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Phase state features of adsorbed substance vs. temperature are often unknown or poorly defined due to strong
effects of confined space in pores onto bound compounds. The adsorption theory considers that on a surface or in pores
of adsorbents, adsorbate fluid forms structures with the density intermediate between ones of a gas and a liquid. The
aim of the work was to study possibility for adsorbed substances to transform into solid state at temperature higher than
freezing point. Solvent (acetone and ethanol) adsorption onto hydro-compacted nanosilica A-300 and its blend with
hydrophobic AM1 (dimethyldichlorosilane hydrophobized A-300), methane adsorption onto hydrated (h =0.1g/g)
silicas, and water behavior vs. temperature were analyzed using ‘H NMR spectroscopy, cryoporometry, and quantum
chemistry. A fraction of organics bound to silicas is immobile at temperatures higher than its freezing point since it does
not contribute to *H NMR spectra of static samples. Methane signal increases with temperature because of enhanced
molecular mobility and structure changes in mobile water clusters bound in voids between silica nanoparticles in their
aggregates. Stronger compaction of A-300 than that of stirred A-300/AM1 (due to a negative effect of AM1
nanoparticles preventing formation of tight contacts between A-300 nanoparticles) leads to a decrease in adsorption of
methane onto dense A-300 alone. Stronger stirring of the A-300/AM1 blend (at h=0.1g/g) leads to enhanced
adsorption of methane. This effect is due to enhanced mobility of the methane molecules with T, because at low
temperatures these molecules are practically immobile in voids between nanoparticles and frozen or poorly mobile
water clusters, which partially fill narrow pores (voids) in NPNP aggregates and agglomerates.

Keywords: fumed silica, hydrophobized nanosilica, bound water organization, methane adsorption, organic
solvent adsorption, low-temperature *H NMR spectroscopy

INTRODUCTION monolayer is formed, and polymolecular layer
formation leads to micropore (pore radius
R<1nm, i.e. nanopores) and mesopore
(I nm<R<25nm) volume filling and partial
filling of macropores (R>25nm) [1,2].
However, for some substances (such as water),
the adsorption to a hydrophilic surface leads to
the cluster formation even at coverages greater
than monolayer [14-18]. This is due to, at least,
two reasons. First, each water molecule in any
cluster tends to form several (2-4) hydrogen
bonds with neighboring molecules that is easier
than the formation of such bonds with surface
sites only [15,19]. Second, the energy of
molecular interactions in a surface cluster and of
the cluster with the surface could be greater (due
to the first reason) than that for water bound to
the surface with keeping continuous adsorption
monolayer [15, 19, 20].

The adsorption leading to reduction of the
Gibbs free energy causes freezing/melting point

Adsorption features of gases, vapors or
liquids are defined by a ratio of changes in the
Gibbs free energies (AG) of an adsorbate at a
surface and far from it (i.e. in bulk liquid or
vapor/gas phase) [1-5]. A more negative value
of AG for an adsorbate in the adsorption layer
corresponds to stronger adsorption; i.e.,
interaction energy between adsorbed molecules
and surface sites is greater than that between
neighboring molecules of the adsorbate.
However, phase state features of adsorbed
substance vs. temperature are often unknown or
poorly defined due to strong effects of confined
space in pores onto bound compounds [6-15].
The adsorption theory [1-5] considers that on a
surface or in pores of adsorbents, adsorbate fluid
forms structures with the density intermediate
between ones of a gas and a liquid. For nonpolar
or weakly polar adsorbates, the adsorption starts
on most active sites, then an adsorbate
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depression [15, 20-23]. The narrower the pore,
the lower the freezing temperature of adsorbate
in this pore that is described by the Gibbs-
Thomson relation [15, 21-23]. Despite lowering
freezing point of adsorbates located in pores,
their molecular mobility decreases due to
confined space effects. This is well seen in
broadening of 'H NMR spectra of bound
adsorbates [15]. Additionally, location of
adsorbates in pores leads to their low mobility
despite temperature higher than the melting point
of the bulk liquid. Time of transverse relaxation
(T,) registered in the NMR spectra decreases
(NMR signal width grows) if substance freezes.
Therefore, if a bandwidth of a NMR
spectrometer is narrower than a signal width of
immobile compounds, this signal is not observed
in the '"H NMR spectra of static samples. This
allows one to study the temperature and
interfacial behaviors of adsorbates (e.g. having
the hydrogen atoms) at a surface of solids having
the surface hydroxyls because the surface
hydroxyls are characterized by the values of T,
smaller by 3-5 orders of magnitude than that of
mobile small molecules in the adsorption phase

[15-18, 20].
The interfacial and temperature behaviors of
adsorbates  depend on  many  factors

[1-15, 24-38]. First, structure, molecular weight
and size, polarity, a freezing/melting point and a
character of interactions with neighboring
molecules and a solid surface play an important
role. Second, the textural characteristics and
structure of an adsorbent surface affect the
behavior of adsorbates vs. temperature. There is
an important  factor related to the
hydrophilic/hydrophobic properties of
adsorbents and adsorbates, especially in the case
of nano-structured particles and/or mosaic
surfaces. Fumed oxides (such as nanosilica
unmodified or modified, e.g. hydrophobized) are
the most known nano-structured adsorbents
[15, 39-45]. Fumed silica is composed of
nonporous nanoparticles (NPNP), which form
aggregates (<1 pum) and agglomerates of
aggregates (> 1 um) characterized by the textural
porosity with the parameters, especially the pore
volume, dependent on any external action
[15-17, 24, 39, 42]. Hydrophobization of
nanosilica can be carried out by replacing
surface hydroxyls by, e.g., trimethylsilyl groups
(with  no lateral cross-linking of the
functionalities), dimethylsilyl groups (with
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lateral cross-linking of the functionalities), or
other hydrophobic functionalities. Typically, the
greater the amount of surface functionalities and
the larger their length, the stronger the
diminution of the textural characteristics of
modified materials [15, 25]. Despite numerous
publications on fumed oxides, interfacial
phenomena at a surface of blends with
unmodified and hydrophobized nanosilicas were
poorly studied; however, similar systems can be
of interest from practical point of view.
Therefore, the aim of this work was to study the
interfacial phenomena and mentioned above
effects with polar (water, ethanol, and acetone)
and nonpolar (methane) adsorbates at a surface
of a blend with hydrophilic (A-300) and
hydrophobic (AM1) nanosilicas in comparison
with that for A-300 alone. In this study,
compacted nanosilicas were used to enhance
their adsorption capability with no loss of the
specific surface area. Adsorbates with very low
freezing temperature, T; (e.g., methane, ethanol,
and acetone), as well as water characterizing by
unique properties, could be selected to analyze
features of the adsorption phase vs. temperature
at T > T of methane, ethanol, and acetone, but at
T < T¢ of water under confined space effects. To
analyze the effects of the surface nature of silicas
on the adsorption phase vs. temperature,
hydrophilic and hydrophobic adsorbents were
used in this study.

MATERIALS
Hydrophilic nanosilica A-300
(Sger =290 m?/g,  initial  bulk  density

o~ 0.05 g/lem®) was used as the initial material.
It was wetted (by water at content h=0.5 and
3.0 g/g) and dried (at 433 K for 8 h); therefore,
the bulk density increased to 0.1 and 0.25 g/cm®,
respectively. Hydrophobic AM1 (Pilot plant of
Chuiko Institute of Surface Chemistry, Kalush,
Ukraine) was prepared using A-300. A-300 was
modified by dimethyldichlorosilane (DMS)
cross-linkable due to formation of two OH
groups per hydrolyzed DMS molecule. A
mixture with treated A-300 (water-wetted-dried,
=~ 0.25 glem®, labeled here as dense A-300)
and AM1 (hexane-wetted-dried) (1:5) with
added (to A-300) water (at h =0.1 g per gram of
both dry silicas) was weakly (with no strong
mechanical loading) or strongly stirred. Note that
water was added to dense A-300 (h=0.6g/g),
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which was then mixed with AM1 (1:5) that gave
h=0.1g/g. These samples were used to study
the adsorption of methane. Upon the methane
adsorption, 5 mm NMR ampoule with a sample
(100-200 mg) was connected to a rubber vessel
with methane (freezing point T¢=90.7 K) at
1.1 atm. The value of h =0.1 g/g corresponding
to maximal adsorption of methane onto
nanosilica [15, 46] was selected for this study.
Additionally, stirred dried samples were wetted
by acetone (T¢=1785K) or ethanol
(T¢=159.0 K) using 1 g of a liquid per gram of
dry silica, and then the system was carefully
mixed, but with no strong mechanical loading.

Scanning electron microscopy, SEM (Nova
NanoSEM 450, FEI) was used to analyze the
morphology of water-wetted-dried nanosilica
A-300 studied under low vacuum condition and
using a carbon plate to deposit the powdered
sample.

'H NMR SPECTROSCOPY

'H NMR spectra of static samples (placed
into 4 and 5mm NMR ampoules) weakly
hydrated at h = 0.1 g H,O per gram of dry silica
with subsequent adsorption of methane, or
wetted by acetone or ethanol (1g/g) were
recorded using a Varian 400 Mercury
spectrometer (magnetic field 9.4 T, bandwidth
20 kHz) utilizing eight 60° pulses of 1 pus
duration. Relative mean errors were less than
+10% for 'H NMR signal intensity for
overlapped signals, and =5 % for single signals.
Temperature control was accurate and precise to
within £1 K. The accuracy of integral intensities
was improved by compensating for phase
distortion and zero-line nonlinearity with the
same intensity scale at different temperatures. To
prevent supercooling of water in samples, the
beginning of spectra recording was started at
196-210 K.  Samples precooled to this
temperature for 10 min were then heated to
282-285 K at a rate of 5K/min with steps
AT =10 K or 5 K at a heating rate of 5 K/min for
2min. They were maintained at a fixed
temperature for 5 min for data acquisition at each
temperature for 1 min [15].

Upon methane adsorption, 5mm NMR
ampoule with a sample (100-200 mg) containing
a certain amount of water (h=0.1g/g) was
connected to a rubber vessel with methane at
pressure of 1.1atm. Then this ampoule was
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placed into a NMR detecting device that allows
the adsorption-desorption of methane with
temperature changes [15]. Thus, the NMR
measurements were carried out under isobaric
conditions.

The applications of the low-temperature *H
NMR spectroscopy and NMR cryoporometry,
based on the freezing point depression of liquids
located in pores dependent on the pore size, to
numerous objects were described in detail
elsewhere [15, 20-23]. Note that high-molecular
weight compounds and solids do not contribute
to the '"H NMR spectra recorded here due to a
large difference in the transverse relaxation times
of liquid or fluid (mobile) small compounds
(such as water, methane, acetone, ethanol, etc.)
and immobile components (such as solids,
macromolecules, or immobile small molecules)
and due to a narrow bandwidth (20 kHz) of the
spectrometer used [15, 47].

INFRARED SPECTRA

The IR spectra of powdered samples of
initial A-300 and AM1 over the 4000-300 cm™*
range (at 4 cm™ resolution) were recorded in
transmission mode using a Specord M80 (Carl
Zeiss, Jena) spectrometer using sample powders
pressed at 99 MPa to form thin tablets (~ 20 mg).

QUANTUM CHEMICAL CALCULATIONS

Quantum chemical calculations were carried
out using a density functional theory (DFT)
method with a hybrid functional ®B97X-D
[48, 49] (labelled as wB97XD in Gaussian 09)
with the cc-pVDZ or aug-cc-pVTZ basis sets
using the Gaussian 09 program suit [48]. The
solvation effects were analyzed using the
solvation method SMD [50] implemented in
Gaussian 09. The gauge-independent atomic
orbital (GIAO) method [48] was used to
calculate the NMR spectra of certain clusters of
studied compounds (up to 330 atoms). Larger
structures (up to 15000 atoms) were calculated
using semiempirical PM7 method (MOPAC
2016) [51, 52].

RESULTS AND DISCUSSION

SEM images of dense A-300 (Fig. 1) and weakly
compacted A-300 suggest that the morphology of
the treated silicas is practically similar to that
characteristic for initial fumed silicas [15] despite
certain compaction of secondary particles. This
compaction of the A-300 powder (p, increases
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from 0.05 to 0.25g/cm®, Fig.1) during wetting-
drying occurs due to changes in the organization of
the secondary particles (i.e. aggregates of NPNP
and agglomerates of aggregates). However, the
morphology of NPNP per se (size, shape and

C

surface structure) does not practically change
because wetting-drying and hand stirring of
samples in a porcelain mortar provides relatively
low mechanical loading (smaller than 100 kg/cm?).

Fig. 1. SEM images of dense A-300 (py= 0.25 g/cm?) (scale bar (a) 5 um, (b) 500 nm, and (c) 100 nm)

Note that treatment of nanosilicas at high
pressure (up to 1050 atm) does not practically
change the specific surface area, but the pore
volume changes due to the compaction of the
secondary particles [53, 54]. Stirring of a blend
with dense A-300 and AM1 (1:5) leads to the
powders with the wvalue of p, smaller
(~0.13 g/cm®) than that of dense A-300 because
surface hydrophobic functionalities of NPNP of
AML1 prevent the formation of tight contacts
between neighboring particles. Hexane-wetting-
drying of AM1 provides p,~0.1g/cm’.
Therefore, the average value of p, for the dense
A-300/AML1 (1:5) mixture is about 0.13 g/cm?®.

The pore size distributions (PSD) of
nanosilicas  (determined  from  nitrogen
adsorption-desorption isotherms using a model
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of voids between NPNP in the secondary
particles [15, 55]) (Fig.2) demonstrate a larger
contribution of broad pores in the range of
R =10-100 nm than that of narrow pores at
R <10 nm. This is due to the nature of fumed
oxides composed of NPNP forming very loose
powders. The empty volume, which is large as
Vem = 1/py — 1/pp = 10-25 cm®/g (where
v = 0.04-0.13 g/cm? for various nanosilicas, and
po=2.2glcm® is the true density of NPNP of
nanosilica), can be about 95 % for the initial
nanooxide powders. For example, p, = 0.045, 0.1
and 0.25g/cm® for initial and compacted
nanosilicas A-300 that correspond to Ve, = 21.8,
9.5, and 3.5 cm3/g. However, the V, values (from
nitrogen adsorption at relative pressure
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plpo~ 0.99) are much lower (0.524 cm®/g at
pp = 0.045 g/cm? and 1.4 cm®/g at
pp = 0.25 g/cm®) [15, 56]. The V, value is much
lower for the initial A-300 than that for dense
one because nitrogen cannot effectively fill
broad macropores and this filling increases due
to the compaction of the powder [1,2].
Therefore, water amounts adsorbed onto initial
A-300 from air is low (1-4 wt. %) [15]. This was
a reason why dense A-300 (possessing greater
adsorption capability) was used in the study.
Hydrophobic AM1 is characterized by lower
PSD intensity than hydrophilic A-300 because

Fig. 2.

grafting of functionalities and their lateral cross-
linking lead to a decrease in the pore volume and
specific surface area (since size of modified
NPNP increases).

Despite strong hydrophobization of a NPNP
surface by DMS in AM1, residual free silanols
are observed in the infrared (IR) spectra (Fig. 3)
because not all the OH groups of hydrolyzed
DMS can participate in the lateral cross-linking
reaction due to structural factors [16-18, 24].
However, the amounts of free silanols and water
adsorbed from air are much smaller for AM1
than that for unmodified A-300 (Fig. 3).

Incremental pore size distributions of A-300 initial and differently treated (mechanochemical activation

(MCA) for 2 h in a ball-mill, and wetted and dried) and chemically modified by dimethyldichlorosilane
(AM1) calculated using DFT method with a model of pores as voids between nonporous spherical

nanoparticles)

Fig. 3.

The textural characteristics of the powders,
the surface structure of unmodified and
hydrophobized A-300, and the organization of
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IR spectra of initial nanosilica A-300 and hydrophobic AM1

NPNP in the secondary structures can strongly
affect the temperature and interfacial behaviors
of polar (water, ethanol, and acetone) and
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nonpolar (methane) adsorbates [15]. These
effects were studied using low-temperature 'H
NMR spectroscopy (with a narrow bandwidth of
20 kHz) applied to static samples (to separate
mobile and immobile phases of adsorbates in the
samples).

In the '"H NMR spectra of the systems
containing acetone (Fig. 4 a), a broad signal is
observed at the chemical shift of proton
resonance oJy = 2.5 ppm corresponding to the
methyl groups of acetone. This signal is broad
due to low mobility of molecules located in
voids between NPNP in the secondary particles.
For adsorbed ethanol (Fig. 4 b), there are three
broad signals attributed to methyl, methylene,
and hydroxyl groups at oy =2, 4, and 5.5 ppm,
respectively. The signal corresponding to the
hydroxyl groups of ethanol is also contributed by

water, which is present in the alcohol as an
admixture (ethanol with concentration of
96 wt. % +4wt. % of water was used). As
appears from Fig. 4, with increasing temperature,
signal of the methyl and methylene groups of
ethanol increases more than twice at T from
196-210 K to 285 K. Thus, despite T>T; of
organic solvents, a fraction of them is not
observed in 'H NMR spectra (20 kHz
bandwidth) due to strong immobilization of
molecules bound to a surface of compacted silica
in narrow voids between NPNP in their
aggregates and agglomerates of aggregates.
Relative intensity of signals of hydroxyls at low
temperatures becomes greater because a fraction
of bound water can be unfrozen in the
temperature range used.

Fig. 4. 'H NMR spectra recorded at different temperatures of acetone (a) and ethanol (b) interacting with dense
A-300 (a, solid lines, and b) and a blend of dense A-300 with AM1 (1:5 w/w) (a, dashed lines)

Practically total amount of liquids is mobile
at T=282K (Fig.5). To check this, a sample
with adsorbed acetone heated to 282 K was
additionally heated to 320 K, and then cooled to
282 K (spectrum 282(h) K (Fig.4a) and the
corresponding point shown in Fig.5). The
difference in signal intensity for samples heated
at 282 K and 282->320->282 K is about 5 %.
Thus, according to Fig. 5, a significant fraction
of liquids located in voids between NPNP in the
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secondary structures is practically immobile at
T > T:. The volume of this fraction at 200 K is
smaller than the total pore volume
(Vo =1.42 cm’/g) or the mesopore volume
(Vmeso = 0.59 cm®/g)  of treated A-300 at
=~ 0.25 glem®. These results can be explained
by a large difference in the interaction energy in
complexes of the molecules with silanols and
complexes of molecules per se calculated taking
into account the solvation effects (Fig. 6).
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Fig. 5. The temperature dependences of concentration of mobile acetone or ethanol (1 g/g) interacting with dense A-300
or A-300/AML1 (1:5 wiw) calculated using signal intensity of methyl groups (errors are smaller than +5 %)

AG =-11.7 kJ/mol
a

AG =-47.9 ki/mol
c

AG =-35.4 kJ/mol
b

AG =-57.1 kJ/mol
d

Fig. 6. Molecular structures of dimers of (a) acetone and (b) ethanol and adsorption complexes of (c) acetone and (d)
ethanol at a surface of silica cluster composed with 22 SiO,, units (SMD/©wB97X-D/cc—pVDZ method). The
values of the Gibbs free energy of complex formation taking into account the solvation effects (AG) are shown

For bound acetone, the energy is greater (by
modulus) by four times than that for the
molecular complex with two molecules (—47.9
and —11.7 kJ/mol, respectively). For ethanol, this
difference is smaller (-57.1 and —35.4 kJ/mol)
because the ethanol molecules can form strong
hydrogen bonds with both silanols and other
alcohol molecules. Note that the corresponding
values for propanol (-57.0 and —39.9 kJ/mol) are
close to that for ethanol. Thus, the hydrogen
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bonds play the main role in the difference
between adsorbed acetone and alcohols. Stronger
bonding of ethanol to A-300 leads to an
enhanced fraction of immobile molecules in
comparison with acetone (Fig. 5). The behavior
of acetone bound to A-300 is similar to that for
A-300/AM1 (1:5) because acetone (due to polar
C=0 and nonpolar CH3 groups) can well wet a
surface of both hydrophilic and hydrophobic
silicas.
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Besides liquid organic solvents, adsorption
of methane (at pressure 1.1 bar) onto nanosilicas
was studied but with pre-adsorbed water
(h=0.19/g) (Fig.7). An adsorbent blend of
hydrophilic (dense A-300) and hydrophobic
(AM1) (at 1:5w/w) was used as initial one
(mixed without strong mechanical loading for
5min) and strongly stirred (after addition of

water to A-300) to form uniform blend to
compare with dense A-300 alone (Fig. 7). Since
the amount of water in samples is precisely
known, the ratio of integral intensity of ‘H NMR
signals of water and methane at each temperature
allows us to estimate their quantity being in a
mobile state registered in the *H NMR spectra of
high resolution.

Fig. 7. 'H NMR spectra recorded at different temperatures of water (h = 0.1 g/g) and methane adsorbed onto (a)
initial blend of treated A-300 and AMZ1; (b) this blend after strong stirring of the mixture (mechanical

loading > 100 kg/cm?); and (c) dense A-300

Water is observed in the spectra (Fig. 7) as‘H
NMR signals at dy~45-55 and 1ppm
corresponding to strongly (SAW) and weakly
(WAW) associated waters, respectively [15].
Signal intensity of SAW strongly decreases with
decreasing temperature due to partial freezing of
bound water at T <T; of water. Highly mobile
methane molecules are characterized by a
relatively narrow signal at &y~ 0ppm. Signal
intensity of methane weakly changes with
decreasing temperature because T>>T; of
methane. Spectral contribution of methane being in
the gas phase is relatively low (this is also clear
from comparison of the amounts of adsorbed
methane for different samples, vide infra).
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Minimal adsorption of methane (2.5 mg/g) is
observed for hydrophilic dense A-300 at
h=0.1g/g (Table 1, Fig. 8 a). It increases up to
10 mg/g for the composite weakly treated and
becomes maximum (25 mg/g) for the strongly
stirred composite. These differences can be
explained by several factors. First, silicas are
characterized by different PSD (Fig. 2). Second,
pre-adsorbed water fills narrow voids, and if the
volume of these voids decreases (e.g. in dense
A-300) that secondary porosity caused by bound
water clusters (Figs.8c,d) can be less
appropriate for the adsorption of methane. Upon
strongly stirring of A-300/AML1, dense structures
of A-300 can be partially destroyed. A major
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fraction of water is remained in state bound to
A-300 since AM1 can adsorb small amounts of
water (Fig. 3). Therefore, conditions for the

Fig. 8.

adsorption of methane become more appropriate
than that for dense A-300 alone that leads to
maximal adsorption of methane.

(a) Temperature dependences of concentration of mobile phases of water and methane (errors are smaller

than +5 %), (b) relationship between changes in the Gibbs free energy; and (c, d) unfrozen water cluster size
distributions (UWCSD) differential (c) and incremental (d) for initial and stirred blends of dense
A-300/AM1 (1:5) and dense A-300 calculated using NMR cryoporometry

In the case of the weakly treated blend with
A-300/AM1, the adsorption conditions for
methane are worse than that for the strongly
treated blend because of the difference in the
particle organization. Since water was added to
A-300, which was then mixed with AM1 (1:5)
and then weakly treated, a fraction of hydrated
A-300 can form certain shells around secondary
particles with hydrophobic NPNP of AM1.
However, the amount of water is relatively low
(0.6 g per gram of A-300 or 0.1 g per gram of
both silicas), as well as A-300 in the A-300/AM1
blend, to form core-shell secondary structures at
a microscale level upon strong decomposition of
large secondary particles of AM1. Therefore, the
adsorption of methane onto the weakly treated
blend is higher than that for the dense A-300
alone at the same h=0.1g/g. Upon strongly
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stirring, the core (AM1) — shell (A-300 + water)
structures were destroyed that resulted in the
increase in the adsorption of methane. A certain
increase in signal intensity of methane (Figs. 7
and 8 a) with increasing temperature can be due
to increased mobility of bound molecules, which
were practically immobile at low temperatures.
This is similar to the effects for ethanol and
acetone (Figs. 4 and 5). Thus, the adsorption of
methane depends on the presence of hydrophobic
AM1 and treatment type of the A-300/AML1 blend.

According to theoretical calculations of the
'H NMR spectra of the systems containing
acetone, ethanol, water, methane, hydrophilic
and hydrophobic silica models (Figs. 9-14),
adsorbed methane can affect the behavior of
bound water, as well as water affects the
adsorption of methane, or organic solvents affect
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the water state. The lines of water (dissolved in
ethanol) in the spectra are well masked by the
lines of the ethanol hydroxyls (Fig.10) in
contrast to water dissolved in acetone (Fig. 9).
As a whole, the theoretical spectra (both
DFT/GIAO and PM7/correlation functions for
water, acetone, ethanol, and methane) are in
agreement with the experimental data. An ice-
(Ih)-shaped cluster of water demonstrates larger
values of &y (Fig. 11, curve 3) than the clusters
of amorphous water (curves 5 and 6). Solvation
of the ice-shaped cluster in water (GIAO/SMD
calculation for the geometry calculated with
SMD taking into account the solvation effects)
gives the spectrum (Fig. 11, curve 4) close to
that of amorphous water. Note that the methods
of the geometry optimization (ab initio, DFT,
SMD/DFT), as well as the used basis sets, can
affect the shape of the theoretical 'H NMR

Fig. 9. Experimental 'H NMR spectrum of acetone
bound to dense A-300 (at 282 K) (curve 1) and
theoretical spectra of an acetone cluster with four

molecules

(GIAO/SMD/wB97X-D/cc—pVDZ//SMD/wB97
X-D/cc—pVDZ) (curve 2), and an acetone cluster
with 216 molecules and 16H,0 inside the cluster

(PMT) (curve 3)

The spectrum of a water cluster in
hydrophobic surroundings differs from that for
the same cluster but in hydrophilic (water) one
(Fig. 11, curves 1 and 2). Similar changes in the
spectra are observed for methane molecules
located in nanopores formed by a water cluster
(Figs. 13 and 15) or upon water and methane co-
adsorption onto silica nanoparticles partially
hydrophobized (Figs. 12 and 15). For latter, the
chemical shifts of methane molecules are slightly
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spectra (Fig. 12). It is better to use the same
method (DFT or SMD/DFT) to optimize the
geometry and to calculate the ‘H NMR spectra of
the optimized system (using the GIAO method).
For example, enlarging basis set (to
aug-cc-pVTZ from cc-pvVDZ) wupon the
calculation of the *H NMR spectrum of 44H,0
cluster (with the SMD/wB97X-D/cc-pVDZ
geometry) using GIAO/SMD/wB97X-D method
leads to a certain downfield shift of the spectrum
(Fig. 12, curves 2 and 3) due to non-zero
derivatives of the energy by atomic coordinates
calculated with the basis set different from that
used upon the geometry optimization. Therefore,
in all other cases, the 'H NMR spectra were
calculated using the same method (DFT or
SMD/DFT), which was used to geometry
optimization with the same basis set.

Fig. 10. Experimental 'H NMR spectrum of ethanol
bound to dense A-300 (at 282 K) (curve 1)
and theoretical spectra of an ethanol cluster
with four molecules
(GIAO/SMD/®wB97X-D/cc—pVDZ//SMD/
®B97X-D/cc—pVDZ) (curve 2), and an
ethanol cluster with 140 molecules and
16H,0 inside the cluster (PM7) (curve 3)

greater than that for methane molecules
interacting only with the water cluster (Fig. 15,
curves 2 and 3). Thus, the effects observed in the
NMR experiments with co-adsorption of water
and methane, there is reciprocal action of both
co-adsorbates; i.e., not only pre-adsorbed water
affects the behavior of adsorbed methane, but
also adsorbed methane can affect the behavior of
bound water.
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Fig. 11.

Theoretical '"H NMR spectra of water clusters
(with 16H,0 taking account solvation in water
(curve 1) or hexane (2), 44H,0 in vacuum (3) or
water (4), 100H,0 in water (5), and 5000H,0 in
vacuum 6)) calculated using the
GIAO/SMD/wB97X-Dlcc—pVDZ/ISMD/oB97X
—Dlcc—pVDZ (curves 1, 2, 4, and 5) or
GIAO/®B97X-D/cc—pVDZ/[wB97X-D/cc—p
VDZ methods (3) and PM7 (6) (area under all
curves was normalized to 1 and the second
basis set (/) was used for the geometry

optimization)

Adsorbed water can be differentiated
according to the temperature ranges of its freezing
[15, 20]. If it is frozen at 265 K< T <273 K that it
can be attributed to weakly bound water (WBW).
If it is frozen at lower temperatures at T < 265 K
that it is strongly bound water (SBW) [15]. The
value of AG; (Tablel) defines the maximum
decrease in the Gibbs free energy in the surface
monolayer of bound water [15]. The maximum
quantity of SBW (Table 1, C,,) is observed for
hydrophilic dense A-300. A little smaller value of
Cuw’ is for the mechanoactivated blend of
A-300/AML. It is minimal for the weakly treated
blend (without strong mechanical loading). The
value of vys, which defines the modulus of the total
decrease in the Gibbs free energy of bound water,
and the average melting temperature < T, > change
(Table 1) according to the values of AG;and C,,’.
This is due to much stronger effects for water
located close to a surface of silica NPNP in voids
than that for water located far from the surface and
out of the voids.

118

Fig. 12. Theoretical ‘H NMR spectra of a water cluster with
44H,0 in vacuum (curve 1) calculated using the
GIAO method with the
®B97X-Dlcc—-pVDZ/IwB97X-Dlcc—pVDZ basis
set, and taking into account solvation in water with
the SMD/oB97X-D method using
cc—pVDZ//SMD/owBI7X-Dlcc—pVDZ  (curve 2)
and aug-cc—pVTZ/ISMD/wB97X-Dicc—+pVDZ
(curve 3) basis sets

Unfrozen water cluster size distributions
(UWCSD  calculated using the NMR
cryoporometry) (Fig.8c, d) show the effects of
mechanical treatment of the composite, as well as
the presence of hydrophobic AM1, which binds a
small amount of water according to the IR spectra
(Fig. 3). The IUWCSD curves (note that the
amounts of water at h=0.1g/g is much smaller
than the pore volume of nanosilicas studied) are
located in the range of mesopores (1nm <R<
25nm, Fig.8c,d, and Table 1, Vieso and Speso)
with a certain trend to fill nanopores at R <1 nm
(Fig. 8 ¢, and Table 1, Vo and Spano). The latter
can be caused by the influence of adsorbed water
on the structure of secondary particles formed by
NPNP. In other words, water molecules can
penetrate between adjacent NPNP in aggregates
that results in an increase in contribution of narrow
voids at R<1lnm in comparison to the dry
powders. Water at h =0.1 g/g does not locate in
macropores (Table 1), since Vmao=0 and
Smacro = 0 for all samples.
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Fig. 13. 'H NMR spectra of water and methane in
mixed clusters, in which water molecules
form ‘nanopores’ for methane molecules: (1)
GIAO/wB97X-Dicc—pVDZ, (2) PM7, and
(3) 100H,0 (GIAO/wB97X-D/cc—pVDZ)

Fig. 15.

Fig. 14. Theoretical "H NMR spectra of water bound to two

silica NPNP (curve 1), porous silica particle (2),
water in a cluster with methane (3), water and TMS
groups at a surface of two silica NPNP without
methane (4) and with methane (5) (PM7 (1, 2, 4, 5)
and GIAO/wB97X-D/cc—pVDZ (3))

Theoretical *H NMR spectra of (1) 100H,0/6CH, (GIAO/SMG/®wB97X-D/cc-pVDZ), (2) 321H,0/18CH,

(PM7), and (3) water and TMS groups at a surface of two silica NPNP with adsorbed methane (PM7)
(curves 2 and 3 show only methane contributions into the "H NMR spectra); all the spectra are normalized

CONCLUSION

Organic liquids (acetone and ethanol) with
low freezing points can form clusters located in
voids between nanoparticles of hydrophilic
A-300 and hydrophobic AM1 and characterized
by low mobility due to confined space effects. A
fraction of immobile molecules does not
contribute the *H NMR spectra of static samples
due to their broadened spectral lines and a
narrow bandwidth of the NMR spectrometer
(20 kHz). The volume of the immobile fractions
is larger than the volume of pores of A-300 in

ISSN 2079-1704. X®TI12018. T. 9. Ne 2
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the A-300/AM1 (1:5) blend. This suggests that
organic molecules can be strongly bound in
voids of both AM1 and A-300. Then the volume
of immobile liquids corresponds to volume of
nano and mesopores of both silicas in the blend.
Methane adsorbed to dense A-300 or
differently treated A-300/AM1, which (A-300)
are weakly pre-hydrated at h = 0.6 g/g for A-300
or 0.1g/g re-calculated for both silicas, is
characterized by increased 'H NMR signal
intensity with increasing temperature. This effect
is due to enhanced mobility of the methane
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molecules with T, because at low temperatures (bulk density p,=0.25g/cm®) and weakly
these molecules are practically immobile in treated dense A-300/AM1 at the same h value
voids between nanoparticles and frozen or poorly (0.19/g): 2.5 and 10 mg/g, respectively. Thus,
mobile water clusters, which partially fill narrow appropriate treatment of the blends with
pores (voids) in NPNP aggregates and hydrophilic and hydrophobic nanosilicas with a
agglomerates. Maximal sorption of methane small amount of pre-adsorbed water (to control
(25 mg/g) is observed for mechanoactivated the confined space effects) can lead to a strong
A-300/AM1 (1:5) blend at h=0.1g/g. The increase in the adsorption of methane.

adsorption of methane is lower onto dense A-300

Mixda3Ha nmoBeiHKa MeTaHY i OPraHiYHUX PO3YHHHHUKIB 3 HU3bKOK TOYKOI0 3aMepP3aHHS
npH B3aemofii 3 rizpodinbHum Ta rinpogodHUM KpeMHe3eMoM

B.M. I'yubko, B.B. Typos, T.B. Kpyncbka

Inemumym ximii nogepxui im. 0.0. Yyiixa Hayionanvnoi akademii nayx Yepainu
eyn. I'enepana Haymosa, 17, Kuis, 03164, Vkpaina, vlad_gunko@ukr.net

Xapaxmepucmuxu §azoeo2o cmany adcopboeanoi pevosuny npu 3mini memnepamypu 4acmo Hegioomi uepes
8N1UG e(heKmie 0OMeNceH020 NPOCMOpy 8 NOpax adcopbeHmis Ha 36'a3aHi 3 nogepxuero cnoayku. Teopis adocopoyii
egadicae, Wo Ha nogepxui abo & nopax aocopbenmis adcopbam Gopmye Garoio, eycmuHa AKO20 MAE NPOMIdXCHE
SHAYEHHs. MidC 2YCMUHO 2a3y i piounu. Memoiwo pobomu 6Oy10 GUEYEHHS MONCIUBOCHI Nepexody a0copOO8AHUX
peuosun y meepouti Cman npu memnepamypi euuge mouxu samep3anis. Aocopbyis posuunnuxie (ayemon, emanorn)
Ha 2iopo-ywinenenomy kpemnesemi A-300 ma tioeo cymiwi 3 2iopogobnum AML (4-300, moougpikosanuii
OUMEMUROUXIOpCULanom), aocopoyis memany na ciopamosani (h=0.12/2) kpemnesemu ma nosedinka 60oou 6
3anedcHocmi 6i0 memnepamypu Oyau npoaHanizoeani 3 euxopucmanusim AMP H CNeKmpOoCKonii, Kpionopomempii i
K6aHmoegoi ximii. Yacmuna opeaniynux cnoayk, aocopboeanux Ha KpemHesemi, € HepyXoMol npu memnepamypax
sulye 3a iXHI0 MOYKY 3amMep3anHs, | 60HU He 0alomb eHecKy 6 chekmpu AMP cmamuunux spasxie. Cuznan memany
3pocmae 3 memMnepamypoio 6HACIIOOK NIOBUWEHHS MONEKYIAPHOL PYXAUGOCMI | CIMPYKMYPHUX 3MIH Y Klacmepax
DPYXAueoi 600u, AKi € 36’A3GHUMU Y NOPOICHUHAX NPOMINC HAHOUACMUHKAMU KPEMHE3eMy, Wo YMEOpIombs
azpezamu. Binwwe ywinonenns A-300, wuine A-300/AM1 (suacnioox egpexmy wnamowacmunox AML,  saxi
NepewKo0NCcaroms HOpMy6anHio MiyHux Kowmaxkmie misxc 2iopoginerumu nanouacmunkamu A-300), eede 0o
smenwenns adcopoyii memany. Cunvniwma mexaniuna obpoorxa A-300/AM1 (h =0.12/2) nocumoe aocopbyio
memany. Lleii epexm nog’sazanuti 3 niouwgeHHAM pyxaugocmi monexyn memarny 3 T, OCKitbKU Npu HULKUX
memMnepamypax yi MoneKyau NpakmuyHo HepyXomi 8 NyCmomax Midxc HAHOYACMUHKAMU 1 3aMOPOdCeHUMU abo
CNAbKO PYXIUSUMU KIACMEPAMU 600U, SKI YACMKOB0 3AN0GHIONMb 8Yy3bKi nopu (NOPOJICHHUHU) @ azpeamax i
aznomepamax NPNP.

Knrouosi cnosa: nipocennuii kpemuesem, 2i0po@obizo8anuti KpemHesem, Opeanizayis 36’ 13aHoi 600u, aocopoyisi
. . . 1 .
Memauy, adcopoyis OpeaHiuHUX Po3uUHHUKIE, Husbkomemnepamypua AMP “H cnexmpockonis
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IloBenenue MeTaHa M OPraHUYECKHX PACTBOPUTEJIeH ¢ HU3KOM TOYKOM 3aMep3aHus HA
rpaHUIaxX pa3/iesa NpH B3aUMOAeHCTBHHU ¢ THAPOPUIBHBIM M THAPOGOOHBIM KpeMHe3eMOM

B.M. I'ynsko, B.B. Typos, T.B. Kpynckas

Hnemumym xumuu nosepxnocmu um. A.A. Yyiuxo Hayuonanwnou axademuu nayx Yepauol
ya. Tenepana Haymosa, 17, Kues, 03164, Vkpauna, vlad_gunko@ukr.net

Xapaxmepucmuxu ¢azo6020 cocmoanus adcopoupo8anHo2o eewecmea npu U3MeHeHUy meMnepamypel 4acmo
Heu3eecmubl U3-3a 6IUAHUA IPHEKMmos 0paHutueHHo20 NPOCMPAHCEd 6 NOpax aocopOeHmos Ha CEA3AHHbIE C
nogepxnocmoio coedunenus. Teopus aocopbyuu cuumaem, 4mMo HA NOBEPXHOCMU UNU 6 NOPAX AOcOpOeHmos
aocopdoam ¢hopmupyem @uioud, nIOMHOCHMb KOMOPO20 UMeenm APOMENCYMOUHOe 3HAYeHUe MelcOy NIOMHOCINbIO
eaza u ocuokocmu. Llenvro pabomei OblIO uU3yYeHUe BO3MONCHOCMU Nepexo0d adCOpPOUPOBAHHBIX Geujecms 6
meepooe cocmosiHile npu memnepamype Goiie Mmouku 3amepsanus. Adcopoyus pacmeopumeneti (ayemon, smanorn)
Ha euopo-yniomuennom kpemnezeme A-300 u eco cmecu ¢ eudpogpobneiv AML (4-300, modupuyuposannuiii
OUMEMUNIOUXTOPCULAHOM), adcopbyus memana Ha euopamuposannsix (N = 0.1 2/2) kpemnesemax u nosedenue 600vt
6 3asucuMOCTU OM MmeMnepamypvl OblIu NPOAHATUIUPOSanbl ¢ ucnoavzosanuem AMP 'H  cnexmpockonuu,
Kpuonopomempuu u Keaumoeou xumuu. Yacmov opeanuueckux coeouteHuu, aocopoupo8annvix HA KpemHeseme,
AGNACMCA HENOOBUNCHOU NPU MEeMNEPAmypax eblule MOuKY UX 3aMep3anusl, u OHU He 0aiom ék1ao 6 cnekmpul AMP
cmamuueckux o6pasyos. Cuenan memauma pacmem ¢ MeMHepAmMypoll 6ciedcmeue NoSbIUEeHUs MONEKYIAPHOU
NOOBUICHOCTNU U CPYKIMYPHBIX USMEHEHUT 8 KIIACMEPax nOOBUNCHOU 800bl, KOMOPbIE CEAZAHbL 8 NYCHOMAX MEXHCOY
HaHouacmuyamu Kpemuesema, komopwvle obpazyiom azpecamvl. bomvuee yniomnenue A-300, uem A-300/AM1
(scredcmeue sppexma nanouacmuy AML, komopoie npensimemeyiom GopmMuposaHiio NPOUHbIX KOHMAKIMOE MeNCOY
auopogpunvnvimu  nanouacmuyamu A-300), npueodum Kk ymenvutenuio aocopoyuu memana. Bonee cunvbnas
mexanuueckas oopabomka A-300/AM1 (h =0.12/2) ycunusaem aocopbyuro memana. Smom sphghexm ceéazan ¢
nogvluleHueM ROOBUNHCHOCU MONeKyl Memana ¢ T, NOCKOIbKY Npu HUSKUX MEMNepamypax Smu MOAEKYlbl
NPAKMUYECKU HeNnOoOBUMNCHLL 8 NYCMOMAX MeHcOy HAHOYACTNUYAMU U 3AMOPONCEHHBIMU UTU CAAO0 NOOBUINCHBIMU
KIIAcmepamu 600bl, KOMopble YACMUYHO 3anoaHsiom y3kue nopul (nycmomet) 6 acpecamax u aziomepamax NPNP.

Knrwouegvie cnosa: nupozennviii kpemnesem, 2uopopoou306antvlil KpemMHesem, Opeanu3ayusi C8A3aHHOU 800bl,
N 1
aodcopbyus memana, adcopoyus opeaHuyeckux pacmeopumeneil, Huskomemnepamypuas AMP “H cnexmpockonus
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