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The binding of water in heterogeneous systems containing polymethylsiloxane (PMS) pyrogenic nanosilica 

(A-300) water and the surface-active substance decametoxin (DMT) was studied. Composite systems were 

created using metered mechanical loads. The low-temperature 1H NMR spectroscopy was used to measure the 

structural and thermodynamic parameters of bound water. It is shown that when filling PMS interparticle gaps 

with hydrocompaction, the interfacial energy of water in the interparticle gaps of hydrophobic PMS with the 

same hydration is twice as large as the interfacial energy of water in hydrophilic silica A-300. This is due to the 

smaller linear dimensions of the interparticle gaps in the ICP compared with the A-300. In the composite system, 

A-300/PMS/DMT/H2O, a non-additive growth of water binding energy is observed, which is likely due to the 

formation under the influence of mechanical load in the presence of water of microheterogeneous sites, consisting 

mainly of the hydrophobic and hydrophilic components (microcoagulation). Thus, using mechanical loads, the 

adsorption properties of composite systems can be controlled. 
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Introduction 

One of the basic principles of formation of stable 

heterophase liquids is their desire to minimize free 

energy [1]. In particular, non-miscible liquids (eg, water 

and oil) exist in the form of spatially separated layers, 

and their mixing in ultrasound treatment is 

thermodynamically unprofitable, since it is accompanied 

not by a decrease but by an increase in free energy. 

Surfactants having a high affinity for both liquids make it 

possible to create a stable colloidal system in which the 

non-miscible phases are separated by a thin molecular 

layer of surfactants. The increase in free energy due to 

the dispersion of one of the liquids (formation of a 

micellar structure) is compensated by its decrease due to 

the molecular interactions of the surfactants with the 

hydrophobic and hydrophilic components of the 

heterogeneous system [2]. 

Unlike liquids, solids with different hydrophobic-

hydrophilic properties (in the dry state), after mechanical 

stirring, can form a virtually homogeneous mixture, 

which is a part of the aggregates and interact with the 

help of Van der Waals forces. The difference in the 

interaction energies of hydrophobic, hydrophilic and 

mixed particles is small. However, the possibility of their 

coexistence of heterogeneous particles in the volume can 

be violated by the addition of a liquid phase (surfactant, 

water or hydrophobic fluid) [3, 4]. The spontaneous 

distribution of components in mixtures of powders or 

viscous liquids (microcoagulation) caused by Brownian 

motion cannot or is carried out very slowly, however, 

this process can be significantly accelerated under the 

influence of mechanical stress applied to the composite 

system during mixing, especially in the presence of 

surfactants. Since coagulation reduces the free energy of 

a multicomponent system, it must lead to an increase in 

the binding energy of the liquid components to the 

surface of the dispersed particles. 

If a heterogeneous system, based on fine substances, 

contains water (or other liquid with a known freezing 

temperature), its melting temperature (freezing) can be 

reduced by adsorption interactions with the particle 

surface [5] or the transition to a clustered (nanoscale) 

state [6]. The freezing point depression is due to 

clustering and is determined by the Gibbs-Thomson 
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equation [7, 8]. The lower the melting point, the greater 

the adsorption interactions or the smaller the radius of 

nanocapels (clusters) of the liquid. An integral indicator 

that can be used to judge the free energy reduction in 

heterogeneous systems containing the same amount of 

water is the amount of interfacial energy of water, which 

is determined from the data of low-temperature 1H NMR 

spectroscopy [6, 9-11]. 

The purpose of this work was to develop methods for 

managing the binding energy of water in the 

silica/polymethylsiloxane/water composite system by the 

addition of surfactant – decamethoxine (DMT) and 

mechanical loading using a microcoagulation process. 

Decamethoxin is a synthetic antiseptic and antifungal 

preparation for topical use, which is at the same time a 

cationic surfactant having hydrophobic and hydrophilic 

moieties: 

 

 
 

I. Materials and methods  

1.1. Materials 

Polymethylsiloxane (PMS) adsorbents are hydro- or 

xerogels of methylsilicic acid, synthesized from methyl 

trichlorosilane [12-14]. In the first stage, a non-porous 

polymethylsiloxane is formed in reaction with water, 

which is then dissolved in a solution of alkali (NaOH or 

KOH). This produces sodium (or potassium) methyl 

silicone, which, after addition of the amount of acid (HCl 

or H2SO4) required to neutralize the alkali, is converted 

to methyl silica gel. This gel is washed with water from 

residues of acid and salt, after which it can be used as an 

enterosorbent in both gel and dried states [15, 16]. 

The starting material was 6 % methyl silicic acid gel, 

manufactured by "Creomapharm" (Ukraine), which is 

commercially available as an enterosorbent for the 

treatment of digestive disorders. After drying at room 

temperature, the water content of dry polymethylsiloxane 

was less than 1 wt. % by weight of dry matter. 

Conversion to the aqueous medium was carried out 

according to the procedure described in [17-19] for other 

hydrophobic materials, by grinding the PMS powder 

with an equal amount of distilled water to form a 

homogeneous PMS/water composite, the bulk density of 

which in the wet state was Cd = 500 g/dm3. Pyrogenic 

silica brand A-300 with a specific surface area of BET 

SBET = 285 m2/g and a bulk density of Cd = 60 g/dm3 

(State Enterprise “Kalush Test Experimental Plant of 

Surface Chemistry Institute of National Academy of 

Science of Ukraine”). For the preparation of the 

composite system A-300/PMS/DMT, dry ingredients 

were taken in the ratio of 30/68/2, and PMS/DMT – 30/2, 

which were carefully triturated in a porcelain mortar until 

a homogeneous mixture was formed. Moisture of the 

sample was performed by adding to the dry powder PMS 

or composite equal to the mass of the amount of distilled 

water. Hydraulic compaction of the material occurred 

[20, 21] and its bulk density was Cd = 200 - 300 g/cm3. It 

was assumed that under the influence of mechanical 

loading in the sample will be able to form 

microheterogeneous areas, consisting mainly of 

hydrophobic or hydrophilic components. The amount of 

water for all systems studied was equal to CH2O = 

1000 mg/g and sufficient to fill the bulk of the 

interparticle gaps. 

 

1.2. 1H NMR spectroscopy 

NMR spectra were obtained on a 400 MHz high 

resolution NMR spectrometer (Varian "Mercury"). The 

temperature in the sensor was regulated by a Bruker VT-

1000 thermocouple with an accuracy of ± 1 deg. The 

signal intensities were determined by measuring the peak 

area using the signal decomposition procedure into its 

components in the assumption of a Gaussian line shape, 

zero line optimization and phase with an accuracy that 

was not lower than ± 5 % for well separated signals. To 

prevent water cooling in the studied objects, the 

measurement of the concentration of non-freezing water 

was carried out by heating the samples, pre-cooled to 

210 K. The NMR technique, the determination of 

thermodynamic characteristics and the calculation of 

radius of clusters of interfacial water are described in 

detail in [9-11].  

As the temperature decreases, the intensity of the 

water signal decreases due to its partial freezing in the 

interparticle gaps. Then, knowing the total amount of 

water in the samples (CH2O = 1000 mg/g), the integral 

value of the water signal intensity can be used to 

determine the freezing water concentration (Cuw = 

(IT/I280)•1000) for each temperature (IT) and construct the 

dependences Cuw(T). The process of freezing (melting) of 

interfacial water, localized in a solid porous matrix, 

occurs in accordance with the changes in the free Gibbs 

energy caused by the influence of the surface: it is 

smaller the farther from the surface the water layer is 

studied. At T = 273 K freezes water, the properties of 

which do not differ from the volumetric, and as the 

temperature decreases (without taking into account the 

effect of hypothermia) freeze the layers of water, which 

are closer to the surface, and for the interfacial water is 

fair: 

 ∆Gice = −0.036(273.15−Т), (1) 

where the numerical coefficient is a parameter that is 

related to the temperature coefficient of change of Gibbs 

free energy for ice [22].  

The interfacial energy of solids or biopolymers was 

defined as the modulus of the total reduction of free 

energy of adsorbed water, due to the presence of an 

internal boundary of the phase-separation of water-

polymer by the formula: 

 , (2) 

where is the total amount of freezing water at T = 273 K. 
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 The amount of interfacial energy is a convenient 

parameter that allows you to compare the binding energy 

of water in different systems, especially if the amount of 

water in them is the same.  

In this case, the Gibbs-Thomson equation [14, 15] 

can be used to determine the geometric dimensions of the 

bounded solid surface of nanoscale fluid aggregates [14, 

15], which relates the radius of spherical or cylindrical 

pores (R) to the freezing point depression: 

 
ρR

f
ΔH

m,T
sl
σ

=m,T(R)mT=mΔT



2

 (3) 

where Tm(R) is the melting temperature of the ice 

localized in the pores with radius R, Tm,∞ is the melting 

temperature of the bulk ice, ρ is the solid phase density, 

σsl is the interaction energy of the solid with the liquid, 

and ∆Hf is the bulk enthalpy of melting. In the case 

where water fills the entire interparticle space, formula 

(3) allows to determine the radius distribution of 

interparticle gaps. 

II. Results and discussion 

Taken at different temperatures, in the process of 

heating the samples from 210 - 230 K to 280 K, the 

spectra of 1H NMR of water in the studied systems in air 

are shown in Fig. 1, and in the deuterium chloroform 

medium – in Fig. 2. In the spectra of individual 

substances and their composites, under conditions of the 

same hydration (CH2O = 1000 mg/g) and filling of a large 

part of the interparticle space with water, one signal of 

water is observed, the chemical shift of which increases 

from δH = 4 - 4.5 ppm. at T = 280 K to δH = 6.5 - 7 ppm 

at T = 210 - 230 K. The signal intensity decreases with 

decreasing temperature with partial freezing of the 

interfacial water. 

Despite the high hydration of the studied systems, 

the hydrophobic environment of chloroform significantly 

affects the appearance of the spectra of the interfacial 

water (Fig. 2, a-d). Several freezing water signals differ 

in the spectra, differing in chemical shift value (δH). 

Signal 1 (δH = 1 ppm) can be attributed to water clusters 

that do not participate in the formation of hydrogen 

bonds [10, 11] (weakly associated water), signal 2 (δH = 
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Fig. 1. The spectra of 1H NMR of water in hydrated PMS powders, A-300 silica and composite systems based on 

them were taken at different temperatures. 
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3.5 - 4 ppm). ) - to water clusters with partially destroyed 

hydrogen bonds and signal 3 (δH = 5 ppm) to clusters of 

highly associated water close in structure to liquid water. 

In addition, the spectra show signals of the unproteinated 

component of chloroform (CHCl3), and in samples 

containing DMT also the signals of aliphatic protons of 

hydrocarbon chains. 

The appearance in the spectra of several water 

signals indicates a slow proton (or molecular) exchange 

between water molecules that are part of different 

clusters of interfacial water in the NMR time scale. In 

general, it can be stated that the environment of weakly 

polar chloroform exhibits chaotropic (disordered) 

influence on water localized in the interparticle gaps [23, 

24]. Compared with the samples in the air environment 

(Fig. 1), the region of strong changes in the signal 

a 

8 6 4 2 0 -2

8 6 4 2 0

 (ppm)

280 K

272.2

260.6

264

259

252.5

243

236

228

206

PMS + 1g/g H
2
O, 

500 mg/ml, CDCl
3

260.6 K

264

259

252.5

243

236

228

206

 ppm
 

b 

10 8 6 4 2 0

8 6 4 2 0

280 K

270.6 

268.2

263.8

261.6

(ppm)

 ppm

270.6 K

268.2

263.8

261.6

254

245

237

224

211

SiO
2
/H

2
O in CDCl

3

 
 

c 

10 8 6 4 2 0

PMS/DMT/H
2
O in CDCl

3

10 8 6 4 2 0

280 K

270.6

268.9

265.9

262.2

 (ppm) 268.9

265.9

262.2

268

247

246

248

224

 ppm

3        2                 1

 

 

d 

10 8 6 4 2 0
 ppm

280 K

271

270.1

269

264

256

244

235

225

SiO
2
/PMS/DMT/H

2
O

 in CDCl
3

2

3

 
 

e 

14 12 10 8 6 4 2 0
 ppm

280 K

270

269.5

267

263.5

256

246

233

224

210

A-300/H
2
O 

in CDCl
3
+TFAA

 
 

Fig. 2. The 1H NMR spectra of water in hydrated PMS powders, A-300 silica and composite systems based on 

deuterium chloroform (a-d) and 1/7 CDCl3/TFAA (e) mixtures were taken at different temperatures. 
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intensity is shifted towards high temperatures (near T = 

273 K). Therefore, under the influence of chloroform, 

there is a partial displacement of water from the 

narrowest interparticle gaps. 

Then the exchange processes are accelerated, if 

15 wt.% of deuterium trifluoroacetic acid (TFAA) is 

added to the chloroform medium and in the spectra, a 

single signal shifted to the region of large chemical shift 

values (δH = 7 - 8.5 m) is recorded in all available 

temperature range measurements h) (Fig. 2e). The 

intensity of the proton signal with temperature changes 

slightly, due to the complication of the freezing process 

of water from a concentrated solution of strong acid. 

The dependences of the concentration of freezing 

water on temperature and based on them in accordance 

with equation (1), the dependence of the Gibbs free 

energy change on the concentration of freezing water 

∆G(Cuw) are shown in Fig. 3. For the PMS/DMT system 

(Fig. 3b, d), the figure shows the Cuw(T) and ∆G(Cuw) 

dependencies for all three interfacial water signals 

observed in the spectra in Fig. 2c. 

If one considers that the part of water for which the 

Gibbs free energy ∆G < −0.5 kJ/mol is reduced is 

strongly bound [10, 11], based on the dependences given 

in Fig. 3 c, d can be calculated parameters of layers of 

interfacial water, which are summarized in table 1. In this 

case, ΔGS is the maximum reduction of free energy in the 

layer of strongly bound water, Cuw
S and Cuw

W are the 

concentration of strongly and weakly bound water, 

respectively, and γS is the interphase energy equal to the 

total free energy reduction of all interphase water, which 

is determined respectively to equation (2). 

In Fig. 4 shows the radius distributions of water 

clusters localized in the interparticle gaps of the systems 

studied in air (a) and CDCl3 (b). 

According to the above data, in the air environment 

the total binding energy of water in the hydrated 

hydrophobic PMS powder is more than twice the binding 

energy of water in hydrophilic silica (Table 1). Since the 

specific surface of the PMS can reach 500 m2/g, it can be 

concluded that the binding of water is determined not by 

the hydrophobic properties of the surface, but by the 

morphology of the internal interparticle space (Fig. 4a). 

The maximum on the distribution curve over the radii of 

water-filled pores (interparticle gaps) in the PMS is R = 

4 nm, which is much smaller than in silica (R = 10 nm). 
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Fig. 3. The temperature dependences of the change in the concentration of freezing water and calculated on the 

basis of the dependence of the change of Gibbs free energy on the concentration of freezing water in the air (a, c) 

and in the medium CDCl3 (b, d). 
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As the average radius of the interparticle gaps decreases, 

the values of the interfacial energy increase (Table 1). 

The addition of a small amount (2 wt.%) Of the 

surfactant (DMT) to the PMS results in a significant 

change in the morphology of the interparticle space and a 

slight decrease in the interfacial energy up to 20.9 J/h. 

On the distribution curve ∆C(R), several maxima appear, 

both in the region of small and large values of R. 

However, in a composite system containing surfactants, 

hydrophilic and hydrophobic components, the value of γS 

increases to 32.2 J/g. This indicates the formation under 

the influence of mechanical loading of the composite 

with a minimum amount of free energy. Probably, in the 

presence of surfactants, aggregates of PMS and A-300 

particles aggregate and formation of spatially ordered 

regions (microcoagulation), which contain interparticle 

gaps, where much of the water is highly bound (Table 1). 

The rest of the water fills in the gaps between 

hydrophobic and hydrophilic aggregates, with the 

distribution across the radii of the water-filled cavities 

having one wide maximum at R = 10 nm (Fig. 4a). 

The environment of the low-polar organic solvent 

CDCl3 reduces the energy of interaction of water with the 

surface (Table 1), both for the hydrophobic and 

hydrophilic components of the composite system. Most 

clearly this effect can be seen from the comparison of the 

quantities of interfacial energy in air and organic 

environments. The maximum effect is observed for 

hydrated PMS – the amount of interfacial energy 

decreases from 23.8 to 1.3 J/h. For other systems, 

including hydrophilic silica, the value of γS decreases by 

2-3 times in the CDCl3 medium. Comparing the 

magnitudes of the interphase energies (Table 1) and the 

distribution across the radii of the water-filled 

interparticle gaps (Fig. 4b), we can conclude that the 

decrease in water binding when using the organic 

medium is manifested in a significant increase in the 

average size of non-freezing water clusters (Fig. 4b). 

Most of the water fills the interparticle gaps, whose 

radius is R > 10 nm, while the narrow pores are filled 

with chloroform. Chloroform molecules are likely to 

easily penetrate into the aqueous medium, filling the 

interparticle gaps of PMS and A-300 aggregates, 

diffusing over the surface of solids. The result is a 

change in the morphology of the interparticle space and 

the redistribution of the aqueous and organic phases. 

It can be assumed that in the composite system A-

300/PMS/DMT in the air environment, the hydrophobic 
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Fig. 4. Distribution over the radii of clusters of adsorbed water in air (a) and in medium CDCl3 (b). 

 

Table 1 

 

Characteristics of water layers in hydrated PMS and composite systems based on it containing 1000 mg/g of water 

 

System Medium mg/cm3 ΔGS, kJ/mol Cuw
S, mg/g Cuw

W, mg/g γS, J/g 

PMS 
Air -2.5 280 720 23.8 

CDCl3 -2.5 10 990 1.3 

SiO2 
Air -2.2 80 920 11.2 

CDCl3 -3 35 965 6.2 

PMS/DMT 

Air -3 250 750 20.9 

CDCl3 
-3.5(1)* 

-2.2(2) 

9(1) 

25(2) 
966(3) 5.3 

PMS/SiO2/DMT 
Air -3.5 425 575 32.2 

CDCl3 -2.5 70 930 10.6 
*The values obtained for signals 1, 2 and 3 are indicated in brackets. 
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part of the surfactant molecules mainly contacts the 

surface of the PMS, while the hydrophilic end groups 

form hydrogen bonds with silanol groups or hydroxyl 

groups of water on the surface of the silica particles. thus 

providing the minimum free energy values of the system. 

In a hydrophobic environment, the composite particles 

easily form a stable suspension, despite the high 

concentration of interparticle water. In this case, most 

likely, the hydrophobic regions of the surfactant 

molecules are in contact with chloroform, and 

hydrophilic - with water, which is part of the particles of 

the composite system. 

Conclusion 

It is shown that when filling the inter-particle gaps of 

polymethylsiloxane by the method of hydro-sealing, the 

inter-phase energy of water in the inter-particle gaps of 

hydrophobic PMS with the same hydration is twice the 

inter-phase energy of water in hydrophilic silica. This is 

due to the smaller linear dimensions of the interparticle 

gaps in the PMS compared to the A-300. 

In a composite system containing hydrophobic and 

hydrophilic components (PMS and A-300) in the 

presence of the surfactant - decamethoxin, there is an 

additive increase in the binding energy of water, which is 

probably due to the formation under the influence of 

mechanical loading in the presence of water, 

microgeterogene (microcoagulation), consisting mainly 

of hydrophobic and hydrophilic components. Thus, the 

mechanical wetting can control the wetting process of 

hydrophobic powder composites. 
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Використання ефекту мікрокоагуляції для керування зв'язуванням води 

у гетерогенній системі поліметилсилоксан/кремнезем/вода 
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Вивчено зв'язування води в гетерогенних системах, що містять поліметилсилоксан, 

високодисперсний аморфний кремнезем, воду і поверхнево-активну речовину – декаметоксин. 

Композитні системи створювалися при використанні дозованих механічних навантажень. Методом 

низькотемпературної 1Н ЯМР-спектроскопії вимірювалися структурні і термодинамічні параметри 

зв'язаної води. Показано, що при заповненні міжчастинкових зазорів поліметилсилоксану способом 

гідроущільнення, міжфазна енергія води при однаковій гідратованості вдвічі перевищує міжфазну 

енергію води в гідрофільному кремнеземі. Це пов'язано з меншими лінійними розмірами міжчастинкових 

зазорів в поліметилсилоксані порівняно з кремнеземом. В композитній системі, 

кремнезем/поліметилсилоксан/декаметоксин/вода спостерігається неадитивне зростання енергії 

зв'язування води, яке, ймовірно, обумовлене формуванням, під впливом механічного навантаження в 

присутності води, мікрогетерогенних ділянок, що складаються переважно з гідрофобної і гідрофільної 

компонент (мікрокоагуляція). Таким чином, за допомогою механічних навантажень можна керувати 

адсорбційними властивостями композитних систем. 

Ключові слова: 1Н ЯМР-спектроскопія, кремнезем, поліметилсилоксан, декаметоксин, 

мікрокоагуляція, композитна система. 
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