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The effect of superparamagnetic FesO4 nanoparticles (NPs) on the spectral luminescence
properties of homogeneous optically transparent mesostructured silica films of
Si02/P123/Rh6G/Fe304, containing {P123 (Rh6G)} micelles consisting of Pluronic 123
with encapsulated Rh6G, and formed in stationary magnetic fields (MF) with an
induction of less than 500 mT, was investigated. It was shown that, unlike
Si0,/P123/Rh6G, the spectral and luminescent properties of SiO2/P123/Rh6G/FesO4
films depend on the MF used during their formation, and a gradual decrease in the band
intensities in Rh6G spectra and quenching of luminescence with increasing of MF
induction was observed. It is associated with a decrease in the monomer fraction and an
increase in the fraction of non-luminescent Rh6G H-aggregates in micelles due to the
interaction intensifying in the MF (formation of Fe3* -O bonds) of superparamagnetic
NPs with micelles {P123 (Rh6G)}, oriented in the MF, which leads to a gradual
deformation of micelles and accumulation in them of H-aggregate. The dependences of
the changes in the absorption bands intensity and fluorescence of the monomeric form of
Rh6G in the spectra of the films on the changes in the magnetic induction of the MF are
described by an exponential function, and the ratio of the fluorescence intensities of the
Si0,/P123/Rh6G films to the fluorescence intensities of the SiO2/P123/Rh6G/Fe;O4
films linearly depends on the induction of MF, which they are able to "“remember", which
is manifested in the values of fluorescence intensities.

Keywords: hybrid mesostructured silica films, spectral luminescent properties,
Rhodamine 6G, Pluronic 123, nanoparticles, magnetite, a magnetic field.

INTRODUCTION. Interest in nanostructured materials is due to a noticeable change in
© V.N. Grebennikov, E.A. Leonenko, P.A. Manorik, N.I. Romanovska, N.G. Kobylinska,

A.V. Shulzhenko , 2020

78 ISSN 0041-6045. YKP . XIM . XVYPH ., 2020, .86, No 2


mailto:_vng@ukr.net

V.N. Grebennikov, E.A. Leonenko, P.A. Manorik, Romanovska, N.G. Kobylinska, A.V. Shulzhenko

their  physical and  physico-chemical
properties compared to the bulk material. In
this regard, nanocomposites from two or
more phases and hybrid materials with a
certain spatial mesostructure are attracting
attention. From the practical point of view,
the condensed mediums in the form of hybrid
organo-inorganic mesostructural films
containing molecules of fluorescent dye [1, 2]
and follow-up firmware nanodimensional
particles of subgroup of iron and their oxides
as a magnetic component of such hybrid
materials [3, 4] capable to interact with the
constant magnetic fields (MF) with an
induction < 500 mT are interesting. The use
of such NPs as the magnetic component of a
hybrid material is due to their unique
properties associated with a change in the
domain structure of such magnetically
ordered systems, acquisition of
superparamagnetic properties that appear
when particle sizes are reduced [5, 6], and
also with the presence of a hysteresis curwe,
which plays an important role in
magnetization of reversal processes.

The influence of an external magnetic
field is manifested in changes in seweral
physical and physicochemical properties of
hybrid materials. Thus, the introduction of
NP vy-Fe oxide into the matrix of mesoporous
SiO, allows obtaining materials with different
structural and magnetic properties [7]. The
use of MP makes it possible to improve the
sensory characteristics of some composite
materials with nickel NPs [8] and to propose
a sensitive element for a magnetically con-
trolled sensor. When studying the
photophysical properties of some organic flu-
orescent probes [3], an increase in the lumi-
nescence intensity was detected in the pres-

ence of an external constant magnetic field
with an induction of 1-20 mT.

The influence of local magnetic fields of
superparamagnetic magnetite NPs on the
spectral-kinetic properties of the triplet exci-
tation of Rh6G dye molecules embedded in
the polyvinyl alcohol polymer matrix was
shown in [4]. Changes in the absorption and
luminescence spectra of the dye are explained
by the formation of charge-transfer complex-
es.

The choice of magnetite as one of the
components of such hybrid materials is be-
cause magnetite particles behawve like ferro-
magnetic only at temperatures below the
blocking temperature TB, which depends on
the particle volume and anisotropy value. A
decrease in the particle size to a single-
domain leel at a temperature higher than TB
allows the magnetization vector of a single-
domain particle to fluctuate from one direc-
tion of the easy magnetization axis to another,
by analogy with an ideal paramagnet [9, 10].
Fe;O, nanoparticles with sizes less than 24
nm at a temperature T = 300 K, which is
somewhat higher than TB and characterized
by a small relaxation time (<5-10 -2 s), ac-
quire superparamagnetic properties [9, 10]
and behave like paramagnet. Thus, in the ab-
sence of an external magnetic field at room
temperature, such a system of nanosized par-
ticles of magnetite behaves like an ensemble
of paramagnetic atoms with zero resulting
magnetization.

At the stages of preparation and for-
mation of thin hybrid mesostructured films
containing fluorescent dye molecules, the in-
troduction of magnetic NPs can affect the
spectral-luminescent and magnetic properties
of such materials, giving them new properties
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that can change under the influence of an ex-
ternal magnetic field.

The aim of this work was to study the ef-
fect of superparamagnetic Fe;O, NPs on the
spectral luminescence properties of homoge-
neous optically transparent mesostructured
silica SiO,/P123/Rh6G/Fe;0O, thin films con-
taining {P123 (Rh6G)} micelles consistent of
Pluronic 123 (R126) and incapsulated Rh6G
dye molecules and formed in stationary mag-
netic fields with an induction of less than 500
mT.

EXPERIMENT AND DISCUSSION OF
THE RESULTS. The following reagents

were used in the work: Iron chloride
tetrahydrate (FeCl,-4H,0; 98,0 %, Merck),
Iron chloride hexahydrate (FeCl;-6H,0;

99,0 %), tetraethoxysilane (TEOS), triblock
copolymer Pluronic P123 (Sigma-Aldrich),
hydrochloric acid (HCI 37%), EtOH (etha-
nol, anhydrous), Rh6G (Rhodamine 6G for
microscopy), distilled water.

X-ray diffractometry of the NPs was car-
ried out using a Panalytical X Pert Pro pow-
der diffractometr with CuKao-radiation (A =
1.540598 A), monochromatized Ni-filter, at
room temperature in the range of angles 26
5-120° in increments of 0.040. The crystal-
line phases were identified using the JCPDS
(Joint Committee on Powder Diffraction
Standards) file cabinet. The morphology of
the NPs samples was studied using a JSM-
6610 LV scanning electron microscope
(JEOL, Japan) at a woltage of 20 kV with an
increase of up to 50.000 times. To enhance
the optical contrast, the samples were
sprayed with gold using the JFC-1600 Auto
Fine Coater (JEOL, Japan), an ultra-thin
spraying device.

FTIR-spectra of NPs and films as films

coated on KBr crystal plate were recorded on
spectrometer Perkin-Elmer Spectrum One.

The absorption and luminescence spec-
tra of the films before and after exposure to
an external magnetic field were recorded on
a Specord 210 spectrophotometer (Analytic
Jena) and a spectral setup in the "photon
counting™ mode, respectively (wavelength of
exciting light 406 nm). The thickness of the
films was measured by the results of AFM
studies on atomic force microscopy
(Nanoscope Illa (Nanoscope Digital Instru-
ment, USA). The magnitude of the magnetic
induction of the magnetic field was meas-
ured using a universal device Teslameter
43205/1 (Ukraine).

Synthesis of Magnetit (Fe;O,) nanopar-
ticles were obtained by chemical
coprecipitation of FeCl, and FeCl; salts in an
ammonia medium according to the modified
previously described method [11] by mixing
the salt solutions in the ratio 1:2 at a temper-
ature of 55°C and the subsequent addition of
25% ammonia solution. The resulting pre-
cipitate was separated by magnetic separa-
tion and washed thoroughly with EtOH. The
obtained magnetite nanoparticles were
stored in an ethanol solution without drying.

Preparation of film-forming sol Hybrid
silica films received by method of sin-
gle -stage sol-gel synthesis by the technique
described earlier [1]. To film-forming sol
with a molar ratio of reagents:
TEOS : Pluronic P123 : HCI : EtOH : H,0 =1
+6:10°:02:30: 92 the calculated amount of
Rh6G dye (1-10° M) and a magnetite (7,5-10°
g/ml) was added. For dispersion of compo-
nents the sol was subjected to ultrasonic pro-
cessing (10 min.), aged for 72 hours. Films
were obtained by applying a film-forming sol
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on a pre-cleaned substrate (glass 25 mmx20
mm) Dby spin-coating at a substrate rotation
speed of 1800 rpm™ for 5 s. Films formed in a
constant magnetic field with the known induc-
tion. Thickness of the prepared films accord-
ing to the atomic forces microscopy (AFM)
was 200 + 5 nanometers.

The magnetic field at which silica hy-
brid mesostructured films of the composi-
tion SiO,/P123/Rh6G and (#)SiO,/P123/
Rh6G/Fe;0, were formed was created us-
ing N38 (Ni) permanent magnets made of
NdFeB alloy with the characteristics listed
in Table 1, in the form of a magnetic com-
posite module of a cylindrical shape (Fig. 1
a). To visualize the lines of magnetic in-
duction around the magnetic module the
program Vizimag 3.18 was used. In Fig. 1
a shows the locations of the formed hybrid
mesostructured (#) SiO,/P123/Rh6G/Fe;0,
films, where # is the number of the sample
that corresponds to the position (Fig. 1 a)
of the film in the field during its formation.
Samples of hybrid films of
(0) SiO,/P123/Rh6G/Fe;0, and
(4) Si0,/P123/Rh6G were obtained outside
the field (BO = 0).

Characterization of the obtained nano-
particles to investigate the phase content of
the Fe;O,4, as well as to determine the aver-
age crystallite size, the method of XRD was
applied (Fig. 1 b).

Tablel

The main characteristics of permanent magnets
brand N38 (Ni).

Residual induction, T | 124
Induction coercive force, KA/ m 915
Magnetization coercive force, KA / m 955
Diameter of a disk, mm 60
Height of disk, mm 15

The diffraction patterns identified seven
peaks at: 18.4 (111), 30.2 (220), 35.6 (311),
43.3 (400), 53.7 (422), 57.7 (511) and 62.9
(442). These peaks are typical for a phase
like spinel of the composition Fe304, i.e.,
for magnetite (250540-JCPDS). Iron oxides
nanoparticles are prone to oxidation, but the
absence of g-Fe203 (40142-JCPDS) peaks
and the intense black color of the powders in
the diffractogram indicate the absence of
significant impurities of this oxide in the
phase of the obtained Fe304.

On the diffractograms of the obtained
magnetite, there is a slight decrease in inten-
sity and broadening of the peaks, but no ad-
ditional peaks observed (Fig. 1 b). The aver-
age crystallite size of the obtained magnetite
calculated by the Scherrer formula [12] is 10
nm. In Fig. 1 c,d shows the data of electron
microscopy and the corresponding size dis-
tributions of the NPs of the obtained magnet-
ite. It is known that iron oxide nanoparticles
are prone to aggregation due to the high sur-
face energy inherent in finely dispersed
structures, which is confirmed by transmis-
sion microscopy (Fig. 1 d).

An analysis of CEM microphotographs
of Fe304 (Fig. 1 c) indicates that the synthe-
sized materials, after drying are aggregates
consisting of smaller particles. The magnet-
ite NPs were obtained at a reaction solution
temperature of 55 °C and stored in an etha-
nol suspension. They are characterized by an
average particle size of ~ 9-11.0 nm (Fig. 1
d ), which is consistent with the calculation

|data from XRD data.

As follows fromthe Fig. 1 e, curve 1) in
NPs spectra Fe304 together with the bands,
which can be attributed to valence and band-
ing vibrations of ethanol’s different groups
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Fig. 1 a) Visualized lines of magnetic induction of the module of a cylindrical shape; 1, 2, 3 - loca-
tion of the formed hybrid mesostructured (#) SiO,/P123/Rh6G/Fe304 films in a magnetic field,
which correspond to the values of magnetic induction B, mT: 1 (B; = 15), 2 (B, = 100), 3 (B3 =
300). b) Diffraction patterns of magnetite and standard samples of magnetite (JCPDS file No.
250540) and hematite (JCPDS file No. 40142). ;. ¢)d) Microphotographs of scanning (c) and trans-
mission (d) electron microscopy with the corresponding size distribution curve of magnetite nano-
particles; e) FTIR-spectra of the samples (NPs and films) as films precipitated on KBr crystal plates:
1- FesO4 NPs; 2- P123/ Fes04 (60/1); 3- P123/FesO4 (30/1 ); 4- P123/ FesO4 (60/1 in MF); 5-
Si02/P123/Rh6G/Fe304 (without MF); 6 -SiO2/P123/Rh6 G/Fe304 (in MF).
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[ 13 ], there are a few bands (640,589,565
cMm-1) forming summary conture in region
500-700 cm-1 , which according to [13, 14]
may be attributed to Fe-O valence stretching
bands (O of ethanol and in Fe304).

Analysis of the absorption spectra of
aqueous solutions of Rhodamine 6G and the
obtained films (Fig. 2 ) shows that in the
concentration range from 1-10-6 M to 1-10-4
M, the dye is in monomeric form. At the
used concentration of Rhodamine 6G
(>1:10-4 M) both in solution and when its
molecules included in the solid matrix, two
main types of dimers formed as a result of
dimerization of dye molecules: H-dimer and
J-dimer [15]. The configuration of H-type
dimers is energetically more favorable than
the configuration of J-type dimers [16] with
a relatively small difference in energy < 3
KT, which indicates the joint presence of
these configurations at room temperature.
The aggregation mechanism during the for-
mation of H dimers is explained by n-7 in-
teraction of aromatic m systems of two
Rhodamine 6G molecules [2].

The influence of the aggregation of
Rhodamine 6G dye molecules (Rh6G) and
the concentration of Pluronic 123 in the
film-forming sol (SiO2 + P123 + Rh6G) on
the spectral-luminescent properties of the
formed silica hybrid films without magnetite
NPs is studied in [17].

Fig. 2 shows the absorption and fluores-
cence spectra of a film without NPs magnet-
ite (SiI02/P123/Rh6G), as well as the spectra
of thin hybrid films of the same composition
(Si02/P123/Rh6G/Fe304), formed by dif-
ferent MF induction in the places shown in
Fig. 1a.

As follows from the Fig. 2 a, the absorp-

tion spectra of hybrid films correspond to the
monomeric form of Rh6G, which are charac-
terized by a vibronic shoulder [18 ] at Al =
501 nm [2,15,19,20] and the central maxi-
mum at A2 = 534 nm, the intensity of which
depends on the amount of dye. The fluores-
cence spectra of hybrid films (Fig. 2 2I'p ¢)
are characterized by a band at A = 562 nm,
which corresponds to the monomeric form
of the Rh6G molecule.

It follows from the experimental data
that an increase in the induction of the exter-
nal MF, in which films are formed, leads to a
sequential decrease in the intensity of the
absorption and fluorescence bands (Fig. 2 a,
Fig. 2 ¢ and Table 2). Howewer, in the pres-
ence of MF, such changes in the spectra of
samples of hybrid SiO2/P123/Rh6G films
without NPs were not observed, which indi-
cates the presence of interaction of Rh6G
molecules with superparamagnetic magnetite
NPs in samples of hybrid
Si02/P123/Rh6G/Fe304 films.

Differential absorption and fluorescence
spectra of samples of hybrid films in Fig. 2 b
and fig. 2 d obtained by subtracting from the
spectrum of a SiO2/P123/Rh6G film the cor-
responding spectra of SiO2/P123/Rh6G/
Fe304 films formed at different values of
magnetic induction. On differential absorp-
tion spectra, as shown in Fig. 2 b, bands ap-
pear at Al = 501 nm and A2 = 534 nm.

The numerical values for the difference
in the intensities of the absorption bands in
the electronic spectra of the film samples at
these wavelengths are given in Table 2, from
which it follows that the magnitudes of the
difference increase in the series under con-
sideration without changing the position of
the maxima of the absorption bands. An
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Fig. 2. Absorption spectra (a), fluorescence (c) of hybrid mesostructured films (4) SiO2/P123/Rh6 G
and (#) SiO,/P123/Rh6G/Fe304 (samples # = 0, 1, 2, 3) and the corresponding differential
absorption spectra (b) and fluorescence (d). Curves No0.0, No.1, No.2, No.3 are obtained by
subtracting, respectively, the curves 0, 1, 2, 3 from curve 4 shown in Fig. 2 a and Fig. 2 ¢; A1 = 501
nm, A = 534 nm, A, = 542 nm; A = 562 nm, A, = 604 nm.

exception is a sample No. 0 of the hybrid
mesostructured (0) SiO2/P123/Rh6G/Fe304
film, for which at B = 0, two broad bands of
low intensity with maximum peaks close to
505 and 542 nm appear in the differential
spectrum.

The appearance of a broad maximum in
the spectrum (at B = 0) in the region of 542
nm, as shown in Fig. 2 b indicates a change
in the environment of Rh6G monomeric
molecules encapsulated in micelles, possibly

as a result of donor-acceptor interaction or
interaction of micelles with  super-
paramagnetic magnetite NPs with zero re-
sultant magnetization.

In the fluorescence spectra of the formed
hybrid mesostructured films (Fig. 2 ¢) bands
observed in the region A = 562 nm, are char-
acteristic, according to [15,19], for Rh6G
monomeric molecules. This band is also pre-
sent in the differential fluorescence spectra
(Fig. 2 d). With anincrease in the induction
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Fig. 3. The effect of magnetic induction of MF on the difference inband intensities (No. 0, No. 1, No.
2, No. 3, see Fig. 2 b and Fig. 2 d) in the absorption spectra (AA) and luminescence (Al) of samples of
hybrid films with magnetite NPs; Changes in the absorption intensity A at A, = 534 nm (c) and the
fluorescence mtensity I at A = 562 nm (d) of the samples of hybrid mesostructured
Si0,/P123/Rh6G/Fe30,4 films as a function of magnetic induction (No. 0, No. 1, No. 2, No. 3, see Fig. 2
b and Fig. 2 d).

of MF, the intensity of the bands in the dif- ments of the difference in the intensities of
ferential fluorescence spectra of the film the bands (No. 0, No. 1, No. 2, No. 3, see
samples decreases. Fig. 2 b and Fig. 2 d) in the absorption spec-

Fig. 3 shows the results of measure- tra(AA, Fig. 3 a) and luminescence (Al Fig.
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Table 2

The band intensities in the absorption and fluorescence spectra of hybrid films in MF and the dif-
ference between the band intensities in the spectrum of the SiO,/P123/Rh6G film and the band
intensities in the spectra of SiO,/P123/Rh6G/Fe3O4 films.

Bands intensity characteristics in the spectra of the films in magnetic
field:
Sample of the magnetic in- absorption fluorescence
il duction B, (A, MFE, AA;) (1, MFE, Al,)
mT A1=501 nm A2=534 nm A=562 nm
A Al MO/FOE1 AA}Ll A 2 MO/FOE1 AA}Q I A MO/FOE1 AI A
NeO (¢ Fes04) | Bo=0 0,092 0 (0009|0247 0 [0,009]|15624| 0 |2,69
Nel(c FesO4) | B1=15 0,091 1 0,010 | 0,140 5 0,016 | 14,392 7,9 | 3,92
Ne2(c Fes04) | B2=100 0,088 4 0,013 0,132 10 |0,024| 12,304 | 21,2 | 6,01
Ne3(c FesO4) | B3=300 0,085 8 0,016 | 0,125 15 | 0,031 | 11,600 | 25,8 | 6,72
SiO,/P123/Rh6G | Bp=0 0,101 - 0 0,156 - 0 18,312 - 0
3 b) samples of hybrid films with NP mag-
netite depending on the magnitude of the
magnetic induction. As can be seen from fig. 2o No.3
3, these curves tend to reach the shelf.
The magnitude of the magnetic field (MFE)
influence was estimated according to the ap- 30
proach proposed in [3] by changing in the
intensity of the bands in the absorption and %
fluorescence spectra of the formed hybrid *E’ 27 No. 2
films, which is caused by the magnetic field. —
The MFE value was determined as 10
MFE = (F, - F,)-100%/F,, where F,and F, oS
are the intensities of the bands in the spectra o No.0
of the hybrid film in the magnetic field and at 000 005 010 015 02 025 030
B =0, respectively. BT
Moreover, for the intensity of the bands Fig. 4. Dependence characterizing the

in the absorption spectra of the hybrid film
F.=A,, F,=A, and for the intensity in the
fluorescence spectra F,=1,, F,=1,. The cal-

culated MFE values are shown in table 2.
The observed effect of the influence of ex-
ternal MF induction on the change inthe

86

fluorescence quenching of magnetite-containing
hybrid mesostructured SiO,/P123/Rh6G/Fe304
films on the magnitude of the magnetic induction
(No. 0, No. 1, No. 2, No. 3 and Fig. 4d) used at
the formation of the films.

absorption intensity and luminescence intensity
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Table3

Parameters of the approximating curves describing the experimental data on the changes in the
maximum of absorption and fluorescence intensities in the spectra of hybrid mesoscopic

Si0,/P123/Rh6G/Fe30,4 films formed in MP.

A, Ao Au-Ag kax10° | A, lo le-lo kix10°
nm nm

501 | 0,084+0,001 | 0,008+0,001| 7,0+0,9 562 | 11,68+0,19 | 3,86+0,24 20,8+4,6
534 | 0,124+0,001 | 0,021+0,001 | 12,0+0,9

of magnetite-containing mesostructured films
can be described by a general differential equa-
tion: —dF, /dB =k, (F, - F,) inwhich dF,-is
the change in the intensity of the band (absorp-
tion, fluorescence), F,- is the limiting value of
the change in intensity.

Integration of the differential equation
from the initial value F, (at B =0) to F,, at

the current value of B, gives a logarithmic
response function
In[(F, -F,))/(F, - F,)]=-k. B that depends
linearly on the magnitude of the induction B,
in which the coefficient k. characterizes the
sensitivity of magnetite-containing hybrid
mesostructured films to the influence of an
external MF.

By potentiating, we obtain general ex-
pressions for changing the band intensity in
the absorption and fluorescence spectra
F,=F,+(F, —F,)exp(-k, B), which de-
scribe the experimental data in Fig. 6 with the
corresponding parameters of the approximat-
ing curves. The numbers of film samples in
Fig. 3 ¢ and d correspond to their location in
a magnetic field during their formation, ac-
cording to Fig. 1 a. The calculated parameters
of the approximating curves are shown in Ta-
ble 3. Since for these films k, are larger k,,
the sensitivity of the SiO,/P123/Rh6G/Fe;0,

ISSN 0041-6045. YKP . XIM . XVYPH ., 2020, .86, No 2

hybrid film to the influence of an external MF
is maximum under fluorescence (MFE =
25.8%).

Dependence of the ratio of the fluores-
cence intensity of a film without magnetite
NPs in experimental value of the fluorescence
intensity of SiO2/P123/Rh6G/Fe304 films on
the magnitude of magnetic induction is
shown in Fig. 4. It can serve as a characteris-
tic of the degree of quenching of the fluores-
cence of these films by magnetite nanoparti-
cles.

As shown from the abowe results,
superparamagnetic magnetite NPs signifi-
cantly affect the spectral and luminescent
properties of mesostructured
Si0,/P123/Rh6G/Fe;0, films formed in sta-
tionary magnetic fields with an induction of
less than 500 mT.

The observed effect of the magnetic field
used in the formation of hybrid (#)
Si0,/P123/Rh6G/Fe;0, films on their spec-
tral-luminescent properties is due to the pres-
ence of Fe;O, NPs in the films interacting
with magnetic field, since significant differ-
ences in the spectral-luminescent properties
of the SiO,/P123/Rh6G films, formed in the
MF and outside MF were not observed.

To understand the abowe facts and ex-
plain the possible mechanism of the effect of
the increasing magnitude of magnetic induc-
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tion used in the formation of the studied hy-
brid (#) SiO,/P123/Rh6G/Fe;O, films on
their spectral and luminescent properties,
some facts regarding the characteristics of the
Rh6G dye and its spectral — luminescent
properties, Fe;O, NPs and other similar mate-
rials, and their interaction with MF were tak-
en into account.

From the analysis of the absorption spec-
tra of aqueous solutions [15] and hybrid films
[17] it is known that the dye (Rh6G) in the
concentration range from 1-10° M to 1-10™
M is in monomeric form. In this case, a char-
acteristic band of the monomeric form (A .
about 530 nm) with a vibronic arm (about
500 nm), which corresponds to a fluorescence
band with A . @bout 560 nm, appears in the
spectrum.

With an increase in the concentration of
Rh6G both in solutions and in hybrid films,
two types of dimers H (A pna @bout 500 nm)
are formed, the band of which owverlaps [18]
with a vibronic band (A . about 500 nm),
and J (A a2 @bout 550 nm), the relative con-
tent of which depends on various conditions
[15,18].

At room temperature, both types of di-
mers are formed due to the fact that the con-
figuration of H-type dimers is only slightly
energetically more favorable compared to the
configuration of J-type dimers (energy differ-
ence < 3 kT) [16 ]. The aggregation mecha-
nism at the formation of H- dimers is ex-
plained by m-m interaction of aromatic m sys-
tems of two Rh6G molecules [2]. Along with
these dimers, so-called “intermediate”
(“oblique™) dimers (with angles of 0° <6
<90° ) [15,20], having fluorescence spectra
are also formed. For Rh6G in the monomeric
form and in the form of oblique and J-type

dimers, in contrast to the H-type, lumines-
cence spectra are characteristic [15, 19, 20].

It was shown earlier that in the films
formed from a  film-forming  sol
(SiO,+P123+Rh6G)  (without  magnetite
NPs), the formation of H- dimers is blocked
due to the encapsulation of Rh6G molecules
in micelles and such films retain luminescent
properties [17].

When films formed from the same film-
forming sol, but containing magnetite NPs,
in the absence of a MF, Fe;O, NPs lose sol-
vent molecules (ethanol) during dip-coating,
which are both a dispersion medium and
NPs stabilizer, as a result of the interaction
of magnetite surface Fe** atoms with donor
atoms of oxygen of Pluronic 123. Indeed, the
Fe** atoms in the surface layer and in the
bulk of magnetite (Fe**[Fe*'Fe®"]0,) are
nonequivalent, and the estimated number of
surface atoms, as shown in [21], depends on
the radius of the NPs and is 35 for NPs with
an average diameter of 10 nm.

In this case, to compensate for the sur-
face charge of NPs, apparently, new Fe*" -O.
bonds should be formed. The more probable
areas where their formation is possible are
the more hydrophilic polyethylene oxide
fragments of P123 located on the periphery
of the micelle, in contrast to the more hydro-
phobic propylene oxide fragments that form
its core.

Moreover, Rh6G molecules can be lo-
cated both in polyethylene oxide and propyl-
ene oxide sites in the triblock copolymer mi-
celle, which is part of the
(0) SiO,/P123/Rh6G/Fe;0, film.

If one assume that the reason for the
changes in the electronic spectra of
Si0,/P123/Rh6G/Fe;0, films is the interac-
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tion of Fe®* ions (which in an amount of
about 15 are present on the surface of mag-
netite NPs with an awerage size of 10 nm
[21]), for example, with amine nitrogen of
Rh6G look-like observed interaction of
magnetite NPs with humic acids [22] upon
their adsorption, then a shift in the maximum
of the dye absorption band observed. How-
ever, as it is evidenced by the results of the
experiment, this does not happen. Direct in-
teraction of Fe;O, NPs with dye molecules
encapsulated in a micelle with P123 seems
unlikely.

In the absence of MF at room tempera-
ture, the magnetic moments of spherical
magnetite nanoparticles (10 nm) located in a
film-forming sol with micelles
{P123 (Rh6G)} are randomly oriented due to
thermal fluctuations.

Taking into account the above consider-
ations, the reasons for the changes in the
spectral-luminescent  properties of the
(0)SiO,/P123/Rh6G/Fe;0, film as compared
to the (4)SiO,/P123/Rh6G film that does not
contain magnetite NPs (Fig. 2 a, curves 0
and 4), Fig. 2 c, curves 0 and 4; Fig. 2 b,
curve No. 0, Fig.2 d, curve No. 0) become
clear. It should be noted that the intensity of
the vibronic shoulder (or the band corre-
sponding to the H-dimer) and the band cor-
responding to the monomer (Fig. 2 b, No. 0),
in contrast to the spectra for
(4)SiO,/P123/Rh6G (Fig. 2 a, No. 4) and
(0)Si0,/P123/Rh6G/Fe;O, (Fig. 2 a, No. 0)
are comparable.

The formation of new Fe®** - O bonds, in
which Fe atoms on the surface of Fe;O, NPs
and oxygen donor atoms of P123 micelles
with Rh6G molecules encapsulated in them
in monomeric form participate, can cause mi-

celle deformation and contribute to the for-
mation of both intermediate and H- dimers.
This is consistent with a decrease in the in-
tensity of both bands (vibronic and related to
the monomeric form) both in the differential
absorption spectra (Fig. 2 b, No. 0) and in the
differential fluorescence spectra (Fig. 2 d, No.
0).

Howewer, in contrast to the differential
absorption spectra (Fig. 2 b, curve No. 0),
where AA (A max =562 nm) = AA (A pmax =604
nm), in the differential fluorescence spectra
(Fig. 2 d, curve No. 0) AI (A pax =562 nm) <
Al (A max =604 nm) and the observed decrease
in the intensity of the vibronic band is very
insignificant in contrast to the decrease in the
intensity of the monomer band.

This may indicate that, against the back-
ground of a noticeable decrease in the content
of the Rh6G monomeric form, the so-called
“oblique” dimers (with angles of 0°<6<90°)
are formed in the system [15,19,20], having
fluorescence spectrum. The formation of the-
se dimers instead of H-dimers occurs appar-
ently due to insufficiently strong deformation
of the micellar structure.

When a film-forming sol with
superparamagnetic magnetite particles is
placed in a MF, NPs acquire additional poten-
tial energy, and their magnetic moments tend
to orient themselves along the lines of mag-
netic field induction.

As a result of the orienting action of
the constant magnetic field in the film-
forming ash (in the process of film for-
mation), the number of magnetite NPs with a
smaller angle formed between the magnetic
induction vectors and the magnetic moment
increases, as well as the number of NPs for
which the directions of the vectors coincide.
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The formation of a hybrid mesostructured
Si0,/P123/Rh6G/Fe;O, film ends with a
“freezing” of the magnetic moments of the
NPs, which are oriented under the action of
the magnetic field, not randomly, but in a cer-
tain direction. The formation of a hybrid
mesotructured film with a larger magnetic
induction also ends with “freezing”, but with
a larger number of NPs oriented along the
lines of magnetic field induction.

Thus, the number of magnetite NPs in the
film-forming sol, for which the directions of
the vectors coincide, should increase with in-
creasing of magnetic field induction. In the
presence of a weak permanent MF at the
formation of a hybrid film from a film-
forming sol, a small part of the magnetite
NPs is magnetized, being oriented and
aligned along the lines of magnetic induction.

Considering the fact that, apparently,
Fe;0, NPs are connected via surface iron at-
oms to donor oxygen atoms of P123 micelles,
such an orientation of NPs and their increas-
ing “aggregation” in the magnetic field with
increasing magnetic induction should lead to
increasing micelle deformation, which should
contribute to a decrease in fractions of Rh6G
monomers and their dimerization.

According to the calculations, the num-
ber of micelles in the reaction mixture was
1.4. 10" (the calculation used the concentra-
tion of P123 and the known [23] content
(250 molecules) of P123 in one micelle), and
the amount of magnetite NPs was 6.16° 10'°
(in the calculation we used a weight of Fe;0,
NPs, its density (5.17 g / cm®) and average
size (10 nm) of NPs). That is, in the resulting
reaction mixture, 4.4 NP Fe;O, are account-
ed for one micelle. Despite the fact that this
value is an estimate, it gives an idea of the

ratio of the numbers of NPs and micelles in
the film. It follows that, with the formation
of “linear aggregates” of NPs and an in-
crease in their linear dimensions with in-
creasing magnetic field induction, micelle
deformations can be enhanced by increasing
z, g and p in the resulting complexes {{(NP)
of Fe; ... Oy {Pluronic123 ( Rh6G) .} ]. Ac-
cording to the results of FTIR- spectra (Fig.
1e), the interaction of iron atoms on the sur-
face of Fe;O, NPs with P123 oxygen atoms
(curve 2) leads to redistribution of the band
intensities observed in the spectrum of Fe;0O,
NPs (curve 1). The band in the region of
1200-950 cm™ with a maximum of about
1107 cm™ is, according to [24 ], the total
contour, consisting of a group of bands that
can be attributed to v, and v C-O-C and C-
C of the ether group P123. The band in the
region of 500—700 cm ~ ! with a maximum of
about 590 cm™ ! consists of three bands
(640.589, 565 cm ~ '), which according to
[13,14] can be attributed to the Fe — O
stretching vibrations with the participation of
O in Fe;0, and P123. With a twofold in-
crease in the ratio of NPs to P 123, the mag-
nitude of the ratio of the intensities of the
bands with maxima near 590 cm™ and 1107
cm™ (Fig. 3, curves 2 and 3) increases from
0.15 to 0.18. In the spectra of SiO,
{Pluronic123 (Rh6G)} Fe;0, films obtained
outside the magnetic field (curve 4) and in
the magnetic field (curve 5), the v (Fe-O)
band with a maximum of about 590 cm™ is
retained, howewver, with insignificant chang-
es in its total contour due to the redistribu-
tion of the intensities of its constituent
bands. Moreower, comparing its intensity
with the band intensity in the region of
1200-950 cm™ ! with a maximum of about
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1107 cm™ * becomes impossible due to the
overlapping of the latter with more intense
bands, which can be attributed [14] to Si-O
stretching vibrations.

With this in mind, and since solvents,
including alcohol, are remowved during the
formation of the film, it can be assumed that
at least part of the bands in the region of
500-700 cm™ * is due to stretching Fe — O
vibrations involving iron atoms on the NPs
surface, bound to ether oxygen donor atoms
of P123.

According to experimental data, the use of
MF in the preparation of
(#) Si0,/P123/Rh6G/Fe;0, films enhances the
manifestation of the influence of NPs on their
spectral and luminescent characteristics. As
can be seen from the fluorescence spectra
(Fig. 2 ¢) and the differential fluorescence
spectra (Fig. 2 d), as the magnetic flux density
increases, the intensities of the fluorescence
bands (A~ 562 nm) and the shoulder
(Amaxe™ 604 NmM) decrease.

When using a weak magnetic field of 100
mT (Fig. 2 d, curve No. 1) in the differential
fluorescence spectrum, as well as the differen-
tial absorption spectrum (Fig. 2 b, curve No.
1), with a slight decrease in the intensity of the
vibronic (dimeric, Ana,~ 604 nm) band again
there is a significant decrease in the band in-
tensity (Ama> 562 nm) compared to sample
No. 0 (Fig. 2 d, curve No. 0) with insignificant
changes in the band (A= 604 nm) intensity
compared to sample No. 0 (Fig. 2 d , curve
No. 0 and Fig. 2 b, curve No. 0 respectively,).

Based on this, it can be assumed that a
significant decrease in the intensity of the
band of the monomeric form of Rh6G in the
differential fluorescence spectrum when us-
ing a weak (100 mT) MF (Fig. 2 d, curwe

No. 1) is apparently due to further defor-
mation of micelles containing Rh6G due to
an increase in the number of nanoparticles
“linear aggregates” oriented in the field with
a nonzero magnetic moment and an increase
in their size, which leads to a further in-
crease in the number of fluorescent
“oblique” dimers due to a decrease in the
number of the monomeric form Rh6G.

As can be seen from fig. 2 d, the ob-
served difference in the intensity of the dif-
ferential spectra of the samples (No. 0, No.
1, No. 2, No. 3) is significantly larger at
Amaxe™ 562 nm compared to A~ 604 nm.
Howe\er, in this case, with an increase in
the magnetic induction of the magnetic field
from 100 mT (Fig. 2 d, curve No. 1) to 200
mT (Fig. 2 d, curve No. 2), a sharp drop
(Jump) in the intensity of the bands (A~
562 nm and A~ 604 nm ) occurs and
starting from sample No. 2 with an increase
in the magnetic induction of MF from 200
mT to 300 mT (samples No. 2, No. 3), the
decrease in band intensity (An.c~ 562 nm)
exceeds the decrease in band intensity
(Anaxe™ 562 nmM) Al (Ao 562 M) < Al
(Mmaxe™ 562 nm) in contrast to samples No. 0
and No. 1, for which Al (A,,,,.~562 nm) < Al
((Ayaxe=562 nm). This is apparently due to a
stronger deformation of micelles due to an
increase in the size and number of “linear
aggregates” of Fe;O, NPs oriented in the
magnetic field with a nonzero resulting
magnetic moment in which surface Fe** at-
oms are bonded to oxygen donor atoms in
{Pluronic123 (Rh6G),}, that is, under these
conditions, the formation of complexes
[{(NP)q}Fe,...O,{Pluronic123 (Rh6G), }n]
of variable composition (g, z and p), which
will depend on the magnitude of the magnet
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ic field induction, is possible. This leads to a
sharp decrease in the amount of Rh6G mon-
omeric form in the films, which forms
“oblique” dimers and, partially, H-dimers.

Thus, in the SiO,/P123/Rh6G film, when
it is formed both in MF and without MF, in
the absence of magnetite NPs, a certain mu-
tual arrangement of dipoles of dye molecules
encapsulated in Pluronic123 micelles incor-
porated into a SiO, matrix is “frozen”, which
determines the observed spectra absorption
(Fig. 2 a, curve 4) and luminescence (Fig. 2
C, curve 4).

During the formation of a
(#)S10,/P123/Rh6G/Fe;0, film containing
magnetite NPs, in the absence of MF, Fe**
iron ions located on the surface of the nano-
particles form the complexes
[{(NP)q}Fe,...Oy{Pluronic123 (Rh6G), }n],
as a result of which a deformation of the mi-
celle structure can occur, leading to the for-
mation of H-aggregates configuration that are
energetically more favorable than a J-type
configuration [16]. As a result, the intensity
of the absorption and luminescence bands of
the film should change (decrease), which is
observed in the experiment (Fig. 2 a and Fig.
2 ¢, spectral curve 0, as well as Fig. 2 b and
Fig. 2 d, spectral curve No. 0).

The above-described features of the ef-
fect of magnetic induction of MF used in the
process of formation of
(#)Si0,/P123/Rh6G/Fe;0, (# = 1-3) film
samples on their luminescence spectra (Fig. 2
c, d) can be considered as a result of a de-
crease in the fraction of Rh6G monomers
(Amax= 534 nm) and the increase in the frac-
tion of “oblique” dimers and H-dimers (A~
501 nm) due to the interaction of “linear ag-
gregates” of Fe;O, nanoparticles oriented in

MF associated with Rh6G-containing mi-
celles with MP and formation complexes
[{(NP)q}Fe,...O,{Pluronic123 (Rh6G), }n].

Therefore, upon application of a magnetic
field, Fe;O, NPs associated with micelle
fragments form “linear aggregates” (chains)
consisting of seweral spherical Fe;O, NPs
with nonzero resulting magnetic moment (un-
like individual NPs), sizes of which increase
with increasing magnetic induction. This, in
turn, leads to more efficient deformation of
micelles and their closer contact (between
layers) due to the increasing interaction of

magnetic fields oriented by
superparamagnetic Fe;O, NPs with micelles
(formation of complexes

[{(NP),}Fe,...O,{Pluronic123 (Rh6G),}n])
and, in fact, to a specific orientation of mi-
celles in a magnetic field due to such an in-
teraction. At the same time, part of Rh6G
molecules encapsulated in micelles can be
forced to come into close contact both inside
the micelle and with Rh6G molecules of
neighboring micelles. This creates the condi-
tions for the formation of non-fluorescent H-
aggregates. Howe\er, it should be noted that
such a compression effect of micelles and
their layers has a limit due to the geometric
dimensions of the molecules.

Therefore, in spite of the increasing ori-
entation of magnetite NPs along the lines of
force of the applied magnetic field, as the
magnetic induction increases, the ratios
AA/AB and AT/AB should gradually decrease,
tending to zero when certain values of mag-
netic induction are reached. This is consistent
with experimental results, namely, the de-
pendences of changes in the difference in
band intensities in the absorption spectra AA
and luminescence Al of samples of hybrid
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films with magnetite NPs (Fig. 3 a, b), and
with changes in the absorption intensity A at
A,=534 nm and the intensity fluorescence | at
A = 562 nm of samples of hybrid
mesostructured SiO,/P123/Rh6G/Fe;0, films
of magnetic induction (Fig. 3 ¢, d).

It is important here to note the manifes-
tation of the “memory” effect in
mesostructured Si0,/P123/Rh6G/Fe;0,
films formed in magnetic fields with differ-
ent magnitudes of magnetic induction. The
structure of the complexes
[{(NP),}Fe;...O,{Pluronic123 (Rh6G),}m]
formed by Fe** ions located on the surface of
oriented in MF magnetite NPs ("linear ag-
gregates”) during the formation of a
mesoporous film structure in a magnetic
field had a total magnetic moment of magni-
tude significantly superior to the magnetic
moment of one nano particle. In these com-
plexes, micelles with a deformed structure
retain a certain orientation of the dye mole-
cules incorporated into them.

CONCLUSIONS.  Optically transparent
mesostructured silica films SiO,/P123/Rh6G
and SiO,/P123/Rh6G/Fe;O, , containing
Fe;O, NPs with superparamagnetic properties,
are formed in stationary magnetic fields with
known induction from a film-forming sol
mixed with Rhodamine 6G and Pluronic 123.

It was shown that the spectral-luminescent
properties of SiO,/P123/Rh6G films are inde-
pendent of the MF used at their formation. A
gradual decrease of the band intensity in the
spectra of Rhodamine 6G and quenching of
luminescence with an increase in the magnetic
field induction in SiO,/P123/Rh6G/Fe;0,
films, is associated with a decrease in the frac-
tion of monomer and an increase in the frac-
tion of non-luminescent H-aggregates of the

dye in micelles.

This effect is due to the formation of
complexes of variable  composition
[{(NP)q}Fe,...Ox{Pluronic123 (Rh6G), }n].
in which the interaction of Fe*" atoms with
P123 micelle donor oxygen atoms increases
due to the increase in magnetic field induc-
tion. It occurs due to an increase in g as a
result of the formation of NPs “linear aggre-
gates” with the resulting nonzero magnetic
moment in the MF, and hence an increase in
z, as well as p. This in turn leads to the grad-
ual deformation of micelles and the accumu-
lation of H-aggregates, which can form both
within the micelle and between the micelle
layers in the film.

Changes in the intensity of the absorption
and fluorescence bands of the monomeric
form of Rh6G in the spectra of
Si0,/P123/Rh6G/Fe;0, films depend on
changes in the magnetic induction and are de-
scribed by an exponential function, and the
ratio of the fluorescence intensity of the
Si0,/P123/Rh6G film to the fluorescence in-
tensities of SiO,/P123/Rh6G/Fe;0, linearly
depends on the magnetic induction of the MF
at which they are formed. In this case, the ob-
tained films are capable of “memorizing” the-
se values (in terms of the intensity value),
which, apparently, is associated with a sequen-
tial increase in the number of magnetite nano-
particles oriented in the MF as the MF induc-
tion increases.

The detected ability of magnetite-
containing mesostructured films to *“memo-
rize” the magnitude of magnetic induction af-
ter they are formed in a permanent magnetic
field can find practical application in sensor
technologies, as well as in the development of
new multifunctional organo-inorganic
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mesostructured films and devices based on
them with magnetic and optical properties.
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MOBAHMNX B CTAHLIOHAPHUX MAI'HIT-
HUX TIOJIAX ME3OCTPYKTYPHUX IUII-
BOK SiO2/P123/Rh6G/Fe304
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JocnimkeHo BIUIMB CcyneprapaMarHirHu X
nanouyactuaok (HY) Fe3O4 ma cmekrpaibHO-
JIOMIHECIIEHTHI BIIACTUBOCTI OJHOPITHHUX OI-
TUYHO TIPO30OPHUX ME30CTPYKTYPHUX KpEeMHe-
3eMHuMX TMIBOK Si0,/P123/Rh6G/Fes04, mo
mictare Mienmn {P123 (Rh6G)}, mo ckiama-
10Thest 3 Pluronic 123 3 iHKarcyns0BaHUMHU MO-
Jaekynamu OapBHHKa pogaminy 6K ( Rh6G), i
cOpMOBAHUX Yy CTalllOHAPHUX MAaTHITHUX IO-
asix (MID) 3 imaykniero merine 500 mTi. Tloka-
3aH0, mo Ha BigMiHY Binm SiO2/P123/Rh6G,
CHEKTpaIbHO-JTIOMIHECIICHTHI1 BJIACTHBOCTI
mwrBok  SiO,»/P123/Rh6G/Fe;04 3amexars Bin
BHUKOpHcTaHoro npu X ¢gopmyBanni MII, a mo-
CTYIIOBE 3MCHIICHHS IHTCHCHBHOCTI CMYyT B
cinekrpax Rh6G 1 raciHHs nromiHecueHmil 3i
30uTbmeHHsM HAykii MII, mo cmocrepeira-
3THCS I HUAX, [OB'sI3aHE 31 3HUKEHHSIM YaCTKU
MOHOMepa 1 30UTbIIEHHSIM J0JI1 HE JIFOMUHECI-
pytounx H-arperaris  Rh6G B  minenax
BHacHinok mocuienoi B MII B3aemonii (yrBo-
pernst Fe*"-O 3s's3kiB) opientoBannx B MII
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cyneprapamaraitaux HY 3 wminenamun {P123
(Rh6G)}, w0 npu3BOAUTH O TMOCTYIMOBOI
nedopmartii miten i HakonmueHHs H-arperatis.
3aJIe)KHOCTI 3MIH IHTEHCHBHOCTI CMYT TIOTJIH-
HaHHA 1 QumyopecueHuii MoHOMepHOU Qopmu
Rh6G B crmekrpax IUTBOK Bim 3MIiH BEIHYMHHU
MardirHoi HIYKIT i MII OTHUCYIOThC S
eKCITOHEHI[IAJIbHOIO  (DYHKI[i€10, a BITHOIIECHHS
IHTEHCUBHOCTI dmyopecueHiii TUTIBKH
Si0,/P123/Rh6G 10 HTEHCUBHOCTEU
dryopecuentrii mwriBok SiO2/P123/Rh6G/Fe304
TMHIAHO 3a/IeXkaTh BiI BUKOPHUCTAHWUX BEITUYHH
MarHirHO1 maykmii MII, sgxi BoHM 34aTHI
«3armaM'sTOByBaTU», MO MPOSBIISIETHCS B BEJH-
YUHAX HTEeHCUBHOCTEH quiyopecueHIii.

KnwuaoBi C 1 0 B a: TiOpuHi Me30-
CTPYKTYpPH1 KpeMHE3eMH1 IUTIBKU, CHEKTpaIbHO-

JIOMIHECIIEHTHI ~ BJIACTUBOCTI, pojamiH  6X,
Pluronic 123, HaHOYaCTMHKHA, MAarHeTWT,
MarHirHe mojJie.

BJIIMAHUE CVYIIEPITAPAMAT'HUTHBIX

HAHOYACTHUIL] Fe30, HA CIIEKTPAJIBHO-
JIIOMUHECIEHTHBIE CBOMCTBA C®OP-
MHUPOBAHHBIX B  CTAHMOHAPHBIX
MATHUTHBIX TIOJIAX ME3OCTPYKTYP-
HBIX ITUIEHOK SiO,/P123/Rh6G/Fe304
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Hbix Hanouactull (HY) FesOs Ha cnekrpaibHO-
JIOMUHECIICHTHBIE CBOWCTBA OJHOPOIHBIX OINTH-
YECKH TPO3PAYHBIX ME30CTPYKTYPHBIX KpEeMHeE-
3eMHBIX MmIeHOK SiO2/P123/Rh6G/FesO4, conep-
xanmx munesisl {P123 (Rh6G)}, cocrosiume u3
Pluronic 123 (P123) ¢ wuHKancyIupoBaHHBIMH
MoJieKytaMu kpacutenst poaamuna 6)K (Rh6G),
U cOPMHUPOBAHHBIX B CTaIMOHAPHBIX MarHHUT-
HbIX noyisx (MII) ¢ unaykuueit menee 500 mTi.
ITokazano, uro B ormune or SiO»/P123/Rh6G,
CIIEKTPAJIbHO-IIOMIUHECIICHTHBIC CBOMCTBA TLJIC-
HOok SiO2/P123/Rh6G/Fe304 3aBHUCAT OT UCIIONB-
30BaHHOTO Tpu X (opmupoBannu MIL, a Ha-
OmoaeMoe I HUX IMOCTETIEHHOE YMEHBIICHUE
MHTEHCUBHOCTHU Tosioc B crekrpax Rh6G u Ty-
HICHUE JTIOMUHECIICHIINN C YBEITMYCHUEM HHTyK-
v MIT cBsI3aHO €O CHUYKEHUEM JI0JIM MOHOMEpa
U yBETUYEHUEM JI0JM He JFOMUHecuupyronmx H-
arperaroB Rh6G B mu1iemiax BcaecTBUE YCUITH-
Barorerocsi B MII B3aumopeiictBust (oOpa3oBa-
nust Fe**-O casmeil) opuentnpoBanHbIX B MIT
cynmepnapamariutibix  HY ¢ munemiamu
{P123 (Rh6G)}, uTo mpHBOIMT K MOCTEHEHHOI
neopmanuu  MHIET W HakorieHuto  H-
arperaTtoB. 3aBUCHMOCTH M3MCHEHUU MHTCHCHB-
HOCTH TIOJIOC TIOTJIOMICHHUS W (MIyopecieHIHH
MoHoMepHO# (opmbel Rh6G B criekTpax MiIeHOK
OT M3MCHEHUH BEIMYNHBI MATHUTHOM WHTYKIIHH
MII onuchIBAIOTCS SKCIIOHSHIMATBHOM (DyHKITH-
eil, a OTHOIICHUS MHTEHCHBHOCTH (UIyOopecIieH-
uvn 1uieHku SiO2/P123/Rh6G k MHTEHCUBHO-
CTSIM duryopecueHIum TIJIEHOK
Si0,/P123/Rh6G/Fe30,4 nmmuHENHO 3aBUCST OT HUC-
MOJIb30BAaHHBIX BEJIMYMH MATrHUTHOW WHYKIITHH
MII, KOTOpbIE OHHU CIIOCOOHBI <BATIOMHUHATHY,
YTO MPOSBISCTCS B BEJIMUMHAX WHTCHCUBHOCTCH

(myopecreHIm.

KnogyeBble CJ0B a rHOpuaHbIE ME30-
CTPYKTYpHBIE KPEMHE3EMHBIE IUIEHKH, CIICK-
TPaJIbHO- TFOMHHECIEHTHBIE CBOMCTBA, POJAMUH
6)K, Pluronic 123, HaHo4acTHIBI, MarHeTuT,
MardUTHOE T10JIE.
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