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Photochemistry

• Blackbody radiation, Carnot efficiency limits, Light–Matter 
interactions, Photon properties, Conservation laws

• Jablonski diagram, Internal conversion, Intersystem crossing, Kasha–
Vavilov rule, Thexi state, Stokes shift, Luminescence processes

• Harmonic oscillator model, Born–Oppenheimer approximation, 
Franck–Condon principle, Transition dipole moment operator, 
Selection rules, Spin–orbit coupling, Heavy-atom effect

• Photochemical length and time scales, Electromagnetic spectrum

• Beer–Lambert law, Absorption coefficient, Einstein coefficients, 
Oscillator strength, Absorptance, E–k diagrams
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Turro, Chapter 4, Figure 4.1, Page 171

(T ≈ 5790 K)
SUN

Blackbody Radiation
410

EARTH

(T ≈ 290 K)

UNIVERSE
(T ≈ 3 K)

Carnot efficiency limit, 𝜂 =
𝑤

𝑄H
=

𝑄H−𝑄C

𝑄H
= 1 −

𝑄C

𝑄H
= 1 −

𝑇C

𝑇H

… if any two bodies are that the same temperature
… and they only interact via radiation, i.e., photons (e.g., not chemical)
… then no work can be performed due to these photon exchanges
… and electrochemical potentials do not change due to them

… light-driven processes between two blackbodies
… interconvert energy and work,

like heat engines and refrigerators do

(REVIEW)

Carnot Efficiency Limits
411

… the key relation between current density, 𝑗, and potential, 𝑉…

… 𝑗 = 𝑗o 1 − 𝑒𝑞𝑉/𝑘𝑇 + 𝑗ph…

… where Isc = 𝑗ph x A and Voc is V when 𝑗 = 0

… a large Voc (Δ ҧ𝜇𝑖)… results in a large Isc … and thus a large power conversion efficiency
A. Polman & H. A. Atwater, Nat. Mater., 2012, 11, 174–177

… thank you Shockley, 
Queisser, Ross, Hsiao, 
Henry, De Vos, Pauwels, 
Würfel, et al.!

Fonash, Chapter 4, Figure 4.2, Page 125

Light–Matter Interactions
412

What value of j have we considered thus far? ≥2

How large is j for actual systems? Quite large, likely!

What is the smallest value that j can be? 3… but approximately 2
… stimulated emission is tiny

Given a box at temperature, T, by what processes can heat be transferred to something inside it? 
Okay, now what if inside the box was a vacuum?

(Blackbody) radiation only! A + hνBB A*
… at a microscopically reversible equilibrium, rate is equal to "%A(ν) x PhotonFlux(ν), integrated over ν"
… ഥ𝝁𝐀 = ഥ𝝁𝑨∗… with additional (sun)light absorption, ҧ𝜇A < ҧ𝜇A,eq and ҧ𝜇A∗ > ҧ𝜇A∗,eq = useful work!

𝜕𝑐A,𝑧o

𝜕𝑡
= 

𝑗
𝑅A,𝑗 −

𝜕𝐍A

𝜕𝑧

(REVIEW)
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Photon Properties & Conservation Laws
413

Where does light come from?
Photon Particle Type: Boson
Mass: 0
Charge: 0
Energy: 𝐸 = ℎν = ℏ𝜔

Linear Velocity: 
𝑐

𝑛
=

λ

𝑛
ν = λ′ν

Linear Momentum: 𝑝 =
ℎ

λ′ =
𝑛ℎν

𝑐
≈ 0

Linear Polarization: E and B

z-Direction Angular Momentum / Circular Polarization / Chirality / Helicity / Spin: ±ℏ = ±
ℎ

2π

Fermion Angular Momentum (Orbital, Spin)

Magnitude: ℏ 𝐽 𝐽 + 1
z-Direction: 𝑚𝐽ℏ, 𝑚𝐽 = −𝐽, 𝐽 in steps of 1

Multiplicity/Degeneracy, 𝑔𝐽: 2𝐽 + 1

Wait… is a light a wave or a particle?
… I mean, is matter a wave or particle?
… I mean, doesn’t everything exhibit 
wave-like and particle-like properties?

(REVIEW)

Turro, Chapter 4, Page 184

Turro, Chapter 1, Scheme 1.7, Page 36

Light–Matter Interactions
414

clight = 3 x 1018 nm/s
velectron = 1015 – 1016 nm/s
vnuclei = 1013 – 1014 nm/s
… so which term dominates the resonant response to light?
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(REVIEW)

Light–Matter Interactions
415

Turro, Chapter 4, Figure 4.6, Page 189

… this illustrates how angular momentum is conserved…

… by interactions with a linearly polarized oscillating electric field, E

(REVIEW)
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Turro, Chapter 1, Scheme 1.3, Page 13

Photophysics Photochemistry Thermal (Dark)

Turro, Chapter 1, Scheme 1.5, Page 21

Jablonski Diagram & Spin Multiplicity
416

… Angular Momentum Degeneracy, 𝑔𝐽: 2𝐽 + 1

… when 𝐽 = 0, 𝑔𝐽 = 1… sounds like a "Singlet (S or 1X)"

… when 𝐽 = 1, 𝑔𝐽 = 3… sounds like a "Triplet (T or 3X)"

(REVIEW)

Turro, Chapter 1, Scheme 1.4, Page 17

Jablonski Diagram
417

Kasha–Vavilov "rule": polyatomic molecular entities emit and react
predominantly from the lowest-energy excited state of a given 
multiplicity, and thus emission is generally independent of excitation 
wavelength

https://micro.magnet.fsu.edu/primer/java/jablonski/jabintro/index.html

E00

Thermally Equilibrated Excited (Thexi) State
418

https://micro.magnet.fsu.edu/primer/techniques/fluorescence/fluorescenceintro.html

… and why are these spectra plotted as a function of 
wavenumber… and not wavelength?
… so that you can see the mirror-image "rule"

… wait, do molecules and materials undergo the 
same physical processes and follow the same 
laws of the Universe?… shocking, isn't it?!?!?!

P. Narang, R. Sundararaman & H. A. Atwater, Nanophoton., 2016, 5, 96–111

Fano/Rabi oscillations FC state internal conversion vibrational relaxation

E00



7/26/2022

5

Stokes Shift
419

… why are these spectra less structured and with further separated peaks?… polar and warmer

https://micro.magnet.fsu.edu/primer/techniques/fluorescence/fluorescenceintro.html

Solvent and 
Nuclear 

Relaxation

E00

Luminescence Processes
420

… Photo… and Chemi… and Mechano… Oh My!

https://www.sciencedirect.com/science/article/pii/S2214785321017272

… well I guess it makes sense… it’s just conservation of energy… and momentum, of course…

Turro, Chapter 2, Figure 2.5, Page 76

QM Harmonic Oscillator Model

Turro, Chapter 2, Figure 2.6, Page 76

Jablonski Diagram
421

… quantized energy states…

… 𝐸v = v +
1

2
ℎν = v +

1

2
ℏ𝜔

… wavefunctions and probabilities:

Probability Density 𝑥 = 𝜒𝑣 𝑥 2 = 𝜒𝑣
∗ 𝑥 𝜒𝑣 𝑥
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Jablonski Diagram
422

Turro, Chapter 2, Figure 2.7, Page 81

QM Anharmonic Oscillator Model

Turro, Chapter 2, Figure 2.6, Page 76

Turro, Chapter 3, Figure 3.3, Page 129

Nuclear Terms & F–C Factors
423

Transition to what vibronic state is 
most favorable/rapid by absorption?
… and what about by emission?

Overlap integral, 𝑆12 = ∞−

∞
𝜒1

∗ 𝑥 𝜒2 𝑥 𝑑𝑥 = 𝜒1 𝜒2

Franck–Condon factor, 𝜒1 𝜒2
2

Turro, Chapters 2 and 3

… separable due to the Born–Oppenheimer approximation

Turro, Chapter 7, Figure 7.12, Page 429

B–O Approximation, F–C Principle, TDM Operator
424

• Born–Oppenheimer (B–O) approximation: separability of electronic and nuclear terms in the wavefunction

• Franck–Condon (F–C) principle: Nuclei are fixed during electron-transfer between orbital (think Libby)

• Transition dipole moment (TDM) operator, 𝝁:

… this factor is 0 when light changes ψe
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Selection Rules
425

… well these are just overlaps… and so the more overlap, the more favorable a transition…
… the F–C (nuclear vibrational) factor makes sense based on pictures on the previous slides
… but what does 𝝁𝑒 do to a wavefunction?… it uses E to make it coincide with an unoccupied orbital…

and even if we didn’t know, it better change the angular momentum during photon annihilation
… and what are spin wavefunctions?… just symbols!… spin does not fall out of 𝝁… it’s just math…

so, the spin wavefunctions only overlap when they are identical… meaning spin does not change

Angular Momentum Quantum Numbers
Photon… which came from matter: 𝑠 = 1, 𝑚𝑠 = ±1
Electron (Orbital): 𝑙, 𝑚𝑙 = −𝑙, 𝑙 in steps of 1

Electron (Spin): 𝑠 =
1

2
, 𝑚𝑠 = −

1

2
,

1

2

(Angular Momentum) Atomic Selection "rules"
Orbital angular momentum (Laporte "rule"): 𝚫𝒍 = ±𝟏… as 𝑙𝑓 = 𝑙𝑖 ± 𝑠photon

Spin angular momentum (Wigner "rule"): 𝚫𝒎𝒔 = 𝟎… 𝝁𝑒 does not act on spin
Orbital z-direction angular momentum: 𝚫𝒎𝒍 = 𝟎, ±𝟏… as 𝑚𝑙,𝑓 = 𝑚𝑙,𝑖 ± 𝑚𝑠,photon

… the allowed 0 option can be envisioned as two vectors that are opposite in one direction

Turro, Chapter 2, Figure 2.13, Page 99

… related to spin–orbital coupling…

Selection Rules
426

Summary of Atomic Selection "rules"
𝚫𝒍 = ±𝟏, since 𝑙𝑓 = 𝑙𝑖 ± 𝑠photon… 𝚫𝒎𝒔 = 𝟎… 𝚫𝒎𝒍 = 𝟎, ±𝟏, since 𝑚𝑙,𝑓 = 𝑚𝑙,𝑖 ± 𝑚𝑠,photon

Heavy Molecule (Russell–Saunders L–S Coupling) Selection "rules"… for linear oscillating photon E

Total angular momentum: 𝚫𝑱 = 𝟎, ±𝟏 … and 𝚫𝑺 = 𝟎… and 𝚫𝑳 = 𝟎, ±𝟏
Total z-direction angular momentum: 𝚫𝒎𝑱 = 𝟎, ±𝟏… and 𝟎’s are there for the reason before

Turro, Chapter 2, Table 2.4, Page 102

Turro, Chapter 3, Figure 3.5, Page 133

… related to the F–C factor…

M = Ru(II) and Os(II) in this plot…
… which do you think is which?

Spin–Orbit Coupling & C–T Transitions
427

The Hamiltonian for spin–orbit (S–O) coupling results in the heavy-atom effect…
… and it also results in variation in the selection rules…

… oh, now I see it in those spectra… and how the black spectrum is just a linear combination

𝐸SO = 𝒁𝟒𝛼2ℎ𝑐𝑅𝐻

𝑗 𝑗 + 1 − 𝑙 𝑙 + 1 − 𝑠 𝑠 + 1

2𝑛3𝑙 𝑙 +
1
2

𝑙 + 1
Total angular momentum: 𝚫𝑱 = 𝟎, ±𝟏
Total z-direction angular momentum: 𝚫𝒎𝑱 = 𝟎, ±𝟏
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Turro, Chapter 2, Figure 2.6, Page 76

Selection Rules
428

Summary of Nuclear Selection "rules"
Vibrational (Harmonic Oscillator):

𝚫𝐯 = ±𝟏 (change in dipole)
Vibrational (Harmonic Oscillator) Scattering:

𝚫𝐯 = ±𝟏 (polarizable)
Rotational (Rigid Rotor Spherical Harmonics):

𝚫𝑱 = ±𝟏 (permanent dipole)

When light does not change ψe…
… this factor is non-zero… and the other factor is 0
This means that the photon absorption event…
… is nuclear… and is not electronic

Turro, Chapter 1, Scheme 1.7, Page 36

Photochemical Length/Time Scales
429

https://www.e-education.psu.edu/meteo300/node/682

… so how do we probe such fast processes…
… and in each of these regions of the electromagnetic spectrum?

(~1.9 GHz)

Electromagnetic spectrum
430

(~60 GHz)

(~2.45 GHz)

… and what about gamma rays… and RF…
… and neutrons… and electrons?… Oh My!

… what can one do with microwaves?
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Photochemistry (summary for today)

• Blackbody radiation, Carnot efficiency limits, Light–Matter 
interactions, Photon properties, Conservation laws

• Jablonski diagram, Internal conversion, Intersystem crossing, Kasha–
Vavilov rule, Thexi state, Stokes shift, Luminescence processes

• Harmonic oscillator model, Born–Oppenheimer approximation, 
Franck–Condon principle, Transition dipole moment operator, 
Selection rules, Spin–orbit coupling, Heavy-atom effect

• Photochemical length and time scales, Electromagnetic spectrum

• Beer–Lambert law, Absorption coefficient, Einstein coefficients, 
Oscillator strength, Absorptance, E–k diagrams
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