Pis’ma v ZhETF, vol. 94, iss. 5, pp. 433 { 437 cfl 2011 September 10

Experimental evidence of the ferroelectric nature of the ˘-point transition in liquid water

P. O. Fedichev^△, L. I. Menshikov^∘, G. S. Bordonskiy�, A. O. Orlov�

△Quantum Pharmaceuticals, 125171 Moscow, Russia

∘NRC “Kurchatov Institute”, 123182 Moscow, Russia

�_{Institute of Natural Resources, Ecology and Cryology SB RAS, 672000 Chita, Russia}

Submitted 18 July 2011

We studied the dielectric properties of nano-sized liquid water samples con˛ned in polymerized silicates MCM-41 characterized by pore sizes 3{10 nm. Freezing temperature suppression in nanopores helps keep the water samples in liquid form at temperatures well below 0^∘C and thus e¸ectively study the properties of supercooled liquid water. We report the ˛rst direct measurements of the dielectric constant by the dielectric spectroscopy method and demonstrate very clear signatures of the second-order phase transition of ferroelectric nature at temperatures next to the ˘-point in the supercooled bulk water in full agreement with the recently developed model of the polar liquid.

Strong hydrogen bonds between and large dipole moments of individual molecules are reasons behind the very rich phase diagram and quite a few “anomalous” properties [1–7]. Understanding the dielectric response of the liquid plays a crucial role in modeling molecular interactions in computational physical chemistry, biophysics, and drug design applications [8]. The static dielectric constant ϵ of water at room temperatures is very large, increases as temperature decreases, and even diverges in supercooled water if the measured values are extrapolated to the temperature T_C ≈ 228 K of the λtype transition [9, 10]. Unfortunately, this temperature is unreachable in the bulk water due to fast bulk nucleation. Most other thermodynamic quantities, such as isothermal compressibility, density, diffusion coefficient, and viscosity, are also singular [9–11]. Following the earlier idea of [12], the authors of [13, 14] indicated that the phase transition could have ferroelectric features. The ferroelectric hypothesis was also supported by a number of molecular dynamics (MD) simulations in various model polar liquids (see e.g. [15–17]). For example, a ferroelectric liquid phase was observed in a model of the so called “soft spheres” with static finite size dipole moments inside the spheres [15, 17–20]. The conclusion seems to be a model-independent and confirmed in the MD of hard spheres with point dipoles [18, 21].The ferroelectric state of Stockmayer fluid was studied in [22].

Unfortunately, the relation of the ferroelectric phase transition (FPT) to the λ-point in actual water, or even the very existence of the paraelectric phase, may be difficult to confirm in MD simulations with a finite number of particles. There are quite a few reasons for this. First of all, due to the long range nature of the dipole-dipole interactions between the molecules, the simulated liquid tends to form tightly correlated domains and the calculated properties depend strongly on the boundary conditions in any reasonably sized system [17]. At the same time, because of the low temperatures and the proximity of various phase transitions, the relaxation processes take a very long time [23]. This leads to a necessity for simulating large and strongly interacting molecular systems in realistic force-fields for very extended periods of time.

The same problems naturally hinder the theoretical understanding of the physics behind the phase transition. There could be no purely electrostatic model of the phase transition since classical systems with electrostatic interactions only are inherently unstable. Chemical forces, such as hydrogen bonds, are known to play a very important role in water molecule ordering at all temperatures in general, but particularly when close to the phase transitions [24, 25]. The “minimal” continuous model capable of predicting finer effects depending on both the hydrogen bonding properties and the long-range dipole-dipole interactions of the water molecules was proposed in [26–28]. One of its predictions is the FPT in liquid water within the temperature interval T_C = −(37 − 47)^∘C, which is remarkably close to the experimentally observed λ-point. In [10], a nearly divergent temperature dependence of dielectric constant ε near λ-point was indeed reported. On the other hand, due to weak character of the divergence and factual unattainability of T_C , the λ-features in the experiments were not attributed it to the FPT.

Fortunately, the freezing temperature can be essentially lowered in water confined in nanopores (see

5 Ŕĺśĳňă ć ĘİŠŤ šőň 94 ćżŕ. 5 { 6 2011 433

[5, 6, 29, 30] and references therein). Already for a pore of a radius R ≤ 2 nm, the decrease in freezing temperature can be as large as −50 K [29] and hence, the predicted ordering phase transition at T = T_C can be observed and studied experimentally. Ferroelectric ice-XI state exists in the water bulk according to [4]. Similarly the ferroelectric phase is predicted in MD simulations of the liquid water and ice in nanotubes [31, 32] and in water shells around proteins [33]. The water in the porous systems can be studied by numerous methods (see e.g. [6] for a review). In this work, we present the results of the direct measurements of the low-frequency dielectric constant ϵ of water in nanopores obtained using the dielectric spectroscopy method (DSM) [34]. The data were obtained in MCM-41 samples with the pore diameters D = 3.5 nm, which is much larger than the hydration layer thickness (∼ 0.4 nm [29]). This means that the phase transition and the ordering properties of the liquid in our experimental system are very close to that of the bulk liquid at the same temperature [35–38].

The polar liquid phenomenology [27] extends the continuous models [39–43] and was originally developed to describe electrostatic energies of biomolecules in aqueous solutions for drug discovery applications [44]. The model naturally describes the ordering phase transition in water [26, 28]. Within the suggested model, the polar liquid is characterized by the vector-field s(r) = ⟨d (r)⟩ /d_0, where d (r) is the vector of the static dipole moment of a molecule residing at point r, d_0 is its absolute value, 0 < s(r) < 1. The total dipole moment of the molecule equals d_t (r) = d (r) + d_e (r), where d_e (r) is the dipole moment induced in the electronic shell. The Helmholtz free energy of polar liquid is described by the functional of independent fields s (r) and d_e (r):

F (s(r), d_e(r))=P^2_0 ∫ dV C 2 ∑ α,β ∂s_α ∂x_β ∂s_α ∂x_β + V (s^2) +

+ ∫ dV n^2_0

2πd^2_e (ϵ_∞ − 1) + ∫ dV 1 8π E^2_P − ∫ dV P (r) E_e (r). (1) Here, C is the phenomenological parameter characterizing the H-bond network rigidity, P_0 = n_0d_0, n_0 is the particle density of the liquid. Electrons are considered in frames of the “jelly” model as a continuous medium with dielectric constant ϵ_∞. Next, E_P = −∇φ_P is the polarization electric field produced by polarization charges with a density ρ_P = −∇P (sometimes called the depolarizing field), E_e (r) = −∇φ_e is the external electric field induced by external charges with the density ρ_e (r),

P (r) = P_0s(r)+n_0d_e (r) is the polarization vector of liquid at point r, and E (r) = E_P (r)+E_e (r) = −∇φ is the total electric field at point r, φ = φ_P + φ_e. Electric potentials φ_P and φ_e should be found from the corresponding Poisson equations Δφ_P = −4πρ_P , Δφ_e = −4πρ_e.

The phenomenological dimensionless function V (s^2) serves as the polar liquid equation of state and can not be established in a general form. Its specific form can be found by comparing the model results obtained from Eq. (1) with the results of MD simulations of a specific liquid. On the contrary, in the small s^2 ≪ 1 limit, the function takes a nearly universal form: V (s^2) ≈ As^2/2 + Bs^4, A = 4πτ/(3ϵ_∞), and τ = (T − T_C )/T_C . Coefficient A has a universal form, whereas B ∼ 1 is a liquid-specific constant. At last,

T_C =

4πn_0d^2_0 9ϵ_∞ (2) is the critical temperature within the model. The significance of T_C can be clarified from the following argument. For uniformly polarized liquid s(r) = const, the free energy (1) takes on a Landau-like form: F = V P^2_0 2 ( 2πτ 3ϵ_∞ s^2 + Bs^4 ) . At temperatures T > T_C , the equilibrium state corresponds to the disordered paraelectric phase with ⟨s⟩ = 0, whereas at lower temperatures T < T_C , the polar liquid undergoes the second order phase transition and transforms to the long range ordered ferroelectric state.

The second order FPT should manifest itself as a singularity in the liquid dielectric constant ϵ (see e.g. [45]). The static dielectric constant of the liquid in a weak uniform electric field E can be calculated by the minimization of free energy (1) in the presence of the field: ϵ=ϵ_∞ ( 1 + 3 τ ) , T > T_C ; ϵ=ϵ_∞ ( 1 + 3 2 |τ| ) , T < T_C . (3) Therefore, the measurements of the temperature dependence in ϵ(T ) should exhibit a λ-point feature and diverge at T = T_C . The exact value of the critical temperature for water can be obtained by using any of the following published measurements of the asymptotic values: ϵ_∞ = 4.9, 5.1, 5.5 from [46–48], respectively. Accordingly, for each of the reported values Eq. (2) gives T_C = 236 K (−37^∘C), T_C = 226 K (−47^∘C), and T_C = 210 K (−63^∘C). All the numbers are remarkably close to T_C ≈ 228 K [9–11], measured in supercooled bulk water. This view is in fact qualitatively

Ŕĺśĳňă ć ĘİŠŤ šőň 94 ćżŕ. 5 { 6 2011 supported by MD calculations of model liquids made of hard spheres [15–17], where the FPT was also observed though at very high temperatures, corresponding to T_C ∼ 10^3K. In our judgment this is the reason why the ferroelectric hypothesis of th λ−point has not been widely accepted. Our more accurate calculations do take the electronic polarization of the particles comprising the liquid into account properly and provide a much better agreement of the model Eq.(2) with the experiment.

To figure out if actual water undergoes a FPT similar to that described by the model (1), we investigated the

Temperature dependence of low-frequency real part of dielectric susceptibility of liquid water (solid curve) and ice (dashed) in MCM-41 pores (see the inset for a microscopic scheme of the pores structure) with diameters 3:5nm

dielectric response of the water samples confined in polymerized silicate MCM-41 [49] characterized by a typical pore diameter of D ∼ 3−10 nm [50, 51]. We used the DSM at frequency range 25Hz–1MHz. The results of the measurements are summarized in Fig. and show a very distinguished λ-feature at T^{exp}_C ≈ −35^∘C in full accordance with the second-order phase transition views presented above. At first glance, at high temperatures, the data seems to suggest a rise of ϵ with temperature, which contradicts both earlier experiments [10] and the theoretical prediction (3). In fact, the measurement errors in the dielectric spectroscopy experiment are quite large and the contradiction disappears entirely when a close proximity to the transition point is considered. Next to the observed transition temperature, the singularity of ϵ is much stronger; it is stronger than a much weaker dependence ϵ ∝ |τ|^{−α} characterized by the critical index α ≈ 0.13 previously reported in experiments with supercooled water [10]. The mean field theoretical prediction (3) α = 1 results in a much better agreement with the measured values. Near the phase transition, one can consider using a more refined approach, which gives a stronger singularity than that in the mean field theory.

Indeed, when |τ| ≪ 1, the fluctuations in the model (1) are “force-less”, ∇·s = 0, [27], the dipole-dipole interactions vanish and the scale invariant calculation from [52] gives α ≈ 1 + (4 − d) /6 ≈ 1.2, where d = 3 is the number of spatial dimensions. Though it is hard to tell from the few experimental points we have, the divergence of ϵ on Fig. appears even stronger than each of the theoretical predictions. This should not be surprising since our model is indeed oversimplified. The accuracy of the calculations can be further improved using the liquid-liquid phase transition models [53–55] by including more of the liquid water phases (such as the hexagonal and the cubic water structures). If we associate the FPT with a single (say, cubic [14]) component only, then the critical behavior of the dielectric constant may be changed quite dramatically by the sharp temperature dependence of the cubic water fraction [56].

Equilibrium freezing temperature of water in MCM- 41 with pore diameters D = 3.5 nm is −49^∘C < T^{exp}_C [5] and therefore, the water samples in our experiments are still liquid at temperatures T ∼ T^{exp}_C near the λpoint. The liquid and solid water states were definitely distinguished using the hysteresis effect [5, 57, 58]: the solid curve in Fig. corresponds to the supercooled liquid state down to the freezing temperature (at least down to −44^∘C: it is not surprising that hysteresis effect depends on the experimental procedure), and the dashed line describes the dielectric properties of the overheated ice state up to the melting temperature. The dashed curve singularity on Fig. clearly shows that the very essential fraction of the ice in the pore is formed in the ferroelectric state. We can not infer which particular ice state is produced in the experiments. In fact, due to the ferroelectric ordering the free energy of cubic water state at sufficiently low temperatures can be lower than that of hexagonal state. Therefore, the cubic water fraction should increase as the temperature decreases in full agreement with observations [56, 57].

Hence, the water freezing temperature suppression and the hysteresis phenomena typical for water in nanopores lets us investigate the properties of the bulk liquid water in the temperature range (−51)−(+23)^∘C. The dielectric spectroscopy measurements reveal strong singularity in the dielectric constant at temperatures close to the λ-point of the bulk water. This is a direct and unambiguous signature of FPT in full agreement with the suggested theoretical picture. Earlier neutron and X-ray scattering experiments do provide evidence of the rearrangements of the microscopic water configurations of the confined water [56]. Since the dielectric properties have not been measured the nature of the spatial molecular structure transformations and the FPT itself

Ŕĺśĳňă ć ĘİŠŤ šőň 94 ćżŕ. 5 { 6 2011 5^∗ could not be revealed. Our experimental data strongly supports the ferroelectric hypothesis from [26, 28] and are in a good agreement with the theoretical estimates for T_C . The observation of FPT behind the λ-point establish the general validity of the previosly developed polar liquid phenomenology and its applicability for practical calculations of aqueous systems of nm-sizes.

The authors wish to thank Quantum Pharmaceuticals and its team for their support of the work and fruitful discussions. The experimental work is the part of Project # 22 of the SB Russian Academy of Sciences. The MCM-41 samples were provided by Dr. V.A. Parfenov and Dr. S.D. Kirik.

1. P. Debenedetti, Journal of Physics: Condensed Matter 15, R1669 (2003).

2. X. Su, L. Lianos, Y. Shen and G. Somorjai, Physical Review Letters 80, 1533 (1998).

3. M. Dresser, D. Doering, J. Rowland et al., J. Phys.

Chem. B 102, 9203 (1998).

4. S. Singer, J. Kuo, T. Hirsch et al., Physical Rev. Lett.

94, 135701 (2005).

5. S. J-ahnert, F. Ch«avez, G. Schaumann et al., Phys.

Chem. Chem. Phys. 10, 6039 (2008).

6. K. Morishige and K. Kawano, J. of Chemical physics 110, 4867 (1999).

7. S. Jackson and R. Whitworth, J. of Physical Chemistry B 101, 6177 (1997).

8. C. Cramer and D. Truhlar, Chem. Rev. 99, 2161 (1999). 9. C. Angell, J. Shuppert, and J. Tucker, J. of Physical Chemistry 77, 3092 (1973).

10. I. Hodge and C. Angell, J. of Chemical Physics 68, 1363 (1978).

11. R. Speedy and C. Angell, J. of Chemical Physics 65, 851 (1976).

12. P. Debye, Polar molecules (The Chemical Catalog Company, inc., 1929).

13. C. Angell, Annual Rev. of Phys. Chem. 34, 593 (1983). 14. F. Stillinger, Philosophical transactions of the Royal Society of London. Series B, Biological sciences 278, 97 (1977).

15. D. Wei and G. Patey, Phys. Rev. Lett, 68, 2043 (1992). 16. I. Ponomareva, I. Naumov, I. Kornev et al., Physical Review B 72, 140102 (2005).

17. J. Weis, J. of Chem. Phys. 123, 044503 (2005). 18. J. Weis, D. Levesque, and G. Zarragoicoechea, Phys.

Rev. Lett. 69, 913 (1992).

19. B. Groh and S. Dietrich, Phys. Rev. Lett. 72, 2422 (1994).

20. V. Ballenegger and J. Hansen, Molecular Phys. 102, 599 (2004).

21. D. Matyushov, Phys. Rev. E 76, 11511 (2007).

22. J. Bartke and R. Hentschke, Phys. Rev. E 75, 061503 (2007).

23. F. Sciortino, Chemical Physics 258, 307 (2000). 24. J. Bernal and R. Fowler, J. Chem. Phys 1, 515 (1933). 25. J. Pople, Proceedings of the Royal Society of London. Series A, Mathematical and Physical Sciences, 163 (1951).

26. P. Fedichev and L. Menshikov, eprint arXiv: 0808.0991 (2008).

27. P. Fedichev and L. Menshikov, Arxiv preprint condmat/0601129 (2006).

28. L. Menshikov and P. Fedichev, Russ. J. of Phys. Chem.

A 85, 906 (2011).

29. A. Schreiber, I. Ketelsen, and G. Findenegg, Phys.

Chem. Chemical Physics 3, 1185 (2001).

30. O. Petrov and I. Fur«o, Prog. Nucl. Magn. Reson Spectrosc. 54, 97 (2009).

31. F. Mikami, K. Matsuda, H. Kataura, and Y. Maniwa, ACS nano 3, 1279 (2009).

32. C. Luo, W.Fa, J. Zhou et al., Nano Letters 8, 2607 (2008).

33. D. LeBard and D. Matyushov, J. of Phys. Chem. B (2010).

34. U. Kaatze and Y. Feldman, Measurement Science and Technology 17, R17 (2006).

35. T. Takamuku, M. Yamagami, H. Wakita et al., J. of Phys. Chem. B 101, 5730 (1997).

36. D. Steytler and J. Dore, Molecular Physics 56, 1001 (1985).

37. M. Bellissent-Funel, J. Lal, and L. Bosio, J. of Chem.

Phys. 98, 4246 (1993).

38. N. Giovambattista, P. Rossky, and P. Debenedetti, Phys.

Rev. E 73, 041604 (2006).

39. R. Ramirez, R. Gebauer, M. Mareschal, and D. Borgis, Phys. Rev. E 66, 31206 (2002).

40. H. Gong and K. Freed, Phys. Rev. Lett. 102, 57603 (2009).

41. P. Koehl, H. Orland, and M. Delarue, Phys. Rev. Lett.

102, 87801 (2009).

42. D. Beglov and B. Roux, J. Phys. Chem. B 101, 7821 (1997).

43. P. Frodl and S. Dietrich, Phys. Rev. A 45, 7330 (1992). 44. C. Joce, J. Stahl, M. Shridhar et al., Bioorganic & Medicinal Chemistry Lett. 20, 5411 (2010).

45. H. Frohlich, Theory of dielectrics: dielectric constant and dielectric loss (Clarendon press Oxford, 1949).

46. Stogrin, IEEE Trans. Microwave Theory Tech. MIT- 19, 733 (1971).

47. H. Liebe, G. Hu¸ord, and T. Manabe, International Journal of Infrared and Millimeter Waves 12, 659 (1991).

48. J. Hasted, D. Ritson, and C. Collie, J. of Chem. Phys.

16, 1 (1948).

Ŕĺśĳňă ć ĘİŠŤ šőň 94 ćżŕ. 5 { 6 2011

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

50. G. Bordonskiy and A. Orlov, Russian J. of Condensed matter and interphase boundaries 13, 5 (2011).

51. V. Parfenov and S. Kirik, IV Staroverov Readings, Krasnoyarsk (2009), p. 319.

52. A. Patashinskii, V. Pokrovskii, and P. J. J. Shepherd, Fluctuation theory of phase transitions (Pergamon press, 1979), 53. P. Poole, F. Sciortino, U. Essmann, and H. Stanley, Nature textbf360, 324 (1992).

54. H. Stanley, C. Angell, U. Essmann et al., Physica A: Statistical Mechanics and its Applications 205, 122 (1994).

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

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

57. G. Johari, E. Tombari, G. Salvetti, and F. Mallamace, J. of Chem. Phys. 130, 126102 (2009).

58. B. Webber and J. Dore, J. of Phys.: Condensed Matter 16, S5449 (2004).

Ŕĺśĳňă ć ĘİŠŤ šőň 94 ćżŕ. 5 { 6 2011