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ABSTRACT

A binuclear phenoxo- and azido-bridged copper(II) Schiff base complex has 
been synthesized along with its mononuclear copper-Schiff base analog. The 
compounds have been characterized by IR spectroscopy and CHN elemental 
analysis. The single-crystal structure and variable temperature magnetic 
properties of the binuclear compound have been studied from the X-ray 
crystallographic data and superconducting quantum interference device 
magnetometry, respectively. The synthesized crystalline binuclear complex 
has interesting spectral features that allow it to act as a spectral sensor 
toward an organophosphorus pesticide which is a potential environmental 
toxicant coming to the environment as agricultural waste. Although both 
the mononuclear and binuclear complexes are suitable as sensors for the 
organophosphorus, the binuclear complex being crystalline is suitable 
for attaining structural and mechanistic details of the interaction. Density 
functional theory calculations and ESI MS analysis of the interactions with the 
binuclear complex suggest that the binding of organophosphorus substrate 
with 2 occurs through one copper center.
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1. Introduction

A huge class of metal Schiff base complexes with myriad structures, particularly those derived from 
amino and carbonyl functionalities, have been reported owing to their multitude of applications [1]. 
The ligands in such complexes coordinate to metal ions via azomethine nitrogen wherein the −CH=N− 
linkage forms the basis of their biological activity that is reflected in their antibacterial, antifungal, anti-
cancer, and diuretic activities [2]. These complexes have applications in analytical chemistry, catalysis, 
food industry, dye industry, and fungicidal and agrochemical activities [3–6]. Quite a large number of 
Schiff base complexes are used as model compounds in biological experiments [7]. These compounds 
play decisive roles in the development of modern coordination chemistry and provide key aspects in 
development of inorganic biochemistry, catalysis, and optical materials [8]. More recently, their role as 
chemosensors has developed [9, 10]. We have recently reported the anion sensing property of some 
heterometallic Schiff base complexes [6].

Organophosphate (OP) pesticides are in extensive use by agricultural industries all over the world. The 
general chemical structure of these OP compounds consists of a tetra-substituted P(V) center, an oxy-
gen or sulfur double bonded to the phosphorus, a leaving group, and two substituents that vary widely 
depending on the subclass. A typical OP compound used in our study, O,O-dimethyl S-[2-(methylamino)-
2-oxoethyl]dithiophosphate, is presented in scheme 1. Due to their ubiquitous nature, great environ-
mental concerns have arisen out of this type of pollution. Some of the organophosphorus compounds 
are lethal to humans at minuscule doses and include some of the most toxic substances ever created by 
man. Unfortunately, widespread and frequent commercial use of OP-based compounds in agriculture 
has resulted in their presence as residues in crops, livestock, and poultry products and also resulted in 
their migration into aquifers. Ideal detection of these compounds at trace concentrations in the environ-
ment is not easy as they require expensive mass analyzers (GCMS) which are beyond the reach of many 
volunteering organizations. The most common ways for detecting OP pesticides are chromatographic 
methods coupled with different detectors and spectrometry [11, 12]. This method is sensitive and reli-
able but cannot be carried out in the field and it is expensive and time consuming. Fast, sensitive, and 
field-deployable screening technology are under consideration for quick response. A variety of approaches 
have been investigated for designing such sensors, including enzymatic assays [13], molecular imprinting 
coupled with luminescence [14, 15], colorimetric methods [16], fluorescent organic molecules [17, 18], and 
enzyme biosensors based on inhibition of cholinesterase activity [19]. Sensor activity based on fluores-
cence quenching (turn off) methods has been observed more frequently than the “turn on” phenomenon. 
In most cases, quenching occurs due to non-specific interactions. Fluorescence “turn on” is however rarely 
observed and when observed is representative of significant molecular interactions [20-24]. Additionally, 
spectral sensing ability of Schiff base copper complexes was not reported to the best of our knowledge. 
However, a Cu(II)–cyclen complex was reported to have sensing property toward H2S [25].

Keeping these practical aspects in mind, herein we report the synthesis of a phenoxo–azido bridged 
Cu(II) Schiff base dimeric complex together with its mononuclear counterpart. Characterization was 
done by UV–vis, CHN elemental analysis, IR, and crystal structure together with the chemosensor activ-
ity toward trace level detection of organo-phosphate pesticide. The results were further supported by 
density functional theory (DFT) study.

Scheme 1. dimethoate (O,O-dimethyl S-[2-(methylamino)-2-oxoethyl]dithiophosphate).
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2. Experimental

2.1. Materials and instrumentation

N-propylethylenediamine, 2-hydroxy-5-chloro-acetophenone, copper(II) perchlorate hexahydrate, 
sodium azide, methanol, and DMSO were purchased from Sigma-Aldrich and used as received. All the 
chemicals used were of analytical grade. The organophosphorus compound dimethoate was purchased 
from Sigma-Aldrich. IR spectra were recorded as KBr pellets from 4000 to 400 cm−1 on a Perkin-Elmer 
Spectrum 65 FTIR Spectrometer. Elemental analyses were carried out using a Heraeus CHN-O-Rapid 
elemental analyzer. luminescence spectrometer lS-55B (Perkin-Elmer, U.S.A) was used for fluorescence 
intensity measurements. Horiba Jobin yvon Fluorocube 01-Nl and 291 nm Horiba nanolED, IBH DAS-6 
decay analysis software were used for Time-Correlated Single Photon Counting lifetime Spectroscopy. 
The UV–vis spectra were obtained using an Agilent 8453 diode array spectrophotometer. Total inde-
pendent data for 2 were collected on a Bruker Smart Apex II CCD Area Detector equipped with graph-
ite monochromated Mo Kα radiation (λ = 0.71073 Å). Theoretical calculations were carried out using 
Gaussian 03 software. All the ESI-MS spectra were recorded in a WATERS Xevo G2-SQTof. NMR spectra 
were obtained on a 500 MHz Bruker spectrometer using CDCl3 solvent. Temperature-dependent molar 
susceptibility for powdered sample of 2 was measured with a superconducting quantum interference 
device vibrating sample magnetometer (Quantum Design) with an applied field of 1000 Oe from 2 to 
300 K.

2.2. Syntheses

Caution! Since metal azides and perchlorates are potentially explosive, only small amount of the material 

should be prepared and handled with care.

To a solution of 2-hydroxy-5-chloro-acetophenone (2  mmol, 340  mg) in 20  ml methanol, 
N-propylethylene diamine (2 mmol, 204 mg) was added dropwise and the resulting mixture was heated 
under reflux for 4 h. The ligand was thus prepared by 1 : 1 condensation of the two components in 
methanol. A methanolic solution of Cu(ClO4)2·6H2O (2 mmol, 730 mg) was then added and the mixture 
was refluxed for another 2 h to obtain a deep-green solution. Complex 1 was obtained after slow evap-
oration of this green solution. The aqueous solution of NaN3 (4 mmol, 260 mg) dissolved in minimum 
volume of water was then added dropwise to the green solution of 1. Then the resulting mixture was 
stirred for about another 2 h and was filtered. The greenish solution was kept at room temperature for 
seven days. Black needle-shaped crystals of the product (2) were obtained.

2.2.1. 1H NMR spectroscopy of the synthesized ligand

500 MHz, CDCl3, 298 K, ppm: δ 0.746 (t, 2H, –CH2CH2CH3); 1.122 (m, 2H, –CH2CH 2CH3); 2.054 (s, 3H, –CH3 
of imine); 2.511 (t, 2H, –CH2CH2CH3); 3.122–3.999 (m, 4H, –CH2CH2– of ethylene diamine); 4.825 (s, 1H, 
–OH); 6.834–7.611 (m, 3H, ring) (figure S1).

2.2.2. Complex 1

[Cu(l−1).CH3OH]+ClO
4
−: yield 80% (0.511 g). Anal. Calcd for C14H20Cl2CuN2O6: C, 37.6; H, 4.5; N, 6.3. Found: 

C, 38; H, 4.6; N, 6.1%. IR (KBr pellets, cm−1): v(CH3OH) 3467, v(C=N) 1602, v(ClO4) 1097.

2.2.3. Complex 2

yield 70% (0.357 g). Anal. Calcd for C26H34Cl2Cu2N10O2: C, 43.5; H, 4.7; N, 19.9. Found: C, 44.0; H, 4.9; N, 19.1%. 
IR (KBr pellets, cm−1): v(N3) 2044, v(C=N) 1600, ESI MS (m/z): 674.08 (Calcd 674 for [C26H34Cl2Cu2N7O2]+).

2.3. OP sensing studies using spectral methods

0.1 mmol solution of 1 (ligand + Cu) and 0.1 mmol solution of 2 (ligand + Cu + azide) in DMSO were pre-
pared for absorption and fluorescence spectroscopic measurements. Aliquots of 0.01 ml of dimethoate 
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(10% v/v in DMSO) were added to the above solutions and the changes in the spectral behavior were 
recorded.

2.3.1. Time-correlated single photon counting lifetime spectroscopy

The fluorescence lifetimes for 1, 2, and the OP-treated complexes were measured by time-correlated 
single-photon counting using a nanosecond diode laser as the light source at 375 nm. The mean fluo-
rescence lifetimes for each of the curves were calculated from the decay times (τi) using the following 
equation:

where �
av

 represents the average decay time and ai represents the coefficient of the ith component. 
The average lifetimes of all complex species were identified and compared.

2.4. X-ray crystallography of 2

Crystal data for 2 are given in table 1 and bond distances and angles are in table 2. The structure of 
2 was solved by SIR 97 [26]. The structure refinement was also performed by full-matrix least-squares 
based on F2 with SHElXl-97 [27]. All non-hydrogen atoms were refined anisotropically. The C–H atoms 
were constrained to ideal geometry and were included in the refinement in the riding model approx-
imation. Data for molecular geometry, intermolecular interactions, and pictures were produced using 
Platon-2009 [28] and ORTEP3.2 [29] programs.

�
av
=

Σa
i
�
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Table 1. Crystallographic data for 2.

aCorresponds to all the diffraction data.

Crystal data Complex 2

empirical formula C26h34Cl2Cu2n10o2
formula weight 716.61
Crystal dimension (mm) 0.56 × 0.25 × 0.13
Crystal system monoclinic
space group P 21/n
a (Å) 17.743(4)
b (Å) 7.6735(12)
c (Å) 24.453(4)
α (°) 90.00
β (°) 113.34(2)
γ (°) 90.00
V (Å3) 3057.0(10)
Z 4
temperature (K) 293(2)
Dcalcd (g cm−3) 1.557
μ (mm−1) 3.679
F(0 0 0) 1472
θ (°) 3.79–70.90
total data 5692
unique data 1875
aR1 0.2018
awR2 0.2409
Goodness-of-fit on F2, s 0.878
Rint 0.0745
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2.5. DFT study and computational methodology

Theoretical calculations regarding structure optimization and Fukui function (f +
k

) of the copper sites of 
2 were carried out using Gaussian 03 software [30]. The functions (f +

k
) were estimated from single-point 

calculations using the B3lyP [31, 32] method and 6-311G [33] basis set at the optimized geometry, 
performed for N and (N + 1) electron systems, where N is the total number of electrons in the system. 
In a finite difference approximation, f +

k
 of an atom k, in a molecule with N electrons, is expressed by the 

equation f +
k

 = [qk(N) − qk(N + 1)], where qk is the charge of atom k [34]. The qk values were calculated 
by Mulliken population analysis.

2.6. Mass spectral analysis

For ESI (Electrospray Ionization) mass spectral analysis, the samples were prepared in acetonitrile in 
the concentration range ~10 μM. Since the XRD data could be obtained for 2 only (being crystalline), 
an idea about the exact molecular structure and mass of the compound was utilized as a prerequisite 
to study the molecular interactions between 2 and the OP in our study. Consequently, measurements 
were performed for 2 and OP-treated 2. The sample solutions were infused into the ESI source at a 
flow rate of 10 μl min−1. The electrospray voltage was 3.5 kV and capillary temperature was 110 °C. The 
lockspray flow rate was 5.0 μl min−1. All the spectra were recorded in the positive mode and the scan 
time was recorded in the m/z range 100–1200 Da.

3. Results and discussion

In the present work, the ligand reacted with copper(II) perchlorate hexahydrate for preparation of 1 
and 1 reacts with sodium azide in methanol–water mixture in refluxing condition to prepare dinuclear 
2. Complex 1 was characterized by IR spectroscopy and CHN elemental analysis.

3.1. IR spectroscopy

In the IR spectrum of 1, a distinct band at 1602 cm−1 and a broad band at 3467 cm−1 are due to azome-
thine group and methanol coordinated to copper(II) present in 1, respectively. A sharp peak at 1097 cm−1 
is indicative for the presence of perchlorate in the outer sphere of this complex for charge neutrali-
zation of copper(II). As there is no splitting of this band, it is indicative of the non-coordination of the 
perchlorate to copper(II) [35].

In the IR spectrum of 2, the distinct band observed at 1600 cm−1 is due to azomethine (CH=N) of the 
Schiff base present in the complex. The asymmetric stretching vibration of azide (vas) is at 2044 cm−1 and 
attributed to end-on azide bridge in 2. Out of the two complexes, only 2 was found in the crystalline 
state; structural detail is described below.

Table 2. selected bond distances (Å) and angles (°) for 2.

Bond Distance (Å) Bond angle (°)

Cu1–n1 1.98(1) Cu1–n1–n2 119.0(8)
Cu1–n4 1.96(1) Cu2–n1–n2 117.0(8)
Cu1–n5 2.046(9) Cu1–n1–Cu2 94.1(4)
Cu1–o1 1.877(8) n1–Cu1–n5 92.8(4)
Cu2–n1 2.66(1) n1–Cu1–o2 83.9(4)
Cu2–n6 1.97(1) n1–Cu2–o2 84.2(3)
Cu2–n9 2.03(1) n9–Cu2–o2 175.7(4)
Cu2–o2 1.895(9) n10–Cu2–o2 91.8(4)
    n1–Cu1–n4 177.6(4)
    n1–Cu1–o1 90.4(4)
    o1–Cu1–o2 106.8(3)
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3.2. X-ray crystallography of 2

In this complex, copper(II) centers are held by bridging phenoxo- and bridging μ1,1-N3 forming the 
mixed-bridged binuclear species. The binuclear nature is shown in figure 1. The Cu⋯Cu internuclear 
distance is 4.395 Å for 2. Both copper ions have distorted five-coordinate geometry. In the coordina-
tion environment of one Cu(II), the basal plane is composed of three nitrogen donors and one oxygen 
atom, one nitrogen is from the bridging azide (N1), and the other two are from the Schiff base (N4 
and N5). The remaining coordination position is occupied by the phenoxo oxygen of tridentate Schiff 
base (O1). The fifth coordination site of the square pyramid is occupied by O2 of the symmetry-related 
bridging phenoxo group (symmetry: 1/2 − x, 1/2 + y, −z). In the coordination environment for the other  
Cu(II) center, the four coordination sites are similar to the first but one of the coordination sites is  
occupied by N6 from the terminal azido group. This inequality in coordination environment of the  
copper(II) centers of the dimer indicates that non-identical copper(II) ions are present in the  
same fragment. All the bond angles and lengths agree very closely with previously reported phenoxo–
azido-bridged copper(II) complexes [36, 37]. The Cu1–O2–Cu2 angle is 102.30(7)° and the Cu1–N1–Cu2 
angle is 94.1(4)°.

A closer look into the supramolecular assembly reveals that adjacent dinuclear units are aligned 
along the crystallographic b-axis. A number of weak forces are responsible for this 1-D assembly as 
shown is figure S2. Cu1 of one unit is at 3.772 Å from the coordinated N6 of the adjacent unit. Similarly 
a weak N⋯O interaction is present with O1⋯N9 distance of 3.006 Å [38]. Cu2 is at a distance of 3.711 Å 
from O1 which is coordinated with Cu1 of the adjacent unit. Finally a π⋯π interaction between the 
phenyl ring (consisting of C1–C2–C3–C4–C5–C6) and the metal chelate ring (consisting of Cu2–O2–C14–
C19–C20–N10) with a centroid⋯centroid distance of 3.788 Å is also operating between the adjacent 
dinuclear units. The packing of the complex is depicted in figure S3. In the ac plane, the molecular 
assembly is controlled by van der Waals cohesion among the –CH2CH2CH3 aliphatic ends of adjacent 
dinuclear units. As shown in figure S3, the H⋯H close contact along the a-axis is 3.002 Å and that along 
the c-axis is 2.988 Å [39].

Figure 1. structure of 2 with atom numbering scheme.
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3.3. Magnetic study of 2

Temperature dependence χmT of 2 is shown in figure 2. The room temperature χmT value is 
0.86  cm3  K  mol−1, expected for two magnetically isolated Cu(II) ions with respect to the spin-only 
value of 0.75  cm3  K  mol−1. As the temperature is lowered, χmT increases slowly to ca. 75  K, then 
sharply increases to a maximum of 0.91 cm3 K mol−1 at 10 K. Upon further cooling, it decreases rapidly 
and attains a value of 0.79 cm3 K mol−1 at 2 K. This curve is characteristic of leading ferromagnetic  
interaction. It should be noted that the rapid lowering of χmT at very low temperature might be the 
effect of antiferromagnetic inter-dimeric interaction. To calculate the exchange coupling (J), the data 
were fitted with a modified Bleaney–Bowers equation [40, 41] (equation 2) for two interacting Cu(II) ions 
(S = 1/2) taking the Hamiltonian H = −JS1S2 (S1 = S2 = 1/2). The modification was done by introduction  
of the molecular field approximation to incorporate intermolecular interaction. The best fitted curve 
(figure 1) results in the following parameters: g = 2.13, J = 5.55 cm−1, ZJ′ = −0.12 cm−1, and r = 0.985. 
Here, r represents the goodness of fit.
 

 

The structural analysis of 2 shows that each dimeric unit is connected through hydrogen bonds of 
phenoxido O1 and N9 of adjacent amine group, forming a 1-D chain through weak atom⋯atom inter-
actions. The donor-acceptor distance is 3.005 Å. Therefore, antiferromagnetic inter-dimer interaction is 
quite reasonable and expected for this complex. Magnetic exchange pathway between the axial–equa-

torial (a–e) positions of copper center always provides weak interaction which may be either ferro or 
antiferromagnetic depending upon the bridging angle and the nature of bridging group [42]. It is also 
noticed that weak interaction is caused by a poor overlap of magnetic orbitals since the spin distributed 

(1)�dimer
m T =

2Ng2�2T

k(T − �) ×
[

3 + exp(−J∕kT )
]

(2)� total
m T =

�dimer
m

[

1 −

{

2zJ��dimer
m

Ng2�2

}]

Figure 2. Variation of χmT (cm3 mol−1 K) with temperature for 2. solid line denotes the best fitted theoretical curve and the points 
are the experimental data.
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in the equatorial plane and each copper center possesses two different planes. The molecular structure 
of 2 shows that Cu–Nazido (equatorial) bond distance (1.981 Å) is shorter than Cu–Nazido (axial) bond 
distance (2.655 Å). Similarly, the Cu–Ophenoxido bond distances for equatorial and axial bond are 1.895 
and 2.609 Å, respectively. The Cu–(μ1,1–N3)–Cu and Cu–(Ophenoxido)–Cu bridging angles are 94.14° and 
97.75°, respectively. After comparison with previously reported magneto-structural correlations, we 
can conclude that 2 became ferromagnetic because of low azide bridging angle (~94°) [42]. Besides 
that, the phenoxido group might show a counter complementarity effect which provides an overall 
moderate ferromagnetic interaction [42].

3.4. Electronic spectra

The absorption spectrum of the ligand showed bands at 220, 330, and 403 nm which are assigned to 
π → π* and n → π* transitions arising out of the conjugated double bond and the phenyl ring of the 
ligand (figure 3). The absorption spectrum of the mononuclear Cu-complex of 1 shows a single band 
at 330 nm which is diminished in intensity as compared to the ligand itself. This may be attributed to 
the rigid molecular frame of the copper bound complex that results in π → π* transition within the 
aromatic ring and the azomethine group in a restricted way. Complex 2 however shows a red-shift in 
the band position which is intensified at 334 nm owing to azide bridging between two Cu ions present 
in two units of 1 [43, 44].

3.5. OP sensing studies

Complexes 1 and 2 were treated separately with OP and studied for their spectral responses. Figure 4 
shows a gradual red-shift in the λmax of the absorption spectrum (from 330 to 340 nm and 287 to 300 nm) 
of 1 upon addition of OP. This is attributed to the higher polarity of the OP compound originating out 
of the lone pairs on N and S. The π → π* transition is facilitated with the lowering of the excited state of 
the complex upon interaction with these lone electron pairs associated with OP. A spectacular change 
is seen when 2 is treated with OP (figure 5). The absorption spectrum of 2 shows a slight blue-shift 
(333 to 326 nm) which is due to interaction of the azide bridge with the lone electron pairs of OP that 
influences the energy involved with the n → π* transition. The red-shift in the π → π* transition however 
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Figure 3. absorption spectra of the schiff base, 1 and 2.
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remains the same as in the previous case. The simultaneous red-shift in the π → π* and blue-shift in the 
n → π* transition may result in overlapping of the two bands. After addition of only 0.00196% OP in 
solution of 2, a considerable overlap of the two peaks is observed. Both absorption and fluorescence 
spectra of the pristine OP compound taken in DMSO were measured at the same concentration level 
and found to have no characteristic bands. Considering the possible interference from sulfate, nitrate, 
and phosphate ions in detection of OP compounds, the changes in the absorbance of 1 and 2 solutions 
were studied in presence of these ions (figures S4 and S5, respectively). Absence of any considerable 
change at λmax = 330 nm for 1 and at λmax = 334 nm for 2 nullifies the possibility of interference from 
these ions in detection and sensing of OP compounds.
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Figure 4. absorption spectra of 1 with increasing oP concentration from 3.9 × 10−4–2.7 × 10−3%.
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Both 1 and 2, when dissolved in DMSO, show emission spectra upon excitation at 330 nm (figure 6). A 
double-humped emission pattern in both complexes is indicative of the existence of a low energy state 
very close to the ground-state. The emission spectrum was recorded from 320 to 600 nm. Complex 1 
shows an emission band with maximum at 434 nm together with a hump at 383 nm. The azide-bridg-
ing induces a considerable red-shift in the emission spectrum and 2 emits at 491 nm together with a 
shoulder at 432 nm, when excited at 330 nm. As a result of azide-bridging between the two adjacent Cu 
complexes, the distance between the two electron-rich zones of the ligand-bound Cu centers become 
less and is now almost fixed as compared to the previous situation. This gives decrease in the emission 
intensity and emission energy. Hence a prominent red-shift is seen in the emission spectrum of 2.

Addition of the OP solution at a trace level (down to ~0.00039% solution in DMSO) induces a spec-
tacular blue-shift in the emission spectrum of 1 (figure 7). Presence of electronegative O and N together 
with S-donor atoms imparts changes in the local electronic environment of the Cu complex which 
results in increased difference in the energy levels of the electrons and, hence, a blue-shift in the emis-
sion spectrum. This is in accord with the corresponding absorption spectrum which shows a red-shift 
upon addition of OP. The two results are in agreement and the absorption and the emission spectra 
are supposed to be the mirror image of one another.

Addition of OP solution to 2 also shows a prominent change in its emission spectrum (figure 8). 
With increasing OP concentration, the initial sharp emission band of 491 nm becomes broad and the 
emission shoulder at 432 nm slowly intensifies resembling the emission maximum (~434 nm) of the 
OP-treated 1. This is probably due to slow rupture of the azide bridge upon treatment with OP and 
a slow conversion of the structure toward that of 1 (figure 6). For further confirmation of the event, 
the fluorescence lifetimes of the compounds were studied. The fluorescence decay plots are shown 
in figure S6 showing that the fluorescence decay pattern of 1 varies widely as that in 2. However, the 
decay pattern of the OP-treated 2 overlaps with that of 1, indicating the probable conversion as dis-
cussed above. In addition, no observable change in the OP-treated 1 also indicates only excited state 
interactions with the OP in this particular case. The fluorescence lifetime values (τ) of the compounds 
as tabulated in table 3 also show that one of the components (τ2) of the OP-treated 1 now closely 
resembles that of 1 (5.8 ns). The spectral results are in agreement with each other. The fluorescence 
sensing of OP compound is due to its possible role in nullifying the azide bridge which is reflected in 
the resultant absorption and fluorescence spectral behavior.
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Figure 6. fluorescence spectra of 1 and 2 excited at 330 nm.
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3.6. DFT study

Since a crystal structure was obtained only for 2, DFT calculations could be done only for this compound 
to get a better understanding of the binding events between 2 and organophosphorus substrate. 
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Figure 7. fluorescence spectra of 1 with increasing oP concentration from 3.9 × 10−4–2.3 × 10−3%.
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Figure 8. fluorescence spectra of 2 with increasing oP concentration from 3.9 × 10−4–5.3 × 10−3%.

Table 3. fluorescence lifetimes (in s) of the compounds.

Compound τ1 τ2 τ3

ligand 2.01 × 10−9 6.28 × 10−9 5.06 × 10−10

Complex 1 1.42 × 10−9 5.80 × 10−9 1.98 × 10−10

Complex 2 1.12 × 10−9 7.39 × 10−9 6.88 × 10−11

Complex 2 + oP 1.24 × 10−9 5.88 × 10−9 7.81 × 10−10
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Calculations were performed on 2 and on the corresponding one-electron reduced analog (1−) at the 
B3lyP level. The structure of 2 proved to be the triplet (S = 1/2) state with optimized structural param-
eters fully consistent with crystallographic data. The one-electron reduced analog (1−) shows a doublet 
(S = 1/2) ground state. The calculated condensed Fukui function values f +

k
 at the copper sites of 2 are 

0.0279 (Cu1) and 0.0180 (Cu2). According to these values, the organophosphorus substrate binds as a 
nucleophile to one copper center (f +

k
 = 0.0279) more favorably compared to the other copper center 

(f +
k

 = 0.0180) in 2. The difference in Fukui function values at the two copper sites is most likely due to 
the different modes of ligand coordination. In 2, both HOMO and lUMOs are spread on and around 
Cu1, indicating involvement of this copper center in the binding process with the substrate (figure 
9(a) and (b)). This is in accord with the findings observed in Fukui function calculations. Similarly, in 
one-electron reduced analog (1−), the HOMO and lUMOs are mostly located on Cu1 rather than Cu2. 
Therefore, DFT calculation results suggest that the binding of organophosphorus substrate with 2 
occurs through one copper center.

3.7. ESI-MS study

The interactions were further supported by the ESI-MS analysis of 2 and its OP-treated analog. The 
spectrum for 2 (figure S7a) shows prominent peaks at m/z values 676, 634, and 316 Da, owing to the 
disappearance of the end on bridging N3

−, N3
− and one of the ligand bound copper units, respectively. 

Upon treatment with OP, the intensity of the peaks at 676 and 634 Da diminish (figure S7b) with respect 
to that of 316 Da indicating the presence of higher concentration of the mononuclear species which 
is also in agreement with the fluorescence lifetime data. In addition, a small new m/z peak arises at 
544.9 Da, which corresponds to the mass of the OP-added mononuclear Cu unit. A zoom in spectrum 
(figure S7c) of the OP-treated complex 2 shows the presence of the peak at 544.9 Da. However, no such 
specific peak is seen for pristine 2 (figure S7d), indicating the specificity of the studied interaction. 
However, some non-specific fragmentations do occur yielding mass fractions of 570, 572 Da, etc.

4. Conclusion

An application of a newly synthesized phenoxo–azido-bridged Schiff base complex has been 
explored. Both the synthesized mononuclear and azido-bridged binuclear complexes were effective 

(b)(a)

HOMO (MO = 184) of 2 LUMO (MO = 185) of 2 

Figure 9. representative homo and lumo of 2 calculated at the B3lyP/[6-311G] level of theory.
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in fluorescence sensing of an organo-phosphorus insecticide which otherwise needs sophisticated 
method for detection and analysis. Trace concentration of OP solution in DMSO can modify the spec-
tral features of the Schiff base complex containing Cu as the central ion and two Cu Schiff base units 
bridged with azide. However, sensing by 1 is due to excited-state electronic interactions with the OP 
molecule in contrast to the ground state electronic interactions of the same with 2. The observations 
are in agreement with single X-ray crystallographic features of 2 which have been further supported by 
theoretical calculations and ESI-MS analysis. The results may offer an economical method for detection 
of this highly toxic non-biodegradable ingredient in agricultural products.

Supplementary material

Crystallographic data for 2 has been deposited at the Cambridge Crystallographic Data Center (CCDC). CCDC No. of 2 is 
1403818. Copy of the data can be obtained free of charge on application to the CCDC, 12 Union Road, Cambridge CB2 
1EZ, UK (Fax: +44 1223 336 033; E-mail: deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk/conts/retrieving.html).
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