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Linear Free Energy Relationships (LFERS)

Marcus—Hush (1950s—1960s)

theoretical (semiclassical) rate constant equation

Online use... ~ ( )

linear free-energy relation
Also contains definition of: linear Gibbs energy relation

-~

A linear correlation between the logarithm of a rate constant or equilibrium constant for
related series of reactions. Typical examples of such relations (also known as linear Gibbs
energy relations) are the Brensted relation, and the Hammett equation.

The name arises because the logarithm of an equilibrium constant (at constant temperature
and pressure) is proportional to a standard free energy (Gibbs energy) change, and the
logarithm of a rate constant is a linear function of the free energy (Gibbs energy) of
acfivation.

It has been suggested that this name should be replaced by linear Gibbs energy relation,
but at present there is little sign of acceptance of this change. The area of physical organic
Cite as: IUPAC. Compendium of Chemical Terminology, 2nd ed. (the "Gold Book"). Compiled by A. D. McNaught and A.

Wilkinson. Blackwell Scientific Publications, Oxford (1997). Online version (2019-) created by S. J. Chalk. ISBN 0-
9678550-9-8. https://doi.org/10.1351/goldbook.

Last revised: February 24, 2014

.. trend looks linear over a small enough AGAg° range

J. Albery, Ann. Rev. Phys. Chem., 1980, 31, 227-263
R. A. Marcus, Farad. Discuss. Chem. Soc., 1982, 74, 7-15

. ln kET

Bronsted—Pedersen (1924)
empirical LFER for proton transfer

In ka - —ﬁ pKa +C
p . lnka ZﬁApKa‘l‘C’

Bronsted slope...
... most people use a...
.. but | prefer B

... like in EChem

—AGpg° >
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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
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Bard & Faulkner, Chapter 3, Figure 3.3.4, Page 97 Reaction coordinate



* "Frumkin" non-idealities for Henderson—Hasselbalch pH titration curves result in similar behavior as the analogous "Hill" equation 157

Charge Transfer across E

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

University of Pennsylvania
Philadelphia, 19104

Frumkin isotherms

0.8} . Py
g=->5 rj g=-4 / L
1 s
7 repel
attract A7 P
© : WASE
1 /7
0.4} : /1/
I -
; #7 Langmuir isotherm

’2;,/’/ (ideal thermodynamics)

- E—
log(c/co) + (.usol - .uad)/kT

* g is a lateral interaction term

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 (&): 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 series? ... it’s approximately equal to the smaller one... okay...
but mathematically, add their reciprocals... and reciprocate

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 kink
- 4 + _ 1 4 ko Kapkap
kfobs kif Kikzy  KiKzkszf  Kif  kigkaf  Kirkafksf

.. it’s the same general idea...

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

. it’saseasy asitseems.. Kgops = Kip + Ko +hgp = —+—+— =~
1f 2f 3f f,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 1 62

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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Photophysical Processes
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Today’s Critical Guiding Question

What continuity/conservation laws are most important for
photophysical processes like absorption and emission of photons?
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Photophysical Processes

* Blackbody radiation, Photon properties, Light—Matter interactions,
Conservation laws, Einstein coefficients

* Jablonski diagram, Spin multiplicity, Internal conversion, Intersystem
crossing, Thexi state, Kasha—Vavilov rule, Stokes shift, PL

* Born—Oppenheimer approximation, Franck—Condon principle, Transition
dipole moment operator, Franck—Condon factors, Beer—Lambert law,
Absorption coefficient, Oscillator strength, Absorptance

* Luminescence processes, Selection rules, Charge-transfer transitions,
Spin—0Orbit coupling, Heavy-atom effect, E—k diagrams, Jortner energy
gap law, Conical intersections, Energy transfer, Exciplex/Excimer

* Photoluminescence spectrometer, Emission/Excitation spectra, Inner
filter effects, Anisotropy, Excited-state lifetime, Emission quantum yield



v 1 : (REVIEW) 167
Schrodinger Equation

Elegant master equation that allows one to determine internal energies, E,,, of a system

Hl/)n (x) = E ¥y (x)

... but this is not good enough for photochemists where time-varying oscillating

electromagnetic fields often interact with matter... E = hv = hw (Planck)
. 0 E = mc? = pc (Einstein)
HY,(x,t) = th= P(x,t) p="2="= hy = hk (de Broglie)
.. 50, how does one solve either of these Schrédinger equations?... We need to know H'!
H=T+7V

.. um... well that didn’t really help us at all... anyway, so instead, we need to know T and V/?

R A2

T(x) = KE = %mﬁz = s—m with (p)momentum = (m)ass x (7)elocity = —ih %... Wow, right?
V(x) = PE = 0... for particle-in-a-box...

V(x) = %kfxz = %mwzxz... for harmonic oscillator, with k (force const), w (angular freq)...

V) =—-—2L

4TTEQT

... for Hydrogen atom, with ' = qNN, (Faraday const), &, (vacuum permittivity)
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SC h rO d I n ge r E q U at I O n Poisson’s Equation (from Gauss’s law)
02 0
But you still didn’t tell us why we need to recall this equation ad;(zx) = —g E=— d;ix)
A (x) = (T + V)Pn (%) = Epr(x) __q
- : . , ¢(r) =
.. we need to fill internal energies, E,,, with particles... okay.  for a point charge.. -7 Amer

look familiar?

.. and that under most chemical conditions, potential energy, V (x), is electrostatic, ¢ (x)
... Which is actually not so limiting because there are only 4-ish forces of Nature
.. and while we're at it, let’s (re)learn overlap integral (S,,,,,), expectation value ((p,,)), bra—ket

notation ((,,|1,,,)), and exponential tunneling probability...

Probability Density(x) = |y, (x)]? = ;s (), (x) i
.. with ¢ (x) (complex conjugate) . "W\Wj\w WW“N

Overlap integral, Sym = [, P ()P (x) dxx = ([ 1hr,) |
.. with (¥, | ("bra") and |¥#,,) ("ket")

12wy (e, ) By (x,t) dx

psi, V,E

— (q"n|ﬁllpn> — <ﬁ>

[52, Win (6,)Wn (x,t)dx . . |
—0 https://en.wikipedia.org/wiki/Quantum_tunnelling#/media/File:E14-V20-B1.gif

Mean Energy, (E,) =
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Blackbody Radiation

.. .. — T =
Carnot efficiency limit, n = — = @iCc _ ¢ _Cc_q_Tc (T'=5790 K)
Qu Qu 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—




170

Photon Properties & Conservation Laws

Where does light come from?
Particle Type: Boson

Mass: 0

Charge: O

Energy: E = hv = hw

Linear Velocity: — = (A) v=2AV
n n

Linear Momentum: p = % . nThV

Linear Polarization: E and §

~y
~y

-

clectric field

P

Menegy

direction of oscillation
of electric field vector €

direction of

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

oscillation of
magnetic field
vector B

6"H

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
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Today’s Critical Guiding Question

What continuity/conservation laws are most important for
photophysical processes like absorption and emission of photons?



DISCUSSION SESSION
TOPICS
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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) 174

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 ‘
rw L
ET rate is proportional to - *”"‘“* "Marcus" distribution... E —E — )
foo ( ) : N,nocc have units of cm?eVl) Wy, E) = (4mA&T) ™ 12 exp[— gt ]
N D-N D)dE }
—0co a-;rfi Nunocc(E) = [1 _f(E)]P(E) I
> -3 o gﬁ Unoccupied | _ (Do & Dy have units of cm™ eV)
o ¢ R States 12
= L KN T/ Dod, E) = NuCol0, BWo(A, E)
g - My e
L . E; \ S
5
0
?} ------------------------- E
b -4 -
o
éﬁﬁig‘ﬁ% DR(A, E) = NoCR(0, )W\, E
Fermi=Dirac dIStrIbUtIOn E‘:sé.ﬁ.+’.#iﬁ&.<;£fi% OCC(E) f(E)P‘(E) R( s ) — IVA R( ’ t) R( s )

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
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Marcus—Gerischer Theory

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

M, through variations in Eapp

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

| kg + kp|(s7)

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

... what do you expect that would have 10_ 1 ‘{'} - _'D',_g ‘ 'gjgl - 'oj5' - l1 (

looked like? ] E
... a nice Marcus parabola! inverted 4=0.85eV

... | wish he had done that! Eapp

... anyway... why is 4 so small in water? ... think about the metal! C. E. D. Chidsey, Science, 1991, 251, 919-922
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|_| m |t| n g P rO Ce SS e S (Current—Overpotential Equation)
loglil -2 T I I I I
g -3.5 - ’//’
(Tafel Slope)* = {23@?5 (Tafel Slope)l-i:ﬁ??

e
%—4— Cunqy = 107°M 7]
Tafel = Butler-Volmer 3 oy = 17 ()
| [ 1 | 107°M (o)
-200 -150 -100 -50
_5_/’ —
Since Butler—Volmer K
Q |
theory iS based onh an . 1.6 -1.|4 -1.12 -1fo -0.8 -0.6

E,V vs. NHE

LFER apprOXI matlon Bard & Faulkner, Chapter 3, Figure 3.4.5, Page 104

does it predict the
presence of the
Marcus inverted
region? ... Nope!

.. but why do these current densities, jg,
> and rate constants, k'; g ops, Plateau at large
-1.0 -0.5 0.0 0.5 1.(

e overpotential, n?... Not for the same reasons!
2=0.85eV
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