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Lecture- 11

Titrations Based on Complexation Reactions

Introduction

Complexation ractions are important in many areas of science. Complexes
play an important role in many chemical and biochemical process. For example
the heme molecule in blood holds the iron atom tightly because the nitrogen of
the heme form strong complexing bonds, that is nitrogen is a good complexer.
Complextion reactions are widely used in analytical chemistry. One of the first
uses of these reactions was for titrating cations.

Most metal ions react with electron-pair donors to form coordination
compounds or complexes. The donor species, or ligand must have at least one
pair of unshared electrons available for bond formation.

A ligand is an ion or molecule that forms a covalent bond with a cation or
neutral metal atom by donating a pair of electrons, which are then shared by the
two. Ligands can be classified into inorganic ligands such as water, ammonia,
and halide ions, and organic ligands such as 8-hydroxyquinoline.

The widely compounds (ligands) used in complexemetric titrations called
chelates. A chelate is produced when a metal ion coordinates with two or more
doner groups of a single ligand to form a five or six member heterocyclic ring.

A ligand that has:

single donor group is called unidentate
two donor groups is called bidentate
three donor groups is called tridentate
four donor groups is called tetradentate
five donor groups is called pentadentate
six donor groups is called hexadentate
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Two bidentate ligands: (a) 1,10 phenanthroline, and (b) ethylenediamine. The arrows point out the bonding
sites.

Tetradentate and hexadentate ligands are more satisfactory as titrants
than ligands with a lesser number of donor groups because their reactions with
cations are more complete and because they tend to form 1:1complexes.

Aminocarboxylic acid titration

Aminocarboxylic acid compounds are multidentate ligands capable of
forming stable 1:1 complexes with metal ions. The most widely used of the new
ligands was ethylendiaminetetraacetic acid EDTA which is a hexadentate ligand
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and the most important and widely used reagent in titrimetry. The advantages of
EDTA s

1- form strong 1:1 complexes.

2- react with many metal ions.

Chemistry and Properties of EDTA

The structure of EDTA is shown in below. EDTA, which is a Lewis acid, has
six binding sites (the four carboxylate groups and the two amino groups),
providing six pairs of electrons.
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The resulting metal-ligand complex, in which EDTA forms a cage-like structure
around the metal ion is very stable. The actual number of coordination sites
depends on the size of the metal ion; however, all metal-EDTA complexes have
a 1:1 stoichiometry.
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six-coordinate metal-EDTA complex.
Metal—EDTA Formation Constants
To illustrate the formation of a metal-EDTA complex consider the reaction
between Cd?*and EDTA

Cd?*(aq) + Y#(ag) = CdY?%(aq)

where Ys-is a shorthand notation for the chemical form of EDTA. The formation
constant for this reaction

[CdY?Z)]
A — = 29x10"

[Cd”TIY"]

is quite large, suggesting that the reaction's equilibrium position lies far to the
right.
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EDTA Is a Weak Acid

Besides its properties as a ligand, EDTA is also a weak acid. The fully
protonated form of EDTA, HeY?*, is a hexaprotic weak acid with successive pKa
values of

pKa=0.0 pKa2=15 pKaz=2.0 pKar=2.68 pKas=6.11 pKas=10.17
The first four values are for the carboxyl protons, and the remaining two values
are for the ammonium protons.

A ladder diagram for EDTA is shown below.
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The species Y# becomes the predominate form of EDTA at pH levels greater
than 10.17. It is only for pH levels greater than 12 that Y# becomes the only
significant form of EDTA.

Conditional Metal—Ligand Formation Constants
Recognizing EDTA's acid-base properties is important. The formation constant

for CdY? assumes that EDTA is present as Y#. If we restrict the pH to levels
greater than 12, then equation

[CdY?]
N = 29x10'®

[Cd™1 Y]

provides an adequate description of the formation of CdY?". For pH levels less

than 12, however, Kr overestimates the stability of the CdY? complex. At any pH
a mass balance requires that the total concentration of unbound EDTA equal the
combined concentrations of each of its forms.

Ceora= [HoYZ*] + [HsY™] + [HaY] + [HaY] + [H2YZ] + [HY3] + [Y*]
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To correct the formation constant for EDTA's acid-base properties, we must
account for the fraction, ay#, of EDTA present as Y*"

C(Y‘q_ | ———
CEDTA
Values of ay4 for selected PHs
pH Oly4- pH Olyd-
2 3.7 x 10-14 8 5.4 x 10-3
3 2.5 x 10~ 9 5.2 x 10-2
4 3.6 x 10-9 10 0.35
5 3.5 x 107 11 0.85
6 2.2x 105 12 0.98
7 4.8 x 104 13 1.00
Solving equation
[CdY?]
- = 29x 10"
[Cd™] Y]
for [Y*"] and substituting gives
[CdYZ]

If we fix the pH using a buffer, then AY# is a constant. Combining
avy4with Kr gives

: [CdY?]
Kr = CIY4_ ) I  —————

[Cd*] Cepra

where Kf’is a conditional formation constant whose value
depends on the pH. As shown in following table for CdY?,
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pH Ki pH K

2 1.1x 103 8 1.6 x 10"
3 7.3x10° 9 1.5x 10"
4 1.0x 108 10 1.0x 10%
5 1.0x 1010 11 2.5x10%
6 6.4x10M 12 2.8x10%
7 1.4x10"3 13 2.9 x10%

the conditional formation constant becomes smaller, and the complex becomes
less stable at lower pH levels.

EDTA Must Compete with Other Ligands
To maintain a constant pH, we must add a buffering agent. If one of the buffer's
components forms a metal-ligand complex with Cd?*, then EDTA must compete
with the ligand for Cd?*. For example, an NH4"/NHs buffer includes the ligand
NHs, which forms several stable Cd?*-NHs complexes. EDTA forms a stronger
complex with Cd?* and will displace NHs. The presence of NHs, however,
decreases the stability of the Cd?*-EDTA complex.

We can account for the effect of an auxiliary complexing agent, such as
NHs, in the same way we accounted for the effect of pH. Before adding EDTA, a
mass balance on Cd?* requires that the total concentration of Cd?*, Ccd, be

Ced = [Cd?"] + [CA(NHs)?*] + [Cd(NHs)22*] + [Cd(NHs)a?*] + [Cd(NH3).>']

The fraction, dcd?* present as uncomplexed Cd?*is

[Cd™™]
g™ = —————————m
C::d
Solving equation
__ [CdY?]
Kr = C(Y4_ D e e ———
[Cd®'] Ceora
for [Cd?*] and substituting gives
[CdY?]

Kfr = CCY4_ X Kf = =mmmmmmmmmemmmmmemeens

2+
Ocd” Ced Cepra

If the concentration of NHzis held constant, as it usually is when using a buffer,
then we can rewrite this equation as
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, [CdY?]
Kf = ucd2+ X U\r’q_ X Kf= --------------
Ced Cepma

where Kr~is a new conditional formation constant accounting for both pH and
the presence of an auxiliary complexing agent. Values of amn+for several metal
ions are provided in following table

INH] (M) opg Oz g O Oy g Oy Oy

1 100107 550x10T  609x10%  1.00x10%  379x10%  176x10"  920x10-¢  3.95%10-1
05 400x107  736x10°T  1.05x10°  222x10°  686x10"  413x10T  344x10®  627x107
0.1 998x10°  939x10"  351x10*  664x10°  483x1010  BA8x10!  5A2x10°  368x10°
0.05 399x10°  989x10T  272x10%  354x10%  TA7Tx10° 922x10-1 63710+ 545x10°
0.01 983x10 9910 881x107  355x10T  32x10°  98Ax10T  432x107  182x107
0005 386102 997xI0"  227x10T  SE8xI0T  362x10°  992x10T 136101 1.27x107
0001 795x102  9.99x10"  690x10T  88AxIOT  A15x10P  998x10T  5T6x10-1  748x107

Complexometric EDTA Titration Curves

Now that we know something about EDTA's chemical properties, we are
ready to evaluate its utility as a titrant for the analysis of metal ions. To do so we
need to know the shape of a complexometric EDTA titration curve. We saw that
an acid-base titration curve shows the change in pH following the addition of
titrant. The analogous result for a titration with EDTA shows the change in pM,
where M is the metal ion, as a function of the volume of EDTA.

Calculating the Titration Curve

As an example, let's calculate the titration curve for 50.0 mL of 5.00 X 103
M Cd?* with 0.0100 M EDTA at a pH of 10 and in the presence of 0.0100 M NHs.
The formation constant for Cd?*- EDTA is 2.9 X 1016,

Since the titration is carried out at a pH of 10, some of the EDTA is
present in forms other than Y#. In addition, the presence of NHs means that the
EDTA must compete for the Cd2+. To evaluate the titration curve, therefore, we

must use the appropriate conditional formation constant. We find that QY+ is
0.35 at a pH of 10, and that Ocd?*is

0.0881 when the concentration of NH3zis 0.0100 M. Using these values, we
calculate that the conditional formation constant is
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K¢~ = Ocd?* X av*x Kr= (0.35)(0.0881)(2.9 x 10%) = 8.9 x 10

Because Kt ”is so large, we treat the titration reaction as though it proceeds to
completion.

The first task in calculating the titration curve is to determine the volume
of EDTA needed to reach the equivalence point. At the equivalence point we
know that

Moles EDTA = Moles Cd?*
or

MebTaVEDTA = McdVced
Solving for the volume of EDTA

McyVeq (0.005 M)(50.0 mL)
VEDTA = = =250mL
Meora (0.01M)

shows us that 25.0 mL of EDTA is needed to reach the equivalence point.
Before the equivalence point, Cd?*is in excess, and pCd is determined
by the concentration of free Cd?* remaining in solution. Not all the untitrated Cd2+
is free (some is complexed with NHs), so we will have to account for the
presence of NHs.
For example, after adding 5.0 mL of EDTA, the total concentration of Cd?*

is

moles excess Cd”" McaVed - MepTAVEDTA
CGd g =
total volume Ved + VepTa

(0.005 M)(50.0 mL) - (0.010 M)5.0 mL)
= =364 x10°M
500 mL +5.0 mL

To calculate the concentration of free Cd?* we use equation

[Cd2*] = Olcd?* x Ced = (0.0881)(3.64 x 103 M) = 3.21 x 104 M
Thus, pCd is
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pCd = -log[Cd?*] = -log(3.21 x 10%) = 3.49

At the equivalence point, all the Cd?* initially present is now present as CdY?",
The concentration of Cd?*, therefore, is determined by the dissociation of the
CdY? complex. To find pCd we must first calculate the concentration of the
complex.

initial moles Cd?* MecaVed

[CAYZ] = mmmmmmmememcem—mmeme—ee = eme——————————

total volume Vca + VeEDTA

(0.005 M)(50.0 mL)
N — =3.33x102 M

50.0 mL + 25.0 mL

Letting the variable x represent the concentration of Cd?* due to the dissociation
of the CdY? complex, we have

~[CdY?] 3.33x10°
A — =8.94 x 10"

CCd CEDTA (X} (X)

X =Ccd=1.93 x 10°M

Once again, to find the [Cd?*] we must account for the presence of NHs; thus
[Cd?*] = Ocd?* x Ccd = (0.0881)(1.93 x 10° M) = 1.70 x 10*°M

giving pCd as 9.77.

After the equivalence point, EDTA is in excess, and the concentration of
Cd?*is determined by the dissociation of the CdY? complex. Examining the
equation for the complex’'s conditional formation constant, we see that to
calculate Ccd we must first calculate [CdY?] and Cepta. After adding 30.0 mL of
EDTA, these concentrations are
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, initial moles Cd®* McaVica
[CAYZ] = mmmmmmm oo

total volume Vea + VeEDTA
(0.005 M) 50.0 mL)

____________________________ =313 x10° M
50.0 mL + 30.0 mL

moles excess EDTA MeoTaVeDTa - MeaVea
CEDTA = === e e e e

total volume Veca + VEDTA

(0.01 M)(30.0 mL) - (0.005 M)(50.0 mL)

---------------------------------------------------------- =6.25x 10 M
50.0 mL + 30.0 mL

Substituting these concentrations into equation

and solving for Ccd gives

[CdY?] 3.13x10°M

Kr = = =8.94x 10"
CegCeomn Ceg(6.25x 10 M)

Ccd=5.6 x 105 M

Thus,

[Cd?] = Ocd?® x Ced = (0.0881)( 5.6 x 105 M) = 4.93 x 106 M
and pCd is 15.31.
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20 30 40 50

Volume of EDTA (mL)

a pH of 10.0 in the presence of 0.0100 M NHs.

Volume of EDTA

(mL) pCd
0.00 3.36
5.00 3.49

10.00 3.66

15.00 3.87

20.00 4.20

23.00 4.62

25.00 S.77

27.00 14.21

30.00 15.31

35.00 15.61

40.00 15.78

45 .00 15.91

50.00 16.01

Data for Titration of 5.00 x 10s M Cd?*with 0.0100 M EDTA at a pH of 10.0 and in the

Presence of 0.0100 M NHs

Methods for finding the end point in Precipitation Titration

1- Finding the End Point with a Visual Indicator.

Most indicators for complexation titrations are organic dyes that form
stable complexes with metal ions. These dyes are known as metallochromic

indicators.

2- Finding the End Point by Monitoring Absorbance.
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