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Abstract 

Based on molecular dynamics simulation of the vapor-liquid interface the classical 

thermodynamic spinodal for n-nonane is estimated using an earlier developed 

method. The choice of n-nonane as investigated molecule originates from the 

question whether a deviation from the spherical symmetry of a molecule affects the 

prediction of the stability limit data. As a result we find that the estimated stability 

limit data for n-nonane are consistent within the experimental data available for the 

homologous series of the n-alkanes. It turns out that the slight alignment of the 

molecules parallel to the interface reported in the literature does not affect the 

method of transferring interface properties to the bulk phase stability limit.  
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I. Introduction 

Besides the stable vapor or liquid states of a fluid also so-called metastable states can 

exist for a certain time, for example, in an overheated liquid. Although one would 

believe that serious overheating does not happen often or at least it is difficult to be 

obtained, this is not the case. There are several fields where strongly metastable 

liquids generated by overheating or stretching exist, for which the limit of meta-

stability becomes important. Metastable liquids boil or rather decompose very 

rapidly depending on the degree of metastability which can even be explosive. This 

process sometimes is referred as steam or vapor explosion or flashing. Sometimes 

this is a useful process but it may also be a process safety problem. 

There are plenty applications where the knowledge of stability limits is 

essential. For economic reasons gases are often stored in compressed liquid form at 

temperatures exceeding their atmospheric boiling temperature. In that case, any leak 

resulting in a pressure drop transforms the formerly stable liquid into metastable 

liquid that eventually evaporates. If this happens at a very low level of metastability, 

the process is like an intensive boiling, without any explosive characteristics. 

However, if it takes place deeply inside the metastable region, the result is a physical 

explosion [1] damaging the already damaged container to an even larger extent. To 

be prepared for the worse case scenario one should be aware of the strongest possible 

metastability, which can be approximated by or in relation to the so-called spinodal 

curve. Also pressurized liquids are used as cooling or working medium such as 

water in power plants. In this context any loss of coolant would cause local pressure 

drop in the high temperature liquid, causing metastability and eventually 

vaporization. For a large and rapid pressure drop explosion-like flashing happens. 

Here also for safety reason, the knowledge of the stability limits is important [2]. 

Another example where the knowledge of the metastable region and its limits is 

required is the disruptive combustion of fuels [3] when explosion-like vaporization 

of the droplet of a fuel in a liquid matrix happens in the metastable region. The 

vaporization will enhance the burning characteristic of the fuel; i.e. the efficiency will 

be higher.  
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Just like oversaturated vapor is used to detect various radiations by forming 

droplets as in the Wilson-chamber, this is also possible for metastable liquids. The so-

called Superheat Drop Detectors, also called Superheat Emulsion Detectors (first 

constructed by Apfel [4]) are using overheated droplets located in a gel or polymer 

matrix. When the overheated liquid droplet is hit by radiation, it boils immediately, 

emitting an easily detectable clicking sound. For well-usable detectors, special liquids 

required that are overheated at room temperature, but still below the critical 

temperature. For the design of this equipment, stability curves are also required. 

While in the last two examples the sudden vaporization was a useful process, in the 

cases mentioned earlier it was an unwanted and harmful one. 

A liquid can be overheated or stretched while a vapor can be overpressurised 

or undercooled. Obviously metastability should have a limit where the system 

spontaneously decomposes and forms another phase. Figure 1 shows a schematic 

representation of various stability limit curves together with the vapor pressure 

curve in the pressure-temperature (pT) projection. The vapor-liquid stability limit is 

closely above the vapor pressure curve while the liquid-vapor stability limit can 

reach very large negative pressure values. Here, we focus on the latter liquid-vapor 

stability limit which is relevant in liquid phase processes. To see the extend of the 

metastable regions, one should know that water at ambient pressure superheats from 

100°C up to 300 °C. In this way water can be metastable in a temperature range twice 

as wide as its stable liquid region [5]. 

The furthermost stability curves are called spinodals. They are often also 

referred to as thermodynamic or mechanical stability limit and marked as thin solid 

curves in Figure 1. At the spinodal, like at a critical point, the isothermal 

compressibility or isobaric heat capacity diverge [5]. When approaching the spinodal 

at some point the initial liquid phase immediately vaporizes in the whole phase 

volume by the so-called spinodal decomposition which differs from the classical 

nucleation-and-growth mechanism [5]. In the classical picture the spinodal is 

approximated by a curve while fluctuation theory yields a diffuse stripe instead of a 

sharp curve for this limit [6].  
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Another stability limit is the homogeneous nucleation limit which is also 

called kinetic spinodal. It is drawn as dashed curve in Figure 1 (marked “hom”). At 

this limit the density fluctuation, which rises when penetrating the metastable region 

deeper and deeper, is the driving force for the loss of the stability. At a certain point, 

the density fluctuation is large enough to cross the activation barrier of nucleation 

leading to decomposition of the system. In this case the activation barrier of 

nucleation is smaller than the thermal energy.  

The third stability limit is the less well-defined so-called heterogeneous 

nucleation limit. At this limit nucleation will be induced by some heterogeneous 

nuclei like a floating solid contamination or a tiny micro-bubble in a crevice of the 

container wall. The exact location of this limit depends on the amount of impurity 

and on the type of impurity with heterogeneous nuclei. In any case it is always 

located between the homogeneous nucleation limit and the vapor pressure curve. All 

the experimental data given as “tensile strength of a liquid” or “limit of attainable 

superheat of a liquid” are heterogeneous nucleation limits. Only in case of a 

measurement with very pure substances, the heterogeneous nucleation limit should 

approach the homogeneous limit. An exception is helium, both helium 3 and helium 

4. Since all possible contaminants were frozen out at the temperature at that helium 

liquefies, always homogeneous nucleation is observed [7]. Also for helium, one can 

really reach the spinodal, by changing temperature or pressure rapidly [7]. 

Vapor-liquid stability curves follow the same order but they are always at 

positive pressure since only condensed phases can reach negative pressures [8]. All 

these seven stability curves i.e. the vapor pressure curve, two spinodals, two 

homogeneous and two heterogeneous nucleation limits, terminate at the critical 

point within the classical picture. 

Here we estimate the spinodal of n-nonane from the properties of the vapor-

liquid interface using an earlier developed method [9]. From other investigations it is 

known that the chains align slightly parallel to the interface and that the amount of 

gauche conformations is somewhat higher in the interface [10]. The question here is 

whether this has an influence on the spinodal estimation.  
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II. Method 

The background for the estimation of the spinodal from equilibrium interface data is 

the observation that the course of the tangential component of the pressure tensor 

through the interface corresponds to that of the van der Waals loop in the two-phase 

coexistence region. Early suggestions that the vapor-liquid surface is something like 

a skin and that the tension of this skin (surface tension) is caused by the difference 

between the pressure normal zpN  and tangential zpT  to that skin goes back to the 

year 1888. For this difference of the pressure components Fuchs [11] derived a 

function that relates it to the density gradient in the interface.  

2

TN )(')('')( zzzq=zpzp    (1) 

Here )(z  is the density profile through the interface and its derivatives with respect 

to the z coordinate normal to the interface and q is a parameter that has a specific 

value but is may also be used as adjustable parameter. By suitable integration this 

expression results into the square gradient theory of van der Waals [12] as well as 

that of Cahn and Hilliard [13].  

A more rigorous treatment of the relation between the tangential pressure in 

an interface and the van der Waals loop has been elaborated by Bakker [14]. He 

argued that the pressure must vary in the interface because also the density varies. 

He proved by elasticity theory that the normal pressure is actually constant through 

the interface and has the same value as in the bulk liquid and bulk vapor phases. As 

a consequence the normal pressure is the vapor pressure of the system. As discussed 

earlier [15] Bakker also related the deviation between the normal a tangential 

pressure, to the surface tension. He called the difference between the pressure 

components the total deviation to Pascal’s law. Bakker actually makes some 

suggestions how the tangential pressure may vary with the specific volume 

(reciprocal density) of the system and compares it with the van der Waals loop. 

However, he suggested a discontinuous transition from the stable to the metastable 

region and he also omitted the maximum on the vapor side of the van der Waals 

loop. On the other hand he already related the loop of the tangential pressure to 

labile or metastable states.  
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 With today’s available simulation techniques and computing power it is 

possible to determine the tangential pressure profile directly from the molecular 

interaction of the molecules and employ the profile for the calculation of metastable 

states from the equilibrium interface and also the stability limit estimation [9]. For 

this purpose a simulation system with a stable flat interface is required. This can be 

accomplished by the so-called slab geometry: an equilibrated homogeneous liquid 

phase in a cubic box is extended by elongation of the box in one direction for which 

we here chose the z-axis. Periodic boundary conditions stabilize the slab or film 

leading to an infinitely large film. It should be mentioned that the periodic boundary 

conditions in connection with the finite size limit the wave length of the capillary 

waves at the interface [16]. However, this effect is not big here as discussed in detail 

earlier [15]. To avoid the collapse of the film to a sphere it has to have a minimum 

thickness [17]. A certain thickness is also necessary to obtain bulk liquid phase 

properties in a significantly thick region in the middle of the film. This and further 

arguments require a system with at least 1000 molecules, here we simulate system 

with 8000 molecules using the 9-site TraPPE potential (Transferable Potential for 

Phase Equilibria) model [18]. This is a united atom model describing n-nonane by 

nine Lennard-Jones sites each representing a CH2 or CH3 group. The Lennard-Jones 

parameters of these sites are given in Table 1. The bond length between the sites is 

fixed at 0.154 nm, while the bond angle bending is governed by a harmonic potential 

where the equilibrium angle is set to 114°.  The motion of the dihedral angles is 

described by a torsion potential. This force field has been developed for the accurate 

simulation of phase equilibrium data. As regular cut-off radius we here use 2.4 nm 

which is more than six times the largest diameter of the involved sites. This cut-off 

gives results with by far sufficient accuracy for this investigation. In general this 

model has been proven to be accurate for the modeling of the n-alkane series recently 

[19].  

A stable liquid film was obtained by first starting with an equilibration 

simulation. We start with a simulation box at a density around the corresponding 

liquid density at given temperature and perform a NVT run lasting 1 ns followed by 

a short NpT equilibration run to stabilize the system. The simulation box is then 

elongated three times the box length in the z-coordinate direction and the resulting 
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film is equilibrated in a NVT ensemble at the desired temperature for 2.5 ns which 

are 5 runs of 0.5 ns at the same state conditions. To keep the temperature and the 

pressure constant the Berendsen thermostat ( =2.0 10-3) and the Berendsen barostat 

( =5.0 10-7) are used [20]. Full periodic boundary conditions are applied in all steps 

and the equations of motion are solved by a leap-frog algorithm using an integration 

step of 1 fs. The center of mass is always set to the center of the simulation box before 

the interface data are analyzed. This makes sure that a possible fluctuation of the 

position of the interface does not affect the calculation of the interface properties. For 

the analysis of the simulation data for the calculation of the pressure tensor we 

employ the method of Irving and Kirkwood [21]. As discussed earlier [22], it is more 

suitable that for example the Harasima method [23].  

First we have started equilibration simulations, which can typically take 1 ns 

simulation time. Then simulations for the analysis of the interface properties have 

been run for typically 2.5 ns. The data for the density and the pressure components 

obtained from the simulation as function of the z-coordinate being perpendicular to 

the interface are used to fit the parameters of suitable functions. Here we use a 

hyperbolic tangens (tanh) based function. Alternatively one may use an error 

function which is more suitable for modeling fluctuations by means of capillary 

waves, however, the tanh functions are as good for the analysis required here [9,15]. 

For the density profile we employ 

d

lz
ρρρ+ρ=ρ(z)

2
tanh0.50.5 vlvl    (2) 

To obtain a suitable function for fitting the tangential pressure profile we apply the 

equation of Fuchs [11]  

2

TN )(')('')( zzzq=zpzp    (3) 

as transformation of the density profile yielding a fit function for the tangential 

pressure profile [9]:  

)tanh()(2)(tanh1)()(sech)( 22
NT ZbaZbaZzp   (4) 

Here Z is given by dhzZ /)(2 . From the fit of the tangential pressure the spinodal 

is determined by calculating the extreme values. The corresponding spinodal 
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pressures at the same temperature can be calculated from the obtained tangential 

pressure [9]: 

)(
2

3
TNN pppp      (5) 

For a more detailed discussion see an earlier paper [15]. The z-coordinate at the 

extreme value of pT are used to calculate the corresponding density of the spinodal 

using the fit function of the density profile ρ(z) .  

Up to know, we have demonstrated the applicability of this method for the 

Shan-Chen fluid within Lattice-Boltzmann simulations [9], for Lennard Jones argon 

[9] and carbon dioxide [15], methanol [24], TIP5P water [25] and for helium 3 and 4 

[26]. Here we analyze the applicability to molecules with highly anisotropic shape. 

We address the question, whether the molecular shape influences the predictability 

of the spinodal from the interface. One might expect that anisotropic properties of the 

molecules influence the tangential pressure profile and hence the spinodal. Since this 

is a property of the interface, which is not present in the bulk phase, it is not clear 

whether for such substances the interface properties can be transformed to the bulk 

phase stability. As a member of a homologous series n-nonane is suitable for a 

systematic analysis. Therefore in this paper we calculate the interface properties for 

n-nonane and compare these with the available stability limit data for the alkanes up 

to decane using the corresponding states approach.  

 

III. Results 

Simulation data. We have performed MD simulations of the vapor-liquid 

coexistence for six temperatures. In Figures 2 and 3 the density profile and the 

tangential pressure profiles respectively are shown. Snapshots of corresponding 

simulation systems are depicted in Figure 4. The graphs represent the average over a 

2.5 ns simulation runs at each state conditions.  With increasing temperature the 

interface widens and the maximum in the plot of pN-pT becomes smaller. This 

corresponds to a shrinking of the area below that curve corresponding to the surface 

tension. As well known, the surface tension decreases with rising temperature and 
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eventually vanishes at the critical point. The tangential pressure profile exhibits two 

extreme values a big one on the liquid side of the interface and a small one on the 

vapor side. These extreme values correspond to the spinodal. From Figure 2 and 3 

one can also deduce the error of the simulation data. Here the focus is on the 

maximum and the minimum of the tangential pressure profile. Hence the uncertainty 

is related to the uncertainty of the calculation of the maxima and minima. Inspection 

of Figure 3 suggests a uncertainty of ±1 MPa. Transferring this to the spinodal 

diagram such as Figure 7 gives an error in the order of the size of the plotted 

symbols.  

It is also well known that the choice of a too short cut-off radius has a strong 

effect on the phase diagram [27] and hence also on the surface properties. The surface 

tension is related to the area under the tangential pressure curve which is in turn 

related to the extreme values of the tangential pressure profile resulting in the 

spinodal data. Therefore one can also expect a strong effect of the choice of the cut-off 

radius on the spinodal calculation. Figure 5 shows that this is actually the case by 

comparing a pressure profile for a sufficiently large cut-off of 2.4 nm (6.4 ) and a too 

short cut-off of 1.4 nm (3.75 ). One can clearly see that a too short cut-off leads to a 

massive underestimation of the liquid spinodal pressure represented by the 

maximum. Hence, an accurate estimation of the spinodal by this method requires a 

sufficiently large cut-off of at least five times the Lennard Jones diameter  as it is 

required for the calculation of equilibrium properties. For typical -values from 0.34 

to 0.4 nm the cut-off has to in the order of at least 1.7 to 2 nm.  

The resulting spinodal data are plotted in Figure 6 in the density-temperature 

projection and in Figure 7 in the temperature-pressure projection. In addition the 

equilibrium coexistence data are plotted and compared to two several equations of 

state. The Span-Wanger equation [28] is a reference equation which accurately 

represents the experimental data of stable phase to that is has been fitted. The PC-

SAFT equation [29] is a molecular-based equation of state suitable for alkanes. The 

deviation of the PC-SAFT equation in the critical region is a consequence of the 

classical treatment of the near critical behaviour. Obviously the chosen TraPPE force 

field accurately describes the experimental coexistence data of n-nonane.  
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Equation of state data and experimental data. Attainable superheated states of 

various alkanes are depicted Figure 8. Although these values are related strictly to 

the heterogeneous nucleation limit, using very clean samples one can approach the 

homogeneous nucleation limit. Also, using very small sample size and very fast 

pressure/temperature changes, the nucleation can be suppressed and the spinodal 

can be fairly approached although never completely reached. According to the 

theorem of corresponding states, we scaled these alkanes into the same figure where 

their vapor pressure curve and hence also their stability limit curves should be more 

or less the same. To check this validity of this theorem for the n-alkanes we have 

plotted the saturation pressures of n-hexane and n-decane in reduced units in Figure 

8. Obviously the agreement within the corresponding states principle is not perfect 

but satisfactory for the analysis here.  

In Figure 9 reduced vapor pressure of n-nonane calculated with the Span-

Wagner (SW) EoS, the spinodals calculated with the Redlich-Kwong (RK) and a 

modified van-der-Waals-type equation of state of Quiñones-Cisneros et al. (QC-vdW) 

[30] are plotted. The full symbols are experimental data for the n-nonane overheating 

limits. Some symbols are the available data for n-octane which fall on the same curve 

within the corresponding state approach. All data are scaled by their critical values. 

The SW EoS - as a reference equation of state - can describe vapor pressure data 

accurately, but cannot be applied to metastable states. Therefore for spinodal 

calculation other equations of state are used. Especially the QC-vdW equation is 

suitable because it very accurately reproduces the vapor pressure and can also be 

extended into the metastable region. The spinodal calculated from the RK equation is 

plotted because for it is known to describe the overheating limit quite well as it was 

already discussed by Abbasi and Abbasi for atmospheric pressure in various liquids 

[31] and seems to be valid in a wider pressure range too. This agreement – at least 

with the obtained accuracy – is questionable because the spinodal is the mean field 

stability limit, while the overheating limit is much closer to the homogeneous 

nucleation limit and should be above (i.e. at slightly higher pressures) that the 
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spinodal. So the estimation by the RK equation of state is rather an empirical thumb 

rule than a reliable prediction.  

We have also tested the equation proposed earlier for the calculation of the 

spinodal pressure from experimental data using the simulation data obtained here. 

For this analysis we employed the data for the interface thickness and surface tension 

both obtained from the simulation and calculated the liquid spinodal pressure 

according to Eq. 6 [9] which can also be used for the estimation of the liquid spinodal 

from equilibrium experimental data only [32] 

d
cp=p vapliqsp,      (6) 

with c = 3/2. Eq. 6 fulfills the limiting behavior at the critical point with respect to the 

values of the properties. As the surface tension approaches zero at the critical point 

and the interface thickness diverges, the second term vanishes when the critical point 

is approached. As a consequence, the vapor pressure and the liquid spinodal 

pressure become identically namely equal to the critical pressure which is consistent 

with the classical mean field picture of the critical point. It should be noted that the 

properties in Eq. (6) are also size dependent [16,33-35] which is here within the mean 

field approximation not relevant. It is however not expected that Eq. (6) fulfills the 

critical scaling behavior since we found it not accurate in the critical region [15]. With 

cTTd , cTT  and cvapsp )()( TTTpTp  in the limit of the 

critical point the condition  should hold according to Eq. 6. In the classical 

case the values of the exponents are 5.1  and 5.0  yielding 2 . However 

numerical analysis using the van der Waals equation of state gives 6788.1 . We 

attribute this difference to the fact that we have omitted the vapor phase peak of Tp  

that contributes to the calculation of the surface tension. Omitting the vapor phase 

peak is the result of the simplification to have a handy equation for estimating the 

spinodal pressure. Hence Eq. 6 is not meant to be an accurate equation in the sense 

that is fulfills the critical scaling behavior [15].  

The simulation data for the interface thickness are plotted in Figure 10 and the 

surface tension data are compared to experimental data in Figure 11. While there are 

no experimental data for the interface thickness available for n-nonane one can 
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clearly see the very good agreement between experiment and simulation for the 

surface tension. The resulting liquid spinodal data are added in Figure 6 as triangles. 

Obviously these data are in very good agreement to the liquid spinodal data 

obtained from the extreme value in pT confirming the applicability of Eq. 6. 

 

IV. Discussion 

In this investigation we have addressed the question whether interface properties can 

be used for the bulk phase stability for anisotropic molecules. While one can easily be 

convinced that this is the case for spherical particles such as argon atoms [9] it may 

be questioned for anisotropic molecules. The systems investigated up to now show 

that at least for small anisotropic molecules such as carbon dioxide [15] (non-

spherical and quadrupole), methanol [24] (non-spherical and dipole), and also n-

nonane the transformation from the interface to the bulk phase stability yields good 

estimates for the stability limits. The anisotropic shape of n-nonane apparently does 

not affect the relation between bulk and interface properties. A possible reason might 

be that there is no difference in the molecular orientation and structure in the 

interface and in the bulk phase observable [10]. One may speculate whether a 

molecule that is differently oriented in the interface and in the bulk phase may give 

less accurate estimates for the stability limits but the anisotropic shape of n-nonane is 

apparently not sufficient for that.  
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- Figure 1: Schematic representation of the various stability lines. Thick solid 

curve: vapor pressure curve; thin solid curves: spinodal (sp,vap and sp,liq); 

dashed curves: homogeneous nucleation limit; dash-dotted curve: 

heterogeneous nucleation limit. The horizontal dashed line marks zero 

pressure. For the sake of better clarity, homogeneous and heterogeneous 

droplet nucleation curves – located between the sp,vap and vap curves – are 

not drawn. 
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Figure 2: Density profile through an n-nonane vapor-liquid interface for various 

temperatures.  

 

 

Figure 3: Profile of tangential pressure (after subtracting the corresponding normal 

pressure component) through the vapor-liquid interface of n-nonane for different 

temperatures.  
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a)

 

b)

 

Figure 4: Snapshots of interface simulation of n-nonane at a) 395 K and b) 455 K.
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Figure 5: Effect of the cut-off on the tangential pressure profile though the vapor-

liquid interface at 395 K.  

 

 

Figure 6: Temperature-density projection of the vapor-liquid coexistence curve of n-

nonane. The symbols are the MD results obtained here. The solid curves are equation 

of state calculations using the PCSAFT equation of state. The dashed curve is the 

binodal calculated with the Span-Wagner reference equation of state [28]. 
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Figure 7: Pressure-temperature projection of the vapor-pressure curve and the 

spinodals obtained from simulation (MD, symbols) and the Peng-Robinson (PR) [36] 

as well as the PC-SAFT [29] equations of state. The triangles are estimates with Eq. 6 

using the simulated surface tension, interface thickness and vapor pressure. It is 

meant as test for the applicability of Eq. 6 to corresponding experimental data. The 

uncertainty of the simulation data is in the order of the size of the symbols.  
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a)  

b)  

Figure 8: a) Binodals of n-hexane and n-decane in density-temperature space. b) The 

same in temperature-pressure space. All values are reduced by the corresponding 

critical values (pred = p/pc , Tred = T/Tc), obtained from the Wagner-Span reference 

EoS [28], using the ThermoC program [37].   
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Figure 9: Reduced vapor pressure of n-nonane obtained from Wagner-Span reference 

EoS with the calculated spinodals by the original Redlich-Kwong and the modified 

van-der-Waals by Quiñones-Cisneros [30] (pred = p/pc , Tred = T/Tc). Full symbols are 

measured n-alkane overheat limits, reduced by the corresponding critical properties 

[31,38-44].  Since there are no data for n-nonane data for the closest member of the 

series n-octane [40] are marked by triangles.   
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Figure 10: Interface thickness for n-nonane at different temperatures obtained in MD 

simulations here. 

 

   

Figure 11: Surface tension of n-nonane at different temperatures.  
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Table 1: Lennard-Jones Parameters for the TraPPE-Model [18]. 

site ε / kB [K]  [Å] 

CH4 148 3,73 

CH3 98 3,75 

CH2 46 3,95 

 

 


