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Marcus—Hush Theory .

A =D+ A~ . buthow is this a first-

Marcus—Hush (1950s—-1960s A B order reaction (s)?...
theoretical (semiclassical) rate constant equation more on this later...

2m|Hpal?

1 AGas™
———exp|— "t
J4mAsgkgT P kgT hy4makgT

— Xr=

— XK'=
Eyring—Polanyi-Evans (1930s| A X B
theoretical rate constant equation (from transiti tate theory / acti ] lex theory)
KkkgT

k; _2_7'!'” |2 h . sl
ET =7 DA as units of s

k= KvK* =

K* ... with transmission coefficient, k, and vibrational frequency, v (s!)

..and R = Nykg... and “E7

& _ KkgT AGT\ _ xkgT AS* AH* d50 A contains AS®
f = A exp|(— RT = h exp R exp|( — RT ... and so A contains

... what is the largest predicted pre-exponential factor at 25 °C? (161 fs)* = (1.61 x 1023 s)*

has units of s*
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Marcus—Hush Theory DrA=D A

Marcus—Hush (1950s-1960s!

theoretical (semiclassical) rate constant equatlon

+ A

i an 2 1 AGap
g1 = =~ [Hpal* —=——=exp| -

h JATA,gkT kT
quantum adiabatic
electronic coupling

classical nuclear free-
energy dependence

(Aap + AGAB°)2>

1
ex] —
N "( 4ApgkT

... what kind of function is this?

2
+_ (2ap +46Gag")
S =

k _211‘” 2
e = 7~ 1Hpa

2
2m 2
kgr =7|HDA| ... does this help at all?

1
———F——€X]
V21 [2225kT P
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Marcus—Hush Theory D+A _)D++A_

Marcus—Hush (19505-1960s) swuanomaommaen A PELITER]

theoretical (semiclassical) rate consfant equation 2
—Aap
... wait... the classical z
component in Marcus ) 3 0= [2AapkT
electron-transfer theoryisa
normal distribution as a 3
ﬂ;nctlon of sta‘ndar.djstate | 2/ZhnakT
rm nami rivin
thermody a0 cd g 221% 3 gEerT
force (AGpg°)?... Yep! o
30 20 1a u o s2a 430
AGag®

2
AGpg® — (=248)

1 1
—F————exp| — 5 ... does this help at all?
V21 /22,5kT P 2< J22,5kT > i

2,
ket =T|HDA|
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Inner versus Outer Sphere Reactions

Marcus—Hush (1950s—-1960s! Taube (1950s-1970s
theoretical (semiclassical) rate constant equation inner sphere electron transfer

2 N AGpg™ Robin-Day MV classification... label each below!
kgr ==~ Hpal

X (
—————=exp| — Class I: nonadiabatic (Hp, = 0)
\4mArgkT kr Class II: adiabatic, localized (0 < 2Hp, < A45)

Class Ill: adiabatic, delocalized (2Hpj > Aap)
50 what i 2Hps for Cass Il [C-T)*?

Mlxed va\ency MV conditions |

Creutz-Taube ion (1969;

-
DALumo,
"y / ! R Cvmilrwme Cymwilwme
\ / | fervtence, v ‘
S ! charge-transfer', ] i
- - (IVCT) band 1 1 1
I oY, Duowo  Awovo | Diowo Anowo
¥ - HOMO

i C. Creutz & H. Taube, J. Am. Chem. Soc., 1969, 91, 3988-3989
8.5, Brunschwig, C. Creutz & N. Sutin, Chem. Soc. Rev., 2002, 31, 168-184
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P. Chen &T.J. Meyer, Chem. Rev., 1998, 98, 14391477

Huang—Rhys Factor
Marcus—Hush (1950s-1960s)

theoretical (semiclassical) rate constant equation
AG,

1
=~ exp[ 258
JATA,gkT P ( kT

= v,(r)xg(r)xy(r)

2w
ker ZT“"IDM2

= By il E - B

.
. separable due to the Born-Oppenheimer approximation  iributing reaction chanels originate from » = 0.
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Fermi’s Golden Rule
time-dependent perturbation theory

With ane coupled medium. or high frequency mode
{or averaged mode), only the v = 0 vibratianal level
i appreciably populated st room temperature (o »
Inoppociabiy popul

2x ”x-«: o s
Ky Y exp(-9) ~expl-[(AG +
LNCEPN ) vt

Vha + ) MLRTY) (25)

I this liit the coupled vibration does ot contribute
0 the temperature dependence since the anly con

It hay = kT, only v, = 0 Is appreciably populated S is the clectron vibrational coupling constant, or
Huang - Rhys factor™ ™

and

5
Gyl = expl=5) g 22)
i

. we'll stop
here, but it can
get even
i messier, of

a9

extent to which the final and initial states coincide  C(

Thermal (Dark) Reactions

ourse..
along the nermal coordinate N. Sutin, Acc. Chem. Res., 1982, 15, 275-282

129

« 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
Marcus—Hush (1950s—-1960s

theoretical (semiclassical) rate constant equation

1 AGag™
————exp|—
JAmAsgkT kT
What is the fastest way to predict values of parameters?
... study self-exchange reactions for each of D and A!

... and then use "half" of every
\ N value for D and "half" of every
‘ ’ @ - value for A to in order to
~  determine Kgr_pa...

2
ker =T|HDA|2

... but how are each measured,
since the reactants and the
products are identical?

PP Fraduts

N.Sutin, Acc. Chem. Res., 1982, 15, 275-282
D. L Jameson & R. Anand, J. Chem. Educ., 2000, 77, 88-89

130

... use NMR spectroscopy... of course!

The equation that is used 10 correlate line-width,
chemical shift. and rate is

k= AR AP (W - KW, - WG (1)
where K, is the rate of electron exchange, X, and X, are the
mole fractions of diamagnetic and paramagnetic species. Av
is the contact shift or chemical shift difference (absolute value)
between the pure diamagnetic and paramagnetic species (mea
sured in Hz), W,, is the peak width at half height of the signal
of interest for the mixture, 1, and I, are the peak widths of
the pure diamagretic and paramagnetic species and G, is the
total concentration of the exchanging species In moles/liter
... radioisotope labeling 1

of species works too... -

... an anisotropic i
scaffold also works, and ~*}
then monitor how the
polarization of spectra
change over time!

5. 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 ... 50, how does one apply knowledge
2 1 AGas” gained from self-exchange reactions?...
kgr = — |Hpp|? —=exp| — ... meaning what is "half"
h V4mAsskT kT ... use this nice equation...

2 .
* _ (AAB + AGAB“) kag =/ fakanksgKap - with fap = 1
B 4,
AL kap ~ \kaakpsKap

s
2 1 1 (2an , 2
kpp = ————1|Hpp|?|Hppl? ———=exp —7<ﬁ+£+AG “)
= WT{\ ol Haal' = ;( (T aGag

... Where AG g™ is similar to Albery’s Equation 4...

AGpg

)
[Hpal = VIHppl[Hpal a6z, 1867, + 186}, = 1ac*+ ‘;“'" _

e Tan 44 8(8G/,+4G7.)

.these are "half"... A,p ~ —2A_ ZBB 1 Albery, Ann. Rev. Phys. Chem, 1980, 31, 227263

2 R A Marcus &N, Sutin, Slochim. Biophys Act, 1985, 511, 265-322

132

Today’s Critical Guiding Question

Since Marcus—Hush theory is sufficient to predict all rate constants
(with knowledge of only AG og°, Apg, 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.g. current in electrochemistry?

ﬁ) (REVIEW) 133

Solid-State Physics Terminology ﬁf:(ani

Tpnj=i

o JUNCTIONS (X SEMiCONDUCTORS 4

Sicg(h*) + Siyg(e™) &= Sicg(e) + Siyg(h*) <]

p=n

At equilibrium,

() + A¥s(er) = Ab(e) + Ayp(nt)

As reference states, it is useful to define

—Hs()

Bep(n+) = Aup(en) = 0

BERGY OF WOLE & et
-
b

... you can define up to one more ﬁls‘, but - wioent
the last )IL-S‘ has to be defined based on neng nEnLeT kT

T
Conaticron
T

calorimetry data Ugh,llet’s flip this !

Anyway... therefore, Epe- = fle- (8) winsssic {b) g-rree 1g] v w
gSio _gSi R Fig 2 Flectroatatic patential ¢, Fermi level  and quasi Fermi levels v, and go.
Hepe Ave(n)  Epne = —fipe | ngedr e et ionf Tt el e e S e

Epe- = Epp . this paper.)
4 & W.Shockley, The Bell System Technical Journal, 1949, 28, 435-489
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Charge Transfer across Electrified Interfaces

— FYI: For each ¢, and c, electrochemical
equilibrium (j = 0) is attained via
erfacial charge transfer to alter AGMI*

... aren’t these so-called “heterogeneous - —
Eene newM + O=R

electron-transfer reactions”?... Sure.
| did not include primes here,

aco Z, & for simplicity
. ; / ;o
Ro = T == —ksco + kpcr ji=nF(-k £ECOz, T K b,ELR,ZU)
.. Ro is a rate... with units of M/s (=mol dm?s) ... j is a current density... with units of A/cm? (= C cm? )

... kj (s7) is an inverse time constant! 'j. (cm s7) is a velocity!

... as a specific case choose E°'... and thus, jzor = nF (_k,f,E"’CO,Zo + k’vaurcR,zﬂ)

4/27/2023

But how does this lead to the Butler-Volmeregn?.. () = jgor =nF (_k'f,E"’ + k’b,E“’)

- A-p)Frn —BFn
Je=Jo &P\ —pp ) P\ R k'I,E"’ =K'y por = k°
A

GO

n= (E - Ecq) = Eapp = —— ... where 7 (V) is overpotential

—nF

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

Charge Transfer across Electrified Interfaces

Key Electrochemical Information
« In electrochemistry, application of a
potential, E,pp, varies the electro-

chemical potential of electrons (e”)
in the (M)etal working electrode, 1!

« Based on thermodynamics, when

written as a reduction reaction, A.Gi
changing ji! alters the free energy a6 0a
(and also the standard free energy) 0e ALE

of the reactants, as AGy = @i + fiy & E%

(and AGY = iy' + 113)

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

Standard free energy

eM+0=R

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

K o = K por = K°

Atan applied potential
bias equal to (E— £%),a

* analogous conditions to a self-

net current results... in
which direction?

exchange reaction (ky = kp) for
homogeneous electron transfer

Reaction coordinate

Charge Transfer across Electrified Interfaces

Key Electrochemical Information
* In electrochemistry, application of a
potential, E,pp, varies the electro-
chemical potential of electrons (e”)

in the (M)etal working electrode, i}

« Based on thermodynamics, when
written as a reduction reaction,
changing i alters the free energy
(and also the standard free energy)
of the reactants, as AGy = @M + iy
(and AGY = &M + 123)

« Based on approximations, altering
AGp changes all AG values on the
reaction coordinate relative to the
initial AG,, and not differently along
the parabolic/linear shape of the
reactant "surface"... Should it?

Standard free energy

eM+0=R

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

- )
K ppor = Ky por = K° (1= pIF(E - E°)
ALES. =

FE-E")

FEqpy BF(E-E%)
AtE

sadly, B-V theory is based on the
LFER approximation only

Reaction coordinate g+ (1-p) =1
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Butler—Volmer equation
ne”M+0&=R"

Jjg =nF(K'pgcrzy — k'f,,_,-corz‘,) ... for this example, let’s assume that n = 1...

4/27/2023

i e e (LT REEZENDN o (ZBEEZEY) Current-Potential
Je Rizo €XP RT 0,2, €XP RT pt .

¢ 1—B)F . —BF; =(E-E =FE Current—
JE=Jo {& exp (ﬂ) — ﬂexp (ﬂ)} n ( eq) app Overpotential

R RT 2 RT Jo= Fkﬂcﬁﬁra(liﬁ) Equation

. e . , _RT
... ¢* means bulk concentration... conversion is trivial using Eeq = E® — Elnc—‘f
. 0

. . { ((1 - B)Fr]) (—ﬁFn)} sulﬂe" TS = (d(IUg \lr-\)) __—PBF
JE=1] exp|\——F-— |~ exp|—F%+— 'olmer catl = d = 2.303RT
o RT RT Equation  Tafel aml

... assuming a rapidly stirred solution Slopes TSy = (d(lnng)) _a-pr

dn " 2.303RT
i (BRIEFLY) 138
Butler—Volmer equation =
... let’s examine effects of j, (or k°)...
. ... here is anodic.. —
e o
8 ... oxidation... .
0> 0,j,>0
‘ i

a0 s ) H

L I i . i i

-~ 50 100 150 200
/’ " .
V4 -
{ ... here is cathodic... | tabjo = 107" Alem?
.. reduction... () o= 107 Adem®, (¢) Jo = 107% Ajem®
-8
W <0,j, <0
Bard & Faulkner, Chapter 3, Figure 3.4.2,Page 101
A6°
.. recall that...n = (E — Eeq) =Eapp =7 — —

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

. (BRIEFLY) 139
Butler—Volmer equation /

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

et

/
aﬁ<u.5—,i

Standard frea eneray

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

Bard & Faulkner, Chapter 3, Figure 3.4.3, Page 101
A6°
...recall that..n = (E - Eeq) =Eapp = =

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

- Souron phasy
Comaneg P! o

Why are these System ofter electran transter
"Potential wm%—@— —@:%

Energy" surfaces 4
so linear and
asymmetric with
"Distance"?

Graund state of,
HeH

=

Ang
N 2
.. with a Distance
transition B A
state that is
more
reactant-

like, i.e. A 1.0'M. Bockri, etal
1.0'M. Bockris & 2. Nagy, 1. Chem. €duc. 1973,50, 839-843

Eqpp <

Potential Energy

Are these
labels logical?

. (BRIEFLY) 141
Fermi’s (Second) Golden Rule

Jg = nF(fk'f,ECO,z., + k'b,ECR,Zu) Bt B) = sl gia, B |

K} (em s%)... a velocity! —
/ ! =

2 2 .
A= h My B recallv-H.. ker = 2 g exp (22 1 bain. By = N0, 1
i = - = [l
Dransuion f R ) E=En=p
probbiiy Mairis element * I pos) >
Jor ihe inieraction ) R e | Seee
... divide the DoS term by ¢; , ... = | Doy ot st
2o
frequency factor () applied potential R Memming, Chapter 6, Semiconductor Electrochernistry
k=v ) & EIWGA, Ef(E)(E)dE . -
proportionality function (cm? eV) K'fEons = f,mk 1 dE K'bEobs = J:mk bE dE
ky = VJ’ £ (EYWgA, E)[1 — fIE)]p(E)JE energy

S / ‘
Jobs = NF(—K'f.£,0bsC0,z0 + Kb 5 0bsCR 2z, )

(BRIEFLY) 142

Marcus—Gerischer Theory

-2

Metal States Molecule States

ET rate is proportional to

4/27/2023

- | Ny &Nypoi have units of cm?eV?)  Wyid, E) = (4mhdT) ™ ex
j(ND-ND)dE v K e ) Wold. By = (4maeDFexp anar

"Marcus" distribution... I:JE —E - M:]
Nunoe E) = [1 = FIENME)

'
(Do & Dy have units of cm eV'?)

> -3 Unoccupied

) o @4T)™ |, Dyl E) = NCol0, WofA, E)
a

gl Y B 0

g

Fermi-Dirac distribution. NowlE) = fIEIR(E) DrA, E) = NyCr(0, )Wg(A, E)
F(E) = |1 + expl(E — Er)eT]) '
% 5
0 1
Bard & Faulkner, Chapter 3, Figure 3.6.4, Page 124
Electrode States Reactant States
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Marcus—Gerischer Theory
2 v 1 @ AG 0)2 ot [ T -
h AT AzgkT 4ApgkT g%
—_— oot
quantum adiabatic electronic coupling ~ || n\ clear free-energy dependence s |
o - ‘
...as an aside... why 1o |
is the data biphasic i,
for the Current? H
é o
... RC-circuit double e
layer charging... - . 1
followed by 1°- L

order ET kinetics

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

. 144
Marcus—Gerischer Theory

|||

Dg(ME)
]

[y + e

2=0.85eV

app

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

145

Marcus—Gerischer Theory

|||

2=0.85eV

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

« Itis easy to sweep/vary the driving - 5
force, AGyg, by simply changing the == e
electrochemical potential of electrons
(e) in the (Metal working electrode,
¥, through variations in Eqpp

+ 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?

-05 00 05 [N

2=0.85eV

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

... lwish he had done that!

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

147

Today’s Critical Guiding Question

Since Marcus—Hush theory is sufficient to predict all rate constants
(with knowledge of only AG og°, Apg, 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.g. 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
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Butler—Volmer equation
neM+Q0=R"

Jg = nF(k'b,ECR,ZO - k'/\ECo,zn) ... for this example, let’s assume thatn = 1...

4/27/2023

ig = FI®cp, ex - pFE—E”) o ex —BFE-E) Current-Potential
JE Rz, EXP RT 0,2 €XP RT o ten

CR 1-BF €0,z —BF =(E—E.,) =E. Current—

Je=Jo ‘[M exp (ﬂ) — Doy (ﬂ)} n=( ;q{ a- ﬁ';‘"’ Overpotential
R RT ‘o RT jo=FK'ciFcg Equation

_RT &R

nF

)
i (1—p)Fn —BFn Butler— _1 _ (dQogjgl) __—BF
Je =Jjojexp|——i— | —exp|—— Volmer TSean™ =\ "Giar ) = 2303kT
RT RT Equation  Tafel cth

... assuming a rapidly stirred solution Slopes TSt = (d(log”)) _4-pr
dn an 2.303RT

... ¢* means bulk concentration... conversion is trivial using Eeq = E®
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Butler—Volmer equation
... let’s examine effects of j, (or k°)...
. ... here is anodic... — L
oo
. ... oxidation... .
. 0> 0,j,>0
= i
L I i L = i
// Cw e e
[ ... here is cathodic... | adjo = 107" Adem?
.. reduction... () o= 107 Adem®, (¢) Jo = 107% Ajem®
w1 <0,/ <0 -
Bard & Faulkner, Chapter 3, Figure 3.4.2, Page 101
A6°
.. recall that... = (E — Eeq) =Eapp =T — —

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

10
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Butler—Volmer equation i

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

Joudlert

Standard free enargy

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

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

...recall that...p = (E - Eeq) =Eqapp =

AG°
—nF
Bard & Faulkner, Chapter 3, Figure 3.3.4,Page 97 RBaction coordinate:

. (REVIEW) 153
Charge Transfer across Electrified Interfaces

Why are these System ofter electran transter
"Potential v(m.%_®— .—@g

Energy" surfaces 4

so linear and 4 ﬁ
asymmetric with 2 !

" " 2 - BEy
"Distance"? [ T

5 | Grouna sare o, ag,
Asg 3| Wi

Eﬂp? <« H o e : oA m——
.. with a B " A i
transition ] -
state that is O Are these

more
reactant-
like, i.e. A

labels logical?

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

(REVIEW) 154

Fermi’s (Second) Golden Rule

jg =nF (k' ggCoz, + K'pECr2,)

K'j (cm s)... a velocity!

2 2
;LM = h M,
probabitiry  Mairix element
Jfor the interaction _
... divide the DoS term by ¢; ...

o 2 1 _ aGa”
PJ, Recall M-H.. kg = 2 | Hp,| \%ml“mexp( o )

Density of final
states 0s)
frequency factor (s*)

k=% | e EWGA, EYEREE

applied potential & Memming, Chapter 6 Semiconductor lectrochemistry

® w©
(T P
proportionality fanction (cm? eV) bs = Lﬁ" rEAE  K'bpobs = £ e dE
k= vf o EIWRA, )1 — f(ENp(E)E energy

) ,
JEobs = nF(_k'f,E,obsCO,zu +k b,E,uhsCR,zn)

4/27/2023
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Marcus—Gerischer Theory

-2

(REVIEW) 155

Metal States ! Molecule States
ET rate is proportional to
f | (N &Ny haveunits of cm2eV)  Wyid, E)
(N D-N D)dE . . "
o Nunoee(E) = [1 = fIE)(E)
Unoccupied
States

Electron Energy/eV
&
T

A

Fermi-Dirac distribution...
FUEY= {1 + expl(E — Ep)gr]} '

L
-5

"Marcus" distribution...

(E -E' -
= (4maaTy P exp| == 2

'
(Do & D have units of cm3 eV-1)

@4T)'? | DA, E) = NyColl, iWolA, E)

NocelE} = AAIE)(E) DgiA, E) = NyCg(D, )Wg(A, E)

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

Electrode States Reactant States

. 156
Marcus—Gerischer Theory
2 1 (hap +8Gp?)" o1 [ i 1
2 _ 2pA® AB AB £
ke = — |Hp 20| e~2B(2pa—2Da®) e: (— ) o
o= [Hoa | AmAgkT AppkT ) E s -
—_— oo
quantum adiabatic electronic coupling ~.\.<cical nuclear free-energy dependence . |
— ]
0 — i‘
...as an aside... why o
is the data biphasic N
for the Current? H
é o
... RC-circuit double “
layer charging... -iot . 1
R

followed by 1°t-
order ET kinetics

Tiens {8}

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

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

Marcus—Gerischer Theory

|||

Dg(ME)

Eapp

(REVIEW) 157

2=0.85eV

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

4/27/2023
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Marcus—Gerischer Theory

=i

o barrierless

2=0.85eV

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

(REVIEW) 159

Marcus—Gerischer Theory

« Itis easy to sweep/vary the driving -
force, AGyg, by simply changing the || |
electrochemical potential of electrons
(e7) in the (M)etal working electrode,
!, through variations in Eapp

+ 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! 2=0.85eV

E

app

«.. | wish he had done that!

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

B-V theory 160

Limiting Processes

tit

vl

(Tatel sope) = "y
7
N

(Tfet siope

%

Since Butler-Volmer
theory is based on an
LFER approximation,
does it predict the
presence of the
Marcus inverted
region?... Nope!

Bard & Faulkner, Chapter 3, Figure 3.4.5,Page 104
.. but why do these current densities, jg,

- (and rate constants, k'j g ops, plateau at large

£ overpotential, n? ... Not for the same reasons!

4/27/2023
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Marcus—Gerischer Theory
e e e ==l

with (approximately) a single
12~ which makes analysis of

How can one use a

data simpler, i.e. one does not W, sy X
need to consider a distribution % % semiconductor to
of states in the electrode ] A study the inverted
o region?
* But one cannot alter the =,
driving force, AGyg?, by simply S Think solution studies...
changing the electrochemical 1 vary the molecule!

potential of electrons (") in
the (S)emi(C)onductor
working electrode, fi3¢,
through variations in Eqpp,
because instead that changes
the concentration of e~

Marcus—Gerischer Theory o

w

|||
1 |
=) =y
< <
S 3
Q Q
o
S
o
Ky barrierless -

app

T. W. Hamann, F. Gstrein, B. 5. Brunschwig & N. . Lewis, J. Am. Che. Soc., 2005, 127, 7815-7824
T. W. Hamann, F. Gstrein, B. 5. Brunschwig & N. 5. Lewis, J. Am. Che. Soc., 2005, 127,13949-13954

163

Marcus—Gerischer Theory

w

==
l |
=) T
< 2
=) 3
_ <)
o /=067eV
= -
: 0z 04 08 08 10 12 14
ﬁ AG (8V)

Kygr (cm* s71)... a second-order rate constant!

o [

T. W. Hamann, F. Gstrein, B. 5. Brunschwig & N. . Lewis, J. Am. Chem. Soc., 2005, 127, 7815-7824
T. W. Hamann, F. Gstrein, B. 5. Brunschwig & N. 5. Lewis, J. Am. Che. Soc., 2005, 127,13949-13954
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* "Frumkin" non-idealities for Henderson-Hasselbalch pH titration curves result in similar behavior as the analogous "Hill" equation

Charge Transfer across Electrified Interfaces

4. O'M. Bockris'

B a
ant 2. Nagy* Symmetry Factor and Transfer Coefficient
Electrachemistry Labaratory
University of Pennsylvanio

Piladelghia, 19104 A source of confusion in electrode kinetics

Symmetry factor (8): change in the activation free energy of the
Frumkin isotherms cathodic elementary reaction step, expressed as a fraction of E,p,

e

attract

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

b g " s 1o (daog vm) _ ~Tanf
# Langmuir isotherm Scath =\ =
(ideal thermodynamics) Do the two transfer dinl o 2303RT
o -
/e + N ! ici d(log ol
108 /) + Ui — g KT coefficients always : T8yl = ( ( lg/, )) _ 353RT
* gis a lateral interaction term have to sum to one? dn ), 2

Schmickler & Santos, Chapter 6, Figure 6.1, Page 53 1.0'M. Bockris &2, Nagy, J. Chem. Educ., 1973, 50, 839-843

165
Rate-Determining Step (RDS) Poisson'sEquation(rom Gouss's
_ a2¢(x) 9p(x)

D+AZ=D*+A S8 g O

But wait... is this the elementary reaction step for electron transfer between L a
a (D)onor and an (A)cceptor in solution? ¢ = 4mer

Nope!
Ground-state electron transfer Yexy 2Ge
due to entropy/sterics due to entropy/sterics

D+A« (D,A) & (D,A) ¥ e (DF,A") & (DY, A7) & D* + A~
—— —_— ——
Ry R¥ P Py
Excited-state electron transfer A6, 86°,; 86,
in pre-equilibrium RDS 1*-order ET due to electrostatics
B . “
Ralbipy);™ + Q=== Rulbipy),™*. . . Q === Rulbipy);™. . . Q3= Ru(blpy)™ + Q@
LH s

or s diffusiontlimited RDS
X encounter complex  lon pair

o f] - l'“’

Ru(bipy),” + Q Ru(bipy);™. . . Q

RDS: Pre-Equilibrium Approximation e

... 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
D+A2=(D, A)e= (D*, A)2=2D* + A~
.. 50 how does one determine the observed rate constant for 3 reactions in series?
L=l byl here XAl DIA]
Kpobs  Kap | Ky | Kif at at f.0bs
... 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
... s0 the (pre)ceding steps must be much faster... thus assume they are in equilibrium...
=Lyt o4t 1y ko Kipkep
kfobs Kif = Kikpp  KiKaksp ki Kagkap  kagkagksg

... it’s the same general idea...

.. and for completion, what if 3 (same-order) reactions occur simultaneously, i.e. in parallel?
1 1 1

... it’s as easy as it seems... k, =kiyptkypthyp=—+—+—=

Y f,obs 1f 2f 3f T Ty Tt e

4/27/2023
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RDS: Steady-State Approximation

¥ _
... but what if we want to determine % = 6[%

... when all are fast, except Step 1, won't k,ops =

. and some preceding steps are fast?

15 then?... not always...
() 2] 3]
D+A=(D, A)=(D*, A)=D*+ A~

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

HODT_ 0 =~y [(D, A)] + e DIA]... and thus [(D, 4)] = 241
w = 0= ks [(D*,A)] + g [(D, )] .. and thus [(DF, 4)] = 240
.. which means that [(D*,A7)] = 7k‘f:zsz,£l:fjli\] k]f’LDleAJ
. since ﬂ[:ﬂ = ﬂ[A 1= ks [(D*,A7)]... this is just equal to kq ¢[D][A]... and Kf,obs = k1f

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

Charge Transfer across Electrified Interfaces

J. O'M. Bockris' B @ . &
and Z. Nagy? Symmetry Factor and Transfer Coefficient
Electrachemistry Lobarolary
University of Pennsylvania

Padelghe, 19104 A source of confusion in electrode kinetics

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

Volmer-Tafel mechanism
V(E): H' + e 2 M-H
T(C): 2M-H=2H,+M

Hy <

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

. Trasatt, . Electroanal. Chem. Interfocial Eectrochem, 1972,39, 163-184 |

Charge Transfer across E ectrified Interfaces

L ey Symmeirx Factor and Trunsfer Coeff

Electrachemisiry Labaratary E—

A source of confusion in efpn

University of Pannsylvania
Philadelphia, 19104

Case 1: V = pre-equilibrium; H = RDS; E = Eeq; rapidly stir solution

-
;. fruz‘., (1—B)Fn)_(m,m_c..~,z“ /—m)
RT \ s

ol Ghinz, e T\ RT 3
a-pFy BFy G -
15:21n{exp< )78»1 Hexp( )} * | i
— 2 lex ﬂ)Fn Gtz —Fn) exp(ZEFN ‘-.\‘ ; Volmer»Hf mist/l r:echamsm
J& = 2joexp b . D H +e 2 M-

H(E): M-H+e +H 2 H,+ M

L (-p)Fny ~(1+p)Fy
Je = 2ojexp|——r— ) —exp( = —

eatn + @an = 1+ L) +(1-p) = 2!

4/27/2023
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s. Trasatti, . & Chem. 1972,39, 163184

Charge Transfer across Electrified Interfaces

4. O'M. Bockris' B a
" Z Mgy Symmetry Factor and Transfer Coefficient
Electrachemistry Laboratary  — s |
o v A source of confusion in efp‘h T !

Case 2:V = RDS; H = pre-equilibrium; E = Eqq; rapidly stir solution

o VTP a- E)Fn _Curz,  (—BFR
Je = Yo exp e P\ RT

je= 2/0{% V\EXF‘((l B)Fn) ex <BF11>} *

Volmer-Heyrovsky mechanism

- { i pr m ((1 B)Fn) exp( ); 3 VI(E): K +e 2 MoH
Gz Otz C B fE): MHee tH 2 M
{ (5)-=C)
Je = 2joyexp
Acarn + Ay = B+ (2 - ) = 2!
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