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Contributions
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Adiabatic Approximation 1
Include diagonal coupling term Cnn

(assuming the electron wavefunction is REAL)
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Adiabatic Approximation 2
Include diagonal coupling term Cnn
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Second term 

is zero



Non-adiabatic Matrix Elements 

when is it important?
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Non-adiabatic Matrix Element
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Electonic wavefunction is a real function
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Second derivative term for the non-adiabatic matrix element is 

derivative of the first matrix derivative and product of two first 

derivative matrix, so if first derivative matrix is small these terms 

will also be small

Assuming real electron wavefunction



Non-adiabatic Matrix Element
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Normal Potential Surface
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BO is good

This is when BO is 

good?

How much is error 

from BO 

approximation?



Present State of Art Gas Phase 

Water results: using time 

independent

O L Polyansky et al. Science 299, 539 (2003)Include transitions to 30,000cm-1

Complete basis set gets you to 15 cm-1 accuracy
Addition of core valence gets you to 8 cm-1

Relativistic lowers 4 cm-1, QED does not change much 
and addition of nonBO gets you to 2 cm-1



Non-adiabatic Matrix Element
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nergies of two 

electronic states 

are close to each 

other!
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Nonadiabatic Effects curve 

crossing

11

Parmigiani et al. 

JACS, 134, 955 (2011).

Retinal Chromophore Population Branching at Conical Intersection

T Ishida et al. JPC A 113, 4356 (2009).



Normal Potential Surface
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BO is good

When will BO not be good?



Theory of 

Proton-Coupled Electron Transfer
Sharon Hammes-Schiffer

Pennsylvania State University

Note: Much of this information, along with more details, additional rate 

constant expressions, and full references to the original papers, is available 

in the following JPC Feature Article:

Hammes-Schiffer and Soudackov, JPC B 112, 14108 (2008)

Copyright 2009, Sharon Hammes-Schiffer, Pennsylvania State University
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Steal FROM Sharon Hammes-Schiffer’s web page

http://www.scs.illinois.edu/schiffer/



Examples of Concerted PCET

ET

PT



Importance of PCET

• Biological processes

− photosynthesis

− respiration

− enzyme reactions

− DNA

• Electrochemical processes

− fuel cells

− solar cells

− energy devices

Cytochrome c oxidase

4e + 4H+ + O2  2(H2O)



H treated quantum mechanically

Calculate proton vibrational states 

for electronic states I and II

- electronic states: I(re,rp), II(re,rp) 

- proton vibrational states: I(rp), II(rp) 

Reactant vibronic states: ΦI(re,rp) = I(re,rp) I(rp)

Product vibronic states: ΦII(re,rp) = II(re,rp) II(rp) 

Coupling between reactant and product vibronic states typically

much smaller than thermal energy because of small overlap →

Describe reactions in terms of nonadiabatic transitions between 

reactant and product vibronic states

Vibronic states depend parametrically on other nuclear coords

Electron-Proton Vibronic States



Examples of Nonadiabatic effects

17



Molecular Vibrational Microscopy

18M Persson, PRL, 85, 2997-; W. Ho, Sicence 280 1732-

HCCH on Cu surface



Molecular Vibrational Microscopy 2

19

Current as function of voltage

Clean Cu surface

HCCH on Cu surface

Putting on HCCH and DCCD



What about HCCD

20W Ho PRL 82, 1724-

Electron motion is exciting 

vibrational motion of nuclei



LCAO Approximation for 

Diatomic Molecules

Kaito Takahashi

21



H2
+ Most Simple Diatom

HA HB
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Solve this problem: 1. Use exact solution

2. Use linear combination of atomic orbital

approximation

First find ways to solve the electronic wave function 

when given distance between to hydrogen nuclei
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Atomic Orbital Review

23

Exp(-ζr)

For atom 

ζ=nuclear charge



s Wavefunction 

1s
2s

3s

24



p Wavefunction 

2p 3p
4p

25



d Wavefunction 

3d
4d

5d

26



LCAO
To make the molecular orbital (the electronic wavefunction for 

the molecule) let just add up each atomic orbital (electronic wave 

function for the atoms making the molecule)

HA HB

     rrr BSBASA
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n CC ,1,1  
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Variational Theory 1
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Here Etrial depends on the value of ci
* or cj

But Hij and Sij only depend on the basis set i



Variational Theory 2
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Variational Theory
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This means that if 

ci0 the following 

secular determinant 

is zero

Solving the above equation will give you n values of Etrial

Using each value of Etrial we obtain ci i=1→n 
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Overlap Integral 
  ABBARS  Overlap Integral (R dependent)
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Overlap region 
      drRrRrRS sBsA ;; 11 



Atomic Integral
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Electron is assigned one of the hydrogen orbitals: Coulomb 

Integral (Atomic Integral)

33HAA is negative for most regions of R



Overlap Charge Integral
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Electron is assigned to both nuclei and we care how much it is 

overlapped: overlap charge integral

34HAB is negative for most regions of R



R Dependence of Matrix Elements 

Dotted lines are the potential energy curve
35

At each point of R we 

can solve the secular 

equation and get E+

and E-

We get 2 answers 

because we have 2 

basis set: 1sA and 1sB 



Solve Secular Equation
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R Dependence of Matrix Elements 

Dotted lines are the potential energy curve
37

E+ has energies that is 

less that value at 

R→∞

While E- has energies 

that is larger than 

value at R→∞

So we call the solution 

for E+ as the bonding 

orbital(  + ) while we 

say the solution for E-
as the antibonding 

orbital(  − ) 



Bonding and Antibonding Orbital
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Decrease of density 

from region near 

nucleus

Electron Density Difference
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BA 
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Subtracting no interaction portion from 

the bonding and anti bonding orbitals 

Growth of density at 

interatomic regions 

Bonding Orbital Antibonding Orbital

Growth of density at 

region near nucleus

Decrease of density at 

interatomic region
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What is the origin for binding?
Charge build up in the 

region between two nuclei 

so attracts both positive 

charge nuclei, seems like it 

will lower potential energy

However losing electron 

density in region near the 

nuclei center, potential 

energy increases

Bonding contribution 

potential versus kinetic 

energy 

Main contribution for stabilization 

is from kinetic energy!

Delocalization causes kinetic 

energy to decrease greatly
40



How much electron is 

transferred?

41


