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The problem of a physical relevance (meaning) of percolation in supercritical fluids is addressed considering a
primitive model of water. Two different criteria, physical and configurational, are used for the cluster definition
in Monte Carlo simulations over a range of pressures to determine the percolation line and skewness, and a
theoretical analytic equation of state is used to evaluate response functions. It is found that both criteria yield
practically the same percolation line. However, unlike the findings for simple fluids, the loci of the response
function extrema exhibit density/pressure dependence quite different from that of the percolation line. The
only potential coincidence between the loci of the extrema of a thermodynamic property and a detectable
structural change is found for the coefficient of isothermal compressibility and Voronoi neighbors distribution
skewness maximum.
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1. Introduction

It has been well known that at certain thermodynamic conditions some properties of fluids may ex-
hibit a rather sudden sharp change. Typical examples are a rapid change of electric conductivity of aque-
ous solutions [1, 12], metal-nonmetal transition in supercritical fluids [3], or a sudden change of electric
and dielectric properties of composites [4]. Formation of clusters (aggregates) of molecules and/or a net-
work has been made responsible for these observations.

Unlike the crystalline phase, studies of percolation in a fluid phase encounter a number of both tech-
nical and fundamental (methodological) problems. First of all, in continuous systems with a continu-
ous interaction potential it is not clear how to define a bond. Hence, several criteria have been put for-
ward [5,/6]. Similarly, using molecular simulations on finite samples the question arises how to define and
detect the presence of an infinite cluster. Consequently, practically no theoretical results are available for
fluids while various conjectures on percolation in fluids represent a mere extension of the results orig-
inally obtained for lattice systems. We have addressed these problems in a series of recent papers [7-9]
with the following two most important results. It was shown that (i) unlike the lattice systems, the percola-
tion in continuous systems does not follow any scaling law and cannot be thus characterized by universal
constants and that (ii) the wrapping probability (the cluster wraps the system if, starting from any parti-
cle of the cluster and moving along interparticle bonds, there is a possibility of getting to an image of that
particle in another replica [10]) provides a more accurate estimate of the percolation threshold compared
to the crossing probability (the cluster crosses the system if the maximal distance between some pairs of
its particles is equal to or greater than the box length) [7,18].

Instances of the observed sharp changes in some properties of fluids usually refer to mixtures. How-
ever, it is also well known that the response functions (derivatives of thermodynamic potentials) of pure
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fluids exhibit extrema in the supercritical region [11]. It means that some thermodynamic properties
change the course of their dependence on the thermodynamic conditions and the natural question to be
asked is what is behind this change in the behavior at the molecular level. A potential answer is that these
changes may be associated with the formation of an infinite cluster. If this is the case, then the percolation
line, i.e., a line connecting all state points where the percolation transition/threshold occurs, becomes a
quantity with a real physical content and will not represent a mere mathematical construction extending
otherwise meaningful results.

In a recent paper [12] we have addressed this important issue by studying (by Monte Carlo simu-
lations) the percolation and various structural characteristics of two simple fluids, the square-well and
Lennard-Jones ones. We have found that out of all the considered extrema lines of response functions
(RFEL; i.e., the lines connecting the state points at which the given response function, as a function of
temperature T at constant pressure P, reaches its extremum) only the RFEL of the coefficient of isother-
mal compressibility has closely followed the course of the skewness extremum line (SEL; i.e., the line
connecting the state points at which the skewness of distribution of the number of nearest neighbors
in terms of the Voronoi tessellation [13-15] reaches its maximum) whereas no definite conclusion has
been possible to draw concerning other response functions. A similar study has been conducted recently
by Idrissi et al. [16] who investigated the relation of thermodynamic response functions with the Voronoi
tessellation properties in supercritical ammonia. They found a potential relation between the thermal ex-
pansion coefficient and other Voronoi tessellation properties, e.g., the volume distributions. Specifically,
the volume distributions broaden near the temperature where the thermal expansion coefficient reaches
its maximum. Nonetheless, the relation between the percolation transition on one hand and the thermo-
dynamic response functions and/or Voronoi tessellation on the other hand has not been fully explored
yet.

Accounting for a number of uncertainties when dealing with simple fluids the inconclusive results
mentioned above are not surprising. As a more severe test of the original surmise of a coincidence of
the percolation and SEL lines and the RFEL lines, a system with a natural formation of chains or clusters
should be considered. Water is a typical example of a system with association and we have therefore
carried out the same project considering a simple model of water, i.e., the primitive model, for which (i)
the criterion of bonding is unique and (ii) for which an analytic equation of state is also available [17].

In the present paper we report the results for the same properties as in the previous study [12]. In the
next section we provide all necessary definitions and computational details and in section 3 we present
and discuss the obtained results.

2. Basic definitions and computational details

In this paper we consider a primitive model of water (PMW) descending from the realistic parent
TIPAP model hereafter referred to as the PM/TIPAP model [18]. This is a simple short-range archetype of
real water faithfully reproducing its structure and results from a non-speculative modeling applied to
the parent model [19]. In the approach used, the Lennard-Jones interaction in the realistic parent model
is replaced by a hard-sphere repulsion, while the repulsive and attractive electrostatic interactions at
short separations are approximated by hard sphere repulsion and square-well attraction, respectively
(for details see [18,120]). Thus, the functional form of the model reads as

upm(L,2) = ups(roo,doo)+ Y. ums(rij;di))+ Y. usw(rij)
ie{l},jef2} ie{l},jef2}
= wpus(L,2)+ ), usw(rij), ey
iefl},jel2}
where
ups(r;d) = +oo, for r<d, @
= 0, for r>d,
usw(r;A) = —epp, for r<A,
sw(r;A) HB 3)

= 0, for r>A,
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and the summation in the second term of () runs over the pairs of the like sites and in the third term of
the unlike sites. The above PMW was developed to serve as a short-range reference system for developing
a full perturbation theory of water [21]. It was shown to faithfully reproduce the structure of water as
well as to capture a good deal of its thermodynamic properties including the observed anomalies. The
parameters of the model are presented in table [l It is worth recalling that the potential upyp in (1)
incorporates all repulsive interactions of the PMW; after switching off all attractive interactions in the
PMW we are left with a rather strange hard body called pseudo-hard body (PHB) [22]. It is not a simple
hard body because it possesses a flavor of nonadditivity and currently no theory for the fluid of PHB’s is
available[23].

Table 1. Parameters of the considered PM/TIP4P model of water [18].

parameter [doo]

dxx 0.8
AxMm 0.65
rox 0.5
rom 0.06

For the PMW with its strongly orientation dependent short-range attractive interaction, it is only nat-
ural to consider two molecules to be bonded when their interaction energy u;; is —eyp (the parameters
of the model satisfy the so-called conditions of saturation which means that no more than one bond
can be established between a pair of molecules). The other criterion used to define a bond between two
molecules is the energy-based Hill’s definition according to which two molecules are bonded when their
relative Kkinetic energy is less than their interaction energy [5,124]. Specifically, if v; and v; are the velocity
vectors of particles i and j, respectively, and m is their mass, then they are considered to be bonded if

%(Vj—vi)2<—uij. 4

We used the common Metropolis Monte Carlo (MC) simulation in an NVT ensemble [25] both for the
location of the percolation line and SEL which means that two types of simulations had to be performed.
The wrapping probability Ry as a function of reduced number density p* at a given temperature T
and number of particles N have to be determined first. Then, the percolation threshold density p: (T)
is calculated as the density where Ry, at given T for different N intersect in one point (more accurate
numerical procedure is described in [9]). Details of this simulation were as follows: (i) N was set to 1000,
2000, or 4000, (ii) each Ry (p*,{N, T} = const) was determined for at least 22 (with maximum up to 42)
densities p* with step 0.002 such that the minimum of the mean of that R,, was less than 0.03 and its
maximum was greater than 0.97, (iii) the systems were equilibrated by performing at least 32 x 10* N
MC steps, (iv) equilibrium configurations used for the detection of the presence of the wrapping cluster
were separated by 3N MC steps, (v) at least 7 x 10° configurations (up to 124 x 10%; increasing with T
going closer to critical point and with smaller N) were investigated to reach a sufficiently low error of
measurement, and (vi) to apply the energy criterion, the velocity components were randomly assigned to
every particle from the Gaussian distribution characterized by the temperature of the system (for further
details see the previous paper [9]). The simulation details for determining the SEL were as follows: (i) N
was set to 1000, (ii) each skewness y; (p*, T = const) was determined for at least 28 values of p* (with step
0.002), (iii) the systems were equilibrated by performing at least 10° N MC steps, and (iv) 10 equilibrium
configurations, separated by 100N MC steps, were used for the Voronoi polyhedra analysis in which the
water molecules were represented only by the position of their oxygen-like sites. The parameters of all
the simulations mentioned above were set so as to maintain the acceptance ratio around 1/3.

The response functions that we consider to be of interest are the coefficient of thermal expansion,

a _l(a_V) _ 1(6_;0) 5)
P=v\ar),” plor)y’
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the coefficient of isothermal compressibility,
1 (OV) 1 (ap) ©)
K =——| — =—|— ,
="v\er); plor);

_L(O_H) o
‘°=N\ar),’

where H is enthalpy. Finally, an extension of the vapor-liquid (V-L) coexistence curve to the supercritical
temperatures was determined by extrapolating the Clausius-Clapeyron equation InP = a— b/ T, where a
and b are fitted parameters for the model considered. Both the response functions (and corresponding
RFEL’s) and the extension of V-L line were determined numerically from V1cek and Nezbeda equation
of state [17]. An analytic theory of the considered PMW was developed using a variant of the 2nd or-
der thermodynamic perturbation theory (TPT2) [26] which was shown to be very accurate. In general,
the residual Helmholtz energy per particle, a"® = A™/N for the fluids consisting of molecules with m
hydrogen-like sites and n complementary N-sites assumes the form [17,121]

and the isobaric heat capacity,

Bapy = Bappg + m(1—v) +1Inxg, 8

where x is given, using the reduced density, p* = pdg')o, by

vm
Xp = ) 9
[1+mp*vI,_ +(mp*v)2L,_,]"
and parameter v, measuring ‘non-saturation’, satisfies the following cubic equation:
m?p**L_ v+ [(Zmn -m?) 0 2Ly + mp*I+_] v2
+ [(n-m)p*Li_+1]v-1=0. (10)

Quantities I are integrals involving the correlation function of the underlying PHB fluid and are avail-
able in a parametrized form (for further details and values of the parameters see reference [21]). For
compressibility factor, z = BP/p, one gets the following result

0 ares
. - (M) 1
0
= zPHB+p(—[m(l—v)+lnx0] . 11)

3. Results and discussion

Following the strategy outlined above using simulations we determined two types of the percola-
tion line corresponding to the two different definitions of bonds (configurational and physical) and the
results are shown in figures [I] and [2} The first finding is discernible. The configurational and physical
criteria yield the identical percolation line. In our previous papers we always used these two criteria be-
cause they always produced different lines giving rise to an ambiguity in the interpretation of the results.
The reason why this is not the case for the considered model probably lies in the choice of thermody-
namic conditions: unlike in the previous studies, we operate in the low temperature supercritical region.
Stillinger’s criterion imposes that u;; < 0. Hill’s criterion is stronger, it requires that u;; + k;; < 0 where
ki; > 01is the relative kinetic energy. Since the two percolation lines are practically identical, it means that
the relative kinetic energy of two molecules is negligible in comparison with the H-bonding energy. This
argument is supported by the results obtained previously for the same model at higher temperatures.
Due to a high temperature, the kinetic energy attains large values and starts competing with the H-bond
energy leading to different conditions for percolation and thus to two different percolation lines.

Unlike in our previous papers on percolation, where we investigated this phenomenon over a wide
range of thermodynamic conditions, in this paper we have focussed on supercritical temperatures as
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Figure 1. The percolation lines, Voronoi tessellation skewness extremum line, and response function ex-
trema lines in the supercritical PM/TIP4P fluid in the pressure-temperature plane.

close to the critical point as possible. The still open question whether the percolation line originates/termi-
nates in the critical point is one of other important issues. Examination of the figures leads to the result
similar to that obtained for simple fluids: in the P— T plane, the percolation line tends to the critical point
as predicted by theory but this is not the case in the T — p plane. However, when discussing this issue one
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Figure 2. The same as figure[Tlin the temperature-density plane.
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has to bear in mind that while the model and the range of the considered temperatures have removed
the ambiguity concerning the definition of bonding of two molecules, a certain uncertainty yet remains.
Namely, evaluation of the model properties from an equation of state. The used equation was shown
to be quite accurate at high temperatures but its accuracy deteriorates with decreasing temperature.
Particularly, the location of the critical point determined from this equation is only approximate.

As usual, we show the percolation lines and the RFEL’ in two different frames: in the P — T plane
which is common when discussing any transition and in the T — p plane which is a common practice
when dealing with percolation. As we see, results in both cases are a bit different and we attribute this
difference to the use of only an approximate equation of state as mentioned above. To discuss the results
for the response functions, it is useful to distinguish two types of the response functions: (i) one, reflecting
the geometrical arrangement of the molecules, i.e., the coefficient of isothermal compressibility, and (ii)
the remaining functions that involve energy. In full agreement with the previously obtained results, we
find that the coefficient of isothermal compressibility follows the course of the SEL. This is correct if we
examine this behavior in the P—T plane, whereas in the T — p plane there is only a rough similarity in the
course of these two functions. As regards other RFEL’s, the result is similar to that found for the simple
fluids: the percolation line follows the course which differs from that of the RFEL, although qualitatively
there may be found the same functional dependence.

The final remark on the obtained results concerns an ’imaginary’ extension of the vapor-liquid (V-L)
coexistence curve also shown in the figures. The relation between the percolation line and the extended
coexistence curve in supercritical water was discussed already by Partay and co-workers [27,128]. In the
first paper they pointed out a possible coincidence of both lines and in the second one they modified their
claim stating only that the percolation line goes through higher pressures than the extension of the V-L
line. However, quite an opposite conclusion can be drawn from the present paper. Taking into account
that we used a different model (primitive contrary to realistic one) and that the extended coexistence
curve has no physical sense, such disagreement is not that surprising. Moreover, the extension of the V-L
line was already shown [12] to have no relation either to any of the RFEL’s or to the percolation line in
the case of simple fluids and the same holds true for the considered model of water.

4. Conclusions

Water molecules naturally associate and the definition of the bond is unique for the model consid-
ered. We have, therefore, embarked on this project with the hope to find at least some definite answers
to the questions raised in the Introduction. It means, to find a link between the percolation and/or cer-
tain structural characteristics of the fluid and the observed changes in the thermodynamic behavior of
supercritical fluids. The only positive, and probably generally valid result is that the rearrangement of
molecules under pressure and witnessed by the Voronoi neighbors distribution skewness maximum gives
rise to an extremum of the coefficient of isothermal compressibility. Concerning other response func-
tions, we have to admit that the achieved results turned out to be disappointing leaving the question of
the physical sense of the percolation in supercritical fluids unanswered, the same applying to the origin
of the observed extrema of the response functions.

Acknowledgement

This work was supported by the Grant Agency of the Academy of Sciences of the Czech Republic (Grant
No. IAA200760905) and of the Grant Agency of the J.E. Purkinje University (Project No. 53223-15-0010-
01). Valuable comments of an anonymous referee are also greatly acknowledged.

23301-6



Percolation and Widom lines

References

12.
13.
14.
15.
16.

17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.

2003, 118, 11235-11238; d0i:10.1063/1.1574796.

doii10.1063/1.478545.

. Skvor J., Nezbeda I., Brovchenko I., Oleinikova A., Phys. Rev. Lett., 2007, 99, 127801;

doii10.1103/PhysRevLett.99.127801,

. Skvor J., Nezbeda I., Collect. Czech. Chem. Commun., 2008, 73, 401-412; doii{10.1135/cccc20080401.
. Skvor J., Nezbeda I, Phys. Rev. E, 2009, 79, 041141; doi{10.1103/PhysRevE.79.041141.

10.
11.

Seaton N.A,, Glandt E.D., J. Chem. Phys., 1987, 86, 4668-4677; d0i:10.1063/1.452707,

. Bonn D., Ross D., Hachem S., Gridel S., Meunier J., Europhys. Lett., 2002, 58, 74-79; d0ii10.1209/epl/i2002-00394-5|
. LalJ]., Hakem LF., Eur. Phys. J. E, 2004, 15, 217-223; doi{10.1140/epje/i2004-10050-0,
. Coulet M.V,, Simonet V., Calzavara Y., Testemale D., Hazemann J.L., Raoux D., Bley F., Simon J.P,, . Chem. Phys.,

. Nan C.W,, Shen Y., Ma J., Annu. Rev. Mater. Res., 2010, 40, 131-151; doi:10.1146/annurev-matsci-070909-104529.
. Sator N., Phys. Rep., 2003, 376, 1-39; d0i{10.1016/S0370-1573(02)00583-5.
. Senger B., Schaaf P, Corti D.S., Bowles R., Voegel J.-C., Reiss H., ]. Chem. Phys., 1999, 110, 6421-6437;

Xu L., Kumar P., Buldyrev S.V,, Chen S.H., Poole P.H., Sciortino F., Stanley H.E., Proc. Natl. Acad. Sci. USA, 2005,

102, 16558-16562; doi;10.1073/pnas.0507870102,

Skvor J., Nezbeda 1., Mol. Phys., 2011, 109, 133-139; doi{10.1080/00268976.2010.522209.

Medvedev N.N., ]J. Comput. Phys., 1986, 67, 223-229; doii10.1016/0021-9991(86)90123-3.

Gil-Montoro J.C., Abascal J.L.F., J. Phys. Chem., 1993, 97, 4211-4215; d0i:10.1021/j100118a044,
Jedlovszky P., J. Chem. Phys., 1999, 111, 5975-5985; d0i:10.1063/1.479893,

Idrissi A., Vyalov I, Kiselev M., Fedorov M.V,, Jedlovszky P., ]. Phys. Chem. B, 2011, 115, 9646-9652;
doi:10.1021/jp204078u.

Vicek L., Nezbeda I., Mol. Phys., 2004, 102, 771-781; d0i{10.1080/00268970410001705343|

Vl¢ek L., Nezbeda I., Mol. Phys., 2004, 102, 485-497; doi:0.1080/00268970410001668417.

Nezbeda I., Jirsék J., Phys. Chem. Chem. Phys., 2011, 13, 19689-19703; doi{10.1039/c1cp21903Kk,
Nezbeda I., Vl¢ek L., Int. J. Thermophys., 2004, 25, 1037-1049; doii10.1023/B:IJOT.0000038498.47700.3f.
Jirsdk J., Nezbeda I., J. Chem. Phys., 2007, 127, 124508; d0i:10.1063/1.2771547.

Nezbeda I., Mol. Phys., 1997, 90, 661-664; d0i:0.1080/00268979709482648|

Predota M., Nezbeda I., Kalyuzhnyi Y.V., Mol. Phys., 1998, 94, 937-948; doi{10.1080/002689798167511.
Hill TL., J. Chem. Phys., 1955, 23, 617-622; doi{10.1063/1.1740737.

Allen M.P, Tildesley D.J., Computer Simulation of Liquids, Oxford University Press, Oxford, 1991.
Vicek L., Slovak J., Nezbeda I., Mol. Phys., 2003, 101, 2921-2927; doi{10.1080/00268970310001606795.
Partay L., Jedlovszky P., ]J. Chem. Phys., 2005, 123, 024502; d0ii10.1063/1.1953547.

Partay L., Jedlovszky P., Brovchenko I., Oleinikova A., ]. Phys. Chem. B, 2007, 111, 7603-7609;
doii10.1021/jp070575j.

23301-7


http://dx.doi.org/10.1209/epl/i2002-00394-5
http://dx.doi.org/10.1140/epje/i2004-10050-0
http://dx.doi.org/10.1063/1.1574796
http://dx.doi.org/10.1146/annurev-matsci-070909-104529
http://dx.doi.org/10.1016/S0370-1573(02)00583-5
http://dx.doi.org/10.1063/1.478545
http://dx.doi.org/10.1103/PhysRevLett.99.127801
http://dx.doi.org/10.1135/cccc20080401
http://dx.doi.org/10.1103/PhysRevE.79.041141
http://dx.doi.org/10.1063/1.452707
http://dx.doi.org/10.1073/pnas.0507870102
http://dx.doi.org/10.1080/00268976.2010.522209
http://dx.doi.org/10.1016/0021-9991(86)90123-3
http://dx.doi.org/10.1021/j100118a044
http://dx.doi.org/10.1063/1.479893
http://dx.doi.org/10.1021/jp204078u
http://dx.doi.org/10.1080/00268970410001705343
http://dx.doi.org/0.1080/00268970410001668417
http://dx.doi.org/10.1039/c1cp21903k
http://dx.doi.org/10.1023/B:IJOT.0000038498.47700.3f
http://dx.doi.org/10.1063/1.2771547
http://dx.doi.org/0.1080/00268979709482648
http://dx.doi.org/10.1080/002689798167511
http://dx.doi.org/10.1063/1.1740737
http://dx.doi.org/10.1080/00268970310001606795
http://dx.doi.org/10.1063/1.1953547
http://dx.doi.org/10.1021/jp070575j

J. Skvor, I. Nezbeda

NiHia nepkonsauii, PyHKLii BiAryky i aHanis 6aratorpaHHuKa
BOpOHOro B HaAKPUTUUHIW BOA

A1. Wkeop™, 1. He6ead™

L PakynbTeT NpUpoAHNYMX Hayk, YHiBepcuTeT .E. MNypkiHiie, YcTi Hag Nlabem, Yecbka Pecrybnika
2 IHCTUTYT PyHAAMEHTaNbHMX OCHOB XiMiYHUX Npovecis, AkageMisa Hayk, Mpara, Yecbka Pecnybnika

Mpo6nema ¢GisnyHOT BaX/IMBOCTI (CyTi) NepkonaLii y HAAKPUTUYHUX NANHAX AOCAIAXKYETBCA Ha NPUKAaAi NpUMi-
TUBHOI MoZeni BoAW. [iBa pi3HMX KpuTepii, GisNUHUA | KOHPirypaLiiHW1iA, BUKOPNCTOBYHOTLCS A8 O3HAUYEHHS
Knactepa B MogentoBaHHi Metogom MoHTe Kapno npu pisHMX TUCKaX, 3 METO0 OTPMMaHHS NepKOAALAHOT NiHii
Ta ii nepekocy. TeopeTnyHe aHaNITUUYHE PiBHAHHA CTaHy BUKOPUCTOBYETLCSA ANSA OLHKM GYHKLil Bigryky. 3Ha-
naeHo, LWo obunasa kpuTepii AalTb NPaKTUYHO OAHAKOBY AiHit0 NepkoAnauii. lpoTe, Ha BiAMiHY Bij pe3y/ibTaTis
NS NPOCTVX M/INHIB, reOMeTPpUYHe MicLie TOYOK eKCTpeMyMiB QYHKLIT BiAryky Bkasye Ha LiNKOM iHLy 3ane-
XHICTb BiZ TUCKY/TYCTWUHW, HiX NiHiA nepkonsyii. EAMHe NoTeHUiiHe CNiBNagiHHA MiX reoMeTpuYHUM MicLem
TOYOK eKCTpeMyMiB TepMOANHAMIYHOI XapaKTepuUCTMKM i CnocTepexyBaHoi CTPYKTYPHOI 3MiHU € 3HalijeHo Ans
KoediLjieHTa i30TepMiYHOI CTUCAMBOCTI | MakCMyMy acMeTpii po3noginy BopoHoro.

KntouoBi cnoBa: siiHis nepkoasayii, @yHKUII BIAryKY, AiHiT BigoMa, HagkpuTn4Ha Boja, mo3aika BopoHoro
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