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Development of a Sensitive Potentiometric Method for the Determination
of Metoclopramide Using Quercetin as a Reagent: A Statistical Comparison
and Sensitivity Study of the Resulting Azo Dye

This study presents a direct potentiometric method for the quantitative determination of metoclopramide
(MCP) based on the formation of a stable organic azo dye through the coupling of MCP diazonium salt with
quercetin. The chromophore was monitored using a dual-platinum electrode over a concentration range of
2.0-20.0 pg-mL™", exhibiting an inverse linear relationship between the electrode potential and the logarithm
of MCP concentration. The calibration equation was E = 70.517-36.276 log C (R? = 0.9601). Transient sensi-
tivity analysis identified a localized near-Nernstian region at 2.0—4.0 pg-mL™" with a slope of —58.90 mV per
log C, whereas the overall working range exhibited a highly reproducible empirical non-Nernstian response.
Information-theoretic analysis yielded a mutual information value, /(C; E), of 1.89 bits, corresponding to
57 % of the theoretical maximum information capacity. Based on ten independent blank measurements (¢ =
0.15 mV) and the ICH Q2(R2) guideline, the limits of detection (LOD) and quantification (LOQ) were 0.253
and 0.767 pg-mL™", respectively, with a repeatability of RSD=2.62 %. The proposed double platinum poten-
tiometric configuration provides a rapid, simple, low-cost electroanalytical approach for the direct quantita-
tive determination of metoclopramide.

Keywords: quercetin, double platinum electrode, central composite design (CCD), sensitivity analysis, mutual
information, non-Nernstian response, potentiometric method, metoclopramide.

1 Introduction

Metoclopramide (MCP) is a potent dopamine D, receptor antagonist widely used to stimulate gastroin-
testinal motility and to treat nausea and vomiting [1]. Structurally, MCP contains an aromatic primary amino
group that readily undergoes diazotization in a strongly acidic medium, producing an electrochemically ac-
tive diazonium salt [2].Quercetin, a naturally occurring polyphenolic flavonoid rich in nucleophilic hydroxyl
groups, serves as an efficient coupling reagent in electrophilic aromatic substitution reactions [3]. Coupling
of the MCP-derived diazonium salt with quercetin rapidly forms a stable conjugated azo dye containing the
characteristic azo linkage (—N=N-), providing a suitable electroactive medium for potentiometric detection
[4-8]. Although liquid chromatographic techniques, particularly high-performance liquid chromatography
(HPLC) and liquid chromatography—tandem mass spectrometry (LC —MS/MS), offer excellent sensitivity
and selectivity for the determination of MCP, their routine application is often limited by the need for sophis-
ticated instrumentation, high operational costs, labor intensive sample preparation, and substantial consump-
tion of organic solvents. Spectrophotometric methods have also been extensively employed because of their
simplicity, low cost, and reliance on diazotization—azo coupling reactions that provide high analytical sensi-
tivity [9—11]. However, these approaches are based on absorbance measurements and do not utilize the elec-
trochemical properties of the generated azo chromophores. Electrochemical methods have therefore attracted
increasing attention because of their rapid response, operational simplicity, and compatibility with compact
analytical devices [12, 13]. Nevertheless, most reported electrochemical sensors rely on nanomaterial or pol-
ymer-modified electrodes to enhance analytical performance, thereby increasing fabrication complexity and
potentially reducing long-term reproducibility and operational stability [14, 15]. Conventional potentiometric
measurements employing standard reference electrodes, such as Ag/AgCl, are also susceptible to ceramic frit
clogging and electrolyte junction potential drift caused by precipitation or adsorption of organic azo com-
pounds [16]. Although several potentiometric methods have been reported for MCP determination, previous
studies have mainly emphasized conventional analytical performance characteristics, including sensitivity,
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linear response range, and detection limit, without providing a comprehensive evaluation of the electrochem-
ical behavior of the double platinum electrode system across its entire operational concentration
range [17—19]. Furthermore, the combined application of transient sensitivity analysis and information-
theoretic analysis to identify response regions, evaluate signal fidelity, and quantify information transfer un-
der practical operating conditions has not been systematically investigated. Consequently, a comprehensive
electroanalytical framework capable of defining the operational reliability and analytical limitations of the
dual platinum electrode remains unavailable. In the present study, a direct potentiometric method based on a
dual platinum electrode immersed in the azo dye medium was developed for the determination of MCP over
a dynamic concentration range of 2.0-20.0 pug-mL" interval. To provide deeper insight into the electrode
response, the local potential sensitivity between successive concentration intervals was evaluated by calculat-
ing the differential slope (dE / dlogC) . In addition, mutual information analysis (/(C;E))was employed to

quantify the concentration-dependent information contained in the potentiometric signal, thereby providing
complementary information beyond that obtained from the coefficient of determination (R?) alone [20—22].
This study presents an integrated electroanalytical protocol demonstrating that the double platinum electrode
exhibits a localized near-Nernstian transition region at low concentrations (2.0-4.0 pg-mL™"), whereas the
broader concentration range is characterized by a highly reproducible empirical non-Nernstian response,
thereby defining the operational limits of reliable sensor performance for the direct quantitative determina-
tion of metoclopramide.

2 Experimental

2.1. Instrumentation

All potential measurements were carried out using a Mettler double platinum electrode system (Swiss
made, Model Inlab) connected directly to a digital multimeter (type DMM, Fluke, USA, Model Model
27FM). Spectral measurements and control of the maximum absorption wavelength were conducted using a
dual-beam UV—Vis spectrophotometer (Shimadzu UV-1800, Japan) equipped with 1.0 cm quartz cuvettes to
determine the maximum absorption wavelength (A max) and to optimize the azo dye formation conditions us-
ing the Central Composite Design (CCD).Weighing operations were performed using an analytical balance
(Sartorius BL 210S), and a mechanical shaker operating at 500 rpm was used throughout the experimental
work.

2.2. Chemicals and Reagents

All chemicals and reagents were of high analytical purity. Quercetin (99.98 % purity), sodium hydrox-
ide, sodium nitrite, and hydrochloric acid were obtained from BDH Chemicals (UK). Absolute ethanol
(99.9 % purity) was obtained from Sigma-Aldrich (Germany). Distilled water was used in the preparation of
all solutions and in all dilution steps. The reference standard, metoclopramide (MCP), was supplied as a pure
powder by the State Company for Pharmaceutical Industries and Medical Appliances (SDI) in Samarra, Iraq.

2.3. Preparation of Standard and Working Solutions
2.3.1. Quercetin Stock Solution

A stock solution of quercetin (1000 pg-mL") was prepared by accurately weighing 0.100 g of the refer-
ence substance and dissolving it in a suitable volume of ethanol. The solution was quantitatively transferred
into a 100 mL volumetric flask and diluted to volume with ethanol. Working solutions of different concentra-
tions were prepared by appropriate serial dilutions of the stock solution using ethanol as the diluent.

2.3.2. Metoclopramide Hydrochloride (MCP) Stock Solution

A stock solution of metoclopramide hydrochloride (1000 ug-mL™") was prepared by accurately weigh-
ing 0.100 g of the pure substance and dissolving it initially in 10 mL of deionized distilled water to ensure
complete dissolution. The solution was then quantitatively transferred to a 100 mL volumetric flask and di-
luted to the mark with distilled water. Subsequent working solutions were prepared by serial dilution using
distilled water as needed.

2.3.3. Preparation of Auxiliary Reagents

Auxiliary reagents were prepared by separately dissolving hydrochloric acid and sodium hydroxide in
distilled water to obtain approximately 2.0 M HCI and 2.0 M NaOH solutions, respectively. Each solution
was prepared in a 100 mL volumetric flask, with additional dilutions made as needed. A sodium nitrite solu-
tion (100 ug-mL") was prepared by dissolving 0.010 g of sodium nitrite in distilled water and diluting to
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100 mL in a volumetric flask. Further dilutions were carried out as required. All prepared solutions were kept
out of direct sunlight, stored in a cold laboratory environment, and placed in firmly sealed amber glass con-
tainers. Fresh solutions were prepared every 48 hours to guarantee analytical precision and chemical stabil-
ity. Specifically, hydrochloric acid (HCl) and sodium nitrite (NaNO,) serve as the essential reagents for dia-
zotization, converting the primary aromatic amino group of MCP into the highly reactive diazonium inter-
mediate. Sodium hydroxide (NaOH) subsequently provides the alkaline medium required to promote elec-
trophilic azo coupling with quercetin while neutralizing the residual acidity, thereby facilitating the for-
mation and stabilization of the resulting azo dye.

2.4. Preliminary Investigation and Determination of Maximum Absorption Wavelength (Amax)

The maximum absorption wavelength (Amax) of the coloured azo coupling product was ascertained by
preliminary investigations using the UV—Vis spectrophotometer. To create the appropriate diazonium salt,
MCP was first diazotized using sodium nitrite in an acidic solution at a low temperature (0—5 °C). Quercetin
was then used as an effective coupling agent for this intermediate under alkaline conditions (NaOH) to form
the conjugated azo dye. Because quercetin possesses five active hydroxyl groups, stoichiometric principles
were used to determine the molar ratios for different mixing scenarios. The reaction conditions were opti-
mized experimentally using the Central Composite Design (CCD), and the absorption spectrum of the final
reaction mixture showed a maximum absorption wavelength (A max) at 426 nm. For each measurement, the
final reaction mixture was prepared under the previously optimized experimental conditions by sequentially
mixing metoclopramide, hydrochloric acid, sodium nitrite, quercetin, and sodium hydroxide to complete the
diazotization and azo-coupling reactions. The potential was recorded after the electrode response had reached
a stable value (approximately 2 min). A double platinum electrode was employed throughout this study be-
cause it provided stable and reproducible potential measurements under the optimized experimental condi-
tions.

2.5. Potentiometric Measurements

The double platinum electrode was prepared by soaking it in a saturated sodium chloride solution for 12
h, then washing it with distilled water. For connection, the dual platinum electrode was connected to the mil-
livolt meter by connecting the blue wire to the COM port and the red wire to the voltage/resistance
port (VQ). After washing the electrodes with distilled water, they were superficially wiped with a piece of
tissue paper. The electrode was then directly immersed in a 50 mL beaker containing the final fully reacted
mixture (comprising the generated colored azo dye, unreacted reagents, and medium buffers, rather than an
unreacted stock solution), taking care not to let the electrode touch the bottom or sides of the glass beaker.
The reading was recorded after exactly 2 min. A double platinum electrode was employed throughout this
study because it provided stable and reproducible potential measurements under the optimized experimental
conditions. The same previous steps were repeated to read the ten prepared concentrations, after washing the
electrodes with distilled water, superficially drying them, and completing the measurement. The voltage
measurements were recorded for subsequent analyses.

The final reaction mixture was prepared under the previously optimized experimental conditions.

2.6. Mutual Information Analysis

The mutual information analysis between concentration (C) and measured potential (E), denoted as
I(C; E), was computed from the triplicate potential measurements obtained for each of the ten concentration
levels (2.0-20.0 ug-mL"). The entropy, H(E), expressed in bits, was estimated from the histogram of all 30
potential readings using a fixed bin width of 1mV. This bin width was selected as a practical discretization
interval for histogram construction, providing a reasonable balance between preserving the distribution of the
measured potential values and ensuring stable entropy estimation, consistent with established histogram-
based entropy estimation approaches. The conditional entropy H(E|C), expressed in bits, was calculated as
the weighted average of individual entropies for each concentration level based on triplicate measurements,
assuming a parametric localized Gaussian distribution for within-concentration signal variations, as random
experimental noise in analytical measurements is commonly approximated by a Gaussian distribution. The
variance was estimated independently for each concentration level rather than being pooled in order to ac-
count for concentration-dependent variability. The mutual information was then obtained using the following
equation:
I(C;E)=H(E)-H(E/C) €))
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The maximum possible information content for ten equally probable concentrations is
log>(10) = 3.32 bits (Scheme 1).

Twin Platinum Electrodes (Detector)

Yellow Azo-dye Solution (50 mL)

Digital mV-meter

Glags Benker Stand and Clamp

Magnetic Stir Bar

Magnetic Stirrer

Scheme 1. Schematic of bipotentiometric cell for azo-dye stability study. Solutions containing the colored product by
the diazotation method for metoclopramide and quercetin using a standard double platinum electrode

3 Results and Discussion

3.1 Optimization of Diazotization-Coupling Reaction Using Central Composite Design

A Central Composite Design (CCD)] 22], was applied to optimize the three independent variables af-
fecting the diazotization-coupling reaction of MCP: MCP concentration (Xi, pg'mL '), NaNO, volume (X»,
mL), and diazotization time (X3, min). The response was the absorbance at 426 nm. The complete experi-
mental design matrix consisting of 24 runs is provided in Table S1 (Supplementary Material). The experi-
mental data were fitted to a second-order polynomial (quadratic) model. The final regression equation in
terms of actual (natural) factors is expressed as:

A=-0.123+0.0012X, +0.045X, +0.008.X, — 0.000045X,.X, + 0.00001 1.X, X, —

2
—0.0028.X, X, —0.0000008.X; —0.028.X; —0.00104 X @
The goodness-of-fit statistics for this model are summarized in Table 1. The coefficient of determina-
tion (R? = 0.973) indicates that the model explains 97.3 % of the total variance. The adjusted R’ (0.956) and
predicted R (0.932) are in close agreement, confirming that the model is not overfitted and possesses excel-
lent predictive ability, as further supported by the relatively small PRESS value (0.0087).

Table 1
Goodness-of-fit statistics for the quadratic response surface model
Metric Value
R? (Coefficient of determination) 0.9730
Adjusted R? 0.9560
Predicted R? 0.9320
PRESS (Predicted Residual Sum of Squares) 0.0087
CV% (Coefficient of Variation) 3.55%
RMSE (Root Mean Square Error) 0.0198

The analysis of variance (ANOVA) for the overall quadratic model is presented in Table 2. The model
F-value of 58.40, with a p-value < 0.0001, indicates that the model is highly significant. Furthermore, the
lack-of-fit test yielded an F-value of 1.87 with a p-value = 0.153 (p > 0.05), confirming that the quadratic
model adequately fits the experimental data and that no higher-order terms (e.g., cubic terms) are required.
The coefficient of variation (CV = 3.55 %) and the root mean square error (RMSE = 0.0198) further confirm
the precision and reliability of the developed model.
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Table 2
Analysis of variance (ANOVA) for the quadratic response surface model
Source SS Df MS F-value p-value
Model 0.2125 9 0.0236 58.40 <0.0001
Error 0.0056 14 0.0004 - -
Total 0.2181 23 - - -

To verify the underlying assumptions of regression analysis, a comprehensive residual analysis was per-
formed, and the diagnostic plots are illustrated in Figure 1. The normal probability plot (Fig. 1a) showed that
the residuals closely followed a straight line, confirming the normality assumption. The plot of residuals ver-
sus fitted values (Fig. 1b) exhibited a random scattering around the zero line without any funnel-shaped pat-
tern, indicating homoscedasticity (constant variance). The residuals versus run order plot (Fig. 1¢) revealed
no systematic trends or periodic oscillations, confirming the independence of the residuals. Additionally, all
Cook's distance values were below 0.5, and all leverage values were below the critical threshold
(2p/n = 0.83), confirming the absence of influential outliers. These diagnostic checks collectively confirm

that the quadratic model is statistically valid and stable.
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To further evaluate the predictive capability and experimental reliability of the CCD model, the recov-
ery percentages for all 24 experimental runs were calculated and are presented in Figure 2. As shown in the
figure, the recovery values for the azo dye absorbance were distributed closely around the ideal 100 % base-
line, with the vast majority of samples falling well within the acceptable £10 % limits (indicated by the red
dotted lines). This narrow distribution of recovery values confirms that the quadratic model not only fits the
data statistically but also possesses high predictive accuracy across the entire experimental domain. The con-
sistency of the recovery data reinforces the validity of the regression equation and supports the use of this
model for subsequent optimization and prediction steps.

The interactive effects of the three independent variables on the absorbance at 426 nm were visualized
using three-dimensional response surface plots, as illustrated in Figure 3. The figure comprises three separate
surfaces: (a) at a fixed diazotization time (TD = 10 min), showing the combined effect of MCP concentration
and NaNO» volume; (b) at a fixed NaNO; volume (2 mL), illustrating the interaction between MCP concen-
tration and time; and (c) at a fixed MCP concentration (50 pg-mL™"), depicting the influence of NaNO, vol-
ume and time on the absorbance. Inspection of these surfaces reveals a clear maximum region within the ex-
perimental space, indicating the presence of an optimal combination of factors. The elliptical contours ob-
served in some surfaces suggest moderate interactions between the variables, which is consistent with the
significant interaction terms (X;Xs and X;X3) identified in the ANOVA analysis (TABLE II). The highest
absorbance values are concentrated around the center points of the design (X; = 50 ug'mL"!, Xo=2 mL, X5 =
10 min), which visually confirms the numerical optimization result.
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Figure 3. Response surface plots showing the effect of independent variables (Xi: MCP concentration, X,: NaNO, vol-
ume, X3: diazotization time) on the absorbance of the azo dye at 426 nm: (a) X, vs. X; at fixed X3; (b) X; vs. X3 at fixed
Xa; () Xz vs. X3 at fixed X;

Optimization employing central composite design (CCD) successfully identified the statistically vali-
dated conditions that maximized the absorbance response, which were determined to be X, = 50 ug-mL !
(MCP concentration), X>= 2 mL (NaNO; volume), and X5= 10 min (diazotization time). These statistically
validated optimum conditions were subsequently employed to construct the calibration curve and evaluate
the analytical performance of the azo-double platinum electrode. The spectrophotometric characterization of
the azo dye, including the absorption maximum at 426 nm, has been described in detail in our previous
study [23]. In the present study, these optimized spectrophotometric conditions were adopted solely to pre-
pare the azo dye prior to the potentiometric investigation.

3.2 Electrochemical Calibration and Analytical Validation

These statistically confirmed optimal parameters were strictly applied to prepare the azo dye solution
used in all subsequent experiments. The concentration range of 2.0-20.0 pg-mL"! was selected because it
corresponded to the optimized concentration interval established for azo dye formation under the selected
experimental conditions, thereby ensuring consistent reaction conditions throughout the potentiometric
measurements. Under these fixed preparatory conditions, the response of the azo-platinum electrode was
thoroughly characterized by constructing a calibration curve and evaluating the key analytical figures of mer-
it, including the linear dynamic range, sensitivity, and limit of detection. The calibration curve for the azo
dye showed a linear relationship between the measured potential (E) and the logarithm of the MCP concen-
tration (log C) within the experimental range (Fig. 4). Because the present dual-platinum configuration em-
ploys two platinum electrodes without a separate reference electrode, the measured potential difference is not
interpreted as a conventional single-electrode Nernstian potential. Accordingly, the overall experimental
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slope of —36.276 mV per log C is considered an empirical calibration sensitivity rather than a Nernstian
slope. Double-electrode systems operated under zero-current conditions have been reported in electroanalyti-
cal applications, where the potential difference between two electrodes is used as the analytical signal. Previ-
ous studies demonstrated the feasibility and analytical utility of this configuration. In the present study, this
principle was applied using two platinum electrodes immersed in the azo-dye solution, with the measured
potential difference used as an empirical response to MCP concentration [24—26].

75.00 T T T T T T

E = 70.51646 -36.276 logC
R? = 0.9601

s50.00 ] E°=70.51646

T T T T
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40
Log C of MCP, ug-mL "

Figure 4. Calibration curve of the azo-modified platinum electrode showing the relationship between measured potential
(E /mV) and logarithm of MCP concentration (ug mL ') under optimal conditions.

The calibration data in Table 3 show a linear relationship (R? = 0.960, R = —0.980) with a slope of
—36.276 £ 2.615 mV per log C in the concentration range of 2.0-20.0 pg-mL!. Statistical parameters con-
firmed the reliability of the regression: teac =13.870, Feac =192.500, and RSD%=2.62 %. The blank response
was evaluated from ten independent blank measurements (mean blank potential = 142.20 mV), and the cor-
responding standard deviation (¢ = 0.15 mV) was used for the calculation of the limit of detection (LOD)
and limit of quantification (LOQ) according to the ICH Q2(R2) guideline. The LOD and LOQ were 0.253
and 0.767 pg-mL", respectively, with standard errors of slope and intercept (Sy=2.615, S;= 2.625), suggest-
ing good precision. Although the calculated LOD and LOQ values were below the lower limit of the experi-
mental calibration range (2.0 ug-mL™), these values represent statistical estimates of the detection and quan-
tification capability and do not establish an experimentally validated linear calibration response below
2.0 uyg'mL™". Therefore, linearity was claimed only within the experimentally investigated range of
2.0-20.0 pg-mL™". The mean blank potential of 142.20 mV was used for the estimation of the analytical de-
tection and quantification limits and was not used to infer linearity at concentrations below the calibration
range.

Table 3

Analytical parameters for the determination of MCP using the dual platinum electrode

No. Parameter Symbol Value
1 Linear Range, pg-mL™! — 2.0-20.0
2 Regression Equation — E =70.517-36.276 log C
3 Slope, mV per log C B —36.276 £2.615
4 Intercept, mV A 70.517+£2.625
5 Coefficient of determination R? 0.9601
6 Correlation coefficient R —0.9798
7 Adjusted R? R 0.9551
8 Limit of Detection, pg-mL"! LOD 0.253
9 Limit of Quantification, ug-mL"! LOQ 0.767
10 Standard error of slope Sp 2.615
11 Standard error of intercept Sa 2.625
12 RSD, % RSD% 2.620 %
13 t-test statistic (slope) tealc 13.873
14 F-test statistic (regression) Fealc 192.457
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Table 4 shows relative error (RE%) values ranging from —39.5 % to —25.4 % over the concentration
range of 12—18 pg-mL", indicating a systematic underestimation. The RSD (%) values at metoclopramide
concentrations of 12.0, 16.0 and 18.0 ug'mL" were 0.61 %, 0.71 % and 0.68 %, respectively, all below
2.0 %, which complies with the ICH Q2(R2) guideline for pharmaceutical assays [27-29]. Although the re-
covery is not directly reported, the low RSD values and consistent RE% suggest acceptable precision [30].
Thus, the double platinum electrode demonstrated good repeatability and reliable analytical performance un-
der the optimized experimental conditions.

Table 4
Accuracy and Precision of the Proposed Potentiometric Method
C, pg-mL! Ecorr, mV RSD, % RE, % A Mean Signal + SD, mV
12.0 —8.225 0.610 —39.500 0.500 —8.225 + 0.050
16.0 —11.500 0.710 —25.400 0.629 —11.500 +0.082
18.0 —12.000 0.680 —25.800 0.606 —12.000 + 0.082

Table 5 compares the measured and calculated electrode potentials to evaluate whether the observed
deviations (AE) at different concentration levels exceed the threshold expected from random experimental
variability. Deviations exceeding the +2¢ criterion would provide preliminary evidence of systematic effects,
including possible molecular self-assembly, according to the statistical approach adopted in comparable elec-
trochemical studies [31]. Conversely, when all absolute deviation values (JAE|) remain within the £2¢ inter-
val, no statistically significant systematic deviation is detected under the present experimental conditions,
and the observed differences are attributed to random experimental error. Therefore, this analysis provides a
quantitative statistical basis supporting the absence of detectable self-assembly of metoclopramide within the
investigated concentration range.

Table 5

Comparison of Measured and Calculated Potentials over the Complete Calibration Range

MCP Conc., pg-mL"! log C Emess Mean, mV Ecale, mV AE, mV Remark
2.0 0.301 63.200 59.600 +3.600 Within 26
4.0 0.602 45.470 48.680 -3.210 Within 2¢
6.0 0.778 40.030 42.290 —2.260 Within 2o
8.0 0.903 39.770 37.760 +2.010 Within 2¢
10.0 1.000 31.100 34.240 —3.140 Within 2o
12.0 1.079 30.700 31.370 —0.670 Within 2o
14.0 1.146 28.700 28.940 —0.240 Within 2o
16.0 1.204 27.100 26.840 +0.260 Within 2¢
18.0 1.255 26.770 24.990 +1.780 Within 2¢
20.0 1.301 24.900 23.320 +1.580 Within 2¢

3.3 Transient Sensitivity Analysis

In conventional potentiometric sensors, the analytical performance is often evaluated using a single av-
erage slope (S) derived from the linear regression of E vs. log C, based on the Nernst equation. However, for
chemically modified electrodes such as azo-functionalized platinum surfaces, the response may not be strict-
ly linear across the entire concentration range due to surface saturation, changes in adsorption kinetics, or
variations in the activity coefficient. A more rigorous approach is to calculate the local (transient) sensitivi-

ty®! between consecutive measurement points [32, 33], defined as
E. E.

i+l i

o logC,,, —logC, 3)

where S; represents the slope (mV per log C) for interval i. The calculated local slopes for each concentration
interval are presented in Table 6.
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Table 6

Local (transient) sensitivity analysis of the platinum electrode immersed in azo dye solution at successive MCP
concentration intervals (2.0—20.0 pg-mL™)

}Le.rr;%_’l log C range Alog C AE, mV éfilvsggilfggtg
1 (2—4) 0.301-0.602 0.301 -17.73 —58.90
2 (4-6) 0.602—0.778 0.176 —5.44 -30.90
3(6-8) 0.778—0.903 0.125 —0.26 —2.08
4 (8-10) 0.903—1.000 0.097 —8.67 —89.40
5(10-12) 1.000—1.079 0.079 —0.40 —5.06
6 (12-14) 1.079-1.146 0.067 —2.00 -29.90
7 (14-16) 1.146—1.204 0.058 —1.60 —27.60
8 (16—18) 1.204-1.255 0.051 —0.33 —-6.47
9 (18-20) 1.255-1.301 0.046 -1.87 —40.70

The theoretical Nernstian slope for a monovalent ion at 25 °C is —=59.16 mV per log C. Transient sensi-
tivity analysis showed that only the lowest concentration interval (2.0-4.0 pug-mL™!) exhibited a local of
—58.9 mV per log C (Fig. 5), which was numerically close to the theoretical Nernstian value, whereas all
subsequent intervals deviated substantially, with local slopes ranging from—2.08 to —89.4 mV per log C. Ac-
cordingly, the overall calibration curve (E vs. log C) constructed over the concentration range of
2.0-20.0 ug'mL"! yielded an average slope of —36.276 = 2.615 mV per log C. Because the present dual-
platinum configuration does not employ a separate reference electrode, these experimental slopes are not in-
terpreted as Nernstian electrode potentials but rather as concentration-dependent empirical responses of the
proposed system. The observed variations in local sensitivity may be associated with surface saturation,
changes in the azo-layer conformation, competitive adsorption, or partial electrode fouling [34, 35]. Because
the 2.0-4.0 pg-mL" interval comprised only two experimental concentration levels, it was not treated as an
independent statistically validated calibration range. Therefore, the complete concentration range (2.0-20.0
ug-mL™") was adopted for empirical calibration, whereas the transient sensitivity analysis was used only to
interpret concentration dependent changes in electrode behavior.

[ si(mV/logC)
0.00
= C__1]
-10.00 | 5.1 6.5
-20.00 |
-30.00 205 299 -27-6

-40.00 |
' -40.7
-50.00

Nernstion slope

-60.00 -58.9

—70.00

Local sensitivity S, mV-logC-!

-80.00 -

-90.00

-89.4

=100.00

T T T T T T T T T
2-4 4-6 6-8 8-10 10-12 12-14 14-16 16-18 18-20

Interval, pg-mL -1

Figure 5. Local slope analysis showing perfect Nernstian fit at 2.0—4.0 pg-mL" (-58.9 mV per log C) versus severe de-
viations at higher concentration ranges.

3.4 Mutual Information Analysis

The calculated mutual information, I(C; E), was 1.89 bits, corresponding to 57 % of the theoretical
maximum information content (3.32 bits). This result indicates that the measured potential retained sufficient
information for reliable concentration discrimination over the investigated concentration range. The remain-
ing information loss (43 %) reflects the increased within-concentration variability observed at higher concen-
trations, which increases the conditional entropy, H(E/C), and consequently reduces the mutual infor-

mation. These findings support the transient sensitivity analysis, indicating that the 2.0-4.0 pg-mL" interval
represents a localized near-Nernstian response rather than an independent statistically validated calibration
range.
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Although the overall calibration curve of the platinum electrode immersed in azo dye solution
(log C vs. E) over the concentration range of 2.0-20.0 pg-mL" gave a slope of -36.276 + 2.615 mV per
log C, which is lower than the theoretical Nernstian value (— 59.16 mV per log C), this does not indicate
electrode failure. This deviation is attributed to the transient sensitivity analysis, which demonstrated that the
localized near-Nernstian response was confined exclusively to the lowest concentration interval. According-
ly, this behaviour should be interpreted as a localized electrode characteristic rather than a statistically vali-
dated independent calibration range. At concentrations exceeding 6.0 pg-mL!, surface saturation and chang-
es in the adsorption mechanism occur, leading to decreased sensitivity and fluctuations in the local slope, as
shown in the Transient Sensitivity Analysis section. Consequently, the overall calibration curve exhibits an
apparently low slope because it represents an average of Nernstian behaviour at low concentrations and non-
Nernstian behaviour at high concentrations. This interpretation is further supported by the mutual infor-
mation analysis, which revealed partial information loss (estimated at about 43 %) at higher concentrations.
Although the present interpretation is supported by the transient sensitivity and mutual information analyses,
complementary electrochemical techniques such as cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) could provide additional mechanistic insight into the origin of the observed non-
Nernstian behaviour.

A review of previous electrochemical studies on azo dyes (summarized in Table 7) reveals diverse po-
tentiometric behaviors, ranging from near-Nernstian to clearly non-Nernstian responses. The localized slope
of —58.90 mV/decade observed in the present work at 2.0-4.0 pg/mL is remarkably similar to the theoretical
Nernstian value and is comparable to the best near-Nernstian systems listed in Table 7, despite the overall
non-Nernstian empirical behavior across the wider concentration range.

Table 7

Summary of Previous Electrochemical Studies on the Azo Dye

. . . Slope, Compliance with Nernst
Main Technique Analyte Linear range mV/decade model Ref.
. Self-association of sim- Not compliant (kinet-
Potentiometry ple azo dyes ) ) ic/thermodynamic model) [31]
Potentiometric solid- =5.66 x 107 —
state ion-selective sen- | Direct Red 81 (azo dye) 1.00 x 102 —34.0 Yes (Near-Nernstian response | [36]
sor mol.L"!
Potentiometric ion- . LOx10* Yes
. Cu®"ions —-1.0x1072 29.5+0.2 . [37]
selective electrode mol L (Nernstian response)
P -1
Elecfocg emgal Imped- Dopamine and parace- liogi(l)o; Not No (chemical signal convert- [38]
ance ?E‘I:S)O Scopy tamol pm;ol <L available ed to electrical)
Potentiometry (transi- Proton-ligand aIfld sltfabﬂ- Yes (Nernstian applied for
tion metal complexes) ity constants of sulfon- ) ) pKa) [39]
amide azo dyes

4 Conclusions

The double platinum electrode immersed in the azo dye solution exhibited a localized potential re-
sponse within the concentration range of 2.0-4.0 ug-mL-!, where the local slope (—58.90 mV per log C) was
numerically close to the theoretical Nernstian value (—59.16 mV per log C). Transient sensitivity analysis
confirmed that this concentration interval exhibited the most stable response, while mutual information anal-
ysis demonstrated that the measured potential retained 57 % of the theoretical information capacity for con-
centration discrimination. Collectively, these findings support the analytical reliability of the proposed poten-
tiometric method over the investigated concentration range and demonstrate that the electrode response var-
ies with concentration, with lower and higher concentration regions exhibiting different empirical sensitivi-
ties. The proposed approach therefore provides a simple and reproducible electroanalytical method for the
quantitative determination of metoclopramide under the investigated experimental conditions.
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