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Lakowicz, Chapter 2, Figure 2.36, Page 48
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FLUORESCENCE INTENSITY
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hotoluminescence Spectrometer
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... measured PL spectra are
effectively multiplied by all
of thesel... Ugh!
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Multi(n)-photon excitation (nPE)
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.. why is emission cut-off?

Photoluminescence intensity (PLI)

requires A-dependent correction factors...
... which differs from absorbance, where
division cancels out all these issues

Abs,,

v

.. in this other plot, it is not...
... what causes those peaks?
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Lakowicz, Chapter 2, Figure 2.26, Page 42
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Photon Properties & Conservation Laws

Where does light come from?
Particle Type: Boson

Mass: 0
Charge: 0
Energy: E = hv = hw -
Linear Velocity: — = (A) v=2Av E
n n <
h _ nhv

Linear Momentum: p = 5 = —

Linear Polarization: E and B

P

direction of oscillation
of electric field vector €

direction of

wavepropagation . = TN, el |t oemmT
/ \< — : .
direction of

oscillation of
magnetic field
vector B

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

Wait... is a light a wave or a particle?

... | mean, is matter a wave or particle?
... | mean, doesn’t everything exhibit
wave-like and particle-like properties?

2Tt
With what matter does light interact?
Fermion Angular Momentum (Orbital, Spin)

Magnitude: h\/](/ + 1)
z-Direction: m;h, m; = [—],]] in steps of 1
Multiplicity/Degeneracy, g;: 2] + 1




: : : 285
Polarization & Anisotropy
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.. anisotropy, r, varies in [-0.5, +1]
.. 54.7° is called the magic angle... | wonder why? ... r=0!... Ta da!
... B is the angle between the absorption 15, and emission 54
.. scattering off of glycerol at -50 °Cis a good r = 1 standard

Principal Axis

polarizer1 [ = ImaXC0829

Lakowicz, Chapter 2, Figure 2.40, Page 50
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Polarization & Anisotropy o
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Lakowicz, Chapter 1, Figure 1.15, Page 13 ypere r, is the anisotropy that would be measured in the Lakowicz, Chapter 10, Figure 10.8, Page 360

absence of rotational diffusion, and O is the rotational cor-
relation time for the diffusion process.

RT

rO:% (300522[3 - 1)

... assuming a random orientation of molecules in the dark...
where 3 is the angle between the absorption and emission

transitions.

250 300 350 400
WAVELENGTH (nm)

9=ﬂz100psatRT

... and because of this...
... ry varies in [-0.2, +0.4]

ABSORPTION (—)
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Lakowicz, Chapter 1, Figure 1.17, Page 14
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Inner Filter Effects (= Photon Recycling)

... does this also occur in the solid state?... Yep!
... and not just frozen solutions... but semiconductors?... Yep!

FLUORESCENCE INTENSITY
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>
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o |
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0 ) A — Lakowicz, Chapter 2, Figure 2.47, Page 56
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WAVELENGTH (nm) ... what if this effect was not caused by changing concentration...

Lakowicz, Chapter 2, Figure 2.49, Page 57 ... bUt rather, by changing A.4?... it’s likely Raman scattering!



Photon Recycling (= Inner Filter Effects)

... does this also occur in the solid state?... Yep!
... and not just frozen solutions... but semiconductors?... Yep!
... What is the major observation in this case?

.. anincrease in Tgs obs = TESext-- and a decrease in Qe ext
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FIG. 2. Recombination lifetime versus active region thickness.
The dots represent experimental data from Ref, 2 correspond-
ing to x=0. 5; the dashed curve has been obtained theoretically
(see text).
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Figure 3. The spatial variation of 7.4/t calculated from
equation (4.17) for different values of the layer thickness d.
We considered an ambient temperature of 300 K. Other
parameters used: D, = 5 cm? s~ [18), an overall lifetime
© =7 ns [11], an average absorption coefficient a; = 7000
em ™" [18], f = 100 cm ~* [9]. (a) The influence of the
relative index of refraction N for the left-hand side of the
semiconductor. For the right-hand side N =1 is assumed.
Full curves apply for d = 2 um and broken curves for d = 1
um.

P. Asbeck, J. Appl. Phys., 1977, 48, 820-822 V. Badescu & P. T. Landsberg, Semicond. Sci. Technol., 1993, 8, 1267-1276
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Today’s Critical Guiding Question

With knowledge of how to define all rate constants and diffusion

coefficients for all continuity/conservation laws that are most
important for thermal process and photophysical processes, how
can they be used to (i) assess the applicability of Marcus theory for

photochemical processes and (ii) predict steady-state
photochemical energy conversion efficiencies?



Photochemistry e

 Excited-state electron transfer, Excited-state proton transfer, Forster
cycle, Stern—-Volmer quenching (Static and Dynamic)

* Rehm-Weller equation, Diffusion-limited processes, Electrostatic
work terms

* Photochemical length scales, Photochemical time scales,
Electromagnetic spectrum, Pump—probe transient spectroscopies,
General spectroscopic layouts, Neodymium-doped yttrium
aluminum garnet (Nd:YAG) laser, Q-switching, Pockels cell, Brewster
angle, Titanium-doped sapphire (Ti:sapph) laser, Mode-locking,
Delay line

* Statistical mechanics distributions, Detailed balance analysis,
Photoelectrochemistry, Photoelectrosynthesis, Load line analysis



.. okay... now let’s try this again... (REVIEW) 293

Forster Cube and Square Schemes

... all of these free energy terms are standard-

3% “
EL | £ state free energies (AG°)... but what is the
A
* 5 | PR E actual free energy of the system (AG)?
Ox II 9 5XHZ+1
i Vn . ... let’s assume that AG = 0 (equilibrium)... how
| could | indicate that on this slide, as a point(s),
@c\“}o I{ Vox to depict the majority species present?
_ |
Hox: 21 KR z now, how can one push/pull this system out
| R RH AR
. V of equilibrium?

OxZ ® Poxteq — Mox™eq 241
2.303RTpK g, OxH ... recall Le Chatelier’s principle... and thus by

P
o addition of reactants or removal of products...
— such as mass or light!

.. hopefully this made a little more sense this time around... and if not, WE ARE (NEARLY) OUT OF TIME!

Z. R. Grabowski & W. Rubaszewska, J. Chem. Soc. Faraday Trans. 1, 1977, 73, 11-28




Jablonski Diagram

Jablonski Energy Diagram (E-S5)
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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

Excitation A
(Absorption) Txcied Supiet Suates e Wavelength  setey oy P
10" Seconds 3 rationa Singlet reaction -------- | s r-- Triplet reaction
— sz % ]-Energy States Intersystem crossing -------- """" {  Triplet spin configuration
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1 State E, /
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10 niersysiem
(107-10" Sec)| Crossing
s = . .
Int 5t o) &(S,~S,) k¢ K &S,~T,) kg Hk+g
niers em a
Cros%ing Z N%n-lRagtlftive T -
PN NN elaxation
(piet) " 2 Gee PO
Quenching i P
e a Phosghorezscence ! Pl & § 8
=== Ground- i
NORr;g:gtllaginve lso ,:— (107- 10" Sec) | ro;gnﬁ;at;ig;bftal : | | |
| eEmmmy g Singlet-singlet absorption ---+ :+ +  teeeaeeeeee- Singlet-triplet absorption
Ground State Flgure 1 Sp|n Fluorescence --------* \  feeecbees Phosphorescence
) 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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E-S Lifetime & Emission Quantum Yield
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Excited-State Electron Transfer vs Proton Transfer

Forster Cycle Analysis (FCA)

Thermodynamics (AGAg°) dictates kinetics (AGag™)...

Rehm—Weller Analysis (RWA)
AE = E°" — E° = —Eqgry/nF
.. where E is a standard
reduction potential

Quinine Absorption and Emission Spectra
Wavelength (Nanometers)

300 350 400 450 500 600
100 1 1 1 1

= - |<— smkes—bl

g Figure 4 Emission
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z

& 60| -1 60
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S a0f — 40
c

£

_g 20 -1 20
i

o
o

241
wavenumber (cm‘1 X 10'3)

o "
33% 2.00

EOO,RH

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

Fluorescence Intensity

Standard-State Free Energy

>
=

A

Eoo(RH)

RH

—_
L

RH*

RWA

<—2RH*

(depicted as vs AG°(RH/RH*,e7))

.. thank you Marcus, Hush,
Taube, Gerischer, Closs, Miller,

Creutz, Chidsey, et al.!

.. conversion of AE ;5 or ApK, ops
to accurate AGg° can be complex...

Eooru — Eoor-
ApK. = pK; — pK, = ' '
p a p a p d (ln 10)RT
RH* FCA ... where K, is an equilibrium
A \§ o2 ;
\ R—*  acidity constant
\
\ RWA
Egy(RH) \\ Ego(R7)
\
\
VY
=R n"“ == n
(depicted as vs AG°(RH/R™,H*))
2 1.0
9
5 Fluorescence \
é Absorption)‘\
0.5}
: . ApK, "
0 pKa pKa= 9.2 \-\
o .
(z) ! ] 1 1 1 L=
- g 2 4 3 8 10

pH

Lakowicz, Chapter 2, Figure 2.40, Page 50



297

Rehm—Weller Equation

Rehm—Weller (1970) Closs—Mliller (1984)
No observation of inverted region observation of inverted region
10 Experimental Confirmation of Inverted Region
k12 10‘0 T ] T
kq = Ae = 0.75 oV
Koy Ky 1 s = Lower Limit
D it
.. divide the 1 O 10
top and bot-
tom by k12 ‘,"3103 - g
Iz w 10+
107 ~
... use kq to
determine i ; ©

| | . ;
r 10 +
k23... which 4Gy3 . / @ m ¢) @

kcal/mole ~A @
* « ki 18 Ko ¥ + A -
leads to AG,3 IF +1Q3 kZI'lF...le-ZF(‘T.).zQ(_) o L2 , , , .
0.0 1.0 2.0
o]
T
0 Icaterra, J. R. Miller & G. L. Closs, J. Am. Chem. Soc., 1984, 106, 3047-3049

D. Rehm & A. Weller, Isr. J. Chem., 1970, 8, 259-271 G. L. Closs & J. R. Miller, Science, 1988, 240, 440-447



Diffusion-Limited Processes & Work Terms 5

The collisiom-ll t’ré-

Reh m—Wel |er (1970) quency (Z) of a fluorophore with a quencher is given by
No observation of inverted region -
. Z = ky|O| (8.10)
... this seems to be limited by diffusion...
~ K1z I y where k, is the diffusion-controlled bimolecular rate con-
Kq = 1 % ky | ky 1 " e stant. This constant may be calculated using the Smolu-
ky  kap Kg chowski equation:
i . AL
... divide the ! 10— e | i\ ot 4nN
top and bot- ko, = 4nRDN/1000 = 1()()()(R" + R,)(D; + D,) (8.11)
o B .
tom by k12 ‘,"310 i : \
b i hich . | h K ' 5 \ where R is the collision radius, D is the sum of the diffusion
107.___,5'_ W Ich term is .t € wor term. - coefficients of the fluorophore (D) and quencher (Dq). and
... US€ AE; plUS ‘ Go = 23.06(E(D/D*)-E(A-/A) eoz) AE \; N is Avogadro's number. The collision radius is generally
. ) €a ’ \ assumed to be the sum of the molecular radii of the fluo-
ight and/or A= OOEID/ D) %0 | \\ d to be th f the molecular radii of the fl
. - -20 -10 0 +10 rophore (R;) and quencher (R,).
electrostatic 463 .
kcal/mole . . i x
— obtained from the Stokes-Einstein equation:
work terms, to PR w1 RPN TN RC e
F+ Qe - F, L Qe F . . Q.
. ka1 kg
determine D = kT/6mnR (8.13)
(0]
AGy3 L
To where k is Boltzmann's constant, 1 is the solvent viscosity,

D. Rehm & A. Weller, Isr. J. Chem., 1970, 8, 259-271 and R 1s the molecular radius. Lakowicz, Chapter 8, Pages 281
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Rate_ Dete rm | n I n g Ste p ( R DS) Poisson’s Equation (from Gauss’s law)

— 0% (x) p dep(x)
D+AZ==D*+A D2 g
0x € dx
But wait... is this the elementary reaction step for electron transfer between b(r) = q
a (D)onor and an (A)cceptor in solution?  4mer
(D) (A)ccep Nope!
Ground-state electron transfer AGe AG,°
due to entropy/sterics due to entropy/sterics

D+Ae (DA e DA T (DA )e (DA ) DY+ A
L |

Ry R¥ P Py
Excited-state electron transfer AG®,, AGP,, AG®,,
in pre-equilibrium RDS 1%t-order ET due to electrostatics

k{9 k23 k34
Ru(bipy);*** + Q === Ru(bipy);®**. . . Q === Ru(bipy),;**. . . Q@ === Ru(bipy);** + Q-

or is diffusiohtlimited RDS *32 k43
y encounter complex ion pair
TD +hy

1*3{:

Ru(bipy),** + Q = Ru(bipy);™. . . Q
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RDS: Pre-Equilibrium Approximation

... seemingly totally unrelated... how does one determine the observed resistance of 3 resistors
in parallel, or 3 capacitors in series? ... it’s approximately equal to the smaller one... okay...
but mathematically, add their reciprocals... and reciprocate

(1)
D+ A== (D, A)== (D*, A )=D* + A~

... SO how does one determine the observed rate constant for 3 reactions in series?

111 1 oDl _ alAl _
o + iy + o where T kf,obS[D] |A]

... except that Step 2 is preceded by Step 1... and Step 3 is preceded by Steps 1 and 2
... and only one of those Steps will dominate the observed rate when it is the slowest step

... So the (pre)ceding steps must be much faster... thus assume they are in equilibrium...
1 1 1 1 1 k kqipk
= + + — 4 fab 4 XibX2b
kfobs kif Kikzy  KiKzkszf  Kif  kigkaf  Kigkafksf

.. it’s the same general idea...

... and for completion, what if 3 (same-order) reactions occur simultaneously, i.e. in parallel?

N | 1 1 1 1
.it'saseasy asitseems... Kgops = kyp + kpp + kzp = . + Tar + Tar = Tf obs
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RDS: Steady-State Approximation

o[p*] _ a[A7]
ot ot
.. when all are fast, except Step 1, won’t k¢ ops = kq¢ then?... not always...

... but what if we want to determine ... and some preceding steps are fast?

D+A==(D, A)e= (D*, A)e=D* + A-

Assume that the middle steps come and go quickly... so each has a small steady-state conc...

a[(D,A ; _ kif[D][A]
OAL = 0 = —ky[(D, A)] + ki [D][A]... and thus [(D, A)] = 1szf
.
f’[(Da;A = 0 = —kat [(D*, A7)] + ko [(D, A)] ... and thus [(D¥, A™)] = 2 ,[C(D’A)]
3f
... which means that [(DT,A7)] = klf:szED][A] — klfk[D][A]
2fk3f 3f
+ —_
... since a[;)t | - a[aAt I _ k3p[(DT,A7)]... thisis just equal to ky ¢[D][A]... and kg ops = k1

... Which is what the pre-equilibrium approximation would have predicted too, so... consistent!



| i (BRIEFLY; UPDATED)
(S)tatlc & (D)ynamic Stern—Volmer a%nugmﬁ)ggoz

(D)ynamic  Higher (S)tatic
ke LQ - /w_temperature -
[ ]’ (F' O*) t : ,, \/ L
| o 9 / / g Hugher‘
Non - o w [ /. temperature
fluorescent % I 3 N\ I Slope=K ) -
hV S & ‘C' L. / ; / u-o L > -
¢ O =— F0 w |/ SlopekqTo"Ko b, - g,
N /4 L/~ 7. why does K. decrease?... AS°
_ _ 2/ /- s
K = F-0 _ Flo — |F _ Fo _ R why does K, increase?... k, 1 Via T/r
Falte) |F||Q] IF|]|Q] |O] o JL T T T T W B S ol 1 4 v 0
.. leads to the "same" 5=V ean [Q], . (@l ..
- (S)tatic & o F _ Lakowicz, Chapter 8, Figures 8.1 & 8.2, Pages 280 & 283
- (D)ynamic /’ < -
0 Cp* 1
T ¥, = ,. F = f(t) — (— + chQ> cg+ = 0... at s.s.
~ ™ /// - P .
-8 | K e Ww | Slope =KoKs ac
2l st T F = f(t) — —CF* = 0.. whency =0
. e T g Fe Kpo*Ks "
>k e
1 - — — * pu— —_— *
o 1 | | S 1 1 I | LGS (S | 1 Yax o 1 1 SOIVe for f(t) CF ( + kq CQ) CF
[Q]free [Q]free

.. and simplify to S—V eqn...

: . = =1+ kg7
.. conversion of k, o5 to AG g™ can be nontrivial CF* 0~
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Today’s Critical Guiding Question

With knowledge of how to define all rate constants and diffusion

coefficients for all continuity/conservation laws that are most
important for thermal process and photophysical processes, how
can they be used to (i) assess the applicability of Marcus theory for

photochemical processes and (ii) predict steady-state
photochemical energy conversion efficiencies?
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LOG SIGNAL

Counts/s (—) or Nanocamps (---)

LIGHT INTENSITY

Lakowicz, Chapter 2, Figure 2.36, Page 48

https://micro.magnet.fsu.edu/primer/digitalimaging/concepts/photomultipliers.html

Photoluminescence Spectrometer

Light Source

Monochromator

Photomultiplier

Incoming

Photo-

o

Incident
Radiation

Nt Order

7

LOG FLUORESCENCE INTENSITY ( Photons /second )

Lakowicz, Chapter 2, Figure 2.16, Page 37

cathodg
Tube
> o
O Z
< W
N e— O Efectrode
> &
ll: u_ Figure 1
] w
WAVELENGTH WAVELENGTH WAVELENGTH
or POLARIZATION or POLARIZATION or POLARIZATION
or TIME or TIME or TIME
or LIGHT INTENSITY or LIGHT INTENSITY
6 ¥ > . am, 15
PMT Saturation ,* & | ... OF use a prism e
g 600nm, 1%
Photon '," 300nm 2'

Photomultiplier Tube

d‘

Photon \ Window

/—ninynodes "

Anode ﬂ,

\'Ioltage Dropping

Power Supply

Sl —————— *:%
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: 000
LIGHT SOURCE
XENON ARC
& ¢ LAMP
PMT
wm| Jem —}— SHUTTER
—— FILTER HOLDER
—— BEAM SPLITTER
REF _
CELL ——+ POLARIZER
lOPTICAL
MODULE

=

rin
‘L‘.“J,:g

SAMPLE CHAMBER

MONOCHROMATOR
CONTROLLER

DISPLAY

EX

EM

COMPUTER

A

Lakowicz, Chapter 2, Figure 2.1, Page 28
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(S)tatic & (D)ynamic Stern—Volmer Quenching

: Higher -
D)ynamic (S)tatic
ke [Q] (F-Q*) . Dy ,/~temperature :
- A 2 1 ; o !
| s L / Higher
To Non - ,’ w [ /\ temperature
- ‘ flugrescent s [ CE i i P
S " [ S L r o
F & O o FO W p /l Slope =kgq To*Ko oo, gl SoRt
N /4 -/~ 7. why does K. decrease?... AS°
_ s ,” /o -~ S
K = F- 0 = Flo — |F - Fo ! woqE. why does K, increase?... k, 1& L% o
F||Q] |F||Q] Flle] Q] ol 1 1 141y ol v 4 44
.. leads to the "same" 5=V ean [Q], . (@l ..
- (S)tatic & o F _ Lakowicz, Chapter 8, Figures 8.1 & 8.2, Pages 280 & 283
- (D)ynamic /’ T
0Cp* 1
0 7 T ,. a? = f(t) — (T— + chQ> cpr = 0... at s.s.
n B /// /, i . 0
o F i LLqu_ ¥ -~ Slope =KoKs JCg* 1
sl T k- st T —=f(t) ——cp o =0..whency =0
1 " 2 [ S ... solve for f(t)... iCF* = (> +k,c Cp+
oL—4— L L 1 L L IS S S A S To 0 To q-Q
[Ql [Q) . Cp
e . ®¢ . ..andsimplify to S=V ean.. —2 =1 + k,74Cg
.. conversion of k, ,ps to AGag™ can be nontrivial Cp*



Rate scale Time scale Dynamic events 3 O 7
™) ©)

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



: 308
E ‘ eCt fOm agﬂ et|C S peCtrU M ... 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
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Pump—Probe Transient Spectroscopies

... probing seems reasonably straightforward...
... but how does one pump? ...

Samplcg

Monochromator

... No... not Reebok Pumps...
... pump with a laser!
Dispersion

... whose pulse width is generally...

device

Source .. ultrafast @ ~10 fs (10> s)
® slit ... or just fast @ ~5 ns (109 s)...

.. let’s start with "just fast"...



General Spectroscopic Layouts

Electronic Absorption Spectroscopy

310

Steady-state Photoluminescence Spectroscopy

Transient Absorption / Time-Resolved Photoluminescence Spectroscopies

R g

PMT

—
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st o e O
e -1 = }

\ 7 ~/4 waveplate Polarizer Output mirror
\k‘ Fa 1064 nm Pull-up Voltage Q-switch Optical Path

532 nm
Virtual state . FHE|SNEL REFLECTION FOR BK 7
N 1 N
1064 nm '

/
BREWSTER'S ANGLE
56.60° / /

y

,
T 7

0
0 10 20 30 40 50 60 70 80 90

o o
[e2] [s:]
>§—_

Ground state

%
m)
\\
~

o
o

FRACTION REFLECTED

\'.l INCIDENT ANGLE (DEGREES)

Key Features
* ~5 ns fwhm pulses; fundamental line: 1064 nm
* white light source serves as the probe

* oscilloscope records PMT readout every ~1 ns

* need to average data from many laser pulses

* a single wavelength is measured per laser pulse

water flow
direction

adjustable mount
laser beam
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(Ti)tanium:(Sapph)ire (Ti:Al,O,) Ultrafast Laser

OCTAVIUS-85M-HP

Typical Output Spectrum_ (light travels ~1 foot in 1 nanosecond)

-
=

=
o
L

=
o

=
kY
L

0.2

Power Spectral Density (a.u.)

800 ?60 860 96@
Wavelength (nm)

1000

5
=
<
acy FCI a
HiC-_ or rcu, o | 0 g
men ~ o~ (this is a tiny blip on Abs) Sample  AC4 =
Probe -—
. >
< | g . N Key Features o
= : v
§ < * 10 -100 fs fwhm pulses; fundamental line: broad, ¥800 nm =
E =l (V2]
2 1 . U * laser serves as both the pump and the probe "
i ool I Moy * delay line allows one to probe out to ~5 ns
------ 40.5° + 66.9°, -15 ps
J o 1o 1500 400 3 e o * each laser pulse allows one to measure a single time point

* use an array of detectors to measure entire spectrum per pulse

.. which of these likely took longer to measure? : : . : .
measuring photoluminescence requires stimulated emission
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Today’s Critical Guiding Question

With knowledge of how to define all rate constants and diffusion
coefficients for all continuity/conservation laws that are most
important for thermal process and photophysical processes, how
can they be used to (i) assess the applicability of Marcus theory for

photochemical processes and (ii) predict steady-state
photochemical energy conversion efficiencies?... now for part (ii)
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Blackbody Radiation

. . .. — T ~
Carnot efficiency limit, n = — = enfc _q _Z2¢_q_1Ic (T=5790 K)
Qu QH 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—
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Forster Cube and Square Schemes

... all of these free energy terms are standard-

3% “
EL | £ state free energies (AG°)... but what is the
A
* 5 | PR E actual free energy of the system (AG)?
Ox II 9 5XHZ+1
i Vn . ... let’s assume that AG = 0 (equilibrium)... how
| could | indicate that on this slide, as a point(s),
@c\“}o I{ Vox to depict the majority species present?
_ |
Hox: 21 KR z now, how can one push/pull this system out
| R RH AR
. V of equilibrium?

OxZ ® Poxteq — Mox™eq 241
2.303RTpK g, OxH ... recall Le Chatelier’s principle... and thus by

P
o addition of reactants or removal of products...
— such as mass or light!

.. hopefully this made a little more sense this time around... and if not, WE ARE (NEARLY) OUT OF TIME!

Z. R. Grabowski & W. Rubaszewska, J. Chem. Soc. Faraday Trans. 1, 1977, 73, 11-28
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E-S Lifetime & Emission Quantum Yield

" ¢ B ¢ i AbSR n_2
Excited-State Lifetime, Tgg = = (t) = t(@)o/ em PR I. Abs nj
ke + knr + 2,5 I;j[Qj] e )7 ... Ris an actinometer
Emission Quantum Yield, ¢po, = - 7 = KrTEs
kr+knr+2jkj[Qj] I(l) = [ e "
= Iy
Sy : Solvent — = E
X -10 1 (Rg|® % o
sx\LRelaxatlon (107""s) kr=?5("FQ /\ <
c Al
Q
| Wavelength (nm) \l’ime (ns)
Rag o ; hv . \
hv, A hvdr |k Q“ (@] > IV, ... Should be normalizable light (laser) pulse
10-155 Q 0.4} I’(f) =r, e—t/G
Lakowicz, Chapter 1, Figure 1.14, Page 11 3 0.2F gt
y f(;or(t)l(t)dt
Iys = lloe"’/t dt = Iyt Is= fOOOI(t)dt 0 Time (minutes) Time (ns)

Lakowicz, Chapter 1, Figure 1.17, Page 14
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Statistical Mechanics Distributions

Given a set of energy levels, E;, what is the probability, P;, that each is occupied at equilibrium?

Boltzmann distribution Fermi—Dirac distribution
n; 1 n; 1
PL(EL) gl e(Ei _ M)/kT l( l) gl e(Ei — ,LL)/kT + 1
... thermal ensemble that maximizes free energy ... fermions (half-integer spin particles)... e.g. electrons
... when species are far enough apart that... ... wavefunction is antisymmetric with particle exchange
... effects due to quantum interactions are small ... which results in the Pauli exclusion principle

... F—D stats approach M-B stats at high T or small n;
.. or the other way around...

.. given an occupancy of energy levels, n;... Bose—Einstein distribution
.. and assuming quasi-equilibrium... P.(E,) = n; 1
.. what is the chemical potential, u?... NS g; eEi—m/kT —_q

. that can be used to perform useful work .. bosons (integer spin particles)... e.g. photons

... wavefunction is symmetric with particle exchange
.. 50... how does one determine n;? ... Which results in no limit on quantum state occupancy
.. chemical kinetics! ... B—E stats approach M-B stats at high T or small n;
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Deta | |ed— Ba ‘ ance An 3 |yS|S Henry, De Vos, Pauwels, Wiirfel,

Ross, Hsiao, Bolton, et al.!

.. at equilibrium in the dark, meaning ),; v;u; = 0, photochemical converters absorb and emit radiation

from and to the blackbody surroundings with equal fluxes, ®;, to (G)enerate and (R)ecombine excited-

_ 4w (oo

state species, CDGrad,eq =z g m a,v2e W/KT dy = Pg = —Pr ... in units of mol cm=2 st

rad,eq

... when an additional continuous source/sink of light is introduced, e.g. the Sun/Universe, the
photochemical converters are no longer at equilibrium, meaning Augs # 0 and Angg # 0... in the

presence of sunlight, CI)Gsolar’ at steady-state one has CDRrad = CIDRrad equ“ES/kT = —(CIDGrad + CDGsolar)

... hon-radiative processes occur in parallel to these photophysical processes, both in the dark and in the

) ) _ 1—¢em) _ _ 1—-@em Augs/kT
|Ight, with CDGnonrad,eq — CI)Grad,eq ( Pem ) _ CDGnonrad and CDRnonrad _ CI)Rl‘ad,eq ( Pem )e "

.. max. useful work is Augs (= —FV,) when &g eq + P e T PRy T PR =0

nonrad
.. useful work occurs by additional reversible (productive) quenching processes, ®g_ _ , which result in

+ (DGnonrad,eq

a decreased value of Augg as Pp = Dg__, eq ( - ) (1 — eAuEs/kT) + D

work ¢em

.. thisleads to j = jo(l — qu/kT) + jph-- Which is the photodiode eqn.... but is purely thermodynamic!

solar
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P h Oto e | e Ct rOC h em |St rv Henry, De Vos, Pauwels, Wiirfel,

Ross, Hsiao, Bolton, et al.!

... the key relation between current density, j, and potential, V...
] = ]0(1 — qu/kT) +jph"' Problem Solition

100 : s
_ . r Energy loss in Carnot cycle
Where Isc - ]ph XA and Voc sV When ] — O = Entropy loss in absorption or emission I- Intrinsic loss
I Entropy loss due to non-reciprocity :
| .
80
|
V ‘ . Multi-junction
Energy loss due to thermalization solar cell
~ 60— or lack of absorption
E,- 5
%)
c
Q »
o] } Surface light
hw q V —& &40 Entropy loss due to lack of angle restriction - / * directors
oc /SC Entropy loss to incomplete light trapping I . _
and reduced QE . Light-trapping
/ © structures, density
onFans . of states engineering
qV,. :EE(I - Ti] - kT|In ﬂ:"mﬂ] 20
fun SLin Conventional single-junction solar cell
2
+1n (427}~ In(QE)
I 5.

... the goal is to have a large value for V__ (Ay;)... and then a large value for /.. will follow
A. Polman & H. A. Atwater, Nat. Mater., 2012, 11, 174-177



Energy eV vs ref.

(+)

... this generates electricity... one aims to maximize power =j XV

Photoelectrosynthesis

... versus Regenerative Photoelectrochemistry \

i =q(Plo + k{ [A] - (n)) ke [A] )

hv

‘-*

—

h

f— S0lid

Evh
or
ﬁP

Liquid ==

(-)

Energy, eV vsref.

(+)

... thank you Shockley, Queisser,(BR|EFLy) 320
Henry, De Vos, Pauwels, Wiirfel,

Ross, Hsiao, Bolton, et al.!

k 0 N
et, BB
I e - B,
§ WpTT—— +
ket.( ( E: :
- il B
- C
e
I-"_ ----- E(C™IC) E(C"/C)
T
hv E(B*/B) . Py
E.wb -~ C |-
? J o~
ht* (3
e S0l Liquid s E
~
=
5
3

A. Kumar, P. G. Santangelo & N. S. Lewis, J. Phys. Chem., 1992, 96, 834-842

... thank you Marcus, Hush,
Taube, Gerischer, Closs, Miller,
Creutz, Chidsey, et al.!

oQ‘ —
 8)
03| "
02|
. n
sl water electrolysis
| (running forward) . s
2 1 - 5 -
m 8 # | nning backward |
4.1 A 4 a_a o aaaal A a4 o " A
10" 103 104 10°

WE: SrTiO,(s) |H,0(1) | O,(g)
CE:WPtgs) | @zc)il)_l ljz(g)

Intensity (W/cm?)

1072
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Loa d |_| Nne An a |yS|S Henry, De Vos, Pauwels, Wiirfel,

Ross, Hsiao, Bolton, et al.!

.. photogenerated j vs. V data (power curve)... .. thank you Marcus, Hush,
.. must be current matched with required j vs. V' data (load curve)...  Taube, Gerischer, Closs, Miller,
.. and there is @ minimum value of I/ = AG /nF to form products Creutz, Chidsey, et al.!

Units of io are A/sqcm

g
u (7}
S 70 % °]
§ &0 {a0 £} s EQ(water electrolysis) = —1.23 V
g'g E E‘ \ io=1e-7 ]
E Fry 50 | i 3 41 io=16-6 18 ™
28 4 209 16 1 IV)koad
gEg ) 1 = 14 L Worst!  svsoace Eg=20ev
g s o ” | | — Best! A\
1 10 15 20 25 30 % 12 s _J(V)solarCel Eg=2.1eV
g 210 1.0 Bandgap [eV] = 101 WOFISEe JV)soarcen Eg=2.2eV
S 10| £ .
s |
0 0.0 z 6
0.0 10 2.0 3.0 4.0 :
Bandgap [eV] o 4‘[
2 1
... this generates electricity... one aims to maximize power =j XV 0 .

0.0 0.5 1.0 1.5 2.0

R. E. Rocheleau & E. L. Miller, Int. J. Hydrogen Energy, 1997, 22, 771 — 782 Voltage [Voits]
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Forster Cube and Square Schemes

... all of these free energy terms are standard-

3% “
RZ‘T DKQ ﬁHz
EL | - state free energies (AG°)... but what is the
. A
6)(2 | pKL, x actual free energy of the system (AG)?
II OxH
i Vn . ... let’s assume that AG = 0 (equilibrium)... how
| could | indicate that on this slide, as a point(s),
@c\“}o I{ Vox to depict the majority species present?
g |
Ox?Z G .
A /Rzi_______gff_g____RHz - NOW, hoyv can one push/pull this system out
. V of equilibrium?

OxZ ® Poxteq — Mox™eq 241
2.303RTpK g, OxH ... recall Le Chatelier’s principle... and thus by

P
o addition of reactants or removal of products...
— such as mass or light!

.. hopefully this made a little more sense this time around... and if not, WE ARE OUT OF TIME!

Z. R. Grabowski & W. Rubaszewska, J. Chem. Soc. Faraday Trans. 1, 1977, 73, 11-28
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Today’s Critical Guiding Question

With knowledge of how to define all rate constants and diffusion
coefficients for all continuity/conservation laws that are most
important for thermal process and photophysical processes, how
can they be used to (i) assess the applicability of Marcus theory for

photochemical processes and (ii) predict steady-state
photochemical energy conversion efficiencies?... now for part (ii)
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Photochemistry

* Excited-state electron transfer, Excited-state proton transfer, Forster
cycle, Stern—-Volmer quenching (Static and Dynamic)

* Rehm—-Weller equation, Diffusion-limited processes, Electrostatic
work terms

* Photochemical length scales, Photochemical time scales,
Electromagnetic spectrum, Pump—probe transient spectroscopies,
General spectroscopic layouts, Neodymium-doped yttrium
aluminum garnet (Nd:YAG) laser, Q-switching, Pockels cell, Brewster
angle, Titanium-doped sapphire (Ti:sapph) laser, Mode-locking,
Delay line

e Statistical mechanics distributions, Detailed balance analysis,
Photoelectrochemistry, Photoelectrosynthesis, Load line analysis



ALL DONE!...

... THANKS SO MUCH FOR
TAKING PART IN THIS
RATHER NEW COURSE!
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