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ABSTRACT 

The dissociation of HCl embedded in DMSO clusters was investigated by projecting the 

solvent electric field along the HCl bond using B3LYP-D3/6-31+G(d) and MP2/6-

31+G(d,p) levels of theory. A large number of distinct structures (about 1500) consisting 

of up to five DMSO molecules were considered in the present work for statistical 

reliability. The B3LYP-D3 calculations reveal that the 

dissociation of HCl embedded in DMSO clusters 

requires a critical electric field of 138 MV cm–1 along 

the H–Cl bond.  However, a large number of 

exceptions wherein the electric field values much 

higher than the critical electric field of 137 MV cm–1 

did not result in dissociation of HCl in addition to 

several cases wherein the HCl dissociates with an 

electric field less than the critical electric field. On the 

other hand, the MP2 level calculations reveal that the 

critical electric field for the HCl dissociation is about 

181 MV cm–1 with almost no exceptions. The B3LYP-D3 calculations suggest that the 

dissociation of HCl embedded in DMSO clusters is bistable, which is an artefact, 

suggesting care must be exercised in interpreting processes proton transfer.   The answer 

to the question raised as the title of this paper is NO.  
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INTRODUCTION 

Mineral acids are one of the most commonly used chemicals in industries.1 From the 

synthesis of other chemicals to manufacturing pesticides, PVC pipes, etc., these mineral 

acids are used everywhere. Because of their widespread use, their importance in industry 

and research cannot be overstated. In general, an acid is considered to be a strong acid if 

it dissociates completely in an aqueous solution, and the strength of an acid is determined 

by its pKa value, which is a negative logarithm of the acid dissociation constant, Ka. 

However, this pKa value depends on the solvent used, for instance, pKa of HCl in water 

and DMSO are -7.0 and 1.8, respectively,2,3 which also suggests that the acid dissociation 

mechanism could be solvent dependent. On the other hand, DMSO is a widely used 

solvent due to its amphipathic nature,4–7 with applications ranging from medicinal 

chemistry, wherein it is used as a drug-delivery vehicle,8 and cell cryopreservation, and 

several others.9 It has been reported that in the neat liquid form DMSO molecules self-

associate to form polymer chains through the interactions between its sulfur and oxygen 

atoms.4,8 However, these formed self-associated DMSO molecules are not stable, but it 

gets dissociated due to the presence of proton-donor solvents, and the effect of elevated 

temperatures. Binary mixtures of DMSO and other co-solvents are also known to be 

heterogeneous.10–13 In the case of DMSO-water mixture, the maximum deviation from the 

ideal mixing behavior occurs around 33% mole fraction of DMSO.10 The existence of 

different types of aggregates in the DMSO-water mixture is believed to be the reason 

behind this heterogeneity. A similar type of behavior has also been observed in DMSO-

glycerol9 and DMSO-methanol mixtures.10 

In this work, an effort has been made to understand the HCl dissociation 

mechanism in DMSO at a molecular level. When an acid is dissociated, the resulting ion 

pair gets stabilized by the solvent molecules present in the system. Therefore, the 

dissociation of an acid in a particular solvent doesn’t only depend on the ability of the 

acid to transfer a proton to the surrounding solvent molecules but also depends on the 

ability of the solvent to accept the proton from the acid molecule. It has been reported 

that acid will get dissociated in a particular solvent if the stability of the dissociated acid-

solvent cluster is greater than the stability of the undissociated acid-solvent cluster.11–16  

However, it was shown that the acid dissociation mechanism of HCl in water and reported 

that the stabilization energy of the HCl-water cluster is not the only criteria for the acid 
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to be dissociated in water, and the orientation of the water molecules around the HCl 

molecule also plays a pivotal role in the acid dissociation process.14 It was also reported 

that in some HCl-water clusters the HCl remains undissociated, even though in those 

structures the number of water molecules and their stabilization energy were almost 

identical to the dissociated HCl-water clusters. Therefore, to investigate the acid-

dissociation mechanism at a molecular level, getting accurate geometries is of utmost 

importance. In the present work, the role of cluster geometry for the HCl embedded in 

DMSO molecules and the consequent dissociation of acid (the proton transfer process) is 

explored using long-range dispersion corrected DFT along with MP2 level calculations.  

 

METHODOLOGY 

The structures of HCl-(DMSO)n [n=2-5] clusters were obtained by a combination 

of structural random search and screening techniques. To begin with, a cubic cell of the 

size 4x4x4 (in angstrom) was defined, and n+1 points were randomly distributed in the 

cell. These points will serve as the center of mass (COM) of the molecules. To avoid the 

unphysical configurations, a minimum distance constraint of 5 Å was imposed between 

the points in the cell.  Following, n+1 molecules (n for DMSO and 1 for HCl) were placed 

on these points with arbitrary orientation. By repeating these steps, thousands of random 

configurations for the HCl-(DMSO)n [n=2-5] clusters were obtained. To reduce the 

computational cost of the DFT optimization, these structures were pre-optimized using 

DFTB3 semi-empirical method15–18 using CP2K software.19 Following, the duplicated 

configurations were removed using the shape similarity screening technique20 with a 

high similarity index threshold of 0.99. Distinct structures were re-optimized by 

B3LYP/6-31+G(d) with GD3 long-range dispersion correction (B3LYP-D3).21 After the 

geometric optimization, the screening process using shape similarity was carried out to 

once again remove the duplicated structures, if any. Finally, several representative HCl-

(DMSO)2–5 clusters from the B3LYP-D3 data were re-optimization at the MP2/6-31+G(d,p) 

level of theory. All the structure optimizations were carried out using Gaussian software 

suite.22 The normal mode analysis are performed to ensure that the true local minima 

were found. This multi-stage optimization scheme efficiently obtains a set of well-

converged structures at a higher level of theory and has been successfully applied to 

hydrogen-bonded23,24 and π–stacked complexes. 25,26 
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To understand the dissociation of HCl embedded in DMSO solvent clusters, the 

electric field calculations were carried.14,27–30 These calculations elucidate the effect of 

charge distribution around an HCl molecule as a consequence of a change in the 

arrangement of the surrounding solvent molecules. The electric field along the H–Cl bond 

was calculated by replacing the H and the Cl atoms with ghost atoms and retaining the 

rest of the DMSO cluster. Following, the molecular electrostatic potential (MESP) arising 

from all the DMSO molecules at the position of H and Cl was calculated using the equation                                         

𝑉𝐻/𝐶𝑙 = ∑
𝑍𝐴

|𝑅⃗ 𝐴 − 𝑅⃗ 𝐻/𝐶𝑙|𝐴≠𝐻,Cl

− ∫
𝜌(𝑟 )𝑑3𝑟 

|𝑟 − 𝑅⃗ 𝐻/𝐶𝑙|
 

(1) 

Where 𝑍𝐴 is the nuclear charge of atom A located at 𝑅⃗ 𝐴 while 𝑅⃗ 𝐻 and 𝑅⃗ 𝐶𝑙  are the positions 

of H and Cl atoms, and 𝜌(𝑟 ) is the electron density of the molecule and 𝑟  is a dummy 

integration variable.  The projection of the electric field 𝐸⃗  onto the H–Cl bond was 

calculated as the gradient of the electrostatic potential along the bond axis  

𝐸⃗ = −𝛻𝑉 =
−(𝑉𝐶𝑙 − 𝑉𝐻)

|(𝑅⃗ 𝐶𝑙 − 𝑅⃗ 𝐻)|
 

(2) 

In equation (2), 𝑉𝐻 and 𝑉𝐶𝑙 are the measure of the electrostatic potential at the position 

of H and Cl atoms due to all the electrons and the nuclei that make up the DMSO cluster 

around the HCl molecule.  The optimization of the structures and the MESP calculations 

for the estimation of electric fields were carried out using the Gaussian-6 suite of 

programs.22 

 

RESULTS and DISCUSSION 

The structures of the HCl-(DMSO)n [n=2-5] were obtained by structure search algorithm 

followed by optimization using B3LYP-D3/6-311+G(d,p) level of theory, which resulted 

in a total of 1477 structures with 21, 166, 441, and 849 clusters with two, three, four and 

five DMSO molecules, respectively, in which the calculated electric field along the H–Cl 

bond is more than  –100 MV cm–1 and are considered. The negative electric field along the 

H–Cl bond, which indicates the stabilization due to hydrogen bonding.30 Figure 1A shows 

the plot of H–Cl distance against the electric field along the H–Cl bond, which clearly 

shows two sets of data corresponding to 509 undissociated (H–Cl distance < 1.49 Å) and 
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Figure 1. The plot of H–Cl distance against electric field calculated along the H–Cl bond 

in HCl(DMSO)n [n=2-5] clusters at B3LYP-D3/6-311+G(d,p) level of theory. The data 

points in red circles and green squares correspond to the undissociated and dissociated 

HCl molecule, respectively. In (A) the solid curve is a non-linear Boltzmann sigmoidal 

fit to the data points shown in red closed circles and green closed squares with an R2 

value of 0.789 with the point of inflection at 137.7 MV cm–1. The data points shown as 

red open circles and green open squares have been omitted from the fitting. In (B) the 

red and green lines are the linear least-square fits to the data points corresponding to 

undissociated and dissociated HCl molecule. In both (A) and (B) the solid circles and 

solid squares correspond to normal data points, while the open circles and open 

squares are exceptions to the sigmoidal fitting. In (B) the region between 133.5 and 

171 MV cm–1 is bistable.  

 

968 dissociated HCl (H–Cl distance > 1.66 Å) molecules embedded in DMSO clusters. 

Boltzmann sigmoidal fit to the data points yields a poor-fitting with an R2 value of 0.789 

with the point of inflection corresponding to 137.7 MV cm–1. However, unlike the 

dissociation of HCl in water clusters which yields a critical electric field of 193 MV cm–1,14 

the critical electric field in the present case is not a good measure of the HCl dissociation 

process in DMSO clusters. Based on the sigmoidal fitting, the entire data set consisting of 

HCl-(DMSO)n clusters is classified into four categories: (a) structures with undissociated 

HCl and the electric field lower than the critical electric field (320 data points; red closed 

circles in Figure 1), (b) structures with undissociated HCl with the electric field higher 

than the critical electric field (189 data points, red open circles in Figure 1), (c) structures  
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(1.353; 108.5) (1.337; 113.4) (1.383; 125.9) 

  
 

(1.402; 149.8) (1.415; 153.6) (1.425; 155.9) 

 

  
(1.695; 134.2) (1.677; 135.3) (1.728; 136.3) 

 

 
 

(1.807; 142.1) (1.856; 150.1) (1.909; 159.2) 

Figure 2. Representative structures for the four categories of HCl-(DMSO)4 clusters. 

First row: Structures with undissociated HCl and electric field lesser than the critical 

electric field. Second row: Structures with undissociated HCl and electric field greater 

than the critical electric field. Third row: Structures with dissociated HCl and electric 

field lesser than the critical electric field. Fourth row: Structures with dissociated HCl 

and electric field greater than the critical electric field. Against each structure the 

corresponding H–Cl distance (in Å) and the electric field along the H–Cl bond (in MV 

cm–1) are given in parenthesis.   
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with dissociated HCl and electric field lower than the critical electric field (50 data points, 

green open circles in Figure 1), and (d) structures with dissociated HCl and the electric 

field is higher than the critical electric field (918 data points, green closed circles in Figure 

1). Figure 2 shows some representative structures for all the four classes of HCl-(DMSO)n 

clusters. An alternative way to analyze the present set of results is depicted in Figure 1B. 

The two sets of data, the undissociated and the dissociated HCl-(DMSO)n clusters are 

fitted separately to straight lines, and the data points that lie in the range 133–171 MV 

cm–1 can be interpreted as bistable region, in which the HCl molecule could either 

dissociate or remain undissociated.  The number of data points in the bistable region is 

1220, of which 272 and 948 structures correspond to undissociated and dissociated 

structures, respectively. Further, it can be noticed that the data points corresponding to 

the dissociated form of HCl show a large scatter along the H–Cl distance axis, similar to 

the phenol-(ammonia)n clusters,27 and unlike in the case of HCl dissociation in water 

clusters.14 In the case of phenol-(ammonia)n clusters, the large scatter was attributed to 

the inability of the projection of the electric field along the OH bond distance as the 

proton-transfer-reaction coordinate involved out-of-plane motion of the OH group along 

with stretching of the OH bond.27 However, in the case of HCl the dissociation involves a 

single bond stretching coordinate, therefore such scatter is unexpected. However, the 

bistability of the HCl dissociation indicates that the solvation environment of DMSO could 

play a pivotal role, unlike in the case of water.14 

In order to raise the confidence level of the present work, 644 HCl-(DMSO)n 

structures were reoptimized at MP2/6-31+G(d,p), which also included 131 structures 

out of 189 data points corresponding to the exceptions (shown as red open circles in 

Figure 1), wherein the electric field is higher than the critical electric field, yet the HCl 

remains undissociated. Among these 131 data points, only two instances of undissociated 

structures at the B3LYP-D3 level resulted in dissociated structures at the MP2 level. 

Following MP2/6-31+G(d,p) re-optimization, the electric field along the H–Cl bond was 

calculated and the resulting plot of H–Cl bond distance against the corresponding electric 

field is shown in Figure 3, which shows a marked improvement over the corresponding 

plot shown in Figure 1A. The MP2/6-31+G(d,p) calculations yield 181 MV cm–1 as the 

critical electric field required for the dissociation of HCl in DMSO clusters. Interestingly, 

only 5 (five) exceptions with undissociated HCl with an electric field higher than the 

critical electric field of 181 MV cm–1 were observed. Error estimation based on  
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Figure 3.  The plot of H–Cl distance against electric field calculated along the H–Cl bond 

in HCl(DMSO)n [n=2-5] clusters at MP2/6-31+G(d,p) level of theory. The data points in 

red circles and green squares correspond to the undissociated and dissociated HCl 

molecule, respectively. The solid curve is a non-linear Boltzmann sigmoidal fit to the 

data points with an R2 value of 0.851 with the point of inflection at 181.0 MV cm–1. The 

open red circles are exceptions to the sigmoidal fitting. The number of data points 

corresponding to undissociated and dissociated structures is 412 and 233, 

respectively. The right panel shows the representative structure of one of the 

HCl(DMSO)5 cluster optimized by B3LYP-D3/6-311+G(d,p) (top) and MP2/6-

31+G(d,p) (bottom) level, which suggest that the MP2 level yield compact cluster 

relative to the B3LYP-D3 level of calculation. 

 

uncertainties in the H–Cl covalent bond and hydrogen bond distances of about 0.01 Å and 

0.05 Å lead to uncertainty of 3-5 MV cm–1 in the electric fields. Therefore baring a single 

instance, there will be no exceptions in the case of MP2/6-31+G(d,p) calculations. The 

comparison of the electric fields along the H–Cl bond for the undissociated structures is 

in the range 103-171 and 112-194 MV cm–1 for the B3LYP-D3 and MP2 level calculations, 

with average values of 134.4 and 150.3 MV cm–1, respectively. On the other hand, the 

electric fields for the dissociated structures are in the range 133-184 and 178-223 MV 

cm–1 for the B3LYP-D3 and MP2 level calculations, with average values of 149.3 and 192.2 

MV cm–1, respectively. The electric field data suggests that, in general, the B3LYP 

functional underestimate the electric field values relative to the MP2 calculations. 
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However, a comparison of the average values of the undissociated (134.4 vs. 150.3 MV 

cm–1) and dissociated (149.3 vs.192.2 MV cm–1) structures indicates that the electric field 

estimation by the B3LYP functional for the dissociated structures is unusually low.  

The electric field is a local descriptor based on the cluster structure, A careful 

examination of the structure reveals that optimization by the MP2 method leads to a more 

compact structure in terms of intermolecular contacts, even though the gross shape of 

the cluster remains very similar, as depicted in a representative set of structures 

optimized at the B3LYP-D3 and MP2 methods in Figure 3. Further, the structural 

similarity analysis between the B3LYP-D3 and MP2 optimized structures was carried out 

using the ultrafast shape recognition (USR) technique.20 For a given pair of geometries 

optimized by B3LYP-D3 and MP2 methods, we compare their spatial atomic distributions 

 

 

Figure 4.  The plot of structural similarity index between B3LYP-D3/6-311+G(d) and 

MP2/6-31+G(d,p) optimized structures. In this plot, the green closed squares, red 

closed circles and red open circles correspond to structures in which HCl is dissociated, 

undissociated and exceptions at B3LYP-D3 level, respectively. Note that the exceptions 

(red open circles) are a subset of undissociated structures (red closed circles). The 

comparison suggests that out of 554 structures, only 22 structures have a similarity 

index less than 0.8, which indicates that in general the gross structure of the cluster 

remains almost unaltered. 
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and compute the normalized similarity index in a range from the least similar (0) to 

identical shape (1). The resulting similarity indexes are compiled in Figure 4.  we had 

carried out MP2 re-optimization on 644 geometries of HCl-(DMSO)n obtained by B3LYP-

D3, there are 230 dissociated and 324 undissociated structures found in both levels of 

theory. The comparison suggests that out of 554 (230+324) structures, only 22 structures 

have a similarity index less than 0.8, which indicates that in general the gross structure 

of the cluster remains almost unaltered. Among the remaining 90 structures (644 - 554), 

only 3 cases were observed wherein undissociated HCl at the B3LYP-D3 level is 

dissociated at MP2 level. On the other hand, a large fraction of dissociated structures (87 

data points) at the B3LYP-D3 level remain undissociated at the MP2 level. This 

observation can be attributed to the lower proton transfer barrier for the B3LYP 

functional.31   Further, it can be noted that in general, the electric field values calculated 

using the B3LYP functional are lower than the corresponding MP2 values, especially for 

the dissociated structures.  To probe the role of B3LYP functional on the electric field 

values, a set of twenty (20) dissociated structures with both B3LYP-D3 and MP2 

geometries available were chosen. For these set of structures, the and the electric fields 

along the H–Cl bond were calculated as (i) B3LYP field at B3LYP-D3 geometry, (ii) B3LYP 

field at MP2 geometry, (iii) MP2 field at MP2 geometry, (iv) MP2 field at B3LYP-D3 

geometry and (v) RHF field at B3LYP-D3 geometry and the results are presented in Figure 

5A.  The calculations reveal that in general the B3LYP functional underestimates the 

electric field values for the dissociated structures by about 40 MV cm–1. Surprisingly, even 

the RHF calculations estimate the electric fields which are comparable with the MP2 

calculations, which indicates the importance of HF exchange.31  The electric field data 

obtained from the B3LYP functional were increased by 15.9 and 42.9 MV cm–1 for the 

undissociated and dissociated structures, respectively, which corresponds to the 

difference in the average values obtained by the B3LYP functional and MP2 method, vide 

supra. The resulting plot is shown in Figure 5B, and the data points could be fitted to 

Boltzmann sigmoidal function with the critical electric field value of 176.9 MV cm–1, 

without only five (5) exceptions, similar to MP2 calculations (see Figure 3A and the 

associated text). Invoking uncertainties of 3-5 MV cm–1 in the electric field calculations, 

vide supra, only one data point would be an exception, once again in agreement with the 

MP2 method. Moreover, the critical electric fields required for the HCl dissociation are 

176.9 and 181.0   MV cm–1  using B3LYP functional and MP2 method are comparable. It is  
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Figure 5. (A) The plot of H–Cl distance against electric field calculated along the H–Cl 

bond in selected dissociated HCl(DMSO)n clusters. The solid and open green circles 

correspond to electric fields calculated using B3LYP functional for B3LYP-D3 and MP2 

geometries, respectively. On the other hand, the solid and open red circles correspond 

to electric fields calculated using the MP2 method for MP2 and B3LYP-D3 geometries, 

respectively. The red open triangles depict electric field values calculated using the RHF 

method using B3LYP-D3 geometries. (B) The plot of H–Cl distance against electric field 

calculated along the H–Cl bond in HCl(DMSO)n [n=2-5] clusters at B3LYP-D3/6-

311+G(d,p) level of theory. The data points in red circles and green squares correspond 

to the undissociated and dissociated HCl molecule, respectively. In this case, the electric 

fields for the undissociated and dissociated HCl molecule were increased by 15.9 and 

42.9 MV cm–1, respectively, which corresponds to the difference in the average values 

obtained by B3LYP functional and MP2 methods.  The solid curve is a non-linear 

Boltzmann sigmoidal fit to the data points, excluding the red open circles, with an R2 

value of 0.929 with the point of inflection at 176.9 MV cm–1 

 

well-known in the literature that B3LYP functional is unable to model the dispersion non-

covalent interactions especially the dispersion interactions very accurately.32 A 

significant improvement in the ability of the B3LYP functional to model the non-covalent 

interactions by using pair-wise dispersion parameters,33  which modifies the B3LYP 

energy and not the underlying electronic structure predicted by the method itself.  The 

present work on the dissociation of HCl embedded in DMSO clusters and the concurrent 

proton transfer reaction using B3LYP functional indicates that the critical electric field is 

necessary, but it is not a sufficient condition for HCl dissociation.27 On the other hand, the 

MP2 calculations signify that critical electric field indeed a both necessary and a sufficient 

condition. The calculations using B3LYP functional grossly underestimate the MESP 

values consequently the electric field values for the proton transferred structures, which 
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can be related to the quality of the associated wavefunction. Therefore, electric field 

calculations are a very helpful tool to quickly test the efficiency of the level of theory used 

to model the interactions present in the system of interest, especially in the case of proton 

transfer reactions. More importantly, to understand the proton transfer reactions B3LYP 

functional must be used with caution and the observed bistability of HCl dissociation in 

DMSO appears to be an artefact.  

 

CONCLUSIONS 

In this study dissociation of HCl embedded in DMSO, clusters was investigated with the 

aid of internal electric fields as a descriptor for the dissociation process, using B3LYP-

D3/6-311+g(d,p) and MP2/6-31+g(d,p) levels of theory. A large data set was employed 

in this regard so that that the results are statistically reliable. The B3LYP calculations 

suggest that a critical electric field of about 137 MV cm–1 along the H–Cl bond was 

required for it to dissociate in DMSO clusters. However, a large number of exceptions to 

the phenomena of critical electric field promoting the acid dissociation were observed, 

wherein in several clusters with the electric field values much higher than 137 MV cm–1 

did not result in dissociation in addition to some clusters which resulted in the 

dissociation with the field less than the critical electric field. On the other hand, the MP2 

level calculations reveal that a critical electric field of 181 MV cm–1 along the H–Cl bond 

was required for it to dissociate, with almost no exceptions. The present work reveals 

that the calculations using B3LYP functional lead to an artefact in the plot of H–Cl distance 

vs. electric field which indicates its inability of this functional to model proton transfer 

process adequately and care must be exercised in interpreting processes involving such 

phenomena.   
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