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SUMMARY 

The electrophoretic behaviour of ten organic acids and four bases as model 
samples in water-methanol and wafer-ethanol has been studied with respect to the 
organic solvent concentration in the supporting electrolyte and its pH. The changes 
of the permittivity of the solvent influence the absolute velocity of migration as well 
as the relative effective mobility (via changes in pK,). Using the electrophoretic data, 
pK, values of the observed substances in mixed solvents have been approximated. 
Some separations of barbiturates in aqueous ethanol are presented. 

LNTRODUCTION 

Zone electrophoresis in other than aqueous solvents can be useful for the 
separation of organic acids and bases that are poorly soluble in water when not 
ionized. Only a few studies of such systems have been published, and the research 
has been mostly unsystematic. One of the reasons for this lack of interest may be 
the more difficult specification of the experimental conditions in such media, especially 
the actual acidity which is fundamentally important for electrophoretic separation 
of weak electrolytes. For example, some pigments’-3, quinoline bases and phenolsa, 
and nucleic acids’ have been separated in non-aqueous or mixed media. In an effort 
to improve the results of the separations, non-aqueous solvents have been applied to 
mixtures of inorganic and complex ion@-‘. Recently some geneial criteria of the 
application of non-aqueous and mixed solvents to electromigration were outlined’. 
In this study we have attempted a systematic examination of the electrophoretic 
behaviour of some organic acids and bases in mixed water-alcohol solvents, with 
special reference to the changes in their protolytic properties caused by the influence 
:)f the permittivity of the mixed solvent. 

?XPERIMENTAL 

!pparatus 

The electrophoresis was performed on the HVE Camag apparatus (125 V/cm, 
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paper Whatman No. 2, cocling with tap water to about IS=). The pH of the 
solutions was measured on the pH meter OP-ZOlj2 (Radelkis) with glass and satu- 
rated calomel electrode; a salt bridge protected the calomel electrode from diffusion 
of the organic solvent. The electrode system was calibrated for use in mixed solvents 
in 0.1 172 lithium succiriate buffer according to Bates” after the graphical interpolation 
of the values given. 

Cixmicals 
The model samples studied in our experiments were organic acids and bases 

(eventually their salts). Internal standards for electroosmosis and relative electro- 
phoretic mobility were antipyrine (pK, 1.45) and tetraethylammonium ion (as iodide)“. 
The samples were applied as 0.05 M solutions in 50 % ethanol; the concentration of 
(C,H,),NI was 0.02 M. 

As supportin g electrolyte we used a universal buffer prepared as follows: 
aqueous solutions of 0.67 M citric acid (A) and 1 M ethylenediamine plus 0.5 M Tris (B) 
were combined in various ratios to a final volume of 20 ml. Then water and organic 
solvent were weighed up to a final weight of 200 g. In this way a series of buffers was 
prepared containing 0, 20 and 40 % (w/w) of the organic solvent. The solutions with 
60% of the organic solvent contained only 10 ml of the buffer mixture owing to the 
decreased solubility of the buffer substances. The pH values of the solutions were 
measured. The pH dependence of the universal buffer on the ratio of A to B in 
aqueous solutions is shown in Fig. 1. The minimum buffer capacity is in the pH Lange 
6-7. 

The glass electrode and one end of the salt bridge were immersed in the mixed 
solvent for 3 h before the pH measurement. In the 60% mixed medium the potential 
was steady after 10 min; in other media it stabilized earlier. 

The water-alcohol buffer solutions described above also served as mobile 
phases in descending paper chromatography_ The RF values determined ‘were used 
to correct the mobilities with respect to sorption by the carrier. 

The ethanol content in the water-ethanol solutions was determined by the 
Widmark method. The liquid phase from the impregnated chromatography paper was 
obtained by pressing out before or after a 60-min electrophoretic run. 

For the electrophoresis, 0.5 ~1 of the solutions of samples and mobility stan- 
dards was applied to paper impregnated with the supporting electrolyte. The duration 
of the electrophoresis was from 10 (aqueous buffers) to 90 min (buffers in 60”/; 
ethanol); the absolute migration distance of (CtH&N+ was ca. 15 cm. Two parallel 
independent experiments were carried out. 

Compounds l-12 (see Table II) were detected under UV; pilocarpine, procaine 
and the internal standards were detected chemically by use of the DragendorK 
reagent. Mobility was determined in the most intensive region of the zone. in a few 
cases tailing was observed. 

Calculations 

The mobilities are given as values relative to the tetraethylammonium ion 
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Fig. 1. Variation of &he pH of the universal buffer with the ratio ofcomponents: A, miIlilitres of 
0.67 Mcitric acid; B, millilitres of the mkture 1 Methylenediamine i rJ.5 M IXs, made up to 200 g. 

(conventional mobihty _t IO), and correct&.for electroosmosis and sorption by the 
carrier. They were calculated as follows: 

where I, and I, are the migration distances of the sample (x) and the standard ion (s) 
from the zone of antipyrine or (below pH 3) from the start. 

The calculation of the theoretkal course of the mobility curve (expressing the 
dependence of the relative effective mobility U on pH of the migration medium) was 
performed by means of the reiationship” 

If the acid, HB, or its conjugated base, B, are elefztrklly neutral species, eqn. 2 is 
simplified. The reIative ionic mobilities, U, were calculated (when not experimentally 
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ascertainable) from the empirical relationship” valid under given experimental con- 
ditions : 

where M is the molecular weight and z the c age. 

The pK, values of the substances studied were determined from the electro- 
phoretic data by means of logarithmic analysis using eqn. 2 transformed to the form: 

In the linear plot log(u,, - U)/(U - uB) against pH, the intersection point of the 
straight line with the ordinate gives the value of pH = pK,. Another way to approx- 
imately determine pK, was based on finding the pH value for which U = u/2; under 
this condition” again pH = p&. The value of N was estimated by extrapolation from 
the experimental mobility curve. This method was useful when the waves on the 
mobility curves were not fully developed. 

RESULTS AND DISCUSSION 

With regard to a consistent qualitative composition within the whole pH 
range as well as to the solubility in the mixed media a universal buffer was prepared 
consisting of organic components only. Despite this, its concentration had to be 
halved for the 60 TL solutions of alcohols. 

Sorption by the carrier under the experimental conditions used was controlled 
by means of descending chromatography (Fig. 2). RF values varied slightly with pH 
as well as with the alcohol content. The sorption was generally higher in systems with 
Ion-er alcohol content. The sorption of most electrolytes was lower when they were 
ionized. However, the sorption of phthalic and diethylbarbituric acids and of the 
stronger bases pilocarpine and procaine was almost independent of both pH and 
alcohol content, Rr being higher than 0.8. The tetraethylammonium ion migrated 
uniformly at various pH values; with increasing alcohol content the RF values 
decreased from I!to 0.85. 

I 9 

2 6 10 2 6 10 pH 

Fig. 2. Descending paper chrorn&ography using water-&xmol buffers as the mobile pha: (a) 
benzoic acid; (b) Onitrophenol; (c) I-aminonaphthalene; (d) procaine. I-4 = 0, 20, 40, and 60% 
ethanol. 
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Changes in composition of the mixed solvent 
T&ese were examiaed for the watec-ethanof system. The composition -of the 

liquid pressed out from the paper (without eLe&ophoresis) d.i&&d from the d@nal 
one used for the impregnation flabfe I). The overall trend in tile deviations carz 
probably be explained by a~ irreversibfe sorption of a constant portion of water and 
ethanol in the form of a ceIIuIose-water-ethsnof complex. Of gre&r importance for 
the evahmtion of electrophoretic experiments was a variation in the timposition of 
the interstitial liquid during the ekctrophoresis, because it is the.proper migration 
medium. lamthough the apparatus is adapted to reduce evaporation and is kept c-001, 
some loss of the more voIatiIe component occurs, proportional to its content. For 
this reason the values in more concentra&d alcohol soWions are Iess reliable. 

TABLE I 

CHANGES EN ETHANOL CONTENT INTHE- S6LVENi 

origid tiqtid (es, vJ/vz) 20 40 .60’ 
Pressed out before e!eCtmphoresis (%, w/w) 17.50 3728 6&m 
pressed out after i h electrophoresis (%,.w/w) 16.70 34.98 54.6k 
Relative ioss of ethano1 during ekctrophoresis (%) 4.57 6.17 9.54 

Absolute migration velacity 
As the content of akohol in the mixed solvent increases so the veIocity of 

ionic migration rapidly decreases. In 60 oA ethanol it is &most ten times Iess than in 
the aqueous solution. The viscosities of water, methanol, and e*&anoI are similar, 
and so the reason for the climkished mobility must be sought elsewhere- The per- 
m&iv@ of the mixed solvent is being much Iess than that of water, and this leads to 
increased formation of ion-pairs and hence to a decrease in the ekktive mobility- 
Following the Debye-Kiickel theory, the relationship be?zeen the speedof the 
migration of tetrsethyIammonium ion snd the permittivity (~“‘3 of the water&banol 
solwnt at various pM vaiuc~ was examined. The dependence is not tiear;. *&e in- 
fluence of the mixed medium is complex, and beside the permittivity other factors 
are induential, mairrly changes in the sofvaticin of the ions. i ., 

Mobility curves 
The model substances were organic acids and bases, covering a tide range of 

pK, values and different chemical types (aromatic carboxyhc acids, nitropheuofs, an 
enohc compound, an aromatic amine, heterocychc bases, and an aI$hatic amine)- 
The soiubility of non-ionized substances in water varied from consid&abIe <e.g. i- 
aminobenzoic acid) to practically nil (e.g. $-quinolinol). Tabfe ET lists the mokcukr 
weights and PK., values of the model substances. 

The ekctrophoresis was performed with alI the samples in aqueous S&IGOII 
and in three water-ethanol and three water-methanoi mixed solvents. The acfdiQ? of 
the supporting ekctrolyte was varied in the pH range 2-11 at GXZ. 0.5 intervals. The 
~xperimental~values of corre&ed rektive mobiEtks were used to draw the mobi.W 
SUIWS as tic function U = f (pm. Some typical exampIes of a monobasic and ~~XS~C 
3eid and a base are shown in Figs. 3-5. Thi? theoretical mobility curves w&e caIcuIated 
by means of eqns. 2 and 3, and they enabled us to &ssify the experimental curves. 
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TmLE II 

MOLECULAR WEIGHTS (M) AND PK. VALUES (WATER+ 25=)r3*” OF THE SUBSTANCES 
UNDER EXAMINATION 
-__ 

NO. Substance M P&I PKC 

1 5-Sulphosalicylic acid 218.2 2.9 
2 Salicylic acid 138.! 3.0 
3 Phthalic acid 1651 2.95 5.40 
4 2-Aminobenzoic acid 137.1 4.95 2.05 (PI&) 
5 Benzoic acid 122.1 4.20 
6 4-Hydroxybenzoic acid 138.1 4.6 9.3 
7 2Pyridinecarboxylic (picolinic) acid 123.1 5.5’ 
8 4-Nitrophenol 139.1 7.15 
9 5,5-Diethylbarbituric acid 183.3 7.98 

10 3-Nitrophenol 139.1 8.40 
11 I-Aminonaphthalene 144.2 3.92 
12 8-Quinolinol (oxinej 145.2 5.02 9.8 (-OH) 
13 Pilocarpine 205.3 7.0 
14 4-(2-Diethylamino)ethoxycarbonyianiline (prccaine) 236.3 9.09 * l 
-- 

* Value from ref. 18. 
I* Value from ref. 17. 
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Fig. 3. The ekctrophoretic mobility curves of benzoic acid: (a) water-ethanol; (b) water-methanol. 
The dashed line is the calcuiated curve for aqueous solution: 1 = the experimental curve in aqueous 
solution; 2-4 = the experimental curves in solutions containing 20, 40, and 60% alcohol_ 
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Fig. 4. The mobility curves of phthalic acid. 
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Fig. 5. The mobility curves of pilocarpine. 

The curves show that the relative mobilities in mixed media are generally 
lower than in aqueous solution (this does not take accoum of the absolute retardation 
of the migration discussed above). This effect increased with the content of the organic 
solvent, possibly owing to the solvation and the electrostatic interactions of ionic 
species with the buffering ions in the supporting electrolyte under conditions of 
decreased permittivity of the solvent. These effects were different for the substances 
tested and the mobility standard. 

Beside this effect, greater or lesser shifts of descending parts of the curves can 
be seen. The shape of this part of the curve is governed by the acidity of the compound 
(and the associated distribution of charged and non-charged species in an equilibrium) ; 
thus the shift is caused by changes of the dissociation constants in the mixed medium. 
The values of dissociation constants in water-alcohol media are knov& for only some 
of the substances examined. However, their approximate values can be determined 
from the electrophoretic data. For the majority of the substances they were found by 
means of logarithmic analysis of the mobility curves (see above), as shown in Fig. 6 
for benzoic acid. For the dibasic acids (phthalic and 4-hydroxybenzoic acids), the 
shape of the experimental curve near the $econd dissociation step region differs 
greatly from the predicted one, so the pK=, values were found directly from the curve 
(PH under the condition U = u/2); pK,, was not determined. The e%perimental data, 
together with the available data from literature, are listed in Tab!e PIT. 

%. 6. Linear transformation of the mobility curves of beazoic acid in water-ethanol. Number&z 
-he same as in Fig. 3. 
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TAELE III 

pK, VALUE% IN WATER-ALCOHOL FROM ELECTROPHORETIC DATA 

Literature values’“~‘s in parentheses. 
__- 
NO.' Wafer Methanol(q$, w/w) Ethmol (X, w/w) 

20 40 60 20 40 

1 2.9 (2.9) 3.6 4.1 5.2 3.5 4.7 
2 l 3.1 3.4 3.7 4.3 

I’;:;) (2 89) 1 (ZZ) g5, 
3 

(4:95) 
3.3 3.6 3.7 3.7 3.8 

4 4.9 5.3 5.8 6.1 5.3 5.9 
5 J 4.25 

~(4.20) g0) go, (iZ5) 
4.8 

(4.76) $0) 
6 4.7 (4.6) 5.1 5.5 5.7 5.0 5.9 
7 5.7 (5.5) 6.0 5.9 6.0 6.0 6.0 
8 6.9 (7.15) 7.2 7.4 7.3 6.8 7.1 
9 8.0 (7.98) 8.2 8.7 8.3 8.0 8.2 

10 8.0 (&lO) 8.4 S-7 8.4 8.4 8.2 
11 4.1 (3.93) 4.1 4.3 4.2 4.1 4.2 
12 4.7 (5.02) 5.0 5.2 4.9 5.0 5.2 
13 6.9 (7.00) 7.1 7.3 7.0 7.1 7.0 
14 9.3 (9.09) 9.0 9.2 8.5 8.8 8.7 

l Substances numbered as in Table II. 

60 

6.0 

go, 
4.0 
6.3 

(::2) 
6.4 
6.0 
7.6 
9.2 
9.3 
4.3 
49 
6.9 
7.8 

The influence of the permittivity of a polar amphiprotic mixed solvent over 
the dissociation constaks depends on the nature of the acid-base pair. The relation- 
ship between pK, and I/E (owing to the dissociation of the ion pairP) is for some 
substances almost linear; the deviations from linearity are caused by effects other 
than electrostatic interaction (see Fi g. 7). For most non-charged acids the slope is 
positive. That means that their dissociation is strongly influenced by the permittivity 
of the medium. One exception is picolinic acid, which can, because of its neigh- 
bouring carboxylic oxygen and ring nitrogen atoms, form a cheiate ring and a 

ir. 1.6 i.8 2.0 2.2 
100/i 

Fig. 7. The dependence of pK,1 on the reciprocal permittivity of the water-ethanol solvent. Numbs 
ing of the substances the same as in Table II. 
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Fig. 8. Separation of some barbiturates: (a) aqueous solution, pH 8.60; (b) 40% aqueous ethanol, 
pH 8.66, with 1 oA glycerol. From top to bottom: 1 = Allobarbital + amobarbital + hexobarbital; 
2 = pentobarbital t SomnyP (barbital f aprobarbital); 3 = phenobarbital f amobarbital + 
hexobarbital; 4 = thiopental I pentobarbital. 5 pg of the substances were detected by fluorescence 
quenching at 254 nm. 

dipolar ion via intramolecular hydrogen bonds; it then behaves like a cationic acidr8. 
The dibasic phthalic acid, nitrophenols and the barbituric acid derivative show only 
a gentle slope. This class of compounds is also characterized in the literature as 
different from the other acids I6 The slope for the cationic acids approaches zero or is . 

negative. Their dissociation is influenced only a little by changes in the solvent per- 
mittivity. 

It is possible to conclude that the eleetrophoresis of organic acids and bases 
in water-alcohol mixed media results in changes in the absolute velocity of migration 
as well as in its dependence on the pH of the supporting electrolyte.-These changes 
can play a positive role in some separations that are incomplete performed in aqueous 
solution. A less favourable finding is the fact that on the carrier used only acids with 
low pK, values and only pilocarpine of the bases formed well-defined zones when the 
content of the organic solvent was higher. The diffusion and sorption phenomena 
could be decreased by adding a small amount (1 y/,) of glycerol to the supporting 
electrolyte, as shown by the attempts to separate some barbiturates (Fig. 8). Under 
:he right conditions, approximate pK, values can be determined from the electro- 
ohoretic data with the minimal supply of analysed material_ 

1 M. H. Paul and E. L. Dun-urn, J. Amer. Chem. Sac., 74 (1952) 4721. 
2 J. Pon%h and K. Storiko, Chromarogr., (1962) 385. 3. 7 
3 L. N. Werum, H. T. Gordon and W. Thomburg, C’lrronroiogr.. 1. 3 (1960) 12.5. 
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