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.. okay... now let’s try this again... (REVIEW) 56

Forster Cube and Square Schemes

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

Rz PKq E?Hz
£ | £ state free energies (AG°)... but what is the
A
6)(2 | DK, - actual free energy of the system (AG)?
! 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?
_ |
ﬂgxz [

Z1 ... now, how can one push/pull this system out
| B AL N RH? ’
. V of equilibrium?
Ox? @ Hox?eq = Fox”eq z+1
+ X -G +
! OxH ... recall Le Chatelier’s principle... and thus by

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, let’s keep on trying!

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



Today’s Critical Guiding Question

What thermodynamic term indicates whether a processes will net
occur, or not, for a chemical reaction, and a single species... and
uniquely for today, how does it allow us to quantitatively predict

kinetic information?
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. . . (UPDATED) 58
Review of Physical Chemistry

* Photochemical applications

* Forster cube, Square schemes

* Thermodynamics versus Kinetics

* Schrodinger equation, Internal energy

* Free energy, (Electro)Chemical potential, Equilibrium
* Solid-state physics terminology

* Continuity of mass

* Mass action, Microscopic reversibility

* Mass transfer, Transport, Steady state
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Solid-State Physics Terminology

condensed-matter

molecular photochemistry  solid-state photophysics photophysical chemistry

N\ N\ N\ Evacuum,oo
|P EA |P EA |P PA
A
/ A4 v
>
o e ﬂ
L e N’“ ||
TU | KN(‘ ‘v SN
= N l/;/' OH
) | .
e Tj § Vis/nIR
_ s B -

.. is this most relevant to internal energy (Schrodinger equation) or free energy (reactivity)?



Solid-State Physics Terminology

Sicg(h*) + Siyz(e7) &= Sig(e7) + Sigz(h*)

At equilibrium,

—Si —Si —Si
1 + flyp(e-) = Hepem) T

_Si
Hep(nt)

Hve(h+)

As reference states, it is useful to define
_Si _ -Si _
Acp(n+) = Avee) =0
... you can define up to one more ﬁiSi, but

the last 2! has to be defined based on
calorimetry data

EF,e_
EF h+

/Ie_
_ﬁh+

Anyway... therefore,
-Si ___-Si
Hceer) = THyp(nt)

EF’e— — EF,h+
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Fig. 2—FElectrostatic potential ¢, Fermi level ¢ and quasi Fermi levels ¢, and ¢,.
(In order to show electrostatic potential and encrgies on the same ordinates, the ener-

gies of holes, which are minus the energies of electrons, are plotted upwards in the figures
in this paper.)

W. Shockley, The Bell System Technical Journal, 1949, 28, 435-489



.. okay... now let’s try this again?... (RECALL) 61

Forster Cube and Square Schemes

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

Rz PKq E?Hz
£ | £ state free energies (AG°)... but what is the
A
6)(2 | DK, - actual free energy of the system (AG)?
! 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?
_ |
ﬂgxz [

Z1 ... now, how can one push/pull this system out
| B AL N RH? ’
. V of equilibrium?
Ox? @ Hox?eq = Fox”eq z+1
+ X -G +
! OxH ... recall Le Chatelier’s principle... and thus by

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, let’s keep on trying!

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



- and again... . _ _ (UPDATED/REVIEW) 62
Thermodynamics versus Kinetics

.. but a main benefit of thermodynamics (AG;; [i7) is to predict kinetics (kjf, kjp; D;)...
.. energetics from thermodynamics dictate equilibrium concentrations...

.. but it is the kinetic (and transport) properties that influence how those conditions change

upon perturbation... aCA ON rate of change of the molar
e — RA flux (N) of species A with
ot ] 07 respect to position (z),
rate of change of the J '\‘ dan
(c)oncentration of e.g. N, = _DAE
species A with respect mass action (R)ate laws (to a first order, this is driven by
to (t)ime, in units of that effect species A, differences in electrochemical
M st (mol dm3 s1) e.g. R, = kgasacz ~ k3[B][C]2 potential, [i;, of a single species)

(to a first order, this is driven by
differences in chemical potential,
Wi, of various species, AG;)

.. this master equation describes all kinetic and transport processes... let’s go over it in more detail...




Continuity of Mass

aY = p* + RTIn a¥ + z;q¢% = Rp,j

Note: Adjusting just one
variable is difficult... but
people, like us, can try

“Jean Piaget, the Swiss psychologist who first studied object permanence in infants, argued that it is one of an infant's
most important accomplishments, as, without this concept, objects would have no separate, permanent existence.”
— Wiki, Object permanence




. . . . 64
Mass Action / Microscopic Reversibility

A<=—B
dcaz AG* = AG®* + RTIn Q... where Q = =B = V‘Z(C‘;/C‘g:a)
70— RA] ax  Ya(ca/ca™)
dt j ’ Rps = —kgrap Rg s = tkrap °Llaw of massaction

* Principle of microscopic
reversibility

(Chemists should be yawning) Rap = +kpag Rgp = —kpag

k; (M/s)... arate!

.. and in solid-state physics... Re= total = 2.j Ge€Ne-; — 2. Rece-
k} (s1)... an inverse time constant!

Now, consider the reaction to be at equilibrium... AG* = 0 = AG°"* + RTIn Q' = g — iia

a 0,x
. CBeq/CB AGO &
So, AG®"* = —RT InK', with K’ = —=22=... and, of course, K’ = exp (— )
Caeq/CA’ RT
dcp Kf _ GBeq ' VB
But also, — = 0 = —kfa% kpag ... —=—"2=K=K'=2 i
' 5y fAAeq T KpaBeq Ky e, /e ... it can get messy
/ a o, a .0,a
. aca I« I .« k¢ CB,eq CB YA CB
Or equivalently, — = 0=—Kfcpeq T KpCEeq = = K' =5z =K=2—=

b  CAeq CpA YB €A



: : : : : 65
1D Transport in Liquids (solids are simpler)

A, =A,
1 2
aCA,ZO aNA
— Dpca\ 0fia
ot 0z NA—_(RT> PP T VCp

(MechEs should be yawning)
... there are many driving forces for flux of species...

... convection (vc) is just one (e.g., dT/dx)

Group terms... then mass transfer resembles mass action (assume v = 0 for simplicity)...

0 Ha What are the directions for the dimensions of D, ?
RT

NA = _DA Ca BOLD ((cm?/s) / cm) = cm/s... a velocity!

0z

. d . . .
... and with P units are s1... an inverse time constant!

... and that equals zero at steady state

(Recall that... Ry roral = —kfca + Kpcp... with k; (s), an inverse time constant!)



1D Transport in Solids

o, dﬁe Ref
Flux,, = N, = — 2 4, \
(z is a direction; e means z, = —1) Ep 1 H

EF,e_ — EF’h'I'

diie . L :
f dictates directionality

F?Doce

... multiply by 0, = to get relative rate E,.

.. multiply Flux, ., by "z, F" to get ], .

Evb,l
Solar cell experts say colloquial phrases
like "band bending for charge separation”
and "selective contacts"... 'm not a fan

Band diagram

-q9,

p-on,l
Mn1 = -Hp1

66

B ( aG )
anl Tlp'nj-‘#i

Mn2 = -Hp2

"Ardo" diagram

A hybrid internal energy / free energy diagram shows several useful things at once, but
(possibly usefully) glosses over details of other transport processes... let’s see which ones...
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1D Transport in Solids (liquids are "harder")

Let’s expand Flux,, =
the total

differential... gy, , =

... assuming a

species, e, with

valency, z,, equal

to—1 Vr Zer €4 Flux,, =

... other species

may have different Flux. . =
z,e —

values for every
term, except ¢

/’

Drift—Diffusion
equation

Flux,, = —

Flux,, = —

o, dli, dT, G _ + 2.qd
—_—— — - . . Z
F2 dZ e,Te dZ ani . I’ll I’l’l lq
;p'njii
D,n, (du, do dT, . . (nm)
_ —ag—1= ;= u; +kT;lna; = u; + kT;In
kTe ( dz q dz Se,Te dz Hi = [ i i = Hi i
... M is proportional to c; in a single phase... divide by V..
_Dene du +kTe dy., kT,dn, _kTed +k(ln@) dT, —q@ s, dT,
kT, \ dz Y. dz n, dz dz dz dz e dz
_De<ne du‘e’_l_nedye dn, n.d +ne(ln@)dTe_qnedc1>)_ » dT,
kT, dz vy, dz dz dz T, dz kT, dz e dz
dn, qDen.dd
D i ially invari 0
e 1, + kT, dz assuming spatially invariant 2, y,., 7., T,
D dpug  d(ny,) N d(nn,) d(nnZ) d(gd)) dT,
e \kT, dz dz dz dz kT, dz nevercle g,



(RECALL) 68

1D Transport in Solids (a6
i =
—_ ani T,p,njii
Flux “N = o, dl, Ref 49,
zZ,e e — FZ dZ N
(z is a direction; e means z, = —1) Ep 1 H Ko 1 In°
_ Ev - = Eg i 4[mmeemeeee 1 Mo =My q fremmeeeeess L
die . . . . F,e F,h n,1 p,1
—, dictates directionality " L Ll 7T Tl | Beeeneaeed Mn2 = -Hy o
2
... multiply by 0, = d ;);ce to get relative rate = AG,
... multiply Flux, ., by "z, F" to get ], .
Ep i ~ _uop 1o
~IN 1P
Solar cell experts say colloquial phrases v
like "band bending for charge separation” . ) .
and "selective contacts"... I’'m not a fan Band diagram Ardo” diagram

A hybrid internal energy / free energy diagram shows several useful things at once, but
(possibly usefully) glosses over details of other transport processes... let’s see which ones...



Today’s Critical Guiding Question

What thermodynamic term indicates whether a processes will net
occur, or not, for a chemical reaction, and a single species... and
uniquely for today, how does it allow us to quantitatively predict

kinetic information?
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. . ] (UPDATED) 70
Review of Physical Chemistry

* Photochemical applications

* Forster cube, Square schemes

* Thermodynamics versus Kinetics

* Schrodinger equation, Internal energy

* Free energy, (Electro)Chemical potential, Equilibrium
 Solid-state physics terminology

* Continuity of mass

* Mass action, Microscopic reversibility

* Mass transfer, Transport, Steady state
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