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Abstract: The interaction of silver nitrate with star-shaped poly(2-ethyl-2-oxazoline) and
poly(2-isopropyl-2-oxazoline) containing central thiacalix[4]arene cores, which proceeds under
visible light in aqueous solutions at ambient temperature, was studied. It was found that this process
led to the formation of stable colloidal solutions of silver nanoparticles. The kinetics of the formation
of the nanoparticles was investigated by the observation of a time-dependent increase in the intensity
of the plasmon resonance peak that is related to the nanoparticles and appears in the range of 400 to
700 nm. According to the data of electron and X-ray spectroscopy, scanning and transmission electron
microscopy, X-ray diffraction analysis, and dynamic light scattering, the radius of the obtained silver
nanoparticles is equal to 30 nm. In addition, the flow birefringence experiments showed that solutions
of nanoparticles have high optical shear coefficients.

Keywords: silver nanoparticles; star-shaped polymer; colloidal solution; temperature-responsive
polymers
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1. Introduction

Biocompatible polymeric materials are actively investigated and applied in medicine and
pharmaceutics. Polymers that are able to respond reversibly to minor changes in the properties of the
environment (such as temperature, pH, ionic strength, and the presence of certain substances in solution)
are attracting increasing attention of researchers. One important application of temperature-responsive
polymers is the development of drug delivery systems that can release drugs in a controlled
manner under the action of temperatures close to the physiological temperature of the human body.
Poly(2-oxazoline)s are temperature-responsive and biocompatible polymers, which can be used as a
versatile tool for designing polymer objects with complex architecture and adjustable physico-chemical
properties [1-4]. Poly(2-oxazoline)s can be considered as substitutes for poly(ethylene glycol) (PEG) in
medicine [5,6]. They have already found applications in the synthesis of hydrogels [7]; these systems
may also be used as implants.

The broad prospects for the practical application of temperature-responsive polymers of complex
architecture stimulated research works related to the synthesis and studies of the properties of
star-shaped poly(2-oxazoline)s with hydrophobic cores [8-11]. It is known that branched and
star-shaped polymers are more effective complexing agents in comparison with linear polymers. These
compounds can be used in designing delivery systems for hydrophobic drugs that are capable of
selective content release under the action of temperature [12-14].

As for the synthetic procedures for branched and star-shaped polymers, functionalized
calix[n]arene macrocycles can be used as initiators of these reactions [14]. Calix[n]arenes have
proven to be effective complexing agents for transition metal ions and low molecular weight organic
compounds. In addition, they are non-toxic and can be used in vivo for medical purposes. However,
the extremely low water solubility of simple calixarenes prevents their use in biomedical applications.
The addition of amphiphilic polymeric “arms” to calixarene macrocycles may solve the problem of
their high hydrophobicity and, at the same time, help to realize the beneficial properties of both classes
of compounds.

Temperature-responsive  star-shaped  poly(2-ethyl-2-oxazoline)  (star-PETOX) and
poly(2-isopropyl-2-oxazoline) (star-PIPOX) with polymeric arms grafted to the lower rim of
thiacalix[4]arene have been recently investigated in water and tetrahydrofuran solutions [15]. It was
established that in tetrahydrofuran, the studied polymers are present only in the form of individual
macromolecules, while in water, in addition to isolated molecules, large aggregates were found.
Two structural levels of the molecular organization of star-PETOX and star-PIPOX in aqueous
solutions were discovered. They are (i) the level of individual macromolecules and (ii) the level of
supramolecular associates (clusters) with star-like architecture.

Due to the presence of sulfur atoms in star-shaped poly(2-ethyl-2-oxazoline) and
poly(2-isopropyl-2-oxazoline) with arms grafted onto the lower rim of thiacalix[4]arene macromolecules,
these polymers are able to reduce metal ions (in particular, silver ions) and stabilize the resulting metal
nanoparticles [16].

Silver nanoparticles (Ag NPs) have attracted considerable attention due to their peculiar optical,
chemical, electrical, and catalytic properties that can be attuned by changing surface nature, size,
shape, and other characteristics of particles. Hence, nanosilver has been used in various fields, such as
catalysis, design of sensors, electronic components, and the development of antimicrobial agents for
the health industry [17-19]. Disinfectants based on silver NPs have received much attention because
they find numerous practical applications in our daily life. Beyond this, Ag NPs have been used in
different areas of industry, such as the development of silver-based air/water filters, textiles, in animal
husbandry, biomedical industry, and manufacture of food packaging. If silver NPs are not properly
stabilized, they undergo rapid oxidation and easily form aggregates in solutions, which hinders their
application. The development of the methods for obtaining and effective stabilization of nanoparticles
with narrow size distributions is an important task [19-21]. Medical application of preparations and
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materials based on silver NPs is only possible if these preparations were manufactured without the
use of toxic reducing agents (ammonia solutions, alkali, etc.).

In recent years, the stabilization of Ag NPs by polymers has also been widely used. Polymers
not only stabilize nanoparticle dispersions but also exert an influence on their sizes and shapes; thus,
nanoparticles can acquire different physical properties depending on the intended application [22,23].
Polyethylene glycol (PEG), polyvinyl alcohol (PVA), and poly(N-vinylpyrrolidone) (PVP) are commonly
used as stabilizers in the synthesis of Ag NPs. PVP is preferred over the others due to the presence
of highly polar amide-containing rings in its side chains; these fragments have a high affinity for
silver ions and silver nanoparticles. The mechanism of formation and stabilization of Ag NPs
in the presence of PVP has previously been reported [23]. However, the stability of nanosilver
dispersions containing poly(N-vinyl-2-pyrrolidone-co-vinyl acetate) and poly(2-ethyl-2-oxazoline)
(PETOX) is significantly higher than the stability of dispersions stabilized by PVP. PETOX is a non-toxic
and biocompatible polymer exhibiting lower critical solution temperature behavior with a critical
temperature at 60 °C [24-27]. PETOX also contains amide groups linking the backbone and side chains,
which are expected to contribute to better stabilization of Ag NPs [28]. In most papers, the complexes
of silver nanoparticles with poly(2-oxazoline)s are received by the reduction of silver by low molecular
weight agents [28,29]. In our investigation, the star-shaped molecule itself acts as a reduction agent.

The present paper is aimed to investigate the interaction between AgNOj3 and star-PETOX (star-
PIPOX) in aqueous solution. It was shown that at room temperature and under irradiation with visible
light, silver ions are reduced with the forming of silver nanoparticles. The compositions were obtained
for the first time and studied by absorption spectrophotometry, scanning and transmittance electron
microscopy (SEM), X-ray diffraction analysis (XRD), dynamic light scattering (DLS), small-angle
neutron scattering (SANS), and flow birefringence (FB, or the Maxwell effect).

2. Materials and Methods

2.1. Materials

Star-shaped poly(2-ethyl-2-oxazoline) (star-PETOX) and poly(2-isopropyl-2-oxazoline)
(star-PIPOX) (see Scheme 1) with arms grafted to the lower rim of thiacalix[4]arene were synthesized
according to the procedure reported previously [15]. Star polymers contain four arms, the average
degree of polymerization of PETOX chains in the star-PETOX macromolecules was 16 monomer and
for PIPOX in star-PIPOX macromolecule was 7 monomer units per 1 arm.

R= N\%’
n

poly(2-isopropyl-2-oxazoline)

(CHa)1o —R

Scheme 1. Chemical structure of star-PETOX and star-PIPOX macromolecules.

Silver nanoparticles were synthesized by mixing aqueous solutions of star-PETOX (or star-PIPOX)
with aqueous solutions of AgNOj at continuous stirring) (see Figure S1). Six mixtures were prepared;
the silver/sulfur (ng/ns) numeric ratios (the ratio of the numbers of Argentum to Sulfur atoms in the
solution) were varied over a wide range. For star-PETOX-based complexes, they were: nag/ng = 0.11,
1.1, 11; for star-PIPOX-based complexes, Ag/ns =0.11, 1.1, 11. The final concentrations of a star-shaped
polymer in all mixtures were kept constant (cpolymer = 0.919 + 0.014 g/dL). Thus, it was possible to
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compare the obtained results and to analyze the influence of silver content and chemical composition
of the arms attached to thiacalix[4]arene on various processes (reduction, formation, and stabilization
of silver nanoparticles in the presence of star-PETOX and star-PIPOX). After mixing, the solutions
were irradiated by monochrome laser with the wavelength A = 445 nm in the dark for 24 h (until the
constant value of Absmax in the absorption spectrum was achieved).

The formation of silver nanoparticles is a result of interaction between aqueous solutions of
silver nitrate and star polymers occurring due to the photochemical reduction of Ag* by visible
light. The process is photosensitized by sulfur atoms. As seen in Figure 1a, irradiation of the
star-PIPOX/AgNO3 mixture leads to the appearance of the surface plasmon resonance (SPR) peak
related to AgO nanoparticles (Amax = 412 nm) already after 2 h. At the same time, when the process was
carried out in the dark, optical absorption in this region remained virtually nonexistent even after 7 h
into the experiment. Similar behavior was observed for star-PETOX/AgNO3 mixtures.

I, 1 L_/fmax star-PETOX
1.04 O Irradiated at A=412 nm ' star-PIPOX
A In the dark
m]
1.0
m]
0.5
o
0.5+
o
m]
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t, min A, nm

(a) (b)

Figure 1. (a) Time dependence of optical density normalized to its value measured after 24 h Ip4
of irradiation obtained for the solution of star-PIPOX (nag/ns = 11) divided into 2 parts: the first
part was kept in the dark (control solution), another one was exposed to the light at Amax = 412 nm.
(b) Normalized absorption spectra of star-PETOX and star-PIPOX complexes with Ag nanoparticles at
nag/ns = 0.1.

The asymmetric shape of the SPR band and its considerable width are noteworthy (Figure 1b).
The asymmetry of the absorption band in the long-wavelength region with respect to the maximum
can be caused by a number of reasons. They include high polydispersity of metal nanoparticles, their
asymmetry, or large sizes. In addition, stabilized nanoparticles may form aggregates, which also
leads to broadening of the SPR spectrum in the long-wavelength region. Absorption spectra of the
complexes based on star-PETOX and star-PIPOX obtained at the n4/ns ratios equal to 0.1 and 1.1
were similar. Meanwhile, an increase in silver content for both systems manifested itself in the growth
of intensity of the long-wavelength component of the spectrum (see Figure S1 in Supplementary
Materials). It should be noted that we observed a positive correlation between the silver percentage in
the reaction mixture and the magnitude of absorption at wavelengths exceeding 400 nm. The above is
true for the star-PIPOX-based systems at n1p¢/ng = 1.1 and 11 only when absorption is registered at
wavelengths exceeding 450 nm. It can be expected that the concentration of nanoparticles in the system
increases, and certain redistribution of sizes between the components of the system occurs. A more
accurate and detailed description of these processes can be obtained by the hydrodynamic methods.

When the thiacalix[4]arene core of the polymer is substituted for its carbocyclic analog that does
not contain sulfur atoms (calix[4]arene), the reduction of silver nanoparticles does not take place
under similar conditions. The ability of sulfur derivatives to sensitize photochemical reduction of
silver in aqueous solutions is well known [30]. It is expected that during the interaction between the
polymer containing thiacalix[4]arene core and silver nitrate in aqueous solution, clusters of various
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structures are formed. These clusters are similar to the products of the interaction between low molar
mass derivatives of thiacalix[4]arene and Ag* [31]. Upon photochemical reduction of the metal,
the clusters decompose to metal silver and the initial polymer (that stabilizes nanoparticles at the
expense of metallophilic Ag-S interactions). The studied polymers with a thiacalix[4]arene core serve
simultaneously as reducing agents for silver ions and stabilizers for the formed nanoparticles.

2.2. Methods

Analytical Ultracentrifugation (AUC). Sedimentation velocity experiments were performed using
a Beckman XLI analytical ultracentrifuge (ProteomeLab XLI Protein Characterization System, Brea,
CA, USA). The rotor speed was 3000 to 60,000 rpm depending on the sample; temperature was 15 °C;
interference (A; = 660 nm) and absorbance (A; = 430 nm) optical systems were engaged; double-sector
cells with aluminum centerpieces (optical path length: 12 mm) were used. The studied solution and
a solvent (0.42 mL) were loaded into the sample and reference sectors, respectively. The centrifuge
chamber with loaded rotor and interferometer was vacuumized and thermo-stabilized for at least 60 to
90 min before the run. The average time of sedimentation process in experiments with the studied
samples was about 17 to 19 h; the experiment was performed until a complete translation of a material
from the meniscus to the cell bottom occurred. Concentration profiles within the cell were registered at
2 to 3 min intervals.

The sedimentation velocity data were analyzed using the Sedfit program [32]. Sedfit
allows obtaining the distribution of sedimentation coefficients using the Provencher regularization
procedure [33,34]. The main two characteristics of sedimentation velocity experiments were determined,
viz. the sedimentation coefficient s and the frictional ratio f/fspn. In some cases, it is possible to
reliably estimate diffusion coefficients with the use of frictional ratio values, but self-consistency of
the acquired data should be established in the experiments involving linear poly(2-ethyl-2-oxazoline)
samples [35]. Both characteristics (s and f/fspn) should be extrapolated to zero solute concentration.
Since the hydrodynamic investigations are usually performed in extremely dilute solutions, the
linear approximations s™' = sy (1 + ke +...) and (f/ fon) = (f/ fopn)y(1 + kgc+...) (where ks is
the Gralen coefficient, c is the solution concentration, f is the translational friction coefficient, fsph is
the translational friction coefficient of an equivalent sphere) can be used for the extrapolations. In
this way, it is possible to determine hydrodynamic parameters sy and (f/ fyn), that characterize a
macromolecule at the infinite dilution limit. As mentioned before, in some cases, the D value may

ksT(1-5po) "/
129 VR((1 ) ()
(where kg is the Boltzmann constant, T is the absolute temperature, v is the partial specific volume, po,
1o are the solvent density and viscosity, respectively) [32].

To eliminate the common solvent properties, the intrinsic values of the velocity sedimentation
coefficient [s] and the translational diffusion coefficient [D] may be used: [s] = sono/ (1 — vpo) and
[D] = D()T]O /T.

Thus, molecular masses may be determined using the Svedberg Equation:

be obtained from the frictional ratio calculated by Sedfit program: Dy =

S0 kTNA _Rﬂ (1)

M0 = Dy i=vp0) D]

where (1 —7vpp) is the buoyancy factor, N is the Avogadro’s number, and R is the universal gas
constant. All experiments were carried out at 15 °C.

Densitometry. The density measurements were carried out in water and tetrahydrofuran (THF)
solutions using a DMA 5000 M density meter (Anton Paar GmbH, Graz, Austria) according to
the procedure developed by Kratky et al. [36]. The corresponding dependence of Ap = p — pg on
polymer concentration ¢ was plotted, and the value of the partial specific volume was calculated as
Ap/Ac = (1-vpy), which constituted T = (0.86 +0.01) cm3g 1.
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Dynamic Light Scattering (DLS). DLS experiments were carried out using a “PhotoCor Complex”
apparatus (Photocor Instruments Inc., Moscow, Russia). The device included a digital correlator
(288 channels, 10 ns), a standard goniometer (10°-150°), and a thermostat with temperature stabilization
of 0.05 °C. The single-mode linear polarized laser (Ag = 654 nm) was used as an excitation source;
the experiments were carried out at scattering angles (0) ranging from 30° to 130°. Autocorrelation
functions of scattered light intensity were processed using the inverse Laplace transform regularization
procedure incorporated in DynaLS software (provided by Photocor Instruments Inc., Moscow, Russia)
(which provides distributions of scattered light intensities by relaxation times 7 (p(7)). The dependence
of 1/t (where 7 is the position of a maximum in the p(t) distribution) on the scattering vector squared
7? = (4mn/Asin(6/2))? for all studied samples was a straight line passing through the origin, this
indicating the diffusional character of the observed processes (1/1 = Dg?) [37-39]. Hydrodynamic
radius Ry, was calculated using the Stokes—Einstein Equation [40]:

kT
e 6mneD

@

where kg is the Boltzmann constant, T is the absolute temperature, and 7 is the solvent viscosity.

Small-Angle Neutron Scattering (SANS). SANS measurements were performed using a YuMO
time-of-flight spectrometer (IBR-2 pulsed reactor, Dubna, Moscow region, Russia).

The standard data acquisition time when using YuMO was 30 min per sample. Two ring wire
He3-detectors [41] located at distances of 4 and 13 m from the sample position were used in our
experiment. The scattered intensity (differential cross-section per sample volume) was registered as a
function of the momentum transfer modulus Q = (471/A) sin(6/2), where 0 is the scattering angle, and A
is the incident neutron wavelength. The incident neutron beam distribution provides the available
wavelength range of 0.5 to 8 A, which corresponds to the momentum transfer range of 0.07 to 5 nm™!
(g-range). The raw data treatment was performed using the SAS program (Joint Institute for Nuclear
Research Dubna, Moscow region, Russia, company, city, country) [42]. The experimentally obtained
SANS spectra were converted to the absolute scale by normalization to the incoherent scattering
cross-section of the standard vanadium sample. The measured spectra were additionally corrected
considering the scattering from the setup and empty cells as well as the background scattering. The final
SANS curves were presented on the absolute scale, and the background noise was subtracted [43].
Analysis of the SANS spectra was performed with the help of the models proposed in the following
sections using SasView software (Cary, NC, USA) [44].

Absorption spectrophotometry. Absorption spectrophotometry was used to detect the presence
of NPs in solutions and to monitor dynamics of their formation (an UV-1800 spectrophotometer,
Shimadzu, Japan). Absorption spectra (Abs) were measured in the wavelength (A) range from 190 to
1100 nm with a step of 1 nm. Quartz cells with a light path of 0.5 cm were used.

Scanning electron microscopy (SEM). The images of star-PETOX- and star-PIPOX-based complexes
with silver nanoparticles were obtained using a Zeiss Merlin scanning electron microscope (Carl Zeiss
SMT, Oberkochen, Germany)) operating at an accelerating voltage of 10 kV; the pressure in the chamber
was 50-70 Pa. The electron beam current was equal to 262 pA. The samples were prepared by placing
a droplet of solution onto a silicon substrate followed by drying at 45 °C for 12 h. The composition of
nanoparticles was studied by energy-dispersive X-ray spectroscopy (EDX).

TEM investigations were performed on an FEI Tecnai G220 Transmission Electron Microscope
(Hillsboro, OR, USA) with a LaB6 electron source operated at an acceleration voltage of 200 kV.
A total of 15 uL of the sample solution was blotted onto carbon coated TEM grids (Quantifoil,
Grofllobichau, Germany).

X-ray diffraction studies (XRD). XRD experiments were carried out on the diffractometer DRON-3M
(SPA “Burevestnik”) in a mode of reflection (geometry Bragg -Brentano) using Cu Ko radiation (average
wavelength A = 1.54183 A, Ni B-filter). The parameters of the generator: anode voltage 38 kV, tube
current of 18 mA. Used cracks on the divergent primary beam—2 x 8 mm?, for reflected—0.25 mm,
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Soller slit with a divergence of about 2.5 at the primary and reflected beams. The survey was conducted
in quartz cuvettes on a glass substrate without rotational averaging. Registration was carried out in
continuous mode in the range of angles 20 = 5° to 50° with an angular velocity detector 1°/min.
Flow birefringence (FB, Maxwell effect). The technique of flow birefringence measurements is
described in detail in [40]. The measurements were carried out ata wavelength (A) of 550 nm. Therelative
path difference (AMA) of the elliptical rotary compensator was equal to 0.032. The experiments were
carried out in the concentration (c) range from 0.5 X 1072 to 2 x 1072 g/cm3. Since the solutions
containing Ag NPs are intensely colored, the measurements of these solutions were conducted at
significantly lower concentrations ((0.1 — 0.3) X 1072 g/c:m3 ). Use of these low concentrations (when c[n]
< 1) allowed us to take the value of (An/At), = (Anp, — Ang)/[g(n —Mp)] as the optical shear coefficient of
a dissolved polymer (An/At). Here, Anp and Ang are the observed birefringence values for a solution
and a solvent, respectively; At = g( — 1) is the excess shear stress, g is the flow velocity gradient, n and
Mo are the viscosities of a solution and a solvent, respectively. The viscosity of the investigated samples
was measured with the use of a Lovis 2000 M rolling-ball microviscometer (Anton Paar, Graz, Austria).

3. Results

3.1. Complexes of Star-PETOX and Star-PIPOX with Silver Nanoparticles in the Solid State

The SEM studies involved the star-PETOX and star-PIPOX-based samples obtained at n15¢/n15 = 0.1.
In both cases, considerable amounts of spherical nanoparticles were observed in the samples deposited
on the silica surface. According to the EDX data, the nanoparticles consist of silver atoms (Ago) (see
Figures S2 and S3). The distributions of equivalent disc radii R, for two samples are presented in
Figure 2. The average R, for the star—PETOX/Ag0 complex was 37 nm, and for the star—PIPOX/Ag0
complexes, this parameter was equal to 31 nm (see Figure 2a).

N/N_ ..

1.0 I ster-PETOX

I star-PIPOX

Profile Width 1 =5

(c) (d)

Figure 2. (a) Normalized distributions of equivalent disc radii (Rjr) in polymer/Ag0 samples obtained
by SEM. The inset (b) shows the SEM image of a single particle present in the star-PETOX/Ag0 complex
and profile of its width. High resolution TEM images of star-PETOX/Ag? (c) and star-PIPOX/Ag’
(d) which display the crystalline structure of the obtained nanoparticles.
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Figure 2b presents the image of a silver particle obtained in the presence of star-PETOX. The EDX
data (see Figure S2) suggest that the spherical formation in the center corresponds to metal silver, and
the rim is formed by a polymeric shell. The high contrast between the polymeric shell and the substrate
is apparently caused by the fact that this shell was ionized during irradiation of the sample with the
electron beam. Thus, it can be assumed that the distributions presented in Figure 2a characterize
the sizes of the polymer/nanoparticles complex. High resolution TEM images display the crystalline
structure of the obtained nanoparticles (Figure 2c,d) (see Figure S3a,b).

XRD diffractograms of the star-PIPOX powder-like samples (see illustrations in Figure S4) contain
an amorphous halo in the angular (20) range ~(10° to 50°). The amorphous halo in the diffractogram
of the star-PIPOX/Ag® composite (Figure S4) is considerably broader. The maximums at 20 ~38.2° (111)
and ~44.4° (200) are clearly seen; these peaks are typical of silver nanoparticles with a face-centered
cubic lattice [45]. The half-width of the observed crystalline reflections indicates small sizes of the
formed silver particles. The average size of particles was calculated using the Scherrer formula:

KA
~ PBeos6

where d is the average size of crystals; K is the dimensionless coefficient characterizing particle shape
(the Scherrer constant); A is the wavelength of X-ray radiation; {3 is the full width at half maximum
(FWHM) of a reflection (rad, 26 units); 0 is the diffraction angle (the Bragg angle). It was found that in
the solutions that were left to stay for a week, d was equal to 26 nm, while in the solutions stored for
eight months, this parameter increased up to 28 nm. The broadening of amorphous halo indicates a
reduction in the degree of structural order of the initial polymer. This phenomenon may be caused by
the incorporation of silver nanoparticles between copolymer chains that stabilize these nanoparticles.

To summarize, there is a good correlation between the data obtained by different methods that
were used to investigate the properties of the synthesized complexes in a condensed state. According
to the SEM data, the polymeric complexes of silver nanoparticles based on star-PIPOX have lower
dimensions than those based on star-PETOX.

3.2. Hydrodynamic Characteristics of Star-PETOX and Star-PIPOX Complexes with Silver Nanoparticles
in Solutions

As was established earlier [15], star-PETOX and star-PIPOX macromolecules demonstrate
multilevel organization in water solutions. Distributions of hydrodynamic radii obtained by DLS
for star-PETOX solutions indicate the presence of particles with hydrodynamic radii of about 5 nm
and 25 nm. In addition to large aggregates, the aqueous solution of star-PIPOX contains individual
macromolecules in which the hydrodynamic radii Ry, are equal to about 2.3 nm. The results obtained by
analytical ultracentrifugation showed that the individual star-PETOX and star-PIPOX macromolecules
predominate in aqueous solutions (~90%).

The distributions of hydrodynamic radii observed in solutions of star-PETOX complexes with
silver nanoparticles include two modes: (i) 6 to 8 nm for nag/ns ratio equal to 0.1, and (ii) 40 to 60 nm
for nag/ns ratio equal to 1.1 (see Table 1, Figure 3a). The indices 1, 2, 3 in Table 1 correspond to the free
polymer and to the components of the complex, correspondingly. An increase in the nag/ng ratio up to
11 leads to the appearance of large species; their hydrodynamic radius is 110 nm.

Similar results were obtained for solutions of star-PIPOX/Ag® complexes; double-peak distributions
were observed in the n1,4/ng range from 0.1 to 1.1 (see Table 1, Figure 3b). When the used nag/ng ratio
was equal to 11, the hydrodynamic radii distribution included three peaks.

The complex shape of the distribution functions indicates high dispersity of the studied systems.
One simple method for processing DLS data obtained in the studies of disperse systems is the cumulant
analysis [38]. This method makes it possible to estimate the apparent average hydrodynamic radius
Rycum of the studied system and its polydispersity index PDI. Table 2 presents the characteristics



Polymers 2019, 11, 2006 9 of 19

calculated by this method for solutions of star-PETOX/Ag? and star-PIPOX/Ag? complexes prepared at
various nag/ng ratios.

Table 1. Hydrodynamic radii R}, obtained by dynamic light scattering (DLS), and R obtained by
analytical ultracentrifugation (AUC) of water solutions of star-PETOX and star-PIPOX and their
complexes with Ag nanoparticles at 15 °C.

M;p1 M;p2 M;p3

Sample nag/ts Rp Rp Rpns Rsp1 Rst2 Rst3 x103 x107® x10?
(nm) (nm) (nm) (nm) (nm) (nm) (g/mol) (g/mol) (g/mol)
0 - 5.3 25 7.7 %
0.1 - 79 58 ~1-2 10 50 8.1 1.3
star-PETOX 11 ) 6.3 4
11 - 3.6 19.7/110
0 2.3 11 - 4.6*
0.1 8.8 59 ~1-2 45 1.2
star-PIPOX 11 6.6 54
11 5.4 16.3/68

* Molar masses of individual star-PETOX and star-PIPOX macromolecules, obtained in tetrahydrofuran solution,
where aggregation is absent [15]. The detailed information on velocity sedimentation data is presented in Table S1
(Supplementary Materials).

11 111

max max
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Figure 3. Normalized scattered light intensity versus hydrodynamic radius Ry, plots obtained for
complexes of silver nanoparticles with star-PETOX (a) and star-PIPOX (b).

Table 2. Apparent average hydrodynamic radii of complexes (Rncym) obtained from DLS
autocorrelation function at scattering angle 8 = 90°, and the corresponding polydispersity indices (PDI).

Sample nag/ns Rpcum (nm) PDIcum
0.1 49 0.65
Star-PETOX/Ag? 1.1 45 1.30
11 54 1.52
0.1 49 0.70
Star-PIPOX/Ag? 1.1 35 1.20
11 39 2.06

Analysis of the DLS data by the cumulant method shows that both systems (based on star-PETOX
and star-PIPOX) demonstrate the increase in PDI with increasing the n15¢/ns ratio. This result correlates
well with the absorption spectrophotometry spectroscopy data (namely, with the growth in absorption
intensity in the long-wavelength region of a spectrum with increasing the n4¢/ns ratio (see Figure S1).
Complexes with the lowest dispersity were obtained at the ratio n5¢/ns = 0.1 (for both copolymers).
The Rycum value of the star-PETOX-based complexes varied only slightly with the composition of
the reaction mixture. At the same time, an increase in the PDI value was observed. This result may
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indicate that an increase in the silver fraction in the initial mixture leads to a rather uniform broadening
of particle size distribution for a solution of this complex. In the case of star-PIPOX-based complexes,
we observed an insignificant decrease in the Rhcym value with increasing the nag/ns ratio. Apparently,
the rise in silver content in the reaction mixture led to an increase in the portion of small particles
in solution.

Analytical ultracentrifugation (AUC) was used in the study of the sedimentation velocity of
solutions of star-PETOX/Ag" and star-PIPOX/Ag’ complexes that were prepared at 1 Ag/ns =0.1; as
in this case, the observed polydispersity of the complexes (PDI) is minimal. The experiments were
carried out in water (H,O) and deuterated water (D,0O) according to the “differential sedimentation”
approach [46,47].

In the case of the complexes prepared on the basis of star-PETOX, the presence of two types of
particles with different sizes was reliably established. The first type (NP1) sedimented at a rotation
speed of 3000 rpm during the first 60 min of the experiment (see Figure 4a). Meanwhile, the optical
density of the initial solution registered at A = 430 nm had dropped by ~80%. Particles of the second
type (NP2) sedimented during the next 8 h; the optical density of the solution further decreased further
(by ~10% with respect to the initial value). Taking into account the measured residual optical density
and edge effects of NP2 distribution, we can expect the presence of the third type of particles (NP3) in
the sedimentation coefficient range from 10 to 100 S. However, it was not possible to resolve the NP3
distribution at the maximum available concentration of the solution.

c (s);ls-g* (s c (s)
o 5 ) c(s); ¢, g/dl porm o(s); e, g/dl
0.94 0.71
— 0.63 — 0.66
0-8i — 031 0.8 — 047
0.23 — 0.26
Is-g*(s); ¢, g/dl
0.31
0.4 0.4
0 20,000 40,000 0 20,000 40,000
s, S s, S
(a) (b)
S o) 3000 rpm Com(®)
— NpI 3000 rpm
NP2 NP
0.84 60 000 rpm 0.8
star-PETOX ‘ 60 000 rpm
star-PIPOX
0.4+ 0.4
A—anttltl., . J :
1 100 10,000 0.1 10 1000
s, S s, S
(c) (d)

Figure 4. The sedimentation coefficient distributions of the largest size silver particles stabilized with
star-PETOX [nag/ns = 0.1] (a) and star-PIPOX [nag/ns = 0.1] (b) obtained at 3000 rpm rotor speed.
The distributions were resolved by using c(s) and Is-g*(s) models implemented in Sedfit within a wide
concentration range. (c) The distributions of sedimentation coefficients obtained for NP1(1), NP2(2)
particles at 3000 rpm stabilized with star-PETOX and star-PETOX (3) distribution itself acquired with
the “differential sedimentation” approach. (d) The data obtained for star-PIPOX/NP and star-PIPOX
itself with the same approach. The X-axis at (c) and (d) is presented in logarithmic (Ig) scale.
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According to the sedimentation velocity data, the complexes based on star-PIPOX showing lower
dispersity in comparison to the star-PETOX-based systems. Optical density of the solution (the main
peak) constitutes about ~90 to 95 wt %; the edge effects of distributions are pronounced weakly.
The values of sedimentation coefficients are almost similar to the coefficients that characterize the size
of predominant nanoparticles (NP1) in the star-PETOX-based system (see Figure 4b).

In order to calculate the molar masses of the obtained complexes using Equation (1), it is necessary
to determine the values of their partial specific volume v. To determine v, we studied the sedimentation
velocity in HyO (pg = 0.9991 g/cm3, 1o = 1.142 cP) and H,O/D,O mixtures. For the experiments with
star-PETOX-based systems, the volume ratio of components was 0.75%D,0/0.25%H,0, and in the
case of the star—PIPOX/Ag0 complex, the ratio was 0.67%D,0/0.33%H;0O. This volume ratio was varied
because of different initial concentrations of the studied solutions and the lower threshold sensitivity
of the AUC optical absorption system (0.2 to 0.25 OD).

The density and dynamic viscosity of the mixtures were calculated based on the additivity of
these parameters and the data reported in [48]. For the first mixture (0.75% D,0/0.25% H;0), the
following values of these parameters were determined: pyn; = 1.0791 g/cm3, Nom1 = 1.3612 cP; for
the second mixture (0.67%D,0/0.33%H;0), we obtained pomy = 1.0706 g/cm3, and 1oz = 1.3378 cP.
The determination of the partial specific volume is difficult due to the extremely high polydispersity of
the studied complexes. Thereby, the partial specific volume was estimated from the sedimentation
coefficients corresponding to the distribution maximums found in H,O and the 0.75%D,0/0.25%H,0
mixture; the weight-average values of the main peaks found in H,O and the 0.67%D,0/0.33%H,0
mixture were also used. In this manner, the values of partial specific volumes of nanoparticles (NP1)
in the star-PETOX- and star-PIPOX-based systems can be estimated only with much uncertainty.
For star—PETOX/AgO, we obtained v = (0.2 + 0.1) Cm3/g, and for star—PIPOX/AgO, the value wasv =
(0.3 £ 0.1) cm3/g. The obtained U values are coincidentally within the experimental accuracy; therefore,
in further calculations, we used their average value (0.25 + 0.15) cm3/g. The T value determined in
this manner lies in the range from 0.1 to 0.86. The lower limit of this range is comparable with the
inverse density of silver, and the upper limit corresponds to the partial specific volume of star-PETOX
and star-PIPOX macromolecules [15]. For further estimations, we assumed that the found value of the
specific partial volume of NP1 particles does not differ from that for NP2 in the star-PETOX-based
system. For the complexes based on star-PETOX, the masses of the observed structures were the
following: Mgpnpy = 1.3 X 10° g/mol, Mspnp2 = 8.6 X 100 g/mol. For the star-PIPOX/Ag complexes,
we obtained Mpnp = 1.2 x 10° g/mol.

After precipitation of nanoparticles at 3000 rpm, we observed sedimentation of the initial
star-PETOX polymer at 60,000. The obtained distributions are presented in Figure S6; we also compared
them with the distribution obtained in the sedimentation experiments involving solutions of the initial
polymer. The parameter characterizing shift of interference fringes for the initial solutions was used
to evaluate the concentration of free polymer that does not participate in the stabilization of silver
nanoparticles; on average, this concentration corresponds to the range of ~80% to 90% (Table S1).
It should be noted that, according to the obtained data (Figure S5), dilution of the solutions did not
lead to changes in shape and other characteristics of the distributions of the sedimentation coefficients.
Therefore, we can assume that the polydispersity of the obtained complexes is caused mainly by
polydispersity of silver nanoparticles and not by particle aggregation.

The complexes obtained based on both studied systems, as well as the initial star-shaped polymers,
demonstrate the lower critical solution temperature (LCST). The DLS studies revealed that the cloud
points of the initial polymers and their complexes with silver are approximately similar. It should
be noted that after cooling, the solutions became transparent again; according to the DLS data,
the distributions of the particles present in solutions by hydrodynamic radii obtained before and after
heating were similar.
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3.3. SANS Study of Complexes of Star-Shaped Polymers with Silver Nanoparticles

Small angle neutron scattering was used to study structural changes in the star-shaped polymers
in the presence of Ag’ nanoparticles in aqueous medium at the nanoscale level. This was possible
thanks to the contrast between the polymer and water, I(Q) ~ (ﬁpol - pD,0), as follows from the values
of scattering length density (SLD) for neutrons in the studied systems presented in Table S2.

The SANS experimental data for the complexes of silver nanoparticles with star-PETOX and
star-PIPOX macromolecules in D,O are presented in Figure 5a. At first glance, the shapes of curves
are satisfactorily described by an empirical model, where multiple Guinier and Porod regions can be
identified (Equation (S3)). This model (Figure S7) gives useful information about the shape and size of
the complexes in the region of low Q (QR¢ < 1). Thus, the dimension variable (s) is equal to zero for all
systems under study (Table S3). This means that the spherical shape of the star polymer aggregates is
retained in the presence of silver nanoparticles. In addition, the shape of the Kratky plot (Q*I(Q)..,, Vs-
Q, Figure 5b) is typical of star-like polymers with the number of arms f >> 1 [49,50]. Note that the
incoherent background noise was subtracted as a slope from the Q*I(Q) vs. Q* representation in the
region of high Q [51].

Another important parameter of a polymer-Ag® complex is the radius of gyration (Rg); the radii
of gyration were estimated in several ways. Using a generalized Guinier-Porod model, we determined
that for the pure star-PETOX polymer, Ry is equal to 7.9 + 0.1 nm; in the case of star-PETOX/Ag’
complex, we obtained Rg = 8.5 £+ 0.2 nm (Table S3). These values are in good agreement with the results
obtained from the Guinier plot (Figure 5c). Linear approximation of the experimental data plotted on
coordinates In I(Q) vs. Q? (in the region where the Q values satisfy the condition QR¢ < 1.3) gives the
slope value. This value is related to the radius of gyration as: Slope = —Ré /3. Bearing in mind the value
R = (5/3)'2R, for spherical objects, we can conclude that the presence of silver nanoparticles leads to
an increase in the size of polymer complexes. For instance, in the case of the star-PETOX/Ag” complex,
the diameter increased from 20.7 to 23.3 nm. For star-PIPOX/Ag? samples, the average aggregate size
was 21.5 nm.

However, the generalized Guinier/Porod approximation does not describe the SANS data
that include peaks and oscillations in power-law decays. For this reason, we applied the unified
Guinier-Porod model developed by G. Beaucage [52,53].

Unified Guinier-Porod approximation. In our previous paper [15], it has been demonstrated that
the use of two mutually complementary methods (DLS and SANS) allowed observation of cylindrical
clusters at the first supramolecular level of individual star-PETOX and star-PIPOX macromolecules.
In addition, it turned out that at the second level, their clusters assembled to form dense star-shaped
structures (star-PIPOX, fractal dimension D> = 2.9) and less dense structures in the case of star-PETOX
(fractal dimension D,y = 2.6) [15]. We used the unified Guinier-Porod model, including two structural
levels (Equations (S4) and (S5)), to fit the SANS data over the whole range of momentum transfer
values Q. The results of this analysis are presented in Figure 5a (solid curves) and summarized in
Table 3.

Table 3. Radii of gyration (Rgi) and power indices in the generalized Porod law (#;) obtained by the
Beaucage model Equations (S3) and (54); characteristic dimensions of scattering inhomogeneities in
the star-PETOX macromolecules, star-PETOX/Ag® complexes, and star-PTPOX/Ag? complexes in D,O
(reduced chi squared, red)-

System Rg1 (nm) n Rcp (nm) Rgy (nm) ny R (nm) X2 red
star-PETOX 799+013 2.84+0.03 10.4 376 +0.12 1.96 + 0.08 5.34 0.8
star—PETOX/Ag0 9.86 +£0.17 2.72+0.10 13.0 353+0.16 1.96+0.14 5.02 0.5

star-PIPOX/Ag® 954 +0.33 2.74+0.10 12.5 4.09+£029 1.99 +£0.03 5.79 0.4
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Figure 5. (a)—SANS curves (dots) for 6 wt % solution of star-PETOX in D, O (blue), 6 wt % solution of
star—PETOX/Ag0 in D,O (red), and 6 wt % solution of star—PIPOX/Ag0 in D,O (green) approximated
using the Beaucage model (lines) (Equation (54)); (b)—Kratky (star-PETOX (blue); star—PETOX/Ag0
(red); star—PIPOX/Ag0 (green)), and (c)—Guinier representations of the experimental data (star-PETOX
(blue); star-PETOX/AgO (red); star—PIPOX/Ag0 (green)), vertical dashed line corresponds to the border

of low Q regime (QRg < 1.3), where Ry values were obtained.

Deviation from the power law Q7" in scattering intensity is observed in the range of low
momentum transfer values (Q < 0.3 nm™'). This deviation is caused by the transition to Guinier
mode, where the scattering is determined by the characteristic size of mass-fractal clusters R, (in the
case of fractal systems, this is the upper limit of self-similarity). These mass-fractal clusters scatter
independently. We analyzed dispersion in the Guinier mode and found that the Rg for mass-fractal
clusters in the case of star-PETOX polymer in D,O (system S1) is equal to 7.99 nm (Table 3). This
estimation is based on the slope of the In I(Q) vs. Q? curve. However, the resulting value is slightly
lower than that reported in our earlier paper (11.0 + 0.9 nm [15]). This discrepancy is due to the fact that
in the present work, we deal with the experimental SANS data, while in [15], we reported the results of
modeling in the range of the momentum transfer values characteristic of SANS and ultra-SANS. In our
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previous work, we introduced the third structural level responsible for scattering by agglomerates,
and this assumption caused a slight difference in the fitting results.

When scattering inhomogeneities are represented in the form of spherical mass-fractal objects,
their characteristic size R. can be expressed as follows:

Rc = [(Dm +2)/Dm]"* xR )

This characteristic size was calculated to be 10.4 + 0.5 nm; in this case, the fractal dimension Dy, is
equal to the power index in the generalized Porod law, n = 2.84 (Table 3). Thus, the particles formed by
star-PETOX with sizes of 21 nm are observed in D,O. For the star—PETOX/AgO complex in D,O, the
obtained value of the gyration radius (9.9 nm) is 1.2 times higher than for the star-PIPOX/Ag” sample
(Table 3). The characteristic diameter of inhomogeneities in star-PETOX solution was calculated by
taking into account Equation (3) and found to be 2R = 26 nm. Thus, the volume of scattering particles
present in the solution of star-PETOX/Ag’ complex in D,O is higher than that of the initial polymeric
star-PETOX particles by (13.0/5.34)% = 14.4 times. The volume of the star-PIPOX/Ag? particle (which
has a characteristic diameter of 2Rc = 25 nm) coincides with that of the star-PETOX/Ag’ complex.

As seen in Figure 5a, in the region of intermediate Q values (from 0.3 to 0.9 nm™! for
star—PETOX/AgO—star—PIPOX/AgO SANS curves), we observe almost similar power indices in the
generalized Porod law (1, ~ 2.8). This fact indicates neutron scattering by inhomogeneities with
mass-fractal packing, their fractal dimension being D, = n = 2.8. Spatial packing of the studied systems

3/2 3/2
is denser than that of a Gaussian sphere of the same gyration radius by (szj’z) == (%) =13

times (see Table 3 and Equation (3)) it should be noted, that Dy, = 2 for Gaussian sphere.

High molecular dispersion, D, of the systems under investigation leads to the fact that it is difficult
to interpret the dimensionless shape parameter p = R¢/Ry [54]. The latter indicates the architecture of
the supramolecular structure. In our case, it is 9.86/19.7 = 0.50 for PETOX and 9.54/16.3 = 0.58 for PIPOX.
The p values obtained are considerably lower than p = (3/5)% = 0.775 for solid, homogeneous spheres.
Following the reasoning of [54], this effect can be interpreted by the presence in the supramolecular

organization of a branched system of hanging chains of “microgels”, which leads to a much smoother
decay in the density of segments to larger radii than the “hard sphere” with its clearly defined surface.
A similar result was observed for microgels formed by polyvinyl acetate [55].

3.4. Flow Birefringence (Maxwell Effect)

Optical properties of the solutions containing macromolecules and particles whose dimensions
significantly exceed those of solvent molecules are similar to the properties of a system that consists of
colloidal particles and a solvent with refraction index .

The Magnitude of the ratio between intrinsic birefringence and intrinsic viscosity is defined by
anisotropy of polarizability of a particle y; — 7, according to the following relationship:

71(ng2 2
/)~ (o 0) = T 2D () x B

where F(p) is the function of the relationship between axes of a particle (macromolecule) p [40].
Generally, the difference between main polarizabilities (1 — 2) of a macroscopic particle is a sum of
two addends:

y1i—v2=1-y2)i+ (1 -y

where (71 — y2); is the intrinsic anisotropy caused by ordered structure of a substance constituting
a particle (orientational order of valence bonds, atomic groups, etc.), and (y1 — 2)r is the optical
anisotropy related to shape of non-spherical particles whose refractive index differs from that of
a solvent.
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It should be noted that optical shear coefficients (An/AT) for the initial star-PETOX and star-PIPOX
polymers cannot be reliably measured; their values are extremely low and can be taken equal to zero.

Figure 6 presents dependences of the birefringence An on the shear stress At for the solutions of
silver nanoparticles stabilized by star-PIPOX. Note that the observed FB is very high, which is typical
for large colloidal particles. In addition, the obtained An(At) dependences deviate from linearity (see
Figure 6), which also indicates the appearance of large asymmetrical particles in the system. As was
pointed in [56], the presence of asymmetrical species may be caused both by certain non-sphericity of
metal NPs, and by the formation of NP associates (even in insignificant amounts).

An x10°
31 °

O T T T T T T T 1
0.0 0.2 0.4 0.6 0.8
At, g/(cm s°)

Figure 6. Dependence of birefringence An on shear stress At in water solution for star-PIPOX/Ag”
(nag/ns = 11) (red dots, red approximation line); the solution after centrifugation (9000 rpm for 30 min)
(black squares, black approximation line).

Removal of a portion of large associates by preparative centrifugation (9000 rpm for 30 min)
resulted in a decrease in the value of the initial slope of the An(At) dependence from 750 to 450 x 10710
cm X s2/g. This change is primarily caused by a decrease in NP concentration in the solution. Note
that the general behavior of the An(At) dependence remains the same after centrifugation since the
observed effect is caused by the presence of Ag nanoparticles and their associates in the system.

4. Conclusions

Amphiphilic star-shaped polymers with thiacalix[4]arene cores were studied as polymeric
stabilizers of silver nanoparticles. It was found that sulfur atoms in polymeric ligands efficiently
sensitize photochemical reduction of silver nitrate in aqueous solution; the resulting colloidal solutions
of metal nanoparticles are stable over long periods of time. It was established that the PDI of
polymer-based systems increases with increasing the nag/ng ratio in both cases (star-PETOX/Ag" and
star-PIPOX complexes). Complexes with the narrowest size distributions were obtained on the basis
of both polymers at the n4¢/ns ratio equal to 0.1. The complexes based on star-PIPOX have lower
polydispersity than those based on star-PETOX. The results of AUC experiments show that solutions of
complexes contain high amounts of free macromolecules; thus, only about 20% of polymer chains take
part in the stabilization of silver in the star-PIPOX/Ag” system. The obtained complexes, as well as the
initial star-shaped polymers, demonstrate lower critical solution temperature (LCST); the LCST of the
complexes is similar to those of the initial polymers. High flow birefringence was observed in solutions
of silver nanoparticles stabilized by star-PIPOX; this result is caused primarily by the presence of
silver nanoparticles (that have a certain shape asymmetry) or insignificant amounts of their aggregates.
The results obtained by the SANS method correlated well with the molecular hydrodynamics and
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optics data and made it possible to analyze the structural organization of the studied star-PETOX/Ag’
and star-PIPOX/Ag” composites in solutions.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/11/12/2006/s1,
Figure S1 Absorption spectrums of s’car-PETOX/AgO (a), star—PIPOX/Ag0 (c); normalized absorption spectrums
of star-PETOX/Ag’ (c), star-PIPOX/Ag (d). Figure S2. SEM image and corresponding energy-dispersive X-ray
spectra for complexes of silver nanoparticles with star-PETOX (a) and star-PIPOX (b) macromolecules. Figure S3a.
High resolution TEM of s’car—PETOX/Ag0 nanoparticles. Figure S3b. High resolution TEM of s’car—PIPOX/Ag0
nanoparticles. Figure S4. Diffractograms of star-PIPOX and star-PIPOX/Ag’ powder-like samples. AUC data.
Figure S5 The concentration dependences of sedimentation coefficients (s) obtained for the maijor fraction
of stabilized Ag NP. Figure S6a,c. The sedimentation coefficient distributions obtained inhere for the initial
macromolecules star-PETOX(a) and star-PIPOX(c) while studying NP solutions with “differential sedimentation”
approach and previously (*) obtained data on studying H2O solution of initial star-PETOX(b) and star-PIPOX(d)
systems [1]. The evaluation of “current” concentration of “free” macromolecules in silver NP solutions (b, d)
were made based on the analysis of loading concentration parameter (J) reliably determined in [1]. Based on the
estimations in average (90 + 10)% of macromolecules are found “free” in NP solutions. The absolute value of the
experimental error is mostly caused by the mismatch of the concentration ranges of studying initial macromolecules
(where the calibration of J(c) is made) and the Ag NP solutions. Table S1. Hydrodynami characteristics and molar
mass of star-PETOX, star-PIPOX and its complexes with Ag nanoparticles. SANS data Table S2. The values of
scattering length densitya) (p/10"°A~2) for neutrons in the systems under investigation. Figure S7. SANS data
(dots) with approximations by Equation (S3) (solid lines) with a contribution of the Guinier part (dot lines) and
by Equation (S2) (dash lines) for star-PETOX 6 wt % in D,O (a), star-PETOX/Au” NPs 6/1 wt % in D,O (b) and
star-PIPOX/Au® NPs 6/1 wt % in D,O (c). Table S3. Fitting results of the SANS data, presented in Figure S7, by
empirical model Equation (S3).

Author Contributions: Conceptualization, N.T.; Data curation, A.L. (Alexey Lezov), A.G., M.M., VK, M.D,, AT,
TN, L.A,NS, RS, Y.G, DR, SH. and LP; Formal analysis, A.L. (Alexey Lezov), A.G., M.M., A.L. (Alexandra
Lezova), NM.,, M.D., AT, TN, L.A,RS, Y.G., DR, LP, N.T.; Funding acquisition, A.L. (Alexey Lezov), A.G.,
MM, N.M,, LP, and N.T; Investigation, A.L. (Alexey Lezov), A.G.,, MM.,,N.M,, M.D., AT, TN, LA, RS, Y.G,
D.R,, L.P; Methodology, A.L. (Alexey Lezov), A.G., M.M.,, A L. (Alexandra Lezova), VK, M.D., AT, TN, LA,
RS, Y.G, SH. N.T,; Project administration, N.T.; Supervision, N.T.; Validation, A.L., A.G., M.M., A.L. (Alexandra
Lezova), M.D., AT, TN,, L. A,, RS, Y.G,; Visualization, A.L. (Alexey Lezov), A.G., M.M., VK, M.D., AT, TN.,,
L.A, RS, Y.G,; Writing—original draft, A.L. (Alexey Lezov), A.G., M.M., A.L. (Alexandra Lezova), N.M., M.D.,
AT, TN, LA, RS, YG, DR, LP, N.T.; Writing—review & editing, A.L. (Alexey Lezov), A.G.,, M.M., A.L.
(Alexandra Lezova), N.M., M.D., A.T.,, TN., L.A.,RS., Y.G., LP, N.T.

Funding: Alexey Lezov, Alexander Gubarev, Maria Mikhailova, Nina Mikusheva, Igor Perevyazko, Nikolay
Tsvetkov are grateful to the Russian Science Foundation for financial support (project No. 16-13-10148).

Acknowledgments: Some of the experiments were performed at the Research Park of St. Petersburg
State University.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  DelaRosa, V.R. Poly(2-oxazoline)s as materials for biomedical applications. J. Mater. Sci. Mater. Med. 2014,
25,1211-1225. [CrossRef] [PubMed]

2. Lorson, T; Liibtow, M.M.; Wegener, E.; Haider, M.S.; Borova, S.; Nahm, D.; Jordan, R.; Sokolski-Papkov, M.;
Kabanov, A.V,; Luxenhofer, R. Poly(2-oxazoline)s based biomaterials: A comprehensive and critical update.
Biomaterials 2018, 178, 204-280. [CrossRef] [PubMed]

3.  Glassner, M.; Vergaelen, M.; Hoogenboom, R. Poly(2-oxazoline)s: A comprehensive overview of polymer
structures and their physical properties. Polym. Int. 2017, 67, 32-45. [CrossRef]

4. Jerca, V.V,; Lava, K,; Verbraeken, B.; Hoogenboom, R. Poly(2-cycloalkyl-2-oxazoline)s: High melting
temperature polymers solely based on Debye and Keesom van der Waals interactions. Polym. Chem. 2016, 7,
1309-1322. [CrossRef]

5. Bauer, M.; Lautenschlaeger, C.; Kempe, K.; Tauhardt, L.; Schubert, U.S.; Fischer, D. Poly(2-ethyl-2-oxazoline)
as alternative for the stealth polymer poly(ethylene glycol): Comparison of in vitro cytotoxicity and
hemocompatibility. Macromol. Biosci. 2012, 12, 986-998. [CrossRef] [PubMed]

6. Yang, Q.; Lai, SK. Anti-PEG immunity: Emergence, characteristics, and unaddressed questions. Wiley
Interdiscip. Rev. Nanomed. Nanobiotechnol. 2015, 7, 655-677. [CrossRef]


http://www.mdpi.com/2073-4360/11/12/2006/s1
http://dx.doi.org/10.1007/s10856-013-5034-y
http://www.ncbi.nlm.nih.gov/pubmed/23975334
http://dx.doi.org/10.1016/j.biomaterials.2018.05.022
http://www.ncbi.nlm.nih.gov/pubmed/29945064
http://dx.doi.org/10.1002/pi.5457
http://dx.doi.org/10.1039/C5PY01755F
http://dx.doi.org/10.1002/mabi.201200017
http://www.ncbi.nlm.nih.gov/pubmed/22648985
http://dx.doi.org/10.1002/wnan.1339

Polymers 2019, 11, 2006 17 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Dargaville, T.R.; Park, J.R.; Hoogenboom, R. Poly(2-oxazoline) Hydrogels: State-of-the-Art and Emerging
Applications. Macromol. Biosci. 2018, 18, 1800070. [CrossRef]

Zhang, N.; Luxenhofer, R.; Jordan, R. Thermoresponsive Poly(2-oxazoline) Molecular Brushes by Living
Ionic Polymerization: Kinetic Investigations of Pendant Chain Grafting and Cloud Point Modulation by
Backbone and Side Chain Length Variation. Macromol. Chem. Phys. 2012, 213, 973-981. [CrossRef]
Kobayashi, S.; Uyama, H.; Narita, Y.; Ishiyama, J. Novel multifunctional initiators for polymerization of
2-oxazolines. Macromolecules 1992, 25, 3232-3236. [CrossRef]

Valentin, V.J.; Florica, A.N.; Dan, S.V.; Dumitru, M.V. Synthesis of a new oxazoline macromonomer for
dispersion polymerization. Polym. Bull. 2011, 66, 785-796.

Schubert, U.S.; Heller, M. Metallo-Supramolecular Initiators for the Preparation of Novel Functional
Architectures. Chem. Eur. J. 2001, 7, 5252-5259. [CrossRef]

Hoogenboom, R.; Fijten, M\W.M.; Kickelbick, G.; Schubert, U.S. Synthesis and crystal structures of
multifunctional tosylates as basis for star-shaped poly(2-ethyl-2-oxazoline)s. Beilstein . Org. Chem. 2010, 6,
773-783. [CrossRef] [PubMed]

Tenkovtsev, A.V,; Amirova, A.L; Filippov, A.P. Star-shaped Poly(2-alkyl-2-oxazolines): Synthesis and
Properties. In Temperature-Responsive Polymers; John Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2018; pp. 67-92.
ISBN 978-1-119-15783-0.

Kurlykin, M.P; Bursian, A.E.; Dudkina, M.M.; Ten’kovtsev, A.V. Synthesis of Star-Shaped Polymers Based on
2-ALKYL-2-Oxazoline with a Calix [8]Arene Central Core and the Study of Their Heat-Sensitive Properties.
Fibre Chem. 2015, 47, 291-297. [CrossRef]

Lezov, A.A.; Gubarev, A.S.; Podsevalnikova, A.N.; Senchukova, A.S.; Lebedeva, E.V.; Dudkina, M.M.;
Tenkovtsev, A.V.; Nekrasova, T.N.; Andreeva, L.N.; Smyslov, R.Y,; et al. Temperature-responsive star-shaped
poly(2-ethyl-2-oxazoline) and poly(2-isopropyl-2-oxazoline) with central thiacalix [4] arene fragments:
Structure and properties in solutions. Colloid Polym. Sci. 2019, 297, 285-296. [CrossRef]

Wilson, P; Ke, P.C.; Davis, T.P.; Kempe, K. Poly(2-oxazoline)-based micro- and nanoparticles: A review.
Eur. Polym. J. 2017, 88, 486-515. [CrossRef]

Deshmukh, S.P.; Patil, S.M.; Mullani, S.B.; Delekar, S.D. Silver nanoparticles as an effective disinfectant:
A review. Mater. Sci. Eng. C 2019, 97, 954-965. [CrossRef]

Knetsch, M.L.W.; Koole, L.H. New Strategies in the Development of Antimicrobial Coatings: The Example of
Increasing Usage of Silver and Silver Nanoparticles. Polymers 2011, 3, 340-366. [CrossRef]

Evanoff, D.D.; Chumanov, G. Synthesis and Optical Properties of Silver Nanoparticles and Arrays.
ChemPhysChem 2005, 6, 1221-1231. [CrossRef]

Eustis, S.; Krylova, G.; Eremenko, A.; Smirnova, N.; Schill, A.W.; El-Sayed, M. Growth and fragmentation of
silver nanoparticles in their synthesis with a fs laser and CW light by photo-sensitization with benzophenone.
Photochem. Photobiol. Sci. 2005, 4, 154-159. [CrossRef] [PubMed]

Pillai, Z.S.; Kamat, P.V. What Factors Control the Size and Shape of Silver Nanoparticles in the Citrate Ion
Reduction Method? J. Phys. Chem. B 2004, 108, 945-951. [CrossRef]

Mayer, A.B.R.; Johnson, RW.; Hausner, S.H.; Mark, J.E. Colloidal Silver Nanoparticles Protected by
Water-Solublenonionic Polymers and “Soft” Polyacids. ]. Macromol. Sci. Part A 1999, 36, 1427-1441.
[CrossRef]

Huang, H.H.; Ni, X.P; Loy, G.L.; Chew, C.H.; Tan, K.L.; Loh, EC.; Deng, J.F; Xu, G.Q. Photochemical
Formation of Silver Nanoparticles in Poly(N-vinylpyrrolidone). Langmuir 1996, 12, 909-912. [CrossRef]
Giiner, P.T.; Miko, A.; Schweinberger, FF.; Demirel, A.L. Self-assembled poly(2-ethyl-2-oxazoline) fibers in
aqueous solutions. Polym. Chem. 2012, 3, 322-324. [CrossRef]

Tatar Gliner, P.; Demirel, A.L. Effect of Anions on the Cloud Point Temperature of Aqueous
Poly(2-ethyl-2-oxazoline) Solutions. J. Phys. Chem. B 2012, 116, 14510-14514. [CrossRef] [PubMed]
Hoogenboom, R. Poly(2-oxazoline)s: A Polymer Class with Numerous Potential Applications. Angew. Chem.
Int. Ed. 2009, 48, 7978-7994. [CrossRef] [PubMed]

Schlaad, H.; Diehl, C.; Gress, A.; Meyer, M.; Demirel, A.L.; Nur, Y.; Bertin, A. Poly(2-oxazoline)s as Smart
Bioinspired Polymers. Macromol. Rapid Commun. 2010, 31, 511-525. [CrossRef]

Hendessi, S.; Tatar Giiner, P; Miko, A.; Demirel, AL. Hydrogen bonded multilayers of
poly(2-ethyl-2-oxazoline) stabilized silver nanoparticles and tannic acid. Eur. Polym. ]. 2017, 88, 666—678.
[CrossRef]


http://dx.doi.org/10.1002/mabi.201800070
http://dx.doi.org/10.1002/macp.201200015
http://dx.doi.org/10.1021/ma00038a031
http://dx.doi.org/10.1002/1521-3765(20011217)7:24&lt;5252::AID-CHEM5252&gt;3.0.CO;2-9
http://dx.doi.org/10.3762/bjoc.6.96
http://www.ncbi.nlm.nih.gov/pubmed/20978618
http://dx.doi.org/10.1007/s10692-016-9681-x
http://dx.doi.org/10.1007/s00396-018-4458-9
http://dx.doi.org/10.1016/j.eurpolymj.2016.09.011
http://dx.doi.org/10.1016/j.msec.2018.12.102
http://dx.doi.org/10.3390/polym3010340
http://dx.doi.org/10.1002/cphc.200500113
http://dx.doi.org/10.1039/b411488d
http://www.ncbi.nlm.nih.gov/pubmed/15616707
http://dx.doi.org/10.1021/jp037018r
http://dx.doi.org/10.1081/MA-100101606
http://dx.doi.org/10.1021/la950435d
http://dx.doi.org/10.1039/C1PY00463H
http://dx.doi.org/10.1021/jp310648d
http://www.ncbi.nlm.nih.gov/pubmed/23181762
http://dx.doi.org/10.1002/anie.200901607
http://www.ncbi.nlm.nih.gov/pubmed/19768817
http://dx.doi.org/10.1002/marc.200900683
http://dx.doi.org/10.1016/j.eurpolymj.2016.10.039

Polymers 2019, 11, 2006 18 of 19

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Zhang, Z.; Maji, S.; da Fonseca Antunes, A.B.; De Rycke, R.; Hoogenboom, R.; De Geest, B.G. Salt-Driven
Deposition of Thermoresponsive Polymer-Coated Metal Nanoparticles on Solid Substrates. Angew. Chem.
Int. Ed. 2016, 55, 7086-7090. [CrossRef]

Sudeep, PK.; Kamat, P.V. Photosensitized Growth of Silver Nanoparticles under Visible Light Irradiation:
A Mechanistic Investigation. Chem. Mater. 2005, 17, 5404-5410. [CrossRef]

Yushkova, E.A.; Stoikov, LI. p-tert-Butyl Thiacalix[4]arenes Functionalized with Amide and Hydrazide
Groups at the Lower Rim in Cone, Partial Cone, and 1,3-Alternate Conformations Are “Smart” Building
Blocks for Constructing Nanosized Structures with Metal Cations of s-, p-, and d-Elements in the Organic
Phase. Langmuir 2009, 25, 4919-4928.

Schuck, P. Size-distribution analysis of macromolecules by sedimentation velocity ultracentrifugation and
Lamm equation modeling. Biophys. J. 2000, 78, 1606-1619. [CrossRef]

Provencher, S.W. Inverse problems in polymer characterization: Direct analysis of polydispersity with
photon correlation spectroscopy. Die Makromol. Chem. 1979, 180, 201-209. [CrossRef]

Provencher, S.W. CONTIN: A general purpose constrained regularization program for inverting noisy linear
algebraic and integral equations. Comput. Phys. Commun. 1982, 27, 229-242. [CrossRef]

Pavlov, G.M.; Perevyazko, 1Y.; Okatova, O.V,; Schubert, U.S. Conformation parameters of linear
macromolecules from velocity sedimentation and other hydrodynamic methods. Methods 2011, 54, 124-135.
[CrossRef] [PubMed]

Kratky, O.; Leopold, H.; Stabinger, H. The determination of the partial specific volume of proteins by the
mechanical oscillator technique. Methods Enzymol. 1973, 27, 98-110.

Pike, E.R. Photon Correlation and Light Beating Spectroscopy, 1st ed.; Cummins, H., Ed.; Springer: New York,
NY, USA, 1974.

Schartl, W. Light Scattering from Polymer Solutions and Nanoparticle Dispersions, 1st ed.; Springer:
Berlin/Heidelberg, Germany, 2007.

Berne, B.J.; Pecora, R. Dynamic Light Scattering, with Application to Chemistry, Biology and Physics; John Wiley:
Hoboken, NJ, USA, 1976.

Tsvetkov, V.N. Rigid-Chain Polymers: Hydrodynamic and Optical Properties in Solution; Macromolecular
Compounds; Consultants Bureau: London, UK, 1989; ISBN 978-0-306-11020-7.

Kuklin, A.IL; Islamov, A.K.; Gordeliy, V.I. Scientific Reviews: Two-Detector System for Small-Angle Neutron
Scattering Instrument. Neutron News 2005, 16, 16-18. [CrossRef]

SAS. JINRLIB. Available online: http://wwwinfo jinr.ru/programs/jinrlib/sas/indexe.html (accessed on
19 September 2018).

Ostanevich, Y.M. Time-of-flight small-angle scattering spectrometers on pulsed neutron sources.
In Makromolekulare Chemie. Macromolecular Symposia; Hiithig & Wepf Verlag: Basel, Switzerland, 1988;
Volume 15, pp. 91-103.

SasView. Available online: http://www.sasview.org/ (accessed on 18 July 2017).

Seoudi, R.; Shabaka, A.; El Sayed, Z.A.; Anis, B. Effect of stabilizing agent on the morphology and optical
properties of silver nanoparticles. Phys. E Low Dimens. Syst. Nanostruct. 2011, 44, 440-447. [CrossRef]
Scott, D.; Harding, S.E.; Rowe, A. Analytical Ultracentrifugation; Royal Society of Chemistry: London, UK,
2005; ISBN 978-0-85404-547-1.

Schuck, P; Zhao, H.; Brautigam, C.A.; Ghirlando, R.; Zhao, H.; Brautigam, C.A.; Ghirlando, R. Basic Principles
of Analytical Ultracentrifugation; CRC Press: Boka Radon, FL, USA, 2016; ISBN 978-0-429-09182-7.

Millero, EJ.; Dexter, R.; Hoff, E. Density and viscosity of deuterium oxide solutions from 5-70 deg. ]. Chem.
Eng. Data 1971, 16, 85-87. [CrossRef]

Xu, W.; Choi, L; Plamper, FA.; Synatschke, C.V,; Miiller, A H.E.; Melnichenko, Y.B.; Tsukruk, V.V.
Thermo-Induced Limited Aggregation of Responsive Star Polyelectrolytes. Macromolecules 2014, 47,2112-2121.
[CrossRef]

Rathgeber, S.; Monkenbusch, M.; Kreitschmann, M.; Urban, V.; Brulet, A. Dynamics of star-burst dendrimers
in solution in relation to their structural properties. J. Chem. Phys. 2002, 117, 4047-4062. [CrossRef]

Glatter, O. Modern Methods of Data Analysis in Small-Angle Scattering and Light Scattering. In Modern
Aspects of Small-Angle Scattering; Nato ASI Series; Brumberger, H., Ed.; Springer: Dordrecht, The Netherlands,
1995; pp. 107-180. ISBN 978-94-015-8457-9.


http://dx.doi.org/10.1002/anie.201601037
http://dx.doi.org/10.1021/cm0512777
http://dx.doi.org/10.1016/S0006-3495(00)76713-0
http://dx.doi.org/10.1002/macp.1979.021800119
http://dx.doi.org/10.1016/0010-4655(82)90174-6
http://dx.doi.org/10.1016/j.ymeth.2011.02.005
http://www.ncbi.nlm.nih.gov/pubmed/21320600
http://dx.doi.org/10.1080/10448630500454361
http://wwwinfo.jinr.ru/programs/jinrlib/sas/indexe.html
http://www.sasview.org/
http://dx.doi.org/10.1016/j.physe.2011.09.018
http://dx.doi.org/10.1021/je60048a006
http://dx.doi.org/10.1021/ma500153w
http://dx.doi.org/10.1063/1.1493771

Polymers 2019, 11, 2006 19 of 19

52.

53.

54.

55.

56.

Beaucage, G. Approximations Leading to a Unified Exponential/Power-Law Approach to Small-Angle
Scattering. J. Appl. Crystallogr. 1995, 28, 717-728. [CrossRef]

Beaucage, G. Small-Angle Scattering from Polymeric Mass Fractals of Arbitrary Mass-Fractal Dimension.
J. Appl. Crystallogr. 1996, 29, 134-146. [CrossRef]

Burchard, W. Static and dynamic light scattering from branched polymers and biopolymers. In Light
Scattering from Polymers; Springer: Berlin/Heidelberg, Germany, 1983; pp. 1-124.

Schmidt, M.; Nerger, D.; Burchard, W. Quasi-elastic light scattering from branched polymers: 1.
Polyvinylacetate and polyvinylacetate—Microgels prepared by emulsion polymerization. Polymer 1979, 20,
582-588. [CrossRef]

Perevyazko, I.; Lebedeva, E.V,; Petrov, M.P.,; Mikhailova, M.E.; Mikusheva, N.G.; Vezo, O.S.; Torlopov, M.A;
Martakov, L.S.; Krivoshapkin, P.V,; Tsvetkov, N.V,; et al. Analytical ultracentrifugation and other techniques
in studying highly disperse nano-crystalline cellulose hybrids. Cellulose 2019, 26, 7159-7173. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1107/S0021889895005292
http://dx.doi.org/10.1107/S0021889895011605
http://dx.doi.org/10.1016/0032-3861(79)90169-1
http://dx.doi.org/10.1007/s10570-019-02577-9
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Methods 

	Results 
	Complexes of Star-PETOX and Star-PIPOX with Silver Nanoparticles in the Solid State 
	Hydrodynamic Characteristics of Star-PETOX and Star-PIPOX Complexes with Silver Nanoparticles in Solutions 
	SANS Study of Complexes of Star-Shaped Polymers with Silver Nanoparticles 
	Flow Birefringence (Maxwell Effect) 

	Conclusions 
	References

