
Reaction Barriers



F+HCl→FH+Cl  Potential Energy Surface
Hydrogen Abstraction Reaction, break a HCl bond form a HF bond
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Potential Energy Curve along IRC

F+HCl

FH+Cl

F+HCl

FH+Cl

You need enough energy to go over the potential barrier to react!

The minimum energy path that connect the barrier with reactant and 

product is called intrinsic reaction path

For F+HCl case you need about 5 kcal/mol of for reaction to occur 3



How to quantify Barrier?
• At the barrier the first derivative is zero and the 

second derivative is negative for one degree of 
freedom and the rest are always positive. In 
Gaussian you can use the freq keyword to check if 
there is imaginary frequency

Harmonic Oscillator approximation 
at barrier

kx
dt

xd
mF 

2

2

k: force constant
m

k


In the case of barrier the force constant k is negative 
so omega is imaginary
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Find the potential Barrier

• Input a geometry that is close to the barrier and use 
the keyword Opt=(ts)

• Check if the optimized structure is a barrier by 
calculating the frequency by the freq keyword

• Use the IRC keyword to follow the reaction to the 
reactant and product keyword IRC(forward), 
IRC(backward)
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Transition State Theory
• Once you have the barrier you can estimate the 

thermal rate constant of the reaction from the 
calculation results! (Assuming that the reaction 
proceeds along the IRC)

  p ro d uc t

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(Geomtry at Potential Barrier)
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K+ is the thermal rate constant that depends on temperature
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Things Needed To Calculate Rate 
Constant
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Q is the partition function of the respective molecules  𝑖=1
∞ 𝑒

−
𝜖𝑖
𝑘𝐵𝑇

E is the energy difference from the reactant to the barrier



Partition Function 1
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Usually you consider 1atm pressure

D is the degeneracy of the electronic state, usually only consider 
ground electronic state
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Partition Function 2
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vi is the vibrational frequency of the i-th vibrational mode
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Trial Reactions

• Hydrogen abstraction reaction: F+HCl

• H2+CO→H2CO→HCOH(trans)→HCOH(cis) versus H2+CO→ HCOH(cis)

• H2COO rotation barrier

• H+Methanol CH3 internal rotation

• H2CCH2 rotation



Beyond Hartree Fock: Coupled 
Cluster Singles and Doubles
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Second quantization 
(creation and annihilation operators)

So using these operators we can write one electron excitation as

0
ˆˆ DiaDa

i



0
ˆ̂ˆˆ DjiabDab

ij



And the two electron excitation as

*In my notes i,j,k,l will be used for occupied orbital and a,b,c,d will be used for unoccupied orbitals
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Coupled Cluster
• Coupled cluster is a smarter way to do CI intended for ground electronic 

state

 𝑇𝑛 is n electron excitation operator

We have Hartree Fock solution

njiD  . .. . . . . . . . . .. . . . . . . . .210 
max321

0

ˆ

ˆ...ˆˆˆˆ

 exp

l

T

CC

TTTTT

D





 𝑇1 =  

𝑖

 

𝑎

𝑡𝑖
𝑎  𝑎†  𝑖

 𝑇2 =  

𝑖

 

𝑗≠𝑖

 

𝑎

 

𝑏≠𝑎

𝑡𝑖𝑗
𝑎𝑏  𝑎†  𝑖

𝑡𝑖
𝑎 amplitude/contribution 

of that excitation

We need to find t for all the n electron excitation operators what use
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Cluster Expansion

𝑒𝑥𝑝  𝑇 𝐷0 = 1 +  𝑇1 +  𝑇2 +  𝑇3 + ⋯ +
1

2
 𝑇1 +  𝑇2 +  𝑇3 + ⋯

2
+ ⋯ 𝐷0

=  𝐶1 +  𝐶2 +  𝐶3 +  𝐶4 𝐷0

 𝐶1 =  𝑇1

 𝐶2 =  𝑇2 +
1

2
 𝑇1

2

 𝐶3 =  𝑇3 +
1

6
 𝑇1

3 +  𝑇1
 𝑇2

 𝐶4 =  𝑇4 +
1

24
 𝑇1

4 +
1

2
 𝑇2

2 +  𝑇1
 𝑇3 +

1

2
 𝑇1

2  𝑇2

for each Cn experience says that terms with 2 electron excitation 

operators contribute the most 4



Couple Cluster how to solve?
 𝐻Ψ𝐶𝐶 = 𝐸Ψ𝐶𝐶  𝐻𝑒𝑥𝑝  𝑇 𝐷0 = 𝐸𝑒𝑥𝑝  𝑇 𝐷0

𝑒𝑥𝑝 − 𝑇  𝐻𝑒𝑥𝑝  𝑇 𝐷0 = 𝐸𝐷0So

If we multiply some electron excited states to the left and integrate what will we get

𝐷𝑖𝑗𝑘𝑙…
𝑎𝑏𝑐𝑑… 𝑒𝑥𝑝 − 𝑇  𝐻𝑒𝑥𝑝  𝑇 𝐷0 = 𝐸 𝐷𝑖𝑗𝑘𝑙…

𝑎𝑏𝑐𝑑… 𝐷0 = 0

There are the same number of equations like above as the number of t’s that we 

want to know
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CCD working out the equations

But 

So
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CCD working out the equations

First only consider first term 𝑡𝑎𝑏
𝑚𝑛 =

𝑚𝑛 𝑎𝑏

𝜖𝑚 + 𝜖𝑛 − 𝜖𝑎 − 𝜖𝑏

Put that into the 

right hand side 

and solve

Repeat until the input t and right side t become same
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T1 diagnostic empirical relation ship

𝑇1 𝐷𝑖𝑎𝑔 =
 𝑖

𝑜𝑐𝑐  𝑎
𝑢𝑛𝑜𝑐𝑐 𝑡𝑖

𝑎 2

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑣𝑎𝑙𝑒𝑛𝑐𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑚

...
,,,

00  


abc

ijk

cbakji

abc

ijk

ab

ij

baji

ab

ij

a

i

ai

a

iCI DCDCDCDC

When will Hartree Fock be a good solution?

When C0 is ~1

When Hartee Fock solution is good, Brillouin’s theorem says one 

electron excitation should be small

 𝑇1 =  

𝑖

 

𝑎

𝑡𝑖
𝑎  𝑎†  𝑖
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T1 Diagnostic papers
• TJ Lee et al.Theor. Chim. Acta, 75, 81- (89); Int J Qaunt Chem. Quant 

Chem Sym. 23, 119- (89) Looked at examples of several molecule’s 𝐶0
and 𝑇1 𝑑𝑖𝑎𝑔 and come up with an empirical number
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T1 Diagnostics for Open Shell species

T J Lee JCP, 98, 9734- (1993), CPL, 372, 362- (2003), D 
Crawford CPL, 328, 431- (2000), HF Schaefer et al. JACS, 
129, 10229- (07).  

1

2

 𝑖
𝐷 𝑜𝑐𝑐  𝑎

𝐷 𝑢𝑛𝑜𝑐𝑐 𝑡𝑖𝛼
𝑎𝛼 2

+ 𝑡𝑖𝛽
𝑎𝛽 2

+  𝑠
𝑆 𝑜𝑐𝑐  𝑎

𝐷 𝑢𝑛𝑜𝑐𝑐 2 𝑡𝑠𝛼
𝑎𝛼 2 +  𝑖

𝐷 𝑜𝑐𝑐  𝑡
𝑆 𝑢𝑛𝑜𝑐𝑐 2 𝑡𝑖𝛽

𝑡𝛽 2

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑣𝑎𝑙𝑒𝑛𝑐𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑚

𝑖

𝑠, 𝑡

𝑎
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T1 Diagnostic in Gaussian
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T1 Diagnostic for H2

H2 at equilibrium 0.76 Angstrom

If T1 diagonostic greater than 0.02 means Hartree Fock in not a good 
starting point for SINGLET SYSTEMS

Last time we show that Hartree Fock is not good for long distances

12



T1 Diagnostic for H2

H2 at longer 1.76 Angstrom

Not very good to use this CCSD results 13



CCSD(T)
• CCSD with contributions coming from Triples 

excitation is done by perturbation “golden standard” 
of quantum chemistry

T r i p l e sC C S DTC C S D EEE )(

Explicitly Correlated F12
• MP2-F12, CCSD-F12 are methods where two 

electron distance rij is explicitly in the basis set 
of the calculation. Usually this uses density 
fitting and resolution of identity 
approximation so needs to define three basis.   
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