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PREFACE 
 

The thesis entitled “Design, Synthesis and Characterization of modular peptide-based 

nanomaterials” is divided into 4 chapters as follows            

Chapter 1: Introduction:  

Brief overview of the chemical structure and physicochemical properties of amino acids and 

peptides. And also it describes briefly on recent advances in the bioactive peptide-based 

functional nanomaterials. 

 Chapter 2: Developing New Protecting Group Strategy for Solution and Solid Phase 

Peptide Synthesis  

Describes the developing new protecting group strategy to amino functionality of amino acid, 

which can easily and quickly deprotected by appropriate deprotecting agents without 

effecting any other protecting groups. And characterization of resulting compound through 

various spectroscopic techniques.  

Chapter 3: Spontaneous self-assembly of designed cyclic dipeptide (Phg-Phg) into two 

dimensional nano and mesosheets  

Describes the design and synthesis of cyclic dipeptide (Phg-Phg) which can self-assemble 

into 2D nano and mesosheets spanning several micrometers in lateral dimensions.And 

characterization using different microscopy techniques. 

Chapter 4: Design, Synthesis, photophysical and self-assembly properties of dipeptide 

appended napthlenediimide  

Describes the design, synthesize and study the supramolecular assembly of a series of N, N-

bis-(dipeptide) appended naphthalenetetracarboxylicaciddiimide (NDI) chromophores. The 

aromatic functionalities of amino acids side chain was systematically varied to understand the 

effect of this simple structural variations on the self-assembly.  
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Chapter 1 

INTRODUCTION 

1. 1 Amino acids: Chemical structure 

The term ‗amino acid‘ is generally understood to refer to the aminoalkanoic acids. They are 

compounds containing an amino group( NH2) and a carboxylic acid group (-COOH) with 

general formula H3N

(CR1R2)nCOO




n = 1 for the series of  amino acids, n = 2 for 

amino acids series and n = 3 for  amino acids series, etc.]. More than 700 amino acids 

have been discovered in nature and most of them are amino acids. Bacteria, fungi algae 

and plants are source for all these amino acids, which exist either in the free form or bound 

up into larger molecules (as constituents of peptides, proteins, other types of amide, alkylated 

and esterified structures). Among  700 amino acids twenty amino acids (actually, nineteen 

amino acids and one imino acid) that are utilised in living cells for protein synthesis 

under the control of genes are in a special category since they are fundamental to all life 

forms as building blocks of peptides and proteins. The structures of the 20 most common 

naturally occurring amino acids are shown in Table.1.1. All the amino acids except proline 

contain a primary amino group. Proline contains a secondary amino group incorporated in to 

a five-membered ring. The amino acids differ only in the substituent (R1 in general 

formula, R2=H)  attached to the carbon. The wide variation in these substituents is what 

gives peptide and proteins their great structural diversity and is responsible for their great 

functional multiplicity.  Eight kinds of side chains (R1= aliphatic chain, hydroxyl containing, 

sulphur containing, acidic, amides, basic, benzene containing and heterocyclic) are present in 

the most common natural amino acids, in that ten are essential amino acids (denoted by red 

asterisks (*) in Table 1.1.  
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Table 1. 1 The naturally occurring Amino acids and their UV-vis ( max) values.  

 

 

 

Name 

Abbreviations 

 

 

MW 

 

Structure 

UV 

Abs 

Log 

(max) 

pH ~ 

7.0 

Three 

Letter 

Code 

One 

Letter 

Code 

 

 

 

 

 

Aliphatic 

side chain 

amino 

acids 

Glycine Gly G 75.07 
+H3N

H
C C

H

O-

O

 

 

Alanine Ala A 89.09 
+H3N CHC

CH3

O-

O

 

 

Valine* Val V 117.15 
+H3N CHC

CH

O-

O

CH3

CH3  

 

Leucine* Leu L 131.17 
+H3N CHC

CH2

O-

O

CHCH3

CH3  

 

Isoleucine* Ile I 131.17 
+H3N CHC

CH

O-

O

CH3

CH2

CH3  

 

Hydroxy-

containing 

amino 

acids 

Serine Ser S 105.09 
+H3N CHC

CH2

O-

O

OH  

 

Threonine* Thr T 119.12 
+H3N CHC

CH

O-

O

OH

CH3  
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Table 1.1 

(Continued) 

 

 

 

Name 

Abbreviations   

MW 

 

Structure 

UV 

Abs 

Log 

(max) 

pH ~ 

7.0 

Three 

Letter 

Code 

One 

Letter 

Code 

 

Sulfer-

containing 

amino acids 

Cysteine Cys C 121.15 
+H3N CHC

CH2

O-

O

SH  

2.46 

(250 

nm) 

Methionine* Met M 149.21 
+H3N CHC

CH2

O-

O

CH2

S

CH3  

 

 

 

Acidic 

amino acids 

Aspartate 

(Aspartic acid) 

Asp D 133.10 
+H3N CHC

CH2

O-

O

C

O-

O

 

 

Glutamate 

(Glutamic acid) 

Glu E 147.13 
+H3N CHC

CH2

O-

O

CH2

C

O-

O

 

 

Amides of 

acidic 

amino acids 

Aspargine Asn N 132.12 
+H3N CHC

CH2

O-

O

C

NH2

O

 

 

Glutamine Gln Q 146.15 
+H3N CHC

CH2

O-

O

CH2

C

NH2

O
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Name 

Abbreviations   

MW 

 

Structure 

UV 

Abs 

Log 

(max) 

pH ~ 

7.0 

Three 

Letter 

Code 

One 

Letter 

Code 

 

 

 

Basic amino 

acids 

Lysine* Lys K 146.19 
+H3N CHC

CH2

O-

O

CH2

CH2

CH2
+NH3  

 

Arginine* Arg R 174.20 
+H3N CHC

CH2

O-

O

CH2

CH2

NH

C

NH2

N+H2

 

 

Benzene-

containing 

amino acids 

Phenylalanine* Phe F 165.19 
+H3N CHC

CH2

O-

O

 

3.97 

(206 

nm) 

2.30 

(257 

nm) 

Tyrosine Try Y 181.19 
+H3N CHC

CH2

O-

O

OH  

3.90 

(222 

nm) 

3.15 

(274 

nm) 

Heterocyclic 

amino acids 

Proline Pro P 115.13 

H2
+N

C O-

O
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Table 1.1 

(Continued) 

 

 

 

Name 

Abbreviations   

MW 

 

Structure 

UV 

Abs 

Log 

(max) 

pH ~ 

7.0 

Three 

Letter 

Code 

One 

Letter 

Code 

 

 

Heterocyclic 

amino acids 

Histidine* His H 155.16 
+H3N CHC

CH2

O-

O

N

NH  

3.77 

(211 

nm) 

Tryptophan* Trp W 204.23 
+H3N CHC

CH2

O-

O

HN
 

4.67 

(219 

nm) 

3.75 

(280 

nm) 

*essential amino acids 

        Humans can produce 10 of the 20 amino acids. The others must be supplied through 

food supplements. Failure to obtain enough of even one of the ten essential amino acids, 

those that we cannot make, results in degradation of the body's proteins, muscle and so forth 

to obtain the one amino acid that is needed. Unlike fat and starch, the human body does not 

store excess amino acids for later use; the amino acids must be supplement through food 

every day. The carbon of all the naturally occurring amino acids (except glycine) is chiral. 

Therefore 19 of the 20 amino acids can exist as enantiomers and most amino acids found in 

nature have the L- configuration. 

1. 2 Physicochemical properties of amino acids                                                                  

The physicochemical properties of amino acids depend on a) the presence of functional 

groups (e.g. amino, carboxy, thiol, phenolic hydroxy, guanidino and imidazole) that can be 
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titrated in the pH range 0–14, b) the presence or absence of hydrophobic groups (e.g. alkyl, 

aryl and indole) and c) the presence or absence of neutral hydrophilic groups (e.g. aliphatic 

hydroxy and side-chain amide groups). The properties of peptides also depend on the same 

factors, but it must be remembered that in a linear peptide containing n amino-acid residues 

all amine and carboxyl acid groups (except one N-terminal amino group and one C-

terminal  carboxy group) are incorporated into neutral peptide via amide bonds. In a cyclic 

peptide there are no free amino or carboxy groups. Moreover, some peptides contain 

groups such as carbohydrate, phosphate ester, lipids and porphyrins that further modify this 

physical properties. 

        Generally amino acids are crystalline solids with high melting points (200-300
o
C) and 

soluble in water. The extent of solubility in water depends on the nature of side chain (R1).  

At physiological pH (pH = 7.3) an amino acid exist as a dipolar ion called a zwitterion. A 

zwitterion is a compound that has a negative charge on one atom and a positive charge on a 

nonadjacent atom. Therefore an amino acid can exist in an acidic form or a basic form 

depending on the pH of the solution in which the amino acid dissolved as shown in Figure 

1.1. 

 

+NH3

HO

H
R1

O

+NH3

O

H
R1

O

NH2

O

H
R1

O

 

 

 

 

Figure 1. 1 Existence of amino acid in different forms depends on the pH of the solution in which the 
amino acid dissolved. 

pH < 7 

acidic form 

pH = 7 

a zwitterion 

pH > 7 

basic form 
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The carboxyl groups of the amino acids have pKa values of approximately 2 and the 

protonated amino groups have pKa values near 9. Therefore, both groups will be in their 

acidic forms in a strong acidic solution (pH < 7). At pH = 7, the pH of the solution is greater 

than the pKa of the carboxyl group but less than the pKa of protonated amino group. The 

carboxyl group therefore will be in its basic form and the amino group will be in its acidic 

form. Where as in basic solution (pH > 7) both carboxyl and amino groups will be in their 

basic form as shown in Figure 1.1. Therefore in acidic solution an amino acid exists as a 

positive ion and migrates towards the cathode in an electric field, while in alkaline solution it 

exists as a negative ion and migrates towards anode. At a certain hydrogen ion concentration 

(pH), the dipolar ion exists as a neutral ion and does not migrate to either electrode. This pH 

is known as the isoelectric point of the amino acid.  

1. 3 Peptide bonds 

Peptide bond is a covalent bond formed between carboxylic acid of one amino acid molecule 

and amino group on other amino acid; therefore it is an amide bond which holds amino acid 

residues together in a peptide or a protein. Conventional writing of peptide and proteins are 

start with the free amino group (the N-terminal amino acid) on the left and ends with the free 

carboxyl group (the C- terminal amino acid) on the right. Figure 1.2 showing the 

condensation of m number of amino acids to give one oligopeptide containing m number 

of amino acid residues and (m-1) number of water molecules. 

m [H3N
+
 (R1HC) n CO2


] 

 

 

H3N
+
 (R1HC) n CO [NH (R1HC) n CO] m-2NH (RHC) n CO2


 + (m-1) H2O 

Figure 1. 2 Condensation of  m number of amino acids to form a peptide. 
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The numbering of amino acids in a polypeptide starts with the N-terminal end and adjective 

names (ending in ―yl‖) are used for all the amino acids except the C-terminal amino acid. A 

peptide bond has partial double-bond character because of electron delocalisation over 

carbonyl oxygen and lone pair on amide nitrogen. Steric hindrance causes the trans 

configuration to be more stable than the cis configuration, i.e. the carbons of adjacent 

amino acids are trans to each other. Free rotation about the peptide bond is not possible 

because of its partial double-bond character.  Strategy of peptide bond synthesis and various 

protecting groups are discussed in Chapter 2 (Section 2.1).  

1. 4 General spectroscopic characterization techniques 

Interpretation of spectrometric features of amino acids and peptides provides specific 

information about the behaviour of amino acids and peptides in solution. These methods 

reveal the ways in which groupings within a peptide in solution relate to each other and these 

details are of major importance in determining the physical and physiological properties of 

amino acids and peptides.   

1.4.1 Infrared (IR) spectrometry 

The feature of IR spectra for solutions that is useful in the peptide area concerns the hydrogen 

bonding property of the amide group. The characteristic carbonyl stretching frequencies of 

the peptide bond depend on the conformation; therefore IR spectra give importent 

information on conformation. IR spectra can also be interpreted to detect conformational 

changes that occur when solution parameters are altered; such as solution changes (changes 

of solvent polarity, ionic strength, etc.) can be deliberately designed either to disrupt or to 

augment hydrogen bonding interactions and these changes lead to differing stretching 

frequencies of the amide group as shown in Table 1.2. 
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Table 1. 2 IR features for various conformations of peptides 

 v (cm
-1

) 

N—H stretching frequency of the —CO—NH— grouping v = 3360–3260 

trans-amides v = 1250, 1550  

cis-amides v = 1350, 1500  

hydrogen-bonded amide bond of the  helix conformation v = 620, 1650  

sheet conformation v = 700, 1630 

(strong) and 1690 

(weak) 

peptide bond in random (disordered) conformations v = 650, 1660  

 

1.4.2 Ultraviolet (UV) spectrometry, Circular dichroism (CD) and fluorescence 

spectrometry 

These techniques are intimately related since their spectral features originate in the same 

physical event namely the absorption of light within locations (chromophores) of the amino 

acid or peptide from the ultraviolet wavelength region (200–400 nm) and from longer 

(visible) wavelengths for coloured compounds. 

1.4.2.1 Ultraviolet (UV) spectrometry 

The chromophores that respond to electronic excitation which are common to amino acids 

and peptides are the amino, carboxy and amide groups. All these functional groups show 

almost no absorption, i.e. they are nearly transparent, showing only small extinction 

coefficients within the UV range (200–400 nm),—NH2 (as in ammonia, NH3, max = 194 

nm). UV max absorption of 20 most common amino acids are shown in Table 1.1.  
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1.4.2.2 Circular dichroism (CD) 

CD spectrometer is an instrument that measures the intensity of absorption of left circularly 

polarised light relative to that of right-circularly polarised light over a continuous range of 

wavelengths. CD spectra carry much more information than UV absorption spectra. The 

intensity of the CD absorption is dependent upon the spatial relationship between the 

chromophore and groupings at the chiral centre and hence there is no chromophore intensity 

of absorption relationship such as that which exists for UV absorption spectra (i.e. the 

Bouguer–Beer–Lambert law does not apply to CD spectra).  The sign of the CD feature can 

be positive or negative, unlike the isotropic absorption (i.e. the UV absorption spectrum), 

which has no sign. 

        The CD spectrum can be interpreted in terms of absolute configuration. The sign of a 

particular CD feature corresponds to a particular absolute configuration of the solute, for the 

chiral centre nearest the chromophore responsible for that CD feature. Information on 

conformation (based on the sign and specific details of an overall CD spectrum for a 

compound of known absolute configuration) can be obtained for amino acids and peptides. 

Polypeptides in a random conformation show strong CD features only at short wavelengths, 

but characteristically enhanced CD features are observed at longer wavelengths if a molecule 

adopts a regular conformation and it contains a chromophore that is repeated regularly with 

spatial uniformity throughout the molecule as in the case of ordered peptides (-helix and the 

-sheet structures). CD characteristics for helix, sheet and random coil are shown in  

Table 1.3. 
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Table 1. 3 CD features for helix, sheet and random coil conformation 

 Positive CD 

maximum 

Zero CD Negative CD 

maximum 

Helix Very strong at 191 

nm 

202, 250 nm Strong at 208, 

222 nm 

Sheet Strong at 195 nm 207, 250 nm Medium intensity at 

217 nm 

Random coil Weak at 218 nm 211, 234, 250 nm Strong at 197 nm 

Very weak at 240 

nm 

 

1. 5 Self-assembly 

The spontaneous and reversible association of molecular species to form larger, more 

complex supramolecular entities according to the intrinsic information contained in the 

components. 

 There is no significant difference in size and no species is acting as a host for another. 

 Self-assembling systems selectively produce the most thermodynamically stable products 

and therefore both the enthalpic and entropic contributions towards the final species must 

be considered. 

Intramolecular self-assembly molecules are often complex polymers with the ability to 

assemble from the random coil conformation into a well-defined stable structure. An example 

of Intramolecular self-assembly is protein folding.  

Intermolecular self-assembly is the ability of molecules to form supramolecular assemblies. 

A simple example is the formation of a micelle by surfactant molecules in solution. 
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1. 6   Non-covalent interactions 

Supramolecular chemistry exists because of non-covalent interactions. Nature also uses such 

supramolecular (non-covalent) interactions extensively in bringing proteins together to form 

enzyme super clusters, or sometimes to form structurally less defined fibrous aggregates. 

Supramolecular chemistry tries to mimic nature approach by utilizing interactions that are 

considerably weaker than covalent interactions. Non-covalent interactions can be a repulsive 

or attractive intermolecular forces having interaction energy ranging from 4-400 KJmol
-1

. 

Various non-covalent interactions and their strength are summarized in Table 1.4. From the 

Table 1.4 the order of supramolecular interaction strengths are ionion > iondipole > 

dipoledipole > hydrogen bonding > cationπ > ππ interactions. 

Table 1. 4   Summary of non-covalent interactions.
2
 

Interaction Energy(KJmol
-1

) Example 

Ion-ion 50-400 tetrabutylammonium 

chloride  

Ion-dipole 50-200 sodium(15)crown-5 

Dipole-dipole 4-40 acetone 

Hydrogen bonding 4-120 HF complexes 

Cation-π 5-80 K
+
 in benzene 

π-π  4-20 benzene and graphite 

van der Waals <5 between two straight 

alkyl chains 

hydrophobic related to solvent-solvent 

interaction 

cyclodextrin inclusion 

compound 
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1. 7  Bioactive peptide-based functional nanomaterials 

 

Self-assembly of biomolecular building blocks plays an important role in the discovery of 

new biomaterials and scaffolds with a wide range of applications in nanotechnology and 

biomedical (Figure 1.3). Especially, coating nanostructures with peptides gives them with 

unique opportunities to explore the vast biological events that peptides mediate.32-38 

 

 

 
 

Figure 1. 3 Self-assembled bioactive nanostructures.
51

 

 Peptide-based self-assembling systems are investigated for the construction of 

supramolecular structures which have potential applications as biocompatible multivalent 

scaffolds. The peptides usually assemble through α-helical, β-sheet, and hydrophobic 

interactions.
39-42

 Examples of peptide-based self-assembly systems include micelles from 

peptide amphiphiles,
43

 coiled-coils from α-helical peptide bundles,
44

 nanotubes from cyclic 

peptides,
45

 nanotubes and nanocages from dipeptides,
46

 open mouth nanovesicles from 

diblock peptides of polylysine or polyarginine and polyleucine,
47

 thermoresponsive elastin-

like aggregates,
48 

closed-micelles from peptide–PEG block copolymers,
49

 and nanofibers 
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from β-sheet peptides.
50

 The peptide nanostructures have mostly been used for applications in 

drug delivery, gene delivery and antimicrobial agent development. Among the peptide 

nanostructures, the β-sheet peptide nanostructures are likely to be especially suitable for 

applications where fibrous structures are advantageous in crosslinking cells and in vivo 

delivery experiments. 

         In nature formation of amyloid fibrils is a key example of polypeptide self-assembly 

into ordered nanoscale fibrillar structures. The accumulation of amyloid fibrils is a common 

characteristic of several unrelated diseases including Alzheimer‘s disease, prion disorders
3-10 

(bovine spongiform encephalopathy and Creutzfeldt–Jakob disease), type II diabetes, and 

many other neurodegenerative disorders. Currently about 20 different known syndromes are 

associated with the formation of amyloid deposits. All these diseases are characterized by the 

transformation of soluble polypeptides or proteins into aggregated fibrillar deposits in 

different organs and tissues. The pathological significance of amyloid fibril formation is not 

completely understood in all cases. Some of the observations on amyloid formation suggests 

that a specific pattern of molecular interactions  rather than nonspecific hydrophobic 

interactions should play a role in the formation of such an ordered amyloidal structure.
11

  

Moreover, the synthesis of large peptides especially aggregative peptides is expensive and 

difficult. An important direction in studying amyloid formation has emerged from the use of 

remarkably short peptide fragments. Much of the pioneering work on the use of peptide 

models for the study of amyloid fibril formation was carried out by Westermark and co-

workers
12-14

 This group had already demonstrated (1990) that a short decapeptide fragment of 

the islet amyloid polypeptide (IAPP) a polypeptide associated with type II diabetes
12,15

 can 

form amyloid fibrils similar to those formed by the full-length 37 amino acid polypeptide.
12

 

Table 1.5 list of short amyloidogenic peptides in the literature.
16 
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Table 1. 5 Typical amyloid fibril formation by remarkably short aromatic peptide fragments
*
 

Name of parent peptide 

Pathological or physiological 

condition 

Short active 

sequence Reference 
 

Islet amyloid 

polypeptide 

Type II diabetes 1. FGAIL  17 

  2. TNVGSNTY
b
 18 

  3. QRLANFLVH
b
 19 

ß-Amyloid peptide Alzheimer‘s disease 1. KLVFF (inhibitor)  20 

  2. LVFFA (inhibitor)  21 

  3. LPFFD (inhibitor)  22 

  4. KLVFFAE
b
 23 

Lactadherin Aortic medial amyloid NFGSVQFV
b
 24 

Gelsolin Finnish hereditary amyloidosis SFNNGDCCFILD
b
 25 

Serum amyloid A Chronic inflammation amyloidosis SFFSFLGEAFD
b
 26 

PrP Creutzfeldt-Jakob disease (CJD) PHGGGWGQ  27 , 28  

Sup35p Yeast prion protein PQGGYQQYN
c
 29 , 30  

  GNNQQNY 31 
 

a
 Aromatic residues are underlined.  

b
 The minimal active fragment may be shorter.  

c
 Consensus sequence of six tandem repeats. In one of the repeats, Y is replaced by F.  

*Gazit E, FASEB J 2002, 16, 77–83 

1. 8  Present work 

This project work was mainly focused on synthesis of a short acyclic/cyclic/hybrid peptide 

which can self-assemble through non-covalent interactions to form well defined 

nanostructures with nanoscale order and their potential applications. The studies involve the 

characterization of resulting self-assembled nanostructures using various spectroscopic and 

microscopic techniques. These peptide based nanomaterials find applications in organic 

electronics as well as biomaterials.  
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Chapter 2 

Developing New Protecting Group Strategy for Solution and Solid Phase 

Peptide Synthesis 

 

2. 1 Introduction  

2.1. 1 Basic principles of peptide synthesis and strategy: The synthesis of a dipeptide 

+
H3NCHR1CONHCHR2COO

– 
from the constituent amino acids involves forming the peptide 

bond so that the amino acid sequence is correct and racemization at the chiral α-carbon atoms 

is avoided. The latter point does not arise, of course, with glycine. In order to produce the 

correct sequence and to prevent the formation of a mixture of higher peptides, the amino 

group of the intended N-terminal residue and carboxyl group of the intended C-terminal 

residue are normally protected. 
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             Scheme 2. 1 Peptide synthesis strategy.P1, P2, P3= protecting groups
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        The synthesis of a dipeptide in general involves four steps (Scheme 2.1)-(a) protection 

of the amino group of the amino acid that is to be the N-terminal residue (1.1→1.2), (b) 

protection of the carboxyl group of the amino acid that is to be the C- terminal residue in the 

dipeptide (1.4), (c) activation of the carboxyl group of the N-terminal amino acid (1.2→1.3) 

and formation of the peptide bond to give a protected dipeptide (1.3+1.4→1.5) and (d) 

removal of protecting groups (1.5→1.6). If the amino acids contain functional groups such as  

—NH2, —COOH, —OH, and —SH, it may be desirable or even essential to protect these 

before step (c) or even before step (a) or step (b). If the dipeptide is to be further extended to 

a tripeptide, then step (d) would be modified to deprotect the α-amino group selectively. 

Steps (a), (c) and (d) would then be carried out to couple the new N-terminal amino acid. The 

need for selective deprotection of the α-amino group can be easily understood in the case in 

which Lys is the N-terminal residue. Lys has two amino groups and so different or 

orthogonal
1
 protecting groups must be used so that one can be removed without affecting the 

other. 

2.1. 2 Protection of α-amino group
 

The α-amino-protecting group should confer solubility in the most common solvents and 

prevent or minimize epimerization during the coupling, and its removal should be fast, 

efficient, and free of side reactions and should render easily eliminated byproducts. Other 

desired characteristics of α-amino-protected amino acids are that they are crystalline solids, 

thereby facilitating manipulation, and stable enough. 
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         Almost all protecting groups currently used can be removed by mild methods such as 

hydrogenolysis and exposure to anhydrous acids or bases at room temperature. These three 

methods of deprotection afford the opportunity for orthogonal protection provided that 

particular protecting groups survive at least one type of deprotective treatment. Some of α-

aminoacids protecting groups and deprotection conditions have been reported (Table 2.1)  

Table 2. 1α-Amino-protecting groups removed by acid
a 

   

    a
Chem.  Rev. 2009, 109, 2455-2504. 
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Table 2. 2  α-Amino-protecting groups removed by base
a
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2.1. 3   Protection of α-carboxyl group 

More generally, the C-terminal group is protected as an ester. Since esters of amino acids and 

peptides do not have a dipolar ion structure, they are soluble in aprotic solvents. There is also 

a striking difference in the pKa values of amino acids and its esters. That the pKa values of 

the esters are lower means that the NH3
+
 group can lose its proton to a weaker base. These 

factors together mean that peptide-bond formation can be carried out in aprotic solvents with 

less risk of the reactive derivative of the N-protected N-terminal amino acid being racemised. 

It should also be noted that the lower pKa of the amino group of an amino acid ester implies a 

weaker nucleophilic character. This is seldom a significant factor in peptide synthesis. Table 

2.3 & 2.4 shows some of α-carboxylic acid protecting groups reported in the literature. 

 

 

 

 

 

 

 

 

 

 

Table 2.α-Amino-Protecting Groups Removed by base
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Table 2. 3  α-Carboxylic acid-protecting groups removed by acid
a
                                                      

 

  

   a Chem.  Rev. 2009, 109, 2455-2504.
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Table 2. 4  α-Carboxylic acid-protecting groups removed by base
a 

 

 

   a Chem.  Rev. 2009, 109, 2455-2504. 

 

2. 2  Objective of the present work 

The objective of this project is to develop new protecting group for amino functionality of 

amino acid, which can easily and quickly deprotected by appropriate deprotecting agents 

without effecting any other protecting groups. And also characterize the resulting compound 

through various spectroscopic studies. 
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2. 3 Design strategy   

Conventionally benzoyloxycarbonyl (Z), tert-butoxycarbonyl (Boc) and 

Fluorenylmethyloxycarbonyl (Fmoc) are used for protection of amino functionality. The 

main drawbacks  of using these protecting groups is that they are expensive and requires 

harsh and tedious cleavage conditions which also leads to racemisation at α-centres. It was 

found that phthalic anhydride offers excellent protection for the –NH2 functionality of amino 

acids but the deprotection step is particularly tedious requiring higher reaction time and 

nucleophilic deprotecting agent.  An improved tetrachlorophthaloyl
 
 protecting group

76
 has 

been developed but this again faces the problem of tedious deprotection and does not prove to 

be better than the normal phthaloyl protecting group in terms of deprotection time. 

         It occurs to us that addition of electron withdrawing groups to phthaloyl aromatic ring 

or electronegative atoms in the aromatic ring greatly enhances deprotection under milder 

condition and lower reaction time. We have decided to explore different electron 

withdrawing substituent‘s (R1, R2, R3, R4) to the phthaloyl ring and electronegative atoms 

(X1, X2 and X3) in the phthaloyl aromatic ring, as shown in Figure 2.1. For initial studies, we 

chose simple amino acid glycine ethyl ester and eight phthaloyl derivatives with different 

substituent groups in phthaloyl aromatic ring as shown in Figure 2.1. 
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Figure 2. 1  Our strategy for screening new protecting group for amine 

functionality of amino acid based on phthaloyl protecting group. R1, R2, R3 

and R4 are electron withdrawing groups. X1, X2, X3 are electronegative 

atoms. R = substituent. R‘ = carboxylic acid protecting group. 

 

Scheme 2. 2  Protection of amino group functionality of glycine ethyl ester with various 

phthaloyl derivatives (1-8). Reagents and conditions: i) Microwave irradiation, 

Dimetylformamide, 8 min. or Et3N, Dichloromethane, reflux, 24 h. or Neat reaction, 200
o
C. 
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1. R1 = R3 = H,  X1 = X2 = N,  X3 = C, R = C2H5

2. R1 = R2 = R3 = R4 = Br, X1 = X2 = X3 = C, R = C2H5

3. R1 = R4 = H, R2 = R3 = Cl,  X1 = X2 = X3 = C, R = C2H5

4. R1 = R2 = R3 = R4 = Br, X1 = X2 = X3 = C, R = OH.

5. R1 = R2 = R3 =R4 = F, X1 = X2 = X3 = C, R = C2H5.

6. R1 =  R2 = R3 =R4 = Cl, X1 = X2 = X3 = C, R = C2H5.

7. R1 = R2 = R3 = R4 = H, X1 = X2 = X3 = C, R = C2H5

8. R1 = R2= R4 = H, X1 = X2 = C, X3 = N, R = C2H5

Phthaloyl derivatives of 
glycine ethyl ester 1- 8
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2. 4 Results and discussions 

2.4. 1 Protection of Nα-amino-functionality of amino acid was tried with three different 

reaction conditions (microwave irradiation, reflux condition and neat reaction). Each process 

has its own advantages and disadvantages. Among these three methods we have found that 

microwave irradiation (MW) is better one because of the reduced reaction time. Microwave 

reaction was carried out safely using conventional glassware in domestic microwave ovens 

with reaction time of few minutes compared to 22-24 h using other conventional methods. In  

 

Peptide synthesis, microwave irradiation has been used to complete long peptide sequences 

with high product yield and low degrees of racemization.   

Scheme 2. 3 Deprotection studies of α-amino-protected glycine ethyl ester with hydrazine. 

Reagents and conditions: i) NH2NH2.H2O, Dimethylformamide (DMF), room temperature. 
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14. R1 = R2 = R3 = R4 = H, X1 = X2 = X3 = C, R = C2H5

15. R1 = R2= R4 = H, X1 = X2 = C, X3 = N, R = C2H5

H2N
O

O

Ri
+

Phthaloylhydrazide 
side product 9- 15

N- deprotected 
glycine ethyl ester
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Microwave irradiation during the coupling of amino acids to a growing polypeptide chain is 

not only catalyzed through the increase in temperature, but also due to the alternating 

electromagnetic radiation to which the polar backbone of the polypeptide continuously aligns 

to. Due to this phenomenon, the microwave energy can prevent aggregation and thus            

Increases yields of the final peptide product. Except compound 3 (reflux), 4 (Neat), all other 

Compounds (1, 2, 4, 5, and 6) in Scheme 2.3 were prepared by MW process and 

characterized by NMR spectroscopy. In case of compound 5, on thin layer chromatography 

(TLC, 5% MeOH in Chloroform) four spots was observed, among them three are florescent 

spots ( Rf =0.15, 0.63, 0.72), one is the expected product which is nonflurescent spot (Rf 
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Figure 2. 2  a) UV-vis spectra of compound 16 (λmax= 389 nm), b)Photoluminescence 

emission spectra of compound 16 (emission maximum at  Emax = 491 nm) 

 

Photograph of conical flask containing compound 16 in CHCl3 under a) 

white light and b) violet region of visible light (around 400 nm).   

 

16 
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=0.86). Lower Rf value compound was characterized by 
1
H NMR as just a ring opened 

structure (compound 16) of compound 5, as shown in the Figure 2.2 

UV-vis, photoluminescence spectroscopic studies of compound 16 was studied. In UV-VIS 

spectra, maximum absorbance was seen at 389 nm and Photoluminescence emission 

maximum at 491 nm was observed as shown in Figure 2.2  

2.4. 2 Deprotection studies 

Phthaloyl derivatives 1-8 were subjected to deprotection studies in 15% NH2NH2.H2O in 

DMF as shown in Scheme 2.2. Deprotection reactions were monitored by thin layer 

chromatography (TLC). Different phthaloyl derivatives undergo deprotection at different 

time periods anywhere from 5 min. to 6 h.  We found the order of deprotection reaction time 

as compound 8 (5 min) > 1 (10 min) > 3 (30 min) > 7 (1 h) > 4(3 ½ h) ~ 5(3 ½ h.)  > 6. (6 h.). 

The observed reaction rates were very much expected based on electron withdrawing effects. 

2. 5 Conclusion  

We have developed new improved protecting group for amino-functionality of amino acids 

based on phthaloyl derivatives (compound 1, 3 and 8). The main advantages of using these 

newly developed phthaloyl protecting groups is that i) easy protection (MW or neat reaction) 

and deprotection (with hydrazine), ii) reduced deprotection time, which is preferred in 

peptide synthesis, iii) orthogonal to other protecting groups present in the amino acid and iii) 

cheaper process compared to standard protecting groups available. Further we use these 

protecting groups for solution and solid phase peptide synthesis (work is in progress in the 

lab). During this project we also found that compounds derived from tetrafluorophthaloyl 

glycine ethyl ester (in general any amino acid) are fluorescent. Currently we are working on 

developing fluorescent probes based on tetrafluorophthaloyl-amino acid core structur 
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2. 6 Experimental section 

2.6. 1 General procedure Synthesis of α-amino-protected glycine ethyl ester 

I. Under microwave irradiation: A mixture of phthalicanhydride derivative (500 mg, 1 

mmol) and the glycine ethyl ester hydrochloride (1 mmol) was thoroughly grounded and 

transferred to a 250 mL beaker. DMF (1.8 mL) was added, the beaker was covered with the 

watch glass, placed in the microwave oven, and subjected to irradiation at 100P (cooking 

mode) at 30 s intervals for 6 to 8 min. Reaction progress was followed by TLC. Then the 

beaker was removed from the oven and allowed to cool to room temperature. The reaction 

mixture was dried in rotovapor and washed with water, the organic layer was separated out 

and purified by column chromatography.  

Characterization data: Compound 1. Yield 50 %, Compound 2. Yield 82.81 % 

Compound 5. 
1
H NMR (CHCl3-d, 400 MHz) δH 1.27-1.31 (3H, s), 4.22-4.27 (2H,m), 4.41 

(2H, s). Compund 16: 
1
H NMR (CHCl3-d, 400 MHz) δH 1.09-1.12 (3H, s), 3.98 (2H, s), 4.04-

4.09 (2H, m). Compound 6. Yield. 67.5%. 

II. Under Reflux conditions: Dichlorophthalic anhydride (500 mg, 2 mmol) was added to a 

solution of Glycine ethyl ester hydrochloride (300 mg, 2 mmol) and Et3N (400 mg, 4 mmol) 

in CH2Cl2 (100 ml). The resultant solution was heated to reflux and stirred for 22 h. After 

cooling to room temperature the mixture was concentrated under reduced pressure, washed 

with 0.01 M HCl and water. The solid was dissolved in EtOH and the solution was 

concentrated to dryness.  Yield. 69.6%.  

III. Neat reaction: A mixture of phthalicanhydride (500 mg, 3.9 mmol) and Glycine ethyl 

ester hydrochloride (500 mg, 3.9 mmol) was taken in to a Pyrex test tube, and placed in oil 

bath (at 180
o
C-185

o
C)  for 15 min. during the first 10 min the mixture was stirred 

occasionally. The phthalicanhydride which sublimes and deposits on the walls of the test tube 
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was scratched down into the reaction mixture by means of a glass rod. The test tube carefully 

removed from oil bath and allowed to cool until the reaction mixture solidified. Solid was 

purified by recrystalization in 10%EtOH and CHCl3. Yield. 70%. 

2.6. 2 General procedure for deprotection of Nα-Phthaloyl protected glycine ethyl ester 

(compounds 9- 15):  Phthaloyl glycine ethyl ester (5 mg, 0.02 mmol) was added to a solution 

of 15% NH2NH2.H20 (200 µL) in sample vial. Reaction mixture was allowed to stir 

continuously and reaction progress was followed by TLC for every 5 min intervals of time. It 

was observed that deprotection of different phthaloyl derivatives occurred from 5 min to 6 h. 

as discussed in the results and discussion section. 
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Chapter 3 

Spontaneous self-assembly of designed cyclic dipeptide (Phg-Phg) into two 

dimensional nano and mesosheets 

3. 1  Introduction 

The self-assembly of peptides, carbohydrates and phospholipids drawing much interest in the 

fields of biology and nanotechnology due to their wide range of applications. Especially, 

studies have been carried out to control self-assembly processes in order to design  desirable 

structures at the nanometric scale with correct orientation and configuration. These 

nanomaterials find applications as biomaterials, biomolecular nanoelectromechanical systems 

(bioMEMS), biosensors and in tissue engineering. Amino acids combinations in short 

peptides, polypeptides and large proteins represent an exorbitant chemical diversity 

(Rajagopal and Schneider 2004,
1
 Zhang 2003

2
) for the design of complex architecture at the 

nanometer to macroscopic scale among natural building blocks. The other applications of  

biomolecular self-assemblies includes  the formation of nanoscale objects that could be used 

in future molecular electronics applications (Braun et al 1998,
3
 Patolsky et al 2004,

4
  Reches 

and Gazit 2003,
5
 Song et al 2004,

6
  Scheibel et al 2003

7
), as a tool in molecular lithography 

(Keren et al 2003,
8
 Sleytr and Beveridge 1999

9
), fabrication of inorganic nano-ordered 

structures such as silicone devices, the formation of ordered macroscopic calcium and silica 

structures in biomineralization processes. 

        Due to the diverse structural and functional properties, biocompatibility and easy 

producability  of  peptides-based assemblies, various research groups  have explored several 

approaches to design peptide-based nanostructures such as fibers, tapes, tubes and spheres 

(Madhavaiah and Verma 2004,
10

 Matsumura et al 2004,
11

 Zhao and Zhang 2004,
12

 Wagner et 

al 2005,
13

 Holmes et al 2000,
14

 Aggeli et al 1997,
15

 Matsuura et al 2005
16

 ). Ghadiri and co-
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workers (Ghadiri et al 1993)
17

 used cyclic peptides produced with an altering even number of 

D- and L-amino acids that interact with each other to form nanotubes array. Amphiphilic 

peptides are also being used to form nano-assemblies. One example is the use of self-

complementary ionic peptides which adopt β-sheet conformation that self-assembled into 

nanofibers (Hartgerink et al 2002).
18

 Another example is surfactant-like peptides which are 

characterized by well defined hydrophilic and hydrophobic residues self-assembled into 

nanotubes and nanovesicles (Vauthey et al 2002).
19

 In addition, amphiphile peptides could be 

conjugated to cell adhesion motifs (Silva et al 2004)
20

 and were shown to assemble into 

fibers or hydrogel (Yokoi et al 2005).
21

Table 3.1 showing Summary of some of  the 

molecular structures and morphologies of the self-assembled nanostructures formed by 

aromatic homo-dipeptides.35
 

        The simplest cyclic forms comprise of the cyclic dipeptides which are more stable 

structurally and chemically compared to their acyclic congeners and hence their 

nanostructures offer higher stability. Here we have under taken the design, synthesis and 

morphological characterization of self-assembled nanosturctures of cyclic dipeptide with 

simple unnatural amino acid phenylglycine (Phg).  

 

 

 

 

 

 

 

 

 

 



54 
 

Table 3. 1 Summary of the molecular structures and morphologies of the self-assembled 

nanostructures formed by aromatic homo dipeptides
35
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3. 2 Objective of the present work 

Spontaneous self-assembly of designed cyclic dipeptide (Phg-Phg) into two dimensional 

nano and mesosheets: The formation of 2D nano and mesosheets by cyclic dipeptide (Phg-

Phg) spanning several micrometers in lateral dimensions. The structural morphologies of the 

2D sheets have been extensively characterized using different microscopy techniques such as 

field emission scanning electron microscopy (FESEM), high resolution transmission electron 

microscopy (HRTEM), atomic force microscopy (AFM), NMR spectroscopy and single 

crystal X-Ray diffraction studies. Their hierarchy and morphology resemble that of natural 

materials with layered structure
22, 23 

and are distinct from the earlier reports on cyclic- and 

acyclic peptide-based nanomaterials. 

3. 3 Design Strategy 

In recent years, a number of nanostructures formed by cyclic and acyclic peptides have been 

reported.
24

 The simplest cyclic forms comprise of the cyclic dipeptides which are more stable 

structurally and chemically compared to their acyclic congeners and hence their 

nanostructures offer higher stability. Utility of cyclic dipeptides or their derivatives have been 

demonstrated with the formation of molecular-chains (tapes) in crystalline form and macro 

capsules in self-assembly based aggregated forms.
25

 At the molecular level, cyclic dipeptide 

scaffolds can form hydrogen bonded one dimensional chain or layers.
25 

Such structures are 

formed as a result of two pairs of (N–H--O) hydrogen bonds formed between two or four 

neighbouring molecules, respectively (Figure 3.1). However, the formation of higher order 

self-assembled structures is not commonly observed. This is owing to the fact that absence of 

a suitable α-substituent (R, Scheme 2.1) to participate in intermolecular interactions prevents 

the formation of two-dimensionally extended structures by self-assembly.
26, 27

 This can be 

accomplished by introducing additional orthogonal non-covalent interactions such as π–π 

interactions involving aromatic groups at the α-position.
27

  We designed the cyclic dipeptide 
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molecules which self-organize via molecular-chains and layers into nano and mesosheets 

utilizing aromatic π–π interactions Figure 3.2. 

HN

NH
O

O

R

R  

Figure 3. 1 Molecular structure of cyclic (D, L) dipeptide. 

        We have designed cyclic dipeptide with aromatic side chain at α-position (R in Figure 

3.1), this aromatic group would introduce additional intermolecular orthogonal non-covalent 

π–π interactions between cyclic dipeptide units. The simplest aromatic side chain such as 

phenylglycine has selected accordingly we have synthesized the cyclic dipeptide 1, which is 

substituted with phenyl ring at α-position (Scheme 3.1). The amide groups will introduce 

highly directional hydrogen bonding (layers, Figure 3.2) and phenyl aromatic α-substituent 

will introduce π-π interactions, as a result of these two orthogonal interactions the aromatic α-

substituent functionalized cyclic dipeptide 1 was expected to self-assemble into two-

dimensional structures. Figure 3.2 showing proposed model of formation of molecular-layers 

through (N–H--O) hydrogen bonding between cyclic dipeptide 1. 

 

 

 

 

 

Figure 3. 2 Cyclic dipeptide forming molecular-layers through intermolecular (N–H--O) hydrogen 
bonding. 
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3. 4 Synthesis of cyclic dipeptide  

Cyclic dipeptide 1 has been synthesized according to the synthetic route shown in Scheme 

3.1.  

3.4. 1 Synthesis of cyclo (D-Phg-L-Phg) 1 

Cyclic dipeptide of D-Phg-L-Phg (1) (Scheme 3.1) was prepared by coupling corresponding 

Fmoc-D-Phg-OH with H-L-Phg-OMe using peptide coupling reagents. The protected 

dipeptide (Fmoc-D-Phg-L-Phg-OMe) under Fmoc-deprotection conditions resulted in cyclo 

(D-Phg-L-Phg) 1 in quantitative yield. 

O N
H

H2N

O

O

O

O
CH3OH

+

ii

NH

HN

O

O

1

O N
H

H
N

O

O

O

O

CH3
i

 

Scheme 3. 1 Synthesis of cyclic dipeptide (D-Phg-L-Phg) 1. Reagents and conditions: i) EDC, HOBt, 

DIPEA, CH2Cl2, RT. ii) 15% piperidine in CH2Cl2. EDC = 1-Ethyl-3-(3 

dimethylaminopropyl)carbodiimide, HOBt = 1-hydroxybenzotriazole, DIPEA = 

Diisopropylethylamine. 
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3. 5 Results and Discussion 

Cyclic dipeptide 1 was characterized by nuclear magnetic resonance spectroscopy (
1
H NMR, 

13
C NMR) and single-crystal X-ray diffraction. The self-assembly properties of 1 were 

investigated by field emission scanning electron microscope (FESEM) and atomic force 

microscopy (AFM).  

3.5. 1  Microscopic studies of cyclo(D-Phg-L-Phg) 1   

(a) FESEM   

Field emission scanning electron microscopy: FESEM measurements were performed on FEI 

Nova nanoSEM-600 equipped with field emission gun operating at 30 kV. Samples were 

prepared by placing a aliquot of the cyclic dipeptide suspension or solution on to a fresh, 

clean silicon surface, dried in the air before using the sample for analysis.  

        FESEM micrograph of 1 (in MeOH suspention) show the 2D mesosheets with rhomboid 

morphology (Figure 3.3a) self-assembled with 2D nanosheets as shown in Figure 3.3b. 

Attempts to solubilise the self-assembled mesosheets of 1 in organic solvents was 

unsuccessful, as there exist strong intermolecular hydrogen bonding interactions Figure 3.2. 

To solubilise 1 we use strong acid Trifluroaceticacid (TFA) organic solution, which break the 

hydrogen bonds between the cyclic dipeptide molecules 1. The solution of 1 in CHCl3-TFA 

upon solvent evaporation formed well separated 2D nanosheets (Figure 3.3c and 3.3d). 

Nanosheets were also obtained from the solution of 1 in CH2Cl2-TFA. This represents an 

indirect and alternative method for the exfoliation of nanosheets from 2D mesosheets. On the 

other hand its acyclic congener (L-Phg-L-Phg) has been shown to form closed-cage 

nanospheres
28

 (Table 3.1). 
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c

b

d

a

 

Figure 3. 3  (a) FESEM micrograph of 2D mesosheets formed from the solution of 1 in MeOH (inset 

shows the high resolution image of an isolated mesosheet). (b) FESEM micrographs of cyclic 

dipeptide 1 (in MeOH) showing rhomboid mesosheets formed by the self-organisation of nanosheets. 

(d) and (e) FESEM micrograph, nanosheets formed from the solution of 1 in CHCl3-TFA. 

(b) HRTEM  

High resolution transmission electron microscopy (HRTEM): Samples were prepared by 

placing a 10 μl aliquot of the cyclic dipeptide suspension or solution on a 200 mesh holey 

carbon supported copper grid. After removing excess fluid, the sample was dried at room 

temperature to remove the solvent. HRTEM images were obtained with a JEOL JEM 3010 

electron microscope operating at 300 kV. 
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        The formation of self-assembled rhomboid 2D-mesosheets was further substantiated by 

HRTEM micrograph (Figure 3.4a).  

(c) AFM  

Atomic Force Microscopy (AFM): AFM measurements were performed on a Veeco diInnova 

SPM operating in tapping mode regime. Micro-fabricated silicon cantilever tips doped with 

phosphorus and with a frequency of 250-300 kHz and a spring constant of 40 Nm
-1

 were 

used. The samples prepared by drop casting cyclic dipeptide suspension or solution on a 

fresh, ultra clean silicon substrate, dried in air  followed by vacuum drying at room 

temperature.  

        AFM data also revealed the formation of 2D mesosheets with large lateral surface as 

shown in Figure 3.4b. The height profile indicates a topographical thickness of ~200 nm with 

a well defined rhomboid shape (Figure 3.4b inset). On the other hand, the AFM height profile 

of 2D nanosheets (formed by the solution of 1 in CHCl3-TFA) indicate a layer thickness of 

~60 nm, suggesting that the nanosheets initially form by self-assembly which then self-

organize to produce 2D mesosheets with large lateral surface area and sub-micrometer multi-

layer thickness. AFM micrograph (Figure 3.4b) also show the presence of structural hierarchy 

similar to that of natural materials with layered structure.  
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Figure 3. 4 (a) HRTEM micrograph of 2D mesosheet of 1, the electron diffraction (ED, inset) shows 

the non-crystalline nature of the mesosheet. (c) AFM image of 2D mesosheets (rhomboid), inset show 

the height profile (~ 200 nm).  

 

(d) Thermo gravimetric analysis 

Thermo gravimetric analysis (TGA) was carried out on a Mettler Toledo TG-850 instrument 

under flowing nitrogen atmosphere (40 mL min
–1

) at a heating rate of 10 °C min
–1

, with total 

temperature range of 30 - 700 °C. 

        To know the thermal stability cyclic dipeptide 1 was subjected to thermogravimetric 

analysis (TGA). The 2D mesosheets possessed high thermal stability as determined from 

thermogravimetric analysis (Figure 3.5). The cyclo (D-Phg-L-Phg) 1 (solid sample) showed 

two transitions which can be attributed to a hierarchical organization of the 2D sheets. Major 

transitions were observed at 306 and 497 °C for 1. High thermal decomposition temperatures 

clearly indicate the high stability associated with 2D mesosheets. This provides supporting 

evidence for the existence of morphological hierarchy involving the self-organized 

nanosheets to form stable mesosheets. 
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Figure 3. 5  Thermogravimetric analysis (TGA) of 2D mesosheets of cyclo (D-Phg-L-Phg) 1.  

The weight losses are shown by the first derivative curve (red). 

        Where as in the case of cyclo(L-Phg-L-Phg ), the major transitions were observed at 220 

and 310 ºC indicating relative low thermal stability of cyclo(L-Phg-L-Phg) compare to 

cyclo(D-Phg-L-Phg) 1.
36

 The observed difference in the thermal stability of  

Cyclo (L-Phg-L-Phg) and cyclo (D-Phg-L-Phg) 1 are predictably due to the (N–H--O) and π-

π interactions driven 2D-extended molecular-chains and molecular-layers respectively.
36

 

        Though formation of self-assembled nanostructure of peptides have been explained 

using molecular packing determined from the crystallographic data, the actual shape of nano- 

or mesostructures differ considerably.
29,30

 However, the formation of 2D sheets has not been 

achieved through self-assembly based aggregation and crystallization with identical shapes. 

We succeeded in crystallizing 1 into large 2D single-crystalline sheets (Figure 3.6b) using 2-

methoxyethanol as a solvent. In contrast non-crystalline 2D mesosheets of 1 suspended in 

methanol converted to single crystals with diamondoid shape over a period of 8 weeks 

(Figure 3.6a). The crystal parameters obtained for diamondoid single crystals were similar to 

that of 2D single crystalline sheets. The shape of 2D single crystalline sheets resembled that 
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of 2D mesosheets obtained by self-assembly based aggregation as shown in Figure 3.3a. 

These 2D single-crystalline sheets were much larger in dimension compare to non-crystalline 

2D mesosheets.  

 

Figure 3. 6  Crystals of 1 (a) diamondoid shape crystals formed from MeOH, (b) rhomboid crystals 

formed from 2-methoxyethanol.   

(e) Optical profiler analysis 

The dimensions of the single-crystalline 2D sheet of 1 were measured using a Wyko NT9100 

(Veeco, USA) optical profiler. The VSI mode was employed with a field of view and 

objective lens magnifications of 1X and 5X respectively. 

        The lateral dimensions of rhomboid single-crystalline 2D sheets were found to be > 600 

μm as determined from the optical profiler analysis as shown in Figure 3.7. 

 

 

 

 

a b 
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Figure 3. 7 (a) Optical profiler (Wyko NT9100, Veeco, USA) image of a single-crystalline rhomboid 

2D sheet of cyclo (D-Phg-L-Phg) 1 (crystallized from 2-methoxyethanol). The shape of this crystal is 

similar to that of rhomboid 2D mesosheets formed by self-assembly based aggregation. (b-d) Optical 

profiler analysis: single-crystalline rhomboid 2D sheet is larger in dimension compare to non-

crystalline 2D mesosheets obtained by self-assembly based aggregation (lateral dimension > 600 µm). 

X-Ray single crystal measurement 

 Single crystal was mounted on a thin glass fiber with commercially available super glue. X-

Ray single crystal structural data was collected on a Bruker Smart-CCD diffractometer 

equipped with a normal focus, 2.4 kW sealed tube X-ray source with graphite 

monochromated (MoK radiation, λ = 0.71073 Å)   operating at 50 kV and 30 mA. The data 

was collected at 100 K. The program SAINT was used for integration of diffraction profiles 

a 

c 

b 

d 
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and absorption correction was made with SADABS program. The structure was solved by 

SIR 92
31

 and refined by full matrix least squares method using SHELXL97.
32

 The non-

hydrogen atoms were refined anisotropically. The hydrogen atoms were fixed by HFIX and 

placed in ideal positions. Potential solvent accessible area or void space was calculated using 

the PLATON 99
33

 multipurpose crystallographic software. The crystallographic and structure 

refinement data was found to be as Formula C16H14N2O2, Mr = 266.29, Orthorhombic, Space 

group Pbca (no. 61), a = 10.1275 Å, b = 8.2053(7) Å, c = 15.5781(12) Å, V = 1294.53 Å
3
, Z 

= 4, calc =1.366 g cm
-3

,  (MoK) = 0.092 mm
-1

, F(000) = 560, T = 293 K,  ( MoK) =  

0.71073 Å,  max = 22.2°, Total data = 6211, Unique data = 815, Rint = 0.084, Observed 

data [I > 2(I)] = 588, R = 0.0383, Rw = 0.0983, GOF = 1.04. All calculations were carried 

out using SHELXL 97
32

, PLATON 99
33

, SHELXS 97
34

 and WinGX system, Ver 1.70.01.21. 

        Cyclic dipeptide 1 crystallized in orthorhombic Pbca space group and structure 

determination reveals that the dipeptide has two phenyl groups in reverse direction and the 

dihedral angle between the phenyl rings is around 95°. The cyclic ring has two O=C-N-H part 

in two side, i.e. each unit has two H-bonding donor and two acceptor sites (Figure 3.8b). 

Therefore each unit connects to the four different units by H7-N1…O1 H-(N1..O1; 2.947Å)
 

33
 bonding interactions, resulting in a 2D corrugated sheet (molecular-layers, Figure 2.7 b) 

lying in the crystallographic ab plane (Figure 3.8b). The cyclic dipeptide 1 stacks along the c-

axis to form 2D single-crystalline sheet (Figure 3.8d). All the bond distances and angles are 

in the range of reported values in the literature. The arrangement of hydrogen bonded 

molecular-layers of 1 in two-dimension as a result of aromatic aromatic π-π interactions is 

shown in Figure 3.8c. The single-crystalline 2D sheets do not possess layered structural 

hierarchy that was observed in non-crystalline 2D mesosheets obtained from self-assembly 

based aggregation as shown in Figure 3.3b.  
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Figure 3. 8 (a) Ortep-diagram and molecular interactions of cyclo (D-Phg-L-Phg) 1 to form 

molecular-layers. (b and c) Packing of molecular-layers along c-axis to form single-crystalline 2D 

sheet.  

3. 6 Proposed mechanism 

 We proposed a schematic model to explain the two dimensional nanosheet formed by the 

self-assembly of cyclo (D-Phg-L-Phg) 1 as illustrated in Figure 3.9. The cyclic dipeptide 

possess two hydrogen bonding donors (amide protons) and two hydrogen bonding acceptors 

(carbonyl group). These four hydrogen bonding sites of molecule 1 form molecular-layers as 

shown in Figure 3.9i. The molecular layers further self-assemble into two-dimensional 

rhomboid nanosheets (Figure 3.9ii) with the help of orthogonal  interactions (two phenyl 

c 

a 

b 
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side chains on cyclic dipeptide). Two dimensional organizations of nanosheets results in the 

formation of 2D mesosheets (Figure 3.9iii).          

N

N

R

R

O

OH

H

N

N

R

R

O

O H

H
N

N

R

R

O

O H

H

N

N

R

R

O

OH

H

NH

HN
O

O

i

ii

iii

 

Figure 3. 9 Proposed schematic model for the formation of the two dimensional nano and mesosheet 

structures by the cyclo(D-Phg-L-Phg) 1 and FESEM image of 1. (i) formation of molecular layer, (ii) 

self-assembly of  molecular layers into nanosheet and (iii) two dimensional arrangement of 

nanosheets to form mesosheet. 

3. 7 Conclusion 

In this project we have demonstrated that the simplest aromatic cyclic dipeptide of (Phg-Phg) 

form well defined 2D nano and mesosheets with large lateral dimensions. The self-assembly 

of cyclo (D-Phg-L-Phg) 1 begins by formation of 2D nanosheets, followed by self-

organization of these nanosheets to form 2D mesosheets resembling the natural materials 

with layered structure. For the first time we also demonstrated the formation of non-

crystalline and single- crystalline 2D sheets with large lateral dimension using cyclo (D-Phg-
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L-Phg) 1. The single crystal X-Ray data revealed the presence of molecular-layers which 

stacked along c-axis to form rhomboid 2D sheet. Highlight of this work is the large scale 

production of 2D sheets from the simplest aromatic cyclic dipeptides which in turn can be 

obtained by a simple and straight forward synthetic route. The formation of nanosheets by 

solution of cyclo (D-Phg-L-Phg) in acidified organic solvent-mixture such as CHCl3-TFA is 

an indication that mesosheets consist of layered assembly of nanosheets and represents an 

easy route for the exfoliation of mesosheets.  X-Ray diffraction studies on 1 reveal that 2D 

sheets consist of a strong network of (N–H--O) hydrogen bonded molecular-layers of cyclo 

(D-Phg-L-Phg), supported by aromatic π-π interactions. Taken together, the formation of 

such 2D sheets with large lateral surface area, their topographical hierarchy, high thermal 

stability, and in particular strong hydrogen bonds along with aromatic π-π interactions opens 

up new avenues for the design of novel biomaterials. For instance, 2D nano and mesosheets 

of cyclo (Phg-Phg) can be viewed as potential candidates in applications such as 

biomineralization, 2D sheets derived composites and optoelectronic materials scaffolds. 

3. 8  Experimental section 

General Experimental Procedure 

All the solvents and reagents were obtained from Sigma-Aldrich and used as received unless 

otherwise mentioned. 
1
H and 

13
C NMR spectra were measured on a Bruker AV-400 

spectrometer with chemical shifts reported as ppm. 

Synthesis of  Fmoc protected D-phg-L-Phg-OMe 

Fmoc-D-Phg-L-Phg-OMe was prepared using peptide coupling protocols. Fmoc-D-Phg-OH 

(2 g, 5.16 mmol) was dissolved in dichloromethane, H-L-Phg-OMe (1.23 g, 5.67 mmol), 1-

ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC·HCl, 1.19 g, 6.19 mmol), 1-

hydroxybenzotriazole and (HOBt, 1.2 g, 6.19 mmol) were added. The solution was cooled to 

ice temperature. Diisopropylethylamine (DIPEA, 2.14 g, 16.51 mmol) was added and the 
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reaction mixture was stirred at ice temperature for 1 h and then at room temperature for 5 h. 

The reaction progress was monitored by thin layer chromatography (TLC). Reaction mixture 

was evaporated to dryness and extracted from dichloromethane, washed with water, dried 

over anhydrous sodium sulfate. The solvent was evaporated to obtain Fmoc-D-Phg-L-Phg-

OMe in quantitative yield.  

Synthesis of (3R, 6S)-3, 6-diphenylpiperazine-2,5-dione (1): The dipeptide Fmoc-D-Phg-

L-Phg-OMe (1 g, 1.82 moles) was subjected to Fmoc-deprotection in 15% 

piperidine/dichloromethane, the deprotected dipeptide undergo cyclization to give cyclo (D-

Phg-L-Phg) 1. The meso cyclic dipeptide spontaneously self-assembled to form 2D 

mesosheets which was filtered, washed with dichloromethane, methanol and the white solid 

material was dried to obtain 1 in quantitative yield. 
1
H NMR (CDCl3-CF3COOH, 400 MHz) 

δH 5.40 (s, 2H, CH), 7.39-7.50 (m, 10H, Ar), 8.30 (s, 2H, NH); 
13

C NMR (CDCl3-CF3COOH, 

400 MHz) δC 59.1, 127.1, 129.6, 130.0, 133.9, 169.7. MS: 267.0 [M+H
+
]; calcd for 

C16H14N2O2. MW. 266.29. Elemental analysis. Found: C, 72.08; H, 5.37; N,10.58. Calcd: C, 

72.12; H, 5.30; N, 10.52 for C16H14N2O2. 

3. 9 Appendix 

 1
H NMR 

 13
C NMR 
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1
H NMR (CDCl3+TFA, 400 MHz) of 1 
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13
C NMR (CDCl3+TFA, 400 MHz) of 1 
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Chapter 4 

Design, Synthesis, photophysical and self-assembly properties of dipeptide 

appended napthlenediimide  

 

4. 1 Introduction 

Fabrication of new nanomaterials using natural building blocks such as amino acids, peptides 

and proteins is a fascinating area of research in recent years.  Peptides based materials have 

been showed to be a great promise in the "bottom up" approach due to their diverse chemical 

and physical properties. They can be synthesized in large amounts and can be 

modified/decorated with functional elements which can be used in diverse applications.
18

 The 

simplest peptide assemblies are of dipeptide assemblies, which are the excellent building 

blocks for the formation of more complex nanostructures. Gazit and co-workers have been 

demonstrated the ability to use aromatic dipeptide as building blocks to form ordered 

nanoscale structures.  Self-assembled nanostructures of dipeptide building blocks may find 

variety of applications such as in controlled drug delivery systems, in the field of tissue 

engineering, energy-related applications, biomineralisation, molecular electronics and 

biomaterial science. 

        We recently reported  simple route for fabricating  bioinspired tryptophan-appended 

naphthalenediimide into well-defined architectures by using molecular interactions.
19

 Among 

organic electronic materials, 1, 4, 5, 8-napthalenediimides (NDIs) are attractive due to their 

n-type semiconducting property and air stability. These are compact electron deficient class 

of aromatic compounds having tendency to form n-type semiconductor materials.
1
 NDI 

derivatives have got wide range of applications in biological, biomedical as well as in 

supramolecular chemistry. Its derivatives have been used as intercalators of DNA, 

chemotherapy, conducting materials, optical brighteners, electrophotography, fluorescent 

labelling systems, metalomacrocycles, models for the photosynthetic reaction centre (due to 



77 
 

ease of synthesis and electron accepting properties), sensors (seven different positional 

isomers of dihydroxynaphthalene
2
 and DNA sensing

3
) and anticancer agents.

4-7 
Because of 

their desired electronic, spectroscopic and enhanced solubility properties NDIs can acts as 

ideal components for the creation of supramolecular functional materials (donor-acceptor 

complexes, barrels, catenanes and rotaxanes).
8-9

 The absorption and emission bands of NDIs 

are variable upon functionalization through the diimide nitrogens or via core substitution. 

Photophysical properties of N, N-dialkyl- substituted NDIs have been studied. The absorption 

and emission spectra of these compounds are mirror images to each other and readily  

aggregates in acetonitrile and in aqueous medium.
10

 In aromatic solvents (toluene) excimer-

like emissions was observed due to ground-state aggregation. In the case of core substituted 

NDIs photophysical properties are different than unsubstituted ones,
11

and are highly 

colourful and conducting functional materials.
12 

 

        1,4,5,8-Naphthalenediimides are neutral, planar, chemically robust, redox-active 

compounds usually with high melting points.
12

 Its  derivatives  can exhibit relatively high 

electron affinities, high electron mobility, and excellent chemical, thermal, and 

photochemical stabilities. Because of its electron transfer behaviour and the ability to tune 

molecular electronic properties through either variation of substituents on the imide nitrogen 

atoms or core substitution, they have been used as a building blocks for electronic and 

optoelectronic devices such as electron-transfer processes,
17 

photodetectors,
16 

organic light-

emitting diodes,
13

 optical switches,
15

 dye lasers,
14

 and also as electron acceptors for studying 

photo induced energy. 

        In this chapter the synthesis and characterization of aromatic conjugated NDIs are 

presented. This study demonstrates the use of small peptide sequences with  system directly 

embedded in the backbone to promote assembly of NDI into well ordered nano architectures 
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with strong π-π intermolecular electronic communication in the mixture of polar/non polar 

solvents.  

4. 2 Objective of the present work 

The objective of this project is to synthesize and study the supramolecular assembly of a 

series of N, N-dipeptide appended naphthalenetetracarboxylicaciddiimide (NDI) 

chromophores. The aromatic functionalities of amino acids side chain was systematically 

varied to understand the effect of this simple structural variations on the self-assembly. The 

properties of resulting self-assembled nanomaterials and their architectures were studied 

using various spectroscopic and microscopic techniques. 

4. 3 Design Strategy 

For the fabrication of self-assembled nanostructure with well defined order an appropriate 

balance of solvophobic, hydrogen bonding, π-π stacking and steric interactions is required.  

Hence we have designed the N,N-bis-(dipeptide) appended NDI molecules as shown in 

Scheme 4.1. A small peptide sequences with π-conjugated NDI directly embedded in the 

backbone promote molecular self-assembly into various nanostructures with strong π-π 

intermolecular interactions and hydrogen bonding. The planar NDI and aromatic side chain 

on dipeptides (R1 and R2 in Figure 4.1) will induce π-π stacking and amide groups will induce 

highly directional hydrogen bonding between the molecules.  

NN

H
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O
N
H

O

O

O

O

O

R1

R1
O

O

R2

R2
O

O
 

Figure 4. 1 
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As a result of these combined non-covalent interactions and appropriate solvent conditions 

the N, N-bis-(dipeptide) appended NDI molecule expected to self-assemble into 

nanostructures with well defined architectures. 

        We have synthesized the NDIs 4, 5 and 6 by appending aromatic dipeptides (Phe-Phe, 

Phe-Trp and Trp-Trp) to NDA (1,4,5,8-Naphthalenetetracarboxylic dianhydride) as shown in 

Figure 4.1. Aromatic dipeptide modified NDIs 4, 5 and 6 are expected to self-assemble into 

well ordered architectures through intermolecular hydrogen bonding and aromatic π-π 

stacking in an appropriate environment. Figure 4.2 shows the schematic representation of 

self-assembly of NDIs 4, 5 and 6 from randomly oriented molecules to ordered assemblies 

with the help of proposed amide hydrogen bonding and interactions between the amide 

groups and planar  conjugated NDI and aromatic side chains on dipeptide moieties 

respectively.   

 

Figure 4. 2 Schematic representation of self-assembly of randomly orientedN,N-bis-(dipeptide) 

appended NDI molecules  into a ordered stacks under appropriate solvent system through  H-bonding  

and  interactions. 

4. 4 Results and discussion   

4.4. 1 Synthesis of peptide appended NDIs 

N, N bis-(dipeptide) appended 1, 4, 5, 8-Naphthalenediimides (4, 5 and 6) was synthesised 

according to Scheme 4.1. 
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N, N-bis-(dipeptide) appended NDIs (4, 5 and 6) were synthesized and characterised by 

Matrix-assisted laser desorption ionization (MALDI), Nuclear magnetic resonance 

spectroscopy  (
1
H NMR , 

13
C NMR). Self-assembly properties have been studied in different 

solvent systems. The resulting self-assembled structures were characterized using various 

spectroscopic and microscopy techniques. 

 

N N
HO

OH
O

O

O

O O

O

OO

OO

O O

+ H2N
OH

O

R1 R1

R1

i

N N

O

O

O

O O

O
NH

O

HN

O
O

O

R1

R1
R2

R2

H2N

O
O

R2

3

ii

1-2

4-6  

1. R1 =  C7H7 

2. R1 =  C9H8N 

4. R1 = R2 = C7H7 

5. R1 = C7H7, R2 = C9H8N 

6. R1 = R2 = C9H8N 

Scheme 4. 1 Synthesis of N, N-bis-(dipeptide) appended NDIs. Reagents and conditions: (i) C6H15N,  

DMF, reflux,12 h. (ii) EDC.HCl, HOBT and DIPEA, DMF, rt, 12 h. 
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4.4. 2  Self-Assembly Studies 

We have investigated the self-assembly of NDIs 4, 5 and 6, in various polar and mixture of 

polar and non polar solvents such as chloroform, DMSO (dimethyl sulfoxide), 

CHCl3/MeOH(methanol), CHCl3/MCH(methylcyclohexane)  and  DMSO/H2O  respectively. 

We have used UV-vis absorption spectroscopy, photoluminescence spectroscopy and 

scanning electron microscopy (SEM) to investigate their electronic and self-assembly 

properties of NDIs to form nanostructures with well defined architectures.  

4.4. 3  Absorption and Emission Studies 

Electronic absorption spectra were recorded on a Perkin Elmer Lambda 900 UV-VIS-NIR  

Spectrometer and emission spectra were recorded on Perkin Elmer LS55 Luminescence  

Spectrometer. UV-vis absorption and emission spectra were recorded in 10 mm path length 

cuvette. Fluorescence spectra of solutions were recorded with 380 nm excitation wavelength. 

        The UV-vis absorption and emission spectra of molecularly dissolved NDI 4 in 

chloroform (CHCl3 known to be a  good solvent for  systems) and DMSO (hydrogen bond 

accepting solvent) were showed the typical spectral features of N, N di-substituted NDI 

molecule as reported in the literature
20

 (Figure 4.2b). The absorption spectra of 4 in 

chloroform (5x10
-5

M) showed a broad band with shoulder at 340 nm, two maxima at 361 nm 

and 381 nm (Figure 4.3a red curve) which are the characteristic of z-polarized  

transitions in NDI chromophore.
20

 In DMSO also NDI 4 (5x10
-5

M) showed almost similar 

spectral features with max at 340 nm, 361 nm and 381 nm (Figure 4.3b). The emission 

spectra is mirror image to absorption spectra in chloroform for NDI 4 (5x10
-5

M) showed 

broad band with two maxima at 408 nm and 432 nm (Figure 4.2a black curve). Where as in 

DMSO the intensity of emission spectra was slightly decreased (Figure 4.2b, black curve). 

Since the absorption and emission spectra in chloroform and DMSO are almost identical 

(except with some minor changes) it can be considered that NDI 4 did not form self-  
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Figure 4. 3 UV-vis absorption (red curve) and Photoluminescence (black curve) studies at 5x 10
-5

M 

(a) absorption and emission (ex = 380 nm) of NDI 4 in CHCl3, (b) absorption and emission (ex = 

380 nm) of NDI 4 in DMSO, (c absorption and emission (ex = 380 nm) of NDI 5 in CHCl3 (d) 

absorption and emission (ex = 380 nm) of NDI 5 in DMSO ,(e) absorption and emission (ex = 380 

nm) of NDI 6 in CHCl3, (f) absorption and emission (ex = 380 nm) of NDI 6 in DMSO.    
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assembled aggregates in these solvents. Similar spectral features were observed in the case of 

NDIs 5 and 6 as shown in Figure 4.2 (c, d) and (e, f) respectively.   

        In order to gain further insight into the aggregation behaviour of NDIs 4, 5 and 6, 

detailed absorption and emission spectral studies were carried out in presence mixture of 

solvent systems such as MCH/CHCl3, MeOH/CHCl3 and H2O/DMSO. Here MCH is known 

to facilitate the  stacking and hydrogen bonding between the molecules, MeOH will 

break the hydrogen bonding but it can enhance the  staking between the molecules. While 

H2O is a highly polar solvent and due to solvophobic effects organic molecules expected to 

form self-assembled aggregates in this solvent.     

4.5. 1  NDI 4 [N, N-bis-(Phe-Phe-OMe) appended NDI]  

4.5.3. 1 MCH/CHCl3 solvent system  

UV–vis absorption and emission studies of NDI 4 in MCH/CHCl3 solvent system at  

5 x 10
-5

 M concentration are shown Figure 4.4. In CHCl3 NDI 4 showed an broad absorption 

band with two maxima at 361 nm and 381 nm. Which is characteristic of molecularly 

dissolved (un-assembled molecules) NDIs. However, in MCH/CHCl3 (95:5) observed a slight 

(3 nm) blue shift (hypsochromic shift) in absorption maxima (Figure 4.4 a), suggesting the 

self-assembly of NDIs. More interestingly emission studies upon addition of MCH to CHCl3 

(95:5) showed an eximer like emission at 482 nm which is not observed in CHCl3 solution 

(Figure 4.4b). Figure 4.4 show UV-vis absorption and emission spectra and their 

corresponding scanning electron microscopic (SEM) images of NDI 4 in MCH/CHCl3 (95:5) 

solvent system. 

4.5.3. 2 Morphological studies 

Morphological studies of NDI 4 indicated the formation of spherical aggregates from 

MCH/CHCl3 (95:5) solvent system as shown in the SEM micrograph (Figure 4.4b and c). 

The non-covalent interactions such as hydrogen bonding, solvophobic forces and aromatic 
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 stacking decides the molecular organization and hence their morphology. The 

intermolecular  

        

 

   

 

 

 

 

 

 

Figure 4. 4  Photophysical studies of NDI 4 (5x10
-5
 M) in CHCl3 (black curve) and in 

MCH(methylcyclohexane)/CHCl3(95:5)(red curve). (a) UV-vis spectra, (b) Photoluminescence 

emission spectra(PL) (exi at 380 nm), (c) and (d) SEM micrograph of NDI 4 nanospheres obtained 

from the MCH/CHCl3 (95:5) solvent system on glass substrate. 

 

hydrogen bonding between amide groups of  NDI 4 and cooperative aromatic  interaction 

leads to formation of  nanospheres in MCH/CHCl3 (95:5) solution. 

        From these results, it is clear that the NDI 4 undergo molecular self-assembly in 

MCH/CHCl3 (95:5, 5 x 10
-5

 M) solvent system. At high volume percent of MCH (95%) in 
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CHCl3(5%) NDI 4 exist as self-assembled spherical aggregate which corresponds to slight 

blue shift in absorption maximum and eximer formation due to ground state aggregation. 

Where as in CHCl3 NDI 4 exist as a molecularly dissolved form (un-aggregate form) and 

hence suggest that MCH induces self-assembly between NDI 4 molecules through  and 

amide hydrogen bonding. 

4.5.3. 3  MeOH/CHCl3 solvent system. 

With the addition of 95% MeOH to CHCl3 solution of NDI 4 decrease in absorbance and 

fluorescence intensity was observed as shown in Figure 4.5 (a and b). It is a clear indication 

of transformation of NDI 4 from molecularly dissolved state (in CHCl3) to aggregate state (in 

95% MCH) through noncovalent  interactions.  

    

 

 

 

 

 

 

 

Figure 4. 5 Photophysical studies of NDI 4 (5x10
-5

 M) in CHCl3 (black curve) and in MeOH/CHCl3 

(95:5) (red curve ). (a) UV-vis absorption spectra, (b) photoluminescence emission spectra (exi at 380 

nm). 

 

        SEM micrograph showed the formation of novel architectures with vesicular in 

MeOH/CHCl3 (95:5, 5x10
-5

) solvent system (Figure 4.6a and b). From these observation we 

conclude that MeOH assist to break amide hydrogen bonding and facilitates the  
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interactions between the NDI 4 molecules. The  staking is the main driving force for the 

NDI 4 to form vesicular nanostructures. 

 

 

Figure 4. 6 (a) and (b) SEM micrograph open mouth nanovesicles obtained from the solution of NDI 

4 [MeOH/CHCl3 (95:5)] on glass substrate. 

 

4.5.3. 4 H2O/DMSO solvent system  

NDI 4 in H2O/DMSO solvent system showed slight red shift in the absorbance spectra and an 

intresting eximer formation at 482 nm (Figure 4.7a and b).  SEM micrographs revealed that 

NDI 4 self-assemble into 1D nanostructure in this solvent system as shown in Figure 4.7 (c 

and d). Addition of water induces hydrophobic effect on planar conjugated NDI core and 

aromatic side chains on dipeptides and NDI 4 tries to minimise the total surface area exposed 

to polar medium (water). In this process NDI 4 undergo molecular  stacking in a highly 

directional fashion to form one dimensional nanostructures.   
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Figure 4.7 Photophysical studies of NDI 4 (5x10
-5
 M) in DMSO (black curve) and in H2O/DMSO 

(95:5) (red curve ). (a) UV-vis absorption spectra, (b) photoluminescence emission spectra (exi at 380 

nm), (c) and (d) SEM micrograph of NDI 4 nanotapes obtained from H2O/DMSO (95:5) solvent 

system on glass substrate. 

 

        Thus we were able to induce well defined molecular organisation and morphology 

control mediated by molecular recognition. We were able to successfuliy tune the 

morphology of NDI 4 in to well-defined architectures including nanospheres, open mouth 

nanovesicles and 1-D nanotapes through solvation processing by cleverly choosing solvent 

system.  
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4.5. 2 NDI 5 [N, N-bis-(Phe-trp-OMe) appended NDI] 

4.5.4. 1 MCH/CHCl3 and H20/DMSO solvent system 

UV-vis absorption and photoluminescence studies have been performed for NDI 5 in the 

same solvent systems (MCH/CHCl3, H2O/DMSO and MeOH/CHCl3) that were used in the 

case of NDI 4. With the addition of  MCH to CHCl3 solution of NDI 5 the UV-vis absorption 

spectra showed slight red shift along with decrease in absorbence (Figure 4.8a). However 

increase in the photoluminescence intensity was observed (Figure 4.8b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 8 Photophysical studies of NDI 5 (5x10
-5
 M), UV-vis absorption spectra (a and c), 

Photoluminescence emission spectra (exi at 380 nm) (b and d). 
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Photophysical studies suggest the self-assembly of NDI 5 in this solvent system. However 

with the addition of H2O to the solution of NDI 5 in DMSO there was no eximer like 

emission ( Figure 4.8d).     

4.5.4. 2 MeOH/CHCl3 solvent system 

The photophysical and SEM studies of NDI 5 in (95:5) MeOH/CHCl3 solvent system are 

shown in Figure 4. NDI 5 exhibited similar spectral (absorbance and emission) and 

morphological features to that of NDI 4 (Figure 4.9a and b). SEM micrograph showed the 

formation of open mouth nanovesicles (Figure 4.10a and b) 

 

 

 

 

 

 

 

 

Figure 4. 9 Photophysical studies of NDI 5 (5x10-5 M) in CHCl3 (black curve) and in MeOH/CHCl3 

(95:5) (red curve). (a) UV-vis absorption spectra, (b) photoluminescence emission spectra (exi at 380 

nm).  
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Figure 4. 10 Microscopic studies of NDI 5. (a) and (b) SEM micrograph of open mouth nanovesicles 

obtained from the solution of NDI 5 in MeOH/CHCl3 (95:5) solvent system on glass substrate. 

 

4.5. 3  NDI 6 [N, N-bis-(Trp-Trp-OMe) appended NDI] 

4.5.5. 1 MCH/CHCl3 solvent system 

UV-vis absorption and photoluminescence studies have been done for the NDI 6 in 

MCH/CHCl3 solvent system. With the addition of MCH to solution of NDI 6 in CHCl3 the 

intensity of absorbance significantly decreased and increase in fluorescence intensity was 

observed as shown in the Figure 4.11a and b. SEM micrograph revealed the presence of three 

dimensional aggregates (nanocubes) of NDI 6 in this solvent system (Figure 4.11c and d).      
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Figure 4. 11  Photophysical studies of NDI 6 (5x10
-5

 M) in CHCl3 (black curve) and in MCH/CHCl3 

(95:5) (red curve ). (a) UV-vis absorption spectra, (b) photoluminescence emission spectra (exi at 380 

nm), (c) and (d) SEM micrograph of NDI 6 nanocubes obtained from the MCH/CHCl3 (95:5) solution 

on glass substrate. 

 

4.5.5. 2 MeOH/CHCl3 and H2O/DMSO solvent system 

In H2O/DMSO NDI 6 formed three dimensionally organized self-assembled nanocubes as 

shown in Figure 4.12 e. This suggest that the  stacking is the main driving force for the 

self-assembly of NDI 6 to form nanocubes in polar as well as non-polar solvents.   
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Figure 4. 12 Photophysical studies of NDI 6 (5x10
-5

 M), (a) and (c) UV-vis absorption spectra, (b) 

and (d) Photoluminescence emission spectra (exi at 380 nm), (e)FESEM micrograph of NDI 6 

nanocubes obtained from the H2O/DMSO (95:5) solvent system. 
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4. 5 Proposed mechanism 

Based on the photophysical and morphological data of NDIs 4, 5 and 6 we proposed the 

schematic model to explain the various nanostructures formed by N, N-bis-(dipeptide) 

appended NDI systems as illustrated in Figure 4.13. SEM images revealed the existence of 

self-assembled nanodimensional stuctures with well defined morphologies. In a single 

solvent system (acts as a good solvent) like CHCl3 and DMSO molecules of NDIs 4, 5 and 6 

are fully solvated hence the molecules are randomly oriented in all possible directions. By the 

addition of a poor solvent, it will induce the solvophobic effect on the NDIs 4, 5 and 6 

molecules. To overcome solvophobic effect molecules of NDIs 4, 5 and 6 tries to come closer 

and closer in order to minimise the total surface area exposed to solvent molecules. At certain 

distance, the  interactions and hydrogen bonding between the molecules will starts 

forming which will arrange the molecules into the proper direction as shown in Figure 4.13. 

Stacked molecules of NDIs 4, 5 and 6 further organised to form a self-assembled two 

dimensional nanostructures of different dimenssions. The geometrically-restricted 

interactions of the aromatic moieties and their complex hydrophobic and electrostatic nature, 

various changes in the electronic environment of the aromatic system in the context of very 

small peptide, can significantly affect the organization of the assembled NDIs.
21

 The final 

morphology of NDIs 4, 5 and 6 depends on direction of folding or organisation of initially 

self-assembled NDI structure. For example three dimensional arrangements of initial self-

assembly structure will leads to the formation of 3D nanocubes. If the arrangements in one 

dimensional way then we see one dimensional nanotape formation. Figure 4.13 showing 

schematic model for various possible ways of organization of NDIs 4, 5 and 6 to form 

nanostrucres of zero-, one-, two- and three-dimensional with well defined morphology.  
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Figure 4. 13 Proposed schematic model to explain the self-assembly process of N, N-bis-(dipeptide) 

appended NDI systems 4, 5 and 6 into zero-, one-, two- and three-dimensional nanostructures 

(nanosphere, nanotape, open mouth nanovesicle and nanocube)   

4. 6 Conclusion  

We have designed and synthesized  N, N-bis-(dipeptide) appended naphthalenediimides 

NDIs 4, 5 and 6. NDIs 4, 5 and 6 undergo self-assembly to form interesting new novel 

nanostructures with well defined architectures. Morphology of NDIs nanostructure were 

tuned by utilising solvophobic effect. We were successful in tuning the morphology into 

distinct structures such as  nanospheres, nanotapes, open mouth nanovesicles and nanocubes. 

These NDI-dipeptide conjugate based nanostructures may find potential applications as 

biomaterials and in organic electronics.  
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4. 7 Experimental  

(a) General Experimental Procedure 

All the solvents and reagents were obtained from Sigma-Aldrich and used as received unless 

otherwise mentioned. 
1
H and 

13
C NMR spectra were measured on a Bruker AV-400 

spectrometer with chemical shifts reported as ppm. 

(b) Synthesis of L-phenylalanine-appended naphthalenediimide (1) 

L-phenylalanine (610 mg, 3 mmol) and NDA-dianhydride (500 mg, 1.8 mmol) was dissolved 

in dry DMF (30 ml). After 15 min triethyl amine was added to reaction mixture and allowed 

to reflux at 110
o
c for 12 h. after cooling to room temperature, the solvent was removed under 

reduced pressure and washed with water. The organic layer was separated out and purified by 

column chromatography (CH2Cl2: MeOH 10:2) to afford product as brown solid (68%); 

Characterization data:. 
1
H NMR (CHCl3-d, 400 MHz) δH  3.30-3.55 (m, 4H, CH2), 5.69-5.73 (m, 

2H, CH), 6.86-7.05 (m, 10H, Ar H), 8.49 (m, 4H, Ar H).  

4.4.4 Synthesis of L-tryptophan-appended naphthalenediimide (2)
19

 

L- Tryptophan (760 mg, 3.7 mmol) and NDA-dianhydride (500 mg, 1.8 mmol) was added to 

dry DMF (30 ml) in a 250 ml conical flask. Triethyl amine (0.5 ml) was added to suspension 

and sonicated until the reaction mixture become homogeneous. The reaction mixture was 

heated under microwave irradiation at full power for 3 min. in steps of 30 sec and with 30 sec 

interval. The resulting dark brown oil was taken into methanol (400 mL). The solution was 

added under stirring to 600 ml of 1N HCl. The resulting suspension was allowed to coagulate 

overnight and then filtered through a sintered glass funnel. The solid was then washed with 

200 mL deionised water and dried in vacuo to obtain a brown solid of (2). Yield 90%.  
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4.4.5 General procedure for the Synthesis of N, N-bis-(dipeptide) appended NDIs (4, 5 

and 6) 

Amino acid appended naphthalenediimide (300 mg, 0.5 mmol), 1-ethyl-3-(3 

dimethyllaminopropyl) carbodiimide hydrochloride (220 mg, 1.1 mmol) and 1-

hydroxybenzotriazole (230 mg, 1.1 mmol) were dissolved in DMF (4 ml). After 15 min 

amino acid methylester (230 mg, 1 mmol) and N, N-diisopropylethylamine (440 mg, 3.4 

mmol) were added to reaction mixture and allowed to stir at room temperature for 12 h. 

Reaction progress was monitored by TLC.  The solvent was removed under reduced pressure 

and washed with water. The organic layer was separated out and purified by column 

chromatography (CH2Cl2: MeOH, 10:2).  

Characterization data:  NDI 4. Yield 50 %, 
1
H NMR (CDCl3, 400 MHz) δH 3.00-3.51 (m, 

8H, CH2), 3.74 (m, 6H, CH3),4.89-4.94 ( m, 2H, NH), 5.96-6.20 (m, 4H, CH), 6.90-7.26 (m, 

20H, ArH), 8.63 (s, 4H, ArH); 
13

C NMR (CDCl3, 400 MHz) δC 34.6, 37.7, 52.3, 53.3, 55.9, 

126.6, 128.3, 128.9, 131.1, 136.3, 136.6, 162.4, 171.6. MW. 884.93[M+H
+
] calcd for 

C52H44N4O10.   

NDI 5. Yield 40 %,  
1
H NMR (CDCl3, 400 MHz) δH 3.13-3.60 (m, 8H, CH2), 3.72 (m, 6H, 

CH3),4.87-5.01 ( m, 2H, NH), 5.96-6.46 (m, 4H, CH), 6.65-7.55 (m, 19H, ArH), 8.34-8.40 

(m, 2H, NH), 8.43-8.47 (m, 4H, ArH). MW. 962.09 [M+H
+
] calcd for C56H46N6O10. 

NDI 6. Yield 40 %,  
1
H NMR (CDCl3, 400 MHz) δH 2.87-3.40 (m, 8H, CH2), 3.59 (m, 6H, 

CH3),4.59 ( s, 2H, NH), 5.74 (s, 2H, CH), 6.78-7.42 (m, 20H, ArH), 8.38-8.54 (m, 4H, ArH), 

10.59-10.86 (m, 4H,NH); 
13

C NMR (CDCl3, 400 MHz) δC 23.6, 26.5, 109.5, 110.2, 11.1, 

111.3, 117.6, 117.9, 118.1, 118.3, 120.6, 120.8, 123.3, 123.6, 125.9, 126.3, 126.9, 127.1, 

130.3, 135.8, 136.0, 168.6, 172.5. MW. 1,041 [M+H
+
] calcd for C60H48N8O10. 
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4. 8 Appendix 

 MALDI-TOF 

 1
H NMR 

 13
C NMR 
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Matrix-assisted  laser  desorption  ionization  time-of-flight  (MALDI-TOF).  MALDI-

TOF  spectra  were  obtained  on  a  Bruker  ultraflex  2 MALDI-TOF mass  spectrometer 

with  α-cyano-4-hydroxycinnamic  acid  matrix. 
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MALDI-TOF of NDI 6 
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1
H NMR (CDCl3, 400 MHz) of NDI 1 
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1
H NMR (CDCl3, 400 MHz) of NDI 4 
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13
C NMR (CDCl3, 400 MHz) of NDI 4 
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1
H NMR (CDCl3, 400 MHz) of NDI 5 
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1
H NMR (DMSO, 400 MHz) of NDI 6 
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13
C NMR (DMSO, 400 MHz) of NDI 6 
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