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Keywords: The formation of interpolymer complexes (IPCs) between poly(2-alkyl-2-oxazolines) (PAOx) and poly(meth-
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1. Introduction

Interpolymer complexes (IPCs) constitute a distinct class of poly-
meric materials, exhibiting properties that differ markedly from those of
their constituent polymers [1-4]. These materials are increasingly used
in drug delivery systems, encapsulation technologies, surface modifi-
cation, water purification, sensor and membrane technologies [5-11].
The four main classes of interpolymer complexes include those stabi-
lized by electrostatic interactions (polyelectrolyte complexes) [12,13],
hydrogen bonding (H-bonded IPCs) [14-16], stereocomplexation be-
tween stereoisomers (stereocomplexes) [1,17-20], and charge-transfer
interactions (charge-transfer complexes) [21]. These complexes can be
prepared by mixing individual polymers in aqueous or organic solutions,
polymerizing monomers in the presence of complementary macromol-
ecules (template polymerization), or through self-assembly at interfaces,
such as via the layer-by-layer deposition technique [22,23] or at lig-
uid-liquid boundary [24].

The formation of interpolymer complexes in solutions is a multifac-
eted and multistage self-assembly process driven by primary in-
teractions, complemented by secondary forces such as hydrophobic
(solvophobic) effects, solvation and desolvation of individual macro-
molecules. These factors contribute to macromolecular contraction,
leading to the formation of compact structures with reduced mobility.
Studies on complex formation in these systems can also provide valuable
insights into self-assembly phenomena in biological systems, such as
proteins, nucleic acids, and polysaccharides [25].

Despite several decades of research on interpolymer complexes,
many aspects of their formation and structural organization remain
poorly understood. This is particularly true for hydrogen-bonded
interpolymer complexes formed between poly(carboxylic acids) and
proton-accepting non-ionic polymers. One of the earliest studies on
hydrogen-bonded IPCs was conducted by Smith et al. in 1959 [26], who
reported association reactions between poly(carboxylic acid)s and poly
(alkylene oxide). Since then, hundreds of publications have detailed the
formation of complexes between poly(carboxylic acids) and various
non-ionic polymers, including polyethylene oxide [27-29], poly(vinyl
alcohol) [30], polyacrylamide and its derivatives [31-33], poly(N-
vinylpyrrolidone) [34-37], cellulose ethers [38], and other polymer
classes [39].

Historically, the formation of hydrogen-bonded complexes in solu-
tions was studied using various physicochemical methods, including
measurements of viscosity, conductivity, pH, solubility, and turbidity.
The structure of these complexes was investigated using microscopic
techniques such as scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). Later advancements in physico-
chemical techniques provided additional tools for structural,
thermodynamic, and kinetic studies of IPCs, including dynamic light
scattering, isothermal titration calorimetry, surface plasmon resonance,
and fluorescent methods including polarized luminescence [1,40-43].

Poly(2-alkyl-2-oxazolines) (PAOx) are an emerging class of polymers
that have gained significant attention from researchers over the past few
decades [44-46]. The interest in these polymers arises from their
controlled synthesis via ring-opening polymerization, as well as the
ability to tailor their macromolecular architecture and hydrophobic-
hydrophilic balance. Several representatives of PAOx are fully soluble
in water, and their non-toxic nature offers promising opportunities for
biomedical applications [47-49]. Examples of these applications include
polymer-drug conjugates [50], micellar drug carriers [51-53], ther-
moresponsive systems [54], solid drug dispersions [55,56], mucoadhe-
sive polymers and formulations [7,57], hydrogels [58,59], and
antimicrobial iodophors [60].

Water-soluble poly(2-alkyl-2-oxazolines) have strong proton-
accepting properties, making them capable of forming hydrogen-
bonded interpolymer complexes with poly(carboxylic acids). However,
compared to many other water-soluble polymers, the complexes formed
by PAOx have received relatively little attention until recently, with
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most studies focusing primarily on their applications. For example,
Moustafine et al. [61] and Ruiz-Rubio et al. [62] investigated the for-
mation of complexes between poly(2-ethyl-2-oxazoline) and weakly
cross-linked poly(acrylic acid) (Carbopol® 971), using them to formu-
late solid dosage forms for oral and buccal drug delivery, respectively.
Adatoz et al. [63] reported the use of interpolymer complexation be-
tween poly(2-ethyl-2-oxazoline) and tannic acid to form multilayered
fibers and films. Su et al. [64] used layer-by-layer self-assembly between
poly(2-ethyl-2-oxazoline) and poly(acrylic acid) to form thin films.
Moon et al. [65] reported the preparation of supramolecular adhesive
gels based on interpolymer complexation between poly(2-ethyl-2-
oxazoline) and tannic acid.

In the present study, we explore the formation and structural features
of interpolymer complexes formed by poly(methacrylic acid) (PMAA)
and poly(2-methyl-2-oxazoline) (PMOx), poly(2-ethyl-2-oxazoline)
(PEOx), and poly(n-propyl-2-oxazoline) (PnPOx). The use of these
three derivatives offers a unique opportunity to assess the impact of the
hydrophobic-hydrophilic balance of non-ionic polymers on the structure
of the IPCs and the intramolecular mobility (IMM) of macromolecules
within their self-assembled structures. Two advanced methods of
physicochemical characterization such as polarized luminescence and
small angle X-ray scattering were used to evaluate these structural fea-
tures and molecular mobility within interpolymer complexes [66-68].

2. Experimental Section
2.1. Materials

PEOx with a molecular weight of 50 kDa (P = 3-4), purchased from
Sigma-Aldrich, was used without any purification (CAS No. 25805-17-8,
Product No. 372,846 and 373974). The following reagents were also
used without prior purification: triethylamine (TEA) (Sigma-Aldrich),
acetic anhydride (Across Organics), butyric anhydride (Merck), and N,
N-dimethylacetamide (DMA) (Reagent Plus). These reagents were
selected based on their purity levels, with a minimum purity of 99 %.

2.2. Synthesis of poly(2-methyl-2-oxazoline) and poly(n-propyl-2-
oxazoline)

In this study, PMOx and PnPOx were synthesized via acid hydrolysis
of PEOx followed by acylation, with slight modifications to a previously
reported method [5,69]. Commercial-grade PEOx (50 kDa, DP ~ 505)
was hydrolyzed in 18 % HCI at 100 °C for 14 h to prepare linear poly-
ethyleneimine (PEI). The solution was then neutralized with NaOH (pH
10-11), and the precipitate was filtered, washed, and vacuum-dried. The
dried PEI (1 g) was dissolved in DMA (20 mL), heated to 50 °C for
complete dissolution of PEI, and then cooled to a room temperature.
Acetic or butyric anhydride (1-1.5 equiv.) with TEA (1-1.5 equiv.) was
added dropwise under nitrogen and stirred for 14 h. The product was
purified via dialysis against deionized water (MWCO 12-14 kDa) and
then freeze-dried.

The commercial PEOx and the synthesized PMOx were analyzed
using gel-permeation chromatography using Viscotek (Malvern In-
struments, UK) chromatograph equipped with 270 dual detector (Mal-
vern) and VE 3580 RI detector (Malvern Instruments, UK). However,
due to poor solubility of PnPOx in 0.1 M NaNO, solution and its ther-
mosensitivity above 24 °C, this polymer could not be analyzed. PEOx
had a molecular weight of 64.4 kDa, differing from the manufacturer’s
reported 50 kDa, while PMOx had a molecular weight of 36.8 kDa,
aligning with expected chemical transformations. FTIR spectra of dry
PEOx, PMOx, PnPOx and PEI were recorded on Nicolet iS5 FTIR spec-
trophotometer with a DTGS detector and 1H NMR spectra were recorded
in solutions using DPX 400 MHz NMR spectrophotometer Bruker (Ger-
many). FTIR and 1H NMR spectra of PEI, PMOx and PnPOx and results
of GPC are provided as Figs. S2-S4 and Table S1 in the Supporting
information.
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2.3. Synthesis of luminescently labeled poly(methacrylic acid)

In this study, two forms of PMAA were used: one that was not labeled
and one that was luminescently labeled (PMAA*). The latter was used in
experiments with the polarized luminescence. The preparation of
PMAA* involved the free-radical copolymerization of methacrylic acid
(MAA) and 9-anthryl methylmethacrylamide (9-AMA) (Scheme S2 in
Supporting information), as previously reported [42]. The free-radical
copolymerization reaction was carried out in sealed ampoule in an
argon atmosphere at 60 °C with 1 g MAA (11.5 mmol) and 10 mg of 9-
AMA (36.3 pmol) dissolved in 5 mL N,N-dimethylformamide (Sigma-
Aldrich, St. Louis, MO, USA) with 10 mg (60 pmol) of 2,2-azobisiso-
butironitrile (AIBN, Sigma-Aldrich, St. Louis, MO, USA) as an initiator
for 24 h. The 9-AMA were used as luminescent labels. Subsequently, the
copolymer solution was purified from low molecular weight impurities
by dialysis against deionized water. The purification process employed
Spectra/Por 7 dialysis membranes (MWCO 1 kDa, Spectrum Labora-
tories, Inc., USA). The final product was subsequently lyophilized. The
yield of PMAA* was 0.84 g (84 %).

The content of luminescent labels (LL) in PMAA* was determined by
UV-Vis spectrophotometry with the use of an SF-256 UVI spectropho-
tometer (“LOMO Photonika Ltd.”, Saint Petersburg, Russia) at 365 nm.
The value of the molar extinction coefficient, ¢, of 9-AMA at 368 nm was
equal to 8300 cm?mmol L. The LL content was determined to be 0.15
mol%, thereby excluding the appearance of photophysical processes
such as migration of electron excitation energy or formation of excimers,
which would otherwise give erroneous values of luminescence
polarization.

The molecular weight of PMAA* was calculated from the values of
diffusion coefficients D and sedimentation coefficients s, measured in
0.1 N NacCl solution at 24 °C, according to the Svedberg equation:

My, = (s/D)RT/(1 = vpo) &)

where R is the universal gas constant, T is the absolute temperature, v is
the partial specific volume determined by pycnometry, and p, is the
medium density [70,71]. The molecular weight M,p of the studied
PMAA* samples was determined to be 267 kDa.

2.4. Characterization

The nanosecond relaxation times, Ty, which are indicative of the
intramolecular mobility of PMAA* macromolecules, were determined
by measuring the luminescence polarization (P) of the solution accord-
ing to the following equation [66]:

1/P,+1/3

'm Tfl, 2

v = 3

where 1q is the fluorescence lifetime of the luminescent label (anthra-
cene-containing group) and 1/P; is a parameter taking into account the
contribution of high-frequency movements of the luminescent label
(Fig. S1 in Supporting information). The concentration of PMAA* in the
solution was cpol = 0.5 g~L’1. The concentration of PAOx solutions
added with careful stirring was 8-10 g-L™! to minimize dilution of the
initial PMAA* solution.

SAXS experiments were performed at the Frank Laboratory of
Neutron Physics (FLNP) of JINR (Dubna) on the Xeuss 3.0 laboratory
facility (Xenocs, France). The Xeuss 3.0 universal X-ray scattering sys-
tem is equipped with the GeniX>P X-ray beam delivery system, which
produces high intensity monochromatic Cu K, X-rays. The scattered
signal of the radiation passing through the sample is measured by a
megapixel (1 M) position sensitive Dectris Eiger2 R detector. Three
detector-sample positions were used in the experiment: 300, 2000 and
4200 mm, which allowed us to study the IPC in the ultrasmall angle X-
ray scattering (USAXS) and SAXS modes over a range of momentum
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transferred, g, from 0.06 to 8 nm ™. The SAXS data are presented as the
dependence of the scattering intensity I(g) on the momentum trans-
ferred q, defined by the relation:

q = 4rsinb/ A, 3)

where 0 is the half of the scattering angle (20) and A is the wavelength of
the incident X-rays.

IPC solutions for SAXS measurements were prepared in distilled
water at a polymer concentration of 8 g-L 1. The PAOx/PMAA compo-
nent ratio was 1/1 as a unit-mol ratio. Three aqueous solutions were
prepared with the following compositions: PMOx/PMAA, PEOx/PMAA,
and PnPOx/PMAA sealed within 1.5 mm diameter borosilicate glass
capillaries and measured at room temperature under vacuum. Data
acquisition time ranged from 20 to 40 min, depending on the detector-
sample distance.

3. Results and discussion
3.1. Polarized luminescence of IPC solutions

The polarized luminescence (PL) method is a photophysical
approach [41,66,72,73] that provides an opportunity to study the for-
mation and structure of IPC by measuring nanosecond relaxation times
(M), which are characterizing the intramolecular mobility of the
macromolecules (Eq. 1). Intramolecular mobility has been found to be
associated with relaxation processes involving macromolecular seg-
ments. It has been previously demonstrated that both intra- and inter-
molecular interactions are reflected in the changes in relaxation times,
which variation is attributable to the nanosecond-range duration of the
luminescence emission, 7 [1,41,66]. This approach is possible by
evaluating the change in the inverse value of the luminescence polari-
zation, 1/P, of the solution containing the polymers with covalently
attached luminescent labels representing an anthracene core (Equation
2 and Fig. S1 in Supporting information).

Fig. 1 shows the changes in nanosecond relaxation times, 7y, of
PMAA* macromolecules in water upon addition of poly(2-alkyl-2-
oxazoline) solutions. The addition of PAOx to the polyacid solution re-
sults in a substantial increase in the values of 7y, indicating a

Tamy NS faint opalescence
n=0.7
800 A
® 2
600 - 1
(]
400 -
200 -
0.0 0.4 0.8 1.2 1.6 p

Fig. 1. Dependence of 7y for PMAA* in complexes with PMOx (1), PEOx (2)
on the ratio of n = [PAOx]sgy/[COOH] in aqueous solution. The value of 7ivm
are presented at T/ = 335 KecP '. The plotting is facilitated by the Origin
software product (version 2025, OriginLab Corporation, Northampton,
MA, USA).
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concomitant decrease in the mobility of polyacid chain segments. These
changes indicate the occurrence of interactions with PAOx and the
subsequent formation of IPC. The formation of IPC between PMAA* and
PAOx is driven by H-bonding between the non-ionized proton-donating
carboxyl groups (COOH) and the proton-accepting carbonyl oxygen
present in PAOx.

The opalescence was observed in aqueous solutions when the ratio of
interacting components, n, was around 0.7 indicating the aggregation of
the formed IPCs. This is likely attributable to the formation of a coop-
erative system of hydrogen bonds between individual macromolecules
upon interaction of the polyacid with PAOx (Scheme 1). In the absence
of geometric correspondence, hydrogen bonds are formed between
distant, disconnected groups in interacting polymer chains. At n > 0.7,
numerous H-bonds (crosslinks) are formed between particles repre-
senting IPC. This interaction leads to the formation of a network struc-
ture for intermolecular aggregates. The formation of this structure
appears to be attributable to steric factors, namely the distance between
interacting groups and the presence of substantial hydrophobic sub-
stituents, which hinders the development of an extensive H-bond
system.

A gradual addition of poly(2-oxazoline) solutions to PMAA initially
results in a fast linear growth in 7y values until the molar ratio of
polymers, n, reaches 1 (Fig. 1, where curves 2 and 3 are juxtaposed).
Then further addition of non-ionic polymers results in a less pronounced
increase in ry\y. This is likely related to 1:1 stoichiometry of the IPCs
formed, when each carboxylic group of PMAA forms an H-bond with a
proton-accepting group of PAOx. This IPC stoichiometry is also in
agreement with the previous reports, when similar systems were studied
[72]. A comparison of 7y values measured when the n is equal to 1 for
the two IPCs formed by different poly(2-oxazolines) provides informa-
tion about the role of hydrophobic effects in the complex formation. The
observed dependence of ty\y values on the length of the alkyl side chain
in PAOx provides evidence that the formation of a compact IPC structure
is not solely governed by hydrogen bonding between proton-donor and
acceptor groups. Instead, it also involves significant contributions from
hydrophobic interactions between the PAOx alkyl chains and the
PMAA* backbone. This is illustrated by the increase in Ty from 580 ns
for the IPC formed by PMOx with PMAA* to 680 ns for the IPC formed by
PEOx with PMAA* (at n = 1). In non-ionized conditions, the a-methyl
groups of PMAA contribute to the formation of hydrophobic domains in
aqueous solution, which in turn impose considerable steric hindrance on
polymer chain mobility—greater than that observed for poly(acrylic

Polymer
rich region
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acid), for example. The interaction between these hydrophobic a-methyl
domains and the alkyl radicals of PAOx leads to the development of a
more compact IPC structure. This enhances steric constraints and
correspondingly reduces the mobility of PMAA*. The effect becomes
more pronounced with increasing hydrophobicity of the PAOx compo-
nent. The role of hydrophobic interactions involving PMAA and poly
(acrylic acid) has been previously demonstrated in [72].

It is well known that the formation of hydrogen-bonded IPC between
poly(carboxylic acids) and non-ionic proton-accepting polymers usually
occurred when the carboxylic groups of proton-donating polymer (pol-
yacid) are unionized. Therefore, the measurement of inversed polarized
luminescence values (1/P) as a function the degree of ionization of
PMAA may provide an information about the stability of IPCs. In the
following experiments the dependence of 1/P value for PMAA* alone

1/P
301

4 - .
25+

20 +

15~

10 1

T T
0.6 0.8
=[COO" |/[COOH]
Fig. 2. Dependence of 1/P value for PMAA* in complexes with PMOx (1), PEOx

(2), and individual PMAA* (3) in aqueous solutions on the apparent degree of
ionization, @app, at n = [PAOX]sgy/[COOH] = 1.5.

0.0 0.2 04

Qapp

Scheme 1. Proposed supramolecular structure of the complex between PMAA and PEOx on the mesoscopic level (a), for a two-stranded structure (b), and the

structure of H-bonds (c).
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and within the IPC formed with PEOx and PMOx was determined as a
function of the degree of ionization of carboxylic groups (Fig. 2). It is
important to note that PMAA is a weak polyelectrolyte, and in aqueous
solution without adjustment of pH values, the apparent degree of ioni-
zation, a,p,, of COOH groups does not exceed 0.03 [72]. In the non-
ionized and weakly ionized state, the PMAA macromolecules take
more compact conformation that is stabilized by hydrogen bonds and
hydrophobic interactions of a-methyl groups [72]. This is confirmed by
relatively large values of relaxation times, indicating the reduced
intramolecular mobility of PMAA macromolecules. These relaxation
times have been determined to be approximately 80 ns. As a result, the
intramolecular mobility of PMAA chains is significantly hindered
compared to, for example, poly(acrylic acid) [72]. PMAA ionization has
been shown to increase the mobility of polymeric chain segments as seen
from the decrease in 7. This phenomenon can be attributed to the
destruction of the compact structure due to electrostatic repulsion be-
tween negatively charged carboxylate ions. The 7y of around 10 ns is
observed for fully ionized PMAA*. Fig. 2 shows that a sharp increase in
1/P values in the IPCs is observed at larger degree of ionization of COOH
groups. Furthermore, it should be noted that at elevated degrees of
ionization, PMAA* macromolecules are not fully released from IPC with
PAOx. The longer the alkyl radical in poly(2-alkyl-2-oxazoline), the
more pronounced the disparity between the 1/P value for PMAA* and
PAOx (cf. curves 1, 2, and 3 in Fig. 2). It indicates that compact structure
of IPC and restrained mobility of PMAA* macromolecules are retained at
larger degrees of ionization. However, a comparison of the complexes
formed by PAOx and PMAA in this study with the literature data on the
IPC formed by poly(N-vinylpyrrolidone) and PMAA reveals that poly(2-
oxazolines) form noticeably less stable complexes, which exist in a
narrower range of pHs [41].

The IPC formed by PEOx shows a slightly higher stability compared
to the complex formed by PMOx, which is likely to be related to addi-
tional contribution of hydrophobic effects, whose role is more pro-
nounced for poly(2-ethyl-2-oxazoline) (cf. curves 2 and 3, Fig. 2).

It is well-known that formation of hydrogen-bonded IPC is also
possible in some organic solvents. The use of organic solvents such as
methanol provides an opportunity to study a wider range of poly(2-
oxazolines), for example, including poly(n-propyl-2-oxazoline), whose
solubility in water was limited. Subsequent experiments were conducted
to study formation of complexes of PMAA* with PMOx, PEOx and PnPOx

1/P

25
20 ¢ —e
3
15 1 faint opalescence
2
10~ A 1
faint opalescence

0.0 0.2 0.4 0.6 0.8 1.0 1.2
n

Fig. 3. Dependence of 1/P value of PMAA* upon the interaction with PAOx in
methanol on the ratio of n = [PAOx]sgy/[COOH] in methanol for PMOx (1),
PEOx (2), and PnPOx (3).
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in methanol. Figs. 3 and 4 illustrate the changes in the 1/P values of the
PMAA* solution and the p\y values for PMAA* macromolecules upon
addition of different poly(2-alkyl-2-oxazolines) in methanol. A pro-
nounced opalescence was observed in the solution mixtures of PMOx
and PEOx with PMAA* when the ratio of the interacting components
was n > 0.3-0.4. The aggregation of IPC prevents further measurements
of luminescence polarization at higher PAOx/PMAA* ratios.

As illustrated in Figs. 3 and 4, the addition of PAOx solution to
PMAA* in methanol results in a decrease in 1/P values and an increase in
i for PMAA* macromolecules, respectively. This observation in-
dicates the occurrence of an interaction between PMAA* and PAOx
macromolecules, leading to the formation of interpolymer complex be-
tween these polymers. In contrast to aqueous solutions, where the for-
mation of IPC is weakly dependent on the structure of PAOx, a
significant influence of the nature of the substituent on the interaction
with PMAA* is observed in methanol (cf. Figs. 1 and 4). The values of 1/
P and mpyy change weakly with increasing values of n when poly(n-
propyl-2-oxazoline) is added to PMAA* solution, but when poly(2-ethyl-
2-oxazoline) and poly(2-methyl-2-oxazoline) is added, the 1/P values of
PMAA* solution drop sharply, and the value of 7y increases (cf. Figs. 3
and 4). In addition, opalescence in methanol appears at much lower
values of n than in water, equal to 0.3 and 0.4 for PMAA complexes with
PMOx and PEOX, respectively. It can be hypothesized that in methanol,
where all alkyl groups are exposed to the solvent, as the substituent size
increases, steric hindrance arises for the interaction of the carbonyl
oxygen of PAOx with the COOH groups of PMAA. From the comparison
of Tpyiv values in water and methanol, it can be concluded that a ‘looser’
structure is formed in methanol. In addition, in contrast to water as a
solvent, in which a more hydrophobic group enhances the PAOx/PMAA
interaction, in methanol the observation is opposite and interactions
between the polymers become weaker. These results correlate well with
the data on the formation and stability of poly(acrylic acid) complexes
with copolymers of vinyl butyl ether and vinyl ether of ethylene glycol
(VBE-VEEG) in aqueous and organic solvents [74]. It has been shown in
[74] that the copolymers containing more hydrophobic VBE units in the
copolymer chain tended to form more stable complexes in aqueous so-
lutions due to the contribution of hydrophobic interactions. At the same
time, the opposite trend was observed in isopropanol: IPCs formed by

240

200
160
120
80 -

401

0-
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Fig. 4. Dependence of the PMAA* r;yy values in complexes with PMOx (1),
PEOx (2), and PnPOx (3) on the ratio of n = [PAOx]sgry/[COOH] in methanol.
For comparison, the values of 7jyy for PMAA* macromolecules in aqueous
solution are presented (4). All 7y are reduced to water viscosity values at T/5
= 335 KecP ™.
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the copolymers with a greater content of VBE showed lower stability.

3.2. Small-angle X-ray scattering

Unlike polarized luminescence technique, SAXS method can be used
for colloidal solutions with some aggregation. However, this method is
less sensitive and requires the use of polymers at reasonably high con-
centrations. In this study, the aqueous solutions of IPC with the poly-
mers’ concentration of 8 mg-mL ™! were examined using SAXS method.
To analyze the structure and shape of the formed macromolecular sys-
tems, three different approaches to process the scattering data were
employed (Fig. 5). The dependence of the scattering intensity, I(q), on
the scattering vector, g, was plotted in a double logarithmic scale (5a). A
Kratky plot was generated (5b), and a size distribution of scattering
particles in “direct” space was calculated (5¢). To analyze the SAXS
curves (Fig. 5a), the model proposed by Beaucage for systems with a
single-level structural organization was employed [75]:

I(q) = G-exp< - %) +B <7(erf(ng;/\@)) ) + Ing C)]

where Rgg is the radius of gyration, v is the Porod exponent corre-
sponding to the fractal dimension of the scattering inhomogeneities, G is
the Guinier prefactor, and B is the pre-exponential factor. Parameter I,
is responsible for background scattering. The experimental derivation of
intensity relationships I(q) on the momentum transferred, g, was
accomplished through the implementation of the least mean square
method over the entire range of measured q values. This was performed
using SasView software [76]. The quality of the fit of the experimental
curves was evaluated by the parameter y2, ., (reduced chi-squared)
defined as

Xfeduced = Z ((I(q)meas - I(q)calc)z/E(q)z)/(Npﬁ - Npﬂmms)

where E(q) is the error of the intensity value I(q), Ny is the number of
data points in the data set, Npqrams is the parameter number for the
optimized model.

The interaction of PAOx with PMAA results in the formation of a
supramolecular structure of the IPC in solution. As illustrated in the inset
of Fig. 5a, the zero-extrapolated angle scattering intensity, 1(0), of
aqueous solutions of PAOx/PMAA increases in accordance with an in-
crease in the hydrophobicity of the side group (Scheme S1), with the side
groups being methyl, ethyl and n-propyl (Fig. 5a). The observed phe-
nomenon can be attributed to the presence of a a-methyl group within
the structure of PMAA. This group facilitates the hydrophobic in-
teractions within the interpolymer complex that exists between PMAA
and PAOx. The consequence of these interactions is the compaction of
the structure of PMAA. It was determined that as the hydrophobicity of
the alkyl groups increases from methyl, ethyl to n-propyl (Scheme S1),
the radius of gyration, Rgg, for the supramolecular IPC structure
(Equation 3) increases from 12.1, 15.3 to 16.5 nm (Table 1).

In the context of the real space, the particle sample in question can be
most conveniently described by the distance distribution function P(r),
where r is the scattering center spacing. This function can be presented
as a histogram that quantifies the distance between all possible pairs of
atoms within the specified particle. It is the inverse Fourier trans-
formation for the small-angle scattering function I(q) in the spherical
system of coordinates [75,77-79]:

) = oy [0 2 gy ©)
0

Given the specified condition: P(r) = 0, at r > Dy, (Fig. 5¢), an es-

timate of D, value can be obtained. This evaluation of Dy, value was

instrumental in determining the maximum size of IPC. The latter for

these complexes was determined to be increased: 43, 51 and 65 nm for
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Fig. 5. SAXS curves presented in double logarithmic coordinates (a) and in
Kratky plot (b); the distance distribution function (¢) for PMOx/PMAA (1),
PEOx/PMAA (2), and PnPOx/PMAA (3). The light purple curves in part (a)
represent the result of the approximation by the Beaucage function (Eq. 4). The
arrows indicate the radii of gyration, as determined by Eq. 5 (Table 1). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Table 1

The parameters of IPC formed between PMAA and PAOx as calculated from the
results of SAXS measurements based on approximation by a one-level unified
Beaucage function (Eq. 4) [75] and analyzing the distance distribution function,
P(@), (Eq. 5) [77].

Parameters PMOx/PMAA PEOx/PMAA PnPOx/PMAA
D, (nm) 44 £1 53+1 651

Dyq (nm) 11.2 13.5 15.3

Ry, (nm) 12.4 £ 0.2 15.3+0.2 21.2+0.2
Ry (nm) 11.1+0.1 13.7 £ 0.6 16.0 £ 2.3
v=4+2por - 4.70 = 0.03 4.31 £ 0.03

6 —d, [83] 3.986 + 0.003 - -

)(zeduced 1.2 13 1.2

the complexes formed by PMOx, PEOx and PnPOx, respectively
(Table 1). The radius of gyration relative to the center of mass of the
system, Rgp,, was obtained from the P(r) by calculating the ratio of the
second moment to the “zero” one, i.e., the mean square of the distances r
between the scattering centers [75]:

Dmax Drmax

R;:% / r2P(r)dr/ / P(r)dr. ®)

The values of the radius of gyration, Ry, calculated according to the
previously stated expression, are presented in Table 1. The R, values, as
well as the Rgg values calculated by the single-level unified Beaucage
function (Eq. 4), increase with the length of the alkyl side groups of the
PAOx. However, it should be noted that in all cases, Rgy > Rgg. This
phenomenon is analogous to what is observed in flexible and unfolded
systems, such as biopolymers [80]. Furthermore, the profile of distance
distribution function, P(r), of the scattering particles can be used to
ascertain the shape of the scattering objects [75]. The globular compact
particles have a symmetrical bell-shaped distribution P(r), while less
compact (unfolded) particles have an elongated tail [79,81]. In this case,
it is reasonable to assume that the IPCs can be presented as a two-axis
ellipsoid, where D, is the polar diameter, equal to the value of Dyax.
The maximum value of the diameter in the equatorial plane, D.q, can be
estimated from Fig. 5c as the r value at which P(r) is the maximum value:
the mode of the P(r) distribution (Table 1). The full width at half
maximum also grows in the order from methyl to ethyl and n-propyl
derivatives of poly(2-oxazolines) (Fig. 5c); that is, the IPC size distri-
bution is broadened. Consequently, the supramolecular structure of the
IPC becomes more dispersed.

A qualitative assessment of the IPC conformation is enabled by the
analysis of Kratky plots (¢°I(q) as the function of q) in normalized
scattering intensity [79] (Fig. 5b). The presence of a well-defined peak
signifies the polymer system’s behavior akin to that of a particle, as
previously discussed in [79,81,82], with the complexes under investi-
gation having definable surfaces and attaining a globular particle-like
structure. For globular particles, the peak maximum in normalized
scattering intensity corresponds to the following coordinates: (1/3; 1.1)
as illustrated by the dotted lines in Fig. 5b. The subsequent increase in
the normalized scattering intensity at larger gRy is indicating the flexi-
bility (the ability to undergo deformations) of the formed structure of
the IPC. According to the authors [81], a high crosslinking density of
more than 0.8 % is observed in such systems, which indicates the
effective ability of PMAA and PAOx to form hydrogen bonds. Concur-
rently, these complexes exhibit hydrophilic properties at low values of n
(Fig. 1), thereby manifesting a nanogel morphology.

The value of the Porod exponent, v, was determined by approxi-
mating the SAXS curves by Eq. 4 for the complex formed between PMOx
and PMAA. This yielded the supramolecular structure of the surface
fractal with a fractal dimension, d;, equal to 2.014 + 0.003 (Table 1).
However, it should be noted that the value of v in this case is close to 4,
and one can talk about a surface that clearly delimits the region of
uniform distribution of the IPC particles from the solvent, with
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scattering following the Porod law (I ~ g~*) nicely. Conversely, for the
complexes of PEOx/PMAA and PnPOx/PMAA, a diffuse interfacial layer
with a degree index f equal to 0.35 and 0.16, respectively, was obtained
(Table 1). The expression of the density of the substance within this layer
is as follows [84]:

p(x)=0,x<0
p(x) = po(x/a)’,0 <x <a ™
p(x) =pg,a<x

Here x denotes the distance from a point within the inhomogeneity to
the point on its boundary, while a represents the width of the diffuse
interphase layer. Within this layer, the scattering density undergoes an
increase from zero to po in accordance with a power law, with an
exponent of 0 < < 1. It is evident that when # = 0, a sharp phase
boundary is evident at x = 0 in the experiment, manifesting as scattering
according to the Porod law with a value of v = 4. This indicates an in-
crease in the density of the polymer, p(x), from the boundary x = 0.
When f is increased to 1, the interfacial layer is eroded, leading to a
linear increase in the substance’s density from 0 to pg over a thickness x
ranging from O to a.

The analysis of SAXS data has led to the conclusion that the IPCs
formed in water exist as a highly cross-linked macromolecular aggre-
gate, with a density of physical cross-linking greater than 0.8 % [81].
This is evidenced by the presence of numerous macromolecules that
collectively form the nanogel network structure, as illustrated in Scheme
1. The nodes of the polymer network are likely to exist as the multiply-
stranded structures of the PAOx and PMAA macromolecules, stabilized
primarily by multiple hydrogen bonds (Scheme 1c and E3 in Supporting
information) and additionally stabilized due to hydrophobic in-
teractions of a-methyl groups in PMAA and alkyl groups in PAOx. This
phenomenon leads to a corresponding increase in the radii of gyration
for ellipsoid-like structures within the series of methyl-, ethyl-, and n-
propyl moieties (Scheme S1).

Linear fragments of the polymer network contribute to a variable
polymer density within the pores of the nanogels, as reflected in the
Porod exponent, v, exceeding 4 for complexes formed with PAOx con-
taining ethyl and n-propyl groups (Table 1). It was found that the density
of the substance p(x) in the interfacial (“transition™) layer increases for
the PnPOx/PMAA (f = 0.16) faster than for PEOx/PMAA, where § =
0.35 (Eq. (7)). This is due to the larger lateral group size in PnPOx
compared to PEOx. Instead of a diffuse layer between the polymer
nanogel and the solvent for PMOx/PMAA, a hierarchical level with a
supramolecular surface fractal structure with a dimension ds = 2.014 (v
= 3.986) is likely to exist between the IPC and the solvent, although the
notion of a sharp boundary cannot be dismissed.

It is worthwhile to compare the behavior of the systems investigated
in this study with the fractal characteristics of polymer systems pos-
sessing complex architectures. In the study by Lezov et al. [67],
temperature-responsive star-shaped poly(2-ethyl-2-oxazoline) (star-
PETOX) and poly(2-isopropyl-2-oxazoline) (star-PIPOX), with polymer
arms grafted onto the lower rim of thiacalix[4]arene, were examined. At
the supramolecular level of calixarene associates, the formation of mass
fractals was observed, with fractal dimensions of 2.6 and 2.9 for star-
PETOX and star-PIPOX, respectively. This contrasts with the nanogel
networks reported in the present study, which exhibit a more diffuse
structural organization. Moreover, at a higher level of supramolecular
organization, the calixarene-based systems demonstrated a tendency to
form compact, surface fractal structures with a fractal dimension of 2.9
[67].

4. Conclusions
A comparison between the structural data obtained by SAXS in a

wide range of momentum transferred, and the nanosecond dynamics
studied by polarized luminescence reveals a correlation between the
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dynamics of component interactions and the structure of the IPC
appearing in solution. SAXS analysis of aqueous solutions of PAOx/
PMAA complexes has revealed the presence of at least one hierarchical
level of supramolecular structure, which can be interpreted as a nano-
hydrogel structure. At the first hierarchical level, compact structures are
formed with a characteristic size ranging from 40 to 10.7 nm. Within the
hydrogen-bonding network of the IPC, poly(2-alkyl-2-oxazoline) (PAOx)
has been identified as a key contributor to the compactness of the
resulting supramolecular nanohydrogel structure. PAOx/PMAA com-
plexes show promise for drug delivery applications due to their pH-
responsive behavior, enabling controlled dissolution and drug release
at targeted pH conditions, such as those found in specific regions of the
gastrointestinal tract. Further research should focus on understanding
the effects of pH on the formation of these complexes in aqueous envi-
ronments and on the comprehensive characterization of their properties
in solid state.
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