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1. Ion pairing 5. Cation – peptide bond interaction 

• Interaction of ions with the protein backbone is of general 

interest in protein chemistry, primarily in terms of 

understanding stabilizing and destabilizing (denaturating) 

effects of salts3,4. 

• There is a debate about alkali and alkaline earth cations, where 

partitioning models predict substantial binding of Ca2+, Li+, or 

Na+ with the backbone5, classical MD simulations with 

empirical FF indicate at least some binding of Na+6,7, but the 

recent amide I IR measurements deduced a very weak (actually 

none for Na+) cationic interactions8.  

• We investigated the interaction of Na+ and Ca2+ with NMA in 

bulk water by combining free energy calculations and IR 

spectra predictions from the DFT based BOMD simulations9.  2. Computational methods 
• Born-Oppenheimer molecular dynamics (BOMD) 

3. Potential of mean force 

• Integration 

4. Population analyses 

6. Spectral signatures in contact arrangement 

7. Free energy profiles 

• Umbrella sampling 

• Ion pairing is (partial) association of oppositely charged ions in salt solutions. 

• Theories of ion pairing: Bjerrum, Pitzer, Eigen, and Tamm.1  

• The atomistic structure of aqueous salt solutions has been intensely studied experimentally by neutron scattering, 

X-ray diffraction, dielectric relaxation and theoretically employing classical molecular dynamics (MD). 

• Results of classical MD simulations are sensitive to the details of the force field2. Hence, there is a clear need for 

benchmarking and verification using ab initio based approaches. 

• Lithium fluoride was selected due to high charge density on both ions and possibility of charge transfer to 

solvent. 

• Strong QM effects and low solubility points to strong ion-ion interactions where AIMD can serve as exploratory 

tool. 
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• The contact ion pair is located slightly below 

1.9 Å.  

• The transition state lies at 2.6 Å with the free 

energy being about 31 kJ/mol higher. 

• The solvent shared ion pair minimum is 

situated at 4.0 Å. 

• The depths of the minima are comparable. 
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• Partial charge is not an observable 

and thus is definition dependent. 

• Electron density is analyzed by 

Bader population scheme or 

natural population analysis (NPA) 

• The lithium charge does not 

depend on the ion-ion separation 

• The fluoride charge increases 

with increasing ion-ion separation. 

• There is some amount of charge 

transferred to solvent.  

 

• 1 ion pair and 64 water molecules 

• CP2K program package 

• BLYP functional  

with Grimme dispersion correction 

• TZV2P MOLOPT basis set 

• GTH pseudopotential 

• 400 Ry cutoff  

• NVT ensemble  

• T = 300 K 

• Estimate of the necessary length of the simulation for 

each window based on the classical MD simulations 

• Mean force  𝐹  for constrained LiF distances 

• 50 ps per window, more than 1.5 ns  in total 

• Results of empirical force fields are scattered all around the place.  

• C=O group in neat water binds 2 

sometimes 3 water molecules. 

• Na+ replaces 1 water molecule, and it 

exhibits a tilted arrangement with 

respect to the C=O axis. 

• Ca2+ prefers binding in a collinear 

fashion with no additional water 

molecule bound to the carbonyl group. 

• Carbonyl stretch frequency within the amide-I band was simulated using either (1) the power spectra of the C=O 

bond length or (2) the maximally localized Wannier functions for evaluation of the dipole moment.  

• The presence of Na+ does not shift the  absorption spectrum significantly, unlike Ca2+ which causes a blue shift 

of about 23 cm−1 which agrees well with the experimentally observed spectra .  

8. Conclusions 

• We presented our first attempt to evaluate the free energy profile for the LiF ion pair dissociation by the BOMD 

simulations with the potential of mean force method and addressed the issue of charge transfer from ions to 

solvent. 

• BOMD simulations show that both Ca2+ and Na+ interact with peptide bond of NMA, but differ in their 

affinities, the arrangement in the contact structures, and the spectroscopic signatures. 

empirical force field 

BOMD 

• The contact pair minimum 

for Ca2+ situated at 2.35 Å. 

• The transition state lies ~14 

kJ/mol above it at 3.1 Å. 

• The solvent shared minimum 

is located at 4.2 Å ~3 kJ/mol 

above the contact structure. 

• The contact structure for Na+  

at 2.4 Å lies ∼5 kJ/mol 

above the deeper solvent 

shared structure situated at 

4.8˚A. 

• The barrier height with  

respect to this lower 

minimum is ∼12 kJ/mol 


