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17.9: The Acid-Base Properties of lons and Salts

&b Learning Objectives

o To recognize salts that will produce acidic, basic, or neutral solutions in water
o To understand the Lewis acidity of small, highly-charged metal ions in water

A neutralization reaction can be defined as the reaction of an acid and a base to produce a salt and water. That is, another cation,
such as Na™, replaces the proton on the acid. An example is the reaction of C H3C O3 H, a weak acid, with NaOH, a strong base:

CH;COyHyy+ NaOH 5y =3 HyOCHyCOsNaoyy + Hy Oy
acid base salt water

Depending on the acid—base properties of its component ions, however, a salt can dissolve in water to produce a neutral solution, a
basic solution, or an acidic solution.

When a salt such as NaCl dissolves in water, it produces N az;q) and C’l(’aq) ions. Using a Lewis approach, the Na™ ion can be

viewed as an acid because it is an electron pair acceptor, although its low charge and relatively large radius make it a very weak
acid. The Cl~ ion is the conjugate base of the strong acid HC', so it has essentially no basic character. Consequently, dissolving
NaClin water has no effect on the pH of a solution, and the solution remains neutral.

Now let's compare this behavior to the behavior of aqueous solutions of potassium cyanide and sodium acetate. Again, the cations (
K* and Na™) have essentially no acidic character, but the anions (C N~ and C H3CO,)) are weak bases that can react with water
because they are the conjugate bases of the weak acids HC' IV and acetic acid, respectively.

CN(;q) +Hy0() ~— HCNyy +OH(;q)

CH3CO%, + H0) ~— CH3COsHag +OH .

(ag) (aq)

Neither reaction proceeds very far to the right as written because the formation of the weaker acid—base pair is favored. Both
HC'N and acetic acid are stronger acids than water, and hydroxide is a stronger base than either acetate or cyanide, so in both
cases, the equilibrium lies to the left. Nonetheless, each of these reactions generates enough hydroxide ions to produce a basic
solution. For example, the pH of a 0.1 M solution of sodium acetate or potassium cyanide at 25°C is 8.8 or 11.1, respectively.
From Table 17.9.1and Figure 17.9.1 we can see that C N ™ is a stronger base (pKjp = 4.79) than acetate (pKp = 9.24), which is
consistent with KC'N producing a more basic solution than sodium acetate at the same concentration.

In contrast, the conjugate acid of a weak base should be a weak acid (Equation 17.9.1). For example, ammonium chloride and
pyridinium chloride are salts produced by reacting ammonia and pyridine, respectively, with HCI. As you already know, the
chloride ion is such a weak base that it does not react with water. In contrast, the cations of the two salts are weak acids that react
with water as follows:

NH{,+HOp) ~— HHjo + H; O, (17.9.1)
CsHs NH ) + H200) ~— CsHs N Hiag) + H30(,,, (17.9.2)

Equation 17.9.1 indicates that H3O™ is a stronger acid than either NH," or Cs Hs NH*, and conversely, ammonia and pyridine
are both stronger bases than water. The equilibrium will therefore lie far to the left in both cases, favoring the weaker acid-base
pair. The H30" concentration produced by the reactions is great enough, however, to decrease the pH of the solution significantly:
the pH of a 0.10 M solution of ammonium chloride or pyridinium chloride at 25°C is 5.13 or 3.12, respectively. This is consistent
with the information shown in Figure 16.2, indicating that the pyridinium ion is more acidic than the ammonium ion.

What happens with aqueous solutions of a salt such as ammonium acetate, where both the cation and the anion can react separately
with water to produce an acid and a base, respectively? According to Figure 16.10, the ammonium ion will lower the pH, while
according to Equation 17.9.2, the acetate ion will raise the pH. This particular case is unusual, in that the cation is as strong an acid
as the anion is a base (pKa ~ pKb). Consequently, the two effects cancel, and the solution remains neutral. With salts in which the
cation is a stronger acid than the anion is a base, the final solution has a pH < 7.00. Conversely, if the cation is a weaker acid than
the anion is a base, the final solution has a pH > 7.00.
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Solutions of simple salts of metal ions can also be acidic, even though a metal ion cannot donate a proton directly to water to
produce H3O™. Instead, a metal ion can act as a Lewis acid and interact with water, a Lewis base, by coordinating to a lone pair of
electrons on the oxygen atom to form a hydrated metal ion (part (a) in Figure 17.9.1). A water molecule coordinated to a metal ion
is more acidic than a free water molecule for two reasons. First, repulsive electrostatic interactions between the positively charged
metal ion and the partially positively charged hydrogen atoms of the coordinated water molecule make it easier for the coordinated

water to lose a proton.
HO + HO: 2+ +

N H
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Figure 17.9.1. With less electron density between the O atoms and the H atoms, the O—H bonds are weaker than in a free HoO
molecule, making it easier to lose a H ' ion.
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Figure 17.9.1: Effect of a Metal Ion on the Acidity of Water (a) Reaction of the metal ion Al with water to form the hydrated
metal ion is an example of a Lewis acid—base reaction. (b) The positive charge on the aluminum ion attracts electron density from
the oxygen atoms, which shifts electron density away from the O—H bonds. The decrease in electron density weakens the O-H
bonds in the water molecules and makes it easier for them to lose a proton.

On the left is the reaction of Al three plus with six OH2 which produces [AL(H20)6] three plus. On the right is the molecular
structure of [Al(H20)6] three plus.

The magnitude of this effect depends on the following two factors (Figure 17.9.2):

1. The charge on the metal ion. A divalent ion (M ?") has approximately twice as strong an effect on the electron density in a
coordinated water molecule as a monovalent ion (M 1) of the same radius.

2. The radius of the metal ion. For metal ions with the same charge, the smaller the ion, the shorter the internuclear distance to the
oxygen atom of the water molecule and the greater the effect of the metal on the electron density distribution in the water
molecule.

Figure 17.9.2: The Effect of the Charge and Radius of a Metal Ion on the Acidity of a Coordinated Water Molecule. The contours
show the electron density on the O atoms and the H atoms in both a free water molecule (left) and water molecules coordinated to
Na*, Mg**, and APt ions. These contour maps demonstrate that the smallest, most highly charged metal ion (AI**) causes the
greatest decrease in electron density of the O—H bonds of the water molecule. Due to this effect, the acidity of hydrated metal ions
increases as the charge on the metal ion increases and its radius decreases.
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Thus aqueous solutions of small, highly charged metal ions, such as AI>* and Fe3*, are acidic:
[AU(H20)e]},) = [Al(HQO)s(OH)}‘g’;q) +H (17.9.3)

The [Al(H>0))>" ion has a pK, of 5.0, making it almost as strong an acid as acetic acid. Because of the two factors described
previously, the most important parameter for predicting the effect of a metal ion on the acidity of coordinated water molecules is
the charge-to-radius ratio of the metal ion. A number of pairs of metal ions that lie on a diagonal line in the periodic table, such as
Lit and Mg?* or Ca®* and Y%, have different sizes and charges, but similar charge-to-radius ratios. As a result, these pairs of
metal ions have similar effects on the acidity of coordinated water molecules, and they often exhibit other significant similarities in
chemistry as well.

I Solutions of small, highly charged metal ions in water are acidic.

Reactions such as those discussed in this section, in which a salt reacts with water to give an acidic or basic solution, are often
called hydrolysis reactions. Using a separate name for this type of reaction is unfortunate because it suggests that they are somehow
different. In fact, hydrolysis reactions are just acid—base reactions in which the acid is a cation or the base is an anion; they obey the
same principles and rules as all other acid—base reactions.

I A hydrolysis reaction is an acid—base reaction.

v/ Example 17.9.1

Predict whether aqueous solutions of these compounds are acidic, basic, or neutral.

a. KNO,
b. CrBr,cdotH, O
c. Na, SO,

Given: compound

Asked for: acidity or basicity of aqueous solution

Strategy:

A. Assess the acid—base properties of the cation and the anion. If the cation is a weak Lewis acid, it will not affect the pH of
the solution. If the cation is the conjugate acid of a weak base or a relatively highly charged metal cation, however, it will
react with water to produce an acidic solution.

B. f the anion is the conjugate base of a strong acid, it will not affect the p H of the solution. If, however, the anion is the
conjugate base of a weak acid, the solution will be basic.

Solution:
a

A.The K™ cation has a small positive charge (+1) and a relatively large radius (because it is in the fourth row of the periodic
table), so it is a very weak Lewis acid.

B. The NO3;— anion is the conjugate base of a strong acid, so it has essentially no basic character (Table 16.1). Hence neither
the cation nor the anion will react with water to produce H ™ or OH —, and the solution will be neutral.

b.

A. The Cr®* ion is a relatively highly charged metal cation that should behave similarly to the AI** ion and form the
[Cr(H20)4]3" complex, which will behave as a weak acid:

Cr(Hy0)e]f) = Cr(H;0)s(OH)

+
(aq) +H, aq

) (aq)

B. The Br™ anion is a very weak base (it is the conjugate base of the strong acid H Br), so it does not affect the pH of the
solution. Hence the solution will be acidic.

C.

A.The Na™ ion, like the K™, is a very weak acid, so it should not affect the acidity of the solution.
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B. In contrast, SOZ’ is the conjugate base of HSO, , which is a weak acid. Hence the SOi’ ion will react with water as
shown in Figure 16.6 to give a slightly basic solution.

? Exercise 17.9.1

Predict whether aqueous solutions of the following are acidic, basic, or neutral.
a. KI
b. Mg(ClOy4)2
c. NaHS
Answer a
neutral
Answer b
acidic
Answer c

basic (due to the reaction of HS™ with water to form H,S and OH ™)

Summary

A salt can dissolve in water to produce a neutral, a basic, or an acidic solution, depending on whether it contains the conjugate base
of a weak acid as the anion (A7), the conjugate acid of a weak base as the cation (BH ™), or both. Salts that contain small, highly
charged metal ions produce acidic solutions in water. The reaction of a salt with water to produce an acidic or a basic solution is
called a hydrolysis reaction.

Key Takeaways

o Acid-base reactions always contain two conjugate acid—base pairs.
o Each acid and each base has an associated ionization constant that corresponds to its acid or base strength.
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