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ABSTRACT

This dissertation investigates supramolecular construction of functional
n-conjugated peptide and peptide-inorganic hybrids and their fascinating
properties. Chapter 1 describes the current status regarding the assembly of =-
conjugated peptides and small organic molecules used in electrochemical
construction of functional organic-inorganic nanoscale hybrid materials.
Chapter 2 summarizes synthetic methodology and characterization techniques
used in the thesis. Chapter 3 describes the synthesis and self-assembly study of
a dipeptide diphenylalanine (Phe-Phe) functionalized benzo[ghi]perylene
monoimide (BPI). The solvent dependent photophysical behavior of newly
synthesized compound 2 (BPI-FF-OMe) has been described in detail.
Compound 2 exhibits positive solvatochromic emission as a function of
solvent polarity with higher lifetimes and quantum yields. Compound 2 self-
assembles into nanospheres in methanol and toluene solvents. Chapter 4
makes an attempt to describe an electrochromic hydrogel based on a self-
assembled quinquethiophene functionalized peptide. In this study, hydrogel
exhibits electrochromism due to the presence of a redox active
quinquethiophene (5T) moiety in compound 4. Chapter 5 describes the
fabrication of peptide/Cd-doped ZnO nanohybrid for the development of a
white light emitting system. White-light luminescence of peptide/Cd-doped
ZnO is attributed to cadmium doping in the zinc oxide crystal and the presence
of a dipeptide-functionalized BPI fluorophore in the lamellar nanohybrid.
Chapter 6 attempts to describe electrochemical construction of hybrid
nanostructures utilizing small peptides as an organic component with ZnO. I-
V characteristics of these hybrids under dark and light illuminations indicate
that the conductivity of these nanostructure materials increases owing to the
presence of photon-absorbing active self-assembled peptides. Chapter 7
describes electrochemical deposition of peptide/metal hydroxide hybrids for
the purpose of developing electrochemically active materials.
Peptide/Co(OH),  nanostructured  hybrid  films  exhibit  capacitive
electrochemical performance in energy storage applications. Porous
nanostructure of compound 9/Co(OH), hybrid shows high capacitance of 3070

Fg™* through electron transfer mechanism in the potential range -0.2 to 0.6 V at

\



a discharge current of 5 mA. Porous and soft nanostructure facilitates
electrochemical accessibilities of electrolyte OH™ ions to Co(OH), thin film
and fast diffusion rate within the redox phase. Chapter 8 summarizes the
salient features of the work and its future prospects.
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Chapter 1:
Figure 1.1.
Figure 1.2.

Figure 1.3.

Figure 1.4.

Figure 1.5.

Figure 1.6.

Figure 1.7.

LIST OF FIGURES

Introduction

Hydrogen bonding interaction (Red dots).

Schemes describe the electrostatic view of aromatic
interactions. The various modes of stacking are presented,
emphasizing locations of electrostatic attraction or repulsion.
(Ref: 74).

The proposed structure for the binary self-assembly of
nucleotide-appended oligo-(p-phenylene vinylene) (OPV).
(Ref: 75).

(a) The molecular structures of an antiparallel B-sheet
conformation of a peptide-OPV conjugate 1 monolayer, (b)
STEM images of 1 at the 1-octanoic acid-HOPG interface
with a superimposed molecular model, (¢) AFM images of
nano-fibrillar aggregates of 1. (Ref: 57).

(@) Energy-minimized model of a 1-D nanostructure expected
after self-assembly and (b) representative UV-vis/PL and (c)
CD spectra of a peptide-OPV conjugate in basic, molecularly
dissolved (- - -) and acidic, assembled solutions (——).(Ref:
77).

(@) CD (b) fluorescence of 3 in basic (dissolved, black traces)
and acidic (assembled, red traces) solutions. The inset of panel
B depicts a concentrated solution (left) and a gel (right)
irradiated at 365 nm. Tapping-mode AFM images and height
profiles of the indicated line trace of (c) large area and (d)
isolated structures formed after assembly and deposition on
freshly cleaved mica surfaces, (e) Supramolecular assembly of
oligothiophene-oligopeptide conjugate 3. (Ref: 78).

AFM image of 0.1 mg/mL drop-cast film of assembled EAA-
4T peptide, (a) height and (b) phase profiles; (c) TEM image
of 1 mg/mL solution of acidified EAA-4T solution (width =
8.9 (2.4 nm); (d) surface profile of a 10 mg/mL drop-cast film
of EAA-AT under a laser microscope. (Ref: 79).
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Figure 1.8.

Figure 1.9.

Figure 1.10.

Figure 1.11.

Figure 1.12.

Figure 1.13.

Figure 1.14.

Figure 1.15

Self-assembly of PTP and TPT in different organic solvents.
(Ref: 82).

Self-assembly and electron transfer of a donor-acceptor -
peptide hybrid (left). Spectral dynamics following
photoexcitation of (a) unassembled and (b) assembled 10 at
400 nm (right). (Ref: 83).

Self-assembly of PBI-[GY], and PBI-[GD], to chiral fibrous
and spherical structures in different polar solvents :PBI-[GY]
forms fibers in buffer solution (pH 10.8), DMSO, DMF, THF,
and acetone. PBI-[GD], forms fibers in DMF and spheres in
water and DMSO. Inset photographs are PBI-[GY], gels in
buffer solution (pH 10.8) and DMF, solutions in DMSO,
acetone, and THF, PBI-[GD], gels in DMF and DMSO, and
solution in buffer solution (pH 10.8). (Ref: 86).

Structure of the peptide-PDIs explored in the study (top). Self-
assembly strategy of PDI-Peptides (Bottom). (Ref: 87).

AFM images of (a) bisimide 15A microspheres and (b)
bisimide 15B nanofibers. (Ref: 90).

Lamellar hybrid nanostructure: (a) SEM (top-down) image of
deposited platelets using PyBA, magnified in the inset. (b)
SEM (cross-sectional view) image of deposited platelets using
PyBA. (c) TEM image of lamellar sheets within platelets
deposited using PyBA, magnified in the inset. (d) Schematic
diagram of lamellar ordering composed of inorganic Zn-rich
regions and bilayers of PyBA. (Ref: 103).

(@ Schematic representations of possible surfactant
assemblies at the solid-liquid interface, (b) Lamellar
structured ZnO films templated bilayer assembly of
surfactants, (c) An interfacial amphiphilic assembly composed
of hexagonally close-packed spherical micelles is used as a
template in this scheme. (Ref: 111, 112).

Cooperative templating model for the electrochemical

synthesis of hexagonal mesoporous Ni(OH), thin films on the
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Figure 1.16.

Figure 1.17.

Figure 1.18.
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Figure 3.1.

Figure 3.2.

Figure 3.3.

Figure 3.4.

Figure 3.5.

Figure 3.6.

surface of working electrode. (Ref: 113).

Schematic representation of electrochemical interfacial
surfactant templating (Ref: 114).

Mechanism for the directed growth of different nanoscale
lamellar morphologies grew with decanoic acid on different
surfaces. (a) A hydrophilic surface such as ITO interacts more
favorably with the polar headgroups, resulting in two-
dimensional bilayer assemblies at the surface that promotes
Zn(OH), nucleation parallel to the substrate. (b) A more
hydrophobic surface such as PEDOT:PSS interacts more
favorably with the alkyl tails, leading to lower-dimensional
assemblies such as hemimicelles, which template the growth
of Zn(OH), perpendicular to the substrate. (Ref: 104).
Electrochemical self-assembly of the ZnO/TSPcM thin films.
(Ref: 105).

Supramolecular Assembly of Dipeptide Functionalized
Benzo[ghi]perylene Monoimide Directs White Light
Emission via Donor Acceptor Interactions.

Schematic represents white light emission upon energy
transfer between donor and acceptor (PyBA: BPI-FF-OMe).
BPI-FF-OMe molecules show efficient solvatochromic effects
in protic polar solvent methanol and aprotic solvent toluene.
BPI-FF-OMe self-assembled to form spherical nanosphere in
solution phase.

'H NMR spectrum (400 MHz, DMSO-d) for N,N'-maleyl-L-
Phe(1)-L-Phe(2)-OMe (15a).

Mass spectrum of N,N’-maleyl-L-Phe(1)-L-Phe(2)-OMe with
sodium ion adduct.

'H NMR spectrum (400 MHz, CDCls) for N,N'-maleoyl-L-
Phe(1)-L-Phe(2)-OMe (16a).

Mass spectrum of N,N'-maleoyl-L-Phe(1)-L-Phe(2)-OMe with
sodium ion adduct.

'H NMR spectrum (400 MHz, CDCl5) for benzo[ghi]perylene-
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Figure 3.7.

Figure 3.8.

Figure 3.9.

Figure 3.10.

Figure 3.11

Figure 3.12.

Figure 3.13.

Figure 3.14.

Figure 3.15.

1,2-dicarboxylic(L-Phe-L-Phe-OMe)imide (2).

Mass spectrum of benzo[ghi]perylene-1,2-dicarboxylic(L-Phe-
L-Phe-OMe)imide (2).

'H NMR spectrum (400 MHz, DMSO-dg) for N,N-Maleyl-
Leu-OMe (15b).

'H NMR spectrum (400 MHz, CDCls) for N,N'-Maleoyl-t-
Leu-OMe (16Db).

'H NMR spectrum (400 MHz, CDCls) for benzo[ghi]perylene-
1,2-dicarboxylic(L-Leu-OMe)imide (3).

(a) UV-Vis absorption spectra of compound 2 (BPI-FF-OMe)
in various solvents. (b) Normalized UV-Vis absorption and
fluorescence spectra in polar and non polar solvents. Optical
images of compound 2 show green emission in toluene and
yellow emission in methanol under 365 nm UV light. (c)
Emission spectra of compound 2 in solvents listed in Table
3.1. (d) Emission spectra of compound 2 normalized with
respect to absorption peak at 483 nm. (e) UV-Vis of
compound 2 in solvents from listed Table 3.1. (f) Lippart-
Mataga plot.

(a) Fluorescence excitation spectra of donor BPI-FF-OMe 2 in
methanol (emission wavelength 564 nm), (b) Time correlated
single photon counting decay traces of BPI-FF-OMe (9 x 10~
mol L'l) in toluene Aem = 508 nm (red) and methanol A = 566
nm (blue).

HOMO and LUMO frontier orbital of BPI-FF-OMe at the
B3LYP/6-31G (d) level. POptical band gap of BPI-FF-OMe
in methanol was calculated from UV-Vis spectroscopy.

Size distribution histogram of nanospheres from DLS
measurement. The mean hydrodynamic diameter of
nanospheres in (a) methanol and (b) toluene. (c) Temperature
dependent *H NMR spectra of BPI-FF-OMe (20 mmol L) in
DMSO-ds.

Microscopic images of compound 2. (a) SEM image of
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Figure 3.16.
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Figure 4.1.

Figure 4.2.

Figure 4.3.

Figure 4.4.

Figure 4.5.

Figure 4.6.

Figure 4.7.

Figure 4.8.

Figure 4.9.

compound 2 in toluene, (b) SEM image of compound 2 in
methanol, (c) TEM image of BPI-FF-OMe in toluene and (d)
TEM image of compound 2 in methanol show nanospheres.
AFM images show the nanospherical morphology of
compound 2 (e) in toluene and (f) in methanol.

(a) UV-Vis and (b) fluorescence spectra of (1 x 10° mol L™)
of PyBA 1, BPI-FF-OMe 2 and mixture of different
equivalents of PyBA and BPI-FF-OMe in methanol
respectively. (c) Spectral overlaps region of emission
spectrum of donor PyBA and absorption spectrum of acceptor
BPI-FF-OMe. (d) Light emission of PyBA, BPI-FF-OMe and
mixture of PyBA and BPI-FF-OMe (10:1) under 365 nm UV
light.

Self-assembling Peptide-Quinquethiophene based
Electrochromic Hydrogel

'H NMR spectrum (400 MHz, CDCls) of Tributyl(2-
thienyl)stannane (17).

'H NMR spectrum (400 MHz, CDCls) of 3-methyl-2,5-
di(thiophen-2-yl)thiophene (18).

'H NMR spectrum (400 MHz, CDCls) of tert-butyl 5-
bromothiophene-2-carboxylate.

'H NMR spectrum (400 MHz, CDCls) of ditertbutyl ester 3-
methyl-Quinguethiophene (20).

'H NMR spectrum (400 MHz, DMSO-ds) of dicarboxylic acid
3-methyl-quinquethiophene (5TmMDCA) (21).

'H NMR spectrum (400 MHz, CDCls) of MeO-Leu-5T-Leu-
OMe (22a)

'H NMR spectrum (400 MHz, DMSO-ds) of MeO-Tyr-5T-
Tyr-OMe (22b).

'H NMR spectrum (400 MHz, DMSO-dg) of HO-Leu-5T-Leu-
OH (23a).

'H NMR spectrum (400 MHz, DMSO-ds) of HO-Tyr-5T-Tyr-
OH (23b).
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Figure 4.10.

Figure 4.11.

Figure 4.12.

Figure 4.13.

Figure 4.14.

Figure 4.15.

Figure 4.16.

Figure 4.17.

Figure 4.18.

Figure 4.19.

Figure 4.20.

Figure 4.21.
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'H NMR spectrum (400 MHz, DMSO-dg) of MeO-Leu-Leu-
5T-Leu-Leu-OMe (24a).

'H NMR spectrum (400 MHz, DMSO-dg) of MeO-Tyr-Tyr-
5T-Tyr-Tyr-OMe (24b).

'H NMR spectrum (400 MHz, DMSO-ds) of HO-Leu-Leu-5T-
Leu-Leu-OH (4).

3C NMR spectrum (100 MHz, DMSO-dg) of HO-Leu-Leu-
5T-Leu-Leu-OH (4).

'H NMR spectrum (400 MHz, DMSO-dg) of HO-Tyr-Tyr-5T-
Tyr-Tyr-OH (5).

*C NMR spectrum (100 MHz, DMSO-dg) of HO-Tyr-Tyr-
5T-Tyr-Tyr-OH (5).

(@) Molecular structures of the peptide-quinquethiophene
conjugates 4 (LL5TLL) and, 5 (YY5TYY); (b) Digital images
of solution of compounds 4 and 5 at basic pH and (c) hydrogel
1and 2.

(@) UV-vis absorbance, (b) fluorescence spectra compound 4.
Excitation wavelength (Amax = 430 nm) in aqueous medium.
Temperature dependent CD spectra in water (¢) upon heating,
and (d) upon cooling. CD Spectra recorded at 200 pM.

(a) Dynamic rheology (frequency sweep) of hydrogel 1 (c =
20 mmol L), and (b) ATR-FTIR spectra of compound 4 in

powder form (red curve) and gel state (blue curve).

(@)-(b) TEM micrograph of compound 4 showing
nanostructures in high and low magnification.
Cyclic voltammogram of compound 4 in 010 ™

BusNCIO4/CH,CI, electrolyte with (a) scan rate of 25, 50, 100
and 200 mVs™ and (b) at continuous scanning. (c) Reversible
colour change in hydrogel 1 coated ITO glass at operating
voltage 0 V (bright yellow) and 1.21 V (deep blue).

The redox mechanism of compound 4 (LL5TLL) (R; = R, =
Leu) during electrochemical reaction.

zZinc Oxide

Lamellar Peptide-Cadmium-Doped
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Figure 5.1.

Figure 5.2.
Figure 5.3.
Figure 5.4.

Figure 5.5.

Figure 5.6.

Figure 5.7.

Figure 5.8.

Figure 5.9.

Nanohybrids That Emit White Light

(@) Molecular structure of compound 6 (BPI-FF-OH).
Electrochemical synthesis of (b) unannealed cadmium-doped
ZnO NSs and (c) unannealed BPI-FF-OH/cadmium-doped
ZnO NFs at a constant applied potential of -700 mV at 80 °C
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Chapter 1

Introduction






1.1 Supramolecular chemistry: Supramolecular

assembly of w-conjugated system

Nature exhibits various self-assembled supramolecular
nanoarchitectures including DNA double helices, micelles, liposomes and
biological membranes. The chemistry of self-assembled molecules was first
defined by Lehn in ‘Chemistry Beyond Molecules’ and termed as
‘Supramolecular Chemistry.”> The supramolecular chemistry exploits
noncovalent interactions between molecules to form 1D, 2D and 3D
architectures. The noncovalent interactions are the driving force for

481 metal

supramolecular assembly which are hydrogen bonding,
coordination,®*® host-guest,** ! aromatic,!**?? charge-transfer,’?*?* and
dipolar interactions.!®! The subareas of supramolecular chemistry include self-
assembled m-conjugated chromophores,**?*2%1 supramolecular polymers®3!
and crystal engineering.*? Self-assembly of the n-conjugated system achieves
supramolecular nano-architectures which are the most promising functional
materials in flexible electronic devices as they are not so expensive.
Applications of supramolecular materials are found in field-effect transistors
(FET)s,® light-emitting diodes (LED)s,¥! and photovoltaic cells.** The
performance of such organic devices is mainly associated with chemical
structure, purity, and morphology of the self-assembled n-conjugated material.

Supramolecular organization of such m-conjugated systems is mainly
driven by n-m stacking and H-bonding interactions. In the supramolecular
assembly of the m-conjugated system, noncovalent interaction offers precise
control in intermolecular m-m contacts with self-correcting and defect free
structure which exhibit effective charge transfer through overlapping -
orbitals. Keeping this view in mind, researchers worldwide have developed a
variety of molecular building blocks. Recent examples include:
tetrathiafulvalene (TTF),*% discotic molecules such as hexabenzocoronene
(HBC),1*? phthalocyanine (Pcs)*Y or porphyrin (Pp),1**** fused aromatics
like pyrene,™ perylene bisimide (PBI),[*>" triphenylenes,®**? or
azatriphenylenes®®*® and conjugated oligomers like oligophenylene vinylene
(OPV),P%%581 gligofluorene (OF)? or oligothiophene (OT),!***4 among

others. The structural diversity of supramolecular building blocks modulates



intermolecular interactions for a self-assembled system and hence produces
engineered nanostructures with distinct morphologies which give alteration in
photophysical, electrical and mechanical properties. The mechanism of self-
assembly of small functional molecules into supramolecular polymers in
solution or in the solid state is also exploited. Three mechanisms for
supramolecular polymerization have been envisaged, that is, ring-chain,
isodesmic and cooperative self-assembly.'®* " In isodesmic assembly, there is
a gradual increase in the number and length of the aggregated species, and it is
only at high concentrations or for high association constants that long,
nanometer-sized objects are formed. In the case of cooperative self-assembly,

there is a bimodal distribution of monomers and elongated objects.

1.2 Noncovalent interaction

One of the most important aspects of supramolecular chemistry is the
understanding and the ability to exploit non-covalent interactions for the
controlled and reversible assembly of functional entities. These intermolecular
interactions include (a) electrostatic interactions (ion-ion, ion-dipole and
dipole-dipole interactions) and coordinative bonding (metal-ligand) (b)
hydrogen bonding (c) n-r stacking and (d) Van der Waals forces. Among the
non-covalent interactions, the hydrogen bonds and, n-n stacking interactions
play a crucial role in the supramolecular organization of n-conjugated systems.
A Dbrief account of hydrogen (H) bonding and n-m stacking interactions is

described below.

1.2.1 Hydrogen bonding

Hydrogen bonds (H-bonds) are ideal noncovalent interactions to
construct supramolecular architectures since they are highly selective and
directional.[’*" H-bonds are formed when a donor (D) with an available
acidic hydrogen atom is interacting with an acceptor (A) carrying available
nonbonding electron lone pairs. The strength depends mainly on the solvent
and number and sequence of the H-bond donors and acceptors.” In order to
construct a significant amount of desired H-bonded assemblies, high
association constants are required. In many cases, however, relatively weak

hydrogen bond interactions are used so that additional supramolecular



interactions are required to obtain nanosized assemblies. Figure 1.1 shows

hydrogen bonding interaction in biomolecules.

H\
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~ \
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J ¥

H-bonding between nucleobases
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H-bonding in peptides

Figure 1.1. Hydrogen bonding interaction (Red dots)

1.2.2 n-m stacking:

The interaction between two aromatic rings is commonly defined as =-
7 interactions or m stacking. This aromatic interaction is nothing but an
electrostatic interaction between © clouds/orbitals of differential polarization
of a pair of aromatic molecules. A face-centered stacking is possible if an
aromatic pair possesses strongly electron withdrawing groups that polarize pi
electron density away from the aromatic core relative to an underivatized
aromatic, such as benzene or naphthalene. In such cases, face centered
stacking is accompanied by close contact between m orbitals of adjacent
molecules, resulting in varying z-orbital mixing. The n-stacking is significant
when the interaction originated from alternating stacking between an electron
deficient aromatic and electron rich aromatic. This is also referred as
“aromatic donor-acceptor interaction”. The various modes of stacking

interaction are described in Figure 1.2.1"!

5
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Figure 1.2. Schemes describe the electrostatic view of aromatic interactions. The

various modes of stacking are presented, emphasizing locations of electrostatic

attraction or repulsion. (Ref: 74).

1.3 Supramolecular construction of optoelectronic -

conjugated biomolecules

Chart 1. Chemical structure of a few bio motifs

O H 1 OH
@ . NG o OH ©
N ~
o]
O H oH
OH 0
Peptides Sugar Cholesterol
d
@ NH, o] 0
NN HN N HNT Y
NSy SN v by
NT N H,NTNT N 07N
R R R
Adenine (A) Guanine (G) Uracil (U)
Nucleobase

Molecules with

structural motifs amino acids, peptides, sugar,

nucleobases, and cholesterol (Chart 1) have been found to facilitate assembly
of the m-conjugated system. In the majority of cases, the presence of functional

groups such as hydroxyl, amides, carboxylic acid in bio motifs are capable of



forming several intermolecular noncovalent bonding interactions. For
instance, a group of Meijer has demonstrated bi-functionalized nucleotide-
appended oligo-(p-phenylene vinylene) (OPV) which undergoes programmed
assembly right-handed helical stacks to nanofibre (Figure 1.3).1"
Carbohydrates are also attractive biomolecule to facilitate assembly of the -
conjugated system. Carbohydrate contains a significant number of hydrogen
bonding sites (—OH groups) which participate in hydrogen bonding interaction
and triggers the self-assembly process. An example of such carbohydrate

functionalised & system includes peptide-tetra(p-phenylene).[’®

Figure 1.3. The proposed structure for the binary self-assembly of nucleotide-
appended oligo-(p-phenylene vinylene) (OPV). (Ref: 75).

1.4 n-Conjugated peptide

Peptides are mostly studied as bio motifs for the biomolecule assisted
supramolecular assembly of the m-conjugated system. Due to the intrinsic
ability of peptides to self-assemble, several types of conjugated m-systems
have been functionalized with peptides to further control specific
intermolecular interactions that give rise to distinct assembly architectures and
electronic delocalization. Herein, current examples of oligopeptide-n
conjugated system such as (a) oligopeptide-oligo(p-phenylenevinylene)
(OPV), (b) oligopeptide-oligothiophene, (c) oligopeptide-perylene diimide
(PDI), (d) oligopeptide-naphthalene diimide (NDI) have been described in
brief.



1.4.1 Peptide-oligo(p-phenylene vinylene)(OPV) conjugates
Chart 2. Molecular structures of peptide-oligo(p-phenylene vinylene)(OPV)

conjugates:®"""]

C12H250, J—/

(o]
CyoHy50 O \ O \ o o o
C12H250 O N N NH
e Y *“g *“g :

Peptide n—Electron Conjugate 1

Peptide n—Electron Conjugate2 O R o o
R= “H “CH, Y j/ \/@
[DFAX = DFAG DFAA  DFAV DFAI _ DFAF |
[ DFXG = DFGG DFAG _ DFVG DFIG _ DFFG |
[ DXAG = DGAG DAAG  DVAG DIAG  DFAG |

Among the different classes of organic m-electron system, self-
assembly of linear n-systems is at center stage due to favorable optical and
electronic properties, useful to the design of organic electronic devices. The
self-assembly of p-phenylene vinylenes, a linear =-System, has been
extensively studied by several research groups over the years due to both its
fundamental and technological importance. Meijer et al. reported GAGAG-
OPV conjugate 1 (Chart 1) which consist of m-conjugated oligo(p-phenylene
vinylene) trimer and glycinyl-alanyl-glycinyl-alanyl-glycine (GAGAG)
pentapeptide. GAGAG pentapeptide sequence was especially adopted for f3-
sheet domains. The self-assembly of GAGAG-OPV has been studied in liquid-
solid interfaces as well as in aqueous solution. In liquid-solid interfaces, STM
images of GAGAG-OPV show the formation of bilayerlike supramolecular
structures (Figure 1.4b). These structures consist of GAGAG-OPV molecules
that are stacked antiparallel next to each other. Each bilayer contains three
rows in which the bright rods correspond to the OPV part (highest tunneling
efficiency) of GAGAG-OPV, whereas the darker line in between is related to
the peptide part. The peptide backbone is fully extended on the graphite-
forming a  strand of which successive strands are formed in an antiparallel 3

sheet held together by six hydrogen bonds (Figure 1.4a). In aqueous solution,
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the supramolecular aggregates of GAGAG-OPV produce a network of
bundled fibers of micrometer length and having a width up to 0.2 um on a

mica surface (Figure 1.4c).”"]

Figure 1.4. (a) The molecular structures of an antiparallel B-sheet conformation of a
peptide-OPV conjugate 1 monolayer, (b) STEM images of 1 at the 1-octanoic acid-
HOPG interface with a superimposed molecular model, (c) AFM images of nano-

fibrillar aggregates of 1. (Ref: 57).

In the case of oligopeptide-OPV conjugate 2, three families of 7-
conjugated peptide nanomaterials with primary amino acid sequences that
differ in their size and their “hydrophobicity” were synthesized from a
common OPV core structure. The spectroscopic study and molecular
stimulation suggested that variations introduced into the amino acid side
chains at specific residue locations along the molecular peptide backbone lead
to pronounced changes in the photophysical behavior of the fibrillar structures
(Figure 1.5). These substitutions vary both in their relative size and in their
hydrophobic nature, which impact the intermolecular interactions and
influence hierarchical fibrillization processes. Chart 2 shows the three
different series of peptides referred to as DFAX, DFXG, and DXAG, where
the aspartic acid residue (D) remains unchanged and serves as a pH trigger for
assembly, X denotes the location and identity of the amino acid substitution
(GlylG, Ala/A, etc.), and R indicates the specific side chain variation (H, Me,

Ph, etc.). The sequence variations with glycine (G, R = H), alanine (A, R =
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CHs), valine (V, R = CH(CHj3),), isoleucine (I, R = CH(CHs)(CH,CHs)), and
phenylalanine (F, R = CH,Ph) to perturb the internal structure of the
assemblies and nature of the associated electronic delocalization. A systematic
increase in the size of the residue leads to progressively less n-electron overlap
due to increased OPV spacing resulting from steric crowding imposed within
1-D tapelike assemblies. The progressively more hydrophobic residues also
encourage more intermolecular van der Waals-type attractions among the
larger hydrophobic groups in lieu of aqueous enviorment, a well-established
factor in the formation and stabilization of amyloid-based materials, leading to
decreased OPV spacing and strengthened electronic coupling. In the three
families of peptide variations, the placement of the residues with respect to the
OPV core and the large and aromatic phenylalanine (F) residue of the parent
DFAG structure. This allows for a survey of the optoelectronic influences of
situation demanding residues on the same face of the formed nanotapes as the
constant phenylalanine (DFAX series) and on the opposite face (DFXG
series). The third class (DXAG series) is presented that assesses aliphatic
steric bulk well removed from the chromophore unit. With these three
families, the complicated interplay of steric and hydrophobic influences that
elicits dramatic variation in the electronic coupling of the OPV cores within
the peptidic nanostructures is described.[’”

b) _. O
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Figure 1.5. (a) Energy-minimized model of a 1-D nanostructure expected after self-
assembly and (b) representative UV-vis/PL and (c) CD spectra of a peptide-OPV
conjugate in basic, molecularly dissolved (- - -) and acidic, assembled solutions (——
)-(Ref: 77).
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1.4.2 Peptide-oligothiophene conjugates

Chart 3. Molecular structures of oligothiophene-peptide conjugate
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Figure 1.6. (a) CD (b) fluorescence of 3 in basic (dissolved, black traces) and acidic
(assembled, red traces) solutions. The inset of panel B depicts a concentrated solution
(left) and a gel (right) irradiated at 365 nm. Tapping-mode AFM images and height
profiles of the indicated line trace of (c) large area and (d) isolated structures formed
after assembly and deposition on freshly cleaved mica surfaces.(e) Supramolecular
assembly of oligothiophene-oligopeptide conjugate 3 (Ref: 78).

Oligothiophenes are another attractive linear m-conjugated system
useful in numerous applications in optoelectronic devices. Peptide-
oligothiophenes are also studied extensively. The first example of an
oligothiophene-peptide conjugate is 3, presented in chart 3. The peptide
embedded bithiophene n-conjugated oligomer undergoes self-assembly into 1-
D nanostructures with the strong n-m intermolecular electronic communication
under completely aqueous and physiologically relevant conditions. Circular
dichroism (CD) of assembled 3 shows intense absorptions only associated
with the n-conjugated unit (Figure 1.6a). Molecularly dissolved 3 exhibited a
low-energy absorption Amax at 320 nm. Excitation at 320 nm triggered strong
photoluminescence at 380 nm (Figure 1.6b). Upon assembly, the absorption

profile remained comparable but the emission was dramatically quenched. The
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bisignate CD response crossing over at 320 nm (coincident with the absorption
Amax) 1S a classic signature for exciton-coupled chromophores in chiral
environments. Atomic force microscopy (AFM) of gel samples deposited on
mica revealed 1-D nanostructures with heights ranging from 2 to 6 nm (Figure
1.6¢,d).l"®

In oligothiophene-oligopeptide conjugate 4, a set of oligothiophene-
oligopeptide conjugate were designed by varying the amino acid residue with
a common 4T core to investigate both the current and voltage transmission
activities of one-dimensional n-conjugated peptide nanostructures. Tripeptide-
n-tripeptide triblock system consisting of quaterthiophene (4T), a hole-
transporting organic semiconductor, as the central -system and the tripeptide
segment, a negatively charged amino acid (aspartic acid, D, or glutamic acid,
E) at the distal termini and aliphatic dipeptides (glycine, G; alanine, A; valine,
V; isoleucine, I) near the m-core. Eight 4T bis(tripeptide) (chart 3) observed to
have pH-triggered assembly behavior under acidic conditions and formation of
1D nanostructures. All peptide sequences show well-connected nanostructures
in the gel form, as found in the transmission electron microscopy (TEM)
images. Alanine-containing peptides exhibit the largest nanostructure in
widths (Figure 1.7). The nanostructure assembly and macroscopic film
morphology both are crucial features for determining electronic signal
transmission. A remarkable change in photophysics of 4T is observed with the
variation of amino acid residue at terminal tripeptides of both ends of 4T core.
This is because of the differences in local packing order and contact of =-
electron units within each assembled nanostructure. All eight peptides studied
form 1D nanostructures that are microns in length, 3-12 nm in width, varied
network connectivities in gel and solution state, and varied surface roughness
in the microscale (for drop-cast films). The semiconducting behavior of the 4T
cores are bound within peptide environments with different hydrophobicities,
the deposited thin films of peptide nanomaterials as semiconducting layers in
bottom-gate OFET configurations. All of the peptide 4T nanowires exhibit
semiconductor characteristics, but the mobility values differ by 3 orders of
magnitude upon varying amino acids adjacent to the 4T semiconductor. To

reveal impacts of molecular variation on nanostructure-dependent transport
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properties, one-dimensional peptide nanostructure analogue of peptide-4T-
peptide was chosen as a control sample. When the controls were used as the
semiconducting layer, no apparent gating effects were observed. This supports
the premise that the 4T-containing nanostructures in the film provide charge-

transport pathways that do not merely rely on ionic effects and in fact require
[79]

the presence of hole-transporting 4T subunits.

Figure 1.7. AFM image of 0.1 mg/mL drop-cast film of assembled EAA-4AT peptide,
(a) height and (b) phase profiles; (c) TEM image of 1 mg/mL solution of acidified
EAA-4T solution (width = 8.9 ( 2.4 nm); (d) surface profile of a 10 mg/mL drop-cast
film of EAA-4T under a laser microscope. (Ref: 79).

In the third example, oligopeptide-oligothiophene conjugates 5 and 6
consist of a symmetric bolaamphiphile that has three segments: an outer
region of polar amino acids for solubility, p-sheet forming amino acids for
self-assembly, and an oligothiophene core for conductivity (chart 3). Lysine
residues have been included giving the molecule a net positive charge to
impart solubility. Leucine has been used for its high propensity to form (-
sheets. Quinquethiophene has been chosen as the central segment of the
molecule due to its n-n stacking and conductive properties. The basic
difference between 5 and 6 is that 5 includes an alkyl spacer between the
amino acid segment and the thiophene core added for molecular flexibility
where as 6 does not contain alkyl chain. Hydrogen bonding occurs over longer

length scales than n—m stacking, so a flexible linker facilitates B-sheets
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formation and n-nt stacking within a supramolecular nanostructure. Both 5 and
6 were found to form self-supporting gels in water at low concentrations (1 wt
%) and corresponding 1 D nanostructure present within the gel as revealed by
TEM. Peptide segments (LLKK) in 5T-peptide is capable of forming  sheet
domain whereas 6 does not for B sheet due to lack of molecular flexibility in
absence of alkyl spacer between the amino acid segment and the thiophene
core of 5T-peptide 6. Therefore, this study shows that addition of an alkyl
spacer between extended m-conjugated core and the peptide residue allows
both n—m stacking and B-sheet formation to coexist. Without an alkyl spacer,
n—r stacking has been found to dominate the aggregation and suppress -sheet
formation.!®’!

In this example, oligopeptide-oligothiophene conjugates 7 (chart 3) is a
diblock-oligomer, combining a regioregular head to tail oligo(3-
alkylthiophene) (HT-O3AT) and an oligopeptide sequence. The conjugated
oligomer part is a tetramer, head-to-tail coupled tetra(3-hexylthiophene) (4T),
which is functionalized by the pentapeptide sequence glycine-(L-alanine)-
glycine-(L-alanine)-glycine  (GlyAlaGlyAlaGly, GAGAG) inspired by
Bombyx mori (silkworm) silk.BY AlaGly has been identified as the most
important repeat sequence in the crystalline B-sheet domains that is dominated
by multiple hydrogen bonding and provides the strength of the silk fiber. On
the other hand, on substrates such as graphite, p-alkylated oligothiophenes
typically form highly organized, lamellar-type 2D-assemblies. This process is
driven by relatively weak and unspecific van der Waals interactions of the
alkyl side chains.®*®IThe significant difference between GAGAG-4T and 4T-
COOH was noted with respect to their 2D-ordering which might be due to the
tendency of the peptide sequence in GAGAG-4T to form (-sheets via multiple
hydrogen bonding. Scanning tunnelling microscopy (STM) investigations on
the hybrid molecule at the solid/liquid interface reveal completely novel
features and superstructures, which explicitly differ from those of the parent
compound 4TCOOH.

In the oligothiophene-oligopeptide system 8-9 (Chart 3), the hybrid
composed of quaterthiophene and tetrapeptide (Gly-Val-Gly-Val) were
designed, namely peptide-thiophene-peptide (PTP) and thiophene-peptide-
thiophene (TPT), to investigate the influence of peptide content ratio and its
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location in the molecular structures on the nanostructures and properties of the
assemblies. Both conjugates formed organogels consisting of left-handed
twisted nanostructures; however, anti-parallel p-sheets were observed in PTP
while parallel p-sheets were obtained for TPT, although in both cases
oligothiophenes adopted an H-like stacking mode. The self-assembly of
oligopeptide—oligothiophene conjugates 8-9, the competition of H-bonds and
n—7 stacking plays a major role. PTP and TPT display different assembly
behaviors in organic solvents (Figure 1.8). For PTP assemblies, every PTP
molecule could form anti-parallel b-sheet via 16 pairs of H-bonds with other
PTPs, although hydrogen bond interaction belongs to weak non-covalent
interactions. However, for TPT assemblies, only six pairs of H-bonds were
formed per TPT. The resultant intermolecular noncovalent interaction (H-

bonds and n—= stacking) in TPT assemblies is weaker as compared to PTP

assemblies.
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Figure 1.8. Self-assembly mode of PTP and TPT in different organic solvents. (Ref:
82).

One of the current reports in such peptide-chromophore conjugate
system is photoinduced electron transfer within supramolecular donor-
acceptor peptide nanostructures under aqueous conditions (Figure 1.9). In the
peptide-oligothiophene conjugate system 10 (chart 3), modified peptides
contain m-conjugated oligothiophene electron donor cores that are peripherally
substituted with naphthalene diimide electron acceptors installed via imidation
of site-specific lysine residues. These molecules self-assemble into one-
dimensional nanostructures in aqueous media, as shown through steady-state

absorption, photoluminescence, and circular dichroism spectra, as well as
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transmission electron microscopy. Excitation of the oligothiophene donor
moieties results in electron transfer to the acceptor units, ultimately creating

polar, charge-separated states that persist for over a nanosecond as observed

with transient absorption spectroscopy.®!

01-
a) Time Dolay (ps)
0.08-

0.06-

A R S LY
PUEY — o
= l 0027
g hv 004!

500 600 700 800 900 1000 1100
./ nm

/£

500 600 700 800 900 1000 1100
Afom

Figure 1.9. Self-assembly and electron transfer of a donor-acceptor n-peptide hybrid
(left). Spectral dynamics following photoexcitation of (a) unassembled and (b)
assembled 10 at 400 nm (right). (Ref: 83).

1.4.3 Peptide-perylene diimide (PDI) conjugates

Chart 4. Molecular structure of PDI-peptide-conjugates:#¢4"
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The peptide-PDI conjugates 11A-B (Chart 4) bearing two hydrophilic
peptide side groups possessing chiral self-assembly (Figure 1.10). Among the
different peptide substitutions, chiral nanofibers can only be formed from 11A

through self-assembly in an aqueous buffer or organo-gelation method.®®

Gel in Water and DMF

- ! PBI-[GY],

R: —*\ />_OH
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Figure 1.10. Self-assembly of PBI-[GY], and PBI-[GD], to chiral fibrous and
spherical structures in different polar solvents :PBI-[GY], forms fibers in buffer
solution (pH 10.8), DMSO, DMF, THF, and acetone. PBI-[GD], forms fibers in DMF
and spheres in water and DMSO. Inset photographs are PBI-[GY], gels in buffer
solution (pH 10.8) and DMF, solutions in DMSO, acetone, and THF, PBI-[GD], gels
in DMF and DMSO, and solution in buffer solution (pH 10.8). (Ref: 86).

In peptide-PDI conjugates 12, a detailed account of the role of peptide
on the assembly of perylene diimide is described in terms of thermodynamic
parameter by Hodgkiss et al. To investigate the effect of peptide sequence on
the self-assembly of peptide-PDI conjugates, a set of conjugates with widely
varied structural features was synthesized consisting of the following three
strategic peptide regions highlighted in : (i) a glycine unit presents a reactive
terminal amine and low steric demand efficiently condensing with perylene
anhydride; (ii) a central sequence of three amino acids; and (iii) a terminal
glutamic acid region introduces charge that engenders solubility and
hydrophilic character. Based on this strategy, the specific peptide sequences
shown in Figure 1.11 were synthesized in order to probe the effects of
incremental structural variations on the multifaceted interactions that govern

peptide-driven PDI assembly. With dipeptide-PDI series 12A-H, conjugates

18



12I-M featured PDIs with a hydrophobic hexyl chain in place of one of the

peptides to engender pronounced amphiphilic character.
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Figure 1.11. Structure of the peptide-PDlIs explored in the study (top). Chiral self-
assembly in PDI-peptides (bottom). (Ref: 87).

The effect of different amino acids may be considered relative to
glycine rich references PDI A (for dipeptide-PDIs A-H) and PDI | (for hexyl-
PDIs 12I-M). The impact of increasing the peptide hydrophobicity and the
steric demand can be evaluated by comparing PDIs 12A-H, while the effect of
replacing one peptide with a hexyl chain is revealed by comparing dipeptide-
PDIs 12A-E with their hexyl-PDI counterparts’ 121-M. The effect of charge
density can be examined by comparing PDI pairs B/C and J/K, and the effect
of peptide length is probed by comparison of A and E. In addition, the
diastereomer pairs C/D, G/H, and K/L provide an opportunity to examine the
role of stereocenters and specific structure within the peptides. Among the
structural variations that have been examined, hydrophobicity and the

inclusion of an imide hexyl substituent produce the greatest changes in the
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thermodynamic properties. Comparatively smaller influences are seen from
changing stereocenter chirality, varying the number of ionizable amino acid
residues or the length of the central peptide sequence. This relative importance
of the effects that have been examined through comparison of thermodynamic
aggregation parameters for various sets of compounds is summarized in Figure
1.11.171

1.4.4 Peptide-naphthalene diimide (NDI) conjugates

Chart 5. Molecular structures of NDI-peptide conjugates: & %!
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For asymmetric peptide-NDI conjugate 13, dipeptide Phe-Phe or Phe-
Gly conjugated NDI promotes self-assembly into 1-D nanostructures at
physiological conditions whereas Gly-Phe or Gly-Gly conjugated NDI remain
silent. These one-dimensional (1-D) nanostructures are stabilized through
intermolecular n-n interactions of the conjugated NDI systems and extended

hydrogen bonding of the dipeptide units. This study suggested that self-
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assembly of the peptide-functionalized NDI is strongly dependent on the
nature of peptide and amino acid sequence.® In the case of peptide-NDI 14,
three-dimensional nanofibres are found in CHCl; and MCH mixture by H-
aggregation mode. A dramatic variation in morphology of self-assembled
peptide-NDI conjugate is observed based on amino acid variation in the
terminal peptide chain.’® The bisimide 15A containing a core of adjacent
aromatic rings and two termini of folded tripeptide moieties (-Tyr-Aib-Leu-
OMe) adopts a dumbbell shape conformation, and it self-assembles through
noncovalent interactions to promote microspheres. In contrast, the bisimide

15B containing two termini of extended tripeptide moieties (-Phe-Phe-Tyr-

OMe) adopt a wrist band shape structure, and it self-assembles to produce
[90]

elongated fibrils.

Figure 1.12. AFM images of (a) bisimide 15A microspheres and (b) bisimide 15B
nanofibers. (Ref: 90).

1.4.5 Other peptide small w-electron conjugates
Self-assembling peptides coupled with the small aromatic unit such as
fluorenyl-9-methoxycarbonyl (Fmoc) group, pyrene, naphthalene, TTF and/or

with multiple phenylalanine units offer additional m-m interactions that can
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guide supramolecular interactions, inspiring a lot of m-conjugated peptides
with optoelectronic activity. Chart 6 shows examples of Fmoc-peptide,

pyrene-peptide, peptide-naphthalene, and peptide-TTF conjugates.

Chart 6. Molecular structures of different small aromatic dye-peptide
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Fmoc-diphenylalanine  (16) self-assemble to  form  nanocylidrical
nanoarchitecture. Nanocylinders are formed by anti-parallal (-sheets
interlocked by n-m stacking interactions of fluorenyl groups and phenyl rings.
Naphthalene conjugated peptide (17) shows ability to form chiral
nanostructure via self-assembly. Pyrene conjugated peptide (18) forms
transparent, stable supramolecular fluorescent organogel in various organic
solvents. Supramolecular electroactive fibrous aggregates have observed in the
case of planer tetrathiafulvalene (TTF) conjugated oligopeptide 19. This is the
first example of hydrogen-bonded one-dimensional aggregates. Hydrogen
bonding, w-m stacking, and solvophobic interactions made possible the
efficient generation of electroactive helical fibers.

22



1.5. Supramolecular construction of organic-inorganic

hybrid materials

The synergistic assembly of organic/inorganic hybrids offers chemical
tunability, novel functionalities and enhanced performance over their
individual component. The reason behind this is hybrid materials made up of
organic and inorganic components combine the advantages of both the
materials while overcoming their respective disadvantages. The major issue in
developing such organic-/inorganic hybrids is the choice of cost-effective
fabrication technique. To date, a number of fabrication techniques have been
used to construct such nanoscale hybrid materials. Examples include gas phase
method, sol-gel chemistry,® immiscible liquid-liquid biphasic system,®
chemical methods®"*® and electrochemical methods.***® Among these
methods, electrochemical self-assembly strategy is found to be a simple,
economically cheap and bottom-up approach to a growing desire well-ordered
nanoscale organic-inorganic hybrid nanomaterials. In the strategy of
electrochemical self-assembly, electrochemistry is coupled with the molecular
self-assembly, where self-assembly of organic system holds great prospects to
develop nanoscale materials with novel properties. Several small organic
molecules have been designed to develop hybrids where chemical structure of
the molecule plays several significant roles in determining the structure and
the morphology of hybrid films (Table Al). These molecules play three major
roles in the hybrid: First, organic molecules behave as a structure directing
agent and control the morphology of inorganic component. Secondly, self-
assembled organic phase stabilizes the hybrid nanoarchitectures through
covalent bonding with the inorganic component. Lastly, it becomes a
functional component of organic/inorganic hybrid. The structural diversity of
organic component makes it unique among all the other materials. A few
research groups have developed such hybrids with varying organic and
inorganic components. For instance, Choi et al. extensively used only SDS for
the fabrication of such hybrids altering the inorganic component.[**>*%% A
group of Stupp has developed hybrids composed of m-conjugated organic
semiconductor and inorganic ZnO photoconductive materials using

electrochemical self-assembly (Figure 1.13).1%! In another report, Stupp et al.
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have investigated the internal assembly pattern of organic and inorganic
components depending on the chemical structure of the organic molecule and
the selection of working electrode substrate.'* Maura and co-workers used a

number of different organic dyes with ZnO to develop photovoltaics cells.'*!

24 nm

Figure 1.13. Lamellar hybrid nanostructure. (a) SEM (top-down) image of deposited
platelets using PyBA, magnified in the inset. (b) SEM (cross-sectional view) image of
deposited platelets using PyBA. (c) TEM image of lamellar sheets within platelets
deposited using PyBA, magnified in the inset. (d) Schematic diagram of lamellar

ordering composed of inorganic Zn-rich regions and bilayers of PyBA. (Ref: 103).

1.6. Characterization techniques for electrochemically
triggered self-assembled complex organic-inorganic

hybrid nanostructures

To date, a range of experimental methods has been used to study the
mechanism of complex hybrid film growth and internal ordering of organic

and inorganic components in the hybrid films. In this strategy, mostly a
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lamellar hybrid structure is formed. For instance, some basic techniques
essential to characterize the lamellar film morphology are Two-dimensional
grazing-incidence small-angle X-ray scattering (2D-giSAXS), Transmission
electron microscopy (TEM), Scanning electron microscopy (SEM), Fourier-
transform infrared spectroscopy (FTIR), High-resolution TEM and TEM
electron diffraction. 2D-giSAXS is an excellent technique to characterize
hybrid film, which gives information about lamellar orientation on the
substrate and interlayer spacing (organic domain) and the thickness of the
inorganic wall in the lamellar nanostructure. TEM also gives an idea on the
formation of an organic monolayer or bilayer in the hybrid. Furthermore, it
helps to understand the growth mechanism of the lamellar structure. TEM
gives information about both the organic and inorganic components present in
the lamellar structure. While, TEM electron diffraction pattern identifies the
nature of inorganic crystals. SEM visualizes morphologies of electrodeposited
lamellar hybrid structure. FTIR analyses the binding site of the organic
component with the inorganic crystals.

1.7 Organic-inorganic hybrids

1.7.1 SDS-inorganic hybrids

The potential-controlled surfactant assemblies at the interface can be
utilized as templates for the production of thin semiconducting and metallic
nanostructured films when they are combined with an electrodeposition
process. In this aspect, Sodium dodecyl sulfate (SDS) is one of the extensively
used organic surfactants in the electrochemical deposition of metal oxides.
Surfactants in solution spontaneously aggregate at solid-liquid interfaces due
to surface forces (i.e., electrostatic interaction between the surfactant head
group and a surface charge).'® The assembly patterns of the surface
aggregates are frequently different from those formed in free solution.*”!
Among the factors that affect the organization of surfactants on the surface
(i.e., the hydrophilicity of the substrate, surfactant types, types of counter ions,
and ionic strength), surface charge density are unique in that it can be
controlled externally using a bias voltage applied to the substrate. This makes

it possible to selectively induce and stabilize phases of surfactant aggregates
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by deliberate control of the electrochemical potential.['®®! Potential-controlled
surface assembly with an electrodeposition process to fabricate nanostructured
films.'”"In this approach, the surface of the working electrode serves as a
solid-liquid interface in a plating solution containing surfactants. When there
exists a common potential that can simultaneously induce the desired phase of
surfactant-inorganic aggregates and reduce the metal ions, a nanostructured
metallic film will be deposited patterned by the surfactant-inorganic
aggregates. Figure 1.14a shows a different kind of surface assemblies of
surfactants. Phases composed of hemisphere/sphere micelles and
hemicylinder/cylinder micelles are suitable to fabricate mesoporous films (i.e.,
hexagonal, cubic, and disordered porous structures). Few examples of SDS-
inorganic hybrids are described in the next section.
SDS/ZnO

In many cases, SDS is used as a surfactant in electrodeposition of
nanostructured ZnO films on indium tin oxide (ITO) electrode. In the
deposited film with SDS, dramatic changes in shapes and crystallinity of the
ZnO deposits happen after a certain concentration of SDS added. The desired
X-ray diffraction pattern of ZnO gets lost and the results indicate that the
anionic head groups of SDS cooperatively interact with the inorganic species
under the deposition condition to form effective in situ templates on the
electrode for the production of nanostructure films. The small-angle X-ray
diffraction and Transmission Electron Microscopic (TEM) results suggest the
presence of lamellar structure in the deposited films (Figure 1.14b). The
diffraction pattern indicates the presence of two different phases, one with doo;
= 31.7 A and the other with dogx* = 27.5 A, implying two slightly different
pathways to form stable surfactant bilayers under our deposition condition.
The presence of high-order 00l peaks for both phases is indicative of well-
defined nanostructures with long-range order. The interlayer spacing and the
inorganic wall thickness was estimated to be 15 and 15 A respectively. TEM
analysis also suggests that 0.1% of SDS, which is below the cmc of pure SDS
solution, can fully cover the electrode surface under the deposition condition
and effectively templates nanostructures in the ZnO films. Increasing or
decreasing the content of SDS in the solution (0.1- 20 wt %) does not

influence the surface morphology of the resulting films, suggesting that the
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interfacial structure is not significantly affected by bulk surfactant

concentration when the surfactant concentration is above surface micelle

concentration.[*0%1

(a) Bilayers Spheres/Hemispheres Hemicylinders

A

(b)

® Inorganic Species ﬂ

Surfactant

Inorganic
mesoporous
films

Figure 1.14. (a) Schematic representations of possible surfactant assemblies at the
solid-liquid interface.™ (b) Lamellar structured ZnO films templated bilayer
assembly of surfactants.™? (c) An interfacial amphiphilic assembly composed of

hexagonally close-packed spherical micelles is used as a template in this scheme.™2

SDS/Pt

In another example, mesoporous platinum films produce by coupling
potential-controlled self-assembly of surfactant-inorganic aggregates and
electrodeposition processes. This method uses extremely dilute surfactant

solutions (< cmc) to generate films with accessible pores and thermally stable
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frameworks. The resulting films possess high surface areas that lead to
enhanced electrocatalytic properties towards methanol oxidation compared to
those of non-mesoporous platinum films.[*
SDS/Ni(OH);

SDS is found to be a useful template in electrodeposition of
mesoporous Ni(OH), thin films (Figure 1.15).%%

Ethyle
maolec

Pictorial depiction of the string-pearl model
of polymer-SDS aggregation

Figure 1.15. Cooperative templating model for the electrochemical synthesis of
hexagonal mesoporous Ni(OH), thin films on the surface of working electrode. (Ref:
113).

SDS/Sn0O,

Electrochemical synthesis of SnO, films containing three-
dimensionally organized uniform mesopores via interfacial surfactant
templating (Figure 1.16).14

Y
ol ol

working electrode

working electrode

Figure 1.16. Schematic representation of electrochemical interfacial surfactant
templating (Ref: 114).
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1.7.2 Oligothiophene/ZnO hybrids!**

In the electrochemical self-assembly of oligothiophene/ZnO hybrid,
Stupp and co-workers have designed and synthesized a family of carboxylated
terthiophene-based surfactants with systematic modifications to molecular
geometry, valency, and flexibility to investigate how these features affect the
synthesis of the p-type/n-type semiconducting hybrid materials (Table Al).
Based on the experimental outcomes, it is found that the molecular geometry
has a strong influence on the lamellar growth of hybrid film with either bare
ITO (hydrophilic surface) or PEDOT:PSS (hydrophobic surface) coated ITO
substrates as the working electrode. On investigations, it is revealed that
molecules with linear geometry 3TCA and 3TBA each successfully deposit
lamellar films on both ITO and PEDOT:PSS substrates, Zn(OH), lamellae
were never observed on either substrate when using the T-shaped homologues
TAA(T), and TBA(T),. The reason is those T-shaped molecules are too wide
to allow them to pack with sufficient density to stabilize the inorganic phase
by coordinating all the exposed Zn®** sites. 3TDCA and 3TDBA are the
divalent homologues of the monovalent 3TCA and 3TBA compounds.
3TDCA and 3TDBA forms monolayered organic phase because divalent
molecules can bind two Zn atoms (one at each terminus of the molecule) and
are incorporated into the LDH as monolayers instead of bilayers. On the other
hand, 3TCA and 3TBA form bilayered organic phase to give rise to lamellar
domains. The 3TCA-3TBA and 3TDCA-3TDBA pairs were designed to
investigate the effect of installing a flexible linker in the 3T surfactants. The
molecules within each pair share the same geometry and valency, but differ in
the connection that separates their 3T core from the carboxylic acid. 3TBA
and 3TDBA have a hydrocarbon linker that separates these two groups,
whereas the carboxylic acid is directly conjugated to the 3T core in 3TCA and
3TDCA. A comparison between films deposited from solutions with
surfactants that have different linkers reveals that both morphology and
orientation have a high dependency on surfactant flexibility. The flexible
surfactants reveal a much greater orientational dependence on surface
chemistry than their rigid homologues. Whereas the rigid surfactants 3TCA

and 3TDCA always deposit isotropic films, the flexible surfactants deposit
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anisotropic films in all cases except for 3STDBA on PEDOT: PSS. Therefore,
monovalent, flexible surfactant design is ideal for achieving substrate-
dependent anisotropic lamellar growth to maximize the density, persistence
length, and anisotropy of the lamellar films. 5TmDCA/ZnO hybrid is useful
material for photoconductor as well as photovoltaics. In comparison, decanoic
acid with greater flexibility and aspect ratio greatly enhance the anisotropy of

the lamellae film (Figure 1.17).

Surface Assembly Nucleation and Growth Final Structures

@)

0 dp 44

Zn(NO,),
_
-1.0V

Hydrophilic

(b)

av

Hydrophobic PEDOT:PSS
Figure 1.17. Mechanism for the directed growth of different nanoscale lamellar
morphologies grew with decanoic acid on different surfaces. (a) A hydrophilic
surface such as ITO interacts more favorably with the polar headgroups, resulting in
two-dimensional bilayer assemblies at the surface that promotes Zn(OH), nucleation
parallel to the substrate. (b) A more hydrophobic surface such as PEDOT:PSS
interacts more favorably with the alkyl tails, leading to lower-dimensional assemblies
such as hemimicelles, which template the growth of Zn(OH), perpendicular to the
substrate. (Ref: 104).

1.7.3 Organic dye/ZnO hybrids

A number of water-soluble organic dyes have been used as an organic
component in electrochemical self-assembly of various organic/inorganic
hybrid thin films for applications in the field of dye-sensitized solar
cells/photoelectrochemical cells. Such organic dyes include Rhodamine B,
tetrasulfonated metallophthalocyanines (TSPcMs), eosin Y,
Ru(dcbpy),(NCS),, riboflavin  5’-phosphate,  N,N’-bis(ethylenesulfate)-
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3,4,9,10-perylene tetracarboxylic acid diimide (Table A1).2®15-221 |n most
of the cases, ZnO has been selected as an inorganic component for the growth
of hybrids. All of these dyes contain acidic functional group such as sulphonic,
phosphonic, and carboxylic acid which not only makes the molecule soluble
but also act as “anchors” to bind to ZnO surface. Anchoring groups have a
significant effect on electrochemical self-assembly (ESA) of hybrid thin
films.[*? The adsorption of a dye on ZnO surface is caused by coulombic and
van der Waals forces between ZnO and dye molecules. The coulombic force is
assumed to arise from the localized electrostatic interaction between Zn** on
the surface of ZnO and the carbonyl groups of the dye molecule.?®! FTIR
studies suggest that characteristic changes were observed for the bands from
stretching of the carboxylate group and were attributed to the formation of a
chemical bond between the carboxylic acid group of dye and the Zn** site of
the ZnO surface. Investigation shows that chemical stability of dye adsorption
and their structure on the ZnO surface can vary from dye to dye to affect the
film growth. In the ZnO/dye hybrid thin films, relevant chemical analysis was
done by employing three xanthene dyes with different anchoring groups,
namely, 2'4',5',7"-tetrabromofluorescein (eosin Y, hereafter abbreviated as
EY) as the reference, 5(6)carboxy eosin (dicarboxy-eosin Y, hereafter
abbreviated as CEY) having an extra carboxylic acid group at the phenyl
group attached to the xanthene frame work and 2'4'5'7'-
tetrabromosulfofluorescein (sulfonated eosin Y, hereafter abbreviated as SEY)
having sulfonic acid as the anchoring group instead of carboxylic acid. Doubly
carboxylated CEY exhibited a much higher stability compared to EY, while
sulfonated SEY was weakly adsorptive, when they are compared to their
oxidized state.l’* The concentration of dissolved dye molecules in
electrochemical bath affect the growth rate and film properties, while all other
parameters remained constant (concentrations of zinc salt and supporting
electrolyte, applied potential, temperature, electrode. For instance, in the
absence of eosin dye molecule, zinc oxide films are made of individual
hexagonal crystallites with flat surfaces. With the introduction of eosin into
the solution, the shape of the grain changes dramatically. The morphology of
ZnO/dye hybrids appears as a cauliflower-like morphology on its top. The
most significant changes occur in the shape and size of grains. For the highest
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concentration of eosin, the grains are cylindrical with an almost perfect
hemispherical outer surface whose diameter is much larger than at the lowest
concentrations.*?! Electrochemically, self-assembled nanoporous ZnO/eosinY
hybrid thin films lead to a large improvement in the dye-sensitized
photoelectrochemical performance, achieving an incident photon to current
conversion efficiency up to 90 %. The as-deposited R5-P/ZnO thin film
electrode exhibited anodic photocurrent upon visible light irradiation,
indicating the sensitization of ZnO by incorporated R5-P molecules. A model
of electrochemical self-assembly of the ZnO/TSPcM hybrid is shown in
Figure 1.18.

. transport of
preferential ONO . ions and TSPcM
growth of (100) i 3
NOZ Zn2¢
A [0\ <
VLN ¢ o

face 5 Zn0O

?/,

o
O=-0
&

hindered

Aof TSPcZn) of TSPcAl and TSPcSif

4

Figure 1.18. Electrochemical self-assembly of the ZnO/TSPcM thin films. (Ref:
105).
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2.1 Introduction

This chapter describes the synthesis of n-conjugated peptide molecules
and electrochemical synthesis of peptide-inorganic hybrid nanostructure
materials. This chapter is also a detailed account of several characterizations
such as spectroscopic, microscopic and electrochemical techniques.

2.2 Experimental procedure
2.2.1 Materials

All the raw starting materials listed here were purchased from Sigma-
Aldrich, US.A.; E-Merck, Germany, and SRL, India. They include
phenylalanine  (F), tyrosine (Y), tryptophan (W), leucine (L)
dicyclohexylcarbodiimide (DCC), N,N'-Diisopropylcarbodiimide (DIPC), 1-
hydroxybenzotriazole (HOBt) Maleic anhydride, 2znCl,, 1,1,1,3,3,3-
hexamethyldisilazane (HMDS), benzene, Perylene, p-chloranil Boc-
anhydride, thiophene, n-butyl lithium (1.6 M in hexane), Tributyltin chloride,
2,5-dibromo-3-methylthiophene, 5-bromo-2-thiophenecarboxylic acid, Citric
acid, Tetrakistriphenylphosphine palladium(0), 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC), 4-(N,N-dimethylamino)pyridine,
tert-butyl alcohol, Trifluoroacetic acid (TFA), 1-hydroxybenzotriazole
(HOBt), Acetonitrile, Tetrabutylammonium  perchlorate  (BusNCIOy,),
naphthalene methanol, phosgene, Zn(NOs),-6H,O and Cd(CH3COO),-6H,0,
Co(NO3),.6H,0, Ni(NO3),.6H,0. Deuterated solvents CDCl;, DMSO-dg for
NMR characterization were obtained from Sigma-Aldrich, U.S.A. Silica gel
(100-200 mesh) for column chromatography was obtained from SRL and TLC
pre-coated silica gel plates (Kieselgel 60F254, Merck. All the other local
chemicals were purchased from local manufacturers like SD Fine Chemicals
Pvt. Ltd., SRL India, and E-Merck India etc.

2.2.2 Purification of solvents and reagents

The solvents used during the course of synthesis were distilled
accordingly.*? Chloroform and ethyl acetate were dried with P,Os and
distilled. Dioxane was passed through basic alumina before use. Methanol was
fractionally distilled with CaO and used.”®! Thionyl chloride was distilled from
boiled linseed oil (20 mL/50 g SOCI,). Dimethylformamide (DMF) was
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fractionally distilled using CaH, under reduced pressure. Tetrahydrofuran
(THF) was dried over Na/benzophenone ketyl and freshly distilled prior to
use. ITO coated quartz glass substrates (10 mm x 10 mm) having a thickness
of about 150 nm were purchased from J. K. Impex, Mumbai.
2.2.3 Solution phase wt-conjugated peptide synthesis

The solution phase m-conjugated peptide synthesis is a classical and
more powerful approach in peptide chemistry. All the m-conjugated peptide
and peptide derivatives used in this study were synthesized by conventional
solution phase methodology. For the synthesis of n-conjugated peptide 2-3,
benzo[ghi]perylene monoimide unit was functionalized with peptide DPA and
leucine amino acid. For m-conjugated peptide compound 4-6,
quinquethiophene was functionalized with different peptide symmetrically at
the both the ends. The first step for the synthesis of compound 7-11, the N-
terminal amino group of one amino acid was protected by naphthalene-2-
methoxy carbonyl (Nmoc) and C-terminal acid group of another amino acid
was protected by methyl ester. Then, the coupling reactions were successively
performed by using conventional coupling agent (EDC/ HOBt) or
(DIPC/HOBL) by solution phase peptide synthesis. All the coupling reactions
were done at room temperature (25 °C). To prevent the racemization problem
during the coupling reactions, HOBt was used in the coupling reactions. This
reacts with acyl urea and forms less reactive ester which is less labile toward
racemization. The possibility of formation of diastereomers due to
racemization effect was checked by NMR. Generally, no diastereomers or
very little 1-5% diastereomers were found. For the synthesis of peptide
derivatives, tert-butyloxycarbonyl (Boc-) group was also used for N-terminus
protection of amino acids. The C-terminus deprotections were performed by
saponification for ester groups in alkaline methanolic solutions at room
temperature (25 °C).
2.2.4 Dual ion beam sputtering deposition (DIBSD)

Dual ion beam sputtering deposition (DIBSD) The Elettrorava DIBSD
system was deployed to deposit ITO thin films (200 nm) on quartz glass
substrates. The angle between the sputtering beam and sputtering target was

fixed at 45° off-normal, while the angle between the assist ion beam and the
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substrate was maintained at 60°. Before being inserted into the DIBSD growth
chamber, quartz glass substrates were rinsed thoroughly with
trichloroethylene, acetone, isopropanol, and deionized (DI) water and
subsequently purged with nitrogen gas (purity 99.999%) to remove dust
particles and various organic contaminants. Prior to actual film deposition, the
assist source was turned on for 10 min to perform substrate precleaning by
argon ion bombardment. During material growth, the assist ion beam,
consisting of plasma of argon ions, helped in the reduction of columnar
growth, and thereby, enhanced growth uniformity and film adhesion to the
substrate. The discharge voltage and current of the assist ion source was kept
constant at 70 V and 600 mA, respectively, during ITO thin-film deposition by
using a 4N (99.99%) pure 4-in-diameter ITO target mounted on a water-
cooled target holder inside the DIBSD system chamber. The background
pressure inside the process chamber was maintained at approximately 1x10°®
mbar, whereas the working pressure during film growth was kept at 3.26x10™
mbar.
2.2.5 Electrochemical experiments

Electrochemical station (Autolab PGSTAT 302N) from Metrohm was
used to conduct all electrochemical experiments including electrochemical
synthesis of all the peptide-inorganic hybrids. Electrochemical deposition was
carried out in 24 mL solution (1:1 v/v) DMSO/water of 0.04 m of each
Co(NO3)2.6H20, Ni(NO3),.6H,0 and Zn(NO3),.6H,O with 6.0-12.0 mg of
each peptide (6-11). Working electrode (ITO) was placed upright in cell and
deposition was performed potentiodynamically at -0.7 to -0.9 V for 1-24 hours
depending on the growth time under constant stirring at 80°C in water bath.
After deposition, films were rinsed with de-ionized water and dried under a
flow of nitrogen gas. For cyclic voltammograms and chronopotentiometry
measurements, a conventional three-electrode cell assembly consisting of
Ag/AgCI electrode (KCI Autolab Model 6.0726.107) as a reference electrode,
platinum or zinc wire as a counter electrode and peptide/metal hydroxide
deposited ITO as working electrode, was used for carrying out electrochemical
measurements. For cyclic voltammetry (CV) of compound 4, the supporting
electrolyte was BusNCIO4/CH,Cl, (0.1 m). For the electrochromic test, a thin
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film of peptide-quinquethiophene hydrogel was prepared onto an ITO coated
glass and used as working electrode. Pt and Ag/AgCl were used as counter
electrode and reference electrode respectively.
2.2.6 Cleaning of electrode

Working electrode ITO was cleaned with soap water under sonication
for 15 minute. Then with methanol and acetone for 10 minute each. Finally it

was washed with distilled water and dried with N, gas.

2.3 Characterization

2.3.1 Characterization and purification of compounds

All the reactions were routinely monitored by thin layer
chromatography (TLC) on pre-coated silica gel plates (Kieselgel 60F254,
Merck) using ethyl acetate/toluene (1:1) as eluents before work up. The crude
products were purified by column chromatography using silica gel (100-200
mesh size) as a stationary phase and ethyl acetate/toluene (1:1) as an eluents.
Detailed characterization was performed at every stage by the analysis of 300
MHz and 400 MHz *H NMR and mass spectrometry.
2.3.2 NMR Spectroscopy

All NMR studies were carried out on a Bruker AV 300 MHz
spectrometer at 300 K and a Bruker AV 400 MHz NMR. TMS was used as
internal reference and the deuterated solvents (CDCl3;, DMSO-dg) were used.
The compound concentrations were generally used in the range of 1-10 mmol
L™
2.3.3 Mass Spectrometry

Mass spectra of some compounds were recorded on a Waters
HPLCMS system (Column Symmetry C18, 7mm) by negative mode
electrospray ionization. The other compounds were recorded on a Bruker
micrOTOF-Q Il instrument in positive- and negative-mode electrospray
ionizations using methanol/water, acetonitrile/water and chloroform as a liquid

carrier.

2.3.4 FT-IR Spectroscopy
FT-IR spectra were taken using a Bruker (Tensor 27) FT-IR

spectrophotometer. The solid-state measurements were performed using the
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KBr pellet technique with a scan range of 400 to 4000 cm™ over 64 scans at a
resolution of 4 cm™ and at an interval of 1 cm™. The gel sample was prepared
in mili-Q water, placed between crystal Zn-Se windows and scanned between
900 to 4000 cm™ over 64 scans at a resolution of 4 cm™ and at an interval of 1

cm™.

2.3.5 Circular Dichroism (CD) Spectroscopy

Secondary structures of peptide bolaamphiphiles 4 were analyzed with
Jasco J-815 circular dischroism spectrometer. In all the case, peptide hydrogel
were diluted to final concentration of 10 mM to 500 mM in milli-Q water and
measured from 300 nm to 190 nm with 0.1 data pitch, 20 nm/min scanning
speed, 1 nm band width and 4 s D.I.T.
2.3.6 Rheology Analysis

Oscillating rheology was used to quantify the final mechanical
properties of the peptide bolaamphiphile 4. For each case 2 mL of peptide
bolaamphiphile hydrogel (8-25 mmol L™) was prepared. The experiment was
done on a Paar Physica Modular Compact Rheometer (MCR 301, Austria). 50
and 25 mm cone plate with a 1° angle configuration were used and the
temperature was set constant at 25 °C. Storage (G") and loss (G") moduli were
measured at a strain range of 0.05-0.1% with a true gap ranging from 0.05 to
0.097 mm.
2.3.7 UV-Vis Spectroscopy

UV-Vis absorption spectra of the compounds were recorded using a
Varian Cary100 Bio UV-Vis spectrophotometer.
2.3.8 Fluorescence Spectroscopy

Fluorescence emission spectra of the peptide solutions and hydrogels
were recorded on a Horiba Scientific Fluoromax-4 spectrophotometer with a 1
cm path length quartz cell at room temperature. The slit width for the emission
was set at 2-5 nm and a 1 nm data pitch. The excitation spectra of these
samples were also done with the same instrument and under the same
conditions.
2.3.9 Dynamic light scattering (DLYS)

Dynamic light scattering (DLS) and zeta potential measurements were

made with a NanoPlus-3 zeta/nano particle analyzer (Micromeritics
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Instrument). The errors for dy, and & values were +2 nm and + 10%,

respectively.
2.3.10 Time Correlated Single Photon Counting (TCSPC)

A 2 mL of solution sample was prepared in a quartz cuvette (1 cm x 1
cm) and time-correlated single photon counting (TCSPC) experiment was
performed on Horiba Yovin (Model: Fluorocube-01-NL) instrument. The
sample was excited at 376 nm using a picosecond diode laser (Model: Pico
Brite-375L). The signals were collected at magic angle (54.70) polarization
using a photomultiplier tube (TBX-07C) as a detector, with a dark count less
than 20 cps. The instrument response function (IRF, FWHM~140 ps) was
recorded using a dilute scattering solution. The data analysis was performed
using IBH DAS (version 6, HORIBA Scientific, Edison, NJ) decay analysis

software. The amplitude-weighted lifetime was estimated by

n

® = am

=1

where t; was the fluorescence lifetime of various fluorescent species, a; are
the normalized pre-exponential factors. The goodness of the fit is judged by

the reduced chi-square (¢2) value.
2.3.11 Field Emission Gun-Scanning Electron Microscopy

(FEG-SEM) Study
For SEM study, electrodeposited hybrid films were coated with gold.

Then the micrographs were recorded in a SEM apparatus (Jeol Scanning
Microscope-JSM-7600F). The solution samples were dried on a glass slide
and coated with platinum. Then the micrographs were recorded on a SEM
apparatus (Jeol Scanning Microscope-JSM-6700F).
2.3.12 Transmission Electron Microscopy (TEM) Study

High resolution transmission electron microscopic images were taken
using PHILIPS electron microscope (model: CM 200), JEM 2010 electron
microscope and JEM-2100 HRTEM, operated at an accelerating voltage of
200 kV. Solutions of the peptide (BPI-FF-OMe) were dried on carbon-coated
copper grids (300 mesh) by slow evaporation in air, then allowed to dry
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separately in a vacuum at room temperature. The average size of the

nanospheres was determined from the TEM images.
2.3.13 Energy Dispersive X-Ray Spectroscopy (EDS)

Energy-dispersive X-ray spectroscopy (Oxford Instruments: Aztec)
was used for elemental composition analysis of electrodeposited hybrid
materials.
2.3.14 Atomic Force Microscopy (AFM) Study

The morphology of the self-assembled n-conjugated peptide (BPI-FF-
OMe) was investigated by AFM. The peptide solutions were placed on a
microscopic glass coverslip. Then, it was dried by slow evaporation. Images
were taken using an AIST-NT instrument, model no. smartSPM 1000 in soft
tapping-mode.
2.3.15 Wide-Angle X-Ray Diffraction Study

Some data were collected for the peptide powder and its corresponding
electrodeposited hybrid thin films on a Rigaku Smart Lab X-ray diffractometer
at a wavelength of 1.5406 A. X-rays were produced using a sealed tube and
were detected using a linear counting detector based on silicon strip
technology (Scintillator Nal photomultiplier detector). The XRD
measurements of rest of the samples were carried out using a Bruker D8
Advance X-ray diffractometer. The X-rays were produced using a sealed tube
and the wavelength of the X-ray was 0.154 nm (Cu K-alpha). The X-rays were
detected by using a fast counting detector based on Silicon strip technology

(Bruker LynxEye detector).
2.3.16 Two-dimensional grazing-incidence small-angle X-ray

scattering (2D-giSAXS).

SAXS experiments were performed on electrodeposited thin films by
using CuKa (A = 1.54) radiation from a source (GeniX 3D, Xenocs) operating
at 50 kV and 0.6 mA. The diffraction patterns were collected on a two-module
Pilatus detector.

2.3.17 PL measurements

A DongWoo Optron PL setup, affixed with a 20 mW continuous wave

He-Cd laser (excitation wavelength = 325 nm, TEMOO mode), 320 mm and

150 mm focal length monochromators, chopper, lock-in amplifier, and a
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photomultiplier tube (PMT) detector, were deployed to conduct optical studies
of annealed and unannealed hybrid thin films. The UV light He-Cd laser
(excitation wavelength = 325 nm, TEM0O mode) was used to measure the
photosensitivity of the hybrid materials.
2.3.18 Ellipsometry

The absorption coefficient (o) was measured by using an M-2000 J. A.
Woollam spectroscopic ellipsometer. Spectroscopic ellipsometry is a non-
destructive and sensitive technique to study the optical response of various
materials. The change in polarization state, i.e., psi (y) and delta (A) of the
reflected light from the surface of a film by utilization of an appropriate model
enables precise extraction of the optical constants and accurate thickness of
the material under study. The spectra of psi (y) and delta (A) for GZO, Cd-
doped ZnO and BPI-FF-OH/Cd-doped ZnO hybrid was measured at 70 °C as
an optical incident angle. The fitting consistency of the calculated data with
the GenOsc model could be seen as a result of low mean square error (MSE)
observed for all samples, which eventually resulted in the accurate and precise
determination of optical constants.
2.3.19 Secondary mass ion spectrometry (SIMS)

SIMS (Hiden) equipped with an oxygen ion gun with an energy up to
3.5 keV was used to characterize the depth profile of the cadmium-doped ZnO

films.
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Chapter 3

Supramolecular Assembly of Dipeptide Functionalized
Benzo[ghi]perylene Monoimide Directs White Light

Emission via Donor Acceptor Interactions
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3.1 Introduction

Chapter 3 focuses on the study of self-assembled =-conjugated
perylene based amphiphiles have attracted considerable interest in recent
years.'®! Self-assembled perylene based amphiphiles have been used in the
fabrication of supramolecular 1D, 2D, and 3D based micro and
nanoarchitectures for the applications in biology and supramolecular
electronics.® A variety of perylene based molecules have been designed for
the development of perylene dye chemistry through extension of perylene core
via functionalizing the bay position of perylene.[’*® Extensive work has been
done on perylene diimides (PDI).' The stable supramolecular architectures
are achieved by designing the molecular structure of self-assembled materials
as well as optimizing the response of suitable stimuli.™>**! Various stimuli
have been used to drive the self-assembly of organic moieties via hydrogen
bonding, m-n stacking and hydrophobic interactions. Zang et al. reported
several examples of PDI based self-assembly.*?? Self-assembly of amino
acid functionalized perylene bisimides is also reported in literature.!**%
Recently, self-assembly of peptides functionalized perylene bisimides has
been reported.?7 In general, low molecular weight hydrophobic peptides
have been used for the evolution of self-assembled architectures.!?®*
Schenning et al. reported mixed fuorescent co-oligomer systems for the

creation of white-light-emitting gels.”*!

Ajayaghosh et al. reported
supramolecular organogel composed of intertwined twisted helical fibrillar
assemblies made of OPV decorated with cholesterol units.* Meijer and co-
worker have also described a supramolecular copolymer resulting from the
self-assembly in films of blue, green, and red m-conjugated oligomers.k®
Zhang and co-workers described photo-facilitated aggregation and stable
white-light emission in solution.®®! Zhang et al. also reported bright white-
light emission from a novel donor-acceptor small organic molecule in the solid
state via intermolecular charge transfer.*”) Number of strategies have been
used to fabricate white light emitting materials. These include metal mediated
white light emission,® combination of three primary colors (red, green and
blue), polymers®® and self-assembly of organic molecules./*” Development of

low molecular weight white light emitting material is particularly interesting
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due to their good solubility in distinct solvents. They can easily be applied on
solid surface or can be soaked on solid materials. There are various reports but
none of the examples show acceptor perylene monoimide functionalized small
organic molecules based white light emission upon donor—acceptor
interactions Table A2 (Annexure 1). Thus, keeping all these aspects in view,
an attempt has been made to explore an aromatic benzo[ghi]perylene
monoimide (BPI) functionalized diphenylalanine methyl ester BPI-FF-OMe
(F: L-Phenylalanine) and BPI-L-OMe (L: L-Leucine) for the evolution of
white light emission. The BPI-FF-OMe is highly soluble in various organic
solvents and shows solvochromic behavior in different solvents. Herein, the
objective is to explore self-assembly of benzo[ghi]perylene monoimide (BPI)
functionalized dipeptide for the evolution of white light emission via donor-
acceptor interactions.White light emitting materials have become an area of
interest because of their opto-electronic applications. Till date, several
research groups have emphasized the development of white light emitting
materials. Acceptors benzo[ghi]perylene monoimides (BPIs) and donor
pyrenebutyric acid have lead to white light emission via donor-acceptor
interactions. Benzo[ghi]-perylene monoimide functionalized dipeptide (BPI-
FF-OMe) and amino acid (BPI-L-OMe) are a new class of acceptor molecules
that show white light emission with pyrene via energy transfer from donor to

acceptor molecular interactions (Figure 3.1).

Compound 1 OH Compound 2
(Donor)

% in methanol
2ol N

H - O‘% Oj:{?ﬂwe J;ﬂf-assembly i
SORTE ST

e}

- e Compound 2 | b
White light emission (Acceptor)
upon D-A interaction Nanospheres
Compound 2

in toluene

Figure 3.1. Schematic represents white light emission upon energy transfer between
donor and acceptor (PyBA: BPI-FF-OMe). BPI-FF-OMe molecules show efficient
solvatochromic effects in protic polar solvent methanol and aprotic solvent toluene.

BPI-FF-OMe self-assembled to form spherical hanosphere in solution phase.

62



3.2 Experimental

3.2.1 Synthesis of dipeptide-benzo[ghi]perylene monoimide
conjugate

In general, the widely followed pathway to synthesize
benzo[ghi]perylenemonoimide is a Diels-Alder reaction of perylene with
maleic anhydride and subsequent condensation reactiont***! with primary
aliphatic amines.[***® Herein, an alternative method has been considered to
synthesize benzo[ghi]perylenemonoimide so as to obtain the product with a
high yield in respect of bulky hindered substitute. The dienophile imide
derivative has been synthesized by reaction of maleic anhydride with a
dipeptide diphenylalanine. Crucial steps involved in the synthesis of the
dienophile are (i) the reaction of H,;N-L-Phe-L.-Phe-OMe with maleic
anhydride for the formation of N,N’-maleyl-L-Phe-L-Phe-OMe and (ii)
subsequent cyclization of N,N’-maleyl-L.-Phe-.-Phe- OMe to form N,N*-

maleoyl-L-Phe-L-Phe-OMe using 1 equiv. of ZnCl; and 1.5 equiv. of HMDS

in benzene solvent.[**%0

Finally, a dipeptide Phe-Phe-OMe appended
benzo[ghi]perylenemonoimide 2 is obtained by using Diels-Alder reaction of
perylene with N,N'-maleoyl-Phe-Phe-OMe as orange color solid powder with
96% vyield. Synthetic methodology of N-dipeptide functionalized
benzo[ghi]perylene-1,2-dicarboxylic monoimide (2) and other derivatives
have been shown in Scheme 3.1. Dipeptide attached with BPI core helps to
increase the solubility of compound BPI-FF-OMe in a range of organic
solvents, which acts as an alternative to the mostly used ‘swallow’ alkyl

chains directly attached to the main perylene or PDI moieties.

3.2.2 Synthesis of leucine methyl ester functionalized benzo-

[ghi]perylene monoimides

Similarly, BPI-Leu-OMe 3 has been synthesized by (i) the reaction of
H,N-L-Leu-OMe with maleic anhydride for the formation of N,N’-maleyl-L-
Leu-OMe 15b and (ii) subsequent cyclization of N,N’-maleyl-L-Leu-OMe to
form N,N-maleoyl-L-Leu-OMe 16b using 1 equiv. of ZnCl, and 1.5 equiv. of

[50,51]

HMDS in benzene solvent. Finally, a Leu-OMe appended

benzo[ghi]perylenemonoimide 3 is obtained by using Diels-Alder reaction of
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perylene with N,N"-maleoyl-L-Leu-OMe 16b as a red solid powder with 76%
yield.

. o . 0 [ 0 o
i ii )k H iii H
OH —> OH —> >< N A N
HaN ><o)L N’ i o N T OCH: N %OCH3
© ° 1 ? o -
e he

0 o
iv OH v vi

—»\HN’R—> N-R —» O

)
2and3
Compounds: 2 R = =15a =16a
\)kocm
Compounds: 3 R= =15b =16b
(o)
% N

(0]

15aand 15b 16a and 16b

Scheme 3.1. Synthesis of N-dipeptide functionalized benzo[ghi]perylene-1,2-
dicarboxylic monoimide. (i) Boc-anhydride, 1,4 dioxane, Na,CQOgs; (ii) phenylalanine
methyl ester, HOBt/DIPC, DMF; (iii) TFA; (iv) maleic anhydride, EtOAc; (v)
ZnCl,/HMDS, benzene, 80 °C; (vi) perylene, p-chloranil, 240 °C, 3h.

Synthesis of Boc-L-Phe-OH (12):

A solution of L-phenylalanine (3.3 g, 20 mmol) in a mixture of 1, 4
dioxane (40 mL), 1 N sodium hydroxide (20 mL) was stirred and cooled in an
ice-water bath. Boc anhydride (4.8 mL, 21 mmol) was added and stirring was
continued at room temperature for 12 hrs. Reaction mixture was diluted with
200 mL of water and dioxane was evaporated under vacuum. The aqueous
layer was washed with diethyl ether and the pH of aqueous layer was adjusted
to 2 with 2 m HCI. The aqueous phase was extracted with ethyl acetate (3 x 50
mL) and dried over Na,SO, and concentrated in vacuo to obtain product 12 as
a colorless oil. Yield= 5.105 g (19.2 mmol, 96 %) 'H NMR (400 MHz,
DMSO-dg): 6 =7.28 (m, 5H), 7.11 (d, 1H, NH), 4.09 (g, 1H, C*H of Phe), 3.00
(d, 2H, CPH of Phe), 1.32 (s, 9H, CHs), 12.66 (s, 1H) ppm. HRMS (ESI) m/z
for C14H1sNO,4 (M+Na)" calcd.: 288.1212, found: 288.1223.

Synthesis of Boc-L-Phe(1)-L-Phe(2)-OMe (13):

A solution of Boc-L-Phe-OH (1.32 g, 5 mmol) and HOBT (5 mmol,

0.677 g) was stirred in 2 mL of DMF. A neutralized solution of phenylalanine
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methyl ester was extracted from its corresponding hydrochloride salt and
concentrated on adding to the reaction mixture followed by DCC (5.1 mmol,
1.052 g) at 0 °C. The mixture is allowed to stir at room temperature for 12 hrs.
The mixture was diluted with ethyl acetate and the organic layer was washed
with 1 M HCI (2 x 30 ml), brine solution, 1 M Na,CO3 (3 x 30 ml) and brine
solution. The ethyl acetate layer was dried over Na,SO,4 and evaporated under
vacuum to yield white solid product 13. Purification was done by silica gel
column (100-200 mesh) using ethyl acetate-toluene as eluent. Yield= 1.85g,
(4.6 mmol, 92 %). *H NMR (400 MHz, CDCls): & = 7.54 (m, 10H), 7.00 (d,
1H, NH of Phe(1), 6.28 (d, 1H, NH of Phe(2), 4.81(q, 1H, C* H of Phe(1),
4.34 (g, 1H, C*H of Phe(2), 3.12 (d, 4H, CH, ), 1.47 (s, 9H, CHs3) ppm. HRMS
(ESI) m/z for Co4H30N20s (M+Na)* caled.: 449.2052, found: 449.2086.
Synthesis of NH,- L-Phe(1)-L-Phe(2)-OMe (14):

A solution of Boc-L-Phe(1)-L-Phe(2)-OMe (13) (1.6 g, 3.7 mmol) in
TFA was stirred for 12 hrs under argon at room temperature. The excess TFA
removed under vaccum oily residue was taken in 100 ml of water and washed
with diethyl ether (2 x 20 ml) a white product 14 was obtained after
lypholization and used further for the reactions. Yield = 1.18 g (3.6 mmol,
97.29 %). '"H NMR (400 MHz, DMSO-dg): & = 9.03 (d, 1H, NH of Phe(2),
7.35 (m, 10H ), 4.60 (g, 1H, CgH of Phe(2),4.03 (g, 1H, CqaH of Phe(1), 3.66
(s, 3H, OCHs), 3.12 (d, 2H, CPH of Phe(2), 3.05 (d, 2H, C"H of Phe(1) ppm.
HRMS (ESI) m/z for C1gH,3N,03 (M+H)" caled.: 327.1709, found: 327.1717.

3.2.3 Synthesis of BPI-FF-OMe

1.63 g (5 mmol) of H,N-L-Phe-L-Phe-OMe 14 was taken in 8 mL ethyl
acetate. Maleic anhydride (0.735 g, 7.5 mmol) was dissolved into the ethyl
acetate and added to the reaction mixture at room temperature. After stirring
for over 24 hrs, the mixture was fully washed with H,O, saturated brine and
dried over Na,SO4. The above solution was concentrated by rotary evaporator
to obtain the product N,N'-maleyl-L.-Phe-L-Phe-OMe 15a as white powder.
1.50 g (3.5 mmol) of N,N'-maleyl-L.-Phe-L.-Phe-OMe 15a was dissolved in
benzene and put into a double-neck flask. The solution was heated to 50 °C
and 0.48 g (3.5 mmol) ZnCl, was added. Then, the solution of 0.85 g (5.25
mmol) 1,1,1,3,3,3-hexamethyldisilazane (HMDS) in benzene was added drop
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by drop into the reaction mixture at 80 °C, and stirred for 12 hrs. Then, the
mixture was poured into 600 mL 0.5 (N) HCI and stirred until a clear solution
was obtained. The organic layer was separated; the aqueous phase was
extracted with 300 mL EtOAc. The combined organic layer was washed with
3 x 100 mL NaHCOj3 and brine solution and dried over Na,SO4. The organic
layer was evaporated under vacuum to obtain the product N, N'-maleoyl-L-Phe-
L-Phe-OMe 16a. Perylene (0.504 g, 2 mmol), N,N-maleoyl-L-Phe-L-Phe-OMe
16a (1.2192 g, 3 mmol) and p-chloranil (1.0326 g, 4.2 mmol) were thoroughly
mixed and heated at 240 °C stirring for 3 hrs. The mixture solidified after
cooling at room temperature. Chloroform was added to dissolve the solidified
mass. The mixture was purified using a silica gel column with
chloroform/ether (1:1) as eluent. The compound benzo[ghi]perylene-1,2-
dicarboxylic(L-Phe-L-Phe-OMe)imide 2 was collected as orange solid.
N,NV'-maleyl-L-Phe(1)-L-Phe(2)-OMe (15a):

Yield = 3.0 g (7.07 mmol, 94.33%) *H NMR (400 MHz, DMSO-dg): & = 9.65
(d, 1H, J = 8.82 Hz), 9.09 (d, 1H, J = 7.76 Hz), 7.60-7.69 (m, 10H, aromatic
protons), 6.76 (d, 1H, J = 12.52 Hz), 6.66 (d, 1H, J = 12.56 Hz), 5.05 (m, 1H,
C°H of Phe (2)), 4.91 (m, 1H, C*H of Phe (1)), 3.99 (s, 3H, -OCH3), 3.44 (m,
2H, CPHs of Phe), 3.35 (m, 1H, CPH of Phe), 3.16 (m, 1H, CPH of Phe). MS
(ESI) m/z for Cp3H24N20sNa (M + Na)* caled: 447.1532, found: 447.1577.

Methyl ester

Aromatic protons of Phe \

(_A_\

NH of Phe

/

-CH=CH-
Protons
CeHs of Phe

5
Chemical Shift (ppm)

Figure 3.2. '"H NMR spectrum (400 MHz, DMSO-ds) of N,N'--maleyl-L-Phe(1)-L-
Phe(2)-OMe (15a).
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Figure 3.3. Mass spectrum of N,N'-maleyl-L-Phe(1)-L-Phe(2)-OMe with sodium ion
adduct. The peak m/z (M + Na)* = 447.1577 corresponds to synthesis of N-maleyl-L-
Phe(1)-L-Phe(2)-OMe 15a.

N,NV'-maleoyl-L-Phe(1)-L-Phe(2)-OMe (16a):

Yield = 1.3912 g (3.42 mmol, 96.86%). 'H NMR (400 MHz, CDCls): § =
6.98-7.21 (m, 10H, aromatic protons), 6.48 (s, 2H), 6.35 (d, 1H, J = 7.24 Hz,
NH), 4.76-4.82 (m, 2H, C"Hs of Phe (1) and Phe (2)), 3.65 (s, 3H, -OMe),
3.28-3.30 (m, 2H, CPHs), 3.07-3.12 (m, 1H, CPH), 2.97— 3.02 (m, 1H, CPH).
MS (ESI) m/z for Co3sH22N,0sNa (M + Na)* calcd: 429.1426, found: 429.1470.

Imide ring protons
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Aromatic protons of Phe \
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Figure 3.4. 'H NMR spectrum (400 MHz, CDClI,) of N, N"-maleoyl-L-Phe(1)- L-
Phe(2)-OMe (16a).
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Figure 3.5. Mass spectrum of N, N"-maleoyl-L-Phe(1)-L-Phe(2)-OMe with sodium ion
adduct. The peak m/z (M + Na)" = 429.1470 corresponds to synthesis of N-maleoyl-L-
Phe(1)-L-Phe(2)-OMe (16a).
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Benzo[ghi]perylene-1,2-dicarboxylic(L-Phe-L-Phe-OMe)imide (2):

Yield = 1.26 g (1.93 mmol, 96.92%)."H NMR (400 MHz, CDCls) 6 = 8.60 (d,
2H, J = 8 Hz), 8.39 (d, 2H, J = 8 Hz), 7.65-7.73 (m, 6H), 7.23 (d, 2H, J = 8
Hz), 7.04 (d, 2H, J = 4 Hz), 7.12 (t, 2H), 7.01 (t, 2H), 6.93 (t, 2H), 6.85 (d,
1H, NH), 5.28 (m, 1H, C*H of Phe (1)), 4.97 (m, 1H, C*H of Phe (2)), 3.68 (s,
3H, —OCHs), 3.23 (d, C’H of Phe (1)), 3.18 (d, CPH of Phe (1)), 3.07 (d, C*H
of Phe (2)), 3.03 (d, C’H of Phe (2)). MS (ESI) m/z for C43HzoN,OsNa (M +
Na)" calcd: 677.2052, found: 677.2096.

Methyl ester

/

Aromatic protons of BPI ring
Aromatic protons of Phe
NH of Phe
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L L L B L L B L L L L B B B L L B
6 4 3 2 1 0
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Figure 3.6. '"H NMR spectrum (400 MHz, CDCI;) for benzo[ghi]perylene-1,2-
dicarboxylic(L-Phe-L-Phe-OMe)imide (2).
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Figure 3.7. Mass spectrum of benzo[ghi]perylene-1,2-dicarboxylic(L-Phe-L-Phe-
OMe)imide 2. The peak m/z (M + Na)* = 677.2096 corresponds to the synthesis of
benzo[ghi]perylene-1,2-dicarboxylic(L-Phe-L-Phe-OMe)imide (2).
N,N'’-Maleyl-L-Leu-OMe (15b):

Yield = 0.78 g (3.46 mmol, 98.99%). *H NMR (400 MHz, DMSO dg): & =
13.76 (s, 1H), 9.06 (d, 1H, -NH-), 6.35 (d, 1H), 6.28 (d, 1H) 4.36 (m, 1H, C°H
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of Leu), 3.63 (s, 3H), 1.57 (m, 2H, CH of Leu), 1.19 (m, 1H, C'H of Leu),
0.88 (d, 3H, C°H of Leu, J = 6.24 Hz), 0.85 (d, 3H, C°H of Leu, J = 6.28 Hz).

-CH=CH-
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F)H Methyl este
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Figure 3.8. 'H NMR spectrum (400 MHz, DMSO-dg) for N,N'-Maleyl-Leu-OMe
(15b).

N,N'-Maleoyl-L-Leu-OMe (16b):

Yield = 1.62 g (6.65 mmol, 90.07%). *H NMR (400 MHz, CDCls): § = 6.74
(s, 2H), 4.75 (m, 1H, CH of Leu), 3.72 (s, 3H), 2.23 (m, 1H, CPH of Leu),
1.87 (m, 1H, CPH of Leu), 1.14 (m, 1H, C'H of Leu), 0.92 (d, 3H, C°H of Leu,
J =3.24 Hz), 0.90 (d, 3H, C°H of Leu, J =3 Hz).

Methyl ester
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Figure 3.9. "H NMR spectrum (400 MHz, CDCl5) for N-Maleoyl-L-Leu-OMe 16b.

Benzo[ghi]perylene-1,2-dicarboxylic(L-Leu-OMe)imide (3):
Yield = 0.7259 g (1.99 mmol, 76.74%). *H NMR (400 MHz, CDCls): § = 9.14
(d, 2H, J =9.04 Hz), 8.98 (d, 2H, J = 7.76 Hz), 8.19 (d, 2H, J = 7.8 Hz), 8.15

69



(d, 2H, J = 9 Hz), 8.08 (t, 2H), 5.18 (m, 1H, C°H of Leu), 3.84 (s, 3H), 2.52
(m, 1H, CPH of Leu), 2.13 (m, 1H, C"H of Leu), 1.72 (m, 1H, C'H of Leu),
1.08 (d, 3H, C°H of Leu, J = 6.52 Hz), 1.02 (d, 3H, C°H of Leu, J = 6.8 Hz).

Methyl ester

/

Aromatic protons of BPI ring C3Hs of Le

/_A—\ C'Hs of Leu fJW
CPHs of Leu
CHs of Leu \

Chemical Shift (ppm)

Figure 3.10. 'H NMR spectrum (400 MHz, CDCI3) for benzo[ghi]perylene-1,2-
dicarboxylic(L-Leu-OMe)imide (3).

3.3 General characterization

All NMR characterizations were carried out on a Bruker AV 400 MHz
spectrometer at 300 K. Compound concentrations in the range of 5-10 mmol
L™ in (CD5;),SO. Mass spectra were recorded on a Bruker micrOTOF-Q 11 by
positive mode electrospray ionisation. Field Emission Scanning Electron
Micrograps were recorded in a Carl Zeiss supra 55 and field-emission JSM-
7001F (JEOL) was operated at an accelerating voltage 200 kV. For SEM
study, BPI-FF-OMe (6 mmol L) solutions were dried on a glass slide from
respective solvents toluene and methanol and coated with gold. TEM
measurements were performed on a PHILIPS electron microscope (model:
CM 200), operated at 200 kV. Samples were prepared by placing a drop of the
solution on carbon coated copper grids followed by drying under xenon lamp.
AFM measurements were performed on a scanning probe microscope AIST-
NT instrument (model no. smartSPM-1000). The samples were prepared by

drop casting on glass substrate and dried under vacuum. Compound 2 was
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dissolved in respective solvents. The samples were allowed to stand for 48
hours at room temperature. Then the solutions were drop casted on to the glass
substrate and allowed to dry for scanning electron microscopic study. UV-Vis
absorption spectra of samples were recorded using a Varian Cary100 Bio UV-
Vis spectrophotometer. Fluorescence spectra of samples were recorded on a
Horiba Scientific Fluoromax-4 spectrophotometer with a 1 cm path length
quartz cell at room temperature. The slit width for the excitation and emission
was set at 2 nm and 1 nm data pitch. Excitations of samples were performed at
338 nm and the data range was in between 348 to 666 nm. The fluorescence
quantum vyields in various solvents were calculated using steady-state

comparative method using fluorescein as a standard (¢4 = 0.79).5354
Sun A n?Dyn
¢un=¢stdxs_xs_tdx_ 1)

¢Pun 1S the quantum yield of the unknown sample and ¢4 is the emission
quantum yield of the standard compound. Agg and Ay, represent the
absorbance of the standard and the sample at the excitation wavelength, while
Ssg and Sy, are the integrated emission band areas of the standard and the
sample respectively. nDgy and nDy, are the solvent refractive index of the
standard and the sample respectively. Here, “un” stands for unknown sample
and “std” stands for standard sample. The values are quite similar to those
previously studied structurally similar fluorophores.*™ Time resolved studies
were performed using a time correlated single photon counting (TCSPC)
system from Horiba—Yovin (model: Fluorocube-01-NL). Samples were
excited at 376 nm using a picosecond diode laser (model: Pico Brite-375L).

The amplitude-weighted lifetime is estimated by

n

(r) = Z a;T; (2)

i=1
where t; is the fluorescence lifetime of various fluorescent species, a; is the
normalized pre-exponential factors. The goodness of the fit is judged by the
reduced chi-square (¢2) value. The excited state lifetime (t) of BPI-FF-OMe 2
decays as a single exponential and decreases with increasing solvent polarity

from 8.4 ns in toluene to 5.7 ns in methanol (Figure 3.12b).
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3.4 Results and Discussion

3.4.1 Photophysics of dipeptide functionalized benzo[ghi]-

perylene monoimide

UV-vis absorption study was performed to determine the optical and
electronic properties of synthesized BPI-FF-OMe 2. UV-vis absorption spectra
of BPI-FF-OMe were recorded in various solvents of different polarity (Figure
3.11a). UV-vis absorption spectra shows characteristics absorption bands
between 325-500 nm in an aprotic solvent toluene. The strongest absorption
peak at 341 nm with molar absorptivity 51000 Mem™ is attributed to = — 7*
transition of benzo[ghi]perylene monoimide system. The lowest energy
transition at 483 nm with a shoulder at 455 nm corresponds to So — S
transition. The absorbance at 455 nm is attributed to the transition at highest
excited vibrational level. The minimal blue shift was observed in the UV-vis
absorbance spectra of BPI-FF-OMe when changing the solvent from aprotic
non-polar toluene to protic polar solvent methanol. In general, polar solvents
play an important role in stabilization of molecules in ground state and excited
state which lead to either hypsochromic or bathochromic shift in the
absorption maxima.®! The Amax Of BPI-FF-OMe in ten different solvents are
listed in Table 3.1.
Table 3.1. Spectroscopic and photophysical properties of BPI-FF-OMe (2) in
different solvents of increasing polarity.

S. Solvent Nabs Emax Xem AV Af  t(ns)  ¢F
No. (nm) MY (nm)y®  (em
Cm»l) 1)b

1 Toluene 341/391/484 51000 508 976 0.013 84 0.55
2 0-xylene 341/391/483 53750 508 1018 0.029 8.4 0.51
3 Benzene 341/390/483 52500 508 1018 0.001 75 0.56
4 Tetrahydrofuran 337/389/475 80875 517 1710 0.209 7.9 0.43
5 Chloroform 341/390/487 53125 528 1594 0.149 6.0 0.42
6 Dimethylformamide  338/390/479 50875 535 2185 0274 74 0.51
7 Dimethyl sulfoxide 340/391/480 72875 540 2314 0.263 7.2 0.43
8 Acetonitrile 337/387/479 63000 543 2460 0.305 6.7 0.39
9 Ethanol 337/387/477 47500 557 3011 0.288 6.2 0.38
10 Methanol 337/386/476 42500 566 3340 0.309 5.7 0.39

®Emission data obtained at Ay, for each solvent. ®Stokes shift was calculated based on
the absorption at lower energy. “‘Quantum yields measured using fluorescein standard
in 0.1 (N) NaOH.
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Later, we tried to evaluate the fluorescence properties of the
fluorophore BPI-FF-OMe. The emission of BPI-FF-OMe strongly depends on
solvent polarity. Herein, we observed that effect of solvent polarity on the
emission maxima was more pronounced than the absorption maxima (Figure
3.11b and 3.11c). The emission maxima of BPI-FF-OMe in various aprotic to

protic solvents are listed in Table 3.1.
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Figure 3.11 (a) UV-Vis absorption spectra of compound 2 (BPI-FF-OMe) in various
solvents. (b) Normalized UV-Vis absorption and fluorescence spectra in polar and
non polar solvents. Optical images of compound 2 show green emission in toluene
and yellow emission in methanol under 365 nm UV light. (c) Emission spectra of
compound 2 in solvents listed in Table 3.1. (d) Emission spectra of compound 2
normalized with respect to absorption peak at 483 nm. (e) UV-Vis of compound 2 in

solvents from listed Table 3.1. (f) Lippart—-Mataga plot.
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Excitation wavelength at 337 nm was used to collect the emission
spectra of compound BPI-FF-OMe. The emission of BPI-FF-OMe shifts from
green emission to yellow emission in the visible region as a function of
increasing solvent polarity (Figure 3.11c). BPI-FF-OMe exhibits emission
maxima at 508 nm in aprotic toluene solvent whereas the emission was shifted
to 566 nm in polar protic methanol solvent. The strong red shift of about 58
nm was observed with decrease in both the fluorescence intensity as well as
the quantum yield (Table 3.1) upon increase in solvent polarity.

The peak broadening was also observed with increase in solvent
polarity. The shift in fluorescence maximum was attributed due to the solvent
polarizability factors (Af) of different solvents. The excited state dipole
moment (W) of a molecule is different in toluene and methanol which leads to

the variation of change in dipole moment Ap (Ap = p, — pg). The dipole

moment (Ap) directs the excited state energy levels of a molecule in a
solvent.® The excited state energy level is lower in methanol than toluene.
Therefore, energy gap difference is lower in methanol than toluene and
corresponding fluorescence emission is shifted to longer wavelength (red
shift). Similarly, BPI-Leu-OMe is also synthesized to determine the role of
dipeptide in emissions. Spectroscopic analysis of BPI-Leu-OMe exhibits
similar emission to BPI-FF-OMe. Thus, benzo[ghi]perylene moiety plays an
important role in the emission as well as chromic effects for two synthesized
compounds. The excitation spectrum for the 564 nm emission band of BPI-FF-
OMe in methanol solvent shows the peaks at 315 nm, 327 nm, 369 nm, 384
nm, 453 nm and 476 nm which are similar to the absorption spectrum with a
30 nm red shift (Figure 3.12a). The fluorescence quantum yields of BPI-FF-
OMe in ten different solvents are listed in Table 3.1. The fluorescence
quantum yield of BPI-FF-OMe was found to be in between 0.39 in methanol
and 0.55 in toluene. The nature of solvents plays an important role in emission
of BPI-FF-OMe. Similar observation was reflected from the optical images of
BPI-FF-OMe in different solvents under UV light at a wavelength of 365 nm.
The compound BPI-FF-OMe showed green fluorescence in aprotic non-polar
solvent toluene while yellow fluorescence was observed in polar protic

methanol solvent (Figure 3.1). A mirror image relationship between the

74



electronic transitions of So — S; (absorption) and S; — Sy (emission) of BPI-
FF-OMe in aprotic nonpolar toluene solvent is clearly observed at the
wavelength of 410-590 nm (Figure 3.11d).1**! Solvent dependent Stokes
shifts for BPI-FF-OMe was interpreted in terms of the Lippert-Mataga
equation. Stoke shifts calculated from lower energy transition of BPI-FF-OMe
molecule (Figure 3.11e). Figure 3.11f represents the Lippert-Mataga plot of
Si1— Sop Stokes' shift Av versus Af for compound 2 in the solvents listed in
Table 3.1. The plot depicts a good linear relationship of Av and Af. Time
Correlated Single Photon Counting (TCSPC) experiment was performed to
determine the average fluorescence lifetime of BPI-FF-OMe. To measure the
average fluorescence decay traces of BPI-FF-OMe, the samples were excited
at 376 nm and the emissions were monitored at 508 nm for toluene and 566
nm for methanol. The excited state lifetime of BPI-FF-OMe decreases with
increasing in solvent polarity from 8.4 ns in toluene to 5.7 ns in methanol
(Figure 3.12b).
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Figure 3.12. (a) Fluorescence excitation spectra of donor BPI-FF-OMe 2 in methanol
(emission wavelength 564 nm); (b) Time correlated single photon counting decay
traces of BPI-FF-OMe (9 x 10®° mol L™) in toluene Aqm = 508 nm (red) and methanol
Aem = 566 nm (blue).

3.4.2 Theoretical calculation

DFT calculation was performed to determine the energy minimized
geometry of BPI-FF-OMe in ground state. Theoretical calculation of highest

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
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(LUMO) of synthesized compound BPI-FF-OMe were calculated using the
B3LYP/6-31G* basis set of Gaussian 09 program. The highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
levels of BPI-FF-OMe 2 molecule are 5.57 eV and -2.50 eV respectively.
HOMO of the molecule is mostly found on conjugated BPI core and the
LUMO mostly exists at imide nitrogen of BPI core (Figure 3.13).
HOMO/LUMO calculation determines the band gap energy of molecules.
The calculated band gap energy of BPI-FF-OMe is 3.06 eV. The optical band
gap 2.6 eV was calculated from the experiment performed on UV-Visible
spectroscopy in methanol. It is found that N-capped dipeptide appended BPI

molecule has no effect on the HOMO and LUMO distribution of BPI core.

Calculat  Optical

BPI-FF-OMe HOMO LUMO ed Band band
gap gap[gaV)

(eV)

3.06eV 26eV

-5.57 eV -2.50 eV

Figure 3.13. HOMO and LUMO frontier orbital of BPI-FF-OMe at the B3LYP/6-
31G (d) level. ©lOptical band gap of BPI-FF-OMe in methanol was calculated from
UV-Vis spectroscopy.

3.4.3 Self-assembly study of BPI-FF-OMe

Variable temperature dependent *H NMR was performed in DMSO-dg
to understand the various non-covalent interactions responsible for the self-
assembly nature of aromatic dipeptide Phe-Phe-OMe functionalized
benzo[ghi]perylenemonoimide 2. The change in chemical shift (8) of aromatic
BPI ring protons and peptide NH proton with different temperatures suggests
the presence of intermolecular H-bonding and n-m stacking interactions of
BPI-FF-OMe molecules. A significant change in chemical shift () was
observed for NH proton of dipeptide backbone. The chemical shift of NH
proton was shifted to up-field (8.86 ppm to 8.60 ppm) with increase in
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temperature from 303 K to 343 K (Figure 3.14c). The up-field shifting is due
to the weaker in H-bonding between BPI molecules and corresponding dis-
assembly on warming.’”*! Moreover, the down-field & shift of BPI protons
with increasing temperature is the evidence in favor of =m-m stacking
interactions. *H NMR signals of all benzo[ghi]perylene ring protons shifted to
down-field because the aromatic ring protons of benzo[ghi]perylene moieties
experience de-shielding effect from the ring current at high temperature where
the interacting m clouds of aromatic protons are loosely associated to each
other than the lower temperature.[*:%?! Therefore, H-bonding and m-n stacking
interactions play the crucial role in the stabilization of self-assembly structure
of BPI-FF-OMe molecule where the amide functionality of peptide backbone
provides hydrogen-bonding interaction and benzo[ghi]perylene monoinide
protons contributes in n-7 stacking interactions. The amphiphile BPI-FF-OMe

form self-assembled nanospherical structures in different solvents.
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Figure 3.14. Size distribution histogram of nanospheres from DLS measurement. The
mean hydrodynamic diameter of nanospheres in (a) methanol and (b) toluene. (c)
Temperature dependent 'H NMR spectra of BPI-FF-OMe (20 mmol L™) in DMSO-
de.
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To further investigate the formation, stability and equilibrium state of
nanospheres, the particle size distribution was analyzed by dynamic light
scattering (DLS) experiments in methanol and toluene at 25 °C (Figure
3.14a,b). The hydrodynamic diameters of nanospheres 857 nm and 613 nm
were observed in DLS analysis. Polydispersity index was calculated as 0.47 in
toluene and 0.30 in methanol solutions. These results suggest that nanospheres
are polydispersed both in toluene and methanol solutions. The estimated zeta-
potential of formed nanospheres of BPI-FF-OMe were -25.89 mV and -17.97
mV in toluene and methanol respectively. These zeta potential determine the

surface charge of nanospheres.

3.45 Morphological characterization:  supramolecular

nanospheres

Scanning electron microscope (SEM), transmission electron
microscope (TEM) was used to explore the morphology of BPI-FF-OMe 2 in
an aprotic solvent toluene and protic solvent methanol. The solution of BPI-
FF-OMe in toluene and methanol showed well organized uniform nanosphere
architectures (Figures 3.15a and b). The possible mechanism for nanosphere
formation could lead via miceller formation in the initial stage followed by
higher order self-assembly into the nanosphere architectures (Scheme 3.2). An
aromatic  dipeptide Phe-Phe-OMe functionalized benzo[ghi]perylene-
monoimide (BPI-FF-OMe) self-organized into nanospheres via intermolecular
hydrogen bonding and n-w stacking interactions in toluene and methanol. SEM
results are consistent with the results obtained from TEM analysis (Figure
3.15c and d). Atomic force microscopic images were recorded for BPI-FF-
OMe solution upon drop casted on glass substrate. The AFM images showed
the similar characteristics features of nanosphere architectures which were
observed for the SEM and TEM analysis. The average heights of nanosphere
architectures are 176 nm in methanol and 203 nm in toluene (Figures 3.15e
and 3.15f). Scheme 3.2 depicts the possible self-assembly process of BPI-FF-

OMe into nanospherical architectures.
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Figure 3.15. Microscopic images of compound 2. (a) SEM image of compound 2 in
toluene, (b) SEM image of compound 2 in methanol, (c) TEM image of BPI-FF-OMe
in toluene and (d) TEM image of compound 2 in methanol show nanospheres. AFM
images show the nanospherical morphology of compound 2 (e) in toluene and (f) in

methanol.

Hydrogen bonding
interaction

n-n stacking
\ l interaction

Highly ordered self-assembly
to nanosphere

Scheme 3.2. Schematic presentation shows a possible mechanism of BPI-FF-OMe 2

for nanosphere formation.
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3.4.6 Donor-acceptor Interactions Lead to White Light

Emission

The aromatic n-n stacking interaction of BPI-FF-OMe was utilized
in white light emission through the co-assembly with 1-pyrenebutyric acid
(PyBA). PyBA (compound 1) was selected because it contains w-conjugated
aromatic moiety. Both the aromatic donor and acceptor molecules can
participate in aromatic m-m stacking interaction and lead to energy transfer.
Solution of donor PyBA 1 to acceptor BPI-FF-OMe 2 in methanol show white
light emission upon exposure to a UV lamp at 365 nm (Figure 3.1). UV-Vis
spectroscopic studies were performed to examine spectral characteristic
features of different molar ratios of donor and acceptor molecules (Figure
3.16a). Emission spectra were also collected to establish the mechanism of
energy transfer from donor PyBA to acceptor BPI-FF-OMe 2 molecules.
Titrating PyBA with BPI-FF-OMe, emission spectra were recorded at an
excitation wavelength of 341 nm. The gradual addition of BPI-FF-OMe 2 to
PyBA 1, a steady decrease in fluorescence intensity at 375 nm, 395 nm, 415
nm and a concomitant increase of a new peak at 568 nm (Figure 3.16b) was
observed. The energy transfer from donor PyBA to acceptor BPI-FF-OMe is
well noticeable from the spectral overlap region of emission spectra of donor
PyBA and absorption spectra of acceptor BPI-FF-OMe (Figure 3.16d). In
general, white light is constituted by many wavelengths. The emission spectra
of equimolar mixture of donor PyBA and acceptor BPI-FF-OMe show various
emission peaks in the range of 350 nm to 650 nm. The individual emission of
BPI-FF-OMe and PyBA in a protic solvent methanol was analyzed. BPI-FF-
OMe emits yellow fluorescence upon exposure to UV lamp at 365 nm.
However, a solution of PyBA shows blue emission under UV lamp at 365 nm
(Figure 3.16¢). The combination of donor-acceptor pair at different molar ratio
shows remarkable changes in the emission. A white light emission was
observed when a pair of donor (PyBA)-acceptor (BPI-FF-OMe) (10:1) was
exposed to UV lamp at 365 nm in methanol. The white light emission was
observed due to the energy transfer between donor and acceptor. The white

light emitting solution of PyBA:BPI-FF-OMe coated over the silica plate
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shows excellent white light emission. Thus, the solution PyBA:BPI-FF-OMe

can be used for the coating purpose in various materials.
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Figure 3.16. (a) UV-Vis and (b) fluorescence spectra of (1 x 10° mol L) of PyBA 1,
BPI-FF-OMe 2 and mixture of different equivalents of PyBA and BPI-FF-OMe in
methanol respectively. (c) Spectral overlaps region of emission spectrum of donor
PyBA and absorption spectrum of acceptor BPI-FF-OMe. (d) Light emission of
PyBA, BPI-FF-OMe and mixture of PyBA and BPI-FF-OMe (10:1) under 365 nm
UV light.

3.5 Conclusion

In this work, we have synthesized an aromatic benzo[ghi]-perylene
monoimide capped derivatives BPI-FF-OMe and BPI-LOMe. The optical
behavior of BPI-FF-OMe was studied in a wide range of organic solvents.
BPI-FF-OMe preferably forms nanospherical architecture both in protic polar
and aprotic solvents like methanol and toluene. Intermolecular hydrogen
bonding and aromatic w-m stacking interactions play important role in the
formation of nanospherical architecture of dipeptide functionalized
benzo[ghi]perylene monoimide (BPI-FF-OMe). Temperature dependent ‘H-

NMR studies support the intermolecular interactions in solution phase self-
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assembly of BPI-FFOMe. The microscopic techniques including SEM, TEM
and AFM elucidate the nanostructural morphology of BPI-FF-OMe. The
theoretical studies also support the experimental results. The acceptor
benzo[ghi]perylene monoimide BPI-L-OMe molecule also shows white light
emission through efficient energy transfer between donor and acceptor pairs
where pyrenebutyric acid was used as an efficient donor molecule. These
results could be an efficient approach for the construction of new organic light

emitting devices.
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Chapter 4

Self-assembling Peptide-Quinquethiophene based

Electrochromic Hydrogel
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4.1 Introduction

A variety of biomolecules such as peptide,*? carbohydrate,®*!

nucleobases ®® and nucleotide!” have been functionalized with the
semiconducting organic m-conjugated system for the synthesis of self-
assembled nanostructure and their application in supramolecular electronics.®
12l Among these biomolecules, peptides are one of the most attractive bio-
segments to assist the self-assembly of n-conjugated oligomers because of its
structure variability and the tendency to participate in noncovalent interactions
such as 7m-m stacking and H-bonding. For instance, oligothiophene,***"]
oligo(p-phenylene  vinylene)  (OPV),*®  diacetylenes  (DA),*"!
benzo[ghi]perylene monoimide (BPI),2% naphthalene diimide (NDI)*** and
perylene diimide (PDI)!***! have been conjugated with various kind of
peptide motifs. Ubiquitously, the main objective is to assemble n-conjugated
units into a highly ordered superstructure for effective charge-carrier mobility.
Among a large number of extended n-conjugated systems, oligothiophenes are
one of the most studied oligomer owing to their relatively high conductivity,
chemical stability, solubility, and processability. To date, a number of self-
assembled peptide-oligothiophene conjugate systems have been reported. For
instance, Bauerle et al. are the first to described a peptide-oligothiophene
conjugate composed of a head-to-tail coupled tetra(3-hexylthiophene) and a
silk-inspired GlyAlaGlyAlaGly (GAGAG) pentapeptide sequence.’**! The
oligothiophene conjugate pentapeptide participates in hydrogen bonding
interactions and self-organization which lead to novel two-dimensional (2D)
and three-dimensional (3D) nanostructures. Tovar et al. have shown peptide
bearing internal m-conjugated segment (bithiophene) that self-assembled into
one-dimensional (1D) nanostructures in completely aqueous and
physiologically relevant environments.!”® Stupp et al. have reported self-
assembly of quinquethiophenes functionalized with the -sheet forming amino
acid residues lysine and leucine into 1D nanostructure in aqueous solution.?®
In the above reports, synthesis and the self-assembling process of
oligothiophene conjugated peptides have been mainly investigated, but the
existence of electrochromism in such self-assembled system has not yet been

explored. Electrochromism (the reversible change in optical properties when a
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material is electrochemically oxidized or reduced) enables the electrochromic
device (ECD)®"*! to be used for applications such as smart sunglasses,*>*%
smart-window,*>**  stretchable electronic skin,*"! and electrochromic
display®®® devices. Among the variety of molecular and polymeric organic
electrochromes reported up to date, oligothiophene as well as polythiophene
derivatives are an important class of m-conjugated organic materials for
applications in electrochromic devices. Thiophene-based oligomers and
polymers possess intrinsic contrasting colors between the neutral and oxidized
forms concomitant with forming stable intermediates.%*? Moreover, these
exhibit several additional advantages including well defined molecular
structure, solution processability and higher molecular ordering and
crystallites for superior charge transfer. The molecular structure is a key factor
for molecular packing induced by several noncovalent interactions which
influence the morphology of materials. Morphology strongly influences the
material properties and performance of devices. Hence, the molecular
structure of electrochromes and packing capability are a crucial factor for the
fabrication of good functional material. In this chapter, our objective is to
develop self-assembled peptide conjugated oligothiophenes for electrochromic
device application.

Herein, we have reported design, synthesis, and self-assembly study of
peptide-quinquethiophene based hydrogel, which exhibits electrochromic
property. Functionalization of peptide segment into oligothiophene unit
provide two interesting effects, (i) m-conjugated peptide capable of forming
hydrogelation, (ii) oligothiophene unit that does not suffer from solution
processability, unlike polymeric electrochromes. Several spectroscopic
techniques are utilized to describe the self-assembly of peptide-
quinquethiophene bolaamphiphiles. TEM is used to identify the nanostructures
present within the gel.

4.2 Experimental
4.2.1 Materials

All raw materials such as amino acids, thiophene, n-butyl lithium (1.6
M in hexane), Tributyltin chloride, 2,5-dibromo-3-methylthiophene, 5-bromo-

2-thiophenecarboxylic acid, Tetrakistriphenylphosphine palladium(0), 1-
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Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), Citric acid, 4-(N,N-
dimethylamino)pyridine, tert-butyl alcohol, Trifluoroacetic acid, 1-
hydroxybenzotriazole (HOBt), Acetonitrile, Tetrabutylammonium perchlorate
(BusNCIO,4) have been purchased from commercial sources (Sigma-Aldrich,
Alfa-aesar, Marck, SD Fine, SRL). Tetrahydrofuran (THF) was dried over
Na/benzophenone ketyl and freshly distilled prior to use. ITO coated quartz
glass substrate (10 mm x 10 mm) having a thickness of about 150 nm was

purchased from J. K. Impex, Mumbai.

4.2.2 Synthesis of Quinquethiophene Dicarboxylic Acid
(5TmDCA): Quinquethiophene dicarboxylic Acid (5TmDCA) was

synthesized according to the following procedure.

S

Br Br
\q
I\ s n-BuLi

@ n-BuLi [\
S N o N LN
S SnBu3ClI S SnBug Pd(PPhg), S \ S SnBu3CI
-30 °C, 2h 17 -75°C, 2h
BuzSn SnBu3 /Q
Pd(PPh3)4
TFA/CH,CI, s /A S /A s
—_— HO \ / S \ / S \ / OH

Scheme 4.1. Reaction steps for the synthesis of quinquethiophene dicarboxylic acid
(5TmDCA).

2-(tributylstannyl)thiophene (17):

n-Butyl lithium in hexane (1.6 M, 41.22 mL, 33 mmol) was added to thiophene
(5.54 g, 66 mmol) in anhydrous tetrahydrofuran (70 mL) at -78 °C and the
mixture was stirred at this temperature under nitrogen for 2 hrs. Tributyltin
chloride (17.92 mL, 33 mmol) was added and the mixture was stirred at -30
°C for another 30 minutes. Saturated aqueous sodium hydrogen carbonate
(100 ml) was added, and the organic phase was separated and washed with
saturated aqueous sodium hydrogen carbonate (50 mL) and brine (30 mL).
The solvent was evaporated from the dried (Na,SO,) extract, and the residue

was chromatographed on a column of neutral alumina (light petroleum) to
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give the title compound (17) (15.19 g, 62.87 %) as a colorless oil. *H NMR
(400 MHz, CDCls, dppm): 6 = 7.72 (d, 1H, J = 4.76 Hz), 7.33 (dd, 1H, J = 3.28,
3 Hz), 7.27 (d,1H, J = 3 Hz), 1.64 (m, 6H), 1.42 (m, 6H), 1.18 (m, 6H), 0.96
(t, 9H).

Protons of
n-Butyl groups

/—A—\

Aromatic protons of
thiophene

| _

T
8.0 75 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 20 15 1.0 05 0
Chemical Shift (ppm)

Figure 4.1. '"H NMR spectrum (400 MHz, CDCls) of Tributyl(2-thienyl)stannane
@an.

3-methyl-2,5-di(thiophen-2-yl)thiophene (18):

In a dry and degassed flask, a solution of 2,5-dibromo-3-methylthiophene
(3.07g, 12 mmol) in DMF (40 mL) was added 2-(tributylstannyl)thiophene
(8.95 g, 24 mmol). The solution was sparged with N, gas for 20 minutes.
Following the N, sparge, tetrakistriphenylphosphine palladium(0) (138 mg)
was added to the solution. After stirring it to 100 °C for 16 hrs, the reaction
was cooled to room temperature. The reaction mixture was diluted with
chloroform and extracted three times with 5% citric acid (aq). The organic
layer was dried over Na,SO,4 and the solvent was removed in vacuo. The crude
product was purified by column chromatography (silica gel;
chloroform/hexanes, 10:90) to yield (2.86 g, 90.73 %) of the compound 18 as
a yellow oil. *H NMR (400 MHz, CDCls, dppm): 6 = 7.34 (d, 1H, J = 4Hz),
7.24 (d, 1H, J = 5.24 Hz), 7.18 (m, 2H), 7.10 (t, 1H), 7.04 (t, 1H), 7.01 (s, 1H),
2.41 (s, 3H).

96



-CH;,

Aromatic protons of
oligothiophene unit

——

Jowa

T apanamanaanas e
8.0 75 7.0 6.5 6.0 55 50 45 40 35 30 25 20 15 10 05 0
Chemical Shift (ppm)

Figure 4.2. *H NMR spectrum (400 MHz, CDCl;) of 3-methyl-2,5-di(thiophen-2-
yl)thiophene (18).

2,5-bis(5-(tributylstannyl)thiophen-2-yl)-3-methylthiophene (19):

A solution of 18 (2.64 g, 10 mmol) in anhydrous THF (60 mL) was cooled to -
78 °C. n-Butyl lithium in a 1.6 m solution of hexane (13.12 mL) was added
and the reaction was stirred for 1 hr while warming to room temperature.
Tributyltin chloride (6.83 g, 21 mmol) was added and the reaction stirred for
16 hrs at room temperature. The reaction was diluted with hexanes and
extracted 3 times with sat. NaHCO;3; (aqg), then dried over Na,SOy,
concentrated and was used directly for the next step.

tert-butyl 5-bromothiophene-2-carboxylate.

To the solution of 4-(N,N-dimethylamino)pyridine (4.28 g, 35 mmol), 1-
Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) (5.43g, 35 mmol), tert-
Butyl alcohol (50 mL, 525 mmol) in dichloromethane (100 mL), 5-bromo-2-
thiophenecarboxylic acid (4.96 g, 24 mmol) was added. After stirring for 16 hr
at room temperature, the solvent was removed. The mixture was then
dissolved in dichloromethane and extracted 3 times with 2 m HCI (aq)
followed by 3 times with sat. NaHCOs. The organic layer was dried with
Na,SO, and concentrated to yield 5.11 g (28.11 %) of the desired product as a
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clear oil. *H NMR (400 MHz, CDCls, ppm): 6 = 7.48 (d, 1H, J = 3.76 Hz),
7.05(d, 1H, J = 3.76 Hz), 1.57 (s, 9H).

Protons of
t-butyl group

Aromatic proton of
thiophene
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Chemical Shift (ppm)

Figure 4.3. "H NMR spectrum (400 MHz, CDCls) of tert-butyl 5-bromothiophene-2-

carboxylate.

ditertbutyl ester 3-methyl-Quinquethiophene (20):

In an N, atmosphere, tert-butyl 5-bromothiophene-2-carboxylate (1.11 g, 4.2
mmol), a solution of 19 (1.32 g, 2.1 mmol) in DMF (50 mL) was added. The
solution was sparged with nitrogen gas for 20 min and
tetrakistriphenylphosphine palladium(0) (242 mg) was added. The reaction
stirred at 100 °C for 16 hrs. The reaction mixture was cooled to room
temperature, diluted with chloroform, and extracted 3x with 5% citric acid
(ag) to remove the DMF. After drying the organic layer over Na,SO,, the
product was purified by column chromatography (silica gel;
chloroform/hexanes, 65:35) to yield 0.85 g (86.73 %) to obtain desired product
as a red-orange powder. "H NMR (400 MHz, CDCl3, dppm): 6 = 7.55 (d, 2H),
7.16 (d, 1H, J = 3.76 Hz), 7.11 (d, 1H, J = 3.76 Hz), 7.06 (d, 1H, J = 4Hz),
7.04 (d, 1H,J =4 Hz), 7. 02 (d, 2H, J = 3.76 Hz), 6.93 (s, 1H), 2.35 (s, 3H),
1.52 (s, 18 H).
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Figure 4.4. '"H NMR spectrum (400 MHz, CDCI;) of ditertbutyl ester 3-methyl-
quinquethiophene (20).

Dicarboxylic acid 3-methyl-Quinquethiophene (5TmDCA) (21):

In a 160 mL solution of Dichloromethane and TFA (5:1) 20 (0.63 g, 1mmol)
was stirred at room temperature for 2 h. The solvent was removed and the
product was triturated 3 times with methanol and dried to yield 0.50g (96. 61
%) desired product as a red solid. *H NMR (400 MHz, DMSO-dg, Oppm): O =
13.31 (s, 1H), 7.67 (d, 2H, J = 3.04 Hz), 7.53 (d, 1H, J = 3.76Hz), 7.49 (d, 1H,
J=3.76Hz), 7.42 (d, 1H, J = 3.76Hz), 7.40 (d, 1H, J = 3.76Hz), 7.37 (d, 1H, J
= 3.76Hz), 7.33 (s, 1H), 7.30 (d, 1H, J = 3.76Hz), 2.40 (s, 3H). ESI-MS (m/z):
[M-H]" calcd for C,3H1404Ss, 512.9418; found, 512..9412.

4.2.3 Synthesis of Peptide-Quinquethiophene Bolaamphiphiles:

The general procedure was used for the synthesis of peptide-
Quinquethiophene which is described below: The amino acids were coupled
with chromophore Quinquethiophene by the general peptide coupling process
and the methyl esters of the coupling product were deprotected by alkali
hydrolysis prior to another amino acid coupling symmetrically in both the
sides.

The coupling between 5T diacids and amino acid was performed

according to the following procedure: A solution of diacid (0.51 g, 1.0 mmol)
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and HOBt (0.31 g, 2.3 mmol) was stirred in DMF (2 mL). A neutralized
solution of H,N-Leu-OMe was extracted from its corresponding hydrochloride
salt and concentrated to add to the reaction mixture followed by EDC (0.36 g,
2.3 mmol) and DMAP (0.28 g, 2.3 mmol) at 0 °C. The mixture was allowed to
stir at room temperature for 12 hrs. The reaction mixture was diluted with
ethyl acetate and the organic layer was washed with 1m HCI (2 x 30 mL),
brine, 1 M Na,CO3 (3 x 30 mL), and again with brine. The organic layer was
dried over Na,SO, and evaporated under vacuum to yield a white solid.
Purification of 22a was performed by column chromatography on silica gel
(100-200 mesh) with ethyl acetate/ toluene (1:1) as the eluent.

The methyl ester deprotection reaction was performed according to the
following procedure: A solution of 22a (0.6 g, 0.8 mmol) in dry MeOH (10
mL) was allowed to react with a 2 m solution of NaOH. The progress of the
reaction was monitored by TLC. The reaction mixture was stirred up to 6 hrs.
Then, methanol was removed under vacuum. The residue was dissolved in
water (100 mL) and washed with diethyl ether (2 x 20 mL). Then, the pH of
the aqueous layer was adjusted to 2 by using 2 m HCI and extracted with ethyl
acetate (3 x 30 mL). The ethyl acetate layer was dried over anhydrous sodium

sulfate and evaporated under vacuum to yield 23a as orange solid.

-CH,
Aromaticprotons of
oligothiophene unit

-COOH

Chemical Shift (ppm)

Figure 4.5. "H NMR spectrum (400 MHz, DMSO-ds) of dicarboxylic acid 3-methyl-
Quinquethiophene (5TMDCA) (21).

MeO-Leu-5T-Leu-OMe (22a): yield (0.67 g, 88.81%); ‘H NMR (400 MHz,
CDCls3, dppm): 7.30 (d, 2H, -NH-), 7.19 (s, 2H, ring protons of 5T), 7.02 (d, 1H,
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ring proton of 5T), 6.09 (m, 5H, ring protons of 5T), 6.80 (s, 1H, ring proton
of 5T), 4.76 (m, 2H, C*Hs of Leu), 3.73 (s, 6H, -OCHj3), 2.29 (s, 3H.-CHj3),
1.66 (m, 4H, CPHs of Leu), 1.18 (s, 2H, C'Hs of Leu), 1.08 (d, 6H, C°Hs of
Leu), 0.91 (d, 6H, C°Hs of Leu). MS (ESI) m/z: (M+Na)" Calcd. for
Ca7H40N206SsNa: 791.1388; found: 791.1483.
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Figure 4.6. "H NMR spectrum (400 MHz, CDCls) of MeO-Leu-5T-Leu-OMe (22a).

MeO-Tyr-5T-Tyr-OMe (22b): "H NMR (400 MHz, DMSO-ds, dppm): 9.29 (s,
2H, -NH-), 8.92 (t, 2H, ring protons of 5T), 7.82 (d, 2H, ring protons of 5T),
7.46-7.26 (m, 5H, ring protons of 5T), 7.07 (d, 4H, ring protons of Tyr), 6.65
(d, 4H, ring protons of Tyr ), 4.55 (m, 2H, C°Hs of Tyr), 3.64 (s, 6H, -OCHjs),
3.06-2.92 (m, 4H, CPHs of Tyr), 2.50 (s, 3H, -CHs).
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Figure 4.7. *H NMR spectrum (400 MHz, DMSO-dg) of MeO-Tyr-5T-Tyr-OMe
(22b).
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Scheme 4.2. Reaction steps for the synthesis of peptide-quinquethiophene
bolaamphiphiles.

HO-Leu-5T-Leu-OH (23a): vyield (0.50 g, 87.71%); *H NMR (400 MHz,
DMSO-dg, dppm): 0 = 12.69 (s, 2H, -COOH), 8.72 (d, 2H, -NH-), 7.87 (d, 2H,
ring protons of 5T), 7.48 (d, 1H, ring proton of 5T ), 7.44-7.40 (m, 3H, ring
protons of 5T), 7.36 (d, 1H, ring proton of 5T), 7.32 (s, 1H, ring proton of 5T),
7.29 (S, 1H, ring proton of 5T), 4.40 (m, 2H, C"Hs of Leu), 2.51 (s, 2H, C'Hs
of Leu), 2.41 (s, 3H, -CHs), 1.71 (m, 2H, CPHs of Leu), 1.63 (m, 2H, C"Hs of
Leu), 0.94 (d, 6H, J = 5.8 Hz, C°Hs of Leu), 0.89 (d, 6H, J = 5.76 Hz, C°Hs of
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Leu). MS (ESI) m/z: (M-H)" Calcd. for CssH3sN2O6Ss: 739.1099; found:
739.1093.
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Figure 4.8. '"H NMR spectrum (400 MHz, DMSO-ds) of HO-Leu-5T-Leu-OH (23a).

HO-Tyr-5T-Tyr-OH (23b): *H NMR (400 MHz, DMSO-ds, Jppm): 12.76 (s,
2H, -COOQOH), 9.19 (s, 1H, -NH-), 8.76 (1H, -NH-), 7.81 (d, 2H, ring protons of
5T), 7.45 (d, 1H, J = 3.76 Hz, ring proton of 5T), 7.42- 7.36 (m, 3H, ring
protons of 5T), 7.34 (d, 1H, J = 3.76, ring proton of 5T), 7.30 (s, 1H, ring
proton of 5T), 7.27 (d, 1H, J = 4 Hz, ring proton of 5T), 7.10 (d, 4H, J = 8.28
Hz, ring protons of Tyr), 6.67 (d, 4H, J = 8.04 Hz, ring protons of Tyr), 4.50
(m, 2H, C*Hs of Tyr), 3.07 (m, 2H, CPHs of Tyr), 2.91 (m, 2H, CPHs of Tyr),
2.40 (s, 3H, -CHy).
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Figure 4.9. "H NMR spectrum (400 MHz, DMSO-ds) of HO-Tyr-5T-Tyr-OH (23b).
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MeO-Leu-Leu-5T-Leu-Leu-OMe (24a): yield (0.37 g, 80.48%); *H NMR
(400 MHz, DMSO-ds, dppm): 0 = 8.18 (d, 2H, -NH-), 7.44 (d, 2H, -NH-), 6.97
(d, 2H, ring protons of 5T), 6.87 (m, 6H, ring protons of 5T), 6.72 (s, 1H, ring
protons of 5T), 4.62 (m, 4H, C"Hs of Leu), 3.68 (s, 6H, -OCHj3), 2.20 (s, 3H, -
CHs), 1.73 (m, 8H, CPHs of Leu), 1.18 (s, 4H, C'Hs of Leu), 0.86 (d, 24H,
C’Hs of Leu); MS (ESI) m/z: (M+Na)* Calcd. for CagHeN4OgSsNa:
1017.3069; found: 1017.3123.
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Figure 4.10. '"H NMR spectrum (400 MHz, DMSO-dg) of MeO-Leu-Leu-5T-Leu-
Leu-OMe (24a).

MeO-Tyr-Tyr-5T-Tyr-Tyr-OMe (24b): *H NMR (400 MHz, DMSO-d,
Oppm): 0 = 9.21 (s, 2H, -NH-), 9.14 (s, 2H, -NH-), 8.63 (d, 2H, ring protons of
5T), 8.46 (d, 2H, ring protons of 5T), 7.79 (d, 2H, ring protons of 5T), 7.43-
7.24 (m, 3H, ring protons of 5T), 7.09 (d, 4H, ring protons of Tyr), 7.00 (d,
4H, ring protons of Tyr), 6.62 (d, 8H, ring protons of Tyr), 4.60 (m, 2H, C*Hs
of Tyr), 4.39 (m, 2H, C*Hs of Tyr), 3.56 (s, 6H, -OCHj3), 2.94-2.75 (m, CPHs
of Tyr 8H), 2.49 (s, 3H, -CHj5).

104



Aromatic protons of
oligothiophene unit

} Methyl ester
E CBHs of Tyr

} Aromatic protons of Tyr

£
} CeHs of Tyr

L o e L L L0 LA e e N B
10 9 8 7 6 5 4
Chemical Shift (ppm)

0

w
N
[

Figure 4.11. 'H NMR spectrum (400 MHz, DMSO-ds) of MeO-Tyr-Tyr-5T-Tyr-Tyr-
OMe (24b).
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Figure 4.12. *"H NMR spectrum (400 MHz, DMSO-ds) of HO-Leu-Leu-5T-Leu-Leu-
OH (4).

HO-Leu-Leu-5T-Leu-Leu-OH (4): yield (0.25 g, 86.20 % ); *H NMR (400
MHz, DMSO-ds, dppm): 0 = 12.48 (s, 2H, -COOH), 8.55 (d, 2H, J = 7.76 Hz, -
NH-), 8.21 (d, 2H, J = 7.8 Hz, -NH-), 7.89 (d, 2H, J = 3.28, ring protons of
5T), 7.63 (d, 1H, ring protons of 5T), 7.54 (d, 1H, J = 4.8 Hz, ring protons of
5T), 7.45 (d, 1H, J = 3.52, ring protons of 5T), 7.37 (d, 2H, J = 3.76 Hz, c ring
protons of 5T), 7.31 (d, 1H, J = 3.76 Hz, ring protons of 5T), 7.16 (d, 1H, ring
protons of 5T), 4.54 (m, 2H, C*Hs of Leu), 4.23 (m, 2H, C®Hs of Leu), 2.50 (s,
2H, C"Hs of Leu), 2.36 (s, 3H, -CHs), 1.67 (m, 4H, CPHs of Leu), 1.54 (m, 4H,
CPHs of Leu), 0.89 (d, 12 H, C’Hs of Leu), 0.83 (d, 12 H, C°Hs of Leu); °C
NMR (100 MHz, DMSO-ds, dppm): & = 179.14, 177.34, 165.80, 145.25,
143.60, 143.56, 140. 97, 140.86, 140.73, 140.42, 140.14, 138.56, 134.89,
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134.41, 134.33, 132.03, 131.68, 131.30, 130.67, 129.93, 56.62, 55.44, 29.53,
29.46, 28.33, 28.09, 26.64, 26.55, 20.67; MS (ESI) m/z: (M-H)" Calcd. for
C47H53N408851 965.2780; found: 965.2774.

DMSO-d6

Aliphatic carbons

Carbonyl carbons A

FA_\ Aromatic carbons ( N )

T T T T T T T
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
Chemical Shift (ppm)

Figure 4.13. *C NMR spectrum (100 MHz, DMSO-d) of HO-Leu-Leu-5T-Leu-Leu-
OH (4).
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Figure 4.14. '"H NMR spectrum (400 MHz, DMSO-dg) of HO-Tyr-Tyr-5T-Tyr-Tyr-
OH (5).
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HO-Tyr-Tyr-5T-Tyr-Tyr-OH (5): *H NMR (400 MHz, DMSO-dj, Oppm), 0 =
12.55(s, 2H, -COOH), 9.19 (s, 2H, -NH-), 9.14 (s, 2H, -NH-), 8.62 (d, 1H, J =
6.76 Hz, ring protons of 5T), 8.26 (d, 1H, J = 7.28 Hz, ring protons of 5T),
7.79 (s, 2H, ring protons of 5T), 7.43-7.26 (m, 5H, ring protons of 5T), 7.13
(d, 4H, J = 7.52 Hz, ring protons of Tyr), 7.03 (d, 4H, J = 7.52 Hz, ring
protons of Tyr), 6.63 (d, 8H, J = 7.52 Hz, ring protons of Tyr), 4.61 (m, 2H,
C"Hs of Tyr), 4.38 (m, 2H, C*Hs of Tyr), 2.95 (m, 4H, C"Hs of Tyr), 2.83 (m,
4H, CPHs of Tyr), 2.50 (s, 3H, -CHs); **C NMR (100 MHz, DMSO-dg, dppm): &
= 173.28, 170.59, 160.52, 155.72, 155.64, 139.98, 138.11, 138.08, 135.71,
135.48, 135.41, 135.21, 134.86, 133.28, 130.29, 130.00, 129.52, 129.17,
128.98, 128.39, 128.24, 126.66, 126.27, 125.96, 125.28, 124.54, 114.89,
114.73, 55.59, 55.03, 36.26, 36.16, 15.42.
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Figure 4.15. °C NMR spectrum (100 MHz, DMSO-dg) of HO-Tyr-Tyr-5T-Tyr-Tyr-
OH (5).

4.3 General characterization

All NMR characterizations were carried out on a Bruker AV 400 MHz
spectrometer at 300 K. Compound concentrations were in the range 5-10
mmol L™ in (CDs3),SO. Mass spectra were recorded on a Bruker micrOTOF-Q

Il by positive mode electrospray ionization.
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FTIR Study: FTIR spectra of power sample and hydrogels were measured
using Bruker (Tensor 27) FT-IR spectrophotometer. Samples were prepared in
milli-Q water and scanned from 400 to 4000 cm™.

Circular Dichroism (CD) Spectrometer: Secondary structure of peptide-
quinquethiophene conjugate 4 was analyzed with Jasco J-815 circular
dichroism spectrometer. peptide-quinquethiophene conjugate 4 (20 mmol L™)
was diluted to a final concentration of 200 uM in milli-Q water for experiment
and measured from 600 nm to 195 nm with 0.1 data pitch, 20 nm min™
scanning speed, 1 nm bandwidth and 4 s D.L.T.

UV-Vis Spectroscopy: UV-Vis absorption spectrums of the hydrogels were
recorded using a Varian Caryl00 Bio UV-Vis spectrophotometer. Samples
were diluted to 50 pum as concentration and then the experiments were
conducted.

Fluorescence Spectroscopy: Fluorescence emission spectra for hydrogel (20
mmol L) were recorded on a Horiba Scientific Fluoromax-4
spectrophotometer with 1 cm path length quartz cell at room temperature. The
slit width for the excitation and emission was set at 2 nm and a 1 nm data
pitch. Excitation of gel sample was performed at absorption maxima of each
molecule recorded from UV-Vis spectroscopy.

Microscopic Study: Transmission electron microscopic images were taken
using a PHILIPS electron microscope (model: CM 200) operated at an
accelerating voltage of 200kV. Hydrogel (20 mmol L™) solution was diluted to
1 mmol L™ in milli-Q water and dried on carbon-coated copper grids (300
mesh) by slow evaporation in air, then allowed to dry separately in a vacuum
at room temperature.

Rheology: Oscillating rheology was used to quantify the mechanical
properties of the hydrogel 1. Hydrogel 1 (20 mmol L™) was prepared in milli-
Q water. The experiment was done on a Paar Physica Modular Compact
Rheometer (MCR 301, Austria). A 25 mm cone plate with 1° angle
configuration was used and the temperature was set to be constant at 25 °C.
Storage (G") and loss (G") moduli were measured at 0.1% strain with a true
gap of 0.05 mm.

Electrochemical measurements: Cyclic voltammetry (CV) was performed
using an AUTOLAB /PG STAT302N and a three-electrode cell equipped with
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platinum working, platinum counter and an Ag/AgCl reference electrode. The
supporting electrolyte was BusNCIO4/CH,CI, (0.1 m). For the electrochromic
test, a thin film of peptide-quinquethiophene hydrogel was prepared onto an
ITO coated glass and used as working electrode. Pt and Ag/AgCl were used as

counter electrode and reference electrode respectively.
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Figure 4.16. (a) Molecular structures of the peptide-quinquethiophene conjugates 4
(LL5TLL) and, 5 (YY5TYY); (b) Digital images of the solution of compounds 4 and
5 at basic pH and (c) hydrogel 1 and 2.

4.4 Results and Discussion

The general synthetic design of two peptide-quinquethiophene
conjugates 4 and 5 consists of a symmetric bolaamphiphile that has two
segments: a redox active w-conjugated quinquethiophene core for
electrochromism and peptide motifs for self-assembly. The molecular
structure of peptide-quinquethiophene conjugates namely LL5TLL (compound
4) and YY5TYY (compound 5) is given in Figure 4.16. Compound 4 and 5
were synthesized by solution phase methodology and synthetic steps involved
have been shown in Scheme 1 and, Scheme 2. To functionalize dipeptide
symmetrically in both side of 5TmDCA, selected amino acids are coupled

with 5TmDCA by standard peptide coupling process. Compounds 4 and 5 are
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mainly different in the amino acid residue present symmetrically at the two
terminal positions of quinquethiophene core. Polar functional end groups
(carboxylic acid) are adopted as controlling units for self-assembly of =-
conjugated cores in the aqueous phase. Solubility and gel formation ability are
checked in the aqueous medium. The self-assembly and electrochromism of
peptide-5T derivative are studied in aqueous phase through hydrogel
formation. The peptide-quinquethiophene conjugates 4 and 5 form pH-
responsive self-supporting red hydrogel 1 and 2 respectively. Hydrogel 1 is
highly stable than hydrogel 2 owing to the distinction in their amino acid
residue attached with the 5T. The minimum gelation concentration of
compound 4 and 5 is 10 and 20 mmol L™ respectively. The spectroscopic,
optical and microscopic techniques have been performed with hydrogel of
compound 4 and 5 in the agueous medium to investigate the self-assembly
behavior.
4.4.1 UV-Visible absorption study

The UV-Visible study was carried out with hydrogel 1 and 2 in
aqueous solution. In UV-Visible spectra of hydrogel 1, the main absorption
band at Amax = 430 nm is observed (Figure 4.17a). This band originates due to
n-n* transition of m-conjugated quinquethiophene backbone. The broad
absorption band at lower energy state suggests the aggregation behavior of
peptide-5T hybrids. In the case of hydrogel 2, multiple absorption peaks are
observed at 222 nm, 275 nm, 349 nm and 430 nm.
4.4.2 Fluorescence study

Fluorescence properties of compound 4 was measured in gel state as
well as in solution state. In solution state, bolaamphiphile 4 shows
fluorescence emission at 590 nm with a shoulder at 550 nm whereas it gives
only a broad peak centered at 590 nm in the gel state. The self-assembly
nature of peptide-quinquethiophene conjugates 4 is confirmed by comparing
the fluorescence emission of 4 in solution state with that of gel state. A
fluorescence quenching is observed in gel state with that of solution state
(Figure 4.17b). The fluorescence quenching suggests the stacking of
molecules by the n-n interaction of quinquethiophene cores as a driving force

in self-assembly. In the aqueous solution, fluorescence spectra of compound 4
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a shoulder appeared at 550 nm as a nature of molecularly dissolved peptide-5T
but which disappeared in the gel state. In the fluorescence emission spectra of
hydrogel 2, an emission maximum is shifted from 592 nm (solution state) to

652 nm (gel state).
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Figure 4.17. (a) UV-vis absorbance, (b) fluorescence spectra compound 4. Excitation
wavelength (Amax = 430 nm) in aqueous medium. Temperature dependent CD spectra
in water (c) upon heating, and (d) upon cooling. CD Spectra recorded at 200 uM.

4.4.3 Circular dichroism (CD) study

Circular dichroism (CD) spectroscopy has been used to investigate the
supramolecular aggregation of peptide-quinquethiophene conjugates 4 and 5
in the aqueous medium. In water, hydrogel 1 shows a strong absorption in CD
spectroscopy. This strong absorption arises from quinquethiophene core of the
molecule 4. A remarkable bisignate Cotton effect are observed in the peptide-
quinquethiophene conjugates 4. The Cotton effects are observed first at 480
nm in the negative direction and second at 416 nm in the positive direction
with a zero-crossing of the CD signal located at the absorption maximum of
the chromophore. It suggests the chiral aggregation of molecules by n-n
stacking interaction. Further, to evaluate stacking interaction and

corresponding aggregation of molecules, temperature variable CD
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spectroscopy was also performed. The CD peak intensity is responsible for
oligothiophene cores which gradually decrease with increasing temperature
from 20 °C to 80 °C (Figure 4.17c). This suggests the decrease of n-n stacking
interaction and disassembly of molecules. The retention of CD intensity and
corresponding m-m stacking interaction is somehow quite less when the
temperature is cooled down to the staring temperature 20 °C from 80 °C
(Figure 4.17d). Therefore, n-7 stacking interaction acts as a driving force for
supramolecular assembly of peptide-5T hybrid.

3.4.4 Rheological Study

Hydrogel formation is also a clear evidence in favor of molecular self-
assembly. Therefore a rheological experiment has been used to characterize
gel phase material. Rheological measurement demonstrates the viscoelastic
properties of hydrogel 1. The values of the storage moduli (G) exceeds those
of the loss moduli (G") by an order of magnitude, which indicates the

formation of strong and solid like gels (Figure 4.18a).
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Figure 4.18. (a) Dynamic rheology (frequency sweep) of compound 4 (LL5TLL)
hydrogel (c = 20 mmol L™), and (b) ATR-FTIR spectra of compound 4 in powder

form (red curve) and gel state (blue curve).
3.4.5 FTIR Study

FTIR analysis of powdered compound 4 sample exhibites N-H
stretching (Amide A) at 3300 cm™, a carbonyl stretching (Amide 1) frequency
at 1633 cm™ with a shoulder at 1660 cm™ and N-H bending (Amide 1) at
1530 cm™ (Figure 4.18b). These absorptions clearly indicate that the peptide

segments are in a helix conformation (secondary structure) in the powder
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state.” The carbonyl stretching (Amide 1) frequency at 1633 cm™ is red
shifted to 1620 cm™ in the gel phase, which suggests the loss of a-helix
structure. Although, the new absorption pattern in the gel state can not be
explained by any known secondary structure but the presence of
intermolecular H-bonding among peptide segments to drive self-assembly can

be supported.
3.4.6 Microscopic study

Transmission electron microscopy (TEM) of gel sample reveals the
morphology of self-assembled nanostructures. In TEM micrograph, compound
4 shows fine nanofibrillar structure (Figure 4.19a,b) created by trapping of water
molecules. With the help of spectroscopic results, a possible aggregation
pattern of peptide-5T bolaamphiphiles is presented schematically in Scheme
4.3.

Figure 4.19. (a)-(b) TEM micrograph of compound 4 (LL5TLL) showing
nanostructures in high and low magnification.

3.4.7 Cyclic voltammetry

The redox properties of oligothiophenes conjugated peptide are
characterized by cyclic voltammetry (CV). The cyclic voltammogram of
compound 4 (LL5TLL) in 0.1 M BusNCIO4/CH,CI; electrolyte is shown in
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Figure 4.20a. Two consecutive reversible one-electron oxidations take place at
the half-wave potentials (E;;2) of 0.69 V and 1.0 V versus Ag/AgClI, which
correspond to the successive formation of the cation radical and the dication of
4, respectively (Figure 4.21). These species affect the optical properties of the
molecule and resulting coloration. These oxidation potentials are comparable
to those reported for oligothiophene derivatives.'***? Redox processes are
reproducible through repeated scanning because the extended n-conjugation of
the oligothiophene core can stabilize the oxidized forms (Figure 4.20b). In the
case of compound 5 (YY5TYY), redox property can not be studied due to

insolubility in the electrolyte.
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Figure 4.20. Cyclic voltammogram of compound 4 in 0.10 m BuyNCIO,/CH,ClI,
electrolyte with (a) scan rate of 25, 50, 100 and 200 mVs™ and (b) at continuous
scanning. (c) Reversible colour change in hydrogel 1 (LL5TLL) coated ITO glass at
operating voltage 0 V (bright yellow) and 1.21 V (deep blue).

The electrochromic response can be observed in the hydrogel film of
compound 4 coated on an ITO glass electrode (Figure 4.20c). The colors of
the hydrogel film change from bright yellow (neutral form) to deep blue

(oxidized form) by electrochemical reaction. The reversible color change of
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solid hydrogel film of compound 4 when scanning from -0.4 Vto 1.4 V in CV

was shot on video which is shown in the Movie Al (Annexure 1).

The reversible color change of the hydrogel film, from bright yellow to
deep blue and vice versa, together with in situ cyclic voltammogram curve at a
scan rate of 50 mVs™ has been beautifully captured in Movie Al. The colors
corresponding to redox intermediates involved during the electrochemical

oxidation of hydrogel 1 is very stable with fast and controlled switching speed.

Neutral

Cation radical

Dication

R =LL; L = Leucine

Figure 4.21. The redox mechanism of compound 4 (LL5TLL) (R; = R, = Leu) during

electrochemical reaction.
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Scheme 4.3. Self-assembly model for peptide-quinquethiophenes in the aqueous

medium.

115



4.5 Conclusion

To conclude, this chapter makes an attempt to focus on self-assembling
behavior and electrochromic property of quinquethiophene conjugated
peptide.  Hydrogel based on  peptide-quinquethiophene  exhibits
electrochromism due to the presence of a redox active quinquethiophene (5T)
moiety in compound 4. Self-assembly and electrochromic properties of
quinguethiophene conjugated peptide are strongly dependent on the nature of
peptide motifs functionalized with quinquethiophene core. Non-covalent
interactions (hydrogen bonding and n-t stacking interactions) are the driving
forces for the formation of nano-fibrillar structures. Conjugated
quinquethiophenes facilitate charge conduction efficiently through
overlapping m-orbitals within adjacent molecules. Furthermore, colours of
hydrogel film are very stable with fast and controlled switching speed at room

temperature.
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Chapter 5

Lamellar Peptide-Cadmium-Doped Zinc Oxide
Nanohybrids That Emit White Light
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5. 1 Introduction
A variety of nanostructured materials has been investigated for the

development of white light emitting devices.'! GaN, ZnO, Si and several
nanocrystals were widely fabricated for light emitting diode (LED)
applications.”® Organic based materials were also preferred for white light
luminescence due to low cost, ease of fine-tuning, solution processability, low
toxicity and sufficient flexibility for device fabrication.**® Small organic
molecules, as well as polymers, are the key components for the development
of white light emitting materials.™*"*") Nowadays, organic light emitting diodes
(OLEDs) are used due to their better performance./**?! park et al. described
white-light-emitting single molecular dyad consisting of two non-interacting
chromophores through excited-state intramolecular proton transfer (ESIPT).[?
Ajayaghosh et al. designed bis- and mono cholesterol-appended OPV
derivatives and the donor organogel emit white light in the presence of an
acceptor.®®! Recently, Nandi et al. reported white-light-emitting hydrogel of
co-assembled melamine, 6,7-dimethoxy-2,4[1H, 3H]-quinazolinedione (Q),
with riboflavin (R) by mixing with a dye rhodamine B (RhB) in a requisite
proportion.®  White light emitting hydrogen-bonded supramolecular
copolymers based on m-conjugated oligomers were also demonstrated by
Schenning et al./?*!

Of late, organic-inorganic based hybrid materials gained enormous
popularity to realize flexible, low-cost, and environment-friendly white
luminous devices. Recently, white light emission was achieved from hybrid
ZnO-graphene quantum dots.”®! Radovanovic et al. reported ZnO-ATTO
fluorophore nanoconjugate for efficient and sustainable white light generation
by controlling forster resonance energy transfer (FRET) process.?”?®! Li et al.
developed a group of hybrid semiconductor phosphors to avoid the risk of rare
earth metal based lighting source.’? Li et al. also described high-performance
metal-organic frameworks encapsulated irridium-complex composite for
bright white light emission.®% Organic molecule embedded quantum dot
materials were implemented to fabricate white LED.!*¥ Sui et al. constructed
polyvinyl alcohol’ZnO hybrid nanofibers by electrospinning method for
intense white light emission.*? Bano et al. fabricated ZnO-organic hybrid

125



white light emitting diodes grown on flexible plastic using the low-
temperature aqueous chemical method.™*

In one reports, we have developed lamellar peptide-ZnO nanohybrids
exhibiting superior photo conducting behavior.*¥ In this chapter, our
objective is to develop luminescent electrodeposited lamellar peptide/Cd-
doped ZnO-based hybrid materials. Here, we report the synthesis of an organic
molecule. The synthetic compound BPI-FF-OH (BPI: benzo[ghi]perylene
monoimide, F: D-Phenylalanine) is used to fabricate BPI-FF-OH/Cd-doped
ZnO lamellar hybrid. Cd-doped ZnO facilitates to form nanosheets and BPI-
FF-OH/Cd-doped ZnO forms lamellar nanoflakes. These Cd-doped ZnO and
BPI-FF-OH/Cd-doped ZnO nanohybrids emit white light.

(@)
o
Seat

Compound 6

Cd(OAc),+
Zn(NO3),

Cd(OAc), +
Zn(NO3), +
BPI-FF-OH

-700 mA,
80°C

Figure 5.1. (a) The Molecular structure of compound 6 (BPI-FF-OH);
Electrochemical synthesis of (b) unannealed cadmium-doped ZnO NSs and (c)
unannealed BPI-FF-OH/cadmium-doped ZnO NFs at a constant applied potential of -
700 mV at 80 °C bath temperature. Synthesis of annealed (d) cadmium-doped ZnO
NSs and (e) BPI-FF-OH/cadmium-doped ZnO NFs on heating at 150 °C. Insets are
digital photographs of whitish light emission from the corresponding hybrids.
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5.2 Experimental
Synthesis of Boc-D-Phe-OH (25):

A solution of p-phenylalanine (3.3 g, 20 mmol) in a mixture of 1, 4
dioxane (40 mL), 1 N sodium hydroxide (20 mL) was stirred and cooled in an
ice-water bath. Boc anhydride (4.8 mL, 21 mmol) was added and stirring was
continued at room temperature for 12 hrs. Reaction mixture was diluted with
200 mL of water and dioxane was evaporated under vacuum. The aqueous
layer was washed with diethyl ether and the pH of aqueous layer was adjusted
to 2 with 2 m HCI. The aqueous phase was extracted with ethyl acetate (3 x 50
mL) and dried over Na,SO, and concentrated in vacuo to obtain product 25 as
colorless oil. Yield= 5.105 g (19.2 mmol, 96 %) *H NMR (400 MHz, DMSO-
dg): 6 =7.28 (m, 5H), 7.11 (d, 1H, NH), 4.09 (q, 1H, C*H of Phe), 3.00 (d, 2H,
CPH of Phe), 1.32 (s, 9H, CHs), 12.66 (s, 1H) ppm. HRMS (ESI) m/z for
C14H19NO4 (M+Na)" calcd.: 288.1212, found: 288.1223.

Synthesis of Boc-D-Phe(1)-D-Phe(2)-OMe (26):

A solution of Boc-p-Phe-OH (1.32 g, 5 mmol) and HOBT (5 mmol,
0.677 g) was stirred in 2 mL of DMF. A neutralized solution of phenylalanine
methyl ester was extracted from its corresponding hydrochloride salt and
concentrated on adding to the reaction mixture followed by DCC (5.1 mmol,
1.052 g) at 0 °C. The mixture is allowed to stir at room temperature for 12 hrs.
The mixture was diluted with ethyl acetate and the organic layer was washed
with 1 M HCI (2 x 30 ml), brine solution, 1 M Na,CO3 (3 x 30 ml) and brine
solution. The ethyl acetate layer was dried over Na,SO,4 and evaporated under
vacuum to yield white solid product 26. Purification was done by silica gel
column (100-200 mesh) using ethyl acetate- toluene as eluent. Yield= 1.85g,
(4.6 mmol, 92 %). *H NMR (400 MHz, CDCls): § = 7.54 (m, 10H), 7.00 (d,
1H, NH of Phe(1), 6.28 (d, 1H, NH of Phe(2), 4.81(q, 1H, C* H of Phe(1),
4.34 (g, 1H, C*H of Phe(2), 3.12 (d, 4H, CH, ), 1.47 (s, 9H, CHs) ppm. HRMS
(ESI) m/z for Co4H30N20s (M+Na)* caled.: 449.2052, found: 449.2086.
Synthesis of NH,-D-Phe(1)-D-Phe(2)-OMe (27):

A solution of Boc-D-Phe(1)-D-Phe(2)-OMe (26) (1.6 g, 3.7 mmol) in
TFA stirred for 12 hrs under argon at room temperature. The excess TFA

removed under vaccum oily residue was taken in 100 ml of water and washed
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with diethyl ether (2 x 20 ml) white product 27 was obtained after
lypholization and used further for the reactions. Yield = 1.18 g (3.6 mmol,
97.29 %). *H NMR (400 MHz, DMSO-dg): & = 9.03 (d, 1H, NH of Phe(2),
7.35 (m, 10H ), 4.60 (g, 1H, CgH of Phe(2),4.03 (g, 1H, CqaH of Phe(1), 3.66
(s, 3H, OCHj3), 3.12 (d, 2H, CPH of Phe(2), 3.05 (d, 2H, CPH of Phe(1) ppm.
HRMS (ESI) m/z for C1gH,3N,03 (M+H)" caled.: 327.1709, found: 327.1717.
Synthesis of N-substituted benzo[ghi]perylene monoimide:

1.63 g (5 mmol) of H,N-p-Phe-p-Phe-OMe 27 was taken in 8 mL ethyl
acetate. Maleic anhydride (0.735 g, 7.5 mmol) was dissolved in the ethyl
acetate and added to the reaction mixture at room temperature. After stirred
over 24 hrs, the mixture was fully washed with H,0O, saturated brine and dried
over Na,SO,4. The above solution was concentrated by rotary evaporator to
obtain the product N-maleyl-o-Phe-p-Phe-OMe 28 as a white powder. 1.50 ¢
(3.5 mmol) of N-maleyl-o-Phe-p-Phe-OMe 28 was dissolved in benzene and
put into a double-neck flask. The solution was heated to 50 °C and 0.48 g (3.5
mmol) ZnCl, was added. Then, the solution of 0.85 g (5.25 mmol) 1,1,1,3,3,3-
hexamethyldisilazane (HMDS) in benzene was added dropwise into the
reaction mixture at 80 °C, and kept 12 hrs with stirring. Then, the mixture was
poured into 600 mL 0.5 m HCI and stirred until the clear solution was
obtained. The organic layer was separated; the aqueous phase was extracted
with 300 mL EtOAc. The combined organic layer was washed with 3 x 100
mL NaHCOj3 and brine solution and dried over Na,SO,4. The organic layer was
evaporated under vacuum to obtain the product N-maleoyl-p-Phe-p-Phe-OMe
29. Perylene (0.504 g, 2 mmol), N-maleoyl-p-Phe-p-Phe-OMe 29 (1.2192 g, 3
mmol) and p-chloranil (1.0326 g, 4.2 mmol) were thoroughly mixed and
heated at 240 °C with stirring for 3 hrs. The mixture solidified after cooling at
room temperature. Chloroform was added to dissolve the solidified mass. The
mixture was purified using a silica gel column with chloroform/ether (1:1) as
eluent. The compound benzo[ghi]perylene-1,2-dicarboxylic(p-Phe-p-Phe-
OMe)imide 30 was collected as an orange solid. A solution of
benzo[ghi]perylene-1,2-dicarboxylic(p-Phe-p-Phe-OMe)imide 30 in 100 mL
of dry THF was allowed to react with a solution of 2 N LiOH. The progress of
the reaction was monitored by thin layer chromatography (TLC). The reaction

mixture was stirred up for 3 hrs. Then, THF was removed under vacuum. The
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residue was taken in 100 mL of water and washed with diethyl ether (2 x 20
mL). Then, the pH of aqueous layer was adjusted to 2 using 2 m HCI and it
was extracted with ethyl acetate (3 x 30 mL). The ethyl acetate layer was dried
over anhydrous sodium sulfate and evaporated under vacuum to yield 6 as an
orange solid.

N,N’-Maleyl-D-Phe(1)-D-Phe(2)-OMe (28):

Yield 3.0 g (7.07 mmol, 94.33%) *H NMR (400 MHz, DMSO-dg): & = 9.23 (d,
1H, J = 8.52 Hz), 8.68 (d, 1H, J = 7.52 Hz), 7.19-7.25 (m, 10H, aromatic
protons), 6.36 (d, 1H, J = 12.52 Hz), 6.22 (d, 1H, J = 12.56 Hz), 4.63 (m, 1H,
C’H of Phe(2)), 4.49 (m, 1H, C*H of Phe(1)), 3.57 (s, 3H, —-OCHj3), 3.03 (m,
2H, CPHs of Phe), 2.95 (m, 1H, CPH of Phe), 2.75 (m, 1H, CPH of Phe). MS
(ESI) m/z for Cy3Ho4N,0gNa (M + Na)* calcd: 447.1532, found: 447.1576.

Compound 6, R=

SooH
E/}(N OCH;
0

Scheme 5.1. Synthesis of N-dipeptide functionalized benzo[ghi]perylene-1,2-
dicarboxylic monoimide. (i) Boc-anhydride, 1,4 dioxane, Na,COs; (ii) phenylalanine
methyl ester, HOBt/DIPC, DMF; (iii) TFA; (iv) maleic anhydride, EtOAc; (V)
ZnCl,/HMDS, benzene, 80 °C; (vi) perylene, p-chloranil, 240 °C, 3h; (vii)
LiOH/THF.

N,N’-Maleoyl-D-Phe(1)-D-Phe(2)-OMe (29):

Yield = 1.3912 g (3.42 mmol, 96.86%). 'H NMR (400 MHz, CDCls): § =
6.98-7.22 (m, 10H, aromatic protons), 6.49 (s, 2H), 6.34 (d, 1H, J = 7.28 Hz,
NH), 4.76-4.83 (m, 2H, C*Hs of Phe(1) and Phe(2)), 3.65 (s, 3H, -OMe), 3.28-
3.30 (m, 2H, CPHs), 3.07-3.12 (m, 1H, CPH), 2.97-3.02 (m, 1H, CPH). MS
(ESI) m/z for Cy3H,,N2,0sNa (M + Na)™ calcd: 429.1426, found: 429.1565.
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Benzo[ghi]perylene-1,2-dicarboxylic(D-Phe-D-Phe-OMe)imide (30):

Yield = 1.26 g (1.93 mmol, 96.92%)."H NMR (400 MHz, CDCls) 5 = 8.85 (d,
2H, J = 8 Hz), 8.72 (d, 2H, J = 8 Hz), 7.86-7.98 (m, 6H), 7.08 (d, *H, NH),
6.76-7.06 (m, 10H, aromatic protons of phenyl rings), 5.25 (m, 1H, C"H of
Phe), 4.95 (m, 1H, C°H of Phe), 3.67 (s, 3H, -OCH3), 3.15-3.2 (m, 2H, C’Hs
of Phe), 3.0-3.06 (m, 2H, CPH of Phe). MS (ESI) m/z for C43H3oN,OsNa (M +
Na)" calcd: 677.2052, found: 677.6064.
Benzo[ghi]perylene-1,2-dicarboxylic(D-Phe-D-Phe-OMe)imide (6):

Yield = 0.04 g (0.06 mmol, 80%). *H NMR (400 MHz, DMSO-dg) & = 9.26-
9.30 (m, 2H), 9.10 (d, 1H, J = 8.28 Hz), 8.32-8.43 (m, 5H), 8.18 (t, 2H, J =
7.76, 5.00 Hz), 8.00 (d, 1H, J = 8.76 Hz), 7.18-7.38 (m, 10H, aromatic
protons of phenyl rings), 5.07 (m, 1H, C*H of Phe), 4.56 (m, 1H, C*H of Phe),
3.15-3.16 (m, 2H, CPHs of Phe), 3.09-3.12 (m, 2H, C"Hs of Phe). *C NMR
(400 MHz, DMSO-dg) 6 173.1, 171.5, 160.5, 155.6,140.0, 138.1, 136.0, 135.7,
135.6, 135.4, 135.2, 134.9, 133.3, 130.1, 129.5, 129.2, 129.1, 128.2, 127.2,
126.8, 126.4, 126.0, 125.4, 125.3, 124.7, 124.6, 123.6, 123.5, 120.9, 118.4,
118.1, 114.8, 111.3, 109.6, 59.7, 54.9, 53.0, 36.4 ppm. HRMS (ESI): m/z calcd
for C42H27N2Os [M-H]": 639.1920; found: 639.1894.

NH of Phe
Aromatic protons of Phe

Aromatic protons
of BPI ring (—A—\
-cood

CeHs of Phe
CBHs pf Phe

6
Chemical Shift (ppm)

Figure 5.2."H NMR spectrum (400 MHz, DMSO-ds) of BPI-FF-OH (6).
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Figure 5.3.*C NMR spectrum (100 MHz, DMSO-ds) of BPI-FF-OH (6).
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Figure 5.4. ESI-MS spectrum of BPI-FF-OH (6).

The growth of GZO/n-Si (100) Electrode: Working electrode Ga-doped ZnO
(GZO) with a thickness of 150 nm on p-Si(111) was generated by dual ion
beam sputtering deposition (DIBSD) technique. The detailed growth
procedure by DIBSD system was described in chapter 2.5

Electrochemical synthesis: Electrochemical synthesis was carried out in an
aqueous solution of 0.02 M Zn(NQ3),.6H,0 and 0.02 m Cd(CH3C0OO0), 6H,0
in a 100 mL cell vial using three electrode setup (AUTOLAB /PG
STAT302N) with Pt counter electrode and an Ag/AgCl reference electrode
(Autolab 6.0726.107). 0.02 M Zn(NO3),.6H,0, 0.02 m Cd(CH3C0OO0),.6H,0
with 1 mg of N-substituted benzo[ghi]perylene monoimide in 24 mL
DMSO/water (1:1 v/v) solution was used for the deposition of BPI-FF-
OH/Cd-doped ZnO hybrid thin film keeping all other parameters same. Water
was required for the reduction of NOj3" to generate OH and DMSO was added
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to soluble the dipeptide functionalized benzo[ghi]perylene monoimide (BPI).
Working electrode GZO/p-Si (111) was placed upright in cell and deposition
was achieved potentiostatically at -700 mV (vs Ag/AgCl) for 2 hours under
constant stirring at 80 °C in water bath. Deposited films were rinsed with de-
ionized water and dried with nitrogen (N2) gas. Required samples were

annealed at 150 °C for 6 hours.
5.3 General characterization

Zeiss Supra 55 field emission scanning electron microscopy (FE-SEM)
and Rigaku X-ray diffractometer with monochromatized Cu Ka radiation (o =
1.54 A) were used for materials characterization. SAXS experiments were
carried out on electrodeposited thin films using Cu Ka (A = 1.54 A) radiation
from a source (GeniX 3D, Xenocs) operating at 50 kV and 0.6 mA. The
diffraction patterns were collected on a two module Pilatus detector.
Absorption coefficient (o) was measured by M-2000 J. A. Woollam
spectroscopic ellipsometry. Secondary mass ion spectrometry (SIMS, Hiden)
equipped with oxygen ion gun of energy up to 3.5 KeV, was used to characterize the
depth profile of Cd-doped ZnO films. Photoluminescence (PL) spectra were
recorded using a 20 mW continuous wave He-Cd laser (A = 325 nm) as an
excitation source.

5.4 Results and Discussion

Electrodeposition is one of the simple and cost-effective techniques to
grow lamellar organic-inorganic hybrid nano-architectures.>*! To develop
luminescent hybrid films, a simple electrochemical technique was used to
synthesize Cd-doped ZnO and BPI-FF-OH/Cd-doped ZnO nanostructured
lamellar hybrids (Figure 5.1). The electrochemical technique was used to dope
Cd in ZnO lattice and in the ZnO of the aromatic based peptide amphiphile
anchored with ZnO lamellar sheets. Furthermore, the solution based bottom-
up approach is a fairly reasonable method for homogeneous mixing of metal
ions in atomic level and chemical growth of hybrid nanostructure on the top of
the cathode surface. In the electrochemical synthesis of BPI-FF-OH/Cd-doped
ZnO nanohybrid, aromatic benzo[ghi]perylene moiety of BPI-FF-OH is a
large aromatic surface linked with an aromatic dipeptide Phe-Phe. Aromatic

faces favor intermolecular =-m stacking interactions to construct
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supramolecular organic galleries and provide structural stability in nanohybrid
architecture.***® Dipeptide linked with BPI enhances solubility and C-
terminal acid functional group interacts with Cd-doped ZnO by covalent
bonding to give structural stability of nanohybrid architecture.’*®! Cd-doped
ZnO and BPI-FF-OH/Cd-doped ZnO nanostructures were grown at a potential
-700 mV (vs Ag/AgCl) at 80 °C bath temperature. The chemical reactions
involved in the formation of Cd-doped ZnO and BPI-FF-OH/Cd-doped ZnO
hybrids are shown in equations 1-3. The electro-generation of base OH" can be
achieved via equations 1 and 2. Electrochemical reduction of O, and nitrate
(NO3) ions give a base OH". Electrochemically generated OH" ions react with
zinc and cadmium ions to give corresponding metal hydroxides. After
annealing at 150 °C in ambient condition, the metal hydroxides form
semiconductor metal oxide.
0, + 2H,0 + 4e~ — 40H" 1)

NO3 +H,0 +2e~ - NO; + 20H™ (2)
The formation of Zn;_,,Cd,O is governed by equation 3 as follows:

(1 — x)Zn?* + xCd?* + 20H~

A
- (1 =x)Zn(0H), xCd(OH), - Zn;_4Cd,0 + H,0 (3)

The electrochemical thin film growth of Cd-doped ZnO and hybrids is
monitored by chronoamperometry. In the electrochemical growth of Cd-doped
ZnO films, only Cd-doped ZnO is formed even if the concentration of Cd and
Zn precursors are kept same or varied. The Cd doping occurs in ZnO structure
and only Cd-doped ZnO phase is formed. This is because zinc has larger
chemical reactivity than cadmium and it can easily form crystal frames. To
evaluate the physical effect of Cd doping on the fabrication and luminescence
properties of Cd-doped ZnO and hybrid materials, electrodeposition is carried
out in different bath concentration of Cd precursor. The various parameters
obtained from the Cd-doped ZnO and hybrid thin films are summarized in
Table 5.1. Cd-doped ZnO and BPI-FF-OH directed BPI-FF-OH/Cd-doped
ZnO hybrids are annealed at 150 °C to understand the material behavior upon

annealing. Electrodeposited inorganic hydroxide phases in lamellar BPI-FF-
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OH/Cd-doped ZnO hybrids converted to oxide phases upon annealing and
crystalline order are developed in the Cd-doped ZnO phase. The dipeptide
functionalized benzo[ghi]perylene monoimide is used as a structure directing
agent to grow lamellar organic/Cd-doped ZnO. The lamellar ordering of
supramolecular peptide galleries and Cd-doped ZnO phase is driven by self-
assembly process on the solid-liquid interface.*® CdO is grown under the
same electrochemical parameters and bath temperature to show the effect of
BPI-FF-OH in BPI-FF-OH/Cd-doped ZnO nanohybrid morphology. In the
electrochemical deposition, CdO is grown as nanorod bundles where BPI-FF-
OH/Cd-doped ZnO is grown as nanoflakes (Figure 5.1). The mechanism of
Cd-doped ZnO nanosheets (NSs) and lamellar BPI-FF-OH/Cd-doped ZnO
nanoflakes (NFs) formation is shown schematically in Scheme 5.1.

5.4.1 Field-Emission Scanning Electron Microscope (FE-SEM)

Nanoflakes of lamellar
BPI-FF-OH/Cd-doped ZnO
hybrid

Nanosheet of
Cd-doped ZnO

iii Nanostructure

i Assembly &
i Nucleation & .
st ’

CE RE WE Cd(OAc), + Zn(NO3),,
. R
. inH,0 Cd(OAc), + Zn(NO;),,
in HZO/DMSO
Anchoric group
Aromatic segment

¥

for n-m stacking Compound 6

Scheme 5.1. Schematic of possible growth mechanisms for cadmium-doped ZnO and
BPI-FF OH/cadmium-doped ZnO nanostructures on the Ga-doped ZnO (GZO)/n-
Si(100) electrode.
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The surface morphologies of the electrodeposited nanostructures are
investigated using field-emission scanning electron microscope (FE-SEM). A
highly dense, randomly oriented nanosheet (NS) type morphology is observed
in Cd-doped ZnO. No significant difference is observed in the morphology of
annealed and unannealed films of Cd-doped ZnO NSs (Figure 5.5a and 5.5b).
In the case of BPI-FF-OH/Cd-doped ZnO hybrid, nanoflake type morphology
is found. The lamellar hybrid nanoflakes are oriented horizontally as well as
vertically with respect to the cathode surface (Figure 5.5¢ and 5.5d).
Morphology of lamellar BPI-FF-OH/Cd-doped ZnO is also not altering even

after annealing.

Table 5.1. Parameters obtained from spectroscopic ellipsometry and PL

measurements.

Electrochemical bath composition . Band Band
SL. Sample (deposited at 80 °C, -0.7 V) Thickness Roughness
N (As-grown) Z0(NOL6H0  CA(OAC), 6H,0 e T o g
o -grown n(NO3),.6H,! C)2.6H,! Organic nm, nm,
(M) (M) ‘ | ‘ SE (eV) PL (eV)
1 Cd-doped ZnO 0.04 0.04 - 205 22.06 17 2.7 2.7
2 Cd-doped ZnO 004 0.02 - 206 20.91 20 2.8 2.9
3 Cd-doped ZnO 0.04 0.01 - 225 20.47 30 3.06 3.27
BPI-FF-OH/Cd-doped BPI-FF-
4 7n0 0.04 0.04 OH 248 20.8 7.29 3.09 3.1
BPI-FF-OH/Cd-doped 0.04 0.02 BPI-FF- 245 16.74 7.34 3.20 3.03
ZnO OH
g  DPIFFOR/Cd-doped 0.04 0.01 BPI-FF- 250 208 6.33 3.27 3.02
ZnO OH

Figure 5.5. FE-SEM images of (a) unannealed cadmium-doped ZnO, (b) annealed
cadmium-doped ZnO NS, (c) unannealed BPI-FF-OH/cadmium-doped ZnO, and (d)
annealed BPI-FF-OH/cadmium-doped ZnO NF architectures.
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5.4.2 Energy-Dispersive X-ray Spectroscopy (EDS)

Primarily, the elemental composition of nanostructured Cd-doped ZnO
and BPI-FF-OH/Cd-doped ZnO hybrid is determined by energy-dispersive X-
ray spectroscopy (EDS). The EDS analysis confirmed the presence of zinc
(Zn), cadmium (Cd), carbon (C) and oxygen (O) elements in the deposited
films. Figure 5.6 shows EDS spectrum of Cd-doped ZnO and BPI-FF-OH/Cd-
doped ZnO hybrid films.
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0 1 2 3 4 5 [:3 T 2 9 10
Full Scale 3545 cts Cursor: 0.000 ke!
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Figure 5.6. EDS spectra of annealed (a) cadmium-doped ZnO and (b) BPI-FFOH/

cadmium-doped ZnO films.

5.4.3 X-ray diffraction (XRD) study

Wide angle X-ray diffraction (XRD) [26 = 20°-60°] was employed to
describe the internal structure of Cd-doped ZnO and BPI-FF-OH/Cd-doped
ZnO nanohybrid. XRD analysis reveals the nature and orientation of the
crystal structure of electrodeposited Cd-doped ZnO and BPI-FF-OH/Cd-doped
ZnO nanostructures. A polycrystalline hexagonal wurtzite structure with a
preferred c-axis (002) orientation along with (100), (101) is found (Figure
5.7a). No diffraction peak corresponding to Cd metal or cubic CdO phase in
both Cd-doped ZnO and BPI-FF-OH/Cd-doped ZnO nanohybrids are
observed. The XRD pattern of Cd-doped ZnO is similar to that of ZnO
because Zn has higher chemical reactivity than Cd to form Cd-doped ZnO
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lattice network. Formation of Cd-doped ZnO is also confirmed from lattice
parameter (c) and crystalline size. The conventional pure ZnO exhibits (002)
Bragg diffraction peak with the lattice constant ¢ = 5.20661 A but the value of
¢ is 5.2217 A for Cd-doped ZnO.1*"*®! The incorporation of Cd in ZnO matrix
tends to expand c-axis lattice parameter because the ionic radius of Cd (0.97
A) is larger than that of Zn (0.74 A). Therefore, a substitution of Zn by Cd
induces a lattice-volume expansion.l*** Only single Cd-doped ZnO phase is
found and there is no formation of Cd or CdO phase individually. Lattice
parameter and full-width at half-maximum (FWHM) of (002) peaks obtained
from Cd-doped ZnO and BPI-FF-OH/Cd-doped ZnO are listed in Table 5.2.
The lattice plane (002) of wurtzite Cd-doped ZnO peak becomes sharp upon
annealing at 150 °C indicating preferential growth along c-axis (Figure 5.7b).
FWHM of unannealed and annealed Cd-doped ZnO films are 0.2168 and
0.2013, respectively. The Crystalline quality of nanostructured Cd-doped ZnO
and BPI-FF-OH/Cd-doped ZnO are enhanced due to annealing at 150 °C, as
demonstrated in Figure 5.7b and 5.7d. The results in Figure 5.7c-d also
confirm preferred c-axis growth in case of BPI-FF-OH/Cd-doped ZnO

material.

5.4.4 Two-Dimensional Grazing-Incidence Small Angle X-ray

Scattering (2D-giSAXS)

The lamellar assembly of organic BPI-FF-OH/Cd-doped ZnO in the
hybrid thin film is described by two-dimensional grazing-incidence small
angle X-ray scattering (2D-giSAXS). The broad arc in the Figure 5.8a
suggests a randomness of stacking direction. X-ray scattering pattern of hybrid
films shows peaks at 159.19 A (001) and 82.20 A (002), 18.40 A (004). The
former peak position corroborates well with repeated distance of lamellar
ordered nanostructure. The d spacing suggests a long-range ordering of hybrid

films. These peaks indicate the presence of a lamellar structure.

5.4.5 SIMS analysis

SIMS profile is used to determine the incorporation of Cd atoms in
ZnO structure qualitative and quantitatively. Figure 5.8b presents the profile of
detected Cd and Zn element in the nanostructure thin films. From the SIMS

plot, flat Cd profile indicates that Cd-doping is uniform throughout the film
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thickness and hence resulting a homogeneous Cd-doped ZnO film. The

relative Cd concentrations of the electrodeposited Cd-doped ZnO thin films,

on an average, are 19%, 17% and 11% fabricated from 0.04 m, 0.02 m and

0.01 m Cd salt precursor respectively. Cd concentration in BPI-FF-OH/Cd-
doped ZnO film hybrid is around 8 % fabricated from 0.01 m Cd, and 0.04 m

Zn precursor.
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Figure 5.7. XRD patterns of GZO and annealed, and unannealed cadmium-doped
ZnO (a and b) and GZO, annealed and unannealed BPI-FF-OH/cadmium-doped ZnO

films (c and d). The peaks marked with asterisks are associated with silicon.

Table 5.2. Lattice parameters and FWHM parameters of Cd-doped ZnO, BPI-FF-

OH/Cd-doped ZnO hybrids.

(hkl) d-spacing, Lattice constant

# Substrates 20 (°) FWHM
plane d(hkl) (©)
1 GZ0/n-Si(100) 34.2 002 -
2 Un-annealed Cd-doped ZnO 34.4 002 2.6196 A 52217 A 0.2168
3 Annealed Cd-doped ZnO 34.4 002 2.6196 A 5.2217 A 0.2013
Un-annealed BPI-FF-OH/Cd-doped
4 34.4 002 2.6196 A 5.2217 A 0.2168
Zn0
5  Annealed BPI-FF-OH/Cd-doped ZnO 34.4 002 2.6196 A 5.2217 A 0.2013
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Figure 5.8. (a) SAXS of lamellar BPI-FF-OH/cadmium-doped ZnO hybrid films.
Insets show the corresponding 2D giSAXS images of annealed BPI-FF-OH/
cadmium-doped ZnO and unannealed BPI-FF-OH/cadmium-doped ZnO nanohybrids,
(b) SIMS profile of Cd-doped ZnO and hybrid thin films deposited from 0.01 m
Cd(OAC),.6H,0; 0.04 M Zn(NO3),.6H,0, BPI-FF-OH.
5.4.6 UV-Visible absorption

The optical band gap energy of Cd-doped ZnO and BPI-FF-OH/Cd-
doped ZnO is obtained from absorption coefficient (o) using the Tauc’s

equation as follows:
(ahv)*> =C (hv-EQ)"  (4)

a is the absorption coefficient, hv is photon energy, C is the constant and Eg is
energy band gap. Tauc’s plot [(()thv)2 vs hv] is shown as insets in Figure 5.9.
The calculated optical band gap energy is 2.7 and 3.4 eV, for unannealed and
annealed Cd-doped ZnO, respectively measured at room temperature. Optical
band gap energy of BPI-FF-OH/Cd-doped ZnO is 2.9 eV (un-annealed) and
3.2 eV (annealed) (Figure 5.9b). The band gap energy is lower in Cd-doped
ZnO than the band gap energy of Zn0O.? The reduction of band gap energy is
due to the Cd doping in ZnO lattice.’*** Band gap energy is increased upon
annealing for both the samples Cd-doped ZnO and BPI-FF-OH/Cd-doped ZnO
hybrid.®*! The band gap energy of Cd-doped ZnO fabricated from three
different concentration of Cd precursor, decreases with increase in Cd-doping
percent (Figure 5.10).

The Cd-doped ZnO films were grown for a fixed duration of 120
minutes at 80 °C with -0.7 Volt. Spectroscopic ellipsometry was carried out to

determine the thickness of all the samples and the measured data was fitted
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using various model (cauch, GenOsc) for which data is presented in Table 5.1.
The approximate thicknesses of the samples varied in ranges from 220 nm-250
nm.
5.4.7 Photoluminescence Study

Photoluminescence (PL) measurements exhibit unique white
luminescence from Cd-doped ZnO and hybrid BPI-FF-OH/Cd-doped ZnO
under the excitation of 325 nm He-Cd laser source. Room temperature and
temperature dependent PL studies were performed to have an insight to
whitish luminescence from Cd-doped ZnO system (Figure 5.9c). Some
observations may be cited from the PL measurements: firstly, appearance of
luminescence from Cd-doped ZnO NSs generally witnessed in compound
semiconductors possibly due to (a) Cd content fluctuation — possible
overlapping of the emission lines, which correspond to excitonic
recombination in the wavelength range from 395 to 540 nm, with different Cd
content, (b) bound states corresponding to defects in crystals, and (c) strain-
induced band gap modification.*®®! The emission spectra stretch from
ultraviolet (UV) to cover most of the visible spectrum range. These spectra
from Cd-doped ZnO make it an ideal candidate for white light emitter
applications. Secondly, all obtained spectra are characterized by the presence
of a higher energy band emission in the ultraviolet (UV) region centered at
367 nm (3.37 eV) and relatively wide band emission covering a wide band of
electromagnetic spectra spanning from 418 to 700 nm. The peak at 367 nm
around UV region is due to free exciton composite caused by radiative
recombination of electron-hole pairs from the top of the valence band and
electronic states at the bottom of the conduction band in Cd-doped ZnO NSs.
The deep level emission (DLE) usually accompanies the presence of native
defects and impurities,®” these can be oxygen vacancies (Ov) centered at ~
485 nm, “® oxygen interstitials (O;) at ~ 610 nm,®® zinc vacancies (Zny) at
~527 nm,® zinc interstitials (Zn,) at ~ 680 nm!®® and oxygen antisites
(Ozn).

The PL spectrum of BPI-FF-OH shows two wide peaks centered at 394
nm and 613 nm corresponding to bluish and red emissions, respectively
(Figure 5.9d). In lamellar BPI-FF-OH/Cd-doped ZnO, a weak intense

140



emission peak in the UV region centered at 379 nm (3.27 eV) and a broad
band in the visible region ranging from 421 to 700 nm corresponding to NBE
of Cd-doped ZnO and blue and red emissions of BPI-FF-OH and various
defect related emission of BPI-FF-OH/Cd-doped ZnO nanohybrid,
respectively are observed. Benzo[ghi]perylene monoimide (BPI)
functionalized with a dipeptide diphenylalanine moiety in BPI-FF-OH/Cd-
doped ZnO nanohybrid system contributes to the PL emission. The emission at
613 nm is due to the presence of large aromatic BPI core of BPI-FF-OH.
Bluish emission is associated with Phe-Phe moiety in the assembled state.!*”
Recently Li et al. reported self-assembled micro and nanostructured
morphology of a diphenylalanine dipeptide which acts as an optical waveguide
material.[***® Phe-Phe dipeptide is a well known candidate for the evolution
of various self-assembled nanostructure.®” Recently, our previous report Phe-
Phe appended BPI system is described as a new component for the white light
generation when combined with an aromatic donor.’®® White luminescence
from annealed and un-annealed BPI-FF-OH/Cd-doped ZnO nanohybrid
materials is shown as insets in Figure 5.9d. The DLE of BPI-FF-
OH/cadmium-doped ZnO nanohybrid materials, relative to that of cadmium-
doped ZnO, apparently decreases owing to the assembly of organic molecules
within the inorganic phases. The BPI-FF OH-based molecules in the lamellar
nanohybrids are highly stacked through m—m stacking and intermolecular
hydrogen bonding interactions. The emission also decreases at higher
wavelengths through the compact assembly of organic molecules in the
nanohybrids, compared with BP1-FF-OH itself.

To evaluate the physical effect of Cd doping in the illumination
properties Cd-doped ZnO and hybrids, we have electrodeposited Cd-doped
ZnO and hybrid thin films at three different concentrations (0.04 m, 0.02 m,
and 0.01 m) of Cd precursor. Cd content increases in Cd-doped ZnO as well as
BPI-FF-OH/Cd-doped ZnO with the increase of Cd salt concentration. The
physical effects of Cd doping in the luminescence properties of Cd-Doped
ZnO and BPI-FF-OH/Cd-doped ZnO are evaluated by photoluminescence
spectroscopy. The PL emission was red shifted with increasing Cd content in
Cd-doped ZnO and in the hybrid thin films (Figure 5.11).

141



I ~0 Un-annealed Ca- q
[@ N P © o s e
ih s ! 1 £
U 09F g R
= LA j
;; J % L‘L & prev 34ev ? \/ p
@ :‘—“ & 5] @ .". % \/
= 4ok 2 oel* B
_g -Mj A EOE N ORI | 2 D / /
@ A = g )
'f(’ A —A—Unannealed Cd-doped Zn0| & ’
A _A— Annealed Cd-doped ZnO = y
1 4 g 03} ¢
S
2 j
T T T T T 0.0 L L L
300 350 400 450 500 550 600 400 500 600 700
Wavelength (nm) Wavelength (nm)
(b) — (d) —— S::E;gl:‘l BPI-FF-OH/Cd-doped ZnO
A 2 —@— Annealed BP1-FF-OH/Cd-doped ZnO
& 0.9
» 2 %
—~ 2 [ b4
;’, | 296v oo g T
. S0l 1
IS e 5 06 1
g e 3 s e
= 4 —A— BPI-FF-OH/Cd-doped ZnO (Un-annealed) | & I
2 M0, A BPI-FF-OH/Cd-doped ZnO (Annealed) = | @
: i -
< 503 4% i
> 3
. . : o.oj — .
300 350 400 450 500 400 500 600 700

Wavelength (nm)

Figure 5.9. Optical absorption spectra of (a) Cd-doped ZnO and (b) lamellar BPI-
FF-OH/ cadmium-doped ZnO films. Insets show the corresponding Tauc plots to
evaluate the band gap energy. Room-temperature PL spectra of (c) cadmium-doped
ZnO before and after annealing. The inset shows the whitish luminescence from
unannealed and annealed cadmium-doped ZnO NSs. (d) PL spectra of the organic dye
BPI-FF-OH and the lamellar BPI-FF-OH/cadmium-doped ZnO nanohybrid. The inset

shows white-light emission from unannealed and annealed BPI-FFOH/cadmium-
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Figure 5.10. Tauc’s plots to evaluate band gap energy of (a) Cd-doped ZnO and (b)
BPI-FFOH/ Cd-doped ZnO hybrid deposited from different Cd precursor bath
Bath compositions are (A) 0.04 M Cd(OAc),.6H,O; 0.04 ™M

concentration.
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Figure 5.11. PL spectra of (a) Cd-doped ZnO and (b) BPI-FF-OH/Cd-doped ZnO
hybrids. Bath compositions are (A) 0.01 M Cd(OAc),.6H,0; 0.04 M Zn(NO;),.6H,0,
(B) 0.02 M Cd(OAC),.6H,0; 0.04 M Zn(NO3),.6H,0 and (C) 0.04 M Cd(OAc),.6H,0;
0.04 M Zn(NOs),.6H,0.

5.4.8 CIE (Commission Internationale d’Eclairage, 1931)

The calculation of CIE (Commission Internationale d’Eclairage, 1931)
coordinates is performed using the photoluminescence data. The CIE
chromaticity diagram of white luminescent nanostructured thin films is shown
in Figure 7. The unannealed and annealed Cd-doped ZnO thin films show
white light emission with the CIE coordinates (x = 0.27, y = 0.35) and (x =
0.38, y = 0.45) respectively. The un-annealed and annealed BPI-FF-OH/Cd-
doped ZnO hybrid thin films emit white light with CIE coordinates (x = 0.34,
y =0.39) and (x = 0.35, y = 0.39) respectively, and these values are quite close
to those of pure white luminescent materials (x = 0.33, y = 0.33). The
observation clearly indicates the functional role of luminescent organic
molecules in the lamellar organic/Cd-doped ZnO nanohybrid which is
significant in the tuning of CIE coordinates of corresponding white light
emission.

Here, the nanohybrids are successfully fabricated from the simple
precursor Zn(NOs),.6H,0, Cd(CH3COO0),.6H,0 and an aromatic n-conjugated
molecule BPI-FF-OH. The well-ordered nanostructures of BPI-FF-OH/Cd-
doped ZnO are fabricated using a low-cost electrodeposition technique on

GZO substrate. The combined organic and inorganic components emit white
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light. The CIE (1931) index arising from BPI-FF-OH/Cd-doped ZnO hybrid is

very close to the CIE coordinates of ideal white light emission.
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Figure 5.12. The CIE (1931) chromaticity diagram for white-light-emitting (1)
unannealed cadmium-doped ZnO, (2) annealed cadmium-doped ZnO, (3) unannealed
BPI-FF-OH/cadmium-doped ZnO, and (4) annealed BPI-FF-OH/cadmium- doped

Zn0. The plot was obtained by using the gocie.exe program.

5.5 Conclusion

In conclusion, we have demonstrated cadmium doping in ZnO lattice
in presence and absence of aromatic-capped dipeptide by electrodeposition
technique and the formation of Cd-doped ZnO and BPI-FF-OH/Cd-doped
ZnO hybrid nanostructures. Cd-doped ZnO revels nanosheet and BPI-FF-
OH/Cd-doped ZnO exhibits lamellar nanoflake architectures. Cd doping in
ZnO is supported by band gap energy evaluated from Tauc’s plot as well as in
PL measurement. Cd-doped ZnO and BPI-FF-OH/Cd-doped ZnO exhibit
white light emission under the excitation of 325 nm He-Cd laser source. The
detailed analysis of novel growth and white light emission from Cd-doped
ZnO NSs and BPI-FF-OH/Cd-doped ZnO contribute significantly towards its
possible usage in the diverse cost-effective white-light-emitting material.

144



5.6 References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

8]

[9]

[10]

Zhang Q., Wang C.-F., Ling L.-T., Chen S. (2014), Fluorescent
nanomaterial-derived white light emitting diodes: what's going on, J.
Mater. Chem. C, 2, 4358-4373 (DOI: 10.1039/c4tc00048j).

Lin Y., Zhou S., Wang W., Yang W., Qian H., Wang H., Lin Z., Liu
Z., Zhu Y., Li G. (2015), Performance improvement of GaN-based
light-emitting diodes grown on Si(111) substrates by controlling the
reactor pressure for the GaN nucleation layer growth, J. Mater. Chem.
C, 3, 1484-1490 (DOI: 10.1039/c4tc02220c).

Nguyen X. L., Nguyen T. N. N., Chau V. T., Dang M. C. (2010), The
fabrication of GaN-based light emitting diodes (LEDs), Adv. Nat. Sci.:
Nanosci. Nanotechnol., 1, 1-5 (DOI: 10.1088/2043-6254/1/2/02501).
Lin H-W., Lu Y.-J.,, Chen H.-Y., Lee H.-M., Gwo S. (2010),
InGaN/GaN nanorod array white light-emitting diode, Appl. Phys.
Lett., 97, 073101 (DOI: 10.1063/1.3478515).

Guo H., Lin Z., Feng Z., Lin L., Zhou J. (2009), White-light-emitting
diode based on ZnO nanotubes, J. Phys. Chem. C, 113, 12546-12550
(DOI: 10.1021/jp902607c).

Rogach A. L., Gaponik N., Lupton J., Bertoni M. C., Gallardo D. E.,
Dunn S., Pira N. L., Paderi M., Repetto P., Romanov S. G., Dwyer C.
O, Torres C. M. S., Eychmller A. (2008), Light-emitting diodes with
semiconductor nanocrystals, Angew. Chem. Int. Ed., 47, 6538- 6549
(DOI: 10.1002/anie.200705109).

Dai Q., Duty C. E., Hu M. Z. (2010), Semiconductor-nanocrystals-
based white light-emitting diodes, Small, 6, 1577-1588 (DOI:
10.1002/smll.201000144).

Puzzo D. P., Henderson E. J., Helander M. G., Wang Z., Ozin G. A,,
Lu Z. (2011), Visible colloidal nanocrystal silicon light-emitting diode,
Nano Lett., 11, 1585-1590 (DOI: 10.1021/n11044583).

Klauk H. (2006), Organic Electronics: Materials, Manufacturing, and
Applications, Wiley-VCH.

Tsujimura T. (2012), OLED Display Fundamentals and Applications
(Wiley series in display technology), Wiley-VCH.

145



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]
[19]

[20]

Giansante C., Schifer C., Raffy G., Guerzo A. D. (2012), Exploiting
direct and cascade energy transfer for color-tunable and white-light
emission in three-component self-assembled nanofibers, J. Phys.
Chem. C, 116, 21706-21716 (DOI: 10.1021/jp3073188).

Babu S. S., Aimi J.,, Ozawa H., Shirahata N., Saeki A., Seki S.,
Ajayaghosh A., Mc¢hwald H., Nakanishi T. (2012), Solvent-free
luminescent organic liquids, Angew. Chem. Int. Ed., 51, 3391-3395
(DOI: 10.1002/anie.201108853).

Yeh H.-C., Meng H.-F., Lin H.-W., Chao T.-C., Tseng M.-R., Zan H.-
W. (2012), All-small-molecule efficient white organic light-emitting
diodes by multi-layer blade coating, Organic Electronics, 13, 914-918
(DOI: 10.1016/j.0rgel.2012.02.001).

Mukherjee S., Thilagar P. (2014), Organic white-light emitting
materials, Dyes and Pigments, 110, 2-27 (DOI:
10.1016/j.dyepig.2014.05.031).

Sonawane S. L., Asha S. K. (2014), Blue, green, and orange-red
emission from polystyrene microbeads for solid-state white-light and
multicolor emission, J. Phys. Chem. B, 118, 9467-9475 (DOIl:
10.1021/jp504718m).

Gong X., Wang S., Moses D., Bazan G. C., Heeger A. J. (2005),
Multilayer polymer light-emitting diodes: white light emission with
high  efficiency, Adv. Mater., 17, 2053-2058 (DOI:
10.1002/adma.200500727).

Wang R., Peng J., Qiu F.,, Yang Y., Xie Z. (2009), Simultaneous blue,
green, and red emission from diblock copolymer micellar films: a new
approach to white-light emission, Chem. Commun., 6723-6725 (DOI:
10.1039/b915378K).

Service R. F., Science, 2005, 310, 1762-1763.

D’Andrade B. W., Thompson M. E., Forrest S. R. (2002), Controlling
exciton diffusion in multilayer white phosphorescent organic light
emitting devices, Adv. Mater., 14, 147-151 (DOI: 10.1002/1521-
4095(20020116)14:2).

D’Andradel B.W, Holmmes R. J., Forrest S. R. (2004), Efficient
organic electrophosphorescent white-light-emitting device with triple

146



[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

doped emissive layer, Adv. Mater.,, 16, 624-628 (DOI:
10.1002/adma.200306670).

Chang Y.-T., Chang J.-K., Lee Y.-T., Wang P.-S., Wu J.-L., Hsu C.-
C., Wu I-W., Tseng W.-H., Pi T.-W., Chen C.-T., Wu C.-I (2013),
High-efficiency small-molecule-based organic light emitting devices
with solution processes and oxadiazole-based electron transport
materials, ACS Appl. Mater. Interfaces, 5, 10614-10622 (DOI:
10.1021/am402504g).

Park S., Kwon J. E., Kim S. H., Seo J., Chung K., Park S.-Y., Jang D.-
J., Medina B. M., Gierschner J., Park S. Y. (2009), A white-light-
emitting molecule: frustrated energy transfer between constituent
emitting centers, J. Am. Chem. Soc, 131, 14043-14049 (DOI:
10.1021/ja902533f).

Vijayakumar C., Praveen V. K., Ajayaghosh A. (2009), RGB emission
through controlled donor self-assembly and modulation of excitation
energy transfer: a novel strategy to white-light-emitting organogels,
Adv. Mater., 21, 2059-2063 (DOI: 10.1002/adma.200802932).

Bairi P., Roy B., Chakraborty P., Nandi A. K. (2013), Co-assembled
white-light-emitting hydrogel of melamine, ACS Appl. Mater.
Interfaces, 5, 5478-5485 (DOI: 10.1021/am4013566).

Abbel R., Grenier C., Pouderoijen M. J., Stouwdam J. W., Lecle're P.
E. L. G,, Sijbesma R. P., Meijer E. W., Schenning A. P. H. J. (2009),
White-light-emitting hydrogen-bonded supramolecular copolymers
based on m-conjugated oligomers, J. Am. Chem. Soc., 131, 833-843
(DOI: 10.1021/ja807996Y).

Son D. I, Kwon B. W., Park D. H., Seo W.-S., Yi Y., Angadi B., Lee
C.-L., Choi W. K.(2012), Nature Nanotechnology, 7, 465-471 (DOI:
10.1038/NNANO.2012.71).

Layek A., Stanish P. C., Chirmanov V., Radovanovic P.V. (2015),
Hybrid ZnO-based nanoconjugate for efficient and sustainable white
light  generation, Chem. Mater.,, 27, 1021-1030 (DOI:
10.1021/cm504330k).

Wang T., Chirmanov V., Chiu W. H. M., Radovanovic P. V. (2013),
Generating tunable white light by resonance energy transfer in

147



[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

transparent dye-conjugated metal oxide nanocrystals, J. Am. Chem.
Soc., 135, 14520-14523 (DOI: 10.1021/ja407013z).

Zhang X., Liu W., Wei G. Z., Banerjee D., Hu Z., Li J. (2014),
Systematic approach in designing rare-earth-free hybrid semiconductor
phosphors for general lighting applications, J. Am. Chem. Soc., 136,
14230-14236 (DOI: 10.1021/ja507927a).

Sun C.-Y., Wang X.-L., Zhang X., Qin C., Li P., Su Z.-M., Zhu D.-X.,
Shan G.-G., Shao K.-Z.,, Wu H., Li J. (2013), Efficient and tunable
white-light emission of metal-organic frameworks by iRridium-
complex  encapsulation, Nat. Comm., 4, 18 (DO
10.1038/ncomms3717).

Kim N., Lee J., An H., Pang C., Cho S. M., Chae H. (2014), Color
temperature control of quantum dot white light emitting diodes by
grafting organic fluorescent molecules, J. Mater. Chem. C, 2, 9800-
9804 (DOI: 10.1039/c4tc01780c).

Sui X. M., Shao C. L., Liu Y. C. (2005), White-light emission of
polyvinyl alcohol’ZnO hybrid nanofibers prepared by electrospinning,
Appl. Phys. Lett., 87, 113115 (DOI: 10.1063/1.2048808).

Bano N., Zaman S., Zainelabdin A., Hussain S., Hussain I., Nur O.,
Willander M. (2010), ZnO-organic hybrid white light emitting diodes
grown on flexible plastic using low-temperature aqueous chemical
method, J. Appl. Phys., 108, 043103 (DOI: 10.1063/1.3475473).
Manna M. K., Pandey S. K., Maity I., Mukherjee S., Das A. K. (2014),
Electrodeposited lamellar photoconductor nanohybrids driven by
peptide self- assembly, ChemPlusChem, 80, 583-590 (DOI:
10.1002/cplu.201402348).

Rasale D. B., Maity I., Das A. K. (2012), Emerging n-stacked dynamic
nanostructured  library, RSC Adv., 2, 9791-9794 (DOI:
10.1039/c2ra21334f).

Pandey S. K., Awasthi V., Verma S., Mukherjee S. (2014), Blue
electroluminescence from Sbh-ZnO/Cd-ZnO/Ga-ZnO heterojunction
diode fabricated by dual ion beam sputtering, Opt. Express, 22, 30983-
30991 ( DOI:10.1364/0E.22.030983).

148



[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Verma S., Pandey S. K., Gupta M., Mukherjee S. (2014), Influence of
ion-beam sputtering deposition parameters on highly photosensitive
and transparent CdZnO thin film, J. Mater. Sci., 49, 6917-6929 (DOI:
10.1007/s10853-014-8396-8).

Pandey Sa. K., Pandey Su. K., Awathi V., Deshpande U. P., Gupta M.,
Mukherjee S. (2013), Influence of in-situ annealing ambient on p-type
conduction in dual ion beam sputtered Sh-doped ZnO thin films, J.
Appl. Phys. 114, 163107 (DOI: 10.1063/1.4818819).

Pandey S. K., Pandey S. K., Deshpande U. P., Awathi V., Kumar A.,
Gupta M., Mukherjee S. (2013), Effect of oxygen partial pressure on
the behavior of dual ion beam sputtered ZnO thin films, Semicond, Sci.
and Technol., 28, 085014 (DOI: 10.1088/0268-1242/28/8/085014).
Sofos M., Goldberger J., Stone D. A., Allen J. E., Ma Q., Herman D.
J., Tsai W.-W., Lauhon L. J., Stupp S. I. (2009), A synergistic
assembly of nanoscale lamellar photoconductor hybrids, Nat. Mater.,
8, 68—75 (DOI: 10.1038/NMAT2336).

Steinmiller E. M. P., Choi K.-S. (2007), Anodic construction of
lamellar structured ZnO films using basic media via interfacial
surfactant  templating, Langmuir, 23, 12710-12715 (DOI:
10.1021/1a702066w).

Pichon B. P., Leuvrey C., Ihiawakrim D., Tichit D., Geradin C. (2011),
Films of tunable ZnO nanostructures prepared by a surfactant-mediated
soft synthesis route, J. Phys. Chem. C, 115, 23695-23703 (DOI:
10.1021/jp2072149).

Liu K., Xing R., Chen C., Shen G., Yan L., Zou Q., Ma G., Mohwald
H., Yan X. (2015), Simple peptide-tuned self-assembly of
photosensitizers towards anticancer photodynamic therapy, Angew.
Chem. Int. Ed., 54, 500-505 (10.1002/ange.201509810).

Jeong W.-j., Choi S.-j., Choi J. S., Lim Y.-b. (2013), Chameleon-like
self-assembling peptides for adaptable biorecognition nanohybrids,
ACS Nano, 7, 6850-6857 (DOI: 10.1021/nn402025r).

Draper E. R., Walsh J. J., McDonald T. O., Zwijnenburg M. A,
Cameron P. J.,, Cowan A. J, Adams D. J. (2014), Air-stable

149



[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

photoconductive films formed from perylene bisimide gelators, J.
Mater. Chem. C, 2, 5570-5575 (DOI: 10.1039/c4tc00744ar).

Verma S., Manna M. K., Pandey S. K., Das A. K., Mukherjee S.
(2014), Benzo[ghi]perylene monoimide based photosensitive lamellar
Cd-doped ZnO nanohybrids, RSC Advances, 4, 62603-62614 (DOI:
10.1039/c4ral3712d).

Mahmoud W. E., Al-Ghamdi A. A. (2010), Synthesis of CdZnO thin
film as a potential candidate for optical switches, Optics & Laser
Technology, 42, 1134-1138 (DOI: 10.1016/j.optlastec.2010.02.009).
Lupan O., Pauporte T., Bahers T. L., I. Ciofini, B. Viana (2011), High
aspect ratio ternary Zn;,CdyO nanowires by electrodeposition for
light-emitting diode applications, J. Phys. Chem. C, 115, 14548-14558
(DOI: 10.1021/jp202608e).

Li G.-R.,, Zhao W.-X.,, Bu Q. Tong Y.-X. (2009), A novel
electrochemical deposition route for the preparation of Zn;.CdO
nanorods with controllable optical properties, Electrochemistry
Communications, 11, 282-285 (DOI: 10.1016/j.elecom.2008.11.024).
G.-R. Li, Bu Q., Zheng F.-L., Su C.-Y., Tong Y.-X. (2009),
Electrochemically controllable growth and tunable optical properties of
Zn1CdyO alloy nanostructures, Crystal Growth and Design, 9, 1538-
1545 (DOI: 10.1021/cg800496d).

Ye Z., Ma D., He J.,, Huang J., Zhao B., Luo X., Xu Z. (2003),
Structural and photoluminescent properties of ternary Zn;,CdO
crystal films grown on Si(111) substrates, J. Cryst. Growth, 256, 78-82
(DOI: 10.1016/S0022-0248(03)01314-9).

Srikant V., Clarke D. R. (1998), On the optical band gap of zinc oxide,
Journal of Applied Physics, 83, 5447-5451 (DOI: 10.1063/1.367375).
Li L., Yang Z., Zuo Z., Lim J. H., Liu J. L. (2010), Thermal stability
of CdZnO thin films grown by molecular-beam epitaxy, Applied
Surface Science, 256, 4734-4737 (DOL:
10.1016/j.apsusc.2010.02.083).

Sonawane B. K., Shelke V., Bhole M. P., Patil D. S. (2011), Structural,

optical and electrical properties of cadmium zinc oxide films for light

150



[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

emitting devices, Journal of Physics and Chemistry of Solids, 72,
1442-1446 (DOI: 10.1016/j.jpcs.2011.08.022).

Singh A., Kumar D., Khannan P. K., Joshi B. C., Kumar M. (2011),
Effect of post-annealing temperature on structural and optical
properties of ZnCdO thin films deposited by sol-gel method, Applied
Surface Science, 258, 1881-1887 (DO
10.1016/j.apsusc.2011.10.096).

Ohtomo A., Kawasaki M., Ohkubo 1., Koinuma H., Yasuda T., Segawa
Y. (1999), Structure and optical properties of ZnO/Mgg2ZnggO
superlattices., Appl Phys Lett., 75, 980-982 (DOI :10.1063/1.124573).
Jeong S.-H., Kim B.-S., Lee B.-T. (2003), Photoluminescence
dependence of ZnO films grown on Si(100) by radio-frequency
magnetron sputtering on the growth ambient, Appl. Phys. Lett., 82,
2625-2627 (DOI: 10.1063/1.1568543).

Asbrink S., Waskowska A., Gerward L., Olsen J. S., Talik E. (1999),
High-pressure transition and properties of spinel ZnMn;04, Phys. Rev.
, 60, 12651-12656 (DOI: 10.1103/PhysRevB.60.12651).

Studentikin S. A., Golego N., Concivera M. (1998), Fabrication of
green and orange photoluminescent, undoped ZnO films using spray
Pyrolysis, J. Appl. Phys., 84, 2287-2294 (DOI: 10.1063/1.368295).
Djurisic A. B., Leung Y. H., Tam K. H., Hsu Y. F., Ding L., Ge W. K.,
Zhong Y. C., Wong K. S., Chan W. K., Tam H. L., Cheah K. W.,
Kwok W. M., Phillips D. L. (2007), Defect emissions in ZnO
nanostructures, Nanotechnology, 18, 095702 (DOI: 10.1088/0957-
4484/18/9/095702).

Willander M., Nur O., Sadaf J. R., Qadir M. |., Zaman S., Zainelabdin
A., Bano N., Hussain I. (2010), Luminescence from Zinc Oxide
Nanostructures and Polymers and their Hybrid Devices, Materials, 3,
2643-2667 (DOI: 10.3390/ma3042643).

Handelman A., Natan A., Rosenman G. (2014), Structural and optical
properties of short peptides: nanotubes-to-nanofibers phase
transformation, J. Pept. Sci., 20, 487-493 (DOI: 10.1002/psc.2661)

Li Q. Jia Y. Dai L., Yang Y. Li J. (2015), Controlled rod
nanostructured assembly of diphenylalanine and their optical

151



[64]

[65]

[66]

[67]

[68]

waveguide  properties, ACS Nano, 9, 2689-2695 (DOI:
10.1021/acsnano.5b00623).

Yan X., Su Y., Li J,, Fruh J., Mchwald H. (2011), Uniaxially oriented
peptide crystals for active optical waveguiding, Angew. Chem. Int. Ed.,
50, 11186-11191 (DOI: 10.1002/anie.201103941).

Yan X., Li J., M6hwald H. (2011), Self-assembly of hexagonal peptide
microtubes and their optical waveguiding, Adv. Mater., 23, 2796-2801
(DOI: 10.1002/adma.201100353).

Li Q.,, Ma H., Wang A., Jia Y., Dai L., Li J. (2015), Self-assembly of
cationic dipeptides forming rectangular microtubes and microrods with
optical waveguiding properties, Adv. Opt. Mater., 3, 194-198 (DOI:
10.1002/adom.201400308).

Reches M., Gazit E. (2003), Casting metal nanowires within discrete
self-assembled peptide nanotubes, Science, 300, 625-627 (DOI:
10.1126/science.1082387).

Manna M. K., Rasale D. B., Das A. K. (2015), Supramolecular
assembly of dipeptide functionalized benzo[ghi]perylene monoimide
directs white light emission via donor-acceptor interactions, RSC
Advances, 4, 62603-62614 (DOI: 10.1039/c5ra11804b).

152



Chapter 6

Electrodeposited Lamellar Photoconductor
Nanohybrids Driven by Peptide Self-Assembly

153



154



6. 1 Introduction
Supramolecular chromophoric n-conjugated aromatic systemst™ are

envisioned to serve as active materials in photoelectronic devices, in
particular, for photovoltaics.!”” Intrinsic optical and electronic properties of
organic molecules are more important for exploitation in device
applications.’®®  Controlling self-assembly of r-conjugated aromatic
molecules is important as it provides optical, electronic and optoelectronic
behaviors. Aromatic capped self-assembly of small organic molecules has
drawn great attention in the field of supramolecular electronics.”® In general,
crystalline silicon, Cd, Pd, Hg and As based materials are widely used as
conducting materials but these are hazardous, toxic and harmful in nature.™"!
Therefore, design and synthesis of biocompatible and eco-friendly materials
with desirable properties are crucial for the development of photovoltaics. The
on-going research on organic materials enriches the area of organo-electronics
in the context of photoconducting devices. The molecular arrangement in nano
level controls the properties of self-assembled materials and directs its
application in a specific field. Self-assembly of aromatic organic systems with
ordered aromatic n-m stacking interactions can enhance the hole conduction or
optical properties.*” Furthermore, the 7-r stacking of aromatic chromophoric
organic system depends on the state of matter and aggregation. Thus, our
research is focused on to the synthesis organic-inorganic hybrid materials with
improved optoelectronic behavior for the application of photovoltaics.
Recently, various hybrid nanostructures have been synthesized by
several chemical methods including aqua chemical,™? sol-gel process!*® and
hydrothermal techniques.[“] Some advanced gas-phase technologies are also
used to fabricate inorganic-organic hybrid materials such as vacuum

evaporation, !> sputtering, '

chemical vapor deposition (CVD)
techniques.’*”*® These techniques provide structural purity and homogeneity
of materials but it needs expensive facilities and high energy provider.
Electrochemical deposition is a economically cheap powerful bottom-up
approach to produce highly ordered lamellar organic-inorganic hybrid
nanostructured films.**??! The nanostructural morphology of electrodeposited

films are strongly influenced by the electrochemical parameters such as
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solution concentration,’®! bath temperature,® electrode potential®® and the
chemical structure of the surfactants. Anionic surfactant sodium dodecyl
sulfate  (SDS)®®?] has been widely used as a template for the
electrodeposition of ZnO. Now, various ionic surfactants containing

conjugated aromatic segment [2%3C

(dyes) are also used for further
development of organo-electronic materials. Recently, Xiujuan Qin et al.
described the effect of surfactant on the structures and properties of ZnO films
which were prepared by electrodeposition technique.®™ Stupp et al. reported
highly ordered nanostructured organic/inorganic lamellar photoconductor
hybrids.!”! Stupp et al. also designed various organic surfactants for the
development of electronically active materials. While, considerable work has
been carried out on hybrid nanostructures comprised of organic n-conjugated
systems,*#*3 electrochemical deposition of peptide-based hybrid materials
was not explored. Peptides are well known in the construction of various self-
assembled nano-architectures.®**! Lim et al. developed self-assembling
peptide/inorganic hybrid materials with specific molecular recognition
capabilities.*%*"! peptide/metal nanoparticles as efficient catalysts were also
reported for the removal of N-terminus protecting groups®® and C-C coupling
reactions in aerobic conditions.*® Peptide self-assembly can be influence by
various non-covalent interactions such as hydrogen bonding, hydrophobic, n-1t
stacking and electrostatic interactions.[*>%!

In this chapter, we report a strategy for the synthesis of nanoscale
lamellar peptide-ZnO hybrid nanostructures for the development of active
electronic materials. We have synthesized aromatic Nmoc-capped small
peptides (Nmoc = naphthalene-2-methoxy carbonyl) containing conjugated
naphthalene moiety as organic component in the hybrid materials. The self-
assembled organic-inorganic hybrid composite system can modify the
conduction mechanism of current carriers and thereby influence optoelectronic
behavior through extent m-m stacking interactions. The electrons can jump
from excited state aromatic naphthalene moieties of peptides to the ZnO

semiconductors.*
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6.2 Experimental

Materials and Characterization: All reagents and chemicals were obtained
commercially. Reagents were distilled from appropriate drying agents prior to
use. Naphthalene-2-methyloxychloroformate 31, Nmoc-Phe-OH 32, Nmoc-
Tyr-OH 33 were prepared according to the following procedure.[**®) The
synthetic procedure for the preparation of Nmoc-Phe-Phe-OMe 34, Nmoc-
Tyr-Phe-OMe 35, Nmoc-Phe-Phe-OH 7 and Nmoc-Tyr-Phe-OH 8 were
described below.

0 R
S OO e OO
THF/24h 14D|oxane
32:R; = &
Rz 33 Ry =
DMF &
H,N

HOBt,DIPC COzMe

o R H o 0 Ry H 0
o)LH)ﬁ( N\ACOZH NaOH OAH/H( N\:)kcone
o R MeOH 0 R
Compound 34a-b
Compound 7: Ry = ;\/© Ry = j\/©
OH DIPC = N,N'-Diisopropylcarbodiimide
Compound 8 : Ry = ;\/©/ R, :;;\/O HOBLt = 1-hydroxybenzotriazole

Scheme 6.1. Solution-phase synthetic procedure of preparation for peptides Nmoc-
FF-OH (7) and Nmoc-YF-OH (8).

Synthesis of Naphthalene-2-methyloxychloroformate (31):

To a stirred solution of naphthalene methanol (10 g, 63.2 mmol) in dry
THF (287.2 mL), phosgene (78.5 mL, 20 mmol) was added at 0 °C. The
stirring was continued at ambient temperature for 24 hrs. The reaction was
monitored by thin layer chromatography (TLC). After completion of the
reaction, excess phosgene was removed under low vacuum and trapped with
aqueous NaOH. The reaction mixture was concentrated and oily product was
obtained. Then it was dissolved in hot hexane and kept overnight to yield
crystalline product 31. Yield = 13 g, (58.9 mmol, 93.19 %). FTIR (KBr): ¥ =
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3066 (m), 1777 (s), 1601 (m), 1168 (s) cm™; *H NMR (400 MHz, CDCls,
Sopm): 7.89 (M, 4H), 7.56 (m, 3H), 5.48 (s, 2H ); *C NMR (100 MHz, CDCls)
5 71.82, 125.7, 126.1, 126.6, 126.8, 127.8, 128.1, 128.6, 130.6,133.0, 133.5,
140.9, 147.9, 150.7.

Synthesis of Nmoc-Phe-OH (32):

A solution of Phenylalanine (0.83 g, 5 mmol) in a mixture of 1,4
dioxane (10 mL) and 2 (N) sodium carbonate (13 mL) was stirred and cooled
in an ice-water bath. Napthalene-2-methyloxychloroformate (1.102 g, 5 mmol)
was added and stirring was continued at room temperature for 12 hrs. Reaction
mixture was diluted with 200 mL of water and dioxane was evaporated under
vacuum. The aqueous layer was washed with diethyl ether and the pH of
aqueous layer was adjusted to 2 with 2 (N) hydrochloric acid. The aqueous
phase was extracted with ethyl acetate (3 x 50 mL) and dried over anhydrous
Na,SO4 and concentrated in vacuo to give product 32 as a colorless oil. Yield
= 1.568 (4.4 mmol, 88 %), 'H NMR (400 MHz, DMSO-ds, dppm): 12.8 (s, 1H),
7.76 (d, 2H, J =8 Hz), 7.53 (t, 2H), 7.41 (d, 1H, J = 8 Hz), 7.23 (m, 5H), 6.39
(d, 1H, NH), 5.15 (s, 2H), 4.19 (t, 1H, C* H of Phe), 3.07 (d, 2H, C? H of Phe)
ppm. MS (ESI) m/z for CyHigNOsNa (M+Na)™ caled.: 372.1212, found:
372.1206.

Synthesis of Nmoc-Tyr-OH (33):

A solution of Tyrosine (0.83 g, 5 mmol) in a mixture of 1,4 dioxane
(10 mL) and 2 (N) sodium hydroxide (13 mL) was stirred and cooled in an
ice-water bath. Napthalene-2- methyloxychloroformate (1.102 g, 5 mmol) was
added and stirring was continued at room temperature for 12 hrs. Reaction
mixture was diluted with 200 mL of water and dioxane was evaporated under
vacuum. The aqueous layer was washed with diethyl ether and the pH of
aqueous layer was adjusted to 2 with 2(N) hydrochloric acid. The aqueous
phase was extracted with ethyl acetate (3 x 50 mL) and dried over Na,SO,4and
concentrated in vacuo to give product 33 as a colorless oil. Yield = 1.568 (4.4
mmol, 88 %) 'H NMR (400 MHz, DMSO-dg): & 7.73 (d, 4H), 7.38 (d, 2H),
7.18 (s, 1H), 6.86 (d, 2H, J = 8.04 Hz), 6.57 (d, 2H, J = 8.04 Hz), 5.26 (d, 1H,
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NH, J =7.76 Hz), 5.17 (q, 2H, CH,), 4.57 (m, 1H, C*H of Tyr), 2.95 (d, 2H,
CP Hs of Tyr) ppm.
The general procedures used for peptide coupling are as follows:

A solution of Nmoc-Phe-OH 32 (1.29 g, 3.69 mmol) and HOBt (0.56
g, 3.7 mmol) was stirred in 2 mL of DMF. A neutralized solution of H,N-Phe-
OMe was extracted from its corresponding hydrochloride salt and
concentrated to add to the reaction mixture followed by DIPC (0.5126 g, 3.7
mmol) at 0 °C. The mixture was allowed to stir at room temperature for 12
hrs. The reaction mixture was diluted with ethyl acetate and organic layer was
washed with 1(N) HCI (2 x 30 mL), brine solution, 1(N) Na,COs3 (3 x 30 mL)
and brine solution. The organic layer was dried over Na,SO, and evaporated
under vacuum to yield white solid product. Purification of Nmoc-Phe-Phe-
OMe 34a was done by silica gel column (100-200 mesh) using ethyl acetate-
toluene (1:1) as eluent. A solution Nmoc-Phe-Phe-OMe 34a (1.70g, 3.42
mmol) in 100 mL of dry MeOH was allowed to react with a solution of 2(N)
NaOH. The progress of the reaction was monitored by thin layer
chromatography (TLC). The reaction mixture was stirred up to 6 hrs. Then,
methanol was removed under vacuum. The residue was taken in 100 mL of
water and washed with diethyl ether (2 x 20 mL). Then, the pH of aqueous
layer was adjusted to 2 using 2(N) HCI and it was extracted with ethyl acetate
(3 x 30 mL). The ethyl acetate layer was dried over anhydrous sodium sulfate
and evaporated under vacuum to yield Nmoc-Phe-Phe-OH 7 as white solid
and used further without purification. Nmoc-Tyr-Phe-OMe 34b and Nmoc-
Tyr-Phe-OH 8 were also synthesized accordingly.

Nmoc-Phe*-Phe?-OMe (34a):

Yield = 1.7122 g (3.47 mmol, 90.82%); 'H NMR (400 MHz, CDCl3, dppm):
7.77 (d, 2H, J = 8.72 Hz), 7.71 (s, 1H), 7.43 (dd , 2H , J = 3.38, 3.48 Hz), 7.40
(d, 2H, J = 8.52 Hz), 7.19 (m, 5H, Phe'), 7.12 (m, 5H, Phe?), 6.89 (d, J = 5.52
Hz, 1H, NH of Phe'), 6.12 (d, J = 7.28 Hz, 1H, NH of Phe?), 5.17 (S, 2H ),
4.60 (m, C*H of Phe'), 4.34 (m, C*H of Phe?), 3.59 (s, 3H, -OCH3), 3.01(d,
1H, CPH of Phe'), 2.98 (d, 1H, J = 5.76 Hz, C’H of Phe'), 2.94 (d, 1H, J =
6.04 Hz, C’H of Phe?), 2.91 (d, 1H, J = 6.04 Hz, C"H of Phe?). MS (ESI) m/z
for Ca1H3oN,0sNa (M+Na)™ caled.: 533.2052, found: 533.1974.
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Nmoc-Tyr-Phe-OMe (34b):

Yield = 0.50 g (0.95 mmol, 63.29%); ‘H NMR (400 MHz, CDCls, dppm): 7.84
(d, 2H, J = 4.2 Hz), 7.79 (s, 1H), 7.49 (dd, J = 3.84, 3.52 Hz), 7.43 (d, 1H, J =
8.04 Hz, NH of Tyr), 7.21 (t, 3H), 7.01 (d, 2H, J = 9.28 Hz), 6.98 (d, 2H, J =
6.76 Hz, Tyr), 6.68 (d, 2H, J = 8.28 Hz, Tyr), 6.20 (d, 1H, J = 7.52 Hz, NH of
Phe), 5.24 (s, 2H), 4.75 (m, 1H C"H of Tyr), 4.33 (m, 1H C®H of Phe), 3.66
(s, 3H), 3.05 (dd, 2H, J = 5.52, 6 Hz, CPH of Tyr), 2.96 (d, 2H, J = 6.76 Hz,
CPH of Phe). MS (ESI) m/z for CaiHaoN,OgNa (M+Na)* calcd.: 549.2002,
found: 549.18564.

Nmoc-Phe*-Phe®-OH (7):

Yield = 1.50 g (3.02 mmol, 90.91%); '"H NMR (400 MHz, DMSO-ds, Jppm):
8.30 (d, J = 7.52, 1H, NH of Phe'), 7.37 (d, J = 8.28 Hz, 1H, NH of Phe?),
7.89 (t, 4H), 7.77 (s, 1H), 7.51 (d, 2H), 7.24 (m, 10H), 5.09 (s, 2H), 4.47 (m,
C*H of Phe'), 4.30 (m, C*H of Phe?), 3.10 (dd, 2H, J = 4.52 Hz, C"H of Phe?),
2.94 (d, 2H, CPH of Phe?); *C NMR (100 MHz,DMSO-dg, dppm): 177.98,
176.81, 160.99, 143.28, 142.58, 139.84, 137.90, 137.65, 134.40, 133.40,
133.23, 133.12, 132.90, 132.79, 131.66, 131.51, 131.44, 131.28, 131.20,
130.75, 70.52, 61.20, 58.68, 42.60, 41.90 ppm. MS (ESI) m/z for
CsoH2sN20sNa (M+Na)* caled.: 519.1896, found: 519.3244.
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Figure 6.1. "H NMR spectrum (400 MHz, DMSO-dg) of Nmoc-FF-OH (7).
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Figure 6.2.*C NMR spectrum (100 MHz, DMSO-ds) of Nmoc-FF-OH (7).
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Figure 6.3. ESI-MS spectrum of Nmoc-FF-OH (7).

Nmoc-Tyr-Phe-OH (8):

Yield = 0.40 g (0.78 mmol, 81.63%); "H NMR (400 MHz, DMSO-ds, dppm):
12.77 (s, 1H, -COOH), 9.19 (d, 1H, NH of Phe), 8.24 (1H, NH of Tyr), 7.89
(dd, 2H, J = 2.76, 5.52 Hz), 7.79 (s, 1H), 7.52 (d, 2 H), 7.42 (d, 2H) 7.26 (m,
5H), 7.06 (d, 2H, Tyr), 6.65 (d, 2H, Tyr), 5.12 (s, 2H), 4.47 (m, 1H C*H of
Tyr), 4.22 (m, 1H, C*H of Phe), 3.34 (s, 3H), 3.10 (d, 1H, J = 14.04 Hz, C*H
of Tyr), 2.96 (d, 1H, J = 5.52 Hz, CPH of Phe), 2.87(d, 1H, J = 13.8 Hz, C*H
of Tyr), 2.60 (d, 1H, CPH of Phe). *C NMR (100 MHz, DMSO-ds, Jppm):
172.74, 171.67, 155.73, 137.35, 134.62, 132.66, 132.38, 130.08, 129.14,
128.13, 127.87, 127.67, 127.53, 126.38, 126.27, 126.02, 125.83, 125.44,
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114.80, 65.23, 56.23, 53.47, 53.43, 36.66 ppm. MS (ESI) m/z for
C3oH2sN206Na (M+Na)* caled.: 535.1845, found: 535.0381.
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Figure 6.4. '"H NMR spectrum (400 MHz, DMSO-ds,) of Nmoc-YF-OH (8).
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Figure 6.5.*C NMR spectrum (100 MHz, DMSO-ds) of Nmoc-YF-OH (8).
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Figure 6.6. ESI-MS spectrum of Nmoc-YF-OH (8).

Dual lon Beam Sputtering Deposition (DIBSD):

Electtrorava DIBSD system was deployed to deposit ITO thin films
(200 nm) on quartz glass substrates. The angle between the sputtering beam
and sputtering target was fixed at 45° off normal while the angle between the
assist ion beam and the substrate was maintained at 60°. Before inserting into
DIBSD growth chamber, quartz glass substrates were rinsed thoroughly with
trichloroethylene, acetone, iso-propanol and de-ionized (DI) water and
subsequently purged by nitrogen gas (purity 99.999%) in order to remove dust
particles and various organic contaminants. Prior to actual film deposition,
assist source was turned on for 10 minutes to perform substrate pre-cleaning
by Ar ion bombardment. During material growth, assist ion beam, consisting
of plasma of Ar ions, helped in the reduction of columnar growth and thereby
enhancing growth uniformity and film adhesion to the substrate. The discharge
voltage and current of the assist ion source was kept constant at 70 volt and
600 mA respectively, during ITO thin film deposition, using a 4N (99.99%)
pure 4-in-diameter ITO target mounted on a water-cooled target holder inside
the DIBSD system chamber. The background pressure inside the process
chamber was maintained at around 1x10°® mbar, while the working pressure
during film growth was kept at 3.26x10™ mbar.

Electrochemical Synthesis:

Electrochemical synthesis was carried out in 24 mL solution (1:1 (v/v)
DMSO/water) of 0.04 M Zn(NOs), with 10-12 mg peptide amphiphile in a
100 mL cell vial using three electrode set up (Autolab PG STAT302N) with a
Zn counter electrode (Alfa Aesar 99.9997%) and a Silver/Silver chloride
reference electrode (KCI Autolab 6.0726.107). Water was required for
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reduction of NOj3 to generate OH" and DMSO was added for surfactant
solubility. Working electrode indium tin oxide substrates (ITO) were placed
upright in cell and deposition was achieved potentiostatically at -0.9 volts for
16 to 24 hours depending on growth time under constant stirring at 80 °C in
water bath. Deposited films were rinsed with de-ionized water and ethanol and

dried with dry nitrogen. Finally, thin films were annealed at 150 °C.
6.3 General characterization
All NMR spectra were recorded on a Bruker AV 400 MHz

spectrometer. Compound concentrations were in the range of 5-10 mmol L™ in
(CD3),SO and CDCl3. Mass spectra were recorded on Bruker micrOTOF-Q 11
by positive mode electrospray ionization. All reported FT-IR spectra were
taken using Bruker (Tensor 27) FT-IR spectrophotometer. Specific rotations of
the synthesized compounds were measured on an Autopol® V automatic
polarimeter (Rudolph research analytical). The cell (length = 100 mm,
capacity = 2 mL) was used for this study at 25 °C. For SEM study,
electrodeposited films were coted with gold. Then, the micrograps were
recorded on a Field- gun scanning electron microscope (Jeol Scanning
Microscope-JSM-7600F). The XRD measurements were carried out using a
Bruker D8 Advance X-ray diffractometer. The X-rays were produced using a
sealed tube and the wavelength of the X-ray was 0.154 nm (Cu K-alpha). The
X-rays were detected using a fast counting detector based on Silicon strip
technology (Bruker LynxEye detector).

Photoluminescence and I-V Measurement: DongWoo Optron PL set-up,
affixed with a 20 mW continuous wave (CW) He-Cd laser (excitation
wavelength = 325 nm, TEMOO mode), 320 mm and 150 mm focal length
monochromators, chopper, lock-in amplifier, and a photomultiplier tube
(PMT) detector, was deployed to conduct optical studies of annealed and un-
annealed hybrid films. The UV light He-Cd laser (excitation wavelength =
325 nm, TEMOO mode) was used to measure photosensitivity of the hybrid
materials. The current between the two contacts were measured using a
Keithley source meter (Model 2612A).
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6.4 Results and Discussion
Prior to electrochemical deposition of organic-inorganic hybrid

materials, we have synthesized two aromatic Nmoc-capped dipeptides Nmoc-
FF-OH 7 (F: phenylalanine) and Nmoc-YF-OH 8 (Y: tyrosine) (Scheme 6.1).
All the synthetic aromatic capped peptides used in here are shown in Figure
6.7. The peptides having carboxylic acid groups at the end can bind with zinc
ions with the inorganic segment and the backbone amide bonds can strongly
interact through hydrogen bonds.

(a') OJ\N%H\RZ)CLOH
Peptide 7, Ry = rejv© RZ:EV@
Peptide 8, Ri= ¢ ﬁ 2; ;‘\/©

Zn(NO3),

deposition (-0.9 V)

(i) Electrochemical
l (ii) Annealed at 150 °C

| Peptidegallery

H-bonding .
interaction  7-m Stacking
ITO
GLASS

ZnO /Peptide layer

Figure 6.7. (a) The molecular structure of the designed peptide amphiphiles and
Zn(NOsy), precursor used for electrochemical deposition. (b) Digital photograph of the
electrodeposited annealed hybrid thin film on an indium tin oxide (ITO)-coated
quartz glass substrate. (c) Field-emission scanning electron microscopy (FESEM)
image of the electrodeposited hybrid film with peptide 8. (d) Schematic illustration of
alternate ZnO and peptide layers in the lamellar network structures. () Schematic
presentation of the peptide assembly within the ZnO inorganic phases. The aromatic
n—r stacking interactions among the aromatic Nmoc moieties and hydrogen bonding
of the peptide amphiphiles are the driving force for the evolution of lamellar

nanostructures. Upon excitation with light, excited electrons move through the
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aromatic Nmoc groups of the peptide amphiphiles into inorganic ZnO lattices and the
flow of current produces a photocurrent.

Here, we utilize the self-assembly process of peptide molecules to
synthesize lamellar hybrids where N-capped naphthalene moieties are strongly
interacting through - stacking interactions (Scheme 6.2). Electrochemical
deposition is an effective technique to design organic-inorganic hybrid
materials. Lamellar thin films were grown on the surface of electrodes
enabling their direct integration into functional photoconductor devices. The
organic-inorganic hybrid nanostructures were grown on the working
electrodes through cathodic deposition from a mixture of H,0-
dimethylsulphoxide (1:1) solution of Zn(NOg3), and peptides as self-
assembling architectures. The experimental temperature was set at 80 °C,
which is compatible with organic molecules. The electrochemical deposition

follows the following electrochemical reaction.!*”!

NO3_ + H20 +2¢ —» NOz_ + 2 OH

Zn**+ 2 O0H" — = Zn(OH),

The increase concentration of OH™ at the working electrode increases the local
pH and facilitated the cathodic deposition of Zn(OH), which is insulator in
nature. On annealing at 150 °C, the insulator Zn(OH), turns to a

semiconductor material ZnO as per the following reaction.

A
ZH(OH)Z — 7n0O + Hzo

Two semiconducting organic-inorganic lamellar thin films were constructed
using electrochemical deposition technique by exploiting supramolecular
ordering of two different dipeptides containing optoelectronic functionality.
Peptide based thin films with semiconducting ZnO hybrids were prepared on

annealing at 150 °C of electrodeposited peptide/Zn(OH); thin films.
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Scheme 6.2. Peptide design for the fabrication of photoconductor nanohybrids.

6.4.1 FTIR Study

Fourier Transform Infrared spectroscopy (FTIR) is used to understand
the structural information and the interactions between the organic and
inorganic phases in the hybrid materials. In FTIR spectroscopy, the broad
region of 3690-3000 cm™ is very important to understand the hydrogen
bonding interactions of amide and hydroxyl groups of acid and alcohol. FTIR
spectroscopy (Figure 6.8a-b) shows a relatively narrow peak at 3306 cm™,
which is appeared for peptide Nmoc-FF-OH 7 whereas the significant peak
appeared at 3425 cm™ in its ZnO/Nmoc-FF-OH (hybrid 1) thin film. This peak
is broadened and shifted in the organic-inorganic hybrid thin film, which
reveals the extensive hydrogen bonding interactions between the peptide and
the inorganic layer.*® Furthermore, the carbonyl stretching frequency of
carboxylic acid at 1716 cm™ in native peptide Nmoc-FF-OH 7 has disappeared
in its ZnO hybrid material due to the strong covalent bonding between organic
and inorganic Iayers.[49] For native peptide Nmoc-YF-OH 8, the hydroxyl
group of acid appears at 3412 cm™ with a characteristic carbonyl stretching
peak at 1694 cm™. The band of hydroxyl groups of acid functionality is
broadening and shifted to 3437 cm™ for ZnO/Nmoc-YF-OH (hybrid 2) thin
film, which is the evidence of hydrogen bonding interactions between the

peptide amphiphiles and the inorganic ZnO layer.**!

167



[@ ®

1694 cm™

Transmittance (a.u.)
Transmittance (a.u.)

/3306 em’* 1716 cm™

N

3412 cm™
3425 cm™ /3437 em*  ——Nmoc-YF-OH
/ ——Annealed hybrid 2

Nmoc-FF-OH
Annealed hybrid 1

T T T T T T T T T T
3500 3000 2500 2?00 1500 1000 4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™) Wavenumber (cm™)

© (d)

Absorption intensity(a.u.)
Absorption intensity(a.u.)

— ¢ — Un-annealed hybrid 1
— ¢ — Annealed hybrid 1

— e — Un-annealed hybrid 2
—+— Annealed hybrid 2

f T T T
200 300 400 500 600 200 300 400 500 600
Wavelength (nm) Wavelength (nm)

Figure 6.8. FTIR spectra of (a) annealed hybrid 1 and peptide 7, and (b) annealed
hybrid 2 with peptide 8. Absorption spectra of (c) unannealed hybrid 1 and (d)
annealed hybrid 2.

6.4.2 Scanning electron microscope (SEM)

Scanning electron microscope (SEM) was used to characterize self-
assembled nanostructured Nmoc capped peptide surfactants and ZnO thin
films. The morphology of ZnO thin film without the peptide scaffold as a
control sample was also investigated to understand the structural effect of
peptides in organic-inorganic hybrid materials. The SEM image shows
hexagonal microrods like structure (Figure 6.11a). The diameter of the
hexagonal ZnO microrods is in the range of 0.7 to 1.6 nm. Interestingly, the
interaction of peptides with ZnO completely changes the morphology of the
organic-inorganic hybrid thin films. The SEM images show lamellar
nanostructures (Figure 6.9) all over the thin films for hybrid samples 1 and
2.2 The SEM image for Nmoc-FF-OH 7 based ZnO hybrid thin film 1 shows
that the lamellar sheets are deposited across the substrate. The nanostructured
sheets are oriented vertically and laterally by random fashion. The 2D sheets
are randomly stacked with each other. The cross sectional SEM image shows
the homogeneous thickness of deposited peptide film having the average
thickness of 1.25 um. The Nmoc-YF-OH 8 based hybrid ZnO thin film 2
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shows plate-like morphology, which was grown homogeneously by
electrochemical deposition across the entire substrate. The cross sectional
SEM image reveals that the plate-like nanostructures are stacked through layer
by layer deposition and form lamellar thin film with average thickness of 1.82

nm.

6.4.3 Energy-dispersive X-ray spectroscopy (EDS)
Energy-dispersive X-ray spectroscopy (EDS) analytical technique is

used for the elemental composition analysis of the electrodeposited hybrid

materials (Figure 6.10). The presence of Zn, oxygen, and carbon elements

corresponds to the organic-inorganic hybrid films.

6.4.4 UV-Vis study

Peptide/ZnO hybrid thin films were characterized by using UV-Vis
spectroscopy before and after annealing (Figure 6.8c-d). The UV-Vis spectra
clearly indicate the existence of both organic and inorganic phases in the
electrodeposited thin films. The UV-Vis spectroscopy shows an absorbance
peak at 370 nm for Zn(OH),/Nmoc-FF-OH hybrid film before thermal

treatment.

169



Figure 6.9. FESEM images of the top view of annealed hybrids 1 (a) and 2 (b), as

well as cross-sectional images of hybrids 1 (c) and 2 (d).
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Figure 6.10. Energy-dispersive X-ray spectroscopy (EDS) of electrodeposited hybrid
films in the presence of (a) peptide Nmoc-FF-OH 7, (b) peptide Nmoc-YF-OH 8.
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Figure 6.11. (a) FESEM image showing the wurtzite hexagonal ZnO grown without
any peptide Amphiphile. (b) PL spectra of annealed electrodeposited ZnO thin film.

(c) Powder XRD of annealed electrodeposited ZnO thin film.
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The Zn(OH)2/Nmoc-FF-OH hybrid film turns to ZnO/Nmoc-FF-OH
film upon thermal annealing at 150 °C in atmosphere. For the annealed film,
the UV-Vis spectroscopy displays a well-defined absorbance peak at 266 nm
and a characteristic absorbance maxima band at 380 nm. The appearance of
the absorbance peak at 266 nm is the characteristics of naphthalene double
ring, which clearly signifies the organic phase in the hybrid material.**The
other absorbance band at 380 nm has resulted from the electronic transition
between the ZnO band-gap for the hybrid material of ZnO/Nmoc-FF-OH
film. The un-annealed hybrid thin film of Zn(OH),/Nmoc-YF-OH shows an
absorbance band at 365 nm whereas the annealed hybrid thin film of
ZnO/Nmoc-YF-OH demonstrates the characteristic band at 265 nm and a
broad band from 310 to 440 nm having absorbance maxima at 370 nm. The
results clearly indicate co-existence of both ZnO and peptides in the thin film
for hybrid materials. The hybrid films that consist in nanostructures grown
from the peptides present some differences in absorption at higher
wavelengths, which can be related to the grown nanostructures with different
peptide sequences.

6.4.5 Photoluminescence (PL) Study

In addition, tuning of Nmoc-capped peptide sequence influences the
lamellar structure of hybrid materials. The peptide/ZnO hybrid films were
characterized by photoluminescence (PL) spectroscopy to understand the
functional role of peptides in the lamellar architectures for photodetection
(Figure 6.12a-b). The PL spectrum for un-annealed Zn(OH),/Nmoc-FF-OH
thin film showed a sharp peak at 367 nm and a broad peak at 420 nm. These
peaks exhibited from the binding of the peptides with Zn*.
Photoluminescence spectra of hybrids clearly distinguishes ZnO (3.16 eV)
nanowire arrays fabricated from Zn(NOs), solution by electrodeposition
(Figure 6.11c). After annealing, the insulator Zn(OH), phase turns into
conducting ZnO phase and the PL shows a huge change in the optical property
for the same film. For the annealed ZnO/Nmoc-FF-OH thin film, the PL
spectrum shows a photoluminescence quenching is due to the transfer of
electrons from excited state Nmoc-FF-OH 7 into the ZnO lattice. Un-annealed
Zn(OH),/Nmoc-YF-OH thin film exhibited a broad peak in the range of 370-
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460 nm in the PL spectrum due to the strong binding of the peptides and Zn?".
Photoluminescence quenching is also observed in case of ZnO/Nmoc-YF-OH

hybrid represented in Figure 6.12b.1%)

6.4.6 X-ray diffraction (XRD) Study

X-ray diffraction (XRD) study is a fundamental technique to achieve
structural information about the lamellar architectures of hybrid films and
crystal lattices of inorganic material. ZnO thin film without peptide support
shows several characteristic peaks for the crystal lattices of ZnO hexagonal
structures. A series of peaks corresponding to 26 of 31.60°, 34.19° and 36.13°
are attributed from (100), (002) and (101) planes of ZnO nanocrystal (Figure
6.11b). The formation of the lamellar structure is also supported by XRD
study. The presence of four characteristics d-spacing indicates four distinct
stable bilayer arrangements of Nmoc-FF-OH 7 based thin film. X-ray
scattering study (Figure 6.12c-d) confirms the ordered lamellar arrangement
with the d-spacing of 2.3 nm and 1.65 nm corresponding to (001) and (001)*
reflections. Two types of lamellar arrangement are attributed from the bilayer

of peptides in lamellar hybrid 1.
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Figure 6.12. PL spectra of hybrids 1 (a) and 2 (b) before and after annealing recorded
with A = 325 nm laser excitation. Powder XRD patterns of hybrid thin films a) ZnO/7
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and b) ZnO/8. Powder XRD peak patterns (001) and (001)* refer to lamellar ordering
in the hybrid material; (100), (002), (101) indicate lattice planes of the wurtzite ZnO

crystal.

Moreover, two distinct peaks corresponding to 20 of 31.80° and 34.49°
are attributed from (100) and (002) planes of ZnO hexagonal structure of
nanoplates. In the case of lamellar hybrid 2, an XRD peak 20 at 3.7
corresponds to d-spacing of 2.3 nm, which is close to the bilayer of peptide 8.
For peptide supported hybrid thin film, crystal planes of ZnO are slightly
shifted from the thin film without peptide support, which is resulted from the

interactions of peptide molecules with the ZnO planes.**>*

6.4.7 Current-voltage (I-V) measurements

The organic-inorganic lamellar hybrids are subjected to investigate its
optoelectronic property. Current-voltage (I-V) measurements of the un-
annealed Zn(OH)2/Nmoc-FF-OH film showed no significant current (Figure
6.12a). The electro-deposited hybrid film acts as an insulator before annealing
at 150 °C. After annealing, the insulator Zn(OH), is converted into
semiconductor ZnO. The conductivity is observed for ZnO/Nmoc-FF-OH film
even under dark condition. 1-V curve shows that the hybrid material can act as
photoconductor upon excitation 325 nm laser in continuous wave mode. The
widely understood mechanism of photocarrier generation process in organic-
inorganic hybrid is exciton formation of organic under irradiation of photon
and subsequent dissociation for transfer the electrons into region of ZnO. The
current of the hybrid material increases due to the presence of aromatic
stacked peptide gallery under ultraviolet light. The dark current and
photocurrent of annealed hybrids ZnO/Nmoc-FF-OH and ZnO/Nmoc-YF-OH
is measured under UV light exposure of 20 mW/cm?. Photosensitive nature of

such nanohybrid structure can be quantified as:
P = (Ilight — lgark)/lqark

where liignt 1S the photocurrent, lqarn is the dark current. The photosensitivity of
hybrid ZnO/Nmoc-FF-OH is 0.12 at 2 V, measured at room temperature. For
ZnO/Nmoc-YF-OH based thin film, the measured photosensitivity is
comparatively less than hybrid ZnO/Nmoc-FF-OH. The photosensitivity for
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annealed ZnO/Nmoc-YF-OH film is 0.06 at 2 V. At room temperature, the un-
annealed Zn(OH),/Nmoc-YF-OH thin film behaves as an insulator (Figure
6.13). The change in voltage does not allow passing the current throughout the
circuit. After annealing at 150 °C, the insulator Zn(OH),/Nmoc-YF-OH thin
film turns to semiconductor ZnO/Nmoc-YF-OH thin film and shows its
optoelectronic property by changing the optical condition from dark to UV
light (Figure 6.13b). 1-V measurement study of such peptide based hybrid
material shows that such types of material can be efficiently used as an

optoelectronic photoconducting material.
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Figure 6.13. |-V characteristics of deposited (a) hybrid films of peptide 7:
unannealed hybrid (blue), the annealed hybrid under dark conditions (black), and the
annealed hybrid under UV light (red) irradiation at A = 325 nm; and (b) hybrid films
of peptide 8: unannealed hybrid (blue), annealed hybrid under dark conditions
(black), and the annealed hybrid under UV light (red) irradiation at A = 325 nm.

6.5 Conclusion

We have developed peptide-ZnO based semiconductor lamellar
nanostructures through electrochemical deposition. All the electrochemical
deposited Nmoc-capped aromatic dipeptide-ZnO based hybrid lamellar
nanostructures show optoelectronic behavior. FTIR data clearly suggests the
interaction of peptide motifs with the ZnO inorganic phase. The acid
functionalities of aromatic dipeptides anchor with inorganic ZnO layers. UV-
Vis and photoluminescence spectroscopy reveal the optoelectronic properties
of peptide-based ZnO thin films. Aromatic dipeptides are self-assembled

through hydrogen bonding as well as =-rt stacking interactions inside the
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lamellar nanostructures. The introduction of peptide self-assembly
successfully established the hybrid materials as good conducting materials.
The PL and UV-Vis measurement studies show good optoelectronic property
of these materials. I-V characteristics of these hybrids both in dark and light
illumination indicate that the conductivity of these hybrid nanostructure
materials is increased due to the presence of photon absorbing active self-
assembled peptide gallery. This investigation can play a pioneer role to inspire
for further development of peptide-based hybrid optoelectronic materials.
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Chapter 7
Synergistic Assembly of Peptide-metal Hydroxide

Hybrid Nanostructures for Electrochemical Capacitors
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7. 1 Introduction

Rational nanostructures design to improve material’s performance is an
exciting goal for the researchers worldwide. In recent years, nanostructured
metal hydroxides (M(OH),) have drawn a great deal of attention due to their
wide range of applications in electrochemical and electronic devices such as

electrochemical capacitance storage,™™! supercapacitors,*® battery,!"!

electrochromic  devices*® [12-14]

and water splitting. However, their
fabrication, cost, stability and safety issues are the main obstacles which have
prevented the application of metal hydroxides in commercial appliances.
Therefore, inexpensive, ecofriendly and nontoxic electrode materials with

good capacitive characteristics are highly desired to resolve these issues.

Recently, self-assembled organic nanostructures are of great interest
for applications in several optoelectronic materials.*>*! The organic
biomolecules are environment friendly, easily available, low cost, flexible and
disposable but degrade with time when used alone. Therefore, it becomes
beneficial to work towards hybrid organic/inorganic nanostructures to enhance
device/material functionality. The development of hybrid organic/inorganic
material makes it possible to utilize advantages associated with organic as well
as inorganic counterpart. Various synthetic strategies have been developed to
construct such nanoscale hybrid materials such as sol-gel chemistry,!*”
immiscible liquid-liquid biphasic system,*® chemical methods™®?! and
electrochemical methods.™? In the electrochemical methode, several small
organic molecules have been designed to develop assembly of organic-
inorganic hybrids. Sodium dodecyl sulfate (SDS) is the mostly used surfactant
for the electrodeposition of metal hydroxides.?**% Stupp et al. have reported
aromatic based m-conjugated oligothiophenes to grow lamellar hybrid
nanostructures.** Several organic dyes are also used as organic components
in the electrochemical self-assembly of organic-inorganic hybrids for dye-
sensitized solar cells applications.?**® In addition, among these variety of
molecules, small peptides’*! are considered to be excellent biomolecule to
produce wide variety of nanostructured materials.[** In the previous chapter

6, we have shown aromatic peptide based surfactant to construct lamellar
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organic-inorganic hybrid materials for applications in optoelectronic

materials.%?-

This chapter demonstrates the novel strategy for the preparation of a
set of peptide-metal hydroxide nanoscale hybrids by using electrochemical
deposition and peptide self-assembly. The main purpose of this chapter is to
identify the peptide molecular variables that affect the morphology of different
metal hydroxide nanostructures which is very important in energy storage
applications. The target has achieved through synthesis of a series of peptides
which are used for growing peptide-metal hydroxides nanohybrids.
Naphthalene-2-methoxy carbonyl (Nm) is choosed as a m-conjugated moiety
to connect with peptide molecule and modified it synthetically to produce a
range of peptides with different amino acids. Then, a set of nine peptide/metal
hydroxide hybrids have been synthesized by using electrochemical deposition
where we found that peptides play a significant role in the morphology of
hybrid nanomaterials. The different nanostructures with ordered morphology
are formed and characterization of peptide-metal hydroxide hybrid
nanostructures by using SEM, FTIR, XRD, energy dispersive X-ray

spectroscopy (EDS) and cyclic voltammetry (CV) has been illuminated here.
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Scheme 7.1. Synthetic route of peptides 9, 10 and, 11.
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7.2 Experimental
Synthesis of peptides

Peptides were synthesized in laboratory by employing solution phase
procedure. Peptides NmYW (9), NmFW (10) and NmFY (11) were
synthesized according to following procedure.

The general procedures used for peptide coupling are as follows: A
solution of 33 (1.35 g, 3.69 mmol) and HOBt (0.50 g, 3.7 mmol) were stirred
in DMF (2 mL). A neutralized solution of H,N-Trp-OMe was extracted from
its corresponding hydrochloride salt (1.88 g, 7.38 mmol) and concentrated to
add to the reaction mixture followed by DIPC (0.47 g, 3.7 mmol) at 0°C. The
mixture was stirred at room temperature for 12 hrs. The reaction mixture was
diluted with ethyl acetate and the organic layer was washed with 1 M HCI (2 x
30 mL), brine, 1 M Na,COg3 (3 x 30 mL) and again with brine. The organic
layer was dried over Na,SO, and evaporated under vacuum to yield a white
solid. Purification of 34c was performed by column chromatography on silica
gel (100-200 mesh) with ethyl acetate/toluene (1:1) as eluent. A solution of
34c (1.93 g, 3.42 mmol) was taken in dry MeOH (100 mL) and allowed to
react with 2 m solution of NaOH. The reaction progress was monitored by
thin-layer chromatography (TLC). The reaction mixture was stirred up to 6
hrs. Then, methanol was removed under vacuum. The residue was dissolved in
water (100 mL) and washed with diethyl ether (2 x 20 mL). Then, the pH of
the aqueous layer was adjusted to 2 by using 2 m HCI and extracted with ethyl
acetate (3 x 30 mL). The ethyl acetate layer was dried over anhydrous sodium
sulfate and evaporated under vacuum to yield 9 as a white solid and used for
the next step without purification. The intermediates naphthalene-2-
methyloxychloroformate (31), NmF (32) and NmY (33) were prepared
according to the procedure described in chapter 6. Compounds 34d, 34e, 10
and 11 were also synthesized according to the procedure described above.
Nm-YW-OMe (34c):

'H NMR (400 MHz, CDCl3, dypm): 8.50 (d, 1H, ring -NH- of Trp), 8.22 (d, 1H,
NH of Tyr), 8.10 (d, 1H, NH of Trp), 7.81 (d, 2H, J = 4.2 Hz), 7.72 (s, 1 H),
7.47 (dd, J = 3.8, 3.5 Hz), 7.35 (d, 2H, ring protons of Trp), 7.25 (s, 1H), 7.20
(d, 2H, ring protons of Trp), 7.01 (dd, J = 9.3 Hz, 2H), 6.90 (d, J = 6.8 Hz, 2H,
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Tyr), 6.60 (d, J = 7.3 Hz, 2H, Tyr), 5.15 (s, 2 H), 4.36 (m, 1H, C°H of Tyr),
4.14 (m, 1H, C*H of Trp), 3.57 (s, 3H), 3.18 (m, 2H, CPH of Tyr), 2.89 (m,
2H, CPH of Trp); HRMS (ESI) m/z for CsHsiN3OgNa (M+Na)* calcd.:
588.2111, found: 588.2132

NmFW-OMe (34d):

'H NMR (400 MHz, CDCl3, dypm): 8.50 (d, 1H, ring -NH- of Trp), 8.15 (d, 1H,
NH of Phe), 7.90 (d, 1H, NH of Trp), 7.82 (d, 2H, J = 4.2 Hz), 7.75 (s, 1 H),
7.48 (dd, 2H, J = 3.2, 3.4 Hz), 7.37 (d, 2H, ring protons of Trp), 7.27 (s, 1H),
7.22 (d, 2H, ring protons of Trp), 7.20 (d, 2H), 7.15-7.09 (m, 5H, aromatic
protons of Phe), 5.17 (s, 2 H), 4.83 (m, 1H, C"H of Phe), 4.41 (m, 1H, C"H of
Trp), 3.61 (s, 3H), 3.22 (d, 2H, J = 5.0 Hz, C’H of Phe), 3.02 (d, 2H, J = 6.2
Hz, C"H of Trp); MS (ESI) m/z for C3H3:N,OsNa (M+Na)* calcd.: 572.2161,
found: 572.5412.

NmMFY-OMe (34e):

'H NMR (400 MHz, CDCls, dypm): 7.83 (d, 2H, J = 8 Hz), 7.78 (s, 1H), 7.49
(dd, 2H, J = 3.9 Hz, 3Hz), 7.42 (d, J =7.5 Hz, 1H NH of Phe), 7.16 (d, 2H, J =
6.0 Hz), 7.26 (m, 5H), 6.81 (d, J = 7.04, 2H, ring protons of Tyr), 6.64 (d, J =
8.3 Hz, 2H, ring protons of Tyr), 6.62 (d, 1H, J =5.0 Hz, NH of Tyr), 5.23 (s
, 2H), 4.74 (m, C* H of Phe), 4.42 (m, C* H of Tyr), 3.05 (d, 2H, J = 6.3 Hz,
C? H of Phe), 2.97 (d, 1H, J = 5.5 Hz, C? H of Tyr ), 2.93(d, 1H, J = 5.8 Hz,
CP H of Tyr). MS (ESI) m/z for C3H3N,OgNa (M+Na)* calcd.: 549.2002,
found: 549.5042.

NmMYW (9):

Yield = 0.80 g (1.45 mmol, 82.47 %, *H NMR (400 MHz, DMSO-ds, Jppm): &
=11.98 (s, 1H, -COOH), 11.38 (s, 1H, -NH- proton of heterocyclic ring), 9.69
(s, 1H, -OH- of Tyr), 8.75 (d, 1H, J = 7.5 Hz), 8.40-8.34 (m, 4H), 8.29 (s, 1H),
8.06 (d, 1H, J = 7.8 Hz), 8.01 (t, 2H), 7.94 (d, 1H, J = 8.5 Hz), 7.87 (d, 1H, J
= 9.0 Hz), 7.84 (d, 1H, J = 7.8 Hz) 7.70 (s, 1H), 7.58 (m, 1H), 7.57 (d, 2H),
7.50 (d, 1H, J = 7.5 Hz), 7.14 (d, 2H, J = 8.3 Hz), 5.62 (s, 2H), 5.04 (m, 1H,
C*H of Tyr), 4.75 (m, 1H, C* H of Trp), 3.70 (m, 1H, C" H of Tyr), 3.61(m,
1H, CP H of Tyr), 3.38 (m, 1H, C* H of Trp), 3.12 (m, 1H, C* H of Trp); *C
NMR (100 MHz, DMSO-ds, dppm): 178.44, 176.99, 161.07, 141.28, 139.87,
137.91, 137.63, 135.36, 133.36, 133.13, 132.92, 132.78, 132.45, 131.53,
131.13, 130.73, 128.89, 126.15, 123.62, 123.42, 120.05, 116.57, 114.81,
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70.53, 61.62, 58.13, 32.26, 19.29; MS (ESI) m/z for C3,H29N3O¢Na (M+Na)*
calcd.: 574.1954, found: 574.5638.
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Figure 7.1. *H NMR spectrum (400 MHz, DMSO-ds) of NmYW (9).
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Figure 7.2. 3C NMR spectrum (100 MHz, DMSO-ds) of NmYW (9).
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Figure 7.3. ESI-MS spectrum of NmYW (9).
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Figure 7.4. '"H NMR spectrum (400 MHz, DMSO-dg) of NmFW (10).

NmFW (10):

Yield = 0.45 g (0.84 mmol, 77.59 %, ‘H NMR (400 MHz, DMSO-ds, dppm):
12.67 (s, 1H, -COOH), 10.89 (s, 1H, -NH- proton of heterocyclic ring), 8.31
(m, 1H), 7.90 (m, 4H), 7.79 (s, 1H), 7.52 (m, 5H), 7.36 (d, 3H), 7.23 (t, 2H),
7.07 (d, 2H), 5.11 (s, 2H), 4.55 (m, 1H, C* H of Trp), 4.34 (m, 1H, C* H of
Phe), 3.24 (m, 1H, C* H of Trp), 3.12 (m, 1H, C* H of Trp), 3.00 (m, 1H, C* H
of Phe), 2.74 (m, 1H, C* H of Phe); *C NMR (100 MHz, DMSO-ds, Jppm):
173.17, 171.60, 155.82, 138.05, 136.03, 134.57, 132.64, 132.39, 129.17,
127.96, 127.88, 127.65, 127.53, 127.21, 126.26, 126.18, 126.03, 125.98,
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125.52, 123.64, 120.90, 118.37, 118.17, 111.32, 109.54, 65.32, 56.00, 52.93,
37.37, 27.00; MS (ESI) m/z for CsyHN3OsNa (M+Na)* caled.: 558.2005,
found: 558.0850.

DMSO-d6

Carbonyl carbons Aromatic carbons Aliphatic carbon
FA A A
| \ ( \

T

T T T e e e
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
Chemical Shift (ppm)

Figure 7.5. *C NMR spectrum (100 MHz, DMSO-ds) of NmFW (10).
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Figure 7.6. ESI-MS spectrum of NmFW (10).

NmFY (11):
Yield = 0.50 g (0.98 mmol, 86.20 %; 'H NMR (400 MHz, DMSO-ds, Jppm):
=12.67 (s, 1H, -COOH), 9.22 (s, 1H, -NH- of Tyr), 8.21 (d, 1H, J = 7.8 Hz, -
NH- of Phe), 7.92-7.85 (m, 4H), 7.78 (s, 1H), 7.53-7.50 (m, 2H), 7.37 (d, 1H,
J =85 Hz), 7.29-7.22 (m, 5H), 7.19 (d, 1H), 7.04 (d, 2H, J = 8.3 Hz), 6.67 (d,
2H, J = 8.3 Hz), 5.10 (s, 2H), 4.40 (m, 1H, C* H of Phe), 4.30 (m, 1H, C* H of
Tyr), 3.00 (m, 1H, C? H of Phe), 2.96 (m, 1H, C* H of Phe), 2.85 (m, 1H, C* H
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of Tyr), 2.72 (m, 1H, C? H of Tyr); *C NMR (100 MHz, DMSO-ds, dppm):
172.85, 171.51, 156.82, 155.93, 155.77, 138.04, 134.55, 132.65, 132.40,
130.08, 129.16, 127.98, 127.88, 127.66, 127.54, 127.30, 126.26, 126.04,
125.97, 125.51, 114.98, 65.31, 55.98, 53.79, 37.34, 35.93; MS (ESI) m/z for
CaoH2sN206H (M+H)* calcd.: 513.2026, found: 513.0594.
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Figure 7.7. "H NMR spectrum (400 MHz, DMSO- dg, 8,,m) for NmFY (11).
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Figure 7.8. °C NMR spectrum (100 MHz, DMSO-ds) of NmFY (11).
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Figure 7.9. ESI-MS spectrum of NmFY (11).

Electrochemical synthesis of nanoscale hybrids

ITO coated glass substrate was cleaned by scrubbing with soap water
and then sonicated in baths of water, ethanol and water. Electrochemical
deposition was carried out in 24 mL solution (1:1 v/v) DMSO/water of 0.04 m
of each Co(NO3),.6H,0, Ni(NO3),.6H,0 and Zn(NOs),.6H,O with 6.0-12.0
mg of each peptide (9-11). Working electrode (ITO) was placed upright in cell
and deposition was performed potentiodynamically at -0.9 V for 1-3 hours
depending upon the growth time under constant stirring at 80°C in water bath.
After deposition, films were rinsed with de-ionized water and dried under a

flow of nitrogen gas.

7.3 General characterization

NMR characterizations were recorded on a Bruker AV spectrometer
with working frequencies of 400 MHz for 'H NMR. Compound
concentrations were in the range of 5-10 mmolL™ in (CD3),SO and CDCls.
Mass characterizations were recorded on a Bruker microTOF-Q Il mass
spectrometer by positive and negative mode electrospray ionization. FTIR
characterizations were recorded using Bruker (Tensor 27) FTIR
spectrophotometer. For SEM measurements, the images were recorded on a
field-gun scanning electron microscope (Jeol Scanning Microscope-JSM-
7600F). Hybrid thin films were investigated using Rigaku SmartLab,
Automated Multipurpose X-ray Diffractometer (Cu Ka, A = 0.1541 nm). The
electrodepositions were performed using an AUTOLAB potentiostat (Model
PG STAT302N). Cyclic voltammograms and chronopotentiometry were
recorded on AUTOLAB potentiostat (Model PG STAT302N). A conventional
three-electrode cell assembly consisting of Ag/AgCl electrode (Model
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6.0726.107) as reference electrode, platinum wire as counter electrode and
peptide/metal hydroxide deposited 1TO as working electrode, was used for

carrying out electrochemical measurements.

7.4 Results and Discussion
7.4.1 Designing of peptides

Structurally, peptide molecules contain three fundamental units. N-
capped aromatic rings, dipeptide backbone and a carboxylic acid functional
group as depicted in Scheme 7.2. Aromatic rings contribute in self-assembling
of peptide domain through n-m stacking interactions whereas carboxylic acid
functional group binds with inorganic component covalently for providing
structural stability to the nanohybrid architecture.”? Moreover, amide bonds
of peptide help in the formation of peptide self-assembly within the inorganic
phases through intermolecular H-bonding interactions.®™ Peptide serves
several functions during electrochemical self-assembly of nanohybrids.
Peptides (i) are used in the electrochemical growth of inorganic-organic hybrid
nanostructures similar to conventional surfactants sodium dodecyl sulphate
(SDS), cetyltrimethylammonium bromide (CTAB) and decanoic acid, (ii)
interact with the inorganic component during electrochemical growth at the
solid-liquid interfaces (i.e. the working electrode surface) due to surface forces
(electrostatic interaction between the carboxylic functional group and surface
charges) at a definite concentration, (iii) act as a capping agent on the
nucleated crystal surface to give a definite size and shape to the inorganic
component, (iv) prevent the aggregation of early formed nucleated inorganic
particles and (v) forms self-assembly on the electrode surface due to
interfacial tension.”>*®! |t is indicated that owing to the biocompatibility,
structure stability and excellent properties, peptides have several advantages
over conventional surfactants. Therefore, the efforts have been made to
synthesize different peptide molecules for constructing beneficial
nanostructures. In this study we have synthesized three peptide molecules
namely NmYW (1), NmFW (2) and NmFY (3) by altering the amino acid

sequences. Synthetic route of peptides has been shown in Scheme 7.1.
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Scheme 7.2. Molecular structure of peptides 9 (NmYW), 10 (NmFW) and, 11
(NmFY).

7.4.2 Electrodeposition of peptide/M(OH),

The synthesized peptides are used in electrodeposition of three
different metal hydroxides Co(OH),, Ni(OH), and Zn(OH), to show the
efficient role of peptides as nanostructure directing agent towards transition
metal hydroxides. Here we have constructed nine (3-11) peptide/metal
hydroxides hybrids from all possible combinations of each three different
peptides with each three different metal hydroxides. The electrochemical
reactions involved during the formation of peptide/M(OH), are shown in

equation 1-2.
NO3 + H,0 +2e~ —» NO; + 20H™ (1)
M2+ + 20H™ - M(OH), (2)

M = transition metal [Co, Ni, Zn]
The formation of OH" ions near the substrate causes M(OH), to nucleate and

coassemble with peptides on the top of electrode surface.

7.4.3 Characterization of nanoscale hybrid thin films

We have used SEM to visualize the external surface feature of the
electrodeposited peptide/metal hydroxide hybrid thin films as shown in Figure
7.10. We observed that the nanoscale morphologies of the hybrid thin films
have dependence on the types of peptide and M(OH), used for
electrodeposition. Peptides NmYW, NmFW and NmFY direct sea sponge like
soft, porous nanoarchitecture with Co(OH), (Figure 7.10 a-c) wheras with

Ni(OH),, peptides do not exhibit porous nanostructure (Figure 7.10 d-f). The

195



vertically oriented and closely packed nanosheets are found in SEM
characterization of peptides NmYW, NmFW and NmFY with Zn(OH),
(Figure 7.10 g-i). The supramolecular organization of peptide/Co(OH), and
peptide/Ni(OH), shows spherical shapped nanoarchitecture.

Zn(OH), &

Figure 7.10. FE-SEM images of peptide/M(OH),: Co(OH), nanostructure hybrid
films with three peptides (top row), (a) hybrid 3: Compound 9/Co(OH),, (b) hybrid 4:
Compound 10/Co(OH), and (c) hybrid 5: Compound 11/Co(OH),. Ni(OH),
nanostructure hybrid films with three different peptides (middle row), (d) hybrid 6:
Compound 9/Ni(OH),, (e) hybrid 7: Compound 10/Ni(OH), and (f) hybrid 8:
Compound 11/Ni(OH),. Zn(OH), nanostructure hybrids films with three different
peptides (bottom row), (g) hybrid 9: Compound 9/Zn(OH), (h) hybrid 10: Compound
10/Zn(OH), and (i) hybrid 11: Compound 11/Zn(OH)s.

The energy dispersive X-ray spectroscopy was used for elemental
analysis of carbon, nitrogen, oxygen and transition metals in three
peptide/M(OH), hybrids (hybrid 3, 6 and 9) as presented in Figure 7.11. The
spectra of the hybrid thin films indicates that the peaks can be identified as
arising from the films due to the presence of C, N, O and Co in
NmYW/Co(OH),, C, N, O and Ni in NmYW/Ni(OH), and C, N, O and Zn in
NmYW)/Zn(OH),. Peptide NmFW and NmFY containing hybrids (4-5, 7-8
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and 10-11) also indicate the presence of both the components, i.e. peptide and

metal hydroxide (Figure 7.12).
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Figure 7.11. EDS spectra of peptide/metal hydroxide hybrid films; (a) hybrid 3:
NmMYW/Co(OH),, (b) hybrid 6: NmYW/Ni(OH), and (c) hybrid 9: NmYW/ Zn(OH),.
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Scheme 7.3. Schematic illustration of two major interactions during the

electrochemical growth of peptide-metal hydroxide nanospheres and nanosheets.
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Figure 7.12. EDS spectra of peptide/M(OH),: (a) hybrid 4: NmFW/Co(OH),, (b)
hybrid 5: NmFY/Co(OH),, (c) hybrid 7: NmFW/Ni(OH),, (d) hybrid 8:
NmFY/Ni(OH),, (e) hybrid 10: NmFW/Zn(OH), and (f) hybrid 11: NmFY/Zn(OH),.

Fourier transform infrared spectroscopy is an important analytical
technique which was employed to detect the interactions among peptides and
peptides-metal hydroxides in different nanoscale hybrids as shown in Figure
7.13a. The IR characteristic absorption band in peptide NmYW corresponding
to —C=0 (~COOH) stretching vibration was observed at 1703 cm™. The peak
due to —C=0 str. (-COOH) is found absent in IR spectra of hybrids
NmMYW/Co(OH);, NmYW/Ni(OH); and NmYW/Zn(OH),."" It reveals that
there is a covalent bonding between carboxylic group of dipeptide amphiphile
and metal hydroxide suggesting the peptide-metal hydroxide hetero
interactions. The characteristic vibrational mode near 3303 cm™ corresponds
to —OH (—COOH) stretching vibration for peptide NmYW. It is found that the
IR band due to —OH str. (-COOH) is disappeared in IR spectra of hybrids
NmYW/Co(OH),;, NmYW/Ni(OH), and NmYW/Zn(OH),, confirming the
occurrence of covalent bonding between peptide and metal hydroxides. In
addition, in peptide/metal hydroxide hybrid materials a new sharp peak due to

—OH stretching of metal hydroxide is found to be noticed. For the
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NmYW/Co(OH), hybrid the —OH frequency was shifted from 3628 cm™ (for
pure Co(OH),) to 3437 cm™ suggesting a chemical interaction between peptide
NmYW and Co(OH)..*® For NmYW/Ni(OH), hybrid an intense band at
3437 cm™ is attributed to —OH stretching, which is observed at 3462 cm™ in
pure Ni(OH),.*" Similarily in case of NmYW/Zn(OH), hybrid an IR band
near 3435 cm™ is observed resulting from stretching vibration mode of
hydroxyl group (-OH) of zinc hydroxide.”® Moreover, the amide | band in
peptide NmYW is noticed at 1652 cm™ being mainly associated with the —
C=0 stretching vibrations and directly related to backbone conformation. This
band is shifted to low wave number in the range from 1638 cm™ to 1627 cm™
for NmYW/Co(OH),;, NmYW/Ni(OH), and NmYW/Zn(OH), hybrids due to
the supramolecular organization of peptides confirming the intermolecular 3-
sheet conformation.[®*? In addition vibrational modes due to ~C=0 str. (-
COOH), —OH str. (-COOH) and —C=0 str. (amide I) for peptides NmFW,
NmFY and other vibrations (—OH str.) related to hybrid materials (4-5, 7-8 and
10-11) have been shown in Figure 7.14. IR data obtained using different
hybrid material shows that the interactions among peptides and peptides-metal
hydroxides give significant contribution in construction of hybrid
nanoarchitectures. These interactions are shown in Scheme 7.3.

The X-ray diffraction patterns of NmYW, NmYW/Co(OH),,
NmYWI/Ni(OH), and NmYW Zn(OH), are depicted in the Figure 7.13b. The
diffraction peaks represent organic-inorganic hybrid formation and metal
hydroxide phases. Peptide NmYW shows a broad peak at 20 of 19.60°. The
broad peak is attributed to the amorphous nature of peptide. XRD pattern of
hybrid NmYW/Co(OH); displays two distinct kind of peak profile. The strong
and broad diffraction peak around 20° (001) is a result of peptide-metal
hydroxide hybrid formation.[®® ®! The sharp diffraction peaks of (100), (101)
and (110) indicate S-Co(OH); phases.[® Similar trends are also found in case
of hybrids NmFW/Co(OH), and NmFY/Co(OH), (Figure 7.15). In case of
hybrid NmYW/Ni(OH),, broad peak corresponding to (001) is found
responsible for the formation of peptide-Ni(OH), hybrid.®®® ®1 The sharp
diffraction peaks of (101) and (102) represent hexagonal phases of Ni(OH),,
assembling into flower like Ni(OH), microspheres!®! which is also supported

by SEM images as shown in Figure 7.10. NmFW and NmFY containing
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Ni(OH), hybrids show similar XRD patterns (Figure 7.15). In the XRD pattern
of NmYW)/Zn(OH),, a broad diffraction peak at 26 of 20° (001) arises due to
the NmYW/Zn(OH), organic—inorganic hybrid network.[®® 4
diffraction peaks of (100), (002), (101), (102), (110), (103), (201) and (112)
indicate the hexagonal phases of Zn(OH),.*®! Hybrid NmFW/ Zn(OH), and

NmFY/Zn(OH), also display the similar trend shown in Figure 7.15.

The sharp
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Figure 7.13. FTIR and XRD spectra of NmYW (peptide 9), NmYW/Co(OH), (hybrid
3), NmYW/Ni(OH), (hybrid 6) and NmYW/Zn(OH), (hybrid 9).
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Figure 7.14. FTIR spectra of (a) NmFW (peptide 10), NmFW/Co(OH), (hybrid 4),
NmMFW/Ni(OH), (hybrid 7), NmFW/Zn(OH), (hybrid 10) and (b) NmFY (peptide
11), NmFY/CO(OH), (hybrid 5), NmFY/Ni(OH), (hybrid 8) and NmFY/Zn(OH),

(hybrid 11).
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Figure 7.15. XRD spectra of (a) NmFW (peptide 10), NmFW/Co(OH), (hybrid 4),
NmFW/Ni(OH), (hybrid 7), NmFW/Zn(OH), (hybrid 10) and (b) NmFY (peptide
11), NmFY/Co(OH), (hybrid 5), NmFY/Ni(OH), (hybrid 8) and NmFY/Zn(OH),
(hybrid 11).

3.4 Electrochemical behavior of hybrid thin films

Cyclic voltammetry and chronopotentiometry are considered to be
ideal analytical tools to indicate the capacitive behaviour of any material.
Figure 7.16a shows the typical cyclic voltammograms recorded for pure
peptide (NmYW) and hybrid thin film of NmYW/Co(OH),. The CV curves
were obtained by scanning the potential between -0.3 V to 0.5 V in presence
of 4 M of KOH electrolyte at a scan rate of 20 mV s™. Four strong redox peaks
arise in the cyclic voltammogram of NmYW/Co(OH),. Anodic peak P; is
attributed to the oxidation of Co(OH), to cobalt oxyhydroxide (CoOOH) and
cathodic peak P, is observed for reverse process. Another oxidation peak P3 is
attributed due to the oxidation of CoOOH to CoO, and peak P, corresponds to
the reverse reaction of CoO;, to CoOOH. The potential difference between
anodic and cathodic peaks (P; and P;) is 0.06 V which is very close to
theoretical AE, value 0.058 V, suggesting the reversible nature of redox

couple. Another redox couple (Ps/P4) shows potential difference 0.1 V, which
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is higher than the theoretical AE, value 0.058 V of reversible process, stating
that the reaction occurs in quasi-reversible manner.’%”%°1 The complete redox
process for NmYW/Co(OH), is described as following.

Co(OH), + OH™ = CoOOH +H,0 +e~  (3)

CoOOH + OH™ = Co0, + H,0 +e~ (4)

The charge-discharge measurements is used to calculate the specific
capacitance of NmYW/Co(OH), nano hybrid thin film (Fig. 7.16b). The
specific capacitance of NmYW/Co(OH), is found to be 3070 Fg™. The high
specific capacitance results from sponge like porous nanoarhiteture associated
with the synergistic effect of peptide and metal hydroxide which regulates the
fast faradic reaction on Co(OH), phase within the electrolyte solution.
Furthermore, cyclic voltammogram of pure peptide indicates that peptide does
not provide any contribution in specific capacitance of peptide/Co(OH),. We
also recorded cyclic voltammograms of different scan rates at 20, 50 and 100
mV s and observed that as the scan rate increases, the overall shape of CV
curves is still maintained, indicating high performance as shown in Figure
7.17a. These redox processes are reproducible through repeated scanning and
are depicted in Figure 7.17b.

The cyclic voltammogram of NmYW!/Ni(OH), indicates that anodic
peak is appeared due to oxidation of Ni(OH), to Nickel oxyhydroxide
(NiOOH) and cathodic peak is observed for reverse process (Figure 7.16c).

Electrochemical redox reaction for peptide/Ni(OH), is stated as below.

Ni(OH), + OH™ = NiOOH + H,0 + e~ (5)

The specific capacitance of peptide/Ni(OH), is found to be 250 Fg™ using
charge-discharge curve (Figure 7.16d). There is no contribution of peptide
found in specific capacitance of peptide/ Ni(OH),. The specific capacitance of
peptide/Ni(OH), is dramatically lower than usual,/’™ which can be correlated
with the SEM observations (Figure 7.10, hybrid 6-8), exhibiting non porous
structure of peptide/Ni(OH),. The cyclic voltammograms recorded at different
scan rates and repetitive cycles exhibit high performance and long term
stability of hybrid thin film as shown in Figure 7.17c, and 7.17d. For the
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peptide/Zn(OH), hybrid marix in which metal cation (Zn*) s
electrochemically silent, no peak is ovserved in cyclic voltammetric

experiments.[’!

In summary, the present results describe that peptide/metal hydroxide hybrid
films are successfully deposited using potentiodynamically mode of
electrodeposition which is further confirmed by excellent electrochemical
capacitive behaviour of nanostructured hybrid thin films.
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Figure 7.16. (a) Cyclic voltammograms of NmYW and NmYW/Co(OH), recorded
by scanning the potential from -0.3 to 0.5 V at scan rate of 20 mV s™, (b) charging—
discharging curve of NmYW/Co(OH), in 4 m KOH with a potential window of -0.2
to 0.6 V vs. Ag/AgCI, discharging curve obtained at 5 mA. (c) Cyclic
voltammograms of NmYW and NmYW(/Ni(OH), recorded by scanning the potential
from -0.3 to 0.6 V at a scan rate of 20 mV s™ and (d) charging—discharging curve of
NmYW/Ni(OH), in 4 m KOH with a potential window of -0.2 to 0.6 V vs. Ag/AgCl,
discharging curve obtained at 6 mA.
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Figure 7.17. (a)-(b) Cyclic voltammogram of NmYW/Co(OH), at different scan
rates and repetitive 5 cycles at scan rate of 20 mVs™ respectively. (c)-(d) Cyclic
voltammogram of NmYW/Ni(OH), at different scan rates and repetitive 5 cycles at
scan rate of 20 mVs™ respectively. Experiments performed in 4 M aqueous KOH
solution.

7.5 Conclusion

In conclusion, a strategy of self-assembly of peptide and metal
hydroxide is designed to prepare hybrid nanostructures for the purpose
developing electrochemically active materials. Small peptides with carboxylic
acid functional group may become a new class of surfactants in
electrochemical growth of variety of metal hydroxide nanostructure. Role of
peptide on the hybrid is to act as a structure directing agent as well as to
stabilize the nano architecture by peptide-peptide and peptide-metal hydrous
oxide hetero interaction. The unique peptide/Co(OH), hybrid nanoarchitecture
with flat discharge plateau and triangular shape plot is found to exhibit
capacitive electrochemical performance in energy storage applications. We
also state that specific capacitance of peptide/Ni(OH), hybrid films gets drop
due to the non porous surface morphology. The studies described here point to

the possibility of creating novel peptide/metal hydroxide supramolecular
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arrangement with desired structural and electrochemical properties. This
method could be extended to other performed nanostructures and it could also
promote the development of other functional peptide/metal hydroxide
nanohybrids. The detail of peptide effect on growth of such hybrids and the

applications in various electrical components is ongoing in our laboratory.
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8.1 Conclusions

This thesis reports two significant studies: Supramolecular
construction of m-conjugated peptides and electrochemical assembly of
peptide-inorganic hybrid nanostructured materials.

Self-assembled soft nanostructured materials are significant due to
their potential applications in the fields of nanoscience and supramolecular
electronics. The design of the self-assembled structures is based on =-
conjugated peptides, yielding interesting optical as well as electronic
properties. Potential applications lie in organic, opto-electronic and energy
storage devices like light emitting diods, photoconductor, electrochemical
capacitor and electrochromism.

Chapter 1 gives an overview of current status regarding the assembly
of m-conjugated peptides. Small organic molecules for the construction of
functional organic-inorganic nanoscale hybrid materials and their applications
in diverse fields have been discussed.

Chapter 2 summarizes synthetic methodology and characterization
techniques used in the thesis.

Chapter 3 describes the synthesis and self-assembly study of a
dipeptide diphenylalanine (Phe-Phe) functionalized benzo[ghi]perylene
monoimide (BPI). Solvent dependent photophysical behavior of newly
synthesized compound 2 (BPI-FF-OMe) has been described in detail.
Compound 2 exhibits positive solvatochromic emission as a function of
solvent polarity with higher lifetimes and quantum yields. Compound 2 self-
assembles into nanospheres in methanol and toluene solvents. Intermolecular
hydrogen bonding and aromatic m-m stacking interactions play an important
role in the formation of the nanospherical architecture of compound 2.
Temperature dependent *H-NMR studies support the involvement of
intermolecular interactions in solution-phase self-assembly of compound 2.
The microscopic techniques including SEM, TEM and AFM elucidate the
nanostructural morphology of compound 2. White light emission is observed
when compound 2 co-assembles with 1-pyrenebutyric acid (PyBA)

(compound 1) through donor-acceptor interaction in methanol solution. White
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light emission is attributed to the energy transfer from donor to acceptor
molecules.

Chapter 4 makes an attempt to describe an electrochromic hydrogel
based on a self-assembled quinquethiophene functionalized peptide
(compound 4). In this study, pH-responsive hydrogel exhibits electrochromism
due to the presence of a redox active quinquethiophene (5T) moiety in
compound 4. Self-assembly and electrochromic properties of compound 4 are
strongly dependent on the nature of peptide motifs functionalized with
quinguethiophene core. Non-covalent interactions (hydrogen bonding and n-n
stacking interactions) are the driving forces for the formation of nano-fibrillar
structures. Conjugated quinquethiophenes facilitate charge conduction
efficiently through overlapped self-assembled =-orbitals within adjacent
molecules. Furthermore, colours of hydrogel film are very stable with fast and
controlled switching speed at room temperature.

Chapter 5 studies the fabrication of peptide/Cd-doped ZnO nanohybrid
for the development of a white light emitting system. An electrochemical
method is employed to synthesize cadmium-doped Zinc oxide nanosheets and
lamellar organic/cadmium-doped Zinc oxide nanoflakes on a gallium-doped
ZnO/p-Si(111) substrate. White-light luminescence is attributed to cadmium
doping in the zinc oxide crystal and the presence of a dipeptide-functionalized
BPI fluorophore in the lamellar nanohybrid.

Chapter 6 attempts to describe electrochemical construction of hybrid
nanostructures utilizing small peptides as an organic component with ZnO.
Hydrogen bonding and mn-m stacking interactions of aromatic peptide
amphiphiles are the driving forces for the formation of self-assembled lamellar
nanostructures. UV-Vis and PL spectroscopy reveal the optoelectronic
properties of peptide-based ZnO thin films. I-V characteristics of these hybrids
under dark and light illuminations indicate that the conductivity of these
nanostructure materials increases owing to the presence of photon-absorbing
active self-assembled peptides.

Chapter 7 finally describes electrochemical deposition of peptide/metal
hydroxide hybrids for the purpose of developing electrochemically active
materials. Scanning electron microscope (SEM) is used to visualize the

surface morphology of peptide/metal hydroxide thin film. The interactions
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among peptides and peptide-metal hydroxides are exhibited using FTIR
spectroscopy and X-ray diffraction studies. Peptide/Co(OH), nanostructured
hybrid films exhibit capacitive electrochemical performance in energy storage
applications. Porous nanostructure of compound 9/Co(OH), hybrid shows
high capacitance of 3070 Fg™ through electron transfer mechanism in the
potential range -0.2 to 0.6 V at a discharge current of 5 mA. Porous and soft
nanostructure facilitates electrochemical accessibilities of electrolyte OH™ ions
to Co(OH), thin film and fast diffusion rate within the redox phase.

8.2 Future prospects
The structural diversity of oligopeptide sequence and the m-electron

system modulates intermolecular interactions for a self-assembled system and
hence produces engineered nanostructures with distinct morphologies which
provide alteration in photophysical, electrical and mechanical properties.
Therefore, self-assembly of the =-conjugated peptides achieves
supramolecular nano-architectures which are the most promising functional
materials in the variety of flexible bioelectronics such as sensing/signaling as
well as for encouraging cell growth, migration, and differentiation. These are
affordable and biocompatible materials. Moreover, self-assembling peptide-
based m-electron molecules (and their resulting nanomaterials) are efficient to
realize the photonic creation of charge-separated states. Therefore, with the
appropriate  design of m-conjugated peptides (and their resulting
supramolecular nanostructure), they could be useful materials for solar energy
conversion. On the other hand, a wide range of functional nanomaterials with
enhanced performance can be achieved by developing peptide-inorganic
hybrids with varying n-conjugated peptides as an organic with different kind

of inorganic components.
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Annexure |

assembly of organic/inorganic hybrids

Table Al. A list of small organic molecules used in the electrochemical self-

Inorganic Morphology
Molecular structure Nature and structural References
component ordering
J. Am.Chem.Soc.,
ZnO lamellar 2002, 124,
12402-12403
| P ordapoross  AduMater2003
Hydrophobic structure ) B
0.0 o segment: alkyl J. Am.Chem.Soc.,
/\/\/\/\/\/\0*5‘8 Na group, _ Ni(OH), lamellar 2005, 127, 3596-
Sodiun dedecyl sulfate Hydl’OphI“C group: 3604
sulphate Chem. Commun.
Flexible Cu:0 - 2006, 3311-3313
Sno Worm-like Chem. Commun.
2 structure 2007, 3655-3657
Chem. Commun.
Co(OH), lamellar 2007, 159-161
. flat, flake-like
yoenen
/\/\/\/\i g grOljp Y perpendicular Chem. Mater.
o 2013, 25
. OH Hydrophilic group: on ooy
Decanoic acid Carboxy! group PE(?OT-P"S? 4330-4339
Flexible and parafa
on ITO
Hydrophobic
O‘ segment conjugate platelet
O‘ OH moity (pyrene), structures with ~ Nat. Mater. 2009,
0 Hydrophilic group: lamellar 8, 68—75
I-pyrenebutyric acid Carboxyl group morphology
Flexible
Hydrophobic
R o segment conjugate
B B i
v~ om moity fibre-like  Nat. Mater. 2009,
(pentathiophene), morphology 8. 6875
STmDCA Hydrophilic group: ’
Carboxyl group
Hydrophobic Zn0O
segment conjugate
U os. N s f moity Lﬁiﬁiﬁf&ﬁ'e
Ho" \ /J 7 \ /J ToH (pentathiophene), (LDH)
3TDCA Hydrophilic group: structure
Carboxyl group
Hydrophobic
segment conjugate
moity Ler\]yzz’g)?i%téle Chem. Mater.
s A N s (pentathiophene), )ELDH) 2013, 25,
Ho Vs OOH Hydrophilic group: structure 43304339
° sTDBA Carboxyl group
Flexible
Hydrophobic
segment conjugate
s M\ s 7 moity
\ J s" "\ J o (pentathiophene), lamellar films
3TCA Hydrophilic group:

Carboxyl group
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W/

3TBA o

NaOsS

O \
NS
/\N o N/\
(€]

Rhodamine B

SOzNa

Eosin Y disodium salt

‘ CO,H

Cl

HsC NTN
HO,
Q 5
HO-P-0" " “OH
OH OH

Riboflavin 5'-phosphate

M =Zn,Co or Ni

Hydrophobic
segment conjugate
moity
(pentathiophene),
Hydrophilic group:
Carboxyl group
Flexible

Hydrophobic
segment conjugate
moity
(pentathiophene),
Hydrophilic group:
Carboxyl group

Hydrophobic
segment conjugate
moity
(pentathiophene),
Hydrophilic group:
Carboxyl group

Hydrophobic
segment: alkyl
group,
Hydrophilic group:
sulphate
Flexible

ZnO

CuSCN

ZnO

lamellar films

Lamellar
structure
absent

Lamellar
structure
absent

Stacking
“disks”

“cauliflower”
structure

Chem. Mater.
1999, 11, 2657-
2667

Adv. Mater. 2000,
12,1214-1217

J. Phys. Chem. C
2014, 118,
16581-16590

Thin Solid Films
2001,397,63-69
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Electrochimica
Acta 2003, 48,
o~ \ “Snes

3071-3078
I Ncs
HOL,CT
Ru(dcbpy),(NCS),
Indoline dye (D 149)

Table A2: Reports on white light emitting materials.

# Molecular structure Purpose Reference
fz o N_o
N N g
| ~\, NH
HoN N NH, o ) )
o N ° > White light ACS Appl. Mater. Interfaces 2013,
Q Cl s
ALOH <N o N emission 5, 5478-5485
SHhasee

s . .
SR White ligh
o K Me ot adv.Mater. 2009, 21, 20592063,
oo O \ T o emission
jof T R=CizHag
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9 H
BucHN/qjﬂ\)\N N Q \
g “ Do White light Chem. Commun., 2013, 49, 6909-
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MeOOC. \é(\ﬁ: 060 : T :\’\u 'COOM

0, e} . .

Nm $ White light o Eur. 3. 2012, 18, 1290-1294.
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(e} o

R=H, CH;,

NO, o
Cl
I O
o}
NO,

White light

Chem. Commun.,2010, 46, 8002—
emission

O 8004.
Lo

o

White light Adv. Mater. 2008, 20, 79-83
emission
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11

12

13

14

15

White light
emission

White light
emission

White light
emission

White light
emission

White light
emission

White light
emission

White light

emission

White light
emission

White light
emission

Chem. Commun., 2014, 50, 15878-
15881

J. Phys. Chem. C 2012, 116, 21706-
21716

Adv. Mater., 2005, 17, 34-39

J. Am. Chem. Soc.2009, 131, 14043-
14049.

International Journal of
Photoenergy, 2014

J. Am. Chem. Soc.2006, 128, 14081-
14092,

J. Mater. Chem., 2011, 21, 12969-

12976.

J. Phys. Chem. C 2011, 115, 17965-
17972

J. Am. Chem. Soc. 2011, 133,
17738-17745
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16 O
]
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G,
White light
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20 White light
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21 Vegetable extract emlisilgn t
‘Bu
™ White light
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24 2,3‘5 BC21,2,3 q White light
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*ko/\/\/\/o &Og
PBI-4 o/_\O
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Adv. Mater. 2007, 19, 3672-3676

Angew. chem. 2014, 126, 4660-
4665.

Chem. Eur. J. 2009, 15, 9737- 9746.

J. Mater. Chem. C, 2015, 3, 4563-
4569.

J. Phys. Chem. C 2009, 113, 4641-
4647

Scientific Reports , 2015, 5, 11118.

J. Am. Chem. Soc.2006, 128, 5592-
5593

Chem. Commun., 2013, 49, 8178-
8180.
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29

25
o
o
26 Q 17\
N S
27

30 @[ z@

White light Chem. Commun., 2015, 51, 2130-
emission 2133

White light Chem. Commun., 2013, 49, 4899-
emission 4901

ACS Appl. Mater. Interfaces 2014,

White light 6, 22569-22576
emission
White light J. Am. Chem. Soc. 2009,131, 833-
emission 843.
White light
emission J. Am. Chem. Soc.2010, 132, 1742
1743
White light Phys. Chem. A 2009, 113, 5888—
emission 5895
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White light Adv. Mater. 2013, 25, 1713-1718

emission

31 KOOoC l
KOOC

White light J. Mater. Chem. C, 2013, 1, 4437—

% emission 4444
JOR),
33 et o0 White light
emission Angew. Chem. Int. Ed. 2012, 51,
{ E/TN} CCCO 3391 -3395
\l
¢ O O
H;N‘f: o] Oyz%NHz
OO0
IR IS,
34 el o S o S White light Angew. Chem. Int. Ed. 2011, 50,
NN e O‘O ) O‘O o NH emission 7032 -7036
O 0

Table A3. DLS characterization of BPI-FF-OMe nanospheres in toluene and
methanol

#  Solvent dn/nm? PD1° &/mVv°®
1 Methanol 613 0.30 -17.97
2 Toluene 857 0.47 -25.89

%y is the hydrodynamic diameter. "PDI is the polydispersity index. ¢ is the
zeta potential.
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The Lippert-Mataga Equation

Equation 2 is a simplified from equation 1.

— — 2 (e1 n?-1 (ue—ug)2
Vabs = Vem = hc (2£+1 2n2+1) p3 +C (l)

2) 2Af 2
Av :4n£0hcp3 (,ue _‘ug) e

AV = Vs — Ve IS the solvatochromic shift or Stokes shift (in cm™) between
the absorbance maxima and emission maxima [V,ps = 1/Aps(Max),Vem =
1/hem (max)]. Af =[(e—1/2e+1)—(n?—-1/2n>+1)] is solvent
polarizability parameter, which is described by solvent’s dielectric
constants(e) and refractive indices(n). p represents radius of solvated cavity of
dipole. z and y4 are the dipole moments of a dye both in excited and ground
states respectively. The Lippert - Mataga expression of Stokes shift strongly
depends on the change of dipole moment of a dye upon excitation (4dug, =
Ke — Ug) and the size of the cavity radius (p). £, denotes dielectric constant of
vacuum. h and ¢ are Plank’s constant and velocity of light respectively. C is a

constant.

Movie Al. Electrochromic hydrogel
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