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Abstract Water and concentrated solutions of acids (HCl,
H3PO4, and H3PO3) or H2O2 are clustered at the interfaces
of nanosilicas and multi-layer graphene oxide (MLGO) as
shown by low-temperature 1H NMR spectroscopy. The acid
solutions in contact with silica or MLGO powders placed in
nonpolar (CCl4) or weakly polar (CDCl3) media form nan-
odomains and clusters of several types and sizes with differ-
ent contents of water and solutes. This differentiation of the
solutions is stronger at a surface of more compacted nanosil-
icas because of enhanced confinement effects in narrower
pores (voids) between adjacent nanoparticles. For MLGO,
the confined space effects are relatively weak but the for-
mation of ice crystallites during freezing of the suspension
changes the material texture. Obtained results are of impor-
tance for deeper insight into the mechanism of the interfa-
cial behavior of complex solutions under different confined
space effects and due to the influence of organic co-solvents.

Keywords Nanosilica · Multilayer graphene oxide ·
Interfacial water · HCl solution · Phosporus oxyacids ·
H2O2 · Low temperature 1H NMR spectroscopy ·
Cryoporometry

1 Introduction

The behavior of water as a unique compound possessing nu-
merous unusual properties (Chaplin 2011) depends strongly
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on surroundings, confined space effects in pores with hy-
drophobic or hydrophilic surfaces, dissolved compounds
content, temperature, etc. (Derjaguin et al. 1987, 1989; Is-
raelachvili and Wennerstrom 1990; Mitchell et al. 2008;
Petrov and Furó 2009). One of consequences of these ef-
fects is a diminution of water activity as a solvent located in
pores that is enhanced with decreasing temperature and nar-
rowing pores (Gun’ko et al. 2005, 2009; Mitchell et al. 2008;
Petrov and Furó 2009; Chaplin 2011). These effects are of
great significance due to their appearance in practical appli-
cations of hydrated or porous materials, solutions, mixtures,
etc.

Results of previous studies of the interfacial behavior of
water in mixtures with different organic co-solvents, ice-
nucleators, polymers, and biomacromolecules interacting
with activated carbons, graphene oxides, exfoliated graphite,
nanosilicas, silica gels, porous polymers, etc. suggest that
the mentioned effects can be studied using low-temperature
1H NMR spectroscopy with a relatively narrow bandwidth
and static samples, as well as by related NMR cryoporom-
etry and relaxometry (Gun’ko et al. 2005, 2009; Turov and
Gun’ko 2011). These studies showed the difference in the
behavior of adsorbed binary or ternary mixtures of miscible
solvents and water co-adsorbed with poorly miscible or im-
miscible organics. Confined space effects lead to enhanced
clusterization (heterogenization) not only of the immiscible
liquids but also of the solutions. The mechanisms of these
effects are complex due to simultaneous action of different
factors. Therefore, additional investigations of the effects of
confined space, temperature and component concentrations
for binary and ternary mixtures, solutions of acid (phospho-
rus oxyacids, HCl, H2O2) or co-adsorbed immiscible liquids
should be carried out.

Typically, phosphorus oxyacids (POA) are used in aque-
ous solutions, in which POA molecules are strongly hy-
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drated but only partially deprotonated. Phosphorus oxyacids
are well water-soluble but relatively weak acids with a low
degree of dissociation of PO–H bonds in the aqueous so-
lution (Nekrasov 1973). Chemical shift of the proton reso-
nance (δH) in the 1H NMR spectra of POA in concentrated
aqueous solutions can reach 10 ppm or more (Emsley et al.
1965). This suggests the presence of hydrated protons ap-
pearing due to dissociation of a portion of the PO–H bonds.
In phosphonic acid, doublet signals of protons from the P–H
bonds are also observed due to large J-coupling to the P nu-
clei but of a lower intensity than that of the PO–H bonds
(Schuster et al. 2008).

Dissociation and solvation of acids (e.g. HCl), which are
relatively simple but important processes, can be used as
model reactions. Mineral acids, such as hydrochloric acid,
are strong acids, which are in completely dissociated state
in diluted aqueous solutions (Drago 1977). This dissocia-
tion results in the formation of hydrated protons in clusters
H3O+(H2O)n (Eigen and Zundel cations) and acidic residua
both strongly affecting the water structure (Jieli and Aida
2009). In the concentrated aqueous solutions, the dissoci-
ation degree of HCl is low (about several percents). This
degree and the corresponding changes in water structure,
depending on HCl concentration and the presence of silica
nanoparticles, can be studied using 1H NMR spectroscopy,
comparing changes in the δH values for pure and maxi-
mum concentrated acids and pure water. ‘Acidic’ H atoms
in the most numbers of acids are characterized by low elec-
tron density. Therefore the δH values can be of 9–13 ppm.
However, this is smaller than δH = 16–20 ppm of pro-
tons in the strongest hydrogen bonds N· · ·H–O according
to experimental and theoretical results (Tolstoy et al. 2004;
Murakhtina et al. 2006).

The physicochemical properties of hydrogen peroxide
and water strongly differ (Jones 1999; Hess 1995; March
1992). This difference is caused first of all by the difference
in their hydrogen bond network. Each H in H2O2 can in-
teract with two O atoms from neighboring molecules. Each
H in H2O interacts with only one O atom in the hydro-
gen bonds. This results in clear difference in the 1H NMR
spectra of water and hydrogen peroxide, since the latter has
higher δH values (Zhang 2007; Stephenson and Bell 2005).
Low temperature 1H NMR spectroscopy is a very informa-
tive method to study changes in the hydrogen network of
water depending on the presence of H2O2 and organic co-
solvents bound to adsorbent particles (Mitchell et al. 2008;
Brennan et al. 2001).

This paper describes the investigations, which were car-
ried out by low-temperature 1H NMR spectroscopy, adsorp-
tion and quantum chemical methods, of concentrated so-
lutions of strong acids such as HCl, phosphorus oxyacids
(POA) H3PO4 and H3PO3, and H2O2 interacting with such

adsorbents as nanosilicas and graphene oxide placed in dif-
ferent dispersion media. Despite the differences in the ma-
terials and adsorbates studied, there are certain regularities
in the interfacial behavior of miscible and immiscible co-
adsorbates such as water, acids and organic liquids of differ-
ent polarity. The aim of this paper is to show the features of
liquid co-adsorbates and aqueous solutions undergoing con-
fined space effects in pores of different shapes and sizes in
nanosilicas and multi-layer graphene oxide.

2 Experimental

Nanosilicas A-300 at bulk density ρb = 0.045 g/cm3, A-
400 at ρb = 0.061 g/cm3 (Pilot plant of Chuiko Insti-
tute of Surface Chemistry, Kalush, Ukraine) and OX-
50 (Degussa, ρb = 0.13 g/cm3) were heated at 400 ◦C
for several hours before the use. Additionally, initial A-
300 was mechanochemically activated (MCA-A-300, ρb =
0.394 g/cm3) in a ball mill for several hours with the pres-
ence of water (50 wt.% in respect to dry silica). Multi-
layer graphene oxide (MLGO) (CheapTubes Inc) was used
in comparative investigations of water adsorbed alone or
co-adsorbed with organic solvents and acids (Gun’ko et al.
2012b).

Distilled water, DCl (36 % solution in D2O), solid and
dissolved (in water) H3PO4 and H3PO3, 30 wt.% aque-
ous solution of H2O2 and solvents CD3CN, C6H6, C6D6,
CHCl3, CDCl3, (CH3)2SO, (CD3)2SO, and CCl4 (grade for
NMR spectroscopy) were used in 1H NMR spectroscopy
measurements of static samples (Turov et al. 2011; Gun’ko
et al. 2012a, 2012b). The use of the DCl solution (includ-
ing approximately 3 % of HCl), in which the D–H exchange
occurs during contact with silica, provides a relatively low
intensity of 1H NMR signals appropriate for spectra record-
ing. Concentrated aqueous suspension of OX-50 (16 wt.%)
with 4 wt.% of H3PO4 was dried at 293 K for 8 days and
then at 330 K for 10 min. According to calibrated NMR
and thermogravimetric measurements, the residual content
of water was 0.5 wt.%. To prepare more hydrated systems,
certain amounts of water were added to the powder and equi-
librated for 1 h. A-300/POA was prepared using A-300 pow-
der mixed with a solution of H3PO4 in isopropanol, stirred
and heated at 353–383 K for complete removal of the sol-
vent. Initial solid H3PO3 included 50 mg of water per gram
of acid. 30 wt.% POA solution was used in the study. The
aqueous suspension of silica A-300/H3PO3 (ratio 4/1) was
stirred and dried at 293 K for 14 days to obtain a powder
with a low content of adsorbed water.

The 1H NMR spectra were recorded at 200–320 K us-
ing a Varian 400 Mercury spectrometer (magnetic field of
9.4 T) of high resolution with the 90◦ probe pulses with du-
ration of 2–3 μs. Relative mean errors were smaller than
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±10 % for 1H NMR signal intensity for overlapped signals
and ±5 % for single signals, and ±1 K for temperature. To
prevent supercooling of the systems, the temperature depen-
dences of concentration of unfrozen water (Cuw(T ) deter-
mined from the total 1H NMR signal using a calibration
function, Gun’ko et al. 2005) alone or in solutions were de-
termined during heating of samples pre-cooled to 200 K.
Signals of water molecules from ice and adsorbents did not
contribute the 1H NMR spectra recorded here for static sam-
ples because of features of the measurement technique with
a narrow bandwidth and short time of transverse relaxation
of protons in solids (Gun’ko et al. 2005, 2009; Turov and
Gun’ko 2011).

To prepare hydrated powders, certain amounts of distilled
water and/or solutes or dissolved compounds were added
to air-dry powder samples placed into NMR ampoules. Be-
fore the measurements, samples (placed in closed NMR am-
poules) were shaken for 10 min and then equilibrated for
1 h (the samples were uniform in the sensor gap because
the spectra were practical identical with sample rotation and
without rotation). To determine the chemical shift of the
proton resonance, δH, tetramethylsilane (TMS) was used as
an internal standard (assuming δH = 0 ppm over the total
temperature range) added to organic solvents in amount of
0.2 wt.%. The 1H NMR spectra recorded at different tem-
peratures were used to determine the temperature depen-
dences of the amounts of unfrozen water and changes in
the Gibbs free energy (�G(T )) of the mobile phase due
to interaction with a surface of adsorbents (Gun’ko et al.
2005). The low-temperature 1H NMR spectroscopy allows
obtaining both structural information on interfacial water,
pore structure (with cryoporometry) and the thermodynamic
characteristics of bound water or other liquids. These char-
acteristics include changes in the Gibbs free energy upon
adsorption (�G) for strongly bound water (SBW), �Gs <

−0.8 kJ/mol, and weakly bound water (WBW), �Gw >

−0.8 kJ/mol, free surface energy (γ S) calculated as the
modulus of the integral of the �G(Cuw(T )) function, and
the amounts of SBW (Cuw

s) and WBW (Cuw
w). WBW is

frozen at T > 250 K but SBW is frozen at T < 250 K
(Gun’ko et al. 2005). Changes in the Gibbs free energy
(�G) of ice with temperature (Glushko 1978) were calcu-
lated as follows:

�Gice = 0.0295 − 0.0413�T + 6.64369 × 10−5(�T )2

+ 2.27708 × 10−8(�T )3 (kJ/mol), (1)

where �T = 273.16−T at T ≤ 273.15 K. Equation (1) was
used to estimate the �G(T ) function for bound water. The
fact that bound water may remain unfrozen at T < 273 K
suggests that its Gibbs free energy remains lower than that
of bulk water or bulk ice Gi

w < Gice because of interactions
with a solid surface or co-adsorbates. Further lowering of
temperature reduces this inequality until the point T pf, at

which a certain amount of bound water becomes frozen. At
T pf the relationship �Gw = �Gice pertains, where �Gi

w =
Gi

w(T ) − G0
w (G0

w denotes the Gibbs free energy of unper-
turbed bulk water at 273.15 K and superscript i stands for
interfaces). It is assumed that neither Gice, nor �Gice are in-
fluenced by the solid surface. The area under the �G(Cuw)

curve (temperature dependences �G(T ) and amounts of un-
frozen pore water Cuw(T ) can be simply transformed into
the relationship �G(Cuw)) determines overall changes in
the Gibbs free energy of interfacial water

γS = A

∫ Cmax
uw

0
�GdCuw, (2)

where Cmax
uw is the total amount of unfrozen water at T =

273 K, and A is a constant dependent on the type of units
used in this equation (Gun’ko et al. 2005).

Water can be frozen in narrower pores at lower temper-
atures as described by the Gibbs-Thomson relation for the
freezing point depression for liquids confined in cylindrical
pores at radius R (Strange et al. 1993; Gun’ko et al. 2005;
Mitchell et al. 2008; Petrov and Furó 2009)

�Tm = Tm,∞ − Tm(R) = −2σslTm,∞
�HfρR

= k

R
, (3)

where Tm(R) is the melting temperature of ice in cylin-
drical pores of radius R, Tm,∞ the bulk melting tempera-
ture, �H f the bulk enthalpy of fusion, ρ the density of the
solid, σ sl the surface energy of the solid-liquid interface,
and k is a constant dependent on the types of both adsor-
bate and adsorbent. Equation (3) and the Cuw(T ) functions
were used to determine the distribution functions (f V(R) =
dV uw(R)/dR, where V uw(R) is the volume of unfrozen wa-
ter located in pores at radius R) of sizes of water structures
unfrozen at T < 273 K adsorbed onto nanosilicas or MLGO.
Notice that application of the NMR cryoporometry to a vari-
ety of solid and soft materials gave reliable structural charac-
teristics compared with those based on the data of the stan-
dard adsorption methods (Mitchell et al. 2008; Petrov and
Furó 2009; Gun’ko et al. 2005, 2009).

The textural characteristics of adsorbents were deter-
mined from low-temperature (77.4 K) nitrogen adsorption–
desorption isotherms recorded using a Micromeritics ASAP
2405N adsorption analyzer. The specific surface area (SBET)
was calculated according to the standard BET method
(Gregg and Sing 1982). The total pore volume V p was eval-
uated from the nitrogen adsorption at p/p0 = 0.98–0.99
(p and p0 denote the equilibrium and saturation pressure
of nitrogen at 77.4 K, respectively). The nitrogen desorp-
tion data were used to compute the pore size distributions
(PSDs, differential f V(R) ∼ dV p/dR and f S(R) ∼ dS/dR)
using a self-consistent regularization (SCR) procedure un-
der non-negativity condition (f V(R) ≥ 0 at any pore ra-
dius R) at a fixed regularization parameter α = 0.01 with
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a complex pore model with slit-shaped and cylindrical
pores and voids between spherical nonporous nanoparticles
packed in random aggregates (SCV model) (Gun’ko et al.
2009). The differential PSDs (with respect to pore volume
f V(R) ∼ dV/dR,

∫
f V(R)dR ∼ V p) were re-calculated

as incremental PSD (IPSD,
∑

ΦV,i(R) = V p). The differ-
ential f S(R) functions were used to estimate the devia-
tion (�w) of the pore shape from the model (Gun’ko and
Mikhalovsky 2004). The f V(R) and f S(R) functions were
also used to calculate contributions of nanopores (V nano and
Snano at 0.35 < R < 1 nm), mesopores (V meso and Smeso

at 1 < R < 25 nm), and macropores (V macro and Smacro at
25 < R < 100 nm) to the total pore volume and surface area.

Quantum chemical calculations of water clusters with
solutes were carried out with consideration of the solva-
tion effects in different dispersion media (IEFPCM method
(Frisch et al. 2004)) using the Gaussian 03 program package
with the DFT (B3LYP/6-31G(d,p)) technique (Frisch et al.
2004). The NMR spectra were calculated using the gauge-
independent atomic orbital (GIAO) method (Frisch et al.
2004) or correlation functions applied to atomic charges qH

in large systems calculated by semiempirical PM6 or PM7
methods (Stewart 2012).

3 Results and discussion

Primary nonporous nanoparticles of A-300 form relatively
rigid aggregates and soft agglomerates of aggregates (Fig. 1)
responsible for the textural porosity of the powder. The bulk
density of nanosilicas powder is low (ρb = 0.04–0.13 g/cm3

for the initial silicas) but it increases with average size of
primary particles. Despite very large empty space in the
powders (Vem = 1/ρb − 1/ρ0 = 7–25 cm3/g, where ρ0 ≈
2.2 g/cm3 is the true density of fumed silica), the pore vol-
ume determined from the nitrogen adsorption isotherms, V p

(Table 1) is much smaller than V em. The textural porosity
is responsible for the appearance of hysteresis loops in the
nitrogen adsorption-desorption isotherms typical for meso-
porous materials. Contributions of mesopores to the specific
surface area (Table 1, Smeso and SBET) and pore volume

(V meso and V p) are predominant for all nanosilicas stud-
ied. The pore (void) size distributions are relative complex
(Fig. 2) because of a complex structural hierarchy of pri-
mary and secondary particles in silicas (Fig. 1). MCA-A-
300 is characterized by the PSD shifted towards narrower
pore sizes in comparison with the initial A-300 because of

Fig. 1 SEM image of nanosilica A-300

Fig. 2 Incremental pore size distributions for nanosilicas calculated
with the SCV model using self-consistent regularization procedure
(corresponding characteristics are shown in Table 1)

Table 1 Textural characteristics of nanosilicas (model SCV/SCR)

Sample SBET
(m2/g)

Snano
(m2/g)

Smeso
(m2/g)

Smacro
(m2/g)

V p

(cm3/g)
V nano
(cm3/g)

V meso
(cm3/g)

V macro
(cm3/g)

�w

A-400 409 64 327 18 0.859 0.033 0.550 0.276 0.388

A-300a 330 51 270 9 0.826 0.026 0.653 0.147 0.531

A-300b 332 29 301 2 0.771 0.017 0.714 0.040 0.376

OX-50 54 3 47 4 0.144 0.002 0.075 0.067 0.550

Note. aInitial silica and bMCA-A-300
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Fig. 3 1H NMR spectra at
different temperatures of
(a) 36 % hydrochloric acid, and
hydrochloric acid and water
adsorbed to (b)–(d) initial
A-300 and (e) MCA-A-300 in
(b) CDCl3 or (c)–(e) CCl4;
(b), (c), (e) 38 mg/g H2O and
44 mg/g HCl, (d) 140 mg/g
H2O and 120 mg/g HCl

significant compaction of agglomerates. OX-50 has mini-
mal textural porosity since the larger the primary nanoparti-
cles, the lower the aggregation of nanosilicas (Gun’ko et al.
2009). A-400 has a maximal contribution of narrow pores
at R < 3 nm. The complex shape of secondary particles
(Fig. 1) leads to relatively large �w values (Table 1) show-
ing the deviation of the pore shape from the SCV model.
The difference in the textural characteristics of the initial A-
300 and MCA-A-300, as well as A-400 and OX-50 (Fig. 2
and Table 1) can lead a different behavior of liquids such
as water alone or co-adsorbed with miscible or immisci-
ble liquids or acid solutions bound to the materials stud-
ied.

In 36 % hydrochloric acid used, in average six water
molecules are per HCl molecule. This solution is unfrozen
at T > 200 K (Fig. 3a) but water and HCl can be simulta-
neously frozen at T < 200 K (Leninsky et al. 1985). How-
ever, freezing of the HCl solution is possible at higher tem-
peratures if the HCl concentration (CHCl) decreases in the
solution. Thus, the results shown in Figs. 3b–d can be inter-
preted as the formation of two types of HCl/water structures
with different concentrations of HCl with different chem-
ical shifts. The CHCl value is smaller in structures corre-
sponding to signal 2 at a lower δH value. These structures
include mainly non-dissociated HCl molecules. The chemi-
cal shift of signal 1 is close to that of individual HCl solution
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Fig. 4 The δH values in a cluster with dissociated HCl and 16H2O,
and the distribution function of the δH values for clusters with 16HCl,
16H2O and dissociated HCl interacting with 16H2O (geometry was
optimized using IEFPCM/B3LYP/6-31G(d,p) and the NMR spectra
were calculated using GIAO with consideration of the solvation ef-
fects)

(Fig. 3a), i.e. the structures corresponding to signal 1 have
the properties similar to that of the bulk HCl solution with
significant contribution of dissociated HCl.

For water/HCl adsorbed onto MCA-A-300, the 1H NMR
spectra (Fig. 3e) are similar to that of water adsorbed on
A-300 (Turov et al. 2011). Freezing of the adsorbates in
these systems occurs at similar temperatures. Water in con-
fined space of smaller voids in MCA-A-300 can have a
lower activity as a solvent. Therefore, water (strongly as-
sociated water, SAW characterized by δH > 3.5 ppm similar
to bulk water at δH = 4.5 ppm) adsorbed on MCA-A-300
dissolves a lower amount of HCl. Quantum chemical calcu-
lations of the 1H NMR shielding tensors (chemical shifts,
Fig. 4) converted into the spectra show that non-dissociated
HCl molecules dissolved in water have δH < 6 ppm that cor-
responds to signal observed in Fig. 3e.

An anhydrous cluster with 16HCl but calculated with
consideration of the solvation effects (GIAO/IEFPCM/
B3LYP/6-31G(d,p)) has a narrow f (δH) distribution func-
tion (Fig. 4) because all the HCl molecules are non-
dissociated. In the case of a dissociated HCl molecule sur-
rounded by 16H2O, a separated ion pair forms with H+,
in H5O+

2 , and Cl− interacting with several H2O molecules
(Fig. 4). The 1H NMR spectra of the anhydrous cluster
with 16HCl and of the water cluster with dissociated HCl
strongly differ (Fig. 4). The latter has much broader 1H
NMR spectrum than non-dissociated 16HCl molecules and
it is characterized by greater δH values up to 17 ppm. These
calculations show that the position of the resonance peak
(signal 2, Fig. 3b) can be affected by the presence of non-
dissociated HCl. Eigen and Zundel cations located far from
Cl− ions (Murakhtina et al. 2006) provide signals at higher
δH values (signal 1, Fig. 3b).

The properties of phosporus oxyacids, their interactions
with water and interfacial behavior differ from those of HCl,
however certain common features are characteristic for them
due to the confined space effects (Turov and Gun’ko 2011;
Gun’ko et al. 2012a). The 1H NMR spectra of solid phos-
phonic acid with a low content of adsorbed water (50 mg
per gram of solid POA) in CCl4 medium include three sig-
nals at δH = 6 ppm (signal 1), 5 ppm (weak signal 3 as
a shoulder of signal 1) and 3.5 ppm (signal 2) at 290 K
(Fig. 5a). The shape of signal 1 is asymmetrical. Its inten-
sity decreases with decreasing temperature (Fig. 5a), as well
as the δH value decreases to 5 ppm at T = 200 K in con-
trast to the behavior of signal in the concentrated POA solu-
tion (Gun’ko et al. 2012a). The δH values of signals 2 and 3
depend weaker on temperature than that of signal 1. An in-
crease in the hydration degree to h = 70 mg/g results in an
increase in the signal intensity and width (Fig. 5b). However,
the temperature behavior of the spectra is similar to that at
h = 50 mg/g.

The down-field shift of signal 1 with increasing tem-
perature suggests that a relative contribution of Eigen and
Zundel cations H3O+(H2O)n in water with dissolved acid
can increase with temperature (Fig. 5) because of increased
solubility and deprotonation of H3PO3 with elevating tem-
perature due to thawing of SAW frozen at low tempera-
tures. However, contribution of hydrated protons (i.e. dis-
sociated POA) is small at low content of water (Fig. 5a).
Therefore, the δH value decreases with decreasing temper-
ature (Fig. 5) in contrast to that for the concentrated POA
solution (Gun’ko et al. 2012a). The spectra shape shows
that structures with water/dissolved H3PO3 are nonuniform,
since several signals are observed. Signal 2 at 3.5 ppm can
be attributed to water molecules with one hydrogen bond per
H2O as a proton-donor and to PO–H without the hydrogen
bonding. Signal 3 corresponds to SAW practically without
dissolved acid in contrast to water/acid solution with sig-
nal 1.
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Fig. 5 1H NMR spectra recorded at different temperatures of weakly
hydrated solid phosphonic acid (a), (b) alone and ((a), dashed lines)
adsorbed onto nanosilica at A-300/POA = 4/1 at h = (a) 50, (b) 70
and ((a), dashed lines) 100 mg/g in CCl4 medium

Dried suspension with 16 wt.% of silica and 4 wt.% of
H3PO3 as a powder with approximately 10 wt.% of wa-
ter (determined using a calibration function, Gun’ko et al.
2005) is characterized by the 1H NMR spectra with only
one relatively broad signal at 4.0-4.5 ppm (Fig. 5a, dashed
lines), i.e. SAW with a very small amount of dissolved acid.
Similarly to hydrated nanosilica, A-300 modified by phos-
phonic acid obtained by hydrolysis of adsorbed PCl3 was
characterized by a larger shift at δH = 6.5–10.5 ppm (Turov
et al. 1996). During drying of the concentrated suspension
with silica and POA, solution supersaturation results in the
formation of acid crystallites. Additionally, water (at a low
content) bound to nanosilica has low activity as a solvent.
According to the 1H NMR spectra (Fig. 5a), bound water
can dissolve a small amount of H3PO3. Therefore, the δH

value depends weakly on temperature as well as the signal
shape.

Water unfrozen at T < 273 K due to bonding to solid
POA or dried A-300/POA powder (Fig. 6a) includes both
strongly bound water (SBW unfrozen at T < 250 K at
−�G > 0.8 kJ/mol) and weakly bound water (WBW frozen

Fig. 6 Temperature dependences of concentration of unfrozen water
responsible for signal (a) 1 and (b) 2 and (c) chemical shift of sig-
nal 1 for weakly hydrated solid H3PO3 (CH2O = 50 or 70 mg/g) and
A-300/H3PO3 = 4/1 (CH2O = 100 mg/g) in CCl4 medium

at T < 250 K at −�G < 0.8 kJ/mol) (Gun’ko et al. 2005,
2009). However, there is no a clear boundary between SBW
and WBW structures because of changes in the concentra-
tion of dissolved POA with temperature. A major fraction
of water responsible for signal 1 (Cuw1(T )) (Fig. 6a) corre-
sponds to SBW but a major fraction of water giving signal 2
corresponds to WBW (Fig. 6b).
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Table 2 Characteristics of
water bound in POA or
POA/silica powders

Note. *Concentrated aqueous
suspension but other samples
are weakly hydrated powders

Sample h

(mg/g)
Suw
(m2/g)

Snano
(m2/g)

Sdom
(m2/g)

V nano
(cm3/g)

V dom
(cm3/g)

γ S
(J/g)

H3PO3 (signal 1) 50 30 26 4 0.011 0.030 4.1

H3PO3 (signal 2) 50 0.4 0 0.4 0 0.004 0.6

H3PO3 (signal 1) 70 32 24 8 0.010 0.051 5.3

H3PO3 (signal 2) 70 0.6 0 0.6 0 0.006 0.3

H3PO3/A-300 100 82 74 8 0.032 0.062 9.8

H3PO4/OX-50 5 1 0 1 0 0.005 0.5

H3PO4/OX-50 25 12 10 2 0.005 0.010 1.7

H3PO4/OX-50 45 16 12 4 0.006 0.034 3.3

H3PO4/OX-50* 4000 651 374 277 0.169 1.624 110

The δH value for a sample with 50 mg of water per gram
of acid depends weakly on temperature (Fig. 6c). It slightly
increases at T > 230 K. An increase in the water content to
70 mg/g gives an increase in the δH value with a minimum at
240 K. For the dried A-300/H3PO3 powder, the δH value de-
creases with increasing temperature (Fig. 6c). These results
are caused by such two competitive processes as a diminu-
tion of associativity of water molecules (δH decreases) and
an increase in concentration of dissolved acid with tempera-
ture (δH increases).

During freezing of the solution, pure ice and acid crys-
tallites (which do not contribute the 1H NMR spectra here)
form separately. However, interfacial water can be frozen at
lower temperature than acid that affect the concentration of
acid dissolved in the interfacial water and the chemical shift
δH decreases with lowering temperature. However, signal of
the concentrated acid solution is absent in weakly hydrated
A-300/H3PO3 powder. This is due to a low activity of wa-
ter bound to the silica surface. This water does not dissolve
the acid which forms crystallites weakly bound to the silica
surface.

Solid POA has a relatively low surface area, which is in
contact with unfrozen water at low h values (Table 2, Suw),
and clusters of water at R < 1 nm give a major contribution
to the Suw value (Table 2, Snano). However, the volume of
water clusters (Table 2, V nano) is smaller than the volume of
larger domains (V dom) of unfrozen water at 1 < R < 25 nm.
Addition of water (to 70 mg/g) enhances mainly contribu-
tion of domain structures (Sdom,V dom). Signal 2 (Figs. 5
and 6) corresponds to water forming domain structures at
R > 1 nm (Fig. 7g).

In the case of the dried A-300/POA powder, Suw <

SBET,A-300 but Snano,uw > Snano,N2 = 22 m2/g because
POA forms nanocrystallites smaller than the size of silica
nanoparticles (average diameter ∼9 nm) and unfrozen water
locates in narrow pores (voids) between silica nanoparti-
cles and POA crystallites. Water bound in solid POA or sil-
ica/POA powders is energetically and structurally nonuni-
form (Fig. 7). This is due to spatial restrictions dependent

on the pore (void) size distribution. There voids are between
silica nanoparticles at T > 273 K. At T < 273 K ice crys-
tallites participate in the creation of pores. There is the dif-
ference in the surface effects on water layers nearest to the
surface and located in the next layers (Gun’ko et al. 2005,
2009). Therefore distant water can forms ice crystallites at
higher temperatures than SBW. Bound water is character-
ized by the cluster size distribution (WCSD) over 0.6–10 nm
in radius (Fig. 7d). Water responsible for signal 2 is nonuni-
form too but it does not form small clusters at R < 1 nm
(Fig. 7g). Its nanodomains at R = 2–25 nm weaker inter-
act with solid POA (Figs. 7e, f) than water responsible for
signal 1.

At a low content of adsorbed water (50–100 mg/g) it
tends to form small clusters (Fig. 7d). These clusters are
characterized by relatively large changes in the Gibbs free
energy (Figs. 7a–c). Melting of anhydrous H3PO4 occurs
at 290 K. However, the aqueous solution of the acid can
be frozen at much lower temperature because of colligative
properties of the aqueous solutions (Chaplin 2011). Initial
sample OX-50/H3PO4 (Turov et al. 2010) at h = 5 mg/g
has only a weak 1H NMR signal at δH = 4 ppm (Fig. 8a).
Its intensity decreases with lowering temperature because of
freezing of water which is weakly bound to the silica surface
and acid structures. Signal at δH = 0 ppm is due to tetram-
ethylsilane (0.2 wt.%) used as a reference compound.

In the case of dried OX-50/POA powder at h = 45 mg/g,
the values of all the structural characteristics are much lower
than those for A-300/POA at h = 50 mg/g (Table 2) because
OX-50 has the SBET value six times smaller than that of A-
300. However, the difference in the Suw values is smaller
than that of the SBET values because of contributions of POA
nanocrystallites. Very large values of the structural charac-
teristics of unfrozen water are observed for the concentrated
suspension of OX-50/POA (Table 2, Fig. 9). In other words,
water in this suspension is strongly clustered due to inter-
actions with POA molecules and oligomers. To increase the
amounts of water it was added to the suspension in CCl4
stirred, shaken for 10 min and equilibrated for 2 h at 293 K.
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Fig. 7 Changes in the Gibbs
free energy of bound water in
weakly hydrated solid H3PO3 in
CCl4 medium at h = (a), (e) 50
or (b), (f) 70 mg/g and
(c) A-300/POA at
CH2O = 100 mg/g and
(d), (g) water cluster size
distributions (WCSD) in respect
to signals (d) 1 and (g) 2

The spectrum of OX-50/H3PO4 at h = 25 mg/g at 290 K
(Fig. 8b) includes two signals of strongly associated water at
δH = 5.5 and 3.7 ppm and a signal of weakly associated wa-
ter (WAW, characterized by δH < 2 ppm because of a major
part of the H atoms do not take part in the hydrogen bonding)
at δH = 0.8 ppm. The SAW signal at 3.7 ppm disappears at
260 K. Therefore, this water can be assigned to WBW with
the size of domains larger than 10 nm in radius. Addition
of water (h = 45 mg/g) leads to disappearance of this sig-
nal (Fig. 8c). In the case of totally unfrozen concentrated
aqueous suspension of OX-50 (16 wt.%) and POA (4 wt.%)
(Fig. 8d), the chemical shift increases from 4.5 ppm at 280 K
to 6.5 ppm at 210 K when only a small fraction of water is
unfrozen (Fig. 9b). A major amount of water is frozen at
T ≤ 240 K. Concentrating of POA in residual liquid wa-
ter, whose amount decreases with decreasing temperature,
results in an increase in the δH value.

At a low content of water (h = 5 and 25 mg/g), it cor-
responds to SBW frozen at T < 260 K (Fig. 9a). A small
amount of WBW is observed at h = 45 mg/g. The δH value
increases with decreasing temperature if h = 25 or 45 mg/g

in contrast to that at h = 5 mg/g (Fig. 9b). In the last case
water does not dissolve POA. The POA solubility increases
with increasing h, and the δH value increases too. Con-
centrating of POA in liquid water is observed at lowering
temperature because of partial freezing of bound water. In
the aqueous suspension of OX-50/H3PO4 (Fig. 10a), the
amount of bound water is larger than 3 g per gram of solids
including 1 g/g of SBW. The δH value (related to water and
PO–H groups) linearly increases to 6.7 ppm with decreas-
ing temperature to 200 K (Fig. 10b) because of concentrat-
ing of cations formed via dissolution of POA. This temper-
ature behavior of the δH value is similar to that of H3PO3

(Gun’ko et al. 2012a). Smaller δH values at higher tempera-
tures (Fig. 10a) are due to decreased contribution of cations
(formed due to dissolution of POA) with increasing temper-
ature and thawing of frozen water.

Hydrogen peroxide as the next solute studied here has an-
other nature than acids studied. Confined space effects may
differently affect the aqueous solutions of acids and H2O2

that can lead to the formation of different structures of wa-
ter, solutes and organic co-adsorbates located in pores. The
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Fig. 8 1H NMR spectra
recorded at different
temperatures of dried
OX-50/H3PO4 powder at
h = (a) 5, (b) 25 and
(c) 45 mg/g in CCl4 medium
and (d) frozen aqueous
suspension with OX-50
(16 wt.%) and H3PO4 (4 wt.%)

aqueous solution of hydrogen peroxide is characterized by
two 1H NMR signals at δH ≈ 6 (H2O) and 12 (H2O2) ppm
(Fig. 11a).

The signal width increases with increasing temperature
but stronger for H2O2 due to enhancement of the proton ex-
change H2O ↔ H2O2. A weak signal at δH ≈ 2 ppm can be
assigned to methyl groups of acetone added as a standard to
determine δH. The δH value of water interacting with H2O2

is 1–1.5 ppm greater than δH of bulk water (Gun’ko et al.
2009). Symbols at the peaks (Fig. 11a) show the integral in-
tensity of the peaks. At T < 230 K the intensity drops down
because of water and hydrogen peroxide freezing.

Complete melting of the frozen components occurs at
T m = 250 K. The ratio of the integral intensity of the sig-
nals is 4:1 that is close to that of their molar fractions. A de-
crease in the intensity at T > T m is due to changes in nu-
clear level population (Curie law) (Pople et al. 1959). Ad-
ditionally, the H2O2 molecules can decompose with elimi-
nation of oxygen. This can occur in water and provide an
additional channel (as paramagnetic centers) of relaxation
of the nuclear magnetization. It is possible that the pres-
ence of dissolved oxygen in the H2O2 solution can cause a
stronger manifestation of the Curie law in comparison with
other similar systems (Gun’ko and Turov 2013). The H2O2

signal intensity (Fig. 11a) decreases with increasing temper-
ature much stronger than that of water. This can be explained

by changes in the component clusterization (due to cryocon-
centration) which decreases with increasing temperature. In
other words there are two states of H2O2 characterized by
slow and fast proton exchange (in NMR time scale) and the
contribution of the latter grows with increasing temperature.
The models of homogeneous and clustered solutions were
calculated using quantum chemical methods.

According to clustered structure of water (Chaplin 2011;
Gun’ko et al. 2005, 2009), liquid water is composed of clus-
ters and nanodomains. In the case of miscible liquids such
as water and hydrogen peroxide, more clustered structure
can be formed at lower temperatures (Fig. 12, cluster struc-
ture). This clustered structure can be destroyed with increas-
ing temperature due to enhanced motion of the molecules
forming a more random structure (Fig. 12, structure labeled
as “solution”). The latter is characterized by broadened 1H
NMR spectrum theoretically calculated (Fig. 12, curves 2
and 3). In the case of the solution, the water peak shifts to-
wards weak magnetic field (curves 2w and 3w) due to in-
teraction of the H2O molecules with the H2O2 molecules.
Small clusters with anhydrous H2O2 have lower δH val-
ues (Fig. 12, curves 1, 4 and 5) than that of the solutions
(curves 2 and 3). An increase in the H2O2 cluster size to
31 molecules and consideration for the solvation effects
(curve 7) gives smaller δH values for H2O2 than that in
8H2O2·20H2O (curve 6) because the cluster structure in the
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Fig. 9 Temperature
dependences of
(a) concentration of unfrozen
water and (b) δH,
(c), (d), (e) relationships
between changes in the Gibbs
free energy and the amounts of
unfrozen water and (f) unfrozen
water cluster size distributions
for OX-50/H3PO4 at h = (c) 5,
(d) 25 and (e) 45 mg/g

last case differs from that without water molecules. Simi-
lar effects in the clustered (curve 2, cluster structure) and
homogeneous (curve 3, solution structure) systems result in
the displacement of the last spectrum towards the weak mag-
netic field. Interaction of the H2O2·H2O mixture with silica
particles (in pore and at its outer surface, Fig. 13b, insert)
gives a complex shape of the spectrum because of the struc-
tural nonuniformity of the system. The δH values are lower
than that for the pure solution that is in agreement with the
difference in the spectra of the solutions without and with
silica (Figs. 11a–13).

At T < 250 K water (SAW) mixed with H2O2 is partially
unfrozen and has a lower activity as a solvent worse dissolv-
ing H2O2. In other words, these liquids located in narrow
pores can be only partially miscible. They tend to be more
clustered in narrower pores (as shown in Fig. 12a, structure
labeled as “cluster”). Greater δH values for water in this mix-
ture than that for pure water is due to the hydrogen bonding
with H2O2 molecules. With increasing temperature the solu-
bility of H2O2 in SAW located in pores increases that results

in enhancement of the proton exchange between water and
hydrogen peroxide and its line becomes much broader. In
this case, one can expect the appearance of broad but non-
split signal of the H2O–H2O2 mixture with down-field shift
in comparison with water alone. However, this effect is ab-
sent since the separated signals of water and hydrogen per-
oxide are observed at T > 250 K (Fig. 11a). This effect can
be explained by the existence of the clustered H2O2 struc-
ture in SAW even at 280–290 K.

In the case of interaction of the aqueous solution of H2O2

with nanosilica (dehydrated before mixing with the solu-
tion) placed in nonpolar (CCl4) or weakly polar (CDCl3)
medium, the temperature behavior of the 1H NMR spectra
differs from that for the pure solution (Fig. 11). Several sig-
nals are in the spectra: WAW (δH ≈ 1 ppm), two signals
of SAW with different amounts of dissolved H2O2 (δH ≈
5–6.5 ppm). Additionally, in the CCl4 medium, separated
signal of hydrogen peroxide is observed at δH ≈ 11 ppm.
Freezing temperature of CCl4 is 240 K; therefore, the dis-
persion medium freezing (Fig. 11b) results in broadening of
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Fig. 10 Temperature dependences of (a) concentration of unfrozen
water in concentrated suspension of OX-50 (16 wt.%) and H3PO4
(4 wt.%) and chemical shift δH, (b) relationship between changes in
the Gibbs free energy and changes in the Cuw values, and (c) unfrozen
water cluster size distribution

TMS signal at δH = 0 ppm. Near freezing temperature of
CCl4 transition of SAW from state 1 at δH ≈ 5 ppm into
state 2 at δH ≈ 6 ppm is observed. Both signals are observed
at 210–240 K. The H2O2 signal decreases with temperature
and it disappears at T > 240 K (Fig. 11b).

Fig. 11 1H NMR spectra of aqueous 30 % solution of H2O2 (a) bulk
and adsorbed (10 wt.%) onto A-400 being in (b) CCl4 and (c) CDCl3
media

In weakly polar CDCl3 medium (Fig. 11c), the signal of
H2O2 is not observed, however, the baseline increases to-
wards the weak field (i.e. the signal becomes too broad). The
δH value of SAW increases. Splitting of the SAW peak into
1 and 2 states occurs at T > 250 K. Signal 2 shifts towards
strong magnetic field with increasing temperature because
of decreasing clusterization of the solution. This effect for
signal 1 is much smaller. Silica A-400 as a nanostructured
material affects the clusterization of the solution located in
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Fig. 12 1H NMR spectra of
clusters calculated using PM6
method and the correlation
functions for water and
hydrogen peroxide based on the
GIAO/DFT and PM6
calculations of the same systems
((a), curves 1–3, and (b),
GIAO/B3LYP/6-31G(d,p)
((a), curves 4–6) and
GIAO/IEFPCM/B3LYP/6-31G(d,p)
((a), curve 7) with (a) hydrogen
peroxide alone or with water
molecules; two types of the
mixtures were shown with pure
solution (curve 3) and clustered
(curve 2) structures; and
(b) 317H2O·32H2O2 adsorbed
onto silica particles (199
tetrahedrons)

narrow nano- and mesopores (voids between silica nanopar-
ticles, Fig. 2). This process depends also on cryoconcentra-
tion, i.e. relative concentration of H2O2 in certain structures
increases due to partial freezing of water.

The 1H NMR spectra of the H2O/H2O2 mixture ad-
sorbed onto nanosilica being in different mixtures of nonpo-
lar (CCl4) or weakly polar (CDCl3) solvent with addition of
polar solvents (CD3CN, (CD3)2SO) (Fig. 13) demonstrate
complex temperature behavior.

Besides signals of water, H2O2 and TMS, signals of
methyl groups of CH3CN (as admixture in CD3CN) at
δH = 2.2 ppm and (CH3)2SO (admixture in (CD3)2SO) at
δH = 2.5 ppm are observed. In frozen CCl4 medium (T <

240 K) signals of SAW and H2O2 are observed separately
(Fig. 13a). The SAW signal demonstrates up-field shift with
increasing temperature and a minimal value δH = 3.5 ppm is
observed at 230 K and then has down-field shift. At 240 K
two signals of H2O2 in the adsorbed solution are observed at
δH = 10 and 8.5 ppm. However, at higher temperatures only
one weak signal is observed and its δH value decreases with
temperature. Since the δH value of this signal is lower than
that of pure H2O2 one can assume that the H2O2 molecules
form clusters with water and acetonitrile molecules. The
proton exchange reactions of H2O2 with H2O results in sig-
nal broadening and intensity decreasing of the peak depend-
ing on the type of added solvent. After melting of CCl4
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Fig. 13 1H NMR spectra of
aqueous 30 % solution of H2O2
adsorbed (10 wt.%) onto A-400
being in (a) CCl4 + 8 %
CD3CN, (b) CDCl3 + 8 %
CD3CN, (c) CDCl3 + 15 %
CD3CN, (d) CDCl3 + 22 %
CD3CN, (e) CDCl3 + 8 %
DMSO media

(T > 240 K) a major portion of H2O2 dissolves in the SAW
nanodomains (that result in increasing δH value of SAW) or
forms the adsorption complexes with surface silanols groups
(Fig. 13a). In the last case their signal can be absent in the
spectra due to the proton exchange SiOH ↔ HOH causing
significant shortening of the relaxation time.

In the CDCl3 with addition of CD3CN (Fig. 13b), a weak
signal of H2O2 is observed at δH ≈ 9 ppm. It can be due
to the formation of clusters with the participation of H2O2,
H2O and CDCl3 or CD3CN molecules (as well as in the
system shown in Fig. 13a). SAW is observed as one (T <

240 K) or two signals (signals 1 and 2) with up-field shift

with increasing temperature. Signal 1 has a greater shift
than signal 2. The maximal δH value for SAW is 7 ppm
at 220 K. At lower temperatures, the signal intensity and
its δH value decrease due to partial freezing of water and
H2O2. Weak signal of water (signal 3) is also observed at
δH = 2.2–2.4 ppm (to the left from the signal of methyl
groups of acetonitrile). This δH value is intermediate be-
tween the values of WAW (1–1.5 ppm) and water associated
(ASW) with acetonitrile molecules (3 ppm). This signal in-
tensity increases with increasing concentration of acetoni-
trile in the mixture with CD3Cl (Figs. 13b–d). It is possible
that it can be caused by clusters with CD3Cl–CD3CN–H2O
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Fig. 14 1H NMR spectra of
water ((a), (b) hydration
h = 0.1, (c) 0.3 and (d) 0.5 g/g)
co-adsorbed with (a) methane
(from reservoir at pressure of
1.1 bar), (b) +1 g/g benzene
and methane; (c) 0.1 g/g HCl in
air (dashed lines) or CDCl3
(solid lines) dispersion medium;
and (d) 0.2 HCl (in
CDCl3 + DMSO) bound to
MLGO

bound to the A-400 surface in narrow voids (Fig. 2). The
H2O2 signal intensity at δH ≈ 9 ppm increases with increas-
ing CD3CN concentration (Figs. 13b–d). The minimal δH

value of SAW decreases to 4 ppm. Signals 1 and 2 are ob-
served separately only at T > 270 K. Signal 3 is the most
intensive at 22 % CD3CN in the mixture with CD3Cl. It in-
tensity increases with increasing temperature but intensity
of signal 1 decreases. In the case of a CDCl3 mixture with
DMSO (Fig. 13e), the δH value of hydrogen peroxide in-
creases to 11 ppm. Significant changes in the intensity of
signals 3 and 1 (similar to that at 22 % CD3CN) are ob-
served at 5 % DMSO added to CD3Cl.

MLGO has the texture which significantly differs from
that of nanosilicas. MLGO is composed of large (200–
800 nm) carbon sheets forming relatively thin stacks with
5–6 carbon sheets. Carbon sheets include a great amount of
O-containing functionalities (∼10 at.%) of different struc-
tures. Water can be bound to the O-containing functionali-
ties in the form of clusters (Gun’ko et al. 2012b).

The spectra of the HCl solution adsorbed to MLGO de-
pend on co-adsorbate content and the type of dispersion
medium (Fig. 14). An increase in the water and HCl amounts
and replace of air by chloroform alone or in mixture with
DMSO leads to appearance of signal at δH = 9 ppm char-
acteristic for concentrated HCl solution (Turov et al. 2011).
The down-field shift is observed with decreasing tempera-
ture due to two effects: (i) concentrating HCl solution in

SAW, and (ii) stronger interactions of close located layers
of unfrozen liquids to the surface with the O-functionalities.

In the case of the CDCl3 medium, the spectra change
(Fig. 14). The main signal demonstrates a certain up-field
shift (by 0.5 ppm). Signal of concentrated HCl solution
(δH ≈ 9 ppm) is not observed but signal of weakly associ-
ated water (WAW) appears at δH ≈ 1.5 ppm. An increase
in the dispersion medium polarity by addition of 10 % of
DMSO results in the spectra (Fig. 14d) including 4–5 sig-
nals.

The temperature behavior of these signals differs. For in-
stance, signal of water associated with DMSO molecules
(ASW) at δH ≈ 3.5 ppm does not change the position in
contrast to signal of SAW at δH ≈ 5 ppm at 280 K (with
small content of HCl dissolved in bound water) and 7 ppm
at 240 K. The latter is due to changes in the content of HCl
in SAW at decreasing temperature because of acid concen-
trating effect. Therefore, only one signal (δH ≈ 8.5 ppm) of
HCl/SAW is observed at 220 K. In contrast to SAW, WAW
cannot dissolve HCl. Therefore, the signal position of WAW
at δH ≈ 1.5 ppm does not change at decreasing temperature.

4 Conclusions

Hydrochloric acid being in contact with silica nanoparticles
placed in nonpolar (CCl4) or weakly polar (CDCl3) media
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forms clusters of two types (with different content of wa-
ter and HCl) in interparticle voids of the silica powder. This
suggests that the aqueous solution of HCl is divided into
certain components at the silica surface. This dividing is
stronger in the case mechanochemically activated silica at
higher bulk density because of enhanced effects of confined
space in narrower pores. Temperature affected clusterization
of the HCl solution is also observed at the surface of MLGO.

Concentrated solutions or weakly hydrated solid phos-
phorus oxyacids (POA) or dried nanosilica/POA powders
being in the CCl4 medium are characterized by different
temperature dependences of the chemical shift of the pro-
ton resonance (δH) because of partial dissociation of PO–H
bonds strongly depending on water amounts and tempera-
ture. NMR cryoporometry results show that both small wa-
ter clusters and nanodomains are present at the interfaces of
hydrated solid POA and silica/POA powders.

Interactions of 30 % aqueous solution of H2O2 with
nanosilica in the nonpolar CCl4 or CD3Cl media with
addition of polar co-solvents CD3CN or (CD3)2SO into
the nonpolar medium are accompanied by the formation
of two types of structures with strongly associated water
(δH = 4–6 ppm) including different amounts of H2O2. The
H2O/H2O2 structures bound to silica in weakly polar CD3Cl
with addition of CD3CN or DMSO form three types of clus-
ters with: (i) concentrated H2O2 at δH = 9–11 ppm; (ii) con-
centrated water and dissolved polar co-solvents; and (iii) or-
ganic co-solvents containing certain amounts of water and
H2O2.

Thus, clusterization of higher and lower concentrated
acid solutions (in SAW) and nearly pure water (with WAW)
occurs at the interfaces of different adsorbents. This cluster-
ization depends strongly on the type of dispersion medium,
especially its polarity. Obtained results show some ways to
control the interfacial structures in complex systems.
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