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The properties of SiO, nanoparticles interface modified with cationic surfactant mole-
cules has been studied. Using a fluorescent indicator 2,7-dichlorofluorescein as the surface
probe, it has been demonstrated that a bilayer is formed on the SiO, surface providing
similarity of the nanoparticle surface in aqueous media with that of surfactant micelles.

IIposeseno uccnenosanue cpoiicTs HamouacTun, SiO,, MOAUGUIMPOBAHHEIX MOJEKYJIAMU
KaTHOHHOTrO moBepxHOcTHO-akTuBHOrO BemrectBa (IIAB). C ucmonn3oBanueM (pIyopecieHTHO-
ro uAHKaropa 2,7-auxjaop@ayopeciienHa B KauyecTBe IIOBEPXHOCTHOI IpPOOBI IIOKA3aHO, YTO
Ha mosepxHOcTH SiO, o6pasyercs Gumcioii, IPUAAIOIINE IIOBEPXHOCTH HAHOYACTHI] B BOLHOM
cpefie CXOICTBO C IMoBepxHOcThio muresna [TAB.

Silica nanoparticles are of great interest
in the field of nanotechnology and nano-
chemistry development [1, 2]. The silica
nanoparticles modified with cationic surfac-
tant molecules are widely used for creating
a number of functional materials [1-5]. For
example, the sol-gel matrixes obtained on
the basis of tetraethoxysilane and surfac-
tant, show numerous favorable properties
[3, 4]; furthermore, the use of silica modi-
fied with surfactant provides the synthesis
of biomarkers [5]. However, many proper-
ties of the silica nanoparticles surface
coated with surfactant molecules have not
yet been clarified. The interaction between
cationic surfactants and silica surface is
well manifested [6—10], but the character of
structures formed by surfactant on the
SiO,/water interface is still in question.
That is why the purpose of the present work

662

was to investigate the silica nanoparticles
coated with surfactant adlayer (presumably
bilayer) and to find out whether these modi-
fied species resemble the surfactant micelles
in affecting the state of fluorescent dye
2,7-dichlorofluorescein. The latter was al-
ready used before as a probe for cationic
micelles. Such modified nanoparticles can
be used for creation of sensor devices.

We have studied the surface of 85 nm
diameter SiO, nanoparticles (in dried state),
coated with cetyl trimethylammonium ions,
as a medium for protolytic reactions with
2,7-dichlorofluorescein used as testing re-
agent. In the experiments, a special atten-
tion was paid to the choice of system com-
position, for a coagulation of colloidal sol
and the formation of common surfactant
micelles in bulk phase is possible. The silica
surface state is known to depend on pH of
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solution [6]. Since its zero-charge point is at
pH ~2, the surfactant adlayer may be al-
tered, and this fact was taken into consid-
eration in the experimental data processing.
One should also keep in mind the change in
dissociation of silica surface silanol groups
when a surfactant is present in the system
under study.

Cetyl trimethylammonium bromide
(CTAB, Sigma-Aldrich, 99 % purity) was
used as commercially obtained. Sodium chlo-
ride, aqueous hydrochlorie, phosphoric, and
acetic acids were of analytical purity grade.
2,7-Dichlorofluorescein was used as commer-
cially obtained. Absolute ethanol was pre-
pared using a standard procedure. Aqueous
NaOH stock solution was kept protected from
carbon dioxide. Tetraethoxysilane (TEOS,
Surel, 99 % purity), and ammonia solution
for colloidal synthesis were used without ad-
ditional purification.

The UV/VIS absorption spectra were
measured using SP-46 and Hitachi U-3210
spectrophotometers. Fluorescence was meas-
ured with a Hitachi F-4010 fluorescence
spectrophotometer. The pH values were
measured at 25.0£0.1°C with the standard
deviation of +(0.01-0.02) using a P 37-1
potentiometer and a pH-121 pH-meter
equipped with an ESL-63-07 glass electrode
and an Ag/AgCI reference electrode in a cell
with liquid junction (1 M KCI). The cell was
calibrated using standard buffers (pH =
1.68, 4.01, 6.86, and 9.18). Electron mi-
croscopy images of SiO, sols (pure and with
surfactant) were obtained using an EM-125
microscope at 100 kV accelerating voltage.
The average particle size, size distribution,
and C-potential of SiO, sols were determined
by Dynamic and Electrophoretic Light Scat-
tering (DLS, ELS) methods using a "Zeta
Sizer Nano ZS", Malvern instrument (4 mW
He—Ne-laser, 633 nm, optical filter at 633
and 532 nm). All measurements were car-
ried out at 25°C under the 173° angle. For
all our samples, the folded capillary cells
(Malvern Instr.) were used in the electro-
phoretic mobility study and glass cuvettes
to measure the size. The scattering data
were analyzed by "CONTIN" algorithm. The
hydrodynamic diameter was calculated from
the measured translational diffusion coeffi-
cient using the Stokes-Einstein relationship.
The C-potential for aqueous suspension was
calculated from electrophoretic mobility ac-
cording to the Smoluchowski model. The ap-
plied voltage was set manually within the
range of 30 to 100 V using the "DTS 4.0"
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software. In every system, the (-potential
value was an average of 7 independent
measurements with 20 runs at each voltage
magnitude. Prior to electrophoretic meas-
urements, the system was calibrated using
the standard polystyrene latex DTS1050
(Malvern Instruments Ltd, UK) which has
the {-potential value of —(50+£5) mV. The (-
potential error was approximately 5 to 7 %,
depending on the surfactant concentration
in the system.

The stock solution of 2,7-dichlorofluo-
rescein was prepared using water as sol-
vent, with addition of small amounts of
NaOH. The stock SiO, sol was diluted so
that the working concentration was 0.28 g
Si0, per dm3. Suitable pH values of the
working solutions used for VIS-spectro-
scopic pK? determinations were provided

using acetate and phosphate buffers as well
as solutions of hydrochloric acid or sodium
hydroxide. The ionic strength, I, of solu-
tions was maintained constant by adding
NaCl solution. All the solutions were pre-
pared and measurements were made at
25°C. The absorption and fluorescence spec-
tra were measured in cells with the absorb-
ing layer length of 5 cm in the case of ab-
sorption spectra and 1 em for fluorescence
measurements. The dye concentration in
working solutions was within the range
from 1.7-1076 to 5.7-1076 M.

The stock sol of colloidal silica was ob-
tained by TEOS hydrolysis in absolute etha-
nol, with ammonia as catalyst, according to
procedure described in literature [11],
where the influence of reaction mixture
composition on the particle diameter was
discussed.

As mentioned above, the present work is
aimed at investigation of the silica nanopar-
ticles coated with surfactant molecules, that
is why it was important to commence with
the study of optical properties both of stock
sol and of system containing surfactant.
The system composition was chosen to be
0.28 g SiO, per dm® and 31074 M CTAB
(1.07 mM CTAB per 1 g SiO,) basing on the
reasons to be discussed below. The ethanol
concentration in working solutions was neg-
ligible (about 0.01 vol. %). In order to de-
termine the average particle size, the elec-
tron microscopy and DLS method were used.

As shown by electron microscopy images,
Si0, nanoparticles in the stock sol are
highly uniform with average diameter of
8515 nm (Fig. 1). One should take into con-
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Fig. 1. Electron microscopy images of a) pure sol nanoparticles and b) CTAB-modified nanoparticles.

sideration that electron microscopy images
were obtained for dried samples.

Moreover, the system shows no signs of
coagulation when certain amount of surfac-
tant is added.

The DLS experiments demonstrate that
SiO, nanoparticles in solution have the av-
erage diameter of 74 nm. In turn, the
nanosized particles, presumably coated with
surfactant, have average diameter of 100—
110 nm (Fig. 2). One should mention that
not only CTAB addition results in such in-
crease of particle diameter. This effect is
brought by enhanced hydration of the sur-
factant coated silica nanoparticles (hydro-
sphere formation).

An essential difficulty in studying the
adlayer formation is due to possible coexis-
tence of common surfactant micelles and
modified silica nanoparticles in bulk water.
There are several reasons allowing us to ne-
glect this possible effect. First, the CTAB
concentration in working solutions is lower
than CMC (critical micelle concentration,
~1073 M in electrolyte-free surfactant solu-
tion), despite the fact that it may be de-
creased in the presence of salt. Further-
more, DLS data show that no other surfac-
tant aggregates existed in solution except
for surfactant-coated silica nanoparticles.
Finally, according to literature data [6], the
adsorption process dominates in such sys-
tems; consequently, all CTAB molecules are
spent for bilayer formation and the pres-
ence of free micelles is hardly expected.
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Fig. 2. The {-potential (1) and particle diame-
ter (2) of silica vs CTAB concentration.

One of the most important problems in
our research was to estimate and stand-
ardize the concentration of SiO, nanoparti-
cles in the system. According to literature
data [11], the reaction of tetraethoxysilane
hydrolysis occurs with 100 % yield, so the
numerical concentration of SiO, particles in
the stock sol is known. In our study, it was
ca. 1.0-1017 dm~3. These nanosized particles
are spherical and their average volume and
mass concentration may be easily calculated
(32.1:10729 dm3 and 67.5 g per dm3, respec-
tively).

The values of C-potential reflect the SiO,
surface condition both in pure sol and in
system containing a certain amount of
CTAB. As shown by (-potential distribution
data, for pure sol its value has the order of
—27+5 mV. Addition of CTAB concentration
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Fig. 3. a) Absorption, b) excitation and c) fluorescence spectra of 2,7-dichlorofluorescein dianion
(pH =10.5, I =0.03 M, Caye = 1.702-:107% M): in water (1), in the presence of nanoparticles (2), in
the system containing 0.36 mM CTAB per 1 g SiO, (3), in 1.100* M CTAB solution (4), in the
system containing 1.07 mM CTAB per 1 g SiO, (5), in 3.10¢* M CTAB solution (6), in CTAB

micellar solution (7).

from 0.1 mM up to 0.5 mM results in sur-
face re-charging, and (-potential increases

up to +47+5 mV (Fig. 2). These results are
consistent with previous studies of silica
particles in systems containing cationic sur-
factant [7]. The interaction of silica surface
with CTAB molecules is described as fol-
lows. The surfactant monolayer formation is
defined by electrostatic interaction between
the positively charged surfactant head-
groups and surface silanol groups. The driv-
ing force of the second layer formation is
hydrophobic interaction between surfactant
tails. There are several models describing this
process including reverse orientation model,
bilayer, and small micelle models [7, 9].
Over and above, silica colloidal sols are
known to coagulate when CTAB amount is
insufficient to form species lyophilized
enough [7]. To find an optimal system com-
position, i.e. conditions where this phe-
nomenon is not observed, we performed se-
ries of corresponding experiments. When
Siog concentration is near to 0.28 g per
dm® and surfactant concentration near to
51076 M, no visible changes occur. An in-
crease in CTAB concentration up to 5107 M
results in rapid coagulation of sol due to
both neutralization and hydrophobization of
the charged surface. Further addition of
cationic surfactant (up to 3-10~% M) stabi-
lizes the system. This fact is likely to be, as
first approximation, the result of bilayer
formation according to well-described dis-
pergation-coagulation-re-dispergation  se-
quence [7—10]. With CTAB present in solu-
tion, such system remains stable when an
electrolyte (NaCl) is added until ionic
strength is less than 0.04-0.05 M. Note
that the degree of CTAB dissociation in
micelles is quite low and a considerable part
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of counterions remains in Stern layer. Tak-
ing into account the surface area of
nanoparticles and area occupied by one
CTAB headgroup (0.474 nm?2) [12], we have
estimated the SiO,/CTAB ratio necessary
for bilayer formation. It is as follows:
0.28 g SiO, per dm3 and 3-10°4 M CTAB or
1.07 mM CTAB per 1 g SiO,. Our results
are in good agreement with those obtained
by Wang et al. [7], who reported that bi-
layer had been formed when the CTAB con-
centration was 1 mM per g SiO, (with av-
erage particle diameter in dried state 100-
110 nm). The porosity and fractal structure
of such colloidal species should also be
noted [7], since the calculated CTAB
amount may not be sufficient for bilayer
formation. The pK, value of surface silanol
groups (SiOH) can be affected by surfactant,
and this fact has been taken into considera-
tion either.

The spectral properties of fluorescein
and its derivatives are very sensitive to mi-
croenvironment nature [13—-15]. Thus, com-
paring the absorption, fluorescence and ex-
citation spectra of the dianion in systems
containing silica and CTAB as well as in
surfactant solutions provides the informa-
tion on morphology of surfactant bilayer.
The key question of our research is whether
these modified silica nanoparticles resemble
the common surfactant micelles in the view
of affecting the acid-base equilibrium of the
dye, attached to surfactant-coated silica.

Absorption, fluorescence and excitation
spectra of 2,7-dichlorofluorescein dianion
(I) (Chart 1) are presented in Figure 3.

There are certain differences between the
systems containing modified silica nanopar-
ticles and surfactant solutions, especially in
fluorescence and excitation spectra. Thus,
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Chart 1. 2,7 - Dichlorofluorescein dianion

excitation spectra of 2,7-dichlorofluorescein
in solutions containing 1-107¢ M CTAB have
low intensities as compared to the system
under investigation and CTAB micelles. The
same effect has been observed for fluores-
cence spectra. In all cases, the differences
between spectral properties of the dye in
water and in solution, containing SiO,,
were inconsiderable. Evidently, the inter-
facial adlayer is formed in the system con-
taining 0.28 g SiO, per dm3 and 3104 M
CTAB (1.07 mM CTAB per 1 g SiO,), but
the surfactant-coated silica nanoparticle
does not behave particularly like surfactant
micelle. When CTAB concentration is re-
duced, the surfactant adlayer does not seem
to be completed and formation of dye/sur-
factant aggregates adsorbed onto the silica
surface takes place.

The silica nanoparticles coated with sur-
factant adlayer were expected to affect the
dye state in a manner like that of common
surfactant micelles. In order to confirm this
supposition, we examined the acid-base
equilibrium of 2,7-dichlorofluorescein in
the system containing 0.28 g SiO, per dm3
and 3-107¢ M CTAB.

The ionization of 2,7-dichlorofluorescein
in solutions proceeds in three steps [13]:

H;R" & H,R + HY K, 1)
H2R 2 HR- + Ht K, (2)
HR- & RZ + H* K,,. (3)

The first equilibrium cannot be studied
here since the value of pK,, is rather low

(ca. 0.2), and solutions with extremely low
pH are required. Silica surface is known to
be re-charged at pH lower than 2, which
may bring about the alteration or even deg-
radation of surfactant bilayer, although the
zero charge point may be reduced due to the
presence of CTAB.
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Fig. 4. Adsorption spectra of 2,7-dichlo-
rofluorescein in the presence of silica and
surfactant at different pH (I =0.03 M,
Caye = 5.68-1076 M): 10 (1), 5.35 (2), 4.35
(3), 3.68 (4), 2.72 (5), 1.91(6), 1.54-1.01 (7;
here I > 0.03 M).
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Fig. 5. Absorption spectra of various indica-
tor forms in the system containing 0.28 g
Si0, per dm3® and 3:10% M CTAB and in
water (dotted line): 1,1' — R?7; 2,2 — HR-;
3,3 — H,R.

We have determined the apparent pK%,
and pK%, values basing on absorbance (A)

vs. pH dependence according to method de-
scribed elsewhere [13]. In working solu-
tions, pH was ranged from 1.12 to 12.00
(16 solutions altogether). The wavelength
range was 400—550 nm. Calculations were
performed using CLINP software created by
Yu.V.Kholin [16]. The absorption spectra of
the fluorophor in the investigated system at
different pH are typified in Fig. 4.

We have obtained the following results.
The pK%, and pK%, values in the investi-
gated system are 3.26+0.01 and 4.0510.02,
respectively. Those are markedly lower than
in water: (4.00+£0.10 and 5.19+0.06, respec-
tively). The behavior of 2,7-dichlorofluo-
rescein has been investigated before in
micelles of cetyl pyridinium chloride (0.05 M
KCl), and the following values of pK%s have

been obtained: 83.58+0.08 and 3.70+0.12
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Scheme 1.

Scheme 2.

[15]. Thus, the acid-base equilibrium of the
dye is considerably shifted as compared
with water, and this effect is almost similar
to that in surfactant micelles. This phe-
nomenon can be explained on the basis of
the following well-known equation, which
shows the relation between the surface elec-
trical potential and the apparent ionization
constant values [15]:

PF (4)
2.3RT’

pK% = pKY + logy—B -
YBH

where pKY? is thermodynamical ionization

constant in water; ¥ is electrical potential
in the localization region of the indicator;
y are activity coefficients of transfer from
water to the pseudophase; F is the Faraday
constant; R is gas constant. Since the sur-
face of the surfactant-coated silica nanopar-
ticle is positively charged, the lowering of
pK?Z values in comparison with water is of

the same nature as in cationic surfactant
micelles. The absorption spectra of various
indicator forms are presented in Fig. 5. The
R2- and H,R spectra are obtained directly at
pH = 11.00 and 1.12, respectively. The HR™
spectrum was singled out of the spectra of
equilibrium mixtures (H2R2HR‘2R2‘), hav-
ing the pKY% values, following the procedure

described before [13]. The shifts for absorp-
tion spectra are typical of organic solvents
or micellar systems: A,,, values for RZ,
HR~, H,R in the presence of modified silica
nanoparticles are 510, 505 and 520, 470
and 500 nm, respectively, while in water,
500 (RZ7), 485(HR™), 460 and 485 nm (H,R).
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The R2~ maximum shift is of solvatochromic
nature, while the other effects are caused by
tautomeric transformations of HR™ and H5R.

Fig. 5 demonstrates that the absorption
maximum of 2,7-dichlorofluorescein
monoanion is shifted toward the red as com-
pared to that of dianion. Such effect is always
observed when passing from aqueous solutions
to organic media as well as in micellar solu-
tions [15]. Consequently, the tautomeric equi-
librium of HR~™ is in turn shifted from (II) to
(I1I) according to Scheme 1.

Decoloration of solutions, where H,R
form of the dye dominates when passing
from water to the colloidal system under
study is caused by the tautomeric equilib-
rium shift from the colored quinone (IV) to
the colorless lactone (V) (Scheme 2).

Hence, the observed spectra and obtained
values of pK2 reflect the specific properties

of surfactant-coated silica surface and the
way it affects acid-base and tautomeric
equilibrium of the luminophore. The de-
scribed behavior of various indicator forms
in the system containing silica and surfac-
tant is similar to that in the surfactant
micelles [15], which indicates the formation
of surfactant bilayer on the silica surface.
Thus, the interfacial properties of sur-
factant-coated silica nanoparticles were
studied by using luminescent dye 2,7-dichlo-
rofluorescein as a test substance. Basing on
the absorption, excitation, and fluorescence
spectra analysis, the bilayer of cetyl
trimethylammonium bromide molecules has
been found to be formed when the system
composition is 1.07 mM CTAB per 1 g SiO,
(0.28 g SiO, per dm3 and 3.1074 M CTAB).
The fluorophor acid-base equilibrium was
examined in this system and apparent acid-
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base equilibrium constants were calculated.
The latter ones have turned to be lower
than in water, which is typical of micellar
systems and may be an evidence of surfac-
tant bilayer formation on the surface of sil-
ica nanoparticles. It was found that absorp-
tion spectra of conjugated dye forms were
shifted as compared to water, which is
caused by solvatochromic effect for dianion
and tautomeric transformations of HR™ and
H,oR forms. This effect resembles in general
features the dye behavior in cationic surfac-
tant micelles, but there are differences in
the excitation and fluorescence spectra
which are caused by the specificity of sur-
face adlayer morphology and character of
dye binding.
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BiacTuBOoCTI HAHOYACTMHOK KpeMHe3eMy,
MOAN(PIKOBAHUX KATiOHHOIO MOBEPXHEBO-AKTHUBHOIO
PEe4YOBHHOIO

K.I0.Bpunvosa, H.O.Bodona3vrka, M.O.Muednog-Ilempocan,
JI.B.Camoxina, H.A.Mameécecécvra

ITpoBemeHO mociigKeHHS BJIACTUBOCTEl HAHOUYACTUHOK SiO2 o moauQiKoBaHiI MoJeKy.Jia-
MU KaTioHHOI moBepxHeBo-aKTHUBHOI peuoBuHU (IIAP). 3 BUKOpuCTAaHHAM (DIYOPECIEHTHOTO
imgukartopa 2,7-guxjopdiayopecieiny AK HTOBepXHEeBol MpoOM MIOKasaHo, IO Ha IIOBEPXHi
SiO, yTBOproeThca Oimrap, IO Hajae IIOBePXHi HAHOYACTHHOK y BOJHOMY CepejoBHINL

noxibuicTs i3 moBepxuHero Mmimen ITAP.
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