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Abstract

	 A rapid, selective and sensitive method for the quantification of Pd (II) using spectrophotometric 
technique associated with Z-N'-(benzo(d)thiazol-2-yl)-N,N-dimethylformimidamide BTDF as new 
chelating agent is described. Yellow colored complex of Pd (II) with BTDF is formed in Britton-
Robinson universal buffer of pH 9 and extracted with chloroform. The formed complex clearly illustrate 
an absorption at ∼384 nm and follw Beer’s law in the range of concentration between 0.5–18.0 µg 
ml−1 of Pd (II) with absorbance of 3.62 × 104 L mol-1 cm-1 and limit of detection (LOD) of Pd (II) 0.07  
µg ml−1.The effects of different experimental parameters have been established by study the optimum 
conditions for the extraction and quantification of palladium ion. Density functional theory (DFT) 
have also been employed  to compute the influence of the cation on theoretical parameters of Pd2+ 
complexes. The effect of donating centers was investigated theoretically which prove that Pd2+ favor 
coordinated with two molecules of Z-N'-(benzo(d)thiazol-2-yl)-N,N-dimethylformimidamide through 
two nitrogen atoms.The performance of the examined method was estimated to detect the impact 
of current method over the presented methods in the literature without interference effect of cations 
and anions. The examined method has successfully demonstrated the quantification of Pd(II) in 
natural and spiked water samples.
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Introduction

	 Recently, the use of nitrogen containing 
heterocyclic derivatives in biological processes has 

attracted a lot of considerable attention, due to it 
snatural abundance, chemistry coordinating ability 
for a trace metal ion and promising application in 
industry1. The synthesis of platinum pyrimidine has 
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become an interesting complexes that can be isolated 
from the reaction of cisplatin with pyrimidines which 
have illustrated its effective for antitumor activity2–7. 
The ligand display a great versatility when interact 
with metal ion and strong coordinating unit, due to 
its influence on the electronic and steric properties of 
the central metal, interesting metal-metal interactions 
in some cases of compounds8. Depending on 
the conditions, reported study has indicated that 
pyrimidine ring is preferred binding to Pd(II) either 
in monodentate mode through one nitrogen atom 
commonly in a cis-configuration, or in bidentate 
mode through the two nitrogen atoms9.

	 Several studies have reported unprecedented 
compounds displayed new bonding modes for the 
pyrazolate ligands Pd(II) complexes10-14. Only few 
studies in the literature have been demonstrated 
the utilize of pyrazolyl derivative complexes for 
assembly or self-assembly in extended arrays15. 
Some derivatives of five-membered heterocycles 
have subjected to considerable attention in the 
literature16, in particular, studies on the synthesis of 
trifluoromethylsubstituted isoxazoles and pyrazoles17–19. 
In this work, the interactions of Z-N'-(benzo(d)thiazol-
2-yl)-N,N-dimethylformimidamide ligand with Pd(II) 
were investigated experimentally for the first time 
using a simple, easy to operate, reliable, highly 
sensitive and accurate extractive spectrophotometric 
method for the detection and quantification of 
Pd(II) in spiking different water samples and these 
interactions were approved using quantum chemical 
calculations by calculating the HOMO/LUMO energy 
values and bond angles, bond lengths, charge 
density and dihedral angles of the complexes. 

Materials and Methods

Apparatus
	 The spectra measurements for all samples 
were measured using a thermostatted Shimadzu  
UV-VIS-NIR-3600 double-beam spectrophotometer 
with wavelength range 150–1100 nm, spectral 
bandwidth 2.0 nm, with 10 mm matched quartz 
cells. The pH of solutions was tested using JENWAY 
Research Model 3510 pH Meter.

Reagents and solutions
	 All of the chemicals utilized were of the 
highest purity analytical reagent grade. Double 

distilled water was utilized to prepare all the 
solutions.

(i)	 BTDF was synthesized based on the method 
described previously20. Standard stock 
solution (0.01 mol l-1) of Z-N'-(benzo(d)thiazol-
2-yl)-N,N-dimethylformimidamide(BTDF) 
was prepared by dissolving 0.205 g of BTDF 
with methanol  in a 100 mL calibrated flask. 
All solutions were freshly prepared at lower 
concentrations by suitable dilution with 
methanol.

(ii) 	 A stock solution (0.01 mol L-1) of palladium(II) 
chloride was prepared by dissolving 0.1773 
g of anhydrous PdCl2 in 100 mL of water 
acidified with few drops of concentrated HCl 
then the obtained solution was standardized 
by EDTA method (Merck, 1982). Working 
solutions were prepared by suitable dilution 
of the stock solution with distilled water.

(iii) 	 The standard methods21 were used to prepare 
different series of Britton-Robinson(B-R) 
universal buffer solutions. 

Recommended procedure 
	 An aliquot of sample containing 0.5–20 
µg mL−1 of PdCl2 solution in desired acidity was 
transferred into a series of 50 ml separating funnels, 
2.0 mL of (1 x 10-4 mol L-1) BTDF was added and 
then the total volume of the aqueous phase was 
adjusted to 10 mL using buffer solution pH 9 to give 
turbid yellowish solution of palladium complex then 
10 mL of chloroform were added to each funnel 
and shaken process for the contents were done 
well for 5.0 minute. The two layers were allowed 
to separate and the organic phase was dried over 
anhydrous sodium sulphate. The absorbance spectra 
of the solution was measured against BTDF/CHCl3 
solution.

Quantification of palladium ion in spiked and 
natural water samples
	 Quantification of palladium (II) was 
performed in environmental samples that were 
previously checked negative for palladium (II). 
Then palladium (II) was spiked to tap water, lake 
and river samples  at a concentration that obeyed 
the limitof Beer’s law for the analysis. To remove 
suspended particulate substances from natural 
water samples spiked with palladium (II) a 0.45 
µmpore size membrane filter was used, after 
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filtration the extraction efficiency for the recovery of 
palladium (II) was studied.The spectrophotometric 
measurements of final solution were carried out 
following the procedure mentioned above.

Results and discussion

	 Palladium ion forms metal complex in acidic 
medium (pH 9) with Schiff base such as BTDF 
and this complex are extracted quantitatively into 
chloroform. The spectra of absorption of the yellow 
metal complex solution were detected in the range 
300-550 nm against the blank solution (Fig. 2). The 
palladium complex shows the maximum absorbance 
at λmax as provided in (Table 1). 

color intensity and utilized for further studies. Excellent 
data wasgenerated when distilled water used for 
dilution and chloroform for extraction of the color 
product show more better than the other solvents.

Table 1: Effect of order of reactants addition

S No.	 Order of additiona	 Absorbance for 1 ml
		  of Pd(II)(1.0 x 10-4M)

   1	 A + B + C	 0.42
   2	 A + C + B	 0.4
   3	 B + A + C	 0.4
   4	 B + C + A	 0.41
   5	 C + A + B	 0.42
   6	 C + B + A	 0.42

aA = BTDF, B = palladium(II), C = Buffer solution		

Spectral characteristics
	 In the current method a yellow colored 
of the extracted solution was formed with minimal 
interference, it was necessary to carry out the 
optimization to achieve the optimum wavelength 
for palladium(II) quantification. This wavelength 
should be specific monitoring and specific for  
Pd-BTDF quantification. The wavelength of maximum 
absorbance was obtained by measuring the yellow 
colored solution within the range 300-550 nm with 
various concentrations of palladium(III).

	 The optimum wavelength for achieving 
the best results was generated to be 384 nm and 
the reagent  blanks had negligible absorption at the 
same wavelength. The absorption spectra of the 
metal complex is presented in Figure 1.

Optimum reagents concentrations
	 The BTDF effect was examined by using 
a constant palladium(II) concentration in 10 mL 
standard flask. It was observed that (1 x 10-4 mol L-1) 
BTDF in the range of 0.5-3.0 mL was adequate to 
obtain the yellow color. Hence, 2.0 mL of (1 x 10-4 

mol L-1) BTDF was preferred to achieve the maximum 

Fig. 1. Absorption spectra of (…..) Pd (------) BTDF and (⸻) 
the complex of BTDF-Pd-BTDF in the range of 300–550 nm

	 The sensitivity of the proposed method 
increasedby increasing BTDF volume up to 2.0 mL 
of (1 x 10-4 mol L-1) and decreased at higher volume 
due to this fact that the free BTDF competes with 
the complexes inextraction rich phase.

Effect of pH
	 The effect of pH on the formation of 
palladium (II)-BTDF complex and its absorbance was 
investigated by mixing 1.0 mL (1 x 10-4M) palladium 
(II),  2.0 mL (1 x 10-4M) BTDF and 5.0 mL pH 2 - 12 
of universal buffer. The mixture was diluted to volume 
mark in a 10 mL standard flask with dist. water then 
the absorbance of the extracted yellow color complex 
was measured.

	 By comparing different types of buffer 
solution, the universal bufferillu strated the highest 
selectivity, sensitivity, stability and linearityof yellow 
colored product while the blank remained colorless in 
chloroform presence.The absorbance was maximum 
at pH 9.0 which was selected as optimal (Figure 2).

Choice of organic solvent
	 A different organic solvents such as 
chloroform, dichloromethane, carbon tetrachloride, 
toluene, and benzene were tested for extraction 
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of Pd-BTDF complex using applicable extraction 
procedure. The best appropriate solvent for the 
extraction of yellow colored complexes was chloroform 
that yielding maximum absorbance intensity. 

Fig. 2. Effect of pH of universal buffer on the color intensity 
of the complex

Effect of time and temperature on color stability
	 In light of the optimized conditions, in spite 
of the color developed instantaneously, five minutes 
were adequate to get the constant and maximum 
absorbance, the colored complex was stable for 
one day. The measurements of absorbance changed 
by not more than 5% over a period of 30 h and the 
color formation was independent of temperature in 
the range of 10-45oC. Hence, five minutes reaction at 
ambient temperature was adequate for the analysis.

Composition of complex
	 Stoichiometric ratio of BTDF to PdCl2 in 
the complex was observed by the Job's method 
of continuous variation using variable BTDF and 
palladium ion concentrations. The results showed 
that the stoichiometric ratio was 1:2 (Pd-BTDF) at 
the optimum conditions 

Analytical application
	 The determination of palladium was 
occurred using the proposed method by spiked 
water samples with known quantity of palladium(II) 
and study the recovery. The data generated by the 
current method was definite by measurements of 
palladiun contents using the reported methods22. 
Student, s t-test and the variance ratio F-test at 95% 
confidence level were calculated and showed that the 
calculationsdid not override those the oreticalvalues. 
Table 3 showed that there is no significant difference 
between those measured by proposed method and 
the spiked quantities and from the previous methods, 
referring that the current method is as accurate and 
precise as the previous methods. The comparison 
between the proposed method and some different 
reported methods has shown that, the proposed 
method is rapid, simple, and highly sensitive than the 
semethods in survey provided in Table 4.

Computational details
	 Density functional theory (DFT) was utilized 
to study of the cation effect on theoretical parameters 
of the Pd2+ complexes of Z-N'-(benzo(d)thiazol-2-yl)-
N,N-dimethylformimidamide and detect the exact 
structure of the complex results from coordination 
with metal ion. The Z-N'-(benzo(d)thiazol-2-yl)-N,N-
dimethylformimidamide compound has posses four 
donating centers, three nitrogen atoms and one 
sulpher atom. The divalent metal ion Pd2+ may be 
chelated with two nitrogen atoms or chelated through 
the one nitrogen atom and one sulpher atom, so in 

Table 2: Optical parameters for the determination of 
palladium(II)

Parameter	 Characteristic	
	
pH	 9		
Extracting solvent	 chloroform		
λmax	 384		
Molar ratio (Pd-BTDF)	    1 : 2		
Beer,s law limits (µg mL-1)	 0.5–18.0 		
Molar absorptivity (l mol-1cm-1)	 3.62 × 104		
Sandell,s sensitivity (ng cm-2)	 17.2		
Regression equation*			 
Intercept	 0.07		
Slope	 0.058		
Correlation coefficient (r) 	 0.9994		
Range of error %	 -0.48 : 0.61		
pK	 6.13	
Detection limit LOD (µg ml-1)	 0.053	
Quantification limit LOQ (µg ml-1)	 0.16	

* A = a + bC, where C is the concentration in mg mL-1		

Order of reactants addition 
	 The influence of order of reactants addition 
was investigated by using varies orders of the 
reactants in optimized amounts. The data obtained 
has demonstrated that, the order of addition of 
reactants unaffected on the absorbance values as 
provided in Table 2, but for maintaining the similarity 
of the order of addition of reactants, series No.1 
of Table 1 was followed throughout course of the 
quantification  of palladium(II).
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this part we study the two complexes results from 
the two modes of chelation and show which is more 
stable than other. The pronounced effect of donating 
centers was examined theoretically and the excited 
state for entire compounds was investigated to 
establish the different types of electronic transitions 
which can be occurred on these compounds with 

different structure. The Frontier molecular orbitals 
were studied for its important role in the optical 
and electric characteristics, as well as in chemical 
reactions and UV-Vis. spectra. Profiles of the 
geometry and optimal set of these complexes were 
studied using the GAUSSIAN 98W package of 
programs23 at Cep-31G  level of theory24.

Table 3: Determination of palladium (II) in different water samples

Samples	 Palladium added μg ml-1	                     Palladium found(μg ml-1)		  t-testb F-testc

				  
		  Proposed method	 Reported method	
		  Founda Recovery	 Founda Recovery	

Drinking water 	 0.5	 0.49 ± 1.20     98.0	 0.503 ±1.45   100.6	 0.94          1.83
(Al Qassim-KSA*)	 2	 1.98 ± 0.48     99.0	 2.007 ± 0.65  100.3	 0.96          1.07
	 4	 4.02 ± 0.55    100.5	 3.994 ± 0.29   99.8	 0.44          1.57
				  
Tab water 		  0.498 ± 1.26   99.6	 0.504 ± 1.66    100.8	
(Al Azizea-Makkah-KSA*)	 0.5	 2.006 ± 0.57   100.3	 2.004 ± 0.44    100.2	 1.28          1.85
	 2	 3.986 ± 0.54    99.7	 3.997 ± 0.52     99.9	 0.80          2.13
	 4			   1.18          1.79
Tab water				  
(Alabdia-Makkah-KSA*)		  0.492 ± 1.36    98.4  	 0.504 ± 1.87   100.8	
	 0.5	 1.964 ± 0.44    98.2	 1.994 ± 0.47    99.7	 1.281.88
	 2	 3.992 ± 0.33    99.8	 3.991 ± 0.58    99.7	 0.42           1.86
	 4			   0.761.58

aMean ± Relative Standard Deviation (n = 5); b,cValues in parentheses are the theoretical values for t- and F- values at 95% 
confidencelimits and five degrees of freedom; * Kingdom of Saudi Arabia.

Table 4: Comparison of recommended method with reported methods

Reagent	 λmax (nm)	 Molar absorptivity,	 Conditions	 Ref.
		  l mol-1 cm-1		

-Pyridoxal-4-phenyl-3-thiosemicarbazone.	 460	 2.2×104	 Benzene, pH 3.0	 [53]
-Benzyloxybenzaldehyd				  
ethiosemicarbazone.	 365	 0.4×104	 Cyclohexanol, pH 5	 [54]
-N-ethyl-3-carbazolecarbax				  
aledehyde-thiosemicarbazone.	 410	 1.6×104	 n-butanol, pH 4.0	 [55]
-Benzoin oxime.				  
-2-(2-Quinolylazo)-5-	 330	 4.0×103	 Hexone, 1 M HNO3	 [56]
dimethylaminoaniline				  
	 600	 13.5×104	 In 0.5–2.5M HCl	 [57]
-N-Dodecyl-N0-(sodium-p-aminobenzenesulfonate)-				  
thiourea	 296	 7.41×104	 In CTMAB andNaAc–HAc buffer	 [58]
BTDF				  
				  
	 384	 3.62 × 104	 Chloroform, pH 9.0	 Present work

Computational method
	 The geometric and energies parameters 
were studied at the B3LYP/Cep-31G level of theory 
by DFT, appling the GAUSSIAN 98W package of 
the programs, on geometries that were examined 
at Cep-31G basis set. The atomic charges were 
studied by the natural atomic orbital populations. The 
B3LYP is important for the hybrid functional25, which 

shows a linear combination by Becke of the gradient 
functionals reported26, Yang, Lee and Parr27, together 
with local exchange function by Hartree-Fock28.

Model of compounds and structural parameters
Z-N'-(benzo(d)thiazol-2-yl)-N,N-dimethylformimid 
amide
	 The chelating effect of this compound is 
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mainly detected by its structure, the Z-N'-(benzo(d)
thiazol-2-yl)-N,N-dimethylformimidamide has many 
characteristic structural features. The molecule is 
completely planer, also it is considered not highly 
sterically-hindered, there are two aromatic rings. 
The bond length C1-N3 is 1.369 Å, N2-C6 is 1.374 
Å, also the C6-N7 is 1.317 Å there is a double 
bond characters C and N atoms29, whereas C1-N2 
is double bond 1.316Å30. Analysis of investigated 
bond lengths in different sulfa molecules was given 
elsewhere31. All distances and angles between the 
atoms of the sulfa compound system are given in 
Table (1). The S8-C10 and C6-S8 bond lengths are 
1.788 Å and 1.796 Å32 respectively, the N3-C4 and 
N3-C5 bond lengths are 1.423 Å33, also the  N7-C9 
bond length is 1.401 Å33.    

	 The molecule is a completely planer and not 
highly sterically-hindered as seen in Fig.(3), the Z-N'-
(benzo(d)thiazol-2-yl)-N,N-dimethylformimidamide 
compound occupied one plan and all fragments 
are laying in the same plane, the dihedral angle 
C4N3C1N2, 179.99˚ and C5N3C1N2, -0.00˚, it is 
means that the two terminal methyl groups are in 
the plane of central aromatic ring. The values of 
calculated dihedral angles: N3C1N2C6, 179.90˚, 
C1N2C6N7 and C1N2C6S8 are -179.90˚ and 
0.00˚ respectively, so the aromatic ring lying in the 
plane of the molecule. Fig.(3), shows the optimized 
geometrical structure of  Z-N'-(benzo(d)thiazol-2-yl)-
N,N-dimethylformimidamide compound, the dihedral 
angles N2C6N7C9 is 179.90˚ and N2C6S8C10 is 
-179.90˚ which confirms that the N2 and C1 lying in 
the same plane occupied by the two terminal methyl 
groups and lying in the same plane of the central 
aromatic ring. 

	 The optimized geometrical parameters, bond 
distances, bond angles and dihedral angles of Z-N'-
(benzo(d)thiazol-2-yl)-N,N-dimethylformimidamide 
as obtained from B3LYP/Cep-31G calculations  
are listed in Table (5). These data are drowning to 
give the optimized geometry of molecule as shown in  
Fig. (3). The bond angles, C4N3C5 is 121.22˚, C1N3C5 
is 120.08˚, C1N3C4 is 118.69˚ and  N2C1N3 is 119.79˚ 
and C1N2C6 is 120.34˚ reflects on sp2 hybridization 
of the N3 atom. The values of bond distances are 
compared nicely with that obtained from X-ray data29. 
Comparisons of the performance of varies DFT 
procedures allow outlining the principle trends of 
these theoretical approaches which are necessary 
to better understand reaction mechanisms of Z-N'-
(benzo(d)thiazol-2-yl)-N,N-dimethylformimidamide 
compound and the properties. However, till now, no 
attempt has been made to analyze the application 
of different DFT steps and various basis sets for 
accurate calculations of structure of Z-N'-(benzo(d)
thiazol-2-yl)-N,N-dimethylformimidamide33.

	 The accumulated charge on S8 (-0.329), 
C6 (0.387) and C10 (0.097), reflects that the S atom 
is bonded strongly with surrounded two carbon 
atoms. The presence of thiazole ring attached to the 
benzene ring  effects on the charge spreading overall 
the compound, also the charges on the two terminal 
methyl group are effected by attached with nitrogen 
atom, the charge on C4 (-0.043) and C5 (-0.034). 
The energy of this compound is -114.844553978 au 
and very lower value of dipole 3.52D. 

Pd2+ complex with Z-N'-(benzo(d)thiazol-2-
yl)-N,N-dimethylformimidamide through the 
nitrogen and sulpher atoms
	 In this complex, there are three plans one 
occupied by two terminal ends of the ligand bonded 
with Pd2+ through the nitrogen atoms of amino group 
and this plane is lying between others two planes 
occupied by two aromatic rings of the two ligand 
molecules as shown in Fig.(4). All parameters, 
selected inter atomic distances and angles of the 
complex are listed in Table (6). The complex is 
four-coordinate, the metal ion Pd2+ is coordinated 
to two unites of Z-N'-(benzo(d)thiazol-2-yl)-N,N-
dimethylformimidamide molecules, one N-amino 

Fig. 3. The optimized geometrical structure of  
Z-N'-(benzo(d)thiazol-2-yl)-N,N-dimethylformimidamide 

compound  by using B3LYP/Cep-31G
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group  and one S-thiazole ring of one Z-N'-(benzo(d)
thiazol-2-yl)-N,N-dimethylformimidamide ligand. The 
Pd- S bond lengths (2.28Å and 2.27Å)34 are longer 
than the Pd-N (1.98Å and 1.99Å)35,36. The angles 
around central metal ion Pd2+ with surrounded 
four donating atoms of the two molecules of Z-N'-
(benzo(d)thiazol-2-yl)-N,N-dimethylformimidamide 
vary from 97.90˚ to 119.21˚, these values not 
deviated slightly from these expected for tetrahedral 
structure37.  The distances between Pd-S and Pd-N 
and angles around the central metal ion are given 
in Table (6), these values are in agreement with 
experimental data38.

Fig. 4. Optimized geometrical structure of  Pd2+ complex 
with Z-N'-(benzo(d)thiazol-2-yl)-N,N-dimethylformimidamide 

through sulpher and nitrogen atoms by using B3LYP/Cep-31G

Table 5: Equilibrium geometric parameters bond lengths (Å), bond angles (˚), dihedral angles (˚) and 
charge density of Z-N'-(benzo(d)thiazol-2-yl)-N,N-dimethylformimidamide compound by using DFT/

B3LYP/Cep-31G

Bond length (Å)				  

C1-N2      1.316	 C1-N3        1.369	 N3-C4        1.423	 N3-C5         1.423	
N2-C6      1.374	 C6-N7        1.317	 N7-C9        1.401	 C9-C10       1.412	
S8-C10     1.788	 C6-S8         1.796	 C10-C11    1.387	 C11-C12     1.396	
C9-C14    1.398	 C13-C14    1.393	 C12-C13    1.395		

Bond angle (˚)				  

C4N3C5      121.22	 C1N2C6         120.34	 C6S8C10       87.96	 C1N3C4          118.69
N2C6N7     120.39	 S8C10C9       108.95	 C1N3C5        120.08	 N2C6S8          123.37
N7C9C10    116.47	 N3C1N2        119.79	 N7C6S8        116.23	 C12C13C14    121.12
N7C9C14    124.65	 S8C10C11     128.24	 C10C11C12  117.08	 C11C12C13    121.27
C9N7C6      110.39	 C9C10C11     122.81	 C13C14C9    118.84	 C10C9C14      118.88

Dihedral angles (˚)				  

C4N3C1N2   179.99	 C1N2C6S8                 0.00	 C6N7C9C10                0.00		
C5N3C1N2    -0.00	 N2C6S8C10          -179.90	 S8C10C9C14           180.00  		
N3C1N2C6    179.90	 N2C6N7C9             179.90	 S8C10C11C12        -179.00		
C1N2C6N7    -179.90	 C6N7C9C14           179.90	 N7C9C14C13         -179.00		
		  N7C9C10C11         -179.90		
Charges				  

C1           0.247	 N2          -0.323	 N3        -0.095	 C4           -0.043	
C5          -0.034	 C6           0.387	 N7        -0.306	 S8            -0.329	
C9           0.126	 C10         0.097			 
Total energy/au		  -114.844554		
Total dipole moment/D		  3.52		

           The complex is a highly sterically-hindered, 
the two units of Z-N'-(benzo(d)thiazol-2-yl)-N,N-
dimethylformimidamide with Pd2+ in this complx 
occupied three plans they are not perpendicular to 
each other. This result can be confirmed from the 
values of the dihedral angle N15PdN3C29,79.09˚ and 
N15PdS7C5, -65.74˚, where the values are neither 
zero nor 180˚, so the terminal end of the two amino 
groups bonded with metal ion not axially oriented 
from the ring and then out of plane occupied by 
other two aromatic rings. Also the two aromatic  rings 
lying out of the plane occupied by metal ion bonded 
with terminal two amino groups, this observation 
is supported by the values of calculated dihedral 

angles: S19PdS7C5, -176.56˚ and S19PdN3C29, 
-165.07˚. Fig.(4), reveals the optimized geometrical 
structure of Pd2+-Z-N'-(benzo(d)thiazol-2-yl)-N,N-
dimethylformimidamide. 

	 The charge accumulated on S7 and S19 
are (-0.115 and -0.118 respectively) also, N3 and 
N15 are (0.027 and 0.009 respectively). The charge 
accumulated in N2 (-0.200) and N17 (-0.206) also 
the charge accumulated on carbon atoms, C5 and 
C29 are (-0.052 and 0.255) while C16 and C18 are 
(0.258 and 0.407) as shown in Table (6). The energy 
of this complex is -259.906935547 au and dipole 
moment is 6.125 D. 
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Pd2+ complex with Z-N'-(benzo(d)thiazol-2-yl)-N,N-
dimethylformimidamide through two nitrogen atoms

	 The Pd2+ ion, at a crystallographic inversion 
center, is in a tetrahedral environment. In the axial 
plane the metal ion is coordinated by two nitrogen 
atoms (N-amino and N-thiazole) of two Z-N'-
(benzo(d)thiazol-2-yl)-N,N-dimethylformimidamide 
ligands at the distances vary from 1.941 Å to 
1.976 Å, these bond lengths are similar to those 
observed in related compounds39. Fig.(5) reveals 
the optimized geometrical structure of the complex 
of Pd2+ with Z-N'-(benzo(d)thiazol-2-yl)-N,N-
dimethylformimidamide through two nitrogen atoms 
with the atomic numbering scheme selected bond 
distances and angles are given in Table (7). The 
difference in the C18-N19 and C6-N8 (1.272 Å 
and 1.271Å) compared with the C6-N7 in the free 
ligand (1.317 Å)40, confirms the formation of bond 
between the nitrogen atom of thiazole ring and 
Pd2+ ion; these bond lengths are virtually identical 
in uncomplexed Z-N'-(benzo(d)thiazol-2-yl)-N,N-
dimethylformimidamide ligand. The tetrahedral 
coordination environment is detected from the 
values of angles around the Pd2+ in complex as 

given in Table (7). The bond distance between 
Pd-N3 is 1.976 Å and Pd-N8 is 1.942 Å35 while the 
distance between Pd-N15 is 1.975Å and Pd-N19 is 
1.941 Å [36]. The Pd-N3 and Pd-N15 bond lengths 
are longer than that Pd-N8 and Pd-N19. The bond 
angles around the central metal ion Pd vary from 
98.94˚ to 120.95˚; these values not differ significantly 
from these expected for tetrahedral structure. The 
energy of this complex is -260.013457522 au and 
the dipole moment is high 3.781D, so this complex 
is considered more stable. 

Table 6: Equilibrium geometric parameters bond lengths (Å), bond angles (˚), dihedral angles (˚) 

and charge density of the first complex by using DFT/B3LYP/Cep-31G 

Bond length (Å)					   
			 

Pd-S7         2.28	 Pd-N3           1.98		  Pd-S19          2.27	 Pd-N15         1.99

C5-S7         1.76	 C5-N2           1.26		  N2-C29         1.27	 N3-C29         1.39

N15-C16    1.39	 C16-N17       1.26		  C18-N17       1.26	 C18-S19        1.76

C5-S7         1.76	 C5-N2           1.26		  N2-C29         1.27	 N3-C29         1.39

Bond angle (˚)					   
			 

N15-Pd-S19                              97.90          	 N15-Pd-N3             115.08		  N15-Pd-S7            119.21	

N3-Pd-S19                               119.21          	S7-Pd-S19              108.70		  N3-Pd-S7           97.91

Dihedral angles (˚)					   
			 

N15-Pd-N3-C29      79.09	 N15-Pd-S7-C5        -65.74		  S19-Pd-S7-C5            -176.56		

S19-Pd-N3-C29    -165.07	 N3-Pd-N15C16        79.08		  N3-Pd-S19-C18            -65.73	 	

S7-Pd-S19-C18     -176.56	 S7-Pd-N15-C16     -165.08				  
	

Charges					   
			 

Pd            1.030	 N2         -0.234		  N3         0.018	 C5            0.429

S7           -0.068	 C29         0.281		  N15       0.018	 N17         -0.234

C16          0.281	 C18         0.429		  S19       -0.068		

Total energy/au			   -259.9069355		

Total dipole moment/D			   2.754		
	

Fig. 5. Optimized geometrical structure of  Pd2+ complex 
with Z-N'-(benzo(d)thiazol-2-yl)-N,N-dimethylformimidamide 

through two nitrogen atoms by using B3LYP/Cep-31G
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Table 7: Equilibrium geometric parameters bond lengths (Å), bond angles (˚), dihedral angles (˚) and 
charge density of the second complex by using DFT/B3LYP/Cep-31G

Bond length (Å)				  
				  
Pd-N3         1.976	 Pd-N8           1.942	 Pd-N15          1.975	 Pd-N19         1.941
C18-N17     1.263	 N19-C22       1.277	 N3-C29         1.394	 C29-N2         1.268
N2-C6         1.263	 C6-N8           1.271	 C18-N19       1.272	 C6-S7            1.819
N8-C10       1.277	 N15-C16       1.393	 C16-N17       1.268	 C18-S20        1.819

Bond angle (˚)				  

N15-Pd-N19           98.97	 N15-Pd-N8            111.56	 N15-Pd-N3            115.97	
N8-Pd-N19            120.95	 N3-Pd-N19            111.45	 N3-Pd-N8                98.94	

Dihedral angles (˚)				  
				  
N15-Pd-N8-C6      -96.13	 N15-Pd-N3-C29       	 81.21	 N19-Pd-N8-C6             148.23
N19-Pd-N3-C29    -166.59	 N3-Pd-N19C18       	 -96.08	 N3-Pd-N19-C22             79.97
N8-Pd-N15-C16    -166.61	 N8-Pd-N19-C18      	 148.42		
			 
Charges				  
				  
Pd            1.095	 N3          0.015	 N2        -0.259	 N8           -0.104
C6            0.428	 C29         0.298	 N15       0.016	 C16           0.298
N17         -0.259	 C18         0.429	 N19       -0.105		
Total energy/au		  -260.0134575		
Total dipole moment/D		  3.781		

	 The bond distances between Pd2+ and 
surrounded nitrogen atoms of Z-N'-(benzo(d)thiazol-
2-yl)-N,N-dimethylformimidamide in tetrahedral 
complex are shorter than that in other complex 
as shown in Tables (6 and 7). Also the charge 
accumulated on N-amino group, N3 and N15 are 
(0.015 and 0.016) and N-thiazole ring, N8 and N19 
are  (-0.104 and -0.105), in case of bonding of central 
metal ion with Z-N'-(benzo(d)thiazol-2-yl)-N,N-
dimethylformimidamide through two nitrogen atoms. 
In case of other complex when Z-N'-(benzo(d)thiazol-
2-yl)-N,N-dimethylformimidamide  bonded with Pd2+ 
through sulpher atom of thiazole and one nitrogen 
atom of amino group,the charge on  N-amino group, 
N3 and N15 are (0.017 and 0.019) and charge on 
S-thiazole S7 and S19 are -0.068. These values 
are indicating that there is a strong interaction 
between central metal ion Pd2+ which has charge 
equal +1.095 and more negative nitrogen atoms in 
second complex greater than that in first complex, at 
which Pd2+ has less positively charge (+1.03) in first 
complex. The energy of the second complex is more 
negative than that in the first complex, moreover 
the dipole moment is high and the bond distances 
between the Pd2+ and surrounded four nitrogen 
atoms in the second complex are shorter than that 
in the first complex. These reasons have confirmed 
that the second tetrahedral complex is more stable 
than the first tetrahedral complex and Pd2+ prefer 
coordinated with two molecules of Z-N'-(benzo(d)
thiazol-2-yl)-N,N-dimethylformimidamide through 
two nitrogen atoms.

Frontier molecular orbitals
	 The frontier molecular orbitals play also 
an essential role in the UV-Vis. Spectra41. Fig. 6, 
illustrates the distributions and energy levels of HOMO and 

LUMO orbitals computed for the all Z-N'-(benzo(d)thiazol-
2-yl)-N,N-dimethylformimidamide and its complexes. For 
Z-N'-(benzo(d)thiazol-2-yl)-N,N-dimethylformimidamide 
compound the values of the energy of HOMO and LUMO 
are given in Table (8), the difference between HOMO 
and LUMO is  0.11586 for the free ligand, but in case of 
complexes the difference between HOMO and LUMO 
is 0.05134 for the first complex while in case of second 
complex 0.01782, the values of HOMO, LUMO, HOMO-1, 
HOMO-2, LUMO+1 and LUMO+2 are given in Table (8).

Z-N'-(benzo(d)thiazol-2-yl)-N,N-dimethylformimidamide

HOMO                                    LUMO

Fist complex

HOMO                                    LUMO

second complex

HOMO                                    LUMO

Fig. 6. Molecular orbital surfaces and energy levels of  
Z-N'-(benzo(d)thiazol-2-yl)-N,N-dimethylformimidamide and 

its two complexes by using B3LYP/Cep-31G
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Table 8: Values of energy (eV) of HOMO and LUMO for (A) 
Z-N'-(benzo(d)thiazol-2-yl)-N,N-dimethylformimidamide, 

(B) first complex and (C) second complexby using 
B3LYP/Cep-31G

	
	 (A)	 (B)	 (C)

          LUMO+2	 -0.15619	 -0.18169	 -0.19091
          LUMO+1	 -0.17839	 -0.19476	 -0.19233
          LUMO	 -0.19618	 -0.19613	 -0.20865
          HOMO	 -0.31204	 -0.24747	 -0.22647
          HOMO-1	 -0.33211	 -0.25493	 -0.22792
          HOMO-2	 -0.36322	 -0.25682	 -0.25851
∆E= HOMO - LUMO	 0.11586	 0.05134	 0.01782

Conclusion

	 The current method was utilized for the 

determination of palladium(II) in different water 
samples. The proposed procedures that involves 
coupling of BTDF as new reagent with palladium(II) 
for quantification of Pd(II) have some advantages 
such as selectivity, simplicity, stability and sensitivity 
as compared to many reported methods as provided 
in Table 4. Moreover, the methods is free from 
interference by different ions. The practical part are 
proved by theoretical studies.
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