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INTRODUCTION

In recent years, functional nanoparticles based on
silica have received much attention. They are used as
nanosized fluorescence materials, quantum dots,
chemosensors, and biosensors [1–9]. The advantage of
silica nanoparticles as a basis for these devices is their
higher stability compared to organic polymer matrices
and the possibility of modifying the surface and pro-
tecting the interior (for hollow nanoparticles) from
environmental exposure, particularly to oxygen.

LEVASIL silica sols from H.C. Starck GmbH & Co.
KG. (Germany) are among the most promising repre-
sentatives of this class of materials. LEVASIL sols are
aqueous colloidal dispersions of amorphous silica par-
ticles with excellent stability and resistance to gelling.
LEVASIL sols are produced from molecularly dis-
solved silicic acid by means of a growth process. The
particles are stabilized in part by small quantities of
alkali (pH 8–11). This results in a negative charge on
the silica particles.

To build functional nanomaterials based on silica
sols and to control the properties of these materials, one
has to study the microstructure of the nanoparticles and
the dynamics of molecules added to sols. We used the
spin probe method to do that in this work. In recent
decades it has been clearly demonstrated that spin

probes and labels give important and sometimes unique
information on the structure, dynamics, and intermo-
lecular interactions in various microheterogeneous
physicochemical and biological systems [10–15].

EXPERIMENTAL

Some physicochemical parameters of LEVASIL 200/30
sols are given in Table 1 [16]. One can see from the
table that the average particle diameter is 15 nm, which
corresponds to the specific surface area of 200 m

 

2

 

 per 1 g.
The solids content in the suspension is 30%.
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Abstract

 

—Stable nitroxyl radicals of different structures, hydrophobicities, and electric charges were used as
spin probes for studying the adsorption and molecular dynamics of the adsorbed molecules on the surface of
LEVASIL silica nanoparticles. Neutral hydrophobic probes, namely, spin labeled derivatives of indole, are not
adsorbed on the nanoparticles; however, the microviscosity and hydrophobicity of their environment differ from
those in aqueous solutions. pH in the LEVASIL suspension is measured using a probe with an amino group. A
study of the adsorption of a series of positively charged spin probes with hydrocarbon substituents of different
lengths showed that the hydrophobic interactions do not contribute to their binding to the nanoparticle surface.
The binding constants, the average number of negatively charged adsorption centers per nanoparticle, and the
surface potential were determined from the adsorption isotherms of the radical cations. The rotational mobility
parameters of the adsorbed radicals were estimated after analysis of the EPR line shape. A dependence of these
parameters on the total spin probe concentration is observed. This is explained by the rapid dynamic equilib-
rium (chemical exchange) between the adsorbed and unbound spin probes. The chemical exchange rates are
estimated. A slow increase in adsorption in the equilibrium nanoparticle suspension (with a characteristic time
of ~10

 

4

 

 min) and a change in adsorption isotherms (accompanied by a change in the dynamical parameters of
the adsorbed particles) are detected. Slow changes in these parameters are attributed to the existence of suffi-
ciently deep energy traps (pores) where the adsorbed radicals slowly diffuse. The rotational mobility of the rad-
icals in these pores is less than in the surface adsorption centers.
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EXPERIMENT

 

Table 1. 

 

 LEVASIL 200/30 silica sols

Solids concentration 30%

Na

 

2

 

O titratable content 0.15%

Density 1.2 g/cm

 

3

 

Viscosity max. 5 mPa s

Specific surface area 200 m

 

2

 

/g

Average particle size 15 nm

pH value 9

Storage stability 18 months
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We used nitroxyl radicals of different structures,
hydrophobicities, and charges as spin probes and stud-
ied their EPR spectra vs. nanoparticle and probe con-
centration, ionic strength, and time. We used spin
probes that could be sensitive to various microregions
of LEVASIL sol suspension: hydrophobic spin probes
MK5 and K6, RNH

 

2

 

 radical, and a series of positively
charged spin probes Cat7–Cat12 with hydrocarbon
substituents of different lengths. The structures of these
radicals are shown in Fig. 1. MK5 and K6 radicals were
kindly provided by Dr. A.B. Shapiro (Institute of
Chemical Physics, Russian Academy of Sciences), the
RNH

 

2

 

 radical was from Aldrich (Germany), and Cat7–
Cat12 radicals were kindly provided by Prof. G.B. Kho-
mutov (Department of Physics, Moscow State Univer-
sity).

Spin probes MK5 and K6 are only weakly soluble in
water and exhibit an affinity to hydrophobic regions [11].
They are chemical isomers in which the reporter NO
group is located in a rigid five-membered planar pyrro-
lidine ring (MK5) or in a nonplanar conformationally
labile piperidine ring (K6). RNH

 

2

 

 radical has a NH

 

2

 

group whose charge depends on pH of the environment.
Since the charge changes can cause redistribution of the
electron and spin density, this radical can serve as a
pH-sensitive spin probe.

Cat7–Cat12 radicals bear positive charge on the
quaternary nitrogen atom, which is almost constant at

pH 3–10. Hence, these probes should be sensitive to the
charge and potential of the nanoparticle surface. In
addition, the presence of 

 

n

 

-alkyl groups of different
lengths in these radicals may make it possible to assess
the contribution of hydrophobic interactions to their
binding with the surface of silica nanoparticles.

EPR spectra of the spin probes were recorded using
a Bruker ER 200D spectrometer at a constant tempera-
ture to within 

 

±

 

0.5

 

°

 

C. EPR spectra were recorded at
low microwave power (18 dB, 

 

H

 

1

 

 

 

≈

 

 0.0625 G) and low
modulation amplitude to exclude distortions of the EPR
line shape.

The concentrations of free spin probes and their
complexes in solution were determined by double inte-
gration of the EPR spectra and by comparison with
standard solutions of a nitroxyl radical 4-hydroxy-
2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPOL).

EPR spectra of the spin probes were numerically
simulated using a model of nonspherical (anisotropic)
rotation, in which a spin probe was characterized by the
coefficients of rotational diffusion with respect to the
symmetry axis (

 

R

 

||

 

) and the perpendicular axes (

 

R

 

⊥

 

) and
the angle 

 

β

 

 between the 

 

z

 

-axis of magnetic tensors (

 

A

 

, 

 

g

 

)
and the symmetry axis of the diffusion tensor. Calcula-
tions were performed using software [17], in which
these parameters, as well as individual line widths,
were determined using nonlinear least-squares fitting
and a modification of the Levenberg–Marquardt mini-
mization algorithm.

Additionally, in order to characterize the rotational
dynamics of the spin probes, the effective rotational
correlation times of spin probes were determined from
the EPR spectra by assuming isotropic rotation and
using the following relationship [18]:

(1)

where 

 

I

 

±

 

1

 

 are the amplitudes of the hyperfine structure
(HFS) components (

 

m

 

 = 

 

±

 

1) and 

 

∆

 

H

 

+1

 

 is the width
(defined as the distance between the extrema) of a low-
field HFS component.

The polarity of the environment of a spin probe was
characterized by constant 

 

a

 

 of the isotropic HFS on the
N

 

14

 

 nucleus and by dimensionless hydrophobicity
parameter 

 

h

 

, defined as the following [19]:

(2)

where 

 

a

 

HC

 

 and 

 

a

 

W

 

 are the values of 

 

a

 

 in toluene and in
water, respectively. 

 

h

 

 = 1 under hydrophobic conditions
(in toluene), and, in water, 

 

h

 

 = 0.

RESULTS

The interaction of the spin probes of each group
with LEVASIL 200/30 nanoparticle suspension is con-
sidered below.
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Fig. 1.

 

 Structures of spin probes.
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1. Hydrophobic Probes MK5 and K6 

 

EPR spectra of K6 radical in water and
LEVASIL 200/30 suspension (Fig. 2) are very similar
and correspond to the rapid, almost isotropic, rotation
of radicals. Similarly, EPR spectra of MK5 probe in
water and in the nanoparticle suspension are almost the
same. This means that hydrophobic probes MK5 and
K6 are not adsorbed on the nanoparticle surface. How-
ever, the quantitative analysis of EPR spectra shows
that some changes occur in the nanoparticle suspension
when compared to the aqueous solution. First, rota-
tional correlation time 

 

τ

 

R

 

 increases from 0.066 ns in
water to 0.085 ns in suspension. Second, rotation
anisotropy slightly changes, which can be seen from the
ratio of HFI component intensities 

 

I

 

0

 

/

 

I

 

+1

 

: In water this
ratio is less than unity, whereas in suspension it is
almost unity. Third, the polarity of the spin probe envi-
ronment slightly decreases in suspension: 

 

h

 

 

 

≅

 

 0.1 vs.

 

h

 

 = 0 in water. The first two factors are obviously
caused by the macroscopic viscosity. The increase in 

 

h

 

indicates that the spin probes not bound to the nanopar-
ticles, nevertheless, are sensitive to their microenviron-
ment, probably because of the changes in the structure
of water near the particle surface.

 

2. pH-Sensitive Spin Probe RNH

 

2

 

EPR spectra of RNH

 

2

 

 radical in water and in
LEVASIL 200/30 sol suspension are shown in Fig. 3.

The quantitative analysis of these spectra allows the
following conclusions. (1) The rotational correlation
time of the radical increases from 0.06 ns in water to
0.14 ns in suspension. (2) 

 

a

 

iso

 

 in suspension increases
by 0.16 G as opposed to the aqueous solution (pH 7.4).
(3) An additional EPR signal corresponding to the
slower rotation of RNH

 

2

 

 radical appears in suspension.
These differences between the aqueous solution and

suspension are due to the following mechanisms. The

increase in the rotational correlation time of the radical
not bound to the nanoparticles, as in the case of K6,
results in part from the small increase in the suspension
macroviscosity. However, the relative increase in 

 

τ

 

R

 

 for
RNH

 

2

 

 is much more than for K6. This difference obvi-
ously results from the fact that some RNH

 

2

 

 radicals are

protonated ( ); hence, they can bind to the nega-
tively charged nanoparticle surface due to their positive
charge and dissociate into the aqueous phase again.
Upon binding, the rotational mobility of the radical
drastically decreases and the effective rotational corre-
lation time of the radical in the aqueous phase increases
as a result of the rapid exchange between the bound and
unbound states. Obviously, the presence of strongly
immobilized EPR signals resulting from the adsorbed
radicals supports this mechanism. One can see from
Fig. 3 that the fraction of the adsorbed radicals is rather
small; it is no more than 5%, as estimated from the sim-
ulated EPR spectra.
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 EPR spectra of K6 and MK5 radicals (
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) in LEVASIL 200/30 suspension and (
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) in water at 293 K.
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 EPR spectra of RNH
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 radical (
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) in water and (
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) in
LEVASIL 200/30 sol suspension.
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The increase in 

 

a

 

iso

 

 is also caused by the pH depen-
dence of the charge and, therefore, the electron and spin
density distribution of RNH

 

2

 

 radical. Similar pH
dependences are known for a series of nitroxyl radicals
that have an ionizable NH

 

2

 

 group (e.g., see [20]). pK
values for primary amino groups of aliphatic amines
are about nine; therefore, in LEVASIL suspension,
where pH 

 

≅

 

 9 [1], approximately half of the RNH

 

2

 

 rad-
icals are uncharged, and the other half are protonated
(positively charged). The observed signal of fast rota-
tion from the “free” radicals results from the overlap of
these two signals. At the same time, most radicals are
protonated and positively charged at pH 7 in water. The
presence of the deprotonated RNH

 

2

 

 form in the suspen-
sion results in an increase in 

 

a

 

iso

 

 of the observed total
signal. To determine pH in suspension, we constructed
a calibration plot of 

 

aiso of the RNH2 radical vs. pH in

standard aqueous buffer solutions at pH 7–10.5. pH in
LEVASIL suspension that was determined using this
plot is 9.6 ± 0.1. The sample-averaged pH measured
using a pH electrode is 9.9 ± 0.05. The difference
between these values is somewhat larger than the
experimental errors of these methods. It might be sup-
posed that these differences result from the fact that the

protonated  radical is, for the most part, located
near the negatively charged nanoparticle surface, where
pH differs from the sample-average value.

3. Cat7–Cat12 Radical Cations 

The adsorption of the radicals on the nanoparticle
surface and its effect on the shape of the EPR spectra is
studied more comprehensively for Cat7–Cat12 radi-
cals, which have a positive charge (+1) in a wide pH
range.

The EPR spectra of Cat8, Cat10, and Cat12 radicals
in water are shown in Fig. 4a. The correlation times of
these radicals only slightly increase in the Cat7–Cat12
series, from 0.090 ns to 0.096 ns (Table 2). Obviously,
this weak dependence results from the segmental
mobility of the hydrocarbon chain, which has a coil
conformation in an aqueous solution.

Figure 4b shows the spectra of Cat8–Cat12 radicals
in LEVASIL 200/30 suspension. One can see that two
EPR signals are clearly seen for all three radicals in sus-
pension, one corresponding to the fast rotation of the
radical (w) and the other corresponding to its strong
immobilization (s), which is obviously a result of
adsorption on the nanoparticles.

The structure–dynamical parameters of Cat7–Cat12
radicals in LEVASIL suspensions are given in Table 2.
For fast rotation signals corresponding to spin probes
unbound to the surface, the correlation time estimated,
assuming isotropic rotation, is ≅0.34 ns for Cat7 and is
independent on the hydrocarbon chain length within
the error of the experiment.

One can also see from Table 2 that, for all the radi-
cals τR, values in suspension (with total radical concen-
tration being 10–3 M) are more than twice as high as τR
values in water. These estimates are obtained using for-
mula (1) without taking into account partial overlap of
the fast rotation signal with the strongly immobilized
component. To estimate the effect of this overlap on τR,
we simulated two-component EPR spectra where the
EPR spectra of the radicals in water were taken as
weakly immobilized component. Determining τR using
formula (1) from these two-component spectra resulted
in no more than a 6% difference with the signal in
water. Therefore, the correlation times of the radicals
unbound to the surface measured in the EPR spectra of
suspensions are really much higher than for the radicals
in the aqueous solution. The nature of these differences
is discussed in Section 4.2.

RNH3
+

33903380337033603350334033303320

1

2

3

4

5

(a)

3420340033803360334033203300

1

2

3

4

5

(b)

Field, G

s

w
w

s

2A'zz

Fig. 4. (a) Spectra of Cat8–Cat12 radicals in water: (1) Cat8,
(2) Cat9, (3) Cat10, (4) Cat11, and (5) Cat12. Spin probe
concentration is 10–4 M. (b) Spectra of Cat8–Cat12 radicals
in LEVASIL 200/30 suspension: (1) Cat8, (2) Cat9,
(3) Cat10, (4) Cat11, and (5) Cat12. Spin probe concentra-
tion in suspension is 10–3 M.
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Note that the polarity of the Cat7 environment in sol
solution, as in the case of K6 probe, is somewhat lower
than in water.

Because the central components of the EPR signals
of the unbound and adsorbed radicals strongly overlap
(Fig. 4b), the rotational mobility of the probes adsorbed
on the surface was estimated using the distance between
the outer extrema of the spectrum  (Fig. 4b), which
equals twice the z-component of the HFI tensor par-
tially averaged due to molecular rotation. The rotational
mobility of the adsorbed radicals is governed by their
orientation on the surface, which is unknown. It might
be supposed that the rotation of Cat7–Cat12 probes
consists of fast librations within a limited solid angle
that result in the partial averaging of the components of
the HFI tensor. In this model, the libration amplitude
(∆θ) can be estimated using the following formula [21]:

(3)

where Azz is the unaveraged (limiting) value and  is
the value averaged over the motion of the z-component
of the hyperfine interaction tensor (A).

On the other hand, if the radical is adsorbed in such
a way that its long axis coinciding with the average
direction of the hydrocarbon chain is on average per-
pendicular to the surface or, vice versa, parallel to it, a
uniaxial rotation by the angle of 2π is possible around
the axis, approximately coinciding with the direction of
NO bond. In this case, the frequency of uniaxial molec-
ular rotation can be estimated from Azz and  values.

Azz values were determined at 77 K for the samples
in which the weakly immobilized component of the
unbound spin probes was almost absent at 293 K. To
make these samples, we concentrated LEVASIL sus-
pension by a rotor evaporator until the volume
decreased to approximately two thirds of the initial and
used low radical concentrations to ensure their com-
plete binding to the surface.

2Azz'

Azz' Azz ∆θ( )cos
2〈 〉 A⊥ ∆θ( )sin

2〈 〉 ,+=

Azz'

Azz'

The measured Azz values are given in Table 2. The
components A⊥ were taken as equal 6 G. The libration
amplitudes found according to formula (3) are approx-
imately 14 degrees at 293 K (Table 2). To determine the
rotational diffusion coefficient, we simulated the EPR
spectra of the measured Azz within the uniaxial diffusion
rotation model using the software package of Freed
et al. [17]. The calibration plots of  vs. D|| were con-
structed from the calculated EPR spectra. The coeffi-
cients of uniaxial rotation around the axis, coinciding
with the x-axis (the direction of NO bond) of the radi-
cal, were determined from the calibration plots. These
values are also given in Table 2.

The choice between these models of motion can be
based on the fact that ∆θ or D|| are independent of the
alkyl residue length (Section 4.1). The lack of this
dependence shows that hydrocarbon chains do not con-
tribute to binding. This means that the radical orienta-
tion where the hydrocarbon groups have no contact
with the nanoparticle surface is more probable as a
binding model.

The adsorption of Cat type radicals was studied more
comprehensively as a function of alkyl residue length,
radical concentration in solution, and ionic strength.

4.1. Effect of the Alkyl Residue Length 

Figure 4b shows the EPR spectra of Cat8, Cat10,
and Cat12 radicals in LEVASIL 200/30 suspension. In
all spectra, the weakly immobilized component (w) cor-
responds to the radical in solution, whereas strongly
immobilized component (s) corresponds to the adsorbed
radicals. First, the changes show that the shape of both
components is almost the same for all the radicals of
this series. Second, the amplitude ratio of the strongly
and weakly immobilized components (s/w) which
quantitatively characterizes the adsorption is also
almost the same (Table 2).

Azz'

Table 2.  Structure–dynamical parameters of spin probes in LEVASIL suspension. τaq and τw are rotational correlation times

of the spin probes not bound with nanoparticles in water and in LEVASIL suspension, respectively; Azz and  are z-com-
ponents of the HFI tensor unaveraged and partially averaged over molecular rotation; ∆θ is the average angular libration
amplitude of z-axis of the spin probe coinciding with the direction of π orbit of the unpaired electron; D|| is the coefficient of
uniaxial rotational diffusion about the axis coinciding with the direction of the NO bond of the radical fragment of the probe;
and s/w is the amplitude ratio of strongly and weakly immobilized EPR signals responsible for the spin probes bound
with nanoparticles and unbound ones

Cat-n τaq × 1010 s τw  × 1010 s 2  (G) 2Azz (G) ∆θ (deg) D|| × 10–7 s–1 s/w

7 0.90 ± 0.08 3.45 ± 0.25 0.1 ± 0.006

8 0.91 ± 0.08 3.5 ± 0.25 70.2 ± 0.15 75.55 ± 0.15 16.6 ± 1 1.8 ± 0.1 0.11 ± 0.01

9 0.93 ± 0.08 3.25 ± 0.25 0.2 0.1 ± 0.008

10 0.94 ± 0.08 3.15 ± 0.25 0.2 0.1 ± 0.009

11 0.95 ± 0.08 3.15 ± 0.25 0.1 ± 0.01

12 0.96 ± 0.08 3.1 ± 0.2 0.1 ± 0.007

Azz'

Azz'
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These results demonstrate that the adsorption of Cat
radicals does not depend on the length of the alkyl
group in the radical, which brings us to the conclusion
that the contribution of hydrophobic interactions to the
adsorption is rather small or lacking. This conclusion is
supported by the study of the effect of ionic strength on
adsorption (see below). Therefore, further experiments
were performed mainly with Cat8.

4.2. Effect of Spin Probe Concentration
in Suspension

First, we studied the amplitudes of strongly and
weakly immobilized EPR signals as functions of the
radical concentration in the initial 30% suspension. It
was found that the amplitude of the strongly immobi-
lized component (corresponding to the adsorbed radi-
cals) increases nearly linearly, while the amplitude of
the weakly immobilized component (corresponding to
the unbound radicals) linearly decreases. The exception
is the high concentration region (5–10 mM), where the
EPR line shape of the unbound spin probes may be
affected by the spin exchange between these probes.
These relationships result from the large number of
binding sites on the surface proportional to the total
area of the nanoparticle surface. Therefore, the initial
suspension concentration was reduced to 7.5%.

Next, the intensities of the low-field component
(m = +1) of the strongly immobilized EPR signals in
the 7.5% suspension were expressed directly through
the bulk concentrations in mM. To do this, we first sim-
ulated two-component EPR spectra at the lowest total

Cat8 concentration in the undiluted 30% suspension
(10–4 M). In these conditions the amplitude ratio of the
weakly and strongly immobilized signals is minimal.
The line shapes of the strongly and weakly immobi-
lized components were simulated within the model of
convolution of gaussian and lorentzian line shapes.
Next, relative fractions of weakly and strongly immobi-
lized components were varied until the best fit to the
experimental spectrum was found. It was found that the
fraction of w-component is about 9%. Therefore, the
amplitude of the strongly immobilized component of
this spectrum corresponds to 0.91 × 10–4 M. This rela-
tionship was used then to convert the amplitudes of the
low-field components into the bulk concentrations. The
resulting curve is shown in Fig. 5.

To determine the adsorption parameters, namely, the
binding constant and the number of adsorption centers,
we simulated this dependence using simple “chemical”
binding model.

(4)

where Ka, , cb, and cads are the binding constant with
the adsorption center, the initial concentration of the
spin probes, the concentration of the bound probes, and
the concentration of the adsorption centers, respectively.
All the values are expressed through bulk molar concen-
trations. The simulation was performed by nonlinear
least squares using the equation based on formula (4).
The simulation (fitting) results are also given in Fig. 5.
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Fig. 5. Experimental concentration of adsorbed radicals
derived from the amplitude of immobilized EPR signals of
Cat8 radical in LEVASIL 200 7.5% suspensions (dots) and
best fit within the model of radical binding with adsorption
centers (formula (3)) constructed by nonlinear least squares
(dashed line).
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From the adsorption curve fitting, the binding con-
stant Ka = 2.7 × 103 M–1. One can see from Fig. 5 that
the agreement between the experimental and simulated
binding isotherm is rather poor for high radical concen-
trations. Moreover, the amount of adsorbed radicals
decreases in this range as the concentration increases,
which obviously disagrees with the simple adsorption
mechanism.

To find the origin of this abnormality of the adsorp-
tion isotherm, we measured the parameters of the
adsorption-induced (immobilized) EPR signal as func-
tions of the total Cat8 radical concentration. The
parameters  and half-width of the low-field com-
ponent of this signal are shown in Fig. 6.

One can see from Fig. 6 that the parameters 

and , characterizing the molecular mobility of the
adsorbed radical, depend substantially on the total rad-
ical concentration in the system. Namely, the rotational
mobility of the adsorbed radicals increases with the
radical concentration. This manifests itself as a
decrease in , i.e., the increase in the averaging of
anisotropy of hyperfine interaction, and as an increase

in , i.e., the increase in the relaxation line broad-
ening. This unusual behavior in adsorption can be the
result of two things. The first is the structure–dynamical
heterogeneity of the adsorption centers. At low radical
concentrations, the radicals are adsorbed on the centers
that correspond to the low molecular mobility of the
spin probes and the relatively high binding constant. As

2Azz'

2Azz'

∆H1/2
+1

2Azz'

∆H1/2
+1

the total radical concentration increases, adsorption
takes place on the centers with a higher mobility of the
adsorbed molecules and, therefore, a low binding con-
stant. However, this mechanism can hardly explain why
the rather strong concentration dependence of 2Azz and

 remains in the range where the amount of
adsorbed radicals changes only slightly. According to
the other mechanism, a rapid dynamical equilibrium
(chemical exchange) exists between the adsorbed radi-
cals and the radicals in the solution, which results in a
partial averaging of the anisotropic hyperfine interac-
tion ( ) and relaxation broadening of the EPR spec-
tra of the immobilized component.

The parameter governing the effect of chemical
exchange on the immobilized component equals the
product of the exchange rate constant (kex) and the frac-
tion of the “free” probes in the solution:

(5)

where P is the fraction of the immobilized radicals in
the total amount of radicals. Therefore, the effect of
exchange on the parameters of the EPR signal of
unbound probes is governed by the product

(6)

Therefore, the effect of exchange on the relaxation
parameters of the immobilized signal increases and its
effect on the relaxation parameters of the unbound rad-
ical decreases as the total radical concentration
increases. One can see from Figs. 6 and 7 (see below)
that these are the effects we observe in the experiments.
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Fig. 7. Width between maximum inclination points of the

m = +1 component of EPR signal ( ) and rotational

correlation time of spin probes Cat8 not bound with the sur-
face (τR) as a function of the total Cat8 concentration in
LEVASIL 200/7.5 suspension.
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best calculated isotherm obtained by nonlinear least squares
(dashed line).
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The changes in the parameters of the EPR spectra of
the unbound radicals are shown in Fig. 7.

One can see from this figure that both the width of
the hyperfine component and the rotational correlation
time of the probe unbound to the surface decrease as the
total radical concentration increases and they tend to
the values typical for the free probe in water. The results
obtained agree with the exchange mechanism and can-
not be explained within the heterogeneity model.

The broadening of the immobilized component due
to the chemical exchange decreases its amplitude.
Therefore, we chose the product of the amplitude and
the line half-width as a parameter characterizing the
change in the fraction of the immobilized component as
a function of the total radical concentration. This
parameter, which characterizes the integral intensity
similarly to the intensity of m = +1 component (Fig. 5),

can be converted to the concentration scale. As a result,
we obtain the adsorption isotherm that takes into account
the change in the shape of the EPR signal of adsorbed
radicals due to the chemical exchange (Fig. 8).

One can see from Fig. 8 that taking into account the
change in the shape of the immobilized EPR signal as
the total radical concentration increases eliminates the
“unphysical” decrease in the concentration of adsorbed
radicals (Fig. 5) and substantially improves the agree-
ment between the experimental and simulated iso-
therms.

From the fitting of the improved adsorption curve,
the binding constant is 1.97 × 103 mol–1. The amount of
adsorption centers per particle of the LEVASIL 200/30
sol was also estimated using the bulk concentration of
these centers obtained from fitting. This value averages
87 centers, and the surface concentration of the adsorp-
tion centers is about 12 centers per 100 nm2 of the sur-
face.

With the obtained isotherm and numerical values of
the relaxation broadening due to chemical exchange
(Fig. 8), one can estimate the rate of chemical exchange
(dissociation–association) of the radicals with the bind-
ing centers. Thus, for total radical concentration of
1 mM, we obtain from Fig. 8 that P = 0.76 and additional
relaxation broadening from Fig. 6 is ≈0.5 G. Using for-
mula (3) we obtain kex ≈ 3.5 × 107 s–1. This high rate of
chemical exchange indicates relatively weak binding of
the radicals with the adsorption centers.

4.3. Effect of Ionic Strength 

The adsorption was studied as a function of the ionic
strength of the suspension in order to assess the contri-
bution of electrostatic interactions to the adsorption of
Cat radicals.

It is known from the works performed earlier by
H.C. Starck GmbH that an increase in the ionic strength
up to 0.3 M has little effect on the stability of sol sus-
pensions; specifically, it has no effect on the sol–gel
transition. Hence, the concentration range of the neutral
electrolyte NaCl used for varying the ionic strength was
0–0.3 M.

Figure 9a shows the amplitude ratio of the EPR sig-
nals from the adsorption centers and unbound radicals
as a function of NaCl concentration. One can see from
formula (2) that the ratio of the immobilized signal to
the free one characterizes the binding constant for low
concentrations, where the concentration of adsorbed
radicals linearly depends on the total radical concentra-
tion in suspension, because the factor cads – cb in the
denominator is approximately constant at cads � cb. One
can see from Fig. 9a that, at as small an increase in the
ionic strength as 0.3 M, this ratio decreases by a factor
of 13 almost to zero. The obtained result shows that the
main contribution to binding is from the electrostatic
attraction of positively charged spin probes to the neg-
atively charged adsorption centers.
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Fig. 9. (a) The ratio of the immobilized signal to the free one
as a function of the NaCl concentration for Cat8. The radi-
cal concentration is 4 × 10–4 M. (b) Calculated surface
potential of the nanoparticle as a function of the concentra-
tion of an inert 1 : 1 electrolyte (NaCl).
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The surface potential as a function of the ionic
strength can be estimated from the relationship follow-
ing from the electrical double layer theory [21]:

(7)

where σ is the surface charge density, σ = ecs (cs is the
surface concentration of negatively charged adsorption
centers, ci is the concentration of ions with the charge
zi, F is the Faraday constant, ε0 is the electric constant,
ε is the dielectric constant of water, and ψ0 is the sur-
face potential.

We found the surface potential of the nanoparticle as
a function of the electrolyte concentration (NaCl) by
numerically solving the Eq. (7). It is given in Fig. 9b.
Without NaCl, the concentration of the radical itself,
4 × 10–4 M, was taken as the electrolyte concentration.
One can see from Fig. 9b that the dependence of ψ0 on
the electrolyte concentration is qualitatively similar to
the dependence of the experimental parameter s/w.
According to the Boltzmann formula, ψ0 governs the
radical concentration in the diffuse part of the electrical
double layer around the nanoparticle.

Note, however, that this estimate is rather approxi-
mate. To calculate the surface potential more exactly,
one has to take into account the discrete structure of the
charge distribution on the nanoparticle surface.

Slow Kinetics of Adsorption Changes 

We observed that the ratio of the amplitude of the
strongly immobilized signal to the EPR signal ampli-

σ2 2000ε0εRTΣci e
ziFψ0/RT–

1– ,=

tude of the unbound probes slowly changes with time,
and the character of these changes depends on the total
radical concentration in suspension.

Figure 10 shows the ratio of the amplitude of the
adsorbed radicals to the EPR signal amplitude of the
unbound radicals recorded at different times after sam-
ple preparation. One can clearly see from Fig. 10 that
the fraction of the adsorbed signal increases with time,
and this process is more pronounced at low total radical
concentrations. Measurements show that s/w increases
nearly linearly with time.

We have also measured the spectral parameters of
the immobilized signals, namely, , which charac-
terizes the dynamics of the adsorbed probes, as a func-
tion of aging time and total radical concentration. These
curves are given in Fig. 11.

One can see from Fig. 11 that  increases with
sample aging time, that is, the mobility of the adsorbed
radical (rotational mobility or chemical exchange rate)
decreases. These results, together with the data on the
increase in the fraction of the adsorbed radicals given in
Fig. 10, can be explained by the fact that the adsorbed
radicals diffuse with time into deeper traps exhibiting
higher binding constants and lower mobility. The avail-
able surface binding centers are occupied by other rad-
icals from the solution. The reason the concentrations
of the adsorbed radicals change with time is probably
the slow structural rearrangements in the nanoparticles
themselves. The linear dependence of s/w parameters
on the aging time mentioned above shows that these
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structural rearrangements, or the radical diffusion pro-
cesses caused by them, are far from saturation at �8 ×
104 min and should be taken into account in the design
of devices, particularly chemosensors based on silica
nanoparticles.

CONCLUSIONS

1. Samples of silica nanoparticle suspensions that
contain spin labeled molecules (spin probes) of differ-
ent structures are produced. The adsorption and molec-
ular dynamics of these molecules on the nanoparticle
surface and in bulk suspensions is studied by electron
paramagnetic resonance.

2. It is shown that uncharged hydrophobic spin
probes, spin-labeled derivatives of indole fluorophore,
are not adsorbed on the surface of LEVASIL nanoparti-
cles; however, their rotational mobility (that is, the
microviscosity of the environment) and environment
polarity differ from the aqueous environment.

3. With the use of an amino derivative of a nitroxyl
radical, local pH in silica nanoparticle suspensions is
measured near pK of the amino group.

4. The study of adsorption of a series of positively
charged spin probes with hydrocarbon substituents of
different lengths demonstrated that hydrophobic inter-
actions do not substantially contribute to the binding of
these molecules.

5. The study of adsorption isotherms of radical cat-
ions made it possible to determine their binding con-
stant with the nanoparticle surface and the amount of
negatively charged adsorption centers on the silica
nanoparticles.

6. The rotational mobility parameters of the
adsorbed spin-labeled molecules are estimated using
the EPR spectra.

7. The dependence of the dynamical parameters of
the adsorbed spin probes on the total concentration of
spin probes added to the suspension is found. This
dependence is attributed to the existence of rapid
dynamical equilibrium (chemical exchange) between
the adsorbed and unbound radicals; the rate constants
of chemical exchange are evaluated.

8. A slow (�104 min) increase in adsorption in the
equilibrium suspension of silica nanoparticles and
changes in the adsorption isotherm are observed. These
changes are followed by changes in the dynamical
parameters of the adsorbed particles. The results
obtained are attributed to the existence of relatively
deep energy traps (pores) where adsorbed radicals
slowly diffuse. The rotational mobility of the radicals in
these traps is lower than in the surface adsorption cen-
ters. These slow changes in spatial distribution and
parameters of the adsorbed molecules should be taken
into account in the design of chemosensors and other
devices based on silica nanoparticles. The results
obtained are of interest in the development of methods
for testing nanoparticle structure, dynamics of the

introduced functional molecules, and the time behavior
of the structure parameters of the nanoparticles.
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