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What is the Potential Energy Surface (PES)?

EMSLY

m The Schrodinger equation is

H (I’. ,R ,)LP (I’. R ’...): Ewv (I’.,"' ,R ’)

E = J‘ J‘ \{;H\Pdri... drR -

®m Itincludes all particle interactions as well as kinetic energies of
both electrons and nuclei

@ The Born-Oppenheimer approximation assumes that the nuclei
are stationary

W The electronic energy then becomes

E (R

):J' \I’H‘Pdri---

m The energy as a function of the nuclear coordinates is the
Potential Energy Surface (PES)

¢ Note: This excludes the Kkinetic energy of the nuclei (zero point

correction)
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Why is the PES important?

w The PES determines Ozone + Ethene
many iImportant o
features T . —
+ The minima a stable Ji | =
molecular structures [e—
¢ The saddle points are 2| s —
fransition states §eer ==
+ Energy differences are Jr0 —
heats of reaction and e
barrier heights Ll
¢ The path of lowest Uy WE A 5N B2 WE A EE Ee 8
energy connecting 2
minima is the reaction
pathway X — Minima

+ — Transition states
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Geometry Optimizations

geometry w Find a stable
o 0.0 0.0 -1.18 structure of a
c 0.0 0.0 0.00 mo|ecu|e
o 0.0 0.0 1.18
end :
N Energy expression
* library 6-31g*
end
dft Minimization wrt.
xc pbef6
End

/ Nuclear coordinates

Check on final point:

All frequencies should
task dft be positive

~7
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Energy expressions and derivatives

EMSLY

= NWChem has a general approach to differentiation
¢ If implemented analytic derivatives are used
¢ Otherwise numerical differentiation is used
¢ Convenient from “ease of use” point of view
¢ But numerical differentiation is much more costly

m See table for analytic derivative availability

Method
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Frequencies at equilibrium geomeiry

EMSLY

@ There should be 6 zero frequencies (translational and
rotational modes)

= All other modes should have positive frequencies

m Does not always happen due to
¢ Noisy numerics

¢ Differences in convergence criteria (optimize & frequencies)

Orthwest | U.S. DEPARTMENT OF
NATIONAL LABORATORY o EN ERGY

Proudly Operated by Bafielle Since 1965



Finding Saddle Points |

*— Transition State

ENGIGY iy

Reactans

AG

Products

’ Ta o
Reaction pathway =
Reaction Progress e reaction coordinatel

Image source: http://ocikbws.uzh.ch/education/gmcourse/8-ts-theory.php
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Finding Saddle Points Il

@ Saddle points are

: transition states
en 2 For small molecules
fraditional search
algorithms work

geometry

artver Geometry needs to be
o] close to the TS

Chemical infuition does
task dft(saddle not CI|WOy5 work
EelSle EURE Follows the negative

frequency mode

r? Check what was found
b: ~7
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Frequencies at fransition state

e’»
EMSL®
@ There should be 6 zero frequencies (translational and

rotational modes)
= The should be 1 negative frequency
= All other modes should have positive frequencies
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Getling close to the TS

geometry “h2c203”

symmetry cl
end
geometry “h2c203” adjust

end
set geometry h2c203

task dft optimize

00000

10

|[dentify 2 important
Infernal coordinates

Map out PES as
function of these 2
coordinates

Locate TS in contour
plof

Requires internal
coordinates
¢ Auto generated, but...

¢ Constraints may be
inconsistent wit
symmetry

¢ May fail causing
constraints to be ignored

AUTOZ failed to generate good internal coordinates.
Cartesian coordinates will be used in optimizations.
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Path methods |

= Need to know reactant

geometry
and product complex
end @ Use 2 or 3 point
geometry endgeom interpolation for guess
structures along the
end path
nes . .
beads 10 m Consecutive geomertries
bends 0.1 formally connected by
maxiter 10 a spring
stepsize 0.1 ¢ Use nocenter noautoz
— noautosym
¢ Afoms must be ordered
idenftically
task dft neb ¢ For 3 point interpolation
add midgeom and
hasmiddle

~7
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Path methods Il

geometry Interpolating an
appropriate path can
eni be fricky
ne . .
, m Alternative to load a file
@ath path.xyz with geometries in XY/
en format
3
task dft neb E = -17.107
O 0.0 -0.02 0.00
H 0.0 0.55 0.75
H 0.0 0.55 -0.75
3
R E = -17.095
g O 0.0 -0.11 0.00
2 H 0.0 0.27 0.84
E H 0.0 0.27 -0.84
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Final remarks

m Characterization of the PES provides useful
iInNformation about chemistry

m But it does not tell you everything...

¢ The nuclear motion affects the thermodynamics

¢ Realreactions do not follow minimum energy paths

¢ Instead real reactive paths have to satisfy Newtonian laws
of motion

¢ Investigating this requires dynamics
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Questions?
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