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Photochemistry 7

« 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




(REVIEW) 438

\/\/\/\J’\JWWM“ "WWIW : ;

... 50 how do we probe such fast processes... - -
...and in each of these regions of the electromagnetic spectrum? R

Turro, Chapter 1, Scheme 1.7, Page 36 = . Np—
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E|ectr0magnetlc SpeCtrU m ... what can one do with microwaves?
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...and what about gamma rays SEQLENE
... and neutrons... and electrons eV o T 5 -A

(REVIEW) 440

Nuclear Terms & F-C Factors

Turro, Chapters 2and 3

Absorption
spectrum

kg~ pl< WP, W, >]* Fermi's golden rule
Observed Zevo-point Motion
Rate Constant  Limited Rate Constant  “Fully Allowed Rate”

... separable due to the Born-Oppenheimer approximation

[1‘_-.rw J [,\r' } [
x [< e
» e g Transition to what vibronic state is
Overlap integral, 51, = [ 0, 2] () x2(0) dx = (alx2) most favorable/rapid by absorption?
Franck-Condon factor, (x11x2)* ... and what about by emission?

Turro, Chapter 3, Figure 3.3, Page 129

7/27/2022




. . L (REVIEW) 441
B—O Approximation, F—C Principle, TDM Operator
* Born-0 (B-0) of electronic and nuclear terms in the wavefunction

w VxS

kv e s

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

* Transition dipole moment (TDM) operator, y:

[ R T

T EP— ot
Pl = o o

P= st = [

Y, O H e g dr
o fehin st [ - fveoin [emon, [,
Franck-Condon spin. Y

dactor " selectionrube selectionrulel 1 factoris O when light changes b, Turro, Chapter 7, Figure 7.12, Page 429
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Thermally Equilibrated Excited (Thexi) State
Fh;nn Enml‘slm-‘;n:u) s and ll};ﬂlﬂ associated with plasmonic hot carriers
== % 60 B9
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00
hey . htmi ... Wait, do molecules and materials undergo the

same physical processes and follow the same

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

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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Ja b I ons kl Dia 8IaM  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
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hitps X e Turro, Chapter 1, Scheme 1.4, Page 17
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i Angular um Q
SeleCtlon RU Ies Photon... which came from matter:s = 1, mg = +1
Jr*"‘-"'- f“"““"'- f“"-”- Electron (Orbital): [, m; = [—1,1] in steps of 1
L __ &
Franck Condan _ orbital i in):s =+ —[-11
e e Electron (Spin): s = 7 Ms = l >3

... 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 g, 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...
s0, the spin wavefunctions only overlap when they are identical... meaning spin does not change

... simplified systems... (Angular Momentum) Atomic Selection "rules"

Orbital angular momentum (Laporte "rule”): Al = +1...as [y = [; £ Sphoton

Spin angular momentum (Wigner "rule"): Amg = 0... i, does not act on spin
Orbital z-direction angular momentum: Am; = 0, +1...as m;r = my; + Msphoton

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

: (REVIEW) 445
Selection Rules ‘
Jf‘w_,,__ f‘c'n.i\dr. f“,_ d4n - related to spin-orbital coupling...
Franck Condan _orbital
factor  selection rube selection rule
.. related to the F~C factor... wn

Tk T
Turro, Chapter 3, Figure 3.5, Page 133

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

Al = £1,since Iy = l; + Sphoton-- Amg = 0... Amy = 0, £1, since m; p = m; £ M photon

Heavy Molecule (Russell ders LS C ing) Selection "rules"... for linear oscillating photon E

Total angular momentum: AJ = 0,+1 ...and AS = 0..and AL = 0,41

Total z-direction angular momentum: Am, = 0,%1... and 0’s are there for the reason before
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Selection Rules

[revein. fzms.in, frrv.in Y

i Joasaai\
When light does not change ¢,...
... this factor is non-zero... and the other factor is 0
This means that the photon absorption event...

a
SAARAS
.(VV\
...is nuclear... and is not electronic S
NS~
A
PAN

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

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

Av = +1 (polarizable)

A\
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Rotational (Rigid Rotor Spherical Harmonics):
AJ = +1 (permanent dipole)

Turro, Chapter 2, Figure 2.6, Page 76




Absorption Coefficient & Beer—Lambert Law

To describe attenuation of light intensity/power through matter due to absorption only... one writes

ol . . - : :
a—z‘/ = —a, ... where @, is the linear Napierian absorption coefficient (cm™)
N L . "
Rearranging to T" = —a, 0z, and integrating from I, ¢ t0 I, aci Over £ leads to...
Iybac) -
In (l”’—“‘) =—a,l..orl, =I,,e” %, where I, = Ipack and I o = I, front ‘
vfront § ! §

—z—
Lakowicz, Chapter 2, Figure 2.52, Page 59
) (absorbance)

..where T, = v (transmittance) and A, = —log(T,) = log =)
P P

... but the absorption coefficient can take on many forms/units... sorry...

log (IL) = —a,?... where a, is the linear decadic absorption coefficient (cm™) [not often used]
vo
In (I‘I,ivn) = —k, cf... where K, is the molar Napierian absorption coefficient (M cm™) [n. 0. u.]

. 1000k, - . .
..since Mt em?=Lmol'ecm? =dm? moltem?, o, = . s the absorption cross-section (cm?)

A

log (IL) = —g,cl... where g, is the molar decadic absorption icient (M cm™)... finally!...

... leading to the Beer-Lambert law... A, = £,¢f... a succinct and well-known equation in the end
https://goldbook upac.org/terms /view/A00037

Einstein Coefficients & Oscillator Strength e

Oscillator strength (fy2): integrated strength of
an absorption band relative to a completely

... is emission the microscopically reversible opposite of absorption? ... Nope! allowed transition

Absorption = =Stimulated Emission... but not Spontaneous Emission

—_
Spontaneous Emission  Positive Absorption = Stimulated Absorption 5 |
an, an, B 53
= Ann, ——= = —B1zmp(v) L5 E 3~
at at ~ 8 [ 8
Wo B g w
Negative Absorption = Stimulated Emission 2 |5 H
an, Z B 3
T Ba1nyp(v) a |3 s

)
Consider all possible reactions to be at equilibrium... Atkins, Chapter 13, Figure 13.5,Page 434

ony oy g1co1z _ 91¢°f12
—-=——==0=A41n; + By1nyp(v) — B1an1p(V)... g1B12 = g2B21 ="~ ==
ot at 2172 21m2p(V) 1211p(V) ... g1B12 = 9>B21 n prr
-« where p(v)is an irradiance...in units of energy per volume per frequency,v gy B = Lervd
R.C.Hilborn, Am . Phys. 1982,50,982-986 .. A1 = — 5 By = = 3
R.C.Hilborn, arXiv:physics/0202029 ¢ Eohc
449

Absorption Coefficient

... what is the name of each absorption coefficient?... and how do we compare them?
... well, what is the concentration in a metal?... Maybe 1 M-ish?

Free base protoporphyrin IX (PPIX)

5 8 s %

8
Normalized Fluorescance

Molar absorptivity (10° L mol? cm'?)

=
k)

450
Wavelength (nm)
i

w0 e

7301756

7/27/2022




7/27/2022

Absorption vs Absorbance vs Absorptance

... let’s use each in a sentence, okay?
... For example, "I do not understand the difference between A., A., and A.?"... Ha! j/k

... "This plot displays an absorption spectrum"

e Free base protoporphyrin IX (PPIX) . ! i !
g™ 0 ... "The ordinate is often absorbance, which is
T imensionless... and definitely not “a.u.
- ’\‘ i ionl d definitel . o
z® 4 og § ."Absorbance, 4, is directly related to
g o soret band 1:' === g concentration... and so its range is [0, e°)"
= 025 N e T |“ 08 2 ... "Absorptance, a, is the fraction (or percentage)
£ 0 o " o E of light absorbed... it goes well with T (or %T)"
= AW, " ] ... "Photochemists must know concentrations (via
3 2 famres v 02 Abs, A) and amount of light absorbed (as Abt, )"
H S5, ;l E  Abs A)and t of light absorbed (as Abt, @)
= PEAN E B
& .
] _(r2—m
2 W @50 500 7580 %Ry = <n2 -y
(&) Wavelength nm) %, = (100% — %Ry, grone) 1075 — %Ry back
7301756 %T, = (100% — %Ry front)e %" — %Ry back
..and based on the Fresnel equations, for light with normal incidence... %A, + %T, + %Ry a1 = 100%
o  Contuction hand dectroms 451

... looks like a Jablonski diagram...

" ... but based on linear

E—k Diagrams “=*

Phonon o

Particle Type: Boson

Mass: 0

Charge: 0

Energy: E = hv = hw [

Linear Velocity:% = (%)v =Av

Linear Momentum: p = no_nhv hv = hk

H
H
v i
§

z Angular Momentum / Spin: +h = + %

w0 e

00
‘wavelength (nm)

Photochemistry (summary for today) 2

« 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 0\

* Beer-Lambert law, Absorption coefficient, Einstein coefficients, «g((\
Oscillator strength, Absorptance, E-k diagrams &
&
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Photochemistry (let’s review TWTh)

« T: Blackbody radiation, Carnot efficiency limits, Light—Matter interactions,
Photon properties, Conservation laws

* W: 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

* Th: Beer-Lambert law, Absorption coefficient, Einstein coefficients,
Oscillator strength, Absorptance, E-k diagrams
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ALL DONE!...

... THANKS SO MUCH FOR TAKING PART IN THIS

(RATHER) NEW COURSE! '9;,6
7
@
Take-home messages: %
(1) Some chemists know a lot of physics; )},'))
(2) Physicists (you!) now know a lot of Chemistry; ‘@,

(3) Who wants to switch to a Ph.D. in Chemistry? )
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