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In porous or disperse media, the temperature and interfacial behaviors of water and solutions
could be strongly affected by confined space effects (CSE). The surface nature of solids could
influence the interfacial phenomena including both CSE and cryoscopic effects caused by the
colligative properties of solutions. Strong changes in the characteristics of adsorption liquid
layers, especially in narrow pores, are also caused by decreasing solvent activity. Therefore, it is
of interest to compare the behaviors of water and NaCl solutions under CSE caused by
hydrophilic and hydrophobic sorbents. Here, hydrophobic (AM-1) and hydrophilic (A-300)
fumed silicas are used as representatives of disperse sorbents with different surface structure
and characterized by textural porosity. This porosity is caused by voids between nonporous
nanoparticles (NPNP) forming aggregates, agglomerates of aggregates, and visible particles
(supra-NP structures) in the powders of low bulk density. Initial materials and related treated
systems with bound water and NaCl/water were studied using nitrogen adsorption, microscopy,
X-ray diffraction, infrared spectroscopy, thermogravimetry, rheometry, nuclear magnetic
resonance spectroscopy, and quantum chemistry. Water bound to fumed silicas with or without
NaCl could be assigned to several types: weakly (WBW, frozen at 260 K < T < 273 K) and
strongly (SBW, frozen at T < 260 K) bound waters; weakly (WAW, chemical shift of &4 = 0.5 -
2 ppm) and strongly (SAW, 64 = 4 — 6 ppm) associated waters. WAW is not observed for A-300
systems. Additionally, in the systems with water/NaCl, there is frozen (immobile) water
characterized by melting delay (T > Tm) at 273 K < T < 287 K (metastable water, MSW). The
MSW appearance may be explained by release (with certain kinetic delay) of water trapped in
NaCl crystallites dissolved at T > T, = 273.15 K upon increasing amounts of liquid water with
increasing temperature. The difference in the CSE in voids in hydrophobic and hydrophilic
supra-NP structures onto bound water could be explained by the surface (—0)2Si(CHs).
functionalities enhancing the clusterization of water bound to AM-1. As a whole, the difference
in the surface nature of AM-1 and A-300 affects: (i) the NaCl crystallite size distributions; (ii)
melting/crystallization temperatures of NaCl; (iii) viscosity and torque vs. shear rate (strain);
(iv) temperature and interfacial behaviors of water alone and NaCl solutions at 215 — 287 K;
and (v) effects of dispersion media influencing bound water. Obtained results are of interest not
only from a theoretical point of view but also from a practical one since both silicas are used as
components of composites containing water and NaCl (or other salts) in various practical
applications in medicine, agriculture, etc.

Keywords: hydrophobic fumed silica, hydrophilic fumed silica, concentrated NaCl solution,
interfacial water, confined space effects, cryoscopic effects, interfacial solution behavior,
temperature behavior.
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1. INTRODUCTION

Sodium chloride is an important component of seawater and biological fluids, and it is
involved in many geo- and bio-processes. In aqueous solutions, dissolved CI~ and Na* ions have
solvation shells with several layers with water molecules [1 — 3]. The water molecules in a liquid
phase form a system of clusters and domains [2] binding in the hydrogen bond network (HBN);
however, interstitial molecules are also present without strong hydrogen bonds [1—7]. The
dissolved ions can affect the HBN in bulk and pore-confined water. The diffraction of slow
neutrons in NaCl and KCI solutions with various salt concentrations shows that water molecules
in the hydration shells of K* ions are more orientationally disordered than those around Na* ions,
and tend to orient the dipole moments tangential to the hydration sphere. The CI~ ions form the
hydrogen bonds (Cl---H-OH) with water molecules and can be easily integrated into the water
HBN [3]. The rotational spectra of NaCl solutions with different concentrations [4] show that
water clusters have a cyclic shape, in which Na* and CI™ ions interact strongly with the O and H
atoms of water, respectively, and the Na-Cl distance increases with decreasing NaCl
concentration. The structure of the hydration shells of ions of alkali metal chlorides was analyzed
using computer modeling [6-8]. Special attention was paid to study the question of how strongly
alkali metal ions distort the HBN structure of liquid water. For Na, K, and Cs, the ability of ions
of different sizes to exert both ordering/disordering effects on the HBN has been shown [2]. The
quasi-elastic neutron scattering [9] using heavy water solutions shows a different behavior in the
ordering of the hydration shell of ions for kosmotropics compared to solutions of chaotropic
ions. This effect increases with salt concentration for the former and decreases for the latter [2].
In both cases, the trends are proportional to the concentration dependence of the solution
viscosity. These results show that kosmotropics and chaotropics can influence the viscosity due
to changes in the water HBN in opposite ways, strengthening it in the first case and destabilizing
it in the second one. The hydration entropy and effects on the viscosity of the Na* and CI~ ions
are smaller than that of other ions [2]. The ordering/disordering effects of the Na* and CI~ ions
on the water HBN are minimal according to the Hofmeister series [2] that is of importance for
the bio-processes. The mentioned effects of the Na™ and CI~ ions explain a relatively weak
freezing point depression (FPD) of the aqueous solutions (with the colligative properties giving
cryoscopic effects, CE), and the eutectic point is at 252.05 K and 23.3 wt. % NaCl (Fig. 1a) [2,
10 — 14]. Note that the CE for water/dimethyl sulfoxide (DMSO is a weakly kosmotropic
solvent) are much stronger, since the eutectic points are at 200-210 K (Fig. 1b), than that for
water/NaCl (Fig. 1a).

Various external factors, e.g., excess pressure [15], magnetic fields [16, 17], confined
space effects (CSE) [18 — 25], or the presence of co-solvents and solutes [26 — 28] can affect the
structure of the hydration shells of ions, as well as the whole HBN structure. For example, the
X-ray diffraction (XRD) data [15] show that the coordination number of the salt ions increases
from 6 (at 0.1 MPa) to approximately 16 at 1.7 GPa. An increase in the pressure is accompanied
by a significant expansion of the solvation shells of the salt ions. This process can significantly
influence the formation of hydrocarbon hydrates in the bottom seawater layers [29 — 34]. For
example, since the formation of methane hydrates often occurs near or inside bottom sediments,
the dynamics of the hydrate formation and decomposition could change due to the presence of
the Na* and CI™ ions. However, the methane hydrates form much more easily in bulk water than
in pore-confined water [35], since CSE can significantly affect the structure of water and
hydration shells of the salt ions. These effects could also depend on
hydrophilicity/hydrophobicity of porous media. Therefore, it is of interest to compare the
temperature and interfacial behaviors of NaCl solutions in water bound to hydrophobic and
hydrophilic adsorbents, e.g., fumed silicas. These silicas are composed of nonporous
nanoparticles (NPNP) forming aggregates (< 1 um in size), agglomerates of aggregates (1 —
50 um), and visible loose particles in the powders characterized by very low bulk density
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(~ 0.05 g/cm®). Three last kinds of mentioned structures could be assigned to supra-NP ones,
which can be easily decomposed due to any external actions (wetting, drying, stirring, etc.)
affecting the properties and characteristics of whole systems.
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Fig. 1. State diagram of (a) NaCl-water [10 — 14]; (b) DMSO-water; and (c) changes in the
Gibbs free energy for DMSO/water mixtures

Thus, a study of the temperature and interfacial behaviors of aqueous solutions of NaCl
(characterized by the colligative properties) under CSE/CE in different dispersion media is of
interest from theoretical and practical points of view [1 -9, 18-25, 36 —40]. The interfacial
phenomena in a wide temperature range (including T < Ty, freezing temperature) are complex
since they depend on a lot of factors. Therefore, the aim of this work was to study the state of
water alone and in concentrated NaCl solutions bound to nanoparticles of hydrophobic (AM-1)
and hydrophilic (A-300) fumed silicas in different dispersion media in wide ranges of
temperature and water/NaCl concentrations using several methods applied to both wetted silica
and NaCl/silica samples (low-temperature *H nuclear magnetic resonance (NMR) spectroscopy,
thermogravimetry (TG), rheometry, XRD, infrared (IR) spectroscopy) and dried degassed native
silicas (nitrogen adsorption, transition (TEM) and scanning (SEM) electron microscopy).

2. MATERIALS AND METHODS

2.1. Materials

Fumed nanosilicas, dimethyldichlorosilane modified A—200 (AM-1, specific surface area
Seer = 178 m?/g, bulk density pp ~ 0.05 g/cm®) and hydrophilic A-300 (Seer = 294 m?/g, pp =
0.05 g/cmq) (Pilot plant of Chuiko Institute of Surface Chemistry, Kalush, Ukraine) were used to
study the interactions with NaCl/water of different amounts. One gram of dry AM-1 powder was
stirred in a porcelain mortar to form a compacted material with a bulk density py ~ 0.2 g/cm®.
The NacCl solutions were prepared in two ways. A mixture of salt and water was equilibrated at
room temperature for one hour with periodic stirring, and then a supernatant fraction (with ca.
26.4 wt. % NaCl) was used to add to compacted AM-1. After stirring the mixture for several
minutes, the solution effectively infills interparticle voids of fumed silica to form a homogeneous
system [41]. Similar systems were studied using low-temperature *H NMR spectroscopy [41]
and cryoporometry [41 — 44]. Two samples of AM-1 treated with added NaCl solution contain
120 and 240 mg/g of water and 43.2 and 86.4 mg/g of NaCl, respectively. Additionally, a 1:1
mixture of water and NaCl was stirred and then added to AM-1 (2NaCl/2H.0/1AM-1) and
treated again during several minutes to form uniform blend at contents Cnaci = h (hydration
degree) = 2 g per gram of dry silica). Similar blends were prepared with A—300/NaCl/water that
gives two samples at h = 0.15 and 1 g/g and Cnaci = 0.15 and 1.0 g/g (with respect to dry silica),
respectively. It should be noted that the initial amounts of water bound to AM—-1/NaCl and A—
300/NaCl could diminish due to evaporation during measurements using different methods.
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2.2. Textural characteristics of nanosilicas

To analyze the textural characteristics of initial non-compacted nanosilicas (composed of
nonporous nanoparticles, NPNP) degassed at 353 K or 373 K for several hours, low-temperature
(77.4 K) nitrogen adsorption—desorption isotherms (Fig. 2a) were recorded using a Micromeritics
ASAP 2420 adsorption analyzer. The specific surface area (Table 1, Sget) values were calculated
according to the standard BET method [45]. The total pore volume (V,) values were estimated
from the nitrogen adsorption at p/po ~ 0.98 — 0.99, where p and po denote the equilibrium and
saturation pressure of nitrogen at 77.4 K, respectively [46].
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Fig. 2. (a) Nitrogen adsorption-desorption isotherms (at 77.35 K) for nanosilicas A-300 and
AM-1; and (b) incremental pore size distributions (IPSD) for these silicas calculated using the
isotherms treated with NLDFT and DFT methods

Table 1. Textural characteristics of initial individual silicas with the DFT method

Sam ple SBeT Shano Smeso Smacro Vp Vhano Vmeso Vmacro <Rv> | <Rs>
(m?g) | (m?g) | (m?g) | (m?*g) | (cm%g) | (cm%g) | (cm%g) | (cm%g) | (nm) | (nm)

AM-1 178 84 84 10 0.466 0.025 0.272 0.169 25.1 6.5

A-300 294 102 171 21 0.524 0.016 0.259 0.248 30.3 6.7

Note. The values of Vnane and Snano Were calculated by integration of the fv(R) and fs(R) functions, respectively, at
0.35Nnm <R <1 nm, Vineso and Smeso at 1 nm < R < 25 nm, and Vimacro 8Nd Smacro at 25 nm < R < 100 nm.

A pore model corresponding to voids between spherical NPNP packed in random
aggregates was used in density functional theory (DFT) method [47] to calculate the pore size
distributions (PSD) with respect to the pore volume (fv(R)) (Fig. 2b) and specific surface area
(fs(R)). The fv(R) and fs(R) DFT functions were used to calculate contributions of nanopores
(Vhano and Spano at 0.35 nm < R < 1 nm), mesopores (Vmeso and Smeso at 1 nm < R < 25 nm), and
macropores (Vmacro and Smacro at 25 nm < R < 100 nm). The values of <Ry> and <Rs> as the
average pore radii were calculated as a ratio of the first moment of f\(R) or fs(R) to the zero
moment (integration was done over the 0.35 (Rmin) — 100 (Rmax) nm range) (x =V or Sin Eq. (1))

<R.>= | fRRR/ | f,(R)R 1)

Rmin Rmin

Additionally, nonlocal DFT (NLDFT) method (Quantachrome software) was used with a model
of cylindrical pores in silica to compute the PSD (Fig. 2b).
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2.3. Scanning (SEM) and transmission (TEM) electron microscopy

TEM (TECNAI G2 F30 microscope (FEI-Philips), operating voltage 300 kV) was used
to analyze the particulate morphology of samples. The powder samples were added to acetone
(chromatographic grade) and sonicated. A suspension drop was then deposited onto a copper
grid covered by a thin carbon film. After acetone evaporation, the dry sample remaining on the
film was studied. SEM (FE-SEM, Hitachi S-4700, Tokyo, Japan, operating voltage of 15 kV,
and magnification of x5000-100000 or QuantaTM 3D FEG, FEI, USA, voltage of 15 kV) was
used to analyze the morphological features of the initial powder nanosilicas. The images show
aggregates of nanoparticles, agglomerates of aggregates, and various voids between
nanoparticles.

2.4. X-ray diffraction (XRD)

X-ray diffraction patterns were recorded over 26 = 5—70° range using a DRON-3M
(Burevestnik, St. Petersburg) diffractometer with Cu Ko (A = 0.15418 nm) radiation and a Ni
filter. According to XRD patterns, hydrophobic nanosilica AM-1 treated with water and
NaCl/water is amorphous as well as hydrophilic nanosilica A-300. NaCl (both dissolved and
non-dissolved) forms crystallites upon water evaporation.

The XRD data could be used for simple estimation of average sizes of crystallites using
Scherrer or Debye—Scherrer equations [48, 49]. Additionally, the XRD data could be used to
estimate the crystallite size distribution (CSD) functions using full profile analysis of selected
lines or total XRD patterns [50 — 52]. To calculate the broadened line (pure) profile related to the
crystallite size/faulting effects of materials studied, as well a size distribution function, one could
use two integral equations [50 — 52]:

Iex.obs. (‘9) = CJ. hi,p_ (5 _t)iex.pure (t)dt ! (2)
P sin?(zsD) 3
i(s)= Dj D= rspyr (D)0 3)

where lex.ons.(&) is the experimentally observed X-ray diffraction profile, C is a constant, hip. is
the instrumental profile, i(s) is the pure crystallite size/faulting profile, D is the crystallite size,
g(D) is the CSD function, 26 is the scattering angle, 26 is the scattering angle corresponding to
a peak

S=5,,— Iy =2(sin@)/ 21-2(sinG,, )/ A. 4)

The variable ¢ in Eq. (2) corresponds to the angular deviation of a point from the true
Bragg angle 26o; and ¢ and the auxiliary variable t have the dimension of 26. The CSD function
g(D) could be computed by solving integral Eq. (2) and then Eq. (3) (note that Eq. (3)
corresponds to spherical crystallites) with a regularization procedure [52, 53]. This approach
could be applied to a selected line or to the full profile of total XRD patterns analyzed after
background subtraction and normalization.

2.5. Infrared spectroscopy

Infrared spectra of the studied samples were recorded using a Fourier transform infrared
(FTIR) IRTracer—100 (Shimadzu) spectrophotometer with a diffuse reflectance (DR) attachment
DRS—8000A. The infrared spectra were also recorded in the range of 4000 — 300 cm using a
Specord M80 (Carl Zeiss) spectrometer. To record the IR spectra, samples with A-300 or AM-1
alone or with KBr (1 : 300) were pressed into thin pellets (~20 mg).
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2.6. Thermogravimetry

Thermograms (thermogravimetry, TG at the average weight errors £0.1 mg, differential
TG, DTG, and differential thermal analysis, DTA data) were recorded using a Derivatograph Q-
1500 D apparatus (Paulik, Paulik & Erdey, MOM, Budapest, Hungary) upon heating of samples
(~0.2 g) in air at a heating rate of 10 °C/min from 20 to 1000 °C. The TG curves show that the
amounts of water in samples under measurements are smaller than the initial ones due to water
evaporation upon sample preparation.

2.7. Rheometry

Rheometric measurements (in air at 20 °C) were carried out using an MCR 92 (Anton
Paar, Austria) rheometer in a rotational mode (with a rotated disk) with RheoCompass™
software. The starting value of shear strain was 0.05 % increased to 60 % (shear rate y = 0.05 —

100.0 s71) and then reduced to 0.05 %. Before the rheometric measurements, all samples (with
0.5 g of air-dry silicas) were stirred without and then with added water up to 7 min.

The colloidal or gel-like systems are energetically nonuniform with respect to conditions
of the motion of particles or molecules between different coagulation clusters (cages) because of
their structural hierarchy. Therefore, the activation energy (E) of interparticle bond brakeage
linked to the shear viscosity corresponding to this motion (modelled as jumps of particles or
molecules between different cages, i.e., clusters) can be determined in the form of a distribution
function f(E) [54]

E z

T1lp dx
n(My)=n.+0-1.) | - f(E)dE, 5
i EI[J!\/HXZ ©

H -1 IS
with the kernel M where Emin and Emax are the limits of integration and
a® kgT E kg T E

z=pfy=cy— 2 -exp(-—)=Ay--exp(-——). 6
By 7D, E p(kBT) 7 e Xp(kBT) (6)

Solution of Eq. (5) is well known ill-posed problem due to the impact of noise on
measured data, which does not allow one to utilize exact inversion formulas or iterative
algorithms. Therefore, Eq. (5) can be solved using a regularization procedure based on the
CONTIN algorithm [53, 54] under condition of nonnegativity f(E) > 0 at any E and fixed or
unfixed regularization parameter determined by statistical analysis of the experimental data.

2.8. NMR spectroscopy and cryoporometry

Low-temperature 'H NMR spectra of static samples were recorded using a high-
resolution NMR spectrometer (Varian 400 “Mercury”) with an operating frequency of 400 MHz.
Eight 60° probe pulses were used with a duration of 1 pus and a bandwidth of 20 kHz. The
temperature was regulated using a Bruker VT-1000 thermal attachment with an accuracy of 1
degree. Signal intensities were determined by measuring peak areas using a signal decomposition
procedure assuming a Gaussian waveform and optimizing the zero line and phase with an
accuracy of at least 5 % for well-resolved signals and £10 % for overlapping signals. To prevent
overcooling of water in the objects under study, measurements of the concentration of unfrozen
water were carried out by heating of samples pre-cooled to 210-215 K. Temperature
dependences of the intensity of *H NMR signals were carried out in an automated cycle, when
the sample was kept at a constant temperature for 5 min, and the measurement time was 1 min.
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The process of freezing (thawing) of water bound to solids occurs with changes in the
Gibbs free energy caused by the influence of a solid surface, confined space effects, solutes,
colligative properties of solutions (cryoscopic effects), and co-solvents. Frozen water does not
contribute the recorded *H NMR signals due to a narrow bandwidth of 20 kHz and a large
difference in the transverse relaxation time of mobile (liquid water and solutions) and immobile
(frozen water, solids) phases [41]. Water (or other liquids) can be frozen in narrower pores (or
voids between nanoparticles) at lower temperatures as described by the Gibbs—Thomson relation
for the freezing point depression for liquids confined in cylindrical pores at radius R [41-44].
This relation is the base of cryoporometry giving information of the size distributions of pores
(voids) infilled by unfrozen water.

The area under AG(Cuw) curve determines the modulus of the total changes in the Gibbs
free energy AG vs. the amount of unfrozen water (Cuw) that are caused by interactions of water
with silica and NaCl crystallite surfaces [41]

max
CUW

Vs = -A J. AG(Cuw)dcuw ) (7)

where C=* is the total amount of water unfrozen at T = 273 K, and A (> 0) is a constant

dependent on the type of units used in this equation.

Water can be frozen in narrower pores (or voids between nanoparticles) at lower
temperatures as described by the Gibbs—Thomson relation for the freezing point depression for
liquids confined in cylindrical pores at radius R [41 — 44]

20—5|Tm,:>0 :kﬂ (8)
AH,pR R’

AT, =T, . -T.(R)=-
where Tm(R) is the melting temperature of ice in cylindrical pores of radius R, Tm« the bulk
melting temperature, AHs the bulk enthalpy of fusion, p the density of the solid, o the energy of
solid—liquid interaction, and ke is the Gibbs—Thomson constant (here ket = 67 K nm for water).
Eqg. (8) was used to determine the void size distributions (VSD) (differential fv(R) = dVuw(R)/dR)
filled by bound water unfrozen at T < 273 K [55]. Integration of the fv(R) and fs(R) functions at
0.2nm<R<1nm,1nm<R<25nm,and25nm <R <100 nm gives the volume and specific
surface area of nano-, meso- and macrovoids (pores), respectively, being in contact with
unfrozen liquids. The specific surface area (Suw) Of adsorbents in contact with bound water
(assuming for simplicity that the density of unfrozen bound water puw = 1 g/cm®) can be
determined from the amount of this water C=* (estimating pore volume as Vuw = CJ2* /puw) at

T =273.15 K and pore size distribution f(R) with a model of cylindrical pores [55]

V,,  2Cm (e "
Spy=z2=""w | [ fR)R /| [ f(R)RIR |, ©)
2Rav Puw [R{in J [R{in

where Rmin and Rmax are the minimal and maximal radii of pores filled by unfrozen water,
respectively. In the case of calculations of the structural characteristics of nanovoids (R < 1 nm),
mesovoids (1 nm < R < 25 nm) and macrovoids (R > 25 nm), the Rmin and Rmax values are the

boundary R values for the corresponding void types (including Rmin = 0.2 nm for nanovoids). The
C 1 p,, value should be replaced by the corresponding values of the volumes of nanovoids,
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mesovoids, and macrovoids [41]. The average melting temperature <Tm> was calculated using
formula [55]

<T, >=[ j TCUW(r)dTJ/[ j CUW(I')dTJ, (10)

where To = 273.15 K, and Twmin is the temperature corresponding to Cuw = 0.

Solid-state *H magic-angle spinning (MAS) NMR spectra were recorded using an Agilent
DD2 600 MHz NMR spectrometer (Agilent, USA, magnetic field 14.157 T). A powder sample
in a 4.0 mm pencil-type zirconia rotor was rotated at 8 kHz with a recycle delay of 5 s.
Adamantane was used as a reference to estimate the chemical shift of proton resonance (dr).
Solid-state 2°Si cross-polarization (CP)/MAS NMR spectra were recorded using the same
equipment at a resonance frequency of 199.13 MHz for 2°Si using CP/MAS and high-power ‘H
decoupling (spinning at 8 kHz, 4 us 90° pulses, 2 ms CP pulse, and a recycle delay of 3 s), and
tetramethylsilane (TMS) as a reference for the 2°Si chemical shift (5(*°Si)).

The S1(T) function depends on the number of possible configurations of the water
molecules in the hydrogen bonds network strongly affected by hydrophilic and hydrophobic or
mosaic functionalized surroundings and dispersion media [56, 57]. This number is inversely
proportional to the average number of the hydrogen bonds <nng>, according to the hydrogen
bond entropy definition as S ~ —kslnnue [56]. The temperature derivative of the measured

fractional chemical shift [56]
_(6In5(T)] __(8In<nHB>J ~(§J (11)
or 0 or o \0T ),

should be proportional to the constant pressure specific heat Cp(T) (Cp = T(0S/0T)p). This aspect
was analyzed in detail elsewhere [56].

2.9. Quantum chemistry

Quantum chemical (QC) calculations using density functional theory (DFT) method were
carried out using a hybrid functional ®B97X-D with the cc—pVDZ basis set with the Gaussian
16 C.02 [58], GAMESS 2024 R2 [59, 60], AMS 2024.1 [61] or semiempirical PM7 (MOPAC
2022.1.1) [62], DFTB+ (ver. 24.1) [63] (with some additional parameters [64]) methods with
several program suits. The *H NMR spectra were calculated using the GIAO method [58-61].
The solvation effects were considered using SMD method [65]. Visualization of the computed
models was carried out using several programs [66—69]. To compute the Gibbs free energy of
solvation (subscript s), AGs = G| — Gg, where G and Gy are the Gibbs free energies of a molecule
free or bound to silica cluster in the liquid (subscript I) and gas (g) media, respectively. The
calculations were performed taking into account zero-point and thermal corrections to the Gibbs
free energy in the gas phase and for solved molecules and silica clusters using the geometry
optimized using ®B97X-D/cc—pVDZ. Note that functional ®B97X-D introduces empirical
damped atom-pairwise dispersion terms into the functional containing range-separated Hartree-
Fock exchange for better description of van-der-Waals interactions. Therefore, this functional
was selected to obtain more adequate results for the gas and liquid (SMD) phases with both
hydrophilic and hydrophobic solvents. The distribution functions of the &n values were
calculated using a simple equation [57]
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£(5,) = (2707 OSZeXp[ (5 —0.)1 (12)

where j is a number of H atom, o is the distribution dispersion, and §; is the calculated value of
the j-th H atom. Large structures (up to 18000 atoms) were calculated using the PM7 method. To
calculate the f(on) functions using the PM7 results, a calibration function was used to describe
the dependence between atomic charges g+ (PM7) and the 61 values estimated

81 = —27.38435372 + 83.67491184xqH. (13)

Eq. (13) was used to calculate the *H NMR spectra of water clusters alone and bound to silicas.
To calculate the equation constants in Eq. (13) in linear approximation, the oy values were
determined for several water clusters calculated using the GIAO/oB97X-D/cc—pVDZ method as
the difference between nuclear magnetic shielding of tetramethylsilane (TMS) as standard (cTms)
and tested (o) systems using isotropic values (magnetic shielding tensor spurs) ¢ = (c11 + o22 +
633)/3. The same clusters were also calculated using the PM7 method to obtain the gn values.
Note that similar simple & vs. q correlations are absent for non-hydrogen atoms due to complex
factors affecting the magnetic shielding tensors of multi-electron atoms. Additionally, the
equation (Eq. (13)) constants for H atoms in different compounds (e.g., various organics and
inorganics) are different for different types of compounds and also depend on the types of ab
initio or DFT and semiempirical (e.g., PM3, PM6, and PM7) methods used.

3. RESULTS AND DISCUSSION

3.1. Characterization of nanosilicas

Studied silicas represent loose powders (bulk density ~ 0.05 g/cm®) with nanoparticles
forming aggregates and agglomerates of aggregates (Figs. 3 and 4) responsible for the textural
porosity with various voids (see Fig. 2b) between the particles. The particulate morphology of
AM-1 and A-300 is similar (Figs. 3 and 4), but AM-1 is composed of slightly larger
nanoparticles with broader particle size distribution than those of A-300 (Fig. 5). Both AM-1
and A-300 silicas are composed of amorphous nanoparticles (Fig. 6a), which include nuclei
(Fig. 6b) formed in the flame at high temperatures and densely packed in NPNP. The pore (void)
size distributions (PSD) are broad for both silicas (Fig. 2b) with predominant contributions of
mesopores (1 nm < R < 25 nm in radius) and macropores (R > 25 nm). After compaction or
hydro-compaction of nanosilicas they are remained predominantly meso/macroporous with the
pore volume of V, = 1.5 2.5 cm®/g [41, 70 — 72]. Therefore, main fraction of water or NaCl
solution could be localized in mesopores and macropores of pretreated silicas. The dispersion
media can affect the location of the clusters and domains of water or related solutions in different
pores (voids), and NMR cryoporometry allows us to analyze these effects [41].

Stirring of saturated salt solutions or NaCl/water (1:1) mixtures with silicas could result in

the formation of salt crystallites because interfacial water is a poorer solvent than bulk one [41].
To determine the sizes of these crystallites (i.e., coherent scattering regions, CSR), X-ray
diffraction patterns (Figs. 7a,c and 8) could be treated to analyze the CSR size distributions.
More complex size (CSR) distribution functions of NaCl crystallites are observed at lower
content of the salt (Fig. 7b,d). It should be noted that evaporation of a fraction of water (the
preparation of samples was carried out in air under standard conditions) can enhance the NaCl
crystallization before the measurements. This effect could be stronger for the systems with AM—
1, since hydrophobic silica more weakly interacts with water (vide infra theoretical modeling
results), which could form larger domains in larger voids in supra-NP structures.
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Fig. 4. (a, b) SEM and (c, d) TEM images of AM-1 showing NPNP aggregates and
agglomerates
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Stronger evaporation of water from AM-1 is well seen from the thermogravimetry (TG)
data (Fig. 9). For example, the water evaporation from AM-1/NaCl/water at initial h = 2 g/g and
A-300/NaCl/water at initial h = 1 g/g results in similar TG data on removed water at T < 200 °C.
An increase in the NaCl content (and water amount) results in a shift of the first CSR size peak
toward larger sizes of NaCl crystallites (Fig. 7 b,d). The observed changes in the NaCl crystallite
sizes dependent on the NaCl content and water amounts could affect the interfacial and
temperature behaviors of bound solutions and other characteristics of the systems.

According to the differential thermal analysis (DTA) data (Fig. 9), melting temperature of
NaCl crystallites is lower (765 — 793 °C) than that of the bulk salt (801 °C). This effect depends
on the NaCl content and silica kind. Subsequent cooling of the samples results in NaCl
crystallization at temperatures lower (740—765 °C) than melting one. This effect as well as the
melting one depends on the NaCl content and system kind. As a whole, the melting and
crystallization temperatures are lower at smaller content of NaCl (due to a difference in the sizes
of NaCl particles bound to a silica surface), and the effects are stronger for the systems with
hydrophilic A—-300. This can be explained by stronger interactions of smaller NaCl crystallites
(Fig. 7) with polar silica surface of A—300 composed of smaller NPNP than those of AM-1
(Fig. 5). These effects are observed after water evaporation due to heating upon the TG
measurements. The difference in the CSR size distributions (Fig. 7b,d) without sample heating
suggests a certain difference in the behavior of the AM-1/NaCl/water and A—300/NaCl/water
systems under investigations at room temperature or at T < T¢ using various methods (e.g.,
rheometry, FTIR, *H NMR) applied to initially prewetted samples. However, the IR spectra
(Figs. 10 and 11) demonstrate that non-strong heating of samples (of very low amounts) by the
IR beam during the measurements results in a significant removal of bound water. Despite this
effect, residual bound water and NaCl crystallites completely cover the silica surface since the
characteristic band of free silanols (at 3750-3740 cm™) is not observed for the
A-300/NaCl/water systems (Fig. 10). For AM-1, the bands related to the C—H stretching
vibrations are less sensitive to NaCl/water bound to AM-1 NPNP. However, certain spectral
changes are observed for the CH groups in the AM-1/NaCl/water systems since a marked band
appears at 2856 cm™ (Fig. 10) in comparison to wetted AM—1 without NaCl (Fig. 11). This
suggests that NaCl crystallites are well distributed at a surface not only of A—300 but also AM-1
and can interact with the surface dimethylsilyl groups.

The infrared spectra (Fig. 11) show that mechanical treatment of wetted AM-1 can lead
to the appearance of free silanol groups as weak bands vsijon = 3750 cm™. Water bound to
pretreated AM-1 affects a band at 3680-3660 cm~ related to hardly accessible hydroxyls, and
this effect depends on the sample prehistory. Therefore, it could be assumed that water has direct
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contact with AM-1 surface patches (siloxane bridges and residual hydroxyls) between the
dimethylsilyl (DMS) groups. The area of these patches can be increased during mechanical
treatment partially removing the DMS groups. Under pressing of AM-1 at 1300 atm, the DMS
functionalities remain (bands at 3000-2800 cm); however, the band intensity decreases. The
amount of bound water (a broad band at 3600 — 3000 cm™) depends on pretreatment conditions
and a type of silica. It should be noted that the IR spectra (Fig. 11) are normalized to a band at
1870 — 1860 cm! related the =Si—O-Si= overtone vibrations in NPNP interior and used an
internal standard to normalize the amount of sample in the IR beam. Some IR bands non—
characteristic for silica and DMS functionalities are due to certain admixtures presented in
dimethyldichlorosilane used to modify fumed silica A—200 during the synthesis of AM-1.
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Fig. 11. Infrared spectra of thin pellets (pressed at 1300 or 1500 atm) with AM-1 initial
(curve 1), preheated at 125 °C for 2.5 hours (2), compacted with water and pressed into a thin
pellet at 1300 atm (3), and A-300 unmodified (4) and preheated at 450 °C for 1 hour (5)

Table 2. Samples under rheometric studies

Silica NaCl (g/g) H-0 (g/g)
AM-1 0.1 0.1
AM-1 1.0 1.0
AM-1 2.0 2.0
AM-1 - -
AM-1 - 0.1
AM-1 - 1.0
AM-1 - 2.0
A-300 0.12 0.12
A-300 2.0 2.0
A-300 - -
A-300 - 0.1
A-300 - 1.0
A-300 - 2.0
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Fig. 12. Viscosity as a function of shear rate for (a) AM—1/water and AM—1/NaCl/water and (b)
A-300/water and A—300/NaCl/water at different hydration (NaCl contents are equal to the
hydration degree h, Table 2)

The rheometric measurements of the wetted AM-1/NaCl and A—300/NaCl (Figs. 12-16,
Table 2) show that the viscosity is greater for the hydrophobic AM-1 systems than that based on
hydrophilic A—300. The systems with the presence of NaCl are characterized by higher viscosity
than that of silica/water (free of NaCl) in the total range of the shear rate range (7 = 0.05 — 100

s1) used. As a whole, these systems demonstrate the pseudo-plastic behavior with the viscosity
decreased with increasing shear rate up to 100 s~X. At a minimal content of NaCl bound to AM-1
wetted (Fig. 14b), the storage modulus (related to the stored energy, elastic portion) is higher
than the loss modulus (related to the dissipated energy, viscous portion). However, with
increasing NaCl content, a contribution of dissipated energy increases at greater shear strain
values (> 10 %) (Fig. 13d,f) and it becomes higher than the storage energy. This effect increases
and appears at lower shear strain values with increased amounts of bound salt/water. These
results could be explained by increasing contribution of larger NaCl crystallites with increasing
salt contain (Fig. 7b,d). Similar effects are observed for the systems based on hydrophilic A—300
(Fig. 15). However, the difference in the surface structure of silicas plays a certain role (comp.
Figs. 13, 15, and 16). The torque vs. shear strain curves show two kinds of the system behavior at
lower (y < 1-2 %) and higher (y > 2—6 %) shear strain.

Upon an increase in the shear strain vy, an initial part at y < 1 — 2 % corresponds to
endothermic processes of agglomerate/aggregate decomposition with increasing torque t, and at y
> 2 %, the t values decrease with exothermic effects caused by certain rebuilding of the supra-NP
structures of different origin. However, in all cases (Figs. 13-15), the reverse branch (with
decreasing shear rate from the maximal one) is located below the initial branch (increasing shear
rate, strain) since the rebuilding of destroyed supra-NP structures does not reach their levels
characteristic for the initial systems with silica/water and silica/NaCl water. Thus, the
endothermic effects of breakage of supra-NP structures should be greater than the exothermic
ones upon rebuilding new supra-NP structures (mainly due to electrostatic and van-der-Waals
binding). The endothermic effects could be analyzed with respect to the activation energy of
decomposition of supra-NP structures with increasing share rate. The difference in the system
kinds causes certain differences in the distribution functions of the activation energy (AED) of
decomposition of interparticle bonds (enhanced breakage of aggregates/agglomerates with
increasing yvalue) with increasing shear rate (strain) (Fig. 17). The studied systems are
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relatively complex since they include a certain structural hierarchy with silica nanoparticles
forming aggregates and agglomerates (Figs. 3-5), various NaCl crystallites (Fig. 7), water
domains with various amounts of dissolved NaCl (decreased in water layers closely located to
the surface). Therefore, the AED functions could include several peaks (Fig. 17). More rigid
structures are decomposed at higher shear rates and need higher activation energy. The highest
energy peaks of AED are observed at a minimal content of salt/water, especially for
A-300/NaCl/water (Fig. 17¢) due to increasing friction between the rheometer disk and sample
studied. As a whole, the activation energy (Fig. 17) is greater for the systems based on AM-1
characterized by higher viscosity values (Figs. 12-14). The observed differences in the
properties and characteristics of the systems based on AM-1 and A-300 (Figs. 2—17) could
appear in the interfacial phenomena studied at low temperatures using *H NMR spectroscopy
and cryoporometry.
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Fig. 17. Activation energy of breakage of interparticle bonds for wetted samples with (a) AM—
1/NaCl/water, (b) AM—1/water, and (c) A—300/NaCl/water and A-300/water
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Fig. 18. *H NMR spectra of water/NaCl bound AM-1 in (a, d, g) air, (b, e, h) CDCls, and (c, f, i)
CDClIs (70 %)+CCla4 (15 %) +DMSO-d6 (15 %) at h = (a-c) 0.12, (d-f) 0.24, and (g-i) 2.0 mg/g,
and Cnaci = (a-c) 0.043, (d-f) 0.086, and (g-i) 2 g/g (per gram of dry silica)
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Fig. 19. 'H NMR spectra (in the range of low 5 values) of water/NaCl bound (a) A-300 and
(a-e) AM-1 in (a) air, (b, d) CDCl3, and (c, ) CDCI3+CCls+DMSO-d6 at h = (a-c) 0.12 g/g,
(d, e) 0.24 g/g

3.2. Interfacial and temperature behaviors of NaCl solutions bound to silicas

For AM-1/NaCl/water (Figs. 18 and 19) and A-300/NaCl/water (Fig. 20) samples
located in air and studied using low-temperature *H NMR spectroscopy of static samples with
increasing temperature from 215 to 287 K, bound water provides a broad signal (of intensity
increased with T) at the chemical shift of proton resonance (6n) corresponding to strongly
associated water (SAW) [41] at 61 = 4 — 6 ppm. These o1 values are because the water HBN
structure in SAW is similar to that in liquid bulk water. The signal intensity of unfrozen (at T <
Ts) water increases with increasing temperature from a certain minimum value corresponding to
freezing-out of the most water present in the samples (~215 K) to the intensity of completely
thawed ice (water at 287 K).

At lower temperatures, there is a downfield shift (1 increases) and certain asymmetry of
the band shape (with a longer wing toward higher 84 values) since more deshielded protons are
being in stronger hydrogen bonds in water unfrozen at lower temperatures. AM—1/water/NaCl
being in weakly polar deuterochloroform medium (Fig. 18b,e,h), in addition to the SAW signal,
one or two signals appear or become stronger at oy = 0 — 2 ppm that could be interpreted as
signals of weakly associated water (WAW) (Fig. 19). The molecules in WAW either do not form
the hydrogen bonds with other molecules (such as interstitial water molecules) or form 1 — 2
ones per a molecule (with participation both H and O atoms of each molecule in 1D or 2D
structures) instead of four hydrogen bonds per a molecule in SAW (3D structures). The
maximum WAW signal intensity is observed for a sample containing a minimum amount of
water (h = 0.12 g/g), which is more strongly clustered. The relative intensity of the WAW signal
decreases with increasing AM-1 wetting due to an increase in contribution of SAW (water
becomes less clustered). The addition of a polar substance (DMSO) to the dispersion medium
(CDCl3, CDCI3+CCls) does not prevent the formation of WAW (Fig. 19c,f,i). However, an
additional signal of structures with H-O—H---OS(Me)2 appears at 6y = 3 ppm. It should be noted
that WAW is not observed in the A—300/NaCl/water system (Fig. 20) in contrast to the AM-1
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systems since the =Si(CHz)> ‘umbrellas’ strongly enhance the bound water clusterization at a
surface of AM-1 (especially at low amounts of water). Thus, even at the presence of the polar
component (DMSO) in the dispersion medium, the structure of water clusters and domains in the
NaCl solution bound to a surface of silica with bound NaCl crystallites changes slightly. This
could be explained by low kosmotropic and chaotropic properties of the Na* and CI- ions,
respectively [1-4], as well as low kosmotropic properties of DMSO.
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Fig. 20. 'H NMR spectra of water in the A—
300/NaCl/water systems at (a, b) Cnaci =h =
0.15g/g in (a) air and (b) CDCls, and (c)
Cnact =h=1.0g/g in air
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Fig. 21. Solid state NMR spectra of (a) *H
(MAS, 8 kHz) and (b, c) 2Si (CP/MAS)
(Agilent DD2 600 MHz NMR spectrometer)
for individual silicas and their blends dry or
wetted and treated; (c) air-dry A-300 (curve
1) and AM-1 (2) (rotor frequency 10 kHz)
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s(T) = =T(A(Ind(T))/AT)p vs. temperature for the systems in different dispersion media (b) air, (c)
CDCls, and (d) CDCl3 (70 %) + CCls (15 %) + DMSO (15 %)

DMSO molecules cannot effectively penetrate into interfacial water clusters since this
water is a poor solvent. Possibly, water—-DMSO structures are predominantly localized in the
dispersion medium phase, i.e., water is dissolved in DMSO, but DMSO is not dissolved in the
interfacial water, but DMSO is dissolved in chloroform. This leads to the cryoscopic effects (in
addition to CSE) for both DMSO/water and NaCl/water solutions overlapping with CSE. As a
whole, the CSE can partially inhibit the cryoscopic effects due to the diminution of solvent
activity of bound water [73,74]. However, this inhibition could be smaller for DMSO/water (in
the dispersion medium) than for NaCl/water located at the silica surface. This assumption is
confirmed by the minimal <Tm> values (Table 3) and observation of relatively intensive *H
NMR signals at 215 K (Fig. 18c,f,i) for the systems containing DMSO addition (due to
cryoscopic effects).

For all studied systems based on AM-1, there is a general trend of an increase in the dn
value with decreasing temperature (Fig. 22a). This could be explained by certain stabilization of
more ordered forms of bound water possessing lower mobility at lower temperatures. The
absence of linear dependences of ou on temperature may be due to the formation of different
types of clusters and domains, which include both dissolved and undissolved sodium chloride
and water molecules being under different confined space effects and characterized by different
cryoscopic effects. Stronger changes in the 6n values (downfield shift) are observed at a minimal
h value for a AM-1/NaCl sample located in air (Fig. 22a). This corresponds to maximal changes
(decrease at low T and increase with increasing temperature) in the HBN entropy (Fig. 22b—d).
An increase in h (and Cnaci) leads to relatively small changes in the s(T) values vs. T
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(Fig. 22b, curve 3). A similar result is for strongly bound water (SBW unfrozen at T < 260 K) in
AM-1/NaCl/water located in CDCls medium (Fig. 22c). Appearance of DMSO in the dispersion
medium affects the temperature behavior of water (Fig. 22d). This is because of transfer of a
fraction of water from the interfacial layers into a DMSO fraction. DMSO/water and water could
be located in different voids under different confined space effects with addition of the
cryoscopic effects for DMSO/water (Fig. 1b) with different changes in their Gibbs free energy
(Fig. 1c). The latter is similar to changes in the AG values due to interaction of water with a
silica surface (Table 3, Fig. 23). Of course, all these effects depend on the water amounts. A
minimum of s(T) observed at 245 K is not only at minimal h but also at h = 0.24 g/g (due to
freezing-out of a fraction of SBW). There are several maxima of s(T) due to melting of frozen
SBW (at 245-255 K), weakly bound water (WBW) (at 260—273 K) at different amounts of SAW
and WAW, water with delayed melting (kinetically (since heating rate is not small) or due to

NaCl crystallization/dissolution effects and release of trapped water) at T = 273 — 287 K (Fig. 22
b—d).
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Fig. 23. Unfrozen amounts of water (Cuw) vs. temperature and changes in the Gibbs free energy
(AG) for (a—c) AM-1/NaCl/water and (d) A-—300/AM-1/water at h = (a) 0.12, (b) 0.24, (c) 2.0,
and (d) 0.15and 1 g/g

The temperature behavior of bound water is also well observed in curves of Cyw vs. T and
AG vs. Cuw (Fig. 23). The amounts of unfrozen water vs. temperature depend on several factors:
(i) the freezing point depression (FPD) due to confined space effects since water can be frozen in
narrower pores (or voids between nanoparticles) at lower temperatures as described by the
Gibbs—Thomson relation for FPD for liquids confined in pores; (ii) cryoscopic effects giving
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FPD due to the colligative properties of the solutions of NaCl/water and DMSO/water (Fig. 1);
(iii) crystallization and dissolution of NaCl; (iv) changes in the solvent activity and mobility of
bound water depending on the confined space effects; and (v) changes in the location of bound
water depending on the dispersion media kinds.

Table 3. Characteristics of unfrozen water (WAW and SAW, and WBW and SBW) in aqueous
solutions of NaCl (with a fraction of solid NaCl) bound to AM-1 or A-300 in different

dispersion media (studied using low-temperature *H NMR method)

. CNaCI C uwS CuwW Cuwm
Sample Medium O | @ | (mglg) | (maig | (mgig)
A-300 Air 0.15 0.15 80 34 36
A-300 CDCl3 0.15 0.15 102 43 5
A-300 Air 1.0 1.0 617 203 180
AM-1 Air 0.12 0.0432 62 24 34
AM-1 CDCl3 0.12 0.0432 64 23 33
AM-1 CDClI3+CCl;+DMSO-ds 0.12 0.0432 86 11 23
AM-1 Air 0.24 0.0864 113 32 105
AM-1 CDCl3 0.24 0.0864 124 38 78
AM-1 CDClI3+CCl,;+#DMSO-ds 0.24 0.0864 164 16 60
AM-1 Air 2.0 2.0 341 398 1.261
AM-1 CDCl3 2.0 2.0 373 110 1.517
AM-1 CDCI3+CCl+DMSO-ds 2.0 2.0 922 620 458
Continued table 3
. —AGs vs <Tm> Shano,uw Sheso,uw
Sample Medium (kIfmol) | (Ilg) K) | (mg) | (mig)
A-300 Air 3.00 5.35 246.9 10 12
A-300 CDCl3 2.94 10.77 233.3 83 11
A-300 Air 2.14 37.40 248.3 0 76
AM-1 Air 2.91 4.07 247.6 7 8
AM-1 CDCl3 2.73 4.31 246.4 7 7
AM-1 CDClI3+CCly+DMSO-ds 2.90 8.78 220.9 77 7
AM-1 Air 2.75 6.79 248.0 10 17
AM-1 CDCl3 2.88 9.65 240.2 36 13
AM-1 CDClI3+CCly+DMSO-ds 3.08 18.53 215.0 203 10
AM-1 Air 2.74 20.91 252.1 25 38
AM-1 CDCl3 2.90 28.27 246.5 131 45
AM-1 CDClI3+CCl;+DMSO-ds 2.91 101.24 236.0 0 143
Continued table 3
. Vnano,uw Vmeso,uw Vmacro,uw
Sample Medium (cm¥g) (cm¥g) (cm¥g)
A-300 Air 0.005 0.096 0.049
A-300 CDCls 0.038 0.102 0.010
A-300 Air 0 0.757 0.243
AM-1 Air 0.003 0.076 0.041
AM-1 CDCls 0.003 0.077 0.040
AM-1 CDClI3+CCl+DMSO-ds 0.034 0.055 0.031
AM-1 Air 0.005 0.131 0.104
AM-1 CDCls 0.016 0.132 0.092
AM-1 CDClI3+CCl+DMSO-ds 0.090 0.081 0.069
AM-1 Air 0.011 0.445 1.544
AM-1 CDCls 0.059 0.441 1.500
AM-1 CDClI3+CCl+DMSO-ds 0 1.221 0.779

Note. Amounts of samples are ca. 0.1 g, medium volume (in an ampoule) is ca. 0.9 ml (CDCIz or CDCl3 (70 %) +
CCl, (15 %) + DMSO (15 %))).
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Fig. 24. Unfrozen water cluster size (WCS) distributions (a, c, e, g) incremental and (b, d, f, h)
differential for NaCl solutions or solutions with salt crystallites bound to (a, b) A-300 and (c-h)
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Note that all the mentioned effects can differently affect the amounts of SAW, WAW,
SBW, and WBW as well as the contributions of SBW and WBW in SAW and WAW. For SBW,
the changes in the Gibbs free energy are maximum negative due to adsorption interactions in
narrow voids between nanoparticles and in thin surface layers at |[AG| > 0.5 kJ/mol (Fig. 23).
WBW is characterized by negative AG at the modulus of 0 < |AG| < 0.5 kJ/mol. There is a
fraction of water giving an increase in Cuw at T > 273 K (this water could be assigned to
metastable water, MSW, Cuw™, Table 3). The appearance of this water is due to delay of melting
of WBW/SAW (minor) and changes in NaCl states due to dissolution of crystallites with
increasing temperature (since the amount of unfrozen water increases) resulting in release of
water trapped in these crystallites. The amounts of water corresponding to each kind can be
defined as the concentration of SBW, WBW, and MSW (Cu®, Cu", and Cuw™, respectively,
Table 3). The characteristics of these different types of water are summarized in Table 3.
Typically, the water amounts located in nanopores (voids) at R < 1 nm is relatively small
(Vnanouw, Table 3, Fig. 24) and depends on the water/NaCl amounts and dispersion media kind.
The presence of CDCIs leads to an increase in this fraction of water (especially, for the A—300
systems, Fig. 24a,b) because chloroform can displace water into narrow pores inaccessible for
larger CDCIlz molecules than H>O or into broader pores (Fig. 24) [41]. Both displacements result
in a decrease in the contact area between immiscible liquids. The main fraction of unfrozen
bound water is located in mesopores (Table 3, Vmesouw) and macropores (Vmacrouw) (Fig. 24).
However, the main contribution into the surface area in contact with unfrozen water (Table 3,
Shano,uw and Smeso,uw) 1S due to water located in nanopores.

The average value of melting temperature of frozen water (Table 3, <Tn>) is minimal
with the presence of DMSO in the dispersion media due to the strong cryoscopic effect observed
for the DMSO/water mixtures, especially at Comso 50 — 70 % (Fig. 1b). These systems are
characterized by maximal ys values (showing the modulus of total changes in the Gibbs free
energy due to interactions of water with surroundings) as well as maximum values of Cu* and
|AGs| (related to SBW). It should be noted that the CDCls (without DMSO) effects more strongly
depend on the amounts of water (Table 3, Figs. 23 and 24). The colligative properties of
NaCl/water results in a specific effect, which is better seen at h = Cnaci = 2 g/g (Fig. 23c), when
Cuw is practically constant at T = 255-270 K (air and CDCI3 dispersion media). These systems
are characterized by zero contribution of bound water in clusters/domains of small sizes at R < 2
nm (WCS, Fig. 24 g, h).

It should be noted that the Cyw™ value (Table 3) may depend on various experimental
conditions (e.g., heating rate, Cnaci, h). However, the MSW amount depends mainly on the
lifetime of the metastable NaCl crystallites transforming into the solution at T > 273 K. Here
MSW was observed during 15 min.

Theoretical modeling (Figs. 25-32, Tables 4 and 5) shows that NaCl dissolved or
undissolved non-strongly affects the characteristics of bound water. This is in agreement with
low kosmotropic and chaotropic properties of the Na* and CI~ ions, respectively [1-4]. The
experimental *H NMR spectra are simpler (and narrower) than theoretical ones due to the
differences in the model and real systems (with respect to particle sizes (Fig. 25), amounts and
location of water, sizes of its clusters and domains, temperature effects, proton-exchange
reactions, etc.). However, theoretical modeling gives correct (both qualitatively and
quantitatively) changes in the systems based on hydrophobic and hydrophilic silicas. First, it
shows the WAW appearance at a surface of AM-1. Second, the interaction energy of water with
hydrophobic silica is lower than that for hydrophilic one (Tables 4 and 5), and the effects of a
silica surface strongly decrease for distant water layers. Third, the probability of dissociation of
water molecules at a surface of AM-1 is lower than that at a surface of hydrophilic silica where
Eigen (H30*) and Zundel (HsO.") cations appear (Fig. 26) that affect the temperature and
interfacial behaviors of bound water. However, in the case of the interaction of water molecules
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with residual silanols at a surface of AM-1, the Eigen and Zundel cations could appear
(Fig. 26b). Fourth, the water clusterization increases with decreasing amounts of water and this
effect is much stronger for AM-1 than for hydrophilic silica (Figs. 26—31), and it is enhanced by
chloroform (as dispersion medium) providing increasing contribution of WAW (Fig. 28). Sixth,
the presence of dissolved or undissolved NaCl weakly affects the chemical shifts of bound water
(Fig. 29-31).

For dimethylsilyl-modified silica, the Gibbs free energy of solvation in water is negative
for completely hydrophobized surface (in contrast to silica completely modified by, e.g.,
trimethylsilyl groups), despite its increases with increasing degree of the surface
hydrophobization (Fig. 32). This explains (i) the possibility of wetting and completely sinking of
compacted AM-1 in bulk water; and (ii) certain effects observed upon rheometric measurements,
e.g., two types of relationships between the torque and shear strain as well as between the storage
and loss moduli and shear strain.

Table 4. QC computation results on water interaction with hydrophobic and hydrophilic silicas
(methods: PM7 and DFTB+)

Interaction energy per one water molecule E1w (kJ/mol)

System PM?7 DFTB+

-27.4
(95 H20)

_48.6 (45 H,0) ~10.0
Cluster (95 H20)
(Si104/2)44(OH)3(Si(CHs)2)21

-19.9 (213 H;0)
—-33.6 (104 H;0)
Cluster AM-1
(SiO4s2)ss With 8(OH) + 31(Si(CHs)2)

6.0
(213 H,0)

-25.4 (96 H,0)
-37.2 (50 H,0O
Cluster
(SiOas2)aa with 24(OH)

25.7 (137 H:0)
~39.5 (70 H,0)
Cluster
(SiO4/2)8g with 40 OH
e . 128

,3;;\,\5,’:{3-; (125 H,0)
-0 :
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Table 5. DFT (wB97X-D/cc-pVDZ) computation results on water interaction with hydrophobic

and hydrophilic silicas

Interaction energy per one water molecule

System Exw (kJ/mol)
" 1‘..-'3-. M
ey i,‘,; $ 0*;' o2+]
A P eI
8 ®, . . :
:": ‘*_'.—’.&‘ é v —49.2 kd/mol per 1 H,O (with consideration of
- oo interactions between water molecules)
N, —29.0 kd/mol per 1 H20 between cluster and

shell

—78.2 kJ/mol per 1 H20 between cluster and
shell (H+ transfer from silica toward water
shell)

Defect in cluster volume (Sis30100H28): 4H replace Si in (SiO4/2)a4
with 24(0OH) +3H,0

+ 3H0
—62.1 kJ/mol per 1 H20 between cluster and
shell (—62.5 kJ/mol with consideration of
interactions between water molecules)
+4H,0
Silica — water shell (with no H* transfer) and 1
H.O is intraparticle molecule
—76.8 kJ/mol

+8 H,O
-90.2 kJ/mol

11 H,0
—76.4 kJ/mol

22 H,0
—57.2 kJ/mol

42 H,O
-51.0 kJ/mol

RS A
Cluster AM-1
(SiOus2)gs With 8(OH) + 31(Si(CHs),)

10H,0
-108.7 kJ/mol
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Fig. 25. Particle size distribution of initial A—300 powder according to small angle X-ray
scattering (SAXS) data and sizes of some silica clusters (with 22, 44, and 88 SiOu tetrahedrons)
used in quantum chemical calculations

(a) (b)

Fig. 26. Theoretical (GIAO/mB97X-D/cc—pVDZ) *H NMR spectra of water
(molecules and ions) bound to (a) hydrophilic (curve 1, 44 SiOu tetrahedrons + 43H,0) and
hydrophobic AM-1 (curve 2, 44 SiO4s2 + 19Si(CHs)2 + 9H,0) silica clusters, as well *H lines

linked to the =SiOH and (~0),Si(CHs). groups; and experimental *H MAS (curve 3) and static
(curve 4) NMR spectra of A—300/AM-1 (1/1) blend (note that the surface SiOH and
(=0)2Si(CHs3)2 groups in A—300 and AM-1,respectively, do not contribute the spectrum (4) of
the static samples), and (b) weakly wetted AM-1 modelled by (SiOa/2)ss with
8(OH) + 31(Si(CHa)2) +10H20 (Table 4, last row)
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Fig. 32. Gibbs free energy of solvation vs. a
number of trimethylsilyl (TMS) and
dimethylsilyl (DMS) groups in silica clusters
SigO12(OH)n(OSi(CHz3)3)s-n (=38, 7, 6,... 0)
calculated using SMD/®B97X—
D/cc—pVDZ/lcc—pVDZ for water (TMS and
DMS), ethanol, and n-hexane (TMS) as
solvents

Water alone and concentrated aqueous solutions of NaCl can be easily introduced into
interparticle voids not only of hydrophilic fumed silica A-300 but also hydrophobic fumed silica
AM-1 by simple stirring of the blends in a porcelain mortar using pretreated compacted silicas.
This explains by relatively low hydrophobicity of AM-1 containing pair-crosslinked
dimethylsilyl groups (these short hydrophobic ‘umbrellas’ cannot provide complete coverage of
the surface) and residual silanols at a surface. Both NaCl (including solution and crystallites) and
water are relatively uniformly distributed in interparticle voids of the supra-NP structures of both

silicas.

In air, water alone or clustered salt solutions (SAW fraction) bound to fumed silicas
(compacted to reduce the effects of residual air microbubbles) have a structure similar to that of
liquid water because the Na* and CI~ ions are weakly kosmotropic and chaotropic, respectively.
In weakly polar CDCls dispersion medium, in addition to the *H NMR signal of strongly
associated water, one or two signals of WAW clustered with partially broken HBN are observed
in the spectra of wetted AM-1/NaCl. However, WAW is not observed for wetted A-300/NaCl,
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but 'H NMR signals of SAW become more complex with maxima at ca. 6 and 4 ppm. This
difference could be explained by the effects of AM-1 surface (—0).Si(CH3). functionalities
enhancing the clusterization of bound water. As a whole, the difference in the surface nature of
AM-1 and A-300 affects: (i) the NaCl crystallite size (CSR) distributions according to the XRD
data; (ii) melting/crystallization temperatures of NaCl (TG/DTA data); (iii) viscosity/shear rate
(shear strain), storage/loss moduli and torque vs. shear strain relationships, distribution functions
of the activation energy of breakage of supra-NP structures (rheometric data); (iv) temperature
and interfacial behaviors of water alone and NaCl solutions in the temperature range of 215-287
K, appearance of unfrozen (immobile) water at T > 273 K due to NaCl effects (i.e., at 273 K< T
< 287 K, a fraction of the salt solution can be in a metastable state (MSW), characterized by the
coexistence of solid and liquid phases, and the amount of MSW increases with increasing
hydration and NaCl content according to low-temperature *H NMR spectroscopy of static
samples); (v) changes in the dispersion media (air, hydrophobic CDClIs, mixture with
CDCI3/CCl4/DMSOQ) strongly affect the behavior of water alone and NaCl/water because they
force the changes in the location of the solution and affect related confined space effects as well
the cryoscopic effects observed for the solutions of NaCl/water and water/DMSO.

The analyzed phenomena are of interest from both theoretical and practical points of view,
since their consideration allows one to better understand and control the characteristics and
properties of composites based on hydrophilic and hydrophobic fumed silicas used, e.g., with
solutions of various salts, solutes, and co-solvents.
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KPEMHE3EMAMH

B.M. I'yubkol”, M.B. Bopucenko?, A.II. ToaoBans?,
T.B. Kpyncska'?, K. Beii?, [Ixk. ’Kenr?, B. SInr?, B.B. Typos'?

Y nemumym ximii nosepxui in. O.0. Yyiika Hayionanvnoi akademii nayk Yxpainu,

eyn. Oneca Myopaxa, 17, Kuis, 03164, Yxpaina, e-nowma: vlad_gunko@ukr.net
2]Hcmumym MIKpo/Hano mamepianie ma npuiadis,
Texnonoeiunuil ynisepcumem Hinoo, 315211, KHP

Y nopucmux cepeoosuwax egexm obmedxncenoco npocmopy (CSE) moowce enausamu Ha
memnepamypry ma Mixcghasmy nosediHKy 600u ma ionogioHux posuuwis. Ilpupooa nosepxmi
nopucmux abo OUCnepCHUx meepoux mii Moxice NiUaAmu Ha Midcghasmi A6uwa, 6KIOYAIYU AK
CSE, max i kpiockoniyni epexmu, GUKTUKAHI KONI2AMUBHUMU 61ACMUB0CmMAMU po3uunis. CuibHi
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3MIHU XAPAKMePUCMUK aocopoOyiliHux wapie 36'a3anux pioun, ocooauso y 6y3bKux nopax abo
HOPONCHEUAX MINC HAHOYACTMUHKAMU, 00YMOBIEHI SHUNCEHHAM AKMUBHOCMI po3uunHHuKa. Tomy
npeocmasisie inmepec NopisHAHHI N08ediHKU 600U ma 600Hux po3yunie NaCl nio eniueom CSE
2iopoghinbrux ma 2iopoghoonux copbenmis. B yiti pooomi suxopucmano 2iopogooruii (AM1) ma
ciopopinonuti  (A-300) nipocenni  KpemHesemu  (HAHOKpeMHe3eMu) SAK  NpedCHABHUKI
BUCOKOOUCNEPCHUX CcOpOenmié 3 pI3HOK HpUpOOOId NOBEPXHI, AKI XaApaAKmepusyromscs
meKkcmypHoilo nopucmicmio. Ll nopucmicms cnpuuuHena NOpONCHeYAMU MIdHC HENnOPUCMUMU
Hanouacmunkamu (NPNP), wo ymeopioioms azcpecamu, aziomepamu azpe2amis i 6uoumi
yacmuuku (cynpa-NP cmpykmypu) y nopowkax HU3bKoi Hacunuoi winoHocmi. Buxiowui
mMamepianiu ma 6iOnoGioHi 0bpobaeni cucmemu i3 36’a3amot0 6o0oww ma NaCl/eoooro
docnidacysanu 3a  00NOMO20I0 Memoodig: adcopoyii azomy, MIKPOCKONii, pPeHmeeHI8CbKOL
ougpaxyii, iHppauepsonoi cnexmpockonii, mepmozpagimempii, peomempii, CHeKMpPOCKONii
A0EPHO20 MAZHIMHO20 PEe30HAHCY Ma KEanmoeoi Ximii. Booy, 38’s13aHy 3 HAHOKpeMHe3eMOM 3
NaCl abo 6e3 Hbo2o, modicha ioHecmu 00 Kinbkox munig: ciadoko (WBW, samepszae npu 260 K <
T < 273 K) i cunvno (SBW, samepsac npu T < 260 K) 36 ’s3ana 6ooa; ciabo (WAW, ximiunuii
3¢y o1 = 0.5-2 m.u.) i cunvrno (SAW, o1 = 4 — 6 m.u.) 38’ s13ana 600a. WAW ne cnocmepicaemucs
ons cucmem A-300. Kpim moeco, 6 cucmemax eoda/NaCl € 3amepsna (nepyxoma) 6ooa, siKa
xapaxkmepuszyemucs sampumkoro manents (1 > Tm) npu 273 K < T < 287 K (memacmabinvna
6o0a, MSW). Iloaey MSW mooicna nosichumu GUBLIbHEHHAM (3 0€AKO0K KIHeMUYHO
3ampumroio) 600u, saxonienoi kpucmanimamu NaCl, pozuunenumu npu T > Tm = 273.15 K, npu
30inbUEeHHT KitbKOCmI piOKoi 600u 3 nidsuwenHsam memnepamypu. Pisnuyio ¢ CSE y nycmomax y
2iopogodnux i eiopoghinenux cynpa-NP cmpykmypax 011 38 ’53aH0i 600i MOJICHA NOSACHUMU
nogepxnesumu @ynuxyionarvnumu epynamu =Si(CH3)2, axi nocumooms Kiacmepuzayilo 600u,
368 ’s3anoi 3 AM—1. B yinomy piznuys 6 npupooi nogepxui AM—1 i A-300 enausac na: (i) po3nooin
kpucmanimie NaCl 3a pozmipamu,; (ii) memnepamypy nnasenenns/kpucmanizayii NaCl; (iii)
3aneHCHICMb 8 ’A3KOCMI Ma KPYMHO20 MOMEHmY 8i0 weuokocmi 3cygy (Oegopmayii); (iv)
memnepamypa ma mixcghasna nogedinka 6oou ma posuunie NaCl npu 215-287 K; ma (v) éniug
oucnepcilHux cepedosuwy Ha 36’a3any 6o0y. Ompumani pe3yibmamu nPeocmasiaioms iHmepec
He MINbKU 3 MeopemuyHoi MouKu 30py, a U 3 NPAKMUYHOI, OCKLIbKU 00U08a KpeMHesemu
BUKOPUCMOBYIOMbCS AK KOMNOHEHMU KOMNOo3umis, wo micmams 6ody ma NaCl (abo inwi coni) y
PIBHOMAHIMHUX NPAKMUYHUX 3ACMOCYBAHHAX VY MEOUYUHI, CLIbCLbKOMY 20CH00apCmei moujo.

Knwuoei cnoea: 2iopogodonuii nipocennuti kpemuesem, 2iopoqhinbHuil nipo2eHHUll KpemHe3eM,

konyenmposani poszuunu NaCl, eooa na mesxcax nooiny, egpexmu obmedxcenoco npocmopy,
KPIOCKONIuHI eghekmu, n08ediHKA PO3YUHIE HA MedHCcax NoOLLy, memMnepamypHa noeeoiHKa.
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