Electronic Spectroscopy
of
Transition Metal Complexes

1] Absorption of Light
[Ti(OH,)eJ* = d' ion, octahedra blue (400-490 nm) } white light
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This complex appears light purple

because it absorbs green light.

{ A in nanometers

Amax = 510 nm




d-d Transitions: 5
d' — d® of M(OH,).™ @ b e, x100 rel.

0.05
1 °F e
d e L oreamTicy,
U.II||||||||||'||||||||||||III1I 0 - T T T
5000 76,000 20,000 30000 35,000 5000 10,000 20,000 30,000 35,000
F ooy 6201
dz [ 0.0472 M vicio,l,MCi0, d F Fe (g9 x2.5 rel.
. « L 0.077 M FeiCiO,},
5 L
1] 1 s 1
5000 10,000 20,000 30,000 35,000
[ e I A S A
5,000 30,000 35000
o e
= 0.00145 M Cr(BF )y N 4 .
15 ’
d3 C d8 5t i (g5)
+ L 00025 M NilCIO,),
- ¢ L
1ol C
~ a 1l I Lol I 11
- 5000 10,000 20,000 30,000 35,000
sk
L 10 Cu® (@
- d9 0.0030 M CulCIO, ),
[} T R R T ] e
5000 10,000 30,000 35,000
]
d4 r o i)
5 0.10 M in 0.75 M H, S0,
e [ _/ same o
L 5000 10,000 20,000 30,000 35,000
o i SN —. ., € scale i
5000 10,000 20000 30,000 35,000 except L L 1 | | | J
em 2,000 1,000 667 SD0 400 333 286§
d5,& dbS. nm

d-d Transitions vs. Coord. Geometry

High Spin Fe'l, d¢

‘{0,000 CI"n'1 6. coord

P

+
+

+
s

1+

4 L I
t t

10,000 cm* 3 coord

/" 5,000 cm’ i
sq pyr .J, 4+ ol 2
| L I i b
7,000cm” 5 coord + t &
5,000 cmMr -+ =, e
: t + t t } % + : °
5,000 cm" 4 coord s e T
T —— %‘Lv 4+ e

5,000 10,000 15,000

Wavenumber (cm-')




What is electronic spectroscopy?

Absorption of radiation leading to electronic transitions
within a metal complex.
10 [Ru(bipy),]** [Ni(H,0)]**
S s"
g g
o o
[72] [72]
2 o]
< k < M
200 400 700 ~14 000 25000 50 000
A/ nm (wavelength) v/ cm (frequency)
uv visible visible uv
uv = higher energy transitions: between ligand orbitals
visible = lower energy transitions: between d-orbitals of transition metals
or between metal and ligand orbitals

=

| Energy of Transitions

Excited State

electron transitions
higher energy <
(100 - 104 kJ mol-)

visible and UV radiation Ground State

molecular rotations
lower energy

. } (0.01 - 1 kJ mol!)
\ microwave radiation

=

During an electronic transition molecular vibrations
the complex absorbs energy medium energy
an electron changes orbitals (1 - 120 kJ mol')
the complex changes energy state IR radiation

the structure changes slightly




Characteristics of Absorption Spectra

Number of peaks
This depends on the electron configuration of the metal center.
Energy: what wavelength or frequency

Depends on the ligand field splitting parameter, A . or A
and on the degree of inter-electron repulsion.

Intensity
This depends on the "allowedness" of the transitions, which is

described by two “selection rules.”

Measurement of Absorption Spectra: Beer’s Law

= ¢(I)(C)

€ is the extinction coefficient, measure of absorption cross-section
I, is semi-obvious - the pathlength of the light
C, also semi-obvious - the concentration of the sample

Extinction Coefficients

€ is the extinction coefficient, i.e., cross-section for photons
has units: usually in M1 cm*

Large €: allowed Transition
Small E: partiallly allowed (spin or symmetry forbidden)

Very small E€: “forbidden” (both spin and symmetry forbidden)

€ >1000 Charge transfer: spin and symmetry allowed
1000 — 10 Spin Allowed- d-d transitions in non-O,, (tetrahedral...
10-1 Spin allowed, symmetry forbidden: O,

<1 Spin Forbidden, Symmetry Forbidden




d-d and Charge Transfer Transitions

Lk o]

-y =d-d

—_— = LMET
—_— T MLCT

l__ Types of Electronic Transitions in TM Complexes

d-d: usually in the visible region

relatively weak, € ~ 1 - 100 if spin allowed
< 0.1 if spin forbidden
energy varies with A, (or A))

LMCT: Ligand toMetal Charge Transfer
o _orm —>d*
very intense, generally in UV or near UV
MLCT: Metr?l to Ligand Charge Transfer
d*—3 1,

very intense (¢ ~ 100 — 10,000)
needs m-acceptor Ligand (CO, CN-, ...

LL: Ligand to Ligand
m hy N .n.L*
very intense (¢ ~ 100 — 10,000)

Rydberg: localized MO —2> high energy,
highly delocalized, deep UV




Ligand Field Splitting of d-orbitals

Know these by heart!

Ligand Field Splitting of d-orbitals

The Negatively Charged Ligands Produce an Electric Field+Potential

1

The Field Interacts with the d-Electrons on the Metal (Repulsion)

a

The Interaction is NOT Equal for All Five d-Orbitals

a

. The Spherical Symmetry of the Free lons is Lifted

|
2. The d-Orbitals Split in Energy
The Splitting Pattern Depends on the Arrangement of the Ligands

(¥




I d Orbitals in a Ligand Field

* There are 5 d-orbitals; they have different shapes
(and you’d better know them!).

* When you put ligands around the metal ion,
the ligands are Lewis bases,
they donate an electron pair towards the metal.

» That RAISES THE ENERGY OF THE d-ORBITALS!
* The d-orbitals are anti-bonding or at best non-bonding.

* The stability of the bonding comes from the ligand
orbitals being stabilized by delocalization
onto the metal ion (by mixing into the d-orbitals).

 The d-orbitals aren’t all the same in how much
they feel the ligand lone pairs.

i d Orbitals in a Octahedral Ligand Field

Let’s consider d-orbitals in an octahedral complex:
i.e., an octahedral “Ligand Field”.

The 6 ligands are put on the x, y, z axes (black dots below)
Two d-orbitals are pointing right at the ligands (anti-bonding).
Three d-orbitals are pointing in-between ligands (nonbonding).

4
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. Two Kinds of d Orbitals in Octahedral Field

Pointed
at
Ligands.
Pointed
between
Ligands.
. d orbitals in O,
d orbitals: z2, x2-y?, xy, xz, yz
linear,
E[8C3(6C2(6Ca|3C, =(Ca)?| 1 [6S4[8S6 30 60a|  FEh | quadratic

Aggl1| 1] 1|1 1 111 ][1]1 Kry?ez?

Aggl1] 1| -1 -1 1 14011 ]-1

Eg|2[-1| 0|0 2 2fof-1|2]|0 (22222, x2.y?)

TJ 3jo|-1]1 -1 3|1 0 1| -1 |(Rx. Ry. Rz)

Tagl3| 0| 1| -1 -1 3[-1(0[-1]1 (%2, yz, xy)

Awal1] 111 T 1] 1]

Aza[1] 1|1 | -1 I ETIEN I N

Eul2/-1|0]0 2 [2fof1]-2]0

Tw|3| 0 |-1]1 A f3]o] 1] 1] xy2

Tau|3] 0 | 1| -1 FEREE 1]

Note: There are only 5 d-orbitals,

but there are 6 quadratics!

No d-orbital is
ever x2 + y2 +22

222.x2-y2 =

d,?




d Orbitals in a Tetrahedral Ligand Field

Let’s now consider d-orbitals in a tetrahedral complex:
i.e., an tetrahedral “Ligand Field”.

The 4 ligands are put on corners of cube (black dots below)
Three d-orbitals are pointing right at the ligands (anti-bonding).

Two d-orbitals are pointing in-between ligands (nonbonding).

J .,ff%‘ﬂ o7

) &

-

Antibonding d:f’_’_‘

-

/ How do we know t, or e?

Nonbonding d: L V Character table!

e |

1 d Orbitals in T

d orbitals: z2, x2-y2, xy, xz, yz

E[8C3|3C2|6S4]60 r;!t’;:ao"ns quadratic
A1 1|11 ] 2ry21z2
A1 1 11-11] 1
el2[-1[2]0]0 (222-x2-y2, X2-y2
T1|3] O [ 1| 1] -1|(Rx Ry, Rz)

T2|13| 0 (-1 -1]1 (x, v, 2) (xy, xz, yz)

No d-orbital is
ever x? + y2 +z2
222-x2-y? : dz?

Why no subscript “g”?




The Octahedral Ligand Field M.O.s

antibonding

— M-L sigma* levels

"‘—:_— group orbitals for Lg
',»" (319, t1u7 eg)

"‘-"J“_ —:’;’,x" } M-L sigma bonding levels

i The Tetrahedral Ligand Field M.O.s

AT antibonding
© == % M-L sigma* levels

4p (t) ———f i)

4s (a1) —1 7 % tetrahedral field splitting

(X
L

3
b

"‘,___ = group orbitals for Ly
4 ,"" (31 ’ t2)

} M-L sigma bonding levels
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“ The Tetrahedral Ligand Field M.O.s

o 3 Tag
smaller splitting, therefore 3T29 Ve
usually high spin. 3
y high sp Ay, Tig
A% Oc hhednt

£ ML,J«;

<Yy
Al
C % 4™ dakt)
LN
%
The d, orbital in tetrahedral T"e d orbital in tetrahedral
coordination. Electrons in this orbital ardination: electrons in d,; are
can approach within o distence of a/2 f "‘h" from the ligands than
to ligand electrons, electrons in d;

G

“ “Real” MOs of Coordination Complexes

i e e,

Metal-p —_—, . '
(empty) " L0 o )
Metal- 5 %

(empty)} !

The d orbitals are
non-bonding to
antibonding

=
Metal-§ %
(N—Electroh.s)

%
2
)

The stabilization of
these ligand
orbitals is what
holds coordination
complexes
together!

btag Bt ta, / /‘I’.igand—s o‘ng °

2xegp2Xa1g  /  (filed)
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“Real” MOs of Coordination Complexes

[Fe Cle] *

n Metal-Ligand Overlap

There is a second kind of overlap of ligand orbitals with d-orbitals
(in Oy, only for d,,, d,,, d,, = d,).

No = interactions
possible!

dm |V pL

Three kinds of Ligands:

1 interaction < o interaction
1 interaction = 0 for non-1r

) bonding ligands (e.g. NH)
2. n-donors (i.e., n-bases)
BOTH are ALSO o-donors!

1. Non-n o-donors (i.e., o bases)

3. m-acceptors (i.e., m-acids)

12



m-donor (1 base) Ligands

d eg —— —
decreases
Ao
d tzg_e:_______:___
\\\ \\\\ 1l|1igh energy p or T
AN — .
o filled orbital

of mr Base
 Bases are “weak-field” ligands (e.g., I, Br, Cl-, S, SCN-).

T Bases decrease d-d splitting relative to o only donors (e.g., NH,).

Tr-acceptor (1 acid) Ligands

d eg —— // — \\\\
increases \\)_LOW Energy n*
A, g/mpty orbital of 1 Acid

 Acids “back mr-bonding” are “strong-field” ligands
(e.g., CO, PF;, PR;, CN, i.e., low lying =* orbitals).
“back m-bonding” means e- flow from filled metal d to empty ligand

.

m Acids increase d-d splitting relative to o only donors (e.g., NH,).

13



[ The Spectrochemical Series: “Tuning the Gap”

 ‘299
I’y
e, —

¢ J__ I'< Br< Cl'< OH'< RCO, < F-
A A
<H,0 < NCS"< NH, < en < bipy

tzg

<NO, < phen <PR;<CN-<CO

weak field ligand
(1r bases)
high spin complexes In the middle
(o only donors) “strong field” ligands
(1r acids)
low spin complexes

Octahedral splitting = A, is larger for

> High metal ion charge

> Ligands with strong o donation
> Ligands with weak 1T donation

> Ligands with strong T acception
» 2n & 3rd Row T.M.

| The Spectrochemical Series: “Tuning the Gap”

 ':%
Y
e ——

¢ A F<Br<CI<OH<RCO; <F-
A
t

< H,0 < NCS-< NH; < en < bipy
<NO, < phen <PR; <CN-<CO

weak field ligand
(1 bases)
high spin complexes In the middle
(o only donors) “strong field” ligands
(1r acids)
low spin complexes

Why does CN™ lead to large splitting (big A) ?
Highly basic: raises energy of e/ levels.
n-bonding: lowers energy of t,; orbitals, m-back bonding.

In contrast, consider CO:
little o basicity (not protonated) — mostly n-back bonding effect
(i.e., lowers t,, orbitals a lot)




J d Orbital Splittings vs. Ligand Field Symmetry

Octahedral Tetragonal Square Trigonal Tetrahedral
Pyramidal Planar Bipyramidal
/ 7 | U |/ ‘ /] U . b
’/ v == U L ’) ' ’ | ]
Oh 04\.‘ D4h DSh Td

Xy, 22, (xz yz)
energies
can switch

J d Orbital Splittings vs. Ligand Field Symmetry

Oh (octahedral) D4h (tetragon. elong.) C4V (sq. pyram.)
- eg 22, xoy? — b1g x2—2y2 — b1 Xx2—y?2
— a1g r4 a 2
— 1 r4
——— — —tzg Xy,XZ,yz — b29 Xy — b2 Xy
— — eg XZ,YZ | o — @ Xz, yz
Td (tetrahedral) D4h (sq. planar) D3h (trig. bipyram.)
— b x2—y?
19 — a’1 22
— ke T o Pwov - — e
— m— € 22, X%-y? a1g z ’
——— — eg Xz, yz — — e Xz, yz
Xy, z2, (Xz yz) energies can switch




Ligand Field Splitting of d-orbitals, d'

Analysis of the UV-vis Spectrum of [Ti(OH,)¢]3*: hv ~ A

1 2 Simplest case because only one electron
g
ES
=
2 — — & + — &
o 2 hv
Tag — A,

GS 4___t29 1y

S

bond length -

complex in electronic

complex in electronic
the “d-d transition” ——> excited state (ES)

ground state (GS)
[Ti(OH,)el** Aoy =510 Nm  A_is -. 243 kJ mol!
20,300 cm™!

An electron changes orbital, the ion changes energy state,
and Ti-O bonds elongate.

_J_ Ligand Field Splitting of d-orbitals, d’
Excited State
e —
T (UGEONS
tzg 1 -I 2T29_.2E_IngaﬂS.?tior|.l
€y ‘ i
A=Aq,=10Dq
tog T M

Ground State




Jahn-Teller Distortions

Jahn-Teller Theorem:

Any system which has a partially-filled degenerate set

of orbitals will undergo a distortion to split that degeneracy
and lower the electronic energy of the system.

J-Ty — ~+
i J;‘;M;E -3 ol 9w

J.-T. NEVER tells you what distortion will be best,
ONLY that there MUST be one that will lower the energy.

Jahn-Teller Distortions

QUESTION: What happens if an electron can occupy one out of a couple of
degenerate orbitals?

ANSWER: There is ALWAYS a nuclear motion that removes the degeneracy and
forces' a decision! (JT-Theorem)

——
YRy —

- R T
_jj'_ _jj_ XZ_H_yZ

17



Other Cases of Jahn-Teller Distortions

d4(H.S.)

L

tog

Strongest J-T distortions:

d’(L.S.) d°

Number of electrons 1
High-spin Jahn-Teller W
Low-spin Jahn-Teller w

2 3 4 5 6 7 8
W 5 w W
w w w s

w = weak Jahn-Teller effect expected (fy, orbitals unevenly occupied); s = strong Jahn-Teller effect exp
(eg orbitals unevenly occupied); No entry = no Jahn-Teller effect expected.

Jahn-Teller Distortion, d’

z2

x2-y2
A
|

Xy Xz

Triply Degenerate Ground State

yz

z2

Xy
JT-Distorted Ground State

<>
Absorption ———————

Transitions

Non-Degenerate

2 o2
Excited Xy
States
AL yZ RZ VZ
Xy Xy

18



1] Limitations of MO Diagrams
V3*in Al,O; (octahedral O coordination) = d?ion
20
_ eg
a

e *ar e

4 )
(5;0." Hoonm 3900 m)
For the d2 complex we see three bands!
The electronic structure is more complicated than represented by
orbital energies alone.

The problem: orbital energy diagrams ignore inter-electron repulsion,
i.e., several states comprise the (t29)1(eg)1 configuration,
with different inter-electron repulsion energies.

What are these bands? Are they d-d transitions or ...?

19



Use of Tanabe-Sugano Diagrams, d?

So, what’s B?

i.e., Racah parameter

*

A =10D, = ligand field splitting /

Use of Tanabe-Sugano Diagrams, d?

TABLE 9.17
CRYSTAL FIELD AND NEPHELAUXETIC PARAMETERS FOR d° COMPLEXES
(All spin-paired; 10 Dg, B and C in wavenumbers)
Complex 10 Dy B B c C/BG)
10Dq =A Fe(o-phen)i+ 13,110 602 0.68
Fe(CN)§~ 32,200 490 0.55
Fe(CNO)}~ 21,000 410 0.46
Ru(Hz0) + 19,800 475 0.76
Ruend+ 28,100 420 0.68
Rudiend 28,800 430 0.69
Co(CNi3™ 32,200 400 0.36
Codtps 14,200 400 0.36 1620 405
Co(NHZ3* 22,870 615 0.56 3090 5.02
+ 23,160 590 0.53 2900 491
Co(CNO)~ 26,100 450 0.405
Co(H:O)3+ 20,760 510 046 4260 8.36
Cooxg™~ 18,020 540 0.49
RO(NH:)}~ 34,000 430 0.60
RE{SCN)3~ ~20,300
RA(CN)3™ ~ 45,500
REF§™ 23,300 460 0.64  ~1850 4.0
RRCI3~ 20,400 350 0.49
RhBr3~ 19,000 290 0.40
Rhdtps 21,500 210 029
- I(NHa)3+ 41,200 470 0.71
= 25,000 300 0.46
Trend+ ~ 41,400
ir(NHa)sHrO*+ 40,400 550 0.83
Irdtps 26,700 160 0.24
Irdseps | 25,000 135 0.20
PR~ 33,000 % 053

20



Use of Tanabe-Sugano Diagrams

B value (Racah parameter) in Tanabe-Sugano Diagrams
decreases as inter-electronic repulsions decrease

decreases for lower oxidation states,
2" and 3" row metals,
larger d orbitals
greater covalency
more polarizable ligand
more polarizable metal

B = B in complex Nephelauxetic Series (“Cloud Expanding”):

B in Free lon
F>O>N>CI>Br>S~1>Se

B~ 1 p~0.3

1

Use of Tanabe-Sugano Diagrams

V3*in Al,O; (octahedral O coordination) = d?ion

20

-

1Y er HMar W

7 o ) )

([ 5605 Hooam ‘y#um)
Remember T.-S. diagrams are normalized energies.

For V3* B =866 cm”and C/B=3.6 cm? (look up, e.g., previous page)
So, E/B of the 3 bands are 20.1, 29.1, 29.9




_J_ Tanabe-Su

gano Diagram for d?2 lons

spin allowed transitions in red

V3 in ALO,

E/B = 39.9
291
201

So, all three bands
are accounted for

A e as spin allowed

., d-d transitions.

A=2B=17000 cm"

20 30

[ Tanabe-Sugano Diagram for d? lons: Spectra

1
EB 704 “1g

NN

[V(H,0)e)*, d? Oy,

K

g

/ 5y
) B 2 v/ cm
-1g 30000 20000 10 000

&)

;G' A ’E
P g
D] ITQ
3F T @
f [V(NH)GF
A [V(O)l*

Gaseous V3*
(in principle 4 transitions
but only 1 is spin allowed)

[V(H,0)e]?* (in principle, 10 transitions/

excited states, but only 3 are spin allowed)
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d® Octahedral Case: [Mn(H,0)¢]**

Multiple absorption bands

Very low intensities (&)

Transitions are forbidden

0.03

0.02

0.01

*E4 (G)
*A14(G)

4
50 000 TZ(Q)
T
4F 1(9)
| 4A
40 000 2(9)
cm? 4T1(
9)
S —
30 000 =)
‘P T2
G ©
20 000
Tog)
4
10 000 Tl(g

20 000

25000

v/cm?t

30 000

d 5 Octahedral Case: [Mn(H,0)¢]**

50 000

“F
40 000
cm™’

“D
30 000
P
‘G

20000

10 000

s

K

|

“Tag)

“Tig)

: Agq)

: Tig)

H 4 : 30kK S
_/\: T?ln_\ ﬁ

|

AE

AN
gy g)

o~
\ Tyg  20KK

“Tig)

A, (em)
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d® Octahedral Case: [Ni(H,0)¢]**

[Ni(OH,)]?* = d® ion

25000 15 000
v/cm-1
For the d® complex we see at least three bands!
The electronic structure is more complicated than represented by
orbital energies alone.

d® Octahedral Case: [Ni(H,0)¢]?* vs. Ni(en);2*

Frequency fem™')

25,000 20,000 15,000 10,000 8,000 da B =1080 cm_]' for Ni(l])
' I = ' 80 1 T 1
po- A [Ni(er) > ‘ 70l
£ i < NIHLO) 1 y I (tgteY ’
3 { F15.000,7 / . Ni(H,0),] i,
] v L Y i " Ty
i JIJ[‘; 60—, g i T
= : - J 5§ —— :
- 3,
LT, T,
L l .. 50 LR
00 60C 800 O 1200
Waovelengih  [nm a 5.3
o Tyt e’)
comey. i =5 Mo -
25,000 20,000 15,000 0,000 B8,00C
[ T T T T T Ay
1o ..julij][K] ‘[Xi(uﬂ] J 30— — —
LN e . P77 i L7 CEE—
T \ 200 i
g \_.Ni[l LO) :;; =g 7 N
= _/\ WE-ZA 2222222222015
o= = el
.-:I;' ¥ 0 o w0 | [ A, (25 e?)
P | 2lt
0 10 20 30 40 50
A/B
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J Selection Rules

Selection rules determine the intensity of electronic transitions
(intensity ~ allowedness)

Spin Selection Rule

AS=0

There must be no change in spin multiplicity during an electronic transition
(for light elements where S is a “good” QN.

Symmetry (a.k.a. Laporte) Selection Rule (essentially dipole change requirement)

Al=%1

For centrosymmetric systems
there must be a change in parity during an electronic transition: i.e.,

gu

Basically, d-d transitions are forbidden for octahedral complexes.

J Selection Rules

Spin Selection Rule

There must be no change in spin multiplicity during an electronic transition.

¢ | Lo, (Y oo+ @9
‘fri'
: Bo -
¢5§ug ’ ‘U; @m @Mf)

47 \
= L joﬂ!uﬁ@}—ﬁ@m@; ol o)

J Fing é‘.:ﬁ“ de = P ( ; J o

(Jo((f}:x{r) dz f{;{;;{a@; dz,

- f Bu) andr, jx@; o) 4T

= Q=0 =g

= i
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Selection Rules

Orbital Selection Rule

There must be a change in dipole moment during an electronic transition.

J %:\ LY, deto

ide Ftt)® [y e [W,)

Lontaing He totally 5 ymmeteic
irred. rep: 0‘[ Ho molecules /7{,9“'7'

(ﬂis)- WLA‘ ’//,ILIA\ ; K \

"')""“"'d""' déf.’i;m

!
adligy»t

Selection Rules

Orbital Selection Rule

There must be a change in dipole moment during an electronic transition.

e.g., ford-orbitals, [y =Ty but [,=T(ie,x,y,2)
ltyolwelt, =T,®T, ®T,

=T, # A

So, d-d transitions are orbitally (“LaPorte”) forbidden!

} <\ /},E ﬁt\\ W%
WL\ ! | L
. |

an+'r1ly*\ ﬁymm‘h-‘a astisym
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Selection Rules

spin forbidden
Laporte forbidden

d® ions, e.g. [Mn(OH,)g)?*

spin allowed
Laporte forbidden
e.g. [Ni(OH)g]?*

spin allowed; Laporte forbidden
tetrahedral complexes
e.g. NiCl,2-

charge transfer
spin allowed; Laporte allowed

e.g. MnO4~
L | 1 | | | 1 | | J
-3 -2 -1 0 1 2 3 4 5 ]
log, o (molar extinction coefficient)
J Relaxation of the Laporte Selection Rule.

Tetrahedral vs. Octahedral Complexes

No inversion center in T, therefore no ungerade vs. gerade!

I

l.

600- [CoCl,)*, d7 Ty 10- [V(H0)g]*, d O,
400-
5
200-
T T T T T v/cmt S
25000 20000 15000 10000 5000 30000 20000 10000
Spin-allowed;

Laporte-allowed

Spin-allowed;
Laporte-forbidden
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Forbidden Transitions

h.s. d°, double-trouble:
 Laporte forbidden
* Spin forbidden

*A4(G)
4

0.02

0.0

20 000 25000 30 000

v/cmt

Origin of Forbidden Transition Intensities

L Zpin Focbiddbn Transifoas due % .$r‘» -Orbit Z.%

ﬂnﬁul’&» -‘ﬁ“‘MTfm 01[‘ “?".nm-a}b e can fosyé
wr# /ﬂn}u’u ﬂomm#m m[ e "Maw'n) e
orbilel. = Motj nedsc momaat rgaf/;'lj

.*v; = constut
T

if",. Fm’ l'}'{* )Uﬂ.cfﬂ'} agua,}}‘)f £6’S = Z;,;‘dg-_. _-'5;

&%

Some Mmy _ég occur ([05414 nor‘j;omf @.A".Q
Y . soe, @V’*mj)ﬂ?)*“}ﬁ

a>>b
| 3 :
[Ew—-) {;ﬂ_‘ not  without aven’kp [n spm spece
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absorbance .

Consider electronic transitions:

4 Origin of Forbidden Transition Intensities

It’s not just about

the electronic state:

we must also consider
the vibrational sub-states!

Vibronic Coupling:

4 Origin of Forbidden Transition Intensities

T: o-0 Fransition

no ojlin)! In iibra Yional motion

(r'c. ﬂubu- Nw‘c Anﬂ'fu

T’ Vibronic transitions
fiom 6.5 vib. mode 4o
electronic + vibrationd) ex:;‘ﬁa(
State

(Bckusities blegFranck-Condon &;“?L)

f= I\of Lauls a[ue to

Vibratiomally hot electronic
6.5, molecnles (wul)
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Vibronic Transitions

Comsidn
Miw = j y 2, § Iz
ﬁann‘é—(ar}en /r.r‘ﬂtr'/é says /&\X Or;..iup,//on
e WM

ﬂﬁiunﬂo’ (P = g)m'f, L‘Vefed'mn-'a ﬁ'pin
£t £

Mp,ia = J%im [H;.‘u‘i"au J%'nﬁ" Q:! ‘Z%st;&

—
Franck Condon orbital gpin
Factor Zelection Selection
rules Rules
“Lobete”

n Vibronic Transitions: Franck-Condon Factor

ﬁ, s fun.‘; Ton 07[' e ’pos;hi{bu 04/.

Q. nuo}enr ,uml;’m [ Ur’;m ,’u,) are gaéw
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J Vibronic Transitions: Franck-Condon Factor

Franck-Condon Principle: nuclear much slower than electron motion.
Corollary: electronic transitions are “vertical” (i.e., nucleus can’t move).
Consequence: overlap between GS vibration and XS vibration matters.

Non-displaced XS

(no big bond changes) 0-0
0-1

Absorbance

Energy

Wavelength, A

LA v
(= s e G
et w -

A
1

o A

Internuclear distance, r

J Vibronic Transitions: Franck-Condon Factor

Franck-Condon Principle: nuclear much slower than electron motion.
Corollary: electronic transitions are “vertical” (i.e., nucleus can’t move).
Consequence: overlap between GS vibration and XS vibration matters.

Displaced XS
(no big bond changes)

0-4 0-1

Absorbance

Wavelength, A
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Vibronic Coupling Selection Rules

¥ ~

e[ 4 A

%, does Haa intesel (
e Vl‘ s o/
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In ml) "'i‘() '7
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F v
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g:ou!"aa'n /dj ,?
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X ﬂ'f {n non

Electronic Transitions: Formaldehyde

¢ QGC’:J 5 (i
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1§ Electronic Transitions: Formaldehyde

Consider the C=0 orbitals ot — a1 $5—n g - e 47
i.e., the frontier orbitals: A T— b, ﬁ g F‘Y'P;

b wm=b2 >8 5
| Mt Ay — fy

Lo b, X etk
& - 31E" Pz *Pz

1p, 2s, core C, H-C orbitals are lower in energy.

C&‘I‘WIIJ”‘ 9"}
adp on o e L

1 Electronic Transitions: Formaldehyde
n..w-x B ﬂ"’ﬂ'*
a1 J‘x | b’@ ha = ﬂa F g
‘I[‘?ﬂr [ = i i P
b, g — i e A
& 65 K ¥
[n-A
b2 hb :E_'-_‘ .ﬂ"ﬂrﬂ " eegy
a; M 7 s n>* S Mlowd |
B,
b1ﬂ' "‘H" ﬂa g ‘qr A,
= Bi\ ® '8;@ y&
a o = }w’_i_
6.6. b b;®ba |.- %’“ Fo{kJJﬁﬂ
= 4, Imay of 7208, £ = 100
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A Electronic Transitions: Formaldehyde

y 0T T
arr— 7 - 8
1 .'I b,@ 61 : ﬂ, [': -
‘Tl‘"ﬂ? [; = &
b, ﬂ" sz ] - ﬂ' > ﬂ, [; w4
b2 hb :t._'-_‘ .ﬂ"ﬂrﬂ " ooy ?
a; Mg (;5@@@{,5”49
| 5
b, T = ﬂl@ﬁg@ﬂf,-h
A
a,¢c "
1 L G bl
6.5 2 ba®ba Z axis pif{rr_v'?%_-_
= A, 18508 , £ »10"

A Electronic Transitions: Formaldehyde

pd ET p—>c?
A 0”,..'——- ,II bs.@q: = B&
gt

bmﬂ-‘"] J SA —>8,

b, N '_'_"__“ > This transisiton

a; Mg is allowed,
but it’s out in

b, T —+= the vacuum UV

a o =

6.5 : bob
= ;'.],
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“ Vibronic Transitions: H,CO

In summary, 2 transitions observed: 2:00F 13504
£ = oo £ 00!
(but where did the forbidden transition get € =1007?!) n, - ¥ T s7*

b - A, h-> 4
far aga'ﬂen 4 Ve '“/
b Uibational Noemal Modes exist: 3a,+ b, +2b,
So, let’s consider the effect of vibronic coupling on the forbidden 'A, — 1A,

¥ g5 23
i x}:’xMx/: x/:*

3a, b 34,

b, X i? X B, X A x b,
ba ﬂ.’ Jba
“ Vibronic Transitions: H,CO

XS &5 &5
e " omel @/v;

Vi

3a, s
E] - '*d@ xXx (")

= A, (z

o =A@
ﬂ”ﬂl&l I y-fl?/wfzaﬁan ot Bande
ard in X—-,oo}ariza};on ("°t:t°£lTJ;ated

but M =,
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n Vibronic Transitions: Co(NH;)¢* O,

. o, E 8, 6 6, 30 i 6%, BN, g, sy
Givens: 1. 'A;;G.S.(dS=0) wm ‘
2. Two electronic XSS, Ay, 111 1 11111 ey
1T. and 'T AL b S L T i
1 2 E, 2 oo T w -2 2r
3. Co-N vibrations (15): o
. L T T S e T 5}
Ty 3 o 1 -l -1 io-l o -l 1
a1g’ eg’ t297 Au 1 1 [ T ]
4' rl,l = T1U :_‘ : —t _lli -1Ir ; :1‘ |I| _: :; |I|
T 0 | 1 -1 -3 -l o 1 1 X2
L 1] | 1 - -3 1 o 1 1

Is A,y — 'T,, allowed?

M
Tig® T ® Ay, = Ay, +E, +[T, J[To| ie, NOA,!

Vibronic coupling with vibrations t,, and t,,
so some intensity expected (€ ~ 50).

ﬂ Vibronic Transitions: Co(NH;)s3* O,

Vibronic coupling with vibrations t,, and t,,
so again, some intensity expected (¢ ~ 50).

Givens: 1. 'A;;G.S.(d5S=0) wn = T T TR
2. Two electronic XSS, Ay T 111 1111 iy
L T T ST T T N T
1T1g and 1T?g E, I B R S T R S :.r .
3. Co-N vibrations (15): Y
a1g! eg: tZg! r\.I | Ill : _: _: : _: ‘ll _: :
4. ru =l :_‘ : -t —'I' -1Ir ; :11 III _: :; III
T 0 | 1 -1 -3 -l o 1 1 X2
T: 1] | 1 - -3 1 o 1 1
Is 'Ay — T, allowed?
M
Toe ® T ® Ay, = Ay, +E, +[T HT,] ie,NOA, !
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“ Vibronic Transitions: Co(NH;)g%*

(A) Co(NH,),* and (B) Co(NH,).CI?+.

T,
1 1T2

(A)

EB

BEIAGE~ do o v § H9 3
Energy

Frequency, »

“ Other Intensity Stealing Mechanisms

I."d-p " Mixia
f j,, T C¥='==g=/’
ey. CoXy , fe !‘na‘ejrc); A, 6.4 AL Pripy e
2_a bsor basces : 20,0006m" g {;;_},a; g2 ° E

Bu“d*i £ = g0

TJ X?;)‘& :f-rf, +Ta 7;2‘73;);& = A, +E+T, 4T,
ﬁa"’?} a/}owea!) even P ﬂ,,-> A ne? d/&w‘;
nMonjL 15 a J—o{ f’ranw'/:ﬁm No OI‘F m;x’,g

Nok: Ty has no ¥ - "‘J-p"mim' . Ne allowedne s5
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Other Intensity Stealing Mechanisms

2. Maj M.‘Il'r'c. 0:?’/& &1[ XI{-\ ELM
£ < | M,v = (/;Ifﬁz
/‘ra.’faﬂlw’; JE““”.};‘)

3. Q una'ru fo)c Lou f[ 1'9

N
5 = XY,X8, )%
£</0a Moy = *V y

*
z2 X%y

Charge-Transfer (CT) Transitions

3tiu (0%, n*) MLCT with - 3tlu(o*, n*) LMCT with -
2a1g(o*) donor ligands. Lo aceeptor ligands.
[n+1)p (r+1)p 2t2gin*) ;
tlu Tae o
2eg(0%) J t2g, tlu, nb (m)
ry F'y 2tlu (n)
! a "
[n=1]s (n=1}s A Zeglo’y
g ! 2gn*) g
nd 1 nd .
tIg +eg E 1 Tgreg \
1 mobj | i t2gtlu.nbin)
0 Il |
T g
e — ! L Alpeptly
1tlufa) 1tlulo)
METAL. 1eglo) LIGAND METAL relc LIGAND
1algla) lalglo)




i Charge Transfer Transitions

Why? Zn?* d'"ijon

TiF, d%ion
TiCl, d°%ion
TiBr, d°%ion

Til, d®ion

[MnO,]- Mn(Vll) d°%ion
[Cr,0,]" Cr(VI) d®ion
[Cu(MeCN),]* Cu(l) d'®ion
[Cu(phen),]* Cu(l) d'%ion

d? and d'° ions have no d-d transitions, BUT often still colored.

colorless
white

white

dark brown

intensely purple

colorless

dark orange

These colors come from excitation of electrons from M-centered orbitals
to Ligand-centered orbitals (or the reverse). MLCT and LMCT.

i Selection rules for Charge-Transfer (CT) Bands

Transitions occur from a

CT transitions are spin-allowed and symmetry-allowed

Transitions occur between

singlet G.S. to a singlet E.S.: metal based orbitals with d-
AS =0 character and ligand based

orbitals with p-character:

Al=%1

allowed CT transitions can therefore be
much more intense than d-d transitions.
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LMCT Transitions

[Cr(NH,);CI12*, Cr(Ill), d3

2+

£ LMCT NH,
5 ., HaNy, | NH
= 7 Cr.
2 HN" ' i
3 3 |
o H3N
w
o 2
o
-

1 —

| | |
200 400 600 A/nm
(50 000 cm-") (25 000 cm-") (17 000 cm-)

CT bands can dominate the spectrum!

LMCT Transitions

[Cr(NH,),CI12*, Cr(lll), d3

2+

Z LMCT NHs
s , H3Ny, | wNH;
h ] Cr.
g HN" ' i
3 3
= HN
@
o 2 -
o
-

1 -

| | |
200 400 600 A/nm
(50 000 cm-") (25 000 cm) (17 000 cm-")

Identifying charge transfer transitions:
¢ Intensity

. Vibronic fine structure

e Solvatochromism - variation in absorption wavelength with solvent

e Computational modeling
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LMCT Transitions

//" .
In water \
P
y N\
~ / / \
El 3 y Uy
= < / A
P ] / (| 1n hexane
S E / il \
o i /"-‘l.’ \
= | 3 / [ \
< < / | | 1
/ \
VAR | TR
/ SV W \
S Vi W A
600 700 800 GO0 700 800
X inm) A{nmj)

Identifying charge transfer transitions:

¢ Intensity

e Vibronic fine structure (best at low temp and non-interactive environment)

» Solvatochromism - variation in absorption wavelength with solvent

«  Computational modeling

LMCT Transitions

- polar Tt — 7t * transition

= e */~ specific stabilization of the excited state

Rveg

b .t @)
Vip Vp hv, decrease in transition energy
non-palar solvent = polar solvent (shift to higher wavelength)

non-polar -

GS = ground state, ES = excited state

Identifying charge transfer transitions:

¢ Intensity

*  Vibronic fine structure (best at low temp and non-interactive environment)

*  Solvatochromism - variation in absorption wavelength with solvent

e Computational modeling
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Fluorescence vs. Absorbance

I'. o Absorption  Fluoresence
~ \ /
\ /

/
f
| —_
II | :
jvim| ' < !
i | ;
| W ' 5 :
I = H
l \ = :
| — | — E‘ :
|I / II 5 :
\ |" 1 by ]
\ f | 2 ;
\ | | = ]
1 1 :
|II | .:
a0 e Ty
Absorption Fluorescence

A(nm)

Vibrational relaxation (i.e., dropping to v=0)
is generally faster than fluorescence
of diamagnetic light element compounds,
but often no fluorescence from TM complexes.

(*n"4) @ouasaion|4
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