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Ag
+
-induced reverse vesicle to helical fiber transformation in a 

self-assembly by tinkering around the keto-enol equilibrium of a 

chiral salicylideneaniline  

Sougata Datta,
a 

and Santanu Bhattacharya
*ab

A new chiral amphiphilic salicylideneaniline bearing a terminal 

pyridine was synthesized. It formed reverse vesicles in toluene. 

Addition of Ag
+
 to this however, reversibly transforms these 

reverse vesicles into left-handed nanohelices accompanied by 

spontaneous gel formation at room temperature. 

Stimuli-responsive supramolecular systems
1
 endowed with specific 

function have received considerable attention owing to their 

propensity to undergo specific structural transformation mediated 

by an external trigger.
2
 These examples mimic natural phenomena 

like the seismonastic movement of mimosa leaves or tight curling 

up of millipedes upon touching.
1a

 A wide range of low molecular-

weight gelators (LMWGs)
3
 has been examined either as 

nanomaterials
4
 or biomaterials

5
 due to their diverse nature of 

constitution and arrangements at the molecular level.
6
 There are a 

few reports of stimuli- (i.e., light,
7
 mechanical,

8
 redox,

9 
charge-

transfer
10 

etc.) responsive sphere-to-fiber transformation 

accompanied by sol-to-gel transition. Yao demonstrated a 

reversible structural transition between nanofibers and normal 

vesicles from the self-assembly of a tripeptide-bipyridine 

conjugate.
8 

There are also other examples of vesicle-to-fiber 

transformation that are devoid of sol-to-gel transition.
11 

However, 

reverse vesicle-to-helical fiber transformation accompanied by sol-

to-gel transition is still not known.  

Salicylideneanilines and related compounds are interesting 

because of their intrinsic photochromic and/or thermochromic 

properties, as originated from the variation of population of the 

enol (–OH) and keto (–NH) forms due to their propensity to 

tautomerize.
12

 Lu et al. reported a remarkable thermochromism 

from a salicylideneaniline organogelator.
12d

 By following the 

equilibrium between the enol and keto forms, an evidence of 

thermochromism in a salicylideneaniline gel was established with 

the help of 
1
H-NMR spectroscopy.

12c
 

Aida
13a,b

 and Lee
13c

 independently reported Ag
+
-induced 

supramolecular assembly by manipulation of non-covalent 

interactions at the molecular level. These observations prompted us 

to prepare a novel salicylideneaniline having a terminal pyridine 

and L-alanine based spacer (Figure 1a and Scheme S1, SI). This 

compound upon dispersion in toluene adopted a spherical 

morphology via self-assembly in the dispersed sol state due to the 

formation of reverse vesicles. This however, transformed reversibly 

into left-handed helical nanofibers through the transcription of 

molecular chirality into supramolecular helicity by selective 

supramolecular response of Ag
+
 which was also accompanied by gel 

formation at room temperature. 

The compound 1, when dispersed in toluene, appeared as a 

nearly colourless suspension (Figure 1b). However, when an 

ethanolic or methanolic solution of AgSO3CF3 was added to 1 in 

toluene at a molar ratio of 1:2 [(1)2Ag
+
, ESI-MS: m/z 1129.64 

(C58H84AgN8O8)
+
], the viscosity of the resulting mixture gradually 

increased to form a robust yellow coloured gel (minimum gelator 

concentration [mgc] = 3.9 mM) quickly in 100/1 (v/v) 

toluene/ethanol. Whereas, the compound 2 containing a phenyl 

ring instead of the 3-pyridyl group did not furnish gel in the 

presence of Ag
+
 (Figure 1a). It may be noted that the addition of an 

excess Ag
+
 (>0.5 equiv.) led to the disruption of the gelation 

process. When an equal volume (1 ml) of an aq. solution of EDTA
14

 

(4 mM) was placed on the top of the gel, and gently stirred for 3 

min, the gel transformed completely into a colourless sol. The 

mixture was allowed to settle for ~15 min until the aq. and organic 

layers phase separated. The stability constants of Ag
+
-coordination 

complexes of pyridine and EDTA are 2 and 7.3 respectively.
14b

 

Therefore, Ag
+
 could be removed from the organic phase by 

partitioning into the aq. solution of EDTA and the yellow gel could 

be reverted back to its previous colourless sol form again. The 

colourless toluene layer was taken out from the top of the aq. 

phase and could be induced to gelation again by addition of Ag
+
 ion. 

The compound 1 however, did not respond to other metal ions, 

e.g., Li
+
, Cu

2+
, Zn

2+
, Co

2+
 and Cr

3+ 
etc. Gelation was not observed also 

in the presence of n-Bu4N
+
SO3CF3

-
. This excludes the role of triflate 

anion, which was only chosen to have adequate solubility of Ag
+
 in 

an organic medium.  
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Fig. 1 (a) Molecular structures of the salicylideneanilines (1-3); (b) 

photographs showing Ag
+
-mediated reversible sol-to-gel transition 

of 1 (3.9 mM) in toluene in presence of 1% EtOH (v/v). 

In Raman spectra, the pyridyl ring of 1 in the breathing mode at 

990 cm
-1

 shifted to 1020 cm
-1

 after its coordination with Ag
+ 

(Figure 

S24, SI). The band shift may be regarded as a sign of the pyridyl 

coordination of Ag
+
.
15

 The complexation of Ag
+
 with 1 was also 

investigated using 
1
H-NMR spectroscopy. With the addition of 0.5 

equiv. of AgSO3CF3 in CD3OD (1% v/v) to the [D6]benzene solution of 

1, the ortho- and meta-protons of the pyridyl group of 1 shifted 

upfield, and that of the para-proton of the pyridyl group shifted 

downfield (Figure S25, SI).
15,16

 As shown in Figure S26 (SI), a broad 

absorption band appeared in the range of 400-500 nm
12c-e 

in the 

UV-Vis spectrum of Ag
+
-complex of 1 in 100:1 (v/v) 

toluene/ethanol. This however, did not appear in the case of 1 

alone, indicating the conversion to a higher population of keto form 

after Ag
+
 complexation. CD-spectra of 1 in 100:1 (v/v) 

toluene/ethanol showed only one negative Cotton effect at 290 nm 

and a shoulder at 330 nm as a result of π-π* and n-π* transitions 

related to the π- and non-bonding electrons (Figure S27, SI).
17

 

However, a new negative peak near 400 nm associated with the 

salicylideneaniline chromophore appeared in the Ag
+
-coordination 

complex, which suggests an anti-clockwise orientation of dipoles in 

the supramolecular aggregates. Figure S28 (SI) shows cyclic 

voltammetry plots of 1 and its Ag
+
-complex in 5:1 (v/v) 

toluene/acetonitrile mixture in presence of 0.1 (M) n-Bu4N
+
PF6

-
 as a 

supporting electrolyte. Half-wave reduction potential of 1 

associated with the pyridyl group appeared at -1.06 V which shifted 

to -0.87 V after complexation with Ag
+
. 

Scanning electron microscopy (SEM) of the toluene sol of 1 

revealed the presence of spherical aggregates with diameters of 5-

20 µm (Figure 2a). Morphology of 1 in toluene was further 

investigated by atomic force microscopy (AFM). The height images 

(Figure 2c and S29a, SI) obtained by tapping-mode on freshly 

cleaved mica sheets revealed the formation of nano- to micro-sized 

vesicle-like spherical aggregates (0.1-1 µm). In order to confirm the 

existence of reverse vesicles, a dye encapsulation experiment was 

performed by preparing a toluene dispersion of 1 (3.9 mM) in the 

presence of a hydrophobic dye, Nile red (0.39 mM).
18

 Free dye 

could be removed by dialyzing the sample against toluene for ~72 h. 

When the dialyzed sample was examined under a fluoresence 

microscope, red-light emitting spherical aggregates (1-10 µm) were 

observed (Figure S30a, SI). This result clearly suggests the presence 

of an inner hydrophobic compartment inside these spherical 

aggregates (Figure S30b, SI). The hollow nature of the spherical 

assemblies (50-200 nm) was further evident from the difference in 

contrast between the periphery and the inner part of the nano-

spheres in the TEM image (Figure S31a-b, SI).
8,18,19

 Dynamic light 

scattering (DLS) experiment was performed to acquire information 

regarding the average hydrodynamic diameters of the reverse 

vesicles. Toluene sol of 1 afforded two types of aggregates of ~0.2 

and ~2 µm (Figure S32, SI). This result is in good accordance with 

the different sizes observed under SEM, AFM and TEM experiments. 

The average size (z-average diameter) and the polydispersity index 

(PDI) of the reverse vesicles of 1 (0.39 mM) obtained from DLS 

experiment are 983.5 ± 0.7 nm and 0.429 ± 0.03 respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. (a and b) SEM and (c and d) AFM images of 1 and its Ag
+
-

coordination complex in 100:1 toluene/EtOH (v/v). 

However, when the toluene gel formed upon Ag
+
-coordination 

of 1 was examined under SEM, presence of fibrous networks (width 

1-5 µm) was clearly observed (Figure 2b). Interestingly, AFM image 

of Ag
+
-complex

 
of 1 unveiled fibrous assemblies with entangled left-

handed-helical architecture of high aspect ratio with widths of 

about 50-100 nm (Figure 2d and S29b, SI). Coexistence of reverse 

vesicles and helical nanofibers was found in case of intermediate 

stoichiometry of Ag
+
 (0.25 equiv.) due to partial structural 

transformation (Figure 33a and 33b). Furthermore it is noteworthy 

that these helical nanofibers could be converted to reverse vesicles 

by the removal of Ag
+
 upon treatment of an aq. solution of EDTA. 

The achiral analogue (3) of compound 1 (Figure 1a) containing β-

alanine spacer instead of L-alanine also formed reverse vesicles 

(0.1-2 µm) in toluene (Figure S34a and S34c, SI). However, micro 

tape-like morphology was found in the xerogel of the corresponding 

Ag
+
-coordination complex of compound 3 (Figure S34b and S34d, 

SI). This result clearly indicates that the formation of helical 
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nanofibers by Ag
+
-coordination complex gel of 1 is attributed to the 

transcription of molecular chirality associated with the L-alanine 

spacer into supramolecular helicity. 

Figure S35 (SI) shows 
1
H-NMR spectra of the colourless sol of 3.9 

mM 1 in [D6]benzene in presence of CD3OD (1% v/v). Two 
1
H-NMR 

signals appear at δ = 12.5 and 13.5 respectively. These may be 

interpreted due to the existence of an equilibrium between the 

enol (–OH) and keto (–NH) forms. The peak that appears at δ = 13.5, 

is assigned to the -OH form because of the higher electronegativity 

of O than that of N.
12c

 The peak associated with the enol form at δ = 

13.5 is more intense and sharper compared to that of the keto form 

which appears at δ = 12.5. Thus the population of the colourless 

enol form is predominant in the toluene sol of 1.
12c

 Interestingly, 

the 
1
H-NMR spectrum of the gel formed upon Ag

+ 
coordination of 1 

(Ag
+
:1 = 1:2) shows a single peak at δ = 12.5 associated with the 

keto form and the signal at δ = 13.5 corresponding to the enol form 

disappears. This suggests that the keto form exists almost 

exclusively in the yellow gel phase. Consistent with the results of 

the 
1
D-NMR experiment, two peaks at δ = 12.5 and 13.5 associated 

with the keto and enol forms respectively were observed along the 

diagonal of the H-H COSY spectrum of compound 1 in C6D6 (Figure 

S20, SI). In addition, a cross peak corresponding to the NH-H6 

correlation associated with the keto form was observed. In contrast 

only a single peak along the diagonal at δ = 12.5 and  a cross peak 

corresponding to the NH-H6 correlation associated with the keto 

form were observed in the H-H COSY spectrum of the Ag
+
 

coordination complex gel of 1 in C6D6 (Figure S23, SI). This result 

again confirms the exclusive existence of the keto form in the C6D6 

gel phase while the enol form is predominant in the sol state in 

C6D6. It is also important to note that a single peak at δ = 13.2 

associated with the enol form of 1 was observed in the NMR-

spectra in CDCl3 indicating the sole existence of the enol form in the 

CDCl3 solution presumably because of the lack of aggregation of 1 in 

this medium (Figure S1 and S16, SI). According to Ogawa and Arai,
20

 

the energy differences between the ground states of the -OH and -

NH forms in solution may be too large to allow conversion of the 

enol to keto form. However, Lu’s group and us independently 

established that the -NH form could be stabilized in the aggregates 

of the gel phase.
12c,d

 This may significantly lower the energy barrier 

between the -OH and -NH forms than that in solution, which may in 

turn favour the proton tautomerization leading to the formation of 

the -NH form (Figure S36, SI). Interestingly, the 
1
H-NMR spectrum of 

the residue obtained by evaporating the toluene layer after 

partitioning with the aq. solution of EDTA (4 mM) is identical to that 

of 1, elucidating the reversibility of this transformation (Figure S35, 

SI). This result clearly explains the colourless nature of the toluene 

sol and yellow colour of the Ag
+
-coordinated gel. 

Since the solution of 1 in CHCl3 did not exhibit spherical 

nanostructures, we compared the 
1
H-NMR spectrum of 1 in CDCl3 

with that in C6D6. The OH proton at δ = 13.5 in the 
1
H-NMR 

spectrum of 1 in [D6]benzene shifted to δ = 13.2 in CDCl3 (Figure 

S37, SI). Similarly, the pyridyl protons shifted upfield as the solvent 

was changed from C6D6 to CDCl3 (Figure S37, SI). These results 

illustrate the existence of intermolecular H-bonding
 
between the N-

atom of the pyridyl group and the hydrogen atom of the ortho-

hydroxy group (Figure 3). This was further supported from the 2D-

NMR experiment. In the H-H NOESY spectrum of compound 1 in 

CDCl3, a cross peak was observed as associated with the H3-H6 

correlation (Figure S17, SI). This result indicates that the pyridyl N 

atom remains in the same side of the OH group of the salicylidene 

ring (Figure S38, SI). While, the H1-H6 correlation was observed in 

the H-H NOESY spectrum (Figure S21, SI) of the compound 1 in C6D6 

indicating an anti-arrangement between the pyridyl N atom and the 

OH group of the salicylidene ring (Figure S38, SI). This arrangement 

is favourable for the inter-molecular H-bonding
 
between the N-

atom of the pyridyl group and the hydrogen atom of the ortho-

hydroxy group to give rise to a lamellar organization which finally 

leads to the formation of reverse vesicles in C6D6 (Figure 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Molecular packing model and a schematic representation of 

Ag
+
-induced reverse vesicle to nanohelix transformation. 

Prevalence of inter-molecular H-bonding interactions among 

the amide linkages of Ag
+
-coordination complex of 1 in the gel 

phase has been further evidenced from the solvent and 

concentration-dependent FTIR-spectroscopy (Figure S39, SI). The 

small-angle X-ray diffraction pattern of 1 in toluene (Figure S40a, SI) 

corresponds to a lamellar arrangement.
12c-e,21

 In the low-angle 

range (2θ ∼1-12°), six peaks with d-spacings of 5.3, 2.65, 1.76, 1.32, 

1.06 and 0.88 nm were observed with d-spacing ratios of 

1:1/2:1/3:1/4:1/5:1/6 respectively. This is the characteristic of a 

lamellar structure with a domain spacing of 5.3 nm, a value less 

than the double of its molecular length, 5.8 nm as calculated from 

the geometry optimization of one molecule of 1 using B3LYP/6-

31G* (Figure S41, SI). This analysis once again suggests that the 

pyridyl heads presumably interdigitate with each other to facilitate 

intermolecular H-bonding interactions between the N-atom of the 

pyridyl group and the H-atom of the ortho-hydroxy group. In 

contrast, the longest repeat distance shifts from 5.3 to 5.9 nm in 
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the Ag
+
-coordination complex of 1 (Ag

+
:1 = 1:2), a fact that is clearly 

consistent with the proposed model of the structural 

transformation (Figure 3 and S40b, SI). 
 
 

In conclusion, we have demonstrated a self-assembly of a 

pyridine appended chiral salicylideneaniline, 1, that forms 

reverse vesicles in toluene by adopting a lamellar organization. 

Interestingly, the colourless reverse vesicles transform into 

helical organizations reversibly on addition of Ag
+ 

accompanied 

by a yellow coloured gel formation. This is the first report 

where a reverse vesicle-to-helical structural transformation 

accompanied by sol-to-gel transition takes place as confirmed 

by both microscopy and X-ray diffraction analysis. The 

formation of reverse vesicles was further evidenced from a dye 

entrapment study. Therefore, this type of structural 

transformation may be useful in achieving a stimuli-driven 

delivery. Thus a keto-enol-tautomerism associated with the 

gel-to-sol transition has been demonstrated unambiguously 

using visible colour change, UV-Vis absorption and 
1
H-NMR 

spectral studies. It has been also possible to confirm the 

presence of the keto form exclusively in the gel phase by 

recognizing a distinguishable 
1
H-NMR signal. It is may be 

further emphasized that examples of reverse vesicles are 

scarce compared to the aggregates formed in aq. media 

(normal micelles or vesicles). Whenever such reports of 

reverse micelles or vesicles are known they are generally 

observed from lipids and polymers etc.
18a,22

 Accordingly the 

formation of reverse vesicles from such a simple 

salicylideneaniline is indeed unprecedented and may spur new 

research activity. 

This work was supported by J. C. Bose fellowship of DST to 

S.B. S.D. thanks CSIR for a senior research fellowship. 
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