Chapter 13. Spectroscopy 2: electronic
transitions

-The characteristics of electronic transitions
-The fates of electronically excited states
-Lasers

-Photoelectron spectroscopy



Table 13.1* Colour, frequency, and energy of light

Colour A/nm v/(10'* Hz) E/(k] mol™)
Infrared >1000 <3.0 <120
Red 700 4.3 170
Yellow 580 5.0 210
Blue 470 6.4 250
Ultraviolet <300 >10 >400

* More values are given in the Data section.

1 eV =100 kJ/mol =8000cm 1



The characteristics of electronic transitions

ADue to electronic transition, the molecule may respond
by starting to vibrate and accompany rotational structure.

13.1 Measurement of intensity

13.2 The electronic spectra of diatomic
molecules

13.3 The electronic spectra of polyatomic
molecules



Absorbance, A

The absorption spectrum of
chlorophyll in the visible region.
Note that it absorbs in the red
and blue regions, and that green

light is not absorbed appreciably. | | |
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13.1 Measurements of intensity

-Beer-Lambert law
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-integrated absorption coefficient
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Wavenumber, v

Molar absorption coefficient, ¢




Centre of

13.2 The electronic spectra inversion
of diatomic molecules P

-vibronic transition:
vib structure in electronic spectra

L

-parity (of an orbital) : behavior under inversion

even (Q) if its wavefunction is unchanged under inversion
through the centre of symmetry of the molecule

L]

odd (u) if the wavefunction changes sign.

note) Heteronuclear diatomic molecules do not have a
centre of inversion, so for them the g, u classification
IS irrelevant.
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Term symbols [1]

|7 the total angular momentum
(orbital and spin) along the internuclear axis
Ll = S ,P...

L| =0,1,2,...

L the sum of the values of | of individual
electrons in a molecule

ex. single electron in a U orbital has | =0.
the term symbol for H,*: G



Term symbols [2]

spin multiplicity: 25+1, S=1/2

-including patrity, /

for H,*: ZSg

-for gnd state of any closed shell homonuclear diatomic molecule:

'S

g

If there are several electrons, (g as +1, u as -1)
gXg=g UuUXu=u uxg=u



Term symbols [3]

-p electron in a diatomic molecule, | =6 1

-if there are two p electrons, the term symbol will be

S if the two e - travels opposite direction
(the different orbital, | =+1 and | =-1)

D if the two e - travels same direction
(the same orbital, both | =+1 )

2 1.1
for O, 0 Ié vl

(closed shell)xgxg=g BSg



+ or T subscript
~the overall symmetry of
= a configuration of
molecular wavefunction
- under reflection in a plane
+ containing the nuclei.

full term symbol of the ground state of O ,,

3 -

Sg
one electron in2, (changing sign inddleeion in the yz plane)
one electron in2, npot changing sign indgtection in the yz plan



For excited state of oxygen, ! D

two electrons in the same orbital ‘L ‘ =2

spin is zeroeée (all electrons a



Selection rules  (conservation of angular momentum)

DL 6, 1° S DO,= D.S =

VW = | + the total angular momentum (orbital and spin)
along the internuclear axis

Kwo selection rules

SSa g S a areallowed.

Laporte selection rule for centrosymmetric molecules:

The only allowed transitions are transitions that are

accompanied by a change of parity
(u« gand g« u are allowed. g« g and u« u are forbidden)



A The coupling of spin and orbital angular momenta in a linear
molecule: only the components along the internuclear axis are
conserved.



BUT, é

AA d-d transition is
parity-forbidden
(g-g transition)

AHowever,

a vibration of the molecule can
destroy the inversion symmetry
of the molecule and the g,u
classification no longer applies.

AThe removal of the centre of
symmetry gives rise to a vibronically
allowed transition.
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Vibrational structure

FranckCondon principle:

an e- transition is much faster than the
nuclei can respond

(e- is much lighter than nuclei)

A the most intense vibronic transition
from the ground vibrational state the
vibrational state lying vertically above

IS

It.

A Transitions to other vibrational levels also

occur, but with lower intensity.

Molecular potential energy, V

Turning points
(stationary nuclei)

Electronic
excited
state

Electronic
ground
state

Nuclei stationary

Internuclear separation, R



Agquantum mechanically,

AThe two wavefunctions have
the greatest overlap integral

of all the vibrational states of the
upper electronic state

(hence are most closely similar).

Molecular potential energy, V

Electronic
excited

| T A T

Electronic
ground
state

\Re/Nuclei stationary

Internuclear separation, R



Frank -Condon factors

i :<f‘ 4’7>
,u:—ez-r,. +GZZJR;

Intensity=
sguare modulus of dipole moment
+overlap integral S(v,V;)

(S=1 perfect match, S=0 no overlap)

AFrank-Condon factor: ISI2
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A The FranckCondon factor for
the arrangement discussed in

Example 13.1 0 e,

0 2
(R, - R)/2"



Wavefunction, v

A The model wavefunctions
used in Selftest 13.2

Displacement, x



Rotational structure

Arotational transition accompany the vibrational excitation
that accompanies electronic excitation

E(J)=heBJ(J+1)  E(J)=hBJ(J +1)

Branch as in vibrational spectroscopy,

= (B BjJ +(B°=B)J¥

+(B"=B)J(J + 1)
+(B’+B)(J+1)+(B'=B) (J+1)*

Pbranch (AJ=-1): vp(J)
Qbranch (AJ=0): Vu(J)
Rbranch (AJ=+1): vg(])

A Difference:
electronic excitation results in much larger changes in
bond length than vibrational excitation causes alone



Band head

When the rotational constants of a diatomic molecule differ significantly,

bond length
excited state>gnd state
B6<B P R

\ \

-

=

(a) B’ < B
a head in the R branch
when BO6<B

bond length
~ excited state<gnd state
P R B0O>B
A A
A A
A
A
V /
1
N
(b) B> B

a head in the P branch
when BO6>B



13.3 The electronic spectra of polyatomic molecules

chromophores: groups with characteristic optical absorptions

-d-d transitions
-charge transfer transitions

-p*« p and p*« n transitions



Table 13.2* Absorption characteristics of some groups and molecules

Group V/em™ Aoy /MM ¢/(dm? mol™ cm™)
C=C (nt* ¢« nm) 61 000 163 15000
57 300 174 5500
C=0 (7* ¢<n) 35000-37 000 270-290 10-20
H,O (¥ ¢<—n) 60 000 167 7 000

* More values are given in the Data section.






-d-d transitions

in free atom, all d orbitals are degenerate
in d-metal complex, e- absorbs E and makes transitions

2 [Ti(OH,) >

Absorbance

| I
10 20 30
v/(102 cm™)

ex. The electronic absorption
spectrum of [Ti(OH,)¢]3* in
aqueous solution



-according to Laporte rule:
d-d transitions are parity forbidden in octahedral
complexes (g->g transition)

BUT, d-d transitions are vibronically allowed
by asymmetrical vibration (weak)



-charge transfer transitions

Aransfer an e-
from the ligand to central atom

-transition dipole moment is large -> strong intensity
(e- moves considerable distance)

-but, little overlap of initial and final wavefunctions for large
separations can lead to low intensity

ex. MnQ, : 420 ~ 700 nm
e- migration LMCT (ligand-to-metal charge-transfer)
e- migration MLCT (metal-to-ligand charge-transfer)



p*« p and p*« n transitions

-absorption by a C=C double bond: 7eV

-when the double bond is part of a conjugated chain,
the energies of the molecular orbitals: closer together
pP*« p transition longer wavelength
(even in visible region)

(box 17.1)



AC=C double bond as a chromophore

Important transitions is the "*.

transition:

an electron i1 s promot
to the corresponding antibonding orbital




ACarbonyl group (C=0) as a chromophore

primarily on account of the excitation
of a nonbonding O lone-pair electron
to an antibonding CO * orbital

typically 4 eV, 290 nm
symmetry forbidden: weak absorption
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