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Introduction

Literature reveals that generally change in the optical prop-
erties (absorption/emission) upon binding of a metal ion to 
a ligand can be used as a method for designing new mol-
ecules as metal ion selective sensors [1, 2]. Because of the 
high sensitivity of fluorescence technique even at very low 
concentrations, fluorescence-based molecular sensors are in 
applicable vogue in recent past [3–6]. We have been actively 
working in the area of fluorescent detection of ions for few 
years [7–11]. Copper is third most abundant and essential 
element in the human body due to its various elementary 
physiological course of actions, however excess amount of 
 Cu2+ causes severe neurodegenerative disease [12]. Fast and 
efficient detection of  Cu2+ in the environment and biology 
is becoming a major hot topic for chemists [13–17] owing 
to the problems encountered by  Cu2+ in the cancer cells 
wherein its concentration changes remarkably (in serum of 
the peripheral blood of healthy children and children with 
acute lymphocytic leukemia ranging to 114–328 μg dL − 1) 
[18]. Deficiency of copper in human body can cause hemato-
logical symptoms [19] and numerous neurological problems 
[20]. Chaamni et al. studied the binding effect of various 
metal ions (Viz.  Cu2+) to human serum albumin, human 
holo-transferrin and human transferring for therapeutic use 
[21–24].

Of particular interest are the efficient two photon 
absorbing materials with large two-photon absorption 
(TPA) cross-sections owing to their extensively explored 
for various applications [25, 26]. Studies on molecular 
systems possessing TPA cross sections have revealed that 
one of its prime contributions is extensive electron delo-
calization within the molecular framework [27–30]. In 
accordance with this observation, design of molecular 
systems for TPA activity has relied on coupling of donor 
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(D) and acceptor (A) units through π-bridges to achieve 
extensively delocalized/ conjugated structures [31–34]. 
The TPA cross sections (σ) within such frameworks 
emerges to increase with the enhanced donor/ acceptor 
capabilities of the chemical motifs connected to each 
other as well as with the extent of conjugation between 
them, along with the overall planarity of the π-bridge [35, 
36].

In addition to fluorescence-based methods, recently 
it is being perceived in view of the fact that metal ion-
complexation can lead to dramatic third-order nonlinear 
optical (NLO) behaviour [37–39]. Therefore, it should be 
possible to use TPA as a means of selectively detecting 
metal ions in solution, although such TPA-based selec-
tive metal ion sensors are indeed very rare [40–42]. In 
this context, we have been recently exploring the proper 
design of ligands which upon binding with metal ion 
exhibit significant changes in third order NLO activity 
and TPA so that selective detection could be made possi-
ble [43–45]. The electrochemically active ferrocene motif 
and the photophysically active pyrene motif altogether 
within the same system have been explored for sensing 
applications [46–49]. Bures et al. revealed the intramo-
lecular charge-transfer and nonlinear optical properties 
of the ferrocene-donor and organic-acceptor (D-π-A) sys-
tems [50].

With these objectives, we report herein the ferrocenyl-
1-pyreneamine conjugate (1) as a multichannel sensing 
system (Fig. 1). Interestingly, 1 exhibits potential to be 
used for Cu(II) sensor. 1 upon interaction with Cu(II) 
results fluorescence quenching and TPA activity in aque-
ous media as a detection response. A negative potential 
shift in the oxidative wave of 1 has also been observed. 
Notably, 1 upon interaction with Cu(II) increases TPA 
significantly which allows a more reliable and positive 
detection of Cu (II) ion in aqueous media. Structurally 
similar, ferrocene–pyrene imine dyad has been developed 
by Singh et al. as a ‘turn-on’ chemodosimeter for  Cr3+ in 
THF-H2O solution [51].

Experimental Section

General Experiment

UV–visible spectra were recorded on a Perkin-Elmer-
Lambda 20 UV–vis spectrometer and fluorescence spectra 
were recorded on a Varian Luminescence Cary eclipsed 
with a 10 mm quartz cell at 25 °C. Melting points were 
measured using a JSGW melting point apparatus and are 
uncorrected. 1H and 13C-NMR spectra were obtained on 
a JEOL-JNM LAMBDA 400 model spectrometer operat-
ing at 400.0 and 100.00 MHz respectively, in  CDCl3 solu-
tions. The chemical shifts are referenced with respect to 
TMS. ESI high resolution mass spectra (ESI-HRMS) were 
recorded on a MICROMASS QUATTRO II triple quadru-
pole mass spectrometer. The ESI capillary was set at 3.5 kV 
and the cone voltage was 40 V. Cyclic voltammetry was 
performed on a BAS Epsilon electrochemical workstation 
using a platinum working electrode, an Ag/AgCl reference 
electrode (3M NaCl) and a platinum-wire counter electrode. 
The ferrocene/ferrocenium couple was taken as the inter-
nal standard with its  E1/2 = + 0.51(70) V (vs Ag/AgCl under 
the same experimental conditions). The crystal data for the 
compound 1 were collected on a Bruker SMART APEX 
CCD Diffractometer. The program SMART (version 6.45) 
was used for integration of the intensity of reflections and 
scaling. The program SADABS was used for absorption 
correction. The crystal structure was solved and refined by 
full matrix least-squares methods against F2 by using the 
program SHELXL-97. All non-hydrogen atoms were refined 
with anisotropic displacement parameters. Hydrogen posi-
tions were fixed at calculated positions and refined isotropi-
cally. Crystallographic data and structure refinement details 
for 1 are given in Table S1. CCDC 820,409 for 1 contains 
the supplementary crystallographic data for this paper. This 
data can be obtained free of charge from the Cambridge 
Crystallographic Data Centre (CCDC) via http://www.ccdc.
cam.ac.uk/data_request/cif. 1-Pyrenylamine, ferrocene-
2-carboxaldehyde and metal salts such as Cu(ClO4)2·6H2O, 
Pb(ClO4)2·xH2O, Li(ClO4) and Na(ClO4)·H2O were 

Fig. 1  Structure (left) and 
ORTEP diagram (right) of 1 
with 70% thermal ellipsoid
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purchased from Aldrich chemical company (USA) while 
Mg(ClO4)2·6H2O, Ca(ClO4)2·4H2O, Mn(ClO4)2·6H2O, 
Ni(ClO4)2·6H2O, Zn(ClO4)2·6H2O, Cd(ClO4)2·4H2O were 
prepared from the reaction of their carbonate salts with per-
chloric acid. Fluorescence quantum yields were determined 
by comparison with anthracene as a fluorescence standard 
(φ = 0.27) [52–58]. Stability constants (Ka) were calculated 
by following a reported procedure [59].

Two Photon Absorption

The open-aperture (OA) z-scan (intensity scan) method 
was used for determining the TPA cross-section values of 
the samples [60]. Femtosecond Mode-locked Ti: Sapphire 
laser (Model 900) was used for the study of TPA activity 
which is pumped by a Coherent Verdi frequency doubled 
Nd: Vanadate laser. Laser system is tunable from 730 nm 
to 900 nm with the repetition rate of 76 MHz. A mechani-
cal chopper (Model: MC1000A) with a 50% duty cycle was 
used to employ the blanking in the laser pulse sequence. The 
optimized chopper frequency of 1 kHz was used to minimize 
the cumulative thermal effect arising from the sample heat-
ing with HRR pulses [61, 62]. Sample solutions are held 
in a 1 mm quartz cuvette for the OA z-scan experiments. 
As used in previous experiments [43] a 20 cm lens focused 
the 160 fs pulses into the sample cell resulting in a focused 
intensity of ~ 1 GW/cm2. Rayleigh range in our set up was 
1.3 mm at 770 nm, as the beam waist at the focus was 17 μm. 
The 1 mm sample cell choice satisfied this Rayleigh range 
criteria for z-scans. For a smooth OA z-scan, the sample 
was scanned through the focal point of the lens using a 
motorized translation stage (Newport Inc. model ESP 300 
with a minimum step-size of 0.1 µm) and the transmitted 
beam was focused with a 7.5 cm focal length lens into a 
UV-enhanced amplified silicon photodiode detector (Thor-
labs DET210). The photodiode voltage was measured using 
the peak-to-peak mode in an oscilloscope (Tektronix TDS 
224 model, digital real time oscilloscope) that was triggered 
by the chopper frequency. The delay stage and the oscillo-
scope are interfaced with the computer using a GPIB card 
(National Instruments Inc.) and the data was acquired using 
a LabVIEW programming. The resulting data were fitted at 
different z positions to calculate transmittance (T) with the 
following equation [63].

Where all the other parameters are known, β can be cal-
culated easily. Subsequent to obtaining the values of β, the 
TPA cross-section of the chromophore (σ2, in units of 1 
GM = 10− 50  cm4.s/photon.molecule) is generated from the 
expression: σ2 = βhν*103/Nc, where ν is the frequency of 
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the incident laser beam, N is Avogadro constant, c is the 
concentration of the chromophore in respective solvents. The 
σ2 for Rhodamine-6G in methanol at 806 nm was used as a 
calibration of our measurement [64, 65].

Synthesis of 1

1-Pyrenylamine (0.214 g, 1.00 mmol) was dissolved in hot 
methanol (20 mL) and a methanolic solution of ferrocene-
2-carboxaldehyde (0.217 g, 1.00 mmol) was added dropwise 
to it and the resulting solution was further stirred at 50 °C 
for 8 h. A reddish precipitate obtained was filtered, washed 
with hot methanol and recrystallized from  CH2Cl2/n-hexane 
at 0 °C to get pure compound (1) (0.375 g, 91%), mp 178 °C. 
Crystals suitable for single crystal X-ray diffraction were 
obtained after dissolving 1 in  CH2Cl2/n-hexane and allowing 
it to remain at room temperature for two days. The molec-
ular structure of 1 is given in Fig. 1. The supramolecular 
interactions present in this compound are summarized in 
Figure S1–S5. Table S1 provides the crystallographic and 
structure refinement data. FTIR (KBr) (ν/cm− 1): 3448 m, 
3039s, 2923 m, 1615 s, 1591 s, 1316 s, 1181 s, 1061 s, 
1036s, 837 s, 823 s, 714 s, 508 s, 480 s. 1H NMR (400 MHz, 
 CDCl3, 25 °C, TMS) δ (ppm): 4.03 (s, 5H, Cp ring); 4.28 
(s, 2H, two aromatic CH); 4.58 (s, 2H, two aromatic CH); 
8.27 (s, 1H, imino); 7.92–8.24 (m, 9H-Pyrene, aromatic). 
13C NMR (100 MHz,  CDCl3, 25 °C, TMS) δ (ppm): 115.64, 
123.26, 124.69, 124.97, 125.28, 125.59, 126.02, 126.21, 
126.85, 127.35, 128.93, 131.57, 131.64, 147.10, 162.21. 
Anal. Calcd. for  C27H20FeN; ESI-HRMS: [1 + H]+ = Cal-
culated 414.0945, found 414.0948; for  C54H39Fe2N2; 
[2(1) + H]+ = Calculated 827.1812, found 827.1757.

Results and Discussion

Crystal Structure

The compound 1 crystallized in monoclinic crystal sys-
tem and P2(1)/c space group. It represents a Schiff base 
composed of one unit of each of the ferrocene and 1-Pyr-
enylamine (Fig. 1). The azomethine bond distance [C(11)-
N(1)] is 1.282 Å, and the C(11)-N(1)-C(13) angle 120.55 ° 
which suggests co-planarity of -C=N- group with substi-
tuted cyclopentadinyl ring of ferrocene. The pyrenyl ring 
lies quite perpendicular to the ferrocenyl moiety which is 
evident by the pyrenyl ring plane intersecting the ferrocenyl 
moiety exactly through the half way in a vertical fashion 
(Figure S2). The centroid to centroid distance between fer-
rocenyl group and pyrenyl group is 7.770 Å which can be 
suited for donor (ferrocene)-acceptor (pyrene) energy trans-
fer (vide supra). The molecule involves over thirteen C-H···π 
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interactions whereas lacks any π ··· π interactions despite 
the presence of highly planar pyrene group (Figure S3–S5).

UV–Visible and Fluorescence

The absorption spectra of 1 (Fig. 2a) was acquired in aque-
ous/acetonitrile (9:1, v/v); the low energy absorption max-
ima at 380 nm can be assigned to aromatic fluorophore π-π* 
transition [7–11]. Probing the interaction of 1 with various 
metal ions  (Ca2+,  Cd2+,  Cu2+,  Li+,  Mg2+,  Mn2+,  Na+,  Ni2+, 
 Pb2+,  Zn2+) resulted in the remarkable change in its absorp-
tion spectra only with  Cu2+. Emergence of a new broad band 
at ~ 500 nm is seen (Fig. 2a) which may probably be associ-
ated to the d-d transitions. Titrating 1 by adding increasing 
amount of  Cu2+ leads to decrease in the band intensity at 
~ 380 nm and successively a new band at 320 nm appears 
increasingly. Further, the isosbestic point is wavelength at 
which the total absorbance of a sample does not change dur-
ing a chemical reaction between the two or more than two 
species. A clear isosbestic point observed at 350 nm suggests 
presence of more than two species (1,  Cu2+ and 1·Cu2+) in 
the solution (Fig. 2b).

In addition, 1 shows strong dual emission bands with λmax 
~ 351 and ~ 420 nm, upon excitation at 326 nm. As noted in 
the absorption spectral studies, interaction of 1 with various 
metal salts reveals significant fluorescence change only with 
 Cu2+ (Fig. 3a). To elaborate this highly selective change in 

fluorescence intensity, we further titrated 1 with increasing 
concentration of  Cu2+ and observed strong quenching of the 
emission band associated with pyrene fluorophore. Addition 
of even 5 µM of  Cu2+ causes considerable decrease in the 
intensity of the band at 420 nm (Fig. 3b).

Quantum yield (φ) for probe 1 calculated to be 0.067. 
The lower value of φ for 1 is attributed to the transfer of lone 
pair of electrons of the Schiff base nitrogen atom (-C=N-) 
to the conjugated pyrene ring via photo induced electron 
transfer (PET) mechanism [66]. Further, binding of 1 with 
 Cu2+ decreases the φ value to 0.013. It is worth mentioning 
that the maximum extent of fluorescence quenching takes 
place to the band at 420 nm rather at 351 nm (although band 
at 351 nm also exhibits fluorescence quenching) (Fig. 3). 
It has been monitored that fluorescence behaviour of 1 at 
420 nm do not affect in the presence of competing cations (a 
set of tested metal ions shown above). Interaction of 1 with 
 Cu2+ was also probed in the background presence of com-
peting metal ions by preliminary addition of various metal 
ions to the solution of 1 followed by addition of  Cu2+. The 
fluorescent spectral feature changes only with  Cu2+ which 
strongly suggests the high selectivity of 1 toward fluores-
cent detection of  Cu2+ even in the background presence of 
other metal ions (Figure S6). The binding constant of 1 with 
 Cu2+ has been estimated to be 5.1 × 104 (lit  mol− 1) from the 
fluorescence titration data considering a 1:1 binding mode 
as confirmed by the Job’s plot (Figure S7). In general, in a 

Fig. 2  a UV–visible spectra 
of 1  (H2O/CH3CN, 9:1, v/v, 
10 µM) upon addition of 10 
equiv of various metal ions. b 
UV–visible titration spectra of 
1 upon addition of increasing 
amount (0–100 µM) of  Cu2+

Fig. 3  a Fluorescence spectra 
of 1 (a)  (H2O/CH3CN, 9:1, v/v, 
10 µM) upon addition of 10 
equiv of various metal ions. b 
Fluorescence spectra of 1 upon 
addition of increasing amount 
(0–100 µM) of  Cu2+ ion
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particular oxidation state, enthalpy of hydration and ionic 
radius decreases going from left to right amongst first row 
transition metal ion i.e.  (M2+). Further, Irving-William series 
states highest reactivity and binding strength of Cu(II) ion 
over other 3d metal ions. These factors promote Cu(II) ion 
as most preferred metal ion (a hard cation) for binding with 
hard donors like ‘N’ and ‘O’ in aqueous medium.

It is a tedious job to get exact distance between ferro-
cene-pyrene conjugate and  Cu2+ without having crystal 
structure. However, as evident from literature, the bond dis-
tance between  Cu2+ ion and monodentate N-donor ligand 
lies approximately in the range of 2.0–2.2 Å. Further, as 
evident from crystal structure, centroid to centroid distance 
between donor (ferrocene) and acceptor (pyrene) is 7.770 Å. 
Therefore, considering the entire crystal structure of 1, bond 
length of N-C(pyrene) = 1.42, and N-Cu(II)~2.00-2.24 Å and 
the Ferrocene-N-Cu(II)/Pyrene-N-Cu(II) angles, the donor- 
 Cu2+ distance should be in the range of 4.0–6.0 Å whereas 
acceptor-  Cu2+ distance should be in the range of 5.5–7.5 Å. 
In addition, binding of  Cu2+ through nitrogen of 1 will dis-
turb the extended conjugation between donor and acceptor 
and may also change the donor–acceptor distance by geo-
metrical distortion. Since  Cu2+ is a paramagnetic ion thus it 
promotes ICT process upon binding with probe, responsible 
for fluorescence quenching.

Two Photon Absorption Cross Section

We have studied the two photon absorption (TPA) cross sec-
tion of the compound 1, but were unable to get any measur-
able TPA value. However, keeping in mind that the opti-
mum fluorescence quenching was observed after addition of 
10 equiv  Cu2+ to the solution of 1 (referred as 2), the TPA 
cross section change was monitored at this concentration 
and found 1230 GM.

Figure 4a shows the open aperture z-scan plot for the 
Cu-complex at a wavelength of 780 nm with the theoreti-
cal fit. We have also measured the TPA spectra of 2 in the 

wavelength range of 730–820 nm (Fig. 4b) and observed 
absorption maxima at 780 nm. TPA spectra of these both 
species follow similar trends as the single photon spectra of 
the respective complexes. We have also tried to measure the 
changes of TPA of 1 upon interaction with various cations 
used in the fluorescence study but no measurable TPA was 
observed.

We did not detect any two-photon induced fluorescence 
(TPIF) signal with reference to Rhodamine-6G within our 
wavelength tuning range of 730–820 nm. Re-absorption of 
emitted photons by itself, which is known as two photon 
absorption excited intramolecular energy transfer [67] may 
be the reason for the absence of TPIF in 2. We cannot com-
pletely rule out the possibility of fluorescence quenching 
upon metal mediation in 1 as the cause of absence of TPIF 
in 2.

DFT Calculations

Geometry optimization for 1 was carried out by DFT meth-
ods using GAUSSIAN 03 program as reported previously 
by us [43]. The optimized molecular geometry of 1 has  C1 
symmetry, which is in good agreement with the one-photon 
spectra of 371 nm wavelength that result from the HOMO 
and LUMO energies of − 5.22 and − 1.87 eV, respectively. 
The HOMO and LUMO of 1 (Fig. 5) is delocalized across 
the whole molecular framework that is indicative of the lack 
of intramolecular charge transfer process thereby leaving 
no measurable TPA activity in it. The TPA cross-section in 
compound 1 became operative when its solution was treated 
with  Cu2+ ions, which is probably due to an increased intra-
molecular charge transfer through the metal center. Experi-
mental results reveal that the λmax for TPA is in good agree-
ment with OPA (one photon absorption) indicating resonant 
transition upon excitation.

Origin of TPA cross-section upon interaction of 1with 
 Cu2+ is probably due to the electron withdrawal by  Cu2+ 
ion that results in the electron deficiency at the azomethine 
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(-C=N-) nitrogen. The ferrocene moiety functions as an 
electron-donor which thus results in two D-π-A motifs. It is 
conjectured that the electron donating and accepting groups 
have the tendency to interact inter-molecularly in the ground 
state to result in the formation of charge-transfer complexes. 
The onset of TPA in 2 is due to the formation of charge-
transfer complexes that favour the generation of third-order 
non linear optical behaviour (Scheme 1).

Electrochemical Studies

Cyclic voltammetric studies were performed in  H2O:CH3CN 
(v/v; 9:1) using 10 μM concentration of the compound (1) 
and 0.1 M KCl as a supporting electrolyte. Notably, com-
pound 1 displayed two irreversible oxidative waves at 0.39 
and 0.80 V (vs Ag/AgCl) (Fig. 6). The wave at 0.80 V is 
attributed to the  Fe2+/Fe3+ redox couple, however the oxida-
tive wave at lower potential (0.39 V) may be associated with 
the  CH3CN oxidation in mixed solvent media [44–46]. How-
ever, no reduction process was observed within the solvent 
cathodic potential limit. Such electrochemical behaviour is 
well known for ferrocene containing compounds [47–50].

Addition of  Cu2+ (10 µM) led to the negative potential 
shift in both the oxidative waves to appear at 0.25 and 0.68 V 
(red line, Fig. 6). Further, additions of  Cu2+ (20–100 µM) 
caused decrease in the current intensity and eventually both 
the oxidative waves disappeared. Consequently, it is clear 

that binding of  Cu2+ occurs with 1 which can be evidently 
detected by electrochemical technique.

Conclusions

We have described a novel dual-signaling ferrocene-pyrene 
dyad that can selectively detect Cu(II) ions in presence of 
other metal ions. The first method of detection consists of 

HOMO of 1 LUMO of 1 

Fig. 5  Energy envelope plots for 1 

Scheme 1  Mechanism of two-
photon absorption cross-section 
activity of ferrocenylated pyrene 
moieties

Fig. 6  Electrochemical titration plot of 1 (10 µM) in the presence of 
increasing  Cu2+ amount in  H2O:CH3CN (9:1)
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fluorescence quenching in the presence of copper (II) ions, 
while the second method involves an increase of TPA cross 
section upon metal binding. 1 exhibited  Fe2+/Fe3+ oxidative 
wave which upon addition of Cu(II) shifted toward negative 
potential that suggested the possible detection ability of 1 for 
Cu(II) ion through electrochemical technique.
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