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The behaviour of polymeric systems at surfaces and under flow is extremely important in many 

applications, ranging from drug delivery to lubrication.  We have studied a model triblock copolymer in 

deuterated water combining in-situ rheology and grazing incidence small angle neutron scattering.  

Several thermotropic phases appear as a function of the temperature, including a bicontinuous phase not 10 

present in the bulk. Moreover, gelation can occur following a different route depending on the 

concentration.  We show that shearing can be used to monitor the structural integrity of the micellar 

systems and in some cases as a tool for modifying the thermotropic phases: an fcc (face centred cubic) 

phase is sheared into a hcp (hexagonally close packed) phase, and is then recovered by cycling the 

temperature.   15 

 

Introduction 

Poloxamers or Pluronics® (trademark of BASF) are highly 
desirable nonionic amphiphilic triblock copolymers with block 
structure PEO-PPO-PEO (PEO: polyethylene oxide; PPO: 20 

polypropylene oxide).  They have been extensively studied in the 
bulk and are of considerable interest due to their chemical 
properties, colloidal behaviour and especially their extremely low 
toxicity1.  The applications of Pluronics range from drug 
delivery2-4 to personal care products5,6. Pluronics in the bulk self 25 

assemble into ordered structures driven by the hydrophobic effect 
and influenced by changes in curvature7,8,9. PEO and PPO are 
both soluble in water at low temperatures (<15 ̊C) but PPO 
becomes more hydrophobic as temperature is increased while 
PEO remains essentially hydrophilic. However, the solubility of 30 

PEO decreases with temperature and induces a change in the 
optimum head-group area and a shrinkage of the corona10,11. 
Dehydration of the PPO core also occurs during a temperature 
increase, therefore having a higher density of the PPO core, 
which has been shown using FTIR12,13; the trends of which are 35 

similar in both H2O and D2O
12. Due to the shielding of 

hydrophobic PPO from the solvent, the PEO-PPO-PEO polymer 
chains assemble into structures ranging from spherical micelles to 
complex lyotropic and thermotropic liquid crystal phases10. The 
different phases formed can be explained by changes in packing 40 

parameters of the micelles which in turn influence their shape and 
curvature (see figure 1)9.  The packing parameter is defined as the 
ratio between the volume of the hydrophobic group and the area 
of the hydrophilic group multiplied by the length of the 
hydrophobic group9, 14. 45 

 
Fig.1 Curvature diagrams and associated packing parameter, (adapted 

from reference 9), for block co-polymers which in turn form cubic (A), 

hexagonal (B) and lamellar (C) phases.  The grey sections represent the 

hydrophobic PPO groups (core) and the clear the hydrophilic PEO groups 50 

(corona) 

Most applications and uses of Pluronics involve a confined 
environment in which surface or interfacial properties play a 
crucial role and may affect the stability and behaviour of the 
different structural phases.  For example, in the proximity of 55 

interfaces the solvent hydrodynamics control the motion and 
relaxation time scales of polymer solutions15. Although the 
behaviour of Pluronics at interfaces is extremely important to 
complete the understanding of the correlation between their 
macroproperties and microstructure, especially for industrial and 60 

medicinal processes, the number of studies on Pluronics at 
surfaces or at interfaces is scarce. Here, we focus on the gelation 
and visco-elastic properties of Pluronic P85 at a silicon interface. 
P85 is a block amphiphile that has been tested as a carrier for 
drug transport in the body16. We have studied the mesophase 65 

changes of P85 that occur as a result of the self-assembly of 
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micelles at the solid/liquid interface under external forces by 
combined grazing incidence small angle neutron scattering and 
in-situ rheology experiments at different temperatures and two 
different concentrations to relate mechanical response to 
structural changes.  5 

Experimental 

Materials 

Pluronic P85 was kindly donated by BASF® and was used as 
received.   P85 has an average molecular weight of 4600 g mol-1 
and is denoted E26P41E26.  10 

Sample Preparation 

The solutions at two distinct concentrations, (30 and 40 wt%), 
were prepared by dissolving the Pluronic into D2O at 4 °C using 
an ice bath and magnetic stirrer. D2O was used to reduce 
background scattering and maximize the contrast with the 15 

copolymers. Once the solutions had fully dissolved they were 
stored in the fridge overnight to ensure complete dissolution and 
stability.  At 4 °C both of the solutions are in liquid phases. 

Rheo – GISANS 

The experiments were carried out on FIGARO at the ILL, 20 

Grenoble, France17.  FIGARO is a time of flight (TOF) neutron 
reflectometer with GISANS capabilities. Measurements were 
performed using wavelengths from 1.5 to 20 Å with a 7.0 % ∆λ/λ 
wavelength resolution.  An angle of 0.4° between the incident 
beam and the sample plane was employed yielding a critical 25 

wavelength of 6.0 Å for the silicon/D2O interface.   Neutrons 
were detected using a two dimensional 3He detector. An Anton 
Paar 501 rheometer, employing a cone and plate geometry, was 
used on the FIGARO sample table for the experiments. The 5 cm 
diameter cone has a 49 µm truncated base and angle of 1°. A 7x7 30 

cm2 by 1 cm (thickness) silicon crystal was used as a plate. This 
silicon crystal was fixed on the rheometer so that the neutron 
beam travels up through the crystal, probes the solid / liquid 
(sample) surface and is then scattered back through the crystal 
(see Fig. 2).   The beam footprint on the crystal was, on average, 35 

1 cm (width) by 4 cm (length).   
The cold solutions were pipetted onto the silicon crystal, which 
was at the same temperature of the solutions, then the cone 
lowered into position carefully allowing for any spillage of the 
sample to be trimmed, followed by an equilibration period. From 40 

previous experiments11,18 the 30 wt% samples are known to gel 
between 20 and 25 °C so the temperature was initially ramped up 
to 20 °C and held on for an hour.  Subsequently the temperature 
was increased again by 2 °C and scattering images collected.  For 
the 40 wt% sample the temperature was initially set at 10 °C 45 

allowing easy compression in the liquid phase.  The temperature 
of the system was then gradually increased since gelation occurs 
between 10.5 and 13 °C11.  A 1 °C /min heating rate was used. 
Subsequent structures for both concentrations were monitored via 
GISANS over specified temperature ranges.  At selected 50 

temperatures a logarithmically increasing shearing protocol19 was 
adopted to investigate the influence of external forcing on the 
structures formed. 

 
Fig.2 Sample environment for Rheo – GISANS.  The standard 50 mm 55 

(diameter) cone is used on the adapted base plate.  The cone has a 

truncation of 49 μm and a 1° angle, therefore the gap at the edge is 436 

μm and the loading volume is 0.6 ml.  Silver paint was used to glue the 

crystal onto the mounting plate.   

The exposure time for a GISANS image was one hour.  The 60 

images were taken under two types of shear which can help 
characterise dynamic mechanical responses19: oscillatory shear 
for viscoelastic behaviour and rotational shear for viscous 
behaviour.  The protocols adopted for the oscillatory experiments 
were an angular frequency of 5 rad / s and strain of 0.1 %, both of 65 

which are within the linear viscoelastic region of the samples6.  
The GISANS images were taken under the controlled strain of the 
rheometer and at constant temperatures.  For the rotational 
experiments, shear rates of 0.01, 0.1, 1, 10 and 100 s-1 were used 
in the controlled shear rate mode.  The shear rate was increased to 70 

a required value then held whilst a GISANS image was recorded. 
GISANS data was collected as a function of TOF and the out-of-
plane (2θ) and in-plane scattering angles (αf).  Reduction of the 
raw data to Qy vs Qz (in-plane vs out-of-plane) space was 
completed using in-house software.  To extract the GISANS 75 

intensity, a wavelength (λ) range of 7.5-9.5 Å was chosen to 
discriminate neutrons that impinged on the sample below the 
critical momentum transfer. These intensities were normalized by 
the incident neutron wavelength spectrum and corrections were 
applied to account for gravitational effects on the neutron 80 

trajectories.  Using the equations Qy=2π/λ sin(2θ) cos(αf) and 
Qy=2π/λ sin(αi)+sin(αf), the measured angle and TOF data was 
transformed to momentum transfer space. Based on the detector 
pixel width and the size of the TOF bins, matching ranges in Q 
space were calculated and the intensity was distributed uniformly 85 

over the corresponding pixels. This transformation yielded a 
regularly gridded array of intensity conserving the total number 
of detected neutrons. 
The Qy vs Qz (Å-1) intensity maps obtained from the data 
reduction procedure were analyzed by indexing the peak 90 

positions and completing line integrations in both the horizontal 
and vertical directions over selected ranges of momentum transfer 
values. These line profiles enable more quantitative analysis of 
the images in the way of correlation separation and relative 
degree of order within the system. 95 

The rheological data was extracted and analyzed using the 
Rheoplus software from Anton-Paar GmbH20. The oscillatory 
results are presented as time sweeps to monitor the viscoelastic 
properties of the system throughout the GISANS exposure time. 
The viscosity curves used here were extracted from the rotational 100 

time sweeps at various shear rates and the error bars calculated 
from the standard deviation once the sample had reached a 
suitable degree of stability. Lines as guides for the eye were then 
overlaid to aid in the explanation of the flow behaviour of the 
systems. 105 
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Table 1 Temperature induced gel phases 

System 

concentration 

(wt%) 

Phase Temperature 

reached (°C) 

Figure Comments 

30 Soft 
micellar gel 

22 4 A Starting 
temperature of the 

experiment 
FCC 24.9 4 B FCC phase 

disappearing at 
50.5 °C 

Lamellar 52.0 - 

40 Soft 
micellar gel 

11.2 5 A1 Starting 
temperature of the 

experiment 
Lamellar 12.0 5 A2 Seen in a very 

narrow range 
Cubic BCC 12.4 5 B Start of signs for 

the BCC phase 
BCC 30.0 6 A More defined BCC
Bi-

continuous 
31.5 6 B Lamellar phase 

reached during 
shearing protocol 

 

 

Results 

Two selected concentrations of Pluronic P85 were probed, 30 
wt% & 40 wt%. These two concentrations cover most of the 5 

possible phases of P855.  The 30 wt% system was used to gain 
enhanced insight into the FCC structure upon gelation and 
formation of lamellar phases.  The 40 wt% system was used to 
track the gelation into a HCP phase followed by cubic and bi-
continuous phases. The results about the gelation mechanism for 10 

each sample are introduced first, followed by the behaviour of 
each sample upon shearing. Table 1 and figure 3 summarise the 
main thermotropic phases that have been obtained in this study. 

Gelation and temperature induced phases 

In order for gelation to occur the P85 system must be at a high 15 

enough concentration for the spherical micelles to interact, which 
is substantially greater than the critical micelle concentration (e.g. 
0.03 wt% at 37 °C) of the system21.  

 
Fig. 3 Cartoon representations of the main phases observed during the 20 

study.  A spherical micelle has also been included representing the initial 

form after micellization.  In the BCC and FCC images the PPO core is not 

shown.  

P85 spherical micelles have core radii between 3 and 6 nm 
depending on concentration and temperature5, 22 – 25. When the 25 

gelation transition occurs, the mechanical properties of the 
system change. The elastic and viscous responses of the system to 
strain are described by the storage modulus and the loss modulus, 
respectively26. We have studied the viscoelastic response by 
oscillatory shear measurements. Upon gelation influenced by 30 

temperature, concentration, or both, the system self-organizes 
into quasi-crystalline structures. Micelles follow the spherical 
(cone) to cylindrical (truncated cone) to planar (cylinder) 
transformations and corresponding morphologies which results 
mainly from hydrophobicity and consequent dehydration of the 35 

micelles27,13. 
 
Gelation of 30 wt% P85 

We started our measurements at 22 °C in a soft gel phase 
consisting of correlated micelles and a gradual increase of the 40 

storage modulus to 8 kPa.  The FCC phase was reached at 24.9 
°C (see Fig. 4, B) with a storage modulus of 25 kPa; in the range 
of a typical hard gel28. 

 
Fig. 4 GISANS images of the 30 wt% sample under oscillatory motion (0.1 % strain and 5 rad/s) at 22.6 °C (A) and 24.9 °C (B), along with their 45 

corresponding rheological profiles.  The system undergoes a gelation pathway towards a hard cubic gel (FCC phase indicated by the indexed peaks). 
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Fig. 5 GISANS images and rheological profiles of the 40 wt% sample under oscillatory motion (0.1 % strain and 5 rad/s).   A – 10 °C (A1) and 11.2 °C (A2) 

inset into the profile showing the initial phase change into a soft gel.  The gel point is defined as the point at which the storage and loss moduli cross, i.e. 

the crossover point (indicated by the dotted line on the graph).  B- Further gelation of the 40 wt% system through a hexagonal phase with two very faint 

extra reflections at 12.4 °C, indicating the formation of a body centered cubic phase 5 

In the bulk, the 30 wt% sample gels between 20 and 25 °C10. 
Thus, the gelation of 30 wt% P85 observed in this study is 
consistent with previous measurements performed in the bulk, the 
only difference being that it occurred at a lower temperature.  The 
difference in gelation temperature may be due to confinement at a 10 

surface, which affects the curvature of the micelles, perturbing 
the transition temperature.  The FCC structure has an interlayer 
distance of a = 18 ± 0.5 nm, determined from the (111) Bragg 
peak position29.  This FCC phase then changes into a lamellar 
phase at 52 °C (not shown).    15 

 
Gelation of 40 wt% P85 

The measurements were started at 10 °C where the storage and 
loss modulus are very small and the system behaves like a 
viscous liquid. A correlated micellar phase was observed (Fig. 5, 20 

A1). The correlation distance in the liquid phase was determined 
from the Q position of the ring to be 92 ± 3 Å. As the temperature 
was slowly increased to 11.2 °C to encourage gelation (see Fig. 5, 
A2), the correlation peak became better defined indicating 
enhanced order, before processing through a very short lived 25 

lamellar phase into HCP / cubic.  Both the PEO and PPO are less 
hydrophilic at this low temperature which explains the presence 

of the short lived lamellar phase. The system formed a hard gel at 
12.4 °C; this is shown by the moduli in the rheology and the 
peaks in the scattering image, shown in figure 5 B.  Unlike in the 30 

bulk10 the expected FCC phase is not initially formed; the HCP 
seems to be more prominent with two faint extra reflections; we 
hypothesize that this may be due to the influence of the interfacial 
energy.  
After the initial gelation of the 40 wt% system into the HCP 35 

phase, there is some evidence of the BCC phase at 30 °C  
indicated by the 200 reflection (Fig. 6, A) with an interlayer 
distance of a = 14 ± 0.4 nm (from the (110) reflection).  When the 
temperature of micellar systems is increased, dehydration of the 
coronas initially occur, followed by shrinkage of the micelles and 40 

rearrangement into more energetically favourable conformations. 
As the temperature increases, dehydration and shrinkage modifies 
the curvature of the micelles resulting in the phase changes 
observed.  The micelles gradually evolve from a truncated cone 
into a cylinder. A bicontinuous phase not previously observed in 45 

bulk materials is formed at 31.5 °C, (see Fig. 6, B), which is 
consistent with branched cylindrical micellar aggregates, where 
the packing parameter of the micelles is between 1/2 and 1. 

 
Fig. 6 Oscillatory rheological profiles and corresponding GISANS images of the 40 wt% system.  A – The structure and properties when increasing from 50 

28 °C gradually to 30 °C in which the faint BCC reflections can still be seen.  B – The bi-continuous phase is reached (31.5 °C).  The storage modulus is 

greater than that of the FCC structures seen before as a result of the branching of the cylindrical micelles.
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Shearing 

Cubic, hexagonal and lamellar phases are very prominent in 
many block copolymers, such as Pluronics and are used in drug 
delivery30, membranes31, cancer therapy32 and industrial 
applications, emulsifiers and lubricators33.  For such applications, 5 

knowing the behaviour under shear is vital. Here we investigate 
the mechanical response of cubic, bi-continuous, hexagonal and 
lamellar phases.  
Structures were sheared until they began to melt.  For the 30 wt% 
system, in the lamellar phase, the shear test was stopped at 10 s-1 10 

since the viscosity of the system already plummeted to 1 Pa.s at 
this point. The protocol was started at 0.1 s-1 due to a plateau 
region at very low shear rates; a certain rate was required before 
the system was initially disturbed.  The 40 wt% system in the 
bicontinuous phase was also only sheared up to a shear rate of 10 15 

s-1 since at this point a lamellar phase was reached. 
 

Shearing of 30 wt% P85 

We performed rotational shear rheometry measurements on two 
selected phases: FCC phase at 25 °C and lamellar phase at 54 °C.  20 

 
Effect of shear on the FCC phase at 25 °C (30 wt%) 

The results of the shear response are presented in figure 7.  There 

is a breakdown of the FCC phase beginning almost immediately 
at a shear rate of 0.01 s-1 followed by transitions through 25 

FCC/HCP mixed phases into a hexagonal structure. These 
changes occur because of the induced curvature changes of the 
micelles themselves, as a result of external forces. To form 
spherical micelles a cone shape is adopted with a packing 
parameter less than 1/3. Under shear, the micelles elongate into 30 

elliptical / cylindrical structures as a result of their packing 
parameter changing to be between 1/3 and 1/2.  This occurs 
because the hydrophilic groups initially feel the shear and 
compensate by decreasing their effective area which in turn 
increases the packing parameter.  The sample was allowed to 35 

relax after the shear experiment but even after three hours the 
FCC structure did not recover although most of the mechanical 
behaviour did, (see Fig. 7, F), which suggests that shearing may 
have locked the sample in a metastable state. In order to 
completely recover the initial structure the shearing history must 40 

be completely removed.  Rejuvenation was achieved by cooling 
the sample down slightly to reach the disordered phase, followed 
by heating it back up.  Once the original FCC phase was 
recovered the structure and properties were tracked upon further 
temperature increases. 45 

 
Fig. 7 Shearing and viscosity curve at 25 °C for the 30 wt% system.  Each point on the viscosity curve was collected for one hour.  There is a small zero 

viscosity region with a plateau value of approximately 6 kPa.s   followed by the shear thinning region. The recovery of the sample (open symbol at 0.01 s
-

1
) shows that from a rheological perspective the sample has relaxed back to its original state at the low shearing rate but has not recovered from the 

structural perspective (image F) 50 
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Fig.8 A – Shearing curve of the lamellar phase formed by the 30 wt% sample at 54 °C up to a shear rate of 10 s

-1
 (at higher rates the sample melts).  The 

viscosity of the system is fairly low at the lowest shear rate indicating the lamellar sheets starting to flow over one another.  As the shear rate is 

increased the viscosity begins to drastically decrease signifying disorder of the lamellae within the system.  B – Relative broadness of the lamellar peak 

and spacing as a function of shear rate for the 40 wt% system.  The solid symbols represent the FWHM of the main lamellar peak and the hollow 5 

symbols represent the resultant D-spacing.  It can be seen that the lamellae become closer together and lose long range order with increasing shear. 

 
Effect of shear on the lamellar phase at 54 °C (30 wt%) 

The results of shearing are presented in figure 8.  The viscosity is 
much lower than that at 25 °C which suggests that the cubic 10 

phase is no longer present; the lamellar sheets flow easier 
reducing the viscosity of the system by a factor of 10, (under 
selected shear rates), as can be seen when comparing the storage 
moduli in figures 7 and 8.  This is expected since sheets flow with 
less hindrance producing lamellar flow.  In order to analyze the 15 

viscosity changes further linear cuts along Qy = 0 Å-1 of the 
GISANS images were taken and Gaussian peaks fitted to the 
lamellar first order. The full width half maximum and the centre 
of the peaks were then extracted from these fits and hence the 
order and d-spacing’s of the lamellar sheets determined 20 

respectively as a function of shear rate, the results of which are 
presented in figure 8, B.  It can be seen that both the FWHM and 
d-spacing significantly change between a shear rate of 1 and 10 s-

1.  This effect can be explained by the lamellar sheets becoming 
more disordered (indicated by a broader peak) as a result of the 25 

higher shear rates. This suggests that the increased shear starts to 
introduce turbulence into the system which in turn causes the 
lamellar structure to break slightly and tumble. 
 
Shearing of 40 wt% P85 30 

For the 40 wt% sample, we tested the effect of shearing on the 
BCC phase at 12.4 °C and on the bi-continuous phase at 31.5 °C. 
 
Shearing at 12.4 °C (BCC phase, 40 wt%) 

The phase present at 12.4 °C was sheared from 0.01 to 100 s-1, 35 

then slowed back down to 0.01 s-1 and finally left for 2 hours to 
relax.  This protocol was adopted to try to order the BCC 
structure to highlight the extra reflections and attempt to partially 
melt it before letting it recover.  Selected results can be seen in 
figure 9.  The optimum shear rate for aligning the BCC phase is 40 

0.01 s-1 since above this value, the extra reflections faded and the 
peaks began to merge into a ring indicating tumbling.  When the 
shear was returned to 0.01 s-1 the rheological properties recovered 
as indicated in figure 9 on the viscosity curve.  Both the structure 
and properties of the system recovered after 2 hours. At this 45 

stage, the temperature of the system was increased again to see if 

further phases could be reached.   
 
Shearing the bi-continuous phase at 31.5 °C (40 wt%) 

The bi-continuous phase evolves rapidly with shear into a 50 

lamellar phase, as shown in figure 10. The bi-continuous 
structure completely changes into the lamellar phase under a 
shear rate of 10 s-1 but this change is not fully reversible; after 
reducing the shear rate back to 0.01 s-1, the viscosity of the 
system was reduced by half whilst remaining in the bicontinuous 55 

phase, which could be a result of the branched nature of the bi-
continuous phase.  The viscosity curves have a non-standard 
shape as a result of this branched bi-continuous structure and 
have an initial higher viscosity than the other phases. The initial 
low shearing rate aligns some of the branches in the bi-60 

continuous structure causing initial decrease in viscosity. After 
this, a certain shear force is required to disrupt the branching and 
this induces the melting into the lamellar structure. 

 
Fig.9 Viscosity curve and related GISANS images of the 40 wt% system at 65 

12.4 °C.  Each point on the viscosity curve was collected for one hour.  

Three standard regions are present in the viscosity curve; zero shear 

viscosity, shear thinning and infinite shear viscosity.   The GISANS images 

on the right, from top to bottom, are shearing at 0.01, 0.1 and 1 s
-1

, 

respectively.  The hollow point on the viscosity curve at a shear rate of 70 

0.01 s
-1

 is during relaxation after the shearing protocol.  The inset shows 

vertical line integration from image A in which a BCC structure is 

observed.  The ratio of the peak intensities is 6:1 
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Fig.10 Rheological profile and selected GISANS images of the 40 wt% 

sample under rotational motion at 31.5 °C.  It can clearly be seen from 

this graph that the sample did not recover completely due to the 

branching nature of the phase; the viscosity of the system only 5 

recovered to 2.5 kPa whereas it started at nearly 5 kPa.   

Since the system had a shearing history through other phases the 
experiment was repeated with a fresh sample.  The fresh 40 wt% 
sample was loaded into the rheometer at 10 °C (the same as the 
first sample) and directly heated to the temperature at which the 10 

bi-continuous structure presented itself previously  (31.5 °C).  
The BCC phase was observed again, beginning at 12.4°C (not 
shown). Once the bi-continuous phase was reached, the sample 
was sheared as previously. The results with this sample with no 
shearing history (figure 10 crosses and dashed line) coincide with 15 

the values found previously, indicating that the shearing history 
from the initial experiment had very little effect on the viscosity 
curve. This suggests that the resting time of 2 hours between 
different shear conditions was enough for the structure to relax 
into its equilibrium state. 20 

Discussion 

Gelation mechanisms are extremely important in the medical and 
pharmaceutical sectors due to their main uses; in-vivo delivery of 
pharmaceutical agents, where the agent is delivered as a cool 
liquid and gels upon warming to body temperature as to not 25 

damage proteins and in topical applications such as wound and 
burn healing34 where a barrier is formed over the troubled area. It 
is crucial for such applications to know exactly which kind of 
thermotropic phases may develop as a function of the 
temperature. But in such applications, and in many other sectors, 30 

including industrial (processing35, paint, emulsifiers), personal 
care (cream, shampoo), and medical (ionic conductivity 
membranes, stabilizers33), it is also necessary to determine the 
effects of shear on the system. Shearing may be needed for some 
systems to reach their ideal viscosity for transfer or potential 35 

applications.  Our study is focused on the model system P85 at 
two selected concentrations and shows the two typical gelation 
routes that occur in Pluronic P85: gelation into a cubic phase and 
through a hexagonal phase22, 36.  To our knowledge the bi-
continuous phase formation in Pluronics is rare. In bi-continuous 40 

phases, the interfacial area between the amphiphiles and the 
solvent is reduced and interconnected domains of polymers 
coexist. Bi-continuous networks have a strong potential 
technological interest. For example, bi-continuous phases have 
been used in hybrid bulk heterojunction solar cells37 and can even 45 

show exotic optical properties such as a negative index of 

refraction38. The appearance of a bi-continuous phase in our 
measurements, in contrast with bulk results39, could be due a 
metastable state that depends on sample history; temperature and 
shear.  Our result shows that methods exploiting the combination 50 

of temperature and shear induced gelation mechanisms offer new 
paths to produce tailored phases in view of potential applications. 
Flow rate is an extremely important factor for the integrity of the 
structures. We have observed that the structures recover, in most 
of the cases, after 1 – 2 hours in the absence of shear even if they 55 

are still compressed in the rheometer. The shearing history also 
plays an important role. For the particular case of the bi-
continuous phase (40 wt% at 31.5 °C) we have observed that the 
results obtained with a fresh sample and samples with a shear 
history that has gone through lower temperature thermotropic 60 

phases are alike. However, our rotational shear experiments show 
that once the bi-continuous phase has been reached, further 
shearing modifies the bi-continuous phase irreversibly: although 
by reducing the shearing to the elastic regime the bi-continuous 
phase is recovered, as GISANS results show, the viscoelastic 65 

properties are modified. However, we note that GISANS yields 
information about ensemble averaged properties but locally there 
may be important differences caused by shearing between the two 
systems and which may alter the mechanical properties. Local 
probes or experiments that look into the polymer dynamics could 70 

provide more information. Our work demonstrates the importance 
of performing combined experiments to access complementary 
information. 

Conclusions 

The gelation and phase behaviour of P85 at a compressed and 75 

sheared interface is extremely rich, even more so than in the 
bulk11,18. Importantly, it has been observed that shearing can be 
used to both induce phase changes within micellar systems and to 
monitor the durability and breakdown of the consequent phases.  
This is an extremely important phenomenon as a result of the 80 

structural integrity required in applications ranging from 
templating40 to drug delivery2. 
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Graphical Abstract 

The behaviour of polymeric systems at surfaces and under flow is extremely important in many 

applications, ranging from drug delivery to lubrication.  We have studied a model tri-block copolymer 

in deuterated water combining in-situ rheology and grazing incidence small angle neutron scattering.  

Several thermotropic phases appear as a function of the temperature, including a bicontinuous phase 

not present in the bulk. Moreover, gelation can occur following a different route depending on the 

concentration.  We show that shearing can be used to monitor the structural integrity of the micellar 

systems and in some cases as a tool for modifying the thermotropic phases: an fcc (face centred cubic) 

phase is sheared into a hcp (hexagonally close packed) phase, and is then recovered by cycling the 

temperature. 
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