Pis’ma v ZhETF, vol. 97, iss. 4, pp. 241 – 247 © 2013 February 25

Application of the two-liquid model for the interpretation of the observed electrophysical properties of supercooled water in nonopores

P. O. Fedichev^{1)}, L. I. Menshikov^+

Quantum Pharmaceuticals Ltd, 125171 Moscow, Russia

+The National Research Center “Kurchatov Institute”, 123182 Moscow, Russia

Submitted 11 December 2012 Resubmitted 16 January 2013

We propose a model combining the first-order liquid-liquid and the second-order ferroelectric phase transitions phenomenology to explain various features of the λ-point of liquid water. We suggest that the long-range dipole-dipole interaction of water molecules leads to a ferroelectric phase transition, which occurs only in the low-density component of the liquid and is the origin of the singularity of the dielectric constant recently observed in experiments with supercooled liquid water in nano-porous materials. Finally, we establish the model parameters and prove the consistency of the combined model by comparing its predictions with experimental data and the results of recent MD simulations.

DOI: 10.7868/S0370274X13040103

1. Introduction. At normal pressures near the λpoint at temperatures close to T_λ ≈ 228 K many thermodynamic quantities of supercooled water, such as heat capacity, compressibility, thermal expansion, and dielectric constants, exhibit nearly singular behavior [1–3]. However, the observed features are often weak, which suggests a thermodynamic continuity of the various water states near the λ-point [4, 5]. The intrinsic thermodynamic instability of liquid water at temperatures well below the freezing point has been a major obstacle both in experimental studies and theoretical modeling (see e.g. [6–13] for a review). The currently accepted view is to ascribe the λ-point features to a first-order Liquid-Liquid Phase Transition (LLPT). The model predicts the existence of a second critical point of water at the temperature T_{CR} ∼ 200 K and pressure ∼ 1 kbar [14–16]. The sharp temperature dependencies observed near T_λ are attributed to crossing the Widom line [17], where the density and entropy fluctuations are large [18]. The view is supported by numerous molecular dynamics (MD) simulations based on realistic water models [14, 19–28] simplified analytical models [29–33], and experimental studies [6, 34–37].

Recent MD studies have demonstrated that heat capacity and thermal conductivity [38] peak around T_λ, and that the liquid shows a good deal of ordering in the vicinity of the λ-point. Moreover, there have been studies demonstrating a number of dynamic property anomalies, such as loss of the Einstein relation between

1)e-mail: peter.fedichev@gmail.com

diffusion and mobility coefficients [39, 40] and non- Arrhenius behavior of the liquid [17, 40, 41]. Similarly, recent experiments with supercooled water in nanopores also show a profound jump (in ∼ 200 times) in the dielectric constant, ϵ(T ), near the λ-point [42, 43, 44]. According to [45], for example, it is a feature of the Ferroelectric Phase Transition (FPT). Together, the findings paint a much richer picture than a mere LLPT and, in fact, bring back an old idea [3] relating the weak singularity of the dielectric constant to a FPT. Remarkably, the hypothesis was put forward immediately after the discovery of the λ-point, but the weakness of the observed singularities prompted the authors [3] to reject the explanation. It is interesting that the experimentation with bulk water did not allow authors [3] to overcome only few degrees in cooling and to observe the great singularity in ϵ(T ). It becomes possible in nanoporous materials. A model polar liquid consisting of freely rotating molecules with point dipoles, pair-wise interactions, and parameters similar to those of water predicts the FPT at a very high and essentially unreachable temperature, ∼ 1200 K [46]. Once the electron shell polarization, ϵ_∞ ≈ 4 to 5 [47–49], is included we obtain a more sophisticated model [50, 51] giving a smaller FPT temperature

T_F =

4πn_0d^2_0 9ϵ_∞

= (210−236) K ≈ T_λ, (1)

where n_0 is the density and d_0 are the static dipole moments of the molecule comprising the liquid.

Письма в ЖЭТФ том 97 вып. 3 – 4 2013 241

Despite bringing the FPT temperature remarkably close to T_λ, the simple FPT model fails to reproduce the observed ϵ(T ) dependence. At higher temperatures, the simple FPT model predicts a slower rate of decrease than both older [3] and recently obtained empirical results [42–44]. This should not be surprising, since water is more complex than a model polar liquid consisting of point dipoles. The tetrahedral geometry of water molecule leads to a polyamorphism phenomenon [52, 6, 9], permitting two or more phases of the same liquid to exist in a mixture at the same time. In this paper, we develop a unified theoretical description aiming to provide a synthetic model mixing the LLPT and FPT phenomenology into a single theoretical framework and provide arguments that FPT is possible in frames of LLPT approach.

2. The model. We combine the “standard” LLPT [14, 15, 6] model in the form of the two-state model of liquid water developed in [53, 54] with the polar liquid [50, 42, 51] phenomenology. Accordingly, we assume that the equilibrium state of supercooled water is a mixture of macroscopically-sized clusters of the two types: the low density liquid (LDL) and the high density liquid (HDL). This viewpoint is the well-known mixture model [6, 26] and is well supported by the experiments [35, 36, 55].

We further assume that the FPT occurs in the LDL only, while the HDL phase has no ferroelectric state. We have two reasons for these assumptions. First, LDL is “softer” locally than HDL, since the density of LDL is about 20% less than HDL [6, 56–60]. Therefore, it seems natural to think that the molecules of LDL are capable to rotate more or less freely, whereas in the HDL the rotations are more difficult. Thus, LDL is closer to the pair-wise and isotropically interacting liquid used to derive Eq. (1). The possibility of FPT in LDL can be further supported by the structural similarity between the local structure of LDL and the crystalline lattice of the stable (paraelectric) phase of ice, ice Ih [61, 62]. According to some early observations [63–66] at normal pressures at temperatures below T ∼ 70 K the ice Ih enters the ferroelectric state, ice XI. Since LDL is less dense than the ice 1h, the FPT in LDL occurring at a much higher temperature is not surprising. But it is worth to note here that the existence of FPT in ice is not yet proved finally. Its possibility is supported by MD simulations (see, for example, [67, 68]), but the result is sensitive to the water model taken [68]. Pro and contra arguments were presented in [69]. Recent detailed simulations [70, 71] are in favor of the FPT. Main obstacle for the reliable experimental conclusions is the very long relaxation of the ferroelectric states [72], therefore it was assumed that bulky ferroelectric ice exists only on remote planets [73]. FPT in ice was observed recently in neutron experiments [74].

The assumption of freely rotated molecules in LDL can be difficult to assume, because traditionally is supposed that the water properties are governed by the Hbond network [75]. In fact, at intermolecular distances in water, r ∼ 0.3 nm, it is impossible to single out Hbond and dipole-dipole interactions, u_{dd}, from the total interaction between molecules, which has mostly the electrostatic nature. Two values is useful to present here to clear the situation: the enthalpy of water dimer formation is △H = (12−15) kJ/mol [76, 77], and u_{dd} = = 2d^2_0/r^3 = 15 kJ/mol for molecules with parallel dipoles. These estimates show that the dipole-dipole interaction is enough strong to influence essentially on the molecular orientations. At least, some of four spatial directions selected for each molecule by the H-bond network can be energetically preferable in LDL due to the long-range dipole-dipole interactions that is enough to establish the ferroelectric order.

Due to the hydrogen bonding there exists an approximate order such that the water molecules at small distances form lattice-like structures [75, 16]. The Gibbs free energy of an LDL cluster at a given pressure P is the sum of the contributions from the polar (rotational), G^P_{LDL}, and the lattice degrees of freedom, G^L_{DL}: G_{LDL} = G^P_{LDL} + G^L_{DL}. At higher temperatures, T > > T_F, the equilibrium state of LDL corresponds to the disordered paraelectric phase, whereas at lower temperatures, T < T_F , the LDL phase becomes the long-range-ordered ferroelectric state. The free energy per mole takes the usual Landau form near the phase transition [78]:

G_{LDL} ≈ −Dτ^2θ (−τ) + G^L_{DL} (T, P ) , (2)

where D ∼ V_0n^2_0d^2_0 ∼ 150 cal/mol, τ = (T_F − T )/T_F ≪ ≪ 1, and V_0 = N_A/n_0 ≈ 22 cm^3 is the molar volume of LDL. The FPT manifests itself as a singularity of the dielectric constant ϵ [45], which means that the dielectric constant of LDL is:

ϵ = ϵ_∞ [1 + f (T )] , (3)

where f (T ) = 3T_F/(T − T_F) for T > T_F and f (T ) = = 3T_F/2(T_F − T ) for T < T_F.

Following [53, 54], we represent the Gibbs energy of water in the form

G (c) = cG_{LDL} + (1 − c) G_{HDL} + Uc (1 − c) +

+ RT [c log c + (1 − c) log (1 − c)] . (4)

Письма в ЖЭТФ том 97 вып. 3 – 4 2013

Here, G_{HDL} is the free energy of the HDL component and U characterizes the “energy of mixing”. The equilibrium free energy and the LDL fraction c can be found by minimizing G (c) with respect to c: G^′ (c) ≡ ≡ [∂G (c, P, T ) /∂c]_{P,T} = 0, or

△G (P, T ) + U (1 − 2c) + RT log ( c 1 − c ) = 0, (5)

where △G (P, T ) = G_{LDL} − G_{HDL}. The model predicts LLPT and the second critical point at T_{CR} = U/ (2R).

Following the earlier success of the two-state model [79, 53, 54], we expand △G (P, T ) ≈ △E^0 − T △S^0 + + P △V^0 and presume that the coefficients do not depend on the temperature and pressure:

△E^0 (P, T ) , △S^0 (P, T ) , △V^0 (P, T ) ≈ const. (6)

This assumption works well in the theory of binary alloys [79] and gives a reasonable description of water properties near the second critical point K. Fig. 1 demonstrates the PT diagram suggested by this model.

Fig. 1. P T -diagram of water in our model

The AKB line in Fig. 1 is the spinodal line corresponding to G^′ (c) = 0, G^{′′} (c) ≡ ≡ [ ∂^2G (c, P, T ) /∂c^2 ] P,T = 0. The local minimum of the function G (c) corresponding to the LDL phase disappears along the KB line and, therefore, the LDL phase loses its thermodynamic stability. Accordingly, the KA line is the HDL spinodal. The Gibbs potential G (c) has a single minimum everywhere above and two minima, at c = c_{1,2} and G^′(c_{1,2}) = 0, below the AKB line. KC is LLPT line corresponding the G(c_1) = G(c_2) equilibrium condition. The low- and high-density amorphous ice regions are denoted by LDA and HDA [7]. Our assumptions fail at small temperatures, and the LLPT line follows the KD curve, which corresponds

△S → 0 at T → 0 limit, as required by the third law of thermodynamics.

WK is the Widom line, defined by the conditions G^′ (c) = 0 and G^{′′′} (c) = 0, or, equivalently, c = 1/2. Remarkably, Eqs. (6), (4), and (5) imply that △G (P, T ) = = 0, and hence WKC is a straight line. The Widom temperature is T_W = △E^0/△S^0 at small pressures. The heat capacity, C_P, consists of the two parts

C_P = T [( ∂S ∂c ) P,T ]_2

/G^{′′} (c) = C^P_P + C^L_P , (7)

where C^L_P = C^∞_P (T/Θ)^3 / [ 1 + (T/Θ)^3 ] is the Debye heat capacity, C^∞_P = 18 cal· mol^{−1}K^{−1} [1], and Θ ≈ ≈ 150 K is the Debye temperature of water lattice. The polar part of C^P_P is

C^P_P ≈

[△E^0 + P △V^0 + U(1 − 2c)][△S^0 − R log(^c_{1−c} )] RT/c/(1 − c) − 2U . (8) For small pressures near the Widom line, G^{′′} (c) is small, the fluctuations are strong, and the temperature dependence of the heat capacity takes a standard Lorenz form

C^P_P ≈

R△T^2 [ (T − T_W)^2 + δ^2

] , (9)

where △T = T_W − T_{CR}, δ = 2R△T √ △T/ (△E^0△S^0).

The quantity C^P_P peaks at T = T_W in agreement with experiments [7, 8], earlier explanations [17], and recent calculations [38]. Therefore, we can use Eq. (9) to analyze the heat capacity calculated, e.g., using MD from [38] and extract the model parameters:

△E^0 = −860 cal · mol^{−1}, △S^0 = −3.5 cal · mol^{−1}K^{−1},

U = 880 cal · mol^{−1}. (10)

These parameters correspond to T_W = 245 K, T_{CR} = = 220 K, and P_{CR} = 1 kbar. To calculate P_{CR} we used △V^0 ≈ 3.8 cm^3 mol^{−1} from [53, 54], where a similar parameters set was obtained: U ≈ 900 cal· mol^{−1}, △E^0 = −250 cal· mol^{−1}, △S^0 = −1 cal· mol^{−1}K^{−1}. The heat capacity C_P calculated with the help of Eqs. (7), (8) and (10) is plotted on Fig. 2 against the experimental values from [1] and the recent MD calculations [38]. Note that although the MD calculation does not provide a full match with the experimental curve in absolute terms, the MD results, the experiment, and our calculations consistently describe the same features and, hence, the same physics. Remarkably, the entropy of LDL is less than that of HDL, △S^0 < 0, in accordance with [8]. This further indicates that the LDL is more ordered

Письма в ЖЭТФ том 97 вып. 3 – 4 2013

Fig. 2. The heat capacity of water (see Eqs. (7), (8), and (10); solid curve) vs. MD calculations [38] (points) and the empirical data [1] (crosses)

than HDL [38]. This also means that the FPT could have already been implicitly present in the MD.

Once the model parameters (10) are established, we can verify the consistency of the model by observing the temperature dependence of the LDL fraction c (T ) given by Eq. (5) (see the solid line 1 in Fig. 3). There is

Fig. 3. Theoretical temperature dependence of the LDL fraction (solid lines, see the explanations in the text) versus empirical data [36] (dots)

a qualitative agreement between the predicted and the empirical data [36] (the dots) at sufficiently large temperatures above 200 K. We note that △G (P, T = 0) < 0 and, therefore, at sufficiently low temperatures all of the liquid should turn into LDL (c → 1 as T → 0). This implies that the equilibrium composition of water was not actually achieved in the experiments, especially at the lower temperatures. This may be due to the increase of the equilibration times; see, e.g., [80, 81]. Hence, we can attempt to match the LDL fraction measurements at higher temperatures only, and we obtain a better agreement with the experiment using a slightly different parameter set (see solid line 2):

△E^0 = −920 cal · mol^{−1}, △S^0 = −4 cal · mol^{−1}K^{−1}. (11) Although predicted curves 1 and 2 are clearly different, both parameter sets, (10) and (11), are fairly close numerically. This indicates that the experiments and the presented model are consistent with each other. Moreover, further refinement of the model parameters may be difficult due to a very sharp dependence of the LDL fraction c near the Widom line.

It should be noted that according to our model the LDL fraction at large temperatures tends to the nonvanishing constant value that disagrees with experimental points. It is a drawback of the model resulting from the linear approximation (6). Nevertheless, this fraction is small for correspondent choice of parameters such as (11).

3. Discussion. The analysis of the heat capacity and the LDL fraction measurements established the model parameters and predicted the temperature dependence of the dielectric constant for comparison with empirical data. The dielectric constant of the liquid is the sum of the LDL, ϵ_{LDL} from Eq. (3), and the HDL, ϵ_{HDL}, contribution, given by Debye–Onsager model: ϵ_{HDL} = ϵ_∞ + 2πn_0d^2_0 (ϵ_∞ + 2)^2 /(9T ) [82]. Since the HDL fraction is 1 − c, ϵ = cϵ_{LDL} + (1 − c)ϵ_{HDL}, and so ϵ = ϵ_∞ + ϵ_∞c (T ) f (τ) + [1 − c (T )]

2πn_0d^2_0 9T (ϵ_∞ + 2)^2 , (12) which can be compared to the recent measurements in nm-sized porous materials [42–44]. To achieve the stable liquid state at T ∼ T_F, water samples were confined in polymerized silicate MCM-41 [83] with cylindrical pores of diameters D = 3.5 nm. Though the nature of the confined water phase states has long been a source of controversy, recent studies show that thermodynamic properties of water in cavities larger than approximately 1 nm are essentially the same as in the bulk (see, for example, papers [84, 85] and references therein). The dielectric response of the sample was detected by the dielectric spectroscopy method at frequency range 25 Hz–1 MHz.

The results of the measurements and the theoretical predictions corresponding to the parameters set (10) and ϵ_∞ = 4.7 yield T_F = T^{exp}_F = 235 K. These results are presented in Fig. 4. At temperatures well above the transition point, T > T_F, T_W, our model agrees with the

Письма в ЖЭТФ том 97 вып. 3 – 4 2013

Fig. 4. Dielectric constant for bulk water versus temperature. Results of formulas (12), (10) are given by solid curve. Experimental results [42, 43] are presented by points, crosses correspond to the measurements [3]

experiment fairly well. The temperature dependence of the dielectric constant is much stronger than predicted by a simpler, single-component model [51]. Hence, the two-liquid phenomenology clearly improves the agreement with experimental results. The singularity of the dielectric constant is directly associated with the phase transition in the liquid water only, as no singularity was observed in experiments with another porous material with substantially larger pores, SBA-15 [44]. This also means that the effects observed in experiments with MCM-41 samples take place in a liquid water and are not a result of the freezing process. Below the transition point, T < T_F, the experiments paint a distinctly different picture. The temperature T_F may depend on the LDL cluster size and, therefore, we may face a “continuous set” of ferroelectric transitions in a multitude of LDL clusters as the temperature decreases. It leads to the observed large values of ϵ at T < T_F.

Although we predict that FPT in LDL does lead to a dramatic increase of the dielectric constant near T_F, Eq. (2) shows that at small pressures near the phase transition, |τ| ≪ 1, the dipole-dipole interaction contribution to the Gibbs energy of the liquid is small, |△G_P | ≪ |△G_L|. Therefore, FPT occurs at T ≈ T_F in the background of the LLPT driven by the lattice rearrangements. Consequently, the influence of FPT on water properties at temperatures near the Widom line or higher (see Fig. 1) is negligible. A fair increase in the dielectric response of large water samples was also observed in the earlier experiments by Angel et al. [3]. We believe that the experimentalists measured mostly the third term of Eq. (12) and could have possibly missed the FPT, described by the second term, by a few degrees. This means that the observation of the true singularity, and hence the evidence for FPT, have only became possible after the introduction of the novel nmsized materials such as MCM pores.

Further away from the phase transition temperatures, |τ| ∼ 1 we believe that |△G_P | ∼ |△G_L| and therefore the lattice and the dipole-dipole interaction forces are equally important. The analogy between the ice 1h and LDL suggests that the energy of the dipoledipole interactions released in the course of the FPT is thus transformed into the lattice rearrangements that occurs in FPT in ice. Therefore, it is reasonable to assume that, in reality, LLPT has a mixed nature and the liquid is probably in a ferro-electric phase below KP line.

Authors are grateful to G.S. Bordonskiy for fruitful discussions. The work was supported by Quantum Pharmaceuticals.

1. C. Angell, J. Shuppert, and J. Tucker, J. Phys. Chem.

77, 3092 (1973).

2. R. Speedy and C. Angell, J. Chem. Phys. 65, 851 (1976). 3. I. Hodge and C. Angell, J. Chem. Phys. 68, 1363 (1978). 4. S. Sastry, P. Debenedetti, F. Sciortino, and H. Stanley, Phys. Rev. E 53, 6144 (1996).

5. L. Rebelo, P. Debenedetti, and S. Sastry, J. Chem. Phys.

109, 626 (1998).

6. O. Mishima and H. Stanley, Nature 396, 329 (1998). 7. P. Debenedetti, J. of Phys.: Condensed Matter 15, R1669 (2003).

8. P. Debenedetti and H. Stanley, Physics Today 56, 40 (2003).

9. C. Angell, Annu. Rev. Phys. Chem. 55, 559 (2004). 10. H. Stanley, S. Buldyrev, P. Kumar et al., Journal of Non-Crystalline Solids 357, 629 (2011).

11. S. Buldyrev, P. Kumar, P. Debenedetti et al., Proceedings of the National Academy of Sciences 104, 20177 (2007).

12. S. Han, M. Choi, P. Kumar, and H. Stanley, Nature Physics 6, 685 (2010).

13. P. Kumar, S. Han, and H. Stanley, Journal of Physics:

Condensed Matter 21, 504108 (2009).

14. P. Poole, F. Sciortino, U. Essmann, and H. Stanley, Nature 360, 324 (1992).

15. P. Poole, F. Sciortino, T. Grande et al., Phys. Rev. Lett.

73, 1632 (1994).

16. H. Stanley, S. Buldyrev, N. Giovambattista et al., Physica A: Statistical Mechanics and its Applications 306, 230 (2002).

17. L. Xu, P. Kumar, S. Buldyrev et al., Proceedings of the National Academy of Sciences of the United States of America 102, 16558 (2005).

Письма в ЖЭТФ том 97 вып. 3 – 4 2013

246 P. O. Fedichev, L. I. Menshikov

18. C. Bertrand and M. Anisimov, J. Phys. Chem. B (2011). 19. H. Stanley, C. Angell, U. Essmann et al., Physica A: Statistical Mechanics and its Applications 205, 122 (1994).

20. H. Tanaka, J. Chem. Phys. 105, 5099 (1996). 21. S. Harrington, P. Poole, F. Sciortino, and H. Stanley, J.

Chem. Phys. 107, 7443 (1997).

22. M. Yamada, S. Mossa, H. Stanley, and F. Sciortino, Phys. Rev. Lett. 88, 195701 (2002).

23. P. Jedlovszky and R. Vallauri, J. of Chem. Phys. 122, 081101 (2005).

24. D. Paschek, Phys. Rev. Lett. 94, 217802 (2005). 25. D. Paschek, A. Rüppert, and A. Geiger, Chem. Phys.

Chem. 9, 2737 (2008).

26. I. Brovchenko and A. Oleinikova, Chem. Phys. Chem.

9, 2660 (2008).

27. Y. Liu, A. Panagiotopoulos, and P. Debenedetti, J. of Chemi. Phys. 131, 104508 (2009).

28. J. Abascal and C. Vega, J. Chem. Phys 133, 234502 (2010).

29. T. Truskett, P. Debenedetti, S. Sastry, and S. Torquato, J. Chem. Phys. 111, 2647 (1999).

30. T. Truskett and K. Dill, J. Phys. Chem. B 106, 11829 (2002).

31. H. Lee and R. Swendsen, Phys. Rev. B 64, 214102 (2001).

32. M. Girardi, A. Balladares, V. Henriques, and M. Barbosa, J. Chem. Phys. 126, 064503 (2007).

33. K. Stokely, M. Mazza, H. Stanley, and G. Franzese, Proceedings of the National Academy of Sciences 107, 1301 (2010).

34. O. Mishima, Phys. Rev. Lett. 85, 334 (2000). 35. F. Mallamace, C. Branca, M. Broccio et al., Proceedings of the National Academy of Sciences 104, 18387 (2007).

36. F. Mallamace, C. Corsaro, M. Broccio et al., Proceedings of the National Academy of Sciences 105, 12725 (2008).

37. O. Mishima, J. Chem. Phys. 133, 144503 (2010). 38. P. Kumar and H. Stanley, J. Phys. Chem. A. DOI:

10.1021/jp2051867 (2011).

39. S. Chen, F. Mallamace, C. Mou et al., Proceedings of the National Academy of Sciences 103, 12974 (2006).

40. P. Kumar, S. Buldyrev, S. Becker et al., Proceedings of the National Academy of Sciences 104, 9575 (2007).

41. P. Kumar, G. Franzese, and H. Stanley, Phys. Rev. Lett.

100, 105701 (2008).

42. P. Fedichev, L. Menshikov, G. Bordonskiy, and A. Orlov, JETP Lett. 94, 401 (2011); arxiv preprint arXiv:1104.1417.

43. G. Bordonskiy and A. Orlov, Russian Journal of Condensed Matter and Interphase Boundaries 13, 5 (2011).

44. G. Bordonskiy, A. Gurulev, A. Orlov, and K. Schegrina, arxiv preprint arXiv:1204.6401v1 (2012).

45. H. Frohlich, Theory of Dielectrics: Dielectric Constant and Dielectric Loss, Clarendon press Oxford, 1949.

46. J. Bernal and R. Fowler, J. Chem. Phys 1, 515 (1933). 47. A. Stogrin, IEEE Trans. Microwave Theory Tech. MIT- 19, 733 (1971).

48. H. Liebe, G. Hufford, and T. Manabe, International Journal of Infrared and Millimeter Waves 12, 659 (1991).

49. J. Hasted, D. Ritson, and C. Collie, J. Chem. Phys. 16, 1 (1948).

50. P. Fedichev and L. Menshikov, arxiv preprint condmat/0601129 (2006).

51. L. Menshikov and P. Fedichev, Russian Journal of Physical Chemistry A, Focus on Chemistry 85, 906 (2011); arXiv:0808.0991.

52. P. Poole, T. Grande, F. Sciortino et al., Computational Materials Science 4, 373 (1995).

53. E. Ponyatovskii, V. Sinitsyn, and T. Pozdnyakova, JETP Lett. 60, 360 (1994).

54. E. Ponyatovsky and V. Sinitsyn, Physica B: Condensed Matter 265, 121 (1999).

55. J. Zanotti, M. Bellissent-Funel, and S. Chen, EPL (Europhysics Letters) 71, 91 (2007).

56. S. Myneni, Y. Luo, L. Näslund et al., J. of Phys.: Condensed Matter 14, L213 (2002).

57. P. Wernet, D. Nordlund, U. Bergmann et al., Science 304, 995 (2004).

58. T. Tokushima, Y. Harada, O. Takahashi et al., Chem.

Phys. Lett. 460, 387 (2008).

59. C. Huang, K. Wikfeldt, T. Tokushima et al., Proceedings of the National Academy of Sciences 106, 15214 (2009).

60. N. English and J. Tse, Phys. Rev. Lett. 106, 37801 (2011).

61. M. Blackman and N. Lisgarten, Proceedings of the Royal Society of London. Series A. Mathematical and Physical Sciences 239, 93 (1957).

62. J. Finney, A. Hallbrucker, I. Kohl et al., Phys. Rev. Lett.

88, 225503 (2002).

63. A. Zaretskii, R. Howe, and R. Whitworth, Philosophical Magazine B 63, 757 (1991).

64. S. Jackson and R. Whitworth, J. Chem. Phys. 103, 7647 (1995).

65. S. Jackson and R. Whitworth, J. Phys. Chem. B 101, 6177 (1997).

66. M. Iedema, M. Dresser, D. Doering et al., J. Phys.

Chem. B 102, 9203 (1998).

67. V. Buch, P. Sandler, and J. Sadlej, J. Phys. Chem. B 102, 8641 (1998).

68. S. Rick, J. Chem. Phys. 122, 094504 (2005). 69. S. Bramwell, Nature 397, 212 (1999).

70. S. Singer, J. Kuo, T. Hirsch et al., Phys. Rev. Lett. 94, 135701 (2005).

71. C. Knight, S. Singer, J. Kuo et al., Phys. Rev. E 73, 056113 (2006).

Письма в ЖЭТФ том 97 вып. 3 – 4 2013

Application of the two-liquid model for the interpretation of the. . . 247

72. R. Feistela and W. Wagner, J. Phys. Chem. Ref. Data 35, 1021 (2006).

73. H. Fukazawa, A. Hoshikawa, Y. Ishii et al., The Astrophysical Journal Letters 652, L57 (2008).

74. H. Fukazawa, A. Hoshikawa, B. Chakoumakos, and J. Fernandez-Baca, Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment 600, 279 (2009).

75. L. Pauling, General Chemistry, Dover Publications, 1988.

76. M. Volkenstein, Molecular Biophysics, Academic Press, New York, 1977.

77. A. Prokhorov, Physical encyclopedia, M.: Soviet encyclopedia, 1988.

78. L. Landau and E. Lifshitz, Course of Theoretical

Physics, v. 5, 1980.

79. M. Krivoglaz and A. Smirnov, Teoriya uporyadochiv.

splavov (Theory of ordering alloys), Fizmatgiz, M., 1958.

80. E. Moore and V. Molinero, J. Chem. Phys. 132, 244504 (2010).

81. E. Moore and V. Molinero, Nature 479, 506 (2011);

arxiv preprint arXiv:1107.1622.

82. L. Onsager, Journal of the American Chemical Society 58, 1486 (1936).

83. C. Kresge, M. Leonowicz, W. Roth et al., Nature 359, 710 (1992).

84. D. Limmer and D. Chandler, arXiv preprint arXiv:1205.2157 (2012).

85. P. Fedichev and L. Menshikov, Arxiv preprint arXiv:1206.3470 (2012).

Письма в ЖЭТФ том 97 вып. 3 – 4 2013