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Abstract: Assembling polyelectrolyte multilayers in a bottom-up approach is reported for
polymers, particles, nanoparticles, and carbon nanotubes. Effects of polyelectrolyte
multilayers on evaporative self-assembly of particles, which are of interest to a number of
applications including photonic crystals, films and substrates, are investigated.
Polyelectrolyte multilayer coatings bring multifunctionality to spherical particles and
planar films. Studying the construction of polyelectrolyte assemblies is convenient in the
planar layout: it is reported here for incorporation of gold and magnetic nanoparticles as
well as of carbon nanotubes. Gold nanoparticles concentration is controlled within the
films. Potential applications of both spherical structures and planar films are highlighted.

Keywords: self-assembly; polyelectrolytes; silica particles; carbon nanotubes; gold and
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1. Introduction

Nanotechnology approaches offer novel avenues for building films, capsules and drug delivery
carriers [1]. The layer-by-layer (LbL) assembly of polyelectrolyte multilayers (PEM) [2-6], which
applies nanotechnology tools, is an attractive method for fabrication of various structures. Based on
the electrostatic interaction, the LbL absorption is a simple but powerful method for functionalization
of colloidal particles [7,8] and planar films [9-13], which lead to a variety of interesting applications
ranging from implant coatings [14] to growth factor incorporation [15] and bone and dental
applications [16,17]. Its particular advantage stems from possibilities of incorporation of various
materials, for example, polymers, nanoparticles, proteins, etc. during the build-up. First and foremost,
planar films [18-23], as well as spherical particles and capsules [24-30], benefit from the
multifunctionality that incorporation of diverse materials brings.

Functionalization by nanoparticles [31,32] is of interest for diverse applications both on planar
films and spherical particles. For example, assemblies of gold nanoparticles incorporated into
polymeric films exhibit sensor properties [33,34], they can be used to improve the mechanical stability
of polymeric microcapsules [35,36], and for remote activation of microcapsules [37-42].
Demonstration of remote release inside living cells [43] enabled tracing intracellular processes
relevant to immunology [44]. Besides, aggregates of nanoparticles embedded within biocompatible
films can be activated by a near-IR laser [21-23]; these effects are based on nanoplasmonic heating of
nanoparticles [45-57]. Additionally, magnetic nanoparticles enable positioning of polyelectrolyte
capsules [58], while on the other hand activation is also possible [59]. Carbon nanotubes [60-65] are
attractive candidates for functionalization, too, because, on the one hand, they enhance mechanical
properties [66], while on the other hand, they are found to be extremely efficient absorption
centers [67]. All these materials are attractive candidates for functionalization of polyelectrolyte
multilayers, planar films and spherical microcapsules.

Self-assembly is an interesting method for fabrication of nanostructures [65]. In the last two decades,
fabrication of 1D, 2D and 3D architectures [69,70] received significant attention from researchers. These
blocks are attractive as novel materials with potential application as components of optoelectronic
devices [71], including molecules detectors and photonic crystals [72]. Various methods have been
employed for building assemblies based on micro- and nanoparticles such as a spin coating [73], electro
deposition [74] and vertical deposition [75,76]. An interesting method for deposition is that based on
self-assembly, particularly by controlled evaporation [77]. Two-dimensional arrays of polystyrene
particles (600 nm) coated with polyelectrolytes were presented [78], while ordered arrays of
microcapsules in solution can be harnessed to propagate chemical signals in directed and controllable
ways, allowing signals to be transmitted over macroscopic distances [79]. Therefore, it is desirable to
investigate the influence of polyelectrolyte multilayer coatings on 3D self-assembly of colloidal
particles because such materials are of interest for photonic crystal ordering, free-standing structures,
membranes and sensors and self-assembled structures in general.

Here we study self-assembly and evaporation driven ordering of silica colloidal particles and
investigate the influence of polyelectrolytes on this process. Since polyelectrolyte multilayer
polymeric films represent complementary (to spherical particles) and convenient means to study
deposition of polymers, we use planar films for investigation of adsorption of polyelectrolytes with a
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variety of nanoparticles and carbon nanotubes. Processes and structures studied in this work can be
further applied in combination with cross-linked polymers [80-82], hydrogel construction [83] as well as
immobilization of multicompartment microcapsules [84] and microparticles [85] containing enzymes.

2. Experimental Section

2.1. Materials

Silica particles (SiO;) with two sizes 4.80 = 0.19 um (large) and 0.585 + 0.02 pm (small) were
purchased from Microparticles GmbH, Germany. Poly(diallyldimethylammonium, chloride)
(PDADMAC, 250-300 kDa), poly(styrenesulfonate, sodium salt) (PSS, 70 kDa), poly(allylamine,
hydrochloride) (PAH, 70 kDa), poly(ethyleneimine) (PEI, 600—1,000 kDa), with tetramethylrhodamine
isothiocyanate (TRITC) were purchased from Sigma-Aldrich, Germany. PAH was labeled with TRITC
according to the previously reported procedure [86]; briefly, PAH was mixed with TRITC (in 0.1 M
carbonate buffer, pH 9.0 with concentration of dye/polymer = 5:1) followed by dialysis against 0.01 M
TRIS-HCI buffer, pH 7.5 (cut-off MW 14,000). Two types of gold nanoparticles were used: citrate
stabilized negatively charged nanoparticles (NNPs) with size 20 nm, purchased from Sigma-Aldrich,
Germany. 4-(dimethylamino) pyridine (DMAP)) stabilized positively charged nanoparticles (PNPs)
were prepared according to previously published methods [87]; they were positively charged and had a
mean diameter of 8—10 nm. Water soluble iron oxide (Fe;O4) nanoparticles stabilized by citric and
hydrochloric acids were synthesized using the co-precipitation technique [88]. Multiwall carbon
nanotubes (MWCNTs) with diameter 110-170 nm and length 5-9 um were purchased from
Sigma-Aldrich, Germany.

2.2. Shell Fabrication of Silica Particles

Absorption of polyelectrolytes on the shells of silica particles was done by the LbL approach.
Before deposition of polyelectrolytes onto silica cores, three washing cycles were performed. Then
particles were re-dispersed in 0.5 M NaCl solution of PDADMAC with a concentration of 2 mg/mL
and left in a shaker for 15 minutes, followed by three centrifugation cycles and washing by deionized
water. After that, a solution of PSS (2 mg/mL in 0.5 M NaCl) was added to the tube for producing of a
second polyelectrolyte layer. Particles were constantly shaken for 15 minutes in the PSS solution;
followed by three washing steps. As a result of this procedure one polyelectrolyte bi-layer of
PDADMAC/PSS was deposited on the surface of silica particles. Subsequent polyelectrolyte layers
were deposited using the same procedure as described above. For visualization of small silica particles,
one layer of TRITC-PAH (1 mg/mL in 0.5 M NaCl) was added on the PSS layer to form the following
structure: (PDADMAC/PSS)s/PDADMAC/PSS/TRITC-PAH/PSS.

2.3. Particle Arrays Construction

Prior to fabrication of coated particle arrays on glass slides the latter were treated with piranha
solution (concentrated sulfuric acid and 30% hydrogen peroxide, 1:3) followed by washing in
deionized water and drying in nitrogen flow. CAUTION: Piranha solution reacts violently with
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organic solvents and is a skin irritant. Extreme caution should be exercised when handling the piranha
solution. After such a procedure, glass become hydrophilic by hydroxylating the surface, thus
increasing the number of silanol groups on the surface. For building particle arrays on the cleaned
glass slides, solutions (~20 puL) containing particles (0.7% weight, Si0,) were deposited onto the slide
surface and left for drying. For cases when more than 1 layer was formed, the particles forming the
next layer were deposited onto the first layer similarly to the procedure described above; similarly the
glass slide with particles was left for drying. In case of adsorption of particles in solution, the cleaned
and PEI coated slide was immersed into a solution containing coated large silica particles and was left
incubating for 15 minutes. In the next step the slide was slowly removed from the solution. Prior to
deposition of particles the cleaned glass slide was coated with PEI (2 mg/mL in water).

2.4. Gold Nanoparticles in Polyelectrolyte Films

Cleaned glass slides were used as substrates for fabrication of polyelectrolyte films with embedded
gold nanoparticles. The substrates were cleaned similarly to the case of particle array construction
(Section 2.3). Subsequently, they were dried in nitrogen flow and were immersed in PEI
solution (2 mg/mL in water) for 10 minutes to charge the surface of the substrate; followed by washing
with deionized water. Then, the substrate was then similarly immersed in PSS and PDADMAC
solutions (2 mg/mL in 0.5 M NaCl) for the deposition of multilayered polyelectrolyte structures. Gold
nanoparticles were adsorbed onto the polyelectrolyte film due to the electrostatic interaction with
oppositely charged polyelectrolyte layer. For that, the films were immersed in gold nanoparticle
solution for 25 minutes and washed with water. Three samples of gold nanoparticles were prepared:
1—Films containing NNPs (concentration of nanoparticles ~10'' NP/cm®); 2—Films containing PNPs
(concentration of nanoparticles ~10" NP/em®); 3—Films containing higher concentration (hc)-PNPs
(concentration of nanoparticles ~10'° NP/cm®). The latter were obtained after removing the
supernatant (~0.95 mL) from the 1 mL tube of PNPs which was centrifuged for 1 hour at 10,000 rpm.
Using this procedure, films with one and two layers of gold nanoparticles were fabricated. The films
with one layer of nanoparticles had the following structures: PEI/PSS/PDADMAC/NNPs and
PEI/PSS/PDADMAC/PSS/PNPs for negatively and positively charged nanoparticles, respectively. The
films with two layers of  nanoparticles had the following structures:
PEI/PSS/PDADMAC/NNPs/PDADMAC/PSS/PDADMAC/NNPs and PEI/(PSS/PDADMAC/PSS/PNPs),.
PNPs here stand for both Samples 2 and 3. A film without nanoparticles with structure
PEI/(PSS/PDADMAC)s/PSS was made for a control.

2.5. Magnetic Nanoparticles in Polyelectrolyte Films

Chemically cleaned p-type (100) silicon wafers were used as substrate. The substrates were cleaned
by the RCA cleaning procedure [89] with a mixture of H,O/H,O,/NHj, ratio 5:1:1 at 70 °C
for 15 minutes and washed with deionized water. As a result, the silicon wafers were covered by a
silicon oxide layer. Due to this layer, the wafer surface became negatively charged in water at neutral
pH. One precursor layer of PEI was deposited on the substrates, which led to higher stability of
polyelectrolyte/iron oxide multilayers deposited later on the same substrate. All polyelectrolytes were
used at a concentration of 2 mg/mL; PAH and PSS solutions were prepared in 0.5 M NaCl. Multilayers
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were prepared via LbL self assembly using alternate dipping in a polyelectrolyte solution and an iron
oxide suspension. Each deposited layer was washed three times with Milli-Q water before starting the
next step of multilayer build-up. The obtained nanocomposite films were dried at ambient conditions
after the defined number of oppositely charged layers was deposited. The following compositions were
synthesized: PEI/(Fe;O04 )/PAH);6/PSS and PEI/(PSS/F €304+)16/PSS. Fe;O4 are those nanoparticles
stabilized by citric acid, while Fe;0," are nanoparticles protonated in the presence of hydrochloric acid.

2.6. Fabrication of Films with Carbon Nanotubes

MWCNTs (1 mg) were dissolved in 2 mg/mL PSS solution (total volume 1 mL). After stabilization
by PSS, the nanotubes were adsorbed on the layer terminated with PDADMAC. They were placed on
the film by depositing a drop of the MWCNTSs containing solution (~50 puL) on the substrate (where
the first layer was PEI) followed by washing with deionized water after 15 minutes of incubation.
Using this procedure, samples PEI/(MWCNTs/PSS/PDADMAC/PSS/PDADMAC/MWCNTs)N with
two (N = 1) and four (N = 2) layers of nanotubes were fabricated.

2.7. Characterization

Optical microscopy images were recorded by an inverted Leica TCS SP confocal scanning microscope
(Leica, Germany) using a 100x/1.4—0.7-o0il immersion objective. An UV-vis (ultraviolet-visible range)
spectrometer (Agilent 8453) was used for absorption spectra measurements.

Atomic Force Microscopy AFM measurements were performed in air at room temperature using a
Nanoscope III Multimode AFM (Digital Instruments, Maynard, Massachusetts, USA) and NTEGRA
Spectra (NT-MDT, Russia) operating in the tapping mode.

Quartz crystal microbalance (QCM) measurements were performed using a multisensory ten
channel device connected with a computer. 8.86-MHz AT-cut crystals coated with silver films (QCM
active area = 0.256 cm’®) were employed as a substrate for the LbL deposition; the surface of the
resonators was rinsed with deionized water before experiments.

In Raman signal measurements, a continuous laser beam was focused on the sample through a
confocal Raman microscope (CRM200, WITec, Ulm, Germany) equipped with a piezo-scanner
(P-500, Physik Instrumente, Karlsruhe, Germany). The diode-pumped 785 nm near infra-red laser
excitation (Toptica Photonics AG, Graefelfing, Germany) was used in combination with a 100x oil
immersion (Nikon, NA = 1.25) microscope objective. A laser power between 15-30 mW was used for
all measurements. The spectra were acquired using an air-cooled CCD camera (DU401A-DR-DD,
Andor, Belfast, North Ireland) with the grating (300 lines/mm) spectrograph (Acton, Princeton
Instruments Inc., Trenton, NJ, USA), the spectral resolution was set at 6 1/cm. The
ScanCtrlSpectroscopyPlus software (version 1.38, Witec) was used in the measurement setup.
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3. Results and Discussion

Polyelectrolyte multilayers can be assembled on planar substrates and spherical particles. Figure 1
demonstrates an overview of the bottom-up approach used in assembling elaborate structures. The
constituent components and materials of the assembly (the bottom row) are shown together with
intermediate steps on deposition on planar and spherical structures. In turn, these spherical and planar
structures, combined together, are used for self-assembly of layers.

Figure 1. Schematics of the bottom-up assembly of planar films and spherical particles
using polyelectrolyte multilayers, particles, nanoparticles and carbon nanotubes (the
bottom row and the middle row). Evaporative self-assembly of particles and
polyelectrolyte layers is also shown (the top row).

e e 532°Gold 8§ Magnetic
Carbon nanotubes Nanoparticles

Polyelectrolytes ARQRPGRS
3.1. Fabrication of Arrays of Silica Colloids and PEM Coated Silica Colloids

Self-assembly on glass slides upon evaporation of an aqueous solution is studied in our work for
microparticle arrays comprised of both polyelectrolyte coated and uncoated silica micro- and
nanoparticles. The coatings bring additional functionality to self-assembled particles and may even be
able to affect the adsorption. Before self-assembling silica PEM particles, we verified that colloidal
silica microparticles without polyelectrolyte layers self-assemble into well-defined arrays by drying
the aqueous solution in which the particles were deposited onto the surface (Figure 2(a)). After drying,
these silica particles formed a closely packed monolayer (although some spaces between neighboring
particles exist, they can be optimized by evaporation and concentration of nanoparticles).

Subsequently, silica particles covered with a PEM layer were self-assembled onto a glass slide.
This was done by spreading a defined amount of particle suspension on microscope slides. The
transmission CLSM (confocal scanning laser microscope) images of a dried silica monolayer on a
microscope slide are presented in Figure 2(b). One can see in this figure that silica PEM particles form
a similar pattern as in the case of uncoated silica particles, Figure 2(a). Also, some spaces between
particles can be seen, which can be further optimized by drying conditions and concentration of
particles. Thus, one can conclude that the presence of polyelectrolytes on the surface does not affect
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self-assembly of particles. In the case when both the substrate and colloidal silica particles are covered
with polyelectrolytes, Figure 2(c), a similar self-assembly takes place as in the case when only
particles are covered with polyelectrolytes.

Figure 2. Confocal scanning laser microscope (CLSM) transmission microscopy images of
evaporative self-assembly of (a) silica and (b) polyelectrolyte coated silica particles on
cleaned glass substrates, and (C) polyelectrolyte coated silica particles on a PEI coated
glass slide. (d) Adsorption of coated silica particles onto a PEI coated glass slide in an
aqueous solution. The scale bars correspond to 20 um.

We further conducted adsorption of PEM coated silica spheres from a solution upon vertically
withdrawing the substrate because it represents another method of adsorption and self-assembly. In
fact, this approach is similar to Langmuir-Blodgett film deposition method. The particle distribution
for such a case is shown in Figure 2(d). The particles form loose structures and large distances can be
observed between them. Although it is possible to achieve higher density of coverage of particles in
this case, the simplicity of evaporative self-assembly is certainly attractive. Therefore, adsorption of
particles from solution significantly differs from that conducted using self-assembly on the substrate.
The interaction between oppositely charged PEM colloids and substrate leads to adsorption of particles
onto PEI and there exists no mechanism for self-assembly and close packing of these particles.

To further extend this work into 3D structures, we conducted self-assembly of a second layer of
silica particles onto the first (self-assembled) layer of silica particles. The second layer of silica colloid
coated PEM was fabricated by a similar procedure as that of the first layer. Briefly, a particle
suspension was dropped on the top of the first sphere monolayer and left for drying. The particle
distribution on the first PEM colloid layer can be seen in Figure 3(a). After evaporating and drying the
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aqueous suspension of the second layer, one can see that silica colloidal particles fill the voids between
colloidal particles of the first layer which form a face centered cubic lattice.

Using polyelectrolytes possessing identical charges in both layers one can achieve intermixing of
the top layer which actually flattens the upper surface. Such an intermixing is particularly interesting
for colloidal particles with different sizes. Figure 3(b) presents such PEM coated particle
self-assembly. Larger colloidal silica particles possessing PSS as the outer layer were adsorbed as
described above. Subsequently, smaller coated colloids (also terminated with PSS) were allowed to
become incorporated in the space between self-assembled larger colloidal particles (and were
subsequently left for drying). As a result, small particles filled the inter-spaces between hexagonal
close packed colloids of the first layer. During such an assembly, filling the space between larger
particles by smaller particles can lead to smoothing and flattening of the colloidal particle layer
surface. Such flattened substrates possessing 3D self-assembled structures are of interest for cell
cultures, scaffolds and tissue engineering.

Figure 3. (a) Schematics (left) and top view in CLSM images (right) of a double layer
self-assembly of PEM spheres. The right-hand side image shows an enlarged section of the
middle panel. The scale bar corresponds to 20 um. (b) Schematics (left) and top view in
CLSM images (right) of self-assembly of a smaller polyelectrolyte coated silica colloidal
particle array into the spaces between larger spheres. Red fluorescence originates from
PAH-TRITC labeling of smaller silica particles. The scale bars correspond to 5 um.

a)

Modification of polyelectrolyte multilayers by nanoparticles and carbon nanotubes is of high
interest due to their functionalization and potential applications. We perform these studies on flat
surfaces by different methods: UV-vis for gold nanoparticles due to surface plasmon resonance effects;
QCM in the case of magnetic nanoparticles because they lack characteristic UV-vis signatures and
Raman spectroscopy for carbon nanotubes because they possess strong Raman signals.
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3.2. Gold Nanoparticles on Polyelectrolyte Multilayers

We further study assembly of gold nanoparticles onto planar surfaces of polyelectrolyte multilayer
films. Nanoparticle/polyelectrolyte thin films may be exploited in diverse areas, including
electrochemical sensing and colloidal crystals. Embedding gold nanoparticles into a polyelectrolyte
shell results in change of the position of the optical stop band for colloid crystals fabricated from
particles coated by a polyelectrolyte shell. Gold nanoparticles have an absorption peak in the visible
part of the spectrum due to the surface plasmon resonance. The position of the peak depends on and
can be controlled by the distance between nanoparticles or their aggregates. It can be noted that control
of the distribution both at high [90] and low [91] concentrations of nanoparticles enables tailoring
optical properties.

Measurements of absorption spectra of the obtained films showed that gold nanoparticles were
successfully embedded onto polyelectrolyte multilayer films, as seen in Figure 4. Various types of
gold nanoparticles were assembled onto the films: PNPs were produced at higher concentrations in
comparison to NNPs. The latter have the surface plasmon resonance peak located at 525 nm (curve 1,
Figure 4(a)). At such low concentration no aggregation is observed, although aggregation can be
induced in this case by salt [41]. For positively charged nanoparticles the position of the maximum of
the absorption band is located at 580 nm (curve 2 in Figure 4(a)). This indicates that some aggregation
took place, most likely due to their high concentration. Even larger red-shift is observed for hc-PNPs,
for which the peak is positioned at 615 nm (curve 3, Figure 4(a)). This shift is due to the stronger
interaction of dipole moments on these, more aggregated, nanoparticles. This stronger interaction is
attributed to decreasing the distances between neighboring nanoparticles as their concentration in the
film increases. Results reported in this work extend our previous work on controlling the distribution
of nanoparticles on spherical microcapsules [90,91] to planar LbL films. It can be noted that
adsorption of one polyelectrolyte layer sequentially with nanoparticles [92] can be used for further
increase of density of nanoparticles. AFM images of films containing PNPs and hc-PNPs gold
nanoparticles are shown in Figure 4(b) and (c), respectively. Larger aggregates in the latter case can be
clearly seen in these images.

Figure 4. (a) UV-vis absorption spectra of the polyelectrolyte films with one layer of:
1—NNPs; 2—PNPs; 3—hc-PNPs; graphs are normalized to bring peaks for all curves
within 30% of the unity. AFM images of polyelectrolyte films with two layers of positively
charged gold nanoparticles: (b) PNPs; (c) hc-PNPs; the scan size in AFM images
corresponds to 4 x 4 pm’.
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3.3. Magnetic Nanoparticles on Polyelectrolyte Multilayers

Magnetic nanoparticles represent another interesting component for manipulation of polyelectrolyte
multilayers and therefore we used them for adsorption onto PEM films. UV-vis spectra will not
provide the same information as for gold nanoparticles because of the absence of surface plasmon
effects in oxide nanoparticles. Therefore, here we investigate the LbL. assembly on planar substrates
using the QCM technique.

The frequency change of the resonator with the number of polyelectrolyte and nanoparticle layers is
presented in Figure 5. One layer of PEI was used as a precursor for all samples. It was found that PEI
with high molecular weight improved the adsorption capabilities of the substrate for the LbL
deposition. Data in Figure 5 present a typical frequency relationship for the LbL assembly. It can be
concluded from these data that adsorption of positive magnetite nanoparticles was more effective in
comparison to negative ones. Therefore, our results show that the iron oxide nanoparticles in the films
form a sparse layer or can have heterogeneous distribution; hence the formation of some agglomerates
is also possible.

Figure 5. (a) QCM measurement during deposition of polyelectrolyte layers and negative
magnetic nanoparticles. (b) AFM and (c) TEM images of magnetite/polyelectrolyte film
with negative nanoparticles, respectively. (d) QCM measurement during deposition of
polyelectrolyte layers and positively charged magnetic nanoparticles. () AFM and
(f) TEM images of magnetite/polyelectrolyte film with positively charged nanoparticles,
respectively. The area of AFM scans is 5 x 5 um?’, the scale bars in the TEM images
correspond to 50 nm.
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It can be concluded that adsorption of magnetic nanoparticles on polyelectrolyte multilayers takes
place. In addition, it can be pointed out that the QCM technique represents an interesting method for
monitoring adsorption of nanoparticles which lack a definite optical signature.

3.4. Carbon Nanotubes on Polyelectrolyte Multilayers

Carbon nanotubes represent an interesting component for inclusion into PEM because of their
attractive opto-electronic, mechanical, optical and thermal properties. Originally hydrophobic, carbon
nanotubes can not be directly dissolved in water and incorporated in LbL assembled layers. Therefore,
a critical step of carbon nanotube adsorption is their dispersion in an aqueous solution. We used PSS
polymers, which possess a hydrophobic benzene ring for dispersion of carbon nanotubes [93]; PSS is
one of the most successful polymers used for solubilization of carbon nanotubes (capable of
solubilizing carbon nanotubes at concentrations of up to 4 mg/mL), however it can be salted out of the
nanotubes at NaCl concentrations of over 15 mM [93]. An alternative polymer for solubilization of
carbon nanotubes is polyvinyl pirrolidone (PVP), which has even higher binding than PSS. PVP can also
be salted out, but this requires concentrations of NaCl of over 115 mM. In both cases, salting out by
divalent cation salts (for example, MgCl,) takes place at salt concentrations an order of magnitude lower.

Figure 6. Raman spectrum of films containing polyelectrolyte multilayers with multilayer
MWCNTs; the inset shows schematics of the formation of such assembly.
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Although carbon nanotubes possess absorption in the visible-ultraviolet range of the
electromagnetic spectrum, their broad absorption band lacks a well-defined peak in this spectral range.
Therefore, we used Raman spectroscopy for characterization of carbon nanotube adsorption. Inclusion
of carbon nanotubes into the polyelectrolyte films was confirmed by the Raman spectra of the films,
Figure 6. Characteristic features of carbon nanotubes—strong peaks at around 1,350 and 1,580 cm ™',
which are attributed to the D and G bands, respectively—can be clearly seen in Figure 6. Also, other
peaks at around 1,620 and 2,660 cm ' can be observed, attributed to D’ and G’, respectively. A
characteristic feature of MWCNTs, the peak at 1,620 cmﬁl, located next to the G band (at 1,580 cmfl),
is clearly seen in Figure 6. Adsorption of MWCNTs on polyelectrolyte multilayer can be unambiguously
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concluded from these data. We note that broad absorption of carbon nanotubes in the visible spectral
range [61-64] and their high light-to-heat conversion efficiency [67] makes them an attractive
alternative to non-spherical nanoparticles [94] and nanorods [95,96] in regard to controlling the
permeability of polymeric microcapsules [37-43] and activation of planar films [21-23]. We note that
results of our work can be used for producing polyelectrolyte multilayers simultaneously functionalized
not only with gold and magnetic nanoparticles [97], but also with these nanoparticles and carbon
nanotubes. Furthermore, these results can be used for self-assembling particle-based structures as well as
for building spherical microcapsules and planar films with a variety of polymers [98] and for increasing
multifunctionality of more sophisticated hierarchies of microcapsules [99].

4. Conclusions

Polyelectrolytes are presented for building spherical particles and planar films functionalized with
gold and magnetic nanoparticles as well as carbon nanotubes. Evaporative self-assembly of silica
particles is studied and effects of polyelectrolytes on this process are reported: polyelectrolyte coatings
are found to produce a minor effect upon self-assembly of silica particles onto a glass substrate.
Evaporation of solvent is found to produce self-assembled particles as opposed to adsorption of
polyelectrolyte coated silica particles onto a vertically situated substrate in an aqueous solution
wherein self-assembly is not achieved. Double and multiple layer formation of silica particles
demonstrated in this work indicate that some practical structures functionalized with a variety of
materials can be built using this approach. It is shown that smaller colloidal particles fill the gaps in
the self-assembled arrays of larger colloidal silica particles, thus demonstrating that the upper surface
of such arrays can be flattened for further build-up of assemblies. The concentration of gold
nanoparticles within polyelectrolyte multilayer films was controlled, while magnetic nanoparticles as
well as carbon nanotubes are also adsorbed. The results of this work show that polyelectrolytes as well
as polyelectrolytes together with nanoparticles and nanotubes can be used for building sophisticated
spherical and planar structures.
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