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Highlights 

 Dibenzo-18-crown-6 and its derivatives spontaneously coordinate with lead(II) ions. 

 All derivatives form stable electropolymerized films or chemisorbed monolayers on 

the electrode surface. 

 Aromatic ring chemistry influences the lead(II) sensing behaviour of all electrodes. 

 All modified electrodes allow quantification of lead(II) ions below 10 ppm.  
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Abstract 

 

Dibenzo-18-crown-6 (DB18C6) and three of its derivatives (-COCH3, -Br, -NO2), are 

investigated via Density Functional Theoretical (DFT) modelling, Fourier Transform Infrared 

(FT-IR) and absorption spectroscopies, Differential Pulse Anodic Stripping (DPASV), Cyclic 

(CV) and Square Wave (SWV) voltammetries, as possible materials for preparing plasticiser 

free lead(II) ion selective electrodes. The spontaneous, entropy driven, interactions between 

lead(II) ions and DB18C6 derivatives are such that they form 1:1 complexes via coordination 

with the high electron density open ether cavity, except for the brominated derivative where 

the metal: ligand stoichiometry is 2:1 due to exo-cavity coordination via the high electron 

density bromine atoms. Monolayers resulting from electropolymerization of some derivatives 

(-H, -COCH3, -Br) and chemisorption of the -NO2 derivative, allows quantification of lead(II) 

ions at concentrations below 10 mg L
-1

 with minimal interference from other metal ions 

except Hg
2+

 and Al
3+

.  
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1 Introduction 

Metal ions are environmentally ubiquitous, arising from numerous natural as well as 

synthetic/ man-made processes. For instance, increased industrialization, coupled with the 

continuous advancement in technology, over the last three decades, have encouraged an 

astronomical increase in manning activities, leading to increase exposure of ground water, 

flora and fauna to toxic heavy metals such as lead, arsenic, cadmium, mercury, chromium, 

copper, chromium and others [1,2,3,4]. The toxicity of such species highlights the need for 

highly sensitive methodologies, offering cheap and convenient detection of same. Hence, 

compleximetric techniques, applying various ligand systems, have been investigated by 

numerous researchers for the colorimetric and electrochemical detection of various heavy 

metals [5,6,7,8]. Host-guest complexes of macrocyclic organic molecules such as calixarenes 

[9,10,11,12]. Cryptands [13,14,15,16] and crown ethers [17,18,19,20,21] have been 

investigated as possible complexing agents for the detection, quantification and sequestration 

of heavy metals. However, though the reports on these systems indicate some level of 

success, poor selectivity and low sensitivity remains a challenge. Nonetheless, it has been 

demonstrated that the type of coordinating atoms can significantly affect the selectivity of 

these systems. For instance, it has been demonstrated that for the detection of lead(II) ion via 

compleximetry, sulphur atoms, single or double bonded, allows tremendous selectivity 

[22,23,24,25,25b,26]. The charge density (hardness or softness) of the analyte ion relative to 

the donor atom, has also been demonstrated to be a useful parameter for controlling 

selectivity [27].  

Crown ether type systems such as dibenzo-18-crown-6 (DB18C6) represent an interesting 

starting point for development of high selectivity compleximetric reagents because of their 

ability to size bind and also to alter their molecular structure to accommodate ions that are 

larger than their cavity size [28,29,30,31]. However, though various studies have been carried 

out on crown ethers and DB18C6 in particular, modification of the electronic structure by 

manipulating the substituents on the phenyl rings remains unrealized. Hence, the effects of 

such modification on the suitability of DB18C6 for electrode surface modification and thus 

use as an electrochemical sensor, remains unprobed. Furthermore, though an interesting 

computational study on the metal binding selectivity of DB18C6 towards alkali metals was 

reported by Kim and co-workers [32]. Substituent effects on metal ion selectivity was not 

investigated. However, the results presented therein, not only indicated that the high 

selectivity for potassium was a result of competition between the solvent and the cavity but 
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also that cheap computational techniques are capable of producing reasonable data on the 

metal binding behaviour of these systems.  

Hence, in this paper, DB18C6 and three of its derivatives will be investigated for their ability 

to form stable complexes with lead(II) ions, both computationally and experimentally. 

Furthermore, application of DB18C6 derivatives in the surface modification of electrodes for 

the electrochemical quantification of lead(II) ions, as presented in this paper, represent the 

use of an experienced method with a novel tool for the sensing of this heavy metal which has 

been a major cause for concern in many countries such as the United States of America 

[33,33b,34] and Canada [35], in recent times.  
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2 Experimental 

2.1 Synthesis 

All compounds were synthesized as depicted in scheme 1. 

 

Scheme 1. Synthetic scheme for DB18C6 and three of its derivatives. 

 

Dibenzo-18-crown-6 (DB18C6) 

To an n-butanol solution of catechol (11.9926 g, 0.1089 mol), containing sodium hydroxide 

(4.4943 g, 0.1124 mol), an n-butanol solution of 2, 2-dichlorodiethyl ether (8.0508 g, 0.0563 

mol) was added drop-wise with continuous stirring and heating over a 2 hrs. period, prior to 

the mixture being cooled to 90 °C and more sodium hydroxide (4.4471 g, 0.1112 mol) added. 

The reaction mixture was then refluxed for 16 hrs. after which the liquor was cooled then 
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acidified. Acetone (100 mL) was subsequently added with stirring and the resulting 

precipitate collected by vacuum filtration and recrystallized from acetonitrile to give an off 

white powder. M.Pt. 163 – 165 °C. Yield of 3.47 %. Success of the synthesis was confirmed 

by 
1
H, 

13
C NMR and FT-IR measurements (See S1). However, it is worthy of note that other 

authors [36,37], whose work was not found during the period of synthesis for this paper, were 

able to achieve yields of up to 48 %. 

 

20, 25-Diethanonedibenzo-18-crown-6 (DB18C6diacetate) 

Anhydrous iron (III) chloride (0.179 g, 0.0011 mol) was combined with acetyl chloride 

(0.8593 g, 0.0109 mol) in dichloromethane (DCM), in a 50 mL round bottom flask, to which 

a DCM solution of 0.2 g dibenzo-18-crown-6 (0.0005 mol) was added drop-wise over a 5 

min. period. The reaction mixture was stirred at room temperature for 2 hrs., then quenched 

with water (5 mL) and allowed to stir for an additional 5 minutes, followed by extraction with 

DCM and aqueous sodium hydroxide (50 mL, 0.5 M). The solid precipitate was then 

collected via vacuum filtration. M.Pt. 196 - 199 °C. Yield of 42.6 %. Success of the synthesis 

was confirmed by 
1
H, 

13
C NMR and FT-IR measurements (See S1). 

 

Tetranitrodibenzo-18-crown-6 (TetranitroB18C6) 

Concentrated sulphuric acid (5 mL) and nitric acid (5 mL) were both added to a DCM 

solution of Dibenzo-18-crown-6 (0.3540 g, 0.0009 mol). The resultant mixture was stirred at 

room temperature for 12 hrs., following which it was neutralized with sodium hydroxide 

solution (8 M, ~50 mL) and the pale yellow precipitate collected via vacuum filtration. M.Pt. 

220 - 224 °C. Yield 100 %. Success of the synthesis was confirmed by 
1
H, 

13
C NMR and FT-

IR measurements (See S1). 

 

20,21,24,25 Tetrabromodibenzo-18-crown-6 (TetrabromoDB18C6) 

Liquid bromine (2 mL, 0.0776 mol) was added to a mixture of Dibenzo-18-crown-6, (0.8974 

g, 0.0027 mol), glacial acetic acid (30 mL) and water (25 mL), in a round bottom flask, and 
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the resulting mixture heated to reflux for 12 hrs. The mother liquor was then cooled to ~28 
o
C 

and the resulting white precipitate collected by vacuum filtration and washed with ~20 mL of 

diethyl ether. Recrystallization of the precipitate was carried out in chloroform. M.Pt. 222 – 

223 °C. Yield 100 %. Success of the synthesis was confirmed by 
1
H, 

13
C NMR and FT-IR 

measurements (See S1).  

 

2.2 Molecular Modelling 

DFT calculations, conducted using a Gaussian 16 software package [38], were carried out at 

the 6-311++G(d,p), 6-311++G(2d,p), 6-311G(d,p) levels of theory, where Becke‘s three 

parameter hybrid function (B3) [39] was employed for fermion exchange in addition to Lee, 

Yang and Parr‘s (LYP) correlation function: B3LYP [40], augmented for long range 

interactions via a Coulomb Attenuating Method: CAM-B3LYP [41]. Solution phase 

calculations were effected via the Conductor-like Polarisable Continuum Model: C-PCM 

[42,43], where the solute is surrounded by a dielectric of permittivity ε, representing the 

solvent. Calculations involving lead(II) were carried out via Las Almos National 

Laboratory‘s double zeta Effective Core Potential (ECP): LANL2DZ [44,45].  

2.3 Cyclic voltammetry 

All electrochemical studies were carried using a CorrTest CS350 potentiostat/ Galvanostat 

workstation, controlled by CS studio Software package. The applied three electrode set-up 

was composed of a silver-silver chloride reference whereas platinum was used for the 

working and counter electrodes. All measurements were carried out under a static nitrogen 

atmosphere. 

3 Results and Discussion 

3.1 Molecular Modelling and Infrared Spectroscopy 

Minimum structures, calculated at the 6-311++G(d,p)/RB3LYP level of theory, indicated by 

the absence of imaginary frequencies in the Hessian, show that all neighbouring methylene 

groups of the ether chains adopt a nearly perfect all-trans arrangement (Fig. 1); the most 

stable configuration for such groups [46,47,48].  
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Fig. 1. Optimized structures for (a) DB18C6, (b) DB18C6diacetate, (c) tetrabromoDB18C6 

and (d) tetranitroDB18C6.  

 

However, though all CH2 groups are arranged in this low energy configuration, the two ether 

chains connecting the two phenyl rings, differ considerably in their overall structure. For 

instance, the -OCH2CH2O- fragments, two of which combine to form a single ether chain, 

adopt different configurations (Fig. 2) in both chains of the ether ring; that is, for DB18C6, in 

one chain the dihedrals are -49.97 and -175.19 
o
 whereas for the other chain they are 71.80 

and 72.29 
o
; hence, these minimum structures are such that the ether cavity is open (Fig. 1 

and Fig. 2). Indeed, similar such angles are calculated for the other derivatives; hence, the 

same open cavity structure: cavities as wide as ca. 4.74 Å, are calculated for them. Calculated 

methylene C-H distances, in the range of 1.097 - 1.100 Å, are close to that expected for 

hydrogens attached to aliphatic carbons [49], however, the slightly shorter distances 

calculated here, are most likely caused by the electron withdrawing nature of the oxygen 

atoms. Additionally, since the calculated ether C-O distances: 1.422 Å, are typical for such 

systems [50], it is clear that the applied modelling chemistry is of sufficient accuracy to allow 

rationalization of the data presented herein. However, the C-O bond orders, where the ether 

chains attach to the phenyl rings, are 1.5 for all compounds; that is, these bond distances are 

in the range of 1.364 - 1.377 Å. This is due to conjugation between the phenyl pi-systems and 
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the n-electrons of the attached oxygen atoms, a clear indication that the electronic structure of 

the phenyl ring is influential where electron density inside the ether cavity is concerned. 

 

 

Fig. 2. Optimized structure depicting structural differences between the ether chains. 

 

Calculated C-C distances for the phenyl rings reveal reduced symmetry. For example, in the 

case of DB18C6, the phenyl C-C distance between carbons to which the ether chains are 

attached (C42-C43 and C4 –C3, Fig. 2) are ca. 1.409 Å, whereas the other analogous C-C 

bond lengths are ca. 1.391 Å. Indeed, similar results were obtained for the other derivatives. 

Interestingly, all compounds show reduced symmetry due to elongation of the aromatic C-C 

bonds attached to the substituent baring carbons, highlighting the severity of substituent 

effects on the molecular structure of these compounds. Expectedly, concomitant with such 

variations in bond lengths, divergence between expected and calculated phenyl bond angles 

are observed [51]. For example, the internal angles of the phenyl rings vary from 120.49 to 

119.85
 o

, for all compounds. However, since the force on all atoms is zero, it is clear that 

angle strain resulting from such variations are cancelled by variations in other regions of the 

rings. Surely, such peculiar structural features should be reflected in their spectroscopic 

properties 

Hence, experimental infrared spectra were collected at ambient temperature in the 

solid state, for all compounds. They consist of low intensity bands in the high frequency 

region of 3500 - 2800 cm
-1

 and medium to high intensity bands in the low frequency region 

of 1700 - 500 cm
-1

 (Fig. 3). 
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Fig. 3. Solid state FT-IR spectra for DB18C6diacetate, exhibiting features typical for 

dibenzo-18-crown-6 derivatives. 

 

The broad medium intensity band, observed at ~ 3500 cm
-1

, characteristic of the –OH 

stretching vibration of water molecules, is indicative of hydrated ether cavities. In fact, 

hydration of the ether cavity in such systems is not surprising since the oxygen atoms can 

facilitate hydrogen bonding, as reported elsewhere [52]. These results suggest that the 

samples, prepared herein, are hydrates, hence, the observed divergence between theoretical 

and experimentally determined elemental composition (See S2). Furthermore, since the 

relative intensities of the OH vibration is not identical for all compounds, different hydration 

numbers are indicated; that is, the true composition of the samples are DB18C6.0.5H2O, 

DB18C6diacetate.0.25H2O, tetrabromoDB18C6.3H2O and tetranitroDB18C6.2H2O. This 

high frequency region is also characterized by the aromatic carbon-hydrogen symmetric 

stretching modes (𝞶sC-H), at ca. 3067 cm
-1

, as expected [53], with the methylene group 

asymmetric (𝞶as) and symmetric stretching vibrations of the ether rings at ca. 2954 and ca. 

2854 cm
-1

, respectively. However, the broad and complex nature of the methylene stretching 

band indicates that the CH2 groups of the ether chains are not equivalent; a proposal 

supported by the asymmetric nature of the minimize structures (Fig. 1); hence, the 𝞶sC-H and 

𝞶asC-H modes for the ether chain segments are observed at slightly different frequencies, 

leading to band broadening. Calculated infrared spectra, scaled by various factors (See S3), 
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such that the experimental and calculated C=C stretching vibrations coincide, supports the 

hypothesis of vibrational non-equivalence among the ether CH2 population; that is, multiple 

peaks are calculated in the region of 2850 to 3100 cm
-1

, all associated with the symmetric and 

asymmetric C-H stretching of different regions of the ether chains, as indicated by the 

animated calculated spectra. Since the C=O stretching vibration for DB18C6diacetate is 

observed at 1674 cm
-1

 but calculated, for the isolated molecular, to be 1701 cm
-1

, strong 

intermolecular interactions, in the solid state, is indicated, hence, the observed high melting 

point, relative to DB18C6, for this derivative. Furthermore, the asymmetric nature of both the 

calculated and observed νsC=O vibration band suggest non-equivalence of the two acetate 

substituents on each of the phenyl rings. Indeed, animation of the calculated spectra indicates 

that the peak, calculated at 1701 but observed at 1674 cm
-1

, is composed of two energetically 

similar vibrations, associated with individual C=O groups. Similar effects are also observed 

for both the calculated and experimental νsC=C vibration, confirming non-equivalence of the 

phenyl rings; in all derivatives. For the tetranitro compound, the N=O stretching vibration is 

observed and calculated as a broad strong band (Full width at half maximum, FWHM, ~45 

cm
-1

). Such band broadening is due to non-degeneracy between the N=O vibrational energy 

levels caused by the low overall molecular symmetry. However, over estimation of the N=O 

vibrational energy: calculated at ca. 1608 – 1602 cm
-1

 but observed at 1535 cm
-1

, is not only 

due to the harmonic nature of the calculations; partially accounted for via the aforementioned 

scaling regime, but is mostly due to the calculated N=O bond order; recognized as 1.5 but 

calculated as full double bonds. Interestingly, for the tetrabromo derivative, the aromatic C=C 

vibrations for each ring are significantly separated; that is, they are observed at 1583 and 

1568 cm
-1

 but calculated at 1587 and 1581 cm
-1

, without scaling. Overall, these results show 

that the calculated and experimental spectra are tremendously similar, hence, the scaling 

factors are in the region of 0 – 0.996; at testament of the appropriateness of the applied 

modelling parameters. 

 

3.2 Uv-vis spectroscopy 

Absorption spectra, collected for all compounds at ambient temperature in 

dimethylsulphoxide, shows up to two clear bands. For instance, the spectra for 

tetrabromoDB18C6 shows a single broad (FWHM = 25 nm) asymmetric absorption at 298 

nm, most likely associated with a combination of the n to π* transitions between the aromatic 

rings and the bromine atoms, in addition to the π to π* transitions of the phenyl rings as 
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indicated by the calculated frontier molecular orbital surfaces (Fig. 4). However, for the 

tetranitro derivative, these two transitions are observed as individual bands; that is, two broad 

absorptions are observed at 275 and 305 nm, due to π to π* transition of the aromatic rings in 

addition to n to π* transitions between the aromatic rings and the nitro substituents, 

respectively.  

 

Fig. 4. Calculated frontier molecular orbital surfaces (HOMO and LUMO) for all 

compounds. 

 

Similarly, for the diacetate derivative, two absorptions are obvious at 305 and 276 nm, 

associated with the n to π* transition due to electron density migration from the acetate 

oxygen into the conjugated aromatic - acetate π-system in addition to the higher energy π to 

π* transitions of the phenyl and C=O pi-systems, respectively. For the unmodified DB18C6, 

two transitions are obvious: 277 and 306 nm, emanating from the inter-aromatic ring π to π* 

charge transfer and the lower energy n to π* transitions between the ether oxygens and the 

aromatic π-system. Interestingly, for all compounds, the HOMO to LUMO transition is 

associated with charge transfer between the aromatic rings; that is, from one side of the 

molecule to the other (Fig. 4), indicating that their structural asymmetry is also reflected in 

their electronic structure. Indeed, electrostatic potential maps (ESPM) confirm their highly 
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uneven charge distribution; that is, the cavity of the either ring maintains relatively high 

electron density, in all cases (Fig. 5), except for the tetranitro derivative where the electron 

withdrawing effect of the nitro groups cause relatively low electron density in the ether 

cavity. 

 

Fig. 5. Electrostatic potential maps for (a) DB18C6, (b) DB18C6diacetate, (c) tetrabromo 

DB18C6, (d) tetranitroDB18C6. 

 

These results indicate that lead(II) ions are most likely to coordinate with the ether cavity of 

all systems except for the tetranitro derivative, where coordination is more probable at the 

nitro groups. The high electron density of the carbonyl oxygens, relative to the ether cavity of 

the diacetate compound (Fig. 5(b)), suggest possible exo-cavity coordination. However, the 

―well-like‖ shape of the ether cavity should facilitate the formation of a more stable complex 

with Pb
2+

 relative to that possible due to coordination at the C=O moieties. Hence, endo-

cavity coordination is expected to be most probable. Similarly, high electron density on the 

bromine atoms, of the tetrabromo derivative, suggest that there could be exo-cavity metal 

binding or even a combination of exo- and endo- cavity binding. However, for a more 

comprehensive understanding of the Pb
2+

 binding behaviour of these systems, additional data 

is required. 
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Therefore, lead(II) nitrate was added in a step-wise manner to solutions of all 

compounds, whilst collecting the absorption spectra of the resulting solutions (uv-vis 

titration). Hence, a plot of absorbance versus metal: ligand ratio (mole ratio plot) was derived 

in all cases (See S4), revealing a 2:1 metal: ligand binding ratio for the tetrabromo derivative 

but a 1:1 ratio for the other compounds (Table 1).  

 

Table 1. Lead(II) complexation thermodynamic parameters for DB18C6 derivatives at 298 K. 

Compound Ratio Log Kas 
ΔG

o
as/ 

(kJ mol
-1

) 

ΔHas/ 

R (K
-1

) 

ΔSas/R  

 

DB18C6 1:1 3.56 ± 0.01 -20.32 18462.5 ± 610.8 70.1 ± 2.1 

Tetrabromo- 2:1 5.17 ± 0.08 -29.49 25777.4 ± 2922.2 98.8 ± 9.8 

Tetranitro- 1:1 2.79 ± 0.06 -16.02 3648.6 ± 313.5 18.6 ± 1.1 

Diacetate- 1:1 3.84 ± 0.03 -21.89 21487.5 ± 3198.0 80.8 ± 10.7 

 

From the mole ratio plots, Hill plots were derived for all compounds (See S4), allowing 

determination of their association constants (Kas) with Pb
2+

 and hence, the free energy change 

(ΔG
o
as) associated with such interactions (Table 1). Since all complexation potentials are 

exergonic; spontaneous binding of lead(II) ions with all derivatives is indicated. Expectedly 

however, the least negative value is calculated for the tetranitro derivative, indicating weak 

metal-ligand interactions relative to the other compounds. This is ascribed to complexation 

occurring via coordination at the nitro groups which are weakly basic; that is, poorly electron 

donating. Interestingly, whereas the lead(II) complexation potentials for DB18C6 and the 

diacetate derivative are comparable, formation of the Pb
2+

-tetrabromo DB18C6 complex is 

most probable (Table 1). Optimization of Pb
2+

-DB18C6 complex in acetonitrile, using the 6-

311++G(d,p)/RB3LYP model chemistry, for all atoms except Pb
2+

, where the LANL2DZ 

ECP was applied, allowed calculation of the complexation potential via ΔG
o
as = Gcom – Gg – 

Gh where Gcom, Gg and Gh, represent the absolute free energies of the complex, Pb
2+

 (guest) 

and the DB18C6 (host), respectively. The calculated association potential: -140 kJ mol
-1

, 

though attractive (exergonic), is significantly less than that adduced experimentally (Table 
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1). Interestingly, this value is similar to that reported for the complexation of alkali metals: 

Li
+
 to Cs

+
, with DB18C6 [32]. However, despite exploration of several other model 

chemistries: 6-311G(d,p)/CAM-RB3LYP, 6-311++G(2d,p)/CAM-RB3LYP, 6-

31++G(d,p)/CAM-RB3LYP, no improvement in this value was achieved. Such under 

estimation of the complexation potential is most likely due to the absence of direct solvent 

coordination effects, a factor well known to be highly influential in host-guest interactions 

[54]. Furthermore, since the guest is charged, stabilization from solvation effects are most 

likely significant.  

The effect of temperature on the Kas values was also investigated via variable 

temperature uv-vis titrations and the resulting values applied via Van ‗t Hoff plots (See S5), 

in calculating the association enthalpy (ΔHas) and entropy (ΔSas) changes for all compounds. 

Unexpectedly, positive entropy values are observed for all systems (Table 1), suggesting that 

solvent rearrangement, as the separately hydrated host and guess species combine, plays a 

critical role in the complexation thermodynamics and hence, Pb
2+

 complexation probability 

of these ether systems. Hence, greater solvent rearrangement for the tetrabromo complexes 

where two metal ions are involved, leads to significant disorder in the solvent, hence, ΔSas is 

most favourable (Table 1). That the formation of all complexes is endothermic, yet 

exergonic, the dominance of entropy in determining their Pb
2+

 absorption behaviour is 

highlighted. For the tetranitro derivative, coordination at the nitro groups probably requires 

minimal solvent rearrangement, hence, ΔSas is least positive for this compound, thus, its 

formation is less probable. 

3.3 Electrochemical behaviour 

Cyclic and square wave voltammograms, collected for all compounds in acetonitrile (HPLC 

grade ≥ 99.9), show at least one anodic peak in the region of 1.4 to 2.2 V for both oxidatively 

(O) and reductively (R) initiated scans (Fig. 6). For instance, the cyclic voltammogram for 

DB18C6 shows a single oxidation at ca. 1.65 V with no corresponding reduction wave, even 

at very high or low scan rates (ν), indicating that this electron transfer (E) is followed by a 

very fast chemical process(C): EC mechanism, hence, this oxidation is irreversible. 

Furthermore, since a plot of current (I) versus ν
1/2

 is linear (R
2
 = 0.98, See S6), it is 

reasonable to conclude that the processes associated with this oxidation are diffusion 

controlled, as suggested by the appropriate form of the popular Randles-Ševčík model 

[55,56]. Additionally, since the square wave voltammogram reveal a peak area which is 
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basically identical to that for ferrocene, under similar conditions, it can be reasonably 

concluded that the charge involved in this process is similar to that associated with the 

oxidation of ferrocene; a well-known one electron process [57].  

 

Fig. 6. Oxidatively initiated cyclic voltammograms for all compounds [Conc. 1 mM]. 

 

Calculated ground state MO surfaces (Fig. 4), for DB18C6, show that the HOMO is localized 

over the pi-system of a single phenyl ring, in addition to the oxygen atoms which are directly 

attached to that ring. Hence, reaction with a solvent molecule subsequent to the formation of 

a radical: EC mechanism, is most probable at the phenyl ring or at the directly attached ether 

oxygens. The presence of an acetate group on the phenyl rings result in an additional one 

electron diffusion controlled, irreversible oxidation at 1.91 V (Fig. 6), due to the loss of an n-

electron from the acetate oxygen, as suggested by the calculated MO surfaces. Similarly, for 

the tetrabromo derivative, two oxidations are obvious: 2.03 and 1.87 V (Fig. 6), due to the 

loss of three electrons, most likely from the aromatic rings, since the n-electrons of the high 

electron density halogen atoms tend to conjugate with the aromatic pi-system, thereby 

increasing the electron density therein. In addition to a single diffusion controlled irreversible 

oxidation at 2.21 V, associated with electron loss from the aromatic pi-system of a single 

phenyl ring, the voltammogram for the tetranitro derivative is characterized by two 

successive quazi-reversible one electron reductions at: -0.87 and -1.49 V; for which the 

corresponding oxidations are observed at -0.98 and -0.74 V, respectively, due to the redox 

activity of the NO2 group, as is typical for o-dinitrobenzene compounds [58]. These results 
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indicate that the redox behaviour of DB18C6 derivatives is highly dependent of the chemistry 

of the aromatic rings, effects which might affect their redox behaviour in the presence of 

lead(II) ions. 

Hence, electropolymerization was attempted, for all compounds, via repeated CV 

scans (cycling). The repetitive voltammetric scans show significant changes on each cycle, 

for all compounds, except for the tetranitro derivative. For example, the oxidation, originally 

observed at 1.65 V for DB18C6, as discussed in the foregoing, shows significant reduction in 

current after the first cycle (Fig. 7); subsequent cycles resulting in a continuous and uniform 

current decay, concomitant with a shift to lower energy: 1.4 V.  

 

Fig. 7. Repeated cyclic voltammetry scans (30 scans at ν = 200 mV/ s) used to effect 

polymerization of DB18C6 [Conc. 1 mM in acetonitrile]. 

 

Interestingly, these changes are simultaneous with the emergence and progressive growth of 

two reductions at ca. -1.40 and ca. -0.99 V (Fig. 7); the emergence of which is indicative of 

the formation of a new electro active material, increasing in concentration to a point of 

saturation whilst the parent material: DB18C6 in this case, is depleted at the electrode surface 

due to its progressing electro-transformation. Such changes are consistent with 

electropolymerization [59]. For the other derivatives, similar changes, albeit more subtle, are 

obvious (See S7). The voltammogram for the tetrabromo derivative, for instance, shows two 

new reduction bands: -1.36 and -0.94 V, in addition to a new oxidation at 0.39 V, which 

shows saturation after ~6 to 10 cycles. Similarly, polymerization of the diacetate derivative 

on the electrode surface is suggested by significant reduction in the intensities of both 
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oxidation bands, originally observed at 1.65 and 1.91 V (vide supra) and their replacement by 

two new oxidations at 1.56 and 1.79 V (See S7). However, for tetranitro derivative, though 

there are slight changes in the position of the original peaks, no new peaks are observed (See 

S7), nonetheless, the slight current decay for the original peaks, on each cycle, is indicative of 

progressive electrode surface passivation. These observations indicate that instead of 

polymerization, the tetranitro derivative probably forms a stable chemisorbed coating on the 

electrode surface. Surely, such differences in the nature of the electrode surface passivation 

could significantly affect its response to the presence of Pb
2+

, hence, electrode surface 

coverage (Γ) for each modified electrode is investigated based on  

 

   
    AΓ(ν)

   
 

where, Ip, n and F represents the peak current, the number of electrons transferred on 

oxidation/ reduction of the analyte (Analyte = ferrocene where n = 1) and Faraday‘s constant, 

respectively. A is the electrode surface area whereas R and T represent the universal gas 

constant and the temperature. For all compounds, plots of Ip versus ν are linear, as expected 

(R2 ~ 0.99 – 0.97), and the calculated Γ values are in the range of 10
-11

 – 10
-12

 mol cm
-2

, 

similar to values reported for monolayer coverage [60,61]. Since a Γ value of 1.22 x 10
-11

 mol 

cm
-2

 was determined experimentally for the tetranitro derivative whereas, that calculated 

based on the area of the optimized structure is 2.169 x 10
-10

 mol cm
-2

, it is clear that the area 

of this compound, when adsorbed to the electrode surface, is larger than that estimated from 

molecular modelling (vide supra). This is most likely due to increase planarity of the 

structure on the electrode surface caused by strong interactions between the electrode surface 

and the nitro groups; a surface driven shift in the equilibrium molecular geometry. For the 

other compounds, experimentally determined Γ values are of the order 10
-12

, also indicating 

significant differences in molecular orientation on the electrode surface. Indeed, this is 

expected since, the majority of evidence suggest that they undergo electro-polymerization, 

resulting in an immobilized polymeric coating on the electrode surface. Surely, such 

modification of the electrode surface should affect its ability to interact with lead(II) ions. 

Furthermore, the structural difference in these coating materials should be reflected in the 

behaviour of these electrodes, where the quantification of Pb
2+

 is concerned.  
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Therefore, differential pulse anodic stripping voltammetric (DPASV) studies, a very 

experienced and sensitive method, was carried out to assess the usefulness of these modified 

electrodes for the quantification of Pb
2+

 in aqueous solution. DPASV scans with a DB18C6-

functionalized platinum working electrode show a well-defined peak at ca. -0.72 V in the 

presence of lead(II) ions (Fig. 8(a)), whose intensity (current) increases linearly with Pb
2+

 

concentration (Fig. 8(b)), as opposed to the bare electrode where a very asymmetric band is 

observed at ca. 0.79 V, in addition to another broad band at ca. 0.46 V; none of which show a 

clear trend with Pb
2+

 concentration. 

 

Fig. 8. (a) DPASV scan for a solution will [Pb
2+

] = 0 (dashed line) and [Pb
2+

] = 1 mM (solid 

line). (b) Calibration curve derived from the DPASV results for DB18C6. The pH was 

maintained by an acetate-acetic acid buffer system. 

 

Therefore, current response as function of [Pb
2+

] was measured using all modified electrodes 

(See S8) at a pH value: 4.5, where current response is maximum. The linear regression 

method was then applied in determining the limits of detection (LOD) and quantification 

(LOQ) as well as the linear ranges (LR) for all modified electrodes (Table 2). Interestingly, 

the DB18C6 electrode offers the lowest LOQ and LOD, followed by the tetrabromo 

derivative which also offers a slightly wider linear range than the other electrodes. The wider 

linear range observed for the tetrabromo DB18C6 electrode might be a result of its ability to 

interact with Pb
2+

 in 2:1 metal: ligand ratio. Expectedly, the electron withdrawing nature of 

the nitro groups which prevent interactions between lead ions and the ether cavity, in addition 

to the weak metal-nitro group interactions, not only result in one of the narrowest linear 

ranges but also the highest LOD and LOQ (Table 2), clear indications of its inferior 

sensitivity.   
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Table 2. Linear range, limits of detection and quantification adduced from the calibration 

curves of current versus [Pb
2+

] for the different functionalized electrodes. 

Compound 
LR/ 

mg L
-1

 

LOD/ 

mg L
-1

 

LOQ/ 

mg L
-1

 

DB18C6 8.49 – 56.60 3.06 9.27 

Diacetate 5.68 – 59.14 5.27 15.97 

Tetrabromo 2.85 – 59.14 4.56 13.38 

Tetranitro 2.85 – 54.05 11.11 33.65 

 

These results clearly show that the compounds investigated in this study holds real potential 

for application in the preparation of modified electrodes for the electrochemical detection and 

quantification of lead(II) ions in aqueous solution. However, ―real-life‖ samples are often 

contaminated with other electrolytes which can significantly impact the results adduced from 

such electrodes. Therefore, DPASV scans in the presence of a mixture of various other metals 

ions were collected at ambient temperature, for all electrodes: interference study. The 

presence of other metal ions resulted in slight potential shifts of the lead peak, however, since 

current is the parameter applied in the quantification of Pb
2+

, such slight changes in peak 

potential are inconsequential. Changes in the current on addition of each metal ion to the 

mixture are obvious (Fig. 9), however, all changes are such that the current values are of the 

same order of magnitude as that for Pb
2+

 in pure water, hence, the Pb
2+

 concentration 

adduced, in most cases, will not be significantly affected. Though the presence of other metal 

ions leads to current fluctuation between 3.18 x 10
-5

 and 2.59 x 10
-5

: minor changes, the 

presence on mercury(II) ions leads to significant changes (increase) in the current for 

DB18C6, DB18C6diacetate and the tetranitroDB18C6 electrodes (Fig. 9(a)). This indicates 

that these systems would suffer from a mercury error. Such effects might be due to significant 

coordination competition between Hg
2+

 and Pb
2+

, resulting from entropic effects associated 

with solvent rearrangement energetics in the complexation process, in addition to the higher 

charge density of Hg
2+

 which allows stronger interactions with the hard donor sites of these 

ether systems.  
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Fig. 9. Effects of presence of other metal ions [Conc. 10 ppm] on the current response 

obtained for lead [Conc. 50 ppm] when the electrode surface is modified with (a) DB18C6, 

(b) DB18C6diacetate, (c) TetrabromoDB18C6 and (d) TetranitroDB18C6. Solutions where 

buffered by sodium acetate-acetic acid mixture to maintain a pH of 4.5. 

 

Interestingly, for electrodes prepared from the tetrabromo derivative, addition of Hg
2+

 ions 

does not cause a significant change in the current, however, the presence of Al
3+

 result in a 

noteworthy current spike (Fig. 9 (c), albeit without a change in the order of magnitude of the 

signal. This is indicative of significant coordination competition between Pb
2+

 and Al
3+

, most 

likely due to the significantly higher charge density of Al
3+

, coupled with the entropic effects 

associated with solvent rearrangement during complexation.  

4 Conclusion 

Dibenzo-18-crown-6 and its diacetate, tetrabromo and tetranitro derivatives are able to 

spontaneously coordinate with lead(II) ions in their free monomeric form; a process 

controlled by entropic effects. Their ability to passivate a platinum electrode surface, via 

electropolymerization or chemisorption in the case of the tetranitro derivative, allows the 

preparation of modified electrodes, capable of quantifying lead(II) ion at concentrations 

below 10 mg L
-1

 with minimal errors in the presence of other metal ions, except for Al
3+

 and 
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Hg
2+

 which offers significant coordination competition to lead ions. Hence, where Al
3+

 and 

Hg
2+

 concentrations are significant, the results adduced from these modified electrodes will 

require correction. Nonetheless, they represent real prospects for fast and relatively cheap 

designing of plasticizer free Pb
2+

 ion selective electrodes for operation in aqueous media. 
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