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• Aim & objectives:

• Non-covalent interactions (NCIs) play an important role in the fields of 

• pharmaceutical development (i.t.o structure-activity relationships, active site 

interactions), 

• catalysis, 

• host-guest chemistry, 

• molecular electronics,

• and other concepts in supramolecular chemistry.1

• Cumulative contributions of intramolecular interactions can result in significant 

deformation of the geometry of organic molecules, in particular large biological 

molecules. 

• The small-molecule bis(2-pyridylmethyl)amine (DPA) serves as a test 

system/molecule, since it:

• Does not contain highly electronegative atoms (and therefore yields ‘weak’ 

interactions) and numerous conformers for consideration,

• is symmetrical and,

• contains a ‘bridging moiety’ consisting of sp3-hybridised atoms, which allowed 

for a broad range of non-covalent interactions to be examined
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1 Müller-Dethlefs, K. & Hobza, P., Chem. Rev., 2000, 100(1), 143-168.
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• Molecular Tailoring Approach (MTA)2,3

• Decomposition of molecular potential/electronic energy into intra/inter-fragment pair 

contributions at any level–of-theory [eg. CCSD(T)].

• Quantitative- and qualitative-analysis of the intramolecular ‘component’ interaction 

energies can be performed, and their contribution to the net stability of conformers 

(or specific conformations) may be evaluated, i.t.o the following NCIs, 

• Hydrogen bonding,

• Attractive/repulsive van der Waals (vdW),

• π-stacking,

• London dispersion, etc.

• Correlation between the structure and the nature of the interaction between 

fragment-pairs may be evaluated, via both energetic and charge-density based 

perspectives.
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2 Deshmukh, M. M., Gadre, S.R. 

& Bartolotti, L.J., J. Phys. Chem. 

A, 2006, 110, 12519-12523.
3 Deshmukh, M. M., Bartolotti, 

L.J. & Gadre, S.R., J. Phys. 

Chem. A, 2008, 112, 312-321. 
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1. Local-correlation QM calculations performed in vacuo (via ORCA 4/5):

• (224) Geometry optimisations:

• rDLPNO-MP2/aug-cc-pVTZ (TightPNO, VeryTightSCF)4,5

• Conformers: 32 unconstrained opt.

• MTA molecular fragments: 192 constrained opt. (physical atoms frozen in space).

• (480) Single-point energy calculations (for conformers and molecular fragments) : 

• rDLPNO-CCSD(T0)/aug-cc-pVQZ (abbr. AVQZ) (TightPNO) (for all atoms)4,5

• (128) Electron density Gaussian .cube files via relaxed density matrices

• rDLPNO-MP2/aug-cc-pVTZ (TightPNO, VeryTightSCF) 4,5

2. Charge density domain analysis, via custom Python scripts interfacing with the wavefunction analyser Multiwfn. Analysis was complicated by 

the presence of the following non-physical errors:  Global polarisation errors & Local polarisation errors

HPC Content:

• HPC application code used: ORCA 4.2.1/ ORCA 5.0.3 & Multiwfn6 & Python

• Problem size: 224 geometry optimisations (opt), 480 single-point (sp) energy calculations, 128 electron density (ED) calculations 

• Core counts: compute-node/smp (24 cores) & fat-node/bigmem (56 cores) 

• Memory: 96GB (opt/ED) & 448-800GB per node (sp, CCSD(T))

• Scaling: N/A (memory-bottleneck)

• OpenMPI: Utilized in ORCA code for multiprocess jobs, 

• Computational challenges: CCSD(T) jobs with large basis sets (aug-cc-pVQZ/aug-cc-pV5Z) were very memory-intensive and required the 

memory available per process to be increased (fat node), in order to improve performance or to achieve minimum memory requirements (in 

extreme cases). 
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4 Pinski, P., Riplinger, C., Valeev, E. 

F. & Neese, F., J. Chem. Phys., 

2015, 143, 034108.
5 Neese, F., Hansen, A. & Liakos, D. 

G., J. Chem. Phys., 2009, 131, 

064103.
6 Tian Lu & Feiwu Chen, J. Comput. 

Chem., 2012, 33, 580-592.
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Methyl[(pyridin-2-yl)methyl]amine1 (mpma1)
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Methane1 (m1)

Methane2 (m2)

Methanamine1 (ma1)

Methanamine2 (ma2)

Bis(2-pyridylmethyl)amine (dpa)

• Total single-point energy calculations for the MTA decomposition : 15 * 32 = 480
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Python scripts were written to:

1. Parse output files(.out/.xyz) – Extract energies (and energy components), geometries etc.

2. Create input files (.inp/.pbs) for job submission,

3. Visualise data (bar plot, etc.),

4. Calculate interfragment energies, via the MTA

5. Determine atom pairs of interactions and distances for chord diagrams, etc.

A) Interaction energies, 

relative to molecular fragments:

B) Deformation/strain energies, relative to the global minimum (GM):

1. Interpyridyl interaction

2. Methylene-pyridyl interaction (1)

3. Methylene-pyridyl interaction (2)

4. Amine-pyidyl interaction (1)

5. Amine-pyridyl interaction (2)

6. Intermethylene interaction

7. Methylpyridine strain energy

8. Methylene-pyridyl interaction (1)

9. Methylene-pyridyl interaction (2)

10.Amine-pyridyl interaction (1)
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: Deformation energy

* *

Selected interpyridyl interactions 

(p1..p2)* : NCI: HB

ID: 5

E: -2.45*
NCI: SR

ID: 12

E: +0.33*

ID: 5
ID: 12

NCI: vdW

ID: 10

E: -0.02*

ID: 10

NCI: π-S (pd)

ID: 28

E: -1.68*

ID: 28
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9 10 11 12 13 14 15 16

17 18 19 20 21 22 23 24

25 26 27 28 29 30 31 32

Conformer ID

• Backbone {C-C-N-C-C} shape descriptors color-coding scheme: L, U, V, Linear
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Charge density domain analysis of p1..p2:
• Analysis of Gaussian .cube files:

• Total (global) charge polarisation

• Partial charge polarisation

• Selection of isosurfaces via minimisation of 

global/local polarisation error

• Theoretically pos/neg charge density is correlated, i.e. the 

same number of electrons must be displaced as a result of 

specific non-covalent interaction

• The sum of the integrals of charge density domains (me-) 

should equal zero, e.g. +55.92 + (-55.92) = 0.00

• Polarisation errors occur at long range, therefore local 

‘atom-centred’ polarisation should be preferred.

• Domains can be evaluated with regards to the following 

targets

• volume or, 

• electron occupancy (occ.)

• Evaluation of integrals of total (global) charge density 

showed poor agreement w.r.t the reference energies, 

for all 32 conformers

• Local polarisation is currently being evaluated, a Python 

script (coupled with Multiwfn) is being developed to identify 

suitable isovalues enclosing atom-centred domains
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11Conf. ID: 4

Local ‘atom-centred’ 

polarisation for p1..p2

interaction in conformer 4 

(Target occ.: ±1 me-):

Red domains : Positive charge density;

Blue domains : Negative charge density; 

CPK colour scheme used for atoms
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• MTA allows for decomposition of ‘abstract’ total conformer energies to yield approximate 

interfragment interaction energies, at a chosen level of theory

• Thereby enabling their qualitative and quantitative characterisation w.r.t 

• The class of interaction: Stabilising(favourable) or destabilising(unfavourable) & the 

• The strength of interactions

• This enables a better understanding of the theoretical nature of the non-covalent interactions 

and will also assist with the development of force field (empirical) methods for the 

determination of accurate nonbonded energies for large chemical systems (eg. biomolecules) 
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