CHAPTER 2
Metal-Ligand Equilibria in Solution:

% Stepwise and Overall Formation Constants and Their Interactions

The formation of a complex between a metal ion and a bunch of ligands is in fact usually a substitution
reaction. However, ignoring the aquo ions, the formation of the complex can be written as:

B (1)
M+ nL = ML,
Where M represents the metal center, L is the ligand type involved, n represents the number of ligands, and S

is the equilibrium constant for the whole process. The expression for f (or f,) for the above equilibria can
simply be written as:

5~ MLl @)

Now because the magnitude of f, is proportional to the molar concentration of complex formed, the
equilibrium constant S, is also called formation constant of the metal complex.

The formation constant or stability constant may be defined as the equilibrium constant for the
formation of a complex in solution.

The magnitude of £, is actually a measure of the strength of the interaction between the ligands, which come
in contact to form the complex, and the metal center. However, it has also been observed that the complex
formation in the solution phase occurs via a step-to-step addition of the ligands to the metal center used. For
instance, the chemical equation (1), which shows the formation of a complex ML,, can also be written as a
combination of many other equations representing a corresponding series of individual steps. In other words,
the overall formation process of ML, complex can be resolved into the following steps:

M LIEML Ky = L] ©
e R V1 11
Kz _ [MLy] 4)
ML+L=ML, K, = ML
K L )
ML, +L 2 MLy K; = ML

The equations (3—5) and corresponding equilibrium constants can further be extended for the attack of n
number of ligands as given below.
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Ky

[ML,] (6)
ML, ;+L =ML, K, =

[MLy,—][L]

Where K, K, Ks......K, are the equilibrium constants for different steps, which in turn also imparted their
conventional label of stepwise stability or the stepwise formation constants. The magnitude of these individual
equilibrium constants indicates the extent of the formation of different species in a particular step.

Nevertheless, the stepwise stability constant of any particular step does not include the information
about the previous ones. Therefore, to include the extent of formation of a complex up to a particular step, say
3rd, the overall formation constant 3 should be used as it indicates the extent of formation of ML; as a whole.

Moreover, it can also be shown that the overall formation constant up to the 3rd step (f3) can be represented
as the product of K, K>, K.

Bz = Ky X K, X K5 (7
T G, ML) ®)
Ps = ML) > MLITL] %ML
HE [MLs] ©)
> IM][L]3
B = . Ki"X K, X K3 XKy X Ks X Kg X\...K, (10)

The overall stability constant is generally reported in logarithmic scale as log fas given below

log B, =log KT+ 1og K5+ 1og K5+ 1og K, +logKs+logKg 4+ log K, (11)

l=n (12)
log B, = z logK;
i=1

The whole process of calculating the overall formation constant can be exemplified by taking the
case of [Cu(NH3)4]*" complex.

K, Cu(NH 12+ (13)
Cu** +NH; = [Cu(NH3)]** K, = %&)}]13]]
K Cu(NH;),]?* (14)
[Cu(NH3)]2++NH3 \——g [CU(NH3)2]2+ K, = [[C[IE(;;3)]32)4-2]][NI]_I3]
K, Cu(NH3)3]%* (15)
[Cu(NHy)o]** +NH; = [Cu(NHg)s]** K3 = [[cl[l[&lr(lg)jzi]][N]Hg]
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; K , [[Cu(NH3),)**] (16)
[Cu(NH2)sJ?* +NHy = [CuNHJ?* Ky = o a s

The overall reaction with overall formation constant can be given by the equation (17) as:

ﬁ4 Cu(NH 2+ (17)
Cu®* +4NH; = [Cu(NH3),]** B, = [[[Cl:§+][13\])§1]4]

Now putting the experimental values of log K| = 4.0, log K, = 3.2, log K3 = 2.7 and log K4 = 2.0 in equation
(12); the value of log f4 can be calculated as follows:

logf,=40+32+27+20 (18)
log, =119 (19)

Finally, it should also be noted that the thermodynamic stability of metal complexes is calculated by
the overall formation constant. If the value of log £ is more than 8, the complex is considered as
thermodynamically stable; suggesting pretty much high stability for [Cu(NH3)4]** complex. Moreover, the
term dissociation or instability constant of a metal complex may also be defined here as the reciprocal of the
stability constant.

¢ Trends in Stepwise Constants

The values of stepwise equilibrium constants for the formation of a particular metal-complex
decrease successively in most of the cases i.e. Ki > K> > K3 > K4 > K5 >...> K,,. This regular decrease in the
values of stepwise formation constants may be attributed to the decrease in the number of coordinated H,O
ligands that are available for the replacement by the attacking ligands. Besides, the continuous decline in the
values of successive stepwise stability constant values may also be attributed to the decreasing ability of metal
ions with a progressive intake of ligands, Coulombic factors and steric hindrance. Consider the following
ligand displacement reaction:

[Cu(HZO)6]2+ +4NH; = [Cu(HZO)z(NH3)4]2+ + 4H,0 (20)
_ [[Cu(HZO)Z(NH3)4]2+][H20]4 (21)
* [[Cu(H,0)6]%*][NH;]*

The overall process can be supposed to take place through the following steps:

K, (22)
[Cu(H,0)4]?* + NH5 = [Cu(H,0)s(NH3)]** + H,0
_ [[Cu(H,0)s(NH3)]**][H,0] (23)
! [[Cu(H;0)6]2*][NH;]
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K, (24)
[Cu(H,0)5(NH3)]** + NH3 = [Cu(H,0)4(NH3),]** + H,0

_ [[CU(H20)4(NH3)2]2+][Hzo] (25)
27 [[Cu(H;0)5(NH;)]2*][NH;]

K3 (26)
[Cu(H,0),(NH3),]** + NH3 = [Cu(H,0)3(NH3)3]*" + H,0

_ [[CU(H20)3(NH3)3]2+][Hzo] (27)
> 7 [[Cu(H,0)4(NH3),]2+][NH;]

K, (28)
[Cu(H,0)3(NH3)3]** + NH3 = [Cu(H,0),(NH3),4]** + H,0

_ [[Cu(H,0)7(NHz),]**1[H,0] (29)
¥ 7 [[Cu@H, 0)5(NH3); 12+ [NH;]

It has been observed that log K values for K, K>, Kz.and K4 are 4:3,3.6, 3.0 and 2.3, respectively. This regular
decrease in stepwise stability constants can be attributed to.the decreasing site availability for the attack of the
incoming ligand.

OH, OH,
H20/////”//,, aw Oty Iy, iy, \\\\\\\\\\
/ M’\ vy
H,0 OH, 1/ \L
OH, T
Six sites for attack One site for attack

Figure 1. Decreasing availability in of coordinated water molecules to get replaced in first to the last step
in octahedral complexes.

In the first step, NH3 can attack all the six-coordination sites while in the last step the number of coordination
sites available for the attack is reduced to three. Hence, stepwise constant, as well as the ease of formation of

the complexes, also decreases as we move from first to the last step of ligand displacement.
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Now although the decreasing trend in stepwise constants is pretty much common in most of the
complex formation processes, still some exceptions do exist in which it is found that K+ > K,. This weird
behavior in stepwise equilibrium constants may be explained in terms of some unusual structural deviations
and variations in the electronic structure of the metal center. The deviations in electronic configurations cause
the change in crystal field stabilization energy (CFSE), and therefore, also affect the overall stability of the
metal complex i.e. complex with a large magnitude of CFSE will be more stable and, consequently, will have
higher value of the stepwise formation constants. Consider the following ligand displacement reaction:

[Cd(H,0)6]?** + 4Br~ = [CdBr,]?” + 6H,0 (30)

_ [[CdBr,]*"][H,0]° 31)
* 7 [[Cd(H,0)6]2*][Br~]*

The overall process can be supposed to take place through the following steps:

K (32)
[CA(H0)6]% 4 Bra 24[Cd(H;0)sBr] %+ H,0

K, (33)
[CA(H50)<Br]t '+ Br7&[Cd(H,0),Brs]+ H,0

K; (34)
[CA(H,0),Bry] +BrT =/[Cd(H;0),Brs]T 4 H,0

K, (35)
[CA(H,0)4Bry] 74 Britl& [CdBr4] 74 3H,0
It has been observed that log K values follows the order K > K, > K3 < K., instead of K; > K > K3 > K. This
unusually high value of K is because the last step 1s actually pretty:much favored by the release of three aquo

ligands and some simultaneous structural and electronic changes.
Similarly, consider the formation of [Fe(bpy)s]*" complex:

K, (36)
[Fe(H,0)6]** + bpy = [Fe(H;0)4(bpy)]** + 2H,0

K, 37
[Fe(H,0)4(bpy)]** + bpy = [Fe(H,0),(bpy),]** + 2H,0

K3 (38)
[Fe(H20)(bpy),]** + bpy = [Fe(bpy)s]** + 2H,0
It has been observed that log K values follow the order K; > K> < K3, instead of K; > K, > K3. This unusually
high value of K3 is because the complexes formed during first two steps are high spin due to weak H>O ligands
with a CFSE of —0.4A¢ (f2" e5?), while the last complex [Fe(bpy)s]*" is low spin with a CFSE value of —2.4A0
(t2¢° ). Hence, large crystal field stabilization in the last step makes K3 even greater than K.
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% Factors Affecting Stability of Metal Complexes with Reference to the
Nature of Metal Ion and Ligand

The stability of transition metal complexes depends upon a number of factors but is largely governed
by the nature and the coordinative environment of the ligands-attached and the nature of the central metal ion
or atom itself. A detailed discussion on both is given below.

» Nature of the Metal Ion

The following properties of the central metal atom or ion affect the stability of the transition metal
complexes to a significant extent.

1. Size of the central metal ion: The stability of metal complexes decreases with the increase in the size of
central metal ion provided the valency and ligands the same. Thus, the stability of isovalent complexes
decreases down the group and increases along the period as the size varies in the reverse order. Stability order
of hydroxide complexes of alkali metal ions and alkaline earth metal ions is:

M Li'* > Na'* > K" > Rb' > Cs'
r(A) 0.60 0.95 1.33 1.48 0.95
Similarly,
M*  Be* > Mg* > Ca** > Sr > Ba* > Ra*
r(A) 031 0.65 0.99 1.13 1.35 1.40
Similarly,
M3* S > Y** > La*
r(A) 0.81 0.93 1.15

Besides the stability order of hydroxide complexes of 3™ group metal ions, there is a very popular
stability order of metal complexes formed by bivalent metal ions of the first transition series, which is known
as Irving-William series are given below.

M2+ Mn2+ < F eZ+ < C 02+ < Ni2+ < Cu2+ > Zn2+
r(A) 0.91 0.83 0.82 0.78 0.69 0.74

The trend given by Irving-William for high spin octahedral metal complexes is actually independent of the
ligand used. For instance, the variation of over first stepwise stability constant for the formation of
ethylenediamine-complex on the logarithmic scale is given below. It can be clearly seen that the sequence
actually starts from bivalent manganese rather Sc**, which is obviously due to the lack of data for the first two

bivalent members because M(II) oxidation states are pretty much unstable.
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Figure 2. The first stepwise stability constants for the formation of ethylenediamine-complex.

The exceptionally special position of bivalent copper may be attributed to the formation distorted octahedral
complexes Jahn-Teller effect and is discussed later in the book.

2. Charge on the central metal ion: The stability of transition metal complexes, with the same ligands and

similar coordinative environment,-increases-with-the-increase-of the charge-on.the central metal atom or ion.

M La** > il > K
r (A) 1.15 1.13 1.33
Similarly,
M Th** > Y3* > Ca** > Nal*
r(A) 0.95 0.93 1.14 1.16

Therefore, the greater is the charge on the central ion, the higher will be the stability of the metal complex.

3. Charge to size ratio of the metal ion: Now although we have already studied the effect of size and charge
of the metal center on the overall stability of the complex, the more precise parameter, however, to do so is the
ratio of the two. The charge to size ratio can be used to rationalize all the orders discussed previously on the
charge or the size factor only.

Mn+ C 03+ > C 02+

Charge/size 4.76 2.70
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Hence, the greater is the charge and smaller the size i.e. large charge/size ratio increases the stability of these
complexes quite significantly. A more illustrative presentation using different metal ions from different groups
or periods is given below.

Table 1. The variation of charge-to-size ratio for different types of the metal ion.

Metal ion Charge Ionic radius Charge/size
Li" +1 0.6 1.6
Ca®* +2 0.99 2.0
Ni* +2 0.72 2.97
Y +3 0.93 3.22
Th* +4 0.95 4.20
Al** +% 050 6.0
Ba* +2 0.31 6.45

The data listed above infers that the charge-to-size ratio is increasing 1.6.t0 6.45 asswe move from Li* to Ba";
and remarkably the stability of complexes also follows the same order, confirming our initial statement.

Furthermore, the charge-to-size ratio can also be used to rationalize the effect of electronegativity of
the metal ion. As the bonding between metal ion and ligands is considered in the electron donation ability of
the ligand, the electronegativity of the central metal ion also plays a keytole in the stability of metal complexes.
Conclusively, the greater is the positive charge density, on-the central metal ion, greater will be the
electronegativity and consequently greater stability of the complexes:

4. Class of the metal ion: It has been observed that-elass @ metals e.g. alkali metal ion, alkaline earth metal
ions and metals from first transition series are shown to form stable complexes with ligands having N, O or F
as the donor site. On the other hand, class » metals e.g. metals from second and third transition series are shown
to form stable complexes ligands having P, S or Cl like donor atoms. However, borderline metals do not show
unique behavior towards complex formation as far as stability is concerned.

This trend is explainable by the hard-soft acid-base principle which states that hard acid prefers hard
base while soft acid prefers soft base for binding to yield stable systems. Metals such as Li'*, Ba*, Mg?* and
AI**, which have large negative reduction potential have a lesser tendency to attract electrons, and hence, form
stable complexes with highly electronegative groups like N, F or O so that they become unable to draw the
unwanted electron density due to polarization. However, Metals like Pd*" or Pt>* which have large positive
reduction potential have a greater tendency to accept electron and hence form stable complexes with less

electronegative groups like P so that they can easily grab the electron density by polarizing the surrounding.
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Table 2. The class a, class b and borderline metals.

Class a metals Class b metals Borderline metals
H', Li", Na", K" Cu', Ag', Au', TI"
Be?*, Mg?*, Ca*’, Sr** Hg?*', Pd*, Pt** Mn?*, Fe?*, Co**, Sr** Ni**, Cu?",
7n2t
A", Ga*', In*" Cr**, Mn*", Fe*", TP

Co’*", La*", Ce’t, Gd**

Il’l4+, ZI'4+, Hf4+, Th4+, U4+, Pu4+ Pt4+

For class a metals, the stability of different metal complexes with-different ligands follows the order:

F > Cl > Br > I
0 >> S > Se > Te
N >3 P = AS > Sb

For class b metals, the stability of different metal complexes with different ligands follows the order:

F < Cl < Br < I
O << S < Se < Te
N << P < As < Sb

For borderline metals, the stability of different metal complexes is pretty much independent of the nature of
the ligand and follows the order given by the Trving-William-series.

» Nature of the Ligand

The following properties of ligands-attached affect the stability of the transition metal complexes to
a significant extent.

1. Charge and size of the ligand: Just like the metal, the charge and size of the ligand also play a significant
role in deciding the stability of the transition metal complexes. Smaller size ligands are expected to form more
stable complexes as they can approach the metal ion more closely and ligands with higher charges are expected
with the same trend as they would form a strong bond with the central metal ion. However, this is true only for

class a metal ions and this order gets a reverse sweep for class » metal ion. This can be illustrated as follows:

The stability order of halide complexes with class a metal ion is:

F = cr > Br > I
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The stability order of halide complexes with class b metal ion is:
F < Ccr < Br- < I

2. Basicity of the ligand: Stability of the metal complexes increases with the increase in the basic nature of
the ligands as the donation of electron pair becomes more favorable. Thus, NH3 should be a better ligand than
H,O which in turn should form more stable complexes than HF. This trend is quite robust for alkali metals,
alkaline earth metals, 3d transition series, lanthanides and actinides. For instance, the stability order for metal
complexes of a bivalent transition metal is:

F < H,O < NH3;

3. Back-bonding capacity of ligand: The ligands such as CO, CN~, PR3, NO, alkenes and alkynes have special
ability to form m-bonding with the central metal ion usually form more stable complexes than the others.

N\ AN

I NGRS

Figure 3. The-back bonging mode'in metal carbonyl complexes enhances stability.

4. Steric effects of the ligand: Metal complexes with bulky groups are usually less stable due to the weakening
of the metal-ligand bond arising from the steric hindrances. For instance, consider the case of bivalent nickel
complexes with 8-hydroxy quinoline and, 2-methyle-8-hydroxy quinoline; the former is more stable in
comparison to the other due to less steric hindrance:.

Less steric hindrances More steric hindrances

Figure 4. Bivalent nickel complexes with 8-hydroxy quinoline and 2-methyle-8-hydroxy quinoline.
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5. Dipole moment of the ligand: Neutral ligands are shown to produce more stable complexes as their
permanent dipole moment increases. For example, consider the stability order for amine complexes:

Ammonia > Ethylamine > Diethylamine > Triethylamine

6. Special configuration of the ligand: The ligands like porphyrin and their derivatives usually form very
stable organometallic complex as they are stabilized by the aromatic character which extends over its entire
structure due to exclusive planarity.

Figure-5. Structure the simplest porphyrinicomplex.

7. Chelating effect of ligand:, The ligands which can form five or six-membered ring structure with the metal
center usually form more stable complexes than,the others. This effect is called as the chelation and the ligands
are called as chelating ligands.

lllllll

NH; N\J
cn

Less stable More stable

Figure 6. Complexes of bivalent nickel with monodentate amine and bidentate ethylene diamine ligands to
form the chelate in the latter case.

The log B values for [Ni(NH;3)s]** and [Ni(en)s;]** complexes are 8.6 and 18.6, respectively; which in turn
confirms the higher stability of the chelate one.
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8. Macrocyclic effect of ligand: It has been observed that nine or more membered cyclic ring systems with
three or more donor atoms form extensively more stable metal complexes than their acyclic analogues. This
effect is called as macrocyclic effect and these types of ligands are called as macrocyclic ligands. The very
strong affinity of macrocyclic groups can be considered as a combination of the entropic effect like in the
chelation, joined with an extra energetic contribution which comes from the pre-organized nature of the
ligating groups that is, no additional strains are introduced to the ligand on coordination.

[

Lezoct

Figute, 7::Structure of 18=2Crown-6.

9. Concentration of ligand: It has been observed that sometimes complexation occurs only at a high
concentration of the ligands otherwise solvent molecules. tend to bind the metal ion more preferably. For
example, [Co(SCN),]* exists only at a high concentration of thiocyanate ions and as we dilute the aqueous
solution, the blue color ¢omplex starts disappearing and pink colored [Co(H>0)s]** beécome dominant.

. — = .
OH, SCN
Hz( )//////// \\\\\\\( )l’[z
“col”
/ \ CR oy
H,0 OH, / "GN
NCS
L OH, _ L SCN |
Pink Blue
At low SCN™ concentration At high SCN™ concentration

Figure 8. Structure of [Co(H20)s]*" and [Co(SCN)4]*.

As the octahedral [Co(H,O)s]** complex transform into Tg-symmetry [Co(SCN)4]*  at high ligand
concentration, the huge shift in the intensity and the color from pale pink to very deep blue is obviously due

to the removal center of symmetry, making d-d transitions as Laporte selection allowed in nature.
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% Chelate Effect and Its Thermodynamic Origin

The chelate effect or chelation may simply be defined as an equilibrium reaction between the
complexing agent and a metal ion, characterized by the formation of two or more bonds between metal and

the complexing agent, resulting in the formation of a ring structure including the metal ion.

The term ‘chelates’ was first proposed by Morgan and Drew in 1920 for the cyclic structure arising
from the assembly of metals with organic ligands. The chelate effect results in the enhanced affinity of
chelating ligands for a metal ion compared to the affinity of a collection of similar non-chelating monodentate
ligands for the same metal. This, in turn, results in the larger values of overall formation constants for the
chelate complexes than their monodentate counterparts.

(b)
(a)

Figure 9. Popular chelating ligands; (a) ethylenediamine (symmetrical) and (b) glycinato (unsymmetrical).

» Characteristic Features of Chelates

The Chelate complexes generally have low melting points and are soluble in the organic solvents.
Now though the phenomenon of chelation follows pretty much all rules of metal-ligand bonding as followed
by simple complexes; two characteristic features of the chelate complexes are unique and can be given as:

1. Ligand-type: One of the most obvious features of the chelates is that only polydentate ligands are capable
of forming chelate complexes. The ligand can be bidentate, tridentate or even hexa-dentate; but it must have
more than one donor sites to form the chelate.

en

.‘\\\\\ N

2+

CH,
\ N///,,,,I“'
en > Co?
or cn N/ ‘ \N
/\ |

N N tn

Figure 10. Structure of chelate complex of Co?" with the bidentate ligand.
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H,
H,C C CH,

NH, NH, NH,

Figure 11. Structure of chelate complex of Co*" with a tridentate ligand.

HzC _CH2
H2 H I lz I 12
C N G C NH, H,C NH N CH
P N 2 2 2
H,N \C/ \(‘/ ¥ \C/ N\ #H

H, H, 3 H, NiZt

VAN

Triethylentetraamine (trien) H,C NH, H,N——CH,
Figurd 12. Structure of chelate-complex-of Ni2 - with a tetradentate ligand.
”2 ki llz H2 H ”2
/(‘\ /N\ /C\ /C\ /N\ BRSSE
H,N 8 { N G C NH,
H, H, 5 H, Hs
Tetracthylenpentaamine (tetracn)
H,
/ ‘
H,C NH,
H,C——N
H,C NH -
N
C Hy
H,
Figure 13. Structure of metal chelate-complex with a pentadentate ligand.
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Figure 14. Structure of chelate complex of Fe*" with hexadentate ligand.

2. Stability: The chelating agent binds with the metal-center of suitable size firmly and the bond can be
covalent or coordinate. This makes the chelate complexes as more stable than their non-chelating counterparts.

phen
NH; N

HNy, NH
3 1, W 3
Il”"" ., ""“\\ N /III/” I, 2 ..n\‘\“\\ N

2+ e,
/ Fe\ Phen : Fez+
H3N NH; N/ \N

hen

p

[Fe(NH;)g]*" Non-chelate complex (Less stable) [Fe(phen);)*" Chelate complex (More stable)

Figure 15. Structure of chelate complex of Fe*" with a bidentate ligand.
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Also, it has also been observed that five and six-membered ring chelate complexes are more stable than the
other due less steric strain. The chelating ligands like ethylenediamine, which do not have multiple bonds,
prefer to form five-membered rings complexes; while the chelating ligands like acetylacetonate, which do have
double bonds, prefer form six-membered rings complexes.

H,

H,N——CH R Gl
/ \ / w SN T D
Cd |

CH, Cd

Ilz H,
Log K Very small 5.7 4.7 3.6

Figure 16. Stability order for the bivalent.cadmium complexes of bidentate amines.

Furthermore, the chelating ligands with bulky groups usually form less stable complexes due to the weakening
of the metal-ligand bond-arising from the steric-hindrances.Forinstance; consider-the case of metal complexes
involving 2,2-bipyridyl and its derivatives as the chelatingligand. The structures'of bivalent iron complexes
with normal 2,2-bipyridyl and 4,4'-Dimethyl-2.2'-bipyridyl as the, chelating ligand clearly shows that the
former has less steric hindrance, and therefore, is more stable.

More stable Less stable

Figure 17. Structures of bivalent iron complexes with normal 2,2-bipyridyl and 4,4'-Dimethyl-2,2'-
bipyridyl as the chelating ligand.
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» Thermodynamic Explanation of Chelation

The principal driving force for the chelation phenomena is the stability gain arising from the
increasing entropy during the complexation. The free energy change for a general reaction is given by:

AG° = AH°-TAS® or AG°=-RTInK (39)

Now, as the enthalpy change between non-chelate and chelates is almost negligible because of the similar
metal-ligand donor type, the free energy change is primarily governed by the value of AS°. Furthermore, it
follows from the equation (39) that AG® will become more negative with a more positive value of AS®, which
in turn would increase the value of stability constant K. Hence, the stability of metal complexes increases with
chelation as it occurs through an increment in the entropy of the system.

[Cd(H,0),] + 4CHsNH; = [Cd(CH5NH3),]%* + 4H,0 (40)
1+4=5 1+4=5

[CAd@H,0),] +2en = [Cd(en)s]*t,+ 4H,0 (41)
1+7=3 1+%=>5

Thus, chelation is a thermodynamically-favorableprocess-as-thenumber-of species-in the product are higher
than that of what it was in the starting materials leading toenhanced randomness.

[Cd(H,0),] +trien =" [Cd (trien)]?* +4H,0 (42)
I+1=2 l+4=5

It is obvious that entropy increase in case of trien is higher than ethylenediamine ligand making the trien chelate
complex as more stable. The stability of chelate complexes increases with the denticity of the chelating agent.

» Factors Affecting the Stability of Chelate Complexes

1. The size of the chelate ring: Five or six membered chelate rings are more stable than the four, seven, eight
or higher membered chelate rings due to less steric strain.

0 /O
o _ _ 7 -/C/
/ \ / C \ CH,
M C=0 M l /CHz M |
y CH
\/ \ C . . .
= > oO—
0 0/ 0 C\\ O\C/
0 \
(0]
Log K Very small 6.1 37 33

Figure 18. Stability order for the Cu*" complexes with chelating ligands.
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2. Number of chelate rings and nature of the metal ion: it has been observed that as the number of donor
sites increase, the stability of metal chelates also increases. Furthermore, the stability of chelate complexes

was also found in accordance with the Irving-William series.

Table 3. The values of overall formation constants (log ) for different types of metal ions as a function of

the number of chelate rings.

Metal No. of chelate Values of overall formation constants (log £5)
complex rings Mn*  Fe  Co¥ NP otz Cd
M(NH3)4 0 - 3.7 5.31 7.79 12.59 9.06 6.92
M(en)» 2 4.9 7.7 10.9 14.5 20.2 11.2 10.3
M(trien) 3 4.9 7:8 11.0 14.1 20.2 12.1 10.0
M(tren) 3 5.8 8.8 12.8 14.0 18.8 14.6 12.3
M(dien), 4 7.0 10.4 14.1 18.9 21.3 14.4 13.8
M(penten) 5 9.4 11.2 15.8 193 224 16.2 16.2

In addition to stability prediction by Irving Williams'series, transition metal ions usually form more stable

chelate complexes and follow the ordet'given by Maley and Mellor.

Pd > Cu >"Ni > Coy>/Zn >, €d > Fe >"Mn' > Mg

3. Resonance effect: The resonarnce stabilization of the chelate ring also enhances complex stability. For

example, the exceptionally high log /5 for [Fe(acac)s]iis due to resonance stabilization in the chelating ligand.

T - L

Acetylacetonate anion

Figure 19. The resonance stabilization in tris(acetylacetonato) iron(III) or [Fe(acac)s].
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4. Lewis base strength and charge of ligand: Calvin and Wilson studied the Cu*" chelate complexes and
proved that the stability of the chelate complexes increases with the increase of the basic character of the
ligand. Moreover, it has also been observed that the uncharged ligands like ethylenediamine or

triethylenetetraamine form more stable complexes than the anionic ligands like oxalato or glycinato.

OH, OH,
H, H -
2 (6) = O
H,C /N//l”’/",,,, ..‘\\\‘\\\N\CHz \T /Olllllll’r,u,, ,.-“\‘\\\\O\(,:é
| “Ni2t l SNiZ
nzc\N/ \N"’CHz HzC\N/ \N"’CHz
Hz Hz Hz Hz
OH, OH,
Log f=14.5 Log =104

Figure 20. Stability order for the Ni**“complexes with heutral and anionic chelating ligands.

5. Steric hindrance and strain due to large ligands: The chelating ligands with large groups usually form
less stable complexes due to the weakening of the metal-ligand bend artsing from the steric hindrances. For
example, ethylenediamine form more, stable . complexes - with. bivalent metal ions than
N-—tetramethylethylenediamine, which obviously due to greater steric hindrance in the later one. Moreover, the
overall stability can also be affected by the strain in metal-chelates atising from the particular geometry of the
chelating ligand. For instance, trien-complexes of bivalent copper-are;more stable than their tren-complexes

due to less steric strain as trien-ligand can adapt square planar coordination much easily.

H,
C ~_
H,C—CH, CH,
H,N
H,C NH N CH _} N
2 H 2 HZC \
N oo CH
Cu2+ / u\
A /
H,C NH, HoN CH, /N”z HoN—__ H,
H,C
[Cu(trien)]** [Cu(tren)]*"
Less strain (more stable) More strain (Less stable)
Log =205 Log = 18.8

Figure 21. Stability order for the Cu*" complexes with chelating ligands.
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» Main Applications of Chelates

1. The colored chelate complex formation with AI**, Ni?*, Mg?* can be used to quantify these metals from their
solutions.

2. The hardness of water can be removed by synthesizing the water-soluble chelate complexes of Mg?* and
Ca*" ion which otherwise undergoes precipitations reaction.

3. Some neutral chelate complexes are sparingly soluble in water but have high solubility in an organic solvent
that can be used to purify metal in the organic phase.

4. The chelating agents like EDTA can be used to eliminate harmful radioactive metal from the body forming
their water-soluble complexes.

5. Chelating agents can also act food preservatives by binding or sequestering metal ions like iron or copper
in certain foods in order to prevent the metals from oxidizing and speeding up spoilage.

¢ Determination of Binary Formation Constants by pH-metry and
Spectrophotometry

The stability constants for metal complexes can be calculated using various techniques but the two
of most popular experimental methods are pH-metry and spectrophotometric analysis owing to their simple
setup and good accuracy.

» pH-metric Method
The alteration of hydronium ion concentration during the complex formation can be used to calculate

the stability constant. Actually, H" ions are in direct competition with metal ions for the association with ligand
species present in the solution.

Consider the ligand displacement reaction in which a metal ion along with some weak acid is added
to ligand solution.

K + (43)
_\ ML
M* +L <= ML* Kf = LM
K, + (44)
[HL™]
H* + L =HL* K, = L]

Where Ky and K, are formation constants for the metal complex and acid association constant, respectively.

Now let Cu, Cr and Cy as the molar concentration for metal ion, ligand and acid, we have

Cy = [H*] + [HL] (45)
Cp = [L] + [ML*] + [HL*] (46)
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Cym = [M¥] + [ML'] (47)
The above three equations can be solved as follows, From equation (47):
[M*] = Cy — [ML¥] (48)

The total ligand concentration can be calculated by using equation (44) and putting the value of [HL*] from
equation (45) as:

Cy — [H'] (49)

L= .

Now subtracting equation (45) from equation (46) and putting the value of [L] from equation (49), we get:

Cy — [HY] (50)

[ML*] = Cp, =Cq +[H*] - K_[H']

Thus, using the values of [M], [L] and [ML'] from equation/(48), (49) and (50) in equation (43); we would be
to calculate the formation constant by knowing.Cyi, Ci, Cu, K, and the concentration of [H*] ion which is
generally given the by the pH-meter. It has alsobeen observed that the accuracy of the formation constant is
high if the value to K, is within the range:«of 10° times.than that. of K.

» Spectrophotometric Method

1. Conventional Spectrophotometric Method: The change in the absorbance‘during the complex formation
can be used to find out the stability constantvery easily. ‘According to Beer-Lambert law:

ATeed (1)

where A is the absorbance, / is the optical path length, € is a molar.extinction coefficient and ¢ is a concentration
of the solution. Thus, by measuring the absorbance at a particular wavelength for a metal complex solution of
known path length and known concentration;-the value of the molar extinction coefficient can be calculated.

Consider the general metal-ligand equilibria:

[M][L]
Now let Cum and Cy. as the molar concentration for metal ion and ligand, respectively. We have
Cm = [M] + [ML] (53)
Cp = [L] + [ML] (54)

Now if we measure the absorbance of ML complex at a known path length and molar absorption coefficient;

its concentration can be given by using equation (51) as:
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A
ML) =c =2 (53)

el

Putting the value of equation (55) in equation (53) and (54), we get:

A 56
[M] = My — [ML] = M, — = 0
A 57
L= - ML =C — = 7

el

Here and now, we can calculate the value of formation constant (Ky) by put the values of [ML], [M] and [L]
from equation (55), (56) and (57) in equation (52).

For example, the above method can successfully be used to calculate the stability constant for the following
reaction:

K 2+ 58
Fe?* + NS~ [BO(NCS)[2*! Recg % -

Ferric ion and thiocynate ions are'colorless in‘aqueous ‘solution. but their metal-ligand equilibria generate
instance blood-red color-and-its-Agaris-at 450 nm:-in-order-to-find-the-value-of €;-we-will have to measure the

3+

absorbance of [Fe(H,0)s(NCS)]*" complex prepared by dissolving Fe*' ions in excess of NCS™ ligand so that
all the ferric ions convert into the complex; Once the value of efor [Fe(H:0)s(NCS)]*" is known, its equilibrium
concentrations can easily be obtained by recording the absorption spectra. Then, using these equilibrium

concentrations in equation-(58)-will-give-you-the-value-of formation-constant:

(a) (b)

Figure 22. (a) Fe*" ion in water (b) [Fe(SCN)]** ion in water.

2. Method of continuous variation or Job’s method: This method is the variation of the spectroscopic
method and is very useful in determining the composition of the metal complexes. This method is used when
only one complex is formed under the given experimental conditions and the volume of the solution remains

constant. Consider the metal-ligand equilibria:
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M + nL J ML, K, = k] )
nL = ="
m ML
Prepare ten metal-ligand solutions with varying concentrations as given below.
Metal ion (m/) 0 1 2 3 4 5 6 7 8 9
Ligand (m/) 10 9 8 7 6 5 3 2 1 0
Now, let Cy and Cy. as the molar concentration for metal ion and ligand, respectively. we have:
Cy+C.=C (60)
C (61)
=7
Cm (62)
1 Hho\e =7
ot [

Where C is a constant; while x and (1-x)-are the mole fractions.for ligand and metal ion, respectively. Now by
assuming that the complex absorbs much stronger than that of ‘metal ion or ligand in the visible region,
spectrophotometry can be used to determine the relative quantitics of all three-species present at equilibrium.
Thus, the maximum amount of complex and consequently maximum absorbance will be observed when the
metal ion and the ligands are present in the stoichiometric ratio yielding the'value of # for ML,.

Point of maximum Absorbance

Absorbance

Mole Fraction of Ligand

Figure 23. Continuous method of variation (Job’s Plot).

C
For complex ML, n= L (63)
Cm
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Dividing equation (61) by (62) we get:

G GG x (64)

"Tew €Tty 1—x

Thus, the composition of the complex is obtained by knowing the value of n. The absorbance calculated at the
crossover point is the theoretical maximum amount of the complex formed that would occur if the equilibrium
constant is very large. Here and now, as the absorbance is proportional to concentration, the extrapolated
absorbance gives the maximum concentration of the complex while observed absorbance at the same mole

fraction gives the concentration of the complex actually formed. Hence, we have:

[MLn]actual _ Aobserved (65)

[MLn]maXimum Amaximum

Now the concentrations of all three species at equilibrium can be found and the equilibrium constant can be
calculated using the relationship for K given in equation (59).
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% Problems
Q 1. Discuss the thermodynamic stability of a complex and correlate stepwise constant with overall stability
constant.
Q 2. How chelation and nature of donor atom affect the stability of metal complexes.
Q 3. Discuss the determination of formation constant by pH-metry.
Q 4. What is log 37 How is it related to the stability of complexes?
Q 5. Illustrate with suitable example the trends in stepwise formation constant.
Q 6. Discuss a spectrophotometric method for the determination of stability constants of complexes.

Q 7. How does the nature of the central metal ion affect the stability of the complexes?

- DALAL
Copyright © Mandeep Dalal INSTITUTE


https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/

CHAPTER 2 Metal-Ligand Equilibria in Solution: 69

+* Bibliography
[1]J. D. Lee, Concise Inorganic Chemistry, Chapman & Hall, New York, USA, 1994,

[2] B. R. Puri, L. R. Sharma, K. C. Kalia, Principals of Inorganic Chemistry, Milestone Publishers, Delhi,
India, 2012.

[3] J. E. Huheey, E. A. Keiter, R. L. Keiter, /norganic Chemistry: Principals of Structure and Reactivity,
HarperCollins College Publishers, New York, USA, 1993.

[4] A. F. Wells, Structural Inorganic Chemistry, Oxford University Press, London, UK, 1975.

[5] F. A. Cotton, G. Wilkinson, C. A. Murillo, M. Bochmann, Advanced Inorganic Chemistry, John Wiley &
Sons, New Jersey, USA, 1999.

[6] S. F. A. Kettle, Physical Inorganic Chemistry: A Coordination Chemistry Approach, Springer-Verlag,
Berlin, Germany, 1996.

[7] M. Gerloch, E. G. Constable, Transition Metal Chemistry, VCH Verlagsgesellschaft mbH, Weinheim,
Germany, 1994.

[8] W. U. Malik, G. D. Tuli, R. D. Madan, Selected Topics in Inorganic Chemistry, S. Chand Publishers, New
Delhi, India, 2014.

- DALAL
Copyright © Mandeep Dalal INSTITUTE


https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/

LEGAL NOTICE
This document is an excerpt from the book entitled “A
Textbook of Inorganic Chemistry — Volume 1 by
Mandeep Dalal”, and is the intellectual property of the
Author/Publisher. The content of this document is
protected by international copyright law and is valid
only for the personal preview of the user who has
originally downloaded it from the publisher’s website
(www.dalalinstitute.com). Any act of copying (including
plagiarizing its language) or sharing this document will
result in severe civil and criminal prosecution to the
maximum extent possible under law.

This is a low resolution version only for preview purpose. If you
want to read the full book, please consider buying.

Buy the complete book with TOC navigation, high resolution
images and no watermark.


https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/

]Ng::][%p{_flri"E Home Classes Books Videos Location Contact Us About Us Q ° o e e °

Home
NET-JRF, lIT-GATE, M.Sc Entrance Publications Video Lectures
& IIT-JAM
Home: https://www.dalalinstitute.com/
Classes: https://www.dalalinstitute.com/classes/
Books: https://www.dalalinstitute.com/books/
Videos: https://www.dalalinstitute.com/videos/
Location: https://www.dalalinstitute.com/location/
Contact Us: https://www.dalalinstitute.com/contact-us/
About Us: https://www.dalalinstitute.com/about-us/
Postgraduate Level Classes Undergraduate Level Classes
(NET-JRF & IIT-GATE) (M.Sc Entrance & IIT-JAM)
Admission Admission
Regular Program Distance Learning Regular Program Distance Learning
Test Series Result Test Series Result

A Textbook of Inorganic Chemistry - Volume 1

“A Textbook of Inorganic Chemistry - Volume 1 by Mandeep Dalal” is now available globally; including India,
America and most of the European continent. Please ask at your local bookshop or get it online here.
READ MORE

Join the revolution by becoming a part of our community and get all of the member benefits
like downloading any PDF document for your personal preview.

Sign Up



https://www.dalalinstitute.com/
https://www.dalalinstitute.com/
https://www.dalalinstitute.com/classes/
https://www.dalalinstitute.com/books/
https://www.dalalinstitute.com/videos/
https://www.dalalinstitute.com/location/
https://www.dalalinstitute.com/contact-us/
https://www.dalalinstitute.com/about-us/
https://www.twitter.com/DalalInstitute/
https://www.facebook.com/DalalInstitute/
https://www.instagram.com/DalalInstitute/
https://www.linkedin.com/company/DalalInstitute/
https://www.youtube.com/DalalInstitute/
https://www.dalalinstitute.com/classes/
https://www.dalalinstitute.com/classes/
https://www.dalalinstitute.com/classes/
https://www.dalalinstitute.com/books/
https://www.dalalinstitute.com/books/
https://www.dalalinstitute.com/books/
https://www.dalalinstitute.com/videos/
https://www.dalalinstitute.com/videos/
https://www.dalalinstitute.com/videos/
https://www.dalalinstitute.com/
https://www.dalalinstitute.com/location/
https://www.dalalinstitute.com/contact-us/
https://www.dalalinstitute.com/about-us/
https://www.dalalinstitute.com/classes/csir-ugc-net-jrf-and-iit-gate-chemistry-admission/
https://www.dalalinstitute.com/classes/csir-ugc-net-jrf-and-iit-gate-chemistry-regular-program/
https://www.dalalinstitute.com/classes/csir-ugc-net-jrf-and-iit-gate-chemistry-distance-learning/
https://www.dalalinstitute.com/classes/csir-ugc-net-jrf-and-iit-gate-chemistry-test-series/
https://www.dalalinstitute.com/classes/csir-ugc-net-jrf-and-iit-gate-chemistry-result/
https://www.dalalinstitute.com/classes/msc-entrance-and-iit-jam-chemistry-admission/
https://www.dalalinstitute.com/classes/msc-entrance-and-iit-jam-chemistry-regular-program/
https://www.dalalinstitute.com/classes/msc-entrance-and-iit-jam-chemistry-distance-learning/
https://www.dalalinstitute.com/classes/msc-entrance-and-iit-jam-chemistry-test-series/
https://www.dalalinstitute.com/classes/msc-entrance-and-iit-jam-chemistry-result/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/
https://www.dalalinstitute.com/sign-up/
https://www.dalalinstitute.com/sign-up/

International
Edition

A TEXTBOOK OF INORGANIC CHEMISTRY

Volume |
MANDEEP DALAL

First Edition DALAL INSTITUTE



Table of Contents

CHAPTER T ...uuuoiiiiiiiiiininiinsnninssicsssnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssesssssssssssssssssssssss 11
Stereochemistry and Bonding in Main Group Compounds:................ccocoooinineninenienieiineeens 11
98 VSEPR TREOTY ..ottt ettt ettt et ettt ettt et e bttt eeaeeneen 11

80 AIPIEBONAS .ottt ettt e ettt e te et et e ete et e eteertenteereententeas 23

+» Bent Rule and Energetic of HybridiZation............ccecuveriieniiinienieiie e 28

R 6 (010) 1S3 USRS 42

L 53 10) U0 T 1] 1 2RSSO PUPSPRR 43
CHAPTER 2......rriiininnniinnssnnnicssssssssssssssssosssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssse 44
Metal-Ligand Equilibria in SOIUtion:..................ccocoiiiiiiiieeeeeee e 44
+» Stepwise and Overall Formation Constants and Their Interactions ..........c.ccceeeeveerriieenieneeneeneene 44

o Trends in StEPWISE CONSIANTS......eeiveeiierierietierteestesreereesseesseesteessaessaessseasseesseesseesssesssesssessseessees 46

+»» Factors Affecting Stability of Metal Complexes with Reference to the Nature of Metal lon and
57 ' o OSSP PRPRS 49

+»  Chelate Effect and Its Thermodynamic OTIZIN........cccuiriieiiieiieniieiierie ettt 56

+»» Determination of Binary Formation Constants by pH-metry and Spectrophotometry.................... 63

L & (0] o] 1531 T PRSP SRSTRPRRRRt 68

9 BIBHOGIAPNY c.eeeeeiee ettt st 69
CHAPTER 3...ouuoiiiiiiniinnniinnnisssnnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsssssnss 70
Reaction Mechanism of Transition Metal Complexes — L: ... 70
«  Inert and Labile COmPIEXES......ccuieiiriiiieieeieeiee ettt ettt te et nae e enee 70

+ Mechanisms for Ligand Replacement Reactions ............cccceceeviniriiininiininiiniinieeeciencce e 77

+»» Formation of Complexes from AqUO LONS.......ccccecviiriiiiiiierierieiecie et 82

+ Ligand Displacement Reactions in Octahedral Complexes- Acid Hydrolysis, Base Hydrolysis.... 86

+» Racemization of Tris Chelate COMPIEXES ......evuviriiiiiiiieiieiieciee e ere e ere et se e b e sresreereesreeseeas 89
+¢  Electrophilic Attack on Ligands .........ccooeeiiiiiiiiiiiiiieeeeeeee e 92
R 6 (010) (<3 SRR 94

4 BIBIOGIAPIY c.eeeeeieeee ettt bt ettt 95


https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/stereochemistry-and-bonding-in-main-group-compounds/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/vsepr-theory/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/d%cf%80-p%cf%80-bonds/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/bent-rule-and-energetic-of-hybridization/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/problems-stereochemistry-and-bonding-in-main-group-compounds/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/bibliography-stereochemistry-and-bonding-in-main-group-compounds/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/metal-ligand-equilibria-in-solution/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/stepwise-and-overall-formation-constants-and-their-interactions/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/trends-in-stepwise-constants/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/factors-affecting-stability-of-metal-complexes-with-reference-to-the-nature-of-metal-ion-and-ligand/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/chelate-effect-and-its-thermodynamic-origin/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/determination-of-binary-formation-constants-by-ph-metry-and-spectrophotometry/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/problems-metal-ligand-equilibria-in-solution/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/bibliography-metal-ligand-equilibria-in-solution/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/reaction-mechanism-of-transition-metal-complexes-i/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/inert-and-labile-complexes/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/mechanisms-for-ligand-replacement-reactions/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/formation-of-complexes-from-aquo-ions/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/ligand-displacement-reactions-in-octahedral-complexes-acid-hydrolysis-base-hydrolysis/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/racemization-of-tris-chelate-complexes/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/electrophilic-attack-on-ligands/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/problems-reaction-mechanism-of-transition-metal-complexes-i/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/bibliography-reaction-mechanism-of-transition-metal-complexes-i/

Reaction Mechanism of Transition Metal Complexes — IT:...............coooiiiiiiiiiiiiniiinneee, 96
*» Mechanism of Ligand Displacement Reactions in Square Planar Complexes...........cccceevrverurennnenns 96
40 The Trans EFfECt .. ..ouoiiiiiee ettt st 98
¢ Theories Of TTans EffeCt .........oooiiiiiiiiiee ettt 103

«» Mechanism of Electron Transfer Reactions — Types; Outer Sphere Electron Transfer Mechanism and

Inner Sphere Electron Transfer MeChaniSm...........cccovviiiiiiiiiciicciicciecciecre e 106

o Electron EXCRANGE........cocveiiiiiiiiiiiciieie ettt sttt e staestaesnbeenseesseensaenes 117

90 PIODIEIIIS .ttt sttt ettt 121

92 BIBHOZIAPRY ...t 122
CHAPTER S..riitiiittinnteennnteninteinssnienssticssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 123
Isopoly and Heteropoly Acids and Salts: ... 123
+ Isopoly and Heteropoly Acids and Salts of Mo and W: Structures of Isopoly and Heteropoly
AATHIONIS .ottt ettt e et e a ettt 123

90 PIODIEIIIS .ttt sttt ettt 152

L 53 10) U0 1] 1| 2SSOSR 153
CHAPTER 6 ..uunueenneinriiniiniennenseessnnnsnnisssesssisssesssssssessssssssesssssssssssssssssessssssssssssassssssssassssssssassnns 154
Crystal STFUCTUIES: ...ttt 154

% Structures of Some Binary and Ternary Compounds Such as Fluorite, Antifluorite, Rutile, Antirutile,
Crystobalite, Layer Lattices - Cdl, Bilz; ReOs;, Mn,Os;, Corundum, Pervoskite, Ilmenite and

CAlCIER. ettt st b ettt et eae 154

920 PIODICIIIS ..ottt 178

9 BIBHOGIAPIY ..ottt bbbttt 179
CHAPTER 7 auuiitiitiininnncnnennnecsisseisssesssssssesssssssssssssssssessssssssssssasssssssssssssssssasssssssssssssssssassnns 180
Metal-Ligand Bonding: ...............ccoooiiiiiieeee e 180
«»»  Limitation of Crystal Field TREOTY......cccccciiiiiiiiiiiiiccece ettt eve v e 180

+ Molecular Orbital Theory — Octahedral, Tetrahedral or Square Planar Complexes..................... 184

¢ w-Bonding and Molecular Orbital TREOTY ......c.cccvieciiiiiiiiieiiesieciie et 198

920 PIODICIIS ..ot 212

9 BIDHOGIAPIY ..ottt bttt 213


https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/reaction-mechanism-of-transition-metal-complexes-ii/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/mechanism-of-ligand-displacement-reactions-in-square-planar-complexes/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/the-trans-effect/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/theories-of-trans-effect/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/mechanism-of-electron-transfer-reactions-types-outer-sphere-electron-transfer-mechanism-and-inner-sphere-electron-transfer-mechanism/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/electron-exchange/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/problems-reaction-mechanism-of-transition-metal-complexes-ii/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/bibliography-reaction-mechanism-of-transition-metal-complexes-ii/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/isopoly-and-heteropoly-acids-and-salts/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/isopoly-and-heteropoly-acids-and-salts-of-mo-and-w-structures-of-isopoly-and-heteropoly-anions/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/problems-isopoly-and-heteropoly-acids-and-salts/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/bibliography-isopoly-and-heteropoly-acids-and-salts/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/crystal-structures/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/structures-of-some-binary-and-ternary-compounds-such-as-fluorite-antifluorite-rutile-antirutile-cristobalite-layer-lattices-cdi2-bii3-reo3-mn2o3-corundum-pervoskite-ilmenite-and-c/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/problems-crystal-structures/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/bibliography-crystal-structures/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/metal-ligand-bonding/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/limitation-of-crystal-field-theory/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/molecular-orbital-theory-octahedral-tetrahedral-or-square-planar-complexes/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/pi-bonding-and-molecular-orbital-theory/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/problems-metal-ligand-bonding/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/bibliography-metal-ligand-bonding/

CHAPTER 8 ..eeretenninntennennnensansssesssnssssssssnssssssssssssssssssssssssssssssssssssssassssassssssssssssassssassssassans 214

Electronic Spectra of Transition Metal Complexes: ...............ccoooiirinnineiineeeeee, 214
@ SpectroSCOPIC GrOUNA STALES ......civiiiiieiiiciieie ettt ettt et et sreeeeeetreebeebeeteestaeseseerseenseesseens 214

++ Correlation and Spin-Orbit Coupling in Free lons for 1st Series of Transition Metals................. 243

% Orgel and Tanabe-Sugano Diagrams for Transition Metal Complexes (d' — d’ States)................ 248

+» Calculation of Dg, B and B Parameters ..........ccccccvevierierieriieieeie et 280

«» Effect of Distortion on the d-Orbital Energy Levels ........ccocoveeiiieiiiiiiiiicieeceeeee e 300

+»  Structural Evidence from Electronic Spectrtimi...........cccevvvieviierieenienieniieiieieeieesee e seve e 307

00 JaN-Tellar EEFECT ..ottt ettt 312

+»  Spectrochemical and NephelauXetic Series .........cccceiiiiiiiiiiiieiieieeie et 324

¢ Charge TransSter SPECIIA ....cuiiiiieiiecieeiieit ettt eee et e b e et e e e et esttessbeesbeesseessaesseesssesssessseesseenns 328

+»  Electronic Spectra of Molecular Addition Compounds............cecceeveerieriieeiieeniieiieiesie e 336

R s (015] (<3 1 OO RPORSTUPTRSRRRPRRR 340

20 BIDIIOGIAPNY ...ttt ettt et et 341
CHAPTER 9....ouuuriiiniininiinsnncsssnncsssisssssissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssassssss 342
Magnetic Properties of Transition Metal Complexes: ...............ccocoiiiineiniiineiineeeee 342
+  Elementary Theory of Magneto-ChemiStry.........cccooieriiririieriieieie e 342

+ Guoy’s Method for Determination of Magnetic Susceptibility ..........ccoevierieniienieniinieieceee 351

¢ Calculation of Magnetic MOMENLS ..........c.eevvierrieriieiieereeseesieesieestteseresseesseesseesseesseesssesssesssesssesnns 354

«  Magnetic Properties 0f FIEe LONS......ccoiiriiriiiiiiiiiictetceeee et 359

+  Orbital Contribution: Effect of Ligand-Field ..., 362

% Application of Magneto-Chemistry in Structure Determination .............cceeeveveveecveeereerieereeneenenns 370

+ Magnetic Exchange Coupling and Spin State Cross OVET ........ccccoeeverereerienenieneneeieneeeeneeees 375

R s (010] (<3 1 SRS UPRTRSUR ST 384

90 BIDHOGIAPIY ..ottt bttt 385
CHAPTER 10 .auuciiuriiiiniinnnncnnnncssssssssssssssssssssssssssssssssssssssassssssssssssssssssssssssssssssssssssssssssssssssssssnssssss 386
IMLEEAl CIUSERT'S: ...ttt ettt b et s e st e s s s e s eneenene 386
«»  Structure and Bonding in Higher BOTanes...........ccccoccviiiiiiiiiiiiieiie et 386

0,
0’0

WAAE’S RULES ..o 401


https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/electronic-spectra-of-transition-metal-complexes/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/spectroscopic-ground-states/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/correlation-and-spin-orbit-coupling-in-free-ions-for-1st-series-of-transition-metals/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/orgel-and-tanabe-sugano-diagrams-for-transition-metal-complexes-d1-d9-states/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/calculation-of-dq-b-and-%ce%b2-parameters/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/effect-of-distortion-on-the-d-orbital-energy-levels/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/structural-evidence-from-electronic-spectrum/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/jahn-teller-effect/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/spectrochemical-and-nephelauxetic-series/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/charge-transfer-spectra/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/electronic-spectra-of-molecular-addition-compounds/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/problems-electronic-spectra-of-transition-metal-complexes/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/bibliography-electronic-spectra-of-transition-metal-complexes/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/magnetic-properties-of-transition-metal-complexes/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/elementary-theory-of-magneto-chemistry/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/guoys-method-for-determination-of-magnetic-susceptibility/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/calculation-of-magnetic-moments/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/magnetic-properties-of-free-ions/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/orbital-contribution-effect-of-ligand-field/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/application-of-magneto-chemistry-in-structure-determination/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/magnetic-exchange-coupling-and-spin-state-cross-over/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/problems-magnetic-properties-of-transition-metal-complexes/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/bibliography-magnetic-properties-of-transition-metal-complexes/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/metal-clusters/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/structure-and-bonding-in-higher-boranes/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/wades-rules/

R O3y o) 3§ LSRR 407

+» Metal Carbonyl Clusters- Low Nuclearity Carbonyl CIUSters..........ccccevevieciierieriienieniesiesieeieens 412

¢ Total Electron Count (TEC) ......ccoiiiiiiiiiiiiiiiicecte ettt et te s aae s rae v e eveesveesanesane e 417

988 PTODICIIIS .ttt ettt ettt 424

B BIDIIOGIAPNY .ottt e et e e tb e eabeeabeebeeteetaenraeaenas 425
CHAPTER 11 ...eiiiiniinnrinsssnniccssssssscsssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 426
Metal-IT COMPIEXES: ......ccoooiiiiiiiieeeee ettt b et s st es s e eseneenens 426
% Metal Carbonyls: Structure and BONAINg ...........ccccvevierieriiniiieiieiiecereesee e ere e es 426

%+ Vibrational Spectra of Metal Carbonyls for Bonding and Structure Elucidation.......................... 439

«» Important Reactions of Metal Carbonyls............cooooiiiiiiiiiiiii e 446

«» Preparation, Bonding, Structure and Important Reactions of Transition Metal Nitrosyl, Dinitrogen
ANA DIOXYZEN COMPIEXES. .e.veeriiiiuiieiietieetie ettt ettt et et e st et e e bt e sbeesbeesaeesaeeeabeembeebeenseesaeens 450

o Tertiary Phosphing as Ligand ..........c.ccccveviiriiiiiiiiiiiieeesieeste et eeseesaesaaessae e 463

D 4 0] 0] 1531 OO TSROSO 469

L 53 10) U0 1] 1| 2SSOSR 470



https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/carboranes/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/metal-carbonyl-clusters-low-nuclearity-carbonyl-clusters/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/total-electron-count-tec/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/problems-metal-clusters/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/bibliography-metal-clusters/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/metal-pi-complexes/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/metal-carbonyls-structure-and-bonding/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/vibrational-spectra-of-metal-carbonyls-for-bonding-and-structure-elucidation/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/important-reactions-of-metal-carbonyls/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/preparation-bonding-structure-and-important-reactions-of-transition-metal-nitrosyl-dinitrogen-and-dioxygen-complexes/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/tertiary-phosphine-as-ligand/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/problems-metal-%cf%80-complexes/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/bibliography-metal-pi-complexes/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/index-a-textbook-of-inorganic-chemistry-volume-1/

Mandeep Dalal
(M.S¢, Ph.D, CSIR UGC - NET JRF, IIT - GATE)
Founder & Director, Dalal Institute
Contact No: +91-9802825820
Homepage: www.mandeepdalal.com
E-Mail: dr.mandeep.dalal@gmail.com

Mandeep Dalal is an Indian research scholar who
is primarily working in the field of Science and
Philosophy. He received his Ph.D in Chemistry
from Maharshi Dayanand University, Rohtak, in
2018. He is also the Founder and Director of
"Dalal Institute”, an India-based educational
organization which is trying to revolutionize the
mode of higher education in Chemistry acre
the globe. He has published more
research papers in various.
scientific journals, including
(USA), 0P (UK) and Spring

# TEXTBQOK OF INOBSANIK
& TEXTBOOK OF PHYSICAL G

; /7 N it +
nersRooksianithes A uthor:
7

A TEXTBOOK OF ORGANIC CHEMISTRY - VOL

00008 SY -ddN
i

0-0-0TLBE6-18-8L6 -NUSI

<

DALAL
INSTITUTE
Main Market, Sector 14, Rohtak, Haryana 124001, India
(+91-9802825820, info@dalalinstitute.com)
www,.dalalinstitute.com


https://www.mandeepdalal.com/
https://www.dalalinstitute.com/books/a-textbook-of-inorganic-chemistry-volume-1/
https://www.dalalinstitute.com/books/a-textbook-of-physical-chemistry-volume-1/
https://www.dalalinstitute.com/books/a-textbook-of-organic-chemistry-volume-1/

	A Textbook of Inorganic Chemistry – Volume 1: 


