Chap. 21. molecular Reaction Dynamics
Atomic/Molecular Encounters

What happens to atoms/molecules at the climax of reactions?

Extensive changes of electronic structures are taking place.

Energies are redistributed among the bonds.

Old bonds are being ripped apart, and new bonds are being formed.

The kinetics (rate) calculation from first principles is not possible.
Bimolecular processes (Tht=3%h

Gas Phase vs. Solid or Liquid
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Molecular Encounters

In solution, we cannot so easily speak of collisions because the relative
migration of species Is diffusional, and the solvent hinders their free flight.

The rate at which the potentially reactive species encounter each
other in solution can be calculated and related to the diffusivities of the
dissolved species.

21A. Collision Theory (Gas-Phase Reaction)

[A] Na NA

= = molar concentration
V NAV

.. The rate of a gas phase reaction in which A is destroyed,

dlA] 1 dN,

dt N,V dt
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A+B—P
The collision rate of A with B per volume is Z,5. Therefore, the rate

of change of the number of A molecules per unit vol., (dNA/dt)/V TS
Z g Multiplied by the proportion of collisions that occur with a
Kinetic energy along the line of approach in excess of some
threshold value E..

1(dN, E
=—/Z..exp ——2
v( dtj A p( RT)

_d[A]:_ 1 (dNAjzﬁexp(_ Eaj
dt N,V dt N, RT

1 1

Collisi 8kT \2( N, YN 8KT )2 21A.3
e S LN LY LY O R
density TH _\ U (Justific. 21A.1)

where o : collision cross-section, 4 : reduced mass.

1

=t S (8kT Y

coltision Time  COllISION frequency z = o€, N C. = (ﬂ) (1B.11a)
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A+B — P Since — M =k, [A][B]
(21A.8)
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Table 21A.1
Activation enthalpy (enerqgy) and pre-exponential factor
for gas-phase reactions.

A/ dm3mol-is-1

Reaction : E, / kimol™! P=oc'loc
Experimental Theory
2NOCI — 2NO + Cl, 9.4 x 10° 5.9 x 10%0 102 0.16
2NO, — 2NO + O, 2.0 x 10° 4.0 x 10%0 111 0.05
2CIO - Cl, + O, 6.3 x 10’ 2.5 x 1010 0 2.5 x 1073
K+ Br, — KBr + Br 1.0 x 1012 2.1 x 1010 0 4.8
H, + C,H, — C,Hq 1.24 x 106 7.3 x 101 180 1.7 x 10°°

1 eV/particle = 9.6484 x 10* joule/mole
= 2.306 x 10 cal/mole
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Collision with sufficient energy is not the only criterion for reaction,
and some other factor, such as the relative orientation of the colliding
species, has taken into account.

The reactive cross-section o*=Po

- 1)

5 A+B —> P
k, =P<oN A(MJZ >{exp(— E, )}
U RT

\ J

N J \ J

Y Y
Encounter Rate o (21A.9)
Energy Criteria

& —

Steric Factor

P: Steric Factor: Local properties of the reaction = the orientations
required of the species, and the details of how close they have to
come in order to react, so-called the steric factor.

Ao STHE/UNH HYX|
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21B. Reactions in Solution: Diffusion-Controlled or

Activation-Controlled

= The molecular motion is diffusional in solution, not free flight. Still, the
concepts of activation energy and steric requirements survive.

= Since a molecule migrates only slowly into the region of a possible reaction
partner, it also migrates only slowly away from it. In other words, the
members of the encounter pair linger in each other’s vicinity for much
longer than in a gas.

The activation energy of reaction is a much more complicated quantity
In solution than in the gas: the encounter pair is surrounded by
solvent, and its energy iIs determined by all the interactions.

o mE2rf
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A+B — P d[(AB)]

A+B—% 5(AB) i~ KlAlB]
|

encounter pair

21B.1(A) = = = = = = = = = = = -

ky: determined by the diffusivity

The encounter pair can break up without reaction, or it can react to
give products.

A+B—=—> (AB)—“>Products P

K g

(page 889)

‘d’ signifies diffusion

http://bp.snu.ac.kr 8



A+B —= (AB)— P A;[f\]* P
A e

Steady-State Approximation for (AB)

WSy [aT8]-k [(AB) -k [(AB]}=0

[(AB)]= (kdki kJ[A][B]
. The overall rate

d[(gf)] —k [(AB)]= (lflfklj[A][B] (21B.1)
where k, = (kt{d klj

§ 20E.2. Consecutive Reactions
A couple of Kinetic steps can induce mathematical complexity.

http://bp.snu.ac.kr
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A+B —>P k k K,
app k,=| —=9 | A+B ——(AB)—>P
Pl ke [kd+&J “~(AB)

(N k., <<k, (21B.2a)
klkd . . .. . .
k, ~ "ol Ky = In this limit, the rate of the reaction is
L determined by the rate at which the species
diffuse together through the medium: the
21B.1(a) reaction is dIffusion-controlled.
() k, <<k,

(21B.2b)

Kk .
K, = kl(kdj =k K : In this case, the rate depends on the
—d accumulation of enerqy in the encounter
pair as a result of its interaction with the

K = Equilibrium Constant solvent molecules: the reaction is
activation-controlled.

*** § 20E.5. Pre-Equilibrium

10
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21B.1. Rate at which the Molecules Diffuse Together

Consider a static A molecule immersed in a solvent also containing B
molecules. Consider a sphere of radius r surrounding the static
molecule. What is the total flow of B molecules through its surface?

J=4mr?]) J - total flow
J : flux (the amount of material passing through
unit area per unit time)

From Fick’s first law of diffusion, -171030( &)
Jop d|B] [B]: Concentration of B Molecules
B g = Number of Molecules / Volume
Dg: Diffusion Coefficient in the Medium
~ d(B
- J =4ar°D, diB]
dr

http://bp.snu.ac.kr 11
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[B] =B,

Figure 21B.1

The concentration profile for reaction in
solution when a molecule B diffuses
towards another reactant molecule and

reacts if it reaches R™

12
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The overall concentration of B at any distance from A (Justific. 21B.1)

1. When r ~ oo, the concentration of B is the same as in the bulk solution [B].

2. The total flow through a shell is the same whatever its distance from A,

because N0 molecules are destroyed until A and B touch:
therefore Jj is constant independent of r.

—_

] ) ds}
B e Jar J ear J = A4xgrep, ZL2F
8] OI[B] B If 47Z'f2D|3 B 47y J-f re ’ ar

—

Bl =Bl - 2

At critical distance R, A and B ‘touch’: reaction takes place, and B
Is removed. When r =R", [B], g+ = 0. When this condition is
substituted into the last equation, we obtain an expression for the
flow of B towards A:

J=4R"D,[B]  total flow

o0

13



J = 47R"D,[B]
This flow is the average number of B molecules per unit time Total Elow =
passmg through any spherlcal su rface centered on any A molecule Constant

The rate of reaction is equal to the average flow of B molecules to aII
the A molecules in the sample.

Number of A molecules in the sample of volume (V) = [A]V [A] — NVA
. Global flowofallBtoall A = 4nR™Dg[A][B]V -

A static; B: mobile — unrealistic: This is easily remedied by replacing
the diffusion coefficient Dg by

D = D,+Dpg.
drs)_, . (K
T 4nh D[A][B] k = 4R*D A+B <k—d> (AB) > P
—d
Diffusion-Controlled Rate Constant is: Kg<<K A+B P
d|A
k2 = kd = 47'CR*D (ppt 21_9) _% - k2 [A][B]

http://bp.snu.ac.kr (2183) 14



21C. Activated Complex Theory
= Transition State Theory

The reaction coordinate and the transition state

Reaction Coordinate: The horizontal axis of the diagram representing the
course of the reaction.

Transition State of Reaction: A pair of reactants has been

brought to the deqgree of closeness and distortion such
that a small distortion in an appropriate direction
will send the system in the direction of products.
This crucial configuration is also called as the
activated complex.

kl << k—d ppt 21-10

http://bp.snu.ac.kr 15



A+B < (AB) « (AB)*t — P
G Transition :t
state -
2 Activated Complex
s | (AB) o
;g (AB)* in equilibrium with (AB)
¢ | Reactants ) ) ' ) '
S| A+B
P Figure 21C.2
FRGGUCHS A reaction profile. The horizontal
axis 1s the reaction coordinate, and

Hanctiomectrdinate the vertical axis is potential energy.

High (1023) Dimensional Space The activated complex is the
"""""""""""""""""""" region near the potential
C e CfF — C maximum, and the transition state
e.g., diffusion in a single crystal corresponds to the maximum itself.

http://bp.snu.ac.kr 16



21C. Formation and Decay of the Activated Complex

Activated Assume (AB)*
Complﬁx ¢ In equilibrium with (AB)
(AB) = (AB] — P
t
% - k" [28) ] [(AB)i |=K1(AB)] ppt 21-10
k = k'K

where [(AB)i] = concentration of activated complex
Pre-Equilibrium

sec. 20E.5
K: equilibrium constant ppt 20-34
ppt 21-9 and 21-10 activation-controlled (21B.2b)

- Steady-state approximation d[P]
- Activation-controlled K
Ivatl Kk, = /(1[/(dj = kK /(1 << /(_d W = K, [A][B]

http://bp.snu.ac.kr -d 17



Sec. 21C.1(b).

Once the activated complex has been found, motion along the reaction
coordinate corresponds to a distortion of some relevant bonds.

If the frequency of the crucial vibration of the complex is v*,
the frequency of passing through the transition state is also v*. The rate
of passage through the true transition state is proportional to the
vibrational frequency v* along the reaction coordinate, and write

N (21C.5)
k¥ =~ v* vi<<10%/s hvt << kgT

21C.1(c). The Concentration of the Activated Complex

We assume that all distributions of energy compatible with a given
total energy are equally likely.

http://bp.snu.ac.kr 18



Sec. 21C.1(a). A+ B < (AB) <~ (AB) — P

[(AB)*] _ ( pt j
K = =RT
|A]B] . Ps PV =nRT
g : n. |
e e R
p" 1 (palo Xpa/o’)]  \ p Vi RT
RT
[(AB)i] ( jKi[A][B] Kk - Ne _ Qe exp(— BAE, )
P Ne Qg ppt 16-37
K*: dimensionless equilibrium constant expressed in
terms of pressure [q@\ciqg\d
Kp — N )a N )b e—ﬂAS
(2\ (QS\ (21C.9;
N )N ppt 15-69

g+ : molar partition function of the activated complex

Jam:9sm : the molar partition function for the reactant molecules

AESF . the energy separation of the complex and the reactants
http://bp.snu.ac.kr 19



Figure 21C.3 (,A\B)i Vi << 1013 / S
hyt << kBT

Many energy levels at the activated state.

No dip
at the top of the going-through barrier
(AB)}| 20T
AE;
13
Vi ~ 10°° /S
O

Phonon

http://bp.snu.ac.kr 20



b~ it
Partition Function for Vibrational Mode at the Saddle Point k¥ = v

Harmonic approximation

1
where v* : its frequency (the same

1-exp(-hv fp/kT) frequency that determine k%)

1 kT
1—exp(=hv#KT) ~ hvi hvi << kg T

L KT 4 )
q+= hit q where 7. partition function for all the
other modes of the activated
K f— KT =t complex
hvi

__ gt +
where K *= l}"*q’f exp(— A, j
qA,qu,m RT

http://bp.snu.ac.kr 21
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The rate constant k=1

(21C.10)
R RT
k2=k¢K=k¢( p°j —K')/i( ](hﬁjK

Unknown frequency v* cancels.

K ) i (skip derivation)
K*:{ .G }exp(_ AEOJ
qA,qu,m RT
k, = K(k—TjK Eyring equation (21C.10)
2
h

http://bp.snu.ac.kr 29


http://www.scopus.com/alert/results/record.url?AID=1549020&ATP=document&eid=2-s2.0-84886936542&origin=SingleRecordEmailAlert

How to use the Eyring equation:

The possibility of using the Eyring equation to calculate the rate of a
reaction depends on being able to calculate the partition function
for the species involved.

The reaction partition function can normally be calculated with
confidence, either by using spectroscopic information about the
energy levels or from the approximate expressions.

The real difficulty:
determination of the

(canonical) partition function

- -171101(
for the activated complex.  17io6si xs
-171108(5F) =g
-171113(&) Quiz 2
Chaps. 19B-21B (pp. 798-893)
-171206(=F) Final Exam

http://bp.snu.ac.kr 23




21D. Collision of Structureless Particles (skip)

A, B: structureless particles: The only contributions to their
partition function are the
translational terms.

3
. : 2m, KT 2, . . RT
qA,m — q,té\m :( h? j Vm — z-AVm — TA(poj

3
. 27im_KT 2. . RT
g m Z( h? ) Vi, = Ts(poj

http://bp.snu.ac.kr 24
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21D. (skip)
The activated complex is a diatomic molecule of mass m,z; = m, + m;

and moment of inertia 1 ;. There is only one vibrational mode, but
that corresponds to motion along the reaction coordinate, and so it

does not appear in J".
3

4 21, KT\ ,. 271, KT )2
qm :Ti( 2% )vm’ Ti:( hpéB j

B 2
IAB = Hpp RAB

U the reduced mass, R,;: the bond length of the diatomic

o :
k= (RT j{x(kT NN, oV (21, KT /hz)} exp(_ AEOJ

p Talqy (Vm )2 RT

1
5 ¥
- NA( BKT j KR, exp(— AEO)
T pg l RT

. 2
IAB = Hpp RAB

reactive cross-section o*
http://bp.snu.ac.kr 25



21D.

Compare with k, derived from the collision theory:

1
(el
U RT

1

5 s
8KT )2 AE
k, =N, —— | x7R%, exp| - —2
2 AE j K AB p( RT)

TR

http://bp.snu.ac.kr
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21C.2. Thermodynamic Aspects K" — @X D (—ﬂA G)

~RT InK¥= AG?, kzzz{RT](ijK*
p° A h A = Definition

kT \ RT AGi k=1 = Never Ever
_kzz"( h) o EXp!_ RT l (21C.11)

AGH = AH* —TAS?

ASf, : Entropy of activation

(21C.13)
AH fn : Enthalpy of activation

o _(KTYRT) (S, AH;
S s N R EXP| — RT (21C.15a)

http://bp.snu.ac.kr 27




Reaction-Rate Constant A— (A*—B ***

AS. AH
kr =V, exp exp ~(21C.15a)
R RT

v <<108/s

G r > activated state
S state
5 v, ~ 108 /s
% Reactants phonon

Products
< A<~ (A «—B

Reaction coordinate J. W. Christian
http://bp.snu.ac.kr David Turnbull (1915-2007) “The Theory of Transformations” og



http://en.wikipedia.org/wiki/David_Turnbull_(materials_scientist)

H+H, - H,+H
21D.3. Potential Energy Surfaces

Consider a collision between H atom and an H, molecule. The
potential energy surface is the plot of the potential energy for all
relative locations of the three hydrogen nuclei. Three parameters
are required to define the nuclear separations:

H,—=Hg separation R g

A H A-B H,

Hg=H. separation Rgc
B-C H, C H

HQ—H,_A separation RC_A

At the start of the encounter, R,g Is Infinite and Ry Is the H,
equilibrium bond length. At the end of a successful reactive
encounter R,g Is equal to the bond length and Ry is infinite.

http://bp.snu.ac.kr 29



Potential energyT H + H2 — H2 +H

QIGH + Figure 21D.12

The potential energy surface for the
H + H, reaction when the atoms are
constrained to be collinear.

Ryg = A section through the surface is the same as the H,
potential energy curve.

Rge =© A section through the surface is the molecular
potential energy curve of an isolated H,—Hg molecule.

http://bp.snu.ac.kr 30



Tinal

BC

i al

H+H, —>H,+H

Figure 21D.13

The contour diagram
(with contour of equal
potential energy).

http://bp.snu.ac.kr

Figure 21D.14
Various trajectories through the potential energy surface:

A corresponds to a path in which Rg is held constant as
H , approaches.

B corresponds to a path in which Ry lengthens at an early
stage during the approach of H,.

C is the path along the floor of the potential valley. 31



H+H, - H,+H

Consider the changes in potential energy as H, approaches Hg—H,.

If the Hz—H_ bond length is constant during the initial approach of

H,, the potential energy of the H, cluster would rise along the path
marked A.

Path B: the Hg—H bond length increases while H, is still far
away.

Path C: the path of least potential energy Rgc lengthening as
H, approaches and begins to form a bond with Hg.
The Hg—H_ bond relaxes at the diamond of the
Incoming atom, and although the potential energy rises,
It climbs only as far as the saddle-shaped region of the
surface, to the saddle point marked C*.

http://bp.snu.ac.kr
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21E. Electrochemistry

One phase contains e I eCt rons.

The other phase contains 10NS.

""" OO

Fundamental act in electrochemistry

“Passage of Current Caused by Chemical Changes”

Battery, Water Splitting, CO, Reduction, Fuel Cell,
Quantum-Rod Solar Cells, Sensors,
Electro-Analysis, Electro-Synthesis,
Electrodeposition, Corrosion,

etc. Electrochemistry is the

Study of Phenomena at the

Electrode/Electrolyte Interfaces.



Dynamics of Electron Transfer

- - - —>
Oxidation vs. Reduction E=-V¢
21E.1. Electron Transfer in Homogeneous System
Consider electron transfer from a donor species D to an acceptor
species A in solution:
D+AT——D"+A v=k[DJA] (@ (21E.1)
(1) Diffusion of D and A in Solution (skip---)
(2) Complex Formation
k
D+AE—<_?_> DA Kop= 2 2)
(3) Reversible Electron Transfer
ket
DA <k.—’ DA (3)

(4) The Formation of Separated lons
D'A"—“4 5D+ A

http://bp.snu.ac.kr
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Oxidation and Reduction
Tm I'uf" T'm hit! Tve fos‘f' an electron !/

Another casualty in the War of the Atoms. 171115(%)



Justific. 21E.1 (skip---)

The rate constant for the overall electron transfer process

1_1, K[,k ®)  (21E.3)
k ko kk, | Kk,

The overall reaction rate = The rate of formation of separated ions

v =k [DJA]=k,|D*A"] (6)

Steady-state approximations for two intermediates: DA and D*A"

d[[;;A_]— k. JDA]-k,[D*A |-k, [D*A]=0

k., +K

[DA]= 1 [D*A] (7)

et

http://bp.snu.ac.kr



(skip)

UDAL_ k [pJA]- K [DA]-k, [DA] K, [D"A]
-cfola)- |ttt h) Hoa -
et
K k
DA = N DA
DAl kaket+kakd+kdket[ IA] (8)
K K K
—k.[DA ]z et DIA
V d[ ] kaket‘l'kakd +kdket[ ][ ] (9)
. k — kdkaket
o koke Rk + Kk,
1 kkthkgthgke 1K () ke .
kr kdkaket ka kaket kd ( )

http://bp.snu.ac.kr



(sKip)

Assuming that the main decay route for D*A™ is dissociation
of the complex into separated ions, or k, >>k_, :

1 1(, k
|1+
kr ka [ ket j (11)

(@) If k, >>k., k ~k..

The rate of product is controlled by diffusion of D and A in
solution.

K
k(?tjket = K DAket )

a

This process controlled by the activation energy of electron
transfer in the DA complex.

(b) If k, >>k., k. :(

http://bp.snu.ac.kr



Using the transition state theory, (skip---)

(12)

x :transmission coefficient

VF - vibrational frequency at the transition state

AGT': Gibbs free energy of activation

21E.(a) The rate of electron tunneling

The Frank-Condon principle

The nuclei do not have time to move when the system passes from
the reactant to the product surface as a result of the transfer of an
electron.

xv¥ a measure of the probability that the system will
convert from reactants (DA) to products (D"A")
at q” by an electron transfer

http://bp.snu.ac.kr 39



(skip---)

Figure 21E.3

The Gibbs energy surfaces of the
complexes DA and D*A~ involved In
an electron transfer process are
represented by parabolas
characteristic of harmonic oscillators,
with the displacement coordinate g
corresponding to the changing
geometries of the system. In the plot, d
and g, are the values of g at which
the minima of the reactant and
product parabolas occur, respectively.
The parabolas intersect at q=q". The
plots also portray the Gibbs energy of
activation, AG*, the standard reaction
Gibbs energy, AG®, and the
reorganization energy, A.

Gibbs energy

a; aq* q;
Displacement, g

http://bp.snu.ac.kr 40



According to the theory for electron tunneling,
k., ce™” (13)
where b depends on the medium through which the

electron must travel from donor to acceptor, and r is
the edge-to-edge distance.

http://bp.snu.ac.kr
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displacement

Figure 21E.2

Correspondence between the electronic energy
levels (shown on the left) and the nuclear energy
levels (shown on the right) for the DA and D*A~
complexes involved in an electron transfer process.
(a) At the nuclear configuration denoted by q; , the
electron to be transferred in DA is in an occupied
energy level and the lowest unoccupied energy level
of D*A™ is of too high energy to be a good electron
acceptor. (b) As the nuclei rearrange to a
configuration represented by q°, DA and D*A~
become degenerate and electron transfer occurs by
tunneling through the barrier of height V and width r,
the edge-to-edge distance between donor and
acceptor. (c) The system relaxes to the equilibrium
nuclear configuration of D*A- denoted by g , in
which the lowest unoccupied electronic level of DA
IS higher in energy than the highest occupied
electronic level of D*A".

(Adapted from R.A. Marcus and N. Sutin, Biochim.
Biophys. Acta 1985, 811, 265.)



21E.1. The expression for the rate of electron transfer (skip---)

The Gibbs energy of activation for electron transfer

AGH (AG;; 2) (14)

AG" : the standard reaction Gibbs energy for DA — D*A’

A . the reorganization energy, the energy change associated
with molecules rearrangements that must take place so

that DA can take on the equilibrium geometry of D*A’
AG® =-1, AG¥=0

The reaction is not slowed down by an activation barrier when the
reorganization energy is equal to the standard reaction Gibbs energy

From egs. (12) and (13),

_act
k,oce”e R (15)
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Derivation of eq (14)
DA=R, D'A"=P
The molar Gibbs energies, G, :(q)andG, .(q)
G, (0)= % Nauo’(a-a5 f +G,q(af) (a)

Gp (@)= Nopo? (-7 +6,,(6) ()

ds, d, :the value of g at which the minima of the reactant
and product parabolas occur, respectively

http://bp.snu.ac.kr



AG® :Gm,P(qg)_Gm,R(qOR) (c)

9 =05 +a(a — ) (d)
where « Is the parameter representing the fractional change in g.

AG" =G, o (0) =Gy (65) (6)

From egs. (a), (b), (d) and (e),

AGY = N (d' =] ) = Nyt {a(af ~of )} (D

Since 1=G,, (df )-Gnr (a5 ),

1 2
/1=§NAM)2(Q§—QE) - ©)

http://bp.snu.ac.kr



From egs. (f) and (Q),
AGT =a?A (h)

Because G,, z(q) = G,, »(q"), combining egs. (b), (c), (d), (g) and (h)
gives

A= % N, pow’ {(a —l)(qg — g )}2 +AG°

=(a-1)" 2+ AG°

.-.a:;(Afouj ()

Combining egs. (h) and (i),

i_(AG°+Z,)2
AG = 4

http://bp.snu.ac.kr



21E. Experimental results (skip---)

0 2
AGi _{!AG +ﬂ,! }

k,oce e AT =g g L (16)
et

Assuming that the edge-to-edge distance, the reorganization energy;,
t

and xVv* are constant,
0\2 0
Ink,, =— RT[AGT) _1/46 + constanat (17)
44\ RT 2\ RT

Aplot of Ink,, versus AG”should be shaped like a downward
parabola.
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’ o
(a) (b) O (©) O () =

f 2 [

A G*/eV

http://bp.snu.ac.kr

(skip)

Figure 21E.5
Variation of logk, with—AG for a series of
compounds with the structures given in 1.
Kinetic measurements were conducted in 2-
methyltetrahydrofuran and at 296 K. The
distance between donor (the reduced biphenyl
group) and the acceptor is constant for all
compounds in the series because the
molecular linker remains the same. Each
acceptor has a characteristic standard
reduction potential, so it follows that the
standard Gibbs energy for the electron
transfer process is different for each
compound in the series. The lineisa fitto a
version of eq 17 and the maximum of the
parabola occurs at

~AG=1=1.2eV =1.2x10%kImol ™.
(Reproduced with permission from J.R. Miller,
L.T. Calcaterra, and G.L. Closs, J. Amer.
Chem. Soc. 1984, 106, 3047.)



21F. Electron Transfer Processes at the Electrodes
21F.1. The Electrode (Metal) and Electrolyte (Solution) Interface

Formation of electrical double layers at the boundary between the solid and
liquid phases creates an electrical potential difference, called the Galvani
potential difference.

Models for the Electrode-Solution Interface

1. Helmholtz Layer
The location of the sheet of ionic charge, which is called the

outer Helmholtz plane (OHP), is identified as the plane
running through the solvated ions. Refinement of this model considers
1ons that have discarded their solvating molecules and have attached to
the electrode surface by chemical bonds, forming the

Inner Helmholtz plane (IHP).

—

— —
E=-V¢ V-D=4rp

http://bp.snu.ac.kr

N
D=c¢cFE
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Electric
potential
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OHP

Figure 21F.31

A simple model of the electrode-solution
Interface treats it as two rigid planes of
charge. One plane, the outer Helmholtz
plane (OHP), is due to the ions with their
solvating molecules and the other plane is
that of the electrode itself. The plot shows
the dependence of the electric potential
with distance from the electrode surface
according to this model. Between the IHP
and the OHP, the potential varies
linearly.
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2. The Gouy-Chapman model of the diffuse double layer

The disordering effect of thermal motion is taken into account in
the some way as the Debye-Huckel model describes the ionic
atmosphere of an ion.

Excess Excess

positive, negative  Diffuse Layer (~100 A)

charge | charge

+ (%) _
o Figure 21F.2

o The Gouy-Chapman model of the
electrical double layer treats the
outer region as an atmosphere of
counter-charge, similar to the Debye-
Huckel theory of ion atmosphere.

The plot of electrical potential against
distance from the electrode surface
Diffuse shows the meaning of the diffuse
double double layer.

layer

\

Electric
potential

(_
.
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3. The Stern model

The above two models are combined in the Stern model, in which
the ions closest to the electrode are constrained into a rigid
Helmholtz plane while outside that plane the ions are dispersed as
In the Gouy-Chapman model.

Excess Excess

positive ; negative Diffuse Layer (~100 A)

charge : charge

+ o

Figure 21F.3

) _ A representation of the Stern model
of the electrode-solution interface.

The model incorporates the ides of an

outer Helmholtz plane near the

electrode surface and of a diffuse

\
=
y

Electric
potential

\. J
Diffuse double layer further away from the
double !
OHP laver | surface.

http://bp.snu.ac.kr
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0.56(E~E0)/ kT -0.5e(E~E0)/ kT

e

J =/

21F.2(a). The Butler-Volmer Equation

Consider a reaction at the electrode:
The current density j : the electric current flowing an electrode divided
by the area of the electrode

/= J {9(1‘“)f" —9_“f’7} (21F.1)
f = L F :Faraday's constant a~0
RT

n=~E —FE, the overpotential

E, : Electrode potential at equilibrium

(no net flow of current)

E’: the electrode potential when a current is being drawn from the cell
o - the transfer coefficient o=0 (reactant-like) a=1 (product-like)

jO . Exchange-current density when the electrode is at
equilibrium  Qxjdation = Reduction page 922

http://bp.snu.ac.kr




fr <<1(usu.n <0.01V)
)= j0{1+(1—a)f77+---—(1—af77+~--)}z JoT17
_RTj

Fl

n

This equation shows that the current density is proportional to
the overpotential, so at low overpotentials the interface behaves
like a conductor that obeys Ohm’s law.

If 77 is large and positive (e.g.77 > 0.12V ),
j _ jo {e(l—a)fn . e—ozfn}z joe(l—a)fn

Inj=Inj,+(0—a)fy

If 77 is large and negative (e.g.77 < —0.12V ),
) = _joe_om7
In(— j)=1In j, — ofy

http://bp.snu.ac.kr
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(skip)
Derivation of the Butler-Volmer equation

Electrode reaction: heterogeneous reaction

The flux of products: the amount of material produced over a
region of the electrode surface in an interval
of time divided by the area of the region and
the duration of the interval

Product flux=k[species]

The rate of reduction of Ox and the rate of oxidation of Red

VOx = kc [OX] (1)
VRed = ka [Red] (2)
The net current density at the electrode is the difference between

the current densities arising from the reduction of Ox and the
oxidation of Red.

http://bp.snu.ac.kr



(skip - - -

The current density j arising from the redox processes are the rate
multiplied by the charge transferred per mole of reaction (F).

j.=Fk [Ox] forOx+e — Red Cathodic current density
j, = Fk,[Red] forRed - Ox+e  Anodic current density

The net current

j =], — J. = Fk [Red]- Fk [Ox] (3)

J, > J. = ] >0:thecurrentisanodic
J. > ], = ] <0:thecurrentis cathodic

http://bp.snu.ac.kr



(skip---)

Anodic current

Figure 22. 36

The net current density is
# defined as the difference

between the cathodic and

anodic contributions. (a) When
/o> /. the net current is anodic,
and there is a net oxidation of
the species in solution. (b) When

' J.> /., the net current is cathodic,
fanodic current and the net process is reduction.

(a) (b)
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According to the transition state theory
AGY
k. =Be *T (4)
AG": the activation Gibbs energy
B :a constant
Sunstituting eg4 into eq3

AG] 4G}

j=FB,|[Redle R* —FB [Ox]e R ()

Figure 22.37

The potential ¢ varies between
two plane parallel sheets of
charge, and its effect on the
Gibbs energy of the transition
state depends on the extent to
which the latter resembles the
species at the inner or outer
OHP planes.

Electric
potential

O

http://bp.snu.ac.kr



Consider the reduction rate Ox +e~ — Red.
If the transition state of activated complex is product-like,

AG, = AG/(0)+ FA¢ (6)

AG/(0): the activation Gibbs energy in the absence of a potential
difference across the double layer

A A

A*G (0)
A*G,(0)

OHP

Figure 22.38

When the transition state resembles a
species that has undergone reduction, the
activation Gibbs energy for the anodic
current is almost unchanged, but the full
effect applies to the cathodic current. (a)
Zero potential difference; (b) nonzero

o potential difference.
(b)

http://bp.snu.ac.kr



If the transition state is reactant-like,

S, 3
==
o Y
S | (a)
Figure 22.39
- When the transition state resembles a
X mfll. species that has undergone oxidation,
_ S the activation Gibbs energy for the
< g cathodic current is almost unchanged
< 2 but the activation Gibbs energy for the
/ anodic current is strongly affected. (a)
% Zero potential difference; (b) nonzero

o) potential difference.
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In a real system,
AG, = AG,(0)+ aFA¢ (7)
0<a<1(usu.a ~0.5)

c

A*G_(0)

Figure 22.40

When the transition state is
intermediate in its resemblance to
reduced and oxidized species, as
represented here by a peak located
at an intermediate position as
measured by « (with 0<a<1), both
activation Gibbs energies are
affected; here, «=0.5. (a) Zero
potential difference; (b) nonzero
potential difference.

OHP

A*G,(0) - 1FAp

<
<

OHP

(b)
http://bp.snu.ac.kr



Consider Red + e~ — Ox. Red discards an electron to the electrode,
so the extra work is zero if the transition state Is reactant-like. The
extra work is the full — FA¢ if it resembles the product. In general,

AG; = AG.(0)-(1-a)FA¢ (8)
Substituing eqs7 and 8 into eq5
_AGE(0) (1-a)FAg AGE(0) aFAg
j=FB,[Redle R e R _FB[Oxf R e*
AG#(0) AGF(0) 9)
= FB,[Redle R™ elt®™ _FB [Ox]e RT e

\ Y ]\ Y J
Ja Je
If the cell is balanced against an external source, the Galvani
potential difference A¢ can be identified as the (zero-current)
electrode potential E.

6£(0) -
j. = FB.[Red]e R el _
G (0) - = Jo
j =FB|OxJe R e™F

http://bp.snu.ac.kr



(sKip)

When these equations apply, there is no net current at the
electrode (as the cell is balanced), so the two current densities
must be equal. Hence, we denote them both as |,,.

When the cell is producing current, the electrode potential
changes from its zero-current value E to a new value E’, and the
difference is the electrode’s overpotential » =E’—E. Hence, A¢
changes to A¢ = E+7 and the two current densities become

http://bp.snu.ac.kr

j=FB,[Redle

= FB,[Rede

alL

= FB,[Red e
— jo l a f77
ja = joe -

jc - J-Oe_om7

AG;(0) 4G, (0)
RT e(l a)FAg ~ FB, [Ox]e_ RT  g=aFAf
AGZ(0) AGZ(0)

RT ol-a)f(E+n) _ EB [OX] RT g=of (E+n)

4G (0) AGZ(0)

RT e(l—a)fEe(l—a)fn . FBC [Ox]e_Te—afEe—afn

jO A = ja_ jc



Problems from Chap. 21
D 21A.2
D 21B.2
D 21C.2
D 21D.2

http://bp.snu.ac.kr

64



	슬라이드 번호 1
	슬라이드 번호 2
	슬라이드 번호 3
	슬라이드 번호 4
	슬라이드 번호 5
	슬라이드 번호 6
	슬라이드 번호 7
	슬라이드 번호 8
	슬라이드 번호 9
	슬라이드 번호 10
	슬라이드 번호 11
	슬라이드 번호 12
	슬라이드 번호 13
	슬라이드 번호 14
	슬라이드 번호 15
	슬라이드 번호 16
	슬라이드 번호 17
	슬라이드 번호 18
	슬라이드 번호 19
	슬라이드 번호 20
	슬라이드 번호 21
	슬라이드 번호 22
	슬라이드 번호 23
	슬라이드 번호 24
	슬라이드 번호 25
	슬라이드 번호 26
	슬라이드 번호 27
	슬라이드 번호 28
	슬라이드 번호 29
	슬라이드 번호 30
	슬라이드 번호 31
	슬라이드 번호 32
	슬라이드 번호 33
	슬라이드 번호 34
	슬라이드 번호 35
	슬라이드 번호 36
	슬라이드 번호 37
	슬라이드 번호 38
	슬라이드 번호 39
	슬라이드 번호 40
	슬라이드 번호 41
	슬라이드 번호 42
	슬라이드 번호 43
	슬라이드 번호 44
	슬라이드 번호 45
	슬라이드 번호 46
	슬라이드 번호 47
	슬라이드 번호 48
	슬라이드 번호 49
	슬라이드 번호 50
	슬라이드 번호 51
	슬라이드 번호 52
	슬라이드 번호 53
	슬라이드 번호 54
	슬라이드 번호 55
	슬라이드 번호 56
	슬라이드 번호 57
	슬라이드 번호 58
	슬라이드 번호 59
	슬라이드 번호 60
	슬라이드 번호 61
	슬라이드 번호 62
	슬라이드 번호 63
	슬라이드 번호 64

