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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

e Beer—Lambert law, Absorption coefficient, Einstein coefficients,
Oscillator strength, Absorptance, E—k diagrams
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Blackbody Radiation

.. .. — T =
Carnot efficiency limit, n = — = @iCc _ ¢ _Cc_q_Tc (T'=5790 K)
Qu Qu Qu Ty SUN
... light-driven processes between two blackbodies
.. interconvert energy and work, | |
like heat engines and refrigerators do | and Pancs ;t'ﬁii'fya'

High T/ /

I (Intensity of emission)

ol
.
-

/ (T =290 K)

... if any two bodies are that the same temperature  Turro, Chapter 4, Figure 4.1, Page 171
... 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

A—




Carnot Efficiency Limits

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

] = jo(l — qu/kT) +jph"-
.. where I, = jop xAand V, isVwhenj =0
/
%
E;-
hw qV,. 1,
. e
qVoe = E, ] kT
+In (4% —ln(QE}l
.. alarge V . (Af;)...

A. Polman & H. A. Atwater, Nat. Mater., 2012, 11, 174-177
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.. thank you Shockley,
Queisser, Ross, Hsiao,

Problem

Energy loss in Carnot cycle
Entropy loss in absorption or emission
Entropy loss due to non-reciprocity

—

Energy loss due to thermalization
or lack of absorption

Entropy loss due to lack of angle restriction

Entropy loss to incomplete light trapping
and reduced QE

Conventional single-junction solar cell

Henry, De Vos, Pauwels,
Wiirfel, et al.!

Solution

I— Intrinsic loss

. Multi-junction
solar cell

Surface light
/" directors

: Light-trapping
- structures, density
of states engineering

.. and thus a large power conversion efficiency
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Light—Matter Interactions

Ohmic Contact Ohmic Contact
p-type n-type
aCA,ZO : : B 8NA r{/ {/ \\ . —
—_ . 11
T A,j /\/\j ’
ot i 0z o 4 —1
NS i
Holes to Load «---4-2 i
What value of j have we considered thus far? 22 Conventiona <—— L7
urrenttoload | e Mo A
How large is j for actual systems? Quite large, likely! | Toplayeror| —papier Base |
Emitter Region
What is the smallest value that j can be? 3... but approximately 2 x=—d x=0 X=L+w

_stimulated emission is tiny Fonash, Chapter 4, Figure 4.2, Page 125

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 + hVBB = A*

... at a microscopically reversible equilibrium, rate is equal to "%A(v) x PhotonFlux(v), integrated over v"
.. kp = Hg*... with additional (sun)light absorption, fiy < fipeq and fiax > fip* eq = useful work!
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Photon Properties & Conservation Laws

Where does light come from?

Photon Particle Type: Boson dirstion of aciltion
Mass: 0 —

. wavepropagation . i e | _aemTT
Charge. O 1 s \\" di»r‘qcliqn uf_
Energy: E = hv = hw 3 On::zlr::;i?gnﬁgid

. - c )\ gé vector
Linear Velocity: = = (—) v=2AvV 3
n n
. h nhv
Linear Momentum:p = - =—= 0
A C '""@q,c

6"H

Linear Polarization: E and B
z-Direction Angular Momentum / Circular Polarization / Chirality / Helicity / Spin: +h = + n

2T
Wait... is a light a wave or a particle? Fermion Angular Momentum (Orbital, Spin)
... | mean, is matter a wave or particle? Magnitude: h\/](] + 1)
... | mean, doesn’t everything exhibit z-Direction: m;h, m; = |—/,]] in steps of 1

wave-like and particle-like properties? Multiplicity/Degeneracy, g;: 2] + 1



Rate scale Time scale
. . ™) ©
Light—Matter Interactions e
Dynamic range i
Turro, Chapter 4, Page 184 8 meme-ee- - 1012 £ 40-12 ps }
A = :
Total force exerted S ; 3 }
on an electron by Qo 10°10s7 | 8 . 100 220 o0 ns
a light wave e|Hv] S < | z g
erE"'T . - gi § g micro
/ Magnetic @ g /7777777 L S
f()l'L'L‘ 8 O : ]
Electrical < & 5 milli
foroe + S 1008 [ 8 - 102 —— 1073 ms }
s 2 5l |
- 3x 1018 nm/ > O - g 10 —— w00 s 2
Clight_ X nmy/s § =S a g
— 15 _ 16 o
Velectron = 10 10 nm/s [ 1d tes | , kio
_ 13 . 14 easured rates 103 —— 10 Ks
Viucei = 108 =101 nm/s
... S0 which term dominates the resonant response to light? — b
Radltatwe 106 9 106 Ms <
rates
In more concrete chemical terms, the oscillation of the dipoles corresponds to the 100 L2 g0 Gs ——
movements of electrons in bonds relative to positively charged nuclei in matter; that
is, electrons oscillate about the nuclear framework of molecules. o2 1B o B e
Turro, Chapter 1, Scheme 1.7, Page 36 4o-1s P s Ps «—
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Electronic motion
Electron orbital jumps
Electron transfer
Proton transfer

Vibrational motion
Bond cleavages (weak)

Rotational and translational motion

(small molecules and/or fluid)
Bond cleavages (strong)
Spin-orbit coupling

Rotational and translational motion
(large molecules and/or fluid)
Hyperfine coupling

“Ultrafast” chemical reactions

Rotational and translational motion
(large molecules and/or very
viscous)

“Fast” chemical reactions

Year

Lifetime

Birth of Christ

Age of the earth

Age of solar system



Light—Matter Interactions

(@) Electric vector
of light wave
+ Direction
A of light wave
<« Node @ = @De=—>d
, O O
Light + s orbital > obhal = >
il
No node Time-averaged Instantaneous
electronic (extreme)
distribution electronic
distribution

... this illustrates how angular momentum is conserved...
... by interactions with a linearly polarized oscillating electric field, E

(REVIEW) 415

(b) E Electric vector

- / of light wave

C

@ @ - ---@----@--- Node

D

Light + o orbital — nt orbital
G—T ,
No node One node
— & D
o-0o ;
Néde
E -
Light + o orbital — o’ orbital
—— ——
No node One node

Turro, Chapter 4, Figure 4.6, Page 189



Jablonski Dlagram & Spin Multiplicity

(a) R > P
hv
(b) R > 'R > | > P
Photophysics Photochemistry Thermal (Dark)
: SC SC
() R L > 'R I » 'R —— 3] I—> MW" ——pP
Ly — — e o
@ -
HO _H— i + (NB1)1 (NB2)1 _H_

RS, — "R(S;) —*R(T;) — °10) — 'I(D) — P(S,)

Scheme 1.3 Exemplar paradigm for an organic photochemical reaction that proceeds
through a triplet state.

Turro, Chapter 1, Scheme 1.3, Page 13
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Reactive
excited-state
Spectroscopic intermediate
states Funnel Spectroscopic
@ states
S~
o R = 7 5/
R @ ©,
* oy \\fl',' P
+hv| |=hv
7 /' \ +hv
ol @S ©®
‘ F Favorable \
geometry for P
I radiationless T
jumps = T
eactive
Reactant (R) ground-state
intermediate Product (P)
Photophysics « |« ? >| > Photochemistry
N Molecular photochemistry -

Turro, Chapter 1, Scheme 1.5, Page 21

.. Angular Momentum Degeneracy, g;: 2] + 1
. when ] =0, g; = 1... sounds like a "Singlet (S or X)"
.when ] =1, g; = 3... sounds like a "Triplet (T or 3X)"
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_J a b ‘ O n S k| D | a g ra m Kasha—Vavilov "rule": polyatomic molecular entities emit and react

predominantly from the lowest-energy excited state of a given
Jablonski Energy Diagram multiplicity, and thus emission is generally independent of excitation

Excitation wavelength Si T . AT |
(Absorption) E:Cited Slnglet States g nglet energy , ; Triplet energy

-156 3 Vibrational Singlet reaction -------- - Triplet reaction
10 Seconds sz 3 ]-Energy States Intersystem crossing -------- Triplet spin configuration
0 Singlet spin configuration '
Internal { Internal i 5 L i i :
Con::asion #~ '} Conversion N— @3 ® ® @
Vibrational ¢ 3T o e LU —— . Ky iy i | i
§§laxa_t1l1on 1 2 a WA HO —t— s Es / : P = ! 5
(10714 10" sec) | 5 Excited 1 P A
——1 State LT —— HO
Fluorescence 0 (11) !
(10°°- 107 Sec) Ingernyaten)
= g £8,~S,)| [k ke  &S,~T,)|  |kd Sk
Intersystem
c.-osg;mg Non-Radiative L —
wmn Relaxation HO —H~ S
(Triplet) (2 00, @O0
Quenching f P o
— — Ph osghorezscence Ground—_lstate orbital
Non-Radiative § 3 b= b (107= 10" Sec) configuration 14 AR
Relaxation o i Singlet-singlet absorption -+ { ! ---sk---2--- Singlet-triplet absorption
SRR Figure 1 Fluorescence -------- ¢ '----1---- Phosphorescence
Ground State Internal conversion ------------- : Intersystem crossing

https://micro.magnet.fsu.edu/primer/java/jablonski/jabintro/index.html Turro, Chapter 1, Scheme 1.4, Page 17
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Thermally Equilibrated Excited (Thexi) State

Electronic Absorption and Emission Bands Length scales and timescales associated with plasmonic hot carriers
Photon Energy (Electron-Volts)
3.1 2.5 2.1 Excited
100— 1 T T J - State
|-, S, =1 |-Vibrational
! _ : = Energy ~1A ~ 1 nm ~ 10 nm ~ 100 nm
80 & “ | Leve s . . . . . . . .
2 { Emissio Fano/Rab| oscillations ~ FC state  internal conversion V|brat|onal relaxation
: |
s 60 Excited
£ State
@ Electronic :
2 a0} Transistions R n(e) n(s) n(s
2 + ) D
[ | ‘ h
o e g
20} | Ground \ \
. . . = State =g
T : =1 - Vibrational Te = Ti = Tioom Te undeﬁned Te > Ti = Troom Te=T > Troom
] ' Ene y Tl Troom
33.3 25.0 20.0 16.7 143 (Lovms t<0 t ~ 10 fs t ~ 100 fs t~1ps
E Wavenumber (cm™ x 10°) Figure 3 >

00
https://micro.magnet.fsu.edu/primer/techniques/fluorescence/fluorescenceintro.html ... wait, do molecules and materials Undergo the

same physical processes and follow the same

.. and why are these spectra plotted as a function of : .
y P P laws of the Universe?... shocking, isn't it?1?1?1

wavenumber... and not wavelength?
.. 50 that you can see the mirror-image "rule"

P. Narang, R. Sundararaman & H. A. Atwater, Nanophoton., 2016, 5, 96-111
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Stokes Shift

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

Quinine Absorption and Emission Spectra

Fluorophore-Solvent Excited State Interactions
Wavelength (Nanometers)

Vibrational
o~ 300 350 400 450500 600 NG Sanon Relaxation  Figure 7
- | ' 1 (107'% sec)
. 7 Figure 4 ' ¢ smke. Solvent and Dipole
g - f Emission 2 0 o ruclear | RM?Ar?ientsd
- 0 e-Aligne
C— 0 _
E | £ Excited State
ﬁ 60 . , e Fluorophore Yo—
& f : e and Solvent
g ! r ) Dipoles Unaligned
S a0 . S»S, 40 3 Fluorophore
c b ‘ s
£ f ! B 0 l?ollvenlt
- ] ™ olecule
gor f sz | -
‘ﬁ 0 ! % 0 Ground State (S 0) Oﬂentaﬂon

A Solvent Dipoles [ and
33.3 =~ 2.41 2.00 Aligned with Relative
£ —Wavenumber (cm” x 107) Fluorophore Dipole Magnitude

00
https://micro.magnet.fsu.edu/primer/techniques/fluorescence/fluorescenceintro.html
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Luminescence Processes

... Photo... and Chemi... and Mechano... Oh My!

v v v

CHEMILUMINESCENCE PHOTOLUMINESCENCE MECHANOLUMINESCENCE _)f CATHODOLUMINESCENCE \
(Action by Chemical Process) ~(Intake of Photons) (Due to Mechanical Action) _ (Collision of Electrons)
f ) PHOSPHORESCENCE f ' | ELECTROLUMINESCENCE |
l FLUORESCENCE ) ( \
—» CANDOLUMINESCENCE e ——— _>FRAC.TOLUMINESCENCE’ — THERMOLUMINESCENCE
_(Initiated by Heating)
| »\ TRIBOLUMINESCENCE ,
—» ELECTROCHEMILUMINE SCENCE > | 3| _ RADIOLUMINESCENCE
(Radiation Causing Collision)
—> SONOLUMINESCENCE '

https://www.sciencedirect.com/science/article/pii/52214785321017272

... well | guess it makes sense... it’s just conservation of energy... and momentum, of course...



Jablonski Diagram

QM Harmonic Oscillator Model

... quantized energy states...

Q) >—®

1 1
A - o ..EV—(V+E)hV—(V+E)ha)
v=5 \\ /I ... wavefunctions and probabilities:
s ”::3 ®® O—@
V=21 \\ ,/ v=6
V= o —~ v=4
v=0 NS ’*I—Av—OV=2

Internuclear Internuclear

separation separation
X—® X—Q
Light atoms Heavy atoms

and/or and/or
strong bonds weak bonds

Turro, Chapter 2, Figure 2.5, Page 76

Probability Density(x) = |x, (x)1? = xu(x)x, (x)

421

P v=3 &' v=3
v=2 v=2
v=1 v=1

v=0 v=0
re lLe
rXY — rXY - =

Turro, Chapter 2, Figure 2.6, Page 76



Jablonski Diagram rasm® .

f— vy —] .
QM Anharmonic Oscillator Model (a) (b)
2
9' Xy ! Xy ’
Compressed Equilibrium Elongated Dissociated v=10 \ l v=10
NAL- - )\/\/\/\/\ Vea
120 [ /\
P Pl S
\\/ V V= V=
] 100 i
g v=2 v=2
T80
o)
E v=1 v=1
@ 60
3]
=<
lbl_J 40 v=0 v=0
20
e e
0
rXY E— rxy —

Turro, Chapter 2, Figure 2.7, Page 81 Turro, Chapter 2, Figure 2.6, Page 76
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Nuclear Terms & F—C Factors

Turro, Chapters 2 and 3

kobs ~ Pl< \ll,lPl';_.zl\llz >]? Fermi's golden rule

Observed Zero-point Motion-
Rate Constant Limited Rate Constant “Fully Allowed Rate™
; — () -
kObS = Amax .’2‘ X .f\' X fS
—— -~ -
Prohibition o maximal Prohibition fuctors due to changes in
caused by “selection rules” electronic, nuclear, or spin configuration
W S WO X S
V .V‘

(orbitals K nucler Kspin)

“True” molecular wave function : T
Approximate solution to Eg. 2.1

Exact solution to Eq. 2.1

... separable due to the Born—Oppenheimer approximation

k() P. 1 2 2
Kobs = [ max < Vil Pul¥2 > ] X [< Vil Fol Y2 > ] X [< xilxz >2]

AE2, AE;}
12 12 =3

-~ . ~ - Vibrationad overlup
Vibrational coupling Spin-orbital coupling Franck-Condon factors

Overlap integral, S, = ffoooxf(x)Xz (x) dx = (x11x2)
Franck—Condon factor, {x1|x2)?

Energy

v=0->1 spectrum

N\

Very weak absorption
Weak absorption
Moderate absorption
Strong absorption

Turro, Chapter 3, Figure 3.3, Page 129

Transition to what vibronic state is
most favorable/rapid by absorption?
... and what about by emission?
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B—O Approximation, F—C Principle, TDM Operator

* Born—Oppenheimer (B—0) approximation: separability of electronic and nuclear terms in the wavefunction

v - WoxS
S — ——
(orbitals K nucles Nspin )

“True” molecular wave function N
. Approximate solution 1o Egq. 2.1
Exact solution to Eq. 2.1

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

 Transition dipole moment (TDM) operator, u: A
K=MKt By = _ezri +eZZjRj-
: J AG°| R P
The probability amplitude P for the transition between these two states is given by
P—Wlnly) = [ psdr, b= vty
P = (A B ethotn) = [ U i, + )bt :
AG
— [wrvtvrnpdr+ [0t uycbobs dr isoranianion b
il\‘
- /%*"/)v dry, /%*“e"/)e dre /'lp{s*"/)s i+ /'l,[)’e*ﬂbe dt, /1/}{,*[.51\;1,[)” dr, /'I,bfg*'l,bs dr l=—> Relaxation
. ~~ ey N ~~ ER N v. = \ , :
Franck—Condon orbital spin A% Reaction coordinate

ko Eeleotiouinnlelsees IO c .. this factor is 0 when light changes (), Turro, Chapter 7, Figure 7.12, Page 429
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Se ‘ eCtiO N R U ‘eS Angular Momentum Quantum Numbers

Photon... which came from matter.s = 1, m; = +1

/‘/’%*'Pvdfn /%*“e%d’e /W'P dy Electron (Orbital): [, m; = [—[, ] in steps of 1
Franck:Condon or‘t;ita,l sl;in : . _ l — | — l l
factor selection rule selection rule EleCtron (Spln) 5= 27 mS o 27 2]

.. 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 ., 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 ... it’s just math...
so, the spin wavefunctions only overlap when they are identical... meaning spin does not change

(Angular Momentum) Atomic Selection "rules"
Orbital angular momentum (Laporte "rule"): Al = +1...as [ = [; * Sphoton

Spin angular momentum (Wigner "rule"): Am¢ = 0... u, does not act on spin
Orbital z-direction angular momentum: Am; = 0, £1...asm; r = m;; & Mg photon

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




z-axis Z-axis
A A 4 2 6
Spin angular

Selection Rules

/%*%dm /%*”e,/,e T /1/)2*% dr, - related to spin—orbital coupling...| 3

Angular
momentlém vector

v N N Magnetic Magnetic
Franck—Condon orbital spin momentum vector momentlt.‘um vector
X . Poor net positive Good net positive along z-axis, # s
factor selection rule selection rule overlap overlap | :
- R R .
... related to the F—C factor... | " wm w(R) l Turro, Chapter 2, Figure 2.13, Page 99
NN : ! " Y ; State Magnetic Spin Vector
v=6¥—X Y State Symbol M, Energy (E.)  Function Representation
Doublet D, +1/2  +(1/2)gu H, o 72
AE,,
Doublet D_ -1/2 —(1/2)gp H. B AN
Singlet S 0 0 aff — Ba Z
<pyl1,> >0 .
x‘sz <xyl1p> ~ 0 Yoo ] Triplet T, +1 +(Dgp H. oo @
1T T ] Triplet Ty 0 0 aff + Pa Z
M Teqg T2 " Teq 2
Triplet T.. -1 —(DgnH, BB A

Turro, Chapter 3, Figure 3.5, Page 133

a. The mathematical normalizing factor is not shown for the spin function.

Summary of Atomic Selection "rules" Turro, Chapter 2, Table 2.4, Page 102

Heavy Molecule (Russell-Saunders L=S Coupling) Selection "rules"... for linear oscillating photon E
Total angular momentum: AJ = 0,£+1 ...and AS =0..and AL =0, +1
Total z-direction angular momentum: Am; = 0,+1... and 0’s are there for the reason before
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Spin—0Orbit Coupling & C—T Transitions

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

4 o jG+1D) —-1l(l+1)—5s(s+1)
Total angular momentum: AJ = 0, £1 Eso = Z*a“hcRy ) T
o 2 l(l —) [+1
Total z-direction angular momentum: Am; = 0, £1 wl\l+z) U+ D)
absorption emission 1200007 M = Ru(ll) and Os(ll) in this plot...
100 - ) o :
- LC Etoo000| [| - Which do you think is which?
/ o
09 & \MLCT (au) = 80000
MLCT b
. - 5 e 60000 -
= 40000-
i £
£ 20000 -
3_ U\
| | - T T 0 0 : T " [ e —
200 400 600 800 250 350 450 550 650 750
Wavelength (nm) A/nm

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



Selection Rules

[vevedn [vinydn [y, an

—— —

W

When light does not change ¢....

... this factor is non-zero... and the other factoris 0
This means that the photon absorption event...

... is nuclear... and is not electronic

I

E

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

Av = +1 (change in dipole)
Vibrational (Harmonic Oscillator) Scattering:

Av = +1 (polarizable)
Rotational (Rigid Rotor Spherical Harmonics):

AJ = +1 (permanent dipole)

428

VvV B
\JI\V P~ =3 N =3
v=2 v=2
v=1 v=1
v=0 v=0
re lLe
rXY E— rXY - =

Turro, Chapter 2, Figure 2.6, Page 76



Rate scale Time scale Dynamic events 4 2 9
™) ©)

Photochemical Length/Time Scaless« -« ...

Electron orbital jumps
St
A Dynamic range i ! ; ;
Peneraes Eams N N i oo ot B qot . s ) [Eesiacitn
: Rotational and translational motion
1 ® (small molecules and/or fluid)
: B wiliiBit % — gond cl(i)avageslgstrong)
> 10°-10'<s § 3 109 e 10_9 - fis pin-orbit coupling
I et
FaduicaTipe  Fudie Microw visible  Uhraviolet X-ay  Gammaray 3 g Retatonaand vansational moton
Wavelength (m) 10'2 10" 05x107¢ 107 1020 1012 ' § : Eieiie doubing
: 2 micro
Approxmae Scale s e = 108 —— 10°° = us N\ ‘“Ultrafast” chemical reactions
of Wavelength |
Q : §
' 3 5 mill & Rotational and translational motion
Buidings Humans Bumerfles Needle Pomt Protozoans Molecules Aoms AwlmicNudei | 1o-1_108¢! g g 10° —— 10 = ms } g{asrggur;olecules and/or very
1 o &
1 [+ % 8
Frequency (Hz # “ ! 8 o
" : g fox 0 0 J
. . . . 10 —7— 10 = s
10* 10° 10" 10** 10 10°% 107 E _________ | | g
WI ;t::;: ‘I . “Fast” chemical reactions
tus radhason 1s he [ Measured rates] 10-3 ﬁlo_ 103 - Ks
mostinense 1 1
velength emined 1K 100K 10,000 K 10,000,000 K
" -272°C -173°C 9.727°C ~10,000,000°C
Radiative - Mega _.¢
. 10 10 = Ms «— Y
https://www.e-education.psu.edu/meteo300/node/682 rates -
107° S8 102 =  Gs < Lifetime
... SO how do we probe such fast processes... Birth of st
. O . tera
... and in each of these regions of the electromagnetic spectrum? 102 =102 - % < Awoftneeamn

Turro, Chapter 1, Scheme 1.7, Page 36 18 PE®B 4618 - pa o Agotuola e
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E ‘ eCt fOm ag N et IC S peCt ruim ... what can one do with microwaves?

rotational rotation- electronic photoelectron
bands vibration bancs 4 spectroscopy N
bands UPS XPS  X-ray
T 7 absormption
REEEEREERIH . NEXAFS
BEEEERE R X-
RN EIEHEE EEW LEI‘;,F
Tmm 100pm 10pm Tum 100nm 10nm 1nm 0.1nm
Jlﬁ_ W - L "‘_"_'I 'H_"'m__ﬂl — . — e ——— -
MW FIR MIR NIR UV VUV WUV
Win lea-':ﬁ:' higher
el ectrsntrélfe\ rgtelgtic:r_:lal I?EEW. V_rf.)'—-—“—_—
=77 | vureons
lower | — . vibrationa
electronic N\ | = */v.”: 1“ =2 ” levels, W,
state g j
T """""""""""" TR
rotational levels W, " Vi(R)
VI(RS)- V'(R) . Vi ﬂ__//’"—
vibrational
levels, W,"

.. and neutrons... and electronsigaels My!

> R




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 Q}

e Beer—Lambert law, Absorption coefficient, Einstein coefficients, &\(0
Oscillator strength, Absorptance, E—k diagrams é

Q'bQ



