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1. Excited states and the groud state

« An electron can move from the groud—state energy level of a molecule to
a higher level (i.e., an unoccupied orbital of higher energy) if proper
energy is supplied.

« Light of any wavelength is associated with an energy value given by E =
hv, where vis the frequency of the light (i.e., v = velocity of light ¢ divided
by the wavelength ) and A is Planck’s constant.

« Since the energy levels of a molecule are quantized, the amount of energy
required to raise an electron in a given molecule from one level to a higher
one is a fixed quantity. Therefore, only light with exactly the frequency
corresponding to this amount of energy will cause the electron to move to
the higher level.

« Normally this energy depends mostly on the nature of the two orbitals
involved and much less on the rest of the molecule. Therefore, a simple
functional group such as the C=C double bond always causes absorption
in the same general area. A group that causes absorption is called a
chromophore.
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e Jablonski
Diagram

IC (non—radiative decay)
10'2-10"° sec™

Intersystem Crossing

D]
N
S I NN

i (106-10"" sec™) ISC
S MVVVA >
1 H\\ g
fluorgscence . é - T,
1078 sec -
12
1071° sec 107 sec
IC 1076 — 30sec
IS phosphorescence
‘ =
v
S
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2. Singlet and triplet states

 |n most organic molecules, all electrons in the ground state are paired,
with each member of a pair possessing opposite spin as demanded by
the Pauli principle.

« When one of a pair of electrons is promoted to an orbital of higher
energy, the two electrons no longer share an orbital, and the promoted
electron may, in principle, have the same spin as its former partner or the
opposite spin.

« A molecule in which two unpaired electrons have the same spin is called
a triplet (T), while one in which all spins are paired is a s/nglet (S).

 The lowest—energy excited state is called Sy, the next S,, etc., and triplet
states are similarly labeled T,, T,, T,, etc.

« Therefore, S, indicates the ground state. In most cases promotions from
the S, state to any T states are improbable (these are
called "forbidden"transitions).

« Thus it can be stated that in most molecules only singlet—singlet
promotions take place.
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o 2. 3Singlet and triplet states
 Minimum energy to excite organic molecules
« - Electronic transition (30—40 Kcal/mol, 700-800nm) : visible
range S0l A
— inorganic materials 200nm & &£2| energy

Energy ( kcal/mole) =2.86 X 10 * / A (nm)

700nm 40 kcal/mole
200nm 140 kcal/mole
SIER0A A 22 Zeol Xl - 2 35kcal/mole (O-0 ZEH)
250 nm (114kcal/mole)0|H 2 Z&ts O B=I1?
—  selectivity (localized on specific bond)
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 Reaction dynamics

« Rate constant =A exp —(Ea/RT) = A 10 —(Ea/0.0046T)

* A: probability factor — frequency
max = 10> ~ 10" sec™" Unimolecular reactions
min = 10° ~ 10® sec™ Bimolecular reactions

« Ea = exothermic (2 ~ 3 kcal/mol ~ 40kcal/mol (Photorxn Ol & Jts)
— endothermic
E = JHEoﬂ MG = B3 : 20 ~ 30 kcal/mol
Z5tet 8
A= 10" sec™' Ea = 6kcal/mol -> rate =10% ~ 10° sec™

Unimolecular reactions
A= 108 sec ' Ea = 6kcal/mol -> rate =10%~ 10* sec™!
Bimolecular reactions

msec life time 0|22 [t
W$EOZ WEA KEH=CF.
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Absorption and Emission of Light

Oscillation frequency
e e
hv E=hv = l
frequency = 510
—= L HC}
* Hy @=E &

 QOscillation frequency of electrons : 10" ~ 106 sec™

200~700 nm photon oscillation0l H&

[0

o
>

o u
1>

o o
M

« (Hy+H’) & (x,t) = (x,1)

v (X,t) = zat) &, [ aft) : time dependent term]
[a,(1)]12 = (3n%/2h?) < i | u| F;>2 p(vip) t

t . time of irradiation, p = radiation density at vj

p : transition moment (dipole moment operator e 2 )
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Radiation Density & Frequency
e E total = nhv
Y Density 2C+-> n 20l 3D €S 20| F= QAHROICH
25 g -> v 2t0l 31D Lo mEO| B},
Probability and Absorption Spectra

f=[8n°vym, <& |pn| &> / 3he?

@
/7 o\

S=T0 Z2H A absorbancelt

32 final StateOﬂ Ces =E=2

Absorbance
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o £4)

=1
=S

O-|I

+

=

Selection Rule (
E =hv : &Xt3t &
Transition moment
Fe<dnld >0

Ct.
0 OIO10F &

. =

ex) €

><AV|
f=

max

Jedv=c¢_,
AV /o=

( max

=1

NA"
AV /o
et A r

RHO>2 ~ [ AV 1 /2.5 X 1019 v
(unit cm2)

Ct. = <er>20] gl d

transition0| O
Ex) &0 >2
= (5 X104 X (5 X 103%)/

HCE.
otC}.
=5 X 104 at 20,000cm™!
(500nm)
5000cm™!

AV | 5) [ 2.5 X 108
= (5 X 104 X (5 X 103)/ 2.5 X 108

PN
=

=l Ct.

(2.5 X101 X 2 X 104)

5X 10716

=22 X108cm
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Radiative lifetime
Tt = 10_4/ g

max

EX) €. = 10> L mol~" cm -
t=10"9sec =1 nsec

(A K gtdt CH2CH CHE 3B 2 2 deactivation2ts s THE20))

1= 1/{&+ (& + &y, + &+ )}
M2tA = 1/ &5, 20 =

<<yi|u|<yf>2 OlE=2

& L ==

—l
PN
=0
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Total Transition Moment

0 <& | pu|d> :transition moment

R A total wave function = ( 0 : nuclear wave function )
0 ( o: electronic wave function )
1 Absorption2| &% electronic motion0| =

[]

6= s Vibrational
TM (total transition moment) Elevel 2t

= 16,0, 0D, [s;5,0Ds [ & ud D,

nuclear spin electron spacial \‘/\(
Transition

intensity

(0—-0 transition)

ground v=0 levelHl A 2
excited state v=0 levelZ2 2| transition 200nm

=> Lowest energy transition

O 0 transition)

400nm
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W/O geometry change
0 <& u| > (0-0 transition)0l D& & L O LY.

31\/\
0-0

»
>

Internuclear distance
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W/ geometry change
0 <& p| > :(0-0 transition) Ot 24 SO0IAM & FNO0I.

o m

o~
\\/ /w

0 e

S, /
A

=4

»

Internuclear distance
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« Types of excitation.

« [For most orgainc molecules four types of electronic excitation need to be
considered. They are listed below in the order of decreasing energy.

e 1.0 — o*. Alkanes, which have no nor electrons, can be excited only in

this way (7 = one in an unshared pair).
2. n— o*. Alcohols, amines, ethers, etc. can also be excited in this

manner.

e 3. 1m— 7. This pathway is open to alkenes as well as to aldehydes,
carboxylic esters, etc.

e 4. n— n*. Aldehydes, ketones, carboxylic esters, etc. can undergo this
promotion as well as the other three.

 |n general, the more conjugation in a molecule, the more the absorption is
displaced toward higher wavelengths.

« Examples of chromophores in the visible or uv are C=0, N=N, Ph and NO,.
Groups such as Cl, OH and NH, generally shift the bands of
chromophores such as Ph to a longer wavelength (through resonance).
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 Electronic Excitation of Formaldehyde
Vapor
n -> o+ transition At 75°:C

Spacing => 55 O &I Ck
22 C=0 stretching

200nm 360nm
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Electronic Excitation of Formaldehyde

ol 5
T ¥ ¥
n H
T t 7
(0] t ]
o2 ? n?

Ground state configuration

2 2 ok
Oo°“TtN- Tt
~_7"

-A

o2 m’n c*

o2 mn

Ground state
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« Visualization of (n,x*) and (x,7*) : formaldehyde
m* orbital

n— electron

@ © -orbital




 Energy difference
e E(n,x*) < E (m,m*) , redistribution energy
=> n-orbital2l electron0| n—orbital2| electron ECt &€ holding &

AL
= OIOILHI] &Lt : low energy transition

o SRS transition 25 C=02 Z2&&Z 0|t =0t n* —character
=

Compressed stretched
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}‘“max

Acetone 279nm
Thioacetamide 318nm

Nitromethane 270nm

pyridine 290nm
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. B2

>

In-plane polarization
2= S0M =AW & A

BH X2l B3}

FOl (n,n*) and (w,n*) : formaldehyde

t* orbital

Out-of-plane polarization
= At2| = plane0f|

A Xl O S A
— = = T

=T

09

O =
- LT o
=1 UL

Rl

O| vector A
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.« TM = =I7z*,unr:< 72'*‘,11 \n >

JA

=< 29 |- (%), T (y), A2)2s >

09!

[ z2&deto = = X 20l 00] OfLICH.

e Transition2 JtsotLt, B & gt0] &t (symmetry forbidden).
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Introduction— Cyclic — Linear Oscillator

« (m, mx)transition
= Absorption 0| =L}, transition Intensity = L},
= Cyclic Oscillator Linear Oscillator

A A
Cyclized &% & X} OHAE S} & X =38 bind
& X ZE holdTl O QULCH. Transition Energy & A =C}.

Transition Energy Jt AL},
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Introduction— Cyclic — Linear Oscillator

. benzene 2| transition

e J|oge

Characteristic cyclic oscillator

150 200 2.5.0 300 350nn.1. |
Transition allowed transition forbidden
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-
(D)
—
]
©
x
()
£
ﬂ

benzene




 Transition Moment
2
M =< (Di‘:u‘gpf >

1 u: dipole moment operator : odd function

< odd|odd|odd >= j (odd) =0

< evenlodd|odd >= j (even) = 0

88 29 35

C ==& uw}2} electronic transition
)2} A : allowed transition
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1 O

Butadiene

4 @ 2 AN=2




 Butadiene

T, —> T,
X
HOMO LUMO
T, —> Ty
X
HOMO

—

Allowed transition (270nm)

No transition dipole




 Butadiene

e

LUMO No transition dipole

L 2 Xt vibration 2} rotation 2 822
forbidden transition O|2t&= 22t2| transition=2 &
HE = QUL

|0
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e S-—c/s—Butadiene 2 HH Z = BtE =17

.’%XM M
+
HOMO LUMO

Allowed transition (270nm)

175nm (100nm blue shift)

‘/@_%®\‘ M All Allowed transitions
1

TC2 _> TE4 Ttl _> Tt3
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1 AMEodd 21 HBL :low energy transition
° Linear polyene2| 0

AM=0dd

AM=even

NN NN

N

© OSHEmexm O
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O ymézOSsmpmmm OOO

82@@8%@@128

HOMO @34 LUMO @33

Transmon 0]
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© OSOereYoloéX[Om =AM 1)héee

© T N eOm%NO emenenm
AR=]1 s 0006 X0Om

200+
Amax 300+
400+
00, .
2 4 6 8 n
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O OSOcr@VSséXOm =x22N 1Mhée
Huckel 2] 2 ALXI
/4

E =a+2/5C0S
r P 2n+1

o= coulomb integral
B=resonance integral

NE=E,,-E, ] 7

=—43sIn

AE
4n + 2 ; T 1
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(n,m*) 2 (7, m+)2| Hl 1
(n,mt*) (m, *)
A 200~600nm 100 ~ 1000nm
€11 10~ 1000 1000 ~ 10°
Polarization out—of- plane in—plane
(in—plane& UL.

vibronic coupling?®! &%)
Vibrational @ C=0, C=N, C-C,C-HS
stretching (2ddMd=s = ot Q)
Solvent polarity & —> blue shift polarity & —> red shift
Effects protonation —> disappear no protonation effects
Conjugation small red shift large red shift
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(n,*) 2 (n, 7*)2| Hl 1w
(n,m*) (m, *)
.2 1077 ~10 ~ sec 10 ~° sec (transition& Ct)
0 0~ 1 (2&0 28 ®OIL})
0.01sec (E2o0ie) 1 ~10 sec (allowed Ot).
0.05 ~ 1 0~ 0.05

Heavy atom negative large positive effects
effects (spin—orbit coupling)
L* smaller than ground s. Larger
photoreactions H-atom abstraction isomerization
rearrangement, condensation
AEq; small (<10kcal/mol) large (>20kcal/mol)
(Singlet—triplet energy difference)
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guantum yields

Quantum Yields

# of moles of product formed
# of einstein(photon) of radiation absorbed

D —

product

Chemical reaction@ 3 ®>1 & = AUSLI,
22 o<1

=7 HdE 320 o>1 &€ = U A =017
Photo—initiated radical chain reaction,
photo—dissociation to form two identical products.
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transitions in Metal complx.

Transitions in metal complexes
M

ML,
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transitions in Metal complx.

Transitions in metal complexes — extreme case
M

Lol ofl A XI 0t
He W 3201

transition 0| S A|?
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transitions in Metal complx.

Transitions in metal complexes
M

ML,

L] Ofl L4 X It
HRES ZR:0E

transition 0| S A|?
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