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The structure of water in the interparticle gaps of methyl silica was investigated using the method of low-
temperature 'H NMR spectroscopy. It is shown that the main part of the interfacial water is in the form of large
clusters, or nanodroplets, which fireeze at a temperature of about 273 K. After freezing of this water, signals of
strongly and weakly associated water are observed in the spectra, which melts at temperatures of 215-368 K. It is
likely that the freezing of weakly associated of water occurs through the formation of clusters in which closely
spaced water molecules interact not through hydrogen bonds, but through dipole-dipole interactions. In the presence
of chloroform, the amount of weakly associated water increases several times. This is explained by the possibility of
formation of chloroform hydrates, in which the mobility of water molecules is approximately the same as in strongly
associated water clusters. If joint adsorption of chloroform and methane occurs on the hydrated surface of methyl
silica, under the influence of CHy, weakly mobile weakly associated water is transformed into methane hydrates in
quasi-liquid and solid states, while only mobile forms of hydrates are recorded in the spectra. DMSO reduces the
possibility of formation of weakly associated water, but a certain amount of it is fixed even in the medium of liquid
DMSO. At the same time, the freezing of water in systems containing DMSO occurs at much lower temperatures due
to solvation of water and DMSO molecules. The difference in interphase energy in air and in organic media
determines the solvation energy.
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INTRODUCTION solid bodies that contain disordered water are in
contact with biological objects. The presence of
even small amounts of poorly ordered water can
play a significant role in important physiological
processes at the cellular and subcellular level.
Therefore, systems in which the possibility of the
coexistence of different forms of water is
ensured are of great interest.

When studying the hydration of AM-1
representing nanosilica modified by
dimethyldichlorosilane, i.e., the surface silanols
replaced by dimethylsilyl functionalities with
subsequent lateral cross-linking under conditions
of weak surface hydration (4 <10 mass. %) by
the method of low-temperature 'H NMR
spectroscopy [10—13], it was found that adsorbed
in interparticle gaps, water is in the form of a
system of clusters, the radius of which does not
exceed 50 nm, and the simultaneous existence of
clusters of strongly associated water (SAW), in
which each water molecule simultaneously
participates in the formation of at least two
hydrogen bonds, and weakly associated water
(WAW) is possible), which practically does not
participate in the formation of hydrogen bonds
[14—17]. Since the chemical shift of protons (dx)

Water belongs to strongly associated
substances, as it easily forms hydrogen bonds
with neighboring molecules. In the absence of
spatial obstacles, the maximum number of such
bonds is four, and in two of them the molecule
acts as a proton donor, and in the other two - an
electron donor. That is, crystals or crystallites of
water have a tetragonal crystalline cell at their
base, which is the structural basis not only of
various forms of ice, but also of liquid water
[1-3]. However, in the limited space formed by
closely spaced particles of hydrophobic
substances, there may be spatial restrictions for
the formation of a network of hydrogen bonds of
ordered water clusters, and a certain part of
water may be in an unassociated state, which is
characteristic, in particular, of gaseous water
[4-6] or water in supercritical state [7-9]. The
properties of such unassociated water must differ
significantly from the properties of liquid water
both in terms of dielectric constant and
parameters of interactions with organic
substances. These differences can become
especially important in biological systems that
stabilize weakly ordered forms of water or when
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in water depends significantly on the number of
hydrogen bonds in which it participates [10],
WAW and SAW clusters are observed in
different spectral regions = 0-1 and 4—6 ppm
in accordance. The aim of the work was to study
the possibility of the formation of weakly
associated water in the interparticle gaps of
AM-1 under conditions of high hydration of the
material (4 = 200 and 650 mg/g), and the effect
on its amount of the presence of certain types of
organic molecules — chloroform, methane and
dimethyl sulfoxide (DMSO).

EXPERIMENTAL PART

As hydrophobic silica, methyl silica (Kalush,
Ukraine) was used, the specific surface of which
according to BET was Sper= 185 m*/g. It was
produced on the base of the corresponding
fumed silica (A-200) by chemical modification
with dimethyldichlorosilane. The degree of
substitution of silanol groups by methyl groups
> 98 %.

Hydrophobic materials are not wetted by
water due to the presence of a thin layer of air on
their surface, the molecules of which isolate the
surface from contact with water. Volumetric air
filling of micro- and mesopores can also be
carried out in porous bodies. It has been shown
that one of the effective methods of replacing air
with water in hydrophobic powders is their
mechanical treatment with water by grinding
with the use of significant mechanical loads
[18-20]. In the case when the total volume of
water is equal to or greater than the volume of
interparticle cavities, entire air can be replaced
by water and the hydrophobic powder, as it is
processed, sinks into the aqueous medium.
However, with a relatively small amount of
water, after 10—15 min, a significant part of it
evaporates from the samples [16, 17], leaving
only 20-30 mg/g of interfacial water. Therefore,
for the hydration of hydrophobic materials with
water in amounts of 100-600 mg/g, an effective
method is their preliminary compaction with
water under load (or an organic solvent without
load) to a density of 200-300 mg/cm®, followed
by drying and adding the required amount of
water to the already compacted material. In the
compacted material, the distribution of water in
the interparticle gaps is carried out in 30-60
seconds of additional mechanical processing, and
the evaporation of water during this time can be
neglected.
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NMR spectra were recorded on a high-
resolution =~ NMR  spectrometer  (Varian
“Mercury”) with an operating frequency of
400 MHz. Eight 60° probing pulses with a
duration of 1 ps and a bandwidth of 20 kHz were
used. The temperature in the sensor was adjusted
with an accuracy of £1 degree. Signal intensities
were determined by measuring the area of peaks
using the procedure of decomposing the signal
into its components assuming a Gaussian
waveform and optimizing the zero line and phase
with an accuracy of =£10%. To prevent
supercooling of the water in the studied objects,
the measurement of the concentration of non-
freezing water was carried out by heating the
samples pre-cooled to a temperature of 210 K.
The temperature dependence of the NMR signal
intensity was carried out in an automated cycle,
when the time of holding the sample at a
constant temperature was S5 min, and the
measurement time 1 min. NMR measurements
were performed in an air environment. As an
added hydrophobic substance, to prevent the
appearance of additional signals in the spectra,
deuterochloroform CDCl; was used, in which the
share of the main isotope (deuterium) was
99.9 %.

The effect of methane gas on adsorbed water
was studied under isobaric conditions [21, 22],
when a 5 mm NMR ampoule containing 0.5 ml
of hydrated silica powder was connected to a
reservoir with gaseous methane, which was at an
excess pressure of 0.1 bar. During the
experiment, methane could freely adsorb on the
surface or be removed from it.

The process of freezing (melting) of
interfacial water localized in the interparticle
gaps or in the pores of the adsorbent takes place
in accordance with changes in the Gibbs free
energy caused by the influence of the surface. It
is smaller, the further from the surface of the
studied water layer (the larger the size of the
interparticle cavities). At T=273 K, water
freezes, the properties of which do not differ
from bulk water, and as the temperature
decreases (without taking into account the effect
of supercooling), water that is located closer to
the surface freezes, and for interphase water, the
ratio is valid:

AGice =—0.036(273.15 = T), (1)
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where the numerical coefficient is a parameter
related to the temperature coefficient of Gibbs
free energy change for ice [26].

The interfacial energy was determined as the
modulus of the total decrease in the free energy
of absorbed water, due to the presence of the
internal boundary of the water-polymer phases
according to the formula:

Cuy”™
7s=—K [ AG(C,,)dC,, .

0

)

where C"* — the total amount of non-freezing

water at 7= 273 K.

The value of the interfacial energy is a
convenient parameter that allows one to compare
the binding energy of water in different systems,
especially if the amount of water in them is the
same. At the same time, the Gibbs-Thomson
equation [27-29] can be used to determine the
geometric  dimensions of nanoscale fluid
aggregates limited by a solid surface, which
relates the radius of spherical or cylindrical pores
(R) to the freezing temperature depression:

20517;n,oo - kGT
AH  pR R

AL, =T,(R)~T,, = 3)

where Tm(R) is the melting temperature of a
frozen liquid in pores of radius R, T« the bulk
melting temperature, p the density of the solid,
oq the energy of solid-liquid interaction, AHr the
bulk enthalpy of fusion, kgris a constant, and for
water bound to nanosilica kgr.= 67 K-nm.

A FEI Nova NanoSEM (5kV) scanning
electron microscope (SEM) was used to study
silica samples. The morphology was also
analyzed using a Dual Beam Quanta 3D FEG
FEI apparatus under conditions of low vacuum at
an accelerating voltage of 2—10 kV.

RESULTS AND DISCUSSION

Microscopy images (Fig. 1) show: initial
(Fig. 1 a, b) and compacted (Fig. 1 ¢, d) methyl
silica. Aggregates of methyl silica in the powder
are present in the form of micron-sized particles.
When the resolution of the microscope is
increased, a rough structure is observed on the
surface of the particles due to the formation of
secondary pores, the size of which is fractions of
a micron. In the compacted form of silica, the
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density increases slightly due to the reduction of
mostly large-sized pores.

The data of the study of the hydration of
melyl silica by the method of low-temperature
"H NMR spectroscopy are shown in Figs. 2,3
for samples containing 200 and 650 mg/g of
adsorbed water (Fig. 2 and Fig. 3, respectively).
At the same time, hydration was studied in an air
environment (Fig.2a, b and Fig. 3 a, b), with
the addition of deuterochloroform (Fig.2 c—d
and Fig. 3 ¢), with the addition of chloroform in
a methane atmosphere (Fig.2 e¢) and with the
addition of dimethyl sulfoxide-Ds (Fig. 3 d).

Water adsorbed in the interparticle gaps of
AM-1 (Figs. 2, 3) is observed in the spectra in
the form of two signals of strongly and weakly
associated water (SAW and WAW) with
different values of the chemical shift. This
indicates a slow molecular (or proton) exchange
between different forms of water. A possible
reason may be the spatial separation of SAW and
WAW clusters. In particular, clusters (or
individual molecules) of weakly associated water
can be localized in narrow pores, where the
formation of a network of hydrogen bonds is
difficult. As the temperature decreases, the
intensity of both signals decreases, which
indicates the possibility of freezing of both types
of water.

For strongly associated water, this is a
natural process, as a result of which hexagonal
ice is formed in the interparticle gaps [23]. The
possibility of freezing of weakly associated
water is less obvious. If we assume the existence
of WAW in the form of individual molecules
adsorbed on the hydrophobic surface of AM-1,
for it to freeze even in the form of amorphous
ice, water molecules must change their location
by moving to pores of a larger radius, where
there are already ice nuclei, or gather into
clusters, in which the formation of hydrogen
bonds between individual water molecules is
possible. However, the significant width of the
WAW signal in the spectra (Fig.2a,b and
Fig. 3 a, b) indicates a low mobility of molecules
[24, 25], close to the mobility of molecules in
SAW clusters. WAW is probably in the form of
some kind of fluid in which the molecules are
held together by dipole-dipole interactions, and
the hydrophobic surface prevents the formation
of hydrogen bonds.
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Fig. 1.

The addition of chloroform helps to increase
the amount of weakly associated water
(Fig. 2 ¢, d and Fig. 3 ¢). At the same time, the
width of the WAW signal changes slightly. It
can be assumed that in the limited space of
narrow interparticle gaps of AM-1 particles,
WAW clusters are capable to form chloroform
hydrates stabilized by a hydrophobic surface.
The use of a methane environment for a sample
containing water and chloroform (Fig. 2 e)
significantly changes the appearance of the
spectra. A relatively narrow signal of adsorbed
methane (dz = 0 ppm) appears in them, while the
broad signal of weakly associated water
disappears or significantly decreases. Instead, the
spectra show a signal with 5 = 1 ppm, the width
of which is comparable to that of the methane
signal. That is, the adsorbed methane destroys
the sluggish WAW fluid. As can be seen from
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SEM image of the original (a, b) and compacted methyl silica (¢, d)

the data in Fig. 2 e, the intensity of the methane
signal increases with increasing temperature,
which is not characteristic of physical adsorption
[26]. The reason may be the simultaneous
formation of solid and quasi-liquid. Since solid
hydrates are not observed in liquid NMR spectra
(due to the very large signal width in solids)
[24], it should be assumed that quasi-liquid
methane hydrates, similar to chloroform
hydrates, stabilize with increasing temperature
(Fig. 2 ¢, d and Fig. 3 ¢).

If deuterodimethylsulfoxide, which is a
strong electron donor, is used as a polar
substance as an organic medium, the type of
spectra changes slightly (Fig. 3 d). The intensity
of the WAW signal decreases slightly, and a
strong temperature dependence of the chemical
shift is observed for the SAW signal. The reason
is the partial destruction of strongly associated
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water clusters when DMSO molecules are
included in their composition. The latter form
strong hydrogen bonds with water molecules, in
which the chemical shift of water protons is
close to 3 ppm. Accordingly, the SAW signal is
observed, which is averaged between water
clusters containing or not dissolved DMSO. As
the temperature increases, the signal of water

200 mg/g H,0,
200 mg/g CDCI

200 mg/g H,0,
200 mg/g CDCl,

+CH,

SAW

protons shifts toward smaller values of the
chemical shift due to an increase in the
probability of  formation of  dimers
(CH3)2SO...H-O-H. In the presence of DMSO,
water freezes at relatively lower temperatures,
since freezing is prevented by solvation of water
and DMSO molecules.

200 mgig H,0.
Al 283

200 mg/g H,0,
400 mg/g CDCl,

CH,

14 12 10 8

Fig. 2.

"H NMR spectra of water in the interparticle gaps of AM-1 (& =200 mg/g) in an air environment (a, b) with

additions of CDCl; (c-e) and methane (e) taken at different temperatures

Since the total concentration of water in the
samples is known, based on the ratio of water
signal intensities before and after freezing, the
concentrations of strongly and weakly associated
water (C,w) can be calculated. The temperature
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dependences of the concentration of weakly and
strongly associated water are shown in Fig. 4.
Since the possibility of the existence of water in
the solid state decreases with increasing
temperature, an increase in the amount of both
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types of interphase water is observed. However,
in the case of the presence of chloroform for
WAW, the C,(T) dependences show areas of
decrease in the amount of non-freezing water
with increasing temperature. From the data in
Fig. 4 ¢, d, it follows that precisely in the same
temperature range, the amount of liquid strongly
associated water increases significantly. A

650 mg/g H,0,
Air

Fig. 3.

change in the thermodynamic stability of the
system containing WAW, SAW, chloroform
hydrates, and ice may be the likely cause. The
presence of a significant amount of SAW can
stimulate the transition of a part of WAW from
chloroform hydrates to the strongly associated
form of water.

650 mg/g H,0,
Air 287K
283
272
270
265

___//k—__ 255

240
230
215

"H NMR spectra of water in the interparticle gaps of methyl silica (A = 650 mg/g) in an air environment

(a, b) with additions of CDClIs (¢) and DMSO (d) taken at different temperatures

Determining the temperature dependence of
the concentration of non-freezing water C,(7)
by the value of the signal intensity according to
the method described in detail in [10-13], the
amounts of strongly and weakly bound water
(SBW and WBW, respectively), as well as
thermodynamic characteristics can be calculated
for these layers (Fig. 5 a, b and Table).

Usually weakly bound (WBW) water can be
considered the part of water that melts at a
temperature 7> 265 K (Fig. 4 ¢, d). For strongly
hydrated systems, the WBW part may not differ
in its properties from bulk water [12]. Water that
melts at lower temperatures is referred to as
strongly bound water (SBW).

In the Table values of the amount of strongly
and weakly bound water (C,,° and C,,"), the
interfacial energy (ys) and the maximum
reduction of the Gibbs free energy in the strongly
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bound water layer (AG®) for all studied systems
are given. The main part of interfacial water is in
the form of clusters of strongly associated water,
which interacts weakly with the surface.
Distributions by radii of water clusters are shown
in Fig. 5. Several maxima are observed in these
distributions in the region R=0.5-10nm. A
significant part of water is part of clusters with a
radius of 50 nm or more. That is, in the process
of mechanical processing, water is dispersed and
the interparticle cavities are filled with it, and the
water is in the form of a separate phase, and the
interphase water clusters interact with the surface
mainly by the Van der Waals mechanism.
Despite the relatively large amount of water in
the interparticle gaps, no more than 10 mg/g of
interfacial water is strongly bound. It is probably
water that is in the form of clusters with a radius
R <5 nm.
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129 200 mgig H,0 (WAW + CH,)
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Fig. 4. Temperature dependences of the concentration of weakly

interparticle gaps of methyl silica
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and strongly associated (c, d) water in the

650 mg/g H,O
—=— Air
—e— CDCl,

DMSO

0 100 200 300 400 500

C,w (mg/g)
b

SAW

650 mg/g H,0
Air
—— CDCl,

DMSO

R (Hm)
d

Fig. 5. Dependences of the Gibbs free energy change on the concentration of non-freezing water (a, b) and the

distribution of interphase water cluster radii in hydrated powders of methyl silica and the influence of some

organic substances on them (c, d)
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Table. Characteristics of layers of non-freezing water (SAW) in hydrated methyl silica powders in the presence of
organic substances

Environment h, mg/lg  Cw®, mg/g Cw', mg/g AG%, kJ/mol ys, J/g

Air 200 15.0 185.0 -3 1.33

200 mr/r CDCl; 4.0 196.0 -2 0.87

200 mr/r CDCl3+CHgy 2.0 198.0 -3 0.27

400 mr/r CDCl; 3.0 197.0 -3 0.94

Air 650 8.0 642.0 -3 6.80

CDCl; 2.5 647.5 -3 4.30

DMSO-Dg 320.0 330.0 -6 45.50

It follows from the data in the table that the
addition of chloroform significantly reduces the
value of the interfacial energy and the amount of
strongly bound water. This occurs due to the

preferential adsorption on the hydrophobic
surface of chloroform and its partial
displacement of strongly associated water

clusters into gaps of a larger radius [13]. A
significant increase in interfacial energy in the
presence of DMSO is due to solvation effects. At
the same time, the difference in the values of the
interfacial energy in air and organic media
determines the energy of formation of the water-
DMSO solution.

CONCLUSIONS

In pre-compacted methyl silica, under the
influence of mechanical loads, the distribution of
water in the gaps between particles occurs
quickly enough in 20-30 seconds.

The main part of the interfacial water is in
the form of large clusters, or nanodroplets, which
freeze at a temperature close to 273 K. After
freezing of this water, signals of strongly and
weakly associated water are observed in the
spectra, which melts at temperatures of
215368 K. It is likely that the freezing of
weakly associated water occurs by the formation
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of clusters in which closely spaced water
molecules interact not through hydrogen bonds,
but through dipole-dipole interactions.

In the presence of chloroform, the amount of
weakly associated water increases several times.
This is explained by the possibility of the
formation of chloroform hydrates, in which the
mobility of water molecules is approximately the
same as in strongly associated water clusters. If
joint adsorption of chloroform and methane is
carried out on the hydrated surface of AM-1,
under the influence of CHa, the weakly mobile
WAW is transformed into methane hydrates in
quasi-liquid and solid states, while only mobile
forms of hydrates are recorded in the spectra.

DMSO reduces the possibility of formation
of weakly associated water, but a certain amount
of it is fixed even in the medium of liquid
DMSO. At the same time, the freezing of water
in systems containing DMSO occurs at much
lower temperatures, which is due to solvation of
water and DMSO molecules. The difference in
interphase energy in air and organic media
determines the solvation energy.

The work was carried out with the grant
support of the National Research Fund of
Ukraine (project 2020.02/0057).
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Bopa y rizpoo0HOMY 0TO4YEHHI Ta BIUIUB HA Hel IeIKUX OPraHIiYHMX PeYOBUH
B.B. Typos, T.B. Kpyncbka

Tuemumym ximii nogepxui in. O.0. Yyixa Hayionanvhoi akademii nayx Yxpainu
eyn. I'enepana Haymosa, 17, Kuis, 03164, Ykpaina, krupska@ukr.net

Memodom nusvxomemnepamypnoi 'H SAMP-cnexmpockonii docniooceno 6y006y 600U 6 MidCU@CIMUHKOBUX
npomidickax memuakpemuesemy. Iloxazano, wo 0CHOBHA YacmMUuHA Midc@ha3HOI 600U 3HAXOOUMBCS Y GUSTAOT BEIUKUX
Kaacmepie, 4u HAHOKpaneis, sKi 3amepsaroms npu memnepamypi 6auseko 273 K. Ilicna 3amepsanua yiei 6oou 8
CHeKmpax cnoCmepi2alomvcs CUSHAI CUlbHO- ma crabkoacoyiiiosanoi 6oou, axa maue npu 215-368 K. Hmogipno,
3amep3anhs C1abKoacoyitioganoi 600U 6i00Y8AcMbCs WSAXOM YMBOPEHHS KIACMEPIE, 8 SAKUX OIUZLKO PO3MAUO6AHT
MOEKYIU 800U 83AEMOOTIOMb He Hepe3 600HEI 36 A3KU, d OUNOIb-OUNOAbHI 83a€MO0IL. B npucymuocmi xaopogopmy
KLIbKiCmb  c1aOKoacoyiioganoi 8oou 3pocmac 6 OeKilbka pasi. Lle nosicHOEMbCA MOXICIUGICMIO (OPMYBAHHS
2i0pamis x10po@opmy, 8 AKUX PYXAUBICIb MOJEKY 600U NPUOTUZHO MAKA JiC, K I 8 KIACMePax CUNIbHOACOYIN08aAHOT
600u. Akwjo Ha 2i0pamosariii NOGEPXHI MemuiKpeMHe3eMy GI00Y8AEmMbCs CNIIbHA aA0CopOYisa XA0pogopmy ma
memany, nio enausom CHy cradbxopyxausa crabxoacoyitiogana 600a mpaucopmyemscsa 8 2iopamu Memay, o
3HAX00AMbCA 8 KBA3IPIOKOMY Ma meepooMy CMAHAX, NPU YbOMY 8 CHeKMpax QIiKCyromvcs miibKu pyxauei hopmu
eiopamis. JIMCO 3menwye modxcaugicms Qopmy8aHHs CciabKoacoyilioganoi 600u, npome neeHa ii KilbKicme
Qixcyemovca nasims 6 cepedosuwyi piokozo IMCO. Ilpu ybomy 3amep3anus 600u 6 cucmemax, wjo micmamos JMCO
8I00YBAEMbCSL NPU 3HAYHO HUICUUX MEMNepamypax, wo 00yMOGIeHO Npoyecamu CONb8amayii MoaeKyl 600U ma
JIMCO. Pisnuys 6 senuuunax mixicgpasnoi enepeii 6 nogimpsaHoMy ma OpeaHiuHOMY Cepedosuax sUHAYae eHepeiio
conveamayii.

Kniouosi cnosa: ziopamoeanuii memunkpemmesem, cuibho- i crabkoacoyiiiosana 6ooa, 2iopamu, 'H SMP-
CNeKmpOoCcKonis
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