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Neat acetic acid (AA) and its binary mixtures are a frequent object of studies because of various and often unexpected 

hydrogen bonded aggregates forming in them. These aggregates determine different physical properties of the system and 

in liquid phase exist in a dynamic equilibrium. Dimethyl sulfoxide (DMSO) is known for being highly polar and prone to 

forming hydrogen bonds, so AA and DMSO systems are greatly suitable for investigating such intermolecular 

interactions. 

The motivation of present study originates from the recorded 1H NMR spectra in binary systems of acetic acid and 

dimethyl sulfoxide [1]. A curious non-monotonic evolution of the NMR chemical shift of AA acidic proton with the 

changing composition of the binary AA/DMSO mixture was observed. When the molar fraction of acetic acid in the 

AA/DMSO system increases from 0 to ~0.7, the chemical shift of the acidic hydrogen drops by around 0.5 ppm (from 

11.9 ppm to 11.4 ppm), then starts to rise, eventually reaching around 11.7 ppm in pure AA. This phenomenon is caused 

by the shifting equilibrium between various molecular aggregates formed between acetic acid molecules themselves as 

well as between acetic acid and DMSO, when the composition of the binary mixture changes. It is virtually impossible to 

dissect the nature of these molecular aggregates, in particular their population, experimentally, however, these problems 

can be effectively dealt with by using advanced molecular modelling techniques such as molecular dynamics (MD) 

simulations and combined quantum mechanics/molecular mechanics (QM/MM) approaches. These techniques have also 

been very recently applied to study molecular aggregation in glacial acetic acid [2]. 

The main objective of this study is to carry out a qualitative and quantitative analysis of molecular aggregates forming 

in AA/DMSO systems and to compute the NMR isotropic shielding constants of the acidic hydrogen of the AA molecules 

in various molecular aggregates. Comparison between computational and experimental NMR results allows for a detailed 

understanding of the equilibrium between various AA and DMSO molecular aggregates forming at different compositions 

of the binary AA/DMSO mixture.  

We have considered AA:DMSO mixtures at molar ratios of 1:3, 1:1 and 3:1, as well as pure AA. MD simulations 

were executed using an all-atom OPLS force field and standard Coulomb plus 12-6 type Lennard-Jones potential. 

System’s equilibrium was achieved by allowing system’s density to converge in NPT simulations, then switching to NVT 

ensemble, running another equilibration run and completing with 2ns long production run. Atomic point charges were 

calculated for pure AA and DMSO, according to the CHelpG scheme, and then averaged considering mole fractions of 

components in each system. NMR shielding constants were calculated for all three AA/DMSO systems using QM/MM 

calculations. These calculations were performed for a set of molecular configurations captured during MD simulations of 

a given system. The analysis of hydrogen bonds in different AA/DMSO systems was based on geometric definition of a 

hydrogen bond which allowed identifying different types of molecular aggregates that form in these systems. 

The analysis of molecular trajectories recorded during the MD simulations shows that the chemical equilibrium in 

the binary AA/DMSO mixtures is mainly dominated by three types of aggregates: the ones forming between AA and 

DMSO molecules, AA open dimers and AA cyclic aggregates (dimers or trimers). Based on the structural analysis alone 

we may conclude that experimentally observed decrease of the NMR chemical shift of the acidic proton up to ~0.7 molar 

fraction of the AA is due to increasing population of open acetic acid dimers in the mixture. The further rise of proton 

NMR chemical shift is due to increasing relative population of cyclic AA self-aggregates, as the acidic proton is the most 

deshielded in this type of aggregates [2]. 

Surprisingly, the calculated NMR shielding constants of the AA acidic proton in their aggregates with DMSO are 

slightly larger than those in AA open dimers. This computational result is inconsistent with the experimentally observed 

evolution described above, and we believe is a consequence of the imperfections of the OPLS force field used to describe 

intermolecular interactions in our MD simulations. Additional MD simulations were carried out, where a modified 

potential for DMSO molecules was used, which led to shorter hydrogen bonds between AA and DMSO molecules. The 

QM/MM calculations performed for the newly obtained trajectories lead to significantly smaller shielding constants in 

AA-DMSO aggregates as compared to those in open dimers of AA molecules. This result is in line with the experimental 

observation. Consequently, the experimentally observed evolution of the NMR signal of the acidic proton is due to subtle 

change of chemical equilibrium between AA-DMSO aggregates, AA open dimers and AA cyclic dimer/trimers.  
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