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Widom Lines in Binary Mixtures of 
Supercritical Fluids
Muralikrishna Raju  , Daniel T. Banuti, Peter C. Ma & Matthias Ihme

Recent experiments on pure fluids have identified distinct liquid-like and gas-like regimes even under 
supercritical conditions. The supercritical liquid-gas transition is marked by maxima in response 
functions that define a line emanating from the critical point, referred to as Widom line. However, the 
structure of analogous state transitions in mixtures of supercritical fluids has not been determined, and 
it is not clear whether a Widom line can be identified for binary mixtures. Here, we present first evidence 
for the existence of multiple Widom lines in binary mixtures from molecular dynamics simulations. 
By considering mixtures of noble gases, we show that, depending on the phase behavior, mixtures 
transition from a liquid-like to a gas-like regime via distinctly different pathways, leading to phase 
relationships of surprising complexity and variety. Specifically, we show that miscible binary mixtures 
have behavior analogous to a pure fluid and the supercritical state space is characterized by a single 
liquid-gas transition. In contrast, immiscible binary mixture undergo a phase separation in which the 
clusters transition separately at different temperatures, resulting in multiple distinct Widom lines. The 
presence of this unique transition behavior emphasizes the complexity of the supercritical state to be 
expected in high-order mixtures of practical relevance.

Supercritical fluids represent an intriguing state of matter, simultaneously exhibiting properties of liquids and 
gases. The supercritical region is commonly defined as a single-fluid phase beyond the critical point where there 
exists no physical observable that distinguishes a liquid from a gas. They occur in nature and are considered 
critical for the origin of life in submarine hydrothermal vents1, the discovery of alien life2 and the understanding 
of atmospheric structures on giant planets3. In addition, supercritical fluids have practical relevance in industrial 
applications to cleaning, separation and extraction due to their high density, solubility and transport proper-
ties. The utilization of supercritical fluids ranges from carbon capture and storage, biotechnology and food pro-
cessing4–7 to applications in propulsion systems8 pertaining to liquid rocket motors, high-pressure gas turbines, 
and internal combustion engines. Over the past decade, significant progress has been made on the fundamen-
tal understanding of properties of supercritical fluids9–13. This progress can be largely attributed to advances in 
experimental methods14, 15 and broad commercial use of supercritical technologies. Despite this, important ques-
tions concerning the physical micro- and macroscopic behavior of supercritical fluids remain open.

A particular research direction that is leading to new and unexpected insight is the structure of the super-
critical state space. The coexistence line of a pure fluid separates liquids from gases; it ends at the critical point 
beyond which no phase equilibrium is possible. It is widely believed that the supercritical state is homogene-
ous with no structural and dynamic observable to distinguish between a liquid and a vapor. However, recent 
experiments have identified regions of distinct liquid or gaseous properties even under supercritical condi-
tions10, 16. The supercritical liquid-gas transition occurs across an extension to the coexistence line, marked by 
almost discontinuous changes in fluid properties. This line was first identified experimentally by Nishikawa 
and Tanaka17 and stands in contrast to the classical presentation of the supercritical state space as a featureless, 
homogeneous domain. Several concepts are discussed in the literature concerning the demarcation between 
liquid-like and gas-like supercritical states10, 16, 17. Sciortino et al.18 introduced the definition of a Widom line 
as the set of states with a maximum correlation length of the fluid10, 19, but is often approximated as locus of 
maximum thermodynamic response functions, as they can be more readily evaluated from thermodynamic 
quantities. In pure fluids, the maxima of different response functions can be located far from each other20, 21. In 
particular, the specific isobaric heat capacity is a common choice22–26. Several researchers suggested that cross-
ing this line is a phase-change-like process, albeit continuous18, 24, 27. An alternative supercritical transition was 
proposed by Fisher and Widom28, determined by a transition of the pair-correlation function from an oscilla-
tory to a monotonous behavior, and by Brazhkin et al.29, characterized by the crossover from an oscillating to a 
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monotonically decaying velocity autocorrelation function30. Widom lines have also been observed in magnetic 
phase transitions31 as well as in miscible isotopic mixtures30. Previous studies show that impurities shift the 
location of the Widom line in supercritical CO2

32 and H2O33.
The Widom line is commonly associated with the thermodynamic transition of a pure fluid, and has been 

studied for a number of single species, such as CO2
17, 32, 34–36, O2

16, Ar10, 29, and H2O37, 38. However, most practical 
applications, such as carbon capture or supercritical fluid injection, require the consideration of mixtures of 
multiple species. As such, there is a fundamental knowledge gap in extending the description of thermodynamic 
transition states to multicomponent systems. The existence and the range of persistence of the Widom line is of 
great technological value for fluid mixtures, as it can indicate the pressure and temperature range over which the 
desired properties can be enhanced. Given the drastic changes in fluid properties across the Widom line, this is 
immediately relevant for all supercritical systems, and it is of direct importance for developing a new fundamental 
understanding of the supercritical state space of multicomponent mixtures.

The present paper addresses this issue using molecular dynamics (MD) simulations of binary mixtures as 
prototypical examples of multicomponent systems. These atomistic-scale investigations contribute significantly to 
understanding the supercritical state space of mixtures and extract physical details that are not accessible experi-
mentally. It is important to note that even binary mixtures may exhibit very complex mixing behavior39, 40. A first 
theoretical classification of the different mixing phenomena was given by van Konynenburg and Scott41. Based on 
the projection of the critical curves on the p-T state space and using the van-der-Waals equation of state (EOS), 
they classified the phase behavior for binary mixtures into six types. Type-I mixtures have a continuous gas-liquid 
critical line connecting the critical points of the pure components and exhibit complete miscibility of the liquid 
phases at all temperatures. Usual conditions under which a binary mixture exhibits type-I behavior are that both 
substances are of similar chemical types and/or their critical properties are comparable in magnitude. Examples 
are mixtures of argon/krypton, methane/ethane, nitrogen/methane, alkane/alkene or carbon dioxide/methane. 
Type-II and VI mixtures additionally exhibit liquid-liquid immiscibility at temperatures below the gas-liquid crit-
ical line. Type-III mixtures arise in binary mixtures where the region of liquid-liquid immiscibility extends to the 
gas-liquid critical line making it discontinuous. The disparity in intermolecular forces are particularly significant 
for the two constituents in this class. Mixtures of neon/krypton, nitrogen/hydrocarbons, water/hydrocarbons or 
hydrogen/oxygen are typical examples for this phase behavior. Type-IV and V mixtures are characterized by dis-
continuous gas-liquid critical curves39. Type-I and III mixtures can be considered as the two extremes among the 
various classes. For instance, in studies of polar/nonpolar mixtures, as the dipole moment of the polar constituent 
is increased, the mixture transforms from type-I to type-II and then to type-III, with types IV and V appearing as 
intermediate stages, depending on the size and interaction energies of the molecules.

Motivated by their significantly different phase behavior and technological relevance, we investigate binary 
type-I and III mixtures by considering Ar/Kr and Ne/Kr as respective representative configurations. Interestingly, 
we discover that thermodynamic transition lines exist in mixtures and – depending on their behavior – the 
mixtures can exhibit one or multiple Widom lines. We find that current numerical models employing various 
state equations show significant deficiencies in capturing this observed nonlinear thermodynamic behavior. The 
MD-simulations in this study were performed using a recently developed ReaxFF reactive force field42. We chose 
the ReaxFF force field because it gives the critical states of Ne, Ar and Kr in good agreement with experimen-
tal values. The values of the critical points (TC, pC) from ReaxFF/experiments for Ne, Ar and Kr are (44.4 K, 
26.15 atm)/(44.4 K, 27.32 atm), (146.1 K, 47.07 atm)/(150.72 K, 48.63 atm) and (204.69 K, 56.64 atm)/(209.48 K, 
55.25 atm), respectively. The development and validation of the force field is provided as supplementary material.

Results
Ar/Kr binary mixture. To examine the supercritical state behavior of mixtures with type-I phase behavior, 
we perform MD-simulations of an equimolar binary Ar/Kr system43. Ar and Kr are chemically similar and have 
comparable critical points. The MD-simulations were performed at temperatures between T = 115 K and T = 275 K, 
at increments of 5 K, and for various pressures between p = 65 atm and p = 140 atm. We found that a temperature 
interval of 5 K is sufficient to illustrate energetic and structural differences between the liquid-gas phase transition at 
sub- and supercritical pressures. The simulated isobars cross the liquid and supercritical regions at pressures above 
the critical pressures, pC, of both mixture components, Ar (48.63 atm) and Kr (55.25 atm).

Thermodynamic properties in the supercritical region. Figure 1(a) shows isobars of enthalpy, H, and density, ρ, for 
the Ar/Kr mixture. The variation of enthalpy and density with temperature shows a phase transition that occurs 
over an extended temperature range and is devoid of discontinuous jumps.

To determine the location of the Widom line, we determine the maxima of three thermodynamic response 
functions, namely the constant-pressure heat capacity, the expansion coefficient, and the isothermal compressi-
bility, respectively:
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The computed behavior of Cp as a function of temperature for different pressures is shown in Fig. 1(b). Despite 
the fact that the pressure exceeds pC of the individual components, the peak of the heat capacity is well defined 
for pressures far greater than the liquid-vapor critical points (LVCPs). This peak decays with increasing pressure 
as expected from the theoretical understanding of the Widom line and can be observed even up to a value of 
approximately 3pC of Kr. This persistence of a well-defined maximum at pressures far above the LVCPs is also 
observed for αp and κT (not shown). The location for the maxima of Cp, αp and κT in the projected p-T state plane 
are illustrated in Fig. 2(a). For reference, coexistence lines and Widom lines for the pure species of Ar and Kr from 
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the NIST-database (http://webbook.nist.gov/chemistry/fluid) are shown in blue and red, respectively, and purple 
lines with symbols correspond to computational results from isobaric MD calculations. We also included results 
from the Peng-Robinson (PR) state equation and vapor-liquid equilibrium computations to infer the Widom line 
and gas-liquid critical curve, respectively, in order to facilitate comparisons with commonly employed macro-
scopic model approaches.

Transport properties in the supercritical region. We now consider the dynamic properties in the supercritical 
region. The self-diffusion coefficients of Ar and Kr, DAr and DKr, in the binary mixture are calculated from the 
MD-simulations as shown in Fig. 1(c). At conditions near the critical pressure, the curves show a drastic change 
of slope close to the phase transition. We can observe that changes in slope of DAr and DKr coincide, indicating 
that Ar and Kr undergo a simultaneous and continuous transition from a liquid-like to a gas-like phase. At higher 
pressures the curves progressively become linear, which is also observed in the behavior of enthalpy and density 
(cf. Fig. 1(a)).

At conditions close to the critical pressure, it is possible to distinguish between liquid-like and gas-like phases by 
fitting the diffusion coefficient to the Arrhenius formula44, = −D D E k Texp{ /( )}A B0 , where EA is the activation 
energy and kB is the Boltzmann constant. Activated processes with different activation energies determine the diffu-
sion in the liquid-like and gas-like regions. For the simulated pressures a good fit for diffusion is realized by using 
different values for EA in the liquid-like (low T) and gas-like (high T) regions. From the behavior of the self-diffusion 
coefficients for Ar and Kr, we evaluate the location of the Widom line as the point at which the curvature changes. To 
precisely locate the inflection point we calculate the numerical derivatives of the diffusion curves.

Figure 2(a) shows the locus of the Widom line in the projected p-T state-diagram obtained from maxima of 
Cp, αp, and κT and the diffusion crossover point (DCP) as obtained from isobaric MD simulations. We note that 
the loci of the response functions coincide perfectly up to a pressure of 80 atm, which is approximately 25 atm 
above the critical pressure of the least volatile component in this mixture. Above this condition, the loci for Cp 

Figure 1. Thermophysical properties and response functions for equimolar Ar/Kr mixture with type-I phase 
behavior, showing supercritical isobars of (a) enthalpy H and density ρ, (b) isobaric heat capacity Cp and (c) 
diffusion coefficients (DAr and DKr) as functions of temperature.

http://webbook.nist.gov/chemistry/fluid
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and αp continue to coincide, while those for κT and DCP deviate concurrently. For comparison, we also plot the 
maxima of Cp obtained from the Peng-Robinson equation of state using mixing rules (see Supplementary mate-
rial). The LVCP and Widom line predicted by the PR-EOS are shifted slightly to higher temperatures. Excluding 
this slight difference in temperatures, results from the macroscopic state relation and MD-simulations exhibit 
remarkably similar variation with pressure. This in turn suggests that the PR-EOS can describe supercritical mix-
tures that are representative of type-I phase behavior.

Interestingly, we note that the supercritical p-T state space of this binary Ar/Kr mixture exhibits similar behav-
ior to that of a single component fluid (see Supplementary material). Both the Ar/Kr mixture and pure Ar exhibit 
a single set of Widom lines that emanate from the LVCP. We investigate the structure of the Ar/Kr mixture to 
understand the similarity to the pure-fluid behavior. The MD-snapshots at temperatures below, during and after 
the phase-transition at 65 atm are shown in Fig. 2(b). From this, it can be observed that the mixture is homoge-
neous and devoid of any phase separations. The corresponding Ar/Ar and Kr/Kr radial distribution functions 
(RDF) are shown in Fig. 2(c) and we immediately observe that Ar and Kr have perfectly similar RDFs across 
the phase transition. The MD-snapshots and similarity of the Ar/Ar and Kr/Kr RDFs suggest that the mixture is 
homogeneous and that Ar and Kr transform simultaneously from a liquid-like to a gas-like phase. This is also in 
agreement with the concurrent change in slope of DAr and DKr in Fig. 1(c). Thus, the homogeneity and miscibility 
of the mixture gives rise to the pure fluid-like behavior of Ar/Kr mixtures.

Figure 2. Supercritical state space and molecular structure of equimolar Ar/Kr mixture with type-I phase 
behavior, showing (a) projected p-T state plane with locations of the maxima of Cp, αp, κT and diffusion 
coefficient crossovers as obtained from isobaric MD-simulations; (b) MD-snapshots of molecular structure 
and (c) radial distribution function at a supercritical pressure of 65 atm and three different temperatures (160 K, 
180 K, and 230 K; from left to right).
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Ne/Kr binary mixture. Next, we examine a Ne/Kr mixture, which exhibits type-III phase behavior45. 
Because of the difference in critical properties between both components, these mixtures are classified by the 
absence of a continuous gas-liquid critical curve and liquid-liquid immiscibility. To examine the phase transition 
and the Widom line, MD-simulations of an equimolar mixture were performed at temperatures between T = 25 K 
and T = 275 K in increments of 5 K and for pressures between p = 35 atm and p = 140 atm.

Thermodynamic properties in the supercritical region. Isobars of enthalpy, heat capacity, and diffusivities as a 
continuous function of temperature and for different pressures are shown in Fig. 3. Interestingly, a drastically 
different phase-transition behavior is observed for this type-III Nr/Kr mixture as compared to the type-I Ar/Kr 
mixture. In particular, it can be seen from Fig. 3(a) that the isobars of enthalpy and density show the presence of 
two distinct phase transitions at approximately 50 K and 130 K. The presence of two transitions is also evident by 
the behavior of Cp, exhibiting two separate peaks as shown in Fig. 3(b). The magnitude of the Cp peaks decreases 
with increasing pressure and persists even up to pressures above 140 atm. The observation of two phase transi-
tions in the Ne/Kr mixture indicates the occurrence of Widom lines at two distinct locations in the projected p-T 
state diagram, thereby demonstrating the separated phase transition of each component for this type-III mixture.

Transport properties in the supercritical region. In Fig. 3(c), we report the diffusion coefficients of Ne and Kr as 
calculated from the MD-trajectories. We can observe that changes in DNe and DKr initiate at different tempera-
tures, providing further evidence that Ne and Kr transition separately from a liquid-like to a gas-like regime. This 
is consistent with the behavior of enthalpy and density. Thus, analysis of both thermodynamic properties and 
dynamic behavior of the Ne/Kr mixture confirms the presence of two distinct phase transitions, resulting in two 
sets of Widom lines. This is a new and unexpected behavior in the supercritical state space, where we observe 

Figure 3. Thermophysical properties and response functions for equimolar Ne/Kr mixture with type-III 
phase behavior, showing (a) supercritical isobars of enthalpy H and density ρ, (b) isobaric heat capacity Cp as a 
function of temperature, and (c) diffusion coefficients (DNe and DKr) as obtained along the simulated isobars.



www.nature.com/scientificreports/

6Scientific RepoRts | 7: 3027  | DOI:10.1038/s41598-017-03334-3

two consecutive changes in fluid properties, otherwise unobserved in pure fluids and binary Ar/Kr mixtures with 
type-I phase behavior.

We now evaluate the loci of the two distinct Widom lines in the projected p-T state-diagram, as obtained 
from Cp maxima and DCP evaluated along isobars. These results are presented in Fig. 4(a), showing that the 
Ne/Kr mixture exhibits a completely different phase transition behavior as compared to the Ar/Kr mixture (cf. 
Fig. 2). It is important to appreciate that the two distinct phase transitions in this mixture are not identical to the 
Widom lines of either pure Ne or pure Kr. This shows that even though the mixture components are immisci-
ble, their interactions at the phase boundaries affect the transition point of the mixture. The two distinct phase 
transitions, as indicated by the thermodynamic and dynamic markers, give rise to two sets of Widom lines in the 
state diagram, originating at circa 50 K and 130 K. Around 50 K, the Cp and DCP lines coincide perfectly up to the 
highest simulated pressure of 140 atm. Around 130 K, the Widom lines coincide up to 100 atm and then begin to 
deviate. In comparison, the Cp maxima obtained from PR-EOS predict only a single Widom line for the Ne/Kr 
mixture at T ~ 140 K. Although the Peng-Robinson state equation (gray dashed line in Fig. 4(a)) predicts a Widom 
line whose location is in qualitative agreement with the Widom line given by the MD-simulation at T ~ 135 K, a 
detailed analysis showed that the structure of the Cp profile is not captured. Furthermore, the cubic state equation 
completely misses the Widom line at T ~ 50 K. This suggests the need for developing new models for the ther-
modynamic description of immiscible mixtures that are characterized by type-III behavior. This is relevant for 
several technical applications, involving mixtures that contain components with well separated critical points.

Figure 4. Supercritical state space and molecular structure of equimolar Ne/Kr mixture with type-III phase 
behavior, showing (a) projected p-T state plane with locations of the maxima of Cp, αp, κT and diffusion 
coefficient crossovers as obtained from isobaric MD-simulations; (b) MD-snapshots of molecular structure 
and (c) radial distribution function at a supercritical pressure of 65 atm and three different temperatures (30 K, 
140 K, and 200 K; from left to right).
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MD-snapshots (Fig. 4(b)) and structural analysis (Fig. 4(c)) provide further insight into the origin of the 
two distinct phase transitions of the Ne/Kr mixture. Specifically, the MD-snapshots show that the mixture is 
not homogeneous: the components phase-separate and form isolated clusters of pure Ne or pure Kr. Radial dis-
tribution functions for Ne/Ne and Kr/Kr, respectively, at various temperatures along the isobar at 65 atm show 
that Ne transitions to a gas-like regime at an appreciably lower temperature than Kr. The individual components 
phase-separate in two distinct steps: (i) Ne transitions to a gas-like regime at T ~ 50 K, followed by (ii) Kr clusters, 
which transition to a gas-like regime at T ~ 120 K, with the exact transition temperature varying with pressure. 
The structural analysis reveals that the immiscibility of Ne and Kr gives rise to two distinct phase transitions 
and thereby two Widom lines. The mixture becomes homogeneous at higher temperatures after both Ne and Kr 
transition to a gas-like regime.

We note that the attractive interactions of Ne/Ne are weaker than Kr/Kr. As a result, changes in fluid proper-
ties associated with the phase transition of Ne to a gas-like regime at T ~ 50 K are smaller in magnitude compared 
to the phase transition at T ~ 130 K involving Kr. This is, for instance, evident in the smaller Cp peak correspond-
ing to the phase transition of Ne. To further demonstrate the significance of these distinct phase transitions, we 
extend this analysis by creating a model noble-gas mixture in which the two individual components have strong 
self-interactions. We label the two atoms as Ne′ and Ar′, since their force field parameters were developed from 
regular Ne and Ar parameters by making their self-interactions more attractive. In this model system, Ne′ and Ar′ 
have critical points (30.1 K, 41.35 atm) and (269.1 K, 111.52 atm), respectively. The force field parameters are pro-
vided as supplementary material. Results from this analysis are discussed in the next section. In this context it is 
important to note that mixtures transform from type-I to type-III phase behavior with increasing dipole moment 
of the polar constituent in polar/non-polar mixtures.

Figure 5. Thermophysical properties and response functions for equimolar Ne′/Ar′ mixture with strong self-
interaction, showing (a) supercritical isobars of enthalpy H and density ρ, (b) isobaric heat capacity Cp as a 
function of temperature, and (c) diffusion coefficients (DNe′ and DKr′) as obtained along the simulated isobars.
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Model noble gas mixture with strong self-interaction. To further delineate the two distinct phase 
transitions and highlight the importance of self-interaction energies, we perform MD-simulations of the binary 
model system Ne′/Ar′. The isobars of enthalpy and density for this system are shown in Fig. 5(a), from which 
we can observe two distinct phase transitions. The presence of these pronounced phase transitions can also be 
expected in realistic fluid mixtures where the intermolecular interactions are not just van-der-Waals forces as in 
the noble-gas mixtures considered here. The behavior of the heat capacity and the diffusivity of the model sys-
tem also shows the presence of two distinct phase transitions (cf. Fig. 5(b,c), respectively). We can immediately 
observe that the first peak in Cp at low temperatures is significantly more pronounced compared to that of the 
Ne/Kr system. The analysis of the expansion coefficient (not presented) showed that both peaks have comparable 
magnitudes, indicating two successive and drastic changes in volume. Furthermore, the inflection points in the 
diffusivity of the two atoms show an appreciable temperature separation. These distinct changes in thermody-
namics and dynamic properties at two separate locations in the projected p-T state space can be critical for further 
development and deployment of supercritical mixtures.

Figure 6(a) shows two sets of Widom lines observed in the model Ne′/Ar′ mixture as obtained from isobaric 
MD simulations. The Widom lines are anchored at T ~ 65 K and T ~ 175 K. As observed in the Ne/Kr-mixture, the Cp 
and DCP loci coincide at lower pressures and deviate with increasing pressure. The MD-snapshots and correspond-
ing RDFs of the model mixture at 30 K, 100 K and 235 K are shown in Fig. 6(b,c), respectively. The model mixture 

Figure 6. Supercritical state space and molecular structure of equimolar Ne′/Ar′ mixture with strong self-
interaction, showing (a) projected p-T state plane with locations of the maxima of Cp, αp, κT and diffusion 
coefficient crossovers as obtained from isobaric MD-simulations; (b) MD-snapshots of molecular structure 
and (c) radial distribution function at a supercritical pressure of 120 atm and three different temperatures (30 K, 
100 K, and 235 K; from left to right).
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exhibits a phase-transition behavior similar to the Ne/Kr mixture. The individual components phase-separate and 
transition separately from a liquid-like to a gas-like state. We can observe that at 100 K, Ne′ has transitioned to a 
gas-like state while the RDF for Ar′ indicates clustering with a liquid-like behavior. After Ar′ transitions to a gas-like 
state, the mixture becomes homogeneous. This implies that the phase transition occurs in two separate steps, result-
ing in two sets of Widom lines akin to the binary Ne/Kr mixture. Owing to the strong self-interaction, both phase 
transitions are clearly visible in the behavior of the thermodynamic and dynamic markers.

Discussion
We examine the thermodynamic and dynamic properties of binary Ar/Kr and Ne/Kr mixtures in the supercritical 
region using MD-simulations. For the first time, we demonstrate that binary mixtures undergo drastic changes in 
fluid properties even up to pressures in excess of 3pC of the more volatile component. However, with increasing 
pressure, the transition from a liquid-like to a gas-like state becomes progressively continuous with smoother 
changes in the fluid properties, thereby approaching a “true” supercritical phase. Our simulations suggest that 
technical applications in this operating range have to recognize and adequately represent these changes in fluid 
properties.

To extract the trajectories of the Widom lines in the projected p-T state space, we evaluate the maxima of 
Cp, αp and κT in the region above the critical points of the individual mixture components. Depending on the 
phase behavior of the binary mixture, we observe one or two sets of Widom lines. In particular, the homogene-
ous Ar/Kr binary mixture with miscible type-I mixing behavior exhibits a single set of Widom lines, having a 
phase-transition behavior similar to a pure fluid. This behavior can be expected in mixtures, where the individual 
molecules have comparable critical points. In contrast, the binary Ne/Kr mixture, exhibiting immiscible type-III 
behavior, shows separate phase transitions, giving rise to two Widom lines that are distinctly different from those 
of each pure component. While previous investigations exclusively focused on the analysis of pure mixtures, the 
present investigation reveals a new and unexpected behavior with immediate relevance to fundamental under-
standing and technical applications. For instance, this behavior can be important for describing fuel-injection 
systems at transcritical conditions, where the critical point of the hydrocarbon fuel is well separated from the 
oxidizer.

Results from this investigation expand upon our understanding of the supercritical state space from recent 
experimental9, 10 and theoretical studies3, 44 of pure fluids to binary mixtures. The supercritical region in mixtures 
can therefore no longer be considered as an indistinguishable homogeneous fluid phase, but rather as a complex 
state space where components transition from a liquid-like to a gas-like state either simultaneously or separately, 
giving rise to a multifeatured state space. In addition, we show that current numerical models employed in mac-
roscopic simulations fail to adequately capture phase transitions of immiscible mixtures, emphasizing the need 
for formulating new models to describe supercritical fluid mixtures accurately.

Motivated by these theoretical findings, experimental investigations are warranted to substantiate these results 
and extend the study to mixtures containing molecules that exhibit more complex intermolecular interactions, 
such as H2O, CO2 and hydrocarbons. Concerning experimental evidence, recent reports on Widom lines in pure 
fluid phases9, 10 are encouraging.

References
 1. Martin, W., Baross, J., Kelley, D. & Russell, M. J. Hydrothermal vents and the origin of life. Nature Reviews Microbiology 6, 805–814 (2008).
 2. Thiel, C. S. et al. Functional activity of plasmid DNA after entry into the atmosphere of earth investigated by a new biomarker 

stability assay for ballistic spaceflight experiments. PLoS One 9, 1–24 (2014).
 3. Bolmatov, D., Brazhkin, V. V. & Trachenko, K. Thermodynamic behaviour of supercritical matter. Nature Communications 4, 1–7 

(2013).
 4. Brunner, G. Applications of supercritical fluids. Annual Review of Chemical and Biomolecular Engineering 1, 321–342 (2010).
 5. Akiya, N. & Savage, P. E. Roles of water for chemical reactions in high-temperature water. Chemical Reviews 102, 2725–2750 (2002).
 6. Huelsman, C. M. & Savage, P. E. Reaction pathways and kinetic modeling for phenol gasification in supercritical water. Journal of 

Supercritical Fluids 81, 200–209 (2013).
 7. Savage, P. E. Organic chemical reactions in supercritical water. Chemical Reviews 99, 603–621 (1999).
 8. Bellan, J. Supercritical (and subcritical) fluid behavior and modeling: drops, streams, shear and mixing layers, jets and sprays. 

Progress in Energy and Combustion Science 26, 329–366 (2000).
 9. Gorelli, F. A. et al. Dynamics and thermodynamics beyond the critical point. Scientific Reports 3, 1203 (2013).
 10. Simeoni, G. G. et al. The Widom line as the crossover between liquid-like and gas-like behaviour in supercritical fluids. Nature 

Physics 6, 503–507 (2010).
 11. Berthier, L. et al. Direct experimental evidence of a growing length scale accompanying the glass transition. Science 310, 1797–1800 (2005).
 12. Salmon, P. S., Martin, R. A., Mason, P. E. & Cuello, G. J. Topological versus chemical ordering in network glasses at intermediate and 

extended length scales. Nature 435, 75–78 (2005).
 13. Fradin, C. et al. Reduction in the surface energy of liquid interfaces at short length scales. Nature 403, 871–874 (2000).
 14. Whitesides, G. M. The origins and the future of microfluidics. Nature 442, 368–373 (2006).
 15. McMillan, P. F. & Stanley, H. E. Fluid phases going supercritical. Nature Physics 6, 479–480 (2010).
 16. Gorelli, F., Santoro, M., Scopigno, T., Krisch, M. & Ruocco, G. Liquidlike behavior of supercritical fluids. Physical Review Letters 97, 

245702 (2006).
 17. Nishikawa, K. & Tanaka, I. Correlation lengths and density fluctuations in supercritical states of carbon dioxide. Chemical Physics 

Letters 244, 149–152 (1995).
 18. Sciortino, F., Poole, P. H., Essmann, U. & Stanley, H. E. Line of compressibility maxima in the phase diagram of supercooled water. 

Physical Review E 55, 727–737 (1997).
 19. May, H.-O. & Mausbach, P. Riemannian geometry study of vapor-liquid phase equilibria and supercritical behavior of the Lennard-

Jones fluid. Physical Review E 85, 031201 (2012).
 20. Brazhkin, V. V., Fomin, Y. D., Lyapin, A. G., Ryzhov, V. N. & Tsiok, E. N. Widom line for the liquid-gas transition in Lennard-Jones 

system. The Journal of Physical Chemistry B 115, 14112–14115 (2011).
 21. Brazhkin, V. V., Fomin, Y. D., Ryzhov, V. N., Tareyeva, E. E. & Tsiok, E. N. True Widom line for a square-well system. Physical Review 

E 89, 042136 (2014).



www.nature.com/scientificreports/

1 0Scientific RepoRts | 7: 3027  | DOI:10.1038/s41598-017-03334-3

 22. Liu, L., Chen, S.-H., Faraone, A., Yen, C.-W. & Mou, C.-Y. Pressure dependence of fragile-to-strong transition and a possible second 
critical point in supercooled confined water. Physical Review Letters 95, 117802 (2005).

 23. Xu, L. et al. Relation between the Widom line and the dynamic crossover in systems with a liquid-liquid phase transition. Proceedings 
of the National Academy of Sciences of the United States of America 102, 16558–16562 (2005).

 24. Santoro, M. & Gorelli, F. A. Structural changes in supercritical fluids at high pressures. Physical Review B 77, 212103 (2008).
 25. Banuti, D. T. Crossing the Widom-line – Supercritical pseudo-boiling. Journal of Supercritical Fluids 98, 12–16 (2015).
 26. Ruppeiner, G., Sahay, A., Sarkar, T. & Sengupta, G. Thermodynamic geometry, phase transitions, and the Widom line. Physical 

Review E 86, 052103 (2012).
 27. Morita, T., Nishikawa, K., Takematsu, M., Iida, H. & Furutaka, S. Structure study of supercritical CO2 near higher-order phase 

transition line by X-ray diffraction. The Journal of Physical Chemistry B 101, 7158–7162 (1997).
 28. Fisher, M. E. & Widom, B. Decay of correlations in linear systems. The Journal of Chemical Physics 50, 3756–3772 (1969).
 29. Brazhkin, V. V., Fomin, Y. D., Lyapin, A. G., Ryzhov, V. N. & Trachenko, K. Two liquid states of matter: A dynamic line on a phase 

diagram. Physical Review E 85, 031203 (2012).
 30. Fomin, Y. D., Ryzhov, V. N., Tsiok, E. N., Brazhkin, V. V. & Trachenko, K. The Frenkel line and isotope effect. Physica A: Statistical 

Mechanics and its Applications 444, 890–896 (2016).
 31. Dey, A., Roy, P. & Sarkar, T. Information geometry, phase transitions, and the Widom line: Magnetic and liquid systems. Physica A: 

Statistical Mechanics and its Applications 392, 6341–6352 (2013).
 32. Imre, A. R., Ramboz, C., Deiters, U. K. & Kraska, T. Anomalous fluid properties of carbon dioxide in the supercritical region: 

Application to geological CO2 storage and related hazards. Environmental Earth Sciences 73, 4373–4384 (2015).
 33. Imre, A. R. et al. The effect of low-concentration inorganic materials on the behaviour of supercritical water. Nuclear Engineering and 

Design 241, 296–300 (2011).
 34. Bolmatov, D., Zav’yalov, D., Gao, M. & Zhernenkov, M. Structural evolution of supercritical CO2 across the Frenkel line. The Journal 

of Physical Chemistry Letters 5, 2785–2790 (2014).
 35. Sato, T. et al. Structural difference between liquidlike and gaslike phases in supercritical fluid. Physical Review E 78, 051503 (2008).
 36. Fomin, Y. D., Ryzhov, V. N., Tsiok, E. N. & Brazhkin, V. V. Thermodynamic properties of supercritical carbon dioxide: Widom and 

Frenkel lines. Physical Review E 91, 022111 (2015).
 37. Nishikawa, K., Arai, A. A. & Morita, T. Density fluctuation of supercritical fluids obtained from small-angle X-ray scattering 

experiment and thermodynamic calculation. The Journal of Supercritical Fluids 30, 249–257 (2004).
 38. Imre, A. R., Deiters, U. K., Kraska, T. & Tiselj, I. The pseudocritical regions for supercritical water. Nuclear Engineering and Design 

252, 179–183 (2012).
 39. Rowlinson, J. S. & Swinton, F. L. Liquids and Liquid Mixtures. Butterworths Monographs in Chemistry, 3rd edn. (Butterworth-

Heinemann, 1982).
 40. Deiters, U. K. & Kraska, T. High-Pressure Fluid Phase Equilibria: Phenomenology and Computation, vol. 2 of Supercritical Fluid 

Science and Technology (Elsevier, 2012).
 41. van Konynenburg, P. H. & Scott, R. L. Critical lines and phase equilibria in binary van der Waals mixtures. Philosophical Transactions 

of the Royal Society of London A: Mathematical, Physical and Engineering Sciences 298, 495–540 (1980).
 42. van Duin, A. C. T., Dasgupta, S., Lorant, F. & Goddard, W. A. ReaxFF: A reactive force field for hydrocarbons. Journal of Physical 

Chemistry A 105, 9396–9409 (2001).
 43. Schouten, J. A., Deerenberg, A. & Trappeniers, N. J. Vapour-liquid and gas-gas equilibria in simple systems IV. The system argon-

krypton. Physica A: Statistical Mechanics and its Applications 81, 151–160 (1975).
 44. Gallo, P., Corradini, D. & Rovere, M. Widom line and dynamical crossovers as routes to understand supercritical water. Nature 

Communications 5, 5806 (2014).
 45. Trappeniers, N. J. & Schouten, J. A. Vapour-liquid and gas-gas equilibria in simple systems III. The system neon-krypton. Physica 

73, 546–555 (1974).

Acknowledgements
The authors gratefully acknowledge financial support through AFOSR with award number FA9550-14-1-0219 
and ARL with award number W911NF-16-2-0170.

Author Contributions
M.R., D.T.B. and M.I. formulated the research question. M.R. developed the force-field and performed the MD 
calculations, P.C.M. developed the VLE-model and conducted the macroscopic simulations. All authors analyzed 
the results and wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-03334-3
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-03334-3
http://creativecommons.org/licenses/by/4.0/

	Widom Lines in Binary Mixtures of Supercritical Fluids
	Results
	Ar/Kr binary mixture. 
	Thermodynamic properties in the supercritical region. 
	Transport properties in the supercritical region. 

	Ne/Kr binary mixture. 
	Thermodynamic properties in the supercritical region. 
	Transport properties in the supercritical region. 

	Model noble gas mixture with strong self-interaction. 

	Discussion
	Acknowledgements
	Figure 1 Thermophysical properties and response functions for equimolar Ar/Kr mixture with type-I phase behavior, showing supercritical isobars of (a) enthalpy H and density ρ, (b) isobaric heat capacity Cp and (c) diffusion coefficients (DAr and DKr) as 
	Figure 2 Supercritical state space and molecular structure of equimolar Ar/Kr mixture with type-I phase behavior, showing (a) projected p-T state plane with locations of the maxima of Cp, αp, κT and diffusion coefficient crossovers as obtained from isobar
	Figure 3 Thermophysical properties and response functions for equimolar Ne/Kr mixture with type-III phase behavior, showing (a) supercritical isobars of enthalpy H and density ρ, (b) isobaric heat capacity Cp as a function of temperature, and (c) diffusio
	Figure 4 Supercritical state space and molecular structure of equimolar Ne/Kr mixture with type-III phase behavior, showing (a) projected p-T state plane with locations of the maxima of Cp, αp, κT and diffusion coefficient crossovers as obtained from isob
	Figure 5 Thermophysical properties and response functions for equimolar Ne′/Ar′ mixture with strong self-interaction, showing (a) supercritical isobars of enthalpy H and density ρ, (b) isobaric heat capacity Cp as a function of temperature, and (c) diffus
	Figure 6 Supercritical state space and molecular structure of equimolar Ne′/Ar′ mixture with strong self-interaction, showing (a) projected p-T state plane with locations of the maxima of Cp, αp, κT and diffusion coefficient crossovers as obtained from is




