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Abstract Eight-arm star-shaped poly(2-isopropyl-2-
oxazoline) (PiPrOx) with calix[8]arene core (M~
20,000 g mol ') was studied by turbidimetry and light scat-
tering in aqueous solutions within concentration ¢ ranging
from 0.002 to 0.19 g cm . The lower critical solution tem-
perature (LCST) for PiPrOx is about 10 °C lower than for the
linear analog. PiPrOx forms two types of particles at room
temperature. The specie responsible for the fast mode is single
macromolecules or 2-3 ones joined in aggregate with a hy-
drodynamic radius of 4.9 nm, irrespective of concentration.
On heating, at first, growth of a large aggregate fraction
was observed without variation of their hydrodynamic
radii R,®. Then, R, increased up to 800 nm at c¢=
0.002 g cm °, while the fast mode disappeared. At all
concentrations, the third middle mode with a size rang-
ing from 9 to 40 nm was registered. It was observed in
a very narrow temperature interval near the cloud point.
The hydrodynamic radii of species and their fraction in
solution were monitored as a function of time after the
change in temperature.
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Introduction

During the recent years, stimuli-responsive polymers have
become ever more interesting objects for study due to the
wide range of applications and ways for their modification
[1, 2]. Within this class, thermosensitive polymers are proba-
bly the most investigated and widespread in our life as
sensors, rheological additives, and multiple biological
applications [3-5].

Special attention is given to star-shaped polymers [6, 7],
which is due to a variety of means of changing their macro-
molecule structure and, consequently, polymer material prop-
erties. At present, stars with both low and high molecular
weight core are synthesized, with the number, length, and
composition of arms controlled [7].

Several aspects in the area of thermoresponsive star poly-
mer in aqueous media are interesting to study. Solution trans-
mittance measurement seems to be the first step that allows us
to analyze some details of the thermosensitive star behavior.
So, the role of the hydrophobic-hydrophilic balance, number,
and a density of OH—groups in the thermosensitivity of
polyglycidol stars with hydrophobic dendritic poly(tert-bu-
tyl-glycidylether) core is being investigated [8]. The authors
have established the dependence of hydrodynamic dimen-
sions of aggregate on sample composition and temperature 7'
and estimated the aggregation number. F. Xu synthesized
poly(N-isopropylacrylamide) star block copolymers with
polylactide as a core and determined very low critical micelle
concentration and the cloud point temperature (7¢) at differ-
ent pH [9]. The reversible phase changes in transmittance with
T and the effect of the composition or the hydrophilic-
hydrophobic chain length have been discussed.

Some scientific groups use dynamic light scattering (DLS)
to observe the changes in solution properties of single macro-
molecules and the formed aggregates depending on 7. For
example, the effect of cyclodextrin end groups on the behavior
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of star-shaped poly(N-isopropylacrylamide) with cyclodextrin
core was analyzed [10]. While star macromolecules with
cyclodextrin end groups and without them were characterized
by close hydrodynamic radii R}, at room temperature, different
temperature dependences of R}, were obtained. On heating,
poly(N-isopropylacrylamide) star macromolecules formed
micron-sized particles and precipitated, but the aggregates of
macromolecules with hydrophilic cyclodextrin end groups did
not exceed 50 nm. Moreover, the authors revealed reversibil-
ity of Ry, values of aggregates upon cooling.

A. Dworak analyzed the role of composition and length of
poly[di(ethylene glycol) methyl ether methacrylate-ran-
oligo(ethylene glycol) methyl ether methacrylate] arms in
temperature behavior of stars with hyperbranched
poly(arylene oxindole) core [11]. Isolated star macromole-
cules were fixed at room temperature in water solutions.
Above phase transition temperature, the character of concen-
tration dependencies of Ry, was different. Thus, the increase of
arm length caused the steady growth of R}, values up to 1 um
with growing concentration. Also, the shape factor was mea-
sured at temperature below T, and above T, and the drop of
shape factor was observed. Besides, its increase from 1 to 1.2
for aggregates with arm lengthening was reported.

It is obvious that polymers of different chemical classes are
interesting as thermosensitive systems. In recent years, research
into such isomers of well-studied polyacrylamides as poly(2-
alkyl-2-oxazoline)s has been developing. They are promising as
bio- and antimicrobial materials, thermoresponsive hydrogels
and materials, in drug delivery, and in adhesive and coating
formulations [12, 13]. The wide range of applications mentioned
above, along with the advantages of star-shaped architecture of
thermosensitive polymers have caused the intensive investiga-
tions of the behavior of star poly(2-alkyl-2-oxazoline)s.

Y. Chujo reported the synthesis, as well as DSC and TGA
analysis of 4- or 5-arm poly(2-methyl-2-oxazoline) star on
octafunctional silsesquioxane core [14]. Several works by
Jin are devoted to poly(oxazoline) stars with porphyrin center
and 4 arms. He studied the influence of the fabrication method
on the size of micelles of poly(phenyloxazoline-block-
methyloxazoline) in water/DMF mixtures [15] and suggested
a procedure for assembly of (co)poly(2-alkyl-2-oxazoline)s
star in water/chloroform emulsion [16]. Besides, self-
organization of poly(phenyloxazoline-block-
methyloxazoline) star was observed when sphere aggregates
became network-like aggregates and formed a vesicular tube
after 3-week aging [17].

There seems to be only one work which aims at studying
the dependence of the properties of star-shaped
poly(oxazoline) on 7 [18]. In particular, two series of
poly(2-ethyl-2-oxazoline) stars with 6 or 13 arms and the
length from 44 to 170 were investigated by UV-visible (UV-
Vis) spectroscopy. For all samples, T, was 10+20 °C lower
than for linear poly(2-ethyl-2-oxazoline). Furthermore, T,
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went down from 75 to 62 °C with arm lengthening and the
decrease in their number.

In our previous work, we investigated a water solution of
the star-shaped poly(2-isopropyl-2-oxazoline) (PiPrOx) with
eight arms and hydrophobic calix[8]arene core using methods
of static and dynamic light scattering [19]. For the first time,
both the temperature dependencies of scattered light intensity
and hydrodynamic radii of scattering objects were obtained.
We analyzed the time of reaching the equilibrium state of light
intensity, and aggregate dimension values. In addition, three
types of particles were fixed in solution of given concentration
and the temperature range in which they were available was
discussed. In order to develop this work further, we repeated
the described procedures for solutions of other concentrations
and can now report a detailed picture of PiPrOx
thermosensitive star behavior in solution at varied temperature
and concentration.

Experimental section
Synthesis and characterization of PiPrOx

The sample of star-shaped PiPrOx (Scheme 1) was prepared
according to the procedure described previously [20]. The
PiPrOx sample was synthesized as follows: the feeding
monomer/initiator ratio was 1:20, the solvent was CH;NO,,
the temperature was 70 °C, and the time of polymerization
was 120 h. The polydispersity index of the arms (after hydro-
lysis) was 1.41 vs polyethylene oxide standards according to
gel permeation chromatography data.

The molecular weight and hydrodynamic characteristics of
PiPrOx under investigation were determined in the chloro-
form solution by static and dynamic light scattering,
sedimentation-diffusion analysis, and viscometry [19]. The
light scattering experiments resulted in the following values:
weight-average molar mass My,=19,600 g mol ' and

CH,
H3C——CHs
8
Q
¢=0
(CHz) 10 CHs
(N=CH,CH,}57-0-C~CH
O CHs
HiC—(" "0
CH;

Scheme 1 Structure of star-shaped PiPrOx
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hydrodynamic radius of macromolecules R,=4.4 nm. The
value of the so-called sedimentation-diffusion molar mass
M,p=22,100 g mol ' was close to M,, The viscometric hy-
drodynamic radius Ry_;; equal to 3.1 and 3.3 nm was calcu-
lated by Einstein equation using the intrinsic viscosity [1]=
9.8 cm® g ! and the M,, or M, values, correspondingly. Note
that the difference in the Ry, and Ry, ;) values is quite often
observed for polymers with complex architecture [21-23] and
is related to the fact that the equivalence principle for the radii
of macromolecules does not hold during translational
(diffusion) and rotational (intrinsic viscosity) motion [24].

Turbidimetry

Turbidity measurements were carried out on Cary 3 UV-Vis
spectrophotometer (Varian, USA). The cloud point was deter-
mined by spectrophotometric detection of the changes in
transmittance at A=625 nm of the aqueous polymer solutions
at concentration ¢=0.0050, 0.0100, 0.0200, 0.040, 0.050,
0.090, 0.120, 0.150, 0.170, and 0.190 g cm . The solution
temperature was increased at the rate of 0.1 grad min™'. Given
values for the cloud point were determined as the temperature
corresponding to a 50 % decrease in optical transmittance.

Investigation of PiPrOx star behavior in aqueous solutions

The self-assembly of PiPrOx molecules near lower critical
solution temperature (LCST) was studied by static and dy-
namic light scattering using Photocor Complex instrument
(Photocor Instruments Inc., Russia) equipped with the
Spectra-Physics He-Ne laser (wavelength A=632.8 nm) as
the light source. The correlation function of the scattered light
intensity was obtained using Photocor-FC correlator with 288
channels. The scattering angle was 90 °. In equilibrium con-
ditions, when solution characteristics did not change with
time, the angle dependences of light scattering intensity /
and hydrodynamic radii Ry, of the scattering particles were
also analyzed. The diffusion character of each type of particles
was verified from the dependence of inverse relaxation time
1/7 on squared wave vector ¢> (see Supporting Information,
Fig. 1S). Note that at all solution concentrations and temper-
atures, the R}, values do not depend on scattering angle. This
fact makes it possible to assume that the scattering objects in
the PiPrOx solution investigated have symmetric form [25].
We have investigated six concentrations of PiPrOx solution
in bidistilled water in the range from 0.0021 to 0.0324 g cm >
and within the temperature interval from 21 °C to T, +8 °C.
The solution temperature 7 was changed discretely, with the
steps ranging from 2+4 °C at low temperatures (when solu-
tion characteristics did not change with 7) to 0.5+1 °C near
the cloud point. The heating rate was about 2 °C min '. The
temperature was regulated with the precision of 0.1 °C.

After achieving the target 7, we measured the light scatter-
ing intensity. If the rate of intensity change was too high, the
dependence of / value on time ¢ was analyzed only. At each
temperature, we assumed that /=0 was the moment when the
sample reached the required temperature. The hydrodynamic
radius Ry, of dissolved particles was measured when the inten-
sity changed very weakly or independent of z It should be
noted that the values of R}, can be obtained correctly if the light
scattering intensity differs no more than 1 % from its average
value. The analysis of the dependences of / vs time in our
experiments was within the range from 20 to 100 s. It is
necessary to emphasize that the experiment time was equal
to 1200 s at least at each temperature even if the measured
characteristics did not depend on time.

In the cases when different scattering particles were pres-
ent, the qualitative contribution of each particle type to the
summary scattering intensity was estimated using the values
of the square under the curved line of the corresponding / on
Ry, distribution peak.

All solutions were filtered into dust-free cells using
Chromafil polyamide filters (Macherey-Nagel GmbH & Co.
KG) with pore size of 0.20 pm.

Results and discussion
Determination of LCST

The temperature dependences of optical transmittance obtain-
ed for PiPrOx solution are typical for thermoresponsive poly-
mers (inset in Fig. 1). At all concentrations, the temperature
interval of transmittance change is narrow. Sharp solubility
transitions are usually observed for linear poly(2-alkyl-2-
oxazoline)s and may be explained by the fact that these
polymers can only act as acceptors in hydrogen bonding [26].
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Fig. 1 Cloud point temperature 7, vs concentration c. The inset shows
dependences of relative transmittance of polymer solutions on 7. The
numbers near symbols are concentrations at which data were obtained
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Figure 1 shows that T, decreases with the growth of
solution concentration. However, no dependence minima are
observed. So, unfortunately, it is impossible to determine
exactly the LCST value but it is clear that LCST is lower or
equal to 25 °C. Correspondingly, this temperature goes down
by about 10 °C in comparison with linear PiPrOx with mo-
lecular weight 50,000 g mol ' [27]. The data concerning
LCST of linear PiPrOx with molecular weight similar to that
of the star polymer under investigation is not available. We
can compare the cloud points for linear and star polymers at
¢=0.02 g cm . For linear PiPrOx with M=2500 g mol ' [28],
this is close to the molecular weight of the arm, T;,,=47 °C,
while for the star investigated T.,, equals to 37 °C. The
influence of star-shaped architecture on phase transition tem-
perature is probably due to its chemical nature and core size. It
is clear that the massive hydrophobic core can cause the
reduction of T, as observed for PiPrOx investigated.

Temperature dependences of star-shaped PiPrOx solution
characteristics

For all the investigated solutions, we registered similar qual-
itative behavior. Figures 2, 3, and 4 show the dependences of
the light scattering intensity, hydrodynamic radii of scattering
objects, and the ratio of squares under the peaks of intensity
scattering curve on T for particular concentrations.

Bimodal distribution of intensity / on the hydrodynamic
radius of scattering particles was observed even at room
temperature (see Fig. 5). The hydrodynamic radii of slow
R,® and fast R,” modes differ considerably. On the other
hand, the squares under the peak curves corresponding to slow
5 and fast S modes are close (Fig. 4): the /S values lie
in the range from 0.6 to 1.6 for different concentrations.
Correspondingly, given that / depend strongly on the scatter-
ing particle size, we may assume that small particles (fast
mode) prevail in solution at room temperature. Indeed,

0.0324gcm’

0.0021 g cm™

10* r r ;
20 30 40 50

Fig.2 Temperature dependences of apparent light scattering intensity for
PiPrOx solutions

@ Springer

T (°C)

Fig. 3 Temperature dependences of hydrodynamic radii Ry, of scattering
species for PiPrOx solutions with ¢=0.0021 g cm > (closed symbols) and
¢=0.0324 g cm™> (open symbols)

according to the static light scattering theory (see, for exam-
ple, monographs [29, 30]), the intensity /; of ith specie is
proportional to both the molar mass M; and concentration c;
of particles as follows from the simplified form of the
Rayleigh equation /,~c;M;. The particle radius R; is related to
its molar mass as M~R;", where parameter x depends on the
particle shape (x=3 for rigid sphere, 2 for macromolecular
coil, and 1 for long rod). We can assume that the form of
scattering objects in the investigated PiPrOx solutions is close
to spherical; correspondingly, x~3. Consequently, ;~c;R;> and
at fixed particle concentration /~R;>. Thus, rough estimation
assuming spherical scattering objects shows that the fraction
of the large aggregates at low temperatures does not exceed
0.05 at any concentration.

Note that D. Momekova et al. have also registered two
modes at room temperature studying the star-shaped poly(eth-
ylene oxide) with calix[4]arene core [31]. Moreover, they
established the influence of the arm length on the species set
in solution. The degree of polymerization of arm up to 26
resulted in the formation of two particle types in water

3

3
0.0208 g cm”>~ .0053g cm

0.0117 gcm?

0.0021 g cm™
2 g

20 30 40 50
T (°C)

Fig. 4 Temperature dependences of S®/S® ratio of squares under the
peaks of slow and fast modes for PiPrOx solutions
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Fig. 5 The temperature diagram
of PiPrOx solutions and the
corresponding light scattering
intensity distribution on
hydrodynamic radius
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solution, while high molecular weight stars formed uniform
particles with R,=(78+122)nm. In the case of the PiPrOx
sample investigated by us, the arm polymerization degree
was close to 20.

Figures 2, 3, and 4 show that the characteristics of PiPrOx
solutions do not depend on T'at low temperatures. The / values
begin to increase slightly at 7,,—7>8 °C (Fig. 2). The inten-
sity change is not so large and reaches 2—7 % on 1 °C. This
negligible growth of I occurs up to 7, —7=(0.5+5.5)°C.
Within the considered temperature interval, the hydrodynamic
radii R, and R,® are independent of 7 (Fig. 3), whereas the
598D ratio increases (Fig. 4). Correspondingly, elevation in
the light scattering intensity can be explained by the change in
composition of scattering objects. The fraction of large parti-
cles (slow mode) grows and the fraction of species responsible
for the fast mode decreases.

At T, —T1<(0.5+5.5)°C the characteristics of PiPrOx solu-
tions change dramatically (Figs. 2, 3, and 4): (i) the light
scattering intensity increases 5+20 times with heating of
samples by 0.5 °C; (ii) the ratio S®/S of the squares under
intensity distribution peaks grows strongly with the tempera-
ture increase and the fast mode vanishes (an increase in $©/5®
is accompanied by practically symbate change of the / value
[19]); (iii) the rise of hydrodynamic radius R, of the slow
mode is observed; and (iv) a new third mode appears.

What is really interesting is the appearance of this latter
mode. Its hydrodynamic radius R,™ is smaller than R, but
larger than R,” (Fig. 4), thus we called it the “middle” mode
[19]. The behavior of the middle mode varies for different
concentrations. For solution at ¢=0.0117 g cm >, the middle-
sized particles are not observed. At concentration c¢=
0.0166 g cm >, the middle mode arises after the disappearance
of the fast mode. For the remaining concentrations, the three
modes (slow, middle, and fast) co-exist simultaneously within
a very narrow temperature range (<2 °C). The R,™ is constant
at given concentration, but the fraction of middle-sized parti-
cles in solution decreases rapidly with the temperature growth,
and the middle mode also disappears.
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At T,—71<(0.5+3)°C, we observed only the slow mode in
PiPrOx solutions. Its radius R, increased with the tempera-
ture rise up to about 780 nm for the most diluted system. We
obtained values of the same order of magnitude that were
reported earlier for poly(N-isopropylacrylamide) star [10]
and linear (co)poly(2-isoprosyl-2-oxazoline)s [32, 33] at ¢<
0.001 g cm . This behavior is typical for thermosensitive
polymers of different chemical structure and architecture, in
particular, for polyoxazolines.

The maximum values of scattering intensity and hydrody-
namic radius Rh(s) are achieved at temperature 7., Which is
close for majority of concentrations to the cloud point tem-
perature T, determined by turbidimetry.

Above Tax=Tep, I and R,® values decrease with temper-
ature rise (Fig. 2). However, the solutions were very turbid.
We could not achieve transparency of solution even at 7=
60 °C. Correspondingly, light scattering is not classical in this
temperature interval. Therefore, the measured hydrodynamic
radii are apparent and the quantitative analysis is impossible.

Summarizing the analysis of temperature dependences of
star-shaped PiPrOx solution characteristics, we can conclude
that the main phase transition mechanism in the system under
study is the growth of very large aggregates. They collapse
above cloud point, which is qualitatively confirmed by the
observed reduction of hydrodynamic radii.

Concentration dependences of PiPrOx solution characteristics

As mentioned above, two types of species exist in PiPrOx
solutions at room temperature. As seen from Table 1, the
hydrodynamic radius R,® corresponding to the fast mode
does not depend on the concentration (Fig. 2S). The average
value of R, ¥ (both for the temperature and the concentration)
is equal to 4.9 nm. It is slightly larger than the hydrodynamic
radii Ry, and Ry, ) of isolated PiPrOx macromolecules obtain-
ed in chloroform solution [19]. Therefore, we can assume that
the particles responsible for the fast mode are individual star-
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Table 1 Temperature and hydrodynamic characteristics of PiPrOx solutions

c@em™) Tyan °CO) Trapia CO) Tinax (°C) 797 (C) TP (°C) 7™ (°C) T (°C) R,®* (nm) R,™* (m) R,®° (m) RyE™ (nm) /s

0.0021 37.1 40.0 442 40.5 414 41.0
0.0053 35.1 40.0 455 40.0 42.0 40.0
0.0117 30.2 36.9 39.2 37.8 37.8 -

0.0166 29.0 36.0 375 36.5 36.5 36.2
0.0208 28.0 35.0 36.5 35.0 36.0 35.5
0.0324 27.0 345 35.0 34.0 34.0 32.0

425 52 40 90 780 0.6
42.4 49 24 91 380 0.9
- 5.5 - 53 75 0.9
36.5 5.0 14 28 84 0.8
36.0 4.6 13 21 86 1.1
34.0 42 8.6 15 130 1.6

*Values average over all temperatures

® Obtained at room temperature

shaped macromolecules of PiPrOx or small aggregates (two or
three macromolecules).

On the contrary, the hydrodynamic radius of the slow mode
depends on the concentration. The R, value grows rapidly
with the dilution rate (Table 1 and Fig. 2S). This change may
be caused by the concentration dependence of the diffusion
coefficient D, of large species or the increase of their size. We
suppose that both factors could be the reason of the observed
growth of R,”; however, it is impossible to distinguish the
contribution of each.

It is possible that the nature of large particles detected in
PiPrOx solutions is similar to that of the aggregates which are
formed in an aqueous solutions of the linear poly(2-alkyl-2-
oxazoline)s [32-35]. We estimated roughly the minimum of
the aggregation number using the model of a rigid sphere for
both star-shaped PiPrOx molecules and large particles. The
value m of macromolecules in the aggregate is close to the
ratio of volumes of the aggregate (V) and the macromolecule
(V). For spherical particles, the volume is proportional to
third power of their radius and correspondingly m=(R,®/
Ry)?. The minimum value of R, obtained at c¢=
0.0324 g cm > at room temperature is equal to 15 nm; conse-
quently, the minimum aggregation number is m~(15/4.9)’~
30.

As regards to the formation of the particles responsible for
the middle mode, the reason for this is not clear and the
solution of this problem requires further research. The hydro-
dynamic radius R,™ of the middle species is practically
constant in the concentration interval from 0.0117 to
0.0324 ¢ cm >, but at low ¢, the R,™ increases with the
decrease of solution concentration (Fig. 2S). The size of the
middle mode is not large. In spherical particle approach, the
minimum aggregation number was close to 10 at the maxi-
mum concentration of PiPrOx solution.

As described above, the hydrodynamic radius R, reached
the maximum value R, ™ near the cloud point temperature.
Table 1 shows the concentration dependence of R,&™™)
which is not monotonic (Fig. 3S). At concentrations higher
than 0.0117 g cm >, the R,*™ value increases from 75 to
130 nm with the growth of c. In the low concentration region,
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Ry&™™) increases strongly with concentration decrease and
reaches the maximum at ¢=0.0021 g cm>. The aggregation
number m,,,, is very large at T— T,,,,. For spherical particle
model, the estimation of m,,, gives about 4000 at c=
0.0117 g cm . The hydrodynamic dimensions and aggre-
gation number obtained are close to the data for block
copolymers of PiPrOx and poly(2-ethyl-2-oxazoline)
[35].

For all concentrations, we may single out three temperature
regions below T« (Fig. 5). At low T (first temperature
interval), the PiPrOx solution is practically a solution of
macromolecules or small aggregates with a low fraction of
large particles. Notably, the composition of the solution varies
significantly at room temperature. In particular, the higher the
concentration, the higher the 598D ratio, i.e., the fraction of
large specie (Figure 4S). In the second region, only these two
types of scattering objects exist in solution and their hydrody-
namic radii R,® and R,® do not depend on the temperature
either. Only an insignificant increase of the S®/S ratio is
observed, i.e., the solution composition changes. The large
aggregate fraction grows slowly and the corresponding in-
crease of light scattering intensity is observed. The tempera-
ture Tyiar, at which the intensity change begins, decreases with
¢ from 37 to 26 °C (Figs. 5 and 5S). At high concentrations,
the width of the second temperature interval does not depend
on ¢ and is equal to (6.5+7.5)°C. In the case of low concen-
tration solution, this region narrows down to 5 °C (c=
0.0053 g cm ) and 3 °C (¢=0.0021 g cm ).

The third temperature field established by light scattering
methods (Fig. 5) practically coincides with the intervals of
reduction of relative transmittance (Fig. 1). At given concen-
tration, this region can be considered as phase transition. The
discussed temperature interval 7ina—Tiapia 1S €xpended with
concentration decrease from 0.5 °C at c=0.0324 g cm > to (4+
5.5)°C for more diluted solutions (Figs. 5 and 5S5). Ti.piq is
temperature at which the rapid increase of light scattering
intensity begins; this is the low boundary of the third temper-
ature field (Table 1). As a result, the total width of the interval
Tmax— Tstar, Where the characteristic changes took place (the
second and third region) increases slowly from 8 °C at
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maximum concentration to 10.5 °C at ¢=0.0053 g cm °.
However, Thax— Tsa=7 °C at ¢=0.0021 g cm .

The strong growth of scattering intensity / near T, (in the
third temperature interval) is caused by several factors. The
first is the rapid change of the ratio of small and large particles
in solutions (Fig. 4). The number of the latter increases due to
the reduction of the number of macromolecules or small
aggregates. Correspondingly, the average size of the scattering
objects rises and so the significant change in the 7 value takes
place. The redistribution of scattering objects with R,” and
Ry occurs intensively and finishes with the disappearance of
small species in solution at temperature 7" (Table 1). At
temperature 7 (Table 1), a remarkable growth of the hy-
drodynamic radius of the slow mode begins. It is the second
reason for the impetuous change of /. As seen from Table 1,
both 70 and 7 decrease with the concentration increase
(Fig. 6S). For the three concentrations, the expansion of large
aggregates begins before the fast mode disappearance
and 7P9-70<2 °C, On the other hand, 7"V4=7®"
at ¢=0.0117, 0.0166, and 0.0324 g cm >,

In the third temperature interval, we established the middle
mode, whose appearance 7™ and disappearance 7™ tem-
peratures decrease with concentration growth (Table 1 and
Fig. 7S). The interval 7M™ 9—7(™"2 of the middle mode pres-
ence is very narrow. It is minimum (0.3 °C) for the solution
with ¢=0.0166 g cm® and maximum (2.4 °C) for ¢=
0.0053 g cm . Under these temperatures, the particle redis-
tribution occurs: the fraction of the middle-sized particles
decreases and number of the large aggregates grows. Note
that the presence of more than two modes in the solution of
thermosensitive polymers was also established by other
groups. For example, three particle types were observed for
water-soluble conjugates of poly(ethylene glycol) [36] and
miktoarm stars [37]. The latter formed unimers, micellar-like
structures, and loose aggregates in solutions, as the authors
called these objects. It could be assumed that the reported
unimers and loose aggregates correspond to small and large
aggregates observed by us in the PiPrOx star solution inves-
tigated. Their dimensions are comparable and the temperature
below phase transition is the same for both systems. The
hydrodynamic radii of the PiPrOx middle mode and the
miktoarm star micellar-like structures are also close.
However, these objects display a very different behavior.
Miktoarm star micellar-like structures are stable. They exist
in all temperature intervals investigated and disappear near
cloud point. The main feature of the PiPrOx middle mode is
that it occurs within a rather narrow interval (0.3+2)°C
appearing and disappearing near 7,,,.. Probably, they are
unstable and cannot be formed at relatively low temperatures.

Figure 5 and Table 1 illustrate the dependences of 7,,.x, and
correspondingly cloud point temperature at solution concen-
tration c¢. As one would expect, the T, and T, values
decrease with concentration growth. Such behavior is typical

for thermoresponsive polymers with different architecture,
namely, the linear, star-shaped, and grafted systems [13, 27,
38].

Time dependences of PiPrOx solution characteristics

All measured characteristics of the PiPrOx solutions change
very slowly after the temperature is changed. This fact is
illustrated in Figs. 6 and 7, which show the time dependences
of scattering intensity, hydrodynamic radius, and the $©/S®.
We do not analyze these changes quantitatively because it is a
complicated problem and can be the purpose of a future study.
We will try to describe the kinetics on the qualitative level.

All time dependences of intensity for PiPrOx solutions
have S-shaped form. After reaching a certain temperature,
the 7 value does not change or grows very slightly (Fig. 6).
The duration of this period is 100-200 s and does not depend
on the temperature and concentration. After that, a more or
less rapid increase of light scattering intensity is observed. The
equilibrium value of scattering intensity reaches at time Zq.
For the low concentration solutions (¢<0.0053 g cm ), this
time is practically independent of the temperature and 7 is
smaller than 3000 s. Almost similar value of 7. is observed for
more concentrated solution at rather low temperatures (Fig. 6).
The time necessary for equilibrium achievement grows sig-
nificantly with heating the solution; near 7, (in the third
temperature interval) the #., value may exceed 40,000 s.

It is impossible to establish the change of R, and §©/5®
when the intensity increases rapidly. Therefore, we obtained
broken dependences of these characteristics on time (Fig. 7):
we measured the R, and /S values at small 7<200 s and
at large ¢ when the scattering intensity changed slightly.
However, we can conclude that the discussed parameters grow
with ¢, causing the increase of / value. Note that the change of
the middle mode fraction with time is similar to the depen-
dence of /5P on ¢.
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Fig. 7 Time dependence of hydrodynamic radii of slow R,® and fast
Ry¥ modes and the ratio of the squares under corresponding curves S/
SO for solution of ¢=0.0117 g cm > at T=37 °C

As far as we know, nobody has yet reported such prolonged
processes of system stable state achievement. As a rule, the
solvents are retained for a time period from 3 min to 1 h before
the light scattering experiment are performed [39-42], and the
time dependence of intensity is not observed. Time evolution of
solvent characteristics was established for linear block copoly-
mers of poly(2-isopropyl-2-oxazoline) with poly(2-ethyl-2-
oxazoline) [35]. However, the experiment duration did not
exceed 40 min. Important quantitative information about the
aggregation rate was obtained for thermosensitive massive
(radius is 30-50 nm) polystyrene/poly(N-isopropylacrylamide)
core-shell nanoparticles [43]. The combination of theoretical
kinetic model of the association/dissociation with the analysis
of dynamic light scattering data showed that the binding energy
changes sharply with temperature. The investigated time inter-
val was 800 s, but the authors pointed out that at high temper-
atures the duration of the hydrodynamic radius evolution of
colloidal suspension increases remarkably.

At this point, the question logically arises: why was the
very large t.q not observed previously? We can make the
following assumptions. Firstly, in the overwhelming majority
of works, only very low-concentrated solutions (c¢<
0.001 g cm ) are investigated using light scattering methods
[11, 35, 37, 39, 41, 44]. As shown above, the duration of
equilibrium achievement depends strongly on concentration,
and for PiPrOx solutions, 7,q<3500 s at ¢<0.005 g cm >
(Fig. 6). It could be suggested that at ¢<0.001 g cm >, this
time will be even less, and hence, it is impossible to register
the kinetics of the changes due to the conditions of the exper-
iment. Secondly, the star-shaped architecture of PiPrOx mac-
romolecules investigated should be taken into account. The
density of star macromolecules is higher than the correspond-
ing parameter for isolated linear polymer molecules or mi-
celles. The hydrophilic shell prevents the contacts and
weakens interaction between the hydrophobic fragments of
different macromolecules or their aggregates. As a result, the

@ Springer

growth of large aggregates slows down sharply. And finally,
we should keep in mind that the prolonged processes of
equilibrium achievement are observed in the narrow temper-
ature interval (0.5+2.0 °C) near cloud point.

Conclusion

LCST of star-shaped PiPrOx does not exceed 25 °C, which is
close to LCST found for PiPrOx with a different architecture.
Unfortunately, it is impossible to determine the influence of
star structure on LCST because of the difference in M of our
sample and PiPrOx studied by other scientific groups.

It was found that in the interval of concentrations under
investigation, the star-shaped PiPrOx polymer in aqueous
solutions forms two types of particles even at room tempera-
ture. The size of the small species does not depend on c. The
objects responsible for the fast mode are single macromole-
cules or two or three ones joined in an aggregate. Note also
that the fraction of these aggregates in solution decreases
slightly with concentration increase. The hydrodynamic radi-
us of the large particles grows both with temperature and
concentration increase.

On heating, the polymer solution characteristics change.
This transition is not jump-like and occurs within the temper-
ature interval of (6+10)°C, the width of which does not
depend on solution concentration. At the first stage of this
range, the redistribution of scattering objects begins due to the
increase of large component fraction without variation of the
hydrodynamic radii of the scattering objects. Consequently,
slow increase in light scattering intensity is observed. Then,
the growth intensity accelerates. This is caused by several
changes occurring in PiPrOx solutions. The S®/S® increase
becomes very intensive and the small species disappear.
Besides, the rise of large particle size takes place. Moreover,
a new middle-sized mode arises. Its hydrodynamic dimen-
sions are constant at a given concentration. Notably, the
particles responsible for this mode exist in a narrow temper-
ature interval (0.3+2)°C near T, Finally, only large parti-
cles remain in the solution, and R,,® increases and reaches the
maximum at cloud point. Above T¢,, we established only one
mode, whose apparent dimensions go down with the increase
of T.

It is interesting to point out that the achievement of the
equilibrium state after the transition from one temperature to
another requires an unexpectedly long time. For the low-
concentration solutions, this time is practically independent
of the temperature and does not exceed 3000 s. For high-
concentrated solutions, similar values are detected at low
temperatures. However, the duration of equilibrium achieve-
ment grows significantly with solution heating.
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