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Abstract: 

Molecular dynamics simulations of the liquid-vapour interface of dimethyl sulphoxide (DMSO)-

water mixtures of 11 different compositions, including the two neat systems are performed on the 

canonical (N,V,T) ensemble at 298 K. The molecules constituting the surface layer of these systems 

are selected by means of the identification of the truly interfacial molecules (ITIM) method, and 

their local lateral environment at the liquid surface is investigated by performing Voronoi analysis. 

The obtained results reveal that both molecules prefer to be in mixed local environment, consisting 

of both kinds of molecules, at the liquid surface, and this preference is even stronger here than in 

the bulk liquid phase. Neat-like patches, in which a molecule is surrounded by like neighbours, are 

not found, however, vacancies that are surrounded solely by water molecules are observed at the 

liquid surface. Our results show that strongly hydrogen bonded DMSO·H2O complexes, known to 

exist in the bulk phase of these mixtures, are absent from the liquid surface.  
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1. Introduction. 

 

Mixtures of dimethyl sulphoxide (DMSO) and water are widely used in a number of fields of 

chemistry and chemical industry [!1], e.g., as the medium of various reactions in organic synthesis 

[!2-5] and electrochemistry [!6], as cryoprotectors [!7], in separation science [!8], or in 

biotechnology [!9] and cell biology [!10]. The broad range of applications of these mixtures is 

strongly related to the fact that a number of their physical-chemical properties, such as viscosity 

[!11,12], static dielectric permittivity [!13,14], refractive index [!15,16] or various thermodynamic 

data [!17-22] exhibit non-linear composition dependence, and often even anomalous behaviour. 

Thus, for instance, these mixtures show extremely large freezing point depression: the freezing 

point of the mixture containing 25 mole % DMSO is 88 and 70 K below that of neat DMSO and 

neat water, respectively [!23,24]. Similarly, the dielectric constant [!13] as well as dielectric 

relaxation times [!25] go through a maximum as a function of the composition.  

 To understand the origin of these anomalies, the structure of DMSO-water mixtures has 

been extensively studied both by experimental methods [!11-40] and computer simulations [!41-54] 

in the past decades. These studies revealed that DMSO does not alter the local structure of the 

hydrogen bonding network in water, in other words, it is neither a structure making nor a structure 

breaking solute [!28,32]. It is also clear that the full miscibility of the two components is primarily 

caused by the energy decrease upon mixing [!17,18,52]. Entropy, on the other hand, increases when 

neat DMSO is diluted by water, but decreases when neat water is diluted by DMSO [!18,52]. As a 

consequence, in a clear contrast with mixtures whose miscibility is solely of entropic origin, such as 

those of methanol and acetone [!55], DMSO-water mixtures do not show microheterogeneous 

structure, instead, both molecules prefer to be surrounded by unlike rather than like neighbours 

[!53]. The unusual strength of the DMSO-water hydrogen bonds results in strongly hydrogen bound 

DMSO:water complexes of various stoichiometry, such as 1:2 [!20,35,42,45,46,48], 2:3 [!46] and 

1:3 [!54] although the existence of the latter complex is still under debate [!46]. The question 

whether such complexes involve all the water or DMSO molecules of the system [!14], they are in 

an equilibrium with “monomeric” molecules [!45,46,53], or the molecular structure of these 

systems can be described in terms of a homogeneous hydrogen bonded network rather than as a 

mixture of well-defined molecular complexes [!30] has not been settled either. The reason why 

these questions are still open is related to the fact that DMSO:water complexes were scarcely 

observed directly; their existence was usually hypothesised in explaining anomalous properties of 
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these mixtures, or assumed on the basis of indirect evidences, such as certain features of various 

pair correlation functions [!14,42,43,45].  

 Surprisingly, in a clear contrast with the wealth of studies concerning the bulk liquid phase 

of DMSO-water mixtures, little is known about the molecular structure of their surface, in spite of 

the fact that unusual bulk phase properties might well lead to unusual surface properties of these 

mixtures. Experimental investigations include second harmonic generation (SHG) and vibrational 

sum frequency generation (SFG) spectroscopic studies [!56-59], which led to the general 

conclusions that DMSO is adsorbed at the surface of these mixtures, [!56,57] and the presence of 

DMSO does not influence the hydrogen bonding structure of the water molecules even at the liquid 

surface [!58]. Using a mean-field statistical mechanical model Luzar investigated the extent of 

hydrogen bonding of the molecules as a function of the distance from the liquid surface, and 

explained the excess surface tension by the contribution of the hydrogen bonding interaction of the 

unlike molecule pairs [!60]. Computer simulation studies of DMSO-water mixtures also found that 

DMSO exhibits stronger affinity to the liquid surface than water [!59,61,62]. Benjamin calculated 

the potential of mean force that governs DMSO adsorption at the surface of its infinitely dilute 

aqueous solution [!61], whereas Pojják et al. showed that this adsorption affects solely the first 

molecular layer at the liquid surface [!62]. We are not aware of, however, any study concerning the 

local lateral environment of the water and DMSO molecules at the surface of their mixtures. 

 In analysing surface properties of a liquid phase in computer simulation, i.e., when the 

system is treated in atomistic resolution one has to face to the difficulty that the liquid surface is 

corrugated, on the molecular length scale, by capillary waves. This effect has to be removed before 

any analysis is performed. In other words, one has to find first the set of the truly interfacial 

molecules, i.e., the ones that are located right at the boundary of the two phases. Neglecting the 

effect of the capillary waves leads to the analysis of a subset of molecules that is different from that 

of the surface ones, which introduces a systematic error of unknown magnitude in any surface-

related result [!62-64]. This error might even propagate to the thermodynamic properties of the 

system studied [!65]. To overcome this difficulty several methods have been proposed in the past 

one and a half decades [!63,66-72], among which the identification of the truly interfacial 

molecules (ITIM) [!63] turned out to be an excellent compromise between computational cost and 

accuracy [!71].  

 In this paper we present a detailed analysis of the local lateral structure around the molecules 

at the surface of DMSO-water mixtures of different compositions on the basis of molecular 
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dynamics computer simulation. For this purpose, we perform a two-dimensional Voronoi analysis 

[!73,74] considering the surface molecules, which are identified in terms of the ITIM method. The 

method of the Voronoi polygons (or, in three dimensions, that of the Voronoi polyhedra) [!75] is a 

very powerful tool in characterising the local molecular environment in computer simulations. 

Since in a two dimensional system of discrete seeds (e.g., molecules) the Voronoi polygon (VP) of 

a seed is the locus of the planar points that are closer to this seed than to any other one, the area of a 

VP represents the portion of the plane that is occupied by its central seed (molecule). The shape of a 

VP is characteristic of the neighbourhood of its central seed, whereas VP vertices, being the planar 

points at which the distance from the nearest seed is of local maximum, are the centres of the largest 

circular voids located between the seeds. Recently we performed such an analysis of the local 

environment of the molecules in the bulk phase of DMSO-water mixtures [!53]. The present study 

extends this investigation to the surface of these systems. 

 The paper is organised as follows. In section 2 details of the calculations performed, 

including molecular dynamics simulations, ITIM analysis and Voronoi analysis are given. The 

obtained results are discussed in detail in section 3. Finally, in section 4 the main conclusions of this 

study are summarised. 

 

 

2. Computational details 

 

3.1. Molecular dynamics simulations  

We employ molecular dynamics (MD) simulations to study the local lateral structure around the 

molecules at the liquid-vapour interface of DMSO-water mixtures at 11 different compositions, 

including the two neat systems. The simulations were carried out on the canonical (N,V,T) ensemble 

at 298 K. A rectangular basic MD cell with X, Y and Z edges of 300, 50 and 50 Å, respectively, (X 

being the macroscopic surface normal axis) was used. All the studied systems contained 4000 

molecules in total, among which 0, 120, 200, 400, 800, 1200, 1600, 2000, 2400, 3400, and 4000 

were DMSO. We will use the corresponding bulk mole fraction notation and these systems will be 

referred to in this paper as the DMSO000, DMSO003, DMSO005, DMSO010, DMSO020, 

DMSO030, DMSO040, DMSO050, DMSO060, DMSO085, and DMSO100 system, respectively.  

 In one of our previous works [!52] it was shown that the combination of the DMSO force-

field model developed by Vishnyakov, Lyubartsev and Laaksonen (VLL) [!46] and the TIP4P water 
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model [!76] gives the best reproduction of the thermodynamic mixing properties over the whole 

concentration range. In this regard we employ this combination of models in the present work as 

well. Both molecules were treated as rigid; their geometry was maintained by means of the LINCS 

algorithm [!77]. The VLL model of DMSO represents the methyl groups as united atoms [!46], 

whereas the TIP4P model of water has a separate non-atomic interaction site carrying the negative 

fractional charge [!76]. The interaction energy between the molecules was represented as a pair-

wise sum of the Lennard-Jones and Coulomb interactions of all pairs of their interaction sites. The 

main interaction parameters, such as ε and σ values of the Lennard-Jones potential as well as 

fractional charges (q) of all the interaction sites are given in Table 1. Conventional Lorentz-

Berthelot combination rules [!78] were used to calculate the Lennard-Jones interaction energy 

between a pair of unlike interaction sites. All the interactions were truncated to zero if two 

molecules were more than 15 Å apart (the O and S atoms being regarded as the representative 

centres of the water and DMSO molecules, respectively). Smooth Particle Mesh Ewald (SPME) 

method [!79] was used to calculate the long-range parte of electrostatic interactions. 

 All MD simulations were performed using the GROMACS 4.5.5 program suite [!80]. 

Newtonian equations-of-motions were integrated in time steps of 1 fs. Nosé-Hoover thermostat 

[!81,82] with a time constant of 1 ps was used to keep temperature constant. In preparing initial 

configuration the required number of molecules were first randomly placed in a basic box whose Y 

and Z edges were already set 50 Å long, while the length of the X axis roughly corresponded to the 

bulk liquid phase density of the system simulated. After preliminary energy minimisations the 

systems were anisotropically equilibrated for 2 ns on the isothermal-isobaric (N,p,T) ensemble at 

1 bar in such a way that only the X edge of the basic box has been allowed to change. Pressure was 

controlled by means of the Parrinello-Rahman barostat [!83], using a time constant of 1 ps. The 

interface was created by increasing the X edge length to its final value of 300 Å. The interfacial 

systems were additionally further equilibrated, now on the canonical ensemble, for at least 4.5 ns. 

Conventional three-dimensional periodic boundary conditions were employed both in the bulk 

phase and in the interfacial simulations. Finally, 2000 equilibrium configurations per system were 

produced for subsequent analysis from 2 ns long production runs with the sampling time of 1ps. 
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2.2. Determination of the surface layer by ITIM analysis 

The detailed description of the ITIM methodology is available in the original publication, [!63] 

therefore here we will only briefly summarize the basics. In order to identify all the truly interfacial 

molecules of a given phase within the framework of ITIM analysis a spherical probe particle of a 

given size approaches the phase of interest along a virtual test line, which is normal to the 

macroscopic interface, from the opposite phase, i.e., from the vapour to the liquid phase in our case 

[!63]. The first molecule of the phase of interest ‘touched’ by the approaching probe particle is 

considered as being interfacial. The probe then starts moving along the next test line. The final set 

of truly interfacial molecules is completed when all the test lines are considered. 

 In this study a probe sphere of the radius of Rp = 2 Å has been used, following the notion 

that the probe size should be comparable with that of the particles constituting the system studied. 

[!63] In defining touching positions with the probe the atoms have been represented by spheres 

whose diameters corresponded to their Lennard-Jones distance parameters (see Table 1). Once any 

atom of a molecule has been touched by the probe the entire molecule has been marked as being at 

the interface. Test lines have been arranged in a 100 × 100 grid in the macroscopic plane of the 

interface, YZ, thus, the distance of two neighbouring grids have been 0.5 Å. This choice of the grid 

spacing is justified by our earlier finding that it already leads to convergent results. [!71] Finally, all 

results have been averaged over the two liquid-vapour interfaces present in the basic simulation 

box. An equilibrium snapshot of the surface of the DMSO020 system is shown in Figure 1 as 

obtained from the simulation.  

 

3.3. Voronoi analysis 

To perform the two dimensional Voronoi analysis of the surface molecules, first the positions of 

their central atoms (i.e., O for water and S for DMSO) have been projected to the macroscopic 

plane of the interface, YZ. Obviously, the two liquid-vapour interfaces present in the basic box have 

been treated separately; hence, the 2000 sample configurations collected per system provided a set 

of 4000 different projections. Two-dimensional Voronoi analysis has then been performed on the 

set of these planar projections. 

 In performing the Voronoi analyses a two-dimensional variant of the algorithm proposed by 

Ruocco, Sampoli, and Vallauri [!84] has been used. When the VP around a given seed (i.e., 

projection of the centre of an interfacial molecule to YZ) was determined, we did not use any 

information obtained when constructing the VP of another seed. This treatment provides an easy 
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way of checking the consistency of the calculation. Namely, the sum of the area of the individual 

VP in a sample configuration has to be equal with the YZ cross section of the basic box of 2500 Å
2
. 

The two values indeed agreed with each other within the numerical precision of the calculation in 

every case. In determining the VP around a given seed first we considered a tentative polygon that 

is large enough to contain the real, yet unknown, VP entirely. For simplicity, we have used the 

entire YZ cross section of the basic box, centred on the given seed, as this tentative polygon. Then 

the other seeds in the system have been sorted according to their distance from the central one, and 

the tentative polygon has been gradually refined in the following procedure, starting with the 

nearest seed and proceeding with progressively farther ones. For each of these seeds it is checked 

whether the orthogonal bisector between this seed and the central one cuts the tentative polygon to 

two parts or not. In the first case, the new tentative polygon is that part of the original one which 

still contains the central seed, whereas in the second case the tentative polygon is left unaltered. The 

procedure stops when the next seed to be considered is at least twice as far from the central seed 

than the farthest vertex of the polygon, since from this point on the orthogonal bisectors cannot cut 

the tentative polygon any more, and hence this tentative polygon is the real VP of the central seed 

[!84].  

 Once a VP is determined, its vertices have been sorted according to their sequence along the 

perimeter, and the VP has been divided to (Nv-2) elemental triangles, defined by its first, ith and 

(i+1)th vertex, where Nv is the number of vertices pertaining to this VP. The area of the VP, A, has 

then been calculated as the sum of the area of these elemental triangles: 

 

   




 

2

1
2

1
vN

i

A 11i1i rrrr     (1) 

where r1, ri, and ri+1 are the position vectors of the first, ith and (i+1)th vertex, respectively, in a 

coordinate frame the origin of which is the central seed. The shape of a VP is characterised by the 

acircularity parameter,  [!85], defined in analogy with the three-dimensional asphericity parameter 

[!84] as  

 

A

L2

4

1


  ,      (2) 

L being the circumference length of the VP. The value of  is unity for a perfect circle, and the less 

spherical the VP is, the larger is its value. Thus, for instance, the acircularity parameter values 
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corresponding to a perfect hexagon, square, and equilateral triangle are 1.103, 1.273, and 1.654, 

respectively. Finally, the radii of the (circular) vacancies located between the seeds, R, can simply 

be obtained as the distance of the VP vertices from the corresponding central seeds.  

 

 

3. Results and discussion 

 

Before performing Voronoi analyses, we have determined the composition of the surface layer of 

the different DMSO-water mixtures. The composition of the surface layer (in terms of DMSO mole 

fraction) is shown as a function of the bulk phase composition in Figure 2, whereas the bulk phase 

and surface DMSO mole fraction values obtained in the different systems simulated are collected in 

Table 2. As is seen, DMSO is indeed adsorbed considerably strongly at the liquid surface, and this 

adsorption is stronger in mixtures of lower DMSO content; the DMSO mole fraction at the surface 

of its dilute solutions can be even an order of magnitude higher than that in the bulk liquid phase. 

This result is agreement with those obtained earlier by Allen et al. using SFG spectroscopy [57]. 

Since in this study we are interested in the local lateral environment of the molecules within the 

surface layer, in the following, we discuss the results obtained from the Voronoi analysis in terms of 

the surface layer composition rather than that of the bulk liquid phase or the entire system 

simulated. To check how sensitively our results depend on the particular choice of the probe sphere 

radius, Rp, used in the ITIM analysis, we have repeated this calculation with the Rp values of 1.0 Å, 

1.5 Å, 2.5 Å and 3.0 Å besides the Rp value of 2.0 Å used in the entire analysis. The results, shown 

in the inset of Fig. 2 clearly confirm the weak dependence of the results on the actual value of Rp 

given that it falls in the size range of the particles. In the following, only the results obtained with 

the Rp value of 2.0 Å are shown.  

 The area distribution of the VP of the surface molecules, P(A), is shown in Figure 3 as 

obtained in all systems simulated. Although the obtained distributions always show one single peak, 

in some cases they can only be fitted well by the sum of two Gaussian functions, whereas fitting 

these data by one single Gaussian leaves some of their features unreproduced. This is illustrated in 

Figure 4, showing the fit of the P(A) data, obtained in the DMSO005 system (corresponding to the 

DMSO mole fraction of about 0.28 in the surface layer, see Table 2), by one single Gaussian as well 

as by the sum of two Gaussian functions. The peak positions of the two individual Gaussian 

functions as well as their relative weights in the fitting function are shown in Figure 5. As is seen, 
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the position of both peaks increases steadily with increasing DMSO concentration, reflecting the 

well visible shift of the P(A) distribution peak. Further, the relative weight of the first peak 

decreases, while that of the second peak increases with increasing DMSO concentration up to the 

DMSO surface mole fraction of about 0.6, above which the first peak vanishes completely and the 

obtained distribution becomes of Gaussian shape.  

 The obtained picture is considerably different from both what was previously seen in the 

bulk liquid phase of DMSO-water mixtures [!53] and what was obtained in systems of 

microheterogeneous structure, such as water-urea [!86] and acetone-methanol [!87] mixtures. Thus, 

in the latter systems the position of the two peaks does not depend on the composition, reflecting 

the fact that the majority of the molecules are surrounded by like neighbours, and hence experience 

neat-like local environment. Although the two components of such mixtures are evidently miscible, 

the thermodynamic driving force behind their miscibility is the entropy gain rather than the 

lowering of the energy [!55], which results in the fact that molecules prefer to be in contact with 

like neighbours. The mixing of DMSO and water, on the other hand, is driven by the energy 

decrease [!52], resulting in the preference of the molecules for being in mixed local environments 

[!53]. In the bulk liquid phase of DMSO-water mixtures, however, the VP volume distribution 

exhibits four distinct peaks, the position of two of which turned out to be composition independent, 

while that of the other two is shifting gradually to higher values with increasing DMSO 

concentration [!53]. The peaks of the first kind correspond to molecules that are in a local 

environment formed by like neighbours, while the peaks that are composition dependent reflect the 

contribution of the molecules that are in a mixed local environment. [!53] As is seen from Fig. 5, at 

the liquid surface only these latter peaks are present, indicating that both molecules prefer to be in a 

mixed lateral environment even at the liquid surface, moreover, this preference is even stronger than 

in the bulk liquid phase. The peak occurring at lower A values reflects the contribution of the water, 

while that at higher areas the contribution of the DMSO molecules, and their gradual shift to higher 

area values with increasing DMSO concentration reflects the increasing fraction of DMSO 

neighbours in these mixed local lateral environments.  

 Similar conclusions can be drawn from the analysis of the acircularity parameter 

distribution, P(), of the VP of the surface molecules (see Figure 6). Thus, the distribution of the 

acircularity parameter can always be reasonably well fitted by one single Gaussian function, and the 

fit cannot be substantially improved by introducing a second Gaussian in the fitting procedure. The 

slight asymmetry of the obtained P() distributions, reflected in the somewhat elongated tail at the 
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large  side of the peak is thus not a sign of the presence of two markedly different local lateral 

environments, instead, it is probably the simple consequence of the fact that the surface layer itself 

is not completely planar, and hence the local environment of the molecules located at surface 

portions of different curvatures are slightly differently distorted when projecting them to the 

macroscopic plane of the interface, YZ. Further, the position of the P() peak does not show 

considerable composition dependence, it is located at the  value of 1.24 at the surface of neat water 

and at  = 1.21 at the surface of neat DMSO. When comparing this result to the asphericity 

parameter distributions observed previously in the bulk liquid phase of DMSO-water mixtures 

[!53], similar conclusions can be drawn then when the P(A) distributions obtained at the liquid 

surface and VP volume distributions obtained in the bulk liquid phase are compared. Namely, in 

bulk DMSO-water mixtures the asphericity parameter distribution resulted in three distinct peaks, 

two of which being characteristic to the two neat-like local environments, while the third one to the 

mixed local environment [!53]. At the liquid surface, on the other hand, only the peak characteristic 

to the mixed local lateral environment can be observed. Finally, it should be noted that this mixed 

local lateral environment results in two markedly different peaks of the P(A) distribution, but only 

in one single peak of the acircularity parameter distribution. The reason of this difference is simply 

that the VP area evidently depends also on the size of its central particle (and, hence, different 

characteristic values correspond to the water and DMSO molecules that are in the same mixed local 

lateral environment), while the acircularity parameter of a VP is size independent, and reflects 

solely the properties of the local environment, irrespectively of the type of its central particle. 

 The picture emerging from these analyses can be further refined by analysing the 

distribution of the radius of the largest circular vacancies located between the molecules at the 

liquid surface, P(R). The obtained distributions, shown in Figure 7, can always be very well fitted 

by one single Gaussian function, as it is illustrated in the inset of Fig. 7 on the example of the 

DMSO020 system. The position of the peak of the P(R) distribution shifts to larger values with 

increasing DMSO concentration (shown by the arrow in Fig. 7), reflecting simply the fact that 

larger voids can exist between the larger DMSO molecules than between water. The Gaussian shape 

of the P(R) distributions corresponding to every compositions indicates again that both molecules 

are rather uniformly distributed at the liquid surface, no large self-associates exist among them. (In 

the presence of such self-associates, the P(R) distribution should also have peaks that are 

characteristic of the neat-like local environments, located at the R values of the P(R) distribution 

peaks of the corresponding neat liquids.) On the other hand, the gradual shift of the peak position 
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from the value characteristic of neat water to that of neat DMSO reflects the increasing fraction of 

DMSO molecules around these voids. 

 All the analyses performed so far have led to results that are consistent with the mixed local 

environment of the molecules. No sign of the existence of neat-like patches at the surface of 

DMSO-water mixtures has been evidenced so far. This finding shows a clear contrast with what 

was seen in the bulk liquid phase of these mixtures, where, besides the dominance of the mixed 

local environment, traces of neat-like water regions were also observed [!53]. To find out whether 

such patches do exist, although in a small extent, even at the liquid surface, or they are indeed 

completely absent here, a very sensitive analysis is the calculation of the P(R) distributions by 

systematically disregarding one of the two components in the analysis [!53]. Thus, when one of the 

two components is disregarded, the area they occupy is transformed to voids, and will contribute to 

the P(R) distribution. 

 The P(R) distributions obtained by taking only the DMSO molecules into account and 

disregarding waters, and by taking only the water molecules into account and disregarding DMSO 

are shown in Figures 8 and 9, respectively. The two sets of P(R) distributions show markedly 

different behaviour, being rather similar to the results obtained in the bulk phase of DMSO-water 

mixtures [!53]. Thus, when only DMSO molecules are taken into account, the obtained P(R) curves 

are always of Gaussian shape, getting broader and their position being shifted to larger R values 

with decreasing DMSO concentration (as indicated by the arrow in Fig. 8). These changes reflect 

the trivial fact that DMSO is gradually diluted: if less DMSO molecules are at the liquid surface the 

voids between them are obviously larger.  

 A somewhat different picture is seen; however, when only water molecules are taken into 

account in the analysis, and DMSO is disregarded. In this case, some of the obtained P(R) 

distributions exhibit two distinct peaks (see Fig. 9), and hence can only be fitted by the sum of two 

Gaussian functions, as it is illustrated in the inset of Figure 10. The peak positions of the two 

individual Gaussians as well as their relative weights in the fitting function are shown in Fig. 10 as 

a function of the DMSO mole fraction in the surface layer. As is seen, the position of the first peak 

is composition independent, it is located at about 2.2 Å, exactly where the peak of the P(R) 

distribution is located at the surface of neat water. This peak reflects the fact that neat water-like 

domains do exist even in the surface layer of water-rich DMSO-water mixtures (as there are circular 

voids that are surrounded by waters), although their fraction rapidly decreases with increasing 

DMSO content, as seen from the sharp drop of its weight in the total fitting function (lower panel of 
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Fig. 10).The second peak, which quickly becomes the dominant feature of the P(R) distribution, and 

remains the only one in DMSO-rich surfaces, shows a considerable position dependence with 

increasing DMSO mole fraction. This peak is clearly the counterpart of the one seen when only 

DMSO molecules are taken into account, and reflects again the same trivial effect of dilution. 

 The differences seen in the P(R) distributions when only DMSO and when only water 

molecules are taken into account in the analysis reflects the different dilution mechanisms of the 

two neat components by the other one [!53] even at the surface of their mixtures. The difference in 

these mechanisms stems from the fact that although both molecules show higher affinity to unlike 

than to like neighbours, this effect is stronger for DMSO than for water [!53]. In other words, 

DMSO likes to be mixed with water more than water likes to be mixed with DMSO. This difference 

is also seen in the composition dependence of the entropy of mixing of the two components, namely 

that upon dilution neat DMSO with water the corresponding entropy change is positive, whereas 

upon diluting neat water with DMSO the entropy of the system decreases [!18,52]. Therefore, in 

water-rich systems small neat water-like microenvironments can still exist, even at the liquid 

surface as patches, and therefore the circular vacancies located inside such patches have about the 

same size than those at the surface of neat water, as seen from the corresponding P(R) distributions. 

On the other hand, no sign of similar patches formed by DMSO molecules are seen at the surface of 

DMSO-rich mixtures, as evidenced by the lack of a composition independent peak of the 

corresponding P(R) distributions. 

 Finally, it should be noted that the obtained P(R) distributions turned out to be rather similar, 

and hence they lead to similar conclusions, than those in the bulk liquid phase of these mixtures, 

apart from one important point. Namely, in the bulk liquid phase the P(R) distributions, obtained 

when only the water molecules are taken into account, consist of a third peak at composition 

independent position [!53]. This peak was interpreted as a direct evidence for the existence of 

strongly hydrogen bonded complexes built up by one DMSO and two water molecules [!53]. The 

existence of such complexes, usually referred to as DMSO·2H2O has been hypothesized in the 

literature for several decades [!20,35,42,45,46,48]. On the other hand, no such peak is observed in 

the corresponding P(R) distributions at the liquid surface, indicating that no such complexes exist 

within the surface layer of DMSO-water mixtures. 
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4. Summary and conclusions 

 

In this paper we have presented a detailed two-dimensional Voronoi analysis of the molecules 

located at the liquid surface of DMSO-water mixtures of different compositions, aiming at 

characterising their local lateral environment within the surface layer. Particular attention has been 

paid to compare the present results with those obtained previously in the bulk liquid phase of these 

mixtures [!53].We have found evidences that the molecules prefer to be in a mixed local 

environment, consisting of both types of molecules, even at the liquid surface, and this preference is 

even stronger here than in the bulk liquid phase. Unlike in the bulk liquid phase, we have not 

observed signs of neat-like patches, in which molecules are surrounded by like neighbours, not even 

in the case of surfaces containing one of the two components in a large excess. On the other hand, 

we have found voids that are located between solely water molecules at water-rich surfaces. This 

finding indicates that the different mechanisms corresponding to the dilution of the two neat liquids, 

already observed in the bulk phase of these mixtures [!53], are valid also at the liquid surface. 

Finally, we have not found any evidence that strongly hydrogen bonded DMSO·2H2O complexes, 

known to exist in the bulk liquid phase, would be present also at the surface of DMSO-water 

mixtures. 
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Tables 

 

Table 1. Interaction parameters of the molecular models used. 

 

molecule interaction site /kJ mol-1 /Å q/e 

 CH3 0.096 3.76   0.160 

DMSO
a
 S 1.399 3.66   0.139 

 O 0.591 2.92 -0.459 

     
 H - -   0.52 

water
b
 O 0.6491 3.154    0.00 

 M
c
 - - -1.04  

a
Ref. [!46]                  

b
Ref. [!76]                 

c
Non-atomic interaction site 

 

 

 

Table 2. Composition (in terms of DMSO mole fraction) of the surface layer and bulk liquid phase, 

and average number of water and DMSO molecules per liquid surface in the different systems 

simulated. 

system bulk 

composition 

surface 

composition 

average number 

of water 

molecules 

average number 

of DMSO 

molecules 

DMSO000 0.000 0.00 233.3 0 

DMSO003 0.018 0.19 138.5 33.2 

DMSO005 0.033 0.28 113.1 43.8 

DMSO010 0.083 0.38 89.3 54.5 

DMSO020 0.185 0.53 61.3 69.5 

DMSO030 0.29 0.62 47.3 77.1 

DMSO040 0.39 0.67 40.0 82.7 

DMSO050 0.49 0.77 26.3 89.7 

DMSO060 0.59 0.84 17.8 95.5 

DMSO085 0.83 0.95 5.1 102.3 

DMSO100 1.00 1.00 0 105.6 
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Figure captions 

 
Figure 1. Equilibrium snapshot showing one of the two surfaces of the DMSO020 system present in 

the basic box, as obtained from the simulation. DMSO and water molecules are shown by green and 

blue colours, respectively. The molecules constituting the surface layer are marked by larger 

spheres. The inset shows the X, Y and Z axes of the basic simulation box. 

 

Figure 2. DMSO mole fraction in the surface layer as a function of that in the bulk liquid phase as 

obtained in the systems simulated (red filled circles). The line connecting the symbols is just a 

guide to the eye. The solid line shows the composition of the bulk liquid phase, for reference. The 

inset shows the composition of the surface layer vs. that of the bulk liquid phase as obtained with 

probe spheres of different size. 

 

Figure 3. Distribution of the area of the VP of the molecules at the surface of DMSO-water 

mixtures of different compositions. The curves corresponding to the DMSO085, DMSO060, 

DMSO050, DMSO040, DMSO030, DMSO020, DMSO010, DMSO005, DMSO003, and 

DMSO000 systems are shifted upwards by 0.025, 0.05, 0.075, 0.1, 0.125, 0.15, 0.175, 0.2, 0.225, 

and 0.25 units, respectively, for clarity.  

 

Figure 4.Fitting the VP area distribution obtained in the DMSO005 system (black filled circles) by 

one single Gaussian function (blue dashed line) and by the sum of two Gaussian functions (red solid 

line). The individual Gaussian functions contributing to the fitting function in the latter case are 

shown by green short dashed lines. 

 

Figure 5. Composition dependence of the peak positions of the individual Gaussian functions used 

in the two-Gaussian fit of the VP area distributions (top panel), and the relative weights of these 

individual Gaussians in the fitting function (bottom panel). The lines connecting the symbols are 

just guides to the eye. 
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Figure 6. Distribution of the acircularity parameter of the VP of the molecules at the surface of 

DMSO-water mixtures of different compositions. The curves corresponding to the DMSO085, 

DMSO060, DMSO050, DMSO040, DMSO030, DMSO020, DMSO010, DMSO005, DMSO003, 

and DMSO000 systems are shifted upwards by 0.025, 0.05, 0.075, 0.1, 0.125, 0.15, 0.175, 0.2, 

0.225, and 0.25 units, respectively, for clarity. The arrow indicates the slight shift of the distribution 

peak to smaller values with increasing DMSO concentration. 

 

Figure 7. Distribution of the radius of the circular voids located between the molecules at the 

surface of DMSO-water mixtures of different compositions. The curves corresponding to the 

DMSO085, DMSO060, DMSO050, DMSO040, DMSO030, DMSO020, DMSO010, DMSO005, 

DMSO003, and DMSO000 systems are shifted upwards by 0.025, 0.05, 0.075, 0.1, 0.125, 0.15, 

0.175, 0.2, 0.225, and 0.25 units, respectively, for clarity. The arrow indicates the shift of the 

distribution peak to larger values with increasing DMSO concentration. The inset shows the 

Gaussian fit (red solid line) of the data obtained in the DMSO020 system (open circles).  

 

Figure 8. Distribution of the radius of the circular voids located between the molecules at the 

surface of DMSO-water mixtures of different compositions, obtained when only DMSO molecules 

are taken into account in the analysis. The curves corresponding to the DMSO085, DMSO060, 

DMSO050, DMSO040, DMSO030, DMSO020, DMSO010, DMSO005, and DMSO003 systems 

are shifted upwards by 0.075, 0.15, 0.225, 0.3, 0.375, 0.45, 0.525, 0.6, and 0.675 units, respectively, 

for clarity. The arrow indicates the shift of the distribution peak to larger values with decreasing 

DMSO concentration. 

 

Figure 9. Distribution of the radius of the circular voids located between the molecules at the 

surface of DMSO-water mixtures of different compositions, obtained when only water molecules 

are taken into account in the analysis. The curves corresponding to the DMSO060, DMSO050, 

DMSO040, DMSO030, DMSO020, DMSO010, DMSO005, DMSO003, and DMSO000 systems 

are shifted upwards by 0.075, 0.15, 0.225, 0.3, 0.375, 0.45, 0.525, 0.6, and 0.675 units, respectively, 

for clarity.  
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Figure 10. Composition dependence of the peak positions of the individual Gaussian functions used 

in the two-Gaussian fit of the circular void radius distribution, obtained when only water molecules 

are taken into account in the analysis (top panel), and the relative weights of these individual 

Gaussians in the fitting function (bottom panel). The lines connecting the symbols are just guides to 

the eye. The inset shows the fit of the data obtained in the DMSO005 system (filled circles) by the 

sum of two Gaussian functions (red solid line). The individual Gaussian functions contributing to 

the fitting function are also shown (green dashed lines). 
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