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MarCUS HUSh TheOry D+ A =D"4+ A .. but howis this a first-

Marcus—Hush (1950s—1960s) A B order reaction (s1)?...
theoretical (semiclassical) rate constant equation more on this later...
2m 1 AG g 21| Hpa |?
kgr = — |Hpa|? exp | — . éDA has units of s
h \/4nAABkBT kBT ATAkgT
A—X"=—8B

Eyring—Polanyi—Evans (1930s)
theoretical rate constant equation (from transition-state theory / activated complex theory)

KkBT
—— K7 ... with transmission coefficient, x, and vibrational frequency, v (s)

h
..and R = Nykg... and <&~

KkBT AGi KkBT AS:# AH:/: _
ke = exp | — = exp exp | — ... and so 4 contains AS™

kf = KVKi =

has units of s

h RT h R RT
... What is the largest predicted pre-exponential factor at 25 °C? (161 fs)! = (1.61 x 1013 s)!
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Marcus—Hush Theory 34 A =Dt 4 A-

Marcus—Hush (1950s—1960s) A B
theoretical (semiclassical) rate constant equation

K 21T |H |2 1 AGAB
= — exp| —
o1 h pA \/47T},ABkT kT

guantum adiabatic
electronic coupling

classical nuclear free-
energy dependence
2T

kgr = — |H (a8 + AGAB")Z)
ET — .

|2 exp (— ... what kind of function is this?
poPA JATA kT 42 pgkT

(Aag + AGA°)°
4258

AGABi —_

. 2
AGag~ — (—ApB)

21T 1 1
... does this help at all?
V224AgkT

ket = — |Hpal? exp| —=
BT TR A o 2k 2(
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Marcus—Hush Theory 34 A =Dt 4 A-

Marcus—Hush (19505—19605) Standard Normal Distribution A B u=0Jo=1

theoretical (semiclassical) rate constant equation 4
—/AB
4 -
... wait... the classical z
. g .31
component in Marcus | 8 = [22,gkT
electron-transfer theory is a -
normal distribution as a 2
function of sta-ndar.d.-state .- ; 22 AapkT
thermodynamic driving £01%  +2.1% £34.1% | £34.1% +2.19 T
force (AGAg°)?... Yep! 0- — -
-30 -20 1o M +1o0 +20 +30
< AGpg° >
2
21T 1 1 AGABO — (_AAB)
ke = — |Hpal|? exp| —= .. does this help at all?
n V21,/2ApgkT 2 V2A,gkT



Inner versus Outer Sphere Reactions

Marcus—Hush (1950s—19605s)

theoretical (semiclassical) rate constant equation

08

Figure 1.
N HCIO,. (Absorbance around 560 my for [3,3] is probably due to
residual [2,3] in the solution; photoreduction of [3,3] takes place
readily.) ena2 and en,s) are measured in the range 2-3 X 1075 M,

pa

length.
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Taube (1950s—1970s)

inner sphere electron transfer

Robin—Day MV classification...

label each below!

Class I: nonadiabatic (Hp, =

0)

Class Il: adiabatic, localized (0 < 2Hpp < Azg)

20

*
/[3 AG AB
kv = — |Hpa|? exp| —————
ET 7 I11DA P kT
\/ 41TA AB kT
Creutz—Taube ion (1969) N N VT
' ' ’ - ‘ SN\
" " . H3N Ru N Ru NH,
r’l \\‘ I - N/ "" ----- -
B === [(vH3)s RuNTN Ru (¥i3)5 ] *esyza Boniok 'f ‘\‘ o H-N NH H,N ,NHa |< 1 EV|
I_ — [(wHa)s QuN@N Ru(NH3)s ]"E“p zixior ] Y (r L 3 3 _ ’ -
— [(¥Hs)s RUNTIN Ru(NH3)s |8 3552 585104 ,” ‘\ ‘ i_ T — ‘ ’v
) yig

07 =

e

08 ~ 5+
—[(nHz)s RuNDN m(w,)s]

L--.{(an)s RuUNGN Ru(NH3 )g]1567

Intervalence
charge-transfer

| SRS S S S S R | '_n

Visible-ultraviolet spectra of {2,2], {2,3], and [3,3] in 0.05

of [2,3] =
th length 1 cm. e€g,3 is measured at 8 X 1075 M, 1-cm path

1.5 X 107

Figure 2. Near-infrared spectrum of [2,3] in D,O:
M; 1-cm path length. (Dashed line is
actually the blank, but accurately indicates the spectra of [2,2] and
[2,3]in this range above 750 my at this concentration level.)

(IVCT) band k
e -«;-::—"F_sT nso :; 5 “-—--15-5:“::-_7_50__:10

concentration

10

Class Ill: adiabatic, delocalized (2ZHpps > Asg)

.so what is 2Hp, for Class Il [C—T]5+?

\

M|xed vaIency (MV) condltlons

\

\

\DALUMO//

"DLI}MO'I n

n
Ayumo

— s

Dyomo Amnomo

DHOMO

AHOMO

C. Creutz & H. Taube, J. Am. Chem. Soc., 1969, 91, 3988—3989
B. S. Brunschwig, C. Creutz & N. Sutin, Chem. Soc. Rev., 2002, 31, 168-184




uang—Rhys Factor

Marcus—Hush (1950s—19605s)

theoretical (semiclassical) rate constant equation

(REVIEW) 128

Fermi’s Golden Rule
time-dependent perturbation theory

+ With one coupled medium- or high-frequency mode

k _ 2T 2 AGAB (or averaged mode), only the v = 0 vibrational level

ET — A |H DA | \/4 1 kT exp| — kT is appreciably populated at room temperature (how >
n AB 1(]37-), and8,43,112,115,131

= Vn(r)xel(r)xn(r)

2 ’ I ’
= SVl H o) W) *0(E — B)

... separable due to the Born—Oppenheimer approximation

If hw;> kg7, only v; = 0 is appreciably populated
and

/i

)j

; (22)
v/ !

2 _ —_
<X13.’|X1:”:0) _exp( ‘5})

P. Chen & T. J. Meyer, Chem. Rev., 1998, 98, 1439-1477

27 HDAZ S’
= Y exp(—S) ;exp[—[(A(? +

kET -0
h (4xd RVFV

vho + 1,.)%/4) RT]] (25)

In this limit the coupled vibration does not contribute
to the temperature dependence since the only con-
tributing reaction channels originate from v = 0.

S; is the electron-vibrational coupling constant, or
Huang—Rhys factor:%1%

5=3 7 Jae.

... we’ll stop
here, but it can
get even messier,
of course...

(19)

M,; is the reduced mass. The physical significance of
the vibrational overlap integrals is that they give the
extent to which the final and initial states coincide
along the normal coordinate. N. Sutin, Acc. Chem. Res., 1982, 15, 275-282



Thermal (Dark) Reactions 2

* Activation energy, Eyring—Polanyi—Evans equation
 Marcus—Hush (electron-transfer) theory

* Transition-state character, Reorganization energies (outer and inner),
Linear free energy relationships

* Molecular orbital theory, Huang—Rhys factor

* Quantum mechanical tunneling, Superexchange

* Inner versus Outer sphere reactions, Robin—Day classification
* Self-exchange reactions, Marcus cross relations

* Charge transfer across electrified interfaces, Butler—Volmer equation,
Rate-determining step, Fermi’s golden rule, Marcus—Gerischer theory



Self-Exchange Reactions =0

.. use NMR spectroscopy... of course!

The equation that is used to correlate line-width,

Marcus—Hush (1950s—1960s) chemical shift, and rate is
theoretical (semiclassical) rate constant equation by = A X X AV (W - X, W = X W) G (1)
2 1 AG * where 4, is the rate of electron exchange, X3 and Xj are the
) T H 2 AB mole fractions of diamagnetic and paramagnetic specms Av
ET — 7 | DA | exp| — kT is the contact shift or chemical shift difference (absolute value)
\/ 41tA AB kT between the pure diamagnetic and paramagnetic species (mea-

sured in Hz), W, is the peak width at half height of the signal
What is the fastest way to predict values of parameters? ~ of interest for the mixture, ¥y and I} are the peak widths of

. , the pure diamagnetic and paramagnetlc species and G is the
.. study self-exchange reactions for each of D and Al total concentration of the exchanging species in moles/liter.

.. and then use "half" of every . radioisotope labeling

value for D and "half" of every of species works too...
@ value for A to in order to _ _
determine Kgt_pa..- - an anisotropic
scaffold also works, and
... but how are each measured,
@ . then monitor how the
since the reactants and the

polarization of spectra

products are identical? _
change over time!

Reactants Products

N. Sutin, Acc. Chem. Res., 1982, 15, 275-282
D. L. Jameson & R. Anand, J. Chem. Educ., 2000, 77, 88—89 S. Ardo & G. J. Meyer, J. Am. Chem. Soc., 2011, 133, 15384-15396
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Marcus Cross Relations

Marcus—Hush (1950s—1960s) Marcus Cross Relations

theoretical (semiclassical) rate constant equation ... S0, how does one apply knowledge
21T AG Ap™ gained from self-exchange reactions?...

ke = — |Hpal? exp | — ... meaning what is "half"?

h \/4”)‘ABkT T ... use this nice equation...

2 :
AG £ (AAB + AGABO) kAB — \/fABkAAkBBKAB ... With fAB ~ 1
AB —
41
Al kag ~ \/kaakppKap

\ @ / / @ - 21 1 1 (Aaa | /BB
kag = |Hpp |?|Han|? exp| — + + AGpR°
AN - p . AB h\/m DD AA m p LT 4 4 AB

@/ \ , ... where AG,g” is similar to Albery’s Equation 4...

/

-— . 92

Pt A/~ |Hpal =+/|Hpp||H sl AGE, = LAGE, + LAGH ,+ 124G+ &AG) :

Reactants Products A _I_ A S(AGI,I+AGII,II)
... these are "half"... )IAB ~ AA BB J. Albery, Ann. Rev. Phys. Chem., 1980, 31, 227-263

2 R. A. Marcus & N. Sutin, Biochim. Biophys. Acta, 1985, 811, 265322
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Today's Critical Guiding Question

Since Marcus—Hush theory is sufficient to predict all rate constants
(with knowledge of only AG Ar°, Axg, and |Hpa|?), and mass action
makes knowledge of rates facile (and transport is a chemical
reaction), can Marcus—Hush theory also be used to predict rates of
interfacial charge transfer, e.qg. current in electrochemistry ?



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 _
Hep(ht) = HvB(e™) =

... 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+

2% = 0G\ (REVIEW)133
i =
ani
T;p;njii
p-n JUNCTIONS IN SEMICONDUCTORS 439
| I ) i
I 1
w
q (»-¥) (=¥ ||2g
P=ni P=ni€ kT P=ni€e KT 35
T Ecp + + + + + | =
s | - - - - - &
o CB(e™) Epe- = Epp+ Epe-  HcBe) |
i T e [ Y oL
Si —Si |
g ) Epe- = Epp+ Heaen = “Hve(nf)
Q¥=y —Si = 5] — ¥
N KcBe™) = ~Hve(nf) Si
o _ Epnh+ HvB(n+)
G __=Si,0 .\ Prlp-————==———=-
o vB(h) | + + + + + + + |
S Evg ~ ( | |- === z
| a(¥-v) qQ(¥-w))|F
n=ni | n=nieTRT n=ni e~ | 532
P ([15°
Ugh,llet’s flip this | 1E
| | | i [
(a) INTRINSIC (b) p-TvPE (¢) Nn-TYPE WITH

INJECTED HOLES

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
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Charge Transfer across Electrified Interfaces

... aren’t these so-called “heterogeneous — s pn— FYl: For each ¢, and c;, electrochemical
% ne"M+ Q=R

electron-transfer reactions”?... Sure. — equilibrium (j = 0) is attained via
dc (/Idid not include primes here, interfacial charge transfer to alter ApM!s
0,2, & forsimplicity | ~ ' ’

... Rg is a rate... with units of M/s (= mol dm= s

... Jg is a current density... with units of A/cm? (= C cm™ s7)
. K; (s1) is an inverse time constant!

.. k'; g (cm s) is a velocity!

.. as a specific case choose E° ... and thus, jror = nF (—k’f gorCoz, T K'p EO'CR,ZO)

But how does this lead to the Butler-Volmereqn?.. (= j . = nF (_k’f,E"’ + k,b,Eol)

C (1-pB)Fn —BFn / ! 0
JE = Jo 1 €XP RT — exp “RT kf,E"’ — k bEOT = k

AG°
n= (E - Eeq) = Eqpp = _F

... this suggests that we will replace k’j,E velocity rate constants...
... with thermodynamic driving force terms!... But how?... M—H!

... where n (V) is overpotential
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Charge Transfer across Electrified Interfaces

Key Electrochemical Information e_rM +0—R
e |In eIectrochemistry, application of a Bard & Faulkner, Chapter 3, Figure 3.3.2, Page 95
otential, E,,, varies the electro-
P . app . k’fEO, — k,b EOI — ko
chemical potential of electrons (e7) SR S ou Y o -
in the (M)etal working electrode, i} /K _________________ N .

* Based on thermodynamics, when
written as a reduction reaction,
changing M alters the free energy
(and also the standard free energy)
of the reactants, as AG, = iy + fig
(and AG} = [¢' + H3)

At an applied potential

bias equal to (E - E°’), a

net current results... in
which direction?

* The derivation here assumes that
the electrode is inert, e.qg. not like
battery electrodes

Standard free energy

* analogous conditions to a self-

exchange reaction (kg = kp) for _ .
homogeneous electron transfer Reaction coordinate
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Charge Transfer across Electrified Interfaces

Key Electrochemical Information e_rM +0—R
* In electrochemistry, application of a
potential, Eapp, varies the electro-

chemical potential of electrons (e”)

in the (M)etal working electrode, i} \, , 10"’ ,
K'gpor = K por = k™ (1 - B)F(E - E°)

Bard & Faulkner, Chapter 3, Figure 3.3.2, Page 95

_ >
* Based on thermodynamics, when > S V. J
written as a reduction reaction, 2 At EC.
changing M alters the free energy $ F(E - E®) .
(and also the standard free energy) Q@ _
—M — e
of the reactants, as AGy = jle +flop D gl o
(and AGR = f}' + i) § | FEapp -~ BF(E-E")
c
* Based on approximations, altering t% At E

AGp changes all AG values on the
reaction coordinate relative to the
initial AG,, and not differently along

the parabolic/linear shape of the - e . —
reactant "surface"... Should it? Reaction coordinate g+ (1-p) =1
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Butler—Volmer equation
neM+0O0&=R"

JE = nF(k,b,ECR,zo — k’f,ECO,zO) ... for this example, let’s assume thatn = 1...

RO, ex (1 o B)F(E _ EO’) _c ex _ﬁF(E _ EO’) Current—Potential
JE = Rzo CXP RT 0,zo €XP RT Characteristic
i= {CR,ZO exp ((1 — ﬁ)Fn> €o,z, exp (—ﬁFﬂ>} n= (E — Eeq) = Eapp Ov(;:;:)et::\_tial
E — * - * RT -
"R RT Co RT Jo = Fkocﬁﬁcg(l 2 Equation
... ¢ means bulk concentration... conversion is trivial using E¢q = E°' — %lni—f}
O

: : { ((1 — ,B)Fﬂ> (‘,BFH>} SUTIer— T -1 (d(log |jE|)>  —BF
JE = Jo)EXP —exXp| —7 olmer cath — = : - L
0 RT RT Equation Tafel |77| cath
Slopes .. -1 _ <d(long)> (1-p)F

... assuming a rapidly stirred solution — —
dn  2303RT




Butler—Volmer equation

... let’s examine effects of j, (or k°)...

... here is anodic...
... oxidation...
@ ..n>0j,>0

j, nA/em?

]
‘I
‘l
(¢) --}1’
’I
-200 -150 -100 -50 g
1 L. | [ [ ke |
P 100 150 200
- n. mvy

- —4

(@) jo = 1073 A/em?
() jo=10"% AJem?, (c) jo = 1077 Afem?

-

Bard & Faulkner, Chapter 3, Figure 3.4.2, Page 101

{ ... here is cathodic...
... reduction...
-1 <0, 7, <0

.. recall that... n = (E — Eeq) = Eapp = éflp

Bard & Faulkner, Chapter 3, Figure 3.3.1, Page 93

Standard free energy
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Oxidation

ﬁ-
Reduction ~<~———

Na(Hg) Nat + e

—— Oxidation
~—

Na(Hg)

Na* +e

Reduction

Na* +e

Na(Hg)

~<—— Amalgam

Solution =————

Reaction coordinate



Butler—Volmer equation

... let’s examine effects of B (or Tafel slope)...

j, pA/em?

I | I |

J I

-200 -150 -100

Bard & Faulkner, Chapter 3, Figure 3.4.3, Page 101

150 200
n, mv

Which LFER condition on
the right corresponds to
which graph on the left?

_ AG°

.. recall that... n = (E — Eeq) = Eapp = A

Standard free energy

(BRIEFLY) 139

Bard & Faulkner, Chapter 3, Figure 3.3.4, Page 97 Reaction coordinate
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Charge Transfer across Electrified Interfaces

To negative

Why are these
"Potential
Energy" surfaces
so linear and
asymmetric with
"Distance"?

)'AB

E.p K
app 2

... With a
transition
state that is
more
reactant-
like, i.e. A

METAL 4 S
A

stem after electron transfer
fg\

% 1

o

el . O ATTT™TT T AE,

w

=~ Ground state of Aeo

2| M-H+H;0 l

s

b Ground state of

8 M (e) + H - 0H, -

Distance A
é’\/\/\/\/\/\,‘

®-

METAL
3 System before electron transfer

e

terminal

£ ::

7
2

Solution phase
containing HyO" ions

z e,
| Distance of closest

opproach of H* to
{_—T—.the electrode surface
— s 3

Rl

|
|
Electron |
tunneling I
I
1
D) e |
() e
- ' _=~_ | Potentiol energy barrier
-‘9_>~ for electron transfer
S e
é’g Unfilled electron
() YA ¢ it 4 s ) energy levels in
E_{(n) W Z /’////// 2.7 /J+ solution
A ANRRIT B . ¥
ne- lectron tunnelling

Metal

| through barrier
Filled and forbiden

Electron vl | energy levels in
refiects bockI solution

no tunneling |

38— Solution Are these
Distance of

closest |

| labels logical?

approach of W
from solution

to the electrode
surface

J. O’M. Bockris, et al.

J. O’'M. Bockris & Z. Nagy, J. Chem. Educ., 1973, 50, 839-843



Fermi’s (Second) Golden Rule

(a)
] _ . , ,
jg =nF(—k'tpco,, + K'pgcr 2, ) o
EC
k'; (cms?)... a velocity! EF’?—‘%
o
2r 2 .
— _2m 2 1 AG
;L{f —‘Mf @ Recall M—H... kgr = —~ [Hp,| o OXP (— kATB )
AN __/
Transition T o Density of final E,
probability Matrix element ctates DoS)

for the interaction Semiconductog
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E (b)

Do(A, E) = NyCo(0, hWo(A, E)

Dr(A, E) = Ny,Cr(0, HWR(A, E)

E = EF,e_ = He~
Redox system - Metal
Distance x

Redox system

Dis e X

.. divide the DoS term by ¢; , ...

frequency factor (s?)

ke =\x v f B Ered EYWo(A, E)f(E)p(E)dE

proportionality function (cm?3 eV)

ky = v f o (EYWg(\, E)[1 — f(E)|p(E)dE

applied potential

!/
k f,E,obs

J k'f g dE

Density of states

energy

" _ !/ !/
JE,obs = nF(_k f,E,obsCO,z0 + k b,E,obsCR,zo)

Density of states

R. Memming, Chapter 6, Semiconductor Electrochemistry

K'pEobs = j k'y g dE



Marcus—Gerischer Theory
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Metal States Molecule States ‘
,:%“ i
ET rate is proportional to § = ***"E“**- "Marcus" distribution... (E — g0 — Mg
0o '- , N,nocc have units of cm? eV2)  Wy(A, E) = (4wA&T) ™ exp| —
(N D-N D)dE | 4A\&T
e N (E) =[1 — f(E E
— o o unocc(E) = [ f( )]p(E) I
> -3 ﬁﬁ Unoccupied | (Do & Dg have units of cm™ eV)
@ | e States 72
> | . *\:EMT} / Do\, E) = N,Co(0, WA, E)
o = Bl e
& . g ; —
c
o)
0
?} ------------------------- E
b -4 L
ﬁgj‘- :#; 24.% o
L ﬁﬁ}ﬁméﬁ
S h"w;-%g.""ﬁ,;
= .Er-f'._:-iﬁ" i ] —_— —
Fermi-Dirac dlstrlbutlon e ffi svfﬁ OCC(E) f (E)p(E) DR, E) = NoCr(0. HWr(A, E)

f(E) =

A e -.;h--=‘§"‘-=---ﬂﬁ:4 i
-5 L etk b

0 1
Bard & Faulkner, Chapter 3, Figure 3.6.4, Page 124

Electrode States

Reactant States
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Marcus—Gerischer Theory

2 A T T T T T T T T T
0 i - i
ket = i |H Olze—Zﬁ(ZDA—ZDAO) 1 exp (AAB + AGap ) N _EPJSP;}?'
ET — . DA o =
h \/4'7TAAB kT 4AAB kT o 0.0
Y01} :
guantum adiabatic electronic coupling . W
classical nuclear free-energy dependence ook
- 20— ——
Q a C t
G L ) o 15 | tr:rzrsﬁgnt o
e TS .*.@L ol o .
Iy T S ... as an aside... why ol ]
9 4 1 . . . <
A "‘*, is the data biphasic 3 . |
i o i = ]
gt | R T g R g ? £
(jﬁz ::i\ 75 l-'.-glt' s} ‘L e for the Current a ol ~ M |
o 7 ~.“"l ... RC-circuit double el
N . 4. 4 layer charging... S
m ""'T" i 454 followed by 15t e
V e RN Time o)

G@f@@@;@@? order ET kinetics

C. E. D. Chidsey, Science, 1991, 251, 919-922
H. D. Sikes, J. F. Smalley, S. P. Dudek, A. R. Cook, M. D. Newton, C. E. D. Chidsey & S. W. Feldberg, Science, 2001, 291, 1519-1523
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Marcus—Gerischer Theory

0.5

0.0

-0.5

1.

A=0.85eV

C. E. D. Chidsey, Science, 1991, 251, 919-922
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Marcus—Gerischer Theory

0.5

0.0

-0.5

1.

A=0.85eV

C. E. D. Chidsey, Science, 1991, 251, 919-922



Marcus—Gerischer Theory

* It is easy to sweep/vary the driving
force, AG,;, by simply changing the
electrochemical potential of electrons
(e7) in the (M)etal working electrode,

fig', through variations in E,p,

* But evidence of the inverted region is
a little challenging to clearly observe

... what if Chidsey had plotted the
derivative of his data on the right?

... what do you expect that would have
looked like?... a nice Marcus parabola!

... | wish he had done that!

inverted

| k¢ + Ky|(s™)

10

ol

146

-1.0 -0.56 0.0 0.5 1.(
E
4 =0.85eV

C. E. D. Chidsey, Science, 1991, 251, 919-922
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Today's Critical Guiding Question

Since Marcus—Hush theory is sufficient to predict all rate constants
(with knowledge of only AG Ar°, Axg, and |Hpa|?), and mass action
makes knowledge of rates facile (and transport is a chemical
reaction), can Marcus—Hush theory also be used to predict rates of
interfacial charge transfer, e.qg. current in electrochemistry ?



Thermal (Dark) Reactions e

* Activation energy, Eyring—Polanyi—Evans equation
 Marcus—Hush (electron-transfer) theory

* Transition-state character, Reorganization energies (outer and inner),
Linear free energy relationships

* Molecular orbital theory, Huang—Rhys factor

* Quantum mechanical tunneling, Superexchange

* Inner versus Outer sphere reactions, Robin—Day classification
 Self-exchange reactions, Marcus cross relations

* Charge transfer across electrified interfaces, Butler-Volmer equation,
Rate-determining step, Fermi’s golden rule, Marcus—Gerischer theory



DISCUSSION SESSION
TOPICS
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Butler—Volmer equation

ne"'V' +O0=R"

JE = nF(k,b,ECR,zo — k’f,ECO,zO) ... for this example, let’s assume thatn = 1...

RO, ex (1 o B)F(E _ EO’) _c ex _ﬁF(E _ EO’) Current—Potential
JE = Rzo CXP RT 0,zo €XP RT Characteristic
i= {CR,ZO exp ((1 — ﬁ)Fn> €o,z, exp (—ﬁFﬂ>} n= (E — Eeq) = Eapp Ov(;:;:)et::\_tial
E — * - * RT -
"R RT Co RT Jo = Fkocﬁﬁcg(l 2 Equation
... ¢ means bulk concentration... conversion is trivial using E¢q = E°' — %lni—f}
O

: : { ((1 — ,B)Fﬂ> (—,BFH>} SUTIer— T -1 (d(log |jE|)>  —BF
JE = Jo)EXP —exXp| —7 olmer cath — = : - L
0 RT RT Equation Tafel |77| cath
Slopes .. -1 _ <d(long)> (1-p)F

... assuming a rapidly stirred solution — —
dn  2303RT




Butler—Volmer equation

... let’s examine effects of j, (or k°)...

... here is anodic...
... oxidation...
@ ..n>0j,>0

j, nA/em?

]
‘I
‘l
(¢) --}1’
’I
-200 -150 -100 -50 g
1 L. | [ [ ke |
P 100 150 200
- n. mvy

- —4

(@) jo = 1073 A/em?
() jo=10"% AJem?, (c) jo = 1077 Afem?

-

Bard & Faulkner, Chapter 3, Figure 3.4.2, Page 101

{ ... here is cathodic...
... reduction...
-1 <0, 7, <0

.. recall that... n = (E — Eeq) = Eapp = éflp

Bard & Faulkner, Chapter 3, Figure 3.3.1, Page 93

Standard free energy
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= QOxidation
Reduction <«=———

Na(Hg) Nat + e

—— Oxidation
~—

Na(Hg)

Na* +e

Reduction

Na* +e

Na(Hg)

~<—— Amalgam

Solution =————

Reaction coordinate



Butler—Volmer equation

... let’s examine effects of B (or Tafel slope)...

j, pA/em?

I | I |

J I

-200 -150 -100

Bard & Faulkner, Chapter 3, Figure 3.4.3, Page 101

150 200
n, mv

Which LFER condition on
the right corresponds to
which graph on the left?

_ AG°

.. recall that... n = (E — Eeq) = Eapp = A

Standard free energy

(REVIEW) 152

Bard & Faulkner, Chapter 3, Figure 3.3.4, Page 97 Reaction coordinate
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Charge Transfer across Electrified Interfaces

Why are these
"Potential
Energy" surfaces
so linear and
asymmetric with
"Distance"?

)'AB

E.p K
app 2

... With a
transition
state that is
more
reactant-
like, i.e. A

METAL 4 ot
A

stem after electron transfer
f{,‘\

% 1

o

el . O ATTT™TT T AE,

W

=~ Ground state of A€o

2| M-H+H;0 l

c

b Ground state of

& M(e)+H'™-OHp _

Distance A
é’v\/\/\/\/\,‘

®-

METAL
a System before electron transfer

e

Metal

To negative

terminal Solution phase

S

containing HyO" ions

Rl

£ ::

Electron
tunneling

(i)

Potential
enerqy
-~

.'}'

lectron tunnelling
| through barrier

o
Electron
refiects back |

no tunneling |
o 38—l
Distonce of

closest |
approach of W

from solution

to the electrode
surface

Solution

| Distance of closest

opproach of H* to
/ {/—T—.the electrode surface
i~ 3

Potentiol energy barrier
for electron transfer

Unfilled electron

/ / /7s\ energy leveis i
. ///,/;/}/////,//{ ,/j} nergy leveis in

solution

Filled and forbiden
L energy levels in
solution

Are these

| labels logical?

J. O’M. Bockris, et al.

J. O’'M. Bockris & Z. Nagy, J. Chem. Educ., 1973, 50, 839-843



Fermi’s (Second) Golden Rule

(a)
] _ . , ,
jg =nF(—k'tpco,, + K'pgcr 2, ) o
EC
k'; (cms?)... a velocity! EF’?—‘%
o
2r 2 .
— _2m 2 1 AG
;L{f —‘Mf @ Recall M—H... kgr = —~ [Hp,| o OXP (— kATB )
AN __/
Transition T o Density of final E,
probability Matrix element ctates DoS)

for the interaction Semiconductog

(REVIEW) 154

E (b)

Do(A, E) = NyCo(0, hWo(A, E)

Dr(A, E) = Ny,Cr(0, HWR(A, E)

E = EF,e_ = He~
Redox system - Metal
Distance x

Redox system

Dis e X

.. divide the DoS term by ¢; , ...

frequency factor (s?)

ke =\x v f B Ered EYWo(A, E)f(E)p(E)dE

proportionality function (cm?3 eV)

ky = v f o (EYWg(\, E)[1 — f(E)|p(E)dE

applied potential

!/
k f,E,obs

J k'f g dE

Density of states

energy

" _ !/ !/
JE,obs = nF(_k f,E,obsCO,z0 + k b,E,obsCR,zo)

Density of states

R. Memming, Chapter 6, Semiconductor Electrochemistry

K'pEobs = j k'y g dE
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Marcus—Gerischer Theory

Metal States Molecule States ‘
,:%“ i
ET rate is proportional to § = ***"E“**- "Marcus" distribution... (E — g0 — Mg
0o '- , N,nocc have units of cm? eV2)  Wy(A, E) = (4wA&T) ™ exp| —
(N D-N D)dE | 4A\&T
e N (E) =[1 — f(E E
— o o unocc(E) = [ f( )]p(E) I
> -3 ﬁﬁ Unoccupied | (Do & Dg have units of cm™ eV)
@ | e States 72
> | . *\:EMT} / Do\, E) = N,Co(0, WA, E)
o = Bl e
& . g ; —
c
o)
0
?} ------------------------- E
b -4 L
ﬁgj‘- :#; 24.% o
L ﬁﬁ}ﬁméﬁ
S h"w;-%g.""ﬁ,;
= .Er-f'._:-iﬁ" i ] —_— —
Fermi-Dirac dlstrlbutlon e ffi svfﬁ OCC(E) f (E)p(E) DR, E) = NoCr(0. HWr(A, E)

f(E) =

A e -.;h--=‘§"‘-=---ﬂﬁ:4 i
-5 L etk b

0 1
Bard & Faulkner, Chapter 3, Figure 3.6.4, Page 124

Electrode States

Reactant States



Marcus—Gerischer Theory

(Aag + AGAR®)

X\ T A kT

21T 2 1
_ 0 —2B(Zpa—Zpa®
kET—7|HDA | e—2B(zpa—zpa°®)
\/4'7TAABkT
guantum adiabatic electronic coupling
i
4 F
A W
T } O )
L T . 3
o \. :., '\L . x. \ & -1:'
e & ‘ S
.I.‘ - .l‘
. '\. = '.: é] \‘ =

classical nuclear free-energy dependence

... as an aside... why
is the data biphasic
for the Current?

... RC-circuit double
layer charging...
followed by 15t-
order ET kinetics

0.1 F Potential .
program
S 0.0
=)
Y 0.1 ]
W .
-0.2 +
20 ] | v I T )
Current
15 |k transient i
. 10 b .
<L
=
{3' 0t " oo .
..‘5 L
-10 .
0 1 2 3 4
Time (s)

C. E. D. Chidsey, Science, 1991, 251, 919-922

H. D. Sikes, J. F. Smalley, S. P. Dudek, A. R. Cook, M. D. Newton, C. E. D. Chidsey & S. W. Feldberg, Science, 2001, 291, 1519-1523
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Marcus—Gerischer Theory

0.5

0.0

-0.5

1.

A=0.85eV

C. E. D. Chidsey, Science, 1991, 251, 919-922
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Marcus—Gerischer Theory

0.5

0.0

-0.5

1.

A=0.85eV

C. E. D. Chidsey, Science, 1991, 251, 919-922



Marcus—Gerischer Theory

* It is easy to sweep/vary the driving
force, AG,;, by simply changing the
electrochemical potential of electrons
(e7) in the (M)etal working electrode,

fig', through variations in E,p,

* But evidence of the inverted region is
a little challenging to clearly observe

... what if Chidsey had plotted the
derivative of his data on the right?

... what do you expect that would have
looked like?... a nice Marcus parabola!

... | wish he had done that!

inverted

| k¢ + Ky|(s™)

10

ol

(REVIEW) 159

-1.0 -0.56 0.0 0.5 1.(
E
4 =0.85eV

C. E. D. Chidsey, Science, 1991, 251, 919-922
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|_| m |t| n g P rocesses (Current—Overpotential Equation)

log i1 T T T T T

-3.5 -

4 _(1=p —RF
(Tafel Slope)* = 73%- (Tafel Slope)* = Efk?

5
<4 Cunqy = 107°M 7]
§> Cunavy = 10:21" (o)
= 3x107°M (o)
107°M (o)
-ZCI)O -15[0 -1(1)0 —5IO 5 I50 1|OO 1150 2100
10 AR T S B R _/ |
O “M—G theory/ N
10* .
Since Butler—Volmer St B
theory is based on an T& 10’ E ‘ T ° je -1.|4 -1.12 -1fo -o!a 0.6
. . 3 E,V vs. NHE
LFER apprOX|mat|0n, _:*- 10” Bard & Faulkner, Chapter 3, Figure 3.4.5, Page 104
does it predict the _ .
1 o ] ° ']
presence of the 10 ; Y ! ... but why do these current densities, jg,
Marcus inverted 100 (A €—=——>€———> | and rate constants, k'; g ops, plateau at large

-1.0 -0.5 0.0 0.5 1.(

region? ... Nope! - 0.85 eV e overpotential, n? ... Not for the same reasons!
= U. e
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Marcus—Gerischer Theory

* Use of a semiconductor limits
the electronic states to those
with (approximately) a single
Ug-, Which makes analysis of
data simpler, i.e. one does not
need to consider a distribution
of states in the electrode

How can one use a
semiconductor to
study the inverted
region?

Da(ME)

* But one cannot alter the %;
driving force, AG,g°, by simply S
changing the electrochemical ol
potential of electrons (e7) in

Think solution studies...
vary the molecule!

the (S)emi(C)onductor A
working electrode, 3¢, K'f ! :strongly inverted
through variations in E ,,,,, -

g app Eapp

because instead that changes
the concentration of e~



Marcus—Gerischer Theory o

= N
=

— —
= o |
Cp ® < <
= | N | ~
N, N~
/——N‘,OS /(‘)s\ q q
N / (/i? ~ /::N 'L NZ |
}’ =
Vv N VI NEJ

iy

7 N\
= _-/
O
Q:TZ\_/ )
B
{EMT}-”E

ATy e
- N . o N\ =
® >
11| = v
’ |
Kru-| 2 barrierl
fte—| u arrieriess
B ® -
7 N = 7 N =
SRR o, | o Eapp
e T "'Os"
=71 G

NS M S NH\)(j | T. W. Hamann, F. Gstrein, B. S. Brunschwig & N. S. Lewis, J. Am. Chem. Soc., 2005, 127, 7815-7824
Vil N VIII NH T. W. Hamann, F. Gstrein, B. S. Brunschwig & N. S. Lewis, J. Am. Chem. Soc., 2005, 127, 13949-13954



Marcus—Gerischer Theory

L
w
® ®
— N/ = = N/ = -
AT ol 0
A, K Qﬂj)g =
1 L n 2
—
& 3
® N =, 5 1078
= N/ - =
SHECEGAND {
N—:OS“‘\ IIII "Os. \ q
- r\_f)(/llj N\ | NH/\j/rL 'k | i
J My N —
v A VI o 4=0.67¢eV
——
SN [.__| ‘H]'ED T T T T T
A N ‘3 0.2 0.4 0.6 0.8 1.0 1.2 1.4
s, | S LT I o
o ~AG” (eV)
/N/'\Nfl /rN/"\N/l
S S M kgt (cm* s?)... a second-order rate constant!
m v
|
|
® ® B

SARS 4ARe Eapp

NN AN
NS AN ' NH (/N_7 g T. W. Hamann, F. Gstrein, B. S. Brunschwig & N. S. Lewis, J. Am. Chem. Soc., 2005, 127, 7815-7824
Vil N VI -/ T. W. Hamann, F. Gstrein, B. S. Brunschwig & N. S. Lewis, J. Am. Chem. Soc., 2005, 127, 13949-13954



* "Frumkin" non-idealities for Henderson—Hasselbalch pH titration curves result in similar behavior as the analogous "Hill" equation 164

Charge Transfer across E

J. O’M. Bockris'
and Z. Nagy®
Electrochemistry Laboratory

University of Pennsylvania
Philadelphia, 19104

Frumkin isotherms

0o8F |

/
| attract X~ repel
© : /AT
i / 4
04} j: ; 1/
]

/); ;//’// (ideal thermodynamics)

- E—
log(c/co) + (.usol - .uad)/kT

* g is a lateral interaction term

KN
N
~
—
Q
S
oa
3
c
=1
e
o
—
>
™
-
3

Schmickler & Santos, Chapter 6, Figure 6.1, Page 53

ectrified Interfaces

p a
Symmetry Factor and Transfer Coefficient

A source of confusion in electrode kinetics

Symmetry factor (B): change in the activation free energy of the

cathodic elementary reaction step, expressed as a fraction of E,,

Transfer coefficient (a): change in the (cath)odic/(an)odic reaction
rate expressed as a change in the activation free energy as a

fraction of E
PP -1 d(log |]E|) _acathF
TScatn —
h

d ~ 2.303RT
Do the two transfer n
coefficients always T 1 (d(long)> __QanF
have to sum to one? - dnp )~ 2303RT

J. O’'M. Bockris & Z. Nagy, J. Chem. Educ., 1973, 50, 839-843
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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. §€siepbroximately equal to the smaller one... okay...
but mathematically, add their reciprocals... and

D + A = (DFA2S (D*, A) =D+ + A-

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

111 1 oDl _ alAl _
Cone oy + y + e 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 dictate 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?

3 | 1 1 1 1
..it's as easy as it seems... Kfops = K15 + Kop + k3p = Ta + 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 = k1 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 = —kaf [(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!
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Charge Transfer across Electrified Interfaces

a
J. O’M. Bockris! B

2nd Z. Nagy’ Symmetry Factor and Transfer Coefficient

Electrochemistry Laboratory

University of Pennsylvania

Tl ivics T4 A source of confusion in electrode kinetics
H HQ\
Volmer—Tafel mechanism )\) i j k
V(E): H+e 2 M-H
(E): H* + e . *

Volmer—Heyrovsky mechanism
V (E): H* + e~ 2 M-H

J
BT HE): M-Hte +H 2H,+M

e

N N
.

T(C): 2M-H=2H, + M

J. O’'M. Bockris & Z. Nagy, J. Chem. Educ., 1973, 50, 839-843



S. Trasatti, J. Electroanal. Chem. Interfacial Electrochem., 1972, 39, 163-184 169

Charge Transfer across Electrified Interfaces

a
J. O’M. Bockris! B

2nd Z. Nagy’ Symmetry Factor and Transfer Coefficient

Electrochemistry Laboratory
University of Pennsylvania

el " A source of confusion in ele

on
Y

Tt Y AT

/;'f:..
Case 1: V = pre-equilibrium; H=RDS; E = E¢q; rapidly stir solution  * N §~“= /" \ N

C 1—RBF CM— Cy+ —BF | %7
CHZ CM—H,ZO CH+ RT /_\A - t .Pb/:;..*! 'm.. .
= £°f v
. . (1-PB)Fn —BFn " A \
]E - 2]0 {exp < RT B eM_H eXp T * / :?H Bond S!ras:(;lh/kmi mm!"'?‘O glo

(1-BFN\ Cy+, —Fn _BFn K " Volmer—Heyrovsky mechanism
JE = 2Jo {exp( RT ) —— —€exp <W> exp (T)} 4 | V (E): H" + e~ 2 M—-H

C
HY B HE):M-Hte+H 2H,+M

. (1-PB)Fn —(1+ B)Fn =
Qcath T Oap = (1+B) + (1_ﬁ) = 2!




S. Trasatti, J. Electroanal. Chem. Interfacial Electrochem., 1972, 39, 163-184
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Charge Transfer across Electrified Interfaces

Case 2: V = RDS; H = pre-equilibrium; E' = Egq; rapidly stir solution  *

(220
}

)
CM-H,z,

J. O’M. Bockris'
and Z. Nagy®
Electrochemistry Laboratory

University of Pennsylvania
Philadelphia, 19104

CH+

a

B

Symmetry Factor and Transfer Coefficient

A source of confusion in ele

N——

=] ex (1_ﬁ)F77 . Zo
.]E ]O ka\k/I_H,ZO p RT CI>|_<I+
i oy (A BN\ (—BFn
( *
. . \CH Z CH+ FU
= 2j ] 270 —
JE = “Jo Cii, CH*z, exp <RT> exp < RT

\

JE = 2Jo {exp <(

=
I
=
N

Pt
‘i ® .0 1
:nn
Ir
- Au
k=4 [ ]
o5 SN E
[ 4
I:NH ;’; c’ Fgcn
) X
H .§ L / o
: 7 i
/—ﬂ ' s Zn G..:D o 1'.|
- o . e
€ =X RS ° 4

ca

Yo, c

= © 1/ e
= [ ] In

/ \

Ll
w

30 50 70 90

Volmer—Heyrovsky mechanism
V (E): H* + e~ 2 M-H
H(E): M-H+e +H"2 H, + M

’ acath+aan=ﬁ+(2_ﬁ)=2!
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