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Recognition of neutral nitrophenol isomers by calix[4]pyrrole and pyrrole derivatives was investigated using poly(vinyl chlorode) (PVC) matrix liquid 
membrane electrodes. The influence of macrocyclic calix[4]pyrrole cavity and different kind of substitutents on the mechanism of phenomenon studied and its 
possible analytical application was discussed.

INTRODUCTION

A rapid advance in science and technology increases lon-
gevity and comfort of human life. It is, however, accompanied 
by new threats to human health. This hazardous phenomenon 
is often a result of hasty introduction of new technologies 
based on insufficient research. So, this obliges scientists to 
work on completely new, low-cost, rapid analytical methods 
for marking inorganic and organic chemical residues, radio-
active isotopes and pharmaceuticals in food, water and other 
environmental sources linked to food chain. 

To realize this goal, it is necessary to apply new sensing 
material which might be able to selectively recognize target 
molecules by intermolecular interaction with the receptor 
substrate. Such an interaction is commonly known as supra-
molecular interaction [Lehn, 1978].

In this paper, we have introduced the results on the ap-
plication of potentiometric sensors based on liquid membrane 
modified with some pyrrole derivatives for detection of the 
neutral nitrophenol isomers. 

Potentiometric methods are very chip and simple in ap-
plication. Hence they are widely used in screening analysis 
[Brzózka, 1997]. Till now, they have been limited only for 
the determination of electrically charged molecules. In our 
previous papers, we have shown that it is possible to apply 
potentiometric method for detection of neutral compounds 
[Piotrowski et al., 2000; 2001; 2002 ].

The development of direct potentiometric sensors for neu-
tral molecules has been an interesting task from the analytical 
point of view, in practical and fundamental meaning. There is 
still a puzzling problem: how to form a complex between host 
and neutral guest and subsequently generate a charge separa-
tion at the interface between electrode surface and the support-
ing electrolyte? Some instances in which membrane potentials 
are affected by uncharged molecules have been already ex-

plored. Such systems include poly(vinyl chloride) (PVC) ma-
trix  liquid membranes  [Ito et al., 1998 a,b; Sugawara et al., 
1984], Langmuir-Blodgett type monolayers  [Kurihara et al., 
1991], and lipid bilayer vesicles [Kurihara, 1990].

This report introduced the result obtained by the applica-
tion of this method for detection of electrically neutral  nitro-
phenols using calix[4]pyrrole and pyrrole derivatives as the 
host molecules in liquid membrane electrodes. Calix[4]pyrrole 
discovered by Baeyer in 1886 [Baeyer, 1886], has now be-
come a subject of many researches concering the molecular 
recognition of anionic and neutral molecules [Floriani, 1996; 
Gale et al., 1996; 1997; 1998; 1999; 2001].

The structures of pyrrole derivatives studied are illustrated 
in Figure 1. 

MATERIALS AND METHODS

Reagents. Bis(2-ethylhexyl) phthalate [“dioctyl phtalate” 
(DOP)] used as a membrane solvent and poly(vinyl chloride) 
(PVC; nav ≅ 1100) used as a polymer matrix were purchased  
from Wako Pure Chemical (Japan). Ortho-, meta-, and para- 
isomers of nitrophenols, citric acid, and lithium acetate were 
purchased from Sigma-Aldrich Co. (Poznań, Poland). Tetra-
hydrofuran was  purchased from POCH-Gliwice (Poland) 
and was distilled from solid NaOH just before use. The pyrrol 
derivatives (Figure 1) were synthesized according to the pro-
cedure previously reported [Depraetere et al., 1999].

All the samples and buffer solutions were prepared with 
deionized water with resistance of 18.2 MΩcm-1 and bubbled 
with nitrogen for 30 min just before potentiometric measure-
ments in order to protect phenolic analytes from oxidation.

Electrode preparation and potential measurements.
Due to solubility problems occurring with hosts 1 and 2 dur-
ing the preparation of membranes, the experiments were made 
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at two values of hosts concentration in DOP: 1.0 x 10-2 M and 
0.5 x 10-3 M respectively. Hence, the membrane composition 
was: 0.4% ligand, 67.7% DOP, 31.9% PVC in the first case 
and 0.2% ligand, 67.8% DOP, and 32% PVC in the second. 
All components were dissolved in approximately 3 mL of 
freshly distilled THF. The solution obtained was placed into 
a glass ring (30-mm diameter) and left for 24 h to allow THF 
evaporation. Circles of 6-mm diameter were cut from the 
“dry” membrane and mounted on a liquid membrane type 
Philips ISE body (Glasbläserei Möler, Zürich, Switzerland). 
The membrane free of ligand was prepared the same way, 
but without host compound. In order to obtain reproducible 
results and to avoid the solubility problems, the measurements 
were made only with fresh membranes. The cell assembly for 
potential measurements was:

Ag/AgCl│10-1 M KCl│membrane│sample solution│1 M 
CH3COOLi│3 M KCl│ Ag/AgCl. 

Ag/AgCl│10
COOLi│3 M KCl│ Ag/AgCl. 

Ag/AgCl│10 M KCl│membrane│sample solution│1 M 
COOLi│3 M KCl│ Ag/AgCl. 

M KCl│membrane│sample solution│1 M 

Measurements were performed at room temperature 
(20°C) by means of multi-channel station pH meter made 
by DonauLab (Warsaw, Poland). A double junction electrode 
Ag/AgCl from Philips was used as a reference electrode. 
Before measurements, electrodes were kept 24 h for condi-
tioning in a buffer solution (citric buffer, pH=4.0 or pH=6.0). 

The simultaneous measurements of potential and pH were 
done with a METTLER TOLEDO 355 Ion Analyser. 

The pH influence on the membrane potential was meas-
ured starting from acidic pH (2.5) to basic pH (10.0) and 

reverse, by adding NaOH solution (containing 1.0 x 10-2 M 
Na3PO4) to a solution of 1.0 x 10-2 M H3PO4, and respectively 
by adding H3PO4 solution (containing 1.0 x 10-2 M NaOH) to 
a solution of 1.0 x 10-2 M NaOH. Before these measurements, 
electrodes were kept 24 h for conditioning in a sodium dihy-
drogenphosphate solution 1.0 x 10-2 M. 

In order to ensure the neutrality condition for the guests, 
the potentiometric response of the calix[4]pyrrole and pyrrole 
derivatives incorporated membranes towards nitrophenol 
isomers were measured in the presence of 1.0 x 10-2 M citric 
buffer (at pH=4.0 and pH=6.0). 

RESULTS AND DISCUSSION

Figure 2 illustrates the response of the investigated mem-
branes to the changes of pH of sample solutions. As it can be 
seen, the membranes modified with cyclic calix[4]pyrroles 
(ligand 1 and 2) showed relatively high response to changes 
of sample solutions pH. These responses were reversible. This 
means that a shape of curves is independent of the initial pH of 
the measurements. Responses of other ligands (pyrrole deriva-
tives) to pH changes were negligible.

The relationship between the potential of electrode mem-
branes and value of pH of sample solution illustrates the affin-
ity of the applied membranes towards protons [Piotrowski et 
al., 2000, 2001, 2002]. As it can be seen, the highest affinity to 
protons was demonstrated by membranes modified with mac-
rocyclic calix[4]pyrroles. Of uncyclic pyrrol derivatives, only 
these which possess amine groups in their structures could be 
protonated. This indicates that protonation of  uncyclic and 
cyclic derivatives of pyrrol proceeds by different mechanism.

Figures 3-11 illustrate the response of the membrane in-
vestigated to the changes of the concentration of particular 
isomers of nitrophenols. As it can be seen, of all membranes 
studied only seven respond after stimulation with meta and 
para nitrophenols. The value of those responses is strongly 
effected by the changes of pH of a sample solution. But it is 
difficult to indicate the general tendency in the case of stimu-
lation with para-nitrophenol. For membranes with ligands 5
and 7 we have obtained the highest response under pH 4.0 

FIGURE 1. Chemical structures of calix[4]pyrrole derivatives.

280

230

180

130

80
2.5 7.5 105

FIGURE 2. Potential vs. pH curves obtained by an electrode containing 
ligand 1(■), ligand 2 (▲), ligand 3 (Ж), ligand 4 (●), ligand 5 (○). The 
initial condition was 0.01 M H3PO4. The pH was adjusted by adding 
NaOH aqueous solution containing 0.01 M H3PO4.
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FIGURE 3. Potential vs. concentration curves obtained by electrodes containing ligand 1 towards nitrophenol isomers measured at: (A) pH 
4.0; (B) pH 6.0; 0.01 M citric buffer (-▲-) ortho-nitrophenol, (-●-) meta-nitrophenol, (-○-) para-nitrophenol.

FIGURE 4. Potential vs. concentration curves obtained by electrodes containing ligand 2 towards nitrophenol isomers measured at: (A) pH 
4.0; (B) pH 6.0; 0.01 M citric buffer (-▲-) ortho-nitrophenol, (-●-) meta-nitrophenol, (-○-) para-nitrophenol.
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FIGURE 5. Potential vs. concentration curves obtained by electrodes containing ligand 3 towards nitrophenol isomers measured at: (A) pH 
4.0; (B) pH 6.0; 0.01 M citric buffer (-▲-) ortho-nitrophenol, (-●-) meta-nitrophenol, (-○-) para-nitrophenol.
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FIGURE 6. Potential vs. concentration curves obtained by electrodes containing ligand 4 towards nitrophenol isomers measured at: (A) pH 
4.0; (B) pH 6.0; 0.01 M citric buffer (-▲-) ortho-nitrophenol, (-●-) meta-nitrophenol, (-○-) para-nitrophenol.

FIGURE 7. Potential vs. concentration curves obtained by electrodes containing ligand 5 towards nitrophenol isomers measured at: (A) pH 
4.0; (B) pH 6.0; 0.01 M citric buffer (-▲-) ortho-nitrophenol, (-●-) meta-nitrophenol, (-○-) para-nitrophenol.

FIGURE 8. Potential vs. concentration curves obtained by electrodes containing ligand 6 towards nitrophenol isomers measured at: (A) pH 
4.0; (B) pH 6.0; 0.01 M citric buffer (-▲-) ortho-nitrophenol, (-●-) meta-nitrophenol, (-○-) para-nitrophenol.
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FIGURE 9. Potential vs. concentration curves obtained by electrodes containing ligand 7 towards nitrophenol isomers measured at: (A) pH 
4.0; (B) pH 6.0; 0.01 M citric buffer (-▲-) ortho-nitrophenol, (-●-) meta-nitrophenol, (-○-) para-nitrophenol.

FIGURE 10. Potential vs. concentration curves obtained by electrodes containing ligand 8 towards nitrophenol isomers measured at: (A) pH 
4.0; (B) pH 6.0; 0.01 M citric buffer (-▲-) ortho-nitrophenol, (-●-) meta-nitrophenol, (-○-) para-nitrophenol.

FIGURE 11. Potential vs. concentration curves obtained by electrodes containing ligand 9 towards nitrophenol isomers measured at: (A) pH 
4.0; (B) pH 6.0; 0.01 M citric buffer (-▲-) ortho-nitrophenol, (-●-) meta-nitrophenol, (-○-) para-nitrophenol.
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CONCLUSIONS

The macrocyclic cavity of calix[4]pyrrole, confused or 
not, plays a crucial role in the mechanism of molecular rec-
ognition of neutral compounds. The membranes incorporated 
with calix[4]pyrrole derivative have shown higher changes 
of potential in the presence of neutral nitrophenol isomers 
than pyrrole derivatives, especially in the case of para- than pyrrole derivatives, especially in the case of para- than pyrrole derivatives, especially in the case of and 
meta- isomers. The attached substituents have influence on the 
calix[4]pyrrole derivatives solubility and sensistivity towards 
nitrophenol isomers. From the results obtained, it might be 
concluded that macrocyclic cavity plays a crucial role in the 
phenomenon studied. 

The membranes incorporated with macrocyclic calix[4]-
-pyrrole (1, 2) have displayed the higher potentiometric respons-
es to nitrophenols than the membrane containing the pyrrole 
derivatives (3, 4, 5). Thus, the ligands 1 and 2 could be applied 
as the host molecules in liquid membrane electrodes for direct 
potentiometric determination of neutral nitrophenol isomers.

ACKNOWLEDGEMENTS

This work was supported by the bilateral Flemish-Polish 
grant No. BIL 01/ 04; Institute of Animal Reproduction and 
Food Research of Polish Academy of Sciences, Olsztyn, Po-
land. Work of Mr. M.T. Nechita and Mr. S. Lotrean was sup-
ported from the European Union project Centre of Excellence 
CENEXFOOD (ICA1-CT-2000-70017).

REFERENCES

1. Baeyer A., Ber. Dtsch.Chem. Ges., 1886, 19, 2184.
2. Bühlmann P., Bakker E., Pretsch E., Carrier-based ion-

-selective electrodes and bulk optodes. 2. Ionophores for 
potentiometric and optical sensors. Chem. Rev., 1998, 98, 
1593 - 1687.

3. Brzózka Z., Comprehensive Supramolecular Chemistry, 
Potentiometric Sensors, 1997, Chapter 8.

4. Depraetere S., Smet M., Dehaen W., N-confused 
calix[4]pyrroles. Angew. Chem. Int. Ed., 1999, 38, 3359-
-3361.

5. Floriani C., The porphyrinogen–porphyrin relationship: 
the discovery of artificial porphyrins. Chem. Comm., 
1996, 1257-1263.

6. Gale P.A., Sessler J.L., Král V., Calixpyrroles. Chem. 
Comm., 1998, 1-8. 

7. Gale P.A., Anzenbacher Jr.P., Sessler J.L., Calixpyrroles II. 
Coordination. Chem. Rev., 2001, 222, 57-102.

8. Gale P.A., Sessler J.L., Král V., Lynch V., Calix[4]pyrroles: 
Old yet new anion-binding agents. J. Am. Chem. Soc., 
1996, 118, 5140-5141.

9. Gale P.A., Sessler J.L., Allen W.E., Tvermoes N.A., Lynch 
V., Calix[4]pyrroles: C-rim substitution and tunability of 
anion binding strength. Chem. Comm., 1997, 665-666.

10. Gale P.A., Twyman L.J., Handlin C.I., Sessler J.L., A co-
lourimetric calix[4]pyrrole-4-nitrophenolate based anion 
sensor. Chem. Comm., 1999, 1851-1852.

11. Ito T., Radecka H., Tohda K., Odashima K., Umezawa 
Y., On the mechanism of unexpected potentiometric re-

FIGURE 12. The illustration of supramolecular complex calix[4]-
pyrrole –para-pyrrole –para-pyrrole – nitrophenol. 

of a sample solution. Whereas, for ligands 2, 3, 8 and 9, the 
highest responses were observed for this isomer at pH 6.0 of 
a sample solution. In the case of stimulation of membranes by 
meta-nitrophenol, this tendency was very similar.

All of the membranes studied were insensitive to ortho-
-nitrophenol under both pHs investigated. Generally, we can state 
that the response of the membranes studied depends on the type 
of isomer of  nitrophenols as well as pH of sample solution.

From the ligands studied, we can separate two groups 
according to the value of the response. To first group 
contains ligands 1, 2, 3, 5, 7, 8 and 9 which are able to 
generate the potentiometric responses towards nitrophe-
nols. The second group contains ligands 4 and 6. The 
membranes they modified were insensitive to neutral 
nitrophenol molecules.

The possible explanation of this phenomenon might 
be as follows. According to our previous investigations 
[Piotrowski et al., 2000; 2001; 2002], the generation of 
potentiometric response of membranes under study consists 
in the creation of supramolecular complex between the ni-
trophenol and pyrrole rings by hydrogen bond (Figure 12). 
As a consequence of this interaction, the OH phenol group 
becomes more acidic, and dissociation of nitrophenol is pos-
sible at the border between the organic and aqueous phases 
in spite of high concentration of protons in bulk solution. 
The dissociation leads to the transfer of protons from organic 
layer to water, and as a consequence the potential of mem-
branes decreases.

Ligands 4 and 6and 6and  contain in their structure rather large 
substituents, which makes pyrrole rings unavailable for ni-
trophenols and supramolecular complex cannot be created. 
Our investigation indicates that the availability of hydrogen 
from pyrrol ring is crucial for potentiometric response of the 
membranes studied. 

Ligands 1, 2, 3, 5, 7 and 9 shown in Figure 1 demon-
strated the same selectivity. They are able to distinguish 
isomer meta and para in the presence of isomer ortho. The 
lack of response of the membranes studied to the ortho
isomer is the consequence of creation of intramolecular 
hydrogen bond between OH and NO2 groups in ortho-
-nitrophenol molecule. This bond makes the creation of 
supramolecural  complex between the ligands studied and 
ortho-nitrophenols difficult.



87Potentiometric response of liquid membrane electrodes

polyamine incorporated into poly(vinyl chloride) matrix 
liquid membrane on its potentiometric response to neutral 
phenols. Electroanalysis, 2000, 12,1397-1402.

17. Piotrowski T., Radecka H., Radecki J., Depraetere S., 
Dehaen W., Potentiometric response of calix[4]pyrrole 
liquid membrane electrode towards neutral nitrophenols.  
Electroanalysis, 2001, 13, 342-346.

18. Piotrowski T., Radecka H., Radecki J., Depraetere S., 
Dehaen W., Potentiometric discrimination of fluoro- and 
chlorophenol isomers based on the host functionality of 
calix[4]pyrolle at liquid membrane surfaces. Anal. Lett., 
2002, 35, 1895-1906.

19. Pretsch E., Bühlmann P., Bakker E., Carrier-based ion-se-
lective electrodes and bulk optodes. 1. General character-
istics. Chem. Rev., 1997, 97, 3083-3132.

20. Schmidtchen F.P., Berger M., Artificial organic host mol-
ecules for anions. Chem. Rev., 1997, 97, 1609-1646.

21. Spichiger-Keller U.E., 1998, Chemical Sensors and Bio-
sensors for Medical and Biological Applications, Wiley 
–VCH, Weinheim, Germany.

22. Sugawara M., Naganawa S., Ohashi N., J. Electroanal. 
Chem., 1984, 176, 183.

sponse to neutral phenols by liquid membranes based on 
quaternary ammonium salts-systematic experimental and 
theoretical approaches. J. Am. Chem. Soc., 1998a, 120, 
3049-3059.

12. Ito T., Radecka H., Umezawa K., Kimura T., Yashiro A., 
Lin X.M., Katoka M., Kimura E., Sessler J.L., Odashima 
K., Umezawa Y., A variety of lipophilic amines incorporat-
ed in liquid membranes exhibit potentiometric responses 
to neutral phenols. Anal. Sci., 1998b, 14, 89-98.

13. Kurihara K., Ohto K., Tanaka Y., Aoyama Y., Kunitake T., 
Molecular recognition of sugars by monolayers of resor-
cinol-dodecanal cyclotetramer. J. Am. Chem. Soc., 1991, 
113, 444-450.

14. Kurihara K., Molecular mechanisms of reception and 
transduction in olfaction and taste. Jpn. Physiol., 1990, 40, 
305.

15. Lehn J.M., Cryptates: inclusion complexes of macropoly-
cyclic receptor molecules. Pure & App. Chem., 1978, 50, 
871.

16. Piotrowski T., Szymańska I., Radecka H., Radecki J., Pi-
etraszkiewicz M., Pietraszkiewicz O., Wojciechowski K., 
Influence of substituents in nitrogen atoms in macrocyclic 


