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GENERAL REMARKS 

 
 

 1
H NMR and 

13
C NMR were measured on a Bruker DPX 300 MHz and Bruker 

DRX 600 MHz NMR instrument. Generally, CDCl3, DMSO-d6 and MeOD have 

been used for NMR sample solutions preparation. Chemical shifts (δ) were 

reported in parts per million (ppm) and tetramethylsilane (δ = 0.00) used as the 

internal standard. The standard abbreviations s, d, t, q, m, J refers to singlet, 

doublet, triplet, quartet, multiplet, and the coupling constant respectively. 

 

 Analytical thin layer chromatography (TLC) was obtained via standard Merck 

TLC silica gel 60 F254 aluminium sheets. Visualization of the spots on TLC 

plate was achieved through exposure of UV light, iodine vapour etc. Progress of 

the reaction was monitored via TLC checking. Moisture sensitive reactions were 

carried out using standard syringe-septum techniques. Column chromatography 

was carried out with silica gel 60-120 and 100-200 mesh. 

 

 Unless otherwise mentioned, petroleum ether refers to fraction boiling in the 

range 60-80
0
C. All reagents and solvents were purified and dried by 

conventional protocol. 

 

 All evaporation of solvents was carried out under reduced pressure in Heidolph 

Rotary Evaporator of Cat. No: P/N Hei-VAP Value/G3: 560-01300-001. 

 

 CD spectra (190-400 nm) were recorded at 200 nm/min scan speed, with 1 nm 

bandwidth on a Jasco J-810 spectrometer using a 10 mm quartz cell. 
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 AFM images were obtained on Pico Plus 5500 AFM (Agilent Technologies, 

Inc., Santa Clara, CA, USA) with the piezo scanner range of 9 μm. The images 

(256 × 256 pixels) were captured with a scan size between 0.5 and 5 μm at the 

scan speed rate of 0.5 rpm. The images were processed through flattening via 

Pico view software (Molecular Imaging Inc., Ann Arbor, MI, USA). For this 

purpose, sample solutions were incubated at room temperature for required 

time, and then the solution was applied to a mica foil, after drying the sample 

solution placed at mica foil, the specimen was observed through atomic force 

microscopy. 

 

 UV−Vis absorption spectra of the samples were acquired using a JASCO V-630 

spectrophotometer (JASCO International Co. Ltd., Japan) within the wavelength 

range of 200−500 nm. A high-quality quartz cuvette having path length 1 cm was 

used for spectral measurement. 

 

 Fluorescence spectra were measured with the Cary Eclipse (Agilent Technology) 

fluorescence spectrophotometer. 

 

 Powder XRD study of the dipeptides was carried out by placing the solid sample 

on a glass plate. Experiments were carried out by using an X-ray diffractometer 

(Bruker AXS, Model No. D8 Advance). 

 

 The rheological measurement of the gel obtained from dipeptide TP1 in methanol-

water solvent system (at a ratio 1:1) was performed using Modular Compact 

Rheometer (Anton Parr, MCR 102, Austria). The instrument was equipped with an 

air compressor unit which maintained the air pressure at 7 kg/cm2. Standard cone-

plate geometry (CP-40, 40 mm outer diameter, angle 1◦) was employed in the 
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study. Frequency sweep (G, G versus angular sweep) was measured in oscillation 

mode. The data was analysed using Rheoplus software (US 200, version 3.62). 

 

 Raman spectra were measured with triple Raman spectrometer (Model: T64000, 

Make: J-Y Horiba) equipped with 1800 grooves/mm grating, TE cooled synapse 

CCD and with an open stage Olympus microscope with 50x objective. Each   

Raman spectra of the solid sample were collected using 533 nm wavelength laser 

from DPSS laser (Make: spectra physics) excitation 2mW laser power, and 10 s of 

data acquisition time with each spectral data having average of 4 accumulations. 

Data analyses with baseline correction were performed using Origin Pro 8.0 SRO 

software (OriginLab Corporation). 

 

 The FT-IR spectra of the samples were recorded on a Bruker TENSOR27 

spectrometer. The   KBr disc technique was used to record the spectra of the solid 

sample. Solid sample was mixed with KBr in a clean glass pestle and compressed 

to obtain a pellet. Background spectra were obtained for KBr pellet for each 

sample. Bruker software was used for data processing. Experimental data obtained 

were analysed using Origin Pro 8.0 SRO software (OriginLab Corporation). 

 

 The formations of self-assembly by peptides were monitored by ThT fluorescence 

assay measurements. ThT is a normally used dye that emits a strong fluorescence 

signal upon binding to the cradle of ß-sheet structures often found in fibrillary 

network produced from proteins/peptides. The more ThT fluorescence (intensity) in 

the presence of protein sample suggests higher amount of fibril with β-sheet 

conformation. The peptide solution was prepared by dissolving the solid peptides in 

methanol and incubated for required hours at ambient temperature (25 
o
C). A stock 

ThT solution was prepared in water. Before spectral measurement, certain volume 

of peptide solution was added to 1 ml of ThT solution  and mixed thoroughly so that 
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the desired final concentration of the peptide was prepared. The fluorescence 

measurement was done using Cary Eclipse fluorescence spectrophotometer (Agilent 

Technology) in a quartz cuvette of 1 cm path length. The excitation and emission 

slit widths were fixed at 5 nm each and the emission range was 455-600 nm. The 

chosen excitation wavelength was 445 nm.  

 

. Fluorescence peak intensity values at 485 nm were plotted against time and fitted 

to the sigmoidal curve equation  

   
                

            ⁄  
 

 

 

ThT fluorescence intensity is denoted by Y, x denotes time, x0 is the time required to 

achieve 50% of maximum fluorescence intensity, the apparent rate constant is kapp, 

fibrillar growth is 1/τ, and the time period in lag phase is derived by x0 − 2τ. 

  



15 
 

PRELUDE 

The world is so much larger than we can comprehend, especially without a good 

microscope! Beyond the limits of our perception, there exists a micro-cosmos so 

different from our macroscopic world, yet so integrated into our reality. In the 

nano-regime, the true wonders of life take place and it is here where atoms 

assemble into molecules and molecules into living organisms. This thesis work, 

on ―Synthesis and Spectral Characterization of Tyrosine Based Peptide 

Nanostructures‖ aims to give a glimpse of idea into this captivating world, and in 

an effort to understand and explain the underlying mechanisms and phenomenon 

participating there. 

 

In the past few decades, several research efforts were performed on peptide 

based self-assembling systems. Among them, short peptides have emerged as an 

interesting research field due to its wide range of applications. The underlying 

advantages of selecting short peptides lie in the facts that they are easy to design 

and synthesize. High yield product can be achieved through simple laboratory 

procedures and peptides are considered as outstanding model systems for 

studying biological self-assembly. Self-assembly is defined as a spontaneous 

organization of individual components into well-ordered structures using non-

covalent interactions. Short peptide based self-assembled nanostructures have 

been systematically studied by several research groups. This class of 

biomaterials has significant potential in a number of applications including 

nanomedicine, catalysis, light-harvesting, tissue engineering, sensing, templating 

and nanoelectronics. Thus in this thesis de-novo tyrosine based short peptides 

have been synthesized, their self-assembly pattern and physicochemical 

properties have been characterized through AFM, FE-SSEM and several 

vibrational spectroscopic analysis such as FT-IR, NMR, powder XRD, UV-vis 
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and Fluorescence spectroscopy. This thesis is divided into four chapters. A brief 

description of each chapter is discussed below, as a snap shot. 

 

Chapter 1  

This part contains brief background on peptide based self-assembled 

nanostructures and their potential applications in industries and academia. As 

discussed earlier, self-assembly involves low-energy especially non-covalent 

interactions that are combined to form well-defined and stable supramolecular 

architechtures. The use of short and simple peptide based derivatives are now 

considered as a versatile building blocks which offers a suitable platform due to 

chemical versatility of amino acid motif combined with simplicity and chemical 

accessibility of peptides. Several studies have already been employed using 

amphiphilic peptides, cyclic peptides, amyloid inspired peptides and aromatic 

peptides that can self-assemble into wide range of nano to micro supramolecular 

architechtures. Therefore, self-recognition of peptide molecules and their 

applications in modern nanotechnology owing to their specific molecular 

recognition patterns and the feasibility to manipulate them for specific functions 

have been discussed here. 

  

Chapter 2 

Over the past few decades, short peptide based self-assembled supramolecular 

gel has gained significant interest due to their special self-assembly and various 

potential applications in drug delivery, molecular sensing, oil spill recovery and 

as environmental pollutant removing agents. In this chapter, a small tyrosine 

based dipeptide was designed and synthesized. Surprisingly, this dipeptide was 

able to form gel in various solvent mixture. The structural insights of these gels 

were characterized by FE-SEM, AFM, FT-IR analysis, and X-ray diffraction 

studies. The mechanical strength of these gels was investigated through 

rheological experiments. Moreover, the gel obtained from this dipeptide had 
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potential application for waste water treatment by removing toxic dyes and was 

used as a phase selective gelator for oil-spillage recovery. 

 

Chapter 3 

This section provides detail study of assembly formation and structural intricacy 

of two de-novo tyrosine based dipeptides by NMR and vibrational spectroscopic 

analysis. In this work, a thorough investigation was carried out on the ability of 

self-assembly pattern of two benzyl protected tyrosine and different side chain 

protected glutamic acid residues. The small variation of the substituent groups in 

the peptide moieties caused significant difference in their self-assembly 

formation and structural alignment. One of the peptide produced fibrillar network 

whereas another formed spherical/ oligomeric assembly in the same solvent. The 

nature of self-assembly pattern of these peptides was both concentration and time 

dependent. This difference in morphological behaviour motivated us to study 

them in detail by FT-IR, NMR and Raman spectroscopic analyses. Furthermore, 

these spectroscopic results were verified by DFT calculation. ThT fluorescence 

study confirmed that the fibrillary network produced by peptide showed compact 

ß-sheet formation. Whereas another one with spherical/oligomeric assembly 

showed no compact ß-sheet formation in ThT study. Interestingly, the fibrillary 

network produced from one peptide showed gelatinous nature in methanol-water 

solvent mixture. Rheological experiment was also carried out to understand the 

flow behaviour and rigidity of the gel. 

 

Chapter 4 

In this chapter, efforts were made to synthesize and analyse the self-assembly 

pattern of di-tyrosine based dipeptide. This dipeptide C-terminally protected by 

ester group and N-terminally protected by tert-butoxy carbonyl (BOC) group. 

Furthermore, the side chain of tyrosine residue was protected through benzyl 

groups. The purpose of synthesizing O-benzyl protected tyrosine dipeptide was 
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to determine whether this could alter the triggering force for molecular self-

assembly and affect the ultimate self-assembled pattern compared to other 

peptides. The single crystal X-ray analysis of this peptide confirmed that this 

peptide exhibited in a parallel ß-sheet pattern which further self-assembled to 

form ß-sheet promoted helical architectures by various non-covalent interactions 

in the crystalline state. Atomic force microscopy and FE-SEM analyses were 

carried out to understand the morphological pattern of this dipeptide. FT-IR and 

NMR analyses employed to find the molecular forces responsible for self-

assembly. Furthermore, the experimental result of circular dichroism (CD) 

spectroscopy gave an idea of nature of self-assembly associated with this 

dipeptide. Hirshfeld surface analysis and DFT study also carried out for this 

dipeptide which concluded the same result as obtained from single crystal X-ray, 

AFM, FE-SEM, and CD analyses. 
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Chapter 1 

 

 

 

General Introduction and Scope of the 

Present Work 
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1.1 Brief History of Nanotechnology 

Nanoparticles and nanostructures have been used by humans, specifically by the 

Roman in the fourth century AD. The colorful secret of a 2400 years old Roman 

chalice (Lycurgus Cup) from the British Museum collection represents a 

supersensitive new technology that might help diagnose human disease or pinpoint 

biohazards at security checkpoints (Figure 1). This masterpiece demonstrated an 

ancient and powerful example of nanotechnology of early civilization. It is one of 

the oldest examples of dichroic glass, which means the Lycurgus Cup changes its 

color in certain lighting conditions. The cup appears green in direct light and red-

purple when light shines through it. 

 

Figure 1. The Lycurgus Cup, the appearance of green is due to reflected light and red-purple 

is due to transmitted light. Source of picture: British Museum Webpage. The pictures are used 

for presentation only. 
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Later in 1990, scientists analysed the secret behind the changing color of 

Lycurgus Cup by performing several experiments. First a group of scientists 

performed transmission electron microscopy to explain the phenomenon of 

dichroism.
1
 This showed the presence of nanoparticles with diameter 50-100 nm 

is responsible for the observed two colors. After that, X-ray analysis performed 

which showed that these nanoparticles are silver-gold (Ag-Au) alloy, with a ratio 

of Ag: Au (7:3), in addition about 10% of copper in a dispersed matrix.
2,3

 The red 

color appears as a result of light absorption by Au nanoparticles (bigger 

particles). The green color is attributed due to scattering effect by colloidal 

dispersion of Ag nanoparticles with a size > 40 nm. It is considered as one of the 

oldest synthetic nanomaterials. A very familiar effect is seen in late medieval 

church windows. It is also showing luminous red and yellow color due to 

presence of Ag-Au alloy into the glass. During 9
th
 to 17

th
 century, Islamic world 

and Europe used glowing glittering ―luster‖ ceramic glazes that contained Ag, Cu 

and other nanoparticles.
4
 The Italians also used nanoparticles in making of 

Renaissance Pottery in 16
th
 century.

5
 This piece of art also influenced by Ottoman 

techniques, to produce ―Damascus‖ saber blades, cementite nanowires and 

carbon nanotubes to provide strength, resilience, and the ability to hold a keen 

edge in 13
th
 – 18

th
 century.

6
 These colors and material properties were produced 

for hundred years however; medieval artists did not know the cause behind these 

surprising effects. In 1857, Michael Faraday studied the preparation and 

properties of colloidal suspension of Ruby gold. He prepared brightly ruby 

colored gold nanoparticle solutions that are still being displayed in Royal 

Institution‘s Faraday Museum in London.
7
 The revolution in nanotechnology was 

started with the famous seminar talk ―There is a plenty of room in the bottom‖ 

given by American physicist and noble prize laureate Richard Feynman in 1959 

during the annual meeting organised by American Physical Society. In this 

meeting, Feynman first proposed the general ideas of nanotechnology – to 

manipulate individual atoms and molecules in order to construct devices with 
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nanoscale dimensions.
8
 Here Feynman anticipated the inevitable miniaturization 

of devices into nanometer size with enhanced performance. For these reason he is 

considered the father of modern nanotechnology. After fifteen years, in 1974 a 

Japanese scientist Norio Taniguchi was the first person to use and define the term 

―Nanotechnology‖ by describing as: ―nanotechnology mainly consists of the 

processing of separation, consolidation, and deformation of materials by one 

atom or one molecule‖.
9
 

 

1.2 General Introduction to nanotechnology and nanoscience 

According to National Nanotechnology Initiative (NNI), the definition of 

nanotechnology is: ―Research and technology development at the atomic, 

molecular, or macromolecular scale, leading to the controlled creation and use 

of structures, devices, and systems with a length scale of 1-100 nanometers 

(nm).” Nanoscience contributes in almost every field of science and 

nanotechnologies make life easier in this era. The word ‗nano‘ originated from a 

Greek prefix meaning ‗dwarf‘ or something which are very small and deals with 

the material of 10
-9

 meter scale. By definition nanoscience refers to the study of 

structures and molecules ranging from 1-100 nm scale and nanotechnology 

define the utilization of nanoscience in practical application such as- devices 

etc.
10

 The objects at this nanoscale contain noble properties and functions that 

differ markedly from those seen in macro scale. Nanomaterials are lighter, 

stronger, can be used as conductor of heat and electricity in a different way and 

possess various optical properties as compared to bulk materials. It can make 

materials more chemically reactive. Therefore, in recent years, many research 

organizations are currently working on the development of nanomaterial 

applications. Most significantly, nanomaterials can be self-assembled in 

completely different way, exploiting the same principles as occurred in living 
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organisms. Generally the most complex nanostructures can be found in nature; 

therefore it is not strange that all amazing processes involving in living 

organisms, has been the source of motivation for many researchers working in 

this field. Here Jean Marie Lehn used the famous line made by Leonardo da 

Vinci, ―Where Nature finishes producing its own species, man begins, using 

natural things and with the help of this nature, to create an infinity of species‖ to 

give the future perspective and outlook based on nanotechnology.
11

 

 

There are two approaches developed describing the different possibilities for the 

synthesis of nanostructures. These manufacturing approaches fall under the two 

categories, one is top down and another one is bottom up, these two processes 

differ in degrees of quality, speed and cost. 

  

The top-down approach is nothing but the breaking down of bulk material to 

achieve nano-sized particle. This approach can be applied by using advanced 

technologies for example precision engineering and lithography which have been 

developed and optimised by industry in recent years. Precision engineering mainly 

focuses on the microelectronics industry during the entire production process and 

the high performance can be attained by virtue of combination of improvements. 

Whereas lithography is the modelling of a surface through the exposure of light, 

ions or electrons, and the deposition of the material on to that surface to generate 

that materials.
12

 

 

The bottom-up approach involves building up of nanostructures from bottom such 

as- atom by atom or molecule by molecule with the help of chemical and physical 

processes which are in nano-scale range (1nm-100nm) using controlled 

manipulation of self-assembly of atoms or molecules. Chemical synthesis is a 
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process of producing rough materials which can be used as the building blocks of 

more advanced ordered materials or can be used directly in product in their bulk 

ordered form. Our very known self-assembly process is a bottom-up approach in 

which atoms or molecules organize themselves into ordered nanostructures by 

chemical and physical interactions between them. Positional assembly is the only 

technique where single atom, molecule or cluster can be positioned freely one by 

one.
12

 

 

The general techniques involve in top-down and bottom-up processes are 

schematically represented in Figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. The schematic representation of top down and bottom up technology: different 

methods for nanoparticle synthesis. 
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As the applications of inorganic, metallic, semiconductor, and polymer based 

nanoparticles has become versatile approach in modern nanotechnology, there is 

also increasing apprehension about its toxological properties. Such as- carbon 

nanoparticles have some biological limitations.
13,14

 It has been shown to induce 

lipid per-oxidation in the brain cell of fish and pulmonary inflammation in rats. 

Therefore, a group of people started thinking about an alternative approach by 

using peptides and proteins as building unit to generate nanoparticles. This 

opened up a new field called – Bionanotechnology. Moreover, peptide and 

protein based self-assembled nanostructures have received significant attention 

due to their potential application in nanomedicine, drug delivery, tissue 

engineering, oil spillage recovery and environmental pollutant removing 

adsorbents.
15–29

 Self-assembly is one of the significant areas of nanoscience and 

nanotechnologies. Self-assembly has been testified as one of the most powerful 

and efficient method to design nanostructures at the molecular and atomic level. 

 

1.3 General introduction of Self-assembly 

Self-assembly involves autonomous aggregation of components into ordered 

patterns or structures.
30

 It plays an important role in various biological systems 

either to achieve its biological function or as a part of a pathogenic processes. For 

example – the development of biological membranes upon self-assembly of 

phospholipids, DNA double helix formation through specific hydrogen bonding 

interactions, the formation of amyloid fibrils applicable to a variety of generic 

disorder and as well as protein microtubules and microfilaments as functional unit 

of intracellular interplay. Inspired from these biological processes, a variety of 

biological and biomimetic materials have been developed via previously mentioned 

―Bottom-up‖ approach called molecular self-assembly.
31–37

 Molecular self-assembly 

is an impulsive and spontaneous process of forming ordered nanostructures under 

certain thermodynamic and kinetic conditions based on specific and local molecular 

interactions. 
11,38,39

The self-assembly process is facilitated by various non-covalent 
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interactions including hydrogen bonds, π-π stacking interactions, hydrophobic 

interactions, electrostatic interactions, non-specific Van der Waals forces and 

dipole-dipole interactions.
38,40–42

 However, individually these interactions are 

relatively weak but when combined as a whole they can govern the self-assembly 

process. 

 

1.4 Advantages of using peptide as a molecular building blocks in self-

assembly process 

The global trend is growing towards the biomolecules based fabricated 

nanostructures. Among the different biomolecules, peptides have become one of 

the most promising building blocks because of their unmatched biocompatibility, 

biodiversity, chemical diversity and most significantly resembles with proteins. 

Inspired from protein self-assembly in living organisms, several self-assembled 

structures have been developed using different amino acid sequence. 
16,43–45

 The 

self-assembled nanostructures originated from peptide are the gait of 20 amino 

acids. The formation of nanostructures can be controlled or tuned in terms of 

numbers, type, sequence and side chain of amino acid residues. The peptide 

based self-assembled nanostructures not only limited to natural amino acids; it 

can be customized by incorporating modified amino acid in the peptide design to 

have superior self-assembling properties. This bottom-up approach mainly 

inspired from the wonders of nature functioning on nanoscale that can generate 

many biological nanostructures for example proteins, DNA/RNA etc. The top-

down method, which is superior to bottom-up science, help to discover new 

peptide sequence depending on the specific binding site on bio macromolecules 

based on their structural properties. Therefore, these specific advantages of 

peptides convincing the scientists to reach after these macromolecules and 

discover new molecular self-assemblies. Furthermore, the peptide synthesis is 

simple and cost-effective synthetic chemical approach via conventional 
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Nanovesicles 

procedures, in solution or solid phase. The inherent biological properties of 

peptides make them constructive for many medical and biological applications.
46–

48
 They can also mimic the functions and behaviour of proteins, presenting an 

alternative model for gaining insight into the self-assembly and protein function. 

Again, the unique self-assembling properties of designed or extracted peptide 

building blocks enable them to undergo into well-defined nanostructures with 

various applications. Over the past few decades, significant progress has been 

emerged in this field. A number of peptide-derived building units such as- cyclic 

peptides, dendritic peptides, amphiphile peptides, surfactant-like oligopeptides, 

copolypeptides, and aromatic dipeptides, have been designed and developed for 

the creation of functional supramolecular architectures and the exploration of 

their possible applications in biology, nanotechnology and supramolecular 

chemistry.
49–51

 

  

1.5 Peptide based self-assembled nanostructures 

 

 

 

 

 

 

 

 

 

 

Figure 3. Different nanostructures produced due to self-assembly of peptides.  
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Peptide can be self-assembled into a variety of nanostructures including 

nanofibers, nanotubes, nanospheres, vesicles, coil, ribbon and twisted ribbons 

depending on their type, sequence and self-assembling condition.
52–58

 To generate 

these nanostructures different types and structure of peptides are responsible 

including dipeptides, cyclic peptides, amphiphilic peptides, α-helical peptides, ß- 

sheet peptides etc.
59–62

 

 Recently, researchers tried to explore the self-assembly pattern of short peptides 

as small as dipeptides. In general dipeptides have the ability to self-assemble into 

different nanostructures by minimizing the difficulty and the cost of fabrication 

process and increasing the stability of the system.
63,64 The first investigation of 

dipeptide self-assembly came from Gorbitz‘s group, they reported the self-

assembly pattern of diphenylalanine (FF) moiety.
65

 This moiety has recognised 

the core motif of the amyloid ß (Aß) polypeptide segment and the driving force 

for the self-assembly of Alzheimer‘s disease. Many studies revealed that this FF 

dipeptide moiety can self-assemble into different nanostructures including 

nanoparticles, nanotubes, nanovesicles and nanowires etc.
66–70

 Kim and his group 

demonstrated FF self-assembled into nanotubes by dissolving the dipeptide into 

water after inducing sonication followed by heating. FF also generated nanowires 

in water at high ionic strength.
71

 They also showed the fascinating morphological 

transformation between  nanowires and nanotubes found from self-assembly of 

FF moiety
71

 and later several mechanical applications including biosensors, 

nanodevices, conducting nanomaterials were carried out using these two 

nanostructures.
54,72

 Gorbitz et al further showed hydrophobic dipeptides like LL, 

LF, IL and FL can also self-assemble into nanotubes by forming head to tail 

hydrogen bonds.
73–76

  Gazit and his co-workers further modified the FF moiety by 

incorporating thiol group.
77

 Surprisingly, this fabrication led to the formation of 

tubular to spherical nanostructures. This group further showed the self-assembly 

pattern of other aromatic homodipeptide into nanofibrils, nanoplates, nanospheres 

and hydrogels.
78

 Later, several applications were carried out using these 
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nanostructures. They can be applied for casting mold for the fabrication of 

metallic nano-wires and other different biomedical applications including 

biosensing, tissue-engineering, drug-delivery and bioimaging etc.
79–83

 Modified 

dipeptides have also been explored by the scientists as templates for making 

biologically functional self-assembled nano or microstructures .
84,85

 The modified 

dipeptide having N-terminal ω amino acid residue could undergo self-

organization by forming nanotubes in solid as well as in aqueous state.
86

 The 

morphological analysis revealed that the nanotubes were uniform and well-

organized with various dimensions. The self-assembled nanostructures generated 

from these modified dipeptides were significantly different in solid as well as in 

solution state. This observation proved that the self-assembling mechanisms of 

these modified dipeptides were different in these two self-assembling 

conditions.
87

 The hydrogen bonding capacity of water molecules played an 

important role in the self-assembly and even in the stabilization of the nanotubes. 

Due to the beautiful nanostructures obtained from phenylalanine peptide, several 

investigations were carried out by modifying the phenylalanine residue. For 

example, BOC-protected diphenylalanine residue formed tubular like 

nanostructures whereas Fmoc-protected and Cbz-protected diphenylalanine 

residue formed fibrillar structure very similar to amyloid fibril.
78

 Further 

exploration on modified diphenylalanine analogue by using amine and carboxyl 

group revealed that these dipeptides formed ordered tubular structures at 

nanomeric scale.
88

 Another investigation by ujin and co-worker demonstrated that 

Fmoc-dipeptide made from the combination of four different amino acid residues 

namely glycine, alanine, leucine and phenylalanine formed hydrogels depending 

on the nature, sequence and type of amino acid present in the peptide building 

block.
25

 Generally, peptides containing aromatic residue like Fmoc, benzyl, 

naphthyl, pyrene have been proven good templates that tend to form fibrillar 

network due to the presence of aromatic π-π stacking and hydrophobic 

interactions .
85,89–95

 Another interesting observation found when the dipeptide 
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(D)-F-(D)-F dissolved in water. Both nanotubes and vesicles were found upon 

diluting the solution with appropriate volume of water, suggesting that 

concentration of medium played a pivotal role in forming these nanostructures.
96

 

Apart from dipeptide self-assembled nanostructures, other short linear peptide 

nanostructures have been studied for biomedical applications including drug 

delivery.
97,98

 A short peptide KLVFF from amyloid- beta peptide self-assembled 

to form nanofibrous structure and could also form hydrogel in a concentrated 

phosphate-buffer saline solution.
97

 Irrespective of dipeptides and linear peptides 

other interesting type of peptides has become an interesting area of research i.e 

cyclic peptides, amphiphilic peptides and surfactant like peptides etc. Cyclic 

peptides formed from alternating D- and L- number of amino acids can self-

assemble into nanotubular structure.
99

 The nanotubular pattern is formed by 

aggregating the cyclic peptide as basic building blocks to form a flat 

conformation structure where the amino and the carbonyl side chain are 

perpendicular to the ring.
100

 The structure is stabilized by hydrogen bonding 

between amide groups.
101

 This unique nanotubular structure of cyclic peptide has 

some advantages over other peptides such as- precise diameter controls and could 

also be tuned by modifying the peptide sequence and length.
100

 Amphiphilic 

peptides are special type of peptide that contains hydrophilic peptide head group 

and hydrophobic peptide tail. These peptides could undergo in forming various 

secondary and tertiary conformations.
102,103

 Numerous self-assembled 

nanostructures were formed from these types of peptides nanotubular, 

nanovesicles and nanomicelle.
104

  The electrostatic and hydrophobic interactions 

are the main participating driving force in forming the self-assembly pattern of 

amphiphilic peptides.
105

 Therefore, peptide self-assembled well-defined 

nanostructures are stabilized through various non-covalent interactions as 

discussed earlier. The self-assembled nanostructures can be manipulated or tuned 

by changing the type, sequence or by applying external triggers such as 

temperature, pH value, concentration, medium, solvent, ionic strength etc. One 
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peptide self-assembled nanostructures can also be used in multiple functions 

including cell-penetration, drug-delivery, tissue engineering and environmental 

pollutant adsorbents etc. Biocompatibility, biodegradability and biodiversity 

make peptide building blocks superior to other organic moieties. Furthermore, its 

preparation in large scale attributed peptide as a promising target in modern 

nanotechnology. Among the different types of peptides discussed earlier, 

aromatic peptides have received considerable attention for the bottom-up 

construction of several important nanostructures. 

1.6 Scope of the thesis 

In recent times, many studies were carried out using phenyl alanine based self-

assembly system but less is known about other aromatic amino acids. In this 

thesis, we mainly focus on the self-assembled nanostructures obtained from 

tyrosine based dipeptide moiety. Tyrosine is a versatile amino acid having 

significant role in living organism. It acts as a building block of proteins, a 

precursor of melanin and several neurotransmitters and hormones. Some tyrosine 

residues can participate equally in signal transduction processes in proteins and 

function as a receiver.  Tyrosinemia is a generic disorder characterized by 

disruptions in the multistep process that breaks down the amino acid- tyrosine. It 

falls into the category of amyloid like metabolic diseases. Alkaptonuria, a typical 

amyloidogenic disorder occurs due to the accumulation of metabolite tyrosine 

and homogentisic acid. Here, in this thesis five different types of benzyl protected 

tyrosine based dipeptides were synthesized, characterized and one of the peptide 

based gel material was used for waste water treatment. Second chapter mainly 

focused on two dipeptides where terminally benzyl protected tyrosine residue 

was coupled with phenyl alanine and pentafluorinated phenyl alanine moiety. The 

structural insight of these dipeptides was characterized by AFM, FE-SEM, FT-

IR, NMR and powder XRD study. Surprisingly, one of the dipeptide was 

showing gelatinous nature in different solvent mixture. This gel was further 
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utilized for waste water treatment by removing three different dyes from water 

and can act as a PSOG (phase selective organogelator).  

Next a comparative study was performed between two dipeptides where 

terminally benzyl protected tyrosine residue was coupled with different side 

chain protected glutamic acid residues. Interestingly, a small variation in the 

substituent groups became responsible for significant changes in their 

morphological behaviour. The different in morphological pattern and 

characteristic details of these two dipeptides were discussed using AFM, NMR 

and several vibrational spectroscopic analyses. Further the 3-dimensional 

geometric structure, UV-Vis spectrum, HOMO-LUMO energy, FT-IR and 

Raman spectra were also calculated using Density Functional Theory. Molecular 

dynamic simulations also carried out for both the peptides. 

Very rare and interesting ß-sheet promoted helical structure produced by di-

tyrosine di-peptide was reported in the last chapter. The self-assembly pattern of 

this dipeptide was explored in various solvents. This novel dipeptide readily 

undergoes fibrillar network with ß-sheet and helical like hydrogen bonding 

pattern in solution. Morphology of this dipeptide was elucidated by Atomic force 

microscope (AFM) and Field emission scanning electron microscope (FE-SEM). 

Deuterium exchange proton NMR study, temperature dependent proton NMR 

study and FT-IR spectroscopy revealed the key molecular forces behind the 

benzyl protected tyrosine dipeptide assembly. In addition, CD spectroscopy also 

established the self-assembly phenomenon associated with this dipeptide. The 

single crystal X-ray analysis of this dipeptide further revealed that this peptide 

exhibited in a parallel ß-sheet pattern but this further self-assembled to form ß-

sheet promoted helical architectures by various non-covalent interactions in the 

crystalline state. Hirshfeld surface analysis and DFT study were also performed 

for this dipeptide which also supported the result obtained from single crystal X-

ray analysis. 
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2.1 Aim of the present work 

Low molecular weight gelators from short synthetic peptides are rapidly 

expanding area of research interest due to their wide range of applications from 

biology to nanochemistry. Peptides are particularly an important class of organic 

materials for studying self-assembly and gelation propensity as these molecules 

are biocompatible and biodegradable and incorporation of a diversity of amino 

acids make them useful for several applications. In this chapter, an O-benzyl-

tyrosine- pentafluoro-phenyl alanine based gelator molecule was synthesized and 

characterized. This dipeptide showed gelatinous property in a mixture of 

solvents. In one category, a translucent gel was formed in water – methanol (1:1) 

solvent system. Other polar protic solvents (DMF, DMSO, acetonitrile, ethanol 

etc.) were found to be useful instead of methanol to make this gel. In another 

category, aromatic solvents (toluene, benzene etc.) and long chain hydrocarbon 

(petroleum ether, kerosene, and diesel) mixtures were used to make gel. This gel 

was also translucent in nature and stable for several weeks. Morphology of these 

gel materials were characterized through AFM and FE-SEM analysis. NMR, FT-

IR, XRD and rheological study were also carried out for these gel materials. Both 

the gels prepared from different solvent systems are used for waste water 

treatment by removing toxic dyes and acting as phase selective organo gelator 

(PSOG). 
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2.2 Introduction 

In the past two decades, the peptide and amino acid derived supramolecular gels 

arising from hierarchical self-assembly of low molecular weight organic 

compounds is of increasing interest of current research area due to their unique 

properties.
106–113

 Self-assembled supramolecular gels have gained significant 

attention in drug delivery matrices, molecular sensing, advance material science, 

pharmaceutical preparation, oil spill recovery and as environmental pollutant 

removing agents.
114–122

 Gels can be described as soft materials in which solvent 

molecules are entrapped into one dimensional structure and cross link to 

constitute a network provided by the gelator molecules under suitable 

conditions.
123,124

  Most of the gels belong to polymeric materials and hyper 

branched dendritic molecules. These gelator molecules are associated with 

various non-covalent interactions such as- hydrogen bonds, vander waals forces, 

π-π stacking, dipole-dipole, charge-transfer coordination interactions, and 

solvophobic effects.
125–132

 These interactions play a great role during the 

organization of small molecular assemblies into three dimensional architecture 

that has the ability to immobilise solvent molecules which is trapped under 

appropriate conditions to form gels. Commonly used natural bio-polymers for 

example - Long chain hydrocarbons, saccharides, peptides, amides, ureas, 

nucleobase, steroids, and two component systems belong to low molecular 

weight gelators (LMWGs). In contrast to these naturally occurring biopolymers 

―engineered‖ peptide based  low molecular weight gelators in organic and 

aqueous solvents were explored, having  ample applications in nanomedicine, 

catalysts, light-harvesting, tissue engineering scaffolds, sensing, templating and 

nanoelectronics.
111,133,134

 In most of the cases these gelator molecules involve 

hydrogen bonding and /or π-π interactions for self-assembly in their respective 

gel state. Peptides are particularly useful candidates to study self-assembly and 
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gelation due to their biocompatibility and biodegradability as well as 

incorporating a diverse range of amino acids to control the peptide sequence. 

Water is the most essential resource for survival on our planet – Earth. With the 

development and industrialization of human civilization, water pollution has now 

become a great threat to us. Water pollution mainly occurs due to the degradation 

and contamination of water by harmful chemicals. Disposal of harmful chemicals 

into water not only exert negative effects on species living in water but also on 

the broader biological community. Nowadays water purification has become a 

matter of supreme importance in contemporary environmental research. 

Industries like textile, printing, plastic, leather, and food used various synthetic 

dyes and pigments.
135,136

 Dyes are the specific class of organic compounds 

composed of conjugated phenyl units. Presence of these phenyl units in dye 

molecules is responsible for their non-degradability and high toxicity.
137,138

 

Therefore, contamination of dye molecules in water has become a great problem 

as they cause extensive damage to natural ecosystems and human health. In 

addition, marine pollution through accidental or intentional discharge of crude oil 

and petrochemicals has become serious environmental issue. The annual disposal 

of millions tons of petroleum across waterways worldwide and contamination of 

water with dyes are very much toxic to biological systems when their levels 

exceed cellular need.
139

 Therefore many conventional approaches, such as – ion-

exchange, membrane filtration, adsorption procedures, chemical precipitation and 

biological degradation have been employed for removing these environmental 

effluents.
140,141

 However, these processes suffer many disadvantages like 

incomplete removal, high cost and high energy requirements.
142

 In this respect, 

the development of an approach which is cheaper and more potent is highly 

beneficial and promising task. Previous investigation in our laboratory described 

that benzyl protected amino acid residue like cysteine was able to generate 

various self-assembled structures including sphere, protofibril, fibril via hydrogen 
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bonding through amide linkage and π-π stacking through aromatic ring of the 

substituted amino acid.
143,144

 Due to the important feature of tyrosine moiety an 

investigation was carried out by developing a dipeptide composed of benzyl 

protected tyrosine residue. In this chapter, two dipeptides were designed and 

synthesized composed of N-(tert-butoxycarbonyl)-L-phenylalanine-O-benzyl-L-

tyrosine methyl ester and N-(tert-butoxycarbonyl)pentafluoro-L-phenylalanine-

O-benzyl-L-tyrosine methyl ester. Among these two, the dipeptide composed of 

pentafluoro substituent can able to form gel in polar protic solvent- water mixture 

and as well as in aromatic solvent-long chain hydrocarbon (such as petroleum 

ether, kerosene, diesel) mixture. The morphology of the dipeptide containing O-

benzyl tyrosine and phenyl alanine  was investigated by atomic force microscopy 

and observed fibrillar network in mixture of solvents. Unfortunately, this 

dipeptide was failed to form gel in pure as well as mixture of solvents rather it 

generated suspension in mixture of solvents (Figure 20). The structural insights 

of these gels were characterized through Field emission scanning electron 

microscopy, Atomic Force Microscopy, FT-IR analysis, X-ray diffraction studies 

and their mechanical strength were investigated by Rheological experiments. 

Both the gels had potential application for the treatment of waste water. The gel 

obtained from methanol-water mixture has the efficiency to adsorb toxic dyes 

(crystal violet, Eriochrome black T and Rhodamine B) and gel obtained from 

another solvent system can be used as phase selective gelator (PSG) for oil-spill 

recovery. UV-Vis spectroscopy was used to investigate the dye adsorption 

propensity of the gelator molecule. 

2.3 Results and discussion 

The inclination of ‗N-(tert-butoxycarbonyl)pentafluoro-L- phenylalanine O-

benzyl-l-tyrosine‘ (TP1, Scheme 1) dipeptide towards gelation was studied in 

different versatile solvent systems including methanol, ethanol, dimethyl 

sulfoxide, dimethylformamide, acetonitrile, acetone, petroleum ether, kerosene, 
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diesel, toluene, benzene, xylene and water etc. The dipeptide (TP1) was failed to 

show any gelatinous ability in single solvent among the above mentioned 

solvents. Due to this reason, the gelation of this dipeptide was tested in a mixture 

of solvent system. Water is miscible with polar protic solvent. Therefore, a 

solvent system was developed where water was used with polar protic solvent to 

investigate the gelation propensity of this dipeptide in this solvent mixture. 

Surprisingly, when water was added to the methanolic solution of the dipeptide, a 

white coloured suspension appeared and then keeping the solution without any 

disturbance formed a translucent gel within few seconds. The gelation test was 

carried out in a tube by tube inversion method (Figure 14 and 15). The gel 

formed from methanol-water solvent system was thermoreversible in nature. 

Heating the gel gave a clear solution then keeping the solution without any 

disturbance translucent gel reappeared. The minimum gelation concentration 

(MGC) of the dipeptide in methanol-water system at a ratio 1:1 was 0.25% w/v 

and the calculated Tgel of the corresponding MGC was found to be 72
o
C.  The 

gel-to-sol transition temperature (Tgel) was determined by placing the organogel 

containing inverted screw-capped glass vial into a thermostatted water bath and 

raising the temperature at a rate of 2
o
C min

-1
. The Tgel was defined as the 

temperature (+0.5
o
C) at which the gel melted and showed gravitational flow. It 

was observed that the gelation appeared immediately in 50% methanol-water 

system. Further increasing methanol amount, less amount of gel formation was 

observed. Other protic solvents such as- DMF, DMSO, acetonitrile and ethanol 

were tested instead of methanol. Interestingly, this dipeptide also formed gel in 

these solvents in assistance with water. From this observation, it can be 

concluded that water is essential for gelation due to water assisted hydrogen 

bonding. The importance of water in this solvent mixture was further confirmed 

from D2O exchange proton NMR study. The gel formed from polar protic solvent 

and water mixture was translucent, thermoreversible, stable for several weeks 

without any noticeable change under ambient condition. Apart from the mixture 
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of polar protic solvent and water, this dipeptide was shown to form translucent 

gel in the mixture of aromatic solvent i.e. toluene and nonpolar solvent like 

petroleum ether. The translucent gel formed by this dipeptide (TP1) in 

accordance with the mixture of toluene and petroleum ether is thermoreversible 

in nature and stable for several weeks at ambient temperature. The minimum 

gelation concentration (MGC) of the dipeptide in (1:20) toluene-petroleum ether 

system was 0.2% w/v and Tgel at this MGC was found to be 48
o
C. The gelation 

test was also successful when benzene, xylene used along with petroleum ether 

instead of toluene. The gel prepared from toluene and long chain hydrocarbon 

(such as- petroleum ether, kerosene and diesel) was prepared in absence of water. 

This dipeptide had better gelation tendency in 50% methanol-water solvent 

system with 0.25% w/v MGC. This gel was further tested in water purification by 

removing three different toxic dyes. Surprisingly, the gel obtained from toluene-

petroleum ether solvent system was found to act as a phase selective gelator 

which can selectively gelate the oil part in oil-water mixture keeping the water 

part fixed. This phase selective gelation was again investigated using kerosene, 

diesel instead of petroleum ether (Figure 17 and 18).  

2.3.1 Synthesis of the dipeptides  

All chemicals were purchased from Sigma-Aldrich and used without further 

purification unless otherwise stated. Solvents were freshly distilled by the 

standard procedures prior to use. Column chromatography was performed on 

silica gel (Merck, 60–120 mesh) with the required eluent. Finally, compounds 

were characterized by 
1
H-NMR, 

13
C-NMR and mass spectrometry. 
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Scheme 1. Structure and schematic presentation of the synthesis of the dipeptides. Reagents 

and condition (i) EDC.HCl, HOBt, TEA, .0
o
C to RT, 8h.  

 

Synthesis of dipeptide (TP) 

To a well stirred solution of N-(tert-butoxycarbonyl) - L - phenylalanine(1, 1g, 

3.77 mmol) dissolved in N,N-dimethylformamide (15 mL), was added anhydrous 

hydroxybenzotriazole (HOBT; 611 mg 4.52 mmol) slowly followed by 1-ethyl-

3,3-(dimethylamino) propyl carbodiimide hydrochloride (EDC•HCl; 1g 

,5.65mmol) in cooled condition under nitrogen atmosphere. Then the stirring was 

continued for 10 minutes at ice-cooled condition and to this mixture triethylamine 

(TEA; 2.6 mL ,18.85mmol) was added along with O-benzyl-L-tyrosine methyl 

ester (2, 900mg, 3.77 mmol;), subsequently the reaction was further continued for 

8 h at room temperature (monitoring via TLC). The reaction mixture was then 

concentrated to dryness and extracted with ethyl acetate from aqueous layer. 

Evaporation of solvent under reduced pressure produced the crude product, which 

was further purified by column chromatography over silica gel (hexane/ethyl 

acetate) to afford the intermediate compound ‗TP‘ as white solid (yield = 78%). 
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Synthesis of dipeptide (TP1) 

To a well stirred solution of N-(tert-butoxycarbonyl)pentafluoro- L - 

phenylalanine(4, 1g, 2.81mmol) dissolved in N,N-dimethylformamide (15 mL), 

was added anhydrous hydroxybenzotriazole (HOBT; 455 mg 3.37mmol) slowly 

followed by 1-ethyl-3,3-(dimethylamino) propyl carbodiimide hydrochloride 

(EDC•HCl; 1g ,5.62mmol) in cooled condition under nitrogen atmosphere. Then 

the stirring was continued for 10 minutes at ice-cooled condition and to this 

mixture triethylamine (TEA; 2mL ,14.05mmol) was added along with O-benzyl-

L-tyrosine methyl ester (2, 900mg, 2.81mmol;), subsequently the reaction was 

further continued for 8 h at room temperature (monitoring via TLC). The reaction 

mixture was then concentrated to dryness and extracted with ethyl acetate from 

aqueous layer. Evaporation of solvent under reduced pressure produced the crude 

product, which was further purified by column chromatography over silica gel 

(hexane/ethyl acetate) to afford the intermediate compound ‗TP1‘ as white solid 

(yield = 80%). 

2.3.2 Morphological studies 

FE-SEM study 

Morphologies of the gel materials were investigated using field emission 

scanning electron microscopy (FE-SEM). For FE-SEM study, dilute solutions of 

gel materials were dried and platinum coating was carried out. Then the 

micrographs were taken in an FE-SEM apparatus (Jeol Scanning Microscope-

JSM-7600F). Another FE-SEM study of the gel after adsorption of the dye was 

performed in an FE- SEM apparatus Hitachi S-4800. 

The effect of solvents on the morphology of this dipeptide (TP1) was investigated 

by Field emission scanning electron microscopic (FE-SEM) experiment. FE-SEM 

investigation helped to understand the morphological pattern of the xerogel 

prepared from their respective solvent systems at their MGC. All the xerogels 
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showed highly cross-linked entangled structure. An intertwined fibrillar network 

was observed when methanol-water system (Figure 1A) was taken. In this case it 

was observed that two or more fibres were linked to each other to obtain a thicker 

fibre. Highly cross linked, entangled sheets like structures were obtained in case 

of toluene-petroleum ether solvent system (Figure 1B). Generally for the 

formation of the gel such fibrillar network were responsible for the entrapment of 

large number of solvent molecules and also restricted the free movement of 

solvent molecules.
145

 

 

Figure 1. Field emission scanning electron microscopic images of the dipeptide in (A) 

Methanol-water system (B) Toluene-Petroleum ether system. 

AFM study 

Dipeptide (TP1) suspended in their respective solvent was aged at room 

temperature for 24h separately and then this solution was drop casted in freshly 

cleaved muscovite Ruby mica sheet (ASTM V1 Grade Ruby Mica, Micafab India 

Pvt. Ltd., Chennai, India). After drying the sample solution coated on mica foil, 

the specimen was observed through atomic force microscope. AFM images were 

obtained on Pico Plus 5500 AFM (Agilent Technologies, Inc., Santa Clara, CA, 

USA) with the piezo scanner range of 9 μm. The images (256 × 256 pixels) were 

A B 
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captured with a scan size between 0.5 and 5 μm at the scan speed rate of 0.5 rpm. 

The images were processed through flattening via Pico view software (Molecular 

Imaging Inc., Ann Arbor, MI, USA). 

The morphology adapted by this dipeptide (TP1) in their dilute solutions was 

investigated by Atomic Force Microscopy. For AFM imaging, stock solutions 

were prepared by dissolving TP1 separately in methanol, toluene and their 

respective solvent mixtures for required hours and deposited on freshly cleaved 

mica surface. The images were recorded under the microscope after drying the 

sample. In methanol and toluene solvents, TP1 showed fibrillar like assembly 

network. The widths of the fibres obtained from dipeptide dissolved separately in 

methanol and toluene solution were 60-90 nm and 70-90 nm respectively (Figure 

2A and 2B). Therefore, the conclusion can be drawn that TP1 generated 

dispersed fibrils from dilute solution (5 µM). Moreover the result obtained from 

the AFM images of this dipeptide were also in agreement with the cross-linked 

entangled structure accounting for further aggregation of the discrete fibrils with 

the assistance of solvent molecules in the corresponding gel state. The 

morphology of the dipeptide in mixture of solvents also showed fibrils from 

dilute solution in their respective solvent system (Figure 2C and 2D). This 

observation also corroborated with the result obtained from FE-SEM analysis. 
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Figure 2. Atomic Force microscopic images of the dipeptide(TP1). Panel (A) and panel (B) 

indicate fibrillar aggregates produced from dipeptide in their dilute methanolic and toluene 

solution respectively. Lower panels indicate AFM images of the gelator dipeptide in mixture of 

solvents (C). in methanol-water and (D). in toluene-petroleum ether. 

 

 

 

2.3.3 Deuterated (H/D) exchange proton NMR study 

 

Deuterated (H/D) exchange proton NMR study of the dipeptide (TP1) provided 

important insights about the hydrogen bonding patterns of the two amide protons 

in solution state.
146

  This experiment was performed by dissolving the dipeptide 

(TP1) in DMSO-d6 solvent and 
1
H-spectrum was taken in this pure solvent. After 

A B 

C D 
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that certain volume of D2O was added and spectrums were taken at different time 

point of incubation.  

Investigating H/D exchange proton NMR study, it was found that two doublet 

peaks appeared around δ 8.50 and 6.94 ppm for peptide NH and BOC NH 

respectively in absence of D2O because of two different chemical environments 

of two amine groups. The total 9 aromatic protons arose at δ 7.40 (2H), 7.34 

(2H), 7.29-7.27 (1H), 7.08 (2H) and 6.87 (2H) ppm respectively for this dipeptide 

(TP1)in the NMR spectrum (Figure 3A). Addition of 10μL D2O to a 10 mM 

dipeptide solution in DMSO-d6, the intensity of proton arose at δ 6.94 ppm (BOC 

NH) diminished rapidly (within 1min.) and shifted from 6.94 to 6.90 ppm as 

shown in (Figure 3B). The shielding effect of this BOC NH may be due to the 

fact that, this proton involved in strong hydrogen bonding with DMSO, when 

D2O was added interaction pattern of the hydrogen may be altered depending on 

its position and orientations.
147

 The intensity of the other proton appeared at δ 

8.50 ppm for peptide NH diminished slowly. The D2O (H/D) exchange proton 

NMR spectrum was taken after different time point of incubation as shown in 

(Figure 3C and 3D). From this NMR study it can be concluded that both the 

protons are solvent exposed and participated in intermolecular H-bonding with 

another dipeptide molecules and the solvent molecules. 
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Figure 3. H/D exchange NMR experiment of dipeptide (10 mM) in DMSO-d6. 

(A) 
1
H-NMR spectra of dipeptide (TP1) in absence of D2O in solution. Upper panels show the 

perturbation of the spectra in presence of D2O (D2O: DMSO-d6 = 1:50) at different point after 

addition of D2O:  (B) 0h, (C) 2h and (D) 4h. For presentation clarity only peak regions are shown 

and the bottom axis is broken. Dashed lines and arrows are to highlight the perturbation of the 

peak positions and intensities. 
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2.3.4 FT-IR analysis 

 

The FT-IR spectra of the dipeptide were recorded on a PerkinElmer Spectrum 

Two spectrometer. For recording the FT-IR in wet gel state, the gels were 

prepared in their respective solvents at their MGC. The spectra were scanned 

from 400–4000 cm
-1

 at 4 cm
-1

 resolution. Spectrum 10 software was used for data 

processing. 

Infrared spectroscopy was most often used to determine the molecular 

arrangement of the peptide backbone along with the structural orientation in 

aggregated state by analysing the most sensitive bands like amide I, amide II and 

amide III which are mainly originating from backbone vibrations. FT-IR 

spectroscopy studies were performed to compare the secondary structures of the 

peptide both in solid and self-assembled structures in greater detail. For recording 

the FT-IR spectra of the dipeptide (TP1) in their wet gel state; the gels were 

prepared in their respective solvent system at their MGC according the procedure 

given above. The important FT-IR band positions are marked in the Figure 4 and 

assignment of these bands are placed in supporting information (Figure 16 and 

Table 1). The molecular interactions were influenced by the amide backbone 

configuration. In most cases, the characteristic amide I, amide II and amide III 

bands are mainly originating from backbone vibrations, those appeared at 1600–

1690 cm
-1

, 1480–1580 cm
-1

 and 1230–1300 cm
-1

 respectively.
148

 In order to get 

the molecular interactions associated with the gelation of the dipeptide, we 

measured the FTIR spectra of the dipeptide in their solid and wet gel state (Figure 

4). In the solid state of TP1 (Figure 4A), one sharp peak appeared at 1666 cm
-1

 

along with a hump at 1655 cm
-1

 corresponding to amide I vibrational mode of the 

carbamate carbonyl and the amide carbonyl respectively. In addition, Sharp peak 

appeared at 1740 cm
-1

 for the ester carbonyl in the solid state of the dipeptide 

(TP1). However for the gel state of  TP1 in methanol-water solvent system 
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(Figure 4B), the characteristics peak appeared at 1628 cm
-1

, 1666 cm
-1

 and 1740 

cm
-1

 with broadening nature compared to solid state. These broadening of the 

amide peaks and the appearance of the peak at 1628 cm
-1

 indicated that in the gel 

state this dipeptide (TP1) become hydrated through the water and methanol 

solvent system. The amide (-CONH) group may be involved in hydrogen bond 

formation with water. Thus the associated water molecules contribute to the 

broadness at 1628 cm
-1

. Similarly for the gel state of this dipeptide (TP1) in 

toluene petroleum ether (Figure 4C), shifting of the amide peak from1666 cm
-1

 

to1658 cm
-1

 along merged with the hump at 1655 cm
-1

 was observed. This result 

suggested a strong hydrogen bonding in gel state compared to solid state. 

 

Figure 4. FT-IR spectra of the dipeptide(TP1) in three different conditions.  

(A) indicates solid state (B) represents wet gel state prepared from methanol-water and (C) 

indicates wet gel state prepared from toluene-petroleum ether system. 
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2.3.5 X-ray diffraction study 

 

XRD study of the xerogel was carried out by placing the sample on a glass plate. 

Experiments were carried out by using an X-ray diffractometer (Bruker AXS, 

Model No. D8 Advance). 

To determine the solid state molecular arrangement and packing of dipeptide 

(TP1) at the atomic level, powder X-ray diffraction (XRD) experiment were 

carried out in both gel state obtained from two different solvent system and its 

solid state, as represented in Figure 5. The xerogel form showed sharp reflections 

appeared in the 5–40
o
 (2θ value) range and was therefore inferred to be 

crystalline in nature. Xerogel obtained from the dipeptide in toluene-petroleum 

ether solvent system showed a peak (Figure 5B) corresponding to d-spacing 4.73 

Å (2θ ~ 18.7°) accompanied by the other peak at 9.71 Å (2θ ~ 9.1°), which were 

indicative of a ß-sheet-like arrangement of these gelator molecules. The peak at 

4.73 Å represented the spacing between peptide chains within a ß-sheet. 

Additionally, the peak at 9.71 Å was approximately doubled the ß-sheet spacing. 

This may be due to either, the repeating unit of ß-sheet type hydrogen bonding or 

the ‗side-chain‘ spacing between two interacting parallel sheets.
149 

Moreover, a 

peak at 2θ ~ 26.29° (3.38 Å) was observed for the xerogel obtained from toluene-

petroleum ether solvent system, indicating the presence of π-π stacking 

interactions.
150–152

 In the case of solid state the broad peaks (Figure 5A) were due 

to the heavy scatterings, which represented semi-crystalline characteristics of the 

dipeptide. Despite of the fact that the dipeptide partially lost its crystalline 

property in the dry state, the low intense peaks at 2θ ~ 9.8° (9.01 Å), 18.2° (4.86 

Å) and 25.3° (3.51 Å) were still present, which indicated the presence ß-sheet-

like arrangement and π-π stacking interaction in the dry state although these 

values are slightly shifted from the xerogel obtained from toluene-petroleum 

ether solvent system. Further, few strong intense lines are also observed in the 

wet-gel state which may be due to pure phenylalanine or tyrosine as reported 



50 
 

earlier.
153–156

 Unlike the sharp reflection in toluene-petroleum ether solvent 

system, the XRD spectrum of the dipeptide in methanol-water solvent system 

(Figure 5C) showed broad peaks which indicated that the crystalline property of 

the dipeptide is less in this medium. It suggested that the xerogel state of the 

dipeptide significantly depended on the polarity of the environment. It showed 

peaks at 2θ ~ 18.67° (4.74 Å ) and 29.51° ( 3.02 Å ), which may be due to ß-sheet 

like arrangement and π-π stacking interactions as obtained from the toluene- 

petroleum ether medium. 

 

 

 

 

 

Figure 5. (A) X-ray diffraction patterns of the dipeptide (TP1) in its solid state. (B) X-ray 

diffraction patterns of the dipeptide in its xerogel state (toluene – petroleum ether system). (C) 

X-ray diffraction patterns of the dipeptide in its xerogel state (methanol-water system).  
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2.3.6 Rheological experiment 

The rheological measurement of the gel obtained from toluene-petroleum ether 

solvent system was performed using Modular Compact Rheometer (Anton Parr, 

MCR 102, Austria). The instrument was equipped with an air compressor unit 

which maintained the air pressure at 7 kg/cm2. A standard cone-plate geometry 

(CP-40, 40 mm outer diameter, angle 1◦) was employed in the study. Frequency 

sweep (G, G versus angular sweep) was measured in oscillation mode. The data 

was analysed using Rheoplus software (US 200, version 3.62). Another rheology 

experiment of the gel obtained from methanol-water solvent system was 

performed in SDT Q Series Advanced Rheometer AR 2000. 

Rheological experiments were performed in order to examine the mechanical 

strength of the gel in their respective solvent system. The storage modulus (Gʹ) 

and loss modulus (Gʹʹ) were measured in a typical frequency sweep experiment 

under a constant (0.1%) strain as a function of applied angular frequency and 

were represented in Figure 6. It is evident from the fact that if storage modulus 

(Gʹ) is greater than the loss modulus (Gʹʹ) and no cross-over point is found 

throughout the entire range of frequency the material is likely to be considered as 

gel. In this experiment, it was found that for gelatinous material in both solvent 

systems the storage modulus (Gʹ) remained greater than the loss modulus (Gʹʹ) 

and no cross-over point was found in the entire range of frequency. This result is 

in agreement with the fact that a soft solid like gel phase material was present. 
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.  

Figure 6. Frequency sweep experiment of the dipeptide at 0.1% constant strain (A) Methanol-

water system (B) Toluene- petroleum ether system. 

 

2.3.7 Dye adsorption study 

Dye adsorption study was monitored by adding 1mL of dye (0.01 mM) to a 

sample tube together with 2 mg of TP1. This solution was left for 24 h at RT to 

adsorb the dye. The final concentration of the dye in the solution was determined 

by UV/Vis spectroscopy. UV−vis absorption spectra were recorded using a 

JASCO V-630 spectrophotometer. A high-quality quartz cuvette was used for 

measuring the absorbance. 

Since the last two decades, water pollution has become a matter of great concern 

to nature due to the textile industry and organic dyes.
40

 These dyes are discharged 

into the river, oceans in large amount by these industries which contaminated our 

natural sources. Nowadays, low molecular weight gelators offer an alternative 

appealing for removal of these toxic dyes quite efficiently. The gel obtained from 

methanol-water solvent system was tested for absorbing these hazardous dyes by 

adding aqueous solution of the dye to the gel. Three different dyes crystal violet, 

Eriochrome black T and Rhodamine B were adsorbed rapidly over a period of 

time by this supramolecular adsorbent. The concentration of the dyes used for 

A B 



53 
 

this investigation was 0.01 mM. After 24 h more than 90% of the dyes were 

adsorbed for crystal violet and Eriochrome black T and more than 80% dye was 

adsorbed for Rhodamine B (Figure 7). For Rhodamine B, dye adsorption study 

was further investigated and found that 92% adsorption was done after 48h 

(Figure 21). UV-Vis spectroscopy was further performed to understand the 

adsorption of these dyes from aqueous solution. Surprisingly, it was found that 

the dye was adsorbed by the gel leaving behind the clear water (Figure 8A, 8B 

and 8C). The morphological analysis was performed for these dye adsorbed gel 

through FE-SEM analysis. The hydrogen bonding, and/ or π-π stacking between 

the dye molecules and the gelator molecule may be responsible for the 

morphological change of this gelator molecule after dye adsorption. 

  

 
 

Figure 7. Photographic images of the gel obtained from the gelator dipeptide i) Crystal violet  

ii) Eriochrome black T iii) Rhodamine B; (A) Before adsorption, (B) After adsorption. 

 

A B 
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Figure 8. UV data for time dependant adsorption for aqueous dye solution (A) Crystal violet 

(B) Eriochrome black T (C) Rhodamine B; (D), (E) represent FE-SEM images of the crystal 

violet adsorbed gel. (F) and( G) represent FE-SEM images of the Rhodamine B adsorbed gel. 

 

2.3.8 Selective organogelation 

 

Phase selective organogelator (PSOG) are capable gelling organic solvents in the 

presence of second, immiscible solvents, which is typically water and they are 

being explored for a range of environmental remediation applications including 

oil spill containment. In recent times, low molecular weight supramolecular gels 

(LMWG) offer a unique application through selective gelation of oil products 

having molecular weight larger than their own molecular weight. This property 

can be used as oil-spill remediation-so called ‗bio-refinery design‘. The insoluble 

behaviour of the organogel in water and good gelation ability in many organic 

solvents make them suitable for selective gelation of oil in oil water mixture. To 
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carry out this experimental procedure, 5 mg compound was added to the mixture 

of 1 mL of toluene-pet-ether mixture (1:20) and 1 mL of water in a glass vial in 

Figure 9. Then the glass vial was heated to solubilise the compound in this two-

phase and shaken vigorously to make it homogeneous. After cooling to room 

temperature the organic layer was gelated and water layer remained intact in its 

liquid state. Further, experiments were carried out for toluene-kerosene and 

toluene-diesel system and surprisingly, this dipeptide was capable of forming gel 

in these solvent systems keeping water part intact (Figure 17 and 18). 

 

 

 

 

 

Figure 9. Photographic images of the phase selective gelation of the gelator dipeptide.  (A) 1 

mL of toluene- pet ether mixture (1:20) and 1 mL of water with the gelator. (B) Gelator was 

dissolved in by heating. (C) Selective gelation of toluene-pet ether layer at room temperature. 

(D) Inversion test was performed with this phase selective gelator. 
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2.4 Conclusions  

 

This work represented here vividly demonstrated the formation of a new low 

molecular weight gelator peptide consisting of N-(tert-butoxycarbonyl) 

pentafluoro- L – phenylalanine and O-benzyl-L-tyrosine. The gelation propensity 

of this dipeptide was investigated in various mixtures of solvents. Water is found 

to be an essential component along with polar protic solvent systems for gelation 

of this dipeptide. In addition, long chain hydrocarbon unit is found to be 

important in assistance with aromatic solvents for gelation of this dipeptide. Both 

the gels obtained from these two solvent systems were thermoreversible and 

translucent in nature. These gelator molecules had the potential application in 

waste-water treatment. Interestingly, the gel obtained from methanol-water 

solvent system had been used to adsorb three different toxic dyes (Crystal violet, 

Eriochrome black T and Rhodamine B) from aqueous solution. The gel prepared 

from aromatic solvent and long chain hydrocarbon was effectively active as a 

PSG (phase selective gelator) in oil spill recovery. The relatively low-cost 

starting materials to synthesize the gelator, the low amount required for the 

formation of the gel and the higher amount of absorption capacity of the gel hold 

future promise for using this soft material in waste-water management. 
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2.5 Supporting information 

2.5.1 Characterization of the dipeptides 

1
H and 

13
C NMR spectra of N-(tert-butoxycarbonyl)pentafluoro-L-

phenylalanine - O-benzyl-L-tyrosine methyl ester 

1
H NMR (600 MHz, DMSO-d6): δ (in ppm) 8.50 (1H, d, J = 6Hz, NH of 

amide), 7.40 (2H, d, J = 12Hz, Ar-H), 7.34 (2H, t, J = 12Hz, Ar-H), 7.29-7.27 

(1H, m, Ar-H), 7.08 (2H, d, J = 12Hz, Ar-H), 6.94 (1H, d, J = 6Hz, NH of BOC 

group), 6.87 (2H, d, J = 6Hz, Ar-H), 5.03 (2H, s, -O-CH2-Ar), 4.39-4.35 (1H, m, 

CαH), 4.29-4.25 (1H, m, CαH), 3.58 (3H, s, -CH3 of ester group), 2.94-2.88 (2H, 

m, -CH2-), 2.80-2.77 (1H, m ), 2.74-2.70 (1H, m), 1.27 (9H, s, -CH3 of tertiary 

butyl group). 

13
C NMR (150 MHz, DMSO-d6): δ (in ppm) 172.16, 170.18, 157.55, 155.27, 

137.61, 130.58, 129.46, 128.84, 128.20, 128.03, 114.91, 78.88, 69.51, 60.24, 

54.31, 53.10, 52.36, 36.29, 31.44, 28.33, 26.26, 22.55, 14.56. 
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Figure 10.
 1

H NMR spectra of N-(tert-butoxycarbonyl) pentafluoro-L-phenylalanine - O-

benzyl-L-tyrosine methyl ester
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Figure 11. 
13

C NMR spectra of N-(tert-butoxycarbonyl) pentafluoro-L-phenylalanine - O-

benzyl-L-tyrosine methyl ester. 
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1
H and 

13
C NMR spectra of N-(tert-butoxycarbonyl)-L-phenylalanine - O-

benzyl-L-tyrosine methyl ester 

1
H NMR (600 MHz, DMSO-d6): δ (in ppm) 8.28 (1H, d, J = 12Hz, NH of 

amide), 7.40 (2H, d, J = 6 Hz, Ar-H), 7.36 (2H, t, J = 6 Hz, Ar-H) , 7.31-7.29 

(1H, m, Ar-H), 7.25-7.20 (4H, m, Ar-H), 7.17 (1H, d, J = 6 Hz, Ar-H), 7.13 (2H, 

d, J = 12 Hz, Ar-H), 6.90 (2H, d, J = 6 Hz, Ar-H), 6.84 (1H, d, J = 6 Hz, NH of 

BOC group), 5.04 (2H, s, -O-CH2-Ar), 4.46-4.42 (1H, m, CαH), 4.19-4.15 (1H, 

m, CαH), 3.56 (3H, s, -CH3 of ester group), 2.98-2.94 (1H, m), 2.90-2.87 (2H, 

m), 2.68-2.64 (1H, m), 1.27 (9H, s, -CH3 of tertiary butyl group). 

13
C NMR (150 MHz, DMSO-d6): δ (in ppm) 172.29, 157.55, 155.52, 138.46, 

137.98, 130.61, 129.59, 128.82, 128.39, 128.19, 128.04, 126.58, 114.99, 78.43, 

69.54, 55.91, 54.16, 52.24, 37.83, 36.33, 28.54. 
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Figure 12.
1
H spectra of N-(tert-butoxycarbonyl)-L-phenylalanine - O-benzyl-L-tyrosine methyl 

ester. 
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Figure 13. 
13

C NMR spectra of N-(tert-butoxycarbonyl)-L-phenylalanine - O-benzyl-L-tyrosine 

methyl ester. 



63 
 

A B 

 

Figure 14. Images of the gel obtained from gelator peptide (A) gel obtained from methanol-

water mixture. (B) Tube inversion test of this gel. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Images of the gel obtained from gelator peptide (A) from toluene-petroleum ether 

mixture. (B) Tube inversion test of this gel. 

A B 
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Figure 16. Full range of FT-IR spectra of the dipeptide (TP1). 

 

Table 1: Assignments of the FT-IR bands in the solid state of TP1. 

 

 

IR frequency 

(cm
−1

) 

Modes of assignments IR frequency 

(cm
−1

) 

Modes of assignments 

3326 amide NH asymmetric 

stretching 

1516 amide II (N–H bend in 

plane and C–N stretch) 

2981 CH3antisymmetric 

stretching of tertiary 

butyl group 

1501 aromatic C-C vibration 

2925 CH2 antisymmetric 

stretching 

1439 CH2 bending 

1740 C=O stretching of the 

ester 

1367 CH3 of tertiary group 

symmetric bending 

1666 amide C=O stretching 

(amide I) of 

carbamate carbonyl 

1242 amide III (N-H bend in 

plane and C-N stretch) 

1655 amide C=O stretching 

(amide I) 

1164 Ester C–O asymmetric 

stretch 



65 
 

A B C D 

A B 

 

 

 

 

 

 

 

 

Figure 17. Photographic images of the phase selective gelation of the gelator dipeptide (TP1):  

(A) 500µL of toluene- kerosene mixture and 500µ L of water with the gelator. (B) gelator was 

dissolved in by heating. (C)  Selective gelation of toluene-kerosene layer at room temperature. 

(D) Inversion test was performed with this phase selective gel 

 

 

 

 

 

 

 

 

 

 

 

Figure 18. Photographic images of the phase selective gelation of the gelator dipeptide(TP1): 

(A) Selective gelation of toluene-diesel layer at room temperature. (B) Inversion test was 

performed with this phase selective gel. 
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Figure 19. Atomic force microscopic images N-(tert-butoxycarbonyl)-L-phenylalanine- O-

benzyl-L-tyrosine methyl ester dipeptide (A) Methanol-water (B) Toluene-petroleum ether. 

2.4.8. Gelation study of N-(tert-butoxycarbonyl) -L-phenylalanine-

O-benzyl-L-tyrosine methyl ester in different solvent system. 

 

 

 
 

Figure 20. Gelation study of N-(tert-butoxycarbonyl) -L-phenylalanine-O-benzyl-L-tyrosine 

methyl ester in different solvent system : N-(tert-butoxycarbonyl)-L-phenylalanine - O-benzyl-

L-tyrosine methyl ester formed suspension in (A) methanol-water and (B) toluene-petroleum 

ether solvent system. 

 

a) b) A B 
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Figure 21. (A)    d    fo   ime depend n   d o p ion fo  (   .  m )  hod mine dye  ol  ion 

(B) photographic images of the dye adsorption solution of TP1.   
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CHAPTER 3 

 

 

 

STRUCTURE AND SELF-ASSEMBLY OF 

TWO de-novo DIPEPTIDES IN 

METHANOL: MOLECULAR DETAILS 

BY NMR AND VIBRATIONAL 

SPECTROSCOPIC ANALYSES 
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3.1 Aim of the present work 

The evolving interest in nanotechnology has enthused the development and 

discovery of new materials that can self-assemble into well-ordered structures at 

the nanometer size. However, such ordered and reproducible structures are very 

common motif in biological systems; they are a tremendous challenge for 

material science. In the past few decades, research efforts were carried out on 

peptide based self-assembled systems due to their diverse applications. Short 

peptides are easy to design, synthesize and making them excellent model systems 

for biological systems. In this chapter, investigations were performed on the self-

assembly pattern of two dipeptides composed of O-benzyl-L-tyrosine and 

differently protected (substituted) side chain of glutamic acid residue. A small 

change in the side chain variation of the peptide residues caused significant 

difference in morphological pattern of the aggregates produced in MeOH. The 

difference in the structure of two peptides was linked to mainly side chain 

variation. TBP1 contained methyl ester of glutamic acid part and TBP2 contained 

benzyl group protected glutamic acid residue. This small variation was 

responsible for the formation of aggregates of two distinct morphologies: TBP1 

produced elongated fibrillar network and TBP2 produced oligomeric assembly in 

methanol. The difference in self-assembly pattern of these dipeptides enhanced 

our interest to study in detail the key molecular forces responsible for generation 

of these morphology. Several spectroscopic analyses such as- UV, NMR, FT-IR 

and Raman analyses were carried out. Not only the experimental methods, The 

UV-Vis, FT-IR and Raman spectra were recorded and compared with the 

computational spectra obtained by density functional method (DFT/B3LYP) with 

6 31G (d) basis set. Molecular dynamic simulation study was carried out for both 

the peptides. Further investigation on dipeptide which underwent to produce 

fibrillar aggregates can form gel in methanol-water solvent system at 1:1 ratio. 
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3.2 Introduction  

Synthesis of short peptides gained momentum in last two decades due to their 

biocompatibility, biodegradability and some resemblance with proteins.
125,157

 

They were also known to form self-organized nano-architechtures which show 

various applications in bio-interface engineering, biosensors, advance material 

science and therapeutics etc.
158–162

 Therefore, several studies have been carried 

out using peptide based materials ranging from three-dimensional (3D) cell 

culture scaffolds to artificial enzymes, antibacterial, anticancer agents, hemostasis 

treatments, optical waveguides, and semiconductors.
51,161,163 

 Potential strategies 

are taken for the in-vitro fabrication of higher ordered structures from nano to 

supramolecular architectures from these small peptides.
164,165 

 Many of these 

molecules are considered as amazing building blocks for developing self-

assembled nanostructures.
43,166,167

 Recently, the nanostructure based 

supramolecular architectures are evolving its interest beyond constructing 

complex morphologies towards the potential applications of self-assemblies.
168–

173
 The self-assembled nanostructures produced from these small peptides 

however depends on the constituent of amino acids and the selection of 

appropriate solvent.
51,174

 The available twenty amino acids control various 

physicochemical and structural features to the overall morphology of the peptide 

due to the presence of variety in charge, hydrophobicity, size, and   polarity in 

side chains. Several physicochemical parameters such as pH, ionic strength, 

solvents, light, temperatures, time, peptide concentration, surrounding media, and 

its processing route are responsible for the phase and morphological transition of 

peptides to gain different nanostructures.
174–180

  Apart from other parameters 

involved in the self-recognition process the polarity of the solvent present in the 

incubation medium plays a significant role for the formation of these self-

assemble structures via peptide-solvent interactions. The self-assembly pattern of 

di-phenyl alanine in binary solvent system was examined by Huang et al. Where 
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it was found that this dipeptide formed microtubes and nanofibers in this solvent 

system.
174 

Rissanou et al. examined the morphological changes associated with 

di-alanine and di-phenylalanine peptides in methanol and water solvent 

respectively. Where they found different nanostructures like fibers, tubes, 

amorphous in different solvent condition and temperature.
181

 Another research 

group examined morphological pattern of tri-phenylalanine in various solvent 

mixtures. A wide range of nanostructures like helical fibrils, grouped needle, 

doughnut-like hollow shapes, micro-bottles and leaves like dendrimers etc. were 

obtained from these investigation.
182

 The solvent controlled structural transition 

of a symmetric amphiphilic peptide KI4K was described by Zhao et al. 
183 

Previous investigations mainly focused on the structural intricacy and self-

assembly pattern obtained from benzyl protected amino acid residues like 

cysteine, tyrosine etc.  The morphological behaviour of two side chain benzyl 

protected cysteine dipeptide revealed nanotubular structure in aqueous media. 

The non- covalent interactions involving hydrogen bonding and π-π stacking 

helped to provide the orientation of nanotubular self-assembly of this benzyl 

protected cysteine dipeptide in aqueous medium.
184

 Next investigation performed 

with terminally benzyl protected cysteine tripeptide moiety. Surprisingly, this 

tripeptide generated annular and proto-fibrillar assemblies in methanol solvent. 

The weak forces such as- hydrogen bonding, π-π stacking, vander waals and 

hydrophobic interactions cooperatively provide the generation of intact and well-

ordered three dimensional structures upon aging the tripeptide in methanol.
143 

Interestingly, spherical assemblies were generated when one phenyl alanine was 

incorporated into cysteine dipeptide moiety. The morphological behaviour of this 

tripeptide was examined in different organic solvent under concentration 

dependant manner.
144 

Moreover, this tripeptide exhibited significant cytotoxicity 

toward different cancer cell lines and induced apoptosis to promote cancer cell. 

Apart from the effect of solvent present in the incubation media, the 
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concentration of peptide plays a significant role in self-organization process. 

Naskar et al. described transition of an oligo-peptide from nanovesicles to 

nanotubes at neutral pH under concentration dependent manner.
185 

3.3 Results and Discussion 

In this work, the ability of self-assembly pattern of two dipeptides that contain 

benzyl protected tyrosine and different side chain protected glutamic acid 

residues were thoroughly examined (Figure 1).  The investigation was performed 

by synthesizing two de novo peptides TBP1 (N-Boc-(O-benzyl)-tyro-(di-methyl)-

glutamate) and TBP2 (N-Boc-(O-benzyl)-glu-(O-benzyl)-tyrosine-methyl ester 

(Figure 1). The small changes in the substituent groups in the peptide residues 

caused a significant difference in their structural alignment and the self-assembly 

formation that produced nano size aggregates of two distinct morphologies. The 

peptide TBP1 which contains methyl ester of glutamic acid formed highly cross-

linked fibrillar network where TBP2 having benzyl protected glutamic acid 

residue formed oligomers in MeOH. The morphological transition of these two 

peptides depends on the concentration as well as the incubation time of peptide 

solution. This difference in morphological behaviour of two peptides encouraged 

to study them in detail by NMR and vibrational spectroscopic analyses. 

Furthermore, the HOMO-LUMO energies as well as their energy gap and 

vibrational spectroscopic results were computed by density functional theory 

calculation. The calculated and experimental electronic absorption spectra of the 

peptides showed no significant difference in their electronic transition behaviour. 

FT-IR and Raman spectra of both TBP1and TBP2 in solid state showed peptide 

amide I band at ~1650 cm
-1

and indicated similar conformation state of the amide 

group in the peptide bonds. However, molecular interactions of the peptides in 

methanol differed and caused formation of assembly structure of different 

morphologies. It was confirmed by D2O exchange proton NMR measurements 

that the peptide NH of TBP1 was more exposed and rapidly exchanged with D2O 
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compared to peptide NH in TBP2 which showed slower deuterium/proton 

exchange in DMSO solvent. Both thioflavin T fluorescence measurement and 

FT-IR analysis indicated that fibrillar assembly produced by TBP1 and compact 

ß-sheet conformation while TBP2 produced no fibrillary network with compact 

sheet structure. The blue shift of the peptide carbonyl Raman frequency to   1657 

cm
-1 

indicating more ordered structure of TBP1 due to fibrillation. Interestingly it 

was also observed that fibrillary network produced by TBP1 showed gel 

properties and oligomers of TBP2 failed to do this gel forming unique properties. 

This chapter describes an interesting study in detail to show how protecting 

groups in small dipeptide controls the three dimensional morphologies of the 

molecules in their nanoformulations. 

3.3.1 Synthesis of two dipeptides 

The current investigation illustrated the synthesis of two novel peptides and showed 

how the presence of an additional phenyl group resulted formation of different type 

of self-assembly structure in methanol. Two dipeptide molecules were chemically 

synthesized in the laboratory: In one peptide O-benzyl-L-tyrosine linked to methyl 

ester of glutamic acid residue and produce N-Boc-(O-benzyl)-tyro-(di-methyl)-

glutamate abbreviated as TBP1 and in another molecule O-benzyl-L-tyrosine 

coupled with benzyl protected glutamic acid residue generated N-Boc-(O-benzyl)-

glu-(O-benzyl)-tyrosine-methyl ester abbreviated as TBP2. The molecular 

architectures of the peptides are shown in Figure1. 
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Figure 1. Structure and schematic presentation of synthesis of two novel dipeptides. 

 (1) Structure of the two peptides: N-Boc-(O-benzyl)-tyro-(di-methyl)-glutamate (TBP1) and N-

Boc-(O-benzyl)-glu-(O-benzyl)-tyrosine-methyl ester (TBP2). (2) Substrates for synthesis of 

TBP1: methyl ester of glutamic acid (a), N-(tert-butoxycarbonyl)-O-benzyl-L-tyrosine (b). (3) 

Substrates for synthesis of TBP2: N-(tert-butoxycarbonyl)-O-benzyl-L-glutamic acid (c), methyl 

ester of O-benzyl-L-tyrosine (d). (i) and (ii) are marked for experimental conditions, the reaction 

was done with EDC.HCl (1-ethyl-3,3-(dimethylamino) propyl carbodiimide hydrochloride), 

HOBT (hydroxylbenzotriazo le),  TEA (triethylamine), 0
o
C to RT, reaction duration 8h. 

Synthesis of TBP1 

To a well-stirred solution of N-(tert-Butoxycarbonyl)-O-benzyl-L-tyrosine (b ; 500 

mg, 1.34 mmol) dissolved in N,Ndimethylformamide (8 mL), was added anhydrous 

hydroxybenzotriazole (HOBt; 218 mg, 1.6 mmol) followed by 1- ethyl-3,3-

(dimethylamino) propyl carbodiimide hydrochloride (EDC•HCl; 387 mg, 2.01 

mmol) under cold condition and nitrogen atmosphere. The stirring was continued 

for 10 min under ice-cooled condition and then triethylamine (TEA; 1 mL, 10 

mmol) was added to this mixture along with methyl ester of glutamic acid  (a; 340 
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mg, 1.6 mmol); subsequently, the reaction was further continued for 8 h at room 

temperature and completion of the reaction was monitored via thin-layer 

chromatography (TLC). The reaction mixture was then concentrated under reduced 

pressure, diluted with water and extracted with ethyl acetate from aqueous layer. 

The crude product was obtained after evaporation of the solvent and purified by 

column chromatography over silica gel (petroleum ether /ethyl acetate 70:30) to 

afford peptide ―TBP1‖ as white solid (yield = 75 %). 

Synthesis of TBP2 

To a well-stirred solution of N-(tert-Butoxycarbonyl)-O-benzyl-L-glutamic acid (c ; 

500 mg, 1.48 mmol) dissolved in N,Ndimethyl formamide (8 mL), was added 

anhydrous hydroxybenzotriazole (HOBt; 240mg, 1.77 mmol) followed by 1- ethyl-

3,3-(dimethylamino) propyl carbodiimide hydrochloride (EDC·HCl; 426 mg, 2.22 

mmol) under cold condition and nitrogen atmosphere. The stirring was continued 

for 10 min under ice-cooled condition and then triethylamine (TEA; 1.5 mL, 10 

mmol) was added to this mixture along with methyl ester of O-benzyl –L-tyrosine 

(d; 571 mg, 1.48 mmol); subsequently, the reaction was further continued for 8h at 

room temperature and completion of the reaction was monitored via thin-layer 

chromatography (TLC). The reaction mixture was then concentrated under reduced 

pressure, diluted with water and extracted with ethyl acetate from aqueous layer. 

The crude product obtained after evaporation of the solvent  was purified by column 

chromatography over silica gel (petroleum ether /ethyl acetate 75:25) to afford 

peptide ―TBP2‖ as white solid (yield = 70 %). 

 

3.3.2 Electronic (absorption) behaviour 

UV-Vis study 

UV−Vis absorption spectra of the dipeptides TBP1 and TBP2 (dissolved in 

methanol) were acquired using a JASCO V-630 spectrophotometer (JASCO 
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International Co. Ltd., Japan) within the wavelength range of 200−500 nm. A high-

quality quartz cuvette having path length of 1 cm was used for spectral 

measurement. Concentration of the peptide was kept ~ 10 µM. 

DFT study 

Gaussian 09, Revision E.01 program was used for quantum chemical calculations.
186

 

The calculations were carried out for both peptides (TBP1 & TBP2) using  the 

density functional theory (DFT) with B3LYP
187,188

 functional and 6-31G (d) basis 

set.
189,190

   UV-vis spectra and electronic properties such as HOMO and LUMO 

energies were calculated using time-dependent DFT with self-consistent field (TD-

SCF/DFT), B3LYP functional using 6-31G (d) basis set in methanol under 

Polarizable Continuum Model (PCM).
191,192

   

A dilute solution (  10μM) of TBP1 in methanol showed a broad absorption 

spectrum (Figure 2A) in the UV region. The dipeptide showed absorption 

maxima at λmax = 273 nm. The absorption was assigned to π−π* transition. The 

dipeptide TBP2 also showed similar absorption behaviour like TBP1 (Figure 2C). 

Figure 2B present the calculated UV-vis spectra of TBP1in methanol solvent 

under Polarizable Continuum Model (PCM) using TD-B3LYP (SCF) level of 

theory and 6-31G (d) basis set. It exhibited absorption bands at λ = 247.91 nm 

(ΔE ≈ 5.0012 eV), 237.07 (ΔE ≈ 5.2299 eV), 231.51 (ΔE ≈5.3555 eV) (Table 1) 

for first three excited states. Maximum transition probability was associated with 

electronic state 141 (HOMO) to 143 (LUMO+2). The UV−vis spectra (Figure 

2D) of TBP2 was also simulated in the methanol solvent using the same method.  

The calculated excitation energies, oscillator strengths of the simulated UV−Vis 

spectra are represented in Table 1. The dipeptide exhibited absorption bands at λ 

= 250.69 (ΔE ≈ 4.9458 eV), 240.51 (ΔE ≈ 5.1550 eV), 236.37 (ΔE ≈5.2454 eV) 

for first three excited states respectively in the methanol solvent. Each of the 

excited states was composed of several electronic transitions. Transition 

probability found to be maximum from electronic state 161 (HOMO) to 164 
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(LUMO+2). The oscillator strength was maximum for the absorption band with 

the first excited states. No major differences found in the absorption behaviour of 

these two dipeptides in the experimental or in theoretical analysis. However, non-

covalent molecular interaction with self or solvent molecules were substantially 

differed and generated different type of association in methanol and 

methanol/water mixed solution condition as discussed below. 

 

 

 

 

 

 

 

Figure 2.  Experimental and theoretical absorption spectra of TBP1 and TBP2. 

(A) and (C) are experimental UV-Vis spectra of TBP1 and TBP2, respectively, in methanol, for 

e ch pep ide  ol  ion concen    ion w      μ . (B) and (D) are calculated absorption spectra of 

TBP1 and TBP2 respectively, for the calculation MeOH was chosen as solvent. The peak positions 

are marked.  
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HOMO (-0.220) LUMO+6 (-0.002) LUMO+2 (-0.0086) LUMO (-0.0126) 

LUMO +2(-0.0207) LUMO+1(-0.0236) LUMO (-0.0272) HOMO (-0.2290) 

A 

B 

 

 

Figure 3. Pictorial presentation of some key molecular orbitals of dipeptides, TBP1 & TBP2. 

(A) Key molecular orbitals (MOs) of dipeptide TBP2 obtained upon DFT analysis using TD-

B3LYP(SCF) /6-31G (d)  level involved in the electronic transitions generating absorption bands 

in methanol solvent. (B) Key molecular orbitals (MOs) of TBP1 using TD-B3LYP(SCF) /6-31G (d) 

level involved in the electronic transitions generating absorption bands in methanol solvent.  
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Table 1: Calculated wavelength absorption band (λcalc/nm), oscillator strength, 

and probability and excitation energy of the simulated UV-Vis spectra of the 

dipeptides using TD-B3LYP (SCF) /6-31G (d) level for TBP1 & TBP2. 

 

system 

 

excited 

state 

 

transition 

 

wavelength 

λcalc(nm) 

 

oscillator 

strength 

 

probability 

 

excitation 

energy 

(eV) 

TBP1 1 141 ->142 247.91 0.0371   0.61675 5.0012 

2 

3 

141 ->143 

141 ->144 

237.07 

231.51 

0.0014  

0.0047   

0.63714 

0.63525 

5.2299 

5.3555 

       

TBP2 1 161->162 250.69 0.0196 0.6571 4.9458 

2 161 ->164 240.51 0.0175 0.6759 5.1550 

3 161 ->167 236.37 0.0127 0.5354 5.2454 

 

 

3.3.3 Molecular Dynamics Simulations 

Molecular dynamics (MD) simulations were performed with Desmond as 

implemented in Schrodinger Maestro (Academic release 2020-3) following 

previously published protocol.
193

  In brief, monomers of the peptides were placed 

inside of an orthorhombic periodic boundary box with at least 10 Å buffer region on 

each side and solvated with explicit methanol. Simulations were run under 

isothermal–isobaric conditions in OPLS (optimized potentials for liquid 

simulations) force field. Systems were equilibrated with default relaxation protocol 

prior to the production run.
193

 The (υ, ψ) angles were perturbed in the free peptides  

using an umbrella potential of width 5° and height 0.03 kcal/mol to obtain the 

complete potential energy profiles of the backbone torsion. Gas phase simulations 

were performed in a canonical ensemble without solvent.  

Structural propensity of the peptides 

Secondary structural propensity of a peptide backbone can be derived from the 

dihedral angle (υ, ψ) parameters (Figure 4). Therefore, the (υ, ψ) angle disposition 

in TBP1 and TBP2 was probed by free energy perturbation method using classical 
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molecular dynamics simulation. The dihedral angle υ is defined by the atoms C-N-

Cα-C and is a measure of rotation over N-Cα bond, whereas the dihedral angle ψ is 

defined by N-Cα-C-N atoms and is a measure of rotation over Cα-C bond. The 

peptide bond -C-N- is rigid with the carbonyl O and amide H lying in a trans 

configuration in the amide plane. Thus, in peptide TBP1 and TBP2, there are two 

sets of dihedral angle as shown in Figure 4 and designated by (υ1, ψ1) and (υ2, ψ2). It 

is evident from this figure that the value of ψ1 gives the orientation of two amide-

NH groups (BOC-NH and peptide-NH) and the value of υ2 gives the orientation of 

two peptide-CO groups. The lowest energy configurations as observed in the 

potential energy surface obtained by perturbation of (υ1, ψ1) and (υ2, ψ2) dihedral 

angles in TBP1 and TBP2 are shown in Figure 5 and the approximate values of the 

most probable torsions are listed in Table 2. The data indicates that in comparison to 

gas phase, structural heterogeneity increases in methanol in both the peptides. Low 

energy dihedral angle configurations indicate vastly different backbone geometries 

of TBP1 and TBP2. 

 

 TBP1 TBP2 

R1 O-benzyl-tyrosyl side chain O-benzyl-glutamic acid side chain 

R2 methyl-glutamic acid side chain O-benzyl-tyrosyl side chain 

Figure 4. The pep ide b ckbone in  he dipep ide. The dihed  l  ngle  (φ , ψ )  nd (φ2, ψ2)   e 

marked. Amide planes are marked with dotted lines. 

TBP1 TBP2 
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Figure 5. Free energy profiles of dihedral angle perturbation of TBP1 and TBP2. φ1, ψ1 values 

range from -180 to 180 degrees. Free energies calculated with respect to the lowest energy 

conformations. Iso-ene gy line    e d  wn     pecific in e v l   nd l beled wi h ΔG v l e  in 

kcal/mol. 

Table 2: Dihedral angle distribution of TBP1 and TBP2 backbone as obtained by 

free energy perturbation. 

 (υ1, ψ1) (υ2, ψ2) 

TBP1 (in vacuo) (-90,0) or (-160,0) (-120,0) or (-120,175) or (55,40) 

TBP2 (in vacuo) (-90,0) (-160,0) or (-160,180) or (60,60) 

TBP1 (in MeOH) (-90,-20) or (60,20) (-75,-45) or (-90,170) or (60,-170) or (60,45) 

TBP2 (in MeOH) (-90,-10) or (-90,160) (-60,-45) or (-75,160) or (-160, 175) or (60,50) 

 

  

TBP1 in vacuo TBP2 in vacuo TBP1 in MeOH TBP2 in MeOH 
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3.3.4 Self-assembly of the peptides in MeOH 

AFM study 

AFM images were obtained on Pico Plus 5500 AFM (Agilent Technologies, Inc., 

Santa Clara, CA, USA) with the piezo scanner range of 9 μm. The images (256 × 

256 pixels) were captured with a scan size between 0.5 and 5 μm at the scan speed 

rate of 0.5 rpm. The images were processed through flattening via Pico view 

software (Molecular Imaging Inc., Ann Arbor, MI, USA). For this purpose, 

dipeptide solution was incubated at room temperature for required time, and 

subsequently the solution was applied to a mica foil. After drying the sample under 

air, the sample on mica substrate was observed through atomic force microscopy. 

Several research groups studied that the peptides those contained aromatic groups in 

their architechtures have a generic ability to self-assemble in protic solvent and 

produced different nano-size aggregates. To gain visual insight into the self-

assembly and aggregation properties of TBP1 and TBP2, both the peptides were 

dissolved in methanol to make final concentration of the peptide ~ 0.03 mM and 0.3 

mM respectively. The prepared solution was incubated for 24h and deposited on 

freshly cleaved mica surface. After drying, AFM imaging technique was used to 

examine morphological pattterns of the assembly structures produced in MeOH. 

Figure 6 shows the fiber bundles produced from TBP1. However, TBP2 produced 

spherical assembly structure of nano-sphere after 24h incubation as shown in Figure 

7. The width of the fiber (obtained from TBP1) varied in the range of 20-50 nm 

(Figure 6A) and several micrometres in length. At higher concentration (~0.3 mM), 

the fiber morphologies were diversified, showing dense cross-linked fibrillar 

network structure, having width in the range of 30-60 nm (Figure 6C). It indicated 

that the diameter of fibers was dependent on the concentration of TBP1 solution. 

Moreover, the width of the dense fibers decreases to 10-30 nm upon sonication 

(Figure 6D). This suggested that the dense fibrillar network was assembled of 
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several mini-fibers and the lateral association was disturbed by the sonication. AFM 

study showed that TBP2 in dilute condition (0.03 mM in methanol) produced nano-

spheres like assemblies with diameter of 60-110 nm (Figure 7A). Surprisingly, with 

increasing concentration (~10 times), higher diameter oligomer/spheroidal 

aggregates were formed having size in the range of 250-500 nm (Figure 7B). The 

sonication caused the size reduction of the oligomers from 250-500 nm to 75-200 

nm (Figure 7D). Incubating the peptide solution for a longer period, the size of the 

oligomers became larger (Figure 31).  

To check the incubation time dependency of TBP1 & TBP2 assembly formation, 

the dipeptide was dissolved in methanol and AFM images were taken at several 

time intervals. (Figure  9). Due to the fast fibrillation and higher dependency on 

the concentration of peptide TBP1 in methanol, the peptide concentration was 

kept low at ~ 75 µM. AFM analysis showed that TBP1 showed nanospherical 

assembly structure after 5min of incubation (Figure 9A). After 1h, TBP1 

produced like fibrillar aggregates (Figure 9C). In case of TBP2, the aggregation 

properties at this concentration was slow, nanospheres with diameter 20-30 nm 

could be observed after 2 h of incubation (Figure 9D). The size of nanospheres 

increased to 30-60 nm after 8h (Figure 9E). After 24 h of incubation, TBP2 

generated larger spherical assemblies with diameter 60-120 nm (Figure 9F). 

Hence it can be concluded that the morphology of the assembled structures 

adapted by both TBP1 and TBP2 was time as well as concentration dependent. 

This time dependent morphological analysis also correlated with the result 

obtained from ThT fluorescence study. 
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Figure 6. Atomic force microscopy (AFM) images of aggregates produced from TBP1 as 

incubated in methanol for 24h at RT (25
0
C). 

(A) Fibrillar aggregates produced from dilute solution of TBP1 (0.03 mM) (B) Shows the enlarged 

portion of the area enclosed by white dotted line in (A).(C) Highly cross-linked dense fibers 

produced from TBP1 incubated at highe  concen    ion (   .  m ).  ( ) Sonication induced fibrils 

obtained from concentrated solution of TBP1.  

 

 

Figure 7. Atomic force microscopy (AFM) images of oligomeric aggregates produced from 

TBP2 as incubated in methanol for 24h at RT (25
0
C).  

Panel (A) shows nanosphere structure produced from dilute (0.03 mM) TBP2 solution and (B) 

 how  bigge   ize (    2  -500 nm)   gg eg  e  p od ced when  he pep ide concen    ion w       .  

mM, (C) is the expanded form of marked portion of (B). (D) shows smaller size aggregates 

produced upon sonication of aggregates shown in panel (B).  
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3.3.5 Thioflavin T (ThT) fluorescence assay: 

ThT fluorescence assay was measured to investigate the formation of self-assembly 

by TBP1 & TBP2. ThT is a routinely used dye to check the formation of well-

ordered ß-sheet rich fibrillary network produced from proteins/peptides.
194,195

 The 

more ThT fluorescence (intensity) in the presence of protein sample suggests higher 

amount of fibril with ß-sheet conformation. The peptide solution was prepared by 

dissolving the solid peptides in methanol and incubated for required hours at 

ambient temperature (25 
o
C). A stock ThT solution (~75 μM) was prepared in water. 

Before spectral measurement, 150 μl of peptide solution was added to 1 ml of ThT 

solution (~75 μM) and mixed thoroughly so that the final concentration of the 

peptide was ~ 75 μM. The fluorescence measurement was done using Cary Eclipse 

fluorescence spectrophotometer (Agilent Technology) in a quartz cuvette of 1 cm 

path length. The excitation and emission slit widths were fixed at 5 nm each and the 

emission range was 455-600 nm. The chosen excitation wavelength was 445 nm.  

 

To measure the time dependent aggregation of the peptide, the peptide solution was 

prepared by dissolving the solid sample in MeOH. 150 μl of the freshly prepared 

peptide solution (500 μM) was added to 1 ml of ThT solution (~75 μM) and mixed 

thoroughly so that the final concentration of the peptide was ~ 75 μM. ThT 

fluorescence spectra were recorded at different time point of incubation keeping 

other measurement conditions similar as stated above. Fluorescence peak intensity 

values at 485 nm were plotted against time and fitted to the sigmoidal curve 

equation (equation 1).
195

  

   
                

            ⁄  
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ThT fluorescence intensity is denoted by Y, x denotes time, x0 is the time required to 

achieve 50% of maximum fluorescence intensity, the apparent rate constant is kapp, 

fibrillar growth is 1/τ, and the time period in lag phase is derived by x0 − 2τ. 

 Based on thioflavin T (ThT) fluorescence measurement the nature of the 

secondary structure and growth kinetics of aggregation/fibril formation was 

thoroughly examined. The fluorescence spectra of ThT in the presence of TBP1 

and TBP2 were represented in Figure 8A. From the figure, it was observed that 

the ThT fluorescence signal of TBP1 (solution in methanol) was significantly 

higher than that of TBP2. Moreover, incubated TBP2 solution did not show any 

major change in ThT fluorescence intensity. This result suggested the presence of 

fibrillary network with ß-sheet conformation in case of TBP1, whereas TBP2 did 

not favour the formation of fiber like assembly structure with compact ß-sheet 

structure. AFM analysis also supported the result obtained from ThT study. 

Next, growth kinetics of fiber/oligomer formation by TBP1 and TBP2 were also 

investigated by ThT fluorescence measurements at different time point of 

incubation (Figure 8B). The nature of the fibril formation growth followed 

sigmoidal curve (Figure 8B). Based on the fluorescence enhancement and 

incubation time the fitted data showed that a lag phase of fibrillation of TBP1 

was 11 min followed by a growth phase of 11-50 min. The apparent rate constant 

(kapp value) of fibrillation is calculated as ~ 0.125 min
-1

. Due to the morphological 

transformation from nanospherical to protofibril-assembly state which was 

further confirmed from AFM analysis, there was an elevation in the curve. The 

structural elevation came to an equilibrium state after 50 min of incubation. 

Therefore, within 1h the fibril formation reached its static equilibrium state. This 

result indicated that TBP1 rapidly self-assembled in methanol solution to form 

fibrillar aggregate. Interestingly, no additional increment in the ThT fluorescence 

intensity was observed for TBP2 (Figure 8B), indicating the absence of fibrillar 

aggregates in methanol solvent. The similar conclusion inferred from 
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morphological study. Further morphological transition of self-assembly pattern of 

TBP1 and TBP2 aggregates were examined through AFM study. At the initial lag 

phase i.e. after 5 min of incubation in methanol TBP1 showed nanospherical 

assembly structure (Figure 9A). However, during growth phase (after 35 min of 

incubation) protofibril was observed (Figure 9B) and fibrils with width 20 nm 

diameter were obtained after 60 min of incubated TBP1 solution. These results 

inferred that the equilibrium state was achieved after 1h (Figure 9C) .Whereas 

nanospherical assembly structure obtained from TBP2 even after 2h of incubation 

and no structural elevation was observed (Figure 9D). Thus the peptide 

conformation in the produce fibrillary network was beta sheet rich, however 

TBP2 failed to attain similar structure and confined in a spherical nanostructure. 

 

 

 

Figure 8. Thioflavin T (ThT) fluorescence assay for the formation of aggregates by the two 

peptides, TBP1 & TBP2 in methanol solvent. 

(A) ThT fl o e cence  pec      pec   m in  he  b ence  nd  p e ence of pep ide  (~ 75 μ ) in 

methanol incubated for 1h at 25
0
C (RT): green trace, without any peptide; blue trace, in the 

presence TBP2; red trace, in the presence of TBP1. (B) ThT fluorescence intensity at 485 nm 

recorded at different time point of incubation of ThT and peptide in MeOH:  red triangle, for 

TBP1 and blue rhombus, for TBP2. The points are connected via straight line. 
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Figure 9.     im ge  of  gg eg  e  p od ced    diffe en   ime poin  of inc b  ion f om dil  e (  

75 μ ) TBP1 solution in MeOH at 25
0
C (RT) :(A )after 5 min,(B) after 35 min  and (C) after 60 

min . Lower three panels (D, E, F) show the AFM images of aggregates produced from TBP2 

solution in same solution condition, however at incubation time of (D)2h, (E) 8h and (F)24h. 

Scale bar is given for the size measurement.  
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3.3.6 H/D exchange proton NMR analysis: 

 H/D exchange experiment provides information about the hydrogen bonding 

pattern of the respective protons in their solution state. To carry out this 

experiment blank 
1
H- NMR spectrums were taken for both peptides 

(concentration   10 mM) in DMSO-d6 solvent. After that 10 μl D2O was added to 

it and spectrums were taken at different time points of incubation. Rate constant 

values were calculated by plotting intensity vs time and fitted to an exponential 

curve. Rate constant values for both TBP1 and TBP2 were calculated according 

to the following equation. 

Aggregation of TBP1 follows first order kinetics. The equation describing the 

kinetics is given below (equation 2): 

A/A0 = e
-kt
……….. ….(2) 

Where A is the NMR peak intensity at time t, A0 is the initial intensity and k is 

the rate constant.  

The equation 3 describing the kinetics for TBP2 is given below. 

A/A0 = 1/(1+e
k(t-t

1/2
)
) …. …. ….(3) 

Where t1/2 is the half time when NMR peak intensity reached 50%; k is the 

apparent growth rate. The lag time or tlag can be computed as (equation 4): 

tlag = t1/2 - 2/k… ……. ….(4) 

Molecular self-assembly process is guided by several non-covalent interactions, 

such as- vander Waals force, hydrophobic, ionic, hydrogen bonding and π-π 

stacking interactions etc. These low energy interactions cooperatively provide 

intact and well-ordered three dimensional architechtures. To get an idea about the 

molecular force promoting the self-aggregation process, NMR analysis of both 

the dipeptides TBP1 and TBP2 was done. Among them, H/D exchange 
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experiment resolved the hydrogen bonding pattern of the two amide protons in 

their respective solution state. Figure 10 displays the proton NMR spectra of 

TBP1 in DMSO and in the presence of D2O/DMSO (1:50 V/V) mixed solvent. In 

the absence of D2O, two doublet peaks appeared around δ 8.27 and 6.87 ppm, 

respectively, for –NH proton of -CONH, and tert-butoxycarbonyl (BOC) group 

(Figure 10A). The other peaks appeared at δ 7.40-7.39 (2H), 7.37- 7.34 (2H), 

7.30-7.28(1H), 7.13 (2H), 6.87 (2H) were responsible for aromatic protons 

inTBP1 (Figure 10A). After adding D2O to a 10mM solution of TBP1 in DMSO-

d6, the intensity of the proton at δ 8.27 ppm diminished rapidly and ultimately 

disappeared as time passed (Figure 10B, 10C and 10D). The proton signal 

appeared at δ 6.87 diminished relatively slowly and slightly shifted from δ 6.87 to 

6.80 ppm as shown in Figures 10B, 10C and 10D.The initial shifting of the 

proton in the NMR spectrum may be due to changing of the solvent condition 

(from pure DMSO to DMSO/D2O mixture); In DMSO medium, the dipeptide 

(TBP1) formed strong H-bonding with DMSO. The addition of D2O, -NH of tert-

butoxycarbonyl (BOC) proton weakened and it resulted chemical shift towards 

higher shielding region.
147

 However subsequent changes in the intensity of NH 

protons were due to exchange of the N-H group with deuterium. 

 

 



91 
 

A 

B 

C 

D 

ppm ppm ppm 

 

 

 

 

 

 

 

 

 

 

Figure 10.  H/D exchange NMR experiment on TBP1 (10 mM) in DMSO-d6.  

(A) 
1
H-NMR spectra of TBP1 in absence of D2O in solution. Upper panels show the perturbation 

of the spectra in presence of D2O (D2O: DMSO-d6 = 1:50) at different point after addition of D2O:  

(B) 0h, (C)3h and (D)6h. For presentation clarity only peak regions are shown and the bottom 

axis is broken. Dashed lines and arrows are to highlight the perturbation of the peak positions 

and intensities. 
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H/D exchange study with TBP2 revealed two doublet proton peaks in the NMR 

spectra (Figure11): the doublet at ~ 8.18 ppm was due to –NH of CONH and the 

doublet at 6.88 ppm for -NH of BOC group (Figure 10A) because of the different 

chemical environment of the amide groups in the peptide. The amide peak 

appears at δ 6.88 ppm was merged with another two aromatic protons. The other 

aromatic protons appear at  7.42-7.40 ppm (2H), 7.38-7.33 ppm (6H), 7.32-7.29 

ppm (2H), 7.11 ppm (2H), 6.88 (2H) (Figure 11A). After addition of D2O, the 

intensity for both protons NMR signals at δ 8.18 ppm and 6.88 ppm were reduced 

slowly compared to rapid exchange of NH protons of TBP1 (Figure 11). After 6h 

of addition of D2O, the peak intensity of -NH of peptide amide and -NH of BOC 

were not changed significantly (Figure 10B and 10C). Interestingly, however, 

after 10h the peak appeared at δ 8.18 ppm disappeared completely and the 

intensity of other proton at δ 6.88 ppm also decreased to a certain level. Thus the 

NMR results suggested that for TBP1 both the amide NHs are solvent exposed 

and may be engaged in intermolecular H-bonding with the surrounding solvent 

molecules and, were capable to exchange rapidly with solvent molecules. 

Whereas for dipeptide TBP2, the amide protons may be participated in 

intermolecular H-bonding and get exchanged with D2O at a slower rate compared 

to dipeptide TBP1. Rate constant values for the amide proton exchange with the 

solvent D2O for both TBP1 and TBP2 were calculated by plotting proton 

intensity vs time (Figure 34). The rate constant for TBP1 was 0.93 h
-1

. However, 

TBP2 showed a lag phase and the apparent growth rate for TBP2 aggregation was 

found to be 1.28 h
-1

. The peptides were soluble in DMSO and therefore, H/D 

exchange proton NMR study was carried out in DMSO/ D2Osolvent to 

understand the participation/accessibility of peptide amide (-CONH) hydrogen in 

hydrogen bonding with surrounding solvent molecules. However, aggregation 

behaviour of the peptides was investigated in methanol solvent. In methanol both 

the peptides very quickly produced aggregates. This resulted slow tumbling of 
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the peptide assembly and, consequent rapid T2 relaxation resulted loss of NMR 

signals of amide protons. (Figure 35 and 36 for clear comparison)  

 

 

Figure 11.  H/D exchange NMR experiment on TBP2 (10 mM) in DMSO-d6. 

(A) 
1
H-NMR spectra of TBP2 in absence of D2O.  Upper panels shows the effect of addition of 

D2O (D2O: DMSO-d6 = 1:50) at different points:(B )0h, (C)3h, (D)6h and (E )10h. For 

presentation clarity only peak regions with broken axis are shown. Dashed lines and arrows 

are to highlight the perturbation of the peak positions and intensities. 
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3.3.7 FT-IR analysis 

The FT-IR spectra of the samples were recorded on a Bruker TENSOR27 

spectrometer. The   KBr disc technique was used to record the spectra of the solid 

sample. Solid sample was mixed with KBr in a clean glass pestle and compressed to 

obtain a pellet. Background spectra were obtained for KBr pellet for each sample. 

For recording the FT-IR spectra in solution state, dipeptide solution of 200 μM 

concentration in methanol/DMSO was used. The spectra were scanned from 600 to 

4000 cm
−1

. Bruker software was used for data processing. Experimental data 

obtained were analysed using Origin Pro 8.0 SRO software (Origin Lab 

Corporation). 

Structure sensitive amide I and III modes of vibration in FT-IR spectra of proteins 

and peptides are often used to derive structural aspects (amide bond configuration) 

of the peptide chain. We measured FT-IR spectra of both the peptides (TBP1 and 

TBP2) in solid and solution states. Further theoretical FT-IR spectra were calculated  

by applying the density functional theory (DFT) with the B3LYP functional and 6-

31G (d) basis set in the gas phase. Figure 12A shows the calculated FT-IR spectrum 

of TBP1 and Figure 12B shows different vibration modes associated with amide 

groups present in the peptide. Gauss View 09 was used to generate visual 

presentations and verify the normal mode assignments. As expected the peptide 

produced multiple bands related to several functional groups and CH bonds. The 

band positions are listed in Table 3. The assignment of most of the bands were 

guided by the calculated frequency as obtained by theoretical analysis and by the 

survey of values reported in literature.
192,193,196,197 

 

Our analysis was largely focused on carbonyl –C=O stretching frequencies of amide 

group (-CONH) and ester (-COOMe) groups present in both peptides. For TBP1 

peptide, the calculated -C=O stretching bands for the amide of the main chain 

peptide bond (marked as ‗a‘ in Figures 12A and 12B) and BOC-amide (marked as 
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‗a՜‘ in Figures 12A and 12B), respectively, appeared at 1754 and 1774 cm
-1

.
 
The two 

carbonyl groups as a part of the ester shows vibration signature significantly at 

higher  frequencies:  1836 cm
−1

 band was  assigned to main chain –COOMe marked 

as ‗b‘ in Figures 12A and 12B and 1826 cm
-1

 for another similar ester group as side 

chain -COOMe marked as ‗bʹ‘ in Figures 12A and 12B. Two amide II modes of 

vibration bands associated with two amide groups i.e. main chain peptide  and BOC-

amide appeared at respectively, 1587 cm
-1

 (marked as ‗c‘ in  Figures 12A and 12B) 

and 1546 cm
-1 
( marked as ‗d‘ in Figures 12A and 12B).  The other major band 

frequency positions are enlisted in Table 3. Some changes in band positions were 

observed in the FT-IR spectra calculated using methanol as solvent (Table 3). Lower 

three panels in Figures 12 present the experimental FT-IR spectra of peptide TBP1 

in the solid as well as in solution states at room temperature (~24 
o
C). Four major 

FT-IR bands for solid TBP1 were noted at 1650, 1687, 1730 and 1746 cm
−1

 (Figure 

12C) and linked to stretching vibrations of -C=O groups present in the molecule. 

The band at 1650 cm
−1 

represented the carbonyl stretch of the main chain peptide 

bond and the amide II region appeared at 1523 cm
−1

. This region also overlapped 

with the phenyl ring vibrations. The band at 1687 cm
−1

 was assigned to the carbonyl 

group of the BOC-amide group. The 1730 cm
-1

 and 1746 cm
-1 

bands were assigned 

for main chain and side chain ester carbonyl stretching frequencies. The calculated 

vibrational frequencies were significantly higher than the experimental FT-IR 

frequencies and it could be due to systematic error caused by basis set 

incompleteness and anharmonicity factor associated with vibrational motion.  

 

Further FT-IR measurement was carried out in DMSO. In DMSO the peptide 

remained soluble and did not produce detectable aggregates or higher order 

assembly structures.  Significant changes in FT-IR spectra were observed as the 

peptide was dissolved in DMSO (Figures 12D). Most of the carbonyl vibration band 

positions were  blue shifted (compared to solid state) due to formation of H-bond 

with the sulfoxide oxygen of DMSO and amide protons of the peptides.
198

 In 
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addition, the reduction in dielectric constant, due to addition of DMSO also caused 

the enhancement of the amide I band vibration and shifting to a higher frequency. 

Homogeneous broadening and solvation resulted in the overlapping of four bands 

associated with the amide and ester groups. 

 

However, in methanol, the peptide TBP1 quickly transformed into fibrillar 

aggregates (as confirmed by AFM and ThT fluorescence assay measurement) and 

noticeable sifting of C=O stretching band position occurred (Figure 12E). The main 

chain amide band was red shifted (compared to the monomeric band in DMSO) to 

1660 cm
-1

 (Figure 12E) and it was about 10 cm
-1

 higher in frequency compared to 

the solid state band frequency. This shifting indicated the weakening of the –

NHC=O bond due to the involvement of the carbonyl oxygen in H-bonding with 

methanol. This change may also involve geometrical changes in the 

conformation/configuration surrounding the amide groups.  However, it is pertinent 

to mention that the main chain amide band overlapped with the band of BOC amide 

group.  

 

Similarly, Figure 13 display the theoretical and experimental FT-IR spectra  of 

TBP2 peptide.  Table 4 lists the FT-IR band positions of different groups and bonds 

of the peptide.   The major vibrations associated with carbonyl groups are also 

marked in (Figure 13B). Due to homogeneous and heterogeneous broadening of the 

spectra caused by aggregated peptide solution, amide band positions were quite 

overlapped.  The amide I bands for the main chain peptide and the BOC-amide 

groups appeared at 1758 and 1784 cm
-1

, respectively (Figure 13A). The amide II 

bands appeared at 1562 cm
-1

 for the peptide amide group and the BOC amide 

produced the band at 1531 cm
-1

. Two overlapping bands at 1818 cm
-1

 were assigned 

to carbonyl stretching frequencies for two ester groups. Figure 13C shows the FT-IR 

spectra of TBP2 in solid state .The vibration band of carbonyl groups for the peptide 

and BOC amide groups appeared at 1649 and 1689 cm
−1

,
 
respectively, and two 



97 
 

1200 1400 1600 1800 2000

T
(%

)

 cm
-1

1730

1746

1687

1650
1523

1440

1384

1243

1200 1400 1600 1800 2000

T
 (

%
)

cm
-1

1738
1706

1682

1607

1537

1513

1367

1455

1241

1200 1400 1600 1800 2000

T
 (

%
)

cm
-1

1660

1689

1739

1512
1445

1606

1245

A 
B 

C D E 

carbonyl groups as a part of the ester showed vibration signature at significantly 

higher frequencies of ~1741 cm
−1

 and 1730 cm
-1

, respectively. Figures 22 and 23 

provide the full range FT-IR spectra for both the peptides in the solid state. TBP2 

peptide was also soluble in methanol and showed multiple and overlapped FT-IR 

bands associated with four carbonyl groups present in the molecule. TBP2 in 

methanol produced oligomeric aggregates and showed the main chain amide band 

position at 1665 cm
-1

 (Figure 13E). However, it was broader than the band at 1660 

cm
-1

 that appeared for fibrillar aggregates produced by TBP1 in MeOH. It was 

possible that the oligomeric assembly state of the peptide TBP2 maintained slightly 

different configuration and it may not be as compact as the fibrillar structure 

produced by TBP1.  

 

 

Figure 12. Calculated and Experimental Fourier transform infrared (FT-IR) spectra of TBP1. (A) 

Calculated FT-IR spectra of TBP1 usingTD-B3LYP (SCF) level of theory and 6-31G (d) basis set. 

(B) The modes of vibration of different groups of TBP1. (C) Solid state FT-IR spectra of TBP1. 

(D) Solution state FT-IR spectra of TBP  in     . ( )  T-I   pec    of  he pep ide in me h nol. 

 o  e ch pep ide  ol  ion  he concen    ion w     2   μ .   jo  b nd    e m  ked.   
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Figure 13. Calculated and Experimental Fourier transform infrared (FT-IR) spectra of 

TBP2.(A)Calculated FT-IR spectra of TBP2 usingTD-B3LYP (SCF) /6-31G (d) level. (B) The 

modes of vibration of different groups of TBP2. (C) Solid state FT-IR spectra of TBP2. (D) 

Solution state FT-IR spectra of TBP2 in DMSO. (E) Aggregated FT-IR spectra of TBP2 in 

me h nol.  o  e ch pep ide  ol  ion  he concen    ion w     2   μ .   jo  pe k    e m  ked.  
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Table 3. Experimental and Calculated Prominent FT-IR Bands (cm
-1

) of TBP1at 

TD-B3LYP (SCF) /6-31G (d) level 

 

ν(exp), cm
-1

 

(experimental, 

solid) 

ν(theo), cm
-1 

(calculated, 

MeOH ) 

ν(theo), cm
-1 

(calculated 

in gas 

phase) 

ν(exp), cm
-1

 

(MeOH) 

ν(exp), cm
-1

 

(DMSO) 

Vibration  

Assignment 

1207 ,1243 1199, 1238 1204 ,1238 1242 1241 Ester C-O 

asymmetric 

stretch 

1384 - - 1370,1390 1367 CH3 of 

tertiary 

group 

symmetric 

bending 

 

1440 

 

- - 1445 1455 CH2 

bending 

 

1523 

 

1548,1577 

 

1546,1587 

 

1512 

 

1513 

 

N-H bend 

in plane 

and C-N 

stretch 

(amide II) 

 

1650, 1687 

 

1724, 1744 

 

1754, 1774 

 

1660 

 

1682 

 

Amide 

C=O 

stretching 

(amide I) 

 

1730, 1746 

 

1797, 1809 

 

1826, 1836 

 

1739 

 

1738,1706 

 

C=O 

stretching 

of the ester 

3326 3498, 3624 3496, 3619 3323 - N-H 

stretching 
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Table 4. Experimental and Calculated Prominent FT-IR Bands (cm
-1

) of TBP2 at 

TD-B3LYP (SCF) /6-31G (d) level 

 

ν(exp), cm
-1

 

(experimental, 

solid) 

ν(theo), cm
-1 

(calculated, 

MeOH ) 

ν(theo), cm
-1 

(calculated 

in gas 

phase) 

ν(exp), cm
-1

 

(MeOH) 

ν(exp), cm
-1

 

(DMSO) 

Vibration  

Assignment 

 

1242 

 

1251,1274 

 

1201, 1219 

 

1245 

 

1243 

 

Ester C-O 

asymmetric 

stretch 

 

1388 

- -  

1367 

 

1364 

 

CH3 of 

tertiary 

group 

symmetric 

bending 

1448 - - 1449 1447 CH2 

bending 

 

1518 

 

1560,1563 

 

1531, 1562 

 

1510 

 

1511 

 

N-H bend 

in plane 

and C-N 

stretch 

(amide II) 

 

1649, 1689 

 

1731,1759 

 

1758, 1784 

 

1665 

 

1676 

 

Amide 

C=O 

stretching  

(amide I) 

 

1728, 1741 

 

1788,1795 

 

1818 

 

1738 

 

1709, 1736 

 

C=O 

stretching 

of the ester 

3330, 3334 3574,3594 3570, 3590 3303, 3355 - N-H 

stretching 
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3.3.8 Raman analysis 

Raman spectra were measured with triple Raman spectrometer (Model: T64000, 

Make: J-Y Horiba) equipped with 1800 grooves/mm grating, TE cooled synapse 

CCD and with an open stage Olympus microscope with 50x objective. Each 

Raman spectrum was collected using 533 nm wavelength laser from DPSS laser 

(Make: spectra physics) excitation 2mW laser power, and 10 s of data acquisition 

time with each spectral data having average of 4 accumulations. Data analyses 

with baseline correction were performed using Origin Pro 8.0 SRO software 

(OriginLab Corporation). 

 

Raman spectroscopic measurement was further engaged to derive the overall 

peptide backbone configuration via the Raman band positions of different carbonyl 

groups. For TBP1, in solid state the Raman amide I band appeared at 1651 cm
-1 

for 

the carbonyl group present in the main chain peptide part and another band at 1688 

cm
-1 

for the carbonyl group present in the BOC part of the peptide (Figure 14A). 

The appearance of the bands at 1735 and 1748 cm
-1

 were due to stretching 

frequencies for ester carbonyls.  Raman bands at 1004, 1034, 1612 cm
-1

 (Figure 

28C) were assigned to several vibrations associated with the phenyl ring of the 

peptide. The appearance of the peak at 864 cm
-1

 was also due to the presence of 

phenyl moiety. The amide III band region appeared with peaks at 1220, 1244 cm
-1

 

respectively. Figure 28A presents the calculated Raman vibrational spectrum of 

TBP1. This result predicted the presence of amide I band at 1680 cm
-1

, amide III 

bands at 1238 and 1291 cm
-1

 with ester carbonyl bond vibration at 1778 and 1831 

cm
-1

. Table 5 shows some of the Raman vibrational frequencies with their 

assignments based on literature and the calculation. The calculated vibrational 

frequencies were comparatively higher than the experimental values due to 

encounter of systematic error caused by basis set incompleteness, and anharmonicity 

factor associated with vibrational motion.  
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Figure 14B shows the Raman spectra of TBP1 in methanol and the band positions 

are given in Table 5. The C=O stretching vibration bands associated with the   

peptide amide group shifted to 1658 cm
-1

and the frequency position of the carbonyl 

of the amide group in the BOC part was broadened and remained at ~ 1686 cm
-1

.  

The ester carbonyls also produced a broad vibrational band at 1737 cm
-1

. The 

broadness may be due to fibril formation of the peptide as it was confirmed by the 

AFM analysis and ThT fluorescence assay measurements. Similarly, Figure 15A 

shows the Raman spectrum of TBP2 in solid state. Two Raman bands at 1653 and 

1693 cm
-1

 were assigned to C=O stretching of amide carbonyl in the peptide bond 

and amide carbonyl of the BOC group, respectively.  The ester carbonyl bond 

vibration appeared at 1731 and 1744 cm
-1

. The bands 1220, 1242 and 1262 cm
-1

 

represented Raman amide III vibrational modes of two amide groups present in the 

peptide. Figure 29A shows the calculated Raman spectrum of TBP2 using the same 

level of theory. Table 6 represents the Raman vibrational frequencies of TBP2 with 

band assignments. TBP2 oligomers produced in methanol showed four C=O 

stretching bands associated with four different carbonyl groups in the peptide 

molecule. Interestingly, we observed that the main peptide carbonyl bands appeared 

at 1649 cm 
-1

 and no major shift in the band position was observed (Figure 15B).  
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Figure 14: Raman spectra of TBP1 in two different sample conditions.  

Panel (A) indicates experimental Raman spectra of TBP1 in solid state. Panel (B) shows 

experimental Raman spectra of TBP1 in methanol.  

 

 

Figure 15: Raman spectra of TBP2 in two different sample conditions. 

(A) shows Raman spectra of TBP2 in solid state. (B) represents Raman spectra of TBP2 in 

me h nol.  o  e ch pep ide  ol  ion  he concen    ion w     100 μM. 
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Table 5: Prominent Raman Bands (cm
-1

) of TBP1: 

ν(theo), cm
-1

 

(calculated) 

ν(exp), cm
-1 

(experimental) 

ν(exp), cm
-1 

(MeOH) 
Vibration 

Assignment 

 

 

875 864 864 Tyr 

933, 971 927 922 Cα-C stretching 

1020 1004 1001 Phe 

1058 1034 1028 Phe 

1164 1137, 1182 1178 CH2 symmetric 

rock+, Cα-C 

stretching 

1206 1210 1209 Tyr, Phe 

1238, 1274 1220, 1244 1248 Amide III 

1398 1389 1380 Cα-H def, νC−N 

stretch 

1516 1469 1466 CH2, CH3& CH 

deformation and 

scissoring 

1623 1607 1606 Tyr aromatic 

vibration 

1658 1651, 1688 1658, 1686 Amide I 

1730 1733 1737 νCO at C terminal 

1804 1749 - νCO at C terminal 
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Table 6: Prominent Raman Bands (cm
-1

) of TBP2: 

 

 

 

 

  

ν(theo), cm
-1

 

(calculated) 

ν(exp), cm
-1 

(experimental) 

ν(exp), cm
-1 

(MeOH) 
Vibration 

Assignment 

 

 

875 860 858 Tyr 

938, 964, 986 937 922 Cα-C stretching 

1021 1004 1002 Phe 

1059 1035, 1048 1032 Phe 

1083 1066 - Phe 

1191 1157, 1178 1160, 1176 CH2 symmetric 

rock+,Cα-C 

stretching 

1237 1220 1215 Amide III 

1263 1242 1249 Amide III 

1287 1262 - Amide III 

1354 1359 - Cα-H def 

1401 1386 1384 Cα-H def, νC−N 

stretch. 

1423 1424, 1451 1451 νCOO symmetric 

stretch. 

- 1608 1610 Amide I 

1668 1653 1649 Amide I 

1759 1693 1692 Amide I 

1788, 1817 1731,1744 1738 νCOat C terminal 
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3.3.9  Structural analysis of the peptides and their aggregates based on sensitive 

amide I vibration band 

 

The appearance of amide I band is directly linked to carbonyl (-CO) stretching 

motion of the bond along with the coupling of C-N stretching and N-H in-plane 

bending. Thus the amide I band is influenced by the geometry of the amide 

backbone configuration and hydrogen bonding pattern. The quantum chemical FT-

IR analysis of both the peptides in the gas phase showed the main chain amide I 

band vibrations at 1754 and 1758 cm
-1

, respectively, for TBP1 and TBP2. 

Theoretical analysis shows that the vibration of the backbone amide groups did not 

differ significantly in two peptides. FT-IR spectra of both TBP1and TBP2 in solid 

state showed main chain amide I band at ~1650 cm
-1

. 
 
Thus one important piece 

information we derived from the solid state and theoretical FT-IR spectra is that 

both the amide groups in TBP1 and TBP2 possess similar structural configuration in 

their solid state/gas phase.  

 

Both the peptides, however, quickly attained aggregate structure in MeOH. The 

spectra (bands) became quite broad and vibration bands associated with different 

carbonyl groups overlapped and deriving the secondary structure/ configuration of 

the amide bond became difficult. Aggregation also caused some heterogeneous 

broadening of the band positions. However, close inspection indicated that the TBP2 

in methanol showed the main chain amide band position at 1665 cm
-1

 (Figure 13E) 

and it was broader than TBP1 amide I band at 1660 cm
-1

 that appeared for fibrillar 

networks produced by TBP1 in MeOH (Figure 12E). It was possible that the 

oligomeric assembly state of the peptide TBP2 maintained a different configuration 

and it may not be as compact as the fibrillar structure produced by TBP1. The 

presence of multiple C=O stretching modes hindered measuring of the exact shift 

and band widths of individual amide I bands associated with main chain peptide and 
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BOC amide groups. Therefore attempt to measure the Raman signature of the 

peptides both in the solid state and aggregates produced in methanol. 

 

Raman spectroscopic measurement was engaged to derive the overall peptide 

backbone configuration via the Raman band position of amide mode of vibrations. 

The most significant bands related with amide linkage (- CONH) are amide I 

(1600−1690 cm
−1
), amide II (1480−1580 cm

−1
), amide III (1230−1300 cm

-1
), amide 

IV (625−770 cm
-1
), amide V (640− 800 cm

-1
) and amide VI (540−600 cm

-1
). Among 

them, amide I and amide III provide important structural insight about peptide or 

protein conformation. The amide I vibration mode of CONH group appeared in the 

spectral range of 1600-1690 cm
-1

 is, however,  most sensitive to specific secondary 

structure/conformation of the peptide group. 

 

Carbonyl group present in the main chain peptide showed the band positions at 

~1650 cm
-1

and another band at 1688 cm
-1

 for the carbonyl group present in the BOC 

part of the peptide (Figure 14A). The appearance of the bands at 1735 and 1748 cm
-1

 

were due to stretching frequency for ester carbonyls.  Thus the configuration of the 

main chain amide group of the two peptides may not differ significantly in the solid 

state. However, upon aggregation, the  C=O stretching vibration band associated 

with the main chain  amide group of TBP1 spectra shifted to 1658 cm
-1 

in methanol 

(the peptide instantly attained fibrillary structure) and the band became narrower. It 

indicated structural alteration towards ß-sheet conformation. TBP2 oligomers 

produced in methanol produced Raman amide band for main peptide group at 1649 

cm
-1 

and no major shift in the band position compared to the solid state was 

observed (Figure 15B). The band was also broader. This result suggested that TBP2 

peptide in its oligomeric state preserved most of its original configuration. TBP2 

oligomers also failed to produce ThT fluorescence enhancement and it further 

suggested that TBP2 lacked ß-sheet conformation in its oligomeric state. 
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3.2.10 Powder X-ray diffraction (PXRD) 

 

Powder XRD study of the dipeptides was carried out by placing the solid sample on 

a glass plate. Experiments were carried out by using an X-ray diffractometer 

(Bruker AXS, Model No. D8 Advance). The d-spacing was calculated from Bragg‘s 

equation. 

                  

Where d is the interplanar spacing of the crystal, λ is the wavelength of the incident 

X-rays, θ is the angle of incidence, and n is the order of reflection close to unity. 

To determine the solid-state molecular packing and orientation of the molecules in 

the self-assembled state, powder X-ray diffraction (PXRD) experiment of both 

molecules were carried out in the dry state and represented in Figure 16. The 

powder form showed sharp distinct peaks within the 2θ range 5-40
o 

which clearly 

indicated that the materials are crystalline in nature. TBP1 shows a peak 

corresponding to d-spacing ~ 4.32 Å (2θ = 20.5°) accompanied by the other peak at 

~ 8.86 Å (2θ = 9.97°) (Figure 16A). This indicates the cross-ß-structure of the 

peptide chain present in the powdered state.
21,152,199

  The peak at 4.32Å can be 

assigned for the inter strand distance of assembled peptide backbones forming a ß-

sheet type arrangement, while the peak at 8.86 Å can be characterized as the 

distance between two stacked ß-sheets. The diffraction pattern of the TBP1 also 

shows peaks at 4.54 Å (2θ= 19.5°) and 11.83 Å (2θ = 7.46°). This also suggests its 

anti-parallel cross ß-packing arrangement in the powder state. Another peak at ~ 

3.54 Å (2θ = 25.06°) signifies the π−π stacking interaction between the phenyl rings 

of the molecules in the three-dimensional network structure. For the aggregates of 

TBP2, these features are bit different, the peaks corresponding to stacked ß-sheet is 

completely absent and very weak intense peak corresponding to ß-strand distance 

appears at 4.35 Å (Figure 16B). Moreover, the π−π -stacking distance appears at 
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3.42 Å. From these above stated observations it can be concluded that both TBP1 

and TBP2 form ordered arrangement, however the nature of their arrangements are 

slightly different. 

 

 

 

 

Figure 16. Powder XRD patterns of dipeptide TBP1 (A), and TBP2 (B) in solid state. 

 

3.2.11 Rheological study 

The rheological measurement of the gel obtained from dipeptide TBP1 in methanol-

water solvent system (at a ratio 1:1) was performed using Modular Compact 

Rheometer (Anton Parr, MCR 102, Austria). The instrument was equipped with an 

air compressor unit which maintained the air pressure at 7 kg/cm
2
. Standard cone-

plate geometry (CP-40, 40 mm outer diameter, angle 1
◦
) was employed in the study. 

Frequency sweep (G, Gʹʹ versus angular sweep) was measured in oscillation mode. 

The data was analysed using Rheoplus software (US 200, version 3.62).  

The fundamental mechanical properties of a gel can be expressed through two main 

rheological tests such as – amplitude/strain sweep, and frequency sweep tests. These 

experiments represent the flow behaviour and viscoelastic properties of a gel. The 
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gel (Figure 30) obtained from dipeptideTBP1 in methanol-water (1:1) solvent 

system was investigated using strain sweep and frequency sweep experiments. The 

result obtained from strain sweep test is shown in Figure 17A. The test 

demonstrated the linear viscoelastic range (LVE) and the dependence of Gʹ and Gʹʹ 

on strain amplitude. Gʹ data was linear with a constant value up to a critical strain of 

0.1%, beyond this critical strain Gʹ declined. At 0.1% strain Gʹ was 8 times greater 

than Gʹʹ, at 1% strain Gʹ was 3 times greater than Gʹʹ, and at 10% strain Gʹ was 1.65 

times greater than Gʹʹ. At 65% strain cross-over point found (where Gʹ=Gʹʹ), 

therefore before the cross-over point Gʹ remained greater than Gʹʹ.Next, with this gel 

frequency sweep experiment was performed at a constant strain of 0.1% to monitor 

the storage modulus (Gʹ) and the loss modulus (Gʹʹ) as a function of applied angular 

frequency. It is evident from Figure 17B that Gʹ was higher than the Gʹʹ and no 

cross-over point was noticed within the experimental frequency regions (0.1-100 

rad/s). For this gel, Gʹ was an order of magnitude (8.71 times) greater than Gʹʹat an 

applied angular frequency (10 rad/s). These results suggested the presence of soft 

‗solid-like‘ gel phase material was present. 

Figure 17. Rheological analysis of the gel obtained from TBP1 in methanol-water solvent 

(1:1). Panel (A) shows the modulus plot against strain in a strain- weep expe imen  (Gʹ>Gʹʹ). 

Panel (B) shows the frequency sweep result of the gel.  
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3.4 Conclusion 

Several investigations indicated that proteins and peptides have a generic ability 

to aggregate into elongated nano-scale structures commonly known as amyloid 

aggregates.
200

 These nanometer size aggregates differ in their morphology. The 

conformation state of the involved peptide chains may also significantly altered 

compared to their native structure. Substituted tyrosine can produce aggregates of 

different morphologies and, these could have several applications in 

nanotechnology. The current investigations illustrate a robust change in physico-

chemical behaviour of a dipeptide due to small change in the substitutions. The 

presence of extra phenyl ring in the peptide TBP2 added a significant 

hydrophobic microenvironment to promote the oligomerization of the peptide. 

D2O exchange proton NMR measurement suggested that the two amide protons 

of dipeptide TBP1 can undergo easy proton exchange at much faster rate than the 

amide protons of dipeptide TBP2. This further suggested stronger hydrophobic 

encapsulation of the dipeptide TBP2 enriched with phenyl ring moiety as an extra 

substituent. The shifting and weakening of the amide I band vibration positions 

were due to H-bonding network among the peptide/solvent molecules. The cross 

ß-sheet structure in the fibrillar network in TBP1 peptide was due to strong 

intermolecular H- bonding network among the peptides. However, the hydrogen 

bonding pattern may be significantly different due to hydrophobic twist by the 

added phenyl group.  

Additional interesting observation was that the fibrillar assembly structure of the 

peptide at a certain concentration can produce gel like structure encapsulating 

solvent (MeOH/H2O) molecules in the fibrillar network. Thus it indicated that 

easily available fibrillar protein aggregates may be used in gel making 

formulation and may be potentially used for technological and commercial 

purposes. 
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3.5 Supporting information 

3.5.1 Characterization of the dipeptides 

1
H and 

13
C NMR spectroscopy of N-Boc-(O-benzyl)-tyro-(di-methyl)-

glutamate (TBP1) 

1
H NMR (600 MHz, DMSO-d6): δ (in ppm) 8.28 ( 1H, d, J = 12Hz, NH of 

amide), 7.42 (2H, d, J = 6Hz, Ar-H), 7.37 ( 2H, t, J= 6Hz, Ar-H), 7.31 (1H, t, J = 

6Hz, Ar-H), 7.17`(2H, d, J = 6Hz, Ar-H), 6.91(2H, d, J = 6Hz, Ar-H), 6.87 (1H, 

d, J = 12Hz, NH of BOC group), 5.06 ( 2H, s, -O-CH2-Ar), 4.35-4.31 (1H, m, 

CαH), 4.13-4.09 ( 1H, m, CαH ), 3.60 (3H, s, -CH3 of ester group), 3.57 ( 3H, s, -

CH3 of another ester group), 2.87-2.86(1H, m), 2.68-2.64(1H, m), 2.39-2.37 (2H, 

m, -CH2-), 2.04-1.99 (1H, m), 1.86-1.80(1H, m), 1.30 (9H, s, -CH3 of tertiary 

butyl group). 

13
C NMR (150 MHz, DMSO- d6): δ (in ppm) 173.09, 172.53, 172.40, 157.34, 

155.68, 137.67, 130.64, 128.82, 128.17, 128.02, 114.75, 78.43, 69.55, 56.24, 

52.35, 51.76, 51.40, 36.77, 29.83, 28.53, 26.56.  
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Figure 18. 
1
H-NMR spectra of the dipeptide TBP1 dissolved in DMSO-d6 solvent. 
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Figure 19. 
13

C-NMR spectra of the dipeptide TBP1 dissolved in DMSO-d6 solvent. 
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1
H and 

13
C NMR spectroscopy N-Boc-(O-benzyl)-glu-(O-benzyl)-tyrosine-

methyl ester (TBP2): 

1
H NMR (600 MHz, DMSO-d6): δ (in ppm) 8.18 ( 1H, d, J = 6Hz, NH of amide), 

7.41 ( 2H, t, J=12Hz Ar-H), 7.38-7.33 (6H, m, Ar-H),  7.32-7.29 (2H, m, Ar-H), 

7.11 (2H, d, J = 6Hz, Ar-H), 6.88 ( 3H, d, J = 12Hz), 5.08 (2H, s, -O-CH2-Ar), 

5.03 (2H, s, -O-CH2-Ar), 4.44-4.40 (1H, m, CαH), 3.98-3.95 (1H, m, CαH), 3.54 

(3H, s, -CH3 of ester group), 2.96-2.93 (1H, m), 2.88-2.84 (1H, m), 2.34-2.31 

(2H, m, -CH2-), 1.87-1.81 (1H, m), 1.77-1.70 (1H, m), 1.35 (9H, s, -CH3 of 

tertiary butyl group). 

13
C NMR (150 MHz, DMSO- d6): δ (in ppm) 172.64, 172.28, 172.03, 157.53, 

155.55, 137.58, 136.63, 130.57, 129.50, 128.84, 128.40, 128.27, 128.19, 114.94, 

78.59, 69.53, 65.85, 54.07, 53.66, 52.21, 36.18, 30.38, 28.57, 27.68. 
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Figure 20. 
1
H-NMR spectra of the dipeptide TBP2 dissolved in DMSO-d6 solvent. 
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Figure 21. 
13

C-NMR spectra of the dipeptide TBP2 dissolved in DMSO-d6 solvent. 
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3.5.2 Assignment of the FT-IR spectra of the dipeptides. 

Figure 22. FT-IR spectra of TBP1 in its solid state. 

 

Figure 23.  FT-IR spectra of TBP2 in its solid state. 
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Figure 24. FT-IR spectra of TBP  in  e h nol.  o  pep ide  ol  ion  he concen    ion w     

2   μ . 

 

Figure 25. FT-IR spectra of TBP2 in  e h nol.  o  pep ide  ol  ion  he concen    ion w     

2   μ . 
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Figure 26. FT-IR spectra of TBP  in     .  o  pep ide  ol  ion  he concen    ion w     2   

μ . 

 

 

Figure 27. FT-IR spectra of TBP2 in DMSO. For pep ide  ol  ion  he concen    ion w     2   

μ . 
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3.5.3 Raman spectras of the dipeptides in three different conditions 

 

Figure 28. Raman spectra of TBP1 in three different sample conditions. 

 (A) Calculated Raman spectra of TBP1, (B) and (C) represent experimental Raman spectra of 

TBP1 in solid as well as in methanol. 
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Figure 29. Raman spectra of TBP2 in three different sample conditions. 

 (A) Calculated Raman spectra of TBP2, (B) and (C) represent experimental Raman spectra of 

TBP2 in solid as well as in methanol. 
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A B 

3.5.4 Tube inversion test of the gelator peptide, TBP1 and AFM images of 

TBP2 aggregates after longer incubation. 

 

 

 

 

 

 

 

 

 

Figure 30. Images of the gel obtained from gelator peptide TBP1 (A) Gel obtained from 

methanol-water (1:1) solvent mixture. (B) Tube inversion test of this gel. 

 

 

 

 

 

 

 

 

 

Figure 31. AFM images of the aggregates produced from TBP2 after 48h incubation in 

methanol. 
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3.5.5 
1
H NMR spectras of TBP1 and TBP2 in MeOD solvent. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 32.  
1
H NMR spectra of TBP1 in MeOD solvent. 
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Figure 33.  
1
H NMR spectra of TBP2 in MeOD solvent. 
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3.5.6 Reaction kinetics plot of both the dipeptides 

Figure 34.  Reaction kinetics of TBP1 (A); reaction kinetics of TBP2 (B). 

3.5.7 Expanded form of proton NMR spectra of both the peptides in MeOH. 

 

Figure 35.  (A) Expanded form of 
1
H-NMR of TBP1 in DMSO-d6 (amide-NHs are marked). (B) 

Expanded form of 
1
H-NMR ofTBP1 in MeOD solvent (amide-NHs are absent).  

A 

B 
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Figure 36. (A) Expanded form of 
1
H-NMR of TBP2 in DMSO-d6 (amide-NHs are marked). (B) 

Expanded form of 
1
H-NMR of TBP2 in MeOD solvent (amide-NHs are absent). 

  

A 

B 
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3.5.8 calculated FT-IR spectra of the peptides in MeOH (transmittance vs. wavenumber 

plot) 

 

Figure 37: Full range of calculated FT-IR spectra of dipeptide TBP1 in methanol. 

 

 

 

 

 

Figure 38: Full range of calculated FT-IR spectra of dipeptide TBP2 in methanol. 
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CHAPTER 4 

 

 

ß-SHEET PROMOTED HELICAL 

STRUCURE PRODUCED BY SIDE 

CHAIN PROTECTED DI-TYROSINE 

DIPEPTIDE 
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4.1 Aim of the work 

Short peptides are versatile class of organic building blocks which have shown great 

potential in wide range of biomedical applications. Self-assembled nanostructures 

obtained from peptide units display stability and a large variety of morphological 

architectures.  In recent years, much has been discovered about phenyl-alanine self-

assembly but less is known about the influence on aggregation by two aromatic 

amino acids, tyrosine and tryptophan. Tyrosine is an important amino acid in 

biological systems. In this present investigation, a side chain protected di-tyrosine 

based short peptide (TTP) was designed, synthesized and its conformation and self-

assembly pattern were investigated through AFM, FE-SEM, NMR, IR, fluorescence 

study and single crystal X-Ray analysis. Surprisingly, this dipeptide showed unique 

morphology in different solvent conditions which was confirmed through AFM and 

FE-SEM study. Further to understand the key molecular forces responsible for the 

morphological pattern of this dipeptide, the single crystal X-ray analysis was carried 

out. The single crystal X-ray analysis of TTP confirmed that this peptide displayed 

in a parallel ß-sheet pattern which further self-assembled to form ß-sheet promoted 

helical architectures by various non-covalent interactions in the crystalline state. To 

best of our knowledge, this is the first crystallographic report of side chain protected 

di-tyrosine based short peptide adopting ß-sheet promoted helical structures. 

Therefore, spectroscopic studies, single crystal X-ray analysis, Hirshfeld surface 

analysis and DFT study  revealed the unique ß-sheet promoted helical structure for 

this dipeptide TTP.  
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4.2 Introduction 

In recent years, development of nanomaterial inspired drug delivery system has 

gained substantial research interest among the researcher community.
201

 

Investigation of these nanomaterials in the field of disease diagnosis, treatment 

and prevention, unlocks new entities designated as ‗Nanomedicine‘.
202

 

Nanomedicines containing liposome, niosome, metal nanoparticle, micelle and 

biodegradable polymeric nanoparticle have been reported to date.
203–208

 In current 

days, peptide based nanoparticles are exploring in the field of nanomedicine. The 

advent of peptide based nanoparticle in terms of drug carrier lies on their unique 

physiochemical properties such as biocompatibility, biodegradability and the 

versatility in their structure.
209,210

 Peptide derived nanoparticles including 

hydrogel nanocapsule and nanosphere have shown significant efficiency as 

nanomedicine.
19,211

 Potent pharmaceuticals having poor absorbance, poor 

solubility has been administered along with the nanocapsule and nanosphere for 

exerting desirable activity to the target site. Various types of substance such as 

drugs, enzymes, genes are delivered via tagging with nanosphere to attain the 

desired consequence.
212

 Nanoparticle with less than 200 nm size offers the best 

result in drug delivery to the targeted site.
213

 To optimize this drug delivery 

system, development of peptide inspired novel nanoparticle with desirable size is 

very much needed. Apart from the drug carrier, peptide derived nanoparticle 

possess a broad spectrum of application such as sensors, tissue engineering, 

imaging tools, energy storage, bio-mineralization, surfactants etc.
213,214

 Peptide 

inspired various nanostructures have been obtained through molecular self-

assembly. Molecular self-assembly of the peptide molecule resulted well-ordered 

nano architectures.
38

 Several physiochemical parameters and the molecular 

interactions triggering the orientation of the self-assembly and thus control the 

ultimate shape and the size of the assembly. To achieve novel peptide based 

nanostructures, better understanding of the molecular mechanism behind the  
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assembly formation is essential. To fulfil the requirement of better biomedical 

application, huge no. of peptide inspired self-assembled nanostructure has been 

reported to date, however the mechanistic details of those self-assembly is still an 

interesting area of research community. 

One specific morphology that has been a breakthrough in the field of 

nanotechnology is fibrils specially ß-sheet type. Infact, ß- sheet forming peptides 

have been ever popular since its inception due to their crucial involvement in a 

variety of neurodegenerative disorders including Alzheimer‘s, Parkinson‘s 

disease, type II diabetes, prion disease etc.
215

 These types of ß- sheet forming 

fibrils are also known as amyloid one. Therefore, in recent time‘s ß- sheet 

forming peptides captured attention of the scientists in the arena of 

nanotechnology and it is very important to understand the molecular mechanism 

involved in the generation of ß- sheet forming fibrils. Several group showed that 

the presence of aromatic amino acid residues generally contributes the activation 

energy along with the directionality required for ß-sheet type fibril formation 

through π-π stacking interactions.216 Hence, extensive research work has been 

carried out on evaluating the formation and morphology of self-assembled 

structures of peptides, from a wide range of polypeptide to the simplest one in the 

family, i.e dipeptides. For example, in the year 2003, Reches and Gazit reported 

the self-assembled structure of diphenylalanine (L-Phe-L-Phe, FF) by diluting the 

dipeptide solution in HFIP (1,1,1,3,3,3-hexafluro-2-propanol) with water.216 

 According to their analysis, this dipeptide (FF) formed nanotubes of several 

micrometre lengths in solution. Later, this group investigated the self-assembled 

structure generated from another similar dipeptide with respect to 

diphenylalanine i.e. diphenyl glycine.
77

 Surprisingly, diphenylglycine self-

assembled in the form of closed cage nanostructures. Gorbitz in 2006 discovered 

that the nanotube formed from diphenylalanine is the core recognition motif of 

the alzheimer‘s ß- amyloid polypeptide. This work suggested that three 
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dimensional aromatic stacking arrangement plays the role of an adhesive between 

hydrogen bonded cylinders of peptide main chains and promotes fiber 

formation.
65

 Based on these result, diphenylalanine (FF) has become a very 

common motif and particular interest in the field of nanobiomaterials. 

Subsequently, a large number of studies have focused on elucidating the structure 

and fibril formation mechanism involved in phenylalanine based peptides. In 

recent days research interest of several groups focused not only on natural amino 

acids, but also on modified amino acids (such as,  involvement of protecting 

groups, side chain variation, substitution etc.) to understand their participation in 

self-assembly process.
78

  

Like ß-sheet, another important secondary conformation of protein folding is α-

helix. In biological systems, helicity takes part in a very significant manner for 

example- DNA double helical structure, the collagen triple helix etc. Therefore, 

designing of helix forming peptide moieties has become a powerful tool for 

biomedical and materials chemistry applications. Although, there is still remain 

difficulties in the design and development of single helical or double helical 

assembly through peptides or peptidomimetics.
216

 Inspired and elicited from this 

approach, several investigations has been carried out such as- Gorbitz investigated a 

series of dipeptides which showed double helical strucrure generated from val-ala 

class.
217

 Luis and co-workers found columnar helical self-assembled structure 

obtained from Val and Phe containing pseudopeptides.
218

 Another interesting 

observation was found by Gazit et al. which demonstrated Pro-Phe-Phe- the most 

aggregation-prone tripeptide of natural amino acid self-assembled in a helical like 

sheet structure.
219

 Dutt Konar et al. described the double helical structures obtained 

from model Aib (2-Aminoisobutyric acid) containing tripeptides and pyridine 

carboxamide contained tyrosine pseudopeptides.
220

  

Due to the versatility in the structure associated with molecular self-assembly 

process of short peptides, several computer stimulations studies have been 
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performed both in all atom and coarse grained model. This computational based 

analysis opens a new avenue to gain insight about the mechanism and types of 

interactions involved during self-assembly process. Therefore, the fusion between 

both experimental and computational analysis of the self-assembly pattern generated 

by this peptides has become a new field of research interest in nanoscience.  

In recent years, much attention was given to phenylalanine based self-assembly. 

However there were very few reports on tyrosine based self-assembled 

nanostructures. As a consequence of this, in order to get further insight into the 

nature of interaction and the self-assembly patterns of tyrosine based peptide 

moiety, in the present study, we, for the first time explored the molecular details of 

assembled structures, particularly ß-sheet induced helical structure formed by a 

novel di-tyrosine dipeptide. Tyrosine is an important amino acid playing significant 

role in living organism. It acts as a building block of proteins, a precursor of 

melanin and several neurotransmitters and hormones. Some tyrosine residues can 

participate equally in signal transduction processes in proteins and function as a 

receiver.  Tyrosinemia is a genetic disorder characterized by disruptions in the 

multistep process that breaks down the amino acid- tyrosine. It falls into the 

category of amyloid like metabolic diseases. Alkaptonuria, a typical amyloidogenic 

disorder occurs due to the accumulation of metabolite tyrosine and homogentisic 

acid. Therefore, now a day‘s self-organization of tyrosine based peptides have 

gained significant research interest. 

Inspired by this approach the present work represents here mainly focused on the 

dipeptide in which N-terminal was protected by tert-butoxy carbonyl (BOC) group 

and C-terminal protected by ester group. In addition, the side chain of each tyrosine 

residue was protected by benzyl group. We purposefully synthesized this O-benzyl 

protected tyrosine dipeptide to determine whether the substitution of tyrosine unit 

could alter the triggering force for molecular assembly and affect the ultimate self-

assembled structure compared to that of other peptides. This novel dipeptide readily 
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underwent the formation of fibrillar network with ß-sheet induced helical pattern in 

solution. This is very rare in the literature. Consequently, Atomic force microscopy 

image and FE-SEM analyses have been employed to characterize the morphology of 

the assembled structure generated by this dipeptide in solution state. To find out the 

molecular forces responsible for this dipeptide assembly, NMR, Fourier transform 

infrared spectroscopy (FT-IR) have been performed. H/D exchange proton NMR 

study suggested the participation of amide hydrogens in intramolecular hydrogen 

bonding. This conclusion also corroborated with the result obtained from 

temperature dependent proton NMR analysis. In addition, Circular dichroism 

spectroscopy established the self-assembly phenomenon associated with this 

dipeptide. Moreover, the self-assembly pattern of this tyrosine based dipeptide was 

studied by using single-crystal-X-ray-crystallography, which provide information 

about inter and intra side chain non-covalent interactions. Two types of amide 

hydrogen bonding and π-π stacking interactions are involved to stabilize the 

structure. Another interesting T-shaped type of interactions is also involved in this 

crystal packing. If all the interactions including the ring systems can grow along C-

axis, the crystal structure is stabilized through parallel ß-sheet type fashion. Most 

interestingly, in this peptide, C-H….π type of interaction present which can be 

realised from another orientation. These interactions facilitate the formation of ß-

sheet induced helical structure which is quite rare in the literature present in short 

peptide. Thus this work may hold future promise in developing exotic nanomaterials 

for further improvement in this field. 

4.3Results and discussion 

The dipeptide was synthesized by conventional solution phase methodology. The N-

terminus was protected through BOC (tert-butoxycarbonyl) group and C-terminus 

was protected though methyl ester. Coupling reaction was mediated using 1- ethyl-

3,3-(dimethylamino) propyl carbodiimide hydrochloride  (EDC.HCl) and 

hydroxybenzotriazole (HOBt). The molecular architecture is shown in scheme 1.  
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4.3.1 Synthesis of dipeptide TTP 

 

 Scheme 1. Structure and schematic presentation of the synthesis of peptide TTP. 

Substrates for the synthesis of TTP: (a) N-(tert-butoxycarbonyl)-O-benzyl-L-tyrosine (b) HCl 

salt of methyl ester of O-benzyl-L-tyrosine. (i) EDC.HCl, HOBt, 0
o
C, RT,8h. 

 

To a well-stirred solution of N-(tert-Butoxycarbonyl)-O-benzyl-L-tyrosine (a; 500 

mg, 1.34 mmol) dissolved in N,N-dimethylformamide (8 mL),was added anhydrous 

hydroxybenzotriazole (HOBT; 218 mg, 1.6 mmol) followed by 1- ethyl-3,3-

(dimethylamino) propyl carbodiimide hydrochloride (EDC•HCl; 387 mg, 2.01 

mmol) under cold condition and nitrogen atmosphere. The stirring was continued 

for 10 min under ice-cooled condition and then triethylamine (TEA; 1 mL, 10 

mmol) was added to this mixture along with methyl ester of O-benzyl-L-tyrosine (b; 

518 mg, 1.6 mmol); subsequently, the reaction was further continued for 8 h at room 

temperature and completion of the reaction was monitored via thin-layer 

chromatography (TLC). The reaction mixture was then concentrated under reduced 

pressure, diluted with water and extracted with ethyl acetate from aqueous layer. 

The crude product was obtained after evaporation of the solvent and purified by 

column chromatography over silica gel (petroleum ether /ethyl acetate 60:40) to 

afford peptide ―TTP‖ as white solid (yield = 75 %). 
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4.3.1 Self-assembly of the dipeptides in different solvents 

AFM study 

AFM images were obtained on Pico Plus 5500 AFM (Agilent Technologies, Inc., 

Santa Clara, CA, USA) with the piezo scanner range of 9 μm. The images (256 × 

256 pixels) were captured with a scan size between 0.5 and 5 μm at the scan 

speed rate of 0.5 rpm. The images were processed through flattening via Pico 

view software (Molecular Imaging Inc., Ann Arbor, MI, USA). For this purpose, 

dipeptide TTP 

 solution incubated at room temperature for 24 h, and then the solution was 

applied to a mica foil, after drying the sample solution placed at mica foil, the 

specimen was observed through atomic force microscopy. 

In the past few decades, several groups suggested that the aromatic amino acid 

residues present in short peptides played crucial role in generating the formation 

of fibrillar morphology through π-π stacking interactions. To gain further insight 

into the morphology of the self-assembled structures adapted by this dipeptide, 

Atomic Force Microscopy (AFM) and Field Emission Scanning Electron 

microscopy were performed in dilute solution of the dipeptide in different 

solvents. For this purpose, the dipeptide dissolved in ethyl acetate, 

dichloromethane (DCM), dimethylsulfoxide (DMSO) and DMSO-water 

separately, incubated for 24h, drop-casted on the mica sheet and the specimens 

were observed through different microscope after drying the sample. In all cases 

the dipeptide formed nanofibrillar assembly with twist in their self-assembled 

structure. First, the dipeptide dissolved in ethyl acetate and the final concentration 

of the peptide was 0.03 mM. Figure 1Aa showed a unique coil like morphology 

having no void space rather it was filled with interconnecting fibrillar network. If 

we take a close look on the coil structure as shown in Figure 1Ab and 1Ac, it was 

looking like a long fibril was spinning around to get this unique morphological 
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pattern. The width of the fiber was in 50-70 nm range. With increase in 

concentration to 0.3 mM the morphology diversified forming a chain like 

assembly where the coils were interconnected with fibrillar network (Figure 

1Ad). Here the fiber was within 40-120 nm range. In DCM the dipeptide 

produced different morphological pattern, some of them were simple fibrils, and 

some were coils with or without void spaces represented in Figure 1Be. In this 

case we observed some coils were discrete and some of them were interconnected 

with fibrillar network. The width of the fiber varied in the range of 20-50 nm. 

The inner diameter of the void space of the coil was 30-110 nm. The width of the 

coil was 90-300 nm in range and it as formed due to the self-association of 

several mini fibers (Figure 1Be). At higher concentration (  0.3mM) as shown in 

figure 1BF this dipeptide again formed nanofibrillar assembly with some fibrillar 

clot in between. Moreover, the fibrils observed like nanofilaments. The width of 

the fibrils varied within the range of 30-80 nm. Then switching the solvent to 

DMSO (Figure 1Bg and 1Bh), slight helically twisted bent fibrils was observed 

of width 40-130 nm at low concentration. It was moreover looking like the root 

of a big tree. Highly cross linked dense fibrillar network was observed when the 

concentration in DMSO increased to 0.3 mM. However, in this case most of the 

fibrils were helical twisted fibrils as shown in Figure 1Ci and 1Cj. Therefore with 

increase in concentration single fibrils were connected to each other to give this 

dense fibrillar network. The widths of the fibers were 50-150 nm. In 1% DMSO-

water mixture, helically twisted fibrils were observed of width 60-130 nm.(Figure 

1Ck, 1Cl).  
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Figure 1A. Atomic Force microscopy images of the aggregates produced from TTP in different 

solvents.(a) A unique fibrillar assembly obtained from TTP in ethyl acetate at 0.03 mM 

concentration after 24h incubation. (b) The enlarged portion of the area enclosed by white 

dotted line in (a). (c) The phase diagram image of (b). (d) represents the aggregates obtained 

from concentrated solution of TTP in ethyl acetate (0.3 mM). 

 

Figure 1B. Atomic Force microscopy images of the aggregates produced from TTP in different 

solvents. (e) and (f) The fibrillar aggregates obtained from TTP in DCM at 0.03 and 0.3 mM 

concentration respectively. (g) Helically twisted along with bent fibers of width 40-130 nm 

obtained from TTP in DMSO at 0.03 mM concentration. (h) The phase diagram of the 

corresponding (g). 

 

Figure 1C. Atomic Force microscopy images of the aggregates produced from TTP in different 

solvents. (i) Highly cross linked fibrillar network obtained from concentrated solution of TTP in 

DMSO (0.3 mM) of width 50-150 nm. (j) The phase diagram image of the corresponding (i).  

(k) and (l) indicate helically twisted fibrillar network with width 60-130 nm obtained from TTP 

in 1% DMSO-water solution. 

 

 

 

a b c d 
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FE-SEM Study: 

Morphology of the self-assembled structure obtained from dipeptide solution in 

1% DMSO-water using field emission scanning electron microscopy. For the FE-

SEM study, dipeptide solution in 1% DMSO-water was dried and platinum 

coating was carried out. Then the micrographs were taken in an FE-SEM 

apparatus (ZEISS-SIGMA, Carl ZEISS Microscopy, Germany). 

 

 

 

 

 

 

 

 

 

 

  

Figure 2. FE-SEM images of the aggregates produced from TTP in 1% DMSO-water solvent 

after 24h incubation. 

Field - emission scanning electron microscopy (FE-SEM) experiments were 

carried out to understand the structure of the self-assembled aggregates produced 

from TTP in 1% DMSO-water solution. It was found that the dipeptide solution 

showed highly dense web like architechtures of numerous long nanofibers. Along 

with these nanofibers, some helically twisted fibers were also found. The average 

width of the fiber was 70-120 nm and the length was several microns, indicating 

porous nanostructures with high surface area. These fibers did not appear as 

discrete one rather each nanofibers were interconnected with other to form an 

inter woven network.   



141 
 

4.3.2 Solid state assembly of TTP 

To understand the self-assembly property of TTP, single-crystal X-ray 

crystallography of the dipeptide can help by providing the information of inter 

and intra-side chain non-covalent interactions. In addition to this, the intricate 

structure of the peptide characterizations will also be confirmed. The crystal 

structure of TTP is shown in figure 3A. In the monoclinic crystal system, the 

molecule TTP crystallizes with P21 space group. 

Two molecules of TTP (A; green and B; yellow) were present in the asymmetric 

unit of its crystal (Figure 3b). Here, they assembled in a parallel fashion (Figure 

3b) using various supramolecular interactions. Strong intra- and intermolecular 

hydrogen bonding, π…π, C-H…π, and C-H…O=C interactions between A and B 

molecules were observed in this unit. There were two anti-parallel hydrogen 

bondings observed between 1) C=O5 of A and H-N2 of B (2.16 Å), and 2) H-N1 

of A and C=O1 of B (2.15 Å). The C=O5 of A and the C-H beside the N2 

involved in the carbon interactions. The phenyl rings the set of molecules are 

involved in the π…π staking interactions. The benzylic CH2 of R4 ring of B 

molecule show C-H…π interactions with R3 ring of A. Here, another interesting 

type of by T-shaped π-staking interaction was observed among the R2 and R4 set 

of rings of A and R2 of A and R4 of B. In this way, the flexibility of the terminal 

phenyl rings became somewhat restricted.  

The aforesaid strong hydrogen bonding, carbon interactions, and ladder-like π…π 

stacking of R1 and R3 rings might have grown along the unit cell axis c to 

stabilize the parallel ß-sheet arrangement in this direction (Figure 3c). The 

terminal phenyl rings did not have continuous ladder-like π-stacking interactions 

as internal phenyl rings. Therefore, they might have some flexibility. Four such 

terminal rings construct an arrow-shape through T-shaped π stacking interactions 

(Figure 3d). The R2 ring of A interacts with R2 of B on one side and R4 of B on 

another side through intermolecular π-stacking to form an angle shape which 
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bisected by intramolecular pi-staking of R4 ring of A and make the arrow shape 

(Figure 3d). 

 

Figure 3. (a) X-ray crystal structure of TTP (30% thermal probability of the ellipsoid). (b) Two 

molecules of TTP in the asymmetric unit of the crystal and non-covalent interactions involved 

in between them. (c) ß-sheet arrangement of the compound in solid state by with the help of 

various interactions (d) Zoomed picture of terminal part of ß-sheet arrangement of TTP. Most 

of the hydrogens are omitted for clarity. 
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In the solid-state, two adjacent parallel ß-sheet units were anti-parallel which 

might be understood from the direction of tertiary butyl groups (Figure 4). Apart 

from the aforesaid π-stacking, another C-H... π interactions play a very interesting 

role in solid-state assembly. The C-H of the tertiary butyl group of one ß-sheet 

unit forms C-H…π interactions with the next anti-parallel ß-sheet unit. In this 

case, the slight flexibility of the terminal phenyl ring was utilized. Such inter ß-

sheet units interactions along the unit cell axis b led to a helical structure 

formation (Figure 4). One methyl group of A molecule in one ß-sheet unit was 

connected with another B molecule of the nearest ß-sheet unit using C-H…π 

interactions and construct a helical structure (single-helix). It is interesting to note 

that various non-covalent interactions help to stabilize β-sheet-assembly which 

promote helical arrangements by C-H…π are rare in the literature.
221–224

 This 

solid-state assembly pattern of TTP might help to understand the behaviour of 

this molecule during the self-assembly in solution phase.  
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Figure 4. β-Sheet promoted helix formation in the solid state assembly of TTP.    

 

4.3.3 Hirshfeld Surface Analysis of TTP 

Hirshfeld Surface Analysis of TTP was performed with the help of Crystal 

Explorer 17.5.
225

 The structure of the compound was optimized to get energy 

minimized structure Gaussian 09W was utilized.
186

 The optimized structure of P1 

was obtained by B3LYP/6-311 G level of theory in aqueous medium (CPCM 

model). The Frontier molecular orbital were depicted using GaussView 5.
226

 

The Hirshfeld surfaces (HSs) and the 2D fingerprint of TTP were investigated to 

realize, in a crystalline environment, the packing modes, molecular local shape of 

the crystal, and the distribution of electron density of different molecular 

fragments in the crystal. It provides a quantitative intermolecular non-covalent 

interactions inside the crystal of a molecule.
227

 The negative and positive 
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potentials are manifested by red and blue color coding, respectively. The 

Hirshfeld surfaces are mapped with the help of the normalized contact distance 

(dnorm) which is related to the internal and external distances, di and de, and the 

van der Waals radii of atoms (Figure 5a-c). 

On the Hirshfeld surface, the bright red spots (on dnorm) indicate the respective 

donor and acceptor atoms for intermolecular hydrogen bonds. These are 

C=O5…H-N2 and C=O1…H-N1 (Figure 5a). The faint red spots are correspond 

to the C-H…π interactions. In the 2D fingerprint of TTP, it has been found that 

there are main three types of interactions to the formation of the crystal. The 

H…H interactions occupy the 60.0% region of the Hirshfeld surface which is 

highest in all types of interactions (Figure 5d and 5e). The concentration of these 

interactions is highest at de = di ~0.9 Å. Interestingly, a faint red spot at the 

benzylic proton of R1 ring indicates a significant short range H…H contact. Two 

peaks at de + di ~ 3.2 Å on this 2D fingerprint of C…H contact corresponds to the 

C-H…π interactions. These contacts bestow 24% of the total. Two thorn-like 

parts were appeared in the fingerprints in the area of de + di ~2.2 Å that 

corresponds to the O…H hydrogen bonding. This type of interaction furnishes 

15.1% of the total Hirshfeld area. These three types of interactions provide 99.1% 

of the total. Therefore, these interactions are most important among the atoms 

interacting in the crystal system. These results, hence, stipulate the importance of 

these interactions in the crystal packing disposition of the crystal structure. With 

the help of these results, a comprehensive model has been developed which helps 

to understand the significance of the different types of non-covalent interactions 

for the packing of TTP to construct a three-dimensional architecture of the 

molecule. 
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Figure 5. Hirshfeld surfaces of TTP on (a) dnorm, (b) de, (c) di, and 2D fingerprint of it showing 

con  ib  ion of (d)  ll, (e) H…H, (f) C…H,  nd (g)  …H in e  c ion  on  he    f ce. 
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4.3.4 NMR study 

H/D exchange proton NMR analysis 

Deuteratium (H/D) exchange proton NMR study the peptide TTP provided 

important insights about the hydrogen bonding patterns of two amide protons of 

their respective solution state. Figure 6 displays the proton NMR spectra of TTP in 

DMSO and in the presence of D2O/DMSO (1:50 V/V) mixed solvent. In the absence 

of D2O, two doublet peaks appeared around δ 8.25 and 6.79 ppm, respectively, for –

NH proton of -CONH, and tert-butoxycarbonyl (BOC) group (Figure 6a). The other 

peaks appeared at δ 7.42-7.40 (4H), 7.38- 7.34 (4H), 7.32-7.29 (2H), and 6.91-6.88 

(2H) were responsible for aromatic protons in TTP (Figure 6b). After adding D2O to 

a 10 mM solution of TTP in DMSO-d6, the intensity of the proton at δ 8.25 ppm 

decreased as time passed (Figure 6b, 6c and 6d). The intensity of proton signal 

appeared at δ 6.79 ppm decreased and slightly shifted from δ 6.79 to 6.72 ppm as 

shown in Figures 6b, 6c and 6d.The initial shifting of the proton in the NMR 

spectrum may be due to changing of the solvent condition (from pure DMSO to 

DMSO/D2O mixure); In DMSO medium, the dipeptide (TTP) formed strong H-

bonding with DMSO. The addition of D2O, -NH of tert-butoxycarbonyl (BOC) 

group weakened and shifted towards higher shielding region. However subsequent 

changes in the intensity of NH protons were due to exchange of the N-H group with 

deuterium. Therefore, from this NMR study it can be concluded that both the N-H 

protons were solvent exposed and participated in intermolecular hydrogen bonding 

with them and with another dipeptide molecule. 
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Figure 6: H/D exchange NMR experiment on TTP (10 mM) in DMSO-d6. (a) 
1
H-NMR spectra of 

TTP in absence of D2O in solution. Upper panels shows the perturbation of the spectra in 

presence of D2O (D2O: DMSO-d6 = 1:50) at different point after addition of D2O:  (b) 0h, (c) 3h 

and (d) 6h. For presentation clarity only peak regions are shown and the bottom axis is broken. 

Dashed lines and arrows are to highlight the perturbation of the peak positions and intensities. 

  

ppm ppm ppm 
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Temperature dependent 
1
H NMR study 

Temperature dependence of peptide NH chemical shifts is widely used technique for 

the study of intra or inter molecular hydrogen bonded conformations of peptide in 

solution. For this experiment, first 
1
H NMR spectrum of TTP was taken at 295 K/ 

22 
0
C in DMSO (Figure 7a). Then 

1
H NMR spectrum of TTP was taken at three 

different increased temperatures as shown in Figure 7b, 7c and 7d (313K/ 40 
o
C, 

323K/ 50
o
C and 333K/ 60

o
C). At room temperature (295 K/ 22

o
C) both –NH peaks 

for –CONH and tert-butoxycarbonyl (BOC) group appeared at δ 8.25 and 6.79 ppm 

respectively. The other peaks in the spectrum were appeared due to aromatic protons 

as mentioned earlier. With increase in temperature both –NH peaks were shielded to 

the upfield region. At highest temperature i.e 313K/ 60
0
C the –NH peak of –CONH 

shielded to δ 8.04 ppm and –NH of tert-butoxycarbonyl (BOC) shielded to δ 6.54 

ppm (Figure 7d). The shielding of the both –NH peaks to the upfield region 

indicated that both –NH peaks are involved in intermolecular H- bonding and there 

was no participation of these protons in intramolecular H- bonding. This observation 

was corroborated with the data obtained from H/D exchange proton NMR analysis. 

 

 

 

 

 

 

 

 

 

 



150 
 

 

Figure 7. Temperature dependent NMR experiment on TTP (10 mM) in DMSO-d6. (a) 
1
H-NMR 

spectra of TTP in DMSO-d6 at temperature 295 K/ 22
o
C. Upper panels indicate the 

1
H-NMR 

spectra of TTP in DMSO-d6 at different temperature (b) 313K/ 40
o
C, (c) 323K/ 50

o
C and (d) 

333K/ 60
o
C. For presentation clarity only peak regions are shown and the bottom axis is broken. 

Dashed lines and arrows are to highlight the perturbation of the peak positions and intensities. 
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4.3.5 Circular dichroism (CD) study 

 

 

 

 

 

 

 

Figure 8. (a) Circular dichroism spectra obtained from TTP at 1% DMSO-water mixture after 

24h incubation. 

 

The CD spectrum of the tripeptide was recorded at JASCO-810 spectro 

polarimeter under constant nitrogen flow condition. Peptide dissolved in 1%  

DMSO/ water solution placed at 1 mm path length quartz cuvette was used for all 

the CD spectra measurements. All the CD measurements were performed at 25 

o
C with an accuracy of 0.1. The far-UV region was scanned between 190 to 250 

nm using bandwidth of 1 nm. Each represented spectra was taken as the average 

of three individual scans. Experimental data obtained were analyzed using Origin 

Pro 8.0 SRO software (OriginLab Corporation). 

Circular dichroism (CD) was performed to understand the conformations of the 

peptides in solution. For short peptides, the CD signal showed negative minima in 

between 218-230 nm which is thought to be representative of a ß-sheet 

conformation of the attached peptide. In this case we performed the CD analysis of 

the dipeptide in 1% DMSO-water solvent after 24h incubation as shown in Figure 8. 

The dipeptide showed broad negative band at 218 nm along with small intense 
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negative minima at 206 nm. This indicated the presence of both helical and ß-sheet 

rich conformation of the dipeptide in solution. This is due to the fact that secondary 

structure of such small sequences in solution might not be highly stable.  

4.3.6 FT-IR analysis 

The FT-IR spectra of the samples were recorded on a Bruker TENSOR27 

spectrometer. The   KBr disc technique was used to record the spectra of the solid 

sample. Solid sample was mixed with KBr in a clean glass pestle and compressed to 

obtain a pellet. Background spectra were obtained for KBr pellet for each sample. 

The spectra were scanned from 600 to 4000 cm
−1

. Bruker software was used for data 

processing. Experimental data obtained were analyzed using Origin Pro 8.0 SRO 

software (OriginLab Corporation). 

Fourier Transform Infrared (FT-IR) was used to characterize the secondary 

conformation of this dipeptide TTP in solid state. From solid state FT-IR spectrum, 

a wide range of vibrational bands were observed due to the presence of different 

functional groups for example -CONH, -COOCH3, aromatic groups and aliphatic 

groups (-CH3, -CH2) etc. important band positions were marked in Figure 9a and the 

assignments of the band positions were provided in Table 1. Generally, in FT-IR 

spectrum, characteristic amide I, amide II and amide III bands are  mainly 

originating from backbone vibrations appeared at 1600-1690 cm
-1

, 1480-1580 cm
-1

 

and 1230-1300 cm
-1

 respectively. The origin of amide I mode of vibration is due to 

CO stretching vibration and the amide II and amide III bands correspond to the 

coupling of C-N stretching and N-H in plane bending.  For this dipeptide, the 

characteristic vibration bands appeared at 3326, 2927, 1743, 1685, 1656, 1517, 

1447, 1375, 1296, 1240, 1170, 1015, 864 and 701 cm
-1

 respectively. TTP showed 

stretching of amide I mode of vibration at 1656 and 1685 cm
-1

. The amide I band 

arises mainly due to the amide C=O stretching vibration, but there are some minor 

contributions come from out of phase C-N stretching motion, C-C-N deformation 

and N-H in plane bending motion also. The ester carbonyl stretching frequency 
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observed at 1743 cm
-1

. The characteristic vibration bands at 1517, 1240 and 1296 

cm
-1

 appeared due to amide II and amide III mode of vibration. There are many 

reports where it was mentioned that peptides having inclination towards ß-sheet 

conformation, give two characteristic bands between 1645-1656 cm
-1

 and the other 

one is between 1680-1700 cm-1 in the FT-IR region. In our case, the characteristic 

amide I band appeared at 1656 and 1685 cm
-1

 indicated the formation of ß-sheet 

through intermolecular hydrogen bonding. No bond was observed at 3400 cm
-1

 

suggesting that all the –NH s were involved in intermolecular hydrogen bonding. 

All the characteristic peaks confirmed that the dipeptide existed ß-sheet like 

conformation in solid state. 

 

 

 

Figure 9: (a) Fourier transform infrared (FT-IR) spectra of TTP in solid state 
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Table 1:   Assignment of the FT-IR bands of the dipeptide (TTP) at solid 

state 

IR frequency 

(cm
-1

)  

Vibration 

assignment 

IR frequency 

(cm
-1

)  

Vibration 

assignment 
3326 Amide N-H 

symmetric stretching. 

1375 CH3 tertiary group 

symmetric bending. 

2927 CH2 antisymmetric 

stretching 

1296 Amide III (N-H bend 

in plane and C-N 

stretch) 

1743 C=O stretching of the 

ester 

1240 Amide III (N-H bend 

in plane and C-N 

stretch) 

1685 Amide I (amide C=O 

stretching) 

1170 Ester C-O 

asymmetric stretch 

1656 Amide I (amide C=O 

stretching) 

1015  

1517 Amide II 864  

1447 CH2 bending 741 Out of plane N-H 

bending 
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4.3.7 Thioflavin T (ThT) fluorescence assay 

 

 

 

 

 

Figure 10. (a) ThT   fluorescence spectra spectrum in the absence and presence of peptides (~50 

μ ) in  % DMSO-water solvent incubated for 24h at 25
o
C: blue trace, without any peptide; red 

trace, in the presence TTP. 

 

The self-assembly formation by TTP was examined by ThT fluorescence assay 

measurements. The peptide solution was prepared by dissolving the solid peptide 

in DMSO and incubated for 24h at ambient temperature. Experimental data are 

recorded on Cary Eclipse fluorescence Spectrophotometer of Agilent technology 

in a quartz cuvette of 1 cm path length. The excitation and emission slit widths 

were fixed at 5 nm each. A stock solution of (  50 μM) ThT was prepared in water. 

Before spectral measurement, a certain volume of peptide was added to 1 mL of 

ThT solution so that the final concentration of the peptide was   50 μM. The 

fluorescence emission spectra were recorded within the range 455-600 nm 

(excitation ~445 nm). 

Thioflavin T (ThT) fluorescence study was used to measure the nature of the 

secondary structure present in peptide/ protein sample in solution. Mainly, ThT is 

a benzothiazole which emits a strong fluorescence signal upon binding to the 

cradle of β-sheet structures often found in fibrillary network produced from 

proteins/peptide. The more ThT fluorescence signal/intensity in presence of 

protein sample suggests higher amount of fibrils with ß- sheet conformation. 
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Figure 10a represented the ThT fluorescence spectra in presence of TTP (solution 

in 1% DMSO-water). It was observed that ThT fluorescence intensity was 

significantly higher in presence of TTP indicating the presence of fibrillary 

network with ß sheet conformation. 

 

4.3.8 DFT-Study 

DFT study of small organic molecules provides important insights into chemical 

reactivity and their related biological activities.
228,229

 The Frontier molecular 

orbital of the dimeric form of TTP was calculated from its energy minimized 

structure. The hydrogen-bonded dimeric structure of TTP was optimized at the 

B3LYP/6-311 G level of theory. The electronic distribution and the energy of the 

HOMO and LUMO of TTP are shown in Figure 11a. The high HOMO and low 

LUMO energy of the molecule facilitate the non-covalent interactions through 

donation and acceptance of electrons, respectively. In the case of this molecule, 

the energy gap is very low (3.74 eV) which can facilitate its intermolecular 

interactions and chemical reactions. The electron density of HOMO orbitals is 

concentrated on R1 ring whereas in case of LUMO it is on the R2 and R4 rings.  

Overlying the optimized (magenta) and crystal (green) structures of TTP (Figure 

11b and 11c) can give an insight of structural features for self-aggregation. In the 

DFT optimized structure of TTP, the angles of intermolecular hydrogen bonds of 

amides, (A) C=O5…H-N2 (B) and (A) N1-H…O1=C (B) has appeared at 

178.06
o
 and 164.01

o
, respectively, where it was 147.13

o
 and 162.83

o
 in the crystal 

structure, respectively. The bond distance of these two hydrogen bonds is 1.824 

and 1.871 Å in energy minimized structure whereas 2.100 and 2.154 Å in the 

crystal structure, respectively. Therefore, this improvement of bond distance and 

angle empowers the strength of these bonds in the experimental conditions. The 

R2 and R4 rings of molecules A and B of TTP have changed dihedral angles in 

optimized structure. It is to be noted that there is no huge abrupt change of TTP in 
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the X-ray and DFT optimized structure. Therefore, such structural change in 

energy minimized form of the compound may stabilize the ß-sheet-assembly and 

ß-sheet promote single strand helical arrangements of TTP as observed in solid-

state, CD, and AFM experiments. 

 

Figure 11. (a) HOMO, LUMO and their energy of TTP. Overly of X-ray (green) and DFT 

optimized (magenta) structure of the TTP at (b) peptide region and (c) total molecule. 
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4.4 Conclusion 

 In conclusion, we established the conformation and morphology of side chain 

protected tyrosine based peptide moiety. The solid state crystallographic analysis 

suggested thatTTP exhibited parallel ß-sheet structure in the crystalline state but 

it again self-assembled to form ß-sheet promoted helical architectures which is 

very rare in the literature. Both the structures were stabilized through several 

supramolecular interactions such as- intermolecular hydrogen bonding, π-π, C-

H….π and C-H….O interactions. This C-H….π interaction is the main driving 

factor for the generation of ß-sheet promoted helical architectures. This peptide 

showed unique self-assembled fibrillar morphology under different solvent 

conditions which was confirmed through AFM anslysis. There was no 

intramolecular hydrogen bonding involved as suggested by H/D exchange proton 

NMR study and temperature dependent proton NMR measurement. Solid state 

FT-IR spectra and Thioflavin (ThT) fluorescence test helped to establish the 

presence of ß-sheet structure in their conformation.  TTP exhibited both helix and 

ß-sheet like structure in solution state (1% DMSO-water) confirmed through CD-

analysis. HIrshfeld surface analysis and DFT study help to visualize the types of 

interactions involved to stabilize the energy minimized structure of the molecule. 

The result from DFT study also corroborated with the result obtained from solid 

state X-ray, AFM and CD analyses. Thus the overall study on side chain 

protected tyrosine dipeptide gave a glimpse of different secondary structures 

adopted by small peptides. The improvisation of tuning factors like protecting the 

hydroxyl (-OH) group of tyrosine by benzylic group help to adopt ß-sheet 

structure and ß-sheet promoted helical architectures which is rare in the literature. 

Moreover, biocompatibility of peptide self-assembled nanoarchitechtures makes 

them valuable for applications as biosensors and in tissue engineering.. 
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4.5 Supporting information 

4.5.1 Characterization of the dipeptides: 

 
i)

   1
H and 

13
C NMR spectroscopy of methyl 3-(4-(benzyloxy)phenyl)-2-(3-(4-

(benzyloxy)phenyl)-2-((tert-butoxycarbonyl)amino)propanamido)propanoate (TT P): 

1
H NMR (600 MHz, DMSO-d6): δ (in ppm) 8.24 (1H, d, J= 6Hz, NH of amide), 

7.42-7.40 (4H, m), 7.38-7.34 (4H, m), 7.32-7.29 (2H, m), 7.13-7.11 (4H, m,), 

6.91-6.88 (4H, m), 6.79 (1H, d, J= 6Hz, NH of amide), 5.04 (4H, s), 4.45-4.41 

(1H, m), 4.12-4.08 (1H, m), 3.56 (3H, s), 2.97-2.94 (1H, m), 2.90-2.86 (1H, m), 

2.82-2.80 (1H, m), 2.62-2.58 (1H, m), 1.28 (9H, s).  

13
C NMR (150 MHz, DMSO-d6): δ (in ppm) 172.29, 157.55, 155.53, 137.66, 

130.61, 128.82, 128.19, 128.03, 114.99, 114.72, 78.42, 69.54, 56.16, 54.14, 

52.23, 28.55. 
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Figure 12. 
1
H-NMR spectra of dipeptide TTP in DMSO-d6. 
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Figure 13. 
13

C-NMR spectra of dipeptide TTP in DMSO-d6  
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4.5.2. X-ray crystallographic information of dipeptide TTP: 

Single crystal of dipeptide TTP was obtained through slow evaporation (at room 

temperature) of a solution in dichloromethane-petroleum ether. A single crystal 

of TTP was attached to a glass fiber with epoxy glue and transferred to an X-ray 

diffractometer, equipped with a graphite monochromator. Diffraction data of TTP 

with MoKα radiation (λ = 0.71073 Å) at 293 K. The structure was solved by 

direct methods using the SHELXS-97 program.
230

 Refinements were carried out 

with a full matrix least squares method against F2 using SHELXL-97.
231

 The 

non-hydrogen atoms were refined with anisotropic thermal parameters. The 

hydrogen atoms were included in geometric positions and given thermal 

parameters equivalent to 1.2 times those of the atom to which they were attached.  

Important crystal data of dipeptide TTP is given below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. ORTEP diagram of peptide TTP  
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Table 1: Important crystal data of  TTP 

Emperical Formula C38H42N2O7 

Formula weight 638.30 

Temperature/K 120 

Wave length  1.54178 

Crystal system Monoclinic 

Space group P21 

Unit cell dimension a = 9.7532(7)Å   α = 90 

b =33.475 (2)Å   ß= 92.569(4) 

c = 10.2136 (7)Å  γ = 90 
  

Volume 3331.3(4) Å
3 

Z 4 

Density (calculated) 1.274 g/cm
3 

Absorption coefficient (Mu) 0.711mm
-1

 

F(000) 1360.0 

Theta range for data collection 4.333 to 67.096
 

Index ranges -11≤ h ≤ 11, -39 ≤ k ≤ 39, -10≤ l ≤ 

12 

Reflection collected 11928 

  

Completeness to theta 0.999 

Absorption correction multi-scan 

Max. and Min. Transmission 0.986 and 0.975 

Refinement method Full-matrix least-squares on F2 

Data/restraints/parameters 11752/1/856 

Good of fit on (F
2
) 1.099 

Final R indices [I>=2σ (I)] R1 = 0.0631, wR2 = 0.1321 

R indices (all data) R1 = 0.0691, wR2 = 0.1356 

Largest diff. Peak and hole 0.230/-0.251e 
-3 Å
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ABSTRACT: Low-molecular weight gelators (supramolecular, or simply molecular gels) are highly important molecular
frameworks because of their potential application in drug delivery, catalysis, pollutant removal, sensing materials, and so forth.
Herein, a small dipeptide composed of N-(tert-butoxycarbonyl)pentafluoro-L-phenylalanine and O-benzyl-L-tyrosine methyl
ester was synthesized, and its gelation ability was investigated in different solvent systems. It was found that the dipeptide was
unable to form gel with a single solvent, but a mixture of solvent systems was found to be suitable for the gelation of this
dipeptide. Interestingly, water was found to be essential for gelation with the polar protic solvent, and long-chain hydrocarbon
units such as, petroleum ether, kerosene, and diesel, were important for gelation with aromatic solvents. The structural insights
of these gels were characterized by field-emission scanning electronic microscopy, atomic force microscopy, Fourier transform
infrared analysis, and X-ray diffraction studies, and their mechanical strengths were characterized by rheological experiments.
Both of the gels obtained from these two solvent systems were thermoreversible in nature, and these translucent gels had
potential application for the treatment of waste water. The gel obtained from dipeptides with methanol−water was used to
remove toxic dyes (crystal violet, Eriochrome Black T, and rhodamine B) from water. Furthermore, the gel obtained from
dipeptide with assistance from toluene−petroleum ether was used as a phase-selective gelator for oil-spill recovery.

■ INTRODUCTION

The peptide and amino acid-derived supramolecular gels are
currently an important class of materials which have attracted
significant interest because of their potential applications in
advance material science, pharmaceutical preparation, drug
delivery, oil-spill recovery, and as environmental pollutant-
removing agents.1−14 Gels can be defined as soft materials in
which solvent molecules self-assemble into one-dimensional
structure that entraps and cross links to constitute a
network.15−17 This has the ability to immobilize a particular
solvent. In other words, gels are formed under suitable
conditions where solvent molecules are trapped into a three-
dimensional architecture.18−20 Most of the gels are polymeric
materials and hyper-branched dendritic molecules. However,
low-molecular weight gels or supramolecular gels are another
fascinating class of materials because of their unique
applications.21−23 These gelator molecules were formed via
various noncovalent interactions such as-hydrogen bonds, van
der Waals forces, π−π stacking, dipole−dipole, charge-transfer

coordination interactions, and solvophobic effects.24−33

Among the abovementioned interactions, hydrogen bonding
and/or π−π interactions are responsible for their gelatinous
nature. In recent era, low-molecular weight gelators in organic
and aqueous solvents were explored, having ample applications
in nanomedicine, catalysis, light-harvesting, tissue engineering,
sensing, templating, and nanoelectronics.21−23

With the development and industrialization of human
civilization, there has been acute shortage of clean and
hygienic water throughout the world.34,35 The degradation
and contamination of water by harmful chemicals has made
our natural resources (rivers, lakes, oceans, etc.) a great threat
to us.34,36 Nowadays, water purification has become a matter of
utmost importance in contemporary environmental research.
The exclusive characteristics of supramolecular gels, that is,
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A Metal-Free Oxidative Carboannulation Approach towards
Synthesis of 2,3-Diarylindenones and Its Regioisomers
Biswadip Banerji,*[a, b] Leena Majumder,[a] and Saswati Adhikary[a]

A metal free, PIDA (Iodosobenzene diacetate) mediated radical
oxidative annulation of aromatic aldehydes with 1,2-diphenyle-
thyne was developed, resulting an array of 2,3-diaryl indenones
in moderate to good yields. This methodology requires no
preactivation of the aldehyde groups and involves activation of
the C(sp)-C(sp) bond of the internal alkyne by in situ generated
acyl radical under metal free condition. This procedure is
applicable to a large variety of functionalized substrates

specially heterocyclic aldehydes and ortho hydroxyl aromatic
aldehydes to give 2,3-diaryl indenones. Interestingly, meta
substituted aromatic aldehyde provided two regioisomers in
1:1 ratio when they were subjected to the experimental
condition. These two regioisomers were isolated by column
chromatography and their colour, spectral data and crystal
structures were investigated.

Introduction

Transition metal catalyzed organic synthesis had been ever
popular since its inception.[1] However slowly metal-free organic
reactions have gained attention in both industry and academia
because these are environmentally benign, cost and step-
economical.[2] Annulation reaction is one which creates carbo-
cycles very efficiently.[3] More than one carbocycles can be
stitched together simultaneously forming several new bonds
through annulations process. Hence this step economical
process would certainly reduce the chances of many by-
products. Indenone is a privileged heterocycle that represents
an important class of building blocks.[4] It was found to have
broad application in synthetic chemistry, material chemistry
and medicinal chemistry.[4b,5] It exists in a considerable number
in many naturally occurring and biologically active molecules.
Such as stem bark of vaticapaucifora contains paucifloral F and
stem of cissusquadragularis consists of quadraguarin A, which
have indenone moiety and act as an inhibitors for cancer
growth.[4b,6] Considering their importance, a number of syn-
thetic methods are available in the literature to access diverse
indenone skeleton. Among them, several transition metal
catalyzed methodologies were reported in the literature. For
example Kuninobu and Takai described rhenium catalyzed
trimerization of the aryl aldehyde for the synthesis of indenone

moiety.[7] Chatani et al reported a Rh-catalyzedreaction of
alkynes with 2-bromophenylboronic acids involving carbon-
ylative cyclization to produce indenones[8] (Scheme 1). Larock et

al showed a carbopalladation of 2-iodoarenennitrilemethodol-
ogy using alkyne substrates to generate 2,3-diaryl indnones[9]

(Scheme 1). However annulation of alkynes with ortho-bifuc-

[a] Dr. B. Banerji, L. Majumder, S. Adhikary
Organic & Medicinal Chemistry Division
Indian Institute of Chemical Biology
CSIR-IICB
4, Raja S. C. Mullick Road, Jadavpur, Kolkata-700032, India
E-mail: biswadip.banerji@gmail.com

biswadip@iicb.res.in
[b] Dr. B. Banerji

Academy of Council of Scientific & Industrial Research (AcSiR)
CSIR-IICB
Kolkata, India

Supporting information for this article is available on the WWW under
https://doi.org/10.1002/slct.201702843

Scheme 1. Indenone Synthesis.
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A Green Synthetic Approach Towards Polyarylated Oxazoles Via 

Iodine Catalyzed One Pot sp3 C-H Functionalization In Water : 

From Natural Product Synthesis To Photophysical Studies  

Biswadip Banerji,* [a,b ] Saswati Adhikarya,  Leena Majumdera  and Saswati Ghosha  

Abstract: A ‘green’ methodology for the convenient synthesis of 

specific regioisomer of polysubstituted oxazoles through iodine 

catalyzed, water-mediated, aerobic oxidative C(sp3)–H 

functionalization of primary amines was developed. This domino 

procedure is a toxic peroxide, transition-metal and organic solvent 

free, mild and regioselective. The versatility of this methodology was 

demonstrated by preparing a natural product, texaline. It is also 

scalable and having wide of substrate scope. This methodology 

opens up a new, simple avenue for the synthesis of polyarylated 

oxazole moiety from various readily available amines as well as 1,2-

diketones and acyloins (alpha hydroxyl ketones) in moderate to 

excellent yields. Furthermore, these highly substituted oxazole 

molecules showed excellent fluorescence properties and thus have 

enormous potential to be a new type of fluorescent probe for the use 

in medicinal as well as material science. 

Introduction 

Recently, sp3 C-H bond functionalization has gained great 

interests. Organic reactions carried out under metal-free 

conditions have become popular due to the drawbacks of 

expensive, toxic, and air-sensitive metals or organometallics. 

Iodine serves as an alternative catalyst for transition metals in 

many reactions [1]. Studies show that molecular iodine has the 

capability to functionalize carbon-hydrogen bonds to form 

 

Scheme 1: Biologically active molecules having oxazole 

scaffold. 

 

 

 

 

 

 

 

new carbon-carbon and carbon-hetero bonds as well[2]. Iodine is 

insensitive to air and moisture and can also be removed from 

the reaction mixture by simple washing with reducing agents. Till 

now, an enormous number of organic synthesis have been 

successfully carried out in aqueous medium[3]. Water is non-

flammable, non-toxic, non-hazardous, inexpensive 

environmentally benign as well as readily obtainable solvent in 

nature.  

 

Scheme 2: Synthetic strategies for synthesis of oxazoles from 

1,2-diketones and alpha hydroxy ketone. 

 

 

 

 

 

 

 

 

 

 

In organic synthesis, cascade reaction is an efficient and atom-

economical methodology as it offers several advantages like 

avoiding multiple steps, long time duration and purification of the 

intermediates. Oxazole framework belongs to one of the most 

widely occurring scaffolds found in many pharmaceutically active 

compounds, and natural products which exhibit attractive 

biological activities[4]. For instance antimycobacterial natural 

product texaline[5], non-steroidal anti-inflammatory drug 

oxaprozin[6] and aristoxazole[7], anti-pancreatic cancer agent PC-

046[8] contain oxazole in their framework[9] (Scheme 1). Oxazole 

scaffolds also have important application in fluorescence dyes[10],  

polymers[11] and are also essential building blocks in synthetic 

organic chemistry[12]. Due to numerous importance of this 

scaffold, several synthetic methodologies were developed to 

construct fully functionalized oxazoles[13].  

Very recently easily accessible 1,2-diketone (benzil) were 

exploited for the synthesis of fully substituted oxazole [4d, 

14](Scheme 2). Regardless of their applicability and broad 

substrate scope, these methods suffer from limitations of 

transition metal reagent and organic solvents. Therefore 

environmentally benign chemical processes are still in high 

demand. From these points, the progress of synthetically more 
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Polysubstituted Imidazoles as LysoTracker Molecules: Their
Synthesis via Iodine/H2O and Cell-Imaging Studies
Saswati Adhikary, Leena Majumder, Sourav Pakrashy, Ravuri Srinath, Kaustuv Mukherjee,
Chitra Mandal, and Biswadip Banerji*

Cite This: ACS Omega 2020, 5, 14394−14407 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: An iodine-catalyzed, environmentally benign one-
pot methodology has been developed for the synthesis of diverse
substituted imidazoles. This transition-metal-free, aerobic, water-
mediated cyclization reaction is operationally simple and works
well with different amines or aldehydes by multiple C−N bond
formations with satisfactory yield. The methodology is regiose-
lective as well as scalable. These imidazole derivatives show
excellent fluorescence properties both in the solid and solution
phase, which is further extended to live-cell imaging. Due to the
suitable fluorescence properties of these scaffolds, lysosome-
directing groups are incorporated in two of these derivatized
imidazoles to track intracellular lysosomes. Successfully, those molecules show bright blue fluorescence while detecting lysosomes in
human or murine cells and can be considered to be rapid lysosome-staining probes.

■ INTRODUCTION
Imidazoles are the most important privileged nitrogen-
containing heterocyclic scaffolds present in many natural
products and pharmaceutical drugs (Figure 1).1−5 They are

known to exhibit a broad range of biological activities, such as
anticancer, antimicrobial, antihypertensive, and protein kinase
inhibitor properties.6−10 Apart from these activities, imidazole-
containing molecules are also reported to exhibit fluorescence
properties. These properties are further utilized in metal
sensing, biological imaging applications, and organic light-
emitting diodes (OLEDs).11−15 A lysosome is an important
organelle in eukaryotic cells that is involved in the degradation

of foreign internalized particles. Lysosomes also play an active
role in autophagy, cellular metabolism and recycling. Thus, it
becomes an important candidate for immunological research,
where the resolution of infection is often dependent on
lysosome-mediated degradation of engulfed pathogens by
phagocytic immune cells, such as macrophages and neutro-
phils. Lysosome-dependent processing of pathogens is also
related to antigen display and antibody production.16 These
organelles are involved in many cellular signaling functions,
including intracellular transport, cell antigen processing, and
the initiation of apoptosis.17,18 Lysosomes are acidic,
membrane-bound organelles (pH ≤5) present in cells.
Dysfunctions of lysosomes have been implicated in several
diseases, such as tumour generation and neurodegenerative
diseases.16 Selective probing of these organelles with small
fluorescent molecules has been reported recently, and further,
these probes are useful to reveal the underlying mechanism
behind the cause of diseases.19

In the previous literature, these imidazole molecules were
synthesized using transition-metal-catalyzed approaches, with
transition metals such as copper, palladium, silver, etc., but
these synthetic approaches practically have several drawbacks,

Received: March 2, 2020
Accepted: March 31, 2020
Published: June 11, 2020

Figure 1. Some of the important imidazole-containing natural
products and drugs.
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Expedient synthesis of a phenanthro-imidazo-
pyridine fused heteropolynuclear framework via
CDC coupling: a new class of luminophores†

Biswadip Banerji,*a,b Satadru Chatterjee,a K. Chandrasekhar,a Suvankar Bera,a

Leena Majumder,a Chandraday Prodhanc and Keya Chaudhuric

We herein report the design and synthesis of a group of fused phenanthro-imidazo[1,2-a]pyridine deriva-

tives as a new class of luminescent materials through a Pd(II) catalyzed intramolecular CDC (cross de-

hydrogenative coupling) reaction. This method thus unlocked a convenient & expedient way for the syn-

thesis of a new molecular framework containing π-extended fused heteropolycycles. The heteropoly-

cycles showed very good fluorescence properties both in solid and solution phases which were further

utilized in live cell imaging. These kinds of molecules have potential to be used as therapeutic probes and

also their solid state luminescence properties can be further utilized for making optoelectronic devices.

Introduction

In recent years, different fused aromatic motifs have attracted
considerable interest due to their enormous applications in
different fields. Among different fused motifs, N-fused hetero-
cycles dominate due to their significant biological impor-
tance1,2 and presence in a wide class of natural products and
functional materials.3–6 The construction of new heteropoly-
cycles through C–H bond functionalization is highly challen-
ging. It has always been a challenge to synthesize versatile
fused heteropolycycles by a simple, convenient, and high yield-
ing method. Serious research efforts are ongoing to construct
a new class of fused heteropolycycles using a transition metal
catalyzed C–H bond functionalization procedure7,8 which is
atom economical and cost efficient. C–C bond formation
through direct dehydrogenative cross coupling is one of the
most used methods to construct fused heteropolycycles.9–12

Recently, arylation of different heterocycles like pyrroles,13

azoles,14,15 phenanthroimidazoles,16,17 polyfluoroarenes,18,19

benzo[h]quinolines,20,21 etc. through direct dehydrogenative

cross coupling reactions using various transition metals as cata-
lysts has been reported. It was observed that among different
transition metals, palladium is widely used due to its catalytic
and synthetic efficiencies. Recently, different functionalized
imidazo[1,2-a]pyridines22 are in the limelight due to their
appealing and vast applications. Imidazo[1,2-a]pyridine is an
important pharmacophore found in various natural products
as well as in some marketed drugs like zolimidine (antiulcer),
alpidem (anxiolytic), zolpidem (hypnotic), etc.23–28 Some of
these classes of molecules have also made great contributions
in the field of materials science (Fig. 1).29

In the present study, we have synthesized a new class of
imidazo[1,2-a]pyridine heteropolycycles using dehydrogenative
cross coupling as a key step (Fig. 2). An optimized reaction
condition was established for synthesizing these new hetero-
polycycles and thereafter their photophysical properties were
examined thoroughly.

Due to the extended conjugation through π-expansion, the
synthesized molecules have shown interesting fluorescence
properties both in the solution and solid phases which were
further applied in live cell imaging studies. Our studies there-

Fig. 1 Some reported imidazo[1,2-a]pyridine derivatives29 having very
distinct optical properties, and exhibiting excited state intramolecular
proton transfer (ESIPT).

†Electronic supplementary information (ESI) available. CCDC 1515438. For ESI
and crystallographic data in CIF or other electronic format see DOI: 10.1039/
c7ob00564d

aOrganic & Medicinal Chemistry Division, Indian Institute of Chemical Biology

(CSIR-IICB), 4 Raja S. C. Mullick Road, Kolkata, 700032, India
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Biology (CSIR-IICB), 4 Raja S. C. Mullick Road, Kolkata, 700032, India.

E-mail: biswadip.banerji@gmail.com, biswadip@iicb.res.in; Fax: +91 33 24735197,

+91 33 24723967; Tel: +91 33 24995709
cMolecular Genetics, Indian Institute of Chemical Biology (CSIR-IICB), 4 Raja
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