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The extended Huckel molecular orbital method has been employed to calculate the activation energies of the halide bridge
electrochemical interconversion of typical Pt(IV) and Pu(ll) complexes. Conventional spectroscopic values of the mo

parameters were employed. When combined with the theory of absolute rates for adiabatic reactions, the calculated acti-

PacwupeHHbIN

vation energies led to theoretical rates in qualitative agreement with experimental values based upon the Tafel equation and MeTOA
the Gouy-Chapman-5tern theory of electrode processes. Covalent interaction between the reactants and the electrode
surface, although important in establishing the reaction pathway, was neglected in these calculations and will be introduced X"OKKe na

at a laver stage. The procedure described here appears to allow unequivocal identification of the electronic states primarily /
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Stochastic and
Dynamic Views
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B Mukpockonuueckom mMoAenupoBaHUU 351eMeHTApHOrO aKTa UMeHHO
Teopua urpaet NepByO CKPUMKY...



C NOMOLLBIHO COBPeMeHHBIX MeTOA0B KBAGHTOBOU XUMUU CerofHs MOXHO
«paccuyuTaTb BCE» :)

The Nobel Prize in Chemistry 1998

77 "for his development of the
density-functional theory”

Walter Koh

"for his development of
computational methods In
quantum chemistry”
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U3yueHue B3aumopeircTeus NOBepXHOCTU 3MEKTPOAOB C BOAOU -
BaXHeMlwasa 3a4a4a KBAHTOBO-XUMUYECKOTO MOAESTUPOBAHUS

Hydrophilicity row: Ga > Hg 2 Bi(111)

bismuth gallium mercury

Cluster model/DFT

DPeKT ynpouHeHUs BOAOPOAHLIX CBA3e B cnioe aacopbupoBaHHBIX
MOJIeKysl BOALI UrpaeT BaXHYHO pOSib.



TTpumep 60onee cNOXHOro peakUMUOHHOTO CNOA

Fc/Fc*, Au(111)
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Transition state theory (TST)

Three-dimensional reaction energy surface
(solvent and intramolecular coordinates)



A simple way to define the solvent coordinate

A

Free energy (U)

1s the solvent reorganization energ

|

(Marcus theory)

/

i

7 U, () =g
U, (@=AQ-1)" +Al
f (A+AlY

non-equilibrium solvent coordinate (Q) AEa = 4



S*OChQS?iC .rheor,y Reaction rate depends on dynamical

solvent properties as well
(friction, viscosity)

Hendrik A. Kramers
/pioneered a stochastic
appoach in chemical kinetics/

Leonid D. Zusman
/lextended Kramers theory
to electron transfer reactions/

In terms of stochastic theory an overcoming
of the activation barrier more resembles
“climbing” (diffusion)
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Solvent correlation function

e\;:: K(t)= <EA (0),E, (T)>

- K (r) = 2k, T 2, 2D

" Q(0)
Q(f)zL T exp(—ia)r)_ L1 |de
27 e(w) &, | @

S. Mukamel et al. . .
dielectric spectrum



N solvent modes (exact expansion)

Solvent reorganization energy correlation times

N \

5i eXp(—Z'/Ti*)

K(7)=2kg

AuHamuka snemeHTapHOro
aKTa HANOMUHAET Urpy

N
_ o
Z é‘l =] pkecTpa

1=1

Solvent correlation function

é‘i is the contribution of /-th mode to the solvent reorganization energy

The solvent reorganization energy is “distributed” among
N solvent coordinates.




Reaction free energy surface can be described using N
solvent coordinate (q;, .. qy) and (probably) one
inframolecular degree of freedom (r):

N
Ei(Q,.... QN5 1) = 251'/1]%2 +U; (1)

| =
reactant

N
E¢ (0,051 = 251'/1] (d; —1)" +U ¢ (r)+Al
j=1
product

Usually N = 2 (e.g., dimethylacetamide), 3 (EG, alcohols etc)



S5,04%" reduction at a mercury electrode
from water-EG mixtures

S,0; +e=S0; +S0;

- reaction is adiabatic The first ET is rate limiting

- BBET reaction proceeds at large
overvoltages, in the vicinity of activationless

discharge, i.e. at small activation barriers

8 T T T T
potential (V) < 1 .
—m— 06 / - reaction reveals
——-0.7 .
08 < _ an anomalous solvent
Al 10 _ viscosity effect
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Ot . .1 Exp.data(P.A. Zagrebin et al)
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- Pekar factor in the solvent reorganization energy is nearly constant

- MD simulations predict even a slight increase of <>

Bulk contribution to the solvent reorganization energy as computed
form molecular dynamics (O. Ismailova, M. Probst et al)
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S,0g% /water

PesynbTater moaenmuposaHus
metoaom M
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PesynbTater moaenmuposaHus
metoaom M
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PesynbTater moaenuposaHus metroaom M/
(cmewaHHaa cuctema, 50%-soaa, 50% - atuneHrnukonsb)

S,0,2/EG/H,O



Results of Langevin molecular dynamics simulations

10- n, B
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An attempt to explain:

. saddle point avoidance

AV

0_6.: '\

0.5 - . - . - . - . - |
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XEG

DPPeKTbI OTKNOHEHUa MaplipyTa peakumuu ot
CeANOBOU TOYKU UMPAOT BAXHYHO pPOnb B

WHTepnpeTaumu pesynbTaTOB MOAENUPOBAHUS.



NMocTpoeHue peakUMOHHbLIX NMOBEPXHOCTEN CBOOOAHOM
3Heprum: npoodbrnemMbl Ha Nocne3aBTpa:

Non-Gaussian fluctuations

- ferroelectric domains at a protein/water interface
D.N. LeBard, D.V. Matyushov, PCCP, 12 (2010) 15335

Non-linear response ?



ordered structure Orbital overlap effects (strong coupling)

News-Anderson Hamiltonian,
narrow band approximation

Ordered PtCo alloys are catalytically more
active in the elecroreduction of O,
(E.R. Savinova et al., exp)

PtCo L1,

disordered model structures

PtCo A1 (ii) PtCo A1 (iii) PtCo A1l (iv)




k(L1 )/k(A)

Predicted ratio of rate constants

—+ —+
15 F A(i) antibonding
A(iii) TC - orbitals
10 F —— A(IV)
5 =
0 -
3.0 3.5 4.0
X(Me-0), A

Ordered PtCo structure is catalytically more active



Electronic transmission coefficient

o 1 —exp(—2xy,)
© o 1-(1/2)exp(—27y,)

Landau-Zener factor , / half of resonance splitting
AE,
2 T
T (A + 7 )k
a)eff S in B

effective frequency

Two important limiting cases:

7, <<=k, =y, (non-adiabatic)
7, >>1=> kK, ~1 (adiabatic)



It is reasonable to employ the perturbation
theory for large molecular systems

AE,

J"PV\P dv — j\PV\Pdv j\I’\P dv

Perturbation (molecular electrostatic potential)

4 n "’”J
Z‘\ﬁi 7| 2

j ‘r —r‘
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V(F)zZ\R
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Orientation of the cyt c, heme groups
which leads to the maximal , )
intramolecular ET rate ..\ ,, TTpumep pacuéra
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MoaeaupoBanue meroaoM Monre-KapJio
(ciryqaitHoe OJ1y:KIaHUE 10 Y3J1aM JIBYMEPHOM PeIETKH)

)



Electronic transmission coefficient vs density of electronic states
calculated with the help of MC simulations at different values of },
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Model calculation of electronic transmission
coefficient for interfacial reactions: some challenges.

1. Model of a charged metal surface
(cluster, slabs, “jelllum”, etc)

2. Solvent effect on the wave functions and perturbation

3. Asymptotic behaviour of wave functions

4.V (r)="?
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vertical orientation
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HaknoHbl pacyeTHbIX 3aBUCMMOCTEN HAXOOATCS
B XOPOLLEM COrflacun ¢ aKCnepumMeHTanbHbIMU OLLEHKaMM
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KBaHTOBO-XHMH4YECKOE
MOAEAHPOBaHHE
TYHHEABHBIX KOHTPAaCTOB A\

. abat‘ d.
LUMO
Au(110) tip

=

HOMO

STM configuration

resonance integral bias potential

N W
eo , bias
Iz_p(‘gF)Hif J. dgpads(g)

0

density of electronic states of  density of electronic states of

tunneling current ,
the tip a molecule adsorbed



Model of the tip

a single W atom

_ W cluster, 5dz2 orbital of a tungsten
A real STM tip W-H,O cluster atom plays a crucial role in
constructing images



Cysteine adsorption on

Model STM contrast Au(110) elecrode
(in situ STM images)

ST 18.5
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W 0 W Jd d O

-15

-0

MoaenbHbIN KOHTPACT Ka4eCTBeHHO onucbiBaeT
JKCnepnMmeHTalrnibHble AaHHbIe



Contributions of different atoms to the STM image



A heKkTbl MHIMONPOBaAHUA peaKLUn
nepeHoca 3fIeKTPOHa Ha MeTarin4yecKnx
Y HaHonpoBonokKax (MoAaesrbHbIN MPOrHo3)

e

P

\‘g Me(111) vs monoatomic wires
Fe(III)/Fe(IT)




dneKTpoxmumuyeckoe BhraesieHue BOAOPOAaA
2H* + 2e = Hz
Pe3yAbTaThI MO.ZleAKpOBaHKH METOAOM M,Zl

Proton Trans{'er Charge 3 Oe 309 228 Ps. o
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Teopus 3ameaneHHoro
paspaaa
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@ - KO3(pPHUIIMEHT CUMMETPUHU

k, - TeTepOreHHast KOHCTaHTa CKOPOCTH

N; - 3apsa pearupyromen 4acTULbI

OaHa U3 3aAa4 Teopumn U MOSEKyNapHOro
CDpyM KUH A.H. MOJeNIUPOBAHUA -NpeANioXUTb NPOCTOU U

(pU3UYEeCKU NpOo3padHbInu cnocob obpaboTku

3KCMNEePUMEHTANbHLIX AGHHLIX
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