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Radiationless Transitions 

Spin allowed
Spin forbidden

CHM 535/635 
Molecular and Supramolecular Photochemistry

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)

T1

S1

S0

kisc

kisc
kic

kic

kic

....
1

+++
=

iciscf
f kkk

τ

]...)[(
][

1

1

Skkk
Sk

iciscf

f
f +++
=φ

01

11

01

10

SS
TS

hSS

ShS

ic

isc

f

abs

k

k

k

I

!→!

!→!

+!→!

!→!+

ν

ν

Competition with fluorescence and phosphorescence
Why radiationless transition matters?
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Visualization of vibrational levels within an 
electronic energy surface

Harmonic Anharmonic

Conversion of electronic to vibrational energy

Radiative
Vertical transition Radiationless

Horizontal transition

Three step process: (a) upper vibrational to lower vibrational level in excited state
(b) lower vibrational level to upper vibrational of the lower state
(c) upper vibrational of the lower state to lowest vibrational level 

Radiationless processes may include spin changes

• Conservation of energy

• Conservation of momentum of nuclei

• Conservation of spin

• Conservation of symmetry of orbitals

Horizontal transitions not involving photon
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Electronic 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

Visualization of vibrational levels within a ground 
state and excited state electronic energy surfaces

Matching surfaces (e.g., polyaromatics)

Note: the location of 
minimum on the upper 
surface.

The displacement can 
lead to different types of 
relationship between 
upper and lower surface

Crossing surfaces (e.g., olefins)

Equilibrium 
geometries similar

Equilibrium 
geometries 
dissimilar

Radiationless Process: Surface Crossing and Matching

Initial & final spins are the same. The only prohibition is vibronic. 
The rate of IC will depend on vibrational overlap of the initial and the final states.

The Energy Gap Law for Internal Conversion
Matching surfaces 

f ~ exp-DE

kIC ~ 1013fn
kIC ~ 1013exp-aDE

DE is the energy 
separation between the 
surfaces involved in the 
transition at the 
nuclear geometry rc.



3/19/21

4

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

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.

S1 to S0 and T1 to S0 have large energy gaps
Most actions are from S1 and T1
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Azulene Anamoly and Energy Gap Law

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

2500 3000 3500 4000 4500

Absorption Emission

Ordering of 
excited states 
depends on chain 
length
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Effect of deuteration on radiationless process (T1 to S0)

Birks book

perprotonated

perdeuterated

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

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 
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Vibrational effects on singlet oxygen 
lifetime

Crossing from one to another surface depends on the allowedness
of the transition: (a) electronic and (b) spin 

Energy is fine, but
Orbitals don’t overlap

Role of Spin-Orbit Coupling on ISC

Energy is fine, but
Spin is a problem
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Spin

Chapter 2: pages 82 - 108

Chapter 3: pages 134 - 167

Chapter 4: pages 235 – 244

Chapter 5: pages 281 – 287

Chapter 13: pages 955 - 959

Principles of Molecular Photochemistry: An Introduction
NJT, VR and JCS 

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

Expectation and Observation 
Stern & Gerlach ~1922

Otto Stern
Nobel Prize, 1943
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The Stern-Gerlach experiment
• Experiment was confirmed using:

Element Electronic Configuration

H 1s1

Na {1s22s22p6}3s1

K {1s22s22p63s23p6}4s1

Cu {1s22s22p63s23p63d10}4s1

Ag {1s22s22p63s23p63d104s24p64d10}5s1

Cs {[Ag]5s25p6}6s1

Au {[Cs]5d104f14}6s1

• In all cases, l = 0 and s = 1/2.

• Quantum mechanics requires mathematics for a quantitative
treatment.

• Much of the mathematics of quantum mechanics can be 

visualized in terms of pictures that capture the qualitative

aspects  of the phenomena under consideration.

• Visualizations are incomplete, but it is important to note 

�correct� mathematical representations fail for complex 

systems as molecules.

Visualization of Spin Chemistry

Visualize spin by resorting to a classical analogy of a spherical 
object executing a spinning motion about an axis, i.e., a top or a 
gyroscope.

Develop a model which associates specific magnetic properties, 
i.e., a magnetic moment, with the electron's spin angular 
momentum

Spin

Angular momentum is a property of a macroscopic object which is 
in a state of rotation about an axis.

• Quantum particles possess an
intrinsic angular momentum called
spin which is not associated to a
rotation about an axis, although we
can visualize it as if it was
generated by a rotation of the
particle about its own axis

• Classically angular momentum is a
property of a macroscopic object
which is in rotation about an axis

Spin
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Understanding through models

As a scientist, it is best to take the perspective that no scientific theory, 
model, or idea is really “true.” A theory is just a collection of ideas that 
can stick in the human mind as a useful way of imagining the natural 
world. Given enough time, every scientific theory will ultimately be 
replaced by a more correct one. And often, the more correct theory feels 
entirely different philosophically from the one it replaces. But the ultimate 
arbiter of what makes good science is not whether the idea is true, but only 
whether it is useful for predicting the outcome of some future event. (It is, 
of course, that predictive power that allows us to build things, fix things, 
discover things, and generally improve the quality of human life.)

https://gravityandlevity.wordpress.com/

• Electron possesses a fixed and
characteristic spin angular momentum
of ½ 

 = Planck�s constant (h)/ 2p

Spin

This is fixed independent of whether it is free or associated with a 
nucleus, regardless the orbital that it occupies, e.g., s, p, d, np*, pp*; 
always the same.

If the electron spin were a classical quantity, the magnitude and
direction of the vector representing the spin could assume any length
and any orientation.

Only certain directions of the spin are allowed. This is termed spin
multiplicity.

Sz

|S|=(31/2)/2

q 55o

½ 



Sz

b

|S|=(31/2)/2

q=125o for Ms=-1/2

q

q=55o for Ms= 1/2
Sz

a

|S|=(31/2)/2

In particular for 

S=1/2 ®|S|=(31/2)/2

q

Spin multiplicity= 2S+1 = 2s=1/2

S

µS

z

S
µS

z

The electron possesses a spin magnetic moment due to its charge and spin.
The magnetic moment µs is quantized in magnitude and orientation as the 
angular momentum S from which it arises

µs= -(e/2me) ge S = - ge ge S

Electron has magnetic moment due to its spin

For electron µs = − 9.284764620(57)�10−24 Joules/Tesla
It is a fixed number. 

where g = −2.0023
ge gyromagnetic ratio = e/2m

https://gravityandlevity.wordpress.com/
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The uncertainty principle (Heisenberg) states that the length and the direction of the
spin angular momentum are conjugate quantities: if one is measured precisely the other
cannot be measured with any precision

The length of the spin |S| and Sz are known because of the quantistic principles

Cones of possible orientations

The angle the spin forms with z is known but not its x and y components: it lies on a
definite cone

There is an infinite set of positions that the spin vector can assume in space making an 
angle of 55�with the z-axis, any one of which could correspond to the actual position of 
the spin vector.  This is represented as a cone in a 3-D.

Spin interconversion in one spin system

Sz

a

Sz
b

q

q

1. Conservation of energy
Transitions between the two electronic Zeeman levels may be induced by an 
electromagnetic field B1 of the appropriate frequency n such that the photon energy 
matches the energy-level separation DE

Basic requirements for spin change-Energy

Simplest energy level scheme for a S=1/2 system (free electron) in an external applied 
B0 (we assumed B0 // z axis) :

Varying B0 one may change the energy
level separation.

Resonant absorption may occur if the
frequency n is adjusted so that:

E

B0B0 = 0 B0 ¹ 0
resonance 

field

Ms

+1/2

—1/2

IEPR

B0

DE

2. Conservation of angular momentum
When a photon is absorbed or emitted by an electron (or atom, or molecule) the angular 
momentum of the combined (total) system must be conserved. 

If photon can serve as the source of angular momentum the total angular momentum could 
be conserved.

The transitions between the Zeeman levels require a change in the orientation of the 
electron magnetic moment (+1):

a D+

D–b

-hn

z
S1a

B0//z

z

S1b

B0//z

Basic requirements for spin change-Angular Momentum

a D+

D–b

+hn

+½ 

–½ 
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z

S1a

Hi

z

S1a

Hi

z

S1a

Hi

S1 and Hi
uncoupuled

S1 and Hi coupuled to 
yield the resultant S1 + Hi

S1 and Hi precess about 
resultant

z
S1a

Hi

z

S1b

Hi
Hx or Hy

Zero Field a b a b
High Field b

a

b

a

D-

D+

D-

D+

Sz

a

Sz
b

q

q

Spin interconversion in one spin system

The two possible spin states along the selected z axis correspond to the magnetic
vector moving clockwise around z and counterclockwise around z

z

c

direction of 
propagation z

c

direction of 
propagation 

These two cases correspond to left ( shn+ ) and right ( shn- ) polarized light

Photon has angular momentum (ħ)

Photon has one unit (ħ) of angular momentum and has its spin component (�ħ) along
or opposed to its direction of motion.

So along z the allowed values of shn
are +1 and -1 (in units of    ) 

shn

zdirection of 
propagation +1

-1 shn



Photon induced electron spin change 
Representation of the radiative transition for a free electron involving the
absorption or the emission of a photon:

Stimulated absorption

+hn
a D+

D–b

+hn

S1b

Hi

a D+

D–b

S1a

S1b couples toHi and precesses about the resultant S1b + Hi

This precession causes b state to a state transition (stimulated absorption)

Photon’s magnetic 
component

z
S1a

Hi

z

S1b

Hi
Hx or Hy

b(-1/2)    + hn (+1) a (+1/2)hn (+1   )   

From an experimental point of view the approach to the detection of resonant energy 
absorption or emission by a paramagnetic sample is keeping the microwave 
frequency n fixed and varying the B0 until the resonance condition is met.

The frequency used in the majority of EPR spectrometers is approximately 9.5 GHz 
(X-band microwave region). With this frequency the resonance of free unpaired 
electron system (ge=2.0023) occurs at about 3300 gauss.

B0 (G)

E

B0B0 = 0 B0 ¹ 0
resonance 

field

Ms

+1/2

—1/2

For the free electron:

EPR signal detected
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a

b

ab

MS=0

αβ−βα

a

a
b

b a

b

MS=1 MS=-1 MS=0

Ms1

Ms1

Ms1

Ms2

Ms2

Ms2

αα ββ αβ+βα

Two spins of ½: S = 1

Spin multiplicity= 2S+1 = 3

Two spins of ½: S = 0
Spin multiplicity = 2S+1 = 1

2D Vector representations for two interacting electrons

3D Vector representations for two interacting electrons

S1

S2

S1

S2 S2

S1

triplet,T0 singlettorques producing 
a rotation of S2 about z

Z axis Z axis

S1

S2

tightly coupled loosely coupled tightly coupled
Hz

Spin interconversion in two spin system (Spin rephasing)
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S1 S2 S1 S2

S2

S1

triplet,T+ singlet,Storques producing a 
rotation of S2 about x or y

S1 S2

tightly coupled loosely coupled tightly coupled

Hx (or Hy)

X, Y axis

Spin interconversion in two spin system: Spin flipping
The coupled states are a linear combination of the uncoupled states. In other words: it is 
possible to describe the S=0 and S=1 states from the two initial S=1/2 states with the 
following coefficients.

upper view

q

q = 70°

q = 180°

q

Spins are completely out of phase

Magnetic energy diagram for two spin 
system

Spin interconversion in two spin system

High Field
X

T-

T0

T+

S

X
T+

S

T-

T0

T+

S
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Spin interconversion in two spin system

High Field

T-

T0

T+

T-

T+

ST0 S

Available Magnetic Fields

Precession and Spin-Orbit coupling

Besides an external magnetic field another source of coupling is 

the spin-orbit coupling: if L is coupled to S, they both precess
around their resultant. If they are strongly coupled they precess
rapidly, if they are weakly coupled they precess slowly. 

An external magnetic fields cannot be responsible for the Singlet-

Triplet transition, because it would act equally on both spins.

The rate of precession about an axis is proportional to the strength 

of the coupling of the spin to the new magnetic field.

The power of the magnetic field generated is proportional to the 

rate of precession. 

• Conservation of energy and angular momentum. 
• At the time of change, the energy of the two states should be 

degenerate or very close in energy.

• At the time of change, the total angular momentum should be 
conserved.

• A spin change is exactly compensated by an equal and opposite 
change of angular momentum which occurs from some other 
(coupled) interaction with another source of angular momentum. 

Selection rules for spin change in 
organic molecules Singlet   Triplet

• The electron spin must either remain unchanged or change by 
one unit of angular momentum.  Singlet–triplet transition 
involves a total change of one unit.  ! (0 !® �1 !. 
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nucleus

spin

The electron “sees” a magnetic field from the apparent orbit of 
the positively charged nucleus.

The electron possesses an orbitalmagnetic moment:
µL (r)=(e/2me) L = - ge L

Orbital angular momentum and magnetic moment

µs= - ge ge S

Magnetic moment of an orbiting electron

An electron in a Bohr atom is modeled as a point charge rotating
about a fixed axis centered in the nucleus. Then it possesses a
orbital magnetic moment:

µL= -(e/2m) L

r

L

v

m

µL

ge



µL = be= µB= ge

Bohr magneton

(e/2m)



If the electron possesses 
one unit of angular 
momentum (   ) its 
magnetic moment is 
equal to



µs= -(e/2m) ge S = -ge ge S

µs= -(e/2m) S

The electron possesses a spin magnetic moment:

Magnetic moment of a spinning electron

g factor for free electrons and most organic
molecules »2

Analogues to L
µL (r)=(e/2me) L

Precession and
Spin-Orbit coupling

The rate of precession about an axis is proportional to the
strength of the coupling of the angular momentum to that axis.

If L is coupled to S, they both precess around their resultant. If
they are strongly coupled they precess rapidly, if they are weakly
coupled they precess slowly.

When L and S are strongly coupled it is difficult for other forces to 
break the coupling, in the second case it is easy.
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Larmor precession of electron

In the absence of the magnetic field there is no 
pression.  Precession starts only on application of 
magnetic field 

The electron would presss only as long as the 
magnetic field is on

The angular momentum vector precesses about 
the external field axis with an angular frequency
known as the Larmor frequency.

The frequency (ωS) of the Larmor precession, 
(the number of rotations per second of the 
vector µ, about the vector H) is independent of 
the orientation angle (θ). 

gegeHz Ms
ws =

ge: fixed number for electron

ge: gyromagnetic ratio

Hz: applied mag field (mag vector about which it rotates)

Ms: spin state (1/2; 0; 1)

h: Plank’s constant



(1) For a given orientation and magnetic moment, the value of wS decreases 
with decreasing field, and in the limit of Hz = 0, the precession would 
cease and the vector world lie motionless at some indeterminate value on 
the cone of possible orientations.  (Note the notation H and B are the same)

(2) For a given field strength and for a state with several values of MS

(multiplicity = or >1), the spin vector precesses fastest for the largest 
absolute values of MS and is zero for states with MS = 0 (e.g., T0 and S).

(3) For the same absolute value of MS different signs of MS correspond to 
different directions of precession, which have identical rates of precession, 
but different energies (e.g., T+ and T-).

(4) A high precessional rate wS corresponds to a  strong coupling to the field 
HZ and the magnetic energy corresponds to the strength of the coupling 
field.

(5) High precessional rate ® high energy

Larmor precession

Precession

• decreasing the field the rate of precession slows down

• different precession frequencies according to Ms

• different directions of precession according to the sign of Ms

• high precessional rate ® high energy

• ge and be are fixed numbers for electron

ws = gebeB Ms

gebeB Ms
ws =


Notations B and H 
are the same 

hn = DEw =

Relationship Between the Rate of  Precession of an 
Electron Spin as a Function of Magnetic Field Strength.

B Hz

DE
B (Gauss) w (rad s-1) n (s-1) E = hn

kcal/mole

1 1.7 x 107 2.8 x 106 2.7 x 10-7

10 1.7 x 108 2.8 x 107 2.7 x 10-6

100 1.7 x 109 2.8 x 108 2.7 x 10-5

1000 1.7 x 1010 2.8 x 109 2.7 x 10-4

10000 1.7 x 1011 2.8 x 1010 2.7 x 10-3

100000 1.7 x 1012 2.8 x 1011 2.7 x 10-2

1000000 1.7 x 1013 2.8 x 1012 2.7 x 10-1

Relationship Between the Rate of  Precession of an 
Electron Spin as a Function of Magnetic Field Strength

DE = hn =   w

https://en.wikipedia.org/wiki/Angular_frequency
https://www.britannica.com/science/frequency-physics
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Some quantitative relationships

ge = e/2m = 1.760 859 74(15) x 1011 s-1 T-1

we = 1.8 x 107 s-1 B (if B is expressed in G)

ne = 2.8 x 106 s-1 B (if B is expressed in G)

DE = hn =   w mr

L

v

µL

Orbital magnetic moment:
µL (r)=(e/2me) L = - ge L

µs= -(e/2me) ge S = - ge ge S

Spin and orbital motions generate magnetic moments

Spin magnetic moment

S

µS

z

µz =-ge ge Sz
S

µS

z

Momentum and magnetic moments: Summary

An electron in the first Bohr orbit with L = h has a 
magnetic moment defined as = 9.27x10-24 Am2

Bohr Magneton

2

2
0

3
1

8so
zeH
m

S
c

L
rpe

= ×
! !

operates on
radial part of 
wavefunction

operates on
orbital ang. mom.
part of wavefunction

operates on
spin ang. mom.
part of wavefunction

Magnitude of Spin-Orbit Coupling

Strength of L-S coupling is defined by

• the magnitude of the spin orbital coupling operator (HSO) depends on x which in turn 
depends on Z 

• x depends only on the quantum numbers n (principal qn) and l (angular qn), not on ml
(magnetic qn)). The effect of the spin-orbit interaction is to cause an admixture of orbitals 
with identical radial dependence but different angular dependences. 

The heavy atom effect on spin transitions

The �heavy atom� effect is an �atomic number� effect that 
is related to the coupling of the electron spin and electron 

orbital motions (spin-orbit coupling, SOC).

Most commonly, the HAE refers to the rate enhancement 
of a spin forbidden photophysical radiative or 

radiationless transition that is due to the presence of an 
atom of high atomic number, Z.

The heavy atom may be either internal to a molecule 
(molecular) or external (supramolecular).
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Spin-orbit coupling energies for selected atoms
• The strength or energy (ESO) of spin-orbit coupling is directly proportional to the 

magnitude of the magnetic moment due to electron orbital motion, µL (a variable 
quantity depending on the orbit), and the electron spin, µS (a fixed quantity).

• The magnitude of ESO will increase, for a given orbit, as the atomic number, Z, the 
charge on the nucleus, increases, since both the accelerating force attracting the 
electron and the spin-orbit coupling constant zSO are proportional to Z.

• For maximum effect of the nuclear charge, the electron must be in an orbital that 
approaches the nucleus closely, i.e., an orbital with some s-character, since s-
orbitals have a finite probability of being located near or even in the nucleus!

• Irrespective of the magnitude of ESO for spin-orbit coupling to induce a transition 
between states of different spin, the total angular momentum of the system, orbit 
plus spin, must be conserved. For example, a transition from an a spin orientation 
to a b spin orientation (angular momentum change of one unit) may be completely 
compensated by a transition from a p orbital of orbital angular momentum 1 to a p 
orbital of angular momentum 0 (e.g., a px ® py type of transition). 

Summary-1

• The orbitals involved in the px® py transition must be similar in energy.  
For a large energy difference between these orbitals, orbital angular 
momentum and therefore spin-orbit coupling through orbital angular 
momentum is “quenched”.

• Spin-orbit coupling in organic molecules will be effective in inducing 
transitions between different spin states if a “px® py” orbital transition 
on a single atom is involved because such an orbital transition provides 
both a means of conserving total angular momentum and also a means of 
generating orbital angular momentum that can be employed in spin-orbit 
coupling.

• Spin-orbit coupling in organic molecules will be effective in inducing 
transitions between different spin states if one (or both) of the electrons 
involved approaches a “heavy” atom nucleus that is capable of causing 
the electron to accelerate and thereby create a strong magnetic moment as 
the result of its orbital motion for a one electron atom, zSO ~ Z4).

Summary-2

Intersystem crossing 
in aromatic molecules and olefins (pp*)
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Internal Heavy Atom Effect: Spin forbidden absorption

I

I

Cl

Cl

CCl4

Pure liquid

C2H4Br2

C2H5I

External Heavy Atom Effect: Spin forbidden absorption

400
λ (nm)

ε

0.15

350

CH3CH2Ι solvent

450 500

T1(π,π*)S0

High pressure
of xenon

Cl

0.10

0.05

External Heavy Atom Effect: Spin forbidden absorption Influence of Heavy Atom Effect on ISC and phosphorescence

F. Wilkinson in Organic molecular physics, J. B. Birks (ed), Wiley, 1975. p. 126

Turro et. al., JACS, 93, 1032, 1971
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Non-Radiative decay from T1

Radiative decay from T1

M Zander, G Kirsch - Zeitschrift für Naturforschung A, 1989, 205 

Fundamentally, this work illustrates for the first time the great potential of the direct 
population method to red-shift the excitation wavelength and improve the afterglow 
efficiency, offering important clues for the development of triplet-state involved 
organic optoelectronic technologies. (Is it really new?)

Direct population of triplet excited states through singlet–triplet transition for visible-light excitable 
organic afterglow, Jie Yuan et.al., Chem. Sci., 2019, 10, 5031

Organic Ultralong Room-Temperature Phosphorescence (OURTP)

Organic Room-Temperature Phosphorescent Materials: From Static to Dynamic
L. Gu, X. Wang, M. Singh, H. Shi, H. Ma, Z. An, and W. Huang, JPC Lett., 2020 11, 6191. 

Dynamic RTP is still in the initial stage, and there are many issues that need 
to be resolved.
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k isc

k rt k qtk qskrs

- hν

T1

S1

S0

- hν '

kST

kP K2[Q]kF k1

Strategy to record phosphorescence at room temperature 
through supramolecular approach 

Make more triplets through 
the heavy atom effect

Stage 1

Make triplets emit faster in 
competition with quenching 
processes

Stage 2

The heavy atom effect on spin transitions

The �heavy atom� effect is an �atomic number� effect that 
is related to the coupling of the electron spin and electron 

orbit motions (spin-orbit coupling, SOC).

Most commonly, the HAE refers to the rate enhancement 
of a spin forbidden photophysical radiative or 

radiationless transition that is due to the presence of an 
atom of high atomic number, Z.

The heavy atom may be either internal to a molecule 
(molecular) or external (supramolecular).

Crown ethers, micelles and zeolites 
contain cations
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Phenanthrene@Cyclodextrin: effect of CH2Br2 as co-guest

Cyclodextrins as  hosts

S1

T1

S0

S2

T2

S1
T1

S0

S2

T2

nπ*
nπ*

ππ*

ππ*

ππ*

ππ*

ππ*ππ*
S1

T1

S0
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T2
nπ* nπ*

ππ*

ππ*

O
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N
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Whether the Heavy Alkali Ion Could Influence  the Intersystem Crossing 
Depends on the Electronic Configurations of the States Involved 

(El Sayed�s Rule)

Induced Intersystem Crossing Depends on the SOC: 
Cations as the heavy atom pertuber

Atom Ionic Spin-Orbit
Radius of Coupling ζ cm-1 
the Cation (Å)

Li 0.86 (+) 0.23

Na 1.12 11.5

K 1.44 38

Rb 1.58 160

Cs 1.84 370

Tl 1.40 3410

Pb 1.33 (2+) 5089

External heavy atom effect: Crown ether approach
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Tl: Z = 81Na: Z = 11

Naphthalene@SDS micelle: effect of heavy atom 
counterions

Micelles as  hosts

Heavy atom produces more triplets and the triplets produced 
phosphoresce at a faster rate

k isc
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Cation Effect
Heavy Cations Enhance the S1 to T1 Crossing
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Emission Spectra of Naphthalene Included in MY Zeolites 
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Optical Detection of Magnetic Resonance (ODMR) -

Triplet Sub-Level Specific Kinetics at 1.2 �K

•  Total  decay constants from each sub-level

•  Relative radiative rates from each sub-level

•  Relative intersystem crossing rates to each sub-level

•  Slow Passage ODMR Transitions

Heavy Atom Effect is Specific: ODMR Studies
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External Heavy Atom Effect on
Triplet Decay Rates of Naphthalene

Room temperature phosphorescence

Phosphorescence from Diphenyl Polyenes Phosphorescence from Azo Compounds in TlY at 77 K np*–
np* crossing
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An external magnetic fields cannot be responsible for the Singlet-Triplet 
transition, because it would act equally on both spins.

Field at a molecular level is generated from the orbital motion of the electron 
around the nucleus.

€ 

ˆ H SO = ζl ⋅ s

ζ n,l ∝
Z 4

n3l(l +1/2)(l +1)

The Spin-Orbit coupling constant depends on the fourth power of the atomic 
number and its effect is very large for heavy atoms.

Role of spin-orbit coupling on spin 
forbidden transitions

Intersystem crossing in 
molecules with np* and pp* states 

Triplet State: Singlet Triplet Interconversion

emax (S0 to T1) and k0
p (T1 to S0) values – depend on  the orbital 

configuration of T1  (pp*, np*) 

Molecules possessing pure p, p* configurations

the value of e max is ~10-5 to 10-6

k0
p  is ~ 101  to 10-1 s-1

Molecules possessing pure n, p* configurations

the value of e max is ~10-1 to 10-2

k0
p  is ~ 103 to 102 s-1
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Spin-orbit coupling in organic molecules will be effective in 
inducing transitions between states of different spin if a �px®
py� orbital transition on a single atom is involved in the 
electronic  transition.  This orbital transition provides both a 
means of conserving total angular momentum during the 
transition and also a means of generating orbital angular 
momentum that can be employed in spin-orbit coupling. This 
works in the case of np* state.

Conservation of energy and angular momentum 
(spin & orbit coupling)

Spin change will occur at a place where the energies of singlet 
and triplet are identical.  Occurs at curve crossing.

• The electron spin must either remain unchanged or change by 
one unit of angular momentum, ! (say, +1/2 !® -1/2 !). 

• A spin change is exactly compensated by an equal and opposite 
change of angular momentum which occurs from some other 
(coupled) interaction with another source of angular momentum. 

• In a spin-flip, induced by the Spin-Orbit interaction, the 
conservation of angular momentum is guaranteed from the 
magnetic orbital quantum number ml.

py

Dml=0;Dms=1

px Dml=1;Dms=0

Energy and angular momentum conservation

px Dml=1;Dms=1

allowed

One center p-p transition favors spin forbidden transitions   
For angular momentum to be conserved during a change in spin orientation, the p orbital 
that is coupled to the electron spin must change its orientation by exactly one unit of 
angular momentum.  The orbital involved in the �px® py� transition must be similar in 
energy.
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The Effect of Spin-Orbit Coupling on Intersystem 
Crossing from S1 (pp*)  to T1

The Effect of Spin-Orbit Coupling on Intersystem 
Crossing from S1 (np*)  to T1

El-Sayed�s Rule

Intersystem crossing is likely to be very slow unless it 
involves a change of orbital configuration.
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S1 T2

T1
DEST

kST=1011s-1

DEST = 5Kcal/mol

O

kST=108s-1

DEST = 5Kcal/mol

S1

T2

T1
DEST

O
O

€ 

≅

Thus, for ketones with T1 (n, p*), the only mechanism to undergo a Singlet-Triplet ISC is 
going through a T2 (p, p*) followed by internal conversion to T1 (n, p*)

S1

T1

n,p*

T2
p,p*

n,p*

Thus, the ISC crossing rate depends whether or not it is allowed and on the energy gaps 
involved.

S1

T1

n,p* T2
p,p*

n,p*

El-Sayed�s Rule

Intersystem crossing is likely to be slow unless it involves a change of orbital configuration. Summary
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Ø Should be able to excite the sensitizer alone even in presence of 
acceptor.

Ø Sensitizer should have high intersystem crossing efficiency (S1
to T1).

Ø Sensitizer should have triplet energy higher than the acceptor.
Ø Sensitizer should be photostable.

Sensitizers
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CHO

El-Sayed�s Rule
Intersystem crossing is likely to be very slow unless it involves a change of 

orbital configuration.


