- —33 ~—3 =7 ~=F T3 -3

/—-—____—_ -

) Absorption of Light

In explaining the colors of coordination compounds, we are dealing with the phenomenon of complementary
colors: ifa compound absorbs light of one color, we see the complemnt of that color. For example, when
white light (containing a broad spectrum of all visible wavelengths) passes through a substance that absorbs
red light. the color observed is green. Green is the complement of red, so green predominates visually when
red h_ht is subtracted from white. Complementary colors can conveniently be remembered as the color pairs

on opposite sides of the color wheel shown below.

BLUE =YE.[DW
eample from coordination chemistry is the deep blue color of aqueous solutions of copper (II) compounds,

e blue color is 2 consequence of the absorption of light between approximately
in the yellow to infrared region of the spectrum. The color observed,

ining the jon [Cu(I-IZO)g]2+
4 1000 nm (maximum near 800 nm;),
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blue, is the average complementary color of the light absorbed.
It is not always possible to make n simple prediction of color directly from the _
baorption bands of diffe

part because many coordination compounds contain (wo or more i
I { 1 . .
he varfous absorption are removet

intensities. The net color observed is the color predominating afler

ahgorption apectruim, in large
rent energies and
| from white

light.
BEER-LAMBERT ABSORPTION LAW .
If light of intensity /7, at a given wavelength passes through a solution containing a species that absorbs light,

the light emerges with intensity 7, which may be measured by a suitable detector.

Cu“'trf'j i

€ I
5 -
O-A_. el i X o —— _L/
5.000 10.000) 15.000 20,000 25,14K) 30.000 35.000
| em”!
[l 1 ! | ! 1 )
2.000 1.000 667 500 404 333 286
nm '

Visible Light and Complementary Colors
Wavelength Range (nm) Wave numbers (cm”) Color Complementary color
<400 > 25,000 Ultraviolet
400450 22,000-25,000 Violet Yellow
450490 20,000-22,000 Blue Orange
490-550 18,000-20,000 Green Red
550-580 . 17,000-18,000 Yellow Violet
580-650 15,000-17,000 Orange Blue
650-700 14,000-15,000 . Red Green
> 700 < 14,000 Infrared
_:-\\‘ : 'I//, '.ra-' s !
gt = e — Delector
N/ '
Cell
Light

Lource

4eer-Lambert law may be used to describe the absorption of light (ignoring scattering and reflection of light .
from cell surfaces) at a given wavelength by an absorbing species in solution:

1y
log—=A=¢&lc
¥

where A = absorbance
£ = molar absorptivity (L mol™ cm'l) (also known as molar extinction coefficient)

/ = path length through solution (cm)
¢ = concentration of absorbing species (mol L™

Absorbance is a dimensionless quantity. An absorbance of 1.0 corresponds to 90% absorption at a given wavelength,

an absorbance of 2.0 corresponds to 99% absorption and so on.
Spectrophotometers commonly obtain spectrum as plots of absorbance versus wavelength. The molar
:
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(4)  Laporte ‘Orbital’ Selection Rule

Spin Selection Rule . 2 . n
During transitions between energy levels, an electron does not change its spin, that is(AS =0 .
which 4 $= 0 (no change in spin state) is allowed. if AS # 0 (change in spin state) transition is forbidden. In other
words, for allowed transitions spin multiplicity does not change. ¢.g,

There are fewer e}cceptions than for th :
2+ the d-d transitions are spin forbidden because each of the d orbitals is singly occupied. Many
o415 15 Singly occupied,

such as [Mn(H,0 it i onl
Mn"" compounds are off white or pale flesh coloured, but the intensity is only about one hundredth of that for 5 spin
—— - o

alsorplivity 50 l:‘.llnl‘llt.'.lt‘l’i?ilil.'. “l._‘m‘:pc
of molar abSOIPHVILY Versus wavelenpy), pives n spe
we will see, this spectrum g g L‘(\I\Hl‘(lllll-l'lt“t‘ P
valuable information about those stafey and iy '|

Although the quantity mogy ¢ e
[jequency are l.l1h‘l‘.l used. In additjon
(e eneriy,s is frequently use

AL AL B L BRI A LT Rl R LALLL LI bbb

: lot
cles that is ol velength. A P

stion, figurc: ,‘M
| can prowdc

sothing the lipht and is hiphly dependent on wi
Pectnim charncteristic of the molecule or fon in que
OF transitions hetween states of different energics an¢
ot ', about the structure and bonding of the molecule n:;‘on‘.:ncrgy and
| only used o ‘ll’-'wi'f'lhl‘. absorbed Ii’,‘h[ is the W:WCIC"}, ' ['Oﬂﬂl to
v The wavenumber (e number of waves per centimeter, 8 quantity propot!

d, l"Ul' refere ' ation
I‘Lll(‘C. Ihc l'L‘IflIIuIW |!t‘lWl‘.t‘l'I ||\CSL‘ ‘]‘I.’In!il'l('..‘i are ['.ivc" |’y thc crlu' fions:
Al = he | -
© h\' B — hf h(,"v

A

AL o -;1- oL\ {
where AL = enerpy ,?*‘J e

= Planck’s constant = 6.626 x 107 J o

= 2!
¢ = speed of light = 2,998 x 1o ms™! .
v = [requency (s") ‘ a5 i
ll= wavelength (often reported in nm)
i V = wavenumber (em™) | l

o 3 . . r
Transitions which involve a change in the subsidiary quantum number( A/ = %1 are ‘Laporte allowed))and

therefore have a high absorbance, If A /= 0 jc. there is no change in subsidiary quantum number, then
. - . e L]
transions are said to be forbidden. aporte selection rule may also be given as follows:

T_"_"i_nf_it_io_f"_s_bﬂwe(!“ g (gerade) and u (ungerade) orbitals are permitted and the transition between g orbitals

or u orbitals are not permitted.

E & u gﬁ—‘—)g u¢—‘———>u

Thus for Ca, 5% — SIPIJ changes by + 1 and the molar absorption coefficient € is 5000-10,000 litres per mol
per centimetre. In contrast d-d transition are ‘Laporte forbidden’, since the change in I = 0, but spectra of
mol ' cm™') because of slight relaxation in the Laporte rule.
When the transition metal ion forms a complex it is surrounded by ligands, and some mixing of ¢ d‘an_pd_
orbitals may occur, in which case transitions are no longer pure d-d in nature. Mixing of this kind occurs in
complexes which do not possess a centre of symmetry, for example tetrahedral complexes, or asymmetrically
s@;tj_tmggc_téhﬂdtauOmglexes. Thus [MnBryJ*~ which is tetrahedral and [Co(NH3)5Cl]2+ which is
octahedral but non-centrosymmetric are both coloured. Mixing of p and d orbitals dﬁ:Lm_tmurin______oi:@_hgdral
Eomplexes which have a centre of symmetry such as [Co(NH3) ]?+ or [CEL(HZO)_6]2+. However, in these
cases the metal-ligands bonds vibrate so that the ligands spend an appreciable amount of time out of their
centro-symmetric equilibrium position. Thus a very small amount of mixing occurs and low-intensity spectra
are observed. Thus Laporte allowed transitions are very intense, whilst Laporte forbidden transitions vary

from weak intensity if the complex in non-centrosymeetric to very weak if it is centrosymmetric. Since p-d is
more pronounced in tetrahedral complexes (non-centro symmetric) than octahedral complexes (centro

. “
much lower absorbance are absorbed (=5 —

symmetric). Thus tetrahedral complexes give more-intense colour than octahedral complexes.
2L i

—

3

@ 3T2g' > Ty
3

3Tlg ) Azg

3
g — "Tigep)

for }’Mﬂaj

., any transition for

5 Lapbrte selection rule. Thus in the case of .b_/l_gz" in a weak octahedral field

a e AT MLkl 110 ANMO Dh. 11 frsraa .
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T S T - —— —
allowed transition, Stnee thoe spine forhidden transitions are very weak , nnalysbs ol the spectin of rnnsltlon metn
complexes can be preatly stmplitied by ipnoving ol spin forbidden transidons and (-nn-shlmluu only thote exclted
states which have the same multiplivity as the pround state, Thus for a o' contlgurtion the only terms which need be

considered are the pround state Y10 and the excited state P,

qudd
1T in

change. Thus this transition is spin allowed,

weak octahedral field (spin allowed), if electron I 1y, lovel 1 oxelted to ¢y level then apln atate will not

F [
\_, nEEy
an“ in weak octahedral field (spin forbidden transition), il one of the electrons In (3 lovel Is excited to ¢, state then
V7 spin state is changed (from clockwise to anticlockwise) thus this electronic transition fs spin forbidden,
Energy
| ¢ i’\'\(\ '
A ovt’
\\:)\A -\ *“’: o ‘\\
y J)\"\
‘voé '
Molar absorption coefficient for different types of transition are given in the following table:

Laporte (orbital) Spin Type of Speetra ¢ (L mol” em™) Example
Allowed~ Allowed v~ Charge transfer 10000 [TiClg)*
Partly alllowed, Va ‘ TP

some p-d mixing - Allowed d-d 500 [CoBry 12~ +[CoCly]
- 3+ I+

Forbidden Allowed d-d 8-10 [TiHz0)6]" -(V(H20)e]
Partly allowed, ‘ - 2-

some p-d mixing Forbidden d-d 4 [MnBry]
Forbidden Forbidden d-d 0.02 [Mn(H,0)sJ**

(5)  Splitting of Electronic Energy Levels and Spectroscopic States

2

An s orbital is spherically symmetrical and is unaffected by an octahedral (or any other) field, p orbitals are
diréctional, and p orbitals are affected by an octahedral field. However, since a set of three p orbital

affected equally, their energy levels remain equal, and no splitting occurs.A set of d orbfials is split by an
octahedral field into two level ,, and e, The difference in energy between these may be written as Ao or

—

lODq.The 1y level is triply degenerate and is-40, below the barycentre and the e, level is doubly
degenerate and is 60, above the bar'yc;:ntre. For a@' configuration, the ground state is a 2 state, and the

t, ande elect'::c;ﬁ_ié‘ér_lergy levels correspond with the 7,, and £, spectroscopic states. A set of / orbitals
g g ‘2 g g Rl

is split by an octahedral field into three Ievc[s.&or an /" arrangement the ground state is a 3F state and is
split into a triply degenerate 7j, state which is 6D, below the barycentre, a triply degenerate 7, level
P e —— . N = et

—_— T L e T

which is 2D, above the barycentre and a_singlc Ay state which is 12D, a'ld?i):'_e_tﬂlﬁz_lza_ry_ccntre. ' "7(“ %
J' gl : -“::T‘rrd(”fﬁ
e .( - 3 g '- blr"" /
Ny , td 98> F 7\
B "Dk s e ¥ T
‘. = Yy
——"‘Tﬂ'j 4
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e
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\ 4D,
\\\?\
T,
(a)

v
In the one electron caseg .vl, pl d! and /'l
energy levels which oceurs iy 4 crystal
field the S and P states

Table : Transformi

Spéetroscopic term
/

e, ¥ T (
n X i i
g sgcctloscogm terms into Mulliken symbols

/ Ao
/
/
/
/
/ 120,
/
/
/
/
/ - T2n
I / /’/ 20,
| »
——— Ty Sy . [T
% _
AN 00, ~
X
)

(b)

are not split] 1 wha azmd the splitting of spectroscopic states. Thus in an octahedral

there is a direct correspondence between the splitting of electronic
rystal fielq
re split into two states and F' sta

tes are split into three states. )

0 Mulliken Symbols
o y ctahedral field Tetrahedral field
P T
5 g T,
Eg +Ty, E+T,
v F A
:‘\\T‘ 3 2g+Tlg+TZg A2+T1+T2
(6) Table
Ground and excggd _teE having the same spin multiplicities for weak field octahedral (oct) and tetrahedral
(tet) complexes
Configuration

Ground term

Excited terms with the same spin multiplicity as the

— ground term

d oct, d tet & & Mgy 2Exg)

& oct, d tet Tig)F Txg) “Ar(g)» Ticg)»(P)

& oct, d’ tet 4A2(g) *Tgys i) (F), *i(g)(P)

d oct, & tet *Eyg) e

@ oct, & tet 6A1( 2) None

& oct, d' tet STz( g) 5EZ(g)

d oct, & tet 4T;( g)(F) 4T2(g)’ 4"12(3)’ 4Tl(g) (P)

d' oct, o tet > yg) "Tagy: *hie) (P Tig) (P)
__dj__tic_t,_cil tet 2Exg) "Tyg) =T

dnd thalned sh = OO‘ ’Q@ i 40( '
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Configuration Correlation of Spectroscopic Ground Term
- t‘ I
\_,-“ ? f: €
D A
2 10
1. il T, e
2- d" :P“—-----.-. 3T' :I: t'

N

s
<

dé —"T,

d’ 4p 41,

d8 and d? inverse of d2

\_/Sémofdlanddg Ions
In a free gaseous metal ion the 4 orbitals are degenerate, and hence there will be no spectra from d-d

transitions. When a complex is formed, the electrostatic field from the leg its the d orbitals into two

groups Ig and eg. The simplest example of a d E;IE:;( is TI(III) mmcomple‘(es sunh as
[T 1Cl6]3_ or [TI(H20)5] . The splitting of the d orbitals is shown in the following figure (a). Ii_tl_l_e_M
state the single electron occuples thc Iower 1y¢ level, and only one transition is possible to the eg level

Consequently the ahsorpnon spectrum. of ['1”1_7‘0)6]J which is shown in figure (b) shows on]y one band

with a peak at 20300 cm™'. The magmtudc of the splitting Ay depends on the nature of the ligands, and
affects the energy of the transition, and hence the frequency of maximum absorption in the spectrum. Thus

the peak occurs at 13000 cm™ in [TiClg]*~,18900 cm™ in [TiFg]*~, 20300 cm™ in [Ti(H,0)¢** and

22300 cm™ in [T i(CN)6}3' The amount of splitting caused by various ligands is related to their position in

the spectrochemical series. Ehe symbol %D at the left is the  the ground ground state term for a free ion with a d
configuration. Under the mﬂuence of a ligand field this splits into two states which are described by the
: ey
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mbols E and27,,. Th
n SYE— f—f—ﬂ—ﬁ—g ¢ lower 27, 2g Slate corresponds to the single d electron ©

U[llLC
Is, and the E — {wo
fthe zgﬁﬂ’ﬁa d id " COTESPONdS 10 the electon occupying one of the ¢; orY bitals. The
o/ar “separated more wi e]yasthe strength of the | s e
Jate 1gand field increases. %
‘ =
Wavelength (A)

+084, 19

10000

89
g
3
&

= by . Frequency (cm™")

Mlcnin . Mefalionin -
sphecical field octahedral Field

. ®

 (s) Diagram of energy levels in octahedral field. (b) Ultraviolet and visible absorption spectrum of [Ti(H20)s]
fig
[e-n
g=4 +d
- 0 chadueds e
(U/ \ 2 vennc of cﬂ ockudd

CL'I’I 4 60‘ a—f-gdu&ﬂfbl—f

Energy

Fig. Splitting of energy levels for &' configuration in octahedral field.

Octahedral complexes of ions with a @ confi  d”_configuration such as [Cu(HzO)ﬁjz+ can be described in a similar

way to the Ti** octahedral comp]exes with a d arrangement. In the d' case there is a single electron in the lower fg

kel whilst in the & case there is a single hole in the upper T & level. Thus the transition in the d' case is promotmg an

tketon from the- F;5 level to the e, level, whilst in the & case it is simpler to consider theMwn of an electron

| \a‘_:—_:{i__-"‘ _— -
5 the | transfer of a *hole’ from eg 101y, The energy dxagram for d9 is therefore is the inverse of that for a dl

—

“‘*—\
“ﬁguranon
The eff effect of a tetrahedral ligand field is now considered, the degenerate d orbitals split i into two eg orbitals of

low,
P:r thergy and three 1y orbitals of higher energy. The energy level diagram for @' complexes in a tetrahedral
S the inverge- of that in an octahedral field, and is similar to the & octahedral case, except that the amount of
_—

Al nmg in a ‘eu'ah 4
edral field is only about I3 of that in an octahedral field.
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Energy

ir’n
/
04 A,

[P ————— e e

? Eo

Ligand field strength
Figure. Splitting of energy levels for o configuration in octahedral field

In a similar way the cf_high-spin octahedral arrangement is related to the d' octahedral case. Since transitions
which involve reversal of the electron spin are ‘forbidden’, and hence give extremely weak bands, the only

‘permitted” transition is the paired electron in the ¢, level, which has the opposite spin to all the other electrons, to

k. S———— e v__’—-"'__'—'ﬁ-_-—_
the e, level. The energy level diagram for d high-spin octahedral complexes is the same as the d case.

—_—

e
ol
i e
o=t

) Ajﬂgﬂf‘

)
o

L

(s) : (b)

Fig. (a) &° and (b) &* high-spin octahedral arrangements

gL

By similar reasoning, octahedral complexes containing d ions in a high-spin arrangement may be considered
as having one ‘hole’ in the upper e, level and thus they are analogous to the &’ octahedral case.
¢t T = = i B i N - -

w\ -~

Y L In addition, d’ tetrahedral complexes have only one electron which can be promoted without changing the -

spin, and have a diagram like that for d' tetrahedral, which is qualitatively similar to that for the & octahedral case.

¥ Finally, @' and & tetrahedral compleXes with one ‘hole’ are qualitatively like the d' octahedral example with one
electron.

way the effect of electron configurations with one electron, One electron more than a half filled level, one electron

/ EA_bgﬁlgures;:an be combined into a single diagram calld an grgel diagram, which describes in a qualitative
/ 5/ ~ /less than a full shell, and one electron less than a half filled shell.
A s

X | e e
\ 1 4 d=ck o
Y \ o' octahedral + O
By % d® octahedral
/ LA )
¥ h TS
v
oo oid = d +d-
Rl d* tetrahedral
7 . . .
\1\}1’ v Increasing - 0 Increasing
b LV ligand ligand
. - field field
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- 1 H \ —— e TN (S
fig. Orgel combined energy level diagram for 7 N il siige
d" (Nole th

al g subscripts are dropped in tetrahedral cases)

g Spene d*and d® jons

-
2
e S‘?lc for a @ electronic arrangement |
are split into tl . ent h
g are Sf wree f, orbit

al field the d

The &
“S ',\ L] H '
vo clectrons in different orbitals. In an octahedr
lectrons will

orbiml als of |
Ower ener,
By anc ) H H
y and two Cy orbitals ofhighcr energy, and the ¢

occupy WO of the f, orbitals. When
ities. It

an clectron |
is p ol 12 b
promoted £, —» (cg)l(lzg)l there are two possibil

: to
requires less energy 10 promote an elect
ron from the
d | :
x OFdy, orbitals to the d , orbital than it does 10 promote

on to the d [
2y orbital, This difference i
In energy arises because the former transition gives (d:r)')l(dz2 )

srrangement where the electrons g
re spread
pread around all three direction x, y and z which reduces electron-electron
ne. If both

thc chCtl‘

repulsion compared with the (d,)!(d |
JJectrons are promoted anotl :} i -2 amangement where the clectrons are confined the xy pla
ier high ¢ €
would expect four energy levels gh energy state will be formed. Thus from a consideration of th Ject W
The terms arising for d2 ' ration of the electrons We
. a confi urati
ound state contains two elect B ration are the ground 3
E — rons wit the ground state F and the exci ip 1g. ! 1
spirs. Thus transitions from the BTOUndhstpam”e] spins, but the 'G, 'D and 'S smtzgcgozttz;t.cs ]P, G, D ’a]r;d S. The.
ate to these three states are spin forbidden, will g‘cevzgrwjazl;ngii?lsg: (
)

ignored. The two remaining state °F
) and P .
e nol split by an octahedral el but thatcf?:):][?i\t’;] spin permitted transitons. It will be remembered that g_orbitals
hield, b s are split into three levels. Similarly i Tield 2
. y in an octahedral field P

states;re not split (but are tran
sformed into
fiagram for these is shown ed into a Ty, state, and F states split into 4 st
: is shown in figure. Th ~= plitinto Ay +Tjg + Tyg - The energy level
i (F)to °T: 3 3 . ree transitions a i T the
Ig 2g> Ng(P)and "4y, respectively, and h s ipossic fom: 12 ground _ stafe
rerms for 4 —d"® con figurations) ) ence three peaks should appear in the spectrum. (Ground state

Configuration Example Ground term  ———— m = = M, S
d Ti" D 1
2 )
£ v | F 1 1 3 :
j cr* ‘F t 1 | 1 3 1%
ds cr °D N O O 2 2
24+ '
aﬁ Mn ’s OB T O O ) 0 2%
: Fe* °D N 2 2
aa Co U WA 1] 11 3 %
: Ni** 'F £ O I O N O ¥ 3 1
cu ’p NN N N1 2 v,

The Specmm Of d2
co i 3+ .
because the ligand field stren;flle);‘ 1on [V(H20)§] is shown in figure. Only two peaks .
< (Pyand 3 s of water results in transitons occurring close to the p occur in this spectrum
eve .n Cross- . S
— .thzg : s, and hence these two transitions are not resolved i ss-over point between the
vith a different ligand would show three peaks into two separate peaks. A V" on

-_———

—
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Fig. Orgel diagram and spectrum for a 4 ion.

ctahedral field can be treated in a similar

Complexes of metals such as Ni?* with a &* configuration in an o
‘hole’ from

way. There arc two ‘holes’ in the eg level, and hence promoting an electron is equivalent to transferring a
.« . . . . . . 3 N oy o
eg 10 1. This is the inverse of the @ case, The *P state is not split, and is not inverted, but the “F state is split into

three states and is inverted. Thus the ground state term for Ni** is 3Az g - Note that in both the & case and the d* case

the *F state is the lowest in energy.
Three spin allowed transitions are observed in the spectra of [Ni(H,0)s 1, [Nl'(NH3)6]2+

and [Ni(ethylenediamine), 7**. ' == :

i %Using the same arguments as applied to the d' case, the d octahedral energy diagram is similar to the high-
spin @’ octahedral, and @ and &" tetrahedral cases. The inverse diagram applies to the & and d” octahedral as well as
and 4’ tetrahedral complexes. As before, the g subscript is omitted in tetrahedral complexes.

il

10 p
| Tho(F)

=A,__.'.=r.,ga S - E ‘=.= ‘/:/’f ot

sk ‘
/\. o 1" ‘

. My —="TlF) [ :

75-\j\ ) ‘:\:Ah

30000 20000 - 10000 :
Frequency (cm ') ) Ligand flokd stangth
" (a)

)
Fig. Orgel diagram and spectrum for a d* ion.

Molar absorbance

In a similar way Cr(III) has a & configuration, and for octahedral complexes the inverted diagram at the left

hand side of figure applies. This is similar to the & diagram except that the energies of the three states derived from
the *F state are inverted in order. The spectra of chromium octahedral complexes would be expected to show three

absorption bands from the ground state 34, to 3T2g, 3Tig (F) and 3Ti g(P) respectively.
Chromium (I1I) complexes show at least two well defined absorption peaks in the visible region. In some cases the

third band can be seen, though it is often hidden by a very intense charge transfer band.
The combined Orgel energy level diagram for two-electron and two-‘hole’ configurations is shown in

following figure. Note that there are two Tj, states, one from the P state and the other from the F state. The two T,

states are slightly curved lines, because they have the same symmetry, and they interact with one another. This
interelectronic repulsion lowers the energy of the lower state and increases the energy of the higher state. The effect
is much more marked on the left of the diagram because the two levels are close in energy. If the lines had been
straight, they would cross each other, implying at the cross over point that two electrons in one atom may have the

same symmetry and the same energy. This would be impossible, and is prohibited by the non-crossing rule, which
says that states of the same symmetry cannot cross each other. The mixing or interelectronic repulsion which causes

the bending of the lines is expressed by the Racah parameters B and C.

Racah Parameters
1. Coulombic rep.ulsion exists among electrons in molecular orbitals of the complexes therefore different terms
of a configuration have different energies. The repulsion energy of each term of a configuration is expressed

as sums of three quantities. The three different sums of three quantities. The three different sums of integrals
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The pale pink colour of many octahedral complexes of Co(ll) are of interest, The spectrum of [Co(H;0), J2*
is shown in figure,

Ze000 20000 16000 10000 5009

i

Frequency (cm ')

Fig. Elcctronic spectrum of [Co(1120)6]*

A The spectrum of [Co(H,0)g 12" is less casy to interpret. It shows a weak but well resolyeq absorption band at
about 8000 - cm » and a multiple absorpnon band compnsmg three overlapping Deaks at about 20000 cm™. The

lowest energy band v, at 8000 cm™ is assigned to the i Tig = ng transition. The multiple band has three peaks at

about 16000, 19400 and 21600 cm” | Two of these are the Tlg = Alg and Tlg it 7ig(f’) transitions, and since
the peaks are close together this indicates that this complex is close to the crossover point between the
4Azg and Tlg states on the energy diagram. This means that the assignments are only tentative, byt the following
assignments are commonly accepted:
v (T ) 16000 cm™
and ' v (‘T4 T (P)) 19400 cm™
The extra band is attributed either to spin orbit coupling effects _.ltglra_n_git_igns to doublet states.

Tmlexes of Co*" such as [CoCl 4]2‘ are intensely blue in colour with an intensify € of about 600
7 [mol cm” compared with the pale pink colour of octal@edral complexes with an mten51ty g of on!y about 6 I

mol™ em™ Co has ad’ electronic conﬁguratlon and in [CoCI4] ~ the electrons are arranged (eg) (t2g) This is

similar to mm&se since only twom—c—a; Eﬁm are three possible
transitions: 4A2(F )—) 4T2(F) 4AZ(F )—> 4T1(F ) and 4A2(F )— Iig(P) Only one band appears in the visible

region at 15000 cm™. This band is assigned v3. There are two bands i In the infrared region at 5800 cm ™' assigned v,
_’———‘—'__-
and the lowest energy transition (assigned v;) is expected at 3300 cm

g’ 4A2 - ]i(P) V3 15000 cm™ in the  visible region

44, > T(F) v, 5800 cm™" in the infrared region
4A2 - 4T2 Y (3300 cm™" in the infrared region)

oo}

A
AR

(-,

25000 20000 15000 0000 5000
Frsquency (eom™)
Fig. Electronic spectrum of [CoCl,]*
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il < Us will be extrem T e very pale pink €0
cly weak, This accounts for tl)'ﬁ very p

iron(I11) alum. The ground state term is %{f’Nonc of the 11

' ' . ; { aneitions is
ey low. Of the 11 excited s ol fn eltcctron. and hence the probablity of uch transiti s
SURA ttets 'G, *F, ' and *P involved the reversal of only one sP

! . seven states are dou are .
o olher s¢ : blets, are dobe spin forbidden, and are unlikely to be observed. In an octahedral field Vo bevd

' four split into ten states, and hence up 1o ten extrn ; - m
(ese f 2* s shown In fiouee ptoten extremeley weak absorption bands may be observed. The spectru
of IMn(I'le)ﬁl 1inigure, Several featyre of this spectrum are unusual

are ex vl NP
. 1. The bandds 1-?, cs\tlr Siely .‘Ymk_]T"L‘ molar absorption coefficient ¢ is about 0.02 ~ 0.03 f,mol_’ cm .
Compared with 5-10 / mol™ em™ for spin allowed transitions - o

2. Some of the bands are sharp and other gre broad. Spin allowed bands are invariably broad.
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Fig. Electronic spectrum of [Mn(H,0)s]**

(11)  The Widths of Observed Bands

Consider again the visible spectrum for [Ti(Hzo)(LfJ'. The single absorption abnd is quite broad, extending ﬂ
—_— — < 293 —_— : i
over several thousand wave numbers. The breadth of the absorption can be attributed mainly to the fact taht |

the complex is not a rigid, static-structure. Rather, the metal-ligand bonds are constantly vibrating, with the
result that an absorption peak is integrafed over a collection of molecules with slightly different molecular
structures and A values. Such ligand motions will be exaggerated through molecular collisions in solution. In
the solid state, however, it is sometimes possible to resolve spectral bands into their vibrational components.
Sharp peaks also occur in solution spectra when the transitions involve ground and excited states that are
either insensitive to changes in A, or are affected identically by the changes.

Two additional factors that can contribute to line breadth and shape are spin-orbit coupling, which is
particularly prevalent in complexes of the heavier transition metals, and departures from cubic symmetry, such

as through the Jahn-Teller effect.

(12) Jahn-Teller Distortions and Spectra

Up to this point, we have not discussed the spectra of d' and & complexes. By virtue of the simple d- |
electron configurations for these cases, we might expect each to exhibit one absorption band corresponding

to excitation of an electron from the #,, to the g levels: |

——

) However this view must be at least a modest oversimpification, because examination of the spectra of
F— N
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[Ti(H,0)s*(d") and [Cu(H,0)41**(d°) shows these cbordin_ation compounds to exhibit two closely

overlapping absorption bands rather than a single band.
To account for the apparent splitting of bands in these example, it is necessary to recall that, some

configurations can cause complexes to be distorted. In 1937, Jahn and Teller showed taht nonlinear mojggules
having a degenerate electronic state should distort to lower the syn symmetry of the molecule and to reduce the
degeneracy; this is commonly called the Jahn-Teller theorem. For example, a d’ metal in an octahedra]

R it
complex has the electron confi iguration heg e ¢ 33, according to the Jahn-Teiler theorem, such a complex

should distort. If the distortion takes the form of an elongatlon along the z axis (the most common distortion
observed experimentally), the f, 28 and ey orbitals are affected as shown in following figure. Distortion from

Oy to Oy, symmetry resuits in stabilization of the molecule; the ey orbital is split into a lower aj, level and

a higher by, level. |

b
...... T .7 I
— P xl-yt
K S R R TSN
[ ] Tz Yy
J-T distortion S
£33
------ - blﬁ
—_——— e, =TT J—
woxzvs Y x oy £
olr D4h

When degenerate orbitals are symmetrically occupied. Jahn-Teller distortions are likely. For example, the first
two configurations below should give distortions, but the third and fourth should not:

—_———

Tt 1ty ty e Tttty ty t4

those that have asymmetrically occupied e, orblta]s such as the high spin dd configuration. The Jahn-Teller theorem

does not predict what the distortion will be; by far, the most common distortion observed is elongation along the z

axis. Although the Jahn-Teller theorem predicts that configurations having asymmetrically occupied f,, orbitals,

such as the low-spin @’ coriﬁguration, should also be distorted, such distortions are two small to be measured in most

cases.

The Jahn-Teller effect on spectra can easily be seen from the example of [Cu(H20)6]2+, ad complex. From

above figure, which shows the effect on d orbitals of distortion from O, to Dy, geometry, we can see the additional
splitting of orbitals accompanying the reduction of symmetry.

Symmetry Labels for Configurations

Electron configurations have symmetry labels that match their degeneracies, as follows:

Examples.
/ & designates a triply degenerate ey . .
asymmetrically occupied state. o se se e
S E designates a doubly degenerate . ve _o
asymmetrically occupied state. . . & . e L e
\/ AorB designate a nondegenerate state. gk B
Each setof levelsinan A or B - - . . . .

state is symmetrically occupied.
Scanned with CamScanner
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Whena 2p term for d” is split by

The lower energy configuration is doubly degenrate in the e, orbitals (nccllpﬂli“" of the ¢y

[ ] LI
e S Or — ) and has the designation 2

jevels (three arrangements are
2

L
L] e

—_

.2 . ’
energy configuration “Tg , as in the following figure. This is the opposite of the order of energics of the

(1 1OWET than eg ), shown in figure.

Similarly, for distortion of Dy,

of the energy configurations in figure.

. e . . W H 2 v
——) and has the designation ITQS . Thus, the lower energy configuration Is the “Ey

anoctahedral igand field, two configrations results:

l" ‘e ae e
—

——- —— S——

! '
!‘ (X ] 'Y} 'Yy

—

—

(X
-ttt

Lower enerpy Hipher energy

orbitals could be

ton e tr .enrate in the
Ly the higher encrgy configuration 1 triply degen

ee _* _ oOF

P
. 8

—_—

L
PR

—

possible in these levesl ¢ —

, and the higher

orbitals

: bels
the order of labels of the orbitals in figure is the reverse of the order of [abe

—E,
g ~__1‘1:2‘
"i Sa Blﬂ
’I
p
~
\\
S ,-"—-Ail
. e
~ ‘f
N2
~8
e B'l
Free ion term Effect of Effect of
Oh field Dy, field

In summary, the >D free ion term is split into ZEg and szg by a field of 0, symmetry, and further split on

distortion to Dy symmetry. The labels of the states resulting from the free-ion term are in reverse order to the

labels on the orbitals; for example, the ), atomic orbital is of highest energy, whereas the B, state originting from

the D free-ion term is of lowest energy.

For a & configuration, the ground state in octahedral symmetry is a zEg term and excited state is a ZTZ g

term. On distortion to Dy), geometry, these terms split, as shown in figure. In an octahedral & complex, we would

expect excitation from the zEg state to the 2T2g state and a single absorption band. Distortion of the complex to

Dy, geometry splits the 2T2g levels into two levesl, the E, and the By,. Excition can now occur from the ground

state (now the B), state) to the 4, the E,, or the By, (the splitting is exaggerated in figure). The By —> A

transition is too low in energy to be observed in the visible spectrum. If the distortion is strong enough, therefore, two

separte absorption bands may be observed in the visible region, to the E, orthe B,,_ levels (or a broadened or

narrowly split peak is found, as in [Cu(H,0)g]**).
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orbital,

" . : itati ctron to an e
For a d' complex, a single absorption band, carresponding to excitation of a ly ele K7

might be expected:

hv
e
1 2y ¢
Ground Exited
state vate
én,) (’E)

However, the spectrum of [T i(H,0)51**, an example of a d'complex, shows two apparently overlapping

bands rather than a single Band. How is this possible?

One explanation commonly used is that the excited state can undergo Jahn-Teller distortion, as in figure. As in

the examples considered previously,

asymmetric occupation of the g orbitals can split these orbifals into two of

slightly differen; encrgy (of 4, and B, symmetry). Excitation can now occur from the £,, level to either of these

orbitals. Therefore, as in the case of the & configuration, there are now two excited states of slightly different energy.

The consequence may be a broadening of a spectrum into a two-humped peak, as in [Ti(HzO)(,]z", or in some cases

into two more clearly defined separte peaks.
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Xcha‘”ﬂansfer Spectra

AN electronic_transition between orbi

sorption ba : arge transfer
[ansition and absorption band 5 {15, L8 chargs

hat are ce : is called

il ntred on different atoms 15 € art
1S A e one p;

- complex to another, More s nally very strong. These transitions involve electron transfer from chari():tcr
Or‘?)ne that is mainly metal in Elemﬁca”y’ an electron moves from an orbital thal is mainly ligand I?mclal-to_
to : . 1aracter (ligand ) . vice versa

: reer transfe \ gand-to-metal charger transfer, LMCT) or

hgglcl: Ci]:/z:e %ise to mucrl,f:/ln[cfcrl;?{tunhkc - transitions, those ir[:volving ch;rgc fran3{eh 812 fl'JL]ly allgi\gg lﬁgy.
he gIve 1A% 14 ense : P R R, . i vicible reglon,
often produce rich colors, In ] absorptions. Wiher these absorptions fall within the visible reg

in
les ; .. ) - rte and sp!
lloweds i.€. s E'.FEE'M&_M@_S, the electronic transmong_ai(f__lﬂj’?l el
3 - -

—

- Al=tland AS =0
A charge transfer transition may be regarded as an internal fedox process.

Types of Charge Transfer Spectra o gt
" (1) Ligand to Metal Charge Transte (LMCT) , Opgh 2™ Lt
(2) Metal to Ligand Charge Transfer (MLCT) ' o 7} ’?l Y, " ""b:,« i

(3) Intermetal Charge Transfer or M grf™ W

Interm etal to Metal Charge Transfer \/ ol
(4) Interligand Charge Transfer _~ " Mﬂj:h
0 Ligand to Metal Charge Transfer (LMCT) ~ |
If the migration of electron is from |; . e e

gand to the metal, then the cahrge transer is called lig .
charge transfer (LMCT)-CTo make the electron transfer from ligand to metal more favorable, we . The

. . iy : .
Fo—e S B = e
www lonization energy so that it would have empty orbitals at fairly low energies. Th

metals would be transition or postiransitions metals, or metals of main group.with low ionisation encrey,

eS—Eéﬁlall)’ 1~n—‘ﬁwtes An ideal l[gand would be a nonmetal with a ELajlve]y low electrf)n
affinity, which would mean that it _would have filled orbitals of fairly high e?le—rgy and would be readily
oxidizable. Chalcogenides or heavi e =7

~fla‘cogenide er halides or oxygen sulphur would be examples of good choices. The net
result of such a metal-ligand combination would be that the orbitals involved in an LMCT process Wo‘ﬂfj oe
close enough in energy that the transition could be induced by a photon in the visible or E?‘ir_a'um-LOIert

. ottt St
region. : —_—
”
r—
Ry a? \
" ' _"
- L (R
e 4 LN
~ 4, AR
» (9
- ’ %
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4 l' ‘\“
s J N
K W
’ ‘\‘l
a o W
(n+ 1Dy ——— , w
' N “l L]
l
' A — 1YY
K -1 * K
A - X
A & oo
nd —$S2 e

Figure (1)
The permanganate ion, MnOj, Manganese is in a formal oxidation state of + 7 and combined with four

oxidfe ions. The molecular orbital diagram for tetrahedral complexes in figure (1) allows us to identify
possible LMCT transitions. In any tetrahedral complex, the four lowest energy o-bonding orbitals will be
filled and will be primarily ligand in character. Next there are two sets of o-nonbonding MO’s, one héand-
Centewgmered. The permanganate, these orbitals would correspond to Elied— oxygen 7

orbitals and empty manganese 3d orbitals, respectively. All of the higher ener ondi &

. , - tibonding molecul
orbitals would be unoccupied for a man VI =t g b ar
o unoccupied for a manganese (VII) complex. Hence there are four possible llgand-to-rgg_tal

P -
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For MnOy all four of these tansitfons have been obaerved: 17,700 ¢m "y o)
" . ’ P P f '] ul ']
30,300 em™ (ty <»ee) s and A 00 em " (13 <> 13), Only the abaorptlon at 17,700 ¢ fulls viithin the visible

20500 e (1 -2 13);

range (14,000 - 28,000 em™), and 1t 1« reaponsible for the famillar deep purple colour of MnOy.

In-asimilar way, the charge transfer spectium of organge CrO7 Ton can be analyzed, the LMCT process
being facilitated by the high oxidation state of chromium (V1), Many lodide salts also are colored hccmmc’d_ of

charge transfer transitions of this type. Txamplen are Hyly (redj, By (orange-red) and 1Pbly (yellovi). Ihe

metal_ions in these substances cettainly are not oufstunding oxldizing agents, but the transitions oceur

because the iodide ion is easily oxidized,

Pigments in which colour is produced by LMCT are glven below :

Primary orbitals Involved

Pigment
Cadmium yellow (CdS) Ligand 7, ——» metal 5
Vermilion (HgS) Ligand 7, ~—=» mctal 6s
Naples yellow [Pby(SbOy);] Ligand 7, ——» mctal 5s or 5p
Massicot (PbO) Ligand 7, —> metal Gy

Chrome yellow (PbCrO,) Ligand 7, — mctal 3d

Red and yellow ochres (iron oxides)  Ligand 7, —> metal 3d

If the energy difference between the lowest unoccupied molecular orbital (LUMO) centered on the metal ion

—_— ———

and the highest occupied molecular orbital (I l(jMO) centered on the ligand is very small (less than 10,000

cm™), total electron transfer between the two mawy occur, This will be the case if the metal ion is a
el St

ﬁ sufficiently good oxidizing agent and the ligand a good enough reducing agent to cause a spontancous redox
Pt gand a good enoligh recucin

process. The result is breakdown of the complex. Examples of complexes in which this occurs are
[Co(H20)5]3+ and Fely: Water is oxidized by Co™ and the iodide ion is oxidized by Fe*".
: &

Figure (2) shows the visible and UV spectrum of the less symmetric complex [CrCI(NH3)s ]2+. From this
spectrum we can recognize the two ligand-field, d-d, bands in the visible region. The replacement of one NH,

ligand by a weaker field CI” ligand moves the lowest energy d-d bands to lower energy than those of

[Cr(NH,4 )6]3+. Also, a shoulder appehrs on the high-energy side of one of the d-d bands as a result of the

reduction in symmetry from Oj, to Cy,. Another new feature in the spectrum is the strong absorption

maximum in the ultraviolet, near 42,006 cm™'. This band is at lower energy than the corresponding band in

+ . o -
the spectrum of [C{(NH3)6]3 and has been assigned as an LMCT transition from ﬂlti Cl hgand}o_t!]ﬂg_ta;l.’

PR

T ———

steps of about 8000 cm™ as X is varied from Cl to Br to I. In this LMCT transition a lone-pair electron of the

U —

The LMCT character of similar bands in [CoX(NH3 ), J** is confirmed by the decrease in wavenumber in

halide ligand is promoted into a predominantly metal orbital.
Charge-transfer transitions are identified by their high intensity and the sensitivity of their energies {0
1

r——
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Figure (2)

" : ands in the
CT transitions are generally intense compared with ligand-field transitions. Cha,rge-transfcr b

occur
+isible region of the spectrum (and hence contributing to the intense colors of complexeS) tf:la{] =
ligands have lone pairs of relatively high energy (as in sulfur and selenium) of if the me {0 the transition
empty orbitals. The color of the artists pigment *cadmimum yellow’, CdS, for instance, is due

I - . o 5 are iron
cd (55) s* (). Similarly, HgS is red as result of the transition Hg?" (65) g% () and other

oxides that are colored red and yellow by the transition Fe (3d) <= O ().

i : ly the
The tetraoxoanions of metals with high oxidation numbers (such as MnOj ),prowdc what are probably

- = . _lying empty
most familiar examples of LMCT bands. In them, an 0 lone-pw_ﬁ_pmw/w_]yl“gﬁ_f

. . the
d metal orbital. High metal oxidation states correspond to a low d-orbital po ulation (many are @), 59 ,
-—eptor Jevel is available and low i : ies is:
acceptor ow in energy. The trend in LMCT energies 1S: _ =S D ]
Oxidation Number rvN’L’ £ Adot TC (5
+7 MnOj < TcOj <ReOy —7 34 ;}E 5. C~ 7Y
+6 2- 2 2- goud- ¢ L .
. CrO; <Mo0j;” < WOj
+5 VO~ < NbO3™ < TaO}

The energies of the transitions correlate with the order of the electrochemical sen'es,.with th'e lowest en'etr_ 2
transitions taking place to the most easily reduced metal ions. This correlation is consistent with the E!'aIlS\flt(i)le
being the transfer of an electron from the ligands to the metal, corresponding, in effect, to the reduction ©
metal ion by the ligands.

Polymeric and monomeric oxoanions follows the same trends, with the oxidation number of the metal the
determining factor.

The variation in the position of LMCT bands can be expressed in terms of the optical electronegativities of

o - e e
the metal, Ymewat and the ligands, Yjigna. The wavenumber of the transition is then writeen as the difference

between the two electronegativities:

¥ =| Xigand — ¥metat | Vo
Optical electronegativities have values comparable to pauling electronegativities if we take the constant vq to
be 3.0 x 10* em™. If the LMCT transition terminates in an e, orbital, Ag must be added to the energy

predicted by this equation. Electron pairing energies must also be taken into account if the transition results in
the population of an orbital that already contains an electron. The values for metals are different in complexes
of different symmetry, and the ligand values are different if the transition originates from a 1 orbital rather
than a o orbital.

\/(Lgmd-to-meral transitions are observed when the metal is in a high oxidation state and ligands contain

lone-pair electrons, the variation in the position of LMCT bonds can be parametrized in terms of optical
electronegativities. )

The spectra of RuCl%‘ and IrBrg“ (d' and d° complexes, respectively) show two sets of bands that have
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— ; ; i bonding 5, and
been assigned to transitions from the weakly bonding n orbitals on the ligands to the anti Ing Iz, e

B i ansition to t
orbitals of the metal atom. In errﬁz' (a d® complex), the 1, orbitals are filled, and only the tr. he

e; orbitals can be observed.
2+ sfer bands are
In the halogenopentaammine complexes of the type Co(NHj)sX*", strong charge-tran

: ing from the
observed in the ultfaviolet region. These bands appear at progressively lower frequencies on going from the

e : - r these
chloro to the bromo to the iodo complex, as one might expect from the trend in reduction potentials fo

*, the charge-transfer bands largely obscure the weaker d-d transitions.

: 2
halogens. Indeed, in Co(NH;)s1%*,

\(2/ Metal to Ligand Charge Transfer (MLCT)
If the migration of electron is from metal to ligand, then charge transfer is called metal to ligand charge
\ , transfer (MLCT). Charge transfer processes in the opposite direction, from metal to ligand, are favored in

}Zfrf:\mﬂ& complexes that have occupied metal-centered orbitals and vacant low lying ligand-centered orbitals. TL

Ny

examples are complexes in which the hgands have empty n antibonding orbitals. Ligands falling into this

category include CN‘ SCN' carbon monoxide, _pyridine, bipyridine, pyrazine, o-phenanthrolme dxthxolem_:_“

(szcsz) djthxocarbamate 1ate (S;CNR;) shows possible MLCT transitions for an gclahedral complex in which

{

both the ¢, g and €g orbxtals are occupied.

Figure (3)

An example of an MLCT transmon is the one responsible for the red color of tris(bipyridyl)iron(II), the
ysis of Fe(II). In this case, an electron makes a transition for a 4 orbital

-

complex used for the colorimetric anal

of the central metal into a ", orbital of the ligand.

L
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10-
mines which have_two N donor atom and 1,
) :

. : i.bipyridine
. 1wo N s: two important examples are 2, 2"-bipy™! tris (2,
@/ﬁrolille- Com lexes of diimines with strong MLCT bands include tris(diimine) species ey
P ipyridyDruthenium ;

(1), which is orange on account of its MLCT band. A diimine ligand may also bifé.‘é
ptituted into @ complex with other ligands that favor a low oxidation state. TwO exa;‘lz fermted
w(cO)phem)] and [Fe(CO)s(bipy)). However, the occurrence of MLCT transitions is by 1o M CoRa.
\ giimine ligands. Another important ligand type that shows typical MLCT transitions is dithio :;rtlicjular y of
t};)esonﬂﬂce Raman Spectroscopy is a powerful technique for the study of MLCT transitions, P
. s complexes. o t
dl;ln;:: frans?er transitions from metal to ligand are most commonly observed in complexes with ligands tha
Eave:;o“’ lying n* orbitals specially aromatic ligands.

©<©

5 1,10-Phenthroline (phen) - 4 2,2-Bipyridine (bipy)

6 lHu(bipy);l"_ 7 Dithiolene

The visible absorption spectra of iron(II) comp]exgs' with ligands containing the U.fdiimme unit

A

have intense charge-transfer bands associated with the transfer of charge from metal #,, orbitals to the

antibonding orbitals of the a-diimine group. In the case of the 1, 10-phenanthroline complex Fe(phen)§+ . the

transition occurs at 19,600 cm ™. A series of 6-coordinate iron(1I) complexes containing the tetraimine macro-
~

R SR S - 1
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eyello ligand (TIM) shown below, have been prepared with various monodentate I|]ande ?ccupr);lrngre e two
axial sites. The band maxima of these complexes, corresponding to metal-to- [bl\r: c 1aa;_gtc:1 rar\:si1I : Mdngn
below. It enn be seen that the transition energy is o function of the m-acceptor abi ity oI ! e z:,t i ’ [g ; :,h s

ative to that of the
the m-nceeplor ability Increases, the energy of the dy, and d, orbitals decreases re T

o . - S.
(TIM) orbital, cousing the fp, —> 7 (TIM) charge-transfer band to move to higher energie

Complex Band maximum cm”’
Fe(TIM)CH,CN(CO)Y 23,200
Fe(TIM)(P(OED);)3" 19,500
Fe(TIM)(CH,CN)3" 18,200
Fe(TIM)(imidazole)3" | 15,200
Fe(TIM)(NH;)3* 14,300

II,C\C_C/CH,
' H c—N// \\N-—-cn,
Nl
H,C \E, / 2
H,C/ \CH,
TIM

Spectra of Compounds with Metal-Metal Bonds
Compounds which contain metal-metal bonds are intensely colored. For example Mny(CO)yo is bnght yellow,

Rc-,CIS is dccp blue, Coz(CO)s is purp]c black, MoZCIB is cherry red, and Feszld the observed

“transiiions for these compounds are of the types G — o*, T — —> rr* and 8 — &* and are fully allowed. In the
case ol Mny(CO)yo, the ¢ — o* band peaks at 29 400 cm'. One expects that this excitation should be
Vv - 1cc0mp‘m|cd by we'lkcmng or dissociation of the Mn-Mn bond Indeed, ultraviolet irradiation of Mny(CO);o
in carbon tetrachloride solution leads to the intermediate formation of Mn(CO)s r radlcals which abstract

<\ L I\ \ chiorlne atoms [rom lhc solvent to form the chlonne—subsututed mononuclear comple\c
o g U S
A8

o

\1 ;‘ﬁ“w} Mn,(CO);g T 2Mn(CO)sCl

Photochemical cleavage of metal-metal bonds is fairly common in metal cluster compounds. However, it
P appears that excitation to the relatively weakly antibonding m* and 6* states is ineffective for such cleavage.
(3)  Intermetal Charge Transfer

Polassuum ferrocyamdc lS _used to test for iron in solution. Fe** ions give a white precipitate of
(u\‘h i K;l‘e [Fc (CN)ﬁ] but | Fc " ions give deep blue KFe E"(CN)G] known a.s_P_n_z_s_sng_b_lue ‘A deep blue colour

(z.\@ \\3 is also produced by Fe*' “with K3[Fem(CN)5] and this is known as Turnbull's blue KFBII[FEIH(CN)G] Both

'5\(&“\" : have been used as pigments in ink and paint. Recent X-ray work, infrared and Mossbauer spectroscopy have

vwﬁﬁ -*‘U“‘*\ shown that Tumnbull's blue is identical to Prussian blue. The intense colour arises from electron transfer
i “'

Y‘(f_ [\1‘_ : between Fe(+11) and Fe(+II). . |
o~ (4)  Interligand Charge Transfer

g }l“‘ f_&rﬂ% The ligand itself may have a chromophore and still another type of absorption band, an intraligand band, may

K fe be observed. These bands may sometimes be identified by comparing the spectra of complexes with the

spectra of free ligands. However, coordination of ligand to a metal may significantly alter the energies of the

ligands orbitals, and such comparisons may be difficult, especially if charge-transfer bands overlap the

o ~ intraligand bands. Also, it should be noted that not all ligands exist in the free state; some ligands owe their
+  existence to the ability of metal atoms to stabilize molecules that are otherwise highly unstable.

d : Some Other Examples of Charge Transfer Spectra

e 1. In the (+1) state of Cu most of the simple compounds and complexes are diamagnetic and colourless because
the ions have ad" configuration. There are a few coloured compounds. For example, Cu,0 is yellow or red,
CUICO;. is yellow and Cul is brown. In these cases the colour arises from | charge transfer bands and not from

Scanned with CamScanner



@ g spectra- S —
o c _J

(e s are several blue proteins
b ”:F’r/Cu" couple. Their golon:‘ni: ::;illiclh contain Cu. They qol
; ! 8 MAEh More e ctag cle q
i o be caused by charge trangfor ll)tlimumc than would be L‘-:;)r::,: |I'drnnrcr agents by means of
« \ ‘ e ) Ty c( A »
veen C or d-d spectra, The colour s

(houg™ ™, :
,msmcynmn occurs in the chloroplasts of py uand S, Exampl
S ol preen planis, ixamples Include plastocyanin and azurin

o Cd and Hg have a d" electronic
conlipur
nhguration and so cannot produce d-d
s d-d spectra, Thus many of their

'
comPOUHdS arc white. However, sop
ne co ,
due to che ) ' mpoun
coIOUTCd ue to charge transfer from the lig:\lnth t((lusum Hy (l' 1) and a smaller number of Cd (+11) are highly
510 the metal, ' '

/. Hel, exists in red and =
/¢ Heh and yellow forms, The colour is due 1o ¢
0 charge transfer,

The orangc colour of Snly is caus
5 b used v nhenrmnt!
" higher proportion of red and orange ’II\:y thb.dhbo”m”" of blue light, the reflected light th ini
[ to Sn. (This corresponds to the tc;n) L"’_'lcigy absorbed in this way caused the mm';lf :' " c|:onta|nmg a
another atom is transferring a charge !;lr,“]'y reduction of Sn(tV) to Sn(lll). Since lra.n:r’;;)ri:n: cc:ron fro:n
Gely because the atoms have simil'\; Ll:i;s pimmlﬂm called charge transfer spectra ’l:his ocfur: |:|cscr:;:):ng
1" [¢ (Y RVt . .
sriodic table, and have similar si y levels, This would be expected becausc™Tie i
Almosfall i & lar sizes. Charge transfer spectra do not occ{:r with the t;rr:@l/; Ly
1anganese compounds are coloured Mn?" is pale pi e QLI TIAICES:
e coloured. Mn" s pale pink, and MnO, 18 black, both becauseof d-d

6.
ransitions. The (+ V1I) 03 idati o pes
ansili ) oxidation state has a ¢ configuration and would be expected to be colourless. Whilst

rrhenates ReOj ini |

?:tens‘:l o :; ;}ontammg Re (+VII) are colourless, permanganates MnOj containing Mn (+VII) are
i y . The purple-black colour arises from charge transfer spectra. |

The permanganate MnOj ion has an intense purple colour. Mn (+V1I) has a dc

\

onfiguration, S0 the colour

s
arises from charge transfer and not from d-d spectra.
8. KMnOj is a very dark purple-black solid- The MnOj ion is deep purple coloured due 10 charge transfer
occurs at higher

harge transfer band

spectra. In contrast solutions of TeOz and ReOj are colourless, as the €
oncentrated, and

energy in the UV region. However solutions of HReO4 become yellow-green
HTcO; has been isolated a red solid. These colours arise because the tetrahedral ReO
al when undissociated HO—ReO; is formed.

9. CrZO%“ is an orange solid, CrO%’ is yellow solid, CrO; is a bright orange solid. The colour arises from

charge transfer (not d-d spectra as Cr (+VI) hasa & configuration.
10. V,0s is orange of red coloured due to charge transfer.

when they are €
3 ion becomes less

symmetric
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