Decay from the Excited
State
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e Vibrational relaxation ~ Internal conversion

20—30nm

' IR < 0| & Ct. —> thermal relaxationOl|
A N electromagnetic radiation2 =2
Lt= = UL

0->v’ 0->0 3L AHEE UK SeCt,

Radiation probability

__E 20| 2Ot @ 2 240l U =L,
M2t A excited € = radiationless decayJt JH& @2l 2O

EbCE.
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Decays from Excited States : Vibrational Relaxation

1.  Franck—Condon Factor
2. Vibronic coupling (Electronic Matrix Element)

3. Density of states
. overlap of many density of state increases F

Fermi’s Golden Rule (for radiationless transition)

Ar*

Ker = TF/Belp




Decays from Excited States : Vibrational Relaxation

. Radiationless transitions b/w “Matching” Surface

v=0 (S,) S
. A Large Franck—Condon Factor

<;(S1‘;(S2> —"large"

Sk o fast”

<;(SO‘;(S1> —>~0

Sk > slow

Small Franck—Condon Factor




Decays from Excited States : Vibrational Relaxation

. Benzene and benzene—d;

. Fluorescence quantum yield of benzene—d; is higher.

0 Benzene decays faster.
*  Why? D, (Hg) <D (Ds)

r,(H,)=6sec,7,(d,)=12sec

C—H vibration frequency : 3000cm™!
C-D vibration frequency : 2200cm™!

Wave ftn overlap 0 ZO0IA

F 2t0l 33, — \rla/
K rt 2O 7
@It ZCH, 7 \ 7




Decays from Excited States : Vibrational Relaxation

® (S, > S,)~0.03
k. (S, —>S,)~7X10°sec™

k. (S, = S,)~10"sec™ Exceptionally fast: Why?

S energy 2t =40 kcal
3 S, Imole 2 S¢6| AL}
2 I =>FJt &1

S1 S1 =

S

S, ’

X Ol energy

3 e
M re




° Aromatic hydrocarbon® &<

sec™! sec-! l
1 Higher
——
K Fluorescence
Kk
= KJ/mol Eq KJ/mol
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Decays from Excited States : Spin—Orbit Coupling

Brter = <W‘HSO‘W>

H g, has three componentsR, , R , R. .

. When vy is p,, p, X p, =symmetric.

P, Heo P, = antisymmetric => . Transition is forbidden.

© ) Saveds Rk  Intersystem crossing

allowed (n,mt*) «— 3(m,m*) 3(n,t*)«— I(m,m*)

forbidden I(n,m*) «— 3(n,n*) 3(nt,*) «— 1(m,m*)

Forbiddenlll oY &= A2 €2 SIS ft.

. ®~102~103 [tetM SO0 =68 symmetric,

X J10ll Hso &=ot®™ antisym. O|E & forbidden




Decays from Excited States : Vibronic Mixing

e (m, m*, (n, ©)* mixed

Non-planar Vib.




e (m, m*, (n, ©)* mixed

Pure Gap=0 : No mixing

Large gap: electronic coupling

= mixing. Gap S S0l M2l vertical
Transition0] HA R &ICH S 9=

2 &t =2tJHA radiationless transition
0] A &XICY.
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Decays from Excited States : Vibronic Mixing

o(S) =,z )+ Ap(r, ")

A :mixing coefficient. Pure \\/ Pure
H : (, m)*
~\Palti|Ps)| . matrix element
E —E, | energyseparation \/

vib 1 >

7T
=B .
nrx




N —_—

T — 13 - N

Vibration 0l 2/ 6H A
Energy level 0| HI &

n —— n —rr—

—T— n

n I B n L

HXI |2 St Energy2 o2 20toll M A
Vibration2 0125t ¥ 0+&
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Spin
Flip
allowed
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Flip
Forbidden
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Decays from Excited States : Spin—Orbit Coupling

Nn,t* T, T*
.
w, 2
ke ~1011-1010 sec™! " NTx .
1
fast —
Ts
kgt ~ 109- 108 sec™ n,m*
V.‘
.. N,T*
4 'I'1
N, T* T2
.kST - 107_ 106 SeC_1 7'[’7'[*
slow >, )
‘.‘ T, T T
(out—of-plane Pyrenaldehyde 1

bending 0| = C}.)




c bond broken n bond broken

N

.
b..
*a,
....
......
----

stretching a ¢ bond twisting a = bond
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’ Decays from Excited States : structural effects “

Steric interactions b/w the phenyl groups

of cis—stilbene : rapid r | t by twisting.
trans—Stilbene can also twist about the C=C
bond in S;.

The other two molecules: twisting motion is
severely hindered by structural constraints.

0120 & EFHLU, =B 3#FS £
ol 2XA4=01 S20IXl ZotH otH &
o 2= JdIH S = UL




’ Decays from Excited States : structural effects “
. Ot 22 g2 a==2 2= 0|2 202 AL

Ph—-C2| Z0|J} tert—butyl benzenePJ 3 04
@/CH3 PRELIEYYR < ZOIA loosest bolt 2 22 SEZ &I &

01IL-III§ MET|IHA DIH”EHE SHXAH &
C}.

H3C

©/C‘C;CH3 IR 77 K Ol Al @, (toluene) ~1.0 . 012 @
: :

P
(tert—butyl benzene) ~0.0 &1 AHE 2 0]
SO0lA OICtH.




T1 (Tn)

106 ~ 10! sec -

/ O\

Aromatic Molecules

hydrocarbon containing
“heavy
atom”
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Decays from Excited States : Intersystem Crossing

compounds
Naphthalene

Anthracene
Pyrene
9-acetoanthracene

Benzophenone

acetone

A OHXI &S =9J;

Heavy atom effect 9,10-dibromoanthracene A0 oz
2 order &}

Benzophenone 1t acetone 2| &% allowed tr. 1t forbidden tr. Xt
0l

e g essm il o~ 1 -— 1 o 8 P a AREAN ——



Decays from Excited States : Intersystem Crossing

Ke Kisc Krs Dp

naphthalene 106 106 1071 0.05

1—-fluoronaphthalene 106 106 1071 0.06

1—-chloronaphthalene 106 108 10 0.54

1-bromonaphthalene 106 108 50 0.55
Perylene 2x108 107 @ =0.98
3—bromoperylene 2x108 <108 ®. =0.98

Kic kis(TOIA S22 ,2&S) D,

bromo & X|& S0 T 212Z0| ALt

2 order &= XI0|JF LIOF heavy atom effectIt QUCH 0|ER= &
ol =t iscE=E 20 W2t 980 Q.




Decays from Excited States : Intersystem Crossing

Kise =2 X 10°  kiq. = 300 X 10°




Euglena

0.01 molar KI € &#JIotGEHL £ = [edi= S0 247
singlet excited stateJ} KIOI 216t quenching &I U Ch.

E 32 heavy atom effectJt L= A0l OtLICH carotein 2 singlet
2 kic =10"0|2=2 k. )t €Y == LiCt. = KIS S13tJt L.

D.M. Shin : Functional Organic Ihin Film



g DIXls 23S

, Xe, organic halide, organometallic

x 0R

B> oo

= [
1e
lo

22 (102~ 108 mol in solution)
+ Kk, [Os]

= kisc

- K,=101~10°M " sec ~! (diffusion controlled rxn)

. k. =~10100/01 ArAO| HEO| HOl ACH
. k.. =~106 0|3 AAO| 9B BHO| BC}.
K =107 w/o O,
QOQ ®,, ~ 0.3 oo Ka [0}
’ &b 9ol Fekol ALt
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Decays from Excited States : Kinetics, Quantum yields
K1

\kz-

N

K1 ko k3 :independent process

B*

B
B

d[c;i*] - _[A*] (kl + kz + k3) — _Z k[A*]




Decays from Excited States : Kinetics, Quantum yields

1
Z' =
S o .1
kF_I_kisc +kic

1
.

g k}0)+3kisc

'k, :singlet — triplet

°k, . :triplet — singlet




Decays from Excited States : Kinetics, Quantum yields

I : rate of absorption of photons
[[] — [Sl]z 1k : Z 1k = kic T kf +1kisc

B rate of emission by S,
rate of absorption of photons by S,

kIS K

D,




Decays from Excited States : Kinetics, Quantum yields




Decays from Excited States : Kinetics, Quantum yields

Yo [S =%, [T + K, [T]

sc




Decays from Excited States : Kinetics, Quantum yields

Cl

S ("”‘*)‘ 6% (90 kcal/mol)
9XHLsec™'g94% T, (m,m*)

(59 kcal/mol)
3X106 sec-! 104 sec™! _
(calculated) 43% 57%

1.4 secy?’ 1.9 sec™
! Sy

®=0.06 @,=0.54
AEg; = 31 Kcal/mol &&36l HAM LBHA QI aromatic hydrocarbon 1t &
Xl

Cl XI&J|2 Qo X2 &t XLt =g HO|CH.
el g&ez EWXle &0 AY38l =2li, internal conversion
rate & SN AUHECZ jscIt & LO{LHCE.
@, + ®,=0.6 0|22 LB Xl= 20| & L




Decays from Excited States : Kinetics, Quantum yields

S, (m,m*)

X1012 sec™!
S; (n,m*) 5o, (74 keal/mol) T, (m,nx)

\
\*“'\ j100% T, (n,m*)
_ 107 sec™! (69 kcal/mol)
106 sec™ 10% 005
1.8X102 sec!
2 Sy

O<10%* 15 ~107" 7, =6 X 1073




Decays from Excited States : Kinetics, Quantum yields

81 (TC,TC*) 6%

|

3X106 sec™!
(calculated)

(90 kcal/mol)

104 sec™!
43%[ | 57%

OX¥LseC™94% T, (m,m*)

1.4 secy” 1.9 sejy’

(59 kcal/mol)

se _ 094 _ =0.4x10"sec™
- 10°®

‘o ='d 1tk 0|2

isc” p "Visc

D, 0.4

k. =1.4sec™

s g 7 0.94x0.3

isc” p

© 0.4=0.94x0.43, 0.3=1/(1.4+1.9).

. ‘b, 0.06

=—r= =6x10°sec™
A 10—8



Decays from Excited States :  Energy Transfer

 Radiative Energy Transfer

— absorption of photon emitted from
donor

— very long range
« Non-radiative Energy Transfer

—Coulombic (dipole—dipole) interaction
(~20-60 A) long range

— Electron Exchange
(~6-15 A) short range

DM Shin. : Hongik University




Decays from Excited States : Energy Transfer

* Energy Transfer
‘D" + A—>'D+'A" Singlet-Singlet ET
D"+ A—>'D+°4" Triplet-Triplet ET
D +°4,—~'D+°A" Triplet-Triplet ET

D"+ A—>'D+'A" Triplet-Singlet ET
D +°4,—'D+'A" Triplet-Singlet ET (ISR

3 4* 1y, 145 Ty Qi Ol &= triplet lifetime 0 Z0{ A
D + A—>"D+A Triplet-Singlet ET ProcessE JH= 5t Al BHCh

Triplet — triplet annihilation® 22 0|2 Jl=s6t
Ct. ~ 40 A JtAXl in cellulose acetate film

PLY NN HoNAlk NIVE




Decays from Excited States : Energy Transfer — Radiative

e Trivial Radiative Energy Transfer
"M, >M  +hy, Y +hv, Y

singlet - singlet

M, >M, +hv, ;Y +hy,>Y

triplet - singlet

e Singlet—triplet, Triplet—triplet migration?
QUM O 2= 2 A| : triplet absorption0| &fLC}.

_DM.Shin.:.Hongik University...




Decays from Excited States : Energy Transfer — Radiative

e Trivial Radiative Energy Transfer

Absorp.
Spectrum

: path length.

. Quantum efficiency of emission by donor.




Decays from Excited States : Energy Transfer — Radiative

e Donord sT= LAEGHA otAHl, acceptorl =2 HIHIIH &

Quantym
Donor Efficiecy
.“'“ f
/ non-radi*
V%
L/
[4]
Acceptor

1. Radiative transfer= spectrum overlap 22t JI=

2. Non-radiative trans. 2 0L & JI2 HeloA Jts (&0 2
= (sEJ =010k Jts)




Decays from Excited States : Energy Transfer — Radiative

« AcceptorQ X0 THE E. T.
. HL A0l ET JIs8H1?

A;(abs.) A,(abs.)

0l
=

B % U ET Jt=. OverlapBt & ™H =L},

DM Shin. : Hongik University




Decays from Excited States : Energy Transfer — Radiative

Spectrum of D&A mixture
D2l spectrum H &l

Benzene(abs.) Anthracene w/o benzene

A\ (I|ig|| COIIC.) (eIIIiSSiOII spec.)
V/'\‘
\*‘/\\

7N
‘
AN

\,
=}

Energy transfer 0l 2/6 peakO| 20| X| Z¥=C}.

DM Shin. : Hongik University




Decays from Excited States : Energy Transfer — non—radiative

. Collisional Process

. < D* + A > D < D + A*>
. Perturbation 0| & stateE _ _
@It Hl StCF. | iIsoenergetic

. & AEH 2| energy transfer &

o
: Density of isoenergetic state

//
T oc o 2Ros

k D*—> A4

Crossing
Point D*+A

D+A Exciplex fluorescencee=
L broad ot1) %2 Energy.

Collision Distance Rg_,
Area




Decays from Excited States : Energy Transfer — non—radiative

Jt O ALk

energy transfer

S < &2l 220,

—  ExcitationO] G 0|4} localize t&E LY,
o D2 AZE A & absorption spectrumit D abs. Spec. + A abs. Spec.
0] €217

D+A2| &4 spec.2 energy transfer0ll 215t D abs. Spec. + A
abs. Spec. 0| 2= = SiC}.




Decays from Excited States : Energy Transfer — non—radiative

. K <Koy ol ge

Energy Trans vibrational relaxation

—  D=* undergo energy transfer from its bottom vibrational level, Ax &4 = 2|
bottom level=Z JI A

0|2 22 matching

3 0l KIIEXUA JIs
== 5t 2129
Ax g:%,
=) | | | 2 vibrational,
One rotational sub—-level
= way 0l =15t T 20ICH.
2 A ———

Coupled degenerate
non-radiative transitions




Decays from Excited States : Energy Transfer — non—radiative

. Rate const. Of energy transfer:
° Ol &l 22 coupling 0l 2= =5 overlap0| ZCt.

J ., = spectral overlap intergral

= j |.(")e,(V)dV

9000 ( In10 )k2<I>
= /D¢ I.v)e, (v —dv
1287z4n4N2'D )j Ve, v)3

- (_0)6 Radiative lifetime

R : donor—acceptor average distance
R, - critical distance = R at 50% transfer efficiency

ROl 650l Hdl&=2 D-A HelE S7EEE2=Z ZE0t( dldl2AH AL




Decays from Excited States : Energy Transfer — non—radiative

. R, 75t= ww

£ 9000 (In10)k*D, (=, . _
R AL

7.35 J o
3 [A]1/2

R’




Decays from Excited States : Energy Transfer — non—radiative

e«  Critical Distance2 0

0| A energy transfer= solvent viscosity0f] 22t
10-4 M 0|3t = D———AJ} BtLIOF B2 £ viscosity 2t H = Ct.

DM Shin. : Hongik University




Energy Transfer — Collisional

e Collisional migration due to -
formation

'‘D'+'4A5'DA —>'D +4
singlet -singlet

D'+'4A S° DA —>'D +°4
triplet - triplet

D=A : excimer

PLY NN HoNAlk NIVE




Energy Transfer — Electron Exchange

‘D'+4 5D +4

singlet - singlet

D'+'A ->'D +°4
triplet - triplet

D'+'4A ->'D +'4
triplet - singlet

Spin conservation
Dipole-allowed
efficient

Spin conservation
Dipole forbidden
moderate

Spin forbidden
Dipole allowed

Moderate
IAC| lifetimeS 3D 2 lifetime

Ol 2lotd 2 & = L.

PLY NN HoNAlk




Energy Transfer — Triplet+triplet

MMM M
MM DT

* * e Triplet2 lifetimeO| 22| TS0 JF
MMM +°M

Solutionlil M= excimer 2422 Jis
Rigid matrix0l M = electron exchangeZ& Jts
LIS process=2 exciplex @& &= electron exchangeZ& Jts

MY SM O +£YT

M +°0, "M +0,

MY oM +Y Xt O{J|AFE# 22| ® 0|t allowed
transition0| 2 2 radiative, dipole—
dipole interaction@ 2 & Jis




Energy Transfer — Singlet+triplet

Spin conservation
Dipole allowed
Fast

lM*—I—BY*—)lM _|_3Y** S-T fusion

» TripletQ lifetimeO|l 22| M20 Jls

"M+ MM M

& 0| Jt allowed transition0| 2 2 radiative, dipole—dipole
interaction@ =& Jis

Spin conservation®™ 2 &, collisional £= electron—
exchange2 & Jt=s




Q, 680nm
660Nnm
R,~50A
A
g| =— — N\

==

: |

ST Il =0t 2% Energy transfer
0l 2180 depolarization 0| 3LCt.

D.M. Shin . Functional Organic Ihin Film



Decays from Excited States : Energy Transfer

a: molecular radius (cm) € & %= QULI.

s _ L
P 3

1_1—
P, 3

[A]

Energy transferOl 2loll =<Jt =0t
& £~= depolarization 0| 3L},




parameter Radiative Exciton Foster e —
exchange
Volume up 0 0 0
Viscosity up 0 0) —
Temp. down 0 ?(o, ) -
Lifetime (D*) 0 — _ _
D* Lum. yes slightly no no
Spectrum ® 3}
A absop. H3} no slightly no no
Conc. range >0.5M >0.1 M 104 ~0.1 1074 ~0.1
0 : no effects
+ :increase - : decrease

D.M. Shin . Functional Organic Ihin Film



Decays from Excited States : Energy Transfer — 0

BP Np

hv

3
. Terenin & Ermolaev [ Ph>=o
S e —
Ph
phospho. addition

. Addition of Np 77K rigid matrix

. Reduction in benzophenone(BP) phosphorescence.
. New phos. Peak of Np.

Np (S,)
e 1BP — 3BP > BP (S,) +3NP

. Diffusion is rate—limiting: keyn = G S0HHAM LA St gt

0

NpE EO0|] €29 Npll phosphorescence
]

Triplet-Triplet annihilation




Decays from Excited States : Energy Transfer — 0

Energy transfer in the ketone naphthalene system

Approximate energies given
in kcal/mol

hv

N & — N
TH* + K —e N + 'K*
1“:.:': 3H+

K+ N — K+ 'N*

The consequence of this
exchange is assisted
intersystem crossing in
naphthalenes.

It also provides a way of
‘isolating' the singlet
chemistry of carbonyl
compounds




Polar medium : cis & head—-to—head dimer formed

Non-polar medium : w/ BP (Z &g, 350 nm) : trans & head-
to—head dimer.

@ Polar medium
o~ ~o hv (360nm) near UV

Non-Polar medium cis had-to-head

y Benzophenone Polar medium Ol A = excimer &4

TripletOil A = radical character [ = 0
transJt & & &=L

trans had-to-head
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