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SUMMARY 

When pH values are measured in mixed aqueous-organic solvents by means 
of the usual electrometric procedure, a correction (6) must be applied in order to 
obtain physically meaningful pH values (i.e., values that can be interpreted as the 
negative logarithm of the hydrogen ion activity). d values have been determined in 
sucrose-water, glycerol-water and ethylene glycol-water mixtures at 25” and 4”, for 
use in density-gradient isoelectric focusing. 

INTRODUCTION 

In a previous paper’, we drew attention to the shortcomings of isoelectric 
focusing as a method for the characterization of ampholytes. It was shown that only 
those variants of the technique in which the solvent composition of the focused zones 
is standardized (e.g., zone convection, gel and thin-layer isoelectric focusing) are 
useful as characterization methods. In these variants, the standard deviation of a 
measured p1 salue is governed by the temperature difference between the final 
focusing temperature and the temperature of the pH measurement_ Its magnitude was 
estimated to be about 0.005 pH unit per degree of temperature difference if the 
carrier ampholytes employed are matched to the investigated ampholytes with 
respect to their protolytic groups. 

For density-gradient isoelectric focusin g, we showed that, in addition, system- 
atic and random errors are introduced as a result of the influence of the solvent com- 
position on the isoelectric point of an ampholyte and upon the difference between the 
measured pH and pat’. Definite conclusions about the importance of these errors 

l An asterisk is used to denote that the quantity under consideration (here the activity of I-X’ ions) 
is referred to an infinitely dilute solution in the same solvent. When the aster&k is omitted, the quan- 
tity under consideration is referred to an infinitety dilute solution in water (or is considered in a 
general way). 

i 
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were precluded by the lack of data pertinent to the most utilized solvents in isoelectric 
focusing, Liz., sucrose-water, glycerol-water and ethylene glycol-water mixtures, 
although it was argued that their importance may be far greater than that due to 
temperature differences. 

In this paper, we present electrometric measurements of 6 = pH-pa; in these 
solvents, with the aid of which the measured pH value of a focused zone in the solvents 
of interest can be converted into the corresponding pa; vaiue, if the solvent com- 
position in the zone is known. This enables one to make a reliable comparison of 
measured isoelectric points of the same ampholyte in different solvent mixtures. 

THEORETICAL 

It is well recognized that pH values of solutions in non-aqueous or partly 
aqueous solvents, obtained by using the operational pH definition and aqueous 
standard buffer solutions for the calibration bf the pH meter, cannot be identified 
with pa& but differ from it by a quantity 6. This quantity 6 accounts for the influence 
of the solvent on both the liquid junction potential, Ej, at the tip of the calomel 
electrode. and the standard potential, E&, of the glass electrode: 

where R represents the molar gas constant, T the absolute temperature and F the 
Faraday constant. - 

6 values can be easily measured, but they can be used universally for the 
calculation of pa: values from measured pH values only if three conditions are 
fulfilled : 

(1) ET--Ei should not depend on the nature of the (buffering) solutes in the 
standard and sample solutions_ In methanol-water and ethanol-water mixtures, this 
condition has been provedz4 to be generally valid for (buffer) solutions with pH 
(in water) ranging from 2.5 to 10 and for contents of the organic component up to 
about 70% of methanol and 100% of ethanol 

(2) E,*-Ej should not depend upon the type of the device forming the liquid 
junction at the tip of the calomel electrode_ This condition has also been proved’ to 
be generally valid in methanol-water and ethanol-water mixtures. 

(3) &zS, -EL should not depend upon the type of glass electrode. In an 
investigation6 of the validity of this condition we found, in methanol-water and 
ethanoi-water mixtures, a slight dependence of E&-E&,, on the method of 
fabrication and pre-conditioning in the laboratory (rather than on the composition 
of the glass). This means that the use of average 6 values, holding for alI gIass elec- 
trodes, results in a rather large error (about 0.04 pH unit)_ 

DouhCret7v8 measured IJ values in solutions of hydrochloric acid of various 
concentrations in a series of partly aqueous solvents, using a glass electrode of a 
manufa’cture not included in the above-mentioned investigation6. In methanol-water, 
ethanol-water, ethylene glycol-water and 2_ethoxyethanol-water mixtures 6 appeared 
to be a constant, characteristic of the solvent composition and independent of the 
acid concentration at pa2 > 3. Moreover, the differences between his 6 values in 
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methanol-water and ethanol-water mixtures and those measured by Gelsema and 
co-workers5*6 ranged from 0 to 0.06 pH unit (depending on the solvent composition), 
which is in reasonable accordance with the variability of Ei&--E,“,,,,, values men- 
tioned above. 

All of this evidence points to the feasibility of obtaining meaningful pH values 
(i.e., pa; values) by simple correction of measured pH values with appropriate 6 values 
also in the solvents used in isoelectric focusing. Therefore, we measured 6 in sucrose- 
water , glycerol-water and ethylene glycol-water mixtures, for saturated and 3 M 
potassium chloride-calomel electrodes_ We also measured the values of 6’ = 
(ET -E,)/2.303 (RT/F) and of (Eiz,, -E&)/2.303 (RT/F) separately. These measure- 
ments were made at 25”, the standard temperature for pH and pK determinations, 
but, as many investigators perform pH measurements in isoelectric focusing experi- 
ments at low temperatures, some 6 values were also measured at 4”. 

EXPERIMENTAL 

where 

E.m.f. measurements were made at 25” with the following cells: 
Pt (HZ) \ HClO.: (mu), water 1 sat. KCl(aq.) 1 Hg&l,-Hg (I) 
Pt (HZ) 1 HClO, (m&), water, S(X) 1 sat. KCl(aq.) 1 Hg&l,-Hg (II) 
glass 1 HCIOj (MH), water 1 sat. KCl(aq.) 1 Hg&l,Hg (III) 
glass 1 HClO, (m& water, S(X) 1 sat. KCl(aq.) 1 Hg2Cl,-Hg (IV) 
Hg-Hg$& I 3&f KCl(aq.) 1 HCIO, (&, water 1 sat. KCl(aq.) 1 Hg,CIZ-Hg (V) 
Hg-H&l, I 38.4 KCl(aq_) ] HClO, (&), water, S(X) ] sat. KCl(aq.) I Hg#&-- 

-Hg (VI) 

)nH * nzH ’ e 0.001 mole. kg-‘, S represents sucrose, glycero1 and ethylene 
glycol, respectively, and X, representin g the weight percentage of component S, has 
the values 15, 30, 45 and 60% for sucrose and 20, 40, 60 and SO% for glycerol and 
ethylene glycol. The following chemicals were used: perchloric acid (Merck, Darm- 
stadt, G-F-R., p-a. grade), sucrose (J. T. Baker, Phillipsburgh, N.J., U.S.A., analyzed 
grade), glycerol (Merck, p.a. grade) and ethylene glycol (Merck, p-a. grade). The 
design of cells I and III was given by De Ligny and Rehbach’. 

The measurements were performed as follows. A stream of carbon dioxide- 
and oxygen-free hydrogen was bubbled through the cell. When a stable e-m-f_ value 
(E,, E,,) had been reached (within 1 h), one of the two platinum electrodes was 
replaced with a glass electrode and the e.m.f_ (Em, EIv) was measured. The giass elec- 
trode was kept in an aqueous buffer solution between the measurements. Details of the 
platinization of platinum electrodes and the purification of hydrogen were given 
elsewherezO. A Radiometer 4 pH meter and an Ingold glass electrode*, Type 10271/ 
3005, were used. A11 e.m.f_ measurements were measured in duplicate at least (see 
Tables I and II). 

6’ values for the saturated calomel electrode were calculated by means of the 
equation 

a- EJ* - Ej ~5, - 4 _+ lopS mk 
==’ = 2.303 RT/F = 2.303 RTIF + log nzH = YH 

(2) 

l The glass electrode had been given the pre-treatment prescribed by the manufacturer. 
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where yn and y; represent the activity coefficients of the hydrogen ion in water and 
in the partially aqueous solvent, respectively. These data were calculated by the 
equation 

-Tog YH (I& = 

1.8144 - IO6 (Lx!-)-= (mud,)* 
1 + 201.21 (DT)-* (mud,)* (3) 

where D represents the dielectric constant of the solvent and do its density. Values of 
D and c&, were taken from the literature”-“. 

6 values for the saturated calomel electrode were calculated by means of the 
equation 

a 
sat 

E (E,* - 6) - U%ss - Giass) = -Gv - &r + log mi 
2.303 RTIF 2.303 RTIF (9 

Values of E.$!&, - E&,, can then easily be found: 

E”* -_E” 
81355 lllnss = 2.303 RT/F(d’--6) (5) 

E.m.f_ measurements were also performed on the cells III and IV at 4”, at 
mu = rnh 0.00 1 NN mole - kg-’ and with X representing 60 % of sucrose, 80 y0 of glycerol 
and 80% of ethylene glycol, respectively. The resulting 6 values were calculated by 
using eqns. 3 and 4. 

E.m.f. measurements on cells V and VI (Ev, I&) were made in quadruplicate. 
The difference of the 6 values, holding for saturated and 3 A4 calomel electrodes, can 
be calculated as follows: 

d Sdt 
- ijAi:*, = Evt - Ev 

2.303 RTjF 

TABLE I 

VALUES OF cS’, 6 AND (E;:,,, - E&)/2.303 (RT/F) AT 25” IN SUCROSE-WATER, GLYCE- 
ROL-WATER AND ETHYLENE GLYCOL-WATER MIXTURES 

Sohwr x Iv 4 4 - C~LS - ELJ 
(wt.-%) (p H units) (pH rcnits) 

,330,3 RT/F 
(pH mits) 

Sucrose-water 15 
30 
45 
60 

Glycerol-water 20 
40 
60 
80 

Ethylene glycol-water 20 
40 
60 
80 

2 0.114 & 0x04 
2 0.219 & 0.001 
2 0.377 * 0.004 
2 0.611 * 0.017 
3 0.134 zk 0.010 
3 0.278 * 0.012 
_ 

; 0.466 0.780 & f 0.018 0.011 
2 0.113 i 0.004 
2 0.211 & 0.001 
2 0.318 & 0.001 
2 0.667 i 0.004 

0.104 f 0.003 0.010 * 0.005 
0.210 f 0.005 0.009 * 0.005 
0.333 f 0.004 0.044 f 0.006 
0.505 f 0.004 0.106 f 0.017 
0.230 f 0.010 om4 f 0.014 
0.255 f 0.010 0.023 k 0.016 
0.414 zk 0.017 0052 ;0025 

0.696 &- 0.007 0.084 * 0.013 
0.109 & 0.003 0.004 & 0.005 
0.202 f 0.002 0.009 * 0.002 
0.297 & 0.003 0.021 _t 0.003 
0.617 & 0.016 0.050 f 0.017 
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RESULTS 

The values of BszL -& did not diEer significantly from zero. Values of 6, 6 
and KLs --E,&)/2.303 (RT/F) at 25” are presented in Table I. The indicated errors 
are standard deviations calculated from replicate e.m.f. measurements; the number 
of replicates (N) is given in the table. 

6 values are plotted as a function of the solvent composition in Fig. 1; the 
results obtained by DouheretB in ethylene glycol-water mixtures are included. 

In Table II the 6 values at 4” are given. 

-6 
(pH units) 

08 

0 
0 20 40 60 80 1 

mole 7. ot-pnic compound 
0 

Fig. 1. Values of 6 at 2.5” in sucrose-water (O), glycerol-water MB) and ethylene &Col-Water (Cl) 
mixtures as a function of the mole fraction of the organic component. A, From ref. 8. 

TABLE II 

VALUES OF 6 AT 4” IN 69% SUCROSE, 80% GLYCEROL AND 80% ETHYLENE GLYCOL 

Solvent x N -s 
(wt.-%) (pH units) 

Sucrose-water 60 3 0.475 5 0.004 
Glycerol-water 80 3 0.675 f 0.006 
Ethylene glycol-water 80 3 0.554 & 0.004 

DISCUSSION 

It was demonstrated by Douh&et* that 6 values in mixtures of monovalent 
alcohols and ethylene glycol with water are related in a qualitative way to the Hammett 
acidity functionl’: low 6 values correspond to a low basicity of the solvent mixture. 
As has been pointed out by Kalidas and Palit 16, the relatively low basicity of ethylene 
glycoi compared with monofunctional alcohols can be explained by the capacity of 
the molecules of ethylene glycol to form inter- and inrra-molecular hydrogen bonds. 
As this tendency for intermokcular hydrogen bonding can be assumed to increase in 
the order ethylene glycol -C glycerol -C sucrose, 6 values at equal mole fractions of 
the organic component would be expected to decrease in this order. Fig. 1 shows 
that the expected order obtains. 
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The values of (Et&, -E&)/2.303 (RTIF) and their standard deviations, given 
in Table I, clearly ‘demonstrate a significant influence of the solvent composition on 
the standard potentia1 of the gIass electrode in the three soivent systems studied. This 
result corroborates earlitr findings in methanol-water and ethanol-water mixtures. 

As can be seen in Fig. I, the differences between the 6 values in ethylene gIycoI- 
water mixtures given in Table I, and those measured by Douheret’ range from 0 to 
about 0.05 pH unit. These differences are reasonable, in view of the fact that different 
glass electrodes were used in the two studies and in view of the established variability 

of E;&s -EL values between different glass electrodes in methanol-water and 
ethanol-water mixtures (see Theoretical). The absolute values of (EgC&s-E&)/2_303 
(RTIF), given in Table I, are of the same order of magnitude as those found earlieP 
in methanol-water and ethanol-water mixtures (O-0.07 pH unit)_ Therefore, if the 
6 values in Table I are used to correct pH values measured with an arbitrary glass 
electrode, their standard deviation can be estimated to range from 0 to i_ 0.04 pH 
unit as the solvent composition ranges from water-rich to water-poor, as found 
before6.- EvidentIy, if pH measurements are performed with the same (Ingold) glass 
electrode as was used in the present investigation (to which the same pre-treatment 
has been given), the standard deviations of the 8 values given in Table I apply. 

At 4”, the 6 values at the highest concentration of the organic constituent of 
the solvent mixtures are 0.02-0.06 pH unit less negative than those at 25” (see TableII). 
At lower concentrations of the organic component, values of 8 at 4” can be estimated 
by assuming that the difference b,o -&, 0 is proportional to the weight percentage X_ 

In Table III, S values at both temperatures and at various values of X, ob- 
tained by graphical interpolation, are given. 

TABLE IL1 

VALUES OF 6 (IN pH UNITS) AT 25” AND 4” IN SUCROSE-WATER, GLYCEROL-WATER 
AND ETHYLENE GLYCOL-WATER MIXTURES 

x 
(wt.-%) 

Sucrose-water Glycerol-water EdyIene gIycoI-water 

-Szs= -S,s IS,. -&a -Sj,. -& 

5 

10 
15 . 
20 
25 
30 
35 
40 
45 
50 
55 
60 
55 

70 
75 
80 

0.03 0.03 
0.065 0.06 
0.10, 0.09)95 
0.14 0.13 
0.175 0.16 
0.21 0.195 
0.245 0.23 
0.29 0.27 
0.33, 0.31 
0.38 0.355 
0.43, 0.41 
0.50, 0.475 
- - 
- 

- 
- 

0.03 0.03 0.03 0.02, 
0 065 0.06 0.05, 0.045 
0.10 0.09, 0.08 0.07 
0.13 0.125 3.11 0.09, 
0.16 O-IS1 0.14 0.12 
0 19 0.185 0.16 0.135 
0.2& 0.215 0.18, 0.155 
0.255 0.245 0.20 0.17 
0.29 0.28 0.22 0.18 
0.32, 0.31, 0.24 0.20 
0.365 0.355 0.265 0.22 
0.415 0.40 0.295 0.25 
0.47 0.45 0.34 0.285 
0.53 0.51 0.40 0.345 
0.60 0.58 0.49 0.43 
0.69, 0.67, 0.62 0.555 
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CONCLUSIONj 

Meaningful pH values (i.e., values which can be interpreted as --log a;) C~Q 
be obtained in sucrose-water, glycerol-water and ethylene glycol-water mixtures, 
which are used as solvents in density-gradient isoelectric focusing_ This can be done 
by simply subtracting from the pH meter readings a quantity 6, which is characteristic 
of the solvent composition. 

The resultant interpretation errors, pH--S-pa& range from zero in water to 
’ 0.04 pH unit in 60 % sucrose, 80 7: glycerol and 80 oA ethylene glycol, if an arbitrary 

zass electrode is used. They are less than 2 0.02 pH unit if a glass electrode of the 

same manufacture as used in the present investigation is appiied. 
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