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Unmodified pyrogenic silica PS300 and partially silylated nanosilica samples at a degree of substitution of
surface silanols by trimethylsilyl (TMS) groups @rys = 27.2% and 37.2% were studied to elucidate features
of the interfacial behavior of water adsorbed alone, or co-adsorbed with methane, hydrogen, or trifluoro-
acetic acid (TFAA). In the aqueous suspension modified PS300 at Oys = 37.2% forms aggregates of 50—
200 nm in size and can bind significant amounts of water (up to ~5 g/g). Only 0.5 g/g of this water is
strongly bound, while the major fraction of water is weakly bound. The presence of surface TMS groups
causes the appearance of weakly associated water (WAW) at the interfaces. The adsorption of methane
and hydrogen onto TMS-nanosilica with pre-adsorbed water (hydration degree h=0.05 or 0.005 g/g)
increases with increasing temperature. In weakly polar CDCl3 medium, interfacial water exists in strongly
(SAW, chemical shift éy =4-5 ppm) and weakly (5y=1-2 ppm) associated states, as well as strongly
(changes in the Gibbs free energy —AG > 0.5-0.8 kJ/mol) and weakly (—AG < 0.5-0.8 kJ/mol) bound
states. WAW does not dissolve TFAA but some fraction of SAW bound to TMS-nanosilica surface can dis-
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solve TFAA.
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1. Introduction

Methane and hydrogen are not only important energy resources
but also gases used in many industrial applications. One of the
main problems of their industrial usage is very low liquefaction
temperature. Therefore, research and development of inexpensive
accumulator materials, able to retain large amounts of natural
gases per volume unit, is of interest from a practical point of view,
as well as different aspects of this problem related to interfacial
phenomena [1-28]. Several methods such as chemical bonding of
hydrogen, its dissolution in the volume of some matter, adsorption
of methane and hydrogen by such microporous materials at high
specific surface area (Sggr) as nanoporous activated carbons with
Sger > 1000 m?/g, can be used to bind natural gases [1-8]. Disad-
vantages of carbons and many other adsorbents include a low rate
of adsorption/desorption of hydrogen or methane in narrow pores
in relatively large particles, a decrease in adsorption capacity with
increasing contribution of broader transport pores (meso- or
macropores), as well as a relatively low adsorption capacity of
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carbon adsorbents. In contrast to these adsorbents recently devel-
oped metal-organic frameworks (MOFs), possessing fantastic Sggt
values of up to 7100 m?/g and pore volume up to 7.55 cm®/g [9],
are characterized by very high adsorption capacity for hydrogen
and methane at high pressures [9-13]. For instance, hydrogen
bound to MOFs at 77 K exhibit adsorption capacities of 0.07-
0.13 g/g at 60 bar, 0.2 g/g at 200 bar, and 0.2 g/g at 298 K and
500 bar [9]. For methane bound to MOFs at 298 K, adsorption
capacity was 0.35 g/g at 80 bar and 1.4 g/g at 200 bar [9]. The MOFs
are heterogeneous hybrid materials, and this specific chemistry of
their surface can play an important role in strong binding of light
gases. A relatively high adsorption of methane (up to 236 v/v) is
also observed for graphenes [14]. Typically, a much lower adsorp-
tion of light gases is observed for various oxides [ 15-17] character-
ized by a smaller specific surface area than carbon or MOF
materials. Results on the influence of the textural characteristics,
surface chemistry, pressure and temperature on the adsorption of
light gases were also obtained for polymers [18-20], hybrid adsor-
bents [21,22], and other materials [23,24]. Clathrate structures
with hydrates of molecules of light gases (such as CH4-5.75H,0)
are also of interest [25,26]; however, they provide a smaller capac-
ity than MOFs at similar high pressures. Water is clustered not only
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at oxide surfaces [29] but also at the surface of activated carbons
[30,31], and this can affect the adsorption of light gases. Thus, high
specific surface area at predominant contribution of nanopores
(R< 1 nm) and narrow mesopores (R =1-2 nm) play an important
role in enhanced adsorption of light gases. However, there are
additional factors such as topography and heterogeneity of pore
walls that can affect the adsorption of light gases [29]. This aspect
will be analyzed in the present work.

One of the ways to enhance the adsorption of hydrogen or
methane is the use of co-adsorbates and/or adsorbents with a
mosaic surface (i.e., a surface of varied topography and chemical
heterogeneity). Co-adsorbates can form supramolecular non-clath-
rate structures with target gases, or change the topology of pores
(e.g., pores become narrower due to formation of co-adsorbate
clusters) for more effective adsorption of the gases [29,32-40]. Pre-
viously [29,32-34] it was shown that varying amounts (dependent
on adsorbent chemistry and texture) of water pre-adsorbed onto
adsorbents such as activated carbons, nanosilicas, and polymer/
oxide composites can enhance the adsorption of methane and
hydrogen at temperatures lower than the freezing point of bulk
water but higher than the freezing point of water confined in
narrow pores. Complex clustered structures of co-adsorbates
bound to an adsorbent surface at standard pressure differ from
clathrate hydrates, which can be formed only at high pressures
[25,26,41,42]. Features of clustered structures depend on the
amounts and types of co-adsorbates, and textural and structural
characteristics of the adsorbents. However, there are trends in
the effects of co-adsorbates and/or a mosaic structure (i.e.,
enhanced hydrophilic/hydrophobic heterogenization of a surface
with changed topography of pore walls) of an adsorbent surface
[29,32-40]. Nanosilicas are generally good adsorbents for large
molecules such as polymers or proteins, since the primary particles
are nonporous but their aggregates are more mesoporous. These
materials are also of interest for the enhanced co-adsorption of
light gases (H, and CH,4) utilizing pre-adsorbed water, or other
co-adsorbates, due to strongly clustered adsorption of polar mole-
cules such as water, especially at a mosaic silica surface. To
increase clustering of adsorbates, a partially silylated silica surface
[43] can be used to prepare a mosaic surface with hydrophilic and
hydrophobic patches [29,35,36]. Thus, a partial silylation of a silica
surface can enhance the clusterization of adsorbed water which
(i.e., ice crystallites and unfrozen clusters) changes the topography
of the surface and increases a number of places appropriate for

L

Fig. 1. High-resolution TEM (JEM-2100F, Japan) image of initial nanosilica PS300
showing aggregates of primary nanoparticles.

adsorption of molecules of light gases. The effect of pre-adsorbed
water on subsequent adsorption of light gases can be nonlinear
vs. water content [29].

Fumed silicas (nanosilicas at Sggr = 50-500 m?/g) are hydro-
philic adsorbents which can bind large amounts of water in aque-
ous suspensions [29]. However, nanosilicas in the powdered state
bind small amounts of water (2-5 wt.%) adsorbed from air at room
temperature and RH ~ 70-80%. Dry unmodified nanosilicas pos-
sess low adsorption ability with respect to light gases [29]. To
increase adsorption capacity by increasing adsorbate clustering,
nanosilica can be partially modified, e.g., hydrophobized by tri-
methylsilyl (TMS) groups. In general, modification should not be
very high (because the adsorption potential of a modified surface
is reduced) or very low (because enhanced adsorbate clustering
will not occur). Therefore, 37.2% substitution of silanols by TMS
groups at the PS300 surface was selected to study the enhanced
adsorption of light gases. In addition the effects of different disper-
sion media on the interfacial behavior of water and co-adsorbates
were studied. Notice that the present study was rather devoted to
the interfacial phenomena related to co-adsorption of light gases
and water than to the synthesis of materials possessing very high
adsorption capacity (such as MOFs) for light gases.

2. Materials and methods
2.1. Materials

Pyrogenic (fumed) silica PS300 (pilot plant of the Chuiko Insti-
tute of Surface Chemistry, Kalush, Ukraine) with Sger =320 m?/g
and 0.8 mmol/g of free silanols was used as the starting material.
Partially silylated nanosilicas were produced using trimethyleth-
oxysilane (CH3)3SiOC,Hs as a modifier at the substitution degree
of surface silanols of 27.2% (sample HS1) and 37.2% (sample
HS2). The modification reaction was performed at 150-160 °C for
3 h in a glass reactor with a mixer (300-500 rpm) with addition
of acetic acid (0.144 g per gram of dry silica) as a catalyst. After
the reaction, modified silica was heated in an oven at 300 °C for
2 h to remove residual silane, acetic acid and side products.

The amounts of free surface silanols and attached trimethylsilyl
(TMS) groups were estimated by infrared (IR) spectroscopy using a
Specord M80 (Carl Zeiss, Jena) spectrophotometer. The modifica-
tion degree of the silica surface by the TMS groups (@rys, %) was
estimated from the ratio of optical density of a band of free silanols
at 3750 cm~! of modified and unmodified silicas (spectra recorded
in the 4000-1200cm™! range using thin pellets with silica
samples)

@TMS:100(172>., (1)
Do
where Dy and D are the optical density of the mentioned band of the
unmodified and modified silicas, respectively. Notice that this
approach gives the TMS group content close to that estimated using
thermogravimetry or element analysis methods [29,33-36]. Addi-
tionally, the IR spectra in the range of 2000-300cm™' were
recorded using a blend of samples with dry KBr (1:400).

The hydrophilicity coefficient () of samples was as the ratio the
heats of immersion in water (Qy,) and n-decane (Qq)

_
Q'

A microcalorimetric study of nanosilicas was carried out with a
DAC1.1A (EPSE, Chernogolovka) differential automatic calorimeter
calibrated using the known heat effect of dissolution of KCI in
water (18.6 £ 0.012 kJ/mol at 20 °C). Before the heat of immersion
measurements in water or decane, silica samples (50 mg) were
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degassed at 473 K and 0.01 Pa for 2 h and then used without air
contact. The amount of sample used was 50 mg per 3 ml of distilled
water or decane. The Q values were measured during exposure of
the mixture for several hours. The average errors of the Q measure-
ments repeated several times were smaller than +10%.

2.2. "H NMR spectroscopy

TH NMR spectra of static samples of nanosilicas with different
adsorbates were recorded using a Varian 400 Mercury spectrome-
ter (magnetic field 9.4 T) utilizing 90° pulses of 3 ps duration. Each
spectrum was recorded by co-addition of eight scans with a 2s
delay between each scan. 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, spectra were recorded at T=210 K (for samples pre-
cooled to this temperature for 10 min), then heated to 280K at a
rate of 5 K/min with steps AT=10K or 5K (with a heating rate
of 5 K/min for 2 min), and maintained at a fixed temperature for
8 min for data acquisition at each temperature. Applications of this
method and NMR cryoporometry to nanooxides were described in
detail elsewhere [29,32-40]. Changes in the Gibbs free energy (AG)
of bound water and free surface energy (7s), as the modulus of inte-
grated changes of the AG values in the bound water layers, were
determined from the temperature dependences of the amounts
of unfrozen water (Cy, in mg of water per gram of dry silica) at
T=210-273 K[29] and tabulated AG data for ice [44]. The average
melting temperature (T) was calculated using formula [29]

To To
(1) = [ TCw(rt/ [ oDy, 3)
where Ty =273.15K, and Ty, is the temperature corresponding to
Cuw=0.

Water can be frozen in narrower pores at lower temperatures as
described by the Gibbs-Thomson relation for the freezing point
depression for liquids confined in cylindrical pores at radius R
[29,45-47]
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Fig. 2. IR spectra of PS300 unmodified (curve 1) and modified at Oys = 27.2% (2)

and 37.2% (3); the spectra of modified silicas were normalized to the intensity of the
band at (a) 1867 cm ™! or (b) 1100 cm™! of unmodified silica.

Table 1
Heat of immersion of unmodified and modified silicas in water and n-decane.
O (%) Quw (J/8) Qq (J/g) B=Qu/Qa
0 48 22.0 2.0
27.2 39 245 1.6
37.2 33 24.0 14

where T,(R) is the melting temperature of ice in cylindrical pores of
radius R, Ty, . the bulk melting temperature, AH; the bulk enthalpy
of fusion, p the density of the solid, o the energy of solid-liquid
interaction, and kgr is the Gibbs-Thomson constant (here
50 Knm). Eq. (4) was used to determine the distribution function
(fu(R) = dVyw(R)/dR) of sizes of water structures unfrozen at
T<273 K [29] and adsorbed onto silicas.

Samples were prepared using 50 mg of silica (hydration degree
h=0.05g/g) placed into a 5 mm ampoule connected to a rubber
vessel with methane (2 L, 1.1 bar). Additional portions of methane
can be adsorbed onto a sample during NMR measurements with
decreasing temperature. Similar measurements were carried out
for hydrogen but at smaller h =0.005 g/g.

Silica (0.3 g) was stirred with 0.3 g of water to form a uniform
system which was then dried at 400 K for 15 min. This compacted
powder was more dense (~0.25 g/cm?) by a factor of approxi-
mately five than the initial silica powder. A more strongly hydrated
silica sample was prepared by mixing 200 mg of silica with 240 mg
of water (dilute suspension), or addition of 2.6 g of water to 0.2 g of
silica (concentrated suspension).

2.3. Aqueous suspensions

Particle size distributions and electrophoretic mobility of parti-
cles (re-calculated to the { potential [48]) of unmodified and mod-
ified nanosilicas were measured (at 298 K) for dilute aqueous
suspensions (0.02 wt.%) using a Zetasizer 3000 (Malvern Instru-
ments) apparatus based on the photon correlation spectroscopy
(PCS), (laser wavelength 2=633 nm, scattering angle ® =90°).
The highly diluted suspensions sonicated for 5 min using an ultra-
sonic disperser (Sonicator Misonix Inc.) (22 kHz and 500 W) were
used to reduce particle-particle interactions. To compute the par-
ticle size distribution (PaSD) with respect to the intensity of light
scattering (PaSD;) and particle volume (PaSDy) and number
(PaSDy), the Malvern Instruments software was utilized, assuming
that particles had a roughly spherical shape.

According to the Smoluchowski theory [48], there is a linear
relationship between the electrophoretic mobility U. and the ¢
potential: U. = A, where A is a constant for a thin electrical double
layer (EDL) at xa > 1 (where a denotes the particle radius, and x is
the Debye-Huckel parameter). For a thick EDL (xa < 1), e.g., at pH
close to the isoelectric point (IEP), the equation with the Henry cor-
rection factor is more appropriate U, = 2¢ (/(37), where ¢ is the
dielectric permittivity; and m is the viscosity of the liquid. The
pH values were adjusted by addition of 0.1 M HCl or NaOH
solutions.

2.4. Quantum chemical calculations

Quantum chemical calculations were carried out using ab initio
and DFT methods (functionals B3LYP and wB97XD (better describ-
ing dispersion interactions) with the 6-31G(d,p) basis set) using
the Gaussian 09 [49] program suite, to full geometry optimization
of molecules or clusters. The éy values were calculated as the dif-
ference in the isotropic values of the magnetic shielding tensors
of H atoms (opis0) of tetramethylsilane, TeMS (dytems =0 ppm)
as a reference compound (050 = 31.76, 32.03, and 31.77 ppm for
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Fig. 3. Particle size distributions with respect to (a) scattered light intensity, (b) particle volume, (c) particle numbers, and (d) zeta-potentials of PS300, HS1, and HS2 samples

in the diluted (0.02 wt.%) aqueous suspensions.

TeMS by GIAO with B3LYP/6-31G(d,p)//HF/6-31G(d,p), wB97XD/6-
31G(d,p)//HF/6-31G(d,p), and wB97XD/6-31G(d,p), where HF/6-
31G(d,p) was used for the geometry optimization) and a given
compound. The gauge-independent atomic orbital (GIAO) method
[49] with B3LYP/6-31G(d,p) or wB97XD/6-31G(d,p) was used for
relatively small systems (<200 atoms). Large structures (up to
6000 atoms) were calculated using the PM7 method (MOPAC
2012 package) [50,51]. To calculate the f{dy) functions using the
PM7 results, a calibration function was used to describe the depen-
dence between atomic charges qy (PM7) and the 6y values (GIAO/
B3LYP/6-31G(d,p)) calculated for relatively small systems. Visuali-
zation of structures with hydrated unmodified and modified silica
nanoparticle was carried out using UCSF Chimera (version 1.9, May
2014) [52] or ChemCraft [53] or Jmol [54].

3. Results and discussions
3.1. Structural features of unmodified and silylated silicas

Initial fumed silica studied is composed of nonporous nanopar-
ticles (average diameter d,, = 6/(poSger) ~ 8.5 nm (size distribution
mainly 5-18 nm [29]) with a true density of amorphous nanosilica
po=22g/cm?) forming aggregates (Fig. 1) and agglomerates of
aggregates. Voids between primary nanoparticles in the secondary
structures are responsible for the textural porosity of the silica
powders [29,55-57]. Silylation of the silica surface to form a
mosaic coverage with TMS groups marginally affects the particu-
late morphology; however, the nanoparticle size increases slightly
since the specific surface area decreases after silylation [29]. Wet-
ting or suspending and drying of nanosilicas affect the organization
of secondary particles that lead to an increase in the bulk density

from 0.04-0.06 g/cm> to 0.25-0.30 g/cm>. This is also accompanied
by enhancement of mesoporosity of nanosilicas; i.e., the contribu-
tion of pores at radius 1 nm<R<25nm to the total porosity
increases. However, contributions of nanopores and macropores
can decrease due to compaction of silica nanoparticles in aggre-
gates. These textural features can influence the interfacial behavior
of water, methane and hydrogen.

Typically, hydrophobicity of silica increases with increasing
TMS content on the surface [29,35]. A similar result is observed
for silicas studied here (Fig. 2, Table 1). A decrease in hydrophilicity
(accompanied by an increase in intensity of the C—H stretching
vibration bands of the TMS groups at 2970 and 2907 cm~!) of mod-
ified silicas is accompanied by a decrease in the adsorption of
water from air. This leads to a reduction of intensity of the broad
band of adsorbed water at 3300 cm™~' (Fig. 2a). Deconvolution of
a broad band of the O—H stretching vibrations (into four bands
for PS300 and six bands for HS1 and HS2 due to the presence of
two C—H bands [29]) gives integral intensity of a band of strongly
bound water or strongly disturbed silanols at 3290-3280 cm™! as
68.2%, 56.0%, and 50.8% for PS300, HS1, and HS2, respectively. Rel-
ative contribution of slightly disturbed silanols at 3670-3680 cm ™!
(which are poorly accessible for adsorbates) increases for modified
silicas, since integral intensity of this band is 5.2%, 7.8%, and 8.1%
for PS300, HS1, and HS2, respectively.

Notice that there is a slight broadening of a band of asymmetric
Si-0 stretching vibrations at 1150-1250 cm~! of HS2 in compari-
son with PS300 (Fig. 2b). This can be due to surface
=Si—0—Si(CHs3); groups (the spectra were normalized to the
intensity of the band at (Fig. 2a) 1867 cm ' (which is the bulk silica
overtone mode proportional to the total mass of silica probed by
the IR beam and used as the inner standard) or (Fig. 2b)
1100 cm™! (Si—O stretching vibrations) of unmodified silica). Typ-
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Fig. 4. '"H NMR spectra recorded at different temperatures of water bound to modified PS300 (HS2, @ =37.2%) for (a and b) wetted powder at h=1.2 g/g and (c and d)
aqueous suspension at h =13 g/g, (e) amounts of unfrozen water C,, vs. temperature and vs. changes in the Gibbs free energy of bound water (errors < +10%), and (f) size
distributions of unfrozen water clusters bound to silica in wetted powder and aqueous suspension (figures b and d correspond to subsets of figures a and c at low

temperatures).

ically, a decrease in separation between the cooperative Si—0—Si
asymmetric modes at 1100 cm™! (i.e., band narrowing) in the IR
spectra of silica is usually associated with an increase in the poly-
merization degree, i.e.,, an increase in the number of Si—O0—Si
bonds in larger particles [55-58]. However, it is difficult to suppose
that silica nanoparticles’ size decreases during silylation since the
specific surface area of modified silica decreases. Therefore, the
observed broadening (Fig. 2b) could be assigned to the surface
groups because their symmetric and asymmetric stretching vibra-
tions can occur at higher frequency.

Calculations of the specific surface area according to the IR data
[59] (using the normalized ratio of integral intensity of the bands
at 1867 and 3750cm™!) give Sjr=328, 296, and 250 m?/g at
O1ys = 0 (PS300), 27.2% (HS1), and 37.2% (HS2), respectively. This

reduction of the Sig value can be due to two effects. First, real dim-
inution of the specific surface area is due to attaching TMS groups.
Second, diminution of the content surface silanols causes apparent
decrease in the specific surface area since this content is used to
estimate the S value [59]. Thus, real diminution of the specific
surface area is slightly smaller than the Sig value shows [29]. The
reduction of the specific surface area of modified silica with
increasing modification degree was observed previously
[29,35,60]. Besides this surface area reduction, the adsorption
potential also decreases with increasing @ value with respect to
both polar and nonpolar compounds and polymers [29]. Thus,
the interfacial behavior of such co-adsorbates as methane or
hydrogen and water can depend on several factors: (i) the textural
characteristics vs. surface composition; (ii) changes in the adsorp-
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Table 2
Characteristics of unfrozen water bound to modified silica (HS2, ® = 37.2%) at different conditions.
Sample h (g/ Vuw Suw Suw‘nano Suw‘meso Suw,macro Vuw,nano Vuw‘meso Vuw,macro Vs (J/g) <T> (K) 7AGS (kJ/
g) (em’fg) (m?fg) (m%[g) (m*/g) (m*/g) (cm’[g) (cm’[g) (cm’[g) mol)
Wetted powder 1.2 0.965 62 3 52 7 0.001 0.860 0.103 991+1.0 26745 231+0.2
Suspension 13 4325 287 47 143 97 0.022 2.628 1.675 34.86+3.5 26796 2.62+0.3
Weakly wetted 0.05 0.050 15 12 3 0 0.005 0.045 0 336+034 23092 26303
powder + CHy
Nearly dry 0.005 0.005 0.3 0 0.3 0 0 0.005 0 0.12+0.01 25833 1.63+0.2
powder + H,
Powder in 0.05 0.038 19 15 4 0 0.007 0.031 0 249+0.25 24227 26303
CDCl; + TFAA

Note: Vy is the volume of bound water unfrozen at T < 273 K; S, is the specific area of silica in contact with unfrozen water; nano-, meso- and macro-components of S, and
Vuw are determined by integration of the distribution functions at radius values of 0.3-1.0 nm (nano), 1-25 nm (meso), and 25-100 nm (macro); ys is the surface free energy
(in ] per gram of dry oxide); (T) is the average melting temperature; and AG; is changes in the Gibbs free energy of strongly bound water.

tion potential; (iii) changes in clustered adsorption of water; (iv)
freezing and melting points of co-adsorbates; (v) current tempera-
ture, and (vi) concentration of co-adsorbates and dispersion med-
ium type. Here some of these aspects are analyzed with low-
temperature 'H NMR measurements.

Partial silylation of PS300 (©yms = 27.2% and 37.2%) causes an
increase in nanoparticle aggregation observed in the suspension
with increasing @rys value (Fig. 3a-c). This can be explained by
rearrangement of modified silica nanoparticles in aggregates to
reduce the contact area between hydrophobic TMS groups and
water molecules. Notice that the aggregation is higher for HS1 than
for HS2. This can be explained by a greater nonuniformity of the
surface at a lower degree of the silylation. Similar effects were
observed previously [29].

However, the observed changes in aggregation are similar to
typical changes in aggregation of different unmodified nanosilicas
[61]; i.e., they are not extensive since the silica surface is only par-
tially hydrophobized. Additionally, changes in the zeta-potential of
partially modified nanosilicas are relatively small compared to the
initial silica (Fig. 3d). Notice that only a portion of surface silanols
is deproponated in the used range of pH. In other words, the mod-
ified silica surface has enough number of silanols to provide a close
value of the surface charges. Additionally, the zeta-potential is
linked to average charging under slipping plane in the electrical
double layer (EDL) around primary particles and their aggregates.
Thus, partial silylation of the nanosilica surface leads also to
changes in a dense part of EDL.

For modified nanosilicas in more concentrated aqueous suspen-
sions, stronger aggregation can be expected than observed here for
the more diluted suspensions or for unmodified silicas [29,61].
Therefore, one can expect that the aggregation of modified silica
nanoparticles can affect the interfacial behavior of water bound
to a surface.

3.2. Interaction of water with modified silica

Water adsorbed onto a surface of any adsorbent can exist in
clusters due to nonuniformity of the surface (e.g., mosaic coverage
with surface hydroxyls) if the water amounts are relatively small
(<20 wt.% for nanosilica [29]). Additionally, bulk or bound water
tends to form a maximum number of hydrogen bonds per molecule
possible [29,62]. The appearance of hydrophobic TMS groups at a
silica surface (with mosaic =Si—OH and =Si—0—Si(CHs); cover-
age) can affect the structure of bound water (Fig. 4). At a relatively
high hydration degree h=1.2 g/g, water can form a continuous
layer at the modified silica (HS2) surface. Therefore, the only signal
observed is from strongly associated water (SAW) [29] in the 'H
NMR spectra (mobile at T < 273 K), identified by the chemical shift
of the proton resonance Jy = 5.0-5.5 ppm (Fig. 4a). These &y values

are typical for hydrated silicas [29,63] and close to that of bulk
liquid water. At 265 K< T<273 K, a main fraction of this water is
frozen. Therefore, it can be assigned to weakly bound water
(WBW) [29]. At low temperatures, two relatively weak signals
are observed at 5 ppm (signal 1) and 7 ppm (signal 2) (Fig. 4b).
On the basis of freezing temperatures and Jy values, this water
can be assigned to strongly bound water (SBW) [29] of the SAW
type. The dy value of signal 2 is close to that of ice. This ordering
of interfacial water (similar to ice) can be caused by the effects
of hydrophobic TMS groups on the water [29,62].

In the concentrated aqueous suspension at h =13 g/g, besides
the signal of SAW at Jy = 4.5-6.0 ppm (Fig. 4c and d), a signal of
weakly associated water (WAW) is also observed at Jy ~ 1 ppm.
This can be explained by water filling of adsorption sites at the sur-
face in a confined space between neighboring TMS groups.

In the case of wetted powder (h = 1.2 g/g), the degree of filling of
these sites by water is likely much lower (i.e., the hydration shells
of nanoparticles are nonuniform) than in the suspension. WAW
corresponds to 1D, 2D or branched 3D clusters, in which a relative
number of the H atoms in the hydrogen bonds are smaller than 50%
[27]. The complex signal shape seen at 272.5 K and 280 K (Fig. 4c)
may be due to nonuniformity of the modified silica.

Typically for wetted powders, the greater the adsorbed water
amount, the smaller the fraction of strongly bound water. In other
words, the WBW fraction increases with increasing water content
because the amount of water distant from the adsorbent surface
increases. In the case of an aqueous suspension, three main types
of water can be present: SBW, WBW and bulk (unbound water,
UW) water, and one can expect that all of the water is SAW. There
are two sections in the Cuw(T) curves (Fig. 4e) corresponding to
SBW (at lower Gibbs free energy, AG) and WBW (at higher Gibbs
free energy). The amounts of SBW are 0.13 and 0.45 g/g for the
wetted powder and the suspension, respectively, while the total
volume of bound water is 0.965 and 4.325 cm?[g, respectively
(Table 2, Vyw). Contact area between bound water and the HS2 sur-
face increases nearly fivefold in the suspension (Table 2, Suw).
Therefore, contributions of structures of three types of water-filled
nanopores (at radius R<1nm, Sywnano Vuwnano) MMesopores
(1 nm<R<25nm, Suw,mesos Vuw.meso) and macropores
(25 nm <R <100 nm, Syw,macro» Vuw.macro) all increase significantly.
Changes in contacts between bound water and the HS2 surface
cause an increase in the interaction energy. Therefore, the surface
energy increases by several times (Table 2, ys), and the Gibbs free
energy of the first adsorption layer (corresponding to SBW)
decreases (AG;). It should be noted that the ys values are calculated
in J per gram of dry silica. Therefore, at a small content of adsorbed
water these values are small (Table 2, h = 0.05 or 0.005 g/g). How-
ever, in the case of wetted powder, the ys value is small despite
h =1.2 g/g that suggests weak interactions between water and HS2.
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Fig. 5. Theoretically calculated 'H NMR spectra (by PM7) of water (~200H,0)
bound to unmodified (curve 1, 828 atoms) or partially modified (curve 2, 1272
atoms) silica particle, and pure water with 2000H,0 (curve 3).

The average melting temperature for water bound in the sus-
pension is close to that for the wetted powder (Table 2, (T)). The
(T) values for wetted powder and concentrated suspension suggest
that WBW is predominant in both systems, in agreement with the
dependences of Cyy vs. AG and T (Fig. 4e) showing that the major
portion of bound water is WBW. This is also in agreement with the
bound water cluster sizes (Fig. 4f), since water in larger clusters
should be more weakly bound to the surface as their distance from

the surface increases. There is a tendency of a decrease in the (T)
value with decreasing hydration degree (Table 2). However, this
also depends on other conditions (e.g., compare systems at
h=0.05 and 0.005 g/g, Table 2).

According to theoretically calculated 'H NMR spectra, water
bound to nanosilica is characterized by a broader band exhibiting
a larger contribution of water with downfield shift (Fig. 5, curve
1) in comparison with pure water (curve 3). Water (SAW) bound
to silylated silica surface is characterized by an upfield shift with
appearance of WAW at 1-2 ppm (Fig. 5, comp. curves 2 and 1) sim-
ilar to experimentally observed spectra. These effects are due to
enhanced clustering of water bound to TMS-silica with mosaic
hydrophilic-hydrophobic patches, in comparison with water
bound to an unmodified silica surface.

3.3. Co-adsorption of water and methane on partially silylated
nanosilica

Methane molecules interacting with adsorbents due to weak
van-der-Waals bonds can be effectively adsorbed only into nanop-
ores or narrow mesopores. Therefore methane adsorption onto
nanosilica is relatively low, particularly on unmodified nanosilicas
[29,33]. It was also shown that co-adsorbed water can increase the
adsorption of methane. To increase methane adsorption, partially
silylated nanosilica HS2 is used here with a small amount of pre-
adsorbed water (h=0.05g/g). This water, partially freezing at
T <273 K, can change the topography of the silica surface and the
topology of voids between adjacent nanoparticles. Under these
conditions, clathrate formation is impossible (clathrates only form
at high pressures) and the low content of water forming strongly
clustered structures at residual silanols located between attached
TMS groups.
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Fig. 6. (a and b) '"H NMR spectra recorded at different temperatures of water and methane bound to HS2, (c) temperature dependences of concentrations bound unfrozen
water and adsorbed methane (errors < £10%), and (d) size distribution of voids filled by unfrozen water.
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Fig. 7. (a) 'H NMR spectra recorded at different temperatures of water (h = 0.005 g/g) and methane bound to compacted HS2 and (b) changes in the methane adsorption with

temperature (errors < +10%).
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Fig. 8. "H NMR spectra of water and methane in different structures: CH4 (curve 1), 10CH,4 (2 and 3), and 10CH,4@8H,0 (curves 4-6) calculated with GIAO using B3LYP/6-
31G(d,p)//HF6-31G(d,p) (curves 1, 2 (line), and 4) wB97XD//HF6-31G(d,p) (curve 5) or wB97XD (curve 6), and PM7 with a correlation function (10CHy, 3 (symbols) and water
molecules bound to TMS-silica nanoparticle with co-adsorbed methane molecules, curve 7).

HS2 with pre-adsorbed water (h = 0.05 g/g leads to a larger con-
tent of SAW than WAW or SBW than WBW), various portions of
which can be frozen at different temperatures, is a nonuniform
adsorbent for methane (Fig. 6).

This nonuniformity is also observed in the distribution of unfro-
zen water structures filling voids between silica particles (Fig. 6d)
and structural characteristics of voids filled by bound water
(Table 2). Therefore, two signals of methane are observed in the
'H NMR spectra at 6y = —0.1-0.4 ppm (Fig. 6a and b). Signal inten-
sity of methane increases with increasing temperature (Fig. 6a).
The amounts of unfrozen water and adsorbed methane vs. temper-
ature (Fig. 6¢) demonstrate concerted changes at T> 240 K. This
can be caused by changes in the topology of voids (pores) where
melting of water occurs resulting in increased mobility of water
molecules with increasing temperature. The observed downfield
shift of methane signal with lowering temperature can be caused
by the temperature dependence of the sample’s magnetic suscep-
tibility [64]. In the case of weakly hydrated unmodified nanosilica
(h=0.005 g/g), methane adsorption decreases from 0.034 g/g at
200K to 0.01 g/g at 280 K, opposite to the trend seen with the par-
tially silylated nanosilica. With more highly hydrated unmodified
nanosilicas when h = 0.045-0.15 g/g, methane adsorption is much
lower (0.001-0.002 g/g) over this temperature range, again

exhibiting decreasing adsorption with increasing temperature
[33]. Thus, partial silylation of nanosilica causes changes in the
adsorption trend of methane with temperature (studied here) in
comparison with the unmodified silica previously studied [33].
Water is adsorbed as SAW (4-5 ppm) and WAW (0.8-1.5 ppm)
(Fig. 6a). The downfield shift is observed for both water types,
and this shift is stronger for SAW possessing larger sizes. This
occurs due to ordering of water clusters on freezing (e.g., mobile
water — amorphous ice — crystalline ice). Signal intensity
decreases with lowering temperature due to water fraction
freezing.

To study changes of confined space effects, additional water
was added to the HS2 sample to form a wetted powder (h ~ 1 g/
g), then stirred and heated at 400K for 10 min (bulk density
~0.3 g/cm?). The resulting sample contains a residual amount of
bound water (h = 0.005 g/g). This water gives a broad 'H NMR sig-
nal whose intensity cannot be determined (Fig. 7a); therefore, the
amount of adsorbed methane is given in arbitrary units (Fig. 7b).
Estimation of the CH4 signal noise level in the spectra of initial
HS2 (Fig. 6a) compared to the additionally treated HS2 (Fig. 7a),
suggests that the adsorption of methane onto treated HS2 is lower
than on initial HS2. This may be a result of changes in the confined
space effects and the amounts of co-adsorbed water located in nar-
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row pores most able to bind adsorbed methane molecules. How-
ever, for the treated HS2, there is a larger temperature dependence
of the adsorbed amount of methane than that for the initial HS2.
This result can be caused by enhancement of confined space effects
in compacted nanosilica.

Theoretically calculated 'H NMR spectra of water and methane
in different structures (Fig. 8) show that for the H atoms of

methane molecules interacting with neighboring water molecules
in 10CH,@8H,0 (curves 4-6), there is a downfield shift of ~1 ppm.
This leads to a broadening of the methane band at 0-1 ppm (curves
4-6). The peaks at 3 and 5.5 ppm are linked to the water molecules
from the same clusters. This splitting results from calculation fea-
tures of clusters of restricted sizes, since experimentally there
should be only one band due to fast molecular exchange. Changes
in the DFT functionals (in GIAO calculations) and optimization type
(DFT or HF) result in small differences in the spectra. Use of the
PM7 method with the calibration function gives the spectrum of
10CH4 (Fig. 8, curve 3), which is close to that calculated using
GIAO/B3LYP/6-31G(d,p)//HF/6-31G(d,p) (curve 2). Therefore, this
approach was applied to a large system (Fig. 8, curve 7). A down-
field shift for methane bound to hydrated TMS-silica nanoparticles
is similar to that for 10CH,@8H,0. WAW appears as a shoulder at
1-2 ppm (curve 7). SAW peak of maximum intensity is at 4 ppm,
similar to the experimental data (Fig. 6a). Additionally, there is a
shoulder at 6-7 ppm (Fig. 8, curve 7) similar to the experimental
signal seen at low temperatures (Fig. 4b). These theoretical results
confirm our interpretation of the experimental 'H NMR spectra
described above.

3.4. Co-adsorption of water and hydrogen on partially silylated
nanosilica

Hydrogen is poorly adsorbed onto any adsorbent at normal
pressure because of very weak van-der-Waals interactions. Nearly
dry HS2 at h=0.005 g/g was used here to study the interfacial
behavior of hydrogen co-adsorbed with a small amount of pre-
adsorbed water. Adsorbed hydrogen is observed in the low-tem-
perature '"H NMR spectra as a broadened signal at 6y =4.5 ppm
(Fig. 9a). This broadening suggests adsorption, since the resonance
for H, gas would be much narrower at 4 ppm. The small upfield
shift for adsorbed hydrogen is due to location of the electron den-
sity in the H, molecules mainly between the two protons.

This leads to a decrease in their magnetic shielding upon hydro-
gen adsorption. Residual water is observed as both SAW at
oy = 4.0-4.5 ppm and WAW at g = 1.0-1.5 ppm (Fig. 9a). Water
is in a strongly clustered state, since its contact area with the
HS2 surface is very small (Table 2, S). Additionally, there is a meth-
ane signal (added to hydrogen as a standard) at g = 0 ppm. In con-
trast to hydrogen, water is frozen with lowering temperature that
leads to signal reduction at T<260K and its disappearance at
T<220K.

The adsorption of hydrogen onto HS2 is very low (<0.2 mg/g)
and smaller by an order of magnitude than that of methane.
Hydrogen adsorption (Fig. 9b) increases with increasing tempera-
ture, similar to the behavior of adsorbed methane (Figs. 6 and 7).
Notice that despite the low content of pre-adsorbed water
(Table 2), it forms both smaller (~1-2 nm) and larger (10-30 nm)
structures (Fig. 9c). This corresponds to known clustered adsorp-
tion of water [29] enhanced here by partial silylation of the silica
surface. Melting of ice nanocrystallites located in nanopores and
narrow mesopores with increasing temperature, and enhanced
mobility of water molecules, can free up a portion of these smaller
pores. Such pores are better able to adsorb hydrogen molecules
than larger mesopores. Therefore, the adsorption of hydrogen
increases with temperature.

3.5. Effects of media on bound water

Nonpolar or weakly polar media can slow down molecular
exchange between water molecules from different clusters and
domains located at an adsorbent’s surface. This can result in nar-
rowing or even splitting of bands in the 'H NMR spectra [29]. Addi-
tion of acids to the dispersion media allows one to differentiate
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several types of SAW, which can dissolve acids or salts differently
[29,65,66]. Typically, interfacial WAW cannot dissolve the acids.
Here trifluoroacetic acid (TFAA) was added to chloroform-d med-
ium (Crpaa =15 wt.% in CDCls). Before addition of TFAA, bound
water is observed as SAW at 3.5 ppm at 280K and 5 ppm at
210K, as well as WAW at dy =1.0-1.5 ppm (Fig. 10a and c). The
intensity of the SAW signal decreases more rapidly than the
WAW signal (Fig. 10c). Besides these signals of interfacial water,
signals of CHCl3 (as an admixture in CDCl3) and tetramethylsilane
(as a chemical shift standard added to CDCls) are also observed.
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Fig. 11. 'H NMR spectra of hydrated TFAA in molecular (curve 1) or ionized (curve
2) state calculated with GIAO/B3LYP/6-31G(d,p)//HF/6-31G(d,p).

From comparison of the 'H NMR spectra of water bound to HS2
without (Fig. 6a) and with CDCls (Fig. 10a), a disordering of SAW
is observed due to the weakly polar liquid dispersion medium. Evi-
dence of disordering comes from Jy values being smaller in the
presence of CDCls, and the SBW amount decreases from 0.035 g/g
to 0.023 g/g. This is due to the displacement of a portion of bound
water from the silica surface by CDCl; (Table 2, S, V) leading to a
decrease in the ys value, and an increase in (T). Despite the low
water content (h=0.05g/g), several types of water structures
including nanoclusters at R <1 nm, larger clusters (R=1-10 nm)
and domains (R > 10 nm) are observed (Fig. 10d, Table 2).

Addition of TFAA results in significant downfield shifts of SAW
signals (dy=12-13 ppm) due to fast proton exchange between
TFAA and water molecules (Fig. 10b). At T > 240 K, two SAW signals
(signals 1 and 2, Fig. 10b) corresponding to different amounts of
dissolved TFAA (more dissolved TFAA for water with signal 1) are
observed. Besides SAW with TFAA, a weak signal of SAW without
dissolved TFAA (signal 3) is observed at 4 ppm. At 273-250 K, sig-
nal 2 decreases more than signal 1, and a downfield shift is
observed for signals 1 and 2. But at T< 250K, an upfield shift is
observed in parallel to a strong decrease in signal intensity due
to freezing of both TFAA and water. Besides signals of SAW, signals
from WAW at 1.0-1.5 ppm are observed (Fig. 10b). The chemical
shift of WAW is the same with and without TFAA suggesting that
WAW does not dissolve TFAA.

Theoretical calculations of the '"H NMR spectra (GIAO/DFT) of
hydrated TFAA in molecular and ionized states (Fig. 11) suggest
that signals 1 and 2 (Fig. 10b) may be caused by hydrated TFAA
in similar states.
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4. Conclusion

Despite partial hydrophobization (heterogenization resulting in
a mosaic surface with hydrophilic and hydrophobic patches) of the
PS300 surface by attachment of TMS groups (@1ys = 37.2%), mod-
ified silica can bind significant amounts of water (up to ~5 g/g) in
an aqueous suspension. However, only approximately 0.5 g/g of
this water is strongly bound while the major fraction of water is
weakly bound. The presence of surface TMS groups causes the
appearance of weakly associated water (at chemical shift oy =1-
2 ppm) at the interfaces, even in the aqueous suspension of TMS-
silica.

The adsorption of methane onto partially silylated nanosilica
with pre-adsorbed water (0.05 g/g) increases with temperature in
contrast to the adsorption of methane onto unmodified silica
where a reduction of methane adsorption is seen with increasing
temperature. It is believed that changes in both confined space
effects and the temperature dependent organization of interfacial
water may explain these results.

Changes in the organization of interfacial water are observed
upon changes in the types of dispersion media and co-adsorbates.
In weakly polar CDCl; medium, interfacial water exists in states
that are strongly (chemical shift 6y=4-5ppm) and weakly
(6y =1-2 ppm) associated, as well as strongly (changes in the
Gibbs free energy —AG > 0.5-0.8 k]/mol) and weakly (—AG < 0.5-
0.8 kJ/mol) bound. Water in these different forms results in differ-
ences in their activity as solvents. For instance, WAW does not dis-
solve trifluoroacetic acid, but some SAW can dissolve TFAA. In
addition the SAW activity differs for different fraction of SAW
(e.g., located in narrower and broader pores). This appears as
downfield and upfield shifts of water/TFAA clusters and domains
with temperature. Therefore, the increase in the adsorption of
methane onto partially silylated nanosilica with increasing tem-
perature can be explained by enhanced mobility of unfrozen water
which is displaced from some narrow pores, and these pores can be
occupied by methane.
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