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Medium Effect on the Acid Dissociation Constants of

2,2',6',2"-Terpyridine
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The acid dissociation constants of 2,2',6',2"-terpyridine were determined in aqueous + organic solvents
mixtures. The organic solvents were methanol, ethanol, acetone, dimethyl formamide (DMF), and dimethyl
sulfoxide (DMSO). The ionization constants of terpyridine depend largely on both the proportion and
nature of the organic cosolvent. Solvent properties play a major, but not exclusive, role in the ionization
of the protonated terpyridine molecule. Basicity and stabilization of the different species existing in
equilibrium through hydrogen bonding together with ion—solvent interaction play an important role in
the acid dissociation in the presence of organic solvent. The overall dissociation constant (pKa;+ pKaz) of
the protonated terpyridine increase in the various solvents according to the following order: methanol <
ethanol < acetone < dimethyl formamide < dimethyl sulfoxide

Introduction

Although terpyridine (Figure 1) represents a very inter-
esting compound from both the analytical and structural
points of view? little attention has been focused on its
acid—base properties.

Two pK, values have been determined for terpyridine
in aqueous-dioxane solutions,® but no study of the medium
effect on the acid dissociation constants of this compound
is reported. In the present article, the aim is to investigate
the effect of both the nature and the concentration of
organic cosolvent on the ionization of the protonated form
of terpyridine.

For this purpose, the acid dissociation constant values
of terpyridine have been determined in aqueous solutions
containing varying proportions of organic solvents making
use of the Irving and Rossotti*® as well as Rossotti®
techniques. The organic solvents used were methanol,
ethanol, acetone, dimethyl formamide, and dimethyl sul-
foxide.

The procedure used was the pH-titration at a constant
ionic strength (0.1 M KNOg).

Experimental Section

All of the organic solvents used were of spectro-grade
and were used without further purification. Terpyridine
was purchased from Sigma Chemical Co. and was used as
supplied. Other chemicals such as KNO3;, KOH, and HNO3
were of analytical grades. A 0.5 mol dm~3 solution of
terpyridine was prepared by dissolving the requisite quan-
tity of the solid in the required volume of the solvent. Dilute
solutions were prepared by accurate dilution of the stock
solution. A stock solution (1.0 mol dm~3) of KNO3; was
prepared by dissolving the exact mass of KNO;z in the
required volume of bidistilled water. KNO3; was used to
adjust the ionic strength of solution (at | = 0.1 mol dm~3).
A nitric acid solution, 1.0 mol dm~3, was prepared and used
after standardization by titration with standard KOH
solution. Carbonate-free” KOH solution was prepared using
bidistilled water. The solution was standardized against
0.1 mol dm~3 potassium hydrogen phthalate solution.
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Figure 1. Structure of terpyridine.

Generally dilute solutions were prepared by appropriate
dilutions of the stock. The proton-ligand formation con-
stants of terpyridine were determined by titrating 50 mL
of an aqueous solution containing different mass fractions
of the organic solvents with standard carbonate-free KOH
solution at 25 °C.

The titrated 50 cm? solution contains HNO;z (5 cm? of
1.0 mol dm=3), KNOz (5 cm® of 1.0 mol dm=3), and
terpyridine (10 cm3 of 0.5 mol dm~3). The required mass
fractions of the organic solvents were attained by making
the total volume 50 cm?3 with the accurate amounts of both
the organic solvent and bi-distilled water. Potentiometric
pH measurements were made on solutions in a double-
walled glass vessel at (25 + 0.1) °C with a commercial
Orion electrode using an Orion 510 pH meter accurate to
+0.01 in pH. The temperature was controlled by circulation
of water through the jacket from an ultrathermostat bath.
Purified nitrogen was bubbled through the solution in order
to maintain an inert atmosphere. Efficient stirring of the
solution was achieved with a magnetic stirrer. For each
solvent mixture, at least 4 titrations were performed.

Results and Discussion

The measured pH values of the different water + organic
solvent mixtures under investigation were corrected mak-
ing use of the equation pH* = pH [R] — ¢, where pH* is
the corrected value and pH[R] is the pH-meter reading
obtained in water + organic solvent mixtures.

According to this equation, the values of d corresponding
to each of the different organic solvent + water mixtures
under investigation were obtained from the results of
Douheret.® It should be noted, however, that the constant
0, according to Bates,® is written for E; — log myn™ where
E; is the liquid junction potential and nyn' refers to the
hydrogen ion activity coefficient on transfer from water to
the organic solvent + water mixture. This quantity is
substantially constant for a medium of given composition.
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Table 1. Values of pKa: and pKy2 of Terpyridine in
Various Organic Solvent Mass Fractions, w; in Water (1)
+ Organic Solvent (2), at (25 + 0.1) °C and lonic Strength
1 =0.1 mol dm~3

W2 pKa1 pKaz pKa1 + pKaz
Water (1) + Methanol (2)
0.1653 3.16 4.60 7.76
0.2535 2.90 4.44 7.34
0.3456 2.60 4.30 6.90
0.4421 2.70 3.90 6.60
Water (1) + Ethanol (2)
0.1659 2.90 4.90 7.80
0.2542 2.82 4.30 7.12
0.3465 2.50 4.20 6.70
0.4430 2.44 3.92 6.36
Water (1) + Acetone (2)
0.1654 3.08 5.10 8.18
0.2535 2.80 4.44 7.26
0.3456 2.75 3.88 6.63
0.4421 2.62 3.62 6.24
Water (1) + DMF(2)
0.1921 3.98 5.30 9.28
0.2896 2.70 4.94 7.64
0.3881 2.65 4.68 7.33
0.4875 2.82 3.28 6.10
Water (1) + DMSO (2)
0.2160 3.88 5.46 9.34
0.3179 3.42 4.44 7.86
0.4230 2.90 3.94 6.84
0.5245 2.86 3.94 6.80

It was found that ¢ is small up to a high mass fraction of
the organic solvent (about 0.8 in both methanol and
ethanol).® This is apparently because E; and log myn*
compensates to a considerable extent in this region of
solvent composition (below 0.8 mass fraction organic
solvent). Therefore, pH* is considered as a useful quantity
that plays a simple and unequivocal role in chemical
equilibria in nonagueous media, where it meets many of
the requirements for a useful acidity scale in such cases.

The mean pK, values of the protonated forms of the
terpyridine in different aqueous + organic solvent mixtures
are listed in Table 1. These results reveal that the pK,
values, in all the ratios studied, are largely dependent upon
both the proportion and the nature of the organic cosolvent
used.

Generally, the acid dissociation constant (K,) of the
protonated form of terpyridine increases as the amount of
the amphiprotic solvent (methanol or ethanol) or the
aprotic solvent [acetone, dimethyl formamide, or dimethyl
sulfoxide] in the aqueous media is increased. Accordingly,
increasing the organic cosolvent content in the medium
results in a decrease in the pK, value, and the acidity
constant in pure aqueous medium K,V is related to that in
water + organic solvent mixture K,$ by the relation:%1°

+
mYH ‘mVB

+
mYHB

pK,’ — pK," = log

where v is the activity coefficient of the subscripted
species in partially aqueous medium relative to that in pure
aqueous one.

Because it is known that the electrostatic effects operate
only on the activity coefficients of charged species, one can
expect that the increase in the amount of the organic
cosolvent in the medium will increase the activity coef-
ficient of both H* and HB™ ions.

Because the magnitude of the electrostatic effect result-
ing from the relative permittivity of the medium is in-
versely proportional to the radius of the ionic species
considered, the magnitude of this effect on the proton
exceeds that on the acid forms HB™ or H,B?*; thus, the
acid dissociation constant value of the protonated form of
the compound is expected to decrease with the increase in
the proportion of the organic solvent in the medium. This
is not the case as evident from the results reported in Table
1.

The relative permittivity of water + organic solvent
mixtures was obtained using the following equation:1!

€ = €My, + €My

where ¢ is the relative permittivity of the water + organic
solvent mixture, ¢; and e; is the relative permittivity of the
water and organic solvent, respectively, and m¢is the mole
fraction and the subscripts w and s refer to water and
organic solvent, respectively.

On the other hand, ethanol and acetone have ap-
proximately similar relative permittivity (24.3 and 20.7,
respectively, at 25 °C)12 so that electrostatic effects in
aqueous solutions containing the same mass fraction of
these two solvents are expected to be virtually identical
(i.e., pKa values of the compound in such solutions should
be the same). This is not the case also as the data of Table
1 imply. Moreover, though methanol and DMF have
comparable relative permittivity (32.6 and 36.7, respec-
tively, at 25 °C),12 the pK, values of terpyridine are, in
general, higher in water + DMF mixtures than in methanol
+ DMF mixtures, where a similar mass fraction of each is
used.

Accordingly, factors other than the electrostatic play a
major role in determining the effect of the amphiprotic or
dipolar aprotic solvent on the acid dissociation process of
the terpyridine.

This suggestion is further substantiated by the obtained
nonlinear relationships on plotting pK, against 1/¢ of the
medium. This is in accordance with the equation given by
Denison and Ramsey,'® as well as by Glikerson!4 which
relates the variation of the pK, of the acid with the relative
permittivity of the medium (¢). However, the variation of
pKa with relative permittivity (¢) in solvent mixtures is
given by the relation'®

212,

I’l+r2

0.43Ne?
RT

1

pK, = pK, + <

where pK, = acid dissociation constant in the solvent
mixture, pK, = acid dissociation constant in pure water,
Z, and Z, are charges carried on the ions involved in the
equilibrium, and r; and r; are radii of the ions involved in
the equilibrium.

The plot of pK, against 1/e is not linear. This indicates
that changes in the pK, with the solvent concentration,
though mainly governed by the relative permittivity, are
strongly influenced by other solvent characteristics too. In
general, it is recognized that properties of the solvent such
as relative permittivity and acidic or basic strengths play
a major but not exclusive role. Other factors, such as
basicity and stabilization of the different species existing
in equilibrium through hydrogen bonding together with
ion—solvent interaction play an important role in the acid
dissociation process in the presence of organic solvents.'®

It is evident from Table 1 that the overall dissociation
constant (pKa1 + pKs) of the protonated terpyridine
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increases in water + solvent mixture in the following order:

methanol < ethanol < acetone <
dimethyl formamide < dimethyl sulfoxide

This order is consistent with the decrease in basicity of the
solvents based on their autoprotolysis constant values (pKs)
which are as follows:'”

methanol = 17.20, ethanol =
18.88, dimethyl formamide = 29.50, acetone =
32.5, and dimethyl sulfoxide = 33.30.

Therefore, one can deduce that the basicity of the organic
cosolvent has a contribution in the ionization of the
protonated terpyridine molecules.

On the other hand, for the same solvent, the value of
(PKa1 + pKa2) decreases, in general, as the proportion of
the organic cosolvent is increased. This behavior is in
agreement with the decrease in the basicity of the medium
in the same direction, because water (pK,, = 14) is more
basic than any of the organic solvents used. A decrease in
the basicity of the medium will decrease the stabilization
of the protonated base (H, terpyridine)?™ and in turn
promote the ionization, i.e., pK, decreases.

Furthermore, it is expected that there should be an
increase of the acid dissociation constant (pK, decrease) of
the protonated form with the increase in the amount of
organic cosolvent in the medium because of the effect of
the possible hydrogen bonding interactions. Because water
has a greater tendency to donate hydrogen bonding (a
hydrogen bond donor) than other organic solvents mol-
ecules!® which are stronger H bond acceptors, the proto-
nated terpyridine molecule is expected to be less stabilized
by hydrogen bonding interaction as the amount of the
organic cosolvent in the medium is increased. This will tend
to decrease the pK, in the same direction, as evident from
the data given in Table 1. Therefore, one can conclude that
differences in stabilization of the protonated terpyridine
molecule by hydrogen bonding interaction in partially
aqueous media relative to that in pure one appear to play
a significant role in the acid dissociation process of this
compound.
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