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Abstract  

Thiourea-based carbon paste electrodes (CPEs) were constructed as potentiometric sensors for 

the determination of salicylate anion in pharmaceutical preparations. The optimized CPE consists of 

45.5% graphite, 0.5% reduced graphene oxide (rGO), 46% plasticizer, 5% thiourea ionophore, and 3% 

tridodecylmethyl ammonium chloride as additive. The electrode exhibited a Nernstian response of 59 

mV decade-1 in the concentration range of 10-1-10-5 mole L-1 and a detection limit of 1 x10-5 mole L-1. 

The prepared sensor showed high selectivity against similar anions (i.e. 𝐶𝑙𝑂4
−, benzoate, I-, SCN-). 

Selectivity was confirmed by calculating formation constant (β) using sandwich membrane method, 

where β for thiourea-salicylate is 100.43. The selectivity, the molecular recognition mechanism and the 

bonding interaction between the salicylate anion and the nitrogen-rich ionophore were studied and 

quantified by performing theoretical calculations at DFT-B3LY/6-31G** level of theory. The sensors 

can be successfully used for the determination of salicylate anion in different pharmaceutical 

formulations, Aspocid® and Aspirin®. 
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1. Introduction 

Salicylate is the salt of a salicylic acid that occurs naturally in plants or synthetically in 

medications, perfumes or preservatives [1]. Salicylate works as a preservative and natural immune 

hormone of the plant, thus protecting the plant against fungi, insects and different diseases [1]. In 

human medications, salicylate is used as inflammatory, antimicrobial and analgesic agent and as heart 

attack protective. It reduces pain and fever and may protect against colon cancer [2, 3]. However, the 

high doses of salicylate lead to accidental poisoning death of children, bleeding; Reye’s syndrome and 

its long use may cause kidney cancer and liver diseases [4]. So, determination of salicylate concertation 

in plasma is crucial. Also, monitoring its concentration in pharmaceutical and biological samples is 

important, as salicylate becomes toxic in blood when exceeds 2.2 x 10-3 mmole L-1 (300 mg/L) [5,6], 

while the effective therapeutic dose range is from 1.1x10-3 to 2.2 x 10-3 mmole L-1, which is too close 

to the toxicity level. Salicylate concentration higher than 4.3 x 10-3 mmole L-1 is considered as lethal 

dose [7].  

To date, various methods have been developed for the determination of salicylate in physiological 

fluids, including fluorometry [8], UV spectrophotometry [9-10], flow-injection atomic absorption 

spectrometry [11], voltammetry [12] and high-performance liquid chromatography (HPLC) [13]. 

However, most of these methods are expensive, tedious, lake adequate selectivity, and time-

consuming. To overcome these drawbacks, electrochemical techniques such as potentiometric sensors 

were recently used for routine analysis. Potentiometric sensors are applicable for determining 

salicylate (charged species) in colored and turbid solutions, e.g. physiological fluids and 

pharmaceutical formulations. The potentiometric sensors and their ion-selective electrodes respond to 

the analytes in the presence of various interfering ions. Other advantages characterize potentiometric 
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sensors over other analytical techniques such as applicability over wide concentration ranges, low 

detection limit and fast response time which facilitate the use of potentiometric sensors in routine work 

[14].  

Different types of ion-selective electrodes (ISEs) such as poly(vinyl chloride) (PVCE), carbon 

paste (CPE), modified carbon paste (MCPE), and screen-printed electrodes (SPE) have been used in 

potentiometric sensors. CPEs and MCPEs acquire certain importance due to its simplicity over other 

types, the variability in size and the possibility of miniaturization, the renewability of the sensor 

surface, the ease of construction and the possibility of modification [15]. Different modifiers were used 

for the improvement of the response characteristics of the constructed sensors, such as lipophilic ion-

exchanger (e.g. derivatives of tetraphenyl borates or quaternary ammonium salts), carbon nanotubes 

(CNTs), graphene and reduced graphene oxide (rGO) [16,17].  

Up to date, several potentiometric sensors have been reported for salicylate determination [18-22]. 

However, these sensors lack adequate selectivity, need long response time, are applied in a small 

concentration range, and some of them use expensive ionophores [18-21]. Thiourea is commercially 

available reagents [22,23] and forms very stable complexes with salicylate [24,25]. It has been used 

for the optical detection of salicylate [26]. However, the optical detection of salicylate using thiourea-

based sensor suffered from small concentration range (10-1-10-4 mole L-1), high detection limit (3.9x10-

5 mole L-1), and long response time (2-3 minutes) [26].  

In this study, we report straightforward a precise thiourea-based rGO-modified CPE for the 

determining of salicylate in pharmaceutical formulations. Incorporation of thiourea into the ISEs for 

the electrochemical detection of salicylate overcomes the early reported sensors [18-22,26], and 

exhibited better selectivity over early reported thiourea-based sensor [27]. The mechanism of the 

complex formation is investigated theoretically. The geometries of the studied complexes are stabilized 

by the formation of H-bonds. The energies calculated for HOMO and LUMO (EHOMO and ELUMO) of 
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the studied complexes are used to find the different global properties. The prepared sensors were used 

for determining the salicylate in real pharmaceutical formulations, Aspocid®, and Aspirin®. The 

bonding interaction between the salicylate anion and the nitrogen-rich ionophore were studied and 

quantified by performing theoretical calculations at DFT-B3LY/6-31G** level of theory. The 

electronic dipole moment (µ) and first-order hyperpolarizability (β) values of the formed complexes 

have been computed theoretically [28, 29].  

2. Experimental 

1. Materials  

Graphite (G, 99.9%, < 45μM), multiwalled carbon nanotubes (NC7000™ - Nanocyl) sodium 

borohydride (NaBH4, 98%), poly(vinyl chloride) with high molecular weight (Mw ̴ 43,000) (PVC), 

4,5-dimethyl-1,2 –phenylendiamine (DMPD, 98%), 4-nitro-phenyl isothiocyanate (NPTC, 98%), 

tetrahydrofuran (THF, 99.9%), tridodecyl-methylammonium chloride (TDMAC, 98%), graphene 

oxide (GO nanosheets), different plasticizers like, dibutyl 2-nitrophenyloctyl ether (O-NPOE, 99%), 

and dioctyl phthalate (DOP, 99.5%) were of analytical grade and purchased from Sigma-Aldrich 

(Munich, Germany). Doubly distilled water was used through this work. Glacial acetic acid (99.5%), 

sodium hydroxide, silver nitrate, chloroform, petroleum ether, hydrochloric acid (30%), acetone, 

sodium salts of sulfate, nitrate, nitrite, chloride, iodide, bromide, benzoate, salicylate, thiocyanate and 

perchlorate monohydrate were purchased from ADWIC (Cairo, Egypt), and used as received without 

further purification. Sodium acetate solution (0.05 mole L-1) with pH (4.5) and 0.05 mole L-1 phosphate 

buffers (pH 7) were used for the preparation of salicylate and different interfering anions solutions 

[30].  

2. Preparation of reduced graphene oxide and thiourea  
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Reduced graphene oxide (rGO) was prepared by the reduction of GO using NaBH4 [31]. Briefly, 

approximately 1.0 g of GO was dispersed in 50 mL of 10 mM NaBH4, sonicated for 1 h, and 

centrifuged to separate the rGO nanosheets. The coagulate was then dried at 120 °C. The thiourea 

ionophore was prepared as described elsewhere [27]. Briefly, DMPD:NPTC with a mole ratio of 1:2 

were dissolved in methanol and then the reaction mixture was refluxed for 4 h. Yellow powder of 

thiourea was obtained after filtration, washing and drying at 100 °C. 

3. Apparatus and characterization techniques  

Morphology of the constructed sensors was examined by Scanning Electron Microscopy (SEM, 

Zeiss EVO HD-15) coupled with an Oxford X-MaxN EDX detector. The elemental distribution 

(composition) was mapped through energy dispersive X-Ray spectroscopy (EDX) by integrating the 

intensity of the peaks corresponding to C, N, O, S, and Cl as a function of the beam position when 

operating the SEM in scanning mode. 

Bonding structures were analyzed using Fourier transform infrared spectroscopy (FTIR, Filter–

460 plus JASCO); KBr pellets were used for the measurement and spectra were taken in the range 

4000–400 cm-1. Structure and purity were characterized and ensured by Thin-layer chromatography 

(TLC), Gas-chromatography-Mass spectrometry (GC-MS, SHIMADZU QP-2010, Japan) at 70 eV, 

FTIR and Proton-Nuclear magnetic resonance (1H-NMR, Mercury-300BB, USA) using d-DMSO as a 

solvent, as reported elsewhere [27]. For potential and pH measurements, digital Jenway 3010 and 3505 

pH meters (England) were used. Home-made Ag/AgCl as an internal reference electrode and saturated 

calomel reference electrode (SCE) (Hanna-Italy) was used as the outer reference electrode. 

4.  Preparation of PVC and sandwich membrane electrodes  

PVC membrane was prepared from 33% PVC, 66 % plasticizer, and different percentages of 

TDMAC and thiourea (Table 1). The membrane constituents were dissolved in 3 mL THF, inside in 5 

cm diameter Petri dish under continuous stirring. After drying in air for 24 h, a homogenous transparent 
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membrane was obtained [1,2]. The formed membrane was cut and glued to the end of PVC tube 

electrode using PVC/THF cocktail, filled with internal soaking solutions (0.02 M NaCl + 0.02 M 

sodium salicylate) and then soaked for 24 h. For the sandwich membrane, additional membrane 

without any ionophore (reference membrane MR) was prepared by the same method and stuck by hand 

to the other ionophore-containing membrane [3]. The sandwich membrane was glued to the end of the 

PVC tube, and filled with internal soaking solutions in the same way [3]. 

5. Preparation of carbon paste ISEs  

Unmodified CPEs were constructed by mixing thiourea, plasticizer, TDMAC, and graphite in an 

agate mortar and mixed well until it was uniformly wetted. In the case of modified CPEs, one of the 

different additives MWCNTs, GO or rGO) was added to the paste mixture before mixing for complete 

homogeneity [32]. Electrode body filled with the mixture and polished on a very smooth surface to get 

the shiny surface. Electrical contact is made through a stainless-steel rod through the center of the 

holder. The electrode could be used directly for potentiometric measurements without preconditioning.  

6. Electromotive force measurements and pH effect 

Potentiometric measurements were carried out using digital Jenway 3010 pH-meter (England) in 

which the potential difference or electromotive force (EMF) between ion selective working electrode 

(WE) and the reference saturated calomel electrode (RE) under zero current flow was measured at 

room temperature. The electrochemical system could be represented as (RE//Sample//WE) in which 

both electrodes were immersed in different anion concentrations. The obtained EMF values plotted 

against the logarithmic values of the different concentrations. According to Nernest Equation, EMF is 

proportional to the logarithm of the ion activity. 

The pH effect on the potential measurements of salicylate selective electrodes was tested using 10-

3 mole L-1 salicylate as a test solution. pH value was changed from 2 to 11 by the addition of NaOH or 
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HCl to the test solution, and the EMF of this solution was recorded. EMF was plotted versus the 

different pH values. 

7. Selectivity coefficient determination  

Selectivity coefficient 𝐾𝑆𝑎𝑙,𝐽
𝑝𝑜𝑡  was determined by separate solution method (SSM), in which EMF 

of a cell containing two solutions separately, one containing the salicylate at the activity aSal (but no 

interfering J), and the other containing the interfering ion J at the same activity aJ = aSal (but no 

salicylate). The value of 𝐾𝑆𝑎𝑙,𝐽
𝑝𝑜𝑡

 could be calculated from equation 1: 

𝐾𝑆𝑎𝑙,𝐽
𝑝𝑜𝑡 =  

𝐸2−𝐸1

𝑆
+ (1 −

𝑍𝑆𝑎𝑙

𝑍𝐽
) log 𝑎𝑆𝑎𝑙    (1) 

Where E1 and E2 are the measured EMF values for 10-1 mole L-1 salicylate and interfering ion solutions, 

respectively, ZSal and ZJ are the charges of salicylate and the interfering anions, respectively, and S is 

the slope of the calibration curve. 

8. Formation constant measurements and calculations  

Strength of the binding between ionophore and different anions are estimated by determining the 

complex formation constants in the membrane phase. Two membranes, one with ion-exchanger and 

ionophore and another one containing only the ion-exchanger were prepared. One of the membranes 

was placed on top of the other and the potential across the sandwiched membrane was measured 

potentiometrically. The formation constant (𝛽𝐼𝐿𝑛
) was calculated using equation 2: 

𝛽𝐼𝐿𝑛
= (𝐿𝑇 −

𝑛𝑅𝑇

𝑍𝐼
)

−𝑛

 exp (
𝐸𝑀𝑍𝐼𝐹

𝑅𝑇
)         (2) 

where T, the absolute temperature; R, the gas constant; F, the Faraday constant; LT , the total 

concentration of thiourea ionophore in the membrane segment; RT, the concentration of TDMAC; ZI, 

the charge of the anion I; n, the stoichiometry of the ion–ionophore complex: and EM, the membrane 
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potential. The EM value depends mainly on the host-guest interaction and it can be determined by 

subtracting the cell potential of the membrane without ionophore from that of the sandwich membrane. 

The values of the formation constant could be related to the selectivity coefficients values. 

9. Computational study 

The gaussian 09W software package was used for performing all computational studies 

[33]. Molecular geometries of all the studied complexes were fully optimized using 

B3LYP/6-311G** [34-36]. No symmetry constraints were applied during the geometry 

optimization [37,38]. The electronegativity and chemical hardness were calculated as 

follows: ɳ=(I-A)/2 (chemical hardness), X=(I+A)/2 (electronegativity), S=1/2ɳ (chemical 

softness) using the HOMO and LUMO energy values for a complex. Where I and A are 

ionization potential and electron affinity, and I = -EHOMO and A= -ELUMO, respectively. 

Throughout this work, MOs were constructed using the Gauss-view 5.08 visualization 

program. The mean polarizability <α>, the anisotropy of the polarizability ∆α, total static 

dipole moment (µ), and the mean first hyperpolarizability <β> using the x, y, z 

components were calculated by using the following equations 3-7: 

α =
(α𝑋𝑋+ α𝑌𝑌+ α𝑍𝑍)

3
                  (3) 

∆ α = √[
(α𝑋𝑋−  α𝑌𝑌)2+(  α𝑌𝑌− α𝑍𝑍)2+( α𝑍𝑍− α𝑋𝑋)2

2
]            (4) 

µ= (µx
2+ µy

2 + µz
2)1/2           (5) 

<β> = βx
2 +βy

2+ βz
2                          (6) 

where, βx= βxxx+ βxyy+ βxzz,              βy= βyyy+ βxxy+ βyzz,          βz= βzzz+ βxxz+ βyyz   (7) 
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Among second-order NLO phenomena, we focused on the hyper-Rayleigh scattering (HRS) response 

[39]. Assuming a non-polarized incident light in the X-direction, the harmonic light intensity scattered 

at 90° in the Y direction and vertically (V) polarized (along the Z axis) is given by Bersohn’s 

expression [40]: 

HRS = √(
𝑍𝑍𝑍
2 + 

𝑍𝑋𝑋
2 )         (8) 

The depolarization ratio, DR, which reveals the shape of the NLO-phore, reads 

DR = 
𝑍𝑍𝑍

2

𝑍𝑋𝑋
2            (9) 

are orientational averages of the β tensor, which are proportional to the scattered signal intensities for 

vertically and horizontally-polarized incident signals, respectively. 

10. Sample analysis  

The constructed sensors were examined for the determination of salicylate anion in different 

pharmaceutical formulations, i.e. Aspocid® (75 mg) and Aspirin® (320 mg). Aspirin is a derivative 

of salicylic acid and is also known as acetylsalicylic acid. Aspirin® is a well-known drug for treating 

inflammation, fever, and pain and avoiding strokes risk. Aspocid ® tablet is used for Risk of stroke, 

Fever, Rheumatic fever, Pain, Kawasaki disease, Rheumatoid arthritis, Pericarditis, Heart attack 

Aspirin® and Aspocid® were prepared from their pharmaceutical preparations by grinding five 

tablets of each type to a fine powder. A known amount of tablets powder was dissolved in a buffer 

solution at 40 °C for 10 minutes and then cooled and filtered. Afterward, the buffer was completed 

with the buffer solution to 250 mL. Other concentrations were obtained by appropriate dilutions. These 

solutions were used further for potentiometric determination of salicylate concertation using sensors 

of optimized conditions, and results were compared to that obtained with the reference methods 

[27,41]. 
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3. Results and discussion 

Primary studies were carried out using a carbon paste sensor containing thiourea as an ionophore. 

The response for all anions was weaker than that for salicylate anion, which confirms the specific 

interaction of thiourea with salicylate. These results were ensured by the previously reported method 

that used the same ionophore [27]. 

1. Effect of the electrode composition 

Optimization of the working electrodes (ISEs) composition is the base for attaining highly 

responsive sensors. Thus, the effects of the carbon paste composition, type and amount of the 

plasticizer on potential characteristics of the sensor were investigated. Sensors 1-4 (Table) made of 

neutral thiourea (ionophore), TDMAC (ion-exchanger), and graphite and o-NPOE plasticizer (carbon 

past). Sensors 1-4 were tested to select the best (TDMAC/thiourea) mole ratio. The low mole ratio of 

about 15% in sensor 1 exhibited small response (-27.7 mVdecade-1) in a reliable concentration range 

of 10-1-10-5 M. Increasing this mole ratio from 40% to 50% in sensors 3 and 4 increased the slope of 

the sensors to about -35 mVdecade-1. To reach Nernstian response, different modifiers (GO, rGO, and 

MWCNTs) were used in sensors 5-7 (Table 1). The high surface area and electrical conductivity of 

GO, rGO, and MWCNTs make these carbon-based materials as suitable modifiers.  

Table 1: composition of different carbon paste electrodes 

Sensor  

Composition (wt%) Response  

Ga Pb Ic Ad (mole %) Carbon Modifier Slopee D.L.f C.R.g 

1 48.3 48.2NPOE 3.0 0.5 (15%) ----- -27.7 1x10-5 10-1-10-5 

2 48.2 47.82NPOE 3.0 1.0 (30%) ----- -22.0 1x10-4 10-1-10-4 

3 47.8 47.82NPOE 3.0 1.4 (40%) ----- -35.2 1x10-5 10-1-10-5 

4 46.0 46.02NPOE 5.0 3.0 (50%) ----- -35.5 1x10-5 10-1-10-5 

5 45.5 46.02NPOE 5.0 3.0 (50%) 0.5 GO -53.6 1x10-5 10-1-10-5 

6 45.5 46.02NPOE 5.0 3.0 (50%) 0.5 rGO -59.0 1x10-5 10-1-10-5 
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7 45.5 46.02NPOE 5.0 3.0 (50%) 0.5 MWCNT -75.0 1x10-6 10-1-10-6 

8 45.5 46.0DOP 5.0 3.0 (50%) 0.5 rGO -50.0 1x10-4 10-1-10-4 

a: graphite, b: plasticizer, c: thiourea ionophore, d: TDMAC all the previous and modifier are in 

weight% ratio between moles of TDMAC to moles of thiourea is between brackets in A column. e: 

slope in mVdecade-1, f,g: detection limit and concentration range in mole L-1.  

 

The improvement in the slope by the addition of GO in sensor 5 can be explained by the 

existence of different hydroxyl and carboxylic function groups [31,42], that can enhance the formation 

of the hydrogen bond with salicylate anion. More improvement was achieved by addition of rGO in 

sensor 6, which is due to the high surface area and electrical conductivity of rGO that facilitate charge 

transfer and thus ensure high electrochemical activity, the populated chemical moieties on rGO surface 

which enhance the sensor performance, high tunability of the chemical and electrical properties of 

rGO, and efficient charge transport by rGO [31,42,43]. The larger surface area of the MWCNTs in 

sensor 7 may be the reason for the super-Nernstian response. 

The nature of the plasticizer influences the dielectric constant of the past that affects the 

mobility within the past, which in turn affects the ion selective electrode characteristics [44,45]. Using 

plasticizer of high dielectric constant, o-NPOE, is preferred because it decreases the response time, 

increases the linear concentration range of application and decreases the detection limit (Fig. 1) [45]. 

We prepared sensor 8 that contains the same constituents of sensor 6 after replacing with a plasticizer 

of low dielectric constant, DOP. This change causes the deterioration of the sensing characters in terms 

of detection limit, concentration range and response time (Table 1). 
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Fig. 1: Calibration curves of sensor 6 (blue) and sensor 8 (orange). 

 

The morphology of the carbon paste electrodes (sensors 4-7) and the elemental distribution of 

nitrogen, oxygen, and sulfur in the carbon paste was investigated by SEM elemental mapping (Figure 

2a-d). It can be seen clearly that elemental distribution of Nitrogen and Sulphur in the carbon paste 

(belong to thiourea ionophore ion-pair). The highest amount of carbon exists in sensor 4 which is 

mainly made of graphite. Addition of GO, rGO, and MWCNTs to carbon past increases the 

dispensability of thiourea ionophore, especially in the case of sensor 5. Addition of 0.5wt% GO to 

sensor 5 (Figure 5b) significantly improved the dispersion of the thiourea ionophore ion-pair in the 

carbon paste comparing with other sensors (Figure 1a). The relatively lower oxygen content in sensor 

6 (Figure 2c and Table 2) comparing with sensor (5) indicates the reduction of GO into reduced GO. 

Addition of 0.5wt% CNTs in the sensor 7 (Figure 5d) slightly improve the dispersion of the thiourea 

ionophore ion-pair in the carbon paste comparing with sensor 4 (Figure 1a). 
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Table 2: percent of different elements in the elemental mapping of different sensors. 

Sensor 7 Sensor 6 Sensor 5 Sensor 4 

Elemental 

composition  

93.7 96.4 93.4 97.1 C 

0.5 0.4 1.1 0.0 N 

4.9 2.5 4.7 2.5 O 

0.9 0.7 0.8 0.4 S 

 

(a) 

   
(b) 
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(c) 

   
(d) 

   
Fig. 2: Elemental mapping of the prepared sensors: (a) sensor 4, (b) sensor 5; (c) sensor 6 and (d) 

sensor 7. Green (Oxygen), Terquaz (Sulphur), and Yellow (Nitrogen) 

 

2. Effect of pH 

The effect of pH on the response of the fabricated sensors showed that the pH-independent region 

lies between 5.5 and 9.5. At lower pH values (from 0 to 5.5), protonation of the ionophore in the 

optimum electrode (sensor 6) causes an increase of the potential about the order of magnitude from 36 

to 86 mV. While at higher pH values (from 9.5 to 14) the potential decreases from 27 to -17 mV is due 

to hydroxide interference [5,19,30]. 

 

3. Selectivity and formation constant 

Using sensor 6, SSM was used to determine the selectivity coefficient, 𝐾𝑆𝑎𝑙,𝐽
𝑝𝑜𝑡

, over the most 

lipophilic anions, the hydrogen bonding forming species, and those having similar structura e. Sensor 
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6 exhibited good selectivity over all species, even that having similar structure such as benzoate. To 

relate the selectivity to the binding strength, formation constants were measured by sandwich 

membrane method [33]. Complete agreement is obtained between the results of formation constant 

and selectivity, where the most interfering species show the highest formation constant species and 

vice versa, Table 3. 

 

 

 

Table 3: The logarithmic values of the selectivity coefficients and formation constant. 

log𝛽𝐼𝐿𝑛
 𝑙𝑜𝑔𝐾𝑆𝑎𝑙,𝐽

𝑝𝑜𝑡
 Anion 

4.50 0.00 Salicylate- 

2.00 -2.18 𝑆𝑂4
− 

2.28 -3.35 Cl- 

2.22 -2.61 Br- 

2.80 -2.10 𝑁𝑂2
− 

3.17 -0.88 I- 

3.00 -1.77 Benzoate- 

1.98 -0.40 SCN- 

3.70 -0.53 𝐶𝑙𝑂4
− 

 

4. Theoretical Studies 

Theoretical studies were performed here to ensure selectivity pattern obtained by SSM. Also, 

these theoretical studies for the first time could be used to calculate the non-linear optical (NLO) 

properties of the different formed anion-thiourea complexes. A relation between the selectivity pattern 

and NLO properties of the different complexes is proposed. This relationship is the first time to be 

established to use ion selective electrodes for predicting new promising candidates of NLO properties. 
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Comparison of NLO properties of formed anion-thiourea complexes and urea as a reference will be 

mentioned.  

1. H-bond formation and binding energy 

The structures of the studied complexes, anions, and the neutral ligand are obtained using 

B3LYP/6-31G**, where the final geometries and numbering system are presented in Fig. 3. All 

complexes are stabilized by the H-bond formed between negatively charged oxygen atoms of 

salicylate, nitrite, benzoate and perchlorate and the H-atoms of the four N-H of the neutral ligand. The 

lengths of the H-bonds of the four complexes are presented in Fig. 3. In our case, the binding energy 

B.E., of the four complexes is calculated as B.E. =Ecomplex- (Eanion + Eligand). As the computed B.E. 

decreases, the stability of the complex increases and the selectivity increases. From the results in 

Tables 4 and 5, the order of increasing selectivity is L-perchlorate < L-salicylate = L-Benzoate< L-

chloride< L-thiocyanate, which confirm salicylate selectivity with perchlorate interference. 

A 

 

B 
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C 

 

D  

E  

Fig. 3: Structures of different anion-thiourea complexes showing H-bonds; (A) L-salicylate, (B) L-

benzoate, (C) L-perchlorate, (D) L-Chloride, and (E) L-SCN. 

 

2. Global reactivity descriptors 

Tables 4 and 5 presents the different descriptors of Energy (electron affinity (A), ionization 

potential (I), chemical potential (V), electronegativity (X), LUMO, HOMO, and energy 

gap (Eg)), and physical properties descriptors (chemical hardness (η) and chemical softness 

(S)) which are described as reported before [34-37]. Also, Table 5 shows the energies of 

the frontier molecular orbitals (FMO) for the complexes under study, which were 

calculated using the B3LYP/6-31G** level of theory. Electron withdrawing and donating 

abilities are characterized by LUMO and HUMO energies, respectively [34-37].  
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Table 4: Global reactivity descriptors of the different thiourea- anion complexes 

 L-Salicylate L-Benzoate L-perchlorate L-Chloride L-thiocyanate 

ET, au -2772.648 -2697.602 -3036.761 -2737.6 -2270.6 

B.E., Kcal 681.5 681.5 52.1 774.3 1413.2 

EHOMO, au -0.2295 -0.1231 -0.2514 -0.1272 -0.1095 

ELUMO, au -0.1015 -0.0076 -0.0394 -0.0068 0.0509 

I, eV 6.242 3.348 6.838 3.459 2.978 

A, eV 2.761 0.207 1.072 0.185 -1.348 

χ, eV 4.502 1.778 3.955 1.822 0.815 

ɳ, eV 1.741 1.571 2.883 1.637 2.163 

Ѕ, eV-1 0.182 0.194 0.173 0.305 0.231 

ν, eV -4.502 -1.778 -3.955 -1.822 -0.815 

ω, eV 2.908 3.012 2.205 27.798 0.251 

 

Table 5: HUMO and LUMO of different thiourea-anion complexes with a schematic representation of their 

energies and energy gaps. 

 

Benzoate 

 

               LUMO plot (first excited state) 

                                              ELUMO =-0.1231 au 

 

                                             Egap = 3.142 eV 

                                             EHOMO =-0.0076 au 

HOMO plot (ground state) 

 

 

 

 

SCN- 

 LUMO plot (first excited state) 

                                              ELUMO =0.0509 au 

 

                                                Egap = 1.593 eV 

                                             EHOMO =-0.1095 au 

HOMO plot (ground state) 
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Salicylate 

  LUMO plot (first excited state) 

                                              ELUMO =-0.2295 au 

 

                                               Egap = 3.482 eV 

                                             EHOMO =-0.1015 au 

HOMO plot (ground state) 

 

 

 

 

Perchlorate 

 LUMO plot (first excited state 

                                              ELUMO =-0.2514 au 

 

                                               Egap = 5.766 eV 

                                             EHOMO =-0.0349 au 

HOMO plot (ground state) 

 

 

 

 

 

Chloride 

 LUMO plot (first excited state 

                                              ELUMO =-0.0068 au 

 

                                               Egap = 3.274 eV 

                                             EHOMO =-0.1272 au 

HOMO plot (ground state) 

HOMO LUMO HOMO and LUMO energy band gap 

 

3.  Non-linear optical properties (NLO) 
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The NLO theoretical calculations may be regarded as preliminary studies for selectivity 

investigation of new ionophores bearing of NLO properties. The polarizability and 

hyperpolarizability for the different anion-ionophore complexes are calculated using 

B3LYP/6-31G**. Table S1 shows the different NLO parameters of the mean first-order 

hyperpolarizability (β), the anisotropy of the polarizability ∆α, the mean polarizability α 

and total static dipole moment (µ) of the studied complexes. The polarizabilities and first-

order hyperpolarizabilities are informed in atomic units (a.u.), converted into electrostatic 

units (esu) using 8.6393×10-33 esu for β and 0.1482×10-24 esu for α as conversion factors 

[46], and these values are compared to those of NLO standard prototype, [47]. The 

hyperpolarizability β is the most important factor in NLO systems.  

 

 

 

 

Table 6: Non-linear optical properties (NLO) of the studied complexes. 

 , D DR. HRS 

L-Salicylate 10.128 0.05 117.34 

L-Perchlorate 12.715 0.30 74.82 

L-Benzoate 9.465 0.08 308.14 

L-Chloride 9.540 0.12 54.65 

L-Thiocyanate 1.045 0.44 57.82 
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Also, to relate the selectivity pattern obtained by the ion-selective electrode to NLO properties, 

Hyper-Rayleigh scattering (HRS) and the depolarization ratio (DR.) is calculated. The variation of 

these parameters shown in Table 6 can be rationalized by complexation and structural evidence [48]. 

The highest value of HRS for benzoate and salicylate confirms short bond length between these anions 

and thiourea ligand which confirm their strong complexation and higher selectivity [48,49]. The lowest 

value of DR. should be obtained for the more selective ion, which is shown in the Table 6 for salicylate 

and perchlorate. These data confirm the salicylate selectivity with some interference by benzoate and 

perchlorate.  

5. Response time and lifetime 

Response time is the time taken from the dipping of the electrode in the solution till achieving the 

equilibrium potential [44], and it was measured by the successive immersions of the electrode in a 

series of salicylate solutions. It was observed that the sensor reaches steady state potential in a very 

short time, 5 seconds, for the sensors 6-7, and 1 minute for sensor 8, Fig. 4. It was found that sensor 6 

could be used for 2 months without significant deviation in the slope or the detection limit.  After this 

time, the response characteristics started to diminish which may be due to the dissolution of the paste 

components to the bathing solution [44,45].   
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Fig. 4: response time of sensor 6. 

 

6. Analytical applications 

Sensor 6 was used for determination of salicylate in pharmaceutical formulations. Results were 

compared to that obtained by reference method [5,39]. Table 7 showed the applicability of the 

proposed method, where high recovery values were obtained. 

 

Table 7: Determination of Aspocid® and Aspirin® by proposed and previous methods. 

 [39], mM [5], mM Sensor 6, mM 

Aspocid® 9.1 9.4 9.5 

Aspirin® 8.3 7.9 7.5 

 

Comparing the results of the obtained sensor to that of some previously reported thiourea-based sensor 

[27], Table 8, shows the improvement in the detection limit, application concentration range and 

response time. 
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Table 8: comparison between the response characteristics of this work and previously reported 

thiourea-based sensor. 

 Current work [27] 

𝐾𝑁𝑜2
𝑠𝑎𝑙𝑖 -2.1 -1.4 

𝐾𝐵𝑒𝑛𝑧
𝑠𝑎𝑙𝑖  -1.7 -0.8 

𝐾𝐼
𝑠𝑎𝑙𝑖 -0.88 -1.0 

𝐾𝑪𝒍𝑶𝟒
𝑠𝑎𝑙𝑖  -0.53 -0.5 

Response time 20 sec 30 sec 

Detection limit 1.0x10-5 9.0x10-5 

Conc.range 10-1-10-5 10-5-10-1 

 

Conclusion 

Thiourea-based carbon paste electrodes were constructed for salicylate determination in solutions containing 

the salicylate-containing pharmaceutical preparations, Aspirin®, and Aspocid®. The response mechanism was 

based on the ability and strength of the hydrogen bonding between the anion and the thiourea ionophore. The 

constructed carbon paste electrodes were modified with graphene oxide, reduced graphene oxide and multi-

walled carbon nanotubes, which in turn improved the selectivity over anions that can form hydrogen bonding 

and structurally similar anions; e.g. 𝑙𝑜𝑔𝐾
𝑆𝑎𝑙,𝑆𝑂4

2−
𝑝𝑜𝑡

= −2.18, 𝑙𝑜𝑔𝐾𝑆𝑎𝑙,𝑏𝑒𝑛𝑧𝑜𝑎𝑡𝑒
𝑝𝑜𝑡

= −1.7. The response mechanism 

and selectivity pattern were confirmed with DFT calculations and can be related to the nonlinear optical 

properties of the formed complexes. Some of the formed complexes exhibited promising optical properties. 

 

Authors have no conflict of interest to declare.  
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