
Radiationless Transitions 

• Spin allowed
• Spin forbidden

Chapters 3 & 5

Principles of Molecular Photochemistry: An Introduction

NJT, VR and JCS 



Transition Between States

S0 + hn S1 spin allowed absorption

S1 S0  + hn spin allowed emission
(fluorescence)

S1 S0  + ∆ spin allowed radiationless
transition 
(internal conversation; IC)

S1 T1  +  ∆ spin forbidden radiationless 
transition
(intersystem crossing; ISC)

S0 + hn T1 spin forbidden absorption

T1 S0  +  hn spin forbidden emission (phosphorescence)

T1 S0  +  ∆ spin forbidden radiationless conversion
(intersystem crossing)
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Why radiationless transition matters?
Competes with fluorescence and phosphorescence
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• Changes in electronic, vibrational and spin configurations without the 
help of a photon

• Energy redistribution--electronic to vibrational

Radiationless Transitions



Visualization of vibrational levels within an 
electronic energy surface

Harmonic Anharmonic



Relative position of energy surfaces 



(F1. c1. S1)*1
(F1. c1. S1)*3

F0. c0. S0

Matching vs. Crossing Surfaces

For the same energy gap the rates are different for the two types of surfaces  



The S1 and S0 potentials exhibit small 
relative displacements. Significant 
overlaps between their vibrational 
wave functions are obtained only for 
small energy separations, ES1−S0. 
The IC probability decreases 
exponentially with increasing energy 
gap. This exponential dependence of 
the transition probability on E is 
usually dubbed the Energy Gap 
Law.

Matching surfaces (e.g., polyaromatics)

Equilibrium geometries similar

S0



Basis of energy gap law during radiationless 
transition in nested surfaces: Vibrational overlap 

Nested or matching 
surfaces:
Extent of vibrational 
overlap depends on the 
energy gap

f ~ exp-DE

kIC ~ 1013fn
    kIC ~ 1013exp-aD 



Matching (nested) surfaces
Vibrational overlap can be off-set by density of states

Density of 
states large

Density of 
states small

Large energy gap favors higher density of states as the vibrational levels that 
overlap would be in the region with have higher density.  Thus energy gap and 

density of states work in opposite direction.



Dependence of rate of kIC (S1 to S0) on energy gap



Dependence of rate of kISC T1 to S0 on energy gap

Overlap between lowest vib level 
of T1 and high (degenerate) vib 
level of S0)

T1

S0



Conversion of electronic to vibrational energy

Three step process: (i)   upper vibrational to lower vibrational level in excited state
 (ii)  lower vibrational level to upper vibrational of the lower state
 (iii) upper vibrational of the lower state to lowest vibrational level 

Step 1Step i

Step ii

Step iii



Visualization of 
Electronic Energy to Vibrational Energy Transfer

Intramolecular vibrational relaxation (IVR) occurs within 10 to 0.1 ps 

Intermolecular vibrational energy transfer (VET) from the 
molecule to the solvent occurs in the time range 100 to 10 ps 



Crossing surfaces

Equilibrium geometries dissimilar

S0
Weak Coupling

Strong coupling
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Matching vs. Crossing Surfaces

For the same energy gap the rates are different for the two types of surfaces  



Basis of Kasha’s Rule

S2 to S1 IC is fast due to possible 
surface crossing and smaller gap

S1 to S0 IC is slow due to 
matching surface and larger gap

S2 to S1 IC can be slow if gap is 
larger and the surfaces don’t 
cross

Kasha’s Rule 

All photophysical and 
photochemical processes usually 
start in S1 or T1, irrespective of 
which excited state or vibrational 
level is initially produced.



Energy Gap Law and Azulene Anomaly

Fluorescence occurs only from S1 to S0; phosphorescence occurs 
only from T1 to S0; Sn and Tn emissions are extremely rare (Kasha's 
rule).





S2 to S1 rate vs Energy Gap



Role of vibrational level (nn) on radiationless process



Bond Type Vibrational Frequency  
 Type

C=C stretch 2200 cm-1   
C=O stretch 1700 cm-1   
C=C stretch 1600 cm-1   
N=N stretch 1500 cm-1   
C-H bend 1000 cm-1    
C-C stretch 1000 cm-1    
C-C bend 500 cm-1  
C-H stretch 3000 cm-1    
C-D stretch 2100 cm-1    

Electronic to Vibrational Energy Transfer

High frequency vibrations are important in radiationless transitions.
Vibrational level to match the gap is of lower # with high frequency vibrations. 



C-H stretch  3000 cm-1 
C-D stretch  2100 cm-1 Higher vibrational 

       level needed to 
        match; poor overlap,
         slow decay, large FP

Isotope Effect on
Rate of T1 to S0 

T1

S0



Effect of deuteration on radiationless process (T1 to S0)

Birks book

perprotonated

perdeuterated



Mikkel Bregnh.j, Michael Westberg, Frank 
Jensen and Peter R. Ogilby, Phys. Chem. 
Chem.Phys., 2016, 18, 22946

Decay of singlet oxygen depends 
on solvent and deuteration 



Vibrational effects on singlet oxygen lifetime



In aromatics because of the large S1 to S0 energy gap internal 
conversion does not compete with kISC and kF

(exception)

For large aromatic molecules the sum of the quantum yields of 
fluorescence and ISC is one i.e., rate of internal conversion is very slow 
with respect to the other two (Ermolaev’s rule).
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(F1. c1. S1)*3

F0. c0. S0

Internal conversion in matching vs. crossing surfaces

For the same energy gap the rates are different for the two types of surfaces  



Potential energy surfaces for two 
states (1 and 2) shown above.

The two surfaces cross at X.

At point E the molecule on state 
1 is at rest (KE = 0).   The same 
molecule at state 2 has KE 
equivalent to EZ.

Moving from state 1 to 2 is more 
likely at X and less probable at E.

Why it is easier for molecules to move between 
surfaces at intersections?



The energy difference between 
crossing surfaces may vary from 0 to #.

When the gap is zero the transition 
between surfaces is more likely due to 
large vibrational overlap.

When the gap is large the transition 
between surfaces is less likely due to 
poor vibrational overlap.

Larger the gap smaller the overlap and 
lower the rate of IC.

However, density of states is larger 
when the gap is larger.  Higher 
vibrational levels would be closer.  This 
would favor IC.

Breakdown of Born-Oppenheimer Approximation

Energy gap law works even for crossing 
surfaces



Breakdown of Born-Oppenheimer Approximation
Mixing of surfaces

For the same nuclear configuration 
there are two electronic configurations 
with identical energies.  This would 
lead to mixing resulting in avoided 
crossing.  



Energy is fine, but
orbitals don’t overlap

Breakdown of Born-Oppenheimer Approximation
Vibronic mixing enables surface mixing



Intersystem crossing in 
carbonyl compounds (np*)

Intersystem crossing in aromatic molecules (pp*) 
and and olefins (pp*) 

Intersystem Crossing in 
Diradicals and Radical Pairs



Spin forbidden transitions

R(S0)  +  hν  →  *R(S1)

 R(S0)  +  hν  →  *R(T1)

*R(T1)  → R(S0)  + hν

*R(T1)  → R(S0)  + heat

*R(S1)  → R(T1)  +  heat

T1

S1

S0

kisc

kisc kP

Intersystem crossing in 
molecules with np* and pp* states 

O



Singlet-Triplet Transitions
Role of Spin-Orbit Coupling

T1

S1

S0

T1  + λ S1

Spin-Orbit coupling mixes the states, 
no longer pure states

S1

S0



Breakdown of Born-Oppenheimer Approximation
Spin-Orbit coupling enables surface mixing

For the same nuclear configuration 
there are two electronic and spin 
configurations.  If they don’t mix the 
two will identical energies.   SO 
coupling could lead to mixing and 
result in avoided crossing.  


