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Abstract 

Recently it was shown that ABA-type triblock copolymers with pPheOzi as central B-block undergo a 

cooling induced  order-order transition from spherical to worm-like micelles accompanied by inverse 

thermogelation. Previous attempts to modulate the chemical structure of the pPheOzi block prevented 

worm-formation or even thermogelation. Here, two novel polymer variants were synthesized bearing 

-CH3 or -OCH3 at the para-position of the phenyl group of pMeOx-b-pPheOzi-b-pMeOx. Rheological, 

µDSC and AFM analyses proved thermogelation and formation of worm-like micelles of pMeOx-b-

pMeOPheOzi-b-pMeOx, while pMeOx-b-pMePheOzi-b-pMeOx remains a sol of spherical micelles. In 

order to understand the macroscopic phenomena at the molecular level, a detailed NMR study has 

been carried out. NMR spectroscopy in solution was used to visualize the subset of mobile polymer 

moieties in the corona, whereas rigid moieties were analysed in-detail by solid-state NMR. 

Intermediate motions can interfere with classical solid-state NMR analyses, but freezing the samples 

successfully improved the visibility of moieties in this dynamic regime. Combining solid-state NMR of 

frozen samples with DSC revealed three types of water —non-freezable bound, freezable-bound, and 

free water— with indications for water also being present in the core of micelles and worms. Based on 

the complementary insights due to the additional frozen sol- and gel-state NMR experiments, the -

OCH3 within the B-block could also be identified to stabilize the core-water interaction leading to 

prolonged thermal stability for the new pMeOx-b-pMeOPheOzi-b-pMeOx gels. 

Introduction 

Aqueous solutions of polymers that undergo a sol-gel transition when triggered by a change in 

temperature are known as thermoresponsive hydrogels.[1] Thermogelation of multi-block copolymers 

is well known in the literature and is usually induced by the combination of a hydrophilic polymer block 

and at least one hydrophobic or intrinsically thermoresponsive polymer block.[2] Thermoresponsive 

polymers with reduced solubility above a certain temperature are known as lower critical solution 

temperature (LCST) type polymers. Heating-induced gelation is therefore referred to as LCST-type 

thermogelation.[3] In turn, reduced solubility below a critical temperature and gelation upon cooling is 

referred to as upper critical solution temperature and the corresponding gelation is sometimes referred 

to UCST-type gelation, even though there is typically not an actual phase transition involved. More 

generically, the cooling induced gelation can be referred to as inverse thermogelation.[4-5]     

A precise sol-gel transition temperature  and rapid gelation resulting in a gel with defined and ideally 

tuneable macroscopic  properties is desirable for the successful application as smart biomaterials, e.g. 

for bioprinting.[6] Systematic tuning of gelation remains a challenge because of the many factors that 

influence it. It is reported that with increasing degree of polymerization, gelation can be achieved at 

lower temperatures and lower critical gelation concentrations (CGC).[7-8] In the case of multiblock 
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copolymers, not only the total length of a polymer chain but also the ratio between hydrophilic, 

hydrophobic and/or thermoresponsive blocks can be varied. In particular, increasing the ratio of the 

hydrophobic polymer block can shift Tgel→sol and CGC to lower values and induce higher gel strength.[6, 

9] In both cases, increasing the block length and increasing the hydrophobic ratio can reach an upper 

limit where precipitation or phase separation occurs instead of gelation.[6] Since the gelation process is 

usually accompanied by the arrangement of the polymer strands into an organized structure, changing 

the design of a polymer from a block copolymer to less ordered random or gradient copolymers may 

result in no gelation or weak gels.[6, 10] Predicting how changes in the chemical composition of a polymer 

will affect its gelation is certainly more complex. 

Previously, Hahn et. al described the first ABA-type triblock copolymer based on poly(2-oxazoline) (pOx) 

- poly(2-oxazine) (pOzi) undergoing inverse thermogelation in water, namely poly(2-methyl-2-

oxazoline)-block-poly(2-phenyl-2-oxazine)-block-poly(2-methyl-2-oxazoline) (pMeOx-b-pPheOzi-b-

pMeOx = A-pPheOzi-A, Fig 1).[11] The gel-sol transition was observed to occur rapidly upon heating to 

around 32 °C, while a sphere-to-worm, order-order transition upon cooling results in relatively slow 

gelation with a considerable hysteresis between Tgel→sol and Tsol→gel. Already small variations of the 

hydrophilic blocks (Fig. 1, blue box), e.g. by introducing an additional methylene unit in the side chain 

using poly(2-ethyl-2-oxazoline) (pEtOx) or in the backbone using poly(2-methyl-2-oxazine) (pMeOzi) 

were shown to significantly affect its aggregation behaviour and gelation.[12] Both polymers, like A-

pPheOzi-A, undergo inverse thermogelation in a similar temperature range, accompanied by sphere-

to-worm transition on cooling.[13] Nevertheless, these modified polymers differ in their macroscopic 

properties like gel strength and persistence from the original A-pPheOzi-A polymer, whereas the overall 

gelation mechanism appears to remain the same. Replacing pMeOx by the chemically rather different 

polyethylene glycol (PEG) as hydrophilic A-block results in a triblock copolymer, which also shows 

sphere-to-worm transition-based thermogelation, albeit much faster, resulting in thermogels with high 

gel strengths.[10] 

Fascinatingly, similar changes in the hydrophobic B-block by reducing the pPheOzi backbone by a 

methylene unit (poly(2-phenyl-2-oxazoline)), shifting a methylene unit from the pPheOzi backbone to 

the side-chain (poly(2-benzyl-2-oxazoline)), or adding an additional methylene unit to the side-chain 

(poly(2-benzyl-2-oxazine)) resulted in non-gelling aqueous solutions of these polymers (Fig. 1, grey 

box).[11] However, poly(2-phenethyl-2-oxazoline) as well as poly(2-benzhydryl-2-oxazine) as 

hydrophobic B-blocks in combination with pMeOx as hydrophilic A-blocks again show inverse 

thermogelation of 20 wt.% aqueous solutions albeit not accompanied by the morphological change 

from spherical micelles to worm-like structures in its gel state (Fig. 1, red box).[12, 14] This led to the 

hypothesis that chemical modifications, which change the flexibility or steric demand of the 

hydrophobic B-block interfere with the underlying gelation mechanism. Certainly, more modifications 
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are conceivable for testing this hypothesis. Additionally, more detailed insights on the arrangement 

and interaction of the components on a molecular level would help to enable targeted tuning of the 

thermoresponsive aggregation and macroscopic properties of resulting hydrogels through structure-

property relations. 

 

Figure 1: Overview of the A-block (blue box) and B-block (orange and grey box) modifications of the original ABA-type triblock 
copolymer pMeOx-pPheOzi-pMeOx (white box) with the modifications published here indicated by a dotted black box. 
Additional chemical moieties compared to pMeOx-pPheOzi-pMeOx are highlighted in red while blue bonds indicate a missing 
methylene unit in between.    

A variety of NMR spectroscopic techniques is available for achieving insights into hydrogels on a 

nanoscale level.[15-19] 1H NMR based investigations including relaxometry and diffusion measurements 

of hydrogels in H2O can provide valuable insights into water structuring and mobility.[20] A closer look 

at the polymer network itself can be obtained by performing 1H and 13C NMR spectroscopy on the 

hydrogel in D2O. This offers details on cross-linking[21-22] and the resulting mesh size, aggregation 

changes during the sol-gel transition,[19] and network inhomogeneities and defects.[23] NMR has already 

proven to be valuable tool for understanding the molecular-level processes of aggregation of the A-

pPheOzi-A polymer and its A-block homologues, namely the pEtOx-B-pEtOx and pMeOzi-B-pMeOzi 

polymers.[13] Given the limitations of NMR in solution being only feasible for the subset of mobile 

polymer moieties and that solid-state NMR has a markedly limited applicability for polymer sol samples 

due to fast isotropic tumbling of micelles, [24] an alternative approach is required for a detailed analysis 

of polymer sol samples by NMR spectroscopy. 

Changes in temperature have a strong effect on molecular motion, in addition to the inherently higher 

sensitivity of NMR at low-temperatures due to Curie´s law.[25] At high temperatures, when molecular 

motions are fast, NMR linewidths are sharp due to motional narrowing.[25] However, motions on 

intermediate timescales, which are in a range similar to the MAS frequency or the decoupling field, 

cause strongly broadened linewidths.[26-27] By lowering the measurement temperature molecular 
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motion can be slowed down or even frozen. The effect of freezing molecular motion is well understood 

for small molecules and can lead either to line sharpening if the molecule is trapped in its most stable 

conformation or to line broadening if the molecule is frozen in numerous conformations with slightly 

different chemical shifts.[25, 28-29] Certainly, the situation is more complex for low-temperature NMR 

measurements of macromolecules in a frozen aqueous environment. Nevertheless, NMR investigations 

on frozen aqueous solutions of proteins are used to study exchange processes or out-of-equilibrium 

states, for example during protein folding.[30-31] However, NMR investigations on frozen hydrogels are 

rare in literature. The literature is mainly based on the use of dynamic nuclear polarization (DNP) NMR 

at 100 K to investigate polymers or hydrogels, taking advantage of the signal enhancement provided by 

DNP without focusing on the effects of freezing the sample.[32] For example, Dwivedi et al. used DNP 

NMR performed at 100 K to investigate glycosaminoglycan (GAGs) and collagen proteins located in 

cartilage.[33] Moreover, polyacrylamide hydrogels were used as DNP matrices (DNP jelly) providing 

efficient signal enhancements for embedded inorganic nanoparticles measured at 100 K. Nevertheless, 

the effect of freezing on the DNP jelly has not been studied.[34] Besides that, Colquhoun et al. measured 

13C CP MAS NMR of amylose hydrogels at room temperature and at -43 °C. At lower temperatures, a 

previously mobile sample fraction was ‘frozen’ and thus made visible in the NMR spectrum.[35] Here we 

exploit the immobilization effect of freezing aqueous polymer aggregates to facilitate solid-state NMR 

investigations on the molecular level of both polymer gels and sols. With the two new copolymers and 

a comparative analysis between different hydrogel-forming as well as non-forming polymers in the 

frozen state, we aim for an improved molecular-level understanding of these materials to explain their 

different gelling behavior.  

 

Materials and Methods 

Materials  

All chemicals used for monomer synthesis and polymerization were purchased from Sigma-Aldrich 

(Steinheim, Germany) or TCI-chemicals (Eschborn, Germany) and were used as received unless 

otherwise stated. All deuterated solvents for NMR analysis were obtained from Euroisotop (St-Aubin 

Cedex, France) and Deutero GmbH (Kastellaun, Germany). Methyl trifluoromethanesulfonate, 2-

methyl-2-oxazoline, 2-(4-methoxyphenyl)-2-oxazine, and 2-(4-methylphenyl)-2-oxazine were refluxed 

over calcium hydride and distilled prior to usage. Benzonitrile was dried over phosphorus pentoxide 

and distilled prior to usage, as well. All dried chemicals were stored under dry and inert conditions.  

Poly(2-methyl-2-oxazoline)-block-poly(2-phenyl-2-oxazine)-block-poly(2-methyl-2-oxazoline) (A-

pPheOzi-A = pMeOx-b-pPheOzi-b-pMeOx) was synthesized according to previously published 

protocols.[11, 13] Polyethylene glycol-block-poly(2-phenyl-2-oxazine)-block-polyethylene glycol (PEG-b-
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pPheOzi-b-PEG = PEG-pPheOzi-PEG) was kindly provided by Anna-Lena Ziegler, from the working group 

of Prof. Luxenhofer, University of Helsinki, Finland.[10, 13] 

Synthesis 

The two monomers 2-(4-methoxyphenyl)-2-oxazine and 2-(4-methylphenyl)-2-oxazine as well as the 

resulting triblock copolymers were synthesized according to the literature.[11, 13, 36] A detailed 

description of the synthesis protocols is given in the supporting information.  

Size exclusion chromatography (SEC) 

Size exclusion chromatography measurements were performed at a Polymer Standard Services PSS 

(Mainz, Germany) SECurity system with isocratic pump, degasser and autosampler, UV and RI detector. 

The system was equipped with a precolumn: 50 × 8 mm PSS PFG linear M and 2 columns: 300 × 8 mm 

PSS PFG linear M (particle size 7 μm; pore size 0.1−1.000 kg/mol). Hexafluoroisopropanol (HFIP 

containing 3 g/L potassium trifluoroacetate (KTFA), Fisher Scientific) was used as eluent with a flow of 

0.8 mL/min at a temperature of 40 °C. The system was calibrated by poly(methyl methacrylate) 

(PMMA, Polymer Standards Service) standards. All samples were dissolved in HFIP and filtered through 

0.2 μm GHP filters (Acrodisc) before measurement. 

Differential Scanning Calorimetry (DSC) 

Glass transition temperatures (Tg) of all synthesized polymers and melting temperatures after freezing 

of the aqueous polymer solutions were obtained by DSC measurements. DSC measurements were 

performed on a DSC 8000 (PerkinElmer Inc.) equipped with a Intracooler 2 (PerkinElmer Inc.) and 

operating under nitrogen atmosphere at constant heating and cooling rates of 5 °C/min. About 10 mg 

of each dried polymer powder / aqueous polymer solution were weight into an aluminium crucible 

with a crimped-on lid. For Tg determination three cycles from -50 °C to 200 °C and subsequent cooling 

to -50 °C were measured. For ice melting after freezing two cycles from 5 °C to -50 °C and subsequent 

heating to 93 °C were measured with a rate of 5 °C/min. For comparison of A-pPheOzi-A gel vs. sol DSC 

heating curves were measured from -50 °C to 50 °C with a rate of 1 °C/min of 20 wt.% aqueous solutions 

of A-pPheOzi-A, which were frozen with a rate of 20 °C/min starting from 5 °C (A-pPheOzi-A gel) or 

40 °C (A-pPheOzi-A sol). The curves obtained were evaluated with OriginLab. The Tg was defined as the 

turning points of the stages in the heating curves characteristic of glass transitions and determined 

from the third heating curve in each case. The melting temperature after freezing is defined as the 

onset of the endothermal transition. 

Micro differential scanning calorimetry (µDSC) 

µDSC measurements were performed on a Malvern MicroCal PEAQ-DSC system. The heat of the 

sample was measured relative to pure water and the enthalpy values were normalized to the molar 

concentration of the aromatic repeat units. The polymers were diluted with ultrapure water to a final 

concentration of 10 g/L and stored for 24 h at 4 °C. Before measuring the samples were degassed at 
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5 °C for 5 min and subsequently heated to 100 °C with a rate of 1 °C/min. The samples were 

equilibrated at different temperatures and varying lengths of times. 

Rheology 

A Modular Compact Rheometer MCR-302 (Anton Paar, Ostfildern, Germany) was used equipped with 

a solvent trap and a Peltier element H-PTD200 (Anton Paar). The rheometer was equipped with a plate-

plate geometry of 25 mm diameter (PP25, Anton Parr). The obtained data was evaluated with 

RheoCompassTM (Anton Paar). All measured hydrogel samples were stored at 5 °C for at least 24 h 

before the measurement. Temperature-sweep measurements were performed starting at 5 °C and 

subsequent heating to 70 °C with a constant rate of 0.05 °C/s. The measurements were performed in 

the oscillation mode using a fixed amplitude of 0.1% and angular frequency of 10 rad/s. 

Transmission Electron Microscopy (TEM) 

Cryo Transmission Electron Microscopy (cryoTEM) was measured using a Gatan 626 cryo-transfer 

holder for the vitrified samples in an FEI Tecnau T12 Spirit transmission electron microscope equipped 

with a LaB6 emitter at 120 kV. Images were obtained with an Eagle CCD camera under low-dose 

conditions. The micrographs were binned two times, resulting in a pixel size of 4.4 Å/pix or 2.2 Å/pix 

at the specimen level. Polymer samples were adjusted to a concentration of 20 g/L in MilliQ water and 

3.5 µL of the aqueous sample were placed on Quantifoil copper grids (400 mesh, R1/2) and plunge-

frozen in liquid ethane with a Vitrobot IV (FEI). The humidity was set to 100%, the temperature to 5°C.  

Atomic Force Microscopy (AFM) 

AFM measurements were performed under ambient conditions using a Bruker Multimode 8 SPM 

system operating in tapping mode in air. Silicon cantilevers (OMCL-AC240TS, Olympus) with a 

resonance frequency of ≈70 kHz and a spring constant of ≈1.7 Nm-1 were used. The hydrogels were 

diluted (20-fold dilution) to get a clear solution. For preparation of AFM samples, the diluted hydrogels 

were spin-coated onto silicon wafer (SiOx) with 3000 rpm. 

Fourier Transform Infrared spectroscopy (FT-IR)  

FT-IR was performed using a FT/IR-4600 type A instrument with ATR Pro ONE, A070661809 from JASCO 

instruments. Polymer samples were measured in a dried state and prepared at 20 wt.% solution in 

D2O. Aqueous polymer samples were kept a specific temperature for at least 24 h before measurement 

before they were measured.  

Nuclear Magnetic Resonance (NMR) 

All 1H NMR experiments for reaction control were performed at a Bruker Avance Neo spectrometer 

operating at 9.4 T with a 5 mm iProbe and z-gradient. 1H NMR experiments were acquired at 295.4 K 

with a 30° flip angle, 16 scans, relaxation delay of 0.2 s and without spinning. NMR in solution of 20 

wt.% aqueous sol-gel samples were performed at a Bruker Avance III HD 600 spectrometer operating 

at 14.1 T equipped with a BBFO 5 mm probe using a BCU-02 temperature control unit.  A series of 
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variable temperature 1H NMR experiments was performed in the range from 5 °C to 40 °C (PEG-

pPheOzi-PEG) or 90 °C (A-pMeOPheOzi-A, A-pMePheOzi-A) in 5 °C steps. Solid-state NMR of 20 wt.% 

aqueous sol-gel samples was measured using a 4 mm double-channel HX probe and a Bruker Avance 

Neo spectrometer operating at 9.4 T with 5 - 8 kHz magic angle spinning (MAS). All samples were 

measured in Kel-F inserts to prevent leaking of the aqueous samples and at 273 K to ensure a persistent 

and stable gel (if possible) throughout the measurements. Solid-state NMR of 20 wt.% frozen aqueous 

sol-gel samples was performed using a 3.2 mm double-channel probe and a Bruker Avance III HD 

spectrometer operating at 14.1 T with 7 kHz magic angle spinning (MAS). The samples were cooled to 

243 K to obtain a completely frozen sample throughout the measurements, although temperature 

calibration demonstrated an increase in temperature of +10 °C due to frictional heating. For the 13C 

cross polarization (CP) MAS experiment, a 1 ms or 2 ms ramp (90 to 100 %) on the 1H channel was used 

during the cross-polarization contact time for all samples. In general, 13C CP MAS with 2 ms contact 

time for observing rigid polymer moieties and 13C direct excitation (DE) MAS experiments with a short 

interscan delay of 2 s were acquired to observe mobile species. A more detailed description of the 

measurement parameters along with additional NMR experiments can be found in the SI. 

 

Results and Discussion 

Based on the original pMeOx-b-pPheOzi-b-pMeOx = A-pPheOzi-A triblock copolymer, two novel 

polymers were obtained by varying the electron density and steric demand of the pPheOzi B-block. 

This was done through additional methyl- or methoxy group in para position of the phenyl group. 

Accordingly, poly(2-methyl-2-oxazoline)-block-poly(2-(4-methylphenyl)-2-oxazine)-block-poly(2-

methyl-2-oxazoline) (pMeOx-b-pMePheOzi-b-pMeOx = A-pMePheOzi-A) and poly(2-methyl-2-

oxazoline)-block-poly(2-(4-methoxyphenyl)-2-oxazine)-block-poly(2-methyl-2-oxazoline) (pMeOx-b-

pMeOPheOzi-b-pMeOx = A-pMeOPheOzi-A) were prepared and characterized (Fig. 2). In addition, to 

better distinguish the hydrophilic and hydrophobic blocks in NMR spectroscopy, we included an A-block 

substituted polyethylene glycol-block-poly(2-phenyl-2-oxazine)-block-polyethylene glycol (PEG-b-

pPheOzi-b-PEG = PEG-pPheOzi-PEG) as a reference polymer for NMR investigations due to its 

comparable macroscopic thermogel properties to A-pPheOzi-A.[10] All polymers exhibit a single glass 

transition temperature (Tg) as measured by DSC of the dried polymer samples (Fig. S8). This indicates 

a homogenous structure without (micro)phase separation (in the solid state) meaning that the 

individual blocks of the triblock copolymers are miscible.[37]  

 

https://doi.org/10.26434/chemrxiv-2024-mgsgh ORCID: https://orcid.org/0000-0002-0624-1708 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0

https://doi.org/10.26434/chemrxiv-2024-mgsgh
https://orcid.org/0000-0002-0624-1708
https://creativecommons.org/licenses/by-nc/4.0/


 

Figure 2: Overview of the investigated ABA-type triblock copolymers, namely pMeOx-b-pPheOzi-b-pMeOx (black), PEG-b-
pPheOzi-b-PEG (grey), pMeOx-b-pMeOPheOzi-b-pMeOx (brown) and pMeOx-b-pMePheOzi-b-pMeOx (orange). The 
introduced color code is used for all following figures. The chemical modifications with respect to pMeOx-b-pPheOzi-b-pMeOx 
are indicated by red dotted circles. 

Analysis of the gel-sol transition by µDSC 

Subsequently, 20 wt.% aqueous solutions of A-pMeOPheOzi-A and A-pMePheOzi-A were prepared for 

direct comparison with the A-pPheOzi-A hydrogel. µDSC measurements on these aqueous polymer 

samples showed that A-pMeOPheOzi-A exhibits a broad endothermic transition between 65 – 85 °C 

(Fig.3a). This transition has been identified as a gel-sol transition (Tgel→sol) well above the Tgel→sol of A-

pPheOzi-A (35 °C) and PEG-pPheOzi-PEG (34 °C) (both Fig. S9). Surprisingly, no endothermic transition 

can be detected for A-pMePheOzi-A in this temperature range (Fig. 3b). Although both polymers differ 

by only a methyl or methoxy group compared to A-pPheOzi-A, these groups appear to be highly 

influential on polymer aggregation. Moreover, it must be noted that for A-pMeOPheOzi-A the Tg is 

below its Tgel→sol, which is contrary to A-pPheOzi-A and implies a higher mobility of the respective 

polymer chains even in the gel state.[38]  

Analysis of the macroscopic mechanical properties by rheology 

The temperature dependent mechanical properties of the aqueous polymer samples were 

characterized by rheology after being stored at 5 °C for 24 h, the intention being to facilitate gel 

formation (Fig. S11 / S14) analogous to A-pPheOzi-A. However, the aqueous sample of A-pMeOPheOzi-

A showed only a marginally higher storage modulus (G’) than loss modulus (G’’) at 5 °C, contrasting the 

observed gel-sol transition observed for this polymer in the µDSC measurements. However, when we 

incubated another sample of A-pMeOPheOzi-A well above its Tgel→sol at 105 °C for several minutes and 

then cooled back to 5 °C for at least 24 h, the sample showed a distinct gel-like character at 5 °C (G’ > 

G’’). In addition, G’ increased from 9.1·102 Pa to 1.2·104 Pa after heating above its Tgel→sol and cooling 

back to 5 °C (Fig. 3c). It appears that a certain temperature or energy barrier must first be exceeded to 

induce reorganization of the polymer strands into a stable gel structure. The actual gel-sol transition of 
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A-pMeOPheOzi-A could not be studied by rheology due to its high temperature. Although a similar 

approach was tested for A-pMePheOzi-A, both samples before and after heating to 105 °C showed 

identical rheological properties of a viscous polymer solution at 5 °C and a low G´ of around 5.8 Pa (Fig. 

3d). This supports the µDSC measurements, which showed no gel-sol transition of this aqueous 

polymer solution. Taken together, µDSC and rheology analysis provide evidence that apart from 

pPheOzi-based triblocks, thermogelation also occurs for the A-pMeOPheOzi-A triblock copolymer, but 

not for A-pMePheOzi-A. In addition to the significantly higher gel-sol transition temperature compared 

to the original A-pPheOzi-A polymer, A-pMeOPheOzi-A does not form a mechanically stable hydrogel 

on cooling until a certain temperature is exceeded (≈60 °C). 

 

 

Figure 3: Gel-sol transition temperature (Tgel→sol) determination via µDSC and Rheology. µDSC thermograms of the 1 wt.% 
aqueous samples of a) A-pMeOPheOzi-A and b) A-pMePheOzi-A. Polymer solutions were held at 4 °C for the time indicated 
prior to the thermoscan. Temperature sweeps for determination of the storage (G´) and loss modulus (G´´) measured from 5 
°C – 70 °C with a heating rate of 0.5 °C/min of 15 wt.% aqueous samples of c) A-pMeOPheOzi-A and d) A-pMePheOzi-A. All 
samples were stored at 5 °C for at least 24 h before measurement. Both polymers were measured before and after heating to 
105 °C for several minutes and cooling back to 5 °C for 24 h. 

Analysis of the aggregation morphologies by AFM and cryoTEM 

The morphologies of the macroscopically quite different polymer self-assemblies at 5 °C were recorded 

by AFM snapshots of the diluted (≈1 wt.%) and spin-coated polymer samples. Initially, AFM was 
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employed to visualize the known worm-like morphologies of A-pPheOzi-A in the gel state, thereby 

verifying the applicability of AFM to capture these microstructures. Indeed, an interconnected fiber 

network with an average diameter of 7 – 10 nm could be resolved (Fig. 4a). For A-pMePheOzi-A and A-

pMeOPheOzi-A, two snapshots were taken at 5 °C before and after heating to 105 °C. For A-

pMeOPheOzi-A, snapshot were taken using AFM (Fig. 4b,c) and negative stain transmission electron 

microscopy (TEM) imaging (Fig. S16a,b) to account for method-dependent changes in the visibility of 

aggregation. Within both methods mixtures of spherical and elongated aggregates were found. The 

average diameter varied slightly before (9-11 nm) (Fig. 4b), and after heating (12-16 nm) (Fig. 4c). The 

aggregates appear to be overall more uniform in length and appearance after heating (Fig. S15) 

although they are generally shorter and somewhat thicker compared to the A-pPheOzi-A polymer. In 

contrast, only spherical micelles were identified in both A-pMePheOzi-A samples. Notably, the 

spherical micelles exhibited enhanced uniformity after heating (Fig. 4e), Fig. S15), as shown by the 

observed diameters (2-15 nm) compared to pre-heating (3-36 nm) (Fig. 4d). 

 

Figure 4: Morphologies of the diluted (≈1 wt.%) aqueous samples of A-pPheOzi-A a), A-pMeOPheOzi-A before b) and after 
heating to 105 °C c), A-pMePheOzi-A before d) and after heating to 105 °C e) and (~2 wt.%) PEG-pPheOzi-PEG (f). All samples 
were stored at 5 °C for at least 24 h before measurement. a-e) Height AFM images of spin-coated samples on SiOx. Z scale is 
12 nm. f) cryoTEM image of the vitrified PEG-pPheOzi-PEG sample. 

Using AFM, we were not able to image the PEG-pPheOzi-PEG morphologies under the conditions 

chosen, so cryoTEM images were obtained. Interestingly, cryoTEM images of the PEG-pPheOzi-PEG 

hydrogel, although so far always behaving comparable to A-pPheOzi-A and contrasting the negative 

stain images published elsewhere,[10] show long interconnected helix-like worms (Fig. 4f). A further in-

depth investigation of the PEG-pPheOzi-PEG thermogelation mechanism seems therefore warranted 

to understand the differences in microstructure but is beyond the scope of this manuscript. 

In summary (Table 1), 20 wt% aqueous solutions of an ABA-type triblock copolymer with pPheOzi as 

the hydrophobic B-block undergo UCST-type inverse thermogelation with Tgel→sol around 30 °C. This 
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seems to be independent of the modifications (pMeOx vs. pEtOx, pMeOzi)[13] within the hydrophilic 

block A-block and is maintained even when the A-block is replaced by a chemically rather distinct 

building block (pMeOx vs. PEG).[10] Modifications within the hydrophobic block (A-pPheOzi-A vs. A-

pMeOPheOzi-A, A-pMePheOzi-A) have a greater effect on polymer aggregation. Only A-pMeOPheOzi-

A still undergoes inverse thermogelation and worm-formation, although with a significantly increased 

Tgel→sol above 65 - 85 °C and only after being heated once. This suggests that a greater energy barrier 

must be surpassed for the initial formation of the worm-like structures, yet this leads to 

thermodynamically more enduring aggregations afterwards. Conversely, a 20 wt.% aqueous solution 

of A-pMePheOzi-A is present as a highly viscous solution consisting of spherical micelles similar to 

poly(2-phenyl-2-oxazoline), poly(2-benzyl-2-oxazoline), or poly(2-benzyl-2-oxazine) B-blocks as 

published previously.[11] Considering these observations, a more detailed understanding of how 

changes within the hydrophobic units alter UCST-type inverse thermogelation of polymers is necessary. 

For this reason, the aggregation of A-pMeOPheOzi-A and A-pMePheOzi-A polymers was analyzed in 

detail using different NMR spectroscopic tools. To support the NMR-based investigations, A-pPheOzi-A 

was used for comparison and extended by PEG-pPheOzi-PEG. This polymer exhibits similar 

macroscopic, thermogelling properties, but contains hydrophilic A-blocks that can be straightforwardly 

distinguished from the hydrophobic B-blocks in NMR spectroscopic analyses. 

Table 1: Glass temperature (Tg), gel-sol transition temperature (Tgel→sol), morphologies and storage modulus (G´) of A-pPheOzi-
A, PEG-pPheOzi-PEG, A-pMeOPheOzi-A and A-pMePheOzi-A.  

Polymers Tg Tgel→sol Aggregate Morphology (5 °C) G´ (5 °C) 

A-pPheOzi-A 77 °C 35 °C Long worm-like strands  2.6·104 Pa 

A-pMeOPheOzi-A 14 °C 
65 - 

85 °C 
Short worm-like strands 

  Before heating 9.1·102 Pa 

  After heating 1.2·102 Pa 

A-pMePheOzi-A 10 °C x Spheres 
  Before heating 5.8 Pa 

  After heating 4.8 Pa 

PEG-pPheOzi-PEG -27 °C 34 °C Long helix-like worms  4.9·104 Pa 

 

Analysis of hydrogel by solution-state NMR approaches 

It is well known that 1H NMR in solution is an easy and direct method to probe coil-globe transitions of 

polymers.[19] Above the UCST / below LCST temperature, a collapse of well-solvated polymer coils into 

phase separated polymer globules takes place accompanied by a dehydration and rigidification of the 

polymer chains. This transition is instantaneously visible as a loss of intensity of the polymer signals 

due to fast T2 relaxation of rigid polymer moieties.[19]  
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It must be noted that also at high temperatures, the polymer sol comprises micellar aggregates and 

therefore the B-block is always located within the core and shielded from the aqueous environment. 

1H NMR measurements in solution in the temperature range of the gel-sol transition (5 – 40 °C / 90 °C) 

were performed to probe changes in mobility of the different polymer moieties. For quantification of 

the intensity changes of the different polymeric proton signals the p-ratios were calculated (Eq. 1), with 

p being the fraction of rigidified protons appearing invisible in the 1H NMR spectrum due to fast T2 

relaxation.[39-40] 

𝑝 = 1 −
𝐼

𝐼0 ∗ 
𝑇0
𝑇

 
(1) 

 

I is the integrated intensity at a given temperature T, normalized by I0 the intensity at the highest 

measured temperature (T0).  

 

Figure 5: Calculated p-ratios from the different proton peak integrals as a function of temperature from 5 °C – 90 °C in steps 
of 5 °C measured of 20 wt.% sample of A-pMeOPheOzi-A (a), A-pMePheOzi-A (b), and PEG-pPheOzi-PEG (c) in D2O. All samples 
were stored at 5 °C for at least 24 h before the measurement. d) 1H NMR spectra of a 20 wt.% sample of A-pMeOPheOzi-A in 
D2O measured at different temperatures between 5 °C – 90 °C. The peaks between 7.5 – 6.5 ppm refer to the phenyl group, 
between 4.0 – 3.0 ppm to the methylene backbone unit neighboring the amide function, between 2.5 – 2.0 ppm to the methyl 
group of the pMeOx side-chains, and between 1.7 – 1.5 ppm to the central methylene unit of the pPheOzi backbone. The 
spectra were recorded at 14.1 T, with a 90° flip angle, and a relaxation delay of 25 s to ensure that equilibrium magnetization 
is recovered (Fig. S19). 
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1H NMR measurements of A-pMePheOzi-A (Fig. S17) and A-pMeOPheOzi-A were acquired from 5 °C – 

90 °C. Almost no change of signal intensities for A-pMeOPheOzi-A protons is observed until 60 °C (Fig. 

5a). A rather sudden increase of intensity is measured at temperatures above 60 °C, seemingly induced 

by a softening of the aggregates corresponding well to the Tgel→sol at 65 – 85 °C found with µDSC. The 

phenyl protons appear most affected, but also the backbone protons strongly gain signal intensity. 

During cooling the situation is not simply reversing for A-pMeOPheOzi-A. Instead, a hysteresis is 

observed with persistently intense signals from 90 °C until 70 °C before a rapid decrease in signal 

intensity is observed. Armes et al. reported a hysteresis associated with multiple changes in the 

morphology of the polymer aggregates.[38] This may not be the case here, as changes in the aggregation 

morphology should be associated with transitions observed by µDSC. However, a hysteresis between 

heating and cooling cycles is also reported for phase transitions of polymers with high Tg values and 

the resulting reduced mobility of the polymer chains is the cause of the slow and delayed 

rearrangement of the polymer chains.[41-42] The rather low Tg of 14 °C for A-pMeOPheOzi-A does not 

support this assumption. Nevertheless, sharp aromatic signals were measured for A-pMeOPheOzi-A at 

elevated temperatures, having a linewidth only slightly broader than those of non-aggregated polymer 

strands measured in CDCl3. Moreover, an additional backbone signal corresponding to the hydrophobic 

B-block appears at 3.1 ppm above 80 °C and is only clearly resolved for A-pMeOPheOzi-A (Fig. 5d). 

Presumably, at very high temperatures the polymer strands of A-pMeOPheOzi-A are loosely packed 

and well hydrated, which might be due to the additional methoxy groups providing an additional H-

bonding acceptor functionality per repeating unit enhancing interactions with water molecules. These 

distinctive attributes of A-pMeOPheOzi-A provide a rationale for the high resolution of the phenyl and 

backbone signals at elevated temperatures and might, despite the low Tg, cause a slow restructuration 

into worm-like aggregates causing the hysteresis upon cooling. Both observations are exclusively found 

for A-pMeOPheOzi-A. 

A-pMePheOzi-A also exhibits a steadily increasing p-fraction upon cooling (Fig. 5b), although no 

gelation occurs. Three heating and cooling cycles yielded fully reversible and reproducible results. Here, 

increasing temperature leads to a looser aggregation, resulting in steadily decreasing p-fractions. In 

contrast, the more rigid and thermodynamically stable gel-forming morphologies are characterized by 

largely invariant p-ratios upon heating and a sudden and very steep decrease until Tgel→sol is reached. 

This finding is not only supported by the p-ratios of pMeOx-A-pMeOx, as published previously,[13] but 

similarly found for thermogelling PEG-pPheOzi-PEG (Fig. 5c / Fig. S18). Making use of the chemically 

distinct PEG and pPheOzi units shows that the hydrophilic PEG is barely affected by gelation. On the 

contrary, the entire hydrophobic B-block is equally involved in the stiffening of the system. Analysis of 

this block copolymer also clearly shows that this includes the backbone protons, which were masked 

by the hydrophilic pMeOx backbone protons in all other polymers.  
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Solid-state NMR measurements of the hydrogels  

NMR in solution is limited by the massive loss of signal intensity and hence of information upon gelation 

and rigidification of the polymeric systems. Therefore, solid-state NMR measurements of 20 wt.% 

aqueous samples of the polymers were acquired in their hydrogel state (if a hydrogel is formed). As no 

changes in the proton spectra of the polymers were observed with increasing MAS rates, it was 

assumed that MAS does not interfere with gelation (Fig. S21).  

 

Figure 6: Solid-state NMR spectra of 20 wt.% aqueous samples of A-pPheOzi-A, PEG-pPheOzi-PEG, A-pMeOPheOzi-A and A-
pMePheOzi-A. All samples were stored at 5 °C for at least 24 h before measurement except of the A-pPheOzi-A sol sample, 
which was measured at 35 °C. All spectra were recorded at 9.4 T and at 0 °C (except A-pPheOzi-A sol) and scaled to matching 
peak intensities for best comparability. a) 13C NMR spectra with 5 – 8 kHz MAS using DE and a short interscan delay of 1 s. b) 
13C NMR spectra with 5 – 8 kHz MAS using CP MAS with 2 ms contact time.  

Two different carbon spectra were recorded as they are particularly suitable for distinguishing mobile 

from immobile polymeric moieties.[43] Direct excitation (DE) carbon spectra with short interscan delay 

show mobile carbon environments, and indeed only hydrophilic A-block carbon signals are observed in 

the DE spectra of all samples. These spectra can therefore be used to map the mobile corona of the 

aggregates, which appears to be formed only by the hydrophilic polymer units. As A-pPheOzi-A, A-

pMeOPheOzi-A and A-pMePheOzi-A samples all share an identical chemical composition of the 

hydrophilic A-blocks, similar DE spectra were obtained for those polymers (Fig. 6a). In contrast, the 

spectrum of the PEG-based triblock copolymer shows only one signal corresponding to hydrophilic PEG. 

In contrast, carbon spectra measured with cross-polarization (CP) are predominantly sensitive to rigid 

moieties.[24, 44] Therefore, these spectra should show carbon signals located in the densely packed 

region of the aggregates corresponding to those moieties appearing invisible to NMR in solution. CP 

spectra can under certain circumstances contain also signals of mobile components, which must also 

be considered for evaluation.[24] All gelling samples show similar CP spectra (Fig. 6b). Compared to the 

respective DE spectra of the hydrogel samples, carbonyl moieties with a differing chemical shift, phenyl 

carbon signals and all backbone carbons, including the pPheOzi central backbone unit, are visible in 

the 13C CP MAS spectra. These signals all correspond to the respective hydrophobic B-block, which 

seems to be the primary building block of the rigid core of the polymeric aggregates (Fig. S22-S24). 
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Interestingly, an additional backbone signal at lower ppm values (black dotted box Fig. 6b), which was 

not observed in the DE data, is detected for the A-pMeOPheOzi-A, PEG-pPheOzi-PEG and A-pPheOzi-A 

polymer aggregates. This backbone signal is not seen for any of the polymers dissolved in an organic 

solvent, but only when gelled in aqueous solution (Fig. S24). Therefore, it might relate to a specific 

conformation of the backbone, which is either only formed upon gelation or is only observable in a 

stable gel. Moreover, this signal is not observed for the non-gelling A-pMePheOzi-A (Fig. S23) or A-

pPheOzi-A in its sol state.  

Generally, both A-pMePheOzi-A and the heated A-pPheOzi-A sol lack intensity and good resolution for 

carbonyl and phenyl moieties. Mainly backbone and methyl group peaks similar to those measured in 

the DE are visible. The lack of significant CP signal in the polymer sol samples is most likely due to 

isotropic tumbling of the polymeric micelles averaging molecular-scale anisotropic dynamics and 

therefore being generally inefficient for CP transfer.[24] To overcome the limitations of poorly 

immobilized sol samples and to make sure that all peaks can be resolved with solid-state NMR, the 

polymeric samples were frozen in their respective sol or gel state. This slows down the dynamics of the 

whole system, allowing more efficient CP transfer. Particular attention will be paid to the appearance 

of new backbone signals, which have previously only been found in gelling polymer samples. 

Solid-state NMR measurements of the frozen aqueous polymer solutions 

The aqueous polymer samples were transferred to the solid-state NMR rotors in their sol state to 

achieve a homogeneous filling. Afterwards, all hydrogel samples were stored at 5 °C for at least 24 h to 

allow complete gel formation, while the A-pPheOzi-A sol sample was stored above its gel-sol transition 

temperature. Subsequently, each sample was transferred to the NMR spectrometer and immediately 

cooled to Tset = -28 °C. Due to frictional heating at 8 kHz MAS, the actual sample temperature was -

23 °C (Fig. 7). In all cases, freezing was achieved within a few minutes as monitored by a jump in the 

wobble curve, which we systematically investigated in a separate work.[45] 

Furthermore, DSC measurements were carried out to simulate and monitor the freezing process. It was 

confirmed that the freezable water of all samples was frozen at -23 °C (Fig. S10). Additionally, according 

to literature, different types of water can be found in aqueous polymer samples. Strong polymer-water 

interactions result in non-freezable bound water, weakly interacting water is defined as freezable 

bound water, while bulk water does not interact with the polymer moieties at all.[20, 46] DSC 

measurements showed melting of freezable-bound water above -19 °C and melting of bulk water 

between -5 °C and 0 °C, in close agreement with literature.[47-48] Interestingly, a difference in the amount 

of freezable-bound water was detected by DSC when A-pPheOzi-A was frozen from either its gel or sol 

state (inset, Fig. 7b). Although freezing takes a few minutes and the polymer sol is no longer in its 

equilibrium state of aggregation when the temperature falls below Tgel→sol, these results indicate that 

freezing of the different stages is generally possible even without special flash-freezing techniques. 
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Moreover, gelation kinetics measured for A-pPheOzi-A by rheometry support that gelation occurs only 

after 20 minutes, which is significantly longer than the freezing process.[11] 

 

Figure 7: a) Schematic representation of the freezing process of the aqueous polymer samples, where the clock symbolizes 
the hold of the temperature for 24 h and the stopwatch symbolizes the reduction of the temperature within 10 min. b) DSC 
heating curve from -50 °C to 10 °C with a rate of 1 °C/min of 20 wt.% aqueous solutions of A-pPheOzi-A, which were frozen 
with a rate of 20 °C/min starting from 5 °C (A-pPheOzi-A gel) or 40 °C (A-pPheOzi-A sol). 

As the NMR measurement temperature is kept below -19 °C, no melting of the freezable water moieties 

should have occurred. Nevertheless, a certain amount of water has not formed an immobile ice 

structure as reflected by a sharp water peak around 5.6 ppm in the 1H NMR spectrum (Fig. 8a). The 

water peak is shifted to higher ppm values due to the temperature dependent 1H shift.[49] This mobile, 

unfrozen water most likely forms an aqueous layer around the polymer aggregates, preserving some 

polymer mobility and must refer to non-freezable bound water.[31, 50] Additional water environments 

such as weakly associated water were previously identified at smaller ppm values (1.7 ppm).[51] 

Generally, a strong broadening of the 1H NMR peaks of the frozen polymer signals is observed, making 

the different chemical moieties almost indistinguishable. The effect of signal broadening upon freezing 

is already known especially for frozen protein samples. Although the reasons for the strong broadening 

are not fully understood, they could result from inhomogeneously frozen conformations.[52-53] 

Investigations of the line widths of proteins in frozen aqueous solutions show that the protein moieties 

that are in close contact with water are particularly influenced by the freezing of the bulk water. In 

contrast, inner shielded protein moieties experience minimal signal broadening.[54]  

Indeed, polymer signals observed with DE, which form the mobile, water-near corona, undergo 

pronounced signal broadening (comparison with the box in Fig. 8b). The freezing process has a 

particularly strong influence on the solvent-exposed corona but freezing and ice crystal growth are 

dependent on many different variables.[55] The differences between the samples as detected by 1H NMR 

and 13C DE measurements, should therefore not be overestimated due to the limited number of data 

points, but show potential for future in-depth studies. 
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Figure 8: Solid-state NMR spectra of frozen 20 wt.% aqueous samples of A-pPheOzi-A, PEG-pPheOzi-PEG, A-pMeOPheOzi-A 
and A-pMePheOzi-A. All samples were stored at 5 °C for at least 24 h before measurement except of the A-pPheOzi-A sol 
sample, which was stored at 35 °C, and subsequently frozen inside the NMR spectrometer by cooling the rotor down to -28 
°C. All spectra were recorded at 14.1 T at -28 °C and scaled to matching peak intensities for best comparability. a) 1H NMR 
spectra of frozen A-pPheOzi-A sol vs. gel. c) 13C NMR spectra with 7 – 8 kHz MAS using DE and a short interscan delay of 2 s. 
A 13C DE NMR of an unfrozen A-pMeOPheOzi-A sample gel is shown in the dashed black box.  

In contrast, the rigid polymer moieties, which are detected with the 13C CP experiments (Fig. 9), should 

not be substantially altered by freezing and can therefore be discussed more straightforwardly. Indeed, 

less severe signal broadening due to freezing is observed for the CP spectra. In addition, carbonyl and 

phenyl carbon signals are clearly resolved for all frozen samples, now also including the A-pPheOzi-A 

sol and the non-gelling A-pMePheOzi-A sample (Fig. 9a). Isotropic tumbling of the micelles and, in 

general, intermediate motions in a range similar to the MAS frequency or the decoupling field interfere 

with the detection of the B-block moieties at 5 °C.[27] In fact, previously published low-field NMR 

relaxation data confirm the existence of about 25 % A-pPheOzi-A polymer moieties of intermediate 

mobility in the gel and sol state.[13] By lowering the temperature and freezing the samples, the dynamics 

could be slowed down significantly, thereby allowing a direct comparison of the gel state with the sol 

state on a molecular level. 

The 13C CP spectra showed considerable differences between A-pPheOzi-A sol and gel (Fig. 9b). These 

differences include lower signal intensities of the B-block and overall broader peaks for the sol sample. 

In addition, a new backbone signal at around 35 – 40 ppm appears only in the gel sample. It can be 

assumed that larger amounts of non-freezable water were retained within the core of the A-pPheOzi-

A sol micelles. This results in enhanced mobility of the polymeric moieties in the core, thereby 

producing less distinct, though still observable signals for the phenyl and carbonyl groups. This 

suggestion is also supported by the increasing 1H NMR signal intensities (Fig. 5) for the B-block moieties 

at the gel-sol transition as measured by NMR in solution and reflected by the drastically decreasing p-

ratios. 
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Figure 9: a) 13C solid-state NMR spectra with 7 – 8 kHz MAS using CP MAS with 1 ms contact time of 20 wt.% aqueous samples 
of A-pPheOzi-A, PEG-pPheOzi-PEG, A-pMeOPheOzi-A and A-pMePheOzi-A. All samples were stored at 5 °C for at least 24 h 
before measurement except of the A-pPheOzi-A sol sample, which was stored at 35 °C, and subsequently frozen inside the 
NMR spectrometer by cooling the rotor down to -28 °C. All spectra were recorded at 14.1 T and at -28 °C and scaled to 
matching peak intensities for best comparability. b) Overlay of the 13C aliphatic region (15 – 55 ppm) of A-pPheOzi-A samples 
measured in solution dissolved in CDCl3 or as 20 wt.% sample in D2O measured in solution or in solid-state frozen and unfrozen.  

Unfortunately, this trend is not clearly represented in 13C T1 (Torchia) relaxation measurements 

performed for the frozen samples. The T1 values of the different chemical moieties are rather similar 

(Table S1). It seems that the relaxation decay curves, which can easily be fitted by a monoexponential 

function (Fig. S25) are showing an averaged mobility, so that changes of flexibility within the core are 

not reflected in clearly distinct T1 values. In general, the longitudinal relaxation is more sensitive 

towards high-frequency molecular motions in the range of the Lamour frequency and might not be 

sensitive for those changes in mobility occurring within the micellar core.[56] To discuss the spectral 

differences in more detail, the areas of the carbonyl groups and the backbone signals are displayed 

separately below using the A-pPheOzi-A sample as an example. 

Comparison of the backbone peaks 

A key objective for recording and analyzing the 13C CP spectra of the various frozen polymer samples 

was to identify the additional backbone signal, which was not observable in the CP spectrum of the 

non-gelled and non-frozen samples. Interestingly, in the frozen samples the signal is strongly visible for 

the A-pPheOzi-A and PEG-pPheOzi-PEG hydrogels, less pronounced for the mechanically somewhat 

less-stable A-pMeOPheOzi-A gel and now also slightly visible for A-pMePheOzi-A. This peak was not 

found in the 13C CP MAS spectrum of the non-frozen, non-gelling A-pMePheOzi-A sample and could 

now only be resolved due to freezing. However, it is still completely invisible for A-pPheOzi-A (Fig. 9b) 

and A-pMeOPheOzi-A (Fig. S26) in their frozen sol states. At this stage there are two possible 

interpretations for this: (i) There is a distinguishable chemical environment for certain backbone units 

due to gelation, with the formation of a less stable gel structure leading to a decrease in signal intensity. 

Alternatively, (ii) the higher residual intermediate mobility associated with less stable gel and sol 

samples could reduce the visibility of these signal components despite freezing the samples. 
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Comparison of the carbonyl peaks 

Due to the ABA-type of the investigated polymers and their tertiary amide motifs, different carbonyl 

signals for each polymer can be resolved. The carbonyl peak of the PEG-pPheOzi-PEG hydrogel closely 

matches the carbonyl peak of the A-pPheOzi-A hydrogel when considering the 13C CP spectrum in both 

their frozen (Fig. 6b) and unfrozen states (Fig. 10a). As only B-block carbonyl groups exist for the PEG-

pPheOzi-PEG polymer, this shows that only B-block carbonyls are detected in the 13C CP spectra of the 

gel samples. No carbonyl group signals were visible in the 13C DE spectrum of the PEG-pPheOzi-PEG 

polymer (Fig. 6a), which further indicates that all carbonyl group signals measured in the 13C DE spectra 

of A-pPheOzi-A, A-pMePheOzi-A and A-pMeOPheOzi-A refer to their hydrophilic A-blocks. 

 

Figure 10: Overlay of the 13C NMR carbonyl region. B-Block carbonyl regions are labelled beige and A-block carbonyl regions 
are labelled light-blue. a) 13C CP solid-state NMR spectra measured of 20 wt.% samples in D2O of A-pPheOzi-A as gel and as 
sol and PEG-pPheOzi-PEG as gel. b) 13C NMR spectra of A-pPheOzi-A samples measured in solution dissolved in CDCl3 or as 20 
wt.% sample in D2O measured in solution or by solid-state NMR.  

For comparison of B-block carbonyl functionalities aggregated within the rigid core in the sol and gel 

state, 13C CP measurements in the frozen state must be considered. No rigidified carbonyl peaks could 

be detected in the 13C CP for the A-pPheOzi-A sol in its unfrozen state (Fig. 10b). For the frozen A-

pPheOzi-A gel a rather symmetric peak is observed in the 13C CP spectrum similar also to the PEG-

pPheOzi-PEG gel (Fig. 10a), whereas several peak maxima causing a rather broad carbonyl peak region 

appear in the frozen A-pPheOzi-A sol spectrum. A reason for this could be that less water is expelled 

from the rigid core in the sol state, allowing for the detection of carbonyls with slightly varying chemical 

shifts. 

When measured in CDCl3, the intrinsic chemical shift of the different carbonyl groups can be 

determined without any distortions due to solvent interactions. However, in an aqueous solution 

carbonyl groups are capable of undergoing H-bonding with surrounding water molecules, which is 

usually reflected in a higher chemical shift value.[57-59] Overall, all herein investigated polymers 

consistently show a shift of approx. 1-2 ppm to higher values for the B-block carbonyl groups (13C CP 

peak) and a shift of approx. 4 ppm for the A-block carbonyl groups (13C DE peak)  in the gel state. This 

also applies to the non-gelling A-pMePheOzi-A polymer. This indicates the presence of H-bonding also 
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to the core forming B-block carbonyl groups in both sol and gel states. This again points at the existence 

of water in the core of the aggregates. Core water, which is inevitably in close contact with the 

polymeric moieties, is most likely to form non-freezing bound water, confirming DSC and NMR 

measurements. However, the increased mobility of the polymer blocks in the core of the sol state as 

shown by the solid-state NMR measurements, together with the changing amounts of water species 

as shown by the DSC measurements, suggest that more water can be found in the core of sol state 

aggregates than in the core of gel state aggregates. However, the chemical shift of the carbonyl groups 

of the B-block barely changes in the sol-gel comparison. Similarly, no significant shift of the carbonyl 

band was observed for the carbonyl shift measured by FT-IR of the 20 wt.% polymer solution in D2O 

measured at different temperatures (Fig. S28).[60] Therefore, differences in H-bonding to the carbonyl 

groups do not seem to be the underlying cause of gelation or worm-formation upon gelation. 

Previously published findings from the investigation of the gelation mechanism of A-pPheOzi-A and 

other A-block homologues point to non-classical interactions as the cause of the unusual gelation upon 

cooling accompanied by formation of worm-like aggregates.[13] Therefore, it might be assumed that 

these interactions play a crucial role for gelation of the structurally very similar A-pMeOPheOzi-A 

polymer, as well.  

Conclusion 

Two novel polymers were obtained by modifying the para-position of the phenyl group of the pPheOzi 

B-block. Although both polymers differ by only a methyl or methoxy group compared to A-pPheOzi-A, 

these groups appear to be highly influential on polymer aggregation as shown by rheology. Considering 

µDSC and AFM, A-pMePheOzi-A only forms a highly viscous aqueous solutions consisting of spherical 

micelles. Conversely, A-pMeOPheOzi-A, similar to pPheOzi-based triblocks, does form worm-like 

micelles upon cooling accompanied by gelation. However, a certain temperature or energy barrier must 

first be exceeded to induce reorganization of the polymer strands into a stable gel structure.  

Due to the broad timescale of molecular mobilities in polymer aggregates, individual NMR methods 

can only visualize specific mobility regimes. Thus, NMR in solution is most suitable for characterizing 

the subset of mobile polymer regions, which is, in the herein investigated polymer aggregates, limited 

to the hydrophilic corona. Nevertheless, tracking the loss of signal intensity of certain polymer moieties 

upon thermogelation is still valuable. The chemically distinguishable A- and B-blocks of PEG-pPheOzi-

PEG clearly demonstrated a collective rigidification of the entire B-block upon worm-formation and 

thermogelation, whereas the hydrophilic corona seems less affected. Accordingly, it seems unsurprising 

that even small chemical changes within the hydrophobic B-block already show enormous effects on 

aggregation. Due to the methoxy group of A-pMeOPheOzi-A a hysteresis delays the reorganization to 

the worm-like aggregates and gelation, while at the same time the thermal stability of the worms is 

drastically increased.  
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In turn, rigid structures can be visualized using solid-state NMR spectroscopy. Yet it has a “blind spot” 

in the region of intermediate mobilities and isotropic tumbling like micellar rotations. Here, it was 

possible to considerably increase the signal intensity in solid-state NMR experiments by freezing the 

polymer solutions. Combining these solid-state NMR measurements with DSC provided key insights 

into the different types of water within the samples, namely non-freezable bound water, freezable-

bound water, and free water. Additionally, by freezing the polymer samples the chemical environments 

of the polymer sols could be successfully analyzed. Notably, a new backbone signal appeared in the gel 

samples only and is barely visible in the sol samples. Most likely it represents a specific backbone 

configuration that only appears visible upon gelation. Furthermore, significant shifts in both A- and B-

block carbonyl moieties were observed, likely due to hydrogen bonding, strongly indicating the 

presence of water within the core of the aggregates. Core water, which is inevitably in close contact 

with polymer moieties, is most likely forming non-freezing bound water. Interestingly, 13C CP spectra of 

the sol samples exhibited distinct carbonyl peaks only in their frozen state, where multiple peak 

maxima resulted in a broad carbonyl peak region. In contrast, the frozen gel samples exhibit more 

singlet-like carbonyl peaks. Both observations support the assumption that less water is expelled from 

the core of the sol samples, likely contributing to the overall higher residual mobility and structural 

disorder.  

Finally, it can be postulated that the incorporation of an additional methoxy unit within the 

hydrophobic B-block enhances the interaction with the core water accounting for the prolonged kinetic 

stability of the resulting aggregates. Conversely, the introduction of an additional, but non-interacting, 

methyl group disrupts the aggregation behavior to such an extent that gelation no longer occurs. 

Using the NMR-based methods presented here to study both polymer sol and gel samples, it has been 

possible to gain further insight into the complex aggregation behavior of pPheOzi-based triblock 

copolymer systems. Knowledge of the importance of water, even within the core of aggregates, and 

understanding polymer-water interactions is a valuable foundation to further investigate the influence 

of water on the previously proposed sol-gel transition mechanism of A-pPheOzi-A. Small angle neutron 

scattering (SANS) and saturation-transfer difference (STD) NMR measurements are promising tools to 

refine the role of water in the sol-gel transition mechanism.[61-62] In addition, based on the acquired 

understanding of polymer aggregation, the complexity of the overall system can now be increased e.g. 

by adding a drug molecule. The systematic addition of drug molecules can influence the aggregation 

due to polymer-drug interactions either disrupting key interactions for gel formation or acting as an 

additional crosslinker. The complementary approach of freezing the gel or sol states presents a new 

tool to better understand the eventual weakening or strengthening of the resulting gels through 

advanced NMR-based investigations.  
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