Unravelling a novel sol-gel transition mechanism in polymer self-assemblies:
An order-order transition based on specific molecular interactions between
hydrophilic and hydrophobic polymer blocks
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Abstract

Thermoresponsive hydrogel formation upon cooling in aqueous media is rarely described for synthetic
polymersin the literature. However, if the sol/gel transition occurs in the physiologically relevant range
(0-40 °C), there are many possible applications in areas such as drug delivery and biofabrication. Here,
a novel inverse thermoresponsive polymer self-assembly mechanism based on a poly(2-
oxazoline)/poly(2-oxazine) amphiphile is investigated in detail. Dynamic light scattering and small-
angle X-ray scattering confirmed worm-to-spheres transition upon heating on the nanoscale level
while wide-angle X-ray scattering indicated a more uniform ordering of the macromolecular chains on
the scale of 4-7 A. NMR spectroscopy shows reduced mobility of various polymer segments in the
hydrogel state, especially in the hydrophobic aromatic region. More importantly, it also reveals close
proximity of the phenyl ring of the hydrophobic block with hydrophilic repeat units confirmed by
solution and solid-state NMR investigations, suggesting interactions between the two. This unusual
interaction is corroborated in silico by molecular dynamics modeling. We propose a novel order-order
transition based on unexpected and previously not described interactions between the hydrophilic and
the hydrophobic repeating units, which opens new avenues to control and design macromolecular self-

assembly.



Introduction

Thermoresponsive phase separation of polymer solutions upon heating is an entropic effect and widely
discussed in literature.! Polymers displaying a lower critical solution temperature (LCST) are
structurally diverse and can be found in the families of poly(ether)s, poly(acrylamide)s, poly(2-
oxazoline)s and many others. In contrast, examples of UCST (upper critical solution temperature) type
phase separation are more rarely found, especially for UCST in purely agueous media, and have only
recently been described.>® However, such systems offer a variety of different applications as smart
biomaterials if the transition takes place at or around physiological temperatures and in physiological
media. In some cases, physical hydrogel formation (sol-gel transition) can be observed instead of
precipitation (sol/coil-globule transition), due to changing aggregation patterns. Block copolymers with
thermogelling properties are well-known in literature,** with Pluronic® F127 being arguably the most
prominent example.® In many cases, polymer micelles form dense colloidal packings, which lead to

gelation, upon increasing the temperature.’

The polymer families of poly(2-substituted-2-oxazoline)s (POx) and — to a lesser extent — poly(2-
substituted-5,6-dihydro-4H-1,3-oxazines), in short poly(2-oxazine)s (POzi), have been described as
smart biomaterials owing to their excellent cyto- and biocompatibility and chemical versatility.21! In
general, POx and POzi homopolymers can exhibit LCST behavior, in particular when bearing Cs alkyl
sidechains. By varying the degree of polymerization and polymer composition, the LCST can be tuned
as described by Winnik and co-workers. By using telechelic hydrophobically modified poly(2-alkyl-2-
oxazolines) in water, different aggregates were obtained at different temperatures.'*> A detailed
phase diagram of such aggregates depending on concentration and temperature was determined
confirming the presence of star micelles, microgels, mesoglobules and microfibers. Overall, the
literature is rich with respect to thermoresponsive POx and to a lesser extent of poly(2-oxazine) based
polymers. However, the first thermogelling hydrogel comprising exclusively POx/POzi was described
only fairly recently.* A diblock copolymer exhibiting a hydrophilic pMeOx block and a

thermoresponsive poly(2-n-proply-2-oxazine) (pnPrOzi) block undergoes heating induced physical



gelation by forming a sponge-like network formed from polymer vesicles. Subsequently, also
thermogelling polymers solely based on POx have been described.'®!” These thermogelling materials
rely on a thermally triggered disorder-order transition. In contrast, Armes and co-workers described
an interesting and unusual heating induced worm-to-sphere order-order transition.'® By introducing
di(ethylene glycol) methyl ether methacrylate (DEGMA) moieties into the core-forming block of the
polymer, the authors were able to increase and tune the critical gelation temperature.’® In 2017,
Penfold et al. introduced a system bearing pH-sensitive end groups that triggered a vesicle-to-worm
transition in combination with thermosensitive worm—to-sphere transitions.? More recently, a
thermoresponsive  poly(N-(2-hydroxypropyl)methacrylamide)-poly(2-hydroxypropyl)methacrylate)
diblock copolymer was described, which formed spheres (4 °C, weakly turbid free flowing fluid), worms
(22 °C, turbid free standing gel) or vesicles (50 °C, milky-white free flowing dispersion) in aqueous

solution.?!

Very recently, the first cooling induced and reversible sphere-to-worm transition in aqueous solutions
of a novel ABA-type block copolymer amphiphile poly(2-methyl-2-oxazoline)-b-poly(2-phenyl-2-
oxazine)-b-poly(2-methyl-2-oxazoline) (pMeOx-b-pPheOzi-b-pMeOx= A-pPheOzi-A) was described
(Figure 1).22 Apart from the macroscopic change, the unexpected order-order transition was observed
via cryo transmission electron microscopy (cryoTEM) analysis. At 5 °C, the polymer exhibited long
interconnected worm-like aggregates, which transformed into small, spherical polymer micelles upon
heating. The temperature, where the viscosity of the system decreases several orders of magnitude, is
32 °C. We hypothesize that a critical number of worms transforms into spheres at this temperature.
Here, using a variety of state-of-the-art analytic tools complemented by molecular modeling, we aim
to elucidate the molecular origins of this novel gelation mechanism in detail. We found that the novel
transition in self-assembly is based on a unique interaction between the hydrophilic pMeOx blocks and
the aromatic moieties in the hydrophobic pPheOzi block, leading to a compaction of the former onto
the latter, which concomitantly leads to the sphere-to-worm morphology transition as the packing

parameter increases.
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Figure 1| Summary of the study. The polymer amphiphile poly(2-methyl-2-oxazoline)-b-poly(2-phenyl-2-
oxazine)-b-poly(2-methyl-2-oxazoline) (pMeOx-b-pPheOzi-b-pMeOx = A-PPheOzi-A = A-B-A) showed unique
inverse thermogelling properties.?? In the liquid state the polymer self-assembled into spherical micelles. By
cooling an order-order transition into worm-like micelles was observed. In this study a detailed elucidation of the
order-order transition is presented with the focus on polymer interactions on molecular level. The color code is
used alongside this study to highlight the samples macroscopic state.



Materials and Methods

All chemicals and reagents were used from Sigma-Aldrich (Steinheim, Germany) or TCl-chemicals
(Eschborn, Germany) and were used as received unless otherwise mentioned. The polymer Me-

pMeOx-b-pPheOzi-b-pMeOx (= A-pPheOzi-A) was prepared and used as described previously.?

Dynamic light scattering experiments (DLS) were performed using an ALV CGS-3 multi detection
goniometry-system (Langen, Germany) equipped with a He-Ne-laser (632.8 nm) and 8 optical
avalanche photodiodes-detector with an angular detector spacing of 16 ° (correlation time 45 s, 3
runs). Scattering angles between 20 and 147 ° were measured in 4 angle sets (4x8 detectors) anda 5 °
angle interval for each detector at 15 °C and 40 °C. Prior to each measurement, samples were filtered
in dust-free cuvettes using Millex-LG 0.2 um filters under laminar flow. The polymer concentration was
0.1 g/L (2 mM aqueous NaNOs). All samples were stored for 24 h at the measurement temperature.
The decay of the electric field-time autocorrelation function (ACF) was fitted using triexponential fit

functions (equation 1) like described previously.?

g1(t) = a; - e(_%) +ay- e(_%) +az - e(_%) (1)

1
q*D;

With the amplitude a;, decay times 7; = and the absolute value of the scattering vector g. In the

case of polydispersity, the translational diffusion coefficient D is obtained by extrapolation to zero

angle and in the limit of high dilution given by

2 (2)

D' =c——F=
X Dt

Using the Stokes-Einstein equation the hydrodynamic radius R, is obtained by

kg T (3)

Rpy=—1——
n 6:-m-n-D

with kg being the Boltzmann constant, 7 is the viscosity of the solvent and T the temperature (15 °C

or 40 °C).



Small- and wide-angle X-ray scattering experiments (SAXS, WAXS) were carried out using an in-house
setup, which was built by Fraunhofer EZRT (Firth, Germany). It consists of a MicroMax-007 HF X-ray
source (Rigaku, Japan) and a Eiger R 1M detector unit (Dectris, Switzerland). The sample-detector
distance can be varied between 5 cm and 3.5 m, which corresponds to possible Q-values between
0.005 and 5 A%, The complete setup is operated in a vacuum below 0.1 mbar to reduce air scattering.
The sample solutions were placed in quartz capillaries (inner diameter: 1 mm, wall thickness: 10 pm)
(Hampton Research, Aliso Viejo, California), which were positioned perpendicularly to the X-ray beam.
The presented experiments were done at sample-detector distances of 57 mm, 565 mm and 1560 mm
with an integration time of 15 minutes for the shortest distance and 240 minutes for the two longer
configurations. All distances were calibrated using a silver behenate standard sample. For each sample,
data was acquired for different temperatures between 5-50°C. To achieve thermal equilibrium, the
sample (10 wt.% aqueous solution) was kept at the desired temperature for 15 minutes prior to each
measurement. The SAXS data, which was obtained at the two largest distances, was calibrated in terms
of absolute intensities using glassy carbon as a secondary calibration standard.?*?* The scattering
curves of the hydrogels were obtained by azimuthal integration taking the samples thickness, X-ray
transmission, detector accuracy, setup geometry and solvent scattering into account following the

standard procedures described in literature.?®

Temperature dependent nuclear magnetic resonance experiments in solution

All experiments were performed at a Bruker Avance Ill HD 600 spectrometer (Karlsruhe, Germany)
operating at 600.4 MHz equipped with a BBFO 5 mm probe using a BCU-02 (Bruker) temperature
control unit. D,O was obtained from Deutero GmbH (Kastellaun, Germany). *H NMR experiments of a
20 wt.% A-pPheOziis-A sample in D,O were acquired with a 30 ° flip angle and 8 or 16 scans without
sample spinning. A series of variable temperature experiments was performed in the range from 2 °C
to 39 °Cin a step size of 3to 5 °C. The sample was kept for 10 minutes at the desired temperature prior
to each measurement. Temperature calibration was done using 4 % MeOH in MeOD and 80 % ethylene

glycol in DMSO-de. All recorded spectra were referenced using the temperature dependent HDO signal.



For quantitative characterization of the temperature induced phase transition the fraction p was
calculated with the integrals I(T) and I(T,) at the respective temperatures T and T, using the
following equation:?’

1(T) (3)
1(To) + 7

p=1-
The highest signal intensity was measured at 39 °C (T). Reductions of signal intensities caused by
inhibited molecular mobility due to the transition of spherical to worm-like micelles could be
quantified by p < 0. 2D *H-'H NOESY NMR experiments at 7 °C and 40 °C were recorded using the
noesygpphpp pulse sequence (scans: 32, t; increments: 256, relaxation delay: 2.5 s). To ensure
discrimination between cross-relaxation and spin-diffusion different mixing times (40 us, 60 ps, 80 us,
150 ps and 250 ps) were used. For better visualization of the aromatic region, phase and baseline
correction of 2D data was confined to the range of 6-8 ppm and TDeff was set to 2867 in the 2
dimension. Additionally, 1D slices of relevant aromatic regions were extracted. H spin-lattice
relaxation times T1 were measured with the inversion recovery pulse sequence tlir at 7 °C and 40 °C.
For measuring the T1 relaxation times of HDO a variable delay from 1-50 s in 12 steps was used with a
relaxation delay of 50.0 s. T1 relaxation times of polymer signals were recorded with a variable delay

from 0.001-5.0 s in 16 steps and a relaxation delay of 5.0 s. The normalized decay curves for different

polymer segments and the HDO signal were fitted using monoexponential fit functions.
Solid-state nuclear magnetic resonance (ssNMR)

The solid-state NMR measurements were performed using a 4 mm double-channel Bruker probe at
9.4 T using between 3 and 5.3 kHz MAS. The hydrogel sample was cooled to 273 K prior to
measurement. Due to small amounts of frictional heating through MAS, the actual sample temperature
is slightly higher. For the 3C CP MAS experiment, a 2 ms ramp (50 to 100 %) on the 'H channel was
used during the CP contact time for all samples. 1*C NMR spectra with direct excitation were recorded
with short interscan delays of 1s to probe mobile components in the hydrogel sample. For

heteronuclear decoupling during acquisition, SPINAL64 was employed with a 100 kHz nutation



frequency (*H). The chemical shifts were referenced using adamantane (left signal at 38.48 ppm) by

subsequent adjustment of the magnetic field.

Raman spectroscopy

The Raman spectra were recorded on an alpha 300R* confocal Raman microscope from WITec GmbH
(Ulm, Germany) equipped with a 50x objective (NA 0.8, Epiplan Neofluar, Zeiss, Germany) and a 532
nm laser (39.4 mW). A 20 wt.% sample was measured after equilibration at 5 °C and 40 °C using a
temperature controllable Peltier stage (LTS 120, Linkam Scientific Instruments Ltd., Tadworth, UK).
Spectra are shown as average spectrum of 3 spectra at different locations on the same sample, which
were recorded with an integration time of 5 s and 10 accumulations. The resulting data were processed
with cosmic ray removal and background subtraction. The bulk water signals at 3100-3700 cm™ were

fitted using a Gaussian deconvolution method as described elsewhere.?%°

Fluorescence spectroscopy

The amphiphilic fluorescence probe 2-(4-dimethylamino)styryl)-1-methylpyridinium iodide (Daspmi)
was purchased from Molecular Probes Inc., Life Technologies. The hydrophobic probe 4,4’-Difluoro-
4bora-3a,4a-diaza-s-indacene meso-substituted with para-dodecylphenyl (BPC12) was synthesized like
described in previous studies.>®* Gibco™ Dulbecco's phosphate-buffered saline (DPBS) pH 7.25 was
purchased from Thermo Fisher Scientific (Massachusetts, USA). The steady-state fluorescence spectra
of Daspmi (5 uM) and BPC12 (5 uM) in aqueous sol and gel samples at a polymer concentration of 20
wt.% were recorded at different temperatures on a FLS-1000 spectrofluorometer (Edinburgh
Instruments, UK) equipped with a thermocontrolled cuvette holder (Aexc(Daspmi): 460 nm,
Aexc.(BPC12): 490 nm) comparing the wavelength shift of emission maximum. Fluorescence intensity
decay curves were obtained using a time-correlated single photon counting (TCSPC) system
(PicoQUant GmbH) equipped with a temperature controlling cuvette holder using quartz cuvettes like
described earlier (Aexc.: 483 nm, cutoff filter > 490 nm).3! Monitoring wavelengths were 580 nm for
Daspmi and 520 nm for BPC12. The fluorescence decays were deconvoluted with the instrumental

response to give the fluorescence lifetime with a resolution of approximately 100 ps. The obtained



lifetimes were used for calculating micro viscosity values at different temperatures (5, 12, 22 and 37

°C) using following equation:
z
logtr = logk—r + alogn (4)

with 7 the fluorescence lifetime of Daspmi or BPC1232 in the solution of a known viscosity 17 , k, —
radiative rate constant, and z and « are constants. The linear part of the log 75 as a function of logn
plot was taken as a calibration function to calculate microviscosity values (Figure S3). The viscosities
of different water/glycerol mixtures (80-100 wt.% of glycerol) at different temperatures were
determined using a LOVIS 2000M rolling ball microviscosimeter from Anton Paar (Graz, Austria) with a
LOVIS 1.8 capillary and a steel ball of 1.5 mm diameter. Prior to viscosity measurements the density of
the sample at the specific temperature was recorded using a DMA 4100M density meter from Anton
Paar (Graz, Austria). For the corresponding lifetime measurements a concentration of 5 uM of Daspmi
was used.

Micro calorimetry (uCAL)

Micro calorimetry measurements were conducted with a Malvern MicroCal PEAQ-DSC
microcalorimeter. The heat of the sample was measured relative to pure water and the enthalpy values
were normalised to the molar concentration of repeating unit. The samples were stored after complete
dissolution in a refrigerator at 4 °C for about 48 h, degassed at 5 °C, transferred to the instrument
precooled at 2 °C, and kept at 2 °C for 120 min prior to heating. Each sample was heated with the rate
of 1 °C/min from 2 °C to 100 °C. The cooling back to 2 °C was done with the same rate.

Molecular modeling

We modeled a system containing eight Me-pMeOxss-b-pPheOziis-b-pMeOxss-EIP polymers (Me =
methyl group, EIP = ethyl isonipecotate), in which the hydrophobic pPheOzi blocks faced each other to
form a single inner strand along the Z axis and the hydrophilic pMeOx blocks were bent outwards. Four
individual molecules made up the strand and were subsequently duplicated and moved next to the
original polymers along the Z axis, ultimately resulting in two layers of polymers in our simulation box.

The stretched out, hydrophilic pMeOx blocks were subjected to an energy minimization and a short,



50 ps long simulation with the Noisé-Poincaré-Andersen method**3* (applying the Amber14:EHT force
field®3¢ with the R-field implicit solvation model®’) to yield a more compact starting conformation,
while keeping the inner strand in a straight orientation. Figure S6A depicts the prepared structure. All
modeling was performed with MOE (Molecular Operating Environment 2019.01).38 The setup was
inspired by previous modeling studies regarding worm-like micelles of small molecules, in which the
generation of a continuous micelle was also achieved via initial placement of hydrophobic parts in the
inner and hydrophilic moieties in the outer regions of the threadlike structure, which was aligned along
one axis of the simulation box.3>*! RESP partial charges* of single monomers used as building blocks
were derived from calculations with Gaussian 09 Rev. C.01*% (Hartree-Fock level of theory, 6-31G* basis
set); parameters based on the Amber14ffSB3> and GAFF2** force fields were assigned via antechamber
and parmchk2 of AmberTools18.% During charge derivation monomer structures were capped with
residues of the same type (except for the terminal groups, Me and EIP, which were capped with a
MeOx monomer). The calculated parameters were used to generate a polymer with an initial straight
conformation using tleap.*®

Subsequent solvation of the starting structure with TIP3P water® in a simulation box with a minimum
border-to-polymer distance of 20 A in the X and Y directions resulted in a system size of approximately
16 x 18 x 10 nm?* with 76730 solvent molecules. Water molecules found inside the inner hydrophobic
strand after this initial placement were removed if the distance to the pPheOzi blocks was less than 10
A. Periodic boundary conditions with minimum image convention were applied during the simulation,
which allowed for an infinitely sized worm-like micelle along the Z axis and ensured a sufficient distance
between polymers of neighboring boxes along the X and Y dimensions. The simulation was performed
using NAMD 2.13% with 2 fs time steps. An initial energy minimization of 10,000 steps was conducted
before slowly heating the system from 100K to 278 K over the course of 500 ps. Harmonic constraints
were initially applied on all polymers and gradually reduced over an additional 1.6 ns, allowing a rapid
reordering of solvent molecules around the polymers. Langevin dynamics and the Nosé-Hoover
Langevin piston method (1 atm) were used for temperature and pressure control in an NPT ensemble.

After another 2 ns of additional equilibration, the production run was performed for 600 ns. Semi-



isotropic coupling allowed for fluctuations along the Z axis, independent from the X and Y axes. The
particle mesh Ewald method* with a cutoff of 1.2 nm was applied and coordinates were saved every
10 ps. Subsequent analyses were performed using cpptraj* and images were generated with VMD
1.9.3° and PyMOL 2.4.1. Average densities for polymer groups around PheOzi monomers were
retrieved as follows: All PheOzi residues were iteratively aligned onto the same monomer. Next,
binned occupancy histograms of different moieties around the center of the aligned residue were
calculated for the last 100 ns using the grid command in cpptraj. This was performed ona 1.6 x 1.6 x
1.6 nm? grid with a 1 A resolution. After this procedure, the obtained values around each PheOzi
monomer were added up at each grid element and divided by the number of analyzed frames (10000)
and monomers (104). Thus, densities represent the average amount of atoms of interest found at each
grid element per frame around a single monomer. The first and last PheOzi monomer of each pPheOzi
block (16 out of 120) were excluded from this calculation, as these are always situated near the
neighboring MeOx residues. Additionally, we analyzed several distances between these PheOzi
monomers and the other polymer residues, as well as the angle w between the plane of nearby amide

(N-(C=0)-C) groups and the phenyl ring plane for every 10 ps of the last 100 ns.



Results and Discussion

As a first step to verify and better understand the self-assembly of pMeOxss-b-pPheOziis-b-pMeOxss,
we used dynamic light scattering in aqueous solution (0.1 g/L) at different temperatures (15 °C and 40
°C). Atlow temperature (15 °C, blue) the decay of the autocorrelation function (ACF) is shifted towards
higher lag time indicating bigger particles with a lower translational diffusion coefficient compared to
higher temperature (40 °C) (Figure 2A). For particles smaller than A/20 (here 632.8 nm/20 = 32 nm),
the ACF is independent of the scattering angle. Therefore, similar values for the diffusion coefficient
are obtained at 40 °C for scattering angles between 20° and 147° (Figure S1, red). In contrast, at 15 °C
a clear angle dependency was observed (Figure S1, blue) indicating a larger diffusion coefficient at the
gel temperature. By extrapolation to 0° and applying the Stokes-Einstein relation, a hydrodynamic
radius (Rn) of 11.5 £ 0.3 nm can be determined at 40 °C. This corroborates the micellar sizes previously
observed by cryoTEM for the same system.?? At 15 °C, an approximately tenfold higher R, of 105 * 4
nm is obtained, documenting a significant change in polymer self-assembly. It should be noted that
these measurements were conducted at concentrations significantly lower than the critical gelation
concentration (Ceritgel = 50 g/L), at which cryoTEM images and R, from DLS are not accessible. Therefore,

additional temperature dependent SAXS and WAXS measurements above Ccitgel Were performed

(Figure 2B,C).
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Figure 2| DLS, SAXS and WAXS analysis of aqueous pMeOx-b-pPheOzi-b-pMeOx solutions. A) Autocorrelation
function g'(t) as a function of g2t at 89 ° scattering angle (squares: data points, lines: fit functions) at 15 °C (blue)
and 40 °C (red) at 0.1 g/L. B) SAXS scattering profiles at 5 °C (blue, hydrogel) and 40 °C (red, liquid) at 100 g/L. C)
WAXS analysis at different temperatures (blue: 5 °C, red: 40 °C) in the d spacing region of 3.5-8 A at 100 g/L.



The intensity | as a function of Q from the SAXS measurements was plotted for different temperatures.
In the hydrogel state (5 °C, blue), a pronounced structure peak (Figure 2B) is followed by two clearly
defined regions with different slopes (arrowheads). These regions at intermediate and high Q-values
can be assigned to different self-assembled species. Using a power-law expression the different slopes
can be determined, indicating the presence of spherical micelles and worm-like micelles in the gel
state.>! Above Tge, the second species at high Q-values (worm-like micelles) disappears, confirming
that the order-order transition found at low concentration also occurs at higher concentration. In
addition, the structure peak is shifted towards higher Q-values indicating a lower particle/particle
distance in the sol state due to the formation of small spherical micelles (vertical lines). This is a logical
consequence of the disintegration of relatively few worm-micelles into much more numerous spherical
micelles. The extrapolation of the absolute intensity | to Qo (horizontal lines) was used as a measure
for relative mean particle size. In the gel state (5 °C), a higher [(Qo) value compared to the liquid state
was observed, indicating once more larger particles in gel state (worm-like micelles) in comparison to
the sol state (spherical micelles). The qualitative analysis of the SAXS scattering profiles is summarized
in more detail in the supporting information (Table S1). Additionally, temperature-dependent wide
angle X-ray scattering (Figure 2C) can provide insights into intra- und interpolymer interactions as
previously described for biopolymers®? and thermogelling peptides. In the gel state (5 °C, blue), a
rather defined peak centered around 4.2 A was observed, which could be interpreted to hint towards
n-T interactions of the phenyl moieties.>® With increasing temperature, the peak position was
maintained, but a noticeably broadening between 4.2 and 7 A indicates reduced order and increased

degrees of freedom.

In the next step, micro-calorimetric measurements were performed to gain a better insight into
thermodynamic aspects of this order-order transitions. When an equilibrated hydrogel sample (stored
48 h at 5 °C) was examined, a single endothermic peak is observed at 31.2 °C with an enthalpy dH of
0.47 kl/mol per aromatic repeat unit of pPheOzi (Figure 3), coinciding with the gel-sol transition

temperature.?? Notably, during the cooling cycle no features were observed (not shown).
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Figure 3| Micro-calorimetry measurements of a 10 g/L sample. The sample was equilibrated for 48 h at 5 °C
prior to measurement. After an initial heating and cooling the sample was kept at 2 °C for different times (1-10-
20-40-60-90-180 minutes) to visualize the time dependent hydrogel formation.

When immediately reheated, a much weaker transition was observed. When the sample was kept for
some time at 2 °C, a second peak at lower temperature emerged (initially at 17 °C) and the intensity of
both peaks increased with increasing wait time. Interestingly, the maximum of the second peak shifts
to higher temperatures with increasing regelation time at 2 °C after each heating and cooling cycle. In
contrast, the peak maximum of the first peak remains constant at 31 °C. This observation coincides
with the delayed gelation upon cooling in dependence of the concentration and temperature.?? We
hypothesize that the first peak can be attributed to a transition in single spherical micelles or short
worms. As the short worms slowly coalesce into larger worms, the transition temperature increases.
The second transition is then attributed to worms, which grew above a certain threshold, above which
further growth does not affect the transition temperature anymore. Thus, we have established an
order-order transition coinciding with a change in macroscopic properties. From a self-assembly point
of view, a transition from spherical to worm-like assembly must correlate with the change in the
volume fraction of the hydrophilic to the hydrophobic compartment. Specifically, the hydrophilic
pMeOx block would have to decrease in volume or the hydrophobic pPheOzi block would have to
increase in volume upon cooling for a sphere-to-worm transition to occur. However, neither blocks are
known to be thermoresponsive in this case, so it is not apparent a priori, what causes this order-order

transition on a (macro)molecular level.



An indirect method to determine (macro)molecular mobility and polymer self-assembly is the use of
viscosity sensitive fluorescent probes, namely molecular rotors such as 4,4’-difluoro-4-bora-3a,4a-
diaza-s-indacene meso-substituted with para-dodecylphenyl, BODIPY-C12 (BPC12) and 2-(4-
dimethylamino)styryl)-1-methylpyridinium iodide, Daspmi (Figure S2).3! The fluorescence lifetime of a
molecular rotor is affected by a rotation ability of its structural segments with respect to each other,
which is strongly dependent on the immediate molecular environment. However, it has to be kept in
mind that it is not always clear what this immediate molecular environment is in the presence of self-
assembled species. Here, microviscosities in the sol and gel states were determined by fluorescence
lifetime data after appropriate calibration (Figure S3)32 at four temperatures (5, 12, 22 and 37 °C). We
intended to probe the temperature-dependent microviscosity of both, hydrophobic and hydrophilic
domains of the self-assemblies by using two different rotors, one being more hydrophobic (BPC12) and
the other being more hydrophilic/amphiphilic (Daspmi). Interestingly, in contrast to bulk viscosity
(macroviscosity) of the polymer that is obviously higher in gel state compared to sol state, the
microviscosity decreased upon gelation. The decrease for the hydrophilic probe was much more
pronounced, suggesting more substantial changes in its microenvironment and therefore of the
hydrophilic compartment upon gelation (Figure 4A). In the gel state, the microviscosity was similar for
both probes. In contrast, in the sol state the more hydrophilic Daspmi experienced a microviscosity

that was almost three times higher compared to BPC12.
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Figure 4| Microviscosity and polarity change investigated using molecular rotors and fluorescence
spectroscopy. A) Microviscosity values for Daspmi and BPC12 molecular rotors in a 20 wt.% aqueous polymer
sample in fluorescence lifetime experiments as a function of temperature. Bulk viscosity of a 20 wt.% hydrogel
was added for comparison using the data obtained in previous studies via oscillatory rheology experiments.??
Wavelength shift of BPC12 (B) and Daspmi (C) fluorescence emission in steady-state experiments as a function
of temperature.



The result can be interpreted so that in the sol state, where spherical micelles are present, the used
rotors are located in different self-assembly domains, presumably Daspmi stays within the hydrophilic
corona and BPC12 in the hydrophobic core of the micelles. We would like to remind the reader that
this must concur with a decrease of the volume of the hydrophilic corona or an increase of the volume
of the hydrophobic compartment. Thus, upon order-order transition from spheres to worms, Daspmi
appears to be expelled from the corona. Steady-state fluorescence spectroscopy complements the
picture. Fluorescence intensity and Amax shift can provide information on polarity changes of the
probe’s microenvironment. BPC12 and its derivatives are known to exhibit a lower degree of
responsiveness in this context compared to Daspmi.>® For both probes, a two-step bathochromic shift
was observed at low temperature, indicating an increase in polarity upon gelation (Figure 4B,C). This
increase supports the suggestion that the probes can be partially expelled from polymeric self-
assemblies and become more exposed to polar aqueous solvent. Interestingly, the first polarity change
is at a temperature between 12 °Cand 17 °C, which coincides with the first endothermic peak observed
in micro-calorimetry (Figure 3). Again, the change was much more pronounced for Daspmi. Ultimately,
the time-resolved and steady-state fluorescence measurements clearly show that the
microenvironment of both molecular rotors is more polar and less viscous in the gel state, suggesting
that the gelation causes a probe migration out of the condensed polymeric assembly closer to the
polymer-water interface.

Raman spectroscopy can provide functional group-selective information on covalent and non-covalent
polymer interactions. Importantly, it is well suited for the characterization of highly concentrated
aqueous systems and can allow drawing conclusions about existing conformations.*” Accordingly, we
investigated a 20 wt.% polymer sample at 5 °C (gel) and 40 °C (sol) and compared this to the dried

polymer powder (Figure 5).
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Figure 5| Temperature dependent Raman experiments of a 20 wt.% sample in sol (40 °C) and gel (5 °C) state.
A)) Normalized Raman spectra (250-3700 cm™) of dried polymer powder (black), polymer sol (40 °C, red) and
polymer gel (5 °C, blue). At 1464 cm™ a peak appears in the gel state, with additional changes in the signal pattern
in the region of hydrogen bonds involving water molecules (3100-3600 cm?). B) Deconvolution of the OH-region
of the spectrum (dashed line) using the Gaussian deconvolution method showing the individual Gaussian peaks
(colored lines) and their sum (black line). The different possible hydrogen bonds are describing different types of
water, which can be assigned to primary bound, intermediate mobile, and most mobile water molecules.

Overall, the Raman spectra for the dried polymer powder, polymer hydrogel (20 wt.%, 5 °C) and
polymer sol (20 wt.%, 40 °C) show similar features (Figure 5B-D), yet minor differences further
corroborate changes in the polymer-polymer interactions between sol and gel state as observed by
WAXS. At 1464 cm™, a small but clearly distinguishable peak is exclusively observed in the gel, but
unambiguous assignment of this signal is challenging. In this region both aromatic ring vibrations as
well as CHs and CH; deformation vibrations appear, and these are ubiquitous in the polymer structure.
A more profound difference between sol and gel state is observed in the OH region of 3100 cm™ to
3600 cm?, which in this system can only originate from water molecules, since no significant signal is
detectable in the lyophilized polymer powder in this region. The different types of bonding modes in
water molecules can be categorized using Gaussian deconvolution. In general, due to the wider energy
gap between vibration modes, Raman bands of strong chemical bonds have lower Raman shifts. This
can be used to divide the OH region into areas with different binding strength as previously described
by various groups.?®5¢>7 Raman shifts between 3200 and 3300 cm* indicate water molecules with more
hydrogen bonds and are therefore considered primary bound water. Increasing shifts are interpreted

as intermediately (3300-3400 cm™) with fewer hydrogen bonds and strongly mobile (3450-3550 cm™)



water molecules. In the present system, H-bond donors and acceptors can originate from other water
molecules, while in the polymer only H-bond acceptors are present. Our data suggest that water is
more strongly bound/less mobile in the hydrogel compared to the sol (Figure 5D) as indicated by the
increased contribution of the peak at 3250 cm™ (red line, 1). While we see specific differences in the
Raman spectra between sol and gel state, a specific assighment of polymer-polymer interactions

responsible for the order-order transition remains elusive, and additional analytical tools are needed.

Due to its sensitivity to short-range order phenomena and more straightforward assignability of signals
to specific moieties, NMR spectroscopy is a versatile tool to further study the underlying phase
transitions. In a first step, all signals in the 'H NMR experiments were assigned to the functional groups
of the polymer (Figure 6A,B). Notably, the aromatic protons in the sidechain of the hydrophobic
polymer block show a broad signal at 6.6-7.6 ppm (signal 5), which differs significantly in appearance
between sol and gel state (Figure 6B). Four signal areas around 6.9, 7.2, 7.4 and 7.5 ppm (signals 5.1-
5.4) can be distinguished. In the hydrogel state (2 °C - 31 °C), an overall low signal intensity with a
relatively defined peak at 7.5 ppm and a broad shoulder around 7.4 ppm is observed. Increasing the
temperature above the sol/gel transition (34 °C - 40 °C) results in significantly increased signal
intensities and reduced line widths in line with the expected mobility increase for the polymer chains.
The signals in the aliphatic region (backbone and CH; group of MeOx, signals 1-4) also become much
more defined. The fraction p (equation (3)) allows a more quantitative assessment of the relative
decrease of the respective peak areas, which allows drawing conclusions about the mobility of the

associated polymer segments (Figure 6C).
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Figure 6] 'H NMR experiments of a 20 wt.% sample in D20 recorded at different temperatures. A) Structure of
the amphiphilic ABA type triblock copolymer pMeOx-b-pPheOzi-b-pMeOx including numbering scheme. B) *H
NMR spectra at 2 °C (blue) and 40 °C (red) of a pMeOx-b-pPheOzi-b-pMeOx sample alongside signal assignment.
C) Calculated p-ratio for the intensities of different polymer protons as a function of temperature.

The aromatic CH-protons yield the highest p-values in the gel-state. Upon liquefaction, the p-value
decreases drastically indicating a more flexible and mobile hydrophobic micellar core for the spherical
micelles. Overall, the hydrophilic block and the backbone are less affected at worm formation
corroborating results by Weberskirch et al. and Cernoch et al. describing thermoresponsive POx based
homo- and copolymers.?’>8 A first decrease in p-value occurred at 15-20 °C, followed by a plateau
region (20-30 °C), before the p-value drops to zero upon liquefaction. This observation agrees with the
results obtained by micro-calorimetry and steady state fluorescence. Mobility information for the
different moieties can also be obtained through the comparison of 'H longitudinal relaxation times T1,
which were determined for the sol and gel state, respectively (Figure S4, Table S2). The fact that all
polymer segments yield the same trend of decreasing T1-values upon increasing temperature supports
the assumption that all parts of the polymer act in concert in the aggregation process. The same trend
can be drawn for the water signal, since a high T1 value for small molecules in the sol state indicates
more mobile water molecules compared to the gel state. This supports the Raman and steady state

fluorescence results discussed earlier. Before the hydrophobic aromatic core of the worm like micelle



becomes much more mobile, the hydrophilic block and the polymer backbone become more flexible.
However, it is only when the aromatic block undergoes a drastic increase in mobility (in conjunction
with a minor increase of the hydrophilic block and polymer backbone) that the order-order transition
from worm to spherical micelle is observed. Regarding the necessary change in volume ratio of
hydrophilic and hydrophobic blocks, the much more pronounced reduction in mobility of the
hydrophobic block would suggest a compaction rather than a volume increase. This leaves only the
possibility of a significant volume decrease of the hydrophilic block. Even though the reduction of
mobility is much less pronounced, the reduced mobility does hint to some compaction of the

hydrophilic domain.

To obtain more insights into the spatial proximity between different moieties in the polymer, 2D *H-'H
NOESY NMR experiments were performed in the gel (5 °C) and sol (40 °C) state (Figure 7). Notably,
significantly stronger NOE signals are visible in the hydrogel state (Figure 7A) compared to the sol
(Figure 7B), which indicates on average a closer proximity of the individual polymer moieties and

agrees with the results from WAXS (Figure 1C).
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Figure 7| *H-'H NOESY NMR experiments of a 20 wt.% sample in D20 recorded with a mixing time of 40 ps. 5
°C (blue, gel state, worm like micelle). 40 °C (red, sol state, spherical micelle). For signal areas of interest 1D slices
were extracted and the assignment in figure 6 for the specific polymer signals was used.

In the sol state, a single intense NOE cross peak originating from the defined aromatic peak at 7.5 ppm
can be correlated to the backbone and MeOx sidechain protons. In the gel state an additional second
cross peak of the aromatic region at 6.9 ppm with the backbone and MeOx sidechain protons is evident

despite the overall lower H signal intensity in this area compared to the sol state. The observation of



an additional NOE signal and, therefore, increased spatial proximity of aromatic and hydrophilic units
is a first but crucial hint at a possible molecular mechanism to explain the unique assembly of this
amphiphile into worm-like micelles at lower temperature. If the hydrophilic blocks interact with the
hydrophobic block in any significant manner upon cooling, this could reduce the

hydrophilic/hydrophobic volume ratio and lead to the order-order transition.

Considering their nature as viscoelastic solids, hydrogels can also be characterized using solid-state
NMR experiments.*® For shear thinning hydrogels such as the present system, one has to consider the
possibility that magic angle spinning (MAS) can exert sufficient force to alter the samples properties,
e.g. causing liquefaction. This is obviously dependent on the yield point of the hydrogel and the extend
of shear thinning the material undergoes. Accordingly, preliminary *H NMR experiments at different
MAS frequencies (3-5.3 kHz) were recorded. No significant differences were observed (Figure S5). Two
different 3C NMR spectra were recorded either through direct excitation (DE) with short interscan
delay (1s) showing predominantly mobile carbon environments (Figure 8A, grey spectrum), while H-
13C cross polarization (CP) MAS experiments with a contact time of 2 ms showcase more rigid molecular
entities due to their dependence on dipolar interactions (Figure 8A, black spectrum). In the spectrum
obtained through DE, only signals that can be attributed to MeOx units were visible and no aromatic
signals were observed, corroborating once more the reduced mobility of these building blocks. In the
13C CP MAS NMR spectrum significantly more and broader peaks as well as spinning sideband
(indicated by asterisks) were observed with phenyl moieties now clearly observable. A MAS rate of 5
kHz or higher is required to avoid substantial overlap between the carbonyl signal of the amide group
and the phenyl spinning sidebands. The broader signal (compared to DE spectra) of the amide CO group
is slightly shifted to smaller ppm values (orange arrow) and a band of additional signals is visible at
higher ppm originating from the phenyl carbonyl groups. Most interesting, however, are two additional
signals that are observed in the aliphatic region of the spectrum (red arrows). The signal at 38 ppm is

in proximity to the other backbone signals indicating a similar chemical environment, while another



new and broad signal appears at 24 ppm adjacent the signal of the methyl sidechain of the hydrophilic

polymer block.
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Figure 8| Solid state NMR experiments of a 20 wt.% hydrogel sample. A) Overlay of the 3C NMR spectra
recorded at 9.4 T and 5.3 kHz MAS using DE and short interscan delay of 1 s (grey) or CP MAS with 2 ms contact
time (black). Spinning sidebands are indicated by asterisks. B) 'H-13C HETCOR MAS spectrum recorded at 9.4 T
and a MAS rate of 5 kHz using a contact time of 2 ms. 122 t1 FID increments were acquired using a recycle delay
of 2 s, each with 240 co-added transients. The corresponding *3C NMR spectra are shown at the bottom. Direct
CH contacts are indicated by dotted grey lines.

To better understand the nature of these new signals and investigate proximities through space in
more detail, a 2D 'H-3C HETCOR experiment with a contact time of 2 ms was recorded (Figure 8B).
Due to the relatively long contact time, intra- and intermolecular proximities can be observed in the
2D spectrum as cross peaks. The *H chemical shifts of the CHs groups of MeOx, the backbone, and the
two major phenyl environments are indicated by grey dotted, horizontal lines. The three signals
highlighted in Figure 8A are indicated by red dotted, vertical lines. For the carbonyl signal, cross peaks
both in the aromatic and aliphatic backbone region are observed, but due to the polymer structure we
cannot know whether the proximity is intramolecular or intermolecular. Furthermore, cross peaks
between some of the backbone CH, signals and the phenyl signal at higher ppm are also visible (black

boxes). Considering the larger intramolecular distance between backbone and the phenyl ring, this



interaction is most likely through space. For the remaining carbon signals in the aliphatic region, it is
clear that interactions must occur through space. The more rigid CHs group of MeOx at 24 ppm only
visible in the CP-MAS experiment is in a different polymer block than the phenyl moiety. Therefore,
the cross peak at 24 / 7.2 ppm can only be explained by *H-13C proximity through space (< 4 A) between
the hydrophilic and the hydrophobic block. In contrast, the more mobile CH3 group of MeOx at slightly
lower ppm values does not show any cross peaks in the 2D correlation and thus represents the
hydrated hydrophilic corona. With this, we can finally formulate a mechanism for the order-order
transition and inverse thermogelation in agueous solutions of pMeOxss-pPheOzi;s-pMeOxss. Our
results show that this thermogelation is due to an unexpected interaction between repeat units in the
hydrophilic pMeOx blocks and those in the aromatic hydrophobic pPheOzi block. Polymers that show
UCST-type thermotransition typically exhibit H-bonding between polymer chains which is impossible
in the present case. So what is the origin of this interaction? A look into the literature yields two most
probable candidates, the overlap of the lone electron pairs of the amide carbonyl and the aromatic
LUMO: name®® o1t * s 0r interactions of the m-orbitals of the amide and phenyl ring: Ttam® ® Tt In general,
non-covalent n—>m* interactions have been described to contribute to the thermostability of the
proline-rich protein collagen.® Proline is the only proteinogenic amino acid that forms tertiary amides
akin to the amide groups in POx and POzi. In addition, and even more closely related to the present
system, n->m*a interactions have been described to contribute to the structure formation in
peptoids®!, which again contain tertiary amides. The analytically rather elusive n>1t* . interactions are
typically verified by crystallographic data or computational modeling. While the former can be ruled
out for our system, we performed an all-atom molecular dynamics (MD) simulation of a single worm-
like micelle consisting of full length pMeOxss-b-pPheOziis-b-pMeOxss amphiphiles at 5 °C (Figure S6A).
We modeled the pPheOzi blocks as a central inner strand, which is surrounded by the corresponding
pMeOx blocks stretching out into the solvent (water). Throughout the 600 ns simulation a single worm-
like strand of pPheOzi blocks is preserved. More interestingly, the peripheral pMeOx blocks approach
the initially solvent-exposed hydrophobic repeating units (Figure 9A,B), clearly corroborating our

model of a hydrophilic shell condensing onto the hydrophobic core.
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Figure 9| Results of molecular modeling of a worm-like micelle comprising pMeOx-b-pPheOzi-b-pMeOx
amphiphiles. A) Simulation snapshots showing PheOzi monomers as red and MeOx monomers as blue VDW
spheres. The simulation box and about half of each neighboring image along the Z axis are illustrated, without
solvent molecules depicted. B) Same illustration as seen in A) from an orthogonal perspective (along the Z axis).
C) Occupancy density analysis around aligned PheOzi residues (white sticks), showing hotspots for different
polymer structures as meshes from two different perspectives. In C-1 the violet density represens PheOzi side
chains and the grey density PheOzi backbone atoms (isovalues: 0.08). The two structures on the right in C-2
depict densities (isovalues: 0.03) for MeOx backbone atoms (green) and side chain atoms (orange) from two
different perspectives. D) lllustrates two example snapshots D-1 and D-2 in which residues at the surface of the
micelle overlap with occupancy hot spots from C). pMeOx residues are shown with blue carbon atoms, pPheOzi
residues with magenta carbon atoms and the aligned monomer of interest is highlighted in yellow. Densities are
shown analogously to C).

Consequently, the radius of gyration of the self-assemblies decreases quickly and reaches a narrow
fluctuation range after about 40 ns (Figure S6B, left). While the overall structure becomes more
compact, not all pMeOx repeat units come into close contact with pPheOzi residues, which in turn are
also not completely shielded from the solvent at the end of the simulation, corroborating the
observations by solution NMR spectroscopy. In silico, about 53 % of all pMeOx repeat units keep a
minimum average distance of more than 5 A to the pPheOzi blocks over the last 100 ns (including
hydrogen atoms for calculation). These would be attributed to the pMeOx repeat units, which were
found more mobile in the 3C DE MAS NMR spectra and which did not show cross peaks with the
aromatic rings of pPheOzi in the H-13C HETCOR spectrum. We analyzed the solvent accessible surface

area of all pPheOzi units and noticed that this value is mostly decreasing early on for the aromatic side



chains, indicating that pMeOx monomers are preferably shielding these moieties against water
molecules (Figure S6B, middle). The amount of water within 5 A around polymer residues also
decreases quickly, especially for the pMeOx monomers (Figure S6B, right). An illustration of the
average occupancy densities of polymer moieties around pPheOzi moieties supports this observation
(Figure 9B). pMeOx and, more specifically, their side chains are predominantly located close to the
aromatic ring of pPheOzi side chains in near vicinity to the pPheOzi carbonyl group. In contrast,
aromatic rings of pPheOzi can be found below or above other pPheOzi amide groups and near the
phenyl ring in the area which is turned away from the carbonyl group. The pPheOzi backbone atoms
are mainly surrounded by other pPheOzi residues. Interestingly, a small fraction of the aromatic repeat
units remains solvent-exposed: 17 out of 120 pPheOzi repeating units show an average minimum
distance of over 3 A to any pMeOx in the last 100 ns (taking hydrogen atoms into account). These could
be interpreted as sticky patches, which help to mechanically connect different worm-like micelles,
adding to the remarkably high storage modulus of the gels.?? The evidence of such sticky contacts in
worm-like micelles was recently discussed by Thurn and Hoffmann.®? On the other hand, this could
also result from an insufficient number of polymers in our model, as the exact composition of the
micelle was not available as input a priori from experimental data. For the pPheOzi residues analyzed
during density calculation, we measured distances to the nearest polymer moieties, as well as the
angle w between the planes of nearby N-(C=0)-C amide groups and the aromatic ring (Figure S7).
Distances D1 — D4 reflect the orange and green densities in Figure 9C. A notable number of distances
D1 - D3 below 4 A can be found, highlighting potential interactions between the side chains of the
pMeOx and the aromatic ring of pPheQzi. Overall, distances show distributions similar to the results of
our WAXS experiments. The distance to the ring centroid is the lowest for the pMeOx methyl group,
while the backbone is situated further away. These measurements may indicate possible hydrophobic
effects between aromatic groups of pPheOzi and the methyl sidechain group of pMeOx. With regard
to the pMeOx carbonyl groups, Nam®® ®Tt* s OF Tiam® ® ®TT4 interactions may be hypothesized. While it
should be mentioned that the existence of specific interactions between lone pairs and aromatic

systems was recently challenged® and that the ability of classical force fields for capturing these can



certainly be questioned, occurrences of an angle w <90 ° in combination with a distance lower than
3.8 A of the carbonyl oxygen to the ring centroid are in accordance with previously published
measurements for potential nam® ® ®1t*srinteractions, e.g. in peptoids.t% We retrieved very low values
for w with a median of about 19° with the above mentioned distance cutoff, indicating suitable
conformations for name®e®erm™*s or mam®e®ema, interactions. Exemplary simulation snapshots which
overlap with the described densities illustrate the interactions between pMeOx and pPheOzi side
chains (Figure 9D). While some pMeOx carbonyl groups showed conformations perpendicular to the
ring plane (example D-1), in most cases the amide moiety is placed nearly parallel to the aromatic

pPheOzi ring (example D-2).

In summary, the MD simulation conclusively corroborates our extensive analytical data, in particular
by WAXS and NMR spectroscopy and the formulated mechanism of the hydrophilic pMeOx interacting
with the hydrophobic pPheOzi. This results in a notable condensation of the hydrophilic corona and,
thus, enables the worm-to-sphere transition upon cooling. This process may be driven by pMeOx side
chains mainly interacting with aromatic systems of the pPheOzi blocks via hydrophobic, as well as

possible tam® ® oTts and Nam® @ oTT* 4 interactions.

Conclusion

Using a wide selection of complementary analytical tools, we gained a detailed picture of molecular
interactions responsible for an unusual order-order transition in conjunction with an inverse
thermogelation of aqueous solutions of pMeOxss-b-pPheOziis-b-pMeOxss. DLS and SAXS analysis
confirmed the previously described reversible worm-to-spheres transition upon heating. Raman
spectroscopy, micro-calorimetry, fluorescence spectroscopy and in particular detailed NMR
spectroscopic studies at different temperatures revealed novel and specific polymer/polymer
interactions between the hydrophilic pMeOx blocks and the hydrophobic aromatic pPheOzi moieties
in the hydrogel state. Comparison with similar, tertiary amide containing systems in the literature and
in silico molecular dynamics modeling led us to propose hydrophobic, neeent*,, and/or more

pronounced mee e, interactions between the carbonyl moieties in the hydrophilic pMeOx block and



the aromatic rings in the hydrophobic pPheOzi block to be responsible for the order-order transition
and inverse thermogelation. To the best of our knowledge, the described system is not only the first
example of a sphere-to-worm order-order transition that leads to inverse thermogelling, it is also the
first example in which specific interactions on molecular level are critically affecting the self-assembly
in synthetic polymer amphiphiles. This mechanistic elucidation should allow optimization and tuning
of this unusual system by structural variations, e.g. in the aromatic ring system, but also opens new

avenues to design smart materials.
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