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Abstract The series of amphiphilic anionic protic hyperbranched oligomeric and
polymeric ionic liquids (HBP-OILs) with different terminal groups and an adjustable
hydrophilic-hydrophobic balance which are sensitive to pH and ionic strength
changes was obtained by neutralizing the carboxylic and sulfonic terminal acid
groups of aliphatic hyperbranched core with N-methylimidazole (Im) and 1,2,4-
1H-triazole (Tr). The introduction of long hydrophobic aliphatic tails to starting
hydrophobic hyperbranched core influences more significantly on the size of micellar
assemblies than the introduction of ionic groups does. The assembly of these com-
pounds into core-corona micelles in aqueous media in a wide range of pH and ionic
conditions was established. Regulation of HBP-OILs amphiphilicity can be real-
ized by varying the extent of ionization of terminal groups by changing pH or ionic
strength. The synthesis of the thermally responsive protic anionic hyperbranched
poly(ionic liquid)s (HBP-PILs) was based on partial (50%) and full neutralization
of carboxyl groups of aliphatic polyester core by monoamine-terminated poly(N-
isopropylacrylamide)s (PNIPAM). Its linear oligoester analog was synthesized in
a similar way. These compounds possess low critical solution temperature (LCST)
behavior with a narrow LCST window and amorphous state in condensed matter. We
found that HBP-PILs form smaller in comparison with linear analogues spherical
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micelles and their aggregates of different morphologies depending on the content
of PNIPAM. When temperature is higher than LCST the formation of spherical
micelles, network-like aggregates and large vesicles is observed. In opposite to ini-
tial cores prone to form spherical domains the thermally responsive compounds are
able to self-assemble into elongated unimolecular nanodomain. The complex self-
assembling behavior and diverse morphology of resultant supramolecular assamblies
of HBP-OILs and HBP-PILs might lead to unique ionic transport properties as a key
point for creation of nanomaterials with tunable ion transport characteristics.

4.1 Introduction

Polymeric analogues of ionic liquids (PILs), obtained on the basis of reactive ionic
liquids (ILs), are a new type of polyelectrolytes [1-7]. They combine the unique
properties of classical ILs with the possibilities of varying the chemical structure
and molecular architecture of polymers. However, these compounds are generally
solids below 100 °C with rare exceptions [3—7]. Oligomeric ionic liquids (OILs),
which occupy an intermediate state between ILs and PILs by molecular weight,
retain the ability to exist in a liquid state at temperatures below 100 °C and combine
the advantages of ILs with the peculiarities of the oligomeric state of a mater; in
particular, a significant effect of end groups on their properties [3—7]. OILs as a
separate class of polymer electrolytes were discussed by our recent study [6].

OILs in analogy with ILs are classified into protic and aprotic, and like PILs, they
are also classified into cationic and anionic [2, 8]. In the case of PILs, regardless of
the state of aggregation, the distinguishing feature is the presence of so-called ionic-
liquid groups (functionalities) in their composition [2, 8, 9]. In terms of molecular
architecture, currently existing OILs can be classified into linear, hyperbranched,
and star-shaped (as a rule, silsesquioxane) [2, 8]. OILs with various molecular
architectures also attract attention as anhydrous ion-conducting media for various
electrochemical devices, nanoreactors, complexing agents, bioactive materials and
components of optoelectronic devices [2, 8].

Among well-known OILs and PILs, hyperbranched compounds attract consid-
erable attention [4—7]. Hyperbranched compounds are characterized by a globular
core-shell structure and a high density of functional end groups on the shell, which
opens up broad possibilities for a targeted change in their composition, structure and
properties by changing the chemical nature of these groups. The globular structure
of macromolecules gives the ability to form guest-host type complexes, provides
low viscosity of melts and solutions, greater thermal stability and better solubility
in comparison with linear analogues [4-7]. It should be emphasized that the hyper-
branched compounds under consideration, as a rule, are oligomers in their nature
and characteristics, however, they are known as “hyperbranched polymers” [10].

Introduction of ionic-liquid groups and fragments to the composition of hyper-
branched compounds opens up significant opportunities for directional changes in
their structure and properties [3]. The cationic protic and aprotic hyperbranched
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OILs and PILs are discussed in the literature, while there is only a fragmentary
information concerning the anionic representatives [3—7]. Hyperbranched OILs and
PILs are capable of self-assembling and forming various hierarchical structures with
unique morphology, which are inaccessible to classical ILs. One of the examples of
these compounds is amphiphilic cationic hyperbranched OILs and PILs [3, 11]. This
assembly behavior makes these compounds promising for the creation of supramolec-
ular functional materials for various purposes [3, 12—14], in particular, membrane
structures and liquid crystals [3—7]. Information on the use of these compounds in
obtaining self-associated ultrathin films is fragmentary, and the use of the Langmuir-
Blodgett (LB) method in obtaining such materials has not been described practically.
At the same time, it is known, that such systems are promising in microelectronics,
optics, sensor systems, various functionalized surfaces etc. [15, 16]. It should be
noted that the LB method is a high-tech method for producing ultrathin films with
unique characteristics and precisely adjustable thickness and structure, which opens
up broad possibilities in the design of new functional nanomaterials [17-20]. Only
a few works have been reported on obtaining the LB films based on linear [21-25]
and star-like [25, 26] OILs and PILs. There is no information about LB films based
on the OILs and PILs with dendrimeric and hyperbranched structures.

This chapter considers the works of the authors on the synthesis of amphiphilic
protic OILs and PILs, the study of the features of formation of supramolecular struc-
tures in solution, at interphase boundary and in the condensed state, in particular
ultrathin LB films, with response to pH and ionic strength of the environment, as
well as temperature.

4.2 Assembly of Amphiphilic Hyperbranched Oligomeric
Ionic Liquids in Aqueous Media at Different PH
and Ionic Strength, at the Water/Air Interface

This section describes the synthesis of amphiphilic hyperbranched anionic OILs and
PILs capable of self-assembling with the formation of various hierarchical structures
with response to pH and ionic strength, which makes them promising for use in
creating functional materials [3, 12—14]. It should be mentioned that such stimuli-
responsive hierarchical structures are known in the absolute majority for non-ionic
hyperbranched compounds [11]. However, the information on the application of this
approach to hyperbranched OILs and PILs is missing in the literature.
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4.2.1 Synthesis of Amphiphilic Hyperbranched Olymeric
Ionic Liquids

The obtaining the anionic protic hyperbranched oligomeric ionic liquids (HBP-
OILs) of amphiphilic type was realized through acylation of a commercially avail-
able polyesterpolyol Boltorn®H30 (HBP-OH) by the anhydrides of phthalic or 2-
sulfobenzoic acids followed by neutralization of the resultant acidic oligomers with
N-methylimidazole (Fig. 4.1) [6].

The hydrophobicity of the compounds was ensured by core type and the
hydrophilicity was regulated using different ionic groups. We suggested a way of
varying amphiphilicity of these compounds which is to introduce different amount
of hydrophobic n-octadecylurethane tales to hyperbranched core [4, 5, 7] (Fig. 4.1).

The hydrophilic properties of HBP-OILs was varied by changing ionicity of ionic
groups which is dependent on difference in pK, values of an acid and base used; the
ionicity degree increases as the pK, difference gets larger [4—7]. In our study sulfonate
and imidazolium ionic groups exhibited the highest ionicity. The amphiphilicity was
controlled by the ratio of the components. Purification of the synthesized HBP-
OILs was carried out by precipitation from alcohol into diethyl ether or acetonitrile
(the heterocycles used are soluble in these solvents), followed by washing these
compounds with the solvents mentioned.
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Fig.4.1 The amphiphilic protic anionic HBP-OILs with adjustable content of different ionic groups
and n-octadecyl tails. Adapted with permission from [4], copyright (2017) Chemical Society of
Japan, [5], copyright (2016) American Chemical Society, and [7, 27], copyright (2017, 2018)
Springer Nature
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The chemical compositions of the synthesized HBP-OILs are represented in the
Fig. 4.1. It should be mentioned that the incorporated alkylurethane substituents
can be self-associated by means of Van der Waals interactions and hydrogen bonds.
The obtained compounds are viscous liquids at room temperature except HBP-OILs
enreached with alkylurethane substituents which are solid below 50-65 °C. The
compounds are soluble in polar and insoluble in nonpolar organic solvents.

The experimentally found and calculated values of molecular weight (MW)
for the synthesized compounds are in a good agreement (Table 4.1). M, val-
ues obtained from GPC for the compounds [CigH37]24-HBP-([COO]_[HMim]*)g
and [C;gH37]24-HBP-([COO] [HTri]*)g are 12,033 g/mol (My/M, = 1.62) and
12,318 g/mol (M /M, = 1.59), respectively. Thermal stability of the synthesized
compounds according to TGA data decreases with increase in the content of carboxy-
late IL groups (Table 4.1). This is due to the low thermal stability of carboxylate IL
groups as evidenced by the significantly lower T4 (temperature of onset of thermal-
oxidative destruction) value for the compound HBP-([COO]~ [HMim]*)3, containing
only carboxylate imidazolium ionic groups, compared to that of its sulfonate analogue
(HBP-([SO3]~ [HMim]*)35). In accordance with [28], the lower thermal stability of
carboxylate IL groups is due to their lower ionicity compared to sulfonate analogues.

As evidenced by DSC method the structure of the obtained compounds depends
on the content of ionic groups and alkylurethane substituents (Table 4.1). The com-
pounds with maxima content of ionic groups are amorphous and characterized by the
lowest glass-transition temperature (7'y). The T, value of the HBP-OILs decreases
as the ionicity of the ionic groups gets lower (carboxylate-imidazolium HBP-OILs
has a lowest T',). The increase in the content of the aliphatic tales as well as ionicity
of the ionic groups is accompanied by the rise in 7', values.

The exceeding of the alkylurethane fragments content above 8 leads to formation
of crystalline phase due to the propensity of them to crystalize [7]. The melting point
(Ty,) of the crystalline phase is a little affected by changing the content of aliphatic
tales and composition of ionic groups.

The proton conductivity of the obtained HBP-OILs was established by dielec-
tric relaxation spectroscopy under unhydrous conditions and the highest values was
4.04-10~* S/cm at 40 °C and 3.22-10~ S/cm at 120 °C under anhydrous conditions
for the compound HBP-([SO3;]"[HMim]*)3; (Table 4.1) [6]. This is due to the highest
content of ionic groups and their iconicity for that compound.

4.2.2 Colloid-Chemical Characteristics and Self-Assembling
Peculiarities of Hyperbranched Oligomeric Ionic
Liquids in Aqueous Media

Dynamic light scattering (DLS) and AFM data evidence that the obtained HBP-
OILs are surfactants able to form micelles and characterized by CMC in the range
of 2.4-5.5 mg/mL (Table 4.2). The CMC values of the sulfonate HBP-OILs are
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40-50% lower compared to that of carboxylate analogs because of less folded state
of macromolecules that facilitates hydrogen bonding between urethane groups and
therefore stabilization of micelles [5].

It follows from DLS and AFM data that the HBP-OILs form micelles in neu-
tral aqueous solutions two times larger compared to that of starting acid oligomers
(12—-16 nm vs. 5-7 nm correspondingly) [5]. An increase in pH of aqueous medium
has almost no influence on size of micelles because acid groups are in ionized state
under these conditions (Figs. 4.2e-h and 4.3, Table 4.2).

A decrease in pH causes micelles aggregation for carboxylate HBP-OILs resulting
in formation of 100-250 nm assemblies (Figs. 4.2a, b and 4.3 a, b, Table 4.2).

It should be mentioned that imidazolium compounds form smaller micelles and
micelle aggregates in comparison with triazolium analogs because of different ion-
icity and thus conformations of macromolecules.

The size distribution of the HBP-OILs assemblies in aqueous solutions at dif-
ferent pH is obtained from DLS (Fig. 4.3). DLS results showed that a narrow size

0 00 20 300
XY (nm)

XY (nm)
Fig. 4.2 AFM images of HBP-OILs [Ci3H37]16-HBP-([COO]~ [HMim]*)¢ (at pH 5.2 (a) and
at pH 11.6 (e)), [CisH37]16-HBP-([COO] [HTri]*)16 (at pH 5.2 (b) and at pH 11.6 (f)),
[CisHz37]16-HBP-([SO3]~ [HMim]*); (at pH 5.2 (c) and at pH 11.6 (g)) and [C 3Hz37]16-HBP-
([SO3]"[HTri]")16 (at pH 5.2 (d) and at pH 11.6 (h)) aqueous solutions deposited at pH 5.2 and pH
11.6 on silicon wafers and the corresponding height profiles along the lines. Scale bar is 200 nm.
TEM image (insert on image (a)) of the HBP-OIL [C3H37]16-HBP-([COO] [HTri]*)16 assem-
blies deposited from pH 5.2 solutions on carbon-formvar-coated copper grids. Reproduced with
permission from [5], copyright (2016) American Chemical Society
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Fig. 4.3 Size distribution of micelles and their aggregates for HBP-OILs [CigH37]i6-
HBP-([COO] [HMim]*);6 (a), [C1sH37]16-HBP-([COO] [HTri]*)16 (b) and [Ci3H37]16-HBP-
([SO3]1"[HMim]*)6 (¢), [C18H37]16-HBP-([SO3] [HTri]")16 (d) in aqueous solution at different
pH according to DLS data. Concentration of HBP-OILs is 0.2 mg/ml. Reproduced with permission
from [5], copyright (2016) American Chemical Society

distribution (+4--14 nm) is characteristic of the compounds with high ionicity of
ionic groups (sulfonic HBP-OILs, Fig. 4.3c, d, Table 4.2) and high pH values of
the medium (pH 11.6, Fig. 4.3a—d), while the assemblies formed by the carboxy-
late HBP-OILs in an acidic environment (pH 5.2) are characterized by a wide size
distribution (£30-+-60 nm) (Fig. 4.3a, b, Table 4.2).

Difference in the size distribution of the assemblies are also explained by the
different extent of ionization of ionic groups; in particular, the wide distribution
for carboxylic HBP-OILs at low pH is due to the low degree of ionization of ionic
groups, which contributes to the micelle aggregation with large-sized supramolecular
formation showing a corresponding statistical distribution.

Increasing the ionic strength of aqueous solutions via increase in NaCl concen-
tration up to 0.1 M causes formation of micelles assemblies of 180-210 nm in size
for carboxylate compounds [C;gH37]16-HBP-([COO] [HMim]*);¢ and [CigH37]16-
HBP-([COO] [HTri]")¢ [5]. Further increase in the ionic strength leads to sedimen-
tation. In case of sulfonate compounds ([CgH37]16-HBP-([SO3] [HMim]*),¢ and
[C13H37116-HBP-([SO3] [HTri]*)6) the exceeding NaCl concentration of 0.6 M is
accomplished by sedimentation [5]. The values of ¢-potentials for the compounds in
aqueous solutions depends a little on pH and are in the range of —50 and —67 mV in
accordance with electrophoretic light scattering (ELS) results (Table 4.2). The latter
indicates high stability of micelles and their assemblies.

4.2.3 Assembly of Hyperbranched Oligomeric Ionic Liquids
at Water/Air Interface

The values of the limiting mean molecular area (MMA) for the obtained HBP-OILs
at water/air interface established by the LB method from the surface pressure-area
isotherms are in the range of 13.8—18.6 nm?/molecule (Fig. 4.4, Table 4.2).
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Fig. 4.4 Pressure-area 40 -
isotherms for HBP-OILs
[C18H37]16-HBP-
([COO] [HMim]*)6 (1),
[C18H37]16-HBP-
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The sulfonate HBP-OILs are characterized by a larger MMA values compared to
the carboxylate analogues due to more expanded conformation of sulfonate macro-
molecules as a result of their high ionicity. Also, the values of MMA for triazolium
HBP-OILs are larger in comparison with those for imidazolium analogues due to
solvation of imine group in triazolium ring by water molecules. In [4], we showed
that when the number of ionic liquid groups in both imidazolium and triazolium car-
boxylate HBP-OILs are 24 and 16, the isotherms are characterized by the presence
of the sections corresponding to gaseous and liquid states of Langmuir monolayers.
Only when the content of ionic-liquid groups is minimum (8 groups) the isotherm
sections corresponding to the solid state of the monolayer appeared.

The LB films of carboxylate imidazolium HBP-OILs with different content
of ionic-liquid groups at a surface pressure in monolayers of 5 mN/m were
obtained (Fig. 4.5) [4]. As the hydrophobic content is increased, the surface mor-
phologies change from smooth featureless monolayers (compound [C3H37]s-HBP-
([COOJ [HMim]*),4, Fig. 4.5a) to 2D surface micelles of 1-2 wm in diameter
(compound [C;gH37]16-HBP-([COO] [HMim]*)6, Fig. 4.5b) and ultimately fractal-
like aggregates (compound [C;gH37]s-HBP-([COO] [HMim]*),4, Fig. 4.5¢). Surface
aggregation will compromise interfacial stability.

4.3 Assembly of Linear and Hyperbranched Thermally
Responsive Oligomeric and Polymeric Ionic Liquids
in Aqueous Media and at the Water/Air Interface

The authors offered the direction of development of stimuli-responsive HBP-PILs,
sensitive in terms of the structural organization of their supramolecular assemblies to
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(b)

Fig. 4.5 AFM images of HBP-OILs [C3H37]3-HBP-([COO] [HMim]* )24 (a), [C1sH37]16-HBP-
([COO] [HMim]*)6 (b) and [C13H37]24-HBP-([COO] [HMim]*)g (¢) LB films obtained at a sur-
face pressure of 5 mN/m (scale bar 1 pm). Z-scale of all AFM images is 10 nm. Reproduced with
permission from [4], copyright (2017) Chemical Society of Japan

temperature changes [29]. This direction was realized in the aspect of the synthesis of
protic anionic HBP-PILs and their linear oligomeric analogs (OILs) with adjustable
hydrophilic-hydrophobic balance, which contain thermally responsive macrocations
showing LCST behavior.

These compounds are products of neutralization of linear and hyperbranched
polyesters with terminal carboxyl groups by monoamine terminated poly(N-
isopropylacrylamide) (PNIPAM) with M, = 2500 g/mol. The synthesized com-
pounds with ammonium thermally responsive PNIPAM macrocations are character-
ized by LCST at 33-35 °C [29]. This LCST behavior allows to adjust hydrophilic-
hydrophobic properties of the compounds by temperature change and to control
their self-organization in the aqueous solutions, at the water/air interface and in LB
monomolecular ultrathin film. In addition, the hydrophilic-hydrophobic properties
of these compounds were regulated by the content of ionic-liquid groups in their
composition. It should be noted that the comparison of the self-assembling behavior
of the synthesized HBP-PILs with their linear oligomeric analogs makes it possi-
ble to establish an understanding of the influence of the branched structure on their
structuring process.

4.3.1 Synthesis of Thermally Responsive Linear
and Hyperbranched Oligomeric and Polymeric Ionic
Liquids

Poly(di(ethylene glycol) adipate) (PDA) M, = 800 g/mol containing two terminal
hydroxyl groups was used as an initial linear oligomer for synthesis of the linear
OILs. This oligoester simulates chemical composition and amphiphilic properties
of hyperbranched core of the HBP-PILs. A third-generation commercially available
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HBP-OH Boltorn®H30, containing 32 terminal hydroxyl groups, was used as an
initial oligomer for synthesis of the HBP-PILs. Introduction of terminal carboxyl
groups into the composition of the above polyesters was carried out by reaction of
acylation of the terminal hydroxyl groups with phthalic anhydride. The synthesized
polycarboxylic acids were further used to produce the thermally responsive OILs
and PILs by both partial (neutralization level 50%) and complete neutralization by
the primary amino groups of PNIPAM (Fig. 4.6).

The abbreviation used to refer to the synthesized compounds reflects both the
structure of macromolecules and the degree of neutralization of their terminal
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carboxyl groups (Fig. 4.6). The linear oligomeric dicarboxylic acid and its par-
tial (50%) and complete neutralized products are hereinafter referred to as PDA-
[COOH],, [HOOC]-PDA-([COO][H3N-PNIPAM]*) and PDA-([COO]~[H;3N-
PNIPAM]"), correspondingly and their hyperbranched analogues are referred
to as HBP-[COOH]ls,, [HOOC];6-HBP-([COO]~[H3N-PNIPAM]*);6 and HBP-
([COO]~ [H3N-PNIPAM]*);3; respectively (Fig. 4.6). The compounds obtained were
purified by reprecipitation from ethyl alcohol to diethyl ether.

The synthesized compounds are solid substances at room temperature, soluble in
polar and insoluble in non-polar solvents. The solubility of these OILs and PILs in
water is determined by the content of ionic groups in their composition: the increase
in the content of ionic groups with PNIPAM fragments in the composition of the
OILs and PILs favors their solubility in water at room temperature. Based on the
content of carboxyl groups in the composition of initial oligomers, the degree of
neutralization of carboxyl groups and the molecular weight (MW) of PNIPAM, the
MW of synthesized linear OILs and hyperbranched PILs was determined (Table 4.3).
The MW found and calculated on the basis of ideal compound formulas are close
(Fig. 4.6).

According to DSC data the polycarboxylic acids, the OILs and the PILs are
amorphous without any signs of crystallization which are characterized by high
T, (Table 4.3). T, values of the synthesized compounds increase with increasing
the content of the thermally responsive PNIPAM macrocation in their composition
(Table 4.3), which is associated with the high rigidity of the PNIPAM macrocations
(T values for PNIPAM are in the range of 110-140 °C) [30]). T values for the
hyperbranched PILs is much higher than those for linear OILs. For example, T’y
values of compounds [HOOC];¢-HBP-([COO]~ [H3N-PNIPAM]");¢ and [HOOC]-

Table 4.3 MW characteristics and T values of the synthesized polycarboxylic acids, OILs and
PILs

Sample Peripheral groups MW (g/mol) T (°C)
(%)
—COOH | PNIPAM | Calculated | Found
Linear architecture
PDA-[COOH], 100 0 1096 1107 | -
[HOOC]-PDA-([COO]~[H3N- 50 50 3596 3607 | 54
PNIPAM]")
PDA-([COO]~ [H3N-PNIPAM]*), 3 97 6096 5957 | 77
Hyperbranched architecture
HBP-[COOH]3, 100 0 8480 8471 34
[HOOC]6-HBP-(|COO]~[H3N- 51 49 48480 47671 | 94
PNIPAM] )16
HBP-([COO]~ [H3N-PNIPAM]*)3, 3 97 88480 86071 | 99

Adapted with permission from [29], copyright (2018) American Chemical Society
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PDA-([COO]~[H3N-PNIPAM]*) are 94 °C and 54 °C respectively (Table 4.3). The
increase in T, when the structure is changed from linear to hyperbranched is most
likely related to an increase in the content of terminal functional groups and corre-
spondingly rigid PNIPAM macrocations [3-7].

The turbidity experiment revealed that the LCST for the thermally responsive OILs
and PILs is in the range of 33-35 °C (Table 4.4) and reduced by 1-3 °C compared to
the values of typical PNIPAM containing OILs and PILs [31-33]. That is probably
related to destabilization of salvating aqueous shell and salting out the PNIPAM
fragments by ionic groups [34, 35]. Furthermore, the width of LCST transition for
these compounds is within 1-2 °C which is narrower than usual LCST transition for
PNIPAMs [5, 11, 29, 36, 37].

4.3.2 Assembly and Phase Transformations of Thermally
Responsive Oligomeric and Polymeric Ionic Liquids
in Aqueous Media

In aqueous media linear and hyperbranched compounds forms nanosized micellar
assemblies with negative ¢-potential below LCST (Fig. 4.7, Table 4.4). According
to DLS, the hydrodynamic diameter of micellar aggregates formed by the starting
oligomeric polycarboxylic acids of linear and hyperbranched structure is 448 =+
55 nm (Fig. 4.7a) and 226 =+ 109 nm, respectively (Fig. 4.7d). The size of the micellar
aggregates from initial PDA-[COOH], and HBP-[COOH]3, is comparable with those
for described in [38, 39] carboxylated hyperbranched polyesters. When the acids
are neutralized by PNIPAM they form polydisperse assemblies with temperature
dependent size (Fig. 4.7b, c, e, f, Table 4.4).

In this case, the size of such assemblies increases above LCST, which is associated
with the transition of the PNIPAM macrocations into hydrophobic collapsed state,
facilitating the coagulation of micelles and their aggregates [29, 40, 41]. It should be
noted that the assemblies of compounds [HOOC]-PDA-([COO]~ [H3;N-PNIPAM]*)
and HBP-([COO]~[H3N-PNIPAM]")3, are characterized by bimodal size distribu-
tion below (Fig. 4.7b) and above (Fig. 4.7f) LCST correspondingly, which can be
related to ordering of macromolecules with various macrocation associations.

Completely neutralized linear oligomeric acid (compound PDA-([COO]~[H;N-
PNIPAM]*),) forms larger micellar aggregates (Fig. 7c, Table 4.4) than hyper-
branched analogue (HBP-([COO]~ [H3N-PNIPAM]*)3, does (Fig. 4.7f, Table 4.4).
The decrease in size of such supramolecular structures is observed as a result of
rise in content of PNIPAM component independently of the compounds architecture
(Fig. 4.7a—f, Table 4.4). The size of micelles and micellar aggregates formed by linear
OILs are in a good agreement with those for known thermally responsive polymers
[42] and PILs [43] containing PNIPAM fragments.

Additional confirmation of spherical shape of OILs and PILs assemblies below
LSCT comes from TEM images (Fig. 4.7g-1). TEM images evidence about larger
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Fig.4.7 Size distribution of micellar assemblies of linear compounds PDA-[COOH]; (a), [HOOC]-
PDA-([COO]~ [H3N-PNIPAM]Y) (b), PDA-([COO]~[H3N-PNIPAM]*), (¢) and hyperbranched
compounds HBP-[COOH]3; (d), [HOOC];6-HBP-([COO]~ [H3N-PNIPAM]*);6 (e), and HBP-
([COO]~ [H3N-PNIPAM] )3 (f) in aqueous media at 23 + 0.2 °C and at 38 & 0.2 °C according
to DLS and corresponding TEM images (scale bar is 500 nm). Reproduced with permission from
[29], copyright (2018) American Chemical Society
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size of assemblies derived from compounds of linear architecture compared with
those from hyperbranched analogues. (Fig. 4.7g—1, Table 4.4). Reducing size of the
assemblies with rise in content of the thermally responsive component was also
confirmed by TEM images (Fig. 4.7g-1, Table 4.4).

According to ELS data recorded at temperature below LCST, the initial hyper-
branched oligomeric acid HBP-[COOH]s; is characterized by the higher value of ¢-
potential compared to the linear analogue PDA-[COOH], (—31 4 1.6 mV against —
9.4 4.6 mV correspondingly, Table 4.4) as aresult of higher content of acidic groups
[4]. Introduction of the PNIPAM component in composition of the oligomeric acids
causes surface negative charge screening thereby significantly decreasing ¢-potential
of assemblies independently of the compounds architecture (Table 4.4).

At the same time, the variation of the compound architecture (linear or hyper-
branched) as well as the amount of PNIPAM macrocations plays a critical role
in the design of multi-length scale micellar morphologies above LCST. When
linear OILs [HOOC]-PDA-([COO]~[H3N-PNIPAM]*) and PDA-([COO][H3N-
PNIPAM]*), are deposited on silicon wafers above the LCST, they form micellar
structures, namely submicron worm-like or network-like aggregates (Fig. 4.8a, b).

In contrast to the linear OILs, the branched PILs forms large vesicles (giant vesi-
cles [44]) (Fig. 4.8c) or highly uniform, smaller spherical micelles above the LCST
(Fig. 4.8d). Moreover, increasing the degree of neutralization up to 100% (compound

(c)

3
%
=

Fig. 4.8 SEM images of compounds [HOOC]-PDA-([COO] [H3N-PNIPAM]*) (a), PDA-
([COO]~ [H3N-PNIPAM]*), (b), [HOOC]6-HBP-([COO]~ [H3N-PNIPAM]*)16 (¢) and HBP-
([COO]~ [H3N-PNIPAM]")3; (d) deposited on silicon wafers from aqueous solutions at 50 4 0.5 °C
(scale bar is 20 wm) and corresponding size distributions of the assemblies (inserts). Reproduced
with permission from [29], copyright (2018) American Chemical Society



110 A. V. Stryutsky et al.

2000 {
) |
15004
= 3} -
. § 1000
~N ]
3 m
0.
0 )
™
“@o
N 0 N

Fig. 49 AFM images of compounds [HOOC]-PDA-([COO] [H3N-PNIPAM]*) (a), PDA-
([COO]~ [H3N-PNIPAM]*), (b), [HOOC]6-HBP-([COO]~ [H3N-PNIPAM]*);6 (¢) and HBP-
([COO]~ [H3N-PNIPAM]*)3; (d) deposited on silicon wafers from aqueous solutions at 50 +
0.5 °C and corresponding height profiles along white lines (e-h). Scale bars are 5 pum for (a—c) and
2 pm for (d). Z scale is 70 nm (a), 800 nm (b), 2.3 pm (c), and 500 nm (d). Reproduced with
permission from [29], copyright (2018) American Chemical Society

HBP-([COO]~ [H3N-PNIPAM]*)3,) leads to formation of chain-like aggregates of
much smaller and highly uniform spherical micelles without fusion (Fig. 4.8d).

AFM images of dried micellar assemblies above the LCST confirm that [HOOC]-
PDA-([COO]~ [H3N-PNIPAM]") (Fig. 4.9a) and PDA-([COO]~ [H3N-PNIPAM]*),
(Fig. 4.9b) OILs form submicron aggregates with network-like and spheri-
cal morphology. On the other hand, HBP-PILs [HOOC];c-HBP-([COO]~[H;N-
PNIPAM]*);6 (Fig. 4.9c) and HBP-([COO]~[H3N-PNIPAM]*);3, (Fig. 4.9d) are
assembled into giant vesicles and smaller spherical aggregates that correlates with
SEM data (Fig. 4.8c and d correspondingly).

Furthermore, the temperature-triggered transformation of PNIPAM macrocations
of the OILs and HBP-PILs at temperature above LCST shifts the ¢-potential of the
assemblies from about —3 mV to +13 mV for the linear compounds and from
—10 mV to ~0 mV for the hyperbranched compounds at maximum content of ther-
mally responsive macrocations (Table 4.4). This shift indicates folding the PNIPAM
fragments which screen the surface ionic groups of the assemblies that favors the
compound aggregation above the LCST [5].

4.3.3 Assembly of Thermally Responsive Oligomeric
and Polymeric Ionic Liquids at Water/Air Interface

The features of self-organization of the initial polycarboxylic acids (PDA-[COOH],,
HBP-[COOH]x,), linear OILs ([HOOC]-PDA-([COO]~[H3N-PNIPAM]*) and
PDA-([COO]~[H3N-PNIPAM]*),), and hyperbranched PILs ([HOOC];s-HBP-
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([COO]~ [H3N-PNIPAM]*) 6 and HBP-([COO] [H3N-PNIPAM]*)3,) in Langmuir
monolayers at water/air interface and in LB films on silicon wafers were studied. The
effect of the architecture and content of thermally responsive PNIPAM macrocations
on the assembly at different temperatures was shown.

The pressure-area isotherms were found for all samples (PDA-[COOH],,
[HOOC]-PDA-([COO]~ [H3N-PNIPAM]"), PDA-([COO]~ [H3N-PNIPAM]*),,
HBP-[COOH]s,, [HOOC]c-HBP-(JCOO]~ [H3N-PNIPAM]*);¢ and HBP-
([COO]~[H3N-PNIPAM]*)3;) at both 23 and at 37 °C using the LB trough
(Fig. 4.10). The synthesized compounds form stable Langmuir monolayers at
water/air interface and their compression isotherms are characterized by the pres-
ence of the sections corresponding to gaseous, liquid and solid state of monolayers
[18, 19].

When heated, PNIPAM macrocations demonstrates LCST behavior while
the oligoester component in aqueous media shows no temperature depen-
dence [29, 34]. Therefore, no change in the isotherms between 23 and 37 °C
for the oligomeric acids (samples PDA-[COOH], and HBP-[COOH]s;) was
expected (Fig. 4.10). In contrast to initial acids, there is a substantial differ-
ence (including MMA, see below Table 4.5) between the isotherms of the com-
pounds containing PNIPAM macrocations (samples [HOOC]-PDA-([COO]~[H;N-
PNIPAM]"), PDA-([COO]~[HsN-PNIPAM]"),, [HOOC]c-HBP-([COO]~[H3N-
PNIPAM]");6 and HBP-([COO]~ [H3N-PNIPAM]*)3,) at 23 and 37 °C (Fig. 4.10).
The profiles of the obtained curves indicate an increase in the critical pressure in
monolayers, leading to their collapse, with increasing the content of ionic groups in
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Fig. 4.10 Pressure-area isotherms for the polycarboxylic acids, the OILs and the HBP-PILs mono-
layers at water/air interface: a for linear compound PDA-[COOH], (at room temperature (1)
and at 37.9 °C (4)), [HOOC]-PDA-([COO]~ [H3N-PNIPAM]*) (at room temperature (2) and at
37.9 °C (5)) and PDA-([COO]~ [H3N-PNIPAM]*), (at room temperature (3) and at 37.9 °C (6));
b for hyperbranched compound HBP-[COOH]3, (at room temperature (7) and at 37.9 °C (10)),
[HOOC];6-HBP-([COO]~ [H3N-PNIPAM]") ¢ (at room temperature (8) and at 37.9 °C (11)) and
HBP-([COO]~ [H3N-PNIPAM]*)3, (at room temperature (9) and at 37.9 °C (12))
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Table 4.5 Limiting MMA of the synthesized polycarboxylic acids, OILs and PILs at water/air
interface and roughness of LB films based on them at room temperature and at 37 °C

Sample MMA Roughness? (nm)
(nm?/molecule)
At23°C | At37°C | At23°C | At37°C
Linear architecture
PDA-[COOH], 14 0.9 1.13 1.32
[HOOC]-PDA-([COO]~ [H3N-PNIPAM]*) 6.4 5.3 1.35 1.29
PDA-([COO]~ [H3N-PNIPAM]*), 8.9 114 1.34 1.11
Hyperbranched arcitecture
HBP-[COOH]3, 12.1 10.6 1.14 1.15
[HOOC];6-HBP-([COO]~ [H3N-PNIPAM]")1¢ | 68.7 66.7 1.27 1.15
HBP-([COO]~ [H3N-PNIPAM]*)3; 191.2 204.4 143 1.23

210 x 10 pm surface area

the composition of the compounds, as well as temperature exceeding the LCST in
the presence of thermally responsive component.

Using the pressure-area isotherms (Fig. 4.10), the limiting MMA was found
for all samples (Table 4.5). The MMA values for the hyperbranched sam-
ples (HBP-[COOH]s,, [HOOC];6-HBP-([COO]~[H3N-PNIPAM]*);s and HBP-
([COO]~[H3N-PNIPAM]*)3;) are much higher than those for the linear ana-
logues (PDA-[COOH],, [HOOC]-PDA-([COO] [H3N-PNIPAM]*) and PDA-
([COO]~[H3N-PNIPAM]*),) below LCST. In addition, a large increase in MMA
can be seen with increasing PNIPAM content for all compounds studied here. For
example, the MMA values of linear and hyperbranched compounds increase by
~270% and by ~30% when PNIPAM content increases from 50 to 100% (Table 4.5).

The decrease in limiting MMA for the initial oligomeric acids (by 36% and 12%
for samples PDA-[COOH], and HBP-[COOH]3, correspondingly (Table 4.5)) can
be promoted by slight rearrangement and better molecular packing of the hydropho-
bic parts of the molecules due to the higher energy from the increased tempera-
ture [45]. At the same time, the MMA values for the compounds with partially
neutralized carboxylic groups (samples [HOOC]-PDA-([COO]~ [H3;N-PNIPAM]*)
and [HOOC]4-HBP-([COO]~ [H3N-PNIPAM]*);¢) decreased less (by 17% and 3%
correspondingly) in comparison with initial oligomeric acids as the temperature
increased (Table 4.5). This trend of MMA of linear and hyperbranched compounds
can be attributed to the rearrangement of the PNIPAM component as it changed from
a swollen hydrophilic state below LCST to a condensed hydrophobic state above
LCST. If the condensed hydrophobic PNIPAM fragments positioned themselves out
of the water and above the oligoester hydrophobic component, only a small decrease
in limiting MMA would be seen (Fig. 4.11).
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Fig. 411 Conformational behavior of the synthesized linear (a) and hyperbranched (b) polycar-
boxylic acids, OILs and PILs at water/air interface at both room temperature and 37 °C

Unlike the compounds with partially neutralized carboxylic groups
([HOOC]-PDA~([COO]~ [H3N-PNIPAM]*) and [HOOC],c-HBP-(JCOO][H3N-
PNIPAM]")6) the limiting MMA for the fully neutralized compounds (PDA-
([COO]~ [H3N-PNIPAM]*), (Fig. 4.10a) and HBP-([COO]~[H3N-PNIPAM]*)3,
(Fig. 4.10b) increased by 28% and 7% correspondingly as the temperature increased
(Table 4.5). Because the size of hydrophobic oligoester component is limited,
only a limited amount of condensed PNIPAM segments can position themselves
directly above the oligoester hydrophobic component (Fig. 4.11), and the rest of the
PNIPAM groups spread on the water surface. Therefore, the limiting MMA would
increase if too many PNIPAM groups are added [46, 47].

The AFM images of LB films formed by initial oligomeric acids PDA-[COOH],
and HBP-[COOH]s;, at 23 and 37 °C at surface pressure of 5 mN/m which cor-
responds to solid state of Langmuir monolayer (Fig. 4.10) show no temperature
dependence and no visible micelles (Fig. 4.12). The explanation for this result can
be that these compounds do not have sufficient hydrophobic parts to form spheres
with the correct proportions of hydrophobic centers and hydrophilic surfaces. No
micelles were observed under the same conditions for any of the linear OILs.

In contrast to linear OILs, branched PILs (samples HBP-PILs [HOOC]16-HBP-
([COO]-[H3N-PNIPAM]+)6 and HBP-([COO]-[H3N-PNIPAM]+)s3;) form aggre-
gates of 1-2 wm in size above LCST (Fig. 4.12b). We suggest that the aggregation
of HBP-ILs can be explained by increasing hydrophobicity of the compounds as a
result of PNIPAM folding [4, 5].

In addition, we found a slight increase in (~10%) surface microroughness (deter-
mined on area of 10 x 10 wm) of the obtained LB films with increasing PNIPAM
content for HBP-ILs (Table 4.5). There is also a more significant decrease in the
surface roughness of the films by 5-20% as temperature increased (Table 4.5). Such
behavior of the compounds indicates the existence of spatial hindrances at tempera-
tures below LCST caused by bulk PNIPAM substituents in the expanded state, which
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(a) (b)
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(ICOOHH,N-PNIPAM]),,

PDA-
(ICOO] [H,N-PNIPAM]).
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(ICOO] [H N-PNIPAM] ).

Fig. 412 AFM images of LB films formed by the polycarboxylic acids, the OILs and the PILs
of linear (a) and hyperbranched (b) architecture at a surface pressure of 5 mN/m at 23 and 37 °C
(scale bar is 1 pwm)

prevents a dense packing of macromolecules. This results in rougher surface of the
films. On the other hand, at temperatures above LCST the collapsed state causes a
decrease in spatial hindrances and favors the formation of smoother films.

Overall, we demonstrated the variation of the content of ionic groups with PNI-
PAM macrocations in the composition of the synthesized linear and hyperbranched
compounds allows us to obtain the smooth (microroughness <1.5 nm) ultrathin films
with various morphologies which are promising for use as polyelectrolyte coatings
with an adjustable thermally responsive structure in microelectronics, sensors, cat-
alytic systems, and surface-orientation layers.

4.4 Conclusions

In this study, we summarize our recent efforts on synthesis and aqueous assembly
of series of amphiphilic anionic protic oligomeric and polymeric ionic liquids based
on hyperbranched polyfunctional acids core with various neutralization degrees of
the peripheral carboxyl or sulfonic acid groups with N-methylimidazole (Im) and
1,2,4-1H-triazole (Tr) or monoamine-terminated poly(N-isopropylacrylamide)s, and
their linear analogues. We find that introduction of long-chain aliphatic tails into the
composition of the synthesized compounds enables them to form a crystalline phase.
Moreover, these amphiphilic oligomeric and polymeric ionic liquids show unique
chemically- and thermally-induced self-assembling behaviour with morphologies
tuned by a chemical architecture, namely the content of hydrophilic ionic groups or
hydrophobic long-chain aliphatic tails and linear or hyperbranched architecture of
initial polycarboxylic acids.
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The assembly of these compounds into core—corona micelles in aqueous media
in a wide range of pH and ionic conditions was established. The introduction of long
hydrophobic aliphatic tails to starting hydrophobic hyperbranched core influences
more significantly on the size of micellar assemblies than the introduction of ionic
groups does. Regulation of HBP-OILs amphiphilicity can be realized by varying the
extent of ionization of terminal groups by changing pH or ionic strength. A more
loose conformation of macromolecules at water/air interface is characteristic for the
sulfonate HBP-OILs that is due to their higher ionicity compared to carboxylate
analogues.

As the content of aliphatic long-chain hydrophobic tails is increased, the sur-
face morphology of LB films of carboxylate imidazolium HBP-OILs is varied from
smooth featureless monolayers to 2D surface micelles and ultimately fractal-like
aggregates.

The thermally responsive HBP-PILs were obtained by neutralization of termi-
nal carboxyl groups of aliphatic polyester core by monoamine-terminated PNIPAM
(50 and 100%). These compounds possessed LCST behavior with a narrow LCST
window and are amorphous in condensed state.

The OILs and PILs self-assemble into spherical micelles and their aggregates of
different morphologies that is determined by their chemical structure. When tempera-
ture is higher than LCST the formation of spherical micelles, network-like aggregates
and large vesicles is observed. In opposite to initial cores prone to form spherical
domains the thermally responsive compounds are able to self-assemble into elon-
gated unimolecular nanodomain. Increasing PNIPAN content in the composition of
the compounds and exceeding LCST contribute to the increase in the area occupied
by macromolecules at water/air interface. It was shown that the formation of large
micellar aggregates of few pm in LB films was observed only for the HBP-PILs and
at temperature above LCST.

Such a variation of chemical architecture of ionic compounds promotes multiscale
tuning of the morphology of their assemblies which are not accessible to low molar
mass ionic liquids. This novel morphological tunability can open a new pathway to
compounds and materials with unique transport characteristics for ion-conducting
media for different electrochemical devices, drug-delivery systems, tissue engineer-
ing, membrane and sensor technologies, catalytic systems, functional ultrathin coat-
ings for optics, microelectronics and surface-orientation layers.
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