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a  b  s  t  r  a  c  t

A  new  ferrocene  based  molecule  behaves  as a dual  channel  signaling  chemosensor  for  Cu2+ over  other
metal  ions.  The  perturbations  in  the  absorption  pattern  and  electrochemical  behavior  of  the  chemosensor
are  presented.  These  have  been  proposed  to be caused  by the  interaction  of  Cu2+ with  the  d-electrons
and  the  electron  rich  �-system  of  the  ferrocenyl  derivative.  The  sensing  event  is  manifested  by  a high
energy  shift  in  the ligand  centered  �–�* absorption  and  appearance  of  a  new  redox  wave  at  more  positive
eywords:
errocene
ual channel
hemosensor

potential,  in  addition  to Fe(II)/Fe(III)  couple  wave  (two  wave  electrochemical  behavior).
© 2011 Elsevier B.V. All rights reserved.
bsorption
lectrochemical

. Introduction

Copper is one of the heavy metals which is beneficial not only
or human beings but for plants also [1]. At the same time, its
idespread use for industrial, pharmaceutical and agricultural pur-
oses is accompanied by a serious threat to the environment [2]
hich is attributed to its ionic form, Cu2+. This veracity of its bene-
cial as well as harmful effects has aroused considerable interest in
he development of probes for selective sensing of Cu2+. Although

 number of single-signaling: absorption, emission [3] and redox
4] based chemosensors for Cu2+ have been designed and synthe-
ized in the recent years, there is a dearth of multichannel signaling
eceptors reporting the presence of Cu2+ via multiple signaling
atterns, especially absorption/redox and emission/redox based
hanges. On the other hand, literature reports [5] indicate that fer-
ocene has proved to be a simple building block for the preparation
f derivatives which can be explored for the redox based sensing of
nalytes. Further, the presence of analytes perturb the redox cou-
le Fe(II)/Fe(III) as well as the characteristic absorption bands of
errocene derivatives [6]. These types of probes contain ferrocene
nits and nitrogen/oxygen donor complexing moieties. There are
umber of reports on such systems which are well addressed
y Molina et al. in their review [7]. If the ferrocene derivatives

ontain fluorescent moieties, they may  act as dual, fluorescent-
lectrochemical chemosensors for which there are limited reports,
robably ferrocene residues act as quenchers for the fluorescent

∗ Corresponding authors.
E-mail  addresses: paramjit19in@yahoo.co.in (P. Kaur), kamaljit19in@yahoo.co.in

K.  Singh).

039-9140/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.05.026
unit through the electron transfer mechanism [8]. Thus, it is evi-
dent from the literature reports that the ferrocene based systems
may act as multichannel chemosensors if they possess complex-
ing and/or fluorescent moieties by allowing their redox behavior
to couple with optical behavior. In continuation of the interest of
our research group [9] in developing chemosensors for guest ions,
in the present investigation, we report design of a ferrocene deriva-
tive 2 (Scheme 1), which neither contains efficient complexing unit
for cations nor a fluorescent unit, but acts as a highly selective
dual channel chemosensor for Cu2+. To explain the sensing event,
a mechanism based upon the interaction of Cu2+ with � electrons
of the chromophore and the d-electrons of the ferrocene unit, has
been proposed.

2.  Experimental

2.1. Chemicals

Metal salts used in the spectrophotometric studies were of ana-
lytical grade and bought from Sigma–Aldrich. For the titrations, Li+,
Na+, Mg2+, Ca2+, Ba2+, Cr3+, Mn2+, Co2+, Ni2+, Hg2+, Pb2+, Cu2+ were
added  as their perchlorates and K+, Zn2+, Cd2+, Ag+, La3+, Ce3+, Pr3+,
Nd3+, Sm3+, Eu3+, Gd3+, Tb3+, Yb3+, Lu3+, NH4

+ were added as their
nitrates.  The solvents used were of analytical grade and purchased
from Thomas Baker.

2.2.  Instrumentation
Mass spectrum was  recorded on Bruker Daltonics esquire 3000
spectrometer. 1H NMR  and 13C NMR  spectra were recorded in CDCl3
on BRUKER AVANCE II at 400 and 100 MHz, and JEOL-FT NMR-AL
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Scheme 1

t 300 and 75 MHz  respectively, using TMS  as an internal standard.
ata are reported as follows: chemical shift in ppm (ı), integration,
ultiplicity (s = singlet, d = doublet), coupling constant J (Hz) and

ssignment. IR spectrum was recorded on Varian 660-IR Fourier-
ransform spectrophotometer in the range 400–4000 cm−1 using
Br as medium. The purity of the solid products was  checked by
lemental analysis performed on Thermoelectron FLASH EA1112
HNS analyzer. UV–visible spectral studies were conducted on
HIMADZU 1601 PC spectrophotometer with a quartz cuvette (path
ength, 1 cm). The cell holder of the spectrophotometer was  main-
ained at 25 ◦C for consistency in the recordings. The absorption
pectra were recorded between 1100 and 200 nm.  The pH titrations
ere performed with the Equip-Tronics Digital pH meter model-

Q 610. Electrochemical studies were carried out on CHI 660C
lectrochemical Workstation with a conventional three-electrode
onfiguration consisting of platinum working (2 mm diameter)
nd counter electrodes and Ag/AgCl as reference electrode. The
eversibility and the redox behavior of ferrocene/ferrocenium
edox  couple were determined by cyclic voltammetry and
steryoung square-wave voltammetry. The experiments were
arried out in a 10−3 M solution of sample in CH3CN containing
.1 M tetrabutylammonium perchlorate (TBAP) as supporting
lectrolyte at room temperature. Deoxygenation of the solutions
as achieved by bubbling nitrogen for 10 min  and the working

lectrode was cleaned after each run. The voltammograms were
ecorded with a scan rate of 100 mV  s−1. The cations were added
s a 0.1 M stock solution in water. All the potential values were
etermined relative to decamethylferrocene. The redox behavior
f the compound was observed to be reversible as, (i) separation
etween the cathodic and anodic peak is 77 mV,  (ii) peak potential
oes not changes on changing sweep rate, and (iii) the ratio
etween the cathodic and anodic current is close to unity.

.3.  Procedure for synthesis of 2 (Scheme 1)

.3.1. Synthesis and characterization of
-(3,5,5-trimethylcyclohex-2-enylidene)malononitrile, 1
Scheme  1)

The  compound 1 was prepared according to the literature report
10] (S1, See the Supporting Information).

.3.2. Synthesis and characterization of
E)-2-[(3-(2-ferrocenyl)vinyl)-5,5-dimethylcyclohex-2-
nylidene]malononitrile, 2

To a mixture of compound 1 (0.432 g, 3.0 mmol) and piperi-
ine (catalytic amount, 2 drops) in dry CH3CN (40 mL)  ferrocene
arboxaldehyde (0.214 g, 1.0 mmol) was added. The mixture was
efluxed at 80 ◦C for 4 h. The separated solid was  filtered and puri-
ed by column chromatography on silica gel (60–120 mesh) using
exane/ethyl acetate mixtures as the eluent. The compound was

ecrystallized in hexane/dichloromethane. Green solid. Yield 75%.
p:  172 ◦C. (Found: C, 71.8; H, 5.38; N, 7.21 C23H22FeN2 requires C,

2.2; H, 5.75; N, 7.32%); �max/cm−1: 3092 (aromatic C–H), 2938.145
aliphatic C–H), 2204.957 (CN), 1612 (C C), 1115 (C5H5); 1H NMR
Scheme 2. Proposed binding mode of Cu2+ with 2.

(400 MHz): � 1.07 (6H, s, CH3), 2.40 (2H, s, CH2), 2.57 (2H, s,
CH2), 4.15 (5H, s, CpH), 4.48 (2H, d, J = 1.68 Hz, CpH), 4.51 (2H,
d, J = 1.68 Hz, CpH), 6.58 (1H, d, J = 15.88 Hz, C CH), 6.72 (1H, s,
CH), 6.95 (1H, d, J = 15.88 Hz C CH); 13C NMR  (100 MHz): � 28.04,
31.99, 39.16, 42.97, 68.29, 69.86, 71.27, 76.40, 80.84, 113.40, 114.17,
121.12, 126.52, 138.90, 154.35, 169.57; 13C DEPT 135 (100 MHz):
28.04, 39.16 (−ve), 42.97 (−ve), 68.29, 69.86, 71.27, 121.12, 126.52,
138.91; m/z (EI): 381.9 (M+).

(For copies of the NMR, EI Mass, see S2 in Supporting
Information).

2.4.  Isolation of copper complex of 2 (Scheme 2)

The copper complex of 2 was  synthesized by mixing 2 (0.500 g,
1.30 mmol) and Cu(NO3)2·3H2O (0.456 g, 1.96 mmol), dissolved in
acetonitrile, and stirring the mixture for an hour at room tem-
perature. The solvent was  removed under reduced pressure and
the solid complex was  washed with ethanol and dried. Yield: 80%;
Mp:  >300 ◦C; �max/cm−1: 2923.526 (aromatic CH), 2222.614 (CN),
1616.828 (C C), 1097.345 (NO).

3. Results and discussion

3.1.  Synthesis

Scheme 1 shows the synthesis of 2 by the reaction of 1-
formylferrocene with 1 prepared from isophorone following a
reported method [10]. 2 was isolated as a stable solid in 75%
yield and characterized using spectroscopic (S2 in Supporting
Information) and microanalytical data.

3.2. UV–vis studies

The  cation sensing properties of 2 were studied both by optical
and electrochemical analyses. The UV–vis absorbance spectrum of 2
in CH3CN (2.8 × 10−5 M)  exhibits two charge-transfer (CT) bands in
the region 350–600 nm,  characteristic of ferrocenyl chromophores
[11]. The high energy band at 406 nm (εmax 32685.12 L mol−1 cm−1)

is attributed to �–�* and L–�* electronic transitions, while a low
energy band at 557 nm (�max 8837.37 L mol−1 cm−1) is attributed
to Fe (II) d–d transition or metal → ligand CT transition (MLCT)
(d�–�*) [12] (Fig. 1).
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Fig. 1. Changes in the absorption spectrum of 2 (2.8 × 10−5 M,  in CH3CN) upon addi-
tion of aqueous solutions of Cu2+ (4.2 × 10−5 M)  and other metal ions (8.4 × 10−5 M),
recorded  immediately after mixing. Inset: Colour CHANGE of 2 after addition of Cu2+.
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Fig. 3. Changes in the absorption spectrum of 2 (2.8 × 10−5 M,  in CH3CN) upon titra-
tion  with aqueous solution of Cu2+ (5.7 × 10−7 to 8.57 × 10−5 M,  in water). Inset:
changes  in the absorbance of 2 at 871 nm as a function of Cu2+ concentration.
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ig. 2. Changes in the absorbance of 2 upon pH titration with HCl (0.01 M)  and NaOH
0.01 M). Inset: changes in the UV–vis spectrum of 2 at 406 nm upon pH titration.

Before investigating the chemosensing properties of 2, the effect
f pH variation on 2 was noted during titration of a 2.8 × 10−5 M
olution of 2 with 0.01 M NaOH and HCl. No significant change
Fig. 2) was observed in the wavelength position of the CT absorp-
ion bands as well as in the color of 2, over the covered pH range
2.0–12.0). Thus, 2 demonstrated considerable stability to pH vari-
tion which is often considered an advantage for rapid monitoring
f aqueous analytes in environmental or biological settings without
esorting to buffered media. The UV–vis binding interaction studies
f 2 in CH3CN (2.8 × 10−5 M)  exhibit excellent selectivity for Cu2+

ons over alkali and alkaline-earth metal ions (Li+, Na+, K+, Mg2+,
a2+), transition metal ions (Cr3+, Mn2+, Co2+, Ni2+, Zn2+, Cd2+, Ag+),
anthanides (La3+, Ce3+, Pr3+, Nd3+, Sm3+, Eu3+, Gd3+, Tb3+, Yb3+,
u3+) (Fig. 1) and the major interferring heavy metal ions in the
eal life samples (Pb2+, Hg2+). On stepwise addition of Cu2+ ions
n H2O (5.7 × 10−7 to 8.57 × 10−5 M)  to a solution of 2 in CH3CN
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ater) in the presence of other metal ions (8.4 × 10−5 M,  in water).
Fig. 4. Job’s plot of 2 with Cu2+.

(2.8 × 10−5 M,  after mixing the CH3CN/H2O ratio was  9:1), the low
energy band of 2 disappeared accompanied by a hypsochromic
shift of 27 nm in the high-energy band at 406 nm and appearance
of a new band at 871 nm.  These changes were observed to their
maximum when the addition of 4.2 × 10−5 M solution of Cu2+ ions
was attained, after which no significant change was observed. This
perturbation in the absorption spectrum is well appreciated by
‘naked-eye’ inspection (Fig. S3, see the Supporting Information).
The appearance of a low energy band at 871 nm suggests the oxida-
tion of ferrocene moiety to ferrocenium ion in the presence of Cu2+,
as documented in the literature [13]. Two  well defined isosbestic

points were observed at 386 and 735 nm during titrations, support-
ing the formation of spectrally distinct complex as described above
(Fig. 3).
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sochromic shift in the characteristic � → �* electronic transition of
the conjugated ferrocenyl derivative, due to reduced participation
steryoung square-wave voltammetry of 2 upon addition of 1.0 eq. of aqueous Cu2+

olution.

Titration data of 2 with Cu2+ was fitted using HypSpec- a
on-linear least-squares fitting programme [14]. It allowed the
stablishment of the stoichiometry (1:1) of the most stable
pecies (2:Cu2+) present in the solution with a binding constant
og ˇ1,1 = 4.99. The 1:1 stoichiometry was further confirmed by
sing the method of continuous variations (Job’s plot), where the
bsorbance at 871 nm got to maximum when molar fraction of
u2+ was 0.5 (Fig. 4). The detection limit (DL) was  found to be
.93 × 10−6 M [15].

To  further evaluate the practical utility of 2 as a Cu2+ selec-
ive sensor, competitive experiments were carried out especially
n the presence of common interfering metal ions such as Hg2+,
n2+ and Pb2+. Thus, when a solution of 2 in CH3CN (2.8 × 10−5 M)
as titrated with Cu2+ solution in the presence of Hg2+, Zn2+ and

b2+ ions in water (8.4 × 10−5 M),  no interference in the detection of
u2+ was noticed (Fig. 5). The preference of 2 for Cu2+ is attributed

2+
o the presence of partially filled d-orbital in Cu to accept the
lectron lost during oxidation of Fe(II).

Fig. 7. IR-spectra of 2 (a) an
(2011) 1050– 1055 1053

3.3. Electrochemical studies

The  electrochemical properties of 2 in CH3CN (1 × 10−3 M)  con-
taining 0.1 M [n-Bu4N]ClO4 (TBAP) as supporting electrolyte, and
its sensing behavior towards different metal ions was investi-
gated using cyclic voltammetric (CV) and Osteryoung square-wave
voltammetric (OSWV) techniques. In the cyclic voltammogram of
2, the expected one-electron reversible oxidation peak attributed
to Fe(II)/Fe(III) couple was  observed at half-wave potential,
E1/2 = 533 mV.  This increased value, in comparison to the fer-
rocene (E1/2 = 500 mV)  indicates that 2 is more difficult to oxidize
[16] which may be due to electron withdrawing power of the
dicyanovinyl group, resulting in an increased +ve charge on the
iron atom. Addition of 0–1 equivalent of Cu2+ ions perturb the for-
mal potential of Fe(II)/Fe(III) couple in terms of diminished current
intensity accompanied by the formation of a new redox wave at
more positive potential E1/2 = 816 mV  (Fig. 6), attributed to the for-
mation of a complex species of 2 with Cu2+ ion. Thus, in the sensing
of Cu2+, distinct two wave “electrochemical behavior” of 2, com-
pared to only single reversible wave (due to Fe(II)/Fe(III) couple)
with other analysed cations was  observed (Fig. S4, See the support-
ing information).

The possible mechanism involved in the UV–vis and electro-
chemical changes in 2 upon sensing of Cu2+ may be understood
as: in the complexation of the ferrocene derivatives, devoid of any
specific ligating sites for cations, either the d-electrons of ferrocene
may serve as donors (itself undergoing Fe(II) → Fe(III) change),
resulting the close proximity of the cation to the ferrocene unit via
orbital-orbital interaction between the cation and the ferrocene d-
electrons [17], or in the sufficiently flexible systems such as the
conjugated ferrocenyl derivatives, the �-system of the ferrocene
[18] and/or the conjugated bridge may  act as a donor group for
the cation, forming a �-complex, a term normally associated with
transition metal and the �-electron rich system interactions [19].
In the former case, the UV–vis spectrum of the ferrocenyl derivative
in the presence of cation is not expected to show Fe(II) d-d transi-
tion, normally observed as a medium intensity low energy band at
500–600 nm,  rather will exhibit a band at 750–850 nm attributed
to the formation of ferrocenium ion. While in the latter, a hyp-
d its Cu-complex (b).

of �-electrons in the electron transfer process in the presence of
a cation is expected. Also shift in the chemical shifts of 13C NMR
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olution.

ignals, associated with the carbon atoms of cyclopentadienyl ring
18] and/or the olefin bridge is expected. The disappearance of low
nergy band at 557 nm of 2, accompanied by the appearance of

 new band at 871 nm,  in the presence of Cu2+, in our investiga-
ion is in good agreement with the proposed interaction. Though,
he NMR  studies did not reveal any significant information owing
o the paramagnetic nature of Cu2+, the UV–vis observations, as
xplained in Section 3.2 revealed a high energy shift of �–�* transi-
ion (406 → 379 nm), due to the disturbance in the �-conjugation.
his observation is further supplemented by a high energy shift
rom 2204.957 cm−1 to 2222.614 cm−1 (Fig. 7) of the � (CN) band of

 in the complex [2:Cu2+], which also rules out the involvement of
yano groups of dicyanovinyl group in binding with copper. On the
asis of these observations, it appears that the sensing mechanism
or Cu2+ involves both types of interactions, i.e. the interaction of
u2+ with both the d-electrons of ferrocene as well as �-electron
ystem of the chromophore, constituting a unique example. The
bove proposed binding model of Cu2+ with 2 is shown in Scheme 2.

The reversibility of the cation sensing process was checked by
he addition of EDTA solution to a solution of the complex [2:Cu2+],
hich resulted in the reversal of the original absorption spectrum

ndicating the quenching of Cu2+ (Fig. 8).

. Practical application

The  sensing of Cu2+ by 2 also worked on solid support. Thus

hen silica gel (60–120 mesh, 1.0 g, colorless) was  soaked in 2 (in
H3CN, 5 mL,  1 × 10−3 M)  and solvent removed, dark olive color was

mparted to silica (Fig. 9). When it was treated with 5 mL  aqueous
olutions of Cu2+ at three different concentrations (0.1 M,  0.01 M

ig. 9. Changes in color of 2 in the solid state upon addition of aqueous solutions
f  Cu2+: (a) 2 (1.0 × 10−3 M,  in CH3CN), (b) 2 + 0.001 M Cu2+, (c) 2 + 0.01 M Cu2+, (d)

 + 0.1 M Cu2+.

[

[

[

 (2011) 1050– 1055

and 0.001 M),  the dark olive color promptly turned greenish yel-
low, pale yellow and light olive, respectively. Solvent was removed
under reduced pressure and the obtained colored silica was  dried
in oven. Since the color change was clearly detected, the sensor 2
can be used for practical applications.

5. Conclusion

In summary, we have synthesized a new ferrocenyl derivative
2, exhibiting intramolecular charge-transfer which gets disturbed
by the presence of Cu2+. This perturbation is manifested in terms of
absorption as well as electrochemical changes suggesting 2 to be a
dual signaling chemosensor for Cu2+. Absorption spectra associated
with the color change, allow the ‘naked-eye’ detection in solution
as well as when supported on silica. The sensing event has been
proposed to proceed via the interaction of Cu2+ with d-electrons as
well as the �-electron system of 2.
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