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Chelation therapy

Calcium-disodium EDTA is approved for the removal

of lead by the Food and Drug Administration (FDA).

The drug bind to heavy metals in the body and

prevent them from binding to other agents. They are

then excreted from the body.
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Metal-Chelate Complexes (Sec. 11-1)

metal chelating ligand
(ligand, chelate)

Agt + 2:0=N: =

Lewis acid Lewis base
(electron pair (electron pair
acceptor) donor)

Coordination number, n, describes the number of sites on the metal ion that form a

metal-complex (Ag-complex)

(:N=C—Ag—C=N:)"
Complex ion

complex. Typical values are 4 and 6, with 7 or 8 being much less common.

115

Ligand - ion or molecule that forms a complex with the metal ion by donating a pair of
electrons. Examples - NH3;, H,O, CN , CI , I , SCN , H,NCH,CH;NH;, R-COOH,

Monodentate
One electron donor atom per ligand
e.g. NHs, Cl

Polydentate

More than one donor atom per ligand

Fewer ligands needed to complex the metal

eg. Ethylene diammine Ho,NCH;CH,;NH. (en)
Ethylenediamminetetraacetic acid (EDTA)

H,N NH, + cu*

Ethylenediamine

l

Ty
HZN NH2
B
Cu2+
Bidentate coordination
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"*00CCHz CHoCOOS
\.NCHQCHgN:
$00CCHs: CHeCOO?2

the EDTA%-ion

the ICU(EDTA)I2- ion

Chelate effect — single multidentate ligand forms a more stable metal metal complex
that are more stable than those formed by several individual ligands with the same
ligand atom.

Examples:
Cd(H20)e?* + 4 (CH3)2NH = Cd (H20)2((CHs)aNH)2* + 4 H,0 B4 = 3x10°
Cd(H,0)* +2en = Cd (H20)(en),®* + 4 H,0 B2 = 2x10™

Water typically not shown, and not used in calculation.
Chelate effect is driven by entropy effects.

Complex Equilibria

— —2- Stepwise formation constants:
cl M+L S ML Kir=[ML] / ([MI[L])
* ML +L S ML,  Kp=[ML,] / ([ML][L])
l MLy*+L S MLy Kz=[ML3] / ((ML2][L])
cu MLs+L S MLy Ky=[ML4] / ([ML3][L])
civ % e Cumulative formation constants
L — M+L S ML B1= K1

M+2L S MLy B2 = [ML2J/(IM]ILIY)=K: K
M+3L S ML3 B3 = [ML3]/([M][L]3)=Kf1Kf2Kf3
M+4L S MLy Bs= [MLaJ/(M]ILT") = K KeoKisKis

Formation Constant or stability constant (Ks) - constant for equilibrium between metal
and ligands to form metal ligand complex.

) {Cd((CH3)2NH)i+ J . |Cd(en).]

b [Cd2+][(CH3)2NH]4 " [cdlen]?
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Analytical Uses of Coordination Compounds

(1) Formation of colored substances
The formation of a colored compound can be used to indicate the presence of a
specific metal ion and/or determine its concentration in a sample.

calcium titration N [N F |

colorless red

2) Chemical masking
A masking agent decreases the concentration of a free metal ion to a level where a
particular interfering reaction will not occur.

e.g., Cu?" and I" titration reaction can be interfered by Fe**. The addition of F~ will
eliminate the interference.

Fe’* +6 F > FeFe”
FeFg> + I = no reaction

(3) Titrating metal ions
Multidentate ligands are exceptionally useful titrants for metal ions.

The titration of metal ions with monodentate ligands is not very successful.
(indistinct multi-step endpoints; weak titration reaction)

e.g., EDTA is a hexadentate ligand.
- exists in 7 protonated forms
HeY?" , HsY*, HsY , H3Y ", HoY?  HY® | and Y*

Advantages of EDTA over other multidentate ligands:

e complex stoichiometry of is 1:1;

e large K; for most metals

¢ fast complexation kinetics for most metals

e selectivity controlled by pH

e NayH,Y-2H,0, a reagent of high solubility, is considered as a good primary standard
e reliable methods for determining the end point

e metal-EDTA complexes are very soluble in water
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EDTA Complexes (Sec. 11-2)
- Fractional composition equations are important for EDTA complex equilibria.
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FIGURE 11-7 Fractional composition diagram for EDTA.
: 4-,
Taking the fully deprotonated form, Y™:
x—4
x+ 4- X-4 _ [MY ] i
M™ +Y" =2 MY K, =————— (formation constant)
v
4- 4-
Y] ]
OCY4, =——— or O(Y4_ =
[EDTA] Fipra
(Eqn. 11-4)
KK,K.K,K.K,

aY“’ =16 +15 +14 +13 +12 *
[H'°+[H FK, +[H 'KK, + [H PKK,K, + [H PKK,K.K, +[H KKKKK.+KKKKKK,

TABLE 11-1 Values of ays- for
EDTA at 25°Cand p.=0.10 M

Most EDTA is not Y4_ below pH 10.4. R e S |
Instead we express [Y*] as: pH 4
4 A 0 13x107%
Y 1=, [EDTA] | 14 % 107"
2 26 % 107"
[MYX—4] 3 21 X 1071I
= 4 3.0x 1077
X+
[M**]er,. [EDTA] 5 29 % 1077
6 1.8 X 1077
x4 7 3.8 x 1074
K.=a, K, :—[MY ] 8 42x107°
Y [M**][EDTA] 9 0.041
10 0.30
11 0.81
12 0.98
13 1.00
14 1.00
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TABLE 11-2 Formation constants for metal-EDTA complexes

Ion log K; | Ion log K; Ion log K;
Li* 295 | V3* 25.9¢ T 35.3
Na* 186 | cr* 23.4¢ Bi** 27.8¢
K* 0.8 Mn?* 25.2 Cce’t 15.93
Be?" 9.7 Fe’* 25.1 P 16.30
Mg** 8.79 | Co’* 41.4 Nd** 16.51
Ca®" 10.65 | Zr** 29.3 Pm’™" 16.9
St 8.72 | Hf*" 29.5 Sm** 17.06
Ba®" 7.88 | vO** 18.7 Eu®™" 17.25
Ra>" 7.4 VO3 15.5 Gd** 17.35
Sc** 23.1° | Ag" 720 [T 17.87
Y 18.08 | TI" 6.41 Dy** 18.30
La’*t 1536 | Pd>" 25.6° Ho®* 18.56
V2 12.7¢ | Zn** 16.5 Er’* 18.89
cPt 13.6° | Ccd** 16.5 Tm’™" 19.32
Mn** 13.89 | Hg** 21.5 Yb** 19.49
Fe>* 1430 | Sn** 18.3% | Lu’* 19.74
Co*™ 16.45 | Pb>" 18.0 Th** 23.2
Ni*™* 18.4 AP 16.4 s 25.7
Cu?* 18.78 | Ga’" LT
§ o 21.3 In* 24.9

NOTE: The stability constant is the equilibrium constant for the reaction M"* + Y*~ = MY" ™. Values in table apply at

25°C and ionic strength 0.1 M unless otherwise indicated.
a. 20°C, ionic strength = 0.1 M. b. 20°C, ionic strength = 1 M.

SOURCE: A. E. Martell, R. M. Smith, and R. J. Motekaitis, NIST Critically Selected Stability Constants of Metal Complexes,
NIST Standard Reference Database 46, Gaithersburg, MD, 2001.

Example: The formation constant for FeY~ is 1.3x10%°. Calc the conc of free Fe** in
solutions of 0.10 M FeY" at pH 8.00 and at pH 2.00. (ow4- at pH 8.00 is
5.6x1073; aiy4. at pH 2.00 is 3.3x107%)

Fe** + EDTA = FeY
Initial: 0 0 0.10 M
Equil: X X 0.10 M - X

[FeY']  (1o-x

~[Fe*|[EDTA] | X3

f

At pH 8.00, K¢ = avs. K = 4.2x107 x 1.3x10%° = 5.46x10%
Since K¢ > 10%, 0.10/X? = 5.4¢x10%2
X =1.4x10"2 M = [Fe*]

At pH 2.00, K¢ = ava. Kf = 2.6x10™* x 1.3x10%° = 3.3gx10"
Since K¢ > 10%, 0.10/X? = 3.3gx10"
X =5.4x10" M = [Fe*"]
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EDTA Titration Curve

Region 1 - excess M**
[M**] = (Moles unreacted M** ) / (total vol)

Region 2 - Equivalence point
- dissociation of MY

M™ + Y4 = MY

Initial 0 0 Fuay
Equil X X Fumy-x
K't = Fuy / X
[Mn+] — FMY(”"”’
Kf'

Region 3 - Excess titrant
M is due to back reaction

[Me+] = e

Ko, [EDTA],

pM = —log [M"]

16

14

12

10
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Region 3
Excess EDTA

—A—

—

Region 1
Excess M™

Region 2
Equivalence
point

T T rrrrrl

!

I
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Volume of EDTA added (mL)

Example: A 25 mL sample containing 0.025 M Ca(NO3); is titrated with 0.020 M EDTA
at pH 10.00. K: (CaY?)=5.01x10" and as4. at pH 10.00 is 0.30. Calc pCa
after addition of a) 0 mL, b) 20 mL, ¢) 31.25 mL, d) 45 mL of EDTA.

a) Before EDTA is added, Vepta =0,
pCa = -log[Ca®*] = -log(0.025) = 1.60

b) After 20 mL EDTA is added, Vepra = 20 mL, there is a reaction.
CaY?

Ca® + EDTA

Initial: 0.025Mx25mL 0.020Mx20mL

=0.625 mmol =0.40 mmol
Final: 0.625—-0.40 0
= 0.225 mmol

0.40 mmol

[Ca?"] = 0.225 mmol/(25 mL + 20 mL) = 0.0050 M

pCa = -log 0.0050 = 2.30
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c) After 31.25 mL EDTA is added, Vepta = 31.25 mL

Ca** + EDTA > CaY?
Initial: 0.025Mx25mL 0.020Mx31.25mL 0
=0.625s mmol = 0.625 mmol
Equil: 0 0 0.625 mmol

Ccav2- = 0.625 mmol/(25 mL + 31.25 mL) = 0.0114 M
Use conditional formation equilibrium to calc free Ca®*.

Ca?* + EDTA = CaY?>
Initial: O 0 0.0111
Equil x X 0.0111 —x

K¢ = (0.0114M — X)/X?

At pH 10.00, K¢ = ays. Ki = 0.30x 5.01x10" = 1.50x10"°

Since K¢ > 10%, 0.011,;M/X? = 1.50x10"°
X =8.60x10" M = [Ca®']
pCa = -log(8.60x10"M) = 6.07

d) After 45 mL EDTA is added, Vepra = 45 mL, there is a reaction.

ca* + EDTA >  CaY?*
Initial:  0.025M x 25mL 0.020M x 45mL 0
= 0.625 mmol = 0.90 mmol
Final: 0 0.90-0.625 0.625 mmol
=0.275 mmol

The solution contains EDTA and CaY?. All free Ca®* are from the
dissociation of CaY?.

Cepta = 0.275 mmol/(25 mL + 45 mL) = 0.00393 M

Ccav2- = 0.625 mmol/(25 mL + 45 mL) = 0.00694 M

We use conditional formation equilibrium to calc free Ca**,

Ca®" + EDTA = CaY?
Initial: 0 0.00393M 0.00694M
Final: X 0.00393+X 0.00694 — X

K¢ = (0.00694 — X)/[X(0.00393+X)]

At pH 10.00, K¢ = ava. Ki = 0.30x 5.01x10"° = 1.50x10™

Since K¢ > 10%, 0.00694-X = 0.00694 and 0.00393+X=0.00393
So 0.00694/(X ¢ 0.00393) = 1.50x10"

X =1.18x107"° = [Ca®]
pCa = -log(1.18x107%) = 9.93
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Effect of K; on sharpness
Conditions: ayx+ = constant; K;or avys. allowed to vary.
Example: 50.0 mL of 0.040 M metal ion titrated with 0.080 M EDTA. aux+ =1

. F .
Plotting the curve: [M*"] = MY
Ko . [EDTA]
[ . Kf=1.8x10"
14 PR f X
[ S K¢ = 1.8x10"
12 PR f X
[ { .. Kf=1.8x10"
10 '{ IPEEEE R f X
i L 8
% 8 s': ‘_____---Kf—1.8X10
o
6 | E' ) . K¢ =1.8x10° (minimum)
v, ]
[ g - K¢ = 1.8x10
4 pPM = -log [M*"inid] ﬁ_,,{" e
o W
0

0 5 10 15 20 25 30 35
Volume of EDTA added (mL)

Question: What pH should be used for titrating calcium with EDTA?
Show all calculations. K; (CaY?)= 10"%¢°

Ki=a,.K; or a, =K'/K;

Ks (CaY2-) = 1010'65 = 4.47X1010
Minimum K for EDTA titration = 10°

K¢ > 10° = ava. Krcayz)
otva. = 108 / Kycayzy = 10° /4.47,x10"°
>2.2,x10°

Based on the table, the pH should be > 6 or 6.5



12_EDTA 9/15

Effect of Metal Concentration on sharpness
Conditions: K's = 1.8 x 10'%; 50.0 mL of M**

[M**]= P pM = -log [M*']
K, . [EDTA]

14

121 mmm
EDTA M s
[ ] [M™] 10f - -
2x10°M  10°M S B T
2x10tM  10%M = :

o -

2x10°M __ 10°Mm 6 NPT

4 ------------ ':'
2x10*™M 10*m L .-

2 2 2 R +

2x10%2M  10°M pM = -log [M*"inid]

0 1 " L

0 5 10 15 20 25 30 35
Volume of EDTA added (mL)

Metal lon Conc should be = 10 M for titration to work

Auxiliary Complexing Agents (Ligands) (Sec. 11-5)
Auxiliary ligand — added to solution to stabilize (i.e., keep in solution) the analyte

e.g., titrating metal under alkaline conditions
Zn** + 2 OH > Zn(OH), | atpH=10
Zn(OH), sy + EDTA - no or slow reaction

Criteria for auxiliary ligand:

- form water soluble complexes

- form weaker complex than titrant

- form a stronger complex than interferent (OH")
- kinetically labile

e.g., Zn** + 4 NH3 > Zn(NH3),**
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Zn(NH3),*" + EDTA > ZnY?* +4NHs;  (fast reaction)
Complex Equilibria

Overall reaction and equilibrium expression for complexation of Zn?* by NH is:
Zn?* + 4 NHs = [Zn(NH3)4*

*Stepwise formation constants: wl;
Zn*"+NH; 5 ZnNH5** Ki= 151 ¥ Vg
ZnNH3?* + NH3 5 Zn(NH3),**  Ko=178 . ..33’ -" W
Zn(NH3)2>* +NHs S Zn(NHs)s?* K3=204 ' .
Zn(NHs)s*" +NH3 5 Zn(NHs),* K,=91 (Z0(NHs\)2* "?' ’

» Cumulative formation constants -

Zn**+NH; 5 ZnNH** Br = Ki= 151

Zn?* + 2NH3 5 Zn(NHs),** Bo=K1K>=2.69x10*

Zn** + 3NH3; 5 Zn(NHs)s** B3 =K1K2K3 = 5.48x10°

Zn?* + 4NH3 5 Zn(NHs),** Ba = K1K2K3Ky = 5.0x108

Question: Calculate the conditional formation constant for the reaction of Zn?* with
EDTA in 0.0030 M NH3 and pH 9.00. K¢, zny= 2.9x10" . ava. (pH 9.0) = 0.041.
Ky =320, K; =91, K3 =20, and K4 = 6.2.

Zn** + Y* =2 ZnY? K= 2.9x10"°
Zn** HeY?*
Zn(NH3)?* HsY*
Zn(NH3)2:**  HaY
Zn(NH3)s**  HaY
Zn(NH3)s%*  H.Y?*
HY?*
\a [Y*] = ova-Fepra

Fractional composition of Zn?* (0izn2+) = fraction of Zn?* in a specific form

_[Zn™] _ [Zn(NH,),” ]

Zn* FZn Zn(NH3), > an
o - 1
Z* 1+K,[NH,]+KK,[NH,) +K K,K,[NH,]' + KK ,K.K,[NH,]*
1
a 2+ =
#" 1+ BINH,1+ B,INH,)* + B,[NH,T’ + B,[NH,]*
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Log [NH;s]

Question 1: Calculate the conditional formation constant for the reaction of Zn?* with

EDTA in 0.0030 M NH5 and pH 9.00. K,zny= 3.2x10'°.
avs- (pH 9.0) = 0.041 (from Table 11-1)

Zn*t + Y*=2zZnY? K= 2.9x10'®
Zny*
K, =—Z2 1 _)9xi10m
[Zn~"][Y "]
Zny*
K, = [ZnY" ] since [Zn™*| =, ..F,, and [Y*]=0. Fpy,

aZnZ+FZnaY4—FEDTA

) [ZnY*]
Kf = aanJ'aY‘l—Kf - F F
Zn~ EDTA
1
a, ., = =0.53 (when [NH3] =
21+ BINH,]1+ B,[NH,]* + B,[NH,T’ + B,[NH,]*
0.003 M)

K,"=a,, 0, K,=053(0.041)3.2x10"° =6.9x 10"

Zn2+
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Question 2: Calc the free Zn** concentration in a solution of 0.10 M ZnY? at pH 9.00
and with the presence of 0.0030 M NH;.

With auxiliary ligand (NHs;) present, use Ks".
Zn(all forms) + EDTA = CdY?*
Initial: 0 0 0.10 M
Final: X X 0.10 - X
K’ = (0.10 — X)/X?* =6.9x10™  (from Ques. 1)

Since K¢’ > 10*, 0.10—-X=0.10 so
0.10M/X? = 4.8x10™ or X =1.44x10% M =F, (i.e., formal conc of Zn)

2+
- [z; I so [Zn*] = azmo+ Fzn = 0.53 x 1.44x10% = 7.6x10° M

Zn

Zn2+

Question 3: Calc the free Zn** concentration in a solution of 0.10 M ZnY? at pH 9.00.
Kt,zny= 3.2x10"® . ay4. (pH 9.0) = 0.041.

Without auxiliary ligand present, use Ky

Zn(all forms) + EDTA = CdY?*
Initial: 0 0 0.10 M
Final: X X 0.10 - X
K¢’ = (0.041)3.2x10" = 1.3,x10"° = (0.10 — X)/X?

Since K¢’ > 10%, 0.10-X=0.10 so
1.31x10"° = 0.10M/X? or X =8.7x10° M = [Zn*"]

Summary for complexation rxn calculation:

. If there is an auxiliary ligand present, use K¢’ (=Qys- Ozn2+ Ks)
and  Zn (all forms) + EDTA = ZnY?*

. If there is no auxiliary ligand present, use K¢ (=ava- K)
and  Zn”" + EDTA = ZnY?"
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Types of EDTA Titrations (Sec. 11-7)

1) Direct Titration
- EDTA is used as the titrant for a solution of the analyte Ma,
e.g., Ca* (analyte) + EDTA (titrant) > CaY?**
- masking agents or auxiliary ligands may be used

masking agent: ligand that strongly complexes an interferent; e.g., F for Fe** in
Cu in brass (fast, strong titration reaction, no side reactions, good end point)

mol EDTA used = mol analyte M,, in sample

2) Back Titration
- used when direct titration not possible
e.g., pptof metal at pH needed to titration
slow titration reaction
no good indicator

- known excess of EDTA added to analyte solution of Map,

- the excess EDTA is titrated with another metal ion, Mgt
e.g., Hg? (analyte) + EDTA (excess) > HgY?*
EDTA (leftover) + Mg?* (titrant) > MgY?

mol EDTA added - mol Mgt used as titrant = mol analyte Mg,

* back titrant Mgt must not displace Ma, from the EDTA-Ma, complex, i.e.,
Ks(ManY*) > 100 x Ks (MgTY™)

3) Displacement Titration
- used when no satisfactory indicator, e.g., titration of Hg**, Ag*
- known excess of MgY? is added to analyte solution of Man,
e.g., Hg*" + MgY? (xs) > HgY? + Mg® K (HgY?)>>K; (MgY?)

- freed Mg?" is titrated with EDTA:
Mg?* + EDTA (titrant) > MgY?

mol analyte (Hg?*) = mol Mg?* (free) = mol EDTA (titrant)

4) Indirect Titration
- known excess of metal ion is added to a sample to react with an anion to form a
precipitate,
e.g., Ca* (excess) + COs> (analyte) > CaCO; | + Ca?* (left over)

- filter out precipitate, and titrate remaining Ca®* with EDTA
Mol CO3* (analyte) = Mol Ca?* added — Mol EDTA (titrant)

- Good for analyzing some anions that precipitate with certain metal ions: COs%,
CrO4*, S%, SO~
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Endpoint Detection

Colorimetric endpoint detection is most common
Indicators are weak complexing agents that exhibit different colors in their
complexed and uncomplexed forms.

M + In (color B) = Min (color A)

Titrant reacts with the free metal ion until no free metal is left.
Titrant then complexes the metal in MIn complex

Min (color A) + EDTA - MY (colorless) + In (color B)

Visual transition range: our eye requires an order of magnitude or more
change in conc:

10 = [MIn}/[In] = 0.1
Note: controlling pH of the titration solution is very important;

e.g., Xylenol orange at pH 5.5: end point color change from Yellow to Red;
At pH 7.5: Violet to Red.

Table 11-3 Common metal ion indicators

LUIULn UL 1Ice L uUIUL UL mIcia
Name Structure pK, indicator ion complex
,OH OH
Eriochrome 058 O N=N pK, = 6.3 thl ke o
black T O K. =116 HIn=" blue Wine red
¢ \ (HyIn™) PR3 ' In’~  orange
NO,
JOH  HO,

In®~  orange

{ H,In" red
_ . K, = 8.1 oIn )
Calmagite @ N=N SO, gK: — 124 HIn?~ blue Wine red

(:H (H,In™)
H, 2
e _/() ()_\\ S Hin- red-viol Yellow (with
‘ 4 =92 4n - red-violet o2+ Ni2+,
Murexide 0= XN >0 PE; H In2- violet e
HN \ NH pK; = 109 3 Cu-"); red
N/ : H,In?~ blue R ting
O 0O 2 with Ca
(H,In™)
ik OH pK, = 2.32 Hln— yellow
0L Nt i €02 pK, = 285 Hyln?~ yellow
Xylenol ~0oc2 = CO; pK;‘ =670 H_‘ln’4 )".Cllow Red
orange - - pK, = H,In"" violet
1047 HIn>~ violet
(HyIn’ ") ' In® violet
OH OH
0. oH
Pyrocatechol pK, = 0.2 Hyln  red
violet S0 Kl i H,In™ yellow
3 EKZ ‘)IS H,In?~ violet Blue
3 =9.

= HIn?~ red-purple
(HyIn™) pEy=111
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» Thin black lines indicate the pH ranges the dyes are useful. In this range the

color difference between In and the MIn complex can be observed.

See text for indicator abbreviations.

MQZ'

Ca?o

s,

Ba*
SCB'

Zr4+

Mn?v

Fe®*

Co?*

Ni?*
cu®*
zn**
Cqu
Hg?*

A|3¢
Ga39
3+
Pb?*

Bi®*

Rare|

earths

Th* |-

vo2

Hf 4+ |oeee

pH
1 2 3 4 5 6 7 8 9 10 1 12 13
I | | | I ] I | | | I
- |
8 pc.TP
— [
EB o) MX ]
Calcein
B ) — P
= EB PC  MT
PAN, XO T EB
] V0~
XO, MT Cu-PAN
— (— ]
MT EB, PV, BP
i ) e |
VB, Tiron, BG Cu-PAN, PAN, PV
- [ P
Cu-PAN e
& [ e e e e
Cu-PAN PV,PR,BP  MXTP
— [ o |
e GT,.GC MX PV
= P e e e e |
cupan X0, MT EB, PV, Zincon
= O o S S S S S |
curaN” —o.mr_ EB, PR, BP
= [ =]
Cu-PAN XO. MT EB
B )
Cu-PAN Chromazurol S
— [ )
Cu-PAN Morin
- |
Cu-PAN PV, Morin PAN EB
= [ ] =
MT —_—
Cu-PAN — X0 EB MT
R T e i
XO, MT — py
L xR | 1
XO “MT PR BP MX EB
| S|
0 pH region in which reaction
XO. MT, PV with EDTA is quantitative
| — = pH regn)_n in whbch.auxmary
complexing agent is necessary
PAN to prevent hydroxide precipitation
| | | | | | | | | | |
1 2 3 4 S 6 7 8 9 10 11 12 13



