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Abstract

The work is aimed at creating new, more effective drugs containing succinic acid. For this purpose, a methodology has been developed for transferring the active
substance to a nano-sized state, in which the acid, due to an increase in its outer surface, is in the form of clusters, which, upon contact with the mucous membrane,
can be more easily absorbed by the body. A complex of physicochemical methods was used to study the effect of immobilization of Succinic Acid (SA) on the surface
of hydrophilic, hydrophobic silica and their mixtures on the existing specific surface area and the state of the adsorption layer. It has been shown that during the joint
mechanical grinding of crystalline succinic acid with silicas, composite systems are formed in which it is uniformly distributed in the interparticle gaps of silicas and is
in the form of nanosized predominantly amorphous clusters. For silicas and their mixtures, the signal of acid crystallites is also fixed on the X-ray diffraction patterns.
Additional mechanical treatment of composites with water practically does not change the ratio of amorphous and crystalline components of succinic acid in the surface
layer, which indicates its poor solubility in clustered water. This is also confirmed by liquid NMR data, according to which there is no signal from the methylene groups of
succinic acid in the spectra. All composites, regardless of the content of SA, treatment with water, and the ratio of the hydrophobic and hydrophilic components, retain a
high adsorption capacity with respect to nitrogen. The BET-specific surface of the composites remains at the level of 150 - 200 m2/g. Hydrated forms of hydrophobic silica
AM-1 retain the ability to interact with non-polar substances. Using chloroform as an example, it was shown that even at h = 1 g/g, chloroform displaces part of the water
from the interparticle space, which manifests itself in a decrease in the interfacial energy of water due to the formation of surface water clusters with a large radius. The
hydrophobic silica surface stabilizes the weakly associated form of water, the amount of which can reach 20 mg/g.

drugs, for example, using liposomes, monoclonal antibodies,
magnetic carriers, etc. [1-6].

Introduction

Nanopharmacology includes the use of nanoparticles,

quantum dots, carbon nanotubes, and gold and silver The creation of new types of polyfunctional materials

nanoparticles for pharmacological purposes, and their joint
use with traditional pharmaceutical remedies, as well as the
study of the effect of nanoparticles on metabolic processes.
Nanopharmacology is especially actively developing in the
field of creating new types of anticancer drugs, means of
drug delivery to the target, and building complex multilevel

that can be used in biotechnological schemes and the latest
materials for biomedical purposes can be achieved through the
development of composite systems that include hydrophilic
and (or) hydrophobic highly dispersed materials, organic
substances of various chemical nature, water and some types
of compounds (activators), giving them predefined properties.
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In complex heterogeneous systems, their adsorption and
technological characteristics largely depend on self-consistent
processes that occur during the formation of a composite, that
is, the formation of supramolecular systems with a minimum
value of thermodynamic potentials. These effects can be
used to develop ways to control the properties of a composite
system by varying its hydrophobic-hydrophilic interactions,
the processes of cluster formation of aqueous and aqueous-
organic systems that make up composites, and influencing the
phase state of the components [7,8]. Sufficiently technological
methods have been developed for transferring hydrophobic
highly dispersed adsorbents to a strongly hydrated state [9,10],
which can serve as a technological basis for the preparation
of complex heterogeneous systems for their use in aqueous
media, which are the basis of most biological fluids.

Unlike liquids, solid particles with different hydrophobic-
hydrophilic properties (in a dry state) after mechanical mixing
can form an almost homogeneous mixture in which both types
of particles are part of common aggregates and interact in them
through Van der Waals forces. In this case, the difference in the
interaction energies of hydrophobic, hydrophilic, and mixed
particles is small. However, the possibility of joint coexistence
of dissimilar particles in the volume can be violated when a
liquid phase (surfactant, water, or hydrophobic liquid) is added
[11-14]). Spontaneous separation of components in mixtures
of powders or viscous liquids (microcoagulation) caused by
Brownian motion cannot occur or is very slow, however, this
process can be significantly accelerated under the influence
of a mechanical load applied to the composite system during
its mixing, especially in the presence of surfactant. Since
coagulation reduces the free energy of a multicomponent
system, it should lead to an increase in the binding energy of
liquid components to the surface of dispersed particles. This
effect can be used for structural modification of the mineral
component of the composite system.

In the works of last year [15-17], it has been shown that
water adsorption in oxide nanostructured materials occurs
according to the mechanism of cluster formation, in which no
individual molecules are adsorbed on the primary centers of
the surface, but clusters, the size of which is determined by
the morphology of interparticle gaps and the hydrophobic-
hydrophilic properties of the surface. Clustered water has a
number of unusual properties that distinguish it from bulk
water: for example, polar organic substances, including
mineral acids, are poorly soluble in nanosized water clusters.
A weakly polar medium, even in hydrophilic materials, can
displace water, replacing it near the surface, which leads to an
increase in the average radius of adsorbed water clusters. Since
for any substances, the decrease in linear sizes is accompanied
by an increase in surface energy, it can be expected that
when adsorbed substances are transferred to a nanoscale
clustered state, such processes as dissolution (solubilization)
will occur with lower energy costs. Therefore, on the basis
of mixtures of hydrophobic and hydrophilic silicas taken in
a certain proportion, polyfunctional composite systems for
medical purposes can be created. The process of activation
of biologically active substances by transferring them to a
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clustered state will take place in them, transportation to the
place of their absorption by the body, and creation of an area
of increased bioavailability in the absorption zone due to local
changes in the structure of water. First, the desorption of the
delivered substances occurs. After that, the mineral matrix will
be able to adsorb metabolic products and toxins, which will
later be removed from the body naturally.

The aim of this work was to study the effect of
mechanochemical immobilization of a biologically active
component, its amount, the presence of water and the ratio
of the hydrophobic and hydrophilic components of the
mineral matrix on the adsorption properties of the material,
the crystallinity of the adsorption layer, the structure of the
interfacial water, its parameters of interaction with the matrix
(on the example of designing composites of hydrophobic and
hydrophilic silicas with succinic acid (COOHCH,CH,COOH)).
The work is aimed at creating new, more effective drugs
containing succinic acid. For this purpose, a methodology has
been developed for transferring the active substance to a nano-
sized state, in which the acid, due to an increase in its outer
surface, is in the form of clusters, which, upon contact with the
mucous membrane, can be more easily absorbed by the body.

Succinic Acid (SA) is one of the simplest dicarboxylic
acids. It was first isolated from natural amber, although it is
currently synthesized mainly by biotechnological methods
[18-21] and has many useful properties, which leads to its use
in a number of medical and cosmetic drugs. Succinic acid is
readily soluble in water and some polar organic solvents, but
practically insoluble in chloroform, hexane, and other non-
polar or slightly polar liquids. Currently, there are several types
of drugs on the market based on succinic acid and hydrophilic
adsorbents, such as silicas or clay minerals, used to treat
alcoholism, osteoporosis, and other diseases [22,23].

Succinic acid takes part in energy production: it supports
the functioning of mitochondria, cellular respiration processes,
and the synthesis of ATP - the most important source of energy.
It has been used as a medicine for many centuries. Initially, dry
crushed amber was used, some types of which can contain up
to 10% succinic acid. Currently, chemical and microbiological
methods for the production of succinic acid are used, which
makes its use cheaper. Although succinic acid is synthesized
in the human body during metabolism, in many cases its
natural concentration may not be sufficient. A promising
way of introducing it into the body may be immobilization
on the surface of highly dispersed silica, which, along with
its transport function, can act as an adsorbent (cleansing the
body of excess toxins), a source of silicon (participating in the
formation of nerve fibers) and a structuring agent, which, when
in contact with hydrophobic areas the surface of the mucous
membrane transfers the water associated with it into a weakly
associated state, which promotes more active dissolution of
both polar and non-polar substances, thereby accelerating
cellular metabolism.

Succinic acid, like other organic acids, is an active chemical
compound and in some cases, at high concentrations, can have
a negative effect on the walls of the stomach and intestines.
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To reduce the potentially harmful effects of concentrated
acid, it can be converted into a weakly bound state with a
silica carrier. Moreover, after entering the body, areas with a
superconcentrated solution of succinic acid will not be created
on the internal walls of the digestive tract. Therefore, it can be
expected that the use of silica-succinic acid composites will
help eliminate negative side effects.

Materials

Pyrogenic silica A-300 and methylsilica AM-1 (Kalush,
Ukraine) were used as mineral carriers. Methylsilica AM-1
was synthesized by replacing the surface hydroxyl groups of
hydrophilic silica A-200 with dimethylsilyl groups [24]. The
resulting product is hydrophobic and even at 100% humidity it
is able to adsorb only small (up to 5%) amounts of water from
the air. Dry powder of the original silica A-300 (300 m?/g) was
used to obtain the wetting-drying process (1 g of silica was
wetted with 3 g of water). This sample was kept in a sealed
container for three days at room temperature and then dried at
120 °C for six hours. Crystalline succinic acid (10 or 20 wt.%)
was added to wetting-drying silica A-300, AM-1 and mixture
A-300/AM-1 (1:1) and mixed under mechanical action for 20-
30 minutes until homogeneous systems were obtained. Then
distilled water was added to the samples (0.9 g of water per
1 g of solid substance) and A-300/SA/water was mixed for 5
min, A-300/AM-1/SA/water for 10 - 15 min, AM-1/SA/water
20-25 min. It should be noted that all systems remained in
a powdery state because the amount of water added was
small and no gelation occurred. In this case, SA is uniformly
distributed over the surface of methylsilica particles, becomes
largely amorphous, and creates water adsorption centers on
the surface of the hydrophobic material. Composites AM-1/
SA, (AM-1+A-300)/SA, like the initial methylsilica, continue
to retain hydrophobic properties. They do not mix with water.
Adding water to them in equal-weight amounts creates a
heterogeneous system in which it is in the form of a separate
phase in a powdery hydrophobic medium. However, if such a
composite is subjected to high mechanical loads, for example,
by grinding in a porcelain mortar, then the system becomes
homogeneous, and its density increases to 1000 mg/cm3. After
removing the composite from the walls of the mortar, it takes
the form of a wet powder, which indicates the removal of air
from the interparticle gaps and its replacement with water.

We studied 15 samples (Table 1) prepared under the same
conditions. The amount of SA immobilized on the surface was
100 or 200 mg/g dry adsorbent. The aim of the research was
to determine to what extent immobilization carried out in dry
and humid conditions affects the adsorption characteristics of
adsorbents and the crystallinity of the organic phase, whether
it depends on the hydrophobic properties of the mineral
component of the composite. The crystallinity of succinic acid
was determined by X-ray phase analysis and TEM electron
microscopy. Structural characteristics of adsorbents were
determined on the basis of nitrogen adsorption-desorption
isotherms taken at 77.4 K.

To analyze the textural characteristics of individual and
mixed samples degassed at 110 °C for 12 h, low temperature
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(77-4 K) nitrogen adsorption-desorption isotherms were
recorded using a Micromeritics ASAP 2460 adsorption analyzer.
The specific surface area was calculated according to the
standard BET method at 0.05 < p/p0 < 0.3 (using Micromeritics
software).

Powder X-Ray Diffraction (XRD) patterns were recorded
using a D8 Advance X-ray. Diffractometer (Bruker AXS) in
Bragg-Brentano geometry (Cu Ka 1 radiation, % = 0.15406 nm).
Diffraction data were typically collected at 20 in the 5 - 90°
range at a step of 2°/min.

Transmission 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.

Solid-state 'H Magic-Angle Spinning (MAS) NMR
spectra were recorded using an Agilent DD2 600 MHz NMR
spectrometer (Agilent, USA, magnetic field strength 14.157 T).
A powder sample was placed in a pencil-type zirconia rotor of
4.0 mm o.d. The spectra were recorded at a spinning speed of
8 kHz with a recycle delay of 5 s. The adamantane was used as
the reference of the 1H chemical shift of proton resonance (5,).

Solid-state 29Si cross-polarization (CP)/MAS NMR spectra
were recorded using the same NMR spectrometer at a resonance
frequency of 199.13 MHz for >°Si using CP/MAS and high-power
'H decoupling. The spectra were recorded at a spinning speed
of 8 kHz (4 ps 90° pulses), 2 ms CP pulse, and a recycle delay of
3 s. The Si signal of tetramethylsilane (TMS) at 0 ppm was used
as the reference for the 29Si chemical shift (5(29Si)).

Results and discussion

The adsorption isotherm of the A-300 sample with 200
mg/g of succinic acid immobilized on its surface is shown as
an example in Figure 1. The shape of the isotherm is typical
for mesoporous adsorbents [25,26]. Despite the fact that
pyrogenic silicas are non-porous materials, due to strong
interparticle interactions, primary particles form aggregates

00—
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Relative Pressure (F/F, )

Figure 1: Recorded at 77.4 K nitrogen adsorption-desorption isotherm for sample

A-300/20 wt. % succinic acid (Micromeritics ASAP 2460 adsorption analyzer).

Citation: Krupska TV, Terebinska M, Klymenko NY, Vitiuk NV, Wei Q, et al. (2024) Construction of composites for medical purpose based on pyrogenic silica with
immobilized succinic acid and their properties. Int J Nanomater Nanotechnol Nanomed 10(1): 023-034.DOI: https://dx.doi.org/10.17352/2455-3492.000059



P PeertechzPublications

and agglomerates, in which interparticle gaps form secondary
pores. The porous structure of such nanomaterials is not rigid
and can change during technological processing, in particular,
during immobilization on the surface of various substances,
the wetting-drying process, or compaction by mechanical
loads [27-29].

It was shown that SA immobilization reduces the specific
surface area and total pore volume of composite systems (Table
1). This indicates the rearrangement of silica aggregates during
mechanochemical treatment with crystalline SA. An increase
in the amount of acid in the composite from 100 to 200 mg/g
is accompanied by a slight decrease in the measured specific
surface area. It could be expected that the mechanical treatment
of silica composites with water, the amount of which is almost
an order of magnitude greater than the amount of acid, would
lead to a significant rearrangement of the composite systems
and a decrease in their specific surface after thermal vacuum
drying, which precedes the measurement of the specific surface.
However, this does not happen. Moreover, for some samples,
after contact with water, there is a tendency to increase the
specific surface area. Consequently, SA immobilization does
not lead to too large a decrease in the specific surface area
of composite systems, which makes it possible to count on a
sufficiently high adsorption activity of materials when they
enter the biological environment.

Theresults of studying some samples by X-ray phase analysis
and transmission electron microscopy are shown in Figure 2.
Carefully ground succinic acid, even at high magnification
(Figure 2a), is observed as a crystalline substance in which the
crystal size exceeds 100 nm. In the case of immobilization on
the surface of silicas or their mixtures, the crystallinity of SA
cardinally decreases. Although residual peaks of the crystalline
phase are observed on the X-ray patterns, the main part of the
acid passes into the amorphous state, which is also evidenced
by the absence of its visible crystals in the TEM photographs

Table 1: Effect of succinic acid adsorption on the characteristics of the porous
structure of silicas A-300, AM-1, and their mixtures (Micromeritics ASAP 2460
adsorption analyzer).

Sample C,, (Wt. %) S, (m?/g) V_(cm?/g) R (nm)
10 172 1.10 25.0
A-300
20 153 0.49 12.7
10 128 0.79 24.0
AM-1
20 127 0.28 8.8
A-300/AM-1 10 164 0.88 21.0
11 20 130 0.35 11.0
10 219 0.71 12.8
A-300/H,0
20 159 0.59 15.0
10 136 0.67 19.8
AM-1/H,0
20 123 0.43 13.8
A-300/AM-1 10 160 0.84 20.9
1/1/H,0 20 141 0.51 14.4
A300/AMA 200 0.89 17.8
1/1
A-300/AM-1
1/1/H,0 216 0.75 13.8
AM-1 - 172 0.73 17.0

Note: C,, (wt. %) - concentration of succinic acid in the sample; S;., m?/g - the
surface area estimated by the BET method, v, (cm?/g) - total pore volume estimated
by the BET method; R (hm) — pore radius A-300 - hydrophilic silica; AM-1 - hydrophobic
silica; A-300/AM-1 is a mixture of hydrophilic and hydrophobic silicas in a 1:1 ratio.
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(Figure 2b-e). The signal intensity of the crystalline form of
SA increases with an increase in its amount in the composite
(Figure 2c,e). It should be noted that this increase in intensity
may not be associated with a decrease in the degree of
amorphization, but only with an increase in the amount of SA.

The X-ray pattern and TEM micrograph of AM-1
methylsilica are shown in Figure 2e. Only the amorphous silica
signal is present on it. It could be expected that the presence of
a large amount of water in the samples would change the form
of X-ray diffraction patterns due to the dissolution of SA in
the interfacial water (Figure 3). It turned out that this did not
happen. For this and other samples recorded in the presence of
water, the intensity of the crystalline SA signals is practically
independent of the presence of water. Consequently, crystalline
SA practically does not dissolve in clustered water and they
exist as two independent phases.

29Si solid-state MAS NMR spectra of A-300 and AM-1 silicas
and their mixtures with SA immobilized on the surface, as well
as the initial AM-1, are shown in Figure 4. The spectrum of
A-300 shows three signals with chemical shifts in the range 5
= -120 -100 ppm, which refer to silicon atoms bonded to four,
three, and two oxygen atoms (Q4, Q3, and Q2, respectively).
For samples containing AM-1, in addition to these signals, a
silicon signal is observed from dimethylsilyl groups with a
chemical shift 5, = -15 ppm.

The 'H NMR spectra show that proton signals of adsorbed
(immobilized) substances are recorded simultaneously with
the solid phase (Figure 5). For sample A-300 + 100 mg/g SA
(Figure 5a), which contained up to 80 mg/g residual water, the
spectra show signals of the methylene groups of the acid (5, =
3 ppm), the total signal of water, and COOH of acid protons (5,
= 6 ppm) and a group of two signals in the spectral region 5, =
0 - 2 ppm, which can be attributed to surface hydroxyl groups
and weakly associated water [30-32]. In the case of sample
AM-1 + 100 mg/g SA (Figure 5b), the signal of dimethylsillyl
groups is dominant. CH, signals of SA and OH signals of water
are observed as a broad signal in the region of 2.5 - 5 ppm. The
signal of COOH groups of SA (5, = 7 ppm) is also broadened,
probably due to exchange processes with protons molecules of
strongly associated water. Signal with §, = 12 ppm due to the
satellite of sample rotation at a magic angle with a frequency
of about 10 kHz.

In the case of the A-300/AM-1 + 100 mg/g SA sample
(Figure 5c), the spectra show signals of dimethylsilyl groups,
CH,- and -COOH - acid groups, and strongly associated water.
Its signal becomes dominant in composites activated with
water (Figure 5d,e).

The processes of adsorption and desorption of biologically
active substances immobilized on the surface of silica carriers
are largely determined by the structure of the interfacial water.
Due to the presence of four centers in the water molecule,
through which it can form hydrogen bonds with other
molecules (two polarized protons and two lone electron pairs of
the oxygen atom), water belongs to strongly associated liquids.
Many anomalous properties of liquid water can be explained
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Figure 2: X-ray diffraction patterns of succinic acid (a), silica composites with SA (b-e) and AM-1 (f) (Diffractometer (Bruker AXS) in Bragg-Brentano geometry (Cu Ka1l
radiation, A = 0.15406 nm). Diffraction data were typically collected at 26 in the 5-90° range at a step of 2°/min.) Combined with TEM micrographs of the corresponding
samples (TECNAI G2 F30 microscope (FEI-Philips, operating voltage 300 kV).

A-300/AM-1 + H,0

0 20 40 60 80 100
X (Deg)

Figure 3: X-ray diffraction pattern and TEM micrograph of a composite prepared from a mixture of 1/1 A-300/AM-1 silicas with 100 mg/g of SA immobilized on the surface

and subjected to additional mechanical treatment with 900 mg/g of H,0.
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Figure 4: Si solid-state NMR spectra of A-300 and AM-1 silicas and their mixtures with

NMR spectrometer (Agilent, USA, magnetic field strength 14.157 T)

SA immobilized on the surface, as well as the initial AM-1 (Agilent DD2 600 MHz

by its cluster nature [33-37]. The cluster theory assumes that
regions of high order in the network of hydrogen bonds in
liquid water are separated by sufficiently extended regions
of partially broken hydrogen bonds. As a result, the average
number of hydrogen bonds per molecule in liquid water is 2.5-
3 [38,39]. The NMR signal of such water has a chemical shift 5,
= 5 ppm, in contrast to completely ordered water in hexagonal
ice (5, = 7 ppm). In a limited pore space or interparticle gaps
of nonporous highly dispersed materials, the formation of
extended ordered water structures is even more limited.
Therefore, water can transform into a weakly associated form,
which is characterized by a disordered arrangement of water
molecules in the adsorption layer. In the NMR spectra, such
water is observed as a signal in strong magnetic fields and has
a chemical shift in the region §, = 0-2 ppm [32,39-41]. Such
a strong dependence of the chemical shift of water protons
on its association makes it possible to judge the structure of
interfacial water using liquid NMR. In this case, the spectra

do not contain signals from the protons of the solid phase
(adsorbents and frozen water).

Weakly associated water (WAW) has a number of properties
characteristic of water in the supercritical state [41-43]. Its
dielectric constant is almost an order of magnitude less than
that of ordinary, strongly associated water (SAW), it mixes
with both polar and non-polar substances, and its density is
noticeably lower than that of liquid water. In the case of the
formation of areas enriched with weakly associated water at the
interfacial boundaries of medical composites, one can expect
a noticeable effect on the interfacial transport of biologically
active substances adsorbed on the mineral carrier.

Recorded at different temperatures 'H NMR spectra
(Varian, Mercury 400 MHz) of water in moistened powders of
hydrophilic (A-300) and hydrophobic (AM-1) silicas at a total
water content in the samples (h) sufficient to fill a significant
part of the interparticle space are shown in Figure 6. The
measurements were carried out in air (Figure 6a,b) and with the
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Figure 5: 'H solid-state NMR spectra of A-300 and AM-1 silicas and their mixtures with SA immobilized on the surface, as well as initial AM-1 (Agilent DD2 600 MHz NMR

spectrometer (Agilent, USA, magnetic field strength 14.157 T)).

addition of a weakly polar organic solvent, deuterochloroform
(Figure 6c,d). The deuterated preparation was used to prevent
the appearance of an additional proton signal in the spectra.

Recorded at different temperatures the type of spectra for
hydrophilic A-300 (Figure 6a) and hydrophobic AM-1 (Figure
6b) silicas in air medium differ weakly. Water is recorded
as a single signal with a chemical shift 5, > 4.5 ppm, which
corresponds to strongly associated water [37-39], each
molecule of which participates in the formation of 2.5 - 3
hydrogen bonds. As the temperature decreases, the chemical
shift of water increases due to an increase in the orderliness
of the hydrogen bond network. In this case, the intensity of
the water signal decreases due to the freezing of part of the
adsorbed water.

Since the concentration of water in the samples is known,
the values of the concentration of non-freezing water (C,,) at
any temperature can be calculated from the intensities of the
water signal (1): C,, = /I, -h (mg/g). The process of freezing
(fluctuation) of interfacial water localized in a solid porous
matrix proceeds in accordance with changes in the Gibbs free
energy as a result of the influence of the surface [44]. They are

the smaller, the farther from the surface is the studied layer of
water. At T = 273 K, water freezes, the properties of which do
not differ from volumetric water, and when the temperature
decreases (excluding the effect of overcooling), the layers of
water close to the surface freeze, and besides for interfacial
water the following proportion holds true:

AG,, = -0,036(273, 15 - T), (1)

Where the numerical coefficient is a parameter related to
the temperature coefficient of change in the Gibbs free energy
for ice. Then, in accordance with the method described in detail
in [37-39], it is possible to calculate the amount of strongly
and weakly associated water (SBW and WBW, respectively), as
well as the thermodynamic characteristics of these layers.

The interfacial energy (y,) of solids or biopolymers was
determined as the modulus of the total decrease of water-
free energy, due to the presence of an internal water-polymer
phase boundary according to the formula:

Cljax
rg =K (j) AG(Cyy, )AC (2)
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280 K

AM-1+1 g/g H,0
Cd=700 mg/g
in CDCl,

SAW

Figure 6: Recorded at different temperatures 'H NMR spectra of water adsorbed in the interparticle gaps of hydrophilic A-300 (a,c) and hydrophobic AM-1 (b,d) silicas in air
(a,b) and in CDCI, medium (c,d).

Where Cg‘lsx —h.

The Gibbs-Thomson equation can be used to determine the
geometric dimensions limited by the solid surface of nanosized
liquid aggregates [45,46], it relates the radius of spherical or
cylindrical pores (R) to the freezing point depression value:

_ 20, T,

m, o

ATm :Tm(R)_Tm,w - AH pR
f

(3)

Where T_(R) is the melting temperature of ice localized in

pores of radius R, T, is the melting temperature of bulk ice,
p is the density of the solid phase, o is the interaction energy
between solid object and liquid, and DH; is the volumetric
enthalpy of melting.

The change in the Gibbs free energy (AG) and the value of
the interfacial energy are calculated according to the formulas
(1,2). The part of interfacial water for which the decrease in
the Gibbs free energy AG < 0.5 kJ/mol was considered to be
strongly bound. The dependencies of the concentration of non-
freezing water on temperature (C, (T), the change in the Gibbs
free energy on the concentration of non-freezing water, and
the distribution of adsorbed water clusters over the radii are
shown in Figure 7.

For A-300 (Figure 6¢,d) in the CDCl, medium (Figure 6c)
strongly associated water (SAW) is observed as two signals with

chemical shifts §, = 5 and 6.5 ppm. At T = 285 K, the spectra
also show small signals of weakly associated water (WAW) (5,
= 2 ppm), as well as signals of the deuterium-free chloroform
component (3, = 7.26 ppm) and tetramethylsilane (5, = 0 ppm).
For water adsorbed in the interparticle gaps of hydrophobic
silica, the form of the spectra is more complicated (Figure 6d).
Strongly associated water is observed only at T > 250 K. In
addition, at least two signals of weakly associated water with
chemical shifts 5, = 0-2 ppm are recorded. While the SAW signal
decreases strongly with decreasing temperature, the intensity
of the WAW signal changes only weakly. The concentration of
weakly associated water in a wide temperature range is 10-20
mg/g (Figure 7a).

Characteristics of layers of non-freezing water -
concentrations of strongly and weakly bound water (C 5 u
C,.", respectively), the maximum decrease in free energy in a
layer of strongly bound water (AG®), and the value of interfacial
energy (y,) for hydrated A-300 and AM-1 are given in Table 2. In
this case, the interfacial energy determines the total decrease
in free energy due to the presence of the phase boundary. It
is determined by integrating the dependencies AG(C_) (Figure
6b) extrapolated to the coordinate axes. The concentrations of
strongly (weakly) bound water are also determined from these
dependencies, assuming that strongly bound (SBW) is that
part of non-freezing water for which AG < 0.5 kJ/mol [37-39].
Therefore, it characterizes the sum of the entropy and enthalpy
components of the adsorption interaction.

(=]
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Figure 7: Temperature dependences of the concentration of non-freezing water (a), dependences of the change in the Gibbs free energy on the concentration of non-freezing
water calculated on their basis (b), distribution of adsorbed water clusters over the radii (c), and temperature dependences of the chemical shift (d) for water adsorbed in

interparticle gaps of hydrophilic and hydrophobic silicas.

Table 2: Characteristics of layers of non-freezing water in compacted samples A-300 and AM-1, in various media.

Sample Medium
AM-10.7 g/cm®+1.0 g/g H,0 Alr
cocl,
A-300 0.6 g/cm? +1.125 g/g H,0 Alr
cocl,
Air
AM-1/SA 0.6 g/cm? +1.0 g/g H,0 CDCI, WAW
CDCl, SAW

C,.’ (mg/g) ¢, (mg/g) AGS (kJ/mol)
50 950 2 8.2
10 990 15 13
40 1085 2.4 7.8
30 1095 25 6.5
20 980 22 48
18 5 35 25
12 965 35 32

Note: C,,° (mg/g) - the concentration of unfreezing strongly bound water; C, * (mg/g) - the concentration of unfreezing weakly bound water; AG® (kJ/mol) - the change in Gibbs

energy; v, (J/g) - the value of the interfacial energy.

According to Table 2, the value of g, for water in a
hydrophobic environment (y, = 8.2 J/g, hydrophobic hydration)
is even greater than for a hydrophilic material (y, = 7.8 J/g). It
can be assumed that, compared with bulk water, the change
in free energy in the interparticle gaps of silica is due to two
main components - clustering, i.e. transformation of water
into a system of clusters determined by the geometry of the
interparticle gaps of water and the influence of the surface
on the possibility of the formation of a spatial network of
hydrogen bonds. Based on the results presented in Figure 7c,
we can conclude that the radius of adsorbed water clusters in
air for both types of materials is in the range R = 0.5 - 20 nm.
At the same time, for nanosilica A-300, the contribution from
clusters with R = 2 - 20 nm is greater (the AC(R) curve is located
higher), and for AM-1, from clusters with R = 0.5 - 2 nm.

Replacing the air medium with the chloroform medium
for the hydrophilic material leads to a slight decrease in the

interfacial energy from y, = 7.8 to 6.5 J/g, which occurs due
to the competition of chloroform with water when interacting
with the silica surface. Only insignificant redistributions
in the radii of adsorbed water clusters are observed on the
curve AC(R) (Figure 7c). In the case of hydrophobic silica in
the CACL, medium, the value of y; decreases by more than six
times, which indicates the active displacement of water from
the interparticle gaps of the adsorbent and its replacement
by chloroform. Accordingly, the average radius of clusters
of strongly associated water adsorbed in interparticle gaps
increases several times. Thus, in an entropy nonequilibrium
system, such as hydrophobic silica, whose interparticle gaps
are filled with water, its effective displacement is observed
upon contact with a hydrophobic medium. In this case, about
10 mg/g of adsorbed water, localized mainly in voids of a small
radius, passes into a weakly associated state characterized by a
small chemical shift (Figures 6d,7d).

[T ]
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For the studied systems, the temperature dependencies of
the change in the chemical shift of adsorbed water are shown in
Figure 7d. The main changes in the chemical shift are observed
at temperatures T = 255 - 285 K when the bulk of the adsorbed
water melts. For hydrophilic silica in air at low temperatures,
anomalously high values are recorded 5,. Perhaps they are
associated with the formation of hydrogen-bonded water
complexes at the silica-ice interface with the participation of
dissociated protons of silanol groups. For other systems, the
range of chemical shifts is from 4.5 to 7 ppm, which is typical
for a partially broken network of hydrogen bonds of adsorbed
water in a quasi-liquid state [38].

For the AM-1/SA/H,O composite system in the air (Figure
8a,b), the chemical shift of adsorbed water shifts to large
values. At T = 280 K, the chemical shift of water is 5, = 7 ppm,
and as the temperature decreases, it increases almost to 5, =
20 ppm (Figure 8b). This is probably due to the predominant
adsorption of water on the surface of AM-1, which has inclusions
of SA clusters. Owing to the presence of carboxyl groups in SA
molecules, they can act as binding centers with clusters of
water adsorbed on the surface. Such a large chemical shift in
frozen systems indicates the possibility of forming very strong
(close to symmetrical) hydrogen bonds with acid molecules. It
should be noted that the absence of SA methylene groups in
the spectra can be interpreted as its existence exclusively in the
solid state and its low solubility in clustered water.

In the presence of CDCL, the type of the spectra of the
AM-1/SA/H,0 composite system changes (Figure 8c,d). The
value of the chemical shift of adsorbed water decreases, most
of it freezes at relatively higher temperatures, and at low
temperatures, at least two signals of weakly associated water
with §, = 1 - 2 ppm are recorded in the spectra. At T < 267 K,
the WAW signal becomes dominant as virtually all of the SAW
freezes.

Temperature dependencies of the concentration of non-
freezing water (C_,(T)), built on the basis of the change in the
intensity of the water signal during heating of the sample,
pre-cooled to T = 200 - 210 K (a), the change in the Gibbs
free energy (AG) on the concentration of non-freezing water
(b) and distributions over the radii of adsorbed water clusters
calculated in accordance with formula (3) (c) are shown in
Figure 9. According to the data in the table, the interfacial
energy is controlled predominantly by the concentration of
strongly bound water. For the AM-1/SA/H,0 composite system
in air, the interfacial energy is v, = 4.8 J/g, which is 2.5 times
less than for a completely hydrophobic material. Accordingly,
water is predominantly a part of clusters with a relatively
larger radius (Figure 9c). Replacing the air environment with
a chloroform environment leads to a significant decrease
in the value of the interfacial energy of strongly associated
water. This is true for both types of the studied systems (AM-
1/H,0 and AM-1/SA/H,0). However, at low temperatures, the
contribution to the interfacial energy from weakly associated
water increases, the amount of which does not exceed 2% of
the total amount of nonfreezing water (Figure 9a).

Conclusion

Combined mechanical grinding of crystalline succinic acid
with hydrophobic or hydrophilic silica (or their mixture) results

https://www.chemisgroup.us/journals/international-journal-of-nanomaterials-nanotechnology-and-nanomedicine a

in the formation of composite systems in which SA is uniformly
distributed in the interparticle gaps of silicas and occurs in the
form of nanoscale predominantly amorphous clusters. For
silicas and their mixtures, X-ray diffraction patterns also show
the signal of SA crystallites. Additional mechanical treatment
of the composites with water practically does not change the
ratio of the amorphous and crystalline components of the SA in
the surface layer, which indicates the poor solubility of the SA
immobilized on the silica surface in clustered water. This is also
confirmed by the liquid NMR data, according to which there is
no signal from the methylene groups of SA in the spectra.

All composites, regardless of the content of SA, treatment
with water, and the ratio of the hydrophobic and hydrophilic
components, retain a high adsorption capacity with respect to
nitrogen. The BET-specific surface of the composites remains
at the level of 150 - 200 m?/g.

Hydrated forms of hydrophobic silica AM-1 retain the
ability to interact with non-polar substances. Using chloroform
as an example, it was shown that even at h = 1 g/g, chloroform
displaces part of the water from the interparticle space, which
manifests itself in a decrease in the interfacial energy of water
due to the formation of surface water clusters with a large
radius.

The hydrophobic silica surface stabilizes the weakly
associated form of water, the amount of which can reach 20
mg/g. Despite the relatively low content of WAW, it can have
a very significant effect on interfacial transport, because it is
focused at the interface between the aqueous and solid mineral
phases.
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