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Preface

This thesis is focused on the light induced processes in near-orthogonally arranged
bichromophores separated through a single bond. Developing efficient donor-
acceptor dyads which shows high fluorescent quantum yield in solution, crystalline
as well as self-assembled state is crucial for designing photonic and opto-electronic
devices. The energy transfer followed by electron transfer in a self-assembled state
can have potential use in the area of artificial photosynthesis. In this regard, we have
designed an near-orthogonal energy-transfer dyad based on naphthalenimide,
energy donor and perylenimide, energy acceptor units. The present thesis is divided

into four chapters.

The first chapter of the thesis is a review of the donor-acceptor systems
explored for studying photoinduced energy as well as electron transfer processes. A
brief introduction about the various mechanisms of photoinduced energy as well as
electron transfer processes will be discussed. It will cover important donor-acceptor
dyads used for photoinduced electron and energy transfer processes in single
molecule as well as in supramolecular assemblies that are reported in the literature.
It also provides the merits of orthogonal donor-acceptor dyads over existing donor-

acceptor dyads in photoinduced electron and energy transfer processes.

The second chapter discusses the synthesis and photophysical properties of a
near-orthogonal donor-acceptor dyad in which naphthalenimide (energy donor) and
perylenimide (energy acceptor) units are connected through a carbon-carbon single
bond. The napthalenimide-perylenimide dyad NP was synthesized through Stille
coupling reaction between the tributyltin derivative of N-hydroxypropyl
naphthalenimide and bromoperylenimide. A significant barrier (ca. 100 kJ/mol) to
rotation through the interchromophoric carbon-carbon single covalent (1.49 A) bond
between the naphthalenimide and perylenimide units prevents coplanarization of

the two units in the dyad NP thereby acting as independent chromophores/redox
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centers. Upon photoexcitation, highly efficient energy transfer is observed from
naphthalenimide (energy donor) to perylenimide (energy acceptor) moiety
predominantly through Coulombic coupling completely isolating the orbital overlap
(Dexter type) interaction between the chromophoric units at such short separation,
by virtue of their orthogonal arrangement. Because Forster’s ideal-dipole
approximation ignores the contribution from significant higher-order Coulombic
interactions at such short distances between donor and acceptor moieties, the
complete coupling was computed from the transition densities, giving an estimate of
the energy-transfer rate from the naphthalenimide donor to the perylenimide
acceptor of ker = 2.2 x 10!°s™!, in agreement with experimental observations. Ultrafast
excitation energy (ca. 40 ps, 90%) and electron (<0.5 ps, 10%) transfer from the singlet
excited state of naphthalenimide to the perylenimide moiety competes with further
delayed processes in the conjugate NP. Upon excitation at 345 nm, conjugate NP
exhibits near-quantitative energy transfer in combination with the solvent polarity
dependent (solvatochromic) perylenimide fluorescence resulting in a remarkable

Stoke’s shift of ca. 175-240 nm.

In the third chapter, the crystal packing and solid state photoluminescence
properties of the dyad NP in crystalline state in comparison to solution and thin film
states will be discussed. Highly efficient photoinduced energy transfer is observed in
an orthogonal bichromophore naphthalenimide-perylenimide (NP), leading to
strong solid-state luminescence (¥ = 0.5 + 0.04) in the red region (Aem = 631 nm). Steric
hindrance imparted by orthogonal naphthalenimide and diisopropyl phenyl units
prevents the association of perylenimide moieties, thereby retaining a high quantum
yield of fluorescence emission even in the crystalline state. Upon photoexcitation at
340 nm, the intramolecular parallel orientation of the transition dipoles permits
efficient Coulombic coupling between naphthalenimide and perylenimide units in
combination with weak H-type excitonic interactions between the intermolecular

perylenimide units that results in intense red fluorescence in the crystalline state of



dyad NP. We also tune the photophysical properties of dyad NP by successfully

attaching different alkyl chain units of various lengths to the NI unit.

The fourth chapter discusses the synthesis and vesicular self-assembly
formation of a near-orthogonal perylenimide-naphthalenimide bichromophoric
array (R/S)-NP(OH): having a a,p—dihydroxypropyl side-chain which exhibits
efficient photoinduced energy transfer followed by electron transfer in the presence
of an electron donor, indole. Energy as well as electron transfer processes in self-
assembled systems are crucial in the development of artificial light harvesting and
solar cell based functional materials. Existing non-covalent donor-acceptor
containing self-assembled light harvesting systems lack control on i) stoichiometry,
ii) orientation and iii) distance between the constituent donor and acceptor units that
can limit the efficiency of excitation energy transfer. In order to overcome these
limitations we have wutilized near-orthogonal perylenimide-naphthalenimide
bichromophoric array (R/S)-NP(OH): for the present study. This light harvesting
donor-acceptor dyad (R/S)-NP(OH): containing a «,B—dihydroxypropyl side-chain
can undergo molecule-bilayer-vesicle-gel-crystal transition. The vesicular nature of
the self-assembly is characterized by using various microscopic techniques including
atomic force microscopy (AFM), scanning electron microscopy (SEM), transmission
electron microscopy (TEM) and fluorescence optical microscopy (OM) imaging. By
virtue of steric hindrance offered by orthogonal naphthalenimide and 2,6-
diisopropylphenyl substituents, a very weak H-type excitonic interactions between
the perylenimide units resulted in high fluorescence quantum yield in the dyad
based metastable vesicular gel having a near-quantitative excitation energy transfer
from naphthalenimide to perylenimide. Femtosecond transient absorption
measurements of the dyad (R/S)-NP(OH)z:indole co-gel exhibit the vesicular scaffold
promoted extension of the survival time of charge separated states (~1.4 ns) when
compared to ultrafast charge recombination (~6 ps) in dyad (R/S)-NP(OH)2:indole

solution.
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Chapter 1

Introduction

Photoinduced energy transfer (ET) cassettes have important applications in the area
of DNA sequencing[1,2], cellular imaging[3], artificial photosynthesis[4-8], photonic
devices[9-13] and biomolecular sensing[14-18]. Understanding the various
mechanisms underlying excitation energy transfer (EET) processes are very
important for designing optoelectronic devices based on energy transfer processes.
The Forster[19] and Dexter[20] theory provides mechanistic insights into the basic
EET processes. The Forster theory is based on ideal dipole approximation of point
charges and it is no longer valid at places where the distance between the donor (D)
and acceptor (A) is comparable to the size of the individual chromophore. In such
systems approaches based on quantum mechanics provide more accurate
descriptions and it can be useful in designing efficient optoelectronic and photonic

devices for future applications.

Organic solid-state materials having intense solid state fluorescence exhibit
wide applications in the area of optoelectronic devices such as organic light-emitting
diodes (OLED)[21], solid-state lasers[22,23], organic light-emitting field effect
transisitors[24,25] and organic luminescent sensors[26,27]. Generally most of the
organic chromophores having strong luminescence in solution shows very low
fluorescence quantum yield in the solid-state due to concentration quenching[28-31].
Especially the red emitting dye molecules including perylenimides with extended
aromatic conjugated systems show various types of aggregation properties in the
solid state which diminishes the fluorescence emission[32-34]. There are some
exception to this behaviour which have been observed in molecules containing
spirobifluorene core[35] which are either weakly emissive or non-fluorescent in

solution shows enhanced fluorescence in the solid state due to the restricted internal
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rotation in the solid state. One of the peculiarities of spiro type compounds is the
perpendicular arrangement of the two molecular halves leading to a high steric
demand of the resulting rigid structure, efficiently suppressing molecular
interactions between the m-systems. The donor-acceptor (D-A) dyads which show
efficient solid-state luminescence in the crystalline state were less explored in the

literature[36].

Photoinduced energy as well as electron transfer processes in self-assembled
systems are crucial in the development of functional materials for artificial light
harvesting and solar cell applications [37,38]. Existing non—covalent donor-acceptor
containing self-assembled light harvesting systems lack control on i) stoichiometry,
ii) orientation and iii) distance between the constituent donor and acceptor units that
can limit the efficiency of excitation energy transfer. The vesicular nature of the
natural light harvesting unit provides efficient energy as well as electron transfer in
the photosynthetic unit of purple bacteria[39,40] which motivated us to exploit self-
assembled vesicular scaffold for photoinduced energy and electron transfer
processes. For this purpose we have chosen a covalently linked near-orthogonal
perylenimide-naphthalenimide chromophoric array for the present study, expected
to be a potential material in photonic devices. Perylenimides are well known for its
excellent light fastness, high chemical stability, high photoluminescence quantum
yield, and a wide range of colours that can be tunable by various substituents at the

bay position[41].
1.1 Energy Transfer Mechanisms

The photoinduced energy transfer processes take place by two distinct types of
electronic interaction between the donor (D) and acceptor (A) units. First one is the
electron exchange interaction also known as orbital overlap mechanism and second
is the dipole-dipole interaction known as Coulombic or resonance mechanism for

energy transfer. Dexter[20] and Forster[19] established the theory of energy transfer
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based on electron exchange and dipole-dipole interactions respectively. In honour of
the developers the theories for energy transfer are known as Dexter and Forster

mechanisms in the literature.
1.1.1 Dexter Energy Transfer

The Dexter excitation transfer mechanism is based on electron exchange; this means
that it requires an overlap between the wave functions of the donor and acceptor
units. Dexter excitation transfer is possible when the donor is in the excited state and
the acceptor can have a compatible lowest unoccupied molecular orbital (LUMO)
with either equal or lower in energy. In that case the electron from the singly
occupied molecular orbital (SOMO) of the donor can be transferred to the LUMO of
the acceptor and simultaneously an electron is transferred from the highest occupied
molecular orbital (HOMO) of the acceptor to the HOMO of the donor (which must
be equal or higher in energy than the HOMO of the donor, Figure 1.1). In this way

the net result is the transfer of the excited state from the donor to the acceptor unit.

_T _e Y I
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Figure 1.1 Schematic representation of the Dexter energy transfer mechanism.

The rate of energy transfer for the Dexter mechanism is dependent primarily
on the distance between the donor and acceptor (Rpa) and on the overlap between

the respective orbitals (Eq.1.1).

—2RpA
kgr (Dexter) = Kje“ L (1.1)
where K is a collection of constants related to specific orbital interactions, L is the
sum of the Van der Waals radii of the donor and the acceptor and ] is the spectral

overlap integral (Eq. 1.2).
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] =15 fo (0)ea(o)do (1.2)

For the Dexter electron exchange mechanism the spectral overlap integral J (Eq. 1.2)
is dependent on the integrated overlap of the donor fluorescence spectrum (fp) and
the acceptor absorption spectrum (€4), over wavenumbers o. Both the absorption
and emission spectra are normalized to unity (i.e. complete overlap would give | =
1). As a result | does not depend on the magnitude of €4, and therefore kg (Dexter)
is independent of the oscillator strength of the D* - D and A — A" transitions; in
contrast to Forster resonance energy transfer. Both singlet-singlet and triplet-triplet

energy transfer can occurs through Dexter mechanism.
1.1.2 Forster Resonance Energy Transfer

Forster resonance energy transfer (FRET)[19], is often referred to as fluorescence
resonance energy transfer in the literature even though fluorescence is not actually
involved. However, the overlap between the donor fluorescence spectrum and the
acceptor absorption spectrum plays an important role in the mechanism of FRET.
Overlap between wave functions is not a requirement for FRET and exchange of
electrons does not occur as with the Dexter mechanism. The FRET mechanism is
based on the resonance between two oscillating dipoles (i.e. the electric fields
associated with electrons). When the excited state has an energetically matching
oscillating electric field to that of a nearby molecule in its ground state [AE(D* —
D) = AE(A — A")] it is possible for the two dipoles to couple Coulombically and the
excited state energy can be transferred from the donor to the acceptor without
exchange of electrons, bringing the donor to the ground state and the acceptor to the

excited state (Figurel.2).

The Forster mechanism depends largely on three factors, 1) the overlap
between the donor fluorescence spectrum and the acceptor absorption spectrum (J),
2) the orientation between the dipoles of the chromophores (x), better orientation
gives better coupling and therefore better kgr and 3) inverse sixth power of the

4
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Figure 1.2 Schematic representation of the Forster resonance energy transfer mechanism.

distance between the donor and acceptor units (R%), where Rpa is the distance
DA
between donor and acceptor (Eq. 1.3).

k% J¢p 8.8 x10~28 mol
n41'D RgA

kgr(Forster) = (1.3)

Where k? being the orientation factor, n is the refractive index of the medium, ¢, is
the fluorescence quantum yield of the donor in the absence of acceptor and 7, is the
radiative lifetime of the donor in the absence of acceptor. In the case of FRET the
overlap integral | is the overlap integral between the donor emission spectrum and
acceptor absorption spectrum (Figure 1.3). The orientation factor x> between the
donor and acceptor dipole moments is given by (Eq. 1.4, 1.5)
k% = (cosO; — 3cos0,cos0,)? (1.4)
k% = (sinfpsinf,cosp — 2cosf,cosf,)? (1.5)
where 87 being the angle between the emission transition dipole of the donor and
the absorption transition dipole of the acceptor, 85, and 6, being the angles between
these dipoles and the vector joining the donor-acceptor pair and ¢ being the angle
between the planes (Figure 1.4). Depending on the relative orientation of donor and
acceptor transition dipoles the values for k? range from zero to four. Accordingly,
for collinear orientation of the transition dipoles k* equals to 4, and for parallel
orientation, k* equals to 1, whereas for a perpendicular arrangement of the transition
dipoles x?* vanishes to zero (Figure 1.4). For a randomized arrangement of donors
and acceptors due to rotational diffusion prior to energy transfer, k? is generally
assumed to be 2/3, given that a variety of static donor-acceptor orientations are

present.
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Figure 1.3 Schematic representation of the overlap integral J.

Figure 1.4 Dependence of the orientation factor x* on the directions of the emission

transition dipole of the donor and the absorption transition dipole of the acceptor.

The distance between the donor and the acceptor can be determined by the
following equation (Eq. 1.6)
E=——1 _ (1.6)

[1+C20)]
where E is the energy transfer efficiency and Ro is the Forster radius, which is the
distance at which energy transfer is 50% efficient and which is a property of an
individual donor and acceptor pair. The energy transfer efficiency can be
determined by either measuring the fluorescence lifetime of the donor in the
presence () and absence of acceptor (") or the donor fluorescence intensity in the
presence (F") and absence of acceptor (F), (Eq. 1.7).
' P

E=1-S=1-= (1.7)

T F

If the Forster radius is known then the distance between the chromophores can be
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determined. The Forster radius can be determined using the following equation (Eq.
1.8)
R, = 8.8 x 1028 . k2.] (1.8)

where ¢, is the donor fluorescence quantum yield.

Forster theory is based on the ideal dipole approximation which states that
the two dipoles are considered as point charges and it is valid when the separation
of the two charges is larger than the size of individual donor-acceptor units.
According to Forster theory the Coulombic coupling (V#9) between the donor and

acceptor transition dipoles is obtained by dipole-dipole interaction as

4TI€ R3

where |up|and |uy| are the transition dipoles of the donor and acceptor units
respectively, k is the orientation factor and R is the centre-to-centre separation
between the dipoles. But at shorter distance (<20 A) the ideal dipole approximation
breaks and the two dipoles will no longer act as a point charges. In such cases the
full Columbic coupling will not follow the R relationship and it can be calculated
either by energy-gap-based scheme or by direct coupling method[42]. The direct
coupling methods are using multipolar expression (includes dipole-dipole, dipole-
quadrupole, quadrupole-quadrupole, dipole-octopole, and octopole-octopole
coupling contributions to the exact coupling, V¢°*!)[43] or transition density cube
method (TDC)[44] for calculating the coupling constant. In the present thesis we
have used TDC method to calculate the Coulombic coupling between the donor-
acceptor units[44-49]. In TDC method the quantum mechanical wavefunctions of
initial and final states of electronic transitions are used to calculate the coupling
between the donor-acceptor units. The inverse product of these two wavefunctions
or the off diagonal elements of the quantum density matrix connecting the two

electronic states of a molecule gives the transition density (Eq. 1.10).
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My (F) = [ ¥rg ()i (Pds (1.10)
where ¢ and e describe the ground and excited state of the molecule k. The

Coulombic coupling is obtained by the Eq. 1.11

Coul _ 1 MD(‘F)MA(F) — 1=
VR = e [ PR (1.11)

where Mj(7) and M,(7) are the donor and acceptor transition density respectively.
The short range coupling can also be occurring due to orbital overlap effects and
exchange interactions other than columbic coupling. This can be calculated by using
fragment charge difference (FCD)[50] scheme by using an additional operator to

describe the extent of excitation localisation.

1.2 Forster Resonance Energy Transfer in Orthogonally

Arranged Chromophores

The donor-acceptor dyads (D-A) in which the donor and acceptor units are
connected by a flexible linker is associated with lower efficiency in energy
transfer[51]. This can be attributed to the larger spatial separation and various
dipolar orientations of individual donor-acceptor units. Interestingly donor and
acceptor units connected through a rigid spacer with steric blocks to prevent the
conjugation become increasingly important for various applications like cellular
imaging[52,53], biomolecular sensing and photonic devices[2,16,54-58]. The rigid D-
A pairs also shows better energy transfer efficiency as well as faster rate of energy

transfer.

1.2.1 Photoinduced Energy Transfer in Single Molecular

Donor-Acceptor Dyads

According to Forster resonance energy transfer theory the energy transfer between

the donor-acceptor pairs with perpendicular transition dipoles are forbidden.
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Contrary to this, Langhals and co-workers clearly demonstrated that efficient Forster
type energy transfer is possible in the case of benzoperylene hexacarboxylic
trisimide as the donor unit and perylene bisimide as the acceptor unit which are
connected through a 2,3,5,6-tetramethyl phenyl spacer with perpendicular dipole

arrangements (Figure 1.5)[59,60].

Perylene bisimide

/\/\0/\/\/\/\ Benzoperylene :

U

Figure 1.5 Perylene bisimide dyad with orthogonal transition dipole moments between the
energy donor (benzoperylene) and the energy acceptor (perylene bisimide). Reprinted with

permission from ref. [59]. Copyright 2010, American Chemical Society.

Even though the two dipoles are orthogonal to each other, the dyad shows
quantitative energy transfer efficiency with a rate of energy transfer, 1.06 x 10 s
The observed rate of energy transfer is not in good agreement with the Forster
theory. Recent literature shows that ideal dipole approximation fails to predict the
rate of energy transfer when the distance between the donor-acceptor units
compared to the size of the individual chromophoric units. In such cases transition
density cube (TDC) method[44] gives actual Coulombic coupling which retains all
terms in multipole expansion. However in this system TDC method shows
negligible Coulombic coupling between the donor-acceptor units. Taking all these in
consideration, authors claim that the efficient energy transfer in this system could be
due to the involvement of low-wavenumber ground state —-C-N bond bending

vibrations which break the orthogonal arrangement of the transition dipole
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moments. This work clearly shows that the fluctuations in the molecular geometry is
a decisive factor that has to receive more attention in future physical and chemical

applications involving energy transfer processes.

1.2.2 Photoinduced Energy Transfer in Supramolecular

Assembly

Solar light harvesting in natural photosynthetic unit is achieved by unique
arrangement of the various chlorophyll pigment molecules in the protein
matrix[45,61,62]. Inspired by natural photosynthesis various energy transfer systems
in self-assembled media are reported in the literature[63-66]. Meijer et al. reported
energy transfer in the self-assembled vesicles of oligo(p-phenylenevinylene) (OPV)
derivatives in which OPVS5 act as an energy donor and CN-OPV5 act as an energy
acceptor (Figure 1.6)[67]. Each of the donor and acceptor units form vesicles in
THF/water mixture (Figure 1.6 B) and it still retains the vesicle nature even after
mixing both the donor and the acceptor units in the same solvent mixture, confirmed

by confocal microscopic imaging (Figure 1.6 C, D).

C)

CN-OPVS

Figure 1.6 A) Chemical Structures of OPV5 and CN-OPV5; Schematic representation of
the formation of B) individual vesicles formed from OPV5 and CN-OPV5; C) vesicles
formed from mixture of OPV5 and CN-OPV5 and D) confocal microscopic image of vesicles
formed from mixture of chromophores OPV5 and CN-OPV5 in THF/water mixture.

Reprinted with permission from ref. [67]. Copyright 2006, Wiley-VCH.
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1.2.2 Photoinduced Energy Transfer in Supramolecular Assembly

Ajayaghosh et al. reported photoinduced energy transfer from oligo(p-
phenylenevinylene) (OPV) to rhodamine B in the xerogel phase with an efficiency of
90% in comparison to 60% efficiency in the solution state[68] indicating the role of
hydrogen-bonding and n-stacking in OPV self-assembly in facilitating energy
transfer and light harvesting processes. The same group reported efficient energy
transfer from OPV based self-assembled gel state to acceptor PYPV with extremely
low concentration (2M%) (Figure 1.7)[69]. OPV1 forms a strong gel in cyclohexane
solvent while OPV2 forms a weak gel and OPV3 do not form the gel at similar
conditions. This was one of the first example which demonstrated the use of
semiconducting molecular wire as an energy trap in the design of a light-harvesting
gel. Energy transfer occurs exclusively from the self-assembled donor (OPV)
structure to the molecular wires as a result of fast and efficient exciton migration
(Figure 1.8). The serious drawbacks of non-covalent donor-acceptor systems in
energy transfer dyads are the inability to control the distance and orientation of the

two moieties in the self- assembled media.

OR
— OR
"N /N oR
\\ // \
RO ﬁw
RO

RO
OPVA: R = CyHag, R' = CH,OH
OPV2:R = C16H33‘ R'=H
OPV3: R = CgHa3, R' = CH,OCH,

OR

|
NIPLN
A

PYPV: R = CyyHys, R' = CgHys

Figure 1.7 Molecular structures of the OPV donors (OPV1-3) and the PYPV acceptor.
Reprinted with permission from ref. [69]. Copyright 2003, Wiley-VCH.
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B)

1.53 mol %

Figure 1.8 Fluorescence microscopic images of the drop-casted OPV1-cyclohexane gel (1.12
mm);, A) in the absence and B) in the presence of PYPV (1.53 mol%), the insets show
photographs of the gels under the respective conditions when illuminated at 365 nm; C) A
schematic representation of a PYPV-encapsulated OPV1 tape. Reprinted with permission
from ref. [69]. Copyright 2003, Wiley-VCH.

Wiirthner et al. reported self-assembled covalently linked donor-acceptor
dyad containing naphthalene bisimide (NBI) as the energy donor and zinc chlorin
(ZnChl) as the energy acceptor (Figure 1.9)[65]. The ZnChl-NBI dyad self-assembles
into rod like structure (Figure 1.10) in cyclohexane/tetrachlorethane (1%) exhibiting
efficient energy transfer occuring from peripheral blue naphthalene bisimide (NBI)
dyes to the core ZnChl rod. The peculiar feature of these aggregates are the ZnChl
units form the ordered stacks of rod like structure and the NBI units hang around
the periphery without forming the aggregates. This will allow efficient energy
transfer from NBI to ZnChl and also shows increased light harvesting ability in the
aggregate structure compared to monomeric state. However in this system also

different orientation of donor-acceptor moieties are possible due to the flexibility of
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1.2.2 Photoinduced Energy Transfer in Supramolecular Assembly

NBI =

>—r/"L
ZNChE-MEBI1: R = MBI

ZnChl 2. R = 3,5-bis(dodecyloxy)benzyloxy
R' = 3,5-bis(dodecyloxy)benzoyl

Figure 1.9 Chemical Structures of ZnChl-NBI 1 and isolated chromophores 2 and 3.

Reprinted with permission from ref. [65]. Copyright 2006, American Chemical Society.

T T
100 200
nm

200 nm

Figure 1.10 A) Tapping mode AFM image of a ZnChl-NBI 1 sample, which was prepared
by spin-coating a solution of 1 in cyclohexane/THF (1%) onto highly ordered pyrolytic
graphite (HOPG) and measured under ambient conditions. B) Profile of the red line in A);
the wvertical distance between the red triangles provides the height of the rod aggregate.

Reprinted with permission from ref. [65]. Copyright 2006, American Chemical Society.

the linker which connects the donor and acceptor moieties. In comparison to the
conventional energy transfer dyads, orthogonal donor-acceptor dyads possess
control on orientation and the distance between donor and the acceptor moieties
which will be beneficial in designing efficient self-assembled energy transfer

cassettes.
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1.3 Photoinduced Electron Transfer

1.3 Photoinduced Electron Transfer

The photoinduced electron transfer process plays vital role in natural[70] and
artificial photosynthesis[4,5,71-74], bio-molecular sensing[75] and photo-voltaic
devices[10,76-78]. Electron transfer processes can operate through two possible
mechanisms namely oxidative and reductive electron transfer both of which require
a compatible acceptor in close proximity to the donor moiety. In oxidative electron
transfer an electron is transferred from the donor excited state (LUMO) to the empty,
lower energetic LUMO of the nearby acceptor unit creating a charge separated state
with a positively charged donor and negatively charged acceptor (Figure 1.11). In
the reductive electron transfer HOMO of the acceptor in the excited state abstract an
electron from the HOMO of the donor thereby creating similar charge separated
state as in the case of oxidative electron transfer. Both the electron transfer
mechanisms can be followed by back electron transfer, after which both donor and
acceptor will be returned to the ground state. The high energy charge separated state
lead to various types of photochemistry, which can be useful for wvarious
photochemical reactions and also the long-lived charge separated intermediates are

useful for n- and p-type based dye-sensitized semiconducting solar cells in which the

A*
Figure 1.11 Schematic depiction of oxidative (left) and reductive (right) electron transfer.

reduced rate of back electron transfer is desired. The Rhem-Weller analysis[79,80]
provides an estimate of the free energy of electron transfer by the following equation

(Eq. 1.12)
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1.3 Photoinduced Electron Transfer
AGet = Ef/xz (D) - E{/ezd(A) - E(OO) (A) + AECoulombic (1-12)

where E7J, (D) and Elrfzd (A) are the half-wave oxidation and reduction potential of
the donor and acceptor respectively, E (o) (A4) is the excited state energy of singlet or
triplet state involved and AEc,y1ompic is the Coulombic energy of the separated
charges in the solvent in which the electron transfer reaction is carried out. The
quantitative picture of electron transfer kinetics can be obtained by Marcus theory

which is not studied in the current thesis.

Fluorescence Quenching by Electron Transfer Reactions

Photoinduced electron transfer may lead to fluorescence quenching of the sample.
There are two types of quenching mechanisms by which electron transfer can occur
namely which are collisional or dynamic quenching and static quenching[29,81].
Both static and dynamic quenching need molecular contact between the fluorophore
and the quencher. In collisional quenching the quencher will diffuse to the
fluorophore in the lifetime of the excited state. After molecular contact the
fluorophore return to the ground state without the emission of light. In static
quenching a nonfluorescent encounter complex is formed between the fluorophore
and the quencher. Various substances can act as quenchers which include molecular
oxygen, different amines, halogenated compounds, metallic ions, indole, carbazole

etc.[29].
Collisional or Dynamic Quenching

The collisional quenching can be clearly described by Stern-Volmer equation (Eq.

1.13),

2=1-ke1olQ] = 1-Kp[Q] (1.13)

F

where F, and F are the fluorescence intensities in the absence and presence of

quencher; k; is the bimolecular quenching constant; 7,is the lifetime of the
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1.3 Photoinduced Electron Transfer

fluorophore in the absence of quencher, [Q] is concentration of the quencher and Kj
is the Stern-Volmer[82] quenching constant that can be expressed as K, = k;7, . On
plotting Fy/F versus [Q], a straight line with intercept on the y-axis and a slope
equals to Kj, is obtained. The dynamic quenching process can also depopulate the

excited state, the Stern-Volmer equation could be represented as (Eq. 1.14)

2 =1-kg%[Q] =1~ KplQ] (1.14)

T

Hence comparing Eq. 1.13 and 1.14 we got an expression as (Eq. 1.15)

Fo _ T_o
b (1.15)

T

One of the basic criteria for dynamic quenching is one should get the same
slope for fluorescence and time-resolved based Stern-Volmer plots (Figure 1.12).
Also, in the case of dynamic quenching process the high temperature produce faster
diffusion of charged intermediates which results in, an increase in the rate of
bimolecular quenching. The diffusion controlled quenching frequently results k,
value of 1 x 10" M~*s™*. A smaller value of k, can result from steric shielding of the
fluorophore or a low quenching efficiency and higher value may indicates some type

of binding interaction[29].

0]
T F

v

[Q]. M

Figure 1.12 Stern—Volmer plot for time-resolved (blue) and steady-state (red) dynamic

fluorescence quenching process.



1.3 Photoinduced Electron Transfer

Static Quenching

In static quenching a non-fluorescent ground state complex is formed between the
quencher and fluorophore[83]. After absorbing light, this complex returns to the
ground state without emitting light energy. The Stern- Volmer constant can be easily
derived by considering the association constant for the complex formation as (Eq.

1.16)
2 =1+ KQ] (1.16)

where K is the association constant and similar to dynamic quenching it also shows
linear relationship of Fy/F versus [Q] (Figure 1.13). In static quenching there will not
be any change in fluorescence lifetime since the complexed fluorophores are
nonfluorescent and the lifetime of uncomplexed fluorophore will remain the same.
Hence for static quenching 7,/7 = 1 instead for dynamic quenching 7./t = Fy/F .
The increase temperature results dissociation of weakly bound complexes and

reduce the rate of static quenching process.

A

A 4

[Q], M

Figure 1.13 Stern—Volmer plot for time-resolved (blue) and steady-state (red) static

fluorescence quenching process.
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1.3.1 Photoinduced Electron Transfer in Single Molecular

Donor-Acceptor Dyads

The intermolecular photoinduced electron transfer (PET) reactions are greatly
supressed due to fast charge recombination by the backward electron transfer (BET)
between the charged intermediates[71,84]. Also the intermolecular electron transfer
has no control over the distance and orientation between the donor and acceptor
molecules. To overcome this problem donor and acceptor moieties are covalently
linked by a flexible or rigid linker (Scheme 1.1)[85]. The porphyrin (donor) and
quinone (acceptor) is one of the most studied covalently linked systems for photo-
induced electron transfer processes because of its resemblance with natural light

harvesting assembly (Figure 1.14)[71].
h
D—A—">1D"—A
DA ——> D A~
Kger
D*—A-—>D—A
Scheme 1.1 Shows the forward and backward electron transfer processes in a donor-acceptor

dyad upon photoexcitation.

Anthraquinone (acceptor)

Figure 1.14 Structure of covalently linked porphyrin-anthraquinone donor-acceptor pair.
Reprinted with permission from ref. [71]. Copyright 1997, Royal Society of Chemistry.
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1.3.1 Photoinduced Electron Transfer in Single Molecular Donor-Acceptor Dyads

Fukuzumi et al. reported longer lifetime (2 h at 203 K) for charge separated
intermediate upon photoexcitation in an orthogonal dyad consisting of 9-mesityl-10-
methylacridinium ion (Acr*-Mes) in which mesityl group act as electron donor and
methylacridinium group act as an electron acceptor[86]. The X-ray crystal structure
clearly indictes the perpendicular arrangement of donor-acceptor units in the dyad
(Figure 1.15A). The HOMO and LUMO orbitals of Acr'Mes calculated by DFT
method with Gaussian 98 (B3LYP/6-31G* basis set) were found to be localized on

individual mesitylene and acridinium units, respectively (Figure 1.15B, C).

Figure 1.15 A) Crystal structure of Acr*-Mes; B) HOMO and C) LUMO orbitals of Acr*-
Mes calculated by a DFT method with Gaussian 98 (B3LYP/6-31G* basis set). Reprinted

with permission from ref. [86]. Copyright 2004, American Chemical Society.

The natural photosynthetic reaction center exploits sequential multistep
electron transfer from the excited chromophore to the terminal electron acceptor
mediated by multiple donor-acceptor units, which are well-organized in a protein
matrix in order to attain a longer lifetime for the final charge-separated (CS) state.
Learning from the natural photosynthesis, various systems were developed by
covalently linking multiple donor-acceptor units for maximising the charge

separation efficiency as well as lifetime[84,87]. Wasielewski et al. reported efficient
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1.3.1 Photoinduced Electron Transfer in Single Molecular Donor-Acceptor Dyads

photoinduced electron transfer in donor-acceptor-acceptor triad consisiting 9-(N-
pyrrolidinyl)- and 9-(N-piperidinyl)perylene-3,4-dicarboximides, 5PMI and 6PMI
respectively as two different donors and pyromellitimide as the primary acceptors
and naphthalene monoimide and naphthalene diimide as two different secondary
acceptors respectively (PMI-PI and PMI-PI-NI, Figure 1.16)[8]. One of the important
facts about this system is that the donor PMI moiety shows 70% charge transfer
character in the singlet excited state allowing further charge shift reactions to
produce the charged intermediates. The authors found that depending on the nature
of polarity of the solvent the triad shows different mechanisms of energy transfer as
changing from sequential electron transfer in tetrahydrofuran (THF) to single step
superexchange mechanism in toluene which produce final charged intermediates as
PMI™* — PI — NI'". But in the sequential electron transfer initially PMI'* — PI'™ — NI
is formed which undergo charge shift reaction to produce the final charged
intermediate.

R
(CHy)m o O 0 o

)
W
00 o O

R
5PMI-PI (n=0), 6PMI-PI (n=1)

R
(CHa)r o O 0 o 0

O 0
-
. N—N N—N ' N_CBH1?
W T >

R
5PMI-PI-NI (n=0), 6PMI-PI-NI (n=1)

Figure 1.16 Structure of covalently linked perylenimide-pyromellitimide-napthalenimide

triad. Reprinted with permission from ref. [8]. Copyright 2009, American Chemical Society.
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1.3.2 Photoinduced Electron Transfer in Self-Assembled State

Self-assembled donor-acceptor molecules play important role in photoinduced
electron transfer processes as evident from natural photosynthesis. The self-
assembled systems use non-covalent interactions like hydrogen bonding[88], metal-
ligand coordinate bond[89,90], aromatic n-stacking[37] and hydrophobic
interactions[91] that will arrange the donor-acceptor moieties in well-defined three
dimensional arrays for facilitating efficient photoinduced electron transfer processes.
Meijer et al. reported photoinduced electron transfer in hydrogen bonded self-
assembly of oligo(p-phenylenevinylene) (OPV) and perylene bisimide (PBI) which
forms chiral fibers in cyclohexane medium (Figure 1.17)[92]. Femtosecond transient
absorption measurements indicate the formation of OPV radical cation upon
photoexcitaion of OPV at 450 nm in the self-assembled fibres which confirms the

photoinduced electron transfer occuring from OPV to PBI.

\ OC12H2s
@ \ @ OC2Hys5

OC12H3s

OPV Perylenen bisimide (PBI) OPV

Figure 1.17 Shows the 2 : 1 assembly of OPV and PBI. Reprinted with permission from
ref. [92]. Copyright 2002, American Chemical Society.

Recently Wasielewski and co-workers reported the synthesis, self-assembled
properties, and ultrafast electron transfer dynamics in perylene-3,4-dicarboximide
(PMI) covalently linked to an N,N'-bis(3,4,5-tridodecyloxyphenyl)melamine
(elelctron donor, D) via a biphenyl spacer (PMI-Phz-D). Synchrotron-based small-
and wide-angle X-ray scattering (SAXS/WAXS) measurements in methylcyclohexane

solution concluded that PMI-Phz-D forms self-assembled m—mt stacked hydrogen-
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1.3.2 Photoinduced Electron Transfer in Self-Assembled State

bonded foldamers consisting of two or three hexameric rings or helices (Figure
1.18)[93]. Femtosecond transient absorption spectroscopic measurements revealed
that photoinduced charge separation within these nanostructures occurs by an
exclusive pathway evolved in the self-assembly, whereas electron transfer does not
occur in the PMI-Ph:-D monomers in tetrahydrofuran solution. Upon
photoexcitation at 532 nm, the hydrogen bonded self-assembly exhibits singlet
excited state absorption of PMI at 690 nm immediately followed by the formation of
ni—7t stacked radical anion of PMI at 630 nm. Singular value decomposition (SVD) of
the three-dimensional A A versus time and wavelength data set followed by global
fitting yields three principal components with a charge separation lifetime, tcs= 3.4
ns and two charge recombination times of tcr1 =25 + 2 ps (60 %) and tcrz = 260 + 30

ps (40 %) (Figure 1.19).

monomer

Figure 1.18 Shows that intramolecular electron transfer is not happening in the monomeric
(PMI-Ph2-D) state (right) and intermolecular electron transfer is occurring in the hydrogen
-bonded assembly (left). Reprinted with permission from ref. [93]. Copyright 2012, American

Chemical Society.
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Figure 1.19 Principal components of the femtosecond transient spectra obtained by SVD
analysis. Scattered laser light at 520-540 nm is removed from the spectra. Reprinted with

permission from ref. [93]. Copyright 2012, American Chemical Society.

Previously the same group reported efficient photoinduced electron transfer
in self-assembled n-stacked helical hexameric triad consisting of aminopyrene
primary donor (APy) and p-diaminobenzene secondary donor (DAB) attached to a
both imide nitrogen atoms of a perylene-3,4,9,10-bis(dicarboximide) (PDI) electron
acceptor (DAB-APy-PDI-APy-DAB, Figure 1.20)[8]. The small and wide angle X-ray
diffraction studies and the time-resolved electron paramagnetic resonance (TREPR)
spectra showed rapid formation of DAB™* — PDI'~ radical ion pairs with an average
distance of 31 A between the two radical ions, which is much larger in the assembly
than in their monomeric building blocks (23 A). This work emphasises the
importance of n-n stacking to facilitate rapid charge separation to compete with
charge recombination in self-assembled state which will have potential applications

in the area of artificial photosynthesis and organic photovoltaics.
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Figure 1.20 A) Structure of the trind DAB-APy-PDI-APy-DAB; B) intra vs inter-
molecular charge separation distance of hexameric DAB-APy-PDI-APy-DAB in methyl
cyclohexane. Reprinted with permission from ref. [8]. Copyright 2009, American Chemical

Society.
1.4 Artificial Light Harvesting Systems

Photosynthesis is a natural process in which sunlight is collected efficiently by vast
array of light-harvesting chromophores and absorbed energy is fed into the single
reaction centre (RC). Nature uses antennae systems to enhance the problem of light-
harvesting efficiency (Figure 1.21A). Collecting light by means of antenna systems
provides the absorption of sunlight over a wide range of wavelength and which will
eventually produce much more concentrated energy at the RC by the successive

energy transfer processes.

The most widely studied natural antennae are the light-harvesting complexes
of photosynthetic purple bacteria. Figure 1.21B is the schematic representation of
overall photoinduced energy and electron transfer processes occurring in purple

bacteria[94]. The crystal structure of light-harvesting antennae complex LH2 was
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hy

Figure 1.21 A) Schematic representation of a light-harvesting antenna system where A
indicates the final acceptor unit; B) schematic representation of the overall light-harvesting
process by LH2 and LH1. Reprinted with permission from ref. [94]. Copyright 2000, Royal

Society of Chemistry.

determined by high resolution X-ray[95]. It is composed of ring shaped assembly of
chlorophyll molecules and carotenoids molecules embedded in a protein matrix.
Chlorophyll molecules function as light harvesting antennae. The energy collected
by LH2 is transferred to LH1 antennae complex, which surrounds the RC. The
reaction centre is the final destination of the collected energy, undergo further
electron transfer following which splitting of the water molecule takes place.
Schulten et al. simulated the structure of chromatophore vesicle of the
photosynthetic unit of the purple bacteria with the help of atomic force microscopy
(AFM), electron microscopy and X-ray crystal structure (Figure 1.22)[96]. The
detailed analysis of the crystal structure indicates that the curvature properties of
chromatophoric vesicular nature of the purple bacteria provides close packing
between the chlorophyll molecules required for effective coupling which helps for
efficient energy transfer. The natural photosynthetic unit not only harvest the light

energy but also facilitate efficient photoinduced electron transfer followed by rapid
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charge migration by using multiple donor-acceptor units which separate the charge
far apart preventing the fast charge recombination by back electron transfer

mechanism.

Figure 1.22 Spherical chromatophore from Rhodobacter sphaeroides showing A) proteins and
B) bacteriochlorophylls. The RC is shown in red, LH1 is in blue, and LH2 is in green.
LH1-RC complexes form fiqure-eight-shaped dimers in Rhodobacter sphaeroides. Reprinted
with permission from ref. [96]. Copyright 2012, American Chemical Society.

1.4.1 Photoinduced Energy and Electron Transfer in Single

Molecular Donor-Acceptor Dyads

As a mimic to natural photosynthesis both energy and electron transfer processes in
single molecular donor-acceptor systems had been studied in the literature[73,74].
Moore et al. reported photoinduced energy transfer followed by electron transfer in a
molecular pentad (C-Pzn-P-Q~-Qs) containing carotenoid species (C), zinc porphyrin
(Pzn), free base porphyrin (P), napthoquinone (Q~) and benzoquinone (Qs) which are
linked covalently (Figure 1.23)[74]. Upon photoexcitation of Pz: energy transfer will
occur from Pz to P followed by electron transfer to Qn to produce C-Pza-P+-Qn~-Qs
which can further undergo electron migration to Qs and donation of an electron from

Pzn to P+ followed by charge shift from carotenoid species produce final charge
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transfer intermediate C+*-Pzs-P-Qn-Qs~. The final charge separated state exhibits a

lifetime of 200 ps with a quantum yield of 0.6 in dichloromethane solvent.
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Figure 1.23 Structure of molecular pentad C-Pz.-P-Qn-Qs. Reprinted with permission from
ref. [74]. Copyright 1993, American Chemical Society.

1.4.2 Photoinduced Energy and Electron Transfer in Self-

Assembled Systems

Numerous classes of functional dyes have been employed to design
multichromophoric architectures among which perylenimides (PIs) exhibit strong
tunable absorption in the visible region, bright photoluminescence with quantum
yields close to wunity, chemical inertness, low triplet yield and excellent
photostability[32,97-99]. Perylenimides have been utilized in various electronic and
optical applications such as photovoltaic devices, dye lasers, light-emitting diodes,
tield-effect transistors, electrophotographic devices and solar collectors[13,21,100].
Furthermore, their ability to form supramolecular light-harvesting architectures by
ni-1t stacking, hydrogen-bonding or metal-ion-coordination justifies their wide use as
building blocks for the design and synthesis of artificial antenna model
systems[93,101-103].

Wasielewski et al. reported the antenna reaction-centre array as shown in
Figure 1.24A. These molecules can be prepared by functionalization of a 1,7-

dipyrrolidino-perylene  bisimide chromophore with four 1,7-(3",5'-di-tert
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-butylphenoxy)-perylene bisimide moieties which self-assembles to form stacked
dimers in toluene[37]. Self-assembly is used here to produce an artificial light-
harvesting antenna structure containing a functional special pair unit of two stacked
1,7-pyrrolidino-substituted PBlIs (Figure 1.24B). Upon photoexcitation, energy
transfer from the 1,7-(3’,5’-di-tert-butylphenoxy)-perylene bisimide moiety to the 1,7-
dipyrrolidino-perylene bisimide unit occurs with a lifetime of T = 21 ps. The energy
transfer followed by ultrafast charge separation occurs due to excited-state
symmetry breaking that produces a charge separated state with a lifetime of, Tt =7
ps which could be attributed to 1,7- dipyrrolidino-perylene bisimide monoanion and
-cation. The ion pair recombines with a lifetime of T = 420 ps. Notably, the electron
transfer occurs only in the dimeric system and is not observed in the disassembled

monomer, thus mimicking both antenna and special pair function in photosynthesis.

'\Energy transfer 21 ps

Electron transfer 7 ps

Figure 1.24 A) Chemical structure of the antenna reaction-center array obtained by
functionalization of a 1,7- dipyrrolidino-perylene bisimide chromophore with four 1,7-(3°,5'-
di-tert-butylphenoxy)-perylene bisimide moieties; B) schematic  representation of the
processes occurring in the excited state after photoexcitation. Reprinted with permission from

ref. [37]. Copyright 2004, American Chemical Society.

Guldi et al. reported energy transfer followed by electron transfer in a
hydrogen-bonded  self-assembly of perylene diimide 1a with zinc
tetraphenylporphyrin (ZnP) 2 complexed with 4-pyridinylfulleropyrrolidine 3[89]
(Figure 1.25). Steady-state fluorescence and femtosecond time-resolved transient
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1.4.2 Photoinduced Energy and Electron Transfer in Self-Assembled Systems

absorption measurements support that in the triad 1a.2.3, an initially energy transfer
occurs (53 * 3 ps) from 1a to 2 is followed by an electron transfer (12 + 1 ps) from 2
to 3. Multiwavelength analyses indicate that the correspondingly formed radical ion-

pair states are longer lived in 1a.2.3 (3.8 £ 0.2 ns) than in 2.3 (1.0 + 0.1 ns).

1a
(9]

D
N~

Figure 1.25 Structure of the triad 1a.2.3. Reprinted with permission from ref. [89].
Copyright 2012, Proceedings of the National Academy of Sciences of the United States of

America.

Meijer et al. reported energy transfer followed by electron transfer in a mixed
assembly of (OPV4)s porphyrins ( Zn porphyrin 1 and free base porphyrin 2, Figure
1.26A) and Ce in the presence of water[38]. The self-assembled fibres (OPV4)4
porphyrins (Figure 1.26B) exhibit energy transfer from OPV via Zn porphyrin 1 to
free base porphyrin 2. The addition of Ce to aggregated 1 or 2 results in
photoluminescence quenching of porphyrin emission indicating the possibility of
photoinduced electron transfer to Ceo. But the detailed analysis of electron transfer
kinetics are not discussed in the present literature even though it claim the first

report of sequential energy and electron transfer in a self-assembled system.
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1(M=2H)

2(M=Zn) /ﬁ”o

R= O O or

Figure 1.26 A) Structure of (OPV4)s-H: porphyrin (1) and (OPV4)+Zn porphyrin (2); B)
Tapping mode AFM image showing fibers of 1, dropcast from water (10-5 M) onto a mica
surface (420 x 420 nm). Reprinted with permission from ref. [38]. Copyright 2005, American

Chemical Society.

1.5 Thesis Outline

From the discussions on the photoinduced energy and electron transfer process we
can understand that near-orthogonal dyads are less explored in the literature. The
energy or electron transfer in single molecule or self-assembled systems is well
studied in the literature. It is well understood from the literature that the m-m
stacked self-assembly promotes efficient photoinduced electon transfer by reducing
the charge recombination pathway. Also both energy and electron transfer in single
molecules and dimeric assemblies are well explored in the literature. The existing
challenge is to develop a self-assembled system of a covalently linked donor-
acceptor dyad which undergoes efficient photoinduced energy transfer followed by
electron transfer in the presence of a suitable external electron donor or acceptor
(Figure 1.27). In this scenario we have designed a near-orthogonal donor-acceptor
dyad consisting of naphthalenimide (energy donor) and perylenimide (energy
acceptor) having parallel dipole orientations with effective spectral overlap between

donor emission and acceptor absorption.
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Figure 1.27 Schematic representation of strategy of the thesis.

The current thesis is divided into three major chapters excluding the
introduction (chapter 1). Chapter 2 describes the design, synthesis and energy
transfer properties of near-orthogonal donor-acceptor dyad in the solution state.
Chapter 3 highlightes the prominence of crystal ordering in modulating the
photophysical properties of the donor-acceptor dyad in the crystalline state. The
tinal part of the thesis (chapter 4) focuses on the energy transfer followed by electron
transfer in a n-m stacked vesicular scaffold in the presence of an external electron
donor. We were successful in enhancing the survival time of the charge-separated
state with the proposed design which will find applications in designing various

types of photo-functional materials.
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Chapter 2

Photoinduced Energy Transfer in Near-
Orthogonally Arranged Chromophores
Separated through a Single Bond

2.1 Introduction

Energy transfer (ET) cassettes have gained immense importance during the last
decade in the areas of DNA sequencing[1,2], microscopic imaging[3], artificial light-
harvesting[7,60,66,98,104-124] and biomolecular sensing[14-18,48,49,55,59,125-130]
among others. Electronic excitation energy transfer (EET) is the ubiquitous
mechanism for energy transfer in multi-chromophoric systems[131]. EET
mechanisms, characterized by their different distance dependences, include the
Forster type ‘Coulombic’ interactions, Dexter type exchange interactions[20] and
other contributions to short range coupling due to orbital overlap
effects[42,44,50,132-134]. Recently, coherent effects including interference between
the different EET mechanisms have also been of interest[45,47]. When orbital overlap
between the chromophores is minimal, then the Dexter type, through bond
interactions including exchange effects due to the indistinguishability of electrons
are highly (exponentially) suppressed. Typically when the chromophores are
separated by more than 2 — 5 A, orbital overlap effects can be ignored. At large
separations, the dominant through space Coulombic interaction is described by
Forster theory wherein the electrostatic coupling is approximated by the dipole-
dipole interaction between the chromophores. However the ideal-dipole
approximation (IDA) proposed by Forster to predict the rate of energy transfer in

such cassettes breaks down at distances that are short compared to the size of the

Publication based on this work has been reported in J. Phys. Chem. C 116, 12489-12498 (2012)



2.1 Introduction

chromophores[135] due to higher order interactions such as quadrupole -

quadrupole, octupole - octupole interactions.

At relatively short separations between the chromophores, efficient energy
transfer through the Dexter mechanism has been isolated and studied[2,53] in
orthogonally aligned chromophoric dipoles (orientation factor; x> = 0) for which
Coulombic coupling is suppressed due to perpendicular orientation. However, the
electronic coupling for excitation energy transfer through predominant Coulombic
interactions at short separations compared to the size of the chromophores excluding
the possibility of energy transfer through orbital overlap has received less attention.
Understanding mutually exclusive energy transfer pathways at short separation is
demanding to yield better insight on coherence in quantum energy transfer[45].
Detailed analysis of such short distance energy transfer conjugates having negligible
orbital overlap and the design of novel probes that combine solvatochromism[136]
offering large Stoke’s shift for biological applications[3,137,138] is of significant

interest.

Herein, we report the synthesis and photophysical properties of a new
candidate (extended 1,1’-bithahthyl derivative) to act as an energy transfer conjugate
(Figure 2.1) that can be conveniently incorporated into oligo-nucleotides or peptides.
The present molecular system integrates naphthalenimide (energy donor) and
perylenimide moieties (energy acceptor; dipolar) at the distance of a single covalent
bond and enforces a sterically driven orthogonality between the two chro-
mophores[139]. The perpendicular arrangement of the incorporated chromophores
results in negligible orbital overlap thereby isolating efficient energy transfer that
effects through Coulombic interactions at short separations. By virtue of the dipolar
nature of the perylenimide moiety and the possibility of exciting the
naphthalenimide moiety (energy donor), this conjugate exhibits remarkable pseudo

Stoke’s shift of ca. 175-240 nm that is promising for biological applications.
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~Ee3te

R=H; NI R'=H; PI
R =-C=CH; NI-Ac R' = -C=CH; PI-Ac
R =-CgHs; NI-Ph R' = -CgHs; PI-Ph

HO

Figure 2.1 The structures of NI, NI-Ac, NI-Ph, PI, PI-Ac, PI-Ph, NP and T.

2.2 Results and Discussions

2.2.1 Electron Transfer Rate and Energy Transfer Rate

From the relative fluorescence quantum yields of the model derivative PI (®rf) and
conjugate NP (®) and the fluorescence lifetime of the model derivative PI (twf) in
toluene, an estimate of the rate constant of the electron-transfer process can be made

using Eq. 2.1,

k _ (¢ref/®)_1
electron—transfer —

(2.1)

Tref

The changes in free energy for the electron transfer from the singlet excited state of
naphthalenimide moiety to perylenimide and from the singlet excited state of
perylenimide moiety[140] to naphthalenimide moiety was calculated using the

Rehm-Weller equation[79,80], Eq. 2.2,
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2.2.1 Electron Transfer Rate and Energy Transfer Rate

AG® = Eox (D¥'/D) = Eyeq (A/A™) — Eo (2.2)
where AGP is change in free energy for photo-induced electron transfer, Eox is the
oxidation potential of the donor, Era is the reduction potential of the acceptor and
Eoo is the singlet excited state energy of the donor.

The electronic excitation energy transfer rate according to the Forster theory is

4 2
ker = % Vpal?J (2.3)
where Vba is the Coulombic coupling between the donor and acceptor expressed in

wave numbers. The spectral overlap | is given by the integral,
J=JGp W)Ga(v)dv (2.4)
where,

2, Gy(v) = B 25)

Gr(v) =A%
in which gp(v) and g,(v) are the donor emission and acceptor absorption spectra
respectively. A and B are constants that normalize the line shape functions Gy, and G4
to unit area in the wave number (V) scale[134].

In order to compute the EET rate, the coupling Vba must be estimated along
with the overlap integral. Let a denote the highest occupied molecular orbital
(HOMO) of the donor and a’ the corresponding lowest unoccupied orbital (LUMO)
and let b and b’'denote the same for the acceptor. The transition of interest that
transfers the excitation from one chromophore to the other is between the state given
by the Slater determinant, (|aa’bb| + |a'abb|)/V2 to the state (|aabb’| + |aab’b|)/V2
where the bar over a2 and b means that the corresponding orbital contains an electron

with B spin, otherwise it is occupied by an a spin electron. The interaction that

transfers the excitation may therefore be formally written down in its entirety as[131]

Hpyn = (|aa'bb||H||aab’b|) (2.6)
In the absence of significant orbital overlap between the donor and acceptor, the

leading contribution to the interaction is
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2.2.1 Electron Transfer Rate and Energy Transfer Rate

Hpyy = 2(aa’|bb") = 2 Jfa () b(rz)ﬁ a(r)b'(r)d?> rid>r, = Veq (2.7)
where the integrals are over all space. The Coulomb interaction in Eq. 2.7 is between

“ e o acceptor
two transition densities ng,""r (r) and P, P

(r,) and not between the electron
clouds corresponding to each molecular orbital because a and b orbitals do not
overlap due to the orthogonality between the chromophores while 2 and a2’ (b and b”)
orbitals have no overlap with each other since they represent mutually orthogonal
states. The transition density is the off-diagonal element of the quantum density
matrix connecting the two electronic states of a molecule. One can think of the
transition density as describing the deformation to the electronic cloud of a molecule
when a transition occurs between two levels induced by either a real or a virtual
photon. The interaction in Eq. 2.7 is the long-range Coulombic coupling between the
transition densities by means of which the de-excitation of the energy donor

resonates with the excitation of the acceptor. In terms of the transition densities, this

electrodynamic interaction can be written as

donor acceptor
2
e P (roP

If b 31, d3r, (2.8)

[r1-72]
When the separation between the donor and acceptor chromophores is large

4TTE

compared to their size, the resonant interaction between the transition densities is
mediated by a real photon and in this case, the interaction can be approximated well
by the dipole-dipole coupling between two ideal dipoles kept at the charge centers
of the respective chromophores. However, when the separation is small compared to
the size of the chromophores, the possibility of interaction mediated by virtual
photons makes the ideal dipole approximation inadequate. In the case of the
conjugate NP, the orthogonal arrangement of the two chromophores minimize
orbital overlaps making the EET mechanism dominantly Coulombic. However the
separation between the chromophores is only one covalent bond (1.49 A) and the
separation between their respective centers (<7A) is comparable to the size of both

NI and PI.
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2.2.2 Synthesis and Structure of the Conjugate NP

Since the ideal dipole approximation cannot be used in the case of conjugate
NP, the relevant transition densities for both NI and PI are computed using Qchem
and they are, in turn, used to compute Ved. Numerically computed transition density
cubes (TDC) are not functions over space but rather values defined on a grid. The
transition density values on the grid points are treated as integrals of the continuous
transition density in Eq. 2.8 over cubes of volume Vs = 0x0y0,, where dx, dy and 0: are
the lattice constants defining the computational grid. Spin dependencies, if any, of
the continuous transition density are also assumed to be summed over while
computing the TDC elements. In terms of the TDC elements Mb (i) and Ma (j) of the
donor and acceptor respectively, we can write the electrodynamic component of EET

as[141]

Vg = Zij Mp(DM4 () 2.9)

AmeQTi;
where ri is the separation between the it lattice point of the donor’s TDC and the jt

lattice point of the acceptor’s TDC.
2.2.2 Synthesis and Structure of the Conjugate NP

N-subtituted 9-bromoperylenimide (PI-Br) was synthesized from perylene-3,4,9,10-
tetracarboxylic anhydride through monoprotection using 2,6-diisopropylaniline and
decarboxylation followed by bromination (Schemes 2.1-2.3) as per the reported
procedure[97,98].  N-(hydroxypropyl)bromonaphthalenimide  derivative was
converted to corresponding tributyltin derivative and further subjected to Stille
coupling[142] with PI-Br to yield 50% of naphthalenimide-perylenimide conjugate
NP (Schemes 2.3). Model derivatives such as NI-Ac[143], NI-Ph, PI-Ac[144], PI-Ph

and T[145] were synthesized as per reported procedures (Scheme 2.1-2.3).

As shown in Figure 2.2, the conjugate NP crystallizes in the triclinic space
group P1 with two molecules in the asymmetric unit (Table 2.1). The conjugated

nature of the individual chromophores was confirmed from the analysis of the
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Scheme 2.1 Synthesis of the model derivatives of naphthalenimide (NI).
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a) 2,6-Diisopropylaniline/imidazole/zinc acetate/H,0/190 °C; b) Bry/chlorobenzene
/50 °C; c) Phenylboronic acid, Pd(PPhj),/toluene/aq. K,CO3; solution(1M)/100°C; d)
Trimethylsilyl- acetylene/Cul/PdCl,(PPh;),/triethylamine/toluene/reflux; e) K,CO,/
dryCH;OH/dry CH,Cl,

Scheme 2.2 Synthesis of the model derivatives of perylenimide (PI).
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2.2.2 Synthesis and Structure of the Conjugate NP
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H

a) Pd(PPhs),/DMF/ 90 °C; b) K,CO,/Ethanolamine/160 °C.

Scheme 2.3 Synthesis of naphthalenimide-perylenimide conjugate 15 (NP) and
terrylenimide 16 (T).

Figure 2.2 Crystal structure of the conjugate NP.

crystal structure with comparable bond lengths corresponding to conjugated carbon-
carbon single and double bonds. However, the interchromophoric C-C bond length
is found to be 1.49 A comparable to that of C-C single bond length. Confirmation of
this behaviour arises from the crystal structure of conjugate NP that shows the
naphthalenimide donor moiety to be twisted out of planarity by 75 °. Consequently,
the naphthalene imide and perylenimide units act as independent chromophores
and not as a conjugated system. In order to understand the structure of dyad NP in
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2.2.2 Synthesis and Structure of the Conjugate NP

Table 2.1 Crystal data and structure refinement for conjugate NP.

Conjugate NP
Empirical formula: =~ CaH3sN20s
a: 10.482 A
b: 12.374 A
c 16.356 A
a (alpha): 83.74°
P (beta): 86.77 °
Y (gamma): 68.52 °
Volume: 1962.16 A3
Space group: P1
Calculated density:  1.242 g/cm?
Z: 2
Temperature: -173.0 °C
Formula weight: 734.843 g/mole
R(F): 5.32
Rw(F?): 0.1556

solution, we carried out NMR experiments in CDCls. 2D '"H NMR studies of
conjugate NP in solution clearly revealed through-space interaction between the
protons attached to a) C36 and C23; b) C43 and C20 (Figure 2.3-2.7). No NOE
coupling was observed between the protons attached to a) C43 and C23; b) C43 and
C24 (Figure 2.6, 2.7). This further confirms the non-planarization of the two

constituent chromophoric units in conjugate NP in solution.

Furthermore, the extent of electronic interactions between the constituents NI
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2.2.2 Synthesis and Structure of the Conjugate NP

and PI was understood through the examination of the electron density distributions
in the frontier molecular orbitals (FMO) of the constituents of the conjugate. The
calculated electron density distributions in the frontier molecular orbitals (FMO) of

the constituents of the conjugate are shown in the Figure 2.8. Inclusion of all the four
orbitals in each case is essential as the transitions HOMO — LUMO and HOMO -1
— LUMO + 1 are possible. Careful analysis of the FMOs clearly indicates that, for
substituents that can be coplanar to NI and PI (eg. acetylene substituted NI-Ac and
PI-Ac), the electron density is distributed in the substituent (acetylenyl) moiety in
the LUMO (Figure 2.9). Such delocalization results in a decrease in the energy
difference between the HOMO and LUMO levels as seen in the case of PI-Ac (4.12
eV), compared to PI (4.21 eV). In contrast, substituents such as phenyl (PI-Ph; 4.31
eV) and naphthalenimide (NP; 4.37 eV) moieties exhibit (Figure 2.10, 2.11) increase
in the HOMO-LUMO gap. This could be attributed to large steric repulsion between
hydrogen atoms preventing the rotation about the internuclear bond leading to non-
coplanar arrangement of the phenyl/perylenimide and

naphthalenimide/perylenimide moieties.
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Figure 2.3 Shows 1D 'H NMR spectrum of conjugate NP in CDCls.
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Figure 2.4 Shows 1D 'H NMR spectrum of conjugate NP in CDCls including assignment
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Figure 2.5 Shows 2D 'H COSY NMR spectrum of conjugate NP in CDCls.
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Figure 2.6 Shows expanded 2D 'H NOESY NMR spectrum of conjugate NP in CDCls

indicating through space coupling between H-36 and H-23.
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Figure 2.7 Shows expanded 2D 'H NOESY NMR spectrum of conjugate NP in CDCls
indicating through space coupling between H-43 and H-20.
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Figure 2.8 Electron density distributions and energies of the frontier molecular orbitals of

the derivatives NI and PI.
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Figure 2.9 Electron density distributions and energies of the frontier molecular orbitals of

the derivatives NI-Ac and PI-Ac.
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Figure 2.10 Electron density distributions and energies of the frontier molecular orbitals of

the derivatives NI-Ph and PI-Ph.
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Figure 2.11 Electron density distributions and energies of the frontier molecular orbitals of
the derivatives NP and its planar analogue T.
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2.2.3 Photophysical and Redox Properties of the Conjugate NP

2.2.3 Photophysical and Redox Properties of the Conjugate
NP

Figure 2.12A shows the absorption spectra of the conjugate NP and the
corresponding model chromophores NI and PI in acetonitrile. Absorption spectrum
of conjugate NP is the summation of the absorption spectra of NI centered around
340 nm and PI centered around 480 nm indicating that NP behaves as two separately
conjugated chromophores though connected through a single covalent bond. The
ratio of molar extinction coefficients ep;(507 nm) / ey;(334 nm) is found to be ca. 2.85
in the individual model chromophores, identical to that in the conjugate NP (Table
2.2). A slight red shift (5-6 nm) in the band corresponding to perylenimide moiety of
the conjugate NP indicates a very weak electronic coupling between the constituents.
Similar results are obtained for NP in nonpolar solvents like cyclohexane and

toluene and in polar solvents like chloroform and methanol.

The UV-Vis spectra of the conjugate NP and the model derivatives NI and PI
in acetonitrile solution were calculated using time-dependent density functional
theory (TD-DFT)[146] at the B3LYP[147,148]/6-311G++(2d,2p) level associated with
the polarized continuum model (PCM)[149]. This method provides an accurate
description of UV-Vis spectra of chromophoric systems[150]. Figure 2.12C shows the
calculated UV-Vis spectra of the derivatives NI and PI and the conjugate NP in
acetonitrile. Absorption spectrum of NI in acetonitrile shows a broad band centred
around 365 nm, nearly consistent with experimental maximum of 340 nm.
Absorption spectrum of PI in acetonitrile followed a similar discrepancy of 13 nm in
the calculated maximum at 520 nm from the experimental data (507 nm). While
conjugate NP in acetonitrile exhibited two bands which is the summation of the
absorption spectra of model derivatives NI and PI in acetonitrile with the ratio

epr(520 nm) / ey;(365 nm) as 2.7, in good agreement with the experimental data.
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2.2.3 Photophysical and Redox Properties of the Conjugate NP

Thus a localized description of the individual components NI and PI is valid for the

conjugate NP.

Table 2.2 Photophysical properties of model derivatives NI, PI and conjugate NP in
toluene.n

Absorption Amay, NM epi@507 Nnm / g;@334  Emission D ;"
(e, M™* cm™) nm Amax, NM
NI 334 (1.27 x 10% 390 0.09 + 0.49 +
2.85 0.001 0.03¢
4
Pl 355%0-257 );1100‘? 531 0.86 = 0.08 =
3. ) 0.002 0.005
4
NP 338 (163x 107 ) 83 541 0.81 + 0.11+
511 (4.6 x 10%) : 0,002 0004

“Photophysical properties are measured in toluene due to solubility reasons.
*Fluorescence Quantum yield; <Triplet quantum yield; dtaken from the reference
[151]

Figure 2.12 B shows the fluorescence spectra of conjugate NP and the
derivatives NI and PI. NI, the energy donor, has no emission at the wavelength
range (500-700 nm) where the perylenimide moiety in NP and PI exhibits
fluorescence. PI, the energy acceptor, excited at 345 nm shows a very weak
fluorescence, while conjugate NP strongly emits at long wavelength region (500-700
nm) corresponding to the perylenimide moiety when excited at 345 nm. At 345 nm,
naphthalenimide can be excited with a good selectivity (> 95%), whereas above 420
nm perylenimide moiety absorbs exclusively (Table 2.2). While the energy acceptor
PI absorbs feebly at 345 nm and gives a correspondingly weak fluorescence,
conjugate NP exhibits energy transfer. Negligible fluorescence from
naphthalenimide (energy donor) moiety in NP is consistent with energy transfer to
the acceptor perylenimide moiety. The fluorescence intensity of perylenimide moiety
through energy transfer (Aex = 345 nm) is less compared to the direct excitation (475
nm) of conjugate NP. Consistent with absorption spectra, a red shift (9-10 nm) in the
perylenimide emission band of the conjugate NP indicates a weak electronic

coupling between the constituents.
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Figure 2.12 Shows the experimental A) absorption and B) fluorescence emission of NI, PI
and NP in acetonitrile; calculated C) absorption spectra of NI, PI and NP and D)
fluorescence emission spectrum of NP in acetonitrile. Inset of A) shows the excitation spectra

of PI (red) and NP (green) in acetonitrile monitored at 553 nm.

Quantum yield of NP is found to be ca. 0.81 = 0.002, marginally lower
compared to that of PI (®r=0.86 + 0.002). TD-DFT calculation of the emission spectra
of NP conjugate (Figure 2.12D) resulted in the fluorescence emission only at the
wavelength region corresponding to the perylenimide moiety, consistent with the
experiment data. Upon excitation at both 345 and 475 nm, conjugate NP in ethanol at
77 K exhibited negligible phosphorescence[124], similar to the model derivative PI
under similar conditions (Figure 2.13). While the model derivative NI in ethanol at
77 K showed significant phosphorescence intensity centred around 540 nm, upon

excitation at 345 nm[152].
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Figure 2.13 Phosphorescence spectra of model derivatives NI, PI and conjugate NP in

ethanol recorded at 77 K; excited at 345 nm.

The excitation spectra of NP (inset of Figure 2.12A) monitored at 553 nm is
clearly superimposable upon the absorption spectrum, confirming an efficient
energy transfer from naphthalenimide to perylenimide moiety. Similar extent of
energy transfer is observed for NP in nonpolar solvents like cyclohexane and toluene
and in polar solvents like chloroform and methanol. Furthermore, conjugate NP
exhibits strong solvent polarity dependent perylenimide emission upon excitation at
345 nm (Figure 2.14A). Pseudo Stoke’s shift range of 165-240 nm is observed in
varying solvent medium from cyclohexane (non-polar) through methanol (polar).
Solvatochromic behaviour of conjugate NP could be attributed to the dipolar nature
of the perylenimide moiety, in contrast to quadrupolar terrylene derivative T (Figure
2.14B) that exhibited negligible Stoke’s shift.

Moreover, the synthesis and photophysical studies of naphthalenimide (NI-Ac,
NI-Ph) and perylenimide (PI-Ac, PI-Ph) based model derivatives containing

extended conjugation such as acetylenyl and phenyl moieties were carried out.
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Figure 2.14 Solvent-polarity-dependent emission spectra of A) conjugate NP excited at 345

nm ; B) emission spectra of terrylene derivative, T when excited at 550 nm.

Acetylenyl and phenyl substituents were chosen due to their ability to i) extend the
conjugation and ii) lower the barrier to rotation about the carbon-carbon bond at the
junction, unlike naphthalenimide moiety in conjugate NP. Both the acetylenyl and
phenyl derivatives exhibited red shift in the absorption and emission spectra when
compared to NI and PI respectively (Figure 2.15), consistent with the extent of

conjugation and in good agreement with TD-DFT calculations (Figure 2.16).

TD-DFT calculations clearly showed that the UV-Vis spectrum of PI-Ph is
significantly red shifted compared to PI in acetonitrile, consistent with the
experimental observation but in contrast to FMO analysis, whereas accurate
description of NP in acetonitrile is provided by both FMO analysis and TD-DFT
calculations. Such consistency in the FMO and TD-DFT analyses of the conjugate NP
could be attributed to near orthogonalization of the chromophoric units that results
in the negligible perturbation of HOMO-LUMO levels. On the other hand,
inconsistent FMO analysis of PI-Ph could be attributed to the static orthogonal
geometry of the phenyl and perylenimide moieties resulting from DFT method.
Similar trends in FMO analysis and TD-DFT calculations are observed in the case of

naphthalenimide derivatives. Interestingly, minimum energy conformer of conjugate
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Figure 2.15 Shows A) absorption and B) fluorescence spectra of NI, NI-Ac and NI-Ph in
acetonitrile and C) absorption and D) fluorescence spectra of PI, PI-Ac and PI-Ph in

acetonitrile.

NP is found to have dihedral angle of 75° and large barrier (AG =100 kJ/mol)[139] to
rotation through internuclear bond between naphthalenimide and perylenimide
units that prevents coplanarization, consistent with the crystal structure of the con-
jugate NP.The model derivative terrylene T having overall planar and conjugated
structure exhibited significantly lower HOMO-LUMO energy difference (3.766 eV).
This is consistent with the observed emission maximum centered on 651 nm,
significantly red-shifted (ca. 100 nm) compared to conjugate NP in acetonitrile

(Figure 2.14B).

Figure 2.17 shows the fluorescence decay profiles of NP in various solvents
monitored at 563, 549 and 521 nm in acetonitrile, chloroform and cyclohexane
respectively and excited at 340 and 439 nm. The singlet excited state lifetime of

conjugate NP in acetonitrile is found to be 4.2 ns when excited at 340 and 439 nm
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Figure 2.16 Shows calculated absorption spectra of A) NI, NI-Ac and NI-Ph and B) PI, PI-

Ac and PI-Ph in acetonitrile.

and monitored at 563 nm that corresponds to singlet excited state of perylenimide
moiety (Table 2.3). Whereas the lifetime of the model derivative PI under similar
conditions exhibit a marginally longer lifetime of 5.1 ns, fluorescence lifetime of the
NI is < 0.005 ns[121]. A shorter singlet excited state lifetime of the perylenimide
chromophore excited at both 340 and 439 nm in conjugate NP compared to model
derivative PI further confirms a weak electronic perturbation in the perylenimide

moiety in agreement with steady state absorption and emission spectra.

The efficiency of energy transfer from naphthalenimide to perylenimide

moiety in conjugate NP is evaluated using the equation,

%Efficiency = (1 —2) x 100 (2.10)
PI
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and is found to be 90%, where the quantum yield of NP, ®ne was corrected for
competitive absorption by perylenimide moiety (ca. 5%) when excited at 345 nm. A
similar high efficiency of energy transfer was achieved in an analogous donor-
acceptor system only through the incorporation of four units of donor and one
acceptor unit separated via lengthy flexible spacer[124]. In order to understand the
marginal loss in efficiency of energy transfer, we calculated the change in free energy

for the electron transfer reaction[79,80], using redox potentials and the singlet excit-
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Figure 2.17 Shows the fluorescence lifetime of NP excited at A) 340 nm and B) 439 nm;
emission collected at 563, 549 and 521 nm for acetonitrile, chloroform and cyclohexane

respectively.

ed state energies of the NI and PI[121] (Table 2.4, Refer Eq. 2.2). The change in free
energy was found to be AGer = —0.17 eV for electron transfer from singlet excited
state of NI to PI and AGer = 0.44 eV from singlet excited state of PI to NI in
acetonitrile. As expected from the calculated change in free energy values for the
electron transfer from NI to PI, we observed non-negligible loss of photons when

conjugate NP is excited at 345 nm.

This clearly demonstrates that the naphthalenimide moiety upon excitation
can undergo electron transfer to reduce perylenimide moiety[116] leading to the

formation of radical ion pair NP~ and consequently decreasing the efficiency of
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Table 2.3 Shows the fluorescence lifetime of NP and model derivative PI under different

conditions in ns.

Cyclohexane Chloroform Acetonitrile
Pl7° 4.42 4.85 5.06
NP<? 3.29 3.68 4.21
NPz’ 3.29 3.69 4.22

aExcited at 340 nm "Excited at 439 nm

energy transfer[124]. This marginal free energy change for favourable electron
transfer from NI to PI is consistent with decrease in the quantum yield of NP
compared tothat of PI in toluene. Radical anions of NI[152] and PI[121] are centred
around 413 and 581 nm respectively whereas radical cations of NI and PI exhibit
very low molar extinction coefficient, as observed by using spectroelectrochemical
methods ( Figure 2.18 and 2.19). We observed no charge separated species generated
through the electron transfer from singlet excited state of naphthalenimide to
perylenimide moiety, kelectron - transter = 2.29 x 1012 s (Figure 2.20) in nanosecond flash
photolysis studies which could be attributed to fast charge recombination on the

sub-nanosecond timescale.

We observed the decay (t = 440 ns) of the triplet excited state corresponding
to the perylenimide moiety[116,119,144] in conjugate NP in toluene (®r = 0.11) upon
photoexcitation at 355 nm when monitored at 550 nm using nanosecond time
resolved absorption spectrometer (Figure 2.20C). While the photoexcitation of the
model derivative PI in toluene at 355 nm showed significantly lower triplet quantum
yield (@r = 0.08; t = 960 ns) when compared to that of conjugate NP in toluene.
Lower triplet quantum yield of PI in toluene could be attributed to reduced
intersystem crossing to the triplet state similar to that of perylenediimide derivatives
(@r=0.001)[153,154]. In addition, photoexcitation of model derivative NI in toluene

under similar conditions exhibited the decay (t = 650 ns) of triplet-excited state of
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Figure 2.18 Sshows spectroelectrochemical spectra of A) NI at -1.3 V; B) NI at 2.3 V; C) PI

at -1.0 V; and D) PI at 2.0 V in acetonitrile under ambient conditions at intervals of 10 s.
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Figure 2.19 Shows spectroelectrochemical spectra of A) NP at -1.3 V; B) NP at 2.3 V; C)
NP at -1.0 V and D) NP at 2.0 V in acetonitrile/chloroform mixture under ambient

conditions at intervals of 10 s.
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naphthalenimide moiety when monitored at 470 nm (®r = 0.49)[151], as reported

earlier.

In Figure 2.21, the cyclic voltammogram of NP in CHsCN/CHCls is shown
together with those of the model derivatives NI and PI. A comparison with the
model derivatives reveals that the three reversible reduction waves of NP
correspond to two reversible reductions of the PI moiety followed by one reduction
of the NI moiety (Table 2.4). The oxidation of NP reveals three reversible peaks,
which results from two reversible oxidation waves of the perylenimide unit and one
reversible oxidation wave from the naphthalenimide unit (Table 2.4). From these
measurements, it is evident that for NP the first reduction peak involves the
formation of the perylenimide anion [Eo(NP/NP-) =0.97 V vs. Ag/AgCl], whereas the
first oxidation results in the perylenimide cation [Eo(NP/NP*) =+1.48 V vs. Ag/AgCl].
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Figure 2.20 Shows transient absorption spectra of A) NI, C) NP in toluene; B); D)

corresponding decay profiles; excited at 355 nm.
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Figure 2.21 Cyclic voltammogram of NI, PI and NP in CHsCN/CHCl; (3:2) mixture.

Table 2.4 The redox potentials (V vs. Ag/AgCl) of conjugate NP and derivatives NI and PI
in CHsCN/CHCIs mixture.

on Ered E0,0
NI 2.26 -1.33 3.38
PI 1.49,2.01 -0.95, -1.49 2.38
NP 1.48, 2.08, 2.27 -0.97, -1.33, -1.49 2.40

The energy difference between oxidation and reduction of NP hence amounts to 2.45
eV, consistent to difference in value for PI (2.44 eV). This clearly confirms that

theidentity of two redox centers[155] is unperturbed in the conjugate NP, though

connected through a single covalent bond.
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2.2.4 Energy and Electron Transfer from Naphthalenimide to

Perylenimide Unit

In Figures 2.22 and 2.23 the strength of the electrodynamic coupling Vea between NI
and PI computed using their transition density cubes (TDCs) is shown. Figure 2.22
shows the dependence of the coupling on the torsional angle between the energy
donor and acceptor while keeping the distance between them equal to 1.49 A. Figure
2.23 shows the dependence on the distance between the two chromophoric units
while the torsional angle is kept equal to that of the conjugate NP (78°). The dipole-
dipole interaction is also shown in Figure 2.22 (green solid line) to illustrate the
extent to which ideal dipole approximation fails to estimate the coupling between
the two chromophores accurately. A deviation from R® in distance and angular
dependence of Coulombic coupling is clearly indicative of the existence of higher
order interactions between the naphthalenimide (donor) and the perylenimide
(acceptor) moeity. The results obtained from the TDC calculations indicate a strong
coupling of 3.5 cm? and the rate of energy transfer ker = 2.2x10 s! from
naphthalenimide to perylenimide moiety at a dihedral angle of 75 © and separartion
Coupling (cm™)
804
60;

40|

20
MW °
. \.5.0'.,:' 100 150 Angle ()
-20 |
—40 |

Figure 2.22 Torsional angle dependence on Coulombic coupling between naphthalenimide
(energy donor) and perylenimide (energy acceptor). The green line shows the coupling

computed using the ideal dipole approximation.
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Figure 2.23 Distance dependence on Coulombic coupling between naphthalenimide (energy

donor) and perylenimide (acceptor).

distance of 1.49 A. The shallow nature of the twist-potential (75 + 15 °) between the
two chromophoric units can allow the dyad to adopt various conformers in solution

thereby resulting in different coupling strengths.

FMO analysis further supports the possibility of photoinduced electron and
excitation ET. The fact that HOMO - 1 and LUMO + 1 of the NP (electron density
located on donor naphthalenimide moiety) is bracketed outside the HOMO - LUMO
gap of the conjugate NP (electron density located on acceptor perylenimide moiety)
accounts for the possibility of minimal radiative photoinduced electron transfer
followed by nonradiative relaxation, i.e. excitation energy transfer (Figure 2.24)[156-
159]. It is also apparent from the FMO calculations, that the orbitals involved in the
electronic transitions are localized in respective chromophores and hence the

efficiency of energy transfer via orbital overlap is negligible.

The absence of the triplet state corresponding to naphthalenimide moiety in
conjugate NP is indicative of the fact that the ultrafast energy and electron transfer
processes are competing to prevent the population of alternate delayed processes
such as phosphorescence. Significantly higher triplet quantum yield of conjugate NP

corresponding to perylenimide moiety compared to the model derivative PI sug-
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gests the possibility of recombination of charge separated state leading to the
formation of triplet excited state as the possible pathway, as shown in Figure
2.20[144]. The absence of the triplet state and the phosphorescence corresponding to
naphthalenimide unit in conjugate NP rules out the possibility of the formation of PI
triplet state through Dexter type energy transfer from naphthalenimide (donor) to
perylenimide (acceptor) moiety in conjugate NP. Thus overall efficiency in energy

transfer (ca. 90%) can be attributed to predominant Coulombic interactions, with the

NI

3.29ns

440 ns

NI PI NI-PI
(A) (8) (@]

Figure 2.24 The energy level diagram for (A) NI; (B) PI and NP (indicated for clarity as

NI-PI in this scheme) in toluene excited at 355 nm.

remaining 10% efficiency dissipated via photo-induced electron transfer resulting in
the formation of triplet state of perylenimide moiety. In view of the negligible orbital
overlap between the electronic systems, the present work allows the accurate
quantification of the contributions from higher order interactions to the overall
Coulombic coupling for excitation energy transfer excluding other energy transfer

mechanismes.

By virtue of steric repulsion between interchromophoric hydrogens present in

the conjugate NP (similar to that of 1,1’-binaphthyl system), the conjugate assumes
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near-orthogonal arrangement of the chromophoric subunits as confirmed from the
crystal structure and 2D NMR measurements. Despite being at the proximity of a
carbon-carbon single covalent bond (1.49 A), the orthogonal arrangement of
chromophoric units makes the conjugate NP a combination of two independent
chromophores/redox centers. Such behaviour could be attributed to the poor orbital
overlap of the two chromophoric units in the orthogonal arrangement. The identity
of the two units is confirmed using UV-Visible, fluorescence and electrochemical
studies. Excitation of naphthalenimide (donor) moiety results in highly efficient
energy transfer (90%) leading to fluorescence of perylenimide moiety (acceptor).
Excitation energy transfer (ker = 2.2 x 10 s!) observed could be due to efficient
spectral overlap and favorable dipole-dipole orientation (Figure 2.25). Moreover, a
minor pathway (<10%) of photoinduced electron transfer from singlet excited state
of naphthalenimide to perylenimide moiety (Figure 2.24) leads to a charge separated

state.

OH

Figure 2.25 Shows the orientation of transition dipole moment of napthalenimide (blue) and

perylenimide (red) units for their respective So - S1 transitions in the dyad NP.
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2.3 Conclusions

In conclusion, we have designed and synthesized a donor-acceptor conjugate at a
separation distance of a single bond (1.49 A). Sterically driven orthogonality retains
the individuality of the two chromophores/redox centers as confirmed through
crystal structure, cyclic voltammetry and photophysical studies. Upon
photoexcitation at 345 nm, we observed efficient energy transfer from
naphthalenimide (donor) to perylenimide (acceptor) moiety leading to
solvatochromic perylenimide fluorescence emission. Orthogonalization of the
chromophores enforced by the steric barrier allows the donor and the acceptor
moieties to be held at a distance of a single bond maximizing Coulombic coupling
and simultaneously nullifying any orbital overlap contribution to energy transfer.
Transition density cube (TDC) analysis showed strong Coulombic coupling between
the transition densities of napthalenimide and perylenimide moieties. Transient
absorption studies and FMO analysis unequivocally suggests that energy transfer
predominantly occurs via through space interactions. Marginal radiative electron
transfer; high fluorescence quantum yield (®r = 0.81), wide excitation range and
large solvatochromic shift (240 nm) makes the energy transfer conjugate NP
attractive for biological applications[29]. Further progress is underway in our

laboratory to incorporate this conjugate in oligonucleotides.

2.4 Experimental section

2.4.1 Materials and Methods

All chemicals were obtained from commercial suppliers and used as received
without further purification. All reactions were carried out in glassware oven-dried
prior to use and wherever necessary, were performed under dry nitrogen in dried,
anhydrous solvents using standard gastight syringes, cannulae, and septa. Solvents

were dried and distilled by standard procedures. TLC analyses were performed on
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precoated aluminum plates of silica gel 60 F254 plates (0.25 mm, Merck) and
developed TLC plates were visualized under short and long wavelength UV lamps.
Flash column chromatography was performed using silica gel of 200-400 mesh
employing a solvent polarity correlated with the TLC mobility observed for the
substance of interest. Yields refer to chromatographically and spectroscopically

homogenous substances.

Melting points were obtained using a capillary melting point apparatus and
are uncorrected. IR spectra were recorded on a Shimadzu IRPrestige-21 FT-IR
spectrometer as neat thin films between NaCl plates in case of liquids and as KBr
pellets in the case of solids. '"H and *C NMR spectra were measured on a 500 MHz
Bruker advanced DPX spectrometer. Internal standard used for 'H and *C NMR is
1,1,1,1-tetramethyl silane (TMS). All CHN analyses were carried out on an Elementar
vario MICRO cube Elemental Analyzer. All values recorded in elemental analyses
are given in percentages. Absorption and emission spectra were recorded on
Shimadzu UV-3600 UV-VIS-NIR and Horiba Jobin Yvon Fluorolog spectrometers
respectively. The fluorescence quantum yields were determined by using optically
matched solutions. Nile red in dioxane (®r = 0.7)[160] and anthracene in cyclohexane
(®Pr = 0.36)[140] were used as the standards for perylenimide and naphthalenimide
derivatives, respectively. Fluorescence measurements of perylene moiety were
carried out at [NI]/[PI] = 1000 and excited indirectly at 345 nm to rule out the
possibility of radiative energy transfer mechanism between the two chromophoric
units[29]. Fluorescence lifetime measurements were carried out in an IBH
picosecond single photon counting system. The fluorescence decay profiles were de-
convoluted using IBH data station software version 2.1, and fitted with a mono-
exponential decay, minimizing the x2 values of the fit to 1 + 0.05. Laser flash
photolysis experiments of the argon purged solutions were carried out in an Applied
Photophysics Model LKS-60 laser kinetic spectrometer using the third harmonic (355
nm) of a Quanta Ray INDI-40-10 series pulsed Nd:YAG laser. Triplet states of the NI,
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PI and NP in toluene were confirmed using the measurement of oxygen purged
solutions through nanosecond flash photolysis studies, as per the reported proce-
dure[161,162]. Extent of triplet energy transfer from the sample (NI, PI or NP) to (3-
carotene in comparison with a reference compound, Ru(bpy)** (®r = 1) to (3-carotene
provided the triplet yield of the compounds. Cyclic voltammetry was performed on
a BASi E2 cyclic voltammeter with tetrabutylammoniumhexafluorophosphate as
supporting electrolyte in acetonitrile/chloroform mixture. A standard three-electrode
configuration was used with a platinum disc (diameter: 1.6 mm) working electrode,
a platinum wire auxiliary electrode and Ag/AgCl (3M NaCl) reference electrode. A
scan rate of 100 mV/s was used throughout the measurements. The scans were
performed using a Ag/AgCl reference electrode with a ferrocene-ferrocenium couple
(Fc/Ec') as an external standard (+0.47 V vs Ag/AgCl in CHsCN). Electrochemical
measurements were performed at room temperature with nitrogen-purged
solutions. UV-Vis spectroelectrochemical studies were carried out using Ocean
Optics DT-Mini-2 UV-Vis spectrometer coupled with the BASi E2 cyclic
voltammeter. All spectroscopic experiments were performed using standard quartz

cuvettes of path length 1 cm and using dried and distilled solvents.

2.4.2 X-ray Crystallography

Red, single crystals of conjugate NP, which exhibited needle morphology, was
grown from an ethanol/chloroform diffusion. A high quality specimen of
approximately 0.25 x 0.05 x 0.05 mm?® was selected for the X-ray diffraction
experiment. Single crystals were mounted using oil (Infineum V8512) on a glass
fiber. All measurements were made on a CCD area detector with graphite
monochromated CuKa radiation. The data was collected using Bruker APEXII
detector and processed using APEX2 from Bruker. All structures were solved by
direct methods and expanded using Fourier techniques. The non-hydrogen atoms

were refined anisotropically. Hydrogen atoms were included in idealized positions,
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but not refined. Their positions were constrained relative to their parent atom using

the appropriate HFIX command in SHELXL-97.

2.4.3 Computational Methods

DFT geometry optimization[163] using nonlocal hybrid three-parameter Lee-Yang-
Parr (B3LYP)[147,148] level of theory with the (6-31G+(d,p)) basis set as
implemented in the Gaussian 09W program suite was performed to optimize all the
structures[146] and energy of the frontier molecular orbitals (FMO) was obtained
using simple extended Hiickel approximation using ChemBioOffice Ultra 2010.
Electronic spectra were calculated using optimized structures subjected to
unrestricted open shell time dependent DFT calculations (B3LYP/6-311G++(2d,2p)).
The polarisable continuum model (PCM)[149] was used for the solvent calculations
which were performed at B3LYP/6311G++(2d,2p) level. Number of excitations used
was 45. Output of the calculations was viewed and analysed using GaussView 5.0.
The transition densities corresponding to the HOMO to LUMO transitions for both
NI and PI fragments were computed[44,132] using Qchem 3.2.0.2. For NI the
transition density cube was computed on a grid of 83 x 66 x 50 = 273900 points while
for PI the grid had 107 x 66 x 75 = 529650 points. The independently computed TDC
cubes were read into Matlab R2009 for implementing the coordinate transformation
that fixes the relative orientation of the two fragments. This gives the freedom to
change the distance between the chromophore as well as the torsional angle between
them at will. Modified TDCs with shifted and rotated coordinates is the output of a
custom made Matlab program. These TDCs were used as input to the Coupling6
program for which the source code was kindly provided by Prof. Brent P. Krueger.
The electrodynamic coupling given in Eq. 2.9, that is the dominant contribution to
EET, is computed for various separations between the chromophores and for various
torsional angles between them using Coupling6. The program also offers the dipole-
dipole coupling allowing a comparison of the full interaction with the ideal dipole

approximation for conjugate NP.
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2.4.4 Synthesis Details

2.4.4.1 Synthesis of N-(3-hydroxypropyl)-naphthalene-1,8-
dicarboximide 2 (NI)

To a solution of 1,8-naphthalic anhydride (1) (1.00 g, 5.05 mmol) in 100 ml of water
3-aminopropanol (3.79 g, 50.50 mmol) was added and heated at 70 °C for 5 h. The
reaction mixture was then cooled and filtered; the precipitate was washed with
water and dried. Purification by column chromatography (silica gel, EtOAc :
petroleum ether 1 : 1) afforded compound 2 (1.16 g, 90%) as a white solid. mp 76
°C;'H NMR (500 MHz, CDCls): & = 8.53 (d, ] = 7.5 Hz, 2H), 8.16 (d, ] = 8.5 Hz, 2H),
7.69 —7.68 (m, 2H), 4 .27 (t, ] = 6.5 Hz, 2H), 3.52 — 3.51(m, 2H), 3.16 (s, 1H), 1.94 - 1.90
(m, 2H); C NMR (125 MHz, CDCls): & = 164.90, 134.31, 131.60, 131.58, 128.16, 127.04,
122.28, 58.90, 36.81, 30.98;IR (KBr): 3460, 3192, 2953, 2860, 2401, 1693, 1653,1622, 1587,
1444, 1392, 1361, 1350, 1242, 1274, 1170, 1074, 1058, 923, 850, 783, 734 cm; Anal.
Calcd. for CisHisNOs: C, 70.58; H, 5.13; N, 5.49. Found: C, 70.34; H, 5.58; N, 5.20.

2.4.4.2 Synthesis of 4-Bromo-N-(3-hydroxypropyl)-
naphthalene-1,8-dicarboximide 4 (NI-Br)

To a solution of 4-bromo-1,8-naphthalic anhydride (3) (1.00 g, 3.60 mmol) in 100 ml
water 3-aminopropanol (2.70 g, 36.00 mmol) was added. This reaction mixture was
heated at 70 °C for 5 h following which it was filtered and the precipitate was
washed with water and dried. The crude product was then purified by column
chromatography (silica gel, EtOAc : petroleum ether 1 : 1) to afford compound 4
(1.08 g, 90%) as a white solid. mp 125 °C; 'H NMR (500 MHz, CDCls): 5=8.60 (d, ] =7
Hz, 1H), 8.52 (d, ] =8.5 Hz, 1H), 8.35(d, ] =7.5 Hz, 1H), 7.99 (d, ] =8 Hz, 1H), 7.79 (t,]
=8 Hz, 1H), 4.27 (t, ] = 6 Hz, 2H), 3.53 (t, ] = 5.5 Hz, 2H), 2.13 (s, 1H), 1.92 - 1.90 (m,
2H); *C NMR (125 MHz, CDCls): & = 164.23, 164.22, 133.58, 132.35, 131.52, 131.19,
130.67, 130.64, 128.98, 128.16, 122.74, 121.85, 59.00, 37.01, 30.98; IR (KBr): 3473, 2972,
2939, 2862, 2358, 1695, 1647, 1589, 1570, 1438, 1340, 1332, 1232, 1180, 1126, 1074, 1039,
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954, 846, 779, 767, 750, 734 cm™; Anal. Calcd. for CisH12BrNOs: C, 53.91; H, 3.62; N,
4.19. Found: C, 54.04; H, 3.69; N, 4.20.

2.4.4.3 Synthesis of 4-tributylstannyl-N-(3-hydroxypropyl)-
naphthalene-1,8-dicarboximide 5

A solution of 4-Bromo-N-(3-hydroxypropyl)-naphthalene-1,8-dicarboximide (4) (0.50
g, 1.49 mmol), hexabutylditin (1.74 g, 2.99 mmol) and Pd(PPhs): (5.16 mg, 4.46 pmol)
in 40 ml toluene was refluxed for 4 days. The solvent was then removed under
reduced pressure and the residue was purified by column chromatography (silica
gel, EtOAc : petroleum ether 1 : 9) to give the product 5 (0.45 g, 52.9%) as a viscous
yellow liquid. 'H NMR (500 MHz, CDCls): 6 =8.56 (d, ] =7.3 Hz, 1H), 843 (d, ] =7
Hz, 1H), 8.08 (d, ] =8.25 Hz, 1H), 7.86 (d, ] =7 Hz, 1H), 7.72 - 7.69 (m, 1H), 4.28 (t, ] =
6 Hz, 2H), 3.53 — 3.50 (m, 2H), 3.17 - 3.15 (m, 1H), 1.93 — 1.91 (m, 2H), 1.51 — 1.45 (m,
6H), 1.30 — 1.18 (m, 12H), 0.80 (t, ] = 7.3 Hz, 9H) ; C NMR (125 MHz, CDCls): d =
165.41, 164.88, 155.27, 137.51, 136.55, 136.01, 131.17, 129.88, 128.14, 126.61, 123.08,
122.14, 58.86, 36.70, 31.03, 29.07, 27.24, 13.58, 10.88; IR (KBr): 3606, 3506, 3018, 2958,
2927, 2852, 2358, 1708, 1695, 1651, 1585, 1508, 1444, 1365, 1344, 1232, 1224, 1176, 1126,
1045, 999, 950, 862, 788, 769, 756, 725 cm™; Anal. Calcd. for CzHsNOsSn: C, 59.58; H,
7.22; N, 2.57. Found: C, 59.52; H, 6.80; N, 2.51.

2.4.4.4 Synthesis of  4-Phenyl-N-(3-hydroxypropyl)-
naphthalene-1,8-dicarboximide 6 (NI-Ph)

A solution of 4-tributylstannyl-N-(3-hydroxypropyl)-naphthalene-1,8-
dicarboximide (5) (0.35 g, 0.64 mmol), bromobenzene (0.15 g, 0.96 mmol) and
Pd(PPhs)4(11.37 mg, 9.83 umol) in 35 ml toluene was refluxed for 4 days. The solvent
was evaporated and purification of the residue by column chromatography (silica
gel, EtOAc : petroleum ether 1 : 4) afforded the compound 6 (0.16 g, 77%) as a yellow
solid. mp 165 °C;'H NMR (500 MHz, CDCls): d = 8.61 — 8.58(m, 2H), 8.24 — 8.22 (m,
1H), 7.67 — 7.64 (m, 2H), 7.50 — 7.43 (m, 5H), 4.32 (t, ] = 6.25 Hz, 2H),3.56 — 3.52 (m,
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2H), 3.11 - 3.08 (m, 1H), 1.98 — 1.93 (m, 2H); *C NMR (125 MHz, CDCls): d = 165.08,
164.90, 147.41, 138.68, 133.13, 131.62, 131.27, 130.11, 129.88, 128.75, 128.72, 128.60,
127.97, 126.96, 122.49, 121.33, 58.84, 36.79, 31.01; IR (KBr):3547, 3055, 2960, 2924, 2879,
2808, 1961, 1695, 1651, 1614, 1587, 1514, 1492, 1465, 1442, 1388, 1363, 1346, 1307, 1267,
1230, 1176, 1138, 1085, 1068, 1058, 1012, 943, 920, 873, 785, 767, 756, 738, 704 cm;
Anal. Calcd. for C21H17NOs: C, 76.12; H, 5.17; N, 4.23. Found: C, 76.60; H, 5.38; N,
4.12.

2.4.4.5 Synthesis of  4-(Trimethylsilylethynyl)-N-(3-
hydroxypropyl)-naphthalene-1,8-dicarboximide 7

4-Bromo-N-(3-hydroxypropyl)-naphthalene-1,8-dicarboximide (4) (040 g, 1.20
mmol) and trimethylsilylacetylene (0.11 g, 1.20 mmol) were dissolved in 25 ml
diisopropylamine along with Cul (4.64 mg, 24.3 pmol) and PdClz(PPhs): (16.84 mg,
24.02 umol). The resulting yellow solution was stirred for 1 h at room temperature
and then refluxed for 30 min. The solvent was then removed under reduced pressure
and column chromatography (silica gel, EtOAc : petroleum ether 1 : 9) of the residue
yielded the product 7 (0.25 g, 60%) as a pale yellow solid. mp 152 °C;'H NMR (500
MHz, CDCls): 6 =8.59 - 8.56 (m, 2H), 8.45 (d, ] =7.6 Hz, 1H), 7.83 (d, ] = 7.6 Hz, 1H),
7.78 —7.75 (m, 1H), 4.27 (t, ] = 6.25 Hz, 2H), 3.54 — 3.51 (m, 2H), 3.05 - 3.02 (m, 1H),
1.94 - 1.90 (m, 2H), 0.30 (s, 9H) ; *C NMR (125 MHz, CDCls): d = 164.85, 164.55,
132.98, 132.11, 131.97, 131.41, 130.79, 128.14, 127.91, 127.76, 122.69, 122.05, 105.93,
101.30, 59.11, 37.06, 31.16, 1.18; IR (KBr): 3404, 2954, 2154, 1701, 1662, 1589, 1508,
1438, 1357, 1234, 1176, 1055, 864, 844, 781, 752 cm™; Anal. Calcd for C20H21NOsSi: C,
68.35; H, 6.02; N, 3.99. Found: C, 68.34; H, 6.04; N, 4.10.

2.4.4.6  Synthesis of  4-Ethynyl-N-(3-hydroxypropyl)-
naphthalene-1,8-dicarboximide 8 (NI-Ac)

4-(Trimethylsilylethynyl)-N-(3-hydroxypropyl)-naphthalene-1,8-dicarboximide  (7)
(0.24 g, 0.70 mmol) and KoCOs (0.99 g, 7.16 mmol) were stirred in 12.5 ml dry
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methanol at room temperature for 1 h. The solvent was removed under reduced
pressure and purification by column chromatography (silica gel, EtOAc : petroleum
ether 1 : 2) afforded the compound 8 (0.14 g, 74%) in the form of a yellow solid. mp
155 °C;'H NMR (500 MHz, CDCls): 6 = 8.60 (d, ] = 8.35 Hz, 2H), 8.56 (d, ] =7.20, 1H),
8.46 (d,]=7.5Hz 1H), 7.86 (d, ] =7.5 Hz, 1H), 7.78 - 7.75 (m, 1H), 4.27 (t, ] = 7.0 Hz,
2H), 3.69 (s, 1H), 3.54 — 3.52 (m, 2H), 3.01 (s, 1H), 1.93 — 1.91 (m, 2H); *C NMR (125
MHz, CDCls): d = 164.58, 164.29, 132.57, 132.04, 131.95, 131.69, 130.51, 127.93, 127.77,
126.65, 122.58, 122.38, 86.84, 80.21, 58.96, 36.95, 30.99;IR (KBr): 3469, 3213, 3072, 2951,
2926, 2856, 2362, 2094, 1751, 1697, 1639, 1612, 1589, 1512, 1442, 1386, 1367, 1325, 1278,
1234, 1182, 1083, 1056, 1029, 999, 972, 931, 879, 858, 781, 734, 704, cm™; Anal. Calcd.
for Ci7HisNOs: C, 73.11;H, 4.69; N, 5.02. Found: C, 73.48; H, 4.447; N, 5.29.

2.4.4.7 Synthesis of N-(2,6-diisopropylphenyl)-perylene-3,4-
dicarboximide 10 (PI)

A solution of perylene-3,4,9,10-tetracarboxylic dianhydride (9) (3.66 g, 9.34 mmol),
2,6-diisopropylaniline (0.91 g, 5.12 mmol), zinc acetate (1.32 g, 7.19 mmol) and
imidazole (18.70 g, 274.70 mmol) in 8 ml water was heated at 190 °C in a pressure
tube for 23 h. The reaction mixture was extracted by chloroform and filtered through
celite. The filtrate was then washed with dilute HCl and water and concentrated
under reduced pressure to give a brown-red residue which was then purified by
column chromatography (silica gel, chloroform : petroleum ether 3 : 2) to produce
compound 10 (1.291 g, 30%) as a red solid. mp> 300 °C;'H NMR (500 MHz, CDCls): d
=8.58 (d, ] =8 Hz, 2H), 8.39 - 8.36 (m, 4H), 7.84 (d, ] = 8 Hz, 2H), 7.57 (t, ] = 8 Hz, 2H),
741 (t, ] =8 Hz, 1H), 7.27 (d, ] = 8 Hz, 2H), 2.70 - 2.68 (m, 2H), 1.11(d, ] =7 Hz,12H);
BC NMR (125 MHz, CDCI3): d = 163.99, 145.73, 137.46, 134.25, 131.94, 131.10, 130.50,
129.44, 129.15, 127.93, 127.00, 126.97, 124.02, 123.78. 120.97, 120.13, 29.19, 24.03; IR
(KBr): 3061, 2962, 2926, 2868, 1693, 1654, 1589, 1568, 1500, 1467, 1408, 1357, 1294,
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1246, 1197, 1178, 1136, 1029, 920, 889, 858, 831, 810, 754 cm';Anal. Calcd. for
CaHzNO:2: C, 84.80; H, 5.65; N, 2.91. Found: C, 84.89; H, 5.62; N, 2.96.

2.4.4.8 Synthesis of 9-Bromo-N-(2,6-diisopropylphenyl)-
perylene-3,4-dicarboximide 11 (PI-Br)

N-(2,6-diisopropylphenyl)-perylene-3,4-dicarboximide (10) (1.0 g, 2.07 mmol) was
dissolved in 100 ml chlorobenzene with moderate heating. To this solution bromine
(1.50 g, 9.50 mmol) was added and the reaction mixture heated at 50 °C for 4.5 h.
Chlorobenzene and unreacted bromine were removed under vacuum and the
residue was purified by column chromatography (silica gel, chloroform : petroleum
ether 2 : 3) to yield compound 11 (0.93 g, 80%) as a bright red solid. mp > 300 °C; 'H
NMR (500 MHz, CDCls): 6 = 8.60 — 8.57 (m, 2H), 8.41 - 8.37 (m, 2H), 832 (d, J=8
Hz, 1H), 8.23(d, ] = 8.5 Hz, 1H), 8.15 (d, ] =8.5 Hz, 1H), 7.83 (d, ] =8 Hz, 1H), 7.64 (t, ]
=7.5Hz, 1H), 7.42 (t, ] =8 Hz, 1H), 7.28 (d, ] = 8 Hz, 2H), 2.72 — 2.10 (m, 2H), 1.12(d, ]
= 7 Hz, 12H);3C NMR (125 MHz, CDCls): 6 = 163.88, 145.72, 136.86, 136.73, 132.97,
132.10, 132.03, 131.28, 130.96, 130.41, 130.05, 129.61, 129.48, 129.14, 129.06, 128.16,
126.64, 126.21, 124.45, 124.03, 123.78, 121.42, 120.72, 120.45, 29.18, 24.00; IR (KBr):
3061, 2962, 2926, 2868, 1693, 1654, 1589, 1568, 1500, 1467, 1408, 1357, 1294, 1246, 1197,
1178, 1136, 1029, 920, 889, 858, 831, 810, 754 cm; Anal. Calcd. for CaaH26BrNOz: C,
72.86; H, 4.68; Br, 14.26; N, 2.50. Found: C, 72.39; H, 4.97; N, 2.39.

2449 Synthesis of 9-Phenyl-N-(2,6-diisopropylphenyl)-
perylene-3,4-dicarboximide 12 (PI-Ph)

9-Bromo-N-(2,6-diisopropylphenyl)-perylene-3,4-dicarboximide (11) (0.1 g, 0.18
mmol), phenyl boronic acid (18 mg, 0.15 mmol) and Pd(PPhs)s (17 mg, 14.7 pumol)
were dissolved in 9 ml toluene and 1.37 ml of 1M aqueous K:COs. This reaction
mixture was heated at 100 °C for 24 h, after which it was extracted using chloroform.
The solvent was removed under reduced pressure and the residue purified by

column chromatography (silica gel, EtOAc : petroleum ether 1 : 1) to yield the
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product 12 (10 mg, 10%)as a red solid. mp> 300 °C; 'H NMR (500 MHz, CDCls): =
8.67 (d, ] =7.95 Hz, 2H), 8.54 — 8.47 (m, 4H), 8.02 (d, ] = 8.4 Hz, 1H), 7.62 — 7.46 (m,
8H), 7.35 - 7.33 (m, 2H), 2.79 — 2.75 (m, 2H), 1.18 (d, ] = 6.75 Hz, 12H); ¥C NMR (125
MHz, CDCls): d = 164.03, 145.75, 143.46, 139.85, 137.81, 137.62, 132.70, 132.13, 132.09,
131.09, 130.60, 130.00, 129.48, 129.39, 128.59, 128.53, 128.30, 128.01, 127.05, 124.01,
123.98, 123.60, 120.97, 120.88, 120.33, 120.09, 29.15, 24.03; IR (KBr): 3450, 2964, 2868,
2391, 2349, 2310, 1759, 1697, 1658, 1571, 1535, 1408, 1357, 1294, 1246, 1178, 1026, 898,
839, 812, 756, 702 cm™; Anal. Calcd. for C«oH3:1NO2: C, 86.15; H, 5.60; N, 2.51. Found:
C, 86.31; H, 5.43; N, 2.66.

24410 Synthesis of 9-(Trimethylsilylethynyl)-N-(2,6-
diisopropylphenyl)-perylene-3,4-dicarboximide 13

9-Bromo-N-(2,6-diisopropylphenyl)-perylene-3,4-dicarboximide (11) (0.1 g, 0.18

mmol) and trimethylsilylacetylene (24 mg, 0.243 mmol) were dissolved in 30 ml
toluene and 6 ml triethylamine along with Cul (2 mg, 10.5 pmol) and PdClz(PPhs):
(12 mg, 17.11 pumol). The resulting dark red solution was refluxed for 24 h. The
reaction mixture was then filtered and column chromatography (silica gel, EtOAc :
petroleum ether 1 : 9) of the filtrate yielded the product 13 (73 mg, 74.5%) as a dark
red solid. mp> 300 °C;'H NMR (500 MHz, CDCls,): = 8.61 - 8.58 (m, 2H), 8.46 (d, ] =
7.4 Hz, 1H), 8.43 - 8.36 (m, 3H), 8.33 (d, ] =8 Hz, 1H), 7.76 (d, ] = 7.8 Hz, 1H), 7.68 (t, ]
=79Hz 1H), 741 (t, ] =7.9 Hz, 1H), 7.27 (d, ] = 7.8 Hz, 2H), 2.71 - 2.66 (m, 2H), 1.10
(d, J = 6.85, 12H), 0.3091 (s, 9H); *C NMR (125 MHz, CDCls): & = 163.92, 163.90,
145.68, 137.20, 136.75, 134.31, 132.00, 131.89, 131.52, 130.98, 130.38, 129.46, 129.44,
129.25, 129.18, 127.62, 127.58, 126.68, 124.11, 124.01, 123.59, 122.92, 121.19, 121.02,
120.71, 120.41, 103.39, 102.45, 30.91, 29.15, 23.98; IR (KBr): 3446, 2358, 2330, 1942,
1869, 1843, 1791, 1701, 1653, 1558, 1456, 1417, 1361, 1247, 1128, 1056, 862, 771, 669, 580
cm™; Anal. Calcd. for CsoHssNO:Si: C, 81.07; H, 6.11; N, 2.42. Found: C, 81.89; H, 6.28 ;
N, 2.44.
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2.4.4.11 Synthesis of 9-Ethynyl-N-(2,6-diisopropylphenyl)-
perylene-3,4-dicarboximide 14 (PI-Ac)

9-(Trimethylsilylethynyl)-N-(2,6-diisopropylphenyl)-perylene-3,4-dicarboximide (13)
(0.1 g, 0.17 mmol) and KoCO:s (24 mg, 0.17 mmol) were stirred in 7 ml dry methanol
and 3.5 ml dry dichloromethane at room temperature for 1 h. The solvent was
removed under reduced pressure and purification by column chromatography
(silica gel, EtOAc : petroleum ether 1 : 9) afforded the compound 14 (84 mg, 96%) in
the form of a bright red solid. mp> 300 °C;"H NMR (500 MHz, CDCls): 6 = 8.67 — 8.64
(m, 2H), 8.47 — 8.40 (m, 4H), 8.35(d, J=7.9 Hz, 1H), 7.82 (d, ] =7.7 Hz, 1H), 7.70 (t, ] =
7.7 Hz, 1H), 7.48 (t, ] = 7.8 Hz, 1H), 7.35 (d, ] = 7.9 Hz, 2H), 3.67 (s, 1H), 2.80 — 2.74
(m, 2H), 1.18 (d, ] = 6.8 Hz, 12H); *C NMR (125 MHz, CDCls): d = 163.90, 145.70,
137.15, 136.68, 134.54, 132.10, 132.04, 131.97, 130.96, 130.43, 129.95, 129.49, 129.46,
129.02, 127.82, 127.73, 126.80, 124.22, 124.04, 122.85, 122.54, 121.47, 121.22, 120.89,
120.59, 85.01, 81.36, 29.16, 24.02; IR (KBr): 3423, 3251, 2962, 1764, 1701, 1658, 1591,
1552, 1512, 1444, 1408, 1359, 1292, 1246, 1178, 1141, 1056, 991, 906, 839, 808, 771, 754
cm?; Anal. Caled. for CssH2NO:2: C, 85.52; H, 5.38; N, 2.77. Found: C, 85.88; H, 5.59;
N, 2.89.

2.4.4.12 Synthesis of 9-(4-(N-(3-hydroxypropyl)naphthalene-
1,8-dicarboximide)yl)-N-(2,6-diisopropylphenyl)-perylene-3,4
-dicarboximide 15 (NP)

A solution of9-Bromo-N-(2,6-diisopropylphenyl)-perylene-3,4-dicarboximide (11)
(050 g, 0.89 mmol), 4-tributylstannyl-N-(3-hydroxypropyl)-naphthalene-1,8-
dicarboximide (5) (0.61 g, 1.12 mmol) and Pd(PPhs)s (10.28 mg, 8.89 pmol) in 50 ml
DMFwas heated at 90 °C for 2 days. The solvent was removed under reduced
pressure and the residue was purified by column chromatography (silica gel, EtOAc
: petroleum ether 1 : 1) to afford compound 15 (0.33 g, 50%) as a yellow-orange solid.
mp> 300 °C; 'H NMR (500 MHz, CDCls): o = 8.72 (d, ] = 7.35 Hz, 1H), 8.67 — 8.60 (m,

73



2.4.4 Synthesis Details

3H), 8.56 (d, ] =7.9 Hz, 1H), 8.51 (d, ] = 8.25 Hz, 1H), 8.46 (d, ] = 8.1 Hz, 2H), 7.86 -
7.84 (m, 1H), 7.80 (d, J=7.5 Hz, 1H), 7.62 — 7.57 (m, 2H), 7.47 — 7.40 (m, 2H), 7.35 (d, ]
=8.5Hz, 1H), 7.28 (d, ] =8 Hz, 2H), 4.37 (t, ] = 6.2 Hz, 2H), 3.60 — 3.58 (m, 2H), 3.04 (s,
1H), 2.75 - 2.68 (m, 2H), 2.01 - 1.96 (m, 2H), 1.13 - 1.11 (m, 12H); C NMR (125 MHz,
CHCls): 0 =164.82, 164.67, 163.94, 145.75, 145.72, 144.72, 139.01, 137.27, 133.41, 132.91,
132.17, 132.14, 131.91, 131.15, 130.95, 130.10, 129.75, 129.53, 129.16, 129.06, 128.86,
128.56, 128.29, 127.70, 127.41, 126.99, 124.14, 124.07, 123.15, 122.71, 122.41, 12141,
120.80, 120.68, 59.00, 36.98, 31.07, 29.19, 24.05, 24.03; IR (KBr): 3466, 2960, 2927, 2866,
2358, 1699, 1658, 1591, 1577, 1467, 1444, 1359, 1244, 1178, 1132, 1056, 1039, 844, 812,
786, 758, 748 cm; Anal. Calcd. for CsoH3sN20s: C, 80.09; H, 5.21; N, 3.81. Found: C,
80.59; H, 5.21; N, 3.85.

2.4.413 Synthesis of N-(2,6-diisopropylphenyl)-N’-(3-
hydroxypropyl)-terrylene-3,4,11,12-tetracarboxdiimide 16 (T)

9-(4-(N-(3-hydroxypropyl)naphthalene-1,8-dicarboximide)yl)-N-(2,6-diisopropyl

phenyl)-perylene-3,4-dicarboximide (15) (200 mg, 0.27 mmol) and K2COs (37 mg, 0.27
mmol) were stirred in ethanolamine (2.48 g, 40.6 mmol) under argon for 3 h at 160°C.
After cooling down to room temperature, the solution was poured into methanol
and then centrifuged. The supernatant was discarded and the pellet was dried under
vacuum and purified by column chromatography (silica gel, CHCls: Methanol 19 : 1)
to yield the blue colored product 16 (148 mg, 75%). mp> 300 °C;'H NMR (500 MHz,
C2D2Cls, 100 °C): 0 =8.61 (d, J = 7.55 Hz, 2H), 8.57 — 8.45 (m, 10H), 7.37 (t, ] =7.82 Hz,
1H), 7.23 (d, ] = 7.75 Hz, 2H), 4.38 - 4.37 (m, 2H), 3.92 - 3.90 (m, 2H), 3.03 (s, 1H), 2.75
—2.66 (m, 2H), 2.26 — 2.23 (m, 2H), 1.11(d, ] = 6.75 Hz 12H); IR (KBr): 3421, 3165, 2918,
2848, 2677,2492, 2380, 1697, 1691, 1654, 1651, 1585, 1573,1471, 1398, 1379, 1251, 1035,
840, 810, 752 cm.
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Chapter 3

Single-Component Organic Light-Harvesting
Red Luminescent Crystal of a Near-Orthogonal
Dyad

3.1 Introduction

Organic solid-state luminescent materials[164] have immense importance in the area
of optoelectronic and photonic devices[100,165,166]. Aggregation of m-conjugated
molecules can either increase or decrease the luminescence quantum yield
considerably going from dilute solutions to ordered phase. Aggregation can restrict
certain bond rotations that can reduce the non-radiative loss resulting in aggregation
induced enhanced emission (AIEE)[167-169]. On the other hand, intermolecular
vibronic interactions such as excimer/exciplex formation and exciton coupling in the
aggregate can quench the fluorescence through enhanced non-radiative deactivation
of the excited state[29]. Recently, attention has been focussed towards the theoretical
analysis[170,171] and crystal engineering[172,173] to orthogonally orient the long
axes in the ordered phase to prevent non-radiative deactivation. Alternatively, we
propose to incorporate orthogonal mt-surface that promotes self-aggregation leading
to crystallisation but prevents the association of the fluorescent chromophoric units.
Though the constituent chromophores are arranged in orthogonal planes, the
parallel orientation of transition dipoles of the donor and the acceptor moieties can
efficiently transfer energy upon photoexcitation thereby making the dyad a light
harvesting organic luminescent crystal. Moreover, light harvesting single molecule
organic crystals have received very less attention[20,21]. Efficiency of energy and/or
electron transfer in similar orthogonal chromophoric dyads are well-documented in
solution[22-24], thin films[25], nickel oxide films[26] and liquid crystalline
medium][27].

Publication based on this work has been reported in J. Phys. Chem. C 117, 3240-3248 (2013)



3.1 Introduction

The first experimental observation for orthogonally oriented long axes in the
crystalline state is reported by Xie, Z. et al.. Their work clearly demonstrates that cross
dipole stacking in the crystal of distyrylbenzene derivative (trans-DPDSB) that exhibits

high fluorescence quantum yield in the solid state (Figure 3.1A, B)[172]. The crystal
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Figure 3.1 A) Different conformational structures of trans-DPDSB in crystal; B) Crystals
of trans-DPDSB under UV light (365 nm); C) Schematic of the aromatic CH/x hydrogen
bonds between two adjacent molecules. Interaction distances for I and I are 3.08 and 2.67 A
respectively. Conformation 1 is drawn in blue and 2 in red and D) Splitting of the optically
allowed transitions of a single chain (sketched in the middle) in a cross-stacking
configuration (trans-DPDSB) and a parallel-stacking configuration (H-aggregate).
Reprinted with permission from ref. [172]. Copyright 2005, American Chemical Society.
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data indicates that there are two crystallographically independent conformations of
trans-DPDSB (Figure 3.1 A) in which two molecules are arranged in such a fashion
that the long axes are inclined at an angle of 70° through aromatic CH/r interactions
(Figure 3.1C). In the parallel stack of the dimer, the lowest excited state corresponds
to the destructive combination of the transition dipole moment of the individual
chains, and it is optically forbidden (Figure 3.1D). But in the cross-stacking dimer of
trans-DPDSB , the energy splitting between the lowest two excited states of the
dimer is reduced, and a progressive transfer of energy from the second excited state
to the lowest excited state occurs (Figure 3.1D). This facilitates a finite transition
dipole moment between the ground state and the lowest excited state of the clusters,

which is highly favourable for the light-emission properties in the solid state.

Red luminescent organic molecules in the condensed media possess a strong
tendency to aggregate that can result in quenching of fluorescence, due to (i) m-m
interactions from the large planar m-surface[32] or (ii) the electrostatic interaction
induced by substituents that can act as donors or acceptors[28,33]. Therefore the
design and synthesis of red emissive non-doped fluorescent crystals that operate
without a hole-blocking layer is still a challenging task for high hole injection
efficiency and mobility that can have potential light emitting device applications. We
herein report the solid state packing and light harvesting properties of a thermally
stable organic single crystal based on naphthalenimide and perylenimide units with
strong red luminescence that can have potential photonic applications and further
tuning of photophysical properties of the dyad by incorporating alkyl-side units of

different length.
3.1.1 Luminescence Properties of Aggregates

The m-conjugated molecules in solution or amorphous or crystalline solid state
exhibit two distinct types of aggregate namely J- and H-aggregates. The J-aggregates

(J for Jelly who discovered the phenomenon of J-aggregates) show bathochromic
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3.1.1 Luminescence Properties of Aggregates

shift (red shift) and H-aggregate show hypochromic shift (blue shift) in absorption
spectra in comparison to the monomer spectra. The exciton theory[174] is developed
by Micheal Kasha, describes the correlation between structure of aggregates and
their absorption spectra. According to exciton theory, dye molecules are considered
as point dipoles and upon aggregation the excited state split into two levels one
being higher in energy and the other being lower in energy compared to the
monomeric excited state (Figure 3.2). The allowed and forbidden transitions of the
electron are governed by the tilt or slip angle («) which is the angle between the
transition dipole moments and the line joining the centres of the molecule. In the
case of J-aggregates having head to tail arrangement of molecules (a < 54°), the
allowed transition is to the lowest excited state which results narrow red shifted
emission (Figure 3.2). But in the case of H-aggregate having face to face or sandwich
type of molecular arrangement (a > 54°), the allowed transition is to the upper
excited state level which results blue shifted emission (Figure 3.2).
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Figure 3.2 Schematic diagram showing the formation of H- and J-aggregates with their

possible electronic transitions.
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Packing

3.1.2 Relation between Solid State Luminescence of

Perylenimides and their Molecular Packing

The colour of a dye is not only determined by the electronic properties of the
individual molecular chromophores, but also is influenced by the electronic
interactions with the vicinal molecules in the crystal. The solid state packing of
perylenimide dyes have been extensively studied for optimising the colour as well as
the solid state luminescence quantum yield. The important work carried out by
Graser, Hadicke and Klebe of BASF company, Germany has revealed the crystal
structures of 18 perylene bismide (PBI) derivatives [175-179]. Recently Zugenmaier
et al. reported crystal structure of 6 more PBI pigments[180]. All these crystal
structure shows planar geometry of PBI molecules with a parallel orientation at a
stacking distance between 3.35 and 3.55 A (for comparison, a distance of 3.35 A is
found in graphite, Figure 3.3)[41]. However the perylene planes are not fully
overlapping with each other in the crystal structure. The transverse (t) and
longitudinal (1) offsets (slips) differentiate one perylene plane from another where t
and 1 describes the coordinates of a given atom in the next perylene down the stack
relative to previous one along the short and long axes of PBI respectively (Figure

3.3).

Figure 3.3 The most common = stacking of perylene bisimides (PBI) in the solid state
involving longitudinal and transverse offsets. Reprinted with permission from ref. [41].

Copyright 2004, Royal Society of Chemistry.
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Packing

Although the basic chromophore in PBI is identical, different substituents can
change the colour of bisimides due to the difference in transverse and longitudinal
offset. Thus, PBI may exhibit different colours in the solid state depending on the
packing eventhough they have almost identical absorption spectra in solution. In
comparison to longitudinal offset, the transverse offset produce dramatic change in
the absorption maxima of PBI. Thus pigments like azobenzene substituted PBI
(pigment red PR 178) with larger transverse slip shows similar colour in solution
(red colour) due to minimum 7-m interaction between the nearby PBI molecules
(Figure 3.4A). But the methyl substituted PBI (PR 179) exhibits more perturbation in
the electronic spectra due to smaller transverse ofset which will produce maroon
colour in the solid state (Figure 3.4B). But in the case of para methoxy benzyl
substituted PBI (PBI 32) shows black clour attributes to stronger electronic

interaction between neighbouring PBI molecules (Figure 3.4C).

R = Azobenzene R =CH, R = -p-CH,OPhCH,-
(PR 179) (PR 179) (PR 179)

Figure 3.4 Transverse and longitudinal displacements of the stacked n-systems in the
crystals of A) red (PR 178); B) maroon (PR 179) and C) black (PBI 32) perylene bisimide
pigments. Reprinted with permission from ref. [41]. Copyright 2004, Royal Society of
Chemistry.

The substitution of hydrogen atoms at bay positions of PBI reduces

intermolecular close packing but it also destroys the planarity of the perylene
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scaffold. Wurthner et al. reported nearly flat 1,7-di-(2,6-terphenyl) substituted (PBI
1) and 1,7-diphenoxy-substituted (PBI 2) PBIs (Figure 3.5)[181]. In comparison to the
unsubstituted parent derivative PBI 3 (®r = 0.03) both PBI 1 (®r = 0.37) and PBI 2 (®r
= 0.13) shows enhanced solid state fluorescence. The bulky terphenyl group
efficiently shield the perylene core from nearby perylene unit there by completely
eliminate the intermolecular PBI contacts in the solid state. Unlike PBIs the solid

state fluorescence propertis of perylene monoimides (PMI) are not well studied in
the literature.

@

Figure 3.5 Concept of inhibiting the formation of PBI aggregates by bulky groups at 1,7-bay

2 X
3 X

positions (left) and chemical structure of PBI 1 as well as reference PBI dyes 2 and 3.
Reprinted with permission from ref. [181]. Copyright 2012, Royal Society of Chemistry.

3.2 Results and Discussions
3.2.1 Crystal Structure of the Dyad NP and the Model
Derivative PI

We have synthesised the napthalenimide-perylenimide dyad NP (Figure 3.6A)
through Stille coupling between the tributyltin derivative of N-hydroxypropyl
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3.2.1 Crystal Structure of the Dyad NP and the Model Derivative PI

naphthalenimide and bromoperylenimide which is described in chapter 2[182]. The
dyad NP exhibits exceptional thermal stability upto 425 °C (Figure 3.7) which is
consistent with the polyarenimide based systems reported -earlier[183]. The

corresponding model perylenimide (PI) derivative (Figure 3.6B) is also synthesized

- 88te

Figure 3.6 Shows A) and B) the molecular structure of the dyad NP and the model

for comparison[97].

A) Ho

derivative PI respectively.
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Figure 3.7 Shows the thermogravimetric analysis of the dyad NP.
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3.2.1 Crystal Structure of the Dyad NP and the Model Derivative PI

Single crystal X-ray analysis of the dyad NP indicates near-orthogonal
arrangement of the napthalenimide and peryelenimide planes (6 = 75°). The dyad
NP crystallizes in the triclinic space group P1 having two molecules in the
asymmetric unit (Refer Table 2.1, Chapter 2). Detailed analysis of the crystal
structure of the dyad NP revealed conjugated nature of the individual chromophoric
units as observed from the comparable bond lengths corresponding to conjugated
carbon-carbon single and double bonds in the crystal structure. The interchro-
mophoric C-C bond length is found to be 1.49 A comparable to that of a freely
rotating C-C single bond length. By virtue of the near-orthogonal arrangement
(twisted out of planarity by 75°) between the two chromophoric units, the
naphthalenimide and perylenimide units act as independent chromophores and not
as a conjugated system. The remarkable structural feature of the crystal packing is
that the non-planar arrangement of the two chromophoric units prevents the
possibility of close-packing of the fluorescent perylenimide units in the solid state.
Interplanar distance between the two nearest perylenimide units is found to be 7 A
having a transverse slip (along the molecular short axis of the perylenimide unit) of
0.95 A and longitudinal slip (along the molecular long axis of the perylenimide unit)
of 805 A (Figure 3.8A). Partially slipped-stack perylenimide dimers are also
observed at short stacking distance of 3.4 A having a transverse slip of 2.82 A and
longitudinal slip of 3.28 A (Figure 3.8B). While nearest naphthalenimide-
naphthalenimide units are found to be at van der Waals distance (3.1 A) (Figure
3.8C). The close packing of the perylenimide unit is strongly hindered due to the
presence of the sterically bulky ortho-substituents at the phenyl ring on the imide
end and orthogonally oriented naphthalenimide unit on the other end. Strong CH---mt
interactions between the m-surface of the perylenimide unit and (i) the
naphthalenimide (CH-+7t; 3.2 A) and (ii) methyl protons of the isopropyl substituent
(CH-m; 2.8 A) forces this molecule to have such distinct arrangement (Figure
3.8C)[184]. An efficient rt-mt interaction between the adjacent naphthalenimide units
(Figure 3.8C) drives the formation of the ordered crystalline structure of the dyad
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A)

a

Figure 3.8 Shows A) and B) two different types of perylenimide-perylenimide geometry
available in the crystal lattice of the dyad NP; C) naphthalenimide-naphthalenimide close
packing observed in the dyad NP.
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NP despite the inefficient m-t overlap in perylenimide units. The antiparallel
packing of two NP molecules in the unit cell reveals the fact that the dipoles of the
NI and PI have favourable orientation for energy transfer in the crystalline state
minimizing the aggregation effects of the emissive perylenimide units (Figure 3.8B).
The crystal structure of the model derivative PI having orthogonal sterically bulky
subsituent only at one end, i.e. diisopropyl phenyl unit, exhibited two types of
aggregate between the perylenimide units (Figure 3.9). Perylenimide-perylenimide
dimer in the model derivative PI is found at a stacking distance of 3.5 A having an
average transverse slip of 1.5 A and longitudinal slip of 2.4 A. While an alternate
perylenimide-perylenimide arrangement in the model derivative PI is also observed
at a stacking distance of 3.5 A having an average transverse and longitudinal slip of

1.2 and 7.08 A respectively.

Q’ Aaa.
T i\}

.

Figure 3.9 Shows crystal packing in the model derivative PI.
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3.2.2 Photophysical studies of the dyad NP and the model
derivative PI

By virtue of perpendicular arrangement of the two constituent chromophoric planes
of naphthalenimide (NI) and perylenimide (PI) units, negligible orbital overlap
effects are evident in the dyad NP in solution. The UV-Vis absorption spectrum of
the dyad NP in organic solvents such as toluene, acetonitrile etc. can be described as
the sum of the UV-Vis absorption spectra of the constituent chromophores (Refer
chapter 2)[182]. Identity of the individual chromphoric units, NI and PI, in the
covalently linked dyad NP in solution is confirmed using cyclic voltammetry,
steady-state and time-resolved fluorescence measurements(Refer chapter 2)[182].
Upon photoexcitatation at 345 nm, we observed highly efficient energy transfer
(90%) from NI to PI unit in solution due to adequate spectral overlap between the NI
emission and PI absorption and favourable parallel dipole orientation at short
separation of 1.49 A. Upon photoexcitation of naphthalenimide unit, a marginal loss
of photons (ca. 10%) in the dyad NP in solution could be attributed to
thermodynamically favourable (AG = -0.17 eV) electron transfer process from singlet

excited state of naphthalenimide unit to perylenimide unit.

Figure 3.10A shows the absorption spectrum of the model derivative PI
in toluene and the diffuse reflectance spectrum measured in its crystalline state.
Whereas the model derivative PI exhibited characteristic absorption of monomeric
perylenimide moiety centered around 480 and 507 nm in toluene, crystalline form of
PI exhibited strong bands centered at 428, 538 and 577 nm, similar to the UV- Vis
spectrum of self-assembled twisted tetrachloroperylendiimide aggregates (Table
3.1)[185]. UV-Vis spectrum of the model derivative PI in thin film state exhibited
peaks centered at 481, 516 and 551 nm. Fluorescence measurement of PI in toluene
exhibited bands centered around 530, 569 and 618 nm having a quantum yield of
0.86 consistent to that of monomeric perylenimide moiety (Figure 3.10B). Crystalline

PI exhibited a broad band centered at 660 nm having a quantum yield of 0.11. Model
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3.2.2 Photophysical studies of the dyad NP and the model derivative PI

derivative PI in the thin film state exhibited a strong broad band at 681 nm, in
addition to the monomer-like emission at 531 nm with an overall quantum yield of
0.09. Observation of emission bands in the model derivative PI centered at 531 and
681 nm corresponding to perylenimide unit in the monomeric and aggregate state,
respectively, indicates the possibility of heterogeneity in the thin film in constrast to

the model derivative PI in the crystalline state.
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Figure 3.10 A) Absorption spectra of model derivative PI in toluene (black), diffuse
reflectance absorption spectrum in crystalline state (red), and in film state (blue), B)
fluorescence emission spectra of model derivative PI in toluene (black), crystalline state (red)
and in film state (blue) when excited at 475 nm; C) Absorption spectra of dyad NP in toluene
(black), diffuse reflectance absorption spectrum in thin film (blue) and in crystalline state
(red), D) fluorescence emission spectra of the dyad NP when excited at 345 nm and inset of
D) shows the corresponding emission spectra when excited at 475 nm in toluene solution

(black), crystalline (red) and in film state (blue).
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3.2.2 Photophysical studies of the dyad NP and the model derivative PI

UV -Vis absorption spectrum of the dyad NP in toluene exhibits
individual characteristic bands corresponding to naphthalenimide (Aa = 338 nm) and
perylenimide (Aa = 482 nm) moieties (Figure 3.10C). We observed a significant red
shift (485 cm™) corresponding to the perylenimide unit in the UV-Vis spectrum when
compared to the dyad NP in solution indicating the presence of aggregation in the
thin film of the dyad NP. However, we observed a broad diffuse reflectance
absorption spectrum corresponding to the crystalline NP, consistent with the
reported literature[186]. Steady-state fluorescence measurements of the dyad NP in
solution when excited both at 345 and 475 nm are shown in Figure 3.10D. Upon
direct excitation of perylenimide at 475 nm, we obtained a vibronically resolved
emission spectrum corresponding to perylenimide chromophore at 541 nm and a
shoulder-like band at 577 nm with a quantum yield of 0.81 + 0.002 (inset of Figure
3.10D). The observed perylenimide emission while exciting the naphthalenimide
unit in dyad NP in solution could be attributed to excitonic coupling (Vpa = 3.5 cm’,
Refer Figure 2.23, Chapter 2) arising from favourable orientation of transition dipole
densities of the naphthalenimide and perylenimide units where Vba is the
Coulombic coupling between the donor and acceptor obtained using transition
density cube analysis which is described in chapter 2 [182]. Under similar conditions,
the dyad NP in thin film exhibited a broad band centred on 620 nm corresponding to
PI unit (®r = 0.19 £ 0.002). While the dyad NP in the crystalline state exhibited a
narrow emission centred around 631 nm (®r = 0.5 + 0.04). We observed similar
properties in the emission spectra of the dyad NP when excited at 345 nm that
corresponds to the naphthalenimide unit (Figure 3.10D). The excitation spectrum of
the model derivative PI and the dyad NP in solution, crystalline state and thin film
collected at respective emission maxima (Table 3.1) resembles with the

corresponding absorption spectrum (Figure 3.11A, B).

The dyad NP in thin film and the crystalline state could undergo both

intermolecular and intramolecular energy transfer due to the presence of an array of
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Figure 3.11 Shows A) the excitation spectra of PI in solution (toluene) monitored at 550
nm, thin film and crystalline state monitored at 670 nm; B) the excitation spectra of NP in
solution (toluene), thin film and crystalline state monitored at 550 nm (for solution) and 630

nm (for film and crystalline state).

donor-acceptor pairs. A narrow emission from the dyad NP in the crystalline state
arises from a combination of direct excitation at perylenimide (Aex =475 nm) unit and
through excitation energy transfer upon excitation of naphthalenimide (Aex = 345 nm)
unit. Observed spectral narrowing of the dyad NP in the crystalline state (FWHM =
65 nm) when compared to the thin film (FWHM = 115 nm) could be attributed to the
significant reabsorption of the photons due to high optical density present in the
crystalline form when compared to the thin film. A remarkable red shift (2636 cm™)
in the fluorescence spectrum of the dyad NP in solid state when compared to
solution makes this dyad red fluorescent in the crystalline state while exhibiting
yellow-orange emission in solution. We observed decrease in fluorescence intensity
(ca. 15%) of the dyad NP in the crystalline state at elevated temperature (100 °C)
which is regained when cooled to room temperature repeatedly over several cycles
by the dry process (Figure 3.12). Observed decrease in the fluorescence intensity (ca.
15%) of the dyad NP at elevated temperature (100 °C) could be attributed to

thermally enhanced rate of non-radiative decay. While the recovery of fluorescence

89



3.2.2 Photophysical studies of the dyad NP and the model derivative PI

intensity of the dyad NP at ambient temperature indicates structural stability of the

dyad NP over thermal fluctuations up to 100 °C.
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Figure 3.12 Shows the fluorescence microscopic image of the dyad NP at various
temperatures (top) and a plot of relative intensity of the solid-state luminescence of the dyad

NP against the number of heat-cooling cycles starting from the fluorescent state.

Time-resolved emission studies were carried out to further understand
the conformation of the dyad NP in solution, thin film and crystalline state when
excited both at 340 nm (Figure 3.13A) and 439 nm (Figure 3.13B). Upon
photoexcitation of the dyad NP in solution at 439 nm when monitored at 550 nm we
observed a mono-exponential decay having a lifetime of 3.6 ns corresponding to
perylenimide chromophore. The dyad NP in the crystalline form exhibited a bi-
exponential decay with the lifetimes of 3.56 ns (74%) and 1.61 ns (26%), upon
photoexcitation at 439 nm and monitored at 630 nm. While a tri-exponential decay
corresponding to the perylenimide moiety in thin film having the lifetime of 6.42 ns

(33%), 1.59 ns (36%) and 0.61 ns (31%) clearly indicates the possibility of different
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Figure 3.13 Fluorescence lifetime decay of the dyad NP A) when excite at 340 nm and (B)

when excited at 439 nm in toluene solution (red), crystalline (green) and in film state (blue).

conformations of the dyad NP in thin film. Similar time-resolved fluorescence data
were observed for the dyad NP in solution, thin film and crystalline state upon
excitation at 340 nm. The model derivative PI shows a bi-exponential decay in the
crystalline state having the lifetimes of 2.64 ns (24%) and 5.0 ns (76%) (Figure 3.14)
corresponding to a broad emission centered at 670 nm. In contrast, the derivative PI
in solution exhibited a mono-exponential decay with a lifetime of 4.9 ns
corresponding to monomeric perylenimide unit. While the derivative PI in thin film
exhibited a bi-exponential decay having a lifetime of 0.45 (42.6%) and 1.53 ns
(57.4%), excited at 439 nm and when monitored at 670 nm corresponding to the
perylenimide aggregate emission. Similar fluorescence lifetime data were obtained
for the derivative PI in thin film when monitored at 570 nm corresponding to the
monomeric perylenimide unit clearly indicating the co-existence of both monomer
and aggregate corresponding to perylenimide unit in the entire emission spectral

range of 500-880 nm.

From the quantum yield and fluorescence lifetime of the dyad NP and the
model derivative PI, we have determined the rates of radiative and non-radiative
decay pathways in solution, thin film and crystalline state by using the equations

3.1-3.4[29].
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Fer

P = 3.1)
T = kr:km (3.2)
ke =2 (3.3)
kye =~ —k; (3.4)

In solution, the dyad NP exhibited a faster rate of radiative decay (k:=2.32 x 10% s)
when compared to the rate of radiative decay in dyad NP in thin film (k: = 0.37 x 108

s1) and crystalline state (k- = 1.52 x 108 s!). In contrast, rate of non-radiative decay is
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Figure 3.14 Shows the fluorescence lifetime decays of PI in solution (toluene), film and

crystalline state, emission collected at 550 for solution and 670 nm for both crystal and film

on excited at 439 nm.
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Table 3.1 Photophysical properties of conjugate NP and the corresponding model derivative PI in solution (toluene), thin film and crystalline

state.

PI NP
7\.ab,a }\.em,b T¢ (d), Dre kr,f knr,g )\.ab,a )\.em,b T¢ (d), Dre kr,f knr,g
nm nm ns ! [18s1]  [108s7] nm Nm ns ! [18s1]  [10%s7]
530 338,
. 480, ’ 0.86 + 541, 0.81 +
Solution 507 569, 4.90 0.002 1.75 0.29 482, 577 3.60 0.002 2.32 0.54
618 511
481, 531 0.09 + 1.59 (36.1)
’ 45 (42.6 49 19 +
Film 516, 575, (1) 53 557 4; 0.001 0.67 6.79 522 620 6.42 (33.0) % 002 0.37 1.59
551 eg1 0.61(30.9)
428 0.11 + 300- 0.50 +
’ 2.64 (23.7 1.61 (26.1
Crystal 538, 060 500 57 . 3; 0.003 023 1.91 600 631 g ¢ 272 9; 0.001 1.52 1.52
577 ' ' (broad) ' '

aAbsorption maxima; "Emission maxima (Excitation wavelength, 475 nm); <Fluorescence lifetime (Excitation wavelength, 439 nm
and emission collected at 550, 670 and 670 nm for PI in solution, thin film and crystalline state respectively and 550, 630 and 630 nm

for NP in solution, thin film and crystalline state respectively); (d) corresponding amplitude; *Quantum yield; ‘rate of radiative
decay and srate of non-radiative decay.
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found to increase in the dyad NP in thin film and crystalline state when compared to
the solution (Table 3.1). Observed decrease in the rate of radiative decay[30] in the
crystalline NP corresponding to the perylenimide unit when compared to that
insolution could be attributed to weak H-type exciton coupling[185,187] between the
perylenimide units[32,101,188]. A moderate reduction in the quantum yield of
fluorescence in the crystalline state of dyad NP compared to that in the solution
could be attributed to the existence of a weak H-type aggregate[41]. Orthogonally
oriented sterically bulky obstructs on either side of the perylenimide moiety
prevented a strong H-type interactions thereby leading to the strong fluorescence
(weak H-type aggregate) in the crystalline state of the dyad NP. Moderate
fluorescence quantum yield (®r = 0.17) is achieved in a sterically less demanding
dicyclohexyl perylenediimide derivative that is assumed to arise from flip-flap
arrangement[189]. The model derivative PI in toluene exhibited a rate of radiative
decay kr=1.75 x 108 s1, when compared to the k- = 0.67 x 108 s and 0.23 x 108 s'in the
case of derivative PI in thin film and crystalline state respectively. A large decrease
in the rate of radiative decay (ca. 7-fold) in the derivative PI in the crystalline state
when compared to the PI in solution is clearly indicative of strong H-type aggregate.
In contrast, moderate decrease in the rate of radiative decay (ca. 1.5 fold) in the dyad
NP in the crystalline state vs. the dyad NP in solution confirms the formation of

weak H-type aggregate in the dyad NP in the crystalline state.

We have carried out time-resolved anisotropy measurements to
understand the timescale of exciton migration in the crystalline state of dyad NP
(Figure 3.15). Since fluorescence depolarization through rotational motion is not
possible at this time scale in the crystalline state, the observed anisotropy could be
attributed to the energy migration[190]. Exciton delocalization can occur due to the
very short separation between the chromophoric transition dipoles[191]. Exciton
migration within the dyad NP in the crystalline aggregated state leads to a loss of

the memory of the initial excitation polarization, thereby resulting in equal
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Figure 3.15 Anisotropy decays of the dyad NP in the crystalline state A) when excited at
439 nm and B) when excited at 340 nm.

intensities of the polarized emitted light that is either parallel or perpendicular to the
polarization of the excitation source[192]. The dyad NP exhibits an initial anisotropy
value () of 0.32 which loses the anisotropy memory with a decay time of 516 ps,
upon excitation at 340 nm (NI moiety) and monitored at 631 nm (PI moiety, Figure
3.15A). Observed slow rate of energy migration (Kem = 1.9 x 10? s7) for the dyad NP
when compared to single chromophoric systems[69] could be attributed to delayed
loss of memory arising from the asymmetry of the dyad NP. While excitation at 439
nm (PI moiety; Figure 3.15B) of the crystalline dyad NP exhibits an initial anisotropy
(ro) of 0.37 having a decay time of 142 ps (Kem = 7.0 x10° s'). However, the fast
fluorescence depolarization clearly indicates the rapid interchromophoric migration
of the singlet excitons which facilitates the energy transfer to the acceptor
perylenimide unit. A slower rate of exciton migration upon excitation of
naphthalenimide moiety when compared to perylenimide unit could be attributed to
an additional step of exciton migration from naphthalenimide to lower energetic
perylenimide unit connected across a single covalent bond[70]. The dyad NP in
toluene upon drop-casting on HOPG surface exhibited a poor conductivity of 1.8 x
105 S/cm, obtained using conductive atomic force microscopy (C-AFM; Figure
3.16A). While the drop-casted dyad NP exposed to iodine vapor exhibited an order

of magnitude increase in conductivity (3.0 x 104 S/cm, Figure 3.16B)[193].
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Figure 3.16 A) AFM height image of the dyad NP drop casted on HOPG; B) C-AFM
measurement of the dyad NP drop casted on HOPG in the absence (red) and presence (black)

of iodine.

3.2.3 Tuning the Photophysical Properties of Dyad NP by
Incorporating Alkyl Side-Chain Units of Different Length to
NI Moiety

In order to tune the solid state photophysical properties of the dyad NP, we have
synthesized a series of derivatives by carefully modifying the imide substitunet of
naphthalenimide unit to butyl (NP-Bu), octyl (NP-Oct) and hexadecyl (NP-Hed)
group through the Stille coupling of tributyltin derivative of N-(2,6-
diisopropylphenyl)-perylene-3,4-dicarboximide = and  corresponding = bromo
naphthalenimide (Scheme 3.1)[142]. The UV-Vis absorption spectra of the NP dyads
containing different alkyl side-chains in toluene solution exhibit absorption maxima
at 340 and 513 nm that correspond to the NI and PI units respectively (Figure 3.17A).
Similar absorption maxima were observed for NP-Oct and NP-Hed in toluene

solution. Upon direct excitation of perylenimide at 475 nm in NP-Bu, vibronically
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resolved emission spectra corresponding to the perylenimide chromophore with
emission maximum of 540 nm and shoulder band at 575 nm (®r = 0.82 + 0.001, Figure
3.17B) were observed. Similar emission spectra obtained for NP-Oct (®r= 0.80 + 0.00)
and NP-Hed (®r = 0.80 + 0.00, Figure 3.17B) upon photoexcitation at 475 nm. Upon
photo-excitation at 345 nm, a highly efficient energy transfer from NI to PI unit was
observed in NP-Bu, NP-Oct and NP-Hed due to adequate spectral overlap between
the NI emission and PI absorption, along with favourable parallel dipole orientation
between NI and PI units at a short separation of 1.49 A, consistent with dyad NP
(Figure 3.17B).

LY

O .0

SnBU3
17

Br Br

b)
Oe — > OO - 19A, 19B & 19C
0

0~ ~0"No O N R -\ (18A&19A)
L A~~~ (18B & 19B)
3
AANANANNANNY
18A, 18B & 18C (18C & 19C)

a) Hexabutylditin/Pd(PPh;),/toluene/reflux; b) alkylamine/acetic acid/reflux;
c) Pd(PPh;),/DMF/120 °C.

Scheme 3.1 Synthesis of NP derivatives with different alkyl chain units (NP-Bu, NP-Oct
and NP-Hed).
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Figure 3.17 Shows the A) UV-Vis absorption and B) fluorescence emission spectra when
excited at 475 nm (solid line) and 345 nm (dotted line) of NP-Bu, NP-Oct and NP-Hed in

toluene.

We have crystallized all the three derivatives NP-Bu, NP-Oct and NP-Hed by
slow diffusion of ethanol into chloroform solution. All the three derivatives exhibit
triclinic unit cell with space group P1 and near-orthogonal arrangement of NI and PI
units similar to the dyad NP (Figure 3.18). From the carefull analysis of the crystal
structure data, we found that the interplanar distance between the two nearest
perylenimide units was 3.6 A NP-Bu and it reduced to 3.4 A in NP-Oct and 3.5 A in
NP-Hed (Figure 3.19A-C). But going from NP-Bu to NP-Oct and NP-Hed, the
transverse slip increased from 3.2 to 3.7 A. Also a weak perylenimide-perylenimide
(PI-PI) close packing was observed at a distance of 7 A in all the three derivatives
similar to dyad NP (Figure 3.8A). In addition to PI-PI close packing, NP-Bu exhibits
an efficient m-m interaction between the adjacent NI units at 3.7 A (Figure 3.20A).
This drives the formation of the ordered crystalline structure of the dyad NP despite
the inefficient rt-mt overlap between the perylenimide units. The NI-NI close packing
distance reduces to 3.4 A both in the case of NP-Oct and NP-Hed (Figure 3.20B, C).
Thus the association of naphthalenimide units drives the formation of the crystalline
structure, preventing the self-aggregation of perylenimide units even in the presence
of longer alkyl side chains, as seen in the case of NP-Hed.
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r

NP-Hed

Figure 3.18 Shows the crystal structures of the three NP-alkyl chain derivatives, NP-Bu,
NP-Oct and NP-Hed.

We observed a broad diffuse reflectance absorption spectra (320-600 nm) for
NP- Bu, NP-Oct and NP-Hed in the crystalline state (Figure 3.21A), consistent with
the reported literature[186]. A considerable blue-shift in the absorption maxima was
observed as the alkyl-chain length increased from butyl to octyl and hexadecyl. In
the crystalline state, the dyad NP-Bu exhibited a broad emission centered around
640 nm with a shoulder at 535 nm upon excitation at 475 nm (Figure 3.21B). Similar

fluorescence properties were observed in the emission spectrum of the dyad NP-Bu
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Figure 3.19 Shows perylenimide-perylenimide close packing observed in the crystal lattice of

the dyad A) NP-Bu, B) NP-Oct and C) NP-Hed.

when excited the naphthalenimide unit at 345 nm. This indicates the possibility of an
efficient photoinduced energy transfer occurring from NI to PI in the crystalline
state. The dyad NP-Bu exhibits a red shifted emission maximum (640 nm) in
comparison to NP-Oct (617 nm) and NP-Hed (589 nm) (Table 3.2). Similarly NP-Bu
shows a rather higher solid state fluorescence quantum yield (®r = 0.47 + 0.5) in
comparison to NP-Oct (©r = 0.18 + 0.5) and NP-Hed (®r=0.24 + 0.5) (Table 3.2). This
could be attributed to the increased H-type coupling in NP-Oct and NP-Hed in

comparison to NP-Bu.
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Figure 3.20 Shows naphthalenimide-naphthalenimide close packing observed in the crystal

lattice of the dyad A) NP-Bu, B) NP-Oct and C) NP-Hed.

The fluoresecence lifetime decay analysis of NP-Bu in toluene solution
exhibits a mono-exponential decay having a lifetime of 3.54 ns comparable to dyad
NP in solution on excited at 439 nm (Figure 3.22A). Similarly NP-Oct and NP-Hed in
solution state exhibits fluoresecence lifetime decay of 3.54 and 3.49 ns respectively
when excited at 439 nm (Figure 3.22A, Table 3.2). The fluoresecence lifetime decay
analysis of NP-Bu in the crystalline state shows bi-exponential decay with the
lifetimes of 2.87 ns (61%) and 6.23 ns (39%), upon photoexcitation at 439 nm (Figure
3.22B, Table 3.2). Similarly NP-Oct in the crystalline state exhibits a reduced
tfluorescence lifetime decay value of 1.99 (47%) 5.81 (53%) in comparison to NP-Bu.
But NP-Hed shows a dramtic decrease in the lifetime deacay with a value of 1.32

(49%) and 3.36 (41%). To further understand the aggregation properties we have
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Figure 3.21 A) Diffuse reflectance absorption and B) fluorescence emission (Aex; 475 nm)

spectra of NP-Bu, NP-Oct and NP-Hed in the crystalline state.

calculated the rate of radiative and non-radiative decay of NP-Bu, NP-Oct and NP-
Hed in the solution as well as crystalline state from fluorescence quantum yield and

lifetime by using Eq. 3.1 - 3.4 (Table 3.2). The NP-Bu in the crystalline state exhibits
a moderately reduced rate of radiative decay (0.97 x 10° s) in comparison to the

solution (2.32 x 10° s) attributes to weak H-type aggregates (Table 3.2)[41]. Similarly

NP-Bu in the crystalline state exhibits an increase in the rate of non-radiative decay
(1.01 x 10°s) in comparison to solution (0.51 x 10°s7). But in the case of NP-Oct we
observed a significant reduction in the rate of radiative decay (0.37 x 10° s1) in
comparison to the solution (2.26 x 10°s7) and a significant increase in the rate of non-
radiative decay in the crystalline state (1.67 x 10° s7) in comparison to the solution

(0.56 x 10° s) attributes moderately strong H-type aggregates. The NP-Hed exhibits
similar trend in the rate of radiative decay like NP-Bu but significant increase in the
rate of non-radiative decay (2.71 x 10°s) in the crystalline state in comparison to the
solution (0.49 x 10° s7) attributes to the presence of moderately strong H-type
aggregates (Table 3.2). The optical microscopic images of the NP-alky dyads in the
crystalline state indicate that the colour change occurs from red-orange to yellowish-

orange on going from NP-Bu to NP-Oct and NP-Hed (Figure 3.23A-C) consistent
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Figure 3.22 Fluorescence lifetime decay of the dyad NP-Bu, NP-Oct and NP-Hed A) in the

solution and B) in the crystalline state when excited at 439 nm.

Table 3.2 Photophysiscal properties of NP-Bu, NP-Oct and NP-Hed in the solution and
crystalline state.

Solution Crystal

b Gf T ), kS . N C ) kS ko

nm s mo*s'1  [0°s nm s 10°s'1 10°s"

NP-Bu 540 082 354 232 0.51 644 047+  2.87 (61) 0.97 1.01
+0.001 004  623(39)

NP- 539 0.80 + 354 226 056 617 018 199 (47) 0.37 1.67
Oct 0.001 004  581(53)

NP- 539 0.83 349 238 049 589 024z  1.32(49) 0.86 2.71
Hed 0.001 004 336 (41)

"Emission maxima (Excitation wavelength, 475 nm); *Quantum yield; ‘Fluorescence
lifetime (Excitation wavelength, 439 nm and emission collected at 550 for NP-Bu,
NP-Oct and NP-Hed in solution and 644 nm for NP-Bu, 617 nm for NP-Oct and 589
nm for NP-Hed in the crystalline state respectively); (d) corresponding amplitude;
°rate of non-radiative decay and ‘rate of non-radiative decay.

with the slight blue shift observed in the solid-state diffuse reflectance absorption
spectra. The confocal microscopic imaging of the crystalline samples of NP-Bu, NP-
Oct and NP-Hed on exciting at 488 nm confirms the presence of strong red-orange

fluorescence observed in the crystalline state (Figure 3.23D-F).
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Figure 3.23 Optical microscopic images of the crystalline samples of A) NP-Bu, B) NP-Oct
and C) NP-Hed,; Confocal microscopic image of the crystalline samples of D) NP-Bu, E)
NP-Oct and F) NP-Hed (Excitation wavelength, 488 nm and emission wavelength

monitored at 550 — 650 nm).

3.3 Conclusions

As a consequence of the distinct close-packing of the dyad NP in the solid state, we
observed a strong fluorescence emission in the red region (Amax = 631 nm) having a
quantum yield of 0.5 + 0.04 when excited at 475 nm corresponding to the
perylenimide unit. Upon excitation at 345 nm, we observed fluorescence properties
corresponding to the weak H-type aggregate of perylenimide unit through energy
transfer from the singlet excited state of the naphthalenimide to the perylenimide
unit in the crystalline NP followed by perylenimide-perylenimide exciton
interactions. Since Forster type mechanism can also operate at much larger
separation (non-nearest neighbour) between the naphthalenimide (donor) and the
perylenimide (acceptor), interference between short and long distance energy
transfer may occur that can lead to coherence. Efficient energy transfer in the
crystalline NP arise from i) efficient overlap between the emission spectrum of

naphthalenimide and absorption spectrum of perylenimide units (Figure 3.24A); ii)
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Figure 3.24 Shows A) spectral overlap between the emission spectrum of the NI (blue) and
the absorption spectrum of the PI (Red); Jablonski diagram indicating the B) allowed energy
transfer in parallel dipoles and C) forbidden energy transfer in crossed dipoles: D) schematic
illustration of energy transfer in the crystal leading to the wave-guided red luminescence

(fluorescence microscopic image).

favorable parallel transition dipole-transition dipole orientation (Figure 3.24B) that
includes nearest and non-nearest neighbor[194] interactions in the periodic
arrangement of the naphthalenimide and perylenimide units and iii) weak H-type
exciton interactions between two perylenimide units. Efficient excitation energy
transfer and/or exciton interactions between the nearest neighboring units would be
forbidden in the case of cross dipole orientation[170,171] (Figure 3.24C) which is

demonstrated to be the ideal arrangement of the transition dipoles in the absence of
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energy transfer. Interestingly, the dyad NP forms plate-like transparent crystals
having the edges strongly emissive than the bulk of the crystal, indicating a self-
wave-guided[195,196] structure of the crystalline NP (Figure 3.24D). Favourable
thermal stability, close packing and photophysical properties in the solid-state make
this material promising for organic light emitting diode[197,198] and dual excitation
based lasing[199,200] applications. By carefully modifying the alkyl side-chains of
dyad NP from butyl to octyl and hexadecyl, the color of the crystals could be tuned
from red-orange to yellowish-orange by decreasing the interplanar distance between
the PI units. We also tune the emission maxima of the NP dyad by modifying the
alky chain from butyl (NP-Bu, Aem; 644 nm) to hexadecyl group (NP-Hed, Aem; 589
nm). The increased association between NI-NI units on going from NP-Bu to NP-
Oct and NP-Hed facilitates the crystallisation of the dyad even in the presence of a
long alky chain unit like the hexadecyl group. Also the decrease in solid state
fluorescence quantum yield on going from NP-Bu (®r = 0.47 + 0.04) to NP-Oct (®r =
0.18 + 0.04) and NP-Hed (®r = 0.24 + 0.04) will be a detrimental effect in the case of
long alkyl chain linked NP dyad for using various fluorescence based photonic

applications.

3.4 Experimental Section

3.4.1 Synthesis Details

Synthetic details of model derivative PI and the dyad NP were described in chapter
1.

3.4.1.1 Preparation of N-(2,6-diisopropylphenyl)-9-
(tributylstannyl))perylene-3,4-dicarboximide (17)

A solution of 9-Bromo-N-(2,6-diisopropylphenyl)-perylene-3,4-dicarboximide (11)
(0.834 g, 1.49 mmol), hexabutylditin (1.74 g, 2.99 mmol) and Pd(PPhs): (5.16 mg,

0.3%) in 40 ml toluene was refluxed for 4 days. The solvent was then removed under
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reduced pressure and the residue was purified by column chromatography (silica
gel, chloroform : petroleum ether 1 : 3) to give the product 17 (0.804 g, 70%) as a red
solid. m. p. 164 °C; '"H NMR (500 MHz, CDCls) 6 ppm 8.71 — 8.69 (m, 2H), 8.55 — 8.50
(m, 3H), 8.44 (d, ] =7.5 Hz, 1H), 7.91 - 7.86 (m, 2H), 7.71 (t, ] = 8Hz, 1H), 7.51 (t, ] = 7.5
Hz, 1H), 7.37(d, ] = 8.0 Hz, 2H), 2.81 — 2.77 (m, 2H), 1.65 — 1.58 (m, 6H), 1.41 — 1.38 (m,
6H), 1.32 - 1.29 (m, 6H), 1.21 (d, ] = 7.5Hz, 12H), 0.96 - 0.92 (m, 9H) ; C NMR (125
MHz, CDCls) o ppm 164.04, 149.70, 145.77, 140.10, 138.07, 137.72, 136.32, 133.41,
132.07, 131.15, 131.13, 130.54, 129.85, 128.17, 126.98, 126.80, 124.02, 124.00, 123.71,
122.75, 120.84, 120. 77, 120.06, 119.93, 77.29, 77.03, 76.78, 29.20, 29.15, 27.37, 24.03,
13.69, 10.98; IR (KBr): 2956, 2926, 1701, 1662, 1589, 1458, 1355, 1292, 1244, 1195, 1178,
1138, 1033, 927, 894, 813, 750 cm™; Anal. Calcd. for C4HssNO:25n: C, 71.69; H, 6.93; N,
1.82%. Found: C, 72.07; H, 7.05; N, 1.31%.

3.4.1.2 Preparation of 4-Bromo-N-butyl-naphthalene-1,8-
dicarboximide (18A)

To a solution of 4-bromo-1,8-naphthalic anhydride (3) (1.00 g, 3.60 mmol) in 30 ml
acetic acid, butan-1-amine (1.31 g, 18.00 mmol) was added. This reaction mixture
was heated at 119°C for 12 h followed by cooled to room temperature. It was then
poured to water, filtered and the precipitate was washed with water and dried. The
crude product was then purified by column chromatography (silica gel, EtOAc :
petroleum ether 1 : 1) to afford compound 18A (0.71 g, 60%) as a white solid. m. p.
98 °C; 'H NMR (500 MHz, CDCl) d: 8.56 (d, ] = 7.50 Hz, 1H), 8.46 (d, ] = 8.50 Hz,
1H), 8.31 (d, ] = 8.00 Hz, 1H), 7.94 (d, ] = 8.00 Hz, 1H), 7.75 (t, ] = 8.00 Hz, 1H), 4.09 (t,
J=7.50 Hz, 2H), 1.67 — 1.61 (m, 2H), 1.39 — 1.35 (m, 2H), 0.90 (t, ] = 7.50 Hz, 3H); 3C
NMR (125 MHz, CDCls) &: 162.57, 162.54, 132.13, 130.94, 130.14, 130.04, 129.56,
129.12, 127.94, 127.02, 122.12, 121.26, 39.35, 29.14, 19.34, 12.81; IR (KBr): 2953, 2868,
1696, 1662, 1589, 1570, 1504, 1460, 1346, 1265, 1228, 1074, 941, 854, 781, 746 cm™'; Anal.
Calcd. for CisHu4BrNO2: C, 57.85; H, 4.25; N, 4.22%. Found: C, 57.51; H, 3.96; N,
3.98%.
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3.4.1.3 Preparation of 4-Bromo-N-octyl-naphthalene-1,8-
dicarboximide (18B)

To a solution of 4-bromo-1,8-naphthalic anhydride (3) (1.00 g, 3.60 mmol) in 30 ml
acetic acid octan-1-amine (2.32 g, 18.00 mmol) was added. This reaction mixture was
heated at 119°C for 12 h followed by cooled to room temperature. It was then poured
to water, filtered and the precipitate was washed with water and dried. The crude
product was then purified by column chromatography (silica gel, EtOAc : petroleum
ether 1 : 1) to afford compound 18B (0.84 g, 60%) as a white solid. m. p. 82°C; 'H
NMR (500 MHz, CDCls) o: : 8.56 (d, ] = 8.00 Hz, 1H), 8.48 (d, ] =8.50 Hz, 1H), 8.33 (d,
J =8.00 Hz, 1H), 7.96 (d, ] = 7.50 Hz, 1H), 7.77 (t, ] = 8.00 Hz, 1H), 4.08 (t, ] = 7.50 Hz,
2H), 1.66 — 1.63 (m, 2H), 1.36 — 1.33 (m, 2H), 1.23 - 1.18 (m, 8H), 0.79 (t, ] = 7.50 Hz,
3H); ®C NMR (125 MHz, CDCls) &: 163.60, 163.58, 133.18, 131.99, 131.18, 131.08,
130.63, 129.02, 128.06, 123.02, 122.34, 40.65, 31.82, 29.33, 29.21, 28.10, 27.14, 22.64,
14.08; IR (KBr): 2920, 2850, 1701, 1649, 1591, 1458, 1355, 1228, 1049, 785 cm™; Anal.
Calcd. for C20H22BrNO:2: C, 61.86; H, 5.71; N, 3.61%. Found: C, 61.51; H, 5.46; N,
3.38%.

3.4.1.4 Preparation of 4-Bromo-N-hexadecyl-naphthalene-1,8-
dicarboximide (18C)

To a solution of 4-bromo-1,8-naphthalic anhydride (3) (1.00 g, 3.60 mmol) in 100 ml
acetic acid hexadecan-1-amine (4.34 g, 18.00 mmol) was added. This reaction mixture
was heated at 119°C for 12 h followed by cooled to room temperature. It was then
poured to water, filtered and the precipitate was washed with water and dried. The
crude product was then purified by column chromatography (silica gel, EtOAc :
petroleum ether 4 : 1) to afford compound 18C (1.08 g, 60%) as a white solid. m. p.
74°C; '"H NMR (500 MHz, CDCls) 8: 8.68 (d, ] =7.00 Hz, 1H), 8.57 (d, ] =8.50 Hz, 1H),
8.44 (d, ] = 7.50 Hz, 1H), 8.06 (d, ] = 8.00 Hz, 1H), 7.87 (t, ] = 7.00 Hz, 1H), 4.19 (t, ] =
8.00 Hz, 2H), 1.78 — 1.72 (m, 2H), 1.47 — 1.45 (m, 2H), 1.43 - 1.41 (m, 2H), 1.31 - 1.27
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(m, 22H,) 091 (t, J] = 7.00 Hz, 3H); ¥C NMR (125 MHz, CDCls) d: 163.62, 163.60,
133.19, 132.00, 131.20, 131.09, 130.65, 130.16, 129.03, 128.07, 123.21, 122.35, 40.65,
31.92, 29.64, 29.63, 29.61, 29.55, 29.37, 29.35, 28.10, 27.14, 22.69, 14,12; IR (KBr): 2920,
2850, 1703, 1660, 1591, 1465, 1352, 1352, 1230, 1082, 777 cm; Anal. Calcd. for
C2sHssBrNOz2: C, 67.19; H, 7.65; N, 2.80%. Found: C, 67.45; H, 7.45; N, 2.51%.

3415  Preparation of  9-(4-(N-butyl)naphthalene-1,8-
dicarboximide)yl)-N-(2,6-diisopropylphenyl)-perylene-3,4-
dicarboximide (19A)

A solution of N-(2,6-diisopropylphenyl)-9-(tributylstannyl))perylene-3,4-
dicarboximide (17) (0.686 g, 0.89 mmol), 4-Bromo-N-butyl-naphthalene-1,8-
dicarboximide (18A) (0.37 g, 1.11 mmol) and Pd(PPhs)4 (10.28 mg, 0.0089 mmol) in 50
ml DMF was heated at 120 °C for 2 days. The solvent was removed under reduced
pressure and the residue was purified by column chromatography (silica gel,
EtOAc:petroleum ether 1:2) to afford compound 19A (0.32 g, 50%) as a red-orange
solid. m. p. > 300°C; '"H NMR (500 MHz, CDCls,) o: 8.69 (d, ] = 7.50 Hz, 1H), 8.67 —
8.64 (m, 2H), 8.60 — 8.56 (m, 2H), 8.51 (d, ] = 8.00 Hz, 1H), 8.47 (d, ] = 8.00 Hz, 2H),
7.82 - 7.77 (m, 2H), 7.61 (d, ] = 7.50 Hz, 1H), 7.57 (t, ] = 8.00 Hz, 1H), 7.46 — 7.43 (m,
2H), 7.35 (d, ] = 8.50 Hz, 1H), 7.28 (d, ] = 8.00 Hz, 2H), 4.19 (t, ] = 8.00 Hz, 2H), 2.72 -
2.70 (m, 2H), 1.74 - 1.68 (m, 2H), 1.46 — 1.41 (m, 2H), 1.13 - 1.11 (m, 12H), 0.95 (t, ] =
7.50 Hz, 2H) ; C NMR (125 MHz, CDCls) d: 163.14, 162.99, 162.93, 144.73, 144.70,
143.17, 138.21, 136.30, 136.03, 132.42, 131.43, 131.16, 131.13, 130.47, 130.10, 129.94,
129.69, 129.53, 128.99, 128.70 128.49, 128.13, 127.91, 127.50, 127.26, 126.63, 126.27,
125.99, 125.99, 123.10, 123.03, 122.14, 121.86, 120.49, 120.36, 119.75, 119.62, 39.37,
29.26, 28.15, 23.02, 23.00, 19.41, 12.86; IR (KBr): 2960, 2868, 1701, 1660, 1587, 1577,
1355, 1238, 1151, 1058 cm™; Anal. Calcd. for CsoH«N204: C, 81.94; H, 5.50; N, 3.82%.
Found: C, 81.55; H, 5.27; N, 3.56%.
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3.41.6  Preparation of  9-(4-(N-octyl)naphthalene-1,8-
dicarboximide)yl)-N-(2,6-diisopropylphenyl)-perylene-3,4-
dicarboximide (19B)

A solution of N-(2,6-diisopropylphenyl)-9-(tributylstannyl))perylene-3,4-
dicarboximide (17) (0.686 g, 0.89 mmol), 4-Bromo-N-octyl-naphthalene-1,8-
dicarboximide (18B) (0.43 g, 1.12 mmol) and Pd(PPhs): (10.28 mg, 0.0089 mmol) in 50
ml DMF was heated at 120 °C for 2 days. The solvent was removed under reduced
pressure and the residue was purified by column chromatography (silica gel, EtOAc
: petroleum ether 1 : 1) to afford compound 19B (0.35 g, 50%) as a yellow-orange
solid. m. p. 293 °C; 'TH NMR (500 MHz, CDCls,) : 0: 8.69 (d, ] = 7.50 Hz, 1H), 8.67 —
8.63 (m, 2H), 8.59 — 8.56 (m, 2H), 8.51 (d, ] = 8.00 Hz, 1H), 8.46 (d, ] = 8.00 Hz, 2H),
7.82 - 7.77 (m, 2H), 7.61 (d, ] = 8.00 Hz, 1H), 7.57 (t, ] = 8.00 Hz, 1H), 7.46 — 7.40 (m,
2H), 7.36 (d, ] =8.50 Hz, 1H), 7.28 (d, ] = 8.00 Hz, 2H), 4.17 (t, ] =7.50 Hz, 2H), 2.73 -
2.68 (m, 2H), 1.75 - 1.69 (m, 2H), 1.41 — 1.39 (m, 2H), 1.34 — 1.31 (m, 2H), 1.27 - 1.24
(m, 6H), 1.13 - 1.11 (m, 12H), 0.82 (t, ] = 7.00 Hz, 3H) ; 3C NMR (125 MHz, CDCl;) o:
164.16, 164.01, 163.97, 145.78, 145.72, 144.19, 139.25, 137.34, 137.07, 133.44, 132.46,
132.20, 132.17, 131.50, 131.12, 130.95, 130.73, 130.55, 130.00, 129.72 129.53, 129.17,
128.94, 128.52, 128.28, 127.66, 127.30, 127.01, 124.14 124.07, 123.18, 123.15, 122.89,
121.49, 120.77, 120.65, 40.67, 31.86, 29.40, 29.27, 29.18, 28.21, 27.21, 24.05, 24.03, 22.67,
14.12; IR (KBr): 2958, 2860, 1701, 1660, 1585, 1458, 1355, 1242, 1155, 756 cm; Anal.
Calcd. for Cs4sHsN204: C, 82.21; H, 6.13; N, 3.55%. Found: C, 81.95; H, 5.87; N, 3.16%.

3.4.1.7 Preparation of 9-(4-(N-hexadecyl)naphthalene-1,8-
dicarboximide)yl)-N-(2,6-diisopropylphenyl)-perylene-3,4-
dicarboximide (19C)

A solution  of  N-(26-diisopropylphenyl)-9-(tributylstannyl))perylene-3,4-
dicarboximide (4) (0.686 g 0.89 mmol), 4-Bromo-N-butyl-naphthalene-1,8-
dicarboximide (18C) (0.55 g, 1.12 mmol) and Pd(PPhs)s (10.28 mg, 0.0089 mmol) in 50

110



3.4.2 Photophysical Measurements

ml DMF was heated at 120 °C for 2 days. The solvent was removed under reduced
pressure and the residue was purified by column chromatography (silica gel, EtOAc
: petroleum ether 1 : 1) to afford compound 19C (0.40 g, 50%) as a yellow-orange
solid. m. p. 244 °C; '"H NMR (500 MHz, CDCls,) o: 8.69 (d, ] =7.50 Hz, 1H), 8.65 — 8.62
(m, 2H), 8.58 - 8.54 (m, 2H), 8.49 (d, ] = 8.00 Hz, 1H), 8.44 (d, ] = 8.00 Hz, 2H), 7.81 -
7.76 (m, 2H), 7.61 (d, ] =7.50 Hz, 1H), 7.56 (t, ] = 7.50 Hz, 1H), 7.44 — 7.39 (m, 2H), 7.35
(d, 7 =8.50 Hz, 1H), 7.27 (d, ] = 8.00 Hz, 2H), 4.17 (t, ] = 7.50 , 1H), 2.74 — 2.68 (m, 2H),
1.73 -1.53 (m, 2H), 1.39 - 1.37 (m, 2H), 1.33 - 1.30 (m, 2H), 1.22 - 1.18 (m, 22H), 1.13 -
1.11 (m, 12H), 0.80 (t, ] = 7 Hz; 3H); ¥C NMR (125 MHz, CDCl) o: 163.11, 162.95,
162.91, 144.73, 144.70, 144.15, 138.21, 136.28, 136.01, 132.42, 131.40, 131.14, 131.11,
130.45, 130.10, 129.94, 129.68, 129.52, 128.98, 128.68 128.49, 128.13, 127.90, 127.50,
127.26, 126.62, 126.26, 125.98 123.09, 123.03, 122.14, 121.88, 120.49, 120.37, 119.74,
119.61, 39.63, 30.91, 28.69, 28.67, 28.67, 28.65, 28.62, 28.58, 28.41, 28.35, 28.16, 27.19,
26.18, 23.02, 23.00, 21.67, 13.10; IR (KBr): 2924, 2852, 1701, 1662, 1587, 1460, 1355,
1240, 756 cm; Anal. Calcd. for CsoHe2N204: C, 82.63; H, 7.16; N, 3.11%. Found: C,
82.25; H, 6.87; N, 2.86%.

3.4.2 Photophysical Measurements

Absorption and emission spectra were recorded on Shimadzu UV-3600 UV-VIS-NIR
and Horiba Jobin Yvon Fluorolog spectrometers respectively. Solid state quantum
yield of crystalline NP and the model derivative PI was obtained using an
integrating sphere and calculated by Horiba Jobin Yvon quantum yield and colour
calculator software using tris(8-hydroxyquinolinato)aluminium (Alqg3) as standard
and is determined to be 0.36 + 0.04 (Reported quantum yield ® = 0.40)[201].
Fluorescence quantum yield measurements of the dyad NP, model derivative PI and
Algq3 were carried out on polycrystalline material. Fluorescence lifetime and
anisotropy measurements were carried out in an IBH picosecond single photon

counting system. The fluorescence decay profiles were de-convoluted using IBH
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3.4.3 X-ray Crystallography

data station software version 2.1, and fitted with exponential decay, minimizing the
X2 values of the fit to 1 + 0.05. Fluorescence anisotropy decay profiles are corrected
for G-factor and ro is obtained from a mono-exponential fit of the anisotropy decay.
All spectroscopic experiments were performed using standard quartz cuvettes of
path length 1 cm and using dried and distilled solvents. Fluorescent microscopic
images of crystalline NP is obtained on a Leica DM 500P optical microscope and the
excitation wavelength is 337 nm. Fluorescence microscopic images were analysed
using Image] software to quantify the fluorescence intensity. Confocal microscopic
images of crystalline samples of NP-Bu, NP-Oct and NP-Hed are obtained on a
Leica SP5 upright confocal microscope with an excitation wavelength of 488 nm and

the emission monitored at 550 — 650 nm wavelength range.
3.4.3 X-ray Crystallography

Red, single crystals of PI, conjugate NP, NP-Bu, NP-Oct and NP-Hed were obtained
by slow diffusion of ethanol into a chloroform solution of the sample. A high quality
crystal specimen of approximately 0.25 x 0.05 x 0.05 mm? was selected for the X-ray
diffraction experiment. Single crystals were mounted using oil (Infineum V8512) on
a glass fiber. All measurements were made on a CCD area detector with graphite
monochromated CuKa radiation. The data was collected using Bruker APEXII
detector and processed using APEX2 from Bruker. All structures were solved by
direct methods and expanded using Fourier techniques. The non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were included in idealized positions,
but not refined. Their positions were constrained relative to their parent atom using
the appropriate HFIX command in SHELXL-97. Crystallographic data collected for
PI, NP-Bu, NP-Oct and NP-Hed are presented in the Table 3.3-3.6. Crystallographic
data of NP already described in chapter 2 (Refer Chapter 2, Table 2.1).
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3.4.3 X-ray Crystallography

Table 3.3 Crystal data and structure refinement for conjugate PI.

PI

Empirical formula:
Formula weight:
Temperature:

a:

b:

c:

a (alpha):

B (beta):

Y (gamma):
Volume:

Crystal system:
Space group:
Calculated density:
Z:

Reflections collected:
R(F):

Rw(F?):

Goodness of fit on F2

C2:HzNOz
481.58 g/mo
99.83 K
14.5939 A
8.3677 A
40.026 A
90 °

98.027 °

90 °
4839.98 A3
Monoclinic
P2in

1.242 g/cm?®
2

8082
0.0975
0.2614

1.127
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3.4.3 X-ray Crystallography

Table 3.4 Crystal data and structure refinement for conjugate NP-Bu.

Conjugate NP-Bu

Empirical formula: Cs0H40N204
Formula weight: 732.84 g/mole
Temperature: 296 (2) K
a: 9.147 A

b: 14.683 A

c 15.290 A

a (alpha): 70.99 °

B (beta): 77.37 °

Y (gamma): 84.34 °
Volume: 1893.71 A3
Crystal system: Triclinic
Space group: P1
Calculated density: 1.285 g/cm?
Z: 2
Reflections collected: 27994

R(E): 0.0605
Ru(F2): 0.1709
Goodness of fit on F% 1.044
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3.4.3 X-ray Crystallography

Table 3.5 Crystal data and structure refinement for conjugate NP-Oct.

Conjugate NP-Oct

Empirical formula:
Formula weight:
Temperature:

a:

b:

c:

a (alpha):

B (beta):

Y (gamma):
Volume:

Crystal system:
Space group:
Calculated density:

Z:

Reflections collected:

R(F):

Ru(F2):

Goodness of fit on F2

Cs4HisN20s
788.94 g/mole
296 (2) K
9.168 A
12.843 A
18.329 A
84.99 °

88.53 °

79.49 °
2113.6(2) A?

Triclinic

30662
0.0679
0.1980

1.007
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3.4.3 X-ray Crystallography

Table 3.6 Crystal data and structure refinement for conjugate NP-Hed.

Conjugate NP-Hed

Empirical formula:
Formula weight:

Temperature:

a (alpha):

B (beta):

Y (gamma):
Volume:

Crystal system:
Space group:
Calculated density:

Z:

Reflections collected:

R(F):

Ru(F2):

Goodness of fit on F2

Ce2HesN20s
901.15 g/mole
125 2) K
9.151 A
13.891 A
19.660 A
84.33 °
87.82 °©
79.49 °
24345 (2) A’
Triclinic

P1

1.229 g/cm?®
2

28490

0.1446
0.3531

1.056
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3.4.4 Conductive Atomic Force Microscopy (C-AFM)

3.4.4 Conductive Atomic Force Microscopy (C-AFM)

AFM instrument was operated in C-AFM mode and conductive probe was
employed to get the I-V curve. The sensor signal was the electric current between the
tip and the sample for an applied DC bias voltage. A silicon probe coated with
Ptlr/Cr having the radius less than 50 nm and a spring constant of 0.2 N/m was used
in the experiment. Material was drop-casted from toluene solution to a thickness of
50-80 nm on HOPG surface. Conductance was measured on the surface at different
positions before and after exposing to iodine vapors by applying the bias voltage of -

10 to 10 V. The value of conductivity was calculated using the equation[202],
o=d/(AR) Slcm (3.5)

where o is the conductivity of the material, d is the film thickness, A: is the area of
contact between the tip and the surface which can be calculated from the formula
area equals to mr? in which r is contact radius of the tip (~30-50 nm) and R is the

resistance of the sample which can be obtained from the inverse slope of the I-V plot.
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Chapter 4

Photoinduced Electron Transfer Assisted by
Vesicular Scaffold Containing Near-Orthogonal
Dyad

4.1 Introduction

Excitation energy and electron transfer processes in crowded environments are vital
for natural[70,203-205]/artificial[4-6] photosynthesis and photonic applications[9,11-
13,206]. Such processes in isolated donor—acceptor (D-A) systems still possess
immense interest[207]. Non-covalent D-A pairs that exhibit efficient light harvesting
and favorable excited-state properties in the condensed media such as amorphous,
thin film[208], vesicle[67,209-211], gel[68,69,212,213], liquid crystal[214] and
crystalline[215] state received recent attention. Despite being efficient in light-
harvesting and colour-tunable properties[68,69,212,216], the major limitations in D-
A co-assemblies is the control[99] of i) stoichiometry, ii) distance and iii) orientation
between the donor and the acceptor units. Excitation energy transfer in self-
assembled covalent D-A dyads that includes amorphous[36], thin film[77,217],
crystal[36,218,219] and liquid crystalline state[220] received less attention. The
dearth of literature reports in light harvesting self-assembled covalent D-A dyads
could be due to the strong propensity of the aromatic surface[221] to self-
assemble[222,223] and subsequent exciton interactions[28,224,225]/electron
transfer[8,37,72,226] that could alter the excited state properties. By virtue of
curvature properties[96], vesicular scaffolds[227,228] could be superior for light
harvesting processes similar to the chromatophoric vesicular assembly in the natural
photosynthetic unit[39]. A single molecular D-A dyad that can assemble to form

vesicles/gel and retain favourable excited state properties could be a potential

Publication based on this work has been reported in Energy Environ. Sci. 7, 1661-1669 (2014)



4.1 Introduction

scaffold for light harvesting applications. Concurrently, Wasielewski and co-workers
have pioneered covalent D-A pairs that can undergo photoinduced electron transfer
in aggregates extending the lifetime of charge-separated intermediates[8,93,229].
However, combination of light harvesting and charge separation in self-assembled
architectures received limited attention[37,89]. We demonstrate that vesicular
scaffold of a covalent D-A antenna can efficiently harvest light and can undergo
photoinduced energy followed by electron transfer in the presence of an electron

donor.

The efficient excitation energy transfer in near-orthogonal naphthalimide
(donor)-perylenimide (acceptor) dyad NP(OH) in solution and crystalline state
described in chapter 1 and 2 (Figure 4.1)[182,219]. A subtle modification of the dyad

using (R/S)-a,B-dihydroxypropyl side-chain imparted optimal amphiphilicity to

H
N
Y
Indole
R= _\*_\ _»*_\ HO OH
£ (S)-NP(OH), (R)-NP(OH), NP(OH)3
HO OH HO OH HO
* AcO OAc
on Dar /jA NP(OAG),
\_/—OH NP(OH) AcO OAc (RNP(OAc), AcO

Figure 4.1 Chemical structure of the molecules under investigation and the crystal structure
of the dyad (R)-NP(OH):. Molecular structure of A) the dyads NP(OH), (R/S)-NP(OH):,
(R)-NP(OAc)2, NP(OH)s, NP(OAc)s, arrows indicate the orientation of the transition
dipole moment of the naphthalimide (NI) and perylenimide (PI) units; B) indole (electron
donor) and C) single crystal X-ray structure of the dyad (R/S)-NP(OH)..
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4.2 Results and Discussions

promote the formation of a (R/S)-NP(OH): based vesicular gel in 1 : 2
dichloromethane (DCM) : hexane mixture that allowed us to investigate the
photoinduced processes of covalent D-A pair in the gel state. To the best of our
knowledge, this is the first report of a covalent D-A vesicle/gel that possesses
efficient ‘Forster-type’ light harvesting properties resulting in orange-red
fluorescence (Aem = 584 nm) and high-fluorescence quantum yield (®r = 54%). The
vesicular gel of (R/S)-NP(OH): exhibits stability in the presence of an electron donor
(indole) making the dyad—donor co-gel, a potential candidate for combining efficient

light harvesting and charge separation properties.

4.2 Results and Discussions

The dyads (R/S)-NP(OH): were synthesised through Stille coupling between
tributyltin derivative of perylenimide and 4-bromo-N-(R/S)-2,3-dihydroxypropyl
naphthalimide (Scheme 4.1)[182,230]. Monohydroxy NP(OH)[182,230], trihydroxy
NP(OH)s and protected analogues (R)-NP(OAc): and NP(OAc)s of the dyad, having
different degrees of amphiphilicity, were also synthesised (Scheme 4.1-4.2). UV-Vis
absorbance of dyad (R)-NP(OH): (Figure 4.2A) in DCM could be described as sum of
the absorbance of naphthalimide (NI) centred at 340 nm and perylenimide (PI)
centred at 480 nm indicating that (R)-NP(OH): behaves as individual chromophores
though connected by a covalent bond (Figure 4.3)[182]. X-ray structure (Figure 4.1C),
cyclic voltammetry and photophysical studies of the dyad (R)-NP(OH): and
structurally analogous NP(OH) indicated near-orthogonal arrangement and
negligible orbital interactions between constituent naphthalimide and perylenimide
units. Absence of circular dichroism (CD) signal (Figure 4.2B) corresponding to
NI/PI units indicates the presence of equal amounts of mutually enantiomeric
atropisomers[231,232] of the (R/S)-NP(OH): in DCM (Figure 4.4A, B), consistent
with both the axially chiral forms (1 : 1) in the unit cell. Upon direct excitation of the
PI unit at 475 nm, (R)-NP(OH)2in DCM exhibited fluorescence emission (®r = 0.75 +
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4.2 Results and Discussions

Br

a) Br 0>N~0 o> N0
_ *OH
— ﬁ*,OAc
[o Xalo o) HO AcO

o N*8H 21A & 21B 22

3
HO

20A & 20B

a) (R)/(S)-3-aminopropane-1,2-diol/H,0/70 °C; b) Pd(PPh;),/DMF/90 °C; c)
acetic anhydride/pyridine/RT.

Scheme 4.1 Shows the synthesis of (R/S)-NP(OH): and the protected analogue (R)-
NP(OAq)-.

HZH on 3 NOHo Hooy0 C><° Ho AcO
2t o Qe OO o O
3Br SnBuj; O@ 0@
0| ¥ ¥ K
0 - 0 O Q0

a) Dimethoxy propane/DMF/PTSA; b) pyridine/Zn(OAc),.2H,0/reflux; c) Pd(PPh;),/DMF/90
°C; d) MeOH/DCM/1N HCI; e) acetic anhydride/pyridine.

Scheme 4.2 Shows the synthesis of NP(OH)s and the protected analogue NP(OAc)s.
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4.2 Results and Discussions
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Figure 4.2 Light harvesting and chiroptical properties of dyad NP(OH): in solution, gel and
film state. A) UV-Vis absorption spectra; B) CD spectra; C) fluorescence spectra ex = 345
nm) and D) time-resolved fluorescence decay of (R)-NP(OH): in DCM [black], (R)-
NP(OH): gel in DCM : hexane (1 : 2) mixture [red], (R)-NP(OH): thin film [green] and
prompt [blue] when excited at 340 nm and emission collected at 550 nm (solution) and 580
nm (gel and film). (S)-NP(OH): gel [dashed red] and thin film [dashed green] only for CD

spectra.

0.04) centred at 546 nm having a shoulder at 580 nm corresponding to the PI unit
(Figure 4.5A). Upon excitation at 345 nm, efficient energy transfer[233] from singlet
excited state of NI to PI unit of (R)-NP(OH): in DCM resulted in the PI emission
centred at 546 nm (Figure 4.2C). Time-resolved fluorescence of (R)-NP(OH):in DCM
exhibited mono-exponential decay having a lifetime of 3.7 ns, when excited at 340
nm (Figure 4.2D) and 439 nm (Figure 4.5B). Increasing volume fraction of hexane in
a solution of (R)-NP(OH): in DCM showed a blue-shift of 5 nm and a systematic

decrease in the UV-Vis absorbance centred at 513 nm with the formation of a band
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Figure 4.3 Absorption and fluorescence emission properties. A) Absorption spectra of NI
(blue), PI (red) and (R)-NP(OH): (green) in DCM and B) Fluorescence emission spectra of
NI (blue; Aex: 345 nm), PI (red; Aex: 475 nm) and (R)-NP(OH): (green; Aex: 345 nm and
dark yellow; Aex: 475 nm) in DCM.
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Figure 4.4 Chemical structure of two optical isomers of (P/M)-NP(OH):. The molecular
structure of the P and M stereoisomers of A) (R)-NP(OH)2, X-ray crystal structure of the P
and M stereoisomers of (R)-NP(OH):are also shown and B) (S)-NP(OH)-.

124



4.2 Results and Discussions

A) 1.0 B)104.
z — Solution h = Prompt
5 0.8 — Gel : = solution
= — Film " 104" = Gel
@ .
8 0.6+ "g :“‘ Film
£ o L]+
8 O 10 " \
0.4+ .

3 AR
S 04 1074 B Mo ..
«~ 0.2 ety N
o ir A I e
2 [r— - e ——
u 0 0 - I N . . - - - O . —

. - L] L] L] L] L] L] 0

500 550 600 650 700 750 800 0 10 20 30 40
Wavelength, nm Time, ns

Figure 4.5 A) Fluorescence emission spectra of (R)-NP(OH): in solution, gel and film.
Fluorescence emission spectra of (R)-NP(OH): in DCM [black], (R)-NP(OH): gel in
DCM : hexane (1 : 2) mixture [red], (R)-NP(OH): thin film [green] when excited at 475 nm;
B) Fluorescence decay profile of (R)-NP(OH): in solution (8 uM), gel (1 mM) and film (1
mM). Time-resolved fluorescence decay of (R)-NP(OH): in B) DCM solution (red), gel
(blue) and thin film (green) when excited at 439 nm and monitored at 550 nm (solution) and

580 nm (gel and film).

around 560 nm (Figure 4.6A). Upon excitation at 345 nm, observed significant
quenching and blue-shift in the PI emission of (R)-NP(OH): at lower DCM : hexane
ratio could be attributed to H-type perylenimide aggregates in (R)-NP(OH)
Orthogonally arranged steric groups such as (i) diisopropylphenyl and (ii) NI units

on either side could prevent stronger association of PI units in (R)-NP(OH)z.

THNMR titration of (R)-NP(OH):in CD:Cl> with increase in volume fraction of
hexane (0-67%) shows significant upfield shift and broadening in the protons
corresponding to the NI and PI units (Figure 4.7) which indicates hydrophobic
interactions between aromatic units that results in the self-assembly of (R)-NP(OH):
in DCM : hexane mixture. A critical (R)-NP(OH): concentration of 1 mM in DCM :
hexane (1 : 2) mixture offered a stable red transparent gel. The d-spacing at 3.7 A in

the (R)-NP(OH): xerogel is indicative of the interplanar distance between two
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4.2 Results and Discussions

adjacent PI units through n—n interactions, as evident from powder X-ray diffraction
(PXRD; Figure 4.8). The broad PXRD peaks clearly show less ordered intermolecular
close packing arrangement in the gel compared to the sharp peaks observed in the
non-gelated powdered (R)-NP(OH):zsolid[234]. Infrared absorption spectra exhibited
red-shifted broad peaks at 3432 cm™ (sol-gel) and 3446 cm™ (xerogel) when
compared to the sharp peak at 3545 cm™ in the non-gelated solid (R)-NP(OH):

suggesting intermolecular hydrogen-bonding interactions (Figure 4.9). Similar
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Figure 4.6 Aggregation dependent changes in absorption and fluorescence spectra. A)
Absorption spectra of (R)-NP(OH): (8 uM) in DCM with increasing concentration of
hexane and B) Fluorescence emission spectra (R)-NP(OH): in DCM with increasing
concentration of hexane (Aex: 345 nm); inset shows the corresponding emission spectra (Aex:
475 nm); C) concentration dependent absorption spectra of (R)-NP(OH): in DCM and D)
variation of absorbance at the two Amx (482 and 509 nm) with concentration of (R)-

NP(OH): in DCM.
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4.2 Results and Discussions

results were obtained for the (S)-NP(OH): isomer of the dyad. However, NP(OH),
NP(OH)s, NP(OAc): and NP(OAc)s could not gelate under similar conditions
implying the role of amphiphilicity and/or chirality imparted by the hydroxypropyl
side-chain in (R/S)-NP(OH): on the formation of the gel. Moreover, (R/S)-NP(OH):
in DCM showed negligible self-aggregation even upto 0.8 mM (R/S)-NP(OH): as
understood from UV-Vis absorbance data (Figure 4.6C, D) indicating the role of

DCM : hexane mixture in the formation of dyad based vesicular gel.
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Figure 4.7 'THNMR investigation of intermolecular aggregation. HNMR titration of 13.3
mM (R)-NP(OH): in CD:Cl: with increasing concentration of hexane.

Dynamic light scattering (DLS) experiments suggest the formation of
spherical particles having an average hydrodynamic diameter of 65 nm and a

polydispersity index of 0.17 at 0.01 mM freshly prepared (R)-NP(OH)zin DCM :
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Figure 4.8 X-ray powder diffracton. Powder X-ray diffraction patterns of (R)-NP(OH):

non-gelated (black), xerogel (red) and crystalline sample (blue).
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Figure 4.9 FTIR characterisation. Infrared absorption spectra of (R)-NP(OH): in non
gelated (black), gel (red) and xerogel sample (blue).
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4.2 Results and Discussions

hexane (1 : 2) solution (Figure 4.10A; Figure 4.11A). With increase in concentration of
(R)-NP(OH): (0.01-0.25 mM), a progressive increase in the average diameter of the
particles ranging from 65-190 nm indicates the concentration-dependent size
distribution of the spherical aggregates (Figure 4.10A—-E). With the progress of time
(~15 min), we observed an initial (R)-NP(OH): concentration-dependent increase in
the diameter (Figure 4.11B). This reveals aggregation of smaller particles leading to

formation of gel at the critical concentration of 1 mM (R)-NP(OH)z. Initial rate

Intensity

100
Size, nm

Figure 4.10 Dynamic light scattering (DLS) and microscopic investigation of vesicular
scaffold. Time-dependent size distribution of spherical aggregates at A) 0.01; B) 0.02; C)
0.05; D) 0.1 and E) 0.25 mM (R)-NP(OH): in DCM : hexane (1 : 2) determined by DLS
measurements; Tapping mode AFM images of (R)-NP(OH): at F) 0.05; G) 0.1 and H) 0.5
mM (Amplitude image Z Scale = 12.9 (F), 45.8 (G) and 103.1 (H) mV respectively); SEM
images of 0.1 mM (R)-NP(OH): in the I) absence and L) presence of indole (1 mM); and HR-
TEM images of 0.25 mM (R)-NP(OH): in the ]) absence and M) presence of indole (2.5
mM); OM images (Aex = 365 nm) of 0.25 mM (R)-NP(OH): in the K) absence and N)

presence of indole (2.5 mM) in DCM : hexane (1 : 2) mixture.
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kinetic analysis of the increase in particle size offered first-order rate constant k =
0.03 min™! with respect to the dyad for 0.01 mM (R)-NP(OH): (Figure 4.12). At 0.25
mM (R)-NP(OH)z, we observed a first-order rate constant k = 0.09 min™ implying
that rate of particle size growth enhances with increase in initial concentration of

(R)-NP(OH)..
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Figure 4.11 Concentration and time dependent dynamic light scattering. A) Autocorrelation
function of (R)-NP(OH): spherical assemblies in DCM : hexane (1 : 2) mixture with
increasing concentration of (R)-NP(OH): (0.01-0.25 mM) and B) variation of the
hydrodynamic diameter of (R)-NP(OH): spherical assemblies in DCM : hexane (1 : 2)
mixture with increase in time (5-15 min) and concentration of (R)-NP(OH): (0.01-0.25

mM) determined using dynamic light scattering (DLS) measurement.

Atomic force microscopy (AFM) images at different initial concentrations of
(R)-NP(OH): were recorded. At 0.05 mM (R)-NP(OH):, we observed a distribution of
spherical particles having an average diameter of 60 nm (Figure 4.13A), consistent
with DLS data (Figure 4.10F). As the initial concentration of (R)-NP(OH): increased
to 0.1 mM, we observed coalescence of spherical particles to form a linear (Figure
4.10G) assembly that gels at a higher concentration (Figure 4.10H). Scanning electron

microscopy (SEM) image of 0.1 mM (R)-NP(OH): confirms the formation of regular
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spherical particles having an average diameter of 160 nm (Figure 4.101; Figure 4.13B).
As the concentration increases from 0.01 mM to 0.5 mM (R)-NP(OH):, SEM showed
fusion of spherical particles leading to the formation of a coalesced assembly of
spherical aggregates, consistent with AFM data (Figure 4.14A-F). The transmission
electron microscopy (TEM) image of 0.25 mM (R)-NP(OH): exhibited an average
diameter of 260 nm of spherical particles (Figure 4.10]; Figure 4.13C). The observed
contrast between the periphery (ca. 50 nm thickness) and the inner part indicate the
vesicular nature of the spherical particles. Under similar conditions, bright
fluorescent red spheres having an average diameter of 650 nm were visible in the
optical microscope (OM) when excited at 365 nm (Figure 4.10K).
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Figure 4.12 Initial rate kinetic analysis. Plot of log[size (nm)] vs. time (min) for initial rate
kinetic analysis on the formation of spherical particles at different initial concentrations of

(R)-NP(OH)2(0.01-0.25 mM) in DCM : hexane (1 : 2) mixture.

UV-Vis absorption spectrum of (R)-NP(OH): gel exhibited absorbance at 341
nm (NI) and 505 nm (PI) having a shoulder at 550 nm (Figure 4.2A) corresponding to
weak PI aggregates. (R)-NP(OH): thin film exhibited significantly red-shifted (~21

nm) absorbance at 530 nm (PI) indicating the presence of strong PI aggregates.
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Figure 4.13 Particle size distribution of vesicular (R)-NP(OH): by AFM, SEM and TEM
analysis. Histogram of the size distribution of (R)-NP(OH): spherical assemblies in DCM :
hexane (1 : 2) mixture counted for 500 individual particles obtained from A) AFM (c = 50 x
10¢ M); B) SEM (c =10 x 10° M) and C) TEM images (c = 25 x 10° M) at different places

of the sample.

Figure 4.14 SEM imaging of evolution of the gel from vesicle. Concentration dependent
SEM images of (R)-NP(OH): spherical assemblies in DCM : hexane (1 : 2) mixture at A)
0.01 mM; B) 0.02 mM; C) 0.05 mM; D) 0.1 mM; E) 0.25 mM and F) 0.5 mM of (R)-
NP(OH):.
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(R)-NP(OH): gel exhibited strong positively induced CD signals at 370 nm and 545
nm corresponding to NI and PI units due to the presence of chiral (R)-2,3-
dihydroxypropyl unit at the NI moiety, similar to (R)-NP(OH): thin film (Figure
4.2B). Negatively induced CD signals were obtained for (S)-NP(OH): gel and thin
film corresponding to NI and PI units due to the presence of (5)-2,3-
dihydroxypropyl unit at the NI moiety. A strong red-orange fluorescence (®r = 0.54
+ 0.02; Aem = 584 nm) is exhibited by (R)-NP(OH):z gel, when excited both at 345 nm
and 475 nm (Figure 4.2C; Figure 4.5A). Observed spectral narrowing (fwhm = 60 nm)
in the emission of (R)-NP(OH): gel compared to thin film (fwhm = 130 nm) could be
attributed to the re-absorption of photons due to high optical density in the gel state.
Upon excitation both at 345 nm and 475 nm, thin film of (R)-NP(OH): exhibited a
significantly red-shifted (Aem = 625 nm) weak broad fluorescence corresponding to PI

(®@r =0.05 £ 0.002) consistent with the UV-Vis absorption data.

Picosecond time-resolved fluorescence of (R)-NP(OH): gel (Figure 4.2D)
exhibited bi- exponential decay having lifetimes of 2.9 ns (53%) and 4.7 ns (47%),
upon excitation at 340 nm. Similar lifetimes were observed on exciting the
perylenimide unit at 439 nm (Figure 4.5B). Relatively minor component could be
attributed to the slower decay of excimeric PI in the dyad (R)-NP(OH):gel, while the
short-lived component could be attributed to the monomeric PI. (R)-NP(OH): in
DCM exhibited a moderately faster rate of radiative decay (kr = 1.9 x 108 s™)
compared to gel (k- = 1.4 x 108 s7!) which indicates that the PI units undergo very
weak H-type exciton interactions in the (R)-NP(OH): gel, consistent with high-
fluorescence quantum yield. (R)-NP(OH): thin film showed tri-exponential decay
having lifetimes of 3.9 ns (11%), 1.2 ns (34%) and 0.3 ns (55%) upon excitation at 439
nm (Figure 4.5B) consistent with the recently reported literature[235]. Tri-
exponential and faster radiative decay (k: = 0.37 x 108 s) of (R)-NP(OH): thin film
compared to solution indicates diverse close packing arrangements of PI aggregates

that possess strong H-type exciton interactions resulting in low ®r in thin film[219].
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Time-resolved fluorescence anisotropy of the dyad (R)-NP(OH): gel exhibits
an initial anisotropy value of 0.17 that loses the anisotropy memory when monitored
at 580 nm (PI moiety) with a decay time of 201 ps, upon excitation at 439 nm (PI unit;
Figure 4.15). Ultrafast energy/exciton migration[236,237] at short separation between
the chromophoric transition dipoles predominate over slower fluorescence
depolarization through rotational motion at this time-scale in the gel leading to
fluorescence anisotropy[190,191]. A relatively slower rate of energy migration (Kem =
497 x 10° s5; dex = 439 nm) for (R)-NP(OH): gel compared to chromophoric gel
assemblies[69] could be attributed to the delayed memory loss arising from the

asymmetry of bichromophoric (R)-NP(OH):.
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Figure 4.15 Fluorescent anisotropy of wvesicular (R)-NP(OH): gel. Time-resolved
fluorescence anisotropy decay of (R)-NP(OH): gel when excited at 439 nm and monitored at

580 nm. Concentration of (R)-NP(OH):in gel state is 1 mM (critical gelator concentration).

Temperature-dependent UV-Vis absorbance of (R)-NP(OH): gel exhibited a
hypochromism at 550 nm and a concomitant increase in the absorbance at 505 nm
(Figure 4.16A) which indicates the dissociation of exciton interactions between the PI

units at elevated temperature resulting in the destabilisation of gel (Tm = 35 °C). With
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Figure 4.16 Thermodynamic stability of vesicular (R)-NP(OH):gel. Temperature dependent
A) UV-Vis; B) fluorescence spectra when excited at 475 nm radiation; C) fluorescence
spectra when excited at 345 nm and D) time-resolved fluorescence decay upon excitation at
340 nm and monitored at 580 nm. Arrows indicate the increase in temperature from 0—60
°C. Inset shows the photographic image of (R)-NP(OH): gel in DCM : hexane (1 : 2)
mixture under A) visible light; B) long-wavelength UV radiation and C) short—wavelength

UV radiation. Concentration of (R)-NP(OH): in gel state is 1 mM (critical gelator

concentration).

increase in temperature (20-60 °C), (R/S)-NP(OH): gel shows a gradual decrease in
the intensity of CD signal at 370 nm and 545 nm (Figure 4.17). Disappearance of the
NI and PI CD signals at elevated temperature indicates destabilisation of the gel

through thermal unstacking of NI and PI units. Upon excitation at 345 nm and 475
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nm, we observed recovery in the fluorescence quantum yield of (R)-NP(OH): (®r =
0.65 £ 0.03) at 60 °C (Figure 4.16B, C) corresponding to the monomeric (R)-NP(OH)2.
Temperature-dependent time-resolved fluorescence decay of an (R)-NP(OH): gel
corresponding to PI unit, upon excitation at 340 nm exhibited a transformation of bi-
exponential decay at 20 °C to mono-exponential decay at 60 °C (t = 3.8 ns). Mono-
exponential decay of (R)-NP(OH): gel at elevated temperature is consistent with the
formation of monomeric (R)-NP(OH): and the disappearance of self-assembled

structure (Figure 4.16D).
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Figure 4.17 Temperature dependent chiroptical spectra of (R)-NP(OH): gel. Temperature-
dependent circular dichroism spectra of representative (R)-NP(OH):gel in DCM : hexane (1

: 2). Concentration of (R)-NP(OH):in gel state is 1 mM (critical gelator concentration).

Amphiphilic (R)-NP(OH): in DCM : hexane mixture at a low concentration
forms individual multi-lamellar vesicles that can transform into bigger vesicles with
the progression of time. At higher concentrations (above the critical gelator

concentration) the individual bilayer vesicles undergo fusion and forms extended
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superstructured gel. Kinetically stable gel thus formed slowly transforms, through
gliding[238] of the dyad, to thermodynamically stable crystal (Table 4.1) over a
period of 48 hours (Figure 4.18). Metastability of (R)-NP(OH): containing vesicular
gel (Table 4.2) encouraged us to investigate the photoinduced processes in the
presence of indole (electron donor). (R)-NP(OH): gel retained the stability even at
100 : 1 indole : (R)-NP(OH): ratio. SEM image of 0.1 mM (R)-NP(OH): in the
presence of 1 mM indole exhibited spheroidal particles having an average diameter
of 160 nm (Figure 4.10L). Observed surface roughness in the spheroidal particles
could arise from the adsorption of indole molecules on (R)-NP(OH): vesicular
surface. TEM image of 0.25 mM (R)-NP(OH): in the presence of 2.5 mM indole
exhibits spheroidal particles having an average diameter of 400 nm (Figure 4.10M).
An additional contrast on the vesicular surface, apart from the rim of the spheroidal
particles of (R)-NP(OH): xerogel, confirms the integrity of vesicles having indole
molecules adsorbed on the surface. Optical microscopy image (Figure 4.10N) of (R)-
NP(OH): vesicles containing indole showed a significant fluorescence quenching
indicating the possibility of photoinduced electron transfer process from indole to

singlet excited states of the chromophoric units.

With increase in indole concentration, (R)-NP(OH): gel shows up to 4-fold
decrease in the fluorescence quantum yield and significant decrease in the
fluorescence lifetime (t = 0.6 ns), upon excitation both at 345 nm and 475 nm (Figure
4.19A-D). Stern-Volmer analysis[82] of the steady-state and time-resolved
fluorescence data (Refer Experimental Section 4.4.13) of (R)-NP(OH): gel with
increase in concentration of indole offered similar bimolecular quenching rate
constant kq = 7.2 x 10° Ms (Figure 4.20A-D) indicating dynamic quenching of
singlet excited state of perylenimide (*PI*) (Refer Experimental Section 4.4.14).
Observed bimolecular quenching rate constant in the case of (R)-NP(OH): : indole
co-gel is lower than the upper bound of diffusional bimolecular quenching constant,

kq=1 x 10" Ms! confirming the dynamic nature of photoinduced electron transfer.
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Table 4.1 Crystal data and structure refinement for the dyad (R)-NP(OH):.

Empirical fomula CagH306N;

Fomula weight 750.81

Temperature 296(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P1

Unit cell dimensions a=8.947 A o =75.26°

b=14.538 A B =78.85°
c=14.887A y=82.01°

Volume 1829.1 A°

Z, Calculated density 2, 1.363 Mg/m®

Absorption coefficient 0.090 mm™

F(000) 788

Crystal size 0.20 x 0.15 x 0.10 mm®

Theta range for data collection ~ 1.43 to 25.00°

Index ranges -10<=h<=10, -17<=k<=17, -17<=I<=17
Reflections collected 23878

Independent Reflections 6369 [R(int) = 0.0966]
Absorption correction Semi-empirical from equivalents
Refinement method Full-matrix least-squares on F?
Data / restraints / parameters 6369 /5 /509

Goodness-of-fit on F 1.521

Final R indices [I>2sigma(l)] R1=0.1541, wR2 = 0.4212

R indices (all data) R1=0.2678, wR2 = 0.5014
Extinction coefficient 0.007(5)

We observed a similar bimolecular quenching rate constant for the photoinduced
electron transfer from indole to the singlet excited state of perylenimide in (R)-
NP(OH): solution (kq = 6.2 x 10° M's, Figure 4.21) when compared to the co-gel,

consistent with D-A pair reported[239,240]. UV-Vis absorption spectra of the dyad
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(R)-NP(OH),
in DCM
Indole

Fluorescence ‘OFF’

Figure 4.18 Mechanism for molecule-bilayer-vesicle-gel-crystal transition. Schematic
representation of self-assembly of (R)-NP(OH): in DCM : hexane (1 : 2) mixture in the

absence and presence of indole.

Table 4.2 Gel stability of vesicular (R)-NP(OH): in the presence and absence of indole.
Critical gelator concentration “(CGC) of (R)-NP(OH): in DCM : hexane (1:2) in the

absence and presence of indole.

Gel Sample CGC
(mg/mL)

NP(OH), 0.75
NP(OH), + Indole (1 : 6.7) 0.75
NP(OH), + Indole (1 : 13.3) 0.75
NP(OH), + Indole (1 : 26.6) 0.75
NP(OH); + Indole (1 : 66.6) 0.75
NP(OH); + Indole (1 : 100) 0.75

ICGC is the minimum concentration of the gelator required for the formation of a
stable gel at room temperature.
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Figure 4.19 Steady-state and time-resolved fluorescence quenching of vesicular (R)-
NP(OH):gel in the presence of indole (I). Indole concentration dependent emission spectra of
(R)-NP(OH): gel when excited at A) 475 nm; B) 345 nm; indole concentration dependent
time-resolved fluorescence decay of (R)-NP(OH): gel when excited at C) 439 nm and D) 340
nm (emission monitored at 580 nm). Insets show the photographic image of (R)-NP(OH): +
I co-gel in DCM : hexane (1 : 2) mixture under A) long—wavelength UV radiation and B)
short—wavelength UV radiation. Concentration of (R)-NP(OH): in gel state is 1 mM

(critical gelator concentration).

(R)-NP(OH): in DCM exhibited negligible change before and after the addition of
indole (1000 equivalents) ruling out the possibility of ground state complexation
between indole and the constituents of the dyad (Figure 4.21A). Rehm-Weller
analysis[79] shows favourable change in free energy for photoinduced electron
transfer from the singlet excited state of NI to PI (-0.17 eV) in the dyad NP(OH)

(Refer Chapter 2)[182]. Photoinduced electron transfer from indole to the singlet
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excited state of NI (-1.19 eV) and PI (-0.48 eV) units (Refer Experimental Section

4.4.14) are thermodynamically feasible.

4
A) B) . 5
(@) O
34
_ = 3.
=~ o
_O —
2. , o
1 1 O
o) 000 002 004 006 008 010 D) 000 002 004 006 008 010
[Q], M 6 [Q], M
44
44
93' e
~ ~
o o
e e
2 2
14
0.02 0.04 006 002 004 _ 006 008 010
[Ql, M [Q], M

Figure 4.20 Stern-Volmer plots. Steady-state (when excited at A) 345 nm and B) 475 nm);
and time-resolved (when excited at C) 340 nm and D) 439 nm (emission monitored at 580
nm))-based Stern—Volmer plot of (R)-NP(OH): gel with increase in concentration of indole.
Concentration of (R)-NP(OH): in gel state is 1 mM (critical gelator concentration). In the
case of 340 nm excitation the lifetime corresponding to 0.1 M concentration is omitted since

measured lifetime is shorter than the resolution of the excitation source.

To characterize the transient intermediates generated upon photoexcitation of
(R)-NP(OH):: indole solution and co-gel, we have carried out femtosecond transient
absorption measurements and analysed the three dimensional AA versus time and
wavelength spectral data using singular value decomposition (SVD). Femtosecond
transient absorption (FTA) spectra of 0.75 mM (R)-NP(OH): solution exhibited a

bleach centered at 570 nm and a mono-exponential decay corresponding to singlet
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Figure 4.21 A) Absorption spectra of 0.2 mM (R)-NP(OH): solution in the absence and
presence of 1000 equivalents of indole (I); B) indole concentration dependent emission spectra
of (R)-NP(OH): solution when excited at 475 nm; C) indole concentration dependent time-
resolved fluorescence decay of (R)-NP(OH): solution when excited at 475 nm (emission
monitored at 580 nm); steady-state when excited at D) 475 nm, inset of D) shows time-
resolved (when excited at 439 nm and monitored at 580 nm)-based Stern—Volmer plot of (R)-
NP(OH): solution with increase in concentration of indole. Concentration of (R)-NP(OH):

in solution is 8 uM for steady-state and time-solved fluorescence measurements.

excited state of perylenimide (*PI*) at 615 nm having a lifetime of 3.1 ns, upon
excitation at 390 nm (Figure 4.22A, D). Marginal decrease in the fluorescence
quantum yield of (R)-NP(OH): (®r = 0.75 + 0.04) corresponding to PI unit when
compared to the model perylenimide PI derivative (®r = 0.81 + 0.03) indicates the
possibility of photoinduced electron transfer from the singlet excited state of NI to PI

(AG charge separation = — 0.17 eV) haVing an estimated rate of kcharge separation = 2.29 x 1012 g10182]
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Upon photoexcitation, charge transfer intermediates in the dyad (R)-NP(OH):
solution were not observed suggesting the fact that rate of charge recombination
(<110 fs) is much faster than the rate of charge separation, consistent with similar
reported dyads[229]. In the presence of lower concentration of indole, dyad (R)-
NP(OH): : indole (1 : 10) solution exhibited a mono-exponential decay at 617 nm
corresponding to 'PI* having a lifetime of 2.9 ns, similar to the lifetime of 'PI* in the
dyad (R)-NP(OH): solution (Figure 4.22B, E)[241]. The lack of formation of charge
transfer intermediates in dyad (R)-NP(OH): : indole (1 : 10) solution is consistent
with insignificant fluorescence quenching corresponding to dyad (R)-NP(OH):
under similar conditions indicating the absence of photoinduced electron transfer
from indole to 'PI*/!NI*. At a higher concentrations of indole, dyad (R)-NP(OH)::
indole (1 : 500 and 1 : 1000) solution showed a bleach around 570 nm and two
absorption bands centered around 598 nm and 619 nm, upon photoexcitation (Figure
4.23B, Figure 4.22C, F). SVD analysis followed by global fitting offered a lifetime of
6-6.5 ps at 598 nm corresponding to the radical anion of perylenimide (PI"")[93,144]
and 0.5-0.64 ns at 619 nm corresponding to the singlet excited state of perylenimide
(*PT*, inset of Figure 4.23B, Table 4.3). The formation of charge transfer intermediate
PI'-in the dyad (R)-NP(OH):at higher concentrations of indole (1 : 500 and 1 : 1000)
solution signifies the occurrence of diffusion-controlled photoinduced charge
separation[242] that is consistent with the quenching of fluorescence of the dyad (R)-
NP(OH): (Figure 4.21B, D). Greater dependence on the distribution of charged
intermediates with increase in concentration of the electron donor indole indicates

that the rate of charge separation dominates over rate of charge recombination (ke >

ker)[243].

Nanosecond transient absorption spectroscopic measurements of dyad (R)-
NP(OH):: indole (1:500 and 1:1000) in DCM failed to detect the presence of charged
intermediates, upon excitation at 355 nm and 532 nm. Lack of transient

intermediates in the nanosecond transient absorption measurements of the dyad
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Figure 4.22 Femtosecond-transient absorption spectra of (R)-NP(OH)z A) solution (0.75
mM); (R)-NP(OH): solution (0.75 mM) : Indole B) 1 : 10; C) 1 : 500 and right singular
vectors obtained from SVD analysis of (R)-NP(OH): D) solution (0.75 mM); (R)-NP(OH):
solution (0.75 mM) : Indole E) 1 : 10 and F) 1 : 500 respectively when excited at 390 nm.

Table 4.3 Shows the rate of fluorescence decay (kr) and rate of charge recombination (ker) in

the dyad (R)-NP(OH): under different conditions upon photoexcitation.

Context & Ke KM 7, 7! Key
(ns)? (x10°s")  (x10°s™)  (ng)° s
NP(OH), solution 3.7 kep= 2.7 - 3.0 <110fs  kp<9.0x10%
NP(OH), : indole (1:1000) 33 ke, = 3.0 0.5 0.5 6.5ps  kgp=1.5x 10"
solution
NP(OH), : indole (1:500) 35 kep = 2.8 0.25 0.64 6.0ps ke =1.7x10"
solution
NP(OH), : indole (1:10) 3.7 kpp»=2.7  0.005 2.9 <110fs  kyp-<9.0x 10*
solution
NP(OH), gel 38 Kes= 2.6 - 2.9 <110fs  Kys<9.0x 10™
NP(OH), : indole (1:10) 2.4 kes= 4.2 0.7 3.0 21ps  kga=4.8x10"
co-gel 1.4 ns Kepg= 7.4 x 108

2 obtained from TCSPC measurements when excited at 340 nm using 8 uM (R)-
NP(OH): ® [M] stands for the molar concentration of indole ¢ obtained from FTA
measurements using 0.75 mM (R)-NP(OH): ¢ excited at 390 nm
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(R)-NP(OH):2: indole could be attributed to ultrafast charge recombination occurring
faster than the time-resolution of the instrument (> 10 ns). The observed short
lifetime (ca. 6 ps) of the radical anion of perylenimide (PI"") from FTA measurements
is consistent with the short-lived coumarin-amine based solvent separated radical
ion pair (SSRIP) formed through diffusion controlled intermolecular photoinduced
electron transfer as reported earlier[244]. Self-assembled vesicular architecture in the
dyad (R)-NP(OH): gel exhibits a similar monoexponential decay of PI* (t = 2.9 ns;
Figure 4.23A and the inset of 4.23A for singular vector) at 620 nm upon photoexcitat-
ion. In contrast to an extension in the photoinduced charge separation lifetimes of an
assembled guanine-perylenediimide G-quadruplex structure[229] and melamine-
perylenimide based foldamer[93] reported by Wasielewski and co-workers, absence
of charge transfer intermediates in the dyad (R)-NP(OH): gel could be attributed to

ultrafast charge recombination of PI'- and NI'* in <110 fs.

SVD analysis followed by global fitting of FTA spectra of dyad (R)-NP(OH)::
indole (1 : 10) co-gel (Figure 4.23C) yielded three principal components of the spectra

as illustrated in Figure 4.23D. The three principal components obtained from SVD
could be assigned as the following: i) radical anion of perylenimide (PI")[93,144]

and/or radical cation of indole (I'*) centered at 597 nm having a lifetime of 2.1
ps,[245,246] ii) singlet excited state of perylenimide (*PI*)[241,247] featured at 620

nm with a lifetime of 3.0 ns and iii) radical anion of n-n stacked perylenimide (n-n
PI") at 640 nm having a lifetime of 1.4 ns[93]. We observed a time-dependent shift in
the peak corresponding to the decay of PI'- indicating the evolution of radical anion
of larger m-mstacks of perylenimide (Figure 4.23C)[93,248]. An increase in the
survival time of PI'"in dyad (R)-NP(OH):: indole co-gel indicates sequential electron

transfer from singlet excited state of naphthalimide (*NI¥) to PI followed by an
electron transfer from indole to NI'*, upon excitation of NI unit. Alternatively, PI*

formed via energy transfer from !NI* can abstract an electron from indole leading to
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Figure 4.23 Ultrafast kinetics and Jablonski diagram showing reduced rate of charge

recombination in (R)-NP(OH): : indole co-gel. Femtosecond transient absorption (AOD)

spectra of A) (R)-NP(OH): gel, inset shows the principal component of the spectra obtained

from SVD; B) (R)-NP(OH): solution in presence of 1000 equivalents of indole in DCM,

inset of B) shows the prinicipal components of the spectra obtained from SVD; C) (R)-

NP(OH): : indole co-gel excited at 390 nm; D) principal components of the spectra shown in

C) from SVD; Jablonski diagram of the (R)-NP(OH): in the absence and presence of indole

(I) in E) solution and F) gel.
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the formation of PI'" and radical cation of indole. Lifetime of PI'" is found to be
comparable in the dyad (R)-NP(OH): : indole (1 : 10) co-gel and in the dyad (R)-
NP(OH): : indole (1:1000) solution indicating photoinduced charge separation
followed by fast charge recombination (ca. 2-6 ps). Meanwhile, the longer survival
time of the charge transfer intermediate arising from n-n PI"” (ca. 1.4 ns) in the dyad
(R)-NP(OH):: indole (1:10) co-gel, which is absent in the dyad (R)-NP(OH):: indole
(1:1000) solution, could be attributed to the favourable supramolecular arrangement

of the donor-acceptor systems for efficient charge separation followed by slow
charge recombination. A remarkable increase in survival time of n-n PI'" in (R)-

NP(OH): gel (Figure 4.23C, F) vs. solution (Figure 4.23E) in the presence of indole
could be attributed to the decrease in the rate of diffusion of transient intermediates
in highly viscous medium (gel) resulting in slower rate of charge recombination (ker)

compared to the solution (ka2), as reported in the self-assembled systems[87,226].

The Jablonski diagram in Figure 4.23E, F demonstrates competitive
deactivation pathways of the singlet excited state via fluorescence and electron
transfer states of the dyad (R)-NP(OH): upon photoexcitation under different
conditions. Analysis of time-resolved fluorescence and femtosecond transient
spectroscopic data revealed that keis <<< ke13, respectively and hence intrinsic
fluorescence decay predominates over charge separation in (R)-NP(OH):
solution/gel. At a lower concentration of indole, (R)-NP(OH): in DCM exhibited
negligible decrease in the fluorescence quantum yield indicating the lack of forward
electron transfer from indole to 'PI*/!NI* through bimolecular process (kq[M] << ks;
Table 4.3). At higher concentrations of indole, rate of bimolecular quenching is
comparable to the rate of fluorescence (kqM] = kr; Table 4.3) resulting in efficient
photoinduced electron transfer from indole to 'PI*/!NI*. Meanwhile, in the case of
(R)-NP(OH): : indole co-gel (1:10), rate of bimolecular quenching could compete
with the intrinsic decay of the singlet excited state thereby resulting in efficient

photoinduced charge separation (kq[M] = ke; Table 4.3) followed by slow charge
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recombination (ke << ke; Table 4.3). A significant decrease in the rate of charge
recombination could be a consequence of the extended charge delocalisation through
supramolecular n-n stacked arrangement of perylenimide units in (R)-NP(OH): :

indole co-gel.

4.3 Conclusions

In summary, the amphiphilic nature offered by the chiral side-chain (lyophobic) and
orthogonal naphthalimide-perylenimide unit (lyophilic) in (R/S)-NP(OH): in DCM
forces the molecules to form bilayer vesicle with an increase in volume fraction of
hexane. We observed growth of the vesicles followed by fusion to form
superstructured gel with an increase in concentration of the dyad (R/S)-NP(OH):
and progress of time. The metastable nature of gel forces the dyad (R/S)-NP(OH): to
undergo gliding, resulting in thermodynamically stable crystal. Highly efficient
energy transfer from naphthalimide to perylenimide unit upon excitation at 345 nm
and direct excitation of perylenimide unit (Aex = 475 nm) in the vesicular gel makes
this dyad (R/S)-NP(OH): an excellent light-harvesting assembly. Upon
photoexcitation, a remarkable decrease in the rate of charge recombination of
transient intermediates in (R/S)-NP(OH): gel in the presence of an electron-donor
when compared to (R/S)-NP(OH):: indole solution, is observed. Enhanced survival
time of the radical intermediates in the (R/S)-NP(OH):: indole co-gel is an effect of
favourable supramolecular arrangement that stabilises the radical anion of
perylenimide in n-n stacked self-assembled structure of (R/S)-NP(OH):, a feature
that is inaccessible in non-assembled D-A systems based photoinduced charge
separation. Sequential photoinduced energy/electron transfer processes followed by
delayed charge-recombination in solution processable self-assembled donor-acceptor
arrays are essential for the fabrication of photovoltaic devices and artificial

photosynthesis.
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4.4 Experimental Section

4.4.1 Materials and Methods

All chemicals were obtained from Sigma Aldrich and used as received without
further purification. All reactions were carried out in glassware oven-dried prior to
use and wherever necessary, were performed under dry nitrogen in dried,
anhydrous solvents using standard gastight syringes, cannulae, and septa. Solvents
were dried and distilled by using standard procedures. TLC analyses were
performed on precoated aluminum plates of silica gel 60 F254 plates (0.25 mm,
Merck) and developed TLC plates were visualized under short- and long-
wavelength UV lamps. Flash column chromatography was performed using silica
gel of 200-400 mesh employing a solvent polarity correlated with the TLC mobility
observed for the substance of interest. Yields refer to chromatographically and

spectroscopically homogenous substances.

Melting points were obtained using a capillary melting point apparatus and
are uncorrected. IR spectra were recorded on a Shimadzu IRPrestige-21 FT-IR
spectrometer as neat thin films between NaCl plates in the case of liquids and as KBr
pellets in the case of solids. 'H and *C NMR spectra were measured on a 500 MHz
Bruker advanced DPX spectrometer. Internal standard used for '"H and *C NMR is
1,1,1,1-tetramethyl silane (TMS). All CHN analyses were carried out on an Elementar
vario MICRO cube Elemental Analyzer. All values recorded in elemental analyses
are given in percentages. Photophysical measurements of (R/S)-NP(OH):gel in DCM
: hexane (1 : 2) mixture were carried out in a cuvette of 1 mm path length unless
otherwise mentioned. Absorption and emission spectra were recorded on Shimadzu
UV-3600 UV-VIS-NIR and Horiba Jobin Yvon Fluorolog spectrometers respectively.
The solid-state fluorescence quantum yield of (R)-NP(OH): in the gel as well as in
the thin film state was obtained using an integrating sphere and calculated by

Horiba Jobin Yvon quantum yield colour calculator software using tris(8-

149



4.4 Experimental Section

hydroxyquinolinato)aluminium (Alqs) as standard and is determined to be 0.36 *
0.04 (Reported quantum yield ® = 0.40)[201]. Circular dichroism spectra was
recorded on Jasco J-815 spectrometer. Fluorescence lifetime and anisotropy
measurements were carried out in an IBH picosecond time correlated single photon
counting (TCSPC) system. Pulse duration (<1 ns and <100 ps) of the excitation peak
wavelengths (340 nm and 439 nm) was used as excitation source respectively.
Multicomponent decay profile of the dyad (R)-NP(OH): gel resulted in lifetime data
that are lower than the pulse duration of the excitation peak wavelength of 340 nm
and hence the decay alone is presented in the manuscript (Figure 4.2D). The
fluorescence decay profiles were de-convoluted using IBH data station software
version 2.1, and fitted with exponential decay, minimising the x2values of the fit to 1
+ 0.05. Fluorescence anisotropy decay profiles are corrected for G-factor and ro is
obtained from a mono-exponential fit of the anisotropy decay. All spectroscopic
experiments were performed by using standard quartz cuvettes of path length 1 cm

for solution and 1 mm for the gel state in dried and distilled solvents.
4.4.2 Preparation of Gel, Thin Film and Solution Samples

1 mM (R/S)-NP(OH): was dissolved in DCM : hexane (1 : 2) mixture and
refrigerated at 0-5 °C for 5-10 minutes. Stability of the gel at ambient temperature
was confirmed through the failure of the content to flow on an inverted cuvette.
Concentration of (R/S)-NP(OH): in gel state, used for photophysical measurements,
is 1 mM (critical gelator concentration) unless otherwise mentioned. The thin film
sample was prepared by drop-casting a 1 mM (R/S)-NP(OH): solution in DCM on a
fresh clean glass slide and allowed to evaporate the solvent atmospherically in a dust
free chamber. 8 uM solution of (R/S)-NP(OH): in DCM is used for solution based

photophysical measurements unless otherwise mentioned.
4.4.3 Gelation Studies
Gelation studies were carried out in glass vials of 1 cm diameter. A weighed amount
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of compound was added to 1 mL of DCM and slowly added to 2 mL of hexane with
gentle heating in a water bath. Cooling of the vial in an ice bath provided stable
transparent gel. Gel formation was confirmed by the failure of the content to flow on
inverting the glass vial. The critical gelator concentration (CGC) is determined from
the minimum amount of gelator required for the formation of a stable gel at room

temperature.
4.4.4 X-ray crystallography

Red, single crystals of the dyad (R)-NP(OH):, which exhibited block morphology,
was grown from 1 mM gel sample of (R)-NP(OH): in DCM : hexane (1:2). A high-
quality specimen of approximately 0.20 x 0.15 x 0.10 mm? was selected for the X-ray
diffraction experiment. Crystallographic data collected are presented in the
supporting information. Single crystals were mounted using oil (Infineum V8512) on
a glass fibre. All measurements were made on a CCD area detector with graphite
monochromated Mo Ka radiation. The data was collected using Bruker APEXII
detector and processed using APEX2 from Bruker. All structures were solved by
direct methods and expanded using Fourier techniques. The non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were included in idealized positions,
but not refined. Their positions were constrained relative to their parent atom using

the appropriate HFIX command in SHELXL-97.

44.5 Femtosecond Pump-Probe Transient Absorption
Technique

Spectra-physics Tsunami Oscillator (80 MHz, 780 nm) was used as seed for a
Spectra-Physics Spitfire Regenerative amplifier (1 KHz, 4 m]). A fraction of the
amplified output was used to generate 390 nm pump pulse. Residual 780 nm pulse
was sent through a delay line inside an ExciPro pump-probe spectrometer from CDP
systems. A rotating CaF: plate (2 mm thickness) was used to generate continuum of

white light from the delayed 780 nm pulses. The continuum of white light was split
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into two and the streams were used as probe and reference pulses. Transient
absorption spectra were recorded using a dual Diode array detector with a 200 nm
detection window. Sample solutions were prepared in a rotating sample cell with
400 um path length. IRF was determined by solvent (10% Benzene in Methanol) two
photon absorption and was found to be approximately 130 fs at about 530 nm.
Energy per pulse incident on the sample is attenuated employing 80% neutral

density filter when required.

The monomeric dyad (R)-NP(OH): solution (0.75 mM; dichloromethane) in
the absence and presence of indole was excited with 390 nm, 1000 nJ, ~100 fs pulses,
allowing the selective excitation of naphthalimide unit. At lower concentrations of
the dyad (R)-NP(OH): solution (8 pM) we could not obtain femtosecond transient
absorption data having satisfactory signal/noise ratio and hence we increased the
concentration of the dyad (R)-NP(OH): solution (0.75 mM) for FTA measurements.
We observed monomeric behavior of the dyad (R)-NP(OH): in dichloromethane
with increase in concentration of (R)-NP(OH): upto 0.8 mM (Figure 4.6C, D).
Vesicular assembly of the dyad (R)-NP(OH): gel in the absence and presence of
indole was excited with 390 nm, 200 nJ, ~100 fs pulses, to moderate singlet-singlet
annihilation that occurs in multi-chromophoric assemblies[249]. Dyad (R)-NP(OH):
gel and dyad (R)-NP(OH):: indole co-gel in the rotating sample cell is mechanically
stable throughout the duration of the laser excitation. Kinetic components observed
at 597 nm (PI), 620 nm (*PI*) and 640 (n-n stacked PI) nm are laser intensity
independent, ruling out the assignment these kinetic components to singlet-singlet
annihilation[93]. Singular value decomposition (SVD) of AA versus time and
wavelength based three-dimensional map of dyad (R)-NP(OH): : indole co-gel
obtained from femtosecond transient absorption (FTA) measurements is
demonstrated in Figure 4.23. SVD can estimate the number of independent
components contributing to the observed spectral data obtained from the FTA

spectral signals. For SVD, the FTA spectra of (R)-NP(OH): containing samples
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recorded from 520 nm to 680 nm at a timescale of 3.5 ns were constructed into a
matrix in the Origin graphics software program (Version 8.5; MicroCal, Inc.,
Northampton, MA) and subjected to SVD using MATLAB (Version 8.0; The
Mathworks, Inc., Natick, MA). The dyad (R)-NP(OH): solution, dyad (R)-NP(OH):+
indole (1 : 10) solution and dyad (R)-NP(OH): gel offered one significant left and
right singular vector while the dyad (R)-NP(OH): : indole co-gel offered three
significant left singular vectors with significant autocorrelation coefficients. Singular
vector observed for the former three cases could be attributed to the PI* centered
around 620 nm. While in dyad (R)-NP(OH):: indole co-gel, the three singular vectors
yielded corresponds to PI'- (597 nm)[250], 'PI* (620 nm)[241,251] and =n-m stacked
PI'- (640 nm)[93] respectively. Dyad (R)-NP(OH):: indole (1:500 and 1:1000) solution
offered two singular vectors corresponding to PI'- (598 nm)[250] and 'PI* (619
nm)[241,251] respectively. Global analysis of the FTA spectra of (R)-NP(OH): +

indole co-gel/solution were carried out using Glotaran (version 1.2)[252].

4.4.6 Nanosecond Transient Absorption Technique/Laser
flash photolysis

Laser flash photolysis experiments of the argon purged solutions were carried out in
an Applied Photophysics Model LKS-60 laser kinetic spectrometer using the second
and third harmonic (355 nm and 532 nm, pulse duration =10 ns) of a Quanta Ray
INDI-40-10 series pulsed Nd:YAG laser. Triplet states of the NI, PI and (R)-NP(OH):
in toluene were confirmed using the measurement of oxygen purged solutions

through nanosecond flash photolysis studies.
4.4.7 Atomic Force Microscopy (AFM)

Atomic Force Microscopy images were recorded under ambient conditions using
multimode scanning probe microscope (Nanoscope V) digital instruments operating
in the tapping mode regime. Micro-fabricated silicon cantilever tips (MPP-11100-10)

with a resonance frequency of 279-379 KHz and a spring constant of 20-80 Nm
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were used. The scan rate varied from 0.5 Hz to 1.5 Hz. AFM section analysis were
done offline. Samples for the imaging were prepared by drop casting
dichloromethane (DCM) : hexane (1 : 2) solution of (R)-NP(OH): on freshly cleaved
mica at the required concentrations at ambient conditions. Blank experiments were
conducted with solvent alone evaporated on mica to exclude any artefacts. The
average diameter of the spherical particles of (R)-NP(OH): was estimated from the
Lorentzian fit of the histogram of the size distribution curves after correcting for the

tip-broadening effect.
4.4.8 Transmission Electron Microscopy (TEM)

TEM measurements were carried out using JEOL JEM1011 with an accelerating
voltage of 100 kV and the samples were prepared by drop casting DCM : hexane
solution of (R)-NP(OH): onto a carbon-coated copper grid at the required
concentrations at ambient conditions and allowing the excess solvent to evaporate
atmospherically. TEM images were obtained without staining. The average diameter

of the particles was determined from fitted histograms of the size distribution curve.
4.4.9 Scanning Electron Microscopy (SEM)

For SEM measurements, the (R)-NP(OH)z in 1 : 2 DCM : hexane mixture were drop
casted and air dried on the flat surface of cylindrical copper stubs and subjected to
thin gold coating using JOEL JFC-1100 fine coater. The probing side was inserted
into JEOL JSM-5600 LV scanning electron microscope for obtaining the images. The
average diameter of the particles was determined from fitted histograms of the size

distribution curve.

4.4.10 Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS) of (R)-NP(OH): was carried out on a Nano Zeta
Sizer, Malvern instruments. The particles were prepared in DCM : hexane solution at

the required concentrations at ambient condition.
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4.4.11 Optical Microscopy

Fluorescent microspheres of (R)-NP(OH): were observed on a glass slide by using
optical microscope (Leica-DMRX Optical Microscope) under the illumination of UV
light (365 nm).

4.4.12 X-ray Diffraction (XRD)

X-ray diffractograms of the xerogel of (R)-NP(OH): prepared from 1 : 2 DCM
hexane solution were recorded on a Philips Diffractometer using Ni filtered Cu Ka

radiation.

4.4.13 Determination of Bimolecular Quenching Rate
Constant

Biomolecular rate constant (kq) was estimated from the Stern—Volmer rate constant
(Ks) obtained by ploting (w/7) or (Io/I) along the Y-axis (where 1 and t are the
fluorescence lifetimes of (R)-NP(OH): and I and [ are the corresponding
fluorescence intensities at the emission maxima in the absence and the presence of
the quencher (indole) respectively) and the quencher concentration along the X-axis.
The slope of the plot offered Ksv. Biomolecular rate constant (kq) was obtained from

the following equation (Eq. 4.1)

k, = S5V (4.1)

4.4.14 Rehm—Weller Analysis

The oxidation potential of indole is found to be 1.1 V[253] and the reduction
potentials of NI and PI are -1.364 and -0.982 V respectively against Saturated
Calomel Electrode (SCE). The singlet excited state energies of the acceptor (Eoo)
values of NI and PI are found to be 3.65 and 2.56 eV respectively. The change in free
energy for the electron transfer (AGet) processes were calculated using Rehm-Weller

equation, neglecting the Coloumbic interactions to AGet.
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4.4.15 Synthesis

The dyad NP(OH) molecule was synthesised according to the procedure reported in
chapter 2[182].

4.4.15.1 Preparation of 4-Bromo-N-((R)-2,3-dihydroxypropyl)-
naphthalene-1,8-dicarboximide (20A)

To a solution of 4-bromo-1,8-naphthalic anhydride (3) (1.00 g, 3.60 mmol) in 100 ml
water (R)-3-aminopropane-1,2-diol (1.64 g, 18.00 mmol) was added. This reaction
mixture was heated at 70°C for 5 h following which it was filtered and the
precipitate was washed with water and dried. The crude product was then purified
by column chromatography (silica gel, EtOAc : petroleum ether 1 : 1) to afford
compound 20A (1.13 g, 90%) as a white solid. m. p. 176°C; 'H NMR (500 MHz,
CDCls) 0: 8.71 (d, ] = 7.15 Hz, 1H), 8.64 (d, J = 8.45 Hz, 1H), 8.46 (d, ] =7.85 Hz, 1H),
8.09 (d, ] =7.85 Hz, 1H), 7.90 (t, ] = 8.15 Hz, 1H), 4.50 — 4.46 (m, 1H), 4.42 — 4.38 (m,
1H), 4.15 - 4.11(m, 1H), 3.72 - 3.64 (m, 2H), 2.13 (s, 2H); *C NMR (125 MHz, CDCl:)
0: 164.90, 133.96, 132.70, 131.85, 131.30, 131.11, 130.71, 129.05, 128.25, 122.52, 121.62,
70.62, 63.75, 42.79; IR (KBr): 3525, 3379, 3319, 2953, 2873, 1701, 1666, 1587, 1568, 1500,
1458, 1433, 1377, 1336, 1232, 1209, 1101, 1056, 1037, 869, 842, 781, 752 cm’; Anal.
Calcd. for CisHi2BrNOs4: C, 51.45; H, 3.45; N, 4.00%. Found: C, 51.51; H, 3.36; N,
3.60%.

4.4.15.2 Preparation of 4-Bromo-N-((S)-2,3-dihydroxypropyl)-
naphthalene-1,8-dicarboximide (20B)

To a solution of 4-bromo-1,8-naphthalic anhydride (3) (1.00 g, 3.60 mmol) in 100 ml
water (S5)-3-aminopropane-1,2-diol (1.64 g, 18.00 mmol) was added. This reaction
mixture was heated at 70°C for 5 h following which it was filtered and the
precipitate was washed with water and dried. The crude product was then purified
by column chromatography (silica gel, EtOAc : petroleum ether 1 : 1) to afford
compound 20B (1.13 g, 90%) as a white solid. m. p. 176°C; 'H NMR (500 MHz,
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CDCls) 0: 8.60 (d, ] =7.25 Hz, 1H), 8.53 (d, ] =8.15 Hz, 1H), 8.36 (d, ] = 7.85 Hz, 1H),
7.99 (d, ] =7.85 Hz, 1H), 7.79 (t, ] = 8.15 Hz, 1H), 4.39 — 4.35 (m, 1H), 4.31 — 4.28 (m,
1H), 4.04 — 4.00 (m, 1H), 3.61 —3.53 (m, 2H), 2.09 (s, 2H); *C NMR (125 MHz, CDCls)
O: 164.86, 133.91, 132.66, 131.81, 131.29, 131.05, 130.73, 129.07, 128.23, 122.57, 121.67,
70.68, 63.82, 42.84; IR (KBr): 3527, 3383, 2954, 1701, 1668, 1587, 1570, 1500, 1458, 1433,
1377, 1336, 1234, 1209, 1103, 1056, 1037, 869, 842, 781, 752 c¢cm™; Anal. Calcd. for
CisH12BrNOs: C, 51.45; H, 3.45; N, 4.00%. Found: C, 51.61; H, 3.62; N, 4.25%.

4.4.15.3 Preparation of 9-(4-(N-(R)-2,3-dihydroxypropyl)
naphthalene-1,8-dicarboximide)yl)-N-(2,6-diisopropylphenyl)
-perylene-3,4-dicarboximide (21A)

A solution  of  N-(2,6-diisopropylphenyl)-9-(tributylstannyl))perylene-3,4-
dicarboximide (17) (0.686 g, 0.89 mmol), 4-Bromo-N-((R)-2,3-dihydroxypropyl)-
naphthalene-1,8-dicarboximide (20A) (0.61 g, 1.12 mmol) and Pd(PPhs)s (10.28 mg,
0.0089 mmol) in 50 ml DMF was heated at 90 °C for 2 days. The solvent was
removed under reduced pressure and the residue was purified by column
chromatography (silica gel, EtOAc : petroleum ether 1 : 1) to afford compound 21A
(0.46 g, 70%) as a yellow-orange solid. m. p. > 300°C; 'H NMR (500 MHz, CDCls,) d:
8.73 (d, ] =7.40 Hz, 1H), 8.67 — 8.63 (m, 3H), 8.57 (d, ] =7.85 Hz, 1H), 8.52 (d, ] =8.15
Hz, 1H), 8.47 (d, ] = 8.0 Hz, 2H), 7.87 (d, ] = 8.45 Hz, 1H), 7.82 (d, ] = 7.40 Hz, 1H),
7.62 —7.58 (m, 2H), 7.47 — 7.40 (m, 2H), 7.34 (d, ] = 8.35 Hz, 1H), 7.28 (d, ] = 7.8 Hz,
2H), 4.48 — 4.45 (m, 1H), 4.42 — 4.38 (m, 1H), 4.11 - 4.09 (m, 1H), 3.64 - 3.62 (m, 2H),
2.73 - 2.69 (m, 2H), 2.20 (s, 2H), 1.13 - 1.11 (m, 12H); C NMR (125 MHz, CDCl;) d:
164.43, 164.27, 162.89, 144.71, 144.68, 144.06, 137.82, 136.20, 135.91, 132.37, 132.20,
131.16, 131.11, 130.42, 130.15, 129.92, 129.51, 129.51, 129.16, 128.77 128.49, 128.13,
128.09, 127.75, 127.58, 127.28, 126.71, 126.44, 125.99, 123.10, 123.03, 122.08, 121.45,
121.14, 120.59, 120.44, 119.80, 69.76, 62.76, 41.78, 28.16, 23.01, 23.00; IR (KBr): 3549,
3442, 2958, 2866, 1697, 1654, 1591, 1577, 1359, 1234, 1180, 1083, 1031, 812, 788,
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758 cm!; Anal. Caled. for CoH3sN20s: C, 78.38; H, 5.10; N, 3.73%. Found: C, 78.25; H,
5.27; N, 3.06%.

44154  Preparation of 9-(4-(N-(S)-2,3-hydroxypropyl)
naphthalene-1,8-dicarboximide)yl)-N-(2,6-diisopropylphenyl)
-perylene-3,4-dicarboximide (21B)

A solution  of  N-(2,6-diisopropylphenyl)-9-(tributylstannyl))perylene-3,4-
dicarboximide (17) (0.686 g, 0.89 mmol), 4-Bromo-N-((5)-2,3-dihydroxypropyl)-
naphthalene-1,8-dicarboximide (20B) (0.61 g, 1.12 mmol) and Pd(PPhs): (10.28 mg,
0.0089 mmol) in 50 ml DMF was heated at 90°C for 2 days. The solvent was removed
under reduced pressure and the residue was purified by column chromatography
(silica gel, EtOAc : petroleum ether 1 : 1) to afford compound 21B (0.43 g, 65%) as a
red-orange solid. m. p. > 300°C; 'H NMR (500 MHz, CDCls) &: 8.82 (d, ] = 7.40 Hz,
1H), 8.76 - 8.72 (m, 3H), 8.66 (d, ] =7.80 Hz, 1H), 8.60 (d, ] =8.15 Hz, 1H), 8.55(d, ] =
8.05 Hz, 2H), 7.97 (d, ] =8.45 Hz, 1H), 7.92 (d, 7.40 Hz, 1H), 7.73 - 7.68 (m, 2H), 7.57 -
7.50 (m, 2H), 7.44 (d, ] = 8.35 Hz, 1H), 7.38 (d, ] = 7.80 Hz, 2H), 4.58 — 4.54 (m, 1H),
4.50 — 4.47 (m, 1H), 4.22 - 4.18 (m, 1H), 3.77 - 3.70 (m, 2H), 2.84 — 2.79 (m, 2H), 2.36
(s, 2H), 1.23 — 1.21 (m, 12H); 8C NMR (125 MHz, CDCls) o: 165.46, 165.26, 163.94,
145.74, 145.71, 145.06, 138.87, 137.25, 136.95, 133.38, 133.22, 132.19, 132.15, 131.44,
131.17, 130.93, 130.52, 130.14, 129.75, 129.54, 129.17, 129.12, 128.81, 128.59, 128.28,
127.74, 127.48, 126.98, 124.16, 124.07, 123.14, 122.47, 122.16, 121.56, 121.40, 120.82,
120.70, 70.75, 63.83, 42.80, 31.60, 29.19, 24.05, 24.03; IR (KBr): 3549, 3442, 2958, 2868,
1697, 1654, 1591, 1506, 1359, 1296, 1242, 1180, 1085, 1031, 921, 844, 812, cm™; Anal.
Calcd. for CoH3sN20e: C, 78.38; H, 5.10; N, 3.73%. Found: C, 78.51; H, 5.25; N, 3.89%.

4.4.15.5 Preparation of 9-(4-(N-(R)-2,3-diacetoxypropyl)
naphthalene-1,8-dicarboximide)yl)-N-(2,6-diisopropylphenyl)
-perylene-3,4-dicarboximide (22)

A solution of 9-(4-(N-(R)-2,3-dihydroxypropyl)naphthalene-1,8-dicarboximide)yl)-
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N-(2,6-diisopropylphenyl)-perylene-3,4-dicarboximide (21A) (0.100 g, 0.13 mmol),
acetic anhydride (0.136 g, 1.3 mmol) in 5 ml pyridine were stirred at room
temperature for 12 h. The solvent was removed under reduced pressure and the
residue was purified by column chromatography (silica gel, EtOAc : petroleum ether
1:2) to afford compound 22 (0.11 g, 95%) as a yellow-orange solid. m. p. > 300°C; 'H
NMR (500 MHz, CDCls) o: 8.69 (d, ] = 7.40 Hz, 1H), 8.66 — 8.63 (m, 2H), 8.59 — 8.56
(m, 2H), 8.51 (d, ] =8.15 Hz, 1H), 8.46 (d, ] =7.95 Hz, 2H), 7.84 —7.82 (m, 1H), 7.78 (d,
] =7.40 Hz, 1H), 7.61 (d, ] =7.65 Hz, 1H), 7.57 (d, ] = 7.8 Hz, 1H), 7.48 — 7.36 (m, 3H),
7.28 (d, ] =7.8 Hz, 2H), 5.53 — 5.51 (m, 1H), 4.62 — 4.59 (m, 1H), 4.38 — 4.34 (m, 2H),
4.26 - 4.23 (m, 1H), 2.73 - 2.69 (m, 2H), 2.06 (s, 3H), 1.97 (s, 3H), 1.13 — 1.11 (m, 12H);
BC NMR (125 MHz, CDCls) d : 170.71, 164.28, 164.12, 163.94, 145.75, 145.72, 144.66,
139.09, 137.30, 137.02, 133.42, 132.87, 132.19, 132.15, 131.81, 131.23, 130.96, 130.55,
130.07, 129.73, 129.52, 129.14, 129.00, 128.64, 128.28, 127.71, 127.36, 127.02, 124.15,
124.06, 123.16, 122.66, 122.37, 121.55, 121.40, 120.79, 120.66, 69.83, 63.74, 40.65, 29.18,
24.05, 24.03, 20.98, 20.83; IR (KBr): 2958, 2960, 2868, 1743, 1701, 1622, 1587, 1357, 1238,
1045, 812, 788, 758 cm; Anal. Calcd. for CssHeN:20s: C, 76.24; H, 5.07; N, 3.36%.
Found: C, 76.35; H, 5.27; N, 3.06%.

4.4.15.6 Preparation of (5-amino-2,2-dimethyl-1,3-dioxan-5-yl)
methanol (24)

A solution of 2-Amino-2-hydroxymethyl-propane-1,3-diol (9) (5.00 g, 0.032 mmol)
and p-toluene sulfonic acid (0.0297 g, 0.0016 mmol) in 50 ml DMF were stirred
overnight. To this 0.4 ml triethyl amine (TEA) was added and solvent evaporated
under reduced pressure. The residue is then precipitated by methanol and filtered.
To the filterate 2.5 ml TEA added again filtered . The filtrate is then concentrated and
purified by column chromatography (silica gel, EtOAc : methanol 9 : 1) to afford
compound 24 (2.56 g, 50%) as a white solid. m. p. 32°C; 'H NMR (500 MHz, CDCls)
0:3.80 (d, ] =11.5 Hz, 2H), 3.58 ( d, ] = 11.5 Hz, 2H), 3.52 ( s, 2H), 1.45 (s, 3H), 1.42 (
s, 3H); 3C NMR (125 MHz, CDCls) d: 98. 52, 66.71, 64.30, 50.67, 25.20, 21.87; IR (KBr):
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3323, 3269, 2954, 2864, 1612, 1479, 1458, 1369, 1294, 1247, 1199, 1155, 1101, 1051, 1004,
933, 827 cm™; Anal. Calcd. for CzH1sNOs: C, 52.16; H, 9.38; N, 8.69%. Found: C, 52.51;
H, 9.56; N, 8.90%.

4.4.15.7 Preparation of 4-Bromo-N-(5(2-hydroxymethyl 2,2-
dimethyl-1,3-dioxan)-naphthalene-1,8-dicarboximide (25)

To a solution of 4-bromo-1,8-naphthalic anhydride (3) (2.00 g, 7.20 mmol), (5-amino-
2,2-dimethyl-1,3-dioxan-5-yl) methanol (24) (1.74 g, 10.83 mmol), zinc acetate (0.946
g, 4.32 mmol) in 10 ml pyridine was added. This reaction mixture was refluxed
overnight. The solvent was removed under reduced pressure and the residue
purified by column chromatography (silica gel, EtOAc : petroleum ether 1 : 1) to
afford compound 25 (0.605 g, 20%) as a white solid. m. p. 186°C; 'H NMR (500 MHz,
CDCls) o: 8.45 — 8.43 (m, 2H), 8.22 (d, ] =7.85 Hz, 1H), 7.93 (d, ] = 7.85 Hz, 1H), 7.75
(t, ] =7.90 Hz, 1H), 4.41 (d, ] = 12.85, 2H), 4.30 (d, ] = 12.85, 2H), 4.23 (s, 2H), 1.30 (s,
3H), 1.24 (s, 3H); *C NMR (125 MHz, CDCL) 6: 166.14, 166.09, 133.06, 131.81, 131.15,
131.03, 130.29, 130.02, 128.65, 128.19, 124.39, 123.49, 99.84, 68.01, 64.45, 62.86, 23.49,
23.30; IR (KBr): 3437, 2947, 2899, 1705, 1660, 1579, 1346, 1232, 1074, 1035, 840, 781 cm-
1. Anal. Calcd. for C1vHisBrNOs: C, 54.30; H, 4.32; N, 3.33%. Found: C, 54.61; H, 4.36;
N, 3.60%.

4.4.15.8 Preparation of 9-(4-(N-(5(2-hydroxymethyl 2,2-
dimethyl-1,3-dioxan)-naphthalene-1,8-dicarboximide)yl)-N-
(2,6-diisopropylphenyl)-perylene-3,4-dicarboximide (26)

A solution of  N-(2,6-diisopropylphenyl)-9-(tributylstannyl))perylene-3,4-
dicarboximide (17) (0.686 g, 0.89 mmol), 4-Bromo-N-(5(2-hydroxymethyl 2,2-
dimethyl-1,3-dioxan)-naphthalene-1,8-dicarboximide (25) (0.61 g, 1.12 mmol) and
Pd(PPhs)s (10.28 mg, 0.0089 mmol) in 50 ml DMF was heated at 90°C for 2 days. The
solvent was removed under reduced pressure and the residue was purified by

column chromatography (silica gel, EtOAc : petroleum ether 1 : 1) to afford
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compound 26 (0.46 g, 70%) as a yellow-orange solid. m. p. > 300°C; 'H NMR (500
MHz, CDCls) d: 8.66 — 8.63 (m, 2H), 8.60 (d, ] =7.35 Hz, 1H), 8.56 (d, ] = 7.80 Hz, 1H),
8.52 — 8.45 (m, 4H), 7.81 - 7.77 (m, 2H), 7.61 (7.65 Hz, d, 1H), 7.58 — 7.55 (m, 1H), 7.47
—7.40 (m, 2H), 7.34 (d, ] = 8.4, 1H), 7.28 (d, ] = 7.75 Hz, 2H), 4.48 (d, ] = 12.9 Hz, 2H),
4.37 (d, ] = 13.00 Hz, 2H), 4.30 (s, 2H), 2.74 — 2.68 (m, 2H), 1.34 (s, 3H), 1.30 (s, 3H)
1.13 - 1.11 (m, 12H); 3C NMR (125 MHz, CDCls) &: 166.74, 166.57, 163.94, 145.73,
145.70, 144.20, 139.00, 133.39, 132.40, 132.19, 132.15, 131.33, 130.95, 130.81, 130.59,
130.54, 130.08, 129.75, 129.53, 129.16, 129.04, 128.86 128.29, 127.70, 127.46, 127.01,
124.40, 124.14, 124.11, 124.07, 123.16, 121.54, 121.41, 120.79, 120.67, 99.92, 68.07, 64.78,
62.97, 29.97, 24.06, 24.04, 23.45, 23.42; IR (KBr): 3498, 2947, 2899, 1705, 1660, 1579,
1346, 1232, 1074, 1035, 840, 781 cm*; Anal. Calcd. for CssHulN207: C, 77.54; H, 5.40; N,
3.41%. Found: C, 77.25; H, 5.27; N, 3.06%.

4.4.15.9 Preparation of 9-(4-(N-(2(2-hydroxymethyl 1,3-
dihydroxypropyl)naphthalene-1,8-dicarboximide)yl)-N-(2,6-
diisopropylphenyl)-perylene-3,4-dicarboximide (27)

A solution of 9-(4-(N-(5(2-hydroxymethyl 2,2-dimethyl-1,3-dioxan)-naphthalene-1,8-

dicarboximide)yl)-N-(2,6-diisopropylphenyl)-perylene-3,4-dicarboximide (26) (0.200
g, 0.24 mmol), IN HCI (0.24 ml, 0.24 mmol) in 5 ml dichloromethane and 5 ml
methanol were stirred at room temperature for 1 hour. The solvent was removed
under reduced pressure and the residue was purified by column chromatography
(silica gel, EtOAc : petroleum ether 2 : 1) to afford compound 27 (0.17 g, 90%) as a
yellow-orange solid. m. p. > 300°C; ; 'H NMR (500 MHz, DMSO-ds, 373 K) 0: 8.89 —
8.76 (m, 4H), 8.63 (t, ] = 8.5 Hz, 2H), 8.49 (d, ] =7.5 Hz, 1H), 7.87 - 7.75 (m, 3 H), 7.67 -
7.52 (m, 2H), 7.50 = 7.43 9 (m, 2H), 7.36 (d, ] = 7.5 Hz, 2H),7.21 - 7.14 (m, 1H), 5.58 (s,
1H), 4.71 (s, 1H), 4.43 (d, ] = 8.5 Hz, 2H), 4.30 (s, 1H), 4.18 (d, ] = 11 Hz, 1H), 4.02 (d,
10.5 Hz, 1H), 3.95 (d, 13 Hz, 2H), 2.79 - 2.73 (m, 2H), 1.15 - 1.13 ( m, 12H); IR (KBr):
3431, 2960, 2868, 1699, 1654, 1589, 1573, 1357, 1246, 1031, 840, 781 cm; Anal. Calcd.
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for Cs0HawoN207: C, 76.91; H, 5.16; N, 3.59%. Found: C, 76.25; H, 5.57; N, 3.16%.
HRMS-TOF-MS Calcd. for [M+H]* 781.8697; found 781.2737.

4.415.10 Preparation of 9-(4-(N-(2(2-acetoxoxymethyl 1,3-
aetoxypropyl)naphthalene-1,8-dicarboximide))-perylene-3,4-
dicarboximide (28)

A solution of 9-(4-(N-(2(2-hydroxymethyl 1,3-dihydroxypropyl)naphthalene-1,8-
dicarboximide)yl)-N-(2,6-diisopropylphenyl)-perylene-3,4-dicarboximide (27) (0.05
g, 0.06 mmol), acetic anhydride (0.98 g, 0.96 mmol in 5 ml pyridine were stirred at
room temperature for 12 hours. The solvent was removed under reduced pressure
and the residue was purified by column chromatography (silica gel, EtOAc :
petroleum ether 1 : 3) to afford compound 28 (0.055 g, 95%) as a yellow-orange solid.
m. p. > 300°C; 'H NMR (500 MHz, CDCls) d: 8.66 — 8.59 (m, 3H), 8.56 (d, ] = 8.00 Hz,
1H), 8.49 — 8.45 (m, 4H), 7.81 - 7.77 (m, 2H), 7.61 — 7.55 (m, 2H), 7.47 — 7.38 (m, 3H),
7.28 (d, ] = 8.00 Hz, 2H), 4.98 (s, 6H), 2.72 — 2.70 (m, 2H), 1.97 (s, 9H), 1.13 - 1.11 (m,
12H); C NMR (125 MHz, CDCls) &: 170.32, 166.02, 165.86, 163.91, 163.89, 145.77,
145.74, 143.99, 139.04, 137.26, 136.98, 133.41, 132.14, 132.10, 131.26, 131.00, 130.83,
130.53, 130.10, 129.79, 129.49, 129.14, 129.07, 128.87 128.33, 128.17, 127.66, 127.44,
127.02, 124.48, 124.15, 124.11, 124.03, 123.12, 121.61, 121.48, 120.79, 120.66, 67.07,
62.66, 29.19, 24.02, 24.00, 20.79; IR (KBr): 2964, 2870, 1747, 1703, 1664, 1587, 1359,
1224, 1043, 1035, 840, 781 cm™; Anal. Calcd. for CssH4N2010: C, 74.16; H, 5.16; N,
3.59%. Found: C, 74.25; H, 5.27; N, 3.06%.
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