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Volumetric methods based on complex formation reactions
Cildlaal) 0 o< cNeli o ddiall Asanal) 3 )

Complexation reactions are widely used in analytical chemistry, one of the
first uses of these reactions was for titrating cations. In addition, many complexes
are colored. Some complexes are sparingly soluble and can be used in gravimetric
analysis or for precipitation, in the other hand these complexes are widely used to
extract cations from one solvent to another and to dissolve insoluble precipitates.
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The most useful complex forming reagents are organic compounds
containing several electron-donor groups that form multiple covalent bonds
with metal ions. Inorganic complexing agents are also used to control solubility
and to form colored species or precipitates.
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Many metal ions react with electron pair donors to form coordination
compounds or complex ions. The donor chemical species, called ligands, must
have at least one free of electrons (unshared) available for bond formation.
Water molecule, ammonia, halide ions are common ligands.
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The metal ion will be having two numbers the first is the _
and the other number is coordination NUMBEF. Typically values for coordination

numbers are 2, 4, and 6. The coordination number expresses the maximum
number of ligands can be attached to the metal ion for example cationic complex
ion [Cu(NHs)s?*, anionic complex ion [CuCls?*, neutral complex
Cu(NH2CH>COO): all having a coordination number of 4.
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Titrimetric methods based on the complex formation (called complexo-
metric titration) has been used since at least a century. A chelates is produced
when a metal ion coordinates with two or more donor groups of a single ligand
to form cyclic structure.
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Copper complex with glycine is an example. Copper is bonded to both
oxygen of the carboxylic group and nitrogen of the amine group of glycine.
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A ligand that has a single donor group, such as ammonia, is called unidentate,
whereas one such as glycine. which has two groups available for covalent
bonding, is called bidentate , Tridentate , tetradentate, pentadentate, and
hexadentate chelating agents are also known.
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Glycine Cu/glycine complex

Fig. complex between copper (ll) with glycine

Complexation Equilibria: Sadl) (5165 o) ClaBaall ¢ o< ¢ 5) 60

Complexation reactions involve a metal ion M reacting with a ligand L to form a
complex ML.. as shown in Equation below:
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M+ L Y/ —— (1)
ML + L V[ IPp— (2)
ML, + L [V Iy— (3)
MLn-l + L MLn """"""" (n)

Unidentate ligands invariably add in a series of steps. As shown here.
With multidentate ligands, the maximum coordination number of the cation
may be satisfied with only one ligand or a few added ligands.
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For example. Cu(ll). with a maximum coordination number of 4, can form
complexes with ammonia that have the formulas Cu(NHs)?*, Cu(NHzs)2*,
Cu(NHs)s?*, and Cu(NHs).**. With the bidentate ligand glycine (gly). the only
complexes that form are Cu(gly)?* and Cu(gly).?*. The equilibrium constants for
complex formation reactions (formation constant) are generally associated with
a stepwise formation constant, Ki: through Ks For example. Ky = [ML]}/[M][L],
K2 = [ML2])/[ML][L], and so on. We can also write the equilibria as the sum of
individual steps. These have over all formation constants.
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[ML]
+ =
M+ L ML Ky = s
o [mLy]
M + 2L ML2 Kl Kz —_ [M][L]Z
_ [ML3]
M + 3'_ ML3 K]_ K2K3 —_ [M][L]3
_ [MLy]
M+n|_ MLn KlKZ —W

In complex titration, multidentate ligands, particularly those having four or
six donor groups, have two advantages over their unidentate counterparts. First,
they generally react more completely with cations and thus provide sharper end
points. Second, They ordinarily react with metal ions in a single step process.
Whereas complex formation with unidentate ligands usually involves two or
more intermediate species.
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The advantage of a single-step reaction is illustrated by the titration curves

shown in Figure below. Each of the titrations involves a reaction that has an
overall equilibrium constant of 10%°.
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A=1:1
20-
F—;m

C=4:1

Pm

Volume of reagent added {(m L)

Curve A is derived for a reaction in which a metal ion M having a
coordination number of 4 reacts with a tetradentate ligand L to form the
complex of ML.
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Curve B is for the reaction of M with bidentate ligand L to give ML; in two
steps. The formation constant for the first step is 10*? and for the second 108,
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successive formation constants of 108, 10°, -10%, and 102
&0 Ol ghs gyl 5 MLs eSS0 L cdsaadl Lolsl LY C ol goals

LIl eI e 107 ¢ 10 e o 10° o 10° Lo LILie (eSS Ol g

These curves demonstrate that a much sharper end point is obtained with a
reaction that takes place in a single step. For this reason. multidentate ligands
are ordinarily preferred for complexometric titrations.
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Inorganic complexing agents 4 scac S aaaill (ol S

Many Different inorganic complexing agents have become important in analytical
chemistry. In complexometric titrations, a metal ion reacts with a suitable ligand to
form a complex, and the equivalence point is determined by an indicator or an
appropriate instrumental method. The formation of soluble inorganic complexes is
not widely used for titrations, but the formation of precipitates, particularly with
silver nitrate as the titrant, is the basis for many important determinations of
another elements.
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The progress of a complexometric titration is generally illustrated by a
titration curve, which is usually a plot of pM = - log [M] as a function of the
volume of titrant added.. Many precipitation titrations, use the metal ion ac; the
titrant. Most simple inorganic ligands are unidentate; which can lead to low
complex stability and indistinct titration end point. The table below showed some

typical inorganic complex reagent titrate with different cations and anions.
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Typical Inorganic Complex-Forming Titrations
Titrant Analyte Remarks

Hg(NOy),  Br™, (17, SCN7,CN" thiourea  Products are neutral He(Il) complexes:
various indicators used

AgNO; (N~ Product is Ag(CN), ; indicator is 1™,
titrae to first turbidity of Ag]

NiSO, CN- Product is NiCCN);™; indicatoris 1
fitrate to first turbidity of Agl

KCN Cu?*, He™*, Ni** Products are Cu(CN); ~, He(CN)s, and

Ni(CN); : various indicators used

Ex: Determination of Cyanide in agueous solution: 4witall Jallaal) 8 auiluwd) jais

Cyanide is commonly determined by titration with AgNOs. The titration
reaction is

Ag® + CN Ag(CN)
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To determine the end point of the titration, the aqueous sample is mixed with
a basic solution of potassium iodide before the titration. Before the equivalent
point, cyanide is in excess and all the Ag* is complexed. As soon as all the
cyanide has been reacted, the first excess of Ag™ causes a permanent turbidity to
appear in the solution because of the formation of the Agl precipitate, according
to this equation:
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Organic complexing agents 4 gulanl) ABel) i) oS

Many different organic complexing agents; become important in analytical
chemistry because of their sensitivity and selectivity in reacting with metal ions.
Such reagents are useful in , In binding metals to prevent
interferences, in extracting metals from one solvent to another.
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The most useful organic reagents form chelate complexes with metal ions.
Many organic reagents are used to convert metal ions into forms that can be
readily extracted from water into an immiscible organic phase.
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Extractions are widely used to separate metals (analyte) from interfering ions
and to increase concentration (analyte) by extracting into a phase of smaller
volume. Several of the most widely used organic complexing agents for
extractions are listed in table below some of these reagents normally form
insoluble species with metal ions in aqueous solution. In extraction applications.
However, the solubility of the metal chelate in the organic phase keeps the
complex from precipitating in the aqueous phase.
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Organic Reagents for Extracting Metals
Reagent Metal lons Extracted Solvents
8-Hydroxyquinoline Zn't Cu't NP LAY, Water — Chloroform
many others (CHCy)
Diphenylthiocarbazone Cd?*, Co™ . Cu’". Pb¥, Water — CHCl,, or
(dithizone) many others CCl,
Acetylacetone Fe**.Cu'', Zn™ UV, Water = CHCl,,
many others CCl, or CH,
Ammontum pyrrolidine Transition metals Water — Methy)
dithiocarbamate isobutyl ketone
Tenoyluifluoroacetone Ca™*, S, Lg PP Water — Benzene
other rare earths
Dibenzo-1¥-crown-6 Alkali metals. some Water = Benzene
dlkaline earths

In many cases, the pH of the aqueous phase has some control over the
extraction process, since most or the reactions are pH dependent, as shown in

Equation below:
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The Formation of Insoluble and soluble Species:
301D e ¢ Auld e (i

In some cases, the addition of ligands to a metal ion may result in insoluble
species, such as the formation of nickel-dimethylglyoxime precipitate. In many
cases, its form uncharged complexes may be sparingly soluble. Whereas the
addition of more ligand molecules may result in soluble species. For example.
Adding CI" to Ag+ results in the insoluble AgCI precipitate. Addition of a large
excess of Cl produces soluble species AgCl,. AgCls*, and AgCls*.
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Complexes with amino poly carboxylic acids

Numerous quaternary amines that also contain carboxylic acid groups
form stable chelates complexes with many metal ions. One compound is
Ethylenediaminetetraacetic acid (EDTA) has a particularly valuable property as
a titrant is that it combines with metal ions in 1:1 ratio regardless of charge of
the cation.

HOOC—H.C CH,— COOH
% i
N—CH:—CH:—N

. / ’ =G
HOOC —H.C CH.,— COOH

Chemical Structure of Ethylenediaminetetraacetic acid (EDTA)
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Agt + Y* AgY?*
AP + Y% AlY"

It forms chelate with nearly all cations and form stable complexes. This
stability is a result of several complexing sites within the molecule which

surround the cation and isolate it. All six ligands groups in EDTA are involved
in bonding.
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4
M3+ + Y4 MYE S M# + Ye=—==MY 5
Mn+ + Y4- MY(n_4)+
_ [My(n-4)n]
K(MY) - [I\/IMHYA"]
N js) o
('L\, . CH,
O< 111
M TT—cH
o— S
/ ‘ N CH
O'/C \S/(l)/ \(TI],
\/
il

Structure of Metal-EDTA(MY?%) Complex.
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Conditional (Effective) Formation Constant (K's).
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M2+ + Y4 MY?

K'f mv?y = Kfmy?) . 04

[MY2" ]

(OI’) K'f (MYZ-)z[ M2+ ]Cp

K'f vy = Conditional (Effective) Formation Constant for MY?
CT = The total concentration of uncomplex EDTA

cr = [Y* ]+ [HY* ] + [HY*] + [HY"] + [H,Y]
a4 = The fraction of the total concentration of uncomplex reagent that is in the form
of Y+

_ Y]
Sl
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connill 5l Jeliill dpmdall Al e e olaie] Jglaad) e Lgiad Jast )

Ex1: Calculate Conditional Formation Constant for ZnY? at pH 6
Kr znv?) = 3.2x10%°, a4 at pH 6 = 2.2x10°

K'fznv?)= Kf(ZnYZ-) . 04

K't znv?) = 3.2x10%8 x 2.2x10°

K'f(znvz') = 7.04x10%

13
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Ex:2) Calculate the molar concentration of Y# in 0.02M EDTA solution at pH 8
and pH 11 (a4 at pH 8 =5.4x1073), (a4 at pH 11 = 0.85)

_ [

04 — Cr
4__
5.4x1073 = v ]
0.02

[Y4] =5.4x103 x 0.02
[Y4]=1.08x10* M atpH 8

_[r*]
04 — Cr

Y4-

0.85 = [ ]

0.02

[Y+]=0.85 x 0.02
[Y4]=0.017 M atpH 11

Ex.3) Consider the titration curve for 50 mL of 0.01 M Ca?* with 0.01 M

EDTA (as at pH 10= 0.35, Kf c.y) =5.0 x10'%).Calculate, PCa at :Conditional

(effective) Formation Constant(K’)

K'f(cay) = Kf (cay) . o4
K'f cavy = 5.0 x10%° x 0.35 K'f
cay) = 1.75x10w

Jadll ¢y o) il Gl g Ayl

1- Initial Point(before addition of EDTA or at zero addition):

[Ca?*] = 0.01 M pCa = -log [Ca?']

14

pCa=-log 0.01 =2
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2- After addition of 10 mL of EDTA
50x0.01-10%0.01

[Ca®*] = — + Cr=6.667x10 mole/L
Jegd Cr

pCa =-log [Ca?*]
pCa =-log [6.667x1073] pCa =2.176
3- After addition of 25 mL of EDTA
[Ca%] = 5°’<°'°17‘525 X001 | Cr=3.333x10" mole/L

Jegd Cr
pCa =-log [Ca?*] pCa = -log [3.333x103]
pCa=2.477

4- After addition of 50 mL of EDTA( at equivalent point)

[ Cay~?]
[Ca?t]CT

K'f (cay) =

[CaY?] =222 _ [Ca?*] = 0.005 M
100

[ Cay 2] 75 x 1010 0.005
- 175X =
[Ca2+ ]2 ] [Ca2+ ]2 ]

K'f (cay) =

[Ca?*]? = 2.875 x10°%3

[Ca®*] = 2\5.875><1O‘13 [Ca?"] =5.362x10"mol/L
pCa =-log [Ca?']
pCa =-log [5.362x107] ,  pCa=6.271

15
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5- After addition of 60 mL of EDTA

: _[Cay~?]
K'f (ca) BT — (1)
[CaY?] =222 — [Ca®*] = 4545 X 10 M dei[Ca?*]
Cr-[EDTA] =2 XO'OZE" X001 4 [Ca?*] =9.091 x 107*M
. _[Ccay~?]
KT (CaY) = re,
175 x 1010 — 4545 x 1073
' ~ [Ca?t] x 9.091 x 104
[Ca?t] = 4.545%x1073

T 1.75x1019%9.091 x10~4

[Ca?*]? = 2.875 x1071° mol/L

pCa=-log [Ca®']  ------- pCa =-log [ 2.875 x10]
pCa =9.544
P i 20,0 ; Kpey-=13% 105
90 16.0 - Kyyy2-=63% 102
8
c 5 1z0 Kiv==32x% 10'6
pLa . o, 8.0 g K&Y2‘=2-] o mM
» Kegyt-=50x% 10”2
B (I 40
ol - S |
0 10 20 10 40 50 60 10.0 20.0 30.0 40 500 &0
Volume of 0.01M EDTA (mL) - Volume of 0.0100 M EDTA, mL

Fig .Titration calcium ion with EDTA at pH 10

Fig. Titration different ions with EDTA at pH 6
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Indicators for EDTA titration

(EDTA ) 7w B daddiceall SV
Eriochrome black T is an organic important dye, used in complex titration
with EDTA, the Chemical of Structure shown below.

O Lizadl eSS aaxwddl b adiiws  dLago dogac Liuw Eriochrome black T

el gt e Ual SlaanSIl wusSyidl . EDTA o

Chemical of Structure of Eriochrome black T

Eriochrome Black Tis a typical metal ion indicator that is used in the titration
of many cations. Its behavior as a weak acid is described by the equations:

pliusy  Do3lall aligsl G saiSId 234a0 Juds ga Eriochrome Black T
e durs palxS 4Sgdw dwgn degedl OLSgd Il o WLdrdl axazwd

LY oYolzadl 5 LaS 4i0ls

Holn + H,O HIn% + H,O" Ka; = 5x107 red
blue

HIn% + H,0O + H;0* Ka, = 2.8x1012
blue

Note that the acids and their conjugate bases have different colors. Thus,
Eriochrome Black T work as an acid-base indicator as well as a metal ion
indicator. The metal complexes of Eriochrome Black T, are generally red. As is
HzIn" Thus, for metal ion detection. It is necessary to adjust the pH to 7 or above
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so that the blue form of the species, HIn?, predominates in the absence of a
metal ion. Until the equivalence point in a titration, the indicator complexes the
excess metal ion so that the solution is red. With the first slight excess of EDTA,
the solution turns blue as a consequence of the reaction.

Jassy o JUILy Ll of o] gt dSyiaaldl LadelgBy @plas¥l gi kgl
0855 L3 ool Jads I LsleYly sdeld wle> Jadus Eriochrome Black T
Holn™ g0 Jladl g2 LaS .ale JSUoy s| yo> Eriochrome Black T 3 io3daldl o Las yodl
Al Az gyagdl @Y Jodrd sygrall G Lol ol Ge @Bsdd o UL,
Lo gl ss2y phe Il 3 HINT ¢ g f o8 GuY IS o guy iy el o 7
dumy WIS 3 gl grexin Sl pgdy o Soleadl 3 3SLSEIN dhidS o
0 Il Jedxadl Jexin o EDTA (oo Liwib 55023 Jol g . owxl Jodradl auay

e L) T G539

HIn% + M2+ Min™ + H*
blue red

MIn + HY? Hin% + MY?
red blue

EX:- Determine the transition range for Eriochrome Black T in titration
of Mg? atpH 10 , (Kax(HIn*) = 2.8x10"? , Kf(Mgln) = 1.0x10° .

Mg?* + In® =———= MgIn" Kf = 1.0x10’
_ [m]iH; 01
Ka, = [Hm?- |[H,0] (1)
[MgIn~]
7 T @)
Ko, K [In*~][H3 07] [MgIn~]

! = HIn? ][H,0] ~ Mg?* J[In® |
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[MgIn~][H;3 0%]
[Mg?* |[HIn?" ]

2.8x10712x1.0x107 =

++_ [MgIn~][H; 0]
(Mg 1 =555 10-5[HIn?- |

pH=-log [H*], [H]=107", [H*]=[H:O"] = 10"

[MgInT] _ 10
When ; Hm1- 1

10 x 1010
Mg?t] = =3.571 x10°°
Mg™ | =528 %105

PMg= -log [Mg#] =-log [3.571x10°] = 4.447

When ; (MgIn7] _ 1
"[HIn2-] 10
1x 10710
[Mg?* ] = =3.571 x 1077

- 10x2.8x 1075
pMg= -log [Mg#] = -log [3.571x107] =6.447
the transition range = 4.447----— 6.447 =5.447 £1.0
Titration Methods Employing EDTA

Several different types of titration methods can be used with EDTA, as
described next.

EDTA ol Liwls aixaidl 350 b

oaidly O sl Oladzxwl (o il &|‘9_33 fde  pldndwl (S

Uiy abgs g2 LeS « EDTA zu
1- Direct Titration
Many of the metals in the periodic table can be determined by
titration with standard EDTA solutions.

B i =)
ge LS oS o]l Joadl 8 o) 3l G il LdxS S
cw il EDTA Jelas pl il Lgasaud @b
19




College of Ibn Al-Haitham (Analytical Chemistry) Department of Chemistry
Lecture 14

a- Methods Based on Indicators for the Analyte

Nearly 40 metal ions that can be determined by direct titration with
EDTA using metal ion indicators. It is cannot be used in all cases,
because no indicator with an appropriate transition range is available
or because the reaction is so slow.

Loadl Jody Je §dedzadl Gubdl -]
e bt pawddly Lo oudd oSay Lojdod el 40 g oxis Lo

SY el aaar b 4ol Lhiwl oS ¥ LAl eI JO9Ys alusiwly EDTA

0¥ 9l oLiel JSJ U wwlin JLESI  Jles 93 Jadd does ¥ 439

L L ey Je i

b- Methods Based on Indicators for an Added Metal lon

When direct analyte indicator is unavailable. For example, indicators for
calcium ion are generally less satisfactory then a small amount of magnesium
chloride is often added to an EDTA solution that is to be used for the
determination of calcium using, Eriochrome Black T as indicator.

dlae s 34t Judy aldsiwl diyyb -o
S o Judaidl s et o) dasdd awlioe Juds sbgin ¥ Ledde
S o ple JShin Loyl JBT peuwdSI el J9¥ (eSS o JULI Jooiw
EDTA Jglas | Udle poratiiedl WysdS oo satie Las Lils| ply
JuJus Eriochrome Black T af waiwly paswdlSt) joudi) 4ol Liwl pldaw ¢dJ)

2- Back-titration Methods

Back-titration is useful for the determination of cations that form stable
EDTA complexes and for which a satisfactory indicator is not available. The
method is also useful for cations such as Cr)Ill) and Co(lll) thar react only
slowly with EDTA. the excess EDTA is back- titrated with a standard
magnesium or zinc ion solution (form less stable complex) using Eriochrome
Black for as indicator. also useful for analyzing samples that contain anions that
would otherwise form sparingly soluble precipitates.
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= 9> 3 amwi S o) i) yolzedl 35 gb -Y

Oflddize OoST SJI dogadl Oyl oudild Wde e ydl pazaddl dxS
085wy Ldar]dl odgd awli Judd Lgd i ¥ Iy EDTA g0 5 iiws

shay ode Lido g dI1Co () ST adaesIt g (Cr) T pgpsdl o gy Je Lad|

Sy EDTA Jsdas oo 5ol0) dlas «did EDTA  wblsdl o Ll Jslxo go
JSi) ol A3 T paeided! gl Jsdaxed s Jadao go LSS 5w paas
O g JudmS 3 Lasi Laie Judus Eriochrome Black af wadiwly (LSS J51 1 lize
Loadl 0985 Lodde Loyl pdidlagy glogddl daaxd cwl gy S of Leld go U
Ol Goosall gws lia . aeawidl Lghe gya S duaeladl DI ad) e cwly JSdg
93 EDTA Gilsdly odSidl ol peswiodl ool guo osShadl  Lhredl  (eSo

S0l o)yl el G JBI1 Ayl ydtiwl
3- Displacement Methods
In this titrations, an unmeasured excess of a solution containing the magnesium
or zinc complex of EDTA is introduced into the analyte solution. If the analyte
forms a more stable complex than that of magnesium or zinc. The following
displacement reaction occurs:

MgY? + M* —»  MYZ%+ Mg"

i1 391 @51 4b —¥

a5 U ud Lol cwlie Juds siein ¥ Lodde Lioshll ods pdiius

&0 O3 ol parwniiedl Lize e godmy Jgdae g wlid jue @il JLso| plo o
Sy Judadidl W et Jud o 4ol ) Juans IS (Do Iyl p@iwl 43) EDTA

. odel Uolzadl b LaS EDTA go Jel Loyl piwl 93 | Ldze o950
4- Alkalimetric titration:

Adding of excess of Na;H2Y to a neutral solution of maleic ion, then
the librated hydrogen ions are titrated with standard base solution.

Do sde LS xaoewd Il —€
A ad o ddladl ge¥ Jolzie Jedxe I NaH2Y (o @ilaldl Lils)

el d sue Ld Jgdxoany By il Gu> g ydagd! ‘BI_;Hi xS
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5- Potentiometric Methods

Potential measurements can be used for end point detection in the
EDTA titration with many metal ions for .In addition. a mercury
electrode can be made sensitive to EDTA ions and used in titration
with this reagent.

dgxdl wlbid 331 9 b -0
0 Je el Dl dhild dadd Dugaldl olelid]dl al adel (S0

OGS LdJd I Dsley by Lol 3l aligl ge =l ge EDTA Oladxas
Lgo ) Wiw | (Sa A1 dazgadl eyl oladl diwlexd G5)dl ohd Jeo

. EDTA Ll g

6- Spectrophotometric Methods

Measurement of UV/visible absorption can also be used to determine
the end points of titrations. In these cases, an instrument responds to
rather than relying the color change in the titration on a visual
determination of the end point.

it gl 35 4b =1

LU wodadd Ldyallyl duswdindl Gad Led¥|  plaisl axd al driel oSoo

0da by EDTA zo of 3l oo ;38T puxad Ldoas s LS Je L dolgs
i e alake¥! oo YU wleild LN GO0kl aamies o oY Ladl

2_“’| .l| “l".‘:,_c ”"Slll_“? .O ’l'_?
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