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The acidity functions H0 s of HCI solutions in EtOH 
with low water content 
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The acidity functions H0 s of HC1 solutions in EtOH--H20 solvents containing 1.09, 3.0, 
and 5.0 % water have been measured at 25 and 40 ~ by the indicator method. The 
concentration of HC1 changes from 10 -2 to 36 m. Nitroanilines, for which a protonation 
mechanism is realized in the studied systems, were used as indicators. 

For each solvent, H0 s is temperature independent at milE 1 < 4, and acidity at 
milE 1 > 4 mol L -1 increases more rapidly at 25 ~ than at 40 ~ The acidity functions of 
aqueous and water--ethanol solutions of HC1 were compared, and the concentrations of 
proton soivates of different compositions and their relative protonating ability were evalu- 
ated. 
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The ability of a proton in solution to be included in 
particles (ions or uncharged complexes) with strong 
centro-symmetric H-bonds  is its fundamental  property. 1,2 
Changes in the composit ion,  structure, and concentra-  
t ion of these particles to a large degree define the effect 
of the nature of the solvent and acid concentrat ion on 
the catalytic activity of a medium. Previously 3 the effect 
of the solvent composi t ion on H0 s of HC1 solutions has 
been studied for water-ethanol  mixtures with an EtOH 
content  from 0 to 73 mol. %. The interrelat ion between 
the acidity and the ion-molecular  composi t ion of the 
solutions has been established. A method for the calcu- 
lation of H0 s in a wide range of HC1 and EtOH concen-  
trations has been proposed. The correlations found for 
the acidities are valid if the protons exist in the solutions 
in the H502 + form, and they are true for the solutions of 
acids in different water-organic solvents. 4 

The purpose of this work is to study the effect of low 
c o n c e n t r a t i o n s  of  water  (1- -5  %) on  the acidi ty  
function (H0 s) of the H C 1 - - E t O H - - H 2 0  system for 
a wide range of acid concentrat ions.  Proton disolvates 
of different composit ions can be formed in these solu- 
tions. 

Experimental 

The initial concentrated solution of HCI in EtOH (34 %) 
was prepared by saturation of dehydrated EtOH (analytically 

pure, 0.43 % of H20) with gaseous HCI (from a cylinder). The 
acid concentration was determined by alkalimetry, and water 
content was determined by the Fischer method. Solutions of 
desired composition were prepared by the gravimetric method. 
Densities of solutions (p) were measured by pycnometry to 
determine the concentrations on the molar scale. 

Indicators (3-nitroaniline (1), 4-nitroaniline (2), 2-nitro- 
aniline (3), 4-CI-2-nitroaniline (4), and 2,5-dichloro- 
4-nitroaniline (5)) were purified by recrystallization. 

The values of the acidity functions (H0 s) were obtained by 
the indicator method in a wide range of HC1 concentrations in 
three water-ethanol solvents with a fixed composition and 
water contents of 1.09, 3.0, and 5.0 % at 25 and 40 ~ 

The ratios between the concentrations of the nonionized 
and ionized forms (/) of indicators 1--5 were calculated from 
the measured optical densities at the absorption maxima of 
their nonionized forms in the visible spectral range (on a 
Specord UV-VIS instalment) according to the equation: 

I = ( ~ T  - -  g B H + ) / ( S B  - -  S T ) ,  

where ~B, eBH+, and e T are the extinction coefficients of the 
molecular, completely and partially ionized forms of the indi- 
cators. 

The concentrations of HCI in the studied solutions are 
expressed in the scale of molar ratios m equal to the number 
of moles of HCI per 55.5 moles of EtOH and H20. This 
expression of HCI concentrations makes it possible to easily 
obtain the ratio of the concentrations of the components for a 
solution of any composition. In the studied solvents with water 
contents of 1.09, 3.0, and 5.0 % from 55.5 moles of EtOH 
and H20, the concentrations of water (mH2o) are equal to 1.4, 
4.07, and 6.58, respectively. 
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The error of the obtained values of the acidity functions 
does not exceed 0.05 for the change in H0 s by two units and is 
the same for all of the systems studied. 

We believe that, as in aqueous solutions of HC1, the acid is 
completely dissociated in the water-ethanol solvents studied 
when the concentration of the solvent (in moles) exceeds the 
concentration of HCI by 6--8 times. 

Results and Discussion 

The indica tor  me thod  was used for construct ing the 
acidi ty scales. 5 The  values of  H0 s were obtained for the 
three systems studied,  whose s tandard states are infi- 
ni tely dilute HC1 solut ions in solvents o f  fixed compos i -  
t ion. 

H0 s = pKSBH + + log/ 

The difficulty we met  is associated with the just if ica-  
t ion of  the ioniza t ion  mechan i sm of  the indicators  used. 
The pro tona t ion  mechan i sm is real ized for these indica-  
tors in aqueous solutions of  HC1, and the acidi ty of  a 
solution begins to exceed its concentrat ion at mHc ! > 0.1. 
This allows one to use indicators  1 and 2 for s tandardi-  
zat ion o f  H 0 in aqueous solutions of  acids. The concen-  
t ra t ion pro tona t ion  constants  of  indicator  1 are not  
constant  in the  s tudied water -e thanol  solutions of  HCI 
in the  range of  its ioniza t ion  (mnc  I > 0.01). The tan-  
gents of  the  slopes o f  l o g I  vs. logmnc  1 significantly differ 
from one and are equal to ~1.2 when the concent ra t ion  
of  water  in the  solvent is 1--5 %. The same dependence  
was observed 6 for the ioniza t ion  o f  1 in wate r -methanol  
solut ions of  HC1. Its p ro tona t ion  constants  (/r are 
constant  only  in solvents with a content  of  M e O H  from 
0 to 42.6 %, pKSBH + > 1.79. The  ionizat ion mechanism 
of  anil ine derivatives in HCI solutions in wa te r -me tha -  
nol with a low water  conten t  and in anhydrous M e O H  is 
just i f ied for the  ioniza t ion  of  the  more  basic indicator ,  
2 -Cl -an i l ine .  Fo r  this indica tor  the concent ra t ion  pro to-  
nat ion constants  are unchanged  for all concentra t ions  of  
water  in H C 1 - - M e O H - - H 2 0  solutions. 6 Based on the 
previously obta ined results, 6 we believe that  the pro tona-  
t ion mechan i sm also occurs when ni t roani l ine  deriva- 
tives are ionized in the  studied wa te r - - e thano l  solut ions 
of  HC1. The  /(SBH+ constants  for indicator  1 were ob- 
ta ined  by the Paul me thod  7 by ext rapola t ion of  the 
(-- logmHc I -- log/)  dependences  on mHc I to zero HC1 
concent ra t ion  (Table 1). The values o f  p/(SBij+ for indi-  
cators 2 - - 5  at 25 and 40 ~ were de te rmined  by the 
me thod  o f  overlap 5 and used for calculat ing the H0 s 
values o f  the  s tudied solutions of  HCI  (Table 2). The 
H0 s values are the  same in the  --logmHc 1 range from 2 to 
1.2 in solut ions with water  concentra t ions  of  1.09, 3.0, 
and 5.0 % at 25 and 40 ~ 

--logmHc I 2 1.8 1.6 1.4 1.2 
H0 s 1.97 1.75 1.51 1.28 1.04 

The da ta  o f  Table  2 allow one to follow the effect of  
t empera tu re  on H0 s of  water -e thanol  solutions of  HCI 

TaMe 1. Values of p/rfsBH+ for indicators 1--5 in water-ethanol 
solutions of HC1 with H20 concentrations of 1.09, 3.0, and 
5.0 % 

Compound pKSBH+ 

1.09 % H20 3 % H20 5 % H20 
25/~ 40/~ 25/oC 40/oC 25/oC 40/~ 

3-nitroaniline 1.35 1.35 
4-nitroaniline -0.45 -0.45 
2-nitroaniline -2.1 -2.1 
4-CI-2-nitro- - -  -3 .0 t  
aniline 
2,5-dichloro- -3.92 -3.81 
4-nitroaniline 

0.83 0.83 0.62 0.62 
-0.62 -0.62 -0.88 -0.85 
-2.22 -2.22 -2.54 -2.42 

--  - -  -3.57 -3 .4  

-3.81 -3.73 -4.14 -3.96 

Table 2. H0 s values for different HCI concentrations in water-- 
ethanol solutions with water contents of 1.09, 3.0, and 5.0 % 

mHCl H0 s mHC 1 -H0 s 
1.09%H20 3 ; 5 % H 2 0  1 . 0 9 % H 2 0 3 ; 5 % H 2 0  

0.08 0.85 0.92 0.5 0.33 0.05 
0.1 0.71 0.80 0.7 0.57 0.24 
0.15 0.44 0.59 1 0.84 0.45 
0.2 0.26 0.44 1.5 1.16 0.73 
0.3 0.01 0.23 2 1.36 0.96 

3 1.66 1.30 

- / / 0  ~ 

mHC l 1.09 % H20 3.0 % H20 5.0 % H20 
25/~ 40/~ 25/~ 40/~ 25/~ 40/~ 

4 1.84 1.76 1.56 t.49 1.62 1.56 
5 1.99 1.89 1.83 1.71 1.89 1.73 
6 2.10 1.99 1.99 1.89 2.09 1.91 
7 2.19 2.08 2.14 2.01 2.30 2.08 
8 2.29 2.17 2.28 2.12 2.47 2.23 
9 2.37 2.25 2.40 2.23 2.62 2.36 
10 2.46 2.33 2.51 2.33 2.75 2.48 
12 2.63 2.48 2.72 2.52 2.99 2.72 
14 2.80 2.63 2.90 2.70 3.23 2.93 
16 2.98 2.78 3.09 2.88 3.45 3.14 
18 3.17 2.93 3.26 3.05 3.66 3.33 
20 3.33 3.09 3.43 3.21 3.87 3.53 
22 3.50 3.24 3.59 3.36 4.07 3.72 
24 3.67 3.39 3.74 3.52 4.25 3.88 
26 3.84 3.54 3.89 3.67 4.42 4.04 
28 4.00 3.69 4.04 3.81 456 4.19 
30 4.15 3.84 4.18 3.95 4.69 4.33 
32 4.30 3.98 4.32 4.09 4.81 4.46 
34 4.44 4.10 4.46 4.22 4.93 4.60 
36 4.58 4.13 4.58 4.35 5.04 4.73 

Note. H0 s values are the same at 25 and 40 ~ in the range of 
mHC l from 0.08 to 3.0. 

with low concentra t ions  o f  water.  At mHc I < 4 the  acid-  
ity functions are a lmost  the same at two temperatures ,  
25 and 40 ~ for each compos i t ion  of  the  solvent.  The 
acidi ty of  a solut ion at 25 ~ is higher  than that  at 
40 ~ in more  concen t ra ted  solutions with the  same 
concent ra t ion  of  HC1 in each o f  the  solvents. 
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The acidity functions of aqueous solutions of acids 
are often used to evaluate the effect of organic or 
water-organic solvents on the acidity function. 7,8 This 
approach may be effective when several conditions are 
fulfilled: the ionization mechanism is the same in the 
compared acid-base systems; acidities are obtained for 
solutions of acids in solvents with constant composi- 
tions; 3,4 the acid concentrations must be expressed in a 
scale that reflects the ratio of the stoichiometric concen- 
trations of acid and base in solution. The acidity func- 
tions of HCI solutions in anhydrous EtOH and EtOH 
with 6.3 % H20  (H0) b and H 0 in water for the 
same molar concentrations of HC1 have previously been 
compared. 7 The concentrations of H20 greatly exceed 
the concentrations of HC1 (CH2o/CHc 1 > 5) even in 
concentrated aqueous solutions of HCI, which were 
used for comparison. The values of (H0) 1 in concen- 
trated solutions of HC1 in solvents containing EtOH 7 
relate to quite another range of the ratios of concentra- 
tions of the components, (CH20 + CEtoia)/Ci_icl < 2. 
Recall that two solvent molecules are required for the 
dissociation of one molecule of acid in aqueous and 
water-alcohol solutions of HCI, 1,9 

The acidity functions (H0 s) for the H C I - - E t O H - -  
H20 systems (1.09, 3.0, and 5.0 % H20),  (H0) 1 of HC1 
solutions in EtOH and EtOH--6.3 % H20 (see Ref. 7), 
and H 0 of aqueous solutions of HC1 (see Ref. 10) are 
compared in Figs. 1 and 2 in the range of HC1 concentra- 
tions from 10 -2 m tO 16 m. In order to convert molar 
concentrations of HC1 in EtOH and EtOH--6.3 % H20 
into the scale of molar ratios, the measured values of P 
were used, which allowed us to obtain the dependences 
of p on CH2 o for a wide range of HC1 concentrations. 
The PKBH+ value of indicator 2, which was obtained for 

Ho s, (Hob 

t , , , (2)H2oHo 

. 4  , -3  , -2  I I , , 

1 / / /  -2  

�9 ~ " ' r 1 6 2  -3  

Fig. 1. Comparison of the acidity functions of aqueous (H0)H2O 
and of water-ethanol (H0)l (1) and H0 s (2) solutions of HCl: 
(1), anhydrous EtOH; (2), EtOH--1.09 % H20, 25 ~ The 
(H0) 1 values are taken from a previously published work. 7 

aqueous solutions of HC1 and is equal to 0.99 (see 
Ref. 7), has been previously used in the calculation of 
(H0) 1. Therefore, the (H0) 1 values may be used only for 
relative comparisons and not to compare the absolute 
values of acidity in solvents of different compositions as 
a function of acid concentration. 

As in aqueous solutions of acids, in water-alcohol 
and alcohol solvents the simplest stable solvates of the 
proton (when there is sufficient excess solvent) are ions 
with strong symmetric H-bonds, which are formed as 
the result of the interaction between a proton and two 
solvent molecules.l,9,1132 In anhydrous EtOH these 
ions are (Et(H)O.. .H.. .O(H)Et) + ions. In water-ethanol 

�9 mixtures with a H20 content of 1--6.3 % at low con- 
centrations of HC1, the protons predominantly exist in 
the form of H502 + ions (see Refs. 12, 13). The analysis 
of the dependences presented in Figs. 1 and 2 shows 
that the acidity increases with increasing mHC 1 in all of 
the solvents, including anhydrous EtOH, in the range of 
the acid concentrations of 0.01 < mHc 1 < 0.3 more rap- 
idly than in aqueous solutions of HCt. This regularity 
cannot be associated with changes in the composition of 
the proton solvates (see Table 2). It is likely that there is 
subsequent solvation of the simplest stable proton solvates 
of different compositions by water molecules in the 
HCt - -H20  systems and predominantly by EtOH in the 
considered water-ethanol solvents. 

The dependences of the acidity functions on rnHc l 
are the same for aqueous and water-ethanol solutions at 
mHC i >_ 0.3 in solvents with 3.0, 5.0; and 6.3 % H20 in 
a fairly wide range of (H0)H2 o (from 0.4 to -1.16,  and 

/4  I - 3  2 ~  , - 1  t 
1 6 4 /  

Ho S, (Ho) 1 

. .  

1 ~ 2 o  

,,I 1 2 
i I 

0.5 0,1 0.01 

- - 1 mHC1 

- - 2  

-3  

Fig. 2. Comparison of the acidity functions of aqueous (H0) H O 
and water-ethanol H0 s (l, 2) and (H0)l (3) solutions of H~I 
with a water content of 3 % (1), 5 % (2), and 6.3 % (3), 
25 ~ The values of (/4) 1 are taken from a previously pub- 
lished work. 7 
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-1.75 and -2 .16,  depending on the concentration of 
water). This is clearly presented in Fig. 2 in which the 
tangents of the slopes of the dependences are equal to 
one in the indicated range of (H0)H2 o. The ranges of 
(H0)H2 o presented above correspond to a change in 
mHC I from 0.3 to ~3.5, ~5.5, and ~7.0 in the solvents 
with water contents of 3.0, 5.0, and 6.3 % (4.07, 6.58, 
and 8.1 in the scale of molar ratios), respectively. The 
relation mH2 o > m H C l  max >mH20/2 (where m H C I  max is 
the maximum concentration of HC1 at which the dis- 
cussed correlation is fulfilled) is valid for three solvent 
compositions. This correlation can be explained by as- 
suming that at m H C  1 = m H C I  max the protons are in the 
form of solvates of two types, H502 + and asymmetric 
solvates, and the protonating ability of these ions is 
almost the same in aqueous and water-ethanol solvents. 
In this case, it is necessary to assume that for the 
solution with mHC l = mH20 solvates of three types, 
H502 +, (EtOH)2 H§ and (E tOH.  H" H20) +, coexist, 
and deviation from the correlation must be related to the 
lower protonating ability of the (EtOH)2H + ions com- 
pared with ions that have at least one water molecule in 
their composition. In our opinion, this agrees well with 
the concept that the stage of protonation involves the 
replacement of  one of the solvent molecules in a proton 
solvate by a molecule of an organic indicator or a 
reagent while the structure of the central H-bond is 
maintained. 14 In the range of HC1 concentrations from 
7 m to 16 m, the acidity functions for the three water- 
aqueous solvents (see Fig. 2) change more slowly than 
(H0)H2 o. The lower the concentration of water, the 
smaller the slope of the corresponding linear depen- 
dence. This is in qualitative accordance with the change 
in the fraction of asymmetric solvates of a proton at 
mHC 1 = const as a function of the concentration of 
water in a solvent. 

The stoichiometric compositions of the solutions 
with mHc I = 18.5 and 27.75 correspond to three- and 
twofold excesses of base compared to HC1. These are 
concentrated solutions (mnc 1 > 18.5) in which a change 
in the stoichiometric composition of the solution must 
be accompanied by a change in both the composition of 
the proton solvates and in their structures and in the 
degree of dissociation of the acid as well. However, the 
dependences of H0 s on mHC 1 remain monotonic in the 
concentrated solutions of HC1 in the solvents consid- 
ered, and the increment of H0 s is almost independent of 
the concentration of water (see Table 2). 

A comparison of the acidity functions in E tOH--  
H20 with a water content lower than 1 %  with (H0)H2 o 
shows (see Fig. 1) that the whole range of HC1 concen- 
trations may be divided into two areas. In dilute solu- 
tions, the acidity increases significantly as mnc I in- 
creases in solvents with EtOH, while in concentrated 
solutions this occurs in aqueous solutions of  HC1. At 

mHC 1 >- 3 the difference in AH 0 at the same concentra- 
tions of HC1 in anhydrous EtOH and in ethanol solu- 
tions with 1.09 % H20 is almost the same. 

Thus,  the acidity functions H0 s have been measured 
in a wide range of HC1 concentrations in water-ethanol 
solvents with 1.09, 3.0, and 5.0 % H20 at 25 and 40 ~ 
The obtained scales of acidity are a measure of the 
protonating ability of the solutions studied. The condi- 
tions for the correct comparison of the acidity functions 
of solutions of acids in different solvents have been 
formulated. The relative protonating ability of proton 
solvates of different compositions in HC1 water-ethanol 
solutions has been evaluated and compared with that of 
H502 + ions in aqueous solutions of  HC1. 

This work was financially supported by the Russian 
Foundation for Basic Research (Project No. 93-03- 
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