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A new chemosensor which can detect Hg2+ in water and Hg2+/

Cu2+ in acetonitrile and its application as a molecular keypad

lock using Cu2+ and F� as ionic inputs are demonstrated.

Use of a molecular-scale keypad lock as a data security device

is an attractive research goal in the area of unconventional

computing, as it offers a new approach for protecting informa-

tion at the molecular level.1 A molecular keypad lock is a

device which can be opened only by the proper combination

and sequence of chemical inputs. Very recently researchers

have started exploring the possibility of mimicking the func-

tion of silicon chips and building electronic devices using

organic/inorganic molecules based on their spectral/redox

responses towards an external stimulus. Research in this area

has gained momentum with the idea of developing purpose

built molecules in the nano scaled dimension which have the

ability to respond to changes in the surrounding environment.2

The first and smallest unimolecular rectifier in the 2 or 3 nm

dimension was reported by Aviram et al.3 But the function of a

security device like a keypad lock at the molecular level is yet

to be mimicked. In cryptography, an encrypt/decrypt function

allows access to secret messages using a password to decrypt

the encrypted algorithm. Such molecular devices, capable of

authorizing password entries, are of significance for informa-

tion protection.4

Furthermore, the development of fluorescent chemical sen-

sors for heavy transition metal (HTM) ions5 and the integra-

tion of these into molecular level devices is an active area of

research.6 Therefore, the dual application of a single molecular

entity to the detection of toxic HTM ions and the integration

of these HTM ions as chemical-driven molecular machines

would be of future interest in molecular computing.7

In the present paper, we show that an anion (F�) and a

cation (Cu2+) can be used as ionic inputs for demonstrating

security codes using a 1-Amino-8-Naphthalene Sulfonic acid

Ester (ANSE) based chemosensor. A reconfigurable molecular

security device has been achieved whose fluorescence is in the

ON state in response to a specific sequence of ionic inputs,

which makes this molecular-level security device work.

ANSE was synthesized (Scheme 1) by reacting 1-amino-8-

naphthalenesulfonic acid and ethyl 2-bromopropionate (see

ESIw). Water soluble ANSE has a naphthalene moiety as the

signaling unit, which is covalently bound to an ONO-donor

receptor functionality. ANSE was found to bind selectively to

Hg2+ in aqueous solution and to Cu2+/Hg2+ in acetonitrile

solution and could be used for detection of these two cations in

the respective solvents at a ppb level of concentration. The

detection of Hg2+ in aqueous solution is of prime importance

owing to its proven toxicity.8 Furthermore, detection of HTM

ions such as Hg2+ in an aqueous environment is difficult due

to its effective hydration and the high stabilization energy of

the solvated cation.5b Binding of Hg2+ in aqueous solution

caused an efficient fluorescence quenching of ANSE via en-

hanced spin–orbit coupling.9

The electronic spectrum of ANSE in water has a maximum

at 340 nm due to the charge transfer transition between the

donor amine center and the acceptor naphthalene moiety.

However, on binding to Hg2+, a new transition band ap-

peared at longer wavelength (381 nm) due to the ligand to

metal charge transfer (LMCT) transition (Fig. 1). Addition of

various other metal ions did not result in any detectable

spectral change (see ESIw).
For Hg2+, the spectrophotometric titration profile could be

fitted to a 1 : 1 binding model, and the association constant

evaluated was 3.10 (�0.07) � 103 M�1. This agreed well with

the value of 2.09 (�0.05) � 103 M�1 obtained from fluores-

cence (tANSE = 5.2 � 0.016 ns, w2 = 1.13) titration monitored

at 489 nm as a function of the [Hg2+]. For Hg
2+

–ANSE

complex, the naphthalene-based triplet state was found to be

short lived (t = 2.6 � 0.03 ns, w2 = 1.19), which could be

explained by the shorter HOMO–LUMO gap and favored

spin–orbit coupling.

In acetonitrile solution, the results obtained were little more

complicated. Intraligand charge transfer spectra for ANSE

appeared at 352 nm (Fig. 2). A new absorption band appeared

Scheme 1 Synthetic route of ANSE.
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at 301 nm until one mol equiv. of Hg2+ was added, along with

a distinct hump at around 344 nm. Two isosbestic points at

233 and 256 nm were also observed. A new absorption band at

around 344 nm was presumably due to the LMCT transition,

which was found to appear at 389 nm in a more polar solvent

like water. Beyond one mol equiv. of [Hg2+], a distinctly

different spectral pattern was observed—a decrease in absor-

bance intensity in the wavelength region of 280–400 nm along

with two stronger absorption bands at 302, 349 nm were

observed, while a much weaker band at 525 nm appeared.

These changes were associated with an isosbestic point at 412

nm. This signified the formation of a new species, which was in

equilibrium with theHg2+–ANSE complex. The spectroscopic

titration profile shows 2 : 1 complex formation between Hg2+

and ANSE. Binding constants for the 1 : 1 ({Hg–ANSE}2+)

and 2 : 1 ({(Hg)2ANSE}2+) complex formation (Ka
1 = (6.0 �

0.1) � 104 M�1 and Ka
2 = (1.6 � 0.05) � 104 M�2) were

evaluated from the plots of the changes in absorbance at 302

and 525 nm, respectively. The nature of the binding of the

additional Hg2+solvated to Hg
2+

–ANSE is not clearly under-

stood, but presumably it gets weakly associated to one of the

two acetate functionalities and favors the LMCT transition.

The relatively lower binding constant in aqueous solution

presumably reflects the efficient solvation of Hg2+ in water.

In contrast, Cu2+ was found to form a 1 : 1 complex with

ANSE and the association constant was found to be 5.21

(�0.03) � 105 M�1 with a new absorption band at 523 nm

(Fig. 3) owing to the LMCT transition. The fluorescence

maximum of ANSE at 450 nm in acetonitrile was found to

be completely quenched on addition of 2 equiv. of Hg2+ and 1

equiv. of Cu2+ (Fig. 2 and see ESIw). Time resolved fluores-

cence studies (using a 340 nm laser source and monitoring 450

nm as lems) revealed a single exponential decay for ANSE

emission and the lifetime was found to be 11.2 (�0.018) ns (w2
= 1.012). In presence of excess (Z 3.0 mol equiv.) of Hg2+, a

biexponential and faster decay of the excited state was ob-

served owing to the narrower HOMO–LUMO gap (t1 = 1.2

(�0.044) ns (25.99%), t2 = 5.4 (�0.03) ns (74.01%) (w2 =

1.1268)). However, for Cu2+, an even faster but single ex-

ponential decay was observed, t = 3.3 (�0.02) ns (w2 =

1.217).

To reveal the sequence dependence of the emission output

signal, Cu2+ (2.5 equiv.) and F� (17.5 equiv.) were selected as

inputs (Fig. 4). For the first input sequence, F� and Cu2+ were

used as inputs A and B, respectively. Emission maxima in

acetonitrile, as well as the emission lifetime (t = 11.0 � 0.017

ns, w2 = 1.01) remained almost unchanged and signified no

binding of Cu2+ to ANSE. Presumably excess F� (input A)

preferentially complexed Cu2+ (input B) ions and thereby

restricted the coordination of Cu2+ to ANSE. Thus, the

emission behavior of ANSE remained unchanged (Fig. 4).

Fig. 1 (a) UV–Vis ([ANSE] = 1.5 � 10�5 M) and (b) fluorescence

spectra ([ANSE] = 3.0 � 10�6 M) in water in the presence of varying

[Hg2+] (0–1.6 � 10�3 M); lext = 340 nm, slit width 7/7. Inset:

Fluorescence decay profile of ANSE in the presence and absence of

Hg2+ [lext = 340 nm]. The trace shown in black represents the laser

source response time.

Fig. 2 (a) UV–Vis spectra of ANSE (3.3 � 10�5 M) in the presence of

varying [Hg2+] (0–1.89 � 10�4 M) in acetonitrile. Inset: Change in

absorbance of ANSE at 525 nm as a function of [Hg2+]. (b) Fluor-

escence spectra of ANSE (4.0 � 10�6 M) (lexc = 352 nm) in the

presence of varying [Hg2+] (0–2.6 � 10�5 M) in acetonitrile. Inset:

Fluorescence decay profile of ANSE in the presence and absence of

Hg2+ using laser excitation source of 340 nm.

Fig. 3 (a) UV–Vis spectra of ANSE (3.3 � 10�5 M) upon addition of

one equiv of Cu2+ in acetonitrile. (b) Fluorescence spectra of ANSE

(2.0 � 10�6 M) (lexc = 352 nm) in the presence of varying [Cu2+]

(0–8.0 � 10�6 M) in acetonitrile. Inset: Fluorescence decay profile of

ANSE in the presence and absence of Cu2+ using laser excitation

source of 340 nm.

Fig. 4 Emission output of ANSE, following excitation at 352 nm

with different input sequences: (1) Cu2+ as first input A followed by

F� as second input B; (2) F� as first input A followed by Cu2+ as

second input B. (a) Emission of ANSE (4.0 � 10�5 M) in acetonitrile

upon addition of (b) F� (7.0 � 10�4 M) and (c) Cu2+ (1.0 � 10�4 M).

(d) 2.5 equiv. of Cu2+ + 17.5 equiv. of F�. The corresponding

emission output bar diagram at 422 nm is shown in an inset. Insets

for (1) and (2) show photographs of the emission changes for two

different sequences of ionic inputs.

This journal is �c The Royal Society of Chemistry 2008 Chem. Commun., 2008, 3906–3908 | 3907



On reversal of the input sequence, i.e. for Cu2+ as input A and

F� as input B, a new green fluorescence with lems at 500 nm (t
= 4.8 � 0.009 ns, w2 = 0.99) was observed. Presumably,

coordination of F� to the Cu2+-center in Cu
2+

–ANSE en-

hances stabilization of the dx2–y2 and destabilization of the dz2.

This reduces the possibility of emission quenching through

participation of the dz2 orbital of the Cu
2+ ion. Furthermore,

coordination of the cationic Cu2+-center to ANSE is expected

to lower the energy of the LUMO of the naphthalene-based

chromophore and this is expected to reduce the HOMO–LU-

MO gap and could account for the longer wavelength emission

as compared to ANSE. When Cu2+ was used, the fluorescence

of ANSE was found to be completely quenched, while for F� a

very small change in the fluorescence spectra was observed.

To simplify the input sequence as a password and ANSE as

a keypad lock, inputs Cu2+ and F� were designated as ‘‘A’’

and ‘‘D’’, respectively. For the first input sequence ‘‘D’’

followed by ‘‘A’’ gave emission ON at 422 nm and it created

a secret code ‘‘DAS’’ (S defines ON state). When the input

sequence is reversed, i.e. the first input is ‘‘A’’ and the second

input is ‘‘D’’, fluorescence was in the OFF state at 422 nm.

Thus, this sequence and the wrong entry ‘‘ADO’’ (O defines

the OFF state) failed to open the keypad lock (Fig. 5). This

demonstrates that one can use ‘‘DAS’’ as a security code to

open an ANSE fluorescent lock at 422 nm. Use of numerical

digits (0–9) as PIN numbers in a two-digit password allows a

total of 90 different combinations. The choice becomes wider

(650 different combinations) when individual letters (A–Z),

each signifying a specific ionic input, are used as PIN numbers.

Thus, access codes would be made possible by assigning the

correct starting (F�) and ending (Cu2+) ions to two specific

letters (D and A, respectively) and different ions to all of the

other letters, to ensure that only one code would work. But

there are many combinations to try and this adds to the

complexity of cracking the keypad lock.

In conclusion, a sensor for biologically important ions such

as Hg2+ and Cu2+ has been used at a molecular level and this

fluorescent lock may be used for security devices, which would

allow access using specific ionic keys as a password.

Financial support for this work was provided by DST and

CSIR, India. MS (JRF) and AG (SRF) acknowledge CSIR for

research fellowships. AD thanks Dr P. K. Ghosh (CSMCRI)

for his interest in this research.

Notes and references

1 (a) D. Margulies, C. Felder, G. Melman and A. Shanzer, J. Am.
Chem. Soc., 2007, 129, 347–354; (b) Z. Guo, W. Zhu, L. Shen and
H. Tian, Angew. Chem., Int. Ed., 2007, 46, 5549–5553; (c) G.
Strack, M. Ornatska, M. Pita and E. Katz, J. Am. Chem. Soc.,
2008, 130, 4234–4235.

2 (a) A. P. de Silva and N. D. McClenaghan, Chem.–Eur. J., 2002,
21, 4935–4945; (b) A. P. de Silva, H. Q. N. Gunaratne and C. P.
McCoy, Nature, 1993, 364, 42–44; (c) A. Credi, Angew. Chem., Int.
Ed., 2007, 46, 5472–5475; (d) D. Margulies, G. Melman and A.
Shanzer, Nature, 2005, 4, 768–771; (e) P. Ball, Nature, 2000, 406,
118–120; (f) F. M. Raymo, Adv. Mater., 2002, 14, 401–414; (g) V.
Balzani, Photochem. Photobiol. Sci., 2003, 2, 459–476; (h) V.
Balzani, A. Credi and M. Venturi, ChemPhysChem, 2003, 3,
49–59; (i) H. T. Baytekin and E. U. Akkaya, Org. Lett., 2000, 2,
1725–1727; (j) A. Credi, V. Balzani, S. J. Langford and J. F.
Stoddart, J. Am. Chem. Soc., 1997, 119, 2679–2681; (k) M. Suresh,
D. A. Jose and A. Das, Org. Lett., 2007, 9, 441–444; (l) M. Suresh,
A. Ghosh and A. Das, Tetrahedron Lett., 2007, 48, 8205–8208; (m)
U. Pischel, Angew. Chem., Int. Ed., 2007, 46, 2–17; (n) U. Pischel
and B. Heller, New J. Chem., 2008, 32, 395–400.

3 A. Aviram and M. A. Ratner, Chem. Phys. Lett., 1974, 29,
277–283.

4 B. Schneier, Secrets and Lies: Digital Security in a Networked
World, John Wiley & Sons, Inc., New York, 2000.

5 (a) A. Caballero, R. Martinez, V. LIoveras, I. Ratera, J. Vidal-
Gancedo, K. Wurst, A. Tarraga, P. Molina and J. Veciana, J. Am.
Chem. Soc., 2005, 127, 15666–15667; (b) X. Guo, X. Qian and L.
Jia, J. Am. Chem. Soc., 2004, 126, 2272–2273; (c) Y. Shiraishi, H.
Maehara, K. Ishizumi and T. Hirai,Org. Lett., 2007, 9, 3125–3128;
(d) G.-K. Li, Z.-X. Xu, C.-F. Chen and Z.-T. Huang, Chem.
Commun., 2008, 1774–1775; (e) C.-H. Hung, G.-F. Chang, A.
Kumar, G.-F. Lin, L.-Y. Luo, W.-M. Ching and E. W.-G. Diau,
Chem. Commun., 2008, 978–980.

6 (a) P. Ghosh, P. K. Bharadwaj, S. Mandal and S. Ghosh, J. Am.
Chem. Soc., 1996, 118, 1553–1554; (b) M. Sarkar, S. Banthia, A.
Patil, M. B. Ansari and A. Samanta, New J. Chem., 2006, 30,
1557–1560; (c) S. Kou, H. N. Lee, D. van Noort, K. M. K. Swamy,
S. H. Kim, J. H. Soh, K.-M. Lee, S.-W. Nam, J. Yoon and S. Park,
Angew. Chem., Int. Ed., 2008, 47, 872–876.

7 (a) D. van Noort and L. F. Landweber, Nat. Comput., 2005, 4,
163–175; (b) A. Okamoto, K. Tanaka and I. Saito, J. Am. Chem.
Soc., 2004, 126, 9458–9463.

8 (a) J. Wang, X. Qian and J. Cui, J. Org. Chem., 2006, 71,
4308–4311; (b) H. Zhen, Z.-H. Qian, L. Xu, F.-F. Yuan, L.-D.
Lan and J.-G. Xu, Org. Lett., 2006, 8, 859–861; (c) A. Ono and H.
Togashi, Angew. Chem., Int. Ed., 2004, 43, 4300–4302; (d) E. M.
Nolan and S. J. Lippard, J. Am. Chem. Soc., 2003, 125,
14270–14271; (e) A. B. Descalzo, R. Martinez-Manez, R. Radeglia,
K. Rurack and J. Soto, J. Am. Chem. Soc., 2003, 125, 3418–3419;
(f) S. Yoon, A. E. Albers, A. P. Wong and C. J. Chang, J. Am.
Chem. Soc., 2005, 127, 16030–16031; (g) S. Yoon, E. W. Miller, Q.
He, P. H. Do and C. J. Chang, Angew. Chem., Int. Ed., 2007, 46,
6658–6661; (h) W. Shei and H. Ma, Chem. Commun., 2008,
1856–1858; (i) X.-Q. Zhan, Z.-H. Qian, H. Zheng, B.-Y. Su, Z.
Lan and J.-G. Xu, Chem. Commun., 2008, 1859–1861; (j) J. Wang
and X. Qian, Chem. Commun., 2006, 109–111; (k) M. Suresh, A.
Shrivastav, S. Misra, E. Suresh and A. Das, Org. Lett., 2008, DOI:
10.1021/ol800976d.

9 D. S. McClure, J. Phys. Chem., 1952, 20, 682–686.

Fig. 5 Fluorescent keypad to access a secret code at 422 nm with

different input sequences.

3908 | Chem. Commun., 2008, 3906–3908 This journal is �c The Royal Society of Chemistry 2008


