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Abstract The self-assembling property of lipids makes it

an important building block in the field of supramolecular

nanoarchitectures with a variety of applications in chem-

istry, biochemistry, materials science and medicine. We

report here, the synthesis and formation of variety of

nanostructures such as nanosheets, nanofibers and nano-

tubes of fatty acid derivatives of 2,6-diaminopyridine and

2-aminopyridine. These molecules possess a saturated or

unsaturated long alkyl-chain group as the self-assembling

unit. The molecular recognition property of diaminopyri-

dine linker as a result of H-bonding was confirmed by
1H-NMR and fluorescence spectroscopy and it plays an

important role in monitoring the chemical selectivity of

supramolecular aggregates toward guest binding. The

chemical structures were characterized by Fourier trans-

form–infrared, 1H-NMR, 13C-NMR, mass spectra, whereas

the morphologies were imaged using scanning electron

microscopy and transmission electron microscopy.

Keywords Self-assembly � Fatty acids � Molecular

recognition � SEM � TEM

Background

In the last two decades the nanotubes of many compounds,

such as semiconductors, polymers, metals, oxides, sulp-

hides, lipids, have been synthesized [1–4] and extensively

investigated [5], but in recent years the formation of soft

organic tubular structures from aggregation of conjugated

molecular species has attracted attention in nanoscience

research field since it may find applications in catalysis,

drug delivery, selective separations sensors and conducting

devices in nano-, opto- or ionic electronics. Several class of

organic systems are known to provide tubular structures

including lipid [6, 7], steroidic [8, 9] and peptidic [10]

systems. Cardanols, an example of sugar-lipid conjugate,

consists of a carbohydrate head group and an aliphatic

alkyl chain connected through a phenyl moiety. When

dispersed in aqueous solution at room temperature, this

material forms fibrous aggregation and nanotubular struc-

tures [11]. Although related literature on further practical

application of cardanol-based glycolipids is absent, its self-

assembling properties have promoted the synthesis of

several glycolipids such as monosaccharide esters with

diamino-aromatic linkers [12], amygdalin-based esters [13]

and dialkanoate derivative of sugar alcohols [14]. Unlike

the carbon nanotubes (CNTs), organic nanotubes have

excellent dispersibility in water and incorporate guest

substance of over 10 nm in size, such as nucleic acids and

proteins [15]. The organic nanotubes can provide suitable

hollow cylindrical space for biomacromolecules that are at

least 10 times larger in dimension as compared to macro-

cylic molecules used for host–guest study [16]. Because of

the confined nanospace, lipid nanotubes (LNTS) have

found potential in chemical and biological applications

[17–23], including controlled drug release [19–22] and

artificial chaperoning of denatured protein [23]. Lipid

nanotube was used as template for the synthesis of titania,

tantalum oxide and vanadium oxide nanotubes [24]. These

transition metal oxide nanotubes find potential applications

in gas sensors, photo catalysts, environmental purification

and high-effect solar cells [25–28]. Keeping in mind the

importance of aforementioned self-assembled nanoaggre-

gates, in this paper we focus our attention on the creation of
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a scaffold that may be easily form aggregates in aqueous

solution. By synthesizing and self-assembling of a series of

long-chain fatty acids derivatives of 2,6-diaminopyridine

and 2-aminopyridine, we generated a number of products

ranging from nanosheets, fibers to tubes. The presence of

hydrophobic chain of fatty acid particularly, from both

ends of the pyridine-nucleus enhances self-assembly

through van der Waal interactions. We characterized the

morphologies of these nanoassemblies on the basis of

transmission electron microscopy (TEM), scanning elec-

tron microscopy (SEM) and FT-IR and their molecular

recognition by 1H-NMR and fluorescence spectra.

Results and discussion

A series of compounds (3a–c, 6a–b, 8) were synthesized

from 2,6-diaminopyridine (1) and 2-aminopyridine (7)

and corresponding acid chlorides (2a–c, 4a–b) in dry

conditions as shown in (Schemes 1, 2, 3). The self-

assembly of the series of compounds (3a–c, 6a–b, 8)

occurs rapidly under mild conditions. All these com-

pounds form typical nanoassemblies in a mixture of water

and methanol (1:1, V/V). To characterize the morpholo-

gies of nanoassemblies, the structures were observed

using TEM and SEM. The TEM and SEM of compounds

(3a–c, 6a–b, 8) in aqueous solution are represented by

(Fig. 1a–i) and (Fig. 2a–d), respectively. TEM and SEM

revealed that self-assembled molecular objects from

compounds 3a, 6a and 6b gave nanotube structures as a

major product (*80 %) (Fig. 1a–e) with nanosheets as

minor product (*20 %) (Fig. 2c). The TEM image of 3a

show that it forms nanotubes with nearly 250 nm diameter

and length in the range of 2–8 lm (Fig. 1a–b) while

nanotubes derived from 6a have length of nearly 3.5 lm

and wider diameter of (\300 nm) approximately

(Fig. 1c). In particular, the compound 6b proved to

self-assemble into nanotubular structure exclusively.

Figure 1d–e shows the typical morphologies of sample

obtained from different concentration of 6b. The initial

concentration of 3.7 9 10-3 M of 6b results in the for-

mation of nanotubes of size in the range of about

100–500 nm (Fig. 1d). An increase in the concentration to

9 9 10-3 M changes the dimension of nanotubes having

length 1–1.5 lm and diameter 100–150 nm (Fig. 1e). The

compounds 3b and 3c were found to self-assemble into

curled nanosheets (Fig. 2a) and nanofibers with length of

nearly 70–200 lm (Fig. 1f–i). Lipid 8 instead of curled

sheets, gave a very thin and flat nanosheet structures

(Fig. 2b, d). The image of the above compounds indicates

that morphologies of nanoassemblies depend on the sat-

urated or unsaturated nature of alkyl chain. The com-

pounds 3a, 6a and 6b with unsaturated alkyl moiety self-

assembled into tubular structures while the compounds 3b

and 3c possessing saturated alkyl chain resulted into

nanofibers. Hence, unsaturated oleic moiety appears to be

critical in nanotube formation. The literature survey [29–

33] reveals that tube-forming self-assembled molecular

species requires unsaturation in the lipophilic moiety

although, the evidence is limited. A recent study [34, 35]

of cardanol-based glycolipid also shows that glycolipid

with unsaturated chain self-assembled into coiled or

tubular structures by non-parallel chiral packing due to

kink into alky chain’s structure expressed by the cis-

double bond of the monoene, while the saturated analogue

self-assembled into twisted fibers through parallel chiral

packing. Based on our results from TEM and SEM images

of compounds 3a–b and 6a–b, a molecular packing motif

is proposed in (Fig. 3). In spite of the extensive theoret-

ical and experimental work [36–39], several questions

remain to be answered about the mechanism or pathway

involved in the tube formation. However, the driving
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forces that put the building blocks (self-assemblies) into a

well-defined nanoarchitecture can be understood and

elaborated by many workers [40–50]. The organization of

building blocks into ordered structures is facilitated by a

combination of many different non-covalent interactions

such as H-bonding, Pi–Pi stacking and hydrophobic

interactions. In 2,6-diaminopyridine-fatty acid system, the

amide group can facilitate the stacking of molecules

through H-bonding, the pyridine ring moiety can facilitate

intermolecular interactions through stacking and the

hydrophobic hydrocarbon chain of fatty acid not only

decreases the solubility in water but also helps the molec-

ular association through the van der Waals interactions.

These groups together can synergistically act to form strong

intermolecular interactions, which lead to tubular or fibrous

structures (Fig. 4b). Besides these nanotubular or fibrous

structures, nanosheets were also formed during earlier stage

of assembling process. These nanosheets are assumed to be
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as templates for the formation of 3D-structures (nanotubes)

similar to the formation of polyaniline nanotubes from

aniline oligomeric sheets based on a rolling-up mechanism

[51]. A similar mechanism was also used to explain the

formation of tubular structures by self-assembly of diphe-

nylalanine [52] and formation of multi- and single-walled

CNTs [53, 54]. The driving force of rolling behavior can be

attributed to minimizing of surface energy. An example of

the rolling of a nanosheet into a nanotube is shown in Fig. 4.

The evidence of rolling of nanosheet into a nanotube comes

from its reverse process that is, tube-to-sheet conversion

which is observed in multilayer VOx nanotubes under

solvothermal-induced conditions [55] or, in case of multi-

walled carbon nanotubes (MWCNTs) induced by solution-

based oxidation [56]. The irregular partially curled nano-

sheet structure (Fig. 2a) is more likely to act as templates

for nanofibers. These 2D-nanosheets from saturated ana-

logue of DAP stacked together to give multilayered

nanofibers (Fig. 1f) very similar to the case observed in

hexakis (alkoxy) triphenylene nanosheets [57].

FT–IR study

Fourier transform–infrared (FT–IR) of self-assembled

compounds (3a, 3b, 6a and 8) is shown in Fig. 5. The

observed (C–H) stretching peaks, 2,920.8 and 2,850 cm-1

of 3b are comparatively less than (C–H) stretching patterns

2,921.7, 2,854.5 cm-1 and 2,925, 2,854.2 cm-1 of 3a and

6a, respectively. Further, the amide (C–O) stretching peak

1,666.7 cm-1 of 3b was also less than the observed amide

(C–O) peaks 1,671.3 and 1,670.8 cm-1 for 3a and 6a,

respectively (Fig. 5). The comparatively less stretching

pattern of (C–H) and (C–O) groups of 3b than that of 3a

and 6a indicate a more ordered and crystalline packing of

3b in comparison to 3a and 6a which are consistent with

high order crystalline nanofibers derived from 3b. Most

probably, the kink in the self-assembled structures from 3a

and 6a increases the stretching value of (C–H) and (C–O)

groups there by reducing the crystallinity of the nano-

structure and enabling more facile formation of nanotubes.

It is more probable that one-sided H-bonding and weak

Fig. 1 TEM images of self-assembled morphologies; (a, b) 3a
(nanotube), (c) 6a (nanotube showing cylindrical hollow portion,

marked by red line), (d, e) 6b (nanotube, red arrow indicates central

cavity). SEM images of 3b-c; (f) 3b (a developing nanofiber showing

multilayer morphology), (g) 3b (nanofiber) (h) 3c (twisted nanofiber),

(i) 3c (two nanofibers warped into each other)
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hydrophobic interactions of 8 causes less order molecular

packing which is indicated by its higher stretching pattern

2,925, 2,854.2 and 1,687.5 cm-1.

Molecular recognition study

Diaminopyridine derivatives are known to function as

artificial receptors that can bind various ligands through

complementary multiple H-bonding [58]. Hence a DAP-

linker could serve as functional recognition element for

H-bonding and due to this, in the process of its binding

with external ligands its intrinsic spectra would be

effected. To prove this fact, we selected succinimide

(S) as external ligand because of its complimentary

H-bonding capability to the DAP group and examined the
1H-NMR of stoichiometric (1:1) mixture of compound 3a

and S in CDCl3 (Fig. 6). It was found that amide N–H of

3a shifted downfield from 7.60 to 8.44 Hz and the imide

N–H of S from 8.89 to 10.20 Hz as shown in (Fig. 6).

These downfield shifts upon combination of 3a and

S confirm the presence of strong (3-point) H-bonding

Fig. 3 Schematic

representation of proposed self-

assembled nanostructures from

3b and 3a with a) saturated and

b) unsaturated alkyl chains (the

alkyl chain does not represent

the exact numbers of carbons, it

is only representative). The cis-

geometry of double bond in 3a
results in a kink and slightly less

layered interdigitation

Fig. 2 SEM images of lipid nanoassemblies; (a) 3b (curled nanosheets), (b) 8 (flat nanosheets). TEM images; (c) 6a (nanosheets), (d) 8
(nanosheets)
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interaction between amide N–H’s of 3a and carbonyl C–O

of S and imide N–H and aromatic ring nitrogen of S and

3a, respectively. We further confirmed the DAP-linker as

a recognition site for multiple H-bonding by observing

fluorescence quenching. As shown in (Fig. 7), the addition

of increasing quantities of S as external ligand to the

compounds 3b, 6a and 8 increased the observed fluores-

cence quenching there by indicating that H-bonding

interactions between compounds 3b, 6a and 8 with S.

Such type of quenching is also observed in other com-

pounds [12, 59].

Conclusions

A series of fatty acid-based self-assembled compounds

were formed in good yield by simple one-pot synthesis

involving the addition of long fatty acid chain to the 2,6-

diaminopyridine and 2-aminopyridine moiety. By utilizing

basic self-assembly properties of these compounds, a range

of soft nanomaterials such as nanosheets, nanotubes and

nanofibers were generated. The FT-IR studies confirm the

presence of a highly ordered structure in the aliphatic

region via van der Waals interactions. The SEM and TEM

images study has demonstrated that, nanostructures derived

from N, N0-diacyl-2,6-diaminopyridine depends on the

unsaturation of alkyl chain. The formation of tubular

structures by rolling of nanosheet is confirmed through

TEM image.

Methods

Materials

(9Z)-octadec-9-enoic (oleic), undec-10-enoic, octadecanoic

(stearic) and hexadecanoic (palmitic) acids were purchased

from fluka chemicals (Buck: Switzerland). 2-aminopyri-

dine, 2,6-diaminopyridine, triethyl amine were purchased

from Merck, Mumbai, India. Succinimide was purchased

from (Sigma-Aldrich, India). Thin layer chromatography

(TLC) was done on thin glass plates (20 9 5 cm) with a

layer of silica gel G (Merck, Mumbai, India, 0.5 mm

thickness). Mixtures of petroleum ether-diethyl ether-acetic

acid (70:30:1; v/v) were used as developing solvent for

TLC. The column chromatography was carried out with

silica gel (Merck, Mumbai, India, 60–120 mesh). Abbre-

viation ‘mm’ stands for milli mole.
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Synthesis procedure

Synthesis of (3a–c)

A typical process involves the addition of corresponding

oleoyl chloride (2a), stearoyl chloride (2b) and palmitoyl

chloride (2c) (5 mm) in dry THF (10 mL) to the stirred

solution of 2,6-diaminopyridine (1) (2.5 mm) and trieth-

ylamine (5 mm) in dry THF (50 mL). The reaction mixture

was stirred overnight at room temperature (Scheme 1). The

progress of reaction was monitored by TLC. After com-

pletion of reaction, the reaction mixture was concentrated

Fig. 5 FT-IR of self-assembled compounds; (a) 3b, (b) 3a, (c) 6a, (d) 8

Fig. 6 1HNMR spectra of NHS

of N,N’-(Pyridine-2,6-

diyl)bis(octadec-9-enamide), 3a
and S in CDCl3; (a) 3a, (b) S,

(c) Stoichiometric 1:1 mixture

of 3a ? S. The NH protons are

indicated by alphabets A and B
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in vacuum and dissolved in dichloromethane (CH2Cl2).

The organic layer was washed with water (3 9 100 mL)

and dried over anhydrous sodium sulphate. The isolated

crude products (3a–c) were further purified by column

chromatography using mixture of n-hexane–ethyl acetate

(92:8, V/V) as eluent. All these compounds were charac-

terized by their spectral data.

N, N0-(Pyridine-2,6-diyl) bis (octadec-9-enamide) (3a)

White solid, yield = 70 %, m.p. = 93–95 �C, IR (KBr,

cm-1): 3,305, 2,924, 2,857, 1,667, 1,587, 1,527. 1H NMR

(400 MHz, CDCl3, dH): 7.91 (d, 2H, J = 8.0 Hz), 7.70 (t,

1H, J = 8.0 Hz), 7.60 (s, 2H, NH), 5.36 (m, 2H,

-CH = CH-), 2.37 (t, 4H, J = 7.4 Hz, CH2-CO), 2.0 (m,

8H, -CH2-CH = CH-CH2-), 1.72 (m, 4H, CH2-CH2-CO),

1.29 (br.s, 44H, chain-CH2), 0.89 (dist.t, 6H, terminal-

CH3). 13C NMR (CDCl3, Proton decoupled, dC): 171.50

149.44, 140.85, 130, 129.70, 109.36, 37.86, 31.90, 29.45,

27.23, 25.33, 22.68, 14.11. ESI/MS (m/z): (M ? H)? calcd.

For C41H71N3O2: 638.974; Found: 638.7

N, N0-(Pyridine-2,6-diyl) bis (octadecanamide) (3b)

White solid, yield = 77 %, m.p. = 98–99 �C, IR (KBr,

cm-1): 3,329, 2,920, 2,849, 1,670, 1,587, 1,523. 1H NMR

(400 MHz, CDCl3, dH): 7.89 (d, 2H, J = 8.0 Hz), 7.69 (t,

1H, J = 8.0 Hz), 7.55 (br.s, 2H, NH), 2.37 (t, 4H,

J = 7.5 Hz, CH2-CO), 1.70 (m, 4H, CH2-CH2-CO), 1.31

(br.s, 56H, chain-CH2), 0.87 (dist.t, 6H, terminal -CH3).
13C NMR (CDCl3, Proton decoupled, dC): 171.60, 149.48,

140.82, 109.33, 37.89, 31.94, 29.71, 29.68, 29.62, 29.47,

29.37, 29.21, 25.35, 22.70, 14.14. ESI/MS (m/z):

(M ? H)? calcd. For C41H75N3O2: 643.002; Found: 643.7

N, N0-(Pyridine-2,6-diyl) bis (hexadecanamide) (3c)

White solid, yield = 68 %, m.p. = 95–96 �C, IR (KBr,

cm-1): 3,317, 2,920, 2,849, 1,674, 1,587, 1,523. 1H NMR

(400 MHz, CDCl3, dH): 7.91 (d, 2H, J = 8.0 Hz), 7.71 (t,

1H, J = 8.0 Hz), 7.74 (s, 2H, NH), 2.38 (t, 4H,

J = 7.5 Hz, CH2-CO), 1.73 (m, 4H, CH2-CH2-CO), 1.32

(br.s, 48H, chain-CH2), 0.90 (dist.t, 6H, terminal-CH3). 13C

NMR (CDCl3, proton decoupled, dC): 171.56, 149.45,

140.80, 109.31, 37.77, 31.92, 29.73, 29.64, 29.33, 25.37,

22.65, 14.10. ESI/MS (m/z): (M ? H)? calcd. For

C37H67N3O2: 586.902; Found: 586.7

Synthesis of (6a–b)

These compounds were prepared by two step acylation of

2,6-diaminopyridine. A typical process involves the addi-

tion of acetyl chloride (4a) (5 mm) or 10-undecenoyl

chloride (4b) (5 mm) in dry THF (10 mL) to the stirred

solution of 1 (5 mm) and triethylamine (10 mm) in dry

THF (50 mL). The reaction mixture was stirred overnight

at room temperature to form corresponding monoacyl

derivatives of 2,6-diaminopyridine. The second step

involves the addition of 2a (5 mm) dissolved in THF

(10 mL) to the N-monoacyl -2,6-diaminopyridine (5a or

5b) solution (Scheme 2). The reaction mixture was stirred

continuously till the end (monitored by TLC) to obtained

the desired products in good yield, which were further

purified by column chromatography using mixture of

Fig. 7 Fluorescence quenching of a) 3b, b) 6a, and c) 8 (2 9 10-5 M each) by S in CHCl3. The S concentration ranged from (top to bottom) 0 to

5 mM. Excitation was at 350 nm
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n-hexane–ethyl acetate (90:10, V/V) as eluent and char-

acterized by spectral data.

N-(6-Methanamidopyridine-2-yl) octadec-9-enamide (6a)

Pale yellow solid, yield = 60 %, m.p. = 89–92 �C, IR

(KBr, cm-1): 3,317, 2,924, 2,853, 1,674, 1,587, 1,527. 1H

NMR (400 MHz, CDCl3, dH): 7.81 (d, 2H, J = 8.0 Hz),

7.62 (t, 1H, J = 8.0 Hz), 7.56 (br. s ‘‘in part merged with

peak at 7.62’’, 2H, NH), 5.28 (m, 4H, -CH = CH-), 2.29 (t,

4H, J = 7.5 Hz, CH2-CO), 2.12 (s, 3H, -CH3), 1.95 (m,

4H, -CH2-CH = CH-CH2-), 1.64 (m, 2H, CH2-CH2-CO),

1.22 (br.s, 20H, chain-CH2), 0.80 (dist.t, 3H, terminal -

CH3). 13C NMR (CDCl3, proton decoupled, dC): 171.75,

168.62, 149.48, 140.83, 130, 129.83, 128.80, 127.68,

109.44, 37.73, 31.90, 31.52, 29.32, 27.20, 25.33, 24.66,

22.62, 14.10. ESI/MS (m/z): (M ? H)? calcd. For

C25H41N3O2: 416.588; Found: 416.4

N-(6-Undec-10-enamidopyridine-2-yl) octadec-9-enamide

(6b)

White solid, yield = 60 %, m.p. = 95 �C, IR (KBr,

cm-1): 3,313, 2,920, 2,853, 1,670, 1,587, 1,519. 1H NMR

(400 MHz, CDCl3, dH): 7.91 (d, 2H, J = 8.0 Hz), 7.71 (t,

1H, J = 8.0 Hz), 7.57 (s, 2H, NH), 5.82 (tdd, 1H, JH_ 9-

CH2 = 6.6 Hz, JH-Hz = 10.2 Hz, JH-HE = 17.1 Hz,

CH2 = CH-), 5.35 (m, 2H, -CH = CH-), 5.0 (dd, 1H, JHz-

H = 10.2 Hz, JHz-HE = 2.6 Hz, HzC = CH-), 4.94 (dd,

1H, JHE-H = 17.1 Hz, JHE–Hz = 2.6 Hz, HEC = CH-),

2.38 (t, 4H, J = 7.0 Hz, CH2-CO), 2.0 (m, 4H, -CH2-

CH = CH-CH2-), 1.73 (m, 4H, CH2-CH2-CO), 1.34 (br.s,

28H, chain-CH2), 0.90 (dist.t, 3H, terminal-CH3). 13C

NMR (CDCl3, Proton decoupled, dC): 171.51, 149.43,

140.86, 139.15, 130, 129.70, 114.18, 109.36, 37.86, 33.77,

29.27, 29.16, 29.05, 28.89, 25.33, 14.32. ESI/MS (m/z):

(M ? H)? calcd. For C34H56N3O2: 539.792; Found: 539.2

Synthesis of (8)

A typical process involves the addition of 2b (5 mm) in dry

THF (10 mL) to the stirred solution of 2-aminopyridine (7)

(5 mm) and triethylamine (5 mm) in dry THF (50 mL).

The reaction mixture was stirred overnight at room tem-

perature (Scheme 3). The crude product obtained after

workup was further purified by column chromatography

and characterized by spectral analysis.

N-pyridine-2-yl-hexadecanamide (8)

White solid, yield = 80 %, m.p. = 90–91 �C, IR (KBr,

cm-1): 3,353, 2,916, 2,849, 1,686, 1,579, 1,531. 1H NMR

(400 MHz, CDCl3, dH): 8.53 (s, 1H, NH), 8.18 (m, 2H), 6.91

(m, 1H), 6.95 (m, 2H), 2.31 (t, 2H, J = 7.4 Hz, CH2CO),

1.64 (m, 2H, CH2-CH2-CO), 1.24 (br.s, 11H, chain-CH2),

0.80 (dist.t, 3H, terminal-CH3). 13C NMR (CDCl3, Proton

decoupled, dC): 171.99, 151.65, 147.46, 138.52, 119.58,

114.23, 37.78, 31.92, 29.69, 29.66, 29.64, 29.60, 29.45,

29.35, 29.22, 25.39, 22.69, 14.11. ESI/MS (m/z): (M ? H)?

calcd. For C23H40 N2O: 361.553; Found: 361.4

Self-assembly

For the formation of self-assembled morphologies of

compounds (3a–c, 6a–b, 8), it was dissolved in meth-

anol (3 mL, 3 mg) followed by heating to get trans-

parent solution. To this was added pure water

(3–4 mL) and the solution was heated at 65–70 �C for

1 h while the solution slowly became cloudy. The

dispersion was then slowly cooled to room temperature.

For the dispersion of nanoparticles, sonication was

carried out using FAST-CLEAN ultrasonic cleaner for

1 h. The disperse sample appeared as white aggregates

and remain stable over several months.

Structural characterization

NMR spectroscopy, mass spectroscopy and FT–IR

spectroscopy

1H-NMR spectra were recorded with a BRUKER,

AVANCE II 400 NMR spectrometer (Fallanden, Swit-

zerland) at (400 MHz) in CDCl3, using TMS as internal

standard. Chemical shifts (d) are quoted in ppm and

coupling constant (J) are given in Hz and 13C-NMR

spectrum was recorded at (100 MHz) in CDCl3 with

CDCl3 (d = 77.00). The mass spectra were obtained on

LC–MS spectrometer Model Q-TOF Micro waters. FT–

IR spectra were recorded on Perkin Elmer FT–IR spec-

trometer (Singapore).

Fluorescence spectroscopy

Fluorescence spectra were recorded on HITACHI F-2500

Fluorescence spectrometer (Centro Financeiro, Macau).

The samples were analyzed in quartz cuvettes of 1 mm

path length with an excitation at 350 nm using spectra

grade CHCl3.

Scanning electron microscopy

SEM images were taken on JEOL JSM 6510LV scanning

electron microscope (Tokyo, Japan). A small portion of the

solid sample was attached to the holder using a conductive

adhesive carbon tape. Prior to examination, the compounds

were coated with a thin layer of gold.
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Transmission electron microscopy

A JEOL JEM 2100 transmission electron microscope

(Tokyo, Japan) was used. The TEM sample was dispersed

in water by ultrasonication and then pipette onto copper-

coated grids.

Sonication

It was carried out by using FAST-CLEAN ultrasonic

cleaning system (LIFE-CARE EQUIPMENTS Pvt. Ltd.

India).
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