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Abstract
Sulphonamide drugs (sulphamethazine, sulphamerazine, sulphadiazine, sulphathiazole) 
were studied in a wide potential window (between 2 and − 2 V) in acetonitrile, dimethyl 
sulphoxide and in 50–50 v/v% binary mixtures of acetonitrile and water. The voltammo-
grams of the outlined compounds were very similar both in the anodic and cathodic part in 
each non-aqueous solvents except for sulphathiazole. These sulphonamide drugs were also 
investigated in presence of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 
and its sodium salt and the voltammograms changed due to an acid–base reaction. HEPES 
and its sodium salt could be investigated in acetonitrile only in their saturation concentra-
tion as they were slightly soluble in this solvent. In a separate experiment their solubili-
ties were determined at 298 K in acetonitrile with the co-solvent calibration method using 
water as co-solvent. Complementary fluorescence studies in dimethyl sulphoxide did not 
show the presence of any interaction between sulphonamide drugs and HEPES as well as 
its sodium salt.

Keywords 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid · Sulphonamide · 
Acetonitrile · Dimethyl sulphoxide · Fluorescence

1 Introduction

The compounds HEPES and its sodium salt are used to make buffers, as they are suit-
able in living organisms at maintaining physiological pH also in the presence of carbon 
dioxide. This buffer was used in a vast number of studies. In many intra-and extracellular 
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electrochemical studies it served as an appropriate choice [1–4] and in protein based detec-
tion applications [5, 6].

The interaction of HEPES and its conjugate base with the different drugs used in the 
treatment of a great number of diseases might be useful in other respects. HEPES contains 
a sulphonic acid group and two tertiary nitrogens in the piperazine moiety, which is the 
basic part so it is a zwitterionic molecule. The pKa of 3 attributed to the first dissociation 
step makes it capable of acid–base reactions with other molecules having basic functional 
groups. The second dissociation step has a pKa value around 7.5 which is very close to 
the physiological pHs. Therefore the monosodium salt may also interact with certain mol-
ecules. The aim of these studies was the examination of both acidic and basic component 
of the buffer with potential molecules having basic groups important in medical science.

Sulphonamide drugs are widely used as antibiotics to treat infections and compounds 
from this family studied here are collected in Fig. 1. Sulphathiazole proved efficient against 
gonorrhea and sulphadiazine in the treatment of toxoplasmosis. Sulphamethazine and sul-
phamerazine inhibit the synthesis of dipholic acid necessary for nucleotide synthesis for 
bacteria thus preventing bacterial growth. Basically sulphonamides have a weak acidic 
character due to the –NH– group in the neighbourhood of the strongly electron withdraw-
ing –SO2– group and aromatic –NH2 group if it is protonated so they are able to dissociate 
in aqueous solutions. Therefore acid–base reactions can occur in presence of other mol-
ecules. On the other hand they contain also an –NH2 group in the p-aminophenyl moiety 
which may act as an oxidizable group.

Many sulphonamide drugs are scarcely soluble in water but they can be dissolved in 
µmol·L−1 concentrations in a wide pH range and in medical applications these concentra-
tions have attracted interest. Therefore many analytical procedures have been developed 
for sulphonamide drugs to detect them in blood plasma. In the majority of electrochemical 
investigations glassy carbon and carbon based electrodes are used with and without modi-
fying layer [7–17] but some works utilize the mercury electrode in electroreduction pro-
cesses [18, 19]. Regarding the direct electrochemical reaction of sulphonamides no work is 
found in the literature where platinum electrode acted as working electrode. Platinum has 
a low hydrogen evolution overpotential compared with other electrodes so electroreduction 
of acidic protons present in different molecules can be utilized to get more insight into pro-
cesses taking place in solutions.

Due to the limited solubility of sulphonamides in water in the mmol·L−1 concentration 
range there is a need for investigating these materials rather in nonaqueous solvents and/or 
in their binary mixtures with water. To obtain significant voltammetric peaks it is advanta-
geous to study these antibiotics in the mmol·L−1 concentration range particularly if their 
interaction is in focus with other molecules.

Usually acetonitrile and dimethyl sulfoxide are good solvents for many organic materi-
als they provide an appropriate medium for experiments as the solutes in question can be 
dissolved in the desired concentration necessary for the experiment. They are miscible with 
water and have relatively high dielectric constants suitable for voltammetry also in absence 
of purposely added supporting electrolyte. Acetonitrile has a wide potential window in 
both anodic and cathodic potential ranges so processes where proton reduction is involved 
might be studied due to the lack of overlap with the reduction of solvent. The aprotic dime-
thyl sulphoxide has a low toxicity so these two solvents were selected for investigating the 
outlined compounds. On the other hand dimethyl sulphoxide is appropriate for the good 
solvation of cations and cationic moieties of larger molecules. One of the most frequently 
studied family of drugs is that of sulphonamides. Their interaction with other molecules 
has increasing medical applications which is the subject of the present work.
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Fig. 1  Structural formula of 
the investigated HEPES and 
sulphonamide drugs
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2  Experimental

To carry out the voltammetric experiments a 1 mm in diameter platinum disc was used 
as working electrode, a platinum wire served as counter electrode and a silver wire 
as reference electrode connected to a potentiostat in a three electrode cell (Dropsens, 
Spain). The surface of the working electrode was polished with 0.05 µm alumina, 
ultrasonicated in deionized water to remove polishing residue and finally washed with 
deionized water thoroughly. It was followed by drying before measurements to avoid 
introduction of water into the non-aqueous solutions. Tetrabutylammonium perchlorate 
(TBAP) was the supporting electrolyte in all voltammetric studies in non-aqueous sys-
tems. The conductivity measurements were carried out with a Mettler Toledo conduc-
tometer. The absorbance spectra were taken with a Specord Analytik Jena spectrometer, 
the fluorescence measurements were carried out with a Fluorolog3 Horiba Jobin–Yvon 
spectrofuorimeter (Lille, France). For the spectroscopic studies 1 × 1 cm quartz cuvettes 
were used. The temperature for all studies was 25 °C.

The solutions of HEPES and its sodium salt were stored till the measurements in 
darkness due to their light sensitivity as during their exposure to light produces hydro-
gen peroxide while they are oxidized [20].

3  Results and Discussion

3.1  Voltammetric Studies of HEPES and its Sodium Salt in Acetonitrile and Dimethyl 
Sulphoxide

In order to investigate HEPES and its sodium salt voltammograms were recorded in 
their solutions prepared with acetonitrile and dimethyl sulfoxide with a platinum elec-
trode. The curves are displayed in Fig. 2 for the two solutes in acetonitrile and in Fig. 3 
in dimethyl sulphoxide. They clearly show that the voltammogram of solvent acetoni-
trile is very similar to the ones recorded in acetonitrile solutions of HEPES and its 
sodium salt showing that they do not have any characteristic peak neither in the anodic 
nor in the cathodic potential window. The reason is mainly due to the low solubility of 
solutes.

The voltammogram of dimethyl sulphoxide contains a reduction peak at around 
0.45 V. HEPES and its sodium salt could be dissolved in this liquid in 5 mmol·L−1 con-
centration. Therefore the reduction peak of HEPES showed up at around − 1.1  V but 
did not appear in the voltammogram of its sodium salt indicating that the reduction 
peak can be attributed to the acidic proton associated with the first dissociation step. An 
anodic peak appeared at around 0.9 V in the voltammogram of sodium salt of HEPES 
attributable to the oxidation of one of the tertiary nitrogen atoms at lower potential due 
to the identical thermodynamic properties of anionic form compared with HEPES. It 
could not be observed in acetonitrile due to the poor solubility.

3.2  Voltammetric Investigation of the Sulphonamide Drugs

In order to investigate the four selected drugs their voltammograms were recorded 
between 2 and − 2 V in their 5 mmol·L−1 solutions prepared with acetonitrile (Fig. 4) 
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and dimethyl sulphoxide (Fig.  5). The platinum electrode surface had to be polished 
after each scan to obtain reproducible voltammograms of all sulphonamides as dur-
ing some subsequent measurement the peak currents declined approximately by 10%. 

Fig. 2  Cyclic voltammograms of 
the solvent acetonitrile and that 
of acetonitrile solution saturated 
with solutes (supporting electro-
lyte 0.05 mol·L−1 TBAP, scan 
rate 0.1 V·s−1)
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Fig. 3  Cyclic voltammograms of 
the solvent dimethyl sulphoxide 
and that of dimethyl sulphoxide 
solution of 5 mmol·L−1 solutes 
(supporting electrolyte 0.05 
mol·L−1 TBAP, scan rate 0.1 
V·s−1)
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Fig. 4  Cyclic voltammograms of 
the selected sulphonamide drugs 
in their acetonitrile solution (scan 
rate 0.1 V·s−1, supporting elec-
trolyte 0.05 mol·L−1 TBAP)
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Fig. 5  Cyclic voltammograms of 
the selected sulphonamide drugs 
in their dimethyl sulphoxide 
solution (scan rate 0.1 V·s−1, 
supporting electrolyte 0.05 
mol·L−1 TBAP)
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In acetonitrile at around 1.5  V an anodic peak showed up in case of all drugs where 
their  NH2– group oxidized. The voltammogram of sulphadiazine contains only one peak 
around this potential. In this potential region during electrooxidation of sulphamerazine 
and sulphamethazine an additional peak appeared close to each other the second one 
possibly assigned to the methyl groups presenting in the pyrazole ring. Sulphathiazole 
exists in two tautomer forms (imino and amino) and the previous one is dominant (see 
Fig. 1) [21]. In the imino tautomer an amino group (–NH–) builds up in the thiazole ring 
being capable of oxidation at lower potentials due to the sulphur atom which increases 
the electron density on the pyrazole moiety. The tautomerisation is negligible by the 
other studied sulphonamides. At around − 1.1 V by appearance of a remarkable cathodic 
peak electroreduction of acidic proton takes place. The acidic proton of HEPES reduces 
also here shown previously in dimethyl sulphoxide therefore two overlapping proton 
reduction process should be considered in the further studies.

The voltammograms recorded in the dimethyl sulphoxide solutions of 5 mmol·L−1 sul-
phonamides were similar to the ones obtained in acetonitrile but the peaks were not sharp. 
In the anodic part the overlapping with solvent electrooxidation is significant and at around 
− 1.4 V a small reduction peak showed up. The only exception was sulphatiazole where a 
well defined peak appeared at around − 1.1 V due to the reduction of thiazole moiety.

The processes occurring in the system containing the sulphonamides and HEPES as 
well as its sodium salt was the mostly in focus of interest of the present work. Figure 6 
displays the concerning voltammograms for sulphadiazine. By addition of HEPES into 
the solution containing sulphadiazine similar voltammogram could be obtained as in its 
absence and only the reduction peak at around − 1.1 V was a little smaller and peak poten-
tial shifted by approximately 20 mV, probably due to the protonation of some molecules. 
The addition of HEPES sodium salt produced the really remarkable change in the voltam-
mogram as the anodic peak of sulphadiazine shifted significantly to a more positive value, 
more remarkably, the reduction peak at around − 1.1 V disappeared. These findings suggest 
that the acid-base reaction between HEPES and sulphadiazine is negligible and another 
type of interaction develops with Na-HEPES. Basically, in the sodium salt both tertiary 
amine groups are free, so that they are capable of binding a proton coming from dissocia-
tion of the sulphonamide. Therefore the reduction potential of this proton shifts to more 
negative values. On the other hand few formed HEPES by protonation of its conjugate base 
stays in solution due to the poor solubility, namely majority of the acidic protons become 
extracted by the undissolved salt. In HEPES one of the tertiary amine groups is protonated 
and due to the strong electrostatic repulsion binding of a second proton is prevented. The 

Fig. 6  Cyclic voltammograms 
of 5 mmol·L−1 sulphadiazine in 
acetonitrile alone (black curve) in 
presence of HEPES in its satura-
tion concentration (red curve), 
and in presence of sodium salt of 
HEPES in its saturation concen-
tration (blue curve) (scan rate 0.1 
V·s−1, supporting electrolyte 0.05 
mol·L−1 TBAP)
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previously mentioned positive anodic peak shift serves as an additional verification that 
majority of sulphonamide molecules become deprotonated. The results were very similar 
in case of the other three drugs.

The same experiments were repeated in dimethyl sulphoxide for sulphadiazine (Fig. 7). 
The voltammograms recorded in presence of HEPES and its sodium salt are almost identi-
cal around − 1 V where the reduction peak of HEPES appeared previously when it was pre-
sent only in solution. This indicates that an acid-base reaction takes place between HEPES 
and sulphadiazine but not as clearly as in acetonitrile. Basically the other sulphonamides 
showed similar behavior in presence of HEPES and its sodium salt.

3.3  Conductometric Studies in Acetonitrile/Water Binary Mixtures

It was previously mentioned that sulphonamides are scarcely soluble in water. However, 
water is an interesting solvent of concern in physiological studies, the mixing with ace-
tonitrile as cosolvent was necessary to increase the solubilities of sulphonamides pro-
viding a better medium for examination of the processes taking place in the presence of 
HEPES buffer. On the other hand, water triggers the dissociation of electrolytes due to the 
increase of the dielectric constant, producing individual ions contributing the increase of 
conductivity. The presence of water ensures for HEPES and Na-HEPES to be completely 
dissolved in the solvent mixture as it has low solubility in acetonitrile due to their strong 
ionic character. The systems where the sulphonamide drugs exist alone and with HEPES 
as well as its sodium salt were investigated, respectively. The volume ratio of the two sol-
vents was 50–50%. In this binary solvent the drugs were dissolved in equimolar quantity 
with HEPES or its sodium salt (the solute concentrations were always 5 mmol·L−1). The 
protonation produces ions having the different mobilities than the other ones. Table  1 

Fig. 7  Cyclic voltammograms 
of 5 mmol·L−1 sulphadiazine in 
dimethyl sulphoxide alone (black 
curve) in presence of HEPES dis-
solved in 5 mmol·L−1 concentra-
tion (red curve), and in presence 
of sodium salt of HEPES in 5 
mmol·L−1 concentration (blue 
curve) (scan rate 0.1 V·s−1, sup-
porting electrolyte 0.05 mol·L−1 
TBAP)
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Table 1  Conductivity results 
in µS·cm−1 of sulphonamide 
drugs dissolved in 50–50% 
acetonitrile–water mixtures in 5 
mmol·L−1 concentration

Alone With HEPES With Na-
HEPES

Binary solvent 1.7 3.91 406
Sulphadiazine 4.18 5.38 373
Sulphamerazine 3.24 4.31 378
Sulphamethazine 2.86 4.28 381
Sulphathiazole 2.44 4.48 370
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shows the conductivity data. In physiological conditions the single deprotonated form of 
sulphonamides is predominant (the first acidic dissociation step associated with proto-
nated aromatic amino groups) [22] and there is only a small change in conductivities when 
they are dissolved alone compared with the acetonitrile-water binary solvent. The differ-
ence in conductivity between HEPES and Na-HEPES is very significant attributable to 
the zwitterionic nature of HEPES. By addition of HEPES to the solutions containing the 
sulphonamides there were no significant differences in the conductivity mainly due to the 
low degree of ionization of sulphonamide drugs. Na-HEPES does not protonate the drugs 
but acid–base reactions may occur between them (see previous sections) but its conduc-
tivity decreased in the presence of the drugs, indicating that some Na-HEPES becomes 
protonated producing HEPES zwitterions. More exactly, the acidic protons released by sul-
phonamides bind to one of the basic nitrogens of HEPES anion which is the basic form of 
the buffer producing HEPES.

3.4  Determination of the Solubilities of HEPES and its Sodium Salt in Acetonitrile 
At 298 K

As HEPES and its sodium salt are scarcely soluble in acetonitrile their solubilities were 
determined in it at 298 K. In a previous work the advantages of the co-solvent calibration 
method were demonstrated in the determination of the solubility of hydroquinone in chlo-
rinated hydrocarbons [23]. This was applied in case of sodium salt of HEPES by using con-
ductometry and on the other hand, as shown in the previous section, its conductivity was 
high. The uniformity of solvent composition ensures that the baseline for any chosen meas-
urement technique used for concentration determination is the same in each solution. Both 
solutes are ionic compounds highly soluble in water, therefore high purity water (resistivity 
approximately 1.5 MΩ·cm) was used as co-solvent, and conductometry was used for the 
concentration measurements. Water was present in each solution in 50 v/v% by solubility 
determination of sodium salt of HEPES. The calibration solutions were prepared in 25 cm3 
flasks by placing 12.5 cm3 of acetonitrile and then the necessary volumes of aqueous stock 
solution of solute were added. Finally the flasks were filled to the mark with water. The 
sample solutions were prepared similarly but instead of pure acetonitrile the same volume 
of saturated solution was placed into the flasks. The measuring part of conductometer was 
washed thoroughly with pure water. Its traces were removed by washing with pure metha-
nol which was allowed to dry completely. The measured conductivities in the calibration 
solutions were used to create a calibration curve and finally to determine the solubility. The 

Fig. 8  Calibration curve for solu-
bility determination in acetoni-
trile for Na-HEPES
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calibration curve is shown in Fig. 8 and it displays linear dependence of specific conductiv-
ity on concentration between 0 and 1.6 mmol·L−1 and its calibration equation is κ(µS·cm−1

) = 1.67 + 86.64c(mmol·L−1)  (R2 = 0.9966). As directly from this equation the concentra-
tions of the diluted solutions can be obtained from the calibration curve it has to be multi-
plied by 2 to obtain the real solubilities. Three parallel determinations were carried out for 
Na-HEPES. The obtained values were finally averaged obtaining 0.351 ± 0.025 mmol·L−1 
for its solubility in acetonitrile.

According to the data of Table 1 HEPES has poor conductivity due to its zwitterionic 
nature so the previously used cosolvent calibration method based on conductometry failed 
to solve the problem. Therefore, potentiometric pH titrations were performed. 10 cm3 ali-
quots of saturated acetonitrile solutions were titrated with ~ 1 mmol·L−1 aqueous NaOH 
titration solution (freshly prepared and determined its exact concentration with HCl 
titration solution). The averaging of results of three titrations gave the final quantitative 
information. At 298 K the solubility of HEPES in acetonitrile is 0.612 ± 0.033 mmol·L−1 
according to the measurements.

3.5  Fluorescence Studies

An additional technique was also used to investigate the interaction between the outlined 
sulphonamide drugs and HEPES as well as its sodium salt. However, aqueous environ-
ment would be really interesting in viewpoint of potential applications each sulphonamides 
were spectroscopically studied in dimethyl sulphoxide as it has low absorbance in the UV 
range which was necessary for the excitation. The recording of their UV–VIS spectra pro-
vided the wavelength of maximum absorbance (275 nm). These wavelengths were selected 
for excitation in the fluorescence studies which was uniform for all sulphonamides except 
for sulphathiazole whose absorption maximum appeared at 293 nm. The wavelength range 
used for the fluorescence measurement was between 320 and 400 nm to minimize the over-
lap with the spectral range of absorption peaks. Slits at the excitation and detector side of 
the equipment were set both to 3 nm. The concentration of sulphonamides was 10 µmol·L−1 
because of the inner filter effect and 100 µmol·L−1 for both HEPES and its sodium salt. 
The corresponding spectra for sulphadiazine are displayed in Fig.  9 which has a visible 
fluorescence at around 350 nm. In a previous experiment it was established that HEPES 

Fig. 9  Fluorescence spectra 
for 10 µmol·L−1 sulphadiazine 
in dimethyl sulphoxide alone 
and in presence of HEPES and 
Na-HEPES. Inset graph shows 
the absorption spectrum for 1 
mmol·L−1 sulphadiazine in dime-
thyl sulphoxide
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and its sodium salt dissolved in dimethyl sulphoxide in 100 µmol·L−1 concentration have 
negliglible fluorescence intensities in the above spectral ranges. The sulphonamides them-
selves gave a maximum intensity around 200,000 cps which is not very high compared 
with other fluorescent materials. The normalized fluorescence intensities (Imeas/Io where 
Imeas is the intensity in presence of HEPES and its sodium salt, Io is the intensity in their 
absence) are plotted in Fig. 10 for the four sulphonamides. Their values are very close to 
1 indicating that there is not significant change in the fluorescence intensities suggesting 
the lack of weak molecular interactions between sulphonamides and HEPES as well as its 
sodium salt.

4  Conclusions

The electrochemical investigations showed that an acid-base reaction takes place between the 
outlined sulphonamide drugs and sodium salt of HEPES which acts as a basic component. 
As it could be demonstrated the two non-aqueous solvents together provided results which 
completed each other providing useful information about studied systems. The used meth-
ods highlighted that simultaneous application of sulphonamide drugs and HEPES and Na-
HEPES causes no complication due to complex formation in biological systems.
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