
TSTC  Dynamics Lectures
July 14-20

Ned Sibert
University of Wisconsin



Transition State Theory and Beyond



Collective reaction coordinate for proton transfer.
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It is generally accepted that the anomalous 

diffusion of the aqueous hydroxide ion 

results from its ability to accept a proton 

from a neighboring water molecule; yet, 

many questions exist concerning the 

mechanism for this process. What is the 

solvation structure of the hydroxide ion? In 

what way do water hydrogen bond dynamics 

influence the transfer of a proton to the ion?



Conical Intersections      

the photoproduct is formed with high efficiency and within only 200 fs such as the making and 
breaking of chemical bonds in real time, that is, on a femtosecond time scale.

Femtosecond time-resolved spectroscopy of the dynamics at conical intersections, G. Stock 
and W. Domcke,  in: Conical Intersections, eds: W. Domcke, D. R. Yarkony, and H. Koppel, (World 
Scientific, Singapore, 2003)

A recently proposed model of the 
photoinduced cis-transisomerization
of retinal in rhodopsin, representing 
the first step in vision. Shown are two-
dimensional potential-energy surfaces 
of the ground and excited electronic 
states. The photoreaction is initiated 
via vertical excitation by a pump laser 
pulse, which prepares a vibrational
wave packet on the excited electronic 
state. The wave packet is seen to 
bifurcate at a conical intersection of 
the adiabatic surfaces, whereby



Slide borrowed from  F. Crim

Intramolecular Dynamics Background



Think-Pair-Share

How fast (                    ) would your laser pulse 
need to be to get electronic dynamics?

A. 10-21 s

B. 10-18 s

C. 10-15 s

D. 10-12 s

 tE



Dynamics



Coordinates
Acetylene Example

Normal CoordinatesJacobi Coordinates Internal Coordinates



Think-Pair-Share

Which coordinate system is well suited for 
describing the acetylene/vinylidene
isomerization?

A. Jacobi

B. Normal

C. Internal

D. None of the above



A matrix representation of your Hamiltonian

A useful way to represent H this is to divide it into 2 parts
H=H0+V, where V is hopefully small and H0 has known solutions

nEnH n0

that enable one to define a basis set.  One  must then evaluate 

nVmEnHm mnn  

This integration is over multiple degrees of freedom.  If V is a 
polynomial, then the integration can be broken down into a 
sum of separable terms.  Otherwise integration is painful.  
Think back to Gaussian based electronic structure calculations.





Discrete Variable Representation (DVR)  





For Gauss-Hermite DVR one diagonalizes the 
position matrix in a harmonic  oscillator basis set.

Set up the position matrix x
Diagonalize x to obtain X = UtxU
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Set up the position matrix kinetic energy matrix t
Diagonalize x to obtain X = UtxU
Transform T to obtain T = UttU

The Kinetic Energy Matrix Elements are easy to evaluate.



The Kinetic Energy Matrix Elements are easy to evaluate.



Think-Pair-Share

The biggest drawback of the DVR representation 
is that 

A. The variational principle no longer holds.

B. While the potential is sparse, KE is not.

C. The matrix elements are difficult to calculate.

D. Basis sets are large.



HCN isomerization reaction





Overlap IntegralPROVE THIS



Plot of transitional modes as a function of R.

SACM 
and 

Variational RRKM 



Think-Pair-Share

A simple HF electronic structure code might be 
10,000 lines.  A simple MD code might be 1000 
lines of code.  A simple DVR code for coupling 2 
electronic states and 1 vibrational DOF might be

A. 10,000 lines.

B. 1,000 lines.

C. 100 lines.

D. 10 lines.



Home Work Calculation



delx = (xmax-xmin)/dfloat(npoints-1)  !grid spacing
!     --------------------------------------------------------------------------------
!     set up the kinetic energy operator

con = 0.5d0/delx**2
t(0) = con*pi**2/3.d0
sone = -1.d0
do i = 1,npoints

t(i) = con*sone*2.d0/dfloat(i)**2
sone = -sone

enddo
write(*,*)t

do i = 1,npoints
do ip = 1,i
h(i,ip) = t(iabs(i-ip))
h(ip,i) = h(i,ip)
h(i+npoints,ip+npoints) = h(i,ip)
h(ip+npoints,i+npoints) = h(ip,i)

enddo
enddo

Diabat 1

Diabat 2



!     ------------------------------------------------------------------
!     add on the potential contribution

xx = xmin-delx
do i = 1,npoints
xx = xx + delx
v11 = 0.5d0*(xx+xe)**2
v22 = 0.5d0*(xx-xe)**2
v12 = v120*dexp(-(xx/alp)**2)
h(i,i)                 = v11 + h(i,i)
h(i+npoints,i+npoints) = v22 + h(i+npoints,i+npoints)
h(i+npoints,i)         = v12
vadl = (v11+v22)/2.d0-0.5d0*dsqrt((v11-v22)**2+4.d0*v12**2)
vadu = (v11+v22)/2.d0-0.5d0*dsqrt((v11-v22)**2+4.d0*v12**2)
write(17,'(4f10.5)')xx,v11,vadl,vadu
enddo

Diagonal-Diabat Potentials

Off-Diagonal Diabat Potentials



The DVR provides a matrix representation of 
the Hamiltonian.  What next?

One goal is to calculate a spectrum or short time dynamics.      
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The Lanczos Method

Create a tridiagonal matrix.



The Lanczos Method
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Lanczos with DVR’s

The previous equations were written in braket notation as

To implement this in a basis you multiply both sides by      to give

Now insert the identity,                        , to obtain

i

1
j

jj

This is just matrix multiplication.  Use sparse matrix methods.



The Lanczos Method
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First we construct the tridiagonal matrix

Next we diagonalize it.  Note we only retain three vectors at any time.

Since our          is part of the tridiagonal matrix we can calculate the 
spectrum in the Krylov space.



Solutions to TDSE







The split-operator applied to a conical 
intersection





Ultrafast nonadiabatic photoreactions

the photoproduct is formed with high efficiency and within only 200 fs such as the making and 
breaking of chemical bonds in real time, that is, on a femtosecond time scale.

Femtosecond time-resolved spectroscopy of the dynamics at conical intersections, G. Stock 
and W. Domcke,  in: Conical Intersections, eds: W. Domcke, D. R. Yarkony, and H. Koppel, (World 
Scientific, Singapore, 2003)

A recently proposed model of the 
photoinduced cis-transisomerization
of retinal in rhodopsin, representing 
the first step in vision. Shown are two-
dimensional potential-energy surfaces 
of the ground and excited electronic 
states. The photoreaction is initiated 
via vertical excitation by a pump laser 
pulse, which prepares a vibrational
wave packet on the excited electronic 
state. The wave packet is seen to 
bifurcate at a conical intersection of 
the adiabatic surfaces, whereby



Background/Basics

for 

Conical Intersections



The Diabatic Picture of Electron Transfer, Reaction Barriers, and Molecular

Dynamics,  T. Voorhis et al. Annu. Rev. Phys. Chem. 61, 149 (2009).



Adiabatic  Potentials

Diabatic Potentials

Avoided Crossing of Two Potential Energy Curves
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rVErV Vii are diabatic surfaces
E are adiabatic surfaces
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In higher dimensions this is more complicated.

Hopping probability depends on size of V12.
If  V12=0, red and black curves are same.
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T. A. Barckholtz and T. A. Miller, Int. Rev. Phys. Chem. 17, 435 (1998).

John F. Stanton and Mitchio Okumura, On the vibronic level structure in the 

NO3 radical: Part III. Observation of intensity borrowing via ground state 

mixing, PCCP, 2009, 11, 4742 – 4744.

The Challenges of Open Shell Systems

Hoper, Botschwina,and Koppel. Theoretical study of the Jahn-Teller 

effect in the X2 E CH3O JCP 112, 4132 (2000).



Motivation for Studying Methoxy

There is long standing interest in open shell systems due to their relevance to 
combustion and atmospheric chemistry. 

Given their reactivity, there are inherent experimental difficulties in their 
spectroscopic characterization.  Therefore, theoretical descriptions of the 
spectroscopy and dynamics can contribute to the characterization of these 
molecules. 
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The potential for CHF3 bending mode.
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V(x)

What can we learn about the shape of this 

potential based on symmetry?  

Why isn’t the minimum at the origin?

Form of the potential
The odd electron can 

be in the px or the py

orbital of O.  We get 2 

degenerate states at 

C3v geometry.



The adiabatic potential must have 3-fold symmetry.
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Spectra Associated w Gaussians

Berry Phase?



x

y

Symmetry wrt to the y axis tells us the 
potential must have the form

Symmetry wrt to the 3 fold rotation tells 
us the potential must have the form

a  b  g

The transformation to the adiabatic 
representation is given by W=UTVU

The Berry Phase



x

V(x)

Colors denote phase 
of wave function

Berry’s Phase















Phys. Chem. Chem. Phys., 2010, 12, 8250-8259



Some concluding comments.



This is due in part to the greatly increased complexity of
polyatomic systems, the subsequent computational cost of
theoretically treating multisurface dynamics, and the growing
importance of conical intersections in such problems.

The notion that a reaction occurs on a single electronic
surface remains the dominant zeroth order paradigm in
chemical physics.  However, this situation has been slowly
changing, as nonadiabatic reaction dynamics in benchmark
triatomic systems have recently received considerable 
experimental and theoretical attention.




