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The aim of this study was to elucidate the effects of polymethylsiloxane (PMS) and pretreatment conditions on
the behavior of bound water, as well the properties of the PMS/nanosilica blends. Amorphous nanosilica A-300 with
addition of PMS hydrogel (PMS/A-300 weight ratio of 1:9 for dry matters) was studied in various dispersion media
(air, chloroform alone and with addition of trifluoroacetic acid, TFAA) in comparison to PMS and A-300 alone and
PMS/A-300 (1:1) using low-temperature 'H NMR spectroscopy and cryoporometry. Dried nanosilica and PMS alone
and in the blends were characterized using microscopy, nitrogen adsorption, infrared spectroscopy,
thermogravimetry, and quantum chemistry. It was shown that the properties of the blends depend not only on the
components content but also on mechanical treatment causing stronger compaction of the secondary structures of
nanoparticles (aggregates of nanoparticles and agglomerates of aggregates) with increasing mechanical loading.
Note that a similar behavior of various blends with hydrophobic and hydrophilic nanostructured materials was
observed after hydro-compaction under different mechanical loadings. Theoretical modelling shows that the
structure of bound water located at a surface of hydrophilic and hydrophobic nanoparticles changes with
compaction of aggregates because of changes in the confined space effects and polarity of bound water molecules.
These results reflect a general regularity appearing at appropriate amount of added water and certain mechanical
loading onto the blends of hydrophilic and hydrophobic nanostructured materials, which become hydrophilic but
renew the hydrophobic properties after subsequent drying.

Keywords: nanosilica, polymethylsiloxane hydrogel, polymethylsiloxane/nanosilica blend, textural and
morphological characteristics, mechanical loading effect, interfacial water behavior

INTRODUCTION in real systems. The characteristics of the
nanosilica/polymer blends depend on preparation
conditions (dispersion media, temperature,
concentration, mechanical loading, pretreatment
time, etc.). These conditions can strongly affect
the characteristics of the blends depending on a
combination of various conditions, e.g. certain
mechanical loading at certain content of water
(or water and polymer). Note that the amounts of

Unmodified and modified amorphous
nanosilicas (fumed silicas) are used in various
applications in  industry, medicine and
agriculture [1-5]. Various surface modifications
of nanosilica allow one to strongly widen
application fields of the materials [3—13]. One of
the silica modification ways is the surface

hydrophobization by such functionalities as linear polymers corresponding to a monolayer
-Si(R")3.mRm (R =(CH,),CH3), R”=Cl or OR coverage of nanoparticles of fumed silica A-300

(with a major fraction of nanoparticles
corresponding to 9—10 nm in diameter) are in the
range of 8—15 wt. % [19-21].
Poly(di)methylsiloxane (P(D)MS) materials
are of importance from a practical point of view
[14-19, 25-27]. These materials are used in
various applications as components of
nanocomposites or  co-polymers, surface
modifiers, materials for chromatography,
components of medicinal preparations, efc. For
example, PMS hydrogel (Cpms = 7-10 wt. %) is
used as a medicinal oral sorbent Enterosgel

(R” is a short organic group) [5-7, 10]. Another
way deals with adsorption or chemical
modifications (e.g. hydrophobization) of fumed
silica by polymers or polymer fragments
[14-24]. The properties of formed polymer
shells (i.e., the properties of the final materials)
depend not only on chemical structure of
polymers but also on their topology (1D, 2D,
3D), cross-linking degree, character of bonding
(physical or chemical) to silica surface,
intermolecular and intramolecular interactions,
as well interactions with water which always is
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(Kreoma-Pharm, Ukraine) [26, 27]. Note that 3D
cross-linked PMS (as a “soft solid”’), which has
only one CHj group attached to each Si atom and
a certain amount of residual silanols, strongly
differs (in many aspects) from linear PDMS
having two CHj3 groups attached to each Si atom
[26-32]. The properties of PMS depend strongly
on the degree of crosslinking (occurring by
condensation of residual silanols from
neighboring functional groups) that allows one to
prepare hydrophilic PMS as a hydrogel
(Enterosgel) or a hydrophobic powder after PMS
drying. Clearly, the crosslinking degree increases
with increasing temperature and time of drying.
Various PMS are of interest from a practical
point of view due to their chemical nature,
softness, and strong changes in the properties
upon drying-wetting-drying [22, 26, 27, 33-42].

A blend of PMS with A-300 was studied at
their dry weight ratio ¢ = 1:1 g/g prepared using
dried powders stirred with water at 2 =1 g/g (as
described in detail elsewhere [22]). It is of
interest to analyze the behavior of a blend at the
amount of PMS close to a monolayer coverage
of nanosilica A-300 by linear polymers using the
PMS hydrogel (however, PMS is cross-linked
one and, therefore, is not linear). Therefore, the
aim of this work was to study a blend of
A-300/PMS (9p=9:1¢g/g and h=1 g/g), i.e., at
Cpms = 10 wt. % close to the monolayer coverage
of A-300 by linear polymers [19-21] in
comparison to initial = hydrogel = PMS
(h=13.3 g/g), A-300 alone, and the PMS/A-300
(1:1) blend (h=1 g/g). To reduce the effect of
PMS crosslinking upon drying (due to
condensation of residual hydroxyls that
transforms PMS into hydrophobic 3D state), the
PMS hydrogel (Cpms= 7 wt. %, Cyater = 93 Wt. %,
PMS is in a hydrophilic state with a minimal
degree of cross-linking) was stirred with
nanosilica A-300 at their dry weight ratio
@=1:9 g/g and the degree of hydrationath~1 g
of water per gram of dry A-300/PMS.

MATERIALS AND METHODS

Initial fumed amorphous nanosilica A-300
(Pilot plant of Chuiko Institute of Surface
Chemistry, Kalush, Ukraine) was hydro-
compacted (cA-300) using 3 g of water per 1 g
of dry A-300, stirred and then dried at room
temperature for several days. The bulk density of
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cA-300 is p, ~ 0.25 g/cm’ instead of 0.05 g/cm’
for the initial nanosilica.

Commercial  polymethylsiloxane  (PMS)
hydrogel, synthesized using methyltrichlorosilane
as a precursor, at ~ 7 wt. % of PMS and 93 wt. %
of water (Enterosgel, Kreoma-Pharm, Ukraine)
was used as the initial material. In the hydrogel,
PMS is hydrophilic because of a relatively small
degree of crosslinking caused by condensation of
residual silanols. After drying of PMS at room
temperature for a week, the amount of water bound
in PMS was small (0.7wt. %) and it became
hydrophobic (see [22]). After stirring of dried PMS
with water (1:1 g/g) it becomes hydrophilic again
and can form uniform suspension [22].

Initial PMS hydrogel and dried hydro-
compacted nanosilica A-300 were mixed in a
porcelain mortar. The content of PMS in the
blend was Cpys = 10 wt. % with respect to dry
solids. The hydration degree (%) of this blend
was 1 g water per gram of dry solids (4 = 1 g/g).
If the blend was stirred without any strong
mechanical loading (simple mixing) that bulk
density p, ~0.66 g/lem’ (labelled as PMS/A-300,o
at the weight ratio ¢ = 1:9 g/g for dry matters). If
the blend was stirred under strong mechanical
loading (careful grinding in a porcelain mortar
with strong hand-loading giving ~ 20 atm,
estimated from the geometry of the mortar and a
pestle used and a loading weight, for 15 min)
that p, ~ 0.80 g/cm’. This is a hydro-compacted
blend labeled as cPMS/A-300yy (@=1:9 g/g).
The blends PMS/A-300,9 and cPMS/A-300
were compared to initial hydrogel PMS
(7wt. %), as well the PMS/A-300,; and
cPMS/A-300,; blends (¢=1:1g/g) (prepared
using dried components stirred with water at
h=1g/g) located in different dispersion media
(air, CDCl;, and CDCl; with addition of
deuterated trifluoroacetic acid CF;COOD,
TFAA). Hydro-compaction of a set of
nanomaterials based on unmodified and
modified (hydrophobized) nanooxides was
described in detail elsewhere [22, 43—46].

A TEM study was performed using a
TECNAI G2 F30 microscope (FEI-Philips,
Holland) at the operating voltage of 300 kV. The
powder samples were added to acetone
(chromatographic grade) and sonicated. A drop
of the suspension was then deposited on a copper
grid with a thin carbon film. After acetone
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evaporation, sample particles remained on the
film were studied with TEM.

A SEM study of dried powder samples was
performed using a FE-SEM (Hitachi S—4700,
Japan) at the operating voltage of 15 kV at the
magnification range of 5000—100000.

To analyze the textural characteristics of dried
PMS, PMS/A-300,,, and A-300 degassed at 453 K
for 12h, low-temperature (77.4K) nitrogen
adsorption—desorption isotherms were recorded
using a Micromeritics ASAP 2010 adsorption
analyzer. The specific surface area (Table 1, Sggr)
was calculated according to the standard BET
method [47]. The total pore volume (Table 1, V},)
was evaluated from the nitrogen adsorption at
P/po=~0.98-0.99, where p and p, denote the
equilibrium and saturation pressure of nitrogen at
774K, respectively [48]. The differential
(fv(R) = dVIdR) pore size distributions (PSD) were
calculated using a nonlocal density functional
theory (NLDFT, Quantachrome software) method
with a model of cylindrical pores in silica [49].
Incremental PSD (IPSD, ®y(R) = (f(Riw) +
SR))(Ri+1 — Ri)/2 at 2Dy(R;) = V,,) were calculated
using a complex model of pores (such as slit-
shaped and cylindrical pores and voids between
nanoparticles of silica or polymer, a SCV model)
with a self-consistent regularization (SCR)
procedure [50].

Low-temperature 'H nuclear magnetic
resonance (NMR) spectra of static samples
(placed into 4 mm and 5 mm NMR ampoules) of
initial PMS hydrogel (2 = 13.3 g/g), dry powders
hydrated at # = 1.0 g water per gram of dry PMS,
A-300, or PMS/A-300 (¢=1:9 and 1:1 g/g)
(preheated at 433 K) were recorded using a
Varian 400 Mercury spectrometer (magnetic
field 9.4 T, bandwidth 20 kHz) utilizing eight
90° probe pulses of 3 ps duration. Relative mean
errors were less than £10 % for '"H NMR signal
intensity for overlapped signals, and +5 % for
single signals; therefore, the average errors in
estimations of the amounts of unfrozen water vs.
temperature are about 15 %. 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 the samples, the
beginning of spectra recording was at 200 K.
The samples precooled to this temperature for
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10 min were then heated to 280 K at the rate of
5 K/min with steps AT=10K or 5K at the
heating rate of 5 K/min for 2 min. They were
maintained at a fixed temperature for 5 min, and
for data acquisition at each temperature, for
1 min. The applications of the low-temperature
'H NMR spectroscopy and NMR cryoporometry,
based on the freezing point depression of liquids
located in pores depending on the pore sizes, to
numerous objects were described in detail
elsewhere [19, 51-53]. Note that solids (PMS,
silica, ice) do not contribute the "H NMR spectra
recorded here due to a large difference in the
transverse relaxation times of liquid water and
immobile solid components and due to a narrow
bandwidth (20 kHz) of the spectrometer used
[19].

The infrared (IR) spectra of PMS and
PMS/A-300,; were recorded for air-dry samples
in the ranges of 4000-1200 cm™ (pellets of
20mg pressed at 2000 atm) using a
Specord M80 (Carl Zeiss). To record the IR
spectra, samples with PMS were dried at room
temperature for 48 h. The transmittance spectra
were recorded with 4 cm™' steps and integration
time of 3 s.

The oy values for water clusters (up to
100H,0) were calculated as the difference in the
isotropic values of the magnetic shielding tensors
of H atoms (ojs) of tetramethylsilane, TMS
(Surms = 0 ppm) as a reference compound (e.g.
Ohiso =31.76  and 31.40ppm for tetra-
methylsilane (TMS) by GIAO/B3LYP/6-
31G(d,p) and GIAO/0wB97X-D/cc—pVDZ [54],
respectively) and a given compound using
equation [54]

1

oy :ETFO- D

1

H,TMS _ETrGH ’
where Tr is the trace of matrix, since o is the
tensor with nine elements. The distribution
functions of the oy values were calculated using
a simple equation

f(6)=(2n0’ )”'SZeXp[—(é} =8 /20°], ()

where j is a number of H atom, o is the
distribution dispersion, and & is the calculated
value of the j-th H atom. Large structures
(Fig. 9) were calculated using the PM7 method
(MOPAC 2016 package with GPU/CUDA)
[55, 56]. To calculate the f{dy) functions using
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the PM7 results, a calibration function was used
to describe the dependence between atomic
charges ¢y (PM7) and the ¢y values
(GIAO/0B97X-D/cc—pVDZ) for water clusters
(o =-27.38435372 + 83.67491184xqy).  This
function was used to calculate the 'HNMR
spectra of water clusters bound to PMS.
Visualization of the calculated structures was
carried out using ChemCraft [57] or Avogadro 2
(v. 1.91) [58] program suits.

RESULTS AND DISCUSSION

Mechanical loading affects the distribution
of PMS and A-300 nanoparticles in their wetted-
dried blends (Figs.1 and 2), as well the
organization of secondary particles and the
textural characteristics of the wetted-dried blends
or A-300 and PMS alone (Table 1).

Note that PMS nanoparticles (2—4 nm in
radius) are smaller than A-300 ones (4—6 nm in
radius) [22]. Therefore, the specific surface area
of the latter is lower (Tablel, Sggr).
Additionally, secondary particles of PMS and
A-300 are differently organized (Fig. 1 a, b) due
to the formation of chemical bonds between
nanoparticles of PMS (upon sol-gel synthesis at
room temperature [17,26,27]) and mainly
physical bonding of silica nanoparticles (flame

synthesis at 7> 1200 K [3-5]). cPMS/A-300,,
stired under high mechanical loading
demonstrates more compacted secondary
structures (Fig. 1 d) than that of the blend
prepared without strong mechanical loading
PMS/A-300,, (Fig.1c¢). The changes in the
organization of secondary particles can strongly
influence the confined space effects important
for such adsorbates as water, which can be
unfrozen in pores at 7< 273 K [19]. The samples
stirred with added water and dried (and degassed
before the nitrogen adsorption measurements)
demonstrate mainly a mesoporous character
(Table 1, Vinesos calculated at
I nm <R <25nm in pore radius) with a small
contribution of nanopores (Vpano, Snano at
0.35nm <R <1 nm).

The infrared (IR) spectra (Fig. 3) as well the
thermogravimetry data [22] confirm that the
amounts of water in air-dried PMS (located in
air) are small because it is hydrophobic. Note
that water is removed from the initial hydrogel
upon heating (TG measurements) up to 200 °C at
a maximal evaporation rate at 107 °C [22]. This
suggests that a major fraction of water in the
hydrogel is bound but with main contribution of
weakly bound water (WBW) (vide infira).

Smeso

Fig. 1.
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TEM images of (@) PMS, (b) A-300, (¢) PMS/A-300;;, and (d) cPMS/A-300,; (scale bar 50 nm)
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Table 1. Textural characteristics of dried-degassed PMS alone and PMS/A-300,,

N S Shano Smeso Smacro. V Vaano Vineso Vnaero <Ry>, <Rg>,

Sample nsz/Tg nll)zF/; mYg | m¥g | mYg cmg}g em’/g em’/g em’lg nr\;l msn
PMS 507 471 2 504 1 1.320 0.002 1.304 0.014 6.08 5.28
Stirred PMS 572 581 1 558 13 2.604 0.001 2.248 0.355 16.86 9.42
PMS/A-300 354 322 35 306 13 1.265 0.019 1.084 0.163 1525 7.64
cPMS/A-300 407 357 8 399 1 1.021 0.006 1.005 0.011 6.56 5.17
A-300 294 289 44 229 16 0.850 0.023 0.567 0.259 2041 6.14

Note. The values of Vo and Spuno, Vineso aNd Sieso, @Nd Vipacro and Spacro Were calculated by integration of the f/(R)
and fg(R) functions at 0.35 nm <R < 1 nm, 1 nm <R <25 nm, and 25 nm < R < 100 nm, respectively. The values of
<Ry> and <Rs> as the average pore radii were calculated as a ratio of the first moment of f,(R) or f5(R) to the zero
moment (integration over the 0.35-100 nm range) <R> = [f{R)RAR/|(R)dR

15.0kV 12.4mm x50.0k SE(M)

Fig. 2. SEM images of degassed (a) Enterosgel, (b) PMS dried at room temperature, (¢) PMS/A-300;,, and (d)

cPMS/A-300,; (scale bar 1 pm)
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Fig. 3. Infrared spectra of air-dried cPMS/A-300,,

PMS, and PDMS alone in the range of
4000-1300 cm™'
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Low-temperature (200 K < T<273 K)
'HNMR spectroscopy of static samples gives
additional information on the temperature and
interfacial behaviors of water bound in the PMS
hydrogel, dried-wetted PMS, initial and
compacted A-300, and pretreated PMS/A-300
blends depending on a pretreatment type and
dispersion media (Figs. 46, Tables2 and 3).
Note that the 'H NMR signal shapes demonstrate
certain distortion and asymmetry, especially at
low temperatures, due to the presence of various
bound water structures (clusters and domains
located in voids (pores) of various shapes and
sizes), as well nonuniform signal broadening due
to nonuniform filling of NMR ampoules by a
sample [19, 59].
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The 'H NMR spectra of the PMS hydrogel in
the chloroform dispersion medium strongly differ
from those for the air/water dispersion media
(Fig. 4 a) since the signals become narrow and
intensity  faster decreases with decreasing
temperature. This suggests that chloroform can
displace water from voids in PMS aggregates to
form larger domains, which can be frozen at higher
temperatures. In other words, contributions of
WBW and unbound water (UBW) become larger
in the chloroform dispersion medium. This is well
visible in the changes in the dependence of the
amount of unfrozen water (C,,) Vs temperature
(Fig. 5 a). Note that changes in pretreatment of
PMS (drying, wetting, stirring) and dispersion
media composition affect the 'H NMR spectra [22]
and changes in contents of WBW (frozen at
260 K <T<273K) and strongly bound water,
SBW (frozen at T <260 K), as well strongly (SAW
at oy=4-6ppm) and weakly (WAW at oy=1-

280 K
270.8
267

261.5
257.6

3 (ppm)

2 ppm) associated waters [19]. Note that only
SAW is observed for the PMS hydrogel and
hydrated PMS/A-300,4 (Fig. 4).

The interfacial and temperature behaviors of
water bound in PMS/A-300, (Fig.4 b—d) or
PMS/A-300,; [22] at h=1g/g become more
complex in comparison to those for PMS alone
(Fig. 5 a).

This is caused by the difference in the
interactions of water with PMS and nanosilica (due
to the difference in their surface structure), as well
by the organization of water clusters and domains
in various voids between different nanoparticles
(Fig. 7). For example, in the chloroform medium,
besides main signal at & =4.5-5.5ppm
(Fig. 8 a, sl), there is an additional signal at 7.3-7.7
ppm appearing at low temperature (Fig. 8 a, s2).
The latter corresponds to SBW/SAW.

280 K
269.2
268
261,5
258
254
244
230
213
209

Fig. 4. 'H NMR spectra recorded at different temperatures for () initial PMS hydrogel in air (1, solid lines) and
CDCl; (2, dotted-dashed lines); (b, d) PMS/A-300 at 2 =1 g/g in air (1, solid lines) and CDCl; (2, dotted-
dashed lines) (d) shows the spectra at low temperatures; (¢) cPMS/A-3009 at 2 =1 g/g in air (1, solid lines),
CDCl; (2, dotted-dashed lines), and CDCI3/TFAA (7:1) (3, solid lines)
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Fig. 5. The amounts of unfrozen water (C,,) vs temperature for (a) initial PMS hydrogel in air and CDCl;; (b) cPMS/A-
300,9 and PMS/A-300,9 at z =1 g/g in air, CDCl;, and CDCI;/TFAA (7:1)

(a) 0.0

B
=
©
=

AG (kJ/imol)
>

—s— Air
—e— CDCI3
=il .5 4
-20 T T T T
0 5000 10000 15000
Cuw (mg/g)

Fig. 6.

(b) o0.0- v a —
051 Y
4 SBW
1.0
5
£ CPMS/A-300 in
5_1 : —a— Air
0} —e— CDCl,
<
2.0 —a— CDCI+TFAA
PMS/A-300 in
25 —o— Air
—:— CDCl,
_3'0-‘ T T T T T
0 200 400 600 800 1000
Cuw (Mg/g)

Relationships between the amounts of unfrozen water (C,,,) and changes in the Gibbs free energy (AG) of this

water depending on temperature for (@) initial PMS hydrogel being in air or chloroform medium, and (b) PMS/A-
300 (1:9) blend hydrated at # = 1 g/g with high mechanical loading (cPMS/A-300,9 at bulk density p,= 0.8
g/cm’) and low mechanical loading (PMS/A-300, at p, = 0.66 g/cm’) being in air, chloroform or CDCL+TFAA (7:1)

dispersion media

Addition of TFAA affects the 6y values and
freezing temperature due to the colligative
properties [60] of the acid solution (Fig. 2 c,
lines 3). However, the oy values are smaller than
that observed for pure TFAA solution at
ou = 11 ppm characteristic for strong acids [59].
This effect could be explained by reduced activity
of bound water as a solvent [19]. In other words,
bound water can poorly dissolve even TFAA.

The amount of SBW in the initial PMS
(7 wt. %) hydrogel is C,,’=0.7 g per gram of
dry PMS (Table 2). In the chloroform medium,
the C,, value strongly decreases because
chloroform can displace water from voids
between PMS nanoparticles to reduce the contact
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area between immiscible liquids [19]. In the
hydrogel, the total content of water 7~ 13.3 g/g
is greater than the amounts of SBW+WBW
(Table 1, Cu,*+Cyy") both for chloroform or air
dispersion media because a fraction of water is
unbound water (UBW), which is frozen at
T~ 273 K. Addition of chloroform affecting the
bound water organization leads to a decrease in
the values of % (as a modulus of total changes in
the Gibbs free energy of bound water), amounts
of SBW (C,") and WBW(C,"), specific surface
area in contact with bound unfrozen water in
mesopores (Smesouw), average radius of unfrozen
water clusters located in mesopores <Rpesouw™»
and to an increase in the average melting



V.V. Turov, V.M. Gun’ko, T.V. Krupska et al.

temperature of ice (Tables2 and 3, <T7,>).
Similar effects in the re-organization of bound
unfrozen water in the chloroform dispersion
medium are observed for PMS/A-300 (Tables 2
and 3). However, a much lower value of
h=1g/g (instead of 13.3g/g) results in
disappearing of UBW. Therefore, addition of
chloroform reduces the C,,’ value and enhances
contribution of WBW (Tables 2 and 3, C").

However, these changes depend on the
pretreatment type of the blends.
For  strongly treated cPMS/A-3004

(h =1 g/g) located in air, the C,,’ value is greater
than that for PMS/A-300,9 (Table?2) that
corresponds to greater values of %, Shanouw
Smesonw and lower values of <T,>, <Ruunouw™,
<Ruesonw™> despite the Viesouw Value is smaller.
However, in the chloroform medium, the values
of C,,’ and p decrease stronger for cPMS/A-
300;9, but a diminution of the Viyeouw value is
smaller than that for PMS/A-300,9. The character
of these changes is well observed in changes in
the PSD (Fig.7¢) and IPSD (Fig.74d)
corresponding to the size distribution of unfrozen
water located in various pores (voids between

(a) PMS gel in
841 air
,]2——coci,
61 1
S 5.
£
L 4
a
2 3
2_
2
14 N\,\N\_—‘
0 T

10
Radius (nm)

100

0.15, PMS/A-300, h=1 g/g
high loading, in
1—air
2—— CDCl,

~010 3—— CDCI,+TFAA
g low loading, in
_E' 4——air
e
@
o 0.054
0.00

Radius (nm)

Fig. 7.

(d)

IPSD (arb.un.)

IPSD (arb.un.)

nanoparticles). In contrast to the PMS hydrogel
(Fig. 7 a, b), changes in the PSD and IPSD are
more complex for composite systems. The re-
organization of nanoparticles in secondary
structures during strong mechanical loading
(Figs.1 and 2) affects the interfacial and
temperature behaviors of bound water due to
changes in the size distributions of voids; i.e., the
confined space effects change.

Changes in the <7,,> and ys values (Tables 2
and 3, Fig. 9) give clear pictures on the strength
of interactions of unfrozen water with
surroundings depending on several factors such

as adsorbent composition, water content,
pretreatment type, and dispersion medium.
However, there is no linear or monotonic

correlations between the <7,> and j values
because the former is determined from the
Cuw(T) function, but the latter is determined from
the AG(T) function, and the relationship between
the C,w(T) and AG(T) functions is not linear
(Figs.5 and 6). The maximum % value is
observed for the initial PMS hydrogel.

PMS gel in
1—o—air
1 2——CDCl,

(&)}

Radius (nm)

PMS/A-300, h=1 g/g
high loading, in
1—e—air

2—=— CDCl,
3—— CDCI+TFAA
low loading, in
4——air

5—— CDCl,

0.10+

0.05

0.00-

Radius (nm)

(a, ¢) Differential and (b, d) incremental size distributions of pores (voids between nanoparticles) filled by

unfrozen water for (g, b) initial PMS hydrogel in air and CDCls; (¢, d) ¢cPMS/A-300;9 and PMS/A-300;9 at

h=1 g/gin air, CDCl;, and CDCL;/TFAA (7:1)
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Table 2. The characteristics of bound water unfrozen at 7< 273 K for PMS and blends with PMS/A-300, treated at low and high mechanical loading

Sample Medium Cuvvs, C uw”y —AGs, Ys, <T, m>, Snano,uw, Smeso,uw, Smacro,uw, Vnano,uw, Vmeso,uw, Vmacro,uw, <Rnano,uw>, <Rmeso,uw>, <Rmacro,uw>,
mg/g  mg/g  kJ/mol Jig K m?/g m?/g m*/g cm’/g cm’/g cm’/g nm nm nm
PMS gel Air/water 700 5767 2.04 113.1 265.35 0 576 0 0 6.467 0 22.46
CDCl3 100 4230 0.58 30.2 268.91 0 248 52 0 2.122 2.098 17.08 80.59
PMS/A- Air 125 875 2.82 13.6 263.20 23 61 0 0.010 0.600 0.91 19.78
30019
Low CDCl; 65 935 3.17 9.0 262.62 18 34 0 0.008 0.307 0.89 17.88
loading
cPMS/A- Air 200 800 2.93 17.5 256.35 29 64 0 0.013 0.467 0.90 14.47
30019
High CDCI3 60 940 2.86 7.9 262.42 9 33 0.004 0.283 0.90 16.96
loading CDCls+ 300 700 2.55 26.2 256.68 32 93 0.015 0.732 0.93 15.69
TFAA

Note. Cy,* and C," are the amounts of weakly and strongly bound waters; AG; is the changes in the Gibbs free energy of water layer closely located to a surface; ys is
the modulus of the total changes in the Gibbs free energy of bound water unfrozen at 7< 273.15 K; <T},> is the average melting temperature; Snano.uw a0d Vnano,uws Smeso,uw
and Viesouw are the specific surface area and pore volume of nanopores at 0.2 nm <R< 1 nm and mesopores at 1 nm <R< 25 nm, respectively, in contact with unfrozen

water

Table 3. Characteristics of water (& = 1.0 g/g) bound to non-compacted and compacted PMS alone and with A-300 (¢ = 1:1) in air, chloroform medium alone or with
addition of TFAA, and hydro-compacted nanosilica cA-300

Sample Medium Cuws, Cuww, —AGs, 7S, <Tm>, Snano,uw, Smeso,uw, Vnano,uw, Vmeso,uw,
mg/g mg/g kJ/mol Jig K m?%/g m?%/g cm’/g cm’/g
PMS Air 280 720 2.48 25.13 258.63 138 98 0.056 0.758
PMS CDCls 10 990 244 0.69 262.36 3 1 0.001 0.007
PMS CDCI3/TFAA 475 525 245 27.73 257.39 15 226 0.006 0.796
cA-300%* Air 40 1085 2.41 7.22 268.1 4 48 0.002 0.710
cA-300%* CDCIs 30 1095 2.53 6.10 268.4 10 44 0.005 0.626
PMS/A-300 Air 115 885 2.85 12.06 257.04 64 86 0.026 0.297
PMS/A-300 CDCls 95 25 3.04 2.88 251.26 20 14 0.008 0.041
(SAW)
PMS/A-300 CDCls 795 95 2.77 9.91 257.88 52 54 0.021 0.202
(WAW)
cPMS/A-300 Air 225 775 2.68 17.45 261.78 110 70 0.044 0.675
cPMS/A-300 CDCls3 30 970 2.90 5.01 263.69 31 20 0.012 0.207

Note. Cuw* and Cuw" are the amounts of weakly and strongly bound waters; AGs is the changes in the Gibbs free energy of water layer closely located to a surface; vs is the modulus of the
total changes in the Gibbs energy of bound water unfrozen at 7< 273.15 K; <Tw> is the average melting temperature; Shano.uw and Vnano,uw, Smeso,uw and Vmesouw are the specific surface area

and pore volume of nanopores at R< 1 nm and mesopores at 1 nm <R< 25 nm, respectively, in contact with unfrozen water. *h = 1.125 g/g
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Fig. 8. Chemical shifts oy of unfrozen water in the 'H NMR spectra of (a) PMS hydrogel and PMS/A-300y9 in air
and CDCls; (b) cPMS/A-300,9 at £=1 g/g in air, CDCl3;, and CDCI3/TFAA (7:1) vs. T, and (¢, d)
corresponding entropy functions s(7) = —-T(0(Ind(7))/0T)pvs T

Any treatment or addition of chloroform, a
decrease in water content or addition of
nanosilica results in a decrease in the y value;
i.e., the integral interactions of water with
surrounding decrease. One of the main factors of
this general effect is a decrease in the surface
area of contacts between water and polar
functionalities of solids (e.g., Smesouw (Table 2) is
maximal for the initial PMS hydrogel). Note that
PMS is hydrophilic in the initial hydrogel (due to
residual silanols) in contrast to dried PMS, in
which a number of residual silanols decreases
due to condensation that results in the
hydrophobic properties of the dried powder [22].
The second important factor is that the specific
surface area of hydrated, dried, stirred-dried
PMS is much greater than that of initial or
hydro-compacted A-300 (Table 1). Therefore,
the same amounts of A-300 nanoparticles can
interact with a smaller amount of water than that
for the PMS nanoparticles.

212

Note that dried PMS is mainly mesoporous
with a very small contribution of nanopores
(Table 1). Therefore, at A =1 g/g, chloroform
can strongly displace water from PMS that
results in a minimal value of js (Fig. 9, Tables 2
and 3). However, wetting of air-dried PMS
results in appearance of nanopores (Table 3,
Shano,uw). Chloroform can displace this water from
nanopores; therefore, the Snanouw Value strongly
reduces. In the case of hydro-compacted cA-300
alone, the effects of chloroform is lower, and the
Snanoww Value even increases from 4 to 10 m%/g,
and Smesouw decreases only slightly (from 48 to
44 m%*/g). For PMS/A-300;; (Table3) and
PMS/A-30019 (Table2) at h=1g/g, the
chloroform effects on bound water are greater
than that for A-300 alone (Tables2 and 3,
Figs. 4-6, 9).

For the values of Ou, there is a general
tendency in an increase in Om with decreasing
temperature (Fig. 8 a, b). This is due to several
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Structural and adsorption features of amorphous nanosilica modified by various addition of polymethylsiloxane

reasons such as decreasing mobility of the

molecules tending to  spatial  positions
corresponding to them in ice (for ice Ih
ou~ 7 ppm but for bulk water

ou = 4.5-5.5 ppm), ordering water structure with
decreasing contribution of interstitial water; and
decreasing vibrational and rotational mobility of
the bonds and functional groups. However, there
are such additional factors affecting the oy (7)
course as changes in surroundings with
appearing nonpolar  co-adsorbate/dispersion
medium, changes in the pore (void) topology
depending on adsorbent composition, formation
of ice crystallites in pores that affects the pore
shape. These effects lead to nonlinear dy
dependence on temperature because the
mentioned above factors depend differently on
temperature. Note that for PMS/A-30059 and
cPMS/A-300,9, WAW  (u=1-2ppm) is
practically absent (Figs. 4 and 8) in contrast to
the PMS/A-300;, blends [22]. This effect can be
explained by a smaller content of the
hydrophobic functionalities with decreasing
content of PMS in the blends because water at a
mosaic hydrophobic/hydrophilic surfaces can be
present the WAW form [19, 61, 62].

Melting of ice crystallites (with an
endothermic effect) leads to increased entropy of
the system. Changes in the entropy of bound
water/ice  (s(7)) demonstrate several peaks
(Figs. 8 ¢, d) due to the presence of several types of
ice/bound water structures. The position of these
peaks depends on several factors (water content,
confined space effects — PSD, organization of PMS

and A-300 nanoparticles in aggregates and
agglomerates of aggregates, dispersion media type,
presence of TFAA). Smaller /4 and pore sizes or
addition of TFAA result in the s(7) peak shift
toward lower temperatures, but the chloroform
appearance gives the opposite effect. As a whole,
these changes are in agreement with changes in the
% values.

Theoretical calculations (Fig. 10) show that
interactions of water clusters with hydrophobic
PMS  functionalities  (corresponding  to
hydrophobic hydration [63—65]) are weaker than
those with silanols or other water molecules.
This result corresponds to a tendency of the
formation of larger water structures (clusters,
domains) upon interaction with hydrophobic
surroundings. However, for the water shell
around a non-dehydrated PMS particle
(119 structural units with 60 OH groups), the
"H NMR spectrum is similar to that for the shell
around the dehydrated PMS particle (with
residual 9 OH groups). This effect is due to the
clusterization of the water shells for both
particles that can result in the appearance both of
SAW and WAW structures in the adsorption
layer. Interaction energy (AE) in the system with
dehydrated PMS particle (119 structural units
with residual 9 OH groups) surrounded by a
water shell clustered is AE: = —19.1 kJ/mol per a
water molecule. The interaction between the
water shell and PMS particle (per a water
molecule) gives AE; = —7.1 kJ/mol, but in the
water shell per se, it is  stronger
AE:=-12.0 kJ/mol.

h=1.125 glg

Air
100
80+
> 604
3
=2 204
20

initial PMS | dried PMS |
h=13.3 g/g

Fig. 9.
type, and dispersion medium
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1 PMS/air(280 K)
Theory: wetted PMS particle
2- - - dehydrated

3— non-dehydrated

5., (PPM)

Fig. 10.

-y
h%]
o -

Experimental '"H NMR spectrum of water bound to PMS (4 = 1 g/g) in air (curve 1) and theoretical spectra

calculated (using the PM7 method and the calibration function) for wetted dehydrated (2, with residual
9 OH groups) and non-dehydrated (3, with residual 60 OH groups) PMS particles (~2.7 nm in diameter)

with 119 tetrahedra with a clustered hydration shell

CONCLUSION

Drying of initial PMS hydrogel results in the
formation of a hydrophobic powder. However,
the powders of dried hydrophobic PMS alone or
in a blend with hydrophilic nanosilica can be
easily rehydrated upon stirring with water at
h =1 g/g. The properties of the blends depend on
the components content and mechanical
treatment due to stronger compaction of the
PMS/A-300 secondary structures with increasing
mechanical loading. Note that a similar behavior
of the blends with hydrophobic and hydrophilic
nanostructured materials was observed for
several compositions [22, 32, 43—46] as well the
effects during hydro-compaction [56] that reflect
in a general regularity appearing at appropriate
amounts of added water and certain mechanical
loading onto the blends of hydrophilic and
hydrophobic nanomaterials. This pretreatment
results in the reorganization of the secondary
structures and removal of micro-scaled air
bubbles bound to hydrophobic components in an
initial mixture wetted. Note that after drying of
wetted-stirred  blends, the powders can
demonstrate the hydrophobic properties, which
however disappear after subsequent wetting-
stirring.

214

A fraction of water bound to initial PMS
(h=13.3 g/g) or dried-wetted PMS (h =1 g/g) or
dried-wetted PMS/A-300 (2 = 1 g/g) located in
air corresponds to strongly bound water frozen at
T <260 K, but practically entire water is strongly
associated and characterized by the chemical
shift at oy =4.5-5.0 ppm. If these systems are
located in the hydrophobic chloroform
dispersion medium, the organization of bound
water strongly changes to reduce the contact area
between  immiscible liquids.  Typically,
chloroform can displace adsorbed water into
narrow nanopores (inaccessible for larger
chloroform molecules) or/and into larger pores
(to reduce the contact area between them). In the
systems studied, narrow pores give a minor
contribution; therefore, chloroform displaces
water mainly into larger pores. This results in a
decrease in the amounts of SBW. A fraction of
weakly associated water (ou= 1-2 ppm), i.e.,
strongly clustered water with 1D and 2D
structures, appears in PMS/A-300:; undergoing
low mechanical loading. In PMS/A-300,5 or after
stronger mechanical loading on PMS/A-300;,
only strongly associated water is observed due to
(i) a small content of hydrophobic functionalities
in the former, or (ii) changes in the confined
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space effects in more strongly compacted preparation  for  agriculture  applications
secondary particles for the latter. [26, 27, 57]. The blends can be with improved or

If trifluoroacetic acid is added to the better controlled textural and adsorption
chloroform medium, the colligative and confined characteristics, which can be easily varied in a
space effects overlap and the amount of SBW broader range due to changes in composition and
increases. Note that in this case, the changes in pretreatment conditions. Note that tests of these
the porosity caused by the appearance of the ice systems in various applications were started, and
crystallites in interparticle voids can be smaller some promised results were obtained. In the
than those in the systems with a main fraction of future, it will be of interest to generalize the
SAW/WBW. interfacial phenomena related to nanostructured

The PMS/nanosilica blends at various weight blends of various hydrophilic and hydrophobic
ratio can be of interest from a practical point of nanomaterials of various origin and nature.

view for applications as medical sorbents or

CTpykTypHi Ta agcopOuiiiHi ocod1uBocTi aMOpGHOro HAaHOKpeMHe3eMy, MOAH(PIKOBAHOTO
J0JABAHHAM Pi3HOI KIIBKOCTI MOJIMETHICHIOKCAHY

B.B. Typos, B.M. I'ynsko, T.B. Kpynceka, 1.C. IIponak, €.M. Ilaxsos

Tuemumym ximii nogepxui in. O.0. Yyiixa Hayionanvhoi akademii Hayx Yxpainu
eyn. I'enepana Haymosa, 17, Kuis, 03164, Ykpaina, v_turov@ukr.net

Mema pobomu noasicana ¢ oemanvHomy ananizi enaugy nonimemuicunoxcany (IIMC) i ymoe niocomogxu Ha
NoBeOiHKY 36 3aHOI 600U, SAK I HA GIACMUBOCMI CyMiulell NOAIMeMUICULIOKCAH/HaHOKpemMHeseM. Amopgruil
Hanokpemuezem A-300 3 dobaskoro ciopoeento IIMC (IIMC/A-300 = 1:9 onsa cyxux komnonenmie) Oyio 6U4eHO 8
PIBHUX OUCNEPCItIHUX cepedosuuax (Rosimps, X10poopm, yucmuil Yu 3 000ABAHHIM MPUGMOPOYMOEoI KUCIOm,
TFAA) y nopienanni 3 IIMC ma A-300 uwu IIMC/A-300 (1:1) 3 eukopucmanHam Husbkomemnepamyproi JAMP
'H cnexmpockonii ma kpionopomempii. Cyxuii A-300 ma IIMC, oxpemo uu y cymiwax, 6y10 6u6ueno 3a 00noMo2010
Mikpockonii, adcopoyii asomy, iHppauepgonoi cnexmpockonii ma keanmogoi ximii. bByno noxazamo, wo
enacmusocmi cymiwiell 3anexcams He MINbKU 8i0 6Micmy KOMNOHeHmis, aie U MeXaHiuHO20 HABAHMANCEHHS
BHACNIOOK OiNbUL CUTLHO2O VUiNIbHEHHA 6MOPUHHUX CMPYKMYDP HAHOYACMUHOK (acpe2amié HAHOYACMUHOK md iX
aznomepamia) npu 3pOCManHi Mexaniunoz2o Hasanmasicennsa. Cio 3a3HAYUmMu, Wo maxy noeeodinKy pisHux cymiuteli
2I0poghobHUX ma 2IOPOPUILHUX HAHOCMPYKIMYPOBAHUX MAMEPIANie Cnocmepieanu nicis 2IOPOyWibHEeHHS 3 DI3HIM
Hagaumaoicenuam. Teopemuune MoOen08aANHS NOKA3AN0, WO 6YO08a 36 'A3aHOT 600U, KA JIOKANI308AHA HA NOBEPXHI
2iopoinbnux ma 2iOpohoOHUX HAHOUACMUHOK, 3MIHIOEMbCSA NPU YWINbHEHH] azpeamié 6HACAIOOK 3MiH GNIUBY
epexmie 0OMedHCEHO20 NPOCMOPY MA NOJSPHOCME MOJEKY 38 'a3aHol 6oou. Li pezynomamu 8idobpadicaioms negHy
3a2aNbHY 3AKOHOMIPHICIb, IKA CHOCMEPI2AEMbCs 8 2IOPUOHUX 2I0popoOHUX/2I0podinbHUX cucmemax npu 000A8AHHT
Ne6HOI KibKoCcmi 600U Ma Npu NEeGHOMY MeXAHIYHOMY HasaumadcenHi. Lli cucmemu cmaroms 2iopogineHumu, npome
nicia CywKu BOHU 3HOBY MOXCYMb Mamu 2i0pog)oOHI enacmusocmi, AKi 3HO8Y 3HUKAIOMb NPU NOGMOPHOMY
2I0pOyWinbHeHHI.

Knwouosi cnosa: nanoxkpemmesem, nOIMEMuICUIOKCAH-2I0PO2elb, NOMIMEMUICUNIOKCAH/HAHOKPEMHE3eM CYyMIl,
MeKcmypHi ma MOp@on02iuHi XapaKxmepucmuxi, 6NiU8 MeXaniuHoi 06pooKu, nosedinka MixchasHoi 6oou
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CTpyKTypHBIE U 2/ICOPOIIHOHHBIE 0COOEHHOCTH AMOP(PHOr0 HAHOKPEMHe3eMa,
MoAN(GUIMPOBAHHOTIO 100aBJIEeHHEM PAa3HOI0 KOJIHYeCTBA MOJMMETHICHIOKCAHA

B.B. Typos, B.M. I'ynbko, T.B. Kpynckas, U.C. IIponak, E.M. IIaxnoB

Hucmumym xumuu nosepxnocmu um. A.A. Yyiiko Hayuonanvhoii akademuu nayx Yxpaunoi
ya. 'enepana Haymosa, 17, Kues, 03164, Yxpauna, v_turov@ukr.net

Leav pobomer cocmosiia 6 demanvhom ananuse erusnua noaumemuncunroxcarna (IIMC) u ycrosuti noozomoexu
Ha nosedenue CEA3AHHOU B00bl, KAK U HA CBOUCMEA cMecel NOIUMEMUICUIOKCAH/HAHOKpemHeseM. Amopnulil
nHanokpemuezem A-300 ¢ oobasxou eudpozens IIMC (IIMC/A-300 = 1:9 0na cyxux KOMROHeHmos) Obll u3yueH 8
DPA3HBIX OUCHEPCUOHHBIX cpedax (8030yX, XA0poopM, Yucmulil uiu ¢ 000a8KoU MpUhmMopyKCyCHOU KUCIO0mbl) no
cpasnenuro ¢ IIMC u A-300 wwu IIMC/A-300 (1:1) ¢ ucnonvzoeanuem Huskomemnepamyptou HAMP
'H cnexmpockonuu u xpuonopomempuu. Cyxoti A-300 u IIMC, omdenvto unu 6 cmecsx, Oblau uzydensi ¢ LOMOUWbIO
MUKPOCKONUU, a0copOyuu a3oma, UHGPaKpachHol cnekmpocKonuu u Keanmosou xumuu. bvino noxaszamo, umo
ceolicmea cmecell 3a6UCAM He MOALKO OM COOEPAHCAHUA KOMNOHEHMO8, HO U Om MEeXAHUYeCKou Haepy3Ku
ecredcmaue Oonee CUNbHO20 YWIOMHEHUs 6MOPUUHBIX CIMPYKIMYP HAHOYACUY (A2pe2amos HAHOUACMUY U UX
aznomepamos) npu yseauuenuu mexaruyeckou Haepysku. Credyem ommemumbs, umo maxoe nogedeHue pasHbix
cmecell  2uOpooOHbIX U 2UOPOQUIBHLIX — HAHOCMPYKMYPUPOBAHHLIX — MAMEPUANO8  HAOMOOAIU  nocie
2UOPOYNIOMHEHUS NPU PA3TUYHBIX HazpysKkax. Teopemuueckoe MoOeauposanue NOKA3AI0, Ymo CMpoeHue Cea3aHHOU
60001, JIOKATUZ0BAHHOU HA NOBEPXHOCMU 2UOPOQDUIBHLIX U 2UOPOPOOHBIX HAHOYACMUY, USMEHAemcs Npu
VIIOMHEHUU azpe2amos 8Cle0Cmeue USMEHeHUll GIUAHUA I(PPEKMOo8 02PAHUYEHHO20 NPOCTNPAHCMEA U NOTAPHOCHIU
MONIEKYN C8A3AHHOU 600bl. Dmu  pe3yibmamvl OMPANCAION HEKOMOPYI0 00wy 3aKOHOMEPHOCMb, KOMOpds
Habooaemcst 8 2UOPUOHBIX 2UOPOPDOOHBIX/2UOPOPUNIBHLIX cUCmeMax npu 000A8NeHUU HEKOMOPO20 KOJIUYecmed
6000l U NPU HEKOMOPOIl MeXAHUYECKOl HazpysKke. Dmu cucmemvbl CMAHOBAMCA 2UOPOPUTLHBIMU, XOMA HOCTe CYUIKUL
OHU CHOBA MO2YM UMemb 2UOPOPOOHBIE CEOTICMEA, KOMOPbIE CHOBA UCHE3AIOT NPU NOBMOPHOM SUOPOYHIOMHEHUU.

Kniouesvle cnoea: HanoKkpemHeseMm, ROIUMEMUICUTOKCAH-2UOPO2ENb, NOIUMEMUICUTIOKCAH/HAHOKPEMHE3eM
cMech, MmeKCmypHbie U MOPQONIOSUeCKUe XAPAKMEPUCTNUKU, GIUSHUE MeXaHuueckou o00pabomku, nosedeHue
Medcaznotl 600bl
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