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MODULE ONE

REFRESHER

e Unit One — Odd Electronic configuration
e Unit Two — Naming coordination compounds and molecular structure
e Unit Three — Bonding in transition metal complexes and oxidation state

e Unit Four — Hard and soft acids and bases in transition metal complexes
UNIT ONE - Odd Electronic Configuration

The electronic configurations of transition element from Scandium to Zinc (Sc, Ti, V,
Cr, Mn, Co, Fe, Ni, Cu, Zn) follow  the usual  rules

(1s%2522p©3523p°3d*4s? where x = 1 — 10 note that the 4s is filled before the
3d). However in this first row of transition metal Cr and Cu do not follow the rules;

according to the rules chromium would be Cry, = 1522522p®3523p®3d*4s? but the
correct electronic configuration Cryy = 1522522p°3523p©3d°4s?. Similarly instead
of Cuye = 1522522p®3523p©3d°®4s? its clectronic configuration is Cuyg =
1522522p%3523p°3d1%4s! is the correct one. This is because a half filled or
completely filled orbital are stable and hence the preferred configuration.

The second row of transition metals (from Yttrium-cadium) follows the principle of

filling of electrons but again except for Nb, Mo, Ru, Rh, Pd,

Element Correct Following rules
Niobium (Nb) 4p®4d*5s?t 4p®4d35s2
Molybdenum 4p®4d°5s?t 4p®4d*5s?
Ruthenium (Ru) 4p%4d75s? 4p®4d°5s?
Rhodium (Rh) 4p©4dB85s? 4p%4d75s?
Palladium (Pd) 4p©4d*°5s° 4p®4d85s?
Silver 4p®4d105s? 4p®4d°5s?

Similarly, the third row of transition metal (from lanthanum to mercury) the same kind
of odd electronic configuration is observed. For platinum instead of 5d36s? the
correct one is 5d?6s! and then for gold it is 5d1%6s? but following the rules it would
have been 5d°5s2.



UNIT TWO - Naming Coordination Compounds

Coordination complexes are compounds which consist of a central metal atom or ions
surrounded by a definite number of electron donating molecules or ions. These
molecules or ions surrounding the metals are referred to as ligands. A coordination
complex maybe a neutral molecule or an ion. The number of ligands surrounding the
central metal is called the coordination number of the complex and this is different
trom oxidation number of the complex.
[Fe(CN)(*
-4 is the oxidation number of the complex ion

6 1s the coordination numbetr.

Oxidation number is referred to as the Primary/Principle Valence while coordination
number is referred to as Secondary/Auxiliary valence. Primary valences are non-

directional while secondary valences are directional.

The rules for naming coordination compounds are as following:

1. The cation is named before the anion. This rule holds whether the complex ion
is negatively charged or positively charge. For example, in K4[Fe(CN)g] and
[Co(NH3)4CL]CL K™ and [Co(NH3)4Cly] " are the cations and are named first.

2. Within a complex ion the ligands are named first, in alphabetical order, and the
metal ion is named last.

Ligand Abbreviation | Name of ligand in
coordination compound

Bromide Br Bromo

Chloride CI Chloro

Cyanide CN Cyano

Hydroxide OH" Hydroxo

Oxide O* Oxo

Carbonate CO»™* Carbonate

Nitrite NO5 Nitro

Oxalate C:O4* [ox]* Oxalato

Ammonia NH; Ammine

Carbon monoxide CO Carbonyl




Water H.O Aquo or aqua
Ethylenediamine H-NCH2CH2NH> en Ethylenediamine
Acetylacetonate CH;COCH2COCH; | [acac| Acetoacetate
Ethylenediaminetetraacetate [EDTA]* Ethylenediaminetetraacetate

('OQC) 2NCH>CH:N (COz‘)z

. The names of the anionic ligand end with the letter o, whereas a neutral ligand is
usually called by the name of the molecule except for H>O, CO, and NHa.

. When there are more than one ligands present, we use the Greek prefixes di-(2),
tri-(3), tetra-(4), penta-(5), and hexa- (6) to name. For example [Co(H2O)e]** will

be hexaaquocobalt.

. When there are different ligands the ligands are names in alphabetical order. Thus
the ligands in the cation [Co(NHs)4Clo| " are “Zetraamminedichloro”.

. If the name of the ligand contains a Greek prefix, we use the prefixes bis-(2), tris-
(3), and tetrakis-(4) to indicate the number of ligands present. For example, the
ligand ethylenediammine already contain the word ‘d7 which is a Greek word

therefore if two of such ligands are present, the name will be bis(ethylenediammine).

. The oxidation number of the metal in Roman numerals following the name of
the metal. For example the Roman numerals III is used to indicate the +3
oxidation state of Co in [Co(NH;3)4Clo|" which is called zetraaminedichlorocobalt(111)

won.

. If the complex is an anion, its name ends in —ate. For example, in K4[Fe(CN)g],
the anion [Fe(CN)¢]* is called hexacyanoferrate(Il) ion. Note that the Roman
numeral II indicates the oxidation state of iron.

Metal Names of metal in anionic complex
Aluminum Aluminate

Chromium Chromate

Cobalt Cobaltate

Copper Cuprate

Gold Aurate




Iron Ferrate
Lead Plumbate
Manganese Manganate
Molybdenum Molybdate
Nickel Nickelate
Silver Argentate
Tin Stannate
Tungsten Tungstate
Zinc Zincate

Coordination Number and Molecular Structure
With the coordination number it is possible to predict the shape/structure of a
complex. However further experimental data will be required to confirm the structure.

Coordination number Shape Examples
2 Linear [CuCly], [Ag(NH3)2)*"].
3 Trigonal planar [Cu(CN)3]*, [Hgls]
4 Tetrahedral [CoCls]?*, [MnCl4]*
4 Square planar [PACl4]?*, [AuCly];, [PtCly]*
5 Trigonal bipyramid [CdCls)*, [CuCls]*
5 Square base pyramid [WCLOJ, [TcCLN]
6 Octahedral [Ti(OH2)e]**, [Co(OH2)e]*
6 Trigonal prism [Z1(CH3)e]*




UNIT THREE - Bonding in Transition Metal Complexes

There are 3 theories of metals to ligand bonding in complexes
1. VALENCE BOND THEORY (VBT): In this theory the complex ion has its
ligands forming coordinate bonds to the metal. Hence the ligands must have a

lone pair of electrons and the metals must have an empty orbital of suitable
energy. The ligands would donate electrons to the metals which they now share.
With this theory the shape of the complex can be predicted.

2. CRYSTAL FIELD THEORY (CFT): According to this theory the interaction
between metals and ligands is purely electrostatic it could be (a) ion-ion

interaction e.g. +ve ion Co’" and —ve ion Cl. (b) ion-dipole interaction and this
is between a neutral molecule e.g. NH; and CO and the metal ion. For example,
[Co(NH3)]**, NHj3 has a dipole moment with the 8- charge on the N and the 8+
on the H, and the 8- pointing towards cobalt. This theory is able to explain the
electronic spectra and the magnetic properties of transition metal complexes.

3. LIGAND FIELD THEORY (LFT): This theory explains the bonding of metal
to ligand in terms overlapping of orbitals using molecular orbital theory. Because
of molecular orbital theory in LFT both covalent bonds and ionic contribution
are allowed. It also entails using group theory.

Oxidation State: Oxidation entails the loss of an electron(s). In transition metal the

removal or loss of electrons starts from the ns orbital instead of the (n-1)d even though
the ns is filled before the (n-1)d. A good question is why? The reason why the ns is
filled before the (n-1)d is because the ns orbitals are more penetrating (less shielded)
than the (n-1)d orbitals]. But as electrons begin to fill the (n-1)d orbitals the energy of
the (n-1)d-orbitals decreases greatly, that is why when it comes to removal of electrons
it is lost from the s-orbitals rather than the d-orbitals.

The most common and stable oxidation state is the +2 and +3. The +3 oxidation states
are more stable towards the beginning of the series (the left of the periodic table)
whereas the +2 oxidation states are more stable towards the right of the periodic table.
Very high oxidation states are found towards the center e.g. +7, in addition these high
oxidation state are found in compounds with electronegative elements such as oxygen

and fluorine e.g. V205, CrOs, Mn»Os.



UNIT FOUR - Hard and Soft Acids and Bases in Transition Metal Complexes

The interaction between the metal atom and the ligands and are considered to be Lewis
acid — base reactions. A Lewis base is an electron pair donor while Lewis acids are

electron pair acceptor. So ligands are Lewis bases and the central metals are Lewis acids.

Acids
» Hard (Class a) acids are metal ions ate either small and/or but highly charged
(i.e. have high charge density) and therefore are not easily polarized. e.g. Mn*,
Zn*, S, Cr*) Fe’*, Co’, 7', Ti*, etc. Any atom/ion that is easily polarized
(i.e. polarizable) means that it is easy to distort its electron clouds.

» Soft (Class b) acids on the other hand are easily polatized because they are large
(having low chatge density) e.g. TI*, Cu*, Ag*, Au*, Cd**, Pd*, Fe*» Co*", Cu*".

Bases

» Hard (Class a) bases ate ligands which ate small in size and highly charged hence
not easily polarized e.g. F, Cl, NHs, OH, ox* etc.
» Soft (Class b) bases ate large and highly polarizable e.g. I, CN", CO, SCN- etc.

There is also the intermediate class e.g. Br, NOz, pyridine.

Hard acids tend to bind to hard bases and soft acids to soft bases. Therefore, the
interaction between hard acid-base is predominately electrostatic i.e. ionic or dipole-
dipole interactions. Soft acid-bases being more polarizable have their interaction

predominantly covalent in character.



MODULE TWO

VALENCE BOND THEORY (VBT)

e Unit One — VBT vs VSEPR

e Unit Two — Hybridization in Transition metal complexes

e UNIT Three - Limitations to VBT

UNIT ONE - VBT vs VSEPR

According to this theory, bonding is as a result of the use of unoccupied hybridized

bonding orbitals of the metal for the formation of coordinate covalent bonds with the

donor electrons pairs of the ligands.

This theory is based on quantum mechanics and it assumes that bonds are formed by
the overlapping of atomic orbitals. Only valence orbitals are involved in bonding, while
the inner electrons remain unaffected by the bonding. The greater the orbital overlap,

the stronger (more stable) the bond.

VSEPR theory

VB theory

Based on Lewis structures

Based on quantum mechanics

Covalent bond are formed by sharing
electrons

bonds

ovetlapping of atomic orbitals

Covalent are formed by

All atomic orbitals in the molecule are

pure orbitals

The valence atomic orbitals in a molecule
are hybrid orbitals

Cannot explain differences in bond
length and bond energy between in

different molecules.

Can explain differences in bond length
and bond energy can be explained.

It does not distinguish between sigma
bonds and pi bonds

Can distinguish between sigma bonds and
pi bonds.

Hybridization is the mixing of dissimilar atomic orbitals to generate a set of hybrid
orbitals that have of the properties of the parent orbitals that would be used in




covalent bonding. The hybridized orbitals are directional and their orientation in
space gives a definite geometry to the complex ion.

by b
Ground State (GS) 252 2p?
electron configuration
of the valence orbital
of carbon
Excited State (ES) A b
electron configuration 7 3
of the valence orbital 2s 2p
of carbon

According to VSEPR theory for CH4 to be formed, one of the 2s electron of carbon
will be promoted to its empty 2p orbital. There would four unpaired electrons for
bonding with hydrogen. However, this does not solve the problem as the 3-2p orbitals
would be 90° to each other (p-orbitals are 90° to each other) but bond angles in CHg4 a
tetrahedral molecule are 109.5°.

VBT is able to explain this phenomena using hybrid orbitals. In the case of CH4 in
order to for carbon to bond with 4-H atoms to form the stable compound, the 2s and
3-2p orbitals of carbon would mix to form a hybrid called sp orbitals. Note the 2s and
2p of carbon are the valence orbitals i.e. orbitals in the outermost shell). They are four
in number (1-s + 3-p = 4-sp’). It has a regular tetrahedral shape (no lone pair) as
described in VSEPR model.

4 For Cin CH4

0L HOL
DG
S S sp

n W Y

1s 1s 1s
Ground state VSEPR theory Valence bond theory




UNIT TWO — Hybridization in Transition Metal Complexes

[Co(H,0)6]** This complex has a coordination number of 6 because Co has six water
molecules bonding to it. Valence electronic configuration of cobalt in the +2 oxidation

is 3d7, 4s°

NP L TP I IMAPIN TP

L L NENT 1]
Co° 3d’ 4s? Co** 3d’ 4s°

Co in its free state Co in its bonded state

Each water molecule is coming with a lone pair of electrons (2 electrons each). In the
+2 oxidation state the only empty orbital is the 4s, which can only accommodate one
of the ligands. VBT is able to explain Co can coordinate with 6 molecules
accommodating 12 electrons. With this theory one can predict the shape of the
transition metal complex and its magnetic properties.

Application of VBT

1. Determine the oxidation number of the transition metal in the complex bearing
in mind that the ligands may be charged or neutral [MLa]*.

(Oxidation state of metal x’) + (charge on ligand ‘y’) = total oxidation state of

complex 2

X+ny=z
X = Z— Ny
Neutral ligands Charge | Charged ligands Charge
aquo/aqua H>O 0 Chloro Cr -1
iodo I -1
ammine NH; 0 Fluoro IS -1
bromo Br -1
carbonyl CO 0 Cyano CN- -1
Ethylenediamine (en) | HsSNCH>CH>NH; | 0 hydroxo OH" -1
nitrosyl NO 0 Oxalate (ox) | 0C — CO5 | -2

2. The number of ligands would give you an idea of how many orbitals would be
used in hybridization. For example, 4 ligands could be an sp’ hybridization, 6
ligands could be a d*sp® hybridization.




3. We know that electrons would rather exist singly rather pair up. However, if the
ligand involved is a “strong field ligand” then it will force the electrons to pair.
This forced pairing occurs in 3d orbitals. The 4d and 5d orbitals are bigger and
therefore they overlap more strongly with the orbitals of the ligands as compared
to the 3d orbitals. In addition, because of the 4d and 5d orbitals are large it takes
less energy to put the two electrons together into the same orbital therefore even
when the ligand is a “weak field ligand” the electrons in 4d and 5d orbitals will
be paired.

4. When all the electrons are paired it is diamagnetic complex and any unpaired

electrons makes it paramagnetic.

5. The table below shows the relationship between the coordination number, type
of hybridization and the shape the complex would have. This serves as a guide
towards predicting the hybridization and shape of a complex.

Cootdination | Types of Shape/Geometry Examples
number hybridization

> sp Tincar [Ag(NHy)|"
3 sp? Trigonal planar [Figls]

4 sp Tetrahedral [FeBrs]*

4 dsp? Square planar [Ni(CN)4]*
5% sp>d Trigonal bipyramid [Cu(Cl5)]*

5% dsp’ Squate pyramidal [Ni(CN)s]*

6 sp’d? or d’sp’ Octahedral [Co(NH3))**
6* spd* Trigonal prismatic [Zr(Me)q]*

6. Experimental studies are always needed to confirm predictions such as the

magnetic susceptibility and x-ray crystallography studies.



Worked examples

1. [Pt(NH3)4]**
Since NH3 is a neutral molecule (having no charge) the oxidation number of Pt in the
complex will be
x+(4x0)=+2
x+0=+42
x= 42

P E—

Each ammonia molecule is donating a lone pair of electrons. Therefore, for Pt to
accommodate these 8 electrons (from 4 NH3) it would need to form 4 hybrid orbitals.
The 5d orbital are large, they would bond strongly and it would rather pair the electrons.
This would make the one of its 5d orbital vacant and then it would use the vacant 5d,
6s and 2 of its 6p otbitals generating a dsp” hybridization which is squatre planar in

shape. The complex is diamagnetic — having no unpaired electrons.

N \Y i \lll[\
Pt?* 5d° 6s 6p =T 5d° dsp

5d® and 6p are unhybridized and the red arrows in the dsp? orbital represents the

electrons donated by the 4 NH3 molecules.

[PtCly]%
Cl is charged species (-1) the oxidation number of Pt in the complex will be
x+(6x-1)=-2
xX—6=-2
x= —2+6
x = +4

pPt+ 5d° 6s’




Each chloride atom is donating a lone pair of electrons therefore for Pt to accommodate
these 12 electrons (from 6 CI') a hybrid that is made up of 6 orbitals. With the 5d orbitals
being large, they would bond strongly and can accommodate paired electrons. It would
therefore make use of its vacant 2 of the vacant 5d, 6s and 3 of its 6p orbitals generating
a d’sp” hybridization which is octahedral in shape. This complex is also diamagnetic.

YEININ i ) YEIER

N\ 4+\ \ 6 N N N \ \ \ N A
Pt 5d 6s ©p P2t 5d° d%sp’

5d¢ is unhybridized and the red arrows in the d*sp® orbitals represents the electrons
donated by the 6 Cl ions.

[Cu(CN),]3"
CN is charged species (-1) the oxidation number of Cu in the complex is +1.

Cu’ 3410 4s! Cu* 3d'"4s°

In this case the 3d orbital is completely filled hence each cyano molecule is donating a
lone pair of electrons making a total of 8 electrons (2 electrons from each of the CN").
Therefore, a hybrid that is made up of 4 orbitals would be required. It would therefore
make use of its vacant 4s and three of its 4p orbitals generating a sp® hybridization
which is tetrahedral in shape. This complex is also diamagnetic.

[Cu(NH3),]**
NHj3 is a neutral molecule the oxidation number of Cu in the complex is +2.
Cu®  3d"4s! Cu**  3d”4s’

Each ammonia molecule is donating a lone pair of electrons therefore for Cu to
accommodate these 8 electrons (from 4 NH3). This means that Cut would need to form
a 4-hybrid orbital system. It would therefore make use of its vacant 4s and three of its
4p orbitals generating a sp” hybridization which is tetrahedral in shape. This complex is
also paramagnetic because of the unpair electron.

Experimental studies revealed that the complex is not tetrahedral but square planar.
This would mean that its hybridization is dsp? This is achieved by the promotion of
the single unpaired electron from the 3d orbital one of the 4p orbital. Cu would then
use the vacant 3d, 4s and the remaining 2- 4p orbitals to form dsp? hybridization.




[Ni(CN),]?>" and [Ni(Cl)4]*"

In this case the oxidation number of Ni in both complexes is +2.
Ni’ 3d8 4s? Ni?t  3d°®4s°

The cyano complex is square planar in shape and diamagnetic while the chloride
complex is tetrahedral and paramagnetic. This is because the CN" group can force
pairing and are called strong field ligands while chloride cannot do this because it’s a
weak field ligand. Hence the hybridization of the cyano complex is dsp? while the
chloride is sp’.

[Fe(CN)¢]*™ and [Co(CN)g]3™ are both diamagnetic while
[Fe(NH3)¢]%t and [CoF¢]3~ are paramagnetic.

In both cases the oxidation number of Fe is +2 and that of Co is +3.

Fe? 3d° 452 Fe2t  3d° 4s
Co° 3d7 4s? Co®*"  3d°4s°

The presence of the cyano ligands force pairing so that the electrons in the 3d orbital
occupy only 3 or these, leaving 2 vacant otbitals for which a d?sp* hybridization is
formed.

Ammonia and fluoride ligands are weak field ligands and do not force pairing hence the
unpaired electronic configuration is retained. To accommodate the six ligands instead
of using the 3d orbitals they use their 4d orbitals generating a hybridization of sp*d?
which is also octahedral.

Unlike the case of [Cu(NH3)4]** which promoted its single unpaired electrons to the
unhybridized 4p orbital [Fe(NHj3)¢]** and [Co(F)e]* cannot do so it would require more
energy to promote the three unpaired electrons from the 3d to the 4d orbitals.



UNIT THREE - Limitation to VBT

1. It cannot explain the spin state of complexes

2. Without experimental data it cannot predict accurately if a 4 coordinated
complex is square planar or tetrahedral.

3. It cannot explain why transition metal complexes have varying colours.

4. It cannot also explain the electronic spectra of complexes.



MODULE THREE

CRYSTAL FIELD THEORY (CFT)

e Unit One — The theory

e Unit Two — Spectrochemical series and magnetic properties

e Unit Three — Jahn-Teller Distortion and Square Planar complexes
e UNIT Four — Crystal Field Stabilization Energy (CFSE)

UNIT ONE - The Theory

This theory explains the bonding between metals and ligands to be electrostatic where
the metal is positively charged and the ligands are negative spherical point charge.
Before the ligands approach the metal the d-orbitals are degenerate (i.e. equal in energy).
Although the electrons of the ligands are attracted to the metal ion because it is
positively charged but as the ligands approach closer to the metal ion there is also
repulsion between the electrons in d-orbitals and ligands. This effect raises the energy
of the d-orbital and consequently split them. The direction of approach of the ligand
to the d-orbitals affect the type of splitting that occurs.

Considering the d-orbitals on the x-, y-, z- axis; the dy2_y2 is pointing along the x- and
y-axis and the d,2 points along the z-axis. While the d,,, lies between the x- and y-axis;

d,, lies between the y- and z-axis and dy, lies between the x- and z-axis.

[] If the ligands are approaching directly along the x, y, z axis, then they affect the
dy2_y2 and d,z and then raise their energy while the dyy, dy, and dy, are
lowered in energy.

[ If the ligands are approaching in between the x, y, z axis, then they affect the
dyy, dy; and dy, directly raising their energy while that of the d,2_,2 and d,,2

are lowered.

Crystal field is the field created by the electrostatic interaction as the point charges are
arranged in an orderly manner (like crystal structure). The difference in energy between
the higher and lower energy level of the crystal field splitting is given by A.



In an octahedral environment the d-orbital are split as illustrated in the diagram below.
The dyy, dy, and dy, are lowered in energy hence are stabilized and possess a tz
symmetry while the dy2_,2 and d,2 are higher in energy are destabilized and possess e,
symmetry. Therefore the energy difference between the ty, — orbitals and the e, —
orbitals is labelled as A,.; which is the crystal field splitting parameter in an octahedral
field. The orbital in the e, set are raised by 0.6A,.+(360q¢t) with respect to the
barycentre while those of the tz; set are lowered by —0.4A,.¢ (-%5 Agcr)-

A
dxz_ 2 g2

e
0.%; 9
% _____ A barycentre
=}

_____ % oct
—0. oct
_t,

d.d d_“9

Xy Yz “Xz

Splitting pattern in an octahedral field

In a tetrahedral environment the ligands approach the dy,, d,,, and d,;, directly and
this result in a splitting which is the inverted form of the octahedral complex. So the
dyy, dy, and dy, are raised and the d,2_y2 and d,z lowered. Because this is a
tetrahedral complex, the dyz_y2 and d,2 are now labelled e and the dy,, d, and dy,
are labelled t2. The t2 orbitals are raised by 0.4A;¢ (¥5Ac:) and e orbitals are lowered by

—0.6A,c¢ (-35Aer) with respect to the barycentre. However the Aggq is less than Aggt

. "4
1.€. Atet — EAOCt'

A

dxy d Z dxz t
> 0.4 A et
0 _ _ e m——— barycentre
L%’ - —0.6A tet
d224d ze
X -y z

Splitting pattern in an tetrahedral field



UNIT TWO - Spectrochemical series and magnetic properties

The magnitude (size) of A depends on the strength of the ligands. Ligands that result
in large values of A are referred to as strong field ligands and those that result in small
values of A are called weak field ligands. The arrangement of ligands according to their
tield strength is called the spectrochemical series. Strong field ligands force the electrons
in the d-orbitals to pair up. Electrons fill in singly first before paring, however due to
the wide crystal field splitting caused by strong field ligands, the electrons cannot enter
the raised d- orbitals and would rather pair up in the lowered d-orbitals.

These will force pairing /

I_<Br'_<Cl_<0H_<RC02_<F_<H20<NCS<NH3<en<N02<Phen<CN;C0

~
7

Order of increasing field strength

Note that in some case NHj3 can force pairing.

Another factor that affects the crystal field energy is the oxidation state of the metals

ions:

Mn(I1) < Ni(II) < Co(1I) < Fe(IlI) < Cr(Il) < Co(II) < Ru(ll1) < Mo(II1) < Rh(Il) < Pd(II) < Ir(II1) < Pt(IV)
Increasing field strength g

@) Increase in oxidation number: the higher the oxidation number the smaller the
size of the ion but the greater the charge density (charge/volume). As result
shorter metal-ligand distance hence stronger interactions and this increases
the crystal field strength.

i)  Going down a group shows that the large size of the 4d and 5d orbitals has a
greater impact than the 3d hence stronger interaction and this leads to larger
splitting of these d-orbitals hence large A.

+ 4+ —

An octahedral complex made up of

d” metal ion bonded to a weak field ligand sij ottahedral complex madewip Hf

d’” metal ion bonded to a strong field ligand

W+ TR TR

i

When electrons are forced to pair the complex is referred to as being low spin and in
the absence of forced pairing it is described as high spin. Low spin is a state where
there are few paired electrons while high spin state has a higher number of unpaired
electrons. These occur in in d* to d®.



UNIT THREE - Jahn-Teller Distortion and Square Planar Complexes

An octahedral complex undergoes distortion in its shape. This distortion can take place

either by the elongation of the axial ligands or the compression of equatorial ligands.

This effect occurs when the ground state electronic configuration is asymmetrically

filled making the geometry unstable and in order to bring about stability the distortion

occurs. A common example is d” complexes of Cu(II). It can also occur with high spin

d* and low spin d’. This distortion is called Jahn-Teller Distortion (or tetragonal

distortion).
L
L- L
L L L L
L
\'VI / Elongantion of axial ligands \M / Compression of equotorial ligands L\M /
<
A / \ ] | / \ | N |
L L
u Regular octahedral complex

Distored complex

A
d-i.!-yz d22
>
)
=
A"
&
dxy dyz dxz
Regular octahedral complex

Distored complex

Ty

4
dyz dxz
Jahn-Teller distortion

The asymetrical filling of the e, orbital caused the distortion

There are no ligands approaching the metal along the z-axis and this greatly stabilize

(lowers) the d,2 orbital as well as lower the energy of the d,, and d,,while the d, 2

and d,,, will be raised.

_yZ

A square planar shape can be derived from the octahedral geometry by removing the

two axial ligands (ligands along the z-axis). This would greatly stabilize the d,2 orbital

as well as lower the energy of the d,, and d,,,while the d,2

_y2 and dy,, will be raised.



For example, some Cu®" complexes are square planar instead of the expected
octahedral. This is due to Jahn-Teller distortion, bonding at the equatorial position
readily occurs as the bonds are short. However, the weak interactions at the elongated
axial position result in the ease to lose these ligands, yielding a square planar complex
rather than octahedral.

| i
i dxz_ 2 d2 /_/,/"///
\M femovegaxtalliggds /M\ | lAOCt \></ xy
L/ \ L L L d— —d —dii/:\\\ \\E
Square planar Oxyt hyzd 1xz _22_
L complex ctahedra 13
Octahedral field yzZ Xz

Square planar
field

complex



UNIT FOUR - Crystal field stabilization energy (CFSE)
CESE is defined as the energy of the electronic configuration in the ligand field (LF)
(splitting of d orbitals) minus the energy of the electronic configuration in the
isotropic field (IF) (before splitting). This is the decrease in energy resulting from the
crystal field splitting.

CFSE = E;f — Ef¢

Energy = (number of electrons n) X (corresponding splitting parameterA) +
(number of paired electrons m) X (spin pair energy P)
E; r = (nA 4+ mP)
In an isotropic field both Ay and Ay = 0 because there is no splitting
Eip = (mP)

In an octahedral environment the CESE d-orbital are as illustrated.

AN For a d! (tzlg)
Ejp=1x(—=0.44,,) = —0.4A,,
A\ Er =0
isotropic field — — | CFSE = Eyp — Ejp = —0.44A,,,
ligand field

For a d? (tzzg)
Ejp =2 X (=0.40,e) = —0.80.
vV ~ Er =0
isotropic field 1 — | CFSE = By — Eir = ~0.88,0,
ligand field

For a d’ (t23g)
ELF — 3 X (_0'4A0Ct) = _1'2AOCt

__F'[\"[\'__ ‘F‘F“[\' Eir =0

isotropic field CFSE = Epp — Ejp = —1.24,¢
ligand field




F1E

isotropic field

I

isotropic field

_[;_
34

ligand field

§t 3

ligand field

For a d*, there are two situations

(i) No pairing (¢34, €)

Eip =3 X (—04A,.)+ (1 X0.6A,.)
—06A,.¢

Er=0

CFSE = E;p — E;f = —0.6A,;

(ii) Pairing (t34, €g)
Eip =4X%X(—044,,) +1p =
—1.6A,. + P
Ejr=0
CFSE = Ejp — Ejp = —1.64,, + P

In a case like this the preferred configuration is the one with lower energy. Pairing is

often avoided, however when it does occur the pairing electrons experience strong

repulsion called the pairing energy P. When there are no forced pairing electrons will

fill in singly before pairing (high spin d* — d¥).

If Ayt < P, then electrons will not pair. This is a weak field.

If Ayee> P, then electrons will pair. This is a strong field.

Class work

Calculate the crystal field stabilization energy of (i) high spin d” (i) low spin d’.

For a high spin d’ (5, €2)
Eip = 5% (—0.44,.,) + 2P + (2% 0.6A,.,)

(=2.00,0) + 2P + (1.2A,.;)

(—0.80,.) + 2P
EIF = 2 X P = 2P

CFSE - ELF - EIF - [(_O8AOC£‘) + ZP] - ZP

CFSE = —0.8M,,;




For a low spin d7(tgg, e;)

Erp =6Xx(—04A,.)+ 3P+ (1x0.6A,.)
(=2.4A,.) + 3P + (0.6A,.:) = —1.8A,;
(—1.84,.) + 3P

Eip=2XP=2P

CFSE = Efp — Ejf = [(—1.84,.) + 3P] — 2P
CFSE = —-18A,, + P

The same is applicable in a tetrahedral environment only this time instead of Ag¢;

Ater would be used. (Remember to reverse the orbitals)



ASSIGNMENT #1
CHMA401
MODULE ONE AND TWO

1. What is the expected and true valance electronic configuration of
coppet, silver and gold? What do you think is the reason for their

anomaly?

2. What is the IUPAC name of the compounds below?
Ca[Ni(Br)4]
[Ni(en)z(Br)2|Br
[Ni(CO)4]Br
Predict the hybridization, shape and magnetic property of the
complexes (1) and (iii)

3. Take a look at the table below and classify each item as hard acid,
hard base, soft acid or soft base.

y3t Ti*t Fe?* Cco OH™

F- CN™ 2+ Fe3* NO;

4. The electronic configuration of osmium is [Xe], 4f 14 546 652
and that of iron is [Ar], 3d®, 4s%. What type of hybridization and
magnetic property would [0sClg]*™ and [FeClg]*™ have since

both are octahedral complexes?

5. (a) In not more than 10 line discuss valence bond theory (b)
mention its limitations.



Marking Guide to
Assignment One
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MODULE FOUR

ELECTRONIC SPECTRA (in CFT)

e UNIT ONE - Colours

e UNIT TWO — Electronic Transitions in transition metal complexes
e UNIT THREE — Selection rule

e UNIT FOUR - Charge transfer absorptions

UNIT ONE - Colours

An electronic spectrum is a measure of the amount of light absorbed by molecules. The
region of the electromagnetic spectrum that interacts with the electrons of the
molecules is the ultraviolet and visible region. The spectra are measure using uv-visible

machine.

We can see and distinguish between colours because our eyes respond to visible light.
A substance appears black because it absorbs all the visible light. If it absorbs no visible
light it will be white or colorless. The visible region of light (400 nm — 700 nm) is made
up red, orange, yellow, green, blue and purple. An object appears green if it absorbs all
light and reflects the green light. An object also looks green if it reflects all the colors
except red which it absorbs, i.e. the complementary colour of green (colour circle).
[Cu(H20)]6SO4 s blue in colour (ie what we see) but this means it absorbs orange region

(600 — 640 nm).

Absorb orange

yellow

560-600 am |

Appears blue



UNIT TWO — Electronic Transitions in Transition Metal Complexes

Light is made up of particles of called photons and they have quantized energy. For
transition metal complexes the energy of the photon is equal to the energy of the crystal
tield split, which is has a corresponding wavelength

RO

a b

(a) The process of photon absorption

(b) Electrons gaining energy undergo transition from tz; — ¢,

Let us assume that the maximum absorbance of [Cu(H20)s]SOs occurs at a
wavelength of 600 nm then the crystal field splitting energy can be found using the

equation,
Maximum
«—  absorbance
c
E=hf (1=3) ¢
[
©
2
J— J— c 8 )\max
E =A= hz a

Wavele-ngth (nm)

Where h is planks constant (6.63 x 107*]s) c is speed of light (3.0 x10®* m/s), and A
wavelength (nm). Amax = Wavelength at maximum absorbance.

A= h% = 6.63 X 10734Js x =3.32x 10719.

3x10%m/s
600 Xx10~%m

Due to the fact the crystal field stabilization energy of tetrahedral complexes are lower
than that of octahedral complexes (Aw: = %Aoct), the absorption wavelength of

tetrahedral complexes occur in longer wavelengths than the octahedral complexes.



The absorption spectra of coordination complexes arise from the transition of
electrons
a. In the d orbitals within the metal (d-d transition)
b. From the metal to the ligand (Metal to Ligand Charge Transfer (MLCT))
c. From the ligand to the metal (Ligand to Metal Charge Transfer (LMCT))

A

—— — LMCT
d-d MLCT

(The reason why transition metals are coloured is simple because the energy of d-d

transition occurs with the visible region of the electromagnetic spectrum).



UNIT THREE - Selection Rule

When a compound has a high molar absorptivity it means it would have very intense
absorbance (high absorbance) and would be observed to have very deep colours even
at very low concentrations. While substances with pale colour, have low absorbance
hence would have low molar absorptivity. The value of absorbance is obtained from

the electronic spectra.

Axc ~ A= &l whereeand !l are constants
A= absorbance,
€ = molar absorptivity/molar extinction coefficient,
] = path length,

Cc = concentration

The reason why there is that difference in molar absorptivity can be explained using the
SELECTION RULES. Not all electronic transitions are allowed but they occur.
These are forbidden transitions. It is these forbidden transitions that result in low molar

absorptivity.

1. Laporte selection rule- There must be a change in parity (sign of wave function
g-gerade u-ungerade) during an electronic transition.
A gerade ‘@’ orbital is one where an inversion operation leads to no change in

phase of the orbitals. When there is a change in phase then its ungerade ‘u’.

z

dXy - gerade

p, - ungerade

This occurs in centrosymmetrical molecules like octahedral complexes. On the
other hand, tetrahedral molecules have no center of symmetry; hence the labels
‘e’ and ‘u’ cannot be used.

Allowed transition g <> uie. s—p, p—d, d—f

Forbidden transition g <> g u <> uie. s—s, p—p, d—d, f—f, s—d, p—f

etc.



Therefor any orbital that has a center of symmetry its electronic transition would
be forbidden for example d-orbitals.

If the complex as a whole as a centre of symmetry, then would also produce
weak absorbance. Octahedral complexes are centrosymmetric and the electronic
transition should not be observed but as a result of molecular vibration there is
a temporary loss of the center of symmetry. This is because during molecular
vibrations there is mixing of the d and p orbitals and these vibrations last longer
than the electron transition. This is referred to as vibronic coupling. Hence
although they are forbidden, they are also observed.

However tetrahedral complexes are more intense in colour than octahedral
complexes because they are non-centrosymmetric as in this case the mixing of p

and d orbitals occurs to a greater extent.

2. Spin selection rule- There must not be a change in spin of the electron

(direction of spin) during electronic transition.

Allow transition singlet to singlet, or triplet to triplet
Forbidden transition singlet to triplet or triplet to singlet

Spin forbidden transitions become allowed when spin-orbit coupling occurs

resulting in weak spin forbidden bands.

MnClz and CoClz were dissolved in water, they each form bigh spin complexes [Mn(H20)s]Cl> and
[Co(H20)s]Clz. The solution MnClz was very pale pink while CoClz was red (not pale). Explain

[ IS 4+ 4t
L S ¥ S S

[MNn(H,0)]? [Co(H,0)%*
change in spin No
from clockwise to
anticlockwise
(red)

change in
spin (red)



The Mn and Co complexes have similar colours (pink and red) hence they must be
absorbing light between 490 nm and 560 nm. However [Mn(H2O)¢Cl21s pale because
its transition is spin forbidden while that of [Co(H20)s]Cl is spin allowed. Note that
both complexes are Laporte forbidden because they are both octahedral complexes and

therefore centrosymmetrical.

The electronic spectra of d' should be one broad band because it has just one electron
but in this case [Ti(H20)¢]>* there in the presence of a shoulder indicating that the
absorption is actually two closely spaced bands.

shoulder

7

Absaepition

200 500 600 700
Wavelength (nm)

Electronic spectrum of [Ti(H20)¢]**

The transition that occurred was a e; «<— tz;. The shoulder is as a result of Jahn-Teller
effect taking place in the excited state eg. This is because the single electron entering the
eg cause it to lose its degeneracy. The energy difference between the orbitals is small.
Note the same effect occurs in the ground state tz; but the loss of degeneracy is even
smaller, hence ignored. There are two possible transitions from the ground state to the
excited. These transitions are closed in energy and the spectrum exhibit two absorption

which are of similar wavelength.



UNIT FOUR - Charge Transfer Absorptions

Ligand-to-Metal Charge Transfer (LMCT): This a transfer of an electron from a ligand
which has lone pairs of electron of relatively high energy to the vacant low lying d
orbitals of the metal has occurred. These ligands can easily be oxidized (lose an electron)
when bonded to a central metal that can easily be reduced (gain electron because they

are usually in a higher oxidation state).

Metal-to-Ligand charge transfer (MLTC): On the other hand, this occurs when metal
can easily be oxidized and the coordinating ligands can be readily reduced. MLCT
occurs when the ligands have vacant low-lying n* orbitals for example CO, py, bpy,

phen and other heterocylic aromatic compounds.

Both LMTC and MLTC bands can occur in the uv or the visible region of the
electromagnetic spectrum. However, for it to occur in the visible region then the
orbitals of the ligand and metals must be very close in energy.

The deep (intense) purple colour of aqueous solution of KMnOy is as a result of intense
LMCT occurring in the visible region of the electromagnetic spectrum. This transition
is a result of an electron promoted from the orbital of the oxygen mainly the lone pair
to the vacant orbitals of manganese. This transition is both spin as well as symmetry

allowed.

Asorbance

05 7

0 T T
400 500 600 700
Wavel ength /nm

Absorption spectra of KMnO4 LMCT, responsible for the deep purple colour



Types of Transition Emax (dm’mol'cm™) Examples

Laporte & spin-forbidden | <1 Centrosymmetric complex e.g
Mn(H.O)>* ()

Laporte - forbidden, spin- | 1 —10 Centrosymmetric complex e.g

allowed [Ti(H20)¢*" (d")

Laporte - partially allowed, | 10 — 1000 Non-centrosymmetric complexes e.g

spin-allowed tetrahedral [NiCl4]*

Laporte - allowed, spin- 1000 - 50 000 Charge transfers e.g. [MnOq]

allowed

Limitation of CFT

. The theory is based on the fact the interaction between metal and ligand are purely electrostatic
and not considering the covalent nature of their bonds.

. In this theory the s and p valence orbitals are ignored. It is based only on the d orbitals of the
metal

. It cannot explain why some ligands are weak field ligands and other are strong field ligands.

. It cannot account for the pi-bonds found in certain complexes as well as back bonding.

. It does not consider the interaction of the orbitals of the ligand with the metal.

CFT cannot explain all the electronic spectra observed in transition metal complexes.



MODULE FIVE

LIGAND FIELD THEORY (LFT)

e UNIT ONE — About LFT
e UNIT TWO — For complexes only o— bonds and (o & m)— bonds under Oy,

symmetry

e UNIT THREE — Summary of LFT

UNIT ONE - About LFT

Ligand-field theory is more powerful than either the valence-bond or crystal-field
theories. It takes into account all the limitation of VBT and CFT. It is based on
molecular orbital theory (MOT) where atomic orbitals (AO) overlap to create molecular
orbital (MO) i.e. a linear combination of atomic orbital (LCAO).

Recall that when atomic orbital overlap, they form molecular orbital comprising of a
set of bonding MO and a set of antibonding MO. Lateral overlapping of AO yields o-
bonds while vertical overlapping yields m—bond. MOT also takes into account
symmetry and of course group theory.

A transition metal ion has nine valence atomic orbitals - consisting of five #d, three
(n+1)p, and one (#+1)s orbitals e.g. 3d, 4s and 4p. Considering only the first row
transition metals; their valence AO are 3d, 4s, 4p, in an octahedral environment, we
shall be taking a look at 2 cases (1) when there are only sigma bonds (2) when there are
pi bonds.

The symmetry of each AO is listed below.

Metal orbital | Symmetry Degeneracy
S a1g 1
Px Py Px tiu 3
dy dyz dsz tog 3
dxz_yz dzz es 2



https://en.wikipedia.org/wiki/Atomic_orbital

For the 6 ligands in the octahedral complex, 6 symmetry-adapted linear combination
(SALC) can be formed. Each ligand L provides one orbitals derived from the ligand
group orbitals (LGO) for the On. The LGO are aig, ty, and e, symmetries.

Symmetry of LGO | Degeneracy
alg 1
tiu 3
Gy 2

Matching symmetries between the metal and the Ligand allow for the formation of MO.
The order of energy arrangement of the electrons in the orbitals of the metal is e; = tyg
< a1,< t1y and for the LGO = a1, < tiu < ¢, .

You will notice that the dyy dy. dx. otbitals have a tz, symmetry and since there is no
match in symmetry with the ligand, they become non-bonding MOs.

The s and p orbital of both metal and ligand have similar symmetries and so overlap
accordingly.

This overlapping brings about stability in the a1, and t1, orbital compared e, MO’s that
is why the e is higher in energy.

The overlapping orbitals are from the metal (e, a1, tiu) (total of 6), from the ligand (ag,
t1u, €g) (total of 6) create a total of 12MO, = 6 BMO & 6 Anti-BMO. The order of filling
of the molecular orbitals is:

* * *
alg, tlw eg ) tzg, eg, alg, tlu

This is a molecular orbital diagram below is showing the overlapping of the metal
orbitals and LGO of a complex with only sigma bonds between them. Just like in
CFT. The energy difference between the tz, and e, orbital corresponds to Aoec in LEFT
and is referred to as Ligand Field Stabilization Energy (LSFE).



Energy

metal orbitals

In a tetrahedral environment the symmetry of the molecule is T4

Metal orbital | Symmetry Degeneracy
S a1 1
Px Py Px t, 3
dyy dy. dy t, 3
dxz —y? dzz e 2

Notice that the (g) is gone. The LGO are a; and t2 while for the metal e orbital is the
non-bonding and the t2 from the metal (d-orbital) is very weakly anti-bonding. When
these orbitals overlap the MO generated are ordered and labeled as:

1t2, 1a1, e, th, Zal, 3t2



t2 (np)

a; (nd)

& t; [(n-1)d]
c

3t,

28.1

2ty

(¢]

It,

ai

t



UNIT TWO - For Complexes only 6— Bonds and (¢ & m)— Bonds Under Oy
Symmetry

For Complexes only o
So for alow spin Co(NH3;)s]** a with a total of 18e” (6e” from Co**, 2 from each ligand)
will occupy aig, tiu, €, toz MOs. (Note there is forced pairing). The molecular orbital
electronic configuration will be:

alg tiw ety €50, aiy, tiy
Notionally in -bonded octahedral complex the 12 electron supplied by the ligands are
considered to fill in the ai,, tiv and e, otbitals. The filling in of the ty, and e, level

corresponds to the number of valence electron of the metal ion.

For high spin complexes forced pairing doesn’t occur so the filling extends to the e, .
NOTE: The tyzand ey are filled in singly before pairing e.g [Co(H20)6]*". 12
electrons from the LGO and 7 electrons from Co?" and so the molecular orbital
electronic configuration is thus:

2 6 4 .5 2 0 0
atg, tiu €g,tsg, €9, A1gs tiy

For Complexes with T — Bonds

In these cases the t in (MLg)** overlap with ligands of the correct symmetry which is
tz; to form 7 — bonds. There are 2 types of ligand; T — donor and 7T — acceptors.

A 1 — donor ligand donates e~ to the metal center in a bonding involving a filled
ligand orbital and an empty metal orbital. Examples of m — donor ligand
eg ClI7,Br~and I".

A 1T — acceptor ligand accepts e~ from the metal center in a bonding that involves a
tilled metal orbital and an empty ligand orbital e.g. CO, N2, NO, alkenes. This is referred
to as Back bonding,.

For octahedral complexes with 7T — donor ligands the order of filling is

* * * *
alg, tlw eg ) tzg, tzg, eg, alg, tlu

[Cx(CD*
6Cl = 120 electrons + 67 electrons = 18 electrons
Crt = 30 electrons (3d°, 4s")

Total = 21 electrons



2 6 4 46 *3 0 *x0 %0
aig, tiu €g,tag, tag. € Aig tiy

(PS: There are 18¢ for 6CL™ because each Cl™ provides a lone pair with p-orbitals that overlap
horizontally to form 6o bonds (120 electrons) while an exctra electron in the p-orbitals that overlap

vertically account for the 61 bonds (67 electrons). Remember that Cl™ is chlorine with 5e in its p
orbital plus and additional electron that completes it octet.)

The 18 electrons from the donor ligands will occupy the @44, t1y, €4 and t,; and the
t;gand eg will be occupied by the corresponding number of valence electrons of the
metal. NOTE: The t;, and ey are filled in singly before pairing. The tz; has the 67
electrons the aig, ti, and e; have 120 electrons. For complexes with n-donor ligands the

energy separations between the t;5 and ey orbital corresponds to the Agee in CFT

ligands and the energy separation is small.

[Cr(Ch¢l>-

metal orbitals

6Cl = 126 electrons + 67 electrons = 18 electrons
Ce3+ = 30 electrons (3d>, 4s°)
Total = 21 electrons

In the case of T -acceptor ligand the order of filling is

* gk * *
alg, tlu' eg ) tzg, eg, tzg, alg, tlu



The m-acceptor ligands provide 12 electrons which occupy @y, t1y,and e; . The

valence electrons from the metal then occupy the t,, and eg while the t3, orbitals (n-
orbitals) are empty

[Cr(CO)¢]

Oxidation state of Cr = 0

6CO = 12e

Cr’ = Ge (3d°, 4sh)
Total = 18 electrons

*

2 6 4 16 0 0 0 0
algr tlur egl t2gr eg ’ t2g' ’ a;gl tiku

[Cr(CO)]

T ey &ty

metal orbitals

6CO = 120 electrons
Cto= 6o electrons (3d>, 4st)
Total = 18 electrons



The lowering of the energy of the e, orbital is as a result of the stabilization due to

decrease in the oxidation state of the metal complexes. For complexes with 7r-ligand

acceptor the energy of the t5, is very high, the so it is eneroy separation between
p gy 2g y nhigh, gy p

t,g and ey that corresponds to Ag¢ and it is large.

A eg —_
T:A
(@]

N — tyg

o-bonds only

—*t2
o-bonds &
— donor ligands

T
g Ao
g
o _t29
c-bonds &

m—acceptor ligands

Werite the molecular orbital electronic configuration of

[Mo(CO)g] and Na[V(CO)e]

[Mo(CO)s]

Oxidation state of Mo = 0

6CO = 12¢

Mo" = Ge (3d°, 4sh)
Total = 18 electrons

*0

2 6 4 .6 0 0 0
alg'tlu' eg't2g' eg 't2guaIg't;u

Oxidation state of V = -le
6CO = 12e

Vo= 5e (3d°, 4s%)
Vi = 6e (3d*, 4s%)
Total = 18 electrons

2 6 4 +6 0 40 *0 5 *0
Aig, tru g, t2g, €5 1 tag,, A1g) tiy




UNIT THREE - Summary of LFT

1.

2.

In LFT there are 3 types of ligands, 0-donor, T — donor and T — acceptors
ligands.

All ligands form sigma donor but some have in addition to either accept or
donate pi electrons.

Aot decreases in going from a 0— bond only complex to one containing 77 —
donor ligands.

For a complex with T—donor ligand, increased m—donation stabilizes the
tyg level (lowers) and destabilizes (raises) the t35 level thus decreasing A, ¢t
because the t;, closer to e .

The value of Ayt is usually large for complexes containing m-acceptor ligands
and such complexes are likely to be low spin.

Complexes with T-acceptor ligands increased m-acceptance stabilizes the t,q
level (i.e. lowers it, hence increasing the distance from the e,) increase Agct.
This explains the spectrochemical series on - donor s such as I7, Br~, C1™
are weak field while - acceptors ligands like CO and CN™ are strong field
ligands.

m-accepting ligands have empty mn-orbitals where the metal can donate
electrons into. This is back bonding. There are two kinds of back bonding:
when the n-acceptor ligand vacant orbital is a p-orbital dn-pn bond for
example M-CO. when the n-acceptor ligand vacant orbital is a d-orbital then
then it is a dn-dw bond. An example is :PPh; (triphenylphosphine) the 3d
orbital of phosphorus is vacant and would therefore be involved in back
bonding.

m-donor ligands donate electrons into vacant d-orbitals.

VRN

%

c— ligand only

o—ligand + n- donor ligand o— ligand + m-acceptor ligand

n-donor ligands o-only ligands m-acceptor ligands

I_<Br_<Cl_<F_<0H_<RC02<H20<NCS<NH3<en<%N02<Phen<CNEC0



MODULE SIX
ELECTRONIC SPECTRA (in LFT)

UNIT ONE — Intro

UNIT TWO — Calculating electron quantum numbers S, L, |
UNIT THREE — Application in interpreting electronic spectra of complexes

UNIT ONE - Intro

The major deviation of LFT from CFT is that it takes into account the interaction
between the electrons and their orbitals. Take for instance an electron in a p-otbital p.
There are 3 degenerate p-orbitals px, py, Pz and there is no way of knowing which of
these orbitals the electron is in. Furthermore, the direction of the spin of the electron

is also unknown.

All the possible arrangements of a p1electron in a p-orbitals

Px  |Py [Pz
;
T
;
|
!
|

Although the orbitals have the same energy, the electrons(s) present in them interact
with each other and with the orbitals via
1. Electrostatic repulsion between electrons.
ii. Interaction or coupling of the magnetic field generated by the spinning motion
of the electrons — (spin angular momentum). Spin — spin coupling for more than
1 electron system.
iii.  Coupling of the fields produced by the orbital motion of the electron (orbital
angular momentum). This can be referred to as orbit-orbit coupling.



iv.  The coupling of the spin and the orbital (spin-orbit coupling) is also referred to
as Russell Saunders coupling.
These interactions create a loss of degeneracy resulting in the formation of a ground
state. (Lowest energy) and one or more excited states within the atom or ion. This in
turn affects the specific orbital that electronic transitions will occur, hence it is used to
explain the electron spectra of d-metal complexes.
The different ways in which the electrons can occupy the orbitals are called microstates
of that specific configuration.
We can determine the number of microstate by using the expression
[2(21 + D)]!

x!'[221+ 1) — x]!
Where value of 1is dependent on the specific orbitalegs = 0;p=1and d =2

X = number of electrons
for p'l =1 and x = 1 substituting in the expression above we have,
[2(2%x 1+ 1)]!
122 x1+1)—-1]!

[2(3)]!
1112(3) — 1]

6]!
11[5]!
6 X 5%A4x%3x%2x1

1 X5x4x3Ix2x1

That there are 6 possible ways to arrange one electron in a p-orbital. We saw that earlier

=6

on. Hence p'! has 6 microstates.

As a result of these inter-electronic interactions, the microstate would have different
energy levels called TERMS. We can identify the Terms of an atom or ion and arrange
them in the order of increasing energy by arranging these microstates based on their: -

a. Total spin quantum no S
b. Total orbital angular momentum quantum no L.
c. Spin — orbit coupling described as the angular momentum quantum no J.

The next unit would cover how to determine these quantum numbers. We would use
simple systems p-orbitals then apply to d-orbitals



UNIT TWO - Calculating Electron Quantum Numbers S, L, |

SPIN QUANTUM No S
S = Total spin quantum no of a multi-electron system
s = Spin quantum no of an individual electron has a value of /2
ms = Magnetic spin quantum no for a single electron & has values -2 & +'2
(spinning anticlock wise and clock wise respectively)
M; = Magnetic spin quantum no. of a multi-electron system

M; =st

... and for even no. of electrons

a) S cannot have negative value

N |

. 1 3
b) For an atom with odd no of electrons S = 317

S=0,1,2...
c) For each value of S there are (2S + 1) value of M..
If S = 2, then there are (2§ + 1) allowed values of M; i.e. (|2 x 2] + 1) = 5 values

of M, —-2,—-1,0,1, 2.
) 3 3 N\ .
If S = /2 then there are ([2 XE] + 1) = 4 values of M, which are
3 1 1 3

d) Terms for which (25+1) = 1, 2,3, 4...... (Corresponding to S = 0,2,1,2,....)

are called singlet, doublet, triplet, quartet,.....
p? - System
Px | Py p: | My=X¥m,

YTy =1
_1/2_1/2= -1
=1y = 1
1/2_1/2 = 0
1/2_1/2 = 0
1/2_1/2 =0

l =1L+ 1, =0

2 2
l ) =1/, =0
1 1 =1/y=0




N =
! ! Yo=1a=
So far p?— system M; has values = 1, 0, -1 and since S cannot have a negative value S
can only be 0, 1

When S = 0

Then 2S5 + 1 = 1 — a singlet state

When S =1
Then 2S +1 = 3 — triplet state

What about the influence of the orbital?

ORBITAL ANGULAR QUANTUM No L
L. = Subsidiary/ Azumithal quantum no desctibes the shape as well as the orbital angular

quantum no = M. Recall thatl = n—1
l

0
1
2
3

oo @
[l

For every value of [, there (21 + 1) values of m;
So for a p-otbital [ = 1, then there are (2 x 1 + 1) values of m;. The values of
m; = —1, 0, +1. This is represented as py, Py, P,
Similarly, for M. (i.e. a multi-electron system) it becomes (2L + 1) values of M.
When we find the value of My, we can determine I, L just like [ has values 0, 1, 2,
3... and these are energy states, which be known as S P D, F..... respectively and
are called Term Symbols.
So for p? system, lets calculate the number of microstates
[2(2L + D]
x![2(2L+ 1) — x]!
for p?1 = 1 and x = 2 substituting in the expression above we have,
[22x 1+ D]!
2112(2x1+1)-2]!

[2(3)]!
2112(3) — 2]!




[6]!

21 4]!
6X5xAx3x2xt 30 .
5% 1 x —2— microstates

p” system there are 15 possible arrangement

m=-1 |m=0 |my=+1 | M. | Ms
Ik 5
i 1 +1
i L
l l -1 -1
! l +1 | -1
l l 0 -1
1 l 0 0
T !
T !
! T
l 1 +1 |0
l 1 -1 0
T -2 0
Tl 0 0
T +2 |0

The 15 microstates would be grouped so that there is no set containing repetition.
Grouping My, with the same Ms values
e Group all the M. with Ms = -1 you will have M. -1, 0, 1
e Group all the M. with Ms = +1 you will have My, -1, 0, 1
e Group all the My, with Ms = 0 you will have 3 My.
a. -2,-1,0,1,2
b. and then a
c. 0



Grouping M, with the same Mg values and determine L and S

Grouping ML L Term symbols | Grouping Ms S (2S+1)
+2,+1,0, -1,-2 2 D 0 0 1 singlet
+1, 0, -1 1 P -1 1 3 triplet
1 P 0 1 3 triplet
+1, 0, -1 1 P +1 1 3 triplet
0 0 S 0 0 1 singlet

. 25+1
Term symbols are written as @+l

The term symbols for a p?system is D, P, 'S

There are 3 P terms but are they degenerate (equal)? The total angular momentum

would answer that.

TOTAL ANGULAR MOMENTUM No J

This has values: (L. + S), ([L. + §]-1), (L. + §]-2) ... (.- S)

The full term symbol will include all the information L, S, | written as @5+, J value-

For p?
L S J Values of J-
1 1 2 its multiplicity is triplet (28 + 1) therefore | values are 2, 1, 0

2 0 2 because it multiplicity is singlet (28 + 1); only 2 is allowed

0 0 0 multiplicity is singlet only 0 is allowed
The full term symbols are Dy, 3P,, 3P;, 3Py, °S,

To be able to arrange these term symbols in order of increasing energy. The following
rules are followed
1. The term with the highest spin (2S+1) has the lowest energy (hence the 3P, has
the lowest energy).
2. If 2 or mote terms have the same multiplicity (e.g. °F and *P) then the term
with highest value of L has the lowest energy, hence 3F has a lower energy than
°P.



3.

If 2 or more terms have the same multiplicity and value of, L, 3 conditions are

considered

(a) if the sub-level is less than half filled, the lowest value of | has the lowest
energy

(b) if the sub-level is more than half filled, the highest value of | has the lowest
energy

(c) if the sub level is half — filled L=0& ] =S

For our pZ = lDz, 3P2, 3P1 , 3P0, OSO

A
3p,, 3P, , 3Py, 1D,, S, - Highest value of multiplicity ~ —— *So
- 1D
3P2, 3P1 , 3P0, p,, OSO— highest value of L ; 2 p,
s
Since p is less than half filled *Pg, *Py, Py, "Dy, %Sy \—31)0

increase in energy

So that the ground state energy of p? is 3P0 term

Class work — Determine the terms of d' configuration

>
>

YV VYV VYV

No of microstates | =2, x = 1

First calculate the number of microstates.

Since you know the orbital you know the value of [ and then make a table with
and make all the possible arrangements of the electrons into the various ml
values.

Add all the m; to get M,

Add all the mg to get Mg

Then group all the M with the same value of MS

Determine L. and S values

Determine | values

Arrange in order of increasing energy.

[2(22+1D)]!  _ [10]! _
11[2(22+1)-1]!  1[9]!




20 |- 0 +1 | +2 M. Ms
) -2 +>
T -1 +15
1 0 +Y2 o L=2
1 +1 +%2 S = 1/2
) +2 +>
)b +2 -
! +1 -V
! 0 -V L=2
! -1 -y S = 1/2
! -2 -2

With L. = 2 the term will be D and

the multiplicity {(2S + 1) as $ = 1/} = 2i.e.it’s a doublet, 2D
Therefore there are only two values of | which (2 +1/2 ), [2 + 1/2) —1] = 5/2 , 3/2

The full term symbols of the d! are 2D3 /) ’Ds /,

UNIT THREE - Electronic Transitions

It has been shown from group theory that in an octahedral or tetrahedral field, the term
symbols D, FF G, H, & I spilt while, S and P do not.

The table below shows the splitting

Term Component in an octahedral field

Alg

Tig

Ay + Toe + Ty

At + Eg + Toe + Ty

Eg + Tig + Tig + T

Atgt Az + Eg + Tig + Tog + Tog

Similar splitting occurs in a tetrahedral field but the ‘g’ labels are no longer applicable.

-~ TOomMmQg 9@

For d-orbitals the only ground state terms of significance are the D and F terms. These
would be explained later.



Calculating Ground State Terms for d-ions

dr 2 1 0 -1 -2 1S (2S+1) | L Ground State Term
d |1 Y2 2 2 D
FEE 1 3 3 3F
& (1 |1 |71 3 /2 4 3 ‘B
d* i 1 1 i 2 5 2 D
SR EREEAL 0 s
& tLlr [t [t [t f2 5 [2  |'D
SRR
R T T 5
G O A I e U e A 1/2 2 2 ‘D

A hole is created with the absence of an electron and is described as being positive. The

d' and d” configurations are related by a positive hole concept:

e d' has one electron while the d” has one hole as it is obtained by removing an
electron from d' leaving behind a hole.
1L 1L 1l 1l L1l 1l 1l 1o
do &
Similar relationships exist between d*/d® d?/d% d°/d’ (inverse relationship). They have

the same ground term and multiplicity.

Starting d” (adding ¢) Starting d'° (adding hole)

d' 1 electron ) d”1hole 1| 1| 1! 1| 1O
d? 2 electrons T 1 d® 2holes 1| 1| 1/ 1o 1o
d’ 3 electrons T 11 d” 3holes 1| 1| 1o 1o 1O
d* 4 electrons 1 1T 1 71 d® 4holes 1| 1o fo 1o 1o

Due to this relationship there is an inversion of the splits terms. The d'/d”ions have

the same ground state term of “D. This term in an octahedral environment splits into

two ng & Eg.



For d' the transitionis  Eg < Tog4, while for d’its Tp4 <  Eg. Similarly,

these inversions occur between d*/d% d2/d?%; d*/d’.

In a weak field, a d° ion is high spin and it spherically symmetrical and in this
regard is similar to a d’ and d".

By adding an electron to the high spin d° ion to give a d° configuration it is similar
to going from a d° to d'.

Likewise, a d* is achieved by adding four electrons to a d which is then similar

to obtaining the d” by adding four electrons to a d°.

This means then that the d* and d” will have the same splitting pattern and the
d' and d° too.

Direct relationship between d'/d¢ d2/d"; d°/d% d*/d’,

Starting d° (adding ¢ to make a d°) Starting d° (adding é to make a d")

d' 1electron 1

O d® 1electron 1] fo 1o 1o 1O

d? 2 electrons

O
0 d’” 2electrons 1| 1] 1o 1o 1o

d* 4 electrons

O

T 1

d’ 3 electrons 1T 1
T 1

O
O O d® 3electrons 1| 1] 1] To 1o
T 0 | 4dectrons 1| 1L 1, 11 10

—|—|0|g

These relationships are shown in an Orgel diagram (Figure 1), however the Orgel
diagram cannot show the crystal field relationship between Ao and Aw.. The
Orgel diagram above shows that only one electronic transition from ground state

to the excited state is possible.

The electronic transitions
d! in an octahedral field is 2D term, This D term splits 2E g < 2T, g

d! has a direct relationship with d® which is a °D term E g < T, %
d’ which is also a 2D has an inverse relationship with d'so splits 2T g < ’E g
d*which is also a °D has an inverse relationship with dso splits °T, g < °E g



e All of these transitions are spin allowed [no change in total spin S] and the
electronic spectrum of each ion exhibits one absorption band.

e In a tetrahedral field, an inversion takes place for example the d* and d’ in an

octahedral field ate the same as the d' and d° in the tetrahedral field (SEE Figure
1.

Energy
—

EgorE

d!, d® tetrahedral d!, d® octahedral
d* d° octahedral d*, d° tetrahedral
Figure 1: Orgel diagram d', d°, d* and d°

There are cases where more than one electron/hole (d2 d% d°, d7) are involved in
electronic transitions. The transitions that are being considered are only those from the

ground state to one or more excited states. (Note that transitions from one excited state
to another are possible but not probable hence are ignored).



Selection rules:
1. Only transitions between terms of the same multiplicity are allowed. (For full
notation for these transition should include the multiplicities i.e. 25+1).

2. The GROUND STATE TERMS will be one with the highest spin multiplicity.

— Considering the d* it has 45 microstates and its term symbols
are 3F,, 3F,, 3F,, 3P,, 3P, 3P,, G, 'D,, 1s,.
— The Ground State Term is >F (ignoring the J-values) and 3P is one of the
excited states. Others are 1G4, 1D2, 150.
— The allowed transition would be from 3F to 3P (same multiplicity)
— F term splits into  Ty4, T,4 Azg. Just like the D term splits into
T4 & E, are illustrated in the Orgel diagram (Figure 3). The P term is also
T,

Notice that the T1,(F) and T1,(P) are curved away from each other. That is because they
have the same symmetry hence an interaction exist between them and as such they are

not allowed to cross (non-crossing rule).

e From the Orgel diagram the will be 3 transitions for d? d’, d” and d®* whether in

an octahedral or tetrahedral field. Hence three absorption bands are expected
(Figure 4).

e All transition from the ground state to the excited states are spin allowed.

For example octahedral d? ion has °F term, the F term splits to Ty 4(F), °T,y,
34, g and the excited state is a P term 3T1g (P)
Azg « °T14(F)
ET T14(P) « *T14(F)
Tog < *T1y(F)

It has a direct relationship with d” which is a *F term

*Azg « Ty 4(F)
E 4Tlg(P) < 4Tlg(F)



T,y « Ty (F)

For the high spin d” all the transitions are spin forbidden and the d-d transitions that
are observed are between the °S ground state and quartet *G and the absorptions are
extremely weak.

Class Work
°F is a ground state term symbol of a transition metal, describe in details the

significance of the term symbol.



The Tanabe-Sugano Diagram

Tanabe-Sugano diagrams is used to predict to an approximation to the ligand
field splitting energy (A), generated by ligands attached to a metal center.

Racah parameters (A, B, and C) were generated as a means to describe the
effects of electron-electron repulsion within the metal complexes. In the case
of Tanabe-Sugano diagrams each electron configuration split has an energy
that can be related by the Bvalue.

A = same value for any metal (hence ignored)

B =~ bond strength between the ligand and metal.

The ratio of B of a coordination complex to free ion Bis called the
Nephelauxetic ratio. It is a measure of the effect of reducing electron -
electron repulsion by the ligands. This effect is what gave rise to the
spectrochemical series of ligands

Bcom lex
B = p

Bfree ion

. : : A
The x-axis in a Tanabe-Sugano diagram is the values of FO

.. E : A,
The y-axis is the values of X where E = energy of an electronic transition.

Each line represents the energy of an electronic state while varying the
strength of octahedral ligand field.

Both spin allowed and spin forbidden transition are represented because
spin forbidden transitions are seen in the UV-vis spectrum.

Each term symbol is created from the splitting of term symbols from
spherical to octahedral symmetry. With the relative energy ordering of the
states are determined via Hund's rules.



Diagrams for d#4, d° d¢, and d” metal ions have a discontinuity in energies as
the ligand field, changing from high-spin to low-spin complexes. This is
indicated by the straight line.

At the line, the spin pairing energy P is equal to the ligand field splitting
energy A.

To the left of the line metal complexes are high-spin as P > A.
To the right of the line metal complexes are low-spin as P < A.
How to calculate A using the Tanabe-Sugano diagram

A Cr3+ metal complex has strong transitions and Amax at 431.03 nm, 781.25
nm, and 1,250 nm. Determine the Ao for this complex.

1. Determine the d electronic configuration of the transition metal e.g. d?,
dz?, d3 etc.

Cro = 3d>, 4s? Cr3 = 3d3, 4s0
Cr3+ had d3 configuration

2. From the UV-Vis spectrum determine the 4,,,, for each peak.




5.

6.

In this case it was given

. Convert the 4,,,, to wavenumber

ber s (et = 107 (nm/cm)
wave numbervcm -) = wavelength A (nm)

107 (mm/cm) 107 (mm/cm) 107 (mm/cm)
431.03 (mm) 781.25 (nm) 1250 (am)
= 23,200 cm™ = 13,600 cm™ = 8,000 cm™

E3 Ep

Determine E ratios relative to the lowest allowed transitions (e.g. T
1 1

where E; has the lowest value.
E; 23200 _ E, 13600 E, 8000

- =29 = =17 = ——=10
E, 8000 E, 8000 E, _ 8000

Remember E (energy ) = h% = hcv, therefore the higher the value of

U, the greater the energy of the electronic transition and that means
the larger splitting parameter A.

Identify and assign the various E (0) to each allowed transition.
“Tyg(P) — *4,, 23,200 cm™
Tyg(F) — %A, 13,600 cm™
Ty — *Ay, 8,000 cm~

Energy

a. Use appropriate Tanabe-Sugano diagram matching the d-
configuration.
The appropriate TS-diagram to use the d3

b. Go to the Tanabe-Sunago diagram from each value of x-axis, trace
the corresponding value on the y-axis, on the line of the each

allowed transitions. For example the line for % will be “T, g» for %
will be *Ty, (F) and for = will be *Ty, (P) (see slides)

Ey E, E;
B _ B B
@ —>=1
10 | 17 | 29
Ay
@ 2=2
20 | 31 | 45




30 | 40 | 65

E
) _»_
(Q) 10 '
B
B B B
@ =1
2 =
10 17 29
1.0 1.7 2.9
Ay \,
@ =i 2
20 31 45
1.0 1.6 2.3
Ay _
@ — = 3
30 40 65
1.0 1.3 2.2

8. Comparing the values of the ratios in No 7 with that in No 4, for the
one that is almost the same ratio will be the value of % that will be
used to find A..

In this case AB%’ = 1 will be used.

9. Substitute and get B then get A,
Ey = 23,200and= =29 = B =222 = 800cm”
Ao

= 1 KA A = -’
0~

Similarly E, = 13,600 and;2 =17 ~ B = = 800cm™
° =1.A,=800cm"™

800
And E; = 8,000and=* =10 = B =22 = 800cm”

o

800

=1.A,=800cm™



ASSIGNMENT #2

CHMA401

%)
Sodium tetrachlorocobaltate(Il) has a blue colour while tris(ethylenediammine)cobalt(I1I)
chloride is orange in colout.
a. Calculate the crystal field stabilization energy of each.
b. These two complexes undergo d — d electronic transition. Explain why the molar
absorptivity of sodium tetrachlorocobaltate(II) is 1.3 X 103dm3®mol 1cm™!
while that of tris(ethylenediammine)cobalt(Ill)  chloride is 1.3 X

10*dm3*mol~*cm™! (Note: the concentration of both complexes are the same).

2
The oxidation state of nickel in the following c(oznplexes [Ni(H20)6]Clo, Naz[NiCly] and
Naz[Ni(CN)4] is +2.
a) Draw the crystal field splitting pattern of each complex.
b) State for each complex which is centrosymmetric or non-centrosymmetric; and which
would undergo symmetry allowed or forbidden; spin allowed or forbidden electronic
transitions.

)
Consider this complex [Pt(en)2Cl] (INO3)y, its electronic spectra has absorption maximum
at 410 nm. [c = 3.0 X 108 m/s; h = 6.63 X 1073%Js]

a. Describe the bonding between the ligands and the metal according to crystal field
theory.

b. What colour would this complex have and if en is a strong field ligand, would this
colour be intense or weak? Give reason(s) for each of your answers.

c. In that case calculate the crystal field stabilization energy of this complex if en is a

strong field ligand.
Would this b

o

e How lability;
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