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Factors governing the magnitude of Ay

1- Oxidation state of the metal ion

For a given ligand and a given metal, Ay increases with increasing oxidation
state(see table(9),the value of A,y for Fe(3+) complex is larger than of Fe(2+)
complex. This effect is probably due to the fact that the central ion with higher
oxidation state will polarize the ligands more effectively and thus the ligands
would approach such a cation more closely than they can do the cation of lower

oxidation state, resulting in larger splitting.

Table(9) shows values of Ay for some d-block metal

—1 —1

Complex Mfem Complex M em
[TiFg]"~ 17 000 [Fe(ox)s]~ 14 100
[T 1(01 1,)s]> ™ 20 300 [Fe(CN)g]*~ 35000
['\,rgouj,}ﬁ]?+ 17 850 [Fe(CN)g]* 33 800
[V(Ol Ijjﬁ] 12 400 [CoFg]”~ 13 100
[CrFg]"™ 15 000 [Co(NH;)g]" T 22900
[Cr{OH,)e] " 17 400 [Co(NH3)g]"" 10 200
[Cr(OH,)g]* " 14 100 [Co(en);]?*+ 24 000
[CriNH;)g] " 21 600 [Co({OH->)g]* T 18 200
[Cr(CN)g]*~ 26 600 [Co(OH2)s]*T 9300
[MnFg]?>~ 21 800 [Ni(OH>)g]>+ 8 500
[F ;,50113,}&] 13 700 [Ni(NH;3)6]*" 10 800
[Fe(OH,)g)*™ 9 400 [Ni{en)s]*+ 11 500

2- Nature of metal ion
Aot Varies irregularly across the first row of the d-block, e.g. over the range
8000 to 14 000 cm™ for the [M(OH,)s] ** ions(see table(9)).
Trends in values of Ay lead to the conclusion that metal ions can be placed
in a spectrochemical series which is independent of the ligands:
Mn(1)<Ni(I1)<Co(I1)<Fe(I11)<Cr(l11)<Co(I11)<Ru(lI1)
<Mo(lIH)<Rh(HD<Pd(ID< Ir(1H<Pt(IV)

v

increasing of A, value
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3- Quantum number (n) of the d-orbital of the central metal ion.

For analogous complexes exist for a series of M"" metals ions (constant n) in a
triad, Aoy increases significantly down the triad, Ao increase 50% from 3d to 4d

and 25% from 4d to 5d.

1
5 40000

m

jj"n-::t"

32 000

24 000

I I [
Co(IIT) Rh(IIT) Ir(IIT)

Group 9 metal centre

Fig. Shows the trend in values of Aq for the complexes [M(NH3)s]** where M = Co, Rh, Ir.

I.e. Aot Values increase as we go down the periodic table 3d <<4d<5d. This might
be compatible with the electrostatic model in that the radial extensions of 4d and 5d

orbitals are greater than that of 3d.

4- Nature of the ligands

The common ligands can be ordered on the basis of the effect that they have
on the crystal field splitting. This ordered listing is called the spectrochemical
series. Among the common ligands, the splitting is largest with carbonyl and

cyanide and smallest with iodide .The complexes of Cr(l1l) listed in Table (9)
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illustrate the effects of different ligand field strengths for a given M™ ion, for
octahedral complexes,; the NCS™ ion may coordinate through the N™ or S”donor
(distinguished in dark below) and accordingly, it has two positions in the

series:

CO, CN" > phen > NO, > en > NH3 > NCS™ > H,0~OX~ > F > RCO, > OH >
C1 >NCS>Br>1

Crystal field stabilization energy(CESE): high- and low-spin
octahedral complexes

We now consider the effects of different numbers of electrons occupying the d
orbitals in an octahedral crystal field. For a d* system, the ground state corresponds to
the configuration tzgl. With respect to the barycentre, there is a stabilization energy of
-0.4Aq ; this is the so-called crystal field stabilization energy, CFSE. For a d? ion, the
ground state configuration is t,,” and the CFSE = -0.8A.. A d® ion (t,y’) has a CFSE
= -1.2Aqqt.

For electrons in tyg and eg;
CFSE =n x (-0.4At) + N % (+0.6Aq) (N=number of electrons)

For a ground state d* ion, two arrangements are available: the four electrons may

occupy the tyq set with the configuration tzg“ (@), or may singly occupy four d orbitals,

tzgsegl (b).
&‘g + — ES
4 4 b

Iy | % | | 2

Configuration (a) corresponds to a low-spin arrangement, and (b) to a high-spin

case. The preferred configuration is that with the lower energy and depends on
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whether it is energetically preferable to pair the fourth electron or promote it to the e
level. Two terms contribute to the electron-pairing energy, P, which is the energy
required to transform two electrons with parallel spin in different degenerate orbitals
into spin-paired electrons in the same orbital:

a- The loss in the exchange energy which occurs upon pairing the electrons.

b- The coulombic repulsion between the spin-paired electrons.

For a given d" configuration, the CFSE is the difference in energy between the d
electrons in an octahedral crystal field and the d electrons in a spherical crystal field.
To exemplify this, consider a d* configuration. In a spherical crystal field, the d
orbitals are degenerate and each of four electrons is singly occupied. In an octahedral
crystal field, equation below shows how the CFSE is determined for a high-spin d*

configuration.
CFSE = 3 X ('0.4Aoct) + 1 X (+O.6Aoct) = 'O.6Aoct

For a low-spin d* configuration, the CFSE consists of two terms: the four
electrons in the tyq orbitals give rise to a -1.6A. term, and a pairing energy, P, must
be included to account for the spin-pairing of two electrons. Now consider a d® ion.
In a spherical crystal field, one d orbital contains spin-paired electrons, and each of
four orbitals is singly occupied. On going to the high-spin d® configuration in the
octahedral field (tzg“egz), no change occurs to the number of spin-paired electrons and

the CFSE is given by equation below.
CFSE = 4 X ('0.4Aoct) + 2 X (+O6Aoct) = 'O.4Aoct

For a low-spin d° configuration (t296eg°) the six electrons in the tyq orbitals give rise

to a -2.4A. term. Added to this is a pairing energy term of 2P which accounts for the
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spin pairing associated with the two pairs of electrons in excess of the one in the
high-spin configuration. Table (10) lists values of the CFSE for all d" configurations
in an octahedral crystal field. Inequalities (a) and (b) show the requirements for high-

or low-spin configurations. Inequality (a) holds when the crystal field is weak,

whereas expression (b) is true for a strong crystal field.

For high-spin: P > Aut

For low-spin: P <Ayt

(a)

(b)

P=A,
High spin

P<A,

Low spin

2g

Figure below summarizes the preferences for low- and high-spin d°> octahedral

complexes.

Energy

Weak field
(high=spin)
complex

e.g. [Fc(OIIZ]f’]3 '

Gaseous ion

——————————————————————— Barycentre

Strong field
(low=spin)
complex

e.g. [Fe(CN)J*

Fig, shows; the occupation of the 3d orbitals in weak and strong field Fe** (d°) complexes.
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We can now relate types of ligand with a preference for high- or low-spin
complexes. Strong field ligands such as [CN] favour the formation of low-spin
complexes, while weak field ligands such as halides tend to favour high-spin
complexes. However, we cannot predict whether high- or low-spin complexes will be
formed unless we have accurate values of A, and P. On the other hand, with some
experimental knowledge in hand, we can make some comparative predictions: if we
know from magnetic data that [Co(OH,)s]*" is low-spin, then from the
spectrochemical series we can say that [Co (0x)s]* and [Co(CN)e]* will be low-spin.

The only common high-spin cobalt(l11) complex is [CoFg]*

Table (10); Octahedral crystal field stabilization energies (CFSE) for d" configurations; pairing
energy, P, terms are included where appropriate. High- and low-spin octahedral complexes are
shown only where the distinction is appropriate.

d" High-spin = weak field Low-spin = strong field
Electronic CI'SE Electronic CI'SE
configuration configuration

d' L' € 040,

& L't 0.8

& ly e’ 124,

dt by ey 0.6, hy'e,” 160, + P

& bee 0 by e, 200, + 2P

d° b'et 047, he'e,” 240, + 2P

d’ b'e, 0.8A, be'e, 180, + P

d® e, 124,

d .te,’ 0.6A g

" thle,! 0

The Jahn-Teller Effect

The Jahn-Teller theorem' states that there cannot be unequal occupation of

orbitals with identical energies. To avoid such unequal occupation, the molecule
distorts so that these orbitals are no longer degenerate. For example, octahedral
Cu(l1), a d° ion, would have three electrons in the two eq levels without the Jahn-
Teller effect, as in the center of Figure (below). The Jahn-Teller effect requires that

the shape of the complex change slightly, resulting in a change in the energies of the
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orbitals. The resulting distortion is most often an elongation along one axis, but

compression along one axis is also possible. In octahedral complexes, where the eg

orbitals are directed toward the ligands, distortion of the complex has a larger effect

on these energy levels and a smaller effect when the ty4 orbitals are involved.

T
Ada Al
] lf_:b d2_ 2 . .?.V .1\
| WL T T ey el
T e P .
L ‘ 42
- L
i3
Elongation I _?,,“:,E 1]“, i-’
||r.|a '?-\1- N ___.___d-"-' 'r3L
“l.'l.: :!_'..'

L L
ol

4N
d d-""- 1,8 Compression
Iy B
A

Figure: shows Jahn-Teller Effect on a d° Complex. Elongation along the z axis is
coupled to a slight decrease in bond length for the other four bonding directions.
Similar changes in energy result when the axial ligands have shorter bond distances.
The resulting splits are larger for the ey orbitals than for the tyg.

The effect of both elongation (Z-out) and compression (Z-in) on d orbital

energies is shown in Figure (above), and the expected Jahn- Teller effects are

summarized in the following table:

Number of electrons 1 2 3 4
High-spin Jahn-Teller w w &
Low-spin Tahn-Teller W W W

i 7 b3 b 10
W W ¥
5 5

w = weak Juhn-Teller effect expected (f2y orbitals unevenly occupied); s = strong Jahn-Teller effect
cxpectod (vg orbitals unevenly occupied); Mo entry = no Jahn-Teller effect expected.
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Strong Jahn-Teller Effect

eg -|—— eg -L— eg .H_.I_
1l o LI i

€g m—— g m—— g m—— g m———— €g J—'L €g 'LL
SR N | N AR TN R i i

d? Is d4 Is d hs df hs d7

tag

Weak Jahn-Teller Effect

t2g

Z-out distortion: In this case, the energies of d-orbitals with z factor ( i.e., d;2, dyg,
dy, ) are lowered since the bonds along the z-axis are elongated. This is the most
preferred distortion and occurs in most of the cases, especially when the degeneracy

occurs in eg level.

Jahn-Teller Distortion t-[L

z-out: d-orbitals with z-component are stabilised

0O, field

s + 11,3, 1
e
- -
- e 1y =
# e - "li O
P -
ra
’/
; Apes )
—————(\ ,j.f
S
N /// + 21'13 a9
\\ -
. e
t S #
2g e ity
T -1, 8,

E.g. Usually the octahedral d? d*high spin, d’low spin, d®low spin &

d” configurations show the z-out distortion.
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Theoretically it is not possible to predict the type of distortion occurs when the
degeneracy occurs in eq level. However it is observed that z-out distortion is more
preferred.

Z-in distortion: In this case the energies of orbitals with z factor are increased since
the bonds along the z-axis are shortened. This type of distortion is observed in case of
octahedral d* configuration. The only electron will now occupy the dyy orbital with

lower energy.

Jahn-Teller Distortion JL
Z-in: d-orbitals with z-component are destabilised
0, field —03°
T [ + 1,5
e, .
22 72y e
X2y 7 N [ L5,
///
N -~ [ + 10, 3
tzg“__'_(.’___ S
Y XZ Xy -
~ a8y

E.g. The octahedral d* configurations like Ti(lll) in [Ti(H.O)e]** can show z-in
distortion (theoretically?). In this case, the z-out distortion do not remove the
degeneracy since even after distortion there are still two degenerate orbitals i.e.,

dx, and dy, available for the electron to occupy.

Elongation (Z-out) plays a part in the change in equilibrium constants for complex
formation. For example, [Cu(NHs)4(H-0).]*" is readily formed in aqueous solution as
a distorted octahedron with two water molecules at larger distances than the

ammonias, but liquid ammonia is required for formation of the hexammine
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complex[Cu(NHz)s]**. The formation constants for these reactions show the difficulty
of putting the fifth and sixth ammonias on the metal. Which factor is the cause and
which the result is uncertain, but the bond distances for the two axial positions are
longer than those of the four equatorial positions, and the equilibrium constants are

much smaller.

[Cu(H,0)1F T + NHy; == [Cu(NH;)(H,0)5]*" + H,0 K, =2x 10
[Cu(NH3)(H-0)s12 + NHy == [Cu(NH(H:0))" + Hy0 Ko = 4 % 10°
[Cu(NH3)s(H,0),1%" + NHy == [Cu(NH3)3(H,0)31*" + H,0 K3 = 1 % 10°

[Cu(NH;)3(H,0)%" + NHy == [Cu(NH3)y(H,0p"" + H,0 Ky = 2 % 107
[Cu(NH3)y(H;0))*" + NH3 == [Cu(NH3)5(H;0)1*" + H,0 K5 =3 x 10!
[Cu(NH1)s(H,O)*" + NHy = [Cu(NH3)s]*" + H,0 K¢ = very small

The tetrahedral crystal field

Following Figure shows a convenient way of relating a tetrahedron to a Cartesian

axis set.

Fig. shows the relationship between a tetrahedral ML, complex and a cube;
the cube is readily related to a Cartesian axis set. The ligands lie between the
X, Y and z axes; compare this with an octahedral complex, where the ligands
lie on the axes.

With the complex in this orientation, none of the metal d orbitals points exactly at
the ligands, but the d,,, dy, and dy orbitals come nearer to doing so than the d, and

dx-y2 Orbitals. For a regular tetrahedron, the splitting of the d orbitals is inverted
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compared with that for a regular octahedral structure, and the energy difference (Agt)

Is smaller. The relative splittings Aot and A are related by following equation.

4 1
ﬂtet — ; ‘ﬁﬂct == Eﬂoct

Following Figure compares crystal field splitting for octahedral and tetrahedral
fields; remember, the subscript g in the symmetry labels is not needed in the

tetrahedral case.

Orbital A
energy dz » da

____________________________________________ Barvcentre

4
"“I'l.rl E'I\u:l.
1— &
Y da 2 da

i 2
Eod d d

¥ iz X

SINCe At IS SIgNITICantly smaller than Aoy, tetranedral complexes are nign-spin.

Also, since smaller amounts of energy are needed for e — t;, transitions (tetrahedral)
than for t,;—egy transitions (octahedral), corresponding octahedral and tetrahedral

complexes often have different colours.

Tetrahedral complexes are almost invariably high-spin. The effects of a strong
field ligand which also lowers the symmetry of the complex can lead to a low-spin
‘distorted tetrahedral’ system. This is a rare situation, and is observed in some
cobalt(Il) complexes.

Jahn—Teller effects in tetrahedral complexes are illustrated by distortions in d°

(e.g. [CuCl,]*) and high-spin d* complexes.
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The square planar crystal field

A square planar arrangement of ligands can be formally derived from an

octahedral array by removal of two trans ligands. If we remove the ligands lying
along the z axis, then the dz* orbital is greatly stabilized; the energies of the dyz and

dy; orbitals are also lowered as following Figure.

n+
II, —l
1
n+ 1
Fid
Lol : 1
L. “ ot I Lr.-.l_ : “,._'-I- L., . a L
‘M b M" = MY
. 1
| L L v
| ol : .
y ! X
1
1
1
L
COctahedral complex Kemoval of axial Square
ligands p lanar
complex
2 A dy2 42
'E‘ e — '-r-"]g'
[+ e
E .:-""'FH’F
£ da,2
f‘x —-.—_'__::____
o .2
— % - d;.-__r
~_ by,
""{l:r ___::""________
N - .
_———_______ HH"‘
Iz - HH""‘-H... .
— . d2
— — T——— ),
o d,. Te—
Iz VI — EJ\
r. . dys

Increasing ligand field strength
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The fact that square planar d® complexes such as [Ni(CN),]* are diamagnetic is a
consequence of the relatively large energy difference between the dy, and dy, .
orbitals, while [NiCl),]*" is paramagnetic is a consequence of the relatively small

energy difference between the eq and t; orbitals as shown below.

y - dxi-yz b1g

>

Orbital energy

; 1 t2g A1sp

W e

)

¢
|

v ‘H‘ dxy bzg
-1—'1— dz2 dig
Tetrahedral

[NiC1, )~ - H dwedyz eg

Square planar
[N:[('N},l]‘”

Thus, [NiCl,]* is paramagnetic while [Ni(CN),]* is diamagnetic.
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Other crystal fields

Figure below shows crystal field splittings for some common geometries with the

relative splitting of the d orbitals with respect to Ay By using these splitting

Dr.Hayder Al-Hmedawi

diagrams, it is possible to rationalize the magnetic properties of a given complex.

1.2
1.1
1.0
0.9
0.8
0.7
0.6 7
(1.5
N4 —
0.3
0.2
0.1
0 —
=1
.2
=03
—0.4
—.5
—{.6
=7

Encray/A ot
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brpyramuidal

d'r

o

Square
pvramidal

Successes of Crystal Field Theory

A good chemical theory is one that can account for many aspects of physical and
chemical behavior. By this standard, crystal field theory is remarkably successful,

because it can be used to explain most of the properties that are unique to transition

(ictahedral

Pentagonal
biprvramidal

metal ions. Here we will look at a selection of them.

67

Square
antiprismatic

Tetrahedral



lectures in coordination Chemistry ...........ccovvvriiiiiiiiininiiieeenaenn, Dr.Hayder Al-Hmedawi

1- Magnetic Properties

Crystal field theory explains the paramagnetism very well in terms of the splitting
of the d-orbital energies, at least for the Period 4 transition metals. For example, we
have just seen how crystal fi eld theory can explain the diamagnetism of the square
planar nickel(ll) ion, which contrasts with the paramagnetism of the tetrahedral and
octahedral geometries. The theoretical degree of paramagnetism is given by the

magnetic moment of a compound.

This can be calculated using the simple formula p=v7(+2) where n is the
number of unpaired electrons. The units of magnetic moment are Bohr magnetons,
Ugm. Therefore, [Ti(OH,)s]*" has 1 unpaired electron and has a magnetic moment of
1.73 pawm.
2-Colors of Transition Metal Complexes

The most striking feature of transition metal complexes is the range of colors that
they exhibit. These colors are the result of absorptions in the visible region of the
electromagnetic spectrum. For example, Figure below shows the visible absorption
spectrum of the purple hexaaquatitanium(l11) ion, [Ti(OH,)e]*".
This ion absorbs light in the green part of the spectrum, transmitting blue and red

light to give the blended purple color.

Absorbance ——

| |
400 500 600 70(
Wavelength (nm)
The visible absorption spectrum of the hexaaquatitanium(l1l) ion.
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3- Hydration Enthalpies
Another of the parameters that can be explained by crystal field theory is the

enthalpy of hydration of transition metal ions. This is the energy released when

gaseous ions are hydrated.
M""(g) + 6 H,O(l) — [M(OH»)s]"" (aq)

L
o
|

(M]J* mol™)
|
o
!

hydr

AH?

Calt T+ v+ Crlz+ MIIIH Felt Colt Ni|2-+ Culz_ it
Experimental hydration enthalpies of the dipositive ions of the Period 4 transition metals.

As the effective nuclear charge of metal ions increases across a period, we expect
the electrostatic interaction between the water molecules and the metal ions to
increase regularly along the transition metal series. In fact, we find deviations from a
linear relationship (Figure above). To explain this observation, we assume that the
greater hydration enthalpy is the result of the crystal field stabilization energy, which
can be calculated in terms of Ay, the crystal field splitting. Recall that for an
octahedral field, the d,y, dy,, and dy, orbitals are lowered in energy by 2/5 Aq,and the
dxoy2 and dy, orbitals are raised in energy by 3/5 Ao Thus, for a particular electron
configuration, it is possible to calculate the net contribution of the crystal field to the
hydration enthalpy. Figure below illustrates the situation for the d* high-spin ion.

This ion would have a net stabilization energy of:

P

- [3(_%.5011): + I:](%j‘i}cl): =—0.64,4
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1 1 1
IA IA 0 IA
5 5 5

The crystal field stabilization energy for the d* high-spin electron configuration.

Crystal field stabilization energies (CFSE) for the dipositive,
high-spin ions of various Period 4 metals

lon Configuration CFSE

(‘113_ d —0.0 A
— d’ 04 A,
Ti" d* 0.8 A
A d 1.2 A,
et 4 —0.6 Aoy
Mn** d —0.0 A,
F‘-::_ fl'ih _n14 lwﬂ
CH:_ {n'ﬁ GS —\rm
Ni-* d° 1.2 A,
(‘le ' dq 0.6 j'l.'\'l
Zn”’ d" —0.0 Ay

The complete set of crystal field stabilization energies is listed in Table above.
These values correspond remarkably well with the deviations of the hydration
enthalpies. Of particular note, it is only the d°, d° (high spin), and d'° ions that fit the
expected near-linear relationship, and these all have zero crystal field stabilization

energy.
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4-Spinel Structures

The spinel is a mixed oxide, usually of general formula (M?*)(M®*"),(0%)a, with
the metal ions occupying both octahedral and tetrahedral sites. In a normal spinel, all
of the 2+ ions are in the tetrahedral sites and the 3+ ions are in the octahedral sites,
whereas in an inverse spinel, the 2+ ions are in the octahedral sites and the 3+ ions
fill the tetrahedral sites and the remaining octahedral sites.
The choice of normal spinel or inverse spinel for mixed transition metal oxides is
determined usually (but not always) by which option will give the greater crystal field
stabilization energy. This can be illustrated by a pair of oxides each of which contains
ions of one metal in two different oxidation states:
FesO., containing Fe?" and Fe**, and Mn3O,, containing Mn?* and Mn**. The former
adopts the inverse spinel structure: (Fe*")(Fe?*, Fe**)o(0%)a. All these ions are high
spin, so the Fe** ion (d°) has a zero CFSE, but the Fe** ion (d®) has a nonzero CFSE.
Because a crystal field splitting for the tetrahedral geometry is four-ninths that of the
equivalent octahedral environment, the CFSE of an octahedrally coordinated ion will
be greater than that of a tetrahedrally coordinated ion. This energy difference
accounts for the octahedral site preference of the Fe** ion. Unlike the mixed iron
oxide, the mixed manganese oxide has the normal spinel structure:
(Mn#)(Mn*)4(0%)a. In this case, it is the Mn?* jon (d°) that has a zero CFSE and the
Mn®" ion (d*) that has a nonzero CFSE. Hence, it is the Mn** ion that preferentially
occupies the octahedral sites.
Notes
Structure of Normal Spinels (AB,O,): The divalent A" ions occupy the tetrahedral
voids, whereas the trivalent B"' ions occupy the octahedral voids in the close packed
arrangement of oxide ions.
A normal spinel can be represented as: (A')*(B""),*'0,
E.g. MgAIl,O4 (known as spinel), Mn304, ZnFe,04, FeCr,O,4 (chromite) etc.
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Structures of Inverse spinels (B(AB)O.): The A" ions occupy the octahedral voids,
whereas half of B" ions occupy the tetrahedral voids. It can be represented as:
(Blll)tet(AIIBlll)octO4

E.g. FesO4 (ferrite), CoFe,04, NiFe, Oy etc.

The above inverse spinels can also be written as:

Fe;0, = Fe"'(Fe"'Fe'" O,

CoFe,0, = Fe"'(Co"Fe'"YO,

NiFe,0, = Fe"(Ni"Fe"hO,

The number of octahedral sites occupied may be ordered or random. The random
occupation leads to defected spinels.

E.g. NiAl,O, for which the formula can be written as
(A|o.75Nio.25)tet [Nio.75A|1.25]OCtaO4-

Another defected spinel is y-Al,O3

Some Generalizations Regarding The Structures Of Spinels

* A normal spinel structure is assumed if both the divalent and the trivalent metals
are non transition metals since no CFSE is involved.

* There is a tendency of formation of inverse spinel structure in some cases (not all
the cases) which contain transition metal ions. This is because, the transition metal
jon may get extra stability (LFSE) in octahedral geometry, prefers octahedral voids
over tetrahedral ones.

* The d°; high spin d°, d'® ions have no preference between tetrahedral and octahedral
coordination since the LFSE is zero.

* Usually d* & d® ions have strongest preference for octahedral geometry.

* Other ions with d*, d?, d*, d° d’, d° too have slightly more preference for octahedral
symmetry.

* That means, if A" has d* or d® configuration and the B" ion has configuration other

than these, then the spinel is inverted.

72



lectures in coordination Chemistry ...........ccovvvriiiiiiiiininiiieeenaenn, Dr.Hayder Al-Hmedawi

* |f the divalent A" is a transition metal (with configurations other than d° highspin
d° & d') and the B" ion is a non transition metal, there is a tendency to form inverse
spinel.

But there are exceptions like FeAl,O, which has normal spinel structure.

* Above generalizations are valid for high spin systems as the oxide ion is expected
to be a weak field ligand.

For example, Co®" is a low spin system even in presence of oxo ligands due to high

charge on the ion.

A" B Structure
Non transition metal Non transition metal Spinel structure
or
d° or d° or d*transition metal
Non transition metal A transition metal with Spinel structure
or d* or d*or d® or d* or d® or
d° or d° or d*transition metal d” or d® or o
configurations
A transition metal with Non transition metal Inverse spinel
d* or d or d* or d* or d° or d’ or d® or d° or
configurations transition meta with
d° or d° or d*°
configurations
Transition metal with higher CFSE value Transition metal with lower Inverse spinel
CFSE value

Examples For Spinel And Inverse Spinel Structures

1) MgAl,O4 is a normal spinel since both the divalent and trivalent ions are non
transition metal ions. There is no question of CFSE.

2) MngO, is a normal spinel since the Mn?* ion is a high spin d° system with zero
LFSE. Whereas, Mn®* ion is a high spin d* system with considerable LFSE.

3) Fe;0, is an inverse spinel since the Fe(l11) ion is a high spin d° system with zero
CFSE. Whereas the divalent Fe(l1) is a high spin d® system with more CFSE.
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4) NiFe,O, is again an inverse spinel since the divalent Ni** (a d° ion) has more
CFSE than the trivalent Fe** (a d° ion).

5) FeCr,0,4 is a normal spinel since the divalent Fe** is a high spin d®ion with
CFSE = 4 Dq and the trivalent Cr*" is a high spin d* ion with CFSE = 12 Dq. Hence
Cr¥ gets more OSSE while occupying octahedral sites.

6) Co304 is a normal spinel. Even in the presence of weak field oxo ligands, the
Co**is a low spin d°ion with very high CFSE. It is due to high charge on Co*".
Hence all the Co®" ions occupy the octahedral sites.

7) NiAl,O4 show random or defected inverse spinel. The CFSE of Ni'" is greater in

I** also has strong preference for

octahedral than tetrahedral coordination. But A
octahedral sites due to high lattice energy. This leads to almost complete
randomization of all the cations on all the available sites. Its formula can be written

as (Alg.75Nig25)* [Nig75Aly 25]°"*Os.

74



lectures in coordination Chemistry ...........ccovvvriiiiiiiiininiiieeenaenn, Dr.Hayder Al-Hmedawi

Molecular Orbital Theory (MOT)

In this section, There are another approach to the bonding in metal complexes: the

use of molecular orbital theory (MOT). In contrast to crystal field theory, the
molecular orbital model considers covalent interactions between the metal centre and
ligands.

Octahedral Complexes

For octahedral complexes, the molecular orbitals can be described as resulting
from a combination of a central metal atom accepting a pair of electrons from each of
six a-donor ligands. The interaction of these ligands with of the metal s, p and d

orbitals is shown in following.

T

— ﬁ\- _
~ — | o O
i ; - ¥ F{ a 3 o\?'_.!f

sl
]
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The s orbital has a;g symmetry, the p orbitals are degenerate with t;u symmetry, and
the d orbitals split into two sets with eg (dz* and dx® -y* orbitals) and t,g (dxy, dyz

and dxz orbitals) symmetries, respectively.

Each ligand, L, provides one orbital and derivation of the ligand group
orbitals(LGOs) for the Oy, Lg fragment. These LGOs have a;g, t;u and eg symmetries.
Symmetry matching between metal orbitals and LGOs allows the construction of the

MO diagram shown in following Figure .
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(e + 1, ) === — I
g I | == . = | Six ligand
' — A== | group orbitals
- = - /// g (a]g M eg i (]u)
k4 - e
'r'_.'.I /’/ o
\ —
“ig L
M [ML_]" [z
o I

Combinations of the metal and ligand orbitals generate six bonding and six
antibonding molecular orbitals. The metal dxy, dyz and dxz atomic orbitals have t,g
symmetry and are non-bonding (as shown in Figure above). The overlap between the
ligand and metal s and p orbitals is greater than that involving the metal d orbitals,

and so the a;g and t;u MOs are stabilized to a greater extent than the eg MOs.
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In an octahedral complex with no =w-bonding. i.e. have o-bonding only, the
energy difference between the t,g and eg levels corresponds to Ay in crystal field
theory.

The MO diagram of octahedral of e-bonded complexes can be represented in
examples:
1- In low-spin [Co(NHs)s]**, 18 electrons (six from Co®*" and two from each
ligand) occupy the a;g, tiu, eg and t,g MOs;
2- In high-spin [CoFe]*, 18 electrons are available, 12 occupying the a;g, tyu and
eg MOs, four the t,g level, and two the eg” level. Whether a complex is high- or

low-spin depends upon the energy separation of the t,g and eg levels.

Notionally, in a o-bonded octahedral complex, the 12 electrons supplied by the
ligands are considered to occupy the a;g, t;u and eg orbitals. Occupancy of the txg
and eg levels corresponds to the number of valence electrons of the metal ion, just as
in crystal field theory. The molecular orbital model of bonding in octahedral
complexes gives much the same results as crystal field theory. It is when we move to

complexes with M-L z-bonding that distinctions between the models emerge.

77



lectures in coordination Chemistry ...........ccovvvriiiiiiiiininiiieeenaenn, Dr.Hayder Al-Hmedawi

Complexes with metal-ligand 7 bonding
The metal dxy, dyz and dxz atomic orbitals (the t,g set) are nonbonding in an
[MLg]™, o-bonded complex (Figure above) and these orbitals may overlap with

ligand orbitals of the correct symmetry to give n-interactions as following Figure.

p z dXI.' P Iz ~ W - drz - R -

. . *
c.g inl” c.g inl” ¥ n

e.g. in CO e.g. in CO
(a) (b)

Although n-bonding between metal and ligand d orbitals is sometimes considered
for interactions between metals and phosphine ligands (e.g. PR3 or PF3), it is more
realistic to consider the roles of ligand c*-orbitals as the acceptor orbitals. Two types
of ligand must be differentiated: m-donor and sw-acceptor ligands.

A m-donor ligand donates electrons to the metal centre in an interaction that
involves a filled ligand orbital and an empty metal orbital; a m-acceptor ligand
accepts electrons from the metal centre in an interaction that involves a filled metal
orbital and an empty ligand orbital.

n-donor ligands include CI, Br and I' and the metal- ligand =-interaction
involves transfer of electrons from filled ligand p orbitals to the metal centre Figure
(a). Figure (a) shows the interaction between a metal ion and six w-donor ligands;
electrons are omitted from the diagram. The ligand group =-orbitals are filled and lie

above, but relatively close to, the ligand c-orbitals, and interaction with the metal
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dxy, dyz and dxz atomic orbitals leads to bonding (t,g) and antibonding (t,g*) MOs.

The energy separation between the t,g and eg levels corresponds to Aq.

Energy

ot ',

e I_.. .._I on
S || S

1 Ligand m-orbitals {Izg)

7 {occupied)
d(e,+ 1) { = - |
—= | Ligand g-orbitals (ay, te, +1y)
—— ‘== | (occupied)
% L
; Lot ..L
M [P'r"”_-h] L.-"""'uj_

Figure b shows the interaction between a metal ion and six m-acceptor ligands.
The vacant ligand w*-orbitals lie significantly higher in energy than the ligand o-
orbitals. Examples of w-acceptor ligands are CO, N, NO and alkenes, and the metal—
ligand =-bonds arise from the back-donation of electrons from the metal centre to
vacant antibonding orbitals on the ligand. m-Acceptor ligands can stabilize low

oxidation state metal complexes.
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Energy
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Tetrahedral Complexes

Sigma bonding

The energy level picture for the d orbitals is inverted from the octahedral levels,
with e the nonbonding and t; the bonding and antibonding levels(Figure below). In
addition, the split (now called At,) is smaller than for octahedral geometry; the

general result is:
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np(tz) =/

nsfag) |

n1d(et) | =—

Four ligands

Metal orbitals
group orbitals
aytz
MLy AN
L L
L
Pi bonding

The reducible representation includes the E, T;, and T, irreducible
representations. The T has no matching metal atom orbitals, E matches dZ? and dX?-
y%, and T, matches dxy, dxz, and dyz. The E and T, interactions lower the energy of
the bonding orbitals, and raise the corresponding antibonding orbitals, for a net
Increase in Agr. An additional complication appears when both bonding and
antibonding & orbitals are available on the ligand, as is true for CO or CN". Following
Figure shows the orbitals and their relative energies for Ni(CO),, in which the
interactions of the CO ¢ and = orbitals with the metal orbitals are probably small.

Much of the bonding is from M — L x bonding. In cases in which the d orbitals

are not fully occupied, & bonding is likely to be more important, with resulting shifts
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of the a; and t, orbitals to lower energies and the 4s and 4p orbitals to higher

energies.
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Square planar complxes

In Dy symmetry of the square planar complxes such as PdCl,~ the d orbitals are
split into the big ( dyoyy2 ), bag (dyy ), @19 (dz2 ), and eg ( dy, and dy; ) subsets. The p
and p, orbitals point directly at ligands and in D4, symmetry they constitute an e, set.
The p, orbital has a,, symmetry, and the four ¢ orbitals from the ligands give ayq , €y,
and biq symmetry. Therefore, the by , €4, and ay, behave as nonbonding orbitals.
When we consider the four ligands lying on the x and y axes (as shown in Figure
below ), it becomes apparent that the d ., - ,» orbital has positive lobes along the x -

axis and negative lobes along the y -axis.

The combinations of metal and ligand orbitals in a square planar complex. Although not shown, the p, and p, orbitals are directed

toward the ligands in the same way as are the lobes of the d,_ - orbital. The p orbitals have positive and negative lobes along each axis rather than
positive on the x-axis and negative on the y-axis as in the case of the d,=— 2 orbital.

The molecular orbitals give rise to the energy level diagram shown in Figure
below. From the molecular orbital energy level diagram shown in this figure, it can
be seen that the orbitals designated as e, a4, and byg* correspond to the dy, , dy, , d,
, and dyy orbitals in the ligand field diagram shown in Figure below . In the ligand
field model, A represented the difference in energy between the dy, and the dyo.
orbitals. In the molecular orbital model, A represents the difference in energy

between the ey and a4 orbitals.
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A molecular orbital energy level diagram for a square planar complex.
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Electronic spectra

A characteristic feature of many d-block metal complexes is their colours, which

arise because they absorb light in the visible region (see Figure below).

—» Absorbance

T T T
10 000 15 000 20 000 25 000
—= T/cm

—1

Fig. Shows the electronic spectrum of [Ti(OH,)s]** in aqueous solution.

Studies of electronic spectra of metal complexes provide information about
structure and bonding, although interpretation of the spectra is not always

straightforward. Absorptions arise from transitions between electronic energy levels:

1) Transitions between metal-centred orbitals possessing d-character (‘d—d’
transitions).
2) Transitions between metal- and ligand-centred MOs which transfer charge

from metal to ligand or ligand to metal (charge transfer bands).

Absorption bands in the electronic spectra of d-block metal compounds are
usually broad. The broadness is a consequence of the Franck—Condon approximation
which states that electronic transitions are very much faster than nuclear motion
(because nuclear mass is far greater than electron mass).

The absorption of a photon of light occurs at ~10*® s whereas molecular
vibrations and rotations occur much more slowly. As molecules are vibrating, an
electronic transition is essentially a snapshot at a particular set of internuclear

distances. It follows that the electronic spectrum will record a range of energies.
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Absorption bands are described in terms of Ayax Corresponding to the absorption
maximum Anax (See Figure below). The wavelength, Amax, 1S usually given in nm, but

the position of the absorption may also be reported in terms of wavenumbers, v (cm’

1. The molar extinction coefficient (or molar absorptivity) Ema 0f an absorption must

also be quoted; €max indicates how intense an absorption is and is related to Amax by

following equation where c is the concentration of the solution and ¢ is the pathlength

(in cm) of the spectrometer cell.

‘/] max

= : (£max in dm” mol ™' em™)
¢ x b

Values of € range from close to zero(a very weak absorption) to >10 000dm® mol™

cm™ (an intense absorption).

e

v
C

|
A
400nm corresponds to 25000 cm™; 200nm corresponds to 50000 cm™: (nm cm®
=10")

Absorbance

>

y Wavelength

“max

Absorptions in the electronic spectrum of a molecule or molecular ion are often
broad, and cover a range of wavelengths. The absorption is characterized by values of

Amax and Emax
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Some important points are that the electronic spectra of:
1) d*, d*, d®and d° complexes consist of one broad absorption:
2) d?, d° d"and d® complexes consist of three broad absorptions;

3) d° complexes consist of a series of very weak, relatively sharp absorptions.

Charqge transfer absorptions

In metal complexes, intense absorptions (typically in the UV or visible part of
the electronic spectrum) may arise from ligand-centred n—n* or n— ©* transitions, or
from the transfer of electronic charge between ligand and metal orbitals.

The latter fall into two categories:
1) Transfer of an electron from an orbital with primarily ligand character to one
with primarily metal character (ligand-to-metal charge transfer, LMCT).

2) Transfer of an electron from an orbital with primarily metal character to one
with primarily ligand character (metal-to-ligand charge transfer, MLCT).
Charge transfer transitions are not restricted by the selection rules that govern ‘d-d ’
transitions (see later). The probability of these electronic transitions is therefore high,

and the absorption bands are therefore intense (Table below).

Table:Typical emax Values for electronic absorptions; a large "max corresponds to an intense
absorption and, if the absorption is in the visible region, a highly coloured complex.

Type of transition Typical €y, | dm’ mol ' em™ Example

Spin-forbidden ‘d-d" <l [.\e‘ln(()]lg)h-]yr (high-spin d°)

Laporte-forbidden, spin-allowed ‘d-d"  1-10 Centrosymmetric complexes, ¢.g. [-].i(0112}6]3+ ")
10-1000 Non-centrosymmetric complexes, e.g. [NiClq}E_

Charge transfer (fully allowed) 1000-50000 MnO,[”

Since electron transfer from metal to ligand corresponds to metal oxidation and
ligand reduction, an MLCT transition occurs when a ligand that is easily reduced is

bound to a metal centre that is readily oxidized. Conversely, LMCT occurs when a
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ligand that is easily oxidized is bound to a metal centre (usually one in a high
oxidation state) that is readily reduced. There is, therefore, a correlation between the
energies of charge transfer absorptions and the electrochemical properties of metals
and ligands.

Ligand-to-metal charge transfer may give rise to absorptions in the UV or
visible region of the electronic spectrum. One of the most well-known examples is
observed for KMnQO,. The deep purple colour of aqueous solutions of KMnO, arises
from an intense LMCT absorption in the visible part of the spectrum as following

Figure:

aag
="
I

Absorbance

g
o
|

1.0

0.0 I | | | I I I I I

190 270 350 430 510 590 670 750
Wavelength (nm)

Fig. Part of the electronic spectrum of an aqueous

solution’of KMnQy. Both absorptions arise from LMCT, but it
Is the band at 528 nm that gives rise to observed purple colour.
Very dilute solutions (here, 1.55 x 10 mol dm ') must be used
so that the absorptions remain within the absorption scale.

This transition corresponds to the promotion of an electron from an orbital that is

mainly oxygen lone pair in character to a low-lying, mainly Mn-centred orbital. The
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following series of complexes illustrate the effects of the metal, ligand and oxidation
state of the metal on the position (Ayax) Of the LMCT band:

[MnOy4] (528 nm), [TcOy4] (286 nm), [ReOy4] (227 nm);

[CrO4)” (373 nm), [MoO4*~ (225 nm), [WO4*~ (199 nm):
[FeCl,]*~ (220 nm), [FeBry]*~ (244 nm);

[0OsClg]” (282 nm), [OsClg]* (370 nm).

Across the first two series above, the LMCT band moves to lower wavelength
(higher energy) as the metal centre becomes harder to reduce. The values of the
absorption maxima for [FeX,]* with different haloligands illustrate a shift to longer
wavelength (lower energy) as the ligand becomes easier to oxidize (1™ easier than Br,
easier than CI"). Finally, a comparison of two osmium complexes that differ only in
the oxidation state of the metal centre illustrates that the observed ordering of the Amax

values is consistent with Os(IV) being easier to reduce than Os(l11).

Metal-to-ligand charge transfer (MLCT) typically occurs when the ligand has a
vacant, low-lying n* orbital, for example, CO, py, bpy, phen and other heterocyclic,
aromaticligands. Often, the associated absorption occurs in the UV region of the
spectrum and is not responsible for producing intensely coloured species. In addition,
for ligands where a ligand-centred n*«m transition is possible (e.g. heterocyclic
aromatics such as bpy), the MLCT band may be obscured by the n*«—= absorption.
For [Fe(bpy)s]** and [Ru(bpy)s]*" the MLCT bands appear in the visible region at
520 and 452 nm, respectively. These are both metal(Il) complexes, and the metal d-
orbitals are relatively close in energy to the ligand =* orbitals, giving rise to an

MLCT absorption energy corresponding to the visible part of the spectrum.

Selection rules

Electronic energy levels are labelled with term symbols. Thus, the term symbol is

written in the general form:
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L=0 Sterm
Multiplicity L=1 Pterm
oftheterm — ~ @S+ly «— /1 =2 Dierm
L=3 Fterm
L.=4 Gterm

Electronic transitions between energy levels obey the following selection rules.
Spin selection rule: AS=0

Transitions may occur from singlet to singlet, or from triplet to triplet states, and so
on. Thus the transition is allowed, but a change in spin multiplicity is forbidden such

as singlet to triplet.

Laporte selection rule: There must be a change in parity:
allowed transitions: geu
forbidden transitions: g<«<g U< U
This leads to the selection rule:
allowed transitionsare s—p, p—d, d—f;

forbidden transitionsare s—s, p—p, d—d, f—f,s—d, p —f etc.

Since these selection rules must be strictly obeyed, why do many d-block metal
complexes exhibit ‘d—d’ bands in their electronic spectra?
A spin-forbidden transition becomes ‘allowed’ if, for example, a singlet state mixes
to some extent with a triplet state. This is possible by spin—orbit coupling ,but for first
row metals, the degree of mixing is small and so bands associated with ‘spin-
forbidden’ transitions are very weak (Table pp.73). Spin-allowed ‘d—d’ transitions
remain Laporte-forbidden and their observation is explained by a mechanism called
‘“vibronic coupling’. An octahedral complex possesses a centre of symmetry, but

molecular vibrations result in its temporary loss. At an instant when the molecule
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does not possess a centre of symmetry, mixing of d and p orbitals can occur. Since
the lifetime of the vibration (=10 s) is longer than that of an electronic transition
(=10 ), a ‘d—d’ transition involving an orbital of mixed pd character can occur
although the absorption is still relatively weak (Table pp 73). In a molecule which is
non-centrosymmetric (e.g. tetrahedral), p—d mixing can occur to a greater extent and
so the probability of ‘d—d’ transitions is greater than in a centrosymmetric complex.
This leads to tetrahedral complexes being more intensely coloured than octahedral
complexes.

Example: Explain why an electronic transition for high-spin [Mn(OH,)s]*" is
spin-forbidden, but for [Co(OH,)s]*" is spin-allowed.

Sol. [Mn(OH,)e]** is high-spin d> Mn(l1):

! ! | 2

A transition from a t,g to eg orbital is impossible without breaking the spin selection
rule: AS = 0, which means that S must remain the same.
[Co(OH,)e]*" is a high-spin d’ Co(ll) complex:

A transition from a t,g to eg orbital can occur without violating the spin selection
rule.

NB: Transitions in both complexes are Laporte- forbidden.

Electronic spectra of octahedral and tetrahedral complexes
Electronic spectroscopy is a complicated topic and we shall restrict our

discussion to high-spin complexes. This corresponds to the weak field limit. We
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begin with the electronic spectrum of an octahedral d' ion, exemplified by
[Ti(OH.,)e]*". The spectrum of [Ti(OH.)s]** (Figure pp.71) exhibits one broad band.
However, close inspection shows the presence of a shoulder indicating that the
absorption is actually two closely spaced bands (see below). The term symbol for the
ground state of Ti** (d*, one electron with L = 2, S = 1/2) is °D. In an octahedral
field, this is split into T,g and “Eg terms separated by an energy Ao.. More generally,
it can be shown from group theory that, in an octahedral or tetrahedral field, D, F, G,
H and I, but not S and P, terms split. (Lanthanoid metal ions provide examples of

ground state H and | terms).

Term Components in an octahedral field

S Aig

P T,

D T,,+ E,

F Aye + Tog + Ty,

G Ag + Eg + Ty + Ty,

H E, + Iy + I + T3

{ Arg + A + Eg + Thg + T + T

Similar splittings occur in a tetrahedral field, but the g labels
are no longer applicable.

The splittings arise because the S, P, D, F, G, H and | terms refer to a degenerate
set of d orbitals. In an octahedral field, this splits into the t,g and eg sets of orbitals
(Figure pp.59). For the d* ion, there are therefore two possible configurations: t,g* eg’
or t,g° eg', and these give rise to the “T,g (ground state) and °Eg (excited state) terms.
The energy separation between these states increases with increasing field strength

(see Figure below).
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Energy

Increasing A_

Fig. Energy level diagram for a d' ion in an octahedral field.

The electronic spectrum of Ti** arises from a transition from the T.g to the Eg
level; the energy of the transition depends on the field strength of the ligands in the
octahedral Ti(lll) complex. The observation that the electronic spectrum of
[Ti(OH,)s]** (Figure pp.71) consists of two bands, rather than one, can be rationalized

in terms of a Jahn—Teller effect in the excited state, t,g° eg".

For the d° configuration (e.g. Cu®*) in an octahedral field (actually, a rare
occurrence because of Jahn—Teller effects which lower the symmetry), the ground
state of the free ion (°D) is again split into *T,g and *Eg terms, but, in contrast to the
d* ion , the “Eg term is lower than the 2T,g term. The d° and d* configurations are
related by a positive hole concept: d° is derived from a d*° configuration by replacing

one electron by a positive hole; thus, whereas the d* configuration contains one
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electron, d” contains one ‘hole’. For a d° ion in an octahedral field, the splitting
diagram is an inversion of that for the octahedral d* ion. This relationship is shown in
Figure below (an Orgel diagram) where the right-hand side describes the octahedral
d* case and the left-hand side describes the octahedral d° ion. Just as there is a
relationship between the d* and d° configurations, there is a similar relationship
between the d* and d° configurations. The result is that the Orgel diagrams for
octahedral d* and d° ions are the same, as are the diagrams for octahedral d* and d°

(Figure below).

Energy

EEGIE

== .

- L, g O L
o or L&

- =
A A
d', d° tetrahedral d', d® octahedral
d* d ? octahedral d* d ? tetrahedral

Fig. Orgel diagram for d', d* (high-spin), d° (high-
spin) and d” ions in octahedral (for which Ty, and E, labels
are relevant) and tetrahedral (E and 7> labels) fields.
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Figure above shows that for each of the octahedral and tetrahedral d*, d*, d® and d°

ions, only one electronic transition from a ground to excited state is possible:

1) For octahedral d* and d°, the transition is Eg «T,g
2) For octahedral d* and d°, the transition is T,g— Eg
3) For tetrahedral d* and d®, the transition is T,— E

4) For tetrahedral d* and d°, the transition is E «T

Each transition is spin-allowed (no change in total spin, S) and the electronic
spectrum of each ion exhibits one absorption. For sake of completeness, the notation
for the transitions given above should include spin multiplicities, 2S+1, e.g. for
octahedral d*, the notation is “Eg « °T,g, and for high-spin, octahedral d* it is
*T,g— “Eg.

In an analogous manner to grouping d*, d*, d® and d° ions, we can consider
together d? d°, d” and d® ions in octahedral and tetrahedral fields. In order to discuss
the electronic spectra of these ions, the terms that arise from the d* configuration
must be known. In an absorption spectrum, we are concerned with electronic
transitions from the ground state to one or more excited states. Transitions are
possible from one excited state to another, but their probability is so low that they can
be ignored. Two points are particularly important:

1) Selection rules restrict electronic transitions to those between terms with the
same multiplicity;

2) The ground state will be a term with the highest spin multiplicity (Hund’s
rules).

In order to work out the terms for the d? configuration, a table of microstates
(see Table below) must be constructed. However, for interpreting electronic spectra,
we need concern ourselves only with the terms of maximum spin multiplicity. This

corresponds to a weak field limit. For the d® ion, we therefore focus on the F and *P
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(triplet) terms. These are summarized in (Table below), with the corresponding

microstates represented only in terms of electrons with ms = +1/2.

Table A shorthand table of microstates for a d~ configuration: only a high-spin case (weak field limit) is
. e . . . 3
considered, and each electron has m, = +1 The microstates are grouped so as to show the derivation of the *F
3 : 2 2
and P terms.

my = +2 m; = +1 m; =0 m; = —1 my= -2 My
+3 )
1 T +2
N N 1
T 1 0 ) (L=
. . I
T T -2
+ " 3 )
T T +1
. 3 0 }1’}3 (L=1
T I —1

The °F term is expected to be lower in energy than the P term. In an octahedral
field, the *P term does not split, and is labelled *T;g. The °F term splits into T.g, *T.g
and ®A,g terms. The *T,g(F) term corresponds to a t,g* eg® arrangement and is triply
degenerate because there are three ways of placing two electrons (with parallel spins)
in any two of the dxy, dyz and dxz orbitals. The ®A,g term corresponds to t,g° eg?
arrangement (singly degenerate).

The *T,g and *T.g(P) terms equate with a t,g* eg' configuration; the lower
energy >T.g term arises from placing two electrons in orbitals lying in mutually
perpendicular planes, e.g.(dxy)" (dz%)', while the higher energy *Tig(P) term arises
from placing two electrons in orbitals lying in the same plane e.g.(dxy)" (dx?-y?)*. The
energies of the *T.g(F), *T.g, *A,g and *T,g(P) terms are shown on the right-hand
side of (Figure below); note the effect of increasing field strength. Starting from this
diagram and using the same arguments as for the d*, d*, d® and d® ions, we can derive

the complete Orgel diagram shown in (Figure below).
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From (Figure below), we can see why three absorptions are observed in the
electronic spectra of d?, d°, d’ and d® octahedral and tetrahedral complexes. The
transitions are from the ground to excited states, and are all spin-allowed, e.g. for an
octahedral d* ion, the allowed transitions are *T,g «'A,g, ‘T.g(F) «—"A,g and
Tig(P) —"Asg.

A, or _‘El':

2g

Energy

I, orT

ng or T

or I

=Y

a’z, d’ tetrahedral a’z, d” octahedral
d? d* octahedral d?, d® tetrahedral

Fig. Orgel diagram for d?, d*, d” and d” ions (high-
spin) in octahedral (for which T,. 75, and A4, labels are
relevant) and tetrahedral (7, 7> and A4, labels) fields.
Multiplicities are not stated because [hcﬁ}-' depend on the 4’
configuration, e.g. for the octahedral 4~ ion, ° T, Bng an
3Azg labels are appropriate.

Figure below illustrates spectra for octahedral nickel(11) (d®) complexes. For the high-

spin d° configuration, all transitions are spin forbidden and ‘d—d’ transitions that are

97



lectures in coordination Chemistry ...........ccovvvriiiiiiiiininiiieeenaenn, Dr.Hayder Al-Hmedawi

observed are between the °S ground state and quartet states (three unpaired electrons).

Associated absorptions are extremely weak.

[Ni(OH,),J**

[Ni(NH,)J*

Molar absorptivity, &/dm3 mol=! cm~!

0 | | | | |
10 000 15000 20 000 25 000 30000

olem™!

Fig. Electronic spectra of LI\li(OHg},ﬁ]2+

(0.101 moldm™) and [Ni(NH;)¢]** (0.315mol dm ™ in
aqueous NH; solution) showing three absorption bands.
Values of the molar absorptivity, £, are related to absorbance
by the Beer-Lambert law
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