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Abstract 

Thermo-responsive ionic polymers have the ability to form adaptive and switchable 
morphologies, which may offer enhanced control in energy storage and catalytic applications. 
Current thermo-responsive polymers are composed of covalently attached thermo-responsive 
moieties, restricting their mobility and global dynamic response.  Here, we report the synthesis 
and assembly at the water-air interface of symmetric and asymmetric amphiphilic thermo-
responsive hyperbranched polymers with weakly ionically bound arms of amine-terminated 
poly(N-isopropylacrylamide) (PNIPAM) macro-cations. As we observe, symmetric branched 
polymers formed multimolecular nanosized micellar-assemblies, whereas corresponding 
asymmetric polymers formed large, interconnected worm-like aggregates.  Dramatic changes in 
localized and large-scale chemical composition confirmed the reversible adsorption and desorption 
of the mobile PNIPAM macro-cations below and above the low critical solution temperature 
(LCST) and their non-uniform redistribution within polymer monolayer.  Increasing the 
temperature above LCST led to the formation of large interconnected micellar aggregates because 
of the micelle-centered aggregation of the hydrophobized PNIPAM macro-cationic terminal 
chains at aqueous subphase. Overall, this work provides insights in the dynamic nature of the 
chemical composition of branched ionic polymers with weakly ionically bound thermo-responsive 
terminal chains and its effect on both morphology and surface chemistry at LCST transition. 
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1. Introduction 

Polymers bearing multifunctional ionizable groups in different configurations have emerged 

over the last decades due to their broad chemical structures, physicochemical properties, and 

ability to form various dynamically controlled morphologies depending on external stimuli such 

as ionic strength.1,2 A variety of different morphologies has been reported including spherical 

micelles, vesicles, cylindrical micelles, star-like, and lamellar mesophases leading to unique 

properties and applications.3, 4, 5, 6, 7 Specifically, multimolecular micellar-like morphologies play 

an important role in biomedical and industrial applications due to their potential as drug delivery 

systems and catalytic nanoreactors.8, 9  On the other hand, elongated and interconnected ion-

conductive morphologies with enhanced transport abilities are of interest in electronic and energy 

storage applications.10 

The assembly of polymers with ionizable groups depends on the polymer architecture, terminal 

groups, and the ratio between hydrophobic and hydrophilic segments.11 For example, spherical 

micellar structures with sizes of 100 – 500 nm were formed from star-shaped poly(ionic liquid)s 

(PILs) based on imidazolium/bis(trifluoromethane)sulfonimide with different lengths of the arms.4 

Similarly, the length of the alkyl chains of amphiphilic linear polymers composed of N-imidazole-

3-propylmethacrylamide and alkyl (methyl and ethyl) chains controls the spontaneous polymer 

self-assembly in water and may lead to the formation of vesicles with much smaller sizes down to 

60 nm.3 Well-defined onion-like and ellipsoid-like nanoparticles of 50 nm across with internal 

subdomains of 5 nm were also observed to form from linear PILs containing 1,2,4-triazolium-

based ionic liquid monomers (TILMs).5  

As a way to control the polymer assembly and realize complex pre-programmed and responsive 

morphologies as triggered by low critical solution transition (LCST), thermo-responsive ionic 

polymers have been synthesized and investigated.12 Typically, such polymers are linear random 

copolymer or block copolymers composed of covalently-connected thermo-responsive moieties 

and ionizable groups.13, 14, 15, 16 For example, amphiphilic diblock copolymers of hydrophobic 

polyisobutylene (PIB) coupled with hydrophilic poly(2-ethyl-2-oxazoline) (PetOx) via 

imidazolium groups exhibited an LCST transition at 72 oC – 90 oC and formed supramolecular 

assemblies such as spherical or elongated micelles, and wormlike aggregates depending on the 

composition of the hydrophilic/hydrophobic segments.17 As it has been shown, the variation of the 

block length ratio by shortening the PEtOx block while keeping the PIB block length constant 
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changes the geometric constrains for spherical micellar packing leading to a transition to 

cylindrical micellar morphologies.17  

Only a handful of reports have focused on compact hyperbranched ionic thermo-responsive 

LCST polymers with different chemical compositions of terminal groups.18, 19, 20, 21  For example, 

the synthesis of hyperbranched poly(3-ethyl-3-hydroxymethyloxetane) (PEHO) cores with inner 

polyionic imidazolium and outer thermo-responsive polyoxazoline (POx) shells has recently been 

reported.18 The hyperbranched polymers formed micelles and demonstrated an LCST in an 

aqueous medium between 21 oC and 93 oC depending on their polarity and the 

hydrophilicity/hydrophobicity balance.18 However, in these reports the thermo-responsive 

moieties were firmly covalently attached to the polymers restricting their mobility and dynamic 

response in solution. 

In contrast, the synthesis and assembly of thermo-responsive LCST polymers composed of 

hydrophobic polyester cores and weakly ionically tethered PNIPAM terminal macro-cations were 

only recently reported.19, 20, 21 The hyperbranched polymers with weakly-bonded thermo-

responsive segments formed diverse unimolecular organized morphologies such as micelles, disk-

like domains, and network ridge-like domains depending on the polymer composition and 

assembling conditions.20, 21 Molecular dynamics simulations on these branched polymers 

containing sulfonate polyester cores, 16 alkyl arms, and 16 PNIPAM macro-cations suggested high 

mobility of weakly tethered terminal PNIPAM chains.  Indeed, the ionically tethered macro-cation 

chains were able to desorb and dynamically hop between different anionic sulfonate sites of the 

polyester cores.21  

Here, we report on the synthesis and assembly of novel amphiphilic branched polymers with 

weakly-bonded thermo-responsive terminal ionizable groups with symmetric and asymmetric 

peripheral hydrophobic/hydrophilic composition (Scheme 1).  Symmetric hyperbranched 

polymers composed of carboxylate polyester cores with 16 hydrophobic n-octadecyl urethane 

groups and 16 hydrophilic PNIPAM macro-cations and asymmetric polymers composed of the 

same cores and 8 hydrophobic alkyl chains and 24 hydrophilic PNIPAM macro-cations were 

synthesized and studied (Scheme 1). The assembly of multimolecular micellar structures at the 

air-water interface was investigated below and above the LCST transition under different surface 

pressures. We observed that the symmetric hyperbranched polymers formed small micelles that 
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increased in size with pressure and eventually formed continuous networks, whereas the 

asymmetric hyperbranched polymers formed continuous networks even at low surface pressures. 

However, above the LCST temperature, both polymers formed large, interconnected domains 

because of the LCST transition of the PNIPAM macro-cations that leads to increased 

hydrophobicity. Finally, the localized chemical composition and properties of the assembled films 

were investigated using a unique combination of AFM-IR and Peak-Force Kelvin microscopy (PF-

KPFM), scanning probe microscopy (SPM) modes to unravel the role of the mobile thermo-

responsive macro-cations. It was revealed that terminal PNIPAM macro-cations are, in fact, able 

to reversibly dissociate from the anionic cores at LCST temperature resulting in dramatic 

reconfiguration not only the monolayer morphology, but also the distribution of surface 

chemistries and surface charges. 

Scheme 1. Schematic representation (left) and chemical structures (right and bottom) of the 
symmetric (C16P16) and asymmetric (C8P24) thermo-responsive ionic polymers studied in this 
work 
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2. Methods 

Synthesis of hyperbranched polymers. PNIPAM amine terminated (PNIPAM, Mn = 2500 g/ 

mol) was purchased from Sigma-Aldrich. Hyperbranched aliphatic polyester polyol (Boltron H30, 

Perstorp, Mw = 3500 g/mol) composed of 32 hydroxyl terminal groups in the outer shell was 

purified by precipitation of dimethyl formamide (DMF) solution in diethyl ether and drying at 25 

– 30 oC under vacuum for 6h. Similarly, phthalic anhydride was purified by sublimation. All 

solvents, such as DMF, diethyl ether, and ethanol were dried and distilled before use. Ultrapure 

water (resistivity ≥ 18.2 MΩ·cm) was used for all experiments.  

Synthesis of the hyperbranched thermo-responsive ionic polymers was conducted according to 

our previous  report (Ref. 20) by partial blocking of the hydroxyl groups of the hyperbranched 

polyester polyol (HBP-OH) with n-octadecyl isocyanate, acylating the remaining hydroxyl groups 

with phthalic anhydride followed by neutralization of the carboxylate groups of the resultant 

oligomeric acids by the amino groups of PNIPAM (Figure S1). The ratio between the octadecyl 

tails and ionic groups was set as 1:1 (C16P16) and 1:3 (C8P24), respectively (see Supporting 

Information for more details). The synthesized polymers belong to a special category of branched 

polyelectrolytes with a substantial portion of their constitutional units composed of ionized end 

groups.22 The hyperbranched polymers were dissolved in chloroform at a concentration of 20 

mg/ml under stirring overnight at room temperature. 

Langmuir-Blodgett (LB) films. The Langmuir isotherms and LB monolayers on piranha 

treated silicon wafers were obtained using a KSV 2000 minitrough with temperature controlled 

subphase. Solutions of hyperbranched polymers in ethanol at a concentration of 0.2 mg/ml were 

spread dropwise on the water surface and left undisturbed for 30 min to allow for solvent 

evaporation. Compression isotherms at different temperatures were obtained to the maximum 

pressure and the maximum trough area at a rate of 5 mm/min. LB monolayers on silicon wafers 

were deposited by vertical dipping at 1 mm/min at the preferred surface pressure. 

Characterization. Fourier transform infrared (FT-IR) spectra of the polymer powders as 

tablets with KBr were collected using a Bruker Vertex 70 FTIR spectrophotometer within the 800 

– 4000 cm−1 range with a resolution of 4 cm-1 and 200 scans. Proton nuclear magnetic resonance 

(1H NMR) spectra were taken with Varian VXR-400 MHz spectrometer with DMSO-d6 as the 

solvent. Molecular models were constructed using Chem3D 20.1.1(MM2 force field).19 
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Thermal properties were investigated by thermogravimetric analysis (TGA) and differential 

scanning calorimetry (DSC) using a TGA Q600 STD and a DSC Q200 (TA Instruments), 

respectively. Prior to thermal characterization all samples (~ 10 mg) were dried overnight under 

vacuum at 80 oC. TGA was performed within the temperature range of 25 to 500 oC at a heating 

rate of 10 oC/min under nitrogen. DSC was conducted within the temperature range of – 50 to 150 
oC at a heating/cooling rate of 10 oC/min under nitrogen. Two heating/cooling cycles were 

conducted and the curves from the second cycle were used to determine the glass transition 

temperature. 

The LCST was determined by observing the transmittance of aqueous polymer solutions (0.2 

mg/ml) at 500 nm using a Shimadzu UV-3600 Plus Spectrophotometer and heating/cooling the 

solutions with a rate of 1 oC/min. The aqueous polymer solutions were prepared by adding the 

dissolved polymers in ethanol dropwise to water under stirring. Ethanol was evaporated under 

stirring for 48h and mixtures of hyperbranched polymers in water with a concentration of 0.5 

mg/ml were obtained.  

Zeta-potential and size of the hyperbranched polymers in water (0.2 mg/ml) were measured at 

three different temperatures (25 oC, 38 oC, and 50 oC) with a Zetasizer Nano ZS (Malvern 

Instruments, at 633 nm, scattering angle of 173o) in polystyrene cuvettes. The average of three 

measurements was taken. 

The morphology of the assemblies was characterized using atomic force microscopy (AFM) 

with a Bruker Dimension Icon microscope operated in soft tapping mode in air.23 Scans with a 

resolution of 512 x 512 at a scan rate of 0.5 Hz were taken using AFM probes (HQ:XSC11/AI BS) 

with a spring constant of 1.1 – 5.6 N/m and a nominal tip radius of 8 nm. High-resolution images 

were taken using high-resolution AFM probes (MikroMasch, Hi’Res-C18/Cr-Au) with a nominal 

tip radius of 1 nm and a spring constant of 2.8 N/m.  

Surface potential measurements were conducted using Peak-Force Kelvin probe force 

microscopy (PF-KPFM) mode. AFM probes (PFQNE-AL) specifically designed for PF-KPFM 

with a tip radius of 5 nm and a spring constant of 0.8 N/m were used. Images were collected with 

a resolution of 512 x 512, a scan rate of 0.5 Hz, and at a lift height of 100 nm. 

Nanoscale characterization of surface chemical composition (AFM-IR) was performed using 

an Anasys NanoIR2 system operating with top-down illumination.24 The AFM scans were taken 
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in contact mode using AFM probes (PR-EX-nIR2-10) with a tip radius of 40 nm and a spring 

constant of 0.07 N/m. While scanning, the samples were subjected to pulses from a tunable infrared 

source. Individual spectra were taken from 1400 to 1800 cm-1 with a resolution of 4 cm-1 at ten 

different locations on the micellar aggregates and ten locations on the surrounding area for 

comparative chemical composition analysis. Furthermore, chemical mappings of 5 μm x 5 μm 

were obtained at 1738 cm-1 with a resolution of 512 x 512 and a scan rate of 0.4 Hz. 

Contact angle measurements were conducted using a KSV CAM101 system for 40 μl of water 

droplets. The measurements were taken within 10s of the water applications at three different 

locations of each specimen.  

 

3. Results and discussion 

Synthesis of thermo-responsive hyperbranched polymers.  Symmetric and asymmetric 

amphiphilic hyperbranched polymers bearing carboxylate terminal groups and thermo-responsive 

PNIPAM macro-cations weakly bound to the negatively charged terminal groups of the 

hyperbranched cores were synthesized (Scheme 1 and Figure S1). Specifically, the symmetric 

polymers (referred as C16P16) contained 16 hydrophobic n-octadecylurethane arms and 16 

hydrophilic PNIPAM macro-cations, while the asymmetric (referred as C8P24) were composed of 

8 hydrophobic arms and 24 PNIPAM macro-cations.  

The chemical composition of the hyperbranched polymers was confirmed by FT-IR (Figure 1) 

and 1H NMR (Figure S2 and Figure S3). The two polymers had similar FT-IR spectra as they 

were composed of the same chemical moieties. Absorption bands corresponding to aliphatic 

fragments of the hyperbranched core, PNIPAM macro-cations, and octadecyl urethane chains were 

observed. These include bands for νC−H of CH2 at 2876 cm−1, 2932 cm−1, 2974 cm−1, δC−H of 

CH2 and δC−H asymmetric of CH3 at 1457 cm−1, δC−H symmetric of CH3 at 1367 cm−1, 1387 

cm−1, and νC−H of CH3 at 1090 − 1315 cm−1.21 Peaks associated with νC−O−C bonds (1000 − 

1312 cm−1) of ester fragments overlap with the νC−H of CH3.21, 25 Additional absorption peaks at 

1717 − 1736 cm-1 were observed due to ester and carboxylate groups.21, 25 Furthermore, the 

characteristic bands for the PNIPAM amide groups were apparent at ~1649 cm−1 and ~1543 cm−1 

for νC=O amide I at and δN−H amide II, respectively.21, 26 At higher wavenumbers, bands due to 

νC−H of aromatic rings at 3075 cm−1, urethane groups, amide, and ammonium cations at 3100 – 
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3700 cm-1 were observed.21, 26 Increasing the PNIPAM macro-cation content led to an increase in 

the intensity of the PNIPAM associated peaks such as the amide I and amide II peaks, as well as a 

decrease in the intensity of the C=O ester and carboxylate groups. 

 

Figure 1. FT-IR spectra of the symmetric (C16P16) and asymmetric (C8P24) thermo-responsive 
ionic polymers with characteristic vibrational bands.  

 

Overall, 1H NMR spectra show the characteristic signals for the methyl and methylene groups 

of the hyperbranched cores, n-octadecylurethane arms, and PNIPAM chains in the range of 0.74 - 

4.42 ppm (Figure S2 and Figure S3).  Furthermore, peaks of protons from tertiary carbon atoms 

of PNIPAM chains (1.97 - 1.98, 3.85 ppm) were observed.  The signals in the ranges of 7.00 - 8.26 

ppm and 8.76 - 8.77 ppm are attributed to the aromatic rings and amide groups, and ammonium 

cations of PNIPAM, respectively.  The chemical structures and the neutralization degree of the 

hyperbranched polymers is confirmed by both the positions of the NMR peaks corresponding to 

characteristic groups and the ratios of the signal integral areas. 

Thermal behavior. The hyperbranched polymers exhibited similar thermal stability, with a 

degradation temperature at 370 oC and an onset at 181 oC (defined as the 5 wt% degradation 

temperature) (Figure S4a). DSC curves revealed glass transition temperatures at 97.2 oC and 100.1 
oC for C16P16 and C8P24, respectively, with no signs of crystallization (Figure S4b). Increasing 

the number of PNIPAM macro-cations caused an increase in the Tg due to the higher Tg of the 

grafted PNIPAM entities.27, 28 Overall, these values are significantly lower than the Tg values of 

linear high molecular weight PNIPAM containing polymers (110 – 140 oC).27, 28 The lower Tg 
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values are attributed to the hyperbranched polyester cores with glass transition in the range of 25 

to 40 oC and the different glass transition mechanism for branched macromolecules which relies 

on the translational motion of the branches.29, 30  

In aqueous solutions, both polymers exhibited a narrow LCST phase transition (defined as the 

temperature where transmittance decreases by 10%)31 at 36.0 ± 0.2 oC for C16P16 and 34.2 ± 0.3 
oC for C8P24, as shown in Figure 2a-b and Table 1. The LCST values of the synthesized polymers 

are relatively higher to the LCST of traditional linear PNIPAM homopolymers, ~ 32 oC.32 The 

increased LCST temperatures are in agreement with previously reported hyperbranched polymers 

with PNIPAM components and are attributed to the Coulombic interactions between the anionic 

polyester cores and the PNIPAM macro-cations that can stabilize polymers at higher temperatures. 

19, 33  Furthermore, the lower LCST of C8P24 compared to C16P16 is attributed to the increased 

density of the ionically tethered PNIPAM macro-cations that induce the coil-to-globule transition 

at low temperatures.34  

 

Figure 2. (a,b) Transmittance, (c,d) size, and (e,f) zeta potential vs. temperature for (a, c, e) 
C16P16 and (b, d, f) C8P24. Insets in panels (a) and (b) show optical images at 25 oC and 50 oC 
of the polymer aqueous solutions. 
 

Upon cooling, a temperature hysteresis of 2.2 – 2.6 oC was observed for both polymers which 

is smaller compared to literature data for such polymers.35 The narrow temperature hysteresis 
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indicates fast diffusion of water molecules inside the polymer assemblies upon cooling.35  The 

larger hysteresis for C8P24 compared to C16P16 is indicative of diffusion limitations due to the 

higher density of the long PNIPAM macro-cations, collapsed above LCST, that strongly interact 

through hydrogen bonding interactions and lead to slower morphological tansitions.35 

Table 1. Thermal properties of the ionic hyperbranched polymers.  

Samples  25 °C 38 °C 50 °C 

 LCST (oC) DDLS (nm) ζ-pot. (mV) DDLS (nm) ζ-pot. (mV) DDLS (nm) ζ-pot. (mV) 

C16P16 36.0 ± 0.2 61 ± 21 -15.9 ± 1.2 404 ± 51 -12.2 ± 1.4 880 ± 79 2.9 ± 0.6 

C8P24 34.2 ± 0.3 152 ± 30 -12.9 ± 1.1 671 ± 39 -9.4 ± 2.9 1260 ± 90 -1.8 ± 1.0 

 

Additionally, the hyperbranched polymers showed a temperature-induced size change resulting 

from the LCST transition of PNIPAM arms (Figure 2c-d and Table 1). More specifically, C16P16 

demonstrated average hydrodynamic diameters of 61 ± 21 nm and C8P24 exhibited much larger 

sizes of 152 ± 30 nm at 25 oC. These values are comparable to micelle sizes of other symmetric 

and asymmetric amphiphilic hyperbranched ionic polymers with polyester cores.20 Elevated 

temperatures promoted the formation of larger micelles due to the enhanced hydrophobicity of the 

terminal PNIPAM macro-cations.20 The size of C16P16 micelles increased to 404 ± 51 nm at 38 
oC and 880 ± 79 nm at 50 oC.  Similarly, the size of C8P24 micelles increased to 671 ± 39 nm at 

38 oC and 1260 ± 90 at 50 oC. Overall, the asymmetric polymer formed micelles with larger 

hydrodynamic diameters compared to symmetric macromolecules resulting from the higher 

density of the large PNIPAM macro-cations leading to aggregated particles, as will be discussed 

below.  

Similarly, elevated temperatures promoted changes in the zeta potential of the ionic 

hyperbranched polymers (Figure 2e-f and Table 1).  C16P16 showed an average zeta potential of 

-15.9 ± 1.2 mV at 25 oC, which is comparable to other hyperbranched polymers bearing 

carboxylate terminal groups.6, 21, 19  C8P24 possess a similar zeta potential of -12.9 ± 1.1 mV at the 

same conditions. The similar zeta potential values at 25 oC for both polymers despite their different 

macro-cation densities indicate the screening of the core anionic carboxylate groups by the 

PNIPAM macro-cations.  Furthermore, C16P16 exhibited a value of -12.2 ± 1.4 mV and -2.9 ± 

0.6 mV at 38 oC and 50 oC, respectively (Table 1). Similarly, C8P24 had zeta potential values of 
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-9.4 ± 2.9 mV at 38 oC and -1.8 ± 1.0 mV at 50 oC.  Above LCST, the PNIPAM macro-cations 

collapse and screen the negatively charged carboxylate cores.20, 36  The increase in the zeta potential 

values causes a decrease in the stability of the polymers and possible uncontrolled aggregation.37   

LB film morphology.  At the water-air interphase, all branched polymers formed stable layers 

due to their amphiphilic nature. The hydrophobic polyester cores and alkyl arms prevent the 

dissolution in the aqueous subphase, while the hydrophilic PNIPAM macro-cations submerge in 

the aqueous phase.20, 21 

The shape of the pressure-area isotherms for C16P16 and C8P24 is typical of materials with 

amphiphilic nature with the appearance of three common and characteristic phases of gas, liquid, 

and solid upon compression.38, 39, 40 The isotherms for C8P24 shifted to a smaller surface area 

compared to C16P16, indicating the formation of more compact structures (Figure 3). The shift 

for C8P24 can be attributed to the increased density of the PNIPAM arms that may lead to 

enhanced hydrogen bonding and electrostatic interactions. These interactions can re-arrange the 

hyperbranched polymers to adapt more compact conformations and form aggregates reducing the 

surface area that they occupy.  

 
Figure 3. Langmuir isotherms for (a) C16P16 and (b) C8P24 polymers. Insets show AFM 
topography images. The Z axis is 45 nm for C16P16 and C8P24 at 0.3 mN/m at 38 oC, 225 nm for 
C8P24 at 20 mN/m and 40 mN/m at 38 oC, and 145 nm for all other images. The same scale bar 
of 1 µm applies to all AFM topography images. 
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At temperatures above LCST, the isotherms shifted significantly to smaller surface areas per 

molecule due to the increased hydrophobicity of the PNIPAM macro-cationic chains.21 More 

specifically, the surface pressure started to increase below 45 – 55 nm2 at 25 oC, while at 38 oC it 

started to rise below 15 – 10 nm2 for both polymers. In all cases, the surface area rapidly increases 

below 5 – 10 nm2 signifying the formation of solid monolayers. 

Furthermore, a similar trend was observed upon monolayer decompression with all isotherms 

shifting towards smaller surface areas per molecule (Figure S5). This shift is attributed to the 

strong inter- and intra- molecular interactions and polymer chain entanglements that are formed 

during compression, which do not allow the PNIPAM macro-cations and alkyl chains to fully 

recover to their initial conformation.41, 42 As a result, during the second compression cycle, the 

isotherms were shifted leading to the formation of more compacted morphology (Figure S6).41, 42 

AFM imaging reveals the morphological changes due to polymer peripheral composition, 

surface pressure and temperature assembly conditions (Figure 3, Figure S7, and Figure S8). 

Specifically, C16P16 films formed small collapsed micelles with a height of 28.4 ± 8.5 nm and a 

diameter of 208 ± 98 nm at 25 oC and at a pressure of 0.3 mN/m.  Dimensional analysis combined 

with molecular models shown in Figure S9 suggests that these flattened micelles are 

multimolecular, composed of ~ 1060 molecules, indicating that the polymers aggregate fast in the 

presence of water.  The formation of large aggregates at the water-air surface is attributed to strong 

electrostatic and hydrogen bonding interactions formed between the carboxylate polyester cores 

and the amine-terminated PNIPAM macro-cations. Upon compression, the micelles increase in 

size (height: 71.8 ± 12.9 nm, diameter: 472 ± 25 nm) and start to aggregate, ultimately forming 

larger chain-like aggregates at 40 mN/m. 

Interestingly, asymmetric peripheral compositions led to the formation of various 

interconnected sub-micrometer irregular worm-like domains composed of micellar aggregates 

(Figure 3 and Figure S8). The formation of irregular worm-like micelles despite the increased 

number of PNIPAM chains of the C8P24 indicates that the assembly is dominated by inter- and 

intra- molecular interactions such as electrostatic and hydrogen bonding interactions between the 

molecules rather than hydrophilic interactions, as explained in the discussion section. As expected, 

the layer compression led to the formation of large compact aggregated structures, confirming the 

observations made from the Langmuir isotherms analysis above. 
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Above LCST, the hyperbranched polymers exhibited strongly aggregated morphologies 

(Figure 3, Figure S7, and Figure S8). C16P16 formed large domains composed of interconnected 

micelles with similar heights (60 – 90 nm) to the compressed micellar-like structures formed below 

LCST, resulting from core-core fusion between the micelles.43 This morphological transition can 

be attributed to the increased hydrophobicity caused by the collapsed PNIPAM chains. 

Furthermore, increasing the content of PNIPAM macro-cations, promoted the formation of larger, 

merged domains. The formation of larger aggregates is thermodynamically favorable as it reduces 

the interfacial area between the hydrophobized polymers above LCST and the aqueous 

environment.44 

Comparison of the micellar domain heights to the total film heights measured by AFM scratch 

tests reveal the existence of a continuous sublayer with thicknesses of 4 – 7 nm in all films formed 

below LCST (Figure S10).  Surprisingly, above LCST, the continuous sublayer is absent as the 

hydrophobized polymers form large aggregates due to redistribution of material at interface.  

The formation of a thin underlying nanolayer has been observed before for amphiphilic 

hyperbranched ionic polymers but its nature was not confirmed.20, 21 It has been speculated that at 

a liquid phase the continuous sublayer is mainly composed of hydrophilic PNIPAM macro-cations, 

whereas at solid state the sublayer is formed from trapped hydrophobic and hydrophilic 

segments.20, 21 These assumptions were made based on dimensional analysis of the molecules from 

molecular models.20, 21 However, the true chemical composition of such sublayers has not been 

experimentally confirmed and thus has been considered here with novel AFM modes. 

Changes in surface chemical composition.  Here, unique AFM-IR measurements were 

conducted on samples prepared at 20 mN/m, as shown in Figure 4, Figure 5, and Figure S11.  As 

known, AFM-IR allows for the chemical composition analysis at higher spatial resolutions (down 

to 10 nm) compared to conventional far-field IR spectroscopy revealing localized chemical 

composition of nano-sized domains.45, 46 Specifically, AFM-IR mode can collect chemical maps 

and IR-spectra at selected locations via photothermal phenomenon at specific wavelengths 

showing the distribution of various chemical species.45, 46  

AFM-IR mapping images of the C16P16 and C8P24 LB films assembled at 20 mN/m below 

and above LCST were collected at 1738 cm-1 wavenumber, which corresponds to vibrations of the 

ester and carboxylate groups from the hyperbranched cores (Figure 4 and Figure S11).21, 25 The 
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chemical maps showed high contrast indicating a variation of the surface chemistry of the films 

depending on the polymer peripheral composition and assembly conditions  

 

 
Figure 4. AFM-IR images at 1738 cm-1 and 20 mN/m for (a) C16P16 films at T = 25 oC, (b) 
C16P16 films at T = 38 oC, (c) C8P24 films at T = 25 oC, and (d) C8P24 films at T = 38 oC. 
Corresponding topography images are shown in Figure S11. 
 

Specifically, localized IR-spectra with lateral resolution below 100 nm were collected from the 

aggregates and the domains in-between, as indicated by the small blue/red and black squares, 

respectively (Figure 5).47  Overall, the LB films exhibited two strong bands at 1700 – 1760 cm-1 

and 1435 – 1475 cm−1, attributed to ester and carboxylate groups from the hyperbranched cores, 

and δC−H of CH2 and δC−H asymmetric of CH3, respectively.21, 25 Furthermore, two weak bands 

were apparent above LCST at 1630 – 1680 cm-1  due to νC=O amide I and 1530 – 1580 cm-1  due 

to δN−H amide II bonds arising mainly from the presence of PNIPAM macrocations.21, 26 

Below LCST, C16P16 and C8P24 monolayers showed the two strong bands for νC=O 

ester/carboxylate and δC-H vibrations at the domains in-between the aggregates. These bands 

indicate the expected presence of non-aggregated polyester cores at the domains in-between, as 

also shown in AFM-IR maps at 1738 cm-1 (Figures 4, 5, and S11). Furthermore, weak amide bands 
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were observed in the domains in-between suggesting that a portion of the PNIPAM chains were 

bound to the non-aggregated polyester cores. 

 
Figure 5. AFM topography images and average AFM-IR spectra from 10 measurements each for 
(a) C16P16 films at T = 25 oC, (b) C16P16 films at T = 38 oC, (c) C8P24 films at T = 25 oC, and 
(d) C8P24 films at T = 38 oC, assembled at 20 mN/m. The Z scale is 300 nm for panels (a), (b), 
(d), and 200 nm for panel (c). 

 

At the aggregates, the two νC=O ester/carboxylate and δC-H bands were also observed. 

However, amide bands were absent, indicating that the surface of the micellar and worm-like 

aggregates is dominated by the hydrophobic polyester cores and alkyl chains of the hyperbranched 

polymers. Thus, we suggest that portion of the PNIPAM macro-cations is buried inside the 

micelles, while the rest are either weakly ionically bound to the polyester cores at the domains in-

between the aggregates, or even dissociated in the aqueous medium.  

For LB films deposited above the LCST temperature, IR-absorption bands were only observed 

at the aggregates, whereas the domains in-between did not exhibit any IR response. The results 

indicate that above LCST the polymers fully aggregate into large micellar-like domains due to 

their induced surface hydrophobization. Furthermore, the amide I and amide II bands were 

apparent at the micellar domains, suggesting that the PNIPAM dissociation was reversible, and 

dissociated hydrophobic PNIPAM macro-cations bounded again to the anionic polyester cores at 

the surface of the micellar assemblies. 



Thermo-responsive HBPs July 20, 2022 16 

To investigate the effect of varying the polymer peripheral composition on the reversible 

dissociation of the macro-cations, we deconvoluted the C=O bands (1600 – 1800 cm-1) of the 

aggregates from the films formed above LCST (Figure S12 and Table S1). Specifically, the bands 

were deconvoluted to individual peaks for free νC=O ester and carboxylate bands at 1739 cm-1, 

hydrogen bonded νC=O ester and carboxylate bands at 1713 – 1720 cm-1, and νC=O amide I at 

1657 – 1661 cm-1.48, 49, 50 Similar peak compositions were obtained for both C16P16 and C8P24. 

Despite the higher density of PNIPAM macro-cations in the C8P24 polymer, the C=O band was 

composed of 24.6 – 25.1 % amide I for both polymers, suggesting that the dissociation of PNIPAM 

chains may not be fully reversible for C8P24.  

The changes in the global hydrophobicity of the LB films were also verified by water contact 

angle measurements (Figure S13 and Figure S14).  LB films formed below LCST demonstrated 

lower contact angles indicating predominant hydrophilicity of surfaces.  Specifically, C16P16 

showed a contact angle of 39.4 ± 0.6 o at a surface pressure of 0.3 mN/m, which increased to 57.5 

± 1.2 o and 60.3 ± 1.0 o at 20 and 40 mN/m, respectively. Above LCST, the surfaces turned to more 

hydrophobic with contact angles of 65.2 – 88.8o for C16P16. Similar behavior was observed for 

C8P24 with contact angles exceeding the 90o, indicating well developed global hydrophobicity. 

Furthermore, we qualitatively investigated the surface charge distribution of the films using PF-

KPFM, as shown in Figure 6. 21, 51  

As can be seen on these images, below LCST monolayers from both polymers showed high 

surface potential contrast. This high contrast arises from the formation of a dipole layer from the 

anionic carboxylate cores that are exposed at the surface of the micellar assemblies due to the 

dissociation of the PNIPAM macro-cations (Figure 6a and 6c).52 The surface potential contrast 

was more apparent for the case of C16P16 (~ 470 mV), whereas the contrast decreased for C8P24 

to ~ 180 mV due to the formation of highly aggregated assemblies that leads to charge screening.21 

Above LCST, the surface potential images do not show significant surface potential differences ( 

< 125 mV) within the films (Figure 6b and 6d). The absence of the notable electrostatic contrast 

suggests that hydrophobic PNIPAM macro-cations collapse and screen the negatively charged 

polyester cores leading to overall charge neutralization of the surface of the aggregated micellar 

assemblies.   
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Figure 6. AFM topography and KPFM surface potential images for (a) C16P16 films at T = 25 
oC, (b) C16P16 films at T = 38 oC, (c) C8P24 films at T = 25 oC, (d) C8P24 films at T = 38 oC, 
assembled at 20 mN/m. The Z-scale is 145 nm and 800 mV for panel (a), 200 nm and 140 mV for 
panel (b), 145 nm and 500 mV for panel (c), and 250 nm and 200 mV for panel (d). 
 

These surface potential changes are in agreements with the ζ-potential and AFM-IR 

measurements that show a decrease in the absolute ζ-potential values and the appearance of amide 

I and II bands at the micellar aggregates.  Decreased ζ-potential values suggest screening of the 

negatively charged cores and the appearance of the amide bands confirms that surface charge 

screening is caused by the collapsed PNIPAM macro-cations at the surface of the micellar 

aggregates leading to charge neutralization. 

 

3. General discussion and conclusions 

As we observed, the amphiphilic nature of the synthesized branched polymers facilitates the 

formation of stable layers at the water-air interphase which undergoes significant reconfiguration 

at LCST.  Furthermore, the presence of the mobile terminal PNIPAM macro-cations leads to the 
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formation of a variety of morphologies with different surface chemistries under different assembly 

conditions.  LB assemblies of the symmetric and asymmetric polymers demonstrated large 

micellar morphologies composed of >1000 molecules. This is in contrast with prior observations 

on hyperbranched polymers containing < 16 PNIPAM macro-cations per molecule, where 

unimolecular assemblies were observed.20, 21 We suggest that the increased PNIPAM density leads 

to strong electrostatic and hydrogen bonding interactions between the anionic polyester cores with 

the PNIPAM macro-cations, and the polyester and alkyl chain ester bonds with the PNIPAM amide 

bonds, and results in the formation of the micellar assemblies.  

Overall, the hyperbranched polymers synthesized in this study exhibited similar LCST 

temperatures with other linear and hyperbranched polymers containing PNIPAM from the 

literature.19 Furthermore, varying the hydrophobic/hydrophilic ratio by varying the alkyl chain to 

PNIPAM ratio allowed us to create a unique variety of different morphologies and sizes compared 

to prior reports.17, 18, 19 Finally, despite the formation of significantly larger polymer assemblies 

compared to the literature,17, 18, 19 our polymers were still able to exhibit morphological changes 

with temperature, as a result of the dynamic, weakly ionically bound PNIPAM macro-cationic 

arms capable of dissociation and hopping between the anionic terminal sites of the polyester 

cores.21  

Yet, the changes in the surface chemistry of large multimolecular assemblies of such polymers 

caused by the dynamic response of weakly ionically bound PNIPAM macro-cations had not been 

experimentally confirmed.  In this study, the utilization of AFM-IR mode confirms the dynamic 

nature of weakly ionically bound PNIPAM macro-cations and their role in the reconfiguration of 

localized surface chemical composition of the monolayers at LCST. Specifically, it was confirmed 

that below LCST PNIPAM macro-cations are either buried inside the micellar aggregates or 

dissociated in the aqueous medium. Increasing the temperature above LCST, the PNIPAM macro-

cationic chains were able to bound back to the anionic polyester cores at the surface of the micelles 

and simultaneously complete aggregation of the molecules took place due to the hydrophobization 

of the mobile PNIPAM chains. These results represent the first chemical confirmation of the local 

and global response of micellar aggregation with weakly ionically bound PNIPAM macro-cations 

at LCST. 

Finally, Table 2 compares the behavior of our LB assemblies against other multimolecular 

micellar assemblies of thermo-responsive LCST polymers. Specifically, we compare thermo-
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responsive linear polymers, star block-co-polymers and hyperbranched polymers such as 

polyisobutylene (PIB) coupled with hydrophilic poly(2-ethyl-2-oxazoline) (PetOx) 

(PIB−IL−PEtOx), poly(3-ethyl-3-hydroxymethyloxetane) (PEHO) cores coupled with polyionic 

imidazolium and thermo-responsive polyoxazoline (POx) shells (PEHO-IL-P(EtOx/nPrOx)y), and 

linear (L-CA- 50% PNIPAM) and hyperbranched polymers (HBP-CA- 50% PNIPAM) containing 

50 % of PNIPAM macro-cations and polyesters.17, 18, 19 

Table 2. Multimolecular thermo-responsive polymer assemblies. 

Polymer (conditions) LCST (oC) Below LCST Above LCST Ref. 
  Shape Size (nm) Shape Size 

(nm) 
 

PIB−IL−PEtOx,  
star block copolymers 

83 – 90 Micelles Diameter: 
25 – 40 

- - 17 

PEHO-IL-P(EtOx/nPrOx)y, 
hyperbranched polymers 

43 – 60 Micelles Diameter: 
20 – 28 

- - 18 

L-CA-50 % PNIPAM, 
linear polymers 

33.3 ± 0.2 Micelles Diameter: 
235 ± 60 

Micellar 
aggregates 

Length: 
420 ± 
120 

19 

HBP-CA-50% PNIPAM, 
hyperbranched polymers  

34.7 ± 0.2 Micelles Diameter: 
172 ± 57 

Vesicles Diameter: 
720 ± 
330 

19 

C16P16,  
hyperbranched polymers  
(Surface pressure of 0.3 mN/m) 

36.0 ± 0.2 Micelles Height: 
28.4 ± 8.5 

and 
diameter: 
208 ± 98 

Network-
like 

aggregates 

Length: 
>1000 

This 
work 

C24P24,  
hyperbranched polymers 
(Surface pressure of 0.3 mN/m) 

34.2 ± 0.3 Network-
like 

aggregates 

Length: > 
500 

Network-
like 

aggregates 

Length: 
>1000 

This 
work 

 

Based on the morphological and surface compositional analysis discussed above, we propose a 

molecular model for the molecular organization of the micellar-assemblies and tehir reorganization 

at LCST (Figure 7). Below LCST, both polymers form multimolecular assemblies with PNIPAM 

macro-cations either buried inside the micelles or dissociated in the aqueous medium. 

Simultaneously, non-aggregated molecules spread at the air-water interface, with the hydrophilic 

PNIPAM macro-cations spreading under water while hydrophobic carboxylate polyester cores and 

alkyl chains forming more compact assemblies above the PNIPAM chains.  Above LCST, the 

hydrophobic molecules have formed large aggregates with the desorbed PNIPAM macro-cations 

preferentially bounded to the surface of the micellar-assemblies due to their LCST induced 

hydrophobicity. Compression favored the formation of large interconnected micellar-like domains 

with the molecules been closely packed.  
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Figure 7. Schematic of the assembly of C16P16 and C8P24 branched polymers at the air-water 
interface at LCST transition, below (25 oC) and above (38 oC) at different surface pressures.  
 

In conclusion, we investigated the assembly behavior and phase transformation of 

hyperbranched polymers with weakly ionically bound PNIPAM macro-cationic arms with varying 

balance of the hydrophobic/hydrophilic interactions.  Notably, the dynamic nature of the thermo-

responsive macro-cations and its effect on the surface chemistry of large multimolecular micellar 

assemblies was confirmed for the first time. The complex stimuli-responsive morphologies and 

surface chemistries of the hyperbranched thermo-responsive ionic polymers may have 

implications in energy storage and catalysis applications. 
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