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Abstract A new anion receptor: 1,10-di-(200,400-di-nitro-

phenylhydrazino-b-carbonyl)-ferrocene (1) based on

ferrocene has been designed and synthesized as a highly

colorimetric and electrochemical sensitive sensor for F-.

The binding mode with F- was further investigated by

UV–vis titration and 1H NMR titration experiments. In

addition, the cyclic voltammetry (CV) was performed to

discuss the electrochemical sensing for F-.
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Introduction

Since anions are ubiquitous and play important roles in

many biological and chemical systems, there is an

increasing interest in the design and development of

receptors that selectively recognize and sense specific

anions through visible, electrochemical, and optical feed-

back [1, 2]. Among the range of biologically important

anions, fluoride is of particular interest owing to its serious

effects in the human body [3, 4]. And then, it is significant

to design and synthesize the sensitive receptors for fluoride.

Cheng et al. [5] showed that the pyrrole- and cystine-based

cyclopeptido-mimetics were able to bind fluoride and

acetate ions well in CH3CN. Also, strategy based on hard

acid-hard base interaction has been developed for sensing

fluoride anion with boronic derivatives of ferrocene, which

was reported by Shinkai et al. [6]. Very recently, Shiraishi

et al. [7] discovered that a commercially-available

‘unmodified’ fluorescein behaved as a fluorescent chemo-

sensor for fluoride ions.

Even though these receptors for fluoride ions have been

reported, there are few reports on the receptors based on

the formation of molecular architectures which contain

redox, chromogenic, or fluorogenic groups that are cova-

lently or noncovalently linked to the receptor moiety [8–

10]. The ferrocene moiety has been studied extensively in

the redox-responsive anion receptors, for it offers the

possibility to modulate the anion-receptor interactions

according to the redox state; e.g. electrostatic interactions

can be switched on by the oxidation of ferrocene to fer-

ricinium [11]. In addition, the 2,4-dinitrophenylhydrazine

has been successfully inducted into anion receptors as

chromogenic group and binding unit [12, 13].

From this perspective, we designed and synthesized the

receptor by combining the redox activity of the ferrocene

moiety with 2,4-dinitrophenylhydrazine derivative

(Scheme 1). The investigation of the receptor presented

that it is an excellent sensor for F-. In particular, the

receptor displayed highly selective UV–vis spectra changes

with F- among the various anions. Furthermore, the nature

of the interaction between the receptor and the F- was

investigated by 1H NMR titration experiments. Addition-

ally, the cyclic voltammetry experiments bestowed a

consistent result as UV–vis investigation, which should be

with interest for future applications in F- sensors.
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Experimental section

Reagents and instruments

Most of the starting materials were obtained commercially

and all reagents and solvents used were of analytical grade.

All anions, in the form of tetrabutylammonium salts, were

purchased from Sigma-Aldrich Chemical Co., stored in a

desiccator under vacuum containing self-indicating silica,

and used without any further purification. Dimethyl sulf-

oxide (DMSO) was distilled in vacuo after dried with

CaSO4. Tetra-n-butylammonium salts (such as (n-C4H9)4

NF, (n-C4H9)4NCl, (n-C4H9)4NBr, (n-C4H9)4NI, (n-C4H9)4

NAcO, and (n-C4H9)4NH2PO4) were dried for 24 h in

vacuum with P2O5 at 333 K before use C, H, N elemental

analysis were made on an elementar vario EL.

General methods

1H NMR spectra were recorded on a Varian UNITY Plus-

400 MHz Spectrometer. ESI-MS was performed with a

Mariner apparatus. UV–vis Spectroscopy titrations were

made on a Shimadzu UV2450 Spectrophotometer at

298.2 ± 0.1 K. A series of DMSO solutions having same

host concentration and different anion concentrations were

prepared, respectively. The affinity constants Ks were

obtained by the determination of absorption of the series of

solutions and analysis of obtained absorption values with

non-linear least square calculation method for data fitting.

Electrochemical measurements were performed using a

CH-Instruments-430 potentiostat interfaced with Pentium

PC. A platinum wire was used as an auxiliary electrode, an

Ag/AgCl reference electrode was used and the working

electrode was a glassy carbon electrode (diame-

ter = 3.8 mm). NaClO4 (0.1 mol L-1) was present as the

supporting electrolyte. The scan rate was 100 mv s-1.

Synthesis of 1,10-di-(200,400-di-

nitrophenylhydrazinocarbonyl)-ferrocene (1) [14]

A solution of 1,10-ferrocenyldicarbonyl dichloride (0.78 g,

2.50 mmol) in CH2Cl2 (30 mL) was added slowly at 0 �C

to a solution of 2,4-dinitrophenylhydrazine (0.99 g,

5.00 mmol) and pyridine (0.4 mL, 5.00 mmol) in CH2Cl2
(20 mL). The reaction mixture was stirred for 12 h, the

formed precipitate was filtered off and washed five times

with CH2Cl2 (30 mL). This procedure yielded 1.08 g

(68%) of pure product after drying in vacuo. 1H NMR

(400 MHz; DMSO-d6; Me4Si) 10.5 (2H, s, CONH), 10.1

(2H, s, NH), 8.9 (2H, d, Ph), 8.3 (2H, dd, Ph), 7.4 (2H, m,

Ph), 5.1 (4H, s, Fc), 4.6 (4H, s, Fc) Elemental analysis:

Calc. for C24H18FeN8O10: C, 45.43; H, 2.84; N, 17.67;

Found: C, 45.32; H, 2.97; N, 17.69. ESI-MS (m/z):

634.53(M + H, calcd. 634).

Results and discussion

UV–vis anion titration studies

Firstly, visual inspection of solution of 1 after addition of

varies tetrabutylammonium (TBA) anions showed a dra-

matic change, from brown to red, in the case of fluoride

(F-) suggesting strong binding, whereas the addition of

acetate (AcO-), dihydrogenphosphate (H2PO4
-), chloride

(Cl-), bromine (Br-) or iodine (I-) resulted slight change

in color (Fig. 1), which meant that the ‘naked-eye’ detec-

tion was provided. We believe that this is the outcome of

conjunct operation from the difference in sizes of binding

sites and the direct result of basicity of anions.

Then, the anion-binding properties in quantitative anal-

ysis were carried out by UV–vis titration of the receptor in

dry DMSO solution using standard tetrabutylammonium

salts of AcO-, F-, H2PO4
-, Cl-, Br- and I- at

298.2 ± 0.1 K. As shown in Fig. 2, the solution of 1

(1.0 9 10-5 M) has the original absorption peaks at 345

and 496 nm, which due to the nitrophenylhydrazone. Sig-

nificantly, the absorption peaks at 345 nm were decreasing,

whereas the absorption peaks at 496 nm were increasing by
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Scheme 1 The synthetic route

of the receptors 1

Fig. 1 Color changes of 1 (5.0 9 10-5 M) upon addition of 3 equiv.

of different anions in DMSO at 298 K (from left to right: 1 only, 1+

AcO-, 1+ F-, 1+ H2PO4
-, 1+ Cl-, 1+ Br-, 1+ I-)
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F- titration, accompanying the formation of an isosbestic

point at 420 nm. As the corresponding results of visual

inspection, the addition of AcO- and H2PO4
- leaded to

similar spectral changes but the changes were slight.

However, as the Cl-, Br- and I- were titrated into 1, the

spectra hardly change even the anions were excessive.

Continuous variation method was used to determine the

stoichiometric ratios of the receptors to the fluoride anion

guest. In Fig. 3, job plot [15, 16] of 1 and F- in DMSO

shows the maximum at a molar fraction of 0.5. This result

indicates that 1 binds fluoride anion guest with a 1:1 ratio.

Moreover, similar results can also be obtained for other

anions (AcO- and H2PO4
-).

For a complex of 1:1 stoichiometry, the relation in Eq. 1

could be derived easily, where X is the absorption inten-

sity, and CH or CG is the concentration of the host or the

anion guest correspondingly [17].

X ¼ X0 þ Xlim � X0ð Þ
(

CH þ CG þ 1=Kass

� CH þ CG þ 1=Kassð Þ2�4 CH CG

h i1=2

)
=2 CH

ð1Þ

The affinity constants of receptor 1 for anionic species

are calculated and listed in the Table 1.

As a validation to the qualitative and quantitative anal-

ysis, UV–vis changes (Fig. 4) of 1 operated in DMSO

(1.0 9 10-5 M) after the addition of 0.5 equiv of anions

provided a more convinced evidence that 1 was an excel-

lent sensor for F-.

Obviously, the recognition function of 1 is selective for

F-. The reason may be that receptor 1 has the cavity that is

proper to F-, spherical anion geometrically, which can

match the receptors better than trigonal and tetrahedral

anions. Further more, F- is an atom anion, which means

that it can form a five-membered chelate ring with the

carbonylhydrazine derivatives that is steadier than seven-

membered chelate ring formed by AcO- or H2PO4
-.

Finally, the ability of F- binding H is much stronger than

Cl-, Br- and I-.
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Fig. 2 Family of spectra taken in the course of the titration of a

1.0 9 10-5 M solution of 1 with a standard solution of F- at

298.2 ± 0.1 K
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Fig. 3 A Job plot for complexation of receptor 1 with F- determined

by UV–vis in DMSO at 298.2 ± 0.1 K, [1] + [F-] = 2.0 9 10-5 M

Table 1 The affinity constants of receptor 1 with anions at

298.2 ± 0.1 K in DMSO

Anion AcO- F- H2PO4
- Cl- Br- I-

lgKass
a

(M-1)

3.70 ± 0.17 4.77 ± 0.18 3.46 ± 0.12 NDb NDb NDb

a All errors below 10%
b ND = cannot be determined
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Fig. 4 UV–vis changes of 1 operated in DMSO (1.0 9 10-5 M) after

the addition of 0.5 equiv of anions
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1H NMR anion titration studies

Proton NMR titration experiments were conducted to fur-

ther investigate the interaction of 1 with F- in DMSO-d6. It

was noticed in Fig. 5 that original signals of carbon-

ylhydrazine –NHa and –NHb (marked in Scheme 2)

protons appearing respectively at 10.5 and 10.1 ppm

broadened and amalgamated as only one wider peak at

10.8 ppm with 0.6 equiv. F-. Interestingly, the wider peak

reverted into two peaks upon the addition of 1 equiv. F-.

When 3 equiv. F- were titrated, –NHa and –NHb moved to

downfield about Dd = 1.0 and 2.5 ppm, respectively. This

suggests that F- is being combined with the receptor 1 by

hydrogen bondings. Similarly, the –Hc also shifted down-

field for reason that the C–H bonds in proximity to the

hydrogen bonds were polarized through ring effects, and

then, partial positive charge on protons was created. On the

other hand, the else aromatic protons had upfield shifts due

to the NH-anion hydrogen bonds formation which

increased the electron density of the phenyl ring. Above all,

these results corroborated that the complex had been

formed between the receptor 1 and F-. Correspondingly,

the proposed binding mode of 1 and F- was given in

Scheme 2.

Electrochemical sensing studies

In order to evaluate the electrochemical sensing of the

receptor 1 with the feature that the incorporation of a redox

center proximate to the anion-binding site, the chemical

behavior of the sensor has been performed by cyclic vol-

tammetry (CV) in acetonitrile containing 0.1 M NaClO4 as

supporting electrolyte.
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Fig. 6 (a) CVs of receptor 1 operated in acetonitrile (2.0 9 10-3 M)

after the addition of 3 equiv of F-; (b) CVs of receptor 1 operated in

acetonitrile (2.0 9 10-3 M) after the addition of 3 equiv of AcO-; (c)

CVs of receptor 1 operated in acetonitrile (2.0 9 10-3 M) after the

addition of 3 equiv of Cl-
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As shown in Fig. 6, the receptor is irreversibly oxidized

during the course of the experiment, which is indicative of

an EC mechanism [17]: strong product adsorption on the

electrode surface that exhibits an adsorption peak before

the normal diffusion peak in the CV scans. The electro-

chemical response of 1 upon addition of 3 equiv Cl- show

identical CV compared to that of the free receptor, indi-

cating that the presence of this anion has little effects on its

electrochemical response. In contrast, the addition of the

same concentrations of F-, AcO- and H2PO4
- caused a

significant electrochemical response that the oxidation

wave moves to more negative potentials, whereas F-

behaved the best stirringly among the three with the

DEpa,1 = 157 mV (see Table 2). All these results present

that the anions have been coordinated to the –NH protons

close to the ferrocene group facilitates its oxidation redox

process.

Conclusion

In summary, we have investigated a novel anion colori-

metric and electrochemical receptor by UV–vis, proton

NMR and CV. Considering it is selective for F- optically

and electrochemically, it is expected to have a potential

application sensor for F-.
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