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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 1 AGpg™ 2n|Hpal?
kgt = — |Hpp|? ——=exp| — <. —==22_ has units of s
ET =y oA 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
h

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

..and R = Nkg... and “E7
KkgT AG*\  kkgT AS* AH* .
ky = h exp| — o | = n exp| = Jexp |~ ) and so A contains AS*
... 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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Outer + Inner Reorganization Energies

Marcus—Hush (1950s-1960s!
theoretical (semiclassical) rate constant equation

This theory came about by answering the following question: For an electron-transfer event,

how does one satisfy the Franck—Condon principle and the conservation of energy?

* Franck—Condon principle: Nuclei are fixed during electron-transfer between orbitals... Born—Oppenheimer
approximation is relevant

DG
2B = Ain + Zout A

\, Z\ %Xﬂ:&pﬁ" g ~_ 7

... this is for a harmonic oscillator ™~
... with force constants, f,...

=
1080
... and yes, it’s another parabola! PN B

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

... this 2H,g mixing s like what we
£ learned for molecular orbital theory!

A=t

e
©

N.Sutin, Acc. Chem. Res., 1982, 15, 275-282

: . . 108
Observation of Inverted Region Behavior
Marcus—Hush (19505-1960s' Closs—Miller (1984
theoretical (semiclassical) rate constant equation observation of inverted region
| The Inverted Region Effect Expenmental Confiratian of nveied Begico
0 — -
Foreshadowing...
i
§
i
i e
w0 20
-3 ~AG" (aV)
REACTION COORDINATE o L.T. Calcaterra, J. R. Miller & G. L. Closs, J. Am. Chem. Soc., 1984, 106, 3047-3049

L. Closs & J. R. Miller, Science, 1988, 240, 440-447

Today’s Critical Guiding Question 12

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... for real this time: Part 2?
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Thermal (Dark) Reactions

* 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

. . . 111
Linear Free Energy Relationships (LFERS)
Marcus—Hush (19505-1960s' Brgnsted—Pedersen (1924
theoretical (semiclassical) rate constant equation empirical LFER for proton transfer
Inkpr = =B pK, +C
linear free-energy relation — €Y "
e e et o, B Gty ekien B Inkpr = B ApK, + C
o i Brgnsted slope...
! ... most people use a...
- | ... but | prefer g
i ... like in EChem
Inkgr

™ - oo

.. trend looks linear over a small enough AG,g° range i
A8 B‘> 0.5 | ... this is just Albery’s Equation 8
J. Albery, Ann. Rev. Phys. Chem., 1980, 31, 227-263 0 o
R.A. Marcus, Farad. Discuss. Chem. Soc., 1982, 74, 7-15 T+ —AGB’
M Ki tic B h . 112
Tuble 13 Applications of the Marcus relation
Electron Electrochemical Tafel Law
transfers Electrode kinetics at semiconductors
Homogeneous Correlation with electrochemical
Cross reactions obey Marcus
relation (Eq. 4)
Proton Marcus relation reduces to Bransted Law
transfers O, N bases and Explains curved Bronsted plots

some transfers to C

Concerted reactions  Describes enolization of acetone
Methyl Cross reactions obey Marcus relation

transfers Swain-Scott n separated into n* and n*
aD isotope effects measure C* character
ic  Provides 10 Ritchie relation

additions  Values of G found to be constant for similar
species

J. Albery, Ann. Rev. Phys. Chem., 1980, 31,227-263
R.A. Marcus, Farad. Discuss. Chem. Soc., 1982, 74, 7-15
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Schrodinger Equation boisson's Equation (rom Gauss' )

VI p L )

But you still didn’t tell us why we need to recall this equation Fe3 : ox
() = (T + V)n () = B0 o)

... we need to fill internal energies, E,,, with particles... okay.  for a point charge..v/
look familiar?

4
" dmer

... and that under most chemical conditions, potential energy, (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 ((,11,,,)), and exponential tunneling probability...
Probability Density (x) = [, ()% = ¥, ), (x)
... with i, (x) (complex conjugate)
Overlap integral, Sy = |, 3 ()t () dx = (P lpn)
... with (%, | ("bra") and |¥,) ("ket")
I3 W A, (e t)dx

Mean Energy, (E,) = m = (w|A|w) = (A)

aif
114
Molecular Orbital Theory
Marcus—Hush (19505-1960s' Molecular Orbital Theory
theoretical (semiclassical) rate constant equation linear combination of atomic orbitals

(50) The aplttng at the intersection isooly equal to 2Hy when the
overlap of the slect e neglcted

1 AGag”
= exp|-
A kT P KT 1010 oqual t0 2Han - SunHuu) (1 ~ Suud) where Sun = (Gatbe)
AB - which equals (E, — E ) from MO Theory
quantum adiabatic
electronic coupling

2
ker =7|HDA|2

classical nuclear free-
energy dependence

) mEACaATS | | remoucrs
... remember the simplicity of H,"... which resembles 4., math "l | [
B Ra) = - vl - Xy : -

matrix &

(Has Has
"

7 Hm')

Huca & [N
M. D. Newton, Int. J. Quantum. Che., 1980, 18, 363-391
N. Sutin, Acc. Chem. Res., 1982, 15, 275-282

. . 115
Quantum Mechanical Tunneling / Superexchange
Marcus—Hush (1950s-1960s Superexchange (not hopping!)
theoretical (semiclassical) rate constant equation long-distance through-bond transport
2n , 1 AGrp™ _ L0 (epacen
fegr = G WMo e exp |~ 7 Danor —
... although through-space tunneling is legit... 4+ -+

.. it requires overlap of small wavefunction tails..
di p A e
.. how does long-distance electron transfer occur? HOMO (ot
... incoherent multi-step hopping... _ o Psuper(N — 1)
.. or coherent superexchange... |Apal = |54l exp I e—

<. where fettnop < Bsuper < Brunnel
... where N is the number of bonds

H.B.Gray & ). . Winkler, PNAS, 2005, 102, 3534-3539 o
_ Brunnel (Zpa — zpa®)

oal = Vol on )] = A3l exp :

A e of A1
- where Bl has units of A 6.1 Closs & 1 . Millr, Science, 1988, 240, 440-447
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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
o 2 2T Hol? 1 ( AG,,B‘) Robin-Day MV classification... label each below!
er = & |Hpal® ——=exp| — Class I: nonadiabatic (Hp, = 0)
h V4mAgkT kT Class I: adiabatic, localized (0 < ZHpy < Axg)

. Class Ill: adiabatic, delocalized (2Hpj > Aap)
NN ...s0 what is 2Hp, for Class I1I [C-T]5*?

Mixed valency (MV) conditions

Creutz-Taube ion (1969

. of DAuwmo
3 A frx v
\ A Do Ao
tervatence’y ! |
charge-transfer™, | i
i
- . I DAY womo  Awowo | Duowo  Anowo

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

117
Huang—Rhys Factor
Marcus—Hush (19505-1960s' Fermi’s Golden Rule
theoretical (semiclassical) rate constant equation time-dependent perturbation theory
2 1 AGan® i o high frequency mode
ket = =~ |Hppl?————exp [ - — 22 e s
h [ATtA\gkT kT ko), andralititon
= v, (P (F)ey(r) by Zr‘ : ”‘:l\"}—.‘.‘l.l ) :"rupi AG +
(40, RS
2 - - Vho + ) ALRTI (25)
= F('ﬂ'--\””’l“-l) Wl OE — EB) I this liuit the coupled v

10 the tempera
.. separable due to the Born-Oppenheimer approximation  iribating reaction

e
nce the anly con
annels orlginate from v = 0.

I hayy = ky T, only v = 0 Is appreciably populated S is the electron vibrational coupling constant, or

and Huang - Rhys factor™ ™
sy s=Y" a0y ag - we'll stop
\2 gyt 99 - here, but it can

Wyt vpenl expl—S f]L'\ (22) et even messier,
! ( 34/is the reduced mass. The physical significanceof 5 er,

the vibratienal overlap integras is that they give the  Of COUrse...

extent to which the frsal and Initial states coincide

P.Chen &T.). Meyer, Chem. Rev., 1998, 98, 1439-1477 along the normal coordinate N. Sutin, Acc. Chem. Res., 1982, 15, 275282

Today’s Critical Guiding Question He

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... for real this time: Part 2?
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