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A chemosensor based on a rhodamine-hydroxamate platform containing a pyridine and a cyclen binding units

has been developed for the detection of Cd2+ in aqueous solutions. The probe responds selectively toward Cd2+

over other biologically relevant metal ions. The fluorescent probe shows 1:1 binding stoichiometry and the

detection limit for Cd2+ in water proved to be as low as 25 nM. 
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Introduction

Cadmium, one of the highly toxic heavy metal ions, is

widely used in a variety of industrial products, such as Ni-

Cd batteries, alloy, coloring matters, and electroplating.

Cadmium is also found in fertilizer production and sewage

sludge.1 This element has detrimental effects on human

health and causes serious environmental problems.2 Chronic

exposure to cadmium can cause renal dysfunction, calcium

metabolism disorders, kidney diseases, and certain cancers

including lung and prostate.3 Cadmium and cadmium com-

pounds are category I carcinogens according to the classifi-

cation by the International Agency for Research on Cancer

(IARC).4 Therefore, the investigation on the method for the

detection of cadmium has attracted tremendous attentions.

Several methods for the detection of Cd2+ at trace quantity

levels in various samples have been developed. They include

atomic absorption spectrometry (AAS)5 and inductively

coupled plasma atomic emission spectrometry (ICP-AES).6

Recently, the detection of heavy metal ions based on the

fluorescent chemosensor method7 has been studied extensively

because it is simple and highly sensitive. Although fluorescent

chemosensors for the detection of Cd2+ have been reported

utilizing fluorophores, such as quinoline,8 anthracene,9

BODIPY,10 fluorescein,11 coumarin,12 and others,13 however,

rhodamine-based fluorescent chemosensors for Cd2+ have

not been studied until now. In the development of Cd2+-

selective chemosensors, the discrimination of Zn2+ from Cd2+ is

often challenging because the two metal ions show similar

coordination properties.12,14

Cyclen (1,4,7,10-tetraazacyclododecane) is one of the

most extensively studied ligand because it coordinates strongly

with transition metal ions, especially Zn2+,15 Cd2+,16 Pb2+,13a,13b

Cu2+,17 and Hg2+.18 Recently, few research groups have

reported cyclen-linked fluorescent chemosensors for the

detection of metal ions.18,19 Over the past few years, we have

utilized rhodamine B as a fluorophore because of its good

photostability, high absorption coefficient, high fluorescent

quantum yield, and excitation and emission within visible

wavelengths.20,21 In this study, we describe a rhodamine cyclen-

based chemosensor, which displays highly selective and

sensitive Cd2+-amplified fluorescence in aqueous solutions.

The mechanism is based on the ring-opening process of

rhodamine amide derivatives. When Cd2+ is bound to the

sensor, the colorless and non-fluorescent spirocyclic form of

rhodamine amide is converted to the open form, which is

pink and strongly fluorescent as shown in Scheme 1. 

Results and Discussion

The rhodamine-cyclen probe 1 was prepared in three steps

(1. 2,6-bis(bromomethyl)pyridine, NaH, THF; 2. 4,22 Na2CO3,

CH3CN; 3. TFA, CH2Cl2) from the known rhodamine hydro-

xamic acid 321g (Scheme 2). Probe 1 forms a colorless solution

in PBS buffer (DMF 1%, v/v) at pH 7.4, indicating that it

exists in the spirocyclic form predominantly. Upon binding

with Cd2+, the colorless solution gradually turned to pink,

clearly implying the ring-opening process of the rhodamine

spirocyclic ring in 1. Probe 1 could monitor Cd2+ ions in the

pH 7-10 range (see Supporting Information).

Fluorescence titration experiment of 1 (5 µM) with Cd2+

was conducted in PBS buffer (DMF 1%, v/v) solution at 25
oC. Upon addition of Cd2+, a strong fluorescence at 575 nm

was observed (Figure 1) and the fluorescence intensity is

saturated after addition of 1.0 equiv of Cd2+ (inset), which
†This paper is dedicated to Professor Eun Lee on the occasion of his ho-

nourable retirement.

Scheme 1. Binding of Rhodamine-Cyclen Probe 1 with Cd2+.
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implies a 1:1 stoichiometry for the coordination between 1

and Cd2+. The Job’s plot23 confirms the 1:1 complex and the

binding constant (Ka = 7.0 × 105 M−1)24 calculated in PBS

buffer (DMF 1%, v/v) solution from the fluorescence titration

experiments based on the 1:1 binding model shows strong

binding ability of 1 with Cd2+. Addition of 1.0 equiv of Na2S

to a mixture of 1 and Cd2+ decreases fluorescence intensities

of the solution and leads disappearance of the pink color (see

Supporting Information). This implies the reversible binding

properties of 1 with Cd2+ in aqueous solutions. However,

other anions (5.0 equiv SH−, CN−, F−) and amine ligands (5.0

equiv ethylenediamine, N,N-dimethyl-ethylenediamine, and

EDTA disodium salt) do not cause fluorescence intensity

changes, which indicates strong binding between 1 and Cd2+

(see Supporting Information).

Next, we tested fluorescence responses of 1 (5 µM) to

other biologically and environmentally relevant metal ions

in PBS buffer (DMF 1%, v/v). Upon additions of 1.0 equiv

of metal ions (Cd2+, Fe2+, Au3+, Hg2+, Zn2+, Pb2+, Ca2+, Co2+,

Mn2+, Mg2+, Cu2+, Fe3+, Al3+, Cr3+, Au+, Ag+, Na+, Li+, Pd2+,

Pt2+, Ru3+, Rh2+, Ni2+, K+, Ba2+), only Cd2+ leads to a

dramatic enhancement in fluorescence intensity in aqueous

solution. Other metal ions develop no significant fluorescence

intensity changes (Figure 2(a)). The competition experiments

carried out in the presence of 1.0 equiv of Cd2+ and 1.0 equiv

of other metal ions show no interference by the presence of

other metal ions except few metal ions, such as Hg2+, Zn2+,

and Cu2+, which are known to coordinate strongly with the

cyclen ligand.16c Although these metal ions bind with the

cyclen ring, they do not induce the ring opening reaction of

1. Therefore, only Cd2+ leads fluorescence enhancements of

1 under the titration conditions. 

The fluorescence selectivity of 1 for Cd2+ is well matched

when 1 is employed as a colorimetric detector. While treatment

of 1 (5 µM) with 1.0 equiv Cd2+ in PBS buffer (DMF 1%, v/

v) results in clear colorless to pink-red color changes, no

significant color changes are promoted by other metal ions

(Figure 3). The cyclen-binding metal ions, such as Hg2+,

Zn2+, and Cu2+, do not induce color changes of 1. This

further confirms that these metal ions do not induce the ring

opening reaction of 1.

Scheme 2. Synthesis of Rhodamine-Cyclen Probe 1.

Figure 1. Fluorescence response of 1 (5 µM) upon addition of Cd2+

in PBS buffer (DMF 1%, v/v) at pH 7.4 (excitation at 520 nm).
Inset: Plot of fluorescence intensities at 575 nm versus number of
equivalents of Cd2+.

Figure 2. Fluorescence intensities of 1 (5 µM) in PBS buffer (DMF
1%, v/v) at 575 nm (excitation at 520 nm): (a) In the presence of
1.0 equiv of the following metal ions: 0, only; 1, Cd2+; 2, Fe2+; 3,
Au3+; 4, Hg2+; 5, Zn2+; 6, Pb2+; 7, Ca2+; 8, Co2+; 9, Mn2+; 10, Mg2+;
11, Cu2+; 12, Fe3+; 13, Al3+; 14, Cr3+; 15, Au+; 16, Ag+; 17, Na+; 18,
Li+; 19, Pd2+; 20, Pt2+; 21, Ru3+; 22, Rh2+; 23, Ni2+; 24, K+; 25,
Ba2+. (b) In the presence of 1.0 equiv of Cd2+ and 1.0 equiv the
following metal ions: 0, none; 1, Fe3+; 2, Fe2+; 3, Au3+; 4, Hg2+; 5,
Zn2+; 6, Pb2+; 7, Ca2+; 8, Co2+; 9, Mn2+; 10, Mg2+; 11, Cu2+; 12,
Al3+; 13, Cr3+; 14, Au+; 15, Ag+; 16, Na+; 17, Li+; 18, Pd2+; 19, Pt2+;
20, Ru3+; 21, Rh2+; 22, Ni2+; 23, K+; 24, Ba2+.
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To demonstrate the potential application of this probe, we

tested the fluorescence detection limit of 1. The fluorescence

titration of probe 1 (5 µM) with Cd2+ in PBS buffer (DMF

1%, v/v) indicates that the detection limit of Cd2+ is possible

at the 25 nM (about 8 ppb) level. Under these conditions, the

fluorescence intensity (F/F0) of 1 is nearly proportional to

the amount of Cd2+ (0-300 nM), indicating that probe 1 is

capable of distinguishing the toxic level of Cd2+ in a bottled

water (~4-40 nM of Cd2+ is allowed according to the U.S.

EPA standard).25

We have tested the corresponding rhodamine hydroxamates

with only either a pyridine or a cyclen moiety to see the

cooperative effects of the pyridine and the cyclen moiety of

1 for the selective binding with Cd2+ (see Supporting

Information). These model compounds exert poor metal-ion

selectivities and very weak binding properties with Cd2+,

which implies that the two binding sites (the pyridyl and the

cyclen groups) of 1 bind cooperatively with Cd2+ to display

the observed selectivity. The structure 2 in Scheme 1 shows

a proposed binding complex, where all three binding groups

are participating in the complexation with Cd2+.

In summary, we have developed a novel fluorescent and

colorimetric sensor based on a cyclen-linked rhodamine

hydroxamate for the detection of Cd2+ in aqueous solutions.

The three binding units (hydroxamate, pyridine, and cyclen

sites) work cooperatively to give the observed high selectivity

for Cd2+ in aqueous solutions. The probe could detect ~nM

level of Cd2+ in aqueous solutions which suggests the pos-

sibility of practical applications in cadmium ion detections.

Experimental Section

General Method. THF was distilled from sodium under

nitrogen immediately prior to use and CH3CN was distilled

from calcium hydride under nitrogen immediately prior to

use. HPLC grade of DMF without further purification and

de-ionized distilled water were used for the fluorescence

experiments. All the reagents used for the fluorescence

experiments were used as received. Chromatographic puri-

fications were performed on silica gel (230-400 mesh) with

the solvent systems indicated. Recorded melting points are

uncorrected. NMR spectra were recorded with reference to

tetramethylsilane as an internal standard. Organic extracts

were dried over anhydrous MgSO4.

Synthesis. The rhodamine-hydroxamic acid 3 was prepared

according to the known procedure.21g The Boc3-cyclen 4 was

prepared according to the known procedure.22

Compound 1. To a solution of rhodamine-hydroxamic

acid 3 (195 mg, 0.43 mmol) in THF (3 mL) was added a

suspension of sodium hydride (51 mg, 1.28 mmol) in THF

(1 mL) at 0 oC. After stirring for 30 min, 2,6-bis(bromomethyl)

pyridine (226 mg, 0.85 mmol) in THF (1 mL) was added

dropwise. The solution was warmed to room temperature

and stirred for 1 hr, quenched with water (10 mL), extracted

with ethyl acetate (3 × 10 mL). The collected organic layers

were dried over anhydrous MgSO4, concentrated in vacuo

and the crude product was purified by column chromatography

(hexanes/EtOAc = 9:1 to 1:1) to give 99 mg (0.15 mmol,

36%) of a white solid. 

This white solid (80 mg, 0.12 mmol) and sodium carbonate

(26 mg, 0.25 mmol) were mixed in dry acetonitrile (3 mL).

Compound 4 (59 mg, 0.12 mmol) in 2 mL acetonitrile was

added dropwise and the solution was refluxed for 48 hr. The

reaction mixture was filtered, concentrated in vacuo and the

crude product was purified by column chromatography

(CH2Cl2/MeOH = 99:1 to 90:10) to give 110 mg (0.11 mmol,

89%) of the Boc-protected cyclen-rhodamine conjugate.

This solid was dissolved in dichloromethane (2 mL) and TFA

(2 mL) and the solution was stirred for 6 hr at room tem-

perature. Volatiles were removed in vacuo and the residue

was dissolved in aqueous 5% NaOH solution and extracted

with CH2Cl2 (5 mL × 3). The collected organic layers were

dried over anhydrous MgSO4 and concentrated to give 1 (72

mg, 99%) as a light yellow solid: Rf = 0.1 (silica gel, CH2Cl2/

MeOH = 9:1); 1H NMR (400 MHz, CDCl3): δ = 7.91 (d, J =

6.8 Hz, 1 H), 7.56-7.45 (m, 3 H), 7.22 (d, J = 6.6 Hz, 1 H),

7.10 (d, J = 7.2 Hz, 2 H), 6.55 (d, J = 8.8 Hz, 2 H), 6.39 (s, 2

H), 6.30-6.37 (m, 2 H), 4.83 (s, 2 H), 3.70 (s, 2 H), 3.33 (q, J

= 7.2 Hz, 8 H), 2.78-2.72 (m, 12 H), 2.62 (s, 4 H), 1.16 (t, J

= 7.0 Hz, 12 H); 13C NMR (100.6 MHz, CDCl3): δ = 164.6,

158.5, 155.4, 153.9, 150.3, 149.1, 137.3, 133.3, 129.0,

128.8, 128.6, 124.0, 123.2, 122.0, 108.2, 105.0, 97.9, 80.3,

Figure 3. Color changes of 1 (5 µM) upon addition of metal ions
(1.0 equiv) in PBS buffer (DMF 1%, v/v) at pH 7.4 (25 oC).

Figure 4. Fluorescence intensity changes of 1 (5 µM) upon addi-
tions of Cd2+ (by 25 nM) in PBS buffer (DMF 1%, v/v) at 574 nm
(excitation at 520 nm).
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65.6, 60.3, 52.1, 47.0, 45.9, 45.5, 44.5, 12.8; HRMS (FAB) m/

z calcd for C43H56N8O3 (M + H+) 733.4554; found 733.4559.
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