy migration efficiency was different in these two
donor assemblies. Fast exciton migration was observed in the\coiled helical
assembly of the monocholesterpl derivatives which results in efficient energy
transfer to the acceptor to yield bright red emission in the gel state. Energy
migration was found to be slow in the twisted helical assembly of the
bischolesterol derivatives which result in less efficient energy transfer to the

acceptor. Consequently, an intense white emission with CIE coordinates of

(0.31,0.35) in the gel state at room temperature was obtained. Thus, the difference

[y
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in the molecular arrangements achieved through a- difference in the substitution
pattern of gel forming OPVs has been utilized to the design of red and white light

emitting organogels.

3.5. Experimental Section

3.5.1. Synthesis and Characterization

The details of the melting point, FT-IR, '"H NMR and ">C NMR and
\MALI)-TOF instruments are described in the experimental section (section 2.5.1)
of Chapter 2. Gel Permeation Chromatography (GPC) was carried out on a
Shimadzu LC-8A GPC system equipped with a refractive index detector.

Calibrations were done with standard polystyrene samples. Tetrahydrofuran (THF)

‘was used as the eluent at a flow rate of 1 mL min™ at 25 °C.

Prepafation of PYPV: A suspension of NaH (3.36 mmol) in THF (5 mL) was
added carefully to a solution of the bisphosphonate 10b (0.56 mmol) and the
bisformyl derivative 12 (0.56 mmol) in THF (25 mL). After refluxing for 26 h the
highly fluorescent reaction mixture was cooled and THF was-removed under
reduced pressure. The resultant residue was then extracted with dichloromethane
and washed several times with saturated brine and ‘water. The organic layer was
dried over anhydrous Na,SO, and the solvent was removed. The product thus
obtained was purified by repeated precipitation by adding methanol to a

dichloromethane solution which gave the pure oligomer PYPYV as dark red solid.
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Yield: 53%. '"H NMR (300 MHz, CDCl;, TMS):

OR
SaWs OF r
rd NN d | 8087 (br, ~CH), 1.24-1.88 (m, ~CHy-), 4.04.
RO LN

(br, -NCH,-), 447 (br, ~OCH,-), 6.61 (br,

‘pyrrole-H), 6.93-7.40 (m, phenyl-H and vinyl-H), 9.46 (s, trace, terminal ~CHO)
ppm; FT-IR (KBr): v, 863, 964, 1036, 1142, 1208, 1401, 1500, 1653, 2853,

2925 cm™. M, = 4358, M,,/ M, = 1.12 by GPC.

\3.5.2. General Procedure for Energy Transfer Studies

Energy transfer studies were carried out by mixing appropriate volumes of
acceptor from a stock solution to the decane solution of the donor. The
concentration of the donor was maintained at 3 x 10 M while the amount of the
-acceptor varied from 0-2 mol %. The mixture was then heated to 80 °C and
slowly cooled to room temperature to form the gel. The energy transfer was
monitored by recording the emission of OPVs in the absence and in the presence

of the acceptor after excitation of OPVs at 380 nm.

-

3.5.3. Description of Instrumental Techniques

The details of UV-vis absorption spectrophotometer, spectrofluorimeter and
time-correlated picosecond sir'lgle photon counting-(TCSPC) system are described
in the section 2.5.2 of Chapter 2. Fluorescence lifetime, time resolved anisotropy

and time resolved emission spectra were measured using IBH (FluoroCube)
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TCSPC system. Solutions were excited with a pulsed diode laser (<100 ps pulse
duration) at a wavelength of 375 nm (NanoLED-l 1) with a repetition rate of 1
MHz. For the TRES measurements, the decay curves were measured at multiple
emission wavelengths (400 to 700 nm) to éonstruct a 3D dataset of counts Versus‘
time versus wavelength. Using the Fluorescence Measurement and Analysis
Studio (FMAS) softwérc, this 3D dataset was then sliced orthogonally to the time
axis to produce 2D spectra of counts versus wavelength to visualize how the
emission spectrum evolves during the fluorescence lifetime. Fluorescence
anisotropy was measured by setting peak count difference at 50,000 and the dwell

time at 60 s.
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Chapter 4

Controlled Self-Assembly and Color Tunable |
Energy Transfer in Donor-Acceptor Organogels

4.1. Abstract

Color tunable fluorescence resonance energy transfer (FRET) in donor-
acceptor m-organogels through controlled Aself-assembly and energy
migration is described. Picosecond time-resolved emission studies of a few
oligo(p-phenylenevinylene) (OPV) derivatives in the gel state revealed that
energy migration is slow or less efficient in OPV gelators with bulky end
groups (OPV1-2) when compared to that of the gelators with small end
groups (OPV3-4). FRET studies were carried out using OPVI1 and OPV3
as donors and OPV6 as the acceptor. Addition of small amounts of OPV6
(0-2 mol%) results in the quenching of OPV1 fluorescence at 509 nm with
the formation of emission at 555 nm, corresponding to the monomer band
of the acceptor. Upon further addition of OPV6 (2-20 mol%), the emission
was continuously red-shifted to 610 nm which co‘-rresponds to the aggregate
emission of OPV6. Consequently, 98% quenching of the donor emission
was observe'd at 509 nm. However, in the case of OPV3, maximum
quenching (82%) occurred with 3-4 mol% of the acceptor due to fast
energy migration. Further addition of the acceptor facilitated the

disruption of the gel resulting in the monomer emission of the donor.
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4.2. Introduction

Tuning of the emission color over a range of wavelengths is important in
the fields of biomedical labeling, light cm;tting diodes, full color displays, las_ers
and sensors.! Emission color of organic molecules can be modulated by
functional group substitution,’ controlling the effective conjugation length® or
blending with fluorescent or phosphorescent materials.’ Recently, doping
techniques based on energy transfer have been proven to be an effective way to
tune the emission color of photoluminescent and electroluminescent materials.® If
two materials with different band gaps (and hence different emission colors) are
mixed together, energy transfer from the higher to the lower band gap material
may occur leading to emission solely or predominantly from the latter.

Tunable emission from self-assembled‘nanoparticles of 1,3,5-triphenyl-2-
pyrazoline (TPP) 1 was achieved using energy transfer technique.’*® TPP
nanoparticles  doped  with  4-(dicyanomethylene)-2-methyl-6-(p-dimethyl-
aminostyryl-4H-pyran (DCM) 2 were prepared by reprecipitation method. The
absorption spectrum of DCM (acceptor) showed good spectral overlap with the
emission spectrum of TPP (donor) as required for FRET. Aciueous dispersions of
DCM doped TPP nanoparticles were found to show different emission colors
depending upon the DCM content and efficiency of energy transfer. Fluorescence
spectra and the photograph of the solutions clearly demonstrated the emission

tuning from blue to red with increasing DCM content (Figure 4.1). A similar red
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shift and decrease in the emission is alsp observed from solutions of acceptor
alone with different concentrations. Therefore, the red shift, which directly
contributes to the tunable emission, is ascribed to a change in the degree of
aggregation of DCM molecules in nanoparticles and subsequent energy transfer to

these aggregates.
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Figure 4.1. a) Fluorescence emission spectra and b) corresponding photographs of the
suspensions of DCM (2) doped TPP (1) nanoparticles excited at 365 nm. The doping
concentrations of DCM in the nanoparticles are 0, 0.1, 0.2, 2, 10 and 1)0% (molar) for containers
labeled TPP, a, b, ¢, d and DCM respectively.

Dynamic¢ n-nt stacked molecular assembly of perylene derivatives (3a-b) in
chloroform solution has been reported to show pure green, yellow, orange, and red
photoluminescence on a single wavelength excitation as a consequence of self-

assembly of these derivatives from single molecules to higher order assemblies.’®

As the concentration of 3a or 3b increases, rapid exchange of free monomers and
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self-associated oligomers of 3 occurs on the NMR time scale. The self-organized
oligomers of 3 emit green to red colors (Figure 4.2) depending upon the
concentration of the solution. At a concenfration of 31 mM, red photons (674 1im)
are emitted, while at 7.7 mM, fluorescence has an orange color (643 nm). At 0.96
mM. mostly bright yellow emission occurs (577 nm), whereas light green color

(535 nm) is emitted below 0.12 mM.
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Figure 4.2. a) Dynamic seff-assembly of perylene derivatives (3a-b) 1o higher order assemblies
with increase in concentration. b) Fluorescence spectra of 3a in chloroform at different
concentrations. Inset shows the corresponding photographs of the solutions.

There are reports pertaining to systems where energy transfer occurs from
aggregates to monomers’ and aggregates to aggregates.” In many of such cases
organogelators’. dendrimers'” and conjugated polymers'™ have been used as
supramolecular scaffolds. However. control of energy transfer from self-
assembled donors to monomers and aggregates of the same acceptor has not been

successfully demonstrated so far except in a few cases.® A combination of these

two processes would provide a pathway tor wavelength tunable emission upon a
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single wavelength excitation. The success of such an objective lies in the control
of energy migration (EM) and energy transfer (ET) through the judicious selection_
of the donor and acceptor molecules and the controlied placement of the acceptor
‘within the donor self-assembly as ‘isolated molecules® or ‘stacked aggregates’ of
different dimensions. This chapter deals with the rational design of n—organogéls
that facilitate controlled EM and efficient ET, selectively from the self-assembled
_donors either to ‘isolated” or to ‘stacked’ acceptors which are entrapped in a
coassembly, thereby allowing a gradual tuning of the emission from green to red

over a range of ca. 100 nm.

4.3. Results and Discussion

' 4.3.1. The Design Strategy

The motivation for this work stems from two seminal reports by Meijer and
coworkers” and Desvergne and coworkers’” who independently observed that
higher concentration of the acceptor in a supramolecular environment results in
complex energy transfer processes. However a systematic inve‘stigation remains
clusive mainly due to the problems associated with the conflict of the
photophysical properties of the donor-acceptor system and the competing direct
excitation of the acceptor. In order to overcome these limitations of
supramolecular light harvesting assemblies, a rationale choice of the donor-

acceptor motifs and their self-organization are extremely important. For this
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purpose we have pfepan‘ed a few oligo(p-phenylienevinyle) derivatives (OPV1-6)
with different end functional groups. OPV1-2 contains bulky tridodecyloxy
benzene as the end groups connected to the OPV unit through ester and vinylic
linkages respectively. OPV3-4 contains small end groups such as methyl and ethyl
respectively which is connected to the OPV through an ester linkage. The end
functional groups could play a key role on the self-assembly and chromdphore
interactions in these gelators which in turn affect the efficiency of energy
migration and hence FRET properties in the self-assembled state. OPVS is a chiral
analogue of OPV1 in which the alkyl chains in the central benzene ring is replaced
with chiral alkyl chains. OPV@6 is incorporated with electron withdrawing groups
such as cyano with the OPV backbone. Since the cyano group in this molecule is
in conjugation with the OPV unit, the HOMO-LUMO energy gap of this molecule
will be small when compared to the other derivatives. Hence this molecule can be
used as an acceptor for the excitation energy from other OPV derivatives. This
derivative might show more red-shifted absorption when compared to that of the
other OPV derivatives under study which is necessary to minimize the self-
excitation of the acceptor upon excitation of the donor 91 an energy transfer
process. Furthermore, the structure of OPV6 is designed in such a way that it can
self-assemble to form higher order aggregates as well as coassemble with other

OPVs.
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Chart 4.1. Structures of the OPV derivatives under study.

4.3.2. Synthesis of OPV Derivatives

OPV1, OPV3, OPV4 and OPVS were synthesized from the corresponding
OPV bisalcohol (11a-b), whereas, OPV2 and OPV6 were synthesized from OPV
bisaldehyde (12) (Scheme 4.2). The OPV bisalcohols (1la-b) and the
bisaldehayde (12) were prepared as reported earlier (see Chapter 2). The
precursor, tridodccyloky—benzene derivatives (7 and 10) were prepared according
to Scheme 4.1. The 3,4,5-trihydroxy benzoic acid (gallic acid) 4 was esterified by
refluxing in methanol in presence conc. H,SO, to give 5 in 95% yield. This

molecule on reaction with 1-bromo dodecane in DMF in presence of NaOH
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readily afforded 3.4,5-tri(dodecyloxy)benzoate 6 in 86% yield. Subsequent
hydrolysis using KOH and methanol resulted 7 in 94% yield. Upon reduction with
LiAlH,, the compound 6 gave the corresponding alcohol (8) in 72% yield.

Bromination of 8 with PBr; in dry CH,Cl, yielded the product 9 (82%).

Phosphonation of 9 with triethyl phosphite yielded 10 in 98%.

OH OH OR OR
a b c
HOOCQOH —_— H“COOC—QOH —_— H;COOC—Q—OR — HOOC‘QOR
H OH R
4 ‘ 5 6  ° 7 X
Jd
R:
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f e
Et0_ OR +—— OR +— OR
_P. Br HO
Et0” \p
R
10 g R g

Scheme 4.1. Reagents and conditions: a) HoSO4, CH30H, reflux, 10 h, 95%; b) docecyi bromide,
K,CQ3, DMF, 60 °C, 8 h, 86%; ¢) KOH, ethanol, reflux, 2 h, 94%; d) LiAlH4, THF (dry), 3 h, 72%; €)
PBr3, CH2Cly (dry), 0 °C - rt, 82%,; f) triethyl phosphite, 120 °C, 8 h, 98%.

OPV1 and its chiral analogue OPVS were prepared by treating OPV
alcohols 11a and 11b respectively with 7 in dry dichloromethane in presence of
DCC and DMAP. Reaction of 11a with acetic acid or propionic acid under the
same conditions yielded OPV3 and OPV4 respectively. Wittig reaction of OPV
bisaldehyde (12a) with the phosphonate ester 10 in dry THF i;] presence of NaH
yielded OPV2. Preparation of OPV6 was accomplished by the condensation

reaction of bisaldehyde 12b with ethyl cyanoacetate in presence of ammonium

acetate and acetic acid in toluene at 80 °C.
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Scheme 4.2. Synthesis of OPV1-6. Reagents and r;onditionsr a) compound 7, DCC, DMAP,
dichloromethane {dry), 0 °C - 1t, 4 h, 96%, b} acetic acid, DCC, DMAP, dichloromethane (dry), 0 °C
-1, 4 h, 97%,; c) propionic acid, DCC, DMAP, dichloromethane (dry), 0 °C - rt, 4 h, 96%; d)
compound 10, NaH, tetrahydrofuran (dry), 60 °C, 12 h, 70%; e) ethyl cyanoacetate, NH4OAc,
CH3COOH, toluene, 80 °C, 4 h, 95%.
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4.3.3. Gelation Studies

Gelation properties of the newly synthesized OPV derivatives were
examined in a range of organic solvents. Dissolution of small amounts of the
gelators in nonpolar hydrocarbon solvents such as decane, hexane, C);clohexane
and methyl cyclohexane under heating followed by cooling resulted in stable
transparent gels. The cooperative effects of several noncovalent forces such as n-
stacking, van der Waals and dipole-dipole interactions could be the driving force
for the gelation phenomena. However, they failed to form gels in polar solvents
such as chloroform, dichloromethane, tetrahydrofuran etc. Critical gelator
concentration (CGC) of all the derivatives in various nonpolar hydrocarbon
solvents is summarized in Table 4.1. OPV1-4 and OPVé were found to be
excellent gelators, whereas, the chiral derivative (OPV5) was highly soluble in all
the above solvents and hence failed to form gels. All the derivatives showed
lowest CGC values (high gelation ability) in n-decane. It should be noted that
OPV1-2 showed better gelation ability when compared to the other three
derivatives. This could be due to the presence of the 3,4,5-tridodecyloxybenzene
moiety, which may assist the gelation by enhancing the van der Waals and n-
stacking interactions between the neighborin-g molecules. OPV2 is the better

gelator when compared to OPV1 probably due to the extended m-backbone of the

former which enhances the n-stacking interactions.
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Table 4.1. Critical gelator concentration (CGC) of the OPV derivatives.

Solvent OPV1 OPV2 " 0PV3 OPV4 OPV6

mg/mL (mM) mg/mL (mM) mg/mL (mM) mg/mL (mM) mg/mL (mM)
n-Decane 1.0(0.36)  0.8(030)  16(1.04)  1.6(1.03)  26(1.59)
n-Hexane  1.2(0.43)  1.0(037)  1.8(1.17)  1.7(1.09)  2.8(1.71)
Cyclohexane 1.5(0.54)  12(0.45)  2.0(1.31)  2.0(128)  4.3(2.63)
Methyl

cyclohexane 2.6 (0.94) 20(0.74)  2.9(1.89) 2.8 (1.79) 4.5 (2.75)

4.3.4. Absorption and Emission Studies

Intense absorption corresponding to the m-n* transition and strong emission
with high quantum yields were observed for all the derivatives in various solvents.
The photophysical properties of OPV1-6 under investigation are summarized in
Table 4.2.

All the derivatives under study exist as molecularly dissolved species in
chloroform. OPV1, OPV3, OPV4 and OPVS exhibited similar absorption and
emission properties in chioroform. The absorption and emission spectra of OPV1
and OPV3 are shown in Figure 4.3a and 4.3c respectively. In these cases, the
absorption maximum occurred at 409 nm and -the emission maxima at 472 nm and
493 nm. When compared to these derivatives, the absorption and emission spectra

of OPV2 were shifted to red region due to its extended conjugation. The
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absorption maximum was found at 448 nm and the emission maxima were at 525
and 552 nm (Figure 4.3b). OPV6 showed maximum red-shifted absorption and
. emission spectra when compared to the other derivatives due to extended
conjugation and the presence of electron withdrawing groups (Figure 4.3d). In. this
case, the absorption maximum was at 504 nm and the emission maximum was at
605 nm. Fluorescence quantum yields of these derivatives were found to be high
in chloroform. Fluorescence lifetime analysis in chloroform exhibited

monoexponential decay indicating only one emitting species.

Table 4.2. Photophysical properties of OPV1-6

Absorption ‘ Emission
Conipound Solvent £x 10° .
a
/‘imﬂx (nm) (M-lcm-l) /lmax (nm) d)f @ T(DS)
OPVI Chloroform 409 4.67 472,493 0.71 - 1.73
Decane 397,470 3.83 509, 545 - 0.38 3.36
OPV2 Chloroform 448 6.15 525, 552 0.65 - 1.85
Decane 434, 510 5.03 542, 585 - 0.26 3.78
OPV3 Chloroform 408 4.41 470, 495 0.72 - 1.75
Decane 397, 460 3.78 507, 540 - - 0.35 3.41
OPV4 Chloroform 408 4.32 468, 494 0.72 - 1.78
Decane 398, 460 3.51 505, 536 - 0.32 3.25
OPV5 Chloroform 409 4.68 469, 497 0.74 - 1.79
Decane 404 431 459, 485 0.72 - 1.82
OPV6 Chloroform 504 4.03 603, 639 0.61 - 2.04
Decane 492 3.11 610, 635 - 0.12 425

a Fluorescence quantum yields of the monomeric species (in chloroform). b Fluorescence quantun
yields of the self-assembled molecules (in decane). Quinine sulphate (@ = 0.546 in 0.1 N HzS04
and Rhodamine 6G (& = 0.9 in ethanol) were used as the standards, error limit + 5%.
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Figure 4.3. Absorption (—) and emission (- -) spectra of a) OPV1 b) OPV2 ¢) OPV3 and d)
OPV6 in chloroform at room temperature. (¢ = 3 x 104 M, / = 1 mm, Aex = 380 nm for OPV1 and
OPV3, 420 for OPV2 and 480 nm for OPV).

In decane at room temperature, OPV1-4 and OPV6 (3 x 10 M) exhibited
characteristic absorption and emission properties of aggregated species. When
compared to chloroform, a red-shifted shoulder was observed in the absorption
spectra in decane which corresponds to the self-assembled species. Emission was
quenched and red-shifted in decane at room temberature. For example, OPV1
exhibited a broad absorption with a maximum at 397 nm and a shoulder around

470 nm at room temperature (Figure 4.4a). The emission maximum was found to
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be at 509 and 545 nm (Figure 4.5a). OPV3 and OPV4 showed similar absorption
and emission properties. However, they showed slight difference in the spectral
features when compared to that of OPV1 (Figure 4.4¢ and 4.5¢). OPV2 and
OPV6 showed more quenched emission in decane than the other derivatives.
OPV2 exhibited absorption maximum at 434 nm (Figure 4.4b) and emission
maxima at 542 nm and 585 nm (Figure 4.5b). Absorption maximum of OPVé was
found at 492 nm (Figure 4.4d), whereas, the emission maxima were at 610 nm and
635 nm at room temperature (Figure 4.5d). Low quantum yield and
multiexponential decay with increased lifetime was observed for OPV1-4 and
OPV6 in decane when compared to that of chloroform (Table 4.2) due to
aggregation. Absorption and emission of OPVS in decane resembled the spectra
obtained in chloroform because of its inability to form aggregates in decane.
Absorption and emission intensities of OPV1-4 and OPV6 in decane were
changed with temperature due to the reversible formation of the self-assembly. On
increasing temperature, the red-shifted shoulder in the absorption spectrum was
decreased and finally disappeared with an enhancement in the intensity at the
absorption maximum (Figﬁre 4.4). Similarly, .with increasing temperature, the
intensity of the red-shifted emission of the self-assembled species was decreased
with a concomitant increase in the emission corresponding to the monomer species

(Figure 4.5).
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Figure 4.4. Temperature dependent absorption spectral changes of a) OPV1 b) OPV2 c) OPV3
and d) OPV6 in decane. (¢ = 3 x 104 M, / = 1 mm, OPV4 showed similar absorption spectral

changes as that of OPV3),

4.3.5. Energy Migration Studies

Our earlier studies revealed that energy migration within the donor scaffold
plays an important role OI'l the efficiency of excitation energy transfer from the
donors to the acccptors.l3 In the present work, time resolved emission
spectroscopic (TRES) studies of OPV1-4 in the gel state at different time windows

were carried out which revealed the decay of the shorter wavelength emission and
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Figure 4.5. Temperature dependent emission spectral changes of a) OPV1 b) OPV2 ¢) OPV3 and
d) OPVS in decane. (¢ =3 x 104 M, /= 1 mm, Aex = 380 nm for OPV1 and OPV3, 420 for OPV2
and 480 nm for OPV6, OPV4 showed similar absorption spectral changes as that of OPV3).

enhancement of the longer wavelength emission with a red-s;lift in the emission
maximum. The dynamic red-shift of the emission maximum with time is due to
the population build up of the excited states of the higher order aggregates (lower
HOMO-LUMO energy gap) through excitation energy migration from the lower
order aggregates (higher HOMO-LUMO energy gap). However, under identical
conditions, gelators with bulky end groups (OPV1-2) showed remarkable

difference in the time resolved emission when compared to that of gelators with
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Figure 4.6, Time resolved emission spectra of a) OPV1 and b) OPV3 in the gel state in decane at

room temperature. (¢ = 5.6 x 104 M, (= 1 mm, Aex = 375 nm).

small end groups (OPV3-4). For example, the time resolved emission spectra of
the decane gel of OPV1 and OPV3 (5.6 x 10™* M) at different time settings at
ro\om temperature 1s shown in Figure 4.6. On excitation of OPV1 with 375 nm
laser, strﬁcturcd emission with maxima at 478 nm and 499 nm was observed at 56
ps. With time, it graduvally shifted towards red and finally resembled the steady
state emission with maxima at 509 and 544 nm after 2.35 ns. Interestingly, in the
case of OPV3, only 448 ps were needed to get the emission spectrum equivalent
to the steady state, 1.e., energy migration is fast in this case compared to that of
OPV1. The emission maximum of the initial spectrum was at 501 nm and finally
it reached to 509 nm. OPV2 showed similar property as that of OPVI1, whereas,
OPV4 showed similar properties of OPV3. Time span of 2.02 ns and 448 ps were

required to get the emission equivalent to the steady state emission of OPV2 and
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OPV4 respectively. This observation indicates that energy migration is less
efficient in organogelators with bulky end groups '(OPV1~2), whereas, it is more
efficient in gelators with small end groups (6PV3-4).

The wavelength dependence of the emission decay of OPV1 and OPV3 in
the gel state is depicted in Figure 4.7, which gives further evidence for the
difference in the energy migration efficiencies in these two self-assemblies. The
fluorescence decay collected at 430 nm is biexponential and decays faster than the
higher wavelength emissions. With increasing emission wavelength, the decay
becomes slower and triexponential with the formation of a rising component in the
initial time scale (Figure 4.7¢ and 4.7d), indicating the possible energy migration
from lower order aggregates to higher order aggregates. In the case of OPV1, time
scale of the growth component was found to be 473 ps, whereas, that of OPV3
was 224 ps indicating that the former needs more time for energy migration when
compared to that of the latter. Similarly, the growth time observed in OPV2 and
OPV4 was 416 and 226 ns respectively. These observations again prove that
energy migration is fast in OPV gelators with small end groups, whereas, it is siow
in gelators with bulky end groups. °

Fluorescence anisotropy studies were conducted in these molecular
assemblies to get more .insight into the difference in the energy migration

efficiencies. Figure 4.8a shows the fluorescence anisotropy decay of OPV1 gel in

decane monitored at 509 nm. The initial anisotropy vaiue (rg) was 0.24, which
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Figure 4.7. Wavelength dependent fluorescence decay profiles of a) OPV1 and b) OPV3 gels in
decane at room temperature. ¢) and d} shows the corresponding zoomed portion of the decay at
the initial time scales monitored at 430 nm (®) and 650 nm (A ). (¢ =5.6 x 104 M, /=1 mm, de =

375 nm).

lose the anisotropy memory and reaches the plateau region (r,) at 0.09 with a

decay time of 550 ps. Figure 4.8b shows the fluorescence anisotropy decay of

OPV3 gel in decane. In this case, rq (0.23) reached to r,, (0.09) with a fast decay

time of 245 ps. Similar studies on OPV2 and OPV4 were conducted at identical

conditions. Fast depolarization was observed in OPV4 as in the case of OPV3,
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whereas, slow depolarization is observed in ‘OPV2 similar to OPV1. The
difference in the emission depolarization confirmed that energy migration is slow

in OPV1-2, whereas, it is fast in OPV3-4.
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Figure 4.8. Time resolved fluorescence depolarization of a) OPV1 and b) OPV3 in the gel state in
decane at room temperature. (¢ = 5.6 x 104 M, / = 1 mm, Aex = 375 nm). Inset shows the
corresponding zoomed portion of the anisotropy decay at the initial time scales.

The above experiments indicate that the bulkiness of the end group plays a
crucial role on the energy migration efficiencies of OPV1-4. The bulky
tridodecyloxybenzene might reduce the chromophore interaction in the gel state
and hence slow down energy migration within the self-assembled scaffolds of
OPV1-2. Such a hindering due to the bulkiness of the end éroup is absent in
OPV3-4.

Studies with the non-gelling chiral derivative OPV5 under similar
conditions revealed that no energy migration occurs in this case. No change was

observed in the emission spectrum with time (Figure 4.9a). Lifetime decay profiles
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monitored at different wavelengths (450-650 nﬁl) when excited at 375 nm was
found to be same (Figure 4.9b). Moreover, ~the fluorescence depolarization showed
slow decay which gave further evidence for the absence of energy migration
(Figure 4.9c). The slow decay might be due to the rotational diffusion of the
molecularly dissolved chromophores in solution. These observations indicate that

self-assembly of the molecules is necessary for energy migration.
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Figure 4.9. a) Time-resolved emission spectra, b) wavelength dependent fluorescence decay and
c) fluorescence anisotropy decay of OPV5 in decane at room temperature. (c = 5.6 x 104 M, /= 1
mm, Aex = 375 nm).
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4.3.6. FRET Properties of OPV1

The emission of the donor (OPV1) and the absorption of the acceptor
(OPV6) showed significant spectral overlap which is necessary for efficient
energy transfer (Figure 4.10a). The overlap integral was found to be 1.78 x 10"
M 'em'nm®. It should be noted that the acceptor has minimum absorption at the
Amax Of the donor (Figure 4.10b) which allow the excitation of the donor without
the acceptor being get excited directly. These properties of OPV1 and OPVé6 are

ideal for the fluorescence resonance energy transfer between these molecules.
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Figure 4.10. a) Spectral overlap of the emission of OPV1 (- -) and the absorption of OPV6 (—);
b) Comparison of the absorption of OPV1 (—) and OPV6 (- ) in decane at room temperature.
(conc. of donor = 3 x 104 M, conc. of acceptor =6 x 105 M, /=1 mm, Aex = 380 nm)

Prior to the FRET studies, coassembly of the donor and acceptor is
confirmed by UV-vis, X-ray diffraction (XRD) and atomic force microscopic
(AFM) studies. Temperature dependent UV-vis absorption studies showed two

transitions upon heating a decane solution of the coassembly (donor conc. = 3 x
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10 M) containing 20 mol% of OPV6 (Figure 4.i 1). The increase in the intensity
of the absorption around 400 nm and the ({ecrease of the shoulder band at 470 nm
at 20-40 °C, correspond to the disruption of the donor scaffold. The second
transition observed at 40-50 °C with an in;:rease in the absorption around 491 nm
corresponds to the melting of the acceptor aggregates. This observation is a clear

indication of the aggregation of the acceptor molecules within the donor scaffold.
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Figure 4.11. Temperature dependent absorption changes of OPV1{ (3 x 104 M) in presence of 20
mol% OPV® in decane. Red lines indicate the spectral changes from 20-40 °C which corresponds
to the melting of the donor aggregates. Blue lines indicate the spectral changes from 40-50 °C
which corresponds to the melting of the acceptor aggregates formed within the self-assembly of the
donor molecuies. N

The X-ray diffraction patterns of OPV1 in the xerogel state prepared from
decane solution showed sharp reflections corresponding to the d-spacing of 30.15,
25.30, 9.93, 4.70, 4.29 and 3.78 A which are indications of n-stacked lamellar

packing of the molecules (Figure 4.12a). Absence of the sharp reflections,

particularly at 9.93 A, the broadening of the peaks at the short and the wide angle
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regions and the shift in the n-stacking distance from 3.78 to 4.07 A with 20 mol%
of the acceptor indicates the disruption of the continuous lamellar packing of

OPV1 as a result of the coassembly of OPV6 (Figure 4.12b and 4.12¢).

a)

| by

s A R AR P " P2 ' B

Figure 4.12. X-ray diffraction pattern of OPV1 containing a) 0 mol%, b) 10 moi% and 20 mol% of
OPV6 in the xerogel state.
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AFM images of OPV1, OPV6 and the coassemblies drop-cast from decane
solution (1 x 10 M) on freshly cleaved mica surfélce revealed the formation of
micrometer sized extended structures with (;istinct morphological features. F01:
example, the morphology of OPV1 exhibits short ﬁbrous texture, several of which
are aligned together to form bundles (Figure '4.l3a). The individual strands are a
few micrometers in length, 100-160 nm in width and 8-20 nm in height which are
not entangled. On the other hand, OPV6 forms entangled structures of infinite
“length having 40-200 nm width and 5-50 nm height (Figure 4.13b). Interestingly,
the coassembly of OPV1 with 20 mol% of OPV6 showed morphological features
of both compounds (100-300 nm width and 5-50 nm height, Figure 4.13c). These
observations confirmed the coassembly of the acceptor within the donor gel
scaffold in decane.

The FRET studies were conducted in the gel state in decane. Upon
excitation of the aggregates of OPV1 at 380 nm in the presence of 0-2 mol% of
OPV6, gradual decrease in the emission of the former with the concomitant
formation of the monomer emission of the latter was observed. However,
coassemblies with 2-20 mol% of OPV6 showed continuous shift of the emission
towards long wavelength, eventually resulting in the aggregate emission of OPV6
(Figure 4.14a). Thus, a continu'ous red-shift of the emission from 509-610 nm (A4
= 101 nm) could be possible by varying the concentration of the acceptor resulting

in ca. 98 % quenching of the monomer emission with a rate of 1.78 x 10" ™" This
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Figure 4.13. Tapping mode AFM height images of (a) OPV1 alone (b) OPV6 alone (c) coassembly
of OPV1 with 20 mol% of OPV6 (donor conc. = 1 x 105 M), recorded at same magnification.

rate 1S comparable with that reported for other supramolecular svstems.'* Not
much change was observed in the UV-vis absorption spectum of the donor on
addition of increasing amounts (0-20 mol%) of the acceptor (Figure 4.14b).
Fluorescence lifetime decay protiles of OPV1 (A, = 375 nm) monitored at
the aggregate emission méximum of the donor (509 nm) showed decrease in the
litetime with increasing concentration of the acceptor (Figure 4.15). The

accelerated decay of the donor {luorescence in the presence of acceptor ruled out
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Figure 4.14. a) Fluorescence spectra and b) the corresponding absorption spectra of OPV1 {c = 3
x 104 M, /=1 mm, Lex = 380 nm) on addition of increasing amounts of OPVS6 (0-20 mol%].

any trivial energy transfer pathways. The excited donor scaffold efficiently
transfers the energy to the acceptors which populate the excited states of the latter
before it decays by radiative mechanism.jfa"sl This is clear from Figure 4.16a,
which depicts the fluorescence decay of OPV6 (probed at 610 nm) alone in
decane and in the coassembly (20 mol% of OPV6). The growth observed at short
timescale is associated with the population increase of the excited states of the
acceptor upon energy transfer from the donor singlet which is followed by the
decay."”'® Comparison of the fluorescence spectra of OPV6 in the presence (A, =
380 nm) and in the absence of OPV1 (4 = 490 nm) under identical experimental
conditions reveals 2-fold increase in the intensity of the FRET emission (Figure
4.16b). Due to the low extinction coefficient ot; OPV6 at 380 nm, direct excitation
of the acceptor during energy transfer is negligible as evidenced by the extremely

weak emission.
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Figure 4.15. Fluorescence lifetime decay profiles of OPV1 (¢ = 3 x 104 M, /= 1 mm, Aex = 375 nm)
monitored at 509 nm on addition of different amounts of OPV6 (0-20 mol%).
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Figure 4.16. a) Fluorescence lifetime decay profiles of OPV6 alone (A ) and in OPV1{ gel () in
decane (monitored at 610 nm, Aex = 375 nm). b} Comparison of the FRET emission with 20 moi%
(6 x 105 M) of OPVS in presence of OPV1 excited at 380 nm (@& ), upor direct excitation of OPV6
in the absence of OPV1 excited at 380 nm (A} and 490 nm (A).

Fluorescence microscopic images of OPV1 and OPV6 under different

compositions provide visual evidence for the color tunable FRET process. In the

absence of OPV6, the donor exhibits bright green emission (Figure 4.17a). On

adding 2 mol% of OPV6, emission color changes to yellow due to the energy
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transfer from the donor aggregates to the monomers of the acceptor (Figure
4.17b). In presence of 20 mol% ot the acceptor. red emission was observed which
is of the acceptor aggregates through energy transfer from the donor aggregates

(Figure 4.17¢c).

Figure 4.17. Fluoresecence microscopy images of OPV1 containing a) 0 mol%, b) 2 mol% and ¢)
20 mol% of OPV6. Samples prepared by drop-casting the freshly prepared decane solution
containing vanous compositions of donor and acceptor.

Photographs o OPV1 gel in decane containing different concentrations of
OPV6 are shown in Figure 4.18. On addition of increasing amounts of acceptor to
the donor followed by heating and cooling yielded stable gels, whose emission

color (A, = 365 nm) change from green to red through yellow and orange.

i ii if iv

e—— G e
i“\.." - e PO =

Figure 4.18. Photographs of the decane gels of OPV1 containing different compositions of OPV6 i)
0 mot%, it) 1 mol%, i) 2 mol%, iv) 6 mol%, v) 12 mol% and vi) 20 mol% under illumination with 365
nm light.
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The reason for the observed shift in the emission of OPV1 in the presence
of varying amounts of OPVé6 is depicted in Figure 4.19. Coassembly of OPV1 and
OPV6 facilitates the encapsulation of the latter within the self-assembly of the
former. Under low mol%, OPV6 exists as isolated monomers within the
coassembly. At this point, partial transfer of the excitation energy occurs to the
monomer of OPVé6 resulting in yellow emission (A, = 555 nm). In contrast,
under higher mol% of OPV6, a statistical distribution of the aggregates with
different HOMO-LUMO gap 1s possible providing an energy gradient. In these
cases, the eventual FRET emission occurs from the higher order aggregates'®
available at each compositions of OPVé resulting in a gradual red-shift of the

emission to 610 nm with a complete quenching of the donor emission.

380 nm ) 380 nm 380 nm
2% Acceptor ' 20% Acceptor
"‘:[1 ; *'uv ' Lo \:;‘:LQ % . c
509 nm " 566 nm " 610 nm

Figure 4.19. Schematic representation of the color tunable fluorescence resonance energy transfer
process within the coassemblies having different amounts of the acceptor.

It is important to remember that this phenomenon is not possible if the
acceptor does not aggregate in a controlled way within the coassembly, or in the
case of ultrafast energy transfer with very low mol% of the acceptor resulting in

complete quenching of the donor emission. The success of the present approach is
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the control of the subtle balance between these two processes. This was proved
from the FRET properties of OPV3 using the same acceptor. Studies have shown
that the gelation ability of OPV3 was less, whereas, energy migration is more

efficient when compared to that of OPV1.

4.3.7. FRET Properties of OPV3

Similar to OPV1, the emission spectrum of OPV3 showed good spectral
overlap with the absorption spectrum of OPV6 (Figure 4.20). The overlap integral

was found to be 1.81 x 10" M"'ecm™'nm®.
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Figure 4.20. Spectral overlap of the emission of OPV3 (- -) and absorption of OPV6 (—) in
decane at room temperature. (conc. of donor = 5.6 x 104 M, conc. of acceptor = 1.12 x 104 M, /=

1 mm, Aex = 380 nm) )

As expected, the energy transfer efficiency was found to be better in OPV3
because of the high energy migration efficiency. Maximum quenching was
observed for OPV3 emission on addition of 3.1 mol% of the acceptor. At this

particular condition, 82% quenching was observed. Addition of further amount of
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the acceptor into OPV3 gel results gradual brealfing of the coassembly and hence
the monomer emission of the donor becomes predominant. This could be due to
the less stability of the gel formed by OPV3,l which undergo destruction in_ the
presence of the acceptor (OPV6). Figure 4.21 shows the change in fluorescence
emission and lifetime decay profile of Of'V3 on addition of varying amounts of
OPV6. Due to the efficient energy transfer even with small amount (3.1 mol%) of
the acceptor, subseduent addition does not make any change in the FRET
emission. In fact, addition of the acceptor above 3.1 mol% exhibited increase in
the emission intensity corresponding to the donor monomer emission indicating

the disruption of the coassembly.
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Figure 4.21. a) Fluorescence emission spectrum and b) fluorescence decay profiles of OPV3 in
the presence of different amounts of OPV6 in decane at room temperature. (conc. of donor = 5.6 x
104 M, /=1 mm, A=375nm).
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4.4. Conclusionvs

Remarkable control on energy rrzigration could be achieved by the
structural modifications of the QPV gelators. chosecond time resolved cmissi‘on
studies revealed less efficient energy migration in gelators with bulky end groups
when compared to that of the gelators With small end groups. Slow energy
migration allows tuning of the emission by the self-location of an acceptor as
‘isolated’ or ‘aggregéted’ energy trap within the self-assembled donor gel in a
controlied manner. The supramolecular approach described here allows the

continuous shift of the emission from green to red upon a single wavelength

excitation.

4.5. Experimental Section

4.5.1, Synthesis and characterization

The details of melting point, FT-IR, 'H NMR and '>’C NMR and MALDI-

TOF instruments are described in the experimental section of Chapter 2 of this
thesis (section 2.5.1).
4.5.1.1. General Procedure for the Preparation of OPV1, OPV3, OPV4

and OPV5
The OPV bisalcohol (11a or 11b, 1 mmol) was dissolved in dry CH,Cl, (40

mL) by stirring under argon atmosphere. The required acid (2.1 mmol) and

catalytic amount of DMAP was added to this solution and the reaction mixture
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was cooled to 0 °C by keeping in an ice-salt bath. DCC (2.5 mmol) was added to
the reaction mixture and stirring was continued for 4 h at room temperature. The
reaction mixture was filtered and the produ‘ct was precipitated by the addition ;)f
methanol. The crude product was then purified by eluting through a silica column

(100-200 mesh) using 1:3 CHCl;-hexane mixture.

4.5.1.2. General Procedure for the Preparation of OPV2

The OPV aldehyde (12a, 1 mmol) was dissolved in dry THF (15 mL) under
) argon atmosphere. Suspension of NaH (4.5 mmol) and the phosphonate ester (2.1
mmol) dissolved in dry THF (15 mL) was added drop-wise to this from a pressure
equalizer. The reaction mixture was heated at 60 °C for 12 h. The solution was
concentrated, extracted with chloroform and evaporatcd to dryness. It was then
. purified by eluting through a silica column (100-200 mesh) using 1:3 CHCls-

hexane mixture.

4.5.1.3. Genéral Procedure for the Preparation of OPV6

A mixture of the OPV aldehyde (12b, 0.5 mmol), ethyl cyanoacetate (1.2
mmol), NH4OAc¢ (20 mg), and acetic acid (5 mL) in toluene (30_mL) were stirred
at 80 °C for 4 h. The solvent was removed under reduced pressure. The residue
was extracted with chloroform and washed several times with water. The organic

layer was dried over anhydrous Na,SO, and concentrated to give the
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corresponding OPV  derivatives. Further purification was done by repeated

precipitation from chloroform by adding methanol.

Yield 96%. mp 80-82 °C. 'H NMR (300
oPV1
OR
OR S K©;0 MHz, CDCl;, TMS): & 0.78-0.82 (m,
O b OR .
e 36H), 1.19 (s, 192H), 1.35-1.44 (m, 24H),

1.62-1.81 (m, 24H), 3.90-4.00 (m, 24H), 5.31 (s, 4H), 6.91 (s, 2H), 7.07 (s, 4H),
7.22 (s, 8H), 7.40 (s, 4H) ppm. °C NMR (75 MHz, CDCly): § 14.11, 22.68, 26.07,
26.13, 26.22, 29.37, 29.43, 29.49, 29.59, 29.70, 31.93, 62.27, 67.77, 69.00, 69.16,
69.59, 73.50, 108.06, 109.51, 110.41, 114.76, 116.24, 123.18, 123.74, 124.76,
124.96, 127.28, 127.91, 150.46, 151.00, 151.39, 152.79, 166.38 ppm. FT-IR
(KB): Vimax 690, 723, 758, 804, 855, 899, 932, 966, 1024, 1068, 1120, 1209, 1250,
1333, 1383, 1427, 1464, 1508, 1591, 1717, 2850, 2920 cm™'. MALDI-TOF MS

(MW =2760.41): m/z = 2760.40 [M"].

Yield: 70%. mp 103-105 °C. 'H NMR (300
MHz, CDCl;, TMS): 8 0.82 (s, 36H), 0.91-

2.38 (m, 192H), 3.90-4.05 (m, 24H), 6.88

(s, 2H), 7.07 (s, 4H), 7.22 (s, 8H), 7.53 (s,
4H), 7.68 (s, 4H) ppm. °C NMR (75 MHz, CDCly): 5 12.34, 13.98, 19.56, 20.95,
22.64, 22.90, 24.28, 25.58, 27.62, 28.20, 28.78, 28.95, 29.32, 29.52, 29.61, 29.61,
29.72, 31.71, 32.11, 32.23, 36.19, 36.72, 37.31, 37.42, 37.99, 39.88, 40.14, 42.62,

49.72, 56.64, 56.88, 63.72, 68.27, 69.51, 76.46, 108.73, 114.34, 116.18, 12441,
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126.86, 127.56, 128.21, 133.21, 138.93, 142.73, 154.63, 155.84, 155.95 ppm. FT-
IR (KBr): Vimay 698, 725, 791, 857. 949, 969. 1002, 1032, 1077, 1208, 1261, 1352,
1379, 1423, 1462, 1503. 2850, 2922 cm’'. MALDI-TOF MS (MW = 2696.43):
m/z = 2696.46 [M'].

Yield: 97%. mp 88-90 °C. 'H NMR (300 MHz,

OPV3 OR O
OR O o

OR O s o CDCl;, TMS): 6 0.79-0.81 (m, 18H), 1.18-1.26 (m,
\nD O OR R=GH,,

o OR 96H), 1.34-1.42 (m, 12H), 1.66-1.79 (m, 12H), 2.11

(s, 6H), 3.89-4.00 (m, 12H), 5.15 (s, 4H), 6.90 (s, 2H), 7.13 (s, 4H), 7.46 (s, 4H)
ppm. °C NMR (75 MHz, CDCLy): 8 14.42, 21.34, 22.98, 26.50, 26.54, 26.63,
29.67, 29.78, 29.86, 29.97, 30.00, 32.22, 62.06, 69.10, 69.66, 69.89, 96.43,
109.85, 110.89, 115.40, 123.59, 124 23, 124.59, 127.64, 128.53, 150.76, 151.36,
151.65, 170.98 ppm. FT-IR (KBr): vimax 688, 721, 759, 803, 856, 898, 932, 967,

11025, 1066, 1122, 1208, 1252, 1335, 1382, 1426, 1465, 1506, 1591, 1718, 2852,

2921 em™. MALDI-TOF MS (MW = 1531.28): m/z = 1531.23 [M"].

Yield: 96%. mp 87-89 °C. '"H NMR (300 MHz,

TS
OR O
OR O X O
O N OR
450 OR o R=Ciktx

OPV4

CDCl;, TMS): 6 0.78-0.82 (m, 18H), 0.96 (s, 6H)

1.14-1.25 (m, 96H), 1.33-1.40 (m, 12H), 1.64-

1.78 (m, 12H), 2.10 (s, 4H), 3.90-4.00 (m, 12H), 5.14 (s, 4H), 6.88 (s, 2H), 7.11 (s,
4H), 7.44 (s, 4H) ppm. *C NMR (75 MHz, CDCL3): & 14.33, 21.32, 22.92, 26.39,

26.50, 26.55, 26.62, 29.61, 29.70, 29.86, 29.79, 30.57, 32.15, 62.12, 69.33, 69.68,
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69.77, 96.45, 109.16, 110.79, 117.46, 122.87, 123.47, 123.63 126.95, 127.65,
150.72, 151.28, 151.55, 171.02 ppm FT-IR (KBr): v, 68‘9, 722, 763, 802, 858,
900, 931, 969, 1024, 1068, 1124, 1210, 1252,‘ 13.;33. 1381, 1427, 1463, 1504,
1592, 1719, 2853, 2922 cm™': MALDI-TOF MS (MW = 11559.31): m/z = 1559.36

[M7].

Q Yield: 97%: mp 74-75 °C. 'H NMR (300

OR* O
. &  &| MHz, CDCl;, TMS): & 0.82-0.88 (m,
O OR R=C.H

36H), 1.25 (m, 192H), 1.38-1.45 (m,

24H), 1.72-1.89 (m, 24H), 3.98-4.01 (m, 20H), 4.09-4.11 (t, 4H), 5.38 (s, 4H),
6.98 (s, 2H), 7.15 (s, 4H), 7.30 (s, 8H), 7.61 (s, 4H) ppm. >*C NMR (75 MHz,
CDCL): 8 14.11, 19.845, 22.56, 22.69, 24.74, 26.07, 26.13, 26.22, 27.94, 29.37,
29.44, 29.50, 29.59, 29.70, 30.19, 30.34, 31.92, 36.52, 37.39, 39.27, 62.27, 67.77,
69.00, 69.16, 69.59, 73.50, 108.06, 109.52, 110.41, 114.76, 116.24, 123.18,
123.74, 124.77, 124.96, 127.28, 127.92, 150.46, 151.01, 151.39, 152.78, 166.39
ppm. FT-IR (KBr): vmax 691, 723, 760, 804, 854, 899, 933, 967, 1024, 1069, 1121,
1209, 1251, 1332, 1384, 1428, 1464, 1508, 1592, 1717, 2852, 2922 cm™'; MALDI-

~

TOF MS (MW = 2704.24): m/z = 2704.32 [M"].

OV Yield: 95%. mp 107-109 °C. '"H NMR (300

MHz, CDCl;, TMS): & 0.85-0.88 (m, 18H),

1.24 (s, 96H), 1.42-1.52 (m, 18H), 1.84-1.89



182 Chapter 4

(m, 12H), 4.07-4.09 (m. 12H). 4.34-4.41 (q, 4H), 7.16. (s, 4H), 7.49-7.54 (d, 2H),
7.60-7.66 (d, 2H), 7.98 (s. 2H). 8.78 (s, 2H) ppm. *C NMR (75 MHz CDCL,): &
432, 14.43, 22.90, 26.34. 26.46. 26.53, 29.46. 29.59, 29.69, 29.74, 29.95, 32.15,
62.49, 69.38, 69.59, 100.14. 109.78, 110.93, 111.88, 116.95, 120.37, 123.34,
127.12, 127.73, 134.74, 148.82, 150.74, 151.63, 154.08, 163.46 ppm. FT-IR
(KBr): vmax 719, 763, 802, 854, 961, 1024, 1049, 1091, 1165, 1213, 1240, 1294,
1346, 1365, 1394, 1429, 1467. 1506, 1571, 1726, 2214, 2848, 2916, 2956 cm™;

MALDI-TOF MS (MW = 1969.68): m/z = 1969.73 [M"].

4.5.2. General Procedure for Energy Transfer Studies

The energy transfer experiments were carried out in the gel state in decane
at room temperature. Gels for the FRET studies were prepared by adding
appropriate concentration of the acceptor (0-20 mol%) to 250 uL of the donor in
decane. Subsequent heating and cooling results stable coassembled gels at room
temperature. These samples were subjected to fluorescence measurements which

provided information on the FRET properties.

4.5.3. Description of Instrumental Techniques

4.5.3.1. Electronic Spectral Measurements

The details of UV-vis absorption spectro;:;hotometer, spectrofluorimeter and
time correlated picosecond single photon counting (TCSPC) system are described

in the section 2.5.2 of Chapter 2.
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4.5.3.2, X-Ray Diffraction Studies

Concentrated solutions of the samples were_prepared by dissolving it in
decane by heating. The hot solution was pour;:d on to a glass plate and allowed to
_evaporate slowly to get good xerogel ﬁlms. X-r'ay diffractograms of the dried

xeroge!l films were recorded on a Phillips Diffractometer using Ni filtered Cu Ka

radiation.

4,5.3.3. Fluorescent Microscopic Studies

Fluorescent microscopic images were recorded on a Nikon EpiFluorescent
Microscope TE300 using UV light (330-380 nm) as the excitation source. Samples
were prepared by drop casting decane solution (concentration of the donor was
kept at 3 x 10" M and concentration of the acceptor varied from 0-20 mol%) on a

glass slide followed by slow evaporation.
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