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Abstract

The pKa and the isosbestic point of the universal pH indicator Carlo Ebra 1-11 (catalog number
45712) were determined using UV-Vis spectrophotometry. Aqueous buffer solutions with pHs
ranging from 3.83 to 10.85 were mixed. Four methods—two graphical and two mathematical—
were used to estimate the acid dissociation constant (pKa) and isosbestic point using absorbance
measurements. The equation for the dependence of the absorbance on pH at 4 = 600 nm was ob-
tained using calibration curves. The resulting average pKa of the four methods was 8.277 with a
standard deviation of 0.1728. The results obtained using the mathematical methods were very
similar, with a deviation of 0.0014; the average pKa determined using these methods was 8.263 +
0.001. The literature contains no previous reports of the pKa of this indicator. The isosbestic point
occurs at a wavelength of 494 nm, with an absorbance of 0.46.
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1. Introduction

The value of the acid dissociation constant (pKa) is an important parameter that indicates the degree of ioniza-
tion of molecules in solution at different pH values. Many chemical, physical and biological properties of natu-
ral and synthetic compounds are governed by the interactions of acidic and basic groups. In such compounds,
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the pKa controls many aspects of metabolism and even transport across membranes; therefore, its study is of
significant interest in biology, pharmaceutics, medicine, and numerous other scientific fields. Zscherp et al. [1]
determinedthe transient pKa changes of a single amino acid side chain in bacteriorhodopsin, a protein important
in photosynthesis. Baran et al. [2] investigated the pKa of amino acid complexes and their relationship to atomic
orbitals. Several groups [3]-[6] have investigated the behaviors of different drugs, including those used against
cancer, and the dependence of their behaviors on their pKa values. Novel pKa determination methods that use
pH colorimetric indicators have also been reported [7]-[9].

Two main methods exist for determining the pKa of a compound: potentiometric titration and spectrophoto-
metric titration. The main advantage of the second method is the ability to obtain a titration curve, which allows
for estimation at any point without necessitating an experiment. In contrast, potentiometric titration requires
knowledge of the equilibrium concentrations of the reagents, which are not necessary in spectrophotometric ti-
tration because the ratio of the concentrations of the basic and acidic parts is obtained from the results of absor-
bance measurements. When the mixing of a solution and an indicator is investigated spectrophotometrically, the
mixture absorbs in the UV region (250 - 380 nm), whereas the indicator, depending on the pH of the solution,
absorbs in the visible region (380 - 700 nm). The pKa can be determined from the spectrophotometric data using
different methods. Meloun et al. [10] [11] describe multiwavelength analysis and nonlinear least squares regres-
sion methods. Computational methods, such as SQUAD (84) 16 and SPECFIT/32, and some new methods
[12]-[15] have also been developed.

Theoretical Foundations

When an acid HA is dissolved in water, equilibrium is established:
HA+H,0= A +H,0" Q)

The acid HA transfers a proton to water, and it becomes the anion A™. This anion tends to retrieve the proton
and behave as a base; A" is therefore referred to as the “conjugate base” of acid HA, and HA and A" are referred
to as a “conjugate pair” [16] [17]. A shift of the equilibrium in Equation (1) to the right or left depends on the
relative strengths of the HA and H;O" acids. The “strength” of an acid refers its tendency to transfer protons,
and one method of standardizing its force is to compare the protonation state when it interacts with water. The
result of this comparison is expressed as the “acid dissociation constant,” Ka, as follows:

A" ||H,O"
Ka = |: :H: 3 ] 2)
[HA]

Ka is a constant of the stoichiometric equilibrium defined in terms of the concentration ratio [A]/[HA],
which can be determined spectrophotometrically [18]. If a solution with a total concentration of indicator Cy
becomes very acidic, all indicator exists as HA. The absorbance of the solution at a given wavelength A is given
by

Aua = &pa-b-Cq ®)
where &y, is the molar absorptivity of HA at wavelength A4 and b is the width of the cell containing the solution.
If the solution is too basic, the same concentration of indicator is converted entirely into A~ and the absorbance

at the same wavelength is given by
A_=¢_-b-C; (4)

A" A”

where €, is the molar absorptivity of A". At an intermediate pH, the absorbance is given by

Apa =& b-Cyp+e, -b-C (5)
where the total concentration is defined in any condition as
Cr=Cin+ CA— (6)
For a given C+, Equations (3)-(6) can be combined to obtain
[A_] CA’ — A_AHA

[HA] C. A, -A

U]
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This relationship must be evaluated at multiple wavelengths, including one where HA absorbs appreciably but
A does not, one where A™ is much more absorbent than HA, and another where the absorbance of the two spe-
cies is approximately the same. The pH (—log[HsO*]) of the solutions must be in the transition range of the indi-
cator so that both HA and Aare present in appreciable concentrations. Ka can be evaluated graphically by con-
verting Equation (2) to logarithmic form:

log Ka = log[ H,0" ] +lo m (8)
gKa=10g| H; g [HA]
In addition, the combination of Equation (7) and the definition of pKa = —log Ka results in
A-A
log| —A | = pH-pKa 9
QEAA —AJ pH-p ©)

Therefore, a graph of log [(A—AHA )/(An - A)] vs. pH has an ideal slope of one. If this condition holds,
the y-axis intercept gives the negative pKa directly. However, the experimental slope is not usually exactly 1,
necessitating that the pH values of the measurements be extrapolated to pH = 0 (which is typically a factor of
10° in concentration), resulting in a very large error for the pKa value. In contrast, if the least-squares equation is
solved for the intercept with the x-axis, where log[ (A-A,,)/(A,— A)]=0, the pKa results are obtained
with very little uncertainty. At this intercept, [A]J/[HA] = 1, indicating that the concentrations of the acid and its
conjugate base are equal. When HA is a strong acid, a value for Ka in aqueous solutions cannot be defined, be-
cause HA molecules cannot be detected; the value of Ka is therefore very high or infinite. In contrast, a very low
value indicates that the dissociation Ka involves a very small fraction of the total acid present. The isosbestic
point is the point on the graph of absorbance vs. pH where the molar absorption coefficients of the species in
equilibrium are the same.

2. Experimental Methods

Preparation of solutions. Three families of buffers covering the pH range between 2.3 and 10.85 were prepared
using four solutions of citrate buffer at pH 2.3, 3.05, 4.37 and 5.4 containing citric acid and its conjugate base.
Table 1 shows the reactants and the proportions used to prepare the citrate buffer.

The calculation model is based on the Henderson-Hasselbach Equation (10) and on the final concentration Cf
of the acid and its conjugate base (Equation (4)):

pH = pKa -log ([HA]/[A"]) (10)
Cf =[HA]-[A"] (11)

To calculate the mass of the reagents, Equations (10) and (11) are solved simultaneously by setting the de-
sired pH and concentration (Cf). These equations were solved using a program developed in LabVIEW for
greater agility. The results for the formulations are shown in Table 2.

The calculated pH values exhibited some differences, especially at higher pH levels, as illustrated in Figure 1.
The standard deviation of the data was 0.728 pH units.

A second phosphate buffer was prepared using two stock solutions: 100 ml of 0.2 M monosodium phosphate
and disodium phosphate (Table 3), which were mixed to obtain buffer solutions with pH 6.5, 7.08 and 7.7.

The preparation of stock solutions required 2.84 g of monosodium phosphate (monohydrate) and 2.76 g of
disodium phosphate, which were then diluted with distilled-and-deionized water to a volume of 100 ml. Finally,
these stock solutions were combined in the proportions listed in Table 4.

Table 1. Reagents used in the preparation of the citrate buffer.

Name Formula Molecular weight (g/mol) pKa
Citric acid [weak acid] CsHsO7 192.12
3.13
Sodiumcitrate [conjugate-base salt] NaszCeHsO; 258.06




L. E. V. Salgado, C. Vargas-Hernandez

Table 2. Preparation of the citrate buffer at different pH levels and concentrations.

Volume of the STOCK aliquot (ml) Final preparation

Final volume buffer Concentration buffer

Calculated pH Solution CsHgO;  Solution NasCsHsO; (ml) ™) Obtained pH
3.83 5 25 50 0.12 5.40
3.35 15 25 50 0.16 437
3.13 15 15 50 0.12 3.83
2.83 30 15 50 0.18 3.05
2.43 25 5 50 0.12 2.30
Table 3. Reagents used to prepare the phosphate buffers.
Name Formula Molecular weight (g/mol) pKa
Monosodium phosphate (monohydrate) NaH,PO,-H,0 137.98
Monosodium phosphate NaH,PO4 119.98 7.21
Disodium phosphate Na,HPO, 141.96
Table 4. Preparation of phosphate buffer at different concentrations and pH.
Volume of the STOCK aliquot (ml) Final preparation
Calculated pH NaHPO, Na;HPO, Final volume buffer Concentration buffer Obtained
P solution solution (ml) (M) pH
7.51 5 10 25 0.12 7.08
7.30 18 22 50 0.16 6.81
7.21 10 10 50 0.08 6.80
7.10 22 17 100 0.078 6.67
6.91 20 10 100 0.06 6.50
T T T T T T T T T
337 —a— Calculated 7
1 —e— Obtained
5.0 -
45 - -
4.0 -
T ]
o
3.5 1 -
3.0 1 -
2.5 4
2.0 T T T T T T T T T
1 2 3 4 5
Citrate buffers

Figure 1. Comparison between the calculated and obtained pH
values for citrate buffers.
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Figure 2 shows the curves of the calculated and obtained pH values for the prepared phosphate buffers. The
obtained pH values were higher than expected, with a standard deviation of 0.434 pH units.

The third set of solutions consisted of ammonium buffers composed of a mixture of two stock solutions: am-
monia and ammonium chloride. The calculations were similar to those used for the preparation of the phosphate
buffers. Table 5 shows the details of the preparation.

Figure 3 shows the curves for the calculated and experimental pH values for the ammonium buffer solutions.
The obtained values were higher than expected, with a standard deviation of 0.624 pH units.

Even though the buffers did not have pH values equal to the calculated values, they were very stable and re-
tained their constant pH value for months. The most important factor for the spectrophotometric determination
of pKa is that the pH be known and stable.

3. Results and Discussion

Spectrophotometric measurements. Absorbance measurements were performed using a Thermo Scientific
Evolution 300 UV-Vis spectrophotometer in the wavelength range between 380 and 700 nm (visible spectrum).
In this study, universal indicator pH 1 - 11 (catalog number 45712, Carlo Ebra, Milano, Italy) was used. The pH
measurements were performed using an Oakton pH 2700 pH meter. Plots of absorbance against A for the uni-
versal indicator in buffers with different pH levels are illustrated in Figure 4.

Neither the chemical composition of this indicator nor its dissociation constant was provided by the manufac-
turer. Therefore, spectrophotometric measurements were performed to determine its pKa, and two graphical and
two analytical methods were applied. The results obtained using the different methods were compared, and the

7.6 T T T T T T T T T

1 —m—Calculated E
74 - —8— Obtained |

7.2 —

sl 7 - yd

6.8 ®

“ |

64 T T T T T T T T T

Phosfate buffers

Figure 2. Comparison of the calculated and measured pH val-
ues for the phosphate buffers.

Table 5. Preparation of ammonium buffer at different concentrations and pH.

Volume of the STOCK aliquot (ml) Final preparation
Couatedp SR St Frmwoume  Cownwnopuiedp
8.44 30 5 50 0.306 9.0
9.04 15 10 25 0.213 9.48
9.22 15 15 100 0.253 9.81
9.58 15 35 100 0413 10.25
9.99 5 30 50 0.284 10.85
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—&— Calculated
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Ammonium buffers

Figure 3. Comparison of the measured and calculated pH
values for ammonium buffers.
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 pH-10.85
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2 1.0 —— pH=s4
<  pH=437
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Figure 4. Absorbance spectra of the universal indicator pH 1 - 11 at different pH levels.

most suitable pKa value was determined. The first method was to take the spectra of the species with extreme
pHlevels (pH = 2.3 and pH = 10.85 in this case) and determine the wavelengths of maximum absorbance, as il-
lustrated in Figure 5.

As illustrated in Figure 5, the absorbance spectrum of the solution of pH = 2.3 exhibited a peak at 434 nm;
the peak of the basic solution occurred at 600 nm. The plot of the absorbance vs. pH at these wavelengths is
presented in Figure 6.

The pKa was obtained by determining the pH of the point of intersection of the two linear curves as shown in
Figure 6. To determine this point, the linear equations of the two points closest to the crossing at each curve
were solved:

0.5759x —3.9759 = -0.1069x +1.5406 (12)
where
X = 5.5165 =8.0792 13)
0.6828
Thus,
pKa =8.0792

The second method was to plot log [(AHA -A)/(A-AL )} vs. pH (Equation (9)), where Ayp is the ab-
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Figure 5. Absorbance spectra of universal indicator solu-
tions at extreme pH levels.

2.0

1.8 —m— =434 nm
1 —0— =600 nm

1.6
1.4
1.2

208]
064
0.4
0.2
00l oo

T T T T T T T T T

2 4 6 pH 8 10 12

Figure 6. Plot of absorbance vs. pHat wavelengths of 434
and 600 nm.

sorbance of the acid solution, A; is each of the intermediate absorbances and A, is the absorbance of the basic
solution. For the best results, the wavelength where the difference between the absorbance curves of the acidic
and basic solutions is greatest must be chosen, which, in this case, corresponds to 4 = 600 nm.

When linear regression of the data is performed, the resulting equation is

Log (A=A |_ 0.53119pH — 4.51552 (14)
(Ai _AA’ )

A graph of the data and the linear regression are shown in Figure 7.
The pKa is obtained from the intercept of the line with the x-axis according to the equation

(AHA _Ai)
- (Ai S )

= pH, - pKa (15)

(AHA _Ai) -0

(A A

In addition, log

We have
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m y=0.53119x-4.51552

-3.0-
Figure 7. Linear regression of log[(Aua — A)/(A; — Ap)] Vvs.
pH.

0=0.53119pH — 4.51552 (16)

4.51552

0.53119
The third method is to use Equation (8) solved for pKa:

resulting in pH = =8.50076 = pKa

M (17)
(A-AL)

where pH; is the intermediate value between the acid and alkaline extreme values. The intermediate pH selected
was pH = 7.7, which was chosen because of the substantial coincidence of its isosbestic point with those of the
extreme-pH solutions, as illustrated in Figure 8.

Equation (16) was then applied to all wavelengths, resulting in the graph shown in Figure 9.

The average of all of the data gives pKa = 8.26272. The isosbestic point was determined by taking the wave-
length value where the standard deviation of absorbance was minimal. The isosbestic point appeared at a wave-
length of 494 nm.

The fourth method, which is similar to the third, was based on the absorbance of three solutions with differ-
ent pH values (i.e., a very acidic, a very basic and one intermediate-pH solution) at the same wavelength. The
pKa was obtained by substituting these values into the following equation;

(10°-10%)A, +(1-10°)A, +(10° ~1) A,
(10* —10°) A, +(10"" —10%) A, +(10° —10""" ) A,

pKa = pH, —log

pK, =1-log

(18)

where | represents the lowest pH value (in this case, 2.3); a corresponds to the difference between the interme-
diate pH and the I value (a = 7.7 — 2.3 = 5.4); b is the difference between the most alkaline pH and the most
acidic (b = 10.85 — 2.3 = 8.55); A, A, and A; are the absorbances at each pH value for a given wavelength. The
calculated pKa data are plotted as a function of wavelength in Figure 10.

The average of all of the data gave pKa = 8.26466, which is very similar to that determined using the third
method. Table 6 shows a summary of the results obtained using the four methods.

The average value obtained using the four methods correspond to a pKa of 8.277. The results obtained using
these equations were similar, with a standard deviation of only 0.00137; thus, the average of these two values
was taken as the most appropriate result for the pKa of the indicator in this report:

pKa =8.264+0.001

Finally, an equation for the relationship between the absorbance and the pH at a wavelength of 600 nm was
obtained. This wavelength was selected because it is the value where the absorbance is highest and produces the
greatest rate of change in Equations (17) and (18). The absorbance as a function of pH was obtained via non-
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Figure 8. Absorbance curves for the acidic, basic, and inter-
mediate pH solutions.

959 m
"
904 H ’

8.5

pKa

8.0 1
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6.5
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400 450 500 550 600 650 700
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Figure 9. Curve of values obtained from Equation (17).
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Figure 10. Graph of pKa vs. A for pKa values calculated us-

ing Equation (18).
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linear curve fitting in OriginProusing the Gaussian equation, which provided the best fit to the data. Figure 11
shows the data and the curve of best fit.

The data from the best-fit equation are shown in Table 7.

Therefore, the equation can be written as

Table 6. Comparison of the pKa data obtained using the dif-
ferent methods.

Equation pKa
Graphicmethod 1 8.079
Graphicmethod 2 8.501
By Equation (17) 8.263
By Equation (18) 8.265

Average 8.277

Standard deviation 0.173

Table 7. Equation modeling of absorbance as a function of pH.

Model Gauss Amp
Equation Y=yD+Axexp(—0.5x((x—xc)/w)2)
Reduced Chi-sgr 0.00106
Adj. R-square 0.99782
Value Standard error
Yo 0.06116 0.01665
Xc 10.67743 0.09151
B w 1.76403 0.0765
A 177771 0.03152
FWHM 4.15397
Area 7.86062
2.0
1 .8—- m  Abs(600)
1 GaussAmp Fit of Sheet1 B
1.6
1 .4-
1 .2—.
g1 0
0.8
0.6
0.4
0.2
0.0
T T T T y T

r I r
2 4 6 pH 8 10 12

Figure 11. Equation for the absorbance vs. pH at 4 = 600

nm.
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(19)

2
H-10.68
AbS, 0. =6.116x107% +1.778x Exp| —0.5x [uj

1.764

4. Conclusion

The application of spectrophotometric titration allowed the acid dissociation constant of universal pH indicator 1 -
11 from Carlo Ebra to be determined. Four methods of analysis—two graphical and two mathematical me-
thods—were used and produced results with good similarity, especially in the cases of the two mathematical
methods. Some colorimetric pH indicators, such as bromothymol blue in acidic solutions, are unstable over long
periods of time, whereas the studied universal indicator retains its color even months after being exposed to
highly acidic solutions. This property and the significant color variation make the development of a technique
for spectrophotometric measurement of pH interesting. An equation was obtained for the relationship between
absorbance and pH with a very low dispersion, and the isosbestic point was determined.
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