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A new type of fluorescent sensor has been developed from a

perylene based molecule, N,N0-dideoxythymidine-3,4,9,10-per-

ylene-tetracarboxylic diimide (TT-PTCDI); the strong, highly

selective binding between the thymine ligand (T) and Hg2+ ion

enables efficient sensing of mercury ions based on a fluorescence

quenching mechanism, which is primarily caused by metal-

coordination induced molecular aggregation.

As a highly toxic metal ion, Hg2+ causes serious health and

environmental problems.1 Many kinds of chemical and phy-

sical sensors have been developed for the detection of Hg2+,

among which the fluorescence based sensors represent a

simple, but sensitive technique providing detection limits of

as low as ppb.2–13 However, improvement of the detection

selectivity in the context of interference from coexisting metal

ions remains challenging. Indeed, the concentrations of the

common coexisting metal ions are usually much higher than

the concentration of Hg2+, for which the safety level set for

drinking water by the EPA is only 2 ppb (or 10 nM). To detect

such a trace amount of Hg2+ with minimal false positives

requires a sensor technique with extremely high selectivity.

The selectivity of a fluorescent2–13 or colorimetric14–19 sen-

sor relies on the design of binding ligands with predominant

recognition of Hg2+. Among the binding ligands exploited so

far, thymine (T) has proven to be one of the most selective

ligands binding to Hg2+ in the form of T–Hg–T.20–23 Re-

cently, the selective complexation between thymine and Hg2+

has been employed successfully to develop selective sensors for

the detection of Hg2+ ions based on fluorescence resonance

energy transfer8 and a colorimetric method.14 However, both

the sensing systems involve the tedious synthesis of the DNA

oligomers and chemical functionalization with different fluoro-

phores (energy donor and acceptor) and nanoparticles, there-

by presenting a technical hurdle to expedient, cost-effective

applications. Moreover, the multiple binding sites within the

DNA strands may complicate the chemical process and cause

a mismatch in complexation with Hg2+. A DNA strand

containing more than four thymine moieties may function as

a multidentate ligand that enables effective binding with

transition metal ions, such as Zn2+, Cu2+, Ni2+, etc. When

these metal ions exist in large excess (as they usually do)

compared to the concentration of Hg2+, the binding with

Hg2+ will become less competitive, leading to a decreased

selectivity for the sensing.

Herein we report on a new type of fluorescence sensor, as

shown in Scheme 1, which involves a simple, easy-to-make

fluorophore molecule and provides compelling selectivity in

the detection of Hg2+. The mechanism of the sensing relies on

fluorescence quenching induced by molecular aggregation,

which in turn is caused by the polymerization (i.e., inter-

molecular coordination) of the sensor molecules. The sensor

molecule, N,N0-dideoxythymidine-3,4,9,10-perylene-tetracar-

boxylic diimide (TT-PTCDI), represents a robust class of

fluorophore with extremely high fluorescence yield (close to

100% in organic solvents) as usually observed for other

PTCDI molecules.24 The high photostability of PTCDI mole-

cules provides the sensor with additional credits in terms of

sustainability and reproducibility in real applications, where

repeated measurements are usually required to avoid false

positives. One unique property of PTCDI molecules is that

the fluorescence of the individual molecules diminishes dra-

matically when the molecules are associated into an aggregate

state. The cause of such efficient fluorescence quenching is the

strong intermolecular p–p interaction between the PTCDI

backbones. Particularly, TT-PTCDI possesses a ‘Z’ structure

that favors linear intermolecular coordination with Hg2+,

which enables chain polymerization of the molecules, even-

tually leading to aggregation of the whole molecular system.

The molecular aggregation induced fluorescence quenching

reported herein is in sharp contrast to the more common

fluorescent sensing systems, for which the photoinduced elec-

tron transfer (between the fluorophore and the targeted spe-

cies) usually dominates the quenching mechanism. Indeed, for

the sensor molecule shown in Scheme 1 it is unlikely that such

Scheme 1 The molecular structure and optimized configuration of
the sensor molecule, TT-PTCDI. The linear coordination of T–Hg–T
leads to polymerization and eventually aggregation of the PTCDI
molecules. Energy minimization was achieved by DFT calculation
(B3LYP/6-31g*) using Gaussian 03.
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an electron transfer will occur, mainly because of the large

spatial distance between the bound mercury and the PTCDI

backbone, where the linker is primarily composed of s-bonds.
Fig. 1(a) shows the absorption spectral change of a 1.0 mM

solution of TT-PTCDI dissolved in 70 : 30 (vol.) DMF–H2O

upon addition of Hg2+ ions. With an increase in the concen-

tration of Hg2+ the absorption bands due to the individual

molecules decrease, while a new band emerges and increases at

the longer wavelength, which is characteristic of the aggrega-

tion state of PTCDI molecules.25–28 An isosbestic point was

clearly observed around 545 nm, indicating the stoichiometric

conversion of the free molecules into the aggregation state.

Indeed, with addition of about two-fold excess of Hg2+ ions

all the TT-PTCDI molecules were eventually precipitated out

and turned out to be dark red flocs (see Fig. S1w), leaving the rest
of the solution totally colorless. Moreover, these flocs can be

redissolved back to the solution simply by addition of acid,

which breaks up the T–Hg–T coordination by reprotonation of

the thymine moiety, i.e., shifting the reaction equilibrium shown

in Scheme 1 to the left. The 1 : 1 complexation between Hg2+

and TT-PTCDI was confirmed by the Job’s plot (Fig. S2w),
which was obtained by measuring the difference in absorption at

527 nm with the change in molar fraction of TT-PTCDI.

The effective molecular aggregation resulted in a dramatic

decrease in fluorescence intensity as depicted in Fig. 1(b),

mainly owing to the strong p–p interaction between the tightly

packed PTCDI molecules within the aggregate.25,26,29 The

fluorescence titration shown in Fig. 1(b) was also conducted

in DMF solutions with varying volume fractions of water to

investigate the effect of solvent property on the fluorescence

quenching efficiency. Since the binding affinity between Hg2+

and TT-PTCDI is determined by the solubility of both species

(Hg2+ is more soluble in water, whereas TT-PTCDI is pre-

dominantly soluble in DMF), there must be an optimal

volume fraction of water in DMF that provides the maximal

fluorescence quenching. Indeed, upon examination for various

volume fractions ranging from 0% to 50% the optimal

fluorescence quenching was observed for the solvent contain-

ing 30% water, the binary solvent used in Fig. 1. Such a water-

containing sensor system should be highly desirable for the

future practical application of the sensor in aqueous environ-

ments, where Hg2+ ions usually exist.

With the 70 : 30 (vol.) DMF–H2O solvent we attempted to

explore the detection limit by decreasing the concentration of

TT-PTCDI. Within a certain concentration range (where

effective binding between Hg2+ and the thymine ligand still

exists as determined by the binding affinity), it is generally true

that the lower the concentration of the fluorophore, the less

quencher is required for the same percentage of fluorescence

quenching. For a 0.1 mM solution of TT-PTCDI as low as 5

nM (or below) of Hg2+ can be feasibly detected considering

the fact that a well-calibrated photodetector can reliably

measure an intensity change down to 1% or lower (Fig. 2).

Such a low detection limit is indeed competitive with most of

the fluorescence or colorimetric sensors previously reported.

The high sensitivity thus obtained is consistent with the strong

Fig. 1 Absorption (a) and fluorescence (b) spectra of 1.0 mM TT-

PTCDI solution in DMF–H2O (70 : 30, vol.) in the presence of various

concentrations of Hg2+, 0, 0.38, 0.63, 0.83, 1.23 and 1.73 mM. Inset of

(b): relative intensity (lmax 538 nm) vs. the concentration of Hg2+.

Fig. 2 Fluorescence quenching of a 0.1 mM solution of TT-PTCDI in

DMF–H2O (70 : 30, vol.) by various concentrations of Hg2+: fluor-

escence intensity (at lmax = 538 nm) as a function of the concentration

of Hg2+. Inset: relative intensity (I/I0) vs. the concentration of Hg2+ in

the low concentration region up to 100 nM, showing the detection

limit of Hg2+ around 5 nM, corresponding to a 1% decrease in the

fluorescence intensity.

Fig. 3 (a) Fluorescence response of TT-PTCDI (1.0 mM) to Hg2+

(3.5 mM) and various other metal ions (12.5 mM) in DMF–H2O (70 :

30, vol.) solutions. The bars represent the percentage of fluorescence

quenched (1 � I/I0). (b) Fluorescence spectra of a 1.0 mM TT-PTCDI

solution in the absence (black) and presence (red) of a mixture of all 12

metal ions (each 12.5 mM). Addition of 3.5 mM Hg2+ to the mixed

solution resulted in a dramatic fluorescence quenching (blue).
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complexation of T–Hg–T, for which Hg2+ binds to the

thymine by replacing the proton at the secondary amine

(Scheme 1),20–23 in a manner similar to metallic coordination

within a porphyrin.

Since the linear coordination of T–Hg–T is extremely

selective for Hg2+, the presence of other metal ions should

not produce fluorescence quenching similar to that observed

for Hg2+. Indeed, as tested for the environmentally relevant

metal ions including Cu2+, Ni2+, Fe2+, Co2+, Pb2+, Cd2+,

Zn2+, Mn2+, Cr3+, Mg2+, Ca2+, K+ and Na+, none of these

ions demonstrated a positive response to the same sensing

system depicted in Fig. 1. As shown in Fig. 3(a), even at

relatively higher concentration (e.g., 12.5 mM) the fluorescence

decrease observed for all these background ions was around

only 1% or below, whereas ca. 87% fluorescence quenching

was observed in the presence of only 3.5 mM Hg2+. Such a

high selectivity was further tested in an extreme case as

presented in Fig. 3(b), where a mixture of all the metal ions

mentioned above (each at 12.5 mM) was added to the sensing

system, and resulted in almost no change in the fluorescence

intensity. However, addition of 3.5 mM Hg2+ to the mixed

solution led to ca. 83% quenching of the fluorescence. Consis-

tent with these fluorescence observations, no significant change

was observed for the absorption spectra of the TT-PTCDI

solution upon addition of the background ions (Fig. S3w).
Indeed, no precipitation was observed for the TT-PTCDI solu-

tion in the presence of any of the interfering ions. The ultrahigh

selectivity thus obtained for the sensor may help avoid the false

positives in real applications, where detection of Hg2+ is often

interfered with by other transition metal ions (particularly when

they are present in much higher concentrations).

In conclusion, we have developed a new type of molecular

sensor for the detection of Hg2+. The sensing mechanism is

primarily based on fluorescence quenching induced by mole-

cular association and aggregation, which in turn is caused by

linear complexation with Hg2+. The ultrahigh selectivity and

sensitivity thus obtained may enable future development of a

sensor assay, which can find broad application in both envir-

onmental monitoring and clinical diagnostics.

This work was supported by NSF (CAREER CHE

0641353, CBET 730667), ACS-PRF (45732-G10) and NSFC

(20520120221).

Notes and references

1 H. H. Harris, I. Pickering and G. N. George, Science, 2003, 301,
1203.

2 S. V. Wegner, A. Okesli, P. Chen and C. He, J. Am. Chem. Soc.,
2007, 129, 3474–3475.

3 Y. K. Yang, K. J. Yook and J. Tae, J. Am. Chem. Soc., 2005, 127,
16760–16761.

4 J. V. Ros-Lis, M. D. Marcos, R. Martinez-Manez, K. Rurack and
J. Soto, Angew. Chem., Int. Ed., 2005, 44, 4405–4407.

5 A. Caballero, R. Martinez, V. Lloveras, I. Ratera, J. Vidal-
Gancedo, K. Wurst, A. Tarraga, P. Molina and J. Veciana, J.
Am. Chem. Soc., 2005, 127, 15666–15667.

6 J. V. Mello and N. S. Finney, J. Am. Chem. Soc., 2005, 127,
10124–10125.

7 X. Guo, X. Qian and L. Jia, J. Am. Chem. Soc., 2004, 126,
2272–2273.

8 A. Ono and H. Togashi, Angew. Chem., Int. Ed., 2004, 43,
4300–4302.

9 E. M. Nolan and S. J. Lippard, J. Am. Chem. Soc., 2003, 125,
14270–14271.

10 L. Prodi, C. Bargossi, M. Montalti, N. Zaccheroni, N. Su, J. S.
Bradshaw, R. M. Izatt and P. B. Savage, J. Am. Chem. Soc., 2000,
122, 6769–6770.

11 S. Y. Moon, N. R. Cha, Y. H. Kim and S. K. Chang, J. Org.
Chem., 2004, 69, 181–183.

12 J. Wang, X. Qian and J. Cui, J. Org. Chem., 2006, 71, 4308–4311.
13 S. Ou, Z. Lin, C. Duan, H. Zhang and Z. Bai, Chem. Commun.,

2006, 4392–4394.
14 J.-S. Lee, M. S. Han and C. A. Mirkin, Angew. Chem., Int. Ed.,

2007, 46, 4093–4096.
15 E. Coronado, J. R. Galan-Mascaros, C. Marti-Gastaldo, E. Palo-

mares, J. R. Durrant, R. Vilar, M. Gratzel and M. K. Nazeer-
uddin, J. Am. Chem. Soc., 2005, 127, 12351–12356.

16 M. K. Nazeeruddin, D. Di Censo, R. Humphry-Baker and M.
Gratzel, Adv. Funct. Mater., 2006, 16, 189–194.

17 J. V. Ros-Lis, R. Martinez-Manez, K. Rurack, F. Sancenon, J.
Soto and M. Spieles, Inorg. Chem., 2004, 43, 5183–5185.

18 J. H. Huang, W. H. Wen, Y. Y. Sun, P. T. Chou and J. M. Fang, J.
Org. Chem., 2005, 70, 5827–5832.

19 S. Tatay, P. Gavina, E. Coronado and E. Palomares, Org. Lett.,
2006, 8, 3857–3860.

20 Y. Tanaka, S. Oda, H. Yamaguchi, Y. Kondo, C. Kojima and A.
Ono, J. Am. Chem. Soc., 2007, 129, 244–245.

21 Y. Miyake, H. Togashi, M. Tashiro, H. Yamaguchi, S. Oda, M.
Kudo, Y. Tanaka, Y. Kondo, R. Sawa, T. Fujimoto, T. Machi-
nami and A. Ono, J. Am. Chem. Soc., 2006, 128, 2172–2173.

22 L. D. Kosturko, C. Folzer and R. F. Stewart, Biochemistry, 1974,
3949.

23 A. Bagno and G. Saielli, J. Am. Chem. Soc., 2007, 129,
11360–11361.

24 H. Langhals, Heterocycles, 1995, 40, 477–500.
25 K. Balakrishnan, A. Datar, R. Oitker, H. Chen, J. Zuo and L.

Zang, J. Am. Chem. Soc., 2005, 127, 10496–10497.
26 K. Balakrishnan, A. Datar, T. Naddo, J. Huang, R. Oitker, M.

Yen, J. Zhao and L. Zang, J. Am. Chem. Soc., 2006, 128,
7390–7398.

27 J. Van Herrikhuyzen, A. Syamakumari, A. P. H. J. Schenning and
E. W. Meijer, J. Am. Chem. Soc., 2004, 126, 10021–10027.

28 F. Wurthner, Chem. Commun., 2004, 1564–1579.
29 M. J. Ahrens, L. E. Sinks, B. Rybtchinski, W. Liu, B. A. Jones, J.

M. Giaimo, A. V. Gusev, A. J. Goshe, D. M. Tiede and M. R.
Wasielewski, J. Am. Chem. Soc., 2004, 126, 8284–8294.

This journal is �c The Royal Society of Chemistry 2008 Chem. Commun., 2008, 1413–1415 | 1415


