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Structure of potential energy

Unbound state : No potential minimum
= No formation of molecule

There is only one ground state, but many excited
electronic states from atoms of excited states.

— lonization limit

Bound state :

_ = - Electronic energy : uv/visible energy
potential minimum

> lonization limit

Bond dissociation
Vibrational energy : IR energy

—_—

Rotational energy : MW energy
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Changes in Molecular Structure upon Excitation

Rotational Excitation:

No change in Molecular Structure. Very small difference
due to the centrifugal distortion

Vibrational Excitation:

Bond length increases with vibrational quantum number
because of the shape of anharmonic potential

Electronic Excitation:

Large changes in molecular size as well as molecular
shape because the bonds could break off upon electronic

excitation.  [ets see the change of structure upon excitation.
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Potential energy surface (PES) of bound states

There exist many excited bound states obtained from atoms of excited states.

E,cm ' x107*

- Ground state: X state
Same spin states: A, B, C,

il Different spin states: a, b, c,
8 =

Unbound states, not
°r shown here, do not have

notential mMinima
41— r.l\.l\\.ll 1wiAl 10 IR OIGAS
2 25

FIGURE 6.2

0 Potential energy functions for

the ground and five stable
excited states of the NH
molecule.

There is a large change in molecular structure with
electronic excitation.
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6.1 ELECTRONIC SPECTRA OF DIATOMIC MOLECULES

6.1.1 The Born-Oppenheimer Approximation

We have already studied this concept in rotational-vibrational interaction. Actually,
there is an interaction between rotation and vibration. But we apply the same
concept to electron and nuclear motions. Nuclear motion is related to rotation
and vibration of molecules.

As a first approach to the electronic spectra of diatomic molecules we may use the Born-
Oppenheimer approximation previously mentioned in Sec. 3.2; in the present context this
may be written:

Now, extend to 3 different motions.

Total energy is sum of  Eigtal = Eelectronic + Evibration + Erotation (6'])

which implies that the electronic, vibrational, and rotational energies of a molecule are com-
pletely independent of each other. We shall see later to what extent this approximation is
invalid. A change in the total energy of a molecule may then be written:

Compare the energy siz

| R Eioat = AEec. + AEyiy, + AEroy, )
Of eaCh mOtlon. total elec. ib. rot.

or Aeiotal = A€eiee. + Aeyip, + Arr. cm™! (6.2)

Rotational and vibrational motion belong to nuclear motion.
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6.1.2 Vibrational Coarse Structure: Progressions Without rotational

Since AE,.. > AE,;, >>AE_
UVnisible IR far IR/MW

Initially, neglecting rotational changes in the transition

Eiotal = Eetec. + Evib. Takes only two motions.
-1

Etotal = Eelec. T Evib, CM

Etotal = Eelec. T (U ) %)@e = xe(v i %)2‘:)3 cm”! (U =0, 1,2, .. )

ﬁspecﬁg' — ")+ {0 + Y@ X' + 1))
—{(" + Y@ x 0" + D} e

Vibrational frequencies depend on the electronic states.
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I g Electronic + Vibrational
Excited 5 3 2
states I - 3
1 // i The difference
— ! .. represents the
1 o “ vibrational energy at
Pure /i i R Lo the upper state.
electronic
transition 2
1
e - Ground ‘
0.0 10 20 30 40 50 60 state

What is the Intensity
distribution of vibronic
- transitions ?

Figure 6.1 The vibrational ‘coarse’ structure of the band formed during electronic absorption from the ground
(v” = 0) state to a higher state.

The selection rule of vibronic (vibrational + electronic) transition is not limited.
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6.1.3 Intensity of Vibrational-Electronic Spectra: the Franck-Condon
D

Principle

vibronic

Franck-Condon principle: One of the most important rule
explaining the transition intensity in vibronic transition.

Franck explained the intensity in terms of classical
mechanics while Condon tried to describe the phenomena
by quantum mechanics.

Franck-Condon principle: An electronic transition takes
place so rapidly that a vibrating molecule does not change
its internuclear distance and vibrating speed appreciably
during the transition.

Another application of Born-Oppenheimer approximation
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Energy ——a=

Overlap of wave
functions connected by
transition

Sy

The overlap is called as
Franck-Condon factor

0

———== [nternuclear distance

Figure 6.2 The probability distribution for a diatomic molecule according to the quantum theory. The nuclei are
most likely to be found at distances apart given by the maxima of the curve for each vibrational state.

Transition probability is proportional to the overlap size of two wave function. If
the integration of two wave function is zero, then two functions are orthogonal.

In harmonic oscillator, all wave functions are orthogonal.
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I] - . E o] - - - . > - I ] E] - -
men ich is gi b eguation 2.21

R, = fﬁ”*ﬂ YedT., Transition expressed quantum mechanically. (6.123)

where u is the electric dipole moment operator and ¢, and ¥, are the vibronic wave
functions of the upper and lower states, respectively. The integration is over electronic
and vibrational coordinates. Assuming that the Born—Oppenheimer approximation
(Section 1.3.3) holds, ., can be factorized into ¥.¥,. In addition u can be broken down

into (u.+ u,), which are the contributions from the electrons and nuclei, respectively.
Then equation (6.123) becomes

R, = J W (u.+p)Yy: dt,dr Separate electronic and vibrational  (6.124)

Since the vibrational wave functions, given in equation (1.104) are always real,
vrx=y,. Since u, is a constant with respect to ¥, and u, a constant with respect ic ¥,

R., = J Ye*yYedr, J Yoma Y, dr+ J Vo, drj Yetuey, dr, (6.125)

Because electronic states are, of necessity, orthogonal

j Ve, =0 Franck-Condon factor (Integral) (6126
so that /

&
R, = R,_,f Yoy, dr Overlap of two wave functions (6.127)

where R, is the electronic transition moment.
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Classical description

The motion of nuclei is much slower compared to that of
electron, so that the position and speed of nuclei does not
change during the electronic transition.

\ ./ N7
L .
Same speed Rv/ Same _
¥e  (transition to re position
v

lowest speed) . (vertical

X transition)

Ve e

W

SN r 2
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4 different cases described by classical method

Energy —»

Intensity at different
nuclei positions

>
//
7.4

3
2
£ U'=0 g”
We can explain the intensity

Same Smaller Bigger Much bigger of vibronic transitions.
_0.() 1.02.03.0 0.01.02.03.04.0 0.01.0 2.0 3.04.0

C

(a) (®) (c) (d)

)

Continuum

lodine spectrum

v
v

| ’
m ! —-

Figure 6.3 The operation of the Franck—~Condon principle for (a) internuclear distances equal in the upper and lower
states, (b) upper state internuclear distance a little less than that in the lower state, (¢) upper state distance a little
greater than in the lower, and (d) upper state distance considerably greater.
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lodine

Todine spectrum

spectrum is the reference spectrum for calibration of

wavelength in the uv and visible region due to the existence of so

many lines in the visible region.
Several tens of thousand transitions are possible

because of dissociation of .

1 0 L0 30 25 20 o
: I UGERIREReahs S m———
2 N BT T T T T T V=2
E «—— The end of discrete spectrum
< T ' l - T
20040 18000, 16000
v/cm
Prdgressions with v” =0, 1 and 2 in the BT, ,,—X'Z," system of the I, molecule
—
Start of continuum : End of the bound state
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What is dissociation? How to predict the dissociation energy?

6.1.4 Dissociation Energy and Dissociation Products

How to obtain the dissociation energy, D, experimentally?
There are two different dissociations of molecules:
Dissociation in the ground and excited electronic states

What spectrum do you expect from this diagram?

T The end of bound state

The separation between two neighboring two
vibrational levels decreases with increasing v.

Transition to unbound states
shows a continuum spectrum.

> The end of bound state
l Transition to bound states shows
>

a discrete spectrum.

If dissociation occurs, a continuum spectrum will be observed.
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We can determine the dissociation energy from the measured continuum frequency.

measured from spectrum

\\\\\\‘ — Y -1
Veontinuum limit = Do + Ex. cm

Bonding state

T {\ L Continuum stafts
B ] here again
@ Dy
v Discrete starts
here

v

Continuum start

here
Discrete spectrgm _ o |
up to this limit ——> =1 Dissociation lirhit
Bond p; Bond dissociation
dissociation _L energy
energy at th%) ®)

Anti-bonding state

4

E

= Continuum starts
k) here

ex.

Continuum starts
here

it ——
Discrete spectrum

D; up to this limit

Kl

ground state
Figure 6.4 Illustrating dissociation by excitation into (a) a stable upper state and (b) a continuous upper state.

What is the difference between two spectra? They show different patterns.
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We can calculate the bond dissociation energy from vibrational energy.

We have already seen in Chapter 3 (cf. Eq. (3.12)) that the
vibrational energy levels may be written:

How many " 2 1
vibrational levels are €y = (V+73)0e = Xe(V+3) @ cm” (6.8)
in a bounded state? . . o

And so the separation between neighbouring levels, Ae, is plainly:

The separation between two
neighboring two vibrational
levels decreases with
increasing v and will be zero

= €y1] — &y At is getting smaller with v.
= o {1Icpet 1)) !
at dissociation limit.

This separation obvioydly decreases linearly with increasing v and the dissociation limit i
reached when Ae — (/ Thus the maximum value of v is given by vy, , Where:

(6.9)

@e{ 1 = 2%, (Vax. + 1)} =0

There are 50 vib. levels in a

1.€. / given electronic state.
l

Unen, = 57—~ | (6.10)

xe

We recall that the anharmonicity constant, x,, is of the order of 107%; hence v,y is abou@
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6-16



200 —

180 -

160 —

120 -

(em™)

£ 100
interval
80

Birge-Sponer extrapolation
for bond dissociation energy and v_ ..

Plot Eq.(6.9) here.

Vibrational energy interval
decreases with increasing

quantum number. What causes the
/Theory difference between

theory and exp.?

Experimental

We can determine bond
dissociation energy from
the area and v,,,-

Figure 6.5 Birge Sponer extrapolation to determine the dissociation energy of the iodine molecule, /. (Taken from

10 20 30 40 50 60 70 80 90
v Vib. quantum number

the data of R. D. Varma, J. Chem. Phys., 32, p. 738, 1960, by kind permission of the author.)
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6.1.5 Rotational Fine Structure of Electronic-Vibration Transitions

include rotational energy for higher resolution

To a very good approximation we can ignore centrifugal distortion and we have the energy
levels of a rotating diatomic molecule (cf. Eqs (2.11) and (2.12)) as:

JJ+1)=BJJ+1) em™ (J=0,1,2,...) (6.12)

£ —

rot. STFZIC
where [ is the moment of inertia, B the rotational constant, and J the rotational quantum
number. Thus, by the Born—Oppenheimer approximation, the total energy (excluding kinetic
of translation) of a diatomic molecule is: together

Etotal =F Eelec. T Evib.|T BJ(J_I_ 1) Cmél (613)

Changes in the total energy may be written: S Rotational energy difference

Aftotal = A{Eelect. —+ Evib.} + A{BJ(J—I— 1)} Cmil (6.14)
and the wavenumber of a spectroscopic line corresponding to such a change becomes simply:
ispect. - 1l7{u’,v”) + A{BJ(J+ 1)} Cmil (615)
We will learn
the notation of Rotational selection rule in rovibronic spectrum
' = 1 1 .
electronic state AJ = %1 only for 'Y —'> transition \y. will learn term symbol
later. AJ =0, or 1 for other transition  of molecules later.
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We have studied that B’ is different from B”.
Vspect, = V(wrpmy + B'J'(J'+1) — B"(J" + 1) cm !

Taking the P, R, and Q branches in turn:  \ye have already studied this.

1®ranch: AT=-1,J"=J"+1
Ae =Vp = Vyrpn — (B'+B")(J + 1)+ (B'— B")(J' + 1> cm™!

, (6.20a)
whereJ =0,1, 2, ...
2®ranch: AJ=+1,J' =J"+1
Ae = Vg = Vrpm + (B'+ B")(J" + 1)+ (B' = B")(J" + 1)’ em”" (6.205)
where /" =0, 1, 2, ...
These two equations can be combined into:
VpR = Vppn + (B + B")m+ (B'— B")m* cm"! (6.20¢)
+ +/— where m = +1,£2, ...
3@ranch; AJ=0,J =J" ifpossible
Ae =g = Vyrpn + (B' = B")J"+ (B'—B")J"? cm™! 6.21)

where J" =1, 2, 3, ...
We already studied this one in the chapter 3.

Spring Semester 2015, Molecular Spectroscopy : Chapter 6 Electronic Spectroscopy of Molecules 6-19



p=- for P-branch
p=+ for R-branch

VPR = Vo + (B'+ B")p + (B' — B")p’ (6.22a)

=I

dv Minimum or
d;R = B' 4+ B" + 2(8! — B”)P :@ maximum

In vibrational transition, bond length always

increases with vibrational quantum number.

N B'+ B”
Positionof ) — for band head
band head 2@
In electronic transition, bond length may

vary with excitation, increase or decrease .

- for B’ < B” (r'’>r") : Bandhead at R-branch
+ for B’ > B” (r'<r”) : Bandhead at P-branch

Spring Semester 2015, Molecular Spectroscopy : Chapter 6 Electronic Spectroscopy of Molecules
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Interval difference in P- and R-Branches

VPR = W, +|(B1 + Bo)jn +

+

(B — 1.’3‘0)ln2 cm ™! Ul = E] B2, ;)

because B, > B, > B,

rh>ry > B;<B,

V

Parabola curve with maximum.
Bandhead at R-branch

P-branch / R-branch

&
<«

- +

m

>

B,

m= +: R-branch
m= -: P-branch

v

A

P-brancx/

A

Parabola curve minimum.
Bandhead at P-branch

r,<ry - B;>By

R-branch

<
<

Now, we can explain why the spacing is getting
smaller with J number in R-branch.
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Pure vibration: Band origin

A
= p R ———>
I I ] ] | | ] | |
5 4 3 2 A 6 1 2 3 D
5
6
1 1 T | | [ l | 1 17
18 17 16 15 14 13 2 f
J ) ks Turn back here.

CuD @ @ @ Band head

Emission

23280 23300 23320 23340
Wavenumber / cm™

Figure 9.12. The 0-0 band of the CuD A'S"-X'3" system.” The peaks marked with + are P
branch transitions, while those marked with * belong to the R branch.
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Transition and band head
Band head at R- branch
Bray Shows strongest intensity
7720 19 181716151311
} p L BuIst Ll by due to overlap of bands
(a) R branch | | | I ‘ o
|
T 7 9
| 412
. -5 -4 -3 =2 -1 mj
(®) I | I | I } P tanch Band head at
i R-branch
13 12 11 10 9 8 7 6 5 31|J”
SO O O O I R s
|
' |
4 2f f
|
d
o LD O IUE T LTI o spectun
Looks like very strong
There is small difference. Band head ) P€Cause of overlap of many
bands.

Figure 6.6 The rotational fine structure of a particular vibration—electronic transition for a diatomic molecule. The
R, P, and Q branches are shown separately at (a), (b), and (c), respectively, with the complete spectrum at (d).
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Position of band head

- for B’ < B” (r'’>r") : Bandhead at R-branch
+ for B’ > B” (r'<r”) : Bandhead at P-branch

— 10 —

— 15

WL L L

———— s — ————— — — ——

.
H
H
H
.
.

.

f

Origin

L

' — Report #5)

position of band head from
rotational constants, B’
and B”. (see problem #6 in

Figure 6.7 The Fortrat diagram sketched for a 10 per cent difference between B’ and B” (with B’ << B”). The
spectrum illustrated at the foot is identical with that of Fig. 6.6(d).
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Band head at R-branch

| / B’ < B” (r'’>r") : Bandhead at R-branch 1
' : g B’ > B” (r'<r’) : Bandhead at P-branch -
g 1 No Q-branch |
R Mvwmwbuuu '
R-branch P-branch
44643 446.63 Jf.&? TTa47.03 | 44723 44743 44763 44783 443.03
. <€ Wavelength/nm
Higher energy
Band origin Figure 11.5 Rotational fine

structure of a 'X*-'X* electronic
transition of RhN ‘

»
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Dissociation prior to (before) dissociation limit

Energy——

We can see predissociation if bonding

A ,;‘,?’ and antibonding potentials curves are
av A crossing.

dissociate

From lower
state

Crossing of bonding and
antibonding potentials

What can we expect from the crossing?

Figure 6.9 Showing ghe occurrence of predissociation during transitions into a stable upper state intersected by a

continuous state.

Transition from ground state
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Discrete — Continuum (predissociation) - Discrete — Continuum (dissociation)

Region of predissociation
Discrete ’ ) o Discrete
ML) I [0 D | g ="
V6.0 Y10 V8,0 Va9 V10,0 V11,0

Figure 6.8 Diagrammatic illustration of the appearance of predissociation, The rotational fine structure is clearly
defined for vibrational transitions both above and below the predissocktion region, but in this region the fine
structure becomes blurred and lost.

Continuum
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6.1.8 Diatomic Molecules: A Summary
What information can we get from spectrum?

Rotational spectrum : Molecular structure
Vibrational spectrum : Bond strength
Electronic spectrum : Electronic structure

Rovibronic spectrum : Molecular structure at excited vibrational and
electronic states

_l Al
I

Problem : How to obtain the rovibronic spectrum with a good S/
and resolving power? Many experimental techniques have been
developed to increase the S/N and resolution.
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-
-]

Molecules may change their structures with uv/visible radiation.

Rotational Excitation:

No change in Molecular Structure. Very small difference due to the
centrifugal distortion

Vibrational Excitation:

Bond length increases with vibrational quantum number because of
the potential shape of anharmonic oscillator

Electronic Excitation:

Large changes in molecular size as well as molecular shape because
the bonds could break off upon electronic excitation.

Spring Semester 2015, Molecular Spectroscopy : Chapter 6 Electronic Spectroscopy of Molecules
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LAY LT LOTDONTOQATDIIOTITDE QAL NMNTATOWN\NIOC NOYT LTI 'S
Uea LUL/IYVU 1 INUINIU VDI NUUU 1 UNIYU VUL DJIATUILVIIU lVIVvL /Iy uL1uyy

6.2.1 Molecular Orbital Theory studied in general chemistry

Many theories have been well developed to explain experimental

observations. There are mainly two theories adapted for explanation

in undergraduate levels.

Outmost electrons
Valence bond theory: Using valence electrons
Easy but not correct Promotion Carbon uses sp? orbital in CH,

Hybridization

Molecular orbital theory: Using all electrons
More reasonable including inner core electrons
Explain magnetic property
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Valence bond theory

We have already learned this theory at general chemistry because
this is very simple concept.

However, we cannot explain many properties of atoms with this
theory. These are bond strength and electron spin characters.

It can be understood by promotion and hybridization of valence
electrons to form bonding. However, antibonding character cannot
be explained.

The simplest cases are sp3, sp? + p, and sp + p2. Also d orbitals can
participate to bonding for dsp?, d?sp?,
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6.2.2 The shape of Some Molecular Orbitals

The basic concept of Molecular Orbital Theory is
Linear Combination of Atomic Orbitals (LCAO) :
Sum and difference combinations

End-view

(- —_— leferfzncc_e
combination :
Vis Vi Ve - antibonding
—"
l’bls wls

orbital
Figure 6.10 The formation of (a) a bonding lso orbital and (b) an antibonding lso* orbital from two atomic ls
orbitals.

lso*

(b)

Sum
combination :
Bonding
orbital

Combination of s orbitals
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Bonding and antibonding orbitals

Making Molecular Orbitals from Atomic Orbitals, there are
two types of bonding; bonding and antibonding orbitals

277 ~
f ¢ )
\ /l ‘.—/ - - ] -
T Antibonding orbitals: No potential
T minimum and Dissociation into atoms
Energy ) ] .
Antibonding orbital
lso¥
TN N
£=0l‘I w———\r —————————————— / L] ‘
\ = /
\\ _'// \\__//
Bonding orbital . . .
1+ Bonding orbitals: Potential
J7 77 minimum and stable at minimum.
8
\\""--. \&/’y

Internuclear distance =g

Figure 6.11 The variation of energy with internuclear distance in the bonding and antibonding orbitals, 150, and
lsay,.
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2po; Lose stabilization
Sum
energy
. . Difference Gain stabilization
Head-to head energy

combination makes (@ ____Q
sigmabond = = SN AT ____ 2
2po

Figure 6.12 The formation of bonding (2po,) and antibonding (2pa;},) orbitals from two atomic 2p orbitals, where
the z axis is taken as the internuclear axis.

Combination of p orbitals
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Shape of MO (n-bonding)
Combination of p orbitals
End-view
2pn}
Difference Head to head
. combination
2p, 2p, \
Side to side @ 8
combination ° °
makes pi bond Q ______
2pm,

Figure 6.13 The formation of bonding (2p7,) and antibonding (2pﬂ' ) orbitals from two atomic 2p, orbitals, the z
axis being the internuclear axis. Atomic 2p, orbitals would form ldentlcal molecular orbitals except that all lobes
would be rotated through a right angle about the z axis.
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Summary of MO diagram

Other diatomic molecules We can construct all MOs.

Nuclear charge changes

the sequence of the
energy levels
Isoy sy
ls ls ls ls
lsog
(@) (b)

Figure 6.14 Schematic molecular orbital energy level diagrams for (a) simple diatomic molecules other than hydrogen
and (») the hydrogen molecule.
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Electronic configuration of diatomic molecules

All MOs are marked by Greek alphabets.
° H2 . ISGgZ Antibonding

¥
. 2 * 2
¢ H62 o ISGg ISG u &Number of electrons

. A \
¢ le Symmetry Atomic orbitals

* Be,

o~

2
: 2 %2 2 %2 2 4
¢ 1s6,” 1s6,* 2s6,” 256, 2po,” 2pm,,

o Z

2

2=

2
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Difference between atoms and molecules

Atoms: Spherically symmetric, the electronic energy depends on the
distance from nucleus only.

Molecules: For linear molecules, it is cylinderically symmetric. So
the electronic energy depends on the position along symmetric axis.

For nonlinear molecules, it is too complicate to describe the
energy, so we use the point group to identify
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Notation of states

Electrons: All little English alphabet ,1s? 2p*

Atoms: All capital English alphabet given by term symbol.
2s+1 LJ

Molecules:

For diatomic and linear molecules : All Greek
alphabet

For other types of molecules : Use of Character
table

Spring Semester 2015, Molecular Spectroscopy : Chapter 6 Electronic Spectroscopy of Molecules 6-39



6.2.3 Electronic Angular Momentum in Diatomic Molecules:
Classification of States

The axial component of orbital angular momentum is of more importance in molecules

than the momentum itself and for this reason it is given the special symbol A\. Formally \v|Z|, so
that A\ takes positive integral values or is zero, and we designate the \ state of an electron in a
molecule by using the small Greek letters corresponding to the s, p, d, . . . of atomic nomen-
clature. Thus we have, for

I =0,+1,42 43, ...
A=0, 1, 2, 3, ...

and the symbols are: o, ™ 6, ¢, ...

Since A has positive values only, each )\ state with A\ > 0 is doubly degenerate, because it
corresponds to /. being both positive and negative. The significance of X\ is that the axial
component of orbital angular momentum = \h /2w or \ units.

The total orbital angular momentum of several electrons in a molecule can be discussed, as
for atoms, in terms of the quantum number L = ¥/, ¥/ — 1, etc., with L = /L(L + 1)h/2x, but
again the axial component, denoted by A, is of greatest significance. Since, by definition, all
individual ); lie along the internuclear axis, their summation is particularly simple. We have:

A =|Z)\ (6.29)

and states are designated by capital Greek letters 3, II, A, etc.,, for A=0, 1, 2, .. .. We must
take into account, when using Eq. (6.29), that the individual A; may have the same or opposite
directions and all possible combinations which give a positive A should be considered. Thus for
a mand a ¢ electron (A\; = 1, A2 = 2) we could have A = 1 or 3 (but not —1), i.e. a Il or a P state.

Spring Semester 2015, Molecular Spectroscopy : Chapter 6 Electronic Spectroscopy of Molecules
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the total spin momentum S 1s given by /S(S + 1) where the total spin quantum

number S 1s:

S=58, 58-1,£5-2,..., 1 or0 (6.30)

The multiplicity of a molecular state 1s, as for atoms, 25 + 1 and this is usually indicated as an
upper prefix to the state symbol. Thus for the II and & states discussed in the previous para-
graph, the states would be written IT or 3® if the individual 7 and ¢ electron spins are parallel
(S=1+31=1,25+1=3), or as 'Il or '® if the spins are paired.

When the axial component of a spin is required, however, it is often designated by o for a
single electron or ¥ for several (corresponding to s and § for the atomic case). In this case the
multiplicity 1s 2% + 1.

Term symbol of molecules: 25+1/\Q

Similar to atomic Y M. AforA=0.1.2
term symbols C S
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Finally, we consider the axial component of the fotal electronic angular momentum, 1.e. the
sum of the axial components of spin and orbital motion. In general the total momentum is
strongly coupled to the axis and its axial component is more significant than the momentum
itself. If we write the axial component as €2 we have simply:

Total angular momentum Q=[A+%| (6.31)

but we must remember that A and ¥ may have the same or opposite directions along the
internuclear axis. Thus in the *II state described above we have A =1, ¥ = 1; hence ) =2

or 0. The 'II state has A = 1, ¥ = 0; hence we have = 1 only. These states would be indicated
by writing their  values as subscripts: °II,, * Iy, * II;.

We can construct term symbol of linear molecules which
IS similar to atomic term symbol. Orbital, spin, and total
angular momenta are express in term symbol.
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MO diagram of H, molecule

2s, 2p

3rd excited state (15%)1(25%}1 lEﬂ_

2nd excited state (15%)1(21)?1—“}1 lﬂu
¥ 1st excited state (13%)1(2;)%)1 Ly

u

|lso: (1

{ saﬂ)l(lsgz)l No bond formed
Is ls
i A |1sog :

Ground state (180 a )2 12@_
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Two electrons in atomic ground state
6.2.4 An Example: The Spectrum okMolecular Hydrogen

Two electrons are in a

single MO orbital with
AT A,=0. A,=0; Thus A =0

Hydrogen atom: 2S,,, Ground state: (lsog)” "X, s,=5,=1/2; Thus s=0 for

paired electrons

A large number of excited singlet states also exist; let us cons1der some of the lower ones for

which one electron only has been raised from the ground state into some higher molecular
orbital, i.e. singly excited states. We can ignore promotion into any of the starred states of
Fig. 6.14(b), since this would lead to the formation of an unstable molecule and immediate
dissociation (cf. Fig. 6.11, where the placing of an electron in each of the o, and o), orbitals
produces dissociation into two H atoms). Thus we may consider the three possible excited states
(150,250,), (150,2po,), and (1so,2pm,).  Construct term symbols from atomic orbitals.

Taking (1so,250,) first: here both electrons are o electrons; hence A = A; + Ay = 0 and,
since we are considering only singlet states, S = 0 also. Further, since both constituent orbitals
are even and symmetrical, the overall state will be the same, and we have (1so,2s0,) 'E7.

Now (1so,2pa,): here we again have a 'S} state since both electrons are o, but the overall
state is now odd (u); this may be rationalized if we think of one electron as rising from a
hydrogen atom in the even s state and the other from an odd 2p state, the combination of
an odd and an even state leading to an overall odd state. Thus (1so,2pa,) 'Z.

Thus the ground state of molecular hydrogen dqn be written:

Spring Semester 2015, Molecular Spectroscopy : Chapter 6 Electronic Spectroscopy of Molecules

644



Finally the (15o,2pm,): now A = \; + A, = 1, since one electron is in a 7 state and, again
since one electron originates from a 2p orbital, the combined state 18 u: 'L
The energies of these three states increase in the order of the constituent molecular orbitals

as shown in Fig. 6.14(b), 1.e..

| We have already studied
The energy of molecular orbitals lzj < ]Hu ¢ 12; how to construct term

depends on the energy of atomic bols of
orbitals, as shown in Fig. 6.14 symbols of molecules.

Similar states are obtained by excitation to the 3s and 3p states, to the 45 and 4p states, efc.
Also forn=3,4, . . . there exists the possibility of excitation to the nd orbital. It may be shown
by methods similar to those above that interaction between s and nd electrons can lead to the

three configurations and state symbols in increasing energy:

(Lsondo) 'E; < (Isondn) "ML, < (1sondd) 'A,

The sequence in the singlet states

Spring Semester 2015, Molecular Spectroscopy : Chapter 6 Electronic Spectroscopy of Molecules 6-45



the total spin momentum S 1s given by /S(S + 1) where the total spin quantum

number S 1s:

S=58, 58-1,£5-2,..., 1 or0 (6.30)

The multiplicity of a molecular state 1s, as for atoms, 25 + 1 and this is usually indicated as an
upper prefix to the state symbol. Thus for the II and & states discussed in the previous para-
graph, the states would be written IT or 3® if the individual 7 and ¢ electron spins are parallel
(S=1+31=1,25+1=3), or as 'Il or '® if the spins are paired.

When the axial component of a spin is required, however, it is often designated by o for a
single electron or ¥ for several (corresponding to s and § for the atomic case). In this case the
multiplicity 1s 2% + 1.

Term symbol of molecules: 25+1/\Q

Similar to atomic Y M. AforA=0.1.2
term symbols C S
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Selection rule

Some of these energy levels are shown at the left of Fig. 6.15. Transitions between them can
occur according to the selection rules:

Vertical transitions are also
L. AA 1 possible. (6.32)
Thus transitions ¥ < ¥, ¥ < II, II < II, etc., are allowed, but ¥ < A, for example, is not.
No crossing between AS =0 Same as atoms (6.33)
singlet and triplet

For the present we are concerned only with singlet states so this rule does not arise.

3. AQ =0, +1 Same as atoms (6.34)

This follows directly from 1 and 2 above.
4. There are also restrictions on symmetry changes. X states can undergo transitions only into
other X states (or, of course, into Il states) while ¥~ go only into ¥~ (or II). Symbolically:

YT ol T- el Itéh X (6.35)
And finally: Farbidden

/ i Y
PR g%g u b transition

(6.36)

We have additional selection rule from symmetry.
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Selection rule: AS=0,AA=0, +1, AQ=0, =1

Singlet and Triplet

No change in spin state during transition

Singlet and triplet are separated
due to selection rule of AS=0

Singlet staTes Triplet states

-1
o nsa npe npn ndo\ ndn ndd |nsc npe npn nde ndn ndd
1300001 'z 'zr oy, 'z ', A, TS O3E) m, Ty CM, A,
RS 371 =% —3 %4;;} —4—4 —4
100 000 4 2 ’

2 —2

90 000
80 000
70 000 -
60 000
50 000 4
40 000
30 000 -
20 000 4
10000 - H, : 2 electron system

0- T,
Figure 6.15 i

transitions, the other remaining in the lso state.
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5.4.5 The Spectrum of Helium and the Alkaline Earths

Two electrons give two types of spin states, singlet and triplet

Selection rule: AS=0, AL==*1, AJ=0, *1
No change in spin state during transition

Singlet levels Triplet levels
'So 'P, 'D, 'S, *Prio ’D; ;. Eonergy (cm™1)
\ .
AS =0 : very important
- — 10000
i The singlet is separated
| —2000  from the triplet.
|
! - —30000
i
I
!ISZS—Z Metastable | _a0000
i state ;
. No ground state % He : 2 electron system
? i L — 190 000
Complete seppration between them
' — 200 000

Figure 5.11 Some of the energy levels of the electrons in the helium atom, together with a few allowed transitions.
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Let us now consider some of the triplet states of molecular hydrogen, 1.e. those states in

which the electron spins are parallel and hence S = 1. Plainly both electrons cannot now occupy
the same orbital so the state of lowest energy will be either (1so,250,), (1s0,2pa,), or
(Lsa2pm,). The first two are evidently %) states, the third is °II, and, following the rules
outlined above, we can write down their state symbols and order of energies as:

(1s0,2pa,) *E7 < (1so,2pm,) °TL, < (1s0,2s0,) ° E;

The sequence in the triplet states
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Notation of Molecular Electronic States

Atoms : LS-coupling or jj-coupling and Term symbol : 25*1 L |

Linear molecules : Very similar to atoms except for orbital angular
momentum L. In molecules, we use the component of orbital
angular momentum along the molecular axis.

2S+1 /\Q

> ©
G ’\ A Term symbol of linear molecules

Center of mass (COM)
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For nonlinear molecules :

Use of symmetry properties (Character table in group theory)

Ground and low energy excited configurations of some HAB molecules

Molecule No. of Electron configuration State [ HAB
valence Notation of Greek letters means linear structure.
electrons -
C,H 9 ... (30)*(40)*(50)*(17)* X1 180°
HCN, 10 e e e e (I 180°
HNC, : : e
N,H*, Large changes with electronic excitation  Gound state - denoted by X
HCO*
(3d)(4a')*(5a Y(1a") (62 )Ty K4D 125.0° (HCN)
o e e (187)X6a)\(7a)' B'A” 1145° (HCN)
HCO 11 e e e (1@)X(6a)*(Ta)! X24'" 119.5°
(30)*(40)*(50)*(1m)*(2n)! {_\21'1 180°
. (3a')*(4a')*(5a')*(1a")*(6a')' (7a')? B4 111°4+4°
HNO, 12 . (3@)*4a)*(5a')*(1a”)*(6a' )*(7a’)? X'A't 108.6° (HNO), 101.6° (HCF)
HCF '
.. (6a)*(7a)' (2a")! 51,4” 116.3° (HNO), 127.6° (HCF)
HO,, 13 e e e (6@)%(7a)*(2a)! X24” 104.0° (HO,), 105° (HNF)
HNF ,

(6a')*(7d')'(2a")? A’4" 102.7° (HO,), 125° (HNF)

t It is possible that the true ground state may be the triplet state *4” derived from the configuration . . . (7a')'(2a")".
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1. The Nonaxial Groups

C, E
A 1
Cs E o h : Ci E i

A |1 1| x,y R. x2, y?, A, | 1 1| R:,R,, R, | x? y% 2*
| 2%, xy | Xy, X2, yz
A" 11 =112z R, R, | yz, xz A |1 =1 | x,» 2
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Character table

Four symmetry species symmetry operation

Cl,/ B C, o,(xz) /crv(yz)

A, 1 l 1 1 z xX® 92 g*

B 1 1 ] - R, xy

B, 1 =] 1 — x, R, xz

B, L &) ~3 I y, R, yz

Cs, E 2C, 3o,

A, 1 1 1 Z x2+y? 2?2

A, 1 1 -1 R,

E 2 -1 0 | (x,»). (R, R)) (x*—y?, xy), (xz, yz)
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Character table

CZU E C2 O'U(IZ) O'D(yZ)
A, 1 1 1

A2 ] l _1 e
Bz l '—l _l
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Benzyl radical (C,, symmetry) of seven m electrons

||||||||||| :!212 !!:::%i{lég

The symmetry operation produce only a, and b,
symmetry species in C,,, character table..

la,

E

C;

o,(xz) o, (yz)

—

Symmetry axis

— e et e

1
1
=
=l

1
=i
1
=41

2"d Excited state: (1b,)? (2b,) (1a,)? (3b,)? 22B,
1st Excited state: (1b,)? (2b,)? (1a,)! (3b,)? 12A,
(1b2)% (2b,)* (1a,) (3b,)" 12B,

Ground state:
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Molecular orbitals of benzyl radical

2"d Excited state: (1b,)? (2b,)! (1a,)? (3b,)? 22B,
1st Excited state: (1b,)? (2b,)? (1a,)! (3b,)? 12A,
Ground state: (1b,)? (2b,)? (1a,)? (3b,)' 12B,
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E,cm ' x107*

12—

Ground state: X state
Same spin states: A, B, C, (capital)
Different spin states: a, b, c, (little)

Linear molecules

FIGURE 6.2

Potential energy functions for
the ground and five stable
excited states of the NH
molecule.

Singlet and triplet states are possible.
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For nonlinear molecules, we use the symmetry species

given in character table.

1. The Nonaxial Groups

C, E |

| e Molecules of no symmetry

A

Cs On C( ]

A 1) xR | x4y, A, 1| R, Ry, R, | x?, y%,2*
| 2%, xy | Xy, X2, yz

A” —1 1z, Ry, Ry | yz, xz . —1 | x5z

http://webbook.nist.gov/chemistry/name—ser.html
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Character table

H,O belongs to C,,, symmetry

CZD E CZ O'U(XZ) O'D(yZ)

A, 1 1 1 e X2 92, 8

A, 1 1 - - R, xy

B, 1 =] 1 — x, R, xz

B, 1 =] = y, R, yz

Cs, E 2C, 3o,

A, 1 1 1 Z x2+y? 2?2

A, 1 1 -1 R,

E 2 -1 0 | (x,»). (R, R)) (x*—y?, xy), (xz, yz)
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Vibronic Spectrum of Benzene

Notation of transition state of
polyatomic molecules which has

many vibrational modes. vib. quantum
w [ N
£ ’ PP \ ] /
vib. quantum 0 \ /
number at N\ |4 / g
lower state 12! N3 1
' forbidden N
transition '
g 160 \/y; 4/pure electronic
g s 3 o :
2 g 1.,).0 w 09 transition ,
& 1/
L s A SR . [ \\ // .
A /Am—= 38086 cm! 0
N

Figure 6.92 Low resolution A'B,,—X'A4, 4 absorption
spectrum of a 1 cm path of benzene vapour above the
liquid at room temperature and atmospheric pressure

Why we cannot observe the pure electronic transition of benzene?
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Vibrational modes of benzene :
There are a total of 30 vibrational
degrees of freedom and 20
modes because some of them
are degenerate.

Mode 1 is forbidden. Mode 6 (6a
and 6b) is allowed. Thus the
combination band of mode 1 and
6 is allowed transition.

Fig. 1. Normal vibrations of benzene
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Observation

X

5

=

e

B

< 50} Type A | -

\/‘WW%MW
0 } ' t +
(d)
=i Type C | ]
0 MI I 1 1 l I
10 0 -10 20 =30
Wavenumber/cm™!

Figure 11.8 (a) Observed type
B and computed (b) type B, (c)
type A and (d) type C rotational
contours for aniline, using rota-
tional constants for the 0-0 band
(after J. Christoffersen, J. M.
Hollas and G. H. Kirby, Mol.
Phys., 1969, 16, 448)

How to generate the
calculated spectrum?

We have already studied a, b, and c type transitions, the orientation of transition

dipole moment along a, b, and c axes.
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I III A ﬂ ‘F 1 Y
al i Cu VLI U

~ ﬂ
| dl uilill

E

King a

 We can obtain the spectroscopic data from the experimental
observation by comparing the calculated spectrum.

« How can we make the calculated spectrum? To make this, we
need the information on 1) rotational constant, 2) vibrational
frequency, 3) electronic transition energy, 4) selection rule
applied to each transition, and 5) temperature.
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Excited state is

always unstable.

Pt

Relaxat

AV A N

Lose energy

Vibrational
relaxation

Direct

(«) Absorption

(h) Re-emission

(¢) Fluorescence

(fy Phosphorescence

Figure 6.20 Showing the various ways in which an electronically excited molecule can lose energy.
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N Process Crossing from

singlet to takes a

long time

Singlet Triplet

Indirect Most famous one is the

phosphorescence from P

which has about 10 min.
106 sec 1 sec

Y
Singlet
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6.3 ELEC

6.3.1 Change of Shape on Excitation AH,[H,0]

Think about two

NS md m 4 m m

0]
RONIC SPECTRA OF POLYATOMI

 MOLECU

P -~ ma

polyvalent central atom

p-orbital : 90°

Overlap of p-1s (ay,

Nonbonding of p (N,)

2s of central atom

The nature tries
to get the
minimum energy
(the most stable
one). The energy
depends on the
angle.

b,

limiting cases. bonding :
lower
energy sp hybridization : 180°
b,
Overlap of sp-1s (b4, b,)
a : .
2) Nonbonding : Nonbonding of p% (N, and N,)
@ %° higher energy (b) 180°
tronger
5 . S od_ge
! ok Higher energy onding
. | increase
s |
! decrease
|
]

b,

90° B o 1807

Occupy electronsdrom the lowest orbitals.

Figure 6.16 Orbital pictures for an AH- molecule where the AH bonds are (a) at 90° and (b) at 180°. In (c¢) is shown
qualitatively the change in energy of the various orbitals as the bond angle changes from 90 to 180°. (Adapted, with

kind permission of the author, from A. D. Walsh, J. Chem. Soc., 1953, p. 2262.)
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Remembering that a non-bonding orbital is higher in energy than a bonding orbital and
that an sp-bonding orbital is stronger (hence lower in energy because the molecule 1s more
stable) than a p-bonding orbital, we can plot the qualitative energy changes for a smooth
transition from 90 to 180° bonding. This we do in Fig. 6.16(c), which 1s constructed as
follows:

What is happening when changing from 90° to 18007

. |The non-bonding orbital N} remains unchanged throughout; hence its energy is constant.
2. |The bonding orbital a; passes over into the stronger orbital by; hence its energy decreases.
3. |The bonding orbital @) becomes the non-bonding N, thus increasing in energy; Ny and N,
are identical in energy at 180°.
4. |The bonding orbitals b; and b, are formed by absorption of the non-bonding s into a;.

5. |If we increase the bond angle beyond 180° (or decrease it below 90°) the reverse changes

begin to take place, so 180 and 90° represent maxima and minima on the energy curves as
shown.
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Applications

BeH, : 1s22s? : 2 electrons in bonding from Be and another 2 electrons
from hydrogen.

Two electrons per orbitals according to Pauli principle, so two electrons
to go into b, and another two b,, thus producing a linear molecule.

N, < N,

2

Ground : 180°
Excited : between 90° and 180¢°.

s= |

aj

=

%0 p

b,
b,

180

For the excited state, the configuration is b,?b,'N, ( or N,)?, the most
stable state will be at a bond angle, a, somewhere between 90° and
180°. The increase in the energies of b, and b, being more than
compensated for by the decrease in N, until equilibrium occurs at an
angle a.
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For ionized state, BeH,*, the three remaining electrons will all be at
b, and b, orbitals and hence the most stable configuration will
again be linear

] ol e

For H,O, in which the oxygen atom has an outer electron
configuration 2s2 2p4, and has 6 electrons into molecular orbitals.
two electrons from H. The lowest energy state is the angle
B(=104.5°) in the figure. The bent structure has a configuration of
a,%a,’s’N,2, which is not far away from 90°.

For the H,O* ?
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Shift of orbital energies

The energy of each electronic level is changed with the angle. The electrons
try to occupy the lowest levels as possible, eventually making new structure.

) 83’
5b2 \
7a1 \ [I'U'u
2b, Zry 6o
Lb, 23" 2n
13,
orbital .
energy G2 =g orbital
)
%E“ll I:r—— 1y energy 7ar
\ .
E 30'14 163‘ — 3
&31 '¥ a —m—— | TC
ln:rg Sa
La'
2b; 20y So
331 3(Tg
. Lo
3a 30
20 EBKE s 180 90° ZBHAB—— 180"

(a) (b)
(a) Walsh MO diagram for AB, molecules. The z-axis is the C, axis in bent AB, and the C,
axis in linear AB3 - ITT bent AB; e x-axis 1s perpendicular to the plane of the molecule. (b) Walsh MO

diagram for HAB molecules
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CO, : linear at ground state, bent at excited state

Table 6.13 Ground and low energy excited configurations of some AB, molecules}

Molecule No. of Electron configuration ' State [ BAB
valence .
electrons
C; 12 (30 )2(20 )2(40,,)2(1:: )'(30,)’ X'z 180°
. e (e)'(m) A'Tl, 180°
CNC 13 e e e (Ba)3(Imy)! X1, 180°
e (3a,)" (1n,)? { A Taw
. . e BIE“ 1800
NCN 14 we e e e (a)2(m)? XL, 180°
ws  mx ms  mwe  wm {BED (11: P AT, 180°
BO,,COJ, 15 e e Ge(m)(Im)? X1, 180°
N,
(1m,)*(1m,)* A, 180° (not known
: - for N;)
R R O 1 % i a % W B2L) 180°
=0, 16 — o s @ @m LRI X'z, 180°
(1a2)2(4b )'(6a,)' Al B, 122°
NO,, CO, 17/ (@b,)°(6a,) XA, 13417 (NO,),
134° (CO3)
(4b,)*(2b,)' A’B, 7(NO,)
(4h,)'(6a,)> BZB. 121°(NO.)
CF,, 05 18 o mw N W mee we ae (B0 {lan)UGi)° X'4, 116.8°(0,)
105.0° (CF,)
(4b,)*(1a,)*(6a,)'(2b,)' A'B, 122.3° (CF,)

T Note that the order of 1z, and 30, is reversed in some molecules compared to that in Figure 6.65(a).

The structure changes upon electronic excitation.
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Region of electronic spectrum

Bonding(c,n), Nonbonding(n), Antibonding electrons (¢*,m*)

Antibonding

Far-ultra-violet  Near-ultra-violet Visible m*
(vacuum
ultra-violet) |

Nonbonding(n)

m
@ Bonding(o,m)

(o)

|
=

Broken i
chemical bonds 7" —‘* o*
|

o ——— —— —— —— —— —

T T T T T T T
100 200 300 400 500 600 700 nm 800

100000 50000 33333 25000 20 000 16 667 14286 cm ™' 12 500

Figure 6.17 The regions of the electronic spectrum and the type of transition which occurs in each.

We can classify the orbitals into bonding, antibonding, and nonbonding.
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T — 7* (strong) n — m* (weak)

(nm) (nm)
s b= 3 el 170 -
—C=C— 170 —
—C=0 166 280
Nonbonding ~ =C=N__ 190 300
electrons _N=N__ ? 350
Ol ? 500
We studied this equation in QC class.
n’h> Anax. (nm) €
= 8mL’ e 170 16000
mL - Energy decreases
el 220 21000 i o
C—C—C—=C—C—C— %0 35000 with delocalization

Quantum Chemistry: Particles in one-dimensional box
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7w — w* (strong) n — w* (weak)

(nm) (nm)
—L—0 166 280
g M G e ) 240 320
—C=C—C=C—C=0 270 350 Energy decreases

with delocalization

O=<:>‘O 245 435
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ot
o
i

Absorbance
o
a
-

e
I
+

Many vibrational structures inside

0.2

200 250 300 350 400
Wavelength (nm)

Figure 6.18 The ultra-violet spectrum of propanone.
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B
Benzene
Logarithm epsilon LIRS SPECTRLIM
45
4.0
3.5 -—
a0 r . . . .
Many vibrational structures inside
electronic transition
25
1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1

Wfavelength (nm)
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¢ /mol™" dm? cm™

10*

10°

10

A/mm ;
182 200 250 300 400 500 Benzene
T T T T ] I | | I | I I I l I T T
- ] =
- &3] &
sss s
=3 =t L =
: :
- %; 3 @ ] Figure 11.10 Near-ultraviolet
= . absorption spectrum of benzene
| =8| in solution in hexane (after H.-H.
- §|; - = Perkampus and G. Kassebeer, in
] =, ?‘ % N UV Atlas of Organic Compounds,
= : ; = Butterworths, London, 1966,
; = S . p. D1/1)
3 |
3 | =
i )
N I Y A | A AR B A AN IR A A O AN
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Vibronic Spectrum of Benzene
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Figure 10.12. The A 'B,,~X 'A,, transition of benzene near 260 nm.
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Benzene

Vibrational structure

|

We can see vibrational
structures inside the
electronic transition.

Absorbance

i 1 | Ll ' i
220 230 240 250 260 270
nm

Figure 6.19 Part of the ultra-violet spectrum of benzene showing vibrational fine structure.
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6.5 MOLECULAR PHOTOELECTRON SPECTROSCOPY

6.5.1 Ultra-violet Photoelectron Spectroscopy

. If @ non-bonding electron 1s removed, there is virtually no change in bond strength or length
and, as shown in Fig. 6.3(a), the intensity of the transition 1s concentrated almost entirely
into the 0,0 line.

2. If an antibonding electron is 1onized, the bond becomes stronger and hence shorter; this, as
shown 1n Fig. 6.3(b), results in transitions to several vibrational states i the ion, and
consequently a spectrum showing vibrational fine structure. In this case, too, the potential
well for the ion 1s generally rather deeper and narrower than that of the molecule, and the
vibrational frequency increases; this is a consequence of the increase in bond strength or
force constant.

3. The removal of a honding electron gives a weaker, longer bond (Fig. 6.4(c)), with a spectrum
otherwise similar to that of 2 above. Here, however, the decrease in bond strength results in a
wider and shallower potential well, with a lower vibrational frequency than that of the
neutral molecule.

Energy sequence: bonding < antibonding < nonbonding
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spectroscopy

What to expect from removing electrons from the following
orbitals?

« Nonbonding orbitals : No change in bond strength and
length (atomic orbitals)

« Antibonding orbitals : Bonds become stronger and
shorter.

« Bonding orbitals : Bonds become weaker and longer.

Bond order = 72 (number of electrons in bonding orbitals
— number of electrons in antibonding orbitals)

Spring Semester 2015, Molecular Spectroscopy : Chapter 6 Electronic Spectroscopy of Molecules 6-81



Photoelectron spectrum of CO

A total of 10 electrons, 4 from C and 6 from O. Of them, 8
electrons go to molecular orbitals 202 21* 2n? (triple bond)

Very similar to UPS, XPS

Nonbonding : no fine
structure

o-bonding

\

Related to molecules.
Weaken the chemical bond.

\ T-bonding

e T
A

i 1 1 1
21 20 19 18 17 16 15 14 13

1706 cm’

Intensity

eV

Figure 6.21 The photoelectron spectrum of carbon monoxide.
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This is a spectrum of CO™ jon becat

INsE 1 vuu

was removed from CO
Vibrational frequency of CO : 2157 cm"’

an electron

202 214 2n2 (triple bond)

Removal from

Removal from 2so nonbonding
bonding orbital
Weaker bond by removal of electron
= from bonding orbital
g [1706 cm
= o Removal from 2ptr
bonding orbital No change from CO
| 1549 cm-"! 2200 cm’
bl
i, L
1 I i 1 1 1 T 1
21 20 19 18 16 15 14 13

eV

Figure 6.21 The photoelectron spectrum of carbon monoxide

Stronger bonds have higher vibrational frequencies.
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Intensity distribution

Hydrogen molecular ion can be obtained by
removing an electron from hydrogen molecule.

H3(X?E})

We can see the potential energy of each species
in the ground state. In transition from molecule to
‘molecular ions, we can see the transition
intensity of vibronic bands by Franck-Condon

Vir)

factor.
The Franck—Condon principle applied
T to the H5 (X2X,") « H,(X'Z;") ionization process
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Intensity distribution by Franck-Condon factor

Dissociation 13 @ strongest
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Figure 7.13 The Hel UPS spectrum of the hydrogen molecule
(Reproduced, with permission, from Turner, D. W., Baker, C., Baker, A. D. and Brundle,
C. R. (1970). Molecular Photoelectron Spectroscopy, p. 44, Wiley, London)
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Figure 7.20 The Hel UPS spectrum of the HBr molecule
(Reproduced, with permission, from Turner, D. W_, Baker, C., Baker, A. D. and Brundle, C. R.
(1970). Molecular Photoelectron Spectroscopy, p. 57, Wiley, London)
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Figure 7.21 The Hel UPS spectrum of the H,O molecule
(Reproduced, with permission, from Turner, D. W., Baker, C., Baker, A. D. and Brundle,

C. R. (1970). Molecular Photoelectron Spectroscopy, p. 113, Wiley, London)

Spring Semester 2015, Molecular Spectroscopy : Chapter 6 Electronic Spectroscopy of Molecules 6-87



6.5.2 X-ray Photoelectron Spectroscopy (XPES)

Removal of core electrons

NNO

1 Removal of 1s electron Removal of 1s electron
from central N atom ~NNo from end N atom

' 1s electron of N was
strongly bound by nearby
O atom. Thus, we need
more energy to remove an
electron from central N.

From
central N

L L) e L} ] L] L]

410 406

414

Binding energy (eV)

Figure 6.22 The photoelectron spectrum of N->O.
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