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Liquid Polyamorphous Transition and Self-Оrganization 

in Aqueous Solutions of Ionic Surfactants 

Yuriy A. Mirgoroda), Tatiana A. Dolenkob) 

a)South-West State University, 305040, Kursk, Russia 

b)Department of Physics, M.V.Lomonosov Moscow State University, Moscow, 119991, Russia 

 

Polyamorphous transitions in supercooled water, porous substances, solutions of polyols and proteins are 

studied intensively. They accompany self-organization of hydrocarbons and surfactants. In this study, the 

methods of polyamorphous transitions identification are proposed, their dependence on hydrocarbons and 

surfactants concentration and sizes is investigated. The place of polyamorphous transitions in the general 

theory of phase separation is determined, their bistability, self-oscillations, hysteresis, fluctuations, 

cooperative effect, enthalpy, entropy are described. Surface, volume and diffusion instabilities of 

polyamorphous transitions are analyzed. Technologies based on the properties of polyamorphous transitions 

are proposed.  

 

INTRODUCTION 

Amorphous polymorphism (polyamorphism) is a key in modern conception of water structure, of 

physical properties and anomalies of water.1,2 The main idea of this conception is the following: at ambient 

conditions, liquid water (with average density 1 g/cm3) fluctuates permanently between low-density liquid 

(LDL, density 0.94 g/cm3) and high-density liquid (HDL, density 1.14 g/cm3) clusters with size ≈1 nm.3 

Clusters cannot be allocated in water at ambient temperatures, but the phase separation between them may 

exist at temperatures below 233 K. The phase boundary should disappear in the critical point at a lower 

temperature. Such research can result in application of supercooled water as supercritical solvent. 

Experimental study of Liquid-Liquid Polyamorphous Transition (LLPT) is a complicated problem, because 

supercooled water at temperature below the temperature of homogeneous nucleation 235 K under 0.1 MPa 

spontaneously transforms to crystalline form. Difficulties of the experiments with supercooled water shift the 
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 2

evidence of LLPT existence to the domain of numerical modeling. Now this problem is discussed in 

literature intensively.4  

 To achieve deeper supercooling of water and to observe LLPT in it, indirect methods of studying 

supercooled water are used, for example, in hydrophobic and hydrophilic nanopores.5,6 However, the surface 

of nanopores material influence LLPT essentially. In the other indirect method, to increase the temperature of 

homogeneous nucleation of ice, aqueous solutions of glycerin and other polyols are studied.7 During LLPT in 

water-glycerin mixture there is no phase separation. It is the transition between liquid I and liquid II in 

supercooled state of solution with the same composition but with different density. Adding solute should 

generate a line of critical points liquid-liquid originating from the critical point of metastable water.8 

Therefore, the study of the LLPT in surfactant solutions and in other systems may shed light on LLPT in 

supercooled water. 

 We assumed that LLPT accompanies a self-organization of non-electrolytes, inorganic electrolytes, 

surfactants in aqueous solutions at ambient conditions.9 For electrolytes it begins when ion interaction is 

stopped and self-organization is determined only by the change of water activity,10 i.e. by the change of its 

structure and by self-association.  

 LLPT accompanies the stabilization of biological structures,11 the formation of spherical micelles of 

surfactants.12,13 Micelles and micelle formation are studied for more than 100 years,14 but yet in this area of 

knowledge much is not clear. Within the framework of the General theory of phase separation, micellization 

is studied poorly. It is usually considered that the critical concentration of micelle formation (CMC1) lies on a 

binodal. Then spherical micelles must be nucleus of macrophase, and the phase separation process should be 

accompanied by supersaturation. In fact, spherical micelles cannot be considered to be nucleus of a new 

phase, and supersaturation of surfactant in the area of CMC1 is not observed. It is believed that the sizes of 

spherical micelles of the most studied surfactant – sodium dodecyl sulfate (SDS) – are determined.14 

However, different methods determine different sizes of micelles. Static methods of SAXS and SANS show 

that micelles consist of 60-70 molecules,15 while dynamic methods of NMR, DLS determine approximately 2 

times less molecules.16 In one homologous series of amphiphiles there is separation between hydrotrops and 

surfactants. The former are studied in physical chemistry of solutions, and the latter are studied in colloid 
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chemistry. It is unknown which of the homologs is the boundary between them, and what is the difference 

between self-organizing structures of these two kinds of diphilic electrolytes.  

 It is recognized that the gain in the Gibbs energy of micelle formation is caused by an increase of 

entropy during "melting of microicebergs" around hydrocarbon groups of surfactants14, but the phenomenon 

of "melting of microicebergs» (LLPT) has not yet been investigated. This is due to the difficulty in 

identifying LLPT by modern physical methods. In addition, micellization of surfactants is well explained by 

the phenomenological theory of hydrophobic interaction14 and by the concept of potential of mean force17,18 

and, according to some authors, requires no additional approaches. In the kinetics of the micelle formation 

there is a problem of correspondence of relaxation processes to self-organizing structures.19 The self-

oscillations on the boundary of phase separation of nitrobenzene/solutions of ionic surfactants,20 

octanol/solutions of surfactants with additives of barbiton have been ascertained.21 The authors of these 

studies do not associate the oscillations on the boundary of phases with self-oscillations in solution volume, 

although the relationship of surface and volume properties of surfactants solutions are well known. 

 Thus, without using the concept of LLPT, it is impossible to integrate micellization into a unified 

theory of phase separation, to explain the above mentioned contradictions, and to use surfactant in new 

technologies. 

 In this paper the studies of the authors on the role of LLPT in the processes of amphiphiles self-

organization, partially explaining these and other problems, are summarized. First, LLPT will be considered 

in solutions of hydrocarbons, which, as in the study of hydrophobic interaction between surfactants, act as 

models. Then similar problems will be studied in solutions of amphiphiles depending on their concentration 

and length of the chain. After that we will proceed to the consideration of LLPT peculiarities and instabilities 

in solutions of surfactants, and we will finish with the description of possible directions of practical 

applications derived from the basic concept of LLPT.  

 

1. POLYAMORPHOUS TRANSITIONS IN BINARY SYSTEMS N-HYDROCARBON-WATER 

1.1. Hydrophobic hydration. Small water systems. 
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 4

The study of the density of aqueous solutions of non-electrolytes and ionic amphiphiles at 303 K 

showed that the partial volume of methylene groups at infinite dilution is equal to 
2CHV∆ = – 16.1·10-6 

m3·mol-1. The minus sign indicates that the volume of methylene group in water is less than that in 

hydrocarbon for the value 
2CHV∆ . The change in volume is due to rearrangement of water molecules around 

hydrocarbon radicals of non-electrolytes. This phenomenon is called hydrophobic hydration.22 In the process 

of dissolution, hydrocarbon molecules "push out" water molecules to form a cavity. This combination of 

water molecules will be called a small system. A small system around the molecules of tert. butyl alcohol 

contains 15-17 water molecules,23 which corresponds to the size of a molecule of alcohol. Reorientation time 

of water molecules in a small system is 4 times less than that in water volume.24 C. Petersen calls small 

system of water molecules hydration shell, and H. Tanaka - locally favoured structures.10 For a small system, 

the equivalence of mass and energy related with space and time is preserved, it is important to emphasize this 

for peculiarity of LLPT. The volumes of small systems fluctuate up to 40 % in certain periods of time.13 In 

the layer around a hydrocarbon molecule, there can be more molecules of water than in the cavity. Part of 

them are from continuous network of H-bonds between the "non-displaced" molecules, but only molecules of 

the cavity will "work" in the processes, because they determine the equivalence of mass and energy in these 

processes. They represent the average in the distribution of molecules in a small system. 

Large negative changes of the enthalpy of dissolution and entropy of hydration of hydrocarbons and 

large negative changes in their partial molar volumes are evidence of formation of small water systems 

around the molecules of hydrocarbons. Explanation of mixing of two liquids, based on the dissolution of 

hydrocarbon, is in conflict with the positive sign of Gibbs energy in spontaneous process and absence of 

supersaturation of hydrocarbons during phase separation. The concept of LLPT proposed in this paper 

removes this contradiction.  

Formation of small systems increases the solubility of hydrocarbons compared to the trend of 

solubility, starting from 373 K, when small systems are not formed.25 Enthalpy of dissolution of 

hydrocarbons in water at a temperature higher than 100oC has a large positive value when formation of small 

systems becomes insignificant. It gradually decreases with temperature due to negative enthalpy of formation 

of small systems from the surrounding water molecules. Small and negative enthalpy of dissolution of 

Page 4 of 52

ACS Paragon Plus Environment

Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 5

hydrocarbons at room temperature is the result of a large positive enthalpy of mixing (reduction of 

intermolecular interaction of neighboring molecules) and large negative enthalpy of formation of small 

systems.  

Function of solubility x2(T) for all n-hydrocarbons reaches a minimum at temperature Тmin = 303 К.22 

Like those for amphiphiles and many other non-electrolytes, this function wonderfully repeats the form of the 

dependence of isothermal compressibility Tβ  of water on temperature. When temperatures Тmin coincide, a 

proportional relationship between lg(x2) of hydrocarbons and 1/ Tβ  of water is observed. The Gibbs energy 

∆G
0
s of dissolution of hydrocarbon can be expressed by the following equation22:   

222
0 ln),(),( xRTPTPTGs −=−=∆ • oµµ ,                                            (1) 

Gibbs energy of formation of small system around hydrocarbon is equal to TV β/ , where V  is the 

volume of small system at LLPT. Therefore, the functions of lg(x2) and 1/ Tβ  are proportional, and confirm 

the concept of LLPT. The presence of hydrocarbons in water on binodal and spinodal shifts the minimum of 

Tβ (Т) of water and balance of LDL ↔  HDL, which was in water, up to 303 K.  

Water is a good standard,22 because the intensity of its small-angle x-ray scattering at q = 0.1 - 4 nm-1
 

depends on Tβ  only and it does not depend on the angle of the incident beam:  

TB

theory

OH TkI βρ 2

2
= ,                                             (2) 

where ρ  is the scattering length density of water, Bk  is the Boltzmann constant, T is temperature. The 

scattering length density (cm-2) of small system of water: ∑=
j

jbV )/1(ρ , where V is the volume of small 

system, b is the length of scattering. The length of the scattering is a stochastic function of element. For x-ray 

radiation it is linearly dependent on the number of element electrons. Therefore, with decrease of Tβ  the 

electron density of water clusters is decreased. Water becomes loose with the structure of LDL. With increase 

of Tβ  the electron density of water is increased. It builds up the content of structures of HDL.  

Thus, by change of Tβ  of aqueous solutions and according to modern data on water microstructure, 

one can judge about the molecular organization of the ensemble of small systems.  
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 6

1.2. Enthalpies of polyamorphous transitions in systems of water-hydrocarbon 

Hydrocarbons and water are distributed within each other in small quantities. Solubility of hexane in 

water is x2=2.21•10-6 mole fraction, and the solubility of water in hexane is 6.21•10-3 mole fraction. 

Equilibrium at stirring of hydrocarbon in water excess is achieved in 40 hours. Low solubility is the main 

obstacle in the study of solutions of water and hydrocarbons. This is also the reason of the positive value of 

the Gibbs energy of dissolution.22 Having the dependence of solubility on temperature, one can get the 

enthalpy of dissolution 0
sH∆ , and using the enthalpy of evaporation vapH∆  one can calculate the enthalpy of 

hydrophobic hydration 0
hH∆ . 

 

Table 1. The thermodynamic functions of the dissolution of hydrocarbons and the enthalpy of 

polyamorphous transition in water 

Hydrocarbon 0
sG∆ ,  

kJ•mole-1 

- 0
hH∆ , 

kJ•mole-1 

- 0
hS∆ , 

kJ•mole-1 

0
.trphH∆− , 

kJ•mole-1 

Butane - 26.0 176.3 5.0 

Pentane  28.6 28.4 188.7 4.9 

Hexane 32.5 31.5 197.7 4.8 

In Table 1, the enthalpy of hydrophobic hydration is calculated for 1 mole of alkane. To calculate 

enthalpy of polymorphous transition it is necessary to calculate this value for 1 mole of water.22 To do this, 

we need to determine the number of water molecules removed from the cavity in the network of H-bonds of 

water to place hydrocarbon. To calculate the number of water molecules, the density of light ice 0.94 g/cm3, 

volume of CH3 0.0543 nm3, volume of CH2 0.0248 nm3 will be used. As can be seen from Table 1, the 

enthalpies of polymorphous transition 0
.trphH∆−  for three hydrocarbons differ little, within 4.90± 0.07 

kJ•mole-1. The obtained value of enthalpy of LLPT is between those for polymorphous modifications of ice. 

The enthalpy of water dissolution in hydrocarbon can be also calculated, but using the dependence of 

water dissolubility on temperature. Unlike the enthalpy of hydrocarbons dissolution in water, it is positive 

and it is the same for all alkanes: 34± 1.4 kJ•mole-1. This value is approximately equal to the energy of H-
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 7

bonds breaked in water, 20-40 kJ•mole-1, i.e. it characterizes a phase transition that is like evaporation. 

Similar calculations are made for alcohols.22 

Thus, the molecules of n-hydrocarbons in water excess in states to the left of binodal influence the 

ensembles of water small systems like temperature decrease (crystallization). From binodal to spinodal they 

influence like temperature increase (melting). "Crystallization" must be understood as the reduction of the 

reorientation time of water molecules in the ensemble of small systems, and "melting" must be understood as 

the return of water molecules to the previous state. In their excess, n-hydrocarbons break H-bonds of the 

whole network of water and effect water like temperature increase.  

 

1.3. Dependence of polyamorphous transitions on the chain length and on the concentration of 

hydrocarbons 

The phase diagram of hydrocarbons in the coordinates lg(x2)(n) is presented in Figure 1.12 It is discrete 

along the chain, and it is continuous along the concentration. The function lg(x2)(n)
 for gaseous hydrocarbons 

C1-C4 has other slope in comparison with liquid hydrocarbons, because there is transfer of molecules from 

gas into water. This process is accompanied by unfavorable change of increment26 
2

0
CHG∆ = +0.7 kJ•mole-1 

( 2

0
CHH∆ = -2.9 kJ•mole-1, 2

0
CHST∆ = -3.6 kJ•mole-1) (Figure 2). Molecules C1-C4 are placed in hollow space 

of tetrahedral network of water H-bonds like a formation of crystalline clathrates. The same thing happens in 

solutions of hydrotrops of s-alkylisothiuronium chloride (ATC). The slopes of lg(x2)(n)
 of hydrocarbons and 

of lg(CPMC)(n) of ATC (binodales) are equal (Figure 1). According to our concept, hydrocarbons and 

hydrotrops are placed in the structure of LDL, shifting the balance in its direction. Calculations show that the 

size of the structure of LDL 1nm and butane correspond to the process.27 Hydrocarbons C1-C4 have no phase 

separation between the solution and the hydrocarbon. So there is no spinodal.  

For C5-C11, binodal and spinodal coincide, and they are the functions lg(x2), which are proportional 

to the Gibbs energies of dissolution. Solubility of hydrocarbons C11-C18 already does not follow this 

regularity.28 At higher concentration, spinodal appears, and on the binodal a balance between LDL and HDL 

clusters is shifted to LDL maximally. By increasing concentration, molecules of C11-C18 hydrocarbons are 

"pushed out" by formed clusters of LDL in the process of LLPT to "micelles", which are the fluctuations of 
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 8

the concentration before spinodal. Crystalline C20-C28 have a similar slope of the spinodal in the phase 

diagram. As the solubility of C20-C28 is greater than that of C11-C18, it is possible to assume the existence 

of microcrystals before spinodal (the border of absolute instability of the homogeneous system).  

 

Figure 1. Phase diagrams of n-hydrocarbons and of s-alkylisothiuronium chlorides. 1,1 - solubility, binodal of 

gases of hydrocarbons C1-C4; 2,2 - solubility, binodal and spinodal of hydrocarbons; C5-C11; 3,3 - micellar 

solubility, spinodal of hydrocarbons C11-C18; 3,2- solubility, binodal of hydrocarbons C11-C18; 4,4 - 

micellar solubility, binodal of hydrocarbons C19-C28; 5,5 – critical pre-micelle concentration (CPMC), 

binodal of C2-C12 of s-alkylisothiuronium chlorides; 6,6 - CMC1, spinodal of C7-C12 of s-

alkylisothiuronium chlorides.  

 

Thermodynamic cycle of self-organization of hydrocarbons is similar to thermodynamic cycle of 

hydrated hydrophobic interaction of surfactants (Figure 2).28 Increment of dissolution of alkanes C5-C18 

∆ 2

0
CHG is equal to 3.7 kJ•mole-1 ( 2

0
CHH∆  = 2.7 kJ•mole-1, 2

0
CHST∆  = -1.6 kJ•mole-1). Maximum 

hydrophobic hydration of C5-C11 occurs when the concentration is on binodal. At this boundary the 

transition from complete hydrophobic hydration (0.7 kJ•mole-1) to the border of complete hydrophobic 

dehydration (-0.7 kJ•mole-1) begins for hydrocarbons C11-C18 (dotted line in Figure 1), i.e. to hydrophobic 

interaction. Gibbs energy of the system decreases: ∆ 2

0
CHG  = -1.4 kJ•mole-1, which corresponds to "clean" 

intermolecular hydrophobic interaction. The gain in energy of association due to “net” hydrophobic 
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 9

interaction is 
2

0
CHG∆  = -0.7 kJ•mole-1 (Figure 2). The “net” or water-separated hydrophobic interaction 

includes association of methylene groups when they are separated by at least one layer of water molecules.26 

This process may occur if methylene groups change their state from hydrophobic hydration (
2

0
CHG∆  = +0.7 

kJ•mole-1) to the state when water surrounding the methylene groups changes its structure (
2

0
CHG∆  = -0.7 

kJ•mole-1) by LLPT. Taking into account the energy parameters of this process ( 2

0
CHH∆  = 5.8 kJ•mole-1 and 

2

0
CHST∆  = 7.2 kJ•mole-1), it is possible to speak about weakening of H-bonds and increase of entropy of 

water without any contribution of the dispersion interaction.  

 

Figure 2. Thermodynamic cycles of 
2

0
CH ,G∆  

2

0
CH ,H∆  

2

0
CHT S∆  (kJ•mole-1) of processes of dissolution in water, 

of evaporation, of hydrocarbon hydration, migration of hydrocarbon from vapour and water in micelles: 

contact hydrophobic (a) and hydrated hydrophobic (b) interaction.  

 

 Thus, in solutions of hydrocarbons C1-C4 on binodal, and C5-C11 on binodal and spinodal (which 

coincide) there is a sharp LLPT with enthalpy equaled to 4.90± 0.07 kJ•mole-1. In solutions of C11-C18, 

LLPT is “stretched” over concentration between binodal and spinodal of the metastable region. The 

metastable region of C19-C28 increases even more. Undecane has critical size. Its binodal and spinodal 

touch, this corresponds to the critical point on the classical curve of phase separation.  

  

2. POLYAMORPHOUS TRANSITIONS AND SELF-ORGANIZATION IN AQUEOUS SOLUTIONS OF 

AMPHIPHILES. 

2.1. Theoretical model of polyamorphous transition 
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 10

In macroscopic heterogeneous systems, the phase transition order-disorder (ice-water) can occur 

under such a small change of disturbing variable (T) that any measurements in the transition region are 

practically impossible. The transition between two states in this case is a manifestation of maximum 

cooperativity.  

In the ensemble of small systems, the transition between two states of water occurs under the final 

change of disturbing variable (the concentration of ions, molecules, effective internal pressure). This allows 

to carry out the equilibrium measurements of chemical and physical parameters in the transition region. 

Description of phase transitions in a system with a finite number of particles has not been sufficiently 

developed up to the present time.29 As the theoretical basis of LLPT the thermodynamics of small systems 

and the transition between two states of T.Hill30,31 was chosen.  

The small system is a set of n of water molecules surrounding organic ion of amphiphile. Let’s 

consider the ensemble of N of small systems with variables n, p, T, where n, р, Т are the number of water 

molecules in small system, pressure and temperature, accordingly. Each small system in the proposed model 

can be in the state A, when its water molecules have less density of LDL, or in the state B, when water 

molecules have a high density of HDL. This assumption is justified by the increase of entropy of water 

during micellization of surfactants, by the existence of small systems with different densities in ambient 

water and by increase of Tβ  of amphiphiles water solutions after binodal. Now it is not yet possible to give 

the accurate description of the structure of small systems in positions A and B.  
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Figure 3. Polyamorphous transition in the ensemble of water small systems and self-organization of 

surfactant. Smooth change in the properties of water and self-oscillating region of water small systems 

between two binodal with increasing concentration of the amphiphile. 1 - the probability of volumes of water 

small system in the state A before the first binodal (СPMC); 2 - the probability of volumes of water small 

system in the state A and B between the first binodal and spinodal (CMC1), 3 - the probability of volumes of 

water small system in the state A and B on the spinodal (CMC1); 4 - the probability of volumes of water 

small systems in the state A and B between the spinodal and the second binodal (CMC2); 5 - the probability 

of volumes of water small system in the state В behind the second binodal (CMC2). 

 

During LLPT a small system has a volume corresponding either to the state A AV , or to the state B BV  

(Figure 3). The size of the fluctuations around these values depends on the size of the small system. The 

probability of intermediate values of V, for example, V=V , is insignificant. During LLPT in a small system a 

surface of the separation between A and B should be not exist. Otherwise in the ensemble unfavorable Gibbs 

energy of the surface appears. Therefore, the transition region is considered as a composition of two simple 

conditions A and B. The ensemble of small systems oscillates between states A and B due to the properties of 

the system itself. Extensive thermodynamic parameters of the ensemble of small systems in the transition 

region are linear combinations of thermodynamic parameters of the ensemble in states A and B. For example, 

( ) BBAATN
VpVpVpG +==∂∂ ,/ , where G is the Gibbs energy of the ensemble of N, V  is probability of 

intermediate values V of small system; NNp AA /=  is the probability of the system to be in position A, 

AB pp −=1  is the probability of a system to be in position B. Similarly, one can come to the chemical 

potential of small systems of water: BBAATP ppNG µµµ +==∂∂ ,)/( .  

In the result of theoretical analysis of LLPT in the ensemble of small water systems one can make the 

following conclusions. The transition is significantly “stretched” with the concentration. In LLPT the middle 

of the transition can be identified. The ensemble of small systems during LLPT oscillates between two states 

A and B. Extensive thermodynamic parameters of the small system and of the ensemble of small systems 

fluctuate significantly.  
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2.2. Dependence of polyamorphous transition on the concentration of amphiphile 

Let’s consider the dependence of chemical potential of one of the components (hydrocarbon, 

amphiphile) on system composition in the framework of the general theory of phase separation.32 System 

from a single-phase state AB to another single-phase state EF can transfer in three ways (Figure 4).  

The first way is the formation of embryos of crystals (liquid) on binodal B in metastable state BC 

with nucleation kinetic. Binodal is the boundary between stable and metastable states of the system.  

The second mechanism of phase separation occurs when the system has reached the spinodal C.  

 

Figure 4. Dependence of chemical potential of one of the component a on system composition a+b in the 

framework of the general theory of phase separation. AB - single-phase state, EF-another single-phase state; 

BC, DE - metastable states, CD-unstable state, BE - two-phase state. 

 

 Spinodal is the boundary between stable (metastable) and unstable states of the homogeneous system. 

For hydrocarbons C5 to C11 (Figure1), concentrations of binodal B (Figure 4) and of spinodal C coincide. 

The unstable state of the system between C and D is characterized by the condition  22 / x∂∂µ  < 0. Spinodal 

decomposition (phase transition with participation of unstable states) has no directed flows of mass and 

energy, and characteristic times of decomposition of the double liquid systems are small. Formed structures 

rapidly decay, and phase separation realized. In alloys, polymer mixtures structure of spinodal decay freezes. 
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Murata and Tanaka7 have argued that the formation of a more stable liquid phase in supercooled aqueous 

solutions of glycerol may occur by two alternative types of kinetics: nucleation and spinodal decomposition. 

The concentrations of spinodals and binodals of ionic amphiphiles differ significantly (Figure 1).  

The third type of self-organization arises when directed flows of mass and (or) energy are present. In 

this case, the formation of the new structure, starting from the spinodal, occurs only in conditions of 

irreversibility and energy dissipation. The system via unstable states transfers to a new stable state of 

dissipative structure.  

In systems of water - surfactants the phase separation occurs according to the fourth scenario. The 

supersaturation of surfactant in system cannot be achieved, because there is not enough space to place large 

molecules of amphiphiles in network of water H-bonds. In metastable state BC (Figure 4) in the system water 

- surfactants with n > 7 the balance between small systems LDL and HDL is shifted to LDL. This fact is 

proved by us using jump of Tβ  in solution of sodium dodecyl sulfate (SDS) 2•10-4 mole l-1, with a minimum 

of 44.8 Pa-1.33 Metastable state (CPMC) in the solution of SDS on BC is fixed by different methods in region 

from 2•10-4 up to 10-3 mole•l-1. Formation of small systems on binodal (CPMC) is very sensitive to impurities 

that can be both in water and in surfactants. Therefore, there is a large variance of concentration (on binodal) 

of SDS, around which small water systems are formed. More so that the concentrations are determined by 

different methods. On binodal the beginning LLPT is accompanied by the formation of dimers, i.e. 

premicells that prepare micellization.34 However, dimers cannot be regarded as classic nucleuses of phase, 

because they are formed in results of "net" hydrophobic interactions (Figure 2, b). Then from C to B Tβ  of 

SDS increased from 44.8•10-11 Pa-1 to 60•10-11 Pa-1, not reaching CMC1. The similar behavior is observed for 

solution of cetylpyridinium chloride (CPC) (see Figure 10). At low Tβ  water ensemble of small systems of 

water becomes loose, with the structure of LDL. With increase of Tβ  the electron density of water increases. 

It increases the content of HDL structure (see Figures 6,7).  

The phase separation of amphiphiles is similar to the third scenario. However, this scenario develops 

without external energy. In result of dissolution of new portions of amphiphiles due to hydrophilic groups the 

LLPT begins on binodal.  
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The macrosystem can be heterogeneous (ice-water). The soft small system cannot be heterogeneous, 

since unfavorable Gibbs energy of surface appears, and the phase transition will not be gainful. Therefore, at 

the LLPT the ensemble of small water systems is a composition of the states A and B with their statistical 

weights. In the middle of LLPT (CMC1, spinodal), statistical weights of the states A and B are equal (Figure 

3). This state is unstable, as in a small system with an interface. The concentrations of spinodals C and D 

(Figure 4) are approximately equal. Due to the special properties of LLPT, the system overcomes the 

spinodal and the unstable state (Figure 4). Micelles of hydrocarbons (concentration fluctuations) C11-C18 

and C19-C28 are formed in a metastable state BC. The idea, known as “water’s polyamorphism”, 

hypothesizes that the phase separation and possible existence of two alternative macrostructures with 

different densities in supercooled liquid water is similar to LLPT and differs from our LLPT.35 Our transition 

occurs only in the presence of amphiphiles and depends on the size and concentration of the amphiphiles. 

 We have found that using measurements of pH of aqueous solutions of ATC, one can follow the 

changes of state of the ensemble of small water systems around molecules amphiphiles (Figure 5).12,33 In 

aqueous solution ATC dissociates. The positive charge of hydrophilic group is distributed on two atoms of 

nitrogen, sulfur and carbon. Such distribution of the charge gives the special properties to this surfactant in 

comparison with others. There is almost no thermal effect when solution is diluted.  

 The first specific point on the curve pH(-lgc) of ATC at low concentrations corresponds to the true 

solubility without the association by hydrocarbon groups, i.e. hydrophobic interaction. Reaching this 

concentration small systems begin to change its structure because network of H-bonds of water can not place 

new molecules of surfactants. The formation of dimmers begins. This concentration lies on binodal. One can 

speak about maximum shift of the balance to LDL in comparison with water. Therefore, LLPT begins. At 

concentration CMC1 spherical micelles formed. This particular point coincides with spinodal. When the 

concentration CMC2 was reached micelles of cylindrical shape are formed.  

 We believe that this particular point lies on binodal when there are no water molecules that have the 

opportunity to participate in LLPT and self-organization of amphiphiles is determined by the concept of 

geometrical packing.14 The other water molecules connected with hydrophilic group of amphiphile more 

strongly. Functions CMC1(T) and CMC2(T) have the opposite extremes. The first function has minimum, and 
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the second one has maximum like to the lower and upper critical points in the classical phase separation.36 

Apparently, CMC2 is a maximum concentration of water allocation in phase of surfactant.  

 Thus, the middle part of LLPT corresponds to CMC1. Values of CMC1 of ATC, determined using 

conductivity, surface tension and pH approximately coincide.37  

 

a 

 

b 

Figure 5. Dependence of polyamorphous transition on the concentration of amphiphile. The dependences of 

pH on logarithm of the concentration of s-decylisothiuronium chloride (a) and s-hexylisothiuronium chloride 

(b) in aqueous solution at 25oC. C1 is the beginning of the transition (the beginning of formation of pre-

micelles), C2 is the middle of LL-transition (CMC1), C3 is the completion of transition (CMC2), ab is the 

"depth" of the transition. 
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 The degree of cooperativity of LLPT dlg(a(H
+
))/dlgс (where lg(a(H

+
)) is the negative logarithm of 

activity of ATC or pH) in the middle part increases proportionally to the increase of n, i.e. to the size of the 

small water system. Similar dependence is observed between changes of pH in the middle part of LLPT 

(depth of the transition) and of the size of a small system.37  

 One can discover LLPT by the self-diffusion coefficient of water in aqueous solutions of sodium para-

octylbenzolsulphonate,38 by the dependence of water activity on the concentration of sodium octanoate,39 by 

the dependence of rate of proton magnetic relaxation of water on the total concentration of ammonium salt of 

perfluoro-2-methyl-3-oxihexanoic acid,40 by thermal effect of the dissolution of SDS. The researchers, who 

obtained these results, did not pay attention to LLPT.41  

 Different methods of LLPT study give different results. Thus, using water activity in the solutions of 

sodium octanoate, one can get the same s-function as in Figure 5. Using the thermal effect of the dissolution 

of crystalline SDS one can get two s-functions. Dissolution at lower concentrations is characterized by the 

change of enthalpy 0
SH∆ =1 kJ mole-1, and at greater concentrations - 0

SH∆ = 2 kJ mole-1. The stage at the 

lower concentration is accompanied by formation of pre-micelles in the solution, what is a preparatory stage 

of LLPT before the formation of spherical micelles when reaching CMC1 with 0
SH∆ = 2 kJ mole-1.  
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Figure 6. SAXS and broad-angle X-ray scattering data from micellar solution of SDS and water, the mode of 

linear collimation of the cross-section beam 20x0.3 mm2 (CuKα, α = 0.154 nm). The X-ray generator 

ID3003, 298K, exposure time 5 min. SDS concentrations (top down) - 0.01, 0.008, water, 0.02, 0.1 M. 

 

 A direct proof of the transformation of LDL↔HDL during LLPT was obtained by X-ray scattering, 

which, in contrast to the method of neutron scattering, "feels" the change in the electronic system of water. In 

Figure 6 the X-ray spectra of water and SDS solutions with concentrations greater than CMC1 are presented 

in the whole range available for diffractometer SAXSess Anton Paar42 q=0.03-28 nm-1. The functions )(qI  

of the solutions have three peaks with maximum positions q=0.6, 1.5, and 19 nm-1. The first peak 

corresponds to the distance between micelles. It seems visually that the functions I(q) for solutions with 

concentrations less 0.03 M do not have this peak. Therefore, it can be assumed that the interaction between 

micelles does not affect the diffraction pattern in 0.01 M SDS solution. The second peak reflects the presence 

of micelles in the solutions. It appears sharply at SDS concentration 0.1 M, when the equilibrium 

HDL↔HDL is completely shifted towards HDL (CMC2). Diffraction in the region about q=1.5 nm-1 

provides information about micelles structure. The third peak of broad-angle X-ray in the region q=15-28 

nm-1 corresponds to the picture in the near order of water. This peak is present in all functions I(q) of water 

and solutions.  

In the first approximation, the small-angle and broad-angle X-ray scattering spectra can be considered 

as rows of Bragg peaks. Then the location of their maxima indicates the distance between the ordered 

aggregates of particles Braggd . According to the Bragg law:  

peak

Bragg
q

d
π2

=                    (3) 

Using the equation (3) and the values of three peaks qpeak, the values of parameters dBragg can be estimated. 

The estimated parameters dBragg can be interpreted as the diameter of micelles – 4.2 nm, the distance between 

micelles – 10.5 nm and the distance O...O of molecular pair in the first coordination shell of water – 0.33 nm, 

which depends on the SDS concentration.43 According to different data, the radial distribution function O...O 

has the maximum in the range from 0.28 up to 0.35 nm.44 This region corresponds to the scattering by LDL 

and HDL clusters and by clusters formed around SDS molecules and micelles. As it can be seen from the 

equation (4), the function I(q) depends on the following parameters:  
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)()(
)( 22

0 qPVNIqI
d

qd
ρ==

Ω

Σ
,  (4) 

where I0 is the device constant, N is the number of particles, ρ  is the scattering-length density of water, V is 

the volume of scattering particle, P(q) is the form factor of the particle. The values of scattering-length 

density are equal to the following: ρ water=9.54·10-6 Å-2, ρ HDL=11.16·10-6 Å-2, ρ LDL = 8.96·10-6 Å-2. If in 

the area of CMC1 the function I(q) depended only on the concentration of water, then we would have 

observed gradual decrease of I(q) with concentration of water as with SDS concentrations 0.02, 0.03, 0.1 M 

(Figure 6). However, the intensity of curve I(q) for q = 19 nm-1 at SDS concentrations 0.008 and 0.01 M is 

greater than that of pure water (Figure 7). Therefore, in the area of CMC1 the electron density of clusters 

changes. It increases because HDL clusters appear around the micelles. We explain this phenomenon by the 

shift of the equilibrium LDL ↔  HDL towards HDL in the process of polyamorphous transition (Figure 3). 

For concentrations greater than 0.02 M, the increase in the content of HDL is compensates no more the 

decrease of I(q) due to the decrease of water content in the solution. 

 

Figure 7. The dependence I(q) for q = 19 nm-1 on the SDS concentration. Strokes illustrates a hypothetical 

straight line connecting I(q) of water with I(q) CMC1 without 2ρ  influence. 

 

 In our spectroscopic studies of structural characteristics of aqueous solutions of SDS in the process of 

micellization in SDS concentration range from 1·10-4 М to 3.5·10-2 M, we detected a sharp polyamorphous 
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transition in the ensemble of water clusters with high and low density at the time of micellization, which is 

confirmed by the results of application of the method of multidimensional curve resolution.45 Namely, using 

the parameter χ21 = I(ν2)/I(ν1),
46,47 equaled to the ratio of the intensities of high-frequency and low-frequency 

regions of the OH valence band, LLPT in the Raman spectrum of SDS solutions (Figure 8) was observed in a 

more narrow range of concentrations (Figure 7). The sharp shift of the balance in the ensemble of clusters 

from LDL to HDL occurs when the SDS concentration changes from 4·10-3 M to 6·10-3 M, reaching the 

maximum number of HDL clusters at the concentration of 6·10-3 M. With concentration of SDS increasing 

from 6·10-3 M to 8·10-3 M, the fraction of LDL decreases, and that of HDL increases (Figure 3). At the 

concentration of 0.05 M, the equilibrium between the number of LDL and HDL clusters establishes. 

Therefore, one can assume that in the process of LLPT, multi-parameter change of water properties occurs.  

 

Figure 8. Change of χ21= I(ν2)/I(ν1) parameter (which is equal to the ratio of the intensities of high-frequency 

and low-frequency regions of the OH valence band) depending on SDS concentration.45 

 

 Thus, the experimental data confirm the theoretical conclusions and analysis, and they are consistent 

with recent experimental studies of water. In micellar aqueous solutions of surfactant and hydrotrops, the 

electron density of the water molecules changes at the length of about 0.3 nm. This is a direct experimental 

evidence of existence of LLPT between HDL and LDL. Water properties change in different in the LLPT 

zone depending on the method of research. The average concentration of transition corresponds to the 

concentration of formation of spherical micelles. It is between CPMC and CMC2.  
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2.3. LLPT transition depending on the size of surfactants molecules. 

 Starting with s-heptylisothiuronium chloride, the shape of рН(lg(x2)) changes.12 Figure 4 shows that for 

this function of s-heptylisothiuronium chloride one can distinguish one particular point. We identify it with 

binodal. For C7 it coincides with CMC1 of this surfactant (Figure 1). Using function of рН(lg(x2)) for each 

member of a homological series of ATC we obtained the dependence of the logarithm of the concentration of 

the specific points lying on the binodal on n (Figure 1, 5-5). The dependence lg(CPMC(n)) is s-shaped 

character. This dependence allows to draw a conclusion that the nature of LLPT depends not only on the 

number of small systems of water (concentration of ATC), but also on their size. There is a kind of discrete 

LLPT on binodal. In addition, the ensemble of small systems of water has stable and unstable states on 

binodal. It is possible to suppose by the s-shaped curve (Figure 1) that LLPT on binodal evolves from stable 

state of C2-C4 through unstable states of C5-C6 to a new stable state C7-C12. 

 It is logical to assume that every stable state meets its small systems. Lower organic electrolytes and 

hydrocarbons with n < 5 form a crystalline clathrates with water.48 From this we can conclude that clathrate 

structure of water corresponds to the tangent of the slope of the straight lg(CPMC(n)) of ATC with n < 5, i.e. 

hydrophobic ion of ATC is located in the cavities of tetrahedral network of H-bonds of water LDL.  

 In thermodynamics of hydrates formation the term "pressure of hydrate dissociation" is used, which 

should be comprehended as the minimum pressure of hydrocarbon, under which the clathrate still keeps 

thermodynamic stability. Similarly, for lower ATC the CPMC (Figure 5) should be understood as the 

concentration at which the “clathrate” of lower ATC still keeps its stability in solution. At further increase of 

the concentration a water structure near ATC begins to change. In the solution of ATC fluctuations of 

concentration begin to form, the maximum of these fluctuations will be on extension of lg(CMC1) of higher 

ATC (Figure 1, 6-6). Such conclusion can be drawn as the result of comparison of phase diagram of ATC 

with phase diagram of alcohols,22 with levels of fluctuations of lower sodium alkanoates concentrations.49  

 If the nature of the small system near methylene group in solution similar to that in the clathrate that the 

proportional dependence should be between lgCPMC and Тmelt of crystalline hydrates of the another 
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homological series liked to the ATC. This dependence is observed, for example, between lgCPMC of ATC 

and Тmelt of clathrates of alkanoates.12  

 With increasing chain length Тmelt of clathrates of tetrabutylammonium alkanoates decreases. It may be 

assumed that with increasing chain length, a new type of the hydrate shell forms around hydrocarbon groups. 

For such process it is necessary the increase of not only the chain length, but also the concentration of ATC. 

The result of comparison of the increasing concentration of binodal of the ATC C7 - C12 with that of C2-C6 

allows to assume that the hydrate shell of surfactants differs from the hydrate shell of clathrate type. During 

hydrophobic interaction small cations act on water like to the temperature decrease, and large cations act on 

water like to the temperature increase because they participate in hydrophobic interaction.50  

 To clarify the mechanism of hydrophobic hydration on binodal we consider a change of the apparent 

molal volume during substitution of hydrogen atom in hydrocarbon by the functional group of amphiphile 

( 0
xV∆ ).51 Hydrophilic groups in homologous series of amphiphiles undergo hydrophobic hydration under the 

influence of hydrophobic group. Therefore their values of 0
xV∆  are much less their van der Waals volumes: -

NH3
+Cl- 15.4 ml/mole; -СОО-Na+ 7 ml/mole. With increasing chain length the values of 0

xV∆  of sodium 

carboxylates and alkylammonium chloride decrease and reach the limit values for C7. For the first surfactants 

the value of 0
xV∆  equals to 7.8 ml/mole, for the second - 2.4 ml/mol, this is corresponds to Figure 1. 

Hydrophilic group C7 is extremely hydrophobic as compared with C2-C6. The sign of the charge of 

hydrophilic group influence on change of hydration. As it can be seen, formation of the structure of LDL is 

more favorably near cationic amphiphiles. Therefore, it can be made the conclusion about the preferred 

orientation of oxygen of the water molecules in the structure of LDL relatively to the surface of hydrocarbon 

group, which stabilizes this structure on binodal. Apparently, in the ATC C7-C12 on binodal near hydrophilic 

group, from LDL a stable structure of "stocking" is formed. Water in the first hydrate layer of hydrophilic 

group does not participate in hydrophobic hydration and polyamorphic transitions. It is closed by the 

"stocking", which belongs to small system. The values of energies of water molecules interaction in the first 

hydrate layer and in the "stocking" differ by the order of magnitude. During LLPT the "stocking", apparently, 

is gradually changing. This phenomenon may explain the nature of chiral properties of the micellar solutions 

in the field of LLPT.52  
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 Starting with the ATC C7 (Figure 1), binodal and spinodal of surfactant do not coincide with each 

other. When 0.1 M of NaCl is added in solutions of sodium alkylsulfates, spinodal shifts to binodal and they 

become parallel to binodal of alkanes,53 nonionic amphiphiles. In these conditions, i.e. at the adding 0.1 M 

NaCl, cylindrical micelles are formed on binodal of DDS. Therefore, it is possible to assume that the 

lengthiness of LLPT is observed due to dissociation of the ionic surfactants.  

 Thus, in dependence on the sizes of amphiphiles molecules and their concentration on binodal the small 

systems of water molecules of different nature are formed. Their chemical potentials are equal to the 

chemical potentials of small systems of amphiphiles, i.e. molecules, consisting of several methylene groups. 

When the sizes of amphiphiles change there is peculiar "discrete phase transition" on binodal. It is transition 

from LDL with small slowdown of re-orientation of water molecules for hydrotropes with n < 4, with 

average slowdown for hydrotropes with n = 5, 6 to a large slowdown for the typical surfactants with n > 7. 

The structure of small systems of water on binodal determines the type of LLPT over concentration. In the 

solutions of ATC with n = 2-4 when the concentration increases the "melting" clathrate structures is 

observed. In result of this the microdecomposition with manifestation of concentration fluctuations is 

observed. In the solutions of ATC with n = 7-12 the structure of LDL with large slowdown of reorientation 

of water molecules in small system gradually transfers into the structure of HDL with formation of bistable 

spherical micelles. ATC with n = 7 has a critical volume. Taking into account the hydrophilic group the size 

of C7 is equal to the size of undecane approximately. The formation of bistable micelles begins from 

solutions of s-heptylisothiuronium chloride.  

 

2.4. Features of polymorphous transition and self-organization of amphiphiles 

In the region of dilute solutions up to binodal the formation of ion associate between ions of surfactants 

with opposite signs finishes. The average ionic coefficient of activity ±γ  loses its physical meaning because 

the association of ion pairs occurs not due to electrostatic interaction, but due to hydrophobic interaction, i.e. 

it is accompanied by LLPT.9 In the area of LLPT ±γlg obeys the linear law.  

xKγγγ += ±±

0lglg ,                             (5) 
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where γ±
0 characterizes the contribution of interionic interaction and it is the true ionic activity coefficient. 

γK  is the parameter of activity coefficient of Sechenov, x - concentration of amphiphile.  

 In the study of solubilization in solutions of surfactants, hydrotropes with hydrocarbons in the area of 

LLPT the cooperative effect was discovered. That is directly proportional dependence between the Gibbs 

energy of aggregation and the total length of the chain of partners in intermolecular interaction in the 

processes of micellization, solubilization, hydrotropy, condensation of two organic ions with opposite 

charges. For the manifestation of the cooperative effect the certain conditions should be preserved. They are 

the following: preservation of the same mechanism of hydrophobic interaction, hydrogen bonding, the donor-

acceptor interaction, uniformity of hydrocarbon groups in amphiphile and hydrocarbon. The cooperative 

effect is due to the fact that in the area of LLPT self-organization of amphiphiles is determined only by the 

water activity8 or TV β/  of water. 

 We have shown that LLPT forms two different structures of micelles of amphiphiles C7-C12: contact 

(
2(M)

0
CHG∆  = -3.7 kJ·mole-1) and hydrated (

2(M)

0
CHG∆  = -1.4 kJ mole-1), where 

2(M)

0
CHG∆  is increment of 

standard Gibbs energy of micellization (Figure 2).26 Water does not increase the intermolecular interaction of 

methylene groups of surfactants in the micelle in comparison with the dispersion interaction in the liquid 

hydrocarbon. In other words, the contribution of water in intermolecular interaction takes place in two 

structures of micelles and leads to the total effect of the thermodynamic functions with their statistical weight 

2(M)

0
CHG∆  = -3.0 kJ mole-1, 

2

0
CH (Ì )H∆  = 1.0 kJ mole-1, 

2

0
CH (M)T S∆  = 4.0 kJ mole-1. Water "groups" molecules of 

surfactants in two types of micelles. At the same time it changes its intermolecular interaction by means of 

LLPT thus, to coexist with micelles, hydrocarbon groups of which interact in a particular way: 
2

0
CHG∆  of this 

interaction is equal to 
2

0
CHG∆  of dispersion interactions in liquid hydrocarbon. Each of the two structures of 

micelles is realized in result of LLPT.  

 Thus, micelles are bistable. They have two minima of Gibbs energy of micellization on the methylene 

group (
2

0
CHG∆  = -3.0 kJ mole-1, -0.7 kJ mole-1) and one maximum (

2

0
CHG∆  = + 0.7 kJ mole-1) when the 

methylene group is in the water. The ensemble of water clusters can have two states: or in the form of HDL, 

or in the form of LDL with their statistical weight. The activation energies of the transition of methylene 
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groups from two stable states through the unstable state are equal to 1.4 and 3.7 kJ mol-1, accordingly. These 

values were obtained when micellization was tested by hydrophobic probe - molecules of gaseous 

hydrocarbons in the process of solubilization.30,54 The duality of structure of spherical micelles of 

alkylammonium chloride is proved by us with help of method of NMR.55  

 We found the hysteresis during solubilization in two solubilization series: n-hydrocarbons - sodium 

dodecyl sulphate and alkyl sulphates of sodium – propane.54 The hysteresis of properties is observed in 

bistable systems.56 It is absent in the solutions of hydrotropes of tetraalkylammonium bromides that do not 

form micelles, but increase the solubility of hydrocarbons in water (Figure 9). The hysteresis of conductivity 

was observed in solutions of surfactants near the point Craft.57.  

 

Figure 9. Hysteresis during solubilization in two solubilization series. The dependence of the natural 

logarithm of hydrocarbons solubilization on the number of carbon atoms (n) in alkyl group of alkylsulfate 

sodium and tetraalkylammonium bromides at 250C. 1 - hydrocarbons C2-C4 in solutions of sodium dodecyl 

sulfate, 2 - propane in solutions of sodium alkyl sulphates C6-C10 (hysteresis - two different values tangent 

in two the solubilization series), 3 - hydrocarbon in solutions of tetrabutylammonium bromide, 4 - propane in 

solutions of the tetraalkylammonium bromides (no hysteresis – one values tangent in two the solubilization 

series). 
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 In the kinetic theory, the elementary stage of SDS micellization is presented as equilibrium between the 

molecule and micellar aggregate.58 Rate constant of the direct reaction к+ = 1.2⋅109 l·mole-1·s-1, and the rate 

constant of the inverse reaction к- = 1⋅107 l·mole-1·s-1. In the framework of our approach, it is assumed that 

the two rate constants obtained in experiments, correspond to two values of the Gibbs energy of activation in 

the transition between two states of a self-oscillating system. They can be calculated by the Arrhenius 

equation.13 For SDS micelles, G∆  are equal to -19.4 and -29.8 kJ⋅mole-1, respectively. The difference 

between them (-10.4 kJ⋅mole-1) is less than G∆  for the H-bond in the water (-5 kJ⋅mole-1). Therefore, small 

systems overcome the energy barrier and oscillate. The fluctuations of the intensity of fluorescence spectrum 

of zinc protoporphyrin dimethyl ether in the area of 580 nm was observed in SDS micellar solutions.59 

Fluorescence in the solution was excited by radiation with 410 nm wavelength. In the ethanol solutions of the 

same substances at the same concentrations, fluctuations in the intensity of fluorescence were no observed.  

Mutual influence and compromise between hydrophobic and hydrophilic hydration allows one to 

compare hydrophobic hydration of SDS and hydrocarbons. A measure of comparison of the size of their 

small systems can be isobaric heat capacity 0
Pc .60 Analysis of experimental data on 0

Pc∆  allows drawing the 

following conclusions. Changes in 0
Pc∆  depend on the structure and state of water molecules, and do not 

depend on the state of aggregation of hydrocarbons, amphiphiles. Positive values of 0
Pc∆  are due to 

hydrophobic hydration, and negative ones are due to hydrophilic hydration. They give independent 

contribution to 0
Pc∆ . Comparing 0

Pc∆  of SDS (547 J K-1 mole-1) and that of liquid hydrocarbons, we obtain 

that small water systems around SDS molecules and around octane molecules are the same, as for octane 

0
Pc∆  = 541 J K-1 mole-1. Thermal effects of dissolution of crystal SDS41 and of liquid octane ( 0

SH∆  = 2 kJ 

mole-1) are the same also.61 Therefore, similar to hydrocarbons it is possible to calculate LLPT enthalpy for 

SDS using 0
SH∆ . Calculation yields 4.6 kJ mole-1 for enthalpy and 15.44 kJ mole-1 K-1 for the entropy. These 

values are equal to the corresponding values for the process of ice melting approximately.  

Thus, in the LLPT zone, the ion coefficient of activity of the surfactant is constant. For Gibbs energy 

of hydrophobic interactions, cooperative effect is observed. Micelles are bistable, so hysteresis of properties 

and oscillations can be found in solutions. Micellization, like that of hydrocarbons, is accompanied by LLPT 
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with enthalpy 4.6 kJ mole-1. Enthalpy and entropy of LLPT in aqueous solutions of surfactants and 

hydrocarbons, in spite of different nature, are equal to those of phase transition of crystallization/melting of 

ice. This is so because, when dissolved, surfactant and hydrocarbons before binodal affect the ensemble of 

small systems of water like decrease of temperature, and during micellization - like increase of temperature.  

 

2.5. Instabilities of systems in LLPT region  

Similarly to phase separation in an open system, LLPT of micelle-forming amphiphiles is 

accompanied by instabilities of the thermodynamic system.62  

Surface tension of freshly prepared aqueous solutions of SDS with increasing concentration from 

0.001 to 0.003 mole/l does not decrease, as at other concentrations, but increases (Figure 10). In 15 minutes 

after setting of the adsorption equilibrium, the strange concentration area disappears, and gradual decrease of 

surface tension is observed instead.  

 

Figure 10. Instabilities of systems in the LLPT region. The isotherm of surface tension of aqueous solutions 

of sodium dodecyl sulfate immediately after preparation (1), isothermal compressibility of water solutions of 

N-cetylpyridinium chloride (CPC) (2) at 298 K. 

 

The observed paradox, or surface mechanical instability, is apparently caused by complex kinetics of 

adsorption layer formation at concentrations of sodium alkyl sulphates, corresponding to binodal. On the 
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binodal, there compete adsorption, which reaches its maximum value, and formation of SDS dimers. 

Adsorption is accompanied by decrease in the surface tension, and association of SDS into dimers tends to 

reduce the amount of SDS on the surface and, therefore, to increase the surface tension.  

In aqueous solutions of surfactants water behaves as clean water under effective internal pressure.63 

With increasing concentration of surfactants, internal water pressure increases. Figure 10 shows the 

dependence of βТ of water solutions of N-cetylpyridinium chloride on its concentration.49 As can be seen, βТ 

decreases to binodal (minimum βТ(-lg(x2))), what corresponds to loosening of the solution with increase of 

the internal pressure (∂βТ/∂x)T,P < 0. Inequality corresponds to manifestation of volume mechanical 

instability. Before CMC1 (spinodal) βТ(-lg(x2)) increases, what corresponds to densifying of the solution.  

 If CMC1 is considered to be equal to true surfactant solubility, then it belongs to binodal. However, 

micellization in the area of CMC1 is accompanied by a discontinuity of mutual diffusion coefficient D.64 The 

coefficient of mutual diffusion of SDS and water in the area of CMC1 sharply decreases, and then increases. 

Such behavior of the coefficient of mutual diffusion at concentrations about CMC1 is analogous to 

approximation to the spinodal of decomposition solutions. As micelles are formed, that is, microphases 

emerge and (∂D/∂x2) > 0 is observed in the zone of micellization, then one can assume manifestation of 

thermodynamic (diffusion) instability. This conclusion can be checked by experimental coefficients of SDS 

activity γ in the zone of micellization. The mutual diffusion coefficient is given by the expression:65  

D = kBTB (1+∂lnγ/∂ln x2),     (6) 

where B is the coefficient of mobility of amphiphile (always positive). The expression in brackets in equation 

(6) determines whether the diffusion coefficient is positive, negative or equal to zero. The calculation by 

experimental γ  data for SDS at CMC1 for the relation in brackets gives the value (-0.93).66 Taking into 

account the experimental error, it means that D is very close to zero, i.e. that CMC1 belongs to the spinodal.  

Thus, due to the structure of a closed thermodynamic system, surface and volume mechanical 

instabilities and diffusion instability are observed in it.  

 

3. PRACTICAL APPLICATIONS OF THE LLPT CONCEPT 
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We used peculiarities of LLPT for practical application (Figure 11). If water-soluble polymers or 

hydrotropes are present in the solution together with hydrocarbon, then in the triple system water - 

hydrocarbons – hydrotropes, due to the cooperative effect, polymer and hydrotrop become surfactant, with its 

inherent property to lower the surface tension at the boundary of the two phases and to solubilize 

hydrocarbons. So instead of expensive typical surfactants, for tertiary oil production from depleted wells is 

possible to use water-soluble polymers and hydrotropes.49 The authors67 used hydrotropic waste to increase 

oil production, using the idea of our patent.  

 

Figure 11. Use of LLPT properties for practical applications. Explanation of the technology is in the 

text. 

Structural-phase transformation of lipids in aqueous solutions are an important element of 

reading/writing information at the level of synoptic membranes of brain. Change of the area of hysteresis has 

been recorded under the action of biological substances that are added directly into the solution of lipids.68 

According to the LLPT concept, structural-phase transformations in water solutions of lipids are due to the 

influence of additives on the structure of water. The latter may affect CMC1 even through the layer of water 

that separates the solution of the additive from the lipid solution by membranes permeable only to water 

molecules (Figure 11). When the ratio of concentrations of NaCl and SDS equals 1:1 (mole), CMC1 is 

reduced compared with the presence of SDS in two vessels.49  
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In accordance with hybrid technology, with the help of ion flotation or flotoextraction, one can 

efficiently and economically separate and concentrate different elements. Next, the precursor consisting of 

the surfactant and ion is reduced to nanoparticles of metals, or nanoparticles of hydroxides and oxides are 

obtained by action of alkali in direct micelles (nanoreactors) of the same surfactants used for flotoextraction. 

Surfactants are regenerated, and nanoparticles are used to get nanomaterials.69,70  

 The effect of stochastic resonance determines a group of phenomena, in which the response of 

bistable systems (micelles) to a weak external signal significantly increases with the intensity of noise in the 

system.59,71 In this case, integral characteristics at the output of the system such as gain and signal-to-noise 

ratio, have a clearly pronounced maximum at a certain optimal noise level.  

 

4. СONCLUDING REMARKS AND OUTLOOK 

 In this review, we have attempted to summarize and to develop the concept of LLPT for aqueous 

solutions of hydrocarbons, alcohols, surfactants and hydrotropes. The following conclusions can be 

formulated to summarize.  

 1. LLPT accompanies the fluctuations of concentration of hydrocarbons, alcohols, hydrotropes, 

surfactant micelle formation. Hydrophobic interaction should be understood as the total contribution of the 

intermolecular interaction water/water, hydrocarbon/water and hydrocarbon/hydrocarbon in the process of 

LLPT.  

 2. Properties of LLPT are determined by the properties of water, by the structure of hydrocarbons, 

amphiphiles and by their concentration. With increasing molecular sizes and concentration before binodal in 

excess water the amphiphiles affect water like temperature decrease, and shift the equilibrium LDL↔  HDL 

towards LDL. The second binodal is achieved when the lack of water for LLPT shifts the equilibrium 

towards HDL. CMC1 coincides with the midlpoint of LLPT or with spinodal. Due to the special properties of 

LLPT (self-oscillations), the system overcomes the spinodal. Addition of an inorganic electrolyte to the 

solutions of surfactants causes convergence of two binodals and the spinodal.  

 3. LLPT is determined using the activity of water, Raman spectroscopy, NMR, X-ray scattering of 

water, hydrolysis of ATC. With a decrease in the concentration of water (increasing the surfactant 
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concentration), the electron density of water on the scale of 0.3 nm increases. This is a direct evidence of 

shift of the equilibrium towards HDL, i.e. of existence of LLPT.  

 4. Due to LLPT, the ion activity coefficient of ionic surfactants loses its meaning; the cooperative 

effect, bistability, hysteresis, self-oscillations, fluctuations of extensive properties; surface, volumetric and 

thermodynamic instabilities of the system are obseved. The value of the changes of enthalpy and entropy of 

LLPT is approximately equal to the energy of melting/crystallization of ice, and they are caused by the effect 

of volume of the dissolved molecules on LLPT. 

The LLPT concept does not contradict universally recognized experimental data. In the equation 

( )ln)1( 1CMCRTKG dM +=∆ o , bistability of micelles has been taken into account: the first term of the 

equations corresponds to the contribution of pseudophase A to the Gibbs energy, and the second – to the 

contribution of associate B. Already known theories of the kinetics of micelle formation still cannot exactly 

interpret the correspondence of relaxation processes and structures in the process of micellization, so a new 

interpretation of the experimental kinetic parameters is possible. The LLPT concept explains how it is 

possible to get over spinodal, and embeds micellization into the general theory of phase separation. 

Hydrocarbon groups of amphiphiles before binodal influence water like decreasing temperature. After 

binodal, hydrocarbon groups influence water like increasing temperature. The studied LLPT are in the same 

row: in supercooled water, nanoporous bodies, supercooled solutions of polyols, protein solutions.  

For the development of the concept it is necessary to develop new methods of LLPT identification, to 

investigate the self-oscillatory properties, hysteresis and bistability of micelles, the structure of water in the 

transition region. It is interesting to find the connection between self-oscillatory properties in the bulk and on 

the surface of the solution.  

Although LLPT in supercooled water is intensively investigated, it is not paid sufficient attention at 

normal temperatures in water solutions of inorganic electrolytes, non-electrolytes, hydrotropes, surfactants. 

The authors hope that this article will attract attention to our concept of LLPT and it will stimulate LLPT 

research in these substances.  
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Figure 1. Phase diagrams of n-hydrocarbons and of s-alkylisothiuronium chlorides. 1,1 - solubility, binodal of 
gases of hydrocarbons C1-C4; 2,2 - solubility, binodal and spinodal of hydrocarbons; C5-C11; 3,3 - micellar 

solubility, spinodal of hydrocarbons C11-C18; 3,2- solubility, binodal of hydrocarbons C11-C18; 4,4 - 

micellar solubility, binodal of hydrocarbons C19-C28; 5,5 – critical pre-micelle concentration (CPMC), binodal 
of C2-C12 of s-alkylisothiuronium chlorides; 6,6 - CMC1, spinodal of C7-C12 of s-alkylisothiuronium 

chlorides.  
85x85mm (300 x 300 DPI)  
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Figure 2. Thermodynamic cycles of ∆G0
CH2, ∆H0

CH2, T∆S0
CH2 (kJ•mole-1) of processes of dissolution in water, 

of evaporation, of hydrocarbon hydration, migration of hydrocarbon from vapour and water in micelles: 
contact hydrophobic (a) and hydrated hydrophobic (b) interaction.  

164x51mm (300 x 300 DPI)  
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Figure 3. Polyamorphous transition in the ensemble of water small systems and self-organization of 
surfactant. Smooth change in the properties of water and self-oscilating region of water small systems 

between two binodal with increasing concentration of the amphiphile. 1 - the probability of volumes of water 
small system in the state A before the first binodal (СPMC); 2 - the probability of volumes of water small 

system in the state A and B between the first binodal and spinodal (CMC1), 3 - the probability of volumes of 
water small system in the state A and B on the spinodal (CMC1); 4 - the probability of volumes of water 

small systems in the state A and B between the spinodal and the second binodal (CMC2); 5 - the probability 
of volumes of water small system in the state В behind the second binodal (CMC2).  

170x85mm (300 x 300 DPI)  
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Figure 4. Dependence of chemical potential of one of the component a on system composition a+b in the 
framework of the general theory of phase separation. AB - single-phase state, EF-another single-phase 

state; BC, DE - metastable states, CD-unstable state, BE - two-phase state.  

85x85mm (300 x 300 DPI)  
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Figure 5 (a). Dependence of polyamorphous transition on the concentration of amphiphile. The dependence 
of pH on logarithm of the concentration of s-decylisothiuronium chloride  in aqueous solution at 25°C. C1 is 
the beginning of the transition (the beginning of formation of pre-micelles), C2 is the middle of LL-transition 

(CMC1), C3 is the completion of transition (CMC2), ab is the "depth" of the transition.  
170x85mm (300 x 300 DPI)  
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Figure 5 (b). Dependence of polyamorphous transition on the concentration of amphiphile. The dependence 
of pH on logarithm of the concentration of s-hexylisothiuronium chloride in aqueous solution at 25°C. C1 is 
the beginning of the transition (the beginning of formation of pre-micelles), C2 is the middle of LL-transition 

(CMC1), C3 is the completion of transition (CMC2), ab is the "depth" of the transition.  
170x85mm (300 x 300 DPI)  
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Figure 6. SAXS and Broad-Angle X-ray Scattering data from micellar solution of SDS and water, the mode of 
linear collimation of the cross-section beam 20x0.3 mm2 (CuKα, α = 0.154 nm). The X-ray generator 

ID3003, 298K, exposure time 5 min. SDS concentrations (top down) - 0.01, 0.008, water, 0.02, 0.1 M.  
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Figure 7. The dependence I(q) for q = 19 nm-1 on the SDS concentration. Strokes illustrates a hypothetical 
straight line connecting I(q) of water with I(q) CMC1 without ρ2 influence.  
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Figure 8. Change of χ21 = I(ν2)/I(ν1) parameter (which is equal to the ratio of the intensities of high-
frequency and low-frequency regions of the OH valence band) depending on SDS concentration.45  
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Figure 9. Hysteresis during solubilization in two solubilization series. The dependence of the natural 
logarithm of hydrocarbons solubilization on the number of carbon atoms (n) in alkyl group of alkylsulfate 
sodium and tetraalkylammonium bromides at 25°C. 1 - hydrocarbons C2-C4 in solutions of sodium dodecyl 

sulfate, 2 - propane in solutions of sodium alkyl sulphates C6-C10 (hysteresis - two different values tangent 
in two the solubilization series), 3 - hydrocarbon in solutions of tetrabutylammonium bromide, 4 - propane 

in solutions of the tetraalkylammonium bromides (no hysteresis – one values tangent in two the 
solubilization series).  
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Figure 10. Instabilities of systems in the LLPT region. The isotherm of surface tension of aqueous solutions 
of sodium dodecyl sulfate immediately after preparation (1), isothermal compressibility of water solutions of 

N-cetylpyridinium chloride (CPC) (2) at 298 K.  
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Figure 11. Use of LLPT properties for practical applications. Explanation of the technology is in the text.  
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