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ABSTRACT: Near-equilibrium stimuli-sensitive polymers have been used extensively to 

introduce morphological variations in dependence of adaptable conditions. Far less well 

studied are triggered transformations at constant conditions. These require the involvement of 

metastable states, which are either able to approach the equilibrium state after deviation from 

metastability or can be frozen on returning from non-equilibrium to equilibrium. Such 

functional non-equilibrium macromolecular systems hold great promise for on-demand 



     

2 

 

transformations, which result in substantial changes in their material properties, as seen for 

triggered gelations. Herein, we introduce a diblock copolymer system consisting of a 

hydrophilic block and a block, which is responsive to both pressure and temperature. This 

species demonstrates various micellar transformations, upon leaving equilibrium/non-

equilibrium states, which are triggered by a temperature deflection or a temporary application 

of hydrostatic pressure.  

 

MAIN TEXT: 

Biological systems consist of soft-matter in a non-equilibrium state, and is as such regarded as 

a prerequisite for sustaining life on earth. Consequently, future advances in fields such as 

synthetic biology will require the ability to accurately reproduce non-equilibrium self-

assembled soft matter systems by tuning the delicate balance between numerous kinetic 

parameters.[1] Failures in this field often occur due to kinetic trapping on the pathway toward 

these structures. Hence, soft matter research has mainly focused on equilibrium morphologies, 

including block copolymer self-assembly, which provides well-defined nanostructures.[2, 3] 

These range from unimolecular,[4] conventional spherical micelles,[5] worms,[6] lamellae[7] to 

vesicles[8]. The thermodynamic aspects are well understood from a theoretical point of view[9, 

10] and certain methods have been employed to approach the equilibrium state experimentally, 

such as solvent exchange from a common to a selective solvent[2] or thin-film rehydration.[5] 

Colloidal structures, which bear resemblance to naturally occurring systems, can be prepared 

reproducibly in the laboratory during synthesis.[11, 12] Polymerization-Induced Self-Assembly 

(PISA)[13] is an example of a technique which can produce nanostructures in an extremely 

predictable manner. This utilizes precise control afforded by the Reversible Addition 

Fragmentation Transfer (RAFT)[14] dispersion polymerization with the help of a soluble 

polymeric chain transfer agent (macro-CTA).  
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Despite these advances, the benefits of non-equilibrium micellar arrangements have only 

recently been addressed, including their morphological versatility (access to morphologies 

that are otherwise not available from a thermodynamic point of view).[15] The processing of 

such assemblies can determine their final structure.[16] A less regarded feature of non-

equilibrium morphologies is the triggered transition from a local minimum (metastable or 

frozen state) toward the global minimum of the free energy landscape.[1, 17] Alternatively, 

temporary deflections from the global minimum and intermediate structural freezing in a 

metastable state could also be used for stimulated transitions. These, often miniscule 

deflections from the energy minimum could present opportunities for novel nanostructures, 

allowing considerable changes in the properties which surpass the abilities of known 

responsive materials.[18] Application of a (local) trigger (e.g. subtle temperature variation) can 

lead to far-reaching global structural transformations. However, such triggered soft matter 

transitions are fairly unexplored, though other kinetic aspects have already been addressed 

(like a time-programmed switching[19] or a control of hierarchically organized materials by 

sequenced insolubility-adjustment of different blocks of terpolymers[20]). Here, we will use 

local minima in the energy landscape to switch between desired material properties at 

constant conditions. We make use of stimuli-responsive polymers to enhance the transitional 

restructuring dynamics due to temporary solubilization. 

Poly(N-isopropyl acrylamide) (PNIPAM) is a known temperature-responsive polymer,[21] 

which is well hydrated below its lower critical solution temperature (LCST at 32°C). 

Polymerizing NIPAM [22] in the presence of a soluble poly(dimethyl acrylamide) (PDMAM) 

macro-CTA, results in diblock copolymers which undergo spontaneous self-assembly due to 

the segregated[23] PNIPAM component (when synthesis conducted above LCST).[24] 

Unfortunately, these nano-objects could not conveniently be studied in a non-equilibrium 

state as the PNIPAM required crosslinking to avoid unimolecular dissolution at ambient 

temperature. Fortunately, by copolymerizing NIPAM with tert-butyl acrylamide (tBAM), the 
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LCST of the resulting copolymer can be reduced below ambient temperature.[25] This effect of 

hydrophobic comonomers on the polymer transition temperature is well captured also in a 

simulation or theory context.[26] 

Besides its thermosensitivity, the response of PNIPAM to pressure is often overlooked:[27] 

precipitated (> LCST) PNIPAM can be re-solvated by increasing pressure.[28] Theoretically, 

this effect can be explained by the pressure-induced decrease of the volume of the solvent-

inaccessible cavities, which are formed by hydrophobic interactions.[29] This study also 

demonstrates that pressure and temperature act antagonistically. Beneficially, hydrostatic 

pressure can be applied and released more rapidly than temperature variations, pressure 

propagates uniformly and can be readily applied bidirectionally, i.e. during pressurization and 

depressurization. In addition, pressure effects are ubiquitous and extend into fields like 

mining, geology, oil recovery (fracking) and deep-sea biology. Considerable pressure 

variations are even encountered in biological tissues (e.g. joints upon impact/jumping).[29] 

Herein, we demonstrate a directed formation of various diblock terpolymer nanostructures in 

water by tuning the solid content and the length of the insoluble ‘core-forming’ block. Most 

importantly, we demonstrate a pathway for the directed preparation of both equilibrium and 

non-equilibrium structures for individual copolymer compositions using three different 

techniques: (a) Tuning the polymerization conditions and possible subsequent concentration 

adaption, (b) applying temperature and/or (c) pressure triggers. Furthermore, it is possible to 

choose between reversible (via all-equilibrium or near-equilibrium pathways) and irreversible 

morphology changes (to/from equilibrium including further possible intermediate non-

equilibrium situations), when returning to the starting conditions. These systems are probed 

by small-angle neutron scattering (SANS), transmission electron microscopy (TEM), 

cryogenic scanning electron microscopy (cryo-SEM), superresolution fluorescence 

microscopy and oscillatory rheology. 
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A facile RAFT aqueous polymerization system (Figure 1A) is utilized to synthesize 

equilibrium/non-equilibrium structures by simply changing the polymerization formulation. 

PISA was conducted with a statistical copolymerization of NIPAM and tBAM in the presence 

of a water-soluble poly(N,N-dimethylacrylamide) PDMAM49 macro-CTA (index assigns 

degree of polymerization DP). The mol% of tBAM in the core was maintained at 35 % in 

order to keep the LCST below room temperature (see Figure S1). 

In all reactions, all monomer was consumed within 2 hours (Figure S2), resulting in low 

dispersity PDMAM49-b-P(NIPAM-st-tBAM)DP copolymers (Figure S3). The predictable 

nature of PISA enabled reproducible synthesis of multiple morphologies (spheres, worms and 

vesicles) allowing a ‘phase diagram’ to be constructed (Figure S4).  

To investigate the equilibrium behavior of this formulation, the ‘phase diagram’ was used to 

select PDMAM49-b-P(NIPAM-st-tBAM)DP samples synthesized at high concentration (200 

g/L; abbreviated A49-b-BDPHSC) and samples with equivalent copolymer composition 

obtained at low synthesis concentration (50 g/L; abbreviated as A49-b-BDPLSC). At high 

concentrations equilibrium spheres (IV), worms (V) and unilamellar vesicles (VI) were 

readily accessed by increasing DP.[13] This sequence is in line with the sequence of 

equilibrium morphologies as seen by theory,[10, 30] which is based on a detailed analysis of 

core, interface and corona contributions to the free energy, showing that star-like micelles are 

preferred with short solvophobic blocks (compared to solvophilic blocks), whereas vesicles 

are thermodynamically stable with long solvophobic blocks. In between, a narrow phase 

region with worm-like micelles is predicted. Presence of mixed phases (see Figure S4) 

containing e.g. spheres/worms or worms/vesicles close to the respective phase boundary does 

not contradict theory. Hence, the synthesis at high concentration allows access to all these 

(equilibrium) structures. For reasons discussed below,[32] low concentration synthesis 

produced only spherical micelles with increasing diameter (I-III) for all compositions (see 

Figure 1B) implying non-equilibrium for larger spheres.[6, 12] 
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First, we regard reversible transitions. E.g. temperature dependent SANS[31] studies on the 

A49-b-B50LSC small spherical micelles indicate the presence of core-corona structures (I) at 

25°C followed by molecular dissolution on cooling. On returning to 25°C, the superimposable 

SANS patterns indicate a fully reversible transition (see Figure 2 A, B and Figure S5), 

illustrating their equilibrium character.[32] 

The A49-b-B90HSC worm-like micelles (V) are present in a narrow DP range (see Fig S4). 

These worms are observed in post-mortem TEM studies and in the SANS pattern[31], which 

displays a q-1 dependence at low q characteristic of worm-like micelles (Figure 2D and E in 

its diluted state; a pure worm dispersion according to SANS; spherical “impurities” in TEM 

may have been caused by drying).[32] Furthermore, the presence of worms is suggested by the 

formation of a strong freestanding gel. [33] The exact length of the worms is not accessible by 

SANS, due to the limited available q-range. [32] The ‘as synthesized’ A49-b-B90HSC dispersion 

of this copolymer also displays fully reversible (de)gelation, with a change in storage modulus 

(G’) over three orders of magnitude due to the dissolution of the worm-like micelles (Figure 

2F). These observations are in accordance with other studies on cylindrical or worm-like 

micelles, [33] and indicate that the worm-like micelles represent probably the ‘equilibrium’ 

morphology.  

Subtle conditions for the equilibrium/non-equilibrium adjustment are present in this system, 

as seen in the concentration effect for the same polymer. Sample II(&III) are likely to be non-

equilibrium kinetically-trapped structures, and are referred to as ‘crew-cut’ micelles. [10] In 

these systems, it was shown that they maintained their kinetically trapped morphology for >1 

year at ambient temperature. 

As a first example for non-equilibrium transitions, A49-b-B90LSC with the same composition 

as the worm-sample above (Figure 2C-F; DP=90) forms spherical micelles (II) in a dilute 

synthesis. However, a remarkable decrease in the A49-b-B90LSC core radius is observed,[32] 

when conducting a temperature cycle (see Figure 3 and Figure S5). This means, that despite 
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being the same spherical morphology, both micelle-types are probably in a non-equilibrium 

state (crew-cut), as reversible cylindrical micelles were observed with the same composition 

(see Figure 2). Furthermore, A49-b-B90LSC which was concentrated by freeze-drying and 

dissolving in cold water also forms a free-standing gel, similar as A49-b-B90HSC (see Figure 

S8). All these observations suggest that the concentration is a critical factor affecting the 

formation of worms both during PISA and during the temperature-induced self-assembly. 

Additionally, differences in morphology evolution arise due to the presence of monomer 

during PISA, which plasticizes the glassy PNIPAM domain, especially at high solid 

content.[32] 

 A further intriguing morphological transition occurs for the samples with longer DP upon 

experiencing the temperature cycle. When targeting a longer core DP of 400, the 

concentration effect is seen once more; on this occasion, vesicles (VI) are formed during 

PISA at high concentration, while crew-cut (III) micelles are seen at low concentrations.  

The vesicles (VI) remain stable upon dilution to low concentration resulting in two different 

micellar morphologies (III&VI) under the same conditions (left side Figure 4). Due to the 

non-equilibrium state of at least one of the structures, there is a thermodynamic driving force 

toward the equilibrium structure upon application of a trigger (see Figure 3). This includes 

further trapping on this pathway, as the equilibrium structure for A49-b-B400 is likely in the 

vesicular state, which cannot be recovered after triggering. More specifically, both samples 

(III&VI) dissociate when cooled, forming dissolved chains. On warming, they undergo a 

dissolved chains>sphere>worm transition (Figure 3). This is associated with an increase in 

viscosity. Although the initial morphology is different, these two samples therefore broadly 

show the same transitions in both the SANS and the rheology experiments, when subjected to 

the same temperature cycle.  

 Hence we extend Figure 4 by the triggered structures, demonstrating a very rare example of a 

single composition present as spherical micelles, worm-like micelles and vesicles under the 
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same conditions (solvent, pH, temperature, pressure). The resulting worm-like micelles are 

physically interconnected and cannot be diluted in water (in contrast to the reversible worms; 

Figure 2C-F). Hence, not only the material properties of the gels can be programmed at the 

synthesis stage, but also the gelation can be decoupled from the polymerization, allowing 

triggered gel formation without further chemistry. 

SANS can also provide an insight into these transitions. The patterns for A49-b-B400LSC (III) 

at 25 °C and 15 °C (during cooling) are in line with a crew-cut structure, fitting a hard sphere 

model incorporating a repulsive structure factor (required due to high concentration).[32] At 5 

°C, the majority of the spherical micelles dissociate into unimolecularly dissolved polymer. 

When the temperature is increased to 15 °C, the scattering pattern changes drastically 

compared to the one at 15 °C before cooling. Upon further heating, the SANS data at 25 °C 

indicates a sphere-to-worm transition (Figure 3D).[32] On large scale, the worm-like micelles 

form an interconnected porous network, visualized in the cryo-SEM (Figure 3F) and 

superresolution fluorescence microscopy (Figure S11). From SANS experiments, we do not 

obtain information about the formed interconnected network, due to the limited q-range. The 

cylindrical model, which fits reasonably well to the scattering data, is only appropriate for the 

observed q-range.  

The behavior of the diluted A49-b-B400-HSC vesicles (VI) is comparable to the equivalent 

crew-cut micelles(III). Despite the difference in morphology before conducting a temperature 

cycle, on cooling they undergo a vesicle-to-unimer transition as observed in the SANS studies 

(Figure 3G and H).[32] This observation is unsurprising given that the two samples consist of 

polymers with near identical composition and concentration. Furthermore, there is no 

intermediate worm-phase during this transition, which might be expected.  

Variable frequency rheology measurements conducted at 25°C show that both the crew-cut 

(III) and vesicular micelles (VI) behave as a viscoelastic fluid, (Figure S9) with G’ and G” 

values around 10-1
 Pa (at 1 Hz), as would be expected for isotropic particles. During the 
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variable temperature rheology studies (Figure 3E), only subtle changes in rheology were 

observed on cooling, where a slight increase in the moduli is observed during the sphere-to-

unimer transition. On warming, an increase in the moduli occurs and a gel is formed at 

approximately 7 ºC, whereupon the value for G’ increases above G” (at 1 Hz). It is 

noteworthy that there is a plateau in gel modulus at intermediate temperatures (around 15 °C) 

which is followed by a second increase at 23 °C. The first plateau can be attributed to a gel 

formed by the high volume fraction of the small repulsive spheres which were also observed 

in the SANS measurements at 15 °C (formation of a colloidal glass). The second plateau with 

high viscosity is formed by the cylindrical micelles, which form a porous network, visualized 

in the cryo-SEM (Figure 3F & J). This network forms an interconnected free-standing gel (G’ 

≈ 103 Pa), also confirmed by the tube inversion test (see digital images in Figure 3). Due to 

the interconnection, it is not possible to further dilute this network. As a consequence, the gel 

is stable against an excess of water. A second temperature cycle shows that any subsequent 

gel formation / dissolution (at low temperature) is again reversible (see Figure S10).  

Although convenient, using a temperature trigger often lacks rapid implementation, as heating 

and cooling are slow. Hydrostatic pressure is an alternative trigger,[34] which is much faster, 

only limited by the speed of sound (s timescale). An interesting property of PNIPAM 

polymers, is the ability to use pressure as a stimulus. The present system enables a direct 

comparison of pressure and temperature stimuli. Moreover, the ability to conduct variable 

pressure SANS studies enables direct observation of morphology changes. 

The hydrostatic pressure was increased at a constant temperature of 15 °C. Up to 400 bar, the 

scattering does not change considerably (see Figures S12 for all measurements), but 

increasing to 800/1000 bar the data can be fitted to a Gaussian coil model, suggesting 

complete dissolution. Upon decompression, rapid re-micellization occurs, with the final 

pattern upon return to ambient pressure (at 15 °C) resembling that obtained at 15 °C after 

applying a temperature trigger (see Figure 5 and 3).  
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For A49-b-B90LSC, crew-cut micelles (II) re-assemble to smaller spheres upon intermediate 

pressure application, resembling very much the temperature-triggered transition.[32] For A49-b-

B400LSC (III) and diluted A49-b-B400HSC (VI), a q-1 dependency is observed after subsequent 

heating to 25 °C, analogous to the measurement at 25 °C after the temperature trigger.[32] 

Again, the data is consistent with the transition to worm-like micelles driven by the pressure 

deflection (for cryo-SEM see Figure S13).[32] The striking similarities between pressure and 

temperature cycles reveal that pressure acts as a facile trigger for the rearrangement of the 

micelles, including irreversible structural transitions toward small spherical and then finally 

worm-like micelles.  

In conclusion, we demonstrate that NIPAM-containing amphiphilic block copolymers, 

obtained by RAFT aqueous dispersion polymerization, self-assemble into different 

nanostructures with high fidelity due to a polymerization-induced self-assembly. By just 

adjusting the DP of the core-forming block and the concentration during preparation, one can 

choose between non-equilibrated and equilibrated samples. At low concentrations, the 

particles formed are spherical micelles. At high concentrations, all morphologies are 

accessible by varying DP.  

Reversible changes in morphology are observed for spherical and worm-like micelles near 

equilibrium, but irreversible morphology changes occur for a longer DP of 400 regardless of 

the initial morphology: both crew-cut micelles and vesicles undergo order-disorder transitions 

on cooling, forming freely soluble chains. But on returning to the original conditions, they 

both get trapped in a continuous network of worms.  

These morphological transitions result in pronounced changes in physico-chemical properties. 

For example, fluid samples of low viscosity form free-standing gels after application of the 

trigger. These examples show that a proper choice of non-equilibrium conditions allows for 

an on-demand property change. We expect that this research stimulates further studies on 

general transformations, where not only small temperature and pressure cycles but also other 
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stimuli (e.g. light) provide sufficient deviations from morphological metastability to induce 

large property changes. In addition, “rechargeable” micellar systems would allow the use of 

the same polymer for several subsequent non-equilibrium micellar transformations. In all, this 

will advance the benefits of non-equilibrium matter for a variety of applications (e.g. 

biomedical), where on-demand gelation occurs without chemical modification. Like a 

spark,[35] a marginal trigger can ignite huge changes in the colloidal system along the 

thermodynamic landscape toward the global free energy minimum. 
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Figure 1. (A) Reaction scheme of the RAFT copolymerization of NIPAM and tBAM at 70 °C 

in water. (B) Scheme of morphologies including TEM images (negatively stained) of 

representative PDMAM49-b-P(NIPAM-st-tBAM)DP nanoparticles obtained with increasing 

final DP of the core-forming P(NIPAM-st-tBAM)DP block. For low concentrations (A49-b-

BDPLSC): Conventional spherical micelles (I) and crew-cut micelles with increasing diameter 

are formed (II&III). For high concentrations (A49-b-BDPHSC): Conventional spherical 

micelles (IV), worm-like micelles (V) and vesicles (VI) are induced. Throughout the report: 

polymers with the same DP are shown with the same background color. 
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Figure 2. (A) Schematic representation of the thermo-reversible sphere (I) to unimer 

transition observed for A49-b-B50LSC. (B) SANS patterns recorded at 25°C (hollow grey 

symbols; light grey fit line) after cooling to 5 °C (blue symbols; cyan fit line) and on returning 

to 25°C (solid black symbols; dark grey fit line). Both 25 °C patterns are fit to a spherical 

core-shell form-factor combined with a structure factor. 5°C sample fits a Gaussian chain 

form factor.[32] Scattering curves overlap at 25 °C demonstrating reversibility. (C) Schematic 

representation of a reversible worm (V) to unimer transition observed for A49-b-B90HSC. (D) 

TEM before and after a 25°C-5°C-25°C cycle (E) SANS pattern of diluted (A49-b-B90HSC) fit 

to a core-shell cylinder form-factor (red line)[32] (F) Temperature dependent elastic (G’ green) 
and viscous (G” orange) moduli recorded during the temperature cycle (hollow symbols 
cooling, solid symbols heating). The radius (r) and the length (l) displayed next to the 

schematic representations is obtained from the fitted SANS data.[32] 
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Figure 3. Irreversible micellizations observed after a temperature cycle. (A) Schematic 

representation of non-equilibrium A49-b-B90LSC crew-cut micelle (II) dissolution on cooling 

followed by re-assembly to form smaller spherical micelles (B) Fitted SANS patterns 

obtained during a temperature cycle conducted on a A49-b-B90LSC dispersion of the crew-cut 

micelles[32] (C) Schematic representation of the morphology changes observed when A49-b-

B400LSC crew-cut micelles (III) experience a temperature cycle; associated digital images 

show the initial free-flowing dispersion and the final free-standing gel. (D) Fitted SANS 

patterns[32] and (E) oscillatory rheology data obtained during a temperature cycle conducted 

on the A49-b-B400LSC dispersion. (F) Cryo-SEM image obtained for the A49-b-B400LSC gel 

when returned to 25 °C. (G) Schematic representation of the morphology changes observed 

when A49-b-B400HSC vesicles (VI) diluted to LSC experience a temperature cycle; associated 

digital images showing the initial free-flowing dispersion and the final free-standing gel. (H) 

Fitted SANS patterns[32] and (I) oscillatory rheology data obtained during a temperature cycle 

conducted on the diluted A49-b-B400HSC dispersion. (J) Cryo-SEM image obtained for the 

diluted A49-b-B400HSC gel on return to 25 °C. SANS data assigned with grey symbols at 
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25 °C and red symbols at 15°C (before temperature cycle; fitted to spherical core-shell, sphere 

or hollow sphere models for B, D and H respectively – light grey line), with blue symbols at 

5°C (fitted to a Gaussian chain model – cyan line), with dark red symbols at 15 °C (upon 

heating; fitted to hard sphere model for D and H – purple line) and with black symbols at 

25 °C (after temperature cycle; fitted to spherical core-shell for B, cylindrical model for D and 

H – dark grey line). Rheology data assigned with green symbols for the elastic (G’) and 
orange symbols for the viscous (G”) moduli (hollow symbols cooling, solid symbols heating). 
All measurements at 50 g/L.  

 

 

 

 
Figure 4. An ‘all-morphological’ polymer: spherical micelles, vesicles and – after triggering– 

worm-like micelles are obtained under the same conditions.  
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Figure 5. Hydrostatic pressure as stimulus for demicellization and as trigger for irreversible 

structure changes: (A,B) crew-cut micelle (II) to small micelle transition. (C-E) Transition of 

either crew-cut micelles (III) or vesicles (VI) to small spheres and subsequently to worm-like 

micelles. (B) Small crew-cut micelle A49-b-B90LSC. (D) Large crew-cut micelle A49-b-

B400LSC. (E) Vesicle A49-b-B400HSC; (B,D,E) SANS data at different pressures (and 

temperatures) before (hollow symbols) and after pressure trigger (full symbols).[32] 15 °C 

Ambient pressure before trigger - red (fit orange line), after pressure trigger - dark red (fit 

purple line). 15 °C 800 bar - blue (1000 bar for A49-b-B400LSC, fit cyan line). 25 °C Ambient 

pressure - black (fit grey line). All measurements at 50 g/L. 
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Temporary pressure or temperature deflections induce property and morphology 

changes of easily prepared and kinetically stable non-equilibrium micelles. These 

systems allow a stimulated physical gelation at constant conditions before and after trigger 

application. As an extraordinary example, we highlight a specific polymer, which can show 

all principle micellar morphologies at the same concentration c, pressure p and temperature T.  

 

Keyword micelles, hydrostatic pressure, small angle neutron scattering, rheology, gels 

 

Alexander A. Steinschulte, Andrea Scotti, Khosrow Rahimi, Oleksii Nevskyi, Alex 

Oppermann, Sabine Schneider, Steffen Bochenek, Marie F. Schulte, Karen Geisel, Felicitas 

Jansen, Andre Jung, Sabrina Mallmann, Roland Winter, Walter Richtering, Dominik Wöll, 

Ralf Schweins, Nicholas J. Warren,* Felix A. Plamper* 

 

Stimulated Transitions of Directed Non-Equilibrium Self-Assemblies  
 

 
ToC figure  

 

 


