
dr
-d
ra
l.c
om

1

Pavlo O. Dral
MLatom@XACS, Xiamen University

dral@xmu.edu.cn

dr
-d
ra
l.c
om

6 May 2024 

AI-enhanced 
computational chemistry



dr
-d
ra
l.c
om

2

Lecture 3

Why does DFT work? 
Improving upon it



dr
-d
ra
l.c
om

3

Task 3.1
Calculate with B3LYP/6-31G*:

1.Heats of formation of butane and isobutane.
2.Enthalpy of butane to isobutane isomerization.
3.Compare (give deviation) to experiment values from 
tasks 1 and 2 (e.g., use the NIST database).

Examples of input files:

geomopt
method=B3LYP/6-31G*
qmprog=pyscf
xyzfile='...’

freq # Request frequency and thermochemistry calculations
method=B3LYP/6-31G*
qmprog=pyscf # Use PySCF instead of Gaussian
freqprog=pyscf
XYZfile=optgeoms.xyz # File with optimized geometry

Input file 1 for optimization

Input file 2 for freq

Should be run separately!

https://webbook.nist.gov/chemistry/
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https://webbook.nist.gov/chemistry

Butane

Isobutane
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• Errors for heats of formation are quite large - much more than coveted chemical accuracy (errors below 1 kcal/mol).
• However, isomerization enthalpy has error quite close to 1 kcal/mol.
• This is the general trend in quantum chemical calculations: the more similar structures, the less error is in the 

relative energies.
• But aren’t heats of formation relative energies?!
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They are, but structures are very dissimilar, we need to atomize the molecule!

Example for calculating heat of formation of methane molecule:

!at$!"#K CH4 = !f$!"#K
exp C + 4!f$!"#K

exp H − !f$!"#K
exp 0$$

!at$!"#Kcalc CH4 = $!"#Kcalc C + 4$!"#Kcalc H − $!"#Kcalc CH$

!f$!"#Kcalc 0$$ ≈ !f$!"#K
exp C + 4!f$!"#K

exp H − !at$!"#Kcalc CH4
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• Errors for heats of formation are quite large - much more than coveted chemical accuracy (errors below 1 kcal/mol).
• However, isomerization enthalpy has error quite close to 1 kcal/mol.
• This is the general trend in quantum chemical calculations: the more similar structures, the less error is in the 

relative energies.
• In other words, the difference in energies of similar structures is usually small due to the error cancellation.
• That’s why DFT works. It banks on error cancellation and you can expect decent results if you calculate relative 

energies of similar structures.
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Any ideas, how can we improve upon DFT result?
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1. Exploite error cancellation

Task 3.2
Calculate the heat of formation of isobutane using above 
equations at B3LYP/6-31G*.

Report:
1. What is the resulting heat of formation?
2. Error in this heat of formation?
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In fact, there are many elaborate schemes which were designed to get the reasonable estimates 
from DFT calculations (check out isodesmic, homodesmotic reactions, etc.).
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2. Single-point higher-level corrections

Task 3.3
Calculate the isomerization energy of butane to isobutane by 
performing single-point calculations at CCSD(T)/cc-pVDZ (this 
will take you a minute; cc-pVTZ will take you half an hour…). 
Use the geometries optimized at B3LYP/6-31G* in your 
previous Task 3.1.

Report:
1.What is the resulting isomerization energy?
2.How does it compare to the experimental isomerization 
enthalpy?
Example of input file:

method=CCSD(T)/cc-pVDZ
qmprog=pyscf
yestfile=ccsd-t_energy.dat
XYZfile=optgeoms.xyz # File with geometry optimized with DFT
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CCSD(T)/cc-pVDZ//B3LYP/6-31G* energies for:

• butane (-157.9898929453521 Hartree).

• isobutane (-157.9921731980625).

• the isomerization energy is -1.43 kcal/mol.

• this is pretty close to the experimental isomerization enthalpy 

(difference is only 0.61 kcal/mol, much better than with DFT!).
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In principle, you need to calculate isomerization enthalpy, not 

energy. For this, you can also re-use your old DFT calculations 

and add ZPVE and thermal correction at B3LYP to CCSD(T) 

energies. This can be your advanced exercise.
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3. Use machine learning!

1. All above solutions are still quite time-consuming and not very straightforward to use as 

you need to do many manual manipulations.

2. A better way to do is to use AIQM1 or ANI1-ccx! They are both faster and more 

accurate and you will get the correct heats of formation out-of-the-box and do not need 

to any more tricks as the relative energies will automatically be better You can try 

yourself.

3. Use DFT but its version improved with ML. Universal models following this route start to 

emerge, with examples being DM21 and CF22D.

4. Build your own ”Δ-learning” model (next lectures...)
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Correcting with NN taking number of atoms as input!
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3. Use machine learning!

Use DFT but its version improved with ML. Universal models following this route start to 

emerge, with examples being DM21 and CF22D.
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3. Use machine learning!

Use DFT but its version improved with ML. Universal models following this route start to 

emerge, with examples being DM21 and CF22D.

Our benchmarks show that AIQM1 is both faster and more accurate than DM21/6-31G* for 

standard tests, but DM21 has broader element coverage.



dr
-d
ra
l.c
om

19

Homework 3.1.

Calculate with ANI-1ccx:
1.Heats of formation of butane and isobutane.
2.Enthalpy of butane to isobutane isomerization.
3.Compare to experiment values from tasks 1 and 2 (e.g., use the NIST database).
4.Is it better than B3LYP/6-31G*?

Example of input file for geometry optimization:

geomopt
ANI-1ccx
xyzfile='...’

Example of input file for frequency calculations:

freq # Request frequency and thermochemistry calculations
ANI-1ccx
freqprog=pyscf
XYZfile=optgeoms.xyz # File with optimized geometry
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Homework 3.2

This is more advanced and optional homework for extra credit.
Calculate the enthalpy at 298 K (not energy!) of the isomerization of 
butane to isobutane by performing single-point calculations at 
CCSD(T)/cc-pVDZ (this will take you a minute; cc-pVTZ will take you half 
an hour…). Use the geometries, zero-point energies, and thermal 
corrections obtained at B3LYP/6-31G*.

Report:

1.What is the resulting isomerization enthalpy?
2.How different is it from isomerization energy?
3.How does it compare to the experimental isomerization enthalpy?


