15 : Electronic Spectroscopy of Transition Metal Compounds

Scopeof L ectures 1) Energy Levelsin Multi-Electron Atoms
2) Effects of Ligand Fields on those levels
3) Physical Techniquesto study a) Ground States- EPR, magnetism
b) Exited States- Elec Spectra

4) Applications

Books: Kettle, Physical Inorganic Chemistry, Chapter 8
Shriver and Atkins, Inorganic Chemistry, 3" Edn., Chapter 13
D. Nicholls, Complexes 1% Row Transition Metals, Chapter 6

Solomon + Lever, Inorganic Electronic Spectroscopy. (Reference)

Energy L evelsin Multi-Electron Atoms

In determining the energy levels of acentral metal ion in acomplex we need to know:
1) Theenergy levelsavailableto the freeion M™

2) How the energy levels are changed on going from the freeion to the complex

Freelon Energy Levels

To derive the free energy levels we need to know the resultant angular momentum values available ton that ion.
These are obtained by the vectoria addition of the individua electron Spin Angular Momentum i.e. thes values

and the Orbital Angular Momentum i.e. thel values.

Must first ask which order is the vectorial addition to be carried out ? If we consider just 2 electrons in an
incomplete shell:

Which isthe stronger coupling : s;.s, and 111,
Or slyands,l, ?

This choice givesriseto 2 coupling schemes : a) Russell-Saunders coupling (RS)
b) jj-coupling

Russell-Saunders
Here we assume that the dominant coupling is that the spins of al the electrons couple strongly and the orbital

motions couple strongly.

i.e s.sandlyl, > slpand s,

Then Ss—>S

and Sl >L

with  SL.—> J (thetotal angular momentum)
jj-coupling
Here we assume that the dominant coupling is between the spin and orbital angular momentum of the individual
atoms

i.e. siliand sl etc > si.s;andlql,

Then |.s >

and Sj>J (the total angular momentum)



Which do we use? As we shal see, coupling between spin and orbital motion of an electron increases appreciably
with the atomic number. RS scheme is very good approximation for light elements, up to about Cl. jj schemeis
good for heaviest elements, especially actinides. Between these two for most accurate treatment we would need
more complicated approach. However, RS scheme normally used, and it works fairly well for 1% transition series.

Deviations get worse with increasing atomic number. It isthe only one that we shall consider in detail.
Coupling scheme can be simplified by the fact that afilled set of orbitalse.g. s, p°, d' etc.. contributes zero to the
total angular momentum as the vectors of the different electrons cancel out. Therefore we need to consider only

partly filled shells.

For 2 or more electrons outside closed shells, energy depends on different ways of arranging electrons:

eg. forp’ L] Jenald] | ]

will have different energy. Just as for one electron, the energy states are characterised by different values of the
angular momentum, and so for severa electrons the different energy states are characterised by different values of

the resultant angular momentum.

Now, of course, these have al been worked out many years ago and you can look them up in books, but | shal
work through the derivation of 2 simple casesfor you: a) so you can see thebasis of the Russell-Saunders approach,
and b) so you can understand the nomenclature used.

DERIVATION OF TERMS FOR TWO EQUIVALENT =ELECTRONS

my
I - Zmy= M, Zm, = Mg
+1 0 , -1
ti +2 0 A
I R : +1 +1 +
t &} i +1 0 A
i it +1 0 +
i i : +1 -1 +
{ £ 0 1 +
1 : 4 0 0 A
] £ 0 0 3
i i 0 -1 +
I T 0 0 X
¥ £ A -1 +1 +
S | =1 o +
S S =] =1 ¥
it -3 (] A

The simplest case for |’ is shown above. It shows all the possible arrangements. We add together the respective
angular momentum vector values. For [ there are 15 microstates. These are collected together into TERMS
starting with the highest value of M.

Labelling:
Maximum Vauesof L = 0, 1, 2, 3, 4 e€tc...
S P D F G ec cf 1-electron case (orbitals)

Maximum Valuesof S = 0, ,, 1, 1'/,, 2 etc...
2st1 =1 2 3 4 5 etc... as superscript



TERMS referred to as singlet, doublet, triplet etc. according to value of 2S+1. Denotes Spin multiplicity or spin
degeneracy of term.
Thus the terms for p” can be derived as'D, °P, 'S

Thetotal degeneracy of each term =(2S+1)(2L +1)

Thusthe original set of 15 microstates for p? has become sub divided into 3 terms::

3p 3x3=9
D 1x5=5
s 1x1=1

15

Should perhaps note at this point that where 2 or more configurations lead to the same values of M, and Mg (see
table for ) we cannot assign a particular one of them individually to one particular term as | have done for

simplicity here. Strictly speaking, one should take appropriate linear combinations of the wave functions
corresponding to each of the microstates in question. However, that is a point of detail that does not alter our ability
to derive and identify the terms arising.
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As roted earlier, there is no need to derive these terms each time as they are aready available in books, but it is
important for you to understand the principles. Thus, you should all attempt one or two derivations yourself. Try p°.



Next Question to askis: What are the relevant energies of the spectral terms?

Spectral Terms have different energies because of interelectronic repulsions (see later below). The relevant

energies of theterms are found thus:
The ground term (i.e. that of the lowest energy) may be predicted by Hund's Rules:

1% Rule: For agiven electronic configuration, the term having the highest value of Swill be the most stable (i.e. that

with maximum spin-multiplicity)

2" Rule: If there is more than one term with the maximum value of S, then of these, the one with the highest value

of L will lielowest in energy.

eg.For p’terms. 'S 'D °P; thelowest is®P
For d°terms: 'S 'D 'G °P %; thelowest is’F

These rules can only be used to decide the ground state term. They do NOT predict the energy order of the excited
state terms. These are determined by the magnitude of the

I nter el ectronic Repulsions

The appearance of severa terms for a given electron configuration is caused by repulsion forces between the
electrons, which are greater for some arrangements than for others. For any two electrons, the force between them
may be separated into two parts, one dependant on theradial part of the wavefunction, the other on the angular part.
For a given eectron configuration, eg. p, the radial part is always the same, regardless of how the electrons are
arranged, but the angular part differs. These are conventionally represented by two parameters: F, and F,. These are
the Slater -Condon-Shortley parameters. They can be calculated by wave mechanics but are beyond the scope of
the course.

Astheradial part is dways the same for a given coordination, the differences between the energies of the terms of

p, depend only on F,.

Thusfor p?: 'Sisat Fo + 10F,
DisatFy+F,
*Pisat F,- 5F,

[The particular values of the parameters differ from one atom to another as they depend on shielding and other
effects of the core electrons. If ever needed they can be looked up]

For thed" eectrons, therearetwo angular parametersand thususeF, F, and F,.

Seetableaover.
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Racah Parameters
In practice, however, two alternative parameters are used for d” terms:

B=F,- 5F,
C:35F4

These are called Racah Parameters; Racah recognised that these relationships appeared frequently and thus it is

more convenient to useB and C. See Tableb).

Their most important use in attempting to understand d-d spectra is that the energies of the transitions between

states having the same spin multiplicity as the ground state depend only on B.

e.g. for case of ® 3Plevel at Fo+ 7F, - 84F,
3Flevd at Fy - 8F,-9F, The gap between thelevelsis= 15F,-75F, = 15B

As we will discuss later, it is these transitions that are most readily observed in the electronic spectra of TM

compounds and thus the use of Racah parametersishelpful.



Spin-Orbit Coupling

Before moving on to examine the effects of ligand fields on the free-ion termsit is convenient to introduce here the
concept of spintorbit coupling as we shall need it later when we discuss EPR spectra and also some aspects of
electronic spectra.

In the Russell-Sunders coupling scheme after alowing for the coupling of the individual spins to give a resultant
spin (S) and the individua orbitd angular momenta to give a resultant value (L) we can consider spinorbit

coupling (J):

SL = J(thetotal angular momentum)

The Jvauesaregivenby: L +S L +S-1,...L-S

The levelsthen arising are labelled: L

For example: consider the ground state term °F for d.

HereS=1,L =3; hencel=4,3,2

Thus spin-orbit coupling resolves the original °F level into three new closely separated levels*F,, °F 3, °F,
[Note that the degeneracy of 21 for °F (i.e. 3x 7) ispreserved as (2J+ 1) =9 + 7 + 5 =21]

For d" - d* energy order is®F, < *F; < *F, (normal multiplet)
For d® - o energy order is*F, <*F; < °F, (inverted multiplet)

The splitting depends on the size of the spin-orbit coupling constant| or z

Example d?

TheEnergiesof the J levelsrelativeto the unsplit term aregiven by:

E;="/o[J(0+1)-L(L +1)-S(S+1)]

The magnitude of the separation depends on the value of the spin-orbit coupling constant - there are 2 types of such

constants (see over)



a) For asingle electron designated Z always positive (see table over page)
b) For a configuration having more than one unpaired electron it ismore commonto usel givenby | = +z/2S

Where Sis the maximum Mg value of the term concerned; +ve sign used for less than half filled shell d-d*; -ve sign
used for more than half filled shell d°-d®

[Note that this change of sign isimportant in the context of magnetism and EPR]

Free ion single electron spin—orbit codpling parametees ({q) for transilion
clemends (cm*), Values in parenthesis are only estimales,

Metal | Charge — 0 | 1+ p B 3 if £+ i+
Ti T o0 123 155

b (300 | (400 | (300)

HE

v ag 115 1m0 210 250

MNb (20 | (e10y | (ROm)

Ta {14009

Cr 135 185 230 274 155 80

Ma (&7 &00 (R30) | (900)

w (F00) | (1eom | 23000 | (2700)

Mn 190 155 o0 155 415 475 340
Te (9500 | (12000 | (L3008 ¢ (1300) | {1700}
Re (21000 | (25000 | (33000 | (3700 | (42000
Fe 278 135 400 440 520 590 665
Ru (12500 | 014003 | (1500) | (1700
0% (JOO0Y | 400 | (43000 | (S000)
Co 394 455 315 580 H50 1 790
Ri (17001 | (18500 | 21000
Ir (FHEN | (5500) | (60d00)
M 569 f30 705 790 865 450
Pd (13003 | (16000

Pt (3400

Cn #30 £90 60 1130 1130
Ag (1300)

Au (5000)

Valuesof Z and | increase with Z. Therefore the separation of components increases. If this gets too big then RS

scheme breaks down.

RS scheme holds well for the light elements. to the end of first row TM series and is the one .you will meet most
frequently. The alternative - the jj-coupling scheme is valid for the very heavy elements e.g. the actinides, with
those in between needing a more complicated approach.
Take an actual example of a1® row TM seriesion: Ni*

*F ground state; | ~315 cmi*

Splitting of ground state=7 | =~2200 cm*

This compares with *F-*P separation of ~15000 cm'*

Difference is enough to suggest that the RS coupling scheme is a an acceptabl e approach.

For 2" and 3" row TM ions| larger and scheme not so good.



Ligand Field Spectra

So far we have been dealing with the energy levels of isolated atoms or ions. Now we need to consider how these
are affected by the presence of surrounding groups such as anions, ligands or solvent molecules. Since we know
that orbitals have their energies changed by crystal field, with a tendency to split degeneracies, it is likdly that the
energy states derived from these will be changed.

If we go back to the simple case of one electron in d orbital set the only term arsing is that of “D. We shall ignore
spin-orbit coupling for the present. Just as an octahedral field splits the dorbitals into ty and g subsets, the
microstates contributing to D are no longer all the same in energy - they are also split into the same two groups.
The states thus arising are called “T,, and °E,,.

Tanabe-Sugano Diagrams
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?E,, will be at higher energy than “T,, and the difference will be a measure of D. Note that the spin degeneracy is
unaffected.

Obviously when you consider the cases where you have more than one d electron theresult islesstrivial.

It is important to introduce forces in order of their magnitude, the largest first. The point at which ligand field
effects are introduced depends on its magnitude. With the assumption of RS coupling for the free ion we can
imagine three cases for the magnitude of the crystal field.

a Term separation > spintorbit coupling > crystal field

b) Term separation > crystal field > spin-orbit coupling

¢) Crystal field > term separation > spinrorbit coupling

Type a) met in the lanthanides where we are considering transitions between states derived from an incompletely
filled 4f shell. Not going into deep detail of Ln spectra, but note the main points and compare these with the TM

complexes: (see over)



1) Thecrystal field in lanthanide complexesisweak (~ 100 cmi*) compared with the term separation (1000 -
30000 cm™) and spin-orbit coupling (~1000 cm™). Therefore the spectra of lanthanide complexes are
rather likethefreeion spectra- just small perturbations by the crystal field.

2) Becausethecrystal filed isweak, i.e. metal ion is not much perturbed by the ligands, differences between
the effects of different ligands are also small. Therefore the spectrum does not change much on
changing the ligand. All compounds of agiven ion give rather similar spectra. This does not mean that the

changes that do occur are unimportant, but they are not large.

3) Ddoes not change much with small changes in M-L bond length i.e. with bond vibrations. Spectral band
energies do not differ much during vibrations and therefore thebands ar e shar p.

Types b) and c¢) (from page before) are important for ordinary transition elements and they correspond to Weak
and Strong field cases respectively.

Weak Field Approach

This is essentially a perturbation method. Take the energies and types of terms known from atomic spectra and
permit them to be perturbed by the crystal field.

Splitting of some terms arising from d-configurations for Oy, Ty, and Dy,

symmeiry
Term Oy Tu D4||
8 Ay A Ag
P 18 T Aqg+Ey
D E+Ts E+T; Arg+ By + Bag + E,
F Agy +T|I+TIH AT +Ts 4'54.1‘-1' BI5+BIE+EE3
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28 _ 2E,
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| At A +E+ A+ A+E+ 2A 5+ Ag+ 2B+
Tig+ 2Tz, Ty 2T 2By, + 3F,




For example: inan octahedral complex (O, symmetry)

Sisunsplit and gives Ay

Pisunsplit and gives Ty

Dissplitand gives oy + Eg Not necessarily
Fissplit and gives Ay + Ty + Ty inthis order

Hopefully you've come across these symbols before ?

A isorbitally non-degenerate and symmetrical WRT rotation about the principle G, axis.

B is orbitally non-degenerate and anti-symmetrical WRT rotation about the principle C, axis.
E isorbitally doubly degenerate

T isorbitaly triply degenerate

Subscript 1 symmetrical WRT to C, operation perpendicular to the primary axis

Subscript 2 antisymmetrical WRT to C, operation perpendicular to the primary axis

Note : Total orbital degeneracy preserved and spin unaffected. Higher terms aso split - but can be looked wp if
needed.

Knowing the symmetry of the ligand field enables one to predict the degeneracies of the derived states but gives no

information about their relative energies.

Energy L evel Diagrams

Consider d* casein octahedra field
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At thestrongfield limit, i.e. Ligand Field > term separation, can express as d orbital occupancy [RHS of diagram]

eg. in O, orbitals split into t,, and e, and possible electron arrangements are t,4" or e, with energies-7sD and ¥sD
WRT to unsplit case.

tzgl Ground state has 3-fold orbital degeneracy (and 2 fold spin degeneracy)
eg1 Ground state has 2-fold orbital degeneracy (and 2 fold spin degeneracy)



i.e. for d' O, with large D, we have 2 arrangements with orbital degeneracies of 3 and 2, while when D = 0 we have

the free ion term 2D with orbital degeneracy of 5.

It is conventional to plot free ion terms at left and strong field configurations at right and energy of lowest level at
zero (see above). The region in between is know as the WEAK FIELD approximation, i.e. apply perturbation on
the free ion terms corresponding to the symmetry of the ligand field.

Can look up term splittings from tables.

Now consider d” case:

Againin Octahedral field we get t,4 and e, when we have a strong ligand field

2

Possible arrangements of electrons are tog g

tog €y €
Energies 1D +Y5D +%sD  WRT to unsplit

Aswe now have > 1 electron we can have spin-pairing but for simplicity we will restrict attention to configurations

of Max spin multiplicity (will deal with spin-paired configurationslater)
Fort,y canhae
Therefore  t,° = °T (orbitaly and spin triply degenerate- actualy °Ty,)

Can derive similar permutations for tzglegl (6 fold orbitally degenerate) and eg2 (orbitally non-degenerate) [for cases
with max spin multiplicity]

Therefore for & with large Dwe have 3 arrangements with orbital degeneracy of 3, 6 and 1
And for D=0 have®P and °F with orbital degeneracy of 3and 7.

As before:
din O, field
& ()
Aoy (1
Ty 3
il 19 tZQlegl (6)
3
3 T 3
% T 3 ty O



In this way we can derive the energy level diagrams for TM ions. When calculated correctly, they show how the

energy levels vary asafunction of D and also B values. All these Tanabe-Sugano diagrams have been worked out.

From these one can find out how many spin-allowed transitions from the ground state to states of the same spin

multiplicity would be expected for a given value of D. Conversely if we know we have e.g. an octahedral complex

[MLg]™, we can evaluate D from the observed bond energies.

There are several useful relationships between the diagramsfor d’-d’.

1)

2)

Electron-Hole Inversion: One "hole" in a d shell §.e. d°) = d', leading to the same free ion terms of

maximum spin multiplicity.

2

d*andd® >

d*andd® > SFand3P
d®andd’ > “Fand?P
d*andd® > °D

But for the same ligand field symmetry, splittings of each freeion term are rever sed on going d" to d'®".

e.g.in O, field
d* d’

2
Tog

“Eq

“Ey

2 2
Tog D
Do note that the order of theFREE | ON termsis unchanged.

D

Octahedral vs Tetrahedral Fields: Asyou will recall from 2" year lectures, the splitting of d orbitals is
inverted on changing from an octahedral to atetrahedral field. So too, athough the order of freeion terms
remains the same, thesplittings of these termsin aweak field will beinverted aswill the configurations of
the strong field limits (d5 unchanged).

eg. d' case
On Tyg
1 1
€ K:
2 2
T E
2h 29 tZgl ’D el
D— »



d° is a special case because thereis only one way of arranging 5 electrons in ad shell with high spin. In weak field

limit ground stete is °S (unsplit by field) and in strong field limit we have at,,’e;” configuration. All excited states
have lower spin multiplicity.

L ow Spin Levels

For d” thefreeion gives (via symmetry arguments) the singlet terms’D, 'G and 'S levels as well asspin triplets.

These singlet terms are also split by crystal field
'D > T, + 'E
'G > My + Ty + By + A

'S > Ay

['- = = mpreSents SP{...-.
5;"3"-"'-' Leuals :[

As with the high spin terms, these low spin terms join up with their corresponding strong field electron
configuration counterparts.

Completediagram isa superposition of singlet and triplet terms.

For d we never need to use the singlet levels because however strong the field no singlet level becomes the ground
state, i.e. d? isalways high spin. Thisis also true for d* O,

When wereach d*, however, there is an additional factor.
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We know from simple d orbital splitting arguments that in strong
octahedral fields it may be favourable to pair the d electrons in
the t,, sub-shell.

How doesthiswork out in terms of these energy level diagrams?
The partia d*, O, diagram is adjacent.

There are other terms not shown.

Note @) the relevant freeion terms
b) the strong field limit configurations

It is apparent that at some é)articular vaue of D, Dyosovers the
ground state changes from °E, (arising from °D term) to °Ty,
(arising from °H term).



Itis convenient to plot these diagrams so that the lowest energy level is awaysthe base line. Theresult isthat there

isan apparent sudden changein the line slopes.

o, d® and d’ can also be low spin octahedral.

Thiskind of diagram can be constructed for each d-electron configuration and for any symmetry of theligand field.
Selection Rules

So far we have deduced the energy levels of the complexed TM ions, but we have not considered the question of the
intensities of the spectral bands, i.e. we need to think about the rules governing the transitions between the levels.

Y ou have probably come across the main onesin other lectures in 1% and 2™ year courses but | shall revise for you

the main selection rules, and cases of their apparent breakdown, treating it in arelatively non-mathematical way.

Main selection rules are

1) Spinselection rule: Ds=0,i.e. transitionsthat Ds* O areforbidden.
2) LaporteRule: Even parity terms can combine only with odd terms

Odd parity terms can combine only with eventerms

i &
NI

1s 2p

spdf
gugu

gerade ungerade
In terms of one electron, hydrogenic orbitals this can be seen very simply on the basis of the symmetry of each

orbital type WRT inversion through the nucleus. Orbitals are either gerade (even) or ungerade (odd).

Laporterule for one electron isthus: g—> uoru—>gALLOWED
g~ goru—>uFORBIDDEN

One immediate consequence of the Laporte rule is that all d-d transitions should be forbidden. Why then do we

observe “d-d” bandsfor TM compounds? Requires that

(‘Yl.op.(‘Y ,dTt o0

Where op isthe el ectric dipole operator [u symmetry]



Breakdown of the L aporte Rule:

Most common causes are;

1)

2)

Interaction between the electronic and vibrational parts of the wave function = vibronic wave function.

Then |f 0y 1vibr0nic-0my 2\/ibronic-dt o

thetransition betweeny ; andy , isallowed, at |east to some extent.

e.g. If we have an octahedral complex the normal modes of vibration for the primary coordination sphere are;

vyl F,) ws{ By ) vel Fai)

Thus, if the ground electronic state is mixed with a gerade type vibrational mode and the excited electronic
dtate is mixed with an ungerade type vibrational mode or vice versa, then the dd transition has some odd

character and becomes partly allowed by this vibronic mechanism.

d-p orbital mixing

Take, asan example, “d-d” transitionsin tetrahedral complexes.

For simplicity take a one-electron transition for a tetrahedral complex using hydrogenic type d-orbitals e and t,.

Ty S

If we consider these only as pure d-orbitals then the Laporte rule predicts that the transition would be forbidden

(in the absences of avibronic mechanism).

But for atetrahedron, thet , set of orbitals can mix with the metal p-orbitals.



Therefore, athough the e set has only d character (even only), thet, set has d-p character (some odd character).
Thustransitions of type e > t, have some odd character and are partly allowed.

Generdly, noncentrosymmetric compounds will have stronger “d-d” bands than their centrosymmetric

counterparts.

3) Covalence causes metal d wave function to mix with ligand p = p wave functions, incorporating “odd”
character.

The spin-selection rule, Ds=0, is not fully valid in the presence of spinrorbit coupling as then one cannot accurately

factorise the total wave function: y =Y gace Y gin

which would be required for: 0y 1.0p. Y 20t = Oy 165a0e-0PY 25int .0y 16in-0P Y 25pin it
LAPORTE SPIN

Hence spin-orbit coupling causes “ spin-forbidden” bands to appear in spectra. If the spinorbit coupling constant is
small, as for 1% row TM ions, then these bands are very wesk, but when it is large, as with the heavier TM ions,

their intensities can be much greater.

As an Approx. Guide

€molar (PPrOX.) Example
Spin-forbidden d-d bands are v. weak 0.001-0.1 Mn(H,0)¢**
Spin-allowed d-d bands 5-30 Ni(H,0)¢"
Tetrahedral complexes, d-d bands 100-500 CoCl >
Electron transfer p > d, M > L etc.. ca. 10°-10° Fe**/NCS

Use of Tanabe-Sugano Diagrams

Used mainly for interpreting electronic spectra, but dso of value for magnetic properties including EPR of
compounds of d” ions.

Ininterpreting spectra we must consider:

d Number of bands

b) Band energies

C) Intensities—i) solutions- €4 4; ii) Solids—relative intensities
d) Breadth and Shape

1) Determination of Sereochemistry and D Values

e.g. For acomplex MLg"" it should be possible to find a value of D which will explain all the observed d-d bands.

Moreover, the value of D should be "reasonable” when compared with values for related cases.

(see next page)



Octahedral Ni%* isd®.

Spectra of Ugtahedzal Nickel(11) Complexes
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Bands arerelatively low inintensity.

The Tanabe Sugano Diagram for ad® complex in an octahedral field is below.
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The band assignments are shown on the figure
asarrows.

Dfor en ~ 11000 cm*
Dfor H,O ~ 9000 cm*

Note u, for Ni(HZO)B2+ involves contribution
from *E, (LS Coupling - see later)

For comparison, solid KNiCl;. What is its
structure? It has a similar spectrum to these
two compounds with bands a 6700, 12700
and 22000 cmi'. The bands are not very
strong. This suggests that the Ni** is actually
surrounded by 6CI° ligands as in NiCl, for
which bands at 6900, 12900 and 22100 cmi™.

The Dvalues form these are reasonable:
Cl < H,O < en

~6900 ~9000 ~11000

Agreeswith Spectrochemical Series



The spectrum of (Et4N),[Ni(NCO),] - paramagnetic compound with 2 upe's.

i

Absorbance

\lor curve &)

| 5O

{63

& 4140

]l! 120

4 220 16 12 B 4
Frequency (em s |03:|

Specttn of [Et,N][Ni{NCO),]-
(A} solid by refectanoe,
(B 0-026m in CH-NO,

}HD

1120

4100

m

(@ #tind amy) T

di Ty
—— 1T|
1n; o 1Ty
i, -1 g r.l' ".. 1_;/'
¥ " .
)
F;
0.0 i s —
."' ’.ﬂ:.a" T ,{/
4 - e
- Py Ay
.IJ{":'-::-I -"'-
(:”5.- -";1
o, ¥
/
16 - / /
A R (B ..
-
To 4+ /
woeer
Jr
P
i
JT,\
Bl R i i
E 1000 A hagn e

Notes A) Isaspectrum of the solid of the compound by reflectance

As the compound is paramagnetic it is not likely to be planar. The Et,N* cannot coordinate but NCO' ligand could
bridgeto give—~> 6 Coord or could be monodentate giving a - tetrahedral NiN, or NiO, core? Question iswhich

B) Isaspectrum of asolution of the compound. Note high e, vVaue.

Bands are at 4600, 9500 and ~16200 cm*.

do we have?

The use of O, diagram for ¢ would give an abnormally low D value of ~4600 cmi* for an NiLg System and would

predict u, at 8000 cm* and u ; at 18500 cmi*. Therefore it does not fit well for bond energies or intensities.

The use of T, d® diagram, however, gives good agreement with D, ~4600 cmi* - thisis quite reasonable as we expect

D, ~*/,Dy. Actual structureis NiN, from IR data.

See next page



2) Can use spectra to distinguish between various possible donor atom sets (CHROM OPHORES)

e.g. NO, can coordinatevia N or O. D valuesdiffer withN > O

Electronic Spectra of Ni(en),(NO,), and Ni(4-methylpyriding)),(ONO),

Curve (A) isfor Ni(N-ethylethylenediamine),(NO,), and curve (B) isfor Ni(4-methylpyridine) (ONO),

Both show °Ay, > °T,y and A,y > °Ty, (F) transitions. [In each case there is a further spin-allowed band to
*T,(P) level above 25000 cmi* not shown in the diagram.]
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3) Information about the nature of bonding

Sometimes found that for complexes of a known geometry the energy level diagrams we have constructed using
freeion termsin Racah parameters do not fit al the bands. e.g. for tetrahedral Co(1l)

Expect three spin-allowed bands.

One a highest energy is.
‘A, > Ty(P)
TR

SR / for CoCl,* observed at 15000 cmi™*
Tz

" for CoBr,* observed at 13500 cm*
' for Col/” observed at 12500 cmi*
‘ TiFY . BUT for freeion (i.e. D= 0)
158 “F - %P =15B = 14540 cm™*

e Hence need to reduce B, i.e. dlow for
y
| L

Cotlld’ Ty

covalency

‘A, Energy of “T,(P) increaseswith D




For CoCl,* lower two transitions can be fitted with D ~ 3100 cm™. With this D “T,(P) predicted at ~16200 —
observed at 15000 (if we try to fit thisu, band alone, we find D~ 400 cmi® — this is unreasonable).

The situation isworse for CoBr,* and Col,,* as u at 13700 and 12500 crri” respectively, i.e. < freeion *P! Thisisa

problem.

We need to take into account covalency in M-L bond. If covalent contributions are present, the metal d electrons
will be partly shared by the ligandsi.e. will spend < 100% of their time on the metal. If they are spread out more
onto the ligands their interelectronic repulsions will be less and the *P - “F term separation will decrease (thus we

modify the diagram to account for this).

The extent to which this is necessary gives an experimental measure of bond covaency. Measured by the required

reduction in the Racah parameter B as*F - “P = 15B and B'< B (expressed asb = ®/g).

For the above three compounds:  CoCl,* b ~0.74
CoBr/ b ~0.72 Thusthey are still fairly ionic.
Col,” b~0.69

Nephelauxetic Series

If the B’ values are determined for a number of ligands, keeping the metal constant, they can be arranged in a series
of increasing covalency and that series is roughly independent of the metal ion (though the actua B’ values will, of
course, be metal-dependant). Thisis known as the Nephelauxetic Series (= cloud expanding).

The order found fitsin fairly well with what we might expect: fluorides tend to be very ionic, whereas iodides and

especialy sulfur donors form relatively covalent bonds.

F<O<N<C'<Br<<lI<sS
-> increasing covalency

4) Distortionsfromregular symmetry

(1 () Ta Dy

Mg Ay A Ay If the point symmetry at the metal ion is lower than
;115,, [ 1 2 i Iy O, or Ty some of the spectral transitions may be
F‘f' E b Ay + By split. We can determine the effects of changing the
e T 7 As + B, _ . .
T, T, T, Bo. - I, symmetry uPon the orblt-al dege.:neraa&s by us .ng the
A A, oA i ™ table of relationships of irreducible representations.
Ay As Ay B
bR 7 7 Haa - (Refer to descent of Symmetry Handout | ft).
T T, Ts Awy + Ey
Tay Ta Ty B:, + E,




In a 6-coordinate Ni(ll) meta
symmetry

ion al the orbital-triplet states are split by a tetragona distortion thus in Oy,

3T2@19 3829+ 3E9 ;31—1919 3A29 + 3E9
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Similarly for therelated Fe(ll) complexes (see below)
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In O, expect 1 band: °T,, > °F,

As an example (adjacent) take NiL,Br, (L = N-heterocycle);
structure is “octahedral” with axia Br and bands are split
(thetransis expected to have ~ twice the splitting of the cis

isomer).

[NB The Correlation table does not predict the order of the

energy].
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In Dy °E, becomes®Ay, + °B, and we therefore expect 2 bands

Here splitting increases on changing X = Cl, Br .

Ground state also split (into°By, + °Ey) but transitions at too low energy to be seen. [Can use M osshauer studiesto

determine splittings less than 1000 cm* ]

Problems of Band Resolution

Symmetry arguments tell us only that orbital degeneracies should be split on lowering symmetry. But this may not

be by much. This can be overcome by measuring the spectrawith polarized light.




Polarization Sudies

If the ligand field has strictly cubic symmetry e.g. G, then transition moment for an allowed transition is isotropic
i.e. it has no preferred direction x, y or z. In O, the electric dipole operator is Ty, In lower symmetry, the electric

dipole operator has > 1 component and a given transition may be allowed by one component but not by another and

the spectrum may be polarized.
Ty, in Oy, becomes Ay, + E, inDy,
T, in Oy becomes A, + EinD;
Hence dipole operators ||z + "z
Selection Rules

If we represent the irreducible representations (e.g. A, A, E etc.) by Gthen two electronic states G, and G, are
connected by the dipole operator G, if :

G.GpGy | A or Ay
Put another way: G,.G,, | G

A) Band assignments:

A particularly simple example provided by Ptal,> that islow spin d® with a* A, ground state,

It has a stacked structure as shown below. The point group iS D ..

PtCl2-
E 3 i‘ | Einz
| L s
E ' f%l Elz
L/ £/ fﬂ—ﬁfﬂj’ e’

al ol cl

a) Arringement of PICIT 1onsn the KaPICT erystal (schemalic); b) di-
rections of polarizaton of meident hight; o) polianzed absorpiion spectra.

The selection rules state T, becomes A,, and E,, in Dyy,.
For polarized light [|Z Ayg X A= Ay,

i.e. Ayg > Ay, only will be alowed with ||z
For polarized light™ z A,y X E,= E,

i.e. Ajg > E,only will be allowed with  z

Find experimentally that for PtCl,* astrong band at 42500 cm™ alowed only by ||z.
Hencetransitionis A;q = Ay, (probably 5D,> > 6p,).



B) Polarization Studies are useful when crysta field distortions are too small to give well resolved bands with

ordinary light.

e.g. Cr(oxalate);>
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But ligand field in Cr(oxalate);* has D3 symmetry.
Using the correct correlation tables: “Ay, becomes A, in Dy
*T,, becomes“A; + “EinDjs
T, becomesA, + “EinDjs

Expect band splitting ‘A, > AL B,
‘A, AL E,

Electric Dipole operator T,,in O, becomes A, +E in Dj
[lz+"z

Apply to Cr(oxalate),” asasingle crystal D,

For spectrum with polarization||z ~ G,,isA, hereand ground state G, is A,

Take product; A,.A, = A;

i.e. for polarization ||z only band “A, > “A, isallowed - the others are forbidden.

For polarization” z G, is E here and ground state G, is A, again

Product A,.E=E

i.e. forpolarization” z bands’A, > “E, and “A, > “E, are allowed - the others are forbidden

[NB Other bands from 4P at higher energy too]. Note also that “A, > “A, forbidden in both polarizations

Measurement of polarized spectrum very useful for making unambiguous band assignments and therefore for
determining the bonding leading to a particular energy level set.



Disadvantages of using polarized light:
1) Need to know the crystal structure of the complex so as to be able to mount the crystal correctly WRT the
molecular axis and the plane of light polarization.

2) Crystal Size.

Often not as simple as above because of vi brational components.





