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AND BASICITY OF NONAQUEOUS SOL-
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(Presented by Academician M. I. Kabachnik on 24 XI 1961)

The solvation energies of protons, determined by the method of extrapolation
to

# =0 ((1), Table 1), are in all solvents considerably higher than the solvation
energies of the other monovalent cations. For example, in water the hydration
energy of the proton is 256.5 kcal/g-ion, whereas the hydration energy of the
lithium ion is only 117 kcal/g-ion.

The high solvation energy of protons is a consequence of the fact that the proton
attaches to the first solvent molecule by means of a covalent bond, forming a
lyonium ion MH". Further solvation of the lyonium ion, in mechanism and in
energy, is similar to the solvation of the other cations. The primary solvation
of the lyonium ion occurs through the formation of molecular orbitals, with
the lyonium ion serving as an acceptor of lone electron pairs supplied by the
central atoms of the solvent molecules (2). Lyonium ions solvated by the pri-
mary shell interact with solvent molecules through electrostatic forces, forming
a secondary solvation shell. In connection with the special mechanism of proton
solvation, their solvation energy varies from solvent to solvent to the greatest
extent, namely, from 278.0 kcal/g-ion in ammonia to 243.0 kcal/g-ion in formic
acid (3). According to the magnitude of the proton affinity in the liquid state
(solvation energy), the solvents are arranged by basicity in the following order:

NH; > N,H, > H,0 > CH;0H > C,H;OH > n-C,H,OH =

= i-CyH,,0H > CH,COOH, > CH,CN > HCOOH.

Data on the ionic product of the medium make it possible to find the energy of
affinity of solvated lyate ions for protons in solutions. Indeed,
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M + H* +solv. = MH, + Ay

MH, + (M —H); = 2M +solv. + A _ .,
Ht + (M —H); 2 M +solv. + Ay + A

neutr

The value A, ., is equal, with the opposite sign, to the change in the isobaric
potential of the neutralization reaction, A, .y = —AZ eurs a0d can be calcu-
lated from the ionic product of the solvent: A =—RTIhK.

neutr

Table 1 gives the values of A, ,;, and the values of the proton affinity of lyate ions
(M—H), . If the magnitudes of proton solvation energy characterize the proton-
acceptor—basic—properties of solvents, then the energies of affinity for protons
of solvated lyate ions characterize the proton-donor properties of solvents, i.e.,
their acidity. Although, as a rule, an increase in the basicity of a solvent is
accompanied by a decrease in acidity (an increase in the affinity of the ions
(M — H)_), these quantities change nonproportionally. Thus, the basicity of
ammonia

greater than that of water by 21.5 kcal/g-ion, while its acidity is less by 45.0
kcal/g-ion; the basicity of formic acid is less than that of water by 13.5 kcal/g-
ion, while its acidity is greater by 24.0 kcal/g-ion (see Table 1). Although the
energies of proton solvation in hydrazine and in ammonia are close, hydrazine is
nevertheless a considerably more acidic solvent than ammonia, since the affinity
of its lyate ions for the proton is already 12.5 kcal/g-ion lower than that of
ammonia.

Table 1

Energy of the processes accompanying proton addition in various solvents

—AZ =AZ =
Ay At
(M— (M-
H), 11, T« —AZ= 7 T T Literature
ALy M+ M+ Ax(M#, ., By by by data
Solvent AZy C C ALygH)~ MHT™ *) (&) (O
NH, 278.0 42.6 320.6 88.0 101.0 190.0 — 211.3 200.0 421.5 419.0
380
N,H,274.5 33.6 308.1 86.0 103.5 188.5 — — — 411.6 —
H,O 256.5 19.0 275.5 85.0 107.5 171.5 169.0 186.6 170.0 383.0 383.0
386.0
CH;0252.5 23.0 275.5 83.0 106.0 169.5 180.0 209.0 — 381.5 -
C,H;QH.5 26.5 278.0 82.0 105.5 169.5 193.0 216.0 — 383.5 —
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—AZ =7 =

AMH+_—‘74-HH++
(M— (M-
H), 1, 1+ —AZ =7 T T Literature
Aty ZM+ M+ N AXEM%TH+—lM z]iy bﬁy l?r)y dz?g% A3
Solvent AZy C C AivyupH) MH ") ®) ®) WH++(\M'—H)— T
n- 251.5
C,H,OH
n- 252.0
C;H,,0H
CH,C2Z}H,
CH;C29.0 — —  82.0 — 167.0 — — — — —

HCO@®B.0 85 251.5 82.6 111.0 161.0 — — — 362.5 347.0

382.0

Thus, a complete characterization of the acid-base properties of solvents must
be based not only on quantitative data on the energies of formation of solvated
lyonium ions, which characterize the basicity of solvents, but also on data on
the energies of proton addition to solvated lyate ions, which characterize the
acidity of solvents.

Table 1 also gives approximate data on the solvation energies of lyonium ions
and lyate ions. The hydration energy of hydroxide ions was obtained on the
basis of the notion that the solvation energies of isoelectronic ions are close
and that they vary with the sizes of the ions (2). The hydration energy of the
isoelectronic ion Na* is 94.0 kcal /g-ion, and the radius of the Na* ion, 0.95 A, is
considerably smaller than the radius of the H;O" ion, 1.35 A; on the other hand,
the radius of the H;O% ion is close to the radius of the K+ ion, 1.33 A (3), and
the hydration energy of the potassium ion is 77.0 kcal/g-ion. Therefore it may
be assumed that the hydration energy of the H;O" ion should lie between 77
and 94 kcal /g-ion, on average 85.5 kcal/g-ion. This energy can also be estimated
from the relationships in the energies and radii of the isoelectronic ions Na™
and ammonium N H —the radius of the latter is 1.43 A, and its energy is 75.0
kcal/g-ion. The hydration energy of the H;O" ion should undoubtedly be higher
than that of the NH, ion, owing to the smaller radius and the smaller number
of protons in the ion. Its average value is close to the previously found 84.5
kcal/g-ion. Finally, for the hydration energy of the H;O" ion we adopted 85.0
kcal/g-ion.

On the basis of the close correspondence in the change of the solvation energy of
similar ions on going from one solvent to another, we assumed that the change
in the solvation energy of lyonium ions is close to the change in the solvation
energy of the isoelectronic ion Na™. The energies found in this way are given
in Table 1.
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We found the solvation energy of lyate ions from the following considerations.
According to the data of Mishchenko () and co-workers, the solvation energy of
the OH~ ion is 110 kecal/g-ion. Since our data for the isoelectronic ion F'~ are
4.5 keal less than the data of () for this ion (107.0 and 102.5), we took A yop-
to be equal to 106.5. The solvation energy of other lyonium ions was calculated-

obtained from this value and from the change in the solvation energy of the
nearest anion Cl~ with the change of solvent. From these data we calculated
the affinity of lyate molecules and ions in vacuum for the proton (see Table 1).

We calculated the proton affinity of solvent molecules in vacuum as the difference
between the solvation energies of protons and ly onium ions, and the proton
affinity of lyate ions as the sum of the proton affinity of lyate ions in solution
and their solvation energies.

Table 2

Change in proton affinity

g7, Literature Length Position
1g 7o, for- Literatudeta: Literatdriterature of of
new  mer data: Grun- data: data: the the
val-  val- Pleskovwald ~ StrehloWlam- pH, pA
Solvent ues  ues 2lgvy, +lgy, Y (12) (13 mett scale scale
NH, —-158 —164 - —16.7 — — — 0- 15.8+48.5
32.7
N,H, —13.2 — — —15.5 — — — 0- 13.2+37.9
24.7
H,O 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0- 0=14.0
14.0
CH;0H3.1 3.2 3.0 0.35 — =035 0.35 0- —-3.1+13.38
16.9
C,H;0B.9 4.2 4.1 — 4.7 — — 0- —3.9+154
19.3
n- 4.2 4.7 4.7 — — — — — —
C,H,OH
n- 4.2 4.5 4.5 — — — — — —
C;H,,OH
CH;COGH, — 4.7 — — — — — —
CH;CN 5.5 — — 4.2 - 2.4 1.9 - —
HCOOH.0 8.6 — 8.8 — 8.0 4.7 0- —-10+-3.9
6.1

The proton affinity of water molecules in vacuum found by us is close to the value
calculated by Latimer (® and found experimentally by Tal’ roze and Frankevich
(6), The affinity energy of the hydroxyl ion (OH™), the amide ion (NHy) (7,
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and ammonia ® is also close to the literature data. The energy of the HCOO™
ion lies between the values available in the literature (7).

The proton affinity of alcohol molecules in vacuum is close to the affinity of
water molecules and is considerably lower than the affinity values calculated by
Kondrat” ev and Sokolov ®) and found by Tal’ roze and Frankevich. The affinity
values of the lyate ions of water and alcohols are close to one another.

The data obtained show that, just as in solution, the change in the proton
affinity of molecules and lyate ions in vacuum does not proceed in parallel; in
vacuum still greater differences are observed than in solutions and, consequently,
the basicity and acidity of substances are different both in the liquid state and
in vacuum.

The data on the solvation energy of protons given in Table 1 make it possible
to find the values lgyyy+ of protons from equation ©)

Axn a,0) ~ Axn oy _ Adyy
2.3RT 93RT

lgYom+ =

The values lg voy+ found in this way, corrected with the aid of the values 1g vyyo
obtained from equation (9)

lgvop+ = 21g7 +1g7,

are given in Table 2. The values of 1g~, for ammonia, formic acid, and alco-
hols had already been calculated by us earlier from the values Ayp+, found by
extrapolating the sums and differences of the energies to 1/r — 0 (%10 As
is seen from Table 2, the data now obtained differ from those obtained earlier
by 0.2-0.3 units of 1g~y,. Comparison with the data of other authors (Table
2) shows that our data are close to those of Pleskov ('Y, obtained from e.m.f.
values for solvents that differ strongly

--differing from water in their basicity, and to the value of lg vy in ethanol
obtained by Grunwald (2), and differ greatly from Shtrélov’ s data (13).

With the aid of the values found for 1g vy, as we have already said, correlations
can be obtained between the values of the specific acidities pHp, defined by the

logarithm of the activity of lyonium ions (%)

pHp = —lganper = — 18 Myme Yvime:

(v* is the concentration activity coefficient of the lyonium ions), and the unified
acidity pA, defined by the negative logarithm of the proton activity referred to
an aqueous solution as standard (%14).

PA = —lgay: = —Igaygy — g Yo+ = pHp — 180w+
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Table 2 gives the lengths of the pHp scales, i.e., the number of pHp units be-
tween unit-activity solutions of lyonium and lyate ions, determined by the ionic
product of the medium, and the position of the pHp scale of the given solvent
on the unified acidity scale pA.
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