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The phase transition of n-decane bound to nanosilica initial hydrophilic or modified hydrophobic and 

branched 3D poly(methylsiloxane), PMS, was analyzed using 
1
H NMR and quantum chemical methods. 

Freezing and melting points of n-decane are affected by nanosilica or PMS in CDCl3 able to dissolve decane. 

The behavior of mixed water and decane depends on the adsorbent texture and surface nature, content of salt 

microparticles or nanoparticles and co-adsorbates. The freezing point depression under confined space results 

in stronger changes in the behavior of adsorbed decane than effects of melting delay occurring due to kinetic 

suppression and immobilization of solid-like structures in mesopores. The dispersion media (nonpolar CCl4, 

weakly polar CDCl3, polar CD3CN and trifluoroacetic acid) influence the interfacial and temperature behavior 

of mixed water and n-decane because decane can be easily dissolved in nonpolar or weakly polar solvents but 

water can strongly interacts with polar solvents and polar solid particles.  

Keywords: poly(methylsiloxane), alkali metals chlorides, bound water and decane, interfacial behavior of 

water/decane mixture 

 

INTRODUCTION 

The thermodynamic features of liquids and 

solutions depend on many factors, and temperature 

plays one of important roles [1]. They are 

especially specific close to temperature of phase 

transition of a solvent or a solute. This also 

depends on solubility of organics in water and vice 

versa. Additional important factor affecting the 

properties of liquids at the solid/liquid interfaces is 

the polarity or hydrophobicity and porosity of 

developed solid surface. To study features of 

liquids (e.g. their activity as solvents) at the 

interface, the amounts of liquids should relatively 

low to avoid the masking effects of bulk liquids. 

Therefore in this paper, the interfacial behavior of 

water and n-decane (selected as a representative of 

hydrophobic liquids) is studied in the case of 

developed surfaces hydrophilic, partially 

hydrophilic/hydrophobic and hydrophobic in 

different dispersion media.  

The temperature behavior of alkanes individual 

or as components of mixed liquids is of importance 

from practical point of view. For low-molecular 

weight alkanes, the phase transition occurs in a 

narrow temperature range. However, the interfacial 

behavior of alkanes confined in pores is 

characterized by a certain freezing point depression 

[2–4]. This effect depends on both the properties of 

alkanes (e.g. molecular weights and structure of 

components) and the textural characteristics and 

surface chemistry of adsorbents. Salts located at the 

interfaces in the shape of dissolved ions or 

nanoparticles can strongly change the interfacial 

and temperature behavior of liquids located at the 

interfaces. For instance, cations K
+
 and anions Cl

−
 

are chaotropes but Li
+
 and Na

+
 are kosmotropes 

differently affecting water structure [5, 6]. The 

cation influence on water structure increases with 

decreasing cation size and depends on the 

hydration degree. Jones-Dole viscosity B 

coefficients are equal to 0.15 (Li
+
) and 0.086 (Na

+
) 

for kosmotropes studied here, and −0.007 (K
+
, Cl

−
) 

for chaotropes [7, 8]. It is of interest to analyze the 

effects of cations of different univalent alkali Li
+
, 

Na
+
, and K

+
 on the behavior of the dispersion 

phase (nanosilica, PMS) and the characteristics of 

interfacial liquids (water, n-decane) affected by 

different dispersion media (air, water, nonpolar 

CCl4, weakly polar chloroform alone or with 

addition of polar CD3CN or strongly polar 

trifluoroacetic acid). Additionally, salt crystallites 

formed in pores can damage the materials that 
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depend on pore sizes, as well as on contents of salts 

and water [9]. 

NMR spectroscopy is a very effective method 

to study the interfacial phenomena [10–14], 

different organic and inorganic systems [15–21], 

water-hydrophobic organics [22–24], as well as 

biomaterials and more complex systems [25–28]. 

Previous investigations of the temperature behavior 

of n-decane and silicone oils bound to silica 

showed that their portions confined in pores remain 

liquid at temperatures lower than the freezing point 

T < Tf [29, 30]. These effects are caused by several 

reasons. First, the freezing point depression is due 

to confined space effects as it is described by 

Gibbs-Thomson relation [31–33]. Second, kinetic 

hindrances of the phase transition in the interfacial 

layers, i.e. equilibration time becomes much longer 

than that for bulk liquids [34]. Third, partial 

freezing of adsorbates in pores enhances the 

confined space effects for a residual liquid fraction 

due to changes in the topology of pores. 

Additionally, polar or nonpolar liquid components, 

as well as dispersion media, can affect all these 

interfacial phenomena [29–34]. Thus, a significant 

portion of interfacial components located in pores 

can be in a liquid state during relatively long time 

and characterized by much longer time of 

transverse relaxation than a solid-like fraction. This 

effect allows the separation of 
1
H NMR signals of 

liquid and solid-like fractions, since appropriate 

narrowing bandwidth allows the observation of 

signals of a liquid fraction only. Clearly, changes in 

the dispersion media (e.g. air, water, chloroform, 

etc.) or appearance of ions or polar nanoparticles 

can strongly change the temperature behavior of 

liquid mixtures [34].  

The aim of this work is to study the 

temperature behavior of n-decane with the 

presence of water at a surface of hydrophilic initial 

pyrogenic silica PS300, hydrophobic silica 

HPS300, or partially hydrophilic (due to residual 

silanols) and partially hydrophobic (SiCH3 groups) 

poly(methylsiloxane), PMS, alone or with 

crystallites of LiCl, NaCl, and KCl (grinded with 

nanosilica) in different dispersion media (CDCl3 or 

CCl4).  

EXPERIMENTAL 

Pyrogenic (fumed) silica PS300 and 

hydrophobic HPS300 produced with PS300 totally 

covered by trimethylsilyl groups (pilot plant of the 

Chuiko Institute of Surface Chemistry, Kalush, 

Ukraine, with the specific surface area of ca. 

300 m
2
/g), hydrated poly(methylsiloxane), PMS, 

Enterosgel (Kreoma-Pharm, Kiev, Ukraine), which 

composed of 10 wt. % of PMS and 90 wt. % of 

water (i.e. the hydration degree h = 9 g of water per 

1 g of dry PMS) were used as the initial materials. 

Many of properties of fumed silica were described 

elsewhere [34–37], as well as PMS [38]. PMS in 

contrast to linear poly(dimethylsiloxane) is a 

branched 3D polymer which can be characterized 

by certain porosity of nanoparticles composed of 

folded macromolecules. 

Salt/solids mixtures (3 : 1, 1 : 1, 1 : 3, or 1 : 6 w/w) 

were prepared by their grinding in a porcelain 

mortar. The powders were placed into 5 mm NMR 

ampoules and after adding water or (and) decane, 

CDCl3 or CCl4 was added as a dispersion medium. 

For some samples, acetonitrile or (and) 

trifluoroacetic acid (TFAA) was added. Notice that 

all concentrations shown below were calculated per 

gram of corresponding dry solids.  
1
H NMR spectra of static samples were 

recorded using a Varian 400 Mercury spectrometer 

(magnetic field 9.4 T) utilizing 90° pulses of 3 µs 

duration. Each spectrum was recorded by 

coaddition of eight scans with a 2 s delay between 

each scan. Relative mean errors were less than 

±10 % for 
1
H NMR signal intensity for overlapped 

signals, and ±5 % for single signals. Temperature 

control by a Bruker VT-1000 device was accurate 

and precise to within ±1 K. The accuracy of 

integral intensities was improved by compensating 

for phase distortion and zero line nonlinearity with 

the same intensity scale at different temperatures. 

Repeated measurements of samples gave identical 

spectra, within experimental error, at the same 

temperature. To prevent supercooling, spectra were 

recorded at T = 210 K (for samples precooled to 

this temperature for 10 min), then heated to 280 K 

at a rate of 5 K/min with steps ∆T = 10 K or 5 K 

(with a heating rate of 5 K/min for 2 min), and 

maintained at a fixed temperature for 8 min for 

data acquisition at each temperature. The 

applications of this method and NMR 

cryoporometry to nanooxides were described in 

detail elsewhere [31–34]. 

The amount of unfrozen water (Cuw) as a 

function of temperature at T < 273 K was measured 

by comparing the total 
1
H NMR integrated signal 

intensity
 
of unfrozen water, Iuw, with that of all 

water at T > 273 K. This was done using a 

calibrated function IC = f(CH2O), assuming Cuw = 

CH2O Iuw/f(CH2O). The function f(CH2O) was 
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determined by measurements of the total integral 

intensity of the 
1
H NMR spectra after known 

amounts of water were added to the materials at 

T > 273 K. The low-temperature 
1
H NMR 

spectroscopy provides structural information on 

interfacial water, pore structure (with cryoporo-

metry and relaxometry), and thermodynamic 

characteristics of bound water or other liquids    

[31–34]. These characteristics include changes in 

Gibbs free energy caused by the adsorption (∆G) of 

strongly bound water (SBW), ∆Gs < −0.5 kJ/mol, 

and weakly bound water (WBW), 

∆Gw > −0.5 kJ/mol. In addition, the amounts of 

SBW (Cuw
s
) and WBW (Cuw

w
) can be obtained. 

WBW is frozen at T > 255–260 K while SBW is 

frozen at T < 255–260 K [34]. Furthermore, bound 

water can be assigned to strongly (SAW) or weakly 

(WAW) associated water based on the values of 

chemical shift. A δH = 4–5 ppm indicates SAW 

with large 3D clusters or domains, chemical shifts 

of 1–2 ppm are indicative of WAW which consist 

of small 2D or strongly branched clusters.  

According to the approximation of a Gibbs 

layer of finite thickness, surface forces act on a 

distance of several molecular layers. Changes in 

the Gibbs free energy of ice with temperature have 

been calculated as follows [34]: 

∆Gice = 0.0295 − 0.0413∆Т +6.64369×10
−5

(∆Т)
2
 + 

+ 2.27708×10
−8

(∆Т)
3
 (kJ/mol),              (1) 

where ∆Т = 273.16 − T at T ≤ 273.15 K. Equation 

(1) was used to estimate the ∆G(T) function for 

bound water.  

The freezing point depression for water in 

narrow pores is described by the Gibbs-Thomson 

relation (assuming a cylindrical pore shape) at 

radius R [31–34] given as Eq. (3): 

R

k

RH

T
RTTT

f

msl

mmm =
∆

−=−=∆ ∞

∞
ρ

σ ,

,

2
)( ,                (2) 

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

cylindrical pores of radius R, Tm,∞ the bulk melting 

temperature, ∆Hf the bulk enthalpy of fusion, ρ the 

density of the solid, σsl the energy of solid-liquid 

interaction, and k is a constant. Eq. (2) was used to 

determine the distribution function (fV(R) = 

dVuw(R)/dR) of sizes of water structures unfrozen at 

T < 273 K [15] and adsorbed onto nanosilicas. The 

fV(R) function can be used to determine the 

distribution function with respect to the specific 

surface area (fS(R)) of water structures, and the size 

distribution of pores (PSD) filled by this water 

[34]. Integration of the fS(R) function gives the 

specific surface (Suw) of contact area between 

unfrozen water and a solid surface [34]. Such 

contributions can be differentiated as nanopores at 

R ≤ 1 nm (Snano), mesopores at 1 < R ≤ 25 nm 

(Smeso), and macropores at R > 25 nm (Smacro). 

Frequently, Suw is less than SBET due to partial 

filling of pores. Similar contributions to the pore 

volume can be calculated by integration of the fV(R) 

functions.  

Quantum chemical calculations were carried 

out using ab initio and DFT methods with the       

6-31G(d,p) basis set, using the Gaussian 09 [39] 

program suit, to full geometry optimization of 

molecules or clusters. The δH values were 

calculated as the difference in the isotropic values 

of the magnetic shielding tensors of H atoms 

(σH,iso) of tetramethylsilane, TMS (δH,TMS = 0 ppm) 

as a reference compound (σH,iso = 31.76 ppm for 

TMS by GIAO/B3LYP/6-31G(d,p)) and a given 

compound using equation  

H TMS H

1 1

3 3
Tr Trδ σ σ= − ,              (3) 

where Tr is the trace of matrix, since σ is the tensor 

with nine elements. The gauge-independent atomic 

orbital (GIAO) method [39] with the DFT method 

(B3LYP) and the 6-31G(d,p) basis set was used for 

a short PDMS molecule (seven units) and              

n-decane. The distribution functions of the δH 

values were calculated using a simple equation  

2 0.5 2 2

H H( ) (2 ) exp[ ( ) / 2 ]
j

j

f δ πσ δ δ σ−= − −∑ ,         (4) 

where j is a number of H atom, σ2
 is the 

distribution dispersion, and δj is the calculated 

value of the j-th H atom. Large structures (up to 

6000 atoms) were calculated using the PM7 

method (MOPAC 2012 package with 

GPU/CUDA) [40, 41]. To calculate the f(δH) 

functions using the PM7 results, a calibration 

function was used to describe the dependence 

between atomic charges qH (PM7) and the δH 

values (GIAO/B3LYP/6-31G(d,p)) for the PDMS 

molecule with seven units. The solvation model 

SMD [42] was used with B3LYP/6-31G(d) method 

(WinGAMESS, version of 1 May 2013 (R1) [43]). 

RESULTS AND DISCUSSION 

During grinding salt (KCl was selected as a 

color representative) with strongly hydrated 
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PMS at h = 9 g/g (Fig. 1 a, b) or more weakly 

hydrated nanosilica at h = 0.1 g/g (Fig. 1 c, d) 

KCl microcrystallites are observed. A low 

content of water cannot allow the dissolution of 

salts. Their sizes are smaller in KCl/PS300 

(d ≤ 5 µm) than KCl/PMS (d ≤ 20 µm) because 

of an abrasive effect of nanosilica, which is 

much harder than the polymer used. 

Additionally, the KCl/PS300 has uniform color 

that suggests a uniform distribution of KCl 

particles in the mixture.  

 

 

Fig. 1. Microphotographs (Primo Star optical microscope, Carl Zeiss) of grinded samples (during 10 min) (a, b) hydrated PMS 

(h = 9 g/g) with KCl (1 : 3 w/w) and (c, d) KCl/PS300 (1:6) at h = 0.1 g/g in (c) air and (d) silicone oil (scale bar 20 µm 

(a), and 10 µm (b, c, d)) 

 

Water bound to NaCl with the presence of      

n-decane shows a broad signal at δH ≈ 4.5 ppm at 

280 K (Fig. 2 a, dash-dotted lines). At 270 K, its 

intensity becomes much lower and it disappears at 

265 K due to freezing of water. This suggests that 

all water is weakly bound (WBW) because it is 

frozen close to the freezing point of bulk water. 

This water is strongly associated (SAW) since δH is 

close to that of bulk water [34]. Decane gives two 

signals at δH = 0.95 ppm (CH3 groups) and 

1.25 ppm (CH2) (Fig. 2 a). At low temperatures, a 

weak signal at 1.5–2.0 ppm can be assigned to 

weakly associated water (WAW). Addition of a 

certain amount of TFAA to chloroform (1:9) leads 

to a downfield shift of signal of TFAA/water 

toward 7–8 ppm. It is broad at high temperatures 

and shifts toward 10 ppm with decreasing 

temperature close to that for bulk TFAA solution 

(~11 ppm).  

A decrease in the content of decane and 

addition of KCl to hydrated PMS result in 

unexpected upfield shift of water signal from 5–

6 ppm (dash-dotted lines) toward 4.5–5.0 ppm 

(solid lines, Fig. 2 b). This result can be explained 

by diminution of sizes of bound water structures 

after addition of KCl (Fig. 3 b, c). In contrast to the 

systems with NaCl (Fig. 2 a), signals of water and 

decane are not observed at T < Tf,d = 243.5 K 

(freezing point of bulk n-decane) (Fig. 2 b). 

However, in the presence of KCl signal of water is 

observed at 250–260 K. Thus, a small fraction of 

SAW is strongly bound, and signal of WAW 
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disappears at low temperatures even at T < Tf,d. 

Certain broadening of decane signal can be due to 

nonuniformity of magnetic susceptibility of 

samples including relatively large solid particles of 

salts.  

Despite a relatively small amount of water 

(insufficient to dissolve NaCl in the studied 

samples) bound to NaCl particles, water forms 

relatively large structures at R > 3 nm in radius 

(Fig. 3 a). They correspond to SAW but WBW, 

since surface area of relatively large NaCl 

crystallites (Fig. 1) is small. Water bound to PMS, 

which is characterized by developed surface area 

~200 m
2
/g [38], forms much smaller structures 

(Fig. 3 b, c), which correspond to both SBW and 

WBW, as well as SAW and WAW (Fig. 2 b). 

Addition of KCl leads to diminution of sizes of 

these structures (Fig. 3 c). 

 

 

Fig. 2. 
1
H NMR spectra recorded at different 

temperatures of water and n-decane bound to 

the NaCl powder in (a) CDCl3 (dash-dotted 

lines) and CDCl3/TFAA (9:1) (solid lines) at 

0.1 g/g of water and 0.1 g/g of decane; (b) a 

mixture of hydrated PMS (h = 9 g/g) with 

decane (1 : 1) (dash-dotted lines) and a mixture 

with hydrated PMS/KCl (1 : 3) at h = 9 g/g and 

decane (4 : 1) (solid lines) 

 

Fig. 3. Size distributions of unfrozen water structures in 

(a) NaCl powder with 0.1 g/g of water and 0.1 g/g 

decane in CDCl3 medium; (b) hydrated PMS 

(90 wt. % water) with decane (1 : 1); and (c) a 

mixture with hydrated PMS/KCl (1 : 3) and 

decane (4 : 1) 

In a mixture of PS300 nanoparticles with small 

KCl particles being in air, the freezing point 

depression is observed for both bound water and 

decane (Fig. 4 a). Unfrozen water is observed even 

at 210 K and decane at 220 K. Water forms 

relatively small structures (Fig. 5 a) in narrow 

voids between silica and salt particles. In CDCl3 

medium, lines become narrower (due to diminution 

of molecular exchange effects) (Fig. 4 b). A portion 

of water is displaced from pores. 

This leads to differentiation of signals, since 

two signals of SAW are observed at δH = 5 ppm 

(SAW1) and 3.5 ppm (SAW2), as well as WAW at 

δH = 1.7–2.0 ppm. Addition of CD3CN to this 

mixture (Fig. 4 c) causes an upfield shift of water 

signals and a relative increase in the amounts of 

SAW2 and a decrease in the content of SAW1. 

This suggests decreasing associativity of bound 

water molecules. Addition of TFAA (Fig. 4 d) 

results in simplification and averaging of the 

spectra due to fast proton exchange between 

molecules of water and TFAA. Intensive signal of 

the aqueous solution of TFAA is observed at 

10 ppm. Replace of NaCl by KCl (Fig. 4 e) or LiCl 

(Fig. 4 f) leads to enhancement of SAW1, 

including both SBW and WBW. Appearance of 

these waters corresponds to the formation of 

relatively small structures (Fig. 5 c, d). 
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Fig. 4. 
1
H NMR spectra recorded at different temperatures of water and n-decane bound to (a) PS300/KCl (6 : 1) at h = 0.1 g/g 

and Cd = 0.2 g/g in air; (b) PS300/KCl (6 : 1) at h = 0.1 g/g in a mixture with CDCl3/C10H22 (7 : 1); (c) PS300/NaCl (6 : 

1) at h = 0.1 g/g and Cd = 0.15 g/g in a mixture CDCl3/CD3CN (4:1) medium; (d) PS300/NaCl (6 : 1) at h = 0.1 g/g and 

Cd = 0.15 g/g in a mixture CDCl3/CD3CN/TFAA (4:1:1) medium (e) PS300/KCl (6 : 1) at h = 0.1 g/g and Cd = 0.2 g/g 

in CDCl3 medium; and (f) PS300/LiCl (1 : 1) at h = 0.1 g/g and Cd = 0.15 g/g in CDCl3 medium 

 

The interfacial behavior of bound decane depends 

on the type of adsorbents (silica PS300 and 

HPS300, PMS, salts), the presence of water, and 

the type of dispersion medium. All these features 

reflect in the changes in the amounts of unfrozen 

decane vs. temperature recorded at increasing 

temperature from 210 K to 290 K (Fig. 6). At I/I0 = 0, 

all decane is in solid-like state (freezing point      

Tf,d = 243.5 K), and at I/I0 = 1, all decane is liquid. 

The I/I0 curves for decane bound to PMS (Fig. 6 a, 

curves 3 and 4) show a weak influence of hydrated 

PMS on the temperature behavior of decane that is 

similar to bulk decane. Consequently, decane 

cannot displace water from the PMS surface, since 

the confined space effects for decane are practically 

absent. For all other systems, the confined space 

effects are observed because a fraction of unfrozen 

decane is observed at T < Tf,d. There is another 
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effect of inhibition of melting a fraction of solid-

like decane at T > Tf,d. This effect is maximal for 

decane bound to PS300/NaCl located in the CDCl3 

medium (Fig. 6 b, curve 1). This immobilization of 

bound decane can be maximal effective in 

mesopores of appropriate sizes. PS300 possesses 

textural mesopores and macropores [34]. During 

any treatment (grinding, suspending/drying, 

gelation, mechanochemical activation) of PS300, it 

becomes more compacted and its bulk density 

strongly increases (up to 0.3 g/cm
3
), and this leads 

to increase in contributions of textural mesopores 

[34, 38, 44, 45]. A fraction of solid-like structures 

of decane formed in mesopores can remain during 

heating at T > Tf,d because the heating rate is 

relatively high. This leads to delay in melting of 

bound structures. Notice that the I/I0 curves for the 

systems with CDCl3 dispersion medium are located 

lower than that for the systems in air (Fig. 6). In 

both air and CDCl3 medium at T ≈ Tf,d, 

approximately 70 % of decane is in a liquid state 

(Fig. 6). This shows a strong colligative effect of 

solvents with lower freezing point than that of 

solutes [4, 34]. 

 

 

Fig. 5. Size distributions of unfrozen water structures 

in (a) PS300/KCl (6:1) in air; (b) PS300/NaCl 

(6:1) in CDCl3; (c) PS300/KCl (6:1) in CDCl3; 

and (d) PS300/LiCl (1:1) in CDCl3 

 

Table 1.   Sample characteristics and integrated changes in the temperature range of phase transition of n-decane 

Solids 
H, 

g/g 

Cd, 

g/g 
Medium 

ψ−, 

K 

ψ+, 

K 

I/I0 

T = Tf 

NaCl 0.15 0.1 CDCl3 −17.8 5.1 0.73 

NaCl 0.15 0.1 5CDCl3+1TFAA −17.8 9.0 0.71 

PMS 9.0 1.0 Air −1.7 4.2 0.40 

1PMS/3KCl 9.0 0.23 Air −1.5 3.4 0.35 

6PS300/1KCl 0.1 0.20 Air −7.9 6.5 0.73 

6PS300/1NaCl 0.1 0.15 CDCl3 −3.7 20.8 0.11 

6PS300/1NaCl 0.1 0.15 4CDCl3+1CD3CN+1TFAA −12.7 8.7 0.77 

6PS300/1KCl 0.1 0.20 CDCl3 −21.3 7.3 0.68 

PS300/LiCl 0.1 0.15 CDCl3 −14.8 5.6 0.65 

HPS300/KCl 0.1 0.10 CCl4 −18.9 2.9 0.83 

Note. 

f

min

0( ) /

T

T

I T I dTψ − = ∫  and 

max

f

0

0

( )
T

T

I I T
dT

I
ψ +

−
= ∫ . 

 

Minimal integrated effects on melting of 

decane are observed for the PMS systems (Table 1, 

ψ). This due to filling of pores by water (h = 9 g/g), 

relative hydrophilicity of PMS due to the presence 

of a number of residual silanols [38], and relatively 

large sizes of KCl crystallites (Fig. 1). Notice that 

the maximal difference in changes in the Gibbs 

free energy of solvation of non-dissociated is for 

LiCl. Calculations with SMD/B3LYP/6-31G(d,p) 

clusters M10Cl10 (M = Li, Na) and K8Cl8 with the 

geometry optimized using the HF/6-31G(d,p) 

method give for solvation in water and n-decane, 

respectively: −41.3 and −34.9 kJ/mol (Li10Cl10), 

−28.2 and −24.9 kJ/mol (Na10Cl10), and −22.5 and 

−18.2 kJ/mol (K8Cl8).  

Thus, the difference for KCl particles in 

solvation by water and decane adds a reason to 

form large decane structures (bound to PMS/KCl) 

with the properties close to those of bulk decane. A 

significant decrease in the amounts of water from h 
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= 9 g/g bound to PMS to 0.1–0.15 g/g bound to 

silica with salts or individual NaCl leads to 

enhancement of the interfacial effects on decane 

(Table 1, ψ). In many cases, the freezing point 

depression effects (i.e. ψ−) are stronger than the 

melting delay effects (i.e. ψ+). Both effects depend 

more strongly on the textural characteristics and 

the amounts of water (i.e. filling of pores by water) 

than the types of silica and salts. 

 

Fig. 6. Relative intensity in the 
1
H NMR spectra of 

decane (I0 corresponds to intensity at 290 K) 

bound to (a) NaCl at Cd =0.1 g/g and h = 0.1 g/g 

in CDCl3 (curve 1), with added TFAA as 

CDCl3/TFAA = 5 : 1 (2); PMS/KCl (1 : 3) at Cd 

=0.225 g/g and h = 9 g/g (3); PMS at Cd =1 g/g 

and h = 9 g/g (4); and PS300/KCl (6:1) at Cd =0.2 

g/g and h = 0.1 g/g in air (5); (b) PS300/NaCl 

(6:1) at Cd =0.15 g/g and h = 0.1 g/g in CDCl3 

(curve 1); HPS300/KCl (1:1) at Cd =0.1 g/g and h 

= 0.1 g/g in CCl4 (2); PS300/NaCl (6:1) at Cd 

=0.15 g/g and h = 0.1 g/g in 

CDCl3/CD3CN/TFAA (4:1:1) (3); 

PS300/LiCl (1:1) at Cd =0.15 g/g and h = 0.1 g/g 

in CDCl3 (4); and PS300/KCl (6:1) at Cd =0.2 g/g 

and h = 0.1 g/g in CDCl3 (5) 

The latter can be explained by relatively weak 

effects of salt crystallites or dissolved ions on the 
1
H NMR spectra of water without of adsorbents 

(Fig. 7) or bound to silica (Fig. 8) because all the 

spectra are characterized by a signal at 4–5 ppm 

typically observed for bound SAW (Figs. 2 and 4) 

or bulk water [34]. The spectrum of hydrated LiCl 

nanoparticles is slightly different due to partial 

dissolution of LiCl and formation of charged 

particles including H3O
+
 and OH

−
. Anions Cl

−
 are 

chaotropes but cations Li
+
 are kosmotropes, which 

differently affect the water structure, especially at a 

surface of polar nanoparticles. The dissolution 

effects are much weaker for NaCl nanoparticles 

(Fig. 7, curve 2). However, some separated 

fragments are formed (see insert in Fig. 7). 

 

 

Fig. 7. Semiempirical PM7 calculations of the 
1
H 

chemical shifts of water with salt crystallites 

(curves 1–3) or dissolved ions (curves 4–6) 

 

 

Fig. 8. (a) DFT B3LYP/6-31G(d,p) and (b) 

semiempirical PM7 calculations of the 
1
H 

chemical shifts in pure water, water with NaCl (a) 

alone or (b) bound to silica surface 
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CONCLUSION 

The interfacial and temperature behavior of 

mixed water and n-decane depends on such several 

factors as the texture and surface nature of 

adsorbents, the presence and content of 

microparticles or nanoparticles of salts, the 

amounts of components. If water completely fills 

pores of poly(methylsiloxane), which contains both 

non-polar Si-CH3 and polar Si-OH groups, that 

decane co-adsorbed onto already hydrated PMS 

practically does not sense the confined space 

effects and its freezing/melting occurs near the 

freezing point of bulk decane. If co-adsorbed water 

and decane fills only a portion of pores that their 

interfacial and temperature behavior depends on 

the texture of the adsorbents and amounts of salt 

crystallites. This leads to broadening of the 

temperature range of melting of decane in both 

sides from the freezing point of bulk decane. 

Typically, the freezing point depression due to 

confined space effects results in stronger changes 

in the temperature behavior of adsorbed decane 

than the effects of melting delay due to both kinetic 

suppression and immobilization of solid-like 

structures of decane in mesopores of adsorbents. 

The dispersion media (nonpolar CCl4, weakly polar 

CDCl3, polar CD3CN and TFAA) influence the 

interfacial and temperature behavior of co-

adsorbed water and n-decane because decane can 

be easily dissolved in non-polar or weakly polar 

solvents but water can strongly interacts with polar 

solvents. This causes additional differentiation of 

the interfacial structures with water (including its 

four types SAW & WAW, SBW & WBW) and 

decane. 
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Температурна поведінка води та н-декану, зв’язаних нанокремнеземом 

або поліметилсилоксаном 
 

В.В. Туров, Т.В. Крупська, М.Д. Цапко, В.М. Гунько 
 

Інститут хімії поверхні ім. О.О. Чуйка Національної академії наук України 
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вул. Володимирська, 60, Київ, 01601, Україна 

 

Фазові переходи н-декану, зв’язаного нанокремнеземом, вихідним гідрофільним або модифікованим 

гідрофобним, і розгалуженим 3D полі(метилсилоксаном), ПМС, проаналізовано з використанням 
1
H ЯМР спектроскопії та квантовохімічних методів. Точки замерзання і плавлення н-декану залежать 
від дії нанокремнезему або ПМС в середовищі CDCl3, яке здатне розчиняти декан. Поведінка суміші 
води і декану залежить від текстури та будови поверхні адсорбентів, вмісту мікрочастинок солі та 

ко-адсорбатів. Зниження точки замерзання декану у обмеженому просторі істотніше, ніж затримка 

його плавлення внаслідок кінетичних ефектів та іммобілізації в мезопорах заморожених структур. 

Дисперсійне середовище (неполярний CCl4, слабкополярний CDCl3, полярні CD3CN і трифтороцтова 

кислота) впливає на температурну поведінку на межі поділу сумішей води та декану, оскільки декан 

може легко розчинятися в неполярних або слабкополярних розчинниках, а вода може сильно 

взаємодіяти з полярними розчинниками та полярними твердими наночастинками.  

Ключові слова: поліметилсилоксан, хлориди лужних металів, зв’язані вода та декан, поведінка 

на межі поділу сумішей води та декану 
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Температурное поведение воды и н-декана, связанных нанокремнеземом 

или полиметилсилоксаном 

 

В.В. Туров, Т.В. Крупская, М.Д. Цапко, В.М. Гунько 
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ул. Генерала Наумова, 17, Киев, 03164, Украина, vlad_gunko@ukr.net 

Киевский национальный университет имени Тараса Шевченко, Химический факультет 

ул. Владимирская, 60, Киев, 01601, Украина 

 
Фазовые переходы н-декана, связанного нанокремнеземом, исходным гидрофильным или 

модифицированным гидрофобным, и разветвленным 3D поли(метилсилоксаном), ПМС, 

проанализировано с использованием ЯМР 
1
H спектроскопии и квантовохимических методов. Точки 

замерзания и плавления н-декана зависят от действия нанокремнезема или ПМС в среде CDCl3, 

которая способна растворять декан. Поведение смесей воды и декана зависит от текстуры и 

строения поверхности адсорбентов, содержания микрочастиц соли и ко-адсорбатов. Снижение 
точки замерзания декана в ограниченном пространстве существенней, чем задержка его плавления 
вследствие кинетических эффектов и иммобилизации в мезопорах замороженных структур. 

Дисперсионная среда (неполярный CCl4, слабополярный CDCl3, полярный CD3CN и трифторуксусная 
кислота) оказывает влияние на температурное поведение на границах раздела смесей воды и декана, 

поскольку декан может легко растворяться в неполярных или слабополярных растворителях, а вода 

может сильно взаимодействовать с полярными растворителями и полярными твердыми 

наночастицами.  

Ключевые слова: полиметилсилоксан, хлориды щелочных металлов, связанные вода и декан, 

поведение на границах раздела смесей воды и декана 
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