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Abstract: The investigation of molecular interactions between a silica surface and organ-
ic/inorganic polymers is crucial for deeper understanding of the dominant mechanisms of surface
functionalization. In this work, attachment of various depolymerized polydimethylsiloxanes
(PDMS) of different chain lengths, affected by dimethyl carbonate (DMC), to silica nanoparticles
pretreated at different temperatures has been studied using 2Si, 'H, and *C solid-state NMR spec-
troscopy. The results show that grafting of different modifier blends onto a preheated silica sur-
face depends strongly on the specific surface area (SSA) linked to the silica nanoparticle size dis-
tributions affecting all textural characteristics. The pretreatment at 400 °C results in a greater de-
gree of the modification of (i) A-150 (SSA = 150 m?/g) by PDMS-10/DMC and PDMS-1000/DMC
blends; (ii) A-200 by PDMS-10/DMC and PDMS-100/DMC blends; and (iii) A-300 by PDMS-
100/DMC and PDMS-1000/DMC blends. The spectral features observed using solid-state NMR
spectroscopy suggest that the main surface products of the reactions of various depolymerized
PDMS with pretreated nanosilica particles are the (CHs)sSiO-[(CHzs)2SiO-]x fragments. The reac-
tions occur with the siloxane bond breakage by DMC and replacing surface hydroxyls. Changes in
the chemical shifts and line widths, as shown by solid-state NMR, provide novel information on
the whole structure of functionalized nanosilica particles. This study highlights the major role of
solid-state NMR spectroscopy for comprehensive characterization of functionalized solid surfaces.

Keywords: silica nanohybrids; solid-state NMR; surface properties; polydimethylsiloxane; silica
functionalization

1. Introduction

Nanooxides such as fumed silica (nanosilica) are important industrial materials
used in both unmodified [1-5] and modified functionalized [6-13] states. Various silanes
and siloxanes are widely used to modify silica particles [14-22]. Modified silica materi-
als with alkyl chains are more appropriate to prepare various composites with polymers
as compared with unmodified silica materials [23-32]. Hybrid organic(organometallic)-
silica materials are an important class of composites of high interest ranging from fun-
damental developments to advanced applications. In composites, organic (or organome-
tallic) fragments (functional groups) are covalently bound to a matrix [5-8,33—41]. Or-
ganophilization of a silica surface can be performed using different kinds of modifying
agents, including organosiloxanes as the most attractive and environmentally friendly
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silylating reagents [5-12]. Linear organosiloxanes are generally not considered to be re-
active with inorganic oxide surfaces, and enormous efforts have been made over the last
50 years to develop silicon-containing reagents with reactive functional groups [42]. Pre-
viously, it was found that dimethyl carbonate (DMC) [43], which is an environmentally
friendly reagent [44-46], can promote partial depolymerization of organosiloxanes (e.g.,
polydimethylsiloxane, PDMS) and breakage of the siloxane bonds in a surface layer of
silica nanoparticles. These reactions allow the silica surface hydrophobization by PDMS
fragments under relatively mild conditions. Thus, PDMS/DMC mixtures may be an ex-
cellent candidate for silica surface hydrophobization.

Understanding the performance of nanosilica functionalization requires a molecu-
lar-level characterization of the functional groups, including their conformations and
modes of binding/interaction to/with a surface [35]. Different bonding schemes of at-
tachment of the polymer fragments to a silica surface may lead to different geometry of a
modified surface layer. Knowledge on the surface incorporation patterns and confor-
mations of functional groups is an important step toward developing smart functional
substrates. Nuclear magnetic resonance (NMR) spectroscopy is one of the most suitable
methods to study the above-mentioned features of initial and modified surface layers
[8,47-54].

The particulate morphology and texture of the fumed nanosilica powders depend
strongly on several factors: (i) specific surface area (SSA, Sser), particle size distributions
(PaSD), and textural pore size distributions (PSD); (ii) pre-treatment history (heating,
wetting-drying, mechanical loading, aging, etc.); and (iii) time of treatments [5-9,48,55—
58]. Many of these changes are due to hydration—dehydration of a surface and volume of
silica nanoparticles during storage and pretreatments of nanosilica particles. Therefore,
not only SSA, PaSD, and PSD, but also preheating conditions of nanosilica particles
should be taken into account during silica surface functionalization. Thus, the aim of the
present study was to thoroughly investigate features of surface functionalization of var-
ious nanosilica particles (A-150, A-200, and A-300), characterized by different SSA,
PaSD, and PSD and pretreated at different temperatures (200, 400, and 600 °C) by vari-
ous PDMS/DMC blends using solid-state NMR spectroscopy.

2. Experimental Methods
2.1. Chemical Reagents and Nanosilica Particle Characterization

To modify three nanosilica samples, A-300 (Sser = 300 m?/g, average diameter of na-
noparticles d = 9.1 nm, Scheme 1b), A-200 (200 m?/g, d = 13.6 nm), and A-150 (150 m¥/g, d
= 18.2 nm) (Aladdin Reagents, Shanghai, China), three polydimethylsiloxanes (linear
and -CHs terminated (CHs)sSiO[Si(CH3)20]nSi(CHs)s): PDMS-10 (viscosity of ca. 10 ¢St at
25 °C, molecular weight ~1250 Da, degree of polymerization n = 15, Scheme 1b); PDMS-
100 (100 cSt at 25 °C, molecular weight ~6 kDa, degree of polymerization ~80), and
PDMS-1000 (1000 cSt at 25 °C, molecular weight ~30 kDa, degree of polymerization
~400) (Aladdin Reagents, Shanghai, China) have been used with dimethyl carbonate
(DMC, (CH30)2CO) as a siloxane bond breakage agent. The reagents have been used as
received.

Nonporous primary nanoparticles (NPNP) of fumed silica are characterized by
broader PaSD with increasing NPNP sizes (decreasing SSA) (Figure 1a). However, the
SAXS PaSD (computed with a model of spherical particles) for A-300 is much broader
(Figure 1a, A-300*) than the PaSD (A-300) computed from the nitrogen adsorption data
using a self-consistent regularization procedure [48]. This result is explained by NPNP
aggregation, since SAXS data for several neighboring particles in aggregates could be in-
terpreted as for one larger particle. Thus, a long tail in the SAXS PaSD for A-300 corre-
sponds to aggregates of NPNP observed in microscopic images [48]. The NPNP aggrega-
tion and the formation of agglomerates of aggregates may play an important role upon
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the silica surface modification by polymers (PDMS) of different lengths (different mo-
lecular weight).

Voids between NPNP in their aggregates and agglomerates of aggregates provide
large empty volume (Vem) in the powders Vem = 1/pv—1/po, where p» and po are the bulk
(0.04-0.13 g/cm?) and true density (2.2 g/cm?3) of nanosilica particles that gives the Vem
range of 24.5-7.2 cm?/g. Upon the nitrogen adsorption, only a small part (<10%) of Vem is
filled by the N2 molecules at relative pressures p/po > 0.98 because of extremely weak in-
teractions between adsorbate molecules and distant NPNP in macrovoids in the ag-
glomerates. Nitrogen mainly fills nano/mesovoids and only partially fills macrovoids
independent of the SSA values (or PSD) of nanosilica particles (Figure 1b) and pretreat-
ment history of samples, e.g., mechanical or hydrocompaction of fumed silica [48] or
heating (Figure 1c).

Pretreatment conditions, e.g., temperature, can affect the SSA value. This is clearly
seen from 3D S-T-t dependence for A-300 (Figure 1c), estimated using the Ar adsorption
isotherms to avoid the adsorbate molecule orientation effects characteristic for nitrogen
molecules [48]. These changes are due to several processes caused by dehydration of sil-
ica nanoparticles. Intact water bound to a surface of NPNP desorbed mainly at T < 150
°C and samples preheated at 200 °C for several hours (typical pretreatment of silica par-
ticles before the adsorption measurements) do not practically include intact water at a
surface. However, there is water released from the nanoparticle volume upon heating.
This water origin is linked to both hydroxyls and intact intraparticle-bound molecules.
Note that a small fraction of isolated hydroxyls can remain at a silica surface during
treatment even at 1000 °C due to large distances between residual silanols for the con-
densation reaction. Upon strong dehydration, NPNP sintering could occur (resulting in
decreasing SSA), but NPNP dehydration per se causes an increase in the SSA value. Ad-
ditionally, all of these processes depend on synthesis features and sample prehistory.
Therefore, the 3D picture of SSA vs. T and heating time (f) is relatively complex (Figure
1c). The particulate morphology and texture of nanosilica particles (Figure 1) play an
important role upon functionalization of a surface of NPNP because they provide ap-
propriate surface accessibility for such polymers (or fragments) as PDMS.
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Figure 1. (a) Particle size distributions (PaSD) for fumed silica calculated using the nitrogen adsorption isotherms and A-
300 PaSD (A-300*) calculated using the small angle X-ray scattering (SAXS [58]) data; (b) incremental pore size distribu-
tions (calculated nitrogen isotherms with a model of voids between NPNP [59]); and (c) specific surface area (using low-
temperature Ar adsorption [48]) vs. time and temperature of heating of A-300.

2.2. Functionalization of Nanosilica Particles

Three PDMS samples (Table 1) were chosen as environmentally benign modifying
reagents with a high carbon content. Three samples of fumed silica, applied as a matrix
for modification, are characterized by different particulate morphology and texture
(Figure 1). The silica samples were pretreated at 200, 400, or 600 °C for 2 h (Table 1). The
PDMS/DMC (1:1) blends (added by means of aerosol-nozzle spray) reacted with silica
samples at 200-220 °C for 2 h. The amount of a modifier agent (PDMS) was 17 wt% with
respect to the silica weight in all cases (that is greater than the amounts needed to pro-
vide monomolecular coverage of the studied silica particles). The functionalization pro-
cess was performed in a glass reactor with a stirrer (350-500 rpm). After the modification
reactions, the samples were cooled to room temperature. Silica functionalization with
PDMS/DMC corresponds to several reactions with the cleavage of the siloxane bonds (1)
and (2) and subsequent attachment of the PDMS fragments (3) and (4):
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(CH:)3SiO-[Si(CHs)2-O]n-Si(CHs)s+(CHs-0)2CO-> (CH3)3SiO-[Si(CHs)2-Ox-CHa+(CHs)sSiO-[Si(CH)2-Oly-

CHs+CO» M

=5i-O-Si= + CH-O-C(0)-OCH: = 2(=Si-O-CH:)+CO @)
=Si-OH+(CHz)3Si-O-[Si(CHs)2-O]x-CHs>=S5i-O-[Si(CHs)2-O]x-Si(CHs)s+CH:OH 3)
=5i-O-CHs+(CH3)3Si-O-[Si(CHs)2-OJx-CH3>=5i-O-[Si(CHs)2-Olx-5i(CHs)s+CH:OCHs @)

Table 1. Studied samples: pretreatment temperatures and types of modifiers.

Silica Pretreatment temperature (°C) PDMS (+DMC)

A-150 200, 400, 600 PDMS-10, PDMS-100, PDMS-
1000

A-200 200, 400, 600 PDMS-10, PDMS-100, PDMS-
1000

A-300 200, 400, 600 PDMS-10, P?ggg—loo, PDMS-

2.3. #Si, 'H and 3C CP/MAS NMR Spectroscopy

Solid-state (magic-angle spinning, MAS) 'H NMR spectra were recorded using a
Bruker Avance 400 III HD spectrometer (Bruker, San Jose, USA, magnetic field strength
9.3947 T) at a resonance frequency of 400.15 MHz. The powder samples were placed in a
pencil-type zirconia rotor of 4.0 mm o.d. The spectra were recorded at a spinning speed
of 10 kHz, with a recycle delay of 1 s. The adamantane was used as the reference for es-
timation of the chemical shift of the proton resonance.

Solid-state Si cross-polarization (CP)/MAS NMR spectra were recorded (using the
same spectrometer) at a resonance frequency of 79.49 MHz using the cross-polarization,
magic-angle spinning, and high-power 'H decoupling. The powder samples were placed
in a pencil-type zirconia rotor of 4.0 mm o.d. The spectra were obtained at a spinning
speed of 8 kHz (4 us 90° pulses), an 8 ms CP pulse, and a recycle delay of 4 s. The Si sig-
nal of tetramethylsilane (TMS) at 0 ppm was used as the reference of *Si chemical shift.

Solid-state ¥C CP/MAS NMR spectra were recorded at a resonance frequency of
100.62 MHz for 3C and a high-power 'H decoupling. The powder samples were placed
in a pencil-type zirconia rotor of 4.0 mm o.d. The spectra were obtained at a spinning
speed of 5 kHz (4 ps 90° pulses), a 2 ms CP pulse, and a recycle delay of 4 s. The meth-
ylene signal of glycine at 176.03 ppm was used as the reference of 1*C chemical shift.

3. Results and Discussion

H MAS NMR spectra of unmodified fumed silica preheated at different tempera-
tures (200 °C, 400 °C, and 600 °C, Figure 2a, lines 4-6) represent two main peaks of the
chemical shifts of the proton resonance at éu = 1.1 and 2.1-5.0 ppm. The peaks in the
range of 2.1-5.0 ppm are related to twin (Q?) and vicinal silanols (Q?), disturbed single
silanols (Q%) (Scheme 1), as well as intraparticle-bound water (IPBW) molecules [48]. The
peak at 1.1 ppm could be assigned to isolated silanols non-interacting with neighbors or
bound water molecules at a silica surface. It is known that protons in isolated silanols
could give signals at u = 0.5-1.5 ppm. Similar spectral features were previously ob-
served [48,50]. Single =SiOH groups are called as isolated silanols if the distances to the
closest neighbor =SiOH groups are longer than that characteristic for the hydrogen
bonds. Therefore, silanols separated by more than ~0.33 nm can be considered as isolat-
ed [5-8,51]. Pairs of silanols belonging to tetrahedra that share a common oxygen atom
are called as vicinal silanols (Scheme 1). Two OH groups linked to the same surface sili-
con atom give twin =5i(OH)2 moiety. These OH are close located but oriented in such a



Molecules 2021, 26, 5974 6 0f 19

way that they cannot be involved into strong hydrogen bond [48,51]. The weaker the
hydrogen bond, the smaller is the 6x value. In other words, the hydrogen bond between
vicinal silanols is stronger (8u = 4-5 ppm) than that for twin silanols (u = 2-3 ppm). In
liquid bulk or adsorbed water (Su = 4.0-5.5 ppm) with mobile molecules, the hydroxyl
orientation is less appropriate to form the strong hydrogen bonds as it is observed in Ih
(hexagonal ice with 6u=7.0 ppm) [48].

A-300

ks A-150
PDMS.10 %, PDMS-1000

PDMS-1OOX\éX§2§.‘ h
(b)

Scheme 1. (a) Types of silanol groups and siloxane bridges at a surface of amorphous silica particles: twin (Q?), and iso-
lated (Q%) silanols, Q* denotes Si with four -O-Si bonds; (b) scales of NPNP of silica particles and PDMS of the molecular
weights of ca. 1.25, 6, and 30 kDa and the degree of polymerization of 15, 80, and 400, respectively.

Signal at 1.1 ppm is observed for a pure A-150 preheated at 400 and 600 °C (Figure
2a, lines 5 and 6) but it is hardly detectable for A-150 preheated at 200 °C (Figure 2a, line
4). This can be explained by the fact that after preheating at 200 °C, there are larger
amounts of strongly bound water and various silanols [8,48] than after preheating at 400
or 600 °C. Therefore, isolated silanols appear in a larger amount after preheating at 400
or 600 °C because the amounts of twin and vicinal silanols and IPBW molecules de-
crease.
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Figure 2. (a) '"H MAS NMR, (b) #Si CP/MAS NMR and (c) *C CP/MAS NMR spectra of fumed silica A-150 preheated at
200, 400 and 600 °C and modified by PDMS-10/DMC.

Beside various silanols which remained at the surface of silica particles pretreated
at 400 and 600 °C, as shown in the 'H MAS NMR spectra, water molecules can be re-
tained inside nanoparticles and appear at the range of éu = 3-5 ppm (Figure 2a, lines 4-
6). Nevertheless, the signals decrease after the modification (Figure 2a, lines 1-3). There-
fore, they are linked to various silanols rather than IPBW. However, they do not disap-
pear completely because some of the OH groups (e.g., located in narrow voids between
adjacent NPNP) and IPBW are inaccessible for the modifier reagents. The contents of
various silanols inaccessible for a modifier were estimated by Marciel et al. [52]. For
samples evacuated at 200, 400, and 550 °C, this was about 45, 15, and 8% of the total
amount of the OH groups, respectively. This correlates with our results. Figure 2a, (lines
4-6) shows that by increasing the preheating temperature to 400 and 600 °C, the contri-
bution of isolated silanols grows in comparison with silica samples pretreated at 200 °C
(Figure 2a, line 4). During dehydration at different temperatures, contributions of vari-
ous silanols can differently change with temperature because of different locations and
surroundings [48,60,61]. An extremely small amount of residual silanols can remain up-
on heating even at 1000 °C.

The "H MAS NMR spectra of A-150 preheated at 200, 400, and 600 °C and modified
with the mixture of PDMS-10/DMC include signal of =5i-CHs at 6u = 0 ppm. This con-
firms the attachment of PDMS fragments to the silica surface (Figure 2a, lines 1-3). No-
tice that modified A-150 samples pretreated at 400 and 600 °C (Figure 2a, lines 2 and 3)
show decreased signals at éu = 1.1-5.0 ppm as compared with the unmodified A-150
which was preheated (Figure 2a, lines 5 and 6). This confirms a significant degree of the
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silica functionalization. However, A-150 pretreated at 200 °C and modified (Figure 2a,
line 1) shows the presence of all types of silanols and bound water as compared with
unmodified silica particles (Figure 2a, line 4).

The #Si CP/MAS NMR spectra of unmodified A-150 pretreated at different temper-
atures (Figure 2b) show three signals with resolved peaks at —87 to -91, —97 to 101, and
—106 to —110 ppm. These peaks are assigned to silicon atoms in twin and single silanols
and silicon-oxygen tetrahedra in the silica framework, respectively: Q2 (%, and Q¢
where the superscript indicates a number of the siloxane bonds [54].

As it can be seen from Figure 2b, lines 1-3, after grafting of PDMS-10/DMC at the
pretreated A-150 surface (200, 400, and 600 °C), a significant decrease in the signals Q2
and (Q® occurs as compared with unmodified silica particles (Figure 2b, lines 4-6). This is
accompanied by the appearance of a low intensity peak at —15 to —17 ppm. It can be as-
signed to dimethylsiloxane units abbreviated as D? having the structure of -[-
OSi(CHs)2)-]x related to grafted PDMS fragments [37,48]. The intensity of D? peaks is not
high, but the differences in intensity of Q2 and Q3 before (Figure 2b, lines 4-6) and after
modification (Figure 2b, lines 1-3) are clearly visible. The intensity of the Q? and Q3
peaks is reduced as compared with the unmodified silica particles. The grafting of
PDMS species is confirmed by the *C CP/MAS NMR spectra (Figure 2c) with a peak at -
1.5 ppm. From the spectra mentioned above, it is apparent that grafting of (CH3)sSiO[-
(CH3)2Si0-]x groups onto heat-pretreated silica surface produces species forming ho-
mogenous local structures since the D? signal remains relatively narrow [62]. Higher in-
tensity of a signal at —1.5 ppm in 1*C CP/MAS NMR for modified silica particles pretreat-
ed at 400 °C and 600 °C (Figure 2c) may suggest a greater number of attached surface
species as compared with A-150 pretreated at 200 °C. Notice that intensities of the #°Si
signals do not match with the intensities of the *C NMR signals. This is obvious since
peak intensity depends greatly on such factors as natural abundance of the nuclei, sensi-
tivity of the probe, experimental conditions applied during each measurement, etc.
[48,63-65]. To this point, ¥Si has an inherently low natural abundance (4.7%) which re-
quires extended acquisition time to obtain spectra with an acceptable sensitivity [64].

The '"H MAS NMR spectrum of functionalized A-150 pretreated at 600 °C (Figure
3a, line 3) shows full involvement of residual silanols in the reactions with PDMS-
100/DMC, since peaks located in the range of 1.1-5.0 ppm are not visible compared with
unmodified silica samples pretreated at 600 °C (Figure 3a, line 6). It could be explained
by the fact that after silica heating at 600 °C, silanols were not completely removed from
the surface (Figure 3a, line 6). However, this is for mainly isolated silanols, which take
part in the reactions with PDMS/DMC.

Notice that the 'TH MAS NMR spectra of modified A-150 pretreated at 200 and 400
°C show residual peaks of all silanols and IPBW (Figure 3a, lines 1 and 2) at 1.1-5.0 ppm.
This reveals partial participation of these active sites in the reactions with the modifiers
as compared with the initial silica particles (Figure 3(a), lines 4 and 5). The grafting of al-
kyl species at these silica particles can be confirmed by the appearance of the shift at
about 0.0 ppm in 'H MAS NMR spectra (Si-CHs) (Figure 3a, lines 1-3), shifts from -15 to
—-17 ppm (Figure 3b, lines 1-3) in 2Si CP/MAS NMR, and a shift at about -1.5 ppm in the
13C CP/MAS NMR spectra (Figure 3c). Notice that D? sites are with almost no changes in
signals vs. preheating temperature of silica particles (Figure 3b, lines 4-6). Similar results
were recorded for functionalized SBA-15 [35] investigated using MAS combining with
dynamic nuclear polarization (DNP). It was found that the signals of the Qn sites build
up progressively with increasing cross polarization contact time tce and transferring po-
larization from more distant spins. Additionally, a lower sensitivity of »Si CP/MAS
NMR could be explained rather by the properties of silicon atoms than by the hydroxy
environment of surface silanols. Therefore, changes in the intensity of these peaks are
not always clearly visible.
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Figure 3. (a) '"H MAS NMR, (b) #Si CP/MAS NMR and (c) *C CP/MAS NMR spectra of fumed silica A-150 preheated at
200, 400 and 600 °C and modified by PDMS-100/DMC.

The 'H MAS NMR spectra of pretreated A-150 at 400 and 600 °C and modified with
the longest PDMS-1000 in the presence of DMC (Figure 4a, lines 2 and 3) show full par-
ticipation of all residual hydroxyls with the modifier mixture. The peaks corresponding
to these groups at 1.1-5.0 ppm are hardly detectable compared with the unmodified sili-
ca particles (Figure 4a, lines 5 and 6).

Notice that A-150 pretreated at 200 °C and modified with PDMS-1000/DMC is char-
acterized by the presence of residual hydroxyls and IPBW (Figure 4a, line 1) as is shown
above for A-150/PDMS-10/DMC (Figure 2a, line 1) and A-150/PDMS-100/DMC (Figure
3a, line 1). This can be explained by the fact that preheating of A-150 at 200 °C leads to
the removal of a small quantity of silanols and IPBW. Even after silica modification, a
fraction of these sites remains. Nevertheless, modified A-150, similarly pretreated (Fig-
ure 4a-c, lines 1-3), shows grafted PDMS fragments that are confirmed by the appear-
ance of a peak at 0.0 ppm in the "H MAS NMR spectra (Figure 4a, lines 1-3). Additional-
ly, the #Si and C CP/MAS NMR spectra show signals of grafted PDMS fragments for
all modified samples because signals of D? and carbon atoms in dimethylsilyl groups
appear (Figure 4b, lines 1-3 and Figure 4c). Notice that the 3*C CP/MAS NMR spectrum
of A-150 pretreated at 400 °C and modified with PDMS-1000/DMC shows a line broad-
ening effect. This could reveal different orientations of closely adjacent surface function-
alities under steric effects.

According to the #Si CP/MAS NMR spectrum of A-150 pretreated at 400 °C and
modified with PDMS-1000/DMC (Figure 4b, line 2), the highest amounts of grafted
groups are observed since peak D? is higher than that for other silica samples (Figure 4b,
lines 1 and 3). Additionally, growing D? is accompanied by a visible decrease in Q*and
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(2 as compared with the unmodified silica particles (Figure 4b, line 5). The appearance
of only the D? peak related to PDMS in #Si CP/MAS NMR suggests that the major sur-
face products of the reactions of PDMS/DMC with the silica surface correspond to the
PDMS fragments only.
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Figure 4. (a) '"H MAS NMR, (b) ¥Si CP/MAS NMR, and (c) *C CP/MAS NMR spectra of A-150 preheated at 200, 400, and
600 °C and modified by PDMS-1000/DMC.

Comparison of A-150 modified by three PDMS/DMC blends reveals that the use of
PDMS-1000/DMC leads to a relatively higher degree of modification (see 2Si and *C
NMR in Figure 2, Figure 3, Figure 4b; Figure 4c) compared with that of samples modi-
fied with PDMS-100/DMC and PDMS-10/DMC. Additionally, A-150 pretreated at 400 °C
and modified with PDMS-1000/DMC demonstrates a relatively higher grafting degree in
comparison with silica samples pretreated at 200 and 600 °C and modified with PDMS-
1000/DMC. These features should be compared with ones observed for A-200 and A-300
preheated and functionalized in similar ways as A-150.

For A-200, isolated silanols at unmodified silica samples pretreated at different
temperatures (Figure 5a, lines 4-6) are hardly detectable in the "H MAS NMR spectra.
This may be explained by the morphological and textural features of A-200 (Figure 1).
The smaller the NPNP, the stronger is their aggregation [48]. Additionally, A-200 con-
tains more twin and vicinal silanols than A-150 (Figure 2—4a, lines 4-6). The 'H MAS
NMR spectra of unmodified preheated A-200 have peaks at 2.1-5.0 ppm (Figure 5a, lines
4-6) confirming the presence of various silanols (Scheme 1) and IPBW molecules. After
modification of preheated A-200 with PDMS-10/DMC, the silanol amount decreases
(Figure 5a, lines 1-3). This is accompanied by the appearance of grafted PDMS frag-
ments giving éu = 0.0 ppm. The grafting of the functionalities is also confirmed by the
appearance of the D? peak in the »Si CP/MAS NMR spectra, as well as a peak at 1.5
ppm in the 3C CP/MAS NMR spectra (Figure 5b, lines 1-3, and Figure 5c). Note that A-
200 pretreated at 400 °C and modified with PDMS-10/DMC (Figure 5b, line 2, and Figure
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5c¢) is characterized by the highest amount of dimethylsilyl groups since relative intensi-
ty of the corresponding species are higher as compared with other silica particles.
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Figure 5. (a) '"H MAS NMR, (b) ¥Si CP/MAS NMR, and (c) *C CP/MAS NMR spectra of fumed silica A-200 preheated at
200, 400, and 600 °C and modified by PDMS-10/DMC.

As it can be seen from the 'H MAS NMR spectra of unmodified A-200 pretreated at
different temperatures (Figure 6a, lines 4-6) and then modified with the PDMS-
100/DMC mixture (Figure 6a, lines 1-3), signals of isolated silanols at 1.1 ppm are hardly
visible. However, it is visible for the same silica sample but modified with PDMS-
10/DMC (Figure 5a, lines 4-6). This confirms the fact that amounts of twin and vicinal si-
lanols are high for this silica sample. This could lead to certain shielding effects for iso-
lated silanols of low intensity (Figure 6a).

Besides low intensity peaks of isolated silanols (Figure 6a, lines 4-6), the "TH MAS
NMR spectra have peaks of twin and vicinal silanols at 2.1-5.0 ppm and peaks corre-
sponding to the grafted PDMS species at 0.0 ppm. The anchoring of these functionalities
is confirmed by D? signals in the 2Si CP/MAS NMR spectra (Figure 6b, lines 1-3), and
signals at —1.5 ppm in the ¥C CP/MAS NMR spectra (Figure 6c).

Note that silica A-200 samples pretreated at 400 °C and then modified by
PDMS/DMC is characterized by the highest amount of dimethylsilyl groups as it is clear
from the 2Si CP/MAS NMR spectrum (Figure 6b, line 2). The same is also observed for
A-200 modified by PDMS-10/DMC (Figure 5b, line 2).
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Figure 6. (a) 'H MAS NMR, (b) #Si CP/MAS NMR, and (c) *C CP/MAS NMR spectra of A-200 preheated at 200, 400, and
600 °C and modified by PDMS-100/DMC.

The »Si and *C CP/MAS NMR spectra of silica A-200 samples modified by long
PDMS-1000/DMC (Figure 7b,c) are characterized by practically the same intensity D2
peak (Figure 7b, lines 1-3) and a peak at —1.5 ppm (Figure 7c), respectively. This shows a
similar degree of PDMS fragments at a silica surface showing a 'H MAS peak at 0.0 ppm
(Figure 7a, lines 1-3). Thus, grafting of the functionalities depends not only on the SSA
value and pretreatment temperature, but also on the length of the PDMS chain (PDMS-
10, PDMS-100, PDMS-1000). However, the increase in the PDMS length does not lead to
a higher degree of PDMS grafting onto A-200 (Figure 5, Figure 6, Figure 7a,b,c), since the
highest degree of PDMS grafting onto A-200 is observed for PDMS-100/DMC (Figure
6b,c). The silica modification studied is performed in the presence of DMC, but the dif-
ference in the DMC reactions with PDMS characterized by different molecular weights
remains unclear and needs additional investigations.
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Figure 7. (a) '"H MAS NMR, (b) #Si NMR, and (c) *C CP/MAS NMR spectra of A-200 preheated at 200, 400, and 600 °C
and modified by PDMS-1000/DMC.

The '"H MAS NMR spectra of unmodified A-300 have the peaks at 2.1-5.0 ppm
(Figure 8a, lines 4-6) of twin and vicinal silanols and intraparticle-bound water. Isolated
silanols are not visible at 1.1 ppm for A-300 pretreated at 200 °C and 600 °C (Figure 8a,
lines 4,6). However, signals of isolated silanols are visible for A-300 pretreated at 400 °C
(Figure 8a, line 5). These effects can be explained by several temperature/morphology
dependent processes of dehydrations similar to that affecting the SSA (Figure 1c). The
signal at 0.0 ppm is present for all modified A-300 samples (Figure 8a, lines 1-3) that
confirms the presence of the grafted PDMS species. Moreover, the 3C CP/MAS NMR
spectra (Figure 8c) confirm this since the peak at -1.5 ppm is of relatively high intensity
for all modified A-300 samples. The 2Si CP/MAS NMR spectra (Figure 8b) of these silica
particles confirm the presence of PDMS functionalities characterized by the D? peak of a
moderate intensity for silica samples pretreated at 200 °C and 400 °C and of relatively
lower intensity for silica samples pretreated at 600 °C. The difference in the D? intensity
could be explained by a low natural abundance of »Si (4.7%) that requires extended ac-
quisition times to obtain spectra with an acceptable sensitivity [64].
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Figure 8. (a) '"H MAS NMR, (b) ¥Si NMR, and (c) *C CP/MAS NMR spectra of A-300 preheated at 200, 400, and 600 °C
and modified by PDMS-10/DMC.

The 'TH MAS NMR spectra of A-300 modified by PDMS-100/DMC (Figure 9a, lines
1-3) and PDMS-1000/DMC (Figure 9d, lines 1-3) confirm the presence of the grafted
PDMS species since there is a peak at 0.0 ppm. The ¥Si CP/MAS NMR spectra of both
systems (Figure 9b,e, line 2) show that nanosilica A-300 samples pretreated at 400 °C and
subsequently modified is characterized by a relatively high content of the grafted func-
tionalities with D? signals as compared with A-300 pretreated at 200 °C and 600 °C (Fig-
ure 9b,e, line 1 and 3) and subsequently modified.

The grafting of PDMS species onto A-300 is also confirmed by the C CP/MAS
NMR spectra (Figure 9¢,f), peak at —1.5 ppm is present for all samples in both systems.
However, the most intense peak is for the silica samples pretreated at 400 °C and modi-
fied with PDMS-100/DMC (Figure 9c) and silica samples pretreated at 400 °C and modi-
fied with PDMS-1000/DMC. This is in a good agreement with the 225i CP/MAS NMR
spectra (Figure 9b,e). This confirms that increasing polymer chain length used for silica
modification does lead to a higher degree of grafting onto the same silica surface.
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Figure 9. 'H MAS NMR, #»Si CP/MAS NMR, and ®C CP/MAS NMR spectra of A-300 preheated at 200, 400, and 600 °C
and modified by (a, b, ¢) PDMS-100/DMC and (d, e, f) PDMS-1000/DMC.

4. Conclusions

Nanosilica samples with different specific surface areas (SSA = 150, 200, and 300
m?/g), particle size distributions, and aggregation of nanoparticles in secondary struc-
tures were pretreated at different temperatures (200, 400, and 600 °C). Changes in the
pretreatment temperature affects not only amounts of bound water and the content of
surface hydroxyls, but also particle sizes and their aggregation features. All of these fac-
tors can affect the results of nanosilica particle functionalization by different polydime-
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thylsiloxanes of 1.25-30 kDa in molecular weight (PDMS-10, PDMS-100, and PDMS-
1000) in the presence of dimethyl carbonate (DMC) as a siloxane bond breakage agent.
The functionalization features were analyzed with respect to the products of the chemi-
cal reactions between a modifier and a silica surface studied using solid-state NMR spec-
troscopy (H! MAS, #Si and 3C CP/MAS). It is found that the SSA value plays a signifi-
cant role upon nanosilica modification by PDMS/DMC since the modification of various
silica particles pretreated at the same temperature (e.g., 200 °C) and modified by the
same modifier (e.g., PDMS-10/DMC) leads to different coverage degree with various
fragments of PDMS. This can be explained by changes in the particulate morphology
and texture of nanosilica particles with different SSA that affect the accessibility of sur-
face sites, including silanols of different types.

It is found that for A-150 pretreated at 400 °C and then modified by PDMS-10/DMC
and PDMS-1000/DMC, the grafting degree is higher than that for A-150 pretreated 200
and 600 °C and modified by the same modifiers. For A-200 pretreated at 400 °C and then
modified by PDMS-10/DMC and PDMS-100/DMC, a relatively higher grafting degree is
observed. For PDMS-1000/DMC-modified A-200, the pretreatment temperature plays a
smaller role. For A-300, the highest degree of PDMS grafting is observed after preheat-
ing at 400 °C and then modified by PDMS-100/DMC and PDMS-1000/DMC. A-300 pre-
heated at 200 °C or 600 °C and modified with the same modifiers shows a lower grafting
degree of PDMS. For A-300 preheated at 200 °C and modified by PDMS-10/DMC, the
grafting degree is higher than that after preheating at 400 °C and 600 °C and modified by
PDMS-10/DMC. Thus, pretreatment of nanosilica samples at 400 °C gives better results
than the pretreatment at lower (200 °C) or higher (600 °C) temperatures. This can be ex-
plained by overlapping of several effects caused by nanosilica preheating such as mo-
lecular and associative desorption of water from a surface and volume of nanoparticles,
changes in nanoparticle aggregation, and textural characteristics. The sizes of the PDMS
fragments formed upon the siloxane bond breaking by DMC, as well as the reaction rate
upon DMC interactions with PDMS and silica surface, could depend on the PDMS
length because of steric factors (the weight silica/PDMS and PDMS/DMC ratios were
constant as 0.83:0.17 and 1:1, respectively). The detailed analysis of the 'H MAS, »Si
CP/MAS and 3C CP/MAS NMR spectra allows us to understand a set of the factors af-
fecting the results of nanosilica functionalization by PDMS.

Thus, accurate description of a set of functional species at a surface of various
PDMS/DMC-modified nanosilica samples using the solid-state NMR spectroscopy with
H MAS, »Si CP/MAS, and 3C CP/MAS allows us to obtain detail pictures of nanostruc-
tures at the interface. This is of importance to develop optimal synthetic protocols allow-
ing tailoring surface sites and attached functionalities to synthesize functional
nanostructured materials with optimal properties and characteristics.

Authors’ Contributions: For research articles with several authors, a short paragraph specifying
their individual contributions must be provided. IP, YM and VG conceived and designed the ex-
periments; IP, and YM performed all the experiments; IP, VG, YM and DZ analyzed and inter-
preted the data; IP, VG and YM wrote the manuscript; IP, VG, YM and DZ revised and approved
the final version of the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by the China Postdoctoral Science Foundation (grant
Z741020001). Y.M. acknowledges support from the Austrian Science Fund (FWF) (grant M 2925)
and from the National Academy of Sciences of Ukraine (grant 0119U001105).

Institutional Review Board Statement: Not applicable
Informed Consent Statement: Not applicable

Data Availability Statement: The datasets supporting the conclusions of this work are included
within the article. Any raw data generated and/or analyzed in the present study are available from
the corresponding author on request.



Molecules 2021, 26, 5974 17 of 19

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are available from the authors.

References

1. Biichel, K.H.; Moretto, H.-H.; Woditsch, P. Industrial Inorganic Chemistry, 2" ed.; Wiley-VCH: Weinheim, 2000.

2. Ullmann’s Encyclopedia of Industrial Chemistry, 7 ed. Wiley-VCH: Weinheim, 2008.

3. Basic characteristics of Aerosil fumed silica (4th ed.), Tech. Bull. Fine Particles 11; Evonik Industries: Hanau, 2014. Aerosil®-
Fumed Silica. Technical Overview; Evonik Industries: Hanau, 2015. http://www.aerosil.com/product/aerosil/en/products
/hydrophobic-fumed-silica/Pages/default.aspx (accessed on March 1, 2019).

4. Cabot Corp., http://www.cabotcorp.com/solutions/products-plus/fumed-metal-oxides/hydrophobic (accessed on March 5,
2019).

5. Iler, RK. The Chemistry of Silica; Wiley: Chichester, 1979.

6. Bergna, H.E.; Roberts, W.O. Colloidal Silica: Fundamentals and Applications, 2nd ed., CRC Press: Boca Raton, 2006.

7. Vansant, E.F.; Van Der Voort, P.; Vrancken, K.C. Characterization and Chemical Modification of the Silica Surface, 1st ed.;
Elsevier: Amsterdam, 1995.

8.  Legrand, A.P. The Surface Properties of Silicas; Wiley: New York, 1998.

9. Dabrowski A.; Tertykh, V.A. Adsorption on New and Modified Inorganic Sorbents, Studies in Surface Science and Catalysis,
1st ed.; Elsevier: Amsterdam, 1996.

10. Wacker Chemie Ag., https://www.wacker.com/cms/en/products/brands_2/hdk/hdk.jsp (accessed on March 1, 2019).

11. Hongwu International Group Ltd. http://www.hwnanomaterial.com/The-Difference-Between-Hydrophilic-Silica-and-
Hydrophobic-Silica-Nanoparticles_p255.html (accessed on March 1, 2019).

12.  Auner, N.; Weis, J. Oganosilicon Chemistry VI, 2" ed., Auner, N.; Weis, J.; Wiley-VCH: Weinheim, 2005.

13.  Majka, T.; Pielichowski, K. (Eds.), Polymer Composites with Functionalized Nanoparticles. Synthesis, Interactions, Properties
and Applications, 1% ed.; Elsevier 2018.

14. Sabu, T.; Ranimol, S. Rubber Nanocomposites: Preparation, Properties, and Applications; John Wiley & Sons: Singapore, 2010.

15. Moretto, H.-H.; Schulze, M.; Wagner G. Silicones, Ullmann’s Encyclopedia of Industrial Chemistry, 5 ed. Wiley-VCH: Wein-
heim 2005.

16. Kuo, A.C.M. Poly(dimethylsiloxane), ]J. E. Mark (Ed.); Polymer Data Handbook; Oxford University Press: New York, 1999,
411-435.

17. Mark, J.E.; Allcock, H.R.; West, R. Inorganic Polymers; Prentice Hall: Englewood, 1992.

18. Tasca, A. L.,; Ghajeri, F.; Fletcher, A. ]J. Novel hydrophilic and hydrophobic amorphous silica: characterization and adsorption
of aqueous phase organic compounds. Adsorption Science & Technology 2018, 36, 327-342, doi:10.1177/0263617417692339.

19. Petcu, C,; Purcar, V.; Spataru, C.-I.; Alexandrescu, E.; Somoghi, R.; Tricd, B.; Nitu, S. G.; Panaitescu, D. M.; Donescu, D.; Jecu,
M.-L. The influence of new hydrophobic silica nanoparticles on the surface properties of the films obtained from bilayer hy-
brids. Nanomaterials 2017, 7, 1-10, d0i:10.3390/nan07020047.

20. Atta, A. M,; Abdullah, M. M. S.; Mohamed, N.H.; Al-Lohedan, H. A. Coating sand with new hydrophobic and superhydro-
phobic silica / paraffin wax nanocapsules. Coatings 2019, 9, 1-13, doi:10.3390/coatings9020124.

21. Atta, A. M,; Abdullah, M. M. S.; Al-Lohedan, H. A. Mohamed, N.H. Novel superhydrophobic sand and polyurethane sponge
coated with silica / modified asphaltene nanoparticles for rapid oil spill cleanup. Nanomaterials 2019, 9, 1-14,
d0i:10.3390/nan09020187.

22. Li, E; Guo, L.; He, L,; Dong, R.; Yasin, A; Cui, L.; Zhang, Y.; Hu, X. Environmental effects hydrophobic modified silica parti-
cle (HMSP)-stabilized cottonseed oil emulsion for oil recovery enhancement. Energy Sources, Part A Recover. Util. Environ. Eff.
2019, 41, 280-289, doi:10.1080/15567036.2018.1516009.

23. Gafurov M., Galukhin A., Osin Y., Murzakhanov F., Gracheva I., Mamin G., Orlinskii S., Probing the surface of synthetic opals
with the vanadyl-containing crude oil by using EPR and ENDOR techniques, Magn. Reson. Solids 2019, 21, 19101.

24. Kong, E.SW. Nanomaterials, Polymers and Devices: Materials Functionalization and Device Fabrication; Wiley: Hoboken,
2015.

25. Zhang, X.; Guan, Y.; Zhao, Y.; Zhang, Z.; Qiu, D. Reinforcement of silicone rubber with raspberry-like SiO2@polymer compo-
site particles. Polym. Int. 2015, 64, 992-998, doi:10.1002/pi.4900.

26. Wang L.; Han, X;; Li, J.; Zhan, X.; Chen, J. Hydrophobic nano-silica/polydimethylsiloxane membrane for dimethyl carbonate-
methanol separation via pervaporation. Chem. Eng. J. 2011, 171, 1035-1044. https://doi.org/10.1016/j.cej.2011.04.058.

27. Park, S.J.; Kim, B.J. Studies on solid-state NMR and surface energetics of silicas for improving filler-elastomer interactions in
nanocomposites. Rubber Nanocomposites. Prep. Prop. Appl. 2010, 407-424. https://doi.org/10.1002/9780470823477.ch16.

28. Soz, C.K,; Yilgor, E.; Yilgor, I. Influence of the average surface roughness on the formation of superhydrophobic polymer sur-
faces through spin-coating with hydrophobic fumed silica. Polymer 2015, 62, 118-128.
https://doi.org/10.1016/j.polymer.2015.02.032.

29. Soz, CK,; Yilgor, E.; Yilgor, I. Influence of the coating method on the formation of superhydrophobic silicone-urea surfaces

modified with fumed silica nanoparticles. Prog. Org. Coatings 2015, 84, 143-152.
http://dx.doi.org/10.1016/j.porgcoat.2015.03.015



Molecules 2021, 26, 5974 18 of 19

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Lotters, J.C.; Olthuis, W.; Veltink, P.H.; Bergveld P. The mechanical properties of the rubber elastic polymer polydime-
thylsiloxane for sensor applications. J. Micromech. Microeng. 1997, 7, 145-147. 10.1088/0960-1317/7/3/017.

Hillborg, H.; Ankner, J.F.; Gedde, U.W.; Smith, G.D.; Yasuda, HK.; Wikstrom, K. Crosslinked polydimethylsiloxane exposed
to oxygen plasma studied by neutron reflectometry and other surface specific techniques. Polymer 2000, 41, 6851-6863.
https://doi.org/10.1016/50032-3861(00)00039-2.

Li, Y.-F; Xia, Y.-X,; Xu, D.-P,; Li, G.-L. Surface reaction of particulate silica with polydimethylsiloxanes. J. Polym. Sci. 1981, 19,
3069-3079. https://doi.org/10.1002/pol.1981.170191204.

Gun’ko, V.M.; Pakhlov, E.M.; Goncharuk, O.V.; Andriyko, L.S.; Marynin, A.L; Ukrainets, A.L; Charmas, B.; Skubiszewska-
Zieba, J.; Blitz, ].P. Influence of hydrophobization of fumed oxides on interactions with polar and nonpolar adsorbates. Appl.
Surf. Sci. 2017, 423, 855-868, d0i:10.1016/j.apsusc.2017.06.207.

Protsak, L; Tertykh, V.; Pakhlov, E.; Derylo-Marczewska, A. Modification of Fumed Silica Surface with Mixtures of Polyorga-
nosiloxanes and Dialkyl Carbonates. Prog. Org. Coat. 2017, 106, 163-169, d0i:10.1016/j.porgcoat.2017.01.020.

Lelli, M.; Gajan, D.; Lesage, A.; Caporini, M. A,; Vitzthum, V.; Miéville, P.; Héroguel, F.; Rascén, F.; Roussey, A.; Thieuleux, C.;
Boualleg, M.; Veyre, L.; Bodenhausen, G.; Coperet, C., Emsley, L. Fast Characterization of Functionalized Silica Materials by
Silicon-29 Surface-Enhanced NMR Spectroscopy Using Dynamic Nuclear Polarization. ]. Am. Chem. Soc. 2011, 133, 2104-2107,
https://doi.org/10.1021/ja110791d.

Gun’ko, V.M.; Turov, V.V,; Krupska, T.V.; Protsak, 1.S.; Borysenko, M.V.; Pakhlov, E.M.; Polymethylsiloxane alone and in
composition with nanosilica under various conditions. J. Colloid Interface Sci. 2019, 541, 213-225, d0i:10.1016/j.jcis.2019.01.102.
Protsak, I.S.; Morozov, Y.M.; Dong, W.; Le, Z.; Zhang, D.; Henderson, LM. A #Si, 'H, and *C Solid-State NMR Study on the
Surface Species of Various Depolymerized Organosiloxanes at Silica Surface. Nanoscale Res. Lett. 2019, 14, 160.
https://doi.org/10.1186/s11671-019-2982-2.

Gun’ko, V.M,; Borysenko, M.V.; Pissis, P. Spanoudaki, A.; Shinyashiki, N.; Sulim, L.Y.; Kulik, T.V.; Palyanytsy, B.B. Polydime-
thylsiloxane at the interfaces of fumed silica and zirconia/fumed silica. Appl. Surf. Sci. 2007, 253, 7143-7156,
doi:10.1016/j.apsusc.2007.02.185.

Protsak, I; Pakhlov, E.; Tertykh, V.; Le, Z.-C.; Dong, W. A New Route for Preparation of Hydrophobic Silica Nanoparticles
Using a Mixture of Poly(dimethylsiloxane) and Diethyl Carbonate. Polymers 2018, 10, 116, doi:10.3390/polym10020116.
Mahtabani, A.; Zara, D. La; Anyszka, R.; He, X.; Paajanen, M.; O. van J. R,, Dierkes; W.; Blume, A. Gas Phase Modification of
Silica Nanoparticles in a Fluidized Bed: Tailored Deposition of Aminopropylsiloxane. Langmuir 2021, 37, 4481-4492.
https://doi.org/10.1021/acs.langmuir.0c03647.

Klonos, P. A.; Goncharuk, O. V.; Pakhlov, E. M.; Sternik, D., Marczewska, A. D.; Kyritsis, A.; Gun’ko, V. M.; Pissis, P. Mor-
phology, Molecular Dynamics and Interfacial Phenomena in Systems Based on Silica Modified by Grafting PDMS Chains and
Physically Adsorbed PDMS. Macromolecules, 2019, 52, 2863-2877. https://doi.org/10.1021/acs.macromol.9b00155.

Thomas, T.H.; Kendrick, T.C. Thermal Analysis of Polydimethylsiloxanes. I. Thermal Degradation in Controlled Atmos-
pheres. ] Polym Sci B 1969, 7, 537-49. https://doi.org/10.1002/pol.1969.160070308.

Okamoto, M.; Miyazaki, K.; Kado, A.; Suzuki, S.; Suzuki, E. Deoligomerization of cyclooligosiloxanes with dimethyl carbonate
over solid-base catalysts. Catal. Lett. 2003, 88, 115-118. https://doi.org/10.1023/A:1024093218443.

Protsak, I.; Henderson, LM.; Tertykh, V; Dong, W.; Le, Z. Cleavage of Organosiloxanes with Dimethyl Carbonate: A Mild Ap-
proach to Graft-to-Surface Modification. Langmuir 2018, 34, 9719-30. https://doi.org/10.1021/acs.langmuir.8b01580

V.M. Gun’ko, EMM. Pakhlov, O.V. Goncharuk, L.S. Andriyko, Yu.M. Nychiporuk, D.Yu. Balakin, D. Sternik, A. Derylo-
Marczewska, Nanosilica modified by polydimethylsiloxane depolymerized and chemically bound to nanoparticles or physi-
cally bound to unmodified or modified surfaces: Structure and interfacial phenomena, J. Colloid Interface Sci. 2018, 529, 273-
282, https://doi.org/10.1016/j.jcis.2018.06.019.

I. Protsak, V.M. Gun’ko, LM. Henderson, E.M. Pakhlov, D. Sternik, Z. Le, Nanostructured amorphous silicas hydrophobized
by various pathways, ACS Omega, 2019, 4, 13863-13871 DOI:10.1021/acsomega.9b01508.

Helmy, R.; Wenslow, R.W.; Fadeev, A.Y. Reaction of Organosilicon Hydrides with Solid Surfaces: An Example of Surface-
Catalyzed Self-Assembly. |. Am. Chem. Soc. 2004, 126, 7595-600. https://doi.org/10.1021/ja0498336

Gun’ko, V.M,; Turov, V.V. Nuclear Magnetic Resonance Studies of Interfacial Phenomena (Surfactant Science, Vol. 154), 1st
ed.; CRC Press: Boca Raton, FL, USA, 2013; 1040p. ISBN 978-1466551688.

Brown, L.D.; Ray, A.S.; Thomas, P.S. #Si and Al NMR study of amorphous and paracrystalline opals from Australia. Journal
of Non-Crystalline Solids 2003, 332, 242-248. https://doi.org/10.1016/j.jnoncrysol.2003.09.027.

Trebosc, J.; Wiench, J.W.; Huh, S,; Lin, V.S.Y., Pruski, M. Solid-state NMR study of MCM-41-type mesoporous silica nanopar-
ticles. J. Am. Chem. Soc. 2005, 127, 3057-68. https://doi.org/10.1021/ja043567e.

Bronnimann, C.E.; Zeigler, R.C.; Maciel, G.E. Proton NMR study of dehydration of the silica gel surface. J. Am. Chem. Soc. 1988,
110, 2023-26. https://doi.org/10.1021/ja00215a001

Maciel, G.E.; Sindorf, D.W. Silicon-29 NMR study of the surface of silica gel by cross polarization and magic-angle spinning. J.
Am. Chem. Soc. 1980, 102, 7606-7607. https://doi.org/10.1021/ja00545a056.

Brei, V.V. Si solid-state NMR study of the surface structure of Aerosil silica. . Chem. Soc. Faraday Trans. 1994, 90, 2961-4.
https://doi.org/10.1039/FT9949002961.



Molecules 2021, 26, 5974 19 of 19

54.

55.
56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

Sindorf, D. W.; Maciel, G. E. Cross-polarization magic-angle-spinning silicon-29 nuclear magnetic resonance study of silica gel
using trimethylsilane bonding as a probe of surface geometry and reactivity. J. Phys. Chem. 1982, 86, 5208.
https://doi.org/10.1021/j100223a029.

Gregg, S.J.; Sing K.5.W. Adsorption, Surface Area and Porosity; Academic Press: London, 1982.

Adamson, A.W.; Gast, A.P. Physical Chemistry of Surface; Wiley: New York, 1997.

Gun’ko, V.M.; Leboda, R.; Skubiszewska-Zieba, J. Heating effects on morphological and textural characteristics of individual
and composite nanooxides, Adsorption 2009, 15, 89-98.

Gun’ko, V.M.; Turov, V.V,; Pakhlov, E.M.; Krupska, T.V.; Charmas, B. Effect of water content on the characteristics of hydro-
compacted nanosilica, Appl. Surf. Sci. 2018, 459, 171-178 https://doi.org/10.1016/j.apsusc.2018.07.213

Gun'’ko, V.M. Composite materials: textural characteristics. =~ Appl.  Surf.  Sci. 2014, 307, 444-454.
https://doi.org/10.1016/j.apsusc.2014.04.055.

Zhuravlev, L.T. The Surface Chemistry of Amorphous Silica. Zhuravlev Model. Colloids Surf. A Physicochem. Eng. Asp. 2000,
173, 1-38, d0i:10.1016/S0927-7757(00)00556-2.

Gun’ko, V.M.; Zarko, V.I.; Chuikov, B.A.; Dudnik, V.V.; Ptushinskii, Yu.G.; Voronin, E.F.; Pakhlov, E.M.; Chuiko, A.A. Tem-
perature-programmed desorption of water from fumed silica, silica/titania, and silica/alumina, Int. ]. Mass Spectrom. Ion Pro-
cesses 1998, 172, 161-179.

Ek, S.; Iiskola, E. L; Niinistd, L.; V., Jari; Pakkanen, T. T.; Root, A. A  Si and *C CP/MAS NMR Study on the Surface Species
of Gas-Phase-Deposited ¢-Aminopropylalkoxysilanes on Heat-Treated Silica. J. Phys. Chem. B 2004, 108, 11454-11463.
https://doi.org/10.1021/jp048927z

Mijatovic, J.; Wolfgang, B. H.; Gruber, H., Characterization of surface modified silica nanoparticles by #Si solid state NMR
spectroscopy. Microchim. Acta 2000, 133, 175-181. https://doi.org/10.1007/s006040070089

Rankin, A.G. M.; Webb, P. B.; Dawson, D. M.; Viger-Gravel, J.; Walder, B. J; Emsley, L.; Ashbrook, S. E. Determining the Sur-
face Structure of Silicated Alumina Catalysts via Isotopic Enrichment and Dynamic Nuclear Polarization Surface-Enhanced
NMR Spectroscopy. J. Phys. Chem. C 2017, 121, 22977-22984. https://doi.org/10.1021/acs.jpcc.7b08137.

Engelhardt, G.; Jancke, H. Structure investigation of organosilicon polymers by silicon-29 NMR. Polym. Bull. 1981, 5, 577-584.
https://doi.org/10.1007/BF00255295.



