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Abstract

:

The behavior of amphiphilic molecular brushes in aqueous solutions on heating was studied by light scattering and turbidimetry. The main chain of the graft copolymers was polydimethylsiloxane, and the side chains were thermosensitive poly-2-isopropyl-2-oxazoline. The studied samples differed in the length of the grafted chains (polymerization degrees were 14 and 30) and, accordingly, in the molar fraction of the hydrophobic backbone. The grafting density of both samples was 0.6. At low temperatures, macromolecules and aggregates, which formed due to the interaction of main chains, were observed in solutions. At moderate temperatures, heating solutions of the sample with short side chains led to aggregation due to dehydration of poly-2-isopropyl-2-oxazoline and the formation of intermolecular hydrogen bonds. In the case of the brush with long grafted chains, dehydration caused the formation of intramolecular hydrogen bonds and the compaction of molecules and aggregates. The lower critical solution temperature for solutions of the sample with long side chains was higher than LCST for the sample with short side chains. It was shown that the molar fraction of the hydrophobic component and the intramolecular density are the important factors determining the LCST behavior of amphiphilic molecular brushes in aqueous solutions.
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1. Introduction


At present, stimuli-responsive polymers are increasingly attracting the attention of researchers, due to the wide possibilities of their practical use in such fields as biotechnology, bioengineering, and medicine [1,2,3,4,5,6,7]. An important place among such systems is occupied by stimuli-sensitive polymers with complex architecture, including amphiphilic cylindrical molecular brushes, in the macromolecules of which a directed variation in the number of branch points, the ratio of components, the number and distribution of functional groups over the volume makes it possible to regulate the properties of the polymer. The architecture of grafted macromolecules promotes the formation of unimolecular micelles in their solutions, which are more stable than aggregates formed in solutions of linear polymers [8,9,10,11].



A large number of stimuli-responsive linear polymers of various chemical structures have been synthesized in recent years [12,13,14,15,16,17,18,19,20,21,22]. The synthesis conditions, which make it possible to obtain polymers with a given structure and molar mass characteristics, have been determined and the effect of the structure and molar mass on the physicochemical properties has been established [23,24,25,26,27]. It has been shown that copolymerization is a convenient mechanism for regulating the properties of stimuli-responsive polymers, which allows changing the hydrophilic–hydrophobic balance of macromolecules directionally [28,29,30]. For example, for gradient copolymers of 2-ethyl- and 2-isopropyl-2-oxazoline, linear growth in lower critical solution temperature (LCST) was observed with an increase in the molar fraction of 2-ethyl-2-oxazoline [31]. The ability of the stimuli-responsive polymers to make complex formations with low molecular weight compounds was studied upon variation of the structure of the latter, as well as external conditions (temperature, concentration, medium acidity, etc.) [32,33].



One of the important representatives of stimuli-responsive polymers is thermosensitive polymers, LCST of which is close to the human body temperature. These polymers include some representatives of poly-2-alkyl-2-oxazolines (PAlOx), the use of which in medical applications is due to their biodegradability, biocompatibility, and low toxicity. At present, PAlOx are used in chromatography, bioseparation, heterogeneous catalysis, as well as in the preparation of complexes and conjugates [5,8,34,35]. One of the interesting representatives of PAlOx is poly-2-isopropyl-2-oxazoline (PiPrOx), which is a structural analog of both poly-N-isopropylacryamide and polypeptides [36,37,38]. Note that PAlOx are widely used to obtain polymers of complex architecture, which expands the possibilities of controlling the properties of polymeric materials [14,21,39,40,41,42,43]. The field of application of grafted copolymers containing PiPrOx side chains can be expanded by using polydimethylsiloxane (PDMS) as a hydrophobic backbone. PDMS has good prospects for creating amphiphilic macromolecules [43,44]. Siloxane polymers have many unique properties, such as thermal and oxidation stability and flexibility over a wide temperature range, and are physiologically and biologically inert [45].



In the literature, there is extensive material concerning the development of new synthesis ways of graft copolymers, their experimental study, and theoretical description [46,47,48,49,50,51]. In particular, significant progress has been made in the study of molecular brushes constructed from components, which differ greatly in chemical nature [52,53,54,55,56]. One of the demanded classes of such amphiphilic polymers is graft copolymers containing stimuli-sensitive chains. Their behavior in solutions is determined by both structural parameters and external influences. For molecular brushes with poly-2-alkyl-2-oxazoline side chains and polymethacrylate main chain, the effect of the composition on the ability of a copolymer to form unimers or aggregates in water, methanol, and ethanol was revealed [57]. The compaction of macromolecules on heating was recorded in a solution of copolymer with PiPrOx chains grafted to the acrylamide backbone [58]. For the molecular brush with a polyester main chain and side chains of poly-2-ethyl-2-oxazoline, in addition to thermosensitivity, pH-sensitivity was also recorded [9], the mechanism of which is probably similar to that for linear poly-2-alkyl-2-oxazolines [59,60]. The study of these molecular brushes in aqueous solutions showed that the nature of self-organization depends on the grafting density z of side chains [61]. Using the molecular brushes with poly-N-isopropylacrylamide side chains, the influence of the structure of terminal groups on the behavior of aqueous solutions with varying temperature was analyzed [62]. Despite significant advances, many features of the solution behavior of stimulus-responsive graft copolymers remain unclear. Among such problems are the following: the effect of molar mass on LCST behavior of molecular brushes, dependence of their properties on hydrophilic-hydrophobic balance, kinetics of self-organization of molecules in solutions, etc.



Our previous work described the synthesis, characterization, and conformation in a solution of amphiphilic molecular brushes PDMS-g-PiPrOx with a regular polydimethylsiloxane backbone and poly-2-isopropyl-2-oxazoline side chains [49]. The amphiphilic structure of molecular brush PDMS-g-PiPrOx determines the selectivity of most solvents for them. The PDMS-g-PiPrOx molecules in a solution are similar to star-shaped molecules with a collapsed backbone as a core and the PiPrOx chains as arms.



The aim of the present work is to investigate the effect of the length of grafted PiPrOx chains and, accordingly, the hydrophobicity of the molecules on self-organization and aggregation in water solutions of thermoresponsive graft copolymers PDMS-g-PiPrOx on heating. To achieve this purpose, the molecular brush samples with different length of PiPrOx chains but with the same length of PDMS backbone and grafting density of the side chains were investigated.




2. Materials and Methods


2.1. Characteristics of Investigated Samples of PDMS-g-PiPrOx


The synthesis and characterization of grafted copolymers PDMS-g-PiPrOx were described in detail previously [49]. The structure of the repeating unit of PDMS-g-PiPrOx is shown in Scheme 1. Regular polydimethylsiloxane with undecene tosylate groups in every fourth siloxane unit was used as a macroinitiator. Its average molar mass number was 65,000 G·mol−1. The molecular brush samples with PiPrOx side chains were synthesized by the “grafting from” method. The grafting density of the side chain was equal to z = 0.6, i.e., one PiPrOx side chain was accounted for approximately every seventh siloxane group of backbone.



In the present work, two samples of PDMS-g-PiPrOx differing in the length of the grafted chains were investigated. The molar masses of samples were obtained by the light scattering method in dilute solutions in 2-nitropropane [49]. The molar masses are 400,000 g·mol−1 for Samples 1 and 710,000 g·mol−1 for Samples 2. Therefore, the polymerization degree Ns.c. of PiPrOx chains is 14 and 30 for Sample 1 and Samples 2, respectively. The difference in the length of the side chains at a constant length of the backbone determines the difference in the hydrophilic–hydrophobic balance of the samples; the mole fraction ω of the hydrophobic main chain is 28.8 mol % for Samples 1 and 16.0 mol % for Samples 2.




2.2. Investigation of Self-Organization in Aqueous Solutions


The thermoresponsive behavior of PDMS-g-PiPrOx was investigated in aqueous solutions by method of static (SLS) and dynamic (DLS) light scattering and turbidimetry. A bidistilled water (viscosity η0 = 0.981 cP, density ρ0 = 0.998 g·cm−3, and refractive index n0 = 1.333) was used as a solvent. Solutions were studied in the concentration range from 0.0002 to 0.0050 g·cm−3 for both samples. All solutions were filtered into dust-free vials using Millipore filters with the hydrophilic PTFE membrane and the pore size of 0.45 μm (Merck, Darmstadt, Germany).



The experiments were carried out on the Photocor Complex instrument (Photocor Instruments Inc., Moscow, Russia) equipped with a Spectra-Physics He-Ne laser (wavelength λ0 = 659.1 nm), a Photocor-FC2 correlator with 288 channels, and a Photocor-PD detection device for measuring the intensity of the transmitted light. The solution temperature T was changed discretely over the interval from 15 to 75 °C with the steps ranging from 1.0 °C (near cloud point) to 5 °C (at low temperatures). The temperature was controlled with an accuracy of 0.1 °C. The autocorrelation function was processed with a DynaLS soft (ver. 8.2.3, SoftScientific, Tirat Carmel, Israel). The data were obtained by regularization method using a singular value decomposition, based on a multi-pass algorithm, which is more stable for separating the resulting peaks in the presence of a large amount of noise in the received data. Toluene was used as a calibration liquid. Hydrodynamic radii Rh of the scattering objects were obtained by the DLS method analyzing the autocorrelation function. The contributions Si of ith type of species to the integral scattering intensity I measured as squares under the curved line of the intensity distribution corresponding peak on Rh (Figure 1).



The procedure was as follows: after reaching the given temperature, the analysis of light scattering intensity I and optical transmittance I* started. At each temperature, we assumed that t = 0 was the moment when the sample reached the required temperature. In these conditions, the experiments were carried out at a 90° scattering angle. Figure 2 shows the time dependences of I and I*. The time teq, during which the light scattering intensity and the optical transmission reach constant time values, was used as a characteristic of the duration of establishing of the “equilibrium” system state. The accuracy of determining the teq value was about 5–10%, depending on the relative change in I and I*.



The hydrodynamic radii Rh of dissolved particles and their contributions Si to the integral scattering intensity I were measured when I became time independent. To confirm the diffusion processes, the values of I, Rh and Si were analyzed in the range of scattering angles from 30 to 140 °. The correctness of the estimation of the hydrodynamic radii can be verified by checking the linearity of the dependence of the correlation rate 1/τ (τ is the relaxation time) on q2 (q is the wave vector). Figure 3 shows the presence of two modes for solutions under study and confirms the diffusion character of these modes because the dependences, treated by the cumulant method for solutions of both samples, are linear and pass through the origin.





3. Results


3.1. Behavior of Molecular Brush Solutions at Low Temperatures


At low temperatures, for solutions of both studied samples, the distribution of scattered light intensity over hydrodynamic radii was bimodal (Figure 4). Consequently, there were two types of scattering objects with hydrodynamic radii Rh-f (particles responsible for the fast mode) and Rh-s (particles responsible for the slow mode). The existence of two or even more types of species in solutions of stimulus-sensitive molecular brushes was observed quite often [8,9,10,11,63,64,65], and the size and fraction of various particles depended on the grafting density of side chains, their length, and hydrophilic–hydrophobic balance, as well as on the polymer concentration and the medium acidity. In the case of the studied solutions, the radii Rh-f and Rh-s increased with dilution (Figure 5), which probably reflects the concentration dependence of the translational friction coefficient f [66,67,68,69].



At relatively high concentrations (c > 0.001 g·cm−3), the Rh-f radii within the experimental error coincide with the values of the hydrodynamic radii of macromolecules Rh-f = 14 and 13 nm for Samples 1 and 2, respectively, which were determined in solvents in which associative phenomena were not observed [49]. Therefore, we can conclude that the particles responsible for the fast mode are individual molecules of the studied graft copolymers. In addition, it can be assumed that in the aqueous solutions, their macromolecules have the same conformation as in organic selective solvents, namely, they resemble the molecules of polymer star, the core of which is a strongly folded PDMS main chain, and the arms are grafted PiPrOx chains [49].



The slow mode describes the diffusion of aggregates. At low temperatures, the aggregate formation is mainly caused by the interaction of the main PDMS chains of macromolecules, for which the grafting density z of the side chains is noticeably lower than the average value of z for the ensemble of macromolecules, as was previously observed for molecular brushes APE-g-PAlOx with an aromatic polyester (APE) main chain and PAlOx side chains [8,9,11]. Another reason for aggregation may also be the interaction of 2-isopropyl-2-oxazoline units, which have lost their solubility in water. Indeed, it has been shown that PiPrOx dehydration can begin at a temperature of about 20 °C [70].



The contribution Ss of aggregates to the integral value of the light scattering intensity for both samples significantly exceeded the corresponding Sf characteristic for macromolecules. No dependence of Ss and Ss on concentration was found, and the average values of Ss/Sf were 4 ± 1 for Sample 1 and 3 ± 1 for Sample 2. Using the values of Ss and Ss, one can estimate the relative weight fractions of molecules c′f and aggregates c′s in solutions. According to the static light scattering theory [71,72,73], the intensity Ii of ith species is proportional to both the molar mass Mi and concentration c of particles as follows from the simplified form of the Rayleigh equation


Ii ~ ciMi



(1)







The particle radius Ri is related to its molar mass as Mi ~ Rix, where parameter x depends strongly on the particle shape. To calculate the values of the ratio c′s/c′f, one can use the models of spherical particles (x = 3) for macromolecules and a loose coil (x = 2) for aggregates. Within this approximation, we obtain


c′s/c′f = (Ss/Rh-s2)/(Sf/Rh-f3)



(2)







Thus, rough estimation shows that for both samples c′s/c′f ≈ 3 ± 1, therefore the relative weight fraction of the aggregates c′f at low temperatures exceed 70%.



To estimate roughly the aggregation degree ma from the values of the hydrodynamic radii Rh-f and Rh-s, the models of the rigid sphere for macromolecules and an ellipsoid of revolution for aggregates were used. Moreover, it was assumed that the densities of aggregates and molecules were the same, more precisely, that the fractions of a polymer substance in the volume of a macromolecule and an aggregate were the same.



A rigorous solution of the hydrodynamic Navier–Stokes equation [74] leads to the well-known Stokes equation for translational frictional coefficient f


f = 6πη0Rh-D



(3)




where η0 is the liquid viscosity. For an aspherical body, for example, the ellipsoid of revolution of the translational frictional coefficient is a tensor value. Therefore, the f value depends on the direction of motion with respect to a system of coordinates related to the particle. If the orientation distribution in an assemble of an elongated ellipsoid of revolution is random, the average value of the translational frictional coefficient is given by (see, for example, [75])


f = 6πη0·a·(p2 − 1)1/2/(p·ln((p + (p2 − 1)1/2)/(p − (p2 − 1)1/2)) = 6πη0·aF(p)



(4)




where p = a/b, a and b are the major and minor axes of ellipsoid. Substituting the f value into Equation (4), it is easy to obtain the dependences of a and b on p for ellipsoids of revolution with a given friction coefficient f.


a = f/(6πη0F(p))



(5)






b = f/(6πη0pF(p))



(6)







In accordance with the made approximation, the aggregation degree ma is equal to the ratio of the volumes of the aggregate and the macromolecule. The volume of the macromolecule can be expressed as the volume of the modeling sphere Vsph = 4π/3·Rh-f3, and the volume of the aggregate is the volume of the modeling ellipsoid of revolution Vell = 4πab2/24 = 4πa3/24p2. Accordingly, the aggregation degree ma can be represented as a function of the asymmetry factor p


ma = Vell/Vsph = p2Rh-f3/8a3



(7)







Figure 6 shows the dependences (7) for a solution of Sample 1 and 2 with a concentration of c = 0.0020 g·cm−3. Similar dependences were obtained for all studied solutions. It is clearly seen that in the region of “reasonable” values of the asymmetry factor p < 3, i.e., p, which can be expected for aggregates, the aggregation degree does not change strongly. The change in ma is about 30% with increasing p from 1 to 3. For both samples, at a given p value, no systematic change in ma with concentration was detected. At p = 2, the average values of ma are 35 ± 5 and 80 ± 15 for Samples 1 and 2, respectively. Consequently, at room temperature, the aggregates contain several tens of macromolecules. Note again that the calculated values of ma are rough estimates. A more reliable way to determine the aggregation degree is to compare the molar masses of the polymer Mm and aggregates Ma, namely, ma = Ma/Mm. However, due to the large experimental error in determining the contribution of aggregates Ss to the total light scattering intensity for the studied solutions, it was not possible to obtain a reliable angular dependence of the inverse light scattering intensity. We can only speak about the order of magnitude of Ma and, accordingly, the degree of aggregation. For both samples, the interval of the experimental values of ma is 10–300.




3.2. Dependence of the Characteristics of PDMS-g-PiPrOx Aqueous Solutions on Temperature


On heating, a structural-phase transition was observed in all the solutions studied. The temperatures of the onset T1 and finishing T2 of the phase separation were determined turbidimetrically as the temperatures at which a sharp decrease in the optical transmission I* began and at which this characteristic became zero, respectively (Figure 7). The second method used for determining T1 and T2 was an analysis of the temperature dependences of the light scattering intensity I. At temperature T1, a strong increase in I was observed; at T2, the light scattering intensity reached the maximum value and then began to decrease.



At T < T1, a slow increase in the light scattering intensity with temperature was observed for solutions of both samples; however, the processes occurring in solutions of Samples 1 and 2 were different. As can be seen in Figure 8, in the considered temperature range, the hydrodynamic dimension of the aggregates increased on heating. Consequently, at T < T1, the dominant process in solutions of Sample 1 was the macromolecule aggregation, which was caused by an increase in the average degree of dehydration of PiPrOx with temperature growth and the formation of intermolecular hydrogen bonds.



In the case of Sample 2, the dehydration of PiPrOx led mainly to the realization of intramolecular hydrogen bonds and the compaction of molecules, as evidenced by a decrease in the hydrodynamic radii of scattering objects (Figure 4 and Figure 8). The minimum values of the radii of molecules Rh-f(min) and aggregates Rh-s(min) were observed near the temperature T1 of the onset of phase separation. As well as the Rh-f and Rh-s values at room temperature, the values of Rh-f(min) and Rh-s(min) increased with dilution at low concentrations (Figure 5). Note that the relative change in the radii of molecules and aggregates was different. Indeed, for supramolecular structures, the concentration-average value of the ratio Rh-s(21)/Rh-s(min) = 1.7, and for molecules, a similar ratio Rh-f(21)/Rh-f(min) = 1.4 (Rh-f(21) and Rh-s(21) are the values of the hydrodynamic radii of macromolecules and aggregates at 21 °C, respectively). This discrepancy can be explained by the different densities of aggregates and macromolecules. The density of the particles under consideration is the fraction of the polymer substance per unit of their volume. For steric reasons, dense macromolecules compact less than aggregates. On the other hand, the difference between the Rh-s(21)/Rh-s(min) and Rh-f(21)/Rh-f(min) values is small. This fact indicates indirectly the close densities of polymer molecules and aggregates built from them. Qualitatively similar phenomena were previously observed for solutions of graft copolymers APE-g-PAlOx [8,9,11] and star-shaped PAlOx [76,77,78]. However, in the latter case, a difference in the compaction degree was found not for molecules and aggregates, but for different supramolecular structures, namely, for micelle-like aggregates and large loose aggregates.



At T < T1, despite a decrease in the size of the scattering objects (Figure 8), the light scattering intensity by solutions of Sample 2, as indicated above, increased on heating (Figure 7). This behavior was caused by a change in the ratio of aggregates and macromolecules in solutions. As can be seen in Figure 9, with growth of temperature, the contribution of aggregates Ss to the integrated light scattering intensity increased, while the contribution of molecules Sf decreased, which reflected an increase in the relative concentration of aggregates c′s on account of a decrease in the fraction of molecules c′f. The c′s and c′f values shown in Figure 9 were obtained from Equation (2) using models of spherical particle for polymer molecules and an ellipsoid of revolution for supramolecular structures.



Thus, at T < T1, two processes occur in aqueous solutions of PDMS-g-PiPrOx, the aggregation of molecules and their compaction. However, in the case of a brush with shorter grafted chains, aggregation dominates, while in solutions of Sample 2, the compaction of macromolecules and aggregates is more pronounced. These facts can be explained by the difference in the molar fraction ω of the hydrophobic main PDMS chain and in the intramolecular density of the studied samples. An increase in ω (Sample 1) facilitates the contacts of the main chains, favoring the aggregation processes. Elongation of the PiPrOx side chains (Sample 2) leads to an increase in the size and density of the hydrophilic shell, which shields the main chain from the solvent. This reduces the probability of contacts between the main chains of different macromolecules and, therefore, prevents aggregation. A similar effect is caused by a change in the grafting density z of side chains at a given length, which was observed, for example, for APE-g-PAlOx [8]. As well as shortening the grafted chains, a decrease in z causes an increase in fraction ω of the hydrophobic backbone and a reduction of intramolecular density.



Within the interval from T1 to T2, aggregation processes prevailed in aqueous solutions of both samples. New “giant” supramolecular structures were formed, the hydrodynamic radii Rh-g of which increased with temperature growth, reaching a maximum value (one micron and higher) near the temperature T2 (Figure 4 and Figure 8). The contribution of these particles to the total light scattering intensity also increased with temperature. In the considered temperature range, the Rh-s radii were weakly dependent on temperature, and macromolecules were not detected by the dynamic light scattering method (Figure 8). Thus, at T1 < T < T2, the particles that presented in solutions at low temperatures were combined into new “giant” particles. For most of the investigated solutions, near the temperature T2, the I values and the aggregates size reached maximum values. Above T2, the light scattering intensity and the aggregate size began to decrease (Figure 7 and Figure 8), which may be caused by the compaction of molecules and, accordingly, aggregates. Therefore, compaction prevailed within the discussed temperature interval. However, a quantitative interpretation of the results at T > T2 is impossible, since the solutions are cloudy and light scattering is not classical.



The length of the grafted chains also influenced the rate of the processes of establishing time-constant characteristics of the solutions after a jump-like change in temperature T. Figure 10 compares the temperature dependences of the time teq obtained for aqueous solutions of Samples 1 and 2 with the same concentration. Similar dependences were obtained for all studied solutions. The character of changes of teq with temperature is similar to that observed for star-shaped PAlOx and APE-g-PAlOx graft copolymers [8,11,61,79]. At moderate temperatures, the teq times increased on heating. The maximum values of the “establishment” time teq(max) were observed in the vicinity of T1. With further growth of temperature, teq decreased to the values obtained at low temperatures. Figure 10 clearly shows that at all temperatures the duration of the “establishment” processes for Sample 1 is higher than for Sample 2. It can be assumed that the value of teq depends on the character of self-organization processes in the solutions of the studied samples. It is clear from general considerations that compaction is a faster process than aggregation, so the teq value for Sample 2 is lower. However, it should be noted that, for the APE-g-PAlOx graft copolymers, no influence of the grafting density on the duration of the processes of establishing equilibrium values of characteristics was found [8].



For both samples of PDMS-g-PiPrOx at low temperatures, teq was in the range from 1500 to 3000 s. The same values of teq were obtained at T → T2. The maximum “settling” times teq(max) exceeded 10,000 s for Sample 1 and 6000 s for Sample 2. The teq and teq(max) values obtained for the investigated molecular brushes are greater than the typical “settling” times for linear thermosensitive polymers [26,80,81]. For other molecular brushes, the teq(max) values of similar order of magnitude were obtained: for APE-g-PAlOx, the time teq(max) reached 11,000 s [31,63], for grafted copolymer of chitosan and poly(N, N-diethylacrylamide) (CS-g-PDEAA) it did not exceed 9000 s [10], and for copolymer with polyimide backbone and poly(N,N-dimethylaminoethyl methacrylate) side chains (PI-g-PDMAEMA) time teq(max) ~ 10,000 s [63]. Note that the molar masses M of the compared samples differed strongly. CS-g-PDEAA had the maximum M = 950,000 g·mol−1, and for PI-g-PDMAEMA the M value was two times lower (470,000 g·mol−1). The APE-g-PAlOx samples were characterized by the lowest molar masses; for them, M ranged from 59,000 to 75,000 g·mol−1. Therefore, we can conclude that molar mass is not a determining factor affecting the rate of processes occurring in solutions of stimulus-sensitive molecular brushes. This conclusion is confirmed by the data for the star-shaped PiPrOx [61,78,82], the molar mass of the samples of which was about 22,000 g·mol−1, and the teq(max) values exceeded 40,000 s. The intramolecular density, which increases with the passage from the studied brushes to the eight-arms stars, is probably critical.




3.3. Phase Separation Temperatures of PDMS-g-PiPrOx Aqueous Solutions


Intramolecular density also significantly affects the phase separation temperatures. Figure 11 demonstrates the concentration dependences of the temperatures of the onset T1 and finishing T2 of the phase transition. At low concentrations (c < 0.001 g·cm−3), the temperature boundaries of phase separation increase with dilution. This is typical for solutions of thermosensitive polymers in the diluted region [83,84,85,86,87,88]. For Sample 1, the widening of the phase separation interval T2 − T1 is also detected with dilution. At the high concentration, T2 − T1 decreased, which probably reflected the semi-dilute regime of the solutions. In the case of Sample 2, T2 − T1 is weakly dependent on concentration. Furthermore, in the studied concentration range, the width of the phase separation interval for the brush with short grafted chains is less than T2 − T1 for Sample 2.



For both samples, with increasing concentration, the rate of change in T1 and T2 decreased. Note that for Sample 1 the width of the phase separation interval (T2 − T1) increases with dilution, while for Sample 2 the difference T2 − T1 is practically independent of concentration. This difference is a consequence of the different intramolecular density. For the sample with long side chains, a slight increase in T1 was observed for the most concentrated solution. Therefore, the LCST for solutions of Sample 2 is equal to or slightly less than 37 °C. Taking into account the character of the dependence of T1 on c, it can be expected that LCST for Sample 2 does not differ much from 27 °C. Thus, for the lower molar mass sample, the LCST is about 10 °C lower than for solutions of the high molar mass brush. As is known, for linear thermosensitive polymers, cloud point and LCST decrease usually with increasing molar mass [89,90,91]. Probably, in the case of the studied polymer brushes, the decisive factors regulating the LCST value are the molar fraction of the hydrophobic main chain and the intramolecular density. An increase in the molecular hydrophobicity leads to a decrease in LCST, and a high density of the hydrophilic shell makes it difficult to contact hydrophobic chains and groups and, accordingly, increases LCST.



It is often assumed that the passage from a linear polymer to a polymer with complex architecture is accompanied by a decrease in the phase separation temperatures. In our opinion, the value of cloud point and LCST is influenced by a combination of many factors, such as hydrophilic-hydrophobic balance, molar mass, architecture parameters, conformation of macromolecules, conformation of macromolecular components. The complexity of the problem is evidenced by the data obtained by the authors for linear, star-shaped, and grafted polymers with PiPrOx chains [22,78,82,92]. For example, with an increase in the arm number of star-shaped PiPrOx, the cores of which were carbosilane dendrimers, the phase separation temperatures decreased. These stars were characterized by similar hydrophobic–hydrophilic balance and arm lengths, but differed in the core surface area per arm [22,92]. Solutions of linear analogs of arms had phase separation temperatures above or below the LCST for stars, depending on the hydrophobicity of linear molecules [22,92]. The hydrophobicity of the studied brush with long side chains practically coincided with that for the described eight-arm star, and the molar masses of the star and the brush differed 20 times. Despite such a significant difference in molar masses, the LCSTs for the compared polymers differed by no more than two degrees. We also note that for the eight-arm PiPrOx with the calix [8] arene core [82], the LCST is lower than for the PiPrOx star with a dendrimer core, although the latter has a higher molar mass.





4. Conclusions


Self-organization in aqueous solution of amphiphilic molecular brushes with differing lengths of PiPrOx side chains were investigated within a wide concentration and temperature ranges. The grafting density z of the side chains of both studied samples was equal to 0.6. At low temperatures, there were two types of scattering objects, namely, macromolecules and aggregates. Conformation of macromolecules resemble a polymer star, the core of which is a strongly folded hydrophobic PDMS backbone and the arms are PiPrOx chains. The aggregates formed as a result of the interaction of PDMS main chains. At room temperature, the aggregates contained several tens of macromolecules.



At temperatures below the phase separation temperature, the processes occurring in aqueous solutions of the studied samples on heating differed significantly. In solutions of the sample with short side chains and high fraction of hydrophobic component, the aggregation prevailed due to the increase in the degree of dehydration of PiPrOx with temperature growth and the formation of intermolecular hydrogen bonds. The elongation of the side chains leads to an increase in the density of the hydrophilic shell, which prevents the contacts between the backbones of different macromolecules. Therefore, for the sample with long grafted chains, a dehydration caused the formation of intramolecular hydrogen bonds and the compaction of molecules and aggregates. The increase in intramolecular density is probably also the reason for the increase in the rate of the processes of establishing time-constant characteristics of the solutions after a jump-like temperature change. Within the phase separation interval, the aggregation dominated in solutions of both samples, and new “giant” supramolecular structures were formed.



The phase separation temperatures of both samples decrease with concentration. The lower critical solution temperature for solutions of the sample with long side chains is higher than LCST for samples with short PDMS chains, despite the fact that the molar mass of the latter is almost two times lower. Hence, the molar mass is not a decisive factor in the thermosensitivity of amphiphilic molecular brushes. The more important factors determining the value of LCST and the nature of self-organization in solutions of such brushes are the molar fraction of the hydrophobic component and the intramolecular density.







Author Contributions


Conceptualization, A.F. and A.T.; methodology, A.F.; formal analysis, A.A. and S.R.; investigation, A.A., S.M., M.K. and S.R.; resources, S.R.; data curation, A.F.; writing—original draft preparation, A.A., S.R. and A.F.; writing—review and editing, A.F.; visualization, S.R.; supervision, A.F., A.T.; project administration, A.F.; funding acquisition, A.F. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Russian Foundation for Basic Research (project No. 19-33-90104).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ward, M.A.; Georgiou, T.K. Thermoresponsive polymers for biomedical applications. Polymers 2011, 3, 1215–1242. [Google Scholar] [CrossRef]

	



Jung, B.; Theato, P. Chemical strategies for the synthesis of protein-polymer Conjugates. Adv. Polym. Sci. 2013, 253, 37–70. [Google Scholar]

	



Bagán, H.; Kamra, T.; Jiang, L.; Ye, L. Thermoresponsive Polymer Brushes on Organic Microspheres for Biomolecular Separation and Immobilization. Macromol. Chem. Phys. 2017, 218, 1600432. [Google Scholar] [CrossRef]

	



Wagner, A.M.; Spencer, D.S.; Peppas, N.A. Advanced architectures in the design of responsive polymers for cancer nanomedicine. J. Appl. Polym. Sci. 2018, 135, 46154. [Google Scholar] [CrossRef]

	



Bordat, A.; Boissenot, T.; Nicolas, J.; Tsapis, N. Thermoresponsive polymer nanocarriers for biomedical applications. Adv. Drug Deliv. Rev. 2019, 138, 167–192. [Google Scholar] [CrossRef]

	



Sedlacek, O.; Monnery, B.D.; Filippov, S.K.; Hoogenboom, R.; Hruby, M. Poly(2-oxazoline)s-are they more advantageous for biomedical applications than other polymers? Macromol. Rapid Commun. 2012, 33, 1648–1662. [Google Scholar] [CrossRef]

	



Rossegger, E.; Schenk, V.; Wiesbrock, F. Design strategies for functionalized poly(2-oxazoline)s and derived materials. Polymers 2013, 5, 956–1011. [Google Scholar] [CrossRef]

	



Kudryavtseva, A.A.; Kurlykin, M.P.; Tarabukina, E.B.; Tenkovtsev, A.V.; Filippov, A.P. Behavior of thermosensitive graft copolymer with aromatic polyester backbone and poly-2-ethyl-2-oxazoline side chains in aqueous solutions. Int. J. Polym. Anal. Charact. 2017, 22, 526–533. [Google Scholar] [CrossRef]

	



Filippov, A.; Tarabukina, E.; Kudriavtseva, A.; Fatullaev, E.; Kurlykin, M.; Tenkovtsev, A. Molecular brushes with poly-2-ethyl-2-oxazoline side chains and aromatic polyester backbone manifesting double stimuli responsiveness. Colloid Polym. Sci. 2019, 297, 1445–1454. [Google Scholar] [CrossRef]

	



Zakharova, N.V.; Simonova, M.A.; Zelinskii, S.N.; Annenkov, V.V.; Filippov, A.P. Synthesis, molecular characteristics, and stimulus-sensitivity of graft copolymer of chitosan and poly(N,N-diethylacrylamide). J. Molec. Liq. 2019, 292, 111355. [Google Scholar] [CrossRef]

	



Tarabukina, E.; Fatullaev, E.; Krasova, A.; Kurlykin, M.; Tenkovtsev, A.; Sheiko, S.S.; Filippov, A. Synthesis, structure, hydrodynamics and thermoresponsiveness of graft copolymer with aromatic polyester backbone at poly-2-isopropyl-2-oxazoline side chains. Polymers 2020, 12, 2643. [Google Scholar] [CrossRef] [PubMed]

	



Kocak, G.; Tuncer, C.; Bütün, V. pH-responsive polymers. Polym. Chem. 2017, 8, 144–176. [Google Scholar] [CrossRef]

	



Aseyev, V.; Tenhu, H.; Winnik, F.M. Non-ionic thermoresponsive polymers in water. Adv. Polym. Sci. 2011, 242, 29–89. [Google Scholar]

	



Jochum, F.D.; Theato, P. Temperature-and light-responsive smart polymer materials. Chem. Soc. Rev. 2013, 42, 7468–7483. [Google Scholar] [CrossRef]

	



Bastakoti, B.P.; Guragain, S.; Nakashima, K.; Yamauchi, Y. Stimuli-induced core–corona inversion of micelle of poly(acrylic acid)-block-poly(n-isopropylacrylamide) and its application in drug delivery. Macromol. Chem. Phys. 2015, 216, 287–291. [Google Scholar] [CrossRef]

	



Hiruta, Y.; Shimamura, M.; Matsuura, M.; Maekawa, Y.; Funatsu, T.; Suzuki, Y.; Ayano, E.; Okano, T.; Kanazawa, H. Temperature-responsive fluorescence polymer probes with accurate thermally controlled cellular uptakes. ACS Macro Lett. 2014, 3, 281–285. [Google Scholar] [CrossRef]

	



Henn, D.M.; Wright, R.A.E.; Woodcock, J.W.; Hu, B.; Zhao, B. Tertiary-amine-containing thermo- and pH-sensitive hydrophilic aba triblock copolymers: Effect of different tertiary amines on thermally induced sol–gel transitions. Langmuir 2014, 30, 2541–2550. [Google Scholar] [CrossRef]

	



Pei, Y.; Jarrett, K.; Saunders, M.; Roth, P.J.; Buckley, C.E.; Lowe, A.B. Triply responsive soft matter nanoparticles based on poly[oligo(ethylene glycol) methyl ether methacrylate-block-3-phenylpropyl methacrylate] copolymers. Polym. Chem. 2016, 7, 2740–2750. [Google Scholar] [CrossRef]

	



Fischer, T.; Demco, D.E.; Fechete, R.; Möller, M.; Singh, S. Poly(vinylamine-co-N-isopropylacrylamide) linear polymer and hydrogels with tuned thermoresponsivity. Soft Matter. 2020, 16, 6549–6562. [Google Scholar] [CrossRef]

	



Boerman, M.A.; Van der Laan, H.L.; Bender, J.C.M.E.; Hoogenboom, R.; Jansen, J.A.; Leeuwenburgh, S.C.; Van Hestet, J.C.M. Synthesis of pH- and thermoresponsive poly(2-n-propyl-2-oxazoline) based copolymers. J. Polym. Sci. Part A Polym. Chem. 2016, 54, 1573–1582. [Google Scholar] [CrossRef]

	



Hoogenboom, R.; Schlaad, H. Thermoresponsive poly(2-oxazoline)s, polypeptoids, and polypeptides. Polym. Chem. 2017, 8, 24–40. [Google Scholar] [CrossRef]

	



Amirova, A.; Rodchenko, S.; Makhmudova, Z.; Cherkaev, G.; Milenin, S.; Tatarinova, E.; Kurlykin, M.; Tenkovtsev, A.; Filippov, A. Synthesis, characterization, and investigation of thermosensitive star-shaped poly(2-isopropyl-2-oxazolines) based on carbosilane dendrimers. Macromol. Chem. Phys. 2017, 218, 1600387. [Google Scholar] [CrossRef]

	



Verbraeken, B.; Monnery, B.D.; Lava, K.; Hoogenboom, R. The chemistry of poly(2-oxazoline)s. Europ. Polym. J. 2017, 88, 451–469. [Google Scholar] [CrossRef]

	



Weber, C.; Hoogenboom, R.; Schubert, U.S. Temperature responsive bio-compatible polymers based on poly(ethylene oxide) and poly(2-oxazoline)s. Progr. Polym. Sci. 2012, 37, 686–714. [Google Scholar] [CrossRef]

	



Meyer, M.; Antonietti, M.; Schlaad, H. Unexpected thermal characteristics of aqueous solutions of poly(2-isopropyl-2-oxazoline). Soft Matter. 2007, 3, 430–431. [Google Scholar] [CrossRef]

	



Takahashi, R.; Sato, T.; Terao, K.; Qiu, X.P.; Winnik, F.M. Self-association of a thermosensitive poly(alkyl-2-oxazoline) block copolymer in aqueous solution. Macromolecules 2012, 45, 6111–6119. [Google Scholar] [CrossRef]

	



Lambermont-Thijs, H.M.L.; Hoogenboom, R.; Fustin, C.A.; Bomal-D’Haese, C.; Gohy, J.F.; Schubert, U.S. Solubility behavior of amphiphilic block and random copolymers based on 2-ethyl-2-oxazoline and 2-nonyl-2-oxazoline in binary water-ethanol mixtures. J. Polym. Sci. Part A Polym. Chem. 2009, 47, 515–522. [Google Scholar] [CrossRef]

	



Glassner, M.; Lava, K.; de la Rosa, V.R.; Hoogenboom, R. Tuning the LCST of poly(2-cyclopropyl-2-oxazoline) via gradient copolymerization with 2-ethyl-2-oxazoline. J. Polym. Sci. Part A Polym. Chem. 2014, 52, 3118–3122. [Google Scholar] [CrossRef]

	



Zhang, N.; Luxenhofer, R.; Jordan, R. Thermoresponsive poly (2-oxazoline) molecular brushes by living ionic polymerization: Modulation of the cloud point by random and block copolymer pendant chains. Macromol. Chem. Phys. 2012, 213, 1963–1969. [Google Scholar] [CrossRef]

	



Park, J.S.; Kataoka, K. Comprehensive and accurate control of thermosensitivity of poly(2- alkyl-2-oxazoline)s via well-defined gradient or random copolymerization. Macromolecules 2007, 40, 3599–3609. [Google Scholar] [CrossRef]

	



Park, J.-S.; Kataoka, K. Precise control of lower critical solution temperature of thermosensitive poly(2-isopropyl-2-oxazoline) via gradient copolymerization with 2-ethyl-2-oxazoline as a hydrophilic comonomer. Macromolecules 2006, 39, 6622–6630. [Google Scholar] [CrossRef]

	



Schulz, A.; Jaksch, S.; Schubel, R.; Wegener, E.; Di, Z.; Han, Y.; Meister, A.; Kressler, J.; Kabanov, A.V.; Luxenhofer, R.; et al. Drug-induced morphology switch in drug delivery systems based on poly(2-oxazoline)s. ACS Nano 2014, 8, 2686–2696. [Google Scholar] [CrossRef] [PubMed]

	



Vlassi, E.; Papagiannopoulos, A.; Pispas, S. Amphiphilic poly(2-oxazoline) copolymers as self-assembled carriers for drug delivery applications. Europ. Polym. J. 2017, 88, 516–523. [Google Scholar] [CrossRef]

	



Grube, M.; Leiske, M.N.; Schubert, U.S.; Nischang, I. POx as an alternative to PEG? A hydrodynamic and light scattering study. Macromolecules 2018, 51, 1905–1916. [Google Scholar] [CrossRef]

	



Beyer, V.P.; Cattoz, B.; Strong, A.; Schwarz, A.; Becer, C.R. Brush copolymers from 2–oxazoline and acrylic monomers via an inimer approach. Macromolecules 2020, 53, 2950–2958. [Google Scholar] [CrossRef]

	



Hoogenboom, R. Poly(2-oxazoline)s: A polymer class with numerous potential applications. Angew. Chem. Int. Ed. 2009, 48, 7978–7994. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



Hoogenboom, R.; Schlaad, H. Bioinspired poly(2-oxazoline)s. Polymers 2011, 3, 467–488. [Google Scholar] [CrossRef]

	



Oleszko-Torbus, N.; Mendrek, B.; Kowalczuk, A.; Utrata-Wesołek, A.; Dworak, A.; Wałach, W. Selective partial hydrolysis of 2-isopropyl-2-oxazoline copolymers towards decreasing the ability to crystallize. Materials 2020, 13, 3403. [Google Scholar] [CrossRef]

	



Sezonenko, T.; Qiu, X.P.; Winnik, F.M.; Sato, T. Dehydration, micellization, and phase separation of thermosensitive polyoxazoline star block copolymers in aqueous solution. Macromolecules 2019, 52, 935–944. [Google Scholar] [CrossRef]

	



Kowalczuk, A.; Kronek, J.; Bosowska, K.; Trzebicka, B.; Dworak, A. Star poly(2-ethyl-2-oxazoline)s–synthesis and thermosensitivity. Polym. Int. 2011, 60, 1001–1009. [Google Scholar] [CrossRef]

	



Lezov, A.A.; Gubarev, A.S.; Podsevalnikova, A.N.; Tsvetkov, N.V. 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. [Google Scholar] [CrossRef]

	



Gorodov, V.V.; Tikhonov, P.A.; Buzin, M.I.; Vasil’ev, V.G.; Milenin, S.A.; Shragin, D.I.; Papkov, V.S.; Muzafarov, A.M. Synthesis and thermal and rheological properties of polydimethylsiloxanes modified with benzoic acid fragments. Polym. Sci. Ser. B 2018, 60, 290–298. [Google Scholar] [CrossRef]

	



Gorodov, V.V.; Milenin, S.A.; Demchenko, N.V.; Muzafarov, A.M. Carboxyl-containing polydimethylsiloxanes: Synthesis and properties. INEOS Open. 2020, 3, 43–54. [Google Scholar] [CrossRef]

	



Chandrasekhar, V. Inorganic and Organometallic Polymers, 1st ed.; Springer: Berlin, Germany, 2005; pp. 209–248. [Google Scholar]

	



Higashihara, T.; Sugiyama, K.; Yoo, H.S.; Hayashi, M.; Hirao, A. Combining living anionic polymerization with branching reactions in an iterative fashion to design branched polymers. Macromol. Rapid Commun. 2010, 31, 1031–1059. [Google Scholar] [CrossRef]

	



Lee, H.; Pietrasik, J.; Sheiko, S.S.; Matyjaszewski, K. Stimuli-responsive molecular brushes. Progr. Polym. Sci. 2010, 35, 24–44. [Google Scholar] [CrossRef]

	



Barbey, R.; Lavanant, L.; Paripovic, D.; Schüwer, N.; Sugnaux, C.; Tugulu, S.; Klok, H.A. Polymer brushes via surface-initiated controlled radical polymerization: Synthesis, characterization, properties, and applications. Chem. Rev. 2009, 109, 5437–5527. [Google Scholar] [CrossRef] [PubMed]

	



Rodchenko, S.; Amirova, A.; Milenin, S.; Ryzhkov, A.; Talalaeva, E.; Kalinina, A.; Kurlykin, M.; Tenkovtsev, A.; Filippov, A. Amphiphilic molecular brushes with regular polydimethylsiloxane backbone and poly-2-isopropyl-2-oxazoline side chains. 1. Synthesis, characterization and conformation in solution. Europ. Polym. J. 2020, 140, 110035. [Google Scholar] [CrossRef]

	



Borisov, O.V. Polymer Science: A Comprehensive Reference, 1st ed.; Elsevier: Amsterdam, The Netherlands, 2012; pp. 47–80. [Google Scholar]

	



Chen, W.L.; Cordero, R.; Tran, H.; Ober, C.K. 50th anniversary perspective: Polymer brushes: Novel surfaces for future materials. Macromolecules 2017, 50, 4089–4113. [Google Scholar] [CrossRef]

	



Ohta, Y.; Yokozawa, T. Chain-growth condensation polymerization for controlled synthesis of polymers. Adv. Polym. Sci. 2013, 262, 191–238. [Google Scholar]

	



Peng, S.; Bhushan, B. Smart polymer brushes and their emerging applications. RSC Adv. 2012, 2, 8557–8578. [Google Scholar] [CrossRef]

	



Ivanov, I.V.; Meleshko, T.K.; Kashina, A.V.; Yakimansky, A.V. Amphiphilic multicomponent molecular brushes. Russ. Chem. Rev. 2019, 88, 1248–1290. [Google Scholar] [CrossRef]

	



Barnard, E.; Pfukwa, R.; Maiz, J.; Müller, A.J.; Klumperman, B. Synthesis, structure, and crystallization behavior of amphiphilic heteroarm molecular brushes with crystallizable poly(ethylene oxide) and n-alkyl side chains. Macromolecules 2020, 53, 1585–1595. [Google Scholar] [CrossRef]

	



Hadasha, W.; Mothunya, M.; Akeroyd, N.; Klumperman, B. Synthesis and self-assembly of amphiphilic hetero-arm molecular brushes. Aust. J. Chem. 2011, 64, 1100–1105. [Google Scholar] [CrossRef]

	



Weber, C.; Wagner, M.; Baykal, D.; Hoeppener, S.; Paulus, R.M.; Festag, G.; Altuntas, E.; Schacher, F.H.; Schubert, U.S. Easy access to amphiphilic heterografted poly(2-oxazoline) comb copolymers. Macromolecules 2013, 46, 5107–5116. [Google Scholar] [CrossRef]

	



Bühler, J.; Muth, S.; Fischer, K.; Schmidt, M. Collapse of cylindrical brushes with 2-isopropyloxazoline side chains close to the phase boundary. Macromol. Rapid Commun. 2013, 34, 588–594. [Google Scholar] [CrossRef]

	



Li, J.; Zhou, Y.; Li, C.; Wang, D.; Gao, Y.; Zhang, C.; Zhao, L.; Li, Y.; Liu, Y.; Li, X. Poly(2-ethyl-2-oxazoline)-doxorubicin conjugate-based dual endosomal pH-sensitive micelles with enhanced antitumor efficacy. Bioconjug. Chem. 2015, 26, 110–119. [Google Scholar] [CrossRef]

	



Cagli, E.; Yildirim, E.; Yang, S.; Erel-Goktepe, I. An experimental and computational approach to pH-dependent self-aggregation of poly(2-isopropyl-2-oxazoline). J. Polym. Sci. Part B Polym. Phys. 2019, 57, 210–221. [Google Scholar] [CrossRef]

	



Amirova, A.; Rodchenko, S.; Filippov, A. Time dependence of the aggregation of star-shaped poly(2-isopropyl-2-oxazolines) in aqueous solutions. J. Polym. Res. 2016, 23, 221. [Google Scholar] [CrossRef]

	



Li, X.; ShamsiJazeyi, H.; Pesek, S.L.; Agrawal, A.; Hammouda, B.; Verduzco, R. Thermoresponsive PNIPAAM bottlebrush polymers with tailored side-chain length and end-group structure. Soft Matter. 2014, 10, 2008–2015. [Google Scholar] [CrossRef]

	



Filippov, A.P.; Belyaeva, E.V.; Zakharova, N.V.; Sasina, A.S.; Ilgach, D.M.; Meleshko, T.K.; Yakimansky, A.V. Double stimuli-responsive behavior of graft-copolymer with polyimide backbone and poly(N,N-dimethylaminoethyl methacrylate) side chains. Colloid Polym. Sci. 2015, 293, 555–565. [Google Scholar] [CrossRef]

	



Li, C.; Ge, Z.; Fang, J.; Liu, S. Synthesis and self-assembly of coil-rod double hydrophilic diblock copolymer with dually responsive asymmetric centipede-shaped polymer brush as the rod Segment. Macromolecules 2009, 42, 2916–2924. [Google Scholar] [CrossRef]

	



Lian, X.; Wu, D.; Song, X.; Zhao, H. Synthesis and self-assembly of amphiphilic asymmetric macromolecular brushes. Macromolecules 2010, 43, 7434–7445. [Google Scholar] [CrossRef]

	



Kratohvil, J.P.; Aminabhavi, T.M. Concentration dependence of the translational diffusion and the sedimentation velocity of sodium dodecyl sulfate micelles in water and in 0.1 m sodium chloride solutions at 25 °C. Phys. Chem. 1982, 86, 1254–1256. [Google Scholar] [CrossRef]

	



Akcasu, A.Z. Temperature and concentration dependence of diffusion coefficient in dilute solutions. Polymer 1981, 22, 1169–1180. [Google Scholar] [CrossRef]

	



Han, C.C.; Akcasu, A.Z. Concentration dependence of diffusion coefficient at various molecular weights and temperatures. Polymer 1981, 22, 1165–1168. [Google Scholar] [CrossRef]

	



Siebel, D.; Scharfer, P.; Schabel, W. Determination of concentration-dependent diffusion coefficients in polymer−solvent systems: Analysis of concentration profiles measured by Raman spectroscopy during single drying experiments excluding boundary conditions and phase equilibrium. Macromolecules 2015, 48, 8608–8614. [Google Scholar] [CrossRef]

	



Katsumoto, Y.; Tsuchiizu, A.; Qiu, X.; Winnik, F.M. Dissecting the mechanism of the heat-induced phase separation and crystallization of poly(2-isopropyl-2-oxazoline) in water through vibrational spectroscopy and molecular orbital calculations. Macromolecules 2012, 45, 3531–3541. [Google Scholar] [CrossRef]

	



Kratochvil, P. Classical Light Scattering from Polymer Solution, 1st ed.; Elsevier: Amsterdam, The Netherlands, 1987; pp. 1–346. [Google Scholar]

	



Schärtl, W. Light Scattering from Polymer Solutions and Nanoparticle Dispersions, 1st ed.; Springer: Berlin, Germany, 2007; pp. 1–187. [Google Scholar]

	



Øgendal, L.H. Light Scattering Demystified: Theory and Practice, 1st ed.; University of Copenhagen Education: Copenhagen, Denmark, 2017; pp. 1–125. [Google Scholar]

	



Lamb, H. Hydrodynamics, 6th ed.; Cambridge University Press: Cambridge, UK, 1932; pp. 1–738. [Google Scholar]

	



Tsvetkov, V.N. Rigid-Chain Polymers Hydrodynamic and Optical Properties in Solution, 1st ed.; Plenum Press: New York, NY, USA, 1989; pp. 1–512. [Google Scholar]

	



Kirila, T.; Smirnova, A.; Kurlykin, M.; Tenkovtsev, A.; Filippov, A. Self-organization in aqueous solutions of thermosensitive star-shaped and linear gradient copolymers of 2-ethyl-2-oxazoline and 2-isopropyl-2-oxazoline. Colloid Polym. Sci. 2020, 298, 535–546. [Google Scholar] [CrossRef]

	



Kirila, T.Y.; Kurlykin, M.P.; Ten’kovtsev, A.V.; Filippov, A.P. Behavior of a thermosensitive star-shaped polymer with polyethyloxazoline-block-polyisopropyloxazoline copolymer arms. Polym. Sci. Ser. A 2018, 60, 249–259. [Google Scholar] [CrossRef]

	



Rodchenko, S.; Amirova, A.; Milenin, S.; Kurlykin, M.; Tenkovtsev, A.; Filippov, A. Self-organization of thermosensitive star-shaped poly(2-isopropyl-2-oxazolines) influenced by arm number and generation of carbosilane dendrimer core in aqueous solutions. Colloid Polym. Sci. 2020, 298, 355–363. [Google Scholar] [CrossRef]

	



Filippov, A.P.; Amirova, A.I.; Ten′kovtsev, A.V. Establishment of equilibrium in solutions of thermoresponsive polyoxazoline after discrete temperature changes. Fibre Chem. 2015, 47, 144–147. [Google Scholar] [CrossRef]

	



Ye, J.; Xu, J.; Hu, J.; Wang, X.; Zhang, G.; Liu, S.; Wu, C. Comparative study of temperature-induced association of cyclicand linear poly(N-isopropylacrylamide) chains in dilute solutions by laser light scattering and stopped-flow temperature jump. Macromolecules 2008, 41, 4416–4422. [Google Scholar] [CrossRef]

	



Han, X.; Zhang, X.; Zhu, H.; Yin, Q.; Liu, H.L.; Hu, Y. Effect of composition of PDMAEMA-b-PAA block copolymers on their pH- and temperature-responsive behaviors. Langmuir 2013, 29, 1024–1034. [Google Scholar] [CrossRef] [PubMed]

	



Amirova, A.I.; Dudkina, M.M.; Tenkovtsev, A.V.; Filippov, A.P. Self-assembly of star-shaped poly(2-isopropyl-2-oxazoline) in aqueous solutions. Colloid Polym. Sci. 2015, 293, 239–248. [Google Scholar] [CrossRef]

	



Amirova, A.I.; Golub, O.V.; Kirila, T.U.; Razina, A.B.; Tenkovtsev, A.V.; Filippov, A.P. Influence of arm length on aqueous solution behavior of thermosensitive poly(2-isopropyl-2-oxazoline). Colloid Polym. Sci. 2017, 295, 117–124. [Google Scholar] [CrossRef]

	



Ten’kovtsev, A.V.; Trofimov, A.E.; Shcherbinskaya, L.I. Thermoresponsive star-shaped poly(2-isopropyl-2-oxazolines) based on octa-tert-butylcalix[8]arene. Polym. Sci. Ser. B 2012, 54, 142–148. [Google Scholar] [CrossRef]

	



Phan, H.T.T.; Zhu, K.; Kjøniksen, A.L.; Nyström, B. Temperature-responsive self-assembly of charged and uncharged hydroxyethylcellulose-graft-poly(N-isopropylacrylamide) copolymer in aqueous solution. Colloid Polym. Sci. 2011, 289, 993–1003. [Google Scholar] [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. [Google Scholar] [CrossRef]

	



Roeser, J.; Moingeon, F.; Heinrich, B.; Masson, P.; Arnaud-Neu, F.; Rawiso, M.; Méry, S. Dendronized polymers with peripheral oligo(ethylene oxide) chains: Thermoresponsive behavior and shape anisotropy in solution. Macromolecules 2011, 44, 8925–8935. [Google Scholar] [CrossRef]

	



Weber, C.; Rogers, S.; Vollrath, A.; Hoeppener, S.; Rudolph, T.; Fritz, N.; Hoogenboom, R.; Schubert, U.S. Aqueous solution behavior of comb-shaped poly(2-ethyl-2-oxazoline). J. Polym. Sci. Pol. Chem. 2013, 51, 139–148. [Google Scholar] [CrossRef]

	



Xue, W.; Huglin, M.B.; Jones, T.G.J. Parameters affecting the lower critical solution temperature of linear and crosslinked poly(n-ethylacrylamide) in aqueous media. Macromol. Chem. Phys. 2003, 204, 1956–1965. [Google Scholar] [CrossRef]

	



Lessard, D.G.; Ousalem, M.; Zhu, X.X. Effect of the molecular weight on the lower critical solution temperature of poly(N,N-diethylacrylamide) in aqueous solutions. Can. J. Chem. 2001, 79, 1870–1874. [Google Scholar] [CrossRef]

	



Hamada, F.; Fujisawa, K.; Nakajima, A. Lower critical solution temperature in linear polyethylene–n-alkane systems. Polym. J. 1973, 4, 316–322. [Google Scholar] [CrossRef]

	



Amirova, A.; Rodchenko, S.; Milenin, S.; Tatarinova, E.; Kurlykin, M.; Ten’kovtsev, A.; Filippov, A. Influence of a hydrophobic core on thermoresponsive behavior of dendrimer-based star-shaped poly(2-isopropyl-2-oxazoline) in aqueous solutions. J. Polym. Res. 2017, 24, 124. [Google Scholar] [CrossRef]








[image: Polymers 13 00031 sch001 550] 





Scheme 1. Structure of repeating unit of grafted copolymers polydimethylsiloxane (PDMS)-g-poly-2-isopropyl-2-oxazoline (PiPrOx). 
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Figure 1. The dependences of relative intensity I/Imax of scattered light on the hydrodynamic radius Rh of scattering species for PDMS-g-PiPrOx solutions. Imax is the maximum value of light scattering intensity I for a given solution. 
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Figure 2. Time dependencies of intensities of light scattering I and transmitted light I* for the aqueous solution of PDMS-g-PiPrOx. I0 and I*0 are intensities of light scattering and optical transmittance at t = 0, respectively. 
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Figure 3. The dependences of the inverse relaxation time 1/τ on the squared wave vector q2 for fast (blue symbols) and slow modes (red symbols) for solutions of PDMS-g-PiPrOx. 
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Figure 4. The dependences of relative intensity I/Imax of scattered light on the hydrodynamic radius Rh of scattering species for PDMS-g-PiPrOx solutions. 
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Figure 5. The dependences of the hydrodynamic radius Rh of scattering species on concentration c for aqueous solutions of investigated molecular brushes at 21 °C. 
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Figure 6. The dependences of aggregation degree ma on asymmetry factor p of modeling ellipsoid for aqueous solutions of PDMS-g-PiPrOx. 
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Figure 7. Temperature dependences of relative light scattering intensity I/I21 and relative transmission I*/I*21 for solutions of investigated grafted copolymers. I21 and I*21 are light scattering intensity and optical transmission at 21 °C, respectively. 
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Figure 8. Temperature dependences of hydrodynamic radii Rh of scattering objects for aqueous solutions of PDMS-g-PiPrOx. 
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Figure 9. The dependences of S*f, S*s, c′f and c′s on temperature for aqueous solution of Sample 2 with concentration c = 0.0020 g·cm−3. 
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Figure 10. Temperature dependence of teq for solutions of investigated samples. 
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Figure 11. Concentration dependences of the temperatures T1 and T2 for solutions of investigated brushes. 
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