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Abstract: Concentrated solutions of a water-soluble block copolymer (PEO)20-(PPO)70-

(PEO)20 show a thermoreversible transition from a liquid to a gel. Over a range of 

concentration there also exists an order-order transition (OOT) between cubically-packed 

spherical micelles and hexagonally-packed cylindrical micelles. This OOT displays a 

hysteresis between the heating and cooling transitions that is observed at both the 

macroscale through rheology and nanoscale through small angle neutron scattering 

(SANS). The hysteresis is caused by the persistence of the cubically-packed spherical 

micelle phase into the hexagonally-packed cylindrical micelle phase likely due to the 

hindered realignment of the spherical micelles into cylindrical micelles and then packing of 

the cylindrical micelles into a hexagonally-packed cylindrical micelle phase. This type of 

hysteresis must be fully characterized, and possibly avoided, for these block copolymer 

systems to be used as templates in nanocomposites. 

Keywords: pluronic; block copolymer; order-order transition; SANS; SAXS; rheology; 

hysteresis 

 

1. Introduction 

Amphiphilic block copolymers self assemble into micelles when dispersed in a selective solvent, or 

a solvent that has preferential solubility of one of the blocks. At higher polymer concentrations, this 

selectivity leads to the formation of micelles and spontaneous packing of micelles into crystal lattices. 
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In some amphiphilic block copolymers solutions, solvent selectivity is brought on by changing the 

temperature and, in that case, ordered packed micelle phases exhibit the property of thermoreversibility 

between a disordered liquid phase and an ordered micelle phase. In thermoreversible systems, the 

amphiphilic block copolymer solutions easily transition between the disordered and ordered phases [1,2]. 

Amphiphilic block copolymers of poly(ethylene oxide)n-poly(propylene oxide)m-poly(ethylene 

oxide)n are known by the trade names Pluronic
®

, Synperonic
®

 or Polyoxamer
®

 and are widely studied. 

The thermodynamics, phase behavior, and thermoreversible gelation of this set of block copolymers 

are well known [3-12]. At temperatures below about 15 °C both blocks are soluble in water. As the 

temperature is increased, the middle poly(propylene oxide) block becomes dehydrated and the block 

copolymers self assemble into micelles. At high enough concentrations, these micelles will pack into 

ordered micelle phases [7]. This ordered phase formation is a thermoreversible disorder-order 

transition (ODT) between a disordered micelle liquid phase and an ordered micelle, or crystal, phase. 

The details of the crystal packing depend on the relative block molecular weights of the block 

copolymer [6]. Many of these systems also exhibit order-order transitions (OOT) between different 

micellar crystal phases; transitions induced by changes in temperature (solvent quality) or 

concentration.  

One potential application of these nanostructured materials is for the spatial control of 

nanoparticulate material [13]. A simple and general method to template hydrophilic nanoparticles and 

proteins into the interstitial spaces of aqueous block copolymer micelle crystal phases to form 

nanocomposite materials has been presented previously for the cubically-packed micelle phase and the 

hexagonally-packed cylindrical micelle phase of different block copolymer architectures [14-17]. A 

specific architecture of Pluronic
®

, denoted P123, is used as a template for nanoparticles in both its 

cubically-packed spherical micelle and hexagonally-packed cylindrical micelle phases [18]. Block 

copolymers often have more than one phase and each OOT must be fully understood before they can 

be used effectively as templates. The Pluronic
®

 P123 phase diagram with ordered phases of  

cubically-packed spherical micelles and hexagonally-packed cylindrical micelles was shown 

previously, but the dynamics and reversibility of the OOT were not studied in detail [6]. A recent 

report of the hysteresis in this system using viscosity and grazing-incidence SANS shows persistent 

structures near a solid surface and the complexity of the phase diagram [19]. A thermoreversible  

order-order transition (OOT) between face-centered cubic (FCC) and body-centered cubic (BCC) 

phases has been observed previously for block copolymer solutions of Pluronics
®

 [6,20,21] and other 

block copolymer solutions and melts [22-26].  

In this work, we focus on the OOT between the cubically-packed spherical micelle and 

hexagonally-packed cylindrical micelle phases of the block copolymer Pluronic
®

 P123,  

(PEO)20-(PPO)70-(PEO)20, at both the macroscale and the nanoscale. This OOT exhibits a hysteresis 

between the heating and cooling which is characterized with both rheology and small angle neutron 

scattering (SANS). Many approaches are used to alter the micellar crystals and phase behavior of 

Pluronic
®
 systems, including variation of the selective solvent or mixtures of different triblocks [27-29]. 

Here, we will base our work on the neat system of Pluronic
®

 P123 and water. 
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2. Materials and Methods 

Pluronic
®

 P123 has a reported chemical formula of (PEO)20-(PPO)70-(PEO)20 and was donated by 

BASF (Mount Olive, NJ). The Pluronic
®

 P123 has less than 0.4 wt% water content and was used as 

received with no further purification. All block copolymer samples were dissolved in de-ionized water 

(conductivity of greater than 18 MΩ). For SANS experiments, the block copolymer samples were 

dissolved in 99.8% deuterium oxide purchased from Cambridge Isotopes (Andover, MA). Previous 

work shows minimal to no difference in the position or behavior of the gelation transition between 

samples prepared with either H2O or D2O. Experiments performed as part of a contrast variation study 

showed minimal to no change in micelle spacing or dimensions for these samples as the H2O to D2O 

ratio was changed [30]. Based on these observations, we assume that there is no practical different 

between block copolymer solutions prepared in light and heavy water. To prepare samples, concentrated 

block copolymer solution was diluted with de-ionized water or deuterium oxide and the samples gently 

shaken to promote mixing. Samples were allowed to equilibrate for several days at 10 °C to a 

homogenous solution. This process has been well characterized and documented previously [14-16,18].  

Rheology experiments were performed on a stress-controlled SR-5 rheometer (T.A. Instruments, 

New Castle, DE). Parallel plates with a diameter of 25 mm and a 0.8 mm gap were utilized for all 

samples. Oscillatory rheology experiments were performed with stress amplitudes in the linear regime 

(verified at several frequencies). The temperature was varied using a Peltier heating element to control 

the temperature of the bottom plate, the top plate is not thermally controlled. All samples were loaded 

cold (T ~ 10 °C) and brought to the experimental conditions. Rheology experiments covering the 

temperature range from 5–45 °C were conducted at a variety of heating/cooling rates ranging  

from 1 °C/min to 0.1 °C/min. Rheological samples were loaded and then equilibrated for half an hour 

at the temperature of interest for thermal history experiments prior to testing unless otherwise stated. A 

thin layer of mineral oil from Sigma Aldrich (St. Louis, MO) was applied to the outer edge of the 

samples to prevent evaporation of the sample at the edge. Control samples were run with and without 

the oil at equivalent conditions to ensure that the oil did not impact the measurements. 

Birefringence was probed qualitatively by observing back lit samples between linear sheet 

polarizers with perpendicularly aligned polarization directions, or crossed polarizers. Samples were 

heated in a water bath for 1 hour prior to birefringence characterization to achieve thermal 

equilibration. All thermally equilibrated samples were visually inspected for clarity and birefringence.  

Small angle neutron scattering (SANS) experiments were performed on the NG3 30 m SANS 

instrument at the NIST Center for Neutron Research (NIST, Gaithersburg, MD) [31]. The mean incident 

neutron wavelength, λ, was 6 Å with a spread Δλ/λ of 0.15 and sample-to-detector distances of 1.3 m  

and 3.5 m were used, providing a scattering vector ( 4
2sin( )Q  


 , where θ denotes the scattering angle 

between the incident beam and radial position on the detector) range of 0.022–0.135 Å
−1

. A Couette 

geometry shear cell was used in the SANS experiments to align the block copolymer micelle gel [32]. 

The Couette shear cell consisted of an inner quartz cylindrical stator (O.D. = 59mm) and an outer quartz 

cylindrical rotor (I.D. = 61 mm), resulting in a 1 mm sample thickness. The samples were studied at 

temperatures between 5–45 °C under static conditions, under oscillation (triangular wave function, 5 Hz 

and a peak strain of 100%) and under simple shear (   1 s
−1

 or 5 s
−1

). A top view schematic of the cell 

is shown in Figure 1 which indicates the two scattering projections that were used.  



Polymers 2011, 3              

 

 

284 

Figure 1. Schematic top view of the concentric cylinder shear cell showing the path of the 

beam in both the radial and tangential scattering geometries. The velocity vector (v) and shear 

gradient vector (∇) are shown for each, while the vorticity vector (e) is normal to the page.  

 

The radial geometry probes the scattering in the plane defined by the velocity vector (v) and the 

vorticity vector (e). The tangential geometry is defined by a thin slit in the gap of the cell and probes 

scattering in the plane defined by the vorticity vector (e) and the shear gradient vector (∇). The 

scattering data is reduced to an absolute scale by correcting for absorption, background scattering, 

detector sensitivity and the empty cell scattering and compared to open beam intensity using the 

analysis software (version 6.01) in Igor Pro
®

 (version 6.0.3.1) described elsewhere [33].  

Small angle X-ray scattering (SAXS) experiments are preformed under vacuum using a Rigaku  

S-Max3000 with a two-dimensional multi-wire detector (Rigaku Americas, The Woodlands, TX). The 

sample to detector distance is approximately 3 m, the wavelength, λ, of the radiation source is 1.54 Å 

(Cu K) and the scattering vector (defined similarly to the SANS work) is calibrated using a silver 

behenate standard. Samples are loaded into a static sample cell with Kapton
®

 windows and thermally 

equilibrated using a Linkam LTS 350 high temperature control stage. The two-dimensional scattering 

patterns are averaged to obtain plots of scattered intensity (normalized to the open beam, arbitrary 

units) versus the magnitude of the scattering vector, Q.  

3. Results  

Block copolymer solutions between 5–43 wt% consist of a disordered viscous liquid region and an 

ordered packed micelle phase which is initially determined through visual observations of thermally 

equilibrated samples. Block copolymer gels formed from ordered packed micelle phases of  

cubically-packed spherical micelles are isotropic at length scales comparable to the wavelength of 

light. Block copolymer gels formed from ordered packed micelle phases of hexagonally packed 

cylindrical micelles display optical anisotropy at this length scale and this anisotropy is qualitatively 

probed with birefringence. Samples are placed in a temperature bath for at least one hour to thermally 

equilibrate and then probed through crossed polarizers. The static phase diagram for this block 

copolymer in water is presented in Figure 2. In this figure, the “disordered” region is an optically 

isotropic, clear, viscous liquid. The “multiphase” region is a turbid, white solution. The “cubic” and 

“cylindrical” regions labeled in Figure 2 are both clear gels, but the cubic region is optically isotropic 
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while the cylindrical region shows observable birefringence under crossed polarizers. The hashed gray 

lines in Figure 2 indicate regions where the samples showed inhomogeneous regions of birefringence 

instead of a homogeneous birefringence after an equilibration time of one hour, possibly indicating 

mixed or coexisting phases.  

Figure 2. Phase diagram of block copolymer in water as a function of concentration and 

temperature as determined from visual observation and birefringence measurements. 

„Disordered‟ denotes a clear liquid, „Multiphase‟ a turbid suspension, „Cubic‟ a clear, 

isotropic gel and „Cylindrical‟ a clear, birefringent gel. The hashed region includes samples 

that are weakly or inhomogeneously birefringent. Boxed points indicate those that have 

SANS data to verify the structure. 

 

A similar phase behavior to that shown in Figure 2 has been reported previously [6,27-29]. 

Different structures have been assigned to the 33–40 wt% region in the literature. One report describes 

the 35 wt% sample as being a clear gel that transitions from “FCC” at 25 °C to “FCC?” at 45 °C [27]. 

Another report describes the 35 wt% sample as transitioning from a cubic phase at 25 °C to a 

hexagonal phase at 45 °C [6]. Our previous work has shown agreement with the existence of an OOT 

between a cubically-packed spherical micelle phase and a hexagonally-packed cylindrical micelle 

phase between the concentrations of 33–40 wt% [18]. In Figure 2, a 35 wt% block copolymer at 25 °C 

exists as a stiff clear isotropic gel, while the same sample at 35 °C is a stiff clear gel that displays 

birefringence. Some of the ordered micelle crystal phases, including those at 35 wt%, determined from 

visual observations and birefringence measurements are confirmed by SANS, as will be discussed in a 

following section, and they are indicated on Figure 2 by boxed symbols.  

The thermorevsibility of this block copolymer in the temperature range between 5–45 °C is confirmed 

by measuring the complex modulus as shown in Figure 3. The complex modulus is measured at a fixed 
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frequency of 1 rad/s in the linear regime (σo = 10 Pa for disordered phase, σo = 100 Pa for ordered phase) 

as the temperature increases (closed) and decreases (open) at a rate of 1 °C/min in Figure 3(A) and at a 

rate of 0.1 °C/min in Figure 3(B). The linear regime was chosen to allow the moduli to be a probe of 

structure; higher stresses would align and deform the structure, complicating interpretation of the 

results. In the linear regime, we did not observe these complications. For both heating ramp rates, the 

samples were heated to 50 °C and then the temperature ramp reversed. This upper temperature was 

chosen to avoid sampling the “multiphase” region for excessive time as the impact of that transition 

was not the focus of this work. There is an increase in the modulus at the liquid to gel transition as the 

micelles form and begin to pack into an ordered phase. The gelation temperature of the 35 wt% block 

copolymer is 13 °C and is defined, for convenience, to be the point where the storage modulus G′ 

equals the loss modulus G″. This gelation temperature marking the disorder-order transition is similar 

to other reported values.  

Figure 3. Complex modulus (ω = 1 rad/s, σo = 10 Pa for disordered phase, σo = 100 Pa for 

ordered phase) 35 wt% block copolymer during temperature ramps of (A) 1°C/min and  

(B) 0.1 °C/min. Phase designations and observations from Figure 2. 
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The different regions of phase behavior from Figure 2 are indicated by dashed lines and labels in 

Figure 3(A) and 3(B). The OOT region from the crystal phase of cubically-packed spherical micelles 

(cubic) to a hexagonally-packed cylindrical micelle phase (cylindrical) is the same in both Figure 3(A) 

and 3(B). The modulus is lower in the cylindrical phase than the cubic, but the transition is anisotropic 

around the OOT. The moduli in the cubic phase and the cylindrical phase show a hysteresis between 

the increasing and decreasing temperature ramps with the lower values occurring as the temperature 

ramp is decreasing. The hysteresis is observed at both temperature ramp rates, but the hysteresis is 

greater for the faster rate of 1 °C/min (Figure 3(A)). The hysteresis did not disappear at even the 

slowest rates probed. In both cases, the transition appears sharper on cooling (cubic phase to 

cylindrical phase) than on heating (cylindrical phase to cubic phase). The ODT exhibits weak 

dependence on the temperature ramp rate, but this is small compared to the impact on the OOT. Other 

block copolymers, which exhibit only the cubic phase, do not show this dependence of mechanical 

properties on thermal history [14].  

Figure 4. Transient values of the complex modulus G* at 35 °C resulting from different 

thermal histories are measured until a steady state complex modulus is observed. The dashed 

lines indicate the values from the temperature sweep in Figure 3(A) for comparison. 

 

The effects of three different thermal histories on the hexagonally-packed cylindrical micelle crystal 

phase are studied for a 35 wt% block copolymer at 35 °C and are presented in Figure 4. Two of the 

experiments represent a temperature step increase, from the cubic structure to the cylindrical (25 °C  

 35 °C) and from one temperature in the cylindrical structure region to another (45 °C  35 °C). 

Figure 4 shows both of these experiments reached a similar steady-state complex modulus at 35 °C. A 

third experiment was conducted with the solution first equilibrated at 10 °C for thirty minutes and then 

quenched directly to 35 °C. Going directly from 10 °C, where the block copolymer is in a disordered 

state, to a cylindrical gel resulted in a different steady state complex modulus. The complex modulus 

values at 35 °C that were observed from the hysteresis in Figure 3(A) also depends on the thermal 
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history and are shown as the dashed lines in Figure 4. It is clear that the thermal history does have an 

effect on the mechanical properties of the cylindrical structure. To avoid the potential persistence of 

one phase into another, all samples are cooled to a disordered state at 10 °C on the rheometer to “melt” 

any residual structure prior to heating to the test temperature. Figure 2 shows that a disordered liquid is 

observed for 35 wt% block copolymer samples at 10 °C. At 10 °C, SANS shows a disordered micelle 

peak and the rheology at this temperature is liquid-like; no shear-induced structure is seen at this low 

temperature and mechanical measurements (rheology) show similar transients from temperatures 

below 10 °C. Based on these observations, we conclude that cooling to 10 °C is able to “melt” any 

crystalline order and return the system to a reproducible state [34]. This procedure allows us to go 

from the disordered phase to a cylindrical phase and thus minimize any residual thermal history from 

the cubic phase. It is interesting to note the long timescales involved with formation and organization 

of this phase. For all three thermal histories, times on the order of an hour are required for the 

mechanical measurements to reach a stable value.  

Figure 5. SAXS intensity versus scattering angle for 35 wt% block copolymer at three 

different temperatures. Peaks are indexed for a hexagonally-packed cylinder phase (35 °C 

and 45 °C) and a cubic phase (25 °C). Intensity is on an arbitrary scale and each curve is 

shifted by a factor of three for clarity. 

 

The phases determined from the birefringence and rheology experiments are confirmed with small 

angle scattering. Small angle X-ray scattering (SAXS) provides peak resolution, but we are not able to 

align the samples with shear so these results represent scattering from a multicrystalline or powder 

structure. SAXS data for a 35 wt% block copolymer in water sample at three different temperatures is 

shown in Figure 5. In all three cases, the sample was equilibrated for hours at the test temperature after 

heating from the “melt” at cold temperatures. In Figure 5, the intensity versus scattering angle shows 

peaks indicative of the structure. The peak positions of a cubic lattice are observed at 25 °C (1: 4 3 :
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8 3 : 11 3 : 2 : 16 3 ), while the 35 and 45 °C data is consistent with hexagonally-packed cylinders 

(1: 3 :2). At 25 °C, we have indexed the peaks assuming an FCC crystal and the peak positions are 

consistent with this type of packing. However, it is not possible to negate other crystal structures 

observed in packed spheres. A mixture of FCC and hexagonally close packed layers (HCP) was 

observed for this Pluronic system at 30 wt% and 23 °C; which would also be consistent with our 

SAXS data [28]. The crystal structure clearly changes dramatically on an increase in temperature  

from 25 °C. The differences between the two higher temperatures are not as significant, and the peaks 

in Figure 5 are indexed assuming hexagonally packed cylinders. 

The structure of 35 wt% solution at 35 °C has already been identified as hexagonally-packed 

cylinders in Figure 2. We are able to apply different thermal histories in our SANS experiments. 

Figure 6 shows the SANS data of scattered intensity as a function of Q/Q* for a 35 wt% block 

copolymer sample after different thermal histories where Q* is the position of the first peak. The 

horizontal axis is normalized in this way simply to highlight the relative peak positions. These peak 

positions are consistent with the hexagonally packed-cylindrical micelle phase (1: 3 :2) [18,35]. The 

peak at 3 is not observed in SANS due to the wavelength smearing and resolution issues that are 

inherent with neutron scattering experiments, but this was visible in the SAXS shown in Figure 5. The 

SANS scattering for the sample quenched from disordered to 35 °C is shown in gray. The peak 

positions do not change based on the thermal history but the SANS second peak in Figure 6 is more 

resolved for the quenched sample. We also observe a slight decrease in the overall scattering intensity, 

which is on an absolute scale for SANS. It is possible that the impact of thermal history is on the 

organization of the crystallites, quenching may result in a different textural lengthscale for the 

multicrystalline structure. It is also possible that small regions of a different crystal structure are seen 

in the system and SANS is not sensitive enough to resolve the details of the structure. For this reason, 

we will align the crystal with shear to better resolve the structure. 

Figure 6. The SANS intensity versus Q/Q* is compared for 35 wt% block copolymer  

at 35 °C for three different thermal histories.  
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Small angle neutron scattering (SANS) using a Couette shear cell is described previously and 

shown in Figure 1; the use of the shear cell allows us to align the crystals as these are soft materials. 

Previous work has shown that these structures align easily under shear and maintain that alignment 

after cessation of the applied shear [18]. Figure 7 shows the radial and tangential scattering patterns 

from a 35 wt% block copolymer sample under oscillation (5 Hz and 100% strain) at 25 °C. The 

samples are quenched from the disordered state (10 °C) to 25 °C and allowed to equilibrate. The radial 

scattering in Figure 7(A) shows a six-fold symmetry that is indicative of the scattering arising from a 

three-fold or six-fold planar system as in the alignment of spherical close-packed colloidal crystal 

systems [36]. These planes of close-packed cubic crystals will form a face-centered-cubic lattice 

(FCC), a hexagonal close-packed lattice (HCP) or a homogenous mixture of FCC and HCP known as a 

random close packed lattice (RCP). A mixed phase of HCP and FCC has already been reported for this 

block copolymer at similar concentrations and temperatures. The scattering in Figure 7(A) shows three 

hexagonal rings that correspond to the planes of the FCC and HCP crystals as predicted by diffraction 

models [37,38]. Differentiation between FCC, HCP and RCP is possible with a second projection of 

the structure, so we consider the tangential scattering. The lower resolution of the tangential scattering 

in Figure 7(B) makes this difficult but the tangential scattering with six peaks including the smearing 

of the top and bottom peaks resembles that expected for RCP. The radial and tangential scattering 

patterns in Figure 7(A) and 7(B) for 35 wt% block copolymer at 25 °C are characteristic of a RCP 

crystal of spherical micelles and will be referred to as such throughout this paper [16,36].  

 

Figure 7. SANS scattering profiles of 35 wt% block copolymer quenched from the 

disordered state to 25 °C under oscillation (5 Hz and 100% strain). Two dimensional 

scattering for the (A) radial and (B) tangential scattering geometry. The color scale runs 

from blue to red to yellow to white as intensity increases. 

 

 
 

At 45 °C, the 35 wt% block copolymer solution is hexagonally-packed cylinders, but the structure 

appears to be sensitive to details of applied shear fields. The radial scattering patterns for a 35 wt% block 

copolymer at 45 °C are shown in Figure 8 again quenched from a disordered state to 45 °C. These 

scattering patterns are characteristic of the radial scattering of the hexagonally-packed cylindrical phase 

as indicated by the two bright peaks along the vorticity axis as shown in Figure 8 [18,39]. The radial 

scattering pattern shown to the left in Figure 8 is measured under the oscillatory shear (5 Hz and 100% 

strain) and the radial scattering pattern shown to the right in Figure 8 under simple shear (  1 s
−1

). 

Figure 8 shows the intensity in the primary ring (Q = 0.039 Å
−1

) as a function of azimuthal angle  

e 

∇ 

 

25 °C B 

5Hz, 100% 
 

25 °C A 

e 

v 5Hz, 100% 
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with 0° defined as the shear direction. Figure 8 shows peaks in the vorticity direction (90° and 270°,  

where 0° is defined to be in the shear (v) direction) for both types of shear, but the oscillatory shear 

data also shows four smaller peaks at 30°, 150°, 210° and 330°. These peak positions correspond to the 

six-fold peaks observed in the crystal phase of cubically-packed spherical micelles shown in  

Figure 7(A). This mixed pattern has not been reported previously in sheared samples. Given that the 

samples are birefringent at 45 °C and the key features of a phase of aligned cylinders exist, we will 

identify the 45 °C sample as a hexagonally-packed cylindrical phase (HEX). The sensitivity to the 

nature of the shear field, coupled with transients and hysteresis demonstrate the sensitivity of this 

transition. It is also important to note that both of these samples are contained in the same shear cell, so 

the hysteresis cannot be attributed to a temperature gradient in the shear cell; if that were the case, the 

mixed structure would be observed in all cases, independent of the nature of the shear applied. 

Figure 8. SANS scattering profiles for 35 wt% block copolymer at quenched from 10 °C  

to 45 °C under oscillation (5 Hz and 100% strain) and under shear (1 s
−1

). The intensity as 

a function of azimuthal angle in the primary ring is shown in closed symbols and under 

shear (1 s
−1

) in the plot. The 2D SANS patterns shown at the top demonstrates the 

azimuthal dependence being quantified.  

 

The SANS scattering profiles of the block copolymer near the OOT are shown in Figure 9. In this 

figure, different thermal histories have been applied and the impact on the nanoscale structure shown. 
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The block copolymer gel displays an ordered RCP spherical micelle crystal phase at 25 °C in  

Figure 9(A) as discussed previously with Figure 7. At 45 °C in Figure 9(D), two bright diffraction 

spots are observed in the vorticity direction as seen in Figure 8 for the crystal of hexagonally-packed 

cylindrical micelles (HEX). The 35 °C ordered micelle gel structure depends on the thermal history of 

the sample as seen in the differences between the scattering patterns of Figure 9(B) and 9(E). In  

Figure 9(A) and 9(D), the sample was quenched from the disordered state to the temperature of interest 

and allowed to equilibrate for 45 minutes. From these two base states, the sample is stepped to higher 

or lower temperature and equilibrated for 45 minutes prior to collecting structural data. Figure 9(B) 

shows a six-fold symmetry that is indicative of a cubically-packed spherical micelle phase instead of a 

hexagonally-packed cylindrical micelle phase. In Figure 9(E), the sample was cooled from a 

hexagonally-packed cylindrical to 35 °C and instead shows the two bright diffraction spots in the 

vorticity direction that are characteristic of a HEX phase. The anisotropic OOT between the cubic and 

cylindrical micelle phases is thus also observed using SANS in addition to the rheology measurements 

in Figures 3 and 4. Figures 9(C) and 9(F) indicate that the hysteresis persists only over a small 

temperature range as the RCP and HEX structures are restored at the appropriate temperatures. It is 

worth noting that the RCP phase observed in Figure 9(F) is extremely aligned as higher order rings of 

peaks are visible, providing an optimal temperature profile to use to achieve highly aligned block 

copolymer micelle crystals and nanocomposites. These results provide an indication that specific 

thermal histories will allow for more organized crystals, which is key to templating processes. 

Figure 9. Two dimensional SANS intensities (radial, oscillatory shear) for a series of 

different thermal histories on 35 wt% block copolymer in water. One series involves 

quenching the sample from disordered to (A) 25 °C, then (B) heating to 35 °C and  

(C) 45 °C holding for 45 minutes at each temperature. In the second series, the same 

sample is quenched from disordered to (D) 45 °C, then (E) cooling to 35 °C and (F) 25 °C 

holding for 45 min at each temperature. 
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These differences in the SANS scattering profiles between Figures 9(B) and 9(E) are more clearly 

observed by comparing the intensities in the first ring as a function of azimuthal angle in Figure 10. 

The primary ring at a scattering vector of 0.039 Å
−1

 in Figure 10 is the innermost ring of peaks and the 

secondary ring at a scattering vector of 0.07 Å
−1

 is the next ring of peaks. The cubic order persists 

when heated from 25 °C to 35 °C as seen in Figure 10 by the presence of the six peaks in the primary 

ring. These six peaks are not seen in the samples cooled from 45 °C to 35 °C. The persistence of the 

six peaks into the cylindrical micelle phase on heating but not on cooling shows that thermal history is 

an important factor in the resulting nanoscale structure of the HEX phase. The azimuthal intensity 

dependence in the secondary ring shows the two bright diffraction spots in the vorticity direction that 

are characteristic of a HEX phase for both thermal histories but are more distinct for the sample cooled 

within the HEX phase. Figures 9(A) and 9(F) show scattering from samples at 25 °C with very 

different thermal histories (one quenched from the disordered phase and the other cooled from the 

HEX phase). The azimuthal intensities of these two-dimensional SANS scattering profiles for these 

two thermal histories are seen to be identical (data not shown). Thus thermal history effects do not 

influence the nanoscale structure of the RCP phase. 

 

Figure 10. Intensity as a function of azimuthal angle for scattering in Figure 9(B) and 9(E) 

in the primary ring (Q = 0.039 A
−1

) and secondary ring (Q = 0.07 A
−1

).  

 

4. Discussion 

The anisotropic OOT between the RCP phase and HEX phase in Pluronic
®

 P123 exists at both the 

macroscale and the nanoscale as observed through rheology and SANS experiments. At the nanoscale 

the RCP phase at 25 °C persists into the HEX phase at 35 °C indicating that the OOT from spherical 

micelles to cylindrical micelles is more hindered than cylindrical micelle breakup into spheres since no 
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indication of the cubic system is shown in a transition from 35 °C to 25 °C. The persistence of the six 

peaks from the RCP phase into the HEX phase at the nanoscale in Figure 10 indicates that the same 

hysteresis due to thermal history effects in Figure 3 in the macroscale rheology measurements can also 

be observed with SANS for the HEX phase.  

Anisotropic order-order transitions in other block copolymers have been previously documented in 

the melt and in solution [40,41]. Similar behavior to that observed here was seen in a triblock 

copolymer melt of poly(styrene-b-isoprene-b-styrene) where it was reported that fluctuations with 

cubic symmetry were evident in the stable hexagonal phase even after shear alignment [40,41]. An 

OOT between a cubic phase and cylindrical phase has been shown previously in block copolymer 

solutions to have a hysteresis that affects the phase transition properties [40-42]. In a system of 

symmetric styrene-isoprene diblock copolymer, the existence of supercooled cylinders are found to 

persist into the cubic phase. The stability of these supercooled cylinders depends on the concentration 

of the block copolymer. In some cases this metastable phase persists in the system after a month of 

annealing when the block copolymer concentrations are high [41].  

This anisotropy in both the literature and our system is likely due to the difference between the 

spherical micelles forming cylindrical micelles and the cylindrical micelles breaking up into spherical 

micelles during the OOT. This difficulty of the system to transition from spherical to cylindrical 

micelles could be due to the need for the cubically-packed spherical micelle phase to reorient itself to 

form and pack the cylindrical micelles into a hexagonally-packed cylindrical micelle phase. For the 

reverse OOT, the cylindrical micelles will begin to break up into spherical micelles which will more 

easily repack into a cubically-packed spherical micelle phase. It is hypothesized here that it is the 

hindrance of rearranging the spherical micelles into cylindrical micelles and then packing of the 

cylindrical micelles into a hexagonally-packed cylindrical micelle phase that gives rise to this 

anisotropic OOT. It is also hypothesized that the cylindrical micelles break apart easily into spherical 

micelles and repack into a cubically-packed spherical micelle phase quickly allowing the block 

copolymer to go from the hexagonally-packed cylindrical micelle phase to the cubically-packed 

spherical micelle phase more easily than the reverse phase transition.  

We show that the block copolymer demonstrates a thermal history between the RCP phase and 

HEX phase and will approach different steady state moduli values. This thermal history has also been 

shown at the nanoscale in the HEX phase for block copolymers but not the RCP phase. Allowing the 

micelle crystal to equilibrate at 10 °C for half an hour minimizes these thermal history effects. This 

suggests that more care must be given when studying block copolymer systems with more than one 

ordered phase to ensure that a stronger micelle gel such as the cubically-packed spherical micelle 

phase is not remaining dominant in a weaker micelle gel such as the hexagonally-packed cylindrical 

micelle phase.  

5. Conclusions 

The Pluronic
®

 P123 block copolymer system forms a cubically-packed spherical micelle phase 

(RCP) and a hexagonally-packed cylindrical micelle phase (HEX). The hexagonally-packed cylindrical 

micelle phase forms a weaker gel that is more sensitive to thermal history and different shear fields 

than the cubically-packed spherical micelle phase. A hysteresis exists in the order-order transition 
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between the RCP phase and the HEX phase. These thermal history effects are observed at both the 

macroscale (rheology) and nanoscale (SANS) for the hexagonally-packed cylindrical micelle phase. 

We propose that the cubically-packed spherical micelle phase persists into the hexagonally-packed 

cylindrical micelle phase due to the hindrance of rearranging the spherical micelles into cylindrical 

micelles and then packing of the cylindrical micelles into a hexagonally-packed cylindrical micelle 

phase and that this mechanism gives rise to the observed anisotropic order-order transition.  

One ramification of this work is the guidance offered to nanocomposite preparation in the  

hexagonally-packed cylinder phase; to avoid mixed phases, the thermal history should be chosen such 

that the hexagonally-packed phase is reached directly from the isotropic phase and that simple shear be 

applied rather than oscillatory shear. 
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