IR complex Formation

If amion X~ precipitstes metal 37 | it is ofiten observed that a high concentration of X canses
solid MX to redissolve. The increased solubility arises from formation of complex ions, such
as MX:, which consist of two or more simple ions bonded to one another.

Lewis Acids and Bases

In complex ions such as Phl*, Pbl;. and PbI; | indide is said to be the lipand of PR*". A
ligand is any atom of growp of atoms attached to the species of interest. Wes,a].'ﬂmﬁ:lz' acts
85 A Lewis goid and 1 acts as a Leawixs base in these complexes. A Lewis acid accepis a pair
af electrons from a Lewis base when the two form a bopd:

“*po0+01:" — [Po—I:]*
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The product of the reaction between o Lewis acid and a Lewis base is called an aodiner. The
bomd between a Lewis acid and a Lewis base is called a dative or coondinals covalen bond.

Effect of Complex lon Formation on Solubility™
If Pb** and 1 only reacted to form solid Pbl,, then the solubility of Pb* ' would always be
very low in the presence of excess |

m;[a]ém}' + K= [Pe* ' F =79 107" (6-11)

We observe, however, that high concemtrations of 1 canse solid Phl; o dissolve. We explain
this by the formation of a seres of complex ions:

PR+ [ === phl” Ky = [PoI* WP J(1 ] = 1.0 = 107 (6-12)
PO 4 2 Phlziag) Bz = [Pblziag) /PR [T 1% = 1.4 = 10° (6-13)
PR 4 3 Phl; Bz = [Phl; W[PR2* [T )P = 83 = 107 (6-14)
PR+ Al e Phi By = [PbI; PR (I 1% = 3.0 = 10¢ (6-15)

The species Pblziag)in Reaction &-13 is disselved Phlz, containing two iodine atoms bound
to a lead stom. Reaction 6-13 is sor the reverse of Reaction &-11. in which the species is
solid Phi;.

ion Constants
tants for complex ion The overall, or cumulative, formation constants are denoted B
b, designated K, are M+ X =i MX, B — [MXo/[M][X]?
M+ aX == MX.  Ba— [MNXZJ/[MI[X]"

M]I[X]

MK A useful relation is that B, = KKz --- K. Some formation constants
[ 1[X] can be found in Appendix 1

[MX, ][X]

At low 1 concentrations, the solobility of lead is governed by precipitation of Phl;is). At
high I concentrations, Reactions &-12 throogh 6-15 are driven to the dght (Le Chiitelier's
primciple), and the total concepiration of dissclved lead is considerably greaier than that of
Pb* " alone (Figore 6-3).

A most usedful characteristic of chemical equilibrivm is that all eguilifria are safisfled
sirurltaneonsly. IF we know [1 )], we can caloulate [P‘l‘.‘lz- | by substituting the value of [1 ] into




X} Protic Acids and Bases

Understanding the behavior of acids and bases is essential o every branch of science having
anything to do with chemistry. In analytical chemistry, we almost always need to account for
the effect of pH on analytical reactions involving complex formation or oxidation-reduction.
pH can affect molecular charge and shape—factors that help determine which molecules can
be separated from others in chromatography and electrophoresis and which molacules will be
detected in some tvpes of mass spectrometry.

In aqueous chemistry, an acid is a subsiance that increases the concentration of Hi 0"

(hydronium ion) when added to water. Conversely, a base decreases the concentration of
H;0". We will see that a decrease in H;0" concentration necessarily raquires an increase
in OH ™ concentration. Therefore, a base increases the concentration of OH ™ in aqueous
solution.

The word provic refers to chemistry involving transfer of H™ from one molecule to an-
other. The species H' is also called a profon because it is what remains when a hydrogen atom

loses its electron. Hydronium ion, H;0', is 8 combination of H" with H,0. Although H.0"
is 3 more accurate representation than H' for the hydrogen fon in agueous solution, we will
wse Hy0" and H interchangeably in this book.

Brensted-Lowry Acids and Bases

Brensted and Lowry classified acids as prstor dowory and bases as profon acceptors. HCL is
an acid (a proton donor), and it increases the concentration of H-0" in water:

HCl + Ha0 = H30" + Cl

The Bronsted-Lowry definition does not require that H;0" be formed. This definition can
therefore be extended to nonaguecus solvents and to the pas phase:
HClg) + NHilg) = NH; Cl ()

Hydmchloric acid  Ammonia  Ammonium chlanide
{acid) {hase) {sali}

For the remainder of this book, when we speak of acids and bases, we are speaking of
Bransted-Lowry acids and bases.

Salts

Any ionic solid, such as ammonium chloride, is called a sall. In a formal sense, a salt
can be thought of as the product of an acid-base reaction. When an acid and a base react.
they are said to mentralize each other. Most salts containing cations and anions with
single positive and negative charges are strong electrolyvtes—they dissociate nearly com-
pletely into ions in dilute agqueous solution. Thus, ammoninm chloride gives NH, and
Cl™ in water:

MNH, Cl {5} — NH; {ag) + Cl (ag)

CHAPTER & Chemmical Equilibrium




Conjugate Acids and Bases

The products of a reaction between an acid and a base are also classified as acids and
bases:

0, 0. H
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CH,—C + CH,—N, = CH—C  +CH—N;
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Acetate is a base bacause it can accepd a proton to make acetic acid. Methylammonium ion is
an acid because it can donate A proton and become methylamine. Acetic acid and the acetate
ion are said to be o conjugaie acid-base pair. Methylamine and methylammoniom ion ane
likewise conjugate. Conjupale acids and bases are relafed to each other by the pain or loss
afoneH'.

The Mature of H* and OH

The proton does not exist by itself in water. The simplest formula found in some crystalline
salts is Hy0" . For example, crystals of perchloric acid moochydrate contain pyramidal
hydronium (also called hydroxonim) ions:
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The formula HC1O-Hp( is a way of specifying the composition of the substance when we
are ignomnt of its structure. A more accorate formula would be Ha0 'CI0 .

Averape dimensions of the Hy0" cation in many crystals are shown in Figure 6-4. In
aguzous solution, HyO" is tightly associated with three molecules of water through excep-
tionally strong hydrozen bonds (Figure 650 The Ha03 cation is another simple species in
which a hydrogen jon is shared by two water molecules. "7
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In the gas phasa, H:0" can be suprunded by 20 molecules of H,O in a regular dodeca-
hedron held topether by 30 hydropen bonds.™ In a salt containing the discrete cation
{CsHg)sH30", and in benzene solution, hydrogen atoms of the pymmidal Hz0 " jon are each
attracted toward the center of the pi electron cloud of a benmene ring (Figare 6-6).

The ion Hy05 (OH -~ H,0) has been obsarved by X-ray crystallography.™ The central
{¥--H---0 linkage contains the shortest hvdrogen bond involving Ha0 that has ever been
ohserved.
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Conjugaie acids and bases are related by the
gain of boss of one promn. in these sTudurss,
3 solid weadge is 3 bond coming owt of me
plane of e page and a dashed wadgs is a
bond 1 an arom behind the page.

Eigen smucure of H;0F

FIGURE 64 Struchure of bydronium ion,
H, 0%, proposed by M. Eigen and found in
many crystals.” The bond enthalpy (heat
needed o break the OH bond) of Hi0™ i
544 kl/mal, about 34 ki'meal greater than the
bond enthalpy in Ha0.

FIGURE &5 Emiranment of aqueous
HyD*.™ Three HyD moleculss are bound to
Hy0* by strong hydrogen bonds (dotted
nes), and one HzO (at the top) i held by
weaker ion-dipode attraction (dashed line).
The O—H---0 hydrogen-bonded distance of
252 pm {picometers, 107 m) compares with
an —H---0 distance of 282 pm betaeen
Frpdrogen-bonded water molecues. The disoete
caticn {H;00,H;0" found in some oystals is
similar in structure to (Hy0)0Hy0 ", with the
wezakly bondsd Ha0 at the top remeved. ™



